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Resumen

La diversidad viral puede ser un reflejo de la diversidad de especies. Antes del
presente proyecto nada se sabia acerca de la diversidad de coronavirus (CoV) en
murciélagos mexicanos, a pesar de la alta diversidad de mamiferos,
particularmente de quirOpteros, que caracteriza al Neotropico (que incluye el sur
de México). En este trabajo se muestrearon murciélagos del Nuevo Mundo, bajo la
hipétesis de que la alta diversidad de quirépteros en esta regién revelaria CoVs
previamente desconocidos. Los murciélagos son reservorios de una amplia gama
de patégenos humanos incluyendo los virus Nipah, Hendra, Ebola, Marburg y
distintos CoVs; entre los que destacan aquellos asociados al sindrome respiratorio
agudo severo (SARS-CoV) y al sindrome respiratorio del Medio Este (MERS-
CoV). Tras el andlisis de 1,046 muestras procedentes de 606 murciélagos de 42
especies diferentes capturados en Campeche, Chiapas y la Ciudad de México se
identificaron trece CoVs distintos que se dividieron en nueve alfacoronavirus y
cuatro betacoronavirus. Doce resultaron nuevos. Se detectd una sefial
cofilogenética estadisticamente significativa mediante dos pruebas globales de
coespeciacion, ParaFit y PACo, al analizar los patrones de codivergencia entre las
filogenias de murciélagos y CoVs. Los andlisis sugieren que estos linajes tienen
una historia de diversificacion dominada por eventos de coespeciacion y que la
especiacion de los hospederos a nivel de género es un fuerte conductor selectivo
en la diversificacion de los CoVs. Las asociaciones parasito-hospedero sugieren
gue el cambio de hospedero es comun dentro de murciélagos del mismo género,
pero poco frecuente entre individuos de distinto género. La epidemiologia de los
CoVs es parcialmente influenciada por el origen biogeogréafico de las especies
hospederas, dado que los CoVs detectados en la zona de transiciébn entre el
Neértico y el Neotrépico muestran asociaciones filogenéticas y geogréficas
especificas. Este modelo representa un marco de trabajo para el estudio de
procesos de emergencia viral ligados a factores ecoldgicos, filogeograficos y
evolutivos, el cual es util para estimar la frecuencia de eventos de cambio de
hospedero y potencial emergente para otros virus de RNA con origen en fauna
silvestre.



Abstract

Viral diversity can reflect species diversity. Prior to this study nothing was known
about the diversity of coronaviruses (CoV) in Mexican bats despite the high
diversity of mammals, particularly bats, in the Neotropical region (which includes
southern Mexico). In this study New World bats were sampled, under the
hypothesis that the high diversity of bats in this region may reveal previously
unknown CoVs. Bats are reservoirs for a wide range of human pathogens including
Nipah, Hendra, Ebola, Marburg, and the CoVs related to severe acute respiratory
syndrome and Middle East respiratory syndrome (SARS- and MERS-CoVs). In a
screen of 1,046 samples from 606 bats from 42 different species in Campeche,
Chiapas and Mexico City, 13 distinct CoVs were identified. Nine were alpha- and
four were beta-CoVs; twelve were novel. We used two global cospeciation tests,
ParaFit and PACo, to analyse cophylogenetic patterns between CoVs and
chiropteran phylogenies. We detected a significant cophylogenetic signal. The
analyses suggest that these lineages have a diversification history dominated by
cospeciation events, and that host species at the genus level represent a strong
selective driver in CoV diversification. Host-parasite links suggest that host
switching is frequent within genera, but rare across bats from different genera. The
epidemiology of CoVs is partially influenced by the biogeographical origin of the bat
host (i.e. Nearctic or Neotropical), as CoVs detected in the transition zone show
specific phylogenetic and geographic associations. This model represents a
framework to study zoonotic viral processes linked to ecological, phylogeographic,
and evolutionary host traits, suitable to estimate the frequency of host-switching
events and spillover potential for other zoonotic RNA viruses of wildlife origin.



Introduccidén

Panorama mundial

La actividad humana ha alterado los ecosistemas a escala mundial, especialmente
en el siglo pasado (Murray & Daszak, 2013). El impacto antropogénico ha
ocasionado cambios en la funcién y estructura de los ecosistemas y en la
dindmica de las enfermedades infecciosas, alterando patrones de ocurrencia y
distribucion de enfermedades, afectando humanos, animales domésticos vy
animales silvestres (Jones et al., 2008). Un factor clave para entender la aparicién
de zoonosis emergentes es el reconocimiento de la diversidad viral encontrada en
reservorios naturales (Wolfe et al.,, 2007), especialmente en areas de alta
biodiversidad alteradas por actividades humanas (Daszak et al., 2001) y la relacién
de esta diversidad viral con factores ecoldgicos y evolutivos (Daszak et al., 2013;
Wood et al., 2012).

La investigacion cientifica acerca de la relacion entre la biodiversidad y la dinamica
de enfermedades ha tomado gran interés altimamente, generando resultados
contrastantes (Keesing et al., 2010; Randolph & Dobson, 2012; Salkeld et al.,
2013). Una alta diversidad puede diluir la prevalencia de ciertas enfermedades en
algunas interacciones particulares ("efecto de dilucién") (Keesing et al., 2010),
aunque generalmente este argumento no considera la identidad de los taxones
propios de las comunidades de hospederos y patégenos, y este efecto suele
depender de la composicion especifica de las comunidades interactuantes
(Randolph & Dobson, 2012). Por otro lado, es bien reconocido que la diversidad
biolégica puede ser una fuente de nuevos hospederos y pardasitos ("efecto de
rescate") (Ezenwa et al., 2006; Keesing et al., 2010; Ostfeld, 2009), y se sabe que
los agentes patdgenos zoondticos emergentes se correlacionan con la riqueza de
especies de mamiferos (Jones et al., 2008), respetando un gradiente latitudinal
(Guernier et al., 2004). Ademas, la riqueza de parasitos ha sido subestimada en



gran medida en practicamente todos los hospederos vertebrados (Turmelle &
Olival, 2009), lo que limita la capacidad predictiva y preventiva en materia de salud
publica. Esto sugiere la necesidad de incrementar el numero de estudios de
exploracion enfocados en descubrir la diversidad de paréasitos, principalmente en
organismos hospederos que sean sospechosos de albergar patégenos

potencialmente zoonéticos.

Actualmente, el descubrimiento de patégenos de relevancia para la salud publica 'y
animal se ha convertido en un paradigma en estudios de biodiversidad y salud.
Principalmente, se han incrementado los estudios entre la diversidad de
murciélagos y la diversidad de diferentes patégenos, especialmente virus
zoonGticos de importancia médica (Calisher et al., 2006; Jia et al., 2003; Luis et al.,
2013; Plowright et al., 2015; Wood et al., 2012). El interés en virus relacionados a
quirépteros deriva del notorio incremento en el numero de patbgenos emergentes
y reemergentes hospedados por estas especies. Al menos 100 especies
diferentes de virus han sido aislados o detectados en murciélagos y/o sus tejidos,
ademas, existe evidencia serolégica para muchos otros (Turmelle & Olival, 2009).

Los murciélagos han sido sefialados como reservorio natural para muchos virus
zoonoticos altamente patégenos y carentes de vacunas y/o terapias efectivas
actualmente, incluyendo lyssavirus (Freuling et al., 2011), filovirus (Leroy et al.,
2005; Towner et al., 2007), flavivirus (Quan et al., 2013) henipavirus (Chua et al.,
2000) (Rahman et al., 2010) y otros paramixovirus (Drexler et al., 2012). Uno de
los grupos virales mas estudiados son los coronavirus (CoVs) recientemente
descubiertos como agentes causales de enfermedades zoonéticas emergentes de
importancia mundial (Drexler et al., 2014), como el sindrome respiratorio agudo
severo (SARS) y el sindrome respiratorio de Oriente Medio (MERS). Este ultimo,
ligado a un nuevo betacoronavirus (B-CoV) (Zaki et al., 2012), cuyo surgimiento
fue propuesto desde su inicio como un ejemplo méas de transmision zoondtica de

fauna silvestre a la poblacion humana. Sin embargo, se necesita mas informacion



de caracter inmunoldgico, ecoldgico y evolutivo para confirmar este planteamiento,
asi como en la mayoria de los patdgenos zoonoéticos. Esto sugiere que el estudio
de los quirGpteros desde una perspectiva médico-evolutiva y ecoldgica sea

prioritario.

Panorama nacional

México es considerado un pais megadiverso. Es el Unico pais que abarca dos
regiones biogeogréficas, la Neértica y la Neotropical. La peculiar forma del
territorio nacional favorece la convergencia de importantes corredores migratorios
para muchos grupos taxonémicos, incluyendo mamiferos, aves y reptiles. A pesar
de representar menos del 1% de la superficie terrestre del mundo actual, mantiene
cerca del 10 % de la biodiversidad del planeta, incluyendo muchas especies
endémicas (Mittermeier et al., 1997). México ostenta el segundo lugar en rigueza
de especies de reptiles, tercero en mamiferos, quinto de anfibios y undécimo en
riqueza de aves (http://www.conabio.gob.mx). Se han reportado al rededor de 1.8

millones de especies distintas de plantas y animales en México, aunque esta cifra
podria estar subestimada pues no contempla ciertos grupos taxondmicos,
fundamentalmente, los de microorganismos (Martinez-Meyer et al., 2014). La
rigueza natural de México también se manifiesta en la gran diversidad de procesos
ecolégicos, mismos que han sido alterados de manera dramética por las
actividades humanas, particularmente agresivas, de las dUltimas décadas
(Sarukhan et al., 2009). La vegetacion natural de México continda disminuyendo,
en 1993 representaba el 54% de la superficie original y en 2002 se redujo a sélo el
38% (Sarukhan et al., 2009). El impacto antropogénico derivado de la modificacién
de los sistemas naturales y el incontrolado cambio de uso de suelo han modificado
la estructura y distribucion de la fauna silvestre, reduciendo la biodiversidad y
produciendo ambientes que favorecen hospederos, vectores y/o patdgenos
particulares. La resultante intensificacion de las interacciones entre animales
silvestres y domésticos incrementa el potencial de transmisiéon de patdgenos

previamente desconocidos hacia los animales de produccion y la poblacién



humana, estableciendo nuevos ciclos de transmision (Jones et al., 2013). Es por
ello que México es considerado una “zona roja” (hot spot) de enfermedades
infecciosas emergentes (EIE) de origen zoonoético debido a la distribucion de su
biodiversidad y la densidad de su poblacién humana (Morse et al., 2012). Hecho
gue se ha evidenciado a través de brotes recientes de enfermedades humanas y/o
de la fauna silvestre, como el virus de la influenza A (H1N1), el virus del Oeste del
Nilo y otros flavivirus, alfavirus y hantavirus, entre otros (Mann et al., 2013;
Zepeda-Lopez et al.,, 2010). Estos acontecimientos y su posible relacién con la
biodiversidad y el cambio de uso de suelo han expuesto la necesidad de estudiar y
entender las relaciones entre agentes patdgenos, reservorios, vectores vy

ecosistemas en México.

Diversidad viral

Los virus representan probablemente la fuente més abundante de diversidad
genética del planeta. Conducen importantes procesos ecolégicos como el ciclo del
carbono y moldean las trayectorias evolutivas de los taxones de aquellos
hospederos que infectan; hospederos pertenecientes a todos los dominios de la
vida, ya que infectan animales, plantas, insectos, hongos, bacterias y arqueas en
todos los entornos posibles, de tal suerte, que han jugado un papel primordial en
la evolucion de todos los organismos (Arias, 2013; Suttle, 2007, 2009). Sin
embargo, a pesar de su indudable importancia y de mas de 100 afios de
investigacion en el area, el Comité Internacional para la Taxonomia de Virus

(ICTV) sdlo ha reconocido ~2,600 especies virales (http://www.ictvonline.org). Lo

gque representa ~0,1 % de los casi 2 millones de especies de animales, plantas y
algas que se han descrito a la fecha. La mayoria de los virus que se conocen
actualmente han sido descubiertos en seres humanos y animales domésticos,
descubrimiento que ha sido enfocado principalmente hacia virus que
histéricamente han impactado la economia y la salud publica. De hecho, gran
parte de lo que sabemos de los virus de fauna silvestre ha surgido a partir de los

esfuerzos de investigacion, vigilancia y control de EIE en seres humanos, la



mayoria de los cuales provienen de animales (Jones et al., 2008; Levinson et al.,
2013). Como consecuencia de su singular mecanismo de replicacién viral, los
virus de RNA en general y los CoVs en patrticular, presentan una alta frecuencia
de recombinacién y elevadas tasas de mutacion, lo que les permite adaptarse a
hospederos y nichos ecolégicos nuevos (Wolfe et al., 2007). Estos y otros datos
sugieren que la aparicibn de enfermedades infecciosas debe considerarse
principalmente como un proceso ecologico y es importante estudiarlo desde tal

enfoque.

Estudios coevolutivos

Recientemente, los factores relacionados con cambios globales, tales como, la
sobrepoblacion, el desarrollo tecnolégico y econdmico, la sociedad cada vez mas
globalizada, el aumento de movilidad y la inconsciente explotacién del medio
ambiente han contribuido a un aparente aumento en la transmision de agentes
patégenos de animales silvestres a seres humanos (Kuiken et al., 2005). En los
ultimos afios se ha invertido un cuantioso esfuerzo basado en la combinacion de
diversas disciplinas para descubrir el curso de los acontecimientos relacionados
con la introduccién de patdgenos zoonéticos en la poblacion humana (Anthony et
al., 2013b; Daszak et al., 2001; Daszak et al., 2013; Johnson et al., 2013; Keesing
et al., 2010; Levinson et al., 2013; Maganga et al., 2014; Rostal et al., 2012; Wolfe,
2005; Wood et al., 2012; Woolhouse et al., 2012). Un enfoque importante para el
estudio de patdgenos virales se basa en los analisis de coevolucién parasito-
hospedero. El conjunto virus-hospedero es una condicion excepcional para
estudiar los procesos coevolutivos, ya que los virus son pardsitos intracelulares
obligados y su evolucion esta inexorablemente ligada a las caracteristicas
ecologicas y evolutivas de sus hospederos. El estudio de estas dinamicas
coevolutivas puede ser abordado a nivel molecular (Arnaud et al., 2007; Lobo et
al., 2009; Pinkert et al., 2011), basado en la continua evolucion de la carrera
armamentista de acciones virales y contraataques celulares entre el sistema

inmune del hospedero y los mecanismos de evasion virales. También es posible
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abordarlo mediante perspectivas ecoldgicas y filogenéticas relacionadas con el
proceso macroevolutivo en el que hospederos y virus especian en paralelo debido
a la especializacion de sus interacciones (Bennett et al., 2014; Lei & Olival, 2014;
Lewis-Rogers & Crandall, 2010), o mediante cambios de hospedero (i.e., la
mayoria de los patdgenos zoonéticos emergentes que han explotado un nuevo
hospedero provocando efectos perjudiciales en la mayoria de los casos). Se ha
estimado que alrededor de tres cuartas partes de las enfermedades emergentes
en seres humanos son resultado de cambios de hospedero de otras especies
(Taylor et al., 2001).

Los murciélagos representan uno de los grupos de animales mas diversos, tanto
taxondmica como funcionalmente (Mayer et al., 2007; Teeling et al., 2005), con un
periodo de diversificacién que data hasta 85 millones de afios antes del presente
(Bininda-Emonds et al., 2007; Jones et al., 2005). Poseen caracteristicas unicas,
incluyendo gran longevidad, comportamiento gregario, altas densidades
poblacionales, gran movilidad espacial y sistemas inmunes privilegiados (Calisher
et al., 2006; Zhang et al.,, 2013). Muchos de estos rasgos podrian haber
contribuido a la capacidad de los murciélagos de coevolucionar con varios
microorganismos, y en consecuencia, fungir como reservorios importantes de
patégenos zoonoticos (Olival et al., 2012). La diversidad de los virus asociados a
ellos solo ha sido estudiada recientemente (Anthony et al., 2013b); esto a raiz del
incremento en la vigilancia epidemiolégica en fauna silvestre (Levinson et al.,
2013; Wood et al., 2012) y al perfeccionamiento de las técnicas de diagndstico
molecular (Haagmans et al., 2009; Lipkin & Firth, 2013). Con base en las
caracteristicas ecoldgicas y evolutivas, los CoVs pueden representar a muchos
virus zoonoticos de RNA, lo mismo aplica a sus hospederos quirépteros. Estos
grupos taxondémicos podrian representar un modelo adaptable al estudio de otras
interacciones patdégeno-hospedero, por lo que el andlisis de sus patrones
cofilogenéticos puede aportar informacion sobre interrogantes basicas acerca de

los procesos de emergencia viral.
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Antes de la epidemia de SARS la mayoria del conocimiento sobre los CoVs era
resultado de investigaciones asociadas a la salud animal, principalmente en
animales domésticos, por lo que los aspectos ecoldgicos y evolutivos han sido
poco estudiados. Los estudios filogenéticos y coevolutivos de patégenos
emergentes son necesarios para entender su origen, distribucion actual, las
especies hospederas asociadas y sobre todo proveer de bases para entender la
ecologia y el potencial zoonético que representan en diferentes areas de riesgo.
La biodiversidad del sureste de México ofrece el escenario ideal para estudiar
relaciones evolutivas entre distintas especies de murciélagos y la diverisdad viral
gue estos albergan, por lo que el presente proyecto inici6 en 2012 buscando
alcanzar los siguientes objetivos 1) identificar CoVs en murciélagos neotropicales,
2) estudiar la asociacién cofilogenética entre especies de murciélagos y CoVs y 3)
relacionar la prevalencia y diversidad de virus con los patrones de diversidad de

murciélagos en ambientes dominados por el hombre.
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Revision de literatura

En 2002-2003 ocurri6 una epidemia asociada a una enfermedad respiratoria
severa que se prolongé durante 8 meses, infecté a 8,096 personas y provoco 774
(9.5%) muertes (OMS, 2004), convirtiéndose en la primera pandemia del siglo XXI.
El brote de esta enfermedad vulnerd los sistemas de salud y econdémicos
internacionales (Bausch & Schwarz, 2014; Beutels et al., 2009; Fonkwo, 2008;
Mackey & Liang, 2012), al tiempo que evidencio la fragilidad de los programas de
vigilancia epidemioldgica a nivel mundial. En 2003 se identific6 al SARS-CoV
como agente etioldgico de la infeccibn humana (Drosten et al., 2003; Ksiazek et
al., 2003). A diferencia de los CoVs previamente descritos, mayormente asociados
a trastornos respiratorios leves (Van Der Hoek, 2007), este nuevo virus se destacé
por ser marcadamente patogénico (Hilgenfeld & Peiris, 2013). Desde el inico del
brote se sospechd del origen zoondtico del virus y las primeras investigaciones
realizadas en fauna silvestre de China sefielaron a las civetas de palma (Paguma
larvata) como el origen del nuevo CoV (Guan et al., 2003; Xu et al., 2004).
Posteriormente, se describié el papel de hospedero intermediario de estos
vivérridos en la transmision zoonética del SARS-CoV (Song et al., 2005) tras el
descubrimiento de CoVs similares al SARS en distintas especies de murciélagos
rinolofidos (Lau et al., 2005; Li et al., 2005). El reciente descubrimiento de CoVs en
murciélagos de herradura que utilizan el mismo receptor celular que el SARS-CoV
humano (Ge et al.,, 2013) aporté evidencia sobre el papel que juegan como
reservorio natural del virus, indicando que no es necesaria la participacion de

hospederos intermediarios para la infeccion humana.

En el ambito veterinario se han identificado y descrito distintos CoVs desde los
afios 1930s, incluyendo virus altamente patégenos que infectan animales de
produccion, de laboratorio y mascotas, como el CoV bovino (BCoV), el virus de la

gastroenteritis transmisible porcina (TGEV), el virus de la bronquitis infecciosa
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aviar (IBV), el virus de la peritonitis infecciosa felina (FIPV) y el virus de la hepatitis
murina (MHV) (Saif, 2004). De manera similar, en los afios 1960s se describieron
los CoVs humanos HCoV-229E y HCoV-OC43 y posteriormente al brote de SARS,
los HCoV-NL63 y HCoV-HKU1 (van der Hoek et al., 2004; Woo et al., 2005). En
2012, un sexto CoV altamente patogénico, identificado como MERS-CoV emergio
en Medio Oriente (de Groot et al., 2013; Zaki et al., 2012).

El conocimiento sobre la diversidad de CoVs se ha incrementado de manera
significativa desde la pandemia de SARS, con la descripcion de varios virus
nuevos que afectan una amplia gama de hospederos mamiferos y aves
(Cavanagh, 2005; Chu et al., 2011; Dong et al., 2007; Felippe et al., 2010; Guan et
al., 2003; Jackwood et al., 2012; Lau et al., 2012b; Woo et al., 2009b; Woo et al.,
2009c; Woo et al., 2012). Los murciélagos, en particular, han sido descritos como
reservorios importantes de CoVs y llegaron a ser propuestos como hospedero
natural de a-CoVs y B-CoVs poco después de la epidemia del SARS (Vijaykrishna
et al., 2007; Woo et al., 2009a). Como consecuencia, los esfuerzos de busqueda
se centraron cada vez mas en estos animales debido a que los murciélagos
contindan siendo reiteradamente sefialados como reservorios de un gran nimero
de agentes virales (Calisher et al.,, 2006; Luis et al., 2013; Olival et al., 2012;
Turmelle & Olival, 2009). Las numerosas descripciones de nuevos virus en
murciélagos y otros animales silvestres han modificado drasticamente nuestra
precepcion sobre la relevancia de los reservorios animales en el estudio y
entendimiento de las zoonosis emergentes (Karesh et al., 2012; Morse et al.,
2012). Sin embargo, el conocimiento sobre el papel de los factores ecoldgicos y
evolutivos que afectan la diversidad viral se descuida frecuentemente. Por
ejemplo, se ha demostrado un particular sesgo geogréfico referente a los estudios
de CoVs en murciélagos, con una evidente falta de informacién en zonas de alta

biodiversidad en Africa, Asia y América latina (Drexler et al., 2014).
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Inicialmente, la mayoria de los estudios orientados al descubrimiento de CoVs en
quirépteros fueron dirigidos a murciélagos de China (Chu et al., 2008; Chu et al.,
2006; Ge et al., 2012; Ge et al., 2013; He et al., 2014; Lau et al., 2005; Lau et al.,
2007; Lau et al., 2010a; Lau et al., 2012a; Lau et al., 2010b; Li et al., 2005; Poon et
al., 2005; Ren et al., 2006; Tang et al., 2006; Woo et al., 2007; Woo et al., 2006;
Wu et al., 2012; Yang et al., 2014, Yang et al., 2013; Yuan et al., 2010; Yuen et al.,
2012), seguidos de una vigilancia limitada en otros paises del sudeste asiatico,
incluyendo Japon, Filipinas, Tailandia, Bangladesh y Arabia Saudita (Anthony et
al., 2013b; Gouilh et al., 2011; Memish et al., 2013; Shirato et al., 2012; Suzuki et
al., 2014; Tsuda et al., 2012; Wacharapluesadee et al., 2013; Watanabe et al.,
2010). En el Viejo Mundo, también se ha descrito una considerable diversidad de
nuevos CoVs, tanto en Europa como en Africa (Annan et al., 2013; August et al.,
2012; Balboni et al., 2011; Balboni et al., 2012; De Benedictis et al., 2014; Drexler
et al., 2011; Drexler et al., 2010; Falcon et al., 2011; Geldenhuys et al., 2013;
Gloza-Rausch et al., 2008; Ithete et al., 2013; Lelli et al., 2013; Pfefferle et al.,
2009; Quan et al., 2010; Reusken et al., 2010; Rihtaric et al., 2010; Tao et al.,
2012; Tong et al., 2009).

En contraste con la diversidad de CoVs descrita en el Viejo Mundo, se han
realizado muy pocas investigaciones en el continente americano y el conocimiento
gue se tiene acerca de la diversidad de CoVs en este continente antes del 2013
era realmente limitado, especialmente para el caso de la regiébn neotropical.
Dominguez y colaboradores (2007) fueron los primeros en muestrear y analizar
murciélagos en el Nuevo Mundo en busca de CoVs, seguidos por Donaldson et al.
(2010) y Osborne et al. (2011). Estos grupos examinaron muestras de murciélagos
capturados en los estados de Colorado y Maryland, en los EUA, donde
encontraron a-CoVs en cinco especies diferentes de murciélagos vespertilionidos
(Eptesicus fuscus, Myotis evotis, Myotis lucifugus, Myotis occultus y Myotis
volans). Todos Unicos en comparacion con CoVs encontrados en Asia.
Posteriormente, Misra et al. (2009) analizaron muestras de M. lucifugus
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capturados en Canada y detectaron a-CoVs similares a los encontrados en los
murciélagos Myotis de Colorado. Otras detecciones incluyeron murciélagos
vespertilionidos y moldsidos (Huynh et al., 2012; Li et al., 2010). En América del
Sur, Carrington et al. (2008) identificaron a-CoVs en dos especies de murciélagos
de hoja nasal, Carollia perspicillata y Glossophaga soricina, que genéticamente se
relacionan con CoVs detectados en América del Norte y con algunos de los virus
hallados en murciélagos europeos. Estos datos resaltan la necesidad de explorar
la diversidad y distribucién de CoVs en México bajo la hipétesis de que la gran
ubicuidad detectada en este grupo de virus y la alta diversidad de especies de
murciélagos en la region neotropical de México, permitiria el descubrimiento de
diferentes CoVs con caracteristicas filogenéticas distintas y patrones

biogeograficos asociados.

Varios de los nuevos CoVs descritos en la Ultima década fueron identificados en
murciélagos de diversas especies y se ha evidenciado una fuerte asociacion entre
los murciélagos y dichos CoVs (August et al., 2012; Carrington et al., 2008; Chu et
al., 2009; Dominguez et al., 2007; Drexler et al., 2011; Drexler et al., 2010; Falcon
et al., 2011; Ge et al., 2012; Gloza-Rausch et al., 2008; Li et al., 2005; Misra et al.,
2009; Osborne et al., 2011; Pfefferle et al., 2009; Quan et al., 2010; Reusken et al.,
2010; Tong et al., 2009; Woo et al., 2006; Yuan et al., 2010). El gran numero de
CoVs gue se siguen detectando en murciélagos sugiere que muchas (si no la
mayoria) de las especies de murciélagos podrian estar asociadas con al menos un
tipo de CoV. Dado que se han reconocido ~1,200 especies de murciélagos, es
factible considerar la existencia de una igualmente amplia diversidad de CoVs.

En 2013, se reportaron 13 nuevos genotipos de CoVs (a-CoVs y 3 -CoVs) en
murciélagos de 4 familias distintas como resultado del presente proyecto (Anthony
et al., 2013a). Posteriormente se reportaron hallazgos similares en murciélagos de
México, Centro y Suramérica (Corman et al., 2013; Goes et al., 2013; Lima et al.,
2013).
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Bats am reservoing fof o wede range of homan pathogens including Nipah Hendra sbies, Ebola
Marbung and sovers acule respiralony syndnome coronaving (CoV). The recent implicalion of a
novel beta (£ CoV & the cause of alal respimlony disease in the Mddle Easl emphasres lhe
importance of survedllance for CoVes that have polenlial 1o move (rom bats inlo e human
populalion in a soeen of 606 bate (rom 42 different specses n Campeche Chiapas and Mesco
Cily we identified 13 distingd CoVe Nine were alpha (2)-CoVe; lour wene §-CoVs. Twele were
novel. Analyses of these viruses in the conler of their hasis and ecological habial indicaled thal
host speces & 4 srong selectve diver in CoV evalulon, even in allopalnic po pulalions separaied
by sgnificant geographical distance; and Lhal a single species/genus of bal can contain m ulliphe
CoVa A f-CoV wilh 96.5 % aming acd denlily Io the fCoV associalad wilth human disease in
the Middie Easi was found ina Nyclnomaops [aficavdafus bal, suggesting thal efforls lo idently
ihe viral reservonr should includs servedianee of the bal bunibes MolossidaeVes perilionidas or
the closay realed NyclendasEmbalionundee Whale il = imporiant (o investigals unkmnown viral
drversily in bals il = slso imporland Lo remember thal Lhe majonily of viruses they carry will nol
pose any clinical rek, and bals should nol be sbgmalived uhsquilously as signiican! threals o
pubbe health

and Deltacoronaving (8&CoV) (infecting mainly birds)

Compavimses (CoVs), in the :..u.]:nf:u'm'.‘rg,r Coronaviringe, are
erveloped, single-stranded positive-sense RMNA viruses with
spherical virions of 120-160 nm (King ef al, 2012). They are
among the largest RNA viruses, with complex polyadeny-
lated genomes of 26-32 kb, and are divided into four genera:
.&i}ﬁﬂmrmvim [z-CoV)] and Befacorotavirus [(J-CoV)
{imfecting mainly marnmals ), and Gammacoromayins {3-CoV)

These authos contsiuted equally o this work as poert st authoms.
These authos conlsbuted equally o ths work s ot ksl suthos

The GenBank/FMBEL TNA.] accession numbes for fie ssquences of
CoVis delermined in this shudy are KC11T184-KC1 17213

(King etal, 012 Woo et al, M12). Infection with CaVs
is often asymptomatic, however, they can be responsible for
a range of respiratory and enteric diseases of medical and
veterinary impornance. Chief among these is the severeacute
respiratory syndrome [(SARS)-CoV, which cawsed a pan-
demic in 2002-2003. This outhreak lasted for 8 months,
infected 8096 people and resulted in 774 deaths (WHO,
2004 ). Since then, a renewed public health interest in these
viruses has been stimulated by the emergence of a novel f-
CoV in nine penple from the Middle East. In these cases the
patients suffered from acute, seriows respiratory idlness,
presenting with fever, cough, shortnes of breath and
difficulty breathing (Zaki e al, 2012). Five cases later died.
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Itis currently unclesr where this particular virus came from,
though genomicanalyses have shown similarity to bat CoVs
(Zaki er al, 2012}, Given that the majority of emerging
pathogens are known to originate in animals (Jones e al,
208), the concern is that this curremt outbreak may
represent a further example of zoonotic ransmission from
wildlife to people, though further ecological, immunological
and evolutionary information is still required to confirm
this

Enowledge about CoV diversity has increased significantly
since the SARS pandemic, with the description of several
novel viruses from a wide range of mammalian and avian
hosts (Cavanagh, 2005 Chu ef al, 2011; Dong ef al., 2007;
Felippe er al, 201( Guan eral, 2003; Jackwood et al, 2012;
Lan ef al, 2012k Woo eof al, 2009a, b, 2012). Bats in
particular seem to be important reservoirs for CoVa, and
discovery efforts have been increasingly focused on them
since the mecognition of SARS-ike CoVs in rhinolophid
species (Lan ef al, 2005 Li ef al, 2005) and because bats
appear to be reservoirs for a large number of other virpses
(Calisher et al, 2006; Drexler et al, 2012; Jia et al, 2003;
Leroy ef @, 2005 Rahman ef al., 2000; Towner ef al,
271, Several of the novel CoVs described in the last
decade were identified in bats of warious species and
demonstrate a strong association between hats and CaoVs
[August er gl, 2012 Carrington et al., 2008; Chu er al,
20r%; Dominguezr ef al, 2007; Drexler e al, 2011, 2010;
Falofn et al, 2011; Ge & al, 2012k Gloza-Ransch et al,
208 Li et al, 2005; Misra er al, 200%; Oshorne et al, 2001;
Pfefferle er al, 200 Quan eral, 2000; Reusken ef al, 2000
Tong ef al., 200%; Woo er al, 2006 Yoan eral, 2010).

The large number of CoVs that continue to be described in
bats suggest that rmany (if not most) bat species might be
asociated with at least one CoV. Given that there are
~ 1 2 extant bat species known, theexistence of an equally
large diversity of CoVs must be considered likely, Initially,
miat discovery effort was targeted towards bats from China
(Ge et al, 2012z Lan ef al, 2000k L of al, 2005 Tang
et al, 2006; Woo e al, 2006), followed by limited
surveillance in other South-east Asian countries induding
Japan, the Philippines and Thailand (Gouilh & al, 20115
Shirate et al, 2002; Watanabe et a, 20100 In the Old
Waorld, novel CaV's have been found in both Europe and
Africa {August of al, 2012; Drexder efal, 2001, 2000 Gloza-
Rausch er al, 2008; Plefferle er al, 2000 Quan ef al., 2010
Rewsken eral, 2000; Rihtaric er al, 201 Tong et al, 20000 ).

In contrast, very bew imvestigations have been conducted in
the Mew Wordd and little is known abowt the divesity of
CoVs found here. Dominguer ef al (2007) were the first to
test bats in the Mew Warld for CoV, followed by
Donaldson ef al, (2000) and Oshorne et al. (2011). These
groups tested bats captured in Colorado and Mardand and
found =-CoVs from fve different species of evening bats
[(Epfesicus fusouws, Myots evols, Myotis lucifugus, Myots
oaeles and Myos volars), All were unigque commpared
with CoVs found in Asa. Misra ef al, (200) then tested
M. lucijfoges samples from Canada and detected a similar a-
CoV to those found in myatis bats from Colorado. In
South Amernca, Carrington ef al, (28] identified an a-
CoV in two species of leaf-nosed bats, Carcllia perspicillaa
and Glessaphaga soricisa, which dustered most closely with
CoVs from North American and European bats.

.0
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Fig. 1. {a) Map of sampding aies, (i) OF_ Mesco City, (i) Resena de b Biostem Monies Azules | Chispas, (iil) the Resera de la
Binatera Calsbomul, Campeche. (b) Co'l- positre bal, speces Lonchorfing auritn. This indradual (PUV-505) was posiive for the

noweld x-CoV Mex CoV-3.
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ey Rl Mathing is known about the diversity of CoVs in Mexico,

Many of the bats studied in Canada and the USA are alsn
found in Mexico, yet it is unknown whether similar viruses
ame found here. [tis dso unknown whether J-CoVe exist in
the Americas, or whether the x-CoVs predominate. This is
a substantive gap in our knowledge of CoV ecology because
cne-third of all bat species (and 75% of al known bat
genera) are found in the neotropics, which includes
southem Mexico (Osborne ef al, 2011; Wilson & Reeder,
20:05). It seerms probable that the high ecological, trophic
and taxonomic divemity found in Meotropical and Nearctic
bats in Mexico (Arita & Ortega, 1998) would be matched
by an equally diverse population of novel CaVs. In this
study we examined 42 species of bats using broadly reactive
comsensis PCR for the discovery of novel CoVs, and found
an additional 13 viral lineages/clades, clustering in both the
a-CoV and the §-CoV genera Phylogenetic analysis of
these new viruses has provided insight into the maolecular
epidemiology of CoVs, and shows that host speciation i a
significant driver in CoV evolution.

Total
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RESULTS AND DISCUSSION

The goal of this study was to increase our knowledge of
CoV divesity in hats from southern Mexico, Three sites
were included in the study: Campeche, Chiapas and
Mexico City (Mexico Distrito Federal; DLE.) (Fig. 1). At
two of the sites (Chiapas and Campeche) bats wer
captured in disturbed and undisturbed habitat to inwvest-
igate how anthropogenic activity may affect host and viral
diversity. Such habitat gradients do not exist in [LF., which
is & highly whanized site. A total of 1046 samples were
collected from &6 individoals, of 42 different bat species
{Table 1].

Campeche
{# Co¥ PCR PoalylCoV dadefs)]
Disturhed
i
1300, 2, 4, b, 10a]
a6

Ui sturived

13[4, 10, 5h, 11b]
144

Host (bat) diversity

Host diversity was examined at all sites. In Chiapas, a
species richness of 32 was recorded, and the calculated
Shanpor—Wiener diversity index (H") was 281 (Table 2).
A comparizon of undisturbed and disturbed habitat in
Chiapas (Shannon (4est) revealed no significant difference
in richness and divemity (P=0.11). In Campeche the
overall species richness was 16 and the diversity index H'
was 2,167 (Table 2). Again, no significant difference in host
diversity was seen between the undisturbed and disturbed
hahitats (P=i.44). Previous work has shown that hbat
diversity often reflects the level of disturbance for a given
habitat, with lower diversity recorded in disturbed areas
{Medellin e al, 3000). Mo such distinction was observed
here between disturbed and undisturbed sites. This may
reflect the dominance of bats from the genera Artibeus and
Carollia (Table 1}, both of which contain species that are
known to be more adaptable and resistant to the effects of
habitat fragmentation (Medellin er al,, 2000). An increasad
sampling effort induding larger spatial and temporal scales
will be needed to assess whether the abundance and

Insectivorous
Insectivor s
Insectivor ous
Insectivorous
Insectivorous
Insectivarous

Total sped esifamilis
Taotal animals captured

Trophic guild
Insectivor ous
Insectivorous

Species
Lasiwrs imrermed nes

Bawerus dibaguercis

Mporis migrica rs

Conorin ms FEicanis
Emballomuridas  Riymchomycreris naso

Saccopreryx nlimeara

Epreings fisns

Myoris keapsi

i

Tt s S i o 1031

Tndividual PMX- 505 Lonchorfura anrita | Fg. 1h)

Table 1. canl
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richness of less-well represented species alter the owerall bat
diversity in each fragment. In D.F. (Mexico City), eight
species were captured and the diversity index H' was 169
(Table 2). Sampling effort was not consistent among the
three sites, precluding amy direct comparisons of diversity
between Chiapas, Campeche and DLE.

CoV diversity

Eroadly reactive consensus PCR revealed CoV sequences in
3Ye06 (53 %) bats (Table 1). Sequence analyses indicated
high phylogenetic diversity and the presence of 13 distinct
clades at the nudectide level (Fig 1). Clades 53/5band 11a/
11b had high mucdeotide sequence identity and collapsed
into 4 single group when amalysed at the amino acid level
{data not shown ). Mine of the wiruses cdistered with known
a-CoVs, and four custered with §-CoVa (Fig. 2). One of
the #-CoVs (Mex_Cov-6) was closely related to a virus
identified previously in an Epfesicus fescus bat, sampled an
the Appalachian Trail in Maryland, USA (Danaldson er al,
2010). We therefore extend the known geographical range
of this virus to south-eastern Mexico and present the
discovery of a further 12 novel CoVa.

Prior to this study, very little was known about the diversity
of CoV's in the nentropics, despite the high diversity of bat
species found here (Wikon & Reeder, 2005). Here, we
demonstrate that several additional vimses from both the
genus Alphacorongires and the genus Betacoromavirus exist
in Mexico, This particular study was limited to the analysis
of a 329 bp fragment of the RNA-dependent RNA poly-
mierase (RARp ), however, it was sufficient for the identifica-
tion of these nowel strains and themfore satisfied our
primary goal of discovery,

CoV-positive sample types induded 27 rectal swabs, four
aral swabs and one hlood sample (annotated on Fig. 2).
The high number of positive rectal samples agrees with
previous studies, which showed CoV detection in bats to be
almost exclusively restricted to faeces (Lau ef al, 2005; Li
ef al, X005 Pleffede et al, 200% Tang ef al, 2006).
Detection in oral swabs has also been demonstrated, but
much less frequently (Carington ef al., 2008).

Fliglogeoetic amlyses of this sbort fragoent show daal
CoVs duster based on the relatedness of host species Fig 2
shows that all of the 2-CoVs detected in phyllostomid hats
cluster together; as do all =CoVs discovered in mini-
opterid bats, The families Vespertilionidae and Molossidae
are closely related (Agnarsson er al, 2011; Teeling et al,
2005), and viruses from these bats also cluster together,
though the additional presence of CoV HEU2 (from a
rhino ko phid bat; Woo et al, 2006) in this group i currently
unexplained. In the §-CoV genuws a similar pattern is
observed. All viruses identified in rhinolophid bats duster
together, as do viruses from the vespertilionid/maolossid
group, and equally so in the related momoopidphyllos-
tomid geoup. These results supgpest purifing selection,
which is apparently effective at the level of host spedes or

genus, For example, the a-CoV Mex_CoV-1 was anly
found in Carolliaspp, bats, but could be present variably in
the species Carollia sowelli or Carollia perspiciiata. The
same i true of the §-CoVis Mex_CoV-11a and Mex_CoV-
I1h, both of which were only found in Aribews spp. bats,
but which could be present in either Amibews Hromtus or
Antdeus phagotiz. Mex_CoV-6 was found in an Eptesicus
sp. bat and duostered wery closely with the previously
identified Epfesicus-associated CoV [(GenBank accession
no. HO585086). Fimally, the dose assodation of Mex-CaoV-
7 and 8 with Myotis velifer and Tadarida brasiliensis,
respectively, ako suggest strong host specificity. These
results agree with previows studies that show individual
CoVs are associated with a :a'.nﬂ-e species or genus, even
among co-roosti species — inc]udj.ug Minopierus,
Rowsettus, Rbinolphes and Hipposideros bats (Chuo et al,
200&; Dreder etal, 2000; Gouilh ef al, 201 1; Pleferle of al.,
200%; Quan er al, 20010; Tang et al,, 2006).

Phylogenetic asociation of CoVs with host species/genus is
particularly evident in allopatric populations separated by
significant geographical distances; such as Mex_CoV-6 and
the previously identified HOQS585086 (GenBank accession
na.) vims from Mardand, both of which were found in
Eptesicus fisces and shared a very high sequence identity
despite being separated by =>3500 k. Misra er al (2004)
reported a similar observation in North America, noting
highly similar viruses from Myotis spp. bats in Canada and
Colorado. And the same appears to be true in Myoiis
rickemti in Asia (Tang er al, 2006), in Chaerephon and
Rowsettus in Africa [Tong et al, X0%b), and in Nyclales
and Myoti spp. bats in Europe (August eral, 2012; Drexer
et al, 2000 Glora-Rausch et al, 2008). In all cases it was
conclnded that even if populations of these species were
thousands of kilometres apart, highly similar CoVs conld
be detected. It & important to qualify that our results are
based on a short sequence, and additional studies will be
required to assess whether our observations are consistent
when additional sequences from other genes/proteins are
comsidered

Mex_CoV-5b was the only vims to be found in two distinct
(but related) genera, having been detected in both Artdeus
and Carollia bats (Fig, 2). Such findings have been reparted
previnnsdy, albeit rarely (Tan of al | W12a: Oxharne of o |
2011; Tong ef al, 269}, and demonstrate that CoVs can
infect individuals from different premfsubordes. It &
interesting to note that this particular bat ( Carollia sowedl,
PMX-1232) was captured in a disturbed habitat. Increased
efforts for viml discovery in this region will be requined to
investigate whether disturbed habitats provide incressed
risk or oppartunity for viruses to spilh\rer into new species,
as previousy supgested (Cottontail ef al, 200%; Keesing
et al., 2000; Suzan er al, 2012). That said, the health risk to
people probably remains low, and bats should not be
viewed a5 a lisbility, especially given the wvital ecosystem
functions they serve [Medellin, 2008).

Strong asociations of CoVs with host species/genus conld
prove to be extremely wseful in identifying potential
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Table 2 Bvaluslions of hosl and viral dversily al each sfle/habilat using the Shannon divesrsily index
This index kes into acovunt the mmber of individoals as well as the mmber of taxa. A 0 vahee means that commumity has only 2 sngle axon

Site Hahitat Bat diversity Viml diversity
n 5 [richmess) D (diversity) n 5 | richmeess ) D (diversity )
Chiapas Undisturhed 130 6 2T7S ] 5 1551
Dristurhed iz n 1r57 3 2 WASES
Total ELE) n 181 9 [ L7358
Campeche Undisturhed 144 13 2ma 9 4 1149
Diisturbed a6 13 201 | 5 ld49g
Total 240 16 1067 17 7 L7342
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Fig. 3. Mapimum-ilelhood tree of a 329 bp fmgment o the RdRp fom all Col's (red, =CoVa: blus, §CoVa yelibw, -CoVal
Wiruses discoverad in his sludy are indicaled by blue crdes The 2012 human f-Col B indicated by an amow, and duskers
most clasly o PMX-1247/ NycBromops nfcasdatys Bar, 005 nudsofide subsitufions per site

reservoirs for virnses that do spillover into other species,
asuming that an emergent virus still shares sufficient
similarity to those droulating in the original host. A
phylogenetic amalysis of the new human @-CoV that
recently emerged in Sandi Arabia showed that the vires
clusters with vimses from bats in the vespertilionid/
molossid families, and that the dosest relative is the
Mex_CoV-9 virus that was identified in a Nycinomops
laticasdatus bat from this study (Fig 3). Sequence identity
hetween these two virses is 86,5 % at the nucleotide level,
bt 96.5% at the amino acid level When nn]}rthe first and
second mocleotide positions are considered, nudeotide
identity jurmps to 97.1 %, demonstrating both that there i
strong purifving selection acting on these viruses, and that
Mex_CoV-9 and boman §-CoV have probably been
evalving separately for gquite some time. These results
do pot mean the Saundi Arabian CoV onginates in
Nyctinomops spp. bat, but do suggest that any search for
the orginal reservoir of this virus should perhaps focus on
bats in the molossidvespertilionid families, or the related
nycterid/emballonurid families.

Artibeus was the only genus shown to contain more than
one CoV, with the detection of the a-CoVs Mex_CoV-5a
and 5b, Mex_CoV-4, and the f-CoVs Mex_CoV-1la'h,
However, bats in this genus were also the most frequently
sampled (Table 1), which probably explains why maore
virmses were identified. Other studies hawe abko identi-
fied multiple CoVs within a single species, induding
Riimolopies simices (Yuan ef al, 2010) and Rowusefius
leschenaedti in China (Lau er al, 2010a), and Miniopters
spp. and Rhinolophas spp. from Burope (Drexler er al,
H010); all of which were shown to be doubly and trply
infected with different CoVa Further studies focusing on
rarely represented species would be needed to investigate
whether population size determines the shility for bats
to carry maore than one CoV, or whether all genera are
capable of supporting multiple CoVs independently of
population size. In this study, when multiple CoV's were
discovered in a given bat species/genus they were often
closely related, for example 2-CoVs Mex_CoV-5a/h and f-
CoVs Mex_CoV-1la'h. When examined at the aminoe acid
level, these clades collapsed into single groups, vet they
maintained separate dades at the nuclentide lewel,
suggesting the contemporary evolution of new strains in
these bats Together, these results highlight the impart-
ance of screening suffident numbers of individuals per
species when attempting to describe wiral diversity in a
given population/region

Methods used to assess the diversity of host species were
abo used to messure CoV diversity at undisturbed and
disturbed sites in Chiapas and Campeche. Mo significant
difference was seen in CoV diversity across gradients

(Chiapas, P=0.10y Campeche, P=0.47), mirroring the
non-significart  difference abio observed in the host
(descrbed abowve).

METHODS

Shes and samplifeg. Bats were captured at three different sites in
Mexico, the Rmeva de o Biosfaa Montes Amles {Chizpas], the
Reserva de b Bioskera Calakmoul { Campeche ), and Mexico City [ DLF,
Hg. 1. The first two sites, located i south- smstem Mexico repre=ant
regions of high species diversity, and are characterired by large tracts
of continuous primary vegeation, while Medo City reprsants a
highly urhanired site In Chiapas and Cam peche hats were mileced in
two landscape gradients, assignad ax (1) “Undisturhed” forest (1TD),
where any sign of human impact is lrgely ahsent; and [2) “Disturhed”
(D), defmed as the transifon zone hetwesn aress of primary
vegstation and agricul ture/livestock, and by the presence of wrian
areas. Landscape units were separated by at least 10 bmo Capture
effort included two nights of tapping using 5 9 m mist nek by
Toaets or inTaging sites. Mets were opened at disk and remiained open
for 4 h consequtively. Identibcation of animak was made using feld
guide [Meddlin eral, 3008) Oral and rectal swahe, and blsod were
oollacted {when possible) from each animal For blood samples
= 10% of the hlood volume was colleated and for small hats hlood
was taken using prowmcnls previously described | Smith eral, 2000). A
velerimrian was prasent forall sampling and all animals wene released
safely at the sie of aphre Samples were collacted directly into lysis
bufler and preseved & —80°C il tanser to the Center for
Infection and Tmmumity for CoV screening. Capture and sample
oollection was approved by the Institubional Animal Care and Use
Committer at the University of Califomiz, Davis [protocal mrmber:
1048y

Laboratory testing. Total muclksic acid ws evtracted from al
mmpls wing the Exphlag (bioMaisx) phtomm, and JDJHA
synthesis perfommed  weing SuperScript T first strand  mymthess
supermix [Invitrogen |, all according the manufadurer’s instrucions.
CoV discovery was peformed using broadly reactive consensus PCR
primers, targeting the RdRp (Chman et al, 20105 PCR products of the
expecid si were donad imin Stmfaclone PCR coning vedor and
sequenced using standard MR primes. If an individmal tested
pasitive for Go'¥', the species of the hatwas secondarily aondnmed with
genetic harcoding, frgeting hoth grtochrome oddase subunit T and
Cpt-b minchondrial gemes, as described previoasly (Townzen o al,
200

Analysls. Sequences wers adited using Gensous Pro (S64).
Algnment were mnstructed using QUNTAL W, exeaited through
likelihood trees were builtin s#ca (5.0, and bootstapped using 1000
repetitions. Nucleofide trees that nepressnt a consensus of hath
methnds are presented. Evaluations of host and vimal diversity at each
site/habitat were made using the Shanmmon-Wienar diversity index
[H') using the Past 18] software This index fakes imto account the
naumber of indnd duals as wel as the number of toa. A 0 value means
that the commmity has only a single taxon. Comparison of the
Shamon-Wimer diversities [entropies) wers akulated hetween
hahitat types for mch region using the Shanmon r-test, described by
Paale [1974)

hitlp A Sgprmpouima s o
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Abstract

Host range is believed to be an important risk factor for zoonotic emergence.
Viruses that can infect multiple hosts are considered more likely to emerge as
pathogens, compared with those that are restricted to a single host species or to a
group of closely related hosts. Understanding co-phylogenetic patterns between
coronaviruses (CoVs) and their hosts is therefore of interest because of the
potential to reveal patterns in the degree of specificity for different host species and
geographical regions. Here we tested for congruence between alpha(a)-CoVs and
beta(B)-CoVs and their bat hosts in Mexico, using global co-speciation tests,
ParaFit and PACo. We found evidence for significant congruence between host
and viral phylogenies suggesting that some degree of co-speciation has occurred
in this region. In contrast, a related study on bats from China did not identify co-
phylogenetic congruence. We therefore suggest that there may be geographical
variation in the degree of host specificity for CoVs, which may subsequently reflect
regional differences in pathogen emergence risk.

Introduction

Bats have been proposed as a natural reservoir for many important zoonotic
viruses, including lyssa-, filo-, flavi-, paramyxo-, and corona- viruses (CoVs) [1-5].
In recent years, factors such as land-use change, population growth and increased
trade and travel have contributed to an increase in the emergence of such viruses
from wildlife to humans [6]; this has led to greater interdisciplinary efforts to
understand the course of events related to zoonotic emergence [7-9]. One
approach is the reconstruction of host and viral phylogenies to look for congruence
in evolutionary histories, and where possible to identify host-specialists and host-
generalists (i.e. higher likelihood of spillover). During the last decade, several such
‘co-phylogenetic’ studies have focused on viruses from different families [10-15], as
well as parasites [16,17]. These studies have shown contrasting patterns in the
congruence of host:microbe phylogenies, and have suggested that the degree of
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association can be influenced by both microbial factors (e.g. mode of transmission
and dispersal capacity) and host ecology. Where some degree of host-specificity is
demonstrated, co-phylogenetic patterns can be used to quantify the frequency of
spillover events within and between hosts, and subsequently allow for the
investigation of factors associated with increased spillover rate, for example

viral/host traits or interface.

In a previous study [18] we reported the discovery of 13 distinct CoVs in
bats from Mexico, (9 a-CoVs and 4 3-CoVs) from a survey of 606 bats from 42
different species. This report suggested a level of host-specificity (or host
association) for these viruses based on the observed phylogenetic relationships in
the RNA dependent RNA polymerase (RdRp). Here we test the hypothesis that
CoVs in New World bats have a high degree of host specificity.

Materials and Methods

Sequence data

The CoV sequences (n=32) included in our analyses were described
previously [18]. These sequences correspond to nine different genotypes in the a-
CoV genus, and four different genotypes in the 3-CoV genus (Table S1). The host
dataset include mitochondrial DNA Cytochrome-b (Cyt-b) gene sequences from 40
of the 42 bat species sampled in our previous study (Table S2). Cyt-b gene
sequences were obtained from GenBank (Table S3). We selected Cyt-b because
of its demonstrated reliability in reconstructing the phylogenetic history of
Chiroptera [19]. For any bat species that did not have a Cyt-b sequence available
in genbank (n=3), we substituted the sequence for the most closely related
species. The three substitutions were: Phyllostomus hastatus for Phyllostomus
discolor, Choeroniscus minor for Choeroniscus godmani, and Lasiurus borealis for
Lasiurus intermedius. Two Leptonycteris bat species were not included because
sequences from this or a related species were not available. All samples from
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these five species were negative for CoV (Table S2).

Phylogenetic analysis

Alignments were constructed using MAFFT [20], executed through
Geneious Pro (6.1.6), and manually refined. Avian infectious bronchitis virus (IBV;
accession NC001451) was used as the out-group for CoV phylogenies. Pteropus
giganteus (KJ532397), Homo sapiens (NC012920) and Ornithorhynchus anatinus
(HQ379861) were used for the host phylogenies. Maximum likelihood (ML) trees
were generated using RAXML [21] implemented with raxmIGUI [22] under a
GTR+gamma substitution model, and bootstrap resampling frequencies were
estimated with 1,000 replicates. Bayesian inference (Bl) was also used to
corroborate the phylogenies generated by ML using MrBayes 3.2.1 executed
through Geneious [23] under a GTR substitution model, with 10,000,000
generations, sampling every 5000™ generation with 4 heated chains and a burn in
length of 1,000,000. ML trees with an identical topology obtained by both ML and
Bl methods are presented and were used for the co-phylogenetic analysis. Clade
support values larger than 50%/0.5 are provided for each phylogram.

Host-Virus Co-Phylogenetic Analysis

Phylogenetic congruence between bats and CoVs was analyzed using
topological global co-speciation methods, which are based on statistical tests for
congruence between host and virus phylogenies. This approach is considered to
be less biased than event-based and cost-based methods where subjective cost
schemes are used [24] as it uses an a posteriori interpretation that is not integral to
the test. We selected global-fit methods, which are able to deal with cases in which
multiple viruses are associated with a single host, or where multiple hosts are

associated with a single virus.

Host and virus phylogenies were transformed into patristic distance matrices
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and a host-virus identity matrix constructed to identify associations. A sum of
squared distances gives a value for the overall similarity between trees
(ParafitGlobal), which was compared with a distribution of ParafitGlobal values
obtained by permutations to assess statistical significance. By removing links one
at a time, we assessed the contribution of each individual link to the overall
congruence between host-virus phylogenies. Two methods, ParaFit [25] and
Procrustean Approach to Cophylogeny (PACo) [26] were used, to test for
consistency. Global-fit analyses were performed in ParaFit using package ape [27]
implemented in R 3.1.1 [28]. We used 1,000 permutations to implement the global
test, and also to test individual CoV-bat links. Each individual CoV-bat interaction is
determined to be significant if either ParaFit 1 or Parafit 2 p-values are < 0.05.
PACo was also implemented in R using the ape and vegan packages. This test
was used to quantitatively assess the congruence between the two phylogenies, as
well as the host-virus links contributing to the co-phylogenetic structure. PACo
differs from ParaFit by utilizing Procrustean superimposition, in which the viral
matrix is rotated and scaled to fit the host matrix. Thus, PACo explicitly tests the
dependence of the viral phylogeny upon the host phylogeny, providing a goodness-
of-fit statistic (m®xy) whose significance is established by a randomization
procedure [29]. As with ParaFit, PACo requires three matrices, one where host
(rows) — virus (columns) associations are indicated as presence/absence (host-
virus links), and two genetic distance matrices, which are calculated from the host
and viral phylogenetic trees. The host-virus link matrix was transformed into an
identity matrix to accommodate multiple associations (e.g. hosts harboring more
than one parasite species/lineage and vice versa) and the two distance matrices
were transformed into matrices of principal coordinates (PCo).

Results

The host (bat) phylogeny was well resolved and in agreement with

previously reported chiropteran phylogenies [19,30,31]. For the viral phylogenies,
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the 32 CoV sequences clustered into 13 distinct clades, in either the a-CoV or 3-
CoV genera, as reported previously [18]. As both ParaFit and PACo allow bats that
tested negative for CoV to be included, we were able to use this reasonably
resolved phylogeny to obtain a more precise understanding of host-virus
interaction. Both ParaFit and PACo analyses provided evidence for a significant
congruence between CoV and chiropteran phylogenies (ParaFitGlobal = 48.32226,
P<0.001; m?xy = 2.016884, P<0.0001). Twenty-one (66%) of the 32 individual host-
virus links were significant based on either the ParaFitl or Parafit2 values (P<0.05,
Figure 1); results for PACo were consistent with this finding (Figure S1). We
considered the potential for differences in the biological and evolutionary histories
of a-CoVs and -CoVs to reflect differences in their co-phylogenetic signals, and
so also analyzed host:virus links separately for a-CoVs and -CoVs. ParaFit and
PACo co-speciation signal was detected and the same individual links were
significant for both CoV genera (Figure 1). In all cases, we note that the significant
congruence observed between both a -CoVs and  -CoVs and their bat hosts
appears to be largely driven by CoVs detected in bats from the (related) genera

Artibeus and Carollia.

Mex_CoV-6, 7 and 8 were not shown to be significantly associated with their
host species [Eptesicus fuscus (P=0.51), Myotis velifer (P=0.22), and Tadarida
brasiliensis (P=0.11)], despite appearing to have some discernible pattern of
phylogenetic agreement. However, if host species that were negative for CoV were
excluded from the analysis, then Mex_CoV-6, 7 and 8 did become significantly
associated with their hosts (P=0.05, P=0.03, P=0.01, respectively). This suggests
that the inclusion of host species that appear to be negative for CoVs are
influencing the model (which assumes that a negative species is one that does not
host any CoV, rather than one in which CoV was simply not detected). Given our
data set we cannot be certain that increased sampling wouldn’t readily identify
additional viruses that, when included in the analysis, would demonstrate a

significantly congruent association.
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We further conducted analyses at the genus taxonomic level (28 bat
genera), where we also found a strong co-speciation signal (ParaFitGlobal =
58.79816, P<0.001; m’y = 2.025327, P<0.0001), and observed no changes in
host-parasite links (same 21/32 significant individual links). Analyses separated for
each viral genus showed the same significant pattern of codivergence (for a-CoVs:
ParaFitGlobal = 56.37751, P<0.001; m%y = 0.8812547, P<0.0001, with the same
16/25 significant individual links; and for 3 -CoVs: ParaFitGlobal = 4.155172,
P<0.001; m%y = 0.02741052, P<0.0001, with the same 5/7 significant individual
links, Figure S2).

Discussion

In this study we analyzed the co-phylogenetic patterns of New World bats
with both a -CoVs and 3 -CoVs. We detected congruence in the viral and host
phylogenies and use this to suggest that coronaviruses and bats have a history of
‘co-speciation’ in the New World. Our findings are particularly significant because
Mexico represents the transitional zone between Nearctic and Neotropical regions
[32] and is considered an evolutionarily ‘active’ zone where several speciation
events have taken place in the past. Indeed, Mexico is recognized as an area of
high diversity and endemism - where resident, migratory, endemic, and widespread
species coexist [32-34]. It is therefore a unique place to explore co-speciation
patterns between the CoVs and their hosts.

Our results indicate that the association of CoVs with bats is strongest at the
(host) genus level, as evidence of host-switching was observed between bat
species of the same genus [18]. Given the differences in nucleotide substitution
rates between viruses and mammalian hosts, we do not assume these viruses
have evolved on similar temporal scales, but rather suggest they belong to
lineages that have long historical associations with particular groups of bats. We
note however that the associations between CoVs and bats from the genera
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Artibeus and Carollia appear to drive this result, and we therefore suggest that
additional CoVs infecting other bat species will be required to fully validate this
finding.

A previous study on co-phylogenetic associations failed to identify congruence
between CoVs and their bat hosts [35]. This study included CoVs detected in
vespertillionid and rhinolophid bats found in China, and showed that these viruses
were able to move between different hosts fairly readily. The authors suggested
this could be due to biological (virus and/or host) or behavioral (ecological) traits,
which would agree with previous suggestions that the large genome size, frequent
recombination, and high mutation rate of CoVs could support the ability of CoVs to
switch hosts frequently [36]. Indeed, there are certainly several “promiscuous”
viruses distributed through the CoV phylogeny [37] including both SARS-related
and MERS-related CoVs [4,37-39].

There are also examples however of CoVs that seem to have a fairly
restricted host-range [37] suggesting there may be variation in the patterns of host-
association. Most of the CoVs detected in the Neotropical ecozone [18,40],
including those considered in this study, appear to be restricted to single host
genera (based on the limited sampling and discovery efforts conducted to date). If
supported over time, this finding suggests that the evolutionary history of CoVs in
the New World could be dominated by traits (e.g. immunologic response of hosts to
different CoVs) that are conserved at low taxonomic levels (i.e. genus), as there
are no apparent ecological barriers that would explain the host-specificity.

Regional variations in the level of virus host-specificity might well support
the hypothesis that there are regional differences in the likelihood of a spillover
event. If true, hotspot models that seek to identify high-risk areas for disease
emergence [6] could be greatly enhanced by a better understanding of these
regional virus:host dynamics. Additional surveillance and discovery will be
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required to assess whether the CoVs found in Mexico are indeed more host-

restricted than CoVs found in other parts of the world.
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Figures Legends

Figure 1. Tanglegram of cophylogenetic relationships between bat species
and Coronaviruses.

Maximum likelihood phylogenies for bat hosts (left: blue, Phyllostomidae; green,
Mormoopidae; brown, Molossidae; orange, Vespertilionidae; grey, Emballonuridae)
and coronaviruses (right: red, a-CoVs; blue, 3-CoVs), with bootstrap support
values (=50, 20.5; ML and B, respectively), rooted with outgroups (in magenta). All
32 CoV sequences are presented on the tree with the CoV clade name followed by
PMX number that refers to the host identity. Names of CoV-positive bats are
shown in green, and negative ones are shown in black. All 32 host-parasite
associations are presented in the tanglegram as grey and black connecting lines
(solid lines for a-CoVs and dashed lines for 3-CoVs). Black lines indicate
significant individual cospeciation links between CoVs and their bat hosts as
indicated by ParaFit (P<0.05), while grey lines represent non-significant links. Bar

represents genetic distance among lineages.
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Figure S1. Contributions of individual host-parasite links to the PACo global
cospeciation fit.

Figure S2. Tanglegram of cophylogenetic relationships between bat genera
and Coronaviruses.
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Table S2. Numbers of all bats captured at each site.

Table S3. Cytochrome b GenBank accession numbers of bat species

sampled in Mexico
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Figure 1. Tanglegram of cophylogenetic relationships between bat species

and Coronaviruses.
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Figure S1. Contributions of individual host-parasite links to the PACo global

cospeciation fit.
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Figure S2. Tanglegram of cophylogenetic relationships between bat genera

and Coronaviruses.
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Table S1. Coronavirus sequences detected in Mexican bat hosts

GenBank Host Species Genotype_ Animal Id Region
Accession
Alphacoronavirus
KC117186 Carollia sowelli Mex_CoV-1_PMX292 Chiapas
KC117189 Carollia sowelli Mex_CoV-1_PMX489 Chiapas
KC117205 Carollia sowelli Mex_CoV-1_PMX1353 Campeche
KC117193 Carollia perspicillata Mex_CoV-1_PMX1239 Campeche
KC117196 Carollia perspicillata Mex_CoV-1_PMX1271 Campeche
KC117206 Carollia sowelli Mex_CoV-2_PMX1354 Campeche
KC117197 Carollia sowelli Mex_CoV-2_PMX1275 Campeche
Carollia sowelli Mex_CoV-2_PMX015 Chiapas
KC117190 Lonchorhina aurita Mex_CoV-3_PMX505 Chiapas
KC117194 Artibeus jamaicensis Mex_CoV-4_PMX1245 Campeche
KC117188 Artibeus jamaicensis Mex_CoV-5a_PMX469 Chiapas
Artibeus jamaicensis Mex_CoV-5a_PMX070 Chiapas
KC117201 Artibeus lituratus Mex_CoV-5b_PMX1331 Campeche
KC117202 Artibeus jamaicensis Mex_CoV-5b_PMX1345 Campeche
KC117203 Artibeus lituratus Mex_CoV-5b_PMX1347 Campeche
KC117204 Artibeus lituratus Mex_CoV-5b_PMX1349 Campeche
KC117191 Artibeus jamaicensis Mex_CoV-5b_PMX1215 Campeche
KC117192 Carollia sowelli Mex_CoV-5b_PMX1232 Campeche
KC117184 Eptesicus fuscus Mex_CoV-6_PMX210 Chiapas
KC117208 Myotis velifer Mex_CoV-7_PMX1423 DF
KC117209 Myotis velifer Mex_CoV-7_PMX1424 DF
KC117213 Myotis velifer Mex_CoV-7_PMX1448 DF
KC117210 Tadarida brasiliensis Mex_CoV-8 PMX1437 DF
KC117211 Tadarida brasiliensis Mex_CoV-8 PMX1438 DF
KC117212 Tadarida brasiliensis Mex_CoV-8 PMX1445 DF
Betacoronavirus
KC117195 Nyctinomops laticaudatus Mex_CoV-9_PMX1247 Campeche
KC117198 Pteronotus parnellii Mex_CoV-10_PMX1302 Campeche
KC117185 Artibeus phaeotis Mex_CoV-11la_PMX261 Chiapas
KC117207 Artibeus lituratus Mex_CoV- Campeche
1la_PMX1355
KC117187 Artibeus phaeotis Mex_CoV-11b_PMX427  Chiapas
KC117199 Artibeus phaeotis Mex_CoV- Campeche
11b_PMX1310
KC117200 Artibeus lituratus Mex_CoV- Campeche

11b PMX1311
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Table S2. Numbers of all bats captured at each site

A total of 606 bats were sampled across three sites. The number (#) of CoV
positives (Pos) is indicated in parentheses, together with the number of CoV clades

in square brackets.

* Bat species not included in the phylogenetic tree

Family Bat species Campeche Chiapas DF
(# CoV Pos) (# CoV Pos) (# CoV
[CoV clade(s)] [CoV Pos)
clade(s)] [CoV
clade(s)]
Phyllostomidae  Artibeus jamaicensis 56 (3) [4, 5b] 37 (2) [5a]
Artibeus lituratus 53 (5) [5hb, 11a, 54
11b]
Artibeus phaeaotis 24 (1) [11b] 12 (2) [11a, 11b]
Artibeus watsoni 8 9
Carollia perspicillata 12 (2) [1] 9
Carollia sowelli 41 (4) [1, 2, 5b] 31 (3) [1, 5a]
Centurio senex 4
Choeroniscus 6
godmani*
Chrotopterus auritus 2
Desmodus rotundus 7
Glossophaga 3
commissarisi
Glossophaga 9 39
soricina
Leptonycteris 2
nivalis*
Leptonycteris 1
yerbabuenae*
Lonchorhina aurita 1) 3]
Micronycteris 1
microtis
Micronycteris 5
schmidtorum
Mimon cozumelae 1
Phylloderma 2
stenops
Phyllostomus 2
discolor*
Platyrrhinus helleri 6
Sturnira lilium 12 22
Sturnira ludovici 23
Tonatia saurophila 1
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Vespertilionidae

Molossidae

Mormoopidae

Emballonuridae

Total bats

Trachops cirrhosus

Uroderma bilobatum
Antrozous
dubiaquercus
Eptesicus fuscus

Corynorhinus
mexicanus

Lasiurus intermedius*
Myotis keaysi

Myotis nigricans
Myotis occultus
Myotis velifer
Nyctinomops
laticaudatus
Nyctinomops macrotis
Tadarida brasiliensis

Mormoops megalophylla
Pteronotus davyi
Pteronotus parnellii
Rhynchonycteris naso

Saccopteryx bilineata
42

2
1 4
18
1(1)[6]
1
2
1
5()[9]

9 2

1 1

2 (1) [10] 17

1

1
240 332

1
7(3)[7]

10
10 (3) [8]

34
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Table S3. Cytochrome b GenBank accession numbers of bat species sampled in
Mexico

* Bat species substituted in the phylogenetic tree

Bat species GenBank Positive for Negative for
Accession

Antrozous dubiaquercus EF222381 X

Artibeus jamaicensis NC002009

Artibeus lituratus NC016871

Artibeus phaeaotis DQ869387

Artibeus watsoni U66516 X

Carollia perspicillata NC022422

Carollia sowelli AF511973

Centurio senex AY604441 X

Choeroniscus minor* KC783055 X

Chrotopterus auritus FJ155481 X

Corynorhinus mexicanus AY776067 X

Desmodus rotundus DQO077398 X

Eptesicus fuscus AF376835

Glossophaga AF382886 X

commissarisi

Glossophaga soricina AF382867 X

Lasiurus borealis* JN209842 X

Lonchorhina aurita FJ155494

Micronycteris microtis AY380755 X

Micronycteris AY380753 X

schmidtorum

Mimon cozumelae FJ155478 X

Mormoops megalophylla AF338687 X

Myotis keaysi JX130525 X

Myotis nigricans AF376864 X

Myotis occultus AF294500 X

Myotis velifer JX130589

Nyctinomops L19729

laticaudatus

Nyctinomops macrotis GQ424045 X

Phylloderma stenops FJ155480 X

Phyllostomus hastatus* FJ155479 X

Platyrrhinus helleri KJ576924 X

Pteronotus davyi AF338672

Pteronotus parnellii AY604456

Rhynchonycteris naso EF584188

Saccopteryx bilienata EF584201
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Sturnira lilium
Sturnira ludovici
Tadarida brasiliensis
Tonatia saurophila
Trachops cirrhosus
Uroderma bilobatum

KC753846
KC753806
JF489129
FJ155487
FJ155483
AY169900
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Abstract

Using integrative epidemiologic techniques, we studied the changing
relationships (beta and phylogenetic beta diversity) of multihost systems and virus
associations in bat communities in fragmented landscapes from Chiapas,
Campeche and Greater Mexico City. We combined computing applications,
molecular detection, and nucleotide sequencing of coronaviruses, hantaviruses,
paramyxoviruses and pegiviruses with ecological and phylogenetic analyses. A
total of 22 viruses were discovered in 1,067 samples from 42 bat species,
representing an estimated 78% of all viral richness in the system. Based on 17
virus genotypes discovered with an equal sampling effort, a total viral richness of
23 genotypes was estimated using a Chao2 statistic model. Using a residual model
we categorized host species and habitat types that are prone to harbor higher viral
richness. A positive relationship between phylogenetic host diversity with viral
diversity (r =0.41, p < 0.05) and viral richness (r = 0.51, p < 0.05) was found. Beta
diversity (the rate of change) of viral communities was explained by host beta
diversity (r = 0.86, p < 0.05). To understand the change in viral and host
communities we partitioned beta diversity in nestedness (species loss) and
turnover (compositional dissimilarity) components. In Chiapas the host beta
diversity was explained by nestedness of species composition while phylogenetic
host diversity was explained by turnover of the host lineages. Campeche showed a
high phylogenetic host nestedness and low host turnover. Beta-diversity and beta-
phylogenetic diversity indicated that patterns of local species assemblages and
regional abiotic features in human dominated landscapes are significant drivers of
viral community composition. Our study represents the first effort in Mexico to
study the relationship between viral diversity in bat communities in modified
landscapes to understand hosts-viruses relationships.

Keywords: Disease Ecology, Chiroptera, viral richness, alpha diversity, beta

diversity, phylogenetic diversity, habitat loss.
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Introduction

Land use change appears to be the primary mechanism driving zoonotic
diseases (Patz et al., 2004). The expansion of agricultural production and
urbanization have simultaneously modified ecosystem structure and function,
community structure (species assemblages), patterns of species distribution and
biodiversity (Christian et al., 2009; Gibbs et al., 2009). These modified systems
have produced suitable environments for multi-species interactions, particularly
hosts, vectors, and/or pathogens (Rubio et al., 2014; Jones et al., 2013; Rivard et
al., 2007; McMichael, 2004).

Bats, on one hand, have been considered the likely source of highly
pathogenic RNA viruses including lyssaviruses (Banyard et al., 2011), Ebola virus
(Leroy et al., 2005), Marburg virus (Towner et al. 2009), Nipah virus (Epstein et al.,
2006), Hendra virus (Smith et al., 2011), and coronaviruses (e.g. SARS-
coronavirus, MERS-coronavirus) (Hilgenfeld & Peiris, 2013). Bats, on the other
hand, are recognized as a key group in the maintenance of ecological systems by
providing ecological services such as pollination, seed dispersion and pest control.
Additionally, due their response to habitat loss and fragmentation bats are
excellent biondicators of environmental changes (Medellin, Equihua, et al., 2008).

To properly understand complex interactions in mutihost systems several
ecological and phylogenetic tools have been used. In disease ecology, diversity
indices have been used to correlate the number of species (richness) and the
relative abundance of species present in a given community (alpha diversity) with
disease prevalence (Suzan et al., 2009) and in microbiomes systems (Olson et al.,
2014; Anthony, Epstein, et al., 2013). Diversity indices have also been used to
evaluate changes in host-parasite composition in hosts communities at local,
regional, and biogeographic scales (Alpha, beta gamma diversity) (Scordato &
Kardish, 2014; Svensson-Coelho & Ricklefs, 2011). From an evolutionary
perspective, host and pathogen phylogenetic relationships have been studied and

diversity indices have been incorporated to measure changes in host species
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community assemblages through environmental gradients (Helmus et al., 2007,
Webb et al., 2002). These phylogenetic methods offer additional dimensions to
explore host-parasite interactions in time, such as; host specificity, host-parasite
co-evolution, host switching events, and phylogenetic barriers preventing pathogen
transmission (Poulin et al., 2011; Streicker et al., 2010; Legendre et al., 2002). The
study of ecological and phylogenetic interactions between host-pathogen systems
integrates the role of environmental influences on host and pathogen distributions
across time and spatial scales and across different levels of biological organization
beyond taxonomic levels (Hawley & Altizer, 2011)

In this study we examined the relationship between host diversity and the
diversity of four viral taxa in bats from human dominated landscapes in Mexico.
Two hypotheses were tested related to the effect of host species and host
phylogenetic diversities on viral diversity and the influence of habitat type in the
composition of host and viral communities. First, we hypothesized that (1) host
communities with high species and phylogenetic diversities will support high values
of viral diversity; (2) changes in host and viral community composition across a
habitat type will be reflected in high values of beta diversity and phylogenetic-beta

diversity.

Material and Methods

Sample collection

Bats were captured at three different sites in Mexico at Reserva de la Biosfera
Montes Azules (RBMA) in Chiapas, the Reserva de la Biosfera Calakmul (RBC) in

Campeche, and Greater Mexico City (GMC) that include Distrito Federal and

Metropolitan Area. The first two sites, located in southeastern Mexico, represent

regions of high species diversity and are characterized by large tracts of continuous

primary vegetation, while the Greater Mexico City site is highly urbanized with

vegetation patches. A high evergreen forest characterizes RBMA while RBC is

dominated by tropical semi-deciduous forest; both regions have high anthropogenic
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pressure. In RBMA and RBC bats were collected from three different habitat types:
‘Forested’ (Fd), where signs of human impact are largely absent and original
vegetation persists, ‘Fragmented’ (F), areas of primary vegetation are interspersed
with agricultural/rangeland and ‘Disturbed’ (D), the transition zone between areas of
secondary vegetation and agricultural/rangeland and by the presence of urban areas.
In the Greater Mexico City sites, bats were captured in ‘Urban’ (U), human dominated
areas and ‘Fragmented’ habitats (F). We used 5 mist-nets (each 9 x 3 m wide) and
were opened at dusk and remained open four consecutive hours. Each habitat was
sampled once in six months. Identification of bats was made using a field guide
(Medellin, Arita, et al., 2008). The minimal distance in RBMA was 2 km while in RBC
was 10 km. A mantel test was performed to ensure sites independence due to the
geographic distance (RBMA; r = 0.55, p =0.01; RBC r = 0.57 p = 0.006). Oral and
rectal swabs, and when possible blood samples were collected from each animal.
Samples were collected in a lysis buffer and preserved at -80°C until transfer to the

Center for Infection and Immunity, Columbia University, New York for viral screening.

Virus discovery

A total of 1,067 samples from 608 individuals representing 42 bat species were
tested for the five viral families/genera (Table S1). Total nucleic acid was extracted
from all samples using the EasyMag® (bioMérieux, Inc) platform, and cDNA
synthesis performed using SuperScript® Ill first strand synthesis supermix
(Invitrogen), all according the manufacturer's instructions. Viral discovery was
performed using broadly reactive consensus PCR primers, targeting the L-Segment
for hantavirus detection (Klempa et al., 2006), and the polymerase (pol) gene for
paramyxovirus detection (Tong et al., 2008). PCR products of the expected size were
cloned into Strataclone™ PCR cloning vector and sequenced using standard M13R
primers. Coronavirus, hepacivirus and pegivirus detections have been previously
reported and these viral sequences were detected in the same 1,067 samples (Quan
et al., 2013; Anthony, Ojeda-Flores, et al., 2013).
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Estimates and Completeness of Viral Richness

We evaluated our sampling effort (the number of samples tested for a given
virus), using two methods: by producing rarefaction and extrapolation curves and
by calculating the values of the residuals of the linear regression between viral
richness within a host and sampling effort by host. Rarefaction and extrapolation
curves are statistical techniques to estimate the number of species for a given
number of samples (Chao & Jost, 2012; Magurran, 2004) allowing the evaluation of
the sampling effort and estimate the number of host samples required to obtain a
viral richness value with 95% of confidence (Chao et al., 2014). We evaluated the
viral richness, defined as unique viruses discovered in the 1,067 samples, by
constructing a sample size based rarefaction and extrapolation curves using a
three-fold original sample effort (3,201 samples) (Chao et al., 2014) with the R
INEXT library (Hsieh et al., 2013). The same methodology was conducted to
explore viral completeness by habitat type. For this we only considered samples
with the same number of PCR screenings (coranaviruses, paramyxoviruses and
hantaviruses). In order to identify host species associated with higher viral
richness we used a methodology proposed by Herbreteau (2012). We calculated
residual values from the linear regression of the logarithm of viral richness and the
logarithm of sampling effort for each species and in each disturbance level. These
data were logarithmically transformed to stabilize the variance. Host species or
disturbance levels with positive or negative residual values were identified as host
species with more or less viral richness than expected by the regression model
(Herbreteau et al., 2012).

Host and Viral Diversity

In order to study regional host and viral alpha diversities, abundance
matrixes (host and virus) were constructed, where rows were disturbance level and
columns were (i) host species and (ii) viruses discovered in each disturbance level.

Using the R vegan library (Oksanen et al., 2013), a Shannon-Wiener diversity
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index (Shannon, 1948) was calculated for each matrix. Values ranged from O when
there is only one species present to 1 when all species are equally represented in
the sample (Magurran, 2004).

Phylogenetic Diversity and Host Specificity

The mammalian super tree (Bininda-Emonds et al., 2007) was used to
calculate phylogenetic diversity (PD) of host communities using the R Picante
library (Kembel et al., 2010). The PD was measured by calculating the sum of the
total branch length of the host species phylogeny sampled in each habitat type
(Faith, 1992). Because data of host taxonomic diversity were not normally
distributed only phylogenetic analyses were performed. The relationship between
viral richness and viral diversity with host PD was explored using a linear model.
To quantify host-viral taxonomic associations we used a modified index of host
specificity proposed by Poulin and Mouillot, 2003, that measures the PD of host
communities associated to each virus. Viruses with high values of host specificity
indicates that they have a plasticity to infect a wide range of host, while viruses
with lower values are restricted to a few closely related host species (Poulin et al.,
2011; Poulin & Mouillot, 2003)

Beta Diversity and Phylogenetic Beta Diversity

A Pearson correlation test was performed to explore the relationship
between host BD and PBD with the change of composition of viral communities by
habitat type calculated with Sorensen index. To evaluate the change in
composition of viral and host communities (beta-diversity; BD) within regions we
used measures of beta-diversity: spatial turnover (Bsiv) and nestedness (Bsne)
components (Baselga, 2010). Spatial turnover (8sm) measures the replacement of
species by another species due to environmental factors or spatial isolation, such
as by habitat fragmentation (Calderon-Patrén et al., 2012). The nestedness

component (Bsne) measures if sites with smaller number of species are subset of
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richer sites (Ulrich et al., 2009). These components were calculated for taxonomic
and phylogenetic beta-diversity analyses. The phylogenetic beta-diversity (PBD)
measures how phylogenetic relatedness changes across space in the same
manner that BD measures how species composition changes across space
(Graham & Fine, 2008). The PBD between disturbance levels was obtained using
the inverse of the PhyloSor index (Bryant et al., 2008). This index represents
shared branches between communities from two sites. Values range from 0 when
no species are shared to 1 when all species between locations are the same. The
methodology of Leprieur (2012) was used to calculate the phylogenetic turnover
(PBsim) and to measure the phylogenetic dissimilarity, nested patterns of species
assemblages (PBsne). The functions beta.multi for P and phylo.beta.multi for PB
from the R betapart library were also applied to calculate the influence of each
component on host and viral community composition by habitat type in each region
(Baselga & Orme, 2013).

Results

Viral Community Data

A total of 4,139 consensus PCR assays were performed for viral detection,
including coronaviruses (CoV’'s, n = 1,067), paramyxoviruses (PMV’s, n = 1,067),
hantaviruses (HTV’s, n = 1,067), pegiviruses (PGV’s, n = 469) and hepacivirus
(HPV’s, n = 469). A viral richness (S) of 22 virus genotypes in 46 positive samples
from a total of 1,067 samples, 13 for coronavirus, 2 for paramyxovirus, 2 for
hantavirus, and 5 for pegivirus were obtained (Table S2). No hepacivirus and no
co-infections were detected. This viral richness is associated with 17 bat species
from 12 genera and 4 families (Figure 1A). In forested habitat a total of 11 viruses
were detected followed by fragmented habitat (10) disturbed (8) and urban (3)
(Figure 1B). The bat species harboring viral richness greater than one were all
phyllostomid bats: Carollia sowelli (S = 5), Artibeus lituratus (S = 4), Artibeus
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jamaicensis (S = 3), Artibeus phaeotis (S = 3) and Trachops cirrhosus (S = 2)
(Figure S1).

Estimates and Completeness of Viral Richness

Based on the 17 virus genotypes discovered, we estimated a maximum
richness of 23 genotypes using a Chao2 statistic model (Chao & Jost, 2012). The
sampling effort of 1,067 samples represents a completeness of 81% in relation to
the estimated viral richness. The rarefaction sample coverage function estimates a
97% of completeness with a sample size of 3,201 (three-fold sample size) (Figure
2). The comparison between habitats showed the highest value of completeness
(53%) in forested habitat, followed by disturbed (43%) and fragmented (15%). The
estimates of viral richness with a three-fold original sample effort by habitat were
24 from fragmented habitat, 19 for forested and 10 for disturbed (Table 1).

Positive relationships were observed between sampling effort and host viral
richness (R? = 0.44, p < 0.01) and between sampling effort and habitat type viral
richness (R? = 0.37 p < 0.05). Sturnira lilium, Pteronotus parnelli and Artibeus
jamaicensis were associated with more viral richness than expected by linear
model between host viral richness and sampling effort whereas Trachops
cirrhosus, Lonchorhina aurita and Eptesicus fuscus (Figure 3.A), were recognized
as host species associated with lower viral richness than expected. RBMA
fragmented habitat type harbor the highest number of viruses than expected while
RBC fragmented habitat type was identified as the site with smallest viral richness
than expected by the model (Figure 3.B).
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Figure 1. Bipartite graph of 22 virus genotypes discovered in 17 bat species. A.
Viral richness associated to bats. The width of the green boxes represents viral

and positive hosts abundances. B. Viral richness associated to habitat type.

Table 1. Estimates of viral richness and samples completeness by habitat type.
The asterisk indicates real data.

Habitat Sample Size | Richness Cosrr?mgtlﬁgss

Total 1067* 17* 81%
1677 18 95%

3201 23 97%

Forested 405* 9* 53%
1215 19 76%

3201 27 95%

Fragmented 217* 10* 15%
651 24 40%

3201 48 94%

Disturbed 395* 5* 43%
1185 10 97%

3201 11 99%

Urban 49* 2* 100%
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Sample-size-based rarefaction and extrapolation sampling curve
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Figure 2. Rarefaction and extrapolation sampling curve based on 1,067 samples.
Orange line represents accumulation curve of virus genotypes over samples
tested. Green point, viral richness = 22 in 1,067 samples analyzed for virus tested.
Solid green line: rarefaction curve, green dashed line: extrapolation-sampling
curve. The numbers of samples needed to obtain the percentage of completeness
of 85, 90, 95 and 97% are presented.
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Figure 3. Distribution of residuals values from the linear relation (A) between host
viral richness and sampling effort and (B) between habitat type viral richness and
sampling effort. Host species and habitats type were reordered by residuals of the
sampling effort regression.

Host and Viral Diversity

Montes Azules was the region with more virus genotypes discovered (12),
followed by Calakmul (11) and Greater Mexico City, respectively (3) (Figure 4). As
we expected, RBMA was the most diverse region in terms of host species and host
phylogeny, being C the most diverse area in both diversity scales (H = 2.79, PD =
484.8). Interestingly, D presented high values of both, species and phylogenetic
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diversities compared to F (Table 2). A difference in host species diversity (F =
13.63, df = 2, p < 0.01) and host phylogenetic diversity was observed (F = 16.71, df
=2, p <0.01) at regional scale contrary to viral diversity comparison (F = 3.73, df =
2, p > 0.05). A significant relationship between viral richness and viral diversity
with, host phylogenetic diversity was observed. A total of 41% (p < 0.05) and 51%
(p < 0.05) of viral richness and viral diversity variance was explained by
phylogenetic diversity, respectively. This suggests that host community
composition at each habitat type is determining both, viral richness and viral
diversity.

Figure 4. Viral richness in the three regions of study: (A) Greater Mexico City, (B)
Montes Azules and (C) Calakmul. Number of virus genotypes discovered per

region is shown.
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Table 2. Host and viral diversities per habitat type for the 3 regions. Richness (S),

Shannon — Weiner diversity index (H), phylogenetic diversity (PD).

Host Virus

Region Habitat S H PD S H
Montes Azules Forested 26 2.79 484.8 | 8 | 2.043
Fragmented 14 | 2.207 | 3328 | 2 | 0.693
Disturbed 20 | 2.622 | 4182 | 5 1.56
Calakmul Forested 12 | 1.906 | 260.1 | 4 | 1.906
Fragmented 8 1.853 | 208.8 | 7 | 1.853
Disturbed 13 | 1.986 | 289.1 | 4 | 1.986

Greater Mexico City | Fragmented 1 0 60 1 0
Urban 4 1.155 | 1376 | 3 | 1.079

Phylogenetic Host Specificity

From 22 viruses discovered, only six were associated to more than two host
species and 16 viruses were detected in one host species (Table S3). The
flavivirus PgV was the virus with the lowest value of phylogenetic host specificity
(114.5) and was detected in three species from three different phyllostomidae
subfamilies; Stenodermatinae and phyllostominae, both from forested sites and
glossophaginae from disturbed habitat. Hanta 2 (87.8) were detected in two bat
species from different habitats; Carollia sowellii (disturbed) and Trachops cirrhosus
(forested), while the coronavirus MexCoV 5b was found in three bat species, two of
which belongs to the same genus; Artibeus jamaicensis, A. lituratus (forested) and
C. sowellii (fragmented). MexCov 1la (68.3), Mex CoV 11b (68.3) and MexCov 1

(65.6) were detected in two bat species from the same genus (Figure 1A).

Beta Diversity

We found that 86% (p < 0.05) of the beta diversity of viral communities was
explained by the turnover of the host species between habitats. The same trend
was observed with host PBD and virus beta diversity however was not statistically

significant (r = 0.79, p > 0.05). For Montes Azules, the community dissimilarity in
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host species composition through the habitat gradient was relatively high (Bsor =
0.49), and is explained by the nestedness component (Bsne = 0.57), because most
of the bat species sampled in low rich sites are contained in the richest site
(forested = 26 species). PBD showed different behavior; although the value of
overall PBD is similar (PBsor = 0.42), the phylogenetic composition change was
partially explained by the turnover component (PBsim = 0.25), due to the low
phylogenetic relationship contained in the species subset replaced by nestedness.
The overall beta diversity in RBC was relatively low (8sor = 0.37), suggesting that
the habitat type has a low influence on the species assemblage. The observed
pattern in RBC was different to RBMA, while species composition dissimilarity was
moderately driven by species replacement (PBsiv = 0.22). In contrast to RBMA, the
PBD analysis indicated a replacement dominated by high phylogenetically related
species (PBsne = 0.79). The interpretation of the pattern observed in GMC is
limited, because only two communities were sampled and the nestedness
component is impossible to calculate. In RBMA and RBC we observed high overall
values of beta diversity in viral communities (Table S3), and both were explained
by the turnover component (Bsiw =0.66), suggesting that changes in habitat quality

drives a high replacement of virus species regardless of host composition.

Discussion

In this study we evaluated the relationship between bat diversity and the
diversity of 4 medically important viral families within an environmental gradient in
human-dominated landscapes in southern Mexico. Combining computing
applications and leading-edge molecular techniques for viral identification with
ecological and phylogenetic analyses, we measured the viral community turnover
in bat communities. A strong relation between viral richness and viral diversity with
host phylogenetic diversity was detected. Generalist species were associated with
more viruses than expected and a positive relationship between beta diversity of
both, viral and bat communities through the habitat gradient were detected.
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As hypothesized, significant positive correlation between phylogenetic
diversity with viral richness and viral diversity was detected, supporting on one
hand, the habitat heterogeneity hypothesis (Lawton, 1983), that proposes a strong
relationship between environmental diversity, in this case, the phylogenetic host
diversity with biological diversity (viral diversity), and supporting, on the other hand,
the keystone structure hypothesis (Twes 2004) that refers to “Keystone structures”
as host species that provide distinct resources, which may be linked to different
viral species. Considering bat hosts as habitats, the keystone structures can be
categorized in characteristics that relate to reproduction and abundance
(reproductive potential, longevity, trophic guild, abundance and adult mass), to
transmission potential (home range, diet breath and roost size) and phylogenetic
relationships (phylogenetic distance and phylogenetic distinctiveness). Our findings
suggest that factors such as fragmentation and habitat loss drive species
assemblages resulting in areas of major risk for zoonotic disease emergence, as
proposed by (Gay et al., 2014; Kamiya et al., 2014; Rubio et al., 2014). Future
studies are required to identify which host traits determine the viral communities
assemblages.

The phylogenetic host specificity calculated in this study not only reflects the
number of bat species infected by a single virus, but also it helps to explore the
phylogenetic relationship among these species. Our findings show that few viral
species possess high host plasticity like PgV and Hanta 2, while most viruses
detected showed high phylogenetic specificity. Due to the quality of our data, we
cannot conclude that viruses found in only one bat species are strictly exclusive to
them and further studies are needed. However, the coronavirus family showed a
high host phylogenetic specificity at genus level as shown in Anthony, Ojeda-
Flores, et al., 2013; Ojeda-Flores et al. In review).

Changes in viral communities composition through the evaluated
anthropogenic landscapes showed a strong dependence on the host species
turnover, however this relationship was not statistically significant when host PBD
was considered. In general, different patterns between regions and between
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diversity levels were reported. For instance, Montes Azules is characterized by a
nestedness process in host communities composition and changes are a reflect of
a high PD host pool, while in Calakmul BD values were relatively low due to low
PD host diversity, and the PBD was explained by nestedness component. As
hypothesized, we found high values of beta diversity in viral communities
supporting the hypothesis of perturbation, where land use change modifies
parasite dynamics in multihost systems by cross-species shifting in parasite
transmission (Murray & Daszak, 2013). It has been widely proposed that habitat
transformation drives the exposure of novel hosts to a rich pool of parasites,
specially in high diversity regions, influencing the cross-species transmission rate
(Brearley et al., 2013; Murray & Daszak, 2013; Lloyd-Smith et al., 2009).

The use of beta analyses at both scales: taxonomic and phylogenetic has
provided a useful tool to understand if host species or environmental filters can
determine the parasite composition (Scordato & Kardish, 2014; Svensson-Coelho
& Ricklefs, 2011). We could not demonstrate that host phylogeny determines the
composition of viral communities due to spatial scale limitations in our study.
Further studies are necessary to test the correlation between host
phylogeographical structure and beta diversity of viral communities within larger
spatial scales or in communities separated by geographic barriers (vicariance

processes).

Conclusions

Our study represents one of the few that integrates viral and host diversity
within environmental gradient in human-dominated landscapes in vertebrates and
represents the first study in Mexico measuring viral community turnover in bats.
Combining molecular and ecological methodologies and the integration of
phylogenetic component in the beta diversity analyses helped to distinguish
different patterns of host composition variation through the habitat gradient type.
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This effort represents an important tool to monitor potential viral richness in wildlife

surveillance systems.
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Discusion general

Antes de este estudio, se conocia muy poco acerca de la diversidad de CoVs en el
Neotropico, a pesar de la gran diversidad de especies de murciélagos que se
encuentran en esta region (Wilson & Reeder, 2005). Con este estudio se demostrd
la existencia de varios virus adicionales correspondientes a los géneros
Alfacoronavirus y Betacoronavirus en México. Las secuencias detectadas fueron
afadidas a Genbank con los numeros KC117184-KC117213. Los andlisis
filogenéticos del fragmento de la polimerasa viral muestran que los CoVs se
agrupan con base en la relacion filogenética de las especies hospederas acorde a
las hipoétesis planteadas al inicio del proyecto. Se analiz6 por primera vez la
historia cofilogenética entre murciélagos del Nuevo Mundo y a-CoVs y B-CoVs, en
respuesta a la recientemente sefialada falta de informacion de sitios hotspot con
alta biodiversidad que incluyen la region Neotropical (Drexler et al., 2014). Se
detectd una fuerte sefial de coespeciacion entre la historia evolutiva de los
murciélagos del Nuevo Mundo y sus respectivos CoVs usando dos metodologias
complementarias. Al realizar andlisis separando a-CoVs y B -CoVs también se
detectaron patrones cofilogenéticos estadisticamente significativos. Algunas
asociaciones particulares entre CoVs y ciertas especies de murciélagos
determinan mayormente el patron global de cofilogenia, en particular aquellas que
involucran a los géneros de murciélagos Artibeus y Carollia. Los resultados
sugieren la existencia de un alto grado de especificidad de hospedero a nivel de
género (con cambios relativamente frecuentes entre murciélagos del mismo
género), con cierto grado de diversificacion entre hospederos (diversificaciéon intra-

hospedero).
A través de la combinacion de la informacién derivada de los arboles filogenéticos

y los datos sobre el origen geogréafico de los CoVs, se determind la distribucion
filogeografica de algunos CoVs mexicanos. Esta informacion demuestra que la
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diversificacién de los CoVs en murciélagos neotropicales es compleja, sugiriendo
gue tanto la especiaciéon intra-hospedero, como los cambios de hospedero, en
combinacion con el aislamiento geografico, son mecanismos importantes en la
especiacion de los CoVs. El hecho de que estos virus cambien esporadicamente
entre murciélagos de diferente género sugiere que la historia evolutiva de estos
sistemas parasito-hospedero es dominada por rasgos del hospedero (por ejemplo,
caracteristicas inmunoldgicas) que son conservados a niveles taxonOmicos
inferiores (género). En ausencia de barreras ecoldgicas importantes que eviten los
cambios de hospedero, los linajes de virus relacionados infectan grupos
relacionados de hospederos.

La prevalencia de CoVs y las dindmicas de infeccién pueden ser afectadas por
factores filogeograficos y ambientales asociados a los procesos de coespeciacion
parasito-hospedero (Davies & Pedersen, 2008). Los resultados de este estudio
sugieren que el clado monofilético correspondiente a la Ciudad de México es
filogenética y geograficamente distinto. Las razones especificas de este patron se
desconocen, pero podrian reflejar diferencias en la diversidad (riqueza y
abundancia relativa) y la composicion de las especies de murciélagos entre la
region Neartica (Ciudad de México) y la region Neotropical (Campeche y Chiapas).
Las regiones neotropicales generalmente albergan una mayor riqueza de
especies, mientras que la abundancia de cada especie suele ser baja. En
contraste, las regiones nearticas suelen caracterizarse por una riqueza general
menor, pero contienen mayor numero de individuos por especie (Ortega & Arita,
1998). La zona de transicion entre estas dos regiones biogeograficas representa
una zona evolutivamente "activa", donde varios eventos de especiacion han tenido
lugar en el pasado. Esto ha propiciando que México sea reconocido como una
region de alta diversidad y endemismo, en la que coexisten especies residentes,
migratorias y endémicas (Escalante et al., 2004; Marshall & Liebherr, 2000; Ortega
& Arita, 1998). Es necesario aumentar los esfuerzos de muestreo en estas
regiones con el fin de investigar como la diversidad de especies y la composiciéon
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de las comunidades de murciélagos varia entre las diferentes areas
biogeogréficas, para descubrir y caracterizar la diversidad y la prevalencia de
CoVs asociados a murciélagos, y luego explorar las influencias ecoldgicas y
filogeograficas en los patrones de coespeciacion entre CoVs y murciélagos de

esta importante zona de transicion.

Se ha propuesto que el genoma considerablemente largo y las altas tasas de
mutacion y recombinacién, predisponen a los CoVs a saltos taxonémicos (Woo et
al., 2009a), resaltando la existencia tanto de virus “promiscuos” como de virus
altamente especificos dentro de la filogenia de los CoVs (Drexler et al., 2014).
Clasificados en el génerof3 -CoVs, los CoVs relacionados al SARS, y mas
recientemente, los relacionados al MERS (detectados en todo el mundo,
incluyendo el sefalado en el presente estudio), han recibido mucha atencién
debido a sus implicaciones en salud publica. Notablemente, la mayoria de los
CoVs detectados en la regién biogeografica Neotropical (Anthony et al., 2013a;
Corman et al., 2013) se encuentran restringidos a un solo género de hospedero,
incluyendo detecciones de CoVs estrechamente relacionados infectando
poblaciones de murciélagos separadas por varios cientos de kilbmetros. La
congruencia observada a través de los andlisis cofilogenéticos utilizando este
modelo parasito-hospedero, sugiere que los CoVs mexicanos y sus anfitriones
quiropteros comparten una historia de diversificacion dominada por eventos de
coespeciacion con cierto grado de diversificacion asociada a saltos taxondémicos
entre especies estrechamente relacionadas, pero poco frecuente entre
murciélagos de diferente género. Por lo tanto, con base en esta informacién, se
sugiere que los CoVs de murciélagos mexicanos tienen una baja probabilidad de
convertirse en zoonoticos, y que las diferencias en el sistema inmune de las
especies hospederas juegan un papel mas importante en la determinacion de la
especificidad en comparacién con los factores ecoldgicos, puesto que la mayoria
de la especies hospederas incluidas en este estudio comparten el mismo nicho

gue proporciona amplias oportunidades para la ocurrencia de saltos taxonémicos.
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En trabajos posteriores, distintos grupos de investigacién realizaron estudios
colectando y/o analizando muestras y/o secuencias de murciélagos en busca de
CoVs. Los andlisis a nivel filogenético han permitido acumular una creciente
cantidad de informacion que soporta la existencia mundial de CoVs relacionados
al MERS en murciélagos. Estos andlisis han corroborado la aproximacion del
presente estudio, ya que consistentemente se han identificado secuencias virales
gue presumiblemente corresponden a antecesores del MERS-CoV en quirépteros
de las familias Molossidae y Vespertilionidae. Estos CoVs incluyen el virus BtVs-
BetaCoV/SC2013, detectado en murciélagos Vespertilio superans de China (Yang
et al., 2014); murciélagos Pipistrellus de Europa; un virus denominado PML/2011,
detectado en Neoromicia zuluensis de Sudéfrica (Annan et al., 2013; Ithete et al.,
2013) y secuencias detectadas en muestras de guano de murciélagos de Tailandia
(Wacharapluesadee et al., 2013). Asi como CoVs de murciélagos Hypsugo savii y
Eptesicus isabellinus, muestreados con anterioridad en Espafia (Falcon et al.,
2011) y losB -CoVs HKU4 y HKUS5, procedentes de muestras colectadas
previamente en China (Woo et al., 2007). Ademés de un fragmento de 203
nucledtidos 100% idéntico a la secuencia MERS-CoV correspondiente a la RdRp
denominada EMC/2012, la cual fue descubierta en un Taphozous perforatus de
Arabia Saudita, murciélago que pertenece a la familia Emballonuridae (Memish et
al., 2013). Considerando la estrecha relacion filogenética entre las especies de
murciélagos estudiados en estos trabajos y el alto grado de identidad de los CoVs
emparentados con el MERS-CoV, en conjunto, estos datos refuerzan la idea de
asociacion entre la especiacion de los murciélagos hospederos y los
correspondientes CoVs.

De entre las distintas aproximaciones aplicables al estudio de la emergencia de
enfermedades zoonoticas, el enfoque basado en asociaciones evolutivas entre
hospederos y parésitos podria ser de gran utilidad en la identificacion de

reservorios virales relacionados a saltos inter-especie, bajo el supuesto de que un
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virus emergente comparte suficiente similitud con los virus circulantes en
comunidades de reservorios, resaltando la importancia del estudio sisteméatico de
comunidades de hospederos y reservorios desde perspectivas ecoldgicas y
evolutivas. La comprension de la complejidad de las interacciones que subyacen
la emergencia de enfermedades zoondticas se ha visto superada por los enfoques
epidemioldgicos tradicionales, que estudian constantemente los aspectos del
agente etioldgico, por lo general suponiendo que no hay interaccion con otros
patégenos. La exclusion del estudio de las comunidades de parasitos y ciertas
caracteristicas de la asociacion parasito-hospedero que ocurren a niveles
ecoldgico y evolutivo es el resultado de la simplificacion excesiva que caracteriza
los enfoques basados en un solo hospedero y/o un solo parasito. La investigacion
acerca de la dinamica de las EIE que conduzca a la comprension de las
interacciones entre patdgenos y hospederos tanto de fauna silvestre como
domeéstica, soélo se puede desarrollar mediante la integracion de estudios sobre las
causas asociadas a la emergencia de enfermedades, combinando esfuerzos
interdisciplinarios a través de las ciencias bioldgicas, fisicas y sociales, a fin de
mejorar las estrategias de control basadas en la integracién de este conocimiento.

La atencion cientifica actual sobre el inexorable vinculo que existe entre la salud
humana, animal y las funciones ecosistémicas, resultado de la creciente tasa de
emergencia de enfermedades zoondéticas se relaciona estrechamente con la
expansion agricola y la intensificacion de la produccidén pecuaria. Esta conexién
destaca la responsabilidad de la ciencia veterinaria en evaluar, predecir, prevenir y
responder a los riesgos de zoonosis en la interfaz fauna silvestre-doméstica-
poblacibn humana desde un enfoque multidisciplinario. De igual forma, es
necesario desarrollar nuevos esquemas de prevencion y respuesta ante el
surgimiento de EIE en humanos, animales de produccién y fauna silvestre que
combinen el conocimiento cientifico con los planes gubernamentales en los
marcos actuales de estudio y accion mundiales. La escasa incidencia de la

produccion cientifica nacional relacionada a la ecologia de enfermedades sobre
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las decisiones politicas limita la toma de decisiones, al tiempo que retrasa las
acciones necesarias para desarrollar sistemas agropecuarios sostenibles que
satisfagan las necesidades alimentarias de la creciente poblacién nacional, y al
mismo tiempo reduzcan el riesgo de emergencia de enfermedades protegiendo la
salud publica, la produccién animal y la soberania alimentaria, preservando la

biodiversidad y las funciones de los ecosistemas de México.

Conocer los virus existentes a nivel mundial es de primordial importancia para el
analisis y comprension del pool con potencial zoonético del que se produce la
emergencia de enfermedades. En consecuencia, el estudio y descripcion de esta
abundancia y diversidad virales de una manera sistematica es esencial para la
comprensién de los procesos y patrones actuales, asi como los mecanismos que
conducen a dicha emergencia. Hasta ahora, la mayoria de los estudios enfocados
al descubrimiento de virus han considerado muy pobremente el vinculo entre la
abundancia/diversidad viral y la ecologia de los hospederos, a pesar de la
evidente relacion con el riesgo de emergencia viral. Aqui hemos tratado de
abordar esta filosofia multidisciplinaria y hemos combinado los enfoques comunes
a la ecologia y la epidemiologia molecular en nuestra descripcion de estos nuevos

coronavirus de México.
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