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RESUMEN

El 2010 se inici6 en la Region del Biobio Chile, un intenso programa de
control de S. noctilio mediante el nematodo esterilizante de hembras,
Deladenus siricidicola, Una cepa “no esterilizante (NE)” de D. siricidicola,
fue reportada en Europa, Japon, Nueva Zelanda y América del Norte. Entre
el 2012 a 2017 se realizo en la region del Biobio el presente estudio, que tuvo
como objetivo evaluar el parasitismo de D. siricidicola, estimar su efecto
sobre la poblacién y nivel de ataque de la plaga, y explorar la presencia de
las cepas Kamona y “NE” del nematodo. El parasitismo fue determinado por
diseccidn de hembras emergidas desde trozas de P. radiata; la poblacion fue
estimada a partir de la emergencia de individuos desde esas trozas, el nivel
de dafio mediante parcelas establecidas en rodales de P. radiata (1/5ha?l)y
la determinacion de cepas Kamona y “NE”, se realizo mediante PCR-RFLP,
utilizando, Acil, Rsal y BsrGl. En el periodo de estudio, el parasitismo de D.
siricidicola aumentd desde 29,6% hasta 93,1%, la poblacion de la plaga
disminuyo en 3,4% y el nivel de ataque increment6 de 0,3 a 11,0% (2015) y
el 2017 disminuyd a 5,9% de arboles afectados. Se determind la cepa kamona
en el 100% de hembras de Sirex parasitadas y se detectd por primera vez en

Chile la cepa de D. siricidicola “NE” parasitando a niveles de 30%.
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ABSTRACT

In 2010 year, winth the Biobio Region of Chile, an program of control of S.
noctilio was initiated with the sterilizing nematode of females, Deladenus
siricidicola, A “non-sterilizing (NS)” strain of D. siricidicola was reported
in Europe, Japan, New Zealand and North America. Between 2012 and 2017,
the present study was carried out in the Biobio, which was aimed to evaluate
the parasitism of D. siricidicola, estimate its effect on both population and
attack level of the pest, and explore the presence of Kamona and “NS” strains
of the nematode. The parasitism was determined through the dissection of
females emerged from P. radiata logs. The wasp population was estimated
from the emergence of individuals from those same logs, the damage level
through by plots established in stands of P. radiata (1/5 ha? ) and the
determination of Kamona and NS was performed through PCR-RFLP, using
Acil, Rsal and BsrGl. In the study period, the parasitism of D. siricidicola
increased from 29.6% to 93.1%, the population of the pest decreased in 3.4%
and the attack level increased from 0.3% to 11.0% (2015) and then decreased
to 5.9% of the affected trees in 2017. The Kamona strain was determined in
100% of the parasitized Sire females, and the “NS” strain of D. siricidicola

were detected for the first time in Chile, parasitizing at levels of 30%
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CAPITULO I. INTRODUCCION GENERAL.

La avispa, Sirex noctilio Fabricius, (Hymenoptera Siricidae), originaria de
Eurasia es una de las mas invasivas taladra la madera de arboles en pie,
pertenecientes principalmente al género Pinus y ocasionalmente a especies
de Pseudotsuga, Abies, Larix y Picea (Bain, 2005); siendo Pinus radiata D.

Don la especie més susceptible (Aguilar y Lanfranco, 1988).

El ataque de esta avispa, se inicia cuando la hembra adulta taladra con su
aparato ovipositor aserrado, a traves de la corteza, el fuste de arboles vivos
susceptibles y deposita sus huevos en la madera, junto a ello inyecta un
mucus fitotdxico y artrosporas de un hongo bacidiomicete simbionte llamado
Amylostereum areolatum (Chaillet ex Fries) Boidin (Taylor, 1981; Newmann
et al, 1987; Bain, 2005). El mucus mata los tejidos de la albura y la deja
disponible para el crecimiento del basidiomicete (Bain, 2005), el que
ocasiona pudricion blanca (Newman et al., 1987); en tanto que las larvas de
S. noctilio emergidas a partir de los huevos, construyen galerias en la madera
del tronco infestado y obtienen su alimento desde las hifas del hongo
(Newmann et al, 1987; Bain, 2005). La accion combinada del mucus y hongo,

dafan el sistema vascular, ocasionando la muerte de los arboles infestados



(Talbot, 1977; Kroll et al, 2013), en tanto que las galerias construidas por las
larvas y la pudricién asociada, degradan la calidad de la madera (Taylor,

1981; Newmann et al., 1987; Bain, 2005).

La avispa de la madera Sirex noctilio Fabricius (Hymenoptera: Siricidae),
originaria de Eurasia (Talbot, 1977) y su presencia fuera de su origen ha sido
reportada en Nueva Zelanda (1900), Australia (1952), Uruguay (1980),
Argentina (1985), Brasil (1988), Sud Africa (1994), Chile (2001), Estados
Unidos de América (2004), Canada (2005) y China (2013) (Bain, 2005;

Bedding, 2009; Hoebeke et al., 2005; De Groot et al., 2006; Li et al., 2015).

origen dispgFsion

Figura 1.1. Distribubion de Sirex noctilio en el mundo (Bedding, 2009; Yu

et al, 2009).



La avispa de la madera es considerada una de las plagas de mayor relevancia
econdmica en los paises del hemisferio sur, en los que se ha dispersado en
ausencia de enemigos naturales nativos (Williams & Hajek, 2017,
habiéndose reportado perdidas economicas de relevancia, (Bain, 2005;
Hurley et al.,, 2007; Bedding, 2009), llegando incluso a causar mortalidad de
hasta un 80% de los arboles en las zonas mas afectadas (Bedding, 2009). En
Ameérica del norte se ha estimado que la plaga representa alto riesgo para las
especies de Pinus, tanto introducidas como nativas (Yemshanov et al., 2009).
En tanto que, en su distribucion natural, la plaga no representa riesgo, ni
econdmico, ni ecoldgico (Yu et. al, 2009), probablemente por la presencia de
sus enemigos naturales.

1.1.- Sirex noctilio, morfologia, ciclo de vida.

Las avispas son grandes de cuerpo cilindrico y robusto (Ruiz, 2006). La
hembra adulta de S. noctilio, mide el cuerpo es de 25 mm a 40 mm de largo,
es de color azul oscuro metalico, excepto las alas y las patas que son ambar,
sus antenas antenas tienen 21 segmentos y posee una vaina que protege el
aparato ovipositor que se proyecta de 2 a 3 mm mas alla del abdomen
(Newman & Minko, 1981). En la base del ovopositor se ubican micangios

que contienen las esporas del hongo simbionte asociado, Cerca de los cuales
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se encuentran un par de glandulas productoras del mucus fitotoxico (Aguilar
y Lanfranco, 1988; Ruiz, 2006). EI macho adulto es azul oscuro metélico,
excepto en los segmentos abdominales de tres a siete, las patas delanteras y
medias son de color marron anaranjado, mientras que las patas traseras son
gruesas y negras, las alas son de color ambar y mide de entre 9,3 a 35 mm de
largo. Las antenas tienen 20 segmentos y son 6.8 mm de largo. Una
prominente espina esta presente en el tltimo segmento abdominal de ambos

sexos (Newmann & Minko, 1981).

Los huevos son blancos, suaves, lisos, alargados y tienen una longitud de
1,55 mm y una anchura de 0,28 mm (Newmann y Minko, 1981). Las larvas
son de color blanco cremoso, profundamente segmentadas, con una cabeza
bien desarrollada dotada de fuertes mandibulas oscuras y dentadas; y
presentan, 3 pares de patas toraxicas cortas, rudimentarias y una prominente
espina supraanal esclerosada en el extremo del abdomen (Newman y Minko,
1981; Ruiz, 2006). Las pupas son de color blanco cremoso y gradualmente
adquieren el color de los adultos (Neumann & Minko, 1981; Ruiz, 2006).

Normalmente el ciclo bioldgico de S. noctilio se completa en el transcurso de
un ano, pero se ha reportado en Australia y en Nueva Zelanda, que el ciclo
en algunos individuos puede durar s6lo 2 o 3 meses, especialmente cuando
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el ataque se concentra en arboles de didmetro pequefio y las condiciones
climaticas le son favorables; este ciclo corto se presenta entre verano y
mediados de otofio, cuando existe alto déficit hidrico (Aguilar & Lanfranco,
1988, Ruiz, 2006).

La emergencia de los adultos en el hemisferio sur va desde octubre hasta
mayo, alcanzando generalmente las maximas poblacionales a mediados del
verano (Ruiz, 2006). Poisson et al., (2016), dererminaron para la region del
Biobio Chile un periodo de vuelo comprendido entre diciembre a abril, que
con el porcentaje més alto de emergencia, correspondiente a un 75,7%
durante el mes de enero. Las hembras depositan sus huevos en forma aislada
o0 de a pares, los que son incubados en la madera por un periodo de 9 a 14
dias, siendo factible encontrar esta fase, en el hemisferio sur, entre mediados
de diciembre y hasta comienzos de abril; pudiendo en condiciones
desfavorables para la eclosion de las larvas permanecer en dormancia varios
meses (Aguilar y Lanfranco, 1988). Los adultos no se alimentan y solo
dependen de las reservas energéticas acumuladas en su fase larvaria, llegando
a vivir un periodo de 5 dias en el caso de hembras y 12 dias en el caso de
machos (Aguilar y Lanfranco, 1988). Segin Ruiz (2006) en base a

descripcion de Morgan (1968), la larva emergida se alimenta de A. aerolatum



y su periodo de desarrollo dura alrededor de un afio, durante el cual aumenta
de tamafio sin cambiar de forma, pasando por 6 a 7 estadios larvales, el mayor
de los cuales alcanza 3 cm de largo. La larva se desarrolla construyendo
galerias hacia el duramen, para luego dirigirse nuevamente a la parte mas
cercanaa la cortezay pupar, permaneciendo en ese estado entre 3y 5 semanas
(lede et al., 1993 en Ruiz, 2006).

1.2.-Sirex noctilio Fabricius: sintomas, signos y susceptibilidad de

hospederos.

Los sintomas del ataque de S. noctilio, corresponden a una clorosis
progresiva del follaje, que finalmente toma un color café rojizo, para luego
desprenderse, siendo mas evidente en primavera-verano y adicionalmente se
observa en la parte alta de la copa marchitamiento foliar repentino. En el fuste
de arboles atacados, como indicador de ovoposicion, se observa bolsas o
escurrimientos de resina y bajo la resina en el punto de oviposicion se aprecia
una mancha oscura que corresponde al hongo. Adicionalmente, en la corteza,
se observan orificios de emergencia de adultos de 3 a 7 mm de diametro

(Newmann et al., 1987; Aguilar y Lanfranco, 1988).



Figura 1.2. A: arbol P. radiata marchito, atacado por S. noctilio; B:necrosis
subcortical causada por ovoposicion de Sirex; C: mancha café en madera
causada por A. aerolatum; D:Fuste con resinacion producto ovipostura; E:

fuste con orificios de emergencia de S. noctilio.



El dafio de S. noctilo, se asocia preferentemente a arboles que presentan algun
nivel de deterioro en su condicion fisioldgica debido a la accion de diversos
factores limitantes de su desarrollo normal, sean de origen bidtico o abiotico;
como, dafos por otras plagas, o ataques recurrente del mismo S. noctilio,
sequia, excesiva competencia, etc. (Newmann et al., 1987; Aguilar y
Lanfranco, 1988). Los arboles en este estado de estrés fisioldgico, se
encontrarian en una “fase de predisposicion”, atraerian a la avispa y su
ovipostura (Newmann et al., 1987; Aguilar y Lanfranco 1988) y la duracion
de esta fase dependeria de la severidad y persistencia del estrés fisioldgico.
Asi por ejemplo, Madden (1971), demostrd0 que arboles intensamente
podados adquiririan susceptibilidad después de 9 a 12 dias y que
permanecerian en esa condicién por muchos meses (Neumann et al, 1987).
Los arboles estresados en estado de “predisposicidon” estarian caracterizados
por; bajo rango de division celular en el fuste, pero altos niveles de
transpiracion y respiracion; alto nivel de tension de agua en el sistema
vascular asociado a baja turgencia celular y baja presion de resina; floema
del tallo con bajo nivel nutricional, deshidratado y con baja presion osmética
de resina y sobre-permeabilidad de la de la corteza con altos rangos de

emision de atrayentes volatiles de pino. (Newmann et al., 1981).



Adicionalmente, Taylor (1981), al respecto indica que en el tallo de arboles
bajo estrés, el rango de actividad respiratoria del floema incrementa, hasta
que ocurre una declinacion de la presion osmdtica en la zona de maxima
actividad respiratoria, la que corresponderia a la seccion fustal que es la
primera y mas intensamente a atacada por S. noctilio, disminuyendo el
contenido de humedad significativamente en la seccion media fustal de
arboles atacados por S. noctilio, donde ademéas se concentra el mayor

porcentaje de larvas del insecto en toda la seccion fustal.

Aun cuando, los arboles mas vigorosos tienen reservas fisicas y quimicas que
le permiten resistir o tolerar mejor el ataque (Taylor, 1981); en condiciones
de altos niveles poblacionales, también pueden ser dafiados (Aguilar y
Lanfranco, 1988). En general, los mecanismos de resistencia por el cual
actlan estos arboles vigorosos, corresponden a, i) inundacién con resina de
los orificios de ovipostura lo que produce mortalidad de huevos y larvas y
por aislamiento del hongo simbionte a través de una barrera quimica de
polifenoles (Coutts y Dolezal, 1969; citado por Taylor 1981). La resina,
segun lo demostraran, Kile y Turnbull (1974), tendria un efecto inhibitorio o
toxico sobre Amylostereum aerolatum (Taylor, 1981). Adicionalmente, debe

considerarse que la hembra de S. noctilio, en ocasiones inyecta en el fuste de
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arboles sanos, sélo el mucus fitotoxico y el basidiomicete simbionte, con el
propésito de preparar a su huésped para futuras colonizaciones (Hurley et al.,

2007).

1.3.-Manejo de la plaga S. noctilio: Control silvicultural y Control
biologico.

Para un control eficiente de S. noctilio, se debe integrar medidas con bases
en la silvicultura a modo de mejorar el vigor de las plantaciones,

complementando con el uso de controladores biologicos (Baldini et al.,

2005).

El dafio de S. noctilio no ocurre masivamente en un rodal, afecta y dafa
mayormente a aquellos que tienen menor vigor, debido a diversos factores
limitantes de su desarrollo normal; sequia, dafios de otras plagas, y ataque
recurrente de la misma plaga en cuestion, excesiva competencia, etc. (Aguilar
y Lanfranco, 1988); de ahi que la silvicultura, en tanto permita un desarrollo
adecuado del cultivo, sea muy eficaz en mitigar los dafios de la plaga.
Algunos tratamientos silvicolas, pueden incrementar el vigor de los arboles,
lo que aumentara su resistencia al ataque de S. noctilio, como el raleo por

ejemplo, que disminuye competencia y elimina arboles dafiados, reduciendo
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con ello el ataque de la avispa sobre arboles selectos-remanentes (Coutts,
1965); el establecimiento de plantaciones en sitios adecuados, evitando
aquellos de baja fertilidad o que dificulten el manejo (Newmann et al., 1987),
evitar podas en periodos de vuelo del insecto, ya que arboles podados son

susceptibles al ataque por muchos meses (Madden,1971).

Un novedoso metodo de control mecanico de la plaga, fue planteado
recientemente por Poisson et al., (2016), que consiste en el establecimiento
de mega trampas cebo de un cuarto de hectarea, en que se atrae la ovipostura
de la plaga mediante el debilitando de sus arboles por medio del uso de
herbicida. En su estudio Poisson et al., (2016), demostré que parcelas
establecidas en Chile, resultaron efectivas, particularmente las que fueron
instaladas en noviembre logrando capturar 5,4 veces mas individuos que la
parcela control. Los arboles deben ser eliminados antes del préximo periodo
de vuelo de la avispa para evitar su dispersion en el bosque.

El control biolégico en los paises en que la plaga ha sido detectada, ha
considerado el uso del complejo de especies, integrado por insectos del Orden
Hymenoptera: Rhyssa persuasoria, Ibalia leucospoides, Megarhyssa nortoni
(Cresson) y el nematodo de la familia Neotylenchidae Deladenus
siricidicola; especies que segun Lanfranco et al., (1990), actGan en diferentes

11



etapas de la historia de vida de S. noctilio y que tanto en Australia como en
Nueva Zelandia, son responsables en conjunto de alcanzar un 90% de control

de la plaga.

De acuerdo a la descripcion de los modos de accion de las especies de
Hymenopteros, realizada por Lanfranco et al., (1990): Ibalia leucospoides
(Hockenwarch) (Hymenoptera-lbaliidae), es un parasitoide de huevos a
punto de eclosionar y de larvas de primer y segundo estadio. Las hembras
ovipositan, sélo un huevo en el hospedero, por el mismo de orificio dejado
por la hembra de S. noctilio. Es endoparasito inicialmente, pero en su tercer
estadio se alimenta externamente de la larva de la avispa, emergen en verano
y una fraccién en otofio; Rhyssa persuasoria (Linanaeus.) (Hymenoptera-
Ichneumonidae) y Megarhyssa nortoni (Cresson), son especies que atacan
estadios mas avanzados de S. noctilio, cuando las larvas en sus galerias se
sitian mas hacia el interior del fuste, para ello estan provistas de un largo
ovipositor, siendo mas largo en Megarhyssa, por lo que no compiten por su
alimento. Ambas especies, primero paralizan a la larva de S. noctilio
inyectando un veneno, luego oviponen sobre ellas y sus larvas comen
externamente (ectoparasitoides) y luego pueden pupar en el mismo lugar; una
parte de la poblacion pupa rapidamente y emerge en el verano o bien las

12



larvas pueden entrar en diapausa, pupar a la primavera siguiente y emerger

en el verano respectivo.

Bedding (2009), sefiala que mientras varios de los insectos parasitoides han
sido introducidos en el hemisferio sur, con la excepcion de Ibalia
leucospoides han tenido un limitado efecto. El nematodo es intensamente
dependiente de la densidad y puede alcanzar niveles de parasitismo de 100%
y es reconocido como el principal agente controlador en el hemisferio sur

(Bedding, 2009).

1.4.-Deladenus siricidicola Bedding.

El nematodo Deladenus siricidicola fue descubierto en Nueva Zelandia en
1962 por Zondang, infectando huevos, larvas, pupas y adultos, machos y
hembras de S. noctilio (Zondang, 1962) y posteriormente fue descrito por
Bedding en 1968 (Bedding, 2009). Ha sido ampliamente usado como agente
de control bioldgico clasico, siendo introducido y establecido en, Australia,
Nueva Zelandia, Brasil, Uruguay, Argentina, Chile y Sud Africa (Bain,
2005; (Bedding, 2009) y mas recientemente en Estados Unidos de

Norteamérica (Williams & Hajek, 2017).
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Deladenus siricidicola, presenta dos estrategias de desarrollo, cada uno con
hembras adultas dimérficas entre si; uno es de vida libre en el que el
nematodo se alimenta del simbionte asociado con Sirex noctilio,
Amylostereum areolatum (Fr.) Boidin, y el otro parasitico, en el que hembras
infectivas ya fecundadas, penetran a la cavidad del cuerpo de la larva de S.
noctilio y alli crecen, mudan y luego lanzan juveniles al liquido hemocélico,
los que a su vez migran a los 6rganos reproductores de S. noctilio cuando este
ha alcanzado el estado de pupa (Lanfranco y Aguilar, 1990). En las hembras
adultas de S. noctilio los nematodos invaden ovarios, oviductos y huevos,
provocando su esterilidad y afectando la viabilidad de los huevos (Lanfranco
y Aguilar, 1990). En los machos adultos el parasitismo de D. siricidicola, les
produce una hipertrofia testicular, pero no los esteriliza; en estos, los
espermatozoides pasan desde los testiculos a las vesiculas seminales antes
que los nematodos juveniles invadan los testiculos y los nematodos no
juveniles no pueden pasar a traves de los conductos deferentes en las
vesiculas seminales; en consecuencia, estos machos no transmiten los
nematodos durante la cépula y sus espermatozoides son absolutamente
normales y viables; (Lanfranco y Aguilar, 1990; Bedding, 2009) truncando

con esto la vida de los nematodos. El nivel de esterilidad de la hembra de
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Sirex parasitadas por el nematodo, podria depender de la sincronizacién entre
la liberacion de los nematodos juveniles en la homocele y el desarrollo del
huevo del insecto, si estos son liberados cuando el huevo est4 en avanzado
estado de desarrollado los neméatodos no pueden penetrar (Bedding, 1972;

Williams & Hajek, 2017).

Es entonces, solo a través de las hembras de Sirex que Deladenus asegura su
continuidad y dispersion (Lanfranco y Aguilar, 1990). Las hembras de S.
noctilio parasitadas emergen desde arboles infestados y dispersan los
nematodos (Bediding, 2009), ovipositan normalmente, introduciendo en los
arboles A. aerolatum y sus huevos estériles, cada uno de los cuales contiene
sobre 200 nematodos juveniles que migran a la madera, se alimentan del
hongo, se transforman en adultos, manteniéndose en su estado de
micetofagos (vida libre), y oviponen en las traqueidas cercanas a los orificios
de ovipostura de Sirex; alli, en la vecindad de larvas saludables, los nuevos
nematodos juveniles pueden desarrollarse en hembras adultas infectivas, las
que se aparean y penetran larvas del insecto originados a partir de huevos
fertiles iniciando un nuevo ciclo parasitico (Taylor, 1981). De esta manera la
dispersion del nematodo depende de la ovipostura de individuos sanos sobre

el arbol previamente atacado por una hembra de la avispa infectada,
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(Williams & Hajek, 2017), por lo que la dispersion del nematodo seria denso

dependiente de la poblacion de la avispa (Bedding, 2009).

Otros efectos de la infeccion de D. siricidicola sobre S. noctilio, fueron
descritos por, Bedding y Akhurts (1974), quienes reportaron que la
competencia temprana por alimento fungoso entre la larva de S. noctilio y
nematodos, probablemente resulte en disminucion de tamarfio de los adultos
del siricido. Adicionalmente, cuando la densidad de nematodos en la madera
es alta, algunas larvas de siricidos pueden morir de hambre, habiendose
reportado en Tasmania mortalidad de larvas antes de que alcanzaran su tercer
instar, en arboles que contenian nematodos (Taylor, 1981), en esta linea,
Zongad (1962), sefiala que, en algunos casos los nematodos pueden matar a
su hospedero prematuramente, observandose en arboles infectados,
mortalidad de larvas y pupas en la madera, que aparecian como sacos de
liquido negro, en cuyo interior contenian varios estados intermedios de

nematodos.

Deladenus siricidicola, es la especie clave para el control de S. noctilio y
algunas evaluaciones indican que pueden controlar mas del 90% de las
poblaciones de la plaga (Bedding, 2009); ha sido ampliamente usado como

agente de control bioldgico clésico, principalmente en el hemisferio sur;
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aungue los nematodos pueden ser trasladados entre bosques o plantaciones,
por las hembras de S. noctilio parasitadas, puede ser que esto ocurra
demasiado tarde para prevenir serias irrupciones, por lo que deben ser
introducidos en nuevas areas artificialmente, tan pronto como Sirex sea
detectado; para ello el nematodo puede ser cultivado y masificado en su
estado de vida libre o micetofago sobre A. aerolatum en condiciones de
laboratorio y luego inoculado artificialmente en arboles atacados por S.
noctilio, hasta que se constate su establecimiento. (Lanfranco y Aguilar,

1990; Bedding, 2009).

La seleccién de D. siricidicola y su procedimiento de uso en programas de
control bioldgico, fue desarrollado en Australia por Congress of Scientific
and Industrial Research Organization (CSIRO) durante la década 1960-1970
(Bedding, 2009). En este programa se realizaron colectas de varias especies
de Sirex que afectaban a coniferas en Europa, Estados Unidos de América,
Canada, India, Pakistan, Turkia, Marruecos y Japon, aislandose a partir de
ellas, a lo menos siete especies de Deladenus (Bedding y Akhurst, 1974), de
las que se seleccion6 D. siricidicola - procedencia Sopron, por su capacidad
de esterilizacion de hembras, altos niveles de parasitismo, y minimo impacto

sobre el tamafio de adultos de S. noctilio (Bedding 2009). En Australia, D.

17



siricidicola - Sopron, fue masificado en laboratorio a partir de su estado de
vida libre y se utiliz6 exitosamente en el control de S. noctilio. Sin embargo,
el prolongado tiempo de cultivo in vitro del nematodo (20 afios), usando sélo
el ciclo micetofago, ocasiond la seleccion de una cepa mermada en su
capacidad de control (Bedding, 2009). Para subsanar este problema, en 1991
se re-aisld la cepa original desde la localidad Kamona en Tasmania, donde
originalmente fue liberada la cepa Sopron en la década del 70, siendo
denominada actualmente como D. siricidicola — Kamona usada
ampliamente en el control de esta plaga (Bedding, 2009; Williams & Hajek,
2017). La procedencia Sopron de D. siricidicola, fue introducido a Brasil
desde Australia en 1989 y luego en 1995, fue reemplazada y reintroducida la
cepa Kamona, por lo que en Brasil y quizas otros paises de la region, podria
existir una poblacién residual de la raza “defectuosa australiana” de D.
siricidicola (Bedding 2009). Hurley et al., (2007), sefialan que en 1995
nematodos aislados de individuos de S. noctilio fueron enviados a Argentina
y afios mas tarde, cultivos de este neméatodo de la cepa Kamona fueron
transferidos desde Brasil a Uruguay y Chile.

Adicionalmente a la anomalia en pérdida de habilidad parasitica de D.

siricidicola, en la década del 70 en Nueva Zelandia fue detectada la existencia
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de una cepa de D. siricidicola “No Esterilizante (NE)” (Zondag, 1975), luego
también fue descrita en Europa, Japén (Bedding & Akhurts, 1978), Canada
y Estados Unidos (Yu et al., 2009; Williams et al., 2009). La cepa no NE de
D. siricidicola permanece asociada a los ovarios femeninos de S. noctilio,
pero no penetra a los huevos (Yu et al., 2009; Williams et al., 2009; Kroll et

al., 2013), por lo que la hembra permanece fértil.

La inoculacion artificial de D. siricidola, se realiza, mediante la aplicacion
de nematodos concentrados, suspendidos, en un gel sobre arboles cortados o
trozas, a razon de 4 a 5 inyecciones de 1 ml gel con 2.500 nematodos, por
cada metro de longitud de la troza (Lanfranco y Aguilar, 1990). ElI medio
para la suspension de nematodos, puede ser gel de polyacrylamide (Australia,
Sudaéfrica) o gelatina (SudAmeérica) (Bedding, 2009) ver si va aqui 0 en otro

lugar.

Los resultados de establecimiento del nematodo han sido variables (Hurley
et al., 2007). En Australia, en la zona de Victoria, se reportd parasitismo
cercano a 100%; en Brasil (Encruzilhado do Sul) de 90% (Bedding, 2009) y
en Sudafrica (Cape town) de 96% (Tribe & Cillie, 2004), despues de dos,
cuatro y tres afios de haber realizado la inoculacion, respectivamente. Entre

los casos de resultados insatisfactorios, se cuenta entre otros, el de Sudafrica
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(Eastern Cape y KwaZulu-Natal), donde después de haber inoculado D.
siricidicola dos afios consecutivos (2004-2005), se alcanzo parasitismo de

entre 5 a 10% (Hurley et al., 2007).

El parasitismo de D. siricidicola y su capacidad de esterilizacion de huevos
de Sirex, se ven afectados ademas de por las condiciones inherentes al
nematodo, como pérdida de habilidad parasitica y esterilizante, anteriormente
descritos; por otras condiciones del medio, como el contenido de humedad
de la madera que aungue se desconoce el mecanismo a traveés del cual actia,
se considera que podria afectar directamente la supervivencia y movilidad
del nematodo en la madera; alternativamente, podria afectar el
establecimiento del hongo simbiodtico A. areolatum en que le sirve de
alimento a D. siricidicola en su forma de vida libre, lo que seria consistente
con Taylor (1981), quien sefialo que el crecimiento de A. areolatum se ve
impedido por un exceso 0 escasez de agua (Hurley et al., 2008). Zondag
(1969) anade que habria mas nematodos presentes en la madera himeda

(Hurley et al., 2008).

El insecto Ips grandicollis (Eichhoff) (Coleoptera: Curculionidae), también
ha sido reportado afectando el parasitismo de D. siricidicola al atacar a

arboles trampa e introducir al hongo de la madera Ophiostoma ips (Rumbold)

20



Nannfelt (Ophiostomatales: Ophiostomataceae), el que interactia
compitiendo con A. aerolatum lo que puede inhibir la migracion del
nematodo dentro del arbol (Yousuf et al., 2018). Ophiostoma ips, segun lo
sefialan Yousuf et al., (2014) crece mas rapido que A. areolatum en medios
artificiales y en madera; en cultivo cuando ambos hongos se inocularon
simultaneamente, O. ips colonizO mas sustrato que A. areolatum v,
posteriormente, impidio que A. areolatum colonizara el espacio; en todo caso
a pesar de las diferencias en el crecimiento radial, A. areolatum mostro
fuertes capacidades de defensa y nunca fue reemplazado por O. ips En el
estudio de Yousuf et al., (2014), se determino gque no habia galerias de larvas
en laregion que O. ips infectaba la madera; sin embargo, las galerias de larvas
estaban presentes en la region colonizada por A. areolatum, lo que sugiere
que S. noctilio parece estar confinado a la madera libre de O. ips, sefialandose
a partir de estos resultados que la presencia de O. ips se correlaciona con la
ausencia de galerias larvales. La falta de galerias de larvas en la regién de O.
ips podria deberse a la posibilidad de que los huevos de S. noctilio no se
incuben en presencia de O. ips o que las larvas mueran de hambre debido a

la falta de disponibilidad de alimentos (Yousuf et al., 2014).
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1.5. Sirex noctilio, deteccion en Chile.

En Chile, S. noctilio fue detectado en enero del afio 2001 en la region de
Valparaiso, en un area que no contenia plantaciones comerciales de Pinus
radiata, siendo erradiacada (Ciesla, 2003). Posteriormente, el mismo afo, la
plaga fue detectada en la region de Los Lagos, desde donde se distribuyé a
otras partes del pais (Poisson et al., 2016), afectando en la actualidad a una
superficie aproximada de 1.400.000 ha de Pinus radiata, ubicadas entre las
Regiones de Valparaiso (33°24'44" S, 70°37'12" W) y Aysén (47°0423" S,
71°57'46" W) (SAG, 2012, 2017).

En la Region del Biobio, S. noctilio fue detectada el afio 2009, iniciandose el
afio 2010 un intenso programa de control bioldgico mediante D. siricidicola
procedencia Encruziliada do Sul. (Beeche et al., 2012), inoculandose con el
nematodo en el area de estudio a lo menos 76.000 arboles naturalmente

atacados por la plaga, durante los afios 2010 a 2016.

Conocida la relevancia econdmica de la plaga, el alto costo y la expectativa
cifrada en el programa de control biologico con D. siricidicola se plantea el
presente estudio, tendiente a evaluar el parasitismo del nematodo, posibles
anomalias y su efecto en la poblacion y nivel de ataque de plaga en la Region

del Biobio, entre los afios 2012 a 2017.
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1.6.-HIPOTESIS.

El nematodo Deladenus siricidicola usado en el control de Sirex noctilio
conserva su capacidad esterilizante, alcanzando en la region del Biobio
niveles de parasitismo sobre 90% después de tres afios de su aplicacién,

afectando la poblacion de la plaga y con ello su nivel de ataque.

1.7.-OBJETIVO.

Caracterizar la dinamica y posibles anomalias del parasitismo de D.
siricidicola sobre S. noctilio, su efecto en la poblacion y nivel de ataque de

plaga en la Region del Biobio, entre los afios 2012 a 2017.

1.7.1.-.-Objetivos especificos.

e Evaluar el parasitismo de S. noctilio por D. siricidicola en la Region
del Biobio, las temporadas, 2012-2013, 2013-2014, 2014-2015, 2015-
2016 y 2016-2017.

e (Caracterizar-estimar el efecto del parasitismo de D. siricidicola sobre
la poblacion de S. noctilio, y el nivel de ataque de la plaga en las
temporadas 2012-2013, a la 2015-2017, en cuatro zonas inoculadas

el ano 2011.
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e Evaluar la participacion de D. siricidicola cepas Kamona en el
parasitismo de hembras de S. noctilio en el 4rea de estudio —Region del
Biobio, Chile.

e Evaluar la presencia de D. siricidicola cepa no esterilizante en el area

de estudio —Region del Biobio, Chile.
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2.1.-ABSTRACT

In 2009, the woodwasp Sirex noctilio was detected in Pinus radiata
plantations in the Biobio region of southern Chile. Subsequently, an intense
biological control program using the female sterilizing nematode Deladenus
siricidicola was implemented in 2010. During five seasons between 2012 and
2017, we studied the parasitism of D. siricidicola nematode and its effect on
woodwasp populations and infestation of P. radiata in different locations
within the Biobio region. Parasitism was assessed by dissecting adult females
of S. noctilio obtained from infested P. radiata logs. The total population of
S. noctilio was determined by the emergence of individuals from the same
logs. The level of damage caused by the S. noctilio pest was determined by
establishing plots in stands of P. radiata at an intensity of 1 plot every 5 ha-
1. During the study period, parasitism of S. noctilio by the nematode D.
siricidicola increased from 29.6% in 2012 to 93.1% in 2016, while pest
population decreased 3.4% in the same time period. Infestation increased
from 0.3 to 11,6% of trees between 2012 and 2015, but subsequently
decreased to 5.9% by 2017. We confirmed establishment of the nematode in

the region under study and its natural dispersion to non-inoculated areas.
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Finally, we determined that the effect of inoculation age (antiquity) on
parasitism levels reached 90% after three years of inoculation.
2.2.-INTRODUCTION

The woodwasp S. noctilio Fabricius (Hymenoptera: Siricidae) drills the wood
of standing trees belonging to the Pinus genus and occasionally Pseudotsuga,
Abies, Larix and Picea species (Bain, 2005)[1], with the most susceptible
species being Pinus radiata D. Don (Aguilar & Lanfranco, 1988) [2]. Sirex
noctilio attack begins when females oviposit in the stems of live trees,
injecting a phytotoxic mucus and spores of the symbiotic fungi Amylostereum
areolatum [1] (Bain, 2005) along with the egg. The combined action of the
mucus and basidiomycete fungus obstructs the vascular system, resulting in
the death of infested trees [3,4] (Hurley et al., 2007; Madden, 1988).
Moreover, decay associated with the establishment of larvae galleries
deteriorates the quality of the wood (Newmann et al., 1987)[5]. The wood
decaying symbiont dries the wood substrate providing a more suitable
micro.environment for eggs and larvae development. The wood degradation
by the fungus facilitates tunneling of the larvae.

Sirex noctilio is originally from Eurasia and Northern Africa (Hurley et al.,

2007; Spradbery & Kirk, 1978) [3,6] where it presents no ecological or
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economic damage (Yu et al., 2009) [7]. However, the pest has a major
economic impact in southern hemisphere countries where S. noctilio has
unintentionally been introduced (Hurley et al., 2007) [3], resulting in up to
80% mortality of infested trees in heavily infected areas (Bedding, 2009) [8].
Sirex noctilio has been reported outside its natural distribution in New
Zealand (1900), Australia (1952), Uruguay (1980), Argentina (1985), Brazil
(1988), South Africa (1994), Chile (2001) (Bain, 2005; Bedding, 2009) [1,8],
the United States (2004), Canada (2005) (de Groot et al., 2006 [9], and China
(2013) (Li et al., 2015) [10].

In the southern hemisphere, biological control is the most common strategy
for management of S. noctilio (Hurley et al., 2008) [11], particularly with the
parasitic nematode D. siricidicola (Bedding, 2009) [8,12]. This nematode,
first described by Bedding in New Zealand in 1968 (Yu et al., 2009) [7], was
found to infect S. noctilio eggs, larvae, pupae, and adults (male and female)
(Zondag, 1962) [13]. The life cycle of the nematode includes a
mycetophagous state in which it feeds on the fungi A. areolatum and an
infective state involving parasitic larvae and the pre-pupae of S. noctilio Yu
et al., 2009; Bedding, 2009; Bedding, 1972; Zondag, 1969) [7,8,14,15]. Once

inside the host, the female nematode produces juveniles, which develop in
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the hemocele and migrate to the reproductive organs of S. noctilio as it
pupates. The juveniles subsequently invade the ovaries and eggs, resulting in
sterilization of adult female woodwasps and compromising the viability of
already laid eggs (Lanfranco & Aguilar, 1990; Zongan, 1979) [16,17]. In the
male, the nematode produces a non-sterilizing hypertrophy of the testes
(Lanfranco & Aguilar, 1990) [18]. Parasitized S. noctilio females emerge
normally from infested trees and disperse the nematodes (Bedding, 2009;
Williams & Hajek, 2017) [8,19,20].

The first formal biological control program using D. siricidicola began
1970"s with work by the Australian Congress of Scientific and Industrial
research Organization (CSIRO) using a nematode strain originally collected
in Sopron, Hungary. Subsequently, the original strain was replaced by the
Kamona strain (Williams & Hajek, 2017) [19]. To date, the Kamona
nematode has been used for biocontrol purposes, in Australia, New Zealand,
Brazil, Uruguay, Argentina, Chile, South Africa (Hurley et al., 2007;
Bedding, 2009) [3,8] and the United States (Williams y Hajek, 2017) [19]
with variable results (Hurley et al., 2007) (3). Parasitism levels close to 100%
were reported in Victoria Australia, two years after initial nematode

inoculation, comparated to 90% in Encruzilhado Do sul, Brazil, after four
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years (Bedding, 2009) [19] and 96% in Cape locality, South Africa after
three years (Tribe & Cillé, 2004) [21]. In contrast biocontrol programs in
Eastern Cape & KwaZulu-Natal Reports, South Africa, reported only 5 to
10% parasitism after two consecutive years of D. siricidicola inoculation
(Hurley et al., 2007) [3]. The varied establishment of D. siricidicola highligst
the need for region —specific control and evaluation programs.

In 2001, S. noctilio was detected in Chile, and an Official Control Program
was developed and implemented in the same year (Beeche et al., 2012) [22].
Currently S. noctilio is present in fragmented areas over an approximate
surface of 1,400,000 hectares of pine plantations located between the
Valparaiso Region (32°30'37.76"S, 71°26'59.42"0) to Aysen 46°49'52.89"S,
71°59'36.12"0 (SAG, 2012, 2017) [23, 24]. In November 2009, we
confirmed the presence of S. noctilio in P. radiata plantations belonging to
Forestal Mininco S.A. in the Biobio Region. Pest evaluation during 2010
revealed an affected surface of 200 ha which expanded to 20,000 ha by 2017.
Between the months of April and September for the years 2010-2016, D.
siricidicola was successfully inoculated, as has been reported previously
(Hurley et al., 2007; Bedding, 2009) [3,8]. Due to the significant economic

burden wood wasp represents for the forest industry coupled with the high
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cost of biological control of S. noctilio using D. siricidicola, we aimed to
determine the level of S. noctilio parasitism by D. siricidicola over five
seasons. In addition, we estimated the effect of parasitism on S. noctilio
populations and resulting levels of infestation in P. radiata plantations in the
Biobio region of Chile.

2.3.-MATERIALS AND METHODS.

2.3.1.-Inoculation of Deladenus siricidicola in Pinus radiate.

This study was performed between 2012 and 2017 in S. noctilio infested P.
radiata plantations on the property of Forestal Mininco S.A., located in
different sites within the Biobio Region. The extent of S. noctilio infestation
varied annually, with 3,100 ha, 5,800 ha, 11,900 ha, 19,500 ha, 20,000 ha,
and 20,000 ha recorded for the years 2012, 2013, 2014, 2015, 2016 and 2017,
respectively (unpublished data). Between the months of April and September
for the years 2010-2016, D. siricidicola was inoculated in 2,500, 4,000,
11,455, 12,500, 15,000, 15,000 and 10,000 trees naturally infested by S.
noctilio, respectively. Each tree was inoculated with 250,000 to 300,000
nematodes, as reported previously (Bedding, 2009) [3,8]. The inoculation
procedure was performed as described by Bedding (2009) [8]. Trees were

selected for inoculation based on diameter (greater than 15 c¢cm), and the
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absence of emergency orifices The presence of S. noctilio larvae was
confirmed as previously through dissection of a stem segment. Trees were
debranched and drilled at intervals of 30 cm in two parallel lines along the
axe. Cylindrical perforations of 1 cm in diameter were made at a depth of 2
cm. D. siricidicola was applied in each perforation. This process was carried
out between the months of April to September of each year, without rain and
at environmental temperatures between 7°C and 24°C. The temperature or
moisture inside the inoculated trees was not measured.

2.3.2.-Selection of sampling sites to evaluate parasitism of S. noctilio by
D. siricidicola

With the aim of evaluating the efficacy of the biological control program in
the macroarea of the Biobio region in southern Chile, samples sites were
selected across the zone of S. noctilio colonization, advancing from the south
to the north. Figure 2.1 illustrates a map of the sampling area prepared by
Forestal Mininco using the software ArcView 3.2. The first detection of S.
noctilio occurred in 2009 in southern localities with detection continuing
through 2015 in northern localities. The Sample Units (SUs) for the
evaluation of parasitism of D. siricidicola were established annually as new

localities were colonized by the pest (Table 2.1) and in stand older than ten
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years regardless of D. siridicola inoculation status. Each SU consisted of 3
wooden logs 1 m in length extracted from 3 randomly selected trees with
evidence of S. noctilio infestation, including the presence of eggs of S.
noctilio on the tree stem, chlorosis, and fading or death of the foliage (Aguilar
& Lanfranco, 1988; Neumann et al., 1987) [2,5]. Non-infected trees were
not sampled since they were not counted in the infected population.
Therefore, the infestation data represented the population of the pest in
infected trees, expressed as individuals attacked/ m3. We established 78, 85,
92, 104, and 93 SU for the five years between 2012 and 2016, respectively
(Figure 2.1, Table 2.1). In some localities, the number of sampling points
decreased between years due to reduction of the pest, forest fires, and tree

harvests.
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Figure 2.1. Area of sampling for evaluation of D. siricidicola parasitism in
the Biobio region, Chile. Republished from Luis De Ferrari (personal
communication) under a CC BY license, with permission from Luis De
Ferrari original copyright 2018.
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Table 2.1. Number of annual sampling units per locality established in P

radiata plantations to evaluate D. siricidicola parasitism of S. noctilio.

D. siricidicola Sampling units (N°)
Locality Year of
inoculation 2012 2013 2014 2015 2016
Quilaco 2010 10 13 7 5 1
Santa 2010 35 27 16 12 6
Barbara
Los Angeles 2011 6 16 23 20 14
Mulchen 2011 16 12 17 15 7
Nacimiento 2011 1 3 6 7 5
Negrete 2011 1 1 1 1 1
Quilleco 2011 9 8 7 8 4
Laja 2012 5 8 6 7
Cabrero 2013 5 9 9
Coihueco 2013 2 7
Pemuco 2013 : . . 5 7
San Rosendo 2013 : . 1 . 1
Yumbel 2013 : . 1 5 5
Tucapel 2014 1 3
Yungay 2014 4 9
El Carmen 2015 3 3
Hualqui 2015 1 1
San Ignacio 2016 1
Santa Juana 2016 : . . . 3
Total 78 85 92 104 93

Selected trees from each SU were manually felled in October of each year. A
meter-long log was extracted from the medial section of the stem. Prior to
extraction, the presence of S. noctilio was determined by splintering the
upper and lower ends of the shaft. When the insect was not detected in the

stem shaft, the tree was exchanged for another infected individual.
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2.3.3.-Evaluation of parasitism of S. noctilio by D. siricidicola

P. radiata logs were labeled and the ends were sealed with solid paraffin until
adults hatched according to the methods described by Goycoolea et al. (2015)
[25]. The tree logs from the same SU were arranged vertically in a breeding
chamber comprised of a cardboard drum (1.1 m of height x 0.7 m width) with
a metal mesh cover, avoiding contact between the logs and the walls of the
drum. The breeding chambers were kept in a shed with semi-shade mesh
(50% coverage) and a polyethylene roof for up to 30 days after the emergence
of the last adult S. noctilio specimen. Breeding chambers were observed
weekly and adult S. noctilio emergence was recorded. S. noctilio specimens
were preserved in 70% alcohol along with to the other individuals that
emerged from the same drum or camera. Deladenus siricidicola parasitism
was determined in the lab by dissecting adult S. noctilio females using
methods described by Zondang (1969) [15]. Briefly, the abdomen was cut
and placed in a clock glass. Distilled water was added and the abdomen was
dissected longitudinally under a dissecting scope (10x). The presence of
nematodes was observed directly in the tissue, hemocele, and reproductive
organs. Parasitism of S. noctilio by D. siricidicola per SU was calculated as

a ratio between N° of parasitized in relation to N° total dissected.

45



2.3.4.-Effect of inoculation antiquity and geography on parasitism of S.
noctilio.

To assess the effect of time passed since initial inoculation on parasitism
levels, we surveyed parasitism in SU in sites with different inoculation dates.
We included SUs from distinct regions (coastal mountain, central valley, and
Andes mountain) in consideration of possible geographic differences
including Nacimiento from the Nahuebulta mountain chains, Los Angeles
from the South Central Valley, Laja from the North Central Valley and
Quilleco from the Pre-Andean site. With the exception of Laja, in which the
SUs were inoculated in 2012, all localities were inoculated in 2011. For each
SU, we calculated the time in years between inoculation and sampling. For
each season, we aggregated parasitism levels for SUs inoculated in the same
year. Data was analyzed using the Duncan multiple comparison test (p<0.05)
executed in the R version 3.4.2.

2.3.5.-Evaluation of the effect of D. siricidicola parasitism on S. noctilio
population and P. radiata infestation.

We selected the localities Nacimiento, Los Angeles, Quilleco, and Mulchén,
which were inoculated with D. siricidicola in 2011, to allow for the longest

possible temporal analysis of parasitism evaluation, S. noctilio population,
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and P. radiata damage assessment. Sirex noctilio population was determined
according to the emergence of adult specimens in the growth chambers and
expressed as the number of S. noctilio specimens per cubic meter of infected
trees. The volume was obtained by applying the formula for a cylinder

Sirex noctilio infestation of P. radiata was evaluated between 2012 and 2017.
The infestation evaluation unit was comprised of lineal parcels of 30 trees.
Evaluation units were established every five hectares. Sirex noctilio
infestation was confirmed according to the signs and symptoms described by
Newmann et al. (1987) and Aguilar & Lanfranco (1988) [2,5]. Results were
expressed as the percentage of infested trees versus healthy trees (i.e.
infestation intensity). The relationship between infestation intensity by S.
noctilio and D. siricidicola parasitism was analyzed using the Duncan

multiple comparison test as described above
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2.4.-RESULTS

2.4.1.- Sirex noctilio emergence.

Total adult S. noctilio emergence (male and female adult specimens) between
2012 and 2016 was 3,374, 2,259, 4,033, 3,100 and 1,597 specimens,
respectively. The specimens/m3 in the 2012 was of 478.3 (x22.4), in the 2013
was of 374.5 (£25.1), in the 2014 was 721.5 (x41.1), in the 2015 was 678.9
(x38.3) and in the 2016 was 461.7 (x22.9), respectively.

During the first four seasons, S. noctilio adult emergence occurred between
December and April. During the fifth season, adults emerged between
November and March. For the 2012— 2013 and 2015-2016 seasons,
emergence peaked in January, with 41% and 60% of total emergence
occurring during that month, respectively. For all other seasons, emergence
was highest in December. Until the fourth season, male emergence was
higher than female emergence with male to female ratios of 2.5:1, 1.6:1,

2.2:1, 2:1, and 1:2 for each season, respectively (Fig 2.2).
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2.4.2.-Deladenus siricidicola parasitism of S. noctilio females.

Deladenus siricidicola parasitism of S. noctilio females reached averages of
29.6%, 61.9%, 93.6%, 96.5% and 93.1% for years 2012, 2013, 2014, 2015
and 2016, respectively (Table 2.2). The number of locations with D.
siricidicola parasitism increased over time, varying from 57% during the first
season to 100% in the third season. D. siricidicola parasitism increased with
time in all study locations, exceeding 85% from 2014 onward (Table 2.2).
During 2015 we observed D. siricidicola parasitism of S. noctilio in the non-
inoculated locations of EI Carmen and Hualqui (Table 2.2). In addition, we
observed D. siricidicola parasitism in several SUs in seven non-inoculated

sites in 2012 and nine non-inoculated sites in 2013.
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Table 2.2. Deladenus siricidicola parasitism of female S. noctilio by locality

during five seasons.

Locality - year of Parasitism of D. siricidicola over female S. noctilio (%0)

inoculation
2012 2013 2014 2015 2016

Quilaco - 2010 53.4 (13.9)* 85.0(9.1)®  100.0 (0.0)*  96.7(3.3)*  100.0 (NE)
Santa Barbara - 2010 476(7.2¢  89.3(6.1*  97.5(257* 100.0(0.00*  100.0 (0.0)?
Los Angeles - 2011 0.0(0.0° 31.3(11.3)®  90.8(3.4)0  96.7(2.9)0°  94.4(0.0%
Mulchén - 2011 17.3 (1177 433(13.7)®  943(27°  96.9(2.1)*  100.0 (0.0)
Nacimiento - 2011 0.0 (0.0) 0.0(0.0°  96.9(3.1)*  90.0(7.20*  86.3(7,9)
Negrete - 2011 0.0 (0.0)? 0.0(0.0°  93.3(0.00* 100.0(0.0*  80.0 (0.0)?
Quilleco - 2011 30.8 (12.4)* 53.8(18.0)®  958(2.8)* 100.0 (0.0  94.7 (5.4)
Laja - 2012 . 583(20.6)® 85.0(10.6)° 100.0 (0.0)°  85.4 (5.5)
Cabrero - 2013 . . 100.0 (0.0)*  93.4(4.2°  97.9(L.1)
Coihueco - 2013 . . . 100.0(0.0)*  85.7 (14.3)
Pemuco - 2013 . . . 85.4(13.8)? 88.9 (4.3)2
San Rosendo - 2013 . X 91.3 (0.0)a . .
Yumbel - 2013 . . 100.0(0.0)a  100.0 (0.0)*  100.0 (0.0)2
Tucapel - 2014 i . . 100.0 (0.0)® 97.4 (2.6)2
Yungay - 2014 . : . 98.2 (1.8)? 98.9 (7.7)2
El Carmen - 2015 . . . 100.0 (0.0)*  92.3(NE)
Hualqui - 2015 . . . 91.3(0.0)*  90.0(NE)
San Ignacio - 2016 . . . . 100.0(NE)
Santa Juana - 2016 . . . . 100,0(NE)
Total 29,6 (+2,6) 61.9(+30) 93.6(x05)  96,5(x04) 93,1 (x0,9)

Values in parentheses indicate standard error. NE indicated Not evaluated
standar error. The different letters indicate statistically significant differences
between mean parasitism levels per locality within the same year of
evaluation (p<0.05).
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2.4.3.-Effect of time since inoculation on D. siricidicola parasitism of S.
noctilio
Parasitism levels in relation to time since inoculation were different for years

2012 and 2013 in comparison to years 2014, 2015 and 2016. During 2012
and 2013 parasitism levels increased as a function of time since inoculation.
For the year 2013, parasitism levels were 52.3%, 62.5, and 91.5% for one,
two, and three years after D. siricidicola inoculation, respectively. Table 2.3
presents data collected from SUs of the 2011 inoculation area. Between the
years 2014 and 2016 parasitism levels where higher, more homogenous, and
independent of time since inoculation (Table 2.3). Parasitism levels in
relation to time since inoculation increased progressively from the years 2012
to 2014. For one, two, and three years after inoculation, parasitism levels
increased from 21.5% to 90.9%, 60.7% to 96.9%, and 91.5% to 90.6%,
respectively. From 2015 onward, parasitism levels were higher and more

homogeneous than previous years with values around 90% (Table 2.3).
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Table 2.3. Female S. noctilio parasitism according to the age of D.

siricidicola inoculation.

Age of
inoculation S. noctilio female parasitism (%0)
with
D.siricidicol
a (Years) 2012 2013 2014 2015 2016
% n % n % n % n % n
1 21.5(6.1)° g 523(152)° ; 909(85° 8 1000(0.0) 7 926 (55) é
2 60.7 (152)* 5  62.5(7.6) g 96.9(3.1)* 8 985(L5)? 7 94.7(3.4) 5
3 .. 915(7.2? 8  90.6(3.7)° g 100.0 (0.0 6 97.9(L5? 7
4 . . . 100.0 (0.0 3  94.3(3.4) i 95.0 (5.0 5
5 . 44 .. 944(56)7 3 823(9.7) (1)
6 . y . o . 100.0 (NE) 1

Values in parentheses indicate standard error. NE indicated not evaluated
standard error. The lowercase letter n indicates the number of SUs evaluated.
The different letters indicate statistically significant differences between the
mean corresponding to time since inoculation (rows) in each year of
evaluation (columns) (p<0.05).

2.4.4.-Geographical effect on D. siricidicola parasitism.

Deladenus siricidicola parasitism of S. noctilio was determined in four
localities representing different geographical zones. No parasitism was
observed in Nacimiento from the Nahuebulta mountain chain during the
years 2012 and 2013. Los Angeles from the South Central Valley also
showed no parasitism during 2012. From the year 2014 onward we observed

parasitism in all localities with increased levels of parasitism in comparison
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to earlier years reaching values ranging between 90.8 and 100% (Table 2.2).
Increases in parasitism levels were generally of greater magnitude between 1
to 2 and 2 to 3 years after inoculation compared to later time points (Table
2.4). The largest increases were reported in the South Central Valley (59%)
during the third year and in the Nahuelbuta mountain chain (90.7%) during
the second year year (p<0.05) (Table 2.4).

Table 2. 4. Annual levels of D. siricidicola parasitism of female S. noctili

Increase in D. siricidicola parasitism over female S. noctilio per location

Location (%), between inoculation years.
Year (2-1) Year (3-2) Year 4-3 Year 5-4
(%) (n) (%) (n) (%) (n) (%) (n)
North Central Valle i
. y 22.1(28.0* 5 4.4 (4.4 5 10.8 (6.4) 4
(Laja) b
South Central Valle
p y 25.0(19.4)* 5 59,0(16,0® 13 135(5.7)* 12 -22(x15)ab 10
(Los Angeles)
Nahuelbuta
mountain chain 0.0(NE)* 1 90,7(9.47 2 6.2 (6.2 3 38(x69a 5

(Nacimiento)
Pre-andean sites

. 458 (17.5* 5 41,3(19.4)*» 5 83(48?® 3 -71(x71)ab 3
(Qiilleco)

Values in parentheses indicate standard error. The different letters indicate
statistically significant differences between the mean from each location

within each annual increase (p<0.05).
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2.4.5.-Effect of D. siricidicola parasitism on S. noctilio populations and
P. radiata infestation.

The average population of S. noctilio for the four localities during five
seasons between 2012 and 2016 was 408.7, 476.5, 881.5, 544.4, and 394.5
specimens/m? (Table 2.5). The S. noctilio population increased from 2012 to
2014. By 2016, the population fell below initial levels, representing an
overall 3.4% decrease in the pest density (Table 2.5). During the third year
of assessment (2014), the highest emergence of S. noctilio was observed
during the entire study period. During the same season we observed an
increase in D. siricidicola parasitism levels which then stabilized at 90% in
all four localities (Table 2.2). Between 2015 and 2016, the S. noctilio

population decreased (Fig 2.3).
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Figure 2.3. D. siricidicola parasitism levels and S. noctilio populations levels
between years 2012 to 2016 in A) Los Angeles, B) Nacimiento,C) Mulchén

y D) Quilleco
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Table 2.5. Sirex noctilio adult emergence obtained for the SUs from Los

Angeles, Mulchén, Nacimiento, and Quilleco for five seasons.

) S. noctilio/m3 by season
Locality y

2012 2013 2014 2015 2016

Los Angeles  431.7(+130.6)a  822.6(x216.2)a 1122.7(+236.7)a  692.4(x135.0)a  565.0(+105.5)a

Mulchén 509.8(x114.8)a  245.3(#52.6)b  751.2(x144.2)a 443.0(+93.4)a 163.7(x67.2)b
Nacimiento 132.0(NE)  140.7(x74.8)b  695.8(x134.5)a  417.1(+x138.3)a 222.7(+22.2)ab
Quilleco 299.8(+86.6)a  281.7(x69.1)b  532.1(x134.0)a  463.4(+222.3)a 315.5(+67.3)ab
Average 408.7 (21.5) 476.5 (45.6) 881.5 (33.3) 544.4 (17.8) 394.5 (35.3)

Values in parentheses indicate standard error. NE: indicated not evaluated
standard error.The different letters indicate statistically significant
differences between the mean from each location within each season
(p=0.05).

Total S. noctilio infestation of P. radiata ranged from 0.3% to 5.9% between

the first and last year of assessment (Table 2.6). For all four localities, S.
noctilio infestation peaked during 2015 coinciding with the season in which
the woodwasp population levels started to decrease (Fig 2.3, Table 2.5). In
each subsequent year, infestation levels decreased (Table 2.6). S. noctilio
infestation levels started to decrease during 2016, two years after D.
siricidicola parasitism levels stabilized in 90% and one season after of the

initial S. noctilio population decrease (Table 2.6).
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Table 2.6. Sirex noctilio infestation of P. radiata determined in the Los

Angeles, Mulchén, Nacimiento and Quilleco localities during six seasons.

Locality Sirex associated damage (%)

2012 2013 2014 2015 2016 2017

(%) (%) (%) (%) (%) (%)
Los Angeles 0.0 (x0.0* 2.9 (x0.6)* 3.7(£0.4)2 135(%£1.5)* 11.6(¥1.4)* 8.9 (x1.9)
Mulchen 0.4 (0.3 3.7 (x1.3)* 25(x0.5* 12.6(+3.3)a 3.9(x1.0)° 2.1(x0.6)°
Nacimiento 1.6 (x1.1)* 1.9 (20.4)® 9.7 (1.4 8.4 (x1.2)* 4.3(x1.2)*
Quilleco 0.4 (£0.4)* 5.8 (£3.4)? 0.7 (x0.4)° 9.3(x1.12 8.7 (#3.8)® 3.1(x0.9)°

Mean plus 0.3 3.2 3.0 11.6 5.9

9.2 (x0.2)
SEM (x0.1) (£0.2) (x0.3) (x0.2) (x0.4)

Values in parentheses indicate standard error. NE: indicated not evaluated standard error.
The different letters indicate statistically significant differences between the mean from
each location within each season (p<0.05)

2.5.-DISCUSSION.

Evaluating D. siricidicola parasitism of S. noctilio revealed a continuous
increase in the frequency of D. siricidicola detection and parasitism, reaching
100% and 93.6%, respectively, from 2014 onward. D. siricidicola nematode
samples where obtained from naturally infested trees suggesting
establishment of the nematode in the area as well as the probable natural
dispersion through flight periods of the females as suggested by Taylor
(1981) [20]. The mean parasitism levels reported during the last three seasons
of evaluation (93.6%, 96.5%, and 93.1%) are closer to those reported in South
Africa (96% in Cape Locality) and Brazil (90 % in Encruzilhada Do Sul) than
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to the 100% parasitism levels reported for Victoria, Australia two years after
inoculation (Bedding, 2009)[8]. The parasitism levels observed in this study
were also higher than those reported in the US by Williams and Hajek (2017)
[19], which ranged from 20.5-28.1% and 13.6-17.6%.

The wide fluctuation in parasitism levels between locations during the first
two seasons of assessment (0% to 89%) suggests that D. siricidicola was in
the middle of the colonization process. This situation changed in 2014 when
parasitism levels were higher (up to 100%) and more homogeneous. The
apparent absence of D. siricidicola during 2012 and 2013 could be due to
several factors. Consistent with the density dependence question raised by
Bedding (2009) [8], the low levels of inoculation after one year coupled with
low Sirex populations could have rendered D. siricidicola parasitism
undetectable. D. siricidicola parasitism was determined under a dissecting
scope, a sensitive method to detect the presence of a nematode. Assuming
that parasitism existed in the field, the number of samples may have been an
insufficient representation of a population with low nematode presence.
Moreover, D. siricidicola inoculum may vary in their parasitic ability as
reported by Yu et al (2009) [7] in Canada, Williams and Hajek (2017) [19]

in the US, and Bedding (2009) [8] in Australia. However, the viability of
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inoculum as well as the inoculation technique was similar to those reported
in successful cases.

The interaction between nematodes and the symbiotic fungus A. areolatum
within S. noctilio was not analyzed in the present study. It’s has been reported
that nematode reproduction can be negatively affected by a unique
mechanism of parasitism the adults and eggs by fungus A. aerrolatum
(Morris & Hajek, 2014) (26). This discovery provide a possible explanation
why Deladenus does not survivein culture when Amylostereum is fast
growing or when the ratio of nematodes to fungus isinordinately biased
toward the fungus (Morris et al., 2014) (26). This fungus has been shown to
interfere with biological control of wood wasp, but in this work, the presence
of A. aerolatum was not observed (or studied) and must be studied in the
future. The insect Ips grandicollis has also been reported to effect biocontrol
of wood wasps (Yousul et al., 2014) [27] but to our knowledge, this insect
has not been reported in Chile.

Overall, the estimated population of S. noctilio decreased by 3.4% from 2012
to 2016. The population increased and peaked in the third season, then
progressively decreased from the fourth season until the fifth, reaching

population numbers lower than initial levels in 2012 (Table 2.5). This is
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consistent with the results of Williams & Hajek (2017) [18] in the US, where
the densities of S. noctilio were 1,000 Sirex/m? and 300 Sirex/m? in 2007 and
2012, respectively.

Infestation increased from 0.3 to 11,6% of trees between 2012 and 2015
followed by decreases in subsequent years reaching as low as 5.9%. The
decline in infestation occurred one year after the pest population decreased.
The inflection points in the curves of population density and infestation
occurred after one season and two seasons, respectively, following the
stabilization of D. siricidicola parasitism levels of S. noctilio at 90% in each
of the four localities (Figure 2.3, Table 2.5, 2.6).

The flight period was detected between November and April in this study
consistent with the range of flight period from October to May reported by
Ruiz (2006) [28] in the southern hemisphere and with the October to April
period indicated by lede et al. (1993) [29] in Brazil. The 2:1 male to female
emergence ratio reported during the first two seasons of the study indicated
that the wood wasps were in the process of colonization (Ruiz, 2006) [28]
and reached stability during the last season analyzed. In this study no effect
of the zone on the level of parasitism was determined. The similarity in levels

of parasitism observed between Nahuelbuta, the Central Valley (north and
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south), and the Andean Precordillera as of 2014 was unexpected. D.
siricidicola parasitism was to increase more slowly in the central valley as
the product of a larger pest population; however, parasitism in the Central
Valley (Los Angeles) was comparable to that of the other zones. This is due
to the high parasitic capacity of Deladenus at high densities of the pest
(Bedding, 2009; Williams & Hajek, 2017; Kroll et al., 2013) [8, 19, 30]
Notably, climatic variations between zones were not significant, with average
temperatures for the period under study of 14.1 ° C, 15 ° C, and 14 ° C for
the Precordillera, Central Valley, and Nahuelbuta, respectively.

Catastrophic levels of damage caused by S. noctilio were expected in the
study area, particularly in the Bio Bio region. However, economic losses
reported to date have not significantly compromised the forest industry in
Chile (personal communication). These results are promising in terms of
controlling S. noctilio populations, especially given the observed penetrance
of the nematode D. siricidicola. Nonetheless, long-term monitoring of S.
noctilio must be considered to detect and prevent potential outbreaks. During
the last year of the study, the general level of parasitism decreased from 96.5

(+0.4) in 2015 to 93.1 (+ 0.9) in 2016.
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This observation is critical to understanding the dynamics of the nematode
and wood wasp relationship and the long-term biocontrol of the pest.
Achieving high levels of parasitism may come at the cost of reducing
nematode presence in the environment due to reduction of the wood wasp
host and its role as a dispersion medium for the nematode. Given that the
success of nematodes as a biocontrol measure is density-dependent (Bedding,
2009) [8], drastically reducing the wood wasp population would likely limit
the range and propagation of the nematode, which could affect the
sustainability and long-term success of the biocontrol program.
2.6.-CONCLUSIONS.

The nematode D. siricidicola, parasite of the woodwasp S. noctilio, has been
successfully established in the study area of the Biobio region in southern
Chile, dispersing naturally into pine plantations where the nematode was not
actively inoculated. Parasitism levels of S. noctilio by the nematode D.
siricidicola increased progressively from inoculation until the third year
following inoculation to eventually stabilize around 90% of parasitism. Three
years after inoculation, D. siricidicola was established in similar levels in all
three regions including Pre-Andean sites, the Central Valley, and the

Nahuelbuta mountain range in the Biobio region. Our work demonstrates the
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reduction of S. noctilio populations and associated decrease in P. radiata
infestation after parasitism by the nematode D. siricidicola reached 90% in
all localities and serves as a useful example of the scale and timeframe over

which biological control of S. noctilio is possible.
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3.1.-ABSTRACT

The woodwasp Sirex noctilio is one of the most threatening pests of Pinus
species in the southern hemisphere. The Kamona strain of the female
sterilizing nematode Deladenus siricidicola is the most important control
agent of this wasp. A "non-sterilizing” (NS) strain of D. siricidicola has
been reported in Europe, Japan, New Zealand, and North America. S.
noctilio was detected in 2009 in the Biobio region of Chile, and
implementation of an intense biocontrol program using Deladenus
siricidicola (Encruziliada do Sul) followed in 2010. We studied D.
siricidicola parasitism and the presence of the Kamona and NS strain in
the Biobio Region of Chile eight years after implementation of the
biocontrol program. Parasitism by D. siricidicola was determined thorugh
dissection of S. noctilio adult females. The Kamona and NS strains were
distinguished by DNA sequencing and PCR-RFLP using the restriction
enzymes Acil, Rsal, and BsrGl. Parasitism of S. noctilio by D. siricidicola
reached 93.1% with detection of the Kamona strain in 100% of parasitized
wasps. Finally, the NS strain of D. siricidicola was detected for the first

time in Chile, at parasitism levels of 30%.

Key words: Pinus, Sirex, Deladenus, Biocontrol, Chile.
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3.2.-INTRODUCTION.

The woodwasp Sirex noctilio Fabricius (Hymenoptera: Siricidae), native to
Eurasia, deteriorates wood quality and causes mortality in Pinus species
(Talbot, 1977). It is considered one of the most economically important pests
in countries of the southern hemisphere, where it has dispersed widely in the
absence of native natural enemies (Williams and Hajek, 2017). This wasp has
been reported outside its origin in New Zealand (1900), Australia (1952),
Uruguay (1980), Argentina (1985), Brazil (1988), South Africa (1994), Chile
(2001), United States (2004), Canada (2005) and China (2013) (Bain 2005;
Bedding 2009; Hoebebeke et al., 2005; De Groot et al., 2006; Li et al., 2015).
The most widely recognized natural agent for efficient control of this pest in
the southern hemisphere is the nematode Deladenus siridicola (Bedding
2009; Bedding and Arkus, 1974). D. siridicola exhibits a mycetophagous life
form, feeding on the fungus Amylostereum areolatum (Fries) Boidin present
in the wood of infested trees (Bain, 2005). Additionally, the nematode
demonstrates an infective form that that acquires in the vicinity of wasp,
parasitizing larvae and pupae of S. noctilio (Bain, 2005). Once inside the
parasitized wasp, female D. siricidicola produce juveniles which migrate to

the female reproductive organs, penetrating the wasp eggs upon pupation,
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rendering the females sterile, and compromising the viability of eggs
(Lanfranco and Aguilar, 1990). As host development and growth are
unaffected by parasitism, female S. noctilio wasps emerge, fly, and deposit
eggs infected with the nematode in a recurrent manner, effectively dispersing
the biocontrol agent (Williams and Hajek, 2017, Taylor, 1981).

The selection of D. siricidicola for use in biocontrol programs was developed
in Australia by the Congress of Scientific and Industrial Research
Organization (CSIRO) during the 1960s and 1970s (Bedding, 2009). In this
program, several species of Sirex affecting conifers in Europe, the United
States, Canada, India, Pakistan, Turkey, Morocco and Japan were collected,
yielding seven distinct species of Deladenus (Bedding and Akhurst, 1974).
D. siricidicola - Sopron provenance was selected for its ability to sterilize
females, high levels of parasitism, and minimal impact on wasp adult size
(Bedding 2009). In Australia, D. siricidicola — Sopron was mass produced in
the laboratory in its free-living state and subsequently used with success to
control S. noctilio populations. However, the prolonged in vitro culture time
of the nematode (20 years) using only the mycetophage cycle eventually
selected for a strain with depleted biocontrol capacity (Bedding, 2009). In

response, the original strain was re-isolated in 1991 from the Kamona locality
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of Tasmania where the Sopron strain was originally released in the 1970s
(Bedding, 2009). This strain is currently recognized as D. siricidicola —
Kamona and is widely used for woodwasp control (Bedding, 2009; Williams
& Hajek, 2017).

Deladenus siricidicola — Sopron was first introduced into Brazil from
Australia in 1989 followed by reintroduction of the Kamona strain in 1995.
As a result, a residual population of the “defective” D. siricidicola strain may
persist in Brazil and the surrounding region. Kamona strain nematodes
isolated from S. noctilio in Brazil were sent to Argentina in 1995 and then to
Uruguay and Chile in subsequent years (Hurley et al., 2007). In addition to
the defective Australian strain, a “non-sterilizing” (NS) strain of D.
siricidicola was first detected in New Zealand in the 1970s (Zondag, 1975)
followed by similar detection in Europe, Japan (Bedding & Akhurts, 1978),
Canada, and the United States (Yu et al., 2009; Kroll et al., 2013; Williams
and Hajek, 2017). The NS strain of D. siricidicola associates with the ovaries
of S. noctilio but does not penetrate the eggs and therefore does not cause
infertility (Yu et al., 2009; Willimas et al., 2009; Williams & Hajek, 2017;

Kroll et al., 2013). Together, these detection events suggest geographic
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diversity of D. siricidicola strains with region-specific consequences for
woodwasp biocontrol.

Sirex noctilio has been present in Chile since 2001 and currently affects
approximately 1,400,000 ha of Pinus radiata between the regions of
Valparaiso (33° 24'44 ™S, 70° 37'12" W) and Aysén (47° 04'23 'S, 71° 57'46"
W) (SAG 2012, 2017). Detection of S. noctilio in the Biobio Region in 2009
catalyzed an intense biocontrol program using D. siricidicola origin
Encruziliada do Sul (Beeche et al., 2012). Parasitism in this region between
2012 and 2016 increased from 29% to 93%, resulting in a 3.4% decrease in
the woodwasp population. Moreover, infestation of Pinus radiata decreased
from 11.6% to 5.9% between 2015 and 2017, indicating positive outcomes
from the biocontrol program (Castillo et al., 2018).

Despite these advances in controlling S. noctilio populations in Chile, little is
known about D. siricidicola strain diversity in this region. Considering the
detection NS strains elsewhere in the world and the implications for costly
biocontrol programs, we aimed to evaluate the parasitism of D. siricidicola,
verify the presence of the Kamona strain, and determine the presence of the

non-sterilizing strain in Biobio region of southern Chile.
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3.3.-MATERIALS AND METHODS.

3.3.1.- Field Sampling.

The study was conducted in P. radiata plantations in the Biobio region of
Chile from October 2017 to May 2018. In the study area, 76,000 trees were
inoculated with D. siricidicola origin Encruziliada do Sul between 2010
and 2017. Nematode inoculates were produced by the Consortium of
Phytosanitary Protection SA located in Los Angeles, Biobio Region, Chile,
and were applied on trees naturally attacked by the woodwasp at a dose of
200,000 to 300,000 nematodes per tree (Bedding, 2009; Goycoolea et al.,
2015). Inoculation took place from April to September each year, avoiding
rain and at temperatures that fluctuated between 7°C to 24°C according to
the methodology proposed by Goycoolea et al., (2015).

Nine sampling zones were established in the study region (Nacimiento,
Mulchen, Santa Béarbara, Laja, Los Angeles, Quilleco, Hualqui, Cabrero-
Pemuco, ElI Carmen). In each sampling area, three P. radiata stands 15-17
years in age infected with woodwasps were selected regardless of previous
D. siricidicola inoculation status. Three trees showing obvious signs of S.

noctilio oviposures were randomly selected from each stand.
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Figure 3.1. Sampling zones for evaluation of parasitism of Sirex noctilio by

Deladenus siricidicola. (Map was elaborated using software ArcView 3.2).
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The selected trees were cut in October 2017, and a 1 m long log was
extracted from the middle section of each tree. The three logs collected
from the same stand were kept together in aging chambers at room
temperature (14°C-25°C) for 8 months (October 2017 to May 2018). The
aging chamber consisted of a cardboard drum (1.1 m high by 0.7 m wide)
with a metal mesh cover (Goycoolea et al., 2015). S. noctilio adults were
collected after emergence, registered at the level of sampling area and

breeding chamber, and fixed in 70% ethanol.

3.3.2.- Determination of parasitism of Sirex noctilio females by

Deladenus siricidicola, through dissection.

Sirex noctilio females collected from the breeding chambers were dissected
using the methodology described by Zondang (1969). The abdomen was cut
longitudinally on clock glasses containing distilled water, and the presence
of nematodes in the abdomen, eggs, and ovaries was evaluated under a
magnifying glass (10x). Parasitism for each stand (chamber) was calculated

according to the following formula:
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N2 of parasitized with Deladenus> 0
*

Parasitized S noctilio female (%) = ( N of Sirex dissected

Parasitism results were aggregated at the level of sampling area.

Differences between sampling zones were tested using the MIXED
procedure for 'plague incidence mean' with Ismeans (p<0.05) (SAS-Institute
1996).

3.3.3 Molecular identification of nematode species and strain

We randomly selected 10 S. noctilio females from each sampling area (total
n=90) parasitized with D. siricidicola as determined by dissection.
Abdomens were extracted from the samples stored in 70% ethanol using a
flamed scalpel to avoid cross contamination between samples. DNA was
extracted using the QIAamp Microkit according to the manufacturer’s
instructions with a final elution volume of 60 uL. Nucleic acid concentration
was quantified using the Thermo Scientifics Nanodrop 2000
spectrophotometer. Samples were subsequently diluted to achieve an equal
concentration of 50 ng/pL.

The gene for the mitochondrial protein cytochrome oxidase I (mtCOl) is
used to distinguish strains of the nematode Deladenus siricidicola with
primers DSCOI-F (5'CCTACTATGATTGGTGGTTTTGGTAATSI') and

DSCOI-R1 (5'CAGGCAGTAAAATA AGCACGAGAATCT 3') (Yu et
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al., 2009; Williams & Hajek, 2017). The thermocycler program for
amplification consisted of an initial denaturing stage at 94 °C for 3 minutes
followed by 32 cycles of 94 °C for 30 seconds, 55 °C for 30 seconds, and
72 °C for 1 minute followed by a final extension at 72 °C for 5 minutes.
Resulting PCR products were separated by electrophoresis on a 2%
agarose gel. GelRed was used to visualize the DNA compared to the
molecular weight marker GeneRuler 1Kb plus under excitation by UV
light in a Vilber Lourmat transilluminator.

An enzymatic restriction assay was performed by PCR-RFLP (Restriction
Fragment Length Polymorphism) to identify the nematode strains present in
S. noctilio abdomen samples. To define how to differentiate between strains,
we analyzed the sequences of mtCOI gene fragments available in the NCBI
Genbank, including the Kamona strain [Genbank JQ241276.1], the D.
siricidicola noc 173 strain (North American non-sterilizing strain) [Genbtnk
JX104276.1] and Deladenus proximus [Genbank KU705689.1. Additionally,
the mtCOIl PCR product from the Deladenus sp. collected in Chile was
sequenced by HiSeq 2000 (lllumina) at Macrogen Inc.
(https://dna.macrogen.com) according to  the manufacturer’s

recommendations. The sequences were analyzed in silico using MegAline
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and Clustal W. NEBcutter (New England Biolabs) was used to determine
restriction enzyme cutting sites.

The restriction enzyme Acil was used to differentiate between the Kamona
and NS strain of D. siricidicola, as this enzyme that cuts the 5'-CCGC-3'
palindromic sequence in mtCOI generates two bands corresponding to 433
bp and 247 bp in the NS strain but does not cut the Kamona strain (Morris et
al., 2013; Williams & Hajek, 2017). The restriction enzyme Rsal was used to
complement and corroborate this distinction, as it cuts the Kamona strain at
two sites yielding three fragments of 323 bp, 230 bp and 127 bp while cutting
the NS strain at three sites yielding four fragments of 323 bp, 127 bp, 126 bp
and 104 bp (Morris et al., 2013).

Likewise, the BsrGl restriction enzyme was used to differentiate between the
Kamona strain of D. siricidicola, which it does not cut, and both Deladenus
proximus Bedding and the NS D. siricidicola strain. BsrGl cuts the NS strain
of D. siricidicola into two fragments of 253 bp and 427 bp, banding pattern
very similar to that obtained with D. Proximus, generating two fragments of
253 bp and 426 bp. (Williams & Hajek, 2017). PCR-RFLP was performed
by incubating 10 pl of the PCR product, 1.5 pl of 10X Buffer, 5 Units of each

enzyme, and 3 pl of H20 at 37 °C for 24h. The reactions were inactivated by
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subsequently incubating the mixture at the respective temperature indicated
by the supplier for each restriction enzyme for 20 minutes. Digestion
products were labeled with GelRed and visualized with electrophoresis in 2%
agarose or 10% polyachrilamide gel in the case of the digestion with the
enzyme Rsal, using UV light to reveal the banding pattern. A clone of D.
siricidicola Kamona previously characterized by our group was used as a
positive digestion control (unpublished data).

3.3.4.- Evaluation of S. noctilio eggs by electron microscopy.

The presence of nematodes in 40 randomly selected S. noctilio eggs was
evaluated by scanning electron microscopy. Approximately 0.5 cm?
segments of S. noctilio eggs were incubated in fixation solution (3%
glutaraldehyde (v/v), Sodium cacodylate 0.268M, pH 7.2) at 4 °C for 3 hours.
Samples were then rinsed with 0.268 M Sodium Cacodylate pH 7.2 and
dehydrated in solutions of increasing acetone concentration (50, 70, 95 and
100%; 1 h each dipping). The fixed S. noctilio eggs underwent a critical
drying point and were mounted on an aluminum support. A gold bath was
applied using the variam/vacuum division equipment (vacuum evaporator PS
100E) courtesy of the Department of Microscopy of the Faculty of Biological

Sciences of the Pontificia Universidad Catolica de Chile. The observations
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were made in 100X and 300X magnifications in the SEM LEO 1420VP

Scanning Electron Microscope.

3.4.-RESULTS.
During the summer of 2017-2018, a total of 703 S. noctilio individuals

emerged from the 27 breeding chambers, 347 of which (49%) were
females. This 1:1 male to female sex ratio was consistent across all nine
areas evaluated (Figure 3.2). Total S. noctilio emergence was higher in
sampling areas 8 and 9 which corresponded to the northern extents of the

central valley and the pre-Cordillera of the Andes, respectively (Figure 3.1

and 3.2).
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Figure 3.2. Male to female ratio of adult Sirex noctilio emergence from the

nine sampling areas.
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In all sampling areas, the presence of nematodes morphologically
corresponding to D. siricidicola was determined by dissection of S. noctilio
adult females under stereoscopic microscopy (Figure 3.3a). Average
parasitism across all sampling areas was 93.1%, ranging from 81.5% to

100%. In three sampling zones, 100% parasitism was observed (Table 3.1).

Table 3.1. Parasitism of the Sirex noctilio females across nine sampling areas

during the 2017-2018 summer as determined by abdominal dissection

Parasitism in females of S.

Sampling area Dissected females (N°) o
noctilio (%)

1 28 92.9 (x4.1)®
2 35 85.9 (+ 7.1)®
3 37 94.4 (+ 5.6)®
4 38 81.9 (£9.7)°
5 36 100.0 ( 0.0)?
6 34 100.0 ( 0.0)?
7 35 88.2 (+5,9)®
8 54 94.3 (+2,.9)®
9 50 100.0 (+0.0)
Total 347 93.1 (+2.2)

Values in parentheses indicate standard error.
The different letters indicate statistically significant differences between
mean parasitism levels per zone (p<0.05).
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The presence of the nematode D. siricidicola DNA in the S. noctilio
abdomens was confirmed through amplification of the mtCO1 gene. PCR-
RFLP of the mtCO1 gene with restriction enzymes Acil, Rsal and BsrGl
revealed surprising results regarding D. siricidicola carriage within the

same individual S. noctilio female (Table 3.2).

Table 3.2. Molecular determination of nematode species and strain in
parasitized S. noctilio as determined by PCR-RFLP.
Female of Female of S. noctilio with presence of
Sampling S. noctilio specie/stain of nematode (%)
area analyzed D. siricidicola - Non-sterilizing stain
(N°) Kamona of D. siricidicola -
1 10 100 40
2 10 100 40
3 10 100 40
4 10 100 60
5 10 100 20
6 10 100 10
7 10 100 10
8 10 100 20
9 10 100 30
Total 90 100 30,0

BsrGl has been used previously to distinguish between the Kamona and
D. proximus strains (Williams & Hajek 2017; Bedding, 1974). Our in-
silico analysis of the mtCO1 gene revealed that the enzyme would cut the

same site in the NS strain of D. siricidicola (Figure 3.3e) generating two
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restriction fragments. Digestion with the restriction enzyme BsrGl
revealed single fragments of length 680 bp in 100% of individuals (Figure
3.3b), indicating all Sirex samples to be infected with the Kamona strain
of D. siricidicola. Among these individuals, an additional 23.3% of
infected females also yielded bands of length 253 bp and 427 bp (Figure
3.3b lines 5, 6, 8 and 3.3e) corresponding to the NS or D. proximus strains.
Digestion with restriction enzyme Acil, which distinguishes between the
Kamona and NS strain (Morris, 2013), revealed bands of 680 bp in all ten
individuals in each sampling area, confirming the presence of the Kamona
strain. Among these females, 30% of infected individuals across all
sampling zones vyielded additional bands of 433 bp and 247 bp
corresponding to the NS strain (Figure 3.3c Table 3.2). Finally, the
restriction enzyme Rsal, which cuts the Kamona strain at two sites, yielded
the characteristic banding pattern previously reported (Morris, 2013) with
three fragments of length 323 bp, 230 bp, and 127 bp in all infected
females, confirming the ubiquitous presence of D. siricidicola Kamona
(Figure 3.3c and 3.3e). Moreover, 28-30% of the samples yielded two
additional bands of length 104 bp and 126 bp, corresponding to the third

cutting site of Rsal in the NS strain. The above was corroborated by
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sequencing analysis of the strains that showed the restriction sites by
similar restriction pattern whose sequence was included in figure 3.3 (e) as
Deladenus non-sterilizing. Finally, digestion with the restriction enzyme
BsrGl yielded banding patterns associated with the Kamona and NS strains
D. siricidicola rather than the two bands of 426 bp and 253 bp
characteristic of D. proximus. Therefore, the fragments observed above
for digestion with the restriction enzyme BsrGl can be attributed to the NS
strain since D. proximus was otherwise not observed in this study (Figure
3.3 d, Table 3.2). Taken together, these results indicate universal
infestation with D. siricidicola Kamona paired with co-infestation of the

NS in 30.0% of S. noctilio females.
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Figure 3.3. PCR-RFLP analysis with the enzymes Rsal, BsrGl and Acil of
the mtCOL1 gene amplified from the DNA of S. noctilio abdomens. (a) SEM
image of S. noctilio eggs. (b) Representative restriction with Rsal enzyme
in 5 sampling zones. (c) Representative restriction with the BsrGIl enzyme
in 8 sampling zones. (d) Representative restriction with Acil enzyme in 8
sampling zones. Lanes 1-5 or 1-8 show the banding pattern of PCR
products obtained from S. noctilio egg samples, M: GeneRuler molecular
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weight marker 1Kb, (e) Analysis of DNA sequences by restriction sites
across species of Deladenus.

Analysis of S. noctilio eggs by scanning electron microscopy showed the
presence of juvenile nematodes in 90% of the eggs analyzed (Figure 3.4a).
Parasitized and non-parasitized eggs coexisted within the same S. noctilio

female (Figure 3.4b).

Figure 3.4. Scanning electron microscopy of S. noctilio eggs at 300x
magnification. (a) Parasitized egg with D. siricidicola juveniles (b) Egg

without parasitism by D. siricidicola juveniles.
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3.5.-DISCUSSION.

The principal purpose of this study was to survey a portion of the genetic
diversity of D. siricidicola nematode strains parasitizing S. noctilio
woodwasps in the Biobio region of Chile. Parasitism of S. noctilio by D.
siricidicola was detected in all nine sampling areas evaluated, at levels
ranging from 81 to 100% with an average parasitism value of 93% (93.1 +
2.2). This level of parasitism is consistent with levels of 93% reported for
this same region in 2016 by Castillo et al. (2018) and 90% in 1994 in
Encruzilhado do Sul in Brazil (Bedding, 2009) with nematodes of the same
origin as in the Chilean case.

Molecular characterization of the D. siricidicola strain type revealed 100%
of infected S. noctilio females to be parasitized by D. siricidicola Kamona.
This finding confirms the establishment of the Kamona strain in the Biobio
region of Chile and aligns with the history of biocontrol using D.
siricidicola in Chile: D. siricidicola was introduced to Chile from
Encruzilhada do Sul, Brazil (Beeche et al., 2012) which in turn originated
from the Kamona strain introduced to Brazil from Australia (Bedding,
2009, Hurley et al., 2007). The establishment of the Kamona strain in the

Biobio region with high levels of parasitism comparable to other countries
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in the southern hemisphere where this strategy has been incorporated
(Bedding, 2009) supports its suitability in woodwasp biocontrol.

In addition to confirming the universal presence of D. siricidicola Kamona
in the nine sampling areas, this study also detected for the first time the
presence of the non-sterilizing (NS) strain of D. siricidicola parasitizing S.
noctilio in Chile. Importantly, the NS D. siricidicola strain was always
found in conjunction with the Kamona strain (Figure 3.3 and Table 3.2).
NS D. siricidicola was previously described to parasitize S. noctilio
females in Canada and the United States without penetrating eggs,
therefore preserving viability (Schields, 2009; Williams et al., 2009; Yu et
al., 2009; Williams & Hajek 2017). In contrast, the success of D.
siricidicola sterilizing strains (e.g., Sopron and Kamona) lies primarily in
their ability to invade and destroy the eggs, thus sterilizing female Sirex
(Bedding & lede, 2005; Bedding et al., 2009; Kroll et al., 2013). According
to Kroll et al., (2013) the NS strain of D. siricidicola would affect the
fecundity of S. noctilio females only by decreasing the number of eggs.
The present study could not evaluate if this D. siricidicola strain was in
fact non-sterilizing, as it was found exclusively in co-occurrence with the

Kamona strain. Considering the behavior of the NS strain reported in North
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America (Yu et al., 2009, Williams et al, 2009, Kroll et al., 2013), the
detection of this D. siricidicola variant for the first time in Chile could
represent a risk for the sustainability of this country’s biocontrol program
using the nematode. Williams & Hajek (2017) suggested the possibility of
hybridization between the NS and Kamona strains of D. siricidicola, which
might produce less virulent variants. A case of hybridization with positive
results was carried out in Australia, where six crosses between the
“defective” strain and the Kamona strain yielded fully infective hybrids
(Bedding & lede, 2005; Bedding, 2009).

Determining D. siricidicola strain type in S. noctilio females naturally
attacking P. radiata trees served to reveal key information about the
establishment and natural dispersion of the nematode. According to Kroll
et al., (2013) dispersion of the NS D. siricidicola strain occurs through
infected S. noctilio females, which inject the nematodes to new trees during
oviposition. Since these females remain fertile despite infection, they pass
the parasitic nematode onto their offspring. In contrast, the dispersion of
sterilizing strains depends on oviposition by healthy females on trees
previously attacked by an infected female wasp. This requirement would

slow the dispersion of sterilizing strains (Williams & Hajek, 2017),
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opening a competitive advantage to the NS D. siricidicola strain in
conditions of low woodwasp population density. Moreover, our
observation that not all eggs within an S. noctilio female were parasitized
by D. siricidicola Kamona suggests incomplete sterilization. This may in
part be explained by the co-occurrence of the non-sterilizing strain, but
could also be due to other factors such as temperature, as described by
Yousuf et al., (2014a). The extent of sterilization could also depend on the
synchronization between the release of juvenile nematodes in the hemocoel
and the development of the insect egg. If juvenile nematodes are released
when the egg is in advanced stages of development, they cannot penetrate
the egg (Bedding, 1972; Williams & Hajek, 2017). In an evolutionary
context, the NS condition may be a useful adaptation for D. siricidicola,
especially considering its persistence in other parts of the world (Bedding,
1972; Nuttall, 1980; Williams & Hajek 2017). However, additional studies
are needed to understand the specific biological role of the NS strain
detected in this work and its implications for biocontrol of the woodwasp
in Chile.

Based on the PCR-RFLP results, in which two bands were observed

following digestion with BsrGl but not Rsal, this work points to the
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apparent absence of D. proximus in Chile. This finding was corroborated
by the absence of the Rsal cutting site in the DNA sequence of the Chilean
strain. However, considering that parasitism of S. noctilio by D. proximus
was previously reported by Morris et al., (2013, 2014) in the United States
paired with the observation that D. proximus can grow in Amylostereum
aerolatum, the fungus associated with S. noctilio (Morris et al., 2014),
additional work is needed to rule out the presence of this nematode variant
in other regions of Chile. D. proximus could be a possible agent of
biological control against the wood wasp, as it sterilizes Sirex nogricolis
females without affecting the size of the adult body or the dispersal
capacity and that additionally. This characteristic could prove
advantageous in efforts to control woodwasp populations in Chile.

In the seventeen years since the detection of S. nocitlio in Chile and
implementation of a successful biocontrol program with D. siricidicola,
important questions remain regarding the nematode and its interactions. Most
notably, the origin of the NS strain of D. siricidicola in Chile is unknown.
With the exception of S. noctilio, Chile has no native Sirex species, and no
other species of the genus have been reported. Considering the intensity of

commercial exchange with several countries, we propose that trade may have
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introduced S. noctilio individuals infected with NS D. siricidicola.
Collectively, the results in this work constitute a concrete contribution to our
understanding of the genetic diversity and natural dispersion of D.
siricidicola in Chile and highlight multiple lines of research that remain to be

addressed.
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DISCUSION GENERAL.

A cuatro afios de haber iniciado el programa de control bioldgico de S.
noctilio en el area de estudio en la region del Biobio-Chile, Deladenus
siricidicola cepa Kamona, fue determinado parasitando en todas las zonas de
mustreo evaluadas; tanto la frecuencia de deteccion del nematodo, como su
nivel de parasitismo, incrementaron sostenida y consistentemente entre
temporadas de evaluacion, alcanzando 100% de presencia y 93,6% de
parasitismo promedio a partir del afio 2014. Considerando que la presencia
del neméatodo D. siricidicola Kamona - procedencia Encruzilhado do Sul, se
basé en muestras obtenidas a partir de arboles naturalmente atacados, este
resultado sugiere su establecimiento en el area evaluada e incluso la
ocurrencia de dispersién natural del biocontrolador ejercida por las hembras
durante su periodo de vuelo y ovipostura, coincidiendo con lo planteado por
Williams & Hajek (2017) y Taylor, (1981) respecto del rol de la hembra de
la avispa en la dispersion del nematodo. La determinacién molecular de la
cepa Kamona participando del 100% de este parasitismo era el resultado
esperado, ya que el nematodo usado en la implementacion del programa de
control biologico en Chile, correspondiéo a D. siricidicola procedencia

Encruzilhada Do sul, que fue introducido desde Brasil (Beeche et al., 2012)
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y que asu vez, corresponderia a la cepa Kamona incorporada a Brasil desde

Australia (Beding, 2009; Hurley et al., 2007).

El establecimiento de la cepa Kamona con altos niveles de parasitismo
promedios, determinados en la region del Biobio durante las ultimas
temporadas de evaluacién, 93,6%, 96,5% y 93,1% son consistentes con la
alta virulencia del nematodo a altas densidades de la plaga (Bedding, 2009;
Kroll, 2013, Williams & Hajek, 2017) y sus valores serian préximos a los
niveles de parasitismo de 90% reportados en Brasil en Encruzilhado Do sul
desde donde procede el nematodo usado en Chile, de 96% sefalado en
Sudéfrica (Cape Town) y por debajo del 100% de parasitismo reportado para
Australia, en Victoria, después de dos afios de realizada la inoculacion
(Bedding, 2009) y serian superiores al rango de infeccidn reportados en los
Estados Unidos de Norteamerica por Williams y Hajek, (2017) de 28,1-
20,5% y de 17,6-13,6%, usando la cepa australiana Kamona.

El periodo de vuelo de adultos de S. noctilio, ocurrio en este estudio, entre
los meses de noviembre a abril del afo siguiente. Las cuatro primeras
temporadas la emergencia de adultos se registré entre los meses de diciembre
a abril y en la quinta temporada, el vuelo ocurrié entre noviembre a marzo
del afio siguiente (Figura 3.2). Esta determinacion seria coincidente con
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estaria dentro del rango del periodo de vuelo de entre octubre a mayo,
sefialado por Ruiz (2006) en el hemisferio sur; y semejante al periodo
octubre a abril que sefiala lede et al. (1993) para Brasil. La razon sexual de
dos machos cada hembra de S. noctilio emergida, obtenido en las primeras
temporadas de este estudio, indicaria que el insecto se encuentra en general
en proceso de colonizacion (Ruiz, 2006) y la alcanzada en la dltima

temporada en etapa de control.

Tanto la poblacién de la plaga como su dafio asociado disminuyeron espués
que los niveles de parasitismo de D. siricidicola alcanzaran niveles cercanos
al 90%. Durante elperiodo del estudio la poblacional de S. noctilio estimada,
disminuyo en 3,4% aproximadamene, incremento hasta la tercera temporada,
alcanzando el valor mas alto del periodo (881,5 individuos/m?®), para luego
disminuir progresivamente a partir de la cuarta temporada, hasta situarse por
debajo del nivel inicial en un valor de (394,5 individuos/m?). Un resultado
similar fue reportado por Williams and Hajek, (2017) en EEUU, donde se
registré una disminucion en la poblacion de S. noctilo de 1.000 Sirex/m
hasta alcanzar valores cercanos a 300 Sirex/m, entre los afio 2007 a 2012.
Esta disminucion en la densidad poblacional de la plaga, seria atribuible a la
accion esterilizante de D. siricidicola, lograda a través de su alta capacidad
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para penetrar y destruir los huevos de las hembras de la avispa parasitadas
(Bedding & lede, 2005; Yu et al., 2009; Kroll et al., 2013). El nivel de ataque
observado en el estudio, incrementd de 0,3 a 12,0% hasta el afio 2015 y luego
disminuyo en los afos siguientes hasta un valor de 5,9% de arboles afectados.
El punto de inflexion en las curvas, del nivel poblacional y de ataque de la
plaga, ocurrieron, una temporada y dos temporadas, respectivamente;
después que el parasitismo de D. siricidicola alcanzara y se estabilizara en
valores cercanos al 90%, en cada una de las cuatro comunas consideradas
para este estudio especifico (Figura 2.3, Tabla 2.5, 2.6). Los escasos
resultados descritos en detalle de control de ataque de S. noctilio, sefialan
importantes niveles de control de la plaga, hasta niveles imperceptibles,
después de dos a tres afios que el parasitismo de D. siricidicola ha alcanzado
niveles superiores a 90%, coincidiendo con los resultados de este estudio. En
Australia se reporto disminucion desde 80% de arboles muertos en 1987 a
nivel de dificil deteccion en 1989, con parasitismo de 100% (Beddding,
2009); en Brasil se registré 30% de arboles atacados en 1991 que se redujeron
a niveles de imperceptible en 1995 después de haber alcanzado parasitismo
de 92% (Bedding & lede, 2005) y en Sudéfrica se reportdé mermas de ataque

de 3,2% a dificil deteccidn con parasitismo de 96,1% (Tribe y Cillié, 2004,
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Bedding 2009). En el valle central (Los Angeles) se observo un mayor nivel
de poblacion y ataque de la avispa, en relacion a Precordillera de Los Andes
(Quilleco) y Nahuelbuta (Nacimiento) (Figura 2.3; Tabla 2.5, 2.6), lo que
podria deberse a que en general los sitios del valle central de la Regién del
Biobio son menos productivos, presentando arboles disminuidos en su vigor,
condicidn que incrementaria su susceptibilidad a la plaga, segun lo sefialado
por diversos autores en relacion a que arboles suprimidos, como los que se
encuentran en rodales con alta competencia o estresados por sequia, Son mas
susceptibles al ataque de S. noctilio (Haugen et al. 1990; Newmann et al.,

1987; Aguilar y Lanfranco, 1988, Neumann y Minko 1981).

La deteccion por primera vez en Chile de la cepa de D. siricidicola NE
parasitando S. noctilio, podria representar un riesgo para mantener los buenos
resultados hasta aqui obtenidos en el programa de control de la plaga. La
cepa NE de D. siricidicola se asocia a los ovarios, aunque no penetra los
huevos, por lo que estos permanecen viables (Schields, 2009; Williams et al.,
2009; Yu et al., 2009); en contraste, la cepa esterilizantes de D. siricidicola
(por ej. Sopron y Kamona), radica fundamentalmente en su capacidad de
entrar y destruir los huevos, esterilizando con ello a la hembra de Sirex
(Bedding & lede, 2005; Yu et al., 2009; Kroll et al., 2013). EIl presente
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estudio no permite discriminar si esta cepa de D. siricidicola se comporta
como no esterilizante, tampoco si ha mermedo los buenos resultados en el
control de la plaga alcanzados con D. siricidicola en la region, ya que siempre
fue encontrada en hembras de S. noctilio acompafiada de la cepa Kamona. De
comprobarse su rol no esterilizante, de acuerdo a lo observado en Norte
América (Yu et al., 2009; Williams et al, 2009; Kroll et al., 2013), su
presencia podria representar un riesgo para la sustentabilidad del programa
de control biologico con el nematodo en Chile, pues la cepa NE de D.
siricidicola, podria hibridizarse con la cepa Kamona, lo que tendria
insospechadas implicancias desde el punto de vista del traspaso de
caracteristicas de una cepa u otra a las nuevas generaciones hibridas,
pudiendo en el peor de los escenarios significar una pérdida de virulencia
para la cepa Kamona de D. siricidicola.

La cepa no esterilizante de D. siricidicola, segun Kroll et al., (2013) afecta la
fecundidad de la hembra de S. noctilio al disminuir su numero de huevos, la
dispersion de D. siricidicola cepa NE, ocurriria a través de la propia hembras
de S. noctilio infectada, la que inyecta los nematodos a nuevos arboles
durante su proceso de ovipostura, por lo que puede ocurrir dispersion de estos

nematodos a su propia descendencia. De este modo, esta condicion de no
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esterilizante, en un contexto evolutivo podria ser no malo para la poblacién
de D. siricidicola, incluso su persistencia en otras partes del mundo, sugiere
que podria ser una adaptacién util (Bedding, 1972; Nuttall, 1980; Williams
& Hajek, 2017), incluso para controlar la plaga en condiciones de baja
densidad poblacional de Sirex al afectar su potencial reproductivo al
disminuir el nimero de huevos.

Los resultados obtenidos en este estudio son promisorios en términos de
control de la poblacion de S. noctilio. Se estima que contribuyeron al logro
de los altos niveles de parasitismo, el uso de una de procedencia del nematodo
que mantiene su habilidad parasitica, a su aplicacion correcta (Goycoolea et
al., 2015) y oportuna,en la misma temporada o a lo sumo a la siguiente en
que la plaga era detectada en las distintas localidades, segin lo recomendado
por Lanfranco & Aguilar, (1990) y Bedding, (2009). En este contexto el caso
de Chile seria similar al australiano, donde se cuenta con bosques cultivados
y se usa una cepa del nematodo y su simbionte (Williams & Hajek, 2017), en
EEUU de Norteaméricia en cambio el sistema de control bioldgico de S.
noctilio es complejo, debido a que se tiene diversas especies nativas de Pinus

y Sirex, asociados a cepas de nematodos y hongos (Williams & Hajek, 2017).
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Pese a lo anterior, dado a que el nematodo es denso dependiente (Bedding,
2009), y que se ha detectado la cepa no esterilizante del nematodo, debe
considerarse un permanente monitoreo de la plaga que permitan detectar y
control potenciales irrupciones poblacionales, de igual modo debe
necesariamente, mantenerse poblaciones puras de kamona para ser usado en
los procesos de masificacion del nematodo en laboratorio y su consiguiente

aplicacion en plantaciones afectadas por la plaga.

Este trabajo representa un aporte, primero en términos deconstatar el
establecimiento de D. siricidicola en la region del Biobio Chile y su efecto
en el control de la plaga con mediciones de dafio en el bosque, informacién
que es eacasa por su alto costo (Bedding 2009) y segundo por la
determinacion de la cepa no esterilizante lo que permitira tomar acciones de
mitigacion necesarias en aras a mantener el éxito del programa de control

bioldgico de S. noctilio en el pais.
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CONCLUSIONES GENERANES

a) El nematodo D. siricidicola, parasito de S. noctilio, se ha establecido
exitosamente en el area de estudio de la region del Biobio,

dispersandose naturalmente adn en zonas donde no se habia inoculado.

b) El nivel de parasitismo del neméatodo D. siricidicola incrementa
progresivamente respecto de la fecha de inicio del proceso de
inoculacion hasta el tercer afio post inoculacion y despues se establiliza

a valores cercanos a 90%.

¢) El parasitismo de D. siricidicola se relaciona en forma directa con la
poblacion de S. noctilio y su dafio, afectandolos uno y dos afios después
de alcanzar valores de parasitismo cercanos al 90%.

d) D. siricidicola cepa Kamona se encuentra presente en el area de
estudio—Region del Biobio, Chile, participando a nivel de 100% en el
parasitismo de hembras de S. noctilio.

e) La cepa no esterilizante de Deladenus siricidicola se encuentra
participando en el parasitismo de S. noctilio en la el area de estudio, a
nivel de 30%, coparasitando el mismo individuo junto a la cepa

Kamona.

117



BIBLIOGRAFIA GENERAL.

Aguilar A., Lanfranco D., 1988. Aspectos bioldgicos y sintomatologicos de
Sirex noctilio Fabricius (Hymenoptera-Siricidae): Una revision.

Bosque, 9, 87-91.-

Angus J et al., 2010.1S IPS GRANDICOLLIS DISRUPTING THE
BIOLOGICAL CONTROL OF SIREX NOCTILIO IN
AUSTRALIA. USDA Research Forum on Invasive Species GTR-

NRS-P-75.

Bain J., 2005. Sirex noctilio (Hymenoptera: Siricidae) - the New Zealand
Experience. In: Proceedings, 16th U.S. Department of Agriculture
interagency research forum on gypsy moth and other invasive species
2005 (ed Gottschalk, KW), p. 2; 2005 January 18-21; Annapolis, MD.
Gen. Tech. Rep. NE-337. Newtown Square, PA: U.S. Department of

Agriculture, Forest Service, Northeastern Research Station: p. 2.

Baldini A, Cogollor G.,Sartori A. y Aguayo S., 2005. Sirex noctilio
(Hymenoptera: Siricidae), Avispa taladradora de la madera”. Control

bioldgico de plagas forestales, 111, pp 59-84.

118



Bedding RA, Akhurst RJ. (1974) Use of the nematode Deladenus siricidicola
in the biological control of Sirex noctilio in Australia. Journal of the

Australian Entomological Society 13:129-135.

Bedding RA, lede E. (2005). Application of Beddingia siricidicola for Sirex
woodwasp control. In: Nematodes as Biocontrol Agents. Grewal PS,
Ehlers R-U, Shapiro-llan DI. (eds). CABI Publishing, Oxfordshire,

UK, pp 385-399.

Bedding RA. (1972) Biology of Deladenus siricidicola (Neotylenchidae) an
entomophagous-mycetophagous nematode parasitic in siricid

woodwasps. Nematologica 18:482-493.

Bedding RA. (2009). Controlling the pine-killing woodwasp, Sirex noctilio,
with nematodes. In: Use of Microbes for Control and Eradication of
Invasive Arthropods (eds Hajek AE, Glare TR, O’Callaghan M), pp.

213-235. Springer, Dordrecht, NL.

Bedding RA., 1993. Biological control of Sirex noctilio using the nematode

Deladenus siricidicola, pp. 11-20.

Bedding RA., 2009. Controlling the pine-killing woodwasp, Sirex noctilio,

with nematodes. In: Use of Microbes for Control and Eradication of

119



Invasive Arthropods (eds Hajek AE, Glare TR, O’Callaghan M), pp.

213-235. Springer, Dordrecht, NL.

Bedding, R.A., Akhurst, R.J. (1978). Geographical distribution and host
preferences of Deladenus species (Nematoda: Neotylenchidae)
parasitic in siricid wood wasps and associated hymenopterous

parasitoids. Nematologica 24, 286-294.

Beeche, M. D. Lanfranco, M. Zapata y C. Ruiz. (2012). Surveillance and
Control of the Sirex Woodwasp: The Chilean Experience. In: B.
Slippers et al (eds.) The Sirex Woodwasp and its Fungal Symbiont:
Research and Management of a Worldwide Invasive Pest. Springer,

London.

Castillo M. Sanfuentes E, Angulo A,Becerra J, Romero-Romero JL, Arce-
Johnson P., (2018) Biocontrol of Sirex noctilio by the parasitic
nematode Deladenus siricidicola: A five season field study in

southern Chile. Plos One. doi.org/10.1371/journal.pone.0207529.

Coutts MP, Dolezal JE. (1969) Emplacement of fungal spores by the
woodwasp, Sirex noctilio, during oviposition. Forest Science 15:412-

416.

120



Coutts MP. (1965) Sirex noctilio and the physiology of Pinus radiata. Some
studies of interactions between the insect, the fungus, and the tree in

Tasmania. Forestry and Timber Bureau, Australia Bulletin 41:79.

Coutts MP. (1969) Mechanism of Pathogenicity of Sirex noctilio on Pinus
radiata .l1l. Effects of S. noctilio Mucus. Australian Journal of

Biological Sciences 22(5):1153-1161

Coutts MP. (1969) The formation of polyphenols in small blocks of Pinus
radiata sapwood with and without the fungal symbiont of Sirex.

Australian Forestry Research 4(1):29-34.

de Groot P, Nystrom K, Scarr T. (2006) Discovery of Sirex noctilio
(Hymenoptera: Siricidae) in Ontario, Canada. Great Lakes

Entomologist 39(1/2):49-53.

Goycoolea C., Ceballo R. y Holmgvist C. (2015). Manual Manejo de Plagas

Sirex noctilio. CORMA, CPF S.A.

Hartshorn JA, Fisher JR, Riggins JJ, Stephen FM. (2016) Molecular
identification of Deladenus proximus Bedding, 1974 (Tylenchida:
Neotylenchidae), a parasite of Sirex nigricornis (Hymenoptera:

Siricidae). Nematology 10.1163/15685411-00003029

121



Haugen DA, Bedding RA, Underdown MG, Neumann FG. (1990) National
strategy for control of Sirex noctilio in Australia. Australian Forest

Grower 13(2):8 pp.

Hoebeke ER, Haugen DA, Haack RA. (2005) Sirex noctilio: Discovery of a
Palearctic siricid woodwasp in New York. Newsletter of the

Michigan Entomological Society 50(1&2):24-25.

Hurley BP., Slippers B., Croft PK., Hatting HJ., van der Linde M, Morris
AR., Dyer C, Wingfield MJ., 2008. Factors influencing parasitism of
Sirex noctilio (Hymenoptera: Siricidae) by the nematode Deladenus
siricidicola (Nematoda: Neotylenchidae) in summer rainfall areas of

South Africa. Biological Control, 45, 450-459.

Hurley BP., Slippers B., Wingfield MJ., 2007. A comparison of control
results for the alien invasive woodwasp, Sirex noctilio, in the
southern hemisphere. Agricultural and Forest Entomology, 9, 159-

171.

lede, E., Penteado, S., Gaiad, D., Da Silva, S. (1993). Panorama a nivel

mundial daocurrencia de Sirex noctilio F. (Hymenoptera: Siricidae).

122



In: Conferencia Regional da Vespa da Madeira, Sirex noctilio, na

América do Sul. Florianépolis (Brasil), EMBRAPA. 23-33 pp.

Kile GA, Bowling PJ, Dolezal JE, Bird T. (1974) The reaction of Pinus
radiata twigs to the mucus of Sirex noctilio in relation to resistance to

Sirex attack. Australian Forestry Research 6(3):25-34.

Kroll SA, Hajek AE, Morris EE, Long SJ. (2013) Parasitism of Sirex noctilio
by non-sterilizing Deladenus siricidicola in northeastern North

America. Biological Control 67(2):203-211

Lanfranco D., Aguilar A., 1990. Opciones de control para Sirex noctilio: una

revision (Hymenoptera: Siricidae). Bosque, 11, 9-16.

Leal, 1., Foord, B., Davis, C., de Groot, P., Mlonyeni, X.0. & Slippers, B.,
2012. Distinguishing isolates of Deladenus siricidicola, a biological
control agent of Sirex noctilio, from North America and the Southern
Hemisphere using PCRRFLP. Canadian Journal of Forest Research

42, 1173-1177.

Li D, ShiJ, LuM, Ren L, Zhen C, Luo Y., 2015. Detection and Identification
of the Invasive Sirex noctilio (Hymenoptera: Siricidae) Fungal

Symbiont, Amylostereum areolatum (Russulales: Amylostereacea),

123



in China and the Stimulating Effect of Insect Venom on Laccase
Production by A. areolatum YQLO03. J Econ Entomol.

2015;108:1136-1147.

Madden JL. Sirex in Australasia Dynamics of Forest InsectPopulations
Patterns, Causes, Implications (ed . by A. A.Berryman ).Plenum

Press, New York, New York. 1988 pp 407 — 429 .

Madden JL., 1971. Some treatments which render Monterey pine (Pinus
radiata) attractive to the wood wasp Sirex noctilio F. Bulletin of

Entomological Research, 60, 467-472

Madden JL., 1981. Egg and larval development in the woodwasp, Sirex

noctilio F. Australian Journal of Zoology, 29, 493-506.

Mlonyeni X. O., Wingfield B. D., Greeff J. M., Hurley B. P., Wingfield M.
J., B. Slippers. 2018. Population variation in traits of Deladenus
siricidicola that could influence the biocontrol of Sirex noctilio in
South Africa, International Journal of Pest Management, DOI:

10.1080/09670874.2017.1421327.

124



Morris EE, Hajek AE, Zieman E, Williams DW. (2014) Deladenus
(Tylenchida: Neotylenchidae) reproduction on species and strains of

the white rot fungus Amylostereum. Biological Control 73:50-58.

Morris EE, Kepler RM, Long SJ, Williams DW, Hajek AE. (2013)
Phylogenetic analysis of Deladenus nematodes parasitizing
northeastern North American Sirex species. Journal of invertebrate

pathology 113(2):177-183.

Neuman, F. G.; Minko, G. (1981). The Sirex woodwasp in Australia Radiata

Pine Plantation. Aust. For. 44 (1): 46-63.

Neumann F., Morey J. y McKimm R., 1987. The sirex wasp in Victoria.
Department of Conservation, Forests and Lands, Victoria, Bulletin

No. 29. 41pp.

Nuttall, M.J. (1980). Deladenus siricidicola Bedding. Nematode parasite of
Sirex. Forestand Timber Insects in New Zealand No. 48, NZ Forest

Service. Reprinted and updated in http://www.nzffa.org.nz.

Poisson Miguel A ., Ahumada Rodrigo, Angulo Andrés, Mufioz Fernando

and Sanfuentes Eugenio, 2016. Mega-trap-plots: a novel method of

125


http://www.nzffa.org.nz/

Sirex woodwasp management on Pinus radiata plantations in Chile.

Southern Forests 2016: 1-9

Rawlings G., 1948. Recent observations on the Sirex noctilio population in
Pinus radiata forests in New Zealand. New Zealand Journal of

Forestry 5:411-421.

Ruiz C., 2006. Razdn sexual de Sirex noctilio Fabr. y deteccion de sus
potenciales enemigos mediante el estudio de parcelas cebo
implementadas por el Servicio Agricola y Ganadero entre los afios
2002-2003 en la X Region de Chile. Tesis Licenciado en Ciencias
Biologicas. Valdivia, Universidad Austral de Chile, Facultad de

Ciencias. 74 p

SAG. Resolucion N°147. Amplia territorio sujeto a control oficial de Sirex
noctilio Fabricius, Region de Aysén. (2012).
in: https://www.sag.gob.cl/sites/default/files/

resolucion_147 2012.pdf.

SAG. Resolucién N°1475. Amplia territorio sujeto al control obligatorio

de Sirex noctilioen la region de Valparaiso. (2017) in

126



https://www.saqg.qgob.cl/sites/default/files/res1475 casablanca 2017.

pdf.

Schiff NM, Goulet H, Smith DR, Boudreault C, Wilson AD, Scheffler BE.
(2012) Siricidae (Hymenoptera: Symphyta: Siricoidea) of the
Western Hemisphere. Canadian Journal of Arthropod Identification

21 10.3752/cjai.2012.21

Shields, L. (2009). Update on Sirex noctilio in Canada. In: Proceedings. 19th
U.S. Department of Agriculture Interagency Research Forum on
Invasive Species. Gen. Tech. Rep. NRS-P-36. U.S.D.A. Forest

Service, Newtown Square,Pennsylvania.

Spradbery JP, Kirk AA. (1978) Aspects of the ecology of siricid woodwasps
(Hymenoptera: Siricidae) in Europe, North Africa and Turkey with
special reference to the biological control of Sirex noctilio F. in

Australia. Bulletin of Entomological Research 68:341-359.

Talbot PHB. (1977) Sirex-Amylostereum-Pinus Association. Annual Review
of Phytopathology 15:41-54.

10.1146/Annurev.Py.15.090177.000353

127


https://www.sag.gob.cl/sites/default/files/res1475_casablanca_2017.pdf
https://www.sag.gob.cl/sites/default/files/res1475_casablanca_2017.pdf

Taylor K. The sirex woodwasp: Ecology and control of an introduced forest
insect, pp. 231-248. In: R. L. Kitching and R. E. Jones [eds.] 1981.
The Ecology of Pests - Some Australian Case Histories. CSIRO,

Melbourne, Australia.

Tribe GD, Cillié JJ. (2004) The spread of Sirex noctilio Fabricius
(Hymenoptera: Siricidae) in South African pine plantations and the
introduction and establishment of its biological control agents.

African Entomology 12:9-17.

Williams D. & Hajek A. (2017). Biological control of Sirex noctilio
(Hymenoptera: Siricidae) in the northeastern United States using an
exotic parasitic nematode. Biological Control 107 (2017) 77-86.

Elsevier

Williams, D.W., Zylstra, K.E., Mastro, V.C., 2009. Biological control of
Sirex noctilio in North America by Deladenus siricidicola: 2008
update. In: Proceedings 20th U.S. Department of Agriculture
Interagency Research Forum on Invasive Species. Gen. Tech. Rep.

NRS-P-51. U.S.D.A. Forest Service, Newtown Square.

128



Yemshanov D., Koch F., McKenney D., Downing M. y Sapio F., 2009.
Mapping invasive species risks with stochastic models: a cross-
border United States-Canada application for Sirex noctilio Fabricius.

Risk Analysis 29:868-884.

Yousuf F, Carnegie AJ, Bedding RA, Bashford R, Nicol HI, Gurr GM. (2014)
Effect of temperature on woodwasp (Sirex noctilio F.) development
and parasitism by the entomopathogenic nematode, Deladenus

siricidicola. Biological Control 79:67-74

Yousuf F, Gurr GM, Carnegie AJ, Bedding RA, Bashford R, Gitau CW,
Nicol HI. The bark beetle, Ips grandicollis, disrupts biological control
of the woodwasp, Sirex noctilio, via fungal symbiont interactions.

FEMS Microbiol Ecol. 2014;88(1):38-47

Yousuf F, Carnegie AJ, Bashford R, Nicol HI, Gurr GM. (2018) The fungal
matrices of Ophiostoma ips hinder movement of the biocontrol
nematode agent, Deladenus siricidicola, disrupting management of
the woodwasp, Sirex noctilio. BioControl 63(5):739-749.

10.1007/s10526-018-9897-1

129



Yu Q.. deGroot P., Leal I., Davis C., Ye W., y Foord B., 20009.
Characterization  of  Deladenus  siricidicola  (Tylenchida:
Neotylenchidae) associated with Sirex noctilio (Hymenoptera:

Siricidae) in Canada. International Journal of Nematology 19:23-32.

Zieman E.A., Reeve J.D., Braswell W.E., Jiménez F.A. (2015) Pathology,
distribution, morphological and genetic identity of Deladenus
proximus (Tylenchida: Neotylenchidae) a parasitic nematode of the
woodwasp, Sirex nigricornis in the eastern United States. Biological

Control 87:14-22. 10.1016/j.biocontrol.2015.04.009

Zondag R. (1969) A Nematode Infection of Sirex Noctilio (F) in New
Zealand. New Zealand Journal of Science 12(4):732Zondag R., 1962.
A nematode disease of Sirex noctilio. Interim Research Release. New

Zealand Forest Service, Rotorua, N.Z. 6pp.

Zondag R. (1975). Controlling Sirex with a nematode. In: Proceeding of the

28th N.Z. Weed and Pest Control Conference. pp 196-199.

Zondag R. (1975). Introduction and establishment of Deladenus siricidicola
Bedding, a nematode parasite of Sirex noctilio F. in New Zealand.

Part F. The check for establishment of D. siricidicola and

130



introductions in the 1973/74 season (unpubl.). Forest Entomology
Report 42. New Zealand Forest Service, Forestry Research Institute.
19pp.

Zondag R. (1979). Control of Sirex noctilio (F.) with Deladenus siricidicola
Bedding, Part Il. Introduction and establishments in the South Island

1968-1975. New Zealand Journal of Forestry Science 9(1):68-76.

Zondag R. A Nematode Infection of Sirex Noctilio (F) in New Zealand. New

Zealand Journal of Science 1969; 12:732

Zondag R., 1962. A nematode disease of Sirex noctilio. Interim Research

Release. New Zealand Forest Service, Rotorua, N.Z. 6pp.

131



