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Resumo

RESUMO

Schistosoma mansoni € um dos trés principais agentes etiolégicos da esquistossomose
humana, uma doenga que possui altos indices de prevaléncia e morbidade, causando um
vasto impacto socioeconémico. A esquistossomose € endémica em 78 paises onde
aproximadamente 243 milhdes de pessoas requerem tratamento preventivo e outras 779
milhdes vivem em areas de risco de infeccdo. O genoma de S. mansoni foi completamente
sequenciado e o proteoma predito contém mais de 11.000 proteinas. Entretanto, mais de
45% permanecem sem funcéo predita ou caracterizacao experimental. A disponibilidade de
informacdes gendbmicas permite a aceleragdo do conhecimento da Biologia de Sistemas de
S. mansoni e das relagdes estabelecidas com os hospedeiros, resultando em avango no
entendimento da esquistossomose e, dentro das melhores expectativas, novos métodos
para controle da doenca. A presente tese esta centrada na aplicacdo de analises
comparativas para abordar a complexidade das fungdes biolégicas no nivel sistémico
através da reconstrugdo da histéria evolutiva das macromoléculas codificadas no genoma
de S. mansoni. Além disso, concentramos esforcos no aprimoramento da anotacao funcional
do genoma deste parasito, sendo a predigdo baseada em homélogos com fun¢ao conhecida
em outros organismos. Em sintese, os quatro capitulos que estruturam este trabalho
contribuem para a compreensao de alguns desafios cientificos que visam responder as
seguintes perguntas: Quais sao os genes ganhos, perdidos ou duplicados no genoma de S.
mansoni? Quais sao os processos evolutivos que deram origem a atual biodiversidade
molecular deste parasito? Como a coevolugao parasito-hospedeiro resultou na possibilidade
deste helminto sobreviver por anos em um ambiente potencialmente hostil da circulacdo
sanguinea humana, protegido da acdo do sistema imunolégico e/ou intervindo ativamente,
tornando a resposta do hospedeiro ineficaz? Quais sdo novos potenciais alvos terapéuticos
para o desenvolvimento de drogas alternativas e vacina contra a esquistossomose?
Utilizando uma abordagem multidisciplinar e integrativa, promovemos uma melhora
significativa na predi¢cao funcional do proteoma predito de S. mansoni, contribuimos para o
conhecimento das relacbes evolutivas do parasito em relacdo a outros eucariotos,
identificamos familias proteicas cuja expansao esta relacionada a biologia parasitaria e
identificamos potenciais alvos terapéuticos que podem auxiliar o combate a
esquistossomose. Dando continuidade a este trabalho, analises comparativas envolvendo
dados gendmicos, transcritdmicos e protedmicos de outros helmintos e vetores, assim como
a caracterizacao experimental de alvos promissores, aumentardao nosso conhecimento sobre

a biologia parasitaria rumo a preven¢ao do progresso da doenga.



Abstract

ABSTRACT

Schistosoma mansoni is one of the three main causative agents of human schistosomiasis, a
disease with high prevalence and morbidity, causing a vast socio-economic impact.
Schistosomiasis is endemic in 78 countries where 243 million people require preventive
chemotherapy and other 779 million live in areas of risk of infection. The S. mansoni genome
was completely sequenced and the predicted proteome contains over 11.000 proteins.
However, more than 45% remain without a predicted function or experimental
characterization. The availability of genomic information allows the acceleration of S.
mansoni Systems Biology knowledge as well as the evolutionary relationships with hosts,
resulting in improved understanding about schistosomiasis and hopefully the creation of new
disease control methods. This thesis is focused on the application of the comparative
analyses to address the complexity of biological functions at a systems level through the
reconstruction of the evolutionary history of macromolecules encoded by S. mansoni
genome. Furthermore, additional efforts were made in order to improve the functional
annotation of S. mansoni proteome based on the identification of homologues with known
function in other organisms. In summary, the four chapters that structure this thesis
contribute to solving persisting scientific challenges that aim at understanding of: Which
genes were gained, lost or duplicated in the S. mansoni genome? Which were the
evolutionary processes that shaped this parasite's molecular biodiversity? How host-parasite
co-evolution allowed this helminth to survive for years in human bloodstream, a potentially
hostile environment, protected against host immune system or actively reacting making host
immune response ineffective? What are potential new therapeutic targets to alternative drugs
and vaccine development? Using a multidisciplinary and integrative approach, we improved
the functional annotation of S. mansoni predicted proteome, contributed to the knowledge of
evolutionary relationships of this parasite in comparison to other eukaryotes, identified
expanded protein families that are related to parasite biology and highlighted potential
therapeutic targets that can be used against schistosomiasis. Continuing this work,
comparative analyses involving genomic, transcriptomic, and proteomic data from other
helminth parasites and vectors as well as experimental characterization of promising targets
will supply more information regarding parasite biology towards prevention of disease

progression.
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1.1 Schistosoma mansoni e Esquistossomose

A esquistossomose, uma doenga causada por trematdédeos digenéticos que
pertencem a familia Schistosomatidae, € uma das doencgas infecciosas e parasitarias
mais prevalentes no mundo, sendo, portanto, uma das doencgas tropicais mais
importantes em termos de saude publica, com numero de casos inferior apenas a
malaria (Gryseels et al., 2006; Waknine-Grinberg et al., 2012). Cinco espécies do
género Schistosoma estdo envolvidas na infeccdo humana, sendo trés os agentes
principais: Schistosoma mansoni e S. japonicum, causadores da esquistossomose
intestinal, e S. haematobium, agente etioldgico da esquistossomose urinaria.

Segundo a Organizacdo Mundial de Saude (World Health Organization -
WHO), a esquistossomose € endémica em 78 paises onde cerca de 243 milhdes de
pessoas requerem quimioterapia, sendo dessas mais de 100 milhdes criangas em

idade escolar (WHO, 2013) (Figura 1). Outras 700 milhdes de pessoas vivem em

Distribui¢cdo Global da Esquistossomose em 2009
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Figura 1: Distribuigdo global da esquistossomose (Adaptado de WHO, 2011).
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areas endémicas sob o risco de infecgdo (Steinmann et al., 2006).

S. mansoni ocorre em grande parte da Africa subsaariana, regides do Oriente
Médio, Venezuela, Caribe e €& a espécie responsavel pela ocorréncia da
esquistossomose no Brasil (Gryseels et al., 2006). Os vermes adultos possuem
coloragao branca ou acinzentada, sendo que os machos medem aproximadamente
1 cm e as fémeas 1,5 cm. Ao contrario de outros trematddeos, estes organismos séo
didicos. O macho aloja e fecunda a fémea em um canal ginecéforo constituido por
dobras no sentido longitudinal. O ciclo biolégico de S. mansoni apresenta uma
alternéncia de geragdes entre os hospedeiros intermediarios, moluscos do género
Biomphalaria, e os hospedeiros definitivos vertebrados, como roedores, primatas e o

homem (Figura 2).

' ]
g Agua Hospedeiro Vertebrado Agua Caramujo E
l--> / ‘ @ O -.
T~ //
\ \\\_//(/

7///

L/

Cercaria Esquistossomulo Vermes Adultos Miracidio  Esporocisto

Figura 2: Estagios de desenvolvimento do ciclo de vida de parasitos do género Schistosoma.
Adaptado de Han et al., 2009.

No Brasil estima-se que cerca de 25 milhdes de pessoas residam em areas
endémicas e que 4 a 6 milhdes encontram-se infectadas (Lambertuci, 2010). Em
2011, um total de 26.777 pessoas receberam tratamento em 22 estados brasileiros,
representando uma diminuicdo de 35% no numero de pessoas tratadas em
comparagao ao ano anterior (WHO, 2013). Atualmente a esquistossomose tem
registros de ocorréncia em todas as regides do brasileiras (Figura 3), sendo os
estados das regides Nordeste e Sudeste os mais afetados. A distribuicdo da doenca
esta diretamente relacionada a presengca de hospedeiros intermediarios e

hospedeiros definitivos infectados.
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Figura 3: Distribuicdo da esquistossomose no Brasil. Fonte: Rokni et al., 2012.

Atualmente o controle da esquistossomose depende principalmente do
tratamento de pacientes infectados com praziquantel® (Figura 4), a unica droga

disponivel para tratamento (Greenberg, 2013). Entretanto, como as demais drogas,
o praziquantel ndo previne contra a reinfecgao e a eficacia é variavel dependendo do
sexo do parasito, estagios de desenvolvimento e periodo de infecgcdo, além de
evidéncias de parasitos resistentes a este medicamento terem sido obtidas em
laboratério e no campo (Liang et al., 2003; Pica-Mattoccia & Cioli, 2004; Botros &
Bennet, 2007; Melman et al., 2009). Em virtude do exposto, a esquistossomose
continua sendo uma das doencgas infecciosas e parasitarias mais prevalentes no
mundo, responsavel por altos indices de morbidade e mortalidade, e gerando perdas

econdmicas significativas, especialmente em paises em desenvolvimento.
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A fim de identificar novos alvos para o desenvolvimento de drogas, vacinas e
diagndstico, a comunidade cientifica uniu esforgos para sequenciar o genoma de S.
mansoni como parte de uma iniciativa da Organizagdo Mundial de Saude de apoio
ao sequenciamento do genoma de parasitos (LoVerde et al., 2004).

Os dados do genoma de S. mansoni foram publicados em meados de 2009 e
uma nova versao foi recentemente disponibilizada totalizando 364,5 megabases
(Mb) distribuidas em 885 scaffolds (supercontigs), metade dos quais possuem
tamanho maior que 2 Kilobases (Kb) (Berriman et al., 2009; Protasio et al., 2012).
Aproximadamente 81% do tamanho estimado do genoma foi ordenado em
cromossomos constituindo o mapa genético de S. mansoni (Criscione et al., 2009;
Protasio et al., 2012). Um total de 10.852 genes foram identificados, codificando
mais de 11.000 proteinas, 45% das quais permanecem sem anotag¢ao funcional
(Protasio et al., 2012; Zerlotini et al., 2009).

Embora o conhecimento da fungdo génica seja de extrema importancia para a
compreensao dos processos bioldgicos, cerca de 30-35% dos genes na maioria dos
organismos permanece sem caracterizagdo experimental ou predita. Além disso,
grande parte das demais sequéncias codificantes possuem apenas uma anotagao
funcional muito genérica (Galperin & Koonin, 2000). Por este motivo, pesquisas tém
sido desenvolvidas com o objetivo de anotar automaticamente as fungdes proteicas
em resposta a alta taxa de geracédo de sequéncias em comparagdo com a taxa de
caracterizagao experimental (Galperin & Koonin, 2000; Gabaldén & Huynen, 2004;
Sjolander, 2004; Hawkins & Kihara, 2007; Nahum & Pereira, 2008; Gabaldén, 2008;
Jiang, 2008; Andrade et al., 2011).

Na tentativa de aumentar a acuracia da predi¢ao funcional em larga escala e
identificar inovagdes evolutivas relacionadas a adaptagdo de organismos aos mais
diversos ambientes, cientistas tém associado métodos filogenéticos aos estudos
gendmicos, tirando proveito do poder que uma perspectiva evolutiva fornece as
analises bioldgicas comparativas. Este novo campo de atuagdo tem provido
informagdes importantes no que diz respeito a predigao funcional dos genes, bem
como sobre a historia evolutiva dos genomas e organismos, tendo se mostrado uma
alternativa eficaz para otimizar o processo de predicdo funcional e evitar a
propagacao de erros associados a predigcdo baseada apenas em similaridade de
sequéncias (Eisen, 1998; Eisen & Wu 2002; Nahum et al. 2009; Frickey & Lupas,
2004; Brown & Sjolander, 2006; Nahum & Pereira, 2008; Huerta-Cepas et al., 2010).

6
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A ampla quantidade de dados gendmicos, transcritdmicos e protedmicos,
associados ao desenvolvimento de poder computacional, devem contribuir para um
melhor entendimento acerca da evolugdo e desenvolvimento de parasitos do género
Schistosoma, bem como da sua interacdo com os hospedeiros definitivo e

intermediario, evasao do sistema imune e patogénese da esquistossomose.

1.2 Gendmica Comparativa

A genbmica comparativa permite estudar a relagdo entre sequéncia, estrutura
e funcdo dos genomas de diferentes espécimes, espécies e/ou linhagens bioldgicas.
Esta abordagem tem como objetivo identificar as assinaturas da selegéo natural para
compreender os processos evolutivos que atuam sobre a biodiversidade molecular
no nivel gendmico (Touchman, 2010). Segundo Hardison (2003), a informagéao
genética por si s6 nado explica a diversidade fenotipica e uma das principais
contribuigdes da gendbmica comparativa seria encontrar as partes funcionais dos
dados gendbmicos para promover a saude dos individuos e da sociedade.

Analises de gendmica comparativa podem ser utilizadas para responder
diferentes perguntas bioldégicas como: Quais caracteristicas ou informagdes
genbmicas estédo relacionadas a biologia dos organismos (e.g. ecologia, estilo de
vida)? Qual é o conjunto de proteinas compartilhadas pelos metazoarios? Quais
processos modelam a evolugdo dos genomas? Quais genes/proteinas estdo sob
selecéo purificadora, diversificadora, positiva, negativa ou neutra? Como resultado,
estudos comparativos podem fornecer informagdes sobre o0s processos que
modelaram a arquitetura genémica em parasitos e organismos de vida livre,
permitindo a identificagdo de potenciais alvos para o desenvolvimento de novas
drogas e vacina, assim como genes/proteinas diretamente relacionados a biologia
parasitaria (Swain et al., 2012; Tsai et al., 2013).

A comparacao de dados gendmicos pode ser dividida em trés principais tipos
de andlises que envolvem: i) estrutura genémica - incluindo repeti¢cdes, rearranjos,
sintenia, pontos de quebra e conteudo GC,; ii) regides codificantes, conteudo proteico
e relagcdes de homologia (e.g. ortologia e paralogia); iii) regides néo codificantes -
incluindo o estudo de elementos regulatérios (Wei et al., 2002). Portanto, além de
contribuir para a identificacdo de regides funcionais, estudos de gendmica

comparativa também contribuem para a identificacdo de outras classes importantes
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como RNAs nao codificantes e elementos regulatérios (Touchman, 2010). Dentre as
ferramentas computacionais utilizadas para tais analises destacam-se os algoritmos
para alinhamento de sequéncias moleculares, reconstru¢cado de filogenia em larga
escala, identificagdo de genes e predigdo de fungdo baseada ou ndo em homologia
(e.g. Brown & Sjolander, 2006; Huerta-Cepas et al., 2007; Huerta-Cepas et al.,
2010).

E claro e bem estabelecido que varios aspectos da biologia comparativa
podem se beneficiar da associagdo com estudos evolutivos (e.g. Felsenstein, 1985;
Eisen & Wu 2002). A filogendmica, estudo das relagdes evolutivas baseado em
analises genbmicas comparativas, tem o potencial de analisar novos dados
utilizando uma abordagem filogenética para responder questdes fundamentais como
a origem e evolugao do parasitismo.

O genoma mitocondrial e nuclear de algumas espécies do género
Schistosoma foram completamente sequenciados abrindo novas fronteiras para
analises comparativas (Nahum et al., 2012; Swain et al., 2012). A disponibilidade
desses dados tem impacto ainda maior na compreensao da histéria evolutiva de
agentes etiologicos da esquistossomose devido a auséncia de registros fosseis.

Analises comparativas de Schistosoma vém contribuindo ndo s6 para o
entendimento sobre divergéncia, especiacéo e biologia destes vermes, mas também
para o conhecimento das rotas migratérias destes parasitas. Um exemplo das
contribuicdes oriundas deste tipo de estudo pode ser obtida no trabalho de Lawton e
colaboradores (2012). Segundo Lawton, analises genémicas comparativas sugerem
que parasitos do género Schistosoma se originaram na Asia com posterior migragéo
para a Africa, em conjunto com a migracdo e dispersdo de hospedeiros
intermediarios e definitivos. Este movimento foi subsequentemente seguido por uma
radiagdo de espécies Schistosoma, dando origem aos grupos de S. mansoni e S.
haematobium, bem como ao grupo de S. indicum que regressou & Asia mais tarde.
Cada um desses grandes eventos evolutivos foram marcados por mudangas
distintas na estrutura genémica desses organismos.

Na presente tese, utilizamos distintas abordagens computacionais para
realizar analises gendmicas comparativas. Para investigar as regides codificantes
de S. mansoni, em comparagdo com outros metazoarios, utilizamos a abordagem
filogendmica com o intuito de contribuir para o conhecimento da evolugédo do

parasitismo e identificar eventos potencialmente relacionados a biologia parasitaria.
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1.3 Filogenémica

O termo filogendémica, intersegéo entre filogenética e genémica, foi criado no
final da década de noventa pelo pesquisador Jonathan Eisen com o objetivo de
otimizar a predi¢cao funcional génica em escala gendmica (Eisen et al., 1997). Nos
ultimos anos, o crescente numero de genomas sequenciados aliados ao
desenvolvimento do poder computacional e novas ferramentas de Bioinformatica,
abriram caminho para as analises comparativas envolvendo diversos grupos
taxondmicos (Medina, 2005; Huerta-Cepas et al., 2007). Estas analises permitiram a
integracado da informagao genotipica (sequéncia, estrutura e fungdo de genes e seus
respectivos produtos) a diversidade fenotipica dos organismos contribuindo para a
compreensao dos processos que moldam a evolugdo dos genes, genomas,
organismos e comunidades dos mais diversos ambientes (Nahum & Pereira, 2008;
Huerta-Cepas et al., 2007).

Neste contexto, a filogenémica surgiu como uma plataforma integrativa que
permite reconstruir a historia evolutiva de processos bioldgicos complexos a partir de
dados gendmicos, além de possibilitar a predicdo funcional acurada, fornecendo
elementos para a priorizagado de certos alvos no delineamento experimental (Eisen,
1998; Brown & Sjolander, 2006; Nahum & Pereira, 2008). A disponibilizagdo de
informacdes resultantes da reconstrucdo da historia evolutiva a partir de dados
gendmicos, transcritbmicos e protebmicos fornece a comunidade cientifica uma
ampla visdo da evolugdo da arquitetura dos genomas sob a perspectiva de todos os
componentes do repertorio génico ou proteico de certa espécie, além de propiciar
acesso ao conhecimento em diferentes niveis de divergéncia da arvore da vida (e.g.
Medina, 2005; Huerta-Cepas et al., 2007).

Estas analises, que integram todos os elementos de um sistema bioldgico, em
contraste com estudos isolados, deram origem a abordagem chamada Biologia de
Sistemas (Hood, 2003). Esta abordagem possui especial relevancia no contexto de
genomas recém sequenciados, uma vez que através da gendmica ou protedmica
comparativa é possivel realizar a predicdo funcional baseada em relacbes de
ortologia (e.g. Huerta-Cepas et al., 2010). Assim, a correlagdo entre Biologia
Evolutiva, Biologia de Sistemas e Genbmica surge para solucionar questdes
fundamentais em Biologia: a fungdo dos sistemas bioldégicos complexos e a

compreensao da evolugao da biodiversidade no nivel molecular.
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O presente projeto esta centrado na aplicagéo da filogenémica para abordar a
complexidade das fungdes biolégicas no nivel sistémico. Para atingir nossos
objetivos, adotamos uma abordagem filogenémica para reconstruir a historia
evolutiva do proteoma predito de S. mansoni em comparagdao com outros eucariotos,
parasitos e de vida livre, a fim de contribuir para um melhor entendimento dos
processos que modelaram as familias proteicas deste parasito ao longo do tempo
evolutivo, bem como seu impacto na biologia parasitaria.

Utilizando esta abordagem multidisciplinar e integrativa, aprimoramos a
predicao funcional do proteoma predito de S. mansoni, contribuimos para o
conhecimento das relagcbes evolutivas deste parasito em relagdo a outros eucariotos,
identificamos familias proteicas cuja expansado esta potencialmente relacionada a
biologia parasitaria e identificamos potenciais alvos terapéuticos que possam auxiliar
0 combate a esquistossomose.

Os resultados obtidos estdo estruturados em quatro capitulos que abordam
relagbes evolutivas do genoma e proteoma predito e estudos de familias de
proteinas, incluindo potenciais alvos terapéuticos no tratamento da esquistossomose

e outras helmintoses.

* Capitulo I: Filoma de Schistosoma mansoni. Este artigo aborda a historia
evolutiva de cada proteina codificada no genoma do S. mansoni. Para
reconstruir o filoma a partir do proteoma predito do parasito utilizamos um
pipeline automatico. Este estudo permitiu identificar familias de proteinas
expandidas em S. mansoni, além de contribuir significativamente para a
melhoria da anotacdo funcional das proteinas do parasito sem prévia

caracterizagao.

e Capitulo Il: Genbmica Evolutiva de Familias de Endopeptidases. Neste
estudo, realizamos a analise de trés familias de peptidases expandidas no
proteoma de S. mansoni em relagdo a outros eucariotos de distintos grupos
taxonémicos. Este trabalho forneceu uma ampla visdo das relagcdes evolutivas
de membros dessas familias, da complexidade gendmica linhagem-especifica

e adaptacgdes potencialmente relacionadas a vida parasitaria.
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* Capitulo Ill: Filogenémica e Anotacao Funcional de Proteina Quinases. Com o
objetivo de identificar todas as proteina quinases eucariéticas de S. mansoni
(ePKinome), realizamos uma extensa analise computacional. Este estudo
permitiu a identificagdo e classificacdo do conjunto de proteinas quinase
eucaridticas deste parasito, contribuiu para a anotagao funcional do proteoma
predito e identificou potenciais alvos para o desenvolvimento de drogas

alternativas para o tratamento da esquistossomose.

* Capitulo IV: Investigagdo do Papel Biolégico de MAPKs. Dando continuidade
ao trabalho sobre proteina quinases eucaridticas, caracterizamos
experimentalmente MAPKs através da interferéncia por RNA (RNAi), um
processo de silenciamento da expressédo génica desencadeado por pequenos
RNAs. Os resultados obtidos mostram que duas MAPKs (SmERK e SmJNK)
séo alvos de interesse para o desenvolvimento de drogas visto que um
inibidor destas proteinas provavelmente ira interromper o progresso da

doenca.
Além dos trabalhos ja mencionados, desde o ingresso no Doutorado atuo também

como colaboradora em outros projetos e uma pequena sintese desses estudos é

apresentada na segdo anexos.
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Il - OBJETIVOS

2.1 - Objetivo Geral:

Analisar o proteoma predito de S. mansoni em relagdo a outros organismos
utilizando métodos filogenéticos, bem como analises experimentais, visando

contribuir para a compreensao da Biologia de Sistemas deste parasito.

2.2 - Objetivos Especificos:

v' Analisar as relacdes evolutivas de S. mansoni em relagdo a outros
metazoarios e identificar os processos evolutivos que modelaram o proteoma
deste parasito ao longo do tempo evolutivo.

v' Contribuir para a anotacgao funcional de genes e produtos génicos codificados
pelo genoma de S. mansoni.

v Identificar familias proteicas cuja expansdo esta relacionada a evasdo do
sistema imune e/ou adaptacao ao hospedeiro definitivo.

v Identificar potenciais alvos terapéuticos que possam auxiliar o combate a

esquistossomose.
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Capitulo I: Filoma de Schistosoma mansoni

Il - CAPITULOS

3.1 - CAPITULO I: Filoma de S. mansoni

Silva LL, Marcet-Houben M, Nahum LA, Zerlotini A, Gabaldén T, Oliveira G. The
Schistosoma mansoni phylome: using evolutionary genomics to gain insight into a
parasite's biology. BMC Genomics. 2012 Nov 13;13(1):617. PMID: 23148687 .

Neste estudo em colaboragdo com o grupo de Gendmica Comparativa
liderado pelo Dr. Toni Gabaldon (Centre for Genomic Regulation, Espanha),
utilizando uma abordagem filogenémica, analisamos o proteoma predito de S.
mansoni em comparagao com outros 12 eucariotos: um coanoflagelado, dez
invertebrados, € um vertebrado. Os taxons selecionados cobrem importantes
inovagdes evolutivas, tornando-os especialmente adequados para estudar as
inovagbdes em Schistosoma no contexto da evolugdo dos metazoarios. Este estudo
teve como principais objetivos i) reconstruir a historia evolutiva de cada proteina
codificada no genoma deste parasito - filoma; ii) contribuir para o enriquecimento da
anotacao funcional do proteoma predito de S. mansoni, uma vez que mais de 45%
das proteinas careciam de anotacdo funcional. O filoma resultante possui 7.964
arvores filogenéticas obtidas a partir da analise comparativa de 11.763 proteinas de
S. mansoni com os potenciais homélogos nos outros 12 organismos. Utilizando a
abordagem filogenética para a predigdo de ortologia foi possivel transferir anotagao
funcional (termos GO) para 3.451 proteinas de S. mansoni, das quais 790 eram
anotadas previamente como “proteinas hipotéticas” que correspondem a proteinas
cuja fungdo €& completamente desconhecida. Além de promover uma melhora
significativa na predicdo funcional do proteoma de S. mansoni, os resultados desta
analise fornecem informacgbes importantes sobre a evolugdo do genoma deste
parasito, como a identificagdo de duplicagdes génicas que podem estar relacionadas

a especificidades morfoldgicas ou fisioldgicas deste organismo.
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Abstract

Background: Schistosoma mansoni is one of the causative agents of schistosomiasis, a neglected tropical disease
that affects about 237 million people worldwide. Despite recent efforts, we still lack a general understanding of the
relevant host-parasite interactions, and the possible treatments are limited by the emergence of resistant strains
and the absence of a vaccine. The S. mansoni genome was completely sequenced and still under continuous
annotation. Nevertheless, more than 45% of the encoded proteins remain without experimental characterization or
even functional prediction. To improve our knowledge regarding the biology of this parasite, we conducted a
proteome-wide evolutionary analysis to provide a broad view of the S. mansoni's proteome evolution and to
improve its functional annotation.

Results: Using a phylogenomic approach, we reconstructed the S. mansoni phylome, which comprises the
evolutionary histories of all parasite proteins and their homologs across 12 other organisms. The analysis of a total
of 7,964 phylogenies allowed a deeper understanding of genomic complexity and evolutionary adaptations to a
parasitic lifestyle. In particular, the identification of lineage-specific gene duplications pointed to the diversification
of several protein families that are relevant for host-parasite interaction, including proteases, tetraspanins,
fucosyltransferases, venom allergen-like proteins, and tegumental-allergen-like proteins. In addition to the
evolutionary knowledge, the phylome data enabled us to automatically re-annotate 3,451 proteins through a
phylogenetic-based approach rather than solely sequence similarity searches. To allow further exploitation of this
valuable data, all information has been made available at PhylomeDB (http://www.phylomedb.org).
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interactions.

Paralogous families, Parasite genomics, Schistosomiasis

Conclusions: In this study, we used an evolutionary approach to assess S. mansoni parasite biology, improve
genome/proteome functional annotation, and provide insights into host-parasite interactions. Taking advantage of
a proteome-wide perspective rather than focusing on individual proteins, we identified that this parasite has
experienced specific gene duplication events, particularly affecting genes that are potentially related to the parasitic
lifestyle. These innovations may be related to the mechanisms that protect S. mansoni against host immune
responses being important adaptations for the parasite survival in a potentially hostile environment. Continuing this
work, a comparative analysis involving genomic, transcriptomic, and proteomic data from other helminth parasites,
other parasites, and vectors will supply more information regarding parasite’s biology as well as host-parasite

Keywords: Phylogenomics, Maximum likelihood analysis, Homology prediction, Functional annotation,

Background
Schistosoma mansoni, S. haematobium, and S. japoni-
cum (Platyhelminthes: Trematoda) are the main causa-
tive agents of human schistosomiasis, a neglected
tropical disease that is endemic in 77 countries where
more than 237 million people require preventive chemo-
therapy and other 779 million live in areas of risk of in-
fection [1-4]. The genomes of these parasites have been
recently published providing insights into parasite’s
development, infection, and host-parasite interactions
[5-7]. However, even with the progress made over the
last years, schistosomiasis control depends primarily on
the treatment of infected patients with Praziquantel®,
the only drug available for mass treatment (e.g. [5,8,9]).
Drawbacks of this drug are that it does not prevent
against reinfection and its effectiveness varies depending
on several factors such as the parasite’s gender, develop-
mental stage, and the time of infection. Furthermore,
Praziquantel ®-resistant parasites have been found both
in the laboratory and in the field, thus increasing the ur-
gent need for new effective drugs and vaccines [10-13].
Schistosoma mansoni infects 7.1 million people in
America, 95% of which in Brazil, and 54 million people
in Sub-Saharan Africa causing intestinal and hepatosple-
nic schistosomiasis [14,15]. The S. mansoni genome se-
quencing data was published in 2009 and a new version
was recently released [5,16]. The improved genome has
364.5 megabases (Mb) assembled in 885 scaffolds,
half of which are represented in scaffolds greater than
2 kilobases [16]. A total of 10,852 genes were identified,
encoding over 11,000 proteins, 45% of which remain
without known or predicted function [5,16,17]. 81% of
the genome was assembled onto the parasite’s chromo-
somes, providing a partial genetic map [16,18]. The
availability of genomic data offers new opportunities
for innovation in the control of schistosomiasis, by pro-
viding information that allows for the identification of
novel drug targets and vaccine candidates through a
system-wide perspective [5,19,20].

Making accurate functional predictions for genes or
proteins is a key step in every genome sequencing pro-
ject. However, on average, 30 to 50% of the predicted
proteome remains uncharacterized while for the
remaining set only general predictions are made. To deal
with the gap between the rapid progress in genome se-
quencing and experimental characterization of genes
and gene products, computational methods have been
developed [21-23]. Two main approaches are generally
used for functional prediction of genes and their pro-
ducts: one based on sequence similarity searches and an-
other on phylogenetic analysis.

Owing to the computational cost and complexity of
large scale phylogenetic analysis, the accurate identifica-
tion of orthology relationships remains a challenge
in comparative genomics and most of the orthology pre-
diction methods rely on similarity-based search (e.g.
BLAST [24], OrthoMCL [25], InParanoid [26]). In these
cases, functional prediction is obtained based on the
transfer of information from the most similar sequences
in the database to the gene or protein of interest (e.g.
[24]). However, several limitations are associated with
this method, mainly the lack of a straightforward rela-
tionship between sequence similarity and protein func-
tion [21,27-29]. Since this approach is fast, simple, and
can be automated to analyze thousands of genes, it has
been used frequently to predict functional products
encoded by newly sequenced genomes. Over the last
years this practice has generated systematic errors, the
extent of which is not completely known [22,27-32].

In an attempt to improve the accuracy of functional
prediction at a large scale, phylogenetic methods may be
applied [33,34]. The advantage of such methods is that
they focus on the evolutionary history of genes rather
than merely on their sequence similarity [30,35,36].
Ideally, functional transfer in the genomic context or for
specific genes/proteins should be performed only when
there is any experimental evidence for those used as
source of information. However, in databases as UniProt,
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only 3% of proteins have experimental support for their
annotations [28]. To deal with the absence of experi-
mental support for most part of the available proteomes,
transfer of functional annotation aiming to provide hints
regarding the gene/protein function needs to follow
strict requirements to avoid, as much as possible, mis-
classifications. In the last decade, the publication of a
large number of genomic and proteomic data and the
development of faster and powerful computers, new
software, and automated pipelines have allowed for the
reconstruction of phylogenetic trees of the complete set
of proteins encoded in a genome — the so called phy-
lome [37].

The phylome data may give a broad view of the evolu-
tion of an organism, since it comprises the phylogenies
of all proteins encoded in its genome [37]. Most notably,
a phylome can be used to detect specific evolutionary
scenarios, to quantify the fraction of individual phyloge-
nies whose topologies are consistent with a given hy-
pothesis, and to improve functional annotation of
proteins and biological systems [38,39]. Furthermore,
comparing genomes or proteomes through an evolution-
ary perspective may provide insights to the understand-
ing of the metabolism, physiology, pathogenicity, and
the adaptation to a particular life style of organisms. In
this context, the availability of S. mansoni genomic data
provides the opportunity to study this parasite from a
genome-wide perspective rather than from individual
gene or protein analyses.

Taking advantage of the benefits provided by a
genome-wide approach combined with an evolutionary
perspective, we reconstructed the S. mansoni phylome
with the goals of i) gaining insight into lineage-specific
evolutionary events potentially related to the parasitic
lifestyle, and ii) improving the functional annotation of
the genome/proteome.

Phylogenetic techniques used in the present work
included multiple sequence alignment [40-43] alignment
trimming [44], neighbor-joining tree building [45], evolu-
tionary model testing, and maximum likelihood analysis
[46]. The resulting phylome data contains 7,964 pro-
tein phylogenetic trees, covering the analysis of 11,763
S. mansoni proteins and their homologs in 12 other
organisms, out of which we identified evolutionary events
and homology relationships. The results provided useful
information about the parasite’s genome evolution such as
the identification of gene duplication events and expanded
protein families such as proteases, tetraspanins, fucosyl-
transferases, venom allergen-like proteins (also called as
SmVAL or SCP-like), tegumental-allergen-like proteins
(SmTAL), among others. Altogether, the results obtained
are likely to pave the way for a better understanding of the
parasite’s biology including host-parasite interactions.
This, in turn will accelerate the search for new drugs and
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vaccine directed toward the control and eradication of
schistosomiasis.

Results and discussion

Reconstruction of the S. mansoni phylome

The S. mansoni phylome reconstructed in this work was
derived from the comparative analysis of all proteins
encoded in the parasite genome (predicted proteome)
and their homologs in 12 other eukaryotic proteomes
whose genomes were completely sequenced (Table 1).
The set of selected species is particularly rich in metazo-
ans (11 species), including ten invertebrates, one tuni-
cate, and one vertebrate. One choanoflagellate, Monosiga
brevicollis, was included as outgroup of the phylogenetic
reconstruction. The metazoan species selected represent
important evolutionary innovations, e.g. the origin of the
third germ layer, the development of organs, systems,
complex patterns of communication, and the emergence
of the adaptive immune system, making this dataset set
especially suitable for addressing the evolutionary inno-
vations in S. mansoni in the context of metazoan
evolution.

To perform the phylogenetic analyses, we applied an
automated pipeline similar to the one used for the
human phylome project [39]. This pipeline is illustrated
here (Figure 1). The resulting alignments, phylogenies,
and orthology predictions can be accessed at PhylomeDB
[47] (http://phylomedb.org).

Using this phylogenomic approach, we analyzed 11,763
S. mansoni proteins and obtained 7,964 phylogenetic trees
covering 70% of the parasite’s proteome. This coverage is
remarkably similar to that of other phylome data of newly
sequenced genomes such as that of the pea aphid Acyrtho-
siphon pisum (67%) [38].

The absence of trees for the remaining 3,490 proteins
is either due to a possible high degree of divergence be-
tween the S. mansoni proteins and their homologs in the
other selected species, an indication of the uniqueness of
the parasite’s proteome, or it reflects the presence of
errors in gene models. Out of the 7,964 phylogenetic
trees, 3.038 (38%) correspond to trees with “seed” pro-
teins with a completely unknown function and without
any GO [48] assignment in SchistoDB [17].

Phylogeny-based orthology prediction

In order to create a complete list of orthology and
paralogy relationships among S. mansoni proteins and
those encoded in the other eukaryotic proteomes
included in this work, we analyzed the parasite’s phy-
lome using a species-overlap algorithm as previously
described [39]. The comprehensive catalogue of
phylogeny-based orthology and paralogy relationships
among S. mansoni and other species was made publicly
available at PhylomeDB [47].
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Table 1 Proteomes selected for the S. mansoni phylome reconstruction

Scientific Name UniProt Species Code' TaxID? Proteins® Source* Download
Monosiga brevicollis MONBE 81824 9,170 JGl 2011-06-01
Ciona Intestinalis CIOIN 7719 14,048 UniProt Reference Proteomes 2011-07-09
Nematostella vectensis NEMVE 45351 24424 UniProt Reference Proteomes 2011-07-09
Schistosoma haematobium SCHHA 6185 12,767 SchistoDB 2012-03-09
Schistosoma mansoni SCHMA 6183 11,103 SchistoDB 2012-03-09
Schistosoma japonicum SCHJA 6182 12,636 SchistoDB 2012-03-09
Caenorhabditis elegans CAEEL 6239 19,758 UniProt Reference Proteomes 2011-07-09
Ascaris suum ASCSU 6253 18,430 WormBase 2012-03-09
Brugia malayi BRUMA 6279 19,916 WormBase 2012-03-09
Trichinella spiralis TRISP 6334 15,878 WormBase 2012-03-09
Drosphila melanogaster DROME 7227 11,794 FlyBase 2011-09-13
Tribolium castaneum TRICA 7070 16,533 BeetleBASE - HGSC 2011-12-16
Homo sapiens HUMAN 9606 20,965 UniProt Reference Proteomes 2011-07-09

1 - Code assigned to each species in the S. mansoni phylome. 2 - Taxonomic identifier at NCBI (TaxID). 3 - Number of proteins analyzed per species. 4 - Database

from which the protein data were retrieved.

Owing to the increasing rate at which new fully
sequenced genomes are released, the accumulation of gen-
omic and proteomic data has been much higher than the
rates at which genes or proteins are experimentally char-
acterized. Aiming at producing a high confidence set of
functional predictions for S. mansoni proteins, we used
the evolutionary relationships as inferred from phylogen-
etic trees to obtain subsets of one-to-one (single homolog
in S. mansoni and in other species) homology relation-
ships among S. mansoni proteins and the homologs from
other species included in the present study (Figure 2).

By using such phylogeny-based approach, we trans-
ferred 10,175 functional annotations (GO terms [48]) to
3,451 S. mansoni proteins, from which 790 (7% of the
parasite’s proteome) were previously annotated as “hypo-
thetical protein”, corresponding to proteins whose func-
tion had not been predicted or experimentally tested
before (Additional file 1 Table S1). The transfer was per-
formed from each ortholog with known function in the
selected taxa to the S. mansoni “seed” protein. For the
other proteins that already had any functional predic-
tion, the annotation was confirmed or improved. Conse-
quently, a “seed” protein could receive more than one
functional description. In these cases, all functional
annotations were maintained allowing the user to choose
the closest related transferred functional annotation,
those that came from model organisms, or even to cre-
ate a consensus based on all of them.

To validate the applied methodology, we retrieved
reviewed S. mansoni proteins from UniProt [49], including
experimentally confirmed ones, to evaluate the annotation
transferred by the phylogenomic approach. The functional
annotations performed by PhylomeDB correspond to
known functions in the aforementioned database (Add-
itional file 1 Table S2). Even though the BLAST search

may detect distant homologs with additional domains, our
subsequent phylogenetic reconstruction and our selection
of orthologs will select those orthologs that are likely to
have similar domain architecture. This is an additional
reason why an orthology-based annotation is preferred
over sequence similarity searches, since orthologs as com-
pared to paralogs have a higher tendency to share a simi-
lar domain architecture [50].

Although less reliable than those based on one-to-one
orthology relationships, annotation transfer based on
more complex subsets (one-to-many, many-to-one, or
many-to-many) may provide important hints to predict
the biological function of S. mansoni proteins. However,
in these cases, one or more genes are co-orthologous to
a set of genes in another genome due to lineage-specific
duplication(s) that can be associated with functional
shifts, affecting the reliability of the functional transfer
[38,51]. An example of a one-to-one transfer from a
Drosophila melanogaster protein to a S. mansoni protein
comes from the phylogenetic reconstruction of the
PhyOO0V14T_SCHMA (Smp_170950) protein, poten-
tially related to the glycine cleavage system, and its
homologs in the selected species (Figure 3). The analysis
of this tree resulted in six transfers of functional annota-
tion from homologous proteins to the S. mansoni “seed”
protein. The GO terms in all six functional annotations
are related to aminomethyltransferase activity and gly-
cine catabolic process providing further support for the
annotation transfer. In this example, to illustrate a case
of a one-to-one transfer, we chose the functional annota-
tion transferred from Drosophila melanogaster once,
according to the information available in UniProt [49],
it is one of the orthologs with known function and ex-
perimental validation. Tags for homologous sequences
with experimental validation are not available in
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Figure 1 Pipeline used to reconstruct and analyze the S. mansoni phylome. Each protein sequence encoded in the parasite genome was
compared against a database of proteins from other 12 fully sequenced eukaryotic proteomes (Table 1) to select putative homologous proteins.
Groups of potential homologs were aligned and subsequently trimmed to remove gap-rich regions. The refined alignment was used to build a
NJ tree, which was then used as a “seed” tree to perform a ML likelihood analysis as implemented in PhyML. In the ML analysis, up to five
different evolutionary models were tested and the model best fitting to the data was determined by the Akaike Information Criterion (AIC).
Different algorithms were used to identify homology relationships and lineage-specific duplications. To extract and interpret the large data set
obtained a Structured Query Language (SQL) relational database was built. This database was the main resource for data mining in this work.
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PhylomeDB [47]. However, links to UniProt [49] and
other databases are provided.

To explore the benefits offered by comparative genom-
ics in order to improve functional annotation of genes
and gene products, it is also necessary to consider the
limitations involved in this approach. Although it is gen-
erally accepted that functional annotation through
orthology, rather than just homology relationship, con-
stitutes one of the most promising annotation
approaches, these surveys are designed to provide pre-
dictions regarding the likely protein function, but it does
not substitute experimental confirmation [36,52]. Func-
tional diversity is often associated with significant diver-
gence at the sequence level, but high levels of identity
do not ensure that two or more proteins perform the
same function, since subtle changes in active sites are
able to completely change the protein function [53].

As we previously mentioned, evolutionary analysis in-
volving fully sequenced genomes/proteomes remains a
challenge. Although the tools here applied were not ori-
ginally designed for large scale phylogenetic analysis, we
adapted them to work on a large scale, since we strongly
believe that a system-wide perspective on evolutionary
processes can greatly improve the understanding on how
genomes came to be and what evolutionary process took
them there. Functional prediction as described in the
present work could be used as a starting point for future
projects, prioritizing the selection of certain genes or
proteins for new experimental studies.

Detection of gene duplications in S. mansoni

An additional advantage of the phylogeny-based ap-
proach is that it readily provides a collection of gene
evolutionary histories that can be mined for particular
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events. Since gene duplication is considered one of the
main mechanisms for functional innovation and diversi-
fication [54], we explored the S. mansoni phylome to
identify protein families that have been specifically
expanded in this lineage, since its diversification from
the other sequenced metazoans. We used the above-
mentioned species-overlap algorithm that identifies du-
plication nodes and also provides clues of the relative
dating of the duplication event [39,55].

Such analysis revealed that in 3,051 reconstructed
phylogenetic trees there is at least one paralog con-
nected to the “seed” protein through a duplication node
(Additional file 1 Table S3). Among these, 211 phyloge-
nies show lineage-specific duplications in the three
Schistosoma species in comparison with the other taxa.
These expansions are small-to-moderate in size, result-
ing in a total of two to ten paralogs, and include some of
the most significant expansions as discussed below.

The inclusion of S. haematobium and S. japonicum
proteomes gave us a high resolution within Schistosoma
genus and allowed us to make comparisons across this
taxon. In general, the expansions observed in S. mansoni
can also be observed in the other two Schistosoma
species, although with variable number of paralogs in
each species. As previously observed by evolutionary
relationships, cytogenetic data, and syntenic analyses,
the present study shows that S. mansoni is more
closely related to S. haematobium than to the S. japoni-
cum [56-59]. Moreover, 170 evolutionary trees have only
S. mansoni and S. haematobium proteins, while only six

phylogenies have solely S. mansoni and S. japonicum pro-
teins. Meanwhile, most of the homologous pro-
teins shared by S. mansoni and S. haematobium are
annotated as “hypothetical protein” and do not have any
predicted function or significant hits with known pro-
teins in public databases as UniProt [49], Pfam [60], or
non-redundant (nr) NCBI database (ftp://ftp.ncbi.nih.
gov/blast/db).

A small number of phylogenetic trees (1,45%) had only
sequences of S. mansoni. These could be the result of
very recent duplication events of proteins that are spe-
cific to this species. However, many of these genes were
not found in the genetic map of S. mansoni [16,18] and
they do not contain protein domains traceable at Pfam
[60]. BLAST searches against the non-redundant (nr)
NCBI database detected a few non-Schistosoma proteins
as significant hits that were annotated as hypothetical in
all cases. For these reasons we rather believe that these
sequences correspond to spurious predictions. Further
analyses will be conducted in the future in order to con-
firm or refute this hypothesis.

Among the most significant protein expansions in S.
mansoni we identified tetraspanins, fucosyltransferases,
venom allergen-like proteins (SmVAL), tegumental-
allergen-like proteins (SmTAL), leishmanolysins, and
elastases, which were previously proposed as drug tar-
gets, once they can be related to morphological or
physiological specificities of this parasite [5,20,61-65]. In
these cases, the protein family membership ranged from
6 to 23 paralogs encoded in the parasite’s genome.
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lysis. The protein sequences are represented by the internal identifier

rt values were computed by approximate likelihood ratio test (aLTR).

Tetraspanins are small proteins with four transmem-
brane domains involved in the coordination of intra and
intercellular processes, such as signal transduction, cell
proliferation, adhesion, and migration, cell fusion and
host-parasite interactions [66,67]. The function of schisto-
some tetraspanins are not completely understood, but
cell-cell interactions and maintenance of cell membrane
integrity might be performed by these proteins as well as
they can be receptors for host ligands, acting on immune
evasion [61]. The suppression of two tetraspanin genes
(Sm-tsp-1 and Sm-tsp-2) by RNA interference in mice also
suggests that these proteins play important structural roles
in the parasite’s tegument, being a good target for anti-
schistosomal vaccine [68]. Figure 4 illustrates an example
of tetraspanin lineage-specific duplications. In this case,
the number of homologs in the three Schistosoma species
varies from six to eight. Tree topology shows distinct well-
supported clades suggesting that structural and/or func-
tional variants might be present. Three proteins in this
dataset have experimental evidence: Phy0048JNS_SCHHA
(Q26499), Phy0048WJL_SCHMA (P19331), and Phy0005UU9_
DROME (046101) [49,69,70].

Venom allergen-like proteins (SmVAL), also called
sperm-coating protein-like (SCP-like), are structurally
related proteins members of the SCP/TAPS family. In Platy-
helminthes, these proteins have been linked as potential
modulators of immune function and components of sexual
development [71]. Although the specific function of each
SmVAL family member is unknown, there is evidence sug-
gesting potential roles in larval penetration, host immune
response modulation, and adult worm development [63,71].
Furthermore, analyses of SmVAL transcripts demonstrated
that the corresponding genes are upregulated in infective
stages of the parasite, highlighting SmVAL proteins as
candidates for novel vaccine strategies [71,72].

Fucosyltransferases are enzymes that catalyses the
fucose transfer from the donor guanosine-diphosphate
fucose to different acceptor molecules such as oligosac-
charides, glycoproteins, and glycolipids [73]. In schisto-
somes, fucosyltransferases are involved in producing
immunomodulatory epitopes during infection, granu-
loma formation, egg/endothelium interactions, and were
previously highlighted as anti-schistosomal candidates
[63,74].
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Tegumental-Allergen-Like proteins (SmTALs) are
members of a protein family present in parasitic Platy-
helminthes [64,75]. These proteins are located inside the
tegument and have different life-cycle expression pat-
terns [64]. The tegumental protein Sm22.6 is considered
the main target for human IgE in S. mansoni and human
IgE response against this protein is associated with the
development of age-dependent partial immunity to S.
mansoni infections in endemic areas [64,76].

Leishmanolysin, (also called invadolysin and SmPepM8),
is a major surface protease member of the metallopepti-
dase M8 family. This protein can perform activities in
schistosomes similar to those performed in Leishmania
where these proteins are involved in different types of
processes like degradation of the extracellular matrix
and inhibition or perturbations of host cell interac-
tions [63,72]. In turn, elastases are serine proteases
that in schistosomes play a pivotal role in the penetra-
tion by cercariae of host skin to initiate infection. Re-
cent studies have also revealed that these proteases
can be employed by schistosomes to overcome or
evade the host immune response [77,78]. Members of
S. mansoni peptidase families such as leishmanolysins,
cercarial elastases, and cathepsin D proteins were sub-
jected to a detailed study in respect to their domain
architectures, functional properties, and evolutionary
relationships as described elsewhere [65].

Another specific feature of schistosomes is related to
their tegument. Distinct from nematodes, which have a
cuticle covering and protecting the organism body,
schistosomes are covered by a living syncytium bounded
by a complex multilaminate surface, which undergoes
several adaptations soon after infection is initiated
[79-81]. The external double membrane plays a crucial
role in host-parasite interactions, being responsible for
diverse mechanisms of survival [19,82,83]. The develop-
ment of a tegument, highly specialized and resistant to
immune damage, was accompanied by evolutionary
adaptations, for example, the expansions of other protein
families encoding annexins, cadherins, and innexins.

Annexins are widely distributed in eukaryotes per-
forming a broad range of important biological processes
related to tegument membrane [84-86]. In schistosomes,
annexins appear to be involved in parasite’s stability pro-
tecting against immune attack by the host as well as
against structural breakdown [85,86]. Cadherins are ad-
hesion molecules that mediate Ca®*-dependent cell-cell
adhesion and whose duplication events happened prob-
ably in parallel to the advent of a third germ layer in flat-
worms [5,87]. Innexins are components of gap-junction
proteins, the intercellular channels that allow for the ex-
change of ions and other small signal molecules [88,89].
In C. elegans, innexins have been implicated in different
processes like electrical coupling between pharyngeal
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muscles, calcium propagation in the gut, gap junction-
mediated oocyte, and sensory neuron identity [89].

In summary, we identified that approximately 45%
of the S. mansoni predicted proteins that were cov-
ered by this phylogenomic analysis have, at least, one
paralog encoded in the parasite genome that might
have arisen by gene duplication events that occurred
after its divergence from other selected taxa (Add-
itional file 1 Table S3). In other eukaryotic genomes
this value ranges from 30 and 65% [90], whereas in
C. elegans this value is equal to 49% [91].

Altogether, the present results indicate that besides the
exploitation of host endocrine and immune signals, the
parasite genome exhibit multiple events of gene duplica-
tion which may be, at least partially, an adaptive response
related to the parasitic lifestyle. These expansions prob-
ably reflect the intriguing complexity of evolutionary
events that happened over time, resulting in important
characteristics in schistosome’s biology with conse-
quences to the disease it causes. Taking into account the
host environment and the selective forces that it imposes
to a parasite, the phylogeny of host(s) and parasite(s) are
probably closely related, once this coevolution will be re-
sponsible for the continuity or elimination of such an
interaction. Nonetheless, previous empirical experiments
involving schistosomes and the intermediate host provide
further support to suggest the potential for host-
schistosome coevolution [92].

In this context, it is important to analyze the evolu-
tionary history of protein families during screening for
potential targets for drug and vaccine development. In-
corporating the evolutionary perspective in drug develop-
ment studies can improve our understanding regarding
drug resistance and effectiveness, as well as to guide new
strategies of drug discovery. Gene duplication events as
well as adaptive evolution should be considered during
this process, since an anti-parasitic drug could bind a sin-
gle protein or in all proteins encoded by a multi-gene fam-
ily [93]. As a consequence, therapies which target a subset
of genes that arose by duplication may not be effective at
low doses. To solve this problem, the drug's effectiveness
can be increased when a single-copy gene is targeted and
its function is inactivated causing complete perturbation
of a vital pathway [93,94].

Conclusions

Through a systemic approach, we may accelerate the ad-
vance towards the understanding of schistosomiasis, its
etiologic agents, and host-parasite interactions, optimiz-
ing the discovery of therapeutic targets to the develop-
ment of new drugs and vaccines. Besides promoting a
significant improvement in the functional annotation of
the S. mansoni predicted proteome, our approach pro-
vided relevant information about the parasite’s genome
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evolution such as the identification of gene duplication
events and expanded protein families, supplying import-
ant information regarding the mechanisms involved in
Schistosoma’s genome evolution. Among the parasite
paralog groups, we identified proteases, tetraspanins,
fucosyltransferases, venom allergen-like proteins (also
called as SmVAL or SCP-like), and tegumental-allergen-
like proteins (SmTAL) that may be related to morpho-
logical or physiological specificities of this parasite. In
addition, we strongly believe that the S. mansoni phy-
lome data will pave the way for other, more detailed ana-
lysis, such as those that have been already performed on
expanded peptidases families [65].

One of the remaining challenges is to understand
which evasion strategies enable this parasite to survive
for years in a potentially hostile environment, protected
from the host immune system action and/or actively
making the host response ineffective. Different mechan-
isms may be involved in these processes, including the
generation of variant proteins by expression of micro-
exon genes (MEG), which have been pointed as a poten-
tial strategy [94], and small non-coding RNAs which
perform many essential regulatory functions [95].

Insights obtained through this phylogenomic approach
will help us to guide forward genetic approaches to bet-
ter understand the host-pathogen relationships toward
to the elucidation of novel drug targets and vaccine can-
didates urgently needed to reduce the morbidity and
mortality caused by schistosomiasis worldwide. Continu-
ing this work, a comparative analysis involving genomic,
transcriptomic, and proteomic data from other helminth
species as Taenia solium, Echinococcus multiloculares,
Echinococcus granulosus, Fasciola hepatica, other para-
sites, and vectors will provide valuable information from
a system-wide perspective of a broad range of organisms,
improving our understanding regarding the parasitic
lifestyle.

Methods

Organisms and sequence data

Predicted proteomes from 13 fully sequenced eukaryotic
genomes were downloaded from JGI Genome Projects,
SchistoDB, Quest For Orthologs, WormBase, Beetle-
BASE, and FlyBase (Table 1). The taxon sampling was
selected according to the availability of the predicted
proteomes and based on the phylogenetic position of
each species. The comprehensive taxa selected cover im-
portant evolutionary innovations making this dataset set
especially suitable for addressing the evolutionary inno-
vations in schistosomes in the context of metazoan evo-
lution. Model organisms were also included to provide
functional annotations that could be potentially trans-
ferred to S. mansoni homologous proteins.
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Phylome reconstruction

To reconstruct the complete collection of phylogenetic
trees for all S. mansoni proteins and their homologs in
other 12 fully sequenced organisms (Table 1), we used a
similar automated pipeline to that described earlier for
the human proteome [39] (Figure 1). A local database
was created containing data from the S. mansoni prote-
ome and those of 12 other completely sequenced gen-
omes/proteomes. Alternative splicing products and
identical sequences from the S. mansoni proteome were
filtered out. For each protein encoded in the S. mansoni
genome (“seed”), a Smith-Waterman search [96]
(E-value < 10°) was performed against the above men-
tioned database to retrieve proteins with significant
sequence similarity. Sequences that aligned with a con-
tinuous region longer than 50% of the query sequence
were selected and aligned using MUSCLE 3.6 [40],
MAFFT [41], DIALIGN-TX [42], and M-Coffee [43]
with default parameters. Positions in the alignment con-
taining a high number of gaps were eliminated using
trimAl [44], with a consistency cutoff of 0.1667 and a
gap score cutoff of 0.1. Neighbor-joining trees were
derived from the trimmed alignments using scoredist
distances as implemented in BioN]J [45] and maximum
likelihood trees were obtained as implemented in
PhyML using the NJ tree as a starting point [46]. For
each “seed” protein phylogenetic reconstruction, we
tested four different evolutionary models (JTT, WAG,
BLOSUMS62, VT, LG, CpREV, and DCMut). In all cases
a discrete gamma-distribution model with four rate cat-
egories plus invariant positions was assumed, the
gamma parameter and the fraction of invariant posi-
tions were estimated from the data. Tree support values
were computed by approximate likelihood ratio test
(aLTR) as implemented in PhyML [46,97]. The evolu-
tionary model best fitting the data was determined by
comparing the likelihood of the used models according
to the Akaike Information Criterion (AIC) [98].

Prediction of homology relationships

To derive orthology and paralogy relationships among S.
mansoni proteins and those encoded in the other gen-
omes included in this study we used a species-overlap al-
gorithm as described in [39] and as implemented in ETE
(Environment for Tree Exploration) [99]. This algorithm
uses the level of species overlap between the two daugh-
ter partitions of a given node to define it as duplication
or a speciation event. The analysis starts at the protein
used to generate the tree (“seed” protein) and runs
through the internal nodes of the tree until it reaches
the root. All the trees were rooted at the midpoint. If
the two partitions share any species (if there is species
overlap), the node is defined as a duplication node and
the proteins are considered paralogous ones. Otherwise
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(if there is no overlap) the node is defined as a speci-
ation node leading to orthologous proteins. Once all the
nodes have been classified, the algorithm establishes the
orthology and paralogy relationships between the “seed”
protein and other proteins included in the tree according
to the original definition of these terms [39,100]. A pre-
vious study has shown that the species-overlap algorithm
produces reliable orthology predictions with higher sens-
ibility than a strict reconciliation method [101].

Orthology-based functional annotation

Based on the list of orthology and paralogy relationship
we performed the transfer of functional annotation from
each ortholog with known function to the S. mansoni
“seed” proteins. To produce a confident set of functional
predictions for S. mansoni proteins, we classified the list
of orthologs in different subsets of orthology relation-
ships (one-to-one, one-to-many, many-to-one, and
many-to-many) between the S. mansoni proteins and the
other proteins included in this phylome data. If no du-
plication has occurred since the speciation, the two
genes form a one-to-one relationship. If subsequent
duplications have occurred, other types of orthology
relationships (one-to-many or many-to-many) were
assigned [51]. One example of this classification is pro-
vided (Figure 2).

To further analyze such large data set, we built
the SchistoPhylomeSQL a Structured Query Language
relational database using MySQL as a database manage-
ment system. This local database integrates information
from PhylomeDB (http://phylomedb.org) and SchistoDB
(http://www.schistodb.net). Access to the database was
obtained using DbVisualizer version 7.0.5 (http://www.
dbvis.com), a graphical user interface that allows develop-
ing and accessing database management system (DBMSs)
in different operating systems. The SchistoPhylomeSQL
database was the main resource for data mining in
this work. Perl scripts and SQL queries were imple-
mented to parse the text files and load them to the
database.

Detection of S. mansoni gene expansions

Using ETE [99], we analyzed the S. mansoni phylome
data to identify protein families that were specifically
expanded in the S. mansoni lineage since its diversifica-
tion from the other metazoans (Additional file 1
Table S3). The duplication events defined by the species-
overlap algorithm that only comprised paralogs from
S. mansoni were considered lineage-specific duplications.
In cases where the information extracted from more
than one phylogenetic tree contained the same paralo-
gous proteins, changing only the “seed” protein position,
the data was filtered to obtain a non-redundant list of
in-paralogs.
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Additional file

Additional file 1: Table S1: Functional prediction for theS. mansoni
"seed" proteins. Table S2: Comparison between reviewed proteins with
functional annotation at UniProt and GO terms transferred by
phylogenomic approach. Table S3: Homologous proteins to the

S. mansoni "seed" proteins.
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3.2 - CAPITULO II: Gendmica Evolutiva de Familias de Endopeptidases

Silva LL, Marcet-Houben M, Zerlotini A, Gabaldon T, Oliveira G, Nahum LA.
Evolutionary histories of expanded peptidase families in Schistosoma mansoni. Mem
Inst Oswaldo Cruz. 2011 Nov;106(7):864-77. PMID: 22124560.

Neste estudo em colaboragdo com o grupo de Gendmica Comparativa
liderado pelo Dr. Toni Gabaldon (Centre for Genomic Regulation, Espanha).
Analisamos o proteoma predito de S. mansoni em comparagao com outros 16
eucariotos cujos genomas foram sequenciados e o proteoma predito encontra-se
disponivel. Estes incluem uma planta (A. thaliana), trés fungos (U. maydis, S.
cerevisiae, N. crassa), sete invertebrados (N. vectensis, C. elegans, C. briggsae, D.
melanogaster, A. gambiae, B. mori, S. purpuratus), um tunicado (C. intestinalis), um
cefalocordado (B. floridae) e trés vertebrados (D. rerio, M. musculus, H. sapiens).
Utilizando uma abordagem filogendmica, identificamos e analisamos familias de
proteases/peptidases expandidas no proteoma predito de S. mansoni. Em funcéo da
importancia destas enzimas no desenvolvimento e patologia da esquistossomose,
focamos no estudo das mesmas com o objetivo de contribuir para um melhor
conhecimento da origem e evolugdo destes potenciais alvos terapéuticos. Nossos
resultados revelam que a complexidade biolégica de S. mansoni esta relacionada a
inovagdes evolutivas que ocorreram antes e apods sua diversificacdo dos demais
eucariotos analisados neste estudo e que, muito provavelmente, as diferentes
proteases se originaram a partir de sucessivos eventos de duplicagdo génica neste
parasito. Dentre os membros de familias de proteases expandidas identificamos:
catepsina D (aspartil proteases da familia A01), elastase cercarial (serino proteases
da familia S01) e SmPepM8 (também chamada de leishmanolisina, metaloproteases
da familia M8). Estas proteinas estdo envolvidas na penetracdo da cercaria no
hospedeiro definitivo, digestdo de hemoglobina, evasdo do sistema imune do
hospedeiro e iniciacdo de processos inflamatérios, motivo pelo qual foram
previamente apontadas como alvos promissores para o desenvolvimento de drogas
e vacina contra a esquistossomose. Este trabalho fornece uma visao evolutiva
destas trés familias de endopeptidases de S. mansoni, permitindo um melhor
entendimento da complexidade gendmica linhagem-especifica e adaptagbes

potencialmente relacionadas a vida parasitaria.
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Evolutionary histories of expanded peptidase families
in Schistosoma mansoni
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Schistosoma mansoni is one of the three main causative agents of human schistosomiasis, a major health prob-
lem with a vast socio-economic impact. Recent advances in the proteomic analysis of schistosomes have revealed
that peptidases are the main virulence factors involved in the pathogenesis of this disease. In this context, evolution-
ary studies can be applied to identify peptidase families that have been expanded in genomes over time in response to
different selection pressures. Using a phylogenomic approach, we searched for expanded endopeptidase families in
the S. mansoni predicted proteome with the aim of contributing to the knowledge of such enzymes as potential thera-
peutic targets. We found three endopeptidase families that comprise leishmanolysins (metallopeptidase M8 family),
cercarial elastases (serine peptidase S1 family) and cathepsin D proteins (aspartic peptidase Al family). Our results
suggest that the Schistosoma members of these families originated from successive gene duplication events in the
parasite lineage after its diversification from other metazoans. Overall, critical residues are conserved among the
duplicated genes/proteins. Furthermore, each protein family displays a distinct evolutionary history. Altogether, this
work provides an evolutionary view of three S. mansoni peptidase families, which allows for a deeper understanding
of the genomic complexity and lineage-specific adaptations potentially related to the parasitic lifestyle.

Key words: phylogenomics - maximum likelihood analysis - homology prediction -
functional annotation - proteases - paralogous families - parasite genomics

Schistosomiasis, which is caused by different species
from the Schistosoma genus, remains one of the most
prevalent tropical neglected diseases, affects 210 million
people worldwide, and is responsible for at least 280,000
deaths every year (van der Werf et al. 2003, Steinmann
et al. 2006, Han et al. 2009). Schistosoma mansoni is one
of the three major species that infect humans and is the
causative agent of intestinal and hepatic schistosomiasis
mainly in Africa and South America (Han et al. 2009).
Measures to control schistosomiasis rely almost entirely
on praziquantel®, which is the only drug available for
mass chemotherapy. Despite the effectiveness of this
treatment, re-infection is common and drug-resistant
parasites have been found in the laboratory and in the
field, which demonstrate the urgent need to develop ad-
ditional chemotherapeutic agents and effective vaccines
(Liang et al. 2003, Pica-Mattoccia & Cioli 2004, Botros
& Bennett 2007, Melman et al. 2009).
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Over the past several years, advances in the molecu-
lar analysis of major parasites have identified some key
factors involved in parasitic diseases and peptidases as
one of the major factors of pathogenicity (McKerrow et
al. 2006, Kasny et al. 2009). These enzymes have been
implicated in processes that are crucial to the develop-
ment and survival of helminth parasites, including diges-
tion, invasion from host tissues, activation of inflammation
and evasion of the host immune system (McKerrow et al.
2006, Kasny et al. 2009).

Peptidases (also termed proteases, proteinases or
proteolytic enzymes) are hydrolytic enzymes that cleave
peptide bonds in proteins. Endopeptidases cleave inter-
nal peptide bonds, whereas exopeptidases hydrolyse the
amino terminus (aminopeptidases) or carboxy terminus
(carboxypeptidases) of different proteins. Enzymatic
specificity is determined based on the chemical groups
responsible for catalysis in the peptide’s active site.
Thus, peptidases are classified into one of the following
classes: asparagine, aspartic, cysteine, glutamic, metal-
lo, serine, threonine and unknown peptidases (Rawlings
& Barrett 1993, Rawlings et al. 2010).

Asparagine peptidases are enzymes that have active
sites composed of an aspartic acid and an asparagine, the
latter being the P1 residue, the amino acid or molecule,
which can be found at a specific location in the cleavage
site (Rawlings et al. 2010). In turn, aspartic peptidases have
their catalytic centres formed by two aspartate residues
that activate a water molecule that mediates the nucleo-
philic attack on the peptide bond (James 2004, Rawlings
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et al. 2010). In general, cysteine peptidases have cysteine
and histidine residues forming their “catalytic dyad”.
Meanwhile, other active site residues have been found.
Glutamic peptidases have glutamic acid residues as their
primary catalytic residues, which are probably the nucleo-
philic attack mediators involved in the catalysis (Fujinaga
et al. 2004, Rawlings et al. 2010). In metallopeptidases,
the catalytic mechanism usually involves a single catalyt-
ic zinc ion tetrahedrally coordinated by one glutamate and
two histidine residues (Rawlings et al. 2010). Serine pep-
tidases have serine residues at their active sites, which to-
gether with two other variable amino acids constitute the
“catalytic triad” (Hedstrom 2002, Rawlings et al. 2010).
Threonine peptidases have threonine residues as their nu-
cleophiles during catalysis. For unknown peptidases, the
active site residues have not yet been determined.

Evolutionary analyses have been applied to a broad
range of studies, which include the identification of
gene/protein families that have expanded in a specific
lineage over evolutionary time and possibly indicate
the existence of selective pressure (Irving et al. 2003,
Sargeant et al. 2006, Nahum & Pereira 2008, Robinson
et al. 2008, Wu et al. 2009, Huzurbazar et al. 2010). The
availability of faster and more powerful computers com-
bined with the development of automated pipelines has
enabled the investigation of such evolutionary processes
through the reconstruction of phylogenetic trees for the
complete set of proteins encoded in a genome (known as
phylome). The results obtained by this analysis provide
a broad view of the evolution of an organism’s genome
and proteome, which allows for a deeper understanding
of genomic complexity and lineage-specific adaptations
(Huerta-Cepas et al. 2007, 2010b).

In a previous study, we described the reconstruc-
tion of the S. mansoni phylome to improve gene/protein
functional annotation and provide insights into parasite’s
biology (phylomedb.org). By applying an automated
pipeline, we also identified lineage-specific gene dupli-
cations, which may have led to a potential diversification
of several protein families that are relevant for host-par-
asite interactions, such as tetraspanins, fucosyltrans-
ferases and sperm-coating protein-like proteins. Here,
we explore the S. mansoni phylome data to analyse three
endopeptidase families that expanded in this lineage
since its diversification from 15 other metazoan species
with the aim of contributing to the available knowledge
of parasite biology and host-parasite interactions from an
evolutionary perspective. The members of these fam-
ilies include leishmanolysins (metallopeptidase M8 fam-
ily), cercarial elastases (serine peptidase S1 family) and
cathepsin D proteins (aspartic peptidase Al family).

The present paper is centred on two main research
questions: (i) Did any peptidase families expand in the
S. mansoni genome/proteome and if so, which ones? (ii)
What are the evolutionary histories of these peptidase
families? To address these questions, we used a so-called
species-overlap algorithm (Huerta-Cepas et al. 2007) to
detect lineage-specific duplications that occurred during
the evolution of the parasite’s genome. We also integrated
information on sequence alignments, phylogenetic trees,
protein architecture and the conservation of critical resi-
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dues to characterise these proteins. Our results indicate
that each peptidase family has a unique evolutionary his-
tory within/across the analysed species. Furthermore, our
data support the hypothesis that gene duplication events
followed by divergence is the main mechanism shaping
the evolution of S. mansoni-specific paralogous groups.

The analysis of the evolutionary histories of these
three S. mansoni families is relevant to functional ge-
nomics, evolutionary biology, medicine and biotechnol-
ogy, especially taking into account the importance of S.
mansoni peptidases in the development of schistosomia-
sis and that they have been described as promising vac-
cine and drug targets (McKerrow et al. 2006, Abdulla et
al. 2007, Kasny et al. 2009).

MATERIALS AND METHODS

Organisms and sequence data - The dataset of species
selected for analysis includes eight invertebrates (Nema-
tostella vectensis, Caenorhabditis elegans, Caenorhab-
ditis briggsae, S. mansoni, Drosophila melanogaster,
Anopheles gambiae, Bombyx mori and Strongylocen-
trotus purpuratus), one tunicate (Ciona intestinalis), one
cephalochordate (Branchiostoma floridae), three verte-
brates (Danio rerio, Mus musculus and Homo sapiens),
three fungi (Neurospora crassa, Saccharomyces cerevi-
siae and Ustilago maydis) and one plant (4rabidopsis
thaliana). Information on the selected taxa is provided
as Supplementary data.

This dataset is particularly rich in metazoans (76%
of the selected species) that cover important evolution-
ary innovations, for example, the origin of bilateral
symmetry, the third germ layer, the development of or-
gans, systems, complex patterns of communication and
the emergence of the adaptive immune system, which
makes it especially suitable for addressing the evolution-
ary innovations in S. mansoni in comparison with other
metazoan species (phylomedb.org).

The S. mansoni predicted proteome dataset was
downloaded from SchistoDB version 2.0 (schistodb.net)
(Zerlotini et al. 2009). Proteomes derived from the 16
fully sequenced genomes were downloaded from the
Broad Institute Ustilago maydis Database, Ensembl, In-
tergr8, JGI Genome Projects, National Center for Bio-
technology Information Genome Database and SilkDB,
which can be collectively accessed through the Genomes
OnLine Database (genomesonline.org).

Endopeptidase protein families - Peptidases are hy-
drolases that act on peptide bonds [Enzyme Commission
(EC) 3.4]. Three endopeptidase families were selected
and analysed in detail in the present work. They include
the metallopeptidase M8 family (EC 3.4.24.-), serine pep-
tidase S1 family (EC 3.4.21.-) and aspartic peptidase Al
family (EC 3.4.23.-) members and belong to three pepti-
dase clans (MA, PA and AA, respectively), as described
in the MEROPS database (Rawlings et al. 2010).

Information on enzymes was collected from the lit-
erature and database references and included in the Sup-
plementary data. The EC numbers were collected from
the Nomenclature Committee of the International Union
of Biochemistry and Molecular Biology database, which
is available online (chem.qmul.ac.uk/iubmb/enzyme/).
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Alignments and phylogenetic trees - Sequence
alignments and phylogenetic trees of the endopeptidase
families selected for analysis were retrieved from the
S. mansoni phylome data, which were reconstructed
through a comparative analysis among all proteins en-
coded by the parasite genome and their potential ho-
mologs in 16 other eukaryotic species (phylomedb.org)
(Huerta-Cepas et al. 2011).

Briefly, the S. mansoni phylome was reconstructed
using each protein encoded in the S. mansoni genome
“seed” proteins) and the potential homologs identified
through similarity-based searches (Smith & Waterman
1981) against the dataset of selected proteome data de-
scribed above. The groups of homologous sequences
were aligned using MUSCLE v3.6 (Edgar 2004) and
gap-rich columns were filtered using trimAl (Capel-
la-Gutiérrez et al. 2009). Phylogenetic analyses were
performed using the neighbour-joining and maximum
likelihood (ML) methods, as implemented in PhyML
(Guindon & Gascuel 2003).

For the phylogenetic reconstruction of each “seed
protein”, we tested four different evolutionary mod-
els JTT, WAG, BLOSUMG62 and VT). In all cases, a
discrete gamma-distribution model with four rate cat-
egories plus invariant positions was assumed with the
gamma parameter and the fraction of invariant posi-
tions estimated from the data. Tree support values were
computed using the approximate likelihood ratio test
as implemented in PhyML (Guindon & Gascuel 2003,
Anisimova & Gascuel 2006). The evolutionary model
best fitting the data was determined by comparing the
likelihood of the used models according to the Akaike
Information Criterion (Akaike 1973). The resulting
alignments, phylogenies and homology prediction can
be accessed at PhylomeDB (phylomedb.org) (Huerta-
Cepas et al. 2011) through protein sequence identifiers
(e.g., UniProt: C4PZH6; SchistoDB: Smp 127030; Phy-
lomeDB: Phy000V7EC_SCHMA).

To integrate information from SchistoDB (Zerlotini
et al. 2009) and PhylomeDB (Huerta-Cepas et al. 2011),
we built a local relational database, named SchistoPhy-
lomeSQL, which allowed us to extract and interpret the
large amount of data in this work (Fig. 1). Access to this
local database was implemented using DbVisualizer ver-
sion 7.0.5 (dbvis.com). The SchistoPhylomeSQL data-
base was the main resource for data mining in this work.
In-house Perl scripts and Structured Query Language
queries were used to parse data files during the database
building and searching processes.

Paralogy and orthology relationships - To derive a
complete catalogue of the paralogy and orthology rela-
tionships between S. mansoni proteins and those from
other eukaryotic proteomes, we applied a “species-over-
lap” algorithm, as previously described (Huerta-Cepas et
al. 2007). This algorithm uses the level of species overlap
between the two daughter partitions of a given node to
define it as a duplication or speciation event, which give
rise to paralogs and orthologs, respectively. Once all the
nodes have been classified, the algorithm establishes the
paralogy and orthology relationships between the “seed
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protein” and other proteins included in the phylogenetic
tree, according to the original definition of these terms
(Fitch 1970, Gabaldon 2008).

Lineage-specific duplications - Using a python Envi-
ronment for Tree Exploration (Huerta-Cepas etal. 2010a),
we analysed the S. mansoni phylome data (phylomedb.
org) to identify protein families that were specifically
expanded in the S. mansoni lineage since its diversifica-
tion from the other selected taxa (Supplementary data).
The duplication events defined by the “species-overlap”
algorithm that only comprised paralogs from S. mansoni
were considered lineage-specific duplications. In cases
where more than one phylogenetic tree contained the
same paralogous proteins, by changing only the “seed”
protein position, the data were filtered to obtain a non-
redundant list of in-paralogs.

Protein architecture and critical residues - In this
study, we used the Pfam database (Finn et al. 2010) to
identify the presence and organisation of protein se-
quence domains as well as critical residues present in the
three S. mansoni endopeptidase families. Pfam is a large
and widely used database of protein domains families.
This database contains multiple sequence alignments
and profile hidden Markov models (profile HMMs) for
each protein family. Pfam-A entries are derived from the
underlying sequence database, which is termed Pfam-
seq. This database is built from the most recent release
of UniProtKB at a given time point (Finn et al. 2010, Ap-
weiler et al. 2011). To predict active sites in new sequenc-
es, Pfam uses the information available in UniProtKB
for homologous proteins, whose catalytic residues have
been experimentally characterized (Mistry et al. 2007).
Based on Pfam information, the illustrations of the S.
mansoni protein domain architectures were generated
using DOG 2.0 (Ren et al. 2009).
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Fig. 1: flowchart of the applied methodology. The Schistosoma man-
soni proteome data was retrieved from SchistoDB and each protein
was used as “seed” to reconstruct the S. mansoni phylome. The result-
ing alignments, phylogenies, and homology predictions are available
at PhylomeDB. To integrate information from SchistoDB and Phy-
lomeDB, we built the SchistoPhylomeSQL, a local relational database
as the main resource for data mining in this work.
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RESULTS

Comparative genomics has revealed a great deal of se-
quence and/or functional diversity within and across or-
ganisms with respect to gene/protein family size, compo-
sition and the relatedness of their members (Huerta-Cepas
et al. 2007, 2010b, Nahum et al. 2009, Andrade et al. 2011,
Avelar et al. 2011). The rationale underlying the present
work is that lineage-specific duplications may reflect mo-
lecular biodiversity and that the adaptation of organisms
to different environments may ultimately help to identify
potential therapeutic targets against parasitic diseases.

Our previous work identified lineage-specific gene
duplications that led to the diversification of several
families in S. mansoni (phylomedb.org). Furthermore,
recent advances in proteomic analyses of schistosomes
have revealed that peptidases are one of the main viru-
lence factors involved in the pathogenesis of schistoso-
miasis (McKerrow et al. 2006, Kasny et al. 2009). In this
work, we performed a phylogenomic analysis to address
the two main questions of (i) whether peptidase fam-
ilies are expanded in the S. mansoni proteome and (ii)
whether they share similar evolutionary histories.

Endopeptidase family members are duplicated in S.
mansoni - To investigate which peptidase families are
expanded in the S. mansoni genome, we explored the
parasite phylome data available at PhylomeDB (Huerta-
Cepas etal. 2011). Phylogenetic analyses were performed
using an automated pipeline and a complete list of the
paralogy relationships among the S. mansoni proteins
was retrieved using a “species-overlap” algorithm that
identifies family members originated by lineage-specif-
ic duplication events (Huerta-Cepas et al. 2007).

Based on the functional annotation available from
the SchistoDB (Zerlotini et al. 2009) and UniProt (Ap-
weiler et al. 2011) databases, the results revealed that the
most significant peptidase expansions in the S. mansoni
proteome corresponded to endopeptidases such as leish-
manolysins, cercarial elastases and cathepsin D proteins.
These enzymes belong to three distinct endopeptidase
families, metallopeptidase M8 family (EC 3.4.24.-),
serine peptidase S1 family (EC 3.4.21.-) and aspartic
peptidase Al family (EC 3.4.23.-), as described in the
MEROPS database (Rawlings et al. 2010) and represent
promising targets for vaccine and drug development.

In total, we identified 12 leishmanolysins, 13 cercar-
ial elastases (Supplementary data) and 11 cathepsin D
proteins (Supplementary data) in the predicted S. man-
soni proteome. These proteins vary in length and se-
quence composition, but they are highly conserved with
respect to the presence of a conserved sequence domain,
which is distinct for each protein family as defined by
the Pfam database (see details below). Currently, no
crystal structure has been obtained for the S. mansoni
peptidases described here.

Leishmanolysin (also called invadolysin) is a major
surface peptidase member of the metallopeptidase M8
family. Leishmanolysins are believed to share the same
mechanism used by the other zinc metalloproteinases,
such as thermolysin. The conserved glutamate residue
in the catalytic site acts in conjunction with a zinc ion
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to deprotonate and activate a water molecule. In turn,
the activated water molecule acts as a nucleophile to
attack the carbonyl of the peptide bond of a variety of
substrates (Macdonald et al. 1995, Schlagenhauf et al.
1998). In Leishmania, these proteins are involved in dif-
ferent types of processes, such as the inhibition or per-
turbations of host cell interactions and the degradation of
the extracellular matrix (Fitzpatrick et al. 2009). These
proteins may have similar activities in schistosomes. In-
deed, the S. mansoni protein, SmPepM8 (Smp_090100),
is the second most abundant constituent in cercarial se-
cretions, which provides insight on how it may contrib-
ute to tissue invasion by schistosomes and suggests this
protein as a potential anti-parasitic target (Curwen et al.
2006, Fitzpatrick et al. 2009).

The catalytic triad of serine, histidine and aspartate
residues is conserved in members of the serine protease
family (Wilmouth et al. 2001, Hajjar et al. 2010). In
elastases, this triad and an essential water molecule are
involved in the catalysis. The peptide to be cleaved is
bound noncovalently in the enzyme near the catalytic
triad. In the first reaction step, the hydroxyl of the serine
residue performs a nucleophilic attack on the substrate
amide bond to form an ester. The amino terminus of the
substrate is then covalently bound to the enzyme. The
histidine residue abstracts a proton from a water mol-
ecule, which then attaches to the ester carbon to give
rise to an oxyanion intermediate. Cercarial clastases
play a key role in the penetration by the cercariae of
mammalian skin to initiate infection and recent studies
have revealed that these peptidases are also employed by
the schistosomes to overcome or evade the host immune
response (Salter et al. 2002, Aslam et al. 2008).

Cathepsin D is a member of the aspartic protease fam-
ily. The active site of cathepsin D contains two aspartate
residues, which perform an acid-base catalysis. This en-
zymatic mechanism involves the deprotonation of water
by an ionised aspartate residue. This water molecule at-
tacks the peptide carbonyl and there is a simultancous
protonation of the carbonyl oxygen by the other aspartate
residue (e.g., Northrop 2001). Schistosome cathepsin D is
involved in haemoglobin digestion, a process that provides
the parasite with its main source of amino acid nutrients
and that is essential for its development, growth and re-
production (Brindley et al. 2001, Caffrey et al. 2004, Del-
croix et al. 2006). Given the essential function of cathep-
sin D in parasite nutrition and the ability of recombinant
forms to cleave human immunoglobulin G, this protein is
considered a potential target for novel anti-parasitic inter-
ventions (Verity et al. 2001, Morales et al. 2008).

The phylogenetic relationships of each endopepti-
dase family (Figs 2-4) are shown with protein sequences
represented by identifiers in PhylomeDB (phylomedb.
org) (Huerta-Cepas et al. 2011), UniProt (uniprot.org)
(Apweiler et al. 2011) and/or SchistoDB (schistodb.net)
(Zerlotini et al. 2009). In each phylogenetic tree, the S.
mansoni endopeptidases form a well-supported clade of
closely related proteins.

Together, the analysis of the S. mansoni proteome
through an evolutionary approach identified endopepti-
dase family members that arose by gene duplication after
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the divergence of this parasite from the other eukaryotic
species studied in this work. These lineage-specific dupli-
cations are related to the parasite’s biology and evolution.

Leishmanolysins (metallopeptidase M8 family) - Our
pipeline identified 12 S. mansoni leishmanolysins (Sup-
plementary data). Proteins Smp 171330 and Smp 171340
are located in the same genomic region of Smp 090100
and Smp_090110, respectively, and could not be retrieved
from the UniProt (Apweiler et al. 2011) and GeneDB
(genedb.org) databases, which suggests that these genes
were incorrectly annotated and probably deleted from
these databases. Similar findings were obtained in two
previous studies (Berriman et al. 2009, Bos et al. 2009).

To reconstruct the evolutionary history of S. man-
soni leishmanolysins and their homologs in selected
taxa, we performed a sequence alignment of 32 pro-
tein sequences identified as potential homologs by our
pipeline. The trimmed alignment contained 1,822 sites,
which cover most of the conserved protein domain iden-
tified in these proteins.

73

Phy0008MGYV_DANRE (Danio rerio)

@: duplication events

ke

Seed protein
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By analysing the phylogenetic tree (Fig. 2), it is pos-
sible to demonstrate that S. mansoni leishmanolysins
have homologs in most species analysed in the present
work, with the exception of C. intestinalis (tunicata) and
fungi. However, this result does not completely discard
the presence of homologous proteins in other organisms
because they may be very divergent from the others in
the database and therefore be missed by the pipeline
search. The same is true for the other protein families
mentioned in this paper.

Based on the information available in the literature
and curated databases, three leishmanolysin homologs
have been experimentally confirmed in D. melano-
gaster, M. musculus and H. sapiens and their function
is related to the coordination of mitotic progression and
cell migration (for details see Supplementary data). Al-
though predicted functions or experimental evidence are
not yet available, the metallopeptidase M8 family is also
expanded in the sea anemone (N. vectensis) and sea ur-
chin (S. purpuratus). The metallopeptidase M8 family
also has more paralogs in the schistosomes (12 proteins)

hy000VOV8_SCHMA (Schistosoma mansoni) TIEMBL: C4QM23
hy000V3J5 SCHMA (Schistosoma mansoni) TIEEMBL: C4QDA7
———Phy000VINQ_SCHMA (Schistosoma mansoni) TreMBL: C4QuJ12
100 fPhy000V132_SCHMA (Schistosoma mansoni) TrEMBL: C4QLD0
100 hy000V134_SCHMA (Schistosoma mansoni)
99 sPhy000V136_SCHMA (Schistosoma mansoni) TrEEMBL: C4QLCY
hy000V135_SCHMA (Schistosoma mansoni)
Phy000V66N_SCHMA (Schistosoma mansoni) TEEMBL: C4Q3Z2

100 hy000V1NP_SCHMA (Schistosoma mansoni) TIEMBL: C4QJ13
00 hy000VINS_SCHMA (Schistosoma mansoni) TIEEMBL: C4QJ10
hy00OV1NN_SCHMA (Schistosoma mansoni) TEEMBL: C4QJ15

9 ——— oPhy000V7EC_SCHMA (Schistosoma mansoni) TrEMBL: C4PZHE
Phy0001NXC_ARATH (Arabidopsis thaliana) TIEEMBL: Q67ZD0
PhyOOOWFDM_NEMVE (Nematostella vectensis) TIEMBL: A7RW33
Phy000W4QT_NEMVE (Nematostella vectensis) TrEMBL: A7ST90
hy000554Q_DROME (Drosophila melanogaster) Name: Invadolysin Swisprot: QaVH19 &
Phy00003ZL_ANOGA (Anopheles gambiae)
Phy000VOEW_BOMMO (Bombyx mori)

100 P hy0002WFL_CAEBR (Caenorhabditis briggsae)
Phy000362E_CAEEL (Caenorhahbditis elegans) Swisprot: 062446
hy000XJ65_BRAFL (Branchiostoma floridae) TrEMBL: C3YKD4
hy00OWY55_BRAFL (Branchiostoma floridae)

100 *Phy0008EMS5_HUMAN (Homo sapiens) Name: LMLN Swisprot: Q96KR4E
hy0009V90_MQUSE (Mus musculus) Name:Lmin Swisprot: Q8BMN4 gy

98 pPhy000VKH7_STRPU (Strongylocentrotus purpuratus)
100 hy000VKH7_STRPU (Strongylocentrotus purpuratus)
hy000VLQO_STRPU (Strongylocentrotus purpuratus)

L hy00OVLQO_STRPU (Strongylocentrotus purpuratus)

. hyO0OVWGT_STRPU (Strongylocentrotus purpuratus)
100 fPhy000VL96_STRPU (Strongylocentrotus purpuratus)
hy00OVXTF_STRPU (Strongylocentrotus purpuratus)

@: speciation events @: experimental evidence

Fig. 2: phylogenetic relationships of the S. mansoni leishmanolysins and their homologs in selected taxa. Analysis was performed with trimmed
sequence alignment by using the maximum likelihood method as implemented in PhyML. Best fit model (WAG) and support values for each
node were estimated by the Akaike Likelihood Ratio Test (aLRT). Sequence labels follow the PhylomeDB internal identifier. For details, see

Supplementary data.
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compared to H. sapiens (4 proteins), which is in contrast
with what is normally observed for the human peptidase
families (Berriman et al. 2009).

A conserved protein domain (Pfam: PF01457), which
characterises members of the metallopeptidase M8 fam-
ily, was identified in all S. mansoni proteins analysed
here (Fig. 5). Length variation and conservation of active
sites were also observed. According to the Pfam profile
HMMs, truncated domains were identified in all pro-
teins, which possibly reflects the presence of different
protein isoforms, as has been described elsewhere (Floris
et al. 2008). The truncated domains could also indicate
that parts of the sequences are missing at the N-terminal,
C-terminal regions, or both due to annotation issues.
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The data also reveals that the protein domain is du-
plicated in Smp 167090, Smp 167120 and Smp_135530.
Seven S. mansoni proteins (Smp_ 090100, Smp_ 090110,
Smp 127030, Smp 135530, Smp_ 153930, Smp_ 167090
and Smp 173070) were identified as active due to the
presence of expected active site residues and metal li-
gand sites in the correct positions based on alignments
with reference sequences, as previously described (Ber-
riman et al. 2009).

Cercarial elastases (serine peptidase Sl family) - Our
analysis identified a total of 13 cercarial elastases encoded
in the S. mansoni genome (Supplementary data). Similar
results were obtained by Berriman et al. (2009). However,
with TreeFam (Ruan etal. 2008), Berriman etal. (2009) also
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Fig. 3: conserved protein domain architecture of the Schistosoma mansoni leishmanolysins. Protein identifiers were assigned in SchistoDB.
The conserved protein domain according to Pfam (PF01457) is present in all proteins. Truncated regions (yellow block) are indicated. Sequence

length, domain limits, and active sites are also shown.
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identified the Smp 192850 protein, which is annotated as
a hypothetical protein and only contains 69 amino acids.

Two proteins, Smp 152560.2 and Smp_056680.2,
are encoded in the same genomic location and could not
be recovered in UniProt (Apweiler et al. 2011). Searches
for the former protein in GeneDB (genedb.org) retrieved
only the latter (Smp_056680), which indicated that the
Smp 152560.2 gene was improperly annotated and thus
was eliminated from both databases. In the original ver-
sion of the S. mansoni genome, some sequences were
interpreted as isoforms and different gene models were
constructed. However, further studies indicated that
these were actually mistakes in the genome assembly/
annotation due to low sequence coverage. In the new
version of the parasite genome, which is to be released
by the Wellcome Trust Sanger Institute (sanger.ac.uk),
many of these sequences have been collapsed.

Whole amino acid sequences from 35 proteins were
aligned and filtered to remove gap-rich columns as pre-
viously described. The trimmed alignment contains 583
sites, which cover the conserved protein domain.
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The phylogenetic analysis of the S. mansoni elastases
and their homologs in the other species included in this
work was performed as already described. The parasite
clastases form a well-supported monophyletic clade,
which suggests that these proteins originated from a
common ancestor by gene duplication events followed
by divergence in the Schistosoma lineage.

In observing the resulting phylogeny (Fig. 3), it is
possible to demonstrate that S. mansoni elastases have
homologs in six of the 16 other species considered in this
analysis (N. vectensis, D. melanogaster, An. gambiae,
B. floridae, M. musculus and H. sapiens). The serine
peptidase S1 family is also expanded in all of these spe-
cies except for one, D. melanogaster. According to the
information available in UniProt (Apweiler et al. 2011),
seven homologs have been experimentally confirmed in
D. melanogaster, M. musculus and H. sapiens, and their
function is related to a digestive process and immune
response (Supplementary data). It is believed that simi-
lar activities are performed by elastases in schistosomes
(Salter et al. 2002, Aslam et al. 2008).
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Fig. 4: phylogenetic relationships of the Schistosoma mansoni elastases and their homologs in selected taxa. Analysis was performed with

trimmed sequence alignment by using the maximum likelihood method as implemented in PhyML. Best fit model (WAG) and support values for

each node were estimated by the Akaike Likelihood Ratio Test (aLRT). Sequence labels follow the PhylomeDB internal identifier. For details,

see Supplementary data.
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A conserved protein sequence domain (Pfam:
PF00089), which is found in all characterised mem-
bers of the serine peptidase S1 family, was identified
in the S. mansoni elastases and ranges in length from
141-265 amino acids (Fig. 6). The catalytic triad of his-
tidine, aspartate and serine residues is present in most
of these proteins. Based on profile HMMs available in
Pfam, truncated regions were assigned to all 12 of these
elastases, perhaps reflecting their degree of divergence
in relation to other proteins in the database. Meanwhile,
it is important to emphasise that protein databases do not
cover all of the existing diversity in nature.
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Together, these results indicate that the correct num-
ber of cercarial elastases encoded in the S. mansoni
genome is 12 and not 13 as described before. However,
only Smp 006510, Smp 006520 and Smp 141450 were
previously predicted as active proteins (Berriman et al.
2009). Smp 194800 has a much shorter domain com-
pared to others. This difference could reflect either the
presence of an elastase pseudogene in the parasite ge-
nome or that the sequence was incorrectly annotated due
to an error in the gene model. Considering that the first-
pass annotation of the S. mansoni genome was produced
by a combination of gene-finding algorithms (Augustus,
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Fig. 5: conserved protein domain architecture of the Schistosoma mansoni elastases. Protein identifiers were assigned in SchistoDB. The con-
served protein domain according to Pfam (PF00089) is present in all proteins. Truncated regions (yellow block) are indicated. Sequence length,
domain limits, and the catalytic triad of histidine (H), aspartate (D), and serine (S) are also shown.
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Fig. 6: phylogenetic relationships of the Schistosoma mansoni cathepsins D and their homologs in selected taxa. Analysis was performed with
trimmed sequence alignment by using the maximum likelihood method as implemented in PhyML. Best fit model (WAG) and support values for
each node were estimated by the Akaike Likelihood Ratio Test (aLRT). Sequence labels follow the PhylomeDB internal identifier. For details,
see Supplementary data.



Twinscan and GlimmerHMM) (Berriman et al. 2009),
this genome has not received extensive manual cura-
tion and therefore, many gene models will be refined in
the future. Furthermore, EVidenceModeler (Haas et al.
2008) has also been used to incorporate expressed se-
quence tag (EST) evidence into the data.

Cathepsin D proteins (aspartic peptidase Al family) -
Our pipeline identified 11 S. mansoni cathepsin D proteins
(Supplementary data) that were duplicated after the diver-
gence of S. mansoni from the other metazoans analysed
here. The evolutionary history of cathepsin D proteins was
reconstructed from the sequence alignment of 111 protein
sequences from S. mansoni and the selected taxa. The final
trimmed alignment contained 1,676 sites, which covered
most of the conserved protein domain (Pfam: PF00026).
Two S. mansoni proteins corresponded to alternative splic-
ing products (Smp_136830.2 and Smp_013040.2). Similar
results were found by Berriman et al. (2009).

The phylogenetic tree indicates that the S. mansoni
cathepsin D proteins have homologs in all but one spe-
cies (S. purpuratus) analysed in this work (Fig. 4). The
aspartic peptidase Al family has also been expanded in
12 of the 15 species in which homologous proteins were
identified (4. thaliana, U. maydis, S. cerevisiae, N. cras-
sa, C. elegans, C. briggsae, D. melanogaster, C. intesti-
nalis, B. floridae, D. rerio, M. musculus and H. sapiens).
The number of paralogous proteins ranges from two-17
and includes different aspartic peptidases, such as pep-
sins, renins, gastricsin and cathepsin D proteins. Based
on the information available in the literature and curated
databases, these homologous proteins are involved in di-
gestion and protein degradation (Supplementary data).
In schistosomes, cathepsin D proteins play an integral
role in haemoglobin proteolysis (Brindley et al. 2001,
Caffrey et al. 2004, Delcroix et al. 20006).

To predict the protein domain architecture of S. man-
soni cathepsin D proteins, we applied the same meth-
odology as previously described. The conserved domain
(Pfam: PF00026), which has been found in all charac-
terised aspartic peptidase Al family members, was also
identified in the S. mansoni proteins with sequence
lengths ranging from 94-430 amino acids (Fig. 7). Ac-
tive sites are also indicated. Based on the profile HMMs
available in Pfam, truncated regions were observed in
the N-terminal, C-terminal or both regions. The data
also indicate that an additional short sequence domain
(Pfam: PF07966), which is known as the A1 propeptide
domain, is present at the N-terminal region of two S.
mansoni proteins, Smp 013040.1 and Smp 013040.2.
Smp 136840 has a much shorter domain compared to
other proteins in the same family.

In a previous study, four S. mansoni cathepsin D
proteins (Smp_013040.1, Smp 013040.2, Smp_ 136730
and Smp_ 136830.2) were identified as active proteins
(Berriman et al. 2009), but the variation in the domain
architecture and its implications in functional complex-
ity were not investigated. One interesting study would
be to analyse the functional properties of Smp 013040.1
and Smp_013040.2, which contain the Al propeptide
domain (PF07966).
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DISCUSSION

We found that three endopeptidase families are ex-
panded in the helminth parasite S. mansoni, which include
members of the metallopeptidases (M8 family), serine
peptidases (S1 family) and aspartic peptidases (Al family).
In this work, a comparative analysis of these three protein
families in S. mansoni and 16 other eukaryotic proteomes
revealed their distinct evolutionary histories and provided
further information with respect to the sequence and func-
tional features of the parasite family members.

Based on the S. mansoni genomic data, 335 peptidas-
es were identified, which comprise 2.5% of the predicted
proteome (Berriman et al. 2009). They include members
of five major classes of peptidases (aspartic, cysteine,
metallo, serine and threonine). Of the 61 peptidase fami-
lies, 44 are expanded in this parasite and the number of
paralogous proteins range from two-26.

Using a computational approach, Bos et al. (2009)
analysed all putative peptidases encoded in the parasite’s
genome in addition to using EST data, which is simi-
lar to work by Berriman et al. (2009). After removing
redundant sequences, inactive homologs, likely pseudo-
genes and sequences smaller than 100 amino acids from
the dataset, they identified a total of 255 peptidase se-
quences from the five catalytic classes.

Our results are not fully comparable to those ob-
tained by Bos et al. (2009) with respect to elastases and
cathepsin D proteins. However, it is worth noting that the
phylogenetic analysis of the serine peptidase S1 family
performed by these authors also indicated a well-sup-
ported clade of four S. mansoni elastases, which are cor-
roborated by our findings. The other homologs with high
similarities to the cercarial elastases were likely pseudo-
genes and, for this reason, they were excluded from the
analysis by Bos et al. (2009).

Our results suggest that Schistosoma members of these
endopeptidase families originated from successive gene
duplication events in the parasite lineage after its diver-
sification from the other metazoans analysed here. These
results were corroborated by previous proteomic and phy-
logenetic analyses on Fasciola hepatica peptidases, which
showed that the repertoire of virulence-associated cathe-
psin L proteins was established by a series of gene dupli-
cation events (Irving et al. 2003, Robinson et al. 2008).
These studies also indicate that the gene duplications were
followed by active site residue refinements, which inter-
fere with the substrate specificity of the F. hepatica cathe-
psin L proteins. Whether the S. mansoni proteins share a
similar refinement remains to be established.

Gene duplication followed by divergence is known to be
the most predominant mechanism of molecular evolution
and represents the main source of raw material for the gen-
eration of new genes and proteins through the processes of
neo and sub-functionalisation (Ohno 1970, Conant & Wolfe
2008, Nahum & Pereira 2008, Hamilton et al. 2009). Al-
though in some cases sequences have diverged to the extent
that it is impossible to recognise homologous relationships,
different proteins that arose by gene duplication may be
related at distinct levels, such as sequence, structure, func-
tion or a combination of these features and can be grouped
into families and superfamilies (Nahum & Pereira 2008).
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Gene fusion, gene fission and domain shuffling were
not observed as mechanisms shaping the evolution of the
S. mansoni endopeptidase families analysed in this work.
Whether gene fusion/fission also plays a role in the evolu-
tion of the S. mansoni genome will be a subject of a future
work. Our previous study indicated that domain shuffling
is one of the main evolutionary forces driving the sequence
and functional diversification of the protein kinases of this
parasite (Andrade et al. 2011, Avelar et al. 2011).

Peptidases have been implicated in various processes
that are crucial to the development and survival of para-
sites, including host invasion, degradation of haemoglo-
bin in blood feeding, immune evasion and activation of
inflammation (McKerrow et al. 2006, Kasny et al. 2009).
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Experimental work suggests that the SmPepM8 met-
allopeptidase (leishmanolysin) may contribute to tissue
invasion by schistosome cercariae. This peptidase was
the second most abundant protein released during the
transformation of S. mansoni cercariae into schistoso-
mula (Curwen et al. 2006). Leishmanolysins are a major
surface peptidase member of the metallopeptidase M8
family, which in leishmaniasis are involved in different
types of processes, such as the inhibition or perturbation
of host cell interactions and the degradation of the extra-
cellular matrix (Fitzpatrick et al. 2009). It is speculated
that these proteins could perform similar activities in
schistosomes during host-parasite interactions (Curwen
et al. 2006, Fitzpatrick et al. 2009).
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Fig. 7: conserved protein domain architecture of the S. mansoni cathepsin Ds. Protein identifiers were assigned in SchistoDB. The conserved
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Invasion of host skin is the initial event in establish-
ing an infection in mammalian hosts. Considering the
complexity of host skin barriers that the cercariae must go
through during invasion, it has been suggested that multi-
ple enzyme activities are required for this process (Salter et
al. 2002). However, only one peptidase (cercarial elastase)
has been identified as a major secretory product released
during skin penetration (Knudsen et al. 2005, Hansell et
al. 2008). These proteins may also be involved in eliminat-
ing the outer layer of the cercariae during transformation.
Although cercarial elastases were named based on their
ability to degrade insoluble elastin, numerous substrates
for these enzymes have been identified, which include col-
lagen, keratin and extracellular matrix proteins (Salter et
al. 2002, McKerrow 2003, Knudsen et al. 2005).

Orthologous genes encoding elastase proteins were
found in Schistosoma haematobium, Schistosoma japoni-
cum and Schistosoma douthitti (Salter et al. 2002, Zhou
et al. 2009). The expression of S. japonicum cercarial
elastases was confirmed in both the sporocyst and cercar-
ial stages and evidence that this peptidase is released by
the parasite during the invasion of mammalian skin was
obtained by anti-recombinant SjCE antibodies in infected
mouse skin (Zhou et al. 2009). However, orthologous pep-
tidases to S. mansoni cercarial elastases were not detected
in the acetabular secretions of S. japonicum (Dvorak et al.
2008). Furthermore, the faster penetration by S. japoni-
cum into the host skin may reflect the differential use of
proteolytic enzymes in addition to those characterised in
S. mansoni or even involve new peptidases not yet charac-
terised (Chlichlia et al. 2005, He et al. 2005). Recent stud-
ies have also demonstrated that S. mansoni elastases are
capable of cleaving IgE molecules from human, mouse
and rat, indicating that the parasite may be able to over-
come or evade the IgE response (Aslam et al. 2008). How-
ever, this subject remains controversial.

The biological complexity of S. mansoni is related to
evolutionary innovations that took place before and after
its diversification from other metazoans. Because duplicat-
ed genes are important substrates for improving an organ-
ism’s adaptation to its environment, understanding how
members of protein families evolved may link evolution-
ary studies to parasite biology. In turn, this knowledge will
provide insights into host-parasite relationships and accel-
erate the identification of novel vaccine and drug targets
aimed at the treatment and eradication of schistosomiasis.

In conclusion, this paper provides an evolutionary
view of three S. mansoni peptidase families, thus allow-
ing for a deeper understanding of the genomic complexi-
ty and lineage-specific adaptations potentially related to
the parasitic lifestyle. In the future, our results obtained
using a systemic approach (proteome-wide analyses)
may accelerate the understanding of schistosomiasis, its
etiologic agents and host-parasite interactions and opti-
mise the discovery of therapeutic targets for the develop-
ment of new drugs and vaccines.
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Eukaryotic protein kinases (ePKs) of the helminth parasite Schistosoma mansoni.
BMC Genomics. 2011 May 6;12:215. PMID: 21548963.

Neste estudo em colaboragdo com o Dr. Jerénimo Ruiz (CPqRR/FIOCRUZ) e
Adhemar Zerlotini (EMBRAPA), analisamos as proteina quinases eucaritticas de S.
mansoni (ePKs). Estas proteinas desempenham um papel central na mediagcédo da
transducdo de sinal em redes complexas e sao consideradas alvos para o
desenvolvimento de farmacos. A identificacdo e classificagdo das ePKs de S.
mansoni foi realizada utilizando-se diferentes abordagens computacionais, como a
construcdo de modelos ocultos de Markov (HMMs) e reconstrugédo filogenética.
HMMs representando a sequéncia do dominio catalitico destas enzimas foram
utilizados nas buscas por similaridade para recuperar potenciais homologos. Desta
forma, um total de 252 ePKs de S. mansoni foram identificadas. O total de ePKs
corresponde a cerca de 2.0% do proteoma predito de S. mansoni, indicando que a
fosforilagdo de proteinas é um mecanismo importante para a regulagdo do complexo
ciclo de vida deste parasito. Utilizando-se uma abordagem filogenémica, analisamos
as ePKs de S. mansoni em comparagao com seis outros eucariotos: Saccharomyces
cerevisiae, Caenorhabditis elegans, Brugia malayi, Drosophila melanogaster, Mus
musculus e Homo sapiens. Através da reconstrugcao da histéria evolutiva destas
proteinas, foi possivel classifica-las em grupos, familias e, em alguns casos, em
subfamilias proteicas conforme a  hierarquia adotada pelo KinBase
(http://kinase.com/kinbase). Além de identificar e classificar as ePKs de S. mansoni,
este estudo promoveu a melhoria da anotacao funcional de mais de 40% das ePKs
codificadas no genoma deste parasito e apresentou um cenario das relagbes
evolutivas dessas enzimas em relacdo aos potenciais homodlogos nos demais
organismos selecionados, além de identificar potenciais alvos para o

desenvolvimento de novas drogas contra a esquistossomose.
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Abstract

select some ePKs as potential drug targets.

vector interaction, and host infection.

Background: Schistosomiasis remains an important parasitic disease and a major economic problem in many
countries. The Schistosoma mansoni genome and predicted proteome sequences were recently published
providing the opportunity to identify new drug candidates. Eukaryotic protein kinases (ePKs) play a central role in
mediating signal transduction through complex networks and are considered druggable targets from the medical
and chemical viewpoints. Our work aimed at analyzing the S. mansoni predicted proteome in order to identify and
classify all ePKs of this parasite through combined computational approaches. Functional annotation was
performed mainly to yield insights into the parasite signaling processes relevant to its complex lifestyle and to

Results: We have identified 252 ePKs, which corresponds to 1.9% of the S. mansoni predicted proteome, through
sequence similarity searches using HMMs (Hidden Markov Models). Amino acid sequences corresponding to the
conserved catalytic domain of ePKs were aligned by MAFFT and further used in distance-based phylogenetic analysis
as implemented in PHYLIP. Our analysis also included the ePK homologs from six other eukaryotes. The results show
that S. mansoni has proteins in all ePK groups. Most of them are clearly clustered with known ePKs in other
eukaryotes according to the phylogenetic analysis. None of the ePKs are exclusively found in S. mansoni or belong to
an expanded family in this parasite. Only 16 S. mansoni ePKs were experimentally studied, 12 proteins are predicted
to be catalytically inactive and approximately 2% of the parasite ePKs remain unclassified. Some proteins were
mentioned as good target for drug development since they have a predicted essential function for the parasite.

Conclusions: Our approach has improved the functional annotation of 40% of S. mansoni ePKs through combined
similarity and phylogenetic-based approaches. As we continue this work, we will highlight the biochemical and
physiological adaptations of S. mansoni in response to diverse environments during the parasite development,

Background

Human schistosomiasis caused by blood fluke parasites of
Schistosoma genus, remains an important parasitic disease
and a major health economic problem in many tropical
and subtropical countries. Schistosomes have a complex
life cycle that includes six different stages (cercariae, schis-
tosomula, adult worms - male and female, egg, miracidia
and sporocyst) in different environments: water, definitive
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host (mammals) and intermediate host (snail). During
parasite development, signals from the environment are
sensed and stimulate physiological, morphological and,
biochemical adaptations. Oils are shown to stimulate cer-
carial penetration; hormones and exposure to the snail
haemolymph trigger specific physiological adaptations
[1-3]. The free living parasite forms display light and geo-
tropism and female development is dependent on signals
from the male adult worm through mechanisms not com-
pletely understood [4,5]. It has been demonstrated that
worm pairing induces changes in gene expression in the
female vitelline gland [4] and the accumulation of glu-
tathione and lipids in the male [5]. Furthermore, microar-
ray analysis revealed distinct differential gene expression

© 2011 Andrade et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http:/creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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profiles between males and females [6-8]. Therefore, the
success of the parasite infection depends on the assess-
ment at the cellular and molecular levels of the environ-
ment and the transmission of signals to physiological
regulatory networks that will collectively stimulate
adaptations.

The maintenance of homeostasis and complex cellular
adaptations in Schistosoma mansoni require specific
extracellular signals that must be integrated to generate
an appropriate response from the sensory receptor via
intracellular proteins [3]. Signal transduction involves
non-linearly integrated networks that interact mostly by
switching activity status via phosphorylation (protein
kinases) and dephosphorylation (protein phosphatases) of
amino acid residues, or the incorporation of GTP. Other
cellular non-protein messengers include cyclic AMP,
Ca”* and diacylglycerol.

Protein kinases (PKs) play a central role in mediating
intracellular signals by adding a phosphate group from
ATP or GTP to an amino acid residue leading to a con-
formational change in the target protein that will switch
its activation status [9]. Most PKs have a catalytic
domain, which binds and phosphorylates target proteins,
and a regulatory region. Many PKs are autophosphory-
lated or may be phosphorylated by other PKs, an interac-
tion regulated by the accessory protein domains [10].

PKs are classified into two superfamilies containing the
eukaryotic or conventional protein kinases (ePK) that
share a conserved catalytic domain, and the atypical pro-
tein kinases (aPKs) (Table 1). The catalytic domain of
ePKs is composed of 250-300 amino acids and is divided
into 12 subdomains with highly conserved individual
amino acids and motifs [11]. aPKs are reported to have
biochemical kinase activity, but lack sequence similarity
to the ePK catalytic domain [12]. According to their sub-
strate recognition sites, ePKs are divided broadly into
two major classes, serine/threonine kinases (STKs) and
tyrosine kinases (TKs). Dual specificity kinases (Hybrid),
which phosphorylate serine, threonine, and tyrosine, are

Table 1 Protein kinase classification

Superfamily Class Group
AGC
CaMK
CMGC
STE
CK1
Tyrosine Kinases TK
RGC
TK like

Other

Serine/Threonine Kinases

Eukaryotic Protein Kinases (ePKs)

Hybrid

Protein kinases are broadly classified into two major superfamilies (ePKs and
aPKs). The ePKs groups, families, and subfamilies adopted in the present work
followed the proposed hierarchy described elsewhere [15,16,27].
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also found. ePKs have been further classified into eight
groups based on sequence similarity of their catalytic
domains, the presence of accessory domains, and their
modes of regulation [9,12-14]. According to KinBase
[15], a database that holds information of PKs encoded in
the human genome and their homologs in other eukar-
yotes, the eight ePK groups are: AGC (cAMP-dependent
protein kinase/protein kinase G/protein kinase C
extended), CAMK (Calcium/Calmodulin regulated
kinases), CK1 (Cell Kinase I), CMGC (Cyclin-dependent
Kinases and other close relatives), RGC (Receptor Guany-
late Cyclases), STE (MAP Kinase cascade kinases), TK
(Protein Tyrosine Kinase) and TKL (Tyrosine Kinase
Like). A ninth group, called “Other”, consists of a mixed
collection of kinases that cannot be classified easily into
the previous families [14] (Table 1).

PKs are considered druggable targets from the medical
and chemical viewpoints as a growing number of PKs inhi-
bitors have been developed and approved for treatment of
different human disease [16]. An example of a successful
PK inhibitor is Gleevac®, that induces a conformational
change in PTK and mimics substrate binding and there-
fore prevents activation by upstream kinases [17]. Beyond
this, PKs have gained interest as targets treatment strate-
gies to fight many parasites, including S. mansoni [18-21].

The current schistosomiasis treatment frequently does
not cure 100% of those treated in high-risk communities
and the emergence of Schistosoma resistant strains is a
real possibility [22-25]. Thus, the identification of potential
drug targets should be further emphasized. The recent
sequencing of S. mansoni genome and large-scale tran-
scriptome projects have yielded crucial information to the
identification of new candidate drugs [26-29]. Understand-
ing protein structure and function in many model organ-
isms can help elucidate the function of their parasite
homologs and further enable the application of such infor-
mation in drug design and development. The study of the
kinase complement (kinome) is therefore of major impor-
tance for the understanding of the physiology of the
organism and also provides insights into how to disrupt
the fine adaptative mechanisms. The present work aimed
at analyzing the S. mansoni predicted proteome data in
order to identify all ePKs encoded in the genome of this
parasite. For this purpose, we combined computational
approaches such as sequence similarity searches using
Hidden Markov Models (HMMs) and distance-based phy-
logenetic analyses. The functional annotation was per-
formed mainly to yield insights into the signaling process
related to the complex lifestyle of S. mansoni.

Results and discussion

The Schistosoma mansoni ePKinome

The ePK complement of S. mansoni, defined as the
ePKinome, was identified by searching the parasite
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predict proteome with a HMM profile of the ePK cataly-
tic domain of five selected organisms. This analysis
revealed 252 ePKs in the S. mansoni predicted pro-
teome, representing 1.9% of the total proteins encoded
in the parasite genome. Although the total number of
protein kinases found across the analyzed species varies
greatly (from 82 to 503), the percentage values in
respect to the genomes of protozoan and helminth para-
sites as well as other eukaryotes from KinBase range
only between 1.5 to 2% (Figure 1).

Amino acid sequences corresponding to the conserved
catalytic domain of ePKs were aligned by MAFFT [30] and
further used in phylogenetic analysis based on a distance
method as implemented in PHYLIP [31]. The dataset for
each ePK group also included the ePK homologs from six
other eukaryotes: Homo sapiens, Mus musculus, Droso-
phila melanogaster, Caenorhabditis elegans, Saccharo-
myces cerevisiae, and Brugia malayi. This approach
allowed us to classify the S. mansoni ePKinome at the
group, family, and/or subfamily levels based on the hierar-
chy proposed elsewhere [12,13,32,32], and sometimes pro-
vided insights into kinase function and evolution. Detailed
information is available in the Additional file 1 that
contains, among other things, all S. mansoni ePKs with
the corresponding identifier from the genome project
linked to SchistoDB database [29]. SchistoDB http://www.
schistodb.net allows the community to access to all
sequences, annotations and other data types integrated

2,5

156 171

% of Proteome

Species

Protozoan parasites Helminth parasites  Kinbase organisms

Figure 1 ePKinome in the predicted proteomes of diverse taxa.
A total of 252 PKs were identified in the predicted proteome of
S. . mansoni. For comparison, the percentage (%) of the total
predicted proteome that codes for kinases and the total number of
ePKs (shown on top of each bar) is shown for four protozoan
parasites: Pf - Plasmodium falciparum [107]; Tc - Trypanosoma cruzi,
Tb - Trypanosoma brucei, Lm - Leishmania major [89]; two helminth
parasites: Bm - Brugia malayi [108] and S. mansoni [26]; and five
model organisms of KinBase Ce - Caernorhabditis elegans [51], Hm -
Homo sapiens [13], Mm - Mus musculus [109], Dm - Drosophila

L melanogaster [110] and Sc - Saccharomyces cerevisiae [10].
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into the genomic information. It also provides several
tools to analyze retrieve and display the data. In the Schis-
toDB it is possible to encounter, for each ePK, the devel-
opment expression stages by EST evidence, information
about orthologs, Gene Onthology (GO) function, meta-
bolic pathways, structural information, PDB structures,
and links to external databases such as the TDR database
[33]. The TDR database contains additional information
for S. mansoni genes like antigenicity, essentiality, pheno-
types and associated compounds (druggability).

As shown in Figure 2, S. mansoni proteins have repre-
sentatives in the main ePK groups. ePKs that do not fall
into these groups are categorized as “Other” in which
multiple families have been defined. The S. mansoni lar-
gest ePK group is CMGC, a feature unique to this para-
site, and the smallest group is RGC, a common feature
shared with many of the analyzed organisms (Figure 2).

Of the 252 ePKs identified in S. mansoni proteome,
only 16 were experimentally studied as highlighted in the
supplementary material (Additional file 1) and the others
236 ePKs were previously annotated only by automatic
methods based on sequence similarity searches [26,29].

S. mansoni ePKs were examined for the presence of the
12 smaller subdomains present in the catalytic domain
and also for the presence of a lysine in subdomain II and
aspartic acids residues in subdomain VIb and VII, which
are known to play essential roles in the kinase function
[9,12,34]. According to our analysis, 12 proteins are pre-
dicted to be catalytically inactive ePKs, as they lack one
or more of the three essential amino acid residues in the
catalytic domain (Additional file 1), including all mem-
bers of S. mansoni RGC group (see below).

Approximately 2% of the S. mansoni ePK remain
unclassified once they do not have similarity to any
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11 D. melanogaster
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PTK AGC  CaMK  CMGC TKL Other

Kinase Groups

Figure 2 Distribution of ePKs groups in S. mansoni and model
organisms. S. mansoni proteins were classified according to KinBase
[15] by combining sequence searches (HMMs) and phylogenetic
analysis. For comparison, occurrence of the ePKs in B. malayi, C.
elegans, H. sapiens, D. melanogaster, S. cerevisiae, and is shown. The
ePK groups include: PTK (Protein Tyrosine Kinase), AGC (CAMP-
dependent protein kinase/protein kinase G/protein kinase C
extended), CaMK (Calcium/Calmodulin regulated kinases), CMGC
(Cyclin-dependent Kinases and other close relatives), CK1 (Cell
Kinase 1), STE (MAP Kinase cascade kinases), RGC (Receptor
Guanylate Cyclases), TKL (Tyrosine Kinase Like), and Other.
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known PK family. All these proteins have a truncated
catalytic domain probably because of an incorrect pro-
tein prediction. The unclassified ePKs from C. elegans,
D. melanogaster, H. sapiens and S. cerevisiae range from
19% to about 38% their kinomes.

Serine/Threonine kinases

AGC group

Around 13 families have been classified as part of the
AGC group in eukaryotic organisms [11]. In S. mansoni,
most AGC proteins belong to PKA (Protein Kinase A)
(5 proteins), DMPK (Myotonic Dystrophy Protein
Kinase) (4 proteins and 1 product of alternative splicing),
PKC (Protein Kinase C) (4 proteins) and PKG (4 pro-
teins) families. Other S. mansoni proteins have only one
representative in the remaining AGC families (Additional
file 1). According to our phylogenetic analysis, S. man-
soni has no homolog of the YANK (Yet Another Novel
Kinase) family (Additional file 2).

The most significant difference between PKA and PKG
family members is that in PICA, the regulatory and cataly-
tic activities are performed by separate gene products
known as PKA-R and PKA-C, respectively, whereas in
PKG the cNMP-binding (cyclic nucleotide-binding
domain) and catalytic domains are usually present in the
same polypeptide [35]. The inactive conformation of PKA
is a heterotetramer of two PKA-R and two PKA-C subu-
nits, while PKG exists as a homodimer [35]. S. mansoni
processes five homologs of the PKA-C subunit (Additional
file 1), and six predicted of PKC-R subunit (Smp_131050,
Smp_147320, Smp_079010, Smp_030400, Smp_019280,
Smp_022100) allowing for a variety of different holoen-
zymes to be formed in this parasite. Some studies demon-
strated that PKG proteins of Toxoplasma [36)] and Eimeria
[37] and PKG and PKA proteins of Plasmodium [38,39]
are essential as the inhibitors causes an anti-parasite effect
in these organisms. Recently it was shown that inhibition
of the SmPKA-C subunit (Smp_152330), expressed in
adult worms of S. mansoni, resulted in the death of the
parasites [40]. This result and the range of holoenzymes
that can be formed, indicate that genes in this family are
critical for the development of S. mansoni and may repre-
sent good targets for drug development.

PKC belongs to a large protein family that is classified
into four important subfamilies: PKC Alpha subfamily,
that contain the conventional PKCs (y, BI, BII, and o)
and are sensitive to diacylglycerol (DAG) and Ca**; PKC
Eta and Delta subfamilies containing the novel PKCs (g,
3, 1, and 0) which are regulated by DAG alone; and PKC
Iota subfamily, that contain the atypical PKCs (£ and 1),
and are insensitive to both compounds [41,42]. PKC is
considered to be a mechanistic regulator of development
in vertebrates, playing a key role in cell growth and dif-
ferentiation [43-45]. S. mansoni has representatives in the
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three main PKC subfamilies mentioned above (Iota, Eta
and Alpha) but lacks homologs in the Delta subfamily,
present in C. elegans, D. melanogaster, M. musculus, and
H. sapiens. The two PKC Alpha proteins found in
S. mansoni (Smp_128480 and Smp_176360), belong to
the PKCBI isoform and were recently characterized
[46-48]. Both are associated with the neural mass, excre-
tory vesicle, ridge cyton, tegument and germinal cells in
schistosomula and miracidium, suggesting a possible role
in larval transformation [46-48].

One protein in AGC group, Smp_157370, remains
unclassified. In the phylogenetic tree, this protein appears
more closely related to the GRK (G-protein coupled
Receptor Kinase) family (Additional file 2), despite the
good conservation of the catalytic domain, this protein
lacks the accessory domain that is characteristic of the
GRK proteins (Additiona file 2). Furthermore, Smp_
157370 does not form a clade with the GRK family
members according to our phylogenetic tree, which corro-
borates its divergence in relation to GRK homologs in
other eukaryotes (Additional file 2).

Interestingly, according to SchistoDB [29] EST evi-
dences, the two most highly transcribed ePKs
(Smp_151140 and Smp_158560.1) in S. mansoni, belong
to the DMPK family of the AGC group, mainly in cercar-
iae, schistosomula, eggs and adult worms. This finding is
interesting as these are the four life cycle stages of the
parasite which are in contact with the definitive host. In
C. elegans proteins of DMPK family are expressed in hypo-
dermal cells and are involved in embryonic elongation
[49].

CaMK group

The divalent cation calcium (Ca**) is one of the ions
most widely used as a second messenger in cellular sig-
naling. A significant portion of calcium-mediated signal-
ing is controlled by calmodulin-binding kinases. Some
members of the CaMK group are dependent on the bind-
ing of Ca?*/CaM [50]. In the S. mansoni ePKinome, 32
proteins were classified as CaMK with the vast majority
(18 proteins) belonging to the CaMKL (Calcium/Calmo-
dulin Regulated Kinase) - like family. A similar number
was found in other organisms analyzed here (Additional
file 3). S. mansoni also contain members of DAPK (death
associated protein kinase), MAPKAPK (MAPK associated
protein kinase), MLCK (myosin light chain kinase), and
PHK (phosphorylase kinase) families in the CaMK group
(Additional file 4).

MLCK is a Ca®*/calmodulin-dependent protein kinase
whose only known substrate is myosin II regulatory light
chain [51]. The primary function of MLCK is to stimulate
muscle contraction through the phosphorylation of the
myosin II regulatory light chain (RLC), a eukaryotic
motor protein that interacts with filamentous actin.
Although MLCK has only one known substrate (RLC),
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this protein is linked to a variety of cellular processes due
to the diverse biological function of myosin II [50]. Two
distinct smooth muscle MLCK genes were identified in
S. mansoni (Smp_121780, Smp_126240), although no
homologs were identified for the non-smooth muscle
vertebrate MLCK through our phylogenetic analysis.
This likely reflects the absence of a striated muscle in
this parasite.

DCAMKL (Doublecortin and CaMK-like) is a protein
that regulates the microtubule cytoskeleton and in the
chick is specifically expressed in the developing brain
[52,53]. CASK is a protein that participates in cell adhe-
sion [54]. According to our phylogenetic analysis, a sin-
gle homolog of the DCAMKL (Smp_053560) and CASK
(Smp_131690) families were found in S. mansoni (Addi-
tional file 4).

While the CaMK2 (CaMK family 2) family is encoded
by four genes in humans, only a single CaMK2 gene,
with two predicted alternative spliced transcripts, was
identified in the S. mansoni genome (Additional file 1).
S. mansoni CaMK2 was recently identified as putative
target for drug development after comparative chemoge-
nomics approach using the S. mansoni proteome and
the proteome of two model organisms, C. elegans and
D. melanogaster. [55]. The function of this protein in
S. mansoni is still unknown. In sea urchin, CaMK2 is
required for nuclear envelope breakdown following ferti-
lization [56].

CMGC group

CMGC kinases are relatively abundant in S. mansoni, a
feature that can be explained by the requirement to con-
trol cell proliferation and to ensure correct replication and
segregation of organelles, which together are essential
mechanisms for parasites with a complex life cycle. In the
CMGC group, all of the main families are conserved
between S. cerevisiae, C. elegans, M. musculus, H. sapiens,
and S. mansoni, including CDK (Cyclin Dependent
Kinase), MAPK (Mitogen Activated Protein Kinase), GSK
(Gycogen Synthase 3 Kinase), CLK (CDC-Like Kinase),
SRPK (SR Protein Kinase), CK2 (Cell Kinase 2), and
DYRK (Dual-specificity Tyrosine Regulated Kinase) (Addi-
tional file 5) and RCK.

S. mansoni has 14 CDKs, the same number was found in
C. elegans (compared with only seven in S. cerevisiae),
including homologs of all subfamilies (CDK7, CDK4,
CDKS8, CRK7, CDK9, PITSLRE, CDK10, PCTAIRE,
PFTAIRE, VDK5 and CDC2) (Additional file 5). On the
other hand, only one RCK family protein (Smp_132890)
was identified in the parasite. The RCK proteins are similar
to mammalian MAK (male germ cell-associated kinase),
which have been implicated in spermatogenic meiosis and
in signal transduction pathways for sight and smell [51].

GSK family is represented by 3 proteins in S. mansoni.
One of those (Smp_008260.1) was selected as putative
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target for drug development after comparative chemoge-
nomics approach [55]. GSK proteins are involved in
development and cell proliferation, are overexpressed in
colon carcinomas and positively regulates the Wnt sig-
naling pathway during embryonic development and
oocyte-to-embryo transition in C. elegans [57].

The MAPK signaling pathways are some of the best
characterized signaling systems. S. mansoni contains
nine MAPKs, compared to seven in D. melanogaster
and 14 in C. elegans. As shown in Figure 3, mammals
have, at least five MAPK cascades described; these
include the extracellular signal-regulated kinase (ERK)
cascade, which regulates cell growth and differentiation,
the c-Jun N-terminal kinase (JNK)/stress-activated pro-
tein kinase (SAPK), and the p38 MAPK cascades, which
function mainly in stress responses such as inflamma-
tion and apoptosis [58]. In D. melanogaster and C. ele-
gans, the MAPK pathways are involved in critical
cellular and developmental processes [59,60]. S. cerevi-
siae has four distinct MAPK signaling pathways that are
likely mediators of responses to pheromone, nutritional
starvation, and cellular or osmotic stress [51]. The
MAPK signaling pathways are well conserved in S. man-
soni (Figure 3), including representatives of the subfami-
lies ERK, p38, INK, and, NLK but lacks members of
ERKS5 that are part of a signaling pathways found mainly
in mammals (Additional file 5). Each subfamily is acti-
vated by different stimuli that generate different biologi-
cal responses [61-63]. In S. mansoni only one protein
was identified in JNK (Smp_172240) subfamily. JNK
proteins play key roles in human cell function [62] and
in the development of C. elegans worms [64]. JNK may
have an important role in schistosome survival and
represent a good target for experimental approaches.
STE group
In S. mansoni, the STE group includes seven STE7
(MEK or MAPKK), two STE11 (MEKK or MAPKKK),
and 13 STE20 (MEKKK) kinases (Additional file 6). The
large number of STE family members in S. mansoni
could translate into an enormous potential for down-
stream signal specificity and diversity. SmSLK
(Smp_150260) is a Ste20 family protein, recently charac-
terized in S. mansoni, which is able to activate protein
MAPK/JNK in human embryonic kidney (HEK) cells as
well as in Xenopus oocytes. In addition, imunofluores-
cence showed that SmSLK was abundant in the tegu-
ment of adult schistosomes [65]. These findings indicate
that signals sensed in the environment by many differ-
ent proteins may activate the MAPK cascade that will
generate an adaptive physiological response. Futher-
more, molecules that activate the MAPK pathways, as
some hormone and cytokine signals, are not found in
the S. mansoni predicted proteome (Figure 3). It has
been demonstrated that the parasite takes advantage of
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PKA
CNasGEF 1/
[EEN | a2+ —T PKC /- Tau
NGF \+ ¥ MP1 —
o)} e a2 -
NT3/4 RasGRp Rafl -T’\ PDAZ
EGF —+ EGFRs N NF1 - \ [+ MNK1/2 SRE —+ c-Fos — Proliferation,
_______________ P-Rafl R —— _’- diferrenciation
[GREZ P120GAP o Rsk2
’ \\_
FGF ——+ FGFR . e‘ PPP3C —+ ELK-1
GLK Tpl2/Cot = ! ~————F— NFAT-2
— FLNA| (JIP3  HSP72 s L~ NFAT-4
ARRB | Crkll ’ ! C-jun
HPRL ! :
MLK3 ’
FDGF —+ FDGFR “tpax l WMEKE]3 J ? Jund
W
L AFT-2
)
CasP —+ msT1/2  (MERKL-4) o MKK4/7 \:: o
G12/~+ Gapm1 MUK + Jpiz (- - UNK Q ¥
Serum, cytotoxic + - N» " sap1a drfrfollferl?lltllm,
drugs, irradiation, ~  /  mas - - - MKK4 /T — — — — — il —_— erentiation,
) X RAC P-MEKK1-4 5 P-MKK4/7 ) P-JNK e-Myc Im'larnai.lcun,I
lipopolysaccharide A b apoptosis
and other stress [ 7S, METRD =~ ppaca ' CBER
ASK1 \stz/. "x_..‘ \\@ p38 \‘L c-Fos
TNF —+ ) ———————+ [ - - = > P-ASKL + MKK3/6 ——» p-MKK3/6 -~~~ """ F-n3s ~__| C-JUN
IL1 ——+ IL1R ~+ Gck P — MAX
P
PASL —+ FAS DAXX TAKL |- —==—P(P-TAKL . ,",j’ GADD158
e . ’
R —+ TcF-vetari TABL # PRAK —— 3 b pRAK MEF2C
TRAFG TAB2 S HSP27
s
GADDA45 ECSIT - 7 _ CREB
TAOL/2 , S
MSK ————~—— P-MSK P53, ————» P33 slonaing
Serum, EGF, reactive ?; Cdc258 L 4
oxygenspecesor 1 4 MEKS ——m - e e e ERKS — — — — — — — — — . S Proliferation and
S tosiiinase MEKS e G - 2o~ [EESmARA —» Frotferation an
owntream ERKS
SMNR4A
MAPKKKK MAPKKK MAPKK MAPK

Figure 3 MAPK signaling pathway. MAPKs are expressed in all eukaryotic cells and are activated by diverse stimuli ranging from cytokines,
growth factors, neurotransmitters, hormones, cellular stress, and cell adherence. The basic assembly of the MAPK pathway is a three-component
module that includes three kinases that establish a sequential activation pathway comprising a MAPK kinase kinase (MKKK, MEKK, STE11, or

functions. Colored blocks correspond to proteins indentified in the S. mansoni predicted proteome and white blocks are mammals’ proteins with
no homologs in S. mansoni predicted proteome. The + signal represents protein activation and - signal protein inhibition by protein
phosphatases (red colored proteins). S. mansoni has all representatives of ERK, p38, and JNK pathways including proteins of STE (MEK1/2, MKK),
AGC (PKC and PKA), CaMK (MAPKAPK), TK (EGFR, FGFR), and TKL (Raf and TGFbeta-RI) groups.

MAPK may translocate to the nucleus and bind to transcription factors
K, p38, JNK, nml, and ERK5. Each MAPK family has distinct biological

host proteins for its growth and development [66,67].
Other ePKs such as members of the PKA, PKC, Raf and
receptor protein tyrosine kinases (RTKs) families, also
participate in MAPK signaling pathway. RTKs are
anchored to the membrane and have an important role
in transmitting the signal from the extracellular to cyto-
plasm (Figure 3) [64].

In C. elegans genome studies such as classical forward
genetic and RNA interference screens and systematic
targeted gene knockout revealed genes that are essential
to the organism [68]. Although the off-target and non-
specific effect of RNAi [69,70], in S. mansoni this is one
of the best approaches to explore the functional prop-
erty of the genes since the knockout experiments are
not yet available for schistosomes [71]. By analyzing the
phylogenetic trees of the present work, it was possible
to identify the proteins of S. mansoni that have homo-
logs in C. elegans and display lethality and sterile pheno-
types by RNAi (Table 2). Interestingly, most essential
proteins in table 2 belong to the CMGC and STE
groups, suggesting the involvement of these proteins in
signaling pathways that culminate in essential cellular
processes.

CK1 Group

The two smallest groups found in the S. mansoni ePKi-
nome were CK1 and RGC (Figure 2). In contrast, in C.
elegans CK1 is the largest group and RGC is dramati-
cally expanded. However, these expansions are a unique
feature of C. elegans, as compared to other eukaryotes
selected for this analysis (Figure 4). The CK1 group con-
sists of three main ePK families: CK1, VRK (Vaccinia
Related Kinase), and TTBK (Tau Tubulin Kinase) that
formed three individual clusters in the phylogenic tree
(Figure 4). S. mansoni has representatives in each of
these families also found in C. elegans, D. melanogaster,
M. musculus, H. sapiens, S. cerevisiae and B. malayi
kinomes. The nematodes, C. elegans and B. malayi, still
have two other families that seem to be specific to this
taxonomic group, TTBKL and Worm6. The Worm8
family was identified only in Caenorhabditis so far. The
diversification of the CK1 group in C. elegans may be an
adaptation allowing for enhanced DNA repair in
response to excessive exposure to environmental muta-
gens [51]. One CK1 encoding gene (spe-6) functions in
spermatogenesis, and at least half of the proteins in this
group are selectively expressed in C. elegans sperm as
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Table 2 Orthology relationships among ePKs of S. mansoni, B. malayi, and C. elegans and RNAi phenotype for

C. elegans proteins

Group S. mansoni C. elegans Brugi C. elegans RNAi phenotype
malayi
CaMK
Smp_053560 C44C8.6_Ce e KO8F8.1 - Embryonic Lethal
AGC
Smp_123640 F19C6.1_Ce - Embryonic lethal, maternal sterile, organism morphology variant.
Smp_136750 Y47D3A.16_Ce Bm1_44635 Larval lethal, fertility reduced
Smp_158560 K08B12.5_Ce Bm1_02320 Body morphology defect, slow growth
Smp_096310 pkc-3_Ce_A Bm1_03335 Embryonic lethal, sterile, body morphology defect
TK
Smp_139480 vab-1_Ce_ T Bm1_03410 Embryonic lethal, body morphology defect
STE
Smp_026510, Smp_151670 mek-2_Ce - Embryonic lethal, sterile, reduced brood size, exploted through
vulva, slow growth
Smp_096640 gck_1_Ce - cortical dynamics defective early embryonic, maternal sterile
Smp_163420 mig_15_Ce Bm1_32540  Abnormal cell migration, protruding vulva, developmental delay
Smp_068060 kin_18_Ce Bm1_55590  Embryonic lethal, body morphology defect, slow growth, sterile,
larval lethal, dumpy
Smp_131800 Y59A8B.23_CE Bm1_11845 More depolarized oocytes
Smp_150260 C04A11.3_Ce Bm1_26435 Slow growth, larval lethal late L3/L4
TKL
Smp_079760 pat4_Ce_TK Bm1_20815 Embryonic lethal, body morphology defect, larval lethal, sterile,
paralyzed, uncoordinated movement, paralyzed
Smp_176990 lin45_Ce_T Bm1_40290 Sterile, osmotic integrity problems
CMGC
Smp_068960 F22D6.5_Ce Bm1_12230 Embryonic lethal, slow growth, sterile progeny, uncoordinateed
movement
Smp_041770 spk_1_Ce - Embryonic lethal, larval lethal, maternal sterile
Smp_172700 cdk_4_Ce - Locomotion variant, larval lethal, sterile progeny
Smp_133020 pmk-1_Ce, pmk-2_Ce - Apoptosis increased, sterile progeny, reduced brood size,
embryonic lethal
Smp_134260, Smp_133490, C05D10.2 - Reduced brood size, embryonic lethal
Smp_133500
Smp_080730 cdk_1_Ce - embryonic lethal, sterile progeny
Smp_155720, Smp_125310, Y18D10A5_Ce, - Larval lethal, slow growth, embryonic lethal
Smp_008260.1 C44H4.6_Ce
Smp_156990 F39H11.3_Ce Bm1_33825 Sterile
Smp_176620 B0495.2_Ce, Bm1_17240 Embryonic lethal
7C504.3_Ce
Smp_003000 H25P06.2_Ce - Embryonic lethal, slow growth, uncoordinated movement
Smp_150040 Cdk_7_Ce Bm1_14135 Embryonic lethal
Smp_140700, Smp_074080 lit_1_Ce Bm1_130 Embryonic lethal, larval lethal
Smp_141230 mbk_2_Ce Bm1_38345 Embryonic lethal, sterile progeny

Orthology relationships were inferred based on phylogenetic trees. RNAi phenotype for C. elegans were visualized by recent work [68] that relied on

identification and analysis of essential genes.

shown by microarray analysis [72,73]. The role of these
proteins in the parasite S. mansoni is unclear.

Tyrosine kinases

TK group

PTKs can be classified, based on the presence or
absence of transmembrane domains, into receptor tyro-
sine kinase (RTK) that relay intracellular signals [74],

and cytoplasmatic tyrosine kinase (CTK). S. mansoni
kinome contains 15 RTKs and 19 CTKs. The 15 RTK
include two InsRs (Insulin Receptors), four EGFRs (Epi-
dermal Growth Factor Receptor), two VKRs (Venus Fly-
trap Kinase Receptors), a representative for Ephs
(Ephrin receptors), Ror, CCK4 (Colon Carcinoma Kinase
4), and MUSK (Muscle_Specific kinase) families, besides
three unknown receptors.
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Figure 4 Phylogenetic analysis of the CK1 group. Amino acid sequences of the catalytic domain of the CK1 proteins of S. mansoni (blue
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Two InsRs in S. mansoni, SmIR-1 (Smp_009990) and
SmIR-2 (Smp_074030) present distinct functions during
parasite development. These two receptors are well clus-
tered within the InsR families but showed to be more
divergent than the mammalian and D. melanogaster
proteins (Additional file 7). SmIR-1 was localized in the
muscles, intestinal epithelium, and basal membrane of
adult male and female worms and at the periphery of
schistosomula, mainly in the tegument [75]. SmIR-1 co-
localized in schistosome tegument with glucose trans-
porters suggesting a role in the regulation of glucose
uptake which is an essential nutrient for the intra-
mammalian stages of S. mansoni. SmIR-2, in contrast,
was distributed in the parenchyma of adult males and
females indicating a possible involvement of the recep-
tor in parasite growth. S. mansoni is the first inverte-
brate with two insulin receptors characterized that seem
to have distinct functions, as in vertebrates [18,75,76].
Mammals have two InsR members; insulin-like growth
factor receptor (IGFR), which has a role in controlling
growth, and (InR) which has specialized in metabolic
regulation [77].

In C. elegans EGER signaling induces behavioral quies-
cence [78]. One S. mansoni EGFR homolog (Smp_173590)
was localized in the parasite muscle and perhaps related to
muscle development or function [79]. Vertebrate EGF
activates S. mansoni EGFR and the downstream classical
ERK pathway (Figure 3), indicating the conservation of
EGEFR function in S. mansoni [79)]. Moreover, human EGF
was shown to increase protein and DNA synthesis as well
as protein phosphorylation in parasites, supporting the
hypothesis that host EGF could regulate schistosome
development [80]. The similarity of schistosome proteins
to sex hormone receptors of mammalian hosts provides a
good example of host parasite relationship, where the
adult worm depends on the host hormone synthesis for
their maturation and reproduction [3].

Five S. mansoni proteins are not clustered with the main
RTK families as shown in our phylogenetic analyses (Addi-
tional file 7). Three of them have a truncated catalytic
domain (Smp_175590, Smp_093500 and Smp_157300)
and two are specific RTK with a venus flytrap domain
(VKR family). VKR is a family of receptors found in inver-
tebrates, especially in insects. One S. mansoni VKR pro-
tein, Smp_153500 (SmVKR), was recently studied [81].
We identified another protein (Smp_019790) clustering
with SmVKR (Additional file 7) with a high similarity.
Despite the similarity of the catalytic domain of VKR pro-
tein with the IRs, these two proteins are not clustered with
InsR family. In this respect, the most interesting finding is
that VKR family members are not found in mammals and
could represent good targets for drug development as a
specific inhibitor for this family will probably not affect
any protein of the host [81].
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The CTKs in S. mansoni are represented by 11 different
families (Additional file 7). SmTK3 (Smp_054500) and
SmTK5 (Smp_136300) - src family members, and SmTK4
(Smp_149460) - syk family, are present in reproductive
organs and possibly involved in the development of
gonads and multiplication of germinal and vitelline cells
[82-84]. Abl proteins of S. mansoni (Smp_128790 and
Smp_169230) were recently studied using a Abl specific
inhibitor (Imatinib, Gleevac®). The results showed an
important morphological alteration in adult worms
of S. mansoni that led to the death of the parasites [21].
C. elegans contains 42 members of the Fer family, while
only a single member, SmFes, was found in S. mansoni.
The Fer gene of S. mansoni (SmFes, Smp_164810) exhibits
the characteristic features of Fes/Fps/Fer (fes, feline sar-
coma; fps, Fujinami poultry sarcoma; fer, fes related)
PTKs. By immunolocalization assays it was shown that
SmPFes is particularly expressed at the terebratorium of
miracidia and tegument of cercaria and schistosomula
skin-stage. These findings suggest that SmFes may play a
role in signal transduction pathways involved in larval
transformation after penetration into intermediate and
definitive hosts [85,86].

RGC group

Proteins in this group share sequence similarity to the cat-
alytic domain (Pfam: PF07714) found in proteins of the
TK group [87]. The RGC group is underrepresented in
most species, except in C. elegans that has a large expan-
sion of these proteins and S. cerevisiae that has no protein
with similarity to the TK catalytic domain (Figure 2). Only
three RGC members were identified in the S. mansoni
ePKinome. All of them are more closely related to
the mammalian and insect families than the worm family.
C. elegans and B. malayi RGC proteins form at least two
different families noticeably more divergent from S. man-
soni, D. melanogaster, M. musculus, and H. sapiens
families as suggested by our phylogenetic analysis (Addi-
tional file 8). Most RGC proteins remain functionally
uncharacterized. In C. elegans, several RGC proteins are
highly expressed in restricted sets of neurons and are
implicated in chemosensation. One RGC is involved in
dauer stage formation [88]. Other parasites such as
L. major, T. brucei, T. cruzi and P. falciparum also lack
homologs in the RGC group [20,89]. The three S. mansoni
RGC proteins have an amino acid substitution in the
aspartic acid in subdomain VIb of the catalytic domain,
rendering them catalytically inactive. Although the cataly-
tic center of an enzyme is usually highly conserved, there
have been reports of proteins, like those of the RGC group
of ePKs, with substitutions at essential catalytic positions,
which convert the enzyme into a catalytically inactive
form. A recent study showed that inactive enzymes are
found in a large variety of families conserved among
metazoan species and they have lost their catalytic activity,
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have adopted new functions, and are involved in regula-
tory processes [34,90].

Hybrid protein kinase

TKL Group

TKL consists of a divergent group that is phylogenetically
close to the tyrosine kinases (Figure 3). However, TKL
proteins have an unusual catalytic domain that is a hybrid
between the serine/threonine and tyrosine kinases [32].
The catalytic domain may display greater similarity to the
tyrosine catalytic domain (Pfam: PF07714) or to the ser-
ine/threonine catalytic domains (Pfam: PF00069) [10,11].
In S. mansoni, the TKL group includes MLK (Miked
Lineage Kinases), LISK (Family containing closely related
LIMK and TESK sub-families), Raf, RIPK (Receptor
Interacting Protein Kinase), STKR (Serine/threonine
kinase Receptors for activin and TGFp ligands), and
LRRK (Leucine Rich Repeat Kinase) (type 1 and type 2)
families. Of the 19 TKL proteins found in S. mansoni, 15
display greater similarity to the serine/threonine catalytic
domain and four (of Raf and MKL/ILK families) to the
tyrosine catalytic domain. S. mansoni has no homologous
proteins of the IRAK (interleukin-1 (IL-1) receptor-asso-
ciated kinase) family that is present in C. elegans, B.
malayi, D. melanogaster, Homo sapiens, and M. musculus
(Additional file 9). Although S. cerevisiae does not have
any TKL protein homologue, other fungal species do
contain such proteins [14]. Raf (also known as MAPKKK)
is a TKL family that plays an important role in the activa-
tion of STE proteins in the signaling cascade that culmi-
nates in the activation of ERK1/2 (Figure 4) [63]. A
recent study showed that blocking the expression of the
homolog of the S. mansoni Raf protein (Smp_176990) in
C. elegans by RNA|, generate a sterile phenotype, which
supports the hypothesis of the involvement of Raf protein
in the germline development, somatic gonad develop-
ment, oogenesis, spermatogenesis, ovulation or fertiliza-
tion (Table 2). Raf protein may represents a good target
for drug development in S. mansoni.

A STKR member that binds to TGFp (Transforming
growth factor) is a membrane receptor that can be
divided into two subclasses (Type I and Type II). The
type II receptor binds TGFp and then recruits the type I
receptor. The TGEp type I receptor was cloned in S.
mansoni (SmTBRI - Smp_173400.2) and it was found to
be localized in the parasite surface [91,92]. Other type I
STRK (Smp_049760) was identified in the S. mansoni
predicted proteome and was not experimentally charac-
terized so far (Additional file 9). Three type II STKRs
(TGEB type II receptors) are proteins identified in the
same contig which were predicted to be a product of
alternative splicing. A recent study revealed the presence
of two transcripts that are translated into two different
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isoforms of type II receptor [93]. These transcripts are
produced from the same gene by alternative splicing of
the last two exons. The authors indicated that these dif-
ferent type II receptors might signal in different cells or
development stages. Furthermore, that study showed
that in the presence of human TGEFB, SmTBRII
(Smp_165310) activated SmTBRIL. The results also pro-
vide evidence for the role for the TGF-B signaling path-
way in male-induced female reproductive development
[94,95].

Other Group

The Other group consists of a mixed collection of
kinases with representatives in higher eukaryotes,
including SCY1, NEK (Mitotic Kinase family, also
known as NRK), PEK, Haspin, WEE, NAK (Numb-Asso-
ciated Kinase), ULK (Unc-51 Like Kinase), IRE (Inositol
Requiring), PLK (Polo Like Kinases), AUR (Aurora
Kinase), and CDC?7 (Cell Division Control 7) families
(Additional file 1). Our analysis showed that 15% of the
S. mansoni ePKinome do not fall into any of the eight
major groups, but include 20 smaller and conserved
families.

Accessory Domains

The structure of the catalytic domain of many ePKs is
highly conserved across distinct organisms because of
the fact that all ePKs recognize and bind ATP at com-
mon sites. However, only the catalytic domain (architec-
ture/sequence) is sufficiently divergent to enable the
discrimination of groups, families, and subfamilies
(Figure 5).

Most ePKs also have a second domain that is involved
in protein-protein interaction and allosteric regulation
of the catalytic domain [17]. In this work, only the cata-
lytic domain sequence was used in the phylogenetic ana-
lyses. Interestingly, when the information on the ePK
accessory domains was integrated into the phylogenies,
we observed a correlation between diversity of protein
architecture and the phylogenetic patterning. We also
believe that the diversification of the ePKs happened a
long time ago.

The analysis of the sequence domain data from Pfam
[96] showed that approximately 30% of S. mansoni ePKs
are multi-domain proteins containing various regulatory
and signaling domains tethered to catalytic kinase
domains (Figures 6 and 7). It is known that the distinct
protein architectures reflect functional differences among
proteins [32]. Hence, understanding the mechanisms that
generate such diverse repertoire of protein architectures
is essential to the comprehension of the biological func-
tion of the ePKs. Furthermore, we observed in ePKs of S.
mansoni some unusual architecture that probably occurs
by domain fusion and recruitment (see some examples
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Figure 5 Phylogenetic analysis of the paralogous ePKs groups of S. Mansoni. The catalytic domain of S. mansoni ePKs was used to
construct a distance-based phylogenetic tree using PHYLIP programs. Some ePK were excluded from the tree after filtered the alighments to
keep proteins with 30% to 98% pairwise sequence identity. The major ePK groups are color coded and include: CaMK (dark blue), CMGC
(orange), TK (red), AGC (green), STE (pink), TKL (light blue), CK1 (yellow), and RGC (light pink). Functional classification is indicated individually in
the protein. Proteins with experimental evidence (s) and those predicted to be inactive (®) due one or more substitutions in important residues
in the catalytic domain are indicated. Bootstrap values (100 replicates) equal or higher than 80% are indicated (e).

below), generating specificity towards cognate substrates  in the TK group; and SH3 (Pfam: PF00018) found in TK

and regulators in this parasite. and TKL groups. These domains are commonly found
The most common Pfam accessory domains found in  in protein kinase families as we observed in other spe-

S. mansoni kinases are Pkinase_C (Pfam: PF00433) all  cies from KinBase [15].

found in the AGC group; C1_1 (Pfam: PF00130) found More than 40% of S. mansoni AGC group have the PKi-

in the AGC and TKL groups; SH2 (PF00017) all found nase_C domain associated with the catalytic domain. The
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Figure 6 S. mansoni ePKs domain architectures. Representative domain organizations of some S. mansoni ePKs belonging to the AGC, CaMK,
CK1, CMGC, and STE groups are shown. Each protein ID and classification is shown below each image. Abbreviations followed are: PK_Domain
(Protein kinase domain), PH_Domain (Pleckstrin Homology domain), Na_K_ATPase (Sodium/potassium ATPase beta chain), PK_C- (Protein Kinase
C terminal domain), Zf-C3HC4 (zinc-finger, C3HC4 type RING finger), HR1 (Hr1 repeat), PB1 (Phox and Bem1p domain), C1_1 (Phorbol esters/
diacylglycerol binding domain), C2 (Ca”—dependent domain), CNH (citron homology domain), cNMP_binding (cyclic nucleotide-binding
domain), Cofilin_ADF (Cofilin/tropomyosin-type actin-binding protein), CaMKII_AD (Calcium/calmodulin dependent protein kinase Il Association),
HD (HD homeobox domain), L27 (L27 domain), PDZ (PDZ domain, also known as DHR or GLGF), SH3_2 (Variant SH3 domain), Guanylate_kin
(Guanylate kinase), UPFO061 (Uncharacterized ACR, YdiU/UPFO061 family), Ig (Immunoglobulin domain), fn3 (Fibronectin type Ill domain), V-set
(Immunoglobulin V-set domain), FHA (Forkhead-associated domain), and PBD (P21-Rho-binding domain). The protein domain architectures were
generated using DOG 1.0 [111] based on the Pfam domain limits [96].
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Figure 7 Accessory Domains. Representative domain organizations of some S. mansoni ePKs belonging to the TKL, Other, TK and, RGC groups
are shown. Each protein ID and classification is shown below each image. Abbreviations followed are: PK_domain (Protein kinase domain), RBD
(Raf-like Ras-binding domain), C1_1 (Phorbol esters/diacylglycerol binding domain), SH3_1 (Src homology 3 domain), PBD (P21-Rho-binding
domain), Ank (Ankyrin repeat), PTK_domain (Protein tyrosine kinase domain), TGF_beta_GS (Transforming growth factor beta type | GS-motif),
LRR_1 (Leucine Rich Repeat), Activin_recep (Activin types | and Il receptor domain) UQ_con (Ubiquitin-conjugating enzyme) TBC (TBC domain),
Nucleoside_tran (Nucleoside transporter) DnaJ (DnaJ domains), SH2 (Src homology 2 domain) PH_domain (Pleckstrin Homology domain) BTK
(Bruton's tyrosine kinase motif) Recep_L_domain (Receptor L domain) furin-like (Furin-like cysteine rich region) Guanylate_cyc (Receptor family
ligand binding region). The protein domain architectures were generated using DOG 1.0 [111] based on the Pfam domain limits [96].

C1_1 domain is conserved in N-terminal regions of all
PKC proteins of S. mansoni (Figure 6) and has been
shown to bind PE (phorbol esters) and DAG (diacylgly-
cerol). DAG is an important second messenger and Phor-
bol esters are analogues of DAG [32,96]. The C1_1
domain is present in one or two copies depending on the
isozyme of PKC (Figure 6). cNMP_binding is a N-terminal
domain of PKG proteins that bind cyclic nucleotides
(cAMP or cGMP) to relieve the inhibition of the catalytic
domain [15,35]. The AKT protein of S. mansoni

(Smp_162120) has an unusual domain combination
(Figure 6) as the two C-terminal domains (Glutaredoxin
and Na_K-ATPase) are not found in D. melanogaster, C.
elegans, M. musculus and H. sapiens.

CASK is a member of the CaMK group and plays a
key role in establishing inter-cellular contacts and plasti-
city at cellular junctions [54]. The accessory domains
found in S. mansoni CASK protein (L27 and PDZ
domains, which serve as protein interaction modules,
SH3, and a C-terminal guanylate kinase domains) are
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conserved in higher eukaryotes. However, the UPF0061
(Pfam: PF02696) is uncharacterized [96] and possesses
an unusual domain found in the C-terminal region of S.
mansoni CASK protein (Figure 6). The long protein
kinase MLCK (Figure 5a) possesses a large number of Ig
repeats (I-set, V-set and Ig) that, in other species, are
involved in a variety of functions, including cell-cell
recognition, cell-surface receptors, muscle structure and
the immune system [96], and fn3 repeats, that is an
approximately 100 amino acid domain commonly found
in a variety of organisms.

The CMGC and CK1 groups have none or a few acces-
sory domains in S. mansoni. However, it is known that
small regions in these proteins play an important role in
recognizing and binding to the substrate [97,98]. For
example, the CD domain (common docking domain) is a
C-terminal region of MAPK proteins composed of a set of
negatively charged amino acids that is used to anchor pro-
tein activators (such as STE proteins), substrates (such as
MAPKAPK) and inactivating proteins (such as MAPK
phosphatases) [99]. Thus, this region governs a series of
signal transduction in the cascade of reactions of MAPKs.
Other regions, including the ED (ERK docking) site, work-
ing with the CD domain and ensuring specificity and
interaction strength [99].

PBD (p21-Rho-binding) and C-terminal CNH domain
are usually found in the STE20 families (Figure 6). PBD
binds to cdc42-GTPases activating the signaling cascade
which act upstream in the MAPK cascade. The CNH
domain interacts with the small GTPase and regulating
the actin cytoskeleton [96].

The SH3 and SH2 (Pfam: PF00018 and PF00017, respec-
tively) domains are common found in CTK proteins. SH2
function as regulatory modules of intracellular signaling
cascades and it was found in eight out of 19 S. mansoni
CTKs. Fer PTK is usually composed of three domains,
FHC domain, SH2, and C-terminal kinase domain as it
occurs in Fer proteins of H. sapiens, M. musculus, and
D. melanogaster. However, the S. mansoni Fer protein
(SmFes - Smp_164810) [86] and the 42 Fer proteins of
C. elegans seems to have lost the N-terminal FHC domain
(Figure 7). RTKs are characterized by an extracellular
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domains, a membrane spanning segment and an intracel-
lular kinase domain [32]. The extracellular ligand binding
domain of EGFR and InsR proteins are composed of two
receptor_L sandwiching a Furin_like domain (Figure 7).
SmVKR is composed of an unusual extracellular Venus
flytrap module (VFT) linked through a single transmem-
brane domain to an intracellular tyrosine catalytic domain
similar to that of the insulin receptor and a putative func-
tion in reproduction and development was observed [81].
Other extracellular domains found in S. mansoni
are Ephrin_Ibd (Pfam: PF01404) in the Ephrin recptors
(Eph) and Ig domains (Pfam: PF00047) in CCK4 proteins
(Additional file 1).

In conclusion, the protein architecture, including the
accessory domains, may indicate potential protein part-
ners. Signaling roles of schistosome specificities or unusual
architectures are of special biological interest.

Conclusions

This study allowed us to identify and classify 252 ePKs
encoded in the predicted proteome of S. mansoni.
Together, these proteins represent 1.9% of the proteome
and indicate that protein phosphorylation is an important
mechanism for regulating the complex life cycle of the
parasite. We improve the functional annotation of 40% of
S. mansoni ePKs (Table 3) by applying a phylogenetic fra-
mework. Moreover, it was possible to gain insights into
kinase function once 94% of the S. mansoni ePKinome
had previously an unknown function. S. mansoni has pro-
teins in each ePKs group. Most of them are clearly clus-
tered with known kinases from other eukaryotes with no
family being exclusively found or expanded in S. man-
soni. Some proteins are not clustered with the main ePK
family as the catalytic domain is truncate, indicating that
the current gene/protein predictions require further
refinement. Proteins were mentioned as potential targets
for drug design and development as they may play an
essential function in the parasite. Furthermore new and
effective drugs bind PKs close but not in the ATP site
and occlude ATP access to the kinase to retard enzyme
activity [17]. So, proteins of S. mansoni with a sequence
highly similar to host proteins can be used as protein

Table 3 S. mansoni ePKinome annotation improved by phylogenomics

After phylogenetic analysis

Modifications

Number of changes

% of S. mansoni ePKinome

Change group classification 14 5,55%
Change family classification 18 7,14%
Add subfamily 61 24,20%
Classification of unknown proteins 11 3,96%
Total of changes 104 40,85%

Through phylogenetic analysis, we have improved the functional annotation of 40% of S. mansoni ePKs by changing protein classification at the group and
family levels, assigning subfamilies, and classifying proteins without any previous classification.
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targets since the inhibitor binds in non-conserved resi-
dues outside the ATP site. Also, the unusual domains
found in S. mansoni can be used for constructing more
specific S. mansoni inhibitors. Moreover, as we continue
this work, we will highlight the biochemical and physio-
logical adaptations of S. mansoni in response to diverse
environments during parasite development, vector inter-
action, and host infection.

Methods

Organisms and Sequences

S. mansoni [NCBI taxid: 6183] and six other organisms
were selected for this work including Homo sapiens
[taxid: 9606], Mus musculus [taxid: 10090], Drosophila
melanogaster [taxid: 7227], Caenorhabditis elegans
[taxid: 6239], Brugia malayi [taxid: 6279], and Saccharo-
myces cerevisiae [taxid: 4932]. The S. mansoni predicted
proteome data was downloaded from SchistoDB, version
[2.0] [29], which contains the original gene and genomic
information provided by the Wellcome Trust Institute
and described elsewhere [26]. Datasets of protein kinases
from the other organisms were downloaded from the
kinase database at Sugen/Salk - KinBase [15], except for
Brugia malayi, which was retrieved from KEGG [100].

Functional Classification

Functional classification of protein kinases into groups,
families, and subfamilies followed the proposed hierarchy
described elsewhere [12,13,32]. Potential protein kinases of
S. mansoni were identified and characterized by combined
approaches based on sequence similarity and phylogenetic
relationships. These proteins were first identified by simi-
larity to Hidden Markov Models (HMMs) as described
below. Also based on sequence similarity, each predicted
protein kinase was manually annotated by integrating data
from InterProScan [101] and reverse PSI-BLAST (rpsblast)
[102] output searches into Artemis [103]. Further analysis
was performed by HMMs searching for non-catalytic
(accessory) domains associated to the conserved catalytic
domain of protein kinases based on data available at the
Protein families database - Pfam [96]. Functional classifica-
tion was also devised based on the literature and on the
assumption of a broad conservation of the molecular func-
tions. Phylogenetic analyses of the ePK kinases groups per-
formed in the present work corroborated this classification
as well as supported new functional assignments for pre-
viously uncharacterized proteins (see below).

Hidden Markov Models

In order to identify potential homologs in S. mansoni,
amino acid sequences of known protein kinases of five
model organisms (H. sapiens, M. musculus, D. melano-
gaster, C. elegans, and S. cerevisiae) were selected. A
total of 68 diverse amino acid sequences corresponding
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to the kinase catalytic domain and sharing less than 50%
sequence identity were aligned in MAFFT [30] and
manually-edited for further analysis. Local and global
HMMs were built with the HMMer package http://
hmmer.janelia.org from multiple sequence alignments
and used for sensitive searches against the S. mansoni
proteome [26].

Phylogenetic Analyses

Amino acid sequences corresponding to the conserved
catalytic domain (Pfam: PF0069 or PF07714) of each
group of protein kinases were separately aligned using the
default parameters of MAFFT [30]. Multiple sequence
alignments were filtered to keep proteins sharing 50% to
90% pairwise sequence identity using the decreased redun-
dancy tool [104] and manually edited to remove ambigu-
ous regions using BioEdit [105]. Final alignments were
used in phylogenetic reconstructions through multiple
programs available in the Phylogeny Inference Package -
PHYLIP, version 3.69 [31]. Initially, 1000 random datasets
(replicates) were created for each alignment using seqboot
with default parameters. For each dataset, it was calculated
a distance matrix under the JTT model with gamma-dis-
tributed sites by protdist. Next, phylogenies were estimated
from distance matrix data adopting the Fitch-Margoliash
criterion as implemented in fitch. Finally, the results from
the random datasets were summarized by consense, which
computes consensus trees by the majority-rule consensus
tree method. Phylogenetic trees were visualized and edited
using the Tree Figure Drawing Tool - FigTree, version
1.3.1 [106]. Nodes with at least 80% bootstrap values were
considered to support functional prediction.

Additional material

Additional file 1: Eukaryotic protein kinases of Schistosoma
mansoni.

Additional file 2: Phylogenetic analysis of the AGC group. Amino
acid sequences of the catalytic domain of the AGC proteins of S.
mansoni (blue labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens,
and B. malayi were used to construct a distance-based phylogenetic tree
using PHYLIP programs. Bootstrap values (1000 replicates) equal or
higher than 80% are indicated (e) as cutoff values to support the family/
subfamily classification. Functional classification is indicated individually in
the protein labels. Protein families are highlighted by the vertical bars
and include: RSK (Ribosomal S6 Kinase), PKA (Protein Kinase A), PKG
(Protein Kinase G), PDK1(phosphoinositide-dependent protein kinase 1),
NDR (nuclear Dbf2-related kinases), DMPK (Myotonic Dystrophy Protein
Kinase), MAST (Microtubule Associated Serine/Threonine Kinase), RSKL
(RSK-like); PKC (Protein Kinase C), PKN (Protein Kinase N), Akt (also known
as PKB, Protein Kinase B), SGK (Serum and Glucocorticoid Resposive
Kinase), GRK (G-protein coupled Receptor Kinase), YANK (Yet Another
Novel Kinase).

Additional file 3: Distribution of some ePKs Families in S. mansoni
and model organisms. S. mansoni proteins were classified according to
KinBase [15] by combining sequence similarity searches (HMMs) and
phylogenetic analysis (this work). For comparison, occurrence of the ePKs
families in C. elegans, D. melanogaster, S. cerevisiae, and H. sapiens is
shown.
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Additional file 4: Phylogenetic analysis of the CaMK group. Amino
acid sequences of the catalytic domain of the CaMK proteins of S.
mansoni (blue labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens,
and B. malayi were used to construct a distance-based phylogenetic tree
using PHYLIP programs. Bootstrap values (1000 replicates) equal or
higher than 80% are indicated (e) as cutoff values to support the family/
subfamily classification. Functional classification is indicated individually in
the protein labels. Protein families are highlighted by the vertical bars
and include: MAPKAPK (MAP Kinase Associated Protein Kinase), CAMK1
(CAMK family 1), PHK (Phosphorylase Kinase), Trio, DAPK (Death
Associated Protein Kinase), MLCK (Myosin Light Chain Kinases), CASK,
CAMK2 (CAMK family 2), DCAMKL (Doublecortin and CaMK-Like), PKD
(Protein Kinase D), RAD53, Trbl, CAMKL (CAMKL-like).

Additional file 5: Phylogenetic analysis of the CMGC group. Amino
acid sequences of the catalytic domain of the CMGC proteins of S.
mansoni (blue labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens,
and B. malayi were used to construct a distance-based phylogenetic tree
using PHYLIP programs. Bootstrap values (1000 replicates) equal or
higher than 80% are indicated (e) as cutoff values to support the family/
subfamily classification. Functional classification is indicated individually in
the protein labels. Protein families are highlighted by the vertical bars
and include: GSK (Gycogen Synthase 3 Kinase), MAPK (Mitogen Activated
Protein Kinase), CK2 (Cell Kinase 2), CDKL (Cyclin Dependent Kinase Like),
CDK (Cyclin Dependent Kinase), SRPK (SR Protein Kinase; phosphorylates
SR splicing factors), DYRK (Dual-specificity Y (tyrosine) Regulated Kinase),
CLK (CDC-Like Kinase).

Additional file 6: Phylogenetic analysis of the STE group. Amino acid
sequences of the catalytic domain of the STE proteins of S. mansoni
(blue labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens, and B.
malayi were used to construct a distance-based phylogenetic tree using
PHYLIP programs. Bootstrap values (1000 replicates) equal or higher than
80% are indicated (e) as cutoff values to support the family/subfamily
classification. Functional classification is indicated individually in the
protein labels. Protein families are highlighted by the vertical bars and
include: STET1 (MAP3K (MAP kinase kinase kinase) genes), STE20 (MAP4K
(MAP kinase kinase kinase kinase) genes), STE7 (MAP2K (MAP kinase
kinase) genes).

Additional file 7: Phylogenetic analysis of the TK group. Amino acid
sequences of the catalytic domain of the TK proteins of S. mansoni (blue
labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens, and B. malayi
were used to construct a distance-based phylogenetic tree using PHYLIP
programs. Bootstrap values (1000 replicates) equal or higher than 80%
are indicated (e) as cutoff values to support the family/subfamily
classification. Functional classification is indicated individually in the
protein labels. Protein families are highlighted by the vertical bars and
include: JAK, Ack (Activated Cdc42-associated tyrosine kinase), Syk, FAK
(Focal Adhesion Kinase), VKR, Fer, Sev, ALK (Anaplastic Lymphoma
Kinase), InsR (Insulin Receptor), DDR (Discoidin Domain Receptor kinase),
Musk (Muscle-Specific Kinase), Ror, Lmr (Lemur Kinase), Eph (Ephrin
receptors), Axl (Also known as TAM (Tyro3, Ax|, Mer)), Ryk, EGFR
(Epidermal Growth Factor Receptor), FGFR (Fibroblast Growth Factor
Receptor), PDGFR, VEGFR, Kin16, Jak (Janus Kinases), Tec, Abl (Abelson
murine leukemia homolog), and Src.

Additional file 8: Phylogenetic analysis of the RGC group. Amino
acid sequences of the catalytic domain of the RGC proteins of S.
mansoni (blue labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens,
and B. malayi were used to construct a distance-based phylogenetic tree
using PHYLIP programs. Bootstrap values (1000 replicates) equal or
higher than 80% are indicated (e) as cutoff values to support the family/
subfamily classification. Functional classification is indicated individually in
the protein labels.

Additional file 9: Phylogenetic analysis of the TKL group. Amino acid
sequences of the catalytic domain of the CK1 proteins of S. mansoni
(blue labels), C. elegans, D. melanogaster, S. cerevisiae, H. sapiens, and B.
malayi were used to construct a distance-based phylogenetic tree using
PHYLIP programs. Bootstrap values (1000 replicates) equal or higher than
80% are indicated (e) as cutoff values to support the family/subfamily
classification. Functional classification is indicated individually in the
protein labels. Protein families are highlighted by the vertical bars and

include: IRAK (ILT Receptor Associated Kinase), RIPK (Receptor Interacting
Protein Kinases), LISK (Family containing closely related TESK and LIMK
sub-families), MLK (Miked Lineage Kinases), LRRK (Leucine Rich Repeat
Kinase), RAF, STKR (Serine/Threonine Kinase Receptors - receptors for
activin and TGFb ligands).

Abbreviations

ATP: adenosine triphosphate; cCAMP: cyclic adenosine monophosphate; GTP:
guanosine triphosphate; NCBI: National Center for Biotechnology
Information; RNAi: RNA interference.
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3.4 - CAPITULO IV: Investigacao do papel biolégico de MAPKs

Andrade LF, Mourdo MM, Geraldo JA, Coelho FS, Silva LL, Neves RH, Silva JRM,
Pimenta R, Caffrey C, Oliveira G. Involvement of mitogen-activated protein kinase
signaling pathway in Schistosoma mansoni development and reproduction during
mammalian host infection

Neste estudo, em colaboragdo com o Dr. Conor Cafrey (Universidade da
California) e Dr. José Roberto M. Silva (UFRJ), analisamos o papel biolégico de
membros da familia MAPK (Mitogen-Activated Protein Kinase) da superfamilia
proteina quinases eucarioticas (ePKs). As ePKs de S. mansoni, S. japonicum e
S. haematobium foram previamente identificadas e classificadas em grupos,
familias e subfamilias utilizando Modelos Ocultos de Markov (HMM) e
abordagem filogenética (Capitulo Ill). Baseados nas informacdes obtidas neste
estudo, foi possivel selecionar um grupo de ePKs cujas fungbes foram preditas
como sendo essenciais para a sobrevivéncia e reproducao desses parasitos.
Dentre estas, destacam-se as ativadoras/efetoras da via de sinalizagdo MAPK.
Em virtude do exposto, proteinas chave da via MAPK (SmRas, SmERK1,
SmERK2, SmJNK e SmCaMK2), foram selecionadas para caracterizagéo
experimental através do silenciamento da expressdo génica por RNA de
interferéncia (RNAI). Apds redugédo significativa no nivel de transcritos dos genes
selecionados, nenhuma alteracédo fenotipica visivel foi observada na cultura de
esquistossdmulos. Ainda assim, esquistossémulos silenciados foram inoculados
em camundongos com o objetivo de avaliar potenciais efeitos da diminui¢do nos
niveis transcricionais durante a interacao parasito-hospedeiro. Resultados
bastante interessantes mostraram que a expressao de proteinas MAPK da
subfamilia JNK, quando silenciadas, causam efeitos devastadores no tegumento
de vermes adultos de S. mansoni, levando a morte dos mesmos. Além disso,
nossos resultados mostram que ePKs da subfamilia ERK1 estdo relacionadas
com a producdo de ovos, ja que fémeas com baixos niveis de transcritos
SMERK1 e SmERK2 apresentam ovarios pouco desenvolvidos e producao de
ovos significativamente baixa. Portanto, as proteinas MAPK, SmERK e SmJNK,
sdao alvos de interesse para o desenvolvimento de drogas contra a
esquistossomose visto que um inibidor dessas proteinas provavelmente ira

interromper o ciclo de vida de Schistosoma e impedir o progresso da doenga.
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ABSTRACT

Background: Protein kinases are good chemical and medical targets for drug development
and an increasing number of ePK inhibitors have been approved. MAPKSs are protein kinase
family members that connect cell-surface receptors to regulatory targets within cells and
influence a number of tissue-specific biological activities, as cell proliferation, differentiation,
and survival. All these processes are essential for parasites with a complex life cycle as
Schistosoma. However, the role of MAPK pathway for schistosome development remains
unclear.

Methodology/Principal Findings: We used gene silencing by RNA interference to elucidate
the functional role of five S. mansoni genes involved in MAPK signaling pathway. Mice were
infected with the silenced schistosomulas and the development of adult worms was observed.
The data demonstrate that SmJNK has an important role in transformation and survival of the
parasites and that SmERKI1/SmERK2 was related to egg production, as mice infected
displayed significantly lower egg production and the recovered female worms had
underdeveloped ovaries. Furthermore, it was showed that the c-fos transcription factor was
overexpressed in parasites with low expression of SmERK1, SmJNK and SmCaMK2.
Conclusions: We conclude that MAPKs proteins, especially SmERK and SmJNK, are
excellent targets for drug development as an inhibitor against these proteins will probably

disrupt the life cycle of Schistosoma and prevent disease progression.
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AUTHOR SUMMARY

To date, the lack of understanding functions of the vast majority of schistosomes and other
parasitic helminths genes represent a significant barrier for investigators. In this study, we
focus on the characterization of MAPKSs roles in schistosomes, proteins that influence a
number of biological activities, as cell proliferation, differentiation, and a variety of essential
processes for cells survival in diverse organisms. In the present study, we used RNA
interference (RNA1), which is a method employed for manipulating gene-specific expression
in human blood flukes, to elucidate the functional role of five Schistosoma mansoni genes
involved in MAPK signaling pathway. Additionally, mice infection with knockdown parasites
allowed us to assess whether worms expressing lower levels of MAPK proteins would be
successfully able to develop and infect its host. Results showed that SmJNK has a central role
in parasite transformation and survival. In addition, SMERK1/SmERK?2 seems to be involved
in ovary maturation and/or oviposition. We also demonstrated a negative feedback in the
regulation of a downstream transcription factor, called c-fos, showing its involvement in the
MAPK pathway. These results indicate the potential of using MAPKs proteins as targets for
drug development against schistosomiasis and improve our knowledge on Schistosoma

pathways networks and characterization of its proteins function.
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INTRODUCTION

Schistosomes are parasitic flatworms (Phylum Platyhelmithes) that can survive for years or
decades in a potentially hostile environment, inured to host immune-mediated attack [1,2].
Besides the strategies to inhibit or modulate host immune responses, the maintenance of
homeostasis and complex cellular adaptations in Schistosoma, parasites integrate specific
extracellular signals to generate an appropriate cellular response [3]. Thus, signal transduction
has essential functions in the cell control and involves non-linearly integrated networks that

interact mostly by switching the activity status of proteins.

The mitogen-activated protein kinase (MAP kinase/MAPK) signaling pathway is activated by
environmental stimuli in response to a variety of extracellular growth factor-receptor
interactions at the cell surface and leads to immediate transcriptional activation of specific
proteins [4]. For example, in mammals, activated ERK/JNK MAPKSs can translocate into the
nucleus and induce phosphorylation of specific transcription factors as ELK-1 [5]. ELK-1, on
the other hand forms a complex with other transcription factor, SRF (serum response factor),
increasing its ability to activate transcription. The ELK-1/SRF complex is able to bind the
promoter of c-fos gene initiating its transcription [6]. Thereby, MAPKSs influence a number of
tissue-specific biological activities, as cell proliferation, survival, and differentiation through
activation of other protein kinases, metabolic enzymes, or by phosphorylation of transcription

factors and components of the cytoskeleton [7].

Recently, our group showed by in silico analyses that the MAPK signaling components are
well conserved in the three main Schistosoma species infecting humans (S. mansoni, S.
japonicum, and S. haematobium) and mammals, including representatives of the MAPK
subfamilies ERK (extracellular signal-regulated kinase), p38, JNK (c-Jun N-terminal kinase)
and nmo (nemo MAPK) [8]. However, the role of MAPK pathway in schistosome’s

development and survival remain to be elucidated.
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ERK MAPKs are required for multiple developmental events in C. elegans, including
induction of wvulval, uterine, spicule cell fates, and promotion of germline meiosis [9].
Vicogne and colleagues (2004) [10] showed that the human epidermal growth factor (EGF) is
able to activate Ras/ERK pathway in S. mansoni inducing meiosis initiation in oocytes.
Moreover, oviposition is directly related to the pathogenesis of schistosomiasis. Females can
release, in average, 300 highly immunoreactive eggs a day. About 50% of laid eggs leave the
host body and, the remaining, gets trapped in host tissues. The retained eggs release
proteolytic enzymes that typically incite eosinophilic and granulomatous inflammatory
reactions, which are progressively followed by fibrotic deposits resulting in organ dysfunction
that can lead to patient’s death [11,12]. All these observations led to our hypothesis that
ERK/MAPK pathway could be involved in Schistosoma reproduction and could be potentially

good therapeutic target against schistosomiasis.

On the other hand, JNK proteins have evolutionary conserved roles in the control of cellular
responses to stress stimuli induced by a range of intrinsic and environmental insults (e.g. UV
irradiation, DNA damage, heat, bacterial antigens, and inflammatory cytokines) [13]. Our
recent study showed that only one member of MAPK JNK subfamily is encoded by the S.
mansoni genome, in contrast with five genes expressed in Caenorhabditis elegans and three
genes in human [8]. This evolutionary context suggests that the JNK protein of S. mansoni
could be a potential target for drug development, since drug's effectiveness can be increased

when a single-copy gene is targeted [14].

In this context, here we aimed at elucidation of the function of ERK/JNK MAPK signaling
pathways in the parasite S. mansoni using RNA interference (RNAi1). In summary, our
findings show that suppression of the SmJNK gene expression causes damages in adult worm
tegument, resulting in death of parasites. Furthermore, the knockdown of SmERK gene
expression causes low egg production by female worms recovered from murine host, which
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could be explained by the under developed ovary and immature oocytes observed in the
phenotype of those female worms, suggesting the involvement of SmERK in parasite

reproduction.

METHODS

Parasites

LE strains of Schistosoma mansoni was maintained at Centro de Pesquisas René Rachou —
FIOCRUZ using Biomphalaria glabrata as intermediate snail host. Schistosomula were
obtained by mechanical transformation of cercariae according to Howells ef al (1974) [15]
and cultured in MEM medium (Minimum Essential Medium Eagle) supplemented with 20
mM Hepes, 2 mM glutamate, 1x10° M serotonin, 5x107 M hypoxanthine, 2x107 M
hydrocortisone, 0.5% MEM vitamin solution 100X, antibiotics (100 U/ml penicillin and 100

pg/ml streptomycin), and 2% fetal bovine serum (FBS).

ERK/JNK Phylogenetic Analysis

In order to establish the evolutionary relationships among ERK and JNK proteins, homologs
from S. mansoni (NCBI TaxID: 6183), S. haematobium (NCBI TaxID: 6185), S. japonicum
(NCBI TaxID: 6182), Caenorhabditis elegans (NCBI taxID: 6239), Drosophila melanogaster
(NCBI TaxID: 7227), and Homo sapiens (NCBI taxID: 9606) were selected to perform
phylogenetic analysis. Amino acid sequences corresponding to the conserved catalytic
domain (PF00069) were aligned using MAFFT 7 with iterative refinement by the G-INS-i
strategy [16] (Figure S1). The multiple sequence alignment comprising 34 sequences with
300 sites was manually refined using Jalview [17] and further used in phylogenetic analysis.
To reconstruct the phylogenetic tree we used MrBayes (version 3.2.1), which performs

Bayesian inference using a variant of Markov chain Monte Carlo [18]. MCMC analyses were
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run as four chains (one cold and three heated chains) for 10,000,000 generations and sampled
every 100 generations. 25% of the initial samples were discarded as “burn-in.” Mixed models
were applied as a parameter to estimate the best-fit evolutionary model. Support values were
estimated as Bayesian posterior probabilities.

Selected genes and primer design

The S. mansoni sequences were downloaded from SchistoDB, version 2.0 [19]. We selected
five genes from MAPK signaling pathway to perform the inhibition experiments: SmCaMK2
(Smp 011660.2), SmJNK (Smp 172240), SmERKI1 (Smp 142050), SmERK2
(Smp_047900), and SmRas (Smp_179910). In addition to the evaluation of transcript levels
of those five genes, SmSRF (Smp 097730) and SmC-Fos (Smp_124600) transcription factors

were also included in the analysis, in order to evaluate downstream interactions.

Primers were designed using the Primer 3 software (http:/frodo.wi.mit.edu/) employing a
150-200 bp target product size for gPCR and 500-600 bp for templates of double stranded-
RNA (dsRNA). A T7 promoter-tag was added at the 5’ end of all PCR primers designed for
dsRNA template amplification (Table 1). A fragment of ~500 bp of GFP (from pCRII-GFP)
was used as nonspecific control in the knockdown experiments. qPCR primers were designed
to anneal outside the targeted region of dSRNAs. The S. mansoni Citocrome Oxidase — COX
(GenBank AF216698) was used as endogenous normalization control in all qPCR tested
samples. SmCaMK2 has two predicted alternative splicing products (Smp 011660.2 and
Smp 011660.3). The region selected to design the dsRNA and the region selected to measure

the transcription level by q-PCR are, respectively, a 100% similar in the three isoforms.

dsRNA synthesis and exposure
Following amplification, PCR products were separated on 1% agarose gels and purified using

QIAquick Gel Extraction Kit (QIAGEN), following the manufacturer's protocol. dSRNAs
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targeting specific S. mansoni genes were synthesized using PCR products of approximately
500bp in size amplified from schistosomula cDNA and the T7 RiboMAX Express RNA1 Kit
(Promega) following the manufacturer's instructions. Briefly, dsSRNAs synthesis reactions
were allowed to incubate for 16 hr at 37°C prior to DNAse treatment. The expected sizes of
amplicons were analyzed by electrophoresis in 1% agarose gels and identity was confirmed
by DNA sequencing.

2,000 schistosomula were cultivated in 24-well polystyrene plates containing 2 mL
supplemented MEM medium (plus 1% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin). For each treatment, 100 nM of dsRNA were added in duplicate in three
biological replicates. Incubations were continued for 2, 4 or 7 days at 37°C under 5% CO..

Gene expression analyses (qPCR)

For qPCR experiments, total RNA was extracted using RNeasy Mini Kit (Qiagen). 100 ng of
RNA was used to synthesize ¢cDNA with Superscript III cDNA Synthesis kit (Life
Technologies). The residual DNA remaining was removed by DNase digestion using a Turbo
DNA-free kit (Ambion, Life Technologies). Each cDNA sample was tested in three technical
replicates per plate in a minimum of 3 biological replicates. Experiments were carried out in a
7500 Real Time PCR System (Life Technologies) using the Power SYBR Green Master mix
(Life Technologies). Reactions were carried out in a final volume of 25 pl in 96 well plates. S.
mansoni cytochrome C oxidase I (GenBank AF216698) was used as the sample normalizing
transcript and GFP cDNA was used as endogenous control. Two internal controls assessing
both possible genomic DNA contaminations (no reverse transcriptase) and purity of the
reagents (no cDNA) was included. The results were analyzed using the AACt method [20].
AACt values were normalized to controls and expressed as percent folds of difference
compared to unspecific GFP dsRNA followed by statistical analysis using the Mann-Whitney

U-test (p<0.05).
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In vivo experiments - Adult worms and eggs recovery
SWISS Webster mice were infected with 300 schistosomula 2 days after dSRNA treatment (3
independent experiments, 6 animals per group). After 37 days, mice were perfused according
to Pellegrino and Siqueira (1956) [21] and the adult worms were recovered and counted.
Livers from infected animals were weighed and counted after digestion with 10% KOH. The
significance of the results was analyzed using Mann-Whitney test (Wilcoxon-Sum of Ranks,
p <0.05,N =3).
Adult worms samples recovered after perfusion of mice infected with silenced schistosomula
were analyzed by confocal microscopy in search of phenotypic changes. The parasites were
fixed in AFA (2% acetic acid, 10% formaldehyde and 48% ethanol) and stored at room
temperature for further use. Then the worms were stained with 2.5% hydrochloric carmine,
dehydrated by passage through 70% ethanol, 90% and 100%, clarified with methyl salicylate
and Canada balsam (1:2) and individually mounted on glass slides.
Morphometric analyzes were performed on male and female worms using computer images
(Image Pro Plus - Media Cybernetics, USA) captured by a Sony camera coupled (640 x 480
pixels, RGB) in a light microscope (Olympus BX50). The following parameters were
determined: number and area of testicular lobes, presence of tubercles, area of ovary, the
presence of eggs and vitelline glands, and integrity of tegument. The significance of results
was performed using Mann-Whitney test (Wilcoxon-Sum of Ranks, p <0.05).
Confocal images (LSM-410, Zeiss) using 488 nm laser He / Ne and filter LP 585 in the
reflected mode were used to study the reproductive system of males (testicular lobes) and
female (ovary, uterus, ootype, and vitelline glands) and the integrity of tegument and shape of
oral and ventral suckers of males and females.
The experiments with animals were carried out in accordance with the Ethics Commission for

Animal Use (CEUA) of Funda¢do Oswaldo Cruz under the number P49/12-5.
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RESULTS

ERK/JNK MAPKSs conservation
To characterize the evolutionary relationships between ERK and JNK proteins encoded by
parasites and free-living organisms, we selected homologs from six species including three
Platyhelminthes, one Nematode, one Arthropod, and one Chordate - S. mansoni, S.
haematobium, S. japonicum, Caenorhabditis elegans, Drosophila melanogaster, and Homo
sapiens, respectively - to perform phylogenetic analyses. This taxon sampling covers
important evolutionary innovations in processes which kinases are directly related as response
to environmental stimuli, reproduction and development. As showed by Figure 1, gene
duplication followed by divergence was probably the main evolutionary mechanism driving
the evolution of ERK and JNK subfamily members. The tree topology shows two well-
supported clades grouping ERK and JNK proteins, thus revealing that the catalytic domain
(PF00069) is sufficiently divergent to enable the discrimination of these two protein
subfamilies. The number of homologs in Schistosomes and other metazoans varies and the
presence of sequence variants may implicate in structural and/or functional specialization. In
most cases, when homologs were identified in the three Schistosoma species, the relationships
among them reflect the current knowledge regarding the origin and evolution of the
Schistosoma lineage. Altogether, those findings demonstrate that ERK and JNK proteins are

evolutionarily conserved in metazoan species transducing signals from cell surface to nucleus.

Knockdown of MAPK members by RNAIi
To characterize MAPK pathway members (SmERK1, SmERK2, SmJNK, SmCaMK2 and
SmRas) we used synthetic double-strand RNAs (dsRNA) to expose schistosomula culture. To
assess whether the presence of any dsRNA itself would induce some effect in Schistosoma,
double-stranded GFP (dsGFP) was used as unspecific control for dsRNA treatments. A

second control group was not exposed to dsSRNA (negative control). The RNAI effects were
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analyzed by qPCR. As results we observed that all genes targeted are sensitive to RNAi
experiments and were substantially suppressed after two, four or seven days (Figure 2).
Transcript levels were reduced by up to 92% = 0,08 +/- 0,0079 (for SmERKI after two days)
to 42% = 0,58 +/- 0,04 (for SmRas after four days). Although SmERK1, SmERK2 and
SmJNK transcripts were more efficiently reduced by day two after treatment, SmCaMK?2 and
SmRas were best suppressed on the fourth day post dSRNA exposure (Figure 2). Additionally,
decreased transcript levels of SmERK2 were observed in parasites two days after SmERK1
dsRNA exposure (56% of inhibition: transcription levels relative to controls = 0,44 +/- 0,000),

this could be due to the high sequence similarity between ERK1/2.

SmERK and SmJNK knockdown affects parasite viability
To investigate whether RN Ai-mediated gene silencing of SmCaMK2, SmJNK and SmERK
affects parasite viability when exposed to host immune system, groups of six mice were
infected with schistosomula treated with dsSRNA for two days. After 37 days, adult worms
and eggs were recovered from the liver of infected mice. Due to the lack of treatment

response, SmRas was not included in the in vivo test.

The knockdown of SmJNK expression in schistosomula resulted in death of 56% of parasites
relative to mice infected with parasites from unspecific control (Figure 3). No significant
changes in the number of ex-vivo adult worms were observed in mice infected with

SmCaMK?2 or SmERK-knockdown schistosomula.

Although the knockdown of SmERK does not seem to affect parasite transformation and
growth, the decreased expression levels of this gene results in reduced parasite egg production
(44% of reduction relative to unspecific control) (Figure 4). In addition, the number of eggs

present in the liver of mice infected with SmJNK-knockdown schistosomula was also reduced
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(59% of reduction relative to unspecific control), which could be a consequence of the

decreased viability of worms.

After 37 days of dsRNA treatment, adult worm were analyzed by q-PCR to assess transcript
levels of SmCaMK2, SmJNK and SmERK. No remaining gene suppression was observed.
The knockdown of SmERK and SmJNK leads to morphological changes in ex-
vivo S. mansoni adult worms
In order to investigate whether morphological changes could be associated with viability and
low egg production after SmJNK and SmERK knockdown, we analyzed the morphological
structures of ex-vivo adult worms by confocal microscopy. We observed that the knockdown
of SmINK causes damages in male adult worm tegument (Figure 5). In those worms the
number of tubercles was visibly reduced (Figure 5D) and the tegument of oral and ventral
sucker areas were deformed (Figure 5B). Moreover, unusual dilations were observed in the
tegument and digestive tract of male and female (Figure SD/F and Figure 6F). In addition,

females presented undifferentiated oocytes (Figure 6D).

The knockdown of SmERK does not cause changes in male worms (Figure 7) as they
presented normal tegument, testicular lobes, and functional seminal vesicle with
spermatozoids. However, the females presented small ovaries (Figure 8(G) containing
immature oocytes (Figure 8F). Some females also presented higher number of oocytes in the

uterus (Figure 8B) and unfertilized eggs in the ootype (Figure 8D).

No phenotypic change was visible on adult worms recovered from mice infected with
SmCaMK2-knockdown schistosomula. Those worms presented normal functional structures

and morphology (Figure S2).
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Effect of knockdown in the transcription regulation of MAPK target genes
To study the conservation of MAPK pathway in S. mansoni in comparison with other
metazoans, we evaluated the transcription level of SRF transcription factor and c-fos gene
after SmJNK, SmCaMK2, SmRas, and SmERKI1 knockdown. Figure 9 shows that the
knockdown of SmCaMK2, SmJNK and SmERK-1 by RNAIi causes the over-expression of
Smc-fos gene (1.62 +/- 0.28; 1.65 +/- 0.14; 1.47 +/- 0.06, respectively). In addition, as the
MAPKs (SmJNK and SmERK-1) RNA expression increases, after seven days, the Smc-fos
RNA level decreases (1.10 +/- 0.2 and 0.89 +/- 0.18, respectively) (Figure 9) receding
progressively to the control level. SmSRF gene expression, in most cases, does not exhibit
variation. A minor alteration in Smc-fos transcript level was observed after SmRAS inhibition

(Figure 9B).

DISCUSSION

MAPKSs connect cell-surface receptors to regulatory targets within cells to coordinate gene
expression. Members of this family regulate essential cellular processes and are conserved in
all eukaryotes [4]. It would be expected that this enzymes would also have important and
essential functions in Schistosoma parasites. However, until the present study, little was

known about MAPK pathway regulation in schistosomes.

Our findings show suppression in transcript levels of SmERK and SmJNK, as other members
of the MAPK pathway, reached levels of up to 92% indicating that the RNA1 approach is an
efficient method to elucidate potential functions of S. mansoni proteins. The knockdown
efficiency varied from gene to gene and also according to the exposure time for each target
gene. Other authors [22,23] also reported variable profiles of transcript knockdown with
success relying on selected target gene or specific dsSRNA sequence. These results can be

explained by the fact that some genes are expressed in cells/tissues that are inaccessible to
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dsRNA by the employed delivery method or due to accessibility of secondary structure of

some mRNA to the RISC complex [24].

Parasites treated with SmRas dsRNA did not respond well to treatment in the various time
points tested. As mentioned above, this transcript could have a rapid turnover or could be
expressed in cells or tissues inaccessible to dSRNA by the soaking method. SmRas gene is
highly similar to C. elegans let-60 protein (a Ras superfamily gene which the only known
function is to activate the RTK/Ras/MAPK pathway) [9]. However, in C. elegans more than

56 members of Ras superfamily was identified.

The association of in vitro and in vivo studies allowed the elucidation of important roles of
MAPK genes in S. mansoni. Moreover, it was possible to verify the knockdown effect in a

system comparable to natural Schistosoma infection.

After 37 days, the mRNA levels of targeted genes in ex vivo worms were no longer
suppressed. In the meantime, phenotypic alterations in those worms were visible, which could
be due to the effect of gene knockdown at the beginning of development while the parasite
was settling in the host. In addition, the recovered parasites could be individuals that were
partially refractory to dsRNA treatment and, also, that the observed morphological changes
were a mild phenotype, this variation in response to dSRNA exposure within populations has

been previously described in S. mansoni (15).

Despite well conserved elements of INK-MAPK pathway in Schistosoma, the number of INK
subfamily members is not evolutionarily conserved in comparison to other metazoans. Among
the three Schistosoma species analyzed here, only one JNK protein seems to regulate cellular
mechanisms, in contrast to five subfamily members in C. elegans and three in human. The
existence of a unique JNK subfamily member in Schistosoma could be translated into an

enormous potential for downstream signal specificity.
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JNK signaling misregulation has been implicated in neurodegenerative diseases, diabetes,
and cancer [25,26,27,28]. In C. elegans, JNK pathway could also be activated by
Ca*"/calmodulin-dependent protein kinase (CaMK, unc-43) in a cell specific signaling
pathway [9,29]. As JNK, only one CaMK2 protein was found in the predicted proteome of S.
mansoni and S. haematobium. Additionally, SmCaMK?2 was recently identified as putative

target for drug development after in silico comparative chemogenomics approach [30].

In the present study, we showed that the knockdown of SmJNK disturbs infective capability
of worms once significantly low number of adult worms was recovered from mice. In
addition, the recovered worms presented morphological changes in the tegument and
digestive tract. These results suggest that the SmJNK proteins are essential for parasite
transformation and survival. This fact is reinforced by previous knowledge of JNK signaling
pathway influencing metabolism, growth, regeneration, and stress tolerance in Drosophila
lifespan regulation [31]. Moreover, in flies, the JNK signaling pathway is also involved in
midgut epithelial homeostasis and may be important in other contexts, such as oxidative stress
for protection against gut infections [32]. Strong inhibition of JNK signaling activity in
Drosophila shortens lifespan due to complete inhibition of intestinal steam cells proliferation

[31].

Although SmCaMK?2 was previously predicted as a potential protein target for drug
development against schistosomiasis [30], our findings show that the SmCaMK?2-knockdown
does not produce a significant phenotypic alteration in in vitro schistosomula nor in ex vivo
adult worms. Once CaMK2 (UNC-53) can activate JNK signaling pathway in C. elegans,
similar results of SmJNK-knockdown would be expected. Few hypotheses could explain this
outcome: 1) either SmCaMK2 is not related to JNK signaling pathway or i1) SmCaMKZ2 is not
the unique activator of JNK signaling pathway in Schistosoma. Additionally, we do not
exclude the possibility that SmCaMK2 would regulate the JNK pathway only in particular
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cell type(s) or that the SmCaMK?2 protein turnover is faster than its counterpart SmJNK and it

would be necessary a gene knockout to inhibit signaling activity.

ERK signaling pathway plays essential role during oocyte maturation and egg activation in
many animals [33,34]. As observed in this study, it seems to play the same role in S. mansoni.
The low number of eggs in the liver and the distinct phenotypes observed in adult female
worms recovered from mice infected with SmERK-knockdown schistosomula suggest that
ERK pathway is related to reproductive organs development and/or breeding of parasite. In
Xenopus laevis, the ERK protein is involved in the coordination of oocyte maturation [35]. In
C. elegans, the knockout of ERK, affects the development of the vulva (necessary for egg-
laying) and oocyte resulting in no egg production [36], while the inactivation of ERK-MAPK
signaling pathway in mice can be associated with embryonic death caused by abnormal
placental development [37]. Sandler and colleagues also demonstrated that ERK-MAPK is
involved in starfish egg apoptosis [38]. All these data corroborate the results presented in this
work and suggest a functional conservation of the ERK pathway in worms, flies, starfishes,

frogs, mice, and could be also true for all eumetazoans.

In mammals, it has been previously known that, down-regulation of c-fos gene after
inhibition of members of MAPK pathway [6]. In order to determine whether the MAPK
pathway induces c-fos expression in S. mansoni, c-fos and SRF transcript levels were
evaluated after transcript knockdown of SmRas, SmERK-1, SmJNK, and SmCaMK2.
According to the literature, there are at least two main modes of gene regulation in
eukaryotes. In the first one, the genes exhibit a variable rate of transcription and, for signaling
transduction, proteins need to bind at a specific gene promoter to initiate its transcription. In
the second one, the gene has a fixed transcription rate, presenting a stable conformation in
active (On) or inactive (Off) modes, thus they are directly connected to fast signaling, such as
most of signaling pathways in which PKs (protein kinases) are involved, including the MAPK
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pathway [5]. In this context, c-fos has a variable level of transcription that is dependent on

elk-1/SRF binding, which in turn, has a less variable transcription rate [39].

Our results showed that the transcript level of SmSRF remained constant. On the other hand,
the transcription of Smc-fos is highly activated after MAPK members’ inhibition. This
finding indicates that there is a relation between the activation of MAPK and Smc-fos
transcription as in mammals. In this regard, a positive regulation was expected, in which the
non-activation of SmERK-1 and SmJNK would prevent SRF activation which, in turn, would
not be able to bind the c-fos promoter region. Thus, a negative correlation occurs, where low

levels of SMERK-1, SmCaMK?2, and SmJNK transcripts induce c-fos transcription.

Once the MAPK pathway is evolutionarily conserved, it could be hypothesized the signaling
pathways that activate the expression of S. mansoni c-fos gene are probably similar to those of
C. elegans, wherein elk-1 (LIN-31 in C. elegans) and SRF (LIN-1 in C. elegans) form a
complex when MAPKs are not phosphorylated and this complex activates c-fos which
inhibits the vulva development. When MAPK is phosphorylated, elk-1/SRF complex
dissociates and LIN-31 promotes the vulva development in a signaling pathway activated by
the epidermal growth factor (EGF) [40]. Moreover, it was recently reported that pathways
involved in activation of c-fos gene expression may be activated by calcium influx through
CaMK signaling pathway [30]. In this case, c-fos expression is induced by phosphorylation of
CaMK2 which, in turn, phosphorylates SRF, without a direct relationship with ERK or JNK

proteins [41].

Altogether, it is possible that high levels of Smc-fos transcripts, verified after the knockdown
of SmERK, SmJNK, and SmCaMK2, could be related to the non-activation of the MAPK
signaling pathway which led to induction of the elk-1/SRF complex formation (Figure 10B-

C). In this case, SmINK and SmCaMK2 may be involved in independent pathways or they
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simultaneously co-regulate the same gene in a particular cell type. Similarly, elk-1/SRF
complex is target for different cascades and is involved in the regulation of c-fos. In the other
hand, SmRas and SmERK would act in the same pathway, as occurs in C. elegans, mammals,

and Drosophila, being directly involved in the S. mansoni egg development (Figure 10A).
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Figure 1 - Evolutionary relationships of ERK and JNK proteins. Evolutionary

relationships of 34 ERK and JNK proteins encoded by parasites (S. haematobium, S.

Jjaponicum, and S. mansoni), and free-living organisms (Caenorhabditis elegans, Drosophila

melanogaster, and Homo sapiens) as inferred by Bayesian analysis. Experimentally

characterized proteins are indicated by a symbol. Support values were computed by posterior

probability. Two well-supported clades cluster ERK and JNK proteins. The analysis was

performed with conserved amino acid sequences corresponding to the catalytic domain

(PF00069). Mixed models were selected as implemented in MrBayes with 10 million

generations sampled every 100 generations.
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Figure 2 - Transcript levels of target genes after 2, 4, and 7 days after schistosomula
dsRNA exposure. Bar graph indicating the relative steady-state transcript levels of
SmCaMK2 (red), SmJNK (green), SmRas (orange), SmERK-2 (blue), and SmERKI(purple)
genes after 2, 4, and 7 days after dsSRNA exposure. For each dsRNA tested, data are
represented as mean fold-differences (+/- SE) relative to GFP control (1.00 — dashed line).
Transcript levels were determined by g-PCR and data analyzed using the AACt method
followed by statistical analysis using the Mann-Whitney U-test. Significance levels (*) were

set at P<0.05. Data were generated from 3 independent experiments.
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Figure 3 - Schistosome adult worm survival after 35 days knowdown-schistosomula
infection. Schistosomula were treated with GFP, SmJNK, SmCaMK?2, and SmERK1 dsRNAs
and after two days were used to infect mice. Adult worm were recovered after 37 days from
individual mouse represented by the dots. The lines indicated the median for each group. The
(*) at the top represents SmJNK P values (P< 0,022) relative to negative control or GFP
control dsRNA treatment. Data were generated from 3 independent experiments and all
treatments were statistical analyzed using Mann-Whitney U-test within each experiment,

P<0.05.
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Figure 4 - Eggs recovered from infected mice with knockdown schistosomula.
Schistosomula were treated with GFP, SmJNK, SmCaMK?2, and SmERK1 dsRNAs and after
two days were used to infect mice. Eggs of the liver were recovered after 37 days from
individual mouse represented by the dots. The lines indicated the median for each group. The
(*) at the top represents SmJNK and SmERK P values (P< 0,0072) relative to GFP control.
Data were generated from 3 independent experiments and all treatments were statistical

analyzed using Mann-Whitney U-test within each experiment, P<0.05.
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Figure 5 - Image of male adult worms recovered from mice infected with SmJNK-
knockdown schistosomula. The 37-day-old adult worms were visualized by confocal
microscopy. A, C and E show normal worms treated with GFP dsRNA, whereas B, D and F
show morphological changes in worms treated with SmJNK dsRNA. The initials are VO: oral
sucker; VV: ventral sucker; TB: tubercules; SL: subtegumentar lesion; DT: digestive tract.

Scale bars: 20 um.
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Figure 6 - Image of female adult worms recovered from mice infected with SmJNK-
knockdown schistosomula. The 37-day-old adult worms were visualized by laser confocal
microscopy. A, C and E show normal worms treated with GFP dsRNA, whereas B, D and F
show morphological changes in worms treated with SmJNK dsRNA. The initials are DT:
digestive tract; UT: uterus; OV: ovary; EG: egg; OT: ootype; GV: vitelline gland; GC:

gynaecophoric canal; VD; vitelloduct. Scale bars: 20 um.
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Figure 7 - Image of male adult worms recovered from mice infected with SmERK-
knockdown schistosomula. The 37-day-old adult worms were visualized by confocal
microscopy. A, C, E, and G show normal worms treated with GFP dsRNA, whereas B, D, F
and H show worms treated with SmERK dsRNA. The initials are TL: testicular lobes; VO:
oral sucker; VV: ventral sucker; SV: seminal vesicle; DC: duct for seminal pore; TB:

tubercules; GC: gynaecophoric canal. Scale bars: 20 um.
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Figure 8 - Image of female adult worms recovered from mice infected with SmERK-
knockdown schistosomula. The 37-day-old adult worms were visualized by laser confocal
microscopy. A, C and E show normal worms treated with GFP dsRNA, whereas B, D and F
show morphological changes in worms treated with SmMERK dsRNA. The initials are DT:
digestive tract; UT: uterus; VD; vitelloduct; OC: oocyte; EG: egg; OT: ootype; OV: ovary.
Scale bars: 20 um. The graph (G) shows the mean of females’ ovary area (uM”) of SmERK-

knockdown and control. Statistical analyses were performed using Mann-Whitney U-test,

P<0.05; n=5).
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Figure 9 — Transcript levels of target dsRNA genes, SmSRF and Smc-fos after 2, 4, and
7 days after schistosomula dsRNA exposure. Bar graph indicating the relative steady-state
transcript levels of (A) SmCaMK2 (red), SmIJNK (green) and (B) SmRas (orange),
SmERK 1 (purple) genes after 2, 4, and 7 days of dsSRNA exposure. For each dsRNA tested,
data are represented as mean fold-differences (+/- SE) relative to GFP control (1.00).
Transcript levels were determined by g-PCR and data analyzed using the AACt method
followed by statistical analysis using the Mann-Whitney U-test. Significance levels (*) were

set at P<0.05. Data were generated from 3 independent experiments.
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Figure 10 — S. mansoni hypothetical MAPK signaling pathway. In (A) EGF activates the
Ras / ERK signaling pathway. EGFR transmits the signal to the intracellular environment
through the activation of Ras and sequential phosphorylation of SmRAF (ePK of TKL group
and raf family), SmSTE7 (ePK of STE group and STE7family) and SmERK (ePK of CMGC
group, MAPK family and ERK1 / 2 subfamily). Activated ERK translocates to the nucleus
and inhibits the formation of the elkl/SRF complex and, in this case, oviposition remains
constant. In (B and C) SmRas or SmERK are silenced and the signal is not transmitted. elk1
forms a complex with SRF which binds to the c-Fos promoter and initiates its transcription

that prevents the egg laying.
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TABLES

Table 1- Primers sequence

Protein ID Primer name dsRNA primers
S 142050 SmERKI Fow:5'-taatacgactcactatagggTTGGTCAATTGGTTGTATTATGG-3"
mp m
Rev:5'-taatacgactcactatagggGGAACAATGGCACCAGAAT-3'
Fow:5'-taatacgactcactatagggTCTGCCAGCGAACATATCG-3"'
Smp 047900 SmERK?2
Rev:5'-taatacgactcactatagggGGATCACCAAGTCGTGAAGA-3'
Fow:5'-taatacgactcactatagggGATGACATTCAGGACGAAGG-3'
Smp 011660.2 SmCaMK2
Rev:5'-taatacgactcactatagggTCGCAGGACTGACTGTTAG-3"'
S 172240 SmINK Fow:5'-taatacgactcactatagggACATGCAGCCGGTATAATCC-3'
mp m
Rev:5'-taatacgactcactatagggTTACTTCAGAGTCTTCATACCATACG-3'
S 179910 SmRas Fow:5'-taatacgactcactatagggTGGCACCAGAACTTATCAGG-3'
mp_
Rev:5'-taatacgactcactatagggGATATAGAGCAGTCATTGCATTCC-3"
CRII-GFP GFP Fow:5'-taatacgactcactatagggTCTTCAAGTCCGCCATG-3"
p -
Rev:5'-taatacgactcactatagggTGCTCAGGTAGTGGTTGTC-3"'
Protein ID Primer name qPCR primers
SHH)142050 qSHﬂERKJ Fow:5'-TGCAACATCTTGTTGAATGC-3'
B Rev:5'-GCACGATACCAACGTGTACG-3"'
Fow:5'-TTATCCTTCGGCGGATGC-3"
Smp 047900 gSmERK?2
Rev:5'-AGCAACAGGCTCATCACTAGG-3"
Fow:5'-ACGACTATGCTAGCCACACG-3'
Smp 011660.2 | gSmCaMK2
Rev:5'-CAGACGATTCCTTAATACCATCG-3"
Fow:5'-TCCTCCTGGGTATCATGTCG-3"'
Smp_172240 qSmINK
Rev:5'-GCTACAACAAAGCCCTGAGC-3"
Fow:5'-GACTGAGTACAAGTTAGTTGTTGTTGG-3"'
Smp 179910 gSmRas
Rev:5'-TTCTATAAGAGTCCTCTATCGTTGG-3'
Fow:5'-GAGGCTGCAAGAGAATGTCG-3'
Smp 124600 gSmc-Fos
Rev:5'-CAAAGTGCTTTAACTTTCTGAAGC-3'
S 097730 SmMSRF Fow:5'-GATACCTATTGAATTTATTTCTGATCG-3"
mp_ q
Rev:5'-CGGTTAATTCAGCCAATTCC-3"'
Fow:5'-TACGGTTGGTGGTGTCACAG-3'
AF216698.1 COX

Rev:

5"'-ACGGCCATCACCATACTAGC-3"
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Figure S1 - Multiple Sequence Alignment of ERK and JNK proteins encoded by

parasites and free-living organism

. Amino acid sequences of the conserved catalytic

domain (PF00069) were aligned using MAFFT 7 with iterative refinement by the G-INS-i

strategy [16]. The multiple sequence alignment comprising 34 sequences with 300 sites was

manually refined using Jalview [17].
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Figure S2 - Images of normal male and female adult worms recovered from mice
infected with SmCaMK2-knockdown schistosomula. The 35-day-old adult worms were
visualized by laser confocal microscopy. A, C and E show normal male worms treated with
SmCaMK2 dsRNA, wherecas B, D and F shows normal female worms treated with
SmCaMK?2 dsRNA. The initials are TL: testicular lobes; SV: seminal vesicle; GP: genital
pore; DC: duct for seminal pore; TB: tubercles; EG: egg; OT: ootype; VD; vitelloduct; DT:

digestive tract; OV: ovary; ES: spermathec. Scale bars: 20 pm.
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IV - DISCUSSAO

O termo evolugao deriva do latim "evolutio" e faz referéncia ao efeito de
evoluir. O termo é frequentemente aplicado ao movimento de objetos, pessoas,
animais, da tecnologia, mas o contexto mais belo envolve, certamente, a evolugao
biolégica - o processo, na maioria das vezes, lento e gradual de modificagdo de
organismos vivos ao longo do tempo evolutivo. Portanto, evoluir significa mudar; de
acordo com a hipoétese da rainha vermelha, é correr o mais rapido possivel para
permanecer no mesmo lugar (Carrol, 1872; Van Valen, 1973). Na presente tese,
estudamos a biodiversidade molecular de S. mansoni a luz da evolugdo com o
objetivo de identificar os processos evolutivos que modelaram o genoma desse
parasito, assim como caracteristicas linhagem-especificas selecionadas pela
selegéo natural que permitiram a sobrevivéncia desses organismos em um ambiente
hostil como o sistema circulatério do hospedeiro definitivo.

E sabido que estudos de gendmica comparativa tém o potencial de revelar a
biodiversidade molecular dentre e entre organismos, sendo uma abordagem
relativamente recente que fornece novas informagbes para questdes antigas e
fundamentais em biologia. Os parasitas do género Schistosoma foram os primeiros
platelmintos cujos genomas foram completamente sequenciados (Berriman et al.,
2009; Zhou et al., 2009; Young et al., 2012). Logo, analises comparativas
envolvendo estas espécies podem fornecer informagdes importantes no que diz
respeito a evolugao de parasitas lofotrocozoarios.

Motivados pelas vantagens da associagdo de uma perspectiva evolutiva as
analises bioldgicas comparativas, reconstruimos as relagdes evolutivas de todas as
proteinas codificadas no genoma do S. mansoni (Capitulo 1). O filoma resultante,
obtido a partir da analise comparativa de 11.763 proteinas deste parasito com os
potenciais homdlogos em 12 outros organismos, permitiu uma melhoria na anotagéo
funcional de 5.507 proteinas de S. mansoni, 946 das quais eram anotadas
previamente como “proteinas hipotéticas”, cuja funcdo era completamente
desconhecida. Além de aprimorar a predicdo funcional do proteoma predito de S.
mansoni, os resultados desta analise provém informag¢des importantes sobre a
evolugdo do genoma deste parasito, como a identificacdo de duplicagées génicas

que podem estar relacionadas a especificidades morfologicas, fisiologicas e a
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patogénese da esquistossomose (Capitulo II).

Dentre as familias génicas expandidas em S. mansoni com fungao
previamente descrita destacam-se aquelas amplamente estudadas como alvos para
drogas, vacina e diagndstico contra a esquistossomose, como tetraspaninas,
fucosiltransferases, leishmanolisinas, venom allergen-like (SmVAL ou Scp-like) e
tegumental allergen-like (SmTAL) (Marques et al., 2001; Tran et al., 2006; McManus
et al., 2008; DeMarco & Verjovski-Almeida, 2009; Berriman et al., 2009; Fitzpatrick et
al., 2009; Fitzsimmons et al., 2012). Nossos resultados sugerem que os membros
dessas familias proteicas se originaram por sucessivos eventos de duplicagao
génica na linhagem ancestral apds a divergéncia dos demais metazoarios. Em geral,
residuos criticos estdo conservados nesses genes/proteinas. Além disso, cada
familia proteica possui uma historia evolutiva distinta. Com exce¢do de SmTAL,
todas as demais proteinas acima mencionadas s&o peptidases. Analises
protedmicas de parasitos do género Schistosoma apontam proteases como 0s
principais fatores de viruléncias envolvidos na patogénese da esquistossomose
(McKerrow et al. 2006, Kasny et al. 2009).

Em adicdo as proteinas que sdo secretadas, proteinas associadas ao
tegumento de Schistosoma sao frequentemente apontadas como alvo ideal para o
desenvolvimento de novas drogas e vacina contra a esquistossomose (e.g.
Mulvenna et al., 2010; Zhang et al., 2012). O tegumento € um sincicio dinamico e
esta diretamente envolvido na interacdo parasito-hospedeiro, desempenhando
fungdes vitais como nutrigdo, excregdo, osmorregulagdo, recepg¢ao sensorial,
transducao de sinal e evasdo do sistema imune do hospedeiro (Jones et al., 2004).
Embora varias proteinas tenham sido identificadas como parte integrante do
tegumento de Schistosoma, o conjunto completo de proteinas envolvidas na
dindmica da membrana permanece desconhecido (Mulvenna et al., 2010). Proteinas
SmTAL além de estarem presentes em multiplas copias no genoma de S. mansoni,
estdo fortemente associadas com o tegumento e parecem ocorrer somente em
platelmintos (Subpipattana et al., 2012; Zhang et al., 2012; Fitzsimmons et al., 2012).
Em humanos infectados com Schistosoma, os membros da familia TAL s&o os
principais elementos desencadeadores da resposta IgE, a qual tem sido associada
com resisténcia a reinfec¢ao (Dune et al., 1997; Webster et al., 1996; Pinot de Moira
et al., 2010). Dando continuidade a este trabalho, vamos analisar experimentalmente

a expressao génica de membros da familia TAL codificados pelo genoma de S.

100



Discusséao

mansoni através da interferéncia por RNA (RNAI), um processo de silenciamento da
expressdo génica desencadeado por pequenos RNAs (siRNA) (c.f anexo 7.1).

Um outro grupo de proteinas consideradas alvos em potencial para o
desenvolvimento de drogas do ponto de vista médico e quimico, sdo as proteina
quinase eucaridticas (ePKs). Um crescente numero de inibidores ePKs foram
desenvolvidos e aprovados para o tratamento de diferentes doencas humanas
(Boyle & Koleske, 2007). As proteinas quinase (PKs) pertencem a uma grande
familia de enzimas, muitas das quais mediam respostas a estimulos externos em
células eucaritdticas (Hanks et al.,, 1988). As PKs s&o proteinas de fosforilagao
reversivel que desempenham um papel central na regulagédo de fungdes basicas de
todos os eucariotas, tais como: replicagao, controle do ciclo celular, transcricao
génica, rearranjo do citoesqueleto, apoptose, metabolismo energético e outras.
Essas proteinas sdao também requeridas em fungdes mais finas em eucariotos
complexos, como: diferenciacéo celular de tecidos e 6rgaos, comunicagdo entre
células, interagdo da célula com o substrato e mediagao de interagcbes complexas
com o ambiente externo (Plowman et al., 1999). Com o intuito de identificar,
classificar e anotar funcionalmente as ePKs de Schistosoma, adotamos uma
abordagem computacional mista baseada em modelos ocultos de Markov (Hidden
Markov Models - HMM) e abordagem filogenética para anotagcdo funcional de
homadlogos. Como resultado, um total 243 ePKs foram identificadas em S. mansoni,
247 em S. haematobium e 213 em S. japonicum, sendo que as trés espécies
possuem membros dos principais grupos (AGC, CaMK, CK1, CMGC, RGC, STE, TK
e TKL). As trés espécies de Schistosoma tém mais representantes no grupo CMGC,
uma caracteristica unica desse género. A grande quantidade de ePKs do grupo
CMGC pode estar relacionada ao fato de que as proteinas desse grupo sao
necessarias no controle da proliferacdo celular e para garantir a replicagdo e
segregacao correta de organelas. Em conjunto, esses processos sdo essenciais
para parasitos que possuem um ciclo de vida complexo como € o caso dos agentes
etiolégicos da esquistossomose.

ApoOs a identificagdo e analise do conjunto de proteinas quinase eucaridticas
de S. mansoni (Capitulo Ill), baseados na importancia funcional dos homodlogos,
ePKs que atuam como provaveis sinalizadores da via MAPK (Mitogen Activated
Protein Kinase), preditas como tendo fungdo essencial para o desenvolvimento e

sobrevivéncia desse organismo, foram selecionadas para caracterizagao
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experimental através da interferéncia por RNA (RNAI) seguido de testes in vivo onde
realizou-se a infecgdo de camundongos com esquistossdbmulos silenciados (Capitulo
IV). Grande parte das ePKs selecionadas sao representantes unicas de uma
familia/subfamilia evitando assim a substituicado de sua atividade nas vias das quais
participam. A via de sinalizagdo MAPK é umas das vias mais bem estudadas em
diversos organismos e esta envolvida em processos essenciais para a viabilidade
celular em todos os eucariotos (Wilkinson & Millar, 2000). Os genes escolhidos para
a incestigacdo do papel biolégico foram: SmCaMK2 (Smp_011660.2), SmJINK
(Smp_172240), SmMERK1 (Smp_142050) e SmERK2 (Smp_047900).

Resultados muito interessantes mostraram que o silenciamento da expressao
dos genes MAPK da subfamilia JNK causam efeitos devastadores no tegumento de
vermes adultos de S. mansoni, levando a morte dos mesmos. Além disso, o0s
achados deste estudo mostram que ePKs da subfamilia ERK1 estdo relacionadas
com a produgéo de ovos, ja que fémeas com baixos niveis de transcritos SmMERK1 e
SmERK2 apresentam ovarios pouco desenvolvidos e produgcdo de ovos
significativamente baixa. Em conjunto, os resultados de caracterizagao experimental
sugerem que as proteinas MAPK SmERK e SmJNK s&o alvos de interesse para o
desenvolvimento de drogas contra a esquistossomose, visto que um inibidor dessas
proteinas provavelmente ira interromper o ciclo de vida de Schistosoma e impedir o
progresso da doenca.

O racional dos estudos desenvolvidos nesta tese de doutorado € que
caracteristicas espécie-especificas refletem a biodiversidade molecular e as
adaptagdes dos organismos a diferentes ambientes, o que pode auxiliar a
identificacdo de novos alvos terapéuticos. Em sintese, as informagdes oriundas
desta tese visam contribuir para o estudo da Biologia de Sistemas de parasitos do
género Schistosoma, pois somente através do conhecimento do completo repertorio
proteico, dos elementos reguladores expressos em um organismo € Como esses
produtos interagem, seremos capazes de compreender a complexidade dos

sistemas biologicos.
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V - CONSIDERAGOES FINAIS

Ao longo das ultimas décadas, o avango das tecnologias de sequenciamento
associadas ao aumento de poder computacional levou ao crescimento nunca antes
observado no volume de dados gendmicos, transcritbmicos e protedmicos de
diversos grupos taxonOmicos, o que abriu novas fronteiras para as analises
biolégicas comparativas. Neste contexto, a filogenédmica tem o potencial de conectar
a diversidade genbmica a biologia evolutiva, estabelecendo relagdes entre os
dominios da vida e contribuindo para a aprimoragao da anotagao funcional de genes
e proteinas. Esta abordagem tem impacto ainda maior no que diz respeito a analises
genbmicas de parasitos, visto que a luz da evolugdo é possivel revelar
caracteristicas espécie-especificas com potencial aplicagdo em biomedicina e
biotecnologia. Ao utilizar a abordagem filogenémica para analisar o proteoma predito
de S. mansoni, em comparagao com outros organismos parasitos e de vida livre, nés
"luminamos" os processos evolutivos que modelaram as interagdes parasito-
hospedeiro ao longo do tempo evolutivo e identificamos e testamos
experimentalmente potenciais alvos para o desenvolvimento de novas drogas contra
a esquistossomose. Dando continuidade a este trabalho, analises comparativas
envolvendo dados gendmicos, transcritbmicos e protedmicos de outros helmintos e
vetores, assim como a caracterizagcao experimental de outros alvos promissores,
aumentarao nosso conhecimento sobre a biologia parasitaria rumo a prevengao do

progresso da doenca.
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VIl - ANEXOS

Desde o ingresso no Doutorado, além dos trabalhos ja mencionados, atuo como
colaboradora em outros estudos. Uma sintese destes projetos em andamento

encontra-se a seguir.
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7.1 - Evolutionary Genomics of Schistosome Tegumental-Allergen-Like
(TAL) Proteins
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The tegument of schistosomes is pointed as an ideal target for drug and vaccine
development against schistosomiasis, since it is a very dynamic host-interactive layer
involved key biological functions. Tegumental-Allergen-Like (TAL) proteins are
strongly associated with the tegument and seem to occur solely in Platyhelminthes.
In schistosome infections, TAL family members induce human IgE response that has
been associated with resistance against parasite reinfection. The present study
aimed at analyzing the Schistosoma mansoni, S. haematobium and S. japonicum
predicted proteomes in order to identify the TAL proteins through combined
computational approaches and to reconstruct the evolutionary history of these
proteins and their homologs in other Platyhelminthes. Selected taxa included:
Clonorchis sinensis, Echinococcus multiloculares, Faciola gigantica, F. hepatica,
Hymenolepis microstoma, Taenia solium, S. bovis, and S. mansoni. Potential SmTAL
homologs where retrieved from public databases by sequence similarity searches
using BLAST. Additional sequences were identified from complete proteomes
through HMMs (Hidden Markov Models). Whole amino acid sequences containing
concomitant two conserved domains, EF-hand (IPR011992) and Dynein Light Chain
(IPR001372), were aligned by MAFFT. Sequence alignments were further used in
phylogenetic analysis using the maximum likelihood method as implemented in
PhyML. The total number of TAL family members in the three Schistosoma species
ranged from five (S. japonicum) to thirteen (S. mansoni). All S. mansoni TAL proteins
have homologs in S. haematobium, with the exception of the putative dynein light
chain 1 (cytoplasmic) protein (Smp_072620.1). Our findings suggest that TAL
proteins originated from successive gene duplication events in the Platyhelminthes
lineage after its diversification from other metazoans. In conclusion, this work
provides an evolutionary view of TAL proteins allowing a deeper understanding of
lineage specific adaptations potentially related to the Platyhelminthes parasitic
lifestyle. Continuing this work, we aim at experimentally characterize these proteins
through RNA interference (RNAI), a method employed for manipulating gene-specific
expression, to elucidate the functional role of SmTAL proteins.

Este projeto encontra-se em andamento com previsao de publicagdo em 2014.
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7.2 - Evolutionary History of Freshwater Cymothoids (Isopoda,

Cymothoidae) from Lake Tanganyika, East Africa
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Horizonte - MG, Braxi. 3 Instiuto Nacional de Pesduisas da Amazonia, Manaus  AM Brasil - o o

Cymothoids (Isopoda, Cymothoidae) are one of the most derived lineages of
isopods and are among the largest fish parasites, causing considerable damage to
their hosts. Around 325 cymothoid species from 42 genera are known and the vast
majority is marine. Some species are found in freshwaters, though, e.g. in East
African Lake Tanganyika, where cymothoids are known to parasite cichlid fishes.
Little is known regarding the taxonomy and evolutionary history of cymothoids in
freshwater environments. To explore this topic, the present study addresses two
main questions: i) Where did Lake Tanganyika's cymothoid species originate? ii)
Which is their evolutionary history? To answer these questions, we sequenced a
630-bp fragment of the Cytochrome Oxidase | (COI) gene from 14 marine and
freshwater species. Phylogenetic analyses were performed using Maximum
Likelihood. Preliminary results indicate that Tanganyikan freshwater cymothoids are
monophyletic and derived from a marine ancestor. Congruency of host and parasite
phylogeny also supports a co-radiation of freshwater cymothoids with cichlid hosts.
To improve our understanding on these parasites, the inclusion of South American
freshwater samples will allow us to determine if the colonization of freshwater by
cymothoid species occurred before the split-up of Gondwana or if it happened as

multiple events.

Este projeto encontra-se em andamento com previsao de publicagdo em 2014.
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7.3 - First Report on the Occurrence of Lymnaea cubensis and L. truncatula

in the State of Minas Gerais, Brazil: Intermediate Hosts of Fasciola hepatica
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Molluscs belonging to the genus Lymnaea are vectors of fasciolosis, a
parasitic disease of veterinary and medical importance. Morphological identification
of these species is undertaken by means of comparison of characters of the shell,
genital and renal systems. However, such identification is difficult due to interspecific
similarities particularly between the cryptic species L. viatrix, L. cubensis and L.
tfruncatula. In order to overcome these difficulties, we have assessed the use of
polymerase chain reaction and restriction fragment length polymorphism (PCR-
RFLP), directed to the internal transcribed spacer region Il (ITS2) of rDNA. PCR-
RFLP with the enzymes Mboll, Hpall and Alul proved to be an effective taxonomic
tool that allows molecular differentiation between L. viatrix, L. cubensis and L.
truncatula when morphological characterization impaired species differentiation.
Moreover, this technique enabled us to observe that populations of Lymnaea from
Rio Acima (Minas Gerais, Brazil) and Belo Horizonte (Minas Gerais, Brazil),
previously identified by morphology as L. viatrix, showed species-specific profiles
corresponding respectively to L. fruncatula and L. cubensis. To confirm the molecular
identification, phylogenetic analyses were performed on partial mitochondrial (16S)
gene sequences. The results obtained mirror the identification by PCR-RFLP.
Altogether, our findings present an alternative for Lymneid's morphological
identification due to their pronounced morphoanatomic uniformity, which makes a
classification by traditional methods almost impossible, besides reporting for the first
time the occurence of L. truncatula in Brazil and L. cubensis in the state of Minas
Gerais, Brazil.

Este projeto encontra-se em fase final. O artigo esta sendo redigido e a expectativa
de submisséao é outubro de 2013.
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7.4 - Identification of Cystatin Homologs Across Different Helminth Species
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Cystatins comprise a superfamily of cysteine protease inhibitors identified in a
broad range of taxonomic groups including Platyhelminthes (flatworms) and
Nematoda (roundworms). Some cystatins are known to be secreted. These proteins
are involved in regulation of parasite cysteine protease activity and in modulation of
host immune responses. Little is known about the origin and evolution of the cystatin
superfamily, especially in respect to the functional diversification of these proteins in
parasite helminths. The present study aimed at identifying cystatin homologs in the
predicted proteome of different helminths and reconstructing the evolutionary
relationships of these proteins through combined computational approaches. The
predicted proteome data of 16 helminth species (4 Platyhelminthes and 12
Nematoda) was downloaded from public databases. Potential cystatin homologs
were identified using Hidden Markov Models (HMMs). Proteins containing the
conserved cystatin domain (PF00031), a signal peptide, and four conserved cysteine
residues forming two disulphide bonds were selected for further analysis. With this
approach, we expected to select type 2 cystatins, which are mainly extracellular
secreted proteins as described elsewhere. Amino acid sequences corresponding to
the cystatin conserved domain were aligned by MAFFT. The manually- edited
alignment was further used in maximum likelihood evolutionary analysis as
implemented in PhyML. We have identified potential cystatin homologs across
different helminths including free-living and parasitic species. Our findings suggest
that the number of homologs vary significantly across the helminth species analyzed.
Additionally the evolutionary patterns observed in the tree showed that the cystatins
are placed in different clades, reflecting their diversity at the molecular level. Trees
also revealed post-speciation gene duplication events shaping the evolution of
helminth cystatins. Our evolutionary analysis has provided insights into the evolution
of cystatins improving our understanding of the diversity of such proteins at the
molecular level. Moreover, our results have paved the way for future structural and
evolutionary studies of the cystatin superfamily as well as other secretome protein
families. In the future, we plan to perform protein-protein interaction network analysis
to identify relationships among parasite secreted and host proteins. This approach
will shed light on the diversity of interactions between helminths and their hosts in an
evolutionary context.

Este projeto encontra-se em andamento com previsao de publicagdo em 2014.
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