MINISTERIO DA SAUDE
FUNDACAO OSWALDO CRUZ
INSTITUTO OSWALDO CRUZ
Curso de Pos-Graduacao em Biologia Parasitaria

Analise espacial como ferramenta para definicao de areas
de risco de emergéncia de surtos de doenca de Chagas
aguda no Estado do Para

Samanta Cristina das Chagas Xavier

Rio de Janeiro
2013



Ministério da Saude

FIOCRUZ
Fundacado Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
Pdés-Graduacao em Biologia Parasitaria

Analise espacial como ferramenta para definicao de areas
de risco de emergéncia de surtos de doenca de Chagas
aguda no Estado do Para

Samanta Cristina das Chagas Xavier

Orientadora: Dr2. Ana Maria Jansen

Tese apresentada ao Programa de
Pés-graduacéao em Biologia
Parasitaria do Instituto Oswaldo Cruz
como parte dos requisitos para
obtencdo do titulo de Doutor em
Ciéncias.

RIO DE JANEIRO
Marco, 2013



Ficha catalografica elaborada pela
Biblioteca de Ciéncias Biomédicas/ ICICT / FIOCRURJ

X3 Xavier, Samanta Cristina das Chagas

Analise espacial como ferramenta para definicdo de areas de risco de
emergéncia de surtos de doenca de Chagas aguda no estado do Para /
Samanta Cristina das Chagas Xavier. — Rio de Janeiro, 2013.

xii,140 f. :il. ; 30 cm.

Tese (Doutorado) — Instituto Oswaldo Cruz, Pés-Graduacéo em
Biologia Parasitéaria, 2013.
Bibliografia: f. 88-107

1. Trypanosoma cruzi. 2. Ciclos de transmisséo. 3. Analise espacial.

4. Logica Fuzzy. 5. Doenca de Chagas aguda (DCA). 6. Transmisséo
oral. 7. Amazoénia. I. Titulo.

CDD 616.9363




Ministério da Saude

FIOCRUZ
Fundacado Oswaldo Cruz

INSTITUTO OSWALDO CRUZ
Pdés-Graduacao em Biologia Parasitaria

Analise espacial como ferramenta para definicao de areas
de risco de emergéncia de surtos de doenca de Chagas
aguda no Estado do Para

Samanta Cristina das Chagas Xavier

ORIENTADORA: Dr2. Ana Maria Jansen

Aprovada em: 05/03/2013
EXAMINADORES:

Prof. Dr. Rafael Maciel de Freitas (IOC/FIOCRUZ) - Presidente

Prof. Dr. José Bento Pereira Lima - (IOC/FIOCRUZ) - Membro

Prof. Dr. Luiz Felipe Coutinho Ferreira da Silva (D.E do IME) - Membro
Prof. Dr. Luiz Fernando Ferreira (ENSP/FIOCRUZ) - Suplente

Prof. Dr. Marcelo Salabert Gonzalez (UFF) — Suplente



A minha querida Avo Elina Xavier
Que me proporcionou uma
Infancia maravilhosa com

Muito amor e carinho

Te amo



"Deus nos fez perfeitos e ndo escolhe os capacitados, capacita os escolhidos. Fazer
ou nao fazer algo, s6 depende de nossa vontade e perseveranca”

"A mente que se abre a uma nova idéia jamais voltara ao seu tamanho original."
Albert Einstein



AGRADECIMENTOS

A Deus que me cinge de forca e aperfeicoa o meu caminhar e pelas oportunidades
que me foram dadas na vida.

Ao meu marido e meus filhos, pelo carinho, compreensdo nos momentos de minha

auséncia e incentivo durante a realizacao deste trabalho.

A minha querida mae, meus pais, meu irmao, pelo incentivo, compreensao e carinho

em todos os momentos.

A Dr2. Ana Maria Jansen a melhor orientadora que eu poderia desejar, que sempre
me estimulou a seguir em frente e nao desistir, principalmente pela sua grande
capacidade como pesquisadora, orientadora e pessoa! Sou inteiramente grata por
essa pessoa maravilhosa que Deus e minha querida prima Branca (Valdirene),
colocou no meu caminho! Muito Obrigada!!l.

Ao meu professor Luiz Felipe Coutinho Ferreira da Silva, pelo carinho, orientacéo,
ensinamentos e apoio em todas as situacdes. Ainda tenho muito que aprender e

espero contar com sua parceria profissional por longos anos.

A Dra. Vera Bongertz, com quem sempre podemos contar para revisdo e discussao
de nossos trabalhos. Obrigado pelas sugestbes que certamente engrandecem o0s

trabalhos.

Ao André Roque, pela valiosa parceria nos artigos e por estar sempre pronto a

auxiliar em qualquer momento que preciso.

Ao professor Marcello Goulart Teixeira do Departamento de Ciéncias da
Computacdo da UFRJ, pela colaboragdo no desenvolvimento e analise da
modelagem do sistema fuzzy. Profissional competente e pessoa agradabilissima que
tive oportunidade de conhecer durante essa tese.

As amigas Valquiria e Lipo, pela amizade verdadeira e apoio fraternal em todos os

momentos.

A minha querida madrinha Néia que me recebeu com carinho de vovdé quando

comecei no laborat6rio como aluna de iniciagao cientifica.



AGRADECIMENTOS

Em especial aos amigos Marcos, Carlos, pelo apoio na parte técnica.

Toda equipe da sorologia do LabTrip em especial Kerla e Alessandra (tonh&o) pelo

apoio e dedicacao.

Aos alunos de PIBIC Thales e Allison, pelo auxilio com dedicacdo e

responsabilidade em diferentes momentos dessa tese.

Especialmente a amiga Bia, que me acompanhou durante os 4 anos de doutorado

sempre presente em todos os momentos.

A Familia LabTrip (Laboratério de Biologia de Tripanosomatideos) e a todos outros
que passaram pelo Labtrip, que foram fundamentais para a conclusdo desse ciclo.

Sem vocés essa trajetéria ndo seria tao prazerosa!!!

A todo o PESSOAL DE CAMPO do Ministério da Saude e das Secretarias
Municipais e Estaduais, com quem tive a oportunidade de trabalhar.

Aos amigos do Laboratério de Tecnologia Diagnéstica (LATED- Biomamguinhos,
FIOCRUZ — RJ) em especial ao Edmilson, Eliana, Michel, Adenal, lamara e Lucia
gue me receberam e me auxiliaram na padronizacado dos experimentos colaborando

com a doagéao dos reagentes. Obrigado pela paciéncia e agradavel convivio.
A Fundacao Oswaldo Cruz, pela possibilidade de desenvolvimento profissional.

Ao curso de Pds-Graduacao em Biologia Parasitaria pela oportunidade de realizacao
do doutorado.

Ao Instituto Militar de Engenharia (IME), departamento de Engenharia Cartografica,
pela oportunidade do aprendizado e apoio no desenvolvimento desta tese.

Ao suporte financeiro deste projeto: IOC/FIOCRUZ, FAPERJ, CNPq e CAPES.

As diversas outras pessoas que, mesmo ho anonimato, contribuiram para minha

formagéo pessoal e profissional. Minha eterna gratidao!

vi



INDICE

LT 0T 11T T 1
O parasito TryPANOSOMA CrUZI............cuuaiiiiiieeeeeae et 1
Ciclo de vida de Trypan0oSOMA ClUZi..............ccceeecuuueeeeaaaeeeeieeciiiieeaaaeeeeaeseee 1
Diversidade populacional de Trypanosoma Cruzi .............ccccccceeeeeeeeeeeeeeeeennn... 3

Os ciclos de transmiss&do de TrypanoSOMa CrUZI...........c.ccuuueaeeccueeeeaaaaaaeaaeaans 6
Epidemiologia da doenga de Chagas .........coooeiiiiiiiiiieee i 7
Estudo Epidemiolégico do atual perfil de doengca de Chagas Aguda - DCA............ 9
Histérico da doenga de Chagas na Amazonia...........eeeeeeeeiieiiiiiiiiiieeeee e 11
Cenario da doenga de Chagas NO Pard...........ceeieiiiiiiiiiiieiiee e 15

R TCTY=T V2= 1 (o o SRR 18
Cées como hospedeiros Sentinela..........ouueeiiiiiiii e 21
Uma abordagem geoespacial na definicao de area de risco de DCA.................... 23
INTEIPOIACEOD ...t 25
AIGEDIE A8 MADAS..........c.oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 26
Método Fuzzy como nova ferramenta no diagndstico ambiental dos fatores de

FISCO @ DICA. ...ttt ettt a e e e e e e st aaaaaeeeaas 27
FuNGOes de PertinéNCia.........c.uveiiiiieee e 31
Fungdes de pertinéncia triangulares.........ccc.uveeeiieiieieiiiieee e 32
Funcgdes de pertinéncia trapezoidal...........ccuueiiieieeieiiiieee e 33
Funcdes de pertinéncia Gaussianas .........cc.eeeeeiieiiiiiiiiiiiieeee e 34
Operagdes com ConjuNtOS FUZZY..........ueiiiiiiiiiieieee e 34
Variaveis LINQUISTICAS ....ccuuueeiiiieee e e e e e 36
REQIas FUZZY ....ooooiiiiiiiiiiiiieeeeeeeeeeeeeee ettt 38
Sistemas de Inferéncia FUZzZy ... 39
DefUZZIfICAGAD ... 40

[0 o 1= Yo = - | 42
ODbjetiVOS €SPECITICOS ...eiiieeiiiiiiiiieieie e e e e e e 42

L LT U] = T o T2 43

Artigo 1. The ecology of the Trypanosoma cruzi transmission cycle: Dispersion
of zymodeme 3 (Z3) in wild hosts from Brazilian biomes...........ccccommmmemeiiiinnnnns 44

Vii



INDICE

Artigo 2. Trypanosoma cruzi among wild mammals in different areas of the
Abaetetuba municipality (Para State, Brazil): risk of transmission to domestic

MamMMalS @NA NUMIANS. ... i ie e e rmreermsrensesrenrsmssassmmssmssanssmssmnsnnssnssansanns 51

Artigo 3. Lower Richness of Small Wild Mammal Species and Chagas Disease

] O 59
DiSCUSSA0 Geral ......ccceueerriiinmerriissnme s s e s e amn e 74
L0 3 o] [ =T o7 86
Referéncias bibliograficas........ccoooiiriiiemiiiiccsr e 87

Anexo 1. Modelo fuzzy de inferéncia espacial na determinacao de areas de
Maior riSCO de DCA ... e e 107

Y 0 T=) (o 2 121

Genotype variation of Trypanosoma cruzi isolates from different Brazilian
DIOMES... . ————————————— 121

Y 0 1= o T 7 127

Trypanosoma cruzi Tcl and Tcll transmission among wild carnivores, small

mammals and dogs in a conservation unit and surrounding areas, Brazil......127

viii



LISTAS DE FIGURAS E TABELAS

FIGURAS

Figura 1. Ciclo de vida de Trypanosoma cruzi e estagios de desenvolvimento no
inseto vetor e no hospedeiro vertebrado. Teixeira et al. (2012). .....cccceeeeeeerennnee 2
Figura 2. (A) Casos confirmados de DCA, segundo o ano de notificagdo e forma de
transmissao no estado do Para 2001 a 2011 (B) Casos confirmados de DCA por
UF/regiao de infeccéo e forma de transmissao 2001 a 2011 (Fonte: Ministério da
Saude/SVS - Sistema de Informacdo de Agravos de Notificacdo - Sinan Net

(Dados de 2011 atualizados em 28/06/2012, dados parciais)........cccceeeeeeeeeeeennn. 14
Figura 3. Diviséao municipal do Estado do Para (Fonte:
http://www.sepe.pa.gov.br/zee/Shapes.asp). ....ceeeee e eeeeicieiiiieeeee e 15

Figura 4. Distribuicdo espaco-temporal dos casos confimados de DCA segundo o
municipio de infeccdo no estado do Para de 2002 a 2011 (Fonte dos dados:
Ministério da Saude/SVS - Sistema de Informacao de Agravos de Notificacao -
SINAN NEL). oo e e e e e e e e e e e as 17

Figura 5. Sazonalidade dos casos de DCA por transmisséo vetorial oral no estado do
Para, mapeados conforme os periodos de maior (A) e menor (B) indice
(01 [U AV o0 0= (g Too PR 17

Figura 6. Diferenca entre a Fronteira Fuzzy (A) e Booleana (B). Modificado de

Burrough & McDonnell apud RUhoff (2004). ......cooveeiiiiiiiiiiieeeeeeeeeeeeee 30
Figura 7. Fung&o de Pertinéncia Triangular. ... 33
Figura 8. Funcao de Pertinéncia Trapezoidal...........cccooeiiiiiiiiiieieieeiiieeee e 33
Figura 9. Fungao de pertinéncia GausSSiana. ........cceeeeeveeiciiiiiiiieee e eeeciieeeeee e e e e 34

Figura 10. (a) Diagrama dos conjuntos A e B (b) Diagrama do conjunto unido AuB. 35
Figura 11. (a) Diagrama dos conjuntos A e B (b) Diagrama do conjunto intersec¢cao

N PR 35
Figura 12. (a) Diagrama do conjunto A (b) Diagrama do conjunto complementar de A
N TP 36
Figura 13. Variavel linglistica risco de transmissao de Trypamosoma cruzi. ........... 36

Figura 14. Fungdes de pertinéncia associadas a variavel linglistica risco de
traNSMISSA0 A€ T. CIUZI. oottt e e e e e e e e e e e e e eeeens 37

Figura 15. Estrutura geral dos sistemas de inferéncia Fuzzy...........cccccoeeiiinnniis 40



LISTAS DE FIGURAS E TABELAS

Figura 16. Método de defuzzificagdo médias dos maximos, Ortega, 2001 apud Anjos,
2008, ... e — e e e e e e e e e e ———————eeaeeaaaaa—————raaaaeeeaaaannnraeees 40
Figura 17. Método de defuzzificacdo Centro de Area, Ortega, 2001apud Anjos, 2008.

Figura 18. Método de defuzzificagdo método das alturas, Ortega, 2001apud Anjos,
P2 001 PP 41
Figura 19. Fluxograma geral da estrutura hierarquica fuzzy para a avaliacao do
risco de transmiss@ao de DCA ... 107

Figura 20. Fluxograma da estrutura hierarquica fuzzy: indicador doenca de Chagas

Figura 21. Fluxograma da estrutura hierarquica fuzzy: indicador entomoldgico......109
Figura 22. Fluxograma da estrutura hierarquica fuzzy: indicador mamiferos.......... 110
Figura 23. Fluxograma da estrutura hierarquica fuzzy: indicador ambiental ........... 111
Figura 24. Mapeamento da Inferéncia espacial Fuzzy do risco de transmissao do
Trypanosoma cruzi: areas com pertinéncia de risco de transmissao de T. cruzi
obtidas segundo inferéncia fuzzy. (A) municipio de Belém - Para: (1) - llha do
papagaio; (2) - ilha do Cumbu; (3) - llha do Murutucum; (4) - Jurunas; (5) - Val
de Cans. (B) municipio de Abaetetuba - Para: (6) - Panacaueira; (7) - Ajuai; (8) -

Genipaldba; (9) - Area Urbana. ..........eeeeieeeei i 112
TABELAS

Tabela 1. Classificacdo dos gendtipos de Trypanosoma cruzi, segundo a
nomeclatura de 2009 ........ooiiiiiiiieeeeeeeeeee e 5
Tabela 2.Variadveis da arvore hierarquica de decisao fuzzy para o mapa de risco de

tranSMISSA0 A DO A. ..o 113



Ministério da Saude

FIOCRUZ
Fundag¢ao Oswaldo Cruz

INSTITUTO OSWALDO CRUZ

Analise espacial como ferramenta para definicao de areas de risco de
emergéncia de surtos de doenca de Chagas aguda no Estado do Para

RESUMO
TESE DE DOUTORADO
Samanta Cristina das Chagas Xavier

Atualmente, os casos de doenca de Chagas aguda (DCA) vém sendo devidos a ingestao de
alimento contaminado por formas infectivas do vetor, as formas metaciclicas, e/ou devido a
invasdo de domicilios por triatomineos silvestres infectados atraidos pela luz. O novo perfil
epidemiolégico que a doengca de Chagas vem adquirindo, exige um novo olhar e o
delineamento de novas ferramentas na definicdo de medidas de vigilancia e controle. O
carater recorrente dos surtos de DCA demonstra que ainda ndo se encontrou medidas de
controle efetivas dentro deste novo perfil epidemiolégico. Trypanosoma cruzi € um taxon
extremamente heterogéneo, inclui 6 gendtipos que infectam centenas de espécies de
mamiferos e vetores em ciclos de transmissdo complexos com caracteristicas e
particularidades locais e temporais. Nosso objetivo foi avaliar a aplicagdo da analise
geoespacial por Légica Fuzzy, como ferramenta a ser utilizada para reconhecer areas de
risco e fornecer elementos para definicdo de acdes sustentaveis de vigilancia
epidemiolégica na regido Amazénica. Para tanto, inicialmente geramos dados referentes a
distribuicdo das DTUs Tclll e TclV, descritas como tipicas da Amazdnia, nos biomas
brasileiros. Observamos que estas DTUs ndo estdo restritas a Amazénia e sim estdo
amplamente dispersas na natureza tendo sido encontradas infectando seis ordens de
mamiferos e distribuidas por cinco biomas. Em seguida geramos dados sobre as variaveis
envolvidas no ciclo enzo6otico de T. cruzi em trés localidades de Abaetetuba/Para, onde séo
registrados casos recorrentes de DCA. Este estudo mostrou distintos perfis enzooticos em
cada localidade sendo a infeccdo de caes por T. cruzi a Unica caracteristica comum as
areas e sinalizadora da existéncia de um ciclo silvestre de transmissdo em areas de
atividade humana. Esses dados nos levaram a avaliar e validar o uso de cées como
sentinela de areas de risco e a sua deteccao como medida de vigilancia epidemiolégica.
Assim, concluimos como ponto de corte para definir uma area de risco epidemioldgico e a
implementagao de programas de sensibilizacdo e educagao a soroprevaléncia de caes deve
ser 230%. O conjunto destes resultados nos permitiu concluir que o ciclo enzéotico de
transmissdo de T. cruzi é dinamico, sazonal, multifatorial e modifica-se conforme as
condigbes ambientais naturais e conseqlentemente com a utilizacdo da paisagem pelo
homem. Com o conjunto de variaveis gerados por nés e obtidos referentes as variaveis
entomoloégicas, ambientais, meteorologicos (CEPETEC) e dados de casos de doenga de
Chagas (SINAN e SESPA). Apés iniciou-se a construgdo de mapas protétipos de areas de
risco como forma de consolidar critérios de definicdo de areas estratégicas de acao e assim
prevenir novos casos de DCA. Foi testada a abordagem geoespacial por interpolacédo e
algebra de mapas como uma ferramenta do diagnéstico ambiental das variaveis reguladoras
da transmissdo de T. cruzi na natureza. O conjunto das variaveis primarias e secundarias
foi tratado pelo método fuzzy de inferéncia espacial na construgdo de um modelo de
integragdo. O modelo demonstrou a possibilidade de usar essa nova abordagem na
identificacdo de areas com diferentes graus de risco, permitindo uma representacao
continua e integrada das variaveis envolvidas na transmissao de T. cruzi na natureza.
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Spatial analysis as a tool for defining risk areas for emergence of acute
Chagas' disease outbreaks in Para State, Brazil

ABSTRACT
TESE DE DOUTORADO
Samanta Cristina das Chagas Xavier

Currently, cases of Acute Chagas Disease (ACD) have occurred due to the ingestion of food
contaminated with infective forms of the vector, metacyclic forms, and or due to the
household invasion by infected triatomines attracted by artificial light. This new Chagas
disease epidemiological profile, requires a new look and the design of new tools for the
definition of surveillance and control strategies. The character recurrent ACD outbreaks
demonstrate that we still havent found effective control measures for this new
epidemiological profile. Trypanosoma cruzi is an extremely heterogeneous taxon that
includes 6 genotypes, which infect hundreds of mammals and vectors species within
complex transmission cycles with local and temporal peculiarities.. Our objective was to
evaluate the application of geospatial analysis by Fuzzy Logic as a tool to be used to
recognize risk areas and provide elements for defining sustainable epidemiological
surveillance in the Amazon region. Therefore, we initially generated data regarding the
distribution of DTUs Tclll and TclV, described as typical of the Amazon, throughout other
Brazilian biomes. We observed that these DTUs are not restricted to the Amazon but they
are widely dispersed in nature as they were found infecting six mammalian orders and were
distributed in five biomes. Then, we generated data on the variables involved in the T. cruzi
enzootic cycles in three different localities of the municipality of Abaetetuba, Para State,
where recurrent cases of ACD are registered. This study revealed distinct enzootic profiles in
each location. Dogs’ infection by T. cruzi was the only common feature among those areas,
thus they signaling the existence of a sylvatic transmission cycle in areas of human activity.
These results led us to evaluate and validate the use of dogs as sentinel of risk areas and its
use as a surveillance tool. We defined that dogs’ seroprevalence of =2 30% is the cut off to
define an area of epidemiological risk and thus candidate to the implementation of
surveillance and education programs. Altogether, these results allowed us to conclude that
the T. cruzi enzootic transmission cycle is dynamic, seasonal, multifunctional and modifies
itself according to the environmental conditions and, consequently, with the human
landscape modification. Putting together the set of variables generated by us, the assembled
entomological, environmental and meteorological (CEPETEC) variables, and the data on
Chagas disease cases (SINAN and SESPA), we began to build prototypes of risk maps as
an approach to consolidate criteria for the demarcation of strategic areas for the
implementation of actions to prevent further ACD cases. We tested the geospatial
interpolation and map algebra approach as a diagnostic tool of the environmental variables
which regulate the T. cruzi transmission in nature. The set of primary and secondary
variables were treated by the fuzzy method of spatial inference in order to build an integrated
model. This model demonstrated the possibility to use this novel approach in order to identify
areas with different degrees of risk, thus allowing a continuous and integrated representation
of the variables involved in the T. cruzitransmission in nature.
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INTRODUCAO

Introducao

O parasito Trypanosoma cruzi

Protozoario parasita da familia Trypanosomatidae e ordem Trypanosomatida
(Moreira et al. 2004) descrito por Carlos Chagas em 1909, T. cruzi é o agente
etiolégico da doenca de Chagas que atinge atualmente cerca de 10 milhdes de
pessoas na América Latina (Yeo et al. 2005; Schofield et al. 2006). Apresenta uma
ampla distribuicdo na natureza, do sul dos Estados Unidos a Patag6nia (Carrasco et
al. 2012). A Tripanosomiase por T. cruzi caracteriza-se como uma complexa
zoonose, transmitida por cerca de 130 espécies de triatomineos vetores da familia
Reduviidae, subfamilia Triatominae (insetos hemipteros que sédo exclusivamente
hematéfagos em todos os estagios de vida) e capaz de infectar mais de 150
espécies de mamiferos domésticos e silvestres distribuidos em 8 ordens (Yeo et al.
2005; PAHO, 2009; Jiménez-Coello et al. 2012). Briones et al. (1999); Macedo et al.
(2001), sugerem que a origem de T. cruzi como espécie é estimada entre 100 e 150
milnbées de anos. Ja Flores-Lépez e Machado, (2011) mostram que as atuais
linhagens existentes de T. cruzi divergiram muito recentemente, nos ultimos 3
milhdes de anos, e que 0 evento de hibridizacao principal que conduz aos hibridos
TCV e TcVI ocorreu menos de 1 milhdo de anos atras. Independentemente da
hipétese a infecgdo humana pode ser considerada um evento recente na historia
evolutiva de T. cruzi, mais uma espécie de hospedeiro a ser introduzida a rede
epidemiologica complexa e ja bem estabelecida e extensa na natureza (Guhl et al.
2000; Macedo et al. 2004). Portanto, a infeccao por T. cruzi foi mantida ha milhdes

de anos como uma exclusiva enzootia (Coura et al. 2010).

Ciclo de vida de Trypanosoma cruzi

O ciclo de vida de T. cruzi € complexo, com quatro estagios de
desenvolvimento em insetos vetores e hospedeiros mamiferos (Rassi et al. 2010)
(Figura 1). Das quatro formas evolutivas de T. cruzi, trés (tripomastigota sanguicola,
tripomastigota metaciclica e amastigota) sado capazes de infectar e essa infeccao se

da por diferentes vias (vetorial contaminativa ou oral, congénita, transfusiocional e
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por transplante de érgao), mostrando quao efetivo sdo os mecanismos de dispersao
desse parasito (Mortara et al. 2008; Fernandes et al. 2012).

Stages in insect vector

Stageslinivertebratelhost

Figura 1. Ciclo de vida de Trypanosoma cruzi e estagios de desenvolvimento

no inseto vetor e no hospedeiro vertebrado. Teixeira et al. (2012).

A forma vetorial contaminativa, descrita como a forma classica de transmissao
de T. cruzi ao homem, ocorre quando O inseto vetor, ao realizar seu repasto
sanguineo, elimina formas tripomastigotas metaciclicas junto com as fezes. Esses
parasitos penetram pelo local da picada ou mucosas quando a pessoa se coga ou
esfrega o local da picada. No hospedeiro mamifero, esses parasitos invadem as
células nucleadas de praticamente todos os tecidos, onde se diferenciam na forma
multiplicativa, amastigota. A saida da célula, apds nova diferenciacao celular para a
forma tripomastigota, se da pelo rompimento celular que ocorre tanto na forma ativa
(desencadeada pela multiplicagdo parasitaria intra-celular) quanto passiva
(desencadeada pela propria célula). A transmissdo para o inseto vetor ocorre
quando formas tripomastigotas circulantes no sangue do hospedeiro vertebrado sao
ingeridas por outro triatomineo em um novo repasto sanguineo. No hospedeiro
invertebrado, os parasitos diferenciam-se para a forma epimastigota, que é a forma
replicativa no trato digestivo do inseto vetor. Na porcao final do intestino do inseto,
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h& nova diferenciagdo para a forma tripomastigota metaciclica (metaciclogénese),
que é a forma infectiva eliminada nas fezes do barbeiro, completando assim o ciclo
do parasita (Brener 1971; Tyler e Engman 2003; Rassi et al. 2009; Teixeira et al.
2012).

Diversidade populacional de Trypanosoma cruzi

T. cruzi é caracterizado por apresentar uma estrutura populacional multiclonal
com elevado grau de variabilidade genética intra-especifica. Esta variabilidade é
resultante tanto da longa evolucdo clonal e antiguidade da enzootia envolvendo
grande diversidade de hospedeiros e vetores quanto dos raros eventos de fluxo
génico ja observados (Ocafna-Mayorga et al. 2010; Carrasco et al. 1996; Gaunt et al.
2003).

Um mesmo hospedeiro ou vetor pode abrigar simultaneamente diferentes
subpopulacdes ou clones de T. cruzi. Esses clones podem competir entre si sendo
que dadas subpopulagdes podem ser selecionadas em detrimento de outras em
nichos, hospedeiros e areas geogréficas especificos (Macedo et al. 2004), cujas
implicagbes para as formas clinicas da doenga, como o desenvolvimento de
cardiopatia, megaesodfago, e megacélon ainda ndo foram esclarecidas (Manoel-
Caetano e Silva, 2007).

A heterogeneidade de T. cruzi que ja havia sido notada por Chagas e Brumpt
(formas largas e finas), vem sendo discutida até o presente. A partir dai, junto com
aumento do poder resolutivo e gradativa disponibilidade de ferramentas
metodoldgicas, seguiram-se intensos estudos para determinar marcadores
bioldgicos, bioquimicos e moleculares que esclarecessem a epidemiologia da
doenca de Chagas (Miles et al. 1980; Rassi et al. 2010).

Andrade (1974), com base em caracteristicas morfoldégicas dos parasitos no
sangue periférico de camundongos e comportamento dos isolados nestes
hospedeiros, agrupou a populacdo de T. cruzi em tipos ou biodemas I-1ll (Andrade
1974 Apud Andrade et al. 1983).

Uma das primeiras técnicas para avaliar a heterogeneidade bioquimica do
parasita, foi a analise do polimorfismo eletroforético de enzimas isofuncionais

(isoenzimas) que definiram trés distintos grupos de T. cruzi, Zimodema 1 (Z1),
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Zimodema 2 (Z2) e Zimodema 3 (Z3). Além disso, os autores encontraram
correlacdo entre essa subdivisdo e aspectos epidemioldgicos, ou seja, Z1 foi
associado ao ciclo silvestre, Z2 foi associado ao ciclo doméstico e Z3, embora mais
raro, também associado ao ciclo silvestre em areas restritas (Miles et al.1980).

Posteriormente, outros estudos ampliando o numero de enzimas analisadas
verificaram uma maior diversidade entre os isolados, encontrando 44 Zimodemas
diferentes (Tibayrenc et al. 1988). Concomitantemente, um alto grau de diversidade
de T. cruzi foi observado, quando seu DNA mitocondrial (k-DNA) foi analisado por
RFLP (Restriction Fragment Lenght Polymorfism) (Morel et al. 1980).

Em contraste com a alta diversidade encontrada nos estudos com
marcadores multilocus, a amplificacéo por PCR (reacao de polimerizagao em cadeia)
de marcadores genéticos especificos como o gene de rRNA 24Sa e da Regiao
Intergénica do Gene de Mini-exon, indicaram um claro dimorfismo entre os isolados
de T. cruzi (Souto et al. 1996; Fernandes et al. 1999). Uma vez que estes gendtipos
corresponderam respectivamente aos Zimodemas 1 e 2 de Miles e colaboradores
(1980), uma unificagdo na nomenclatura foi proposta e os dois genoétipos
denominados Tcl e Tcll (Anonymous, 1999). O posicionamento do Zimodema 3,
inicialmente indefinido, se encontraria mais tarde na linhagem Tcll, apés a
subdivisdo de Tcll em Tclla - Tclle (Freitas et al. 2006). A subdivisdo corroborada
por estudos utilizando outros marcadores genéticos e bioquimicos como tipagem por
RAPD (Random Amplified Polymorphic DNA) e MLEE (Multilocus Enzyme
Electrophoresis) o que resultou na subdivisdo de isolados de T. cruzi em 6 DTUs,
denominados Tcl e Tclla-Tclle (Brisse et al. 2000, Zigales et al. 2012).

Um consenso realizado em 2009 modificou a nomenclatura dos genétipos de
T. cruzi;, em seis Unidades Discretas de Tipagem (DTUs), conforme tabela 1
(Zingales et al. 2009, 2012).
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Tabela 1. Classificacao dos genétipos de Trypanosoma cruzi, sequndo a
nomeclatura de 2009

DTU Abreviacao Nomenclatura anterior
T. cruzi | Tcl DTU I
T. cruzill Tcll DTU lIb
T. cruzi lll Tclll DTU llc
T. cruzi IV TclV DTU lla
T. cruzi V TcV DTU Iid
T. cruzi VI TcVI DTU lle

Adaptado de Zingales et al. (2009).

As DTUs mais dispersas e frequentes sado Tcl e Tcll, e também onde a maior
divergéncia molecular é observada. Os genétipos Tclll e TclV tém distintos perfis
polimérficos, mas algumas afinidades com outros gendétipos, que ainda nao sao bem
entendidas. Os genétipos TcV e TcVI apresentam evidéncias de serem resultantes
de eventos de hibridagdo genémica com os gendtipos Tcll e Tclll (Brisse et al. 2000;
Freitas et al. 2006; Lewis et al. 2009).

Todos esses genodtipos ocorrem no Brasil, embora apresentem diferentes
padroes eco-epidemiolégicos e de distribuicao geografica (Zingales et al. 2012). A
DTU Tcl é o gendtipo mais disperso e frequente na natureza e é o principal agente
da doenca de Chagas no norte da bacia Amazdnica. Os surtos de doenca de
Chagas na Amazoénia, cada vez mais frequentes, sdo causadas majoritariamente por
este gendtipo (Valente et al. 2009). Do mesmo modo, é proposto que a DTU Tcll
predomina abaixo da Bacia Amazénica e foi responsavel pela grande maioria dos
casos humanos nas antigas areas endémicas do pais (Zingales et al. 2012). Este
genodtipo é o segundo mais frequente na natureza, porém de forma mais focal
(Fernandes et al. 1998; Jansen et al. 1999; Miles et al. 2003; Rassi et al. 2010;
Zingales et al. 2012).

Da distribuicdo das DTUs Tclll e TclV (anteriormente Z3) no Brasil pouco se
conhece e sao descritos como sendo restrito a bacia Amazbnica e quase
exclusivamente associados a hospedeiros silvestres, ocorrendo em ciclos de
transmissdo mais restritos e extremamente focais, embora também ja tenham sido
associados a surtos orais na Amazodnia brasileira (Monteiro et al. 2012). T. cruzi

[1I/Z3, descrito classicamente como predominante de areas silvestres e raramente



INTRODUCAO

associado a doenca de Chagas Aguda na Amazénia Brasileira, o primeiro surto de
doenca de Chagas aguda causado exclusivamente pelo genoétipo Tclll/Z3, foi
observado em uma area rural de Santa Maria no municipio de Coari/AM em 2007
(Monteiro et al. 2010). DTU TclV é o genétipo responsavel pelas infeccées humanas
na Amazénia Ocidental Brasileira, que ocorrem em surtos como infec¢des simples
ou mistas com gendtipo Tcl (Monteiro et al. 2012). Surto de doenga de Chagas
causado infeccao mista pelos gendétipos Tcl e Z3 (Tclll ou TIV) também foi descrito
por Valente et al. (2009) em Mazagao, Amapa em 1996. Em &reas de surtos
registrados na Amazbnia Brasileira, 50% dos triatomineos coletados nas
proximidades das casas e aldeias estavam infectados por Z3 e Tcl (Valente et al.
2009)

Do mesmo modo, é proposto que os gendtipos hibridos TcV e TcVI circulem
predominantemente no sul do Brasil e sdo mais associados ao ciclo doméstico. Seus
hospedeiros silvestres sao pouco conhecidos (Zingales et al. 2012). No entanto,
recentemente, um isolado proveniente de Thrichomys laurentius do Piaui, no bioma

Caatinga, foi genotipado como TcV (Araujo et al. 2010).

Os ciclos de transmissao de Trypanosoma cruzi

Classicamente foram descritos trés ciclos de transmissdo de T. cruzi, o
denominado ciclo silvestre ou enzodtico, relacionado aos triatomineos vetores e
mamiferos silvestres e esporadicamente com a ocorréncia de casos humanos: ciclo
doméstico que envolve triatomineos que colonizam o peridomicilio e/ou o domicilio,
humanos e animais domésticos e/ou domiciliados; e o peridoméstico envolvendo
mamiferos sinantrépicos, roedores, morcegos € marsupiais, principalmente (Freitas
et al. 2006; Rassi et al. 2010). No entanto a expressiva plasticidade biolégica de T.
cruzi resulta em ciclos de transmissdo na natureza que se caracterizam por serem
multivariaveis, complexos e peculiares em escalas tempo-espacial, com distintos
perfis epidemioldgicos de transmissdo. Na natureza, a transmissao de T. cruzi
também ocorre em ciclos independentes ou sobrepostos, em um mesmo estrato
florestal dependendo da ecologia dos hospedeiros, contribuindo para formar
modalidades distintas de focos naturais de transmissao.
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Além da classica via vetorial de transmissao de T. cruzi ao homem, infeccbes
humanas ocorrem também por: transfusdo sanguinea, transplante de érgaos e via
congénita. Embora, atualmente essas formas de transmissdo sejam mais
importantes em areas nao endémicas, como EUA e Europa, atribuido a migragao
nao controlada de areas endémicas da América Latina (Rassi et al. 2010).

Uma via de transmissédo considerada importante no ambiente silvestre e que
tem sido responsavel pela maior parte das infecgdes humanas nos ultimos anos é a
via oral (Dias, 2006). Na natureza a via oral é provavelmente a mais antiga e
eficiente via de dispersao de T. cruzi e parece ter um destaque maior devido a
predagcdo na cadeia trofica e a presenca de trés diferentes formas do parasito que
sao infectivas aos mamiferos (Mortara et al. 2008; Herrera et al. 2011).

Epidemiologia da doenca de Chagas

O nome da doenca &€ uma homenagem ao seu descobridor, o médico
brasileiro Carlos Chagas, que em 1909 identificou T. cruzi, a manifestacao clinica da
doenca, sua anatomia patoldgica, epidemiologia e ciclo de transmissao (hospedeiros
e vetores) (Rassi et al. 2010). Logo nos anos seguintes a descoberta se conheceu a
magnitude da expansao do parasita na natureza, sendo conhecida a abundéancia de
espécies de mamiferos e triatomineos vetores envolvidos no ciclo do parasita
(Macedo et al. 2004; Valente et al. 2009; Coura e Junqueira, 2012). A doenca de
Chagas foi descrita como uma doenca de populacédo pobre e de areas rurais, onde
eram encontrados os insetos vetores nas moradias de adobe (Dias, 2007; Coura e
Vinas, 2010).

Atualmente, vem sendo proposto que a variabilidade de manifestacbes
clinicas da doenca de Chagas e diferencas geogréaficas na mortalidade e morbidade
podem ser uma resultante da interacdo entre o pool genético do hospedeiro,
resposta imune, o ambiente e principalmente pela composicdo das subpopulacdes
do parasita no momento do in6éculo (Manoel-Caetano e Silva, 2007).

A doenca de Chagas ainda é uma importante infeccao parasitaria na América
Latina (México a Patagbnia), 25% de toda populagédo da América Latina foi estimada
sobre risco de infeccdo nos anos 1980 e 17,4 milhdes estavam infectada em 18
paises endémicos entre 1980-1985. Ja em 2005, a Organizacdo Pan-Americana de
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Saude (OPAS) estimou 20% da populacdo da América Latina sobre risco de
infeccdo (109 milhdes de pessoas) e 7,7 milhdes de pessoas estavam infectadas
com T. cruzi nos paises endémicos das Américas. A doenga é reconhecida pela
OMS como uma das 13 doencas tropicais negligenciadas do mundo (WHO 2002;
Lépez-Cespedes et al. 2012). Outros resultados importantes foram a reducdo da
incidéncia de novos casos de doenca de Chagas (700,000 por ano em 1990 versus
41,200 por ano em 2006), além disso o numero de mortes por doenca de Chagas
45.000-12.500 (Moncayo e Silveira, 2009).

Nas ultimas décadas, programas de controle da transmissédo vetorial por
Triatoma infestans e melhoria das habitagdes foram voltados para eliminacao e
controle da doenca de Chagas, tais como: A Iniciativa do Cone Sul/Argentina,
Bolivia, Brasil, Chile, Paraguai e Uruguai (1991), Iniciativa Pacto Andino/Colombia,
Equador, Peru e Venezuela e Iniciativa da América Central/Belize, Costa Rica, El
Salvador, Guatemala, Honduras, Nicaragua e Panama (1997), junto com a triagem
dos bancos de sangue reduziram substancialmente (70%) a incidéncia da infeccao e
diminuiu o numero de doenca de Chagas na América Latina (Moncayo, 2003; Rassi
et al. 2010). Entretanto, a transmissao vetorial extradomiciliar, transmissao vetorial
domiciliar ou peridomiciliar sem colonizacéo do vetor e a contaminacao de alimentos
por triatomineos infectados representam desafios para os quais as medidas de
controle adotadas contra o T. infestans nao sao eficazes. No nordeste brasileiro, ha
espécies de triatomineos silvestres que vém se adaptando as moradias, atraidos
pelas luzes das casas. Com este perfil descatacam-se Triatoma brasiliensis e o
Triatoma pseudomaculata (Borges-Pereira et al. 2002). Estas espécies sdo descritas
como capazes de recolonizar o ambiente a partir do ambiente silvestre o que nunca
aconteceu com o T. infestans, espécie exética que foi introduzida no Brasil
provavelmente ap6s a colonizacdo das Américas, responsavel pela transmissao
intradomiciliar (Bargues et al. 2006; Noireau et al. 2009).

Apesar de estar controlada a transmissdo vetorial intradomiciliar por T.
infestans em todo o pais, casos da doenca por via oral puderam ser vistos em
algumas localidades nos ultimos anos, como no Para (associado ao consumo do
acai), em Santa Catarina (associado ao consumo de caldo de cana de agucar), em
Ceara (associando ao consumo de uma sopa) e na Bahia (associado ao consumo
de caldo de cana de acucar) (Roque et al. 2008; Shikanai-Yasuda e Carvalho, 2012).
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A emergéncia ou a re-emergéncia da doenca de Chagas, atualmente
acontecendo principalmente pela ingestao de alimentos contaminados pelo T. cruzi
(Pinto et al. 2008; Valente et al. 2009; Shikanai-Yasuda e Carvalho, 2012)
caracteriza um novo perfil epidemiolégico. O controle da transmissao de T. cruzi, no
atual cenario, sinaliza que esta zoonose deve ser analisada sob uma nova
perspectiva epidemiolégica, sendo infrutifero tentar adaptar para a situagao atual,
medidas de controle utilizadas no passado.

Por sua complexa epidemiologia, a doenca de Chagas deve ser avaliada
através de um olhar abrangente, multidisciplinar e de um incremento de mudancas
antrépicas aceleradas. Ha de se considerar, particularmente, a migracao
descontrolada, invasdo de ambientes naturais, destruicdo de habitats e perda de
biodiversidade. Um dos pontos importantes para se conhecer a complexa cadeia de
transmissdo de T. cruzi e portanto implementar medidas efetivas de controle é a
avaliacao e identificacdo das potenciais espécies reservatorias nas areas de
transmissdo. Esta avaliacdo deve envolver o conhecimento da diversidade de
mamiferos da area em questao (potenciais reservatérios do parasito) e seu papel na
rede de transmissdo. Inclui-se nas variaveis que devem ser avaliadas nos estudos
do ciclo de transmissao de T. cruzi, a ocorréncia e a distribuicdo de seus principais

gendtipos.

Estudo Epidemioldgico do atual perfil de doenca de Chagas Aguda - DCA

Alteracbes ambientais, naturais ou ndo, resultam na alteracdo dos padrbes de
distribuicdo da biodiversidade local e, portanto, de seus parasitas. As numerosas
consequencias da perturbagdo em uma determinada rede parasitaria de transmisséo
sdo complexas, na maioria das vezes imprevisiveis e incluem a perda ou ganho de
novos hospedeiros, novas areas endémicas e/ou na emergéncia e reemergéncia de
doencgas parasitarias (Ashford, 1996; Daszak et al. 2000; Dobson e Foufopoulos,
2001; Williams et al. 2002). Estudos indicam que, em geral, algum grau de disturbio
antrépico estd associado com a simplificacdo da fauna e selecao de espécies
marsupiais que sao importantes reservatorios de T. cruzi (Jansen et al. 1999; Xavier
et al. 2007).
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A complexidade e imprevisibilidade destes fenémenos é especialmente
acentuada quando inclui parasitas multi-hospedeiros como T. cruzi, caracterizados
por uma expressiva heterogeneidade genética e ecletismo bioldgico.

A perda de habitats, perda da biodiversidade e entrada do homem em
ecoétopos silvestres leva a extingao aqueles animais mais susceptiveis a alteragdes e
restricdo ambientais. Espécies mais generalistas em relagdo aos habitats e fontes
alimentares passam a ocupar novos nichos, aumentando sua biomassa. Vale
ressaltar que, nas areas com simplificacdo de fauna, tendem a predominar algumas
poucas espécies que podem passar a assumir expressiva importancia nos ciclos de
transmissao de parasitos caso apresentem um perfil de infeccdo que resultem numa
alta chance transmissibilidade ao vetor. A esta simplificacdo de fauna e selecéo de
hospedeiros competentes € atribuido o termo “Efeito Amplificador”, numa relagao
oposta ao “Efeito Diluidor” proposto por Schmidt e Ostfeld, (2001) e desde entédo
utilizado para descrever surtos epizo6ticos como Leishmaniose Tegumentar
Americana (Chaves e Hernandez, 2004), Hantaviroses (Dobson et al. 2006; Keesing
et al. 2010), Febre do West Nilo (Kilpatrick et al. 2006) e doenca de Chagas (Vaz et
al. 2007; Xavier et al. 2007; Roque et al. 2008).

A manutencdo da biodiversidade tem sido apontada como um poderoso
sistema tamponador, regulador da dispersdo de parasitas (Keesing et al. 2006 e
2010). Foi demonstrado que em areas de DCA, além do classico quadro de infeccao
adquirida pelo homem ao se expor no ciclo de transmissao silvestre, o risco de
transmissao do parasito pode estar relacionado a alteragdes do cenério paisagistico,
no que diz respeito a sua fitogeografia e composicao faunistica (Roque et al. 2008;
Roque e Jansen, 2008). Nesse cenario, a transmissdao do parasito pode ser
aumentada devido a dois processos subsequentes: (i) selecdo e aumento da
abundancia de espécies competentes como reservatérios (aqueles que apresentam
um perfil de infeccdo que favorece a transmisséo do parasito) e, consequientemente,
amplificacdo da populagdo parasitaria circulante; e (ii) maior possibilidade de
triatomineos locais se alimentarem sobre mamiferos com potencial de
transmissibilidade do parasito e, portanto, aumento da prevaléncia de triatomineos
infectados.

Para parasitos multi-hospedeiros, como é o caso de T. cruzi, um ambiente

com alta riqueza e abundancia de espécies animais, o numero de hospedeiros
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competentes € diluido entre aqueles que ndao tém a mesma capacidade para
transmitir um dado parasito, diminuindo o potencial de transmissibilidade ao vetor na
area. Essa caracterizacdo é apontada por Schmidt e Ostfeld (2001), como um
fenbmeno conhecido como efeito diluidor (“dilution effect”). O resultado € uma
prevaléncia de infeccdo na fauna de vetores e mamiferos que, apesar de suficiente
para manter o parasito, se mantém em baixos niveis, sendo a transmissao restrita a
endemias focais (Keesing et al. 2006; Dobson et al. 2006).

O conhecimento do ciclo silvestre de transmissdo e o monitoramento de
animais silvestres frente a infeccdo por T. cruzi, principalmente antes e durante
algum empreendimento, sdo medidas importantes para a previsdo e tomada de
decisOes frente a possiveis alteragdes ambientais que levem ao aparecimento de
novos casos. As alteracdes ambientais sdo inevitaveis, mas tornar seus efeitos
previsiveis podera minimizar bastante o seu impacto sobre a saude de um modo

geral.

Historico da doenca de Chagas na Amazénia

Atualmente, o perfil epidemiolégico da doenca de Chagas apresenta um novo
cenario com a ocorréncia de casos e surtos na Amazénia por transmissao vetorial
oral e contaminativa (extradomiciliar e intradomiciliar sem colonizagéao). Com isso,
evidenciam-se duas areas geograficas onde os padrdes de transmissdo sao
diferenciados: i) a regidao originalmente de risco para a transmissao vetorial
contaminativa, fora da regido Amazonica, onde acdes de vigilancia epidemiolégica,
entomolégica e ambiental devem ser concentradas, com vistas a manutencao e
sustentabilidade da interrupcdo da transmissdo da doenca pelo T. infestans e por
outros vetores passiveis de domiciliacdo; ii) a regido da Amazénia Legal, onde a
doenca de Chagas nao era reconhecida como problema de saude publica na regiao
(Secretaria de Vigilancia em Saude).

Embora o Brasil tenha reduzido de forma drastica os numeros de casos da
doenca de Chagas por transmissao vetorial contaminativa nas ultimas décadas,
entre 100 e 200 novos casos ainda sdo registrados anualmente. Mais de 95%
ocorrem em apenas dois Estados: Para e Amapa, sendo a transmissao vetorial oral
a principal fonte (Ministério da Saude, 2011).

11
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Casos de doenca de Chagas por transmissao vetorial oral que vém ocorrendo
na Amazénia apresentam freqiiéncia regular ao contrario das outras microepidemias
ja registradas em Teutdnia/RS (Nery-Guimaraes et al. 1968), Catolé do Rocha/PB
(Shikanai-Yasuda et al. 1991), Navegantes/SC (Steindel et al. 2008) e Redencao/CE
(Roque et al. 2008)

Na Amazénia e em outras regides onde a transmissao vetorial contaminativa
foi efetivamente controlada, a transmitida pela via vetorial oral é a principal forma de
transmissdo da doenca de Chagas Aguda (Shikanai-Yasuda e Carvalho, 2012).
Entre os casos estudados por Pinto et al. (2008), provenientes dos Estados do Par4,
Amapé e Maranhao, 78,5% faziam parte de surtos e 21,5% eram casos isolados.

A doenca é emergente na regiao amazlnica e as microepidemias sao citadas
como sendo associadas majoritariamente ao consumo de agai e outros alimentos
(Coura et al. 2002; Monteiro et al. 2012). Nao ha ainda estratégias de controle da
transmissao de T. cruzi neste bioma de caracteristicas eco-epidemiolégicas proprias
da regidao amazébnica.

Desde o inicio do século XX, tem-se o conhecimento da abundancia de
hospedeiros mamiferos potenciais reservatérios e vetores triatomineos na Amazénia
brasileira (Aguilar et al. 2007; Coura et al. 2012). Espécies de mamiferos
naturalmente infectados tem sido identificadas na regido. No entanto, o primeiro
caso humano autoctone na regiao foi registrado somente em 1969, na cidade de
Belém, no estado do Para (Shaw et al. 1969; Bricefio-Ledn 2007). Desde entao,
casos autoctones foram relatados em numero crescente (Yoshida et al. 2011).

Uma revisao de casos identificados pelo Instituto Evandro Chagas no periodo
de 1968 a 2005 demonstrou a ocorréncia de 442 casos autdctones, sendo 437
agudos (11 ébitos). A distribuicdo de casos por unidade federativa foi: 302 (68%) no
Para, 98 (22%) no Amapa, 25 (6%) no Amazonas, 9 (2%) no Maranhao e 8 (2%) no
Acre. Dos 437 casos de doenca de Chagas aguda (DCA), 311 (71%), estéo
relacionados as 62 microepidemias com provavel transmissao associadas a ingestao
de acai consumido no Pard e Amapa (Valente et al. 1997; 2000).

O Ministério da Saude em 2005 elaborou 0 Consenso Brasileiro da doenca de
Chagas que definiu linhas para a implantacao da vigilancia epidemiolégica (VE) da
doenca de Chagas na regido amazébnica, tendo como base a deteccao de casos por

meio de laminas para diagnostico da maléaria, que sao produzidas em larga escala
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na regiao por conta do alto indice de casos. Essa proposta de vigilancia teve seu
inicio em julho 2006 no estado do Para, regiao onde havia um maior numero de
registro de casos da doenca, em torno de 15 a 20 casos anualmente até 2006
(Figura 2A).

No periodo de 2005 a 2006, foram notificados ao Programa Nacional de
Controle de Doenca de Chagas (PNCDCh) 145 casos de Doenca de Chagas Aguda
no Brasil. Cerca de 63% ocorreram na regido Amazédnica, sendo 98% no Para.

Entre 2007 e 2011, foram 849 casos de doenca de Chagas Aguda no Brasil,
ocorrendo especialmente na Amazénia Legal. No periodo de 2000 a 2011, foram
registrados no Brasil 1.252 casos de doenca de Chagas aguda. Destes, 70%
(877/1.252) foram por transmissao oral, 7% por transmissao vetorial (92/1.252), em
22% (276/1.252) ndo foi identificada a forma de transmissdo (Secretaria de
Vigilancia em Saude) (Figura 2B).
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Figura 2. (A) Casos confirmados de DCA, segundo o ano de notificacao e
forma de transmissao no estado do Para 2001 a 2011 (B) Casos confirmados
de DCA por UF/regiao de infeccao e forma de transmissao 2001 a 2011 (Fonte:
Ministério da Saude/SVS - Sistema de Informacao de Agravos de Notificacao -
Sinan Net (Dados de 2011 atualizados em 28/06/2012, dados parciais).
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Cenario da doenca de Chagas no Para

O programa de doenga de Chagas no Estado do Para (Figura 3) foi criado ha
cinco anos e, desde entdo, o numero de casos se mantém em torno de 100
anualmente. O Para é responsavel por 80% dos registros da doenca de Chagas no
Brasil, segundo o Ministério da Saude. Entre 2006 e setembro de 2012 foram
registrados 844 casos distribuidos em 55 dos 143 municipios, destes 18 com mais
de 10 casos neste perido. Os municipios com maior incidéncia sdo: Belém
(N = 179); Abaetetuba (N = 147); Breves (N = 74); Barcarena (N = 57); Ananindeua
(N = 36); Igarapé Miri (N = 29). Os municipios e regionais prioritarios para a
transmissdao da DCA no Pard sao: Belém, Ananindeua, Paragominas, Barcarena,
Moju, Tailandia, Igarapé-Miri, Abaetetuba, Ponta de Pedras, Breves, Curralinho,
Anajas, Bagre e Mocajuba. Segundo a Secretaria Estadual de Saude (SESPA), a
forma de transmissdo mais comum da doenca no estado ainda é o consumo de

alimentos contaminados.
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Figura 3. Divisao municipal do Estado do Para (Fonte:
http://www.sepe.pa.gov.br/zee/Shapes.asp).
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Legenda

- 1_Abaetetuba - 30_Cachoeira do Piria - 59_Jacareacanga - 88_Pau d'Arco - 117_S&o Caetano de Odivelas
- 2_Abel Figueiredo - 31_Cameta - 60_Jacunda - 89_Peixe-Boi - 118_S&o Domingos do Araguaia
- 3_Acara - 32_Canaé dos Carajas - 61_Juruti - 90_Picarra - 119_S&o0 Domingos do Capim
- 4_Afua - 33_Capanema - 62_Limoeiro do Ajuru - 91_Placas - 120_Séo Francisco do Para
- 5_Alenquer - 34_Capitao Pogo - 63_Magalhaes Barata - 92_Ponta de Pedras - 121_S&o Félix do Xingu
- 6_Almeirim - 35_Castanhal - 64_Maraba - 93_Portel - 122_S&o Geraldo do Araguaia
- 7_Altamira - 36_Chaves - 65_Maracana - 94_Porto de Moz - 123_S&o Joao da Ponta
|:| 8_Anajas - 37_Colares - 66_Marapanim - 95_Prainha - 124_S&o Jodo de Pirabas
- 9_Ananindeua - 38_Conceigao do Araguaia - 67_Marituba - 96_Primavera - 125_8S&0 Jodo do Araguaia
- 10_Anapu - 39_Concoérdia do Para - 68_Medicilandia - 97_Quatipuru - 126_S&o Miguel do Guama
- 11_Augusto Corréa - 40_Cumaru do Norte - 69_Melgago - 98_Redencéo - 127_Sé&o Sebastido da Boa Vista
- 12_Aurora do Para - 41_Curionépolis - 70_Mocajuba - 99_Rio Maria - 128_Tailandia

- 13_Aveiro - 42_Curralinho - 71_Moju - 100_Rondon do Para - 129_Terra Alta

- 14_Bagre - 43_Curua - 72_Monte Alegre - 101_Rurépolis - 130_Terra Santa

- 15_Baido - 44_Curuga - 73_Muana - 102_Salinépolis - 131_Tomé-Agu

- 16_Bannach - 45_Dom Eliseu - 74_Mae do Rio - 103_Salvaterra - 132_Tracuateua

- 17_Barcarena - 46_Eldorado dos Carajas - 75_Nova Esperanga do Piria - 104_Santa Barbara do Para - 133_Trairdo

- 18_Belterra - 47_Faro - 76_Nova Ipixuna - 105_Santa Cruz do Arari - 134_Tucuma

- 19_Belém - 48_Floresta do Araguaia - 77_Nova Timboteua - 106_Santa Isabel do Para - 135_Tucurui

- 20_Benevides - 49_Garrafdo do Norte - 78_Novo Progresso - 107_Santa Luzia do Para - 136_Ulianépolis

- 21_Bom Jesus do Tocantins - 50_Goianésia do Para - 79_Novo Repartimento - 108_Santa Maria das Barreiras - 137_Uruara

- 22_Bonito - 51_Gurupa - 80_Oeiras do Para - 109_Santa Maria do Para - 138_Vigia

- 23_Braganca - 52_lgarapé-Agu - 81_Oriximina - 110_Santana do Araguaia - 139_Viseu

I 2:_Brasil Novo B 53_1garapé-Miri I s2_ourilandia do Norte I 111_santarém I 40_vitéria do Xingu

- 25_Brejo Grande do Araguaia - 54_Inhangapi - 83_Ourém - 112_Santarém Novo - 141_Xinguara

- 26_Breu Branco - 55_Ipixuna do Para - 84_Pacaja - 113_Santo Anténio do Taua - 142_Agua Azul do Norte
I 27 _Breves B s6_itia Bl s5_Palestina do Para I 114_sapucaia I 143_Ovidos

- 28_Bujaru - 57_ltaituba - 86_Paragominas - 115_Senador José Porfirio

- 29_Cachoeira do Arari - 58_ltupiranga - 87_Parauapebas - 116_Soure

No ano de 2006, foram notificados 91 casos da doenca de Chagas Aguda
(DCA), a maioria por transmisséo vetorial oral. Em 2007, 130 casos de DCA e 4
Obitos e uma taxa de mortalidade de 3,1% (SESPA). Em 2008, foram notificados e
confirmados no estado do Para, 99 casos agudos de doenca (28 apenas em Belém),
sendo 65% (57 casos) relacionados a transmissao vetorial oral. Em 2009, segundo o
resumo epidemiolégico dos casos de DCA, foram notificados e confirmados no
Estado do Pard, 242 casos de doenca de Chagas. O numero de casos em 2010,
foram 81 com cinco vitimas fatais, uma taxa de letalidade de 6,2%. Em 2011, foram
141 casos registrados com oito mortes, segundo levantamento feito pela Secretaria
de Estado de Saude (SESPA), ou seja, uma taxa de letalidade de 5,7%. Até
setembro de 2012 ja foram confirmados 60 casos de DCA (Figura 4).

Outro fato peculiar, diz respeito a recorrente sazonalidade dos casos de DCA
relacionados a transmisséo vetorial oral que aumenta durante os meses da safra do
acai a partir de agosto, quando os indices pluviométricos sdo mais baixos. Os picos
de DCA coincidem com a safra do acai, sugerindo que ha uma relacao direta da
incidéncia da doenca com o consumo do fruto, quando manipulado de maneira

incorreta (Figura 5).
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Figura 4. Distribuicao espaco-temporal dos casos confimados de DCA
segundo o municipio de infeccao no estado do Para de 2002 a 2011 (Fonte dos
dados: Ministério da Saude/SVS - Sistema de Informacao de Agravos de

Notificacao - Sinan Net).
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Figura 5. Sazonalidade dos casos de DCA por transmissao vetorial oral no
estado do Para, mapeados conforme os periodos de maior (A) e menor (B)

indice pluviométrico.
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Reservatorios

Desde a descricao de Carlos Chagas (1909) do tatu como “depositario de T.
cruzi no mundo exterior” o conceito do que é um reservatério vém sendo reavaliado
periodicamente. A definicdo reservatério como uma espécie animal que, na
natureza, é fonte de infeccdo de parasitas para 0 homem e animais domésticos sem
sofrer danos ja vem sendo abandonada. Atualmente é considerado reservatério uma
ou um conjunto de espécies que garantem a dispersdo e manutencdo de um
determinado parasita na natureza (Ashford, 1996). A condicao de reservatério é
temporal e espacial e este € um aspecto fundamental nos estudos dos ciclos de
transmissao e de epidemiologia de uma determinada parasitose (Jansen e Roque,
2010). Neste contexto, os gambas (Didelphis spp.) sao freqlentemente citados
como principal reservatorio de T. cruzi. De fato, essas espécies em algumas areas
podem ser excelentes reservatorios uma vez que apresentam parasitemia patente,
refletida por hemocultivo positivo (Roque et al. 2008). Esta peculiaridade, no entanto
nao se repete em todos os ecossistemas. No Pantanal sul matogrossense, estudos
apontam para importancia dos quatis como reservatorios (Herrera et al. 2008)
enquanto que em alguns fragmentos de mata atlantica essa fungcdo é
desempenhada por primatas Callitriquideos (Lisboa et al. 2006).

A interacdo reservatério-parasito € considerada um sistema complexo, na
medida em que € multifatorial, imprevisivel e dindmica, formando uma unidade
bioldgica que esta em constante mudanca em funcdo das alteracdes do meio
ambiente. Isto significa que generalizar cenarios epidemiolégicos e medidas de
controle pode resultar no seu insucesso. Atualmente, o termo reservatério ganhou
novo entendimento e ja ndo é mais definido como “a espécie animal que suporta o
parasitismo sem sofrer danos”. Assim, sdo considerados reservatérios de T. cruzi as
espécies de mamiferos que garantam a circulacdo do parasito na natureza, dentro
de uma medida de tempo e espaco.

Estudos com hospedeiros reservatérios devem considerar as diferentes
caracteristicas epidemiologicas e padrdes de infeccdo, os quais se modificam de
uma regiao para outra em fungao: (a) das estratégias de vida e ciclo reprodutivo dos
hospedeiros vertebrados; (b) do habitat e clima locais; (¢) da presenca, habitos e
capacidade vetorial do hospedeiro invertebrado; (d) das peculiaridades da interacédo
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parasito-hospedeiro e (e) tempo e espaco em que acontecem os estudos (Ashford,
1996; Roque et al. 2005).
Para definir uma determinada espécie animal como reservatorio de um

determinado parasita, € necessario que se determinem os seguintes parametros:

Distribuicao geografica do hospedeiro: define a area maxima de ocorréncia da
parasitose (Mills e Childs, 1998). Assim é importante definir a composi¢ao faunistica
e a representatividade de cada espécie, bem como sua distribuicdo pelos estratos
florestais (Jansen et al. 1999).

Identificacao taxondémica dos hospedeiros: Interpretacdes epidemioldgicas
equivocadas podem surgir a partir de dados taxonémicos imprecisos dos seus
hospedeiros (Mills e Childs, 1998). A correta identificacdo dos hospedeiros é de
fundamental importdncia uma vez que mesmo espécies cripticas podem ter
diferentes papéis na manutencao e dispersao de um parasito na natureza (Roque et
al. 2005).

Perfil de infeccao e sua distribuicao na area de ocorréncia dos hospedeiros: A
prevaléncia da infeccdo na populacao de reservatérios pode ser muito alta em
algumas localidades e muito baixa em outras areas, que podem inclusive estar bem
préximas. Também deve ser considerado que parasitos podem ser extintos
periodicamente em uma determinada populacdo de reservatérios e sejam re-
introduzidos algum tempo mais tarde (Mills e Childs, 1998). A dindmica e os fatores
que controlam estes processos sao ainda desconhecidos, mas indicam que o estudo
longitudinal é fundamental para esclarecer o padrdo temporal e espacial da
parasitose (Vaz et al. 2007). Em diferentes localidades uma mesma espécie de
mamifero pode desempenhar distintos papéis na manutencdo do parasito na

natureza (Herrera et al. 2005).

Andlise regional do parasito e reservatérios em distintos ecossistemas dentro
de um mesmo bioma: Indica o grau de generalismo ambiental do hospedeiro e,
consequentemente, os habitats de risco e a possibilidade de “spillover” da
parasitose. Existem cenarios onde a transmissdo do parasito é focal, as vezes

restritos a “Hot spots” (zonas quentes) em que a transmissao é extremamente bem
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sucedida, ao lado de outros onde a transmissdo nao ocorre (Weiss e McMichael,
2004; Jones et al. 2008).

Prevaléncia da infeccao entre as distintas composicoes demograficas dos
hospedeiros: Com esta informacdo € possivel determinar se a infecgdo esta
acontecendo (caso esteja em altos indices em animais jovens) ou a possibilidade de
dispersao do parasito. Tomando como exemplo (a) os gambas sao descritos como
animais ndmades, no entanto, os machos tém um comportamento némade muito
mais acentuado do que as fémeas. (b) primatas vivem em grupos e tem um
comportamento territorialistas. As taxas de infeccao podem variar entre 0s grupos, €
este € outro aspecto que deve ser considerado. Essas diferencas demograficas
apontam para a dindmica das populacbes de hospedeiros no tempo e espaco,
ajudam a prever oscilagdes na transmissao baseada nas flutuacbes sazonais

populacionais dos principais hospedeiros (Noireau et al. 2009).

Dinamica das populacoes de hospedeiros no tempo: Estudos longitudinais para:
a) identificar os efeitos de um determinado parasito na populagéo e/ou individuo; b)
flutuacdo sazonal; c) estabilidade da infeccao; d) transmissibilidade (Haydon et al.
2002).

A importancia da utilizacdo de pequenos mamiferos (roedores e marsupiais)
silvestres como bioindicadores de parasitos multi-hospedeiros, reside no fato que
esses animais sdo abundantes e, quando susceptiveis a infeccdo de um dado
parasito, podem refletir o impacto das alteracbes no ambiente, com alteracées em
suas taxas de prevaléncia/incidéncia da infeccdo atuando, dessa forma, como
sentinelas da saude ambiental (Dobson et al. 2006). Vale lembrar que, o encontro de
uma espécie animal infectada ainda nao define o seu papel na rede de transmissao -
este atributo dependera: das peculiaridades desta interacdo parasita-hospedeiro e
do perfil da infecgdo. O conjunto desses fatores vai resultar numa maior ou menor
competéncia da espécie animal em questdo na manutengdo e/ou transmissdo do
parasita. Um hospedeiro reservatério pode estar relacionado com a expansao da

populacao parasitaria, caso a populacao parasitaria se amplie neste hospedeiro a
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ponto de aumentar a chance de sua transmissdo com o consequente surgimento de
surtos epidémicos ou epizoodticos.

No caso de T. cruzi esta condicao é expressa por altas parasitemias - caso a
populacdo parasitaria se mantenha em niveis baixos no hospedeiro, de forma a
estar pouco acessivel ao vetor, este hospedeiro garantira a manutencao do parasita
na natureza, em niveis endémicos ou enzodticos. As espécies envolvidas com esta
situacao sao descritas como hospedeiros reservatérios amplificadores, contrapondo
aquelas espécies que mantém as populagdes parasitarias, mas sao menos
competentes para transmitir ao vetor (hospedeiros mantenedores). Sabe-se que as
espécies que apresentam ambos os perfis sdo complementares dentro de um
“Sistema Reservatério” capaz de manter as populacdes parasitarias e que
hospedeiros “mantenedores” podem atuar como transmissores em situacdes
especiais, como quando sofrem doencas outras debilitantes que podem levar a um
aumento significativo da parasitemia patente (Jansen e Roque, 2010).

Outro aspecto importante que deve ser avaliado é a abundancia relativa dos
animais infectados. De fato, uma espécie infectada que apresente uma alta
abundancia relativa tem maior competéncia como reservatério em um determinado
local do que outra, cujo numero e biomassa sejam pouco expressivos. Mais ainda,
sabe-se e deve ser sempre considerado, que as redes de transmissdo de parasitas
variam no tempo e espaco e isso vale principalmente para T. cruzi, parasita

generalista e heterogéneo.

Caes como hospedeiros sentinela

O atual cenéario da doenca de Chagas exige que consideremos as micro-
particularidades regionais, as quais norteiam as acdes de educacao em saude. Além
disso, fatores comuns as mais diversas areas de ocorréncia de surtos (fator
sentinela) devem ser propostos, validados e utilizados pelos gestores de saude na
definicdo das areas com maior risco para emergéncia de casos. Sem considerar
estes dois aspectos, ndo ha subsidios para que seja proposto um sistema efetivo de
vigilancia.

Uma espécie sentinela é aquela que tenha sido selecionada para fornecer

informacdes sobre um ecossistema com base a refletir alteragdes ambientais
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(mudancas climaticas, destruicdo do habitat) (Aguirre, 2009). O monitoramento da
espécie sentinela é um eficiente sinalizador de areas que necessitam de um trabalho
mais aprofundado de investigacao epidemioldgica e de implementacdo de medidas
de controle e educacgéao sanitaria (Roque et al. 2008).

Em regides com altas prevaléncias da infecgao por T. cruzi em triatomineos e
em mamiferos silvestres, os caes e mamiferos peri-domiciliares sdo mais expostos a
infeccdo e, portanto, podem sinalizar que a ultima barreira entre o ciclo de
transmissao silvestre e a area de atuacao do homem foi transposta, ou seja, existe
risco de infeccdo deste. Neste contexto, 0 acompanhamento longitudinal através de
inquéritos sorolégicos dos animais domésticos e peri-domiciliares é proposto como
um possivel método para se estimar taxas de prevaléncias/incidéncias dos animais
silvestres e eventualmente das possiveis oscilacdes destas ao longo do tempo de
infeccdo destes por T. cruzi. A utilizacdo de mamiferos domésticos como animais
sentinela em doenca de Chagas ja foi proposta e utilizado na Venezuela (Crisante et
al. 2006), Argentina (Gurtler et al. 2007), México (Estrada-Franco et al. 2006; Lépez-
Cespedes et al. 2012), Panama (Pineda et al. 2011) e Brasil (Roque et al. 2008;
Rocha et al. 2012). A definicAo de espécies sentinelas otimiza as acgdes, diminui
gastos e evita interferéncias desnecessarias (Aguirre, 2009).

No Brasil, caes, gatos, porcos e caprinos sao principais mamiferos
domésticos investigados frente a infeccdo por T. cruzi Caes e gatos podem ser
excelentes reservatérios de T. cruzi, mas no Brasil muito raramente sao obtidos
hemocultivos positivos nesses animais (Noireau et al. 2009). Situagcdo oposta pode
ser observada na regiao do Gran Chaco Argentino, onde esses animais representam
os principais amplificadores das populacdes parasitarias de T. cruzi (Gurtler et al.
2007). Caprinos no Piaui (Herrera et al. 2005), porcos em Cachoeira do Arari/PA
(Roque et al. 2008) e Yuacatan/México (Jiménez-Coello et al. 2012) e gatos na
Peninsula Yucatan/México (Longoni et al. 2012) também se infectam com T. cruzi,
como observado pelas taxas de infeccdo. Em relacdo aos porcos, apesar de
estarem expostos ao ciclo de transmissao, ha apenas dois relatos disponiveis de
isolamento de T. cruzi (Salazar-Schettino et al. 1997; Herrera et al. 2011) e seu
papel como reservatorio ainda precisa ser estudado.

A destruicdo dos ecossistemas tem levado as populacbes de espécies de

mamiferos silvestres e vetores a uma restricido de habitats e fontes alimentares,
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além de promover um maior contato com o homem e animais domeésticos. Outro
aspecto a considerar é a escassez de fontes alimentares para triatomineos silvestres
devido a perda de habitat, fazendo com que esses insetos invadam &reas
domiciliadas em busca de alimento, onde os animais domésticos estdo mais

expostos que o homem (Roque et al. 2008).

Uma abordagem geoespacial na definicdo de area de risco de DCA

Desde a década de 1980, varias tecnologias voltadas a modelagem e
representacdo de fenObmenos espaciais tornaram-se disponiveis para pesquisa e
aplicagdes eco-epidemioldgicas, incluindo Sistemas de Informagdo Geogréfica
(SIG), Sensoriamento Remoto (SR), Sistemas de Posicionamento Global (GPS),
imagens de satélite, geoestatistica e outras estatisticas espaciais (Bavia et al. 2005;
Margonari et al. 2006). Essas tecnologias tém sido aplicadas com sucesso para
estudar, explicar e prever padroes espacgo-temporais de distribuicdo de doencas,
parasitos, vetores, fatores ambientais, sociais e econdmicos e suas interacées com
meio ambiente (Kitron et al. 2006, Vazquez-Prokopec 2009; Khan 2010; Coutinho et
al. 2012). O desenvolvimento das tecnologias de mapeamento digital e analise
espacial, particularmente no contexto dos Sistemas de Informacdes Geograficas
(SIG), tem possibilitado relacionar fatores demograficos, geograficos e
fitofisiondmicos a ocorréncia de doencgas (Najar e Marques 1998).

Os SIGs possibilitam a descricio de processos ambientais e o
estabelecimento de uma complementariedade de fatos com expressao geografica
que possibilitam uma andlise globalizada de riscos a saude, através de operagdes
espaciais sobre um conjunto de dados georreferenciados dos ambientes bibtico e
abidtico. Essas operagdes espaciais sao realizadas sobre os planos de informacgdes
que permitem observar a distribuicdo espacial dos problemas parasitolégicos,
epidemiolégicos e ambientais promovendo a integracdo dessas variaveis e
correlacionando informacgdes. Dentre os beneficios da utilizacdo dos SIGs na area
de saude, podemos citar: i) integrar e consolidar bases de dados sobre saude e
meio ambiente; ii) realizar analises espaciais para a interpretacao de hipéteses; iii)
representar fenébmenos epidemiolégicos e parasitolégicos por meio da semiologia
gréfica. Esses sistemas facilitam o entendimento de fatos e expressées geograficas

23



INTRODUCAO

bem como a avaliagcdo para tomada de decisdes nas acgdes politicas na saude
publica. Dados espaciais compreendem 3 componentes: localizagdo (posicdo no
espaco 1D, 2D, 3D....nD), ii) atributos (caracteristicas gerais ou especificas que
individualizam o atributo) e iii) instante ou periodo no tempo (quando ou por quanto
tempo a posicao ou determinado atributo € valido).

Utilizando-se esta espécie de dado como matéria prima a énfase da analise
espacial é mensurar propriedades e relacionamentos, levando em conta a
localizacdo espacial do fenbmeno em estudo de forma explicita (Camara et al.
2001).

Vale ressaltar, na questao espacial a importancia da compatibilizagdo dos
sistemas geodésico, sistemas de coordenadas e sistemas de projecao dos objetos
que formam a base de dados na constru¢do das ferramentas de SIG. A integracéo
de dados de diferentes fontes, gerados pelos mais diversos procedimentos, com o
objetivo de compor a base de dados de um projeto, traz consigo algumas
preocupacoes constantes dos usuarios de SIG. O procedimento por parte do usuario
€ analisar seus dados antes de coloca-los no universo digital (D’Alge, 2001).

E importante que a informagdo a respeito dos parametros da projecdo
cartografica e do datum planimétrico seja armazenada de forma explicita e usada
coerentemente quando necessario. Portanto, € importante o cuidado que o usuario
deve ter com relacao ao sistema de referéncia de seus dados.

Sistemas de Informacgédo Geografica (SIG) e Modelagem de Nichos Ecoldgicos
(MNE) foram utilizados para definir a distribuicdo de varias doencas incluindo a
Esquistossomiase (Bavia et al. 1999;. Malone et al. 2001; Scholte et al. 2012),
Maléria (Kiang et al. 2006), doenca de Chagas (Xavier et al 2007; Mischler et al.
2012) Leishmanioses (Bavia et al. 2005, Rossi et al. 2007, Gil et al. 2010) e vetores
(Lambert et al. 2008; Slimi et al. 2009; Barbu et al. 2010; Abad-Franch et al. 2010;
Santana et al. 2011). Essas tecnologias (SIG e MNE) podem auxiliar na definicdo da
distribuicao e previsao de risco de doenca de Chagas, por extrapolagao para outras
areas com semelhantes fatores ambientais e so6cio-econémico, além de mapas
preditivos para a alocacao de recursos pela vigilancia epidemiolégica e controle
(Mischler et al. 2012).

A analise espacial da distribuicdo geografica de Triatoma infestans revelou a

importante associagdo entre varidveis ambientais e a distribuicao de vetores de T.
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cruzi, assim como a deteccao das areas de risco de transmissao da doenca de
Chagas (Gorla, 2002). A utilizacdo dessa ferramenta também foi proposta na
identificacdo de areas de sobreposicao de mamiferos e triatomineos naturalmente
infectados por T. cruzi e na identificagcdo de areas de risco de doenca de Chagas no
municipio de Russas, Ceara (Coutinho et al. 2012). Estudos demonstram que a
modelagem espacial pode ser usada em estudos de prevaléncia e incidéncia, como
um método para definir as areas de alto, moderado ou baixo risco de doenca
(Mischler et al. 2012).

Roux e colaboradores (2011a) aplicaram a andlise exploratéria espacial para
identificacdo de padroes espaciais da presencga, abundancia e dispersao dos insetos
vetores da doenca de Chagas no municipio de lIraquara, Bahia. Este método
também foi proposto para analise de dados multi-variaveis e selecdo de possiveis
variaveis explicativas na modelagem espacial da dispersdo de Triatoma sordida e
Panstrongylus geniculatus, vetores da doenca de Chagas, no municipio de Iraquara,
Bahia (Roux et al. 2011b).

Interpolacao

O principio da interpolacdo espacial é a Primeira Lei da Geografia. Formulada
por Waldo Tobler, essa lei determina que tudo esteja relacionado com o resto, mas
coisas proximas sdao mais relacionadas que coisas distantes. A propriedade formal
que mede o grau no qual coisas préximas e distantes estdo relacionadas € a
autocorrelacdo espacial. A maioria dos métodos de interpolacdo aplica
autocorrelacao espacial dando a pontos de amostra proximos mais importancia que
aqueles mais distantes. O método de interpolacdo espacial consiste em estimar os
valores de uma variavel, em locais ndo amostrados, com base em observagdes em
locais conhecidos, utilizando-se um modelo da covariancia de uma funcao aleatéria
(Berke, 2004). Este método é amplamente utilizado na meteorologia, a fim de
interpolar valores de dados climaticos de estacdoes de observagado, e também tém
sido utilizados em epidemiologia espacial para modelar a distribuicdo de parasitas,
vetores e doencas, tais como /xodes scapularis que transmite a doenca de Lyme
(Nicholson e Mather, 1996), malaria (Kleinschmidt et al. 2000), Equinococose
alveolar (Pleydell et al. 2004), moscas tsé-tsé, que transmitem a tripanosomiase
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humana Africana (Sciarretta et al. 2005), Calicophoron daubneyi, o agente causador
da paramphistomosis em ruminantes (Biggeri et al. 2004), Oncomelania hupensins,
o caramujo hospedeiro intermediario do Schistosoma japonicum (Zhang et al. 2005),
bem como perfis de risco e previsdo espacial de co-infeccdo de Schistosoma
mansoni e ancilostomiase (Raso et al. 2006).

A utilizacdo de andlise exploratéria espacial e interpolagdo espacial em
analises espaciais de parasitoses e dados epidemiolégicos e ambientais se mostrou
satisfatéria para expressar a relagdo entre as condi¢cdes epidemiolégicas e
ambientais estudadas, além de evidenciar uma alta correlagdo entre as variaveis
analisadas, gerando mapas resultantes na representacdo da distribuicdo de
parasitoses (Nuvolone et al. 2011). Analise espacial utilizando mapas gerados por
interpolagdo permitiu identificar a distribuigdo das dreas endémicas de
esquistossomose, bem com a distribuicio da prevaléncia humana de
esquistossomose, distribuicdo de exemplares infectados e cursos d’aguas, refletindo
a situacdo atual das areas com maior ou menor risco na Provincia de Anhui, na
China (Gao et al. 2011).

Algebra de Mapas

Algebra de Mapas, introduzida na década de 1980 por Tomlin (1983, 1990),
consiste em realizar andlise espacial como a aplicagdo de uma fungdo matematica
aplicada a uma série de mapas (ou camadas), que representa a mesma area
geografica, cada um com o seu préprio atributo. As etapas da algebra de mapas séao
compostas por variaveis de entrada (camadas de mapas, representando atributos
especificos), expressées (Equacao 1) e funcdes, além de expressbes e funcdes
(Equacao 2), aplicadas a uma ou mais variaveis, podendo ainda ter parametros
adicionais. A resultante da algebra de mapas € uma nova variavel dependente que
pode ser usada em analises subsequentes, ou vista como uma camada de um novo

mapa (Bruns e Egenhofer, 1997).

camada0 <« (camadal + camada2) * camada3 (1)
camada0l « operacdes X (camadal, camada2, ..., camadaN, parametros) (2)
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A sintaxe das expressoes da algebra de mapa, e como sao construidas, varia
consideravelmente com a implementacdo. Embora os conceitos e funcionalidades
continuem as mesmas, as interfaces de usuario na algebra de Mapas mostram uma
grande diversidade (Bruns e Egenhofer, 1997).

Andlise espacial pela algebra de mapas permitiu identificar caracteristicas
ambientais associadas com Celastrus orbiculatus e demonstrar 0 uso desta
informacao para prever a ocorréncia de C. orbiculatus de uma ampla area no sul de
lllinois, EUA (Pande et al. 2006).

Método Fuzzy como nova ferramenta no diagnostico ambiental dos fatores de
risco de DCA

Serdo abordados aqui os principais conceitos envolvidos na técnica de
inferéncia fuzzy, como légica fuzzy, conjuntos fuzzy ou funcdo fuzzy, variaveis
lingUisticas e operadores fuzzy. Além das vantagens do modelo Fuzzy sobre o
Booleano e as diferencas entre os conceitos probabilidade e possibilidade.

As vantagens do modelamento fuzzy sdo inUmeras quando comparadas aos
modelamentos convencionais que forgam o0s especialistas a definir regras
dicotbmicas rigidas com contatos normalmente artificiais que diminuem a habilidade
de articular eficientemente solucdes para problemas complexos, tdo comuns em
processos naturais.

A metodologia classica de mapeamento determina um limite para representar
fronteira entre classes mapeadas, ndo havendo areas de transicdo nos mapas
booleanos (limites descontinuos). Porém, diversos fenbmenos apresentam areas de
transicdo (limites continuos) que deveriam ser representados de forma mais
significativa, como o mapeamento de fenémenos ambientais, bioldgicos, distribuicao
de areas de risco a transmissao de doencas, dispersao de vetores, definicao de
areas de peridomicilio, enfim variaveis que apresentem caracteristicas continuas.

Em mapas bidimensionais delimitados cartograficamente por poligonos,
alguns problemas ambientais podem ndo ser modelados realisticamente devido a
passagens abruptas entre os parametros mapeados. Na representacdo de
fenbmenos naturais como a distribuicdo de areas de risco a transmissao de doencas
ou a dispersdo de vetores, nem sempre é possivel obter a real distribuicdo se
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utilizada a forma booleana de representacdo, pois esses fendmenos estdo
distribuidos nao uniformemente, existindo variacbes em suas bordas ou limites.

Segundo Lagacherie et al. (1996), as variagdes nessas bordas sdao mais
representativas do que no interior do poligono de representacdo. As bordas nos
mapas estdo associadas a duvidas, inerentes ao objeto ou fenémeno identificado, e
as incertezas causadas por limitacdes de observacdes (Hadzilacos, 1996).

A visdo dicotébmica (booleana) de modelo é assumida pela maioria dos
Sistemas de Informacdo Geogréfica que consideram que fendmenos naturais podem
ser modelados por objetos discretos, tais como pontos, linhas e poligonos ou pixels,
0s quais tém atributos exatos. Essa visdo espacial de dados imprecisos para dados
rigidos introduz erros na representacdo dos processos de inferéncia espacial
(Altman, 1994).

A teoria de conjuntos fuzzy é baseada no fato de que os conjuntos existentes
no mundo real ndo possuem limites precisos. Um conjunto fuzzy é um agrupamento
impreciso e indefinido, no qual a transicdo de nao pertinéncia para pertinéncia é
gradual, ndo abrupta. A caracteristica fuzzy implica em existéncia de impreciséo,
incerteza, definicdes qualitativas. A teoria fuzzy de conjuntos prové um método para
manipulagdo de conjuntos, cujos limites sdo imprecisos ao invés de restritos. A
incerteza de um elemento, isto é, seu grau fracionario de pertinéncia, pode ser
concebido como uma medida de possibilidade, ou seja, a possibilidade de que um
elemento seja membro do conjunto. O conceito de possibilidade ndo é o mesmo que
o de probabilidade. A probabilidade expressa a chance de que um elemento seja
membro de um conjunto, sendo também expressa no intervalo numérico [0,1]. Desta
forma, a dicotomia da concepg¢ao classica, na qual um elemento x pertence ou nao
pertence a um conjunto € abandonada, cedendo lugar ao conceito de pertinéncia.

A introducdo dos conjuntos fuzzy para lidar com conceitos inexatos foi
primeiramente proposta por Zadeh (1965). A concepcao da légica fuzzy surgiu da
preocupacao de Zadeh com a rapida diminuicdo da qualidade da informacao
fornecida por modelos matematicos tradicionais, conforme aumenta a complexidade
do sistema que advém do modo no qual as variaveis do sistema sao representadas.

As primeiras aplicacoes da l6gica Fuzzy datam de 1974, sendo hoje aplicada
nas ciéncias ambientais, medicina, engenharia e em outras ciéncias.

Matematicamente essa logica, que também é conhecida como légica nebulosa ou
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l6gica difusa, tem como objetivo modelar, de modo aproximado, 0 raciocinio
humano, manipulando informacdées em um ambiente de incerteza e imprecisao,
fornecendo respostas aproximadas baseadas em conhecimento inexato. Assim, sua
utilizacédo é indicada sempre que se tiver que lidar com ambiglidade, abstracao ou
ambivaléncia em modelos matematicos (Anjos, 2008).

Formalmente um conjunto fuzzy A é descrito por Zadeh (1965) como sendo:

A={(x,pa(x); xeU, pa(x) €[0,1])

onde L4 (x) € uma funcdo de pertinéncia que determina com que grau x estd em A,

ou seja:

Ha (X) = 1 x pertence totalmente ao conjunto A;
0 < pa (X) <1 x pertence parcialmente ao conjunto A;
Ha (X) = 0 x n&o pertence ao conjunto A.

U denota um espaco definido de n objetos e o conjunto nebuloso A em U; pa
(x) é a fungéo de pertinéncia conhecida como grade de associagao de x em A, isto é,
uma graduagao do membro x em A, que associa cada ponto de U a um numero real
no intervalo [0,1] (Zadeh, 1965).

Nessa associagao, o valor 1 representa 0 enquadramento perfeito ao conjunto
difuso e 0 corresponde ao membro que nao pertence ao conjunto, por conseguinte,
os valores entre 0 e 1 representam um enquadramento ao conjunto, poréem esse
enquadramento nao é totalmente perfeito. O valor da funcao de pertinéncia pa (x) de
um objeto x em A significa dizer o grau de compatibilidade de um parametro
(variavel) relacionado ao conjunto A e ao objeto x, ou seja, pa (x) avalia o quanto x
pode pertencer ao conjunto A (Amendola et al. 2005; Anjos, 2008).

Para que essa relacado seja estabelecida é necessario que haja uma fungao
de pertinéncia relacionando os conjuntos. Esta funcao € o componente crucial de um
conjunto fuzzy e muitas operagdes sdo definidas em conformidade com a mesma
(Zadeh, 1965 apud Anjos, 2008).

A logica fuzzy esta contida na categoria de analises algébricas de mapas nao

cumulativas ou analises lbgicas, junto com a simultaneidade booleana e a
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probabilidade bayesiana (Paula e Souza, 2007). Os produtos gerados por essa
categoria de analise sdo mapas integrados (como os mapas gerados através do
ajustamento de uma superficie por interpolacdo espacial), ao invés de mapas
fundidos gerados pela algebra de mapas cumulativos.

Conforme Katinsky (1994), a logica fuzzy pode ser definida como a parte da
l6gica matematica dedicada aos principios formais do raciocinio incerto ou
aproximado, portanto mais préxima do pensamento humano e da linguagem natural.

Silva (2001) refere-se aos componentes naturais, onde os limites entre
superficies continuas nado ocorrem bruscamente na grande maioria das vezes.
Percebe-se uma gradual passagem de uma caracteristica para a outra, criando-se
areas ambiguas.

Segundo a modelagem booleana (abruptas) e fuzzy (graduais) as incertezas
nos valores dos atributos dos mapas causam erros nos resultados das inferéncias
espaciais efetuadas. Os métodos booleanos estdo muito mais sujeitos a propagacao
de erros do que os equivalentes fuzzy, e a utilizacao da técnica fuzzy pode reduzir a
propagacdao de erros por meio de modelos légicos, fornecendo cenarios mais
confiaveis (Burrough e Heuvelink, 1992). A figura 6 ilustra a diferenca existente no

que se refere a fronteira entre a légica Booleana e a logica fuzzy.

Limites entre fronteiras

I
(B)

Figura 6. Diferenca entre a Fronteira Fuzzy (A) e Booleana (B). Modificado de
Burrough & McDonnell apud Ruhoff (2004).

Limites entre fronteiras

I
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A inferéncia geogréfica fuzzy apresenta uma grade de valores relativos, que
supera tecnicamente o processo de interseccdo de conjuntos espaciais, como
operacdes booleanas de mesma ordem de grandeza. A grande vantagem reside na
possibilidade de avaliar o espaco geografico continuamente, e nao através de limites
rigidos, como em conjuntos de dados estaticos. Tal processo cria uma superficie de
decisao, que representa uma variacao da grandeza avaliada, como a vulnerabilidade
ambiental, oferecendo uma flexibilidade muito maior sobre problemas espaciais
(Ruhoff et al. 2005).

Funcgées de Pertinéncia

Um conjunto fuzzy é caracterizado por uma fungdo de pertinéncia que
assume valores dentro do intervalo [0,1]. Um conjunto fuzzy é dito normal quando ao
menos um dos elementos tem pertinéncia completa ao conjunto e uma variavel fuzzy
€ convexa se ela for convexa para todos os niveis de pertinéncia (Garcia et al.
2009). Enquanto na teoria de conjuntos classica a fungdo de pertinéncia assume
apenas os valores zero, indicando que o elemento ndo pertence ao conjunto, ou um,
indicando que o elemento pertence ao conjunto, na teoria de conjuntos fuzzy os
elementos podem estar associados a graus de pertinéncia entre zero e um indicando
que os mesmos podem pertencer parcialmente a um conjunto.

Seja U um conjunto universo nao vazio (U # @). Um conjunto fuzzy Aem U é

caracterizado por sua funcao de pertinéncia:
Ha U —[0,1]

X —Ma (X)

sendo ua (x) interpretado como o grau de pertinéncia do elemento x no conjunto
fuzzy A para cada x € U (Zadeh,1965).

Como qualquer fungao da forma s :U — [0,1] pode ser associada a um
conjunto fuzzy, a literatura ja dispoe de familias de funcdes de pertinéncia que séao
geralmente utilizadas, como as funcbes lineares (triangulares e trapezoidais),
sigmoidais e gaussianas (Pedricz e Gomide, 1998 apud Anjos, 2008). Os formatos
mais comumente utilizados para funcbes de pertinéncia sdo os triangulares,

trapezoidais e gaussianos. Todas essas fungdes de pertinéncia apresentam
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parametros ou pontos de controle que melhor modelam o que se pretende
representar em qualquer das variacoes existentes para cada uma das funcdes
apresentadas (Amendola et al. 2005; Anjos, 2008). Por esta razdo, nesta tese,
apenas estes formatos serao descritos.

As funcbes de pertinéncia lineares, nas quais se enquadram funcdes
triangulares e trapezoidais, sdo as mais simples de serem implementadas, sendo
assim amplamente utilizadas (Eastman, 2001).

Segundo Benini (2007), em sistemas fuzzy cujos parametros podem ser
completamente definidos por especialistas a escolha de fungdes triangulares e
trapezoidais € mais comum, pois a idéia de se definir regides de pertinéncia total,
média e nula é mais intuitiva do que a especificacdo do valor médio e de dispersao,
conceitos esses ligados as fun¢des gaussianas.

A principio, qualquer fung&o que associe valores entre zero e um a elementos
de um dado conjunto, pode ser tomada como funcao de pertinéncia. Entretanto, na
escolha de tais fungdes, deve-se levar em conta o contexto em que estas seréao
utilizadas na representacao das variaveis linguisticas. Neste sentido, tanto o niumero
qguanto o formato das fun¢des de pertinéncia devem ser escolhidos de acordo com o
conhecimento sobre o processo que se quer estudar (Amendola et al. 2005).

Funcgées de pertinéncia triangulares

As funcgdes de pertinéncia triangulares sao caracterizadas por um terno (a, b,
c), onde a e ¢ determinam o intervalo dentro do qual a funcao de pertinéncia assume
valores diferentes de zero e b é o ponto onde a funcao de pertinéncia € maxima
(Amendola et al. 2005; Anjos, 2008). A Figura 7 exibe uma funcédo de pertinéncia
triangular onde sao destacados a, b e c. Nesta figura encontram-se no eixo vertical
os valores da funcao de pertinéncia e no eixo horizontal os valores da variavel que

se quer estudar.

Fungdes triangulares: f(x;a,b,c) = max[min(z_a , C_zj,oj, onde a, be csao

parametros que definem os pontos de inflexdo da curva.
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Figura 7. Funcao de Pertinéncia Triangular.
Funcées de pertinéncia trapezoidal

As funcoes de pertinéncia trapezoidais sao caracterizadas por um conjunto de
quatro valores a, b, ¢ e d, onde a e d determinam o intervalo dentro do qual a funcéo
de pertinéncia assume valores diferentes de zero e b e ¢ determinam o intervalo
dentro do qual a funcéo de pertinéncia € maxima e igual a 1 (Amendola et al. 2005;
Anjos, 2008). A Figura 8 exibe uma fungao de pertinéncia trapezoidal onde sao
destacados os pontos a, b, ¢ e d. Na Figura 8 encontram-se no eixo vertical os
valores da fung&o de pertinéncia e no eixo horizontal os valores da variavel que se

quer estudar.

Funcdes trapezoidais: f(x;a,b,c,d) = max(min(z;a,l, d-x

—-a d-c

j,oj, onde a, b, ce dsao

parametros que definem os pontos de inflexdo da curva.

Ho &

Figura 8. Funcao de Pertinéncia Trapezoidal.
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Fungbes de pertinéncia Gaussianas

As fungdes de pertinéncia Gaussianas sao caracterizadas pela sua média p e
seu desvio padrao o. Este tipo de funcdo de pertinéncia tem um decaimento suave
para todo dominio da variavel estudada. A figura 9 exibe uma funcéo de pertinéncia
Gaussiana (Amendola et al. 2005; Anjos, 2008). Nesta figura encontram-se no eixo
vertical os valores da funcao de pertinéncia e no eixo horizontal os valores da

variavel que se quer estudar.

Ua (x) = exp {-1/2 (x - c/0)?}

4
Figura 9. Funcao de pertinéncia Gaussiana.

Operacées com Conjuntos Fuzzy

Como na lbgica classica dos conjuntos, o processamento de informacoes
fuzzy também consiste de operagcdes realizadas sobre 0s seus conjuntos. As
operacdes basicas de unido, interseccao e complemento sdo definidas por Zadeh
(1965) como:

Sejam A e B dois conjuntos fuzzy definidos em um universo de discurso U
com fungdes de pertinéncia pa (X) e U (X) , respectivamente.

A uniao entre os conjuntos A e B é dada pelo valor maximo entre pa (x) € Us

(x), Vx €U, formalmente:

Ly ()= 1, (X) U g1, (x) = max(,(x), 1, (x)) , VxeU
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i L3 X n X e

(a) (b)

Figura 10. (a) Diagrama dos conjuntos A e B (b) Diagrama do conjunto uniao
AJB.

A interseccao entre os conjuntos A e B é dada pelo valor minimo entre pa (X)

e g (x), Vx € U, formalmente:

Hoymp (X) = 1, (X) Oty (x) =min(u, (x), 15(x)), VxeU

s HanE

2 £ X n X3 ¥

(a) (b)

Figura 11. (a) Diagrama dos conjuntos A e B (b) Diagrama do conjunto
interseccao A~B.

O complemento do conjunto A é dado pela subtracdo de pa (x) do valor

unitario 1 para todo x € U , formalmente:

p(x)=1-p,(x), VxeU
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Hoa Kz

1 X X A’:; J-’ X
(a) (b)
Figura 12. (a) Diagrama do conjunto A (b) Diagrama do conjunto complementar
de A ( A).

Variaveis Lingdisticas

As variaveis linglisticas sao variaveis expressas qualitativamente, ou seja,
sao variaveis cujos valores sao fornecidos ao sistema através de palavras ou frases,
ao invés de numeros. Cada variavel linguistica (X) possui um conjunto de termos
fuzzy associados a ela, sendo esses termos determinados pelo conjunto de valores
que a variavel pode assumir (Anjos, 2008). Como exemplo, a variavel risco de
transmissao de T. cruzi pode ter o conjunto de termos T(X) = {baixo, médio, alto} que
fornecem conceitos qualitativos a variavel. Quantitativamente esses valores sao
expressos através de uma fungcdo de pertinéncia que os associam ao universo de

discurso U = [Rmin,Rmax].

: . ) Variavel linguistica (X)
Risco de transmissao de T. cruzi

Baixo ‘/Mé(lj'o\kﬂ

Conjunto de termos T(X)

0.6 0.8 1.0 Pertinéncia

1.0 0.8

0o

1.0
/ . 8\
1.0 O 0.8 4
/ 0.4 0.6 \ 10
/ \/ \
0.1 10 20 30 40 50 60 70 80 90 100 universo de discurso Uy

Figura 13. Variavel lingiistica risco de transmissao de Trypamosoma cruzi.
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A Figura 13 apresenta a variavel linguistica com rétulo X = risco de
transmissdo de T. cruzi, com os conjuntos de termos T(X) = {baixa, média, alta} e um
universo de discurso arbitrado U = [0.1%, 100%]. Assim, cada um dos valores

pertencentes ao universo de discurso pode ser escrito como:
M(baixa) = {(x,W baixa(x))l X € [0.1%; 40%]}

M(média) = {(X,l media(X))| X € [20%; 70%]}

M(alta) = {(x,1 ara(x)) | X € [50%;100%]}

A Figura 14 ilustra trés possiveis funcées de pertinéncia para a variavel
linglistica com rétulo X = “risco de transmissao de T. cruz’, cada uma referente a
um termo linglistico do conjunto T(X) = {baixo, médio, alto}, sendo duas

retangulares (baixa e alta) e uma triangular (média).

Heg (x) _ _
Barza  Meédia Alta

TN N
NERVAV
il A LA

B EAWA
0.0 / \/ \

0.0 20 50 100 110

Figura 14. Funcées de pertinéncia associadas a variavel linglistica risco de
transmissao de T. cruzi.

Por meio dessas funcgdes, qualquer valor pertencente ao universo de discurso
U pode ser escrito, por um anico valor de pertinéncia relacionado a cada uma delas,

como demonstrado para o valor de 60% de risco de transmissao:

IJ.baixo (60) = 00
Hmédio (60) =0.8
IJ.alto (60) = 02
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Assim, a fuzzificagdo da medida 60%, ou seja, a conversdao em valores

compreensiveis para fuzzy é dada por:

60% = 0.0* "baixa" + 0.8 * "média" + 0. 2 * "alta"

Regras Fuzzy

Baseado nas variaveis linglisticas, um processo de inferéncia fuzzy permite
elaborar sistemas através de um conjunto de regras fuzzy composto por proposicdes
condicionais (Anjos, 2008). As regras fuzzy descrevem situacoes especificas que
podem ser submetidas a andlise de especialistas cuja inferéncia conduz a algum
resultado desejado. Cada regra fuzzy, da mesma forma que uma afirmacgéao classica,
€ composta por uma parte antecedente ou premissa, proposicées das quais saimos,
e uma parte consequente ou de conclusao, proposicao final a qual chegamos como
consequéncia das relacées expressas nos antecedentes (Ortega, 2001 apud Anjos,
2008). Diferentemente da teoria classica dos conjuntos as regras que envolvem as
variaveis de entrada associadas a um conjunto fuzzy podem ser parcialmente
satisfeitas.

Segundo Benini (2007), uma inferéncia baseada em regras fuzzy pode ser
compreendida como uma funcéo que mapeia um conjunto de uma ou mais variaveis
de entrada associadas a um conjunto fuzzy para uma ou mais variaveis de saida,
também associadas a um conjunto fuzzy, de um dado sistema.

Uma proposicao fuzzy pode ser simples ou composta, dependendo do
comportamento da parte antecedente da regra, ou seja, quando a parte antecedente
do tipo x é A a proposicao é considerada simples porém quando € formada pela

composicao de proposi¢cdes simples com os conectivos “e”, “ou” e “nao”, como por
exemplo x € A ou x é B, é uma proposicao considerada composta (Anjos, 2008).
Assim, podem ser consideradas como exemplos de regras fuzzy, respectivamente

simples e compostas, as regras:

R1 —-Se xe Aentéo f(x) € U:.

R2 - Se xe Aou x e Bentao f(x) € U-.
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Sistemas de Inferéncia Fuzzy

Os sistemas de inferéncia fuzzy sao sistemas que mapeiam as entradas
advindas de um conjunto de dados resultante de medigdes ou observacdes
experimentais em saidas y = f (x), onde x é a entrada, y a saida do sistema de
inferéncia fuzzy e fuma representagdo quantitativa do mapeamento (Benini, 2007).

Um sistema de inferéncia fuzzy possui quatro componentes principais (Figura
15) (Amendola et al. 2005; Anjos, 2008):

v Fuzzificador, que modela matematicamente as informagdes das variaveis de
entrada por meio de conjuntos fuzzy. E neste médulo que se mostra a grande
importancia do especialista no processo a ser analisado, pois a cada variavel
de entrada devem ser atribuidos termos linguisticos que representem o
estado desta varidvel e a cada termo linguistico deve ser associado uma
funcdo de pertinéncia;

v’ Base de regras, constituida por uma base de regras, que pode ser
considerada o nucleo do sistema, onde estdo as declaragdes linguisticas do
tipo “se...entdo” e uma base de dados composta pelas variaveis linguisticas,
as definicbes dos respectivos universos de discursos e suas fungdes de
pertinéncia.

v' Método de inferéncia, no qual se define quais sdo 0s conectivos l6gicos
usados para estabelecer a relagdo fuzzy que modela a base de regras. E
deste método que depende o sucesso do sistema ja que ele fornecera a saida
fuzzy a partir de cada entrada fuzzy;

v Defuzzificador, converte a saida fuzzy para um valor numérico.

Existem, basicamente, dois tipos de sistemas de inferéncia fuzzy que podem
ser implementados na légica fuzzy: o tipo Mamdani e o tipo Takagi-Sugeno. Estes
dois tipos variam no modo em que as saidas sdo determinadas. A estrutura dos
modelos Takagi-Sugeno é intrinsecamente adequada para a representacao de sistemas
dindmicos complexos, largamente utilizado em engenharia de controle fuzzy. O sistema
Mamdani combina os graus de pertinéncia referentes a cada um dos valores de
entrada, através do operador minimo e agrega as regras através do operador
maximo, com aplicagdo em sistemas especialistas na tomada de decisdo (Amendola
et al. 2005).
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Figura 15. Estrutura geral dos sistemas de inferéncia Fuzzy

Defuzzificagdo

Tanto os modelos linglisticos tipo Mamdani quanto o tipo Takagi-Sugeno
fornecem como saida para o sistema um conjunto fuzzy. Em algumas situacdes os
resultados podem ser analisados como conjuntos fuzzy, porém muitas vezes é
necessario que essas saidas sejam apresentadas de forma numérica. Esse objetivo
€ alcancado pela defuzzificagdo do sistema, que consiste na determinacdo de um
valor de estimacao nao fuzzy. Existem muitas técnicas de realizacdo desse processo
e entre as mais utilizadas estdo o método da média dos maximos, o0 método do
centro de area (centréide) e o método das alturas (Amendola et al. 2005; Anjos,
2008; Vasconcelos et al. 2010).

O método das médias dos maximos calcula a média de todos os valores de
saida que tenham os maiores graus de pertinéncia. Esse método fornece como
resultado o ponto médio do intervalo que contém o maior grau de pertinéncia (Figura
16).

A

L

Yo y
Figura 16. Método de defuzzificacao médias dos maximos, Ortega, 2001apud
Anjos, 2008.

40



INTRODUCAO

O método do Centro de Area é a técnica de defuzzificagdo mais comumente
utilizada (Ortega, 2001apud Anjos, 2008; Vasconcelos et al. 2010) e pode ser
compreendida como uma média ponderada onde pa (x) funciona como o peso do
valor x. A figura 17 exemplifica o resultado obtido com o método de defuzzificacdo

do Centro de Area.

T

Figura 17. Método de defuzzificacdo Centro de Area, Ortega, 2001apud Anjos,
2008.

O método das alturas pode ser entendido como uma aproximag¢ao do método
do Centro de Area e é realizado em duas etapas distintas. A primeira etapa converte
a funcdo de pertinéncia utilizada e os conseqlientes das regras para a teoria
classica, obtendo o centro de gravidade respectivo, e posteriormente aplica a
defuzzificacdo do centrdide para as regras com o0s conseqlentes classicos, o que
facilita os calculos e reduz o custo computacional (Anjos, 2008). A Figura 18 ilustra

um exemplo desse método de defuzzificagao.
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Figura 18. Método de defuzzificacao método das alturas, Ortega, 2001apud
Anjos, 2008.
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OBJETIVOS

Objetivo Geral

Desenvolver e validar um modelo de avaliacdo de variaveis ambientais
relacionadas com a distribuicdo espacial do Trypanosoma cruzi e suas DTUs e
com o risco de ocorréncia de surtos de doenca de Chagas aguda (DCA) para

Amazonia.

Objetivos especificos

I.  Diagnosticar e mapear a distribuicdo do Z3 de T. cruzi (DTUs Tclll e TclV) extra

Amazénia;
[l.  Estimar e comparar a prevaléncia da infec¢ao natural por T. cruzi em mamiferos
silvestres, sinantrépicos e domésticos em uma area de casos recorrentes de

DCA, através de exames soroldgicos e parasitologicos;

[ll.  Avaliar o impacto da perda da diversidade de espécies de pequenos mamifefos

sobre o ciclo silvestre de transmissao de T. cruzi;

IV. Validar o uso de cdes como sentinela do ciclo de transmissao de T. cruzi em area

de ocupacédo humana;

V.  Construir mapas fuzzy que indiguem uma superficie de decisdo para classificar

em areas de maior ou menor risco de transmissao por T. cruzi.
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RESULTADOS

Resultados
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Artigo 1. The ecology of the Trypanosoma cruzi transmission cycle: Dispersion
of zymodeme 3 (Z3) in wild hosts from Brazilian biomes

Cristiane Varella Lisboa, Samanta Cristina das Chagas Xavier, Heitor Miraglia

Herrera, Ana Maria Jansen

Publicado na Veterinary Parasitology (2009) 165 19-24.
doi:10.1016/j.vetpar.2009.07.002:

Neste artigo focamos em mapear a distribuicdo das DTUs Tclll e TclV do
Trypanosoma cruzi em diferentes biomas brasileiros e hospedeiros com objetivo de

conhecer sua distribuicdo geografica e identificar em quais hospedeiros estao
circulando. W
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Two main genotypes in Trypanosoma cruzi subpopulations can be distinguished by PCR
amplification of sequences from the mini-exon gene non-transcribed spacer, respectively,
T. cruzi 1 (TCI) and T. cruzi Il (TCII). This technique is also capable of distinguishing a third
assemblage of subpopulations that do not fit in these genotypes and that remain known as
zymodeme Z3 (Z3). The distribution pattern as well as the mammalian host range of this
latter T. cruzi sublineage still remains unclear. Thus, the intention of our study was to
increase the information regarding these aspects. The mini-exon analysis of T. cruzi
isolates obtained from sylvatic animals in the Amazon Forest, Atlantic Rainforest, Caatinga
and Pantanal showed that prevalence of the Z3 subpopulation in nature was low (15 out of
225 isolates, corresponding to 7%). A higher prevalence of Z3 was observed in the Caatinga
(15%) and the Pantanal (12%). Infection by Z3 was observed in mammalian hosts included
in Carnivora, Chiroptera, Didelphimorphia, Rodentia and Xernathra. The T. cruzi Z3
subpopulation was observed also in mixed infections (33%) with TCI (n=2) and TCII
(n =3). These results demonstrate that T. cruzi Z3 displays a wider distribution and host
range than formerly understood as it has been demonstrated to be able infect species
included in five orders of mammalian host species dispersed through all forest strata of the
four Brazilian biomes evaluated.

Keywords:

Trypanosoma cruzi

TCI, TCII and Z3 subpopulation
Wild hosts

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Trypanosoma cruzi, a taxon composed by clonal sub-
populations, infects hundreds of mammalian host species
included in eight mammalian orders (Artiodactyla, Carni-
vora, Chiroptera, Didelphimorphia, Perissodactyla, Pri-
mates, Rodentia and Xenarthra). Also, this eclectic
parasite is able to infect almost all tissues of its hosts
and to establish transmission cycles in the wild that may or
not overlap even if a same forest fragment or forest strata is
considered (Pinho et al., 2000; Lisboa et al., 2006). Since the
time of the description of T. cruzi and Chagas disease, many

* Corresponding author. Tel.: +55 21 2598 4324; fax: +55 21 2560 6572.
E-mail address: jansen@ioc.fiocruz.br (A.M. Jansen).

0304-4017/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
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studies have been trying to correlate the distinct sub-
populations of the parasite with mammalian or insect
hosts species, human disease outcome and/or geographical
distribution, but, until now, these questions still remain
open. The seminal biochemical studies based on the
electrophoretic profile of isozymes have defined three
zymodemes for T. cruzi. In Brazil, Z1 and Z2 were
associated, respectively, with the sylvatic and the domestic
transmission cycles. The third group, zymodeme Z3, was
described as being predominant in the Amazon region
(Miles et al., 1978, 1981). Zymodeme Z1 and Z2 were later
recognized as corresponding to two phylogenetic geno-
types, respectively, T. cruzi | (TCI) and T. cruzi II (TCII) by
PCR amplification of sequences from the mini-exon gene
non-transcribed spacer (Souto et al., 1996). Afterwards
analyses based on RADP and MLEE showed that the TCII
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genotype presents a high genetic diversity and should be
divided into five robust branches (Ila-Ile). However, by
DNA sequence analysis, the TCI genotype consists of a
single relatively homogeneous clade, whereas TCII
emerges as two or three distinct phylogenetic clades
(equivalent to Ila-IIc), with two hybrid lineages (IId, Ile)
that have haplotypes split across the IIb and IIc clades
(Brisse et al., 2000).

The genetic position of the third assemblage remained
as Z3 (Miles et al, 1978) and is still under debate
(Anonymous, 1999). Thus this zymodeme was already
recognized as an independent genotype (TCIII) (de Freitas
et al., 2006; Pedroso et al., 2007) in contrast to others that
considered Z3 isolates as included in the TCI genotype
(Miles et al., 1981; Fernandes et al., 1998a; Kawashita et al.,
2001; Santos et al., 2002) or close to TCII genotype (Ila and
IIc) (Brisse et al., 2000; Machado and Ayala, 2001; AraGjo
et al., 2002).

Here, the PCR amplification of the mini-exon gene non-
transcribed spacer was employed for the characterization
of isolates of T. cruzi derived from wild hosts focusing the
distribution of Z3.

Previous studies showed that T. cruzi subpopulations
are not equally distributed in nature. Genotype TCI
displays the wider distribution and was detected in wild
and synanthropic mammals in all biomes and in all
countries of the occurrence of the parasite. The TCI
genotype is also involved in human infection from the
Amazon region northwards. In the southern cone countries
T. cruzi 1 is described as associated with the sylvatic
transmission cycle while TCII is considered to be associated
to human cases of Chagas disease, with intradomiciliar
transmission. Reports on TCII infected wild mammals are
less numerous, however, this genotype also displays a
significant wild mammalian host range in spite of being
transmitted in more confined but also widely distributed
transmission cycles (Briones et al., 1999; Pung et al., 1998;
Pinho et al., 2000; Lisboa et al., 2004; Herrera et al., 2005,
2008).

Concerning the distribution and ecology of the T. cruzi
Z3 sublineage, the data are scarce. This genotype has been
associated mainly with armadillos and, in Brazil, to the
Amazon basin area (Miles et al, 1981). The recently
described two sub clusters in Z3 isolates (Z3-A and Z3-B)
of the Brazilian Amazon indicate how much remains to be
clarified concerning this T. cruzi group (Mendonca et al.,
2002). The presence of Z3 in areas other than the Amazon
basin was reported for the first time in Triatoma
brasiliensis captured in Caatinga and in Triatoma vitticeps

Table 1
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collected in the Atlantic Rainforest (Xavier et al., 2007;
Santos-Mallet et al., 2008). Besides this triatomine species
also Rhodnius prolixus, R. brethesi, T. infestans and
Panstrongylus geniculatus were found infected with
zymodeme 3 (Z3) T. cruzi, Dasypus novencinctus and
Monodelphis brevicaudata were described as hosts in the
Brazilian Amazon Basin. In other countries such as
Colombia Z3 was observed in Proechimys semispinosus,
Dasypus sp. in addition to the synantropic marsupial
Didelphis marsupialis. These findings led authors to
propose an association of Z3 with terrestrial and
burrowing mammals (Miles et al., 1981; Pdvoa et al.,
1984; Valente et al., 2009; Gaunt and Miles, 2000; Cuervo
et al.,, 2002; Santos et al., 2002). In addition to wild
mammals Z3 was also described infecting domestic dogs
in Argentina (Cardinal et al., 2008).

Studies including a representative sample of hosts and
habitats in order to recognize the distribution of Z3 in the
wild are missing. Thus, here the main purpose was to
contribute with the knowledge of wild hosts and the
distribution of the T. cruzi subpopulation Z3 in Brazilian
biomes.

The data presented combine results obtained over the
last years combined with new results obtained more
recently in our lab.

2. Materials and methods
2.1. Examined mammals

A total of 2292 specimens of sylvatic mammals
included in six orders (Artiodactyla, Carnivora, Chiroptera,
Didelphimorphia, Rodentia, Xernathra) and one triatomine
family (Reduviidae) were sampled between 1995 and 2007
in four geographic biomes: Amazon Forest, Atlantic
Rainforest, Caatinga and Pantanal (Table 1).

Wild mammals were non-injuriously captured in the
field in different primary and secondary forest fragments
with Sherman and Tomahawk traps baited with a universal
mixture or with bananas in the specific case of tamarins
and marmosets. Bats and armadillos were captured with a
special net and singular trap, respectively. Captive
primates were captured in cages with appropriate nets.
All animals were anesthetized with ketamine hydrochlor-
ide (Ketalar™ - Parke - Davis, New Jersey, USA) or
tiletamine and zolazepan hydrochloride) (Zoletil 50 -
Virbac, Sdo Paulo, Brazil) for blood collection. Triatomines
were collected in peridomicile and domiciles in Atlantic
Rainforest and Caatinga.

Trypanosoma cruzi in wild hosts from Brazilian biomes: number of examined specimens in each biome between 1995 and 2007.

Biome Host orders (number of species) Examined hosts

Amazon Forest Chiroptera (7), Didelphimorphia (15), Rodentia (41), Primates (99) and Xernathra (1). 163

Atlantic Rainforest Carnivora (1), Chiroptera (6), Didelphimorphia (200), Rodentia (133), Primates (850), 1209
Xernathra (3) and Hemiptera® (16)

Caatinga Didelphimorphia (55), Rodentia (310), Xernathra (3) and Hemiptera® (3) 371

Pantanal Artiodactyla (30), Carnivora (72), Chiroptera (41), Didelphimorphia (70), 549
Rodentia (305) and Xernathra (31)

Total 8 2292

2 Insecta (Family Reduviidae).
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All animal captures were in accordance with the
licenses obtained from the Brazilian Government Institute
for Wildlife and Natural Resources Care (IBAMA). Bio-
security techniques and individual safety equipment were
used in all procedures involving animals and biological
samples (CEUA/FIOCRUZ N° L-017/05).

2.2. Trypanosoma isolates

Two blood smears from each animal were Giemsa-
stained and examined for patent parasitemia.

Approximately 0.3 ml of whole blood obtained by
femoral or cardiac puncture (in the case of bats and rodents)
from each mammal under anesthesia was placed on NNN
medium (Novy, McNeal and Nicolle), covered with an
overlay of LIT (liver infusion tryptose) containing 10% fetal
calf serum and 140 pg/ml of gentamycin sulfate. Isolations
were originally carried out for 1 cycle in NNN/LIT
hemocultures and cryopreserved upon reaching a concen-
tration of 10° parasites/ml overlay until use for this study.

2.3. Molecular characterization of Trypanosoma cruzi
genotypes

Epimastigote forms collected from cultures at the end of
the log phase were centrifuged at 4000 x g. Parasites were
washed three times with PBS, resuspended in 1 ml TE
(10mM Tris-HCl, pH 8.0/10 mM EDTA, pH 8.0) and
incubated at 56 °C for 2 h with 100 g/ml of proteinase K
and 0.5% SDS (sodium dodecyl sulfate). The DNA of the lysed
cells was extracted with phenol: chloroform (1:1) and
precipitated after the addition of sodium acetate and
ethanol (Sambrook et al., 1989). Differential amplification
of part of the non-transcribed spacer of the mini-exon gene
could be achieved using a pool of five oligonucleotides for
the PCR. Three oligonucleotides derived from a hypervari-
able spot of the min-exon repeat: TCI: 5'ACACT-
TTCTGTGGCGCTGATCG3’; TCIl: 5'TTGCTCGCACACTCGGC-
TGCA T3’ and Z3: 5'CCGCGWACAACCCCTMATAAAAATG3'
and an oligonucleotide from a specific region of the T. rangeli
non-transcribed spacer (TR: 5'CCTATTGTGATCCCCA-
TCTTCG3') were used as upstream primers. A common
downstream oligonucleotide, corresponding to sequences
present in the most conserved region of the mini-exon gene
(ME: 5'TACCAATATAGTACAGAAACTG3’) was used as the
opposing primer in the multiplex reaction. The PCR
conditions used in this study were described elsewhere
(Fernandes et al., 2001). The amplification products were
analyzed by 2% agarose gel electrophoresis, followed by
ethidium bromide staining and UV visualization. Four
reference strains were used as controls: F (T. cruzi I), Y (T.
cruzi 1), Rb Ill isolated from R. brethesi (T. cruzi isolate in the
Amazon region typed as Z3) and San Augustin (T. rangeli).

3. Results

The results revealed three main features concerning the
dispersion and host range of Zymodeme 3 (Z3) in nature:

(i) The low number of isolates of this lineage obtained
from free ranging wild hosts in comparison to TCI and
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Table 2
Trypanosoma cruzi in wild hosts from Brazilian biomes: infection by
Zymodeme Z3 in each biome between 1995 and 2007.

Brazilian biome Trypanosoma

cruzi/examined host

23/163 (13%)
113/1209 (9%)

Z3 isolates/Trypanosoma
cruzi isolates®

1/23 (5%)

2/113 (2%)

Amazon Forest
Atlantic Rainforest

Caatinga 40/371 (11%) 6/40 (15%)
Pantanal 48/549 (9%) 6/48 (12%)
Total 224/2292 (10%) 15/224 (7%)

¢ Only hemoculture was used as diagnostic method.

TCII: in fact, only 7% (15 out 225 isolates) typed by
mini-exon analysis were characterized as Z3 (Table 2).

(ii) Its broad dispersion throughout the Brazilian biomes
as demonstrated by the observation of Z3 infecting
hosts in the Amazon basin Forest, Atlantic Rainforest,
Caatinga and Pantanal, independent of local mamma-
lian and vectorial fauna composition; with a higher
prevalence observed in the semi-arid Caatinga (15%)
and Pantanal region (12%), two very different ecogeo-
graphic biomes (Table 2).

(iii) The broad range of mammalian hosts that this lineage
may infect in single or mixed infection with TCI and
TCII. Indeed, despite the low isolation rate of Z3 from
free ranging hosts, it was observed that this sub-
population infects an expressive number of host
species included in Carnivora, Chiroptera, Didelphi-
morphia, Marsupialia, Rodentia and Xernathra
(Table 3).

In the Caatinga, Z3 was found infecting armadillo (D.
novencinctus) and a caviomorph rodent (Thrichomys
laurentius) while in the Pantanal armadillo (Euphractus
sexancictus), bats (Phyllostomus hastatus, Artibeus jamai-
censis) and coatis (Nasua nasua) were found infected by this
genetic lineage. In the Amazon forest Z3 was observed
infecting one armadillo (D. novencinctus). In the Atlantic
Rainforest, where a higher diversity of mammalian hosts
species were examined, Z3 was found infecting only one
opossum (Didelphis aurita) and one carnivore, the grison
(Galictis vitatta) (Table 3).

Zymodeme 3 demonstrated to occur in nature in single
(10/15) or mixed infections (5/15) with TCI (2/5) or TCII (3/
5). A higher prevalence of single Z3 infection was observed
in the Caatinga (5/6), while in the Pantanal we noticed a
higher number of mixed infections (3/6) (Table 3). Mixed
infections were more usual in animals with eclectic
alimentary habits such as bats (Chiroptera), coatis, grison
and caviomorph rodents (Rodentia) (Table 3).

Regarding infection in vectors, Zymodeme 3 T. cruzi was
recognized in all three exemplars of T. brasiliensis collected
in the Caatinga peridomicile and domicile areas, while no
Z3 could be identified in the exemplars collected in the
Atlantic Rainforest (Table 4).

4. Discussion
Here, a broad host range of the T. cruzi subpopulation Z3

distributed among different Brazilian biomes was verified.
In fact, the presented data indicate that Z3 has a broad
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Table 3

Trypanosoma cruzi in wild hosts from Brazilian biomes: hosts infected.

Biome Order Species Area Typing Authors

Amazon Forest Xernathra Dasypus novencinctus Cachoeira do Arari, PA Z3 Roque et al. (2008)

Atlantic Forest Didelphimorphia Didelphis aurita Pirai, R Z3 This work
Carnivora Galictis vittata Sumidoro, R] TCII/Z3 This work

Caatinga Rodentia Thrichomys laurentius Jurubeba, PI* Z3 This work
Rodentia Thrichomys laurentius Pedra Solta, PI TCI/Z3 Herrera et al. (2005)
Hemiptera Triatoma brasiliensis Jodo Costa, PI Z3 This work
Hemiptera Triatoma brasiliensis Jodo Costa, PI Z3 This work
Xernathra Dasypus novencinctus Curaga, BA Z3 This work
Hemiptera Triatoma brasiliensis Curaga, BA Z3 This work

Pantanal Chiroptera Phyllostomus hastatus Nhumirin Farm, MS TCII/Z3 Lisboa et al. (2008)
Chiroptera Artibeus jamaicensis Nhumirin Farm, MS TCIl/Z3 Lisboa et al. (2008)
Carnivora Nasua nasua Nhumirin Farm, MS Z3 Herrera et al. (2008)
Carnivora Nasua nasua Nhumirin Farm, MS TCl/Z3 Herrera et al. (2008)
Xernathra Euphractus sexcinctus Nhumirin Farm, MS Z3 This work
Carnivora Nasua nasua Alegria Farm, MS Z3 Herrera et al. (2008)

Total 6 15

@ Jurubeba displays a Cerrado/Caatinga transition phytogeography area.

distribution in Brazil, in four extremely distinct ecogeo-
graphic biomes: Amazon forest, Atlantic Rainforest,
Caatinga, and Pantanal. Indeed, subpopulation Z3 was
shown to be much more dispersed than formerly believed
(limited only from the Amazon basin) (Miles et al., 1978;
Povoa et al., 1984; Valente et al., 2009), as shown in Fig. 1.

Moreover, in spite of its demonstrated wide host range,
Z3 represented only 7% of all isolates obtained. This
feature, apart from possibly biased sampling, is probably
the cause of the previously described limited distribution
and narrow host range of this genotype. Low recovery rates
of T. cruzi due to hemocultures is a common and known
feature in chronic infections of humans and animals, but
the recovery of Z3 isolates was significantly lower in
comparison to the two other T. cruzi genotypes. Thus, two
possible and not mutually excludent explanations could be
considered: (i) Z3 infections in free ranging wild mammals
tend to result in very low parasitemias, more rarely
detected by means of hemocultures than for hosts infected
with the other two genotypes of the parasite; (ii) Z3 is
maintained in nature in extremely narrow and focal
transmission cycles.

Assuming that the first hypothesis is correct, it
demonstrates a successful transmission and maintenance
strategy of Z3 in nature in spite of the low prevalence of
high parasitemias (detectable by hemocultures), in fact,
the occurrence of this T. cruzi subpopulation in a great
range of host species in so diverse biomes and habitats,

Table 4
Trypanosoma cruzi in wild hosts from Brazilian biomes: zymodeme Z3 in
vectors.

Brazilian biome Trypanosoma Z3 isolates/Trypanosoma
cruzi/fexamined vectors  cruzi isolates

Amazon Forest 0/0 0/0

Atlantic Rainforest 10/16 0/10

Caatinga 3/3 3/3

Pantanal 0/0 0/0

Total 13/16 3/13
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that include human dwellings and peridomiciliar areas,
indicate efficient transmission strategies. If the second
hypothesis is correct it is tempting to wonder about a
possible future expansion or reduction of the transmission
in nature of this genotype. Whatever happens, the
biological versatility of this T. cruzi subgroup is demon-
strated by its occurrence in mammals collected in biomes
that display distinct and even contrasting characteristics,
as is the case of the Amazon forest, Atlantic Rainforest,
Caatinga, and Pantanal.

Table 2 shows that only one Z3 isolate was obtained
from the 163 mammals examined in the Amazon region.
This low prevalence of the Z3 isolation success was
unexpected since the T. cruzi Z3 subpopulation has
classically been associated to this region (Miles et al.,
1981; Povoa et al., 1984; Coura et al., 2002).

The presented data do not support an association of the
Z3 subpopulation with a given mammal species or
geographical region, given that the Z3 hosts are included
in five mammalian orders exploiting all forest strata
(arboreous, intermediary, ground and underground).

The finding of Z3 T. cruzi in a carnivore, the grison G.
vittata, and the recent description in T. vitticeps in the
Atlantic forest of Rio de Janeiro confirm the wide
distribution and host eclectism of Z3. It is worth
mentioning that T. vitticeps was considering an important
vector of T. cruzi in the Atlantic forest (Santos-Mallet et al.,
2008). In this biome mixed infection by TCII and Z3 was
observed in grison suggesting that this isolate may occur
due to the eclectic alimentary habits of host.

A higher prevalence of Z3 isolates was observed in the
Caatinga (semi-arid, with low biodiversity) and the
Pantanal (humid with high biodiversity). In the Caatinga
the caviomorph rodent (T. laurentius), the marsupial
species (D. marsupialis) and vector species T. brasiliensis
were found harboring single and mixed infections by TCI,
TCII and Z3 subpopulation (Herrera et al., 2005). In the
Pantanal, the coati (N. nasua) showed to be an important
reservoir of T. cruzi since these hosts also demonstrated
single or mixed infection by the Z3 T. cruzi subpopulation
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Fig. 1. Dispersion of zymodeme 3 (Z3) of Trypanosoma cruzi in wild host from Brazilian biomes.

(Herrera et al., 2008). Factors such as higher exposition of
this taxon to Z3 in some habitats or selective forces exerted
by this mammalian species on the subpopulations of T.
cruzi should not be ruled out. Bats demonstrated to be
tolerant T. cruzi hosts since besides Z3 they harbored
combinations of mixed infections of T. cruzi genotypes
(Lisboa et al., 2008). Coatis and grisons are predator
mammals, located on the middle of food chain and
therefore probably frequently infects by the oral route.
Coatis infected with T. cruzi are frequently observed
(Herrera et al., 2008), but this is the first description of a
grison found infected with T. cruzi. However, marsupials
and rodents are common hosts of any T. cruzi subpopula-
tions in the majority of Brazilian biomes (Pinho et al., 2000;
Lisboa et al., 2004).

Field samples must always consider full biodiversity of
its fauna and their interaction in the field fragment. Some
animals are more easily captured than the others such as
armadillos, marsupials and rodents, but they may not
necessarily represent all species present in the area. In fact,
each ecosystem must be considered as unique and all
biotic and abiotic aspects that are involved must be
considered.

The present finding of the T. cruzi Z3 subpopulation
infecting different host taxa (armadillos, bats, carnivora,
marsupials, rodents and triatomines), each species with its
peculiar behaviors in the very different ecological niches
observed in distinct Brazilian biomes, amplifies the
information concerning dispersion of this subpopulation
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in its natural environment and suggest that the T. cruzi Z3
subpopulation does not have any specific association with
specific wild mammalian species/habitats or restricted
biomes.
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The presence of acute Chagas disease (ACD) due to oral transmission is growing and
expanding in several South American countries. Within the Amazon basin, the Abaetetuba
municipality has been a site of recurrent cases spanning across distinct landscapes. Because
Chagas disease is primarily a zoonotic infection, we compared the enzootic Trypanosoma
cruzi transmission cycles in three different environmental areas of Abaetetuba to better
understand this new epidemiological situation. Philander opossum was the most abundant
mammalian species collected (38% of the collected mammals) with a T. cruzi prevalence of
57%, as determined by hemocultures. Didelphis marsupialis was abundant only in the area
with the higher level of environmental disturbance (approximately 42%) and did not yield
detectable parasitemia. Despite similarities observed in the composition of the small mam-
malian fauna and the prevalence of T. cruzi infection among the studied areas, the potential
of these hosts to infect vectors differed significantly according to the degree of land use
(with prevalences of 5%, 41%, and 64% in areas A3, A1 and A2, respectively). Domestic mam-
mals were also found to be infected, and one canine T. cruzi isolate was obtained. Our data
demonstrated that the transmission of T. cruzi in the Amazon basin is far more complex
than had been previously taught and showed that the probability of humans and domestic
mammals coming into contact with infected bugs can vary dramatically, even within the
same municipality. The exposure of dogs to T. cruzi infection (indicated by positive serology)
was the common feature among the studied localities, stressing the importance of selecting
domestic mammals as sentinels in the identification of T. cruzi transmission hotspots.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The classic picture of Chagas disease associated with Tri-
atoma infestans in Brazil could be eliminated by routine
insecticide spraying in campaigns associated with hous-
ing improvement - as was the case with the Southern
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Cone Initiative (Dias, 2007). The current epidemiological
profile of Chagas disease, mainly based on oral transmis-
sion represents a new challenge for public authorities
because previously employed control measures are not
effective against this new phenomenon. The number of
cases attributed to the oral infection route has recently
increased in Brazil, particularly in the Amazon Basin, which
was formerly considered free of infection (Aguilar et al.,
2007; Pinto et al., 2009). In fact, Chagas disease is currently
considered a foodborne illness (Pereira et al., 2009).
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Trypanosoma cruzi, the etiological agent of Chagas dis-
ease, is a multi-host parasite that is adaptable to hundreds
of mammalian species that are found at all forest strata and
canopy levels. Furthermore, the species displays marked
heterogeneity, and six discrete typing units (DTUs) are cur-
rently recognized among T. cruzi isolates (Zingales et al.,
2012). These traits result in distinct occurrences of T. cruzi
transmission in the wild that depend on such factors as the
composition of local fauna and the habitat characteristics
(Jansen and Roque, 2010). Thus far, Tcl, TcIll and TclIV are
the unique DTUs known to circulate in the Amazon Basin
(Pévoa et al., 1984; Marcili et al., 2009; Monteiro et al.,
2010).

The Amazon Basin contains the greatest biodiversity in
the world and comprises a mosaic of various faunas, habi-
tats and biomes, in addition to culturally diverse human
behavior (Betts et al., 2008). In the Brazilian Amazon
region, the enzootic transmission of T. cruzi among wild
mammals has been recognized for many decades (Deane,
1964; Lainson et al., 1979; Miles et al., 1981), but the first
autochthonous case of Chagas disease was not described
until 1969 (Shaw et al., 1969). This region was the source
of 91% of the Brazilian cases of acute Chagas disease (ACD)
reported from 2007 to 2010 (SVS-MS, 2011). Cases from the
Amazonregion are related to the ingestion of contaminated
food (mainly agai and bacaba fruit juices), hunting activi-
ties, the harvest of babac¢u and piassaba palm, and trans-
mission within homes from invading sylvatic bugs (Coura
et al., 2002; Nobrega et al., 2009; Valente et al., 2009). The
common factor among all of these distinct sources is human
exposure to the wild transmission cycle resulting from the
activities of humans in the natural environment.

Other than Belém (the capital of Para State), the Abaete-
tuba municipality in the Amazon Basin is the municipality
in which the majority of Brazilian ACD cases has occurred.
According to the Secretary of Health from Para State,
119 ACD cases were confirmed in Abaetetuba between
2006 and 2011. Within Abaetetuba, Chagas disease occurs
frequently as outbreaks in a seasonal and recurrent fash-
ion and is spread across distinct localities that include
peripheral districts as well as preserved areas and regions
that are intermittently or continuously exploited by
humans. T. cruzi transmission in Abaetetuba depends
on the maintenance and transmission of the parasite
among the local wild mammalian hosts and is consistently
associated with non-domiciliated bugs. Because Chagas
disease is primarily a zoonotic infection, and considering
the various characteristics of the habitats in which the
T. cruzi transmission cycle occurs in Abaetetuba, the aim
of the present study was to evaluate T. cruzi infection in
domestic (dogs and pigs) and wild mammals from three
areas with different ecological landscapes and different
degrees of human interference and occupation. The risk of
human exposure to the wild transmission cycle of T. cruzi
is discussed for these distinct situations.

2. Materials and methods
2.1. Study areas

The Abaetetuba municipality is located in Para State
(S01°43'05”/W48°52’57”) and has an area of 1610 km? that
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includes more than 45 islands. The climate is tropical-
humid with annual rainfall of 2000-2500 mm. The rainy
period is from January to August, whereas October and
November receives the lowest rainfall. The urban section of
the municipality is surrounded by peripheral regions that
display secondary vegetation and agricultural areas with
several remaining patches of the original Amazonian forest.
The remainder of the municipality is represented by islands
composed of freshwater swamp forests (nestled between
diverse riverbanks) and areas with original and secondary
vegetation (Amazonian forest).

Three localities were selected according to a gradient of
land-use based on a governmental land-use map (Fig. 1)
and were classified as follows: (A1) the Genipatba locality,
which is a more preserved area with low human occupa-
tion density; the landscape is composed mainly of typical
Amazonian forest surrounded by freshwater rivers with
restricted areas of environmental disturbance; (A2) the
Ajuai locality, which is an area presenting sparse human
habitation along a river bank; the landscape is composed
of vegetation that is reminiscent of the Amazonian forest
and is close to areas exploited for fruit harvest (mainly agai)
and subsistence plantations along small freshwater rivers;
and (A3) peripheral districts with high human occupation
densities in the urban section of the municipality; the land-
scape is composed of regions with dense human occupation
surrounded by secondary vegetation in the periphery and
contains areas that were exploited for acai harvest and have
been replaced by pastures and agriculture (Fig. 1). Expedi-
tions were conducted to each locality twice: once during
the wet season (April (A1 and A2) and August (A3)) and
once during the dry (November (A1 and A2) and December
(A3)) of 2008. Wild and domestic animals from each loca-
tion were analyzed for T. cruzi infection.

2.2. Sample collection

Small mammals were collected with baited
Tomahawk® (Tomahawk Live Traps, Tomahawk, WI,
USA) and Sherman® (H. B. Sherman Traps, Tallahassee, FL,
USA) traps distributed in linear transects, with capture
points established 20 m apart from each other. The traps
were placed on the ground and in the understory, and
the total capture efforts (combining the two expeditions
for each area) yielded 1656, 1856 and 2868 traps-night
for areas A1, A2, and A3, respectively. When possible,
bats were also collected with special mist nets near the
small-mammal capture transects from 6pm to 10 pm.
The morphological characteristics and body measure-
ments of all captured specimens were recorded for age
estimations and taxonomic identification. The taxonomic
status of rodents and bats was subsequently confirmed by
karyological analyses (Bonvicino et al., 2002).

With the informed consent of their owners, blood
was collected from domestic mammals (dogs and pigs)
by puncturing their cephalic or lateral saphenous veins
using heparinized vacutainer tubes. Wild mammals were
anesthetized (9:1, 10% ketamine chloridate and 2% acepro-
mazine), and their blood was collected by cardiac puncture
in dry tubes. In a field laboratory set up exclusively for
this purpose, blood samples were processed as follows:
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Fig. 1. Land-use map from the Abaetetuba municipality, modified from the Secretary for Strategic Projects from Pard State (SEPE/PA,
http://www.sepe.pa.gov.br/zee/shapes.asp, accessed (07.6.11)) and illustrating the three studied areas in a gradient of environmental disturbance: Geni-
patba locality (A1), Ajuai locality (A2), and peripheral districts (urban area) (A3).

(i) 0.6 ml of blood was cultured in two tubes containing
Novy-Mc Neal-Nicole medium (NNN) with a liver infu-
sion tryptose medium (LIT) overlay (hemoculture), and (ii)
the remaining blood was centrifuged, and the serum (wild
mammals) or plasma (dogs and pigs) that was obtained
was stored at —20 °C prior to analysis in serological assays.
All procedures were based on protocols that were approved
by the FIOCRUZ Committees of Bioethics (license 0015-07),
and wild animal captures were licensed by the Brazilian
Institute of Environment and Renewable Natural Resources
(IBAMA/CGFAU/LIC) (license 3665-1).

2.3. Parasitological and serological diagnostic procedures

Hemocultures were analyzed every other week for
three (for seronegative mammals) or five (for seropositive
mammals) months. Positive hemocultures were amplified
for molecular characterization and cryopreservated in the
Trypanosoma from Sylvatic and Domestic Mammals and
Vectors Collection, Oswaldo Cruz Foundation (ColTryp).

Serological diagnoses were performed using an indi-
rect immunofluorescence antibody test (IFAT) performed
using an adapted IFI-Chagas Bio-Manguinhos Kit® (Fiocruz,
Rio de Janeiro, Brazil) (Camargo, 1966). Sigmodontinae and
Murinae rodent sera were tested using anti-rat IgG fluo-
rescein isothiocyanate (FITC), and domestic animals were
tested using their respective anti-species IgG (Sigma®) con-
jugate. Echimyidae rodents and marsupials were tested
with rabbit anti-Thrichomys spp. and anti-opossum spe-
cific intermediary antibodies, respectively, and reactions
were visualized using an FITC anti-rabbit IgG conju-
gate (Sigma®). The cut-off values adopted were 1:40 for
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domestic mammals and marsupials and 1:10 for rodents,
as previously described (Roque et al., 2008). Dogs and mar-
supials were also screened for Leishmania spp. infection
using an IFI-Leishmania Bio-Manguinhos Kit® (Fiocruz, Rio
de Janeiro, Brazil) and antigens derived from a mixture of
Leishmania infantum and L. braziliensis parasites. Animals
with serological titers for Leishmania spp. equal or higher
the titers for T. cruzi were not considered to be infected
by T. cruzi if the T. cruzi titers were <1:80. Animals were
considered to be infected by both T. cruzi and Leishmania
sp. if the titers were >1:80 in both assays. For each assay,
samples from experimentally infected and non-infected
animals that were born in captivity were used as positive
and negative controls, respectively. Animals were consid-
ered to be infected by T. cruzi when the serological analysis
and/or hemoculture were positive.

2.4. Molecular characterization of parasites

Seventeen positive hemocultures were amplified in
LIT liquid medium at 28°C for a maximum of three pas-
sages. Total genomic DNA was prepared from logarithmic
phase cultures using standard phenol-chloroform pro-
tocols, as described elsewhere (Lisboa et al., 2006). Due
to bacterial contamination, two positive hemocultures
from A3 could not be amplified and characterized. A
mini-exon multiplex PCR was performed using a reverse
primer located in the conserved region of the mini-exon
gene 5'TACCAATATAGTACAGAAACTG 3’ and the for-
ward primers Tcl 5ACACTTTCTGTGGCGCTGATCG3’, Tcll
5'TTGCTCGCACACTCGGCTGATCG3/, Z3 5'CCGCGWAC-
AACCCCTMATAAAAATG3/, Trypanosoma rangeli
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5'CCTATTGTGATCCCCATCTTCG3’ (Fernandes et al., 2001).
The amplified PCR products were analyzed by ethidium
bromide-stained agarose gel electrophoresis (2%) and
visualized under UV light.

2.5. Statistical analysis

The comparison of the parasitological (positive hemo-
cultures) and serological (positive IFAT) data from the
three studied regions was performed using 2 x 2 contin-
gency tables and the Chi-square statistical analysis. The
test was performed using the software R (Version 2.11.1,
R Development Core Team, 2010) with the level of signif-
icance set at p<0.05. The capture prevalence of the small
mammals (not including bats and anteaters) and the ratio
of T. cruzi infection in the Abaetetuba municipality were
calculated using the absolute number of captured spec-
imens or positive tests divided by the total number of
collected mammals or examined specimens.

3. Results

3.1. T. cruzi maintenance in the three studied areas

The differences shown by the land-use map (Fig. 1) and
locally confirmed by us was associated with the observed
differences in the relative abundance of M. murina and
D. marsupialis. M. murina was the second most-captured
species in the more preserved area (A1) and represented
nearly 30% of the total captured species. Despite their prox-
imity and similarity in composition of small mammalian
fauna and seropositive rate of T. cruzi, the three examined
regions displayed distinct enzootic T. cruzi transmission
characteristics. Although the prevalence of positive IFAT
was similar (p=0.08), the prevalence of mammals with
detectable of T. cruzi parasitemia (which denotes infectiv-
ity potential) that were identified by positive hemocultures
was significantly greater in A2 (64%) and A1 (41%) than in
the area with more extensive environmental disturbance,
namely A3 (5%) (p<0.001) (Table 1). Consequently, the
region with an intermediate degree of disturbance (A2)
also displayed a higher prevalence of positive IFAT among
domestic mammals (p<0.001). Notably, A2 was also the
area in which we obtained the unique T. cruzi isolate from
dogs (Table 2).

3.2. T. cruzi infection in wild and synanthropic mammals

The population of small mammalian fauna collected in
the three study areas was predominantly composed of mar-
supial species (83.6% of the collected mammals). Philander
opossum was the main T. cruzi reservoir in Abaetetuba, as
it was the most abundant mammalian species captured in
both wet and dry seasons (38.2% of the collected mammals)
and displayed the potential to infect a vector (a prevalence
of 57.1% in the positive hemocultures) (Table 1). Only in A3
was Didelphis marsupialis the most abundant mammalian
species collected (41.6%), but all of these animals yielded
negative hemocultures. Even in this area, P. opossum was
abundant (29.1% of the collected mammals), with 71.4%
serologically positive to T. cruzi, and one positive hemo-
culture. Among the other captured species, only Marmosa
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murina in A1l was relatively abundant; however, despite
infection of this species with T. cruzi (66.7% [2/3] IFAT pos-
itive), no positive hemocultures were obtained (Table 1).
Other less abundant species, such as D. marsupialis in Al
and A2, M. murina and Micoreus demerarae in A2, and Art-
bieus planirostris and Tamandua tetradactyla in A3, also
had detectable parasitemia (as demonstrated by positive
hemocultures). Eleven juvenile marsupials were captured,
and eight of them (all from A3) were seropositive. All the
rodents were negative in both the serological and parasito-
logical assays to T. cruzi (Table 1).

Fifteen parasitic isolates were identified as T. cruzi (Tcl),
and two isolates were identified as T. rangeli. Two other
isolates, from P. opossum and Artibeus spp. captured in
A3, were positive via hemoculture, but parasitic amplifi-
cation and molecular characterization were not achieved
(Table 1).

3.3. T. cruzi infection in domestic mammals

The presence of anti-T. cruzi antibodies demonstrates
that both dogs and pigs had been exposed to T. cruzi infec-
tion in all three regions. The prevalence of positive IFAT
was highest in A2 (p<0.001), whereas the other two areas
displayed similar T. cruzi serological prevalence (p=0.35)
(Table 2). Only one dog from A2 yielded positive hemo-
cultures. The same dog was examined 7 months later and
remained positive by hemoculture. Both cultures were
characterized as Tcl and consistently had positive sero-
logical IFAT tests. Another 4 dogs from A2 were evaluated
twice (2 positive and 2 negative), and their serological titers
remained the same in both examinations. The pigs showed
a higher serum prevalence (higher exposure to the T. cruzi
transmission cycle) than the dogs in A2 (p =0.004). This dif-
ference was not statistically significant in the other two
areas, due to the low number of dogs (n=4) and pigs (n=9)
that were evaluated in A1 and A3, respectively (Table 2).

4. Discussion

The presence of Didelphis species has been recognized
as a strong indicator of environmental disturbance (Austad,
1988; Olifiers et al., 2005). and as expected, the Didel-
phis species was the most prevalent mammalian species
in A3. The prevalence of T. cruzi detected by IFAT (indi-
cating the exposure of the wild mammals to the T. cruzi
transmission cycle) was similar among the studied local-
ities. In contrast, the prevalence of positive hemocultures
(which indicates the potential of these hosts to infect vec-
tors) demonstrated that the chance of human contact with
infected bugs should be quite different among the stud-
ied localities. At least three important conclusions can be
drawn from the observed enzootic situations: (i) regardless
of the area and its degree of land-use, P. opossum was the
most important T. cruzi reservoir host, as seen in its high
relative abundance, high prevalence of T. cruzi infection
and detectable parasitemia. This marsupial species is asso-
ciated with gallery forests and can be found in terrestrial
and arboreal strata, (ii) the fauna composition and relative
abundance alone are insufficient for identifying risk areas
because, although exposure to the parasite (positive IFAT)
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Table 2
Prevalence of T. cruzi infection by IFAT and hemocultures in domestic
animals examined in Abaetetuba municipality in wet (W) and dry (D)
seasons.

Localities ~ Serum prevalence Hemoculture
prevalence
Al 17.2% (5/29) 0% (0/29)
Dogs 0%W (0/4)//n.d.P (0/0) 0% (0/4)
Pigs 57.1%W (4/7)/5.5%P (1/18) 0% (0/25)
A2 63.3%(31/49) 3.7% (2/54%)
Dogs 57.1%W (4/7)//27.3%P (3/112) 11.1%(2/18%)
Pigs 92.0%W (23/25)//36.4%P (4/11) 0% (0/36)
A3 25.3% (39/154) 0% (0/158)
Dogs 45.1%W (23/51)//17.0%P (16/94) 0% (0/145)
Pigs 0%W (0/9)//n.d.P (0/0) 0% (0/9)

2 Considering 5 animals that were re-evaluated 7 months later; W: data
from wet season (April (A1 and A2) and August (A3) of 2008); D: data from
dry season (November (A1 and A2) and December (A3) of 2008).

was similar in all three areas, the potential of these hosts
to infect vectors (expressed by positive hemocultures) was
different, and (iii) the abundant presence of D. marsupialis,
considered to be the main reservoir of T. cruzi, does not
indicate epidemiological risk because the area (A3) that dis-
played the greatest abundance of this mammalian species
was also the area that presented the lowest prevalence of
positive hemocultures among examined mammals. Addi-
tionally, it was striking that in the Amazon Basin, where Tcl
is predominant in both human and mammals, the presence
of D. marsupialis was not as critical for the maintenance of T.
cruziin the endemic Abaetetuba area, as has been described
for other non-Amazonian regions (Fernandes et al., 1999).

The higher the prevalence of mammals with positive
hemocultures in the wild, the greater was the chance thata
given vector could acquire the parasite while feeding on an
infected mammal. In places where the population reported
hunting activities, T. cruzi transmission may occur dur-
ing the cleaning of meat or the contamination of cooking
utensils, rather than during ingestion of the meat, which
has never been reported to be consumed raw or under-
cooked. Domestic mammals may become infected by (i) the
classical contaminative route, (ii) the ingestion (acciden-
tal or not) of infected bugs, (iii) the ingestion of foodstuff
contaminated by the feces of infected bugs, and (iv) preda-
tion while hunting for infected small wild mammals (only
for dogs). The scenario observed in Abaetetuba favor the
first two hypotheses. The predation of infected mammals
does not seem to be an important infection route for dogs
because the majority of dogs’ owners did not report this
type of behavior. In addition, T. cruzi infection was detected
in young dogs (that do not yet hunt), and infected bugs
are common near human dwellings. Thus, humans and
domestic mammals most likely become infected after the
accidental ingestion of infected triatomines.

The scenario observed in A2, in which the natural
environment is progressively being modified by acai mono-
cultures, is the most common situation throughout rural
areas of Para State. We were unable to explain why this
moderately degraded area displayed higher prevalences of
positive hemocultures among wild mammals and positive
IFATs in domestic mammals when compared to the other
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two areas for the following reasons: (i) the dilution-effect
hypothesis, based on the reduction of mammalian diver-
sity and the selection of suitable T. cruzi reservoirs (Keesing
et al., 2006; Roque et al., 2008), does not fit here because
the richness and composition of the fauna were similar
among the areas, (ii) the recent occupation of the land-
scape could not be responsible because this area has been
exploited by the local population for decades, and (iii) the
capture success (approximately 1%) was similar among the
three studied areas, demonstrating no bias in between-area
comparisons.

This puzzling scenario stresses the importance of select-
ing domestic mammals as sentinels for identifying areas
at risk for the emergence of Chagas disease (Roque and
Jansen, 2008). In this sense, in Abaetetuba, dogs act as sen-
tinel hosts because they present a serologically detectable
infection and can indicate areas in which T. cruzi transmis-
sionis occurring, thus enabling the identification of hotspot
regions (Xavieretal.,2012). The isolation of T. cruzi from the
same dog at a 7-month interval and the characterization of
the parasite (Tcl, which is associated with human infection
in this area) indicate that dogs may act as T. cruzi reser-
voirs, being able to infect vectors in A2. When the distinct
situations of the three studied localities were considered,
the common factor among these areas was the exposure
of dogs to T. cruzi infection, as expressed by their posi-
tive serology. This finding supports an important measure
that can be immediately employed in the identification of
T. cruzi transmission areas: the routine use of domestic ani-
mals as sentinels to monitor the epidemiological risk of
Chagas disease (Xavier et al., 2012).

The use of dogs as sentinels has already been proposed
for Chagas disease (Estrada-Franco et al., 2006; Gurtler
et al., 2007) and other zoonotic diseases (Scotch et al.,
2009). These animals are usually easy to handle, and their
movements can be monitored relatively consistently. Blood
collection and subsequent serological assays (or sending
the serum samples to governmental central laboratories
for diagnosis) do not require great resources or high levels
of infrastructure (Jansen and Roque, 2010). The recognition
that seropositive dogs reflect exposure to T. cruzi and thus,
may indicate T. cruzi transmission hotspots. Within Abaete-
tuba, the various enzootic situations each reflect a distinct
opportunity for human contact with infected bugs and indi-
cate the importance of adopting unique and micro-regional
measures for disease control.
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O presente trabalho avaliou e comparou diferentes perfis de transmissao de
T. cruzi em trés biomas brasileiros, incluindo areas avaliadas logo apds a ocorréncia
de surtos de DCA e areas endémicas que apresentam altas taxas de infecgdo em
vetores e mamiferos mas sem o registro de casos humanos recentes. Nossos
objetivos foram (i) avaliar os impactos de simplificacdo da fauna de pequenos
mamiferos silvestres na prevaléncia da infecgdo por T. cruzi em caes, (ii) discutir o
papel dos caes no ciclo de transmissao de T. cruzi e seu papel como hospedeiros
sentinela e (iii) avaliar o potencial da analise geospacial pelos métodos de
interpolacao e algebra de mapas como uma ferramenta para a construcdo de mapas
para identificar area de risco de doenca de Chagas.
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Abstract

A new epidemiological scenario involving the oral transmission of Chagas disease, mainly in the Amazon basin, requires
innovative control measures. Geospatial analyses of the Trypanosoma cruzi transmission cycle in the wild mammals have
been scarce. We applied interpolation and map algebra methods to evaluate mammalian fauna variables related to small
wild mammals and the T. cruzi infection pattern in dogs to identify hotspot areas of transmission. We also evaluated the use
of dogs as sentinels of epidemiological risk of Chagas disease. Dogs (n=649) were examined by two parasitological and
three distinct serological assays. KDNA amplification was performed in patent infections, although the infection was mainly
sub-patent in dogs. The distribution of T. cruzi infection in dogs was not homogeneous, ranging from 11-89% in different
localities. The interpolation method and map algebra were employed to test the associations between the lower richness in
mammal species and the risk of exposure of dogs to T. cruzi infection. Geospatial analysis indicated that the reduction of the
mammal fauna (richness and abundance) was associated with higher parasitemia in small wild mammals and higher
exposure of dogs to infection. A Generalized Linear Model (GLM) demonstrated that species richness and positive
hemocultures in wild mammals were associated with T. cruzi infection in dogs. Domestic canine infection rates differed
significantly between areas with and without Chagas disease outbreaks (Chi-squared test). Geospatial analysis by
interpolation and map algebra methods proved to be a powerful tool in the evaluation of areas of T. cruzi transmission. Dog
infection was shown to not only be an efficient indicator of reduction of wild mammalian fauna richness but to also act as a
signal for the presence of small wild mammals with high parasitemia. The lower richness of small mammal species is
discussed as a risk factor for the re-emergence of Chagas disease.
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Introduction considered free from domestic transmission of Chagas via Triatoma
infestans [3]. However, extradomiciliary vectorial transmission,

The causative agent of Chagas discase, Trypanosoma cruzi domiciliary or peridomestic transmission by non-domiciliated
(Chagas, 1909), is a multi-host parasite capable of infecting almost  yectors and oral transmission by ingestion of food contaminated
all tissues of more than one hundred mammal species [1]. Dozens by feces from infected insects (the principal method of current
of species of insects from the Triatominae subfamily can act as its transmission), pose new challenges. In fact, mainly in the northern
vector. Except for the epimastigote form, all other 7. cuzi  part of the Brazil, the number of Chagas disease outbreaks due to
evolutive forms can infect mammals by oral and congenital the ingestion of food contaminated by infected triatomine feces are
pathways as well as by contamination of the mucosac and skin increasing [4-6]. This is currently considered a new epidemiolog-
abrasions by infected triatomine feces. The biological plasticity of ical scenario, demanding systematic surveillance methods that
T. cruzi results in transmission cycles that are characterized by consider all components of the transmission cycle as well as the
being multivariate and complex on unique temporal and spatial landscape and ambient conditions in which transmission is
scales [1,2]. occurring.

Classically, Chagas disease was characterized as prevalent in In several reports, the maintenance of biodiversity has been
rural populations, where houses were heavily infested by pointed to as a strong buffering system and regulator in the
domiciliated triatomine species, mainly Triatoma infestans (Klug, dispersal of parasites; this has been named the “Dilution Effect”.
1834). The campaigns launched by the “Cone Sul” Intergovern- Such a dilution effect has already been demonstrated to be of
mental Commission to eliminate the domiciliary vectors succeeded importance in the transmission of West Nile encephalitis,
in that Brazil and other countries in South America are currently Hantavirus, Lyme disease and Schistosomiasis [7,8]. Despite the
@ www.plosntds.org 1 May 2012 | Volume 6 | Issue 5 | e1647
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Author Summary

The classical methodology of mapping works with discrete
units and sharp boundaries does not consider gradient
transition areas. Spatial analysis by the interpolation
method, followed by map algebra, is able to model the
spatial distribution of biological phenomena and their
distribution and eventual association with other parame-
ters or variables, with a focus on enhancing the decision
power of responsible authorities. Acute Chagas Disease
outbreaks are increasing in the Amazon Basin as result of
oral transmission. This scenario requires a new approach to
identify hotspot transmission areas and implement control
measures. We applied a geospatial approach using
interpolation and map algebra methods to evaluate
mammalian fauna variables related to these outbreaks.
We constructed maps with mammalian fauna variables
including the infection rates by Trypanosoma cruzi, in dogs
and small wild mammals. The results obtained by visual
examination of the maps were validated by statistical
analysis. We observed that high prevalence of T. cruzi
infection in dogs and small wild mammals was associated
with mammal lower richness. Monitoring of T. cruzi
infection in dogs may be a valuable tool for detecting
the fauna lower richness of small wild mammals and
elucidating the transmission cycle of T. cruzi in the wild.

demonstration of this effect, studies on the impact of biodiversity
variation on the 7. ¢ruzi transmission cycle in the wild mammals
using a Geographical Information System (GIS) have been scarce
up to now [9-12]. The destruction of an ecosystem imposes
important area and food restrictions onto wild mammal popula-
tions and may promote their greater contact with humans. The
consequence of this process is the increased opportunity for
contact among humans, domestic animals and wildlife [2]. In this
scenario, the transmission of 7. ¢ruzi may be increased due to the
following: (i) positive selection of generalist species with high
transmissibility competence such as Didelphids and some cavio-
morph rodents that undoubtedly adapt and survive in degraded
habitats, (i) the consequent amplification of the parasite’s
transmission cycle due to higher abundance of competent reservoir
species and (i) the increased prevalence of infected bugs. In
addition, the scarcity of food sources for triatomines (i.e., loss of
wildlife due to destruction of the environment) led them to invade
human dwellings and annexes [13]. Also, the quantitative and
spatial patterns of the landscape and artificial lighting in human
dwellings play a fundamental role in domiciliary invasion [14].
Human residences acting as light-traps for insects has significant
epidemiological importance, as species with high rates of 7. cruz:
infection are drawn to human dwellings [15]. In this scenario,
peridomestic mammals are more frequently exposed. Thus, their
infection usually precedes the human infection. Hence, dogs have
been proposed as being suitable sentinel hosts for 7. cruzi
transmission in areas at risk for human infection [16,17].

Dogs can be important reservoirs of this parasite. They display
both a high prevalence of infection and high parasitemia as
evidenced in Panama [17], Argentina [18], Venezuela [19],
Mexico [20], and the United States [21]. In contrast, in Brazil, a
high serum prevalence in dogs has also been described in several
areas, but the importance of dogs as a reservoir species has been
described as negligible because no high patent parasitemia has
been observed in these animals [16,22].

Geospatial analysis based on the fundamental concepts of
landscape epidemiology [23] is a powerful tool in the study of the
association between landscape- and vector-borne diseases such as
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Chagas disease, Schistosomiasis and American Visceral Leish-
maniasis [9,10,24]. Geospatial analysis allows for the identification
of disease risk areas and disease interactions with the environment
[10,24].

The classical methodology of mapping works with discrete units
and sharp boundaries, and does not consider transition areas.
Nevertheless, environmental and biological phenomena are
typically continuous and exhibit a gradual transition from one
characteristic to another. Unlike the classical methodology, spatial
analysis by the interpolation method, followed by map algebra, is
able to model the spatial distribution of the continuous biological
phenomena, representing the distribution and association of these
phenomena in a more realistic way. This modeling can enhance
and facilitate decision making [25].

The present paper evaluates and compares 7. cruzi infection
rates of dogs from three Brazilian biomes, including areas where
orally transmitted Chagas disease outbreaks were reported and
areas where Chagas disease is endemic. Our objectives were to (i)
assess the impacts of lower richness of small wild mammals on the
prevalence of 7. cruzi infection in dogs, (ii) discuss the role of dogs
in the transmission cycle of 7. ¢ruzi and their putative role as
sentinels and (ili) to assess the interpolation and map algebra
method as a tool for the construction of potential Chagas disease
risk area maps.

Materials and Methods

Study area

Dogs (n =649) were sampled in 3 geographic Brazilian biomes:
the Amazon, Caatinga and Pantanal, from 5 states and 13
municipalities (28 localities) (Figure 1 and Table 1).

Among these municipalities, samples were taken immediately
after an outbreak of Acute Chagas Disease (ACD) from RedencZo,
Cachoeiro do Arari, Belém, Curralinho and Axixa do Tocantins.
The other monitored areas were Abaetetuba, Monte Alegre,
Augustinépolis, Esperantina, Jaguaruana, Russas and Jodo Costa,
while Corumbé (Midwest Brazil) was used as a control arca. The
areas included in our study reflect the locations where our
laboratory has been developing research and reference services
over the past few years.

Biome Caatinga

The states of Piaui and Ceara display similar patterns: a high
density of naturally 7. ¢ruzi infected Triatominae, which are the
main vectors of disease in both regions. Despite that, no new
vectorial transmission Chagas disease cases have been observed in
the last decade and, as far as we know, only one outbreak has
occurred due to oral transmission [2,26].

The municipalities of Jaguaruana, RedengZo and Russas, which
are endemic for Chagas disease, are located in the mesoregion of
lower Jaguaribe, in the northeastern state of Ceara. In Jaguaruana,
the average annual temperature ranges from 23°C to 33°C. The
collection area consists of clay and sandy soil plains, which are
characterized as Caatinga, and include the typical vegetation of
semi-arid areas. Redenc¢ao (ACD outbreak in 2006) is located in the
Baturité mountain range region. The climate is semi-arid, and the
average annual temperature ranges from 24°C to 35°C. The
collection area, originally part of a tropical semi-humid forest, is
currently characterized by secondary vegetation consisting of small
trees (up to 6 m), rocky formations, and remnant patches of semi-
humid forest near deforested areas occupied by monoculture
plantations or unplanned households (slums). The municipality of
Russas is located in the state of Ceeara. The climate is semi-arid with
average temperatures ranging from 18.8°C to 35.4°C. The
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Figure 1. Geographical location of study area. Study areas are located in the 3 geographic Brazilian biomes: Amazon (Para and Tocantins
states), Caatinga (Piaui and Ceara states) and Pantanal (Mato Grosso do Sul state, control area). Red markers indicate areas investigated immediately
after the occurrence of Chagas disease outbreaks; Black markers indicate non-outbreak areas.

doi:10.1371/journal.pntd.0001647.9001

vegetation comprise open scrub and savanna, with deciduous
thorny forest areas. The municipality of Jodo Costa is located in the
southeast of the state of Piaui and is characterized as a megathermic
semi-arid region. The average annual temperature ranges from
12°C to 39°C. The vegetation in this area displays the typical
Caatinga features and residual semi-deciduous forest patches.

Amazon biome

7. cruzi oral transmission in the Brazilian Amazon region has
been reported since 1968 [5,27], although this region was
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considered an endemic area for many years. Just after 2005,
when the prevalence of Chagas cases in other parts of the country
decreased and surveillance in the Amazonian region was
improved, microepidemics of ACD began to appear regularly
and frequently, mainly associated with the consumption of the
palm-tree fruit acai and other foods [4—6].

The municipalities of Abatetetuba and Belém (ACD outbreak in
2009) are located in the northeastern mesoregion of the state of
Para. Cachociro do Arari (ACD outbreak in 2006) and Curralinho
(ACD outbreak in 2009) are located in the mesoregion of Marajo,

May 2012 | Volume 6 | Issue 5 | e1647
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Table 1. Seroprevalence of Trypanosoma cruzi infection in dogs from three biomes: Caatinga, Amazon Forest and Pantanal.
Biome/State Municipalities Localities Coordinates Serological+/total (%)
Caatinga Jaguaruana Caatinguinha 04°48'28"S 37°47'09"W 11/26 (42)
Ceara Cérrego das Melancias 04°50'10"S 37°47'20'W 22/23 (96)
Did 04°50'23"S 37°46'19"W 19/29 (65)
Perimetro Irrigado 04°49'18"S 37°50'22"W 18/23 (78)
Figueiredo do Bruno 04°47'45"S 37°49'19"W 8/9 (89)
78/110 (71)
Redencao*? Salobro 04°11'48"S 38°42'56"W 1/2 (50)
Alto Cassiano 04°13'18"S 38°43'56"W 1/9 (11)
Manoel Dias 04°10'54"S 38743'45"W 1/2 (50)
Sitio Outeiro 04°12'21"S 38°44'09"W 0/3
3/16 (19)
Russas Cipd 04°57'47"S 38°09'18"W 5/10 (50)
Piaui Jodo Costa' Urban Area 08°33'24"S 42°26'12"W 6/52 (11)
Amazon Forest
Tocantins Augustinépolis 2000 05°24'11"S 48°01'09"W 11/12 (92)
Sao Roque 05°30'26"S 48°02'46"W 14/24 (58)
25/36 (69)
Esperantina Sao Francisco 05°23'32"S 48°28'46"W 6/25 (24)
Axixa do Tocantins* Lagoa de Sdo Salvador 05°38'37"S 47°44"19"W 4/10 (40)
Piquizeiro 05°42'09"S 47°44'29"W 3/22 (14)
7/32 (22)
Para Abaetetuba Ajuai** 01°45'29"S 49°03'25"W 6/18 (33)
Genipauba 01°45'29"S 48°54'01"W 0/4
Panacaueira 01°48'18"S 49°06'15"W 11/26 (42)
Urban Area 01°42'58"S 48°51'30"W 38/149 (25)
55/197 (28)
Belém* Jurunas 01°28'14"S 48°30'10"W 2/15 (13)
Val de Cans 01°23'12"S 48°28"17"W 6/19 (32)
8/34 (23)
Cachoeira do Arari*? Aranai 01°05'42"S 48°39'39"W 2/4 (50)
Furinho 01°05'14"S 48°39'07"W 0/2
Mata Fome 01°04'15"S 48°37'50"W 1/5 (20)
Sede Furo Grande 01°05'31"S 48°39'14"W 0/1
3/12 (25)
Curralinho* Sao José da Povoagao** 01°40'28"S 50°08'41"W 8/9 (89)
Monte Alegre Setor 171*** 01°38'20"S 54°14'32"W 37/77 (48)
Pantanal (Control Area)
Mato Grosso do Sul Corumbd Farms 19°34'29"S 56°14'44"W 0/39
241/649 (37)
Footnotes
*Chagas disease outbreaks.
**Positive hemoculture.
***Trypomastigote forms in fresh blood preparations.
'_Data published in [22].
2_Data published in [2].
doi:10.1371/journal.pntd.0001647.t001
while Monte Alegre is located in the lower Amazon mesoregion of vegetation (Amazonian forest) is being replaced by an extensive
Para. The common climate is characterized as tropical humid, acai fruit monoculture with a few remaining patches of the original
with regular rainfall and winds, and temperatures between 27°C vegetation at the river banks. The municipalities of Augustinopolis,
and 36°C. The arca is known as varzean, which is a freshwater Axixa do Tocantins (ACD outbreak in 2009) and Esperantina are
swamp forest. In most of the collection areas, the original native located in the northwestern mesoregion of the Tocantins state,
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almost at the border of Para. The climate of these cities is tropical
subhumid, with maximum temperatures occurring during the dry
season that reach 39°C.

Pantanal biome (control area)

This region presents an enzootic cycle of 7. ¢ruzi transmission;
however, it is not considered an endemic arca for Chagas disease,
as human cases have never been recorded in the region. This
region comprises a large natural environment with a multiplicity of
habitats and a wide variety of biodiversity. Farms encompass an
area located in the core of a biodiversity corridor in the Pantanal
of Mato Grosso do Sul, Brazil.

Wild mammals

The capture of small wild and synanthropic mammals was
performed as follows: live traps were arranged in linear transects,
and the capture points were established with Tomahawk (Toma-
hawk Live Traps, Tomahawk, WI) and Sherman (H. B. Sherman
Traps, Tallahassee, FL) traps. The traps were baited with a mixture
of peanut butter, banana, oat and bacon and set at 20-m intervals in
all types of vegetation formations and habitats. The trapped animals
were taken to a field laboratory =2 km from the capture point,
where the remaining procedures were performed. The trapped
animals were examined for the prevalence and pattern of 7. cruzi
infection, as previously described [2,9,28,29]. Some data (from the
municipalities of Joao Costa, Cachoeira do Arari, Redengéo) used
in this meta-analysis comprise both already published studies
[2,9,22] and some unpublished data (from the municipalities of
Jaguaruana, Russas, Abaetetuba, Belém, Monte Alegre, Curra-
linho, Axixa do Tocantins, Augustinopolis and Esperantina) were
collected by our laboratory. The sampling efforts to capture
mammals were similar in all 28 localities (820-1.100 traps/night),
with 4 or 5 nights of capture each season, and the captures were
performed in every season of the year (Table S1 and Figure S1).

Selection of dogs

The active search for dogs was conducted in the houses
neighboring the linear transects where the small wild and
synanthropic mammals were captured and in the houses where
oral outbreaks of Chagas disease had occurred. Blood samples
were collected from 649 dogs living in houses located in twelve
municipalities from four Brazilian states. Dog blood was collected
in three biomes; collections from the Caatinga (n=188) and
Amazon (n = 422) biomes were compared to collections from the
Pantanal biome (n=39) (Table 1).

Parasitological and serological surveys

Herein, we considered that each dog represents one single
event, even when related to the same house. This is due to: (i) dogs
are separated individuals, differing each other in age, behavior,
activities, etc... This fact is reflected in their different degrees of 7.
cruzi exposition; (ii) dogs have no pack behavior; and (iii) dogs are
not confined in the intradomociliar area and have different and
multiple opportunities to be infected during their activities. The
interpretation of our results was based on different patterns of
infection of the mammals. Fresh blood smears and hemoculture,
when positive (especially the first due to its lower sensibility), show
a high parasite load in the peripheral blood of the animals, which
means a high chance of transmission to the vector, reflecting
transmissibility. These tests are very specific but less sensitive —
their importance lies in detecting infected animals that may
represent a source of infection for the vector. Serological assays
indicate infection of the animal. Therefore, serological positive and
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parasitological negative tests for a given animal demonstrates its
infection with a low rate of parasite, this mammal is a host of the
parasite, but is not involved in the amplification of parasite
populations, i.e., its transmission potential to the vector is low.

Blood was collected from dogs in heparinized vacutainer tubes
by puncture of the cephalic vein. To evaluate 7. cruzi infection,
four tests were conducted. Two of these tests were parasitological
assays including (i) the examination of fresh blood smears
(microscopic analysis) and (ii) a hemoculture assay, in which 0.2—
0.4 mL of blood was cultured in two tubes containing Novy-Mc
Neal-Nicole medium [NNN] with a liver infusion tryptose medium
[LIT] overlay. When those tests were positive, the parasites were
amplified for cryopreservation and DNA extraction for molecular
characterization and serologic diagnostic  assays
performed: (i) the Indirect Immunofluorescence Antibody Test
(IFAT) as previously described [30] and (iv) the Enzyme-Linked
Immunosorbent Assay (ELISA, Bio-Manguinhos, FIOCRUZ, Rio
de Janeiro, R]J, Brazil). Discase diagnosis was based on serology by
the ELISA (Cut-off: optical absorbance =0.200, mean=*3 SD) and
IFAT (Cut-off: titer of 1/40). Each microtiter polystyrene plate
had 2 positive and 2 negative control sera. Animals were defined
as seropositive when samples were reactive in both the IFAT and
ELISA. Seropositive animals that displayed negative results in the
parasitological assays were considered to have sub-patent infec-
tions. To evaluate possible cross-reactions and/or mixed infection
by 7. cruzi and Leishmania spp., dog sera were also assayed for
Leishmania infantum using IFAT and the Rapid Test for Diagnosis of
Canine Visceral Leishmaniasis (CVL) (TR DPP®, Bio-Manguin-
hos, FIOCRUZ, Rio de Janeiro, R], Brazil). The IFAT cut-off
value adopted for 7. cruzi infection was 1/40 when the IFAT result
for L. infantum was lower than 1/40 and the DPP results were
negative. When infected by L. nfantum, dogs were considered
positive for 7. cruzi infection only when the IFAT titer was 1/80 or
higher. For L. infantum infection, the adopted IFAT cut-off value
was 1/40 when the infection was also confirmed by DPP and 1/80
when the DPP assay was negative. The interpretation of these tests
in assemblage indicates the role played by the tested mammals in
the transmission cycle.

two were

PCR amplification

DNA was extracted from logarithmic phase cultures and serum
samples of dogs with patent parasitemia (positive blood slide
smears) in the absence of hemocultivated parasites, using a phenol
chloroform protocol [31]. PCR was performed using the primer
pair S35 (5'-AAATAATGTACGGGGGAGATGCATGA-3")
and 836 (5'-GGGTTCGATTGGGGTTGGTGT-3') [31]. Cy-
clic amplifications were performed with an initial denaturation of
five minutes at 94°C, followed by 35 amplification cycles (94°C for
30 seconds, 55°C for 30 seconds, 72°C for 30 seconds) and a final
ten-minute clongation step at 72°C. Each 25 pL total reaction
volume contained 25 ng total DNA, 10 pmol of each primer,
0.4 mM dNTPs, 2 mM MgCly,, and 2.5 U Taq polymerase
(AmpliTaq®Gold, Applied Biosystems). PCR products were
visualized on a 2% agarose gel after ethidium bromide staining.
PCR resulted in a 330-bp amplicon for 7. ¢ruzi and a 760-bp
amplicon and heterogeneous set of fragments ranging in size from

300 to 450 bp for 7. rangelr.

Geospatial analysis

The base map was acquired from the IBGE (Brazilian Institute
of Geography and Statistics). The coordinates of all biological data
were captured using a hand-held GPS (Global Positioning System)
receiver (Garmim III GPS, Garmin International, Olathe, KS,
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USA) and recorded in the WGS 84 Datum (World Geodetic
System 1984) geodetic coordinate system.

Maps representing the spatial distribution of 7. cruzi infected
dogs (response variable) and species richness, abundance and
parasitological and serological prevalence of wild small mammals
(covariables) were generated using the interpolation method of
Inverse Distance Weighted (IDW) with the 12 nearest sampled
data points selected. However, for map analysis, only the
polygon of the studied municipality, (z.e., only a local analysis)
was used. A variable radius was applied specifying the number
of nearest input sample points (n=12) to perform interpolation.
After that, we used map algebra to find evidence of spatial
correlation of the response variable with each covariable by the
use of arithmetic operators (subtraction). The algebraic analysis
of maps (spatial variables, response variable and covariables),
represented by pixels, results a new map where the values in
each geographical position was the result of subtraction (in our
case) of the wvalues of the wvariables associated with the
geographical position.

The term “map algebra” was established by Dana Tomlin in
the early 1980s [32] with the development of the “Map Analysis
Package GIS”. Map algebra provides tools to perform spatial
analysis operations and is based on a matrix algebra, which refers
to the algebraic manipulation of matrices (as maps in raster data
structures). Spatial data were analyzed in a GIS platform using
ArcGis 9.3 software (Environmental Systems Research Institute,

Redlands, CA, USA).

Statistical analysis

For the analysis of the proposed hypothesis (small wild mammal
lower richness is associated with the increase of prevalence of 7.
cruzi infected dogs), we used the GLMs (Generalized Linear
Models) with a Poisson link function [33]. For the response
variable we used the infection of the dogs (based on serological
assays — IFAT and ELISA, as described above). The following
covariables were included: (1) Species richness of small wild
mammals collected (DS): The richness was calculated as being the
number of species captured in each area; (2) Abundance of small
wild mammals collected (NM): The abundance for each localities
was based on: n=total number of mammals captured. In the
present model, aiming to evaluate the influence of both parameters
(normally associated in ecological studies), these two covariables
(DS*NM) were considered together and estimated by the
“manual” selection method; (3) Prevalence of small wild mammals
with positive 7. cruzi parasitological assays (THC): That included
(i) the finding of flagellates with typical 7. ¢ruzi morphology in fresh
blood examination and (ii) the isolation and characterization of 7.
¢ruzt from blood in axenic medium — hemoculture; (4) Prevalence
of small wild mammals with positive 7. cruzi serological assay:
based on the detection of specific anti-7. ¢ruzi antibodies in the
IFAT. The criterion of comparison between the models was based
on the Akaike Information Criterion (AIC) and residual deviance
[34,35] to determine which model fits best considering the level of
significance (p<<0.05). For the analysis of normality, the Shapiro-
Wilk normality test was performed. Each model is specified as a
combination of covariables that can influence the probabilities of
dogs becoming infected. The comparison between dogs from
Chagas disease-outbreak and non-outbreak areas were calculated
using 2 X2 contingency tables along with a Chi-squared test. Each
dog was considered as one independent event, even when living in
the same house. Both analyses were performed using the software
R (Version 2.11.1) [36].
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Owner consent and protocol of ethical treatment of
animals

All wild animal manipulation procedures were performed in
accordance with the COBEA (Brazilian College of Animal
Experimentation) following the guidelines of the Animal Ethics
Committee (CEUA) protocol of FIOCRUZ (Oswaldo Cruz
Institute Foundation), Ministry of Health, Brazil. All field workers
who manipulated animals directly were adequately dressed with
protective equipment, following protocols previously approved by
the CEUA-FIOCRUZ Committees of Biosafety and of Bioethics
(licenses: P0007-99; P0179-03; L.0015-07; P0292/06). The wild
animal captures were licensed by the Brazilian Institute of
Environment and Renewable Natural Resources (IBAMA) licenses
068-2005 and 225-2006 (IBAMA/CGFAU/LIC). In all cases,
consent from the dog owners was obtained. In addition, the
owners also helped handle the animals during sampling to avoid
incidents. A canine standard questionnaire was applied. For each
dog, the questionnaire included name, sex, age, size, color and
main phenotypic features, birthplace, age at which the pet entered
the house, the dog’s main function and movement areas.

Results

Parasitological and molecular characterization

Trypanosoma cruzi infection in dogs was sub-patent in the
majority of the cases. Only five dogs from Monte Alegre displayed
trypomastigote forms in fresh blood preparations (Table 1). These
dogs with patent parasitemia displayed severe clinical symptoms
(fever, pale mucous membranes, generalized edema, rigid abdo-
men and splenomegaly), and the disease was fatal for two of them.
Hemocultures performed in the three dogs surviving two months
after the first blood collection were negative; these dogs produced
Chagas negative hemocultures 3 months after the first blood
collection. Positive hemocultures were detected only in two dogs,
one from Abactetuba and one from Curralinho. From one of these
two dogs, it was possible to isolate the 7. cruzi on two occasions
after an interval of seven months (Abactetuba). Molecular
characterization was performed on these isolates and on five
serum samples of dogs from Monte Alegre. 7. cruzi k-DNA was
amplified from these six dogs, from both serum and culture
samples, with the exception of one dog from Curralinho with
Trypanosoma rangeli (Figure 2 and Table 1).

Serological data

Overall, the distribution of 7. cruzi infection in dogs was not
homogeneous among houses, localities, municipalities and/or
biomes (Figure 3), as shown by the high variation in 7. cruz
prevalence in dogs in the different municipalities (11-89%,
Table 1). Within the same biome, municipalities with high and
low T. cuz seroprevalence in dogs were observed. In the
Jaguaruana and Jodo Costa municipalities located in the Caatinga
biome, dogs displayed 71% and 11% seropositivity, respectively.
Similar differences in dog seroprevalence were also observed in
distinct localities in the Amazon biome (22—-89%). Even within the
same municipality, seroprevalence in dogs was not homogeneous.
In Abaetetuba (Amazonia biome), the seroprevalence in dogs
ranged from 0 to 42% according to the locality. In the Pantanal,
where Chagas disease is not reported, all dogs serologically
examined were negative for 7. cuzi infection (n=39) (Table 1).
Each dog was considered as one independent event, even when
living in the same house due do the fact that different
seroprevalence rates could be observed in dogs of one same
house. The not homogeneous distribution of 7. cruzi seropreva-
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M 1 2 3 4 5 6 7 8 9 10

Figure 2. Trypanosoma sp. characterization in blood samples from dogs from Para State. Parasite identification targeting the variable
region of minicircle kDNA, Lanes 1-5 DNA extracted from serum samples of dogs designated LBT1818, LBT1819, LBT1820, LBT1821 and LBT1822,
respectively; lane 6: FNS258; lane 7 LBT1831; lane 8 T. cruzi positive control; lane 9 T. rangeli positive control; lane 10 negative control; lane M:
100-bp DNA ladder. Red arrows: 760 bp fragment and fragments varying in size from 300 to 450 bp derived from T. rangeli minicircles; Blue arrow:
330-bp fragment derived from T. cruzi minicircles.

doi:10.1371/journal.pntd.0001647.9002
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Figure 3. Mapping of distribution of Trypanosoma cruzi infection in dogs (municipalities). Distribution of seroprevalence in dogs by the
interpolation maps method (Inverse Distance Weighted - IDW): Total positive/Total tested.
doi:10.1371/journal.pntd.0001647.9003
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lence in dogs of one single house reflect that these dogs have not
been equally exposed to 7. cruzi infection.

Co-infection with Leishmania infantum

Co-infection was observed in 17% and 16% of sera from dogs
examined in the Caatinga and Amazon biomes, respectively, as
evaluated by the IFAT and/or Quick Test for Diagnosis of
Visceral Leishmaniasis (CVL) (TR DPP®, Bio-Manguinhos,
FIOCRUZ, Rio de Janeiro, RJ, Brazil), indicating co-infection
by both parasite species.

Geospatial analysis

An analysis of the maps generated using the interpolation
method indicated an inverse distribution correlation among 7.
cruzi infection in dogs and a decrease in the richness and
abundance of small wild mammal species. This spatial correlation
evidence was confirmed by map algebra and demonstrated that
among the response variable and covariables there is also an
inverse correlation, which indicated that in areas with greater
richness and abundance of small mammal species, dogs were less
prone to be infected with 7. cruzi. Since the resulting map algebra
was subtracted from inverse correlation with two variables our
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result shows a distribution that is not homogeneous. A more
indirect indication was given by the rates of parasitological and
serological 7. cruzi prevalence in dogs (Figure 4A-D).

Statistical analysis

Statistical analysis confirmed the generated maps and demon-
strated that the covariables DS (Species Richness) and THC
(parasitological prevalence) influence the average response variable
(7. cruzi infection in dogs), polygons of the studied municipalities.
The estimated DS (—0.095596) indicates that in areas that present
greater mammal biodiversity, dogs are less prone to infection by 7.
cruzi. The estimated TCH (0.009066) indicated that in areas that
present higher parasitological prevalence of infection in the small
wild mammals, dogs are more exposed to the 7. ¢ruzi infection.
The estimated rate of 7. ¢ruzi infection in dogs was 0.909 (Clgse,
0.870-0.949) for DS and 1.009 (Clgs¢, 1.004-1.014) for TCH.
The analysis of residuals versus fitted values indicated that the
behavior of the variance of residuals and homoscedasticity
presented random residuals. For confirmation of the normality
of the data, the Shapiro-Wilk test was performed (W =0.9814),
P=0.8714 at 5%. We found a significant difference in the 7. cruz
infection rate between dogs sampled from areas that suffered a
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Figure 4. Mapping of lower richness of wild mammal species. A geospatial analysis by the map algebra of the association of T. cruzi infection
in dogs (response variable) with covariables: (A) species richness (DS) of small wild mammals; (B) abundance (NM) of small wild mammals; (C)
serological prevalence (IFAT) of small wild mammals; (D) parasitological prevalence (THC) of small wild mammals.

doi:10.1371/journal.pntd.0001647.g004

@ www.plosntds.org

67

May 2012 | Volume 6 | Issue 5 | e1647



ARTIGO 3

Chagas disease outbreak compared to dogs from non-outbreak
areas (28/103 versus 217/546, Chi-squared 5.81, P=0.01). In
other words, this probability would rise 0.5 points in areas with
Chagas disease outbreaks.

Discussion

The sustainability of successful control of Chagas discase
requires a more accurate knowledge of the environmental factors
that underlie the transmission cycle of this parasite in the wild,
mainly, if there are still unknown and undetermined aspects of the
current epidemiology of this trypanosomiasis. This demands
multidisciplinary and complex studies, as Trypanosoma cruzi is a
multihost parasite that displays a huge intraspecific heterogeneity
and a complex transmission cycle that may exhibit local
peculiarities. Oral transmission of 7. ¢ruzi to humans was reported
as sporadic until 2004, but in the following years, this epidemi-
ological profile of transmission became increasingly important in
the epidemiology of Chagas disease, particularly in the Amazon
region [4-6]. Outside this region, oral transmission has also been
responsible for recent outbreaks of ACD in several Brazilian states,
mainly in the North [2,3]. Such outbreaks have also been reported
in other Latin American countries [37,38].

Our results indicate that infection by 7. ¢uzi in dogs is not
homogeneous but focal, as demonstrated by the differences in
seroprevalence among close localities; these differences may be
due to landscape features. The seroprevalence observed in dogs
could be associated with their proximity to forest and rural areas
and with the loss of richness and abundance and rates of infection
of the small wild mammal fauna. One aspect that distinguishes the
present and previous data of our group from other studies is the
scarcity of the number of dogs that displayed positive hemocul-
tures [17-19]. In fact, dogs in Brazil are apparently only rarely
involved in the amplification of 7. cruzi and seem to play a minor
role in the dispersion of the parasite. Even the dogs from Monte
Alegre/PA seem not be of epidemiological importance because
hemocultures were negative 3 months after the detection of 7. cruzi
in their blood smears.

The importance of a host species as a reservoir of a vector-borne
parasite mainly depends on its prevalence of infection, capacity to
infect the vectors, and the rate of host-vector contact [39]. A
possible consequence of a local simplification of the small wild
mammal fauna, where generalist mammals are favored at the
expense of specialist species, is an increase in the rate of infection
among the remnant mammalian fauna when the selected species
are competent reservoirs of 7. cruzi. As a result, the parasite
population increases in the area, favoring vector infection and
exposure of dogs to parasites, as reflected by their seroprevalence.
This scenario suggests that the assessment of potential disease risk
factors requires detailed knowledge of local, site-specific condi-
tions. The small wild mammalian fauna diversity plays an
important role in the profile of the enzootic infection patterns in
a given area, as shown by the high transmission focus described in
a previous study [22].

Overall, despite many remaining questions, the current
evidence indicates that preserving intact ecosystems and their
endemic biodiversity should generally reduce the prevalence of
infectious diseases [7,8].

The determination of the spatial distribution of the elements
that compose the epidemiological chain of a parasitic disease is of
pivotal importance for the determination of trends and risk
evaluation. Moreover, it is worth mentioning that the attempts to
control a given multihost parasite based on the control of one
single vector or host species will always be insufficient because
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parasite transmission very rarely relies on a single system. The
simplification of the mammalian host diversity, associated with an
increase in the abundance of competent reservoir host species as
described here is certainly one of the risk factors involved in the
reemergence of Chagas disease [9]. Reduced disease risk with
increasing host diversity is especially likely when pathogen
transmission 1is frequency-dependent, and when pathogen trans-
mission is greater within a species than between species,
particularly when the most competent hosts are also relatively
abundant and widespread [7].

Piaui and Ceara display similar patterns regarding the presence
of a high density of naturally 7. ¢ruzi infected Triatominae, which
are the main vectors in both regions. Our results demonstrate a
high prevalence of 7. ¢ruzi infection in dogs from the Caatinga, as
described in previous studies from our group [9,22]. Despite this
high prevalence, no new Chagas disease cases of vectorial
transmission have been observed there in the last decade
[13,26]. This may reflect the effectiveness of the already long-
lasting epidemiological surveillance campaigns exerted in these
areas despite their lack of regularity. Local people are aware of the
risk of disease and adopt local measures to avoid infection risk.
Further, although dogs were exposed to the 7. ¢ruzi transmission
cycle and are hosts of the parasite, they do not display high
parasitemia (i.e., had negative hemocultures) and are therefore not
involved in the amplification of parasite populations, so conse-
quently, the potential for transmission from these dogs to the
vector is low.

The high prevalence of seropositive dogs in the Amazon region
can be attributed to the elevated rate of contact among these
domestic animals and the wild environment and because the
houses are practically located inside wild forest areas. In these
areas, it is difficult to delimit the of peridomestic and wild areas,
and many local inhabitants and dogs are involved in hunting
activities. Empirical evidence indicates that habitat fragmentation
can increase or decrease disease prevalence (and also 7. cuz
infection among wild small mammals) within a host species,
depending on the specific biology of the host-parasite relationship
[28,40]. Another important factor that should be taken into
account is the importance of the definition of risk area based on
the characteristics of the micro-regional management of domestic
animals that are sometimes reared in semi-extensive ways. In this
case, these animals are more exposed to the wild cycle of
transmission and this is reflected by a high prevalence of infection.
The presence of seropositive dogs in strictly domiciled habitats, as
observed in a previous study in Navegantes, in the state of Santa
Catarina, indicates, for example, the presence of a transmission
cycle very close to the animal’s home [2]. Moreover, the high
prevalence of infection in domestic mammals reared in a semi-
extensive way (such as pigs from Cachoeira do Arari/PA) indicates
that transmission is occurring farther from homes but within the
areas of interface between the peridomestic and wild environments
[16].

Surveillance for canine Chagas disease should be a useful tool
for the design of suitable epidemiological control programs in
areas where sylvatic triatomines are responsible for human
infection, as in many rural endemic areas [17].

The geospatial analysis approach involving interpolation and
the map algebra method are a powerful tool in the study of the
association between lower richness and areas with high transmis-
sion rates in small wild mammals and the risk of exposure of dogs
to 1. cruzi infection. Dogs are important sentinels and efficient
indicators of areas at risk for Chagas disease outbreaks, lower
richness in wild mammalian fauna diversity and selection of
suitable 7. cruzi reservoir hosts.
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Therefore, the monitoring of domestic animals can and should
be used as a first measure in the diagnosis of areas with elevated
risk of 7. cruzi transmission. Dogs, in particular, are easy to handle
and have a generally accessible traceability. The collection of
blood from these hosts and serologic testing (the sending of
material to a central diagnostic institute) does not require great
cost and infrastructure. Moreover, blood samples can be easily
obtained in areas where dogs are routinely collected and tested for
Leishmania sp. Or the anti-rabies vaccination campaigns can be
used to collect blood from a representative sample of dogs in a
given area. The presence of seropositive dogs reflects exposure to
T. cruzi and points to the transmission of the parasite in areas
where these animals roam. Once this measure is implemented, we
should have an efficient indicator of areas at risk for human
Chagas disease that require particular epidemiological investiga-
tion, implementation of control measures and health education.

Supporting Information

Figure S1 Mapping of distribution of parasitological
prevalence, richness and abundance of small wild
mammals. Geospatial analysis showed that the lower richness
of the mammal fauna (richness and abundance) was associated
with higher parasitemia in small wild mammals and higher
exposition of dogs to infection.
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Table S1 Prevalence of infection by Trypanosoma cruzi
in small wild mammals. Caatinga, Amazon Forest and
Pantanal. Richness indicates the number of species captured in
each area; Prevalence of small wild mammals with positive 7. cruz
parasitological assays includes mammals that displayed: flagellates
with typical 7. ¢ruzi morphology in fresh blood examination and/
or positive hemoculture, t.c., isolation and characterization of 7.
cruzi from blood in axenic medium; Prevalence of small wild
mammals with positive 7. cruzi serological assay was based on the
detection of specific anti-7. ¢ruzi antibodies in the IFAT.
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Figure S1. Mapping of distribution of parasitological prevalence, richness and
abundance of small wild mammals. Geospatial analysis showed that the lower
richness of the mammal fauna (richness and abundance) was associated with higher

parasitemia in small wild mammals and higher exposition of dogs to infection.
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Table S1: Prevalence of infection by Trypanosoma cruzi in small wild
mammals: Caatinga, Amazon Forest and Pantanal.

Small Wild Mammals

Caatinga Jaguaruana Caatinguinha 5 20/36 (55) 16/36 (44)

Di6

w

2/6 (33) 1/6 (17)

Figueiredo do Bruno/do Ivan 2 5/6 (83) 4/6 (67)

w

Redengao Salobro 7/10 (70) 0/10

N

Manoel Dias 3/6 (50) 2/6 (33)

o
'

Tocantins

Augustinépolis 2000

N

Piquizeiro 1/1 (100) 0N

[e>)

Genipauba 12/19 (63) 7/19 (37)

©

Urban Area 15/54 (28) 3/54 (6)

o
'

Belém Jurunas

w

Furinho 3/14 (21) 3/14 (21)

o

Sede Furo Grande

6]

Curralinho Sao José da Povoagao 6/20 (30) 5/20 (25)

—_
~

Mato Grosso do Sul  Corumba Farms 31/95 (32) 35/221 (16)

Footnotes: IFAT - Indirect Immunofluorescence Antibody Test

1-Data published in [22]
2-Data published in [2]
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Legend:

Richness indicates the number of species captured in each area; Prevalence of small
wild mammals with positive T. cruzi parasitological assays includes mammals that
displayed: flagellates with typical T. cruzi morphology in fresh blood examination
and/or positive hemoculture, i.e., isolation and characterization of T. cruzi from blood
in axenic medium; Prevalence of small wild mammals with positive T. cruzi
serological assay was based on the detection of specific anti-T. cruzi antibodies in

the IFAT.
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Discussao Geral

Mais de 100 anos apos ter sido reconhecido pelo préprio Carlos Chagas ser a
doenca de Chagas primariamente uma enzootia silvestre, muitos aspectos do ciclo
enzobtico ainda sdo pouco conhecidos. Entre estes, as variaveis que modulam a
transmissdo das diferentes subpopulacdes de T. cruzi que como se sabe, ocorrem
em ciclos complexos, que podem ou ndo se sobrepor mesmo em um Unico estrato
florestal. Baseado em marcadores moleculares sdo identificados atualmente seis
distintos genétipos do parasito, Tcl a TcVI, cujos padrdes de distribuicido na natureza
e importancias ecoldgica e epidemiolégica apresentam ainda numerosas lacunas
qgue precisam ser conhecidas.

No Brasil, ja foram descritas as seis unidades discretas de tipagem (Discrete
Typing Units — DTU), respectivamente Tcl a TcVI, (Zingales et al. 2009; 2012), mas
sua distribuicdo na natureza, hospedeiros e reservatérios e, principalmente, seu
potencial risco para a doenca humana ainda € pouco conhecido. Estas lacunas
ocorrem provavelmente pela prépria dificuldade do trabalho de coleta no campo que
resulta em subamostragem e, portanto, em uma visdo incompleta do padrdo de
dispersao destes genotipos.

Sabe-se que a DTU Tcl é amplamente dispersa e frequente na natureza com
amplo espectro de hospedeiros mamiferos e vetores, sendo considerado o principal
agente da doenca de Chagas no norte da bacia Amazdnica (Monteiro et al. 2012).
As DTUs Tclll e TclV, antes classificados como um uUnico grupo Z3, tem sido
descritas como quase exclusivamente associados a hospedeiros silvestres, em
ciclos de transmissao mais restritos e focais. Da distribuicao dessas DTUs no Brasil
pode-se afirmar que sdo menos frequente que Tcl e Tcll e que eram descritas como
raramente de importancia na infecgcdo humana. Entretanto, na Amaz6nia atualmente
tem-se observado surtos DCA por via oral causadas pelas DTUs Tclll e TclV
(Valente et al. 2009; Marcili et al. 2009a,b; Monteiro et al. 2012).

Neste primeiro artigo nés focamos na dispersdao das DTUs TClIl e TCIV de T.
cruzi, que durante a publicacado deste artigo foram classificadas como Z3 (na época
da publicacao nao tinhamos implementado a genotipagem em DTUs), uma vez que
a distribuicdo dessas DTUs eram descritas como mais prevalentes na Amazdnia e
responsaveis pelos casos de doenca de Chagas na regidao. Para tanto, nés
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recentemente completamos a genotipagem a nivel de DTU (metodologia atualmente
implementada no laboratério) de cinco isolados desse estudo e outros dez isolados
obtidos de vetores e mamiferos silvestres de excursdes subsequentes. O método
utilizado foi o PCR-RFLP do fragmento de 650 bp do gene histona 3 (H3), submetido
a digestao pela enzima de restricao Alul (Westenberger et al. 2005).

A determinacdo das DTUs desses 15 isolados mostrou que o TclV foi
encontrado em 10 dos 15 isolados, em um largo espectro de hospedeiros mamiferos
que incluiu 8 espécies distribuidas em 5 ordens de mamiferos (Rodentia,
Marsupialia, Artiodactyla, Carnivora e Cingulata) e em dois exemplares de
triatomineos da espécie Triatoma brasiliensis. Um dos isolados caracterizado era
proveniente de um Dasypus novemcinctus da area do surto de DCA ocorrido em
Cachoeira do Arari/PA (2006). Vale ressaltar que, até a presente data nao foi
possivel comparar os nossos dados com os dados referentes aos isolados de
humanos da mesma area, pois ainda nao foram publicados. Esses resultados
mostram que esta DTU TclV é capaz de infectar uma ampla variedade de
hospedeiros silvestres que até entdo eram descritos como pouco conhecidos
provavelmente, resultado de subamostragem (Marcili et al. 2009b). De fato, talvez a
dificuldade representada pelo trabalho com animais silvestres seja uma das causas
que levam a maioria dos trabalhos a incluirem em seus estudos majoritariamente o
género Didelphis que é frequentemente mencionado como espécie silvestre e nao
sinantrépico que de fato é. Monteiro e colaboradores (2012) analisando isolados
proveniente de dois surtos na Amazénia, identificaram TclV em todos os isolados de
humanos e em 4/36 isolados de triatomineos, mas todos os isolados provenientes
de mamiferos silvestres foram genotipados como Tcl.

A contribuicdo principal desse trabalho foi desvendar alguns dos mamiferos
reservatérios de TclV que até o presente momento eram pouco conhecidos (Marcili
et al. 2009b; Monteiro et al. 2012).

A DTU Tclll também foi encontrada em 5 dos 15 isolados derivados de 4
espécie de 3 ordens de mamiferos (Marsupialia, Carnivora e Cingulata) e um
triatomineo da espécie Rhodnius pictipes, proveniente da area de surto de DCA
ocorrido no municipio de Cachoeira do Arari/Para em 2006. Dados da literatura
(Monteiro et al.2012, Marcili et al. 2009a,b) somados aos nossos dados reforcam a
circulacdo das DTUs Tclll e TclV em area de surto de DCA na Amazoénia.

75



DISCUSSAO

Nossos dados mostram o oposto ao que os estudos prévios das DTUs Tclll e
TclV conduzidos principalmente na regido norte do pais mostraram, que foi a DTU
Tclll sendo capaz de infectar um espectro de hospedeiros mamiferos mais amplo do
que TclV e sua associacao restrita a ordem Cingulata (Yeo et al. 2005; Llewellyn et
al. 2009).

Nossos resultados mostram ainda, que as DTUs Tclll e TclV estdo
amplamente dispersas na natureza uma vez que foram encontradas em cinco dos
seis biomas brasileiros e que sao capazes de infectar seis das oito ordens de
mamiferos que T. cruzi € capaz de infectar (Rodentia, Marsupialia, Artiodactyla,
Carnivora e Cingulata e Chiroptera) e duas espécies de triatomineos (Triatoma
brasiliensis e Rhodnius pictipes) em biomas com caracteristicas eco-epidemiol6gicos
distintas. Aqui estamos demonstrando pela primeira vez a amplitude da distribuicdo
geografica e de hospedeiros das DTUs Tclll e TclV no Brasil.

Apesar de nao ter genotipado a nivel de DTU todos os isolados deste estudo,
fica claro que as DTUs Tclll e TclV sdo capazes de infectar igualmente uma ampla
diversidade de mamiferos tanto quanto Tcl e Tcll, mas provavelmente com
diferentes estratégias de transmissao em ciclos mais restritos e focais na natureza.
Assim, a maneira como o homem interage e se expde ao ambiente pode resultar no
contato com as diferentes linhagens de T. cruzi e em potencial risco para a doenca
humana. Esses resultados que estdo sendo preparados para publicacao,
comprovam pela primeira vez a ampla distribuicdo geografica de hospedeiros
mamiferos desses genotipos no Brasil.

O perfil epidemiolégico da doenca de Chagas vem adquirindo novos
contornos e, consequentemente, vem exigindo um novo olhar e o delineamento de
novas medidas de vigilancia e controle. De fato, os surtos e casos de doenca de
Chagas aguda (DCA), que vem acontecendo em diversas regibes do pais
principalmente na Amazbénia, constituem um cenario epidemiolégico bem distinto da
classica transmissao vetorial contaminativa intradomiciliar por Triatoma infestans que
a Iniciativa do Cone Sul com muito éxito, logrou controlar. Este novo recorte é
desafiador devido as diferencas nos cenarios regionais onde ocorre em paralelo com
as peculiaridades de T. cruzi. Os surtos recorrentes vém demonstrando que ainda
nao se adotou medidas de controle efetivas dentro deste atual perfil epidemiolégico.

z

E aqui que se insere este segundo artigo, neste novo perfil, e como variaveis do
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ciclo enzoo6tico poderiam sinalizar um possivel risco epidemiologico e indicativo de
areas quentes de transmissao de T. cruzi. A necessidade de um novo olhar sobre o
ciclo enzodtico de transmissdo nos levou a um estudo abrangente incluindo variaveis
paisagisticas além de aspectos bioldgicos e ecoldgicos da diversidade de espécies
animais que constituem a rede trofica na qual estd incluido T. cruzi em areas onde
aconteceram os casos de DCA.

Para tanto, nés avaliamos a composigéo faunistica de pequenos mamiferos
silvestres como possivel bioindicador de areas com altas taxas de transmissao de T.
cruzi e consequentemente de risco epidemiolégico de DCA na Amazbnia. A
importadncia do monitoramento de pequenos mamiferos (roedores e marsupiais)
silvestres como bioindicadores de parasitos multi-hospedeiros, reside no fato que
esses animais sao abundantes, tem alta taxa de reposicao e, quando susceptiveis a
infeccdo por um dado parasito, podem sinalizar um ciclo enzoético robusto de
transmissédo de T. cruzi no ambiente. Além disso, podem refletir as alteracées em
suas taxas de prevaléncia/incidéncia da infeccdo atuando, dessa forma, como
sentinelas da transmissao e possivel risco. Para tanto, selecionamos 0 municipio de
Abaetetuba onde sao registrados casos recorrentes de doenca de Chagas Aguda
(DCA) e é o segundo municipio em numero de casos, logo depois de Belém. Entre
2006 e 2011 foram registrados em média mais de 10 casos de DCA por ano.
Recentemente, em agosto de 2012, foi registrado um surto envolvendo 24 casos
(SESPA).

Neste contexto, para melhor compreender este cenario epidemiolégico,
estudamos o ciclo de transmissdo enzodético de T. cruzi em trés localidades do
municipio de Abaetetuba (Genipauba, Ajuai e area urbana) com distintos niveis de
alteracao da paisagem.

Nossos resultados mostraram que nao houve diferencas na soroprevaléncia e
composicao da fauna de pequenos mamiferos silvestres e sinantrépicos entre as
areas. Entretanto, observamos diferencas nas taxas de hemocultivos positivos
(potencial de transmissibilidade de T. cruzi) entre os pequenos mamiferos, que
variou significativamente de acordo com o grau de alteracao da paisagem das areas.

A localidade Ajuai classificada como éarea intermediaria em termos de
alteracoes de paisagem foi a localidade que apresentou as maiores taxas de animais

com hemocultivos positivos. Portanto, a acdo antrépica na natureza altera o ciclo de
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transmissao silvestre podendo refletir uma maior competéncia de transmissao do
parasito em derterminadas areas e, consequentemente, em maior risco. Esses
dados mostram que a interacdo parasita-hospedeiro € dinamica, multifatorial e
modifica—se conforme as condi¢ées ambientais naturais e conseqlientemente com a
utilizacdo da paisagem pelo homem. Portanto, a possibilidade de seres humanos e
mamiferos domésticos entrarem em contato com insetos infectados variam em
escala local. Ou seja, ndo se pode extrapolar as mesmas medidas epidemiol6gicas
sem levar em consideragdo as diferengas micro ambientais de cada area. Este &
especialmente o caso da Amaz6nia, um mosaico de paisagens cada qual com sua
particularidade. Assim, deve ser levado em consideracao na definicao de areas de
risco as caracteristicas da micro-regionalidade de cada area.

Uma vez que nado foi possivel correlacionar a composi¢cdo da fauna de
pequenos mamiferos e suas taxas de infec¢cdo por T. cruzi com o padrdao de
alteracdo da paisagem das trés localidades do municipio de Abaetetuba,
estendemos o estudo para mamiferos domésticos (caes e porcos). Observamos que
estes estavam infectados, por T. cruzi, como indicado por sorologia positiva. A
soroprevaléncia que reflete a exposicdo dos cées para T. cruzi, foi a Unica
caracteristica comum entre as localidades estudadas, incluindo areas com surto,
ressaltando a importancia de selecionar mamiferos domésticos como sentinelas na
identificagdo de areas com alto risco de transmissao de T. cruzi. Observamos que
em Ajuai, localidade com as mais altas taxas de infeccao por T. cruzi em mamiferos
silvestres, os caes foram mais expostos a infeccdo. Portanto, sinalizando que a
ultima barreira entre o ciclo de transmissao silvestre e a area de atuacao do homem
foi transposta, ou seja, existe risco de infeccdo deste, reforcando a importancia dos
animais domésticos como sentinelas de risco epidemiolégico. Foi aqui que
comecamos a aprofundar os estudos sobre a participacdo dos caes como sentinela
de areas de risco de transmissdo de T. cruzi ao homem. Este tipo de estratégia ja foi
proposto e utilizado na Argentina, Venezuela, México, Panama e Brasil (Estrada-
Franco et al. 2006; Crisante et al. 2006; Gurtler et al. 2007; Roque et al. 2008;
Pineda et al. 2011; Lépez-Cespedes et al. 2012; Rocha et al. 2012).

De fato, temos observado que, embora todas as areas onde ocorreram 0S
surtos apresentem muitas particularidades no que se refere ao ciclo de transmissao

entre animais silvestres, tipo de vegetacao, uso da terra, clima, relevo, os animais
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domésticos estdo sempre expostos a infeccdo (Roque et al. 2008; Jansen e Roque,
2010). Adotar o sistema de animal sentinela surge como uma possibilidade eficiente
de se determinar quais areas implementar o manejo integrado com vistas a evitar
novos casos (Roque e Jansen, 2008).

Assim, como observamos que a soroprevaléncia de caes proveniente de
areas de surto de DCA é maior ou igual a 30%, sugerimos a implementagdao de um
Cut Off a partir de 30% de soroprevaléncia dos caes como fator de risco
epidemiologico de DCA, sinalizando a necessidade de intervengdo da vigilancia
epidemioldgica na area. Ou seja, 0 monitoramento dos animais domésticos pode e
deve ser utilizado como uma primeira medida no diagndstico de areas de risco.

Mapas de distribuicdo dos fatores determinantes de risco epidemiolégico
constituem uma base para a identificacdo de areas de risco em termos de
transmissao de doencas e parasitoses para o planejamento de campanhas de saude
e intervencgdes epidemioldgicas direcionadas (Bryssinckx et al. 2012). Abordagem de
analise geoespacial vem sendo aplicada para estudar, explicar e prever padrdes
espaco-temporais de doencas, fatores de risco, incluindo fatores biolégicos,
ambientais, sociais e econdmicos e suas interacdes (Kitron et al. 2006, Silva et al.
2011).

Aqui nés aplicamos a técnica de interpolacao espacial, a fim de modelar, em
superficies continuas a variacao espacial dos atributos para areas ndo amostradas.
Em conjunto com a aplicacdo de algebra de mapas sobre os resultados da
interpolacao foi proposta uma abordagem alternativa ao trabalho de Costa (2007)
para gerar mapas baseados na teoria da logica Fuzzy.

Neste terceiro artigo n6és avaliamos o potencial da analise geoespacial pelos
métodos de interpolacdo e algebra de mapas como uma ferramenta para a
construcdo de mapas para identificar area e fatores de risco de doenca de Chagas.
Para tanto, foram avaliadas e comparadas diferentes taxas de prevaléncias no que
se refere a transmissao de T. cruzi em trés biomas brasileiros, Amazbnia, Caatinga e
Pantanal, incluindo areas logo apds a ocorréncia de surtos de DCA e antigas areas
endémicas que ainda apresentam altas taxas de infeccdo em vetores e mamiferos,
mas sem o registro de casos humanos. Foram avaliados também os impactos de
simplificagdo da fauna de pequenos mamiferos silvestres na prevaléncia da infecgao

por T. cruziem caes.
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A analise exploratéria comparando os mapas tematicos gerados através da
técnica de interpolacdo pelo método Quadrado do Inverso da Distancia (IDW)
mostrou uma correlacdo inversa da distribuicdo da infecgdo por T. cruzi em caes e
uma diminuicdo da diversidade e abundancia de espécies de pequenos mamiferos
silvestres. Esta evidéncia de correlacdo espacial foi confirmada pela algebra de
mapas, mostrando que areas que apresentam maior diversidade de espécies de
pequenos mamiferos, os caes estdo menos expostos a infeccdo por T. cruzi. Uma
correlacao direta foi observada em areas com ciclo de transmissao robusto e ativo,
como demostrado pelas altas prevaléncias de hemoculturas positivas nos pequenos
mamiferos silvestres, os cdes estavam mais expostos a infeccao por T. cruzi. Além
de definir a distribuicao espacial de doencas, a modelagem assim concebida pode
ser usada para prever o risco e ser exitrapolada para outras areas com
caracteristicas semelhantes onde os dados de amostragem nao tenham sido obtidos
(Mischler et al. 2012). Essa ferramenta vem sendo usada na identificagdo de areas
com diferentes graus de risco para alocacdo de recursos diferenciados para a
vigilancia de doencas, controle e educacao (Mischler et al. 2012).

Uma segunda abordagem baseada em andlise estatistica utilizando o Modelo
Linear Generalizado (GLM) foi realizada para que fossem validados os resultados da
andlise geoespacial. Na andlise estatistica, foram encontradas evidéncias de que as
co-variaveis riqueza de espécies de pequenos mamiferos e taxa de hemocultivo
positivo influenciam na média da infeccao por T. cruzi em caes. Portanto, em areas
que apresentam maior riqueza de pequenos mamiferos silvestres, a soroprevaléncia
dos caes era menor, além da relacao direta das areas com alta taxa de hemocultivo
positivo entre mamiferos silvestres e cdes com altas taxas de soroprevaléncia.
Nossos resultados mostram que cées de areas de surto de doenca de Chagas
(DCA) estdao mais expostos (indicada pela taxa de soroprevaléncia) a infeccéo por T.
cruzi. A abordagem da modelagem estatistica ja vem sendo aplicada na definicdo de
fatores e areas de risco e dispersdo de vetores (Abad-Franch et al. 2010; Barbu et
al. 2010; Leite et al. 2011; Scholte et al. 2012).

O método de interpolacdo demonstrou ser eficaz ao estimar areas de risco de
transmissdo de T. cruzi. A interpolacdo espacial também mostrou ser uma
ferramenta que pode ser utilizada quando se precisa extrapolar os resultados dos

dados amostrados em escala local e municipal. Os nossos resultados confirmam o
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potencial da aproximacdo, produzindo simulagbes realisticas da dindmica do
processo mapeado demonstrado por Dragicevic e Marceau (2000).

Métodos precisos para estimar a distribuicdo espaco-temporal de areas de
risco sao, portanto, especialmente necessarios no estudo de parasitos multi-fatoriais
como o caso de T. cruzi. No entanto, as ferramentas para construcao de mapas de
estimativas e predicdo na definicdo de areas de risco sdo muitas vezes baseadas
em presenca ou auséncia de fatores de risco sem levar em consideracao a interacao
entre esses fatores e possiveis consequéncias desta interacdo. Entretanto, quando
este passo € precedido por uma interpolacédo espacial para estimar valores ausentes
em areas nao-amostradas, a precisdao € melhorada consideravelmente (Bryssinckx
et al. 2012).

Diante dos resultados alcangados com os primeiros protétipos dos mapas
fuzzy gerados pelo método de interpolacdo espacial/adlgebra de mapas, é
apresentada uma nova abordagem referente a analise multicritério com apoio da
l6gica fuzzy. Trata-se de uma légica matematica que permite a atribuicdo de valores
de aptidao para as variaveis utilizadas, indo além da légica binaria (booleana) que
admite apenas duas possibilidades, o verdadeiro e o falso. A légica fuzzy aceita
outros niveis de aptidao que estdo na transicao entre o sim e o nao, podendo ser
considerado um talvez.

O mapeamento boleano determina um limite entre classes mapeadas, onde
as areas de transicdo nao sao representadas. Assim uma maneira possivel de
representar areas de transicdo e aumentar a precisao na identificacao de diferentes
graus de risco €& através da aplicacdo da técnica de interpolacdo espacial
(Bryssinckx et al. 2012). Segundo as modelagens booleana (abruptas) e fuzzy
(graduais) as incertezas nos valores dos atributos dos mapas causam erros nos
resultados das inferéncias espaciais efetuadas. Os métodos booleanos estdo muito
mais sujeitos a propagacao de erros do que os equivalentes fuzzy, e a utilizacdo da
técnica fuzzy pode reduzir a propagacao de erros por meio de modelos légicos,
fornecendo cenarios mais confiaveis (Burrough e Heuvelink, 1992 apud Moreira,
2001).

Na avaliacdo multicritério realizada por Liotte et al. (2006) para determinacao
de novas areas para o desenvolvimento urbano, os autores compararam analises

booleana e fuzzy. Na analise booleana, apenas ocorre a sobreposicao destes

81



DISCUSSAO

fatores resultando em resposta rigida de sim ou ndo, ou seja, determinada area é
apta para o desenvolvimento urbano e determinada area é inapta. Ja ao utilizar-se a
técnica de analise fuzzy cada fator pode ser descrito por uma fungéo especifica que
melhor o descreva e, além disso, as combinag¢des entre eles permitem uma
variabilidade entre as classes onde ndo sdo apenas decisoes rigidas de sim ou nao,
mas uma variabilidade entre as classes de aptidao ao desenvolvimento.

A Logica fuzzy tem sido utilizada de forma crescente na modelagem de
problemas sociais e ambientais devido a suas caracteristicas peculiares, tais como a
sua representacao em graus de pertinéncia, fazendo com que as passagens entre
os conjuntos fuzzy, alto, médio e baixo risco sejam suaves (esses contornos suaves
retratam melhor as areas e fatores modelados), sendo estes niveis representados
pelos graus de pertinéncia existentes na teoria dos conjuntos fuzzy (Vasconcelos et
al. 2010).

A abordagem de modelagem dos dados e mapeamento pela teoria da l6gica
fuzzy, j& foi proposta e utilizada na avaliacdo de &reas com risco de exposicao a
radiacao (Vasconcelos et al. 2010), avaliar o risco de morte neonatal (Nascimento e
Ortega, 2002), contrucdo de matriz de risco (Markowski e Mannan, 2008),
identificacdo de areas com risco de deslizamento de terra (Pradhan et al. 2009).

Esta metodologia também foi utilizada na Africa do Sul, na bacia do rio
KwaZulu-Natal, para identificar areas onde condigdes e fatores seriam favoraveis a
ocorréncia de coélera. Foi criado um sistema especialista e um mapa fuzzy da
epidemia de célera na regido. A partir do modelo, foi possivel identificar que a
propagacdao subseqliente de célera depende principalmente dos fatores
socioeconémicos (Fleming et al. 2007).

Nesse sentido, a teoria da légica fuzzy permite um maior refinamento na
modelagem dos dados, permitindo a representacdo da variacdo espacial dos
atributos em superficies continuas. As fungdes de pertinéncia fuzzy possibilitaram a
incorporacdo do conhecimento de forma bastante realista, resultando em cenarios
mais coerentes e menos sujeitos a erros (Moreira, 2001).

Nesse contexto, foi utilizado o método fuzzy de inferéncia espacial para a
construcao de um modelo de integracao dos fatores determinantes do risco de DCA.
Para tal, foi adotado um modelo prospectivo visando a definicdo de areas de risco
potencial de DCA em Abaetetuba e Belém, no estado do Para. Esses resultados que
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estdo sendo preparados para publicacdo, comprovam pela primeira vez a aplicacéao
da inferéncia fuzzy no mapeamento de areas de risco, como suporte na tomada de
decisdo na vigilanvia epidemioldgica de DCA.

Para tanto, foi construido um modelo fuzzy tipo Mamdani, usando o aplicativo
MatLab (versdo R2007b), baseado em base de regras para mapear as zonas de
risco de doenca de Chagas na regido Amazénica. O modelo € composto por uma
rede fuzzy de cinco camadas (A figura 19 ilustra o fluxograma da estrutura
hierarquica fuzzy para a avaliacao do risco de transmissao de DCA, capitulo 4) e 30
inferéncias (tabela 2 capitulo 4), (as variaveis estdo no fluxograma da estrutura
hierarquica fuzzy, mas o detalhamento das inferéncias esta na tabela 2), englobando
dados de casos de doenca de Chagas, mamiferos, entomoldgicos, ambientais e
meteroldgicos. Inicialmente, os dados de entrada foram fuzificados em termos de
conjuntos linguisticos (alto, médio e baixo). Para cada variavel de saida foram
criados trés conjuntos fuzzy (alto, médio e baixo risco). As variaveis de entrada e
saida foram representadas por funcbées de pertinéncia tipo trapezoidais. A base de
regra do modelo fuzzy tipo Mamdani foi formulada a partir do conhecimento de
especialistas e dados da literatura. Os dados de saida, defuzificados pela técnica do
centréide, foram normalizados em um intervalo definido de acordo com os valores
maximos e minimos definidos pelo especialista. Apds estas etapas foi realizada a
analise de sensibilidade do sistema no qual todas as inferéncias foram testadas para
avaliacao da contribuicdo de cada uma no modelo proposto e determinagdo dos
valores de calibragdo. A andlise de sensibilidade mostrou que o modelo fuzzy foi
sensivel a forma dos conjuntos fuzzy, do niumero de conjuntos fuzzy, da natureza
das regras e das técnicas de validacdo usadas.

A modelagem do sistema foi concluida e validada em testes com dados de
nove localidades distribuidas em dois municipios com casos e/ou surtos de DCA,
Abaetetuba e Belém no Pard, e os resultados (A figura 19 ilustra o mapa fuzzy)
indicam uma superficie com diferentes graus de risco determinando areas de risco
de transmissao por T. cruzi. A obtencdo deste mapa, resultante da aplicacdo da
inferéncia fuzzy aos dados fornecidos, reflete o conhecimento dos especialistas
consultados. Dessa forma, foi possivel identificar uma regidao de maior risco no mapa

sendo coerente com 0s dados na literatura sobre a localizagéo das regides de maior
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concentracdo em numero de casos, as chamadas de areas prioritarias da vigilancia
epidemiolégica em DCA no estado do Para (SESPA).

Os resultados mostraram que o modelo de risco de DCA fornece a
possibilidade de trabalhar com as incertezas nao-probabilisticas baseadas na teoria
dos conjuntos fuzzy, permitindo a inclusado de variaveis nao quantitativas no modelo,
refletindo a realidade das areas estudadas.

Os resultados sugerem que estes tipos de modelos fuzzy sado altamente
promissores para avaliagdo de areas de risco de DCA. O mapa fuzzy representou
bem a regido de ocorréncia de casos pela suavidade de seus contornos, que €
inerente aos fundamentos da légica fuzzy e coerente com o problema estudado,
podendo ser uma ferramenta para dar suporte a tomada de desi¢cdo. Assim, 0s
dados de saida obtidos podem ser utilizados para subsidiar a tomada de decisao na
vigilancia epidemiolégica de DCA nestas areas.

A modelagem pela légica fuzzy permite incorporar no processo de avaliagéo o
conhecimento multidisciplinar de especialistas. Apesar de representar uma quebra
de paradigma em relacdo as metodologias de avaliagdo baseadas na légica
classica, a teoria da légica fuzzy facilita o didlogo entre o profissional de ciéncias
exatas, responsavel pela implementacdo computacional, e 0s especialistas das
diversas areas envolvidas, uma vez que permite a utilizacdo de variaveis e
expressoes linguisticas e de regras légicas simples. Ressalta-se que a participacao
de um numero maior de especialistas envolvidos na definicdo dos conjuntos fuzzy e
na avaliacao dos projetos resulta em respostas mais confiaveis (Garcia et al. 2007).

A definicdo de areas prioritarias no manejo sustentavel das acdes de
vigilancia epidemioldgica de doenga de Chagas variou de acordo com a metodologia
empregada. O método baseado na inferéncia fuzzy espacial demonstrou melhores
resultados em relacéo a légica booleana no mapeamento e identificacao de areas de
risco, na representacdo continua das variaveis e na facilidade de modelagem do
processo de tomada de decisdo, pelos especialistas, devido ao uso de variaveis
linguisticas e de inferéncias, definidas nas bases de regras. A l6gica booleana nao
apresentou resultados satisfatérios, pela dificuldade de representar os diferentes
atributos das paisagens em classes com intervalos continuos o que, por sua vez,
acarreta na perda de informacao e, provavelmente, na geracao de erros no processo

de tomada de decisdo. A rigidez do mapa final gerado no método booleano para o
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mapeamento das é&reas foi outra caracteristica ndo favoravel, nao permitindo
variagdes na graduacao dos niveis de prioridade, para os processos de tomada de
decisdo. O método estatistico GLM utilizado como suporte as analises exploratérias
visuais demonstrou ser uma ferramenta eficaz na definicdo de fatores de risco,
porém sua limitacao foi a ndo espacializacao dos fatores utilizados na definicao de
areas com proximidade as areas sensiveis aos ambientes silvestres com ciclos de

transmissao robusto de T. cruzi.
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Conclusoes

v" Dos genodtipos Z3 (DTUs Tclll e/ou TclV) pode se afirmar que:

1. sdo mais amplamente distribuidas na natureza do que descritas até 0 momento

(Amazobnia, Caatinga, Pantanal, Cerrado e Mata Atlantica);

2. Apresentam amplo especto de hospedeiros mamiferos que incluem 12 espécies
distribuidas em seis ordens (Rodentia, Marsupialia, Artiodactyla, Carnivora,
Cingulata e Chiroptera).

v" O ciclo enzbotico de transmissao de T. cruzi é dindmico, sazonal, multifatorial
e modifica-se conforme as condicdes ambientais resultantes da utilizacdo da

paisagem pelo homem;

v A infeccdo por T. cruzi em caes mostrou ser sinalizadora de areas com
diminuicao de diversidade e abundancia de espécies de pequenos mamiferos

silvestres com altas taxas de hemocultivo positivo;

v" O uso de cdo como animal sentinela mostrou ser uma ferramenta robusta na
avalicdo precoce do ciclo de transmissé&o de T. cruzi nas proximidades das

habitacdes humanas;

v" Programas de sensibilizacdo e educacdo da populacdo local devem ser

implementados em areas onde a soroprevaléncia de caes seja 230%;

v' Abordagem baseada na inferéncia fuzzy espacial permitiu a representacao
continua e intregada das variaveis envolvidas na transmissao de T. cruzi na
natureza e a identificacdo de areas prioritarias no manejo sustentavel de

acoes de vigilancia epidemiolégica de DCA;

v A analise geoespacial (das variaveis infeccdo por T. cruzi em caes;
diversidade, abundancia e prevaléncias de hemoculturas e sorologia
positivas de espécies de pequenos mamiferos silvestres) por meio da
interpolacdo espacial e algebra de mapas demostrou ser eficaz na
identificacdo de é&reas de risco e consequentemente na definicdo de areas
estratégicas de acdes de prevencao de novos casos de DCA.
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ANEXOS

Anexo 1. Modelo fuzzy de inferéncia espacial na determinacdo de areas de

maior risco de DCA

Figura 19. Fluxograma geral da estrutura hierarquica fuzzy para a avaliacao do
risco de transmissao de DCA
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ANEXOS

Legenda

‘:| Para
‘:| Rios

(A) Belém
(B) Abaetetuba
Mapa Fuzzy

Pertinéncia de risco de DCA

P Ao : 100

L Baixo:0 \
{ 0 5 10 20 30

J Kilometros

Figura 24. Mapeamento da Inferéncia espacial Fuzzy do risco de transmissao
do Trypanosoma cruzi: areas com pertinéncia de risco de transmissao de T. cruzi
obtidas segundo inferéncia fuzzy. (A) municipio de Belém - Para: (1) - llha do
papagaio; (2) - ilha do Cumbu; (3) - llha do Murutucum; (4) - Jurunas; (5) - Val de
Cans. (B) municipio de Abaetetuba - Para: (6) - Panacaueira; (7) - Ajuai; (8) -

Genipauba; (9) - area urbana.
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ANEXOS

Tabela 2. Variaveis da arvore hierarquica de decisao fuzzy para o mapa de
risco de transmissao de DCA.

Variaveis da Arvore Hierarquica de Decisao Fuzzy para o mapa de risco

. . TERMOS o
VARIAVEL TIPO DOMINIO . PARAMETROS
LINGUISTICOS
Inferéncia 1
Baixo a=-1 b=0 ¢=5.489 d=9.85
casos agudos Entrada [-1, 50] Médio a=5.49 b=9.59 c=15.1 d=19.78
Alto a=15.15 b=20 ¢=50 d=50
Baixo a=-1 b=0 ¢=10.78 d=12.6
casos crénicos Entrada [-1,50] Médio a=9.99 b=13.16 ¢=20 d=24.9
Alto a=20.17 b=25.1 ¢=50 d=50
Baixo =-1 b=0 ¢=14.99 d=20.2
casos agudos e cronicos Saida [-1, 110] Médio a=14.99 b=21.4 ¢=40.6 d=50.2
Alto a=40.3 b=51.1 ¢c=100 d=110
Inferéncia 2
Baixo =-1 b=0 ¢=5.754 d=9.46
Zona rural Entrada [-1, 50] Médio a=5.093 b=10.3 ¢=15.3 d=20.2
Alto a=14.88 b=20 c=50 d=50
Baixo a=-1 b=0 ¢=5.489 d=9.46
Zona urbana Entrada [-1, 50] Médio a=5.225 b=10.3 c=15.1 d=19.9
Alto a=14.75 b=20.3 ¢=50 d=50
Baixo a=-1.12 b=0 ¢=5.489 d=9.99
Zona periurbana Entrada [-1, 50] Médio a=5.225 b=10.1 ¢=15.3 d=20
Alto a=15.01 b=20 ¢=50 d=50
Baixo a=-1 b=0 ¢=15.28 d=19.6
Zonas Saida [-1, 110] Médio a=14.99 b=20.2 c=40.9 d=49.9
Alto a=40.3 b=51.1 ¢=100 d=110
Inferéncia 3
Baixo a=-1 b=0 ¢=5.754 d=9.59
Modo vetorial Entrada [-1, 50] Médio a=5.09 b=10.1 c=16.47 d=20.2
Alto a=16.3 b=21 ¢=50.1 d=50.1
Baixo =-1b=0 ¢=5.09 d=9.854
Modo oral Entrada [-1, 50] Médio a=3.24 b=10.1 ¢c=18.32 d=23.1
Alto a=17.4 b=23.1 ¢=50.1 d=50.1
Baixo a=-1 b=0 ¢=10 d=14.99
Modo de Transmissao Saida [-1, 110] Médio a=10 b=15 c=40 d=50
Alto a=39.72 b=50.2 ¢=100 d=110
Inferéncia 4
Baixo =-1 b=0 c=4.96 d=7.077
Criancas Entrada [-1, 50] Médio a=3 b=8.399 c=15 d=19.9
Alto a=14.88 b=20.2 ¢=50 d=50
Baixo a=-1 b=0 ¢=5.093 d=8
Jovem Entrada [-1, 50] Médio a=5.093 b=8.13 ¢=15 d=20.3
Alto a=15.01 b=20.2 ¢=50 d=50
Baixo =-1 b=0 ¢=5.093 d=8
Adulto Entrada [-1, 50] Médio a=5.093 b=8.13 ¢=15 d=19.8
Alto a=15.01 b=20.2 ¢=50 d=50
Baixo a=-1 b=0 ¢=14.99 d=19.6
Faixa etaria Saida [-1, 110] Médio a=14.99 b=20.2 ¢=40.3 d=49.9
Alto a=40.3 b=51.07 ¢=100 d=110
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|
Baixo a=-1 b=0 c=14.7 d=20.2
casos agudos e cronicos Entrada [-1, 110] Médio a=14.99 b=20.5 c=40.6 d=50.5
Alto a=40.1 b=51.1 ¢=100 d=110
Baixo a=-1 b=0 c=14.99 d=20.5
Zonas Entrada [-1,110] Médio a=15 b=20 c=40 d=50
Alto a=40 b=51 c=100 d=110
Baixo a=-1 b=0 c=15 d=20.5
Modo de Transmissao Entrada [-1,110] Médio a=15 b=20 c=40 d=50
Alto a=40 b=51 c=100 d=110
Baixo a=-1 b=0 c=15 d=20.5
Faixa etaria Entrada [-1, 110] Médio a=15 b=20 c=40 d=50
Alto a=40 b=51 c=100 d=110
Baixo a=-1 b=0 c=15 d=20.2
Indicador Doenca de Chagas Saida [-1, 110] Médio a=14.99 b=20.5 c=40.6 d=50.8
Alto a=40 b=50 c=100 d=110
Inferénciab
Ocasionalmente  ._ 1 - c=0.1495 d=0.197
Vetores domiciliados Entrada [-1, 1] Frequentemente 3=0.1521 b=0.202 c=0.406 d=0.499
Habitualmente ,_q 4061 b=0.501 c=1 d=1
Ocasionalmente
Vetores peridomiciliados Entrada [-1, 1] Frequentemente a=-1 b=0 ¢=0.1521 d=0.202
Habitualmente a=0.1521 b=0.208 ¢=0.401 d=0.501
a=0.4008 b=0.501 c=1 d=1
Ocasionalmente
Vetores silvestres Entrada [-1, 1] Frequentemente a=-1 b=0 ¢=0.1521 d=0.2
Habitualmente a=0.152 b=0.189 c=0.4034 d=0.504
a=0.4008 b=0.501 c=1 d=1
Baixo a=-1 b=0 c=14.99 d=19.9
Habitat vetorial Saida [-1, 110] Médio a=15.28 b=20.2 c=40.3 d=50.2
Alto a=40.3 b=51.1 c=100 d=110
Inferéncia7
Baixo a=-1 b=0 c=15 d=20.52
Dispersao vetorial Entrada [-1,110] Médio a=14.99 b=20.8 c=40.9 d=49.9
Alto a=40.9 b=51.1 c=100 d=110
Baixo a=-1 b=0 c=56.61 d=100
Infestacdo vetorial Entrada [-1, 400] Médio a=54.5 b=100 c=181.5 d=225
Alto a=189 b=217.5 c=380 d=400
Baixo a=-1 b=0 c=14.99 d=19.9
Vetorial Saida [-1, 110] Médio a=14.99 b=20.2 c=40.3 d=50.5
Alto a=40.3 b=51.1 ¢=100 d=110
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Baixo a=-1 b=0 c=14.99 d=19.6
Habitat vetorial Entrada [-1,110] Médio a=14 b=20.22 c=40.3 d=49.9
Alto a=40.3 b=51.1 ¢=100 d=110
Baixo a=-1 b=0 c=14.7 d=19.9
Vetorial Entrada [-1,110] Médio a=14 b=20.52 c=40.3 d=50.5
Alto a=40.6 b=51.1 c¢=100 d=110
Baixo a=-1 b=0 c=14.99 d=19.4
Indicador Entomoldégico Saida [-1,110] Médio a=14 b=20.22 c=40 d=50.8
Alto a=40.3 b=51.1 ¢=100 d=110
Inferéncia 9
Baixo a=-1 b=0 c=10 d=15
Macho/Fémea Entrada [-1,110] Médio a=10 b=15 c=45 d=51
Alto a=45 b=51 ¢=110 d=110
Filhote a=-1 b=0 c=0.6 d=1
Jovem a=0.6 b=1 c=1.5 d=2
faixa etaria Entrad -1, 20
ntrada  [-1,20] Adulto a=1.5b=2 c=12 d=12
Idoso a=8.5 b=9.05 c=15.1 d=20
Caracteristicas de mamiferos Baixo a=-1 b-=0 ¢=10 d=15
L, Saida [-1,110] Médio a=10 b=15 c=40 d=51
domeésticos
Alto a=40 b=51 c=100 d=110
Inferéncia 10
Baixo a=-1 b=0 c=1 d=2
Riqueza de domésticos Entrada [-1,10] Médio a=1 b=2 c=4 d=5
Alto a=4 b=5 c=10 d=10
Baixo a=-1 b=0 ¢=20.37 d=31
Numero de domésticos Entrada [-1, 200] Médio a=20 b=30.95 c=53.2 d=69.6
Alto a=53.7 b=70 c=197 d=200
Fauna de mamiferos Baixo a=-1 b=0 c=12.7 d=20.22
L, Saida [-1,110] Médio a=11.49 b=21.4 c=40 d=49.6
domésticos
Alto a=40.3 b=51.1 ¢=100 d=110
L, , Baixo a=-1 b=0 ¢=10.91 d=19.4
Caracteristicas de mamiferos L
. Entrada [-1, 110] Médio a=9.75 b=20 c=40.3 d=49.6
domeésticos
Alto a=40.3 b=51.4 c=100 d=110
} Baixo a=-1 b=0 c=12.4 d=18.8
Fauna de mamiferos o
L. Entrada [-1, 110] Médio a=10 b=20 c=42.34 d=50.2
domésticos
Alto a=40.6 b=51.1 c=100 d=110
Baixo a=-1 b=0 c=10 d=19.93
Mamiferos domésticos Saida [-1, 110] Médio a=10.6 b=20 c=40.89 d=50.2
Alto a=40.89 b=51.1 ¢=100 d=110
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Inferéncia 12
Sinantrépico a=-1 b=0 c=52.25 d=95.9
Local Entrada  [-1, 500] Silvestre  a=41.67 b=98.5 ¢=500 d=500
Baixo a=-1 b=0 c=10 d=15.86
Macho/Fémea Entrada [-1, 110] Médio a=10 b=14.99 c=36.5 d=49.91
Alto a=34.19 b=51.1 c=110 d=110
Caracteristicas de mamiferos Baixo a=-1 b=0 ¢=10 d=20.52
. Saida [-1,110] Médio a=9.17 b=19.4 c=42.34 d=49.3
silvestres
Alto a=40.01 b=51.1 c=100 d=110
Inferéncia 13
Baixo a=-1 b=0 c=2 d=3
Riqueza de marsupiais Entrada [-1, 20] Médio a=2 b=3 c=4.63 d=5.847
Alto a=4.63 b=6 c=20 d=20
Baixo a=-1 b=0 c=6.019 d=10
Numero de marsupiais Entrada [-1, 50] Médio a=6.415 b=9.82 c=15 d=17.9
Alto a=15.2 b=17.53 c=50 d=50
Baixo a=-1 b=0 c=15 d=20.52
Fauna de marsupiais Saida [-1,110] Médio a=15 b=20.5 c=40.9 d=50.2
Alto a=40.89 b=51.1 c=100 d=110
Inferéncia 14
Baixo a=0 d=0 ¢=1.918 d=2.95
Riqueza de roedores Entrada [-1,10] Médio a=1.997 b=2.74 c=4.14 d=4.96
Alto a=4.061 b=5.01 c=10 d=10
Baixo a=-0.3 b=0 c=5.04 d=6.94
Numero de roedores Entrada [-1, 30] Médio a=5.28 b=7.1 c=12.1 d=15
Alto a=12.58 b=14 c=30 d=30
Baixo a=0 b=0 c=14.99 d=19.9
Fauna de roedores Saida [-1,110] Médio a=14.99 b=20.2 c=40.9 d=49.3
Alto a=40.3 b=51.1 ¢=100 d=110
Inferéncia 15
Baixo a=-1 b=0 c=1 d=2
Riqueza de outras espécies Entrada [-1, 10] Médio a=1 b=1.997 c=3 d=4
Alto a=3 b=4 c=10 d=10
Baixo a=-1 b=0 c=2 d=3
Numero de outras espécies Entrada [-1, 20] Médio a=2 b=2.4 c=4 d=4.8
Alto a=4 b=5.106 c=20 d=20
Baixo a=-1 b=0 c=15.28 d=20.2
Fauna de outras espécies Saida [-1, 110] Médio a=14.99 b=20.8 c=40.6 d=49.6
Alto a=40.01 b=51.1 c=100 d=110
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Inferéncia 16
Baixo a=-1 b=0 c=8.86 d=13.1
Numero de capturados Entrada [-1, 100] Médio a=10.4 b=13.1 c=23.4 d=28.2
Alto a=22.6 b=28.44 c=100 d=100
Baixo a=-1 b=0 c=500 d=600
Esforgo total Entrada [-1, 2100] Médio a=558 b=653 c=813.9 d=997
Alto a=914 b=952.8 c=2100 d=2100
Baixo a=-1 b=0 c=14.99 d=19.9
Sucesso de captura Saida [-1,110] Médio a=14.99 b=20.2 c=40.3 d=49.3
Alto a=40.6 b=51.1 c=100d=110
. , Baixo a=-1 b=0 c=10 d=15
Caracteristicas de mamiferos o
. Entrada [-1,110] Médio a=14 b=16 c=29 d=32
silvestres
Alto a=28 b=33 ¢=100 d=110
Baixo a=-1 b=0 c=10 d=15
Fauna de marsupiais Entrada [-1, 110] Médio a=14 b=16 c=28 d=32
Alto a=28 b=33 ¢=100 d=110
Baixo a=-1 b=0 c=10 d=15
Fauna de roedores Entrada [-1, 110] Médio a=14 b=16 c=28 d=32
Alto a=28 b=33 ¢=100 d=110
Baixo a=-1 b=0 c=10 d=15
Fauna de outras espécies Entrada [-1,110] Médio a=14 b=16 c=28 d=32
Alto a=28 b=33 ¢=100 d=110
Baixo a=-1 b=0 c=10 d=15
Mamiferos silvestres Saida [-1, 110] Médio a=14 b=16 c=29 d=32
Alto a=28 b=33 ¢=100 d=110
Inferéncia 18
a Baixo a=-1 b=0 c=20 d=22
Soroprevaléncia de L
, L. Entrada [-1, 110] Médio a=16 b=20.81 c=40.9 d=49.6
mamiferos domésticos
Alto a=40.6 b=51.1 c=100 d=110
. Baixo a=-1 b=0 c=12.66 d=19.6
Soroprevaléncia de L
] . Entrada [-1, 110] Médio a=10.33 b=20.2 c=40.9 d=50.2
mamiferos silvestres
Alto a=40.3 b=51.1 c=100 d=110
Baixo a=-1 b=0 c=12.95 d=19.6
Exposicdo Saida [-1, 110] Médio a=11.8 b=20.22 c=40.3 d=50.8
Alto a=40.89 b=50.8 c=100 d=110
Inferéncia 19
Acelerado a=-0.312 b=0.688 c=30.44 d=40.4
Hemocultura Entrada [-1, 130]
Lento a=30.8 b=41.44 c=130 d=130
Baixo a=-1 b=0 c=15.3 d=20.2
Exame a fresco Entrada [-1, 110] Médio a=14.99 b=20.5 c=40 d=49.6
Alto a=39.43 b=50.5 ¢=100 d=110
Baixo a=-1 b=0 c=16.15 d=20.2
Prevaléncia Entrada [-1, 110] Médio a=14.99 b=20.8 c=40.9 d=49.9
Alto a=40.01 b=50.8 c=100 d=110
Baixo a=-1 b=0 c=15.28 d=20.8
Transmissibilidade Saida [-1,110] Médio a=15.57 b=20.5 ¢c=40.9 d=49.9
Alto a=40.3 b=51.1 ¢c=100 d=110
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Inferéncia20
Baixo a=-1 b=0 c=21 d=25
Transmissibilidade Entrada [-1,110] Médio a=18 b=22 c=40.3 d=50.8
Alto a=40.3 d=51.1 c=100 d=110
Baixo a=-1 b=0 c=21 d=25
Exposigcao Entrada [-1, 110] Médio a=18 b=20.8 ¢=40.9 d=49.6
Alto a=40.89 b=50.5 c=100 d=110
Baixo a=-1 b=0 c=15 d=20.52
Sucesso de captura Entrada [-1,110] Médio a=14.99 b=20.5 c=40 d=49.6
Alto a=40.3 b=51.1 c=100 d=110
Baixo a=-1 b=0 c=23 d=25
Grau de risco Saida [-1, 110] Médio a=18 b=24 c=40.6 d=50.2
Alto a=40.89 b=51.1 c=100 d=110
|
Baixo a=-1 b=0 c=15 d=19.6
Mamiferos domésticos Entrada [-1, 110] Médio a=15.28 b=20.5 c=40.3 d=49.6
Alto a=40.3 b=51.4 c=100 d=110
Baixo a=-1 b=0 c=15.28 d=19.6
Mamiferos silvestres Entrada [-1,110] Médio a=15.57 b=20.8 ¢c=40.9 d=50.2
Alto a=39.72 b=50.5 ¢c=100 d=110
Baixo a=-1 b=0 c=23 d=25
Grau de risco Entrada [-1,110] Médio a=18 b=25 ¢=40.6 d=50.5
Alto a=40.01 b=52.2 c=100 d=110
Baixo a=-1 b=0 c=23 d=25
Indicador mamiferos Saida [-1,110] Médio a=18 b=24 c=40 d=49.3
Alto a=40.01 b=50.5 c=100 d=110
Inferéncia 22
Pequena a=-1 b=0 c=15 d=20
Populagdo que emigra Entrada [-1, 110] Média a=15 b=20 c=40 d=46.42
Grande a=40 b=50 c=100 d=110
Pequena a=-1 b=0 c=15 d=20
Populagdo que imigra Entrada [-1, 110] Média a=15 b=20 c=40 d=46.42
Grande a=40 b=50 c=100 d=110
Baixo a=-1 b=0 c=15 d=20
Densidade demografica Saida [-1, 110] Médio a=15 b=20 c=40 d=46.42
Alto a=40 b=50 ¢=100 d=110
Inferéncia 23
. L . Perto a=-1 b=0 c=56.2 d=89.29
Domicilios préximo a area L
silvestre Entrada [-1, 500] Média a=54.9 b=86.64 c=162 d=199
Longe a=154 b=204.4 c=500 d=500
Baixa a=-1 b=0 c=10 d=20.52
Casas vulneraveis/refratarias Entrada [-1, 110] Média a=12.66 b=17 c=40 d=50.2
Alta a=40.89 b=51.1 c=100 d=110
Baixo a=-1 b=0 c=10.33 d=19.4
Domicilio Saida [-1, 110] Médio a=10 b=17.61 c=40.9 d=50.2
Alto a=40.3 b=51.1 ¢c=110 d=110
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Inferéncia 24
Baixo a=-1 b=0 c=13.82 d=19.6
Palmeiras Entrada [-1,110] Médio a=12.9 b=20.81 c=40.3 d=50.2
Alto a=40.3 b=50.8 c=100 d=110
Baixo a=-1 b=0 c=14.99 d=20.2
Preservacdao ambiental Entrada [-1,110] Médio a=14.1 b=20.81 c=40.9 d=49.9
Alto a=40.89 b=50.8 c=98.8 d=109
Baixo a=-1 b=0 c=12.08 d=19.6
Extra domicilio Saida [-1,110] Médio a=11.2 b=20.52 c=40.3 d=50.2
Alto a=40.3 b=51.1 c=100 d=110
Inferéncia 25
Baixo a=-1 b=0 c=15 d=20.52
Domicilio Entrada [-1,110] Médio a=14.99 b=20.8 c=40.6 d=49.6
Alto a=40.3 b=51.1 c=98.8 d=109
Baixo a=-1 b=0 c=14.99 d=20.2
Extra domicilio Entrada [-1, 110] Médio a=15.28 b=20.5 c=40.3 d=49.3
Alto a=40.01 b=50.5 c=100 d=110
Baixo a=-1 b=0 c=14.99 d=20.2
Densidade demografica Entrada [-1, 110] Médio a=14.99 b=20.2 c=40 d=49.9
Alto a=40.3 b=50.5 c=100 d=110
Baixo a=-1 b=0 c=15.28 d=19.6
Ambiente Saida [-1,110] Médio a=15 b=20.2 c=40.3 d=49.9
Alto a=40.3 b=51.1 ¢=100 d=110
Inferéncia 26
Baixa a=-1 b=0 c=100 d=113.8
Pluviosidade Entrada [-1, 400] Média a=100 b=113 c=184 d=211.1
Alta a=193 b=200.5 c=400 d=400
Baixa a=-1 b=0 c=30 d=40.01
Umidade Entrada [-1, 110] Média a=33 b=37.7 c=56.02 d=64.2
Alta a=55.4 b=64.75 c=100 d=110
Baixa a=-1 b=0 c=22.8 d=30.12
Umidade relativa Saida [-1,110] Média a=22.84 b=32.2 c=47.9 d=54.9
Alta a=45.5 b=56.6 c=100 d=110
Inferéncia 27
Baixa a=-1.2 b=0 c=18.6 d=21.15
Temperatuta minima Entrada [-1, 30] Média a=19.2 b=20.5 c=25.1 d=26.79
Alta a=25.3 b=26.47 c=30 d=30
Baixa a=-1 b=0 c=20.3 d=23
Temperatura média Entrada [-1, 31] Média a=20.3 b=22.1 c=25.2 d=26.7
Alta a=25.7 b=26.28 c=31 d=31
Baixa a=-1 b=0 c=25 d=27
Temperatura maxima Entrada [-1, 36] Média a=25.3 b=26.71 ¢=29.2 d=31
Alta a=29.86 b=30.3 c=36 d=36
Baixa a=-1 b=0 c=15 d=25
Temperatura Saida [-1,110] Média a=20 b=25 c¢=35 d=45
Alta a=35 b=45 ¢=100 d=110
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Inferéncia28
Baixa a=-1 b=0 c=16 d=25.46
Umidade Relativa Entrada [-1, 110] Média a=15.3 b=25.5 c=45 d=55.15
Alta a=45.25 b=55.4 c=100 d=110
Baixa a=-1 b=0 c=15 d=20
Temperatura Entrada [-1,110] Média a=15 b=20 c=40 d=50
Alta a=40 b=50 c=100 d=110
Baixo a=-1 b=0 c=14.99 d=20.2
Meteoroldgicos Saida [-1,110] Médio a=14.99 b=20.5 c=40.6 d=50.2
Alto a=40.3 b=51.1 c=100 d=110
|
Baixo a=-1 b=0 c=13.82 d=19.6
Ambiente Entrada [-1,110] Médio a=13 b=20.22 c=42.3 d=49.9
Alto a=40.3 b=51.1 c=100 d=110
Baixo a=-1 b=0 c=12.66 d=19.6
Meteoroldgicos Entrada [-1,110] Médio a=10.91 b=20.5 c=40.6 d=49.6
Alto a=40.3 b=51.1 ¢=100 d=110
Desfavoravel a=-1 b=0 c=15 d=20.81
Indicador Ambiental Saida [-1,110] Favoravel Muito a=14.99 b=20.8 ¢=40.9 d=49.9
Favoravel a=40.89 b=51.1 c=100 d=110
|
Baixo a=-1 b=0 c=15 d=20
Indicador Doenga de Chagas  Entrada [-1, 110] Médio a=15 b=20 c=40 d=50
Alto a=40 b=50 c=100 d=110
Baixo a=-1 b=0 c=15 d=20
Indicador Entomoldgico Entrada [-1,110] Médio a=15 b=20 c=40 d=50
Alto a=40 b=50 c=100 d=110
Baixo a=-1 b=0 c=22 d=25
Indicador Mamiferos Entrada [-1,110] Médio a=18 b=25 c=40 d=50
Alto a=40 b=50 c=100 d=110
Baixo a=-1 b=0 c=15 d=20
Indicador Ambiental Entrada [-1, 110] Médio a=15 b=20 c=40 d=50
Alto a=40 b=50 c=100 d=110
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Chagas disease is an enzootic disease, in which the flagellate Trypanosoma cruzi infects a large variety of
animals. Humans are accidentally infected due to the migration into wild environments. To identify T.
cruzi discrete typing units (DTUs), 19 Brazilian isolates from different biomes and hosts were analyzed
by PCR amplification of 24So rRNA, 18S rRNA and mini-exon gene sequences. The majority of the isolates
was classified as Tcllb (Tcll) but subtypes Tcllc (Tclll) and Tclld (TcV) were also identified. In addition, in
monkeys Tcl was detected.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Trypanosoma cruzi (Kinetoplastida, Trypanosomatidae), the
causative agent of Chagas disease is widely distributed in Latin
America and considered as an eclectic parasite that circulates in
sylvatic, peridomestic and domestic environments (Garcia et al.,
2007). The transmission of T. cruzi in the wild is highly complex,
but groups into sylvatic and domestic transmission cycles in which
humans, wild/domestic animals and vectors are implicated (Fer-
nandes et al., 1998, 1999; Ara(jo et al., 2009).

The heterogeneity of T. cruzi was identified by biochemical
methods including electrophoretic profiles (zymodeme studies)
(Miles et al., 1977). The intra-lineage genetic diversity within TcIl
group (Tclla-e) was demonstrated by analysis of small rRNA sub-
units, the mini-exon gene and microsatellites (Miles et al., 1977;
Fernandes et al., 1999; Brisse et al., 2001; Llewellyn et al,
2009a,b). With the objective to elucidate the distribution of T. cruzi
in the nature considering molecular epidemiology features, dis-
crete typing units (DTUs: Tcl-Tclla-e) were established as a new
marker (Brisse et al., 2000). For better understanding of the intra-
specific organization of this taxon, recently the six classic T. cruzi
DTUs were replaced by novel nomenclature (TcI-TcVI) (Zingales
et al., 2009).

Because T. cruzi is extremely heterogeneous and widely distrib-
uted in Brazil, understanding its transmission cycles for improved
disease control will require analysis of the structural composition
of its subpopulations. T. cruzi Tcll, a genotype of high genetic diver-
sity, has been particularly associated with human disease in Brazil

* Corresponding author.
E-mail address: cacaraujo@hotmail.com (C.A.C. Aratjo).

0014-4894/$ - see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.exppara.2010.07.013

(Fernandes et al., 1998, 1999), but the range of Tcll populations and
subtypes remains unknown. We therefore aimed to use PCR ampli-
fication of 24Sa rRNA, 18S rRNA and mini-exon genes to character-
ize discrete typing units (DTUs) of Tcl and Tclla-e (TcI-TcVI) from T.
cruzi isolates obtained from different hosts and biomes.

2. Material and methods
2.1. Origin of T. cruzi isolates

Isolates from different regions and hosts (Fig. 1, Table 1) were
characterized. One isolate originated from a human case in a
semi-arid region of Brazil (Piaui, 1999), two and three isolates from
rodents and triatomines, respectively, were collected in different
localities of Piaui (from 1999-2006). Eleven isolates were collected
from three species of primates in Rio de Janeiro and Bahia (Atlantic
Rain Forest, from 1999-2003), and one isolate was obtained from a
marsupial (Rio de Janeiro, 1999).

2.2. Maintenance of the parasites

The parasites were grown in McNeal, Novy and Nicolle (NNN)
medium with a liver infusion tryptose (LIT) overlay supplemented
with 10% fetal calf serum (Chiari and Camargo, 1984; Aragjo et al.,
2007, 2008). All isolates had low number of (four) passages in cul-
ture medium and were stored in liquid nitrogen until use.

2.3. Genomic DNA extraction and characterization of T. cruzi isolates

T. cruzi cultures were washed twice in PBS (pH 7.2) with
centrifugation at 2800g; genomic DNA was extracted using the
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Fig. 1. Study areas and the respective Brazilian biomes.

Table 1

Trypanosoma cruzi isolates from Brazil characterized by 24So rRNA, 18S rRNA and mini-exon gene size.
Isolates Locality Host Genotype Biome
Y Sdo Paulo, SP Human Tcllb -
316 Jodo Costa, PI Human Tcllb Caatinga
JCA4 Jodo Costa, PI Triatoma brasiliensis Tcllb Caatinga
JCA3 Jodo Costa, PI Triatoma brasiliensis Tcllb Caatinga
jcae Jodo Costa, PI Triatoma brasiliensis Tcllb Caatinga
594 Rio de Janeiro, RJ Leontopithecus rosalia Tcllb Atlantic Rain Forest
291 Rio de Janeiro, R] Leontopithecus rosalia Tcl Atlantic Rain Forest
593 Rio de Janeiro, RJ Leontopithecus rosalia Tcllb Atlantic Rain Forest
543 Rio de Janeiro, RJ Leontopithecus rosalia Tcllb Atlantic Rain Forest
657 Rio de Janeiro, RJ Leontopithecus rosalia Tcl Atlantic Rain Forest
832 Rio de Janeiro, RJ Leontopithecus rosalia Tcllb Atlantic Rain Forest
684 Rio de Janeiro, R] Leontopithecus rosalia Tcllb Atlantic Rain Forest
659 Rio de Janeiro, RJ Leontopithecus rosalia Tcllb Atlantic Rain Forest
524 Rio de Janeiro, RJ Leontopithecus rosalia Tcl Atlantic Rain Forest
P24 Rio de Janeiro, RJ Cebus apella apella Tcllb Atlantic Rain Forest
X24 Ilhéus, BA Leontopithecus chrysomelas Tcllb Atlantic Rain Forest
650 Teresépolis, R] Didelphis marsupialis Tcl/Tcllb Atlantic Rain Forest
10148 Jurubeba, PI Thrichomys a. laurentius Tcllc Cerrado
4251 Pedra Solta, PI Thrichomys a. laurentius Tclld Caatinga

SV Genomic DNA Purification System kit (Promega, Madison, WI),
according to the manufacturer’s protocol. PCR amplification of
the divergent domains of 24Sa. rRNA, 18S rRNA and the mini-exon
gene was carried out in a Mastercycler® (Eppendorf, Germany) as
described previously (Brisse et al., 2001). PCR products were
separated by electrophoresis on 3% agarose gels and stained with
ethidium bromide.
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3. Results
3.1. T. cruzi characterization
After amplification of 24Sa rRNA, 18S rRNA and mini-exon gene

and characterization of band sizes, most T. cruzi isolates from hu-
man, triatomines and primates could be classified as Tcllb (TcII),
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three isolates from Leontopithecus rosalia were classified as Tcl and
two isolates obtained from Thrichomys apereoides laurentius (previ-
ously described as T. apereoides) as Tcllc (Tclll) and Tclld (TcV),
respectively (Fig. 2, Table 1). Didelphis marsupialis was co-infected
with two T. cruzi genotypes, Tcl and Tcllb (Tcll). A weaker PCR
product of 250 bp in the mini-exon analysis (Fig. 2A, lane 20)
was observed from the isolate characterized as Tcllc (Tclll) in
accordance with the observations of Yeo and coworkers (Yeo
et al., 2005). The PCR products shown in Fig. 2 have band sizes cor-
responding to those reported by Brisse and coworkers (2001), with
exception of the Tclld (TcV) isolate that generated a band of
~175 bp in the 18S rRNA region (Fig. 2B, lane 15). Considering
the mixed isolate (Fig. 2, lane 16), the 24Sa rRNA and 18S rRNA
amplification products of Tcl were slightly larger (~180 and
~115 bp, respectively), whereas the 24Sa rRNA amplificate of Tcllb
(Tcll) was slightly smaller (~120 bp).

4. Discussion

T. cruzi lineages are well distributed throughout different re-
gions, dissimilar biomes in Latin America. Its genetic diversity
demonstrated by ecology and phylogeny parameters had sug-
gested an evolutionary relationship of the subpopulations of T. cru-
zi with vectors, mammalian hosts and the sylvatic/domestic
environments (Miles et al., 1981; Yeo et al., 2005). In addition, nat-
ural subpopulations of T. cruzi seem to be very heterogeneous con-

sidering also their biological aspects (Coura, 2007). Miles and
collaborators used biochemical methods to demonstrate intraspe-
cific heterogeneity of T. cruzi and the complexity of its transmission
cycles (Miles et al., 1977). However, little is known whether or not
parasite subtypes differ according to the host.

Didelphis sp. is a facultative arboreal and synanthropic mammal
that has been reported to be a natural host of Tcl (Schofield, 2000;
Yeo et al., 2005; Marcili et al., 2009a; Miles et al., 2009). This mar-
supial species is also well distributed in rainforest areas, mainly in
the north and south of the Amazon Basin (Yeo et al., 2005). Never-
theless, our data revealed the presence of Tcllb (Tcll) in D. marsu-
pialis (Fig. 2, Table 1), as has previously been reported in other
Didelphis species (Marcili et al., 2009b). Because Didelphis spp. are
similar to Philander spp. in their behavior and distribution in arbo-
real and terrestrial environments (Yeo et al., 2005), one might ex-
pect that the two hosts could harbor both Tcl and Tcll genotypes. In
addition, 90 Myr ago the two genotypes of T. cruzi (Tcl and Tcll) had
evolutionary diverged and marsupials which dispersed in the
South American continent possessed both genotypes (Briones
et al,, 1999). The presented case, in which a marsupial species
was co-infected with Tcl and Tcllb (Tcll) emphasizes the signifi-
cance of this hypothesis.

The Tcll subtype is one of the main agents of Chagas disease in
the Southern Cone region of South America (Miles et al., 2009) and
circulates among others in the Brazilian Atlantic Rain Forest, but
with an uncertain ecological niche. So far, Tcll genotype is com-
monly associated with caviomorph mammals and primates, both

1 23 4 5 6 7 8 9 10 11 12 13 14 1516 17 18 19 20 21
A
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50
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Fig. 2. PCR amplification products of Mini-exon gene (A), 18S rRNA (B) and 24Sa rRNA (C), respectively, analyzed on 3% ethidium bromide stained agarose gels. Lanes: (1) and
(21) 100 bp (A) and 25 bp (B, C) marker (Promega); (2) Y, (3) JCA3, (4) 594, (5) 593, (6) JCA6, (7) 684, (8) 543, (9) JCA4, (10) 659, (11) 832, (12) 316, (13) P24, (14) X24, (15)

4251, (16) 650, (17) 291, (18) 657, (19) 524, (20) 10148.
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an ancient placental reservoir of T. cruzi (Briones et al., 1999; Yeo
et al., 2005), also identified in different triatomine species, such
as Panstrongylus megistus, Triatoma sordida and mainly Triatoma
brasiliensis (Fernandes et al., 1998; Herrera et al., 2003). The latter
is frequently found naturally infected by T. cruzi, in semi-arid areas
of the north-eastern region of Brazil (Costa et al., 2003). In the pres-
ent work, the parasites isolated from T. brasiliensis were classified
as Tcllb (Tcll) (Fig. 2), though this insect species possibly also har-
bor Tcl (Fernandes et al., 1998; Aratjo et al., 2009).

Primates infected with Tcl subtype have already been reported
in the Amazon region (Marcili et al., 2009a). Although the tamarin
L. rosalia is predominantly thought to harbor Tcll (Briones et al.,
1999), the present study detected Tcl in this species (Fig. 2, Table 1).
Due to the tectonic separation of Africa and South America (Ste-
vens et al., 1999; Stevens and Rambaut, 2001), the aspect that T.
cruzi primarily appeared in Africa cannot be excluded. The relation
between T. cruzi and monkeys from South America is supposed to
be a more recent one (Hamilton et al., 2009). Additionally, T. cruzi-
like parasites are widely dispersed in different biomes and hosts,
also identified in monkeys from South East Asia, though identified
by morphology and lifecycle features (Kuntz et al., 1970; Hamilton
et al., 2009).

The phylogenetic position of Tcllc (Tclll) is still unclear though
the subtype has been considered to be a hybrid of Tcl and Tcllb
(Tcll) (Westenberger et al., 2005). It is thought that Tcllc (TcIII) fre-
quently occurs in sylvatic ecotopes and is associated with terres-
trial transmission cycle that includes armadillos, terrestrial/
arboreal marsupials such as Philander frenata, Monodelphis sp.
and rodents (Yeo et al., 2005; Llewellyn et al., 2009a; Marcili
et al., 2009a). Tcllc (Tclll) was identified in the terrestrial cavi-
omorph rodent T. a. laurentius from north-eastern Brazil, Piaui
State (Fig. 2; formerly described as T. apereoides by Herrera et al.,
2005). In addition, the products size obtained from PCR amplifica-
tions using the 24Sa rRNA and 18S rRNA markers (110 and 165 bp,
respectively) corroborates with the results presented by Brisse
et al. (2001) and Lewis et al. (2009). Thus the PCR products of
the mini-exon gene and 24Sa rRNA from T. a. laurentius had the ex-
pected sizes of 300 and 110 bp (18S rRNA region length differed),
respectively, the combination was classified as Tclld (TcV) (Brisse
et al., 2001; Lewis et al., 2009). Variations within DTUs are not
uncommon and T. cruzi isolates, from hosts not previously ana-
lyzed frequently display small differences in band sizes (Brisse
etal., 2001). Tclld (TcV), a theoretical hybrid of Tcllb (Tcll) and Tcllc
(Tclll), was also identified in this rodent species (Fig. 2). Although
the ecological niche and hosts for Tclld (TcV) are not conclusively
known (Miles et al., 2009), Tclld (TcV) has been identified so far
in Triatoma infestans (Argentina, Bolivia and Paraguay) and in cases
of human congenital transmission in Argentina and Bolivia (Virre-
ira et al., 2006; Corrales et al., 2009). However, our results suggest
that Tcllc (TclIll) and Tclld (TcV) have a larger host range and distri-
bution pattern than previously described because both genotypes
were found in dissimilar biomes, the cerrado and caatinga. In addi-
tion, it is important to mention that mini-exon is a marker that
clearly discriminates between Tcl and Tcll (Tcll-VI) subtypes
(Fig. 2), which also was shown by Lewis et al. (2009). A consoli-
dated view indicates that the Mini-exon amplification products
are highly homogenous, while the amplificates of the two rRNA re-
gions show minor differences (Fig. 2).

We report the first description of T. cruzi Tcl in the tamarin spe-
cies L. rosalia and the occurrence of DTUs Tcllc (Tclll) and Tclld
(TcV) in the semi-arid north-eastern region of Brazil, Piaui State.
To the best of our knowledge, T. cruzi DTUs from Piaui have not
been analyzed before. Although three T. cruzi DTUs Tcllb, Ilc and
IId (Tcll, III and V) were identified, it seems likely that analysis of
additional isolates from this region will reveal further variants.
Previous studies reported the Tcllc (Tclll) and Tclld (TcV) geno-
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types in armadillos of the sylvatic ecotope. In the present work,
both genotypes were also identified in a caviomorph rodent
adapted to a rocky environment in semi-arid areas composed of
cerrado and caatinga vegetations. T. cruzi is a genetically diverse
parasite that circulates in Brazil in a wide range of mammalians
and insect species, but the host associations and geographic distri-
butions of T. cruzi DTUs have not yet been fully characterized. The
transmission cycles of the parasite remain a complex enigma in
which, both domestic and sylvatic transmissions take place and
can even overlap in particular locations. Further work will be re-
quired to elucidate the ecology and epidemiology of different T.
cruzi lineages.
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Anexo 3.
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SUMMARY

Aiming to better understand the ecological aspects of Trypanosoma cruzi transmission cycles, wild carnivores, small
mammals and dogs were examined for 7. cruzi infection in the Serra da Canastra National Park region, Brazil. Isolates were
genotyped using mini-exon gene and PCR-RFLP (1f8 and H3) genomic targets. Trypanosoma cruzi transmission was well
established in the area and occurred in both wild and peridomestic environments. Dog seroprevalence was 29-4% (63/214)
and Tcl and TclI genotypes, besides mixed infections were observed. Only Tcl was detected in wild mammals. Marsupials
displayed lower relative abundance, but a high prevalence of positive haemocultures (4/22), whereas rodents displayed
positive haemocultures (9/113) mainly in the abundant Akodon montensis and Cerradomys subflavus species. The felid
Leopardus pardalis was the only carnivore to display positive haemoculture and was captured in the same region where the
small mammal prevalence of T'. cruzi infection was high. Two canid species, Chrysocyon brachyurus and Cerdocyon thous,
were serologically positive for T. cruzi infection (4/8 and 8/39, respectively), probably related to their capacity to exploit
different ecological niches. Herein, dog infection not only signals 7. cruzi transmission but also the genotypes present.
Distinct transmission strategies of the 7. cruzi genotypes are discussed.

Key words: transmission cycles, trophic network, reservoir, Discrete Typing Units, Chagas disease, Serra da Canastra
National Park, Brazil.

INTRODUCTION Shikanai-Yasuda and Carvalho, 2012). The continu-
ally new human cases demonstrate that numerous
aspects of Chagas disease epidemiology still remain
unclear, probably because the transmission cycles of
the parasite are maintained in intricate transmission

The aetiological agent of Chagas disease,
Trypanosoma cruzi, is a multi-host parasite found in
more than 100 mammalian species and capable of
1nfect1ng.a1mo§t all cell types (Noireau et al. 2(.)09)' networks that embrace several mammalian and
Human infections have been generally associated . lting i . : demiological
with contact with the contaminated feces of in- :;:;tl(;i(s)z)emes, resuiting in unique epidemiologica

fected triatomine bugs, besides blood transfusion, .. . .
Trypanosoma cruzi is a highly diverse complex of

organ transplantations, congenital transmission S
genetic lineages. The current nomenclatural consen-

sus recognizes 6 major genotypes or ‘Discrete Typing
Units’ (D'T'Us) within the taxon, 7. cruz: I ('T'cl) to
T. cruzi VI (TcVI) (Zingales et al. 2009). To date, all
of them occur in Brazil, although with different
geographical distribution patterns and ecological
characteristics. T'cl is described to be an ubiquitous

and oral transmission. Indeed, this latter has been
responsible for the most recent outbreaks in
Brazil and is probably the most ancient route of
infection among wild animals (Noireau et al. 2009,

* Corresponding author: Laboratorio de Biologia de
Tripanosomatideos, Fundacio Oswaldo Cruz, . . . . . .
FIOCRUZ. Av. Brasil 4365. Pav. Rocha Lima 516. Rio  1ineage in view of the diversity of its hosts, vectors
de Janeiro-R]. CEP: 21045-900, Brazil. Fax: and habitats. The TclI lineage is reported to have

+55212560 6572. E-mail: jansen@ioc.fiocruz.br a more restricted geographical distribution and to
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occur in focal transmission cycles. However, it has
been described in several mammalian taxa and
biomes (Lisboa et al. 2006, 2008; Herrera et al.
2008), suggesting that it may be much more wide-
spread than is currently acknowledged. TcIII is
found mainly in the Amazonia biome, although
sparsely reported throughout the country. T¢IV has
been recorded in northern and northeastern Brazil,
whereas TcVI has been found in the middlewestern
and southern regions (Zingales et al. 2012). TcV is
described to occur in Argentina, Bolivia, Paraguay
and in northeastern Brazil (Araujo et al. 2011). This
broad distribution in distinct mammalian host
species suggests that we are far from understanding
the dispersion strategies of each lineage and its
consequence for the epidemiology of T. cruzi infec-
tion.

The importance of each mammalian species in the
maintenance and dispersion of a multi-host parasite
like T. cruzi will rely mainly on the ability of
the parasite to persist in the mammalian host and be
transmitted to the vector, besides the host’s relative
abundance. In this sense, we consider as reservoir a
species or community responsible for the long term
survival of a parasite in a given area (Ashford, 1996),
in which the role of each host species should be
interpreted at intervals of time and space as well as
accounting for the community composition and
environmental characteristics. Thus, the importance
of domestic dogs as reservoirs of T. cruzi varies
throughout Latin
Argentina, dogs displaying high parasitaemias and
infectiousness to vectors for long periods have been

America. In northwestern

recorded (Gurtler et al. 2007), whereas in most
countries, including Brazil, dogs display high sero-
prevalence but rarely present high parasitaemia
levels (Roque et al. 2008; Pineda et al. 2011; Xavier
et al. 2012). With regard to small mammals, a
considerable number of marsupial and rodent species
have been found naturally infected (World Health
Organization, 2002). From these, species of the
opossum genus Didelphis have been generally pointed
out as the main reservoir, mostly due to the fact that
studies focused mainly on this synanthropic genus,
thus discounting other mammal species that may
compose the T. cruzi reservoir system within a given
area.

Little is known about the role of carnivores in the
T. cruzi transmission network, probably because the
examination of free-ranging carnivores requires long-
term and technically challenging studies. Data are
available for 2 Procyonidae species, the raccoon
(Procyon lotor) and the ring-tailed coati (Nasua
nasua) (Herrera et al. 2008; Kribs-Zaleta, 2010),
but for wild canid and felid species, the only available
information is that they are exposed to the T. cruzi
transmission cycles in different environments, as
expressed by positive serological tests (Brown et al.
2010; Herrera et al. 2011). In essence, carnivores have
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great potential to be important reservoirs due to
the high diversity in their ecological niches that
might range from insectivorous to carnivorous diet
in different forest strata and habitats (Nowak, 2005),
favouring contact with different components of the
T. cruzi transmission net. Besides, top predators can
be bioaccumulators of parasites (Cleaveland et al.
2006), and this may be also the case for T'. cruzi, since
the oral transmission is a highly efficient route for
this parasite. Along with their huge biomass and
broad home range, these characteristics give them a
great potential to amplify and spread the parasite
populations.

The Serra da Canastra National Park (SCNP) is
a natural landscape conservation unit in Minas
Gerais state, one of the oldest known endemic areas
for Chagas disease in Brazil. Herein, the aim of this
study was to evaluate T. cruzi transmission in both
peridomestic and sylvatic environments in the SCNP
region. The role played by the different components
of the T. cruzi reservoir net: wild carnivores, small
mammals and sympatric domestic dogs and the
maintenance of distinct 7. cruzi lineages in the area
are discussed.

MATERIALS AND METHODS
Study area

The study was conducted within the Serra da
Canastra National Park—SCNP (UTM 23K
345499/7764402) and adjacent areas, in Minas
Gerais state, southeastern Brazil (Fig. 1). It is an
important remnant of the Cerrado biome and shelters
huge populations of some vulnerable mammalian
species, such as the maned wolf (Chrysocyon bra-
chyurus) and the giant anteater (Myrmecophaga
tridactyla). Many streams and rivers, including the
Sdo Francisco river, originate in the highlands of
the SCNP. The vegetation is basically made up
of highland grasslands, with some spots of stone
fields, scrub savanna and riparian vegetation occur-
ring sparsely alongside the river courses. The altitude
varies from 700 to 800 meters above sea level in
valleys and above 1000 meters on the plateau. The
climate is tropical, the dry season occurs from March
to October and the wet season from November to
February. Annual rain precipitation ranges from
1200 to 1800 mm and average temperature is around
22-23°C (IBAMA. Instituto Brasileiro do Meio
Ambiente e Recursos Naturais Renovaveis, 2005).
The park was created in 1972 with a total area of
2000 ha of which only 715ha are managed by
the Instituto Chico Mendes de Conservagdo da
Biodiversidade (ICMBio), whereas the remaining
areas are still privately owned. The park is sur-
rounded by small rural properties (<100 ha) whose
economy is based on cattle ranching for artisanal
cheese production and coffee plantations. Total rural
population is 5500 inhabitants (Bizerril et al. 2011).
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Fig. 1. Map of the spatial distribution of Trypanosoma cruzi infection in wild mammals from Serra da Canastra
National Park (SCNP) and its surroundings. (A) All mammals sampled; (B) 7. cruzi infected mammals. Triangles
represent domestic dog isolates (genotypes according to the figure legend); blue squares represent infected wild

carnivores and red crosses represent infected small mammals. The white squares indicate small mammal survey areas:
#A — within SCNP, #B — Vio dos Candidos region and #C — Cerradao/Sao Roque region. In the upper left figure the
study site in Brazil, the grey shade corresponds to the limits of the Cerrado biome and the black contour shows Minas

Gerais state (MG) limits.

Dog surveys

A house-to-house census of dogs was undertaken in
farms located 5 to 20 km from the park border during
annual rabies vaccination campaigns from 2007 to
2010. The annual average domestic dog population
for the 4 years follow-up was 55759 individuals.
After owner consent, blood samples were collected by
puncture of the cephalic vein through a Vacutainer®™
system. Age class was based on the owner information
and confirmed with dental condition status. We
considered as juveniles dogs younger than 6 months
and adults as the dogs older than that.

Our sample included 214 dogs, composed by
177 adults and 39 juveniles, ranging from 3 months
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to 14 years. The sex ratio was 3:1 (161 males/
53 females). In the calculation of the prevalence of
T. cruzi infection, resampled infected dogs were
counted once.

The majority of adult dogs (71%) were used in
cattle raising and slept outside the house. Owners also
reported that their dogs hunt and that they go out by
themselves for several consecutive days. The juvenile
dogs were reported to be restricted only to perido-
mestic areas.

Capture of wild mammals

Wild carmivores. 'These were captured from March
2007 to August 2011 using box traps made with
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galvanized wire mesh baited with sardine and boiled
chicken. Traps were disposed both inside the park
and on adjacent farmlands. We immobilized the
animals with an intramuscular injection of a combi-
nation of zolazepan and tiletamine (Zoletil®) at
dosages of 3 mg/kg for maned wolves, 8:3 mg/kg for
ocelots (Leopardus pardalis) and 10 mg/kg for hoary
foxes (Lycalopex wetulus) and crab-eating foxes
(Cerdocyon thous). We also used a subcutaneous
injection of 0-04 mg/kg of atropine sulphate, when-
ever necessary. Anaesthetized animals were weighed,
measured and had their teeth condition assessed in
order to estimate age and were marked with ear-tags
or radiocollars for individual identification. We took
blood samples by puncture of the cephalic vein stored
in Vacutainer® tubes for haemoculture and serologi-
cal tests. Animals were released at the site of capture
after recovery from anaesthesia. Total capture effort
was 3819 traps/night.
Small wild mammals. 'These were captured using
live traps (Sherman®-H. B. Sherman Traps,
Tallahassee, FL,, USA and Tomahawk® Tomahawk
Live Traps, Tomahawk, WI, USA) baited with
a mixture of banana, peanut butter, oat, bacon/
sardines. Traps were set for 5 consecutive nights
along linear transects, placed on the ground at 10 m
intervals and alternating between trap type, in 3 field
expeditions (May 2010, February 2011 and August
2011). Traps were placed into distinct habitat types
inside SCNP (gallery forest, stone fields, savanna,
and grasslands) as well as in 2 vicinal regions under
anthropogenic influence, ‘Sdo Roque/Cerraddo’ and
‘Vio dos Candidos’. The last region is within the
official limits of the SCNP, but not managed as
a conservation unit, since there are still several
privately owned farmlands. Total capture effort was
3126 traps-nights, equally distributed among the
3 expeditions. We calculated the relative abundance
of small mammals as the number of individuals of
each species divided by the total number of individ-
uals multiplied by 100. Identification of specimens
was based on external and cranial morphological
characters and on karyological analyses as described
by Bonvicino et al. (2005). Voucher specimens were
deposited in the Mammal Collection of the National
Museum — UFR] (Rio de Janeiro, Brazil). Blood
samples were collected by cardiac puncture after
anaesthesia with an intramuscular injection of keta-
mine (10-30 mg/kg) associated with acepromazine
(5-10 mg/kg) for rodents (proportion 9:1) or xylazine
(2 mg/kg) for marsupials (1:1).

All animal handling procedures followed the
Guidelines of the American Society of Mammalogists
for the use of wild mammals in research (Sikes
and Gannon, 2011). The project had permission
from the Brazilian government environmental agency
(Brazilian Institute of Environment and Renewable
Natural (IBAMA) (SISBIO

Resources license
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number 18635-3) and was endorsed by the ethics
committee of the Oswaldo Cruz Institute/ FIOCRUZ
(CEUA P-292-06), in accordance to Brazilian regu-
lations. Appropriate biosecurity techniques and
individual protection equipment were used during
all procedures involving animals and biological

sample collecting and handling.

Trypanosoma cruzi infection

The T. cruzi infection survey was performed by
parasitological and/or serological methods. If insuffi-
cient blood was collected, priority was given to
haemoculture. Parasitological tests were based on
examination of fresh blood smears (microscopic
analysis) and haemoculture (HC), the latter per-
formed as follows: 0-3ml of blood from each
animal was cultured in 2 tubes containing Novy-
McNeal-Nicole (NNN) medium with liver infusion
tryptose (LIT) overlay. Tubes were examined every
15 days up to 5 months. When positive, parasites
were amplified, cryopreserved and deposited in
the Collection of Trypanosomatids from wild mam-
mals, domestic animals and vectors— COLTRYP
(Fundagio Oswaldo Cruz, Rio de Janeiro-R], Brazil).

For the detection of anti-T. cruzi IgG antibodies in
sera we used the Indirect Fluorescent Antibody Test
(IFAT) as previously described by Camargo
(1966) and the Enzyme-Linked Immunoabsorbent
Assay (ELISA, Biomanguinhos, Rio de Janeiro-R],
Brazil). We also searched for IgM antibodies through
the IFATT to identify recent T. cruzi infection among
HC-positive dogs and other dogs from the same
farms. The antigen used in serological assays for all
species was obtained from a T. cruzi isolate derived
from dogs of this study area harvested from axenic
culture. For small mammals, rodent sera were tested
with a commercial anti-rat IgG conjugate (FITC,
Sigma-Aldrich®, St Louis, MO, USA), whereas
marsupial sera were tested with an intermediary
anti-opossum serum raised in rabbits followed by
a commercial anti-rabbit conjugate. Wild canids
and felids were tested using domestic dog and
cat conjugates, respectively. The cut-off value titre
adopted for IFAT was 1:40 for dogs and marsupials
and 1:10 for rodents (Herrera et al. 2005). The cut-off
value for ELISA was optical absorbance > 0-200
meant3 S.D. For wild carnivores, the test was
performed with a non-specific conjugate and since
there are no available data on IFAT cut-off values for
some carnivore species of this study, we performed a
PCR in all ELISA-positive serum samples besides
a subsample of ELISA negative samples (n=75).
Therefore, the cut-off value adopted was 1:20, as it
was the lowest serum dilution in which parasites
could be detected by PCR. Each reaction included
2 positive and 2 negative control sera.

In order to detect mixed-infection and/or cross-
reaction with Leishmania spp. we performed an
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IFAT test using L. infantum and L. braziliensis
parasites harvested from axenic culture as antigens
(cut-off: 1:40). For wild and domestic canids, we also
used the Rapid Test for Diagnosis of Canine Visceral
Leishmaniasis (TR DPP®, BioManguinhos, Rio de
Janeiro, Brazil).

Samples were considered positive when parasites
were isolated by HC or when the sera showed
reactivity in at least 2 of the serological tests.
Samples that had IFAT-IgG concomitant positive
values for 7. cruzi and Leishmania sp. with non-
corresponding ELISA, DPP or that displayed
borderline results were attributed to cross-reaction
and were considered indeterminate.

Trypanosoma cruzi molecular characterization

Genomic DNA was extracted from cultures and
samples using
phenol-chloroform protocols (Vallejo et al. 1999).

wild carnivore serum standard
Characterization was carried out in 3 steps: (1)
multiplex PCR amplification of the mini-exon gene
following conditions described by Fernandes et al.
(2001) for the identification of 3 DTU T. cruzi
groups: Tcl (Tecl—200 basepairs), Tc2 (Tcll/TcV/
TcVI—-250 basepairs) and Zymodeme 3 (Tclll/
TcIV- 150 basepairs), besides T. rangeli (100 base-
pairs) or mixed infections; (2) PCR amplification of
nuclear 1f8 gene followed by restriction fragment
length polymorphism (RFLP) analysis of fragments
digested by Alw211 enzime (Rozas et al. 2007) to
discriminate T'cII from hybrids (T'cV and TcVI)
D'TU’s in isolates previously typed as T'c2 or mixed
Tc1/Tc2 in mini-exon assays and (3) PCR-RFLP of
histone H3/Alul (Westenberger et al. 2005) to rule
out hybrids (TcV and TcVI) in mixed Tcl/Tc2
infections, as it could possibly overlap digested
fragments in 1f8/Alw211 assay. Both PCR-RFLP
1f8/Alw211 and histone H3/Alul were performed
with minor modifications in the conditions described
by Rozas et al. (2007). Each reaction included a
negative control and positive control samples from
those T'. cruzi strains representing the D'T'Us to be
typed. PCR products were visualized in 2% agarose
gel after ethidium bromide staining and visualized
under ultraviolet light.

Spatial and statistical analyses

In order to verify the spatial distribution of trypano-

somatid infection, locations of each individual
captured were accessed through a hand-held GPS
receiver using the WGS 84 Datum geodetic coordi-
nate system. Locations were analysed in a Geographic

GPS
trackmakerPRO® software (Geostudio Tecnologia,

Information  System  platform  using

Brazil) juxtaposed on a base map modified from
Google earth® software (v. 6.2, Google Inc., USA)
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To examine the distribution pattern of 7. cruzi-
infected dogs, the mean geographical distance was
compared among infected dog locations (7=76) to
the mean distance distribution across 10000 ran-
domly assigned samples of the same size using R 2.13
software. Spatial autocorrelation of seropositive dogs
was tested with Moran’s I. Maps with discriminated
locality of infected hosts and parasite genotypes were
also prepared. Statistical tests were conducted with
a=0-05.

The degree of concordance between IFAT-1gG
and ELISA assays was assessed by the kappa statistic
using SYSTAT 11 for Windows. To test for the
influence of sex and age class on 7. cruzi infection
rates in dogs the 3-dimensional Chi-square contin-
gency table was used. We also compared the T. cruzi
infection among domestic dogs, carnivores, rodents
and marsupials and applied a Chi square test to verify
whether infection rate is independent of taxonomic

group.

RESULTS
Trypanosoma cruzi infection in dogs

Dogs are included in a well-established T. cruzi
transmission cycle in all the geographical regions
surrounding the Serra da Canastra National Park, as
demonstrated by the high parasitological and serolo-
gical T'. cruzi infection prevalence (T'able 1, Fig 1).

Trypanosoma cruzi was isolated from the blood of
19 dogs (7-9%, n=214), collected on the same
expedition (September/2010). Genotyping revealed
the presence only of 2 main 7. cruzi lineages: Tcl
(n=3) and Tcll (n=8), besides mixed Tcl/Tcll
infections (n=28) (Figs 1 and 2). After 5 months, we
re-examined 10 out of the 19 dogs that previously
displayed positive HC and none of them tested
positive. Among the remaining HC-positive dogs,
6 died and 3 disappeared.

Prevalence was calculated considering the total
number of examined dogs during the study. A total of
63 dogs (29:4%) were seropositive for T. cruzi
(Table 1), including 8 (12:7%) individuals that were
co-infected with Leishmania sp. Once infected,
T. cruzi-positive testing dogs maintained serological
titres, as observed during re-sampling. Seventeen
dog samples were considered indeterminate by the
serological assays. We found no significant difference
in the T. cruzi infection rate between the dogs’ sex or
age class (Chi square=2:69; D.F.=7; P=09). The
agreement between IFAT-IgG and ELISA was 78%
with a kappa value of 0-522 (moderate agreement).
ELISA presented higher sensitivity to detect the
dog’s acute phase since it was positive in 15 out of
19 HC-positive dogs, whereas IFAT detected infec-
tion in only 4 of them.

Six juvenile dogs (3—-6 months old) displayed
HC, crui

positive demonstrating that T.
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Table 1. Trypanosoma cruzi infection assessment through serology (IgG — IFAT/ELISA) and

haemoculture (HC) in mammals from the Serra da Canastra National Park and surrounding areas, Brazil

Small mammals

Species Capture relative Serology HC

(common name) N location' abundance (%)> (Positive/N) (Positive/N) Genotype

Akodon montensis 27 a,b 20-0 0/17 1/27 Tel

Akodon spp.® 13 ab 96 0/5 1/13 Tcl

Calomys spp.* 14 b 10-4 0/3 3/14 Tecl

Cerradomys subflavus 15 a,b 111 0/13 4/15 Tel

Necromys lasiurus 28 a,b 20-7 0/21 0/28 -

Nectomys squamipes 3 a,b 2-2 0/3 0/3 -

Oligoryzomys spp.’ 4 a,b 3-0 0/2 0/4 -

Oxymycterus delator 9 a,b 67 1/8 0/9 -

Total rodents 113 837 1/72 (1-4%) 9/113 (7:9%) -

Caluromys philander 1 b 0-7 0/0 1/1 Tecl

Didelphis albiventris 4 a,b 3-0 0/4 0/4 -

Gracilinanus agilis 4 a 3-0 0/2 0/4 -

Lutreolina 1 a 0-7 0/1 0/1 -
crassicaudata

Marmosops incanus 5 b 3-7 4/4 3/5 Tecl

Monodelphis spp.° 7 a,b 5-2 2/5 0/7 -

Total marsupials 22 16-3 6/16 (37-5%) 4/22 (18-1%) -

Chrysocyon brachyurus 39 a,b - 8/39 0/30 -
(Maned wolf)

Cerdocyon thous 8 a,b - 4/8 0/3 -
(Crab-eating fox)

Lycalopex vetulus 10 a,b - 0/10 0/6 -
(Hoary fox)

Leopardus pardalis 1 b - 1/1 11 Tecl
(Ocelot)

Conepatus semistriatus 2 a,b - 0/0 0/2 -
(Skunk)

Total wild carnivores 60 - 13/58 (22-4%) 1/42 (2-4%) -

Canis lupus familiaris 214 - 63/214 (29-4%) 19/214 (7-9%) Tl (3)
(Dog) TclI (8)

TcI-TeclI (8)

Calomys sp. (n=3; b) C. tener (n=11; b).

[ B NI SRS

transmission also occurs within the peridomestic
environment. An active transmission in that region
was confirmed by, among other factors, the serolo-
gical conversion observed in 4 dogs 1 year after the
first examination and the 4 HC-positive dogs
that displayed concomitant positive IFAT-IgM,
indicative of recent infection. Further, 28:3%
(n=46) of the dogs amid farms with HC-positive
dogs had IFAT-IgM antibodies (corroborated by
ELISA),
scenario. The T'. cruzi infection in dogs was spatially
autocorrelated (Moran’s 1. observed=0-674;
expected=—0:004; s.p.=0-076; P-value=0) and
not homogeneously distributed (P < 0-004), suggest-

suggestive of recent infection in this

ing that transmission occurred throughout the
SCNP surrounding areas, though with hotspot
transmission foci (Fig. 1, and see Supplementary
Material, online version only).

Capture location site: a, SCNP; b, Farmlands; (-), not applicable.
Number of individuals of each species divided by the total number of individuals * 100.
Akodon sp. (n=06; a, b), A. lindberghi (n=75; a), A. cursor (n=1; a).

Oligoryzomys sp. (n=2, b), O. nigripes (n=1; a), O. rupestris (n=1; a).
Monodelphis americana (n=3; b), M. domestica (n=3; b) and M. sorex (n=1; a).

Trypanosoma cruzi infection in wild mammals

A total of 60 wild carnivores belonging to 5 species
were examined for 7. cruzi infection. The only felid
species examined, the ocelot, tested positive both in
fresh blood preparations and at the first HC reading
(7 days after blood culture) along with an elevated
serology titre (1:160); altogether indicative of high
parasitaemia levels. The ocelot’s T cruzi isolate was
genotyped as T'cl (Table 1).

The wild canids were exposed to infection as
demonstrated by serology but none were parasitolo-
gically positive by HC suggesting they may not be
infective to vectors. The crab-eating fox had the
highest serum prevalence rate (50% — 4/8) followed by
the maned wolf (20-5%-8/39) (Table 1). Titres
ranged from 1:20 to 1:80 (IFAT). All hoary fox
samples were seronegative. Three (5:8%) maned wolf
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Fig. 2. Trypanosoma cruzi genotyping of domestic and
wild mammal isolates from the Serra da Canastra
National Park and surroundings, Brazil. (A) PCR
products of the Mini-exon gene analysed by agarose
electrophoresis gel stained with ethidium bromide. Lanes:
M, Molecular weight markers (100 bp DNA ladder); 1-6,
dog isolates; 7, wild carnivore isolate (Leopardus pardalis);
8, rodent isolate (Akodon montensis); 9, marsupial isolate
(Marmosops incanus); Control samples: Tcl
(TcI=200bp), Tc2 (Tcll/TcV/TcVI-250 bp),

73 (Tclll/TcIV =150 bp), T. rangeli (100 bp).

(B) PCR-RFLP products of 1f8 gene/Alw211. Lanes:
1-3, dog isolates characterized as mixed Tc1/Tc2 in
Mini-exon gene assay; 4—6, dog isolates characterized as
Tc2; 7-8, dog isolates characterized as Tcl. Control
samples: PCR-RFLP 1f8/Alw211 digestion patterns of
Tcl to TcVI. (C) PCR-RFLP products of histone H3/
Alul. Lanes: 1-8, dog isolates characterized as mixed
T'c1/Tc2 infection in Mini-exon gene assay. Control
samples: PCR-RFLP H3/Alul digestion patterns of

Tcl to TcVI.

samples were considered indeterminate. The agree-
ment between IFAT-IgG and ELISA was 82% with
a kappa value of 0-628 (substantial agreement). The
2 specimens of the skunk (Conepatus semistriatus)
examined only by HC tested negative.

Concerning the small mammals, relative abun-
dances and fauna richness were comparable
inside SCNP and farmlands (Table 1). The marsu-
pials displayed high parasitaemia levels, mainly
Marmosops incanus since 3 out of 4 seropositive
individuals were positive on both fresh blood
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examination and HC. Positive HC was also achieved
from the only captured Caluromys philander.
Infection by IFAT was detected in the marsupial
species Marmosops incanus, Monodelphis americana
and Monodelphis domestica (prevalence of 37:5%),
titres ranged from 1:40 to 1:320. Rodents from
Akodon, Calomys and Cerradomys species also pre-
sented parasitaemias detected by HC in 9 individuals
(Table 1). Of these positive rodents, we could collect
sufficient blood to perform the IFAT assay from only
3 that tested negative. One Oxymycterus delator was
the only seropositive sample (prevalence of 1:4%).
The small mammal isolates were all characterized as
Tcl (Table 1, Fig. 1).

All T. cruzi-infected small mammals were col-
lected in the ‘Vio dos Candidos’ region as well as the
infected ocelot (Fig. 1). The infected crab-eating
foxes and 4 maned wolves were captured in farmland
regions.
displayed home range areas exclusively inside the

Four serologically positive maned wolves

SCNP, as confirmed by our parallel observations
using radio telemetry techniques (May-Junior et al.
2009).

Comparing the 2 farmland areas, in the “Vio
dos Candidos’ region both small mammals and
dogs presented high prevalence of positive HC
(13/65-20% and 6/25-24%, respectively) whereas in
the ‘Cerraddo/Sao Roque’ region, neither small
mammals (7=7) nor dogs (n=21) displayed positive
HC. Overall, the proportion of T. cruzi infection
varied significantly in different taxonomic groups.
Domestic dogs tended to have more positive diag-
noses than predicted by chance, whereas rodents had
fewer positive diagnoses (Chi square =21-56; D.F. = 3;
P<0-001).

DISCUSSION

In the present study we describe a well-established
and broadly distributed T. cruzi cycle in all geo-
graphical regions surrounding SCNP, which in-
cludes wild and domestic animals. The presence of
dogs with high parasitaemia, as demonstrated by
positive haemoculture (HC), contrasts with previous
studies in Brazil, in which none or a minority of
individuals displayed positive HC (Herrera et al.
2005; Roque et al. 2008; Xavier et al. 2012). The
herein positive HC dogs reflect probably the initial
phase of infection, typically characterized by a short
period of detectable parasitaemia (Machado et al.
2001). A similar pattern in naturally infected dogs
was observed in Monte Alegre, in the state of Para, in
Northern Brazil (Xavier et al. 2012). Besides,
serological conversion observed during the follow
up attested that they are continually being exposed to
T. cruzi infections.

Dogs may become infected by the contaminative
route (Gurtler et al. 2007) or by ingesting infected
triatomines, a highly efficient transmission route
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(Pineda et al. 2011). Another possible infection route
might be by hunting of infected small mammals
(Herrera et al. 2011). Actually, with regards to the
2 areas where we simultaneously sampled for small
mammals and dogs, dog infection was coincident
with small mammal infection. In the SCNP, T. cruzi
transmission might occur not only in the wild, but
also in the peridomestic environment, as demon-
strated by the infected juvenile dogs. Herein, besides
acting as sentinels hosts, as already described in
other Brazilian areas (Xavier et al. 2012), dogs were
also able to signal the presence of the 2 main T. cruzi
genotypes in the area, Tcl and TcII.

In the SCNP, the huge distance among the
infected dogs along with the fact that the foci of
peridomiciliary vectors are residual and submitted to
regular spraying rule out the existence of a T. cruzi
transmission cycle supported solely by dogs. Thus,
the finding of TclIl genotype infecting only dogs,
contrasting with T'cI which was also found infecting
wild mammals is an apparent paradox. At a first
glance the explanation could rely on T'cII circulation
exclusively in mammalian groups not sampled in
this study, such as armadillos and bats (Yeo et al.
2005; Lisboa et al. 2008). However, this seems an
oversimplified explanation; a similar picture was
observed in a Chagas Disease outbreak in Santa
Catarina state, where T¢Il was found in humans and
triatomines but not in the mammalian fauna (Roque
et al. 2008; Steindel et al. 2008). Moreover, reports of
Tcll in different wild mammal species and biomes
demonstrate that this genotype is also maintained in
wild cycles (Lisboa et al. 2006; Herrera et al. 2008).
This raises the question on where the TcII is hidden
in nature. This could reflect the transmission strategy
of this genotype. In analogy with the r-k ecological
selection theory, the parasitaemia curve of Tcll
within its mammal hosts resemble an r strategist—
one precocious and short period of high parasitaemia
(Andrade and Magalhaes, 1996) and ultimately
would impact on the dispersion strategy of this
genotype in the wild. This kind of strategy does not
impede TclI transmission in the wild, but hampers
parasite detection, as a consequence, it may be
underestimated in nature. Further, we cannot rule
out the oddities in host-parasite interactions. For
instance, the golden lion tamarin (Leontopithecus
rosalia) maintains long-lasting TcII infection with
high prevalence of positive HC throughout (Lisboa
et al. 2006), whereas the opossum Didelphis aurita can
control and even eliminate TcIl in experimental
conditions (Jansen et al. 1991). Here, we report for
the first time TclI isolation and molecular charac-
terization in dogs from Brazil, a well-studied T. cruzi
host. This reinforces the view that the spectrum of
mammal host infected by this genotype is currently
underestimated.

Undoubtedly, from our results, none is more
puzzling than the high number of dogs in early stages
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of infection in broadly distributed and unlinked areas
simultaneously. This raises the idea that still un-
known variables must be involved in the dispersion of
T. cruzi among several host species and that these
variables are included in a broader phenomenon. For
instance, only recently EI Nifio Southern Oscillation
(ENSO) and similar phenomena have been taken into
account to influence living organisms (Hanf et al.
2011). Whatever the cause, the frequent occurrence
of unsolved questions in biological systems may be
related to our limitation in analysing them detached
from a linear, Cartesian focus. Parasitic transmission
nets are clearly complex systems since they are
essentially dynamic, multivariate, non-linear and
unpredictable, rendering a reductionist and determi-
nistic focus interpretation of this phenomenon worth-
less. Indeed focusing these phenomena in the light of
the chaos theory could perhaps fill the several gaps in
the current knowledge of this issue (Mazzocchi,
2008). Taking into account the presence of several
dogs geographically separated and recently infected
by T. cruzi may be a stochastic phenomenon, or the
signal that the maximum transmission fitness was
achieved in that moment; indeed, a feature described
to be the characteristic of the edge of the chaos.

The role of each wild mammal species in the
T. cruzi transmission networks will depend on the
ability of the parasite to be transmitted to its vector,
as well as the abundance and distribution of its
In SCNP, rodents and
marsupials were shown to be equally important for
The marsupials,
regardless of their low relative abundance, displayed

mammal host species.

the maintenance of 7. cruzi.
high prevalence of positive HC, in particular the
arboreal Marmosops incanus and Caluromys philan-
der. Rodents also displayed positive HC, mainly in
highly abundant species, i.e. the terrestrial Akodon
montensis and Cerradomys subflavus, pointing to the
epidemiological importance of these mammals in
the local transmission net. Moreover, T. cruzi
infection was spread among terrestrial and arboreal
mammals, demonstrating that parasite transmission
was occurring in both strata. We observed high
T. cruzi infection rates in the area despite the low
relative abundance of the common Didelphis genus,
generally described as one of the most important and
competent mammalian reservoir of the parasite
(Yeo et al. 2005). 'This emphasizes the characteristic
dynamics of T'. cruzi transmission cycles that should
be examined as an unique ecological system.

Herein, we observed that 3 wild carnivore species,
the ocelot, the crab-eating fox and the maned wolf
were infected by 7. cruzi in the SCNP region, but
they probably play distinct roles as a result of their
pattern of 7. cruzi infection and peculiar ecological
characteristics. The ocelot was the only carnivore that
displayed patent parasitaemia (positive fresh blood
examination and HC). To the best of our knowledge
this is the first report of an ocelot naturally infected
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with T cruzi. In comparison to the other 2 carnivore
species of this study, the ocelot is the one which
better exemplifies the bioaccumulator role in a prey-
predator chain since it has a more carnivorous diet,
consuming mainly small mammalian prey, besides
birds (Rocha-mendes et al. 2010). In fact, this
infected ocelot was the only carnivore captured in
the ‘Vao dos Candidos’ region, where small mammals
displayed high parasitaemia levels. Probably, T'. cruzi
infection in top predators with a more restricted
carnivorous diet, such as the ocelot, is highly
dependent on the prevalence of infection of the
local mammal fauna that can be preyed, since
infection by the contaminative route is less probable
if we consider that this animal is nocturnal, very
active and generally does not use dens (except during
birthing). In the Pantanal, where small mammals had
low infection rates, none of the 10 ocelots tested were
positive in HC (Herrera et al. 2011).

The crab-eating fox seems to be highly exposed to
T. cruzi infections, as demonstrated in this study and
also in the Pantanal region of Brazil (Herrera et al.
2011). This might be related to its capacity to exploit
different ecological niches. The crab-eating fox is
known to be one of the most plastic carnivore species:
it has an omnivorous diet—including insects and
small mammals, opportunistic behaviour and is a
habitat generalist (Juarez and Marinho, 2002). Also,
it has great flexibility in the use of disturbed habitats
(Michalski et al. 2006). These traits increase the
probability of contact with a variety of components of
the T. cruzi cycle pointing the crab-eating fox as a
good sentinel for T. cruzi transmission areas.

The maned wolves were highly exposed and can
also be considered a good sentinel for transmission.
Accounting for its omnivorous diet and home range
areas of 80 km? on average (Jacomo et al. 2009), this
species can play a unique role that is to signal the
transmission in large areas, in particular in wild
environments which are generally difficult to access.
This was the case of maned wolves from our study
that signalled the T'. cruzi transmission both inside
SCNP and its surroundings. The distinct prevalence
rates between them indicate that the transmission was
occurring mostly outside of the conservation unit,
given that only 16% (4/25) of the maned wolves that
were captured and recaptured within the park area
over the 5-year follow-up tested positive, whereas
28% (4/14) of the wolves from outside SCNP tested
positive. Taken together with the finding that no
other mammal captured inside the park was positive
for T. cruzi infection, we can conclude that the
T. cruzi cycle inside SCNP is less expressive than in
its surroundings.

This study reports the current 7. cruzi enzootic
transmission in one of the oldest endemic areas
for Chagas disease in Brazil. We surmise that the
T. cruzi transmission is well established all around
the SCNP region, and that this transmission includes
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2 genotypes of the parasite: Tcl and Tcll. Therein,
dogs, small mammals and carnivore species were
shown to participate in the 7. cruzi transmission
net and parasite transmission was occurring in
both arboreal and terrestrial strata, as well as in the
peridomicile. An understanding of the peculiar
characteristics of this net, as well as each host-parasite
relationship, is the key to identify the risk of disease
outbreaks. This is the first study to corroborate
evidence that dogs can be used not only to report
T. cruzi transmission areas but also the genotypes
present in the area, which reinforces their role as
sentinels for surveillance programmes. The observed
T. cruzi eco-epidemiological profile should increase
awareness of the necessity for continuous surveillance
in order to prevent re-emergence of Chagas disease in
this area.
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