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RESUMEN 
La enfermedad de Chagas es una de las enfermedades transmitidas por vectores más 

importantes en Latinoamérica. El agente etiológico de la enfermedad de Chagas es el 

protozoo Trypanosoma cruzi. Este endoparásito desarrolla todo su ciclo de vida en sus 

huéspedes mamíferos y vectores invertebrados, las chinches de campo o triatominos 

(Hemiptera: Reduviidae: Triatominae). Para la transmisión del parásito es obligatoria la 

interacción entre sus huéspedes y vectores. Por lo tanto, las consecuencias ecológicas 

y evolutivas de dichas interacciones deberían ser estudiadas integralmente. En esta 

tesis se infirieron algunas consecuencias ecológicas y evolutivas de las interacciones 

bióticas entre huéspedes y vectores de T. cruzi desde el enfoque hipotético – 

deductivo. Para dicha inferencia se tomó ventaja de la biogeografía ecológica y la 

evolutiva, la información empírica sobre las interacciones entre pares de especies y la 

información filogenética. Así, en el capítulo 1 de la tesis se evidenciaron patrones de 

transmisión de T. cruzi entre nueve vectores y más de 100 especies de mamíferos 

silvestres en áreas no desérticas de México. El descubrimiento de dichos patrones 

posibilitará la generación de hipótesis sobre la ecología epidemiológica de la 

enfermedad de Chagas que, a su vez, podrían refutarse en futuros estudios. 

Adicionalmente, en el capítulo 2 de la tesis se infirió el papel de la hibridación antigua 

en la historia evolutiva del complejo Phyllosoma (Hemiptera: Reduviidae: Triatominae), 

vectores de la enfermedad de Chagas en México. La consideración del papel de la 

introgresión en la historia evolutiva del complejo Phyllosoma coadyuvó a la inferencia 

de sus relaciones filogenéticas y podría favorecer la comprensión del papel de los 

híbridos en la transmisión de T. cruzi. Este trabajo representa una contribución al 

conocimiento de la biogeografía aplicada a la epidemiología y evolución de la 

enfermedad de Chagas. 

 

Palabras clave: Transmisión enfermedad de Chagas, interacciones bióticas inferidas, 

red huésped-vector, hibridación antigua, ecosistema de Trypanosoma cruzi, filogenia 

del complejo Phyllosoma.  
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ABSTRACT 
Chagas disease is one of the most important vector-borne diseases in Latin America. 

The etiological agent of Chagas disease is the protozoan Trypanosoma cruzi. This 

endoparasite develops its life cycle inside mammal hosts and invertebrate vectors, the 

kissing bugs (Hemiptera: Reduviidae: Triatominae). Hosts and vectors must interact for 

a successful parasite transmission. Therefore, ecological and evolutionary 

consequences of hosts-vector interactions should be studied integrally. Here, some 

ecological and evolutionary consequences of biotic interactions between host-vector of 

T. cruzi were inferred from a hypothetic-deductive approach. For the inference, the 

ecological and the evolutionary biogeographies, the empiric pair-species interaction 

data and the phylogenetic data were considered. Thus, transmissibility patterns of T. 

cruzi between nine vectors and more than 100 wild mammal species in non-desert 

areas of Mexico were showed in chapter 1. Pattern discovering will enable hypotheses 

formulation about ecological epidemiology of Chagas disease, which would be refutable 

in future studies. Also, the role of ancient hybridization in the evolutionary histories of 

Phyllosoma complex (Hemiptera: Reduviidae: Triatominae), vectors of Chagas disease 

in Mexico, was inferred in chapter 2. Accounting of the introgression role in the 

evolutionary history of Phyllosoma complex helped the inference of its phylogenetic 

relationships and would help to understanding of the role of hybrids in T. cruzi 

transmissibility. This research represents a contribution for the biogeography applied to 

the epidemiology and evolution of Chagas disease. 

 

Key words: Transmission of Chagas disease, biotic interactions, host-vector network, 

ancient hybridization, ecosystem of Trypanosoma cruzi, phylogeny of Phyllosoma 

complex. 
  



3 
 
 

INTRODUCCIÓN 
Entre las enfermedades transmitidas por vectores, la enfermedad de Chagas es una de 

las más importantes en Latinoamérica con seis a siete millones de personas infectadas 

y 70 millones en riesgo de contraerla (WHO, 2015). En la etapa crónica de esta 

enfermedad se manifiestan patologías diversas a nivel del corazón, sistema digestivo y 

sistema nervioso periférico, causando discapacidad y muerte (WHO, 2002). Dado que 

para la enfermedad de Chagas los tratamientos farmacológicos tienen una eficacia 

limitada (Clayton, 2010), es prioritario prevenirla a través de programas de control de 

los vectores (Tarleton et al., 2007). Sin embargo, es difícil controlar a los vectores en 

áreas donde son nativos porque, mientras los programas de control se dirigen a los 

focos de infestación en ambientes modificados por el hombre, las poblaciones en 

ambientes silvestres permanecen fuera del alcance de dichos programas (Abad-

Franch, 2016; Abad-Franch et al., 2013; Coura, 2013). Para contrarrestar la dificultad 

del controlar la enfermedad de Chagas, las estrategias de control podrían 

reestructurarse considerando sus patrones de transmisibilidad. 

La transmisibilidad de la enfermedad de Chagas abarca diferentes aspectos de 

las interacciones entre el parásito Trypanosoma cruzi (el agente etiológico de la 

enfermedad), sus vectores y huéspedes. En un nivel básico, es esencial identificar 

cuáles son las especies que participan en la transmisión de T. cruzi. Trypanosoma cruzi 

desarrolla su ciclo de vida en huéspedes mamíferos (Fig. 1: A, C) y en vectores 

invertebrados, los triatominos (Hemiptera: Reduviidae: Triatominae) (Fig. 1: B) (Lent y 

Wygodzynsky, 1979). A pesar del potencial de T. cruzi para infectar y ser transmitido 

por un amplio rango de mamíferos y de triatominos, no todas estas especies tienen la 

misma importancia en la transmisión del parásito (Jansen y Roque, 2010). Identificar 

las principales especies que participan en la transmisión de T. cruzi ayudaría a priorizar 

la investigación consecutiva. En un nivel más complejo, es necesario identificar qué 

lleva a que T. cruzi sea transmitido eficazmente. Por ejemplo, se ha encontrado que la 

virulencia de T. cruzi varía en relación con el origen geográfico (por altitud) de las 

poblaciones de triatominos (de Fuentes-Vicente et al., 2016). También, se ha 

encontrado que triatominos de origen híbrido son más vulnerables a la infección de T. 
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cruzi que sus parentales (Herrera-Aguilar et al., 2009), lo que podría derivar en una 

transmisión diferencial del parásito por parte de los parentales y los híbridos. Por 

consiguiente, es urgente discernir qué procesos están involucrados en la transmisión 

eficaz de T. cruzi. Dichas preguntas de investigación han sido objeto de investigación 

por décadas. 

Las preguntas sobre la transmisión de T. cruzi tradicionalmente se han abordado 

a través de estudios de interacciones entre pares de especies. Aunque esta 

aproximación empírica es indispensable, genera una visión fragmentaria y segregada 

de la transmisión de T. cruzi. El conocimiento segregado sobre la transmisión de T. 

cruzi dificultaría su comprensión, con consecuencias negativas como la ralentización en 

la toma de decisiones para el control de la enfermedad de Chagas. Por esta razón, 

urge integrar el conocimiento sobre las interacciones entre el parásito, los mamíferos 

(huéspedes) y los triatominos. Una alternativa al estudio de interacciones entre pares 

de especies sería el estudio simultáneo de múltiples especies. Este estudio simultáneo 

permitiría acelerar el descubrimiento de patrones de transmisibilidad de la enfermedad 

de Chagas (Flores-Ferrer et al., 2017; Georgieva et al., 2017; Jansen et al., 2015, 

Nouvellet et al., 2013). Sin embargo, rara vez se ha aplicado una aproximación 

multiespecífica a las interacciones entre los agentes involucrados en la transmisión de 

la enfermedad de Chagas (Ibarra-Cerdeña et al., 2017; Jansen et al., 2015; Rengifo-

Correa et al., 2017). Además, empezar de novo con una aproximación multiespecífica 

resultaría extremadamente costoso en tiempo y recursos. Una forma viable de 

contrarrestar esta situación sería a través del aprovechamiento de la información 

recopilada en estudios previos. Por lo tanto, es imperioso transformar el conocimiento 

sobre las interacciones bióticas entre pares de especies de T. cruzi, huéspedes y 

vectores hacia una perspectiva multiespecífica.  

Una forma de transformar el conocimiento sobre las interacciones bióticas entre 

pares de especies hacia un carácter multi-específico sería a través de la biogeografía. 

Ésta posibilitaría una integración de dicho conocimiento en dos formas simples: la 

inductiva y la hipotético-deductiva. Bajo un primer enfoque inductivo, el conocimiento 

científico se construye a partir de la acumulación de observaciones (Morrone y 
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Escalante 2016). En este caso, la información in vitro puede ser relacionada con la de 

la biogeografía para conjeturar la plausibilidad de una interacción biótica bajo un 

determinado contexto espacial (Fig. 2 A). Por ejemplo, si se obtuvo evidencia in vitro 

sobre la capacidad de una especie de triatomino para aprovechar en su dieta a 

cualquier mamífero que se le ofrezca, esta información cobraría relevancia si las 

distribuciones espaciales del mamífero y vector evaluados coinciden. Asimismo, si dos 

especies de triatominos pueden producir una progenie fértil in vitro, esta información 

cobraría relevancia si las distribuciones espaciales de estas especies coinciden. En 

ambos casos, la plausibilidad de la información in vitro en un contexto espacial podría 

conjeturarse con datos simples, como lo son las distribuciones espaciales de las 

especies. Para este primer enfoque, el patrón multi-específico surgiría cuando varias 

interacciones por pares de especies se acoplen bajo un mismo contexto espacial (Fig. 

2 A). Bajo un segundo enfoque hipotético-deductivo, el conocimiento científico parte de 

la formulación de hipótesis, acompañadas de la expectativa del comportamiento del 

fenómeno estudiado (deducciones), que son juzgadas (falsadas) por las observaciones 

(Morrone y Escalante 2016). El enfoque hipotético-deductivo también permite la 

integración del conocimiento sobre las interacciones bióticas con ayuda de la 

biogeografía (Fig. 2 B). Muchos factores (etológicos, fisiológicos, evolutivos, etc.) están 

involucrados para que ocurra una interacción biótica (Agosta et al., 2010). Sin embargo, 

un requisito mínimo para que una interacción proceda sería que las especies 

interactuantes coincidan en el espacio (Stephens et al., 2017). Este criterio espacial 

simple permite la generación de hipótesis de interacciones bióticas previamente 

desconocidas. Para que estas hipótesis se puedan falsar, se puede discernir entre 

interacciones bióticas potenciales vs. interacciones poco probables al confrontarlas con 

el conocimiento previo sobre las interacciones bióticas por pares de especies 

(Stephens et al. 2009). En este segundo enfoque, el patrón multi-específico surgiría 

desde el inicio, cuando las múltiples especies bajo consideración tenían como factor 

común único el espacio (Fig. 2 B). En síntesis, el conocimiento sobre las interacciones 

bióticas entre T. cruzi, sus huéspedes y vectores adquiriría un carácter multi-específico 

si: (1) las interacciones entre pares de especies, conocidas empíricamente, se acoplan 
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bajo un mismo contexto espacial y (2) las interacciones hipotéticas entre múltiples 

especies, que surgen de criterios espaciales, se confrontan con la información 

empírica. 

En esta tesis, se infieren las interacciones entre varias especies de huéspedes y 

vectores de T. cruzi con ayuda de la biogeografía evolutiva y la ecológica. La 

biogeografía evolutiva permite reconocer patrones de integración de las biotas en el 

espacio y el tiempo (Morrone, 2009). Es decir, con ayuda de la biogeografía evolutiva 

no solo se pueden rescatar los patrones de coincidencia espacial de las especies, sino 

que también se busca rescatar los contextos temporales de dichos patrones. La 

biogeografía ecológica permite reconocer y cuantificar la importancia relativa de los 

factores que explican las distribuciones observadas de las especies e integrar estos 

factores en un modelo que represente espacialmente dichas distribuciones (Stephens 

et al., 2009). Por lo tanto, con ayuda de la biogeografía ecológica se pueden estimar las 

distribuciones de las especies en los espacios geográfico y ambiental (Peterson y 

Soberón, 2012). Aquí, la biogeografía evolutiva y la ecológica posibilitan: (1) la 

detección de patrones de asociación espacial entre las especies estudiadas bajo un 

determinado contexto espacio-temporal  y (2) la cuantificación de la importancia relativa 

de dichas asociaciones. De ahí que, con ayuda de la biogeografía, los patrones de 

asociación espacio-temporal con significancia estadística son la base para inferir 

interacciones bióticas entre huéspedes y vectores de T. cruzi (Fig. 3). 

Esta tesis también se enfoca en interacciones bióticas entre huéspedes y 

vectores de T. cruzi de mayor importancia epidemiológica en México. En México 

habitan 100 millones de personas, de las cuales alrededor del 1% padece la 

enfermedad de Chagas (WHO, 2006, 2015). La transmisión de la enfermedad de 

Chagas ocurre activamente en México, considerando que hay reportes de la 

enfermedad en población menor de 18 años (Salazar-Schettino et al., 2016). Además, 

se estima que cada año más de 7000 personas adquieren el parásito T. cruzi mediante 

los vectores (WHO, 2006). Los vectores de la enfermedad de Chagas se han registrado 

en diversas localidades de la República Mexicana, principalmente en el centro y sur del 

país (Ramsey et al., 2016). El papel destacado de algunos vectores de T. cruzi se 
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adjudica, entre otras cosas, a su relación estrecha con ambientes modificados por el 

hombre (Salazar-Schettino et al., 2010). Por ejemplo, algunos vectores pueden 

desarrollar su ciclo de vida completo (Triatoma barberi Usinger y T. dimidiata (Latreille)) 

o en parte (Triatoma mazzottii Usinger, T. pallidipennis (Stål) y T. rubida (Uhler)) dentro 

de domicilios humanos (Salazar-Schettino et al., 2010). Asimismo, otros vectores se 

registran con frecuencia en la periferia de domicilios (T. sp. aff. dimidiata, T. longipennis 

Usinger, T. gerstaeckeri (Stål), T. mexicana (Herrich-Schaeffer), T. phyllosoma 

(Burmeister), T. picturata Usinger) (Salazar-Schettino et al., 2010). De esta manera, los 

vectores funcionan para T. cruzi como un puente entre ambientes, porque transmiten el 

parásito en ambientes modificados (cuando defecan en humanos) luego de adquirirlo 

en ambientes silvestres (cuando se alimentan de sangre de mamíferos infectados; Lent 

y Wygodzynsky, 1979). Finalmente, más de 100 especies de mamíferos distribuidas en 

ocho ordenes se han confirmado como huéspedes de T. cruzi en el continente 

americano (Jansen y Roque, 2010). Esta gran diversidad taxonómica de huéspedes 

constituye un indicativo del potencial de T. cruzi para infectar aún más especies de 

mamíferos que las descritas. Identificar el papel de los mamíferos como huéspedes 

potenciales de T. cruzi constituye un reto en países como México por su biodiversidad. 

Por ejemplo, más de 300 especies de mamíferos se han registrado en ambientes 

silvestres de áreas no desérticas de México (Ceballos y Arroyo, 2012; Ramírez-Pulido 

et al. 2014). Considerando la transmisión activa de T. cruzi en las últimas décadas, la 

repercusión de la transmisión a una escala geográfica y el amplio número de vectores 

de T. cruzi y la diversidad de mamíferos registrados para México, este territorio se 

considera inicialmente como contexto espacial de este estudio. 

En cuanto al contexto temporal de esta tesis, varía para cada uno de los temas 

tratados. En la primera parte de esta tesis se aborda la transmisibilidad de T. cruzi 

entre mamíferos de ambientes silvestres (huéspedes potenciales de T. cruzi) y los 

triatominos (vectores de T. cruzi) en México, bajo un contexto temporal reciente. En 

este caso, el contexto temporal está definido por las fechas de colecta asociadas a los 

registros de mamíferos y triatominos, es decir, en los últimos 60 años. Por otro lado, 

considerando que el origen híbrido de los vectores es un factor que podría favorecer la 
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transmisión eficaz de T. cruzi, la segunda parte de esta tesis investiga si la hibridación 

ha sido un proceso común en la historia evolutiva de los principales vectores de la 

enfermedad de Chagas en México. En este caso, se considera como contexto temporal 

el periodo comprendido entre el Último Máximo Glacial hasta la actualidad. Este 

contexto temporal fue seleccionado considerando un periodo posterior al de la 

especiación de las especies de interés y la disponibilidad de variables ambientales. A 

continuación, se mencionan más detalles de los temas tratados en los dos capítulos de 

esta tesis.  

En el capítulo 1 de la tesis los objetivos son: (1) identificar las principales 

especies que participan en la transmisión de T. cruzi en México y su importancia 

relativa e (2) identificar patrones de transmisión de T. cruzi desde una perspectiva 

ecosistémica. Para cumplir con estos objetivos, se estudian nueve especies de 

triatominos reconocidas por su importancia como vectores en México: Triatoma barberi, 

T. dimidiata -T. dimidiata 2-, T. sp. aff. dimidiata -T. dimidiata 3-, T. longipennis, T. 

mazzotii, T. mexicana, T. pallidipennis, T. phyllosoma y T. picturata (Ramsey et al,. 

2015). Las ecorregiones (Olson et al., 2001) con registros de estas especies se 

consideran como área de estudio. Las interacciones potenciales entre los vectores de 

T. cruzi y todas las especies de mamíferos registradas en el área de estudio se infieren 

mediante el análisis de redes complejas (Stephens et al., 2009). Básicamente, este 

análisis comprende cuatro pasos: (1) la cuantificación de la fortaleza de la asociación 

espacial entre pares de especies (triatomino - mamífero); (2) la jerarquización de las 

asociaciones espaciales de acuerdo con su significancia estadística; (3) construcción 

de una red compleja con todas las especies cuyas asociaciones espaciales son las 

más significativas en términos estadísticos, siendo la red una hipótesis de interacción 

biótica entre múltiples especies, y (4) la falsación de la red compleja, mediante el 

contraste con información empírica de interacciones bióticas por pares de especies. En 

este caso, la información empírica son los registros de especies de mamíferos 

infectadas con el parásito T. cruzi en México, considerando que la principal vía de 

transmisión del parásito es a través de sus vectores. Los registros de mamíferos 

infectados permiten evaluar la hipótesis sobre si la carencia de aleatoriedad en los 
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patrones de asociación espacial puede ser interpretada como una medida de la 

importancia relativa de las interacciones bióticas entre las especies de mamíferos y 

triatominos. Finalmente, se detectan los patrones de transmisibilidad de T. cruzi desde 

una perspectiva ecosistémica gracias a la red de interacciones potenciales entre 

vectores y huéspedes de T. cruzi. 

En el capítulo 2 de la tesis se estudian las interacciones potenciales entre 

algunos vectores de la enfermedad de Chagas en México (complejo Phyllosoma), 

específicamente, la posibilidad de hibridación antigua y sus consecuencias evolutivas. 

El complejo Phyllosoma sensu Lent y Wygodzynsky comprende a T. bassolsae, T. 

longipennis, T. mazzottii, T. pallidipennis, T. phyllosoma y T. picturata. Así, los objetivos 

de este capítulo son: (1) detectar huellas de hibridación antigua en las especies del 

complejo Phyllosoma, mediante un algoritmo que integre los contextos espacio-

temporal, ecológico y filogenético, y (2) proporcionar una hipótesis filogenética del 

complejo Phyllosoma que evidencie su historia evolutiva reticulada, mediante un 

análisis de coalescencia entre múltiples especies. La hibridación antigua puede tener 

consecuencias evolutivas como la especiación y la introgresión (Baack y Rieseberg, 

2007). La introgresión es la integración estable de material genético de una especie en 

otra mediante cruzamientos reiterados (Baack y Rieseberg, 2007). Una forma de 

detectar la introgresión es a través de la búsqueda de incongruencias entre árboles 

filogenéticos de genes con diferentes formas de herencia (Funk y Omland, 2003). Sin 

embargo, este patrón de incongruencia también puede surgir por otros procesos 

diferentes a la hibridación, por ejemplo la coalescencia profunda. La coalescencia es el 

punto del pasado en donde dos alelos convergen en un único ancestro común, 

mientras que la coalescencia profunda ocurre cuando la coalescencia de dos linajes de 

genes ocurre mucho más atrás en el tiempo que la divergencia de las especies que 

albergan estos linajes (Baum y Smith, 2013). El papel de la hibridación en la 

incongruencia de árboles de genes es discernible del de la coalescencia profunda 

gracias a la incorporación del contexto espacio-temporal (Funk y Omland, 2003). Más 

aún, la información ecológica ayuda a la refutabilidad del papel de la hibridación como 

proceso causante de árboles de genes incongruentes. 
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Por estas razones, en el capítulo 2 de esta tesis se emplea una aproximación 

que involucra los contextos espacio-temporal, ecológico y filogenético para detectar 

introgresión en los especímenes estudiados como consecuencia de hibridación antigua. 

Básicamente, esta aproximación comprende cuatro pasos: (1) postulación de hipótesis 

de especies que potencialmente hibridizaron, considerando sus distribuciones y la 

significancia estadística de su asociación espacial en un contexto espacio-temporal 

dado; (2) falsación de las hipótesis con datos empíricos de cruzas interespecíficas, o 

contexto ecológico reproductivo; (3) descubrimiento de incongruencias entre árboles de 

genes, o contexto filogenético; y (4) detección de muestras que potencialmente 

presentan introgresión antigua, mediante una correlación entre las muestras que 

ocasionan incongruencias entre árboles de genes con sus contextos espacio-temporal 

y ecológico reproductivo. Las muestras que carecen de introgresión se reanalizan bajo 

un análisis de coalescencia entre múltiples especies para inferir el árbol de especies, o 

hipótesis filogenética. El pasado evolutivo reticulado de los triatominos del complejo 

Phyllosoma se representa en dicha hipótesis filogenética. De esta manera, el capítulo 2 

de la tesis presenta las consecuencias evolutivas de la hibridación antigua entre los 

principales vectores de la enfermedad de Chagas. 

En síntesis, en esta tesis se infieren las consecuencias ecológicas y evolutivas 

de las interacciones bióticas entre huéspedes (mamíferos) y vectores (triatominos) de 

T. cruzi desde el enfoque hipotético – deductivo. Para dicha inferencia se toma ventaja 

de la biogeografía ecológica y la evolutiva, la información empírica sobre las 

interacciones entre pares de especies y la información filogenética. Por una parte, se 

muestran los patrones de transmisibilidad de T. cruzi desde una perspectiva 

ecosistémica gracias a la red de interacciones potenciales entre vectores y huéspedes 

de T. cruzi en México. Por otra parte, se muestran las consecuencias evolutivas de la 

hibridación antigua entre algunos vectores de la enfermedad de Chagas en México. Se 

espera que este trabajo contribuya al conocimiento de la biogeografía aplicada a la 

epidemiología y evolución de la enfermedad de Chagas. 

 



11 
 
 

 
Figura 1. Ciclo de vida del parásito Trypanosoma cruzi, en mamíferos (A, C) y en sus 

vectores invertebrados, los triatominos (B).  
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Figura 2. Transformación del conocimiento sobre las interacciones bióticas desde 

pares de especies hacia múltiples especies a través de la biogeografía. (A) Enfoque 

inductivo. La información in vitro relacionada con la de la biogeografía permite 

conjeturar la plausibilidad de una interacción biótica bajo un determinado contexto 

espacial. El patrón multi-específico surge al acoplar varias interacciones por pares de 

especies bajo un mismo contexto espacial. (B) Enfoque hipotético - deductivo. El patrón 

multi-específico surge como hipótesis cuando se consideran múltiples especies bajo un 

mismo contexto espacial. Las hipótesis se puedan falsar con el conocimiento previo 

sobre las interacciones bióticas por pares de especies 
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Figura 3. Etapas para inferir las consecuencias ecológicas y evolutivas de las 

interacciones entre las especies involucradas en la transmisión de T. cruzi. Esta 

aproximación hipotético – deductiva involucra la biogeografía ecológica y la evolutiva, la 

información empírica sobre las interacciones entre pares de especies y la información 

filogenética. 
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CAPÍTULO 1. Understanding transmissibility patterns of Chagas disease through 
complex vector–host networks  
 
Artículo de requisito publicado en: Parasitology (2017) 144, 760-772. 
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Understanding transmissibility patterns of Chagas disease 
through complex vector- host networks 
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SUi\ LVIAHY 

Chagas disease is one of the most important vector-borne zoonotic diseases in Latin America. Control strategies cou ld be 
improved if tran smissibility patterns of its aetiologic agent, Trypallosoma cruzi, were better understood. To understand 
transmissib ility patterns of Chagas d isease in Mexico, we inferred potential vectors and hosts of T. cruzi from geograph ic 
d istributions of nine species of T riatominae and 396 wild mammal species, respcctively . The most probable \'ectors and 
hosts of T . cruzi were represented in a Complex Inference Network, from which we formulated a predictive model and 
several associated hypotheses about the ecological epidemiology of Chagas disease. \Ve compiled a list of confirmed 
mammal hosts to test ollr hypotheses. Our tests allowed us to predict the most important potential hosts of 1'. cruz; 
and to validate the model showing that the confirmed hosts we re those predicted to be the most important hosts . \Ve 
were also able to predict differences in the transmissibility of T. em:::i among triatomine species from spatial data . \Ve 
hope our findings help drive efforts for future experimental studies. 

Key words: Trypallosoma cruz; , potential hosts, spatial data mining, ecological epidemiology. 

I:-;'TRQD UC TIQ:\" 

Chagas disease is one of the most important vector­
borne zoonotic d iseases in Latin America, with six 
to seven million people infected and 70 million 
b eing at risk of acquiring the disease (WHO, 201 5). 
Infectio n prevention programs are still the most 
effect ive tool for controlling Chagas disease transm is­
sion (Rodrigues-Coura, 20 13); however, controlling 
Chagas disease in endemic countries is difficult 
(Abad-Franch et al. 20 13; Rodrigues-Coura, 201 3). 
Control strategies could be improved, if the transm is­
si bility patterns of the aetiologi e agent, Trypallosoma 
cruzi, were better understood. 

To better understand the tra nsm issibil ity patterns 
of T. crll z i, it is essen tial to consider the potential 
interactions among its vectors and hosts at a more 
integrative level. The parasite has hundreds of poten ­
tial vecto rs (Triatominae Reduviidae H emiptera) 
and potential hosts (Mammalia) (Jansen and Roque, 
20 10). Cons ide ri ng this divers ity of potent ial 
vecto rs and hosts, it is logistically impossible to 
understand the transmissibility patterns of T. cruz i 
by an exhaustive experimental examination of all 
potential triatomine- mammal interactions. In add­
ition , biotic interactions among vectors and hosts 

.. Corresponding author: C3 - Centro de Ciencias de la 
Complejidad, Universidad :'\!acional Aut6noma de 
Mexico (UNAlVl) , 04510 iVlexico City, Mexico. E-mail: 
s teph ens@nucleares.unam.mx 

arc usuall y stud ied at the level of a particular 

mammal host, rathe r than cons idering ecosystemic 
patterns of the whole host-vecto r system. Complex 
In ference N etworks (Stephens et al . 2009; 
Gonzalez-Salazar and Stephens, 20 12), applied to 
zoonoses, provide a u seful alternat ive for understand ­
ing the transmissibi lity patterns of T. cYIlzi. The 
net work represents the most probab le ecosystem of 
T. cruzi by showing th eir potential vectors, h osts 
and the ir interacti ons. 

In this paper, we derive a vector- host network for 
the potential ecolog ical facto rs - Triatominae and 
wild mammal species - invol ved in the transmission 
cycle of T. cYIlzi in Mexico. Complex Infe rence 
Networks in the con text of Chagas disease use the 
stati stical significance of co-occurrences of triato­
mine and wild mammal species as proxies for their 
poten t ial interactions, where statisti cally significant 
co-occurrences are estimated based on t he level of 
overlap of the spec ies' distribution ranges (Stephens 
et al. 2009; Gonzalez-Salazar and Stephens, 20 12). 
The patterns recovered from the network allow 
us to formulate and test several hy potheses about 
the ecological epidemiology of Chagas disease. 
Primarily, we test the idea that the lack of randomness 
in the co-occurrence pattern s can be interpreted as a 
measure of the relative level of importance of the 
biotic interactions between a given mammal and 
triatomine species. If we identi fy the most relevant 
biotic interactions b etween mammal and triatomine 

Parasitology (201 i), 144, 760-772. © Cambridge University Press 2017 
dui: 10.1017/50031182016002468 
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species, then, taking the presence of such an inter­
action as a necessary (but not necessaril y suffi cient) 
condition for the transmiss ion of the pathogen , the 
po ten tia l hosts and vectors of Chagas d isease can be 
inferred and transmission patterns of T . cru::; ; can 
be drawn. In this sense, the vector- host network 
helps us to detect the transmissibi lity patterns o f T. 
cm ::;i in an ecosystemic way. \ ,Ve di scuss how our 
findings can be complemented by future experimen­
tal studies. 

!\ I .. \TEI~I .. \LS A:-.iO :\IETIlODS 

Study area 

T o define the stud y area , records of 'rriatominae 
species were projected onto a map of ecoreg io ns 
(Olson et 01. 2001 ). We then considered all cco re­
gions with at least one species record, wh ich were 
basicall y the non-desert ecoreg io ns of the country. 
Therefore, the study area was all of :\1ex ico, excep t 
the Chihuahuan, Sonoran and Baja Ca li forn ian 
deserts and the Tamaulipan mezquital (Olson el 01. 
200 1). 

Species dala 

\Ve focused on wild mammal species from 110n­
dese rt ecoreg ions of :lVIexico and nine T rilltom inae 
spec ies that are known as the main C hagas di sease 
vecto rs in Mexico (Ramsey et al. 20 15). We com­
piled georefe renced local it ies for Triatominae 
spec ies accord ing to Lent and W ygodzinsky (1979) 
and Bargues et al. (2008). T riatoma d;mid;ata sellSll 
Lent and Wygodzinsky (1979) is considered a 
species complex (Bargues el af. 2008; Dorn el al. 
2009; Monte iro et 01. 20 t 3), so we ana lysed the two 
main li neages of the stud y area separately. T he fina l 
dataset of 3425 unique point records was obtai ned 
from national entomological coll ections ( Instituro de 
Diagnostico y Referencia Epidemiol6gica, InDRE, 
Mexico City; Colecci6n )J'acional de I nsectos, 
CN IN, UNAM , Mexico City) and published 
records (Ramsey et al. 2015). The dataset of mammal 
species consisted of georeferenced localities for 396 
species (Ceballos and Arroyo, 2012). This dataset 
includes 47942 unique point records compiled from 
electronic databases (www.gbif.org. www.conabio. 
gob.lllx ). 

There is, as has been extensively discussed in the 
literature, an important quest ion of potentia l 
sam ple bias in such po int records; for instance, via 
the ad !toe nature of the collections and the large col­
lecting gaps in space and time (Ponder el al. 200 I ; 
Graham el 01. 200+) Such sampling bias constitutes 
a s ignificant challenge for the success and veracity 
of analyses of data point records (Yanez-Arenas 
el al. 2014). However, in spite o f their potenti al 
biases , such databases provide large and important 

in fo rmation resources accumulated ove r 
peri ods (Ponder el 01. 200 1; Graham et af. 

761 

long 
200+) 

for trying to determine the dist ribution of species 
as a funct ion of space and time. 'rhus, it is important 
to leverage these data, wh il e bea ring in mind the 
impact of such biases. '1'h is is even more important 
for urgent problems of great socia l impact such as 
that of emerging d iseases. 

inJerred interaction netwo rh oj trial.Olllilles and 
mammals 

\Ve adopted a nonparametric spat ial data m ining 
app roach to infer potential biot ic interactions 
between mammals and triatomine species using the 
ava il ab le point co llect ion data. T he general model ­
ling methodology of Stephens el al. (2009) is based 
on the idea that biotic interact io ns can be inferred 
from the locat ions of taxa as a fun ction of space 
and time. C lea rly, bioti c and ecological interactions 
in general are ve ry complex, giving ri se to spatio­
temporal di stributions that depend on an enormous 
number of variables, both biotic and ab ioti c. 
However, it is reasonable to suppose that the 
spatio-temporal di str ibutions of taxa, or other eco­
logical variables, reflect all of the factors and the ir 
causal interactions that determine them. T he q ues­
tion is: To what extent can the ex istence of eco log ical 
interactions be deduced by an anal ys is of the pos i­
tions of taxa? T o give a simple example, one would 
expect compet iti ve interactio ns to lead to different 
spat ial distributions than m utua li sti c interactions. 

In Stephens el al. (2009), the degree of co-occu r­
rence between taxa was take n as an o bservable 
measure with which potential interactions could be 
in ferred. Although co-occurrence is not equal to bio­
logical interaction , a s ignific~lIltl y non-random co­
occurrence di str ibution is a lIecessary condition fo r 
a biot ic inte raction between taxa , and as such it can 
be used to formulate hypotheses that can be 
checked experimentally. However, it is clearly not 
a sufficient condi t ion. 

Applying the methodology to the present case we 
obse rved those co-occurrences be tween mammals 
and triatominae in geographical space that are 
more common than wo uld be expected by chance 
( f' ig. I). \Ve focused o ur attention on the spat ial 
dependence of the distri butions and ignored the 
temporal aspect, as the data used arc not capable of 
describing reliabl y temporal changes . As a measure 
of statistical association, we conside r t he probability 
to fi nd a tri atomine given the occu rrence of a 
mammal , P(TiI NJ), whe re Ti and M j represen t the 
p resence o f the ith triatomine and jth mammal, 
respecti vely . 

To determine this probability we di vide the geo­
graphic region of in terest into a unifo rm grid and 
then count grid cell s accordi ng to p resence of a 
given t riatomine, presence of a given mammal and/ 
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Fig. 1. Co-occurrence patte rn of a triatomine (Ti) species and a mammal spec ies (1\1)). Epsilon (e) values incrcase when the 
overlap between mammal and triatomin e distribution s increases . Relative rank (R ) values are high for species with high e 
valu es. 

or co-occurrences of both. The choice of grid-cell 
size has no biological motivation. It is statistically 
moti vated, being associated with max imiz ing the 
effective sample size for counting co-occurrences, a 
co-occurrence essenti ally being our fundamental 
statistical unit. The choice of ce ll size is known in 
geography as the 'modifiable areal unit problem'. 
In terms of forming a spat ial grid , there are at least 
two important considerati ons : the sizes of the statis­
tical samples of the variables and their degree of 
correlation . T oo fine a grid and there w ill be no co-oc­
currences, too rough and there will be littl e to no dis­
crimination . It was checked explicitly in Stephens 
et 01. (2009) that the relati ve ranking of mammals by 
the model was quite insensitive to the cell size over 
the range 5- 100 km (see also Sierra and Stephens, 
20 12). Howeve r, even though thi s previous research 
has shown that predictions of poten tial feeding 
resources are robust to large changes in the grid -cell 
size, we have independently ass.'lyed three different 
grid-cell sizes to check how robust our predictions 
were Crable S I , Supporting information). Based on 
these results, for our analysis we used 3535 square 
grid cells of linear size 20 km, as this resolution has 
been found to give good overall results when consider­
ing a large number of distribu t ions simultaneously 
(Stephens el 01. 2009; Sierra and Stephens, 2012). 

To evaluate the non-random nature of the co­
occurrence distribution we considered the following 
exact binomial stat istical test: 

E(T 1M ) _ N M,(P (T;IM j ) - P (T;)) (1) 
, , - (N.lI,P (T;)( 1 _ P (T ;))) ' /2 

where P(TiI NJ) = NTi and M/N Mj with N ,t'i and 11,!Jj 
being the number of cells where there is a co-occur­
rence of Ti and M j • N Mj is the number of cells with 
presence of M j and P(Ti) = N 't'i/N, where N Ti is the 
number of grid cell s with point coll ect ions of species 
T i and N is the total number of grid cell s. This bino­
mial test measures the degree of con fi dence of the 
stat istical association between T ,- and 11!Jj , relative 
to the null hypothesis that the spati al distriburion 

of Ti is independent of M j and distr ibuted randomly 
over the grid, i.e. peT,). The sampl ing distribution 
of the null hypothes is is a binomial dist ribution, 
where eve ry cell is given a probability peT,) of 
having a point co ll ection of Ti• The numerator of 
equation (1) is then the difference between the 
actual number of co-occurrences of Ti and M j rela ­
tive to the expected number if the spatial distribu­
tion of point collections was obtained from a 
binomial with sampling p robabi lity, P(Ti). The 
denominator of equation (I ) is the standard devi­
ation of the binomial distribution (Stephens et 01. 
2009; Gonz{dez-Salazar et 01. 20 13). 

T he quant itative values of c(Ti I1l1) can be inter­
preted in the standard sense of hypothesis testing. 
\\Te consider the P-value as the probabi lity that 
c( Ti I M) I is at least as large as the observed one 
and we compare this P-value with the required sign­
ificance level. In the case where N n ;::: 5-10, and 
P( T ,) and P( T, I M) are not close to zero or one, 
then a normal approximation for the binomial distri­
b ution should be adequate, in which case c(T;l lW) = 
1·96 would represent the standard 95°;(1 confidence 
interval. Note that such a stati stical association does 
not necessaril y prove that there isa direct 'causal' inter­
action between mammals and vectors . Rather, it allows 
for a statistical infe rence to be made or a hypothesis to 
be formulated that may be validated subsequently 
(Gonzalez-Salazar and Stephens, 20 12). 

\ Ve are interested in hypotheses about the trans­
missibility of the parasite by a specifi c vector-host 
interact ion. \Ve estimated epsi lon , E, values for a 
particular mammal spec ies accord ing to its degree 
of co-occu rrence with a given triatomine species. 
With the val ues of c(T;l M ) in hand for eve ry pos­
sib le triatomine-mammal pair we can compute and 
visualize a network by considering the nodes of the 
network to be the mammal and triatomine species 
and a link between a mammal, M j , and a triatomine, 
T i , to be associated w ith c(Ti IM). If all val ues of 
c(Ti IA1) are considered , then the network is full y 
connected. H owever, if we onl y draw those links 
that have a cer tain degree of statistical sign ificance, 
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then the network has a d ifferent topology, that now 
rep resents the principal infe rred b iotic in teractions 
between mam mals and tri atomi nae. 

T estillg hYPolheses of ecological epidemiology of 
Chagas disease 

All else being eq ual we posi t that the higher the val ue 
of £: for a host the more epidcmiologicall y impo rtan t 
it is in ecolog ica l tcrms. Thc rat ional for thi s is that 
the greate r the degree of spat ial overl aps between 
the d istr ibutions, the greater the p roportion of poten­
tia ll y infected host ind ividuals due to the highe r 
propo rtion of ind i\·id ua ls t hat can han! a b iotic inter­
act ion with thc vccto r. Herc wc do not consider the 
relati ve ep idemiological importance in terms of 
hu ma n infecti on . Of course, ep idemiolog ic'll impo rt­
ance, both at thcecologica l and pub lic health levels is 
h igh ly complex and m ulti -facto ria l inmlving a host 
of facto rs, such as host competence, hos t/vcctor 
abundance, host/vector d omicili ati on , etc. However , 
spatial co incidence of vector and host is an absolutely 
necessa ry condi tion on which mul tiple other facto rs 
can and sho uld be includ ed . I n the absence of compre­
hensive, systematic data on these m ultiple o ther 
facto rs howcvcr it is uscful to build firs t-order 
models bascd on ly on occu rr·cncc data and usc cmpir­
ical d ata to tcst associated hypotheses and models . 

T o test h ypotheses about the ecological ep idemi ­
o logy of C hagas d isease, we compiled from the 
li teratu rc a list of confirmcd mammal hosts. \Ve 
searched for ma mmals spccics with at least one ind i­
vidual repo rtcd as being in fcctcd wi th T . cruzi (i.e. 
confirmed) in non-desert eco regions o f iVlex ico. 
Reco rds werc found in the Web of Knowledge of the 
Institute for Scientific Info rmation (lS I - Thomson 
Scient ific, Phi ladel p hia, PA , USA), BibT ri (bibtri . 
com.ar) databases and bibliograph ic collcctions of the 
Laboratorio de Bio logia de Panisitos, Facu ltad de 
M edicina, Uni ve rsidad Nacional Aut6noma de 
Mexico (Append ix I , Supporti ng Info rmation). 

\Ve considcred all reco rds of confirmed m<immal 
species in our amll yses. I n our results, we also 
mention thc d iagnostic methods b y wh ich infection 
with T . em :::; was determ ined for each mammal 
species. As the method used here assumes that the 
larger thc geographical ovcrlap the more li kcly it is 
that therc is a b iotic interaction between the spccies, it 
may be argued that the mam mal species with the 
largest ovcrlap are simply those with the g reatest geo­
graphic ra ngc, i.e. that a ranking by £: is equ ivalent to 

a ranking b y the distribution range. T o chcck thi s we 
searched fo r statistical di ffc rences, using a I-test, 
between the rclative ranking of both c valucs and the 
distribu tion sizes of mammals, i.e. the number of gr id 
cell s wit h records of a given mammal species. T wo 
sample g ro ups were tested: 1'. dill/idiala 2, a relari,·ely 
widespread species (2 45 grid ccll s), and T . pie fl/ m fa, a 
species with a narrow-distribution (20 grid cell s). 

I~ ESU LTS 

Illfe rred illferaetioll lIetwork of l riatomilles olld 
mammals 

763 

Our data min ing app roach al lowed us to idcn t ify the 
stati stically signi fica nt (£:> 1·96) potcnt ial vector­
host pair associations. F rom these 643 pairs, for 
each tria tomine species we chose the 25% [top q uar­
ti lc (Q4)] of highcs t c values . Thus, our network 
rep,·csents the most signifi cant (Q4) pos iti ve co­
occurrence associat io ns between T rinrom inae and 
mam mal species (Fig. 2). These potential relat ion­
sh ips are the most li kely (b ut not su rely) to yield 
an importa nt b iotic in teraction betwecn a t ri atomi ne 
and a mammal, yield ing the most stat ist ica ll y signifi­
cant geographic overl aps betwcen t riatom ines and 
mammals and therefore the h ighest potenti al for 
encounters g iven o ur 'a ll else being equal' assumption . 
For a given th reshold on c it is ' max imal' in that it 
encapsulates the idea of captur ing thosc triatomine­
mammal pairs that most sat is fy the neccssa rycond ition 
of spatial overlap , but w ithout any assumption of other 
potentia l cond itions that would cause the intcraction to 
eilhernot be present at al l- e.g., the triatomine does not 
feed on that mammal, o r that the interaction does not 
lead to infection, such as if the mam mal has very low 
competence. It is, o f course, of g reat thcoretical and 
p ractic;!l interest to know what fntct ion of that 
'maximal' network co rrt.'Sponds to rcal b ioti c interac~ 
tions that also corrcspond to components of the trans ­
m ission cyele. 

Heviewing the netwo rk we note that 116 out of the 
396 (29°f,,) total wild mam mal species considered 
could intcract with at least one spec ies of Triatomi­
nae (T~lb l e 1); wh ile 86 of them arc potentiall y 
associated to on ly onc triatominc spccies. T en 
mamilla I specics probably intcract with th ree or 
more ' ·ectors, among which Baiomys m/lsculus and 
Liomys piellts seem the most im portant as they are 
potent ia ll y associated with fi ve tr ia tom ine species 
(Fig. 2, T ab le 1). Once agai n , thi s netwo rk shows 
spccies association patterns that arc based on the 
ove rlap of their geog raphic ranges, co-occur rence 
be ing a necessary cond it ion for a biotic inte racti on . 
It docs not , however, necessa ril y provc that there is 
a direct 'causal' interact ion . It can , though , p ro vid e 
tcstab le h ypotheses fo r vector- host inte ractions. 

T o check the sensit ivi ty of the network, and there­
fore our conclusions , to the model parameters and 
assumpt ions, such as thc g rid size and our t hresho ld 
on c, we consid ered how as a base measu re the figu rc 
of 29% o f true posit ives in Q4, secn in r ig. 3A, 
changcd fo r three diAcren t grid sizcs and three 
d ifferent c thresho lds. Checks were made with th ree 
grid sizes: the true positive percentagt.'S in Q4 were 
28% (5 kill), 25% (10 kill) and 25% (50 kill), respect­
ivcly. \Ve noted that the 29% of true positives in thc 
top q uartil e docs not change sign ificantl y (i = 1·3, 
P = 0· 52) as a fun ction of grid size. O n the other 
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Table I. Ranked li st of potential mammal hosts for T rypallosoma cruz; in non-desert areas of Mexico 

R Ma mmals c Tri R iVlammals c T ri 

1 PerolllysclIS YllcataniclIs 1H6 1 59 R hogeessa tlllllida 9·41 1 
2 Orthogeomys hispidlls 16·87 1 60 OrtllOgeomys gram/is 9·36" 2 
3 PerolllysclIS lIIexicanlls 16·65" 3 6 1 IHacroflls water/lOlIsii 9·3 1 
4 PappogeoIllY.~ bll llen· 16·63" 2 62 Lontra 10llgiwlldis 9·24 1 
5 OligoryzolllYs jlllveseells 16·33 1 63 Otosper"lllophillls v ariegaflls 9·04" 2 
6 BaiolllYs toy/on· 15·75" 2 64 Peromysells pectoralis 9·04 1 
7 Corollia perspicillata 15·01 1 65 f-1eterolllYs deslI/oresfialllls 9·01 1 
8 Corollia sowelli 14 ·79 1 66 Didelphis v irginiallo 8·91 1 
9 Didelphis marsupialis 14 ·59 1 67 Crypfotis mexieallo 8·82 1 
10 PeromysclIs lellcoplIs 1n7 1 68 Artibells fill/raflls 8·74" 2 
11 Philander OPOSIlIll 1+08 1 69 Reithrodoll(olllYs jlllvescells 8·71 1 
12 Osgoodomys hallderall/Is 1H6 1 70 Sigmodoll allelli 8·65" 2 
13 Peromysclls melalll/fIIS 13·95" 2 71 N{yotis lIigricons 8·6 1 
14 H eteromys gal/Illeri 1N 7 1 72 l etidomys mexiell/Ills 8·59" 2 
15 lllierutus qllosioter 13·n' 2 73 1I1oloHIIS fIIjus 8·53 1 
16 Reilhrodonfomys gracilis 13·18 1 74 Plolyrrhilllls heflen· 8·53 1 
17 Oryzumys collesi 13· 14 1 75 Sigmoc/oll mascotellsis 8·50" 2 
18 Lepus callotis 13·07" 3 76 1I1a;;;amll amerielllla H6 1 
19 Otoly/umys phyllotis 1H 4 77 Vampyrodes //Iojor 8·45 1 
20 PerumyscIIs jl/f'VIlS 12·83 78 H odomys allelli H3" 2 
21 Dasyprocta mexicalla 12·5 79 Peropteryx macyotis 8·36 1 
22 Sig//l odoll hispidlls 12·47 80 Nl %sS/ls silla/oae 8·34 1 
23 SCll/fIIS deppei 12·28 8 1 Ory;;;o lllYs melllllotis 8· 1 9~ 3 
24 CrYPlolis mayellsis 12· 19 82 C/ossophagll commissarisi H8 1 
25 OtOllyctOIllYS IIatti 12· 15 83 Leptoll),cteris lIi'v alis 7·84 
26 f?eithrodolltomys //Iexieoll/ls 12 84 Liomys pictlls 7·65 5 
27 Sylvilog/ls gabbi 11·97 85 Cryptotis goldmoll; 7·49 1 
28 Scil/fIIS colfiaei 11·93 86 Leptoll),cferis yerbabllellae 7·4 1 1 
29 M%sslIs az tecus 11·86 87 NyctolllYs wlllicllmsli n3 1 
30 R eilhrodolltolllYs hirwfIIs 11· 76 88 BassariSCIi S sumicll rasti f.23 1 
31 BoiolllYs //IlIsclIIl/s 11·63" , 89 Lepus jfov iglllaris f.2 1 
32 Oryzomys a/jaroi 11·6 1 90 P eromysCl/s me!onophrys 7·18 I 
33 Balalltiopteryx pliwta 11·60" 3 91 Uroderma mognirostrulll 7· 16 1 
34 Dosyprocla Pllllclofa 11 ·56 1 92 Sy/v ilaglls elillicli/arillS H9 1 
35 Carollio subrujo 11 ·48" 2 93 Cliirodermo sa/villi H4" 2 
36 Artibells hirslltlls 11 ·3 1 " 2 94 l eliollyeteris ph),lIotis 6·89 1 
37 Scil/fIIS ollreogaster 11 ·04 1 95 Artibells jall/aicellsis 6·86 1 
38 Liomys irroratlls 10·88" 3 96 Cryptutis phillipsii 6·84 1 
39 Eptesiclls jllrillotis 10·75 1 97 D ermanura tolteea 6·77 1 
40 PerolllYsC/is spieileglls 10·72" 2 98 SCillfllS oelllMIIS 6·67 1 
41 ClllliclIllIS paca 10·59 1 99 Clossop/wga leochii 6·6 1 1 
42 C/ossophaga suricilla 10·58 1 100 Cratogeomys jlllllUS/IS 6·54 1 
43 Myoti.~ ca rter! 10·4 1 1 10 1 Nlephitis maerollra 6·43 1 
44 Megasore:x gigas 10·29 1 102 N/Jotis vehfer 6·37" 3 
45 ScillfllS YllcatallemiI 10·2 1 103 Peromysclls PeJjll/vIIs 6·36 
46 Jl1armoso mexieallo 10· 12" 2 104 Sy/v ilag1lS jioridanlls 6·29 
47 Sphiggllrlls mexicalllls 10· 11 105 LasiuI"III h/OHev illii 6·1 7 
48 Dermollllra az teca 10·07 106 Stllrllira hOlldll relisiI 6·04 
49 AlOllaUa palliata 9·95 107 Perolllysclls hyloceteI 6·03 
50 PerolllysclIs levipes 9·90" 2 108 Deslllodlls rotlll/elUS 6·02 
51 NOl-oeitelllls alill/dalllS 9·87" 3 109 PeromysC/is dijJicilis 6 
52 Clossophaga morelloi 9·84" 2 110 Tadarida brasitiellsis 5·86 
53 Spilogale gracilis 9·84" 2 111 Tlacllotzill eal/eseel/S 5·82 
54 PerolllysclIS malliell/allls 9·74" 2 112 Coryl/MhilllIs //IeXiWlllls 5·64 
35 COl/epatlls semistriotus %6 1 113 Choerollyeteris mexicoI/o 5·44 
56 Diphylla eealldata %3 1 114 P terol/otlls pamellii 5·17 
57 Potos flovlls %0" 3 [ 13 P eromysells groflls 3·15 
58 PerolllYsCIIs megalops 9·55 1 116 l1obromys leptl/l"IIs +74 

R , relative rank of a mammal species, the lowest values of R being the most important; c, epsilon \'a1ues for mammal species 
estimated according to the level of co-occurrence with a gi\·en triatominae species; Tri., number of species of Triatominae 
potentiall y interacting with a given mammal species. 

Onl y the hi ghest c value is reported for a mammal species associated to two or more tri atominae species. 
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A DNol confirmed mammal spp. 
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ri g. 3. H ypotheses of ecological epidemiology of Chagas disease in :'vlexico. H yp otheses were examined consideri ng 
the wild mammal species confirmed as Trypanosoma cYllzi hosts in Mexico. (A) HI . T he probability for a mammal species 
to be confirmed for T. cruzi is d ifferen t among different qWlrtiles . (8) 1-1 2. The probability for a mammal species to be 
confirmed is not correlated to the number of T riatominae species associated with a mammal species. (C) H 3. T he num ber 
of confirmed mammal species is correlated to the number of m ammal species associated to a tr iatomine species. (D ) 1-14. 
Percentages of confirmed mammals arc different among t riatomine species . 

hand , checking three different c t h resholds (c> 1'96, 
c > 4 and c> 6), the percentage of true positi ves 
inc reased sig nificantly in high quartiles as a funct ion 
of the c th reshold, for example, w ith threshold c> 4, 
the true positives percentage was h igher in Q 3 (27%), 
than with threshold c> 1·96 Q 3 (17%) (x2 ::: 6'7 , p ::: 
0 '03), and wi th threshold c> 4, the t rue positi ves per­
centage was h igher in Q4 (33%), than wi th threshold c 
> 1·96 Q4(29%) V::: 24,2, P < 0·000 1) . T hese results 
are to be ex pected given that a higher threshold on c 
means that we are restricting attent ion to a small er 
subset of relat ions which are more statisticall y signifi­
cant and therefore more likely to be associated with a 
true positi ve. 

Ecological epidemiology of C/tagas disease 

Our literature survey uncovered 37 wild mammal 
species confirmed as hosts of T . cm zi in non-desert 
areas of Mexico (Table 2). Of these species 43% are 
of the ord er Roden t ia , 38% are Chiroptera and the 

other reco rds are Carni vora, Didelphimorphia and 
Xenarthra (1 9%). Of these 37 species, 32 have been 
identified as positive using multipl e d iagnost ic 
tests. \Ve were not able to d ete rmine the used diag­
nostic test for T. crud for the remaining five 
species: Carollia perspicillata , Dasypus novemcinci lls, 
H odomys alieni, Ototylomys phyllotis and Tylomys 
l/IuJicalldlls . 

With our li st of mammals ranked b y c, and the list 
of confirmed hosts, we can test the netwo rk as a pre­
dict ive model and al so construct some simple 
hypotheses based on the overall st ructure of the 
net work. More soph isticated h ypotheses will poten­
tiall y need ad di ti onal data beyond just point collec­
tion data. O verall , all the confirmed mammal 
species were p red icted by o ur analysis as be ing poten­
tially associated in a sta ti sti ca ll y sign ifican t way to at 
least one triatomine species (c> 1·96). This allows 
us to formulate a first prediction: for a given 
mammal spec ies, to be a host it must co-occur with 
the vector , we posit then that it is more likely to be 
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T able 2. \Vild mammal spec ies confirmed as Trypa llosoma cruzi hosts in M ex ico 

Confinned mammal OR i'dethod Q 

1 A rfibells !ituratllS Ch l' 4 
2 B aiolllYs mllsclI/IIS Rd B,C,P 4 
3 Carollia perspiciflota Ch ND 4 
4 Carolfia sowelfi (brev icauda ) Ch P 4 
5 Dasyprocla PUllctola Rd A,B 4 
6 Didelphis marsllpialis Dr A,D,C,X 4 
7 Didelphi.~ 1JirgilliaJla 01' n,c,p,x 4 
8 G/ossoplwga soricilla Ch B,C 4 
9 [-[eteromys desmQrestiollllS Rd B,C,X 4 
10 Heteromys gall llleri Rd PCR 4 
11 Liomys irroratus Rd B,C,P 4 
12 OtospenllophilllS ( Spermophillls ) variegatlls Rd D,C 4 
13 Ototy/omys phyllolis Ch ND 4 
14 PeromysclIs lellcoplIs Rd A,B 4 
15 PeromysCIIs levipes Rd l' 4 
16 PerolllysclIs mexicalllis Rd B,C,X 4 
17 Peromyscl/s Y I/catoniclls Rd A, B,P 4 
18 Philander OPOSU III 01' R 4 
19 R eith rodolltomys jlll'1.iescells Rd l' 4 
20 Sigll/odoJl hispidus Rd I3 ,C,P,X 4 
21 Artibell s jamaicellsis Ch B,C,P,X 3 
22 Clloerollycleris mexicollo Ch B,C 3 
23 Deslllodlls rotllndus Ch n,c,x 3 
24 HodolllYs allell i Rd N D 3 
25 L eptollycteris yerbobllcllae (cllrasoae) Ch B,C 3 
26 Nlyotis keaysi Ch l' 3 
27 J.Vaslla lIarica C, P 3 
28 Peromyscl/s melal/ophrys Rd D,C 3 
29 Sturnira hOlldllrellSis (ludovici ) Ch P 3 
30 Siurnira liliulII Ch B,C,P 3 
31 T ylolllYs J/IldicaudllS Rd N D 3 
32 Dasypus lIo'1.ie lllci"ctus Xn N D 2 
33 Dermallllra pllaeotis Ch P 2 
34 J.Veololllo mexical/a Rd n,c,p 2 
35 Procyon lotor C, P 2 
36 Plerol/o/us pamellii Ch B,C 2 
37 Urocyoll ciJlereoarge"tel.ls C, A, D 

OR, order of mam mal species; Q, quartil of c values, quartile 1 (Q I) being the lowest c "alues and Q4 the highest; A, anti­
bod ies; B, blood smear; C, culture; Ch, Chiroptera; Cr, Carnivora; Dp, Didclphimorphia; P, polymerase chain reacti on; R, 
random amplifi ed polymorphic DNA; Rd , Rodentia; X, Xenodiagnosic; Xn , Xenarthra; ND, no data . 

confirmed as a host of T. C/"IIZ ; if it has a stati sticall y 
significan t ove rlap with a triatomine species 
(T able 3, H I). T o test thi s h ypothesis, we ranked 
all mammal species with signifi cant co-occurrence 
associat ions (c > 1'96) with triatomine species accord­
ing to the ir c values and classified th em in quarti les. 
So, quartile I (Q I ) represents the mammals with 
th e lowest E: val ues and Q4 the high est, ranking 
from low to high statisticall y sign ificant associations 
between triatomine and mammal species . The corre­
sponding quartiles of confirmed hosts were then 
assigned (T able 2). We found that rhe level of associ­
ation between a mammal and a tri atomine species cor­
related very well with the probab ility to be a 
confirmed host for T. crll z i <x2 = 34'385, P = 0'0005, 
Fig. 3A). Thus, we can see that our infe rred inter­
action netwo rk ( Fig. 2) serves as a good p red iction 
model for the vector- host system. Note that although 
only 29% of mammal species in Q4 have been 

confirmed as hosts this serves only as a lower bound 
as many of the species in Q4 that have not been 
confirmed ha ve e ither not been collected and tested 
for p resence of T. cl"llz i or in such small numbers 
that a stat isticall y signifi cant reject ion of them as 
hosts g iven a null hypothesis about the expected 
infection rate is not possible. The data in Fig. 3 
were split into quartil es to fac il itate th e visual inspec­
tion of t he relation between the true positi ve rate and 
the average value of E: in the quartiles in a way that 
presenting the regression coeffici ents and R 2 value 
fo r the logistic regression does not. The coarse g rain­
ing we use is not ad hoc. In the case of d eciles rather 
than quartil es it is the standard groupi ng into b y 
risk score u sed in the H osmer-Lemeshow test often 
used w ith log isti c regress ions. \ -\le have also ca rried 
out a logistic reg ress ion at the species level. The asso­
ciated rclation is: Logit P = -3 ,648 + 0·235 x c, with a 
P-value < 0 ·00 1 on the regression coeffic ient. This 



23 
 
 

Laura Rel/gilo-Correa alld otliers 768 

Table 3. H ypotheses of ecological epidemiology of Chagas disease in Mexico 

H yp. Data 1-10. Hi . 

HI iVlammal and triatominae 
species with significant 
valuesofc(Ql toQ4) 

T he probability for a mammal species to 

be confirmed is independent of the level 
of co-occurrence with a triatomine 
species (Quartil) 

The probability for a mammal species 
to be confirmed depends on the level 
of co-occurrence with a triatomine 
species (Quartil) 

H 2 Only mammal and triatomi ­
nae species with the highest 
significant values of c (Q4) 

T he probability for a mammal species to 
be confirmed is not correlated to 

The probability for a mammal species 
to be confirmed increases when 

the number of triatomine species 
co-occurring with the mammal species 

the number of triatomine species 
co-occurring with the mammal 
species increases 

H3 

H 4 

T he number of confirmed mammal 
species is not correlated with the 
number of mammal species co­
occurring with a triatomine species 

T he ability of triatomine species to 
transmit the parasite after a feeding 
interaction of its individuals is inde­
pendent of the probability that a 
mammalian species is confirmed 

The number of confirmed mammal 
species increases when the number of 
mammal species co-occurring with a 
triatomine species increases 

The ability of triatomine species to 
transmit the parasite after a feedi ng 
interaction of its individuals explains 
the probability that a mammalian 
species is confirmed 

H ypotheses we re formulated considering patterns of interaction among potential vectors and hosts of Trypanosoma cm::::i 
(c data). 

confirms the statistically significant relation between 
e as a statistical measure of geograph ical over lap and 
the probab ility to be a host of T. cruzi. 

A second hypothesis is that mammal species that 
co-occur sign ifican t ly with several t riatomine 
species have a higher chance of being hosts of 
T . cmzi than mammal species that co-occur with 
few triatomine species (T able 3, H2) . If this h ypoth­
esis is confirmed , then we expect an increment in 
the proportion of confirmed mammal host species 
as the number of associations increase. To test th is 
hypothesis we assumed that all tria to m ine spec ies 
have the same competence to t ransmit T. cl"Ilzi and 
the same population density. In th is case, we 
can no t reject the null hypothesis at any level of stat­
istical con fid ence and so we conclude that the 
p robability to be a confi rmed mammal host does 
not increase proportionally to the number of triato­
mine species for wh ich these mammal species 
co-occur (r2 = 0 ,72, P = 0 '09, Fig . 38 ) . 

A th ird h ypothesis is that the transmission of 
T. cruzi is a more common process for triatomine 
species associated with many mammal species than 
for triatomi ne species associated with onl y a few 
(Table 3, H 3). If thi s hypothesis is valid , then the 
number of confirmed mammal host species will 
increase as the number of mammal associated to a tria­
tomi ne species increases. Agai n, to test thi s h ypothesis 
we assumed that all triaromine species have the same 
competence to transmit T. cntzi and the same popula­
tion d ensity . Our statistical test ind icated that when the 
number of mammal associated with a triatomi ne 
species increases the num ber of confirmed mammal 
host species also increases(? = 0·72, P = 0·0 I , Fig. 3C). 

The previous h ypotheses explain the role of 
mammal species in the transmission of T. cruzi, 

but ignore the expl icit role of each vecto r. Also, we 
are implicitly considering t he importance of a 
given mammal species for transmission of T . cruzi, 
without taki ng into accou n t specific DTUs. In con­
trast to the above analyses, to expla in the role of a 
specific vector we should ignore the role of the inte r­
action in the transmissibi li ty of the paras ite. I n other 
wo rds, we assume that every triatomine species and 
their potent ial feed ing resources are isolated from 
the other triatomine species or triatomi ne species 
that do not share any mammal species. In accordance 
with this setting, we can eva luate whether the trans­
mission characteristics of di stinct triatomine species 
are d ifferen t Cf able 3, H 4). From the total set of 
potential feeding resources of a triatom ine species, 
we compared the confirmed and non-co nfirmed 
mammal species pe rcen tages. If the transmissibi li ty 
of triatomine species were the same, we wou ld 
expect the percen tages to be conserved among tri ato­
mme species . \ ,Ve found that the percentages of 
confirmed mammal hosts were differen t among tria ­
tomine species (x2 = 70,419, P = 4·055 x 10- 12

), 

being the highest for T. barberi, T . dimidial.a 2 and 
3, and T. pallidipellllis (Fig. 3D ). Our results cou ld 
be interpreted as showing that every triatomine 
species has a d iAeren t competence to transmit 
T. cruz; and/or a di fferent population dens ity. It is 
interesting that in th is way one can potentially 
infer indi rectl y vector competence in terms of the 
proportion of species it may infect . 

F inally, to test the h ypothesis that the stat istical 
associat ions between vector and potential host do 
not simply reflect the relative ran ge size of rh e 
different mammal (i.e., that a ranking b y c is 
different to a ranking by the distribu tio n range), 
we show in Table 52 of the supporting information 
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that these di stribut ions are quite dist inct both 
T. dimidiata 2 (t=2'53, P =O·O I) and T . picturata 
(t=-2'57, P =O·O I ). Therefore, mammals' range 
sizes do not explain the observed co-occurrence 
patterns. 

D1SCUSSIO:"l 

\Ve in ferred the potential vectors and hosts involved 
in the transmission of T. cmzi in non-desert ecoregions 
of Mexico and deduced the possible epidemiological 
consequences of triatomine-mammal interactions 
based on their geographic co-occurrence patterns. 
Certainly, transmission of T. cruz; cou ld potentially 
occur in ways that do not d irectly involve a vector, e. 
g. maternal infection, feeding on infected mammals, 
etc. (Jansen et al. 20 15). H owever, for a mammal 
species sharing most of its distribution with a tri ato­
mine species, we would ex pect that an important trans­
mission route should be through vector interact ions. 
An advantage of the type of analysis carried out here 
is that mammal occurrence data are much more com­
plete and widely available than abu ndance data. 
Therefore, we posit that interact ion networks inferred 
from co-occurrence patterns are efficient proxies with 
which to recognize potential hosts of T. cmzi and to 
understand their macro-level transmiss ion dynamics 
in megad iverse countries. 

As IVIexico is a megadiverse country, there is a 
huge numbe r of possible components of the 
vecto r-host system: 550 wild mammals and more 
than 30 Triatominae species (Ceballos and Arroyo, 
201 2; Ramsey el al. 20 I 5). Complex Inference 
Networks allow us to recognize the most likely and 
most important wild hosts of T. Cl"lIzI, considering 
on ly those spec ies with a significant co-occurrence. 
\ ,Ve predicted which were the most important 
mammal (11 6 species) and triatomine species 
involved in the ecological epidemiology of Chagas 
disease in Mexico. The high level of coincidence 
found between the predicted and confirmed hosts 
(T ab le 2), implies that many mammal species in 
our vector-host system can be considered as poten­
tial hosts or T. cruzi. Our results can help drive 
efforts for future ex per imental studies to confi rm if 
the most probable pred icted hosts are actually reser­
voirs of T. cruzi. 

Interaction networks allow us to recogn ize pat­
terns of transmissibility of T. cruzi. Testing our 
hypothesis I we observed the most of mammals 
confirmed positives to T. cl"llzi in the top quartile 
of our ranked list (F ig. 3A). This top quart ile 
includes the most important spatial associations of 
triatomine and mammal species, relative to quartiles 
I to 3. Therefore, we rejected the null hypothesis of 
a vector-independent transmission of T. cnlZI, 
which could exhibit a same number of confirmed 
mammals for all mammal species with a statistically 
significant geograph ical overlap with triatomines 

769 

(Q I to Q4). \ ,Ve concluded that hosting a T. CruZl 

can be correl ated to mammal and vector co-occur­
rence and we interpreted th is as an evidence of 
biotic interaction between mammals and 
triatomines . 

Of course, the nature of this biotic interaction can 
itself be quite complex and multi-faceted. The most 
natural interact ion, given that Tria tominae are 
hematophagous, should be a feeding interaction, 
whereby a tria tom inc takes a bloodmeal from the 
mammal and the consequent t riatomine defecation 
leads to an infection. Th is type of interaction can 
be confirmed with studies of blood meal origin at 
mammal species level. For example, our predi ction 
of Mephitis macrollrG (Mephit idae: Carnivora), 
ReithrodolltomysfulvescellS and Sig1llodo1l1llascotellsis 
(Cricet idae: Rodentia) as feeding resou rces of T. 
IOllgipellllis has been confirmed by a blood meal 
origin study (Bosseno el al. 2009). Similarly, B.lllus­
willS has been confirmed as a feeding resou rce of T. 
barberi, T. pallidipellllis and T. pltyllosoma (Mota 
et al. 2007). Given the scarcity of research about 
blood meal origin for triatomine species in Mexico 
(Mara et al . 2007; Bassena et al. 2009; Ramsey 
et al. 20 12), the interactions inferred by our model 
remain mostly as potentia l species. Another plaus­
ible type of interaction is that triatomine species 
are feeding resources fo r a given mammal species. 
H awever, this scenaria seems less common in our 
network as most of the mammal species inferred 
are not insecti vores (75%; Gonzalez-Salazar et al. 
20 14) (Table S3, Supporting Information). 

I t is important to note that, although the detai led 
nature of the biotic interaction between an individ­
ual vector and an individual host may be important 
at some level, it does not affect our results, which 
are at a macro, ecosystemic level and therefore inde­
pendent of the precise details of the interaction. 'T'hat 
is not to say such details are un important. Moreove r, 
this complexity extends further, considering the 
inclusion of the parasite itsel f, in that different 
mammals cou ld have quite different competencies. 
Each species could deal in a different way with an 
infection by distinct T. c/"IIzi DTUs. Similarly, the 
detailed behavioural traits of different mammal 
species can affect t ransmission probabilities. For 
instance, the confirmed host D. Jlovemcillctus con­
structs burrows that upon aba ndonmen t are often 
used as shelter or breeding s ites by other mammal 
species and triatom inae thereby allowing for a 
Triaromine to feed on multiple mammal species. 
In principle, our method ology could take into 
account much more complex ity if there were data 
to support it. For instance, there is no comprehen­
sive database that lists the competencies of all 
mammal species with respect to all DTUs for 
instance. 

The data that d o exist far all species is where they 
are, at least as proxied by poin t collection data . Our 
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research in that sense provides a firs t , c rude but 
effective ap proximat ion to a very complex system : 
the vector-host ecosystem of C hagas disease in 
Mexico. In this respect, hypotheses 2 and 3 
attempt to exp lain (he role of potential interactions 
between mammal and t riatom ine species in the 
transmission of T. cruzi. \ ,Ve are acutely aware that 
transmiss ib ility of T. cl"uzi involves man y factors, 
not on ly mammal and triatomine co-occurrence. 
H ere, the explicit role of every vector and mammal 
species, i. e. its competence and population density, 
was assumed simi lar in the absence of standard 
data of competence of triatomine species and avail­
able data on population densit ies . These are mod el 
assump tions. 'fhe approximate validity of those 
assumptions is tested b y the resu lts of the model. 
From the available data, we predict that transmissi­
bility sta ys relatively constant for mammal species 
associated to a few or a lot of triatomine species 
(H 2) with about 20% of mammals with sign ificant 
c values being confirmed hosts independent of the 
associated vector. Also, our data allow us to pred ict 
that the probabi li ty of transm ission of T. cruzi 
increases for t ri atomine species associated from a 
few to a lot of mammal species (1-13) . T his is not 
just a question of expecting that the more mammal 
species that are sampled the more posi ti ves one 
would expect. If mammals with low c values were 
sampled then one would expect only a small 
number of confirmed mammals or none , no ma tter 
how many mammal species were sampled. 

Testing differences in the transmiss ibi lity of 
'1'. cruzi among triatomine species from spatial data 
(H ypothesis 4), we observed that Triatoma barberi, 
T. dimidiata and T. pallidipeullis ha ve a particularly 
important role in T. cruzi t ransmission. This result 
migh t be expected as these species ha ve the widest 
distribu t ion in Mexico (Ramsey et al. 20 15), but 
for the first time we were ab le to predict the epi ­
demiological importance of some tri atomi nae 
spec ies by considering the number of potential 
feeding resources and confirmed mammal hosts. 
The transmission of T . cruzi is a p rocess that 
usually occurs by contact between a mammal and a 
vector, such as via contam inated t riatom ine feces, a 
process that is assumed to be repeated in proportion 
to the populations and distribution sizes of the 
corresponding mammal and triatomine species . 
Due to the nature of the point collecti on data used, 
the populati on density of the species is unknown . 
However , we do know that all the interactions 
(links in our network) come from a large spatial 
overlap between mammal and triatomine distribu ­
tions. H ence, a link in the network between 
mammal and triatomine species means a high poten ­
t ial for 1'. cruz; transmission. Therefore, we were 
able to test hypotheses of transmissibility with our 
vector- host system because potential interactions 
between species are q uantifiable. 
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\ Ve note that d ifferences in the transmissib ility of T. 
cmzi bet\veen tria tom inc species are not only a result of 
mammal and vector densities and distributions, but 
also a result of different vector competences. Por 
example, Triatoma barberi exhibits the best compe­
tence to transmit T. cmzi having the highest natural 
infection index, the highest frequency of trypomasti ­
gotes and the shortest ti me for defecation among the 
main vectors of Chagas d isease in iVIexico (Salazar­
Schettino et al. 2005). Likewise, T . dimidiat.a and T. 
paflidipellllis are recognized b y their high degree of 
competence among the mai n vectors of Chagas 
disease in i\1exico (i\1artinez- Ibarra and Novelo­
Lopez, 2004; Sal azar-Schettino et al. 2005 ; Dorn 
et al. 2007). Even though there are no differences in 
the competence of di stinct lineages of T. dimidiata , 
there are differences in their spatial d ynamics 
(H erre ra-Aguil ar et al. 2009). Triatoma dimidiata 3 
participates in the Aow between sy lvatic and domesti c 
environments whereas T . dimidiata 2 does not, being 
restricted to only domestic habitats exclusivcly 
(H errera-Aguil ar et al. 2009). 

Finally, we were able to recognize the epidemio­
logical consequences of interactions bet\veen mammal 
and triatomine species, in spite of the limitations of 
our data and assumptions. Certainly, distrib ution data­
sets accumulate taxonomic and geograph ic sampl ing 
biases, for instance, accounting for the fact that some 
areas have been subject to intense field su rveys while 
others have not. However, it is essential that we take 
advantage of the h uge quantity of accum ulated data 
(Varela et al. 20 14). Altho ugh we did not analyse in 
depth the potential effect of sampling biases in our 
dara, we believe that our coarse grai ning can reduce to 
some extent some collection bias by only counting 
once multiple collections in one grid square. I n ad d­
ition, Complex Inference Networks have been shown 
to be pred ictive in spite of sampl ing collection biases, 
as has been shown in the case of Leishmaniasis 
(Berzunza-Cruz et al. 2015; Stephens et at. 2016). 

\ 'Ve are aware that the lis t of confirmed mammal 
species with T. crud has some limitations. In the 
first place, the list is not definitive and d oes not 
come from systematic samples of Mexico, but still 
represents the most complete knowledge available 
for the cou ntry today. Our list also reflects (he diver­
s ity of mammal species b y order in Mexico (Ceballos 
and Arroyo, 2012) and seems to not be biased for 
widely d istri buted mllmmal species. Secondl y, 
some level of uncertainty is to be expected in 
T. crud determi na tion d epending on the diagnosti c 
method used . Finally, we did not include in forma­
tion of OTU's o f T. cYllzi because this informat ion 
is scarce in Mexico. However, one would expect 
that an y pathogen tha t has a transmission cycle 
that involves t riatomines and mammals will show a 
similar ecosystemic network. \,ye would argue then 
that the li st of confirmed mammal species wi th 
T . cmzi was sufficient to test our hypotheses. 
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\Vith respect to our assumptions , we recognize 
that not only direct biotic interactions , such as 
feeding, but also other ecological in teract ions and 
evo lutionary biogeographic processes can cause co­
occurrence patte rn s between mammal and triato­
mine species (Morrone, 2009). In other words 
there may ex ist confounding factors such that a per­
cei ved p air correlation is reall y intermedia ted by 
another latent va riable, such as climate. 'T'h is can 
onl y be checked thoroughl y b y exhaustively includ­
ing ever y potentia l confounding variable and check­
ing if it is more predict ive than its proxy. However, 
even if co-occurrence patterns had not been a d irect 
consequence of feedi ng interactions, the fact that 
triatom ines would feed more on those mammals 
that have a higher frac tion of co-occurrences seems 
plaus ible because of their generalist ha b its . Only a 
few triatomine spec ies have definite host preferences 
(L ent and \ 'Vygodzinsky, 1979) and they arc not 
within the set of species stud ied here in (D orn el al. 

2007; Bosseno el al. 2009; Villalobos el af. 201 1; 
Ram sey el al . 2012). \Ve h ope to examine some of 
th e model assumption s within our vector-host 
system wh en more data are obtai ned. Finally, we 
hope that our findings will stimulate ot her resea rch­
ers in the direction of m ak ing correspond ing epi­
demiological h ypotheses that can be verified b y 
further experimental and eco log ical research. 

Final1y, we have emphasized throughout that co­
occurrence, although an important necessary condition 
for a mammal to participate in the transmission cycle of 
C hagas di sease, is not sufficien t as the transmission cycle 
is highl y multifactorial , with factors such as species 
abundance , phylogeny, sampling frequency, p heno­
typic characteristics of the potential host , to name but 
a fcw could play a significant role. Our formalism 
lends itself to the incorporation of such factors in a 
democratic fashion. \"'hat is lacking is to h ave databases 
that contain such in formation to integrate with the 
purely spatial data used here. This is an ongoing effort 
and wil1 be reported in a future publication . 
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The supplementary material for this article can be 
found at httpsJ/do i.o,gJ IO.1 0 17/500311820 16002468 . 
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CAPÍTULO 2. Ancient hybridization detection under an ecological-
biogeographical approach: footprints in the main Chagas disease vectors in 
Mexico (Phyllosoma complex)  
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ABSTRACT 
Several processes would entangle the phylogenetic relationships of species complexes, 

as introgression caused by ancient hybridization events. Although the role of the spatial 

context of hybridization events has been early highlighted, it has been neglected by 

phylogenetic methods attempting introgression detection. Here, we propose an 

ecological-biogeographical approach for detection of introgression, by considering not 

only genetic signals of introgression, but also the spatio-temporal and reproductive 

ecological contexts of introgression. Our efforts are focused on the Phyllosoma 

complex, a group of kissing bug species (Heteroptera: Reduviidae: Triatominae) 

exhibiting nearly allopatrid distributions, similar morphology and high reproductive 

compatibility, and well-known by their medical relevance in Chagas disease 

transmission in Mexico. Spatial co-occurrences of Phyllosoma complex species were 

modeled on Last Glacial Maximum, using ecological niche modeling (generalized linear 

models, complex networks). Thus, hypotheses of ancient hybridization between species 

of the Phyllosoma complex were postulated. Plausibility of these hypotheses was 

asserted through reproductive ecological data. A correlation between gene tree 

incongruences (ITS-2, Cyt b), the spatio-temporal and reproductive ecology contexts 

made possible the detection of potential ancient introgression in Phyllosoma complex 

samples. Some samples of Triatoma mazzottii, T. mexicana, T. picturata, and T. sp. aff. 

dimidiata exhibited potential ancient introgression. Samples without potential ancient 

introgression were reanalyzed with *BEAST, to model incomplete linage sorting in the 

species tree of Phyllosoma complex. Support values of the phylogeny without potential 

introgression were higher than the values of the phylogeny with potential introgression, 

exemplifying the relevance of ancient introgression detection. 

 

KEYWORDS 
Entangled phylogenetic relationships, ancient introgression, ecological niche modeling, 

reproductive ecology, gene tree incongruences, Heteroptera; Reduviidae; Triatominae.  
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1. INTRODUCTION 
The evolutionary consequences of hybridization should not be ignored in phylogenetic 

analyses. Hybridization in the wild is more common than usually believed, with 

estimated frequencies around 10% of animal and 25% of plant species (Mallet, 2005). 

As a result of ancient hybridization events, introgression and hybrid speciation generate 

reticulate evolutionary histories that may cause gene tree disagreement (Maddison, 

1997) and low phylogenetic resolution (Dowling & Secor, 1997). Recently, hybridization 

is being increasingly recognized as one of the important drivers of low support values or 

low resolution in phylogenetic inference based on demographic thinking (García et al., 

2017; Meyer, Matschiner, & Salzburger, 2016; Wagner, Härtl, Vogt, & Oberprieler, 

2017; Wallis et al., 2017). Phylogenetic methods based on demographic thinking might 

be severely affected by just a single sample of hybrid origin, as population parameters 

are usually inferred from a small sample size (Jones, Aydin, & Oxelman, 2015). 

However, phylogenetic methods have hardly ever considered hybridization among 

studied processes (Chaudhary, Burleigh, & Fernández-Baca, 2013; Heled & 

Drummond, 2010; Mirarab, Reaz, Bayzid, Zimmermann, Swenson, & Warnow, 2014). 

Therefore, in order to avoid misleading phylogenetic inferences, phylogeneticists should 

be concerned about the appropriate detection of hybridization. 

Detection of hybridization is a difficult task by several reasons. First, as 

hybridization and incomplete lineage sorting (another source of gene tree 

disagreement) generate similar patterns in gene trees, distinguishing between them 

may be difficult (Funk & Omland, 2003; Holder, Anderson, & Holloway, 2001). Some 

previously proposed methods have inferred hybridization and deep coalescence 

together in a phylogenetic context, for instance, under the assumption that all 

disagreement between gene trees that could not be expected under a coalescent model 

alone is hybridization (Meng & Kubatko, 2009; Yu, Dong, Liu, & Nakhleh, 2014). In other 

words, distinguishing between hybridization and deep coalescence depends on how 

close are real and estimated species tree parameters. To avoid a circular reasoning, the 

detection of hybridization should be achieved by an independent process from the 

phylogenetic inference. Second, the distinction between introgression and hybrid 
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speciation seems untractable for some methods. For instance, some methods have 

detected hybridization exclusively based on the existence of intermediate genotypes 

(Gauthier & Lapointe, 2007; Gompert & Buerkle, 2009). As this approach lacks a 

temporal context, the origin of admixture genotypes (introgression or hybrid speciation) 

could be assumed only. Therefore, spurious patterns of a phylogenetic analysis would 

remain, because a differential treatment of samples according to their hybrid origin 

cannot be considered in the analysis design. A differential treatment of samples means 

that, on one hand samples with introgressed DNA would be removed from the analyses 

(Meyer et al., 2016; Wagner et al., 2017) and, on the other hand, samples from species 

that arose by hybrid speciation should be analyzed. Finally, the minimum requirement of 

a hybridization process is the sympatry or spatial co-occurrence of potentially 

interbreeding species (Stephens, Sánchez-Cordero, & González-Salazar, 2017). Even 

though sympatrid patterns between potentially interbreeding species would clarify an 

entangled interspecific gene flow, the spatial context of hybridization events has been 

excluded from phylogenetic context mainly because species´s distribution changes over 

time (Funk & Omland, 2003). Considering all the previous concerns, it would be 

important to develop a protocol for detecting hybridization before a phylogenetic 

analysis.  

We propose herein an integrative approach to detect introgression from past 

events of hybridization between extant species, combining ecological niche modeling 

(ENM) with the reproductive ecology and phylogenetic contexts. This approach follows 

four steps to infer species that potentially hybridized in a given spatio-temporal context 

(steps 1 and 2), and to detect samples of species that potentially suffered ancient 

introgression (steps 3 and 4) (Figure 1). These steps are: (1) postulating hypotheses of 

species that potentially hybridized, by considering potential distributions and significant 

co-occurring species in a given spatio-temporal context; (2) an empirical falsification of 

hypotheses, by means of interspecific crosses background, i.e. the reproductive ecology 

context; (3) a discovering of conflictive relationships between gene trees, i.e. the 

phylogenetic context; and (4) a detection of samples with potential ancient 

introgression, by a correlation between samples causing gene tree incongruences with 
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their spatio-temporal and reproductive ecology contexts. Once potential ancient 

introgression is detected on the samples, the species tree is inferred by reanalyzing 

samples lacking ancient introgression under a multispecies coalescent context. 

We apply this approach to the kissing bugs of the Phyllosoma complex 

(Heteroptera: Reduviidae: Triatominae). This complex includes the main vectors of the 

parasite causing Chagas‘s disease, Trypanosoma cruzi, in Mexico (Ramsey et al., 

2015). The monophyly of the Phyllosoma complex is controversial, being conformed for 

six (Carcavallo, Jurberg, Lent, Noireau, & Galvão, 2000; Lent & Wygodzinsky, 1979) to 

twelve species (de la Rúa et al., 2014). Also, the phylogenetic relationships between 

Phyllosoma complex species remain unresolved. Previous attempts to infer a molecular 

phylogenetic hypothesis for this complex have evidenced disagreements between 

nuclear (ITS-2) and mitochondrial (Cyt b) gene trees (Espinoza et al., 2013; Martínez et 

al., 2006). It has been suggested that hybrids play a role to explain this disagreement 

(Espinoza et al., 2013; Martínez et al., 2006), due to successful interspecific crosses 

between Phyllosoma complex species in laboratory (Martínez-Ibarra et al., 2008a, 2009, 

2011a, b, 2015) and in the field (Martínez-Hernandez et al., 2010). Specimens of hybrid 

origin usually have one parent phenotype, rather than an intermediate phenotype 

(Martínez-Hernandez et al., 2010; Martínez-Ibarra et al., 2009). Therefore, detection of 

samples with ancient introgression is relevant for phylogenetic studies of Phyllosoma 

complex.  

Our main goal is to detect ancient introgression between extant species of 

Phyllosoma complex, by an algorithm in which spatio-temporal, ecological and 

phylogenetic contexts being integrate it. Likewise, we provide a multispecies coalescent 

inference of Phyllosoma complex phylogeny, evidencing a past reticulate evolutionary 

history. Hopefully, our study will promote a discussion about an integrative insight in 

phylogenetic methods, allowing a better understanding of the complex evolutionary 

history behind a phylogeny.  
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2. MATERIALS AND METHODS 
2.1 Species-level taxonomy 
We followed the morphological classification of species of Triatominae of Lent & 

Wygodzinsky (1979). Even though the classification of the Phyllosoma complex species 

has been criticized by authors using the biological species concept, we agree with Lent 

& Wygodzinsky (1979) that interfertility between populations under laboratory conditions 

may be not a valid indicator of species rank, but intersterility would strongly suggest 

specific rank of the putative parents. In addition, a cryptic species of Triatoma dimidiata, 

here referred as T. sp. aff. dimidiata (Bargues et al., 2008; García et al., 2013), is 

considered in this study. Under the cohesion species concept (Templeton, 1989), it is 

expected that demographic exchangeability mechanisms lead to stronger cohesion 

within each one of studied species than between studied species. In support of this 

expectation, differences on developmental life cycle parameters (Martínez-Ibarra et al., 

2005, 2012, 2013), and habitat selection (Tamay-Segovia et al., 2008), have been 

recorded for Phyllosoma complex species and relatives.  

 

2.2 The spatio-temporal context 
In order to detect species that potentially hybridized, we discover their spatio-temporal 

co-occurrence in a given spatio-temporal context (Figure 1). The procedure followed 

four steps: 1) to look for a time-frame when the studied taxa might have already 

speciated, 2) to infer the environmental requirements of the Phyllosoma complex 

species from recent occurrence data, to identify potential distribution of studied species 

in the Last Glacial Maximum, 3) to look for significant co-occurrences between 

Phyllosoma complex species in the Last Glacial Maximum, and 4) to represent 

significant co-occurrences in a Complex Inference Network. Details of this procedure 

are given below.   

 
2.2.1 Occurrence data 
We compiled georeferenced localities for five species of the Phyllosoma complex 

(sensu Lent & Wygodzinsky, 1979) and three other species, T. dimidiata, T. sp. aff. 
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dimidiata, and T. mexicana, which have been considered close to the complex (de la 

Rúa et al., 2014; Lent & Wygodzinsky, 1979). Triatoma bassolsae, from the Phyllosoma 

complex (sensu Carcavallo et al., 2000), was not considered because of its scarce 

records. Occurrence data were obtained from the Instituto de Diagnóstico y Referencia 

Epidemiológica, InDRE (Mexico City). Specimens were collected on villages and 

surrounding areas of Mexico, from 1999 to 2013, by trained surveillance staff. Samples 

were determined by trained surveillance staff, and a centralized quality control of 

taxonomic performance was conducted by InDRE staff every year. All records were 

georeferenced to locality level, following the catalogs of Instituto Nacional de Estadística 

y Geografía, INEGI (Mexico City). This dataset includes 5924 point records. An 

independent dataset was obtained from the atlas of Triatominae of medical relevance in 

Mexico (Ramsey et al., 2015). This dataset includes 1536 point records. 

 

2.2.2 Study area and temporal considerations 
To define the study area, records of the eight species mentioned above were projected 

onto a map of biomes (Olson et al., 2001). Biomes with at least one species record 

were considered. Therefore, the study area included from desert and xeric shrublands 

to tropical and subtropical coniferous forests of America (Olson et al., 2001). 

Choosing an appropriate temporal context is necessary to avoid overestimating 

ancient introgression events by accounting them together with events of speciation by 

hybridization, and to find different species potential distributions from which known on 

the present. Speciation events in Phyllosoma complex species seems to have occurred 

during the Pliocene – Early Pleistocene, i.e. 5.33 to 0.78 Ma (Ibarra-Cerdeña, Zaldívar-

Riverón, Peterson, Sánchez-Cordero, & Ramsey, 2014), or more recently, at Early 

Pleistocene, i.e. 2.28 to 0.74 Ma (Bargues et al., 2000). Therefore, a post-speciation 

period of time for Phyllosoma complex species could be Last Glacial Maximum (21 to 

18 ka). Also, the Last Glacial Maximum is a period of time known by its extreme climatic 

conditions around the world (Ruddiman, 2008). As a consequence of climatic conditions 

differences between Last Glacial Maximum and the present, changes have been 



36 
 
 

expected between species potential distributions under Last Glacial Maximum climatic 

conditions and species potential distributions under recent climatic conditions. 

 
2.2.3 Potential distributions of Phyllosoma complex species in the Last Glacial 
Maximum 
To identify potential distribution of species of the Phyllosoma complex in the Last 

Glacial Maximum, several steps of the ecological niche modeling‘s routines (Peterson, 

2011) were followed. First, recent and past environmental variables were selected. 

Second, the environmental requirements of the studied species were inferred from 

occurrence data and recent environmental variables, by an ecological niche modeling 

algorithm. Third, model performance was evaluated. Finally, assuming that 

environmental requirements of studied species have been retained since the past, 

areas that fulfill the inferred environmental requirements were represented in a map with 

Last Glacial Maximum environmental conditions. Such areas represent potential 

distributions of the studied species. The below specifications were followed. 

 Variables describing climate, microhabitat availability, and the historically 

accessible area have been considered as covariates of this study, whereas 

anthropogenic landscape variable has been considered as a cofounder variable. The 

climatic variables were: mean diurnal temperature range, annual temperature range, 

annual precipitation, precipitation seasonality, relative humidity. These variables are 

known for their general ecological relevance to triatomines. Recent climatic layers and 

corresponding palaeoclimatic layers from the Last Glacial Maximum were obtained with 

a resolution of 30 arcsec (Collins et al., 2006; Fick & Hijmans, 2017). Variable used as 

proxy of microhabitat availability was slope. The historically accessible area (Barve et 

al., 2011) of the studied species was included as biogeographic provinces (Morrone, 

Escalante, & Rodríguez-Tapia, 2017). Anthropogenic landscape variable was 

considered as a cofounder of the remaining variables, to control the bias of sample 

collection strategies and human-made environmental changes. Alternative hypotheses 

about the effect of each variable on populations of triatomines successful were 
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postulated, considering the knowledge of Triatominae‘ biology, to approach to the 

environmental requirements of Phyllosoma complex species. 

 The environmental requirements of the studied species were inferred under a 

multi-model inference approach. Performance of several generalized linear models, 

combining alternative hypotheses about the effect of a given set of current variables, 

was explored. As generalized linear models required absent data, and only occurrence 

data are available, records of all species were considered for an estimation of non-

occupancy odds of the species of interest. The best model set was used for spatial 

projection of potential species distribution projection. Finally, areas that fulfill the inferred 

requirements of studied species were represented on Last Glacial Maximum output 

maps. Assumptions about conservative environmental requirements seem plausible for 

studied species, because niche conservatism is a common pattern among Triatominae 

species from North and Central America (Ibarra-Cerdeña et al., 2014). 

 

2.1.4 Co-occurrence patterns between Phyllosoma complex species 
The spatial co-occurrence patterns between the potential distribution of studied species 

were identified by executing the Complex Network Inference method (Stephens et al., 

2009). This method allows discriminating species whose co-occurrence patterns are 

statistically significant from species whose co-occurrence patterns are only expected by 

random (Stephens et al., 2009). Here, significant co-occurrence patterns were 

interpreted as a chance for spatio-temporal co-occurrence of studied species, whereas 

random co-occurrence patterns were discarded, by assuming them as an artifact of the 

modeling process. Methods are explained in detail by Stephens et. al (2009). Only a 

modification was explored: instead of point record data, polygon areas (potential 

distributions) were compared.  

 We are aware that co-occurrence patterns from potential distributions differ from 

co-occurrence patterns from actual distributions, by an over-prediction in the former. For 

instance, negative biotic interactions like competence between close species are not 

considered under potential distributions, which entail over-predicted areas of 

distributions. To control the overprediction of co-occurrence patterns from potential 
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distributions on Last Glacial Maximum, we compared them with co-occurrence patterns 

from current potential distributions of Phyllosoma complex species. Co-occurrence 

patterns of the Last Glacial Maximum as significant of more significant than current co-

occurrence patterns were considered to build the network. A Complex Inference 

Network was drawn, being only represented significant co-occurring species, and their 

links, that represented a statistical significance of their spatial association. If 

interbreeding is possible among all species in the network, the network would represent 

a hypothesis of introgression events occurring in the LGM. 

 

2.3 The reproductive ecology context 
Under this context, our main goal was to falsify empirically hypotheses of hybridization 

events occurring among compared species in the Last Glacial Maximum (Figure 1). We 

infer the species that potentially hybridized in a Last Glacial Maximum spatio-temporal 

context, considering their significant spatial co-occurrence on the Last Glacial Maximum 

and current hybrids successful. Furthermore, the non-hybridizing species in a Last 

Glacial Maximum spatio-temporal context are inferred, considering their lacking of co-

occurrence on the Last Glacial Maximum or current hybrids unviability. An argument in 

favor of the preceding comparative process is that the isolation mechanisms are 

developed progressively under spatial overlap of species distributions (Mallet, 2005). 

From this argument, we assumed that species without current hybrids had an older co-

occurrence than species with current hybrids. In order to fulfill this assumption, the 

compared species should be meet two prerequisites: 1) to have similar biotic 

mechanisms to develop reproductive isolation, because are close species, and 2) to 

have similar ages, because they belong to a fast evolving species complex. As a 

consequence, we expect old co-occurring species develop reproductive isolation before 

recent co-occurring species. Therefore, species lacking current hybrids could have been 

reproductively isolated in the Last Glacial Maximum, if fulfill above mentioned 

prerequisites. 

Interspecific crosses background of Phyllosoma complex species, T. dimidiata, T. 

sp. aff. dimidiata, and T. mexicana, was recovered from the literature. This information 
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was categorized in two groups to falsify each hypothesis: 1) all crosses resulting in a 

viable and fertile F1 (first hybrid), even when experimental percentages were low, and 

2) all crosses resulting in non-viable or non-fertile F1 or without F1. On the one hand, 

hypotheses of hybridization events occurring in the LGM would not be rejected if 

crosses resulting in a viable and fertile F1 have been reported among compared 

species (group 1). On the other hand, hypotheses on hybridization events occurring in 

the Last Glacial Maximum would be rejected if crosses resulting in non-viable or non-

fertile F1 or without F1 were reported among compared species (group 2).  

 

2.4 The phylogenetic context 
The goals of this context were: 1) to identify conflictive relationships between nuclear 

(ITS-2) and mitochondrial (Cyt b) gene trees; 2) to detect samples with ancient 

introgression, by a correlating of conflictive phylogenetic relationships with the spatio-

temporal and reproductive ecology contexts (Figure 1); and 3) to infer the species tree 

under a multispecies coalescent context, leaving explicit ancient gene flow. The 

following specifications were considered. 

 

2.4.1 Taxon sampling, molecular biology techniques and alignments 
Six species of the Phyllosoma complex sensu Lent & Wygodzinsky (1979) and 

Carcavallo et al. (2000), five species of the Phyllosoma complex sensu de la Rúa et al. 

(2014), and Triatoma infestans, T. protracta, and Rhodnius neglectus were considered 

for the phylogenetic analysis (Table 1). Specimens from Genbank (Table 1) were 

selected, considering information availability of two studied locus. Other specimens 

were obtained from colonies (Laboratorio de Biología de Parásitos, Facultad de 

Medicina, Universidad Nacional Autónoma de México). Only two specimens of T. 

pallidipennis and two specimens of T. dimidiata were obtained from the field. Triatoma 

dimidiata holds the largest number of specimens, to properly reflect its genomic 

variation given its wide spatial distribution. Morphology of all specimens fit with 

taxonomic keys for studied species (Lent & Wygodzinsky, 1979).  
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Total genomic DNA was extracted from the six legs of each insect. The legs of 

each specimen were frozen at -18°C and suspended in 1 mL of lysis solution (50 mM 

Tris–HCl, 50 mM EDTA pH 8, 50 mM NaCl, 1% SDS, 20 ng/µL proteinase K) and 

incubated at 37 °C overnight. DNA was extracted using the phenol chloroform technique 

(Sambrook et al., 1989). Approximately 200 ng of genomic DNA were amplified by the 

polymerase chain reaction (PCR). Oligonucleotides considered in this study have been 

described by Marcilla et al. (2001) and Monteiro et al. (2013), being ITS-2 and Cyt b, 

respectively. Amplification and DNA purification protocols followed Martínez et al. 

(2006). All PCR products were purified and sent to Laboratorio de Secuenciación 

Genómica de la Biodiversidad y de la Salud (Instituto de Biología, Universidad Nacional 

Autónoma de México), for sequencing service.  

Alignments were performed for gene sequences using the online version of 

MAFFT v. 7. The alignment of ITS-2 was examined visually and minor corrections were 

made manually to get a better fit of nucleotide correspondences through indel regions. 

Orthology of ITS-2 studied sequences was verified according to recommendations of 

Bargues, Zuriaga, & Mas-Coma (2014). Orthology of Cyt b was verified by inspecting for 

an open reading frame of the sequences of the Phyllosoma complex. 

 
2.4.2 Conflictive relationships between gene trees 
Gene trees were recovered using a multispecies coalescent analysis (*BEAST, Heled & 

Drummond, 2010) of all samples. This method coestimates the species tree and gene 

trees in one Bayesian MCMC analysis, by modeling incomplete lineage sorting and 

assuming that samples lack of introgression and gene duplication (Heled & Drummond, 

2010). Modelling incomplete lineage sorting would be beneficial for phylogenetic 

inference of Phyllosoma complex, because this process is an expected source of gene 

tree disagreement in fast evolving species (Heled & Drummond, 2010). *BEAST 

analysis consisted of 500 million generations saving every 50000. A Birth-Death model 

of speciation was implemented in the analysis, considering its consistent performance 

under several kinds of data sets (Ritchie, Lo, & Ho, 2016). The ITS-2 gen tree and the 

Cyt b gen tree used a HKY + G nucleotide substitution model, the best-fit models based 
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on the Bayes score inferred from PartitionFinder v. 1.1.1 (Lanfear, Calcott, Ho, & 

Guindon, 2012). A suboptimal partitioning scheme of Cyt b (one partition) was 

performed instead of the suggested scheme (three partitions) by PartitionFinder, to 

avoid an overparametrization considering the small sample size of this sequence. 

Stationarity and ESS scores (ESS˃200) for estimated model parameters were assessed 

in TRACER v1.6. Tree samples were processed with TREEANNOTATOR v 2.3.2 to 

calculate maximum clade credibility, without the first 25% of iterations ‗‗burning in‘‘. 

Conflictive relationships between gene trees were identified visually. 
 
2.4.3 Detection of samples with ancient introgression 
Conflictive relationships between ITS-2 (nDNA) and Cyt b (mtDNA) gene trees offer 

clues of ancient introgression. As mitochondrial genes lack recombination, complete 

mtDNA could reflect their heterospecific origin and be fixed faster than heterospecific 

nDNA (Funk & Omland, 2003). Therefore, Cyt b gene tree could be more susceptible to 

introgression than ITS-2 gen tree. Furthermore, some samples of a particular nominal 

species could be closely related to a different and non-related species than to the 

nominal species, i.e. the nominal species is polyphyletic. Polyphyletic species only 

described by a mitochondrial gene tree, like Cyt b, could be a signal of introgressed 

mtDNA (Funk & Omland, 2003).  

 The introgressed origin of samples is clarified by correlating polyphyletic species 

according Cyt b gene tree with their spatio-temporal and reproductive ecology contexts. 

Introgression is inferred for sympatric samples sharing a Cyt b sequence, from 

genetically (ITS-2) divergent species (Funk & Omland, 2003). In addition to sympatrid 

patterns of samples, plausibility of interbreeding among nominal species is considered. 

 

2.4.4 Species tree 
A species tree was recovered using a multispecies coalescent analysis (*BEAST, Heled 

& Drummond, 2010), with same specifications of ―2.4.2 Conflictive relationships 

between gene trees‖. Samples with ancient introgression were eluded from this analysis 

to properly fulfill *BEAST requirements (Heled & Drummond, 2010). The inferred 
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maximum clade credibility species tree is complemented with a schematic 

representation of ancient introgression in Phyllosoma species and relatives. 

 
3. RESULTS 
3.1 The spatio-temporal context 
From recent areas of distribution of Phyllosoma complex species and relatives, four 

groups of species co-occurrence can be described (Figure 2). Triatoma sp. aff. 

dimidiata and T. dimidiata co-occur on the Northern and Central Maya Lowlands. 

Triatoma dimidiata and T. mexicana co-occur on the costal lowlands of the Gulf of 

Mexico, on the eastern part of the Transmexican Volcanic Belt. Triatoma mazzottii, T. 

pallidipennis, and T. phyllosoma co-occur on the southwest of the Transmexican 

Volcanic Belt, surrounding the Sierra Madre del Sur. Finally, T. longipennis, T. 

pallidipennis, and T. picturata co-occur on the west portion of the Transmexican 

Volcanic Belt. 

 Seven hypotheses of potential interbreeding arose from the co-occurrence 

patterns among recent areas of distribution of Phyllosoma complex species (Figure 3). 

Hypotheses here enumerated are five times less than expected hypotheses of hybrid 

crosses among all species without any prior knowledge, as species distribution or 

reproductive ecology. Hypotheses from the co-occurrence patterns will be falsified 

empirically on the next section. 
 
3.2 The reproductive ecology context 
Results of crosses between Phyllosoma complex species (sensu Carcavallo et al. 

(2000) and Lent & Wygodzinsky (1979)) and relatives, available from the literature, are 

summarized on table 2. Information was recovered for 65% of 45 possible crosses, 

being scarce information about crosses between T. sp. aff. dimidiata and T. dimidiata 

with Phyllosoma complex species. Most of crosses between Phyllosoma complex 

species yield successful F2, proving viability and fertility of F1 parents (Table 2). Some 

exceptions are crosses between T. bassolsae with T. mazzottii and T. phyllosoma, T. 

pallidipennis with T. mazzottii and T. phyllosoma, and T. picturata with T. mazzottii. 

Although F1 adults can be obtained from crosses between T. recurva and most of 
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Phyllosoma complex species (Martínez-Ibarra et al., 2015), only crosses between T. 

recurva with T. pallidipennis and T. phyllosoma yield on successful F2 specimens 

(Table 2). Viable and fertile hybrids of sympatrid T. sp. aff. dimidiata and T. dimidiata 

are reported (Table 2), in contrast to non-successful crosses of allopatrid T. sp. aff. 

dimidiata and T. dimidiata (García et al., 2013). Finally, crosses between T. mexicana 

and other compared species (Table 2) cannot yield viable F1 specimens (Martínez-

Ibarra et al., 2011a).  

 Most hypotheses of potential interbreeding among Phyllosoma complex species 

and relatives cannot be rejected (Figure 3). Only hypotheses of potential interbreeding 

among T. pallidipennis with T. mazzottii and T. phyllosoma are rejected on the spatio-

temporal context considered. Therefore, the network represents validated hypotheses of 

interbreeding events occurring among Phyllosoma complex species and relatives in the 

considered spatio-temporal context. As a consequence, samples with introgressed DNA 

derived from interbreeding events from the spatio-temporal context considered are 

predicted: 1) Triatoma sp. aff. dimidiata and T. dimidiata, 2) Triatoma mazzottii and T. 

phyllosoma, 3) Triatoma pallidipennis and T. longipennis, 5) Triatoma pallidipennis and 

T. picturata, and 6) Triatoma longipennis and T. picturata. These predictions will be 

correlated with data from the phylogenetic context. 

 

3.3 The phylogenetic context 
3.3.1 Conflictive relationships between gene trees 
Gene trees of ITS-2 and Cyt b of Phyllosoma complex specimens (sensu Carcavallo et 

al. (2000), and Lent & Wygodzinsky (1979)) and relatives differ in several ways (Figure 

4). First, the ITS-2 gen tree recovers a monophyletic Phyllosoma complex, with the six 

species: T. bassolsae, T. longipennis, T. mazzottii, T. pallidipennis, T. phyllosoma, and 

T. picturata. The Phyllosoma complex is paraphyletic with respect to T. sp. aff. 

dimidiata, T. dimidiata, T. gerstaeckeri, T. mexicana, and T. recurva in the Cyt b gen 

tree. Second, most of the species are recovered as monophyletic in the ITS-2 gen tree, 

excluding T. mazzottii, which is paraphyletic with respect to T. phyllosoma, and T. 

mexicana, which is paraphyletic with respect to T. gerstaeckeri. Whereas T. sp. aff. 
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dimidiata, T. mazzottii, T. mexicana, and T. picturata are polyphyletic species according 

to the Cyt b gen tree. Finally, phylogenetic relationships of ITS-2 and Cyt b differ 

considerably. According to the ITS-2 gen tree, T. recurva is the sister group of the 

Phyllosoma complex; Triatoma sp. aff. dimidiata + T. dimidiata, and T. gerstaeckeri + T. 

mexicana, are in different clades; and T. mazzottii + T. phyllosoma clade is the sister 

group of the clade comprised of T. bassolsae, T. longipennis, T. pallidipennis, and T. 

picturata. Whereas, according to Cyt b gene tree, T. recurva is paraphyletic to T. 

longipennis, T. sp. aff. dimidiata, T. dimidiata, T. gerstaeckeri, and T. mexicana, are a 

clade, and T. phyllosoma is the sister group of the clade comprised of T. bassolsae, T. 

mazzottii, T. mexicana, T. pallidipennis, and T. picturata. 

 

3.3.2 Detection of potential ancient introgression on samples 
By an eco-biogeographic approach, potential ancient introgression was detected from 

samples of mtDNA of two species: Triatoma picturata and T. sp. aff. dimidiata. Triatoma 

sp. aff. dimidiata is a polyphyletic species according to the Cyt b gen tree, related to 

both T. mexicana + T. gerstaeckaeri clade and T. dimidiata (Figure 4). Interbreeding 

events occurring between T. sp. aff. dimidiata and T. dimidiata are expected, according 

to the spatio-temporal and reproductive ecology contexts. There is not another 

competing hypothesis, like interbreeding events occurring among T. sp. aff. dimidiata 

and T. mexicana. Therefore, it is inferred potential ancient introgression of T. dimidiata´s 

mtDNA on Tspaffdim_BZt1 sample. Triatoma picturata is a polyphyletic species 

according to the Cyt b gen tree, related to both the clade comprised of T. mexicana, T. 

mazzottii, and T. bassolsae, and the clade of T. longipennis + T. recurva. Interbreeding 

events occurring among T. picturata and T. longipennis are expected, according spatio-

temporal and reproductive ecology contexts, and there is not another competing 

hypothesis. Therefore, potential ancient introgression on Tpicturata_MXny6 sample is 

inferred. A multispecies coalescent analysis was performed without Tspaffdim_BZt1 and 

Tpicturata_MXny6 samples (Supplementary material X). When specimens with potential 

ancient introgression were removed from the multispecies coalescence analysis, any 
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huge change was observed on the resulting species tree topology (Supplementary 

material X). 

 According to the Cyt b gen tree, T. mexicana is a polyphyletic species, related to 

T. gerstaeckaeri and T. mazzottii, as well as T. mazzottii, related to both T. 

gerstaeckaeri + T. mexicana clade and T. mexicana (Figure 4). Triatoma mazzottii and 

T. mexicana are not close related species, according ITS-2 gen tree. Due to 

introgression origin of samples of T. mazzottii and T. mexicana cannot be clarified by 

the spatio-temporal context considered here, the reproductive ecology context is 

considered exclusively. Triatoma mazzottii seems close related to Phyllosoma complex 

species, according their viable and fertile hybrids records (Table 2). Triatoma mexicana 

seems not close related to Phyllosoma complex species, according their non-viable 

hybrids records (Table 2). Therefore, Tmazzotti_MXgr38 and Tmexicana_MXgu1cs 

samples are inferred as introgression consequence. A multispecies coalescent analysis 

without Tmazzotti_MXgr38, Tmexicana_MXgu1cs, Tspaffdim_BZt1 and 

Tpicturata_MXny6 samples is explained on the next section. 

 

3.3.3 Species tree 
Most of the gene tree incongruence was resolved when samples without potential 

introgression were reanalyzed (Figure 5). Phyllosoma complex is a well-supported 

monophyletic group, with respect to the clade comprised of T. dimidiata, T. sp. aff. 

dimidiata, T. gerstaeckeri and T. mexicana (Figure 6). Triatoma recurva belongs to 

Phyllosoma complex and its sister-relationship with T. longipennis is relatively well 

supported. Triatoma picturata is the sister-group of T. recurva + T. longipennis clade. 

Another relatively well supported clade of Phyllosoma complex species tree hold T. 

bassolsae, T. mazzottii, T. pallidipennis, and T. phyllosoma. Posterior probability values 

of the inferred maximum clade credibility species tree are low (Figure 6). However, the 

posterior probability values improved with respect to the maximum clade credibility 

species tree considering samples with introgression (supplementary material X). 
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4. DISCUSSION 
4.1 Ancient introgression from an ecological-biogeographical insight 
Our eco-biogeographic approach enabled detection of samples of Phyllosoma complex 

with potential ancient introgression. This approach takes advantage of empirical 

fundamentals, as knowledge of reproductive ecology and species distributions. 

Relevance of species distribution co-occurrence for constraining the inference of 

hybridization events has been proposed previously (Dowling et al., 1997; Funk & 

Omland, 2003). However, spatial context has been not considered yet by available 

methods for inferring hybridization in a phylogenetic context. Therefore, hybridization in 

a phylogenetic context could be underestimated, by considering only species with 

current co-occurrence and hybridization (Gauthier & Lapointe, 2007; Gompert & 

Buerkle, 2009), or overestimated, by inferring ancient hybridization between all sampled 

taxa (Meng & Kubatko, 2009; Yu et al., 2014), no matter their spatial distribution. Here, 

the spatio-temporal context was useful for constraining the number of hypotheses of 

past hybridization events between Phyllosoma complex species. Plausibility of these 

hypotheses of interbreeding was asserted on the reproductive ecology context. As a 

result, from a relatively large set of hybridization events (all species vs. all species), a 

plausible and small set of samples was detected exhibiting potential ancient 

introgression.  

Also, the relevance of a proper detection of introgression on samples of 

Phyllosoma complex was corroborated by our eco-biogeographic approach. This 

approach emphasizes the detection of introgression and inference of the species tree 

as independent processes. Following this two steps, we realized about the improvement 

of support values of the species tree of Phyllosoma complex without potential 

introgression. An improvement of species tree after removing potential introgression has 

been previously reported for cichlids exhibiting adaptive radiation (Meyer et al., 2016). 

2017). Therefore, the phylogenetic inference would be benefited by any attempt of 

detection of introgression than just assuming lacking of introgression on samples. As 

introgression seems a common process causing gene tree incongruence in several taxa 

(García et al., 2017; Mas-Coma & Bargues, 2009; Meyer et al., 2016; Wagner et al., 
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2017; Wallis et al., 2017), we reinforce the idea that phylogeneticists should be 

concerned about introgression. 

Detection of introgression under our eco-biogeographic approach could be 

limited by lacking of environmental data. The only spatio-temporal context studied here 

was Last Glacial Maximum, but hybridization events between Phyllosoma complex 

species could have been occurred before of this temporal context. For instance, 

hybridization between T. mazzottii and T. mexicana was inferred considering 

incongruences ITS-2 and Cyt b gene tree. These species seem unclose related 

according ITS-2 gen tree, the published knowledge of their morphology (Carcavallo et 

al., 2000; Lent & Wygodzinsky, 1979; Salazar-Schettino, Rojas-Wastavino, Rosales-

Piña, Vences-Blanco, & Cabrera-Bravo, 2013), and their reproductive biology (Martínez-

Ibarra et al., 2011a). Given that T. mazzottii and T. mexicana are not able to produce 

viable hybrids in a current temporal context, we concluded that: 1) a recent 

introgression of samples, occasioned by possible unplanned crosses on colony 

handling, can be discarded; 2) the minimum requirement for reproductive isolation 

development between T. mazzottii and T. mexicana is the spatio-temporal co-

occurrence (see 2.3 The reproductive ecology context); 3) a hypothesis of hybridization 

between T. mazzottii and T. mexicana was not formulated for Last Glacial Maximum 

spatio-temporal context, because these species did not co-occur under Last Glacial 

Maximum context; 4) the spatio-temporal co-occurrence of T. mazzottii and T. mexicana 

probably occur before of Last Glacial Maximum, given T. mazzottii and T. mexicana 

distributions are separated by the Transmexican Volcanic Belt. Considering divergence 

times of Phyllosoma complex species (Bargues et al., 2000; Ibarra-Cerdeña et al., 

2014), the spatio-temporal co-occurrence of T. mazzottii and T. mexicana is presumed 

during the current morphology acquirement of the Belt (Late Pliocene) (Ferrari, Orozco-

Esquivel, Manea, & Manea, 2012). Unfortunately, environmental data for such spatio-

temporal context are not available with the required quality. However, the biogeographic 

data might allow a recovering of the spatio-temporal context of hybridization events. 

Data from biogeography of areas might supply lacking of environmental data of very 

ancient contexts, for future attempts to detect ancient introgression. 
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An interesting topic of ancient introgression detection is the temporal context of 

hybridization events. Ancient hybridization events inferred at Last Glacial Maximum 

seems to tangle phylogenetic relationships of close species. Whereas, the species tree 

of Phyllosoma complex would be entangled at deep phylogenetic relationships level, by 

probably hybridization events before of Last Glacial Maximum. Hypothesis of 

hybridization at Last Glacial Maximum are T. picturata with T. bassolsae, T. longipennis, 

and T. mazzottii, and T. sp. aff. dimidiata with T. dimidiata, T. mexicana, and T. 

gerstaeckaeri. All these species seem close related according their reproductive 

biology, and the published knowledge of their morphology (Carcavallo et al., 2000; Lent 

& Wygodzinsky, 1979). When specimens of T. picturata and T. sp. aff. dimidiata with 

potential ancient introgression were removed from the multispecies coalescence 

analysis, few changes were observed on the resulting species tree topology. Otherwise, 

spurious relationship between T. mazzottii and T. mexicana causes most of the 

incongruence between ITS-2 and Cyt b gene trees, being disentangled when 

specimens of T. mazzottii and T. mexicana with potential ancient introgression were 

removed from the multispecies coalescence analysis. Potential hybridization events 

before the full formation of the Transmexican Volcanic Belt are presumed between T. 

mazzottii and T. mexicana. Therefore, temporal sequence of ancient hybridization 

events seems to tangle phylogenetic relationships at different levels of complexity. 

The limited number of loci and samples of our phylogenetic analysis were not an 

impediment for detection of introgression under our eco-biogeographic approach. We 

were able to detect ancient introgression using just two unlinked loci exhibiting different 

inheritance strategies. Even if a large number of unlinked loci were sampled, most of 

the irreconcilable differences among gene trees have been detected between biparental 

inheritance nuclear loci and clonal inheritance loci (García et al., 2017; Wallis et al., 

2017). To avoid sampling of redundant information, detection of introgression with few 

loci would be an advisable initial step of a design of a phylogenetic study. So that, after 

samples with and without potential introgression were detected, sequencing efforts 

would be focus on a large number of loci of samples without potential introgression. 

Also, samples of Phyllosoma complex with potential ancient introgression were 
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detected, even though the small sample size of the studied specimens. We presume 

that introgression in specimens of Phyllosoma complex would be very common, such as 

other complexes of Triatominae (Mas-Coma & Bargues, 2009). Therefore, for future 

studies, we suggest considering a larger sample size of specimens than the sample 

size here studied. An intensive specimen sampling would improve the chance of an 

adequate inference of the demographic processes describing ancient introgression. 

Thus, rather than a huge effort on loci sampling, we suggest an improvement on 

specimen sampling effort for future studies attempting detection of introgression. 

 
4.2 Phylogeny of Phyllosoma complex 
Our study provides the first thorough analysis of potential factors causing incongruence 

between gene trees for species of Phyllosoma complex. These factors are horizontal 

gene transfer –or hybridization-, incomplete lineage sorting, extinction, and gene 

duplication –causing pseudogenes- (Maddison, 1997). Ancient hybridization and 

incomplete lineage sorting seem causative of most of the incongruence between ITS-2 

and Cyt b gene trees of Phyllosoma complex. Even more, the monophyly of Phyllosoma 

complex was only clarified after samples without potential introgression were 

reanalyzed. Extinction was also modeled, by considering a birth-death model of 

speciation in the multispecies coalescent analysis. However, extinction seems an 

unlikely process in the evolutionary history of the Phyllosoma complex, given the data. 

This discovery seems feasible because species of the complex have evolved recently 

(Bargues et al., 2000; Ibarra-Cerdeña, Zaldívar-Riverón, Peterson, Sánchez-Cordero, & 

Ramsey, 2014). Finally, data quality (sequences and alignments) was assessed with 

special care to minimize the noise from pseudogenes. Given the wide evolutionary 

insight of our analysis, our study provides the most comprehensive phylogeny of the 

Phyllosoma complex until now. 

The Phyllosoma complex is a well-supported monophyletic group. This complex 

comprises the six species considered a priori (Triatoma bassolsae, T. longipennis, T. 

mazzottii, T. pallidipennis, T. phyllosoma, and T. picturata) (Carcavallo et al., 2000; Lent 

& Wygodzinsky, 1979), plus T. recurva. The inclusion of T. recurva in the Phyllosoma 
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complex, and its sister relationship with T. longipennis, were initially proposed 

considering Cyt b information (Pfeiler, Bitler, Ramsey, Palacios-Cardiel, & Markow, 

2006). Incorporation of T. recurva to the Phyllosoma complex is also supported by its 

reproductive compatibility with T. phyllosoma and T. pallidipennis (Martínez-Ibarra et al., 

2015). Nevertheless, our ITS-2 gen tree recovers to T. recurva as sister species of the 

clade comprised of the remaining six species of the Phyllosoma complex, being in 

agreement with Espinoza et al.‘s (2013) finding. Here, T. recurva is confirmed as sister 

species of T. longipennis in the phylogeny of Phyllosoma complex.  

Our proposal of the Phyllosoma complex differs from other proposals, mainly 

because disagreement about species complex treatment. We treat a species complex 

as a group of nearly allopatrid species, with reproductive compatibility and similar 

morphology (Carcavallo et al. 2000; Usinger, 1944; Usinger, Wygodzinsky, Ryckman, 

1966). These features are fulfilled by the seven species of the Phyllosoma complex. 

Other species have been proposed as part of the Phyllosoma complex, considering the 

most inclusive monophyletic group (de la Rúa et al., 2014; Espinoza et al., 2013; 

Martínez et al., 2006). However, not all monophyletic groups are species complexes, 

even though monophyly is an expectable pattern in a species complex. Therefore, we 

exclude T. dimidiata, T. sp. aff. dimidiata, T. gerstaeckeri, and T. mexicana of the 

Phyllosoma complex (sensu de la Rúa et al., 2014). These species are easily 

distinguished from species from the Phyllosoma complex proposed here, by 

morphological characters, and do not produce viable hybrids (Carcavallo et al., 2000; 

Martínez-Ibarra et al. 2011a). Females of T. mexicana resemble to species of 

Phyllosoma complex, by its abdomen strongly widened (Lent & Wygodzinsky, 1979), 

but this similarity seems superficial. There are several differences between T. mexicana 

and Phyllosoma complex species, as pronotum shape, measures of female body, male 

genitalia, and biological parameters (Martínez-Ibarra, et al., 2008; Salazar-Schettino et 

al., 2013). Triatoma hegneri is another species mentioned as part of the Phyllosoma 

complex by de la Rúa et al. (2014). This insular species has been suggested as a 

melanic polymorphism of T. dimidiata, because T. hegneri is embedded in T. dimidiata 

clade (Bargues et al., 2008; Justi et al., 2018). We could not include T. hegneri in our 
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analysis, but we agree with de la Rúa et al. (2014) in its treatment as full species. The 

paraphyly of T. dimidiata, occasioned by T. hegneri treatment as full species, has not 

any detriment in T. dimidiata status as full species, according the species concept 

followed here. Also, in addition to morphological differences, Triatoma hegneri exhibits 

reproductive incompatibility with T. dimidiata (Mazzottii, 1943). We were no able to find 

information about crosses between T. hegneri and species of Phyllosoma complex, but 

T. hegneri is distinguished from species of the Phyllosoma complex proposed here by 

morphological characters. Therefore, we also exclude T. hegneri from the Phyllosoma 

complex (sensu de la Rúa et al., 2014).  

The phylogenetic relationships between the species of the Phyllosoma complex 

are more resolved in our study than in other previous studies, although these 

relationships are weakly supported by Bayesian posterior probabilities of our 

multispecies coalescence analysis. Multispecies coalescence analyses usually have 

lower support values than concatenated analyses, because depicting incongruences 

between genealogical histories of genes (Kubatko & Degnan, 2007). Our ecological-

biogreoaphical approach keeps the impact of the most of the potential factors causing 

gene tree incongruences (gene flow, gene duplication, extinction) as low as possible in 

our data. Thus, low support values would indicate a requirement of a better model of 

incomplete lineage sorting processes of the Phyllosoma complex, by a sampling of a 

large number of unlinked loci. Even thought our model of incomplete lineage sorting 

processes of the Phyllosoma complex is still incipient, our model gets an appropriate 

consideration of variability of previously neglected mitochondrial data. Mitochondrial 

(Cyt b) and nuclear (ITS-2) DNA data have been analyzed together under a 

concatenated approach, obtaining entangled phylogenies (Espinoza et al., 2013; 

Martínez et al., 2006). As ITS-2 gen tree have seem congruent with the biological 

knowledge of Phyllosoma complex, ITS-2 phylogeny have been the preferred data for 

phylogenetic hypothesis in spite of its low resolution (de la Rúa et al., 2014; Marcilla et 

al., 2001; Mas-Coma & Bargues, 2009). Here, we provide a different and fully resolved 

phylogenetic hypothesis of Phyllosoma complex, according the two gene trees (ITS-2, 

Cyt b), and incomplete lineage sorting and introgression processes. 
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4.2 Conclusions 

Our study advocates for an integrative consideration of processes causing gene tree 

incongruences, to better understanding of the complex evolutionary history of taxa, like 

Phyllosoma complex species. An appropriate detection of introgression on samples 

seems as important as incomplete lineage sorting modeling to inferring a phylogeny. 

Introgression seems common not only in Phyllosoma complex, but also in other 

triatomines, and complexes of several animal and plants. But, to difference of 

incomplete lineage sorting, detection of introgression is beneficed by an explicit 

ecological-biogegraphical background. For instance, our ecological-biogegraphical  

approach helped us to detecting potential introgression on a plausible set of samples of 

Phyllosoma complex species and relatives. We suggest keeping in mind the association 

between hybridization events and spatio-temporal contexts, and empirical knowledge 

like reproductive biology, to improve reality of evolutionary processes modeling.  
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FIGURES 
 
FIGURE 1 Detection of ancient hybridization in a phylogeny from an eco-
biogeographycal approach. 
 
FIGURE 2 Recent areas of distribution of Phyllosoma complex species and relatives. 
(Map source: EROS. 2010. 
https://databasin.org/datasets/d2198be9d2264de19cb93fe6a380b69c) 
 
FIGURE 3 Hypotheses of potential interbreeding among species of Phyllosoma 
complex and relatives. 
 
FIGURE 4 Maximum clade credibility gene trees of the complete data set of the 
Phyllosoma complex.  
 
FIGURE 5 Maximum clade credibility gene trees of the nonintrogressed data set of the 
Phyllosoma complex.  
 
FIGURE 6 Maximum clade credibility species tree of the nonintrogressed data set of the 
Phyllosoma complex.  
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TABLES 

 
TABLE 1 Phyllosoma complex specimens and relatives used for the sequencing.  
 
TABLE 2 Experimental crosses of Phyllosoma complex specimens and relatives 
resulting in viable and fertile F1 (circles) and in non-viable or non-fertile F1 (triangles) 
specimens. 
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TABLE 1 
GrouE Taxon PhrJlosoma comElex SamEle code Provenance Location ITS-2 Crt b 
Ingroup Triatoma bassolsae Carcavallo et aI. , 2000; bassolsae. MXpu 1 cs Colony Mexico, Puebla XXX XXX 

de la Rua et aI. , 2014 
bassolsae. Mxpu2cs Colony Mexico, Puebla AY860402§ AY859410§ 

Lent & Wygodzinsky, longipennis.MXja1 cs Colony Mexico, Jalisco XXX XXX 
1979; 

Triatoma longipennis de la Rua et aI. , 2014 
longipennis.MXch2cs Colony Mexico, Chihuahua XXX XXX 

Lent & Wygodzinsky, mazzottii .MXgr38 Colony Mexico, Guerrero AY860392§ AY859421§ 
1979; 

Triatoma mazzottii de la Rua et aI., 2014 
mazzottii.MXgr2cs Colony Mexico, Guerrero XXX XXX 
mazzottii .MXgr3cs Colony Mexico, Guerrero XXX XXX 

Lent & Wygodzinsky, pallidipennis.MXmo4cs Field Mexico, Morelos XXX XXX 
1979; 

Triatoma pallidipennis de la Rua et aI., 2014 
Lent & Wygodzinsky, phyllosoma.MXox1 Field Mexico, Oaxaca HQ185165 HQ185139 
1979; 

Triatoma phyllosoma de la Rua et aI., 2014 
phyllosoma.MXox3cs Colony Mexico, Oaxaca XXX XXX 

Lent & Wygodzinsky, picturata.MXny1cs Colony Mexico, Nayarit XXX XXX 
1979; 

Triatoma picturata de la Rua et aI. , 2014 
picturata.MXny6 Colony Mexico, Nayarit AY860396§ AY859413§ 

Outgroup Schofield, 1988; dimidiata.MXcp3cs Field Mexico, Chiapas XXX XXX 
Triatoma dimidiata de la Rua et aI. , 2014 

dimidiata .MXcp4cs Field Mexico, Chiapas XXX XXX 
dimidiata.SLsa16 Field EI Salvador, Santa Ana AM286693€ JN585881€ 
dimidiata.CL2 Field Colombia AM286704€ KT998309€ 
dimidiata.CRhe5 Field Costa Rica, Heredia KT874432€ KT998330€ 
dimidiata .GTav2 Field Guatemala, Alta AM286694€ JN585861€ 

Verapaz 
dimidiata.MXyu1 Field Mexico, Yucatan FJ197146€ FJ1 97157€ 
dimidiata.BZto32 Field Belize, Toledo DQ871354~ FJ197155~ 

dimidiata.BZto33 Field Belize, Toledo FJ197153~ FJ1 97154~ 

dimidiata.HNco5 Field Honduras, Copan KT874434€ KT998325€ 
Triatoma sp. aft. Bargues et aI., 2008; Tspaffdim.MXy10 Field Mexico, Yucatan KT874439€ KT998296€ 
dimidiata de la Rua et aI. , 2014 

Tspaffdim.BZc34 Field Belize, Cayo FJ197152€ FJ1 97156€ 
Tspaffdim.BZt1 Field Belize, Toledo FJ197147€ KT998312€ 

Bargues et aI., 2008; gerstaeckeri.MXch1 Field Mexico, Chihuahua JQ282707t JQ282723t 
Triatoma gerstaeckeri de la Rua et aI. , 2014 

gerstaeckeri.MXch2 Field Mexico, Chihuahua JQ282708t JQ282724t 
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DISCUSIÓN GENERAL 
Esta tesis presenta un estudio de las consecuencias ecológicas y evolutivas de las 

interacciones entre las múltiples especies que participan en la transmisión de la 

enfermedad de Chagas. A diferencia de las interacciones entre pares de especies, el 

estudio de las interacciones entre múltiples especies bajo un determinado contexto 

espacio-temporal permite la detección de patrones relevantes para la comprensión de 

la transmisión de la enfermedad de Chagas. Desde una perspectiva ecosistémica, se 

infirió el patrón de transmisibilidad de T. cruzi en áreas no desérticas de México, 

gracias a la red de interacciones potenciales entre sus vectores (triatominos) y 

huéspedes silvestres (mamíferos). El descubrimiento de este patrón posibilitaría la 

generación de hipótesis sobre la ecología de la enfermedad de Chagas, que podrían 

refutarse en futuros estudios. Desde una perspectiva evolutiva, se infirió que la 

introgresión, como resultado de la hibridación antigua, es común entre los principales 

vectores de la enfermedad de Chagas en México. Dicha inferencia puede abrir paso al 

estudio de la relevancia del origen híbrido de los vectores para la transmisión eficaz de 

T. cruzi. A continuación, se mencionan las principales implicaciones de los patrones 

ecosistémicos y evolutivos detectados para las interacciones entre los huéspedes 

silvestres y vectores de la enfermedad de Chagas. 

 Inicialmente, este trabajo provee una aproximación a la transmisión del agente 

etiológico de la enfermedad de Chagas, T. cruzi (Rengifo-Correa et al., 2017; capítulo 

1). Trypanosoma cruzi es un endoparásito que desarrolla todo su ciclo de vida en sus 

huéspedes y vectores, por lo que es obligatoria la interacción entre los mismos para la 

transmisión del parásito (Jansen y Roque, 2010; 2015). La transmisión puede ser 

mediada por el vector o independiente del vector (vía materna o vía alimentación con 

mamíferos infectados) (Jansen y Roque, 2010; 2015). Identificar cuál de estos dos 

mecanismos es más frecuente tiene implicaciones epidemiológicas inmediatas. Cuando 

predomina la transmisión independiente del vector, se espera que el parásito se 

mantenga en los huéspedes silvestres y la transmisión hacia humanos sea poco 

frecuente. Cuando predomina la transmisión mediada por el vector, se espera que la 

frecuencia de transmisión de T. cruzi hacia humanos dependa del grado de asociación 
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de las poblaciones de vectores a los ambientes antropogénicos. En este trabajo se 

encontró que la transmisión mediada por vector prevalece sobre la transmisión 

independiente del vector en áreas no desérticas de México. Más aún, las especies de 

vectores estudiadas se mantienen como focos de infestación domésticos, 

peridomésticos y naturales (Salazar-Schettino et al., 2010; Waleckx et al., 2015), con 

registros numerosos en zonas rurales y urbanas (Ramsey et al., 2015). Estas 

características de los vectores de T. cruzi implican una conexión latente entre los 

huéspedes silvestres y los huéspedes humanos. Asimismo, en este trabajo se infirió 

que la transmisión de T. cruzi puede ocurrir potencialmente entre nueve vectores 

(Triatoma barberi, T. dimidiata -T. dimidiata 2-, T. sp. aff. dimidiata -T. dimidiata 3-, T. 

longipennis, T. mazzotii, T. mexicana, T. pallidipennis, T. phyllosoma y T. picturata) y 

más de 100 especies de mamíferos registrados para áreas no desérticas de México. 

Las ecorregiones no desérticas en México se presentan en dos tercios del país (Olson 

et al., 2001). Por lo tanto, la transmisión de T. cruzi en zonas no desérticas de México 

dista de ser resultado de eventos aislados geográficamente y limitado a unos pocos 

huéspedes y vectores. 

 Previamente se ha presumido la importancia de la transmisión de T. cruzi vía 

vector, pero este trabajo constituye de los primeros intentos de inferencia desde un 

enfoque ecosistémico. Varios estudios han evidenciado la importancia de la transmisión 

de T. cruzi mediada por vector en algunos estados de México (Salazar-Schettino et al., 

2010; Waleckx et al., 2015). Asimismo, la relevancia de la detección de patrones de 

transmisibilidad T. cruzi entre sus vectores y huéspedes silvestres en México ha sido 

resaltada previamente (Georgieva et al., 2017; Peterson et al., 2002; Ramsey et al., 

2012; Ravinovich et al., 2011). Sin embargo, dada la naturaleza de los métodos 

utilizados en estos estudios, la transmisión solo puede ser percibida o inferida entre 

pares de especies. Como consecuencia, el alcance de dichos estudios es local y 

limitado a pocas especies, lo que a su vez lleva a una comprensión fragmentaria y 

segregada del sistema epidemiológico. Recientemente se ha inferido un panorama 

global de la transmisión de T. cruzi mediada por vector en México (Ibarra-Cerdeña et 

al., 2017; Rengifo-Correa et al., 2017). En este panorama se resalta que la conexión 



73 
 
 

(interacciones potenciales) entre los huéspedes silvestres y vectores arrojan señales 

sobre la magnitud de la transmisión de T. cruzi. Por ejemplo, dependiendo de la 

competencia de los vectores, la riqueza de sus interacciones con huéspedes 

potenciales (Rengifo-Correa et al., 2017) y el grado de asociación de los huéspedes 

silvestres a ambientes antropogénicos (Ibarra-Cerdeña et al., 2017) se espera un 

incremento en la transmisión de T. cruzi. Todas estas inferencias surgieron del 

ecosistema más probable de T. cruzi en México, es decir, la red compleja conformada 

por las interacciones inferidas entre vectores y huéspedes de T. cruzi. En síntesis, en 

este trabajo no solo se enumera las especies más probables involucradas en la 

transmisión de T. cruzi, sino que también se infieren sus interacciones, ayudando a la 

comprensión de la transmisión de la enfermedad de Chagas en el ecosistema más 

probable de su agente etiológico. 

 La inferencia del ecosistema más probable T. cruzi ayuda a la comprensión de la 

transmisión del parásito al facilitar la detección de patrones de interacción en un 

contexto espacial dado. A partir de dichos patrones se pueden generar diferentes 

hipótesis, por ejemplo, sobre el flujo (conectividad entre áreas geográficas) y la 

dinámica (pérdida o ganancia de conexiones) de la transmisión de T. cruzi en México 

(Ibarra-Cerdeña et al., 2017). Otras preguntas que pueden abordarse desde una 

perspectiva ecosistémica son: (1) ¿cómo afecta la estacionalidad climática de las 

diferentes áreas geográficas a la probabilidad de transmisión de T. cruzi? (Ramsey et 

al., 2012); (2) ¿cómo afecta la pérdida de huéspedes silvestres en ambientes altamente 

modificados por el hombre al grado de domiciliación de los vectores? (Waleckx et al., 

2015); (3) ¿están las unidades discretas de tipificación de T. cruzi asociadas a especies 

de huéspedes o a áreas geográficas (Jansen et al., 2015)?; (4) ¿cuál es el efecto de la 

diversidad regional de huéspedes en la virulencia de T. cruzi? (Flores-Ferrer et al., 

2017), entre muchas otras preguntas. Asimismo, el ecosistema inferido para T. cruzi en 

sí mismo constituye una hipótesis susceptible a ser refutada experimentalmente. El 

ecosistema más probable de T. cruzi, dadas las asociaciones espaciales de los 

mamíferos (huéspedes potenciales) y triatominos (vectores potenciales) evaluados, es 

falsable con los registros de huéspedes confirmados para el área de estudio (Ibarra-
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Cerdeña et al., 2017; Rengifo-Correa et al., 2017). Alternativamente, una forma directa 

de refutar la red de interacciones potenciales entre mamíferos y triatominos es el uso 

combinado de métodos moleculares y marcaje con isótopos estables (Gómez-Días y 

Figuerola, 2010). Si además los esfuerzos de marcaje se enfocan en el parásito, se 

podría refutar de manera directa el ecosistema más probable de T. cruzi y las 

preguntas mencionadas anteriormente. En conclusión, es posible generar nueva 

información sobre la transmisión de T. cruzi en un contexto ecosistémico a partir de 

hipótesis experimentalmente refutables, emergentes de la red compleja de interacción 

inferida para vectores y huéspedes. 

Dado que el método de redes complejas de interacción es de carácter 

inferencial, su aplicación puede extenderse a sistemas en los que no es posible obtener 

evidencia directa de las interacciones bióticas. Por ejemplo, es posible inferir 

interacciones bióticas entre especies que coexistieron en el pasado. Este trabajo 

además provee una inferencia de la hibridación antigua entre los principales vectores 

de la enfermedad de Chagas en México, el complejo Phyllosoma (capítulo 2). Así, fue 

posible detectar introgresión en las muestras de ADN mitocondrial estudiadas, 

probablemente como consecuencia de la hibridación antigua entre diferentes especies 

del complejo Phyllosoma. Esta inferencia se logró gracias a la integración del contexto 

espacio-temporal (método de redes complejas), con la información de la ecología 

reproductiva y filogenética de las especies en consideración. 

Cabe resaltar que este estudio constituye el primer esfuerzo de involucrar 

explícitamente el contexto espacio-temporal y ecológico a la inferencia de hibridación 

en el ámbito filogenético. Bajo este ámbito el objetivo principal ha sido discernir entre la 

hibridación y la coalescencia profunda como causas de la incongruencia entre árboles 

de genes (Holder et al., 2001). Por ejemplo, se busca cuantificar la contribución relativa 

de la hibridación y la coalescencia profunda, suponiendo como hibridación todo lo que 

no puede ser explicado por la modelación de la coalescencia profunda (Meng y 

Kubatko, 2009). Como consecuencia, cabe esperarse una sobrestimación de los 

eventos de hibridación (Yu et al., 2014). A diferencia de esta aproximación, aquí la 

inferencia de la hibridación no dependió de la estimación de la coalescencia profunda. 
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Más bien, la inferencia de la hibridación dependió del patrón filogenético (incongruencia 

entre árboles de genes), el contexto ecológico y el contexto espacio-temporal de las 

especies consideradas. Así, mientras el contexto espacio-temporal permite desestimar 

la hibridación entre especies que no coocurren (ni coocurrieron en el pasado), el 

contexto ecológico permite desestimar la hibridación entre especies cuya coocurrencia 

espacial ha sido tan prolongada que derivó en aislamiento reproductivo. Entre las 

especies para las que la hibridación es de esperarse, de acuerdo con el contexto 

espacio-temporal y el ecológico, se puede detectar incongruencia entre el árbol de gen 

mitocondrial y el nuclear como señal de introgresión. Al reducir la dimensión de 

interacciones bióticas esperadas (casos de hibridación), el contexto espacio-temporal y 

el ecológico ayudan a una inferencia mesurada de hibridación en el sistema filogenético 

estudiado. 

Gracias a esta aproximación ecológica – biogeográfica, se pudo detectar las 

huellas de hibridación antigua e inferir una hipótesis filogenética para las especies del 

complejo Phyllosoma. Así, se detectó introgresión potencial, probablemente como 

consecuencia de la hibridación antigua, para un conjunto de muestras plausible de las 

especies del complejo y cercanas. Por ejemplo, Triatoma mazzottii, T. mexicana, T. 

picturata y T. sp. aff. dimidiata fueron inferidas como especies que sufrieron 

introgresión tras eventos de hibridación antigua con otras especies. Esta información 

sugiere que la introgresión puede ser un proceso común entre las diferentes especies 

del complejo Phyllosoma y cercanas. Adicionalmente, la inferencia filogenética del 

complejo fue beneficiada por la consideración de la introgresión y la coalescencia 

profunda. Estos dos procesos son fuentes esperadas de la incongruencia entre árboles 

de genes para especies de evolución rápida o reciente (Heled y Drummond, 2010), 

como es el caso del complejo Phyllosoma (Bargues et al., 2000; Ibarra-Cerdeña et al., 

2014). Cuando muestras que carecen de introgresión fueron analizadas, considerando 

la coalescencia profunda, los valores de soporte de la filogenia inferida fueron mayores 

a los de la filogenia inferida para todas las muestras. Es decir, la comprensión de la 

historia evolutiva del complejo se vio beneficiada de la consideración integral de los 

procesos que causan incongruencia entre los árboles de genes. 



76 
 
 

Se espera que la detección de la hibridación en la historia evolutiva del complejo 

Phyllosoma sea una contribución importante para el estudio ecológico de los vectores 

asociados con la enfermedad de Chagas. Previamente se ha reportado que híbridos 

entre T. dimidiata y T. sp. aff. dimidiata presentan mayor susceptibilidad a T. cruzi que 

sus parentales (Herrera-Aguilar et al. 2009). Esta observación ha abierto la discusión 

sobre la posibilidad de transmisión diferencial de T. cruzi por parte de los vectores y 

sus híbridos, siendo estos últimos aparentemente más eficaces. Considerando que la 

hibridación parece un proceso recurrente en la historia evolutiva de algunos vectores 

de la enfermedad de Chagas, también queda abierto el interrogante sobre las 

repercusiones evolutivas de la asociación entre T. cruzi con los vectores y sus híbridos. 
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CONCLUSIONES 

 Se infirieron algunas consecuencias ecológicas y evolutivas de las interacciones 

entre las especies involucradas en la transmisión de T. cruzi en México. Para dicha 

inferencia se desarrolló una aproximación hipotético – deductiva que involucró la 

biogeografía ecológica y la evolutiva, la información empírica sobre las 

interacciones entre pares de especies y la información filogenética. 

 Los vectores y huéspedes más probables de T. cruzi y las interacciones inferidas 

para los mismos constituyen el ecosistema más probable del parásito. Este 

ecosistema facilita la detección de patrones de transmisión de la enfermedad de 

Chagas, de los que a su vez pueden surgir hipótesis experimentalmente refutables. 

 Se infirió la importancia de la transmisión de T. cruzi vía vector para áreas no 

desérticas de México desde un enfoque ecosistémico, concordando con 

observaciones previas. La transmisión de T. cruzi puede ocurrir potencialmente 

entre nueve vectores (Triatoma barberi, T. dimidiata -T. dimidiata 2-, T. sp. aff. 

dimidiata -T. dimidiata 3-, T. longipennis, T. mazzotii, T. mexicana, T. pallidipennis, 

T. phyllosoma y T. picturata) y más de 100 especies de mamíferos registrados para 

áreas no desérticas de México. Dada la extensión del área en consideración y el 

comportamiento de los vectores involucrados, la transmisión de T. cruzi dista de ser 

resultado de eventos aislados geográficamente y limitado a unos pocos huéspedes 

y vectores. 

 El carácter inferencial del método de redes complejas de interacción puede 

extenderse a sistemas en los que no es posible obtener evidencia directa de las 

interacciones bióticas. Aquí se infirió hibridación entre especies que coexistieron en 

el pasado, gracias a la integración del contexto espacio-temporal (método de redes 

complejas), con la información de la ecología reproductiva y filogenética. 

 La introgresión parece un proceso común entre las especies del complejo 

Phyllosoma. La introgresión se detectó en las muestras de ADN mitocondrial de 

Triatoma mazzottii, T. mexicana, T. picturata y T. sp. aff. dimidiata. La introgresión 

detectada probablemente fue consecuencia de hibridación antigua entre las 

especies del complejo Phyllosoma. 
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 La consideración del papel de la introgresión y la coalescencia profunda en la 

historia evolutiva del complejo Phyllosoma beneficia la inferencia de sus relaciones 

filogenéticas.  

 El complejo Phyllosoma sensu Lent y Wygodzynsky es parafilético respecto a T. 

recurva, de acuerdo al análisis de coalescencia de los genes ITS-2 (nuclear) y Cyt b 

(mitocondrial). Triatoma recurva se incluye en el complejo Phyllosoma por su 

compatibilidad reproductiva, morfología y distribución aproximadamente alopátrida 

con las demás especies del complejo. 

 Futuros estudios podrían esclarecer las repercusiones evolutivas de la asociación 

entre T. cruzi con los vectores y sus híbridos, considerando que la hibridación en la 

historia evolutiva de algunos vectores de la enfermedad de Chagas parece un 

proceso recurrente.   
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