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RESUMEN

La enfermedad de Chagas es una de las enfermedades transmitidas por vectores mas
importantes en Latinoamérica. El agente etiolégico de la enfermedad de Chagas es el
protozoo Trypanosoma cruzi. Este endoparasito desarrolla todo su ciclo de vida en sus
huéspedes mamiferos y vectores invertebrados, las chinches de campo o triatominos
(Hemiptera: Reduviidae: Triatominae). Para la transmision del parasito es obligatoria la
interaccidn entre sus huéspedes y vectores. Por lo tanto, las consecuencias ecologicas
y evolutivas de dichas interacciones deberian ser estudiadas integralmente. En esta
tesis se infirieron algunas consecuencias ecoldgicas y evolutivas de las interacciones
bidticas entre huéspedes y vectores de T. cruzi desde el enfoque hipotético —
deductivo. Para dicha inferencia se tomoé ventaja de la biogeografia ecoldgica y la
evolutiva, la informacion empirica sobre las interacciones entre pares de especies y la
informacion filogenética. Asi, en el capitulo 1 de la tesis se evidenciaron patrones de
transmision de T. cruzi entre nueve vectores y mas de 100 especies de mamiferos
silvestres en areas no desérticas de México. El descubrimiento de dichos patrones
posibilitara la generacién de hipoétesis sobre la ecologia epidemiolégica de la
enfermedad de Chagas que, a su vez, podrian refutarse en futuros estudios.
Adicionalmente, en el capitulo 2 de la tesis se infiri6 el papel de la hibridacién antigua
en la historia evolutiva del complejo Phyllosoma (Hemiptera: Reduviidae: Triatominae),
vectores de la enfermedad de Chagas en México. La consideracién del papel de la
introgresion en la historia evolutiva del complejo Phyllosoma coadyuvo a la inferencia
de sus relaciones filogenéticas y podria favorecer la comprension del papel de los
hibridos en la transmision de T. cruzi. Este trabajo representa una contribucién al
conocimiento de la biogeografia aplicada a la epidemiologia y evolucién de la

enfermedad de Chagas.

Palabras clave: Transmisién enfermedad de Chagas, interacciones bidticas inferidas,
red huésped-vector, hibridacion antigua, ecosistema de Trypanosoma cruzi, filogenia

del complejo Phyllosoma.



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.



INTRODUCCION

Entre las enfermedades transmitidas por vectores, la enfermedad de Chagas es una de
las mas importantes en Latinoamérica con seis a siete millones de personas infectadas
y 70 millones en riesgo de contraerla (WHO, 2015). En la etapa crénica de esta
enfermedad se manifiestan patologias diversas a nivel del corazon, sistema digestivo y
sistema nervioso periférico, causando discapacidad y muerte (WHO, 2002). Dado que
para la enfermedad de Chagas los tratamientos farmacoldgicos 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 dificil controlar a los vectores en
areas donde son nativos porque, mientras los programas de control se dirigen a los
focos de infestacion 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 podrian
reestructurarse considerando sus patrones de transmisibilidad.

La transmisibilidad de la enfermedad de Chagas abarca diferentes aspectos de
las interacciones entre el parasito Trypanosoma cruzi (el agente etioldgico de la
enfermedad), sus vectores y huéspedes. En un nivel basico, es esencial identificar
cuales son las especies que participan en la transmision de T. cruzi. Trypanosoma cruzi
desarrolla su ciclo de vida en huéspedes mamiferos (Fig. 1: A, C) y en vectores
invertebrados, los triatominos (Hemiptera: Reduviidae: Triatominae) (Fig. 1: B) (Lenty
Wygodzynsky, 1979). A pesar del potencial de T. cruzi para infectar y ser transmitido
por un amplio rango de mamiferos y de triatominos, no todas estas especies tienen la
misma importancia en la transmision del parasito (Jansen y Roque, 2010). Identificar
las principales especies que participan en la transmision de T. cruzi ayudaria a priorizar
la investigacion consecutiva. En un nivel mas complejo, es necesario identificar qué
lleva a que T. cruzi sea transmitido eficazmente. Por ejemplo, se ha encontrado que la
virulencia de T. cruzi varia en relacion con el origen geografico (por altitud) de las
poblaciones de triatominos (de Fuentes-Vicente et al., 2016). También, se ha

encontrado que triatominos de origen hibrido son mas vulnerables a la infeccion de T.



cruzi que sus parentales (Herrera-Aguilar et al., 2009), lo que podria derivar en una
transmision diferencial del parasito por parte de los parentales y los hibridos. Por
consiguiente, es urgente discernir qué procesos estan involucrados en la transmision
eficaz de T. cruzi. Dichas preguntas de investigacién han sido objeto de investigacion
por décadas.

Las preguntas sobre la transmision de T. cruzi tradicionalmente se han abordado
a través de estudios de interacciones entre pares de especies. Aunque esta
aproximacion empirica es indispensable, genera una vision fragmentaria y segregada
de la transmision de T. cruzi. El conocimiento segregado sobre la transmision de T.
cruzi dificultaria su comprensién, con consecuencias negativas como la ralentizacién en
la toma de decisiones para el control de la enfermedad de Chagas. Por esta razén,
urge integrar el conocimiento sobre las interacciones entre el parasito, los mamiferos
(huéspedes) y los triatominos. Una alternativa al estudio de interacciones entre pares
de especies seria el estudio simultaneo de multiples especies. Este estudio simultaneo
permitiria 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 aproximacion
multiespecifica a las interacciones entre los agentes involucrados en la transmision de
la enfermedad de Chagas (Ibarra-Cerdenfa et al., 2017; Jansen et al., 2015; Rengifo-
Correa et al., 2017). Ademas, empezar de novo con una aproximacion multiespecifica
resultaria extremadamente costoso en tiempo y recursos. Una forma viable de
contrarrestar esta situacion seria a través del aprovechamiento de la informacion
recopilada en estudios previos. Por lo tanto, es imperioso transformar el conocimiento
sobre las interacciones bidticas entre pares de especies de T. cruzi, huéspedes y
vectores hacia una perspectiva multiespecifica.

Una forma de transformar el conocimiento sobre las interacciones biéticas entre
pares de especies hacia un caracter multi-especifico seria a través de la biogeografia.
Esta posibilitaria una integracién de dicho conocimiento en dos formas simples: la
inductiva y la hipotético-deductiva. Bajo un primer enfoque inductivo, el conocimiento

cientifico se construye a partir de la acumulacién de observaciones (Morrone y



Escalante 2016). En este caso, la informacion in vitro puede ser relacionada con la de
la biogeografia para conjeturar la plausibilidad de una interaccion biética 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 mamifero que se le ofrezca, esta informacién cobraria relevancia si las
distribuciones espaciales del mamifero y vector evaluados coinciden. Asimismo, si dos
especies de triatominos pueden producir una progenie fértil in vitro, esta informacién
cobraria relevancia si las distribuciones espaciales de estas especies coinciden. En
ambos casos, la plausibilidad de la informacion in vitro en un contexto espacial podria
conjeturarse con datos simples, como lo son las distribuciones espaciales de las
especies. Para este primer enfoque, el patrén multi-especifico surgiria 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 cientifico parte de
la formulacion de hipétesis, acompanadas de la expectativa del comportamiento del
fendmeno estudiado (deducciones), que son juzgadas (falsadas) por las observaciones
(Morrone y Escalante 2016). El enfoque hipotético-deductivo también permite la
integracion del conocimiento sobre las interacciones bidticas con ayuda de la
biogeografia (Fig. 2 B). Muchos factores (etoldgicos, fisioldgicos, evolutivos, etc.) estan
involucrados para que ocurra una interaccion biética (Agosta et al., 2010). Sin embargo,
un requisito minimo para que una interaccion proceda seria que las especies
interactuantes coincidan en el espacio (Stephens et al., 2017). Este criterio espacial
simple permite la generacion de hipdtesis de interacciones bidticas previamente
desconocidas. Para que estas hipotesis se puedan falsar, se puede discernir entre
interacciones bidticas potenciales vs. interacciones poco probables al confrontarlas con
el conocimiento previo sobre las interacciones bidticas por pares de especies
(Stephens et al. 2009). En este segundo enfoque, el patron multi-especifico surgiria
desde el inicio, cuando las multiples especies bajo consideracion tenian como factor
comun unico el espacio (Fig. 2 B). En sintesis, el conocimiento sobre las interacciones
bidticas entre T. cruzi, sus huéspedes y vectores adquiriria un caracter multi-especifico

si: (1) las interacciones entre pares de especies, conocidas empiricamente, se acoplan



bajo un mismo contexto espacial y (2) las interacciones hipotéticas entre multiples
especies, que surgen de criterios espaciales, se confrontan con la informacion
empirica.

En esta tesis, se infieren las interacciones entre varias especies de huéspedes y
vectores de T. cruzi con ayuda de la biogeografia evolutiva y la ecologica. La
biogeografia evolutiva permite reconocer patrones de integracién de las biotas en el
espacio y el tiempo (Morrone, 2009). Es decir, con ayuda de la biogeografia 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
biogeografia ecoldgica 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 biogeografia ecolégica se pueden estimar las
distribuciones de las especies en los espacios geografico y ambiental (Peterson y
Soberdn, 2012). Aqui, la biogeografia evolutiva y la ecoldgica posibilitan: (1) la
deteccidn de patrones de asociacion espacial entre las especies estudiadas bajo un
determinado contexto espacio-temporal y (2) la cuantificacion de la importancia relativa
de dichas asociaciones. De ahi que, con ayuda de la biogeografia, los patrones de
asociaciéon espacio-temporal con significancia estadistica son la base para inferir
interacciones bidticas entre huéspedes y vectores de T. cruzi (Fig. 3).

Esta tesis también se enfoca en interacciones bioticas entre huéspedes y
vectores de T. cruzi de mayor importancia epidemiolégica en México. En México
habitan 100 millones de personas, de las cuales alrededor del 1% padece la
enfermedad de Chagas (WHO, 2006, 2015). La transmision de la enfermedad de
Chagas ocurre activamente en México, considerando que hay reportes de la
enfermedad en poblacion menor de 18 afos (Salazar-Schettino et al., 2016). Ademas,
se estima que cada ano mas de 7000 personas adquieren el parasito T. cruzi mediante
los vectores (WHO, 2006). Los vectores de la enfermedad de Chagas se han registrado
en diversas localidades de la Republica Mexicana, principalmente en el centro y sur del

pais (Ramsey et al., 2016). El papel destacado de algunos vectores de T. cruzi se



adjudica, entre otras cosas, a su relacion 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 (Stal) 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 (7. sp. aff. dimidiata, T. longipennis
Usinger, T. gerstaeckeri (Stal), 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
parasito en ambientes modificados (cuando defecan en humanos) luego de adquirirlo
en ambientes silvestres (cuando se alimentan de sangre de mamiferos infectados; Lent
y Wygodzynsky, 1979). Finalmente, mas de 100 especies de mamiferos distribuidas en
ocho ordenes se han confirmado como huéspedes de T. cruzi en el continente
americano (Jansen y Roque, 2010). Esta gran diversidad taxondmica de huéspedes
constituye un indicativo del potencial de T. cruzi para infectar ain mas especies de
mamiferos que las descritas. Identificar el papel de los mamiferos como huéspedes
potenciales de T. cruzi constituye un reto en paises como México por su biodiversidad.
Por ejemplo, mas de 300 especies de mamiferos se han registrado en ambientes
silvestres de areas no desérticas de México (Ceballos y Arroyo, 2012; Ramirez-Pulido
et al. 2014). Considerando la transmision activa de T. cruzi en las ultimas décadas, la
repercusion de la transmision a una escala geografica y el amplio nimero de vectores
de T. cruziy la diversidad de mamiferos registrados para México, este territorio se
considera inicialmente como contexto espacial de este estudio.

En cuanto al contexto temporal de esta tesis, varia para cada uno de los temas
tratados. En la primera parte de esta tesis se aborda la transmisibilidad de T. cruzi
entre mamiferos 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 esta definido por las fechas de colecta asociadas a los
registros de mamiferos y triatominos, es decir, en los ultimos 60 afos. Por otro lado,
considerando que el origen hibrido de los vectores es un factor que podria favorecer la



transmision eficaz de T. cruzi, la segunda parte de esta tesis investiga si la hibridacion
ha sido un proceso comun 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 Ultimo Maximo Glacial hasta la actualidad. Este
contexto temporal fue seleccionado considerando un periodo posterior al de la
especiacion de las especies de interés y la disponibilidad de variables ambientales. A
continuacion, se mencionan mas detalles de los temas tratados en los dos capitulos de
esta tesis.

En el capitulo 1 de la tesis los objetivos son: (1) identificar las principales
especies que participan en la transmision de T. cruzi en México y su importancia
relativa e (2) identificar patrones de transmisién 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 area de estudio. Las interacciones potenciales entre los vectores de
T. cruzi y todas las especies de mamiferos registradas en el area de estudio se infieren
mediante el analisis de redes complejas (Stephens et al., 2009). Basicamente, este
analisis comprende cuatro pasos: (1) la cuantificacion de la fortaleza de la asociacion
espacial entre pares de especies (triatomino - mamifero); (2) la jerarquizacion de las
asociaciones espaciales de acuerdo con su significancia estadistica; (3) construccién
de una red compleja con todas las especies cuyas asociaciones espaciales son las
mas significativas en términos estadisticos, siendo la red una hipétesis de interaccidn
bidtica entre multiples especies, y (4) la falsacion de la red compleja, mediante el
contraste con informacion empirica de interacciones bioticas por pares de especies. En
este caso, la informacién empirica son los registros de especies de mamiferos
infectadas con el parasito T. cruzi en México, considerando que la principal via de
transmision del parasito es a través de sus vectores. Los registros de mamiferos

infectados permiten evaluar la hipétesis sobre si la carencia de aleatoriedad en los



patrones de asociacion espacial puede ser interpretada como una medida de la
importancia relativa de las interacciones bidticas entre las especies de mamiferos 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 capitulo 2 de la tesis se estudian las interacciones potenciales entre
algunos vectores de la enfermedad de Chagas en México (complejo Phyllosoma),
especificamente, la posibilidad de hibridacidén antigua y sus consecuencias evolutivas.
El complejo Phyllosoma sensu Lent y Wygodzynsky comprende a T. bassolsae, T.
longipennis, T. mazzottii, T. pallidipennis, T. phyllosomay T. picturata. Asi, los objetivos
de este capitulo son: (1) detectar huellas de hibridacion antigua en las especies del
complejo Phyllosoma, mediante un algoritmo que integre los contextos espacio-
temporal, ecoldgico y filogenético, y (2) proporcionar una hipétesis filogenética del
complejo Phyllosoma que evidencie su historia evolutiva reticulada, mediante un
analisis de coalescencia entre multiples especies. La hibridacién antigua puede tener
consecuencias evolutivas como la especiacion y la introgresiéon (Baack y Rieseberg,
2007). La introgresion es la integracion estable de material genético de una especie en
otra mediante cruzamientos reiterados (Baack y Rieseberg, 2007). Una forma de
detectar la introgresion es a través de la busqueda de incongruencias entre arboles
filogenéticos de genes con diferentes formas de herencia (Funk y Omland, 2003). Sin
embargo, este patron de incongruencia también puede surgir por otros procesos
diferentes a la hibridacion, por ejemplo la coalescencia profunda. La coalescencia es el
punto del pasado en donde dos alelos convergen en un unico ancestro comun,
mientras que la coalescencia profunda ocurre cuando la coalescencia de dos linajes de
genes ocurre mucho mas atras en el tiempo que la divergencia de las especies que
albergan estos linajes (Baum y Smith, 2013). El papel de la hibridacion en la
incongruencia de arboles de genes es discernible del de la coalescencia profunda
gracias a la incorporacion del contexto espacio-temporal (Funk y Omland, 2003). Mas
aun, la informacion ecoldgica ayuda a la refutabilidad del papel de la hibridacién como
proceso causante de arboles de genes incongruentes.



Por estas razones, en el capitulo 2 de esta tesis se emplea una aproximacion
que involucra los contextos espacio-temporal, ecolégico y filogenético para detectar
introgresion en los especimenes estudiados como consecuencia de hibridacion antigua.
Basicamente, esta aproximacion comprende cuatro pasos: (1) postulacion de hipétesis
de especies que potencialmente hibridizaron, considerando sus distribuciones y la
significancia estadistica de su asociacion espacial en un contexto espacio-temporal
dado; (2) falsacion de las hipétesis con datos empiricos de cruzas interespecificas, o
contexto ecoldgico reproductivo; (3) descubrimiento de incongruencias entre arboles de
genes, o contexto filogenético; y (4) deteccion de muestras que potencialmente
presentan introgresion antigua, mediante una correlacion entre las muestras que
ocasionan incongruencias entre arboles de genes con sus contextos espacio-temporal
y ecoldgico reproductivo. Las muestras que carecen de introgresién se reanalizan bajo
un analisis de coalescencia entre multiples especies para inferir el arbol de especies, o
hipétesis filogenética. El pasado evolutivo reticulado de los triatominos del complejo
Phyllosoma se representa en dicha hipotesis filogenética. De esta manera, el capitulo 2
de la tesis presenta las consecuencias evolutivas de la hibridacion antigua entre los
principales vectores de la enfermedad de Chagas.

En sintesis, en esta tesis se infieren las consecuencias ecoldgicas y evolutivas
de las interacciones bioticas entre huéspedes (mamiferos) y vectores (triatominos) de
T. cruzi desde el enfoque hipotético — deductivo. Para dicha inferencia se toma ventaja
de la biogeografia ecolégica y la evolutiva, la informacién empirica sobre las
interacciones entre pares de especies y la informacion 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
hibridacién antigua entre algunos vectores de la enfermedad de Chagas en México. Se
espera que este trabajo contribuya al conocimiento de la biogeografia aplicada a la

epidemiologia y evolucién de la enfermedad de Chagas.
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Figura 1. Ciclo de vida del parasito Trypanosoma cruzi, en mamiferos (A, C) y en sus

vectores invertebrados, los triatominos (B).
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Figura 2. Transformacién del conocimiento sobre las interacciones bitticas desde
pares de especies hacia multiples especies a través de la biogeografia. (A) Enfoque
inductivo. La informacién in vitro relacionada con la de la biogeografia permite
conjeturar la plausibilidad de una interaccion bidtica bajo un determinado contexto
espacial. El patron multi-especifico surge al acoplar varias interacciones por pares de
especies bajo un mismo contexto espacial. (B) Enfoque hipotético - deductivo. El patrén
multi-especifico surge como hipétesis cuando se consideran multiples especies bajo un
mismo contexto espacial. Las hipotesis se puedan falsar con el conocimiento previo

sobre las interacciones biéticas por pares de especies
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Figura 3. Etapas para inferir las consecuencias ecolégicas y evolutivas de las
interacciones entre las especies involucradas en la transmision de T. cruzi. Esta
aproximacion hipotético — deductiva involucra la biogeografia ecolégica y la evolutiva, la
informacién empirica sobre las interacciones entre pares de especies y la informacién

filogenética.
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CAPITULO 1. Understanding transmissibility patterns of Chagas disease through

complex vector-host networks

Articulo de requisito publicado en: Parasitology (2017) 144, 760-772.
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CAPITULO 2. Ancient hybridization detection under an ecological-

biogeographical approach: footprints in the main Chagas disease vectors in
Mexico (Phyllosoma complex)

Manuscrito para ser enviado a Molecular Ecology.

28



ANCIENT HYBRIDIZATION DETECTION UNDER AN ECOLOGICAL-
BIOGEOGRAPHICAL APPROACH: FOOTPRINTS IN THE MAIN CHAGAS DISEASE
VECTORS IN MEXICO (PHYLLOSOMA COMPLEX)

ANCIENT HYBRIDIZATION IN CHAGAS DISEASE VECTORS

Laura Rengifo-Correa’, Fernando Abad-Franch?, Fernando Martinez-Hernandez>, Paz
M. Salazar-Schettino®, Juan L. Téllez-Rendén®, Guiehdani Villalobos®, and Juan J.

Morrone'

' Museo de Zoologia _Alfmso L. Herrera’, Departamento de Biologia Evolutiva, Facultad
de Ciencias, Universidad Nacional Autbnoma de México, 04510 Mexico City, Mexico

2 Grupo Triatomineos, Instituto René Rachou — Fundagdo Oswaldo Cruz Minas Gerais,
Belo Horizonte, Brazil

® Departamento de Ecologia de Agentes Patégenos, Hospital General Dr. Manuel Gea
Gonzalez, 14080 Mexico City, Mexico

* Laboratorio de Biologia de Parasitos, Departamento de Microbiologia y Parasitologia,
Facultad de Medicina, Universidad Nacional Autonoma de México, 04510 Mexico City,
Mexico

® Instituto de Diagndstico y Referencia Epidemioldgicos, 01480 Mexico City, Mexico

Correspondence
Juan J. Morrone. Museo de Zoologia _Afonso L. Herrera®, Departamento de Biologia
Evolutiva, Facultad de Ciencias, Universidad Nacional Auténoma de México, 04510

Mexico City, Mexico. Email: juanmorrone2001@yahoo.com.mx

29



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 (Garcia et al.,
2017; Meyer, Matschiner, & Salzburger, 2016; Wagner, Hartl, 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, & Fernandez-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, Sanchez-Cordero, & Gonzalez-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, & Galvao, 2000; Lent & Wygodzinsky, 1979) to
twelve species (de la Rua 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; Martinez et
al., 2006). It has been suggested that hybrids play a role to explain this disagreement
(Espinoza et al., 2013; Martinez et al., 2006), due to successful interspecific crosses
between Phyllosoma complex species in laboratory (Martinez-lbarra et al., 2008a, 2009,
2011a, b, 2015) and in the field (Martinez-Hernandez et al., 2010). Specimens of hybrid
origin usually have one parent phenotype, rather than an intermediate phenotype
(Martinez-Hernandez et al., 2010; Martinez-lbarra 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; Garcia 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 (Martinez-lbarra 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
Rua 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 Diagnéstico y Referencia
Epidemiolégica, 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 Estadistica
y Geografia, 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 (lbarra-Cerdena, Zaldivar-
Riveron, Peterson, Sanchez-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
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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, & Rodriguez-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-Cerdefa 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 Rua 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 Biologia de Parasitos, Facultad de
Medicina, Universidad Nacional Autbnoma 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—HCI, 50 mM EDTA pH 8, 50 mM NaCl, 1% SDS, 20 ng/uL 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 Martinez et al.
(2006). All PCR products were purified and sent to Laboratorio de Secuenciacion
Gendmica de la Biodiversidad y de la Salud (Instituto de Biologia, Universidad Nacional
Autonoma 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 __brning 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 —2.2 Conflictive relationships
between gene trees”. Samples with ancient introgression were eluded from this analysis
to properly fulfill *BEAST requirements (Heled & Drummond, 2010). The inferred

41



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 (Martinez-lbarra 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 (Garcia et al., 2013). Finally, crosses between T. mexicana
and other compared species (Table 2) cannot yield viable F1 specimens (Martinez-
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_MXgu1ics, 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
(Garcia et al., 2017; Mas-Coma & Bargues, 2009; Meyer et al., 2016; Wagner et al.,
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2017; Walllis 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-
Pifia, Vences-Blanco, & Cabrera-Bravo, 2013), and their reproductive biology (Martinez-
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. mazzottiiand T. mexicana
distributions are separated by the Transmexican Volcanic Belt. Considering divergence
times of Phyllosoma complex species (Bargues et al., 2000; Ibarra-Cerdena 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.
mazzottiiand 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 (Garcia 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-Cerdefa, Zaldivar-Riverén, Peterson, Sanchez-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 (Martinez-lbarra 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 Rua et al., 2014; Espinoza et al., 2013;
Martinez 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 Rua 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;
Martinez-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 (Martinez-Ibarra, et al., 2008; Salazar-Schettino et
al., 2013). Triatoma hegneri is another species mentioned as part of the Phyllosoma
complex by de la Rua et al. (2014). This insular species has been suggested as a
melanic polymorphism of T. dimidiata, because T. hegneriis 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 Rua 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 7. 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 Rua 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;
Martinez 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 Rua 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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DISCUSION GENERAL

Esta tesis presenta un estudio de las consecuencias ecoldgicas y evolutivas de las
interacciones entre las multiples especies que participan en la transmisién de la
enfermedad de Chagas. A diferencia de las interacciones entre pares de especies, el
estudio de las interacciones entre multiples especies bajo un determinado contexto
espacio-temporal permite la deteccién de patrones relevantes para la comprension de
la transmision de la enfermedad de Chagas. Desde una perspectiva ecosistémica, se
infirid el patron de transmisibilidad de T. cruzi en areas no desérticas de México,
gracias a la red de interacciones potenciales entre sus vectores (triatominos) y
huéspedes silvestres (mamiferos). El descubrimiento de este patron posibilitaria la
generacion de hipotesis sobre la ecologia de la enfermedad de Chagas, que podrian
refutarse en futuros estudios. Desde una perspectiva evolutiva, se infirid que la
introgresién, como resultado de la hibridacion antigua, es comun entre los principales
vectores de la enfermedad de Chagas en México. Dicha inferencia puede abrir paso al
estudio de la relevancia del origen hibrido de los vectores para la transmisién eficaz de
T. cruzi. A continuacidn, 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 aproximacion a la transmision del agente
etioldgico de la enfermedad de Chagas, T. cruzi (Rengifo-Correa et al., 2017; capitulo
1). Trypanosoma cruzi es un endoparasito que desarrolla todo su ciclo de vida en sus
huéspedes y vectores, por lo que es obligatoria la interaccion entre los mismos para la
transmision del parasito (Jansen y Roque, 2010; 2015). La transmision puede ser
mediada por el vector o independiente del vector (via materna o via alimentacién con
mamiferos infectados) (Jansen y Roque, 2010; 2015). Identificar cual de estos dos
mecanismos es mas frecuente tiene implicaciones epidemiolégicas inmediatas. Cuando
predomina la transmisién independiente del vector, se espera que el parasito se
mantenga en los huéspedes silvestres y la transmision hacia humanos sea poco
frecuente. Cuando predomina la transmision mediada por el vector, se espera que la

frecuencia de transmisidn de T. cruzi hacia humanos dependa del grado de asociacion
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de las poblaciones de vectores a los ambientes antropogénicos. En este trabajo se
encontro que la transmision mediada por vector prevalece sobre la transmision
independiente del vector en areas no desérticas de México. Mas aun, las especies de
vectores estudiadas se mantienen como focos de infestacion domeésticos,
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
caracteristicas de los vectores de T. cruzi implican una conexion latente entre los
huéspedes silvestres y los huéspedes humanos. Asimismo, en este trabajo se infirio
que la transmision 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
mas de 100 especies de mamiferos registrados para areas no desérticas de México.
Las ecorregiones no desérticas en México se presentan en dos tercios del pais (Olson
et al., 2001). Por lo tanto, la transmision de T. cruzi en zonas no desérticas de México
dista de ser resultado de eventos aislados geograficamente y limitado a unos pocos
huéspedes y vectores.

Previamente se ha presumido la importancia de la transmision de T. cruzi via
vector, pero este trabajo constituye de los primeros intentos de inferencia desde un
enfoque ecosistémico. Varios estudios han evidenciado la importancia de la transmision
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 deteccion 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 transmisién 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 comprensiéon fragmentaria y
segregada del sistema epidemiolégico. Recientemente se ha inferido un panorama
global de la transmision de T. cruzi mediada por vector en México (Ibarra-Cerdefa et

al., 2017; Rengifo-Correa et al., 2017). En este panorama se resalta que la conexion
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(interacciones potenciales) entre los huéspedes silvestres y vectores arrojan senales
sobre la magnitud de la transmision 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 asociacion de los huéspedes
silvestres a ambientes antropogénicos (Ibarra-Cerdefia et al., 2017) se espera un
incremento en la transmision de T. cruzi. Todas estas inferencias surgieron del
ecosistema mas probable de T. cruzi en México, es decir, la red compleja conformada
por las interacciones inferidas entre vectores y huéspedes de T. cruzi. En sintesis, en
este trabajo no solo se enumera las especies mas probables involucradas en la
transmision de T. cruzi, sino que también se infieren sus interacciones, ayudando a la
comprensién de la transmision de la enfermedad de Chagas en el ecosistema mas
probable de su agente etioldgico.

La inferencia del ecosistema mas probable T. cruzi ayuda a la comprensién de la
transmision del parasito al facilitar la deteccion de patrones de interaccion en un
contexto espacial dado. A partir de dichos patrones se pueden generar diferentes
hipétesis, por ejemplo, sobre el flujo (conectividad entre areas geograficas) y la
dinamica (pérdida o ganancia de conexiones) de la transmision de T. cruzi en México
(Ibarra-Cerdenfa et al., 2017). Otras preguntas que pueden abordarse desde una
perspectiva ecosistémica son: (1) ,como afecta la estacionalidad climatica de las
diferentes areas geograficas a la probabilidad de transmisién de T. cruzi? (Ramsey et
al., 2012); (2) ¢como afecta la pérdida de huéspedes silvestres en ambientes altamente
modificados por el hombre al grado de domiciliacion de los vectores? (Waleckx et al.,
2015); (3) ¢ estan las unidades discretas de tipificacion de T. cruzi asociadas a especies
de huéspedes o a areas geograficas (Jansen et al., 2015)?; (4) ¢ cual 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
si mismo constituye una hipétesis susceptible a ser refutada experimentalmente. El
ecosistema mas probable de T. cruzi, dadas las asociaciones espaciales de los
mamiferos (huéspedes potenciales) y triatominos (vectores potenciales) evaluados, es
falsable con los registros de huéspedes confirmados para el area de estudio (Ibarra-
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Cerdena et al., 2017; Rengifo-Correa et al., 2017). Alternativamente, una forma directa
de refutar la red de interacciones potenciales entre mamiferos y triatominos es el uso
combinado de métodos moleculares y marcaje con isotopos estables (Gémez-Dias y
Figuerola, 2010). Si ademas los esfuerzos de marcaje se enfocan en el parasito, se
podria refutar de manera directa el ecosistema mas probable de T. cruziy las
preguntas mencionadas anteriormente. En conclusion, es posible generar nueva
informacion sobre la transmision de T. cruzi en un contexto ecosistémico a partir de
hipétesis experimentalmente refutables, emergentes de la red compleja de interaccion
inferida para vectores y huéspedes.

Dado que el método de redes complejas de interaccion es de caracter
inferencial, su aplicacién puede extenderse a sistemas en los que no es posible obtener
evidencia directa de las interacciones bibticas. Por ejemplo, es posible inferir
interacciones bidticas entre especies que coexistieron en el pasado. Este trabajo
ademas provee una inferencia de la hibridacion antigua entre los principales vectores
de la enfermedad de Chagas en México, el complejo Phyllosoma (capitulo 2). Asi, fue
posible detectar introgresion en las muestras de ADN mitocondrial estudiadas,
probablemente como consecuencia de la hibridacién antigua entre diferentes especies
del complejo Phyllosoma. Esta inferencia se logré gracias a la integracién del contexto
espacio-temporal (método de redes complejas), con la informacién de la ecologia
reproductiva y filogenética de las especies en consideracion.

Cabe resaltar que este estudio constituye el primer esfuerzo de involucrar
explicitamente el contexto espacio-temporal y ecolégico a la inferencia de hibridacion
en el ambito filogenético. Bajo este ambito el objetivo principal ha sido discernir entre la
hibridacion y la coalescencia profunda como causas de la incongruencia entre arboles
de genes (Holder et al., 2001). Por ejemplo, se busca cuantificar la contribucion relativa
de la hibridacién y la coalescencia profunda, suponiendo como hibridacién todo lo que
no puede ser explicado por la modelacion de la coalescencia profunda (Meng y
Kubatko, 2009). Como consecuencia, cabe esperarse una sobrestimacion de los
eventos de hibridacién (Yu et al., 2014). A diferencia de esta aproximacion, aqui la
inferencia de la hibridacién no dependio de la estimacién de la coalescencia profunda.
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Mas bien, la inferencia de la hibridacion dependié del patrdn filogenético (incongruencia
entre arboles de genes), el contexto ecoldgico y el contexto espacio-temporal de las
especies consideradas. Asi, mientras el contexto espacio-temporal permite desestimar
la hibridacion entre especies que no coocurren (ni coocurrieron en el pasado), el
contexto ecoldgico permite desestimar la hibridacion entre especies cuya coocurrencia
espacial ha sido tan prolongada que derivé en aislamiento reproductivo. Entre las
especies para las que la hibridacidon es de esperarse, de acuerdo con el contexto
espacio-temporal y el ecoldgico, se puede detectar incongruencia entre el arbol de gen
mitocondrial y el nuclear como sefal de introgresion. Al reducir la dimension de
interacciones bidticas esperadas (casos de hibridacion), el contexto espacio-temporal y
el ecologico ayudan a una inferencia mesurada de hibridacion en el sistema filogenético
estudiado.

Gracias a esta aproximacion ecoldgica — biogeografica, se pudo detectar las
huellas de hibridacién antigua e inferir una hipétesis filogenética para las especies del
complejo Phyllosoma. Asi, se detecté introgresion potencial, probablemente como
consecuencia de la hibridacion antigua, para un conjunto de muestras plausible de las
especies del complejo y cercanas. Por ejemplo, Triatoma mazzottii, T. mexicana, T.
picturatay T. sp. aff. dimidiata fueron inferidas como especies que sufrieron
introgresion tras eventos de hibridacion antigua con otras especies. Esta informacion
sugiere que la introgresiéon puede ser un proceso comun entre las diferentes especies
del complejo Phyllosoma y cercanas. Adicionalmente, la inferencia filogenética del
complejo fue beneficiada por la consideracién de la introgresion y la coalescencia
profunda. Estos dos procesos son fuentes esperadas de la incongruencia entre arboles
de genes para especies de evolucion rapida o reciente (Heled y Drummond, 2010),
como es el caso del complejo Phyllosoma (Bargues et al., 2000; Ibarra-Cerdenfa et al.,
2014). Cuando muestras que carecen de introgresion 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 comprension de la
historia evolutiva del complejo se vio beneficiada de la consideracion integral de los

procesos que causan incongruencia entre los arboles de genes.
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Se espera que la deteccion de la hibridacion en la historia evolutiva del complejo
Phyllosoma sea una contribucion importante para el estudio ecologico de los vectores
asociados con la enfermedad de Chagas. Previamente se ha reportado que hibridos
entre T. dimidiata 'y T. sp. aff. dimidiata presentan mayor susceptibilidad a T. cruzi que
sus parentales (Herrera-Aguilar et al. 2009). Esta observacién ha abierto la discusion
sobre la posibilidad de transmision diferencial de T. cruzi por parte de los vectores y
sus hibridos, siendo estos ultimos aparentemente mas eficaces. Considerando que la
hibridacidén 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 asociacion entre T. cruzi con los vectores y sus hibridos.
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CONCLUSIONES

Se infirieron algunas consecuencias ecoldgicas y evolutivas de las interacciones
entre las especies involucradas en la transmision de T. cruzi en México. Para dicha
inferencia se desarrollé una aproximacion hipotético — deductiva que involucré la
biogeografia ecologica y la evolutiva, la informacion empirica sobre las
interacciones entre pares de especies y la informacion filogenética.

Los vectores y huéspedes mas probables de T. cruzi y las interacciones inferidas
para los mismos constituyen el ecosistema mas probable del parasito. Este
ecosistema facilita la deteccion de patrones de transmision de la enfermedad de
Chagas, de los que a su vez pueden surgir hipotesis experimentalmente refutables.
Se infirié la importancia de la transmision de T. cruzi via vector para areas no
desérticas de México desde un enfoque ecosistémico, concordando con
observaciones previas. La transmisidén 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 mas de 100 especies de mamiferos registrados para
areas no desérticas de México. Dada la extension del area en consideracion y el
comportamiento de los vectores involucrados, la transmision de T. cruzi dista de ser
resultado de eventos aislados geograficamente y limitado a unos pocos huéspedes
y vectores.

El caracter inferencial del método de redes complejas de interaccion puede
extenderse a sistemas en los que no es posible obtener evidencia directa de las
interacciones bidticas. Aqui se infirid hibridacion entre especies que coexistieron en
el pasado, gracias a la integracion del contexto espacio-temporal (método de redes
complejas), con la informacioén de la ecologia reproductiva y filogenética.

La introgresion parece un proceso comun entre las especies del complejo
Phyllosoma. La introgresion se detectd en las muestras de ADN mitocondrial de
Triatoma mazzottii, T. mexicana, T. picturata'y T. sp. aff. dimidiata. La introgresion
detectada probablemente fue consecuencia de hibridacién antigua entre las

especies del complejo Phyllosoma.
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La consideracion del papel de la introgresion 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 analisis de coalescencia de los genes ITS-2 (nuclear) y Cyt b
(mitocondrial). Triatoma recurva se incluye en el complejo Phyllosoma por su
compatibilidad reproductiva, morfologia y distribucion aproximadamente alopatrida
con las demas especies del complejo.

Futuros estudios podrian esclarecer las repercusiones evolutivas de la asociacion
entre T. cruzi con los vectores y sus hibridos, considerando que la hibridacion en la
historia evolutiva de algunos vectores de la enfermedad de Chagas parece un

proceso recurrente.
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