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Resumen

RESUMEN

El Papaya meleira virus (PMeV) es el agente causal de la "enfermedad pegajosa de la
papaya" (PSD) en Brasil y México. A pesar de la importancia econémica de esta
enfermedad y de la necesidad de implementar estrategias efectivas de control, se sabe
poco de su epidemiologia. Por esto, el objetivo de este trabajo fue identificar a los
insectos vectores de la variante mexicana del PMeV (PMeV-Mx), y evaluar la capacidad
de infeccion del PMeV-Mx en especies de arvenses y otras plantas, cominmente
encontradas en areas de cultivo de papaya. Insectos adultos se colectaron en huertos de
papaya de la regidon sur-sureste de México y fueron identificados morfolégica y
molecularmente. La familia Cicadellidae (Hemiptera) fue la mas diversa y abundante, y
Empoasca papayae fue la especie mas abundante y con el titulo de PMeV-Mx mas alto.
Los ensayos de transmisiébn del PMeV-Mx se realizaron en condiciones controladas
usando E. papayae y C. papaya cv. Maradol. El PMeV-Mx fue detectado y cuantificado en
el 100% de las plantas de papaya, 14 dias después de que estas fueron expuestas a los
insectos viruliferos (dae), cuyo titulo de RNA viral aument6 de 0.06 pg/ul (21 dae) a 26.6
pg/ul (60 dae). Cinco meses después, las plantas mostraron sintomas de la enfermedad
pegajosa, lo que demostré que E. papayae es capaz de transmitir PMeV-Mx a C. papaya.
Ademas, se evaluaron 38 especies de arvenses presentes en huertos de papaya y se
detect6 PMeV-Mx en 11 especies, pertenecientes a tres familias de plantas. También se
detectd este virus en muestras de sandia (Citrullus lanatus Thunb.) recolectadas en
huertos ubicados a 0.5 km de huertos de papaya infectados con PMeV. Para confirmar la
susceptibilidad a PMeV-Mx, las especies Dactyloctenium aegyptium, Panicum hirsutum
(Poaceae), Ruellia nudiflora (Acanthacea), y Citrullus lanatus (Cucurbitaceae), fueron
inoculadas con latex infectado con PMeV-Mx. La infeccion se confirmé mediante RT-PCR
y RT-PCR cuantitativa (RT-qPCR), mostrando que estas especies son hospedantes
alternos de PMeV-Mx. Este es el primer reporte acerca de estas especies como

hospederos de PMeV-Mx.
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Abstract

ABSTRACT

Papaya meleira virus (PMeV) causes “papaya sticky disease” (PSD) in Carica papaya in
Brazil and Mexico. Despite its economic importance and the need for effective control, little
is known about PSD epidemiology. The aim of this work was to identify insect vectors of
PMeV-Mexican variant (PMeV-Mx) and to evaluate the occurrence and infection capacity
of PMeV-Mx for common weed and other plant species found in papaya-growing areas.
Adult insects were collected in papaya fields in the south-southeast region of Mexico and
were identified morphological and molecularly. The Cicadellidae family (Hemiptera) was
the most diverse and abundant, and Empoasca papayae was the most abundant species
with higher virus titers. PMeV-Mx transmission assays were conducted under controlled
conditions using E. papayae and C. papaya cv. Maradol. Beginning 14 days after plants
were exposed to insects, PMeV-Mx was detected and quantified in 100% of evaluated
papaya plants, whose viral RNA titer increased from 0.06 pg/ul (21 dae) to 26.6 pg/ul (60
dae). Five months later, these plants developed sticky disease symptoms, demonstrating
that E. papayae is capable of transmitting PMeV-Mx to C. papaya with a high efficiency.
Additionally, 38 common weed species present in papaya-growing areas were evaluated
and PMeV-Mx was detected in 11 different species of three plant families. PMeV was also
detected in collected samples of watermelon (Citrullus lanatus Thunb.) plants from
orchards located 0.5 Km from sticky disease papaya fields. To confirm their susceptibility
to PMeV-Mx, weed species Dactyloctenium aegyptium, Panicum hirsutum (Poaceae),
Ruellia nudiflora (Acanthacea), and watermelon seedlings were inoculated with latex from
papayas infected with PMeV-Mx, and infection was confirmed by RT-PCR and quantitative
RT-PCR (RT-gPCR), showing that these plant species are alternative hosts of PMeV-Mx.
This is the first reference of these species as natural hosts of PMeV-Mx.
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Introduccion

INTRODUCCION

Carica papaya L. es una especie originaria de América Central perteneciente a la familia
Caricaceae (Carvalho y Renner, 2012). Los principales paises productores del fruto fresco
son: India, Brasil, Indonesia, Republica Dominicana, Nigeria y México (FAOSTAT, 2018).
En México, este cultivo es atractivo para el agricultor por su corto periodo entre siembra y
cosecha, asi como su rendimiento por hectarea y su alta demanda en el mercado. Sin
embargo, el rendimiento es afectado por diversas limitantes fitosanitarias, entre las cuales

destacan las enfermedades ocasionadas por virus (Ventura et al., 2004).

Una de las enfermedades virales que afectan el cultivo de papaya y la cual ha adquirido
importancia en los ultimos afios, es la “papaya sticky disease” (PSD) o “meleira”, cuyo
agente causal es el Papaya meleira virus (PMeV). Esta enfermedad fue detectada por
primera vez en Brasil, a finales de los 80’s del siglo XX, y desde entonces se ha
convertido en el principal problema fitosanitario del cultivo en ese pais, debido a las
grandes pérdidas de produccion causadas por el virus (Araujo et al., 2007). El sintoma
caracteristico de esta enfermedad es la exudacion espontanea de latex en frutos verdes,
que al oxidarse, provoca la formacion de costras negras que dafian la superficie de los
mismos, ocasionando la pérdida de su valor comercial (Maciel-Zambolin et al., 2003). Un
estudio realizado en el Centro de Investigacion Cientifica de Yucatan A.C (CICY), por
parte del laboratorio GeMBio (Grupo de Estudios Moleculares aplicados a la Biologia),
permitié la deteccion del PMeV en muestras de huertos de papaya de diferentes estados
de México, denominando a esta enfermedad como “lloroso de la papaya” (Pérez-Brito et
al., 2012).

El origen viral del agente causal de esta enfermedad fue confirmado por Maciel-Zambolim
et al., (2003), trabajo en donde fue propuesto por primera vez el nombre de Papaya
meleira virus (PMeV). La morfologia y composicion de este virus, con un genoma de RNA
de doble cadena (dsRNA) de aproximadamente 12 kb, eran totalmente distintas a otras
previamente descritas. Recientemente, otros estudio realizado en Brasil, demostré que la
enfermedad surge de una doble infeccion con PMeV, el primer virus identificado y
reportado, relacionado con miembros de la familia Totiviridae, y un segundo virus, el

Papaya meleira virus 2 (PMeV2), relacionado con miembros del género Umbravirus, y el

1




Introduccion

cual posee un genoma de RNA de cadena sencilla (ssRNA) de aproximadamente 4.5 Kbs
(Antunes et al., 2016). En México, Zamudio-Moreno et al., (2015) reportaron una variante
mexicana del PMeV (PMeV-Mx), con una secuencia parcial de 1154 pb que codifica para
una RNA polimerasa dependiente de RNA (RdRp), y que muestra una similitud del 71%
con la RdRp de PMeV2 (Zamudio-Moreno et al., 2015; Antunes et al., 2016).

Existen pocos registros de la epidemiologia de esta enfermedad y de sus mecanismos de
transmision. Se considera que algunas practicas agricolas, principalmente durante la
cosecha de los frutos, son responsables de la diseminacion de la enfermedad dentro de
los huertos (Ventura et al., 2004; Abreu et al., 2015). Ademas, este virus se encuentra en
las semillas y puede ser transmitido a la siguiente generacion por esta via (Tapia-Tussell
et al., 2014). En cuanto al rango de posibles hospederos del PMeV, Unicamente existe un
estudio preliminar al respecto, el cual evalu6 la presencia del virus en diferentes especies
de arvenses comunmente encontradas en los huertos de papaya en Brasil, detectando al
PMeV en la especie Brachiaria decumbens (Poaceae) (Maciel-Zambolin et al.,, 2003).
Finalmente, se ha considerado la participacién de insectos como posibles vectores del
PMeV, con base en estudios sobre el patron de propagacion de la enfermedad en campo
(Rodrigues et al., 1989; Vidal et al., 2005).

Por lo anterior, es de suma importancia confirmar si existe algun vector aéreo involucrado
en la transmisién del PMeV, el cual pueda favorecer su rapida diseminacion en los
campos de papaya. También es importante conocer el rango de hospedantes de este
virus, en particular en especies arvenses que pudieran ser reservorios del PMeV, lo que
aseguraria la permanecia del virus entre ciclos productivos de papaya. De esta manera
sera posible complementar las estrategias de manejo fitosanitario enfocadas al control y

prevencién de la diseminacion de esta enfermedad.
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CAPITULO 1. ANTECEDENTES GENERALES

1.1. CULTIVO DE PAPAYA

La papaya (Carica papaya L.) es una planta dicotiledénea, perteneciente a la familia
Caricaceae Dumort., la cual comprende 34 especies en seis géneros. Tiene su origen en
Ameérica Central, muy probablemente en el sureste de México, de donde fue tomada por
los espafioles y llevada a las Filipinas en el siglo XVI, desde donde se introdujo a India y
de ahi fue introducida a la mayoria de los paises tropicales y subtropicales (Carr, 2014).
C. papaya L., la Unica especie del género Carica, representa la especie de mayor cultivo y

valor comercial dentro de esta familia (Carvalho y Renner, 2012; Badillo, 1993).

1.2. DESCRIPCION BOTANICA

La papaya es una planta arborescente perennifolia, la cual puede vivir hasta 25 afos; sin
embargo, los arboles de papaya en plantaciones comerciales son por lo general menores
de 2 afios, debido a la reduccion de la productividad de los arboles de mayor edad y la
dificultad en la recoleccién de los frutos de los arboles altos. Asi mismo, la papaya es una
de las pocas especies de plantas reconocidas como poligamas con tres sexos, femenino,

masculino y hermafrodita (Ming et al., 2012).

Los arboles pueden medir de 2 a 10 m. Poseen un tronco principal erguido y estrecho (20-
30 cm de diametro en la base y 5-7 cm de diametro en la corona), el cual es hueco entre
los nudos y esta cubierto con una corteza delgada con cicatrices foliares prominentes
(Figura 1.1). Las hojas son grandes y de peciolo largo, emergen desde la parte superior
de la planta, conformando una lamina palmeada abierta y redondeada. Tanto el tallo,

como las hojas y los frutos de la planta contienen latex (Carr, 2014; Ming et al., 2012).

En campo, dependiendo de la variedad, las plantas comienzan a florecer
aproximadamente dos meses después del trasplante, y la floraciéon continda durante todo
el afio. En cuanto a la fructificacién, ésta inicia entre los tres a seis meses después del
trasplante. La maduracién de fruto ocurre de cuatro a seis meses después de la floracion.

Los frutos, apifiados alrededor del tronco, son bayas elipsoides (si provienen de flores
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bisexuales) o esféricas (si provienen de flores femeninas), con un tamafio aproximado de
10 a 50 cm de largo y un contenido de 200 a 400 semillas. Los frutos, de pulpa blanda, se
tornan de verdes a anaranjados en la madurez (Carr, 2014).

Figura 1.1 Carica papaya L. a) Arbol de papaya.; b) Fruto proveniente de flor bisexual; c) Fruto

proveniente de flor femenina.

1.3. PRODUCCION MUNDIAL Y NACIONAL DE PAPAYA E IMPORTANCIA
ECONOMICA

El cultivo de papaya se encuentra distribuido principalmente en regiones tropicales y
subtropicales del mundo. Es producido en 60 paises, en su mayoria, en vias de
desarrollo. Los principales paises productores del fruto fresco son: India, Brasil, México,
Indonesia y Republica Dominicana, con una produccion total de 13, 050,746.00 toneladas,
lo que posiciona al cultivo como uno de los tres cultivos tropicales mas importantes
(excluyendo al platano), después de los mangos y las pifias, con un total de 441,964
hectareas cultivadas en el mundo (FAOSTAT, 2018).
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México es el principal exportador de papaya, el mayor volumen de esta exportacion es
hacia Estados Unidos de América. Actualmente, en México se cultivan 19,114 hectareas,
con una produccién total de 964,702 toneladas y un rendimiento de 57.82 toneladas por
hectarea (SIAP, 2017). Los principales estados productores se presentan en el Cuadro
1.1. El estado de Veracruz tiene la mayor superficie cosechada, con 106,888 toneladas
anuales de fruta. Sin embargo, los mayores rendimientos de produccion se concentran en
el estado de Oaxaca, el cual en conjunto con otros estados como Chiapas, Colima y
Yucatan, dominan el mercado nacional e internacional, dada la calidad del fruto (Guzman
et al., 2012; SIAP, 2017).

Cuadro 1.1 Principales Estados productores de papaya en México (SIAP, 2017).

Posicion Estado Produccion (ton)
1 Oaxaca 288,160
2 Colima 167,775
3 Chiapas 146,436
4 Veracruz 106,888
5 Michoacéan 79,207
6 Guerrero 43,232
7 Campeche 25,931
8 Jalisco 24,768
9 Yucatan 18,272
10 Sinaloa 11,439

El fruto de papaya es consumido principalmente fresco, aunque también puede utilizarse
como materia prima para bebidas y mermeladas (Ming et al., 2012). De acuerdo con el
Departamento de Agricultura de los Estados Unidos (USDA) (2018), la papaya ocupa el
primer lugar en puntajes nutricionales entre 38 frutas comunes, con base en el
requerimiento diario recomendado de vitamina A, vitamina C, potasio, &cido fdlico,

niacina, tiamina, riboflavina, hierro y calcio, ademas de fibra.

El fruto de papaya también cuenta con mdltiples usos industriales, basados
principalmente en su contenido de una enzima proteolitica denominada papaina (EC:

3.4.22.2), la cual es el mayor componente de la mezcla de enzimas extraidas del latex del
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fruto verde, y podria estar asociada con mecanismos de defensa de la planta contra
patdgenos e insectos (El Moussaoui et al., 2001). Comercialmente, la papaina es utilizada
directamente para la digestion de proteinas, asi como para el ablandamiento de carnes y
el aclaramiento de cerveza, aunque entre sus posibles aplicaciones farmacoldgicas,
también se incluyen el desarrollo de inhibidores selectivos de cisteinproteasas y el
tratamiento externo de tejidos duros tales como verrugas y cicatrices (Czaplewski et al.,
1999).

Tanto frutos, tallos, hojas, semillas, raices y latex de papaya han mostrado contener una
gran variedad de compuestos activos (cistein-proteasas, alfa-tocoferol, acido ascérbico,
flavonoides, glucosidos cianogénicos, glucosinolatos) y han sido utilizados en
etnomedicina para el tratamiento de enfermedades que incluyen Ulceras gastricas y
cancer, pues sus efectos farmacoldgicos incluyen antioxidacion, antiinflamacion,

antialergénicos y antiproliferativo (Seigler et al., 2002; Otsuki et al., 2010).

1.4. LIMITANTES FITOSANITARIAS DEL CULTIVO DE PAPAYA

El cultivo de papaya es atractivo para los agricultores por su alta rentabilidad, su periodo
corto entre siembra y cosecha, y su alto rendimiento por hectarea. Sin embargo, existen
limitantes fitosanitarias que afectan severamente la produccion del fruto. Entre los
principales factores limitantes del cultivo se encuentran las enfermedades ocasionadas
por diferentes fitopatégenos, entre los que destacan bacterias, hongos, fitoplasmas y virus
(Lima et al., 2001). La presencia de enfermedades en el cultivo ocasiona cuantiosas
pérdidas de produccion, comercializacion y exportacion del fruto fresco, cuyo impacto
podria ser en ocasiones hasta del 100% (Ventura et al., 2004). Aunque en el mundo se
han reportado mas de diez diferentes virus en papaya (Cuadro 1.2), sélo cinco son
considerados de mayor importancia: Papaya ringspot virus (PRSV), Papaya leaf distortion
mosaic virus (PLDMV), Papaya lethal yellowing virus (PLYV), Papaya mosaic virus
(PapMV) y Papaya meleira virus (PMeV) (Abreu et al., 2015).
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1.4.1. Papaya meleira virus (PMeV)

Papaya meleira virus (PMeV) es el agente causal de la enfermedad pegajosa de la
papaya o “meleira”. Dicha enfermedad fue reportada por primera vez en Brasil a finales de
los 80s del siglo XX en el estado de Bahia, y posteriormente en Espiritu Santo,
alcanzando hasta el 100% de incidencia en algunos huertos, y convirtiéndose en un factor
limitante para la produccién de papaya (Rodrigues et al., 1989; Lima et al., 2001; Ventura
et al., 2004). Afios mas tarde, en el 2008, el personal del laboratorio GeMBio del Centro
de Investigacion Cientifica de Yucatan (CICY), observé una sintomatologia similar a la de
PSD, en una plantacién de papaya ubicada en el estado de Quintana Roo, México. La
deteccién molecular de PMeV en muestras de latex de plantas sintomaticas colectadas en
siete estados productores de papaya (Campeche, Jalisco, Quintana Roo, Oaxaca,
Tabasco, Veracruz y Yucatan), confirmé la presencia de este virus en México (Perez-Brito
et al., 2012).

Dentro de las primeras descripciones de esta enfermedad, la sintomatologia encontrada
fue atribuida a una perturbacién en la absorcion de calcio o boro asociada al estrés hidrico
(Nakagawa et al., 1987), o a la posibilidad de un desequilibrio en el intercambio con el
suelo (Correa et al., 1988). La primera evidencia de un agente causal fue reportada por
Kitajima et al., (1993), quien detect6 la presencia de particulas isométricas similares a las
de origen viral, de alrededor de 50 nm de diametro, distribuidas en masas amorfas o
agregados de tamafo variable dentro de los vasos lacticiferos de las plantas enfermas.
Este estudio también demostré la presencia de un RNA de doble cadena (dsRNA) de
aproximadamente 12 kb, proveniente de la extracciéon de latex de frutos de plantas
sintomaticas. El origen viral del agente causal de esta enfermedad fue confirmado por
Maciel-Zambolim et al. (2003), en este reporte fue propuesto por primera vez el nombre
de Papaya meleira virus (PMeV), puesto que la morfologia y composicién del virus, eran
totalmente distintas a otros agentes causales previamente descritos. Recientemente, un
estudio realizado en Brasil, demostré que la enfermedad surge de una doble infeccién con
PMeV, el primer virus identificado y reportado, relacionado con miembros de la familia
Totiviridae, y un segundo virus, el Papaya meleira virus 2 (PMeV2), relacionado con

miembros del género Umbravirus y el cual posee un genoma de RNA de cadena sencilla
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(ssRNA) de aproximadamente 4.5 Kbs (Antunes et al., 2016). En México, Zamudio-
Moreno et al., (2015) reportaron una variante mexicana del PMeV (PMeV-Mx), con una
secuencia parcial de 1154 pb que codifica para una RNA polimerasa dependiente de RNA
(RdRp), que muestra una similitud del 71% con la RdRp de PMeV2 (Zamudio-Moreno et
al., 2015; Antunes et al., 2016).

Cuadro 1.2 Virus de papaya en las principales regiones de cultivo en el mundo (Antunes et al.,
2016; Pereira et al., 2012; Ventura et al., 2004).

Familia Género Especie
Bunyaviridae Tospovirus Tomato spotted wilt virus, TSWV
Tenuivirus Papaya mild yellow leaf virus, PMYLV

Geminiviridae

Potyviridae

Rhabdoviridae

Begomovirus

Bigeminivirus

Potyvirus

Potyvirus

Rhabdovirus
Sobemovirus

Potexvirus

Relacionado con
miembros de Totiviridae

Relacionado con
miembros de
Umbravirus

Papaya leaf curl virus, PalCuV

Croton vyellow vein mosaic virus,

CYVMV

Papaya ringspot virus, PRSV

Papaya leaf distortion mosaic virus,

PLDMV
Papaya apical necrosis virus, PANV
Papaya lethal yellowing virus, PLYV
Papaya mosaic virus, PapMV

Papaya meleira virus, PMeV

Papaya meleira virus 2, PMeV2

No establecido. La caracterizacién molecular del genoma viral esta en desarrollo.

1.4.1.1. Sintomatologia de la enfermedad pegajosa de la papaya

El sintoma caracteristico de la enfermedad pegajosa de la papaya es la exudacién
excesiva de latex en los frutos verdes, la cual se produce espontdneamente o a causa de
dafios mecénicos (Figura 1.2). Este latex es translicido y acuoso, mucho menos viscoso
gue el latex de plantas sanas, carente de coagulacién; ademas, se oscurece rapidamente

por oxidacion a causa de la exposicion atmosférica, manchando la superficie del fruto
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(Abreu et al., 2015). La excesiva exudacion de latex otorga un aspecto pegajoso al fruto,
de ahi el nombre de la enfermedad.

La exudacion espontanea de latex también puede ocurrir en el borde de hojas jovenes y
en el 4pice de la planta, en donde su oxidacion provoca pequefias lesiones necrdticas
(Maciel-Zambolim et al., 2003). En frutos infectados, en estados avanzados de la
enfermedad, se observan areas irregulares de color verde-claro en la superficie, sintomas
ligeramente similares a deficiencia por micronutrientes, principalmente por boro (Ventura
et al., 2004) y que han sido denominados como “mapeo” del fruto. Ademas, la pulpa de la
fruta presenta pequefias manchas y una consistencia mas suave y menos sabrosa, lo que
afecta su valor comercial (Abreu et al., 2015). En casos de transmision por semilla, los
sintomas de la enfermedad son mas severos, ya que aparecen nodulos de latex dentro de
la cavidad de los frutos (Tapia Tussell et al., 2015).

La distribucion del PMeV dentro de la planta parece estar restringida a los vasos
laticiferos, en donde modifica los niveles de potasio y, en consecuencia, el equilibrio
osmotico, lo que ocasiona la ruptura de la células para la subsecuente exudacion
espontanea de latex (Rodrigues et al., 2009a). Es importante mencionar que el latex de
papaya contiene altas cantidades de proteasas y de alcaloides, y pudiera estar
directamente involucrado en mecanismos de defensa de la planta contra patogenos (El
Moussaoui et al., 2001), por lo cual representa un ambiente completamente antagonista

para otros virus de la planta (Maciel-Zambolim et al., 2003).

1.4.1.2. Diagnéstico del PMeV

El diagnéstico del PMeV es de gran importancia para el control de la enfermedad, puesto
que hasta el momento no se conocen variedades de papaya resistentes al PMeV que
pudieran estar disponibles en el mercado. Este se realiza principalmente mediante el
monitoreo en campo de los sintomas de la enfermedad, los cuales aparecen hasta
después del periodo de floracién, situacion que complica la deteccién oportuna, dado el
largo periodo asintomatico de las plantas infectadas (Ventura et al., 2004; Abreu et al.,

2012). En consecuencia, una planta infectada podria permanecer meses dentro de la
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plantacién sin ser detectada, y se convierte en una fuente de indculo antes de ser

eliminada (Araujo et al., 2007).

Figura 1.2 Principales sintomas del PMeV: a) Exudacion espontanea; b) Frutos Manchados; c)

pequefias manchas en la pulpa; d) Manchas necroticas en el peciolo.

Por lo anterior, se han desarrollado y descrito métodos moleculares para la deteccion del
virus. Los utilizados inicialmente estuvieron basados en la purificacion del dsRNA
mediante una columna CF11, seguida de su visualizacion en geles de acrilamida (Doods
et al., 1984). Posteriormente, Tavares et al., (2004), desarrollaron dos métodos para el
diagnostico de la enfermedad con base en la extraccion de acidos nucleicos provenientes
del latex de plantas de papaya infectadas y la visualizacion del dsRNA en geles de
agarosa al 1%. Estos métodos son répidos, faciles, econdmicos y permiten el analisis de
un gran namero de muestras simultaneamente. Ademas, requieren Unicamente entre 350

y 500 uL de latex de papaya.

Araujo et al., (2007) desarrollaron un método basado en la transcripcion reversa de la
reaccion en cadena de la polimerasa (RT-PCR), el cual ofrece ventajas sobre los métodos
anteriores de deteccién y diagndstico, ya que requiere unicamente de algunos pL de &cido
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nucleico extraidos a del latex. Entre las ventajas de este método estan su rapidez,
sensibilidad y capacidad de analizar un gran nimero de muestras. Un método aun mas
sensible para la deteccion del virus a través de RT-PCR en tiempo real, fue desarrollado
por Abreu et al., (2012), el cual permite mayor sensibilidad ante la baja titulacién del virus
en plantas enfermas, asi como la cuantificacion y el analisis simultaneo de un gran
nimero de muestras. Por su parte, Zamudio-Moreno et al., (2015) desarrollaron
iniciadores especificos para la deteccidbn molecular de la variante mexicana del PMeV
(PMeV-Mx) con base en la construccion de una mini biblioteca de DNA complementario,
puesto que los métodos de deteccidn descritos previamente resultaron ineficientes para la
deteccién de esta variante. En cambio, estos iniciadores desarrollados para el PMeV-Mx
son capaces de amplificar muestras infectadas tanto de México, como de Brasil.
Finalmente, Garcia-Camara et al. (2017) presentaron un método de deteccion y
cuantificaciéon del PMeV mediante el disefio de una sonda TagMan®, basada en la

secuencia del gen de la RdRp del PMeV-Mx.

1.4.1.3. Epidemiologia del PMeV

En las plantaciones de papaya donde no se eliminan las plantas infectadas con este virus,
la incidencia de la enfermedad puede alcanzar hasta el 100%, extendiéndose
rapidamente dentro del cultivo y ocasionando la pérdida total de la produccion (Ventura et
al., 2004). Sin embargo, a pesar del impacto econdémico de esta enfermedad, la
informacién epidemioldgica es escasa, lo cual representa un problema al implementar

estrategias de control.

Diversos estudios acerca del patron de diseminacion de la enfermedad en el campo,
basados en monitoreos mensuales, sugieren que algunas practicas agricolas, como la
cosecha de los frutos, son las responsables de la diseminacion de la enfermedad, pues el
patron espacial se observa a lo largo de las filas del cultivo (Ventura et al., 2004; Abreu et
al., 2015). Rodrigues et al., (2009b), evaluaron cinco métodos diferentes de inoculacion
mecénica, basados en simulaciones de las lesiones causadas por actividades de trabajo
en el campo, tales como cortar las hojas, cortar los tallos, raspar la superficie de las hojas,
raspar la superficie de los tallos e inyectar el latex infectado en el apice del tallo, esta

dltima préactica fue la Unica responsable de la trasmisién del virus. Posiblemente la rapida
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coagulacion del latex exudado ante la lesion provocada por cortes o raspaduras sobre el
tejido, impidio la infeccion del PMeV (Rodrigues et al., 2009b).

Un estudio realizado con semillas del cultivar Maradol demostré que el PMeV es
transmitido por semillas contaminadas, lo que podria explicar cdmo llegd este virus a
México (Daldro et al., 2014; Tapia-Tussell et al., 2015). Los autores demostraron la
presencia del virus en el embridén-endospermo y en la testa de semillas provenientes de
frutos de plantas infectadas. Ademas, detectaron el virus en el 81% de las plantulas
evaluadas, obtenidas a partir de semillas contaminadas, a los 160 dias posteriores al
trasplante (Tapia-Tussell et al., 2015).

Otro aspecto importante en la epidemiologia de la enfermedad pegajosa de la papaya son
los hospedantes alternos del PMeV. Sin embargo, hay muy poca informacién al respecto,
ya que soOlo se conoce un estudio realizado en Brasil, donde se evaluaron diversas
especies de arvenses, pertenecientes a diferentes familias, que crecian en los huertos de
papaya afectados por la meleira. Unicamente en Brachiaria decumbens (Poaceae) se
encontré un dsRNA viral con un peso molecular similar al de PMeV (Maciel-Zambolin et
al., 2003).

Los estudios sobre el patron de diseminacion de la enfermedad en campo también
sefialaron la posibilidad de un vector aéreo involucrado en la transmision del PMeV. En la
mayoria de las areas de evaluacion, se detectd una alta incidencia de la enfermedad en
los bordes de los huertos, lo que indicé que la migracion del vector puede jugar un rol
importante en la diseminacién del virus. Ademas, fue posible detectar la presencia de
focos aislados de infeccion dentro del cultivo, indicio de la formacién de colonias del
vector, pues una mayor agregacion del virus entre las filas del cultivo, pudiera ser
consecuencia del limitado movimiento del vector aéreo, al pretender colonizar plantas
cercanas (Ventura et al., 2003; Vidal et al., 2004). Al respecto, se evalud la capacidad de
la especie Trialeurodes variabilis Quaintance (Hemiptera: Aleyrodidae), la cual se
considera una plaga importante en el cultivo de papaya en Brasil. Esta especie no fue
capaz de transmitir al PMeV a plantas de papaya sanas, aunque se determiné la

presencia del virus en adultos y ninfas (Rodrigues et al., 2009).
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En campo, la mejor estrategia disponible para el control y manejo de la enfermedad en
campo es la eliminacién de las plantas infectadas. Para complementar lo anterior, se han
recomendado diversas estrategias de control para reducir el progreso de esta
enfermedad, o prevenir y retrasar su introduccion en areas donde no se han observado
los sintomas caracteristicos. Estas estrategias incluyen inspecciones semanales en los
campos, eliminacion de plantas enfermas tan pronto se observen los primeros sintomas;
instalacion de nuevos huertos de papaya lo mas lejos posible de aquellos con historial de
meleira; evitar la recoleccién de semillas provenientes de plantas infectadas; disminucion
de dafios mecanicos en las plantas durante las actividades de cultivo y desinfeccion del
material utilizado durante el proceso; eliminacion de las plantas al final de un ciclo de
produccién para eliminar las fuentes de in6culo; e implementacién de rotacion de cultivos

en areas productoras de papaya.

1.5. MECANISMOS DE TRANSMISION DE VIRUS DE PLANTAS

Un aspecto importante acerca de la dindmica de las enfermedades virales asi como de las
interacciones hospedante-patdgeno es el conocimiento acerca de sus mecanismos de
transmisiéon (Chen et al.,, 2006). Los virus son un grupo de parasitos intracelulares
obligados, pues carecen de un sistema que les permita desarrollar su propio metabolismo,
por lo que requieren vivir dentro de las células de un hospedante, apoderandose de su
maquinaria enzimatica y otros componentes celulares para replicarse y propagarse dentro
del huésped (Chen et al., 2006; Andret-Link y Fuchs, 2005). Dentro de la planta, los virus
se movilizan de una célula a otra a través de los plasmodesmos. Sin embargo, debido a
que los plasmodesmos no comunican con el exterior, los virus requieren de un
mecanismo que permita el rompimiento de la pared celular para su eficiente inoculacion y

diseminacion dentro de los individuos de una plantacion (Blanc et al., 2014).

Por lo anterior, los virus desarrollaron diferentes estrategias de transmision dependientes
de diversos factores adicionales. La transmisién de un virus puede ocurrir de manera
horizontal, vertical, o ambas. En la transmisién horizontal, los virus se transmiten entre
individuos de la misma generacién a través del movimiento de otros agentes y la

penetracion del virus es a través de heridas sobre las capas superficiales de la planta,
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como sucede durante la inoculacion por dafio mecéanico o a través de la transmision por
vectores; en cambio, en la transmision vertical, los virus se transmiten a través de la
semilla de una planta infectada hacia la siguiente generacion o a través del vector a su
progenie (Chen et al., 2006; Hull, 2009).

1.5.1. Transmision por insectos vectores

Las plantas son organismos inméviles, incapaces de ser transmisores de virus, excepto
en algunos casos de transmision a través de la semilla o el polen, o por el movimiento de
algunas plantas como resultado de la intervencién humana asi como por algunos métodos
de propagacion vegetativa. La mayoria de los virus de plantas dependen de la transmisién
eficiente de un vector especifico, el cual los transmitirhd de hospedero a hospedero (Ng y
Falk, 2006).

El 76% de las especies de virus reconocidas por el International Commite on Taxonomy of
Viruses (ICTV), son transmitidas a través de un vector. Los insectos del orden Hemiptera
transmiten la mayoria de estos virus de plantas (55%), sin embargo, los insectos vectores
de mayor importancia econémica estan restringidos a unas pocas familias dentro de este
orden (Hogenhout et al.,, 2008). Los afidos o pulgones (Aphididae) y las mosquitas
blancas (Aleyrodidae), ambas familias dentro del suborden Sternorrhyncha, son capaces
de transmitir al menos 270 y 320 especies de virus de plantas, respectivamente (Wylie et
al., 2017; Zerbini et al., 2017; Navas-Castillo et al., 2011; Hull, 2009). Por otro lado, las
chicharritas (Cicadellidae) y los saltahojas (Delphacidae), dentro del suborden
Auchenorrhyncha, son capaces de transmitir 31 y 24 virus de plantas, respectivamente
(Hull, 2009; Hogenhout et al., 2008). Finalmente, otras 52 especies de virus de plantas
son transmitidas por insectos hemipteros de las familias Coccoidea, Psyllidae vy
Membracidae (Hull. 2009; Hogenhout et al., 2008).

Los trips del orden Thysanoptera son parientes cercanos de los insectos hemipteros y
poseen piezas bucales compuestas por dos estiletes maxilares y un estilete mandibular
gue conforman el aparato de alimentacion, lo que les permite ser transmisores eficientes

de virus de plantas. Los &caros del orden Trombidiformes, de las familias Eriophyidae y
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Tenuipalpidae, también son transmisores de virus de plantas y sus estructuras bucales en
forma de estilete o de aguja, pueden perforar las células en la superficie e inducir
deformaciones foliares (Sarwar, 2015). Finalmente, algunos nemétodos del orden
Dorylaimida como Xiphinema spp., Longidorus spp. y Trichodorus spp., con estiletes
huecos, reversibles y largos, son capaces de alcanzar el floema de la planta y transmitir
virus de plantas (Brown y MacFarlane, 2001).

Los insectos hemipteros poseen piezas bucales penetrantes de tipo chupador. Sus piezas
maxilares y mandibulares conforman un estilete en forma de aguja, el cual les permite
realizar una transmisién de particulas virales efectiva. La alimentacion de algunos
hemipteros es especializada, a partir de células del floema, xilema o mesofilo; sin
embargo, algunos son capaces de alimentarse a partir de una combinacion de estos
tejidos (Cranston y Gullan, 2003). Se han descrito tres mecanismos de transmision: no
persistente, persistente y semipersistente (Watson y Roberts, 1939; Blanc et al., 2014),
dependientes de los sistemas de compatibilidad virus-vector, los cuales son complejos y
especificos, determinados por caracteristicas moleculares especificas. Dichas
caracteristicas determinan el tiempo necesario para la adquisicién de un virus, el tiempo
durante el cual el virus es retenido dentro del vector y el tiempo requerido para la

inoculacién eficiente en una nueva planta sana.

1.5.2. Transmisidn no persistente

La transmisién no persistente se presenta cuando el virus se adquiere a partir de una
planta infectada en cuestion de segundos (< 5 min) y necesita ser inoculado
inmediatamente en un nuevo hospedante, ya que no se retiene dentro del vector por mas
de algunos minutos u horas (< 12 h) (Ng y Falk, 2006; Hogenhout et al., 2008). Los virus
transmitidos por este mecanismo establecen una asociacién reversible con la cuticula de
las piezas bucales o en el intestino anterior del insecto vector, empleando para ello dos
estrategias principales. La primera, la estrategia de la cipside, consiste en la interaccion
especifica de los virus de plantas con sus vectores a través de dominios especificos en su
proteina de la capside (CP), la cual cuenta con receptores putativos en el estilete del

vector, aun pobremente caracterizados (Weber y Hampton, 1980; Hampton y Weber,
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1983; Chen y Francki, 1990; Blanc et al., 2014). La segunda estrategia, la estrategia del
componente auxiliar, consiste en la interaccion especifica de los virus de plantas con sus
vectores a través de proteinas virales, requeridas para la union de las particulas virales al
interior del revestimiento cuticular de los estiletes maxilares del vector, que funcionan
como un ‘puente’ de unidén entre la CP y el receptor putativo en el estilete (Govier y
Kassanis, 1974; Lung y Pirone, 1974). En ambas estrategias, la retencion de las
particulas virales ocurre exclusivamente en el extremo distal, en donde el canal salival y el
canal de alimentacion se unen conformando un conducto comun. Lo anterior permite la
retencion temporal de las particulas virales en el interior del conducto comun, hasta ser
liberadas en las células des hospedante durante el proceso de alimentacion del vector, a
través de la hidrolisis de las proteinas de unién, mediante una proteasa (Ammar et al.,
1994; Uzest et al., 1995). Es importante sefialar que los virus no persistentes pueden ser
transmisibles mecanicamente y los afidos, son los Unicos vectores reconocidos como

transmisores de virus de manera no persistente (Ng y Falk, 2006).

1.5.3. Transmision persistente

En la transmision persistente, los vectores son capaces de inocular al virus adquirido por
periodos de tiempo mas largos (horas, dias o semanas). Es decir, los tiempos requeridos
para la adquisicion e inoculacion del virus son mayores y el tiempo de retencidon del virus
dentro del cuerpo del vector es indefinido, por lo que pueden permanecer a lo largo de
toda su vida (Hogenhout et al., 2008). Un virus persistente, requiere de un periodo de
latencia para completar su ciclo dentro del cuerpo del vector, medido en horas o dias (Ng
y Falk, 2006). Durante este periodo, los virus de plantas transmitidos por este mecanismo
son capaces de atravesar la barrera del epitelio intestinal, mediante un proceso de
transcitosis, y a través de un receptor celular dependiente de clatrina (Wei et al., 2007).
Posteriormente, las particulas virales son liberadas al intestino para difundirse
pasivamente a través de la hemolinfa, hasta encontrar receptores putativos ubicados
especificamente en la lamina basal de las glandulas salivales (Brault et al., 2007).
Algunos estudios sugieren la implicacion no especifica de una proteina denominada
simbionina y producida por una bacteria simbittica, la cual podria actuar como una

chaperona que protege a las particulas virales del sistema inmune de los insectos (van
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den Heuvel et al., 1994). Luteoviridae, Geminiviridae y Nanoviridae son familias de virus
transmitidos por este mecanismo (Brault et al., 2007; Ammar et al., 2009; Watanabe et al.,
2013). Algunos virus de plantas son capaces de replicarse dentro de sus vectores, por lo
gue son denominados virus circulativos propagativos (Fukushi, 1935; Blanc et al., 2014).

1.5.4. Transmision semipersistente

También se han descrito virus intermedios, con periodos de adquisicion e inoculacién de
varios minutos a horas y sin necesidad de un periodo de latencia antes de la inoculacion,
pues se asocian con su vector externamente, sobre la cuticula que recubre las partes de
las piezas bucales o el intestino anterior. Este mecanismo de transmision se denomina
semipersistente (Sylvester, 1956; Harris, 1977). Los afidos, las mosquitas blancas y las
chicharritas son reconocidos como transmisores de virus de manera semipersistente (Ng
y Falk, 2006).

1.5.5. Transmision por mosquita blanca

Las moscas blancas son insectos pertenecientes a la familia Aleyrodidae. Se reproducen
en climas calidos donde son plagas de plantas herbaceas y lefiosas. En climas templados
son plagas de cultivos protegidos, lo que les permite sobrevivir durante condiciones de
temperatura poco favorables. Los huevos son depositados por adultos méviles y alados
en la parte inferior de las hojas (Gill, 1990; Jones, 2002). Tras la eclosion, aparece el
primer estadio, llamado “el rastreador”, que es el Unico instar movil lo que le permite
buscar alimento. Posteriormente, siguen tres estadios inmaduros e inmdviles. El dltimo
estadio o etapa “pupa” sufre metamorfosis para convertirse en adulto (Basu, 1995). El
ciclo de vida depende de la temperatura y de las especies de plantas presentes, y puede
tardar de 14 a 60 dias, 20 dias en promedio a una temperatura de 25°C, siendo capaces
de reproducirse por partenogénesis (clonaciébn o reproduccion asexual) cuando las
condiciones no son favorables (Frank y Liburd, 2005). Las mosquitas blancas tienen una
amplia gama de hospedantes, en teoria todas las dicotiledoneas, incluidos diferentes
cultivos de importancia econdmica de las familias Cucurbitaceae y Solanaceae, asi como
la yuca, el algodon, el frijol, la lechuga, entre otros (Jones, 2002). Las mosquitas blancas

dafian directamente a las plantas al alimentarse de la savia de las hojas, induciendo
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trastornos fisiologicos como el llamado “hoja de plata” (Squash silver leaf disorder o SSL)
en cucurbitdceas, causado por la inyeccién de fitotoxinas por algunos biotipos de la
especie Bemisia tabaci Genn. Estos insectos también pueden afectar a sus hospederos al
producir una secrecién pegajosa, conocida como “fumagina”, la cual interfiere con el
funcionamiento adecuado de las hojas y sirve como sustrato de hongos saprofitos del
género Capnodium spp. (Jones, 2002).

El dafio indirecto producido por estos insectos es debido a la transmision de virus, de
manera persistente circulativa (Liburd y Nyoike, 2008). De las 1,300 especies de
mosquitas blancas descritas actualmente, pertenecientes a 120 géneros, Unicamente las
especies B. tabaci Genn., T. vaporariorum West., T. abutilonea Hald. y T. ricini Mi. son
vectores de virus (Mound y Halsey, 1978). Tanto las ninfas como los adultos de estas
especies se alimentan al insertar sus probéscides en las hojas, hasta penetrar y alcanzar
las células del floema para extraer la savia. Es durante este proceso que los virus de las
plantas son adquiridos a partir de plantas infectadas (Jones, 2002). Después de su
adquisicion, los virus persistentes son conservados durante periodos que varian desde un
par de semanas hasta toda la vida del insecto (Duffus, 1987). B. tabaci es vector de al
menos 320 especies de virus de plantas pertenecientes a las familias Geminiviridae,
Closteoroviridae y Potyviridae (Zerbini et al., 2017; Navas-Castillo et al., 2011; Hull, 2009;
Jones, 2002). Es importante mencionar que existen biotipos importantes de esta especie,
con diferencias importantes en su capacidad de transmision de virus (Bedford et al., 1994;
Sanchez-Campos et al., 1999). Las poblaciones del biotipo B tienen una gran capacidad
para transmitir Begomovirus; el género de virus de plantas mas importante, con base en el
namero de especies de virus transmitidos por esta especie de mosquita blanca (Zerbini et
al., 2017; Navas-Castillo et al., 2011). Incluso se sugiere que la aparicion de nuevos virus
en zonas colonizadas por el biotipo B es debido al rapido desarrollo y a la gama de de
hospedantes de este biotipo (Jones, 2002).

1.5.6. Transmision por afidos

Los é&fidos o pulgones son vectores de al menos 270 especies de virus (Wylie et al.,
2017; Hull, 2009; Hogenhout et al., 2008). Pertenecen a la familia Aphididae, dentro del
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suborden Sternorrhyncha, y se encuentran distribuidos por todo el mundo, con mas de
4,700 especies identificadas, especializadas en la alimentacion a partir del floema
(Blackman y Eastop, 2007). Estos insectos poseen una gran capacidad reproductiva.
Ademas, dependiendo de la densidad poblacional, son capaces de invertir en la
produccion de ejemplares apteros altamente fecundos o producir ejemplares alados
menos prolificos, que permiten su dispersion hacia nuevos hospedantes. Este dimorfismo
les permite utilizar plantas herbaceas como hospedantes secundarios en el verano, con
reproduccidn por partenogénesis, y migrar hacia hospederos perennes primarios durante
el otofio, con una sola reproduccién sexual (Tagu et al., 2005; Braendle et al., 2006;
Williams y Dixon, 2007). Sin embargo, en zonas tropicales y subtropicales, con
condiciones de temperatura mas favorables, las hembras se reproducen por
partenogénesis durante todo el afio (Williams y Dixon, 2007). En algunas especies, las
ninfas pueden alcanzar la madurez en tan solo cinco dias. Su tipo de metamorfosis es
denominada simple o incompleta, con base a una secuencia de desarrollo que inicia con
la ovoposicion, la eclosién seguida por cuatro instares ninfales hasta convertirse en adulto
(Awmack y Leather, 2007). Aunque su alta inversion en reproduccion les cuesta la
produccion de reservas de grasa, lo que limita su capacidad para recorrer largas
distancias en la busqueda de nuevos hospedantes, también los convierte en plagas
capaces de colonizar plantas en monocultivo, por lo que casi todos los cultivos de
importancia econdmica en el mundo son hospedantes de al menos una especie de éafido.
En las regiones templadas, los pulgones son principalmente mondéfagos, por lo que se
alimentan de una o algunas especies hospedantes relacionadas. Sin embargo, en zonas
tropicales, en donde se encuentran mayor diversidad de especies de plantas, los afidos
suelen ser polifagos, donde seleccionan a sus hospedantes por pruebas al azar,
estimulados por la apariencia de la planta (Blackman y Eastop, 2007). Estos insectos
ingieren savia del floema a través de una estrecha perforacion mediante su estilete.
Durante el sondeo, los estiletes realizan punciones transitorias en células superficiales
(epidermis, mesodfilo o parénquima), causan un dafio mecanico, que desencadena una
respuesta por parte de la planta ante la infestacion; ademas de que su saliva contiene
oxidasas, pectinasas y celulasas, que se translocan a larga distancia dentro de la planta,
produciendo efectos téxicos (Goggin, 2007). Los sintomas comunes ante la infestacion de

afidos incluyen clorosis, necrosis, marchitamiento, rizado de hojas, retraso en el
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crecimiento de tallos y malformaciones, debido a que son capaces manipular la
distribucion de los nutrientes en la planta, de manera que favorecen la calidad nutricional
en sus sitios de alimentacion y restringen la exportacion de nutrientes hacia otros 6rganos
(Girousse et al., 2005).

Son diversas las caracteristicas que contribuyen al éxito de los afidos como vectores de
virus de plantas. Sus piezas bucales, en forma de estilete, son similares a una aguja
capaz de perforar la pared celular, lo que les permiten la entrega de particulas virales a
las células vegetales durante el proceso de alimentacion, sin ocasionarles dafios
irreparables. Ademas, su alta capacidad de reproducién potencia la rapida diseminacion
del virus. Aunado a lo anterior, estos insectos al ser polifagos, son capaces de
alimentarse de una gran variedad de plantas hospederas, una propiedad que permite la
difusion de los virus hacia nuevos hospederos, asi como su propagacion a larga distancia.
La conducta alimentaria de una determinada especie de é&fido, asi como la seleccion de
una planta hospedante, afecta su potencial como vector (Ng y Perry, 2004). La mayoria
de los afidos vectores pertenecen a la subfamilia Aphidinae, en particular los géneros
Myzus, Aphis, Acyrthosiphon y Macrosiphum (Blackman y Eastop, 2007; Katis et al.,
2007). La mayoria de los virus transmitidos por pulgones se realiza de manera no
persistente o semipersistente (no circulativa), de acuerdo con el tiempo de retencién y
capacidad de inoculacion y transmision de las particulas virales por parte de estos
insectos (Pirone y Harris, 1977). Con respecto a los virus transmitidos de manera no
persistente, éstos pueden hacerlo a través de la estrategia de la capside (Bromoviridae), o
mediante la estrategia del componente auxiliar (Potyviridae). Con respecto al mecanismo
de transmisién semipersistente, la adquisicion de las particulas virales puede ocurrir en
cuestion de minutos, aunque la eficiencia incrementa con la alimentacion prolongada.
Ademas, los viriones pueden ser retenidos por horas e incluso dias, requiriendo de una o
mas proteinas auxiliares, como en el caso de los miembros de la familia Caulimoviridae,
Closteroviridae y Sesquiviridae (Palacios et al., 2002; Ng y Perry, 2004). Finalmente, los
miembros de la familia Luteoviridae son transmitidos de manera persistente circulativa, ya
gue después de la ingestiébn de las particulas virales en tejidos infectados, éstas
atraviesan el intestino anterior y son transportadas a través de la hemolinfa, para ser

absorbidas por las células de las glandulas salivales accesorias (Gildow y Gray, 1993).
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Por el contrario, las especies de la familia Rhabdoviridae son transmitidos por un
mecanismo persistente propagativo, en donde la asociacién entre el virus y el vector
permanece por el resto del ciclo de vida del insecto e incluso es transmitido a la progenie
(Ammar, 1994).

1.5.7. Transmision por chicharritas

Existen mas de 20,000 especies descritas de chicharritas en el mundo, distribuidas desde
los bosques tropicales hasta la tundra artica y desde el nivel del mar hasta una elevacion
de mas de 4,000 metros (Dietrich, 2013). Son insectos saltadores que pertenecen a la
familia Cicadellidae, que es la mas numerosa y diversa dentro del suborden
Auchenorryncha. Estos hemipteros fueron los primeros en ser descritos como vectores de
virus de plantas (Nault y Ammar, 1989). El 90% de estas especies son endémicas a su
respectiva region geografica, lo que indica una alta especificidad con los hospedantes y
una baja tasa de dispersion, la cual generalmente ocurre del sur hacia el norte, del oeste
hacia el este, de las regiones alta diversidad a regiones de baja diversidad, y de climas
calidos hacia climas templados (Nielson y Knight, 2000).

Los cicadélidos se caracterizan por su gran biodiversidad, por ser poseedores de
caracteristicas morfolégicas distintivas, con colores brillantes, alas cortas, un tamafio de 4
a 15 mm y por tener un comportamiento nocturno (Hamilton y Whitcomb, 2010;
Mukhopadhyay, 2010). Estos insectos colonizan y se alimentan de plantas
monocotiledoneas o dicotiledéneas, herbaceas o lefiosas; para ello, utilizan dos
estrategias distintas: los “generalistas” son polifagos y tienden a colonizar diversas
especies de plantas, aunque algunas especies de generalistas Unicamente ovipositan en
un Unico hospedante; y los “especialistas”, que suelen alimentarse de una sola familia de
plantas (olifagos), de géneros estrechamente relacionados (esten6fagos) o de una sola
especie perenne (monodfagos), donde aseguran el suministro constante de alimentos y
requieren de un menor esfuerzo reproductivo para mantener sus poblaciones
reproductoras, ya que son sedentarios y no suelen sufrir pérdidas por dispersion, y se
adaptan a la morfologia y fisiologia de la especie hospedera a expensas de perder su

capacidad de reproducirse en otras especies (Hamilton y Whitcomb, 2010).
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La mayoria de los cicadélidos prefieren alimentarse del floema, sin embargo, existen
algunas excepciones, como los de la subfamilia Cicadellinae, que se alimentan del xilema,
o la familia Typhlocybinae, cuyos miembros se alimentan de las células del mesdfilo
(Redak et al., 2004). El ciclo de vida de estos insectos depende de cada especie, asi
como del hospedante y las condiciones ambientales. Normalmente, el ciclo de un adulto
dura entre 16 y 53 dias, con machos de ciclos mas cortos en comparaciéon con las
hembras. Después del apareamiento, las hembras adultas ovipositan en las hojas,
peciolos o tallos, y son capaces de completar varias generaciones durante el crecimiento
de los cultivos. Las ninfas mudan cuatro o cinco veces antes de convertirse en adultos, y

su rango de temperatura éptimo es de 15 a 36 °C (Mukhopadhyay, 2010).

Solo alrededor del 1% de las especies descritas han demostrado ser capaces de ser
vectores de virus de plantas; sin embargo, es muy probable que este nimero sea mucho
mayor, dado el pobre conocimiento acerca de las interacciones hospedante-vector-virus
(Dietrich, 2013). La subfamilia Deltocephalinae comprende el grupo mas numeroso de
vectores de virus de plantas (Zahniser y Dietrich, 2013). Los virus de plantas cuyos
vectores son las chicharritas, se transmiten principalmente mediante tres mecanismos:
semipersistente (no circulativa), persistente circulativa y persistente propagativa. Algunos
de los virus transmitidos de manera semipersistente son el Maize chlorotic dwarf virus
(MCDV) y el Rice tungro spherical virus (RTSV), ambos transmitidos por especies de la
subfamilia Deltocephalinae (Yamashita et al., 197; Ammar et al., 1992). Este mecanismo
de transmisién se caracteriza por el involucramiento de una proteina auxiliar (HC) y la
localizaciébn de las particulas virales en el revestimiento del intestino anterior,

particularmente en el cibario, la faringe y el es6fago del vector (Ng y Falk, 2006).

Con respecto a los virus de plantas transmitidos de manera persistente circulativa,
algunos miembros de la familia Geminiviridae, el Beet curly top virus (CTV), especie tipo
del género Curtovirus, y el Maize streak virus (MVS), especie tipo del género Mastrevirus,
son transmitidos por este mecanismo, puesto que son capaces de atravesar la barrera del
intestino, y acumularse en las células del intestino medio hasta ser liberados para circular
en la hemolinfa (Ammar et al., 2009). El Maize streak virus (MVS) es transmitido por

nueve especies de chicharritas del género Cicadulina de manera persistente circulativa
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(Bosque-Perez, 1999). El Beet curly top virus (CTV) es transmitido por la especie
Circulifer tenellus, con una gama de hospedantes que incluyen 300 especies de plantas
pertenecientes a 44 familias, en donde la especificidad de la interaccién virus-vector es
completamente dependiente de la proteina de la capside (Soto et al., 2005; Hogenhout et
al., 2008). Finalmente, el Maize yellow stripe virus (MYSV), asi como los miembros de la
familia Rhabdoviridae (Wheat striate mosaic virus, Rice transitory yellowing virus, Potato
yellow dwarf virus, entre otros), Tymoviridae (Maize yellow stripe virus), y Reoviridae (Rice
Dwarf Virus, Rice gall dwarf virus, Wound tumour virus) son transmitidos por chicharritas
de manera persistente propagativa, puesto que son capaces de replicarse dentro de sus
insectos vectores e invadir la mayor parte de sus tejidos (Fukushi, 1935; Ammar et al.,
2007).
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1.6. JUSTIFICACION

A pesar de la gran importancia del Papaya meleira virus (PMeV) para el cultivo de
papaya por las pérdidas que ocasiona, aun se desconoce si hay algun vector involucrado
en su transmisién. Sin embargo, estudios previos de la epidemiologia de esta enfermedad
sugieren dicha posibilidad. Por lo anterior, es necesario identificar al (o los) insecto(s)
vector(es) de PMeV a fin de complementar las estrategias de manejo fitosanitario
enfocadas al control y a la prevencién de la diseminacion de este virus en México.
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1.7. HIPOTESIS

El Papaya meleira virus (PMeV) es transmitido por al menos un insecto vector presente en
plantaciones de papaya y hay al menos una especie de planta hospedante alterna del

virus.
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1.8. OBJETIVOS
1.8.1. General

Identificar el (los) insecto(s) involucrado(s) en la transmision de PMeV vy la(s) especie(s)
de planta(s) hospedante(s) alterno(s) del virus.

1.8.2. Especificos

¢ Identificar las especies de insectos posibles vectores presentes en plantaciones
experimentales y comerciales de papaya.

e Determinar molecularmente la presencia de PMeV en insectos posibles vectores.

e Evaluar la transmision del PMeV a través de insectos portadores en plantas sanas
bajo condiciones controladas.

¢ Identificar otras especies vegetales presentes en plantaciones experimentales y
comerciales de papaya que pudieran ser reservorios alternativos de PMeV.

e Probar la patogenicidad del PMeV en los hospedantes alternos.
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1.9.

ESTRATEGIA EXPERIMENTAL

Estudio de la posible transmisién del
PMeV por insectos vectores en Carica
papaya L. cv. Maradol

¢

'

Colecta e identificacion de insectos
posibles vectores del PMeV en

plantaciones de papaya

Colecta e identificacion de especies de
plantas presentes en plantaciones de

papaya y en sus alrededores

v

v

Diagnostico molecular del PMeV en

insectos posibles vectores

Diagnéstico molecular del PMeV en
especies colectadas

v

Ensayos de transmision:
Exposicion de plantas sanas de
papaya a insectos portadores del
PMeV bajo condiciones controladas

Inoculacién de las especies
seleccionadas con latex positivo a

PMeV bajo condiciones controladas

v

v

Deteccion molecular del PMeV en
plantas expuestas a insectos

portadores

Deteccidon molecular del PMeV en

especies de plantas inoculadas
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2.1. ABSTRACT

Papaya meleira virus (PMeV) causes sticky disease in Carica papaya in Brazil and
Mexico. Despite its economic importance and the need for effective phytosanitary control,
it remains unknown whether any insect is this virus's vector. The aim of this work was to
identify potential insect vectors of PMeV-Mexican variant (PMeV-Mx) and determine
whether these potential vectors are capable of transmitting the virus. Adult insects were
collected in papaya fields in the south-southeast region of Mexico and were identified
morphological and molecularly. Their abundance and frecuency was determined, and RT-
gPCR was performed to determine if they carried PMeV-Mx. The Cicadellidae family
(Hemiptera) was the most diverse and abundant, and Empoasca papayae was the most
abundant species with higher virus titers. PMeV-Mx transmission assays were conducted
under controlled conditions using E. papayae and C. papaya cv. Maradol. E. papayae was
a carrier of PMeV-Mx 6 h after exposure, and its viral titer increased with time, peaking
2.125 pg/ul (maximum value) five days after exposure (dae). Beginning 14 days after
plants were exposed to insects, PMeV-Mx was detected and quantified in 100% of
evaluated papaya plants, whose viral RNA titer increased from 0.06 (21 dae) to 26.6 pg/ul
(60 dae). Five months later, these plants developed sticky disease symptoms,
demonstrating that E. papayae is capable of transmitting PMeV-Mx to C. papaya with a

high efficiency.
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2.2. INTRODUCTION

Mexico is one of the leading papaya (Carica papaya L.) producers worldwide, and it is the
largest exporter of this fruit to the U.S. (FAOSTAT 2018). The production areas of papaya
are predominantly in the central and south-southeastern regions of Mexico. In 2012,
Papaya meleira virus (PMeV), causing sticky disease, was detected in papaya orchards in
the Yucatan Peninsula, and since then, PMeV has spread from southern Mexico to 29
different municipalities in ten (out of 20) papaya-producing states (Perez-Brito et al., 2012).

Sticky disease was first detected in the late 1980s in Brazil (Rodrigues et al., 1989). To
date, this disease has been reported only in Brazil and Mexico, but it could eventually
spread to other papaya-producing countries in the Central American and Caribbean

region.

The causative agent of sticky disease was identified in Brazil as PMeV, an isometric virus
with a double-stranded RNA (dsRNA) genome (Maciel-Zambolim et al., 2003; Tavares et
al., 2004). Later in Brazil, sticky disease was found to be associated with double infection
with PMeV, a Totiviridae virus, and PMeV2, an umbra-like virus with a single-stranded
RNA (ssRNA) genome (Antunes et al., 2016). However, in a Mexican variant of PMeV
(PMeV-Mx), a 1154-bp partial sequence encoding a putative RNA-dependent RNA
polymerase (RdRp), is more similar to the RdRp of Papaya virus Q (PpVQ), a new papaya
virus discovered in Ecuador (Quito-Avila et al., 2015), and to the RdRps of PMeV2 and
other members of the genus Umbravirus (Antunes et al., 2016; Zamudio-Moreno et al.,
2015). It is important to note that a set of primers designed based on the PMeV-Mx
sequence amplified fragments from both Brazilian and Mexican sticky disease-infected

plants (Zamudio-Moreno et al., 2015).

During the economic cycle of the crop, PMeV infects between 20 to 50% of the orchards,
but the disease incidence can sometimes increase to 100% (Abreu et al., 2015; Ventura et
al., 2004).

The main problem with PMeV is not only the quantitative but also the qualitative loss of
production because the fruits, affected by exudation and subsequent oxidation of latex,
which are the main symptoms of sticky disease, are no longer suitable for

commercialization (Abreu et al., 2015; Garcia-Camara et al., 2018).
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There have been some studies to determine the ways in which this disease is transmitted.
Consensus has been reached that certain agricultural practices, such as fruit harvesting,
may be responsible for the spread of PMeV in orchards (Abreu et al., 2015; Ventura et al.,
2004). Mechanical transmission of PMeV occurs when latex of diseased plants is injected
into the stems of healthy papayas (Maciel-Zambolim et al., 2003; Rodrigues et al., 2009).
In addition, PMeV transmission between generations via contaminated papaya seeds have
been demonstrated in cv. Maradol (Tapia-Tussell et al., 2015). Recently, it was also shown

that watermelon is an alternative host of this virus (Garcia-Camara et al., 2018).

There are few studies on the transmission of this virus by insect vectors. There is some
evidence of an airborne vector of PMeV, based on studies of the field spread pattern of
papaya sticky disease (Abreu et al., 2015; Rodrigues et al., 1989). dsRNA viral and sticky
disease symptoms presented six and eight months, respectively, after healthy papaya
plants were exposed to PMeV-infected Bemisia tabaci type B (Vidal et al., 2003), although
the virus was not detected in this potential vector, which is not a papaya pest. Later, in
another study, a whitefly species, Trialeurodes variabilis, was shown to be a pest to
Brazilian papaya but was unable to transmit PMeV from diseased to healthy papayas,

even though the virus was present in adults and nymphs (Rodrigues et al., 2009).

Given the relevance of sticky disease to Mexican papaya crops and the importance of the
crop itself, the aim of this research was to perform an extensive study to identify potential
insect vectors of PMeV-Mx and demonstrate the transmission of the virus by these insects.
Information derived from this work is essential for the development of effective

management strategies to control sticky disease.

2.3. MATERIALS AND METHODS
2.3.1. Insect’s collection

Adult insects were collected on different dates at five different papaya orchards in south-
southeast of Mexico. Collections were made from one experimental orchard located in San
Jose Kuche, Yucatan (21.063659, -89.332828), from February to July 2015 and from four
commercial orchards located in Temozon, Yucatan (20.9090197, -88.1895908); Tizimin,
Yucatan (21.365876, -87.720415); Alfredo Bonfil, Campeche (19.5479081, -90.180298);
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and Rancho El Rocio, Frontera Hidalgo, Tapachula, Chiapas (14.772763, -92.231419),
from February to November 2016.

All collections were made using sweeping nets and mouth aspirators, and insects were
collected from papaya plants and weeds around and between papaya plants. Samples
were placed in 50-ml Falcon tubes with 70% ethanol and stored at 4°C until use. At the
laboratory, insects were observed under a 4X stereoscope (Swift, China) and initially
classified up to the family taxonomic level according to their morphology. From each
morphologically different sample, three specimens were collected and sent to be identified
taxonomically by specialists. Finally, the samples were counted to obtain abundancy and

frequency data.
2.3.2. Morphological and molecular identification of insects

Morphological identification of insects was carried out at the Entomology and Acarology
Department, National Phytosanitary Reference Center of the National Service of Health,
Safety, and Agri-Food Quality (SENASICA), Mexico.

For insect molecular identification, mitochondrial DNA (mtDNA) was extracted from single
samples (replicated three times), with hexadecyltrimethyl ammonium bromide extraction
buffer (CTAB, 2% with NaCl 5M), according to the protocol of Doyle and Doyle (1987)
modified by SENASICA (2017). The quantity and quality of DNA were estimated using a
NanoDrop 2000® spectrophotometer (Thermo Scientific, Waltham, MA, USA). DNA
integrity was analysed by electrophoresis in 0.8 % (w/v) agarose gels in 1X Tris—borate—
EDTA buffer (TBE) and ethidium bromide staining. PCR amplifications were performed
using universal primers based on genomic regions of the cytochrome oxidase ¢ subunit 1
(COl) gene, to amplify a 710-bp DNA  fragment (LCO1490 5
GGTCAACAAATCATAAAGATATTGG 3" HC02198 5'
TAAACTTCAGGGTGACCAAAAAATCA 3’) (Folmer et al., 1994). The following cycling
conditions were used: 1 min denaturation at 94°C; 4 cycles of 94°C for 30 s, 45°C for 90 s,
and 72°C for 1 min; and 35 cycles of 94°C for 30 s, 51°C for 90 s, and 72°C for 10 min.
PCR products were visualized by electrophoresis in 1.5% (w/v) agarose gels in 1X TBE
and ethidium bromide staining in order to detect the presence of target band. One or more
RT-PCR products were purified using the Wizard® SV Gel and PCR Clean-Up System
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(Promega, Madison, USA) and were sequenced in both directions by Macrogen Inc, South
Korea. Sequences obtained were analyzed using the Basic Local Alignment Search Tool
(BLAST) accessed via the National Centre for Biotechnology Information (NCBI) website.

2.3.3. Screening of PMeV-Mx in insects by RT-qPCR and sequencing

Three individuals of each insect species collected were tested by RT-gPCR amplification
for the presence of PMeV-Mx. Total RNA was extracted from insect samples according to
the TRIzol® procedure (Invitrogen, Carlsbad, CA, USA), and RNA quantity and quality
were measured using a NanoDrop 2000® spectrophotometer (Thermo Scientific,
Waltham, MA, USA). RNA integrity was analysed by electrophoresis in 0.8 % (w/v)
agarose gels in 1X TBE and ethidium bromide staining. RNAs were reverse-transcribed
using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and random primers
according to the manufacturer’s instructions. The concentration of each sample was
adjusted to 20 ng/ul. The presence/absence of PMeV-Mx was determined by quantitative
RT-PCR amplification (RT-gPCR). Primers, TagMan probe, and cycling conditions were
designed previously at GeMBio Laboratory (Garcia-Camara et al., 2018). RT-gPCR was
performed in a StepOneTM Real-Time PCR System (Applied Biosystems, Warrington,
UK). RT-gPCR was conducted in 48-well reaction plates using 20 pl of reaction mix
containing 10 pl of TagMan® Universal Master Mix Il (Applied Biosystems, Warrington,
UK), 0.4 ul of each of primer (each at 0.2 uM), 1.2 pl of TagMan® probe (0.75 uM), 0.4 pl
of Rox reference dye (500 nM) and 3 pl (20 ng/ml) of template cDNA of each sample. The
thermal profile was set with initial denaturation at 95°C for 5 min, followed by 40 cycles of
95°C for 15 s and 60°C for 30 s. RNA from PMeV-Mx-infected papaya (positive control),
RNA from healthy plants (negative control) and a nontemplate control (NTC) were included
in each experiment. All samples were tested in triplicate wells, and sample thresholds,
baseline values, and reaction efficiency values, were calculated automatically in the
StepOneTM Real-Time PCR System manager software (Applied Biosystems, Warrington,
UK). Samples with a Ct value greater than 32 were considered negative. The actin gene

was used as an internal control to verify the presence of intact RNA.

In addition, total RNA extracted from insect samples, as described above, was amplified

with specific primers based on genomic regions of the PMeV-Mx RdRp gene, to obtain a

34




Capitulo Il

491-bp DNA fragment (NCBI Accession KF781635.1) (CB38 5'
AGCGCATCTCGTTCTGCCA 3'; CB39 5' GCCCGGATATACCGGCCT 3’) (Zamudio-
Moreno et al., 2015). RNAs were reverse-transcribed as described previously. cDNA was
amplified with Tag DNA polymerase (Invitrogen, Carlsbad, CA, USA), using the following
cycling conditions: 5 min denaturation at 95°C, 40 cycles of 95°C for 1 min, 60°C for 1 min,
and 72°C for 1 min.; and a final extension at 72°C for 10 min. RT-PCR products were
visualized by electrophoresis in 1.5% (w/v) agarose gels in 1X TBE and ethidium bromide
staining to detect the target band. RT-PCR products were purified using the Wizard® SV
Gel and PCR Clean-Up System (Promega, Madison, USA) and were sequenced in both
directions (Macrogen Inc., South Korea). Sequences obtained were analyzed using
BLAST accessed via the NCBI website.

2.3.4. Empoasca papayae colony establishment

Once the frequency and abundance of all PMeV-Mx-positive insect species collected were
known, the species that would remain PMeV-Mx positive (with a high virus titer) and that
was the most abundant in all papaya fields was selected for the transmission study. To
establish a colony for the transmission test, 200 adult insects of E. papayae were collected
from healthy field-papaya plants in a commercial orchard located in Muna (20.440599, -
89.791291), Yucatan. Insects were placed inside insect-proof cages (70 cm wide x 70 cm
long x 130 cm high) located inside a biosecurity greenhouse at the Yucatan Center for
Scientific Research (CICY). Insects were maintained on healthy papaya cv. Maradol plants
at ambient temperature (25 to 38 °C) with a photoperiod of 16 h of light. The purity of the
insect colony was confirmed by determining the sequence of the cytochrome oxidase |
mitochondrial gene, as previously described. To ensure an insect colony free of PMeV and
phytoplasmas, nymphs and adults of the fifth generation descended from the original
individuals collected were tested every 21 days for PMeV-Mx by RT-gPCR and
phytoplasma by nested PCR.

2.3.5. Plant material and virus source

Papaya plants cv. Maradol grown from certificated seeds were used in all experiments.

Sixty plants were grown in commercial substrate, placed inside a biosecurity greenhouse
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at CICY, and maintained at ambient temperature (25 to 38 °C) with a photoperiod of 16 h
of light. All plants were tested for PMeV by RT-gPCR and phytoplasma by nested PCR at
30, 60 and 90 days postgermination.

Latex samples of immature green fruits from sticky diseased papaya plants, located in San
José Kuché, municipality of Conkal, Yucatan, Mexico, were obtained by wounding the fruit
surfaces. To verify the PMeV presence in this latex, RNA was extracted as described by
Tavares et al., (2004), followed by electrophoresis in 1% (w/v) agarose gels in 1X TBE,
searching for presence of PMeV dsRNA (9 kb) and PMeV2 ssRNA (4.5 kb) bands. In
addition, RT-PCR was performed on this RNA using primers CB38 and CB39, which are
specific to the PMeV-Mx RdRp gene (Zamudio-Moreno et al., 2015).

To obtain PMeV-Mx-infected papaya plants to be used as virus source in transmission
tests, eight healthy 3-month-old papaya plants from greenhouse were inoculated with
PMeV-Mx-infected latex. PMeV-Mx-infected latex was diluted 1:1 (v/v) in 1X phosphate-
buffered saline (PBS), pH 7.4. The plants were inoculated by injecting 20 pL of the diluted
latex solution using a sterile syringe into the stem near the apex (Abreu et al., 2012).

These plants were placed inside an insect-proof cage (cage A).
2.3.6. Quantification of PMeV-Mx by RT-qPCR

The amount of PMeV-Mx-RNA in inoculated papaya plants was determined by RT-gPCR.
Primers, TagMan probe, and cycling conditions were designed previously at GeMBio
Laboratory (Garcia-Camara et al., 2018). Total RNA extraction, RNA quality and quantity
assessment, and total RNA reverse-transcription were performed as described
previously.To estimate the concentration (pg/ul) of PMeV-Mx-RNA, ten-fold serial dilutions
of the Synthetic Positive Control Template for Standard Curve (Primer Design Ltd.,
Southampton, UK) were included in the RT-gPCR to obtain a standard curve. The
standard curve template was an 86-bp fragment of the PMeV-Mx polymerase gene, and
dilution concentrations were confirmed with a NanoDrop 2000® spectrophotometer
(Thermo Scientific, Waltham, MA, USA). For quantification, PMeV-Mx-RNA concentrations
(pg/ul) were calculated based on the specific standard curve values generated in this
reaction, which reproduced a linear relationship between the threshold cycle (Cy) value

and the amount of total target concentrations in the samples. Real-time RT-PCR was
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performed in a StepOneTM Real-Time PCR System (Applied Biosystems, Warrington, UK)
in 48-well reaction plates, using 20 pl of reaction mix containing 10 pl of TagMan®
Universal Master Mix Il (Applied Biosystems, Warrington, UK), 0.4 pl each of primer (each
at 0.2 uM), 1.2 ul of TagMan® probe (0.75 puM), 0.4 pl of Rox reference dye (500 nM), and
3 ul (20 ng/ml) of template cDNA of each sample. The thermal profile was set with initial
denaturation at 95°C for 5 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s.
RNA from PMeV-Mx-infected papaya (positive control), RNA from papaya healthy plants
(negative control) and a NTC were included in each experiment. All samples were tested
in triplicate wells, and sample thresholds, baseline values and reaction efficiency values
were calculated automatically in the StepOneTM Real-Time PCR System manager
software (Applied Biosystems, Warrington, UK). Samples with a C; value greater than 32
were considered negative. The actin gene was used as an internal control and to verify the

presence of intact RNA.

2.3.7. PMeV transmission tests

PMeV-Mx-infected papaya plants at 14 days postinoculation (dpi) (from cage A), were
used as viral sources. After a 24-h starvation period, two hundred adults from an E.
papayae’ colony were placed inside cage A to be exposed to infected papaya plants for
virus acquisition. When the optimal Acquisition Access Period (AAP) and Inoculation
Access Period (IAP) are unknown (as in this case), long acquisition and inoculation times
should provide maximum efficiency of transmission (Bosco and Tedeschi 2013). To
determine the optimal AAP of PMeV-Mx by E. papayae, the amount of PMeV-Mx-RNA in
these leafhoppers, was measured from 6 h after exposure to 14 days after exposure (dae)
to PMeV-infected papaya plants, with intervals of 6 h in the first 24 h and then every 24 h
thereafter. This analysis was performed by RT-gPCR under the conditions previously

described.

Two more cages (cages B and C) were placed on either side of cage A (Figure 2.1A).
Each of these cages contained six healthy papaya plants from greenhouse. All C. papaya
cv. Maradol plants that were used as recipients for the transmission assays had been
evaluated by RT-gPCR before being used to ensure that they were healthy. PMeV-Mx-

viruliferous leafhoppers, confined inside cage A, were released to adjacent cages at five
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dae to PMeV-infected papaya plants. Insect-proof meshs that separated cage A from
cages B and C was removed, and leaves of PMeV-Mx-infected papaya plants were
shaken, allowing the passage of viruliferous insects from infected to healthy plants located
in the adjacent cages (Figure 2.1B).

Figure 2.1 Transmission tests using cage-reared E. papayae adults. A, Insect-proof cages for

transmission experiments (cage A with PMeV-Mx-infected papaya plants, cages B and C with
healthy papaya plants). B, inside view of the insect-proof cages after removing the mesh between

cages, and viruliferous leafhoppers on the leaves of healthy papaya plants.

Detection and quantification of PMeV-Mx was performed by RT-gPCR from new leaves of
all healthy-receptor papaya plants at 7, 14, 21, 28, 35 and 60 dae, to confirm virus
infection and the ability of E. papayae to transmit PMeV-Mx. Total RNA extraction,
reverse-transcription and quantitative amplification was performed under conditions
previously described. In addition, total RNA extracted from receptor papaya plants
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samples, was amplified with specific primers based on genomic regions of the PMeV-Mx
RdRp gen, as described previously (Zamudio-Moreno et al., 2015) and sequenced.
Fourteen days after the release of insects in boxes B and C, plants were treated with
imidacloprid (Confidor 200 SL; Bayer CropScience LP) to eliminate the insects, transferred
to an insect-proof greenhouse, and observed for development of sticky disease symptoms.
Experiments were replicated three times.

2.3.8. Acquisition of PMeV by E. papaya nymphs

To test for PMeV-Mx acquisition by nymphs, E. papayae adults reared on healthy papayas
were isolated with PMeV-Mx-infected papaya plants in cages 70 cm x 70 cm x 130 cm for
15 days. Insect adults were removed, and plants were monitored for emergence of
nymphs from hatching eggs. Following the development of insects, the 1st-5th instar
nymphs from infected plants were collected for subsequent virus detection. The total RNA
from the 1st-5th instar nymphs (five each instar) was extracted and reverse-transcribed,
and nymphs were assayed by RT-gPCR to analyze PMeV-Mx acquisition.

2.4. RESULTS
24.1. Insect species diversity and abundance

In papaya cv. Maradol fields at different locations in the Yucatan Peninsula and Chiapas,
2795 adult insect samples were collected. Both morphological and molecular identification
showed a high diversity, which included 31 genera belonging to the orders Araneae,
Diptera, Coleoptera, Hemiptera, Lepidoptera and Neuroptera (Table 2.1). The Cicadellidae
family (Hemiptera) was the most diverse and abundant family. Fifteen different genera
and/or species, of this family were identified, of which 12 (Apogonalia sp., Coelidia sp.,
Draeculacephala soluta Gibson, Flexamia sp., Graphogonalia sp., Gypona sp.,
Homalodisca sp. Hortensia sp., Macrosteles sp., Ponana sp., Texananus sp., and Xyphon
sp.) were collected from both papaya plants and the weeds surroundings of the orchards;
three genera and/or species (Agalliopsis novella Say, Agallia constricta Van Duzee, and

Empoasca papayae Oman) were found only in papaya plant leaves (Figure 2.2 and Table
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2.2). In all samplings, the most abundant species within the Cicadellidae family was

Empoasca papayae.

Table 2.1 Taxonomic classification and response to PMeV-Mx detection of insects collected in

papaya fields in 2015 and 2016.

Order Family Genera Location Host Detection of
PMeV-Mx
by RT-
gPCR

Araneae -- -- A, B,C,D C.papaya -

Coledptera Mordellidae Mordella sp. A Weeds -

Coledptera Mordellidae Madarellus A Weeds -

undulatus

Diptera Lauxaniidae -- A, B,C,D Weeds -

Hemiptera Coreidae Amblypelta nitida A B C. papaya -

Hemiptera Acanaloniidae Acanalonia sp. A C Weeds -

Hemiptera Aphididae Aphis sp. A B Weeds +

Hemiptera Aphididae Uroleucon taraxaci A Weeds +

Hemiptera Cicadellidae Agallia constricta A C C. papaya +

Hemiptera Cicadellidae Agalliopsis novella A B, C C. papaya +

Hemiptera Cicadellidae Apogonalia sp. A C Weeds -

Hemiptera Cicadellidae Balclutha A Weeds -

abdominalis

Hemiptera Cicadellidae Coelidia sp. A B Weeds -

Hemiptera Cicadellidae Draeculacephala A B, C Weeds +

soluta
Hemiptera Cicadellidae Empoasca papayae A, B, C, C. papaya +
D, E

Hemiptera Cicadellidae Flexamia sp. A Weeds -

Hemiptera Cicadellidae Graphogonalia sp. A,B,C,D Weeds -

Hemiptera Cicadellidae Gypona sp. A Weeds -

Hemiptera Cicadellidae Homalodisca sp. A B,C Weeds -

Hemiptera Cicadellidae Hortensia sp. A B,C Weeds +

Hemiptera Cicadellidae Macrosteles sp. A Weeds -
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Hemiptera
Hemiptera
Hemiptera
Hemiptera
Hemiptera

Hemiptera

Hemiptera
Hemiptera
Lepiddptera
Neuroptera

Cicadellidae
Cicadellidae
Cicadellidae
Cixiidae
Membracidae
Miridae

Miridae
Psyllidae
Gelechiidae

Chrysopidae

Ponana sp.
Texananus sp.
Xyphon sp.
Oecleus sp.
Cyrtolobus sp.
Reuteroscopus
ornatus

Proba vittiscutis

Euphalerus sp.

Chrysoperla carnea

A
A B

A B, C

A
A

A B,C,D

A B,CD

A, D

A B,CD

C,D

Weeds
Weeds
Weeds
Weeds
Weeds
C. papaya

C. papaya
C. papaya
Weeds

C. papaya

A: Experimental papaya orchard in San José Kuché, Conkal, Yucatan (21.063659, -89.332828)

B: Commercial papaya orchard in Alfredo Bonfil, Campeche (19.5479081,-90.180298)

C: Commercial papaya orchard in Colonia Yucatan, Tizimin, Yucatan (21.365876,-87.720415)
D: Commercial papaya orchard in Temozén, Yucatan (20.9090197,-88.1895908)
E: Commercial papaya orchard in Rancho El Rocio, Frontera Hidalgo, Tapachula, Chiapas
(14.772763, -92.231419)

Table 2.2 Abundance of insect species PMeV-Mx-positives by RT-gPCR, collected in papaya fields
in 2015 and 2016

Genus/species February July November

P W P W P W
Draeculacephala soluta 3 19 0 23 3 15
Hortensia spp. 1 14 4 22 5 17
Agalliopsis novella 12 0 25 0 36 0
Xyphon spp. 1 15 3 19 2 28
Agallia constricta 32 0 34 15
Empoasca papayae 110 0 89 77
Aphis spp. 10 110 0 0 0

P: Carica papaya L.

W: different weeds species
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2.4.2. Detection of PMeV-Mx in insect species

PMeV-Mx was detected in six (Draeculacephala soluta, Agalliopsis novella, Xyphon sp.,
Hortensia sp., Agallia constricta and Empoasca papayae) of the 15 species or genera of
Cicadellidae (Figure 2.2) and in one genus and one species (Aphis sp., and Uroleucon
taraxaci) of the Aphididae family. C; values varied from 28 to 30, which means that these
Hemipteran species are carriers of PMeV-Mx. In addition, a PCR product (491 bp) of each
was sample sequenced, confirming the expected viral sequence, showing 97% identity
with PMeV hypothetical protein and RdRp genes (KF214786.1).

Figure 2.2 Six of the 16 leafhopper genera/species (Hemiptera: Cicadellidae) found in papaya
fields, positive to Papaya meleira virus (PMeV-Mx) by TagMan® RT-gPCR. Dorsal view of: A,
Draeculacephala soluta Gibson; B, Agalliopsis novella Say; C, Xyphon spp; D, Hortensia spp; E,

Agallia constricta Van Duzee.; F, Empoasca papayae Oman.
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2.4.3. Establishing Empoasca papaya populations

The insects used to establish the colony of E. papayae were identified morphologically at
the National Phytosanitary Reference Center, SENASICA, Mexico, and five representative
samples were deposited in that institution (deposit number CNRF-12.12-9). In addition,
their sequences obtained by molecular identification were analyzed and deposited in
GenBank (KY931021.1, KY931022.1, KY931023.1, KY931024.1).The E. papayae colony
was successfully established in insect-proof cages, located inside a biosecurity
greenhouse at CICY, using healthy plants of C. papaya cv. Maradol as host and under the
conditions established in this study. The molecular diagnoses, made every 21 days, of
samples of nymphs and adult insects of E. papayae were negative to PMeV-Mx (Figure

2.3A) and negative to phytoplasmas (Figure 2.3B).

A Amplification Piot

1,000pb—

Figure 2.3 Uninfected Empoasca papaya colony. A, Amplification plot of TagMan® RT-gPCR for
detection and quantification of PMeV-Mx in nymphs and adults, 1: PMeV-Mx-infected papaya plant
(positive control), 2: E. papayae nymphs, 3: E. papayae adults, 4: Nontemplate control (NTC). B,
Nested PCR detection of phytoplasmas in nymphs and adults, Lane M: 100 bp DNA ladder, 1-4: E.
papayae nymphs, 5-8: E. papayae adults, 9: Nontemplate control (NTC), 10: healthy papaya plant

(negative control), 11: PMeV-Mx-infected papaya plant (positive control).
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2.4.4. Transmission of PMeV-Mx by Empoasca papayae

When quantifying the viral titer by RT-qPCR in all papaya plants previously inoculated with
PMeV-Mx and used as a source of virus acquisition, it was observed that 14 days after
inoculation (at the beginning of the transmission test), the average viral titer was 9.15 pg/ul
PMeV-Mx RNA.

On the other hand, when quantifying the viral titer of PMeV-Mx in the colony of E. papayae
exposed to infected plants, it was found that E. papayae became a carrier of this virus 6 h
after exposure, with an estimated value of 1.813 pg/ul PMeV-Mx RNA. The viral titer of
PMeV-Mx in E. papayae increased with time, reaching a maximum titer at five dae, with an
estimated value of 2.125 pg/ul of PMeV-Mx RNA (Figure 2.4A). However, PMeV-Mx was
not detected in E. papayae nymphs (Figure 2.4B).

Once the transmission test was concluded, it could be proven that E. papayae transmitted
the PMeV-Mx in 100% of the plants evaluated under the conditions established in the
present study. PMeV-Mx was detected and quantified by RT-qPCR in the new leaves of all
C. papaya plants from 14 days after insect liberation. The C; values decreased in later
evaluations (21, 28, 35 and 60 dae), indicating an increase in the viral titer of the plants
exposed to insects carrying PMeV-Mx. C; values were found within a range of 33 at 21
dae, down to 26 at 35 and 60 dae. The quantification of PMeV-Mx RNA in new leaves of
C. papaya revealed estimated values of 0.06 pg/ul at 21 dae, up to 25.8 pg/ul at 35 dae
and 26.6 pg/ul at 60 dae (Figure 2.5A), demonstrating that E. papayae is capable of
transmitting PMeV-Mx with high efficiency.

The sequencing of a fragment of each sample confirmed that the PCR products (491 bp)
corresponded to the expected viral sequence, showing a 98% similarity with the RpRd
gene of PMeV-Mx (KF214786.1). No symptoms of papaya sticky disease were observed in
papaya plants used as negative controls. Likewise, they were negative for PMeV-Mx by
RT-gPCR in all experiments. All papaya plants exposed to viruliferous E. papayae adults
developed sticky disease symptoms within 3-4 months after insect exposure (Figure 2.5B).
These plants show exudation of translucent and watery latex and dark scab on diseased
fruit surface caused by oxidized latex, the most distinct and typical symptoms produced by
PMeV.
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Figure 2.4 A, TagMan® RT-gPCR of PMeV-Mx in E. papayae adults exposed to PMeV-Mx-infected
papaya plants (R2 = 0.999). All data shown are mean values (z standard error) of three replicates.
B, TagMan® RT-gPCR of PMeV-Mx in different nymph instars and adult of E. papayae exposed to
PMeV-Mx-infected papaya plants (R2 = 0.999). All data shown are mean values (z standard error)

of three replicates.
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Figure 2.5 A, TagMan® RT-gPCR of PMeV-Mx in Carica papayae L. cv. Maradol plants (R2 =
0.999) exposed to viruliferous E. papayae adults. All data shown are mean values (+ standard error)
of three replicates. B, Sticky disease symptoms in papaya plants exposed to viruliferous E.
papayae. All these papaya plants show exudation of translucent and watery latex 5 months after

insect exposure.
2.5. DISCUSSION

Sticky disease is among the most important diseases of papaya crops in Brazil and
Mexico. One of the main problems with this disease is that the causal agent disperses
rapidly, reaching an incidence of up to 100%, when the sources of inoculum are not
eliminated from the field (Abreu et al., 2015; Ventura et al., 2004). Studies on the field
spread pattern of this disease, carried out in Brazil and Mexico, reveal an infected plant
distribution that suggests the participation of an aerial vector in PMeV transmission (Abreu
et al., 2015; Rodrigues et al., 2009). In this work, we analyzed the diversity and abundance
of insects present in experimental and commercial papaya orchards to find those
predominant species that could be involved in the transmission of PMeV. The high
diversity of insects found in papaya orchards includes at least 31 genera belonging to
different orders such as Amblypelta spp., Draeculacephala spp., Empoasca papayae,

Hortensia spp., Aphis spp., and Chrysoperla carnea, some of which have previously been
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reported in papaya fields in other countries (Pantoja et al., 2002; Acosta et al., 2010;
Saengyot and Burikam 2011).

Among all the genera species of insects collected in the five papaya orchards under study,
those belonging to the leafhoppers family (Hemiptera: Cicadellidae) were the most
abundant. This is important in terms of plant virus transmission because leafhoppers are
vectors of at least 31 plant virus species (Ammar et al., 2007; Hogenhout et al., 2008;
Nault 1997; Nault et al., 1989; Todd et al., 2010). In fact, the most economically important
insect vectors are restricted to a few hemiptera families, such as Aphididae (aphids) and
Aleyrodidae (whiteflies) of the suborder Sternorrhyncha; Cicadellidae (leafhoppers) of the
suborder Cicadomorpha; and Delphacidae (delphacid planthoppers) of the suborder
Fulgoromorpha (Hogenhout et al., 2008). To our knowledge, there are no previous reports
of the diversity and abundance of insects in papaya fields in Mexico, so this work
contributes to new insights into insect species associated with papaya crops, which could

be involved in the transmission of phytopathogens.

Plant virus and insect-vectors interactions are very specific; in most cases, the same type
of vector transmits viruses of a given taxon (Ng and Falk 2006). For example, members of
the genus Potyvirus are transmitted specifically and nonpersistently by aphids (Ng and
Perry 2004), and Begomoviruses are transmitted specifically and persistently by whitefly
species, mainly Bemisia tabaci (Power 2000). However, in the case of PMeV, it is not
possible to analyze taxonomic relationships that allow us to suggest some aerial vector
involved in its transmission because the International Committee on the Taxonomy of
Viruses (ICTV) has not classified PMeV (Abreu et al., 2015). In our study, we tested all
species found in papaya orchards for PMeV-Mx presence by RT-gPCR. PMeV-Mx was
detected in six leafhopper species or genera (Draeculacephala soluta, Agalliopsis novella,
Xyphon spp., Hortensia spp., Agallia constricta, Empoasca papayae). PMeV-Mx was also
detected in Aphis spp. However, this genus was found in high abundance only during
February sampling. Previously, Trialeurodes variabilis, a whitefly species with high
abundance in papaya fields in Brazil and considered a pest to Brazilian papaya and other
fruit trees, was unable to transmit PMeV from diseased to healthy papayas, even though
the virus was present in adults and nymphs (Rodrigues et al., 2009). However, no whitefly

species were found in the papaya orchards sampled in this study.
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Empoasca papayae (Hemiptera: Cicadellidae) was the most abundant leafhopper species
found in the papaya fields included in this study. This species has been found in papaya
plantations in Puerto Rico, Santo Domingo, Haiti, Jamaica and Cuba, being the most
abundant species of this crop (Martorell and Adsuar 1952).

E. papayae is able to produce damage from direct feeding, known as "hopperburn",
characterized by tip-wilting, leaf chlorosis, premature leaves drop and plant stunting,
usually caused by a reduction in stem elongation (Backus et al., 2005). However, this
leafhopper is considered a limiting factor in the production of papaya due to its vector
capacity. E. papayae was reported as the simultaneous vector of the 16Srl-B and 16Srll
phytoplasmas and rickettsia associated with Bunchy top symptoms (BTS) in Cuba, where
high population densities of E. papayae were associated with an increasing incidence of
BTS in the same papaya field (Acosta et al., 2010; Acosta et al., 2017). One study
reported E. papayae as the vector of Papaya apical necrosis virus (PANV). In that study,
papaya plants showed symptoms after being exposed to viruliferous E. papayae adults.
However, rhabdovirus particles were not found tissues that showed symptoms of disease
(Lastra and Quintero 1981).

In the present study, this leafhopper showed a higher virus titer than did other insects
tested for PMeV presence, so it was selected for PMeV transmission experiments. A
colony of this leafhopper was established successfully in C. papaya cv. Maradol, under
greenhouse conditions. Transmission experiments performed with infected E. papayae
adults exposed to PMeV-infected papaya plants revealed high transmission efficiency by
this leafhopper to healthy papaya plants. According to our results, E. papayae is the first
identified vector involved in the transmission of PMeV and is capable of acquiring and
transmitting this virus under our experimental conditions. All healthy papaya plants
exposed to viruliferous E. papayae were positive to PMeV at 21 dae, with 100%
transmission efficiency. However, the transmission efficiency of plant viruses transmitted
by leafhoppers is not always high. For maize streak virus (MSV) transmitted by Cicadulina
mbila, this efficiency ranged between 40 and 45% (Bosque-Pérez and Buddenhagen
1999); and in another study, it reached up to 90% (Reynaud and Peterschmitt 1992).
Meanwhile for maize rayado fino virus (MRFV) transmited by Dalbulus maidis, the

transmission efficiency was 70% (Nault, et al., 1980). There are some reports of
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transmission efficiencies as high as those obtained in this study. For example, in an
experiment using ten Circulifer tenellus leafhoppers per plant, the transmission efficiency
of beet curly top virus (BCTV) to sugar beet was 100% (Wang et al.,1999). In another
study, the leafhopper vector Psammotettix alienus transmitted wheat dwarf virus (WDV) to
wheat and barley hosts with a 100% infection rate (Parizipour et al., 2016).

Quantification of PMeV in E. papayae by RT-gPCR showed that this leafhopper is able to
acquire the virus within 6 h after exposure to PMeV-infected plants. Acquisition threshold
times in leafhopper vectors are very different and vary from a few seconds to several
hours. For example, the field vector Graminella nigrifrons can acquire maize chlorotic
dwarf virus (MCDV) from infected plants or can inoculate healthy plants in 15 min,
whereas Nephotettix virescens requires 30 min to acquire or inoculate rice tungro
bacilliform virus (RTBV). On the other hand, vectors such as Graminella sonora,
Laodelphax striatellus and Recilia dorsalis required 6, 5 and 8 h respectively for sorghum
stunt mosaic rhabdovirus (SSMV) (Creamer et al., 1997), barley yellow striate mosaic virus
(BYMV) (Conti 1980), and rice gall dwarf virus (RGDV) adquisition (Morinaka et al.,1982).
However, longer AAPs and IAPs increase transmission efficiency because, for circulative
and propagative viruses, longer latent periods are needed before leafhoppers become
inoculative because the ingested virus requires incorporation into salivary secretions
(Nault and Ammar 1989).

In this study, the viral titre of E. papayae was increased up to 5 days, after which it was
maintained, and it was at that time when the transmission experiment was initiated and

under these conditions that the transmission efficiency was 100%.

It has been shown that the leafhopper Cicadulina mbila vector of MSV, has low
transmission efficiency on the first day after virus acquisition from MSV-infected plants,
whereas 17 days after acquisition, a 90% transmission efficiency could be obtained
(Reynaud and Peterschmitt 1992). This may be due to the rapid circulation of the viral
particles through the filter chamber within the vector’s body (a few minutes after AAP) and
to the long retention period of the virions within the leafhopper vector (Wang et al., 2014).
Similar studies are required to clarify the interactions between PMeV-Mx and E. papayae,
which allow us to understand their specific interactions and could explain part of sticky

disease epidemiology and complement the control strategies. It is necessary to evaluate
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shorter AAPs and retention of the virus in the vector's body to determine the possible type
of transmission. For example, analysis of the temporal characteristics of banana bunchy
top virus (BBTV) acquisition, inoculation, and retention on the vector body suggest that

Pentalonia nigronervosa transmits this virus in a circulative manner (Franz et al., 1998).

Vector life stage is an important factor in the transmission of many insect-borne plant
viruses, and usually, transmission efficiency is higher when vectors acquire a virus as
nymphs rather than as adults, with nymphs being generally more susceptible to infection
than adults (Todd et al., 2010). For example, Graminella nigrifrons nymphs acquires maize
fine streak virus (MFSV) at higher titers than do adults, although differences in titer do not
translate directly into differences in inoculativity (Todd et al.,, 2010). In contrast, Recilia
dorsalis nymphs have higher rice stripe mosaic virus (RSMV) acquisition and inoculation
rates than do adults (Yang et al., 2017). However, PMeV was not detected in any of
different instar stages of E. papayae, showing that E. papayae nymphs are incapable of

acquiring this virus.

The epidemiology of vector-borne plant viruses is directly dependent on the biology of the
vector species, including host range and feeding preferences (Cvrkovic et al., 2014; Pu et
al., 2012). Unfortunately, the biology, host plant associations, and feeding preferences of
E. papayae are not well documented. To the date, all findings suggest that this leafhopper
is a monophagous species that, until now, has not been reported in any species other than
C. papaya. In fact, E. papayae is commonly known as "papaya leafhopper" because it is
its only known host (Nielson 1968).

In contrast, other species of the Empoasca genus have different plant associations; for
example, E. decipiens is extremely polyphagous and has been reported in different crops,
representing a pest for beans, potatoes, cotton and sesame (Galetto et al., 2011). In the
case of E. fabae, this vector has been recognized as an important pest in many crops in
the USA, being able to reproduce in more than 200 plant species belonging to 25 families
(Shields and Testa 1999). Therefore, there is still much left to study regarding the biology
of E. papayae.

The epidemiology of plant viruses is multifaceted and very diverse, involving a tripartite

pathosystem in which each component (virus, vector and host) interacts with the
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environment (Jones 2014). Different environmental parameters (temperature, precipitation,
atmospheric pressure, light intensity, daylength, relative humidity, precipitation, and wind)
determine the behavior of viruses and their vectors and, consequently, the transmission
efficiency and the rapid dispersion and incidence of viral diseases in the field (Gingery et
al., 2004; Jones 2014). For example, transmission rates of MCDV by Graminella nigrifrons
decreased at lower light levels, lower temperatures, and shorter days, and this situation
may explain why MCDV transmission rates are reduced in winter (Gingery et al., 2004).
Studies of the biology of E. papayae are required. Knowing the population dynamics of the
vector species, the propagation pattern of the virus, the vector host range (annual or
perennial plant species), the mode of transmission of the virus (persistent or
nonpersistent), and whether the vector is colonizing permits the implementation of
phytosanitary management strategies. All this knowledge can define, for example, when to
apply insecticides or the natural enemies of that species and how they can be used,

among others approaches.

The present study demonstrated the ability of Empoasca papayae Oman (Hemiptera:
Cicadellidae) to acquire and transmits PMeV-Mx to Carica papaya. cv. Maradol.
Transmission tests reveal a high efficiency in the transmission of this virus by adult insects
of this vector to healthy papaya plants under established experimental conditions. PMeV-
Mx was detected and quantified in all papaya plants exposed to E. papayae adults that
carried this virus beginning 21 dae to diseased plants. This is the first report of PMeV-Mx
transmission by an aerial vector. These results are the beginning of understanding PMeV-
vector-papaya interactions. Increasing our knowledge about the cycle and epidemiology of
sticky disease will be very useful for the development of disease control strategies.
However, several studies are needed to clarify the transmission characteristics of PMeV
by E. papayae to papaya plants, including type of transmission, persistence of the virus
within the vector, and effect of the environmental conditions on transmission efficiency,
and thus promote the development and implementation of effective strategies for the

management of this disease.
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3.1. ABSTRACT

Papaya sticky disease (PSD) or “meleira”, caused by Papaya meleira virus (PMeV), is one
of the most damaging diseases of this crop, with important losses in papaya orchards in
Brazil and Mexico. To date, little is known about PSD epidemiology. The identification of
alternative hosts of this virus, which can act as reservoirs and primary sources of infection,
is important for the development of effective management practices. In this regard, 38
common weed species belonging to 15 different plant families present in papaya-growing
areas were evaluated by reverse transcription-PCR (RT-PCR) amplification. Amplicons
(491 bp) of the RNA-dependent RNA polymerase (RdRp) gene of Mexican variant of
PMeV (PMeV-Mx) were detected in eleven different species of three different plant
families. To confirm their susceptibility to PMeV-Mx, Dactyloctenium aegyptium, Panicum
hirsutum (Poaceae), and Ruellia nudiflora (Acanthacea) plants were inoculated with latex
from papayas infected with PMeV-Mx, and infection was confirmed by RT-PCR and
gquantitative RT-PCR (RT-gPCR). Quantification of PMeV-Mx-RNA by RT-gPCR in P.
hirsutum and R. nudiflora showed an increase in viral load over time (from 0.788 pg/ul to
2.220 pg/pl and 0.560 pg/ul to 1.140 pg/ul, respectively), 7 to 21 days post-inoculation
(dpi), showing that these plant species are alternative hosts of PMeV-Mx. To the best of
our knowledge, this is the first reference of these species as natural hosts of PMeV-Mx
and should be considered potential reservoirs of this virus, since they grow along the

margins of papaya fields.

Keywords: Papaya meleira virus; papaya sticky disease; Carica papaya; RT-qPCR;
TagMan
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3.2. INTRODUCTION

Papaya sticky disease (PSD), or “meleira”, is one of the most serious diseases of papaya
(Carica papaya L.) and is capable of spreading rapidly and causing complete crop loss.
PSD was first reported in Brazil (Rodrigues et al., 1989) and twenty years later in Mexico
(Perez-Brito et al., 2012). Initially, PMeV (causal agent of PSD) was described as an
isometric virus with a double-stranded RNA (dsRNA) genome of approximately 12,000
base pairs (bp) (Kitajima et al., 1993; Maciel-Zambolim et al., 2003). These features were
also observed in Mexico when PSD was first reported (Perez-Brito et al., 2012) but were
associated with a 4.5 kb band in nucleic acid electrophoresis in PMeV detection (Garcia-
Camara et al., 2017).

In Brazil, it was recently found that PSD arises from an association between PMeV, a
dsRNA virus related to Totiviridae, and PMeV2, a virus with a ssSRNA genome related to
the genus Umbravirus (Antunes et al., 2016). Meanwhile, the Mexican variant of PMeV
(PMeV-Mx) (Zamudio-Moreno et al., 2015) has a 1154-bp partial sequence encoding a
putative RdRp, which shows closer similarity (79%) with RdRp of Papaya virus Q found in
Ecuador (Quito-Avila et al., 2015) and a 71% similarity with RdRp of PMeV2 (Zamudio-
Moreno et al., 2015; Antunes et al., 2016).

PSD causes a spontaneous exudation of aqueous and translucent latex in the infected
papayas, resulting in a sticky fruit surface, and after ambient exposure, the latex oxidizes,
which renders the fruit unacceptable for commercial consumption, as the disease
compromises their texture and flavor (Ventura et al., 2004; Abreu et al., 2015). Other
symptoms, observed in Mexico, are nodules of latex in the fruit flesh and latex within the

fruit cavity, covering the seeds (Tapia-Tussell et al., 2015).

In infected orchards, where roughing diseased plants was not carried out, incidence of the
disease reached 100%, causing total yield losses (Abreu et al., 2015). Agricultural
practices, mainly fruit harvest, are responsible for the spread of the disease within the
orchard because the dispersion of the PSD often occurs along the array of the crop row
(Ventura et al., 2004; Abreu et al., 2015). The possible involvement of insects as sticky
disease vectors has been considered, based on some studies of the field-spread pattern of

the disease, and there is evidence of an aerial vector associated with the disease
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(Rodrigues et al., 1989; Vidal et al., 2004). The virus transmission by papaya seeds was
also demonstrated in the cv. Maradol (Tapia-Tussell et al., 2015). Currently, research
teams in Brazil and Mexico are undertaking research to identify the virus vector and
elucidate the mechanism of transmission (Abreu et al., 2015).

Another important aspect in plant disease epidemiology is alternative hosts. In a study
conducted in Brazil, species belonging to different families of plants that grew in papaya
orchards affected by PSD were assessed for PMeV infection, and a viral dsRNA, with a
molecular weight similar to that of PMeV, was detected in Brachiaria decumbens
(Poaceae) (Maciel-Zambolin et al., 2003). Recently, molecular and experimental evidence
demonstrate that watermelon (Citrullus lanatus) is an alternative host for PMeV-Mx.
Quantification of PMeV-Mx RNA in axillary leaves of watermelon seedlings show that

PMeV can replicate and move within this host (Garcia-Camara et al., 2017).

The identification of alternative hosts for the virus, which could be the source of infection,
is important for determining factors that influence viral epidemiology and control strategies.
In this research, we evaluate the occurrence and infection capacity of PMeV-Mx for
common weed species found in papaya-growing areas using reverse-transcription
polymerase chain reaction (RT-PCR) and quantitative real-time reverse-transcription
polymerase chain reaction (RT-gPCR) to detect PMeV-Mx infection and determine the
virus load, obtaining a more thorough understanding of PMeV-Mx accumulation in these

weed species.
3.3. MATERIALS AND METHODS
3.3.1. Plant material survey

Surveys of common weed plant species were carried out in June 2015 and July 2016
across a papaya-growing area, on the edges and between papaya plants, in an
experimental papaya orchard in San José Kuché, municipality of Conkal, in the State of
Yucatan, as well as in a commercial orchard in Alfredo Bonfil, in the State of Campeche,
both in Mexico. All plants were identified by a botanical expert, and voucher specimens
were deposited in the herbarium “U Najil Tikin Xiw” of Natural Resources Unit, Centro de

Investigacién Cientifica de Yucatan A.C. (CICY). Samples were stored at -80°C until use.
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3.3.2. Detection of PMeV-Mx by RT-PCR

Leaf samples of all weed species collected were tested for the presence of PMeV-Mx by
RT-PCR amplification, using specific primers based on genomic regions of the PMeV-Mx
RNA-dependent RNA polymerase gene to amplify a 491-bp DNA fragment (NCBI
Accession KF781635.1) (CB38 5 AGCGCATCTCGTTCTGCCA 3'; CB39 &
GCCCGGATATACCGGCCT 3’) (Zamudio-Moreno et al., 2015). Total RNA was extracted
from leaf samples according to TRIzol® procedure (Invitrogen, Carlsbad, CA, USA), and
extracts were reverse-transcribed using M-MLV Reverse transcriptase (Invitrogen,
Carlsbad, CA, USA) and random primers according to the manufacturer’s instructions.
cDNA was amplified with Tag DNA polymerase (Invitrogen, Carlsbad, CA, USA). For this
amplification, the following cycling conditions were used: 5 min. denaturation at 95°C,
followed by 40 cycles of 95°C for 1 min., 60°C for 1 min., and 72°C for 1 min., with a final
extension at 72°C for 10 min. RT-PCR products were visualized by electrophoresis in
1.5% (w/v) agarose gels in 1x Tris—borate—EDTA buffer (TBE) and ethidium bromide
staining in order to detect the presence or absence of the target band. One or more RT-
PCR products were purified using the Wizard® SV Gel and PCR Clean-Up System
(Promega, Madison, USA) and were sequenced in both directions (Macrogen®).
Sequences obtained were analyzed using the Basic Local Alignment Search Tool (BLAST)
accessed via the National Center for Biotechnology Information website
(http://www.ncbi.nlm.nih.gov/).

3.3.3. Infectivity test

After confirmation of natural infections, the species that reached the highest titers of
PMeV-Mx; Dactyloctenium aegyptium, Panicum hirsutum and Ruellia nudiflora were tested
to corroborate their susceptibility to PMeV-Mx under experimental conditions through an
infectivity test. Nine plants of each weed species were collected around Merida in Yucatan,
Mexico. All plants were transplanted into black bags containing a commercial substrate
and maintained under greenhouse conditions. Latex samples of immature green fruits from
PMeV-diseased papaya plants located in San José Kuché, municipality of Conkal in
Yucatan, Mexico were obtained by wounding the fruit surfaces. To verify the PMeV

presence in this latex, RNA was extracted as described by Tavares et al., (2004), followed
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by electrophoresis in 1% (w/v) agarose gels in 1X TBE, searching for presence of PMeV
dsRNA (9 kb) and PMeV2 ssRNA (4.5 kb) bands. RT-PCR was performed on this RNA
using primers CB38 and CB39, which are specific to the PMeV-Mx RNA-dependent RNA
polymerase gene (Zamudio-Moreno et al., 2015). PMeV-infected latex was diluted 1:1 (v/v)
in 1X phosphate-buffered saline (PBS), pH 7.4. Weed plants were inoculated by injecting
20 pl of the diluted latex solution, using a sterile syringe, into the stem near the apex
(Abreu et al., 2012). Controls for the infectivity test included one set of plants of each
species, inoculated with latex from healthy fruit diluted 1:1 (v/v) in 1X PBS, and another set
inoculated with 1X PBS alone. Both were used as a negative control for RT-PCR. All
plants were evaluated for the appearance of symptoms, and their axillary leaves were
sampled for RT-PCR at 7, 14, 21 and 28 days post-inoculation (dpi) to further confirm the

PMeV infection. This experiment was repeated three times.
3.3.4. Quantification of PMeV-Mx by RT-qPCR

The amount of PMeV-Mx-RNA was determined by quantitative RT-PCR amplification (RT-
gPCR). Primers, TagMan probe, and cycling conditions were designed previously in the
GeMBio Laboratory (Garcia-Camara et al., 2017). Total RNA was extracted from axillary
leaves of P. hirsutum and R. nudiflora inoculated plants according to the TRIzol®
procedure (Invitrogen, Carlsbad, CA, USA). RNA quality and quantity were determined
using a NanoDrop 2000® spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Total RNA extracts were reverse-transcribed using M-MLV Reverse transcriptase
(Invitrogen, Carlsbad, CA, USA) and random primers, according to the manufacturer's
instructions, and the concentration of each sample was adjusted to 20 ng/ul. To estimate
the concentration (pg/ul) of PMeV-Mx-RNA, ten-fold serial dilutions of the Synthetic
Positive Control Template for Standard Curve (Primer Design Ltd., Southampton, UK)
were included in the RT-gPCR to obtain a standard curve. The standard curve template
was an 86-bp fragment of the PMeV-Mx polymerase gene, and dilution concentrations
were confirmed with a NanoDrop 2000® spectrophotometer (Thermo Scientific, Waltham,
MA, USA). For quantification, concentrations (pg/pl) of PMeV-Mx-RNA were calculated
based on the specific standard curve values generated in the reaction, which reproduced a

linear relationship between the threshold cycle (Cy) value and the amount of total target
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concentrations in the samples. Real-time RT-PCR was performed in a StepOne™ Real-
Time PCR System (Applied Biosystems, Warrington, UK). Real-time RT-gPCR was
conducted in 48-well reaction plates using 20 pl of reaction mix containing 10 pl of
TagMan® Universal Master Mix Il (Applied Biosystems, Warrington, UK), 0.4 ul each of
primer (each at 0.2 uM), 1.2 pl of TagMan® probe (0.75 pM), 0.4 pl of Rox reference dye
(500 nM) and 3 pl (20 ng/ml) of template cDNA of each sample. The thermal profile was
set with initial denaturation at 95°C for 5 min., followed by 40 cycles of 95°C for 15 s and
60°C for 30 s. RNA from PMeV-Mx-infected papaya (positive control), RNA from healthy
plants (negative control) and a non-template control (NTC) were included in each
experiment. All samples were tested in triplicate wells, and sample thresholds, baseline
values and reaction efficiency values were calculated automatically in the StepOne™ Real-
Time PCR System manager software (Applied Biosystems, Warrington, UK). Samples with
a C; value greater than 38 were considered negative. The actin gene was used as an

internal control and to verify the presence of intact RNA.
3.4. RESULTS
3.4.1. Detection of PMeV-Mx in weed species under natural conditions

For PMeV-Mx, the expected amplicon (491 bp) of the RdRp gene was detected in 11 of
the 38 weed species sampled on the edges and between papaya fields (Figure 3.1).
These species positive to PMeV belong to families Acanthaceae, Fabaceae and Poaceae
(Table 3.1). In all cases, this PCR product of each sample was purified and sequenced,
and they were confirmed as the expected viral sequence, showing 98-99% identity with the
PMeV-Mx RdRp gene (KF214786.1). PMeV-Mx was detected in P. hirsutum at 7 dpi, and
Cr values decreased in time (from 36 at 7 dpi to 33 at 28 dpi), indicating increased viral
load (from 0.788 pg/ul at 7 dpi to 5.54 pg/ul at 28 dpi) (Table 3.2, Figure 3.3), suggesting
that this virus is capable of replicating itself in the plant cells and spreading in a systemic
way. On the other hand, it was found that the amount of PMeV-Mx-RNA in R. nudiflora
showed a different dynamic. Ct values ranged from 37 at 7 dpi to 36 at the 21 dpi, with
estimated amounts of PMeV-Mx-RNA ranging from 0.560 pg/ul at 7 dpi to 1.140 pg/ul at
21 dpi. However, the Ct values increases again to 37 at 28 dpi, with a decrease in the
qguantity of PMeV-Mx-RNA to 0.580 pg/ul (Table 3.2, Figure 3.3).
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Figure 3.1 RT-PCR detection of PMeV-Mx in weed plants collected at Alfredo Bonfil orchard in

Campeche, Mexico in different years. (a) Sampling conducted in June 2015. Lane M: 100 bp DNA

ladder; lane 1: Echinochloa colona; lane 2: Panicum hirticaule; lane 3: Panicum hirsutum; lane 4:

Pasapalum virgatum; lane 5: Dactyloctenium aegytium; lane 6: non-targeting control (NTC); lane 7:

Healthy papaya plant (negative control); lane 8: PMeV-infected papaya plant (positive control). (b)
Sampling conducted in June 2016. M: 100 bp DNA ladder; lane 1: Echinochloa colona; lane 2:

Panicum hirticaule; lane 3: Panicum hirsutum; lane 4: Pasapalum virgatum; lane 5: Dactyloctenium

aegytium; lane 6: non-targeting control (NTC); lane 7: Healthy papaya plant (negative control); lane

8: PMeV-infected papaya plant (positive control).
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Table 3.1 List of host and non-host weed species of Mexican variant Papaya meleira virus (PMeV-

Mx) sampled in papaya crops.

Plant species Family Accession Life cycle Natural
number* infection
with
PMeV-
Mx
Ruellia nudiflora (Engelm. y A. Gray) | Acanthaceae . Garcia 020 | Perennial Yes
Urb
Melampodium gracile Less. Asteraceae . Garcia 021 | Annual No
Tridax procumbens L. Asteraceae . Garcia 022 | Annual No
Viguiera dentata var. helianthoides | Asteraceae . Garcia 023 | Annual No
(Kunth) S.F. Blake
Commelina erecta L. Commelinaceae | I. Garcia 025 | Perennial No
Evolvulus alsinoides (L.) L. Convolvulaceae | I. Garcia 026 | Annual No
Ipomea triloba L. Convolvulaceae | I. Garcia 033 | Annual No
Merremia aegyptia Convolvulaceae | I. Garcia 024 | Annual No
Dioscorea sp. Dioscoreaceae . Garcia 038 | Perennial No
Acalypha alopecuroides Jacg. Euphorbiaceae . Garcia 028 | Annual No
Acalypha sp. Euphorbiaceae . Garcia 027 | Annual No
Euphorbia hypericifolia L. Euphorbiaceae . Garcia 031 | Annual No
Desmodium incanum DC. Fabaceae . Garcia 032 | Perennial Yes
Leucaena leucocephala (Lam.) de Wit | Fabaceae . Garcia 029 | Perennial No
Piscidia piscipula (L.) Sarg. Fabaceae . Garcia 030 | Perennial No
Corchorus siliquosus L. Malvaceae . Garcia 037 | Annual No
Sida acuta Burm. f. Malvaceae . Garcia 035 | Annual No
Andropogon sp. Poaceae . Garcia 016 | Annual No
Bothriochloa pertusa (L.) A. Camus Poaceae . Garcia 011 | Annual No
Chloris ciliata Sw. Poaceae . Garcia 012 | Annual No
Dactyloctenium aegyptium (L.) Willd Poaceae . Garcia 003 | Annual Yes
Digitaria bicornis (Lam.) Roem. y | Poaceae . Garcia 004 | Annual No
Schult.
Echinochloa colona (L.) Link Poaceae . Garcia 001 | Annual Yes
Eleusine indica (L.) Gaertn. Poaceae . Garcia 002 | Annual Yes
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Elytraria imbricata (Vahl) Pers. Poaceae I. Garcia 019 | Annual Yes
Panicum hirsutum Sw. Poaceae I. Garcia 005 | Annual Yes
Panicum hirticaule Presl. Poaceae I. Garcia 006 | Annual Yes
Paspalum virgatum L. Poaceae I. Garcia 007 | Annual Yes
Rhynchelytrum repens (Willd.) C.E. | Poaceae I. Garcia 008 | Annual No
Hubb.
Setariopsis auriculata (Fourn.) Scribn. | Poaceae I. Garcia 009 | Annual No
Sporobolus buckleyi Vasey Poaceae I. Garcia 010 | Annual No
Urochloa fusca (Sw.) B.F. Hansen y | Poaceae I. Garcia 015 | Annual Yes
Wunderlin
Urochloa reptans L. Poaceae I. Garcia 014 | Annual Yes
Gymnopodium floribundum Rolfe Polygonaceae I. Garcia 036 | Perennial No
Neomillspaughia emarginata (Gross) | Polygonaceae I. Garcia 039 | Perennial No
Blake
Borreria verticillata (L.) G. Meyer Rubiaceae I. Garcia 034 | Annual No
Morinda yucatanensis Greenm. Rubiaceae I. Garcia 041 | Perennial No
Capraria biflora L. Scrophulariacea | I. Garcia 040 | Biennial No
e

* Voucher specimens deposited in herbarium "U Najil Tikin Xiw" of Natural Resources Unit, Centro

de Investigacion Cientifica de Yucatan A.C.

M 1 2 3 4 5 6 7 8 9 10 11 12

500 bp : - 14 dpi

Figure 3.2 RT-PCR detection of PMeV-Mx in inoculated weed plants at O (top gel), 14 (middle gel),
21 (middle gel) and 28 (bottom gel) days post inoculation (dpi). Lane M: 100 bp DNA ladder; lane 1:
P. hirsutum inoculated with healthy latex (negative control); lanes 2-4: P. hirsutum PMeV-Mx-
inoculated; lane 5: D. aegyptium inoculated with healthy latex (negative control); lanes 6-7: D.
aegyptium PMeV-Mx-inoculated; lane 8: R. nudiflora inoculated with healthy latex (negative control);
lanes 9-10: R. nudiflora PMeV-Mx-inoculated; lane 11: PMeV-infected papaya plant (positive

control); lane 12: Non-template control (NTC).
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Table 3.2 Viral load of PMeV-Mx in Panicum hirsutum and Ruellia nudiflora inoculated plants by

TagMan®PCR quantitation.

Days

postinoculation

Ruellia nudiflora

Panicum hirsutum

Crt Std. dev. ?

viral load (pg/pl) °

Crz Std. dev. ?

Viral load (pg/ul) °

(dpi)
7 37.11 £ 0.43 0.560 + 0.10 36.62 + 0.68 0.780+0.20
14 38.09 +1.22 0.360 + 0.30 36.92 +0.84 0.670 +0.30
21 36.02 + 0.88 1.140 + 0.50 34.92 £0.32 2.220+0.40
28 37.07 +0.49 0.580 + 0.10 33.47 +0.30 5.540 +1.00

% Average threshold cycle (Ct) and standard deviation (Std. dev.) obtained from three replicates.

® Viral load calculated based on the specific standard curve values of the Synthetic Positive Control

Template for Standard Curve (Primer Design Ltd., Southampton, UK).

RNA quantification of PMeV-Mx in ng/uL

0.007

0.006 -

0.005 +

0.004

0.003 ~

0.002 4

0.001 A

0.000

il af i i

7 dpi

I R. nudiflora
3 P. hirsutum

14 dpi

21 dpi

28 dpi

Figure 3.3 TagMan® RT-gPCR of PMeV-Mx in P. hirsutum and R. nudiflora inoculated plants (R2 =
0.997). Note the increasing in accumulation of PMeV-Mx-RNA (pg/uL) at 7, 14, 21 and 28 dpi.
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3.5. DISCUSSION

To understand the epidemiology of PSD in papaya fields and identify the possible sources
of initial virus inoculum, 38 plant species belonging to 15 families growing on the edges
and between papaya fields were sampled during 2015 and 2016 to be assayed for natural
infection with PMe-Mx. The presence PMeV-Mx infection was proven in 11 species
belonging to the families Acanthaceae, Fabaceae and Poaceae. Our data demonstrated
that the PMeV-Mx has a wide and diverse host range, including monocot and dicot plants.
Under natural conditions, viruses have a limited and specific host range and are closely
adapted to their hosts; in fact, species of the families that the virus infects naturally are
more likely to be susceptible to the virus than species of other families (Dawson y Hilf,
1992; Hull, 2009). However, virus host ranges can result from multiple selection pressures,
specializing to one or a few plant species or adapting to survive in many plant species,
evolving across a wide host range and maintaining a wider population diversity (Dawson y
Hilf, 1992). For example, Cucumber mosaic virus (CMV, Bromoviridae) is a highly
adaptable virus with a great capacity for evolutionary change, able to infect over 1000
species, including members of 85 plant families, exhibiting the broadest host range known
to date (Roossinck, 2001). Turnip mosaic virus (TuMV, Potyviridae) evolved from a
monocot-infecting virus to acquire the capacity of infecting dicot species of the genus
Brassica and Raphanus (Garcia-Arenal et al., 2013). Tobacco rattle virus (TRV,
Virgaviridae) is also a widespread pathogen in the plant kingdom, with a host range of over
400 plant species from monocot and dicot groups (Otulak et al., 2016). Even though the
evolution favors specific host ranges (the co-evolution of pathogen and host could result in
functional trade-offs that would limit it), the ability to infect different hosts conditions the
epidemiology and provides the pathogen with more opportunities for transmission and
survival (Malpica et al., 2006).

To confirm PMeV infection, D. aegyptium and P. hirsutum (Poaceae) and R. nudiflora
(Acanthacea) plants were tested for PMeV-Mx susceptibility under experimental conditions
through an infectivity test, which confirmed the presence of PMeV-Mx in two of the three
inoculated weed species by RT-PCR. Quantification of PMeV-Mx-RNA by RT-qPCR in the
axillary leaves of P. hirsutum and R. nudiflora showed that PMeV-Mx is able to replicate

and move in these species. Cr values decreased as the days post-inoculation increased,
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indicating that the viral load had increased over time in P. hirsutum. However, in R.
nudiflora, although the viral titer increases over time until 21 dpi, the titer decreases to 28
dpi, suggesting a decrease in the replication rate. Nevertheless, the present investigation
demonstrated that P. hirsutum and R. nudiflora supports replication and systemic
accumulation of PMeV-Mx through injection of infected latex. Viruses’ natural infection is
preferred in infectivity tests and experimental inoculation because it provides a more
accurate picture of cultivar behavior under natural conditions (Rubio et al., 2003).
However, in the case of PSD, the vector associated with the transmission has not yet been
identified, and injection of infected latex is the only effective method of transmission, since
it causes moderate tissue damage and places the injected particles adjacent to viable
plant cells, a prerequisite for the establishment of plant virus infections (Rodrigues et al.,
2009).

Significantly, none of the experimentally inoculated plants of this species showed any
symptoms of viral infection, although PMeV-Mx was detected in axillary leaves of all
experimentally inoculated plants. In fact, these plants were kept in the greenhouse for
another eight weeks, yet none of them displayed visible symptoms of viral infection. These
results suggest that these species are symptomless hosts that appear to be partially
resistant or tolerant to PMeV-Mx infection. Similar results were observed for infection of
Sweet potato feathery mottle virus (SPFMV, Potyviridae) in several cultivars of sweet
potato, showing a natural resistance with only mild initial symptoms and low virus titers
(Tugume et al.,, 2008). The symptomless and systemic low-titered infection Tobacco
necrosis virus (TNV, Tombusviridae) was also observed in Arabidopsis thaliana (Bacso et
al., 2016), and the systemic, low-titered and symptomless infection Pelargonium line
pattern virus (PLPV, Tombusviridae) was found in its hosts (Pérez-Cafiamas et al., 2017).
Plant virus resistance or tolerance is a highly complex process. Multiple factors and
elaborate networks of genetic interactions determine its resistance or tolerance; for
example, the presence of resistance genes, RNA silencing mechanisms, and the absence
of specific host factors required for a virus to complete its infection cycle. All of these
factors limit virus replication or movement and affect virus concentration and the virus
infection extent in the host (Kombrink y Schmelzer, 2001; Pagan et al., 2008; Wang et al.,
2012; Mandadi y Scholthof, 2013; Galvez et al., 2014; Bengyella et al., 2015; Frech et al.,
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2016). In addition, plant viruses in weed species are extremely common and usually
asymptomatic (Roossinck, 2015). Some studies suggest that the negative impact of plant
viruses on weed species could lead to the death of the infected individual, which might
result in a natural selection for resistant or tolerant genotypes (Prendeville et al., 2012).

Surprisingly, D. aegyptium plants inoculated with PMeV-Mx did not become infected under
the experimental conditions of this study. The reason of this failure is unclear, considering
that the virus was detected by RT-PCR in natural conditions. However, earlier studies
show that some methods of experimental transmission of plant viruses are not efficient in
certain host species, resulting in many “escapes” in the inoculation process (Mandal et al.,
2008), for example, the experimental insusceptibility of some plant species previously
reported as well-known experimental hosts to Tobacco streak virus (TSV, Bromoviridae)
(Vemana y Jain, 2010), or the inconsistency in the response of some rice cultivars to Rice
black streaked dwarf virus (RBSDV, Reoviridae) infection between field and greenhouse
experiments (Hajano et al., 2016). Effectiveness of every infectivity test depends on a
single factor or a combination of factors, such as variation in inoculum levels,
environmental conditions, or specific virus-host interactions (Hajano et al., 2016). All these
factors influence the host susceptibility response, allowing the virus to spread

systematically in the plant or only be replicated in the cells initially infected.

The results of this study indicate that the host range of PMeV is complex. PMeV-Mx host
species pertain to highly heterogeneous species belonging to different plant families. The
present study represents an approach to a possible host range of PMeV-Mx and the
natural virus reservoirs in common weed species of Mexico. Such understanding of the
key factors affecting the epidemiology of PSD may allow papaya producers and
phytopathologists to design management strategies for this disease. Previously, the
presence of dsRNA with a molecular weight similar to that associated with sticky disease
was detected in samples of the Poaceae species Brachiaria decumbens, which commonly
grow in the papaya orchards affected by the sticky disease in the south of Bahia, Brazil
(Maciel-Zambolim et al.,, 2003). In addition, molecular and experimental evidence
demonstrated that watermelon (Citrullus lanatus Thunb.) is an alternative host for PMeV-
Mx (Garcia-Camara et al., 2017).
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To the best of our knowledge, this is the first report on the natural infection of Desmodium
incanum (Fabaceae), Ruellia nudiflora (Acathaceae) and Dactyloctenium aegyptium,
Echinochloa colonum, Eleusine indica, Panicum hirsutum, P. hirticaule, Paspalum
virgatum, Rhynchelytrum repens, Urochloa reptans, and U. fusca (all belonging Poaceae
family) by PMeV-Mx. These findings indicate that the new weed hosts of PMeV-Mx
reported in this study may act as reservoirs and play a role as primary sources of infection,
suggesting the need for regular assessment of this species in papaya fields.

A number of PMeV-infected weed plants identified in the present work are perennial
plants, wherein PMeV-Mx could remain, ensuring host continuity in space and time,
providing a source of infection for subsequent papaya crops. In fact, in the orchard at
Alfredo Bonfil in Campeche, where all papaya plants were removed and burned after a full
crop cycle, no care was taken to eliminate weeds, so the infection was quickly restored
when starting a new crop cycle, demonstrating the importance of weed control in

commercial plantations.

The findings presented here highlight the importance of weed species as potential virus
reservoirs for PMeV-Mx and possibly other papaya viruses, implying the need for further
investigations in order to assess the impact of common weed hosts of PMeV-Mx upon the

virus epidemiology.
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4.1. ABSTRACT

Papaya sticky disease, caused by Papaya meleira virus (PMeV), results in complete crop
loss in papaya orchards, because infected fruits are unacceptable for consumption. Little is
known about sticky disease epidemiology, and the best available strategy for disease
management is to rogue infected plants. Identification of alternative hosts for this virus is
important for developing control strategies. In Mexico, papayas and watermelons are often
cultivated in close proximity or overlapping cycles, which may favor virus interspecies
transmission by putative insect vectors of PMeV. Watermelon seedlings (Citrullus lanatus
Thunb.) were inoculated with latex from papayas infected with a Mexican variant of PMeV
(PMeV-Mx), and infection was confirmed by reverse transcription-PCR (RT-PCR) and
gquantitative RT-PCR (RT-gPCR). Amplicons (491 bp) of the RNA-dependent RNA
polymerase (RdRp) gene of PMeV-Mx were detected in axillary leaves of all inoculated
seedlings seven days post-inoculation (dpi). Circa 10 to 12 dpi, necrotic lesions were
observed on the edges of the leaves. Absolute quantification of PMeVMx-RNA by RT-
gPCR showed an increase in viral load over time (from 0.51 to 586.15 pg/uL), three to 14
dpi. Molecular and experimental evidence demonstrate is also a host for PMeV-Mx and

may be an alternative host.

Keywords Papaya meleira virus; watermelon; reverse transcription-PCR; quantitative RT-
PCR
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4.2. INTRODUCTION

Papaya sticky disease (PSD), or “meleira”, is an important disease of papaya (Carica
papaya L.) that causes considerable crop losses over a relatively short time. This virus
was first reported in Brazil (Rodrigues et al., 1989) and more recently in Mexico (Perez-
Brito et al., 2012). PSD is initially characterized by the spontaneous exudation of a fluid
latex from diseased fruits. Oxidation of this fluids occur after atmosphere exposure causing
necrotic lesions on fruit surfaces, rendering them unacceptable for commercial
consumption (Tavares et al., 2004; Abreu et al., 2015). Additional symptoms have been
observed in diseased plants in Mexico, including the presence of small internal nodules in
fruit pulp, necrotic spots in petioles and latex within the fruit cavity (Tapia-Tussell et al.,
2015).

The causal agent of sticky disease was identified and named in Brazil as Papaya meleira
virus (PMeV), an isometric virus with a double-stranded RNA (dsRNA) genome of
approximately 12,000 base pairs (bp) (Tavares et al., 2004). This feature was also
reported in Mexico when this virus was first detected (Perez-Brito et al., 2012). A band of
4.5 kb was always observed associated with the distinctive detection band of the virus.
This band was detected consistently about a month before the 12 kb band, and showed
the analyzed plant would be infected with the virus, this band was later related to the
presence of the genome of an Umbravirus (Perez-Brito et al., 2012; Perez-Brito, personal
communication). In Brazil, sticky disease has recently been found in double infection with
PMeV, which was identified as a plant virus of Totiviridae, and PMeV2, an umbra-like virus
with an ssRNA genome (Antunes et al., 2016). In Mexico a Mexican variant of PMeV
(PMeV-Mx) has been also reported. A partial sequence of 1154-bp from a putative RdRp
with a 79% identity with RdRp of Papaya virus Q (PpVQ), a new papaya virus reported in
Ecuador (Quito-Avila et al., 2015) and 71% identity with the RdRp’s of PMeV2 and other
members of the genus Umbravirus (Zamudio-Moreno et al., 2015; Antunes et al., 2016). A
pair of primers designed based on the PMeV-Mx sequence amplified products from both

Brazilian and Mexican infected plants (Zamudio-Moreno et al., 2015).
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PSD spreads rapidly, and certain agricultural practices, such as fruit harvesting, may be
responsible for the spreading of this disease in orchards (Ventura et al., 2004). Other
studies examining modes of virus transmission have suggested alternative ways for
spreading. PMeV is seed-borne, and transmission across generations may occur via
contaminated seeds (Tapia-Tussell et al., 2015). There are also evidences of transmission
via an airborne insect vector of PMeV based on studies made about field spreading
patterns of PSD (Rodrigues et al., 1989; Abreu et al., 2015). PMeV is also efficiently
transmitted mechanically by injecting the latex of diseased plants into stems of healthy
papayas (Rodrigues et al., 2009). There is a limited understanding of PMeV viral
epidemiology. Only one preliminary study assessing PMeV host range is reported: the
presence of viral dsRNA of a similar molecular weight to that of PMeV in Brachiaria
decumbens (Poaceae) in papaya orchards infected with sticky disease in Brazil (Maciel-
Zambolim et al.,, 2003). The best available strategy to control and manage PMeVis
destroying infected plants. Identification of alternative hosts for PMeV is also important to

identify factors that influence viral epidemiology and for development of control strategies.

Watermelon is one of the most important cucurbit crops in the world, and Mexico is the
second largest exporter (FAOSTAT 2016). In Mexico where our field studies are located,
farmers often cultivate papaya orchards in proximity to watermelon plants and sometimes
both crops are planted in the same lot of land to reduce cost, labor and better utilization of
resources minimizing economic risks, by diversifying crop production. However, this
farming practice has increased the risk of PMeV transmission and dissemination between
plant species, perhaps via an airborne vector. The isolate P of Papaya ringspot virus
(PRSV-P) isolate, a derivative of W isolate (PRSV-W), naturally infects plants in
Cucurbitaceae and C. papaya. Once PRSV infects a cucurbit, its spread throughout the
field quite rapidly (Gibbs et al., 2008, Olarte et al., 2011). We hypothesized watermelon
hosts PMeV-Mx and the primary goal of this study is to demonstrate this association using

sensitive and specific molecular assays.
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4.3. MATERIALS AND METHODS
4.3.1. Seed source and germination process

Commercial seeds of C. lanatus ‘Sentinel’ (Seminis®, Mexico City, Mexico) were used for
this study. Seeds were disinfested by dry heat at 70 °C for three days (Rees 1970) then
submerged for 24 h in sterile water. The seeds were germinated in trays containing

sterilized vermiculite and grown in complete darkness into insectproof cages.

4.3.2. Inoculation of watermelon plants with PMeV-Mx

Latex-containing virus particles were obtained by wounding the surfaces of immature
green fruits from diseased papaya plants from San José Kuché, a municipality of Conkal in
the State of Yucatan, Mexico. RNA was extracted from the PMeV-infected latex as
described by Tavares et al., (2004), followed by electrophoresis in 1% (w/v) agarose gels
in 1x Tris—borate—EDTA buffer (TBE), in order to verify the presence of the two distinctive
PMeV bands: PMeV dsRNA (9 kb) and PMeV2 ssRNA (4.5 kb). RT-PCR was also
performed on total RNA using primers CB38 and CB39, specific to PMeV-Mx RNA-
dependent RNA polymerase (Zamudio-Moreno et al., 2015).

Sixty watermelon seedlings were inoculated by injecting 20 uL of the diluted latex solution,
1:1 (v/v) in 1x phosphate-buffered saline (PBS), pH 7.4; using a sterile syringe into the
stem near the apex (Abreu et al., 2012), at the two- to four-true-leaf stages and placed in
insect-proof cages, under normal daylight conditions (12 h photoperiod) with temperatures
ranging from 23 to 25 °C. Six negative control watermelon seedlings were inoculated with
latex from healthy fruit also diluted 1:1 (v/v) in PBS and were used as a negative control
for reverse-transcription polymerase chain reaction (RTPCR). Additional six blank controls
watermelon seedlings were inoculated with PBS only. All plants were assessed for
symptoms development, and the youngest leaves were sampled for RT-PCR at three,
seven and 14 dpi to further confirm PMeV-Mx infection. The experiment was repeated

three times.
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4.3.3. Detection of PMeV-Mx by RT-PCR

Watermelon leaf samples were tested for the presence of PMeV-Mx by RT-PCR using
primers specific to the PMeV-Mx RNA-dependent RNA polymerase gene to amplify a
product of 491-bp (CB38: 5 AGCGCATCTCGTTCTGCCA 3 ; CB39: 5%
GCCCGGATATACCGGCCT 3'). NCBI Accession KF781635.1 was used as template for
primer design (Zamudio-Moreno et al., 2015). Total RNA was extracted from watermelon
leaves according to the TRIzol® procedure (Invitrogen, Carlsbad, CA, USA). Sap extracts
were reverse-transcribed using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA,
USA) and random primers were used according to the manufacturer’s instructions. The
obtained cDNA was amplified with Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA)
using the following cycling conditions: 5 min of denaturation at 95 °C, followed by 40
cycles of 95 °C for 1 min, 60 °C for 1 min, and 72 °C for 1 min, with a final extension at 72
°C for 10 min. RT-PCR products were separated by electrophoresis in 1.5% (w/v) agarose
gels in 1x TBE, and stained with ethidium bromide to determine the presence or absence

of the target bands.

4.3.4. Assessment of viral load by real-time RT-PCR

The PMeV-Mx viral load was determined by performing quantitative RT-PCR (RT-qPCR).
Primers  (PMeVF: 5  CGCAAAACTAAGACGAGATTCAG 35 PMeVR: 5%
TGTATGACTGTGGGCTGGTTA 3", TagMan probe (5'
CCCTCGTAGACTAGCCCCTCAGCCATC 3') and cycling conditions were designed
specifically for this study, using Primer Design Ltd. (Southampton, UK), based on genomic
regions of the PMeV-Mx RNA polymerase gene, to amplify a product of 86-bp. Total RNA
was extracted from watermelon leaves as described above. RNA quality and quantity were
determined using an Eppendorf BioPhotometer® 6131. Total RNA extracts were reverse-
transcribed using M-MLV reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and
random primers according to the manufacturer’s instructions, and the concentration of
each sample was adjusted to 20 ng/pL. To estimate the concentration (ng/uL) of PMeV
RNA by quantification, ten-fold serial dilutions of the Synthetic Positive Control Template

for Standard Curve (Primer Design Ltd., Southampton, UK) were included for RT-gPCR to
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obtain a standard curve. The standard curve template was an 86-bp product of the PMeV-
Mx polymerase gene, and the serial dilution concentrations were confirmed with a
spectrophotometer. For quantification, PMeV-Mx-RNA concentrations (pg/pL) were
calculated based on the specific standard curve values generated in the reaction, which
reproduced a linear relationship between the threshold cycle (C+) value and the total target
concentrations of the samples. Real-time RT-PCR was performed using a StepOne™
Real-Time PCR System (Applied Biosystems,Warrington, UK). Real-time RT-PCR was
conducted in 48-well reaction plates using 20 uL of a reaction mixture containing 10 pL of
TagMan® Universal Master Mix Il (Applied Biosystems, Warrington, UK), 0.4 uL each of
primer (each at 0.2 uyM), 1.2 uL of TagMan® probe (0.75 uM), 0.4 uL of Rox reference dye
and 3 pL (20 ng/ml) of template cDNA for each sample. The thermal profile was set with
initial denaturation at 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for
30 s. RNA from PMeV-Mx-infected papaya (positive control), RNA from healthy plants
(negative control) and a non-template control (NTC) were included in each experiment. All
samples were tested by triplicate wells, and sample thresholds, baseline values and
reaction efficiency values were automatically calculated by StepOne™ Real-Time PCR
System manager software (Applied Biosystems, Warrington, UK). Samples with C; values
over than 38 were considered negative. The actin gene was used as na internal control to
verify the presence of intact RNA.

4.3.5. PMeV sequencing and analysis

RT-PCR products of 491-bp were purified using the Wizard® SV Gel and PCR Clean-Up
System (Promega, Madison, USA) and were sequenced in both sense and antisense
directions (Macrogen Inc., Seoul, South Korea) using the amplification primers. Sequences

were analyzed using BLAST.

4.4, RESULTS
4.4.1. Screening watermelon for susceptibility to PMeV-Mx infection

In PSD infected papaya latex, the presence of both PMeV and PMeV2 was corroborated

by agarose gel electrophoresis, visualizing two bands, one of 9 kb corresponding to PMeV
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dsRNA and a second of 4.5 kb corresponding to PMeV2 ssRNA. The expected product
(491 bp) corresponding to the RdRp gene of PMeV was detected in axillary leaves of all
inoculated seedlings starting at seven dpi (Figure 4.1).

M 1 2 3 4 5 6 7 8 9 10

500 bp 0 dpi
so0 op [ —— e —— — — 7 dpi
500 bp — - .

14 dpi

Figure 4.1 RT-PCR detection of PMeV-Mx in inoculated watermelon plants at O (top gel), 7 (middle
gel) and 14 (bottom gel) days post inoculation (dpi). Lane M: 100 bp DNA ladder, lanes 1-2:
Watermelon plant inoculated with healthy latex (negative control), lanes 3-8: Watermelon PMeV-

inoculated plants, lane 9: Positive control, lane 10: Non-template control (NTC).

At seven and 14 dpi, a single product was purified and sequenced. Sequences were
obtained and submitted in GenBank (Accession No. KY468507, KY468508, KY468509,
KY468510). The identity of PCR products were each confirmed as the expected viral
sequence, showing 99% identity with PMeV hypothetical protein and RdRp genes
(KF214786.1) and 74% identity with Papaya virus Q (PpVQ) (KP165407.1) found in
Ecuador, a newly reported virus infecting C. papaya, which alike PMeV-Mx, is related to
members of the genus Umbravirus. The only symptoms observed in C. lanatus seedlings
were necrotic lesions on the leaf tips and edges. This symptom was not observed in
negative control plants inoculated with healthy latex and PBS. The virus induced necrotic
lesions in all PMeV-inoculated plants between 10 and 12 dpi (Figure 4.2). All C. lanatus
seedlings inoculated with PMeV-Mx died approximately 20-25 dpi.

4.4.2. Viral spread and replication in watermelon

PMeV-Mx was detected three dpi, and C; values decreased in time, indicating increased
viral load. C; values ranged from 37 at three dpi to 25 at 14 dpi. Absolute quantification of
PMeV-Mx RNA revealed virus accumulation and retention in watermelon tissues with
estimated amounts of PMeV-Mx-RNA ranging from 0.510 pg/uL at three dpi to 586.154
pg/uL at 14 dpi (Figure 4.3), suggesting this virus is capable of replicating itself in
watermelon cells and spreading in a systemic fashion.
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Figure 4.2 Symptoms of PMeV-Mx infection in watermelon. (a) Watermelon plant inoculated with
healthy latex (negative control); (b) Necrotic lesions on tips and leaf edges of papaya infected with
PMeV-Mx; (c-d) Necrotic lesions on tips and leaf edges of watermelon plants inoculated with PMeV-

Mx 10 dpi; (e) Watermelon plant inoculated with PMeV at 14 dpi.

600 -

500 A

RNA quantification of PMeV-Mx in pg/uL

0 == . .
3 dpi 7 dpi 14 dpi

I \Watermelon (Citrullus lanatus Thumb.) inoculated with healthy latex
[ Watermelon (Citrullus lanatus Thumb.) PMeV-inoculated

Figure 4.3 TagMan® RT-gPCR of PMeV-Mx in inoculated watermelon seedlings (R2 = 0.997). Note
the increasing in accumulation of PMeV-Mx-RNA (pg/pL) at 3, 7 and 14 dpi.
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4.5. DISCUSSION

During the summer of 2015, an epidemiological study searching for natural reservoirs of
PMeV-Mx collected samples of watermelon plants from orchards located 0.5 Km from
sticky disease papaya fields. RT-PCR analysis confirmed the infection of watermelon
plants with PMeV-Mx in the selected samplings sites. Watermelon is an important summer
crop worldwide and is prone to several viral infections responsible for crop loss, such as
Cucumber mosaic virus (CMV), Zucchini yellow mosaic virus (ZYMV), Watermelon mosaic
virus (WMV), Cucumber green mottle mosaic virus (CGMMV) and Papaya Ringspot virus
watermelon isolate (PRSV-W) (Olarte et al., 2011; Coutts et al., 2015; Liu et al., 2016). It
had been suggested PRSV has emerged in cucurbits in Africa or Asia, and that the
introduction of C. papaya to Asia and its subsequent establishment in India may have
provided a new niche for this viral infection in papaya, deriving PRSV-P (Olarte et al.,
2011). A similar process may have happened with PMeV-Mx and watermelon. Because C.
lanatus is widely distributed in the region sampled in this study, and farmers commonly
combine watermelon crops near papaya fields, airborne vectors may be involved in the
transmission and dissemination of PMeV favoring the transmission of this disease from
one crop to another. All together, these data suggest watermelon is also a host for PMeV-
Mx.

Mechanical inoculation of PMeV-Mx induced necrotic lesions in all inoculated C. lanatus
seedlings. Necrotic lesions have been previously observed in papaya crops in Brazil as an
initial symptom of PSD (Ventura et al., 2004). Necrotic lesions appear on the edges of
young leaves of C. papaya cv. Golden as part of the hypersensitive response (HR)
defense mechanism, whereby cells infected with pathogens, and often surrounding cells,

are instructed to self-destruct by the host plant (Abreu et al., 2015).

PSD is caused by an association between PMeV a dsRNAvirus related to Totiviridae, and
PMeV2, a virus with a sSRNA genome related to the genus Umbravirus which has a high
sequence similarity to PMeV-Mx and to PpVQ (Quito-Avila et al., 2015). All of which
suggests these viruses may be different isolates of a single Umbravirus or closely related

to umbraviruses (Antunes et al., 2016). This study confirmed the presence of PMeV-Mx by
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RT-PCR in all inoculated watermelon seedlings; there is not a general RT-PCR detection
method for PMeV as species because the primers currently used were designed based on
the sequence of a Brazilian variant of PMeV and they do not detect the Mexican variant.
Nonetheless, the watermelon seedlings tested in this study were inoculated with PSD
infected papaya latex, and the presence of both PMeV and PMeV2 was corroborated by
agarose gel electrophoresis. Moreover, umbraviruses are distinguishable from other
viruses by their lack of a capsid protein (CP) gene. Umbraviruses depend on the presence
of a helper virus. In this case, PMeV is the helper virus of PMeV2 (Antunes et al., 2016) or
PMeV-Mx, and the PMeV CP may forms hybrid virus particles when encapsidating the
umbraviral RNA. Encapsidation is indispensable for disease establishment. Specific primer
design for the detection of the Mexican variant of PMeV is in progress. Not surprisingly, it
was demonstrated PMeV-Mx replicates and moves throughout C. lanatus. The
quantification of PMeV-Mx RNA by RT-gPCR in axillary leaves showed a decrease in Cy
values in all inoculated seedlings as days post-inoculation increased, indicating increased

viral loads in the plants over time.

In summary, C. lanatus is an alternative host of PMeV and may act as a reservoir of the
virus, playing a role as a primary source of infection. Further studies will be necessary to
describe the mode of transmission and the specific interactions between watermelon and
PMeV-Mx since there is no insect vector reported to present for this virus; PMeV-Mx is
only known being transmitted by seeds and by some agricultural practices (Ventura et al.,
2003; Tapia-Tussell et al.,, 2015; Abreu et al.,, 2015). This study provides relevant
information demonstrating C. lanatus is an alternative host of PMeV in Mexico, contributing
to our understanding of the epidemiology of this disease. These findings may serve as the
basis for further epidemiological research to study whether PMeV-Mx is transmitted from
watermelon to papaya through airborne vectors, assisting upon control measures to

reduce the spreading this disease in papaya avoiding economic losses.
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CAPITULO 5. DISCUSION Y CONCLUSIONES GENERALES
5.1. DISCUSION

En Brasil y México, la Meleira o enfermedad pegajosa es una de las enfermedades més
importantes del cultivo de papaya. El PMeV, agente causal de esta enfermedad, es capaz
de dispersarse rapidamente, con incidencias de hasta el 100% cuando las fuentes de
indculo no son eliminadas del campo, ocasionando grandes pérdidas en la produccién de
este cultivo (Abreu et al., 2015; Ventura et al., 2004). Algunas practicas agricolas, como la
cosecha de los frutos, pueden ser las responsables de la diseminacién rapida de esta
enfermedad en el campo (Ventura et al., 2004). Ademds, el virus es transmitido
eficientemente a través de semillas infectadas (Tapia-Tussell et al., 2015). Sin embargo,

el conocimiento acerca de su epidemiologia es limitado.

Previamente, los estudios sobre el patron de dispersion de esta enfermedad en el campo
realizados en Brasil y México, sugirieron la participacion de un vector en la transmisién del
PMeV (Abreu et al., 2015; Rodrigues et al., 2009). No obstante, a pesar de los esfuerzos,
aun no se habia encontrado un vector involucrado en la transmision de este virus. Es por
ello que el presente trabajo tuvo como objetivo principal, identificar a los posibles insectos
vectores aéreos involucrados en la transmision del PMeV. Es importante mencionar que
este virus aln no ha sido clasificado por el Comité Internacional de Taxonomia de Virus
(ICTV), por lo que no fue posible sugerir algin género/especie de vector aéreo
involucrado en su transmision, mediante los andlisis de las especies de vectores de otros
virus de plantas taxon6micamente cercanos. Por el contrario, fue necesario un analisis de
la diversidad y abundancia de las especies de insectos presentes en plantaciones de
papaya, para encontrar aquellas especies predominantes que pudieran estar involucradas
en su transmision. Lo anterior permitié establecer que los insectos mas abundantes fueron
los pertenecientes a la familia de las chicharritas (Hemiptera: Cicadellidae). Ademas, el
PMeV fue detectado en seis especies o0 géneros de chicharritas (Draeculacephala soluta
Gibson, Agalliopsis novella Say, Xyphon sp., Hortensia sp., Agallia constricta Van Duzee y
Empoasca papayae Oman). Esta familia posee especies vectoras de al menos 31

especies de virus de plantas, por lo que es considerada como una de las familias con
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mayor participacion en la transmision de virus de plnatas (Ammar et al., 2007; Hogenhout
et al., 2008; Nault, 1997; Nault et al., 1989; Todd et al., 2010).

El PMeV también se detectdé en un género de pulgones (Aphis sp.). Sin embargo, los
pulgones Unicamente se encontraron en alta abundancia durante el mes de febrero del
2015. Previo al presente estudio, se detecto al PMeV en Trialeurodes variabilis
(Aleyrodidae), especie de mosquita blanca con alta abundancia en plantaciones de
papaya en Brasil, sin embargo, esta especie fue incapaz de transmitir experimentalmente
al virus (Rodrigues et al., 2009). En el presente estudio no se encontraron especies de
mosquita blanca en ninguna de las plantaciones de papaya muestreadas. El presente
estudio contribuy6 también al conocimiento sobre las especies de insectos asociadas al
cultivo de papaya en México, las cuales pueden participar en la transmision de diferentes
agentes fitopatdgenos, pues hasta nuestro conocimiento actual, no existen estudios
previos que presenten registros acerca de la diversidad y abundancia de insectos en

plantaciones de papaya en México.

Empoasca papayae Oman (Hemiptera: Cicadellidae) fue la especie de chicharrita méas
abundante en las plantaciones de papaya incluidas en este estudio y mostré el titulo méas
alto de PMeV-Mx entre todas las especies evaluadas, por lo que fue seleccionada para
los experimentos de transmision. De acuerdo con los resultados, E. papayae es capaz de
adquirir al PMeV a partir de plantas de papaya (C. papaya cv. Maradol) infectadas y
transmitirlo a plantas sanas de papaya. El PMeV-Mx fue detectado en el 100% de las
plantas expuestas a insectos adultos viruliferos, 21 dias después de la exposicion. Este
es el primer reporte acerca de la transmisiéon del PMeV-Mx por un vector aéreo, y
representa el inicio de la comprension epidemiolégica acerca de las interacciones

especificas dentro del sistema virus-vector-planta.

Sin embargo, aun falta mucho por esclarecer al respecto. Por ejemplo, la biologia de E.
papayae es muy poco estudiada. Se sabe que esta especie representa un factor limitante
en la produccién de papaya, al producir dafios por alimentacion directa y ser capaz de
transmitir fitopatégenos, como la rickettsia asociada a la sintomatologia del Bunchy top y

fitoplasmas 16Srl-B y 16Srll (Acosta et al., 2017). C. papaya es su Unica especie
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hospedante, por lo que es considerada una especie monofaga, aunque existen otras
especies del género extremadamente polifagas. Por tanto, se requieren estudios que
analicen la gama de hospedantes de esta especie y que evallen diversos pardmetros
ambientales que pudieran afectar su comportamiento, impactando sobre su dinamica
poblacional, asi como sobre la eficiencia en la transmision del PMeV. La comprension de
este sistema permitird la planeacion e implementacion de estrategias adecuadas para el
control de esta enfermedad en campo.

A pesar de que la identificacion de los hospedantes alternativos del PMeV es esencial en
la comprension de la epidemiologia de esta enfermedad, Unicamente existe un estudio al
respecto, el cual evalué la presencia del virus en 47 especies de arvenses presentes en
plantaciones de papaya infectadas con PMeV, y se reportd solo en Brachiaria decumbens
(Poaceae) y C. papaya (Maciel-Zambolim et al., 2003). Para identificar posibles fuentes
primarias de infeccion, en el presente estudio, se muestrearon y evaluaron 38 especies de
arvenses, presentes en areas de cultivo de papaya. La presencia del PMeV-Mx se
comprob6é en 11 especies de arvenses, pertenecientes a las familias Acanthaceae,
Fabaceae y Poaceae. Ademas, la infeccion fue confirmada a través de un ensayo de
inoculacién, en dos de estas especies de arvenses, Panicum hirsutum (Poaceae) y Ruellia
nudiflora (Acanthaceae); en ambas se confirmd la replicacion y el movimiento del virus

dentro de sus tejidos, a pesar de ser hospederos asintomaticos del PMeV-Mx.

Lo anterior significa que el rango de hospedantes de este virus es complejo, pues incluye
especies altamente heterogéneas, pertenecientes a diferentes familias, tanto
monocotiledéneas como dicotileddneas, lo que propicia al virus, mayores oportunidades
de permanecer y asegurar su continuidad. Los nuevos hospedantes alternativos del
PMeV-Mx aqui descritos, son capaces de participar en la epidemiologia de la enfermedad,
como reservorios en los que el virus puede permanecer entre un ciclo productivo de
papaya y otro, lo que significa una fuente de infeccién para cultivos subsecuentes. Por lo
anterior, se sugiere el monitoreo de estas especies y su eliminacion en el campo. Es
importante mencionar que a pesar de se considera a E. papayae como una especie
monofaga, aun se requiere estudiar su gama de hospedantes y determinar si es capaz de

alimentarse de alguna de estas especies de arvenses que son reservorios del virus.
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Ademas, tampoco se descarta la posibilidad de que exista algin otro vector involucrado
en la transmision del PMeV.

La evidencia molecular y experimental de este estudio también demostré que la sandia
(Citrullus lanatus Thunb.) es un hospedante alternativo del PMeV-Mx, dentro del cual, el
virus fue capaz de replicarse, y aumento su titulo en los dias posteriores a la inoculacion.
Ademas, el PMeV-Mx es capaz de moverse hacia otros tejidos de la planta, diferentes al
sitio de inoculacién, pues la infeccion se confirm6 en las hojas axilares de las plantas
inoculadas, a partir de los siete dias posteriores a la inoculacion. Finalmente, todas las
plantas inoculadas mostraron lesiones necréticas en los bordes de las hojas a los 10-12
dias posteriores a la inoculacion, sintoma que habia sido descrito previamente en C.
papaya cv. Golden., como parte del mecanismo de defensa de respuesta hipersensible
(Abreu et al., 2015).

Por lo anterior, la sandia puede actuar como un reservorio del virus, e incluso participar
como una fuente primaria de infeccion. Lo anterior es de gran importancia porque México
es el segundo exportador de este cultivo y las plantaciones de sandia, por lo menos en el
sureste del pais, suelen localizarse muy cerca de las plantaciones de papaya; incluso
puede encontrarse a ambos cultivos dentro de una misma huerta, con la finalidad de
reducir costos y aprovechar los recursos de una mejor manera. En un principio, esta
practica pudo favorecer la transmision y diseminacién del PMeV entre estas especies, tal
vez mediante la existencia de un posible vector aéreo del PMeV y mediante un proceso
similar al que ocurrid con el Papaya ringspot virus (PRSV), el cual se transmiti6 de
cucurbithdceas hacia papaya, de donde se generd el PRSV-P (Olarte et al., al. 2011). Sin

embargo, aun falta esclarecer la epidemiologia de este patosistema.

En la actualidad, la mejor estrategia para controlar la enfermedad es la eliminacién de las
plantas infectadas. La comprension de los factores en la epidemiologia de esta
enfermedad es muy importante, ya que permitira la propuesta de nuevas estrategias de

control en campo enfocadas en los insectos vectores y los hospedantes alternos.
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CONCLUSIONES GENERALES

La familia Cicadellidae (Hemiptera) fue la més diversa y abundante entre todas las
familias de insectos colectados en plantaciones de papaya cv. Maradol en la regién

sur-sureste de México.

Empoasca papayae Oman (Hemiptera: Cicadelliade) fue la especie mas abundante y
con el titulo de PMeV-Mx mas alto, entre los siete géneros/especies de la familia
Cicadellidae que resultaron portadores del PMeV-Mx.

El PMeV-Mx fue detectado y cuantificado en el 100% de las plantas de C. papaya cv.
Maradol expuestas a insectos viruliferos de E. papayae, 14 dias posteriores a la
inoculacion, por lo que se concluye que este insecto es un vector aéreo del PMeV-Mx.

Las plantas de papaya mostraron sintomas de la enfermedad pegajosa, cinco meses

después de la exposicion a insectos viruliferos dcie E. papayae.

De las 38 especies de arvenses que se colectaron e identificaron en las plantaciones
de papaya cv. Maradol, 11 especies resultaron positivas al PMeV-Mx por RT-PCR y

pertenecen a las familias Poaceae, Acanthaceae y Fabaceae.

El ensayo de inoculacion confirmd la presencia del PMeV-Mx en las arvenses
Panicum hirsutum (Poaceae) y Ruellia nudiflora (Acanthacea), 21 dias posteriores a la
inoculacién, lo cual confirmd que estas especies son hospedantes alternativos del

virus.

Sandia (Citrullus lanatus Thunb.) es un hospedero alternativo de PMeV-Mx, pues este
virus fue detectado en las hojas axilares de esta especie, siete dias posteriores a la

inoculacion.
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5.3. PERSPECTIVAS

La biologia de Empoasca papayae, vector del PMeV, E. papayae, no esta bien
documentada, por lo que se requieren estudios que evallen las asociaciones entre esta
especie de chicharrita y sus posibles plantas hospedantes, sus preferencias alimentarias y
su dindmica poblacional. Es necesario comprender como diferentes parametros
ambientales (temperatura, precipitaciones, presion atmosférica, intensidad luminica,
duracion del dia, humedad relativa, viento), pueden determinar el comportamiento de este
vector y, en consecuencia, la eficiencia en la transmision del PMeV, su rapida dispersion y
su incidencia en el campo. Ademas, es indispensable esclarecer las interacciones
moleculares especificas entre el PMeV y E. papayae, lo cual permitira determinar el tipo
de transmisiébn de este virus y su persistencia dentro del vector. Este conocimiento
permitird implementar estrategias de manejo fitosanitario y determinar, por ejemplo,
cuales son aquellas especies de arvenses hospedantes del vector, que deben eliminarse
del campo, cuando aplicar insecticidas, cuales son los enemigos naturales del vector y

cémo pueden ser utilizados, entre otros enfoques.

El presente estudio proporciona informacion relevante acerca del rango de hospederos
del PMeV, incluyendo sandia, la cual demuestra que esta especie, de gran importancia
econdmica, es un hospedero alternativo del PMeV. Estos hallazgos pueden servir como
base para investigaciones epidemiolédgicas adicionales, que permitan conocer si el PMeV-
Mx se transmite desde el cultivo de sandia al cultivo de papaya a través de algun vector
aéreo. Ademas, es necesario realizar mas estudios que describan las interacciones
especificas entre sandia y PMeV, donde se identifiguen las moléculas que participan en el
proceso de infeccién en este hospedante, las cuales incluyan la replicaciéon y la movilidad

del virus.

Actualmente, no existe un método de deteccion general para el PMeV por RT-PCR, ya
que los iniciadores fueron disefiados con base en la secuencia de la variante brasilefia y
no detectan a la variante mexicana. Por lo que es necesario determinar la secuencia
completa de la variante mexicana del PMeV, lo cual permita el desarrollo de un método de

deteccion general para este virus.
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