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6. RESUMEN

Los arbovirus, virus transmitidos por artrépodos, son de gran importancia epidemiologica y
socioecondmica a nivel mundial debido a su implicacion en enfermedades febriles y neuroldgicas que
afectan a una parte significativa de la poblacion global. El virus del dengue (DENV) se destaca por
causar la infeccion mas prevalente, especialmente en paises tropicales y subtropicales. En las ultimas
décadas, su incidencia ha experimentado un crecimiento exponencial a nivel mundial, con mas de
4.000 millones de personas en riesgo de contagio en estas regiones. Por lo tanto, la vigilancia
epidemiologica y el control vectorial juegan un papel fundamental en el control efectivo de estas
enfermedades.

La propagacion eficiente de arbovirus, como el DENV, se facilita principalmente por el mosquito
Aedes aegypti, ampliamente reconocido como un vector altamente competente. Su marcado
comportamiento antropofilico y su estrecha asociaciéon con entornos urbanos y peridomésticos
contribuyen significativamente a esta capacidad. Las caracteristicas biologicas de los mosquitos
Aedes promueven su rapida adaptacion a nuevos habitats y su extensa dispersion geografica, muchas
veces relacionada con intervenciones humanas como la urbanizacion no planificada, el comercio
global y el cambio climatico. Como resultado, esta especie vectorial se han convertido en una
amenaza significativa, comprometiendo la eficacia de las medidas preventivas y la implementacion
operativa de los programas de control, asi como la gestiéon de brotes de enfermedades asociadas.
Asimismo, otros mosquitos de la familia Culicidae también han sido implicados en la transmision de
virus patégenos en ciclos tanto urbanos como rurales. Sin embargo, en las zonas rurales con riesgo
de transmision de enfermedades zoondticas a los humanos, los vectores endémicos contintian siendo
objeto de estudio.

Los avances en las tecnologias de secuenciacion de nueva generacion (NGS) han revolucionado las
estrategias de vigilancia entomoviroldgica al permitir la deteccion de virus (re)emergentes y el
descubrimiento de nuevas secuencias virales. Estos avances han llevado a la identificacién de un
grupo representativo de virus conocidos como virus especificos de insectos (ISVs), que infectan
naturalmente a los artropodos, pero no pueden replicarse en células de vertebrados ni infectar a
humanos. Se ha observado que algunos de estos ISVs forman un "viroma central" estable y especifico
para cada especie de mosquito, lo que sugiere su capacidad para influir en la biologia del hospedero.
Especificamente, estos ISVs pueden modular la transmision de agentes virales y la competencia
vectorial, lo que los convierte en un componente crucial para el desarrollo de nuevas estrategias de
control de arbovirus.

Colombia, un pais tropical, ofrece condiciones optimas para el desarrollo y adaptacion de diversas
especies de mosquitos, lo que crea un entorno propicio para la transmision de arbovirus de
importancia epidemiologica. Los casos de enfermedades transmitidas por arbovirus, especialmente el
dengue, han sido prevalentes en el pais debido a su alta incidencia estimada. Desde 2016, se ha
observado la co-circulacion de otros arbovirus como el chikungunya (CHIKV) y el Zika (ZIKV). Este
fenomeno se atribuye a las caracteristicas geograficas de Colombia, las condiciones favorables para
la transmision viral y la presencia generalizada del vector en la mayoria de los municipios del pais.
En este contexto, los estudios de epidemiologia molecular de los arbovirus transmitidos por insectos
son fundamentales para comprender la dinamica viral y anticipar posibles brotes epidémicos. Sin
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embargo, la mayoria de estas investigaciones se han centrado en el analisis de muestras de pacientes
infectados, y son escasos los estudios realizados en muestras de vectores. Esta limitacion
posiblemente ha obstaculizado un control integral y eficiente de este tipo de enfermedades.

Actualmente, uno de los desafios principales en el estudio de las arbovirosis, es comprender la
diversidad de éstos durante su ciclo de vida en el agente vectorial. Ademas, es crucial describir las
comunidades virales asociadas a los mosquitos vectores, lo que podria proporcionar una comprension
mas precisa de la competencia vectorial. Este enfoque permitiria obtener un conocimiento integral de
la dinamica de transmision de arbovirus, contribuiria a la vigilancia epidemiologica de alta resolucion
y facilitaria el disefo de estrategias eficientes de control y prevencion. Por lo tanto, el objetivo general
de esta tesis doctoral fue " Caracterizar arbovirus de importancia en salud publica y el viroma en
mosquitos de Colombia mediante un enfoque metagenoémico ", el cual se desglosé en tres objetivos
especificos: 1. Analizar la frecuencia de infeccion de arbovirus e identificaciéon molecular de las
especies de mosquitos del género Aedes en distintos departamentos de Colombia. 2. Caracterizar el
viroma de Aedes aegypti con infeccion natural por el virus del dengue (DENV) mediante analisis
metagendmicos. 3. Describir la dindmica de transmision y composicion viral en poblaciones de
mosquitos (Diptera: Culicidae) en ecosistemas rurales estratégicos. Cada uno de estos objetivos se
encuentra asociado con un capitulo dentro de este trabajo de investigacion.

En el primer capitulo se evidencia que la utilizacion de técnicas moleculares en la vigilancia
entomoviroldgica constituye una herramienta poderosa para la deteccion temprana de arbovirus,
facilitando asi la toma de decisiones en las estrategias de control y prevencion. Durante el periodo
2020-2021, se realiz6 un analisis en mosquitos Ae. aegypti recolectados en diversas regiones de
Colombia, donde se observo una alta frecuencia de infeccion y co-infeccion natural por serotipos del
virus del dengue (DENV-1, DENV-2 y DENV-3). A su vez, la presencia del virus Chikungunya
(CHIKV) fue menos frecuente y no se detectd el virus Zika (ZIKV). Estos resultados reafirman el
papel predominante de Ae. aegypti en la transmision del dengue en Colombia y sefialan una
disminucion en la circulacion de otros arbovirus tras los brotes significativos de 2015 y 2016.
Adicionalmente, el analisis de la diversidad genética de Ae. aegypti, realizado mediante la
secuenciacion del marcador molecular COI, revel6 la predominancia del linaje I en el pais. Este linaje
esta ampliamente distribuido en las Américas y esta asociado con areas de alta incidencia de dengue.
Los hallazgos de este estudio subrayan la importancia de detectar infecciones y co-infecciones por
arbovirus en mosquitos 4edes, asi como la identificacion de especies vectoriales y el analisis de su
dinadmica poblacional mediante técnicas moleculares. Esta informacion es crucial para establecer
sistemas de alerta temprana que respalden la implementacion oportuna de medidas de intervencion
frente a la emergencia o reemergencia de arbovirus.

En el segundo capitulo se llevo a cabo la caracterizacion del viroma de mosquitos Aedes aegypti,
utilizando muestras que fueron previamente identificadas en el Capitulo 1 con infeccion natural por
DENV (serotipos DENV-1y DENV-2), asi como muestras de mosquitos que resultaron negativas en
las pruebas de infeccion viral (DENV-negativo). Para esto, se empleé un método de enriquecimiento
viral seguido de secuenciacion metagendomica utilizando la tecnologia de Oxford Nanopore
Technologies (ONT). Este enfoque permitio identificar los ISVs predominantes en estas poblaciones.
Se observo una variacion significativa en la abundancia de ciertas especies y familias de ISVs en
respuesta a la infeccidon natural por los diferentes serotipos de DENV. Estas variaciones pueden ser
atribuidas a los complejos mecanismos de interaccion entre los ISVs y los arbovirus dentro del
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mosquito vector. Ademas, se constatd una presencia diferencial del Phasi-Charoen-like phasivirus
(PCLV) en las muestras infectadas por DENV. Este ISV ha sido descrito previamente como parte del
viroma central en los mosquitos Aedes. Los analisis filogenéticos de PCLV revelaron asociaciones
con secuencias de varias regiones a nivel mundial, destacando especialmente las similitudes con
secuencias provenientes de Brasil y Guadeloupe, lo que sugiere una relacion evolutiva compartida
con estos hospederos. Los resultados de este estudio no solo mejoran nuestra comprension de la
diversidad viral en los mosquitos vectores, sino que también proporcionan informacion crucial sobre
las posibles interacciones entre los ISVs y los arbovirus. Esta informacion es fundamental para el
disefio de estrategias eficaces de control y prevencion de las enfermedades transmitidas por Ae.

aegypti.

En el tercer capitulo se investigd inicialmente la frecuencia de infeccion por Flavivirus y las
preferencias alimentarias en las especies de mosquitos que habitan en un ecosistema rural de sabana
en la Orinoquia de Colombia. A continuacién, se efectud un analisis metagenomico viral enfocado
en las especies de mosquitos de mayor abundancia y relevancia para la salud publica, incluyendo
géneros como Ochlerotatus, Culex, Limatus, Mansonia, Psorophora y Sabethes. La region estudiada
se caracteriza por una minima interferencia humana y una perturbacion antropogénica limitada. Los
resultados mostraron la presencia del virus del Nilo Occidental (WNYV), un patégeno de importancia
médica, en mosquitos de la especie Culex browni. Este hallazgo resalta el potencial impacto de las
actividades humanas en ecosistemas sensibles a las intervenciones antropogénicas. Ademas, los
patrones de alimentacion demostraron que la mayoria de las especies de mosquitos exhiben un
comportamiento generalista.

De igual manera, se identifico la presencia de diversos virus especificos de insectos (ISVs) y un grupo
comun de estos virus en todas las especies de mosquitos analizadas. Esto sugiere que los factores
ambientales y del habitat podrian influir en la composicion de las comunidades virales en estos
insectos, especialmente entre especies que cohabitan en ecosistemas locales con caracteristicas
ecologicas similares. Los resultados obtenidos destacan la importancia de mantener y ampliar los
estudios de vigilancia entomovirologica, especialmente en areas con minima intervencion humana.
Estos hallazgos soportan la alta probabilidad de que virus potencialmente patdogenos se propaguen
entre las poblaciones humanas y animales en contextos de deforestacion y cambios ambientales.
Ademas, estos hallazgos resaltan la necesidad de comprender mejor la composicion viral de los
mosquitos en diversos ecosistemas. Estudiar la influencia de las condiciones del habitat rural local en
la estructura y composicion del viroma de los mosquitos vectores, podria proporcionar una base mas
solida para el desarrollo de estrategias efectivas en el control vectorial y la prevencién de futuros
brotes de enfermedades transmitidas por vectores.

En resumen, la presente tesis doctoral amplia el conocimiento sobre la vigilancia y deteccion de
arbovirus en mosquitos Aedes de zonas urbanas y en otros mosquitos vectores de rurales de Colombia,
siendo el primer estudio en usar la tecnologia ONT en insectos y virus en el pais. Ademas, esta
investigacion profundiza en la importancia de los virus especificos de insectos (ISV) en la biologia y
dindmica de los vectores. Utilizando herramientas moleculares, secuenciacion de NGS y analisis
metagenomicos, se describio la composicion del viroma de Ae. aegypti, destacando cdmo la presencia
de los serotipos DENV-1 y DENV-2 influye en la estructura de los ISVs en este mosquito. Asimismo,
se caracterizo los habitos alimenticios y las comunidades virales en mosquitos de la familia Culicidae
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en regiones rurales estratégicas, revelando la dinamica de los flavivirus y las especies virales
compartidas -ISV- en mosquitos del oriente colombiano. Este estudio subraya la importancia de
integrar la vigilancia entomovirologica en los sistemas de salud publica para comprender mejor la
transmision de arbovirus y su potencial impacto en la salud humana y animal. Igualmente, esta
investigacion establece una base solida para futuras exploraciones sobre las interacciones entre
mosquitos, hospederos y virus en sus habitats naturales, asi como sus implicaciones en la competencia
vectorial.
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7. MARCO TEORICO

7.1 Arbovirus (Arthropod-Borne Viruses o Virus Transmitidos por artropodos)

El término "arbovirus" deriva de las iniciales de "Arthropod Borne Viruses", que se refiere a los virus
transmitidos por artropodos (1). Este grupo de patégenos incluye una variedad de virus que se replican
en insectos hematofagos, especialmente los arbovirus de mayor importancia médica se transmiten a
través de mosquitos vectores (2). Los arbovirus representan mas del 17% de las enfermedades
infecciosas, afectan cada afio a millones de personas en todo el mundo y constituyen una proporcion
significativa de los patdogenos humanos emergentes (3-5). Ademas, la propagacion de arbovirus
endémicos en una region geografica mas amplia, que da lugar a brotes mas grandes y frecuentes (6),
lo que representa una considerable amenaza para la salud global.

Los arbovirus, dengue (DENYV), chukungunya (CHIKV) y Zika (ZIKV) se consideran los agentes
infecciosos de mayor importancia epidemiologica a nivel mundial (7) (Figura 1). Se estima que 3.900
millones de personas, en mas de 120 paises diferentes, corren el riesgo de infectarse con estos tres
arbovirus principales (8). (9). Otros arbovirus, como los virus de la fiebre del valle del Rift (RVFV),
Mayaro (MAYV), Oropuche (OROPV), West Nile (WNV), han captado la atencion de la comunidad
cientifica como amenazas emergentes para la salud publica (10). La expansion de las enfermedades
arbovirales causada por estos agentes virales se ve influenciada por diversos factores, como las
intervenciones humanas en areas selvaticas o forestales, la urbanizacioén no planificada que favorece
la proliferacion de insectos en areas cercanas a poblaciones humanas (1, 11, 12), el cambio climatico
(13), el crecimiento de la poblacion (14, 15), el transporte globalizado y el comercio de productos
(16, 17), asi como las poblaciones de mosquitos vectores no controladas (10). Lo anterior, subraya la
importancia de la gestion, el control y la vigilancia eficientes para reducir el riesgo de transmision.

JEV

JEV @
RVFV

CHIKY

JEV DENV YFV ZIKV CHIKY RVFY ] MAYV [] orROV

Figura 1. Mapa con la distribucion global de los principales arbovirus emergentes. Abreviaturas:
CHIKYV, virus chikungunya; DENV, virus del dengue; JEV, virus de la encefalitis japonesa; MAY'V,
virus Mayaro; OROV, virus Oropouche; RVFV, virus de la fiebre del Valle del Rift; YFV, virus de
la fiebre amarilla; ZIKV, virus Zika. Tomado de Weaver ef al., 2018. Ref.(10).
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7.2 Ciclo de transmision de arbovirus

Los arbovirus se mantienen en el ambiente mediante un ciclo de vida complejo que incluye un
hospedero invertebrado (artropodo) y un hospedero vertebrado (18). La mayoria de estos patogenos
proliferan a través de un ciclo enzoodtico (ciclo selvatico), donde aves, roedores o primates no
humanos sirven como reservorios y la transmision del virus se produce por insectos vectores
primarios (7). Los virus también pueden transmitirse entre insectos y animales domésticos, como
cerdos y equinos (ciclo epizootico/rural), ejemplos de este mecanismo incluyen la encefalitis japonesa
(JEV), un arbovirus aviar que se amplifica en los cerdos, que a menudo viven muy cerca de las
personas, y el virus de la fiebre del Valle del Rift (RVFV), que se amplifica en ovejas, vacas y otros
animales domésticos (10). Asi mismo, entre insectos y humanos (ciclo epidémico/urbano) (10). Este
ultimo, se desarrolla tras la entrada en contacto del ser humano con alguno de los ciclos previos (el
selvatico o el rural), donde se puede desencadenar la aparicion de brotes de enfermedades en humanos
(10) (Figura 2). Los arbovirus con potencial de propagacion urbana se encuentran entre los mas
importantes para la salud publica. La transmision arboviral tiende a ser estacional y podria ser variable
en funcién de las condiciones climaticas locales, la transmision viral y la actividad del vector (7, 19).

Amplification in
domesticated animals

Human-vector-human (sexual
human-human ZIKV only)

AN

AT A

Epizootic cycle

Direct spillover

Urban epidemic cy

== " o

A. aegypti
A. albopictus
CHIKY, DENV, (MAYV?), /
OROQV, YFV, ZIKV ﬁ ﬁ

CHIKV, DENV, MAYYV, JEV, RVFV
OROV, YFV, ZIKV

Figura 2. Ciclos de transmision de arbovirus. Ciclos de transmision de arbovirus, representando
los origenes selvaticos (ciclo enzootico), la zona de emergencia donde los ciclos selvaticos entran en
contacto con las poblaciones humanas en las zonas rurales (Ciclo epizodtico) y en las zonas urbanas
(ciclo epidémico). Abreviaturas: CHIKYV, virus chikungunya; DENV, virus del dengue; JEV, virus
de la encefalitis japonesa; MAY'V, virus Mayaro; OROV, virus Oropouche; RVFV, virus de la fiebre
del Valle del Rift; YFV, virus de la fiebre amarilla; ZIKV, virus Zika. Tomado de Weaver et al.,
2018. Ref. (10).
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7.2.1. Ciclo de transmision urbano en humanos y mosquitos Aedes

Los arbovirus de mayor importancia médica como DENV, ZIKV, CHIKV y YFV son transmitidos
en zonas urbanas o periurbanas por mosquitos Aedes spp del subgénero Stegomyia (2, 20). Aunque
los tres primeros son flavivirus pertenecientes a la familia Flaviviridae, el virus del chikungunya es
un alfavirus de la familia Togaviridae. Todos estos virus se transmiten en ciclos zoondticos que
involucran a primates no humanos y mosquitos arboricolas, y han establecido ciclos urbanos entre
humanos, principalmente a través de la transmision por dedes aegypti y, en algunos casos, por Ae.
albopictus. Estos mosquitos urbanos son esenciales para mantener el ciclo de vida de los arbovirus,
ya que la transmision entre humanos suele ser suficiente para la persistencia de la enfermedad.

Durante el ciclo urbano, el adecuado funcionamiento del sistema humano-virus-vector permite la
transmision bioldgica de arbovirus, lo cual implica tres etapas distintas (Figura 3). Primero, la
infeccion del vector (mosquitos hembra) después de la alimentacion con sangre de un hospedero
durante la fase aguda febril y virémica de la enfermedad (20). Segundo, la replicacion del virus en el
intestino medio del mosquito y su diseminacion hacia los tejidos distales, hasta llegar a las glandulas
salivales en un periodo denominado periodo de incubacidén extrinseco, que generalmente dura entre
8 al0 dias (20). Este proceso esta influenciado por la temperatura ambiente, la cepa del virus y la
competencia del mosquito (13, 21). Tercero, una vez que se infectan las glandulas salivales, el
mosquito es infeccioso y puede transmitir el virus a otra persona durante la alimentacion con sangre
(19). El mosquito sigue siendo infeccioso de por vida y puede transmitir el virus a todas las personas
de las que se alimenta posteriormente. El tiempo desde la infeccion hasta el inicio de la enfermedad
(el periodo de incubacion intrinseco) en humanos varia de 3 a 14 dias, con un promedio de 4 a 7 dias,
tiempo en el cual una persona sintomatica o asintomatica es capaz de transmitir el virus a un nuevo
mosquito (18, 20). En el ciclo urbano, las personas actuan como huéspedes de amplificacion y los
mosquitos antropofilicos como Aedes transmiten el virus a menudo en entornos urbanos. La
transmision vertical puede ocurrir cuando el mosquito hembra infectado transmite el virus a través de
los huevos a su descendencia, aunque la importancia epidemioldgica de este modo de transmision es
incierta (22).
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Figura 3. Ciclo de transmision urbano del DENV. Tomado de Gomez et al., 2022. Ref. (23)
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7.3 Arbovirus de importancia para la salud publica

El dengue es actualmente una de las enfermedades tropicales desatendidas de mayor importancia
mundial (24). Se estima que afecta aproximadamente el 50% de la poblacion mundial, con
proyecciones que sefialan un aumento considerable en los riesgos futuros (8, 25). Cada afio, se
registran aproximadamente 400 millones de nuevas infecciones en los 157 paises donde la
enfermedad es endémica (1, 2, 8), alrededor de 500,000 desarrollan dengue grave (DS) y mas de
40,000 casos resultan mortales Su expansion geografica se ha visto impulsada por el aumento
exponencial de casos y epidemias, facilitada por la co-circulacion de los cuatro serotipos del virus del
dengue (DENV 1, DENV-2, DENV-3 y DENV-4) (19, 26). Esta co-circulacion ha dado lugar a
diferentes manifestaciones clinicas, desde fiebre leve hasta casos graves como la fiebre hemorragica
y el sindrome de choque por dengue (19). Una vez recuperada la infeccion, la persona adquiere
inmunidad contra ese serotipo especifico (20), sin embargo, las infecciones posteriores causadas por
otros serotipos aumentan el riesgo de desarrollar dengue grave (25).

Segun la Organizacion Mundial de la Salud (OMS), histéricamente entre los afios 2000 y 2019 se
evidencid un drastico aumento en el nimero de casos reportados, pasando de 500,000 a 5.2 millones
(27). Después de una leve disminucion entre 2020 y 2022, asociada a una menor notificacion de casos,
durante la pandemia de COVID-19, en el 2023 se observd un incremento global significativo (28).
Este aumento en el numero y la escala de los casos se caracterizo por multiples brotes simultaneos,
con mas de cinco millones de infecciones y mas de 5000 muertes reportadas en mas de 80 paises de
Africa, las Américas, Asia Sudoriental, Pacifico Occidental y Mediterraneo Oriental (28). Cerca del
80% de estos casos (4.1 millones) se registro en la Region de las Américas (Figura 4). El aumento
del riesgo de propagacion de la epidemia de dengue se ha atribuido a varios factores, incluyendo
cambios en la distribucion de los vectores (de. aegypti y Ae. albopictus), fenomenos climaticos
severos, y el debilitamiento de los sistemas de salud durante la pandemia de COVID-19 (13, 24).
Ademas, es importante destacar que la respuesta a esta situacion se ha visto obstaculizada por la
fragilidad de los sistemas de salud y la deficiencia en los sistemas de vigilancia en muchos paises
afectados.

Country, territory, or area reporting cases
and not visible in the main map extent
I Guadeloupe

I Martinique

B New Caledonia

I Réunion

I Wallis and Futuna

W Fiji

W Micronesia (Federated States of)
Il Solomon Islands

Notification rate per 100,000 persons

~
Noreported cases 0.001 - 0.009 0.01-0.99 B 1.0-9.99 I 10-99 N =100 Not applicable

0 1500 3,000

I Country with reported dengue cases — — I

Figura 4. Paises/territorios/areas que reportan casos autéctonos de dengue (noviembre 2022 —
noviembre 2023) Tomado de: World Health Organization, 2023. Ref (27).
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El chikungunya es la segunda enfermedad arboviral mas extendida después del dengue, designada
por la OMS como una enfermedad emergente grave que afecta a mas de 106 paises/territorios,
principalmente de Asia, Pacifico Sur, Europa Meridional, islas del Océano Indico, Caribe y América
(7, 8, 10), con mas de 2,5 millones de registros de casos sospechosos y confirmados. El CHIKYV se
considera un problema de salud ptblica debido a su rdpida propagacioén y alta morbilidad (27). De
igual forma, el virus del Zika (ZIKV) desde 2007, ha producido brotes importantes en Africa, el
sudeste de Asia, las islas del Pacifico, el Caribe, Oceania y las Américas, siendo endémico en 79
paises (8, 10). Este virus, aunque produce una infeccion asintomatica o una enfermedad clinicamente
leve en la mayoria de los casos, puede causar defectos congénitos del neurodesarrollo como
microcefalia y enfermedades neuroldgicas graves en adultos como el sindrome de Guillain-Barré (6,
7), por tal razon, la OMS lo declar6 una amenaza para la seguridad de la salud publica mundial.

7.3.2 Arbovirus en la region de las Américas

En las Américas, el dengue se ha convertido en el arbovirus mas prevalente, evidenciado por un
incremento en los casos notificados, superando las cifras historicas de afios anteriores. En las tltimas
cuatro décadas, los casos de dengue en esta region han experimentado un aumento significativo,
pasando de 1,5 millones entre 1980 y 1989 a 17,5 millones entre 2010 y 2019 (27). En 2019, se
alcanzo6 un maximo histoérico con mas de 3,18 millones de casos, de los cuales 28,208 fueron graves
y se registraron 1823 fallecimientos, lo que representa una(27) tasa de letalidad del 0,06% (27). Para
el afio 2023, se notificaron 4,1 millones de presuntos casos de dengue, incluyendo 6710 casos graves
y 2049 muertes, distribuidos en 42 paises y territorios de la region.

El patrén de circulacion de estos arbovirus en las Américas se representa en la Figura 5, que muestra
que la introduccion de chikungunya en diciembre de 2013 se observa claramente en 2014. Del mismo
modo, tras la introduccion del Zika en 2015, se produjo una circulacion generalizada del virus en
2015. No obstante, la circulacion del dengue ha seguido predominando (27).

M Zika cases M chikungunya cases M Cengue cases
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Figura 5. Casos notificados de dengue, chikungunya y Zika en la region de las Américas 2010-
2022. Tomado de Organizaciéon Panamericana de la Salud, 2023. Ref. (27).
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7.3.2 Arbovirus en Colombia

En Colombia, los arbovirus con mayor incidencia son el dengue, zika y chikungunya (23). Las
caracteristicas geograficas y eco-epidemioldgicas del pais favorecen la presencia de vectores y la
transmision de estos arbovirus en gran parte del territorio nacional (29-31). Actualmente, el dengue
representa la enfermedad viral mas prevalente, con los cuatro serotipos del virus circulando
simultdneamente desde 2001 (29, 31), siendo DENV-1 y DENV-2 los mas predominantes. Desde
2008, se ha observado un patrén fluctuante en la incidencia del dengue, con ciclos epidémicos que se
repiten cada tres aflos y un cambio en la dominancia de serotipos de DENV-1 a DENV-2 (29).
Investigaciones previas han asociado estos ciclos epidémicos con fendémenos meteoroldogicos como
El Nifio y La Nifia, que influyen en el ciclo de vida de los vectores al proporcionar microambientes
favorables para su desarrollo (32).

Durante los ultimos ciclos epidémicos, particularmente en 2019, se registr6é un preocupante aumento
en los casos de dengue, superando las 127,553 infecciones reportadas, con una incidencia de 600
casos por cada 100 mil habitantes y tasas de letalidad elevadas en comparacion con los valores
promedio en las Américas (33). Los afios 2020 y 2021 representaron periodos inter-epidémicos,
caracterizados por una disminucion significativa en los casos notificados, con menos de 1,000 casos
por semana epidemioldgica y una incidencia que oscilaba entre 172.3 y 295.2 casos por cada 100,000
habitantes en riesgo (23) (Figura 6). Sin embargo, en 2022 se observo un resurgimiento de casos que
persistio en 2023, con tasas de incidencia mas elevadas, superando los 131,784 casos reportados (23),
y vinculados a casos graves de la enfermedad. Estas cifras se asemejan a los registros de dengue en
diversas regiones del mundo (23, 28).
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Figura 6. Incidencia de dengue en Colombia de 2017 a 2023. A. Casos de dengue notificados
semanalmente en Colombia desde la semana 1 de 2017 hasta la semana 52 de 2023. B. Mapa de
Colombia que representa la incidencia de dengue por 100.000 habitantes en riesgo por departamento
de 2019 a 2023. Tomado de Martinez et al., 2023. Ref. (34).
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Asi mismo, desde la introduccion del virus de chikungunya en el pais en 2014, se han reportado mas
de 774.831 casos, lo que demuestra la endemicidad del CHIKV en Colombia. Segun la Organizacion
Panamericana de la Salud, Colombia fue el pais con el tercer mayor niimero de casos después de
Brasil y Republica Dominicana; entre 2014 y 2015 se registraron 460.484 casos diagnosticados por
clinica y 4.658 confirmados por laboratorio Finalmente, se han notificado 21.149 casos entre 2016 y
agosto de 2018 (35). Con respecto al ZIKV, desde su aparicion en 2015, reporta 117.674 casos, lo
que ubica a Colombia como el segundo pais mas afectado en las Américas después de Brasil (36,
37). Desde el 2015 y finales del 2016, 48 paises y territorios de las Américas confirmaron casos
autdctonos por transmision vectorial del ZIKV y cinco paises notificaron casos transmitidos
sexualmente.

7.4 Mosquitos transmisores de enfermedades arbovirales

Los mosquitos, pertenecientes al orden Diptera y la familia Culicidae, son reconocidos a nivel
mundial como vectores de agentes virales que afectan tanto a humanos como a animales. Estos
insectos son responsables de millones de casos de enfermedades cada afio, representando una
significativa amenaza para la salud publica y veterinaria (38). Las especies de mosquitos hematofagos
desempefian un papel crucial en la transmision de arbovirus epidémicos, en particular los
pertenecientes a las familias Flaviviridae y Togaviridae (10, 39). En las regiones tropicales y
subtropicales, los mosquitos capaces de transmitir virus patdégenos tanto en ciclos urbanos como
rurales se encuentran principalmente dentro de los géneros Aedes y Culex (40, 41). Estos vectores son
los principales portadores de virus como el virus del dengue (DENV), el virus del Zika (ZIKV), el
virus del Nilo Occidental (VNO) (42), la encefalitis de San Luis (SLEV) y la encefalitis japonesa
(JEV) de la familia Flaviviridae, asi como el virus chikungunya (CHIKV) de la familia Togaviridae.
Las caracteristicas bioldgicas de los mosquitos Aedes y Culex facilitan su rapida adaptacion a nuevos
habitats y su amplia expansion geografica, a menudo asociada a intervenciones antropogénicas en
zonas boscosas, (38) urbanizacién no planificada (43), comercio global y cambio climatico (44).
Ademas, otros miembros de la familia Culicidae, pertenecientes a los géneros Haemagogus, Sabethes,
Mansonia y Psorophora, han sido implicados en la transmision de virus como el virus de la fiebre
amarilla (YFV), el virus Mayaro (MAV) (45, 46) y el virus de la encefalitis equina venezolana
(VEEV) en ciclos selvaticos (43). Sin embargo, en las zonas rurales con riesgo de transmision de
enfermedades zoondticas al ser humano (spillover), los vectores endémicos de estas zonas siguen
estando poco estudiados.

7.4.1 Mosquitos vectores del género Aedes

Los arbovirus epidémicos DENV, CHIKV y ZIKV son transmitidos por mosquitos hembra,
principalmente del género A. aegypti y, en menor medida, de la especie 4. albopictus (10, 38). Estos
mosquitos-vectores muestran una amplia plasticidad ecoldgica bajo diferentes condiciones
antropicas, climaticas y ambientales (39, 40), facilitando su propagacion en zonas tropicales,
subtropicales y algunas templadas (38, 44) (Figura 7).
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Figura 7. Distribuciéon mundial de Aedes aegypti y Aedes albopictus.

Tomado de Houé ef al., 2019. Ref (47)

En los Gltimos afios, la vigilancia virologica mediante técnicas moleculares se ha propuesto como una
herramienta altamente sensible y eficiente para detectar la infeccion de arbovirus en vectores (48, 49).
Los estudios realizados con este enfoque muestran que las tasas de infeccion en mosquitos Aedes spp.
en zonas endémicas de América Latina pueden variar en funcion de la especie viral, lo que
proporciona un enfoque prometedor para desencadenar estrategias de control. En los mosquitos A.
aegypti, el DENV es mas prevalente, con rangos entre cero 'y 16,2% (50), y el CHIKV esté entre cero
y 12,5% (51), mientras que el ZIKV representa la tasa mas baja entre cero y 9,0% (52). Aunque los
datos sobre coinfecciones arbovirales en mosquitos son limitados, algunos estudios demuestran
diferencias en la susceptibilidad a infecciones mixtas por especie y serotipo en mosquitos, con
frecuencias que oscilan entre el 0,9 y el 13,3% (34, 53).

También se ha descrito la identificacion de especies de Aedes y su variabilidad genética mediante
marcadores moleculares para conocer la dinamica poblacional y sus posibles implicaciones en la
transmision de enfermedades (54, 55). Esto indica que las tasas de infeccion y la identificacion de la
diversidad genética del vector son esenciales desde el punto de vista de la epidemiologia molecular
para determinar las posibles vias de transmision arboviral y la progresiva dispersion y/o invasion del
mosquito Aedes en zonas endémicas (55, 56).

7.4.2 Especies de mosquitos transmisores de arbovirus en Colombia

Colombia, reconocida por su megadiversidad, alberga una amplia variedad de especies de mosquitos
(Diptera, Culicidae) y presenta una alta prevalencia de enfermedades transmitidas por estos vectores
(42, 57). La enorme variedad de ecosistemas proporciona condiciones ambientales que favorecen la
inmigracion, adaptacion, desarrollo y persistencia de una gran diversidad de especies de mosquitos
(58). En Colombia y otras regiones de las Américas, existe una notable escasez de estudios enfocados
en la caracterizacion entomologica de los mosquitos Aedes y otros vectores de arbovirus (34). Esta

23



carencia de informacion tiene consecuencias directas en la formulacion de estrategias efectivas para
el control de estos virus. Aunque existen investigaciones publicadas sobre vectores de arbovirus, la
mayoria se centra en el principal transmisor del virus del dengue (DENV) en Colombia, el mosquito
Aedes spp. Estos estudios suelen abordar aspectos como la distribucion geografica, la tasa de
infeccion y los patrones de transmision de arbovirus, elementos cruciales para entender y gestionar
la propagacion de estas enfermedades (30, 34, 53, 59, 60).

Los registros del Instituto Nacional de Salud indican que Ae. aegypti se encuentra ampliamente
distribuido en el territorio nacional, con registros en 823 municipios que abarcan areas rurales,
periurbanas y urbanas de los 32 departamentos (36, 61, 62). En comparacion, A. albopictus, de
reciente introduccion en Colombia (1998), (63), presenta una rapida expansion principalmente en
zonas suburbanas y rurales con abundante vegetacion en 52 localidades de 15 departamentos del pais
(64). En estas regiones los cambios en el uso del suelo, las condiciones de saneamiento bésico
deficiente, la alta poblacion humana y la planificacion urbana inapropiada crean escenarios aptos para
la reproduccion, dispersion y coexistencia de las especies vectoriales Ae. aegypti y Ae. albopictus (32,
35, 42, 65, 66). Se consideraba que estas especies se distribuian en altitudes que no sobrepasan los
2.200 m.s.n.m.; sin embargo, nuevos reportes muestran adaptaciones a 2.300 m.s.n.m., lo cual puede
estar relacionado con multiples factores socioecondmicos regionales y locales, asi como factores
climaticos (Figura 8) (32, 35).
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Figura 8. Distribucion de de. aegypti y Ae. albopictus en Colombia desde el 2007-2023.

Tomado de Instituto Nacional de Salud Colombia, 2023. Ref. (23)

Por otra parte, aunque algunos estudios se han centrado en la deteccion de arbovirus en poblaciones
de mosquitos silvestres en Colombia, estos informes son relativamente escasos. Estudios realizados
en mosquitos adultos colectados en zonas rurales del area central (region Andina) y norte (region
caribe), identificados mediante codigos de barras de ADN y morfologia, revelaron que los géneros
Culex (42, 57) y Mansonia (67) son los mas diversos y ricos en especies de los mosquitos muestreados
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en estas zonas. Esto, posiblemente asociado a las caracteristicas geograficas, climaticas y
medioambientales de las areas seleccionadas. Asi mismo, investigaciones en areas rurales el norte del
pais, (zonas con humedales y bosque seco tropical), identificaron arbovirus de importancia
epidemiologica (Alphavirus y Flavivirus) (42). Los alfavirus detectados en los pools de Culex spp.,
Deinocerites atlanticus, Mansonia titillans, Psorophora confinnis y Aedes scapularis fueron
identificados como virus de la encefalitis equina venezolana (VEEV). Los flavivirus se identificaron
como DENV en 4e. aegypti, virus de la fiebre amarilla (YFV) en Haemagogus splendens, virus de la
encefalitis de San Luis (SLEV) en Cx erraticus, y Mansonia titillans y Virus del Nilo Occidental
(WNV) en Cx. quinquefasciatus y Cx. erraticus (40, 66). Los principales arbovirus encontrados en
reportes en Colombia se presentan en la siguiente tabla:

Tabla 1. Arbovirus detectados en estudios de mosquitos vectores en Colombia

Especies de Mosquito Ecosistema Arbovirus Referencia
identificado

Aedes scapularis Rural VEEV (42)

Aedes (Stegomyia) aegypti Urbano DENV, CHIKYV, (30, 31, 34, 59,

Periurbano/Rural ZIKV, YFV 60, 68)
Aedes (Stegomyia) albopictus Periurbano/ DENV, CHIKV (31, 34)
Rural

Aedes serratus YFV (30)

Culex (Culex) quinquefasciatus Rural CxFv (42)

Culex spp. Urbano/Rural VEEV, SLEV, (42, 69-72)
WNV, CxFv

Deinocerites atlanticus aff. Rural VEEV (42)

Haemagogus sp. Rural YFV (30)

Mansonia titillans Rural VEEV, SLEV (42, 69)

Psorophora (Grabhamia) confinnis Rural VEEV (42)

SLEV y WNV son flavivirus emergentes que han sido detectados previamente en humanos, equinos
y aves en la region del Caribe colombiano (71, 73). De igual forma, en Colombia, los vectores que
participan en la transmision selvatica del YFV incluyen Haemagogus equinus y Haemagogus
janthinomys (42). En el pais, se han documentado epidemias de VEEV en varias regiones (72), con
las siguientes especies de mosquitos implicadas en la transmision: Ma. venezuelensis, Ae. serratus,
Aedes (Ochlerotatus) spp., Ae. fulvus y Culex (Melanoconion) spp (42). En el caso de Ma. titillans se
ha descrito que presenta habitos alimentarios eclécticos donde animales domésticos (cerdos, caballos
y vacas) y fauna selvética (principalmente aves y roedores), por lo que se consider6 un candidato a
vector puente, que puede transmitir SLEV del ambiente selvatico/rural al peridoméstico donde podria
infectar a los humanos (69). En comparacion, Cx. erraticus tiene preferencia por una alta diversidad
de aves, seguido de mamiferos con alta frecuencia de contacto con humanos (69). La presencia de
distintos arbovirus en mosquitos vectores, indica el riesgo de emergencia o reemergencia de estos
patogenos en esta zona de la region caribe del pais y la necesidad de seguir realizando investigaciones
en este campo en distintos ecosistemas de Colombia, lo cual puede contribuir al desarrollo de
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estrategias mas efectivas de prevencion y control. Esto, teniendo en cuenta que las condiciones
ecoldgicas del pais son favorables a una gran biodiversidad viral en mosquitos. Ademas, los cambios
abioticos en el ecosistema pueden contribuir a un aumento en el tamafio de las poblaciones de
mosquitos y en los casos de enfermedades transmitidas por vectores (30, 74).

7.5 Microbiota y competencia vectorial

Durante los ultimos afios, estudios sobre la biologia de insectos transmisores de arbovirus, sefialan
que ademas de los patogenos que causan enfermedades, los mosquitos también alojan una amplia
variedad de microorganismos como bacterias, virus y hongos (75-77). La microbiota de los mosquitos
juega un papel fundamental en muchos procesos bioldgicos, incluida la nutricion, la digestion, el
apareamiento y la reproduccion sexual, el desarrollo, las funciones de respuesta inmunitaria y la
resistencia a los patogenos (78, 79). Recientes estudios demuestran que la microbiota de los mosquitos
adultos puede afectar la capacidad vectorial (76, 79, 80), al influenciar la densidad del vector, la tasa
de picaduras, la supervivencia, la competencia del vector y el periodo de incubacién extrinseco del
patogeno (81). Por lo tanto, se ha sugerido que los microorganismos pueden alterar la transmision de
patogenos en los mosquitos, ya sea positiva o negativamente (82-84), lo cual puede influir en el riesgo
humano de exposicioén a enfermedades arbovirales febriles producidas por el DENV, el ZIKV y el
CHIKYV.

7.6.1 Estudios de metagenomica viral en insectos-vectores

La secuenciacion metagenomica de nueva generacion (mNGS) definida como “la aplicacion de la
técnica moderna de la gendmica sin la necesidad de aislamiento y cultivo en laboratorio de especies
individuales” (85), permite el estudio del material genético de una comunidad mixta de organismos
en una muestra, para comprender la composicion y diversidad de diferentes grupos de organismos.
De esta manera, la metagendmica secuencia de manera imparcial todo el material genético (ADN o
ARN) que existe en una muestra ambiental o bioldgica (86), lo que permite una amplia identificacion
de patdgenos conocidos o incluso el descubrimiento de nuevos organismos (87). Esta metodologia se
usa comunmente para investigar la diversidad taxonomica de una comunidad microbiana y/o para
realizar una caracterizacion funcional a partir de los genes que estan presentes (88-90). Esta técnica
tiene la ventaja de reducir el tiempo durante analisis, al eliminar la necesidad de disefar y sintetizar
primers y sondas para PCR (91), lo cual es benéfico ante la necesidad de estudiar potenciales
patogenos de muestras humanas y ambientales durante epidemias virales, como el caso de Zika (92)
y Ebola (93).

Los estudios de metagendmica viral en mosquitos vectores son relativamente recientes, debido a que
la mayoria de las investigaciones se centraban en técnicas de cultivo celular, microscopia electronica,
ensayos moleculares convencionales o técnicas de serologia o aislamiento viral dirigido, para la
deteccion casi exclusiva de arbovirus (94, 95). En la ultima década, gracias a las tecnologias de
secuenciacion de alto rendimiento  denominadas ‘“‘secuenciacion de nueva generacion” o
“secuenciacion masiva” como I[llumina, Pacific Biosciences (PacBio), Oxford Nanopore
technologies (ONT), la intensificacion de la vigilancia de insectos vectoriales y necesidad de detectar
patdgenos emergentes y virus nuevos, se ha dilucidado que los mosquitos albergan un viroma rico y
diverso, compuesto por arbovirus y en mayor proporcion por ISV (virus especificos de insectos) (96-
100). Estos tltimos descritos como virus que infectan naturalmente a los artropodos, pero no tienen
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la capacidad de replicarse en células de vertebrados, ni infectar a seres humanos (101, 102). Asi, los
métodos de metagendomica, en especial durante la ultima década (Figura 9), han proporcionado
nuevos conocimientos sobre la complejidad de los virus transportados por los insectos (96, 101, 103,
104), lo cual tiene una gran relevancia para la vigilancia dinamica de patéogenos y la respuesta ante
enfermedades infecciosas emergentes y re-emergentes (86, 95, 105, 106).
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Figura 9. Descripcion general de los virus que circulan en los mosquitos. Cantidad acumulada
de entradas nicas en Genbank para virus asociados con mosquitos. Los numeros de arbovirus ¢
ISV (virus especificos de insectos) también son indicado por separado.

Modificado de Almeida et al., 2021. Ref. (70).

Analisis de los virus asociados a mosquitos recientemente descubiertos en la ultima década (2007-
2017) identificaron 14 virus asociados a mosquitos que pueden infectar lineas celulares de mamiferos
in vitro y que se ha demostrado serologicamente que infecta a los animales domésticos; sin embargo,
no existe evidencia de enfermedad para todos estos otros virus (95). Por otra parte, la mayoria de las
investigaciones sobre ISV se han enfocado en los mosquitos Culex spp., Aedes spp. y Anopheles sp,
(99, 107-109), revelando que aunque existen variaciones de diversidad y abundancia de estos virus
entre especies vectoriales, también se comparten familias virales como Flaviviridae, Mesoniviridae,
Rhabdovirida , Reoviridae y Peribunyaviridae (95), 1o cual indica que los ISV podrian estar altamente
relacionados con la competencia de estas especies vectoriales para transmitir arbovirus. Por esta razon
algunos autores han propuesto que los ISV asociados a mosquitos podrian tener varias aplicaciones
potenciales como (a) agentes de control bioldgico contra enfermedades transmitidas por vectores, (b)
terapias de diagnostico y (c) nuevas plataformas de vacunas (82, 94, 110).

Los analisis filogenéticos y los estudios experimentales han demostrado que muchos de estos virus
especificos de insectos aislados de mosquitos estan estrechamente relacionados con los arbovirus
patogenos humanos (100, 111). Esto ha suscitado hipotesis sobre su posible papel en la modulacion
de la transmision de arbovirus (84, 112). Ademas, se cree que ISV son ancestrales de los arbovirus,
y probablemente evolucionaron y se diversificaron junto con sus hospedadores insectiles, lo que
podria ayudar a entender la evolucion del cambio de un hospedero tinico a un hospedero dual (84,
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113). Los avances en la exploracion del viroma en mosquitos tiene una importancia importante al
reflejar el origen, la evolucion, la diversidad y la distribucion viral, asi como contribuir al desarrollo
de estrategias para controlar y prevenir enfermedades arbovirales (Figura 10).
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Figura 10. Resumen esquematico de algunas caracteristicas del viroma del mosquito Aedes a
partir de estudios metagenémicos. El viroma del Aedes esta formado por arbovirus y en mayor
proporcién por virus especificos de insectos (ISV). Tomado de Gomez et al., 2022. Ref.(22).

7.7 Viroma de mosquitos Aedes

Analisis del viroma en los mosquitos Aedes spp. alin son muy limitados, y los estudios disponibles se
enfocan especialmente en Ae. aegypti, posiblemente por ser considerado el vector principal de
arbovirus (75, 96, 98). Recientemente, Shi et al. 2020 (114) realizaron una comparacion de la
composicion viral de de. aegypti a partir de estudios metagenoémicos realizados en Estados Unidos,
Puerto Rico, Australia, Tailandia, Guadalupe, China y Kenia, en la que encontraron que existe un
conjunto de virus que se encuentran en la mayoria de los individuos de las poblaciones de estudio,
denominado “viroma central”, representado principalmente por el virus tipo Phasi Charoen (PCLV)
y el virus Humaita-Tubiacanga, (96, 97) (Figura 11). Por otra parte, el "viroma central" relativamente
estable, evidenciado en Ae. aegypti y en otro tipo de vectores como Culex quinquefasciatus
posiblemente tenga implicaciones importantes para la transmision de arbovirus importantes desde el
punto de vista médico (96); sin embargo, se requieren mas estudios que permitan comprender mejor
las interacciones entre ISV-arbovirus-vector.
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Figura 11. Analisis de metagenomica viral muestra la conservacion de virus especificos de
insectos (ISV) en el viroma de A. aegypti en paises de diferentes zonas geograficas del mundo.
A. Graficos circulares de la carga global de virus y la diversidad viral de ISV para 4. aegypti en
distintas zonas del mundo. B. Carga viral mostrada como un mapa de calor para cada de los ISV
prevalentes en poblaciones de mosquitos, el color blanco indica ausencia de un virus y NA indica
ausencia de muestras en un lugar determinado. Los ISV en letra color rojo son virus nuevos, mientras
los de color negro son virus previamente identificados. Tomado de Olmo et a/, (2023) Ref. (115).

Por otra parte, se ha identificado que el perfil del viroma en Aedes spp. es muy estable en diferentes
etapas de vida (larva, pupa y adulto), tanto en mosquitos cultivados en laboratorio como colectados
en campo (114, 116), lo que indica que el viroma de mosquitos puede adquirirse tanto en machos
como hembras en todas las etapas de la vida y transmitirse principalmente de forma vertical (de
parentales a descendencia) (84, 100, 110, 113). Adicionalmente, en mosquitos colectados en campo
se ha evidenciado una mayor diversidad viral, que podria estar influenciada por factores relacionados
con el hospedero y el medio ambiente (95, 117). De esta manera, el viroma en insectos podria estar
influenciada tanto por factores abidticos y bidticos, incluida la genética viral y del hospedero, asi
como las condiciones climaticas y geograficas del sitio de reproduccion (100, 104, 110, 114, 116,
118).

7.8 Viroma de diversas especies de mosquitos

Los estudios metagenomicos virales han impulsado el descubrimiento de virus asociados a mosquitos,
que no so6lo contribuye a la deteccion de arbovirus, sino mas bien a una descripcion general de los
virus que circulan en los mosquitos (94). Estos estudios han demostrado la diversidad y abundancia
del viroma en especies como Culex spp., Aedes spp., Mansonia spp., Armigere spp., Psorophora spp.
en regiones especificas y en distintas zonas geograficas (96, 114, 115, 119, 120). Un reciente estudio
demostrd que existe un “pan viroma” o “viroma compartido” entre especies de importancia
epidemiologica de los géneros de mosquitos, Culex spp., Aedes spp.y Anopheles spp., lo que ilustra
el gran potencial de estos virus para la circulacion viral entre diferentes géneros de mosquitos (121).
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Figura 12. Especies virales compartidas y especificas en mosquitos vectores. El diagrama muestra la
relacion de viromas entre diferentes géneros de mosquitos, el nimero de especies virales compartidas
por mosquitos entre distintas especies marcadas en rojo. El numero de especies virales especificas de
mosquitos se marco en verde. Tomado de Zhao et al., 2022. Ref (121).

Otras investigaciones han mostrado un viroma especifico de cada género de mosquito, que podria
estar relacionado con los atributos genéticos, el comportamiento, como las diferencias en los habitos
hematofagos o la influencia de factores ambientales, especialmente la preferencia del medio acudtico
en el que viven las larvas (40). Del mismo modo, otros estudios muestran que la dinamica virica
depende principalmente de las interacciones entre los mosquitos y su entorno, donde la alimentacion
se considera un factor critico que afecta a la composicion virica (114, 120). Dado que un aumento en
la tasa de alimentacion de los mosquitos promueve la posibilidad de adquirir y propagar el virus ARN,
la preferencia de fuente de alimento es un factor critico que afecta la composicion del viroma (114).
Sin embargo, los factores que influyen en las complejas asociaciones de la composicion virica siguen
siendo en gran medida desconocidos, especialmente en areas naturales ambientalmente conservadas.

7.9 Interacciones entre virus especificos de mosquitos (ISV) y arbovirus

Algunos estudios han demostrado que los ISV Flavivirus como Nhumirim virus (NHUV) Culex
Flavivirus Cell-fusing agent virus (CFAV) y Phasivirus como Phasi Charoen-like (PCLV), pueden
interactuar con arbovirus en mosquitos, promover o inhibir la replicacion y diseminacion de
arbovirus, y finalmente afectar la transmisibilidad de arbovirus de mosquito a humano o animal (84,
106). Uno de estos estudios evalud la capacidad de NHUV, para suprimir la replicacion del virus Zika
(ZIKV) y el virus del dengue-2 (DENV-2) en células de Ae. albopictus, observando reducciones
significativas en ZIKV (100.000 veces) y DENV-2 (10.000 veces) en células pre-inoculadas o
inoculadas simultaneamente con NHUV (122). Adicionalmente, con individuos de Ae. aegypti se
demostr6 una reduccion en las tasas de infeccion por ZIKV en mosquitos inoculados con NHUV en
comparacion con los no expuestos (122). Estos resultados son similares a los reportados en Cx.
quinquefasciatus, donde también se encontr6 disminucion en las tasas de transmision del virus del
Nilo Occidental (WNV) cuando se expone previamente el vector al virus NHUV (123), lo que indica
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que algunas especies de ISV podrian modular potencialmente la competencia vectorial en Aedes spp
y Culex.

De forma similar, Schultz et al (2018) examinaron en lineas celulares de Aedes spp. la supresion de
arbovirus en presencia de CFAV y PCLV, demostrando que la infeccion dual por ISV logré reducir
hasta en un 90%, el crecimiento del ZIKV, el DENV y el virus La Crosse en células
inmunocompetentes de Ae. albopictus y de Ae. aegypti (124). Estos datos sugieren que existen
mecanismos de competencia viral (125), como el de exclusion por superinfeccion que se considera
impulsa la exclusion de virus dentro de una misma familia (84, 124, 126) o mecanismos de regulacion
positiva de la respuesta inmune antiviral del vector (100). En contraste, un reciente anélisis del viroma
de Ae. aegypti en zonas urbanas endémicas de todo el mundo revel6 la gran abundancia de ciertos
ISV, como el virus PCLV vy el virus Humaita-Tubiacanga (HTV), que podrian afectar a la capacidad
de los mosquitos para transmitir el DENV y el ZIKV a huéspedes vertebrados (37).Sin embargo, los
estudios entre ISV-arbovirus son hasta ahora incipientes y por lo tanto se requieren nuevas
herramientas que ayuden a comprender mejor este tipo de las interacciones, lo cual redundaria en el
desarrollo de nuevos enfoques para el control y prevencion de enfermedades por arbovirus.
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8. OBJETIVOS

8.1. Objetivo General

Caracterizar arbovirus de importancia en salud publica y el viroma en mosquitos de Colombia
mediante un enfoque metagendmico.

8.2. Objetivos Especificos

1. Analizar la frecuencia de infeccion de arbovirus e identificacion molecular de las especies de
mosquitos del género Aedes en distintos departamentos de Colombia.

2. Caracterizar el viroma de Aedes aegypti con infeccion natural por el virus del dengue (DENV)
mediante analisis metagendomicos

3. Describir la dindmica de transmision y composicion viral en poblaciones de mosquitos (Diptera:
Culicidae) en ecosistemas rurales estratégicos.
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9. INTRODUCCION A LOS CAPITULOS

En la actualidad, el aumento de la incidencia y la amplia distribucion geografica de los vectores, y
por consiguiente, de las enfermedades virales que transmiten, constituyen uno de los principales
desafios en materia de salud publica en zonas tropicales y subtropicales (41, 127). Los mosquitos
(Diptera, Culicidae) son reconocidos a nivel mundial como vectores de arbovirus de importancia
médica y veterinaria, contribuyendo a millones de casos de enfermedades cada afio (2, 10)
Especificamente, los mosquitos del género Aedes se destacan por su papel en la transmision de
arbovirus epidémicos como el virus del dengue (DENV), el virus del Zika (ZIKV), y asi como el
virus chikungunya (CHIKYV). Recientemente, CHIKV y ZIKV han ampliado considerablemente su
area de distribucion geografica y se han propagado a nuevos territorios, causando importantes brotes
en la region de las Américas entre 2014 y 2016 (2, 40, 41), especialmente en paises donde el dengue
es endémico o hiperendémico, lo que ha generado altos indices de morbilidad y mortalidad (8), y ha
requerido un aumento en los servicios de salud (15, 128). Asimismo, mosquitos del género Culex
también se ha descrito en la transmision de arbovirus de importancia medica como el virus del Nilo
Occidental (WNV) (70, 129). La introduccion de WNV en las Américas, donde los hospedadores
vertebrados y artropodos son susceptibles y capaces de mantener la infeccion, también ha contribuido
a la aparicion de grandes brotes (74). Estos eventos han puesto de manifiesto las limitaciones de las
medidas de control disponibles, las cuales parecen no ser lo suficientemente efectivas para prevenir
o reducir la circulacion de arbovirus emergentes o reemergentes, especialmente en paises en
desarrollo.

En este contexto, se ha evidenciado la necesidad de mejorar la preparacion ante la emergencia de
arbovirus, tanto nuevos como existentes, que puedan impactar significativamente en los sistemas de
salud. Esto requiere una comprension profunda del potencial de propagacion de enfermedades
infecciosas emergentes, la implementacion de estrategias de control y el fortalecimiento de sistemas
integrales de vigilancia para proteger a las poblaciones en riesgo (74). En los ultimos afos, los avances
en herramientas moleculares y tecnologias de secuenciacion de nueva generacion (NGS) han
revolucionado la vigilancia viral, permitiendo la deteccion temprana de virus circulantes (82, 94, 95,
130). Estos progresos han facilitado los estudios de metagendomica viral en mosquitos, mejorando
significativamente la capacidad de identificar rapidamente una amplia variedad de virus (40, 111,
131). Recientemente, las técnicas de secuenciacion de tercera generacion, como las ofrecidas por
Oxford Nanopore Technologies (ONT), que ganaron prominencia durante la pandemia de COVID-
19, han demostrado ser de bajo coste, facil acceso y alta eficiencia, permitiendo una secuenciacion
profunda y detallada (132-134). Como resultado, se ha ampliado nuestro entendimiento de la
diversidad viral, su taxonomia y las condiciones en las que estos agentes infecciosos existen en los
mosquitos vectores. Este conocimiento es crucial para el desarrollo de nuevas estrategias de control
de arbovirus, asi como para el disefio de vacunas y plataformas de diagnostico avanzadas (22).

Las investigaciones actuales sobre el viroma en mosquitos han revelado que estos albergan un viroma
rico y diverso, compuesto principalmente por virus especificos de insectos (ISV). A diferencia de los
arbovirus, que presentan un doble tropismo de hospedador (vertebrados y artropodos vectores), los
ISV se replican exclusivamente en insectos y no pueden infectar células de vertebrados ni afectar
directamente a humanos (40, 94). Estudios recientes sobre el viroma de especies de Aedes, realizados
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en diferentes partes del mundo, han evidenciado similitudes en la composicion del viroma, lo que ha
llevado a proponer el concepto del "viroma central"(96, 114). Este concepto engloba un conjunto de
ISV compartidos entre poblaciones de mosquitos vectores de la misma especie (94, 96, 135). Sin
embargo, también se han identificado ISV que pueden estar presentes en diferentes especies de
mosquitos, probablemente debido a factores ambientales, asociados principalmente a los recursos
alimentarios y los lugares de cria (114, 120). En ambos casos, los ISV podrian tener un impacto
directo en la biologia y evolucion del mosquito hospedador, asi como en la transmision de arbovirus
(40, 100, 135, 136). Los analisis de la composicion y distribucion global del viroma de los mosquitos
sugieren que factores como el habitat, los modos de transmision del virus y las caracteristicas
genéticas de especies o géneros especificos de mosquitos son cruciales en la definicion del viroma
(115, 137, 138). Sin embargo, los determinantes de estas complejas asociaciones en la composicion
del viroma aun son mayormente desconocidos, especialmente en mosquitos que participan en ciclos
epizoodticos rurales en areas conservadas naturalmente. Dado este contexto, conocer el viroma
vectorial y el papel de los ISV es de potencial importancia para el disefio de estrategias efectivas de
prevencion y control.

Colombia

Colombia, esta ubicada en el noroeste de América del Sur, comprende una variedad de regiones
biogeograficas que tienen caracteristicas biofisicas contrastantes y una alta variabilidad ambiental
(57). Esta diversidad proporciona condiciones epidemiologicas, geograficas y climaticas Optimas para
la transmision de arbovirus, los cuales son de significativa importancia para la salud publica (29).
Actualmente, mas de 28 millones de personas, correspondientes a mas de la mitad de la poblacion
nacional, estdn expuestas a la infeccion por estos virus (31). La alta diversidad de mosquitos vectores
en diversas regiones del pais se asocia probablemente con modificaciones del paisaje, deforestacion
y cambios de temperatura, lo cual favorece la proximidad entre vectores silvestres y humanos (30,
42, 57), aumentando el riesgo de transmision de arbovirus zoondticos, tanto conocidos como
emergentes. En particular, se ha documentado que el Ae. aegypti es el principal vector responsable
de la transmision de arbovirus como el dengue, el Zika y el chikungunya en el territorio nacional (29,
31). Este vector se encuentra ampliamente distribuido en areas periurbanas y urbanas (23), lo que
incrementa el riesgo de transmision del dengue, especialmente en zonas situadas por debajo de los
2,300 metros sobre el nivel del mar (29, 32). Por otra parte, la region del Orinoco colombiano,
comunmente conocida como los Llanos Orientales, posee una importancia estratégica significativa
debido a su excepcional biodiversidad y sus extensos recursos hidricos(139). Las areas rurales en esta
region han experimentado minima interferencia humana, con perturbaciones antropogénicas limitada.
Esta circunstancia plantea la posibilidad de que virus potencialmente patdgenos generen eventos de
desbordamiento bajo escenarios de deforestacion (30).

En el pais, los esfuerzos de vigilancia entomovirologica se han enfocado principalmente en la
identificacidon de especies vectoriales clave para la salud publica, especialmente en zonas urbanas.
Sin embargo, la exploracion de otras especies en areas rurales ha sido limitada. La composicion viral
en vectores significativos como Ae. aegypti y otros insectos de la familia Culicidae sigue siendo
mayormente desconocida, tanto en Colombia como en la region de las Américas. Esto resalta la
necesidad urgente de realizar investigaciones y estudios mas completos en este campo. Ampliar
nuestro conocimiento sobre la epidemiologia molecular de los arbovirus, asi como sobre las
dinamicas de transmision y las comunidades virales asociadas a los vectores, es crucial. Este enfoque
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no solo contribuird a la generacion de nuevos conocimientos, sino que también fortalecerd las
capacidades institucionales para desarrollar estrategias de prevencion efectivas e innovadoras ante
brotes epidémicos.

Dada la situacion actual de la epidemiologia de los arbovirus en Colombia y la necesidad imperante
de comprender mejor su dindmica de transmision en este contexto, asi como de dilucidar la
composicion de las comunidades virales (viroma) de los mosquitos vectores en el pais, esta tesis
doctoral se plantea abordar el objetivo general “Caracterizar arbovirus de importancia en salud
publica y el viroma en mosquitos de Colombia mediante un enfoque metagendémico” a través de tres
capitulos distintos:

CAPITULO 1: Frecuencia de infecciéon de arbovirus e identificacién molecular de las especies de
mosquitos del género Aedes en distintos departamentos de Colombia.

CAPITULO 2: Viroma de Aedes aegypti con infeccion natural por el virus del dengue (DENV)
mediante analisis metagendmicos.

CAPITULO 3: Dinamica de transmision y composicion viral en poblaciones de mosquitos (Diptera:
Culicidae) en ecosistemas rurales estratégicos

Capitulo 1.

Para cumplir con el objetivo especifico 1, el primer capitulo examiné la prevalencia de infecciones
naturales por los virus del dengue (DENV), Zika (ZIKV) y chikungunya (CHIKV) en mosquitos
Aedes de varios departamentos de Colombia, ademas de identificar las especies mediante técnicas de
barcoding. Todas las muestras positivas para arbovirus correspondieron a Aedes aegypti. Se observo
que aproximadamente el 30% de los mosquitos Ae. aegypti capturados estaban infectados
principalmente por DENV, con una predominancia de los serotipos DENV-1 y DENV-2 en todas las
regiones estudiadas. La infeccion por CHIKV fue menos frecuente y no se detectaron casos de ZIKV.
A través del analisis del gen COI del vector, se detecto una alta diversidad de haplotipos y la filogenia
asocio estas secuencias al linaje I de Ae. aegypti, que es globalmente prevalente y asociado con areas
de alta incidencia de dengue. Estos hallazgos indican que la infeccion natural de Ae. aegypti por
arbovirus puede reflejar la dinamica epidemioldgica nacional y subrayan su potencial como indicador
en sistemas de alerta temprana para la implementacion de estrategias de control y prevencion.

Como producto de este capitulo se adjunta el siguiente articulo cientifico:

* Articulo 1: Gémez M, Martinez D, Hernandez C, Luna N, Patifio LH, Bohdérquez Melo R, Suarez
LA, Palma-Cuero M, Murcia LM, Gonzalez Paez L, Estrada Bustos L, Medina MA, Ariza Campo K,
Padilla HD, Zamora Flérez A, De las Salas JL, Mufioz M and Ramirez JD. Arbovirus infection in
Aedes aegypti from different departments of Colombia. Front. Ecol. Evol. 2022. 10:999169. Doi:
10.3389/fev0.2022.999169.
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CAPITULO 1
Frecuencia de infeccion de arbovirus e identificacion molecular de las especies de mosquitos del
género Aedes en distintos departamentos de Colombia.
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The lack of precise and timely knowledge about the molecular epidemiology
of arboviruses of public health importance, particularly in the vector, has
limited the comprehensive control of arboviruses. In Colombia and the
Americas, entomovirological studies are scarce. Therefore, this study aimed
to describe the frequency of natural infection and/or co-infection by Dengue
(DENV), Zika (ZIKV), and Chikungunya (CHIKV) in Aedes spp. circulating
in different departments of Colombia (Amazonas, Boyaca, Magdalena, and
Vichada) and identifying vector species by barcoding. Aedes mosquitoes
were collected in departments with reported prevalence or incidence
of arbovirus cases during 2020-2021, located in different biogeographic
zones of the country: Amazonas, Boyaca, Magdalena, and Vichada. The
insects were processed individually for RNA extraction, cDNA synthesis,
and subsequent detection of DENV (serotypes DENV1-4 by multiplex PCR),
CHIKV, and ZIKV (qRT-PCR). The positive mosquitoes for arboviruses were
sequenced (Sanger method) using the subunit | of the cytochrome oxidase
(COI) gene for species-level identification. In total, 558 Aedes mosquitoes
were captured, 28.1% (n = 157) predominantly infected by DENV in all
departments. The serotypes with the highest frequency of infection were
DENV-1 and DENV-2 with 10.7% (n = 58) and 14.5% (n = 81), respectively.
Coinfections between serotypes represented 3.9% (n = 22). CHIKV infection
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was detected in one individual (0.2%), and ZIKV infections were not detected.
All infected samples were identified as A. aegypti (100%). From the COlI
dataset (593 bp), high levels of haplotype diversity (H = 0.948 + 0.012)
and moderate nucleotide diversity (1 = 0.0225 £+ 0.003) were identified,
suggesting recent population expansions. Constructed phylogenetic analyses
showed our COIl sequences’ association with lineage |, which was reported
widespread and related to a West African conspecific. We conclude that
natural infection in A. aegypti by arbovirus might reflect the country's
epidemiological behavior, with a higher incidence of serotypes DENV-
1 and DENV-2, which may be associated with high seroprevalence and
asymptomatic infections in humans. This study demonstrates the high
susceptibility of this species to arbovirus infection and confirms that
A. aegypti is the main vector in Colombia. The importance of including
entomovirological surveillance strategy within public health systems to
understand transmission dynamics and the potential risk to the population
is highlighted herein.

arbovirus, Dengue, Zika, Chikungunya, infection, Aedes

Introduction

Dengue virus (DENV), Zika virus (ZIKV), and
Chikungunya virus (CHIKV) are considered to be arboviruses
of major medical importance, capable of causing febrile
syndromes, hemorrhagic fevers, and neurodegenerative diseases
(Gould et al., 2017; Wilder-Smith et al., 2017; Paixao et al., 2018;
Young, 2018). Dengue has been described as the most prevalent
arboviral infection, with 40% of the human population at risk
of infection, especially in tropical and subtropical countries
(Wilder-Smith et al.,, 2010; Bhatt et al., 2013; Murray et al,
2013; Patterson et al., 2016; Sukhralia et al., 2019). Its incidence
has increased 30 times in the last decades (Guzman et al,
2016; Pollett et al, 2018), with reports of more than 390
million infections annually (Bhatt et al., 2013). This virus has
four serotypes, DENV-1, DENV-2, DENV-3, and DENV-4;
each serotype confers specific lifelong immunity (Martina
et al,, 2009). However, with second infections by heterologous
serotype, there is a higher risk of developing severe and/or
lethal forms of the disease (Klungthong et al,, 2004; Ngono
and Shresta, 2018). CHIKV has caused widespread epidemics
in Asian countries and East Africa; since 2004, it has spread
to more than 60 countries, including the Americas, in 2013
(Leparc-Goffart et al.,, 2014; Gordon et al.,, 2018). Similarly,
ZIKV has produced major outbreaks in 86 countries and
territories in the Pacific, Asia, and the Americas, generating
devastating congenital anomalies and neurological disorders,
including microcephaly and Guillain-Barré syndrome post-2015
(Kazmi et al., 2020).
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Aedes aegypti and Aedes albopictus are the main vectors
of epidemic arboviruses DENV, CHIKYV, and ZIKV (Kraemer
et al., 2015; Leta et al., 2018; Lwande et al., 2020). These insects
show broad ecological plasticity under different anthropic,
climatic, and environmental conditions (Bonizzoni et al., 2013;
Brady et al.,, 2014; Liu-Helmersson et al., 2016; Ciota et al.,
2018), facilitating its spread in tropical, subtropical and some
temperate zones (Leta et al., 2018; Kraemer et al., 2019; Ryan
et al, 2019). In recent years, virological surveillance using
molecular techniques has been proposed as a highly sensitive
and efficient tool for detecting arboviral infection in vectors
(Faye et al., 2013; Santiago et al., 2013; Alvarez-Diaz et al., 2021).
Studies with this approach show that infection rates in A. aegypti
and A. albopictus mosquitoes in endemic areas of Latin America
may vary depending on the arboviral species, thus providing a
promising approach to trigger control strategies. In the Aedes
mosquitoes, DENV is more prevalent, with ranges between
zero and 16.2% (Dos Santos et al., 2017; Kirstein et al., 2021),
and CHIKYV is between zero and 12.5% (Cevallos et al., 2018;
Monteiro et al., 2020), while ZIKV represents the lowest rate
between zero and 9.0% (Monteiro et al,, 2020). Although data on
arboviral co-infections in mosquitoes are limited, some studies
demonstrate differences in susceptibility to mixed infections by
species and serotype in mosquitoes, with frequencies ranging
from 0.9 to 13.3% (Caron et al,, 2012; Pena-Garcia et al., 2016;
Pérez-Castro et al., 2016; Martinez et al., 2020).

The identification of Aedes species and their genetic
variability has also been described using molecular markers to
understand population dynamics and possible implications for
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disease transmission (Scarpassa et al., 2008; Paupy et al., 2012;
Jaimes-Duenez et al.,, 2015; Pereira et al., 2017). This indicates
that the infection rates and the identification of vector genetic
diversity are essential from the point of view of molecular
epidemiology to determine the possible routes of arboviral
transmission and the progressive dispersion and/or invasion of
the Aedes mosquito in endemic areas (Caron et al., 2012; Paupy
et al,, 2012; Jimenez-Silva et al., 2018; Joyce et al., 2018).

Colombia is a hyper-endemic country for Dengue, where
the four serotypes co-circulate (Padilla et al., 2017). Moreover,
it is one of the countries with the highest reported cases
in the Americas and the Caribbean. Since 2016, there has
been co-circulation of other arboviruses, such as CHIKV and
ZIKV, a condition given by the geographical characteristics,
the conditions of virus transmission, and the presence of the
vector in about 90% of the national territory (Instituto Nacional
De Salud, 2019b). Currently, more than 26 million people,
corresponding to more than half of the national population,
are exposed to arbovirus infection (Hoyos-Lopez et al., 2016;
GoOmez and Zapatansuga, 2019; Instituto Nacional De Salud,
2019b, 2020; Ministerio De Salud Y Proteccién Social, 2020).
Despite this epidemiological situation, there is insufficient
notification in some regions and a narrow active search for
the circulation of different arboviral species (Gutierrez-Barbosa
etal, 2020). An alarming aspect is the co-circulation of arboviral
species in the same region by the same vector species (Wilder-
Smith et al., 2017; Ciota, 2019; Vogels et al., 2019).

The lack of accurate and timely knowledge about the
molecular epidemiology of arboviruses of public health
importance, particularly in the mosquito vector, has limited the
prediction of the genuine risk of emergence and spread of new
arboviral strains in human populations. In Colombia and the
Americas, studies on entomological characterization of Aedes
mosquitoes and detection of arboviruses are scarce (Jaimes-
Duenez et al., 2015; Pena-Garcia et al., 2016; Pérez-Castro et al.,
2016; Pena-Garcia et al., 2017; Martinez et al., 2020; Carrasquilla
et al, 2021), which has implications for effective arboviral
control strategies. Therefore, this study aimed to describe the
frequency of infection and/or natural co-infection by DENV,
CHIKYV, and ZIKV in Aedes spp. mosquitoes circulating in
different Colombian departments and identify using molecular
barcoding the vector species. We highlight the potential of
molecular tests for the surveillance of arboviruses in mosquitoes
and the identification of the vector species (entomovirologial
surveillance).

Materials and methods

Location and capture of adult Aedes

Adult mosquitoes of the genus Aedes were captured between
December 2020 and August 2021 in different municipalities
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of four departments of Colombia: the municipality of Leticia
(4°12/29”S, 69°56'36"W) located in the department of
Amazonas, in the south of the country in the Amazon region,
shares borders with Brazil; municipalities of Puerto Boyacd
(5°58'33.6”"N 74°35.11"W) and Otanche (5°39'24.2”N 74°10.
949'W), located in the department of Boyacd, in the central
Andean region; municipality of Retén (10°36'40.9.9” N 74°16.
094'W), in the department of Magdalena, located on the
Colombian Caribbean coast; and the municipalities of Santa
Rosalia (5°07’1”N 70°52’1”W) and La Primavera (5°28'59” N
70°24" 0”W) in the department of Vichada, located on the east
in the vast plains of the Orinoco region, bordering Venezuela
to the east (Figure 1). The selection of the study sites was
made considering the location of the departments in different
biogeographic areas of Colombia and the records of incidence of
cases of arbovirus infection (Dengue, Chikungunya, and Zika),
as reported by the Colombian Public Health Surveillance System
(Sivigila) (Instituto Nacional De Salud, 2020, 2022; Figure 1).
With the support of the local Public Health Secretaries, a
non-probabilistic convenience sampling was conducted to
obtain a range of sampling efforts from 100 to 150 individuals
in urban and/or peri-urban areas. Adult mosquitoes were
collected in a single sampling moment per department. The
department of Boyacd was sampled in November 2020 (end of
rainy season), while the departments of Magdalena, Amazonas
and Vichada were sampled in the months of April and June
2021 (rainy season). Black light traps placed in the selected areas
for 24 h and/or manually captured with mechanical vacuum
cleaners during the day were used. At each site, only mosquitoes
of the Aedes genus were selected, and subsequently pooled
to optimize both the transport and storage of insects from
the sampling sites. The entomological material was preserved
in RNA later (DNA/RNA shield, Zymo. R1100-50) at 4°C
in flasks marked with the coordinates and/or collection site.
The samples were then sent to the Universidad del Rosario
microbiology laboratory in Bogotd, Colombia, for processing
and molecular analysis.

RNA extraction and cDNA synthesis

In the laboratory, Aedes mosquitoes collected from each
department were processed individually as a more accurate
strategy for arbovirus detection, as previously reported
(Martinez et al, 2020). Each mosquito (each specimen)
was disrupted using ZR BashingBead™ lysis tubes (Lysis
Tubes-ref. $6003-50) with 200 WL of DNA/RNA Shield buffer
in TissueLyser I° tissue homogenizer (Qiagen, Hilden,
Germany), followed by centrifugation at 10,000 rpm for
2 min. RNA extraction was performed with the Quick-
RNA Viral-ZYMO kit (Zymo, ref 1035), following the
manufacturer’s recommended instructions. Once RNA was
obtained, its concentration and quality were measured using a
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FIGURE 1

Salud, 2020, 2022).

Dengue incidence in Colombia during 2020-2021 and study sites. Map of Colombia, showing Dengue incidence data (reported cases per
100,000 population at risk) for the years 2020 (left) and 2021 (right). The sampled departments and municipalities are highlighted.
Entomological sampling of Aedes mosquitoes in 2020 in the department of Boyaca (Dengue incidence data 241-533). Entomological sampling
of Aedes mosquitoes in 2021 in the departments of Magdalena (Dengue incidence data 127-185), Amazonas and Vichada (Dengue incidence
data 185-451). The data used for these maps were obtained from Colombia’s Public Health Surveillance System (Sivigila) (Instituto Nacional De

Nanodrop-2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, United States) and stored at —80°C in a Revco
freezer (Thermo Fisher Scientific, Waltham, MA, United States).
From the RNA obtained, RT-PCR was performed to generate
c¢DNA using LunaScript RT SuperMix Reverse Transcriptase
Kit (NEB #E3010). Finally, the cDNA was stored at —30°C.

Conventional polymerase chain
reaction for the identification of
Dengue virus serotypes

Detection of DENV serotypes (DENV 1-4) was performed
by multiplex PCR, using primers for the region of the
C-prM gene previously reported (Table 1; Chien et al., 2006).
GoTaq®Green PCR Master Mix (2x) enzyme (Promega, #
M7123) was used with 10 pmol of each primer (MD1, rTS1,
rTS2, rTS3, and rTS4) and 0.8 11 of cDNA. The thermal profile
consisted of the following: an initial denaturation cycle at 95°C
for 5 min, 35 cycles of 95°C for 30 s, 57°C for 45 s and
72°C for 33 s, and finally, a final extension cycle of 72°C for
10 min. Visualization of the gene fragments was carried out
using 2% agarose gel electrophoresis in 1x TBE buffer and
as an intercalating agent 1 pL of SYBR” Safe (Invitrogen®,
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Carlsbad, CA, United States), then the gel was placed under
UV light to observe the amplification band of each serotype,
in the case of DENV-1 a band of 208 base pairs (bp) was
observed, DENV-2 a band of 119 bp, DENV-3 a band of
288 bp and DENV-4 a band of 260 bp. The DENV positive
controls (supernatant of culture cells individually infected with
serotypes DENV1, DENV2, DENV3, DENV4) were provided by
the Universities of Antioquia and Antonio Narifio in Colombia.
Finally, confirmation of positive samples was performed in
duplicate.

Real-time polymerase chain reaction
for the detection of Chikungunya and
Zika

The identification of CHIKV and ZIKV was performed
by real-time reverse transcription-polymerase chain reaction
(QRT-PCR) using the corresponding primers and Tagman
probes previously proposed (Faye et al, 2013; Alvarez-
Diaz et al, 2021; Table 1). The qRT-PCR reaction for
CHIKV and ZIKV (per sample) contained qScriptTM
One-Step (2x), Low ROXTM (Quantabio, Carlsbad, CA,
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TABLE 1 List of primers and Tagman probes used in PCR for the detection of DENV, serotypes DENV1-4 (Chien et al., 2006), CHIKV (Alvarez-Diaz

etal, 2021), and ZIKV (Faye et al., 2013).

Arbovirus detection (CHIKV- ZIKV- DENV)

Virus  Primer/probe Sequence (5'—3’) Genomic position ~Amplicon size Genomic region
amplified
DENV-1  DENVI-F mD1-TCAATATGCTGAAACGCGHGAGAAACCG 134-322 208 pb C-prtM
DENVI1-R TS1-CCCGTAACACTTTGATCGCT
DENV-2  DENV2-F mD1-TCAATATGCTGAAACGCGHGAGAAACCG 134-232 119 pb
DENV2-R TS2-CGCCACAAGGGCCATGAACAGTTT
DENV-3  DENV3-F mD1-TCAATATGCTGAAACGCGHGAGAAACCG 134-400 288 pb
DENV3-R rT$3-TAACATCATCATGAGACAGAGC
DENV-4  DENV4-F mDI1-TCAATATGCTGAAACGCGHGAGAAACCG 134-374 260 pb
DENV4-R TS4-TTCTCCCGTTCAGGATGTTC
CHIKV  CHIKV -F RAAGGAGTGCCGGAARGACAT 1,261-1,439 178 pb nsP1
CHIKV -R GACAACCCGGACGACCACAG
CHIKV -P FAM-GARAAGCTYYTGGGGGTCAGAGA-BHQ 1,289-1,311
ZIKV ZIKV-F AARTACACATACCARAACAAAGTG GT 9,271-9,373 102 pb NS5
ZIKV-R TCCRCTCCCYCTYTGGTCTTG
ZIKV-P FAM-CTYAGACCAGCTGAAR-BBQ 9,304-9,320

FAM, 6-carboxyfluorescein; BBQ, black berry quencher; Y = T or C, R = A or G; NS5, nsP1, non-structural protein 1, NS5 non-structural protein 5; C-prM, capsid-premembrane.

United States). For CHIKV, 10 pM of each primer (F-
5’RAAGGAGTGAGTGCCGGAARGACAT) and (R-5
GACAACCCCCGGACGACCACAG), 5 pM of the probe
(5'FAM-GARAAGCTYYYTGGGGGGGTCAGAGA) and 5 pL
of RNA were used. The thermal profile used consisted of one
cycle at 50°C for reverse transcriptase activation for 10 min,
followed by initial denaturation at 95°C for 2 min, 40 cycles of
95°C for 15 s, 55°C for 45 s. For ZIKV, 10 uM of each primer
(F-5° AARTACACATACCARAACACCARAACAAAGTG GT)
and (R-5 TCCRCTCCCYCTYCTYTGGTCTTG), 25 uM of the
probe (5'-FAM-CTYAGACCAGCTGAAR) and 5 pL of RNA
were used. Amplification conditions were: one cycle at 50°C for
10 min, 95°C for 1 min, 40 cycles of 95°C for 15 s, and 56°C
for 1 min. To perform the real-time PCR, the cut-off Ct value
was < 39 based on different criteria, among which are CDC
(Centers for Disease Control and Prevention) interpretation
criteria, considering a specimen positive if primer sets showed
amplification with cycle threshold (Ct) values < 38.5. Likewise,
positive tests were confirmed in duplicate. The positive controls
for CHIKV and ZIKV were donated by the Universidad
de Antioquia and the Universidad Antonio Narifio. The
frequency of infection for CHIKV and ZIKV was expressed as
the infection rate.

Molecular identification of Aedes
species

A fragment of subunit I of the mitochondrial Cytochrome
Oxidase gene (mt-COI) (species-specific barcode) was amplified
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from the resulting positive mosquitoes for DENV, CHIKY,
or ZIKV. Reactions contained 2x GoTaq®Green Master Mix,
(Promega, # M7123), 10 pM of each primer LCO1490 (5'-
GGTCAAATCATAATAAAGATATTGG-3") and HCO2198 (5'-
TAAACT TCAGGGTGACCAAAAAATCA-3') (Joyce et al,
2018), and 5 L of cDNA. Thermal profiling started with a
DNA polymerase activation step at 95°C for 1 min, 45 cycles
of 94°C for 10 s for denaturation, 60°C for 1 min for primer
annealing, and a final extension at 72°C for 10 min. This was
followed by 2% agarose gel electrophoresis and SYBR-Safe as an
intercalating agent (Invitrogen®, Carlsbad, CA, United States)
to observe a band of ~650 base pairs (bp). The amplified
products were sequenced using the Sanger sequencing platform,
following cleanup using ExoSAP-IT™ PCR Product Cleanup
Reagent (Applied Biosystems ™ #78205). In addition to rule
out degradation of the samples, the COI amplification was
used as internal control. Therefore, a random selection of 10
negative mosquitoes per collection site were analyzed observing
the amplification of the marker COI in all of them.

Cytochrome oxidase gene sequence
analysis (barcoding)

Consensus sequences were obtained using Geneious Prime
program.! Each sequence was then compared with the
GenBank database using the BLAST (Basic Local Alignment
Search Tool) sequence alignment tool (Mount, 2007), and

1 https://www.geneious.com/prime/

frontiersin.org


https://doi.org/10.3389/fevo.2022.999169
https://www.geneious.com/prime/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/

Gomez et al.

the Aedes species were assigned considering the percentage
of identity (higher than 95%) and the best e-value result.
Multiple sequence alignments were performed with the MAFFT
algorithm (Katoh and Standley, 2013) in Unipro UGENE
software (Okonechnikov et al,, 2012) using sequences retrieved
from Genbank (Supplementary Table 1).

Subsequently, the genetic variability of the COI marker
for A. aegypti in the samples from the study departments
was evaluated through genetic diversity indices, including
the number of haplotypes (h), the number of segregation
sites (s), the average number of differences (k), haplotype
diversity (hd), nucleotide diversity (1), using DnaSP software
(Rozas et al, 2017). Using the same software, the divergence
test was performed using Tajimas D (Rozas et al, 2017).
In addition, haplotype networks were constructed using the
median joint method (MJN) in PopART (Population Analysis
with Reticulate Trees) software (Leigh and Bryant, 2015) in
order to observe the relationships between the sequences
of COI haplotypes obtained for Colombia. Additionally, to
infer relationships between the COI haplotypes of A. aegypti
generated in our study with COI haplotypes from outside
Colombia, a Maximum Likelihood (ML) phylogenetic analysis
was performed on the haplotypes from each department,
together with haplotypes from Africa, Asia, America, and
the Caribbean regions published in similar studies, and
obtained from the GenBank database (Supplementary Table 1).
Representative COI haplotype sequences between and within
each department were selected for phylogenetic analysis. IQtree
version 1.6.12 software was used (Nguyen et al, 2015), with
the TIM3 + F + I + G4 substitution model (chosen as
the best in software). Branch support was performed using
10,000 repeats by ultrafast bootstrap approximation (UFBoot),
visualized iTOL.?> The COI gene sequence of Culex spinosus
(KM593059.1) was used as outgroup (Martinez et al., 2020).

Statistical analyses

Initially, the results of arbovirus infection were analyzed
in terms of absolute and relative frequencies for the variables
considered in the study (departments and arboviral species
and/or serotypes). Subsequently, the Chi-square test was used
to establish possible associations between these variables. In
order to perform multiple comparisons between the different
departments under study with the arbovirus species, post hoc
tests were implemented through the vcd package in R
software using the chisq.post hoc.test function that allows
pairwise comparisons using the Bonferroni adjustment method.
Statistical analyses were carried out using the R software
(RStudio Team, 2019). All significance tests were two-tailed, and
p-values < 0.01 were considered statistically significant.

2 https://itol.embl.de
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Results

Natural arbovirus infection in Aedes
mosquitoes

A total of 558 Aedes specimens were captured (female and
male), with 150 individuals collected in Amazonas, Boyaca,
and Magdalena, respectively, and 108 in the department of
Vichada (Table 2). In general, in all study departments, the
arbovirus with the highest frequency was DENV, found in
28.1% (n = 157) of Aedes specimens, with a predominance
of serotypes DENV-1 and DENV-2, with a frequency of 9.9%
(n = 55) and 14.2% (n = 79), respectively (Supplementary
Table 2). Only one individual was infected by CHIKV (0.18%),
and none by ZIKV (0.0%). The DENV-1 serotype was detected
with a higher frequency in Boyacd at 18% (n = 27), followed
by the department of Amazonas with a frequency of 11.3%
(n = 17) and Magdalena with 6.0% (n = 9), while Vichada
with 1.9% (n = 2) registered the lowest frequency of infection
by this serotype (Figure 2 and Supplementary Table 2).
In contrast, DENV-2 was detected with a higher frequency
in samples from Vichada 30.6% (n = 33), with the highest
infection rate per serotype, followed by 14.7% in Amazonas
(n = 22), 9.3% in Boyacd (n = 14) and 6.7% in Magdalena
(n = 10). A significant relationship was found between the
distribution of DENV among departments (chi-square tests,
p < 0.005). Multiple comparisons showed that only DENV-
2 was specifically associated with the department of Vichada
(chisq.post hoc.test p < 0.000036). In addition, the total study
areas found a frequency of 3.9% (n = 22) of mixed infections
by DENV serotypes. Co-infections by DENV-1/DENV-2 were
found in all departments, with a higher frequency in Amazonas
at 5.3% (n = 8). Only in Magdalena were two individuals
coinfected with DENV-1/DENV-3 (1.3%) and three individuals
with DENV-1/DENV-2/DENV-3 (2.0%), while in Vichada, one
(1) individual was coinfected with DENV-2/DENV-3 (0.9%)
(Figure 2). No relationship was found between the distribution
of DENV co-infections between departments (chi-square tests,
p < 0.1549).

Cytochrome oxidase gene sequence
analysis (haplotypes)

Based on the analysis of the COI sequences of the arbovirus-
positive mosquito samples infected with DENV and CHIKV
(157 sequences), they were all classified as A. aegypti using the
BLASTn algorithm in the NCBI database. Subsequently, a total
of 145 sequences were used to study genetic variations in the
COI gene: 44 from the department of Amazonas, 42 from the
department of Boyacd, 28 from the department of Magdalena,
and 31 from the department of Vichada (Table 3).
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TABLE 2 Frequency of infection by arbovirus in Colombian departments.
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N=150 N=150 N=150 N=108 N =558 P-value (Chi-Squared)
Amazonasn (%) Boyacan (%) Magdalenan (%) Vichadan (%) Totaln (%)
DENV 47 (31.3%) 44 (29.3%) 29 (19.3%) 37 (34.3%) 157 (28.1%) 0.000023
CHIKV 0% 0(0.0%) 1(0.7%) 0 (0%) 1(0.2%) NA
ZIKV 0% 0 (0.0%) 0(0.0%) 0 (0%) 0 (0%) NA
Total infected 47 (31.3%) 44 (29.3%) 30 (20%) 37 (34.3%) 158 (28.3%)
Total No infected 103 (68.7%) 106 (70.7%) 120 (80%) 71 (65.7%) 400 (71.7%)
80
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FIGURE 2
Frequency of infection and co-infection by Dengue serotypes in Aedes aegypti mosquitoes in Colombia.

Eighty-seven haplotypes were identified from the COI
dataset, with 197 variable sites. High levels of haplotypic
diversity (H = 0.948 + 0.012) and moderate nucleotide
diversity were observed (w = 0.0225 % 0.003) (Table 3).
The number of haplotypes per department was similar
in Boyacd (h = 28), Magdalena, and Vichada (h = 24),
while it varied in Amazonas (h = 19). Haplotypic diversity
was comparatively higher in the departments of Magdalena
(H = 0.9814 + 0.018), Vichada (H = 0.9655 & 0.022), and
Boyacd (H = 0.8919 £ 0.033) compared to the departments of
Amazonas (H = 0. 78647 £ 0.048), while nucleotide diversity
was similar in all departments (~ 7 = 0.017) and marginally
higher in the department of Vichada (7 = 0.0330 = 0.0036). The
mean number of haplotypic differences (K) for the populations
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of the departments of Amazonas, Boyacd, Magdalena, and
Vichada were, respectively, 9,016, 10,683, 11,010, and 19,217.

The mean value of Tajima’s D in the analyzed sequences
from the four study departments was negative (-2.283) (Table 3).
In addition, the Tajima D values for Amazonas and Boyacd
were negative and statistically significant (p < 0.01), suggesting
recent population expansions. In Magdalena and Vichada,
however, Tajimas D was negative but not significant (p > 0.1).
A significant difference in 7 values was observed between the
municipalities.

Figure 3A shows the COI haplotype network of A. aegypti
from the study departments produced by the median junction
network (MJN). Of the 145 mitochondrial sequences analyzed,
we obtained 87 haplotypes distributed among the four
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TABLE 3 Genetic diversity analysis in Aedes aegypti mosquitoes based on molecular analysis of the COI gene.

Department Number of samples h S K Hd £+ SD n £ SD D Tajima P-value
Amazonas 44 19 83 9.016 0.78647 = 0.048 0.0163 = 0.00411 —1.98738 0.05
Boyacd 42 27 109 10.683 0.8919 =+ 0.033 0.0183 = 0.00490 —2.2732 0.01
Magdalena 28 24 69 11.010 0.9814 £ 0.018 0.0189 = 0.00328 —1.6399 0.1
Vichada 31 24 129 19217 0.9655 =+ 0.022 0.0330 = 0.0036 —1.7883 0.1
Total data Estimated 145 87 197 12.481 0.948 % 0.012 0.0225 = 0.003 —2.283 0.010

Department, study department name; Number of samples, number of samples analyzed by department; h, number of haplotypes; S, number of segregation sites; K, average number of
differences; Hd, haplotype diversity; 7 (Pi), nucleotide diversity; SD, standard deviation. p-value = 0.05.

departments, with many low-frequency haplotypes. A dispersed
haplotype network was observed; 51.72% of the haplotypes were
shared among the departments. The network shows two main
haplogroups of higher frequency and geographic distribution.
The first (haplotype color network) predominantly consists of
Amazon haplotypes, composed of ancestral haplotypes (H1).
The second haplogroup (haplotype color red, pink, yellow, and
blue) consists of haplotypes from all locations (H6).

A multiple sequence alignment of A. aegypti haplotype
sequences was constructed with the COI sequences generated
in this study and with the 22 COI haplotype sequences retrieved
from NCBI genebank worldwide (Supplementary Table 1).
Phylogenetic relationships between COI gene haplotype
sequences from a representative group of our samples (30%)
were examined along with sequences from around the world
using maximum likelihood methods. The phylogenetic tree
showed two main clusters, with Bootstrap support > 80%
(Figure 3B). One group was associated with COI sequences
of haplotypes from East Africa (Tanzania), the Caribbean
region (H2 Martinique), and the Americas (Mexico, H1 Brazil,
Colombia, and H1, H2, H3, and H4 Bolivia) reported as
Lineage II (Bracco et al., 2007; Paupy et al.,, 2012). The second
cluster was associated with haplotypes from West Africa (H1
Cameroon, H1 Guinea, and H1 Cambodia) and the Americas
(H1 Venezuela, H1 United States, H1 Colombia, H4, H58.)
reported as Lineage 1. (Bracco et al.,, 2007; Paupy et al., 2012).
All A. aegypti sequences in the present study were associated
with Lineage I (Figure 3B).

Discussion

Currently, vector control efforts and active surveillance for
the early detection of epidemic events caused by arboviruses
are fundamental for the integrated management of arboviral
diseases (Kilpatrick and Randolph, 2012; Golding et al., 2015;
Kauffman and Kramer, 2017). In the present study, we identified
natural infection by DENV and CHIKV in specimens of
Aedes spp., collected from different departments of Colombia.
However, ZIKV was not detected in this study. DENV was the
arbovirus with the highest frequency of infected mosquitoes
(28.1%), while CHIKV and ZIKV had low (0.2%) or none

Frontiers in Ecology and Evolution

08

(0.0%) infection rates, respectively (Table 2). These results
are consistent with the behavior of arboviruses in Colombia,
where in recent years, Dengue notifications have represented
99.5% of the total number of arbovirus notifications in the
country (Instituto Nacional De Salud, 2020, 2022). They are
also related to the high seroprevalence of asymptomatic cases
of DENV infections, more than 85% in children and 90% in
adults identified in the national territory (Velandia-Romero
et al.,, 2020), which may play an important role in the silent
maintenance and progression of the transmission cycle, between
humans and mosquitoes (Pollett et al, 2018). In addition,
the detection of CHIKV in only one individual and the non-
detection of ZIKV in Aedes mosquitoes may reflect the decrease
in transmission of these viruses following the outbreaks that
occurred in 2015 and 2016. In recent years, a gradual decrease
in the notification of Chikungunya and Zika cases has been
observed (Instituto Nacional De Salud, 2020, 2022), with a low
incidence in 2020 and 2021 (0.3-0.5 cases per 100.000 inhab) for
both arboviruses. The reduced circulation of these arboviruses
may be associated with low rates of susceptible population
turnover and reintroduction (Carrasquilla et al., 2021), which
limits the circulation of these viruses in humans and Aedes.

Our results on the frequency of infection by arboviruses
are within the ranges found in other studies of infection in
A. aegypti in Latin America. The most prevalent viral infection
in A. aegypti is DENV, with frequencies in Brazil of 0.81%
from 2012 to 2013 (Dos Santos et al., 2017) and 0.2% in 2017
(Monteiro et al., 2020), while in Mexico, 7.7% frequency was
found for 2016 and 2017 (Kirstein et al,, 2021). In Colombia,
studies on DENV infection frequencies in this mosquito-vector
show infection rates between 12% in the north and center of
the country in 2012-2013 (Pena-Garcia et al,, 2016) of 62%
in the central region by 2015 (Pérez-Castro et al,, 2016) and
29.6% for eastern Colombia in 2018-2019 (Martinez et al,
2020). These results may be closely related to the epidemic
and inter-epidemic periods for Dengue in Colombia and the
Americas (Ramos-Castaneda et al., 2017), as well as sampling
effort, local abundance of A. aegypti and intensity of arbovirus
circulation (Kirstein et al,, 2021). Several studies reveal the
vast and permanent circulation of DENV in the continent,
which is related to the extensive distribution of A. aegypti in
the region, the co-circulation of the four serotypes (DENV
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1-4) (Ramos-Castaneda et al., 2017; Gutierrez-Barbosa et al.,
20205 Instituto Nacional De Salud, 2020) and the susceptibility
profiles of the local populations (Jimenez-Silva et al., 2018;
Velandia-Romero et al,, 2020). In addition, some authors
indicate that the successful transmission of arboviruses such as
DENV by A. aegypti may also be due to transovarial or vertical
transmission (Pena-Garcia et al., 2016; Pérez-Castro et al., 2016;
Ferreira-De-Lima and Lima-Camara, 2018), which can become
an efficient strategy to maintain the constant circulation of
arboviruses in a territory.

We reported the circulation of DENV-1-3 serotypes in
A. aegypti mosquitoes. The highest frequency of infection
by serotypes DENV-1 and DENV-2 was identified in all the
departments studied, while DENV-3 was detected only in the
department of Magdalena in one individual, and no infection
by DENV-4 was detected (Figure 2). This finding is consistent
with epidemiological trends for Colombia, which indicate that
DENV-1 and DENV-2 are the predominant serotypes in the
national territory (Gutierrez-Barbosa et al, 2020; Instituto
Nacional De Salud, 2022), while DENV-3, followed by DENV-
4 are the serotypes with the lowest incidence (Gutierrez-
Barbosa et al., 2020). According to the historical dynamics of
Dengue transmission in Colombia, DENV-1 and DENV-2 are
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responsible for the last epidemic outbreaks from 2010 to 2019.
National registries report changes in the dominant serotype over
time, evidencing the shift from the most prevalent serotype
of DENV-1 toward DENV-2 between 2014 and 2016; and
subsequently reported DENV-1 as the predominant serotype,
followed by DENV-2 in 2019 (Instituto Nacional De Salud,
2019a,b, 2020; Gutierrez-Barbosa et al., 2020). Also, studies of
natural infection in Aedes mosquitoes in central departments of
the country in 2016 reported high rates of DENV-2 infection in
A. aegypti, possibly associated with the epidemic that occurred
during that year (Pérez-Castro et al., 2016; Ruiz-Lopez et al,
2016; GOmez-Palacio et al., 2017; Pérez-Pérez et al., 2017).
Similarly, reports of infection in Aedes during 2018 and 2019
showed DENV-1 infections related to the latest outbreak in
Colombia (Martinez et al, 2020; Carrasquilla et al, 2021).
Given this scenario, our findings on the frequency of infection
in A. aegypti could be associated with this national trend
and reveal the predominant serotype transition from serotype
DENV-1 to DENV-2 in all departments, suggesting that the
latter serotype could be the cause of the next outbreak in
the country. In addition, some authors suggest that changing
serotype prevalence has been associated with lineage extinction
and replacement (Allicock et al, 2012; Salvo et al, 2019).
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However, epidemiological and entomovirological surveillance
should be continued to verify these assertions coupled with
genomic surveillance.

Interestingly, we demonstrate that in departments located
in different biogeographic regions, there is an active circulation
of DENV in A. aegypti mosquitoes. The department of Vichada
presented the lowest frequency of DENV-1 infection (1.9%)
and the highest frequency of DENV-2 infection (30.6%) in
A. aegypti mosquitoes with significant differences compared to
the other departments studied. These findings may be explained
by the proportion of dependent serotypes per department and
the local viral population dynamics, as previously reported
for other Colombian departments (Jimenez-Silva et al., 2018;
Gutierrez-Barbosa et al., 2020; Velandia-Romero et al., 2020).
In addition, it may imply a regional evolutionary process
of the virus probably associated with vector populations,
immunological characteristics, and geographical barriers that
prevent the homogenization of circulating serotypes (Gutierrez-
Barbosa et al.,, 2020). Furthermore, the geographic proximity
between Vichada and Venezuela probably reflects one of the
most significant viral diffusion routes between geographic
locations and shows a migratory pathway of Dengue viral
lineages (Jimenez-Silva et al., 2018). Therefore, this information
highlights the importance of comprehensive monitoring DENV
transmission in transboundary mosquito and human regions,
such as Vichada and even Amazonas (an area bordering
Brazil), which can contribute to controlling the diversification,
transmission, and persistence of strains or gene variants of this
or other arboviruses.

The data on co-infections between species, serotypes, or
viral genotypes in Aedes mosquitos are limited. However,
laboratory evidence confirms that A. aegypti mosquitoes
can be simultaneously or sequentially infected with different
arbovirus species in all combinations and that they are capable
of co-transmitting simultaneously without affecting vectorial
competence (Nuckols et al., 2015; Goertz et al., 2017; Ruckert
et al., 2017; Magalhaes et al., 2018; Mourya et al., 2018; Vogels
etal, 2019). Here, we found natural co-infection in A. aegypti by
different Dengue serotypes, with the highest frequency between
DENV-1 and DENV-2 (2.9%, n = 16). Recent investigations in
Colombia also found mixed infections in Aedes with serotypes
DENV-1 and DENV-2, DENV-2 and DENV-4 (Pérez-Castro
et al, 2016), DENV-4 and DENV-1 (Pena-Garcia et al., 2016),
and by arboviral species DENV-CHIKV (Martinez et al,, 2020),
which could be related to the differences in the endemic
and entomological patterns. Some reports indicate that Aedes
mosquitoes have a high probability of infection by two or more
DENV serotypes (Guzman et al,, 2016; Vazeille et al., 2016), and
may be related to increased susceptibility to infection by one
of these serotypes. Currently, the implications of co-infection
and co-transmission on the epidemiology, pathogenesis, and
evolution of these viral agents remain unclear, mainly due
to limited clinical information, underdiagnosis, and poor
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detection in both humans and mosquitoes (Carrillo-Hernandez
et al.,, 2018; Mercado-Reyes et al.,, 2019; Vogels et al., 2019).
Nevertheless, in regions where there is active co-circulation of
arboviral agents, especially in areas with high endemicity for
Dengue, it is essential to clarify the dynamics of infection in
mosquitoes and possible implications for arboviral transmission
and evolution. The implementation of accurate diagnostic tests
for single or multiple arboviral detections deserves greater
attention as part of epidemiological surveillance.

The present study shows that A. aegypti populations
sampled in different departments of Colombia exhibited high
haplotype diversity 0.948 £ 0.012, but medium nucleotide
diversity (0.0225 £ 0.003) (Table 3). Similar results were found
in studies on the genetic structure of A. aegypti in Latin
American countries such as Brazil (Bracco et al., 2007), Mexico
(Gorrochotegui-Escalante et al., 2002), Venezuela (Herrera
et al., 2006), and Colombia (Jaimes-Duenez et al., 2015). The
high diversity of haplotypes in different populations of A. aegypti
in the continent indicates a rapid population demographic
expansion in a relatively recent period (Joyce et al, 2018)
and a gene flow between countries in the region (Jaimes-
Duenez et al,, 2015). In contrast, other countries such as Bolivia
(Paupy et al,, 2012) show low genetic diversity, probably related
to geographical isolation and limited terrestrial access, which
prevents reinvasion processes by A. aegypti in this country.
Analysis of Tajima’s D test showed negative values in all study
departments and significant values for A. aegypti samples in
Amazonas and Boyacd (P < 0.05), suggesting an excess of rare
alleles, which may reflect demographic instability and confirm
the population expansion of this vector species (Paupy et al.,
2012). These analyses are related to the haplotype network
(Figure 3A), which shows the genetic diversity of A. aegypti
in the study populations, with greater nucleotide diversity for
samples from the department of Vichada. It also reveals a
haplogroup among most Amazon sequences, which presented
the lowest haplotype diversity, while departments with the
highest haplotype diversity (Boyacd, Magdalena, and Vichada)
are in the second-highest haplogroup. This may suggest that the
Amazonas populations present some degree of isolation from
the other A. aegypti populations in the study areas, while the
populations of the other departments may present a greater
genetic flow between them. As the Colombian Aedes populations
from Amazonas seem to be different from the rest of the
country, future studies should study the complex ecological,
evolutionary, and epidemiological context of Amazonas, as this
department limits with the Brazilian, Venezuelan, and Peruvian
amazon comprising a fascinating hotspot for understanding
Aedes population structure.

In addition, phylogenetic analyses of haplotype sequences
from our study and haplotype sequences from other countries
suggest the predominance of a Lineage I of A. aegypti in
Colombia, where all sequences from Amazonas, Boyaca,
Magdalena, and Vichada were related (Figure 3B). This
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lineage has been described as the most widespread in
countries of the Americas (Herrera et al, 2006; Bracco
et al, 2007; Paupy et al, 2012) and is related to West
African ancestors (Moore et al, 2013). Recent studies on
the genetic characteristics and population structure of A. aegypti
in Colombia, based on COI and NAD4 (dehydrogenase
subunit 4) molecular markers, show the existence of a
second lineage (Lineage II), recently introduced to the
country and related to East African analogs (Jaimes-Duenez
et al, 2015). According to the authors, Lineage I is found
in areas with a high incidence of Dengue and chemical
insecticides, while Lineage II is present in cities with a
low incidence of Dengue where chemical insecticides are
not constant (Jaimes-Duenez et al., 2015). This suggests
that the epidemiology of Dengue may be influenced by
the population dynamics of A. aegypti in the territory.
However, it is necessary to continue molecular epidemiology
studies in this type of vector populations, including more
molecular markers or even comparative genomics, which
would help to clarify the associations between vector
competence and the origin of the populations of Aedes
species.

Finally, our study shows that entomovirological surveillance
using molecular tools is a powerful tool that can support
decision-making for preventing and controlling vector-borne
diseases such as Dengue. Thus, individual detection of infection
and/or co-infection by arboviruses (DENV, CHIKYV, ZIKV) in
field-collected Aedes mosquitoes, and molecular discrimination
of vector species using molecular markers, can become a strategy
that generates highly accurate entomological information.
It could be used as an early warning system to support
the adoption of vector control and prevention measures in
emergency or re-emergence of arboviral outbreaks, especially
in predicting infections up to six weeks before the onset
of cases (Pena-Garcia et al, 2016). On the other hand,
considering the installed capacity due to the Coronavirus
disease (COVID-19) sanitary contingency (Alvarez-Diaz et al,
2021), health entities could take advantage of the Next
Generation Sequencing (NGS) technology initiative of viral
strains to detect new DENV lineages, in both humans
and mosquitoes, and learn about regional dissemination
patterns. These sequencing strategies, routinely implemented
for pathogen detection and monitoring by public health
agencies in Europe (Public Health England) and North America
(Centers for Disease Control and Prevention, Public Health
Agency of Canada), have enabled the successful surveillance of
arboviruses such as West Nile virus (WNV) (Wollants et al,
2018) and Zika (Quick et al,, 2017), which provided crucial
information for early decision making to prevent the spread
of these diseases, as well as assisting in the development of
new schemes for the comprehensive management of these
outbreaks.
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It is essential to recognize some limitations in our
study, such as the sample size of Aedes mosquitoes in the
study areas, as well as the use of a single molecular marker
to perform the population structure analysis, that would
allow us to carry out a more robust analysis. We consider
that our findings on entomovirological surveillance in
different areas of Colombia provide valuable information
that
systems for A. aegypti (Lineage I) as the primary vector of

supports comprehensive surveillance and control
arboviruses in Colombia. Likewise, our findings highlight
the importance of protecting the population at risk of
serotype transmission, especially DENV-1 and DENV-2,
and focusing on the potential serotype change in the next

epidemic outbreak.

Conclusion

This study reports on the natural infection by DENV-
1, DENV-2, DENV-3, and CHIKV of A. aegypti from
different of
Colombia. Furthermore, it confirms that co-infection with

departments  in biogeographical regions
DENV serotypes in different combinations is possible.
This demonstrates the high susceptibility of this species
to arbovirus infection and confirms that A. aegypti is the
primary vector in Colombia. The high rates of DENV
infection may be associated with the high seroprevalence and
asymptomatic infections in the human population, which
may influence the constant maintenance of the arboviral
infection cycle. In contrast, the low and null detection of
CHIKV and ZIKV, respectively, may reflect the decrease in
transmission after the outbreaks in 2015 and 2016. Finally,
from the analysis of genetic diversity, we demonstrate the
predominance of lineage I of A. aegypti in Colombia, widely
spread in the Americas, and previously related to areas
with a high incidence of Dengue. Our findings highlight
the importance of including entomovirological surveillance
to better understand its epidemiological dynamics and
take preventive measures against future outbreaks. We
suggest, especially to health and government entities, to take
advantage of the installed capacity in the face of sanitary
containment by COVID-19 to monitor the circulation of
DENV serotypes and genotypes as a strategy for comprehensive
disease management of arboviruses. We also recommend
that future studies include and identify other disease-
carrying vectors circulating in the area (e.g., Culex spp.).
This would be useful to inform the public system of new
viruses and vectors. Finally, we believe that our results on
the molecular epidemiology of arboviruses in different areas
of Colombia provide valuable information that supports
institutional capacities for the prevention and control of
arboviral agents.
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Capitulo 2

Para alcanzar el objetivo planteado en este capitulo, se utiliz6 una metodologia metagendmica para
examinar en profundidad el viroma de los mosquitos Ae. aegypti en diversas zonas urbanas y
periurbanas de Colombia. Este analisis se baso en los hallazgos previos sobre la prevalencia de
infeccion por DENV, detallados en el capitulo anterior. Los resultados revelaron que el viroma de
estos mosquitos estd compuesto principalmente por virus especificos de insectos (ISV), los cuales
son agentes virales no patogenos exclusivos de los insectos. Se observé que la infeccion por distintos
serotipos de DENV, especialmente DENV-1 y DENV-2, podria influir en la abundancia relativa de
las distintas familias y especies virales que conforman el viroma central en dedes spp. Ademas, este
estudio permitid identificar y analizar las relaciones evolutivas del Phasi Charoen-like virus (PCLV,
Family: Phenuviridae) en Ae. aegypti en Colombia, un ISV prevalente en regiones con alta incidencia
de DENV. La caracterizacion detallada del viroma de Ae. aegypti, presentada en este capitulo,
enriquece nuestra comprension sobre la diversidad viral en los mosquitos vectores y proporciona
datos cruciales para futuras investigaciones sobre las interacciones entre ISV — arbovirus — mosquito,
asi como su posible uso en estrategias de control vectorial.

Como producto de este capitulo se adjuntan los siguientes articulos cientificos:

e Articulo 3: Gomez M, Martinez D, Mufioz M, Ramirez JD. Aedes aegypti and Ae. Albopictus
microbiome/virome: new strategies for controlling arboviral transmission? Parasit Vectors.
2022 Aug 9;15(1):287. Doi: 10.1186/s13071-022-05401-9.

e Articulo 4: Gomez M, Martinez D, Paez-Triana L, Luna N, Ramirez A, Medina J, Cruz-
Saavedra L, Hernandez C, Castafieda S, Bohorquez Melo R, Suarez LA, Palma-Cuero M,
Murcia LM, Gonzalez Paez L, Estrada Bustos L, Medina MA, Ariza Campo K, Padilla HD,
Zamora Florez A, De Las Salas JL, Mufioz M, Ramirez JD. Influence of dengue virus
serotypes on the abundance of Aedes aegypti insect-specific viruses (ISVs). J Virol. 2023
Dec 14:¢0150723. Doi: 10.1128/jvi.01507-23.
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CAPITULO 2
Viroma de Aedes aegypti con infeccion natural por el virus del dengue (DENV) mediante analisis
metagendmicos.
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rAbstract )

new emerging and re-emerging arboviruses.

Abstract: Aedes aegypti and Aedes albopictus are the main vectors of highly pathogenic viruses for humans, such as
dengue (DENV), chikungunya (CHIKV), and Zika (ZIKV), which cause febrile, hemorrhagic, and neurological diseases
and remain a major threat to global public health. The high ecological plasticity, opportunistic feeding patterns, and
versatility in the use of urban and natural breeding sites of these vectors have favored their dispersal and adaptation
in tropical, subtropical, and even temperate zones. Due to the lack of available treatments and vaccines, mosquito
population control is the most effective way to prevent arboviral diseases. Resident microorganisms play a crucial role
in host fitness by preventing or enhancing its vectorial ability to transmit viral pathogens. High-throughput sequenc-
ing and metagenomic analyses have advanced our understanding of the composition and functionality of the
microbiota of Aedes spp. Interestingly, shotgun metagenomics studies have established that mosquito vectors harbor
a highly conserved virome composed of insect-specific viruses (ISV). Although ISVs are not infectious to vertebrates,
they can alter different phases of the arboviral cycle, interfering with transmission to the human host. Therefore, this
review focuses on the description of Ae. aegypti and Ae. albopictus as vectors susceptible to infection by viral patho-
gens, highlighting the role of the microbiota-virome in vectorial competence and its potential in control strategies for

Keywords: Arbovirus, ISV, Metagenomics, Microbiota, Vectors, Virome

Background

Vector-borne diseases significantly impact public health,
affecting approximately 30% of the world’s population [1-
3]. In particular, viral pathogens transmitted to humans
by insects—arboviruses—are one of the main concerns
due to the accelerated increase in their incidence and
geographical distribution in recent years [4—6], with den-
gue (DENV), Zika (ZIKV), and chikungunya (CHIKV)
the arboviruses of most significant medical importance

*Correspondence: juand.ramirez@urosario.edu.co; juan.
ramirezgonzalez@mountsinai.org

' Centro de Investigaciones en Microbiologia y Biotecnologia-UR (CIMBIUR),
Facultad de Ciencias Naturales, Universidad del Rosario, Bogotd, Colombia
Full list of author information is available at the end of the article

B BMC

in the world and requiring active epidemiological sur-
veillance [7-9]. DENV, the most prevalent viral infec-
tion in tropical and subtropical countries [10—14], infects
between 100 and 400 million people per year, and its inci-
dence has increased 30-fold in recent decades [15, 16].
Since 2000, CHIKV and ZIKV have spread and caused
significant outbreaks in Asia and the Americas [17-19].
DENV, CHIKYV, and ZIKV are transmitted to humans
predominantly through the highly competent mosqui-
toes Aedes aegypti and Aedes albopictus [20, 21]. Aedes
aegypti is a mosquito vector with a wide distribution
worldwide, especially in tropical and subtropical envi-
ronments, and is closely associated with urban areas and
areas with environmental disturbances [22, 23]. Con-
trastingly, Ae. albopictus presents a greater geographical
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expansion [24], colonizing all five continents [20].
Despite vector control efforts, in recent years an increase
in the geographical distribution of Aedes spp. has been
detected due to factors associated with climate change
[5, 25-27], globalization [28-30], urbanization [29-31],
and resistance to different insecticides [32]. As a result,
these vector species are considered a serious threat [33],
compromising the effectiveness of preventive measures,
control programs, and the management of outbreaks of
the diseases they are involved in.

Furthermore, the search and discovery of viruses in
insect vectors have accelerated in the last decade, thanks
to advances in metagenomic sequencing technologies
[34-37]. However, studies on vector virome are still
scarce [37], and the role of insect-specific viruses—ISVs
(viruses that only replicate in arthropod cells)—is virtu-
ally unknown, despite the importance in the prevention
and control of mosquito-borne diseases. Different inves-
tigations indicate that ISVs are closely related to families
of pathogenic viruses such as Flaviviridae and Togaviri-
dae [38, 39], where DENYV, CHIKYV, and ZIKV are found.
Therefore, ISVs can become potential pathogenic viruses
in invertebrates [40, 41]; on the contrary, they could be
highly related to the competition of vectors to transmit
arboviruses [42, 43], or serve in the future as biologi-
cal control agents against known arboviruses [44, 45].
Knowledge about the composition of viral communities
in mosquitoes of the genus Aedes will contribute to the
understanding of the mosquito—virus—pathogen interac-
tion, as well as to elucidating new control strategies in the
face of new arboviral epidemics. This review focuses on
the description of the composition and diversity of the
microbiota-virome of vectors involved in the transmis-
sion of arboviruses such as Ae. aegypti and Ae. albopic-
tus. Also, the role of these microbes in the modulation of
vectorial capacity and in the potential strategy of biologi-
cal control is highlighted.

Aedes aegypti and Aedes albopictus: competent vectors

in arboviral transmission

Aedes aegypti (Stegomyia aegypti) and Ae. albopictus
(Stegomyia albopicta) are of interest primarily because of
their association with emerging and re-emerging infec-
tious diseases [17]. These two mosquito vectors have
been described as highly competent in the transmission
of arboviral pathogens such as DENYV, ZIKV, and CHIKV
[5, 22, 23, 29, 33, 46]. The species share several charac-
teristics that give them adaptive advantages over others,
making them successful invaders. The rapid spread and
adaptation in tropical, subtropical, and temperate zones,
and thus expansion of global coverage [5, 21, 26], may be
related to large-scale epidemics and recent simultaneous
outbreaks [20, 29]. Aedes aegypti is originally from Africa,
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considered a primary vector of some arboviruses. It has
a high potential for pathogen transmission to humans
due to its purely anthropophilic habits, reproduction in
domestic (urban) and peridomestic environments, use of
artificial containers as breeding places [5, 47], and greater
availability of natural containers for oviposition [48, 49].
In comparison, Ae. albopictus, known as the tiger mos-
quito (Asian), is ecologically more flexible, with a more
comprehensive geographical range than Ae. aegypti [24,
50]. It is found in suburban, rural, and sylvatic habi-
tats, where it presents a wide range of hosts including
humans, livestock, amphibians, reptiles, and birds [24,
29]. Both vectorial species present high ecological plas-
ticity in heterogenous anthropic, climatic, and environ-
mental conditions [25, 31, 50, 51]. Thus, Ae. aegypti and
Ae. albopictus also reveal opportunistic feeding patterns
in multiple human hosts during a gonotrophic cycle [52],
diapause states (metabolism decreased at meager rates
of energy expenditure and subsequent inactivity) dur-
ing the development of eggs in drought conditions [53],
resistance to insecticides such as DDT (dichlorodiphe-
nyltrichloroethane) and pyrethroids [54], and versatility
in the use of clean or stagnant water hatcheries in urban
and natural environments [24].

Aedes aegypti and Ae. albopictus are considered two of
the most invasive mosquito species [23, 50]. Competition
between the two species in their ranges, whether native
or invaded, frequently causes competitive displacement
of one of the species [55], which can modify the epide-
miology of arboviral diseases [56—58]. However, today,
the two still coexist in large regions of the world [21, 59].
Several authors have revealed that the coexistence of Ae.
aegypti and Ae. albopictus vector species in the same
geographical areas can increase the risk of infection or
co-infection for humans, especially during outbreaks or
arboviral expansion [22, 26, 46, 60, 61]. Braks et al. [48]
demonstrated that habitat is a determining factor in
the abundance of the two species. Although Ae. aegypti
predominates in urban areas and Ae. albopictus in rural
areas, the two species can coexist in peri-urban areas, as
demonstrated in several regions of Brazil and in the state
of Florida in the United States. Thus, the segregation of
different habitats may be a mechanism promoting coex-
istence between species, which avoids direct competition
[55, 62].

Different factors influence the spatio-temporal rela-
tionships of virus—vector—human transmission, including
vector capacity, vector competence, and host suscepti-
bility [63]. Vector competence is defined as the intrinsic
ability of the vector to successfully transmit a virus [63].
It normally comprises the capacity of a vector to acquire,
maintain, and transmit a pathogen agent [64]. In con-
trast, vector capacity involves environmental factors such
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as temperature, vertebrate host availability, vector feed-
ing behavior, population density, longevity, and predation
[63]. Scientific evidence indicates that factors such as
climate, vegetation, and building density affect the distri-
bution of both species [5, 51, 57, 65], which determines
the probability of arbovirus transmission in each region.
In addition, virus—vector dynamics associated with the
genetic and immunology background of each popula-
tion of Aedes and the associated microbiota, including
ISVs and arboviral variants, also play essential roles in the
spread of the virus by vector species [23, 66, 67].

In epidemic arboviruses such as DENV, ZIKV, and
CHIKYV, the urban (enzootic) cycle is essential for main-
taining transmission without requiring other cycles to
achieve disease persistence [8, 9, 15]. Transmission of
arboviruses by vectors is carried out in various steps
(Fig. 1): (1) infection of the vector (female mosquitoes)
after feeding with blood from a host during the acute
febrile or viremic phase of the disease [15]; (2) extrinsic
incubation period, with the replication of the virus in the
middle intestine of the mosquito and its spread to dis-
tal tissues, until it reaches the salivary glands (reservoir
organs for the virus) [68, 69], a process influenced by the
ambient temperature, the strain of the virus, immuno-
logical response of the mosquito, and the vector capacity
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[63]; (3) transmission of the virus from the infectious
mosquito to a human during a new blood-feeding [9];
and (4) intrinsic incubation period and appearance of dis-
ease symptoms. Symptoms develop within an incubation
period of 4 to 10 days after being bitten by an infected
mosquito and usually last 2 to 7 days. The asymptomatic
or symptomatic person can transmit the virus to a new
mosquito and keep the epidemic cycle active [15, 33].
Interestingly, vertical or transovarial transmission,
defined as the transfer of pathogens from the infected
parent to part of the offspring [70], also occurs when the
infected female mosquito transmits the virus through
eggs [68] (Fig. 1). This phenomenon can occur especially
during interepidemic periods and periods of drought
[59, 71, 72]. In endemic areas, during unfavorable peri-
ods for horizontal transmission, the ability of some arbo-
viruses to persist in the environment after long periods
of few or no documented human cases is not clear [73,
74]. Although vertical transmission occurs at low rates,
it can limit effective surveillance for infectious diseases
and the achievement of comprehensive arboviral control.
In particular, during the extrinsic incubation period, the
genetic diversity of the virus population decreases sto-
chastically as the virus crosses different anatomical bar-
riers for transmission [69, 71], such as the midgut, where
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the acute phase of the disease
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Fig. 1 The urban cycle of arboviruses in humans and mosquitoes. Figure created with BioRender.com
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viral replication occurs in distal organs for dissemination,
and salivary glands where transmission is finally ensured.
Therefore, virus populations capable of overcoming these
tissue barriers are considered to undergo positive or puri-
fying selection where new genotypes may emerge [15, 40,
69], influencing vector competence in mosquitoes.

Microbiota and vector competence in Ae. aegypti and Ae.
albopictus

In recent years, studies on the biology of arbovirus-
transmitting insects have shown that in addition to
disease-causing pathogens, mosquitoes harbor many
microorganisms such as bacteria, viruses, fungi, and
parasites [23, 75-77]. It has been shown that microbial
composition and functionality in mosquitoes are influ-
enced by genetic factors of the host and the environment
[78]. Therefore, it is believed that mosquito microbiomes
can vary substantially among individuals, life stages, spe-
cies, and geographical area [36, 79]. In Ae. aegypti and
Ae. albopictus, there is evidence that acquisition of the
microbiota is attributed primarily to trans-stage trans-
mission from larva to adult and consumption of water,
nectar, or other environmental food sources [35, 78,
80]. The vectorial competence, blood consumption, and
infection by different pathogens may persistently or tran-
siently change the bacterial composition through altera-
tions in the redox state of metabolism. However, despite
these differences, there appears to be a “core microbiota,’
a collection of critical bacterial taxa that commonly col-
onize different mosquito species [35, 81], although the
specific roles of these taxa and their relationship to vec-
torial competence remain unclear.

In the case of adult Ae. aegypti and Ae. albopictus mos-
quitoes, Proteobacteria, Bacteroides, Firmicutes, and
Actinobacteria are the phyla that group more than 99%
of the total components of the microbiota community
[36]. Some of the bacteria associated with the different
body organs of Aedes mosquito species are Acetobacter,
Burkholderia, Cupriavidus, Elizabethkingia, Escheri-
chia-Shigella, Ochrobacterium, Pantoea, Serratia, and
Sphingomonas at the salivary gland level; Asaia, Bacil-
lus, Chryseobacterium, Chromobacterium, Cupriavidus,
Enterobacter, Enterococcus, Klebsiella, Kluyvera, Leu-
cobacter, Pantoea, Pichia, Pseudomonas, Serratia, and
Sphingomonas at the midgut level; and Pseudomonas,
Acinetobacter, Cupriavidus, Ochrobacterium, Steno-
trophomonas, and Wolbachia at the reproductive organ
level [35, 36, 75, 82, 83]. Although the bacterial compo-
nents of the mosquito microbiota are widely investigated
[76, 84—86], some studies also include other entities
such as fungi and yeasts identified from metagenomic
shotgun sequencing [87] and targeted sequencing of
the 28S marker (28S rRNA). In laboratory-reared and
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field-collected Aedes, mainly yeasts such as Candida
and Pichia have been identified, as well as a variety of
filamentous fungi such as Penicillium [35]. The protists of
helminths comprising this microbiota and their influence
on the insect physiology remain unknown.

Recent studies have shown that bacterial communi-
ties of adult Ae. aegypti and Ae. albopictus can play an
essential role in regulating viral invasion by generating
resistance or susceptibility to infection against arbo-
viruses and other pathogens [64, 75, 84, 86, 88] (Fig. 2).
Thus, some patterns of microbial regulation have been
described that ultimately modulate the vectorial compe-
tence. Strategies of viral regulation include modulation of
physical barriers in midgut epithelial cells (MEC), activa-
tion of immune response signaling pathways, and release
of antipathogenic components. One of the symbionts
that promote susceptibility to arbovirus infection is Ser-
ratia marcescens. This can degrade mucins bound to the
intestinal membrane of Ae. aegypti by releasing the Sm
enhancin protein, which decreases the natural protection
of intestinal mucus [89] and thereby promotes the spread
of pathogenic viruses such as DENV in the mosquito gut.
Similarly, the fungus Talaromyces sp. in this same vector
species can suppress the expression of digestive enzymes
(trypsin) in the midgut of Aedes mosquitoes and, conse-
quently, increase susceptibility to DENV infection [90]
(Fig. 2).

Wolbachia, an intracellular symbiont prevalent in some
insects, has been identified as capable of reducing vecto-
rial competition by manipulating the reproduction of its
host insects and generating cytoplasmic incompatibility
[75]. Experimental trials show a significant reduction in
the transmission of DENV, ZIKV, CHIKYV, and yellow
fever virus (YFV) in Aedes mosquitoes inoculated with
this bacterium [67, 91]. Curiously, negative interactions
between Wolbachia and arboviruses are mainly associ-
ated with enhanced insect immune response. This occurs
by inducing antimicrobial peptides (AMP), melanization,
and the production of reactive oxygen species (ROS) [84].
Likewise, it has been demonstrated that this microor-
ganism, by inducing microRNA (miRNA) production,
suppresses the expression of essential genes during viral
genome methylation [92, 93]. In addition, Wolbachia can
compete for resources by sequestering cholesterol and
other lipids in insect cells [94], which ultimately limits
arboviral infections (Fig. 2).

Interestingly, bacteria with broad-spectrum antipatho-
genic activity against arboviruses, such as Chromobac-
terium sp. Panama (Csp_P), can reduce DENV infection
in Ae. aegypti by degrading the viral envelope protein
through the production of a type of aminopeptidase [95,
96]. This bacterium can also restrict Plasmodium falcipa-
rum infection in Ae. gambiae through the antiparasitic
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protein romidepsin [97]. In contrast, Serratia odorifera
can increase DENV or CHIKV infection in Ae. aegypti
due to the effect generated by the interaction between the
P40 polypeptide, encoded by the bacterium, and prohibi-
tin, a protein related to arboviral infection in mosquito
cells [98, 99] (Fig. 2).

These results have opened a window for further
research to understand mosquito—-microbiota interac-
tions, their influence on arboviral infection in Ae. aegypti
and Ae. albopictus, and the development of novel vector
control strategies. Paratransgenesis stands out among the
main strategies developed with the use of microbiota to
control arboviral and vector-borne diseases [35]. This
technique is based on the genetic manipulation of symbi-
otic bacteria to produce antipathogen effector molecules,
followed by the reintroduction of the modified symbiont
into the arthropod host to reduce vector competence
[75]. Interestingly, genetic engineering research has
evaluated molecules generated by “stable” species of the
vector microbiota that are commonly present in different
mosquito species (“core” microbiota).

Most of these studies have focused on persistent sym-
bionts, capable of secreting antagonistic molecules
that are horizontally and/or vertically transmitted, thus
allowing self-sustainment of the modified symbionts in
the field [36]. In addition, these symbionts must present
the potential to survive long enough in the mosquito to
ensure the effective and constant production of effectors
that limit pathogen replication in the vector [35, 67, 84].
The primary investigations have studied genetic modifi-
cations of symbiont microbiota of insects such as Rhod-
nius prolixus to control the Trypanosoma cruzi parasite,
the causative agent of Chagas disease, and Anopheles spp.
for the control of the Plasmodium parasite, the causative
agent of malaria [84]. In the case of Aedes, the bacterium
Asaia is postulated as a promising option for arbovi-
ral control due to its ability to colonize both laboratory
and field mosquitoes [35, 80, 82, 83, 100]. In addition,
this bacterial species has been used in paratransgenesis
for malaria control, demonstrating limitations in larval
development in Anopheles spp. [35]. Despite the advances
achieved, most studies are still in vitro trials due to the
possible environmental risk that could be generated by
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the release of genetically modified organisms and the
potential implications of interactions between modified
microorganisms and native insect vectors.

Based on advances in next-generation sequencing,
especially shotgun metagenomics, much better under-
standing of the complexity of the Ae. aegypti and Ae.
albopictus microbiota in the presence or absence of viral
pathogens is expected. Currently, it is important to move
towards a deeper understanding of the inherent molecu-
lar mechanisms of interaction between the microbiota,
the pathogens of Aedes mosquitoes, and their impact on
the modulation of vectorial capacity. This new metagen-
omic next-generation sequencing (mNGS) approach
can favor the detection of microorganisms that can be
exploited to develop different applications for the effi-
cient management of Aedes vectors and the diseases
they transmit. In addition, considering that the popula-
tion structure of Ae. aegypti and Ae. albopictus is strongly
influenced by geography and the type of breeding site,
the anthropogenic, environmental, and geographical fac-
tors that affect acquisition should also be considered in
future studies and abundance of microbial communities.
This information could be used to better understand the
potential of the microbiome to prevent or increase mos-
quitoes’ ability to transmit medically important arboviral
pathogens, depending on the conditions of the habitat
where these vector species circulate or coexist.

Metagenomics and the rise of virome studies

in mosquitoes

Metagenomic next-generation sequencing (mNGS), also
known as shotgun deep-sequencing, is a high-through-
put sequencing strategy with high efficiency and a short
turnaround time [101]. mNGS is defined as “the applica-
tion of the modern genomics without the need for isola-
tion and laboratory culture of individual species” [102],
and facilitates the understanding of the composition of all
genetic material (DNA or RNA) in a clinical or environ-
mental sample [103]. The deployment of mNGS has iden-
tified structural and functional diversity of vertebrates
and invertebrates microbiomes [35, 78, 104]. In the case
of viral communities in insects, even recently there was
a “biased” conception of viruses as agents that cause dis-
ease; however, today, with the advances in metagenom-
ics studies, the proper structural and functional diversity
of insect viromes has begun to be elucidated [104—106].
Thus, metagenomics methods, especially during the last
decade, have provided new insights into the complexity
of insect-borne viruses [41, 107-109], relevant for active
pathogen surveillance and response to emerging and re-
emerging infectious diseases [37, 103, 110, 111].
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Metagenomic studies in mosquito vectors are rela-
tively recent. This technique is one of the most com-
mon sequencing approaches for the characterization
of mosquito microbial communities and the descrip-
tion of phylogenetic relationships [35, 100, 112]. With
this new approach, it has been possible to elucidate that
Ae. aegypti and Ae. albopictus mosquitoes harbor a rich
and diverse virome composed mainly of ISVs [39, 107,
113-115]. Unlike arboviruses, which have dual host tro-
pism (vertebrates and arthropod vectors), ISVs replicate
exclusively in insect populations and cannot replicate in
vertebrate cells or infect humans [41, 116, 117]. There-
fore, being naturally associated with arthropods, they can
be considered members of viral communities of insects
exclusively (viromes), and are not considered patho-
gens [104, 117]. In adult insects, the highest proportion
of ISVs characterized so far correspond to RNA viruses
[104] without causing apparent affectation, suggesting
their high adaptation and relationship with insects [104].

Metaviromic analyses in mosquitoes carried out
recently show a significant increase in the number of spe-
cific viral or ISV sequences, both in natural populations
and in mosquito-derived cell lines [37, 116, 118]. These
findings indicate a higher abundance and prevalence
of ISVs in mosquito populations than in arboviruses in
approximately 1-2% of individuals [34]. Research on ISVs
in mosquito vectors has focused mainly on Culex spp.
mosquitoes, Aedes spp., and Anopheles spp. [109, 115,
119-121]. Phylogenetic analyses on the reconstruction of
ancestral traits in ISVs indicate that there are variations
in the diversity and abundance of viruses between vec-
tor species; however, viral families such as Flaviviridae
(positive-sense [+] single-stranded RNA [ssRNA]), Bun-
yaviridae (negative-sense ssRNA [—]), Rhabdoviridae
(ssRNA), Reoviridae (double-stranded RNA [dsRNA]),
and Togaviridae (+ssRNA) are shared [34, 37-39, 122].
These discoveries have opened a new view on the diver-
sity and evolution of ISVs [38, 39, 116] and their influence
on vectorial competence [123] for efficient transmission
of human pathogens (arboviruses) [118], in addition to
their potential use as biological control agents or new
vaccine platforms [44, 45] (Fig. 3).

Phylogenetic analyses and experimental studies have
shown that many ISVs isolated from mosquitoes contain
ancient and diverse lineages, which possibly evolved and
diversified with their host insects [122, 124]. Research
on the reconstruction of ancestral traits in ISVs of Bun-
yavirales has evidenced a basal phylogenetic relationship
between the dual-host bunyavirus and insect-specific
ancestors [125]. The close relationship found between
ISVs and human pathogenic arboviruses [38, 39, 122] has
generated the hypothesis about the role they can play in
modulating arboviral transmission [44, 45] (Fig. 3). ISVs
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are found at all stages of life in both male and female
mosquitoes. This is associated with their efficient trans-
mission to offspring (transovarial transmission) [104,
118] and coexistence with their insect host over a long
period [39, 124]. In addition, there is evidence of the
presence of viral RNA in the insect transcriptome and
a high incidence of endogenous copies in the insect
genome, suggesting a crucial role of ISV in the evolution
of RNA viruses [126]. In this way, it could be inferred
that, if ISVs are ancestral to arboviruses, they could be
studied to understand the evolution from a single host to
a dual host, as well as to elucidate the factors that influ-
ence the “switch” of viruses from arthropods to viruses
with emerging potential.

Virome in Ae. aegypti and Ae. albopictus

Metagenomics studies in Ae. aegypti and Ae. albopictus
conducted in different geographical areas of the world
(Americas, Asia, Africa, Europe, and Australia) [73, 107,
121, 127-134] have identified that Aedes host a viral com-
munity with high diversity. Currently, the available data
focus mainly on Ae. aegypti, compared with the virome of
Ae. albopictus, possibly because it is considered the pri-
mary vector of arboviruses and with a vast geographical
distribution [23, 107, 114]. It should be noted that most
of the viruses discovered lack a formal taxonomic clas-
sification (unclassified viruses), which limits the proper
understanding of the diversity of the circulating virome
in these vector species. This condition highlights the
need to generate more robust databases allowing us to

improve the viral characterization of mosquitoes that
transmit infectious diseases.

Curiously, in these investigations, similarity in the
composition of the virome has been evidenced in Aedes
species, made up mainly of the families Flaviviridae,
Totiviridae, Phenuiviridae, Orthomyxoviridae, Virgaviri-
dae, and Secoviridae. In addition, this research highlights
the conservation of viral species in the Aedes virome,
such as Phasi Charoen-like virus (PCLV) (Phenuiviri-
dae), Humaita-Tubiacanga (HTV) (unclassified viruses),
Guadeloupe mosquito virus (GMV)/Wenzhou sobemo-
like virus 4 (unclassified viruses), cell fusing agent virus
(CFAV; Flaviviridae), Guadeloupe mosquito quaranja-
like virus 1/Aedes alboannulatus orthomyxo-like virus
(Orthomyxoviridae), and Australian Anopheles totivirus
(Totiviridae) (Fig. 4), demonstrating the presence of a
“core virome,” perhaps associated with its ecology, simi-
lar food sources, selective host pressures, and microbial
interactions [67, 112]. Therefore, it is considered that
the “core virome” in Ae. aegypti and Ae. albopictus likely
plays a role in mosquito homeostasis and may also have
implications in vector competition for arbovirus trans-
mission [39, 118, 132]. Future studies are needed to fully
understand these complex interactions.

In most metavirome studies carried out so far, the viral
families Flaviviridae, Orthomyxoviridae, Totiviridae, and
Phenuiviridae have been the most prevalent (Fig. 4). This
suggests a possible origin from the ancestral Aedes mos-
quito and evolution with the vector in different parts of
the planet. This is consistent with several authors that
propose processes of co-evolution and diversification
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between ISVs and the insect [113, 116, 121, 135], as pre-
viously suggested for the families Bunyaviridae, Flavi-
viridae, and Rhabdoviridae [38, 123]. In particular, the
family Totiviridae has been mainly associated with fungi
and plants [136]. However, its prevalence has increased
among arthropods, possibly due to horizontal virus
transfer mechanisms [132]. According to Shi et al. [137],
interspecies virus transmission is a joint event across the
ISV landscape, and it has likely been a significant factor
in the evolutionary history of such viruses. Consider-
ing this new vision on the virome of Ae. aegypti and Ae.
albopictus mosquitoes, subsequent studies could focus
their attention on investigating how these viruses could
influence mosquito—virus—pathogen interactions in the
dynamics of arbovirus—insect transmission.

Some investigations of viral communities in Ae. aegypti
and Ae. albopictus also show a stable virome profile at
different life stages (larva, pupa, and adult), grown in
the laboratory and collected in the field [107, 127]. In
this way, several studies suggest that the “core virome”
can be acquired vertically (from parent to offspring)

[127] or from the environment [127]. Accordingly, stud-
ies by Coatsworth et al. [132] confirmed the vertical
transfer of ISVs in Ae. aegypti by metagenomic studies
conducted over several generations. Similarly, Thannes-
berger et al. [128] showed that the local ecosystem could
play a preponderant role in the composition of viral com-
munities in mosquito vectors. Interestingly, most meta-
viromic analyses in Aedes mosquitoes collected from
the field show the presence of a “core virome” with more
extraordinary diversity than the virome of laboratory
mosquitoes. This is probably associated with the vari-
able geographical and environmental conditions found
in nature versus the standardized conditions of water and
resources available in the laboratory [37, 129, 130]. The
evident contrast between the scenarios in which field and
laboratory mosquitoes are exposed could reflect the viral
diversity of their respective environments [132]. Thus,
future investigations could identify the impact of differ-
ent biological and environmental variables on ISVs.
Comparative analyses between the virome of Ae.
aegypti and Ae. albopictus show differences in viral
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composition and diversity. Metagenomic studies show
a higher ISV richness in Ae. aegypti [73, 107, 128, 131,
132], related to its high susceptibility to arbovirus infec-
tion [23, 29, 63]. In contrast, the virome of Ae. albopic-
tus presents a wide diversity of viruses associated with
vertebrates, insects, plants, bacteria, and fungi [24, 127,
129, 130], which can probably be explained by the differ-
ent cycle, ecotope, and environmental factors, including
breeding and feeding sites [29, 80]. In addition, it must
be highlighted that specific viral species have been iden-
tified for each vector and geographical region. However,
unique ISVs have been detected in Aedes anphevirus
(AeAV; Xinmoviridae) and Aedes aegypti totivirus (Zoti-
viridae), while in Ae. albopictus only the ISV Aedes fla-
vivirus (AeFV; Flaviviridae) has been found. These
differences in the virome composition of these vectors
could reflect essential differences in evolutionary history
and host immune responses [78, 81] and differences in
virus—mosquito interactions, potentially related to vector
competence [35, 45, 112].

ISVs seems to modulate arbovirus infections in Ae. aegypti
and Ae. albopictus

Considering the role of some symbiont members of the
microbiota of insect vectors, it is considered that some
ISVs may also have a similar effect on vector competi-
tion by suppressing or enhancing arbovirus replication in
insect vectors [45, 104, 111, 117]. Some authors have pro-
posed that mosquito-associated ISVs could have poten-
tial applications as (i) biological control agents against
vector-borne diseases, (ii) diagnostic therapies, and (iii)
new vaccine platforms [34, 35, 44, 45, 104, 117, 118].

The first characterized ISVs belong to the genus Flavi-
virus, as the CFAYV, isolated from a culture in a cell line
of Ae. aegypti [138]. This virus can also replicate in Ae.
albopictus cell lines; however, it does not show a cyto-
pathic effect on invertebrate cell lines. Recent studies by
Zhang et al. [139] found that CFAV infection significantly
improved DENYV replication, possibly due to an increase
in the expression of ribonuclease kappa (RNASEK),
known to promote infection of endocytosis-dependent
viruses and pH-dependent entry. The authors indi-
cate that increased CFAV-induced RNASEK expression
will likely contribute to improved DENV replication in
CFAV-infected cells [139].

Research conducted by Schultz et al. [42] examined
cell lines of Aedes species. The suppression of the arbo-
virus in the presence of ISV CFAV and PCLV demon-
strates that dual ISV infection managed to decrease
the growth of ZIKV, DENYV, and La Crosse encephali-
tis virus (LACV) by up to 90% in immunocompetent
cells of Ae. albopictus and Ae. aegypti. Another study
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characterized Aedes anphevirus (AeAV), a negative-
sense RNA virus of the order Mononegavirales, capable
of infecting laboratory colonies, wild mosquitoes, and
cell lines of Ae. aegypti and Ae. albopictus worldwide
[140]. It was identified that Ae. aegypti cells, co-infected
with AeAV and Wolbachia, improved AeAV replica-
tion and slightly reduced DENV replication in vitro
[140]. These data suggest that there are mechanisms of
viral competition [141] as exclusion by superinfection.
They may involve competition or modification of cellu-
lar resources that reduce receptor binding, viral entry,
RNA replication, and translation of the secondary virus
[42, 45, 142] or mechanisms of both positive and nega-
tive regulation of the antiviral immune response of the
vector [39].

A similar study evaluated Nhumirim virus (NHUV)
(Flaviviridae) pre-inoculated or inoculated simulta-
neously with ZIKV and dengue-2 virus (DENV-2) in
Ae. albopictus cells, showing a significant reduction of
these viruses [43]. Additionally, trials with individuals
of Ae. aegypti also demonstrated decreased ZIKV infec-
tion rates in mosquitoes inoculated with NHUV com-
pared with those not exposed [43]. Likewise, in Culex
quinquefasciatus, a decrease in the transmission rates
of West Nile virus (WNV) was observed when the
vector was previously exposed to NHUV [143]. These
results indicate that some ISV species could modulate
vector competition in Aedes spp. and Culex.

On the other hand, Nazar et al. [144] investigated
the ability of Eilat virus (EILV), an ISV of the Togaviri-
dae family, to interfere with viruses of the same family,
such as Sindbis virus (SINV), CHIKV, western equine
encephalitis viruses (WEEV), eastern equine encepha-
litis virus (EEEV), and Venezuelan equine encephali-
tis virus (VEEV). In vitro results in Ae. aegypti C7/10
cells showed that EILV infection reduced replication of
pathogenic viruses regardless of virus or multiplicity of
infection. In addition, in vivo trials in Aedes mosqui-
toes pre-inoculated with EILV and fed blood containing
CHIKYV also showed a reduction in the rate of infection
and the spread of CHIKV [144]. These results suggest
different interactions between ISVs and arboviruses,
such as competitive inhibition and superinfection
exclusion [123]. However, it should be noted that stud-
ies on the relationship between ISV—arbovirus—micro-
biota of insects are only just emerging. Therefore, new
investigations are needed to better understand this type
of interaction, which may result in the development of
new approaches for the control and prevention of arbo-
viral transmission.
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Conclusions

Aedes aegypti and Ae. albopictus mosquitoes that trans-
mit viruses of medical and economic importance, such
as DENV, CHIKYV, and ZIKV, among others, continue to
be a major threat to global public health. Currently, the
geographical spread of these mosquito vectors, and thus
of arboviruses, is increasingly extending to new regions
under the influence of multiple social, environmental, and
ecological factors. In recent years, shotgun metagenomic
sequencing has improved our understanding of the com-
position and, in part, the functionality of the Aedes micro-
biota/virome. These advances have revealed the critical role
that some of the resident microorganisms play in host fit-
ness, especially in the presence and absence of viral patho-
gens. It is known that Ae. aegypti and Ae. albopictus share
a core set of microorganisms, especially bacterial and viral.
However, many aspects of this area of knowledge remain
unclear. Therefore, understanding the true diversity of the
mosquito microbiome and its interactions with the host,
as well as its dynamics in the face of arbovirus infection
events, is critical, given the evidence as potential biologi-
cal control agents. Recent metavirological analyses indicate
that the “core virome” of Ae. aegypti and Ae. albopictus,
composed mainly of ISVs, has the potential to alter the sus-
ceptibility of mosquitoes to certain arboviruses, as well as
to show evolutionary relationships with these pathogens.
Further studies, especially of ISVs, including isolation,
whole-genome sequencing, and even functional assays, are
thus warranted to better understand their origins, patho-
genic potential, molecular mechanisms affecting vector
competence, and potential biotechnological applications.

It is therefore emphasized that microbiota—ISV—-arbo-
virus interactions in the mosquito (host) form an ecologi-
cally complex system, influenced by the geographical and
environmental conditions to which the vector is exposed.
For this reason, future analyses should also consider the
anthropogenic, environmental, and geographical fac-
tors that influence the acquisition and abundance of the
microbial communities of Ae. aegypti and Ae. albopictus,
and identify the change in the composition and diversity
of the microbiota/virome in the different life stages of
Aedes (pupa, larva and adult), at both the field and lab-
oratory levels. This information could be used to better
understand the potential of the microbiota to prevent or
enhance the mosquito’s ability to transmit arboviral path-
ogens of medical importance, depending on the habitat
conditions where these vector species circulate or coex-
ist. Finally, it is concluded that the path is open for fur-
ther strengthening of omics and bioinformatics sciences,
towards a better understanding of Aedes insect biology
and arbovirus epidemiology, and the development of
potential “novel” arboviral intervention strategies.
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ABSTRACT A comprehensive understanding of the virome in mosquito vectors is
crucial for assessing the potential transmission of viral agents, designing effective vector
control strategies, and advancing our knowledge of insect-specific viruses (ISVs). In
this study, we utilized Oxford Nanopore Technologies metagenomics to characterize
the virome of Aedes aegypti mosquitoes collected in various regions of Colombia, a
country hyperendemic for dengue virus (DENV). Analyses were conducted on groups of
insects with previous natural DENV infection (DENV-1 and DENV-2 serotypes), as well as
mosquito samples that tested negative for virus infection (DENV-negative). Our findings
indicate that the Ae. aegypti virome exhibits a similar viral composition at the ISV family
and species levels in both DENV-positive and DENV-negative samples across all study
sites. However, differences were observed in the relative abundance of viral families such
as Phenuiviridae, Partitiviridae, Flaviviridae, Rhabdoviridae, Picornaviridae, Bromoviridae,
and Virgaviridae, depending on the serotype of DENV-1 and DENV-2. In addition, ISVs are
frequently found in the core virome of Ae. aegypti, such as Phasi Charoen-like phasivirus
(PCLV), which was the most prevalent and showed variable abundance in relation to
the presence of specific DENV serotypes. Phylogenetic analyses of the L, M, and S
segments of the PCLV genome are associated with sequences from different regions
of the world but show close clustering with sequences from Brazil and Guadeloupe,
indicating a shared evolutionary relationship. The profiling of the Ae. aegypti virome in  Editor MarkT. Heise, University of North Carolina at
. . . . . . L. . Chapel Hill, Chapel Hill, North Carolina, USA
Colombia presented here improves our understanding of viral diversity within mosquito
vectors and provides information that opens the way to possible connections between Address correspondence to Juan
ISVs and arboviruses. Future studies aimed at deepening our understanding of the ~ D2VidRamirez juandramirez@urosarioedu.co,
. K A K X K juan.ramirezgonzalez@mssm.edu.
mechanisms underlying the interactions between ISVs and DENV serotypes in Ae. aegypti
could provide valuable information for the design of effective vector-borne viral disease e authors declare no conflict of interest.
control and prevention strategies. See the funding table on p. 14.
Received 26 September 2023
IMPORTANCE In this study, we employed a metagenomic approach to characterize Accepted 13 November 2023
the virome of Aedes aegypti mosquitoes, with and without natural DENV infection, in Published 14 December 2023
several regions of Colombia. Our findings indicate that the mosquito virome is predomi- Metagenomic sequencing of Ae. degypti mosquitoes,
nantly composed of insect-specific viruses (ISVs) and that infection with different DENV both naturally infected and uninfected with dengue
serotypes (DENV-1 and DENV-2) could lead to alterations in the relative abundance of ~ Virus revealeda stable vector virome composition at
viral families and species constituting the core virome in Aedes spp. The study also sheds ;Zifg;!i:g?sz:fe'evs‘!;vélmi'lfe\zevj::ec:s;jj;'jnatshe
light on the identification of the genome and evolutionary relationships of the Phasi a function of DENY serotype (DENV-1 and DENV-2).

Charoen-like phasivirus in Ae. aegypti in Colombia, a widespread ISV in areas with high The results highlight the importance of further
DENV incidence. exploring ISV-arbovirus interactions, which could
have implications for the prevention and control of
arboviral (arthropod-borne viral) diseases.
KEYWORDS Viral metagenomic, mosquito, dengue virus, insect-specific viruses (ISVs),
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M osquitoes are important vectors responsible for the transmission of more than
one-third of all arboviruses worldwide (1). The Aedes aegypti mosquito is the
primary transmitter of pathogenic viruses such as dengue virus (DENV), affecting
390 million people in tropical and subtropical regions worldwide annually (2, 3). This
virus has four serotypes, namely, DENV-1, DENV-2, DENV-3, and DENV-4, which pro-
vide lifelong immunity (4). However, second infections by heterologous serotypes are
associated with an increased risk of developing severe and/or fatal forms of the disease
(3, 4). Factors such as climate change (5-8), globalization (9, 10), urbanization, and
human movements (10, 11) have enabled the worldwide expansion of Ae. aegypti,
facilitating the rapid spread of arboviral diseases (12).

This species is highly competent due to its strong anthropophilic behavior, resist-
ance to egg desiccation (13), adaptability to urban and natural environments (14), and
resistance to insecticides (15). Furthermore, the transovarial and venereal transmission of
some viruses by Ae. aegypti (4, 16) constitutes important mechanisms to maintain virus
circulation even in adverse epidemiological scenarios, such as cold winters or droughts
(17). Consequently, this vector species is a significant threat (18), compromising the
effectiveness of control measures and management of arboviral diseases worldwide.

In recent years, the intensification of insect vector surveillance and the need to
detect emerging pathogens and new viruses (19) have led to the development and
application of metagenomic sequencing, a powerful tool for studying virus diversity in
a culture-independent manner (20). Although viral metagenomic sequencing can be
insensitive, especially in samples with low abundance of viral genomic material relative
to host-derived nucleic acid (21), new enrichment strategies allow for the concentration
of viruses present in the sample, which increases sensitivity of detection (22). This
promising approach is helping to define the mosquito virome, known to be rich and
diverse, composed primarily of Insect-Specific Viruses (ISVs) (23-27). ISVs are viruses that
naturally infect arthropods but lack the ability to replicate in vertebrate cells or infect
humans (28, 29).

Recent studies on the virome of Aedes species, carried out in different parts of
the world, have shown similarities in the virome composition, formed mainly by viral
families such as Flaviviridae, Togaviridae, Peribunyaviridae, Phenuiviridae, and Rhabdoviri-
dae (28, 30-32). As a result, it is considered that there is a set of viruses that could
form a stable species-specific “core virome” in mosquito populations (23). This virome is
defined as a collection of viral taxa that are consistently detected in various populations
and geographic locations of Aedes mosquitoes (30, 33). The presence of these viruses
can potentially affect the susceptibility of the vector to different pathogenic viruses,
including dengue virus, which has important implications for mosquito homeostasis (27,
34-36).

A recent virome analysis of Ae. aegypti in urban endemic areas across the world
revealed the high abundance of certain ISVs, including Phasi Charoen-like virus (PCLV)
and Humaita-Tubiacanga virus (HTV), which could impact the mosquitoes’ ability to
transmit DENV and ZIKV to vertebrate hosts (37). Experimental trials have demonstrated
decreased infection rates by these arboviruses in cell lines of Aedes spp. mosquitoes
previously inoculated with Cell-fusing agent virus (CFAV) and PCLV (38) and Nhumirim
virus (Flaviviridae) (39). For these reasons, some authors also have suggested the use
of ISVs as biological control agents against different arbovirus species (33) or as novel
vaccine platforms (32).

Colombia, a country located in the northwestern region of South America, has
documented Ae. aegypti as the primary vector responsible for transmitting arboviruses
such as dengue, Zika, and chikungunya (40, 41). This vector is widespread in peri-urban
and urban areas across most of the national territory, increasing the risk of DENV
transmission, particularly in areas located below 2,300 meters above sea level (41-43).
Recent studies indicate that approximately 80% of the Colombian geography is at
risk of dengue, as all four serotypes co-circulate (40, 44, 45). This complexity is more
pronounced in regions with high poverty rates, inadequate basic sanitation, and limited
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access to healthcare (41), where environmental conditions favor the proliferation of this
vector species (46).

Despite the significance of Ae. aegypti, our knowledge of the viral communities
within this mosquito species in Colombia and the Americas remains limited. Therefore,
this study utilizes a metagenomic approach to characterize the virome of Ae. aegypti
mosquitoes collected from various geographic regions of Colombia. These mosquitoes
were identified as positive for dengue virus (DENV-1 and DENV-2 serotypes) as well as
uninfected (DENV negative). This research enhances our understanding of the composi-
tion and diversity of viral communities within vectors. It serves as a foundational step for
future investigations into interactions between ISVs and arboviruses, their potential role
in vector competence, and the development of disease control strategies.

RESULTS
Metagenomic analysis of Ae. aegypti mosquito virome

Using the results of multiplex PCR, which were obtained in a prior study (41) and focused
on detecting dengue virus in Ae. aegypti mosquitoes collected from various regions of
Colombia, we organized 10 mosquito sample pools for each study location. These pools
were further categorized into two groups: DENV-positive (specifically, DENV1 and DENV2
serotypes) and DENV-negative (DENV-) as detailed in Table 1. Thus, a total of 40 pools
of Ae. aegypti mosquitoes were subjected to metagenomic sequencing using Oxford
Nanopore Technologies (ONT), and the data generated were subsequently analyzed with
different bioinformatics tools. The quality of the viral metagenomic data filtered using
NanoStat software revealed an average of 235,800 raw reads per sample, with an average
length of 430 bases and a read quality score of 10 (Table S1). In addition, ViromeQC
software detected ~31.75% of sequences per sample that aligned to the LSU rRNA. Once
host and prokaryote sequences were removed with the Minimap2 tool, the remaining
reads were taxonomically sorted using Centrifuge. PAVIAN was used to visualize the Ae.
aegypti virome data, revealing 4,219,471 raw reads, with a mean of 105,487 raw reads
per sample (range 55,627-216,900). Of these, approximately 3.7% (147,546 reads) were
taxonomically classified as viral reads and were assigned to specific viral families or
genera (Table S2).

Description of the virome in Ae. aegypti mosquito

This study found that the viral sequences primarily belonged to the families Phenuivir-
idae, Flaviviridae, Partitiviridae, Rhabdoviridae, Picornaviridae, Iflaviridae, PeriBunyaviri-
dae, and Togaviridae. In addition, minor proportions of plant virus families such as
Bromoviridae and Virgaviridae were detected in all samples analyzed. The Phenuiviridae
family proved to be the most abundant and widespread in the Ae. aegypti virome in all
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TABLE 1 Summary of samples in Ae. aegypti viral metagenomics analysis: pooled samples and mosquito counts with natural DENV-1 and DENV-2 infection

(DENYV positive) and without infection (DENV negative)”

Number of Serotype of pool Total pools Number of mosquitoes Total number of mosquitoes
Location pools (DENV+/DENV-)  (individuals) (individuals)
(study site) DENV infection DENV1 DENV2
Amazonas  Positive 5 2 3 10 25 50
Amazonas  Negative 5 - - 25
Boyacd Positive 5 3 2 10 25 50
Boyacd Negative 5 - - 25
Magdalena  Positive 5 3 2 10 25 50
Magdalena  Negative 5 - - 25
Vichada Positive 5 1 4 10 25 50
Vichada Negative 5 - - 25
Total 40 9 1 40 200 200

9—, not applicable.
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sample pools analyzed from the study areas in Colombia. These families were detected
in both DENV-infected mosquito samples (positive for DENV1 and DENV2 serotypes) and
in DENV-negative samples (Fig. 1A) from the locations of Amazonas, Boyaca, Magdalena,
and Vichada (Fig. 1B and Q).

Metagenomic analysis of viruses revealed abundance of the ISVs PCLV belonging to
the family Phenuiviridae of the order Bunyavirales in all mosquito samples analyzed (Fig.
2). PCLV was previously characterized in Ae. aegypti mosquitoes in Thailand (48). Other
ISVs found in the vector virome, in minor proportions, include HTV, an unclassified virus
identified in Aedes spp. from Brazil (49); Guadeloupe mosquito virus (GMV), an unclassified
virus, previously found in the island of Guadeloupe (23); Hubei mosquito virus 1, an
unclassified virus; and Aedes aegypti anphevirus (Xinmoviridae) and Cell fusing agent virus
(Flaviviridae) (Fig. 2A and B). Other ISVs, such as Uxmal virus, a virus belonging to a group
(taxon) of viruses Negevirus (50), isolated from Aedes mosquitoes from Mexico (51), and
Hanko iflavirus (Flaviviridae), recently characterized in species of the subgenus Aedes in
northern Europe (52), were reported for the first time in Colombia (Fig. 2C). In addition,
this study also identified potential human pathogens, such as Corriparta virus (CORV)
recognized within the genus Orbivirus (Reoviridae) (53) and Piry vesiculovirus (PIRYV)
(Rhabdoviridae) (54) (Fig. 2D).

Comparison of the relative abundance between viral families of samples positive and
negative for natural DENV infection (DENV-1 vs DENV negative and DENV-2 vs DENV
negative) revealed no significant changes (Wilcoxon test, P < 0.05) (Fig. 3A and B; Table
S3). However, comparison of DENV-positive samples by serotype (DENV-1 vs DENV-2)
revealed differences in the abundance of some of the families that compose the Ae.
aegypti virome, including Phenuiviridae, Partitiviridae, Flaviviridae, Rhabdoviridae,
Picornaviridae, Bromoviridae, and Virgaviridae (Wilcoxon test, P < 0.05) (Fig. 3C; Table S3).
In addition, comparing the relative abundance of viral families between different
localities, the Phenuiviridae family showed differences between the departments
Magdalena-Vichada (P = 0.014) and Boyacé-Vichada (P = 0.029), using Kruskal-Wallis and
a post hoc Dunn’s test considering the Benjamini-Hochberg procedure. Other families,
such as Flaviviridae, Bromoviridae, and Virgaviridae, also showed significant differences
in relative abundance between Magdalena and Vichada (P < 0.05) (Fig. 3D). Also, some
viral species, such as PCLV and HTV, showed significant differences between the
Amazonas-Vichada, Boyaca-Vichada, and Magdalena-Vichada departments (P < 0.05).

PCLV genome analysis

In our metagenomic analysis, we observed a dominant presence of PCLV in the Ae.
aegypti virome, accounting for approximately 70% of the total viral reads that were
assembled into PCLV contigs. Using the Genome Detective tool, we successfully
reconstructed the complete genomes of PCLV, including the L, M, and S segments
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FIG 1 Composition of viral families from field-collected Ae. aegypti mosquitoes across various locations in Colombia. Bar graphs depict the relative abundance
of major viral families present in Ae. aegypti mosquitoes, categorized by samples positive for DENV-1 and DENV-2 serotype infections, as well as negative for
DENV (-) infections, as shown in (A) samples from all localities by group. (B) Individual samples by study locality. (C) Samples by study locality in Colombia. Figure
created on R studio with ggplot package (47).
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of viral reads for the main viral species categorized by samples positive for DENV-1 and DENV-2 serotype infections, as well as negative for DENV (=) infections,

as shown in (A) ISVs reported in core virome of Ae. aegypti mosquitoes, samples from all localities by group. (B) ISVs reported in core virome, samples by study

locality in Colombia. (C) Viruses found in Ae. aegypti virome, samples from all localities by group. (D) Viruses found in virome, samples by study locality in

Colombia. Figure created on R studio with ggplot package (47).

responsible for encoding RNA-dependent RNA polymerase (RdRp), glycoprotein, and
capsid protein, respectively. The nucleotide sequences of these assemblies exhibited an
average size of 6,700 nt for the L segment, 3,570 nt for the M segment, and 1,100 nt for
the S segment (Table S4). Our comprehensive analysis highlighted the prevalence of
PCLV in Ae. aegypti mosquitoes on a global scale, underscoring a remarkable conserva-
tion in its gene sequences, as determined through BLASTn analysis. Utilizing the Prokka
tool for annotation, we identified a coding sequence within each assembled segment for
PCLV. The identity levels of each PCLV in comparison to the reference sequences of PCLV-
Rio (NC_038262.1 for segment L, NC_038261.1 for segment M, and NC_038263.1 for
segment S) ranged from 95.1% to 98.1%, with all three segments exhibiting a coverage
exceeding 90% (Table S6).

Phylogenomic analysis of PCLV

The assembled L, M, and S segments of the PCLV genome from the study sites (Amazo-
nas, Boyaca, Magdalena, and Vichada) were analyzed to determine their evolutionary
relationship with PCLV sequences identified in Ae. aegypti mosquitoes from different
regions of the world (Fig. 4). Phylogenetic reconstruction revealed well-supported
clustering patterns (Bootstrap > 90) in all three segments (L, M, and S) of PCLV. The
Colombian PCLV sequences showed an association with sequences from various regions
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worldwide, exhibiting a particularly close evolutionary relationship with sequences from
Guadeloupe (2018) (23), Nigeria (2020) (56), and Brazil (2020) (57) (Fig. 4B through D).

DISCUSSION

Surveillance of arboviruses with public health implications from mosquito vector
samples is limited. This has hampered efforts to accurately predict the spread of new
arboviral strains in human populations and to implement effective management
interventions (58). Advances in high-throughput sequencing technologies have made it
possible to understand and describe the virome in mosquito vectors, which is considered
a promising strategy for epidemiological surveillance (19, 59).

In this study, we performed virome characterization of field-caught Ae. aegypti
mosquitoes positive and negative for DENV infection by a metagenomic approach using
ONT. The mosquito samples analyzed were previously identified by molecular testing
(multiplex PCR) as positive for DENV, specifically for serotypes DENV-1 and DENV-2, as
well as negative (DENV-negative) in several geographic regions of Colombia (41). In
general, the composition of the viral signatures found in Ae. aegypti, mainly composed of
ISVs, was similar at both the family and species levels across the samples analyzed in all
study locations (Fig. 1 and 2). However, we found differences in the abundances of some
viral families and species as a function of DENV serotype (Fig. 3). These differences in
virome composition could eventually affect the mosquito’s ability to transmit DENV to

humans, as suggested by some authors (30, 31, 33, 36).

Interestingly, some of the dominant viral families found in Ae. aegypti, such as
Phenuiviridae (Bunyavirus), Flaviviridae, Rhabdoviridae, and Togaviridae (Fig. 1), have
been previously documented in mosquito vectors (19, 59) and reported in metataxo-
nomic analysis conducted in a dengue-endemic locality (60) suggesting the relative
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FIG 4 Phylogenetic analysis of the nucleotide sequence of the L, M, and S segments of the Phasi Charoen-like phasivirus identified from populations of Ae. aegypti

mosquitoes from Colombia and other regions of the world. (A) Circles on the map are approximately scaled to the number of genomes of PCLV represented

on the tree. Maximum-likelihood (ML) phylogenetic tree showing the evolutionary relationship between PCLV genomic segments from Colombia and those
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persistence of these viral families in mosquito vectors over time and geographic
locations. Additionally, other research points out that viral families such as Flaviviridae,
Togaviridae, and Bunyaviridae (Order) include both, arboviruses of medical importance
and ISV (19, 27, 33, 61), which could indicate close evolutionary relationships between
ISV and arboviruses in the mosquito host (30-32, 36). Thus, further exploration of the
mosquito virome can provide valuable insights into their adaptive strategies and the
evolutionary history of vector-borne viruses.

Ae. aegypti is known for its high viral abundance and diversity (23, 37, 62), which could
be attributed to its high susceptibility to infection and ability to extensively carry viruses
(63). Particularly in this study, we found some of the ISV species widespread in the Ae.
aegypti virome, such as Phasi Charoen-like virus (PCLV), Humaita-Tubiacanga virus (HTV),
GMV, Hubei mosquito virus 1, Aedes aegypti anphevirus, and CFAV (1, 64, 65) (Fig. 2A and
B). These findings in the virome profile of Ae. aegypti from Colombian samples could
demonstrate a degree of stability and conservation in the structure described for the core
virome in Aedes spp. in studies conducted worldwide (59, 64, 66).

Interestingly, PCLV and HTV have been identified in Aedes mosquitoes from areas
with high incidence of flaviviruses such as DENV, particularly in Asia and South Amer-
ica (1, 37, 59). In our findings, we found changes in the abundance of PCLV among
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mosquito samples infected with DENV-1 and DENV-2 that could suggest potential
specific interactions between this ISV and DENV serotypes (35, 38). Recent transcriptomic
studies demonstrate positive association between ISV (PCLV and HTV) and DENV-1 and
ZIKV, facilitating replication in the Ae. aegypti vector, as well as its ability to transmit to
the vertebrate host. Conversely, research conducted in Aedes cell lines shows that the
interaction between PCLV and CFAV may eventually inhibit ZIKV and DENV-2 replication
(38) or not affect the infection and growth of mosquito-borne viruses in Ae. aegypti
mosquito-derived cell lines (67). Advances in research to understand the dynamics of
the complex tripartite interactions between arboviruses, ISVs, and their hosts in different
epidemiological scenarios are of great relevance, especially in the absence of prophylac-
tics or therapeutics.

Detection by the metagenomic approach also allowed the detection of other types of
ISVs (not part of the core virome), such as Uxmal virus and Hanko iflavirus. These viruses,
recently described (51, 52), are related to plant viruses, which could suggest a possible
adaptation of plant viruses to insect viruses, which are in constant interaction with the
surrounding environment (30, 31, 50). In addition, metagenomic sequencing allowed the
detection of CORV (53) and PIRYV, which has demonstrated its potential to cause disease
in humans, especially in children (54) (Fig. 2C and D). This important finding warrants
further surveillance of potential infectious agents to understand whether they can be
transmitted by Aedes and its epidemiological implications.

Although no changes were found in the abundance of viral signatures in Ae. aegypti
in the presence or absence of DENV (Fig. 3A and B), significant changes in the abundance
of some viral families were detected as a function of DENV-1 and DENV-2 serotypes (Fig.
3C). These results could be possibly related to the interaction of DENV serotypes with
other viruses in the mosquito, as has been suggested previously (36, 39, 68). However, it
is crucial to approach this finding with caution. In our study, we conducted qualitative
analyses to detect DENV serotypes in Ae. aegypti mosquito samples, but we did not
perform a comprehensive quantitative assessment of DENV-1 and DENV-2 viral loads
per sample or pool (data not available). This omission could introduce potential biases
into the data interpretation, particularly when trying to accurately assess how the viral
concentration of DENV serotypes influences the structure and composition of specific
ISV taxa in the vector virome. Therefore, it is imperative that future studies aimed at
investigating the impact of DENV serotypes on virome remodeling consider estimating
viral load and how it may or may not subsequently affect ISVs.

In addition, our analyses revealed changes in the relative abundance of certain viral
families among the study sites (Fig. 3D). Geographic characteristics possibly have an
influence on the shape of the virome in mosquito vectors (41, 44, 66). Validation of
the changes that may occur in the core virome of Aedes mosquitoes, considering DENV
infection and geographical factors, would be key to elucidating transmission patterns in
an epidemiological context.

Comparative and annotation analysis of PCLV sequences showed >95% similarity
between Colombian isolates and reference sequences (49) (Tables S4 and S6) and most
of the sequences reported in countries from different continents (23, 24, 56, 57). This
result could suggest a low genetic heterogeneity of the PCLV genome, in line with
previously published results (24, 34, 56). In addition, phylogenetic analyses using PCLV
L (RdRp), M (glycoprotein), and S (Nucleocapsid) segments from Ae. aegypti samples
together with sequences from different countries showed clustering patterns especially
among Colombian isolates with sequences from Guadeloupe (23), Nigeria (56), and Brazil
(57) (Fig. 4). These findings could indicate a possible association between PCLV and the
genetic structure of Ae. aegypti at the geographical level, as previously suggested (24, 34,
56, 65). Also, the coexistence and continuous evolution of PCLV with the vector has also
been proposed (24, 56), which would support the close relationships with the host and
its potential influence on arboviral transmission dynamics.

Furthermore, we conducted a phylogenetic analysis using the assembled segments
L (RdRp), M (glycoprotein), and S (nucleocapsid) of PCLV from Ae. aegypti samples, in
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conjunction with sequences from various countries. This analysis revealed clustering
patterns among Colombian isolates, particularly with sequences from Guadeloupe (23),
Brazil (57), and Nigeria (56) (Fig. 4). These findings imply a potential connection between
PCLV and the genetic makeup of Ae. aegypti on a geographical scale. Previous studies
have also proposed a correlation between the genetic variability in the PCLV genome
and that observed in host mosquito populations in locations such as Cairns, Australia,
and Bangkok, Thailand (65). Moreover, it has been suggested that PCLV coexists and
undergoes continuous evolution with its vector (24), further confirming its intimate
relationship with the host and its potential impact on the dynamics of arboviral
transmission.

Our study does have several important limitations that deserve acknowledgment.
First, it is important to note that while the Ae. aegypti mosquitoes chosen for viral
metagenomic analysis were confirmed as positive for DENV infection, specifically DENV-1
and DENV-2, through conventional multiplex PCR, we did not undertake quantification of
DENV via quantitative PCR which could introduce bias in the interpretation of our data.
We recognize that including this quantitative data could have provided true evidence for
the relationship between the presence and concentration of a specific DENV serotype
and alterations in the abundance of ISVs within the vector virome.

Nevertheless, we consider this preliminary study as a foundation for future research
aimed at validating and further investigating changes in the composition of the vector
virome in the presence or absence of specific DENV serotypes. It is important to highlight
that the relatively small sample size of Ae. aegypti mosquitoes we tested may have
limited our ability to obtain a larger volume of sequencing reads, potentially impacting
our ability to detect a broader range of viruses, including arboviruses such as DENV.

We must also acknowledge that viral metagenomic studies can be hindered by
incomplete databases, particularly concerning various viral families or genera and the
potential existence of undiscovered viruses. This limitation could affect the taxonomic
classification of viral sequences. Lastly, it is worth mentioning that the selected
sequencing technology, ONT, comes with inherent limitations in terms of depth
and accuracy. These limitations could reduce the detection of crucial viral sequen-
ces. Furthermore, during metagenomic sequencing of field-collected arthropods, the
presence of nucleic acids from nonpathogenic microorganisms, host organisms, and
environmental sources could potentially mask viral sequences of interest, resulting in
reduced sensitivity in pathogen detection (22, 62, 63).

In summary, our study offers valuable insights into the viral landscape within Ae.
aegypti mosquitoes in Colombia, a country where DENV is actively circulating. Our
data highlights fluctuations in the abundance of certain insect-specific viral species
and families (ISVs) in response to DENV1 and DENV2 serotypes. These variations could
stem from a multitude of factors, including intricate interactions between ISVs and
arboviruses within the mosquito host. However, to deepen and validate these findings,
further investigations employing cellular, molecular, and bioinformatics approaches are
imperative.

Additionally, our research unveiled a significant presence of ISVs, such as PCLV,
which form integral components of the core virome of Aedes mosquitoes. Phylogenetic
analyses of the L, M, and S segments of the PCLV genome demonstrated associations
with sequences from various regions globally, with particularly close clustering with
sequences from Brazil and Guadeloupe. This suggests a shared evolutionary relationship.

Furthermore, our findings have brought to light the presence of previously unrepor-
ted viruses in Colombia and the South American region, including Uxmal virus and Hanko
Iflavirus, as well as the identification of potential pathogens like CORV and PIRYV. This
underscores the critical importance of ongoing surveillance and further exploration in
this field. Our study serves as a foundational step for future research endeavors, with a
focus on unraveling the alterations that could occur in the virome of Aedes mosquitoes
when exposed to arboviruses. Additionally, it sheds light on the potential contributions
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of ISVs, such as PCLV, to the intricate transmission dynamics of the DENV serotype,
ultimately influencing vectorial capacity.

MATERIALS AND METHODS
Samples of Aedes aegypti mosquitoes selected for metaviromics analysis

In essence, our study involved capturing adult Ae. aegypti mosquitoes from December
2020 to August 2021 in four different locations in Colombia, all known for their history
of dengue cases (69). Building upon previous research within our group that focused
on identifying natural arbovirus infections like DENV in Aedes mosquitoes in these same
locations (41), we proceeded to conduct metagenomic analyses. This allowed us to
comprehensively examine the virome of Ae. aegypti mosquitoes.

In our analysis, we included samples from mosquitoes that had tested positive for
dengue virus infection, specifically for DENV-1 and DENV-2 serotypes. We also included
samples from mosquitoes that tested negative for dengue virus infection. The study
was conducted in several locations across Colombia: Leticia (Amazonas) in the southern
region, bordering Brazil; Puerto Boyaca and Otanche (Boyacd) in the central Andean
region; El Retén (Magdalena) on the Colombian Caribbean coast; and Santa Rosalia
and La Primavera (Vichada) to the east, in the plains of the Orinoco region, bordering
Venezuela to the east (Fig. 5).

For each collected mosquito, we individually processed RNA extraction, complemen-
tary DNA (cDNA) synthesis, and subsequent detection of arboviruses, including DENV.
The DENV serotype (DENV 1-4) was determined through multiplex PCR (42), and
confirmation of Aedes species was achieved by sequencing the subunit | of the cyto-
chrome oxidase (COIl) gene using the Sanger method.

Based on the PCR results, we categorized mosquito samples into two groups: those
with detected DENV infection, referred to as the “DENV-positive group,” and those
without infection, labeled as the “DENV-negative/DENV- group,” in each study locality.
Specifically, we focused on DENV-positive samples with infections of serotypes DENV-1
and DENV-2 due to their higher prevalence in the study areas. Our selection process
prioritized RNA samples with higher concentrations (>40 ng/uL) and superior quality
based on the A260/280 ratio (1.8-2.0).

Sample processing

To perform the metagenomic analysis, we adopted a method where we combined five
RNA samples extracted from Ae. aegypti mosquitoes to create a single pool. This
approach aligns with a well-established method previously used for metagenomic
virological profiling of mosquito populations (23).

As a result, we produced five pools of samples that had tested positive for DENV
(specifically, DENV-1 and DENV-2) and an additional five pools of samples that were
DENV negative for each study location (Table 1). In total, this process generated 10 pools
per location, adding up to a grand total of 40 RNA pools extracted from Ae. aegypti
mosquitoes. These pooled samples were subsequently subjected to viral metagenomic
analysis.

Initially, pools of Ae. aegypti mosquitoes were subjected to host RNA removal using a
RiboZero Plus rRNA Depletion Kit (Ref 20036696), following the manufacturer’s recom-
mendations. Subsequently, to enhance the sensitivity of viral detection, we employed a
viral enrichment method, considering the often-limited virus concentrations observed in
samples used for insect virome studies. For this purpose, we utilized the Rapid SMART-9N
(Rapid Switching Mechanism at the 5" end of RNA Template)-9n approach for nanopore
metagenomics of RNA viruses (22). This approach utilized a random primer method for
cDNA synthesis followed by Rapid SMART-9N barcoded PCR primers. In summary, for
cDNA synthesis from each pool, 2 uM of RLB RT 9N random oligo-dT primer
(TTTTTCGTGCGCCGCTTCAACNNNNNNNNNNNNN), 2 mM Deoxynucleotide (dNTP)
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FIG 5 Dengue incidence and circulating serotypes in Colombia (2020-2021) with areas of entomological sampling of Aedes aegypti mosquitoes high-

lighted. This figure illustrates the dengue incidence data and the prevalent dengue serotypes across various locations in Colombia for the years 2020

(A) and 2021 (B). The map provides a visual representation of the areas where entomological sampling of Aedes aegypti mosquitoes was conducted. It

also emphasizes the incidence of dengue, presented as reported cases per 100,000 population at risk, for the respective years. Furthermore, the map

delineates the prevailing dengue serotypes by locality, specifically highlighting the prevalence of serotypes DENV1 and DENV2 in Colombia during the

study period. The data used for these maps were obtained from the Colombian Public Health Surveillance System (Sivigila) (National Institute of Health,

2020, 2022) (55, 69). This map was made with QGIS 3.26 [Basemap: World Countries https://hub.arcgis.com/datasets/esri:world-countries-generalized/explore?
location=%E2%88%920.208971%2%20C0.000000%2C1.92, sources: Esri and sourced from the National Geographic Society the U.S. Central Intelligence Agency
(The World Factbook) and Garmin International Inc]; the map of Colombia’s departments and municipalities: https://data.humdata.org/dataset/cod-ab-col?

sources: Departamento Administrativo Nacional de Estadistica (DANE) and OCHA Latin America and the Caribbean (ROLAC)].

Solution Mix (Biolabs, N0447S), and 10 uM of RNA (ribozero treated), incubated for 5 min
at 65°C and on ice, were used. Subsequently, 5X SSIV buffer, 100 mM DTT, 1 pL of Rnase
OUT, 200 U/uL of SuperScript IV (Thermo Fisher, 15307696), and 2 uM of RLB TSO (GCTAA
TCATGCTTTTTCGTGCGCCGCCGCTTCAACATIGrG) were mixed with 12 L of annealed RNA
before incubating for 90 min at 42°C followed by 10 min at 70°C. The double-labeled
cDNA products were then amplified using 2X LongAmp Taq Master Mix enzyme (Biolabs,
M0323S), 0.125 pL of RLB-PCR primer (TTTTTCGTGCGTGCGTGCGCGCGCGCTTCA), and
1.25 uL of cDNA, for a final volume of 12.5 uL. The thermal profile used consisted of one
cycle at 50°C for reverse transcriptase activation for 10 min, followed by an initial
denaturation at 95°C for 45 s, 26 cycles of 95°C for 15 s, 56°C for 15 s, 65°C for 15's, and a
final extension of 65°C for 10 min. The products were quantified by fluorimetry with the
Qubit dsDNA High Sensitivity Assay (Cat No. Q32854, Life Technologies, USA) on the
Qubit 3.0 instrument (Life Technologies, USA) following the manufacturer’s instructions.

Nanopore library preparation and viral sequencing

MinION libraries were prepared following the manufacturer’s instructions for cDNA
amplified from the 40 pools of Ae. aegypti. In brief, DNA repair, blunt-end preparation,
and adapter ligation of amplicons was done using the NEBNext FFPE DNA Repair Mix
(M6630) and NEB Next Ultra Il end repair/dA-tailing module (NEB, Cat. No. E7546). Next,
each DNA sample was subjected to cleanup with AMPure XP beads, and then, the library
was formed by binding 10 ng of the amplified DNA to sequencing adapters using the
SQK-LSK 109 Kit (ONT) and barcoding was performed using the EXP-NBD104 Native
Barcoding Kit (ONT). Adapter-linked libraries were loaded onto FLO-MIN106 flow cells
R9.4.1 on the MinlON device (ONT, UK) and sequenced using MinKNOW V.3.1.4. program
which ran for 48-72 hours.
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Bioinformatic data analysis

Bioinformatics analysis was performed on the raw Fast5 files, and low-quality reads with
a score below 7 were filtered out to obtain fastq files and then demultiplexed with
the Guppy V3.1.5 tool (70) through the MinKNOW software (version 21.11.7, Oxford
Nanopore Technologies). NanoStat V 1.1.2 software was employed to evaluate the raw
nanopore sequencing data quality, including the number of reads, average read length
(bp), average read quality score, and N50 read length. To improve data accuracy, reads
related to host sequences were removed. Initially, sequences were aligned to the Ae.
aegypti reference genome (GenBank accession AaeglL5.2, GCF_002204515.2) (71), using
Minimap2 software version 2.28.0 (72), with the -ax map-ont parameter for Oxford
Nanopore reads, and converted to a BAM file using SAMtools version 1.16 (73). The
resulting files were further filtered to eliminate prokaryotic sequence contamination
by aligning reads to the SILVA_138.1 database (https://www.arb-silva.de/documenta-
tion/release-138.1/), using the same Minimap2 and SAMtools tools. ViromeQC software
(74) was used to detect and quantify non-viral contamination, specifically prokaryotic
abundance markers in the samples (https://github.com/SegatalLab/viromeqc).

Taxonomic assignment and viral identification

The clean sequences obtained after removing host and prokaryotic sequences
were taxonomically assigned using the Centrifuge tool v1.0.4 (75). A custom Centri-
fuge indexing viral database (DBv) was constructed from viral gene and genome
sequences available from RefSeq, GenBank, and other NCBI repositories (76) (https://
www.ncbi.nlm.nih.gov/labs/virus/vssi/#/). The database contained 12,709 viral sequen-
ces that were selected based on completeness, non-redundancy (nr/nt), and no
ambiguous characters. To describe the specific species, present in the virome of
mosquitoes, a new NCBI-Virus mosquito database (DBm) was constructed by refining
the results based on the host option Culicidae (Diptera), resulting in a total of 2,899
viral sequences. Taxonomic assignment in Centrifuge was performed using default
values. The results were visualized, scanned, and reported using PAVIAN (77). Finally, the
taxonomic assignment was confirmed by performing a search of the sequences in Basic
Local Alignment Search Tool (BLASTn) considering parameters of percentage identity >
80%, E-value greater than 5, and minimum percentage of the coverage length of 70%
(78). The number of readings of viral families and species was converted into relative
values to estimate their abundance by sample type, positive for DENV serotype infection
(DENV-1 and DENV-2) and negative for DENV infection (DENV-), and by study site
(Amazonas, Boyacd, Magdalena, and Vichada). Abundance bar graphs were generated
using the ggplot2 package in RStudio (47).

Genomic assembly characterization

Using the Genome Detective Virus tool (79), the assembly was generated from the
reads. We were able to assemble the complete or nearly complete genomic sequences
of the linearly segmented negative-stranded RNA genome, the L segment (RNA-depend-
ent RNA polymerase gene), the M segment (glycoprotein gene), and the S segment
(nucleocapsid gene) of PCLV (ISV with the highest abundance of viral reads in Ae. aegypti
samples). This tool uses a novel alignment method that constructs linkage genomes
based on de novo contig references by combining amino acid and nucleotide scores.
Assemblies with the best quality parameters were selected, including nucleotide identity
percentage (>80%), coverage relative to the reference genome (>75%), and alignment
match value (>75%). To confirm taxonomic assignment, a BLASTn search was performed
with strict criteria (percent identity: >80%, query coverage: >75%, and E-value: <0.0)
using the NCBI BLASTn database. In addition, PCLV genome assembly characterization
was performed to identify and annotate important sequence features using the online
tool Proksee (80).
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Phylogenetic analysis of PCLV

To establish the evolutionary relationship between the PCLV genome sequences
obtained in this study and other closely related viral sequences retrieved from
NCBI GenBank (Table S5), a phylogenetic analysis was performed (Table S6). Multiple
alignments were initially performed with the MAFFT algorithm version 7.450 (81) using
Unipro UGENE 3 software (82). Subsequently, a ML phylogenetic tree was reconstructed
in IQ-TREE software version 1.6.12 (83), under the nucleotide substitution model (84),
which was chosen as the best fitting model according to the BIC information criterion
generated by ModelFinder. Bootstrap support values and internal branch reliability were
calculated from 1,000 replicates, considering a threshold when its bootstrap value was
equal to or greater than 90%. Finally, the phylogenetic trees were visualized in the
Itool, together with a global geographic map generated by the Microreact tool (https://
microreact.org/) showing the geographic origin of the L, M, and S segments of the PCLV
genome from the Aedes virome data sets analyzed in this study.

Statistical analysis

Initially, the distribution of the data was assessed using the Shapiro-Wilk test, which
indicated that the data were not normally distributed. Subsequently, the non-parametric
Wilcoxon-Mann-Whitney test was used to compare samples with and without infection
by DENV serotypes (DENV-1 vs DENV negative and DENV-2 vs DENV negative), as well as
comparisons between samples infected with DENV1 vs DENV2 serotypes. In addition, to
detect differences in the abundance of viral taxa between study sites (Amazonas, Boyacg,
Magdalena, and Vichada), a non-parametric Kruskal-Wallis test for multiple comparisons
was used, followed by Dunn’s test with Benjamini-Hochberg stepwise correction as a
post-hoc test at a 95% confidence level. All statistical analyses were performed using R,
and P < 0.05 was considered statistically significant for all tests (47).
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Capitulo 3

En respuesta al objetivo especifico 3, el capitulo 3 se enfocod en determinar de manera preliminar las
especies virales presentes en mosquitos (Diptera: Culicidae) de una zona rural en la Orinoquia de
Colombia. En estas areas, donde conviven humanos, mosquitos y animales tanto domésticos como
salvajes, el riesgo de transmision de enfermedades zoondticas a humanos aumenta significativamente.
Inicialmente, se identificaron las especies de mosquitos circulantes y se evalud la frecuencia de
infeccion por virus del género Flavivirus. Posteriormente, se profundizé en la caracterizacion del
viroma de las especies predominantes. Durante este proceso, se detecto la infeccion por un virus de
importancia médica, el virus del Nilo Occidental (WNV), en mosquitos de la especie Culex browni.
Ademas, se encontrd la presencia de virus especificos de insectos (ISV) comunes en el viroma de
estas especies de mosquitos. Estos hallazgos representan una importante contribucion al
conocimiento del viroma en mosquitos vectores neotropicales que se consideran potenciales
transmisores de virus patdgenos.
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ARTICLE INFO ABSTRACT

Keywords: Studies focused on identifying the viral species of Flavivirus in vectors are scarce in Latin America and partic-
Mosquitoes ularly in Colombia. Therefore, the frequency of infection of the Flavivirus genus and its feeding preferences were
Flavivirus

identified in the mosquito species circulating in the municipality of Puerto Carreno-Vichada, located in the
Eastern Plains of Colombia. This was done by sequencing the viral NS5 and vertebrate 12S rRNA genes,
respectively, using Oxford Nanopore Technologies (ONT). A total of 1,159 mosquitoes were captured, with the
most abundant species being Aedes serratus at 73.6% (n = 853). All the mosquitoes were processed in 230 pools
(2-6 individuals) and 51 individuals, where 37.01% (n = 104) were found to be infected with Flavivirus. In these
samples, infection by arboviruses of epidemiological importance, such as dengue virus (DENV), Zika virus
(ZIKV), and chikungunya virus (CHIKV), was ruled out by PCR. However, through sequencing, infection by
different insect-specific viruses (ISFVs) and a medically important virus, West Nile virus (WNV), were identified
in a mosquito of the Culex browni species. Additionally, the feeding patterns showed that most species present a
generalist behavior. Given the above, conducting entomovirological surveillance studies is crucial, especially in
areas of low anthropogenic intervention, due to the high probability that potentially pathogenic viruses could
generate spillover events under deforestation scenarios.

Feeding sources
Insect-specific viruses (ISFVs)
Oxford nanopore technologies (ONT)

1. Introduction insect-specific flaviviruses (ISFVs), known as mosquito-specific and

unable to replicate in mammalian cells (Bolling et al., 2015). Despite

Arthropod-Borne Viruses are a group of microorganisms mainly
transmitted by mosquitoes. Among this group, the Flaviviridae family
stands out for harboring virus species that pose a public health problem,
particularly those belonging to the genus Flavivirus. Based on phyloge-
netic reconstructions, the species in this genus are grouped into clusters
based on the vector: (1) mosquito-borne viruses (dengue virus (DENV),
Zika Virus (ZIKV), chikungunya virus (CHIKV), yellow fever virus (YFV)
and West Nile virus (WNV)), which can infect a wide range of hosts and
cause severe public health problems ; (2) tick-borne viruses (Tick-borne
encephalitis viruses); (3) viruses whose the vector is unknown, but with
the ability to replicate in vertebrate cells (Kuno et al., 2017); and (4)
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E-mail address: juand.ramirez@urosario.edu.co (J.D. Ramirez).

https://doi.org/10.1016/j.actatropica.2023.106972

this, only a few studies have focused on determining the circulation of
each of these Flavivirus viral species and their interaction with insect
vectors in endemic areas.

In recent years, molecular techniques such as PCR and/or sequencing
have become established as supportive tools in entomovirological sur-
veillance for identifying Flavivirus in vectors (de Oliveira Ribeiro et al.,
2021). Studies utilizing this approach have characterized the
co-circulation of different ISFVs and pathogenic arboviruses in the same
area (WNV-Culex Flavivirus (CxF)), and have shown that the co-infection
of these viruses can modify the vectorial capacity of mosquitoes (Bolling
et al., 2012; Newman et al., 2011). Thus, the importance of applying

Received 28 March 2023; Received in revised form 23 May 2023; Accepted 15 June 2023

Available online 16 June 2023
0001-706X/© 2023 Elsevier B.V. All rights reserved.


mailto:juand.ramirez@urosario.edu.co
www.sciencedirect.com/science/journal/0001706X
https://www.elsevier.com/locate/actatropica
https://doi.org/10.1016/j.actatropica.2023.106972
https://doi.org/10.1016/j.actatropica.2023.106972
https://doi.org/10.1016/j.actatropica.2023.106972

D. Martinez et al.

these molecular techniques to identify the simultaneous distribution of
different circulating flaviviruses in the vectors is highlighted (Fang et al.,
2018; Hoyos-Lopez et al., 2016). However, the sequencing techniques
used have limitations in their ability to perform highly sensitive iden-
tification of viral species. This is due to two factors. Firstly, vectors may
be co-infected with different flaviviruses, and sequencing techniques,
such as the Sanger method, cannot identify them (Hoyos et al., 2021).
Secondly, the next-generation sequencing (NGS) technique, Illumina,
commonly used for vector virome characterization, provides sufficient
information to assemble viral genomes and identify co-infections, but at
the economic level it ends up generating high costs and its accessibility is
limited, particularly in endemic areas or areas with restricted resources
(Gomez et al.,, 2022). Recently, third-generation sequencing (3GS)
techniques such as Oxford Nanopore Technologies (ONT), have been
widely implemented thanks to the SARS-CoV-2 pandemic, with low cost,
easy accessbility, high throughput, and allows deep sequencing (Jain
et al., 2016; Merhi et al., 2022; Wang et al., 2021).

Studies suggest that Flavivirus transmission may be conditioned by
the feeding preferences of the mosquito vector (Figueiredo, 2019; Hayes
et al., 2005; Huang et al., 2019). Defining these feeding patterns in rural
ecosystems with low anthropogenic disturbance is necessary to under-
stand transmission dynamics and to incriminate hosts potentially asso-
ciated with transmission. This knowledge can help characterize possible
changes in pathogen transmission and the risk of generating spillover
events. Some mosquito species, like Aedes aegypti, are specialists that
feed primarily on human hosts, while others, like Culex, are highly
generalist and often show opportunistic feeding behavior (Harrington
et al., 2001; Mendenhall et al., 2012). Therefore, in rural areas where
humans, mosquitoes, and animals (domestic and wild) coexist, the risk
of zoonotic diseases being transmitted to humans, such as some
emerging arboviruses DENV, ZIKV, and CHIKYV, increases (Borremans
et al., 2019; Patterson et al., 2016). Considering the above, it is of great
importance to understand the interactions between mosquitoes and
transmitted viruses, which present a significant challenge for the
designing prevention and control strategies (Guth et al., 2020).

Most studies have focused on detecting Flavivirus in mosquito pop-
ulations associated with urban cycles, such as Aedes aegypti and Aedes
albopictus. However, other wild species are considered vectors, or their
vectorial capacity is unknown or has been little studied. The main wild
vectors that transmit mosquito-borne flaviviruses belong to the genera
Aedes and Culex (Subgenera Culex and Melanoconion), and individuals of
the genera Haemagogus, Sabethes, Mansonia, and Psorophora have been
established as potential vectors. In general, different species of the genus
Culex have been identified as responsible for West Nile Virus (WNV)
transmission in Asia, Europe, and the Americas (Hoyos-Lopez et al.,
2016; Jiang et al., 2023; Kampen et al., 2021; Rochlin et al., 2019). The
species of the genus Culex associated with WNV transmission may vary
according to geographic regions, changes in climate, and host avail-
ability, highlighting the species Cx. quinquefasciatus, Cx. pipiens and Cx.
tarsalis (Conway et al., 2014). Individuals of the genera Haemagogus and
Sabethes are associated with YFV transmission in the sylvatic cycle (Li
et al., 2022), while individuals of the genera Mansonia and Psorophora
have been mainly associated with the transmission of Mayaro virus
(MAYV) (Gonzalez-Escobar et al., 2021; Langendries et al., 2021).

In Latin America, particularly in Colombia, few studies have focused
on identifying flaviviruses in vectors circulating in rural areas. CxFv is
the ISFV with the highest number of reports and has mainly been
identified in different species of the Culex genus in Guatemala (Moral-
es-Betoulle et al., 2008), Mexico (Saiyasombat et al., 2010), Brazil
(Machado et al., 2012), and Argentina (Goenaga et al., 2014). In addi-
tion, in Guatemala, the co-circulation of CxFv and WNV in individuals of
Cx. quinquefasciatus was described (Morales-Betoulle et al., 2008). In
Colombia, two studies stand out; The first study was conducted by
Hoyoz-Lopez, R. et al. (2016), in which they identified flaviviruses of
epidemiological importance such as St. Louis encephalitis virus (SLEV),
WNV, and ISFV like CxFV, in individuals of Culex (Hoyos-Lopez et al.,
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2016). The second study by Hoyos et al. (2021) found 25 positive
samples for the detection of the NS5 gene fragment. However,
sequencing of these fragments by Sanger failed to detect known Flavi-
virus sequences (Hoyos et al, 2021). The limitations of Sanger
sequencing are highlighted in cases where the presence of multiple viral
species of Flavivirus may occur.

Therefore, this study initially focused on identifying the mosquito
species circulating in the municipality of Puerto Carreno-Vichada
(located in the Eastern Plains of Colombia). This municipality is pri-
marily a rural territory that promotes the presence of arboviruses in
enzootic cycles. PCR and RT-PCR techniques were employed to detect
the arboviruses of primary epidemiological interest, DENV, CHIKV, and
ZIKV in mosquitoes. Finally, the viral species of the Flavivirus genus and
feeding preferences were identified by sequencing the NS5 and 12S
markers, respectively. A new methodology was developed and stan-
dardized for this purpose, which allowed the sequencing of these
markers by ONT, facilitating the identification of different flaviviruses in
the same sample and characterization of multiple feeding preferences.

2. Material and methods
2.1. Mosquito sampling and collection area

Mosquito collection was conducted at eight points in different rural
areas of Puerto Carreno in the department of Vichada, Colombia as
shown in Table S1. The municipality of Puerto Carreno has a total area
of 12,409 km? with 99.9% of the territory being rural area. It is
bordered to the north and east by the Bolivarian Republic of Venezuela
and is surrounded by one of the most important rivers in South America,
the Orinoco River. Sampling sites were chosen based on strategic points
of Sportfishing and ecotourism with mosquito proliferation, nearby
human settlements, and low anthropogenic intervention in the area
(these areas have not been significantly altered or disturbed by human
activity). Sampling point 1 was located near the Juriepe river, point 2
between the Juriepe river and Laguna La Estacada, point three near
Laguna Tres Matas, and points 4 to 8 were located in different areas
along the Orinoco River (Fig. 1). A non-probabilistic convenience sam-
pling was carried out with the help of the departmental secretary of
Vichada on December 8, 10, 11, and 12, 2020 (beginning of the dry
season), with a single sampling time per site (Table S1). Mosquitoes
were manually captured using mechanical aspirators during the day in
the forests. To prevent contamination of the biological material, we
maintained the use of gowns and gloves throughout the handling pro-
cess. In addition, we sterilized the capture materials, as well as those
used for storage and transport, beforehand. The mosquitoes of greatest
entomovirological importance, belonging to the subfamily Culicinae,
were selected at each sampling point and grouped into pools of 2 to 6
individuals according to the species identified (Table S2).

In some cases, the mosquitoes were stored individually to confirm
the species using molecular tools. The entomological material was pre-
served in RNA later (DNA/RNA shield, Zymo. R1100-50) at —4 °C in
vials marked with the coordinates and collection site. Finally, the sam-
ples were transported to the microbiology laboratory at the Universidad
del Rosario in Bogotd, Colombia for processing and molecular analysis.

2.2. Nucleic acids extraction and cDNA synthesis

Pooled and individual entomological material (Table S2) was ho-
mogenized at 30 rpm for 20 min using ZR BashingBead™ lysis tubes
(Lysis Tubes-ref. S6003-50) with 200 pL of DNA/RNA shield buffer in
the TissueLyser II® tissue homogenizer (Qiagen, Hilden, Germany),
followed by centrifugation at 10,000 rpm for 2 min and the supernatant
was saved. From the supernatant obtained in the previous step, nucleic
acid extraction was performed using the Hamilton Microlab Star auto-
mated system and the MagBead Quick-DNA/Viral RNA kit (Ref. R2141,
Zymo Research) following the manufacturer’s recommended
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Fig. 1. Geographical distribution of collection sites.

Acta Tropica 245 (2023) 106972

3. Laguna Tres Matas N ; . ¥

N z A
| o D, Venezuela-

- RS S| 4. Laguna La Estacada [
2. Finca La Sonora V. ’

\

5. Reserva Bojonawi juetd

1. Bocas de Juriepe

N

P . Reserva Ventanas
S

7. Isla Santa Elena P
=
/

&

Puerto Carrenio

[+ o i
e

The map shows on the left the geographic location of the municipality of Puerto Carreno in the department of Vichada. On the right side are the georeferenced
locations of the eight sampling points. The legend of each point indicates the local name of each sampling point. Built with the tool QGIS 3.22.14 (Basemap: Esri
Satellite World_Imagery (MapServer) https://bit.ly/3MRtYCf; Sources: Esri, Maxar, Earthstar Geographics, and the GIS User Community; CC BY-SA 3.0).

instructions. Once the genetic material was obtained, its concentration
and quality were quantified using the Nanodrop-2000 spectrophotom-
eter (Thermo Fisher Scientific, Waltham, MA, United States) and stored
at —80 °C. Subsequently, RT-PCR was performed from the genetic ma-
terial to generate cDNA (complementary DNA) using the LunaScript RT
SuperMix Reverse Transcriptase Kit enzyme (NEB #E3010). The cDNA
was stored at —30 °C.

2.3. Molecular identification of mosquitoes and analysis of cytochrome c
oxidase sequences (Barcoding)

A fragment of the COI (cytochrome oxidase subunit 1) gene was
amplified from mosquitoes requiring species confirmation by molecular
analysis (Table S2). PCR reactions were performed in final volume of 25
pL containing 2 x GoTaq®Green Master Mix (Promega, # M7123), ten
uM of each primer, and 5 pL of the cDNA. The primers used were
LCO1490 (5-GGT CAA ATC ATA AAG ATA TTG G-3') and HCO2198 (5-
TAA ACT TCA GGG TGA CCA AAA AAT CA-3'). Thermal profiling con-
sisted of an initial denaturation cycle at 95 °C for 1 min, 45 cycles of
94 °C for 1 min, 60 °C for 1 min, 72 °C for 1 min, and finally, a final
extension cycle of 72 °C for 10 min. The gene fragment amplification
was confirmed by 2% agarose gel electrophoresis in 1x TBE buffer. As an
intercalating agent, 1 pL of SYBR® Safe (Invitrogen®, Carlsbad, CA,
USA) was then visualized under UV light to observe a band of ~650 base
pairs (bp).

The Sanger sequencing platform sequenced the amplified products
after cleanup with the enzyme ExoSAP-IT™ (Applied Biosystems™
#78,205). Sequence cleaning and alignment were performed in Laser-
gene SeqMan software (DNASTAR, Madison, WI, USA), and each
sequence was compared against the GenBank database using the Blastn
(Basic Local Alignment Search Tool of nucleotides). The mosquito spe-
cies were assigned considering the percentage of identity (higher than
95%) and the best e-value result. To confirm the assigned species, a
phylogenetic reconstruction was generated on the sequences of each
species obtained previously and reference sequences of each species
(Table S3). Sequence alignment was initially carried out using MAFFT
V.5. With this alignment, a Maximum Likelihood (ML) tree was con-
structed in iQtree tool version 1.6.12 using the substitution model
GTR-+F + G4 (Model chosen according to the BIC generated by Model-
Finder). Node support was performed using 1000 iterations by the

Ultrafast Bootstrap (UFBoot) approach and visualized in iTOL.

2.4. Detection of flaviviruses using PCR and oxford nanopore technologies
(ONT) and phylogenetic analysis

As previously described, the samples were initially processed to
detect the epidemiologically important arboviruses (DENV, CHIKV, and
ZIKV. However, all samples were negative. Therefore Flavivirus detec-
tion was performed. Detection was performed by PCR using the primers
MAMD (5-AAC ATG GGR AAR AGR GAR AA-3') and cFD2 (5-GTG TCC
CAG CCG GCG GTG TCA GC-3). This primer pair amplifies a conserved
region of the NS5 gene of the Flavivirus genus. PCR reactions were per-
formed in a final volume of 12.5 pL containing 2 x GoTaq®Colorless
Master Mix (Promega, # M7133), 10 pM of each primer, and 0.8 pL of
the cDNA. The thermal profile consisted of an initial denaturation cycle
at 95 °C for 3 min, 40 cycles of 95 °C for 30 s, 59 °C for 1 min, 72 °C for 1
min, and finally, a final extension cycle of 72 °C for 5 min. Gene frag-
ment amplification was verified by 2% agarose gel electrophoresis in 1x
TBE buffer and as an intercalating agent 1 pL of SYBR® Safe (Invi-
trogen®, Carlsbad, CA, USA), then visualized under UV light to observe
a band of ~252 base pairs (bp). Culture supernatant from cells infected
with the DENV-1 serotype provided by the University of Antioquia
(Colombia) was used as a positive control.

Due to economic restrictions, 36 Flavivirus-positive samples were
randomly selected. The amplified products were sequenced by ONT, for
which barcode ligation (assigning one barcode per sample) was initially
performed using the ONT Barcode Kit (EXP-NBD196). Subsequently, the
library was constructed by joining the amplicons in equal volumes (with
their barcode ligated) and proceeded to adapter ligation using the ONT
ligation sequencing kit (SQK.LSK109). The constructed library was
sequenced in ONT MinION using R.9.4 flow cells and MinKnow V.3.1.4
software. The bioinformatics analysis was performed on the raw Fast5
files, using Super Accuracy base-calling (SUP) (Q>10) to obtain the
Fastq files and then demultiplexed with the Guppy V3.1.5 tool. The
cleaned sequences were processed with the Centrifuge V1.0.4 tool to
perform the taxonomic assignment of reads by global alignments. Te
assignment was generated by comparison with a reference dataset using
GenBank sequences of the NS5 gene of different viruses belonging to the
genus Flavivirus. The Centrifuge tool performs a count of the number of
reads that map to each taxon and generates a table with that
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information. The number of reads in the output table was converted into
relative values using the Pavian tool (https://fbreitwieser.shinyapps.
io/pavian/) and grouped by sample using RStudio and further used as
an approximation of the abundance of the flaviviruses found. Finally, a
relative abundance barplot was made using the ggplot2 package.

To confirm the assigned species, a phylogenetic reconstruction was
generated on the sequences of each species obtained previously and
reference sequences of each species (Fig. 4B). Sequence alignment was
initially carried out using MAFFT V.5. With this alignment, a Maximum
Likelihood (ML) tree was constructed in iQtree tool version 1.6.12 using
the substitution model K2P+R2 (Model chosen according to the BIC
generated by ModelFinder). Node support was performed using 1000
iterations by the Ultrafast Bootstrap (UFBoot) approach and visualized
in iTOL.

2.5. Molecular characterization of feeding sources

The same 36 previously selected samples were used to amplify a 12S
rRNA gene fragment (215 bp) and subsequent sequencing by ONT.
Initially, PCR reactions were performed in a final volume of 12.5 pL
containing 2 x GoTag®Colorless Master Mix (Promega, # M7133), 10
uM of each primer, and 1.5 pL of the cDNA. The thermal profile consisted
of an initial denaturation cycle at 95 °C for 3 min, 40 cycles of 95 °C for
30, 59 °C for 1 min, 72 °C for 1 min, and finally, a final extension cycle
of 72 °C for 5 min. The gene fragment amplification was confirmed by
2% agarose gel electrophoresis in 1x TBE buffer. As an intercalating
agent, 1 pL of SYBR® Safe (Invitrogen®, Carlsbad, CA, USA) was then
visualized under UV light to observe a band of ~215 base pairs (bp).

The amplified products were sequenced by ONT, followed by bio-
informatic analysis of the reads obtained as previously described.
Taxonomic assignment of reads was also performed by global align-
ments using the Centrifuge V 1.0.4 tool with the previously reported
reference base for feeding sources. First, the Centrifuge V.1.0.4 tool
performs a count of the number of reads that map to each taxon and
generates a table with that information. Second, the output table’s
values are normalized and converted to relative values using the Pavian
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tool (https://fbreitwieser.shinyapps.io/pavian/). These values by sam-
ple are used to estimate the feeding sources based on the calculated
relative abundances. Finally, the calculation of relative values and the
abundance barplot were performed as previously described.

2.6. Statistical analysis

Descriptive analyses of the frequency of each species were carried
out based on percentages, abundance analyses of the flaviviruses iden-
tified, and feeding preferences. Subsequently, the Chi-square test was
used to establish possible associations between the different sampling
points, vector species, and Flavivirus infection frequency. To perform
multiple comparisons between variables, post hoc tests were imple-
mented in R software (RStudio Team, 2019) using the Remdr and chisq.
posthoc.test packages, performing pairwise comparisons using the
Bonferroni adjustment method. Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Mosquito diversity and geographic distribution

During the days 8, 10-12 December 2020 a total of 1159 individuals
were captured at the eight sampling points, of which 1108 were pro-
cessed in pools (n = 230) and 51 individually (Table S2). Twelve mos-
quito species representing seven genera were identified, and 11 were
confirmed from COI sequence analysis. The phylogenetic reconstruction
obtained from the sequences shows 11 well-supported clusters (Boot-
strap >90) corresponding to each of the confirmed species (Fig. 2A).
Aedes (Ochlerotatus) serratus (Theobald, 1901) was the species found in
the highest abundance (74.1% n = 859) and was identified in all eight
sampling points (Fig. 2B and S1). Culex was the most diverse genus, with
five species identified; four were reported simultaneously at sampling
point 6 (Figs. 2B and S1). This same sampling point has the highest di-
versity of mosquitoes captured, with eight species identified. Individuals
identified as Culex (Melanoconion) theobaldi (Lutz, 1904), Cx. (Mel.)
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serratimarge (Root, 1927), Sabethes (Sabethoides) chloropterus (von
Humboldt, 1819), and Wyeomya (Wyeomyia) abebela (Dyar & Knab,
1908) were found only at sampling points 2, 6, 4 and 8, respectively.

3.2. Flavivirus detection

Of the 281 pools processed, the Flavivirus genus’s overall infection
rate was 37.01% (104/281). A higher rate of Flavivirus infection was
observed in the Ochlerotatus serratus species (Table 1), most of which
were found at sampling point 8. According to the chi-square test, no
associations were found between the frequency of Flavivirus infection
and sampling point and vector species (X-squared=14.242, df=10, p-
value=0.1622). Identification of the viral species of the genus Flavivirus
was achieved using ONT amplicon sequencing. We could estimate the
relative abundance (calculated with the number of reads per taxon) of
the different viral species identified in each sample (Fig. 3). In all the
samples, sequences that could not be assigned to known viral species
were found, and their taxonomic assignment was achieved up to the
genus Flavivirus. In the case of Mansonia (Mansonia) indubitans (Dyar &
Shannon, 1925) none of the sequences could be assigned.

The viral species found in the highest abundance was the Guapiacu
virus (GUAPV), present in 6 mosquito species (Fig. 3). On the other hand,
CxFv was found only in Cx. (Mel.) eknomios (Forattini & Sallum, 1992)
species and Aedes Flavivirus (AeFV) were only identified in Oc. Serratus
species. One individual of the species Cx. (Anoedioporpa) browni (Komp,
1936) was found infected with WNV. It is worth mentioning that some of
the samples analyzed were found to be simultaneously infected with
three or more viruses (Fig. S2). The phylogenetic reconstruction

Table 1
Number and percentage of species per sampling site positive for Flavivirus.
Species Sampling point Positive Negative Total
Oc. serratus 72 (40) 108 (60) 180
1.Bocas de Juriepe 16 30 46
2.Finca la Sonora 0 2 2
3.Laguna Tres Matas 6 14 20
4. Laguna La Estacada 0 1 1
5.Reserva Bojonawi 15 13 28
6.Reserva Ventanas 10 7 17
7. Isla Santa Elena 0 1 1
8.Bocas de Dagua 25 40 65
Cx. browni 1 (25) 3 (75) 4
6.Reserva Ventanas 0 1 1
7. Isla Santa Elena 1 2 3
Cx. eknomios 4(17) 20 (83) 24
1.Bocas de Juriepe 4 10 14
2.Finca la Sonora 0 2 2
6.Reserva Ventanas 0 3 3
7. Isla Santa Elena 0 3 3
8.Bocas de Dagua 0 2 2
Ma. indubitans 1(33) 2 (67) 3
2.Finca la Sonora 0 1 1
4. Laguna La Estacada 1 0 1
7. Isla Santa Elena 0 1 1
Ps. albipes 19 (49) 20 (51) 39
1.Bocas de Juriepe 15 14 29
2.Finca la Sonora 0 1 1
4. Laguna La Estacada 0 1 1
5.Reserva Bojonawi 4 1 5
6.Reserva Ventanas 0 1 1
7. Isla Santa Elena 0 1 1
8.Bocas de Dagua 0 1 1
Ps. ferox 6 (32) 13 (68) 19
1.Bocas de Juriepe 0 3 3
2.Finca la Sonora 0 1 1
4. Laguna La Estacada 0 1 1
5.Reserva Bojonawi 6 5 11
6.Reserva Ventanas 0 1 1
8.Bocas de Dagua 0 2 2
Wy. abebela 1 (100) 0 (0) 1
8.Bocas de Dagua 1 0 1
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obtained from the sequences shows six well-supported clusters (Boot-
strap >90) corresponding to each of the confirmed species (Fig. 4B).

3.3. Feeding sources

ONT sequencing of the 12S rRNA gene allowed the characterization
of feeding sources in six of the 12 mosquito species collected. The
vertebrate species identified comprised five mammals, including
humans, two birds, and one reptile (Fig. 4A). Humans (Homo sapiens)
and pigs (Sus scrofa domesticus) were found to be the primary food
sources for the six mosquito species. Oc. serratus was the mosquito
species that presented the greatest range of food sources with eight
identified sources and Wy. abbela was the species that presented the
most significant restriction in its diet because it presents only three
sources, among them individuals of the genus Procyonidae. We found
that Cx. eknomios was the only species that managed to feed on the
Iguana iguana (Fig. 4A). To evaluate whether there was a relationship
between the number of flaviviruses identified and the number of feeding
sources, a Shapiro-Wilk normality test was performed. The two variables
do not have a normal distribution (p < 0.05). Consequently, a Spearman
correlation test was performed to compare the number of feeding
sources against the number of flaviviruses identified, but no statistically
significant correlations were found (p > 0.05).

Additionally, a graph integrating information on mosquito species,
relative abundances of identified flaviviruses, and feeding sources per
sampling point were constructed (Fig. 3). In general, it can be observed
that the species Oc. serratus (present in all sampling points) has a vari-
able behavior in terms of its feeding sources since it can be present from
three feeding sources (Point 8) to eight sources (Point 1). Finally, to
evaluate whether there is a relationship between the sampling points
and the number of feeding sources found, a Shapiro-Wilk normality test
was initially performed for the number of feeding sources, showing a
normal distribution (p>0.05). Accordingly, a one-factor ANOVA test
was performed, and it was found that there are significant differences
between the number of feeding sources per sampling point. This in-
dicates a relationship between feeding sources and sampling point,
showing that the mosquitoes at point 1 have the highest number of
feeding sources and point 8 has the lowest number of sources.

4. Discussion

Strategies for arbovirus prevention and vector control rely on un-
derstanding the dynamics and interactions between mosquitoes, trans-
mitted viruses, and hosts. Entomovirological surveillance plays a crucial
role in studying these dynamics and providing valuable information on
local arbovirus transmission. Therefore, in this study, we evaluated
these dynamics by identifying flaviviruses and feeding sources in
mosquitoes circulating in rural areas of the municipality of Puerto
Carreno-Vichada, an area with low anthropogenic disturbance and low
fragmentation. For this, we initially identified the species of mosquitoes
captured, where we found that 51 individuals presented confusing
morphological characters that did not allow the corresponding taxo-
nomic assignment. However, using COI gene sequences, we successfully
classified 11 mosquito species out of the 51 individuals. Among them,
60.7% (31/51) belonged to the genus Culex with five species identified,
representing many individuals we found with problems with taxonomic
identification. Similar studies have reported such challenges due to the
diversity and taxonomic revisions gaps in the Culex genus. (Hoyos et al.,
2021; Torres-Gutierrez and Sallum, 2015). Therefore, in these cases, the
COI gene has been established to classify mosquito species based on
inter- and intraspecific genetic distances (Torres-Gutierrez et al., 2016).
Our phylogenetic reconstruction (Fig. 2A) supported this classification,
showing distinct clusters with robust node support (>90) for each spe-
cies. Notably, this study reports the first occurrence of Sa. chloropterus
species in the country. While the COI gene fragment was used for clas-
sification, further confirmation using other molecular markers is
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neccesary given its importance as a vector for YFV.

The correct identification of mosquito species is crucial in studies
such as ours that aim to understand the ecology of vectors and the
transmission dynamics of viruses of importance for public health. In
contrast, incorrect identification can lead to erroneous conclusions and
invalid associations. Additionally, knowing the vector species specif-
ically provides a priori information on the transmission dynamics that
may occur locally. Previous studies have identified specific relationships
between virus transmission, mosquito species, and their feeding pref-
erences. For example, Cx. pipiens has been associated with active WNV
transmission in the northeastern United States, with a preference for
avian hosts (Nasci et al., 2001). However, molecular techniques are too
costly for the massive use of vector identification. Therefore, we
emphasize to highlight the importance of their use as a complementary
tool for surveillance under the specific situations described above
(Martinez et al., 2020).

Our results show Flavivirus infection in seven of the 12 species
identified (Table 1), of which, in only three species (Oc. serratus, Psor-
ophora (Janthinosoma) albipes (Theobald, 1907), Ps. (Jan.) ferox (von
Humboldt, 1819) Flavivirus infection has been previously reported
(Auguste et al., 2021; Ramos et al., 2022; Saiyasombat et al., 2010). As
for the flaviviruses identified, we found GUAPV and Anopheles associated
Flavivirus (AnFv) present in six species; these results are inconsistent
with previous reports since GUAPV had only one in Brazil during 2021
in Ae. terrens and Ae. scapularis species (Fig. 4B) (de Oliveira Ribeiro
et al., 2021). Therefore, this study presents the first report of GUAPV
circulation in mosquitoes circulating in Colombia, specifically in these
species. This new report and its high prevalence in our study may be due
to the failure of previous studies to identify this virus adequately. This is
since the sequences of this ISFV were included in the databases recently
(less than two years ago); then, previous studies, when performing the
assignment by alignments (global and/or local), could not find this new
virus. In addition, the sequencing methodology we propose allowed us
to perform an approximate calculation of the relative abundance of the
flaviviruses we identified. However, future studies should be conducted
to understand the impact of GUAPV circulation in mosquitoes, whether
it affects the development of other viruses of public health importance,
and their cryptic circulation in arbovirus endemic areas.

One of the most important results was the identification of WNV in
Cx. browni, the first report of WNV infection in this species. Previously,
only Cx. pipiens, Cx. quinquefasciatus and Cx. torrentium species have
been implicated in WNV transmission in the northern United States and
central Europe (Jansen et al., 2019; Rochlin et al., 2019). In Latin
America, specifically in Colombia, the circulation of WNV has been
previously reported in Culex mosquitoes (Fig. 4B). However, the authors
were unable to identify the mosquito species of the infected individuals
(Hoyos-Lopez et al., 2016). This information has public health relevance
since it exposes the species Cx. browni as a potential vector of WNV in the
municipality of Puerto de Carreno. However, it is essential to conduct
vector capacity studies to clarify the current situation of WNV trans-
mission dynamics in the country, again highlighting the importance of
using molecular techniques as a complementary tool for the taxonomic
identification of mosquitoes since there is information on the circulation
of the virus, but not precisely the species that are maintaining its
transmission.

On the other hand, a relationship between the simultaneous infection
of WNV and CxFV, an ISFV, has been described in some cases, where an
in vitro study initially identified that WNV replication is suppressed
when the abundance of CxFv is 10 to 100 times higher (Goenaga et al.,
2020). However, another study suggests that CxFv infection cannot
exclude secondary infection by genetically distinct flaviviruses such as
WNV and that these two viruses may be present simultaneously in the
same mosquito (Newman et al., 2011). In our study, the WNV-infected
Cx. browni individual was not found to be co-infected with CxFv.
Additionally, the Cx. eknomios and Ps. albipes species were found to be
infected with CxFv (Fig. 3). Therefore, the data obtained are highly
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variable, and the exact reason for these patterns has yet to be discovered
since no clear relationships have been found between these two viruses.
Therefore, it is necessary to continue studies that focus on determining
the relationships between these two viruses and the interaction between
other ISFVs and viruses of public health importance. This is remarkable,
given recent evidence of how ISVs can modulate vector competence in
Aedes and, thus, DENV transmission in vitro (Olmo et al., 2023). Ulti-
mately, a better understanding of this pattern will allow generating
future control strategies that permit preventive intervention to stop the
transmission of flaviviruses causing human diseases.

The present study identified Homo sapiens and Sus scrofa as the pri-
mary feeding sources for the seven mosquito species (Fig. 4A). The
preferences of Oc. serratus and Ps. albipes species for Homo sapiens have
been previously reported (Hoyos et al., 2021). This shows that, despite
the low fragmentation of the area, it is evident that anthropogenic dis-
turbances facilitate human blood as a potential food source, with the
possibility of adaptation to this source and, thus, the potential emer-
gence of arboviruses in the region. Thanks to our analyses, we found that
the number of feeding sources identified for our study was associated
with the sampling points (Fig. 3). This is related to the availability of
food sources that can be found in each area and added that regular
interaction with specific hosts results in a robust vector-vertebrate
relationship which in turn can lead to enhanced virus transmission
(Scott and Takken, 2012). In addition, it is essential to highlight that
although the species Oc. serratus belongs to a rural cycle; its opportu-
nistic behavior can occasionally lead this species to feed on human
blood, as previously reported in Colombia (Hoyos et al., 2021). This is of
great importance since, in Brazil, this species has been incriminated as a
possible secondary vector of YFV (Cardoso et al., 2010).

Finally, our study shows that entomovirological surveillance using
sequencing techniques such as ONT is a useful tool that can identify the
early circulation of pathogenic viruses. Accordingly, the design of ap-
proaches that integrate different objectives, such as 1) the molecular
identification of mosquito species using molecular markers as a com-
plementary tool, 2) the identification of viral species of the genus Fla-
vivirus present in mosquitoes in rural areas, and 3) the characterization
of the food sources of these mosquitoes, can become a potential tool for
understanding the dynamics associated with the ecology and trans-
mission of pathogenic viruses and early detection of emerging viruses.
Therefore, it is proposed to use this tool as an early warning system that
identifies the transmission dynamics of different emerging and re-
emerging viruses by monitoring potential vectors and hosts. The
above, with the support of the sequencing capacity that was acquired
during the pure contingency of the Coronavirus disease 2019 (COVID-
19) (Alvarez-Diaz et al., 2021). The use of these sequencing tools,
together with approaches similar to our study, has allowed the identi-
fication of epidemiologically essential viruses such as Japanese en-
cephalitis virus (JEV) in mosquitoes from Xinjiang, China (Hameed
et al., 2021), ZIKV in patients from the Brazilian Amazon (M. L. G. de
Figueiredo et al., 2022) and in Colombia with the recent identification of
Oropuche virus (OROV) associating it to the cause of emerging febrile
illness in patients (Ciuoderis et al., 2022).

However, it is important to recognize certain limitations in our study.
Firstly, the sample size of the mosquitoes captured at the sampling
points, which may impact the generalizability of our findings. Addi-
tionally, the identification of flaviviruses was based on Amplicon Based
Sequencing rather than a comprehensive virome characterization con-
ducted in previous studies. This limited approach restricted our ability
to perform a deeper analysis, including the identification of interactions
among different viral families. Furthermore, a more extensive sampling
strategy encompassing wider spatio-temporal scales would provide a
more comprehensive understanding of the dynamics and distribution of
these viruses. Moreover, the lack of inclusion of negative controls
throughout the sample collection to rule out human contamination that
could be observed during the sequencing process. Lastly, we believe that
our findings from entomovirological surveillance in the municipality of
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Puerto Carreno-Vichada contribute to elucidating the ecological and
transmission dynamics of flaviviruses in the local area. Likewise, our
results highlight the importance of continuing studies to determine the
dynamics of virus transmission in our country and to understand the
importance of ISFVs in these dynamics.

5. Conclusions

This study reports on the co-circulation of ISFVs (CxFv, GUAPV,
AnFv, and AeFv) in mosquitoes circulating in rural areas of the Puerto
Carreno-Vichada. The high abundance of ISFVs may be the result of the
new sampling technique employed, which allowed us to identify the co-
infection of two to four flaviviruses in the same individual and estimate
their relative abundance. The identification of WNV circulation gener-
ates an alert about the incipient transmission in the municipality and the
possible incrimination of the Cx. browni. Additionally, our analysis of
food sources demonstrated the opportunistic behavior of the Oc. Serratus
and diverse feeding hosts, including humans. These findings underscore
the potential impact of anthropogenic disturbances in arbovirus out-
breaks. Our findings highlight the importance of including ONT in
entomovirological surveillance to better understand the dynamics
associated with the ecology and transmission of viruses. We suggest that
health and governmental entities take advantage of the installed ca-
pacity for health containment by COVID-19 to adopt these comple-
mentary tools. We also recommend that future studies focus on
determining the importance of ISFVs in the transmission dynamics of
pathogenic viruses. Finally, we consider that our results on Flavivirus
circulation and food sources in circulating mosquitoes in the munici-
pality of Puerto Carreno provide valuable information that supports
institutional capacities for the prevention and control of viral agents in
our country and the region.
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Characterizing viral species

iIn mosquitoes (Culicidae)

in the Colombian Orinoco: insights
from a preliminary metagenomic
study

Marcela Gémez?, David Martinez?, Luisa Paez-Triana?, Nicolas Luna?,
Jorge Luis De las salas?, Carolina Hernandez?, Alexander Zamora Flérez3, Marina Mufioz! &
Juan David Ramirez%**

Mosquitoes (Diptera: Culicidae) are primary vectors of arthropod-borne viruses (arboviruses) that
pose significant public health threats. Recent advances in sequencing technology emphasize the
importance of understanding the arboviruses and insect-specific viruses (ISVs) hosted by mosquitoes,
collectively called the “virome"”. Colombia, a tropical country with favorable conditions for the
development and adaptation of multiple species of Culicidae, offers a favorable scenario for the
transmission of epidemiologically important arboviruses. However, entomovirological surveillance
studies are scarce in rural areas of the country, where humans, mosquitoes, and animals (both
domestic and wild) coexist, leading to a higher risk of transmission of zoonotic diseases to humans.
Thus, our study aimed to perform a preliminary metagenomic analysis of the mosquitoes of

special relevance to public health belonging to the genera Ochlerotatus, Culex, Limatus, Mansonia,
Psorophora, and Sabethes, within a rural savanna ecosystem in the Colombian Orinoco. We employed
third-generation sequencing technology (Oxford Nanopore Technologies; ONT) to describe the
virome of mosquitoes samples. Our results revealed that the virome was primarily shaped by insect-
specific viruses (ISVs), with the Iflaviridae family being the most prevalent across all mosquito
samples. Furthermore, we identified a group of ISVs that were common in all mosquito species
tested, displaying the highest relative abundance concerning other groups of viruses. Notably, Hanko
iflavirus-1 was especially prevalent in Culex eknomios (88.4%) and Ochlerotatus serratus (88.0%).
Additionally, other ISVs, such as Guadalupe mosquito virus (GMV), Hubei mosquito virus1 (HMV1),
Uxmal virus, Tanay virus, Cordoba virus, and Castlerea virus (all belonging to the Negevirus genus),
were found as common viral species among the mosquitoes, although in lower proportions. These
initial findings contribute to our understanding of ISVs within mosquito vectors of the Culicidae family
in the Eastern Plains of Colombia. We recommend that future research explore deeper into ISV species
shared among diverse vector species, and their potential interactions with arboviruses. In addition, we
also showed the need for a thorough exploration of the influence of local rural habitat conditions on
the shape of the virome in mosquito vectors.

Mosquitoes (Diptera, Culicidae) are globally recognized vectors of medically and veterinary significant patho-
gens, contributing to millions of disease cases annually'. Hematophagous mosquito species play a crucial role
in transmitting various epidemic arboviruses, particularly those belonging to the Flaviviridae and Togaviridae
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families>™. In tropical and subtropical regions, mosquitoes capable of transmitting pathogenic viruses in both
urban and rural cycles are primarily found within the Aedes and Culex genera®”’. These vectors serve as primary
carriers of viruses such as dengue virus (DENV), Zika virus (ZIKV) West Nile virus (WNV)&, St. Louis encepha-
litis (SLEV) and Japanese encephalitis (JEV) from the Flaviviridae family, as well as chikungunya virus (CHIKV)
from the Togaviridae family. The biological characteristics of Aedes and Culex mosquitoes facilitate their rapid
adaptation to new habitats and their wide geographic expansion, often associated with anthropogenic interven-
tions in forested areas,’”!! unplanned urbanization'>"?, global trade, and climate change'*". Additionally, other
members of the Culicidae family, belonging to the genera Haemagogus, Sabethes, Mansonia and Psorophora, have
been implicated in the transmission of viruses such as yellow fever virus (YFV), Mayaro virus (MAYV)!®17 and
Venezuelan equine encephalitis virus (VEEV)®!® in sylvatic cycles. However, in rural areas at risk of zoonotic
disease transmission to humans (spillover), the vectors endemic to these areas remain poorly studied.

The importance of developing new entomovirological surveillance strategies to monitor (re)emerging
viruses and discover novel ones has been propelled by advancements in next-generation sequencing (NGS)
technologies'®?. These breakthroughs have driven the progress of viral metagenomic studies in mosquitoes, lead-
ing to the identification of numerous viruses. This development has expanded our understanding of the diversity,
taxonomy, and wide range of environmental conditions in which viral agents exist in mosquito vectors'**. In
addition to detecting arboviruses, a representative group in the mosquito virome, known as insect-specific viruses
(ISVs)?!, has been found. ISV are described as viruses that naturally infect arthropods but cannot replicate
in vertebrate cells or infect humans?*?>* suggesting their long-term symbiotic interactions with their hosts*.
Indeed, it has been proposed that ISV play an important role in modulating vectorial competence?*>*>?, and
could be a key component in the development of new strategies for arbovirus control and the development of
vaccines or diagnostic platforms*>?>%’.

Current explorations into the mosquito virome have shed light on the concept of a “core virome,” which com-
prises a group of viruses (ISVs) shared among mosquito vector populations of the same species?>**?%. However,
viruses shared between different mosquito species have also been detected®-*!, probably due to environmental
factors such as food resources and breeding sites®*% In both cases, ISVs could directly affect the ecology and evo-
lution of the mosquito host, as well as the rest of the mosquito’s microbiota?!. Analyses of the global composition
and distribution of the mosquito virome suggest that the environment, modes of virus transmission, and genetic
factors in specific mosquito species or genera are factors that shape the virome composition®. Similarly, other
studies show that viral dynamics depends primarily on interactions between mosquitoes and their environment,
where feeding is considered, a critical factor affecting virus composition?*** However, the factors influencing
the complex associations of virome composition remain largely unknown, especially in mosquitoes associated
with sylvatic cycles, in environmentally conserved natural areas.

Colombia, a world-renowned megadiverse nation, has a rich variety of mosquito species®.This diversity,
coupled with the diversity of ecosystems, creates favorable conditions in approximately 85% of the country for
the migration, adaptation, and proliferation of mosquitoes, which contributes to the increased prevalence of
mosquito-borne diseases in the country®*-*. The high richness of mosquitoes in different regions of the coun-
try is probably associated with landscape modifications, deforestation and changes in temperature®** favoring
the proximity of wildlife vectors to humans, which increases the risk of transmission of known and emerging
zoonotic arboviruses®”*%. In the country, entomovirological surveillance efforts have focused mainly on viral spe-
cies of public health importance®®®, especially in urban centers, while exploration of other viral species remains
limited. In addition, a considerable portion of the viral composition in vectors and other insects associated with
the family Culicidae remains unknown, highlighting the need for comprehensive research and studies in this
field**. Findings on the virome of mosquito vectors in the country are an emerging and recently developed topic.
A pioneering study employed a meta-taxonomic approach in Aedes aegypti and Aedes albopictus mosquitoes
captured in urban areas in the center of the country, revealing significant differences in the presence, diversity,
and abundance of viruses between these two mosquito species®. Another study conducted in a rural area in the
northern (coastal) part of the country discovered a putative new virus called Guachaca virus (family Tymoviridae)
in Culex spp. Phylogenetically related to plants, suggesting an ecological relationship between plant viruses and
plant-feeding insects, as well as a selection pressure driving the adaptation of the virus in the mosquito vector®.

The Colombian Orinoco region, commonly known as the Eastern Plains, holds significant strategic impor-
tance owing to its exceptional biodiversity and extensive water resources. Despite documented cases of mosquito-
borne diseases such as dengue, chikungunya, Zika, and yellow fever infections, this area has been relatively
underexplored from an entomovirological perspective®*®. Rural areas in this region have experienced mini-
mal human interference, with limited anthropogenic disturbance. This circumstance raises the possibility that
potentially pathogenic viruses generate spillover events under deforestation scenarios*'. Based on the results of
a recent study focused on understanding the ecology and transmission dynamics of flaviviruses in mosquitoes
(Diptera: Culicidae) from the Eastern Plains of Colombia?!, the circulation of West Nile Virus (WNV) in Culex
browni was revealed, highlighting the potential impact of human activities in these anthropogenically sensitive
ecosystems*!. Therefore, the objective of this study was to characterize the virome of mosquito vector species
such as Ochlerotatus serratus, Culex eknomios, Cx. browni, Limatus durhamii, Mansonia indubitans, Psorophora
albipes, Psorophora ferox and Sabethes chloropterus, previously identified in the ecosystem of the Orinoco River
basin. The results obtained underline the importance of insect-specific viruses (ISVs), given their abundance
and the presence of shared viral species among different mosquito hosts. We propose that habitat-related factors
could shape mosquito virome composition, especially among mosquitoes coexisting in a local natural ecosystem
with similar ecological characteristics.
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Results

Metagenomic analysis of mosquitoes virome

From the genetic material (RNA) of adult vector mosquitoes identified (based on the combination of morphol-
ogy and DNA barcoding) in a savanna ecosystem in the Orinoco region (Colombia)*!, we selected eight of the
most abundant and epidemiologically significant mosquito species belonging to six genera: Ochlerotatus, Culex,
Limatus, Mansonia, Psorophora and Sabethes. The samples were organized into 15 pools, subjected to viral enrich-
ment using SMRT-9 methodology and sequenced using Oxford Nanopore technology (Table 1). Subsequently,
the viral metagenomic data was analyzed using different bioinformatics tools, revealing a total of 1,439,457
reads with an average of approximately 95,964 reads per sample. After removing bacterial sequences using the
Minimap2 tool against the Silva 16S bacterial reference database, a total of 1,161,300 clean reads were obtained,
showing a length of 375 bp and an average quality score of 9.5. Among them, 1408 sequences (1.88% of the total
reads) were identified as viral per sample (Table 1).

Characterization of viral families

To obtain a comprehensive understanding of the virome present in the mosquitoes under study, we initially ana-
lyzed the identified viral families. For direct taxonomic assignment of the viral reads, we used the metagenomic
sequence classifier Centrifuge, together with a high-quality virus database obtained from GenBank via NCBL
The metagenomic classification results were analyzed and visualized using the Pavian package. The virome in
mosquitoes captured in the Orinoco region were mainly represented by RNA virus families known to contain
ISVs and/or arboviruses. These included the families Iflaviridae, Baculoviridae, Mesoniviridae, Partitiviridae
and Flaviridae (Fig. 1). Iflaviridae was the most abundant family in all mosquito vector pools analyzed. In addi-
tion, viral families infecting host plants were identified, such as Virgaviridae, Bromoviridae, Polydnaviridae and
Secoviridae, as well as viral families infecting host bacteria, such as Herelleviridae, Siphoviridae and Myoviridae.
Families associated with vertebrate viruses were also identified, the most common taxonomic group being Her-
pesviridae. Another representative family in the mosquito vector virome was Mimiviridae, mainly associated
with infection of the protist host (Fig. 1).

Mosquito virome includes viruses from a diverse range of hosts

Based on the data obtained from the taxonomic assignment of viral families, we performed a verification of
the respective host species in the NCBI database. Our results revealed that mosquitoes of the species Och. ser-
ratus, Cx. eknomios, Cx. browni, Li. durhamii, Ma. indubitans, Ps. albipes, Ps. ferox, and Sa. chloropterus carried
viruses belonging to various host groups. These included insect, vertebrate, plant, fungal (mycovirus), bacterial
(bacteriophage), algal and protist viruses. Insect-specific viruses (ISVs) were the most abundant in all mosquito
species, with 73.8% of the viruses identified. After ISVs, plant viruses accounted for 11.4% of the total, while
bacterial viruses accounted for 5.5%, fungal viruses for 4.87%, vertebrate viruses for 2.7%, and viruses with
algal and protozoan hosts for 1.34% (Fig. 2a). Among the mosquito species, Och. serratus, Ps. albipes, and Sa.
chloropterus mosquitoes exhibited the highest percentages of insect-specific viruses (ISVs). On the other hand,
mosquitoes belonging to the Culex genus (Cx. eknomios and Cx. browni) and Li. durhamii showed the highest
proportion of plant viruses (Fig. 2b).

Classified reads Unclassified reads | Viral reads
Pool (Sample) Mosquito Species Number of raw reads | Number | % Number | % Number | % Mean read length | Mean read quality
Pooll Ochlerotatus serratus 68,106 1563 2.29 66,543 97.70 1563 2.29 366.1 9.7
Pool2 Ochlerotatus serratus 56,280 1343 2.39 54,937 97.60 1343 2.39 370.8 9.7
Pool3 Ochlerotatus serratus 54,250 1501 2.77 52,749 97.20 1501 2.77 | 364 9.8
Pool4 Ochlerotatus serratus 77,745 2173 2.80 75,572 97.20 2173 2.80 368 9.8
Pool5 Ochlerotatus serratus 79,786 1825 2.29 77,961 97.70 1825 2.29 368.6 9.7
Pool6 Ochlerotatus serratus 74,223 1626 2.19 72,597 97.80 1626 2.19 382.6 9.7
Pool7 Ochlerotatus serratus 75,060 2115 2.82 72,945 9720 | 2115 2.82 | 373 9.8
Pool8 Culex eknomios 59,225 815 1.38 58,410 98.60 815 1.38 400.3 9.7
Pool9 Culex browni 76,593 921 1.20 75,672 98.80 921 1.20 372.5 9.7
Pool10 Limatus durhamii 84,940 1007 1.19 83,933 98.80 1007 1.19 385.6 9.7
Poolll Mansonia indubitans 119,658 1501 1.25 118,157 98.70 1501 1.25 386.7 9.7
Pool12 Psorophora albipes 64,698 951 1.47 63,747 98.50 951 1.47 380.5 9.8
Pooll3 Psorophora ferox 89,835 1165 1.30 88,670 98.70 1165 1.30 382.9 9.8
Pool14 Psorophora ferox 90,583 1344 1.48 89,239 98.50 1344 1.48 374.4 9.8
Pooll5 Sabethes chloropterus 90,318 1265 1.40 89,053 98.60 1265 1.40 345 9.6

Table 1. Summary of quality data and analysis of metagenomic sequencing results detected in field-collected

mosquitoes from a local ecosystem in the Orinoco region of Colombia.
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Figure 1. Relative abundance of viral families in each mosquito species. Bar graph showing virus families in
the virome of each mosquito species Och. serratus, Cu. eknomios, Cu. browni, Li. durhamii, Ma. indubitans, Ps.
albipes, Ps. ferox, Sa. chloropterus. The abundance of viral families was estimated by transforming the number
of reads into relative values, providing an assessment of their presence in each mosquito species. Figure was
created in R studio.
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Figure 2. Hosts of viruses in the viromes of mosquitoes (Culicidae) in a rural ecosystem in Vichada, Colombia.
(a) Proportions of viruses in different host groups from mosquitoes. (b) Relative abundance of viruses grouped
by host organism in each vector species. To estimate the abundance, the number of reads was transformed into
relative values, providing an assessment of their presence in each mosquito species. Figure was created in R
studio.

Shared ISVs among different mosquito species

To enhance the precision of taxonomic assignments for viruses in the studied mosquito vectors, we established a
new NCBI-Mosquito virus database. This database was curated specifically for Culicidae (Diptera) hosts, incor-
porating all relevant sequences accessible on NCBI. The Centrifuge program and visual representation followed
the same specifications described above for viral families. The analysis of viral species abundance involved the
transformation of reads for each ISV into relative values for individual mosquitoes. This approach facilitated the
assessment of viral presence in vector mosquitoes collected from the Orinoco River basin, revealing a common
set of ISV's across all studied vector mosquitoes. Metaviromes were predominantly composed of Hanko iflavirus
1, which showed the highest abundance in all mosquito species. This ISV presented a high abundance in Cx.
eknomios (88.4%) and Och. serratus (88.0%), whereas its abundance was lower in Sa. chloropterus (63.5%). In
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addition, Enontekio iflavirus ranked second in abundance in the mosquito virome, especially in L. durhamii
(21%) and Sa. chloropterus (18%). Another important virus, Corriparta virus, showed the highest prevalence in
Sa. chloropterus (16%) and the lowest in Cx. browni (3.5%) (Fig. 3).

In addition, other ISVs were identified in mosquito samples in smaller proportions, accounting for 1.3%
of the total number of viruses identified. Although these ISVs were common to most of the groups evaluated,
their abundance varied. Uxmal virus, Guadalupe mosquito virus and Tanay virus were the most prevalent in
all mosquito samples. In contrast, Tesano Aedes virus, Cordoba virus, Culex tritaeniorhynchus Negev-like virus,
Castlerea virus, Hubei mosquito virusl, Pedersore iflavirus and Alphamesonivirus 1 showed lower abundance in
the mosquito virome (Fig. 3). Statistical analysis, which employed the Kruskal-Wallis test followed by Dunn’s
post hoc test with Benjamini-Hochberg correction (p value > 0.05), showed no apparent differences in viral
composition among the mosquito species studied. However, a notable distinction in the relative abundance of
Hanko iflavirus 1 was observed when compared to other viral species by this test (p value=0.00019) (Figure SI).

Discussion

Exploring the mosquito virome and unraveling how its composition influences arbovirus transmission is para-
mount to understanding the emergence of arboviral diseases and the dynamics of outbreaks?>*>**. In the present
study, we performed metagenomic sequencing to characterize the virome of some epidemiologically important
mosquito species associated with arbovirus transmission in rural and sylvatic cycles. The study was carried out in
alocal savanna ecosystem of the Colombian Orinoco region, an area with limited anthropogenic activity, which
could be susceptible to spillover events under scenarios of anthropogenic intervention*'. Specifically, we have
focused on eight vector species, including Och. serratus, Cx. eknomios, Cx. browni, Li. durhamii, Ma. indubitans,
Ps. albipes, Ps. ferox, and Sa. chloropterus, with potential to transmit viral agents causing diseases of public health
importance®®!®. These species were selected based on a previous study that identified them as representative
mosquito species in terms of abundance and importance in the study area*!.

Our investigations have revealed a predominance of insect-specific viruses (ISVs) in the virome composition
of all mosquito species studied. The ISVs, well-documented as nonpathogenic viruses exclusive to insect hosts?,
demonstrate no transmission to vertebrates, including humans*»*. Recent studies have underscored the signifi-
cant potential of ISVs as biological control agents against vector-borne diseases. This influence is demonstrated
through various mechanisms, encompassing both the enhancement and suppression of arbovirus replication
within the mosquito vector. These mechanisms include acceleration of the extrinsic incubation period*?, competi-
tive exclusion®?, induction of antiviral immune responses?, interference with transmission pathways‘“, cellular
resistance, and modulation of insect behavior®. The high prevalence of common ISVs in the virome profile in
all vector species studied highlights the importance of continuing to study this group of ISV (Figs. 2 and 3),
especially their adaptations and potential applications as biological control agents against vector-borne disease
as suggested by several authors?*2>4,

In addition, our research uncovered a diverse representation within the virome of the eight mosquito vec-
tor species, including viruses associated with plants, fungi, bacteria, vertebrates, algae, and protists (Fig. 2).
These findings suggest that the virome of field-collected mosquitoes, especially in rural settings in tropical
areas (with a low degree of anthropogenic intervention), could reflect intricate interactions with their natural
environment®***. Possibly this phenomenon is likely to be influenced by some factors, such as breeding and
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Figure 3. The relative abundance of Insect-Specific Virus (ISVs) in mosquito species. Bubble plot showing the
relative abundance of ISVs. The abundance of viral species was estimated by transforming the number of reads
into relative values, providing an assessment of their presence in each mosquito species. Figure was created in R
studio.
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feeding sites as has been suggested by previous studies®****’. However, future research could systematically
explore the influence of local environmental conditions, encompassing factors such as temperature, humidity,
rainfall, vegetation, nutrition, and mosquito breeding water sources. This exploration would yield crucial infor-
mation on viral habitat-related factors that may shape the transient or permanent composition of the mosquito
virome*~2. Unfortunately, we have not collected comprehensive data on the environmental and ecological char-
acteristics of the ecosystem studied, which lays the groundwork for future research on the relationship between
specific habitat variables and the virome of mosquito populations.

In the present study, conducted in a rural ecosystem of Colombian Orinoco, viromes of mosquito species
belonging to Ochlerotatus, Culex, Limatus, Mansonia, Psorophora and Sabethes genera showed the presence of
common ISV species. The specific conditions of the shared environment could explain the similarities observed
in the viromes of different mosquito species co-occurring in the same habitat. These conditions could potentially
act as a selective pressure on mosquitoes, a concept proposed in a recent study in Colombia*. These findings are
in line with metatranscriptomic analyses of the virome of Culex mosquitoes (Cx. pipiens and Cx. torrentium) in
northern Europe’, which showed similar levels of viral diversity and numerous shared viruses between the two
vector species. They are also consistent with the Metaviromic study in Greece, where viral similarity was observed
between different species within the same genus and even between different mosquito genera®'. Therefore, in our
study, conducted in a savanna ecosystem, with specific ecological characteristics, including low anthropogenic
activity, could offer similar conditions that can potentially favor the adaptation and persistence of certain viral
species, among mosquitoes that coexist within the same endemic habitat.

These common ISVs between mosquitoes are objects of study have been frequently detected in Culex and
Aedes mosquitoes® and were recently described in a viral metagenomics study in Ochlerotatus species in Europe*®.
Additionally, another dominant virus was Corriparta virus, classified within the Orbivirus genus*»** which
includes arboviruses with a wide range of hosts™. Interestingly, ISVs found in lower abundance, such as Gua-
deloupe mosquito virus (GMV) and Hubei mosquito virus1 (HMV1), have been described as part of the "core
virome" in Aedes species?’~?, indicating a broad global distribution. Meanwhile, other ISV's with low representa-
tion (Fig. 3), such as Uxmal virus, Tanay virus, Cordoba virus, and Castlerea virus, from the Negevirus genus, are
phylogenetically related to plant viruses®*?, suggesting the adaptation of plant viruses in insects that feed on
plant fluids, possibly through selection pressure processes®. It is noteworthy that the ISVs detected in this study
have been reported with a wide geographic distribution and a broad range of mosquito host species, including
Aedes, Culex, Ochlerotatus, and Mansonia®"*>>»% Tt is crucial to continue studies that help elucidate the complex
interactions involving virome shape in mosquitoes, especially the persistence of these common ISVs in vector
species over time and geographic space. New insights in this area of study could reveal the critical role that some
ISVs play in host fitness, especially in the presence and absence of viral pathogens.

In conclusion, our study provides a comprehensive insight into the viral composition within mosquitoes,
collected from a local savanna ecosystem in the Colombian Orinoco. Despite the relatively stable nature of this
ecosystem, the potential for spillover events increases significantly under scenarios involving anthropogenic
intervention. Leveraging a metagenomic approach and advanced third-generation sequencing technologies,
we identified the presence of insect-specific viruses (ISVs) common in the virome of these vector species. Fur-
thermore, the virome of all mosquitoes also exhibited representation of viruses associated with plants, fungi,
bacteria, vertebrates, algae, and protists. This broad viral representation underscores the intricate interactions
of mosquitoes with their natural habitat. We propose further exploration of environmental and geographical
conditions to enhance our understanding of the ecological dynamics of mosquito-vectors.

Finally, it is necessary to recognize some limitations of our study. First, the small number of samples could
have limited the information on viral composition in the vector species studied. In addition, our investigation
was based on a single sampling event of entomological material, and we did not collect detailed information on
the environmental and ecological characteristics of the ecosystem studied, which could have provided valuable
information on host-local environment interactions and their influence on virome.

We consider our findings to be an important contribution to the knowledge of the virome in Neotropical
mosquito vectors described as potentially transmitting pathogenic viruses of the genera Ochlerotatus, Culex,
Limatus, Mansonia, Psorophora and Sabethes. The presence of common ISVs in the virome of different vector
species suggests that ecological information from the study site emerges as an essential component for under-
standing the determinants of virome in vectors. It highlights the need for further investigation of shared viruses
among mosquito species, which would provide a more complete representation of diversity, distribution, and
potential applications as control agents.

Methods

Study area and mosquito collection

Based on the identification of mosquito species circulating in the rural area of the Eastern Plains of Colombia
from a previous study conducted by our research group*!, we selected eight adult mosquitoes of the species
Ochlerotatus (Aedes) serratus, Culex eknomios, Culex browni, Limatus durhamii, Mansonia indubitans, Psoro-
phora albipes, Psorophora ferox, Sabethes chloropterus, Culex eknomios, Culex browni, Limatus durhamii, Man-
sonia indubitans, Psorophora albipes, Psorophora ferox, and Sabethes chloropterus, for metagenomic sequencing
belonging. Species selection was based on their abundance in the study area and per sampling site*! (Fig. 4), as
well as their epidemiological importance for the transmission of arboviruses of public health importance®'”!8,
Briefly, the collection of adult mosquitoes in the field was carried out at the beginning of the dry season (low
water) in December 2020, in the rural area of the municipality of Puerto Carrefio, in the department of Vichada.
The study site was located in the Eastern Plains of the Orinoco region, bordering Venezuela. This ecosystem is
characterized by an extensive grassland plain (savannah), composed mainly of grasses, with the presence of forest
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Figure 4. The map shows the geographic location of the Culicidae mosquito collection sites in the municipality
of Puerto Carrefio, located in the department of Vichada in Colombia. The georeferenced sampling points in
different areas along the Orinoco River are highlighted, and each point is labeled with the local name of the
corresponding sampling site and the mosquito species selected for viral metagenomic analysis. This map was
produced using the QGIS 3.22.14 tool and different data sources were used, including Basemap: Esri Satellite
World_Imagery (MapServer) available at https://bit.ly/3MRtYCH, as well as sources from Esri, Maxar, Earthstar
Geographics, and the GIS user community. This map is licensed under CC BY-SA 3.0.

patches. Geographically, it is located at 6° 11’ 16" north latitude and 67° 28’ 57" west longitude, with an altitude
of 51 m.a.s.1. (meters above sea level). The weather is tropical, with an average maximum temperature of 39.5 °C,
rainfall of 2688 mm and an annual relative humidity of 70%. Sampling localities were chosen in proximity to the
Orinoco River (Fig. 4), with shared ecological characteristics, particularly in a region influenced by recreational
fishing and ecotourism, which create favorable conditions for mosquito breeding*'. These areas also have nearby
human settlements and have experienced minimal human interference, with limited disturbance or disruption
due to human activity. This is of particular concern in view of possible future anthropogenic activities, which
could facilitate the spread of potentially pathogenic viruses.

For mosquito collection, entomology professionals from the Department of Vichada Health Secretary pro-
vided support. A single sampling per site was carried out, lasting one hour per site, using mechanical vacuums
during the day. In the forest patches, all mosquitoes were collected in the same field season. To avoid contami-
nation of the biological material, gowns and gloves were worn throughout the handling process. In addition,
trapping, storage, and transport material was pre-sterilized. Only adult mosquitoes were collected (males and
females) and subsequently morphologically identified to species level using taxonomic keys. Mosquitoes of
major entomovirological importance, belonging to the subfamily Culicinae, were selected at each sampling
point, and grouped into pools of 2-6 individuals according to the species identified. In some cases, mosquitoes
were stored individually for subsequent confirmation based on mitochondrial cytochrome oxidase I (COI)
sequencing. Entomological material was subsequently preserved in RNA (DNA/RNA shield, Zymo. R1100-50)
at —4 °C. Finally, the samples were analyzed at the microbiology laboratory of the Universidad del Rosario in
Bogota, Colombia. The Hamilton Microlab Star automated system and the MagBead Quick-DNA/Viral RNA
kit (Ref. R2141, Zymo Research) were used to extract RNA from pooled and individual entomological mate-
rial, after homogenization of the entomological material using the TissueLyser II° tissue homogenizer (Qiagen,
Hilden, Germany). Subsequently, RNA was quantified using the NanoDrop™ spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) stored at — 80 °C.
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Sample preparation and viral enrichment

Initially, samples of the selected mosquito species were checked for RNA quality and concentration. Then, 15
pools were chosen to reflect the abundance of mosquitoes (Diptera) in the study area. Thus, the species Och.
serratus species, due to its high prevalence, was represented with the highest number of pools, followed by Ps.
ferox (Table 1). The RNA used for sequencing was obtained from the 2020 RNA stock. In this regard, most of the
pools analyzed corresponded to RNA from mosquitoes that were previously grouped by species and subsequently
subjected to RNA extraction. For each pool, we ensured that it was composed of RNA from five individuals of the
same species. Subsequently, the Ribo-Zero Plus rRNA Depletion kit (Illumina, REF: 20036696) was used in the
RNA pools, following the manufacturer’s instructions. Next, viral enrichment was carried out using the Rapid-
SMART9n methodology (Switching Mechanism at the 5’ end of RNA Template), according to Claro et al.>* with
a minor modification. In summary, cDNA synthesis involved 5 ul of RNA, 0.5 pl of RLB-RT9N primer (TTT
TTCGTGCGCCGCTTCAACNNNNNNNNN, 2 uM), and 0.5 pl of dNTPs (10 mM) (New England BioLabs,
USA), followed by incubation at 65 °C for 5 min. A mix containing 2 pl of SuperScript IV First-strand Buffer, 0.5
pL of 0.1 M DTT, 0.5 pl RNase OUT, 0.5 pl RLB TSO (GCTAATCATTGCTTTTTCGTGCGCCGCTTCAAC-
ATrGrGrG, 2 pM), and 0.5 pL SuperScript IV (Invitrogen, Carlsbad, CA, USA) was then added to the annealed
RNA. The mixture underwent an incubation at 42 °C for 90 min followed by 10 min at 70 °C to yield the cDNA.
Next, the cDNA product was amplified using 6.25 ul of LongAmp Taq 2X master mix (New England BioLabs,
USA), 4.875 ul of NFW, 0.125 pl of RLB primer (TTTTTCGTGCGCCGCTTCA, 20 uM), and 1.25 pl of cDNA,
employing the following conditions: 98 °C for 45 s, 30 cycles of 98 °C for 15 s, 62 °C for 15 s, and 65 °C for 5 min,
with a final step at 65 °C for 10 min. During both the cDNA construction and post-viral enrichment steps, all
samples were quantified to ensure the proper execution of the process. This quantification was performed using
the Qubit dsDNA High Sensitivity Assay (Life Technologies, USA) on the Qubit 3.0 instrument (Life Technolo-
gies, USA), following the manufacturer’s instructions.

Nanopore library preparation and viral sequencing

Third-generation technology was used for sequencing. Initially, the End Prep procedure was employed using the
commercial NEBNext® Ultra™ IT End Repair/dA-Tailing Module kit for end preparation. For barcode ligation,
the NEBNext® Ultra™ II Ligation Module kit was used. Finally, the adapters were ligated with a NEBNext® Quick
Ligation Module kit together with the Oxford Nanopore Technologies ligation kit (SQK-LSK109). To ensure
removal of unligated barcodes and adapters, a cleaning step was performed with Beckman Coulter AMPure XP
paramagnetic beads. The original library was sequenced on a MinION device from Oxford Nanopore Technolo-
gies using R.9.4 flow cells. The sequencing process followed the standard 48-72 h script with MinKNOW 1.15.1
software, allowing for accurate and efficient data generation.

Bioinformatic analysis

For bioinformatics analysis, raw Fast5 files were subjected to base calling and demultiplexing using the Guppy
V3.1.5 tool from Oxford Nanopore Technologies®. Low quality reads with a score below 7 were filtered out. The
obtained set of long reads was then subjected to statistical analysis using the NanoStat V 1.1.2 tool (https://github.
com/wdecoster/nanostat) to determine the average length and quality scores. Host filtering was not performed,
as no reference genome is available for most of the mosquito vector species studied. To improve data accuracy,
files were filtered to remove prokaryotic sequence contamination (bacterial and archaeal ribosomal reads) using
Minimap 2.24 software™ (https://github.com/lh3/minimap2). This software was specifically designed to align long
genomic reads obtained from Oxford Nanopore sequencing. Alignment was performed against the prokaryotic
database SILVA_138.1 (https://www.arb-silva.de/documentation/release-1381/). Finally, the aligned reads were
then converted into a sorted BAM file using SAMtools* (https://github.com/samtools/samtools) and Bam2fastq
tools (https://github.com/jts/bam2fastq).

The clean sequences obtained after filtering were taxonomically assigned using the metagenomic sequence
classifier Centrifuge tool v1.0.4%%. The Centrifuge tool is used to count the number of reads that align to each
taxon and produces a table with this information. To assign reads to specific viruses a custom Centrifuge index-
ing viral database was constructed from viral gene and genome sequences available from GenBank via NCBI
Virus repositories (74) (https://www.ncbi.nlm.nih.gov/labs/virus/vssi/#/), until the most recent accession date
in October 2022. The database contained 12,709 viral sequences that were selected based on completeness, non-
redundancy (nr/nt), and no ambiguous characters. This viral database was initially used to get an overall repre-
sentation of virus families in vector mosquitoes and verify the viral hosts. To deepen the taxonomic assignment
results for the viruses present in the mosquito virome (ISV/arbovirus), a new NCBI-Mosquito virus database was
constructed by refining the results based on the Culicidae (Diptera) host option, resulting in a total of 2899 viral
sequences. In both cases, the database was selected based on completeness, non-redundancy (nr/nt) and absence
of ambiguous characters. The taxonomic assignment in Centrifuge was performed utilizing a minimum length
for partial hits (—-min-hitlen) of 95 and a k classification parameter of 1. The resulting outputs were converted
to Kraken-Report format using the Centrifuge-kreport function. The results of the metagenomic classification
were further analyzed and visualized using the Pavian package®® (https://fbreitwieser.shinyapps.io/pavian/). To
verify the assigned sequences, they were aligned against the non-redundant (nr) nucleotide database using the
Basic Local Alignment Search Tool (BLASTn)® considering parameters of percentage identity >80%, E-value
greater than 5 and minimum percentage of the coverage length of 60%. The number of reads assigned to viral
families and species were converted into relative values to estimate their abundance within each mosquito spe-
cies. Abundance barplots were generated using the ggplot2 package in RStudio®’.
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Statistical analysis

To assess the normality of the data, the Shapiro-Wilk test was used, which indicated a non-normal distribution.
To compare the abundance of viral taxa among the different mosquito species in the study, a non-parametric
Kruskal-Wallis test for multiple comparisons was employed. For post-hoc analysis, Dunn’s test with Benja-
mini-Hochberg stepwise correction was applied. This test was also used to compare viral species. Statistical
analyses and data visualization were conducted using R software®!. A significance level of p-value <0.05 was
considered statistically differential for all tests.

Data availability

The raw sequence reads generated in this study are available at the NCBI Sequence Read Archive (SRA)
database under BioProject PRJNA98633 (https://www.ncbi.nlm.nih.gov/bioproject/986331). BioSamples
SAMN35839862-SAMN35839876.
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10. CONCLUSIONES

Capitulo 1

e La vigilancia entomovirolégica emerge como una herramienta esencial para comprender la
dindmica epidemioldgica del dengue y otras arbovirosis. La identificacion temprana de la
presencia y propagacion de virus en los vectores proporciona una base solida para la para
comprender de manera integral la dindmica de transmision de arbovirus y evaluar el riesgo
potencial para la poblacion

e La deteccion de infecciones naturales por arbovirus en mosquitos Aedes aegypti en diversas
regiones de Colombia refleja el patron epidemioldgico de los arbovirus en el pais, y resalta
su importancia como vector principal de enfermedades virales. Estos hallazgos destacan la
importancia de mantener una vigilancia continua del vector para controlar la propagacion de
estos virus y proteger la salud publica mediante la implementacion de prevencion y de
control.

e FEl predominio del Linaje I de Aedes aegypti en Colombia, que se encuentra ampliamente
distribuido en América y ha sido previamente vinculado con areas de alta incidencia de
dengue, sugiere que la epidemiologia de esta enfermedad podria estar influenciada por la
dindmica poblacional del vector. Este hallazgo subraya la importancia de comprender y
monitorear la poblacion de mosquitos para evitar la transmision del dengue de manera
efectiva.

Capitulo 2

e Se resalta el potencial de las técnicas de secuenciacion de proxima generacion (NGS) para
explorar el viroma de los mosquitos vectores. Esto subraya la importancia de incorporar estas
herramientas moleculares en la vigilancia virologica en tiempo real ante la (re)emergencia de
patogenos arbovirales.

e El analisis del viroma de Aedes aegypti en Colombia mediante metagenomica viral
contribuye a una mejor comprension de la diversidad de virus presentes en los mosquitos
vectores de relevancia epidemioldgica. Ademas, esta investigacion ofrece informacion
crucial que podria ayudar a identificar posibles conexiones entre los virus insecto-especificos
(ISV) y los arbovirus.
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e FElanalisis de la composicion de las comunidades virales en 4. aegypti revelo que la infeccion
con diferentes serotipos de DENV (DENV-1 y DENV-2) podria provocar alteraciones en la
abundancia relativa de las familias y especies virales que constituyen el viroma central en
Aedes spp.

e La abundancia diferencial de ISV, como el PCLV, en el "core virome" o viroma central de
A. aegypti en muestras de Colombia con infeccion natural por DENV-1 y DENV-2, indica su
potencial implicacion en la biologia del vector y en la dinamica de transmision de arbovirus.

Capitulo 3

e Se resalta la importancia de incluir ONT en la vigilancia entomoviroldgica para comprender
mejor la dinamica asociada a la ecologia y transmision de los virus en vectores.

e Laecologiay dinamica de transmision de flavivirus en mosquitos (Diptera: Culicidae) de los
Llanos Orientales de Colombia, revel6 la circulacion del Virus del Nilo Occidental (WNYV)
en Culex browni, resaltando el impacto potencial de las actividades humanas en estos
ecosistemas antropogénicamente sensibles.

e FEl analisis de las fuentes de alimentacion en mosquitos Culiciade en una demostro el
comportamiento oportunista del Oc. Serratus y diversos hospedadores de alimentacion,
incluidos los humanos.

e La caracterizacion preliminar de metagendémica viral en mosquitos (Culicidae) en la
Orinoquia colombiana, amplia el entendimiento sobre las especies virales en mosquitos
vectores del neotropico de los géneros Ochlerotatus, Culex, Limatus, Mansonia, Psorophora
y Sabethes. Este estudio destaca la presencia y relevancia de ISV comunes en estos vectores,
sugiriendo su posible relacion con la competencia vectorial y su influencia en la transmision
de enfermedades arbovirales.

e Los factores asociados al habitat pueden influir en la composicion del viroma de manera
significativa, especialmente en areas donde coexisten multiples especies de mosquitos. Por
lo tanto, se destaca la importancia del entorno de desarrollo del hospedero en la configuracion
de las comunidades virales en el mosquito.
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11. PERSPECTIVAS

Se sugiere ampliar los estudios de vigilancia entomovirologica en diversas areas de Colombia
para mejorar la comprension de la transmision de enfermedades virales por vectores y
facilitar el disefio de estrategias de intervencion integrales.

Se propone continuar con estudios de infeccion natural en mosquitos Aedes spp, e incluir la
identificacion de otros posibles vectores de enfermedades virales en el pais, como los
mosquitos del género Culex spp. Ampliar el monitoreo entomoldgico y los virus que portan
permitiria una comprension mas completa de la epidemiologia de las enfermedades
transmitidas por vectores en Colombia y facilitaria el disefio de estrategias de control mas
efectivas.

Se sugiere seguir desarrollando investigaciones sobre la diversidad genética y estructura
poblacional de Aedes aegypti en Colombia, asi como su relacioén con la epidemiologia del
dengue. Estos estudios podrian proporcionar informacion valiosa y robusta para mejorar los
sistemas integrales de vigilancia y control vectorial.

Se propone, especialmente a las entidades de salud y de gobierno, aprovechar la capacidad
instalada frente a la contencion sanitaria por COVID-19, para monitorear la circulacion de
serotipos y genotipos del DENV tanto en muestras de pacientes humanos, como en
mosquitos-vectores, como estrategia de manejo integral de enfermedades causadas por
arbovirus.

Se alienta a desarrollar analisis sobre gendmica de arbovirus, utilizando muestras de los
hospederos humanos, y de mosquitos vectores. Esto permitira una comprension mas completa
e integral del ciclo de transmision de estos agentes virales, lo que contribuird al
fortalecimiento de las capacidades institucionales para el control e intervencion ante la
(re)emergencia de patogenos arbovirales.

Se sugiere profundizar en los los virus insecto-especificos (ISV) que constituyen el “viroma
central” de A. aegypti, con un enfoque especial en comprender la dindmica de las complejas
interacciones entre los serotipos de DENV, ISV y sus hospederos-mosquitos, en diversos
contextos epidemioldgicos. Esto podria proporcionar informacion esencial para dilucidar la
dinamica viral en mosquitos.

Se recomienda que en futuras investigaciones se profundice en la comprension de los
mecanismos subyacentes a las interacciones entre PCLV y los serotipos de DENV en 4.
aegypti, utilizando enfoques celulares, moleculares y bioinformaticos.

Se subraya la importancia de incluir en la vigilancia entomovirologica a partir de
secuenciacion proxima generacion (ONT) para comprender mejor las dinamicas asociadas
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con la ecologia y transmision de arbovirus de importancia en saud publica en diversos
habitats-ecositemas de Colombia, especialmente en areas geograficas rurales.

Se propone en analisis proximos de metagendmica viral incluir las caracteristicas ecoldgicas
relacionadas con el habitat, y genéticas asociadas con la especie vectorial, especialmente
entre mosquitos que coexisten en un mismo ecosistema. Estos datos aportarian informacion
crucial sobre los factores determinantes en la composicion transitoria o permanente del
viroma de mosquitos vectores en ecosistemas conservados sensibles a intervenciones
antropicas.

Se recomienda que en estudios posteriores se profundice en las especies de virus insecto-
especificos (ISV) compartidas entre diversas especies de vectores, lo que proporcionaria una
representacion mas completa de la diversidad y la distribucion, asi como las posibles
aplicaciones como agentes de control.
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12. PRODUCTOS DE LA TESIS

Los articulos se encuentran a lo largo del documento, los anexos correspondientes a la informacion
suplementaria se encuentran en la carpeta de anexos de articulos divididos en carpetas por articulo.
Todos los productos que se mencionaran a continuacion se encuentran en la carpeta de anexos de
productos de la tesis divididos seglin los numerales a continuacion:

12.1 Articulos Cientificos

e Articulo 1: Gémez M, Martinez D, Hernandez C, Luna N, Patifio LH, Bohorquez Melo R,
Suarez LA, Palma-Cuero M, Murcia LM, Gonzalez Paez L, Estrada Bustos L, Medina MA,
Ariza Campo K, Padilla HD, Zamora Florez A, De las Salas JL, Mufioz M and Ramirez JD.
Arbovirus infection in Aedes aegypti from different departments of Colombia. Front. Ecol.
Evol. 2022. 10:999169. doi: 10.3389/fev0.2022.999169.

e Articulo 2: Gémez M, Martinez D, Mufioz M, Ramirez JD. Aedes aegypti and Ae. albopictus
microbiome/virome: new strategies for controlling arboviral transmission? Parasit Vectors.
2022 Aug 9;15(1):287. doi: 10.1186/s13071-022-05401-9.

e Articulo 3: Gomez M, Martinez D, Paez-Triana L, Luna N, Ramirez A, Medina J, Cruz-
Saavedra L, Hernandez C, Castafieda S, Bohorquez Melo R, Suarez LA, Palma-Cuero M,
Murcia LM, Gonzalez Paez L, Estrada Bustos L, Medina MA, Ariza Campo K, Padilla HD,
Zamora Florez A, De Las Salas JL, Mufioz M, Ramirez JD. Influence of dengue virus
serotypes on the abundance of Aedes aegypti insect-specific viruses (ISVs). J Virol. 2023
Dec 14:¢0150723. doi: 10.1128/jvi.01507-23.

e Articulo 4: Martinez D, Gémez M, De Las Salas JL, Hernandez C, Florez AZ, Muiioz M,
Ramirez JD. Employing oxford nanopore technologies (ONT) for understanding the ecology
and transmission dynamics of flaviviruses in mosquitoes (Diptera: Culicidae) from Eastern
Colombia. Acta Trop. 2023 Sep; 245:106972. doi: 10.1016/j.actatropica.2023.106972.

e Articulo 5: Gbmez M, Martinez D, Paez-Triana L, Luna N, De las Salas J, Hernandez C,
Zamora Florez A, Mufioz M, Ramirez JD. Characterizing viral species in mosquitoes

(Culicidae) in the Colombian Orinoco: insights from a preliminary metagenomic study. Sci
Rep 2023.13, 22081. doi.org/10.1038/s41598-023-49232
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12.2 Presentacion En Eventos Cientificos

e 2022. Presentacion oral en el XVIII Congreso Colombiano de Parasitologia y Medicina
Tropical. Ponente. Titulo del trabajo: “Vigilancia entomoviroldgica de Aedes aegypti en
Colombia”.

e 2022. Presentacion oral en el V Congreso Internacional de Ciencias Basicas e Ingenieria
‘CICI 2022’ - Unillanos. Titulo del trabajo: “Infeccion natural por arbovirus en mosquitos
Aedes aegypti en diferentes departamentos de Colombia”.

e 2022. Presentacion oral en el Seminario virtual internacional. El desarrollo sostenible: el
papel de las mujeres en el cumplimiento de la Agenda 2030. Dialogos entre México y
Colombia. Titulo del trabajo: “Virus emergentes: retos para la sostenibilidad”.

e 2023. Presentacion oral en el X Simposio Colombiano y VI Congreso Latinoamericano de
Virologia. Titulo del trabajo: “El perfil metagendémico del viroma de Aedes aegypti revela
alteraciones especificas en respuesta a la infeccion por los serotipos dengue”

e 2023. Presentacion poster en el X Simposio Colombiano y VI Congreso Latinoamericano de

Virologia. Titulo del trabajo “La Metagendmica Viral Revela Especies Virales Compartidas
en Mosquitos (Culicidae) de un Ecosistema Local en la Orinoquia Colombiana”.

12.3 Cursos

e 2020. Metagendmica aplicada a la caracterizacion de la diversidad viroldgica con potencial
emergente. Instituto Nacional de Salud - Universidad Cooperativa de Colombia.

e 2021. Curso internacional Estrategias bioinformaticas para el estudio de Enfermedades
Tropicales Desatendidas (ETDs). CABANA

e 2021. Curso Fundamentos de Genomica para la Investigacion en Salud. Universidad del
Valle.

e 2021. Perspectivas para el fortalecimiento de laboratorios nacional de referencia y
Laboratorios de Salud Publica fronterizos de referencia territorial.

e 2021. Curso internacional Data Science con R.

e 2022. Viral Genomics and Bioinformatics (Virtual) (LAC). Wellcome Genome Campus,
Hinxton, Cambridge. Institute Sanger.

e 2023. ABSL2 University of Texas Medical Branch.
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e 2023. Biologia Molecular de Virus. I Curso De Herramientas Biotecnologicas para la
Vigilancia y Control De Enfermedades transmitidas por Vectores (ETVs). Ministerio de
Ciencia Tecnologia e Innovacion-MinCiencias, Centro de Investigaciones en Biotecnologia
y Microbiologia - CIMBIUR, Centro Argentino y Brasilefio de Biotecnologia — CABBIO.

e 2023. Papel de los virus en las ETVs. I Curso De Herramientas Biotecnologicas para la
Vigilancia y Control De Enfermedades transmitidas por Vectores (ETVs). Biologia
Molecular de Virus. Ministerio de Ciencia Tecnologia e Innovacion-MinCiencias, Centro de
Investigaciones en Biotecnologia y Microbiologia - CIMBIUR, Centro Argentino y Brasilefio
de Biotecnologia — CABBIO.

e 2023. Entomovirologia, métodos de muestreo, taxonomia de mosquitos vectores y deteccion
de arbovirus. Curso Pre-Congreso X Simposio Colombiano y VI Congreso Latinoamericano
de Virologia.

12.4 Pasantia Internacional

2023. World Reference Center for Emerging Viruses and Arboviruses (WRCEVA) — University
of Texas Medical Branch. Texas - Estados Unidos. Duracion 4 meses.

En el segundo semestre de 2023, realicé una pasantia internacional como parte de mi doctorado en
Ciencias Biomédicas y Biologicas en la Universidad del Rosario. La estancia tuvo lugar en el World
Reference Center for Emerging Viruses and Arboviruses (WRCEVA) de la University of Texas
Medical Branch, bajo la supervision de los doctores Scott Weaver, Ph.D., y Kenneth Plante, Ph.D. El
objetivo principal de la pasantia fue profundizar en el conocimiento sobre la deteccion, identificacion
y caracterizacion de arbovirus y otros virus emergentes.

Durante mi tiempo en el WRCEVA, participé activamente en una serie de actividades y
entrenamientos cuidadosamente disefiados para mejorar mis habilidades técnicas y cientificas. Estas
actividades incluyeron:

e Formacion en biocontencién y manejo de bioseguridad en laboratorios de nivel 2.

e Entrenamiento en técnicas de cultivo celular para el aislamiento y propagacion de virus.

e Realizacion de ensayos de placas y ensayos de formacion de focos para la caracterizacion
viral.

e Aprendizaje de técnicas de inmunotincion para la identificacion de antigenos virales.

e Participacion en la extraccion y secuenciacion de material genético viral.

e Manejo basico de animales de laboratorio para estudios relacionados con enfermedades
virales.
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Durante la pasantia, se resalta la oportunidad de interactuar con cientificos de renombre internacional
y de nivel académico excepcional. Sus conocimientos y experiencia en el campo de la virologia fueron
una fuente invaluable de aprendizaje y motivacion. Los conocimientos y experiencias obtenidos
durante la estancia en el WRCEVA son considerados de gran utilidad para la carrera investigativa
futura y para el avance del conocimiento cientifico en el campo de la virologia.

12.5 Becas
2018. Beca Programas de Formacion Postgradual Avanzada con apoyo institucional, Programa DIA

(Doctorado para la Investigacion y la Academia) otorgado por la Universidad de Boyaca. Tunja-
Colombia.

2022. Beca Pasantia estudiantes doctorales, otorgada por el Comité de Becas y Apoyos para el
Fortalecimiento Académico. Direccion Académica de la Universidad del Rosario. Bogota-Colombia.
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