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Resumen

RESUMEN

La adormidera (Papaver somniferun 1.) es uno de los cultivos mds importantes
para la industria farmacéutica en Espafia porque constituye la unica fuente de morfina,
codeina y tebaina. Espafa es el 5° productor europeo de semilla y paja de adormidera,
con cerca de 7.500 hectareas cultivadas en Andalucfa, Castilla-la Mancha, y Castilla y
Ledén. Durante los ultimos afios, los rendimientos del cultivo de adormidera han venido
disminuyendo como consecuencia de ataques de una nueva enfermedad, cuya extension
y severidad se han incrementado notablemente a medida que el cultivo ha ocupado
nuevas zonas frescas y humedas en Espafia o se ha incorporado al regadio a fin de
mejorar el rendimiento de las cosechas. El objetivo finalista de esta Tesis Doctoral ha
sido el obtener nuevos conocimientos sobre la etiologfa, biologia y epidemiologia del
Mildiu de la adormidera, asi como sobre la caracterizacion y deteccion molecular
especifica del agente causal, que permitan establecer las bases cientificas para el
desarrollo de estrategias eficientes para el control integrado de la enfermedad.

En primer lugar se determiné mediante técnicas tradicionales (observaciones
microscopicas y ensayos de patogenicidad) y moleculares (analisis de secuenciacion de
la region espaciadora interna transcrita (ITS del ADN ribosémico (ITS1 e ITS2) y
region 5,88 del ADN ribosémico, ADNr) la etiologia del Mildiu de la adormidera en
cultivos comerciales en Espafa y su agente causal como el oomiceto biotrofo obligado
Peronospora arborescens (Berk) de Bary.

Una vez determinada la etiologfa del Mildiu de la adormidera se procedié a
establecer la composicién y diversidad genética existente en las poblaciones del
patégeno y sus relaciones filogenéticas basadas en el analisis de las secuencias de la
region ITS1-58S-ITS2 del ADNr de P. arborescens y P. cristata de diversos otrigenes
geograficos. Los resultados obtenidos en el estudio sugirieron que solo P. arborescens
esta presente en los cultivos de Pap. sommnifernn en Espana. Ademas, los analisis
filogenéticos de la regién ITS1-5,85-ITS2 del ADNr de 27 muestras de tejidos de
adormideras infectadas por Mildiu de todas las regiones de cultivo en Espafia y de
Francia demostraron que la diversidad genética en las poblaciones de P. arborescens es
escasa y que éstas son filogenéticamente diferentes de P. ¢ristata, el agente causal del

Mildiu de cultivos comerciales de adormidera en Tasmania (Australia).
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Posteriormente, nuevos analisis filogenéticos donde se incluyeron ejemplares
de diferentes especies de Papaver silvestres (Pap. dubinm, Pap. hybridum, Pap. rboeas, y Pap.
sommifernm) procedentes de colecciones de herbario y de campo con diferentes origenes
geograficos indicaron por primera vez que podria existir algin grado de
especializacion del huésped en las poblaciones de P. arborescens sugiriendo que las
Papaver spp. silvestres pueden no actuar necesariamente como fuente de inéculo
primario importante de la enfermedad.

A partir de secuencias de las regiones ITS1-5,8S-ITS2 del ADNr se
desatrollaron tres pares de cebadores especificos P3Pa2fw/P3Pa2rv  (P2),
OMPaclfw/OMPaclry (P3) y OMPac7fw/OMPac7rv (P6) de P. arborescens y un
protocolo basado en PCR, el cual ha sido empleado para responder de forma eficiente
a diferentes cuestiones sobre la biologia de este patosistema. Los cebadores especificos
desarrollados diferenciaron eficientemente P. arborescens de P. cristata 'y permitieron
detectar P. arborescens en diferentes tejidos sintomaticos y asintomaticos de la planta. El
uso del protocolo de deteccién y de los cebadores desarrollados permitié demostrar
que P. arborescens puede ser trasmitido por semillas. Este método ha quedado recogido
en la patente espafiola N° P200603319 y sus dos extensiones P200803261 vy
P200803262, y ha sido extendida internacionalmente con la aplicacion N°
PCT/ES2007/000781.

Asimismo, utilizando los pares de iniciadores P3 y P6 se desarrolld una
metodologia de PCR anidada o ‘nested’-PCR, que mejord la deteccion in planta de
DNA de P. arborescens. E1 nuevo protocolo representd un incremento en la sensibilidad
de x100 a x1000 del oomiceto en tejidos de adormidera en comparacioén con el limite
de deteccion obtenido con el protocolo de PCR especifica simple y los pares de
iniciadores P3 y P06, respectivamente. El nuevo protocolo permiti6 la amplificacion de
5a 05 fg de ADN de P. arborescens mezclado con ADN de Pap. somniferun. La
utilizacion de esta técnica permitié amplificar P. arborescens en muestras de herbario de
hasta 98 afos de antigiedad, y demostrar que P. arborescens puede generar infecciones
sistémicas asintomaticas tanto en adormidera cultivada como en Papaver spp. arvenses,
y estar presente con alta frecuencia en lotes de semillas comerciales en Espafia.

Siguiendo con el desarrollo de técnicas para la deteccion de P. arborescens en
adormidera, se desarrollé6 un protocolo de PCR cuantitativa (qPCR) en tiempo real

para identificar y cuantificar ADN de P. arborescens en diferentes tejidos de adormidera.
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Este método es fiable, innovador, rapido y econémico y posee las mismas ventajas de
especificidad, sensibilidad, y versatilidad que los protocolos de PCR simple y aninada.
El protocolo puesto a punto con el par de cebadores especificos P6 y el fluoréforo
Syber Green I alcanzé alta reproducibilidad, buenas eficiencias y linealidad en seis
6rdenes de magnitud entre los valores de C,. y el Log (DNA) de P. arborescens, con altos
valores (>0.99) del coeficiente de determinacién, alcanzando limites de deteccion de
hasta 10 fg en un fondo de ADN de tejidos de adormidera. Las propiedades de
reproducibilidad, eficiencias y valores del coeficiente de determinacién se mantuvieron
en valores similares cuando se utiliz6 ADN plasmidico con el inserto diana de la
region ITS del ADNr de P. arborescens. En base a estos resultados fue posible
desarrollar un modelo robusto y universal para su uso como control de la
cuantificacién de ADN de P. arborescens entre diferentes muestras, expetimentos, y/o
laboratorios, etc. El modelo esta basado en los modelos lineales que establecen las
relaciones numéricas entre el C; y el Log (DNA) en la linea estindar obtenida con
ADN plasmidico y la linea estandar obtenida con ADN genémico de P. arborescens. 1.as
aplicaciones realizadas (en tallos de adormidera, lotes comerciales de semillas y
semillas procedentes de capsulas con diferente incidencia de la enfermedad) de dicho
modelo utilizando los iniciadores y protocolos disefiados, muestran resultados de gran
interés ya que han permitido cuantificar el patégeno en infecciones sistémicas
asintomaticas y en semillas procedentes de capsulas sin sintomas.

Finalmente, en esta Tesis Doctoral se abordé el estudio de la biologia de la
interaccion Pap. sommiferum/ P. arborescens determinando la naturaleza de la(s) fuente(s)
de in6culo primario y el/los tipo(s) de infeccion determinantes del desarrollo de
epidemias de Mildiu. Dicho estudio se llev6 a cabo mediante un abordaje experimental
integrador que ha combinado (i) observaciones de campo, (i) ensayos de
patogenicidad en condiciones controladas y campo, y (iii) desarrollo de técnicas
moleculares (PCR especifica simple, PCR anidada y qPCR) para la deteccién y
cuantificacion del patégeno en tejidos de adormidera sintomaticos y asintomaticos.
Los resultados de la presente Tesis Doctoral han permitido determinar los siguientes
aspectos clave del ciclo de patogénesis de la enfermedad: Se ha demostrado la
transmision del patégeno en semillas infectadas/infestadas y su papel como indculo
primario contribuyente a la extension de la enfermedad a campos o areas geograficas

libres de ésta. Las semillas en la cdpsula pueden ser infectadas/infestadas debido a
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infecciones sistémicas primarias por oosporas asi como por infecciones secundarias
por esporangios, que a su vez pueden ser sistémicas o no, y sintomaticas o
asintomaticas. Los esporangios desarrollados en plantas infectadas en condiciones
ambientales favorables son eficientes en producir nuevas infecciones secundarias que
diseminan la enfermedad a plantas asintomaticas. A su vez, estas infecciones pueden
ser sistémicas o no. Las oosporas contenidas en restos de cosecha infestados o en
suelo infestado son eficientes en originar infecciones en los 6rganos subterraneos de
plantulas de adormidera durante el establecimiento del cultivo y originar infecciones
sistémicas sintomaticas o asintomaticas.

Esta Tesis Doctoral ha permitido por tanto desarrollar nuevas tecnologias que
permitiran establecer medidas efectivas de control de la enfermedad, fundamentalmente
basadas en los principios de exclusién y erradicacion, aplicables fundamentalmente
sobre lotes de semilla infectados o sobre cultivos de adormidera comerciales. Dichas
medidas pueden ser practicadas en las condiciones agronémicas en que tiene lugar el
cultivo directamente por el agricultor con la asistencia técnica correspondiente por
Alcaliber S.A. Ademas, la presente Tesis Doctoral ha establecido las bases cientificas y
tecnologicas para el desarrollo de (i) programas de certificacion sanitaria de semilla de
adormidera, (i) evaluacion de material vegetal en programas de mejora genética de
variedades resistentes/tolerantes, y (iii) estudios sobre la epidemiologia y dispersiéon del
agente causal que actualmente se estain llevando a cabo y que son aspectos

fundamentales para el control de la enfermedad.
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Summary

SUMMARY

Oppium poppy (Papaver somniferun L.) is one of the most important crops for the
pharmaceutical industry in Spain because it is the only source of the alkaloid drugs
morphine, codeine and thebaine. In Spain, opium poppy is grown annually on
approximately 7,500 ha, primarily in the southern (Andalucia) and central (Castilla-La
Mancha and Castilla y Ledn) regions of the country. During the last few years, attacks
by a new, undiagnosed Downy mildew disease have lead to a steady decrease in yields
of opium poppy crops in Spain. Also, the incidence and severity of those attacks have
increased steadily due mainly to expansion of the crop to new cooler and irrigated areas
in central Spain for improving harvest yields. The main objectives of this Ph Thesis
research were: (i) to develop new knowledge about the etiology, biology and
epidemiology of the Downy mildew of opium poppy; (ii) the molecular characterization
and specific molecular detection of the causal agent of the disease; and (iif) to develop
knowledge-based disease management strategies that would help to protect yields of
opium poppy crops in Spain and elsewhere.

Firstly, we determined the etiology of the Downy mildew of oppium poppy in
comercial crops in Spain, and identified the causal agent as the obligated biotrophic
Oomycete Peronospora arborescens (Berk) de Bary, using conventional (microscopic
observations and pathogenicity assays) and molecular (sequence analyses of the ITS1-
5,8S-ITS2 region of the ribosomal DNA, rDNA) techniques. Thereafter, we determined
the composition, genetic diversity and phylogenetic relationships in populations of P.
arborescens based on the sequence analyses of the I'TS1-5,85-ITS2 region of rtDNA using
isolates of P. arborescens and P. cristata from diverse geographic origins. Results suggested
that only P. arborescens occurs in cultivated Pap. somniferum in Spain. Moreover, analyses
of the ITS1-5,85-ITS2 region of tDNA from 27 samples of Downy mildew-affected
plants from all opium-poppy-growing regions in Spain showed that low genetic
diversity exists within P. arborescens populations in Spain and France, as well as that they
are phylogenetically distinct from P. ¢ristata, the Downy mildew pathogen of opium
poppy crops in Tasmania (Australia). Moreover, a detailed phylogenetic analysis of P.
arborescens populations, using Downy mildew-affected tissues from different species of

Papaver (Pap. dubium, Pap. hybridum, Pap. rhoeas, y Pap. somniferum) from herbarium
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collections of different geographical locations, indicated for the first time that a degree
of host specificity may exist within P. arborescens populations.

The ITS1-5,8S-ITS2 rDNA sequences have been proved useful for the
development of three P. arborescens-specific primers paits P3Pa2fw/P3Pa2rv (P2),
OMPaclfw/OMPaclry (P3) and OMPac7fw/OMPac7rv (P6), as well as of a PCR-
based protocol that was used to answer several lingering questions in the Pap.
sommiferum/ P. arborescens pathosystem. The species-specific primers and the PCR assay
protocol developed allowed to differentiated P. arborescens from P. cristata and proved
useful for the detection of P. arborescens in symptomatic and asymptomatic opium poppy
plant tissues. Use of these primers demonstrated that P. arborescens can be seed borne
and seed transmitted and that commercial seed stocks collected from crops with high
incidence of the disease were frequently infected by the pathogen. This detection
protocol has been registered as a Spanish patent application N° P200603319 (with two
extensions P200803261 y P200803262) and it has been internationally extended with the
number PCT/ES2007/000781.

Additionally, the P. arborescens-specific primer pairs P3 and P6 were used to
develop a sensitive nested-PCR protocol that improves the in-planta detection of P.
arborescens DNA. The new protocol provides an increase in sensitivity of 100- to 1,000-
fold in the detection of the oomycete in opium poppy tissue compared with the
detection limit from single PCR using the same primer pairs, respectively. The new
protocol allowed amplification of 5 to 0.5 fg of P. arborescens DNA mixed with Pap.
sommnifernmr DNA. The protocol proved useful for amplifying P. arborescens DNA from
96-year-old herbarium specimens of Papaver spp. and to demonstrate that
asymptomatic, systemic infections by P. arborescens can occur in wild Papaver spp. as well
as in cultivated opium poppy. Also, the increase in sensitivity of the protocol made it
possible to demonstrate a high frequency of seedborne P. arborescens in commercial
opium poppy seed stocks in Spain, which posses a threat for pathogen spread to new
cropping areas.

An additional further step was then made to develop a reliable, innovative,
quick, and low-cost real-time quantitative PCR (qPCR) assay that, while keeping the
advantages of specificity, sensitivity and versatility described for the simple- and nested-
PCR protocols, would be useful in the identification and quantification of P. arborescens

DNA in different opium poppy tissues. The use of primer pair P6 and the Syber Green
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I fluorescent dye in the new protocol resulted in an assay that showed highly
reproducible and efficient, as well as good linear relationship over six orders between
C; and Log (DNA) of P. arborescens values with highly significant coefficient of
determination (R>0.99), reaching a detection limit of up to 10 fg of P. arborescens DNA
within a background host DNA. Furthermore, the reproducibility, efficiency and level
of correlation remained at levels similar to those referred above when plasmidic DNA
containing the target DNA as a cloned insert were used as template for the assays. On
basis of those results, we developed a robust and universal model to be used as a
control in the quantification of P. arborescens DNA among different samples, assays,
laboratories, etc. This model is based on the numerical relationship that was established
between C. and Log (DNA) of P. arborescens for the standard line obtained for DNA
extracted from the plasmid with the target DNA as cloned insert and the standard line
obtained for genomic P. arborescens DNA. To validate the developed model, we carried
out assays using the designed primers pairs and protocols and stem of oppium poppy
plant, commercial seed stocks, and seeds harvested from capsules with different levels
of disease incidence. Results showed that the newly developed quantification protocol
and model would be of much interest for the quantification of the pathogen amount in
systemically infected, asymptomatic opium poppy plants as well as seeds from
asymptomatic capsules.

Finally, in the research we aimed to provide better understanding of the
interaction between Pap. somniferum and P. arborescens by determining the nature and
source(s) of primary inoculum and infection types for the development of Downy
mildew epidemics. That was carried out by means of an integrative experimental
approach that combined: (i) field observations, (ii) pathogenicity assays in growth
chambers and field microplots and (iii) molecular detection assays of P. arborescens
infection using the species-specific simple-, nested-PCR, and real-time qPCR protocols
for the detection and quantification of the pathogen in oppium poppy symptomatic or
asymptomatic tissues. Results revealed key aspects of this pathosystem in relation to the
cycle of pathogenesis of the disease. Thus, our results demonstrate that
infected/infested seeds are a major source of primary inoculum of the pathogen, and
suggested that seeds harbouring the pathogen may have contributed to the spread of
the disease to fields or geograohic areas free from P. arborescens. Furthermore, oospores

harbored in infested crop debris or in infested soil are efficient in originating infections
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Summary

of underground plant tissues eatly during poppy seedling growth and to give rise to
systemic, symptomatic or asymptomatic infections. Therefore; infested soil as well as
overwintering debris from infected crops can also serve as source of primary inoculum
for the disease.

We demonstrated that opium poppy seeds can be infected/infested as a
consequence of systemic primary infections by oospores, as well as either systemic or
non-systemic secondary infections by airborne sporangia, and that both kinds of
infection types can take place without symptom expression in the plant. The sporangia
formed on infected plants in favorable environmental conditions are effective in
producing new secondary local infections that may spread the disease to asymptomatic
plants. These new secondary local infections can be systemic or non-systemic and
symptomatic or asymptomatic.

We conclude that the technologies and knowledge developed in this PhD
research will help to establish effective control measures of opium poppy Downy
mildew, mainly based on the principles of exclusion and eradication and aimed mainly
to commercial seed stocks and commercial poppy crops. These technologies can be
practiced under the agronomic conditions currently practiced for the crop in Spain, and
can be easily practiced by the farmer with the proper technical assistance from Alcaliber
S.A. staff. In addition we have established the scientific and technological basis for
implementing and enhancing: (i) current programs of sanitary seed certification; (ii)
breeding programs for the development of opium poppy varieties resistant/tolerant
varieties to Downy mildew; and (iii) studies on the epidemiology of the disease and

airborne dispersion of the causal agent, that are currently taken place.
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Durante las ultimas décadas esta teniendo lugar un envejecimiento progresivo
de la poblacién y notable aumento de la prevalencia de algunas enfermedades crénicas,
al cual puede haber contribuido el incremento en la supervivencia de muchos
pacientes por los avances en el tratamiento de patologias como el cancer. Sin embargo,
la mejora de calidad de vida de los pacientes durante las fases avanzadas de dichas
enfermedades depende fundamentalmente del esmero en los cuidados paliativos y el
tratamiento integral del paciente terminal. Los farmacos opiaceos son cada vez mas
necesarios en la sanidad de la poblacion.

En 1986, la magnitud del problema del tratamiento insuficiente del dolor
oncolégico llevé a la Organizacion Mundial de la salud (OMS) a publicar las directrices
para el control del dolor en pacientes afectados de cancer (World Health Organization,
1986) basado en el uso de farmacos opioides como piedra angular, lo cual supone que
mas del 80% de los pacientes pueden ser controlados utilizando este sistema (Zech et
al., 1995). Por ello, el papel de las sustancias opioides, fundamentalmente morfina,
como medicamentos para el dolor oncoldgico terminal determiné su inclusion en la
lista de medicamentos esenciales de la OMS. En Espafia, una media anual de cerca de
90.000 personas fallecen al afio debido a tumores malignos. Esto supone que las
enfermedades cominmente denominadas como cancer son la primera causa de
muerte en nuestro pafs (l.e., una de cada cuatro muertes es atribuible a esta
enfermedad) (Regidor et al., 1998). El 30-40% de los pacientes con cancer sometidos a
tratamiento activo contra esta enfermedad refieren al dolor como el sintoma mas
temido e incapacitante para el paciente, y este porcentaje llega a ser del 70 al 90% en
estados avanzados de esta enfermed (Cleeland et al., 1994; Llobera et al., 1998), lo cual
hace imprescindible que sea aliviado mediante la administraciéon de opiaceos.

El tratamiento del dolor neuropatico sigue siendo uno de los problemas
pendientes de resolver de una manera satisfactoria, por la gran variedad clinica y
fisiopatélogica de los sindromes dolorosos que explica la gran variedad de farmacos y
técnicas empleadas. La utilizaciéon de opioides en el dolor neuropatico es un tema
controvertido. Clasicamente no se admitia la utilizaciéon en base a la probabilidad de
producir escasos efectos analgésicos y la posibilidad de apariciéon de tolerancia y
dependencia fisica. Sin embargo desde los anos 80 y debido a la experiencia acumulada
a largo plazo en el tratamiento del dolor oncolégico con opioides se empezd a

cuestionar dicho planteamiento. Existen estudios favorables de la administracién de



Capitulo 1

oploides en pacientes con dolor neuropatico con buenos resultados tanto en alivio del
dolor como en la mejoria del estado funcional sin observarse problemas graves de
tolerancia y adiccion (Herrera Silva, 2001). Otros articulos hacen referencias a la
prioridad del manejo del dolor crénico en los pacientes y al conveniente uso de
opioides para tratar el dolor crénico no producido por cancer, aunque siempre con
previas evaluaciones del paciente (American Academy of Pain Medicine and the
American Pain Society, 1997).

En Espafa, se comercializan en la actualidad varios opioides con fines
farmacoldgicos, entre los que se encuentran los alcaloides morfina, codeina y tebaina,
que son ampliamente utilizados en medicina como analgésicos, antitusivos y
antiespasmodicos (Bryant, 1988; Hansen, 1994; Heeger y Poetheke, 1947). La industria
farmacéutica espafola consume anualmente alrededor de 5.500 kg de morfina, y existe
una tendencia al incremento de esta cantidad, entre otros motivos, por el aumento de
la esperanza de vida de los pacientes oncolégicos y el envejecimiento de la poblacién
espafiola.

De hecho, se puede concluir que en la actualidad nos encontramos ante una
tendencia creciente y generalizada respecto de la utilizacion de opioides naturales o
semisintéticos, tanto para el tratamiento de dolores en pacientes terminales como en el
tratamiento del dolor crénico no maligno, lo cual requiere que la estabilidad de
provision de la materia prima para la obtencion de estos opioides deba estar

garantizada a nivel mundial.

I.1.1 EL CULTIVO DE LA ADORMIDERA

La adormidera (Papaver sommiferum 1.) es una de las plantas cultivadas mas
importantes para la industria farmacéutica, ya que constituye la tnica fuente de
alcaloides como la morfina, codeina y tebaina.

La adormidera es una planta herbacea, anual, con una fase vegetativa distintiva
caracterizada por grandes y numerosas hojas pinnadas que se distribuyen en forma de
roseta, y una etapa reproductiva durante la que florecen los brotes de los tallos. La raiz
es pivotante y profunda, y el tallo erguido, robusto, poco ramificado y de hasta 1,60 m
de altura. Las hojas abrazan el tallo por su base y son alternas, sentadas, grandes,

lobuladas, lampifias, de color verde claro y con nervaduras prominentes en el envés.
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Las flores son terminales y solitarias, compuestas de un caliz de dos sépalos lampifios
que se desprenden al abrirse la flor, y por una corola de cuatro pétalos en forma de
cruz con numerosos estambres y con un pistilo de forma redondeada u ovoidea con
varios estigmas. Los pétalos son generalmente blancos, aunque suelen tener
tonalidades rosas o violaceas, pero siempre con una mancha oscura en la base. Sus
frutos son capsulas globosas y deprimidas, rematadas por una corona estigmatica
lobulada. La pared de la capsula presenta de ocho a 10 laminas placentarias que
dividen la capsula internamente en celdillas incompletas que contienen las semillas.
Eistas son muy numerosas y pequeiias, de aproximadamente 1 mm de longitud y 0,7
mm de anchura, reniformes y de superficie reticulada, y color blanco a pardo oscuro
(Heeger y Poetheke, 1947; Singh, 1982) (Fig. 1.1.1).

La historia divergente y larga de la domesticacion y cultivo de P. somniferum ha
dado lugar al desarrollo de varias razas, variedades quimiotipo, y cultivares adaptados a
usos especificos y condiciones climaticas particulares. El cultivo de la planta cubre un
area geografica amplia, que en el hemisferio Norte abarca desde Bombay en la India

hasta Mosct en Rusia, y Tasmania en el hemisferio Sur (Krikorian y Ledbetter, 1975).
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EN U ETET

Papever somuifzrum [

Figura I.1.1. A. Planta de adormidera. B. Flor multipétala roja. 1. Estructura de la flor. 2.
Estambres. 3. Grano de polen. 4. Capsula en desarrollo. 5. Seccién transversal de una capsula. 6.
Capsula madura. 7. Semillas. 8. Seccién longitudinal de una semilla. 9. Seccién transversal de una
semilla (Fuente: www.botanical.com).
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I.1.1.1 Importancia del cultivo de adormidera a nivel mundial

En pafses de la zona templada, el cultivo de la adormidera se realiza con dos
propositos: 1) para la obtenciéon de paja, importante materia prima para la obtencién
de productos farmacéuticos; y 2) para obtenciéon de semilla y aceite, ambos utilizados
en alimentacién y otros procesos de produccién industrial. En algunos paises, la
semilla es el dnico producto del cultivo local de adormidera que se comercializa (ej.,
Alemania y Austria). Sin embargo, tanto la paja como la semilla tienen un importante
uso y valor de mercado que contribuyen a la rentabilidad del cultivo. La semilla, que es
considerada como un subproducto, se utiliza también en alimentacién y esta
catalogada como una buena fuente de aceite y proteinas (Maza et al., 1988).

Las plantas de adormidera también tienen una importancia menot, aunque
creciente, como especie decorativa y las capsulas secas se usan en las composiciones
de flores secas, lo que ha dado lugar al desarrollo de cultivares especificos para este
fin.

En la adormidera, la maduracién de las capsulas coincide con una elevada
concentracion de alcaloides en éstas. En los pafses de clima tropical (ej., India y
China), la adormidera se cultiva principalmente para la obtencién de opio (también
denominado opio bruto) que es el latex seco que se obtiene al practicar incisiones en
las capsulas verdes de la planta de adormidera (Singh et al., 1982).

El opio bruto y la paja de adormidera son las materias primas de las que se
extraen los alcaloides morfina, codeina, tebaina, noscapina, oripavina, papaverina y
narcefna para su utilizacién en la industria farmacéutica.

El concentrado de adormidera que se obtiene en el proceso de extraccion de
alcaloides de la paja de adormidera esta sometido a fiscalizacion como estupefaciente
separado en virtud de la Convenciéon de 1961 por la Junta Internacional de
Fiscalizacion de Estupefacientes (INBC, siglas en inglés). La morfina y la codeina
estan sujetas a fiscalizacién internacional debido a los riesgos de abuso que conllevan,
y la tebaina porque se puede transformar en opioides que son objeto de abuso. La
noscapina, oripavina, papaverina y narceina no estan sometidas a fiscalizacién
internacional. La morfina es el prototipo de los opiaceos naturales y de muchos
opioides y, debido a su gran poder analgésico, se utiliza como parametro de referencia

para hacer comparaciones.
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La demanda de alcaloides ha aumentado en los ultimos 20 afos y de las dos
materias primas que se utilizan para la obtencién de éstos, el opio y la paja de
adormidera, es esta dltima la que mas se ha utilizado a lo largo de ese periodo para
atender dicha demanda (INCB, 20006). Sin embargo, debido a la peculiaridad del
cultivo (licito e ilicito) de adormidera, resulta dificil cuantificar el area real de cultivo en
el mundo, aunque ésta se estima en mas de 250.000 ha.

Por paja de adormidera se entienden todas las partes de la planta de la
adormidera después de cortada, excepto las semillas. L.a morfina es el alcaloide que
predomina en las variedades de paja de adormidera cultivadas en la mayoria de los
paises productores. El cultivo comercial de paja de adormidera con un alto contenido
de tebaina comenzé en la segunda mitad del decenio de 1990 en respuesta al
acentuado aumento de la demanda de ese alcaloide. La paja de adormidera obtenida de
variedades de adormidera rica en morfina se denomina “paja de adormidera (M) y la
paja de adormidera obtenida de variedades de la adormidera ricas en tebaina se
denomina “paja de adormidera (T)”. Ademas de un alcaloide principal (morfina o
tebaina), algunas de esas variedades contienen adicionalmente otros alcaloides que
también se pueden extraer.

En 2005, alrededor del 80% de la morfina y mas del 93% de la tebaina
fabricada a nivel mundial se obtuvieron a partir de la paja de adormidera, y el resto se
extrajo del opio.

La concentracion de alcaloides en la paja de adormidera varfa
considerablemente de un pafs productor a otro. La comparacién de los volumenes de
produccién de paja de adormidera de los distintos paises y la determinacion de las
tendencias mundiales de la produccién sélo son posibles mediante la utilizaciéon de un
denominador comun, que es el volumen equivalente de morfina o tebaina de la
cantidad de paja de adormidera producida en cada pais.

En la Tabla I.1.1 se muestra la evoluciéon de la superficie cultivada de
adormidera, el volumen de la paja de adormidera (M) y (I) cosechada, y los
rendimientos de cultivo obtenidos en los principales paises productores a nivel
mundial, y en la Tabla I.1.2 se presentan los datos anteriores a nivel mundial obtenidos
a partir de la media de todos los paises productores.

A lo largo del ultimo decenio, los principales pafses productores de paja de

adormidera han sido Australia, Francia, Espafa, Hungtia y Turquia, que suman mas

10



Introduccion veneral

del 90% del total mundial. En 2005, Australia lideraba la producciéon de adormidera
con 112 t, que representaban el 32% de la produccién mundial, seguida por Francia
(96 t, 27% del total mundial), Turquia (64,4 t, 18% del total mundial), Espana (36 t,
10% del total mundial) y Hungtria (15,3 t 4% del total mundial) (Tablas 1.1.1 y 1.1.2).

La produccion mundial de paja de adormidera (M) expresada en la cantidad
equivalente de morfina ha fluctuado ampliamente en los ultimos dos decenios debido
a las condiciones climaticas y a la demanda en los paises productores, pero ha seguido
en general una tendencia ascendente. L.a produccién mundial alcanzé el nivel maximo
hasta la fecha en el 2003, cifrandose en el equivalente de 451 t de morfina. En 2005, la
produccién mundial comunicada de paja de adormidera (M) ascendio al equivalente de
355 t de morfina.

La cantidad de paja de adormidera (M) utilizada en 2005 para la extraccion de
alcaloides ascendi6 a 17.508 t en Turquia, 5.598 t en Australia, 5.540 t en Eslovaquia,
4.945 t en Francia, 3.665 t en Hungrfa, 3.509 t en Espafia y 1.203 t en China (NCBI,
2000).

Finalmente, la produccién ilicita de opio también es practicada por grupos
¢étnicos del este y sudeste de Asia, en particular en pafses como Afganistan, Iran,
Libano y Pakistan. Dado su caracter ilicito, se dispone de muy poca informacion
disponible sobre la producciéon en estos pafses; no obstante, se estima que la superficie
total de cultivo de adormidera de opio en estas regiones pudo alcanzar a principios de
los afios 90 las 30.000 ha, lo que supone aproximadamente el 15% de la superficie

total dedicada al cultivo de adormidera en el mundo (Gordon, 1994).
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Tabla I.1.1. Cultivo de Papaver somniferum con fines distintos de la produccién de opio por
principales pafses productores en los afios 2001-2007.

Paja de adormidera (M)z Paja de adormidera (T)°
Cantidad  Rendimiento/ Cantidad  Rendimiento/
Superficie cosechada hectérea Export. Superficie  cosechada hectérea Export
Pais Afio® (ha) (kg) (kg) (kg) (ha) (kg) (kg) (kg)
2001 8.925  5.691.000 638 25 10.369 7.211.000 695 —
Australia 2002 11.701  12.639.000 1.080 — 7.865 9.146.000 1.163 —
2003 9.811  8.518.000 868 — 7.637 7.274.000 952 —
2004 6.644  5.768.000 868 — 5.578 4.373.000 784 —
2005 6.599  5.900.000 894 2 4.633 4.266.000 921 —
2006 4.900 5.300
2007 4,710 3.210
Austria 2001 .4 28.516
2002 15474 20.795
2003 1.740¢ 33.642
2004 1.7074 32.130
2005 3.0924 17.278
2006 1.700¢
2007 1900¢
Republica 2001 33235  4.174.560 126 4.174.560
Checa 2002 29.637  4.202.260 142 4.202.260
2003 21.045  5.090.050 242 5.090.050
2004 16.030  4.563.360 285 4.563.360
2005 39.944  4.480.940 112 4.480.940
2006 38.000
2007 56.000
Francia 2001 5402  2.691.000 498 — 2.157 1.248.000 579 —
2002 6.451  5.723.000 887 50 2.533 2.553.000 1.008 —
2003 7919 5428270 685 125.005 1.499 1.144.540 764 2.000
2004 8.312  8.289.160 997 216.000 1.007 568.040 564 —
2005 8.841  8.680.740 982 528.000 524 339.180 647 —
2006 9.100 1.000
2007 5.500 1.000
Hungria 2001 6.911  2.269.820 326 23.616
2002 9.924  3.250.988 328 33.824
2003 2.937 882.109 300 30.039
2004 7.084  4.297.868 607 49,043 ..
2005 5106 2.189.772 429 189.494 16 740 46
2006 12.000 16
2007 13.000 16
Espafia 2001 5,536  3.400.000 614 1.088.240 — — — —
2002 7912  6.212.552 785 1.415.311 — — — —
2003 5.732  3.500.000 611 306.460 — — — —
2004 5.986  4.961.290 829 1.828.520 996 832.120 835 —
2005 4802  3.405.000 709 75.000 490 834.000 1.702 —
2006 6.002 1.000
2007 7.600 —
Turquia 2001 45.836 21.436.000 468 —
2002 50.741 17.529.000 345 —
2003 99.430 47.618.000 479 —
2004 30.343 16.190.360 534 —
2005 25.335 12.403.000 490 —
2006 70.000
2007 70.000
Ucrania 2001 5.625¢ —
2002 6.649¢ —
2003 1.348¢ —
2004 5.985¢ —
2005 12.564¢4 —
2006 7.800¢

2007 13.540¢

“Paja de adormidera producida a partir de adormidera (P. somniferum) tica en morfina.
¥ Paja de adormidera producida a partir de adormideta (P. somnifernm) tica en tebaina.
‘Los datos de los afios en cursivas cotresponden a estimaciones de cultivo.

4 Cultivos para fines culinatios y decorativos.
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Tabla 1.1.2. Cultivo de Papaver sommiferum con fines distintos de la produccion de opio a nivel
mundial en los afios 2001-2007.

Paja de adormidera (M)2 Paja de adormidera (T)b
Cantidad ~ Rendimiento/ Cantidad  Rendimiento/
Superficie cosechada hectarea Export. Superficie cosechada  hectarea Export
Pais  Afio® (ha) (kg) (kg) (kg) (ha) (kg) (kg) (kg)
Total 2001 116.009  40.630.839 350 5.317.026 12.526 8.459.000 675
2002 126.670  50.619.979 400 5.804.568 10405  11.702.014 1.125
2003 153.420  73.222.010 477 5.592.800 9.170 8.434.503 920 2.000
2004 86.030  46.341.811 539 6.689.739 7.581 5.773.160 762
2005 108.439  41.907.760 386 5.292.628 5.667 5.441.620 960
2006 157.322 7.366
2007 179.688 4.276

“Paja de adormidera producida a partir de adormidera (P. somniferum) rica en morfina.
b Paja de adormidera producida a partir de adormidera (P. somniferum) tica en tebaina.
‘Los datos de los afios en cursivas corresponden a estimaciones de cultivo.

1.1.1.2 Importancia del cultivo en Espafia

La industria farmacéutica espafiola consume anualmente alrededor de 5.500 kg
de morfina. IL.a adormidera es por tanto uno de los cultivos mas importantes para esta
industria en Espafia, ya que los alcaloides morfina, codeina y tebaina se obtienen
unicamente a partir de la paja de adormidera.

Espafia es el cuarto productor mundial y el tercer productor europeo de
semilla y paja de adormidera (M) y (T) (Tabla 1.1.1; NCBI, 20006). Respecto a la
produccién de alcaloides, Espafia es el tercer productor representando actualmente el
12,3 % de la produccién mundial de alcaloides (NCBI, 2006). En nuestro pafs, en el
2007 el cultivo de la adormidera ocup6 una extension de 7.160 ha y una produccién
total de 11.733 t (6.686 t semilla + 5.047 t capsula) (Alcaliber, S.A., 2007), que se
distribuyeron en Andalucia (2.626 ha), Castilla-La Mancha (4.429 ha), y Castilla y Leon
(105 ha), lo cual supone aproximadamente el 4 % de la superficie mundial (Fig. 1.1.2).
Para el 2008 existen unas previsiones de cultivo de aproximadamente unas 10.000 has,
que se distribuiran en unas 4.000 ha en Andalucia, 5.500 ha en Castilla-La Mancha, y
500 ha en Castilla y Leén (F.J. Mufioz Ledesma, comunicaciéon personal). Estos
niveles de produccién convierten a nuestro pafs en una de las areas cultivadoras de

adormidera mas importantes del oeste de Europa.
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Resto del Mundo
96,1 % Andalucia
36,7 %

Castilla y Leon
Castilla-I.a Mancha 1,5 %

61,9 %%

Figura I.1.2. Supetficie cultivada de paja de adormidera en Espafia por Comunidades
Auténomas, respecto del total mundial en el afio 2007.

La adormidera esta considerada actualmente como un cultivo estratégico en
Espafia, por lo cual esta sujeto a un estricto control de su superficie y produccién por
el Ministerio de Sanidad y Consumo en base a las directivas de la INCB auspiciada y
regulada por la Organizacion de las Naciones Unidas (ONU). En nuestro pais
Alcaliber S.A. es la unica empresa autorizada al cultivo de adormidera desde 1973, con
vistas a su transformaciéon en concentrado de paja de adormidera y posterior

extraccion quimica de sus alcaloides destinados exclusivamente a usos medicinales.
I1.1.2 PRINCIPALES ENFERMEDADES DE LA ADORMIDERA

Las enfermedades constituyen una de las principales limitaciones para la
produccién eficiente de la adormidera. Existen numerosas enfermedades de muy
diversa etiologia que pueden afectar a la adormidera en diferentes partes del mundo.
Hasta ahora, se han descrito 168 microorganismos (en su mayorfa patdégenos) aislados
de plantas de adormidera, incluyendo 82 especies de hongos, cinco especies de
bacterias, 70 especies de nematodos y 11 virus, algunos de ellos especificos de
papaveraceas (Mufioz-Lesdesma, 2002). No obstante, sélo algunas de estas
enfermedades han sido reconocidas como restrictivas econdémicamente para la
producciéon de adormidera a nivel mundial (Schmitt, 1975). Entre estas ultimas,
destacan por su importancia la Necrosis de raiz y cuello causada por Plospora

papaveracea (Not.) Sacc. (Sivanesan y Holliday, 1982), el Mildiu causado por Peronospora
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arborescens  (Berk.) Bary (Nolte, 1951; Pape-Kiel, 1944; Yossifovith, 1928), la
Podredumbre del tallo causada por Sclerotinia sclerotiornm (Lib.) Bary (Laughlin y Munro,
1983) y el Carbon foliar causado por Entyloma fuscum Schroet. (Laughlin y Beattie,
1987; Savile, 1946; Wiberg, 1990).

En Espana la Necrosis de raiz y cuello causada por Pleospora papaveracea (de
Not.) Sacc. fue descrita en 2002 (Mufioz-Lesdesma, 2002). Recientemente, ha sido
descrita sobre el cultivo de adormidera una enfermedad de etiologia bacteriana
causando podredumbre blanda en plantas de adormidera y cuyo agente causal ha sido

descrito como Pectobacterinm carotovorum (Jones) Waldee (Aranda, 2008).

I1.1.3 EL MILDIU DE LA ADORMIDERA

I.1.3.1 Oomicetos y su clasificacion taxonémica

Introduccion

Las enfermedades de las plantas causan miles de millones de doélares de
pérdidas en cultivos agricolas cada afio (Rossman y Palm, 2006). Uno de los grupos de
organismos que causan importantes enfermedades en las plantas son los conocidos
durante mucho tiempo como Oomicota u oomycetos. Hasta recientemente este grupo
estaba clasificado como hongos no verdaderos. En las dltimas tres décadas, el
conocimiento sobre las relaciones filogenéticas entre grupos de hongos se ha
incrementando ampliamente, en tanto que muchos de los agrupamientos taxondémicos
tradicionales no reflejaban en gran medida las relaciones filogenéticas descubiertas
actualmente.

Los Oomicetos son un grupo diverso de microorganismos del Reino
Straminopiles que comprenden mas de 800 especies (Greenville-Briggs y van West,
2005) e incluyen miembros saprofitos asi como patdégenos de gran variedad de
organismos entre los que se encuentran plantas, insectos, peces, nematodos,
vertebrados y varios microorganismos incluyendo otros Oomicetos. Los Oomicetos
fitopatogenos infectan un amplio espectro de plantas, incluyendo plantas cultivadas y

no cultivadas, ademas de plantas y arboles ornamentales.
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Aunque esta clase de organismos ha sido tradicionalmente conocida como los
mohos de agua, las familias de la clase Oomicetos exhiben una clara tendencia
evolutiva hacia una menor dependencia del ambiente acuatico y algunos miembros del
orden Peronosporales, como las especies del género Hyaloperonospora, no presentan ya
una fase zoospérica en su ciclo de vida (Koch y Slusarenko, 1990).

Las enfermedades de plantas causadas por Oomicetos han tenido una fuerte
influencia en el desarrollo de la historia de la humanidad; el caso mas dramatico y
quizas conocido de enfermedades de plantas cultivadas es el Tizén tardio o Mildiu
causado por Phytophthora infestans (Mont.) Bary, que dio como resultado la hambruna en
Irlanda. A consecuencia de esta enfermedad, aproximadamente un millébn de personas
murieron de hambre y otros 1.5 millones tuvieron que emigrar a EE. UU. y otros
paises (Alexopoulos, et al., 1997). Otras enfermedades de las plantas causadas por
especies de Phytophthora incluyen la Muerte Subita del roble causada por Phytophthora
ramorum Werres, la Podredumbre Negra del cacao causada por Phytophthora megakarya
Brasier y Griffin y otras muchas enfermedades relacionadas con la podredumbre de
raices. Otros importantes miembros fitopatégenos de este grupo incluyen a Pythium
aphanidermatum (BEdson) Fitzp., y Pythium ultimum Throw, que causan Podredumbre de
semillas, Muerte de plantulas en pre- y post emergencia, y Necrosis radicales en
multitud de cultivos; Peronosporai tabacina Adam agente causal del Mildiu del tabaco
(Nicotiana tabacum 1..); Plasmopara viticola Berl. y De Toni agente causal del Mildiu de la
vid (Vitis vinifera 1..); y Plasmopara halstedii (Halsted) Berl. y De Toni agente causal del
Mildiu del girasol (Helianthus annnus L.); entre muchos otros.

Durante afios, los Oomicetos ha sido considerados hongos, con la
particularidad de haber sido diferenciados como “hongos no verdaderos” por multitud
de caracteristicas. Actualmente hay suficientes evidencias para separar los Oomicetos
del reino de los hongos verdaderos (Baldauf et al., 2000; Hall, 1996; Kamoun, 2003;
Margulis et al., 2000). Estudios de su metabolismo (Pfyffer et al., 1990) y secuencias
del ARN ribosémico (ARNr) (Cooke et al., 2000; Forster et al., 1990) han reclasificado
a los Oomicetos con las Crysophytas y las algas marrones en el reino Chromista o

Straminopila (Fig. 1.1.3).
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Figura I.1.3. Clasificacién de los seres vivos segin Cavalier-Smith, 2004.

En la Tabla I.1.3 (Rossman y Palm, 2006) se recogen las diferencias principales
entre Oomicetos y los hongos verdaderos recopiladas a partir de los estudios

anteriormente referidos.

Tabla 1.1.3. Principales diferencias entre los Omycetos Cromistas y los hongos verdaderos
(Chytridiomycetos, Glomeromycetos, Zygomycetos, Ascomycetos, Basidiomycetos) (Fuente:
Rossman y Palm, 2000).

Caracteristica Clase Oomicetos Hongos Verdaderos
Reproduccion Sexual Heterogametos. La fertilizacién No producen oosporas. La reproduccion
del nicleo de la oosfera por el sexual produce zigosporas, ascosporas
anteridio da lugar a la oospora basidiosporas
Nucleo del micelio vegetativo Diploide Haploide o Dicariético
Composicion de la pared B-glucanos, celulasa Quitina, celulasa raramente presente
celular

Tipo de flagelo en las zoosporas Flagelos, de dos tipos, uno en Si se produce flagelo, normalmente este es de
(si es que éste es producido) forma  de  latigo, situado un unico tipo, postetior y en forma de latigo.
posteriormente, el otro fibroso,
ciliado, y situado anteriormente

Mitocondria Con crestas tubulares Con crestas planas
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Relaciones entre QOomicetos

Los Oomicetos fitopatdgenos mas importantes se encuadran dentro de dos
ordenes: Saprolegniales y Peronosporales. Dentro del Saprolegniales, sélo el género
Aphanomyces se considera que contiene fitopatégenos importantes. Las especies de
Aphanomyces son patégenos necrotroficos, y son agentes causales de Podredumbres de
raices en una amplia gama de plantas anuales, incluyendo cultivos como guisante y
remolacha (Grenville-Briggs y van West, 2005).

El orden Peronosporales contiene un gran nimero de patégenos que causan
importantes pérdidas econémicas en las plantas cultivadas. En este orden se incluyen
los géneros Phytophthora, qué contiene mas de 60 especies patogénicas causantes de
Marchiteces, Necrosis y Podredumbres de raices; Pythinm, que causa Podredumbres de
semillas y rafces; A/bugo, que causa la Roya blanca; los géneros Brewia, Peronospora,
Hyaloperonospora, Plasmopara y Pseudoperonospora cuyas especies causan enfermedades
comunmente denominadas como Mildiu (Grenville-Briggs y van West, 2005)

Recientemente se han llevado a cabo numerosos y diversos estudios
filogenéticos de secuencias del ADN ribosémico (ADNr), para resolver, no sin
discrepancias, las relaciones filogéneticas existentes entre los miembros de la clase
Peronosporomycetes (antiguos Oomicetos) (Cooke et al., 2000; Dick et al., 1999a;
Forster et al., 2000; Leclerc et al., 2000; Matsumoto et al., 1999; Petersen y Rosendahl,
2000; Riethmuiller et al., 1999).

Algunos de los géneros de la familia Peronosporaceaec mas avanzados
evolutivamente son reconocidos como los patdégenos econdémicamente mas
importantes; y constituyen un grupo interesante para su estudio en relaciéon al proceso
de su evoluciéon (Riethmuller et al. 2002). Su éxito evolutivo se refleja por una rapida
radiaciéon en su arbol filogenético que probablemente es el resultado de la
especializacion parasitica sobre las angiospermas y de la transicion a la dispersiéon mas
eficaz de sus propagulos por el viento, con la formaciéon de esporangiéforos. Estas
tendencias evolutivas han ejercido una notable influencia sobre las hipotesis
filogenéticas del grupo completo.

Generalmente se ha aceptado que los géneros mas evolucionados son los
agentes causales de los Mildius y Royas blancas, que tienen su origen en antepasados

en los géneros Pythium-Phytophthora mas primitivos (Barr, 1983; Dick et al., 1989;
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Gatimann, 1964; Shaw, 1978, 1981). Como resultado, la clasificacién supragenérica de
los Peronosporomycetidae (antigua familia Peronosporaceae) ha permanecido estable
durante afos.

En las clasificaciones actuales, como la de Hawksworth et al. (1995) y Dick
(2001a), basadas en la interpretaciéon del biotrofismo obligado, el crecimiento
determinado del esporangiéforo, la producciéon de conidias, y el cardcter apomictico,
los Peronosporomycetidae contienen dos 6rdenes, el orden Pythiales y el orden
Peronosporales. Se considera que los Pythiales representan un linaje mas primitivo y
consta de dos familias: La pequefia y poco conocida familia Pythiogetonaceae y la mas
ampliamente conocida Pythiaceae con los géneros Pythium y Phytophthora al frente,
ambos importantes parasitos necrotrofos facultativos de plantas. El segundo orden,
Peronosporales, comprende patégenos obligados de la parte aérea de las plantas e
incluye dos familias: Albuginaceae (Royas blancas) y Peronosporaceae (Mildius), la
ultima de las cuales contiene actualmente ocho géneros fitopatégenos: Benua, Bremia,
Bremiella, Paraperonospora, Peronospora, Plasmopara, y Pseundoperonospora (Riethmiiler et al,
2002). Recientemente en un estudio basado en caracteres fenotipicos y datos
moleculares (usando secuencias de la region ITS, Region Espaciadora Interna del
ADNI) se ha introducido el género Hyaloperonospora para acomodar las especies de
Peronospora que infectan especies de Brassicaceae (Constantinescu y Fatehi, 2002) como
un nuevo género fitopatégeno de importancia en la familia Peronosporaceae.

Segun Dick (2001a) la familia Peronosporaceae es la mas grande de todas las
comprendidas en los Oomicetos, con aproximadamente 600 especies en total. Sin
embargo, los datos de analisis de diversidad genética mas recientes (Cooke et al., 2000;
Petersen y Rosendahl, 2000; Riethmiiller et al., 1999; 2002) han suscitado algunas
dudas sobre esta interpretaciéon. En estos estudios, como el de Riethmuller et al
(2002) basado fundamentalmente en las relaciones de los Mildius verdaderos con
grupos cercanos a partir de secuencias de ADNr, se ha dejado entrever una nueva
situacién para los géneros Pythium y Phytophthora tal como ya habian adelantado Cooke
(2000) y Hall (19906).

Riethmuller et al. (2002) establecen que los arboles filogenéticos generados en
su estudio basado en secuencias de ADNr son compatibles con la division basal de
Oomicetos (Peronosporaceae y Saprolegniomycetidae) que propusieron Dick et al.

(1984) y que dicha interpretacién es consistente con los resultados de investigaciones
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anteriores basadas en el analisis de secuencias de la subunidad grande [“large subunit”
LSU (Petersen y Rosendahl, 2000)] y la subunidad pequefia [“small subunit” SSU
(Dick et al., 1999b)] del ADNr, y de secuencias del gen mitocondrial ciclooxygenasa-2
(COX2) (Hudspeth et al., 2000).

Dentro de Peronosporomycetidae, los arboles filogenéticos generados por
Riethmuller et al. (2002) no son totalmente compatibles con la clasificacion jerarquica
mas aceptada actualmente (Dick 2001a; Hawksworth et. al., 1995), donde Pythiales y
Peronosporales parecen ser 6rdenes polifiléticos. El género Phytophthora, asumido hasta
ahora como un miembro del orden Pythiales, se relaciona mas estrechamente con la
familia Peronosporaceae que con la Pythiaceae, que ocupa una posicion basal en el
orden Peronosporomycetes. Ademas, estos resultados concuerdan con los analisis
filogenéticos realizados por otros autores (Cooke et al., 2000; Petersen y Rosendahl,
2000; Riethmuiller et al., 1999).

Sin embargo, en la literatura mas reciente se continda discutiendo sobre estos
aspectos. Asi, Goker et al. (2007) concluyen que las relaciones filogenéticas entre los
géneros que causan Mildius y Phytophthora no pueden ser clarificadas a fecha de hoy.
De hecho, los analisis realizados por Goker et al. (2007) basados en un alto numero de
genes conservados, de los biotrofos obligados mas representativos, confirman con un
soporte estadistico altamente significativo los resultados de Cooke et al. (2000 y 2002)
y Voglmayr (2003), en los que se indica que Phytophthora es parafilético y que existen
grupos (Clades) de Phytophthora mas cercanos a los biotrofos obligados que otros.

En todos los trabajos anteriormente referidos el orden Peronosporales se
considera como polifilético. Sin embargo, esta consideraciéon se cuestiona por primera
vez en el trabajo de Goker et al. (2007), en el que contando con substanciales
evidencias filogenéticas se considerara a los Mildius como un grupo monofilético.
Mientras, el género Albugo aparece en situaciéon basal con el resto de los
Peronosporaceae (Riethmiiller et al., 2002).

Para la clasificacion supragenérica, a falta de completar los estudios
filogenéticos con nuevas regiones del genoma y con mas géneros, Riethmiiller et al.
(2002) sugieren la utilizaciéon de una clasificacion ligeramente modificada de la de
Waterhouse (1973), con las siguientes caracteristicas:

En los Peronosporomycetidae o Peronosporales se aceptaria la existencia de

tres familias (que podrian ser elevadas a ordenes), con los siguientes cambios
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destacables: el género Lagenidium formaria parte de la familia Pythiaceae; y los géneros
Phytophthora y  Peronophythora serian transferidos de la familia Pythiaceae a la
Peronosporaceae. Similarmente, Greenville-Briggs y van West (2005) incluyen dentro
del orden Peronosporales a la familia Phythiaceae (con los géneros Pythium y
Phytophthora) mientras que Cooke (2000) y otros investigadores consideran a Pythiales
como orden independiente, y dentro de éste incluyen a la familia Phythiaceae con el
género Pythium.

Tal como deciamos anteriormente, la taxonomia tradicional de los Oomicetos
(por ejemplo, Dick, 2001b, 2002; Waterhouse, 1973) se ha ido revelando como
insatisfactoria en los ultimos afios. Al igual que con las familias Pythiaceae y
Peronosporaceae, los estudios moleculares (Hudspeth et al., 2003; Riethmiiller et al.,
2002; Thines y Spring, 2005) también han repercutido sobre la ubicacién taxondémica
de la familia Albuginaceae, respecto de la cual se cuestiona ahora que deba ser
considerada como miembro de Peronosporales (como por ejemplo en Dick, 2001b,
2002). Por lo tanto, en el orden Peronosporales podria permanecer una sola familia,
Peronosporaceae, que seria considerada sinénimo del orden. Sin embargo, en este
momento no hay soporte molecular suficiente para considerar a los Mildius como
monofiléticos (Goker el al., 2007).

Basado en los resultados de analisis filogenéticos, Goker et al. (2007) sugieren
que de aqui en adelante “Peronosporaceae” se restrinja a los Mildius, es decir, a los
biotrofos obligados dentro de los Peronosporales. Hasta ahora, éstos incluyen a los
géneros Basidiophora, Benna, Bremia, Graminivora, Hyaloperonospora, Paraperonospora,
Perofascia, Peronosclerospora, Peronospora, Plasmopara, Plasmoverna, Protobremia, Sclerospora, y
Viennotia. Phytgphthora debe asignarse a Peronosporales, pero no a Peronosporaceae, y
el género Peronophythora debetia desaparecer e incluirse dentro de Phytophthora. Ademas
son necesarios estudios adicionales para lograr una taxonomia mas satisfactoria del
género Phytophthora (Goker et al., 2007).

En la Figura 1.1.4 se presenta la clasificacion taxonémica que tomamos como

valida a partir de la bibliograffa cientifica mas actual consultada.
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Figura I.1.4. Clasificacién taxonémica del género Peronospora (Fuente: Constantinescu y
Fatehi, 2002; Goker et al, 2007; Riethmdller et al., 2002; Voglmayr, 2003).

El género Peronospora Corda
Introduccién

El género fungico objeto de la presente Tesis Doctoral, Peronospora, se engloba
dentro de un grupo de Oomicetos parasitos obligados a los que generalmente se
conocen como Mildius, si bien tienen poco en comin a excepcion de la proliferacion y
fructificacion de micelio en la superficie de los tejidos vegetales. No obstante, los
Mildius constituyen un grupo especial de agentes fitopatdgenos tanto por sus
caracteristicas morfologicas como las epidemias que originan en cultivos. Varias de las
especies de este genero son patégenos econémicamente muy importantes tanto en
cultivos como plantas ornamentales (Agrios, 2005). Asi, las especies de Peronospora
ocasionan enfermedades severas en cultivos de considerable importancia econémica y
social como alfalfa, cebollas, girasol, judias, sorgo, tabaco, etc. Por ejemplo, en los
ultimos afos, el Mildiu del sorgo ha aparecido y se ha extendido con gran rapidez en
los Estados Unidos, lo que ha generado cierta inquietud ante la eventualidad de que
tengan lugar futuras introducciones de otros Mildius de cultivos de cereales que ya
existen en Asia y Africa (Agrios, 2005). Otro ejemplo de devastacién debido a

epidemias causadas por especies de Peronospora ocurrié con el Mildiu del tabaco en
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1979, que fue detectado en Florida y rapidamente se extendié hacia Nueva Inglaterra y
Canada, causando pérdidas a los productores por valor de cientos de millones de
dolares (Agrios, 2005).

El género Peronospora fue establecido por Corda en 1837 (lcones Fungorum
hucusque Cognitornm 1: 20; Fig. 1.1.5). Con respecto al nimero de especies dentro de este
género existe cierta problematica debido a la especificidad de huésped de la mayoria de
las especies de este género. Dependiendo de la definiciéon de especie, el género
Peronospora puede comprender entre 75 y 460 especies (Dick 2001c). La especie tipo de

este género fungico es Peronospora rumicis Corda (Fig. 1.1.5).
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F1gura I.1.5. Descripcién inicial del género Peronospora y su especia tipo Peronospora rumicis
realizado por Corda (Fuente: Corda, 1837).

Peronospora puede ser considerado como el género mas evolucionado y exitoso
de su orden dada su biodiversidad y distribuciéon (Voglmayr, 2003). Las especies de
este género infectan principalmente a un amplio nimero de plantas dicotiledéneas
herbaceas de clima templado, e incluso una monocotiledénea de la familia Alliaceae
(Dick, 1988, 2001c), tal es el caso de Peronospora destructor (Berk.) Casp. agente causal
del Mildiu de la cebolla (AZium cepa 1..).

Dentro de la familia Peronosporaceae existen secuencias obvias de su
evoluciéon que comprenden desde la germinacion zoosporangial inicial a la

germinaciéon como una verdadera conidia. El que los propagulos asexuales de los
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Mildius sean esporangios o conidias puede ser determinado no soélo mediante
observacion de su germinacion, sino también mediante analisis morfologicos de las
esporas. Concretamente, Peronospora ha perdido la capacidad de producir zoosporas;
siendo ésta una caracteristica diferenciadora respecto a los otros géneros de la familia.
El propagalo asexual o conidia de Peronospora tiene una pared uniforme, sin apice
papilado, y germina siempre mediante la formacién de un tubo germinativo que
emerge de cualquier lugar de la superficie de aquélla.

Peronospora representa la culminaciéon de la evoluciéon filogenética dentro de
este grupo sobre plantas dicotiledéneas, con la excepcion de P. destructor que infecta
Allium spp. Este grupo de patdgenos, al ser biotrofos obligados, no pueden ser
cultivados artificialmente en medios de cultivo y se ha de recurrir para ello a realizar
inoculaciones artificiales sobre plantas o tejidos vegetales vivos. Estas inoculaciones
pueden hacerse siguiendo diversas metodologias, que siempre incluyen condiciones de
alta humedad y temperaturas que oscilan entre los 10 y los 24 °C segun las especies.
Algunos de los procedimientos que se siguen con este género para su estudio en
laboratorio son: extraccion de oosporas de suelos infestados o tejidos vegetales
infectados; bioensayos de germinabilidad y supervivencia de oosporas y esporas;
pulverizacién de plantas con solucién de esporangios o conidias a concentraciones
predeterminadas; inoculaciones de hojas de la planta huésped realizadas en camaras
hdamedas; siembra o transplante de semillas o plantas en suelo infestado por oosporas;
y finalmente la conservaciéon de inéculo a — 80 °C. En los dltimos cuatro puntos, y
segin la especie concreta de Peronospora, se encuentran multitud de variantes
especificos para asegurar el éxito del procedimiento.

El género Peronospora se caracteriza por la producciéon de esporas sexuales
denominadas oosporas. Los criterios para diferenciar las oosporas del género son
entre otros: la posicion del anteridio con respecto al oogonio, y si la oospora es
plerética o aplerdtica, segun ocupe completamente o no el lumen del oogonio,
respectivamente. Por otro lado, las especies de este género producen esporas asexuales
denominados esporangios o conidias, que se desarrollan sobre esterigmas de hifas
especializadas denominadas esporangiéforos. Los esporangiéforos de Peronospora son
ramificados y de crecimiento determinado, y junto con los de Brewia ramifican
dicotémicamente a diferencia de Basidiophora, Plasmopara y Sclerospora, en cuyos

esporangioforos la ramificaciéon es monocotémica. Peronospora y Bremia se pueden
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diferenciar entre si por la forma de los 4dpices de los esporangidforos, que en
Peronospora son agudos y en Bremia tienen forma de disco del cual derivan cuatro
esterigmas.

Como se ha descrito anteriormente, los modernos métodos de analisis
sistematicos basados en técnicas moleculares han abierto nuevos caminos en los
criterios taxonémicos para la clasificacion a niveles infragenéricos y por tanto son de
gran utilidad en la separacion de géneros afines.

Hasta recientemente, el caracter en el que se habfa basado la separacion de
especies afines de Peronospora era la naturaleza del huésped infectado, ya que una de las
caracteristicas principales de las especies que comprenden este género es la naturaleza
huésped-especifica de su parasitismo. Sin embargo, en 1977, Dickinson y Greenhalgh
propusieron que para la separaciéon de especies afines se utilizaran medidas
biométricas del esporangiéforo, de la conidia, y de las oosporas. Las aproximaciones
existentes al concepto de especie en este grupo (morfométrica, especie biologica de
Gaumann’s  y conceptos eco-fisio-fenéticos de Skalicy) han sido examinados
recientemente y se han encontrado inadecuados, de ahi el énfasis en la utilizacion de

analisis moleculares para diferenciar los taxones (Hall, 1996).

Biologia y Ecologia

Hedbitat y distribucion

Actualmente se acepta de forma generalizada que los modelos de distribucion
geografica de las enfermedades de plantas y sus agentes causales no solo vienen
determinado por la distribucion geografica de sus plantas huéspedes, sino por multitud
de factores. Entre ellos, los factores ambientales son igualmente significativos para la
ocurrencia de una enfermedad. Como el patégeno es dependiente del huésped, pero el
huésped no depende del patdégeno, el conjunto de las condiciones medioambientales
en las que el huésped se desarrolla determina el area potencial maxima donde un
patégeno puede causar enfermedad. Si el patégeno es endémico de la zona, o ha sido
introducido con el huésped, éste podria encontrarse esporadicamente donde quiera
que el huésped crezca, pero su importancia econémica puede ser o no significativa,

dependiendo de los factores ambientales y de la planta huésped.
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Los Mildius tienen un factor comin en relaciéon a sus necesidades de
condiciones ambientales concretas para el desarrollo de la enfermedad, y es que todos
ellos requieren que exista agua libre sobre la superficie de la planta (eventualmente
determinada por humedad relativa elevada y temperaturas moderadas o bajas) para que
la infecciéon conidial tenga lugar (Barrau y Romero, 1996; Weltzien, 1981). La
humectacién nocturna (rocio) siendo adecuado para la infeccién, no permite en
cambio la propagaciéon del indculo y ademas sélo contribuye al desarrollo de la
epidemia en casos excepcionales (Weltzien, 1981). De esta manera, la lluvia, o en
algunas casos el riego por aspersion puede considerarse el factor limitante para la
mayoria de las epidemias de Mildiu basadas en infecciones conidiales. Si el periodo
vegetativo del huésped se encuentra dentro de una estacién seca la enfermedad no
suele alcanzar proporciones elevadas. Otros factores que influyen en la distribucion de
los Midius son las altas temperaturas y los golpes de calor, que resultan perjudiciales
para su desarrollo, mientras que la alta humedad relativa y la oscuridad favorecen la
esporulacion de las especies de este género (Weltzien, 1981).

La distribucion geografica de este género, por tanto, va asociada a la ocurrencia
de dos factores fundamentales: presencia del huésped al ser biotrofos obligados y
condiciones ambientales adecuadas; es decir, alta humedad relativa y temperaturas
suaves. Las especies del género Peronospora no estan restringidas a ninguna parte
especifica del globo terrestre, excepto por areas muy secas, sin embargo cada especie

tiene requerimientos ambientales especificos.

Ciclo biolggico

En la mayorfa de los Mildius se conoce que el agente causal puede ser
introducido en la semilla o bulbos teniendo lugar la infeccién en los estadios jovenes
de la planta. En la fase siguiente el patogeno causa infeccion sistémica en el brote del
huésped tal como ocurre con P. halstedii en girasol (H. annuus) (Cohen and Sackston,
1974), Peronosclerospora sorghi (Weston y Uppal) Shaw, en sorgo (Sorghum bicolor 1..) 'y
maiz (Zea mays 1.), y Sclerospora graminicola (Sacc.) Schrot en mijo (Pennisetum glaucum 1..)
(Jeger et al., 1998). Cuando la infeccién se produce, en las parte maduras de la planta
se desarrollan infecciones localizadas en areas pequefias o grandes, que en condiciones
favorables pueden extenderse por los tejidos de la planta y convertirse de infeccion

local en infeccion sistémica generalizada (Agtios, 2005).
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Figura I.1.6. Diagrama esquematico del ciclo biolégico general de las especies de
Peronospora adaptado del ciclo de vida de Peronospora parasitica. (Fuente: Slusarenko y
Schlaich, 2003). a. La infeccién inicial de plantas ocurre mediante las estructuras de
supervivencia del hongo, las oosporas. Segin la especie esta fuente de in6culo
primario podria provenir en la misma semilla o encontrarse en el suelo tras haberse
formado en cultivos anteriores. b. Las plantas son colonizadas por el crecimiento
intercelular del micelio, el cual da lugar a amarillamientos y abullanomientos en las
hojas. Las hifas forman haustorios intracelulares. Después de un periodo variable de
crecimiento (1-2 semanas) se forman, conidiéforos externamente sobre los tejidos
vegetales infectados y sobre ellos las esporas o conidias esferoidales e hialinas. El
crecimiento de los conidi6foros hacia el exterior de la hoja (esporulacién) suele
ocurrir a través del estoma. c. Las conidias son liberadas y diseminadas. Suele
ocurrir durante la maflana como consecuencia de procesos de desecacién y
rehumectacién de los conidiéforos. Estas conidias pueden ser transportadas por el
viento hasta varios kilémetros y en algunos casos tienen viabilidad de hasta tres dias
(a diferencia de los Oomicetos con germinacion zoosporangial, cuyos esporangios
son ldbiles en ambientes aéreos). d. Si las condiciones ambientales son las
adecuadas estas conidias pueden germinan y dan lugar a nuevos ciclos de infeccién
(ciclos secundarios). e. El oogonio, érgano sexual femenino, contiene una oosfera,
que es fertilizada por el anteridio masculino mediante un tubo que atraviesa su
pared. f. Las oosferas fertilizadas desarrollaran en su interior una oospora madura.
g. En las hojas infectadas suelen encontrarse un gran nimero de oosporas.
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Patogenicidad

Entre las caracteristicas generales de la patogenicidad de especie del género
Peronospora destaca una alta especializacion fisioldgica (Renfro y Shankara-Bhat, 1981).
La gama de plantas que infectan son dicotiledéneas (a excepcion de P. destructor, como
se indicé con anterioridad) y entre los géneros de plantas huéspedes mas importantes
se encuentran cultivos de considerable importancia econémica y social como
adormidera, alfalfa, cebolla, clavel, espinaca, girasol, guisante, judias, remolacha, rosal y
tabaco, entre otros.

La sintomatologia de las enfermedades causadas por especies del género
Peronospora, cominmente conocidas como Mildius, es similar con independencia de la
especie del género Peronospora y el huésped que infecte. Los sintomas generales de los
mildius son amarillamiento y deformaciones de los tejidos afectados, que progresan
hasta ocasionar necrosis generaliza de los tejidos afectados y finalmente la muerte de la
planta en casos de alta incidencia (Agrios, 2005; Populer, 1981). Ademas, en
condiciones 6ptimas de humedad se produce una profusa esporulacion, visible a
simple vista en el envés de las hojas de las plantas infectadas.

Los Mildius causan a menudo pérdidas severas y muy rapidas
fundamentalmente cuando ocurren en los estadios jovenes del cultivo. En condiciones
favorables para su desarrollo, estas enfermedades pueden destruir entre el 40 al 90%
de las plantas jovenes, causando pérdidas de cosecha muy importantes o incluso la
pérdida total de ésta. La magnitud de las pérdidas depende de la duraciéon de
condiciones o6ptimas para la enfermedad, i.e., la presencia de humedad elevada, y
temperaturas suaves durante la esporulacién del patégeno, ya que bajo estas
condiciones ambientales el patégeno puede causar infecciones numerosas y nuevas,
propagandose rapidamente por la planta provocando necrosis importantes en los
tejidos jovenes mas suculentos. Es por tanto que en determinadas condiciones de alta
humedad y temperaturas suaves los Mildius puede llegar a ser a menudo incontrolable
s6lo pudiendo ser restringido su desarrollo cuando suben las temperaturas y baja de
manera considerable la humedad ambiental. Desde el descubrimiento de los fungicidas
sistémicos, la posibilidad de combatir estas enfermedades mejoré considerablemente,

aunque la lucha contra los Mildius es todavia especialmente dificil fundamentalmente
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porque cuando los sintomas aparecen (esporulacién) puede ser demasiado tarde para

el tratamiento, ya que se han podido producir infecciones secundarias (Agrios, 2005).

Peronospora arborescens (Berk.) de Bary

Peronospora arborescens produce esporangiéforos con ramificaciones dicotémicas,
de 5 a ocho veces. Las esporas, de forma eliptica, varian de tamafio segun el autor que
realiza la descripcion desde los 18 hasta los 26 um en su parte mas amplia y desde los
16 hasta los 20 um en la parte mas estrecha. Las oosporas tienen un diametro de 42-48
um, son de color marrén y poseen una pared exterior irregular que varfa entre los 4-10

um. (Fig. 1.1.7).

Figura 1.1.7. Peronospora arborescens. A: Ramificaciones finales de los conidioforos; B: Conidias;
C: Oosporas x 125; D: Oogonio con anteridio x 650; E: Oosporas x 650 (Fuente: Francis,
1981).
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Los huéspedes en los que se ha descrito P. arborescens son: Argemone mexicana
(Maiti y Chattopadhyay, 1986), varias especies de Meconopsis spp. incluyendo M.
betonicifolia Franch, M. cambrica (L.) Vig., M. latifolia Prain, M. napaulensis D.C., M.
polyanthemos (Fedde) Ownbey y M. simplicifolia Vig. (Alcock, 1933; Cotton, 1929; Farr et
al., 20006; Reid, 1969;), varias especies de Papaver incluyendo Pap. alpinum 1., Pap.
argemone L., Pap. Cancasicum Bieb., Pap. dubinm L., Pap. hybridum L., Pap. L ecogii Lamotte,
Pap. Litwinowii Bornm) Fedde, Pap. nudicaule 1.., Pap. orientale 1.., Pap. Pavonimumm Fisch
y May, Pap. rhoeas 1., Pap. Setigernm D.C. y Pap. Somniferum 1. (Alcock, 1933; Behr,
1956; Berkeley, 1846; Cotteril y Pascoe, 1998; Cotton, 1929; Farr et al., 2006; Francis,
1981; Garcia-Blazquez et al., 2007; Gustavsson, 1959, 1991; Savulescu, 1948).

P. arborescens se encuentra distribuida en zonas donde se encuentran especies
huéspedes, como Norte de Africa, paises Asiaticos donde se cultiva adormidera
(Japon, Pakistan, Rusia, Turquia, etc.), Australia, Europa y Sur de América.

P. arborescens causa el Mildiu en la adormidera como especie de interés
economico, con las caracteristicas sintomatolégicas comunes a los Mildius que ya se
han descrito con anterioridad, como amarillamientos, deformaciones del limbo foliar,
abullonamientos, clorosis y necrosis de las hojas, y enanismo (Fig. .1.8. A, B, C, D, E,
F, H). Ademas, y tal como describia Fokin (1922) P. arborescens causa hipertrofia y
curvatura de tallos y escapos florales (Fig. 1.1.8. C, D, J, K, L, M). Los tallos y
ramificaciones e incluso las capsulas pueden ser atacadas resultando en una muerte
prematura de la planta (Fig. 1.1.8. I, G, H, 1, ], K), y pérdidas muy significativas del
rendimiento (Fig. 1.1.8. L, M).

30



Introduccion general

Figura 1.1.8. Sintomas del Mildiu de la adormidera en diferentes estadios de la planta (Fuente: M.
Montes-Borrego). A y B: Necrosis en estadio de roseta. C y D: Clorosis generalizada y
abunllonamientos. E: Esporulacién profusa en limbo foliar. F, G, H, I: Deformaciones,
esporulacién y necrosis del botén floral. KL, M, N, N: Deformaciones, esporulacion y necrosis de
la capsula.
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I.1.3.2 Importancia y distribucion del mildiu de la adormidera

El Mildiu de la adormidera es una de las enfermedades mas importantes de
Pap.  somniferum (Kapoor, 1995; Khristov, 1943; Yossifovith, 1929) habiendo sido
descrita en la mayoria de zonas cultivadoras de dicha planta en el mundo. En caso de
que las zonas de cultivo se encuentren en zonas humedas los dafios son intensos y
extensivos en todo el cultivo (Pietkiewicz, 1958). Asi, esta enfermedad puede llegar
incluso a causar la devastacion completa del cultivo en ambientes lluviosos o de
humedad elevada (Yossifovitch, 1929).

El conocimiento cientifico especifico que se posee sobre el Mildiu de la
adormidera a nivel mundial es muy escaso, fragmentario, y nulo a nivel europeo.
Estudios recientes indican que el Mildiu se ha convertido en la enfermedad mas
preocupante para la industria de adormidera en Tasmania, Australia (primer productor
mundial), desde que se diagnosticara por vez primera en dicha zona en 1996. De
hecho, la enfermedad se desarrolla con caracter epidémico y devastador en esta region
cada afio, obligando a abordar su control mediante tratamientos fungicidas debido a la
magnitud y consistencia de las pérdidas que ocasiona (Scott et al., 2003). Los ataques
de Mildiu pueden causar la devastacién completa del cultivo en ambientes lluviosos o
de humedad elevada con una incidencia de enfermedad de hasta el 90% en el cultivo y
con una severidad de ataque a las plantas individuales significativamente alta (Cotteril y
Pascoe, 1998).

En la India la enfermedad aparece, cada afo, en las areas de cultivo desde los
estadios de cotiledones hasta los estadios de madurez de capsula. La formacién de la
capsula se ve afectada adversamente; ademas el rendimiento de opio es reducido
significativamente (Hussain y Sharma, 1983).

En Europa existen referencias antiguas sobre el potencial de la enfermedad
para destruir completamente el cultivo (Yossifovith, 1929). Ciertos estudios sefialan
que los ataques de Mildiu comienzan con una distribucién agregada cuando el cultivo
de adormidera comienza a cerrarse, y se extienden con rapidez hasta alcanzar el 100%
de incidencia en unos 40 dias, hacia el final de la floracién. La interpretacién mas
plausible de estos hechos es que el desarrollo de las epidemias depende

fundamentalmente del establecimiento de focos primarios desde los cuales se produce

32



Introduccion veneral

la dispersion subsiguiente del patégeno al resto del cultivo mediante ciclos
secundarios.

El Mildiu de la adormidera ha sido diagnosticado en los siguientes paises:
Alemania (Gustavsson, 1959; Harrison y Schmitt, 1967), Argentina (Gustavsson, 1959;
Harrison y Schmitt, 1967), Australia (Cotterill y Pascoe, 1998; Harrison y Schmitt,
1967), Austria (Gustavsson, 1959; Harrison y Schmitt, 1967), Bulgaria (Harrison y
Schmitt, 1967; Vanev et al., 1993), Canada (Tewari y Skoropad, 1981), China (Harrison
y Schmitt, 1967; Zhuang, 2005), Corea (Cho y Shin, 2004), Dinamarca (Gustavsson,
1959; Harrison y Schmitt, 1967), EE.UU. (French, 1989; Harrison y Schmitt, 1967),
Egipto (Gustavsson, 1959; Harrison y Schmitt, 1967), Francia (Gustavsson, 1959;
Harrison y Schmitt, 1967), Finlandia (Gustavsson, 1959; Harrison y Schmitt, 1967),
Gran Bretana (Francis y Waterhouse, 1988; Gustavsson, 1959; Harrison y Schmitt,
1967), Holanda (Gustavsson, 1959; Harrison y Schmitt, 1967), Hungria (Gustavsson
1959; Harrison y Schmitt, 1967), India (Bajpal et al., 1999; Gustavsson, 1959; Harrison
y Schmitt, 1967; Kothari y Prasad, 1970), Iran (Gustavsson, 1959; Harrison y Schmitt,
1967; Sharif, 1970), Irlanda (Harrison y Schmitt, 1967), Israel (Harrison y Schmitt,
1967), Italia (Gustavsson, 1959; Harrison y Schmitt, 1967), Japén (Gustavsson, 1959;
Harrison y Schmitt, 1967), Portugal (Gustavsson, 1991), Rumania (Gustavsson, 1959;
Harrison y Schmitt, 1967), Republica Checa (Gustavsson, 1959; Harrison y Schmitt,
1967), Sudafrica (Crous et al., 2000; Gorter, 1977), Suiza (Gustavsson, 1959, Harrison
y Schmitt, 1967), Suecia (Gustavsson, 1959; Harrison y Schmitt, 1967), Ex Unién
Soviética (Gustavsson, 1959; Harrison y Schmitt, 1967, Melnik y Pystina, 1995),
Uruguay (Harrison y Schmitt, 1967) y Yugoslavia (Harrison y Schmitt, 1967
Yossifovith, 1928).

Aunque P. arborescens fue descrito como agente causal de Mildiu de Papaver spp.
en Buropa ya en 1929, recientes estudios de diagnodstico molecular en Australia
identificaron a P. eristata como agente causal de la enfermedad en Tasmania. P. ¢ristata
también se ha descrito como agente causal del Mildiu en distintas plantas silvestres de
la familia Papaveraceae (Papaver spp. y Meconopsis spp.), concretamente M. betonicifolia
(Muskett y Malone, 1984), M. cambrica (Reid, 1969), Pap. argemone, Pap. hybridum, y Pap.
rhoeas (Constantinescu, 1991; Gaumann, 1923; Gustavsson, 1959; Reid, 1969). Por
tanto, la etiologia de esta enfermedad puede ser mas compleja de lo que inicialmente

se ha considerado.
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I1.14 NATURALEZA DEL PROBLEMA QUE SE PLANTEA EN LA
PRESENTE TESIS DOCTORAL

En Espafia, durante los ultimos afios, los rendimientos del cultivo de
adormidera han venido disminuyendo como consecuencia de ataques de diversas
enfermedades, algunas de las cuales son de etiologfa aun desconocida. Durante las
campafias agricolas 2001/2002 a 2004/2005 se observaron ataques severos de una
nueva enfermedad de etiologfa fungica, diferente de la Necrosis de raiz y cuello
causada por P. papaveracea, hasta ahora considerada la enfermedad mas importante de
la adormidera en Espafia (Mufioz-Lesdesma, 2002). Esta nueva enfermedad se
denominé Mildiu tanto por los sintomas como por los signos desarrollados en las
plantas enfermas. En el curso de las campanas agricolas referidas (4 afios), la
incidencia y severidad en los ataques de esta nueva enfermedad se incrementaron de
manera notable, fundamentalmente en la primavera de 2004, donde se desarrollaron
epidemias severas en las distintas regiones cultivadoras de Espafia. Esta primavera se
caracterizé por condiciones excepcionales de humedad elevada y temperaturas suaves,
particularmente el sur de Espana. Asi la lluvia mensual media acumulada fue mayor
(46-182 mm) y la temperatura media menor (10-17 °C) que las medias normales
registradas entre los afios 1971 y 2000 de 31-55 mm de lluvia y 12-19 °C de
temperatura, para esta estacion (INM, 2000).

El Mildiu de la adormidera ha podido haber estado presente con baja
incidencia en Espafia desde que la adormidera se establecié a principios de los 1970°s
en las areas mas secas de Andalucfa. Sin embargo, a medida que el cultivo se ha
extendido a nuevas zonas frescas y humedas en Espafia o se ha incorporado el regadio
al cultivo a fin de mejorar el rendimiento de las cosechas (Mufioz-Ledesma, 2002), se
han producido situaciones de ambientes mas favorables para el desarrollo de la
enfermedad, lo cual ha contribuido a que la incidencia y severidad de los ataques de
Mildiu se hayan incrementado.

En Espafia, las primeras hipotesis sefialan que el inéculo del hongo puede
acceder con facilidad al cultivo, y/o puede estar presente en los campos en que el
cultivo se establece, de manera que la medida en que el ambiente favorece el desarrollo
de la enfermedad es determinante de la severidad de los ataques. Sin embargo, los

medios por los que tiene lugar dicho acceso no son conocidos. La extension
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geografica de la enfermedad, en las ultimas campanas agricolas, unida a la distribucién
agregada de las plantas afectadas, sugiere que el in6culo del patégeno puede ser
introducido en los nuevos cultivos en semillas infectadas. Esto plantea la necesidad de
disponer de una técnica rapida, precisa y sensible de deteccion del patdgeno en lotes
de semilla que seran utilizados para siembra. Como ya hemos indicado con
anterioridad, ademas de la reproduccién asexual en forma de conidias, P. arborescens se
reproduce sexualmente en forma de oosporas (Francis, 1981), que pueden actuar
como estructuras de supervivencia del patdégeno en restos de cosecha y/o en el suelo,
y que ademas pueden actuar como indculo primario.

El reto que desde el punto de vista fitopatolégico constituye el problema
planteado y las caracteristicas que presenta en lo concerniente a la disciplina cientifica
que desarrollamos, acentdan el interés de esta Tesis Doctoral en cuanto a la necesidad
de dar respuestas a los interrogantes pendientes de responder en la patogénesis tan poco
conocida de esta enfermedad, que hacen que la actuaciones para su control, por el
momento, sélo puedan baserse en el conocimiento sobre otros patosistemas, i.e., P.
halstedii/ H. annus (Barrau y Romero, 1996; Sackston, 1981), P. fabacina/N. tabacum
(Schiltz, 1981), Peronospora sparsa Betk./Rosa sp. (Xu y Ridout, 2001).

1.1.5 HIPOTESIS EXPERIMENTALES

Como en todo proceso de investigacion las hipotesis experimentales representan
un eclemento fundamental ya que permiten derivar los objetivos del estudio
constituyéndose en la base de los procedimientos de investigacion. En nuestro caso, y
tras recopilar y discutir los conocimientos preliminares sobre el patosistema enunciamos
una serie de hipoétesis, las cuales orientaron esta Tesis doctoral y permitieron llegar a
conclusiones concretas del presente proyecto de investigacion.

Se establecieron las hipdtesis experimentales que se refieren a continuacion y
que no son mutuamente excluyentes. Estas hipotesis corresponden a las siguientes

pr eguntas:
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1) ¢Cual es el origen del primer indculo con el que se inician las epidemias de
Mildiu en cultivos de dormidera?;

2) ¢Qué tipos de infeccion tienen lugar en el patosistema?;

3) ¢Cual es la composicion de las poblaciones del patégeno en los cultivos
afectados en relaciéon con las dos especies que han sido citada sobre adormidera (P.

arborescens, P. cristata), y que diversidad genética puede existir en ellas?.

Origen del in6culo primario

A. El patégeno accede a los campos de adormidera en semillas infectadas (y
consecuentemente la enfermedad puede ser controlada mediante certificacion de semilla
de siembra, o el tratamiento fungicida de semilla no certificada).

B. El patégeno se encuentra establecido en el suelo de siembra mediante
oosporas que se produjeron en plantas infectadas en cultivos anteriores y son efectivas
en originar infeccion (y consecuentemente la elecciéon de parcelas de siembra, rotacién
de cultivos no huésped, y el tratamiento de la semilla para protegerla de la infeccion
primaria pueden ser eficaces para el control de la enfermedad).

C. El patégeno se encuentra establecido en poblaciones de papaveraceas
arvenses proximas a las parcelas de siembra, en las que se reproduce y desde las que se
dispersa para originar infecciones primarias y /o secundarias (y consecuentemente la
reducciéon o eliminaciéon de la flora papaveracea arvense puede ser una medida de

control).

Tipos de infeccion

A. Las oosporas contenidas en restos de cosecha infestados son activas en
originar infecciones en los érganos subterraneos de las plantulas de adormidera durante
el establecimiento del cultivo.

B. Los esporangios desarrollados en tejidos aéreos de plantas de adormidera
infectados son activos en originar nuevas infecciones, y éstas pueden ser de naturaleza

sistémica.
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Introduccion veneral

Diversidad genética del patégeno

A. En ausencia de informacién sobre la naturaleza taxonémica del agente causal,
la informacién de caracter molecular sobre Peronosporales disponible en Internet
puede permitir disefiar protocolos moleculares (iniciadores, ensayos PCR, etc) para la
identificacion del patégeno mediante analisis de su ADN genémico.

B. Se pueden disefiar ensayos de PCR y condiciones de reaccion utiles para la
deteccion del patégeno en lotes de semilla de siembra.

C. El analisis de las secuencias amplificadas del ADN del patégeno puede ser de
utilidad para determinar la diversidad molecular en sus poblaciones, sugerentes de la

diversidad genética y fenotipica existente en ellas.
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OBJETIVOS
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Objetivos

El objetivo general de esta Tesis Doctoral es obtener nuevos conocimientos
sobre la etiologfa, biologfa y epidemiologia del Mildiu de la adormidera, asi como sobre
la caracterizacion y deteccion molecular especifica del agente causal, que permitan
establecer las bases cientificas para el desarrollo de estrategias eficientes para el control

integrado de la enfermedad.

Los objetivos concretos son:

1. Determinar la naturaleza, distribucién, y agente(s) causal(es) del Mildiu de la

adormidera en cultivos comerciales en Espafia y Francia.

2. Determinar la distribucién y diversidad genética existente en las poblaciones del
oomyceto biotrofo obligado Peronospora arborescens (Berk) de Bary y sus relaciones
filogenéticas basadas en el analisis de las secuencias de la region ITS del ADN

ribosémico (ADN).

3. Desarrollar procedimientos de deteccion molecular del agente causal en tejidos
sintomaticos y asintomaticos de adormidera y papaveraceas arvenses, mediante el

disefio de iniciadores especificos, y protocolos de PCR simple o anidada.

4. Desarrollar un protocolo de PCR en tiempo real para la cuantificaciéon del nivel de
infeccion/infestacion de semillas de adormidera y plantas sintomdticas y asintomaticas
por el patégeno, y correlacionar dicho nivel con el desarrollo de enfermedad y la

sintomatologia de ésta.
5. Establecer las bases biologicas para el desarrollo del Mildiu de la adormidera,

determinando las fuentes de indculo primario, y los factores que influyen en la

epidemiologia de la enfermedad.
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Los resultados relativos al objetivo primero se recoge en los manuscritos “First

Report of Downy Mildew of Opium Poppy Caused by Peronospora arborescens in Spain,

Plant Disease 89: 338” y “Downy Mildew of Commercial Opium Poppy Crops in

France is caused by Peronospora arborescens, Plant Disease 92: 317" del Capitulo II. Los

resultados concernientes a los objetivos segundo y tercero se recogen en los

<

manuscritos “Phylogenetic analysis of downy mildew pathogens of opium poppy and
PCR-based in-planta and seed detection of Peronospora arborescens, Phytopathology, 97:

1380-1390” y “A nested-PCR protocol for the detection and population biology

studies of Peronospora arborescens, the downy mildew pathogen of opium poppy, using

herbarium specimens and asymptomatic fresh plant tissues, Phytopathology, 99: 73-

817 del Capitulo III. Los resultados sobre el objetivo cuarto se recoge en el manuscrito

“A Robust, Universal Real-Time Quantitative PCR Assay for the in planta Detection

and Quantification of the Opium Poppy Downy Mildew pathogen Peronospora

arborescens of Use for Resistance Screening and Certification Schemes”, Applied and

Environmental Microbiology, en preparacién” del Capitulo 1V; y finalmente, los

resultados relativos al objetivo quinto se recogen en el manuscrito “Sources of

Primary Inoculum for Epidemics of Downy Mildew Caused by Peronospora arborescens
in Opium Poppy Crops in Spain. Phytopathology, en revisiéon” del Capitulo V.

Finalmente, es de destacar que el desarrollo de esta Tesis Doctoral ha tenido
lugar en el marco de una colaboracion estrecha entre una empresa privada (Alcaliber, S.
A.) y dos organismos publicos de investigaciéon (Universidad de Cérdoba y Consejo
Superior de Investigaciones Cientificas). Ademads, esta Tesis Doctoral ofrece una
oportunidad destacable de evidenciar el beneficio de la transmision directa y eficaz al
sector privado del conocimiento y de la tecnologia cientifica generada en la misma. El
conocimiento generado en la presente Tesis Doctoral, permitira establecer las bases y
desarrollar medidas de control de esta enfermedad en adormidera, cuyos ataques
comprometen la estabilidad y extensiéon de este cultivo de reciente introduccién y
demostrada productividad y rentabilidad, que cuenta con el respaldo de la empresa

privada y con la aceptacion de los agricultores.
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CAPITULO IT

Naturaleza, distribucion, y agente(s) causal(es) del Mildiu
de la adormidera en cultivos comerciales en Espafa y

Francia.






Naturalega, distribucidn, y agente(s) causal(es)

En este capitulo se recogen los resultados relativos al objetivo primero de esta
Tesis Doctoral, en el cual se pretendia “Determinar la naturaleza, distribucion, y
agente(s) causal(es) del Mildiu de la adormidera en cultivos comerciales en Espana y

Francia”.
Los resultados obtenidos se recogen en dos manuscritos, los cuales
corresponden a los puntos II.1 y I1.2 de este capitulo, recogidos en la revista Plant

Disease de la Sociedad Americana de Fitopatologia, y que llevan por titulos:

“First Report of Downy Mildew of Opium Poppy Caused by Peronospora arborescens in
Spain”. Plant Disease 89: 338

“Downy Mildew of Commercial Opium Poppy Crops in France is caused by

Peronospora arborescens”. Plant Disease 92: 317
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Naturaleza, distribucion, v agente(s) causalles)

I1.1

First Report of Downy Mildew of Opium Poppy Caused by

Peronospora arborescens in Spain

Blanca B. Landa, Miguel Montes-Borrego, Francisco J. Mufioz-Ledesma and

Rafael M. Jiménez-Diaz

B. B. Landa and M. Montes—Borrego, College of Agriculture (ETSIAM), University of Cérdoba (UCO),
P.O. Box 3048, 14080 Cérdoba, Spain; F. J. Mufioz-Ledesma, Alcaliber S.A., Ctra. Carmona-El Viso
del Alcor, km 1.8, Carmona (Sevilla), Spain; and R. M. Jiménez-Diaz, ETSIAM-UCO, and Institute of
Sustainable Agriculture, CSIC, P.O. Box 4084, 14080 Cé6rdoba, Spain.

Plant Disease Mar 2005, Volume 89, Number 3: 338
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Naturalega, distribucidn, y agente(s) causal(es)

Opium poppy (Papaver somniferum) is an economically important pharmaceutical
crop in Spain with approximately 7,400 ha cultivated annually. In the spring of 2004,
severe attacks by a new foliar disease were observed approximately 500 km apart in
commercial opium poppy fields in the Castilla-La Mancha and Andalusia regions of
central and southern Spain, respectively. The incidence of affected fields ranged from
40 to 50%, and incidence of diseased plants ranged from 20 to 30%. Initial disease
symptoms included irregularly shaped, chlorotic-to-light yellow leaf lesions (ranging in
size from 0.5 to 4 cm) (Fig. I11.1.1C, ). Affected tissues curled, thickened, and became
deformed and necrotic as disease developed. Lesions expanded in size and often
coalesced, eventually giving rise to large necrotic areas in leaves or death of entire
leaves (Fig. 11.1.11). In wet weather or conditions of high relative humidity, a dense
felt of sporangiophores with sporangia was produced on the abaxial leaf surface (Fig.
II.1.1A, C) and occasionally on the adaxial surface. Microscopic observations revealed
sporangiophores (Fig. II.1.1A, B) branching dichotomically at least four to six times,
ending with sterigmata bearing single sporangia (Fig. 11.1.1B). Sporangia (Fig. 11.1.1D)
were hyaline, elliptical to spherical in shape, and measured 18 to 24 X 14 to 18 um
(average 19 £ 1.2 X 15 £ 1.6 pm). Occasionally, oospores formed in necrotic leaf
tissues (Fig. IL1.1E, G, H). Oospores were dark brown (the surface was irregularly
ridged) and measured 36 to 46 um in diameter (average 39 * 4.4 um). The oospore
wall was 3 to 11 pm thick. On the basis of the observed morphological features of six
symptomatic plant samples from fields at Castilla-L.a Mancha and Andalusia regions,
we identified the pathogen as Peronospora arborescens (1). Pathogenicity was confirmed
by inoculating 4- to 6-week-old opium poppy plants (cv. nigrum) with an isolate
collected from a field in Ecija, Andalusia. Seed of test plants was surface disinfested
and germinated under sterile conditions. Plants were sprayed with a suspension of 1 to
5 X 10° sporangia per ml in sterile distilled water. Plants sprayed with sterile water
served as controls. There were five replicate plants per treatment. Plants were
enclosed in sealed plastic bags and kept in the dark for 24 h. This was followed by
incubation in a growth chamber at 21°C, 60 to 90% relative humidity, and a 12-h
photoperiod (fluorescent light: 360 uE m™s™). After 5 to 7 days, typical downy
mildew symptoms developed in inoculated plants (Fig. 11.1.2A-H). All control plants
remained symptomless. Sporulation by the pathogen on symptomatic leaves occurred

when affected plants were sprayed with water, enclosed in sealed plastic bags, and
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incubated at 21°C in the datk for 24 h. To our knowledge, this is the first report of P.
arborescens infecting opium poppy in Spain. Infestations of poppy weeds (Papaver rhoeas)
and wild Papaver sommnifernm were also observed in affected opium poppy fields, which
may bear importance in the epidemiology of the disease as alternative hosts for

inoculum increase and survival of P. arborescens under field conditions.

References: (1) S. M. Francis. No. 686 in: Descriptions of Pathogenic Fungi and
Bacteria. CMI, Kew, Surrey, UK, 1981.
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. (20x)

-,-]' ’

Figure IIL.1.1. Microscopic observations of P. arborescens. A-B: Sporangiophores with
sporangia; D: Sporangia; E, G, H. Oospores. Symptoms of downy mildew on opium poppy
developed in commercial crops in Spain (C, F, I-M) (Fuente: M. Montes-Borrego)
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Figure II.1.2. Symptoms of downy mildew on opium poppy developed after artificial
inoculations using sporangia (A-H) of Peronospora arborescens as inoculum (Fuente: M. Montes-
Borrego).
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I1.2

Peronospora arborescens Causes Downy Mildew Disease in

Commercial Opium Poppy Crops in France

Miguel Montes-Borrego, Francisco J. Mufioz-Ledesma, Rafael M. Jiménez-Diaz and

Blanca B. L.anda

M. Montes-Borrego, Institute of Sustainable Agticulture (IAS), CSIC, P.O. Box 4084, 14080 Cérdoba,
Spain; F. J. Mufioz-Ledesma, Alcaliber S.A., Ctra. Carmona-El Viso del Alcor, km 1.8, Carmona
(Sevilla), Spain; R. M. Jiménez-Diaz, College of Agriculture (ETSIAM), University of Cérdoba (UCO),
P.O. Box 3048, 14080 Cérdoba, Spain; and B. B. Landa, IAS-CSIC, P.O. Box 4084, 14080 Cérdoba,
Spain

Plant Disease May 2008, Volume 92, Number 5: 834
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Naturalega, distribucidn, y agente(s) causal(es)

Opium poppy is a strategic crop for the pharmaceutical industry because it is
the only source of morphine, codeine, and thebaine alkaloid drugs. Approximately
7,360 ha (average from 2001 through 2007) of opium poppy (Papaver somniferum) are
grown annually in France, mainly in the Northern-East (Champagne-Ardenne) and
Centre-West (Centre and Poitou-Charentes) regions of the country. This acreage
accounts for neatly 5.6% of the legally cultivated opium poppies worldwide. Disease
symptoms resembling those of downy mildew (2) have been observed frequently in
those opium-poppy-growing areas, especially in the Charente-Maritime, Cher, Loiret,
and Loir et Cher departments. Disease symptoms included chlorotic to light yellow
lesions on the leaf blade, curling and thickening of affected tissues, and expanding
necrotic lesions that coalesced, eventually giving rise to large necrotic areas or death of
the entire leaf tissues and the plant (Fig. IL.1.1F, I, J-M). With wet weather or high
relative humidity, sporangiophores with sporangia were produced frequently on the
abaxial leaf surface and occasionally on the adaxial side (Fig. 11.1.1A-D). Peronospora
arborescens and P. cristata have been demonstrated as causal agents of opium poppy
downy mildew disease and both have been reported in Europe (1-3); however, the
specific identity causal agent in commercial opium poppy crops in France has not yet
been determined. Microscopic observations of affected leaves in symptomatic opium
poppy leaves sampled from three commercial fields in Loiret Department revealed
dichotomously branching sporangiophores bearing single sporangia and oospores of
shape and measurements similar to those reported for P. arborescens and P. cristata (1,3).
Sporangia dimensions of P. arborescens and P. cristata overlapped, making it difficult to
differentiate between the two species based solely on morphological characters (3). A
species-specific PCR assay protocol (2) that differentiated P. arborescens from P. cristata
was used to diagnose the pathogen. Also, the sequence of the complete 5.8S ribosomal
DNA gene and internal transcribed spacers (ITS) 1 and 2 were determined and
maximum parsimony analysis was performed with the Peronospora spp. data set
described by Landa et al. (2). Both species-specific PCR and phylogenetic analyses of
ITS sequences showed that P. arborescens was the only Peronospora species associated
with the three samples of downy-mildew-affected leaves analyzed. Thus, DNA
fragments of 545, 594, and 456 bp were amplified using total DNA extracted from the
sampled leaves and P2, P3, and P6 primer pairs (2), respectively. I'TS sequences of all
three samples showed 100% homology (GenBank Accession No. EU295529).
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Phylogenetic analyses using Neighbor Joining of those sequences placed the infecting
Peronospora sp. in a clade (100% support) that included all P. arborescens sequences from
the GenBank database with 99.2 to 99.9% homology among sequences (2,3). To our
knowledge, this is the first report and molecular evidence that P. arborescens causes

downy mildew disease in commercial opium poppy crops in France.
References: (1) S. M. Francis. No. 686 in: Descriptions of Pathogenic Fungi and

Bacteria. CMI, Kew, Surrey, UK, 1981. (2) B. B. Landa et al. Phytopathology 97:1380,
2007. (3) J. B. Scott et al. Phytopathology 93:752, 2003
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Distribucion, diversidad y deteccion molecular de P. arborescens

En este capitulo se recogen los resultados relativos al objetivo segundo y tercero

de esta Tesis Doctoral en el cual se pretendfa:

En primer lugar, determinar la distribucién y diversidad genética existente en las
poblaciones del oomiceto biotrofo obligado Peronospora arborescens (Berk) de Bary y sus
relaciones filogenéticas basadas en el analisis de las secuencias de la regiéon ITS del

ADN ribosémico (ADNF).

Y en segundo lugar, desarrollar procedimientos de detecciéon molecular del
agente causal en tejidos sintomaticos y asintomaticos de adormidera y papaveraceas
arvenses, mediante el disefio de iniciadores especificos, y protocolos de PCR simple o

anidada.

Los resultados obtenidos se recogen en dos manuscritos, los cuales
corresponden a los puntos III.1 y III1.2 de este capitulo, publicados en la revista

Phytopathology de 1a Sociedad Americana de Fitopatologia, y que llevan por titulos:

“Phylogenetic analysis of downy mildew pathogens of opium poppy and PCR-based in
planta and seed detection of Peronospora arborescens”. Phytopathology 97: 1380-1390

“A nested-PCR protocol for detection and population biology studies of Peronospora

arborescens, the downy mildew pathogen of opium poppy, using herbarium specimens

and asymptomatic, fresh plant tissues". Phytopathology 99: 73-81
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III.1.1 ABSTRACT

Severe downy mildew diseases of opium poppy (Papaver sommnifernm) can be
caused by Peronospora arborescens and P. cristata, but differentiating between the two
pathogens is difficult because they share morphological features and a similar host
range. In Spain, where severe epidemics of downy mildew of opium poppy have
occurred recently, the pathogen was identified as P. arborescens on the basis of
morphological traits. In this current study, sequence homology and phylogenetic
analyses of the internal transcribed spacer regions (ITS) of the ribosomal DNA
(tDNA) were carried out with DNA from P. arborescens and P. c¢ristata from diverse
geographic origins, which suggested that only P. arborescens occurs in cultivated Papaver
sommnifernm in Spain. Moreover, analyses of the rDNA ITS region from 27 samples of
downy-mildew-affected tissues from all opium-poppy-growing regions in Spain
showed that genetic diversity exists within P. arborescens populations in Spain and that
these are phylogenetically distinct from P. eistata. P. cristata instead shares a more
recent, common ancestor with a range of Peronospora species that includes those found
on host plants that are not members of the Papaveraceae. Species-specific primers and
a PCR assay protocol were developed that differentiated P. arborescens and P. cristata
and proved useful for the detection of P. arborescens in symptomatic and asymptomatic
opium poppy plant parts. Use of these primers demonstrated that P. arborescens can be
transmitted in seeds and that commercial seed stocks collected from crops with high
incidence of the disease were frequently infected. Field experiments conducted in
microplots free from P. arborescens using seed stocks harvested from infected capsules
further demonstrated that transmission from seedborne P. arborescens to opium poppy
plants can occur. Therefore, the specific-PCR detection protocol developed in this
study can be of use for epidemiological studies and diagnosing the pathogen in
commercial seed stocks; thus facilitating the sanitary control of the disease and

avoidance of the pathogen distribution in seeds.

Additional keywords: genetic diversity, Papaver spp., Peronospora cristata, seedborne

transmission.
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III.1.2  INTRODUCTION

The exact characterization and understanding of the genetic relationships

among taxonomically related plant pathogenic species are key elements for the design
of disease management strategies. Opium poppy (Papaver somniferum 1.), the only
source of the alkaloid drugs (morphine, codeine, and thebaine) for the pharmaceutical
industry, can be severely affected worldwide by downy mildew diseases caused by
Peronospora arborescens and P. cristata (11,36,37,45). These two Peronospora species were
first differentiated on the basis of the average conidium dimensions (33). However,
conidium dimensions of the two species were later found to overlap, making it
difficult to differentiate between them solely on the basis of morphological characters
(36). A more accurate differentiation of the two species was accomplished on the basis
of sequence homology and phylogenetic analyses of the internal transcribed spacer
(ITS) region of the ribosomal DNA (tDNA) (36).
In addition to overlapping morphological characters, P. arborescens and P. cristata also
exhibit an overlap in their host range. P. arborescens has been reported to infect
Argemone mexicana (29), as well as several Meconopsis spp., including M. betonicifolia, M.
cambrica, M. latifolia, M. napaulensis, M. polyanthemos, and M. simplicifolia (2,16,18,33), and
Papaver spp., including Papaver alpinum, Papaver argemone, Papaver cancasicum, Papaver
dubium, Papaver hybridum, Papaver lecoqit, Papaver litwinowii, Papaver nudicanle, Papaver
orientale, Papaver pavonimumm, Papaver rhoeas, Papaver Setigerum, and Papaver sommiferum
(2,4,6,15,16,18,19,23,24,34). Similarly, P. cristata was reported to infect M. betonicifolia
(BY), M. cambrica (33), Papaver argemone, Papaver hybridum, and Papaver rhoeas (11,21,23,33),
and recently, Papaver sommniferum (306). Interestingly, P. ¢ristata has only been reported on
host species that are also recorded hosts of P. arborescens.

In Spain, opium poppy is grown annually on approximately 7,500 ha, primarily
in the southern (Andalucia) and central (Castilla-L.a Mancha and Castilla-Leén) regions
of the country. This acreage accounts for at least 5% of the legally cultivated opium
poppy worldwide, making Spain the fifth largest European producer of poppy seeds
and straw (28,30,32). During the last few years, yields of opium poppy crops in Spain
have decreased as a consequence of losses from several diseases, including poppy fire
caused by Pleospora papaveracea (anamorph = Dendryphion penicillatum) and others of
unknown etiology (30). In the spring of 2004, severe epidemics of downy-mildew-

affected commercial opium poppy crops in different growing regions across the coun-
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try. This time period was characterized by exceptionally wet and mild weather,
particularly in southern Spain; the mean monthly rainfall was higher (46 to 182 mm)
and the temperature was lower (10 to 17°C) than the means of 31 to 55 mm and 12 to
19°C, respectively, recorded between 1971 and 2000 (26). At that time, the pathogen
was identified as P. arborescens based on morphological features (28). Although this was
the first report of this pathogen in Spain, opium poppy growers had previously
observed symptoms of downy mildew (irregularly shaped, chlorotic lesion on upper
poppy leaves and brown, angular necrotic spots on the lowermost ones) (F. J. Mufioz-
Ledesma, personal communication). Therefore, this downy mildew disease may have
occurred in Spain with low prevalence and incidence since opium poppy was first
established as a crop in the drier areas of Andalucia in the early 1970s. If this is the
same disease, then it has now spread and increased in incidence and severity as
production of the crop has expanded to new cooler and more humid irrigated areas in
central Spain for improving harvest yields (30). This geographical extension of the
downy mildew disease to areas where opium poppy had not been cropped before,
together with the patchy aggregation of affected plants often observed (15,36; M.
Montes-Borrego, B. B. Landa, F. J. Mufioz-Ledesma, and R. M. Jiménez-Diaz,
unpublished data), suggested that primary inoculum for the disease may have been
seedborne and/or distributed from infected wild poppy plants. Additionally, the risk
of P. ¢ristata infection resulting from indigenous inoculum should be considered since
P. arborescens and P. cristata have been reported in Europe and several of their common
hosts are present in Spain (i.e., M. cambrica, Papaver argemone, Papaver hybridum, and
Papaver rhoeas) (8). However, the role that P. ¢ristata may play in epidemics of opium
poppy downy mildew in Spain still remains to be investigated.

The specific objectives of this research were to: () confirm the taxonomic
identity of the main opium poppy downy mildew pathogen in Spain; (i) determine the
phylogenetic relationships that exists between and within P. arborescens and P. cristata
populations and with related genera within the Peronosporales on the basis of analysis
of ITS rDNA sequences; (iii) develop a polymerase chain reaction (PCR) assay for the
specific identification and detection of P. arborescens; and (iv) determine if P. arborescens

can be seedborne in opium poppy seeds.
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III.1.1 MATERIALS AND METHODS

Sample collections

Diseased and healthy opium poppy plants were sampled in the spring (April—
June) of 2004-2006 from commercial crops in all growing areas of the country,
including the provinces of Cérdoba, Malaga, and Sevilla in Andalucia, southern Spain
and Albacete and Toledo in the Castilla-.a Mancha Region of central Spain (Table
II1.1.1). Samples included roots and symptomatic leaves, stems, and capsules (showing
pathogen sporulation, irregularly shaped chlorotic lesions, and brown, angular necrotic
spots) from diseased plants, as well as asymptomatic tissues from infected and healthy
plants. DNA extracted from samples of M. cambrica (United Kingdom) and Papaver
sommifernm (Australia) infected by P. eristata, Allinm cepa infected by Peronospora destructor,
Lactnea sativa intected by Bremia lactucae, Helianthus annuns infected by Plasmopara
halstediz, and from other fungi isolated from opium poppy tissues (Beauveria bassiana,

Fusarium spp., and Pleospora papaveracea) were included in the study (Table I11.1.1).

DNA extraction and quantification

Total genomic DNA was extracted from the oomycetes mycelia and sporangia
scrapped from sporulating leaves, as well as from symptomatic and asymptomatic
plant tissues with the Fast DNA kit (Qbiogene, Madrid, Spain). This latter system was
selected as the most suitable for DNA extraction in the study because of the: (i) high
number of samples that could be processed per operator; (i) consistency in the
amount of total DNA extracted; (iii) quality and stability of the extracted DNA; and
(iv) total DNA extracted can be used directly for PCR assays.

The obligate biotrophy of P. arborescens makes it difficult to obtain DNA of
PCR quality of the oomycete that is also free from contaminant DNAs (mainly
bacterial and plant DNA). For this reason, pathogen DNA was extracted from
sporangiophores bearing sporangia that were carefully removed from naturally or
artificially induced sporulating leaves. These structures were collected with a sterile
needle and placed in 1.5-ml microcentrifuge tubes containing 1,000 pl of sterile

distilled water and a drop of Tween 20 (Sigma-Aldrich, Madrid, Spain). The

66



Distribucion, diversidad y deteccion molecular de P. arborescens

suspension was vortexed for a few seconds, filtered through a 0.8-uM Millipore filter,
and the filter was washed three times with ultrapure, sterile water (40). Sporangia and
sporangiophores retained on the filter were resuspended in 500 pl of sterile water and
centrifuged at 12,000 X g for 2 min and the pellet was finally resuspended in 200 ul of
ultrapure, sterile water. For plant material, fresh tissues were cut into small pieces with
a sterile blade and used for DNA extraction. Approximately 100 to 200 mg of plant
tissue or sporangiophores and sporangia suspensions were placed in a 1.5-ml Fast
DNA tube containing lysing matrix A, 800 ul of CLS-VF solution, and 200 ul of
protein precipitation solution (PPS) for plant material, and 1,000 ul CLS-Y solution
for suspensions of pathogen structures. Cells were mechanically disrupted in a Fast
Prep System Bio 101 (Qbiogene) by reciprocal shaking of the samples for 30 s at a 5.5
speed, twice. Samples were incubated on ice for 2 min between successive
homogenizations. Then, the supernatant was collected by centrifugation (10 min at
12000 X g) and processed with the Fast DNA kit according to the manufacturer’s in-
structions.

For seed assays, approximately 400 to 500 opium poppy seeds (average weight
= 130 to 150 mg) were placed in a 1.5-ml Fast DNA tube containing lysing matrix A,
800 ul of buffer CLS-VF and 200 ul of PPS, and allowed to soften for 1 h before
processing as described above. Thereafter, the DNA pellet was resuspended in
ultrapure, sterile water, quantified with the Quant-IT DNA Assay Kit Broad Range
fluorometric assay (Molecular Probes Inc., Leiden, the Netherlands) and a Tecan
Safire fluorospectrometer (Tecan Spain, Barcelona, Spain) according to the
manufacturet’s instructions, diluted with ultrapure, sterile water, and used for PCR

assays.
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Table IIL.1.1. List of species of Peronospora spp. and specimens for which PCR amplicons were
sequenced in the study, and fungi and oomycetes used to determine specificity of the species-specific

primers.

GenBank
Host species, sampled Collection accession
Pathogen species tissue Geographic origin code Year n°
Peronospora spp.
P. arborescens Pap. sommniferum, mycelium “Casa Arriba Los Llanos”, Albacete, Spain P13ACALL 2005 DQ885367
Pap. somnifernm, leaves “Casilla San José”, Ecijz , Sevilla, Spain P2ES] 2004  AY(695805
P5ES] 2004 AY695807
Pap. somnifernm, mycelium “Casilla San José”, Ecija, Sevilla, Spain P38ES] 2004  DQ886487
POES] 2005 DQ885363
Pap. somniferum, leaves “San Rafael”, Ecija, Sevilla, Spain P1ESR 2004 AYG695804
P4ESR 2004  AY695806
Pap. somniferum, mycelium  “San Rafael”, Ecija, Sevilla, Spain P37ESR 2005  DQ885384
Pap. somnifernm, leaves “Ruidero”, Ecija, Sevilla, Spain M2ERUI 2004  DQ885362
Pap. somniferum, mycelium “Viso alto”, Ecija, Sevilla, Spain P8EVA 2005  DQ885365
Pap. somniferum, leaves P7EVA 2005  DQ885364
Pap. somnifernm, leaves “La Estrella”, Ecija, Sevilla, Spain P9ELE 2005  DQ885366
Pap. somniferum, mycelium  “Monteluna”, Antequera, Malaga, Spain P29MAM 2006  DQ885378
P30MAM 2006  DQ885379
Pap. somnifernm, mycelium “Valsequillo”, Antequera, Malaga, Spain P27TMAV 2006 DQ885376
Pap. somniferum, leaves “Valsequillo”, Antequera, Malaga, Spain P28MAV 2006  DQ885377
Pap. somniferum, mycelium “El Pontén”, Antequera, Malaga, Spain P31MEP 2006  DQ885380
Pap. somnifernm, mycelium “Cortijo del Rio”, Antequera, Malaga, Spain P32MACR 2006 DQ885381
P33MACR 2006  DQ885382
P34MACR 2006 DQ885383
Pap. somniferum, leaves “Hormigos”, Malpica de Tajo, Toledo, Spain TO 2004  AY702098
MI1THO 2005  DQ886488
Pap. somniferum, mycelium  “Valdemerino”, Malpica de Tajo, Toledo, Spain ~ P16TVMT 2005 DQ885368
P17TVMT 2005 DQ885369
P19TVMT 2005 DQ885371
Pap. somniferum, mycelium “El Torrejon”, Malpica de Tajo, Toledo, Spain P1STTMT 2005  DQ885370
P20TTMT 2005 DQ885372
Pap. somnifernm, stem “El Torrejon”, Malpica de Tajo, Toledo, Spain P21TTMT 2005 DQ885373
P. cristata® Meconapsis cambrica, leaves England, UK P22MC 2005  DQ885374
P24MC 2005 DQ885375
Pap. sommiferum, leaves Tasmania, Australia (F. S. Hay) 2005  Np*
Pap. sommiferum, leaves Tasmania, Australia (P. J. Cotterill) 2005 Np
P. destructor Allium cepa, leaves Norway P46N 2005 DQ885385
Other fungi and Oomycetes
Fusarium sp. Pap. somniferum, leaves Ecija, Sevilla, Spain FVM 2004  DQ885387
Fusarium sp. Pap. sommiferum, leaves Ficija, Sevilla, Spain FVS3 2004  DQ885388
Beanveria bassiana Pap. somnifernm, leaves Carmona, Sevilla, Spain EaBb 04/01 2004 DQ364698
Pleospora papaveracea Pap. somnifernm, seeds Carmona, Sevilla, Spain D2 2004  DQ885386
Bremia lactncae Lactuca sativa Coérdoba, Spain 2006  Np
Plasmopara halstedir Helianthus annuns Cérdoba, Spain 2004  Np
------ Pap. somniferum vax. nigrnm ALCALIBER, S.A., Carmona, Sevilla, Spain 2004  DQ364699

a Samples of M. cambrica infected by P. cristata, Pap. somniferum infected by P. cristata, P. destructor, Pl halstedii and B.
lactneae were kindly provided by D. E. L. Cooke (Scottish Crop Research Institute, Invergowrie, Dundee, Scotland,
UK), F. S. Hay (Tasmanian Institute of Agricultural Research, University of Tasmania, Burnie, Australia), P. J.
Cotterill (GlaxoSmithKline, Latrobe, Tasmania, Australia), B. Nordskog (Plante forsk, The Norwegian Crop
Research Institute, Norway), L. Molinero (IAS-CSIC, Cérdoba, Spain), and J.A. Navas-Cortés (IAS-CSIC,
Coérdoba, Spain), respectively.

> Np= not petformed.
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PCR protocols using universal primers

The ITS1-5.85-ITS2 regions of the rDNA of different species of
Peronosporaceae, fungi, and plants used in the study (Table III.1.1) were amplified in
PCR assays using universal primers (44) as well as primer DC6 (7) specific for species
in the orders Pythiales and Peronosporales of the Oomycota.

I'TS5/ITS4 proved the most effective universal primers in a reaction mix (final
volume of 50 pul) of 5 pl of 10X reaction buffer (166 mM [NH4]2SO4, 670 mM Tris-
HCI [pH 8.0, 25°C], Tween 20), 1 uM of each primer, 200 pM of each dNTP, 2 units
of EcwTag DNA polymerase (EcoGen, Madrid, Spain), 1.5 mM MgCl2, and 1 ul of
template DNA (5 to 20 ng of DNA). Amplifications were performed in Perkin-Elmer
9600 (Perkin-Elmer, Norwalk, CT) and PTC 100 (MJ Research Inc., Watertown, MA)
thermocyclers. The cycling program included an initial denaturation step of 4 min at
95°C, followed by 35 cycles of 1 min denaturation at 95°C, 1 min annealing at 56°C, 2
min extension at 72°C, and a final 10 min extension step at 72°C followed by a 4°C
soak. The DC6/ITS4 primer pair was used for the selective amplification of the
complete ITS region of rDNA together with a portion of the 18§ rDNA. PCR
reactions were conducted in 50-pl volumes as described before, except that 0.6 uM of
each primer and 60 uM of each dNTP were used. PCR conditions were initial de-
naturation of 5 min at 95°C, followed by 30 cycles of 1 min denaturation at 95°C, 1
min annealing at 62°C, 2 min extension at 72°C, and a final extension of 10 min at
72°C followed by a 4°C soak.

All reactions were repeated at least twice and always included a positive
control (P. arborescens DNA obtained from sporangiophores with sporangia scraped
from sporulating leaves) and negative controls (Papaver sommnifernm DNA or no DNA).
Amplification products were separated by electrophoresis in 1.5% agarose gels in 1X
TAE buffer for 60 to 120 min at 80V, stained with ethidium bromide, and visualized
under UV light. The GeneRuler DNA ladder mix (Fermentas, St Leon-Rot, Germany)

was used for electrophoresis.
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Sequencing of amplified products and phylogenetic analysis

PCR products amplified with primer pairs ITS5/1TS4, DC6/ITS4, or the
primer pair pdm3/pdm4 (36; see below) were purified with a gel extraction kit
(Geneclean turbo, Qbiogene, Illkirch, France), quantified with the Quant-iT DNA
Assay Kit Broad Range fluorometric assay as described before, and used for direct
DNA sequencing or for cloning. Purified PCR products were ligated into pGEM-T
easy vector system I using Escherichia coli strain JM109 for transformation according to
the manufacturer’s procedure (Promega, Madison, WI). Transformed clones were
cultured and the plasmid DNA extracted from them (two clones per PCR amplicon)
with the Wizard Plus SV Mini-preps DNA purification system (Promega) was used for
sequencing. PCR amplicons and cloned inserts were sequenced in both directions with
a terminator cycle sequencing ready reaction kit (BigDye; Perkin-Elmer Applied
Biosystems, Madrid, Spain) using DC6, I'TS4, and ITS5 primers (PCR amplicons) or
universal primers (M13-20fw/M13trev) (cloned inserts), according to the
manufacturer’s instructions. The resulting products were purified and run on a DNA
multicapilar sequencer (ABI Prism 3100 genetic analyzer; Perkin-Elmer Applied
Biosystems) at the University of Cordoba sequencing facilities. All I'TS1-5.85-ITS2 se-
quences obtained from P. arborescens collections in the study were deposited in
GenBank (Table III.1.1). In addition, ITS1-5.8S-ITS2 sequences from Papaver
somniferum, Fusarinm spp., and Pleospora papaveracea isolated from opium poppy, P.
destructor infecting onion, and P. eristata infecting M. cambrica were obtained (Table
III.1.1).

The ITS sequences of P. arborescens (27 sequences), P. destructor (1 sequence),
and P. cristata (2 sequences) obtained in this study were aligned with 41 published
DNA sequences of Oomycete species belonging to the Peronosporaceae (Table
II1.1.2), including the genera Hyaloperonospora,  Perofascia, — Peronospora, —and
Psendoperonospora. The Peronospora and Pseudoperonospora spp. were selected because they:
(i) are closely related to P. arborescens (36,43); (ii) have their hosts within the
Ranunculales (Papaveraceae and Fumariaceae) (17); or (iii) have been recorded in
Spain (24). Sequences were initially aligned with the ClustalX 1.83 software (41) with
default options. Then, the Bionumerics 4.5 software (Applied Maths, Kortrijk,

Belgium) was used to generate phylogenetic trees with the neighbor-joining (NJ) and
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maximum-parsimony (MP) methods and UPGMA cluster analysis. The phylograms
were bootstrapped 1,000 times to assess the degree of support for the phylogenetic
branching indicated by the optimal trees. Trees were rooted with Phytophthora infestans

AF266779 I'TS1-5.85-ITS2 gene sequence as an outgroup (43).

Table ITL.1.2. List of Peronosporales taxa used in the present study, with reference to their host species

and GenBank accession numbers.

Species Host species Geographic origin GenBank accession nos. (reference)
Perofascia lepidii Lepidinm virginicum Korea AY211013 (11)
P. lepidii Capsella bursa-pastoris. Romania AF465760 (14)
Peronospora spp.
P. alpicola Ranunculus aconitifolins  Germany AY198271 (53)
P. aparines Galium aparine Austria AY198300 (53)
P. arborescens Papaver rhoeas Austria AY198292 (53)
P. arborescens Papaver rhoeas Romania AY465761 (14)
P. bulbocapni Corydalis cava Austria AY198272 (53)
P. conglomerata Geraninm molle Austria AY919304 (5)
P. conglomerata Geraninm molle Austria AY198246 (53)

P. cristata Meconapsis cambrica England, UK AY374984 (D.EL. Cooke and N.A.
Williams, wnpublished results)

P. cristata Papaver sommiferum Tasmania, Australia AY225472-AY225482, AY225484 (47)
P. chenopodi Chenopodinm album Austria AY198285 (53)

P. corydalis Corydalis ocotensis Korea AY211015 (11)

P. corydalis Corydalis speciosa Korea AY211016 (11)

P. destructor Allinm cepa Tasmania, Australia AY?225469 (47)

P. dicentrae Dicentra canadensis Tennessee, USA AY198273 (53)

P. farinose Chenopodium album Romania AF465762 (14)

P. farinose Chenopodium album Korea AY211017 (11)

P. farinose Chenopodium serotinum  Korea AY211018 (11)

P. manshurica Glycine soja Korea AY211019 (11)

P. manshurica Glycine max Unknown AB021711 (M. Saito, unpublished results)
P. ranunculi Ranunculus acris Austria AY198267 (53)

P. sparsa Rosa sp. England, UK. AF266783 (15)

P. sparsa Rosa sp. Tasmania, Australia AY225470 (47)

P. tabacina Nicotiana alata Austria AY198289 (53)

P. viciae Pisum sativa Tasmania, Australia AY?225471 (47)

P. viciae Vicia angustifolia Austria AY198230 (53)
Hyaloperonospora spp.

H. parasitica Thlaspi arvense Romania AF465759 (14)

H. parasitica Capsella bursa-pastoris  Austria AY198254 (53)
Pseudoperonospora spp.

Ps. cubensis Cucumis sativa Austria AY1983006 (53)

Ps. bumnli Humulus lupulus Unknown AF448225 (Patzak, |., unpublished results)

Ps. humuli Humulus lupulus Austria AY198304, AY198305 (53)

Ps. urticae Urtica dioica Austria AY198307 (53)
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Design of P. arborescens specific primers

A subset of nonredundant I'TS1-5.85-1TS2 sequences of P. arborescens and P.
eristata selected from GenBank, as well as sequences obtained in this study, were
aligned using the ClustalX 1.83 software and utilized for designing P. arborescens-
specific PCR  primers (Table IIL.1.3). Primers were designed with Primer3
(http://www.ge-nome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) and Beacon
Designer (http://www.premierbiosoft.com/netprimer/netprimer.html) software to
ensure that at least one of the primers contain less than 85% homology and includes
one nucleotide insertion as compared with P. ¢ristata ITS1-5.85-1TS2 sequences and
ensure lack of homology with I'TS1-5.85-ITS2 sequences of Papaver somnifernm or fungi
commonly isolated from this plant (see below). An in silico test of primer specificity
was conducted by running the primer sequences against the nonredundant GenBank

dataset with parameters set for the identification of short, nearly exact matches.

Table ITI.1.3. PCR primers designed in this study, their sequences, origins and specificities.

Primer Melting Amplicon

Primer set temperature size

name? Sense  name Detects Source Secuence (5- 3’) ({9) (bp)

P3PalfwP  Forward - P. arborescens ITS2  GCTATGGCGATAATGGAGGA 60,0 200

P3Palrvd  Reverse Peronosporales  ITS2 CAAATTTCCCAAATGGGTTG 60,0

P3Pa2fw  Forward - Peronospora spp.  1TS1  TGATCTCGGTCGGAGCTAGT 60,0 A
545

P3Pa2rvb Reverse Peronospora spp.  1TS2  TCACCAGTTATACCGCCACA 60.0

OMPaclfw Forward 3 Oomycetes ITS1 CCACACCTAAAAACTTTCC 52.3 S04

OMPalrvb  Reverse P. arborescens ITS2  AACACTCCTCCATTATCG 50.5

OMPac7fw Forward PG Oomycetes 585  GAACGCATATTGCACTTCC 56.7 5
4

OMPa7rvb  Reverse P. arborescens 1TS2 CGCACAACACAAATTTCC 55.9

2 The use of the sequences described for a diagnostic test for P. arborescens is covered by a Spanish patent
application (number assignation P200603319) owned by University of Cérdoba and ALCALIBER S.A..
b Primers include a nucleotide that is a deletion in the ITS1-5.85-1TS2 sequence of P. ¢ristata.

Specific PCR assays

Reaction conditions such as annealing temperature and MgCl2 and primer
concentrations were adjusted experimentally to optimize the amplification with each
primer pair (Table II1.1.3). Optimized PCR reactions were (final volume of 25 ul) 2.5
ul of 10X reaction buffer, 0.75 uM of each primer, 50 uM of each dNTP, 0.75 unit of
EcwTag DNA polymerase (EcoGen), 1 mM MgCl2, and 1 ul of the template DNA.
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The cycling program consisted of an initial denaturation step of 3 min at 95°C, fol-
lowed by 30 cycles of 1 min denaturation at 95°C, 1 min annealing at 61°C, 1 min at
72°C, and a final extension step of 5 min at 72°C. Gel electrophoresis was performed
as described for universal primers.

Specificity of the designed primer pairs was tested by including the following
controls in PCR assays: (1) P. arborescens DNA extracted from sporangiophores and
sporangia scraped from sporulating opium poppy leaves; (i) total DNA extracted
directly from opium poppy leaves infected with P. arborescens; (iii) DNA extracted from
healthy Papaver sommnifernns, (iv) total DNA extracted from tissues of Papaver somniferum
and M. cambrica infected with P. cristata; (v) DNA extracted from fungi isolated from
opium poppy tissues (i.e., B. bassiana, Fusarium spp., and Pleospora papaveracea); (vi)
DNA extracted from other oomycetes within the Peronosporaceae (i.e., B. lactucae, P.
destructor, and Plasmopara halstedii); and (vii) no DNA as a negative control.

Primers pdm3 and pdm4, reported as specific for the identification and
detection of P. cristata (36), were also used as described to test for their specificity
against populations of P. arborescens.

Sensitivity of the diagnostic PCR was assessed by determining the minimum

amount of P. arborescens DNA that could be detected in PCR reactions. For this
putpose, P. arborescens DNA (10 ng/pl) was diluted (1:2, 1:10, 1:20, 1:10", 1:10°, 1:10',

and 1:105) in ultrapure, sterile water, as well as in Papaver somniferum DNA extracted
from healthy opium poppy leaves (10 ng/ul) or seeds (20 ng/ul) to account for any
possible influence that the host DNA might have on the amplification of pathogen
DNA. Special care was taken to get accurate pathogen and host DNA concentrations.
For this objective, both the stock DNA and its dilutions were quantified
fluorimetrically in triplicate in two independent plates using the Quant-iT DNA Assay
kit as described above. The host DNA concentrations used were selected as
representative of DNA amounts yielded with the Fast DNA protocol described above
from 100 mg of leaf tissue and 100 seeds of opium poppy, respectively. All PCR
reactions were repeated at least three times by independent operators using the
conditions referred to as above and always included Papaver sommnifernnz DNA or no

DNA as negative controls.
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Species-specific PCR assays using samples from opium poppy crops.

During the spring of 2005 and 20006, plants were sampled from a commercial
opium poppy field with a high incidence of the downy mildew disease in Ecija, Seville
Province of Andalucfa. Samples were representative of severely through mildly
affected tissues as well as asymptomatic tissue. Some affected plants showed dwarfing
and rosetting, with the uppermost leaves showing light chlorosis, suggesting systemic
infection of the plants. All plant tissues were surface sterilized (1% NaOCI for 3 min)
prior to DNA extraction. Total DNA was extracted from complete stem samples, the
epidermal and cortex tissues of stems, capsules, and leaves affected with necrosis, light
chlorosis, or no symptoms. PCR reactions were conducted using three selected

specific primer sets (P2, P3, and P6; Table I11.1.3).
Detection and transmission of P. arborescens in opium poppy seeds.

Artificially infested and naturally infected or infested seed samples were used
to test the reliability of the developed assay for detecting P. arborescens DNA in or on
seed. For artificial infestation, healthy seeds (i.e., that gave no amplification for P.
arborescens in previous assays using the species-specific PCR protocol) were surface

sterilized with 1% NaOCI for 3 min, rinsed with distilled, sterile water, dipped in 1 ml

of sporangium suspensions adjusted to get 1 X 104, 5 X 103, 2.5 X 103, 2.5 X 102, and
25 sporangia per 100 seeds, and vortexed. The treated seeds were allowed to dry at
room temperature in a Vacufuge TM Concentrator 5301 system (Eppendorf Ibérica
S.L., Madrid, Spain).

Total DNA was extracted from the artificially infested seeds as described
above. Stocks of naturally infected or infested seeds were obtained from capsules of
diseased plants sampled from opium poppy fields with high incidence of downy
mildew. These capsules showed a range of disease symptoms, from nonsymptomatic
but having light sporulation on the capsule peduncle to the entire capsule showing
severe necrosis. Seeds were obtained from capsules through a hole at the base of a
capsule made by aseptically removing its peduncle at the site of junction and emptying
the seeds into a sterile eppendorf tube. Four samples of 500 seeds each were

processed for DNA extraction as described above. PCR assays using DNA extracted
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from either artificially infested seeds or naturally infected or infested seeds sampled
from infected capsules were conducted with the three specific primer sets as described
before.

To further investigate whether seedborne P. arborescens can give rise to infected
opium poppy plants, we conducted an experiment in nonirrigated field microplots that
had never been cropped with Papaver somniferum (sandy loam soil, pH 8.5, 1.4% organic

matter) at the Alameda del Obispo Research Station near Cérdoba (37.5°N, 4.8°W,

altitude 110 m). The microplots (1.25 X 1.25 mz, 50-cm depth) were sown with seed
stocks numbers 471, SR, 432, and 431 of the commercial opium poppy cv. Nigrum on
3 January 2005. Seeds of these seed stocks were provided by ALCALIBER S.A.
(Carmona, Sevilla, Spain), the only enterprise officially authorized for opium poppy
cultivation in Spain, and originated from fields severely affected by downy mildew.
Seeds of stock number 451, which had been washed with 1% NaOCI for 3 min and
further treated with metalaxyl (Apron XL; Syngenta Agro, Madrid, Spain), were used
as a control. Each microplot consisted of four furrows, 0.2 m apart and 0.2 m from
the closest microplot edge barrier (a 25 cm tall, 0.5 cm width fiber cement sheet). A
microplot was hand sown by carefully spreading 100 seeds per furrow. There were
four replicated microplots per seed stock in a completely randomized design. Weeds
(especially Papaver spp.) that developed inside or outside of the microplots were
removed by hand as soon as they developed. Daily mean temperature and rainfall were
recorded in a weather station located at the experimental site. After emergence, plants
were observed at weekly intervals for development of symptoms of opium poppy

downy mildew.
II1.1.4 RESULTS
PCR assays using universal primers

Amplification of DNA extracted from P. arborescens sporangiophores and
sporangia scraped from downy-mildew-affected opium poppy with primers I'TS4 and
ITS5 yielded fragments of approximately 900 bp. However, amplification of total

DNA from symptomatic leaves yielded the 900-bp band and an approximately 800-bp

product similar in size to that amplified using DNA extracted from healthy Papaver
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sommifernm in a previous study (32).

Amplification of DNA extracted from P. arborescens sporangiophores and
sporangia with primers DC6 and ITS4 yielded a single PCR amplicon of
approximately 1,200 bp. There was no amplification when those two primers were

used with DNA extracted from tissues of healthy opium poppy plants.

PCR assays using P. cristata-specific ptimers

Amplification of total DNA extracted from samples of M. cambrica and opium
poppy infected with P. eristata with primer pair pdm3/pdm4 (reportedly specific for P.
eristata; 36) (Table I11.1.1) yielded a single band of approximately 389 bp. Interestingly,
when primers pdm3/pdm4 wete used for PCR assays of more than 200 samples of
diseased opium poppy from Spain, 15% of samples amplified DNA from P. arborescens

(see below).

Sequencing of amplified products and phylogenetic analysis

Sequence homology and phylogenetic analysis of the I'TS1-5.85-ITS2 regions
of tDNA amplified from samples of the downy mildew pathogen confirmed that P.
arborescens was the sole causal agent of the disease affecting opium poppy in Spain (Fig.
III1.1.1). Sequencing and phylogenetic analysis confirmed that all pathogen samples
that had previously yielded a 389-bp amplicon with primers pdm3/pdm4 were P.
arborescens rather than P. cristata. The 27 collections of the downy mildew pathogen
recovered from Papaver sommniferum in Spain showed high sequence homology (99.8 to
100%) and were differentiated into four I'TS sequence types on the basis of sequence
differences in a total number of eight nucleotide positions in the I'TS1, 5.8S, and ITS2
regions. These differences were not related to geographical origin (region, province, or
field) of isolates (Table III.1.1). ITS sequence homology between collections of P.
arborescens from opium poppy in Spain and P. arborescens AF465761 from Romania (12)
and AY198292 from Austria (43) ranged from 99.3 to 99.6%. Sequence homology
between P. arborescens from Spain and P. cristata AY225472—AY225482 (36) from
Tasmania and P. eristata AY374984 from Europe (D. E. L. Cooke and N. A. Williams,
unpublished data) ranged from 80.9 to 93.7% and 93.6 to 94%, respectively.
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The topology of the phylogenetic trees produced with the NJ (Fig. III1.1.1)
and MP method were almost identical (data not shown).

P. arborescens trom Papaver rhoeas in Romania (AF465761) and Austria
(AY198292) grouped with all poppy downy mildew collections from Spain, with
bootstrapping values of 100% both for NJ and MP analyses. The two methods of
analysis indicated that P. arborescens from Papaver sommnifernm and Papaver rhoeas formed a
single, highly supported clade, phylogenetically distinct to the clade comprising P.
cristata. Interestingly, P. cristata from Papaver somnifernm and M. cambrica is more closely
related to other Peronospora spp. that have their host in the Ranunculales (P. corydalis
and P. cristata |Papaveraceae|, P. alpicola and P. ranunculi [Ranunculaceae], and P.

bulbocapni and P. dicentrae [Fumariaceae]) (Fig. 1I1.1.1).
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Fig. III.1.1. Phylogenetic tree inferred from neighbor-joining analysis of the complete
ITS region (ITS1, 5.85 rDNA, and I'TS2) indicating relationships between downy mildew
species. Bootstrap supports of more than 50% are given for appropriate main order
clades. Asterisks (*¥) show taxa whose data were obtained in this study. H.

Hyaloperonospora, Pe. = Perofascia, P. = Peronospora, Ps. = Psendoperonospora, and Ph. =

Phytophthora.
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Design of P. arborescens-specific primers

Four primer pairs were designed with the criteria described above, namely
P3Palfw/P3Palrv, P3Pa2fw/P3Pal2rv, OMPaclfw/OMPalrv, and OMPac7fw
/OMPac7rv that were designated P1, P2, P3, and P6 primer sets, respectively. The
primer sequences (Table III.1.3) were compared with the NCBI nonredundant
nucleotide database (May 7, 2006) using BLAST 2.2.14 (3). Sets P1, P2, P3, and P6

were predicted to be specific for P. arborescens.

Specificity of the newly developed P. arborescens-specific primers

Primer sets P1, P2, P3, and P6 reproducibly amplified DNA fragments of
200, 545, 594, and 456 bp, respectively, in PCR assays with DNA extracted from all
collections of P. arborescens sporangiophores and sporangia (Fig. II1.1.2) as well as
from infected Papaver sommiferum tissue and samples of Papaver sommniferum that
previously had yielded the 389-bp band (potentially specific for P. cristata) with the
pdm3/pdm4 primer pair (Fig. 3). No cross amplifications were obsetrved when the
tested primer sets were used with DNA extracted from plant samples infected with P.
eristata either from the United Kingdom or Tasmania or DNA from healthy plants
(Fig. 3). Likewise, no cross amplification occurred with DNA of other fungi and
Oomycetes tested (data not shown). Use of primer set P1 also yielded a DNA band
larger than 200 bp, but of much lower intensity, in addition to the predicted 200-bp
amplicon (Fig. 111.1.2). Attempts were made to increase the specificity of this primer
set with no success; consequently, P1 primer set was disregarded for further studies.

PCR quality of all DNA samples, including samples containing P. cistata
DNA, was confirmed with the universal ITS5/TTS4 or DC6/ITS4 primer paits.
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Fig. IIL.1.2. Specificity of Peronospora arborescens-specific primers P3Palfw/ P3Palrv (P1),
P3Pa2fw/P3Pal2rv (P2), OMPaclfw/OMPalrv (P3), and OMPac7fw/OMPac7rv (PG). M,
GeneRuler DNA ladder mix (Fermentas, St Leon-Rot, Germany); lane 1, P. arborescens
sporangiophore and sporangia from sporulating opium poppy leaves (positive control); lane 2,
P. arbores-cens-infected leaves of Papaver somniferun, lane 3, P. arborescens-infected stem of Papaver
sommiferuns; lane 4, healthy leaves of Papaver somniferuns; lane 5, healthy stem of Papaver somniferum,
and lane 6, no DNA template.
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Fig. III.1.3. Specificity of Peronospora
arborescens-specific primers P3Pa2fw/
P3Pal2rv P2),
OMPaclfw/OMPalrv  (P3), and
OMPac7fw/OMPac7rv  (P6). M,
GeneRuler DNA  ladder mix
(Fermentas, St Leon-Rot, Germany);
lane 1, P. arborescens sporangiophores
and sporangia from sporulating
opium  poppy (positive
control); lane 2, P. arborescens-infected
leaves of Papaver sommiferums; lanes 3—
5, P. cristata-infected leaves of Papaver
sommifernm from Australia; lane 6, P.
cristata-infected leaves of Meconopis
cambrica from the United Kingdom;
lane 7, P. arborescens-infected leaves of
Papaver somnifernm that also yielded
amplification with primers
pdm3/pdm4 (desctibed as specific
for P. cristata, 37); lane 8, healthy
leaves of Papaver sommiferums; lane 9,
healthy, surface-sterilized seeds of
Papaver sommiferum; and lane 10, no
DNA template.
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Sensitivity of P. arborescens-specific primers

Adding DNA from opium poppy in the PCR reaction mix did not influence
sensitivity of the specific PCR assays (Table II1.1.4). Use of reaction mixes containing
10 ng of opium poppy DNA extracted from healthy leaves resulted in a PCR
detection limit of 10, 1 to 10, and 1 to 10 pg of P. arborescens DNA for primer sets P2,
P3, and PG, respectively (Table II1.1.4). Interestingly, the detection limit for each of
the primer sets was increased when DNA from surface-sterilized, healthy seeds rather
than from leaves was used for dilutions. This occurred even though the background
plant DNA concentration was double for seed DNA and both sets of assays were
performed with the same stock solutions of P. arborescens DNA. Therefore, using
reaction mixes containing 20 ng of opium poppy DNA extracted from seeds allowed a
detection limit of PCR assays of 1, 1 to 0.1, and 1 pg (Fig. 1I1.1.4) of P. arborescens
DNA for primer sets P2, P3, and P06, respectively. Adding DNA from poppy seeds or
leaves to PCR reaction mixes using primer pair DC6/ITS4 resulted in a detection limit
of 100 pg of P. arborescens DNA, irrespective of the source of plant DNA (Table
III.1.4). Use of the detection method by different operators did not influence

reproducibility and consistency of results.
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Fig. II1.1.4. Sensitivity of Peronospora arborescens-specific primers OMPac7fw/ OMPac7rv
(P6) with P. arborescens DNA (10 ng/pl) diluted in water (H20 Seties) or in DNA of
Papaver sommiferum (20 ng/ul) extracted from seeds. M, GeneRuler DNA ladder mix
(Fermentas, St Leon-Rot, Germany); lanes 1-7, DNA dilution series 1:2 (lane 1), 1:10 (lane
2), 1:20 (lane 3), 1:10° (lane 4), 1:10° (lane 5), 1:10* (lane 6), and 1:10° (lane 7); lane 8, no
DNA template; and lane 9, healthy, surface-sterilized seeds of Papaver somniferum.
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Table III.1.4. Sensitivity of Peronospora arborescens-specific primers designed in this study and Oomycetes
universal primers.

Background
Dilution DNA DNA of Peronospora arborescens (ng/pl)* Neg. H.O
Primer pair Seriest  (ng/ul)* 5 1 0.5 0.1 0.01  0.001  0.0001 control Control
P3Pa2fw/P3Pal2rv I 0 S AYALEEYAYE YAV VAVAI AT -/-/- ~/~/-
10 AVAVANEEYEVE YA VA SR VA VA S T VA e -/-/- /- /-
I 0 R R R A e s S s Vs VA Y s e -/-/- -/-/-
20 +/+/+ /] A+ A/ A/ -/ -/-/- -/-/- -/-/-
OMPacl fw/OMPalrv I 0 RV AVAEEYVAVE SR VAV Y AV A A BT A -/-/-
10 AVAVAR VA VA S VA VA R VA VA R VA VA A VA S e e AT
il 0 +/4/+ [/ A+ /A /- H/E- -/-/-
20 AVAVA VA VA S VAR VA VA R VAV VA N AT
OMPac7fw/OMPac7rv I 0 S AYANNEYAVASRVAVA R VAV AVA N N -/-/-
10 Ay A R S A o S Y A
1Ie 0 +/+/+ A/ A/ /A R+ -/-/- -/-/-
20 +/+/+ /A A/ E- -/-/- -/-/- -]/
DC6/ITS44 1 0 +/+ +/+ +/+ +/ T/+ -/- -/- -/-
10 +/+ +/+ +/+ +/ -/- -/- -/- -/- -/-
11 0 +/+ +/+ +/+ +/ +/* -/~ -/~ -/-
20 +/+ +/+ o H/F +/ -/- -/- -/- -/- -/-

a P. arborescens DNA (10 ng/ul) was setially diluted to obtain 5 to 0.0001 ng of pathogen pet microliter of PCR
reaction in distilled water (0 ng background DNA) ot in Pap. somniferum DNA extracted from leaves (10 ng/pl
background DNA; Dilution seties I) or seeds (20 ng/ul background DNA; Dilution seties II) to investigate any
possible influence of host DNA on amplification of pathogen DNA.

b Results presented were obtained by three independent operators with same dilution series. + = Positive
amplification; + = Positive weak amplification; - = no amplification.

¢ Representative results from this dilution series experiment are shown in Figure 4.

4'This primer pair combination was assessed only in to independent PCR reactions.

Species-specific PCR assays with samples from opium poppy crops
PCR assays using P2, P3, and P6 primer sets and DNA extracted from leaf,

stems, and capsules of diseased opium poppy plants, as well as from roots of plants

with dwarfing and resetting symptoms, resulted in nearly 100% positive detection of
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P. arborescens in the infected tissues (Fig. II1.1.5). There were no amplification products
in PCR assays with DNA extracted from leaves and capsules of apparently healthy
opium poppy plants. When DNA was extracted from infected plants showing very
light chlorosis or no symptoms, detection of the pathogen on leaves and epidermal
stem tissues was more efficient using primer set P3 compared with use of primer sets

P2 and P6 (Fig. 111.1.5).
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Fig. IT1.1.5. Detection of Peronospora arborescens in naturally infected opium poppy tissues with
specific ~ primers  P3Pa2fw/P3Pal2rv  (P2), OMPaclfw/ OMPalrv (P3), and
OMPac7fw/OMPac7tv (PG). M, GeneRuler DNA ladder mix (Fermentas, St Leon-Rot,
Germany); lanes 1-2, P. arborescens sporangiophores and sporangia from sporulating opium
poppy leaves (positive control); lanes 3—7, P. arborescens-infected leaves with different severity
of symptoms (necrosis, pathogen sporulation, chlorosis, light chlorosis, and no symptoms,
lanes 3 to 7, respectively); lanes 8-9, surface-sterilized, symptomatic stem (epidermal and
cortex tissue, lanes 8 and 9, respectively); lane 10, peduncles of infected capsule; lanes 11-12,
surface-sterilized root tissue from plants showing dwarfing and rosseting; lane 13-14, seeds
from symptomatic capsules; lanes 15-16, capsule tissue (with light symptoms or pathogen
sporulation, lanes 15 and 16, respectively); lane 17 healthy Papaver somnifernm seeds; and lane
18, no DNA template.
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Detection and transmission of P. arborescens in opium poppy seeds

PCR assays with primer sets P2, P3, or P6 were equally effective in the
detection of P. arborescens in artificially infested seeds and allowed detection of up to 25
sporangia per 100 seeds with any of the primers (data not shown). Similarly, each of
the three primer sets was effective in the detection of seedborne P. arborescens in seed
stocks collected from infected capsules harvested from affected plants (Fig. IIL.1.5).
Conversely, P. arborescens was not detected on seed stocks collected from asymptomatic
capsules (data not shown).

Seed stocks collected from fields severely affected by downy mildew and used
for field experiments resulted in positive amplification for P. arborescens in 75% of
samples using the species-specific primers. Seedlings in the field microplots emerged
30 to 40 days after sowing. Typical symptoms of downy mildew (i.e., chlorotic foliar
lesions on lower leaves that later became brown, angular spots) appeared on the
opium poppy plants in microplots approximately 40 to 60 days after seedling
emergence. All symptomatic leaves showed sporulation of the pathogen. In general,
there was a low incidence of downy mildew for all seed stocks tested. No disease
developed in microplots sown to control seeds. The disease occurred in 25 to 100% of
microplots sown to an infected seed stock, with 25 to 50% of rows of plants within a
microplot showing affected plants and only a few plants within these rows showing
disease symptoms. Usually, affected plants in a microplot were aggregated (three to six
plants showing symptoms clustered in a patch). Unusual warm and dry weather condi-
tions occurred during the year of experiment, which caused symptomatic plants to
become necrotic and die very early in the season (7 to 14 days after pathogen
sporulation). These conditions were characterized by monthly average mean maximum
and minimum temperatures from March through May that were 1.8 to 5.8°C higher
than those occurring in regular years. Monthly average rainfall and mean relative
humidity from January through May were 7 to 64 mm and 2 to 17% lower than
normal, respectively (26). The unusually warm and dry weather probably accounted
for the low incidence of diseased plants and reduced pathogen spread within a
microplot. The presence of P. arborescens on symptomatic plants was confirmed by the

species-specific PCR assay (data not shown).
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I11.1.4 DISCUSSION

Phylogenetic analysis of the internal transcribed spacer (ITS) regions of the
ribosomal DNA (tDNA) demonstrated that P. arborescens is the downy mildew
pathogen of Papaver sommiferum in Spain. We also documented that there is a low
degree of genetic diversity within P. arborescens populations occurring in Spain. P.
arborescens has been reported in different countries throughout the world, including
Afghanistan, Algeria, Argentina, Australia, Austria, Azerbaijan, Belgium, Bulgaria,
Canada, China, Egypt, Finland, Germany, Greece, India, Iran, Italy, Japan, Korea,
Libya, Pakistan, Poland, Romania, South Africa, Sweden, Thailand, Turkey, United
Kingdom, United States, and Uzbekistan. Comparatively, the geographic range of P.
¢ristata appears to be more reduced, since this species has been reported only in
Australia, Bulgaria, England, and Ireland (18,19). In the Iberian Peninsula, P. arborescens
has been reported to be infecting Papaver dubium, Papaver hybridum, and Papaver rboeas in
Spain, and infecting wild Papaver somniferum and Papaver rhoeas in Portugal (24). Since P.
arborescens and P. cristata overlap in morphological characters (33,36) and host ranges,
and most of the reports referred to above were based on symptoms on the hosts and
morphology of the pathogen only, it is possible that some of the descriptions
attributed to one of the two species in a country might in fact correspond to the other.
In the same way, the possibility that P. eistata might be present in Spain on hosts
where it has been reported from other countries, such as Meconopsis cambrica, wild
poppies Papaver argemone, Papaver hybridum, and Papaver rboeas, wild Papaver sommniferum, or
other Papaver spp. (8), should not be ignored since our study focused on cultivated
Papaver somniferum only. In fact, this was the scenario that occurred in Australia where
downy mildew of Papaver nudicanle, Papaver hybridum, and Papaver dubinm in different
states of the country and downy mildew of commercial opium poppy in Tasmania
were initially attributed to P. arbores-cens (15,37). However, a detailed phylogenetic
analysis of the pathogen population demonstrated that P. cristata rather that P.
arborescens was the causal agent of Papaver somnifernm downy mildew in Tasmania (30).
Since the Tasmanian poppy industry was founded from England (36), it would be
noteworthy to determine whether P. wistata and /ot P. arborescens are the causal agents
of downy mildew of cultivated Papaver sommnifernm in the United Kingdom. Future
studies are worth conducting to determine if P. cristata and P. arborescens differ in

virulence on Papaver sommniferum, host specialization on Papaver spp. or Meconopsis spp.,
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and wortldwide geographic distribution.

The phylogenetic analysis also revealed that P. eristata is more distantly related
to a clade that comprises P. arborescens infecting Papaver somniferum and Papaver rhoeas
than to other Peronospora spp., whose hosts are outside the Papaveraceae. Interestingly,
all Peronospora spp. infecting species in the order Ranunculales grouped together in the
same clade (with the exception of P. arborescens). This clade was more closely related to
a clade containing Peronospora spp. infecting species within the Caryophyllales than to
all P. arborescens collections, which may indicate host jumping between distantly related
host families (43). Similar results were obtained by Scott et al. (36) for P. arbore-cens and
P. cristata with a data set for phylogenetic analysis smaller than that used in the current
study.

In addition to use for phylogenetic studies, ITS rDNA sequences have been
proved useful in the development of species-specific PCR protocols for in planta
detection and identification of plant pathogenic oomycetes (1,7,9,36,38). We employed
a similar method to develop P. arborescens-specific primers and developed a PCR-based
protocol that was employed to answer several lingering questions in this pathosystem.
First, we were able to efficiently differentiate P. arborescens from P. cristata and
demonstrate that only P. arborescens occurs in cultivated Papaver sommifernm in Spain.
Second, the assay was used to detect P. arborescens in symptomatic and asymptomatic
opium poppy plant parts and, third, we documented that P. arborescens can be seed-
borne in seeds from infected opium poppy plants. Because of the obligate biotrophy
of Peronosporales, availability of molecular protocols for their in planta and seed
detection and identification is particularly important for the implementation of health
certification schemes. Such a diagnostic technology should be both sensitive enough
to detect small amounts of pathogen before evident symptom expression on the host,
as well as specific to avoid cross-reaction problems with other related pathogens. The
spe-cies-specific PCR protocol developed in this study satisfies those desirable
characteristics because it shows: (i) considerable flexibility, since it can be applied to
different plant samples including capsules, leaves, roots, seeds, and stems; (ii) high
sensitivity, since the pathogen can be detected in symptomless plant tissues and seed
stocks where the pathogen may be present at very low concentrations, i.e., as little as
0.1 to 10 pg of P. arborescens DNA (depending upon the primer set) against a
background of 10 to 20 ng of opium poppy DNA; and more important (iii) high
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specificity, since no cross amplification occurred with other closely related pathogens,
especially with P. eristata-infected opium poppy tissues.

In similar studies, it was usually necessary to develop a nested-PCR protocol to
increase flexibility and sensitivity in the amplification of pathogen DNA from infected
plant samples (38) or concentrations of template pathogen DNA similar to that
amplified with the single-PCR protocol developed in our work (7,38). Also, in contrast
to other studies (e.g., 38) the presence of plant DNA did not reduce the sensitivity of
the PCR protocol. Interestingly, the detection limit of the single round-PCR assay that
we developed is rather similar to that reported for quantitative real-time PCR assays
developed for quantifying Plasmopara viticola on leaves of 1itis vinifera (42), different
Phytophthora spp. on decaying leaves (35), and Alternaria brassicae in cruciferous seeds
(22). In those latter studies, the standard deviations of replicates increased greatly at a
concentration of pathogen DNA <1 pg or when host DNA was present in the
reaction mix, thus reducing the accuracy of the quantitative technique.

A final advantage of the three primer sets designed in this study concerns their
high specificity for P. arborescens. In our study, we aimed for an identification and
detection protocol that would avoid cross amplification of P. ¢ristata DNA because we
found that the P. eristata-specific primers designed by Scott et al. (36), pdm3/pdm4,
yielded cross reaction when used for PCR assays of some P. arborescens samples from
Spain. These authors had to base the specificity of the pdm3/pdm4 primer pair only
on sequence comparison and BLAST searches on GenBank database, since apparently
they could not test plant samples infected with P. arborescens. In our study, the
comparison of pdm3/pdm4 sequences with all the P. arborescens sequences that we
used identified only one or two single nucleotide difference for both primers, which
may account for the cross amplification of P. arborescens DNA. While designing our
primer sets, we ensured specificity by including one nucleotide that was a deletion in
the ITS sequence of P. eristata and/or 100% homology in its sequence with P.
arborescens in at least one of the primers of each set. This theoretical specificity was
experimentally demonstrated with DNA extracted from samples of P. ¢ristata-infected
leaves from Australia and the United Kingdom.

Although the P. arborescens-specific primer sets and PCR protocol developed in
this study was not aimed at quantitative assays, we believe that it may be of great use

in opium poppy production to avoid the introduction of P. arborescens-contaminated
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seeds in areas free from the pathogen and when introduc- ing seeds of germplasm for
plant breeding purposes. Also, this protocol can be of use for epidemiological studies
of the disease, helping to demonstrate the occurrence of asymptomatic, systemic
infections, or to choose appropriate timing of fungicide treatments for chemical
control of the disease before symptom expression.

Downy mildew of opium poppy is one of the most destructive diseases of this
crop worldwide (27,36,37). Consequently, efforts should be made to avoid dispersal of
the pathogen to opium-poppy-growing areas free from P. arborescens. In Spain, the
rapid spread of the opium poppy downy mildew to areas where opium poppy had not
been cropped before, together with the progressive increase in the incidence and
severity of the disease during the last few years, suggested seedborne transmission of
the pathogen. Results from this study confirm the potential of this hypothesis. Thus,
by using the species-specific PCR assay developed, we demonstrated that P. arborescens
was seedborne on commercial seed stocks, and further, that seedborne inoculum can
give rise to infected plants under field conditions. To our knowledge, this is the first
demonstration that P. arborescens can be seed transmitted. Further research is needed to
determine location of the pathogen in seed tissues as well as factors that determine
efficacy of transmission. Thin- and thick-walled mycelia and/or oospores of different
Peronospora spp. (i.e., P. ducomati, P. effusa, P. farinosa, P. manshurica, and P. viciae) have
been detected on the seed surface, as well as in infected seed coat (pericarp and spet-
moderm layer), persistent calyx, and pods of their respective hosts (25,39,46). In our
study, seedborne transmission of P. arborescens occurred with rather low frequency,
perhaps because of the unusual warm and dry weather conditions that took place
during the year of the field experiment. The day/night temperatures and relative
humidity that occurred at the site during the field experiment have been reported
unfavorable for sporulation, germination of sporangia, appresorium formation, and
infection for other Peronospora spp. (14,20). Nevertheless, the efficacy of seed
transmission might also be low in nature, as shown for P. /lactucae, with a level of
infection that reached 0.3 to 2.9% in commercial seed stocks of Lactuca sativa (25). In
contrast, sporangia of Peronospora spp. from infected sporulated leaves can be readily
dispersed by wind and rain splashing, and consequently, infected leaves could be an
important source of inoculum (14,20). In our field study, we are confident that the

possibility of external aerial inoculum giving rise to plant infection did not occur, since
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the field microplots of the study were: (i) located 60 to 120 km apart from the closest
cultivated opium poppy fields; (ii) surrounded by fields within the research station that
were kept free of weeds (including Papaver spp.) by conventional tillage or herbicide
treatment; and (iii) that the disease did not show up in the control plots planted close
to plots planted with infected seeds.

An additional important finding of this study was the detection of putative
systemic infection of opium poppy by P. arborescens, since the pathogen DNA was
amplified from roots of plants showing dwarfing and rosetting in the field with no
other evident symptom of downy mildew. The systemic infection of these plants may
have taken place from infected seeds or by soilborne oospores of the pathogen during
seed germination and/or seedling growth. Systemic infection of buckwheat and
soybean seedlings from infected seeds and oospores has been demonstrated for P.
dncomati and P. manshurica, respectively (39,40). Systemic infections of opium poppy by
P. arborescens may be of significance in the epidemiology of downy mildew if, as
reported for sunflower downy mildew caused by Plasmopara halstedii (10), as-

ymptomatic systemic infections give rise to viable, infected seeds.
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II1.2.1 ABSTRACT

A sensitive nested-PCR protocol was developed using either of two primer
pairs that improves the in-planta detection of Peronospora arborescens DNA. The new
protocol represented an increase in sensitivity of 100- to 1,000-fold of detection of the
oomycete in opium poppy tissue compared with the detection limit of single PCR
using the same primer pairs. The new protocol allowed amplification of 5 to 0.5 fg of
P. arborescens DNA mixed with Papaver somnifernmm DNA. The protocol proved useful
for amplifying P. arborescens DNA from 96-year-old herbarium specimens of Papaver
spp. and to demonstrate that asymptomatic, systemic infections by P. arborescens can
occur in wild Papaver spp. as well as in cultivated opium poppy. Also, the increase in
sensitivity of the protocol made possible the detection of seedborne P. arborescens in
commercial opium poppy seed stocks in Spain with a high frequency, which poses a
threat for pathogen spread. Direct sequencing of purified amplicons allowed
alignment of a P. arborescens Internal Transcribed Spacer (ITS) rDNA sequence up to
730-bp long when combining the sequences obtained with the two primer sets.
Maximum parsimony analysis of amplified P. arborescens ITS tDNA sequences from
specimens of Pap. dubium, Pap. hybridum, Pap. rhoeas, and Pap. somniferum from different
countries indicated for the first time that a degree of host specificity may exist within
populations of P. arborescens. The reported protocol will be useful for epidemiological
and biogeographical studies of downy mildew diseases as well as to unravel
misclassification of P. arborescens and P. cristata, the reported causal agents of the opium

poppy downy mildew disease.

Additional  Keywords: Ancient DNA, biogeography, PCR sensitivity, seed

detection, ribosomal DNA.

97



Capitulo 11T

I11.2.2 INTRODUCTION

Opium poppy (Papaver somniferum) is the only source of morphine, codeine and
thebaine alkaloids for the pharmaceutical industry. Opium poppy production is
curtailed by downy mildew, one of the most destructive diseases of the crop
wortldwide (11,23,25,36,43). Two Peronospora species, P. arborescens and P. cristata, are
causal agents of the opium poppy downy mildew disease. They overlap in
morphological characters, such as sporangia dimensions, and host range (25,36). This
makes it difficult to differentiate between the two pathogens and this may have lead to
their misclassification in the past.

Historically, herbarium specimens have been an important source for
confirmation or re-description of misidentified plant pathogens. Herbarium specimens
have also played a paramount role for better understanding plant disease epidemics,
especially the biogeography, origin, and dispersal of plant pathogens (e.g., 26,33,34).
Use of current molecular techniques for the study of herbarium specimens has
provided accurate diagnostic tools as an alternative to conventional methods for the
identification of plants and their pathogens. For example, use of herbarium specimens
from four continents allowed the construction of phylogenetic trees of the internal
transcribed spacer (ITS) region of the ribosomal DNA (tDNA) within Peronospora
accessions that solved the taxonomic status of the spinach downy mildew and lead to
reinstatement of Peronospora effusa as the pathogen on spinach (Spinacea oleracea) (7).

Some downy mildew pathogens have the ability to cause asymptomatic,
systemic infections on a wide range of herbaceous crops (e.g., 13,44), and some
evidence was provided that this phenomenon also occurs in the P. arborescens/opium
poppy pathosystem (25). Systemic infections by P. arborescens may be of significance in
the epidemiology of downy mildew if asymptomatic systemic infections in commercial
opium poppy fields give rise to viable infected seeds, or if infected wild poppy plants
eventually give rise to conidia on leaves that serve as inoculum for opium poppy fields.

In Spain, the rapid spread of the opium poppy downy mildew to areas where
opium poppy had not been cropped before, together with the progressive increase in
the incidence and severity of the disease during the past 5 years, suggested seedborne
transmission of the pathogen. Recent research (25) confirmed this hypothesis and

demonstrated that: (i) P. arborescens can be seedborne on commercial opium poppy
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seed stocks, and (ii) seedborne inoculum can give rise to infected plants under field
conditions. For opium poppy downy mildew, a few primary infections by the
pathogen can give rise to several secondary cycles of infection that result in rapid
epidemic development of the pathogen within a field (36). Consequently, efforts
should be made to avoid introduction of the pathogen to opium poppy growing areas
or fields free from P. arborescens. The ability to detect low amounts of pathogen
inoculum on commercial seed stocks is an important disease management tactic.
Species-specific PCR protocols have been developed that allow detection of P.
arborescens with primer pairs OMPaclfw/OMPacltv and OMPac7fw/OMPac7tv
(Spanish ~ patent application  P200603319, international patent application
PCT/ES2007/000781; 25), and P. ¢ristata with primer pair pmd3/pmd4 (37), using
total DNA extracted from symptomatic and/or the pathogen as it sporulats on tissues
of opium poppy plants. However, use of the P. arborescens-detection protocol
developed by Landa et al. (25) was not sensitive enough for pathogen detection in
herbarium specimens or commercial seed stocks (B. B. Landa et al., unpublished results).
The specific objectives of this study were: (1) to improve the sensitivity of the single-
PCR protocol developed by Landa et al. (25) by designing a new nested-PCR protocol
that allows amplification of P. arborescens DNA from old herbarium specimens, as well
as from asymptomatic, infected plants of Papaver spp. And commercial opium poppy
seed stocks; (ii) to determine the occurrence of asymptomatic systemic infections of P.
arborescens in wild Papaver spp. and commercial opium poppy plants; and (iii) to study
the genetic diversity within P. arborescens populations from different geographical

origins and host plants.
I11.2.3 MATERIALS AND METHODS
Plant materials and herbarium specimens
Six herbarium specimens were provided by ‘Real Jardin Botanico’, Spanish
Council for Scientific Research (CSIC), Madrid, Spain (Table IIL.2.1). Some of the

samples, especially ancient ones, showed no appearance of sporangia or oospores as

determined by microscopic observations. Leaf samples from symptomatic and
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asymptomatic Papaver spp. plants collected from opium poppy growing areas in Spain

were also used for the study (Table I11.2.1).

Table III.2.1. Host source, geographic origin, collection number and ITS tDNA GenBank
accessions from Peronospora arborescens samples used in the study.

Collection
Host source Sample tissue Geographic origin number  Year GenBank
Papaver dubinm Leaves, herbarium specimen Puerto San Glorio, Leén, Spain®  27841(%) 1990  EU570198
Papaver dubinm Asymptomatic leaves, fresh tissue Marchena, Sevilla, Spain B30 2006  EU570202
Papaver hybridum Asymptomatic leaves, fresh tissue Antequera, Malaga, Spain R74 2004  EU570208
Papaver rhoeas Sporulated leaves, fresh tissue Malpica de Tajo, Toledo, Spain R1 2004  EU570203
Papaver rhoeas Asymptomatic capsule, fresh tissue Antequera, Malaga, Spain R76 2004  EU570205
Papaver rhoeas Asymptomatic leaves, fresh tissue Antequera, Malaga, Spain R75 2004  EU570204
Papaver rhoeas Leaves, herbarium specimen Algeria, Africa?. 15749 1912 EU570196
Papaver rhoeas Leaves, herbarium specimen Puerto de Canales, Burgos, Spain* 27844 (¥) 1990  EU570197
Papaver rhoeas Leaves, herbarium specimen Naroba, Cantabria, Spain® 27843 (*) 1990  EU570199
Papaver rhoeas Leaves, herbarium specimen Constanta, Hagieni, Romania® 9164 1977  EU570201
Papaver somniferum  Leaves, herbarium specimen Lepola, Pornainen, Finland® 28507 1916 EU570200
Papaver somnifernm  Asymptomatic stem, fresh tissue Growth chamber experiments D175 2007  EU570206
Papaver somniferum  Seeds from commercial seed stocks, ~ ALCALIBER S.A. D120 2007 EU570207

fresh tissue

+ Samples provided by Herbarium Real Jardin Botanico, CSIC, Madrid (29). (¥) Samples collected by
Arne Gustavsson and referenced in Gustavsson (18).

To study the occurrence of asymptomatic systemic infections, 75 opium poppy
plants grown under controlled conditions in a soil naturally infested by P. arborescens
were sampled when plants had formed a capsule in the main stem. This soil was
collected from a commercial opium poppy field plot with high incidence of downy
mildew and was proven to contain oospores of the pathogen (M. Montes-Borrego, B.
B. Landa, J. A. Navas, F. J. Mufioz-Ledesma and R. M. Jiménez-Diaz, unpublished
results). For that purpose a 4 to 5-cm-long piece of the basal stem was cut from each
plant with sterile scissors, washed with sterile distilled water and peeled off with a
sterile scalpel. Sampled tissues were ground into 0.3-0.5 g pieces, placed in 1.5 ml
Eppendorf tubes and frozen immediately in liquid nitrogen before DNA extraction.

Additionally, to validate the utility of the nested-PCR protocol for detection of
the pathogen in opium poppy seeds, 18 commercial seed stocks, provided by
ALCALIBER S.A. (Carmona, Sevilla, Spain) were analyzed to determine the presence
of P. arborescens in seed. Seed stocks derived from commercial fields in the main
opium-poppy growing areas of Andalucia and Castilla-La Mancha regions of Spain
were obtained by ALCALIBER S.A following the conventional industrial processes.

These seed stocks were collected by the company to be sown in commercial fields the
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following year. Therefore, the fields from which the commercial seed stocks were
collected were selected from among those where the downy mildew disease either was
. . 2
not apparent or disease symptoms were rated low (0 to 1 symptomatic plant per m”; F.
J. Mufioz-Ledesma, personal communication). In addition, seven seed stocks originating
from opium poppy crops in France, for which there was no additional information,
were used in the study to include opium poppy cultivars different from those cropped
in Spain. Three samples from each seed stock were processed for DNA extraction as

described below.

DNA extraction and quantification

Genomic DNA was extracted using the Spin Fast DNA kit (Qbiogene,
Madrid, Spain) as described (25). Pieces of fresh leaf tissue (approximately 2 cm?, 30 to
80 mg) from symptomatic and asymptomatic Papaver spp. plants (Table II1.2.1) were
placed in a 1.5-ml Fast DNA tube containing lysing matrix A, 800 pl of CLS-VF
solution, and 200 ul of Protein Precipitation Solution (PPS). Seed samples
(approximately 500 seeds, 150-200 mg), stem samples (approximately 50 to 100 mg),
and pieces of dry herbarium specimens (approximately 2 cm’ 3 to 8 mg) (Table
II1.2.1) were processed as described above but allowed to soften in the buffer for 1 h
before processing. Cells were mechanically disrupted in a Fast Prep System Bio 101
(Qbiogene) by reciprocal shaking of samples for 30 s at 5.5 speed. Subsequently, the
supernatant was collected by centrifugation (10 min at 12000 x g) and processed with
the Fast DNA kit according to the manufacturer’s instructions.

Extracted DNA was quantified using the Quant-iT DNA Assay Kit Broad
Range fluorometric assay (Molecular Probes Inc., Leiden, The Netherlands) and a
Tecan Safire fluorospectrometer (Tecan Spain, Barcelona, Spain) according to

manufacturet’s instructions, and diluted to 20 ng/ul with ultrapure sterile water

(USW).
Nested specific-PCR protocol

Primer DCO0, specific for Pythiales and Peronosporales oomycete species (3),

and the universal ITS4 primer (42), were used for the first round of amplifications in
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the nested-PCR protocol using 1 ul of DNA from tissues of either symptomatic or
asymptomatic poppy plants in 25-ul reaction volumes as described (25). Purified P.
arborescens DNA (1 ng) and USW were used as positive and negative controls,
respectively. The amplified product was diluted 1:1, 1:5, 1:10, 1:50 and 1:100 with
USW to optimize sensitivity and decrease background effects of the first PCR on the
second PCR and subsequent direct sequencing quality. One ul of this diluted PCR
product was used for the second round of amplification in the nested-PCR protocol
using primer paits OMPaclfw (5-CCACACCTAAAAACTTTCC-3’)/OMPaclrv (5°-
AACACTCCTCCATTATCG-3) (set P3) or OMPac7tw (5°-
GAACGCATATTGCACTTCC-3)/OMPac7rv (5-CGCACAACACAAATTTCC-3’)
(set P6) and PCR conditions described by Landa et al. (25).

All reactions (both first round- and second round-PCR) were repeated at least
twice and always included a positive control (P. arborescens DNA obtained from
sporangiophores with sporangia scraped from sporulating leaves) and negative
controls including (i) four Pap. somnifernm DNA samples from sterile disinfested seeds
(2 samples) and from seedlings grown under sterile conditions (2 samples) that
consistently tested negative in previous experiments, and (ii) four reactions with no
DNA (water blanks). None of the negative controls yielded the PCR product,
indicating that positive assays were genuine and were not due to cross-contaminations
with templates. Additionally, to ensure the validity of the nested-PCR results, all
amplicons from herbarium specimens and Papaver spp. samples, and 25% of
amplicons from plant and seed stock samples were sequenced (see below).

Amplification products were separated by electrophoresis in 1.5% agarose gels
in 1X TAE buffer for 60-120 min at 80 V, stained with ethidium bromide, and
visualized under UV light. The Gene-ruler™ DNA ladder mix (Fermentas, St Leon-

Rot, Germany) was used for electrophoresis.
Sensitivity of the nested-PCR protocol

Sensitivity of the nested-PCR protocol was assessed and compared with the
single PCR assay described by Landa et al. (25). P. arborescens DNA was diluted in

USW as well as in Pap. somnifernm DNA extracted from healthy opium poppy leaves
(25 or 50 ng/pl) to reach DNA concentrations ranging from 50 pg to 0.005 fg (Table
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II1.2.2). Special care was taken to get accurate pathogen and host DNA concentrations
by fluorimetric quantification using the Quant-iT DNA Assay Kit as described above
in triplicate and in two independent plates. All PCR reactions were repeated twice by
independent operators using the conditions above and always included Pap. sommiferum

DNA or no DNA as negative controls.

DNA sequencing and phylogenetic analysis

Products of the second-round PCR were purified using a Geneclean turbo kit
(Q-BIOgene, Illkirch, France), quantified fluorometrically, and used for direct DNA
sequencing with the same primers used in each second-round amplification. DNA
sequencing was done on a multicapilar sequencer (ABI PRISM 3100 genetic analyzer,
Applied Biosystems) at the University of Coérdoba sequencing facilities. All
amplifications and DNA sequencing were performed twice to assess reproducibility of
chromatograms. All ITS1-5.85-ITS2 sequences obtained from P. arborescens collections
in the study were deposited in GenBank with Accession numbers recorded in Table
II1.2.1. Sequences generated in this study were aligned with the Peronospora spp. data
set described by Landa et al. (25). A maximum parsimony (MP) analysis was
performed (Bionumerics 5.1 software; Applied Maths, Kortrijk, Belgium) using either
all Peronospora spp. sequences or only P. arboresces sequences. The phylograms were
bootstrapped 1,000 times to assess the degree of support for the phylogenetic

branching indicated by the optimal trees.

I11.2.4 RESULTS

Nested-PCR protocol

Best amplification results of the nested-PCR protocol were achieved using a
1:10 dilution of the first PCR product as template for the second round (Fig. II1.2.1A).
The 1:10 dilution allowed similar levels of sensitivity as compared to using 1:1 and 1:5
dilutions, with the benefit that background effects were lower and the chromatogram
signal after direct sequencing was clean; thus avoiding an intermediate need for

cloning the fragment (see below).
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P3 (594 bp)

P8 (456 bp)
ITS1 5.88 ITS2

Consensus sequence (= 730 bp)

1 2 3 4 5 6 7 8 9 10

Fig. IIL.2.1. (A) Gel electrophoresis of DNA amplicons from nested PCR assays using
primers DCG6/ITS4 in the first round and primers OMPaclfw/OMPaclrv in the second
round. Dilution of products of the first-round of amplification was 1:5 (upper gel), 1:10
(middle gel) and 1:50 (lower gel). Lanes: 1, Gene-ruler ™ DNA ladder mix (Fermentas, St
Leon-Rot, Germany); 2, negative control (water); 3, positive control (P. arborescens-infected
leaves of Papaver somnifernm); 4 negative control (pathogen-free Papaver sommiferum leaves); 5,
asymptomatic leaves from Pap. hybridum; 6-10, herbarium specimens 27841, 15749, 27844,
27843, and 28507 from Table I1I1.2.1. (B) Diagrammatic representation of products size (bp)
of the ribosomal DNA region amplified with primers OMPaclfw/OMPaclrv (set P3) and
OMPac7fw/OMPac7rv (set PG) and the approximate size of the sequence obtained after
direct sequencing and alignment of amplified products. Figures are not to scale.

The PCR detection limit for single-PCR assays was similar to that reported
previously [1 to 10 pg of P. arborescens DNA for ptrimer pairs OMPaclfw/OMPacltv
(set P3) or OMPac7fw/OMPac7tv (set P6)] (25). Conversely, the detection limit for
nested-PCR was 0.5 and 0.05 fg of P. arborescens DNA using either primer set P3 or P6,
respectively. This represented an increase in sensitivity of 100- to 1,000-fold for
primer sets P3 and P6, respectively compared with the detection limit of single PCR
using the same primer pairs (Table 111.2.3; Fig. 111.2.2). In general, the detection limit
was similar when the pathogen DNA was diluted with ultrapure, sterile water or plant
DNA (25 ng or 50 ng of host DNA). However, there was a trend to higher sensitivity
when host DNA was present in the reaction (Fig. II1.2.2). Use of the detection
protocol by different operators did no influence reproducibility and consistency of

results (Table II1.2.2).
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H,O series Host DNA series
Kbh M 123 45 6738 M123 4 56728 9

Fig. II1.2.2. Sensitivity of Peronospora arborescens-specific primers OMPac7fw/
OMPac7rv (set P6) in single- (upper panel) and nested-PCR (lower panel) assays
using P. arborescens DNA (50 pg/ul) diluted in water (H2O Seties) or in DNA of
Papaver sonmifernm (50 ng/ul) extracted from leaves (Host DNA Series). M, Gene-
ruler ™ DNA ladder mix (Fermentas, St Leon-Rot, Germany); lanes 1-7, DNA
dilution series 1:10 (lane 1), 1: 102 (lane 2), 1: 103 (lane 3), 1:10* (lane 4), 1:105 (lane
5), 1:10¢ (lane 6), and 1:107 (lane 7); lane 8, no DNA template; lane 9, pathogen-
free, disinfested leaves of P. sommniferum.
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Table III.2.2. Sensitivity of Peronospora arborescens-specific primers used in single-and nested-
PCR protocols and of Oomycete universal primers using purified DNA of P. arborescens singly
or mixed with host DNA.

Negativ

DNA DNA of Peronospora arborescens (fg/nl)> e H:0

Primer pair* DS® ng/ul® 50,000 5000 500 50 5 0.5 005 0.005 Control Control
DC6/ITS4 Lo e oSS /-
A A A A C -/- -/-

A A S L S -/-

A A A A A -/- /-

OMPaclfw/OMPalrv (B3) 1. 0 +/+ +/+ %/~ /- /- /- /- -/-
25 A/ A/ R -/- -/-

0w/ /o) -/~

S0 A/ AR, -/- /-

OMPac7fw/OMPacTev (P6) 1 0 +/+ +/+ +/+ /- /- /- -/~ -/-
A A C -/- -/-

L0 /4 -/-

S0 A HE A -/- /-

DC6/1TS4 (1 PCR) L0 /e e A -/-
+ 25 +/+ /A /- /- - -/- -/-
P3 (2 PCR) m 0 A A A A S -/-
S0+ -/- /-

DC6/1TS4 (1 PCR) A A A A A -/-
+ 25 +/+  +/+ +/+ A/ /A A/ /- . -/- -/-
P6 (20 PCR) L0/ /R -/-
50 +/+  +/+ +/+ /- / -/- -/-

2 Primers OMPaclfw/OMPalrv (set P3) and OMPac7fw/OMPac7tv (set PG) are protected under
Spanish patent application P200603319.

b P. arborescens DNA (10 ng/ul) was setially diluted to obtain 50 pg to 0.005 fg of pathogen DNA pet
microliter of PCR reaction in sterile distilled water (0 ng background DNA) or in Pap. somniferum
DNA (25 ng per ul, Dilution series (DS) I, or 50 ng per ul background DNA, DS II) to investigate
any possible influence of host DNA on amplification of pathogen DNA.

¢ Results were obtained by two independent operators with the same dilution series. + = Positive
amplification; = = Positive weak amplification; - = no amplification.

Occurrence of asymptomatic infections by Peronospora arborescens

Use of the newly developed nested-PCR protocol allowed detection of P.
arborescens DNA from Papaver spp. specimens stored in herbarium from 18 up to 96
years (e.g., Pap. rhoeas sampled from Africa in 1912) (Fig. II1.2.1A). Also, positive
detection of P. arborescens was achieved with leaves and capsules of asymptomatic Pap.
dubium, Pap. hybridum (Fig. U1.2.1A), Pap. rhoeas and Pap. sommnifernm plants (Table
II1.2.1) grown in commercial opium poppy fields in Andalucia and Castilla-I.a Mancha

regions of Spain (M. Montes Borrego et al., wmpublished results). This indicated the
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potential occurrence of asymptomatic systemic infections. No amplification or weak
amplification signals were obtained when those samples were assayed by single PCR
using primer sets P3 and P6 (data not shown).

The nested-PCR protocol was more efficacious and sensitive in the detection
of asymptomatic systemic infections compared with the single-PCR protocol. Thus,
use of the nested PCR protocol determined that 22 out of 75 plants (22.3%) grown
under controlled conditions in a soil naturally infested with P. arborescens oospores
were infected by the pathogen, whereas the single PCR protocol with the same plants
indicated an incidence of only 6 out of 75 (8%). In general, primer set P6 was more
effective than P3 in detecting infection by the pathogen when used either in single or

nested-PCR assays (data not shown).

Occutrrence of Peronospora arborescens in commercial seed stocks

A high percentage of commercial opium poppy seed stocks were infected by
the pathogen. This was especially evident for seeds harvested from crops in the
Castilla-La Mancha region, for which all seed stocks showed positive amplification
with primer sets P3 and P6 even when they were used in the single-PCR assay. Primer
set P6 was more effective than primer set P3 in the detection of seedborne P.
arborescens in commercial seed stocks used either in single- or nested-PCR assays (Table
II1.2.3). Thus, use of primer set P3 in single- and nested-PCR allowed detection of the
pathogen in 37.0% and 57.4% of seed samples, respectively; whereas incidence in
similar assays using primer set P6 was 55.6% (single-PCR) and 79.7% (nested-PCR) of
samples scored positive. Use of the nested-PCR protocol increased the sensitivity of
detection and allowed positive diagnosis of infections in commercial opium poppy
seed stocks that would have given rise to false negatives if assayed using the single-
PCR protocol. This fact was particularly evident for seeds stocks derived from crops
in France (Table II1.2.3), for which all seed stocks with the exception of one were
negative in single-PCR assays using primer sets P3 and P6, respectively. Conversely,
nested-PCR assays using primer set P3 and P6 indicated seedborne inoculum of P.

arborescens in four and five of the seven seed stocks, respectively.
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Table III.2.3. Detection of Peronospora arborescens in naturally-infected opium poppy
commercial seed stocks using either single- or nested- specific-PCR assays.

Seed Single-PCR* Nested-PCR #
code Cultivar, Origin, Year DC6/1TS4 P3 P6 P3 P6
Andalucia Region, Spain

Madrigal, Castillon invernadero,
919 2007 -/-/-b -/-/% -/E/E -/+/+ -/++/++
922 Madrigal, Castillén Huerto, 2007 +/-/- +/%/- +/+/+ ++/+/+ ++/++/++
923 Madrigal, Martin Delgado, 2007 -/-/- -/E/+ +/++/+ +/+/++ ++/++/++
925 Madrigal, Las Coronas, 2007 -/-/- +/-/+ +/+/++ +/+/++ ++/++/++
927 Madrigal, Barbatrota, 2007 -/-/- -/-/- -/-/- -/-/- T/+/+
931 Madrigal, Molino gallego, 2007 -/-/- -/-/+ +/+/+ -/t/++ ++/+/++
916 Madrigal, Viso alto, 2007 -/-/- -/-/- +/+/- -/-/- /44 /+
Castilla La Mancha Region, Spain
9145  Madrigal, Casa del Alcalde, 2007 +/-/% +/+/+ +/+/+ ++/++/++  ++/++H/++
9147  Madrigal, Casablanca, 2007 +/-/- ++/1/+ +/+/++ ++/++/++  ++/++/++
9149 Madrigal, Casa Nueva, 2007 +/+/- +/+/+ ++/++/+ ++/++/++ /4
9151  Madrigal, Los Machorros, 2007 -/-/- +/x/% +/+/% ++/++/++ /4
France
7519 V9, 2007 -/-/- -/-/- -/-/- -/~/- -/-/-
7521 Marianne, 2007 -/-/- /-] s /- J-/-
7522 V40,2006 -/-/- -/-/- +/+/- +/%/- /-
7523 V40, 2006 /-/- -/-/- /-/- /) 4]+
7524 V40,2007 /-]~ /-/- _/-/- /4 /-
7526 V9, 2006 /-/- /-/- /-/- +/-/- /-
7527 Marianne, 2007 /-/- _/-/- /-/- /- +/+ )+

a Peronospora arborescens-specific primetrs OMPaclfw/OMPaltv (set P3) and OMPac7fw/OMPac7tv (set
P6) were used in nested- and single-PCR assays (25). Primer DCO, specific for Pythiales and
Peronosporales oomycetes (3), and the universal I'TS4 primer (42), were used for the first round of
amplifications in the nested-PCR protocol. Then, 1 pl of a 1/10 dilution of the first PCR product was
used for the second round of amplification in that protocol.

bResults of DNA amplification from three seed samples. ++= Positive amplification (very intense); + =
Positive amplification; £ = Positive weak amplification; - = no amplification.

Sequencing and Phylogenetic analysis

Direct sequencing using primers OMPaclfw or OMPac7fw of purified
amplicons from nested-PCR assays with primer sets P3 and P6, allowed alighment of
an ITS1-5.85-ITS2 rDNA sequence up to 730-bp long when both sequences were
combined (Table III.2.1, Fig. IIL.2.1B). There were no differences in the
chromatograms obtained from independent nested-PCR assays when using the same
sample or when using either forward or reverse primers (data not shown).

Maximum parsimony analysis using data from all Peronospora spp. in the

GenBank database placed all downy mildew specimens in this study in a single clade
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(100% support; 99.0 to 99.9 % homology among sequences) which included all P.
arborescens sequences from GenBank (data not shown). Interestingly, MP analysis of the
P. arborescens dataset alone indicated that a degree of host specialization and
geographical isolation may exist within P. arborescens populations (Fig. 111.2.3). Thus, all
sequences of P. arborescens from crops of Pap. somnifernm in Spain and France formed a
single population together with a specimen from each of Pap. rhoeas and Pap. hybridum
from Spain. P. arborescens from a herbarium specimen of Pap. somniferum collected in
Finland on 1916 was located in a different clade. On the other hand, P. arborescens
isolates from Pap. rhoeas showed higher diversity, with fresh and herbarium specimens
from northern Europe and Spain forming a clade different from that including
specimens from southern Spain and the one collected in Algeria in 1912. The two

isolates from specimens of Pap. dubinm formed a third, independent clade (Fig. I11.2.3).

EU570203/R1,
K Toledo, Nothern
Host species S50

Spain, 2004

1 Papaver dubium
Papaver hybridum e, e
.. Papaver rhoeas EU5761196/15749,
. Papaver somniferum “Algeria;

£ Africa, 1912
-

EU570197, 27844/Burgos,
EU570199, 27843/Cantabria,
" Nothern Spain, 1990

EUS70204/R75,
Malaga, Southern
Spain, 2004

oEU570201/9164, Romanid, 1977
- OAF465761

Romania
O AY198292, HV-17

N abefemz)ien TN/ =21 Y

Austria- 3

EU570200/28507° .

Findland, 1916 -

N

S s —
il

1Spain: EU570208/R74, |
1AY695804-AY95807, ,Malaga, Southern:

'DO885362-D0885373, ! :_. Spain, 2004 _ |
1DQ885376-DO885384, !
1DO885387-DO885388, !
|EU570206-EU570207 1

N e
I 1 al ,
:EU295529 | Sgain, 2004

Fig. I1I.2.3. Maximum parsimony tree from sequences of the ITS region (ITS1, 5.85 rDNA,
and ITS2) of P. arborescens isolates from samples of herbarium specimens and Papaver spp.
(Table 111.2.1) and all P. arborescens sequences deposited in the GenBank database (underlined
accession numbers). The absolute numbers of nucleotide differences between specimens
(underlined numbers) and bootstrap values (%) are indicated in the branches. The accession
number, herbarium code, region, country and year of collection of specimens are indicated.
Host soutce of P. arborescens isolates is marked in different colors as shown in the legend. (%)
= All P. arborescens isolates included in this node are shown in the frame.
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I11.2.5 DISCUSSION

In this study, a P. arborescens-specific nested-PCR protocol was developed that:
(i) strengthens previous findings that only P. arborescens occurs in opium poppy crops
and other Papaver spp. In Spain (24,25); (i) amplifies P. arborescens in ancient, up to 96-
year-old, herbarium specimens of different Papaver spp.; and (iif) demonstrates that P.
arborescens can generate asymptomatic, systemic infections both in wild Papaver spp.
And cultivated opium poppy, and infects seed stocks harvested from crops with low
or no symptoms of the disease. Furthermore, phylogenetic analyses of the I'TS rtDNA
indicate that: (i) genetic diversity exists within P. arborescens populations occurring
worldwide; and (i) a degree of host specificity exists within P. arborescens infecting
Papaver spp., with isolates infecting wild poppy being more diverse than those infecting
cultivated Pap. Sommiferum (Fig. 111.2.3).

Taxonomic concepts in downy mildew taxa are now considered inadequate
and potentially misleading because the taxonomic and evolutionary studies done in the
past were based mainly on few morphological characters and host preference (5,9,19).
This has caused much confusion concerning species definition and delimitation,
especially when following Gatimann’s concept of biological species ‘one host — one
parasitic species’ (12,19,41). Recently, phylogenetic analyses of tDNA sequences in
Peronosporales have helped to resolve taxonomic and phylogenetic relationships
among closely related species within Peronospora and allied genera (e.g., 5, 6, 7, 10, 17,
32, 41). For instance, P. sparsa from Rosa spp. and P. rubi from Rubus spp. share
identical ITS sequences, as do P. viciae from faba bean (1icia faba) and P. viciae (Pisum
sativuml) from pea, which suggest conspecificity (4, 10). Conversely, Hyaloperonospora
parasitica from Arabidopsis spp. Differs in I'TS sequences from the pathogen that infects
Brassica oleracea, which suggests reproductive isolation of the two populations (30).

Previous phylogenetic analyses and species-specific PCR assays of the ITS
rDNA sequence demonstrated that P. arborescens is the sole causal agent of opium
poppy downy mildew in commercial crops in France and Spain (24, 25, 27). Similar
studies demonstrated that P. ¢ristata, but not P. arborescens, is the downy mildew
pathogen in opium poppy crops in Tasmania (Australia) (36). P. eristata has been
reported in different countries, including Australia, Bulgaria, England, Ireland,

Portugal, Ukraine and the former USSR (14). Comparatively, the geographic range of
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P. arborescens appears to be more widespread, since this species has been reported in
Afghanistan, Algeria, Andorra, Argentina, Australia, Austria, Azerbaijan, Belgium,
Bulgaria, Canada, Central Asia, China, Egypt, Finland, Germany, Greece, India, Iran,
Italy, Japan, Korea, Libya, Mongolia, Pakistan, Poland, Portugal, Romania, South
Africa, Sweden, Thailand, Turkey, UK, USA and Uzbekistan (14,15). In the Iberian
Peninsula, P. arborescens has been reported infecting Pap. dubium, Pap. hybridum, and Pap.
rhoeas in Spain, and infecting wild Pap. somniferum and Pap. rhoeas in Portugal.
Conversely, P. cristata has been reported only in Portugal and infecting Pap. hybridum
(16,18). P. arborescens and P. ¢ristata ovetlap in morphological characters (15,31,37) and
host range, and since most previous reports were based on symptoms on the hosts
and morphology of the pathogen only, it is possible that some of the descriptions
attributed to one of the two species in a country might in fact correspond to the other.

The low degree of morphological diversity in biotrophic Oomycetes lead to
numerous taxa being differentiated according to their host plants rather than by
diagnostic characters of the parasites themselves. The ability to trace material that has
been stored for a long term (e.g., herbarium specimens) could help to close the gap
between traditional, phenetic systematics and recent molecular-based systematics (39).
In a recent study using herbarium specimens, Choi et al. (7) showed that P. farinosa
from S. oleracea is distinct from downy mildew of other chenopodiaceous hosts, which
lead to reinstatement of P. ¢ffusa as the pathogen on spinach. Results of this present
work also indicate the usefulness of herbarium specimens for clarifying systematics in
Peronospora spp. Infecting Papaver spp. Thus, the newly developed nested-PCR protocol
confirmed that only P. arborescens is present in herbarium specimens and fresh
asymptomatic tissue sampled from different Papaver spp. in Spain, as well as in
herbarium specimens of Papaver spp. from Algeria, Finland and Romania. Ancient
herbarium specimens have been scarcely used for phylogenetic studies of downy
mildew pathogens, and when used, a clonation step of DNA amplicons was generally
required before DNA sequencing (e.g., 6). The protocol developed in this present
research allowed direct sequencing of ancient DNA (up to 96 year old) from an
obligate biotroph infecting herbarium specimens, thus avoiding the need of a
clonation step. Therefore, this nested-PCR protocol may be useful for elucidating
identity of downy mildew pathogen in herbarium specimens of opium poppy and

other Papaver spp. In different areas of the world, as well as to unravel possible
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misclassification of P. arborescens with P. cristata, the reported causal agents of the
opium poppy downy mildew disease.

To the best of our knowledge, MP analysis of amplified I'TS rDNA sequences
of P. arborescens infecting Pap. dubinm, Pap. hybridum, Pap. rhoeas, and Pap. sommniferum
specimens from different countries indicated for the first time that a degree of host
specificity may exist within P. arborescens populations. Interestingly, all sequences of P.
arborescens from commercial opium poppy crops in Spain and France formed a single
population together with those of isolates from Pap. rhoeas and Pap. hybridum from
Spain that were sampled in commercial opium poppy fields. However, ITS rDNA
sequences from P. arborescens infecting wild poppies were genetically more diverse
among themselves compared with those of P. arborescens isolates from cultivated Pap.
sommifernm. It would be productive future work to determine if P. arborescens isolates
infecting opium poppy cultivars in different areas of the world harbor genetic
diversity, which would tentatively indicate selection of pathogen genotypes by host
genotypes, co-migration with the host plant and/or reproductive isolation. Further
studies should be done to determine if P. arborescens populations differing in ITS
sequences or host source also differ in host specialization and virulence on Pap.
sommifernm and Papaver spp., as established for other downy mildews (e.g., Chenopodium
quinoa/ P. farinosa £. sp. chenopodii (28); S. oleracea/ P. farinosa f. sp. Spinaciae (22). Ongoing
investigations in our laboratory, based in phylogenetic analysis of ITS rDNA
sequences, indicate that a downy mildew disease in Pap. hybridum in the field may be
caused by a Peronospora spp. different from P. arborescens and P. cristata (M. Montes-
Borrego, J. A. Navas-Cortés, R. M. Jiménez-Diaz and B. B. Landa, unpublished results).
This would suggest that pathogen diversity in Papaver spp./downy mildew
pathosystems might be greater than initially thought.

Because of the obligate biotrophy of phytopathogenic Peronosporales,
availability of molecular protocols for their identification, as well as in-planta and seed
detection, would be of importance for the implementation of health certification
schemes. In previous work (25) we developed a P. arborescens-specific PCR protocol
that: () can be used for pathogen detection in capsules, leaves, roots, seeds, and stems
of plants; (ii) is sensitive enough to detect 0.1 to 10 pg of P. arborescens DNA; and (iii)
has high specificity since no cross-amplification occurs with other closely related

pathogens, especially P. ¢ristata in infected opium poppy tissues. The newly developed
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nested-PCR protocol has greater sensitivity for the in-planta detection of P. arborescens
DNA increasing by x100 to x1000 fold the detection limit (depending of the primer
set) compared with that of the single-PCR assay using the same primers (25), and
maintains the above referred properties of this latter assay. The increased sensitivity of
the nested-PCR protocol allowed detection of as little as 5 to 0.5 fg of P. arborescens
DNA against a background of 25 to 50 ng of opium poppy DNA. Nested-PCR
protocols already developed for the detection of other oomycetes (e.g., 21,35,38,40)
showed detection limits (1 pg to 100 fg of different Phytophthora spp. and of P. tabacina)
greater than those achieved in our study. Also, the presence of host DNA in our
protocol did not influence the sensitivity of our single-PCR (25) nor the nested-PCR
protocols in contrast to other studies where sensitivity was decreased one to two fold
(e.g., 38).

The new nested-PCR protocol was effective in detecting pathogen DNA when
the single-PCR assay either failed to detect it, or was less efficacious. This was the case
of pathogen detection in ancient herbarium specimens, which demonstrated the
occurrence of asymptomatic, systemic infections of Papaver spp. by P. arborescens.
Thus, the pathogen was detected in leaves of wild Papaver spp. Grown in fields that
did not show morphologic symptoms of downy mildew. In previous work, we
reported the occurrence of putative systemic infections of opium poppy by P.
arborescens in field-grown plants showing dwarfing and rosetting but no other obvious
symptom of downy mildew (25). In this present study, we demonstrate that the
nested-PCR protocol is more efficient than the single-PCR assay in the detection of
asymptomatic, systemic infections of plants grown under controlled conditions, and is
more useful for studies on the biology of opium poppy downy mildew. These
infections were caused by soilborne inoculum during seed germination and/or
seedling growth (M. Montes-Borrego, B. B. Landa, J. A. Navas, F. J. Mufioz-Ledesma
and R. M. Jiménez-Diaz, unpublished results). Research is ongoing in our laboratory to
determine the role of oospores as primary inoculum for development of downy
mildew epidemics of opium poppy using the nested-PCR protocol to demonstrate
root infection by the pathogen.

Downy mildews are among the most destructive diseases of crops worldwide
and can be seedborne. Consequently, efforts should be made to avoid introduction of

infected seeds into areas where the pathogen does not occur. For instance, specific-
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PCR assays of 11 commercial sweet basil seed batches of unknown origin (2) indicated
the presence of Peronospora sp. in nine of them. Similarly, oospores of P. effuse were
demonstrated in seeds of six out of 11 commercial seed lots of spinach (20) and three
out of seven maize seed lots were shown to harbor and transmit Peronosclerospora sorghi
(1). Recently, we demonstrated that P. arborescens can be seed transmitted and that
commercial seed stocks harvested from opium poppy crops with high incidence of the
downy mildew disease were frequently infected by the pathogen (25). Use of the
nested-PCR protocol developed in this study demonstrated further that the pathogen
can be detected in commercial seed stocks harvested from opium poppy crops that
have either no evidence or low incidence of the disease. Some of those seed stocks
would have given rise to false negatives for presence of the pathogen if the single-PCR
assay had been used for detection assays. This fact is particularly important for
companies like ALCALIBER S. A., the only enterprise officially authorized for opium
poppy cultivation in Spain that aims to select seed stocks for the next year from those
tields that have not shown any symptoms of disease. Using the best methods available
as practiced by this company, the downy mildew disease has nevertheless spread
rapidly to large areas where opium poppy had not been cropped before. This suggests
seedborne transmission of P. arborescens since isolation of the sampled crops from
other opium poppy crops within a range of several hundreds of kilometres would
make it unlikely that distant plantings could serve as a source of airborne, primary
inoculum. Studies are in progress to ascertain the biology of systemic infections by P.
arborescens and to determine whether or not low inoculum levels of the pathogen on
seeds may give rise to a high number of infected plants as well as if asymptomatic
systemic infection of a plant give rise to viable, infected seeds as demonstrated for
other downy mildew pathogens (e.g., Plasmopara halstedii/ Helianthus annuus (8);
Peronospora  ducometi/ Fagopyrum  sculentum  (44). In the meantime, the nested-PCR
protocol is being currently used by ALCALIBER S.A. to assure use of seed stocks free
of infection by the pathogen, discarding infected ones, and to avoid dispersal of the
pathogen in seed to opium poppy growing areas free from P. arborescens.

In conclusion, results from this study demonstrate the usefulness of the
nested-PCR protocol developed for biogeographic, diagnostic, and epidemiological

studies of the opium poppy disease.
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En este capitulo se recogen los resultados relativos al cuarto objetivo de esta
Tesis Doctoral en el cual se pretendfa desarrollar un protocolo de PCR en tiempo real
para la cuantificacion del nivel de infeccion/infestacién de semillas de adormidera y
plantas sintomaticas y asintomaticas por el patdégeno, y correlacionar dicho nivel con el

desarrollo de enfermedad y la sintomatologia de ésta.

Los resultados obtenidos se recogen en el capitulo IV.1 el cual se encuentra en
preparacion para su envio a la revista Applied and Environmental Microbiology de la

Sociedad Americana de Microbiologia, y que lleva por titulo:

“A Robust, Universal Real-Time Quantitative PCR Assay for the in planta Detection
and Quantification of the Opium Poppy Downy Mildew pathogen Peronospora
arborescens of Use for Resistance Screening and Certification Schemes”. Applied and

Environmental Microbiology, En preparacion.
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IV.1.1 ABSTRACT

Downy mildew caused by Peronospora arborescens is one of the main yield-limiting
factors of opium poppy crops worldwide. In-depth understanding of the biology of
the pathogen and the epidemiology and management of the disease is curtailed by
obligate biotrophic nature of the pathogen that makes it difficult its proper in planta
identification and quantification. In this study, we developed a new, reliable,
innovative, and quick real-time quantitative polymerase chain reaction (qPCR) assay
that allows the exact identification and accurate quantification of P. arborescens in
different opium poppy tissues and seed stocks of use by opium poppy producers and
researchers for field-scale studies at a viable, economic cost. Moreover, we developed
a standard curve based on DNA extracted from a plasmid with the target pathogen
DNA as cloned insert, and established a robust numerical relationship with a standard
curve based on P. arborescens genomic DNA that may facilitate the use of the new
protocol on a large scale and by different laboratories. Our protocol was highly
reproducible and the pathogen DNA could be accurately quantified up to 10 fg in
opium poppy leaf and seed DNA backgrounds without loss of accuracy and
efficiency. Additionally, we demonstrated the feasibility of the technique to quantify
pathogen biomass in complex, naturally infested tissue samples, including seeds from
asymptomatic capsules and commercial seed stocks as well as from asymptomatic
opium poppy plants systemically infected by P. arborescens. This may be of much
importance for advancing our understanding of the epidemiology and management of
this downy mildew disease, and facilitate the knowledge-based implementation of
appropriate control strategies such as quarantine and certification schemes as well as

selection and use of host resistance.
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IV.1.2 INTRODUCTION

Opium poppy (Papaver sommifernm) is the only source of pharmaceutical
morphine, codeine, and thebaine, which are key drugs for alleviation of chronic pain
associated with cancer diseases. In Spain, opium poppy is grown annually on
approximately 9,500 ha, primarily in the southern (Andalucia) and central (Castilla-La
Mancha and Castilla-Le6n) regions of the country (27,35). This acreage accounts for at
least 5% of the legally cultivated opium poppy worldwide, making Spain the third and
fourth largest European and world producer of poppy straw rich in morphine,
respectively (22).

Commercial opium poppy crops in Spain can be affected by several diseases of
diverse etiology (4,26,27). However, during the last 5 years downy mildew has become
the main yield-limiting factor for this crop in the country (35). Nowadays, downy
mildew attacks occurs throughout all opium poppy-growing areas in Spain and their
incidence and severity has increased steadily since the disease was first recorded (20).
In Spain and France, downy mildew in opium poppy commercial fields is caused by
the obligate biotrophic oomycete Peronospora arborescens (26,35), as compared to
Australia where P. ¢ristata has been reported as the causal agent of the disease (43).

The exact detection and proper identification of the causal agent is essential
for the effective control of a plant disease. During the last 15 years, molecular
techniques based mainly on conventional polymerase-chain-reaction (PCR) assays
have emerged as a major tool for diagnosing and identifying phytopathogenic fungi
and have contributed to relieve some of the problems associated with the detection,
control, and containment of plant pathogens (16,32). We have used that technology
and recently made considerable progress in the development of molecular protocols
for detection of P. arborescens in different plant tissues (27,35). In a recent work (27) we
developed a P. arborescens-specific single-PCR protocol using either of two sets of
primer pairs (OMPaclfw/OMPaclrv and OMPac7fw/OMPac7tv) that: (i) can be
used for pathogen detection in capsules, leaves, roots, seeds, and stems of opium
poppy plants; (ii) is sensitive enough to detect 0.1 to 10 pg of P. arborescens DNA; and
(i) 1s highly specific since no cross-amplification occurs with other closely related
pathogens in infected opium poppy tissues, especially of P. ¢ristata. Later on, a

significant improvement for the in planta detection of P. arborescens DNA was achieved
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with a newly developed nested-PCR protocol (35) which has a sensitivity 2- to 3-
orders of magnitude (depending of the primer set) higher compared with that of the
single-PCR assay using the same primers while maintaining the properties of this latter
assay. That increase in sensitivity of the nested-PCR protocol allowed detection of as
little as 5 to 0.5 fg of P. arborescens DNA against a background of 25 to 50 ng of opium
poppy DNA.

Since P. arborescens is a non-culturable, strictly biotrophic plant pathogen,
availability of those P. arborescens-specific PCR protocols (simple and nested) has been
of great importance for making significant progress in our knowledge of the biology
of this pathosystem. Thus, they have allowed to demonstrate important aspects in the
cycle of pathogenesis of the downy mildew disease including the main role of
oospores as primary inoculum and the occurrence of asymptomatic, systemic
infections that can give rise to seed infection and pathogen transmission (27,35, M.
Montes-Borrego, B. B. Landa, J. A. Navas-Cortés, F.J. Mufioz-Ledesma, and R.M.
Jiménez-Diaz, unpublished results). One of the limitations of the developed PCR
protocols is that they do not allow quantifying the level of infection in the plant by the
pathogen. A quantitative and sensitive PCR method would be particularly useful for
epidemiological studies, quarantine and disease control schemes, particularly to: (i)
establish the existence of resistant or tolerant opium poppy germplasm by quantifying
the pathogen in symptomatic and asymptomatic infections; (i) to establish a
correlation between the amount of disease that may develop from the use of
commercial seed stocks with quantified amount of pathogen in it, which would help to
avoid the use of seed stocks that pose a risk for epidemic development; and (iii) to
correlate the amount of pathogen in infected plant tissues with the subsequent level of
disease development and/or symptom expression following the use of disease control
measures (biological, chemical o physical).

Quantitative real-time (qPCR) was introduced in the monitoring of plant
pathogens directly from plant tissues at the end of 1990s, and since then has been
adapted for use in many plant-pathogen systems, including several plant pathogenic
viruses, nematodes, bacteria, fungi and oomycetes (39,38,41). In the case of
oomycetes, most of qPCR assays have been developed for different species of Pythium
(2,31,42) and Phytophthora (2,5,7,8,20,24,40,44,46,49,50). Also, some qPCR assays have

been developed for the strictly biotrophic oomycetes Plasmopara viticola (48) and some
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Peronospora spp. including P. sparsa (21), P. parasitica (9) and an unidentified Peronospora
spp. (6).

Real-time qPCR chemistries used for the detection and study phytopathogenic
microorganisms can be grouped into amplicon sequence non-specific methods (SYBR
Green) (42,44) and sequence-specific methods (TagMan, Molecular Beacons,
Scorpion-PCR, etc.) (38,41,48). Sequence-specific chemistries are more specific but
increase the cost of analysis when those methods are used in a generalized and
practical way. Use of SYBR Green I fluorescent dye for detection of amplicons is a
good and reliable method if specific primers are well-designed; but more importantly,
it is probably the most economical option as compared to other chemistries thus
allowing to perform higher number of qPCR assays for practical applications in field
studies.

In real-time qPCR, each reaction is characterized by a specific cycle number,
the threshold cycle (C;), at which a statistically significant increase in fluorescence over
the baseline can be detected. The C, is inversely proportional to the log of target
sequence concentration. This means that the more template is present in a PCR
sample, the lower is the number of amplification cycles needed to reach the point
where fluorescence is detectable above the baseline (30,36). The analysis methods for
real-time qPCR achieved by comparing the C;. values of the test samples to a standard
curve originated from samples of known concentration are commonly known as
absolute quantification. For absolute quantification, the accuracy of quantification of
unknown samples depends entirely on the accuracy of the standards. Therefore, much
care is needed for the design, synthesis, purification and calibration of DNA standards
(47). In the case of strictly biotrophic organisms, such as P. arborescens, DNA samples
to obtain standard curves can be obtained from mycelia and sporangia scrapped from
sporulating leaves (21,27,35,48). Also, more recently, absolute standard curves have
been constructed from plasmids containing the target DNA as a cloned insert (21).

In this study, we report the development of a reliable, innovative, quick and
economical real-time qPCR assay to identify and quantify DNA of P. arborescens in
different opium poppy tissues. We chose the use of SYBR Green I as a fluorescent
dye for detection to provide ALCALIBER S.A. (Carmona, Sevilla province, Spain),
the only enterprise officially authorized for opium poppy cultivation in Spain, with a

cost-viable technology that can be used on a practical basis. We evaluated the effects
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of different host plant tissues in the amplification, reproducibility and sensitivity of the
assays, and present data on detection limits comparing the sensitivity of the real-time
qPCR protocol with P. arborescens-specific single- and nested-PCR protocols previously
developed (27,35). Moreover, we developed a standard curve based on DNA extracted
from a plasmid with the target DNA as cloned insert, and established a robust
numerical relationship with a standard curve based on P. arborescens genomic DNA to
facilitate their use in a larger scale and by different laboratories. This allowed us to
establish a universal protocol to quantify P. arborescens in opium poppy tissue which: (i)
it does not depend of obtaining mycelium of this strictly obligate biotroph to be
applied; (ii) it is reproducible and easy to use by different operators in different
laboratories; and (iii) the initial DNA sample to make the standard curve and the
standard curve itself can be stored and conserved for a long-time period without
loosing accuracy in the quantification. Finally, the robustness of the newly developed
assay was addressed and demonstrated by quantifying the amount of P. arborescens in
naturally infested samples from multiple origins, including seeds from asymptomatic
capsules and commercial seed stocks as well as from asymptomatic opium poppy

plants systemically infected by P. arborescens.

IV.1.3 MATERIALS AND METHODS
Plant material

Seeds of commercial opium poppy cv. Nigrum provided by Alcaliber S.A were
used throughout the study. Seeds were assayed healthy by negative amplification for P.
arborescens using a nested species-specific PCR protocol (34). Seeds were surface-
disinfested in 1% NaOCI for 5 min, rinsed twice with ultrapure, sterile water (USW),
dried up in a flow hood and stored in sterile conditions until used for experiments.
Seedlings to obtain mature leaf tissue were grown from seeds germinated on sterile
layers of filter paper moistened with 2 ml of sterile 50 % Hoagland solution (19) in 9-
cm-diameter petri dishes at 20°C for 1 week. Seedlings were then transplanted into a
pasteurized (70°C, 60 min) soil mixture (clay loam/peat, 2:1, vol/vol) in pots and
incubated in a growth chamber (Sanyo MLR-350 H, Sanyo Electric Co., Ltd. Japan) at
20°C 70/90% telative humidity (RH) and a 12-h photopetiod of fluorescent light at
360 uE m™> s
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Peronospora arborescens material

Samples of P. arborescens were obtained from fresh, sporulating leaves from
plants used for artificial inoculation experiments in growth chamber (M. Montes-
Borrego, B. B. Landa, J. A. Navas-Cortés, F.]. Mufioz-Ledesma, and R.M. Jiménez-
Diaz, unpublished results), and from leaves of naturally-infected opium poppy plants in
commercial crops at “Ruidero” and “Casilla San José” farms, Fcija, Sevilla province,

Spain.

Construction of control plasmids

The ITS and 5.8S regions of rDNA from two different specimens of P.
arborescens (P38ES] and M2ERUI, 27) of our culture collection was amplified using
primer pairs DC6/ITS4 and I'TS5/ITS4. Amplicons were purified and ligated into
pGEM-T Easy Vector System I (Promega, Madison, W1, USA) using Escherichia coli
strain JM109 for transformation as described before (27). The correct cloning was
confirmed by sequencing cloned inserts (two from each PCR product) in both
directions using a terminator cycle sequencing ready reaction kit (BigDye, Perkin-
Elmer Applied Biosystems, Madrid, Spain) and primers DC6, ITS4 and ITS5, and
universal M13-20fw M13rev. The resulting products were purified and run on a DNA
multicapilar sequencer (ABI Prism 3100 genetic analyzer, Applied Biosystems) at the
University of Coérdoba sequencing facilities. Transformed clones were stored in

glycerol (20%) at -80°C and cultured when needed.

DNA extraction and quantification

Genomic DNA of P. arborescens and opium poppy seeds and leaves was
extracted using the ‘G-Spin'TM IIp Plant Genomic DNA extraction kit’ (Intron
Biotechnology, Korea) and the Fast Prep System Bio 101 (Qbiogene, Madrid, Spain)
according to (27).

Plasmid DNA was extracted from cultures of E. c/i strain JM109 grown
overnight at 37°C in Luria-Bertani (LB) broth (10 g of tryptone, 5 g of yeast extract, 5
g of NaCl, 1 liter of H20 [pH 7.2]) supplemented with ampicillin (100 pg/ml) using
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the QuickGene Plasmid kit (Fujifilm Corporation, Tokyo, Japan) and QuickGene-
Mini80 device (Fujifilm Corporation, Tokyo, Japan) according to the manufacturer’s
instructions.

DNA quality was assessed by gel electrophoresis and ethidium bromide
staining. All DNA samples were accurately quantified using the Quant-iT DNA Assay
Kit Broad Range fluorometric assay (Molecular Probes Inc., Leiden, The Netherlands)
and a Tecan Safire fluorospectrometer (Tecan Spain, Barcelona, Spain) (27). Special
care was taken to get accurate concentrations of plasmid, pathogen, and host DNAs
by quantifying each DNA sample in triplicate, in two independent microplates. To
have an internal control of DNA quantification, opium poppy and P. arborescens DNA
samples of known concentration were included in each quantification plate. Genomic

and Plasmid DNA were diluted with USW as appropriate.

DNA standard curves

DNA standard curves were obtained from 10-fold dilutions of P. arborescens
genomic DNA (G-series) or of plasmid DNA (P-series). For this purpose, P.
arborescens genomic DNA (1 ng/pl) or plasmid DNA (1 ng/pl; equivalent to 2.33 x 10°
copies/pl) were serially diluted [1:1, 1:10, 1:10%, 1:10°, 1:10%, 1:10°, and 1:10° (only for
P-series)] in USW (Curves Gy and Py) as well as in a fixed background of Pap.
somnifernm DNA (40 ng/pl) extracted from healthy opium poppy leaves (Curves Gy
and P,) and seeds (Curves Gy and Py). Each standard curve always included Pap.
somnifernm DNA and/or no DNA as negative controls. Ten independent DNA
standard curves (five for G-series, named G1-5, and five for P-series, named P1-5)
were obtained using different plant and pathogen DNA sources (Table 1), i.e.: opium
poppy leaves of different age (mature and cotyledonary leaves), leaves and seeds from
different origin, P. arborescens sporangia from sporulating leaves in the field or growth
chamber, different plasmid cultures, etc. Finally, after building the G1-5 and P1-5y,
DNA standard curves each dilution point was quantified in triplicate by using the
fluorometric Quant-iT High Sensitivity DNA assay kit (Molecular Probes Inc.),
assuming the same pathogen DNA in the G1-5, G1-5¢ and P1-5;, and P1-5; DNA

standard curves.
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Table IV.1.1. Sources of Peronospora arborescens and Papaver somnifernm DNA used to built up
the different series of DNA standard curves used in this study

Source DNA Series?
of
DNA=® 1 2 3 4 5

Peronospora arborescens

Fresh DNA
extracted from
frozen (-80°C)

mycelium, specimen
P98CSJ-2004,
“Casilla San José”
Ecija, Sevilla, Spain

Genomic

Fresh DNA
extracted from clone
EC3_P38ES] in June

2008

Plasmid

Papaver somniferum cv. Nigrum

Fresh DNA
extracted from
seedling leaves

germinated in Petri
dishes, seed stock 1.1

Leaves

Fresh DNA
extracted from
commercial seed
stock S2,
ALCALIBER S.A.,
2007

Seeds

Frozen (-20°C) DNA
from specimen
C85EX-2007 from

series 3

Fresh DNA Frozen (-20°C) DNA Fresh DNA
extracted from fresh from specimen extracted from fresh
mycelium, specimen  C85EX-2007, growth mycelium, specimen

C79CHO-2008, chamber experiments C168EX-2008,
“Ruidero” Fcija, growth chamber
Sevilla, Spain experiments

Fresh DNA
extracted from clone

Frozen (-20°C)
plasmid DNA from

Frozen (-20°C)
plasmid DNA from

Frozen (-20°C)
plasmid DNA from

series 1 EC3_P38ES] in series 3 series 1
September 2008
Frozen (-20°C) DNA Fresh DNA Frozen (-20°C) DNA  Frozen (-20°C) DNA

from seedlings from
seties 1

from mature leaves
from seties 3

extracted from
mature leaves of
plants in growth
chamber
experiments, seed
stock 1.2

from seedlings from
series 1

Fresh DNA
extracted from
commercial seed

Frozen (-20°C) DNA Frozen (-20°C) DNA  Frozen (-20°C) DNA
from seed stock from seed stock from seed stock
D200 from growth D205 from growth D205 from growth

stock S2, chamber experiment, chamber experiment, chamber experiment,
ALCALIBER S.A., 2007 2007 2007
2007

* Genomic DNA of P. arborescens and opium poppy seeds and leaves was extracted using the ‘G-SpinTM
IIp Plant Genomic DNA extraction kit” and the Fast Prep System Bio 101 according to Landa et al. (27).
Plasmid DNA from E. ¢/ strain JM109 was extracted with QuickGene Plasmid kit using the
QuickGene-Mini80 device according to the manufacturer’s instructions.

b Five series of DNA standard curves were obtained from 10-fold dilutions [1:1, 1:10, 1:102, 1:103, 1:104,
1:105, and 1:10°of P. arborescens genomic DNA (1 ng/ul) or of plasmid DNA (1 ng/ul; equivalent to
2.33 x 108 copies/ul) in USW (Curves Gy and Py) as well as in a fixed background of Pap. somniferum
DNA (40 ng/ul) extracted from healthy opium poppy leaves (Cutves Gy, and Pr) ot seeds (Cutves Gs

and Ps).
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Optimization, reproducibility and sensitivity of the real-time qPCR protocol

All real time PCR amplifications were performed using the i(Q SYBR Green
Supermix (BioRad, Madrid, Spain) and the iCycler 1QQ apparatus (BioRad). In the
initial stages of optimization of the real-time PCR assay, we evaluated the cycling
conditions and primer pairs P3Pa2fw/P3Pal2rv (set P2), OMPaclfw/OMPacltv (set
P3) and OMPac7fw/OMPac7tv (set P6) using DNA standard curves G1y-G1g These
primer pairs had been designed to specifically amplify a fragment of the P. arborescens
I'TS region developed by Landa et al. (27). For this experiment, an initial concentration
of 10 ng, but not the lowest pathogen concentration of 100 fg, were included.
Reaction conditions such as volume of reaction, annealing temperature, primer
concentration and temperature to measure the fluorescence signal of the amplicon
were adjusted experimentally to optimize the real-time qPCR protocol. After the final
amplification cycle, a melting curve temperature profile was obtained by heating to
95°C, cooling to 72°C, and slowly heating to 95°C at 0.5°C every 10 s with continuous
measurement of fluorescence at 520 nm. All reactions were analyzed by gel
electrophoresis to confirm that only one PCR product was amplified in the samples
with genomic DNA of P. arborescens and no amplification product was obtained in the
negative controls.

To investigate any possible influence of host DNA on the accuracy of
amplification and quantification of target DNA (genomic or plasmid), two DNA
standard ~ curves  Gly,; G2y, and  Ply, P2y, and  primer  pair
OMPac7fw/OMPac7tv (set P6) were used. Real time reactions for each DNA
standard curve were performed independently. All DNA backgrounds were
performed in the same 96-well PCR plate, with each experimental combination being
replicated twice and in two independent experiments (different PCR plates and
operators).

To further evaluate the robustness and efficiency of the newly developed
qPCR protocol, the five series of DNA standard curves obtained with genomic P.
arborescens DNA (G1-5; and G1-55, background DNA from leaves and seeds,
respectively) and or DNA from the selected plasmid EC3_P38ES] (P1-5, and P1-5,
background DNA from leaves and seeds, respectively) were assessed in series of two-

by-two (G1,-Pl, 5, G2,s-P2 5, G3,s-P3, 5, G4, -P4,  and G5, -P5, ) in the same
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PCR plate. Quantitative PCR amplifications of each series of DNA standard curves
included two replications per plate and were repeated twice in independent
experiments (PCR plates and operators).

Reproducibility of the real-time qPCR assay was determined by comparing C..
results and parameters (intercept and slopes) of the standard regression lines obtained
with G1-5; 5 and P1-5, ¢ DNA standard curves that were obtained in independent
experiments by different operators (see data analysis below). These standard curves
derived from DNA samples obtained from opium poppy leaves of different age, and
leaves and seeds from different origin, after up to 10 frost (-20°C)/defrost cycles.

Also, to determine the sensitivity of the real-time qPCR protocol using primer
set P6 two series of DNA standard curves (G1-2y, and P1-2 ;) were used for
comparing the new species-specific real-time qPCR protocol with the single- and

nested-PCR protocols previously developed for in planta P. arborescens detection (27,

35).

Analysis of Peronospora arborescens-infected opium poppy plant and seeds by

real-time qPCR

To validate the utility of the real-time qPCR technique for evaluating resistance
or tolerance to P. arborescens in opium poppy germplasm, we used 50 opium poppy
plants from a previous study (35) that were systemically infected by P. arborescens (as
determined by the nested-PCR detection assay) but did not show any symptoms of
disease. Those plants grew under controlled conditions in a soil naturally infested by
P. arborescens, and were sampled when they had formed a capsule in the main stem.
DNA was extracted from a 4 to 5-cm-long piece of the basal stem of each plant as
previously described (35) and used to detect and quantify the level of P. arborescens
infection. In this real-time qPCR assays DNA standard curves G4, and P4, were used
and included in each of three independent plates, with two replications per each DNA
sample.

To validate the utility of the real-time qPCR protocol for quantifying P.
arborescens inoculum in seeds, we used DNA samples from a previous study (35)
obtained from 11 commercial seed stocks (three replications/seed stock) provided by

ALCALIBER S.A. Those seed stocks had been selected by the company for
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commercial sowings from previous year commercial fields where downy mildew either
was not apparent or the disease attack was rated low (0 to 1 affected plant per m’) (
35). Also, DNA was extracted as described before (27) from seeds obtained from
capsules of 30 randomly-chosen opium poppy plants grown in a field with a disease
incidence of ca. 5%. Of those 30 capsules, 19 showed downy mildew symptoms of
different severity and 11 were asymptomatic. In these real-time qPCR assays, DNA
standard curves G4y and P45 were used and included in each of two independent
plates, with two replications per each DNA sample.

DNA from opium poppy plant or seed was 1/2- or 1/5-fold diluted in USW
to obtain a DNA concentration in a range similar to that used in the DNA standard
curve. Then, DNA samples were accurately quantified in triplicate using the Quant-iT
DNA Assay Kit Broad Range fluorimetric assay as described above and used to
normalize P. arborescens DNA to total plant DNA present in each reaction. Results
from qPCR of unknown (seeds and stems) samples were compared to those obtained
previously with single- and nested-PCR assays using primer set P6 (35). Finally, the
amount of pathogen DNA in unknown samples was estimated from the universal G-
series regression lines, once it was proven that P4¢ standard regression lines did not

differed statistically (P = 0.05) from universal P-series regression lines (see below).

Data analyses

The cycle threshold (C;) values for each reaction were first calculated by
determining the PCR cycle number at which the fluorescence signal exceeded
background using the default estimation criteria in the iCycler 1Q software version
3.0a (Bio-Rad). Then, in order to compare and establish relationships between
different DNA standard curves generated from different treatments, the threshold
position was manually defined and fixed at the same position for all treatments and
experiments to appropriately compare all standard curves (47). Amplification
efficiency (AE), were calculated from the slopes of the standard curves using the
equation AE = 1099 — 1 (1,18).

Linear regressions of the natural logarithm of known concentrations of the
target DNA versus the C;. values were performed for each DNA standard curve by

using Statistix 8.0 (Analytical Software, Tallahassee, USA). Standard regression lines
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from each plate chosen as reference curves were used for transforming the
experimental C; values into amounts of pathogen DNA (nanograms). Statistical
differences in C;, and amplification efficiency (AE) between and among standard
regression lines obtained for G-curves and P-curves in different backgrounds were
determined by one-way analysis of variance (ANOVA). Also, all standard regression
lines obtained for P. arborescesns genomic DNA (G-curves) and plasmid DNA (P-
curves) in different backgrounds (W, L, and S) were statistically compared for
homogeneicity (P = 0.05) of variance (Bartlett’s test) and for equality of slopes and

intercepts using a F test at P < 0.05.

IV.1.4 RESULTS

Real-time qPCR optimization

Optimization of real-time qPCR involved step-by-step fine tuning of the
following PCR parameters: primer set selection (P2 »s P3 25 P6), primer concentration,
annealing temperature, and final volume of PCR reactions. This was performed using
DNA standard curves (Gly and Gly), in two independent experiments for each
primer set.

Reducing the standard reaction volume from 50 to 20 pl had no effect on the
accuracy of the assay (data not shown). Consequently, a final volume of 20 ul was
chosen to minimize the cost per real-time qPCR assay. Occasionally in the melting
curve analysis, we observed that weak peaks occurred between 60-75 °C (e.g., Fig.
1.B,D) Theoretically, these peaks are reported as unspecific products or primer
dimmers. In our assays, these unspecific amplifications were not detected by
electrophoresis in a 1.2 % (wt/vol) agarose gel (data not shown). To avoid measuting
fluorescence signal emitted by this unspecific amplifications, fluorescence of the target
amplicon [melting temperature (Tm) = 86.5°C] was detected at 83°C (51). No
fluorescence of the target amplicon occurred for negative controls using any of the
three primer sets at 83°C; but occasionally, negative controls also showed weak peaks
between 60-80°C (e.g., Fig. 1.B,D).

Optimized PCR reaction mixture was similar for each of primer sets and

contained (final volume of 20ul): 1 ul of DNA sample, 1X 1QQ SYBR Green Supermix
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(BioRad), and 0.3 uM of each primer. The thermal cycling conditions consisted of an
initial denaturation at 95°C for 2 min followed by 35 cycles of 1 min at 95°C, 1 min at
63°C, 2 min at 72°C, and 83°C for 15 s. A final extension step at 72°C for 10 min was
added. Fluorescence of the target amplicon was detected at 83°C. A threshold position

of 400 was fixed for all experiments to determine C;. values.
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Fig. IV.1.1. Real time PCR amplification profiles generated from cycle-by-cycle collection of
P. arborescens genomic DNA (10 ng/ul) serially diluted [1:1 (@), 1:10 (O), 1:102 (D), 1:103(A),
1:104(<C), and 1:105(V)] in: (A) ultrapure, sterile water (Gy); and (C) a fixed background of
Papaver sommiferum DNA (40 ng/pl) extracted from healthy opium poppy seeds (Gs). The
corresponding melting cutves analysis for Gy (B) and Gs (D) are shown as the negative first
derivate of the relative fluotescense units -d(RFU)/dt plotted »s temperature. (k) Water (Gw)
ot P. sommniferns DNA from pathogen-free, disinfested opium poppy tissues (Gs); (X) no
DNA template. Threshold position to determine the PCR cycle number was manually fixed to
400. Each dilution series was replicated twice (solid line and broken line).
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After optimizing real-time qPCR assays, standard regression lines were
generated for each primer set using a range of DNA from 10 ng to 100 fg. The highest
reproducibility of amplifications was obtained with primer set P6 (Fig. 1A,C), for
which an elevated efficiency was measured over six orders of magnitude of DNA
concentration exhibiting a linear dynamic range of amplification. Also, no significant
differences (P = 0.05) for C; values occurred with primer set P6 for both DNA
backgrounds (Gly and Glg) and independent experiments; whereas significant
differences (P < 0.0019) in C; values were found for primer sets 2 and 3 between
independent experiments at least in one of the Gl and G1g DNA curves. Standard
regression lines obtained for primer set P6 showed very reproducible amplifications,
better efficiencies and higher coefficient of determination values (AE = 90.6-100.3%;
R® = 0.990-0.992) as compared to primer sets P2 (AE = 92.2-112.3%; R* =0.778-
0.955) and P3 (AE = 83.3-107.8%; R =0.979-0.980) (Fig. 2). Consequently, primer set

P6 was selected for subsequent experiments.
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Fig. IV.1.2. Box plots showing the reproducibility of qPCR assays using primer pairs
P3Pa2fw/P3Pa2tv (set P2), OMPaclfw/OMPaclrv (set P3) and OMPac7fw/OMPac7tv (set PG).

Threshold cycles (Cr) were plotted against the log of Peronospora arborescens genomic DNA (from 10
ng to 100 fg) standard curves diluted in ultrapure, sterile water (Glw graphs) or in Papaver
sommnifernm DNA (40 ng) extracted from seeds (Gls graphs). Each DNA concentration in each
background DNA was tested using all three primer sets in the same plate in duplicate and the
experiment was repeated twice.
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Real-time quantitative PCR reproducibility, efficiency and sensitivity

One-way ANOVA analysis of C; values derived from Gly; -G2y; s DNA
standard curves indicated homogeneicity of variances (P = 0.05) and that neither the
origin of the DNA sample (G1 »s G2 DNA series) (P = 0.9330) nor the operator (P =
0.8898) or background DNA (W, L and S) (P = 0.8831) significantly influenced real-
time qPCR results. Consequently, the four series of real-time qPCR data obtained in
independent assays were pooled for further analyses (Table 2). The efficiency and
reproducibility of real-time qPCR assays of G-series and P-series DNA standard
curves was positively influenced by the presence of the source of host DNA (i.e., leaf
and seed tissues). Thus, for G-series, accuracy and AE of real-time PCR assays was
higher (0.2<SD<0.6; R* > 0.993; AE = 93.0-93.1%) when P. arborescens DNA was
diluted in leaf (G;) or seed (Gg) DNA compared to that when DNA was diluted in
water (Gy) (0.5<SD<0.8; R’ = 0.978; AE = 90.5%) (Table 2; Fig. 3A). Statistical
comparisons indicated that the standard regression lines of the three curves differ
significantly in the intercept (P < 0.0001) but not in the slopes (P = 0.7664). Indeed,
the intercept of Gy, standard regression line was significantly higher than that of G,
and Gy standard regression lines, which indicate lower sensitivity o the former. Thus,
P. arborescens DNA was not accurately quantified at concentrations lower than 1 pg if
diluted in water (Gy, series) and the linear dynamic range of amplification was lost at
this pathogen concentration. Conversely, P. arborescens DNA could be quantified up to
0.1 pg when diluted in host leaf or seed DNA, and standard deviations of replicated
did not increase for G, and Gy curves at such a lower concentration (Table 2; Fig. 3A).

As found for G-series, Py, standard regression lines showed lower AE and
reproducibility of amplifications (0.3<SD<1.9; R’ > 0.964; AE > 96.1%) compared
with P; and Py curves (0.2<SD<0.5; R*> 0.990; AE = 109.1-110.2%). Also, the target
DNA could not be quantified consistently in some replications at the highest
concentration of 10 ng due to inhibition of the amplification reaction. Comparison of
standard regression lines indicated that both the slope and intercept of the Py
standard regression line differed significantly (P < 0.001) from those of P, and Pq
regression lines. No significant differences (P = 0.05) occurred between P; and Pg

regression lines (Table 2; Fig. 3B).
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Fig. IV.1.3. Standard regression lines of: (A) a five-point 10-fold serial dilution of Peronospora
arborescens DNA (1 ng/ul; G-series); and (B) six-point 10-fold serial dilution of plasmid
EC3_P38ES] DNA (1 ng/ul; P-seties) containing the ITS region of the pathogen. DNA was
diluted in ultrapure sterile water (Gw and Pw), or in Papaver somnifernms DNA (40 ng) extracted
from opium poppy leaves (Gr.and Pr) or seeds (Gsand Ps). Threshold cycles (Cr) were plotted
against the log of genomic DNA standard curves of known concentrations. Data shown are
from two independent DNA standard curves and two independent operators, and each data
point represents the mean of two qPCR replications.
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Table IV.1.2. Sensitivity of Peronospora arborescens-specific primers used in single-, nested-PCR
assays, and the newly developed quantitative-PCR (qPCR) protocols using purified DNA of P.
arborescens singly or mixed with host DNA.

PCR DNA DNA DNA of Peronospora arborescens (pg/pl)° Negative
Protocol® SC» ng/nlb 1,000 100 10 1 0.1 0.01 0.001 Control
+/+ +/+ +/+ -/- -/- -/- np -/-
Gw 0
Single +/+ +/+ +/+ +/* -/- -/- np -/~
G 40
+/+ +/+ +/+ +/+ -/- -/- np -/-
Gs 40
Gu : +/+ +/+ +/+ +/- x/- -/~ -/-
v 16.1+£0.8 18.8+0.5 22.8£0.6 26.7+0.7 30.6+0.8 NA P na
G 40 +/+ +/+ +/+ +/+ +/+ +/+ /-
B 14.8£0.3 17.910.5 21.6£0.5 25.0£0.4 28.510.6 31.910.4 op na
Ge 40 +/+ +/+ +/+ +/+ +/+ +/+ /-
s 14.8£0.3 17.910.4 21.5£0.4 24.8£0.5 28.510.6 31.6£0.2 op na
Quantitative i+
Py 0 +/+ 123404 +/+ +/+ +/+ +/- -/- -/-
A 11.1+0.3 0‘0784. 15.6£0.9 19.5t1.1 232+1.1 27.1+19 30.8%1.5 na
P 40 +/+ +/+ +/+ +/+ +/* +/+ /- -/-
B 11.4+0.3 144105 17.2£0.4 20.2+0.3 233105 26.7£0.4  30.7+0.4 na
P 40 +/+ +/+ +/+ +/+ +/+ +/+ +/- -/-
S 11.6+0.3 14.3%0.3 17.4£0.2 19.8£0.3 23.0£0.4 26.5£0.4  30.6+0.5 na
Gw 0 +/+ +/+ +/+ +/+ +/* +/+ np -/-
Nested GL 40 +/+ +/+ +/+ +/+ +/+ +/+ np -/-
Gs 40 +/+ +/+ +/+ +/+ +/+ +/+ np -/-

a Primers OMPac7fw/OMPac7tv (set P6) wete used in single and nested-PCR protocols as previously
described (27, 35) or in a quantitative PCR assay (This study).

b Four independent DNA standard curves (SC) were obtained by setially diluting P. arborescens DNA (1
ng/ul; G-seties) or plasmid EC3_P38ES] DNA (1 ng/ul; P-seties) containing the ITS region of the
pathogen, to obtain from 1 ng to 10 fg of DNA per qPCR reaction in sterile distilled water (Gw and P; 0
ng background DNA) or in Pap. somniferum DNA extracted from leaves (Gr. and Pr; 40 ng background
DNA) or from seeds (Gr and Pr; 40 ng background DNA) to investigate any possible influence of host
DNA on amplification of pathogen DNA. Results shown were obtained for two series and by two
independent operators with the same dilution series. + = Positive amplification; = = Positive weak
amplification; - = no signal; na = no amplification (i.e., Cr values were under a threshold fluorescence
value of 400); np = not performed. Numbers shown in the quantitative PCR assays correspond to eight Cr
values * standard deviation from two independent SC, each performed by two independent operators and
two replications within each plate.
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Since use of host DNA background provided results highly reproducible and
amplification efficiency values were within ideal values for real-time qPCR assays, we
choose to use G, Gg, P, and Py DNA standard curves for subsequent experiments.

The sensitivity of the real-time qPCR protocol using primer set P6 was
determined for two series of DNA standard curves (G1-2ys,; and P1-2 ;) and
results were compared to those obtained by gel electrophoresis using the single- and
nested-PCR protocols previously developed (27,35). When using G1-2y, curves, the
PCR detection limits for single- and nested-PCR assays were similar to those reported
previously (27,35); with nested-PCR amplifying up to the lowest amount of pathogen
DNA assayed of 0.01 pg (Fig. 4, Table 2). The detection limit of the real-time qPCR
assay using P. arborescens DNA diluted in USW (G series) was greater than that using
host leaf DNA (G, series) or seed DNA (Gg series). Thus, there was a trend for
increased detection and sensitivity when host DNA was present in the amplification
reaction (Fig. 4, Table 2) as shown previously for the single- and nested-PCR
protocols (27,35). The detection limit of real-time qPCR was 0.10 pg of P. arborescens
DNA for G1-2, and 0.01 pg for G1-2, curves, as determined by the fluorescence
signal of the amplicon, but the amplified DNA band was scarcely discernable by gel
electrophoresis at those pathogen DNA concentrations (Fig. 4, Table 2). Use of the
real-time qPCR detection protocol with independently-built DNA standard curves or
by different operators did no influence reproducibility and consistency of results
(Table 2). When using plasmid DNA P1-2y, cutves, the detection limit for de real-
time qPCR assay increased by two (P, series) or three (P, ¢ series) orders of magnitude
compared to those obtained with their respective DNA G-series curves. In all cases,
up to 0.001 pg of plasmid DNA (approximately 233 copies of insert) could be
accurately quantified, although Py, series showed less reproducible results (SD > 1.9)
(Table 2).
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Fig. IV.1.4. Sensitivity in agarosa gel electrophoresis of Peronospora arborescens-specific primers
OMPac7fw/OMPac7rv (set P6) in single-, quantitative- and nested-PCR assays using P.
arborescens DNA (1 ng/ul; G-seties) or plasmid EC3_P38ES] DNA (1 ng/pl; P-seties). DNA was
diluted in ultrapure sterile water (Gw and Pw), or in Papaver somniferum DNA (40 ng) extracted
from opium poppy leaves (Gr.and Pr) or seeds (Gsand Ps). M, Gene-ruler TM DNA ladder mix
(Fermentas, St Leon-Rot, Germany); DNA dilution series 1:1 (lane 1); 1: 10! (lane 2); 1:102 (lane
3); 1:10% (lane 4); 1:10* (lane 5); 1:105 (lane 6); ultrapure, sterile water (Gy), pathogen-free DNA
of P. sommiferum (Grs) or 1:106 DNA dilution serie (Pw,.s) (lane 7); no DNA template (lane 8).
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Development of a universal model for quantifying P. arborescens DNA in plant

tissues

The real-time qPCR protocol newly developed is highly reproducible and
precise as indicated by one-way ANOVA analysis of C; values derived from 10
independent experiments for each of G- or P-series [five independent DNA standard
curves (Table 1) each processed twice by independent operators|. Thus, there was
homogeneicity of variances (P = 0.05) and neither the origin of the DNA sample (P =
0.9990 and P = 0.9724 for G- or P-series, respectively) nor the operator (P = 0.9759
and P = 0.9467 for G- or P-series, respectively) or the background DNA (L and S) (P
= 0.7934 and P = 0.8558 for G- or P-series, respectively) significantly influenced
results of real-time qPCR assays. All standard regression lines showed high efficiency
and reproducibility of amplifications, with AE values ranging from 89.6 to 99.6% for
G-series, and from 95.7 to 111.1% for P-series, and standard deviations of C.s lower
than 0.5 in almost all cases (Fig 5A). Also, comparison of the 10 standard regression
lines for each of G- or P- showed no significant differences among slopes (P = 0.3243
and P = 0.1962 for G-series and P-series, respectively) and intercepts (P = 0.0998 and
P = 0.3366 for G-series and P-series, respectively) of regression lines. Consequently,
to obtain a robust and universal regression model, the 10 series of real-time qPCR data
obtained independently for each G- or P-DNA series were pooled and used to fit a
single regression model for each of G- or P-series (Fig 5B), i.e., G-standard regression
model and P-standard regression model, respectively. With this regression equation
model, data from each experiment or plate can be validated using the P-series DNA
standard curve only. Therefore, it can be now statistically determined if the slopes and
intercepts of the P-standard regression line for each experiment do not differ
significantly (P = 0.05) from those of the P-standard regression equation model, and
assume then that same would occur for a putative G-standard regression line versus the
G-standard regression equation model. To validate this, we also included a G-series
DNA standard curve in each experiment and compared the two regression lines.
Then, the log (DNA)) concentrations can be estimated by substituting directly the C.

values into the G-standard regression equation model (see below).
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Fig. IV.1.5. (A) Standard deviations, and (B) standard regression lines of a five-point 10-
fold serial dilution of Peronospora arborescens DNA (1 ng/ul; G-series) or a six-point 10-fold
serial dilution of plasmid EC3_P38ES] DNA (1 ng/ul; P-seties) containing the ITS region
of the pathogen. DNA was diluted in Papaver sommnifernm DNA (40 ng) extracted from opium
poppy leaves (Gr. and Pr) or seeds (Gs and Ps). Threshold cycles (Cr) were plotted against
the log of genomic DNA standard curves of known concentrations. Data shown are from
five independent DNA standard curves and two independent operators, and each data point
represents the mean of two qPCR replications.
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Validation of the regression model and quantification of P. arborescens DNA in

plant tissues

There were not significant differences (P > 0.405) among slopes and intercepts
of the G4,, G4 and P4, P4 regression lines for the independent PCR plates used for
quantification of P. arborescens DNA in plant tissues in each of the different
experiments performed. Consequently, real-time qPCR data obtained in independent
plates were joined and single regression lines were fitted for G4,, G4 and P4,, P4
series within each experiment (Fig.6A, Fig.7A). Comparison of P4, and P4, regression
lines versus the universal P-series regression equation model indicated that there were
not significant differences between slopes (P > 0.2061) and intercepts (P > 0.1035).
Therefore, we could hypothesize that similar results would have been obtained for
G4, and G4, regression lines versus the universal G-series regression equation model if
genomic DNA of P. arborescens were not available to built up a G-series DNA standard
curve. That was further demonstrated by lack of significant differences between slopes
(P > 0.0905) and intercepts (P > 0.0771) when G4, and G4 regression lines were
statistically compared with the universal G-series regression equation model.
Therefore, the usefulness of using the universal P-series and G-series regression
equation models to quantify P. arborescens DNA in plant tissues is now validated, and
the log (DNA) concentrations can be estimated by substituting directly the C;. values
into the G-standard regression equation model once the experiment is validated with a
P-series DNA standard curve and its correspondent regression model.

Use of the real-time qPCR protocol allowed detection of P. arborescens DNA in
68.2% of stem samples from 22 asymptomatic opium poppy plants that were proved
systemically infected with P. arborescens by nested-PCR assays in a previous work (Fig.
0); (35). The pathogen could not be quantified with the real-time qPCR assay in those
stem samples that showed a weak amplification in the nested-PCR assay (data not
shown). Amount of P. arborescens DNA in samples of stem DNA from asymptomatic

plants were very variable, ranging from 0.110 ppm up to 5,557 ppm (5.6%o) (Fig. 6B).
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Fig. IV.1.6. Quantification of Peronospora arborescens DNA in stem of asymptomatically infected
Papaver somnifernm plants. (A) Standard regression lines of a six-point 10-fold serial dilution of
P. arborescens DNA (1 ng/ul; Gi-seties) or a seven-point 10-fold serial dilution of plasmid
EC3_P38ES] DNA (1 ng/ul; Py -seties) containing the I'TS region of the pathogen. DNA was
diluted in Pap. somniferum DNA (40 ng) extracted from opium poppy leaves and used in the
qPCR assays. Data shown are the mean of three independent PCR plates and two qPCR
replications Fstandard deviation. B. Relative amounts of P. arborescens DNA in Pap. sommiferum
DNA (ppm) quantified in each individual plant. Data shown are the mean of two qPCR
replications % standard deviation. (*) Scale for this two stem samples is on the right Y-axis.
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Use of the real-time qPCR protocol allowed detection P. arborescens DNA in
100% of commercial seed stocks and 97.0% of seed samples analyzed, and to quantify
a pathogen biomass as low as 1.2 pg of target DNA per microgram of seed DNA
(Fig.7B), that corresponds to 0.0013%o of P. arborescens in Pap. sommifernmz DNA. The
level of detection of the pathogen in seed samples by real-time qPCR assays correlated
to that found in previous detection assays of those seed samples using single- or
nested-PCR assays (27, 35). The quantity of P. arborescens DNA ranged from 0.074 to
0.0013%o (Fig. 7B), 0.0004 to 0.091%o (Fig. 7C), and 0.05 to 1.275%o (Fig. 7D) in seed
samples that produced, respectively, null, weak, or positive amplifications in single-
PCR assay; and weak, positive, or positive amplifications in nested-PCR assays. In
highly-infested seed stocks (e.g., number 923, Fig. 7D) P. arborescens amounted as much
as 0.077 % in Pap. somnifernm DNA which represents approximately 0.256 mg of P.
arborescens DNA per kg of seed. The amount of pathogen within a seed stock varied
among the three independent samples assayed which indicates the need of performing
several replicates per seed stock to get accurate pathogen quantification (Fig. 7).

Finally, use of the real-time qPCR protocol for assay of seed samples from 30
individual capsules (11 asymptomatic, 6 with mild downy mildew symptoms, and 13
with evident pathogen sporulation) of field-grown opium poppy allowed detection of
P. arborescens in 70.0% (21/30) of all samples assayed and 36.4% (4/11) of
asymptomatic capsules. In seed samples from asymptomatic capsules in which the
pathogen could be quantified, P. arborescens amounted 0.0003-0.007%o0 in Pap.
sommifernmn DNA. On the other hand, in symptomatic capsules, P. arborescens amounted
0.006-0.61%o (capsules with mild symptoms) or 0.12-2.53% (capsules with pathogen

sporulation) in Pap. somniferum DNA (data not shown).
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Fig. IV.1.7. Quantification of Peronospora arborescens DNA in commercial seed stock samples of
Papaver somnifernm. A. Standard regression lines of a six-point 10-fold serial dilution of P.
arborescens DNA (1 ng/pl; Gi-seties) or a seven-point 10-fold serial dilution of plasmid
EC3_P38ES] DNA (1 ng/ul; Pr. -series) containing the I'TS region of the pathogen. DNA was
diluted in Pap. sommiferum DNA extracted from opium poppy seeds and used in the qPCR assays.
Data shown are the mean of two independent PCR plates and two qPCR replications Fstandard
deviation. B, C, D. Relative amounts of P. arborescens DNA in Pap. somniferum DNA  (%o)
quantified in each seed sample (300 mg). Data shown are the mean of two qPCR replications +
standard deviation. (+), () and (-) indicate positive, weak or no amplification, respectively, after
simple or nested-PCR assays using same DNA samples as shown in Montes-Borrego et al. (35).
(*) This sample was below the detection limit of the qPCR assay.
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IV.1.5 DISCUSSION

The exact in planta identification and proper quantification of obligate
biotrophic plant pathogens would be much useful for epidemiological studies and
control strategies of the diseases they cause. In this study, we developed a new,
reliable, innovative, and quick real-time qPCR assay that allows the exact identification
and accurate quantification of P. arborescens in asymptomatic opium poppy tissues and
seed stocks of use by opium poppy producers and researchers for field-scale studies at
a viable, economic cost. Although the, real-time qPCR technology is becoming widely
used for the detection and quantification of fungal plant pathogens (reviewed by e.g.
38, 39, 41), its use for oomycetes has been mainly for Phytophthora spp. and Pythium
spp. (e.g., 2,5,7,8,20,24,31,40,42,44,46,49,50). To the best of our knowledge, only three
studies dealt with the development of real-time qPCR protocols for the identification
or quantification of Peronospora spp. causing downy mildew diseases (9,21,48).
Although species-specific PCR protocols using primers targeting the ITS rDNA
region were available for the diagnosis of either P. arborescens or P. cristata, the two
downy mildew pathogens of opium poppy described in the literature, those protocols
are of qualitative but not of quantitative nature (27,35,43).

In our research, we paid careful considerations to each of stages of the
experimental protocol, starting from the laboratory setup and proceeding through
sample acquisition, template preparation (both test samples and DNA standard
curves), and finally the real-time qPCR step. Each of those stages was propetly
validated, which made it possible to obtain very reliable quantitative data and a robust
real-time qPCR assay. Accurate and reliable detection and quantification of a target
sequence by qPCR assays is influenced by a number of factors, including linearity,
precision, specificity, sensitivity, amplification efficiency, quality of genomic DNA to
be quantified, and accuracy of DNA standard curves among others (47,52). Therefore,
all processes in the assay must be subjected to strict optimization. In our research, we
made a strong case of that requirement being satisfied in the course of the study as it
will be described below.

An additional caveat in our study was that the technology developed could be
used at a cost economically assumable by opium poppy agronomists, breeders,
pathologists, etc., on a practical basis at a field scale for field studies. For that reason,

we selected SYBR Green I for the qPCR assay which reaction cost is lower compared
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with that of real-time PCR assays that depend on hybridization of labeled-sequence
specific probes (41,44). However, as a disadvantage, the SYBR Green I does not
discriminate between different double-stranded (ds) DNA molecules but bind to any
of them, such as nonspecific products and primer dimmers, that may disturb the
results (52). In our assay, this potential problem was solved by using a highly specific
primer set (L.e., primer P6) developed in earlier studies (27,35), as well as by
quantifying the target amplicon at a Tm of 83°C at which the potential nonspecific
products would be denatured. That assured that only the fluorogenic emission from
the target amplicon was quantified (44,51). Moreover, that was done without reducing
the amplification efficiency of our assay as has been described in other experimental
scenarios (51). Additionally, after the final amplification cycle, the analyses of the
melting curve temperature profile and gel electrophoresis products confirmed that
only one PCR product was amplified from templates with genomic DNA of P.
arborescens and no amplification product was obtained in the negative controls (host
DNA or water).

For absolute DNA quantification in real-time qPCR assays, the accuracy of
quantification of unknown samples depends entirely on the accuracy of the DNA
standard curves (47,52). In the development of real-time qPCR protocols, the
technique most commonly used for measuring nucleic acid concentration is the
assessment of absorbance at 260 nm because it is easy to perform, inexpensive and
allows rapidly checking of DNA purity (260/280nm ratio). The major disadvantages
of this method are the relative lower sensitivity of the assay and the interference with
RNA, single-stranded DNA, or single nucleotides and contaminants that may
contribute to the signal (37). As an alternative, some of fluorescent dyes (as for
example the one present in the kit used in our study) are highly selective for dsDNA
over RNA, and provide a fluorescence signal which is unaffected by many common
contaminants as well as an increase in sensitivity extending the detection range
significantly as compared to absorbance determination (15,37,45); a disadvantage is
the increased cost of the technique.

We believe that one of the reasons for high reproducibility, precision and
accuracy of the real-time qPCR assay newly developed in this work was that special
care was taken to get accurate concentrations of plasmid and pathogen DNAs to build

up the DNA standard curves. This was accomplished by quantifying each of the DNA
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samples with the Quant-iT' DNA assay kit in triplicate, in two independent
microplates, and using internal controls of DNA quantification in each assay. Similar
results could be obtained using other fluorescent intercalating DNA dyes and kits after
appropriate adjustments (37). An additional advantage of the kit used in our research
was that it allowed for a final normalization step in our assay since the ratio of
pathogen DNA (quantified by the real-time qPCR assay) was referred to host DNA in
each test sample (previously quantified by fluorescence). That facilitated adjusting the
variation introduced by sample to sample differences in DNA extraction and avoided
the cost of quantifying the host DNA by additional qPCR assays (13,48,52). Another
possible reason for high reproducibility, precision and accuracy of the new real-time
qPCR assay was the way by which we calculated the threshold cycles (C;). In most
real-time qPCR assays developed for the quantification of plant pathogens, either no
information is given regarding threshold position calculation or that is normally
calculated by the equipment’s software. Nowadays, many instruments automatically
calculate the best baseline for each plot individually thus providing the most accurate
C;, for each plate. C;, are the basis of any real-time qPCR assay as they are used to
determine copy numbers and are defined on the basis of the threshold position that is
not a constant or absolute value since background fluorescence it is influenced by
changing reaction conditions. As a consequence; we believe that calculating a different
threshold for each treatment or plate may result in an error specially when trying to
combine different plates for a single experiment (10). In this present work, a DNA
standard curve was included in each microplate when performing a real-time qPCR
assay. Also, the threshold position was manually defined and fixed after appropriate
validation at the same position for all treatments and experiments, which made it
possible to compare independent plates and pool results after adequate verification of
them being statistically similar (P = 0.05). The position was chosen on the basis of
establishing a compromise between detection of the C;s in the exponential phase of
the reaction and at the same time avoidance of background fluorescence (10,47).

In our assay, the amplification efficiency (AE), sensitivity and reproducibility
of qPCR assays of both G-series and P-series DNA standard curves was influenced
positively by the presence of DNA from both opium poppy leaf and seed tissues.
Thus, there was a trend toward higher sensitivity when host DNA was present in the

reaction which also occurred in the simple- and nested-PCR protocols designed
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previously (27,35). Other authors found that AE, accuracy and detection limit either
were reduced (28,29,40,48), or did not vary (2,48), when a background DNA of host
plant tissues rather that water was used in the qPCR assays. However, most studies did
not asses the influence of host DNA in those parameters of the qPCR assay (e.g.,
21,40,42,44). It has been reported that low concentrations of target DNA favor the
formation of primer-dimers thus lowering the sensitivity and producing skews of the
standard curves. Also, DNA may adhere to the plastic ware and addition of some host
or foreign matrix DNA to the qPCR mix can minimize the loss of target DNA
(2,17,21).

Because experimental variation is unavoidable, it is important that results of a
qPCR assay are validated by measuring intra- and inter-assay variation. Although most
studies estimate such variations using C; values only, this may not be the most
appropriate procedure since these values are logarithmic units and will misrepresent
true variability (52). In our study, we made statistical comparisons of slopes and
intercepts of the standard regression lines obtained for both P. arborescens genomic
DNA (G-series) and plasmid DNA (P-series) standard curves as well as for leaf and
seed background DNA. A similar approach to this validation procedure by
comparisons of either one or the two regression line parameters was recently used by
Atallah et al. (2) and McNelil et al. (33). In our research, one-way ANOVA analysis of
C; values and the statistical comparisons among slopes and intercepts of standard
regression lines derived from 10 independent experiments indicated high precision
and reproducibility of our results which demonstrated high reliability of the newly
developed real-time qPCR assay. All standard regression lines showed high efficiency
and reproducibility of amplifications, with low standard deviations of C,, AE values
ranging from 89.6 to 111.1% for G- and P-series, and a linear dynamic range over 6
orders of magnitude with R* values exceeding 0.99. Furthermore, statistical analysis of
the 10 independent DNA standard curves obtained using different plant and pathogen
DNA sources (Table 1) indicated that neither the origin of the DNA sample, nor the
background DNA or the operator performing the experiment significantly influenced
results of real-time qPCR assays, which again validated the robustness of the protocol
developed. This allowed fitting a single regression equation models for each of G- or
P-series (Fig 5B) with which it is now possible to validate data from experiments using

only the P-series DNA standard curve based on the plasmid DNA containing the P.
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arborescens target gene. With that, a universal protocol has been established for the
quantification of P. arborescens in opium poppy tissues, since the P-series DNA
standard curve can be built and stored for a long-time period without loss of accuracy.
More importantly, the P-series DNA standard curve can be interchanged among
laboratories and facilitate the use of the newly our real-time qPCR protocol on a large
scale and by different laboratories.

To the best of our knowledge, an optimization process of quantifying the
amount of plant pathogens in host tissues by real-time qPCR assays as strict as that
carried out in the present study has not been done before. Conversely, most of studies
reported in the literature dealt with a single or few experiments for optimization of the
real-time qPCR assay and show results from just a single standard regression line for
pathogen DNA diluted in water or host DNA (e.g., 2,9,21,40,44). Possibly, as
indicated by some authors (10), it will worthwhile and necessary to begin introducing
more standard analysis and reporting procedures for real-time qPCR assays, as has
been done for microarray technology in the establishment of the MIAME guidelines
(www.mged.org/miame). Certainly, in the absence of such standards for real-time
qPCR, it remains with authors to ensure that results of experimental work using this
technology are appropriately validated, and that conclusions are rigorously supported
by the actual data in order to be reproduced in other laboratories.

One of the main features of our real-time qPCR assay using primer set P6 was
its high sensitivity as it was able to readily detect up to 10 fg of P. arborescens DNA in
40 ng of host DNA without loss of accuracy. Comparatively, the sensitivity of the
newly developed qPCR procedure using that primer set was in-between the single-
PCR (10 pg) and the nested-PCR (1 fg) protocols developed previously (27,35) using
the same primer set. Interestingly, our qPCR assay showed sensitivity higher than that
reported for other qPCR assays using Taq Man probes for quantifying Plasmopara
viticola on leaves of grapevine (I/7is vinifera) (48) or four species of Phytophthora
(Phytophthora ramorum, Ph. kernoviae, Ph. quercina and Ph. ctricola) in different plant
species (40), as well as SYBR Green I to quantify P. sparsa in Rubus spp. (21), Alternaria
brassicae in cruciferous seeds (14), Ph. capsici in pepper (Capsicum annuns) genotypes (44)
and Verticillium dabliae in potato lines (Solanum tuberosum) (2), or scorpion primers to
quantify Ph. nicotianae and Ph. citrophthora in citrus (Citrus sinensis) roots (24). Such a

higher level of sensitivity may be due to the fact that the primer set P6 was developed
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from the ITS regions of the rDNA, that occurs in multicopies (e.g., 414 £ 12 copies
per haploid genome in Ph. infestans) (25). However, some of the studies refereed to
above used primers targeting the same I'TS regions (24,44).

One of main advantages from the high sensitivity of the newly developed real-
time qPCR assay is that use of the protocol allows detection and quantification of the
pathogen biomass in complex, naturally infested tissues of diverse origin, including
seeds from asymptomatic capsules and commercial seed stocks as well as from
asymptomatic opium poppy plants systemically infected by P. arborescens. Downy
mildews are among the most destructive diseases of crops worldwide and can be
seedborne. Consequently, efforts should be made to avoid introduction of infected
seeds into areas where the pathogen does not occur. Although the presence of
different Peronospora spp. on commercial seed lots have been documented by using
traditional or specific-PCR assays (6,23), no studies had developed so far real-time
qPCR assays to quantify Peronospora spp. on seeds as it has been done for several plant
pathogenic fungi (11,14,33). Recently, we demonstrated that P. arborescens can be seed
transmitted (27) and that the pathogen can be detected in commercial seed stocks
harvested from opium poppy crops that have either no evidence or low incidence of
the disease (35). In this present research we demonstrated that the quantity of P.
arborescens DNA in commercial seed stocks can range from 0.0013%o0 to 1.275%o in
Pap. sommiferuns DNA, and amounts as much as 0.256 mg of P. arborescens DNA per kg
of opium poppy seed. We also demonstrated that P. arborescens within the range of
0.006-0.61%0 of Pap. somnifernmz DNA can be detected in seeds from asymptomatic
capsules. This fact is particularly important for companies officially authorized for
opium poppy cultivation, like ALCALIBER S. A., and may explain that the downy
mildew disease has spread rapidly to large areas within Spain where opium poppy had
not been cropped before even though seed stocks for the next year sowings were
selected from fields free from symptoms of disease.. Studies are in progress to
determine whether or not low inoculum levels of the pathogen on seeds such as those
quantified in asymptomatic capsules or capsules with mild symptoms may give rise to
a high number of downy mildew-infected plants.

In a previous work, use of a nested-PCR protocol lead to demonstrate the
occurrence of asymptomatic, systemic infections of plants grown under controlled

conditions (35). More importantly, we recently verified that primary systemic
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infections by P. arborescens soilborne oospores as well as systemic secondary infections
by airborne sporangia may give rise to viable, infected seeds in opium plants cv.
Nigrum free from symptoms (M. Montes-Borrego, B. B. Landa, J. A. Navas, F. J.
Mufnoz-Ledesma and R. M. Jiménez-Diaz, wunpublished results), as it has been
demonstrated for other downy mildew pathogens (e.g., Plasmopara halstedii/ Helianthus
annuus (12); Peronospora ducometi/ Fagopyrum sculentum (53). Those results are of particular
importance for establishing disease control strategies based in use of pathogen-free
seed stocks, since the absence of symptoms in a plant does not guarantee production
of healthy seeds. In our study we have quantified highly variable amount of P.
arborescens DNA in stem samples from asymptomatic plants, ranging from 0.110 ppm
to up to 5,557 ppm (5.6%o). It would worthwhile to establish a relationship between
the amount of P. arborescens DNA present in the stem of an asymptomatic plant and
the subsequent success of seed infection.

Most of real-time qPCR protocols developed for in planta quantification of
plant pathogens were aimed to use with symptomatic host tissues (21,31,40,48), but
only a for a few of them there have been reports on the quantification of pathogens in
tissues free from symptoms or affected with low disease severity (44,49). The opium
poppy cv. Nigrum in which asymptomatic systemic infections by P. arborescens were
demonstrated is considered moderately resistant to downy mildew (F. J. Mufoz-
Ledesma, personal communication). Consequently, results of this present research would
be of much interest for the assessment of plant-pathogen interactions in this
pathosystem based on the direct measurement of tissue colonization by the pathogen
since lack of symptoms does not correlate with lack of infection. Indeed, several
opium poppy lines and accessions have identified in the ALCALIBER S.A. breeding
program that show no downy mildew symptoms under high level of disease pressure
and P. arborescens soilborne inoculum in the field. Therefore, determining whether or
not the asymptomatic reactions in those varieties are due to resistance or tolerance to
pathogen infection will be of great value for identifying sources of resistance of use in
the breeding of highly resistant, commercial opium poppy varieties through
hybridization.

In summary, we consider that the real-time qPCR protocol developed in this
study for the in planta identification and quantification of P. arborescens in opium

poppy plant tissues and seed stocks will be of much importance for advancing our

158



Deteccidn molecular cuantitativa de P. arborescens

understanding of the epidemiology and management of this downy mildew disease,
and facilitate the knowledge-based implementation of appropriate control strategies

such as quarantine and certification schemes as well as use of host resistance.
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En este capitulo se recogen los resultados relativos al quinto objetivo de esta
Tesis Doctoral en el cual se pretendia establecer las bases bioldgicas del Mildiu de la
adormidera, determinando las fuentes de indculo primario, y los factores que influyen

en la epidemiologia de la enfermedad

Los resultados obtenidos se recogen en el manuscrito correspondiente al punto
V.1, el cual se encuentra en revision en la revista Phytopathology de la Sociedad

Americana de Fitopatologia, y que lleva por titulo:

“Sources of primary inoculum for epidemics of downy mildew Caused by Peronospora

arborescens in opium poppy crops in Spain”. Phytopathology, en revision.
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V.1.1 ABSTRACT

Downy mildew of opium poppy (Papaver somniferum 1.) caused by Peronospora
arborescens is one of the most destructive diseases of this crop in Spain and worldwide.
In Spain, the pathogen has spread to new areas and attacks by the disease have caused
significant decrease in yields during the last few years. However, little was known
about sources of primary inoculum for disease development which knowledge can
help in the control of the disease. In this study, disease surveys indicated that P.
arborescens is now widespread throughout the two major opium poppy growing areas of
southern and central Spain and that plants are affected by either an early, generalized
chorosis and stunting syndrome or localized chlorotic spots with pathogen sporulation
that form at later stages of crop development. Also, we determined the nature and
source(s) of primary inoculum and infection types for the disease in Spain by means of
an integrative experimental approach that combined pathogencity assays in growth
chambers and field microplots together with molecular detection assays of P.
arborescens infection using a specific nested-PCR. Results demonstrate that oospores in
infested soil or leaf debris are effective inoculum giving rise to pathogen ingress
through underground plant tissues early during poppy seedling growth which result in
systemic infections that reproduced the stunting, chorotic syndrome. Infection of
underground tissues of older plants by oospore inoculum can remain asymptomatic.
Results also indicated that sporangia formed on infected plants are effective in
producing secondary local infections that may or may not become latter systemic and
either symptomatic or asymptomatic. Finally and more importantly, those late
symptomatic or asymptomatic, systemic infections as well as secondary local
infections of capsules can give rise to production of infected seeds. Our research on
the biology of P. arborescens on poppy plants and epidemiology of downy mildew may
help to develop knowledge-based disease management strategies of use in the

protection of yields of opium poppy crops in Spain and elsewhere.

Aldditional Keywords: Pathogen biology, overwintering oospores, wild Papaver

spp., seedborne inoculum, secondary infections
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V.1.2 INTRODUCTION

Knowledge about the nature and location of the sources of primary inoculum
may be the single most important information for disease management. For downy
mildew of opium poppy (Papaver somniferum 1..) caused by either Peronospora arborescens
or P. eristata (11,12,13,19,27,30), one of the most destructive diseases of this crop
worldwide (18,29), little is known about sources of primary inoculum, except that P.
arborescens was demonstrated seedborne and seed transmitted (20).

Opium poppy is the only source of morphine, codeine, and thebaine drugs for
the pharmaceutical industry, which are key components for alleviation of chronic pain
associated with cancer diseases. In Spain, opium poppy is grown annually on
approximately 9,500 ha, primarily in the southern (Andalucia) and central (Castilla-La
Mancha and Castilla-Le6én) regions of the country (20, F.J. Mufoz-Ledesma,
unpublished data). This acreage accounts for at least 5% of the legally cultivated opium
poppy worldwide, making Spain the third and fourth largest European and world
producer of poppy straw rich in morphine, respectively (16). During the last decade,
yields of the opium poppy crop in Spain have decreased as consequence of attacks
from several diseases, including poppy fire caused by Plospora papaveracea (anamorph =
Dendryphion penicillatum) and downy mildew caused by P. arborescens (19,20,24). Until
recently, poppy fire was considered the most important disease of the crop (24) but
efficient management of this disease has made downy mildew to take over as the main
yield limiting factor for poppy crops in Spain (F.J. Mafioz-Ledesma, #npublished data).
In fact, severe downy mildew attacks occur now throughout all opium poppy-growing
areas at Castilla-La Mancha and Andalucia regions of central and southern Spain,
respectively. Also, the incidence and severity of those attacks by the disease have
increased steadily since the disease was first recorded (19); also the pathogen has
spread rapidly into new cropping areas. Changes in agricultural practices, but mainly
the expansion of the crop to new cooler and irrigated areas in central Spain for
improving harvest yields situates the crop under more conducive environmental
conditions, and could be responsible for this dramatic increase in disease incidence
and prevalence. This new scenario supposes a serious threat for the stability of opium
poppy cultivation in areas where the crop has been grown traditionally. Besides Spain,

severe yield losses in opium poppy crops have been reported in other European
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countries (22,35) and Tasmania (Australia) (9,30) due to infections by P. arborescens and
P. cristata, respectively.

Downy mildew pathogens can develop local or systemic infections in plants
and produce oospores and large numbers of fragile, short-lived sporangia which are
believed to disseminate only a few hundred metres by air currents in viable conditions
(28). Thus, the main primary inoculum source should be diseased plant parts or soil
carrying mycelia and oospores. Despite the importance of opium poppy downy
mildew worldwide, little was known in Spain and elsewhere concerning the
epidemiology of the disease and how local environmental conditions could influence
disease development and severity. Published research on opium downy mildew is
scarce and has focused mainly on resistance to the pathogen in varieties of Pap.
sommnifernm (4), spatiotemporal analysis of epidemics in Tasmania (29), and molecular
detection and genetic diversity of the pathogen (20,30). As a consequence, the biology
of the pathogen and epidemiology of the disease are pootrly understood. In particular,
much information is lacking on the sources and infectivity of P. arborescens inoculum.
Infection by this pathogen gives rise to abundant production of oospores and
sporangia in the plant (12,35). Results from recent research demonstrated that P.
arborescens can be seedborne and be transmitted from seeds to opium poppy plants,
and also suggested that asymptomatic systemic infection of the plant might occur (20).
However, the relative importance of oospores for overwintering of the pathogen and
of both, oospores and sporangia as primary inocula for the disease has not been
assessed yet. Consequently, there was a need of research on the biology of P. arborescens
on poppy plants and epidemiology of downy mildew to develop knowledge-based
disease management strategies that would protect yields of opium poppy crops in
Spain and elsewhere.

The objectives of this research were to determine: (i) if P. arborescens sporangia
from infected plants, and oospores in soil and infected tissues, are effective inocula for
the development of opium poppy downy mildew; (ii) if P. arborescens can establish
systemic infection in the plant that give rise to disease; and (iii) the effects of

temperature and plant age on infection and sporulation by the pathogen.
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V.1.3 MATERIALS AND METHODS

Disease surveys

Systematic disease surveys and observations on the development of the
downy mildew disease under field conditions were catried out during 2003/2004 and
2004/2005 in the main opium poppy growing areas in Spain, including Malaga and
Seville provinces of Andalucia region, southern Spain; and Albacete and Toledo
provinces of Castilla-L.a Mancha region, central Spain (Fig. V.1.1). Climatic conditions
prevailing during the crop season vary between those two regions which account for
differences in the crop cycle. Thus, the crop is sown in late autumn in Andalucia
region whereas in Castilla-La Mancha sowings are delayed to late winter or early spring
(Fig. V.1.2). Three field plots at Ecija (Seville province; Fig. V.1.1) differing in their
history of poppy crops in previous years, namely ‘Casilla San José” (2-year crop
rotation with opium poppy, regular sprinkler irrigation), ‘Viso Alto’ (no history of
opium poppy, no irrigation), and ‘La Estrella’ (opium poppy being grown 2 years ago,
no irrigation), were thoroughly inspected for development of downy mildew at 2-
weeks intervals from seedling emergence in early March throughout harvesting in early
July 2005. Additionally, 17 commercial crops were inspected at different growth stages
from rosette to capsule filling at Antequera (Malaga province), Carmona and Fcija
(Seville, province), Albacete (Albacete province) and Malpica (Toledo province)
during the spring time of 2004 and 2005 (Fig. V.1.1).

In each of the inspected fields, samples from symptomatic and asymptomatic
leaves, stems, buds, and capsules of opium poppy plants were randomly collected at
different stages of crop phenology. In addition, Pavaper spp. weeds in the proximity of
inspected fields that have never been grown to opium poppy were collected. Plant
samples were observed under the stereoscope 100 x for sporulation of P. arborescens
and used for specific polymerase-chain-reaction (PCR) assays (described below) to

determine infection by the pathogen.
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CASTILLA-LA MANCHA REGION

ANDALUCIA REGION

50 Antequera

Province

Winter sowing

|:| Autumn sowing

Fig. V.1.1. Location of main areas of opium poppy cultivation in Spain and field crops surveyed:
Castilla-La Mancha Region: 1, Grajuela; 2, Santa Paula; 3, Casa Don Pedro; 4, Villar Pozo Rubio;
5, Los Llanos; 6, La Choriza; 7, Valdemerino; 8, Hormigos; 9, Torrejon; 10, Corralejo. Andalucia
Region: 1, Casilla San José; 2, La Estrella; 3, Viso Alto; 4, Vacas; 5, Monteluna; 6, Cortijo Rio; 7,
El Pontén; 8, Rosalino; 9, Santa Clara; 10, Marchena. Underlined field plots in Ecija were
surveyed systematically for disease development.
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|Month ] Nov l Dec | Jan ] Feb [ Mar l Apr | May Jun Jul
Andalucia region (200-205 days)
15th 15th 15th 30th 15th Sth
-+ > - > A 4 .
40 days 60 days 15days 15days 20 days
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|
W
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-~ ¥ & \r
2.4 6-2 capsule capsule ary
Sowing  Coltyledon leaves  leaves Rosselle shooting Mowesing  formation  diying  capsule
Tm 15,80 11,80 10,65 12,48 15,35 18,05 21,90 %64 2892
Tmin 10,40 663 4,45 838 5,43 1,28 14,95 18,75 20,60
Tmax 1,08 16,93 16,93 17,93 21,00 24,18 28,30 33,65 6,98
RH (%) §9,70 72,60 70,40 70,35 5235 59,48 5548 5273 1,78
Castilla-La Mancha region (140-145 days)
15th 15th 25th 15th 30th 7th
- — - A
60 days 40 days 20 days 15 days 7days
¢ 9
i f
\; "N_
- 77 g\t
2-4 6-8 shooting capsule dry
SowingColyledon  leaves  leaves Rosselle  flowsring formation drying capsule
m 8,37 527 420 623 5,30 12,33 16,75 22,8 28,78
Tmin 402 0,50 1,45 0,85 335 5,50 9,78 14,28 16,68
Tmax 157 10,9 10,98 12,40 15,85 18,98 2383 30,18 kR ES
RH (%) 78,22 81,82 7885 7445 66,13 85,12 59,20 51,98 43,53

Fig. V.1.2. Stages of opium poppy crop development and climatic conditions [Tm, Tmin, and
Tmax = mean, minimum, and maximum, respectively, monthly average temperatures (°C);
RH= relative humidity (%)] in the main areas of opium poppy cultivation in Spain. The
approximate duration and dates to reach each growth stage is indicated.
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Opium poppy plants

Seeds of opium poppy cv. Nigrun provided by Alcaliber S.A, Carmona (Sevilla
province) were used for all experiments. Seeds were surface-disinfested in 1% NaOCI
for 5 min, rinsed twice in sterile water, dried up in a flow hood and stored in sterile
conditions until used for experiments. Seeds [Growth stage (GS) 0-weeks; GS-0] and
plants at growth stages GS-1, -2, -4, and -6 (see below) were used for experiments.
Seeds were germinated on sterile layers of filter paper moistened with 2 ml of sterile
50 % Hoagland solution (14) in 9-cm-diameter petri dishes at 20°C for 1 week, and
seedlings developed (GS-1) were used for experiments. Alternatively, seeds were sown
in a pasteurized (70°C, 60 min) soil mixture (clay loam/peat, 2:1, vol/vol) in pots (7 x
7 x 6.5 cm) and incubated in a growth chamber (Sanyo MLR-350 H, Sanyo Electric
Co., Ltd. Japan) adjusted to 20£1°C, 70/90% relative humidity (RH) and a 12-h
photoperiod of fluorescent light at 360 uE -m™ s~ for 2 (GS-2), 4 (GS-4), or 6 (GS-6)
weeks. Plants were watered daily as needed and fertilized every week with 50 ml of

Hoagland solution.

Infection of opium poppy using sporangia as inoculum

Different inoculation procedures were tested in the growth chamber using
sporangia of P. arborescens as inoculum. Sporangia were collected from sporulating
opium poppy leaves that were sampled in a commercial field and kept in plastic bags
at 4°C for up to 2 days. Sporangia scrapped off with a sterile needle were placed in 1
ml of ultrapure sterile (US) water with a drop of Tween 20 (Sigma-Aldrich, Madrid,
Spain) in 1.5-ml microcentrifuge tubes. Sporangia suspensions were vortexed for a few
seconds, filtered through a 0.8-uM Millipore filter that was washed three times with
US water (20). Sporangia and sporangiophores retained onto filters were suspended in
1 ml of US water and their concentration in the suspensions was adjusted with US
water to 10’ and 10° sporangia/ml using a hemacytometer. Before use, sporangia in
the suspensions were observed under the compound microscope 400x to check for
morphology and viability.

Four-week-old (GS-4) plants with 6 to 8 true leaves were inoculated by

spraying the plant with a sporangia suspension, or placing four drops of the
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suspension onto or injecting the suspension into selected leaves. Plants were sprayed 2
to 3 times with sporangia suspensions adjusted to 10 and 10° sporangia/ml until run
off. For injection inoculation, plants were moistened by spraying sterile distilled water
onto them and 0.1 ml of the 10’ and 10° sporangia/ml suspensions was then injected
into the petiole of three arbitrarily selected leaves using a hypodermic syringe. For the
‘drop’ inoculation method, plants were moistened as above, then one 25-ul-drop of
each of the sporangia suspensions was placed carefully onto the adaxial surface of
each of four leaves or at the junction of a leaf petiole with the stem, using a
micropipette. Plants similarly treated but using sterile distilled water without sporangia
served as controls for the experiments.

After inoculation, plants were sprayed with sterile distilled water and placed
inside a moistened bag of transparent polyethylene. Bags were then sealed to facilitate
a confined environment of high RH over the inoculated plants. Inoculated and control
plants were incubated at 17£1°C in the darkness for 24 hr, and at the same
temperature under a 10-h photoperiod of fluorescent light at 360 uE-m™s” and
70/90% RH thereafter. Bags were removed three days after inoculation and plants
were allowed to dry. There were 30 replicated pots per inoculation treatment (one
plant per pot) arranged in a completely randomized design, and the experiment was
repeated three times. Plants were watered daily as needed and fertilized every week
with 50 ml of Hoagland solution. The experiment lasted for 60 days after the

inoculation.

Infection of opium poppy using oospores as inoculum

Four experiments (I to IV) were carried out to determine the ability as
inoculum of P. arborescens oospores in infested soil and infected tissues as inoculum.
Experiment I, IT and IV were conducted in growth chambers. Experiment III was
done in a shelter under natural environmental conditions. P. arborescens-infested soil
was sampled from opium poppy crops at ‘Casilla San José’ and ‘Vacas’ field plots
(Ecija, Seville province) in November 2005 and 2000, respectively. Both field plots
were selected because of their history of the disease in the previous season when
incidence of downy mildew was higher than 10% and 30%, respectively. Four soil

samples, each of approximately 500 g, were taken at a soil depth of 0- to 25-cm-from
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each plot and oospores of P. arborescens were extracted from the soil samples according
to Van de Gaag and Frinking (33). Briefly, soil samples were air dried at room
temperature (24 to 28 °C) for 1 week and then sieved through 1x1-cm mesh. The
sieved soil (200 g) was homogenized in 2 L of sterile distilled water for 15 min with a
magnetic stirrer. Then, the soil suspension was sonicated (Ultrasons, JP Selecta SA,
Barcelona, Spain) for 10 min to remove oospores from adhering soil particles and
sieved consecutively through 70-, 50- and 30-um mesh, respectively. The final soil
residue was suspended in 10 ml of US water, centrifuged (10,000 x g) and the pellet
was resuspended in 3 ml of US water. To verify that the extracted oospores were of P.
arborescens, three samples of oospore suspension from each soil, each of approximately
1 ml, were assayed using the nested P. arborescens-specific PCR protocol described
below and the amplified product was sequenced as described before (20) to verify
pathogen identity.

Additionally, opium poppy plants severely affected by downy mildew and
showing different degree of decay were collected on April to June, 2005 and 2006
from the same plots of soil sampling as an alternative source of oospore inoculum.
Leaf pieces from sampled plant were dried between sterilized filter paper at room
temperature (15 to 35 °C) from 6 to 7 months Samples of dried tissues were then
grinded and observed under compound microscope at 400x for the presence of P.
arborescens oospores. The dried poppy tissues were grinded to a fine powder using a
mill and the powder was stored at 4°C until use. To verify that oospores in the
sampled tissues were of P. arborescens, five sets of 50 mg of the powdered tissue were
assayed using the P. arborescens-specific PCR protocol described below.

For experiment I, 1-week-old (GS-1) opium poppy seedlings plants selected
for uniformity were transplanted into 12-cm-diameter clay pots (1.2-L) filled with 1 kg
of the pasteurized soil mixture infested with 100 mg of powdered, infested opium
poppy leaf tissues containing oospores of P. arborescens (treatment Al). Seedlings
transplanted into uninfested pasteurized soil mixture served as controls (treatment
E1). Plants were grown in a growth chamber (Sanyo MLLR-350 H, Sanyo Electric Co.,
Ltd. Japan) adjusted to 16£1°C, 70/90% RH and a 10-h photopetiod of fluorescent
light at 360 uE-m™s". There were 25 replicated pots (three plants per pot) for each
treatment in a completely randomized design. Plants were watered daily as needed and

fertilized every week with 50 ml of Hoagland solution. The experiment lasted for 120
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days after inoculation when plants had formed a capsule in the main stem and lateral
buds started flowering.

Experiment II was conducted to determine the effect of temperature (16°C
and 20°C) and plant growth stage (GS-1 and GS-4) on the ability of P. arborescens
oospores to establish root infections. Seedlings at GS-1 and GS-4 stages were used.
Soil adhered to roots of GS-4 seedlings was removed before transplanting by carefully
shaking and dipping the root system in sterile distilled water. Seedlings representative
of each of growth stage were transplanted into 15-cm-diameter clay pots (1.2 L) filled
with 1.1 kg of soil corresponding to the following treatments: A2, a 5-cm depth layer
of a mixture of the pasteurized soil (500 g) and powdered, infested opium poppy leaf
tissues (18 g) were placed on top of 600 g of the pasteurized soil; B2, the naturally
infested soil sampled from ‘Casilla San José’ field plot; C2, same as for treatment A2
except that the infested, powdered leaf tissue was sterilized (20 min, 121°C, two times)
previously; D2, same as treatment B2 except that soil was sterilized (40 min, 121°C,
three times) previously; and E2, uninfested pasteurized soil as used in treatment A2.
The experiment consisted of a factorial treatment design with four pots (four plants
per pot) per treatment combination replicated in a completely randomized design. In
summary, the experimental set of treatments was (soil treatment/plant growth stage):
A2/GS1, A2/GS-4, B2/GS-1, B2/GS-4, C2/GS-1, C2/GS-4, D2/GS-1, D2/GS-4,
E2/GS-1 and E2/GS-4. The experiment was replicated at 16°C and 20°C. Plants were
grown in growth chambers (Sanyo Gallencamp PL.C, Fitotron™

adjusted to either 16£1°C or 20£1°C, 70/90% RH and a 10-h photopetiod of

Leicester, England)

fluorescent light at 360 uE-m™s”. Plants were watered and fertilized as described
before. The experiment lasted for 120 days after inoculation when plants had formed a
capsule in the main stem and lateral buds started flowering.

Experiment III consisted of same set of experimental treatments and design
that Experiment II except that plants were grown in a shelter under natural
environmental conditions from middle January to middle June, 2006. The
experimental set of treatments in the experiment was: A3/GS1, A3/GS-4, B3/GS-1,
B3/GS-4, C3/GS-1, C3/GS-4, D3/GS-1, D3/GS-4, E3/GS-1 and E3/GS-4. Daily
mean temperature and rainfall data were recorded in a weather station placed at the
experimental site. The experiment consisted of a factorial treatment design with five

pots per treatment (four plants per pot) and was arranged in a randomized complete
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block design with four replications. Plants were watered and fertilized as described
before. The experiment lasted for 150 days after inoculation when plants had formed
capsules in the main and lateral buds.

Experiment IV was conducted to confirm results from the previous
experiments (I through III). Ungerminated seeds (GS-0) and seedlings at growth
stages GS-2, -4, and -6 were used. Sowing of disinfested seeds were sown, and
transplanting of seedlings were done as before in 12-cm-diameter clay pots (1.2 L)
filled with 1 kg of soil corresponding to the following treatments: A4, a mixture of
pasteurized soil where 18 g of powdered, infested opium poppy leaf tissues were
placed over and around the seeds or the seedling roots; B4, the naturally infested soil
sampled from ‘Vacas’ plot ; C4, same as for treatment A4 except that the infested
powered tissue was previously sterilized; D4, same as treatment B4 except that soil
was previously sterilized; and E4, uninfested pasteurized soil as used in treatment A4.
In summary, the experimental set of treatments was (soil treatment/plant growth
stage): A4/GS-0, A4/GS-2, A4/GS-4, A4/GS-6, B4/GS-0, B4/GS-2, B4/GS-4,
B4/GS-6, C4/GS-0, C4/GS-2, C4/GS-4, C4/GS-6, D4/GS-0, D4/GS-2, D4/GS-4,
D4/GS-6, E4/GS-0, E4/GS-2, E4/GS-4, E4/GS-6.

Plants were grown in a growth chamber adjusted to 16+1°C, 60/80% RH and
a 10-h photoperiod of fluorescent light at 360 uE-m™s . The experiment consisted of
a factorial treatment design replicated in a randomized complete blocks with seven
replications. There were five pots per treatment (one plant per pot) for treatments A4
and B4, and two pots per treatment (one plants per pot) for treatments C4, D4 and
E4. Plants were watered and fertilized as described before. The experiment lasted 150

days after inoculation, when plants had formed capsules in the main and lateral buds.

Microplots experiments

Two experiments (V and VI) were conducted in microplots (1.25 X 1.25 m,
50-cm depth) at two field sites with a sandy loam soil (pH 8.5, 1.4% organic matter) at
the Alameda del Obispo Research Station near Cérdoba, Spain (latitude 38° north,
longitude 5° east). These fields had never been sown to opium poppy before.

In Experiment V, we assayed soils sampled from six downy mildew-affected

opium poppy fields at Ecija (Seville province) as source of inoculum for the disease
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under field conditions. The year before the experiment, disease incidence in those
fields was rated low (0 to 1 affected plant per m’* field ‘Ruidero’); moderate (1 to 5
affected plants per m’, fields ‘La Estrella 1’ and Ta Proveedora); and high (> 5
affected plants per m®, fields ‘Casilla San José’, ‘La Estrella 2°, and ‘San Rafael’). One
hundred liters (approximately 140 kg) of soil was collected at 0- to 25-cm depth in
each of the sampled fields in June 2005, just before harvest. The soil was stored at
room temperature until used. In October 2005, 1 month before sowing, the collected
soil samples were thoroughly mixed with the uppermost 10-cm-depth soil layer of
microplots using a MultiSystem with bolo tines accessory (Andreas Stihl, S.A., STIHL
Vertriebszentrale AG & Co. KG Dieburg, Germany).

Experiment VI aimed to assay debris of downy mildew-affected opium poppy
crops as source of inoculum for the disease under field conditions. Microplots for this
experiment were located 2 km away from those of experiment V. In October 2005, 1
month before sowing, 300 g of powdered, infested opium poppy leaf tissues were
mixed with the uppermost 10-cm-depth soil layer of microplots as described above.

Microplots which soil had never been cultivated to opium poppy were used as
control in both experiments. Microplots were sown to a density of 500 to 600 opium
poppy seeds per m” (similar to that used in commercial crops) in November 2005.
Seeds were surface-disinfested with 0.5% NaClO for 1 min and proved free from P.
arborescens by means of a P. arborescens-specific PCR assay (20). Microplots were
fertilized with 100 g “Nitrophoska® Azul Especial” (12% N, 12% P,0s, 17% KO,
1.2% MgO, 6% S and microelements; Compo Agricultura, Barcelona, Spain) twice;
before sowing and before blooming of the crop. Microplots were sprinkler-irrigated as
needed. There were three replicated microplots for each treatment arranged in a
completely randomized design. All microplots in experiments V and VI were sown
again in November 2006 using a seed stock free from P. arborescens as determined by
the P. arborescens-specific PCR assay. Microplots were sown and managed as previously
described. Daily mean temperature and rainfall data were recorded in a weather station

located at the experimental site.
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Disease score and plant sampling

Plants in growth chamber and field experiments were observed at 1- to 2-day
intervals until appearance of downy mildew symptoms and signs (i.e., chlorosis,
necrosis, and/or sporulation) and at weekly intervals thereafter. Plants showing initial
sporulation were removed immediately in Experiments I, II and IV to avoid that
airtborne sporangia could cause secondary infections that would mask infections by
oospores. Conversely, plants that showed sporulation in experiment III were not
removed, but allowed for capsules to form as well as secondary and systemic
infections to develop that would facilitate to determine if capsule and seed infection
may occut.

Five plants from all treatments in experiment III were arbitrarily chosen as
representative of those having capsules necrotic or sporulated, or capsules free from
necrosis and sporulation but showing sporulation in other plant parts. Seeds were
obtained from two capsules necrotic or sporulated and three capsules free from
symptoms formed on sporulated plants. Seeds from the capsules were assayed for
detection of P. arborescens using the nested specific-PCR protocol described below.
Similarly, 15 asymptomatic plants of treatments A4, and B4 in experiment IV, and five
of treatments C4, D4 and E4, were arbitrarily chosen for in planta detection of P.
arborescens on basal stem, main stem, and seeds that would indicate asymptomatic
systemic infection. For that purpose, a piece of tissue were cut with a sterile scissors
from the collar and the fourth and sixth stem internodes of a plant, washed with
sterile distilled water and peeled off with a sterile scalpel. Then, sampled tissues were
grinded into 0.3- to 0.5-g pieces, placed in 1.5-ml Eppendorf tubes and immediately
frozen before DNA extraction. Seeds were collected from a capsule after aseptically
removing the peduncle at its bottom. Four samples of approximately 500 seeds each

were frozen before DNA extraction.
DNA extraction and specific-PCR assays
Genomic DNA was extracted from symptomatic and asymptomatic opium

poppy tissues, seeds, and P. arborescens oospores extracted from soil or plant tissues,

using the Fast DNA kit (Qbiogene, Madrid, Spain) according to Landa et al. (20).
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DNA was quantified using the Quant-iT DNA Assay Kit Broad Range fluorometric
assay (Molecular Probes Inc., Leiden, The Netherlands) (20) and a Nanodrop
spectrophotometer ND-1000 (Nanodrop Technologies, Wilmington, DE). DNA
quality was assessed by staining with ethidium bromide. DNA was diluted with US
water to 50 ng/ul.

A newly developed nested-PCR protocol with improved sensibility for in
planta detection of P. arborescens in asymptomatic opium poppy tissues (23) was used
to confirm the presence of P. arborescens in symptomatic and asymptomatic tissues of
plants sampled during experiments. Briefly, primer DC6 specific for species in the
orders Pythiales and Peronosporales of the Oomycota (6) and the universal 1TS4
primer (34) were used in the first round of a nested-PCR protocol. Amplifications
were performed as described by Landa et al. (20) in a PTC 100 (M] Research Inc.,
Watertown, MA) thermocycler. The resulting PCR product was diluted 1:10 and used
as a template for a second round of amplification using primers
OMPac7fw/OMPac7tv and the PCR conditions desctibed by Landa et al. (20).
Primers OMPac7fw/OMPac7rv were used in the second round PCR instead of
primers OMPaclfw/OMPaclrv of Landa et al. (20) because they showed higher
sensitivity (23). Sterile distilled water and 50 ng of opium poppy DNA or 1 ng of
purified P. arborescens DNA were used as negative and positive controls, respectively, in
each round of amplification. Twenty microliters of each PCR reaction product were
electrophoresed through 1% agarose gel and stained with ethidium bromide to verify
amplification. In addition, oospores extracted from soil and seeds from asymptomatic
capsules of the growth chamber experiment IV were assayed with the nested-PCR
protocol. The amplified products from the second round PCR of these assays were
partially sequenced using primer OMPac7fw (20) as described before (23) to verify

pathogen identity; aligned sequences were deposited in the Genbank database.
Data analysis

Disease incidence data were analyzed with the GENMOD procedure using the
binomial distribution and the logit as link function in SAS (version 9.1, SAS Institute

Inc., Cary, NC). A likelihood ratio test was used to determine whether the treatment

and/or plant growth stage significantly affected (P < 0.05) disease incidence. Statistical

184



Bases bioldoicas del Mildin de la adormidera

significance (P < 0.05) of the likelihood ratio was determined by chi-square test and
the contrast statement was used to determine significant differences (P < 0.05)

between treatments and/or growth stages (2).

V.1.4 RESULTS

Disease surveys

Discase development in the three selected field plots at Ecija (Seville province)
varied with the history of opium poppy in them. In ‘Casilla San Jose’ plot (2 year crop
rotation with opium poppy, sprinkler irrigation), average incidence of downy mildew
ranged from 10 to 15%. Diseased plants were in small patches randomly distributed,
each with three to 10 plants (Fig. V.1.3E). First symptoms of downy mildew appeared
in plants at the young rosette stage (4 to 6 leaves) by 3 months after sowing in mid
November (Fig. V.1.3E). Location of these plants in the field was mapped. Affected
plants were dwarf and remained so thereafter, their leaves showing extensive chlorotic
lesions or complete chlorosis that started at the base of the blade (Fig. V.1.3A,C,E)
and profuse sporulation mainly on the abaxial surface (Fig. V.1.3D). Chlorotic lesions
eventually became necrotic. Coalescing lesions gave rise to large necrotic areas on the
blade or death of entire leaf (Fig. V.1.3B). Under conducive weather conditions, the
entire affected plant died within 2 to 3 weeks after appearance of first symptoms. In
the necrotic tissues, numerous oospores were observed while inspecting leaf blades
under the compound microscope 400 x (Fig. V.1.3H). Two to 4 weeks after death of
those plants, new plants at the rosette stage in their close proximity showed symptoms
similar to those described (Fig. V.1.3C) but usually did not die. Later on, after canopy
closure, patches of diseased plants were not evident due to disappearance of plants
that died at early stages of crop development or to falling of diseased leaves in
surviving plants. By late March, at the end of the rosette or shooting stages, wet
weather favored the development of small, irregularly shaped, chlorotic to light-yellow
leaf lesions (ranging from 0.5 to 3 cm in size) with intense sporulation on the abaxial
surface on plants that showed no other symptoms. Those plants were randomly
distributed throughout the field. Disease symptoms during the flowering stage were

similar to those observed in the remaining field surveyed (see below).
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In “Viso Alto’ plot (dry land, no history of opium poppy before), the incidence
of downy mildew was lower than 1%. Diseased plants were aggregated in some small
patches within the field. First disease symptoms were observed in plants at advanced
rosette stage, with 12-14 leaves, by 4 months after sowing in mid November. At this
time plants stopped to grow further and became dwarf. Leaves of affected plants
showed extensive chlorosis developing from the base of the blade and abundant
sporulation. New diseased plants did not appeared at advanced crop growth stages
and those previously affected died as temperature increased during the spring season.

In ‘La Estrella’ plot (dry land, opium poppy had been grown 2 years ago) there
was 5% incidence of downy mildew; with affected plants being distributed as those in
‘Viso Alto’ plot and showing symptoms similar to those described above.

All 17 additional opium poppy fields surveyed in two regions of Spain during
springtime of years 2004 and 2005 were affected by downy mildew. Disease incidence
and severity varied according to crop history and phenology, which ranged from
advanced rosette and blooming to capsule crop stages. Of the 17 fields, seven were
located in Antequera (3), Carmona (3) and Ecija (1), in Andalucia region, and 10 were
in Albacete (6) and Toledo (4), in Castilla-La Mancha region (Fig. V.1.1). In both
regions, severe downy mildew symptoms were observed during the advanced rosette
stage by mid March in Andalucfa and mid May in Castilla-La Mancha. Symptoms were
similar to those described above for ‘Casilla San Jose’ field plot. Also, new disease
symptoms developed at the blooming stage and drying of capsules. However a clear
difference in disease incidence was observed between the two cropping regions.
Incidence of downy mildew in Albacete and Toledo ranged from 15 to 30 % and in
general was higher than that in fields located in Andalucia region (ranging from 5 to

15 %).
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Fig. V.1.3. Symptoms of downy mildew on opium poppy developed in commercial crops in Spain
(A-G), or after artificial inoculations using oospores and sporangia of Peronospora arborescens as
inoculum (H-M). A, Plant at the rossete stage (6 to 8 leaves) with chlorosis and stunting. B, Dead
plant that previously showed symptoms described for A. C, Plant at the rossete stage (10 to 12
leaves formed) with generalized chlorosis. D, Profuse sporulation on the abaxial side of a chorotic
leaf. E, Patch of stunted opium poppy plants with generalized chlorosis. F, Green capsule formed
on the main plant stem that shows profuse sporulation of P. arborescens. G, Capsule of an infected
opium poppy plant which already dried up and shows stunting and little development. H,
Oospores of P. arborescens formed in necrotic leaf tissues (X 10); I, Plant at initial shooting stage
from Experiment 1 grown in soil naturally infested with oospores of P. arborescens. Note the
intensive leaf chlorosis developed. J, Plant at the rossete stage (6 to 8 leaves formed) from
Experiment II grown in soil infested with oospores of P. arborescens formed in naturally infected
leaves showing chlorosis and profuse sporulation on the abaxial leaf side (arrow). K, Plant grown
in soil infested with oospotes of P. arborescens formed in naturally infected leaves showing extensive
leaf yellowish and stunting. L, Chlorotic spot and initial necrosis on the adaxial leaf surface of
control plants caused by secondary infections by P. arborescens sporangia in Experiment III. M, P.
arborescens sporulation on the abaxial side of a corresponding chlorotic spot on the adaxial side as
shown in figure L. N, Control (left) and systemically infected (right) opium poppy plants which
leaves were inoculated by the drop inoculation method using a suspension of P. arborescens
sporangia.

187



Capitulo 1V

In the two regions symptoms could be differentiated into two syndromes. The
first syndrome occurred on plants at the flowering stage or with mature capsules and
included dwarfing of the plant (Fig. V.1.3G) together with generalized chlorosis,
curling and deformation of the leaf blade, and sporulation on the abaxial leaf surface
(Fig. V.1.3D). The second syndrome was less severe; the plant growth was not
affected but downy mildew symptoms presumably due to secondary infections
occurred on leaf blades including deformation and chlorotic lesions of variable size
(ranging from 2-3 cm’ up to the entire leaf surface). Abundant sporulation was
observed on the abaxial side of chlorotic leaf lesions, the main stem, and less
frequently on capsules (Fig. V.1.3F). In general, sporulation on the stem and capsules
were less frequent on plants affected in fields at Andalucia region than on those at
Castilla-La Mancha, and when present it covered <5% of the tissue surface compared
to up 25% in the latter region. Frequently in this region, plants also showed
deformations and curling of the main flower peduncle and capsule stalk (Fig. V.1.3G).
Interestingly, these symptoms were rarely observed in crops in Andalucia region.

Coincident with the flowering of the crop, high number of wild Papaver spp.
(mainly Pap. rhoeas) were observed within or nearby each of the 20 surveyed fields. Out
of 10 Papaver sp. plants sampled per field surveyed in Andalucia region, only two of
Pap. rhoeas at a field located in Monteluna, Antequera, Malaga were infected by P.
arborescens, as indicated by the nested PCR assay. These plants showed light leaf
chlorosis. Neither downy mildew symptoms nor sporulation were observed on other
Papaver sp. plants. Conversely, some plants of Pap. rhoeas sampled from three field
plots at Toledo (Castilla-I.a Mancha region) showed typical symptoms and sporulation
of downy mildew. Subsequent nested-PCR assays of affected tissues and sequencing

of amplified products confirmed infection by P. arborescens (23).

Infection of opium poppy by P. arborescens sporangia as inoculum

No symptoms developed on control plants. Symptoms of downy mildew
developed on inoculated leaves regardless the inoculation method but efficiency of
infection varied accordingly with methods. Among the three methods tested, the
highest incidence of disease was achieved with the drop inoculation method. Using

this method, the first symptoms of downy mildew appeared 10 days after inoculation
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and a maximum disease incidence of 20 to 30% (depending of the experiment) was
reached 20 days later. Two different types of symptoms were observed on inoculated
plants. In the first one, chlorotic areas of approximately of 1 to 3 cm” with a small
necrotic lesion at their center developed at the site where sporangia were placed (Fig.
V.1.3L). Eventually sporulation formed on the abaxial surface of those areas (Fig.
V.1.3M) but no further symptoms developed. The second type of symptoms consisted
of a generalized chlorosis, leaf curling, and deformation similar to those observed
under field conditions (Fig. V.1.3N). These symptoms developed on inoculated leaves
tfollowing the localized chlorosis described above, as well as in uninoculated leaves of
the same plant. Growth of these plants was reduced or eventually ended, and affected
leaves showed moderate sporulation and became necrotic within 20-30 days after
appearance of first chlorotic lesions. Petioles of leaves affected with generalized
chlorosis and deformation as well as internodes separating inoculated from
uninoculated leaves of symptomatic plants were sampled and assayed for in-planta
detection of the pathogen using the nested-PCR protocol. Results indicated
development of systemic infection following formation of chlorotic lesions on
inoculated leaf blades (data not shown).

The other inoculation methods tested spraying the leaves with a sporangia
suspension and injecting the suspension into a leaf petiole) induced symptoms, with
much lesser efficiency and gave rise to 3-4% incidence only. When the leaves were
sprayed with sporangia the sympthoms were similar to those described for the ‘drop’
inoculation method, although extension and severity of symptoms was lower. When
the sporangia were injected in leaves, a necrosis developed in the inoculation point;
then normally no further symptoms developed, and when they appeared, plants
showed a generalized plant chlorosis and very rarely sporulation on the abaxial surface

of leaves.
Infection of opium poppy by P. arborescens oospores as inoculum
Results of the nested, species-specific PCR assays confirmed that P. arborescens

DNA was present in the powdered leaf tissues and natural soil used as source of

inoculum for experiments (data not shown). Moreover, partial sequencing of the
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amplificon produced in assays using from extracted from oospores as template DNA
confirmed the pathogen identity (GenBank Acc. Number EU871705).

In Experiment I, symptoms of downy mildew developed on six out of 75
plants (8.0% of plants) in six out of 25 pots (24.0% of pots).No symptoms developed
on control plants. Symptoms developed 3 (two plants, Fig. V.1.3K) or 8 (four plants,
Fig. V.1.3]) weeks after transplanting 1-week-old opium poppy seedlings into the
infested soil. Symptoms consisted on extensive leaf chlorosis and dwarfing of the
plant. Sporulation of the pathogen developed by 1 to 2 weeks after symptoms
appearance. These results indicate that P. arborescens oospores in debris of infected
leaves can serve as primary inoculum for infection of opium poppy early during crop
development. .

In Experiment II, both the plant growth stage (GS) and temperature
influenced downy mildew development using either powdered, infested leaf tissues or
naturally infested soil as source of inoculum. No symptoms developed on control
plants. Symptoms developed only in plants transplanted at the GS-1 (1-week old
seedlings), regardless incubation temperature (16°C »s5. 20°C). At 20°C, only one out of
16 plants (6.2 % of plants) transplanted to soil infested with powdered tissues was
affected by downy mildew. Symptoms developed by 2 weeks after transplanting and
consisted of generalized chlorosis and fast decay of the entire plant, but limited
sporulation of the pathogen occurred. At 16°C, three out of 16 plants grown if soil
infested with powdered leaf tissues (18.7% of plants) and one of 16 ones grown in soil
infested with natural soil (6.2 % of plants) showed disease symptoms. In both cases,
symptoms developed by 4 weeks after transplanting, when plants had formed 6 to 10
leaves. Symptoms consisted on generalized leaf yellowing, curling and deformation of
affected tissues. On those tissues, profuse sporulation developed on the abaxial
surface (Fig. V.1.31).

Experiment III consisted of the same set of experimental treatments than
Experiment II except for plants were incubated in a shelter under natural
environmental conditions. The first downy mildew symptoms appeared on plants at
the rosette stage in mid February, 2 months after transplanting. Symptoms were
characteristic of those due to systemic infections, including generalized yellowing,
bulky plant growth, tissue deformation, and abundant sporulation of the pathogen)

(Fig. V.1.3I). Symptoms developed under natural environment were delayed by 3
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weeks compared with those that developed in plants similarly inoculated but incubated
at a constant temperature of 16°C in the growth chamber (Experiment II). Later on,
symptoms continued to appear until the flower stalk started to form, by 1 month after
appearance of first symptoms. The plant growth stage at inoculation influenced both
the time to symptom appearance and disease incidence, regardless the type of source
of inoculum used. Thus, symptoms developed 59 and 73 days after inoculation of
plants at GS-1 using grinded, infested leaves or naturally infested soil as source of
inoculum, respectively; but they took additional 14 and 20 days to develop in plants
inoculated at GS-4 (4 week old) with that same inoculum, respectively (Table V.1.1).
Overall, the incidence of infection was about twice with oospore inoculum in
powdered opium poppy leaves compared with that in naturally-infested soil, but the
difference was not statistically significant (P = 0.1071).

Later on during the course of the experiment, a number of chlorotic areas
similar to those formed on leaves inoculated with drops of sporangia suspensions (Fig.
V.1.3L-M) developed in plants regardless experimental treatment, including those that
served as controls (ie., treatments C3, D3, and E3). These symptoms probably
originated from secondary infections caused by sporangia of P. arborescens that formed
on plants infected by soilborne inoculum of treatments A3 and B3. Sporulation of the
pathogen on leaf tissue might have been favored by environmental conditions
prevailing in the shelter during the experiment, (mean temperatures of 8 to 25°C,
relative humidity of 60 to 85%, and cumulative rain of 250 mm). At the end of the
experiment, by 150 days after inoculation, total disease incidence resulting from
primary and secondary infections in treatments A3 and B3 ranged from 34.6 to 58.8%
but they did not differ significantly (P = 0.896) (Table V.1.1). Secondary infections in
plants of control treatments C3, D3, and E3 resulted in 12.5 to 45.1% final disease
incidence that was significant lower (P < 0.001) than that reached in plants inoculated
with soilborne inoculum (treatments A3 and B3). There were no significant

differences between plant growth stage at inoculation (P = 0.310) (Table V.1.1).
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Table V.1.1. Effect of plant age and Peronospora arborescens oospores in soil or leaf debris in the
development of systemic infections of opium poppy plants incubated under a shelter and
natural environmental conditions in experiment I11.

Number of seed samples infected by

Symptomatic plants (%) © Peronospora arborescens 4
Time to
first Primary + secondary Symptomatic Asymptomatic Total

Treatment® symptom P Primary infections infections capsules capsules (%)
A3/GS-1 59 6/62 (9.7) 36/62 (58.1) 2/2 1/3 60.0
A3/GS-4 73 3/65 (4.6) 24/65 (36.9) 2/2 2/3 80.0
B3/GS-1 73 2/52 (3.8) 18/52 (34.6) 2/2 3/3 100.0
B3/GS-4 93 1/68 (1.5) 40/68 (58.8) 2/2 3/3 100.0
C3/GS-1 93 0/51 (0.0) 23/51 (45.1) 2/2 2/3 100.0
C3/GS-4 100 0/52 (0.0) 14/52 (26.9) 2/2 1/3 60.0
D3/GS-1 100 0/55 (0.0) 10/55 (18.2) 2/2 2/3 80.0
D3/GS-4 107 0/64 (0.0) 8/64 (12.5) 2/2 2/3 80.0
E3/GS-1 100 0/67 (0.0) 12/67 (17.9) 2/2 1/3 60.0
E3/GS-4 107 0/65 (0.0) 13/65 (20.0) 2/2 2/3 80.0

p> rP>
Chi- Chi- Chi- Chi-

Source¢ df square square df square square

Soil treatment (ST) 1 2.60 0.1071 4 51.74  <0.0001

Growth stage (GS) 1 1.64 0.2005 1 1.04 0.3079

ST*GS 1 0.02 0.8939 4 16.37 0.0026

Contrasts: By treatment
(A3B3) vs (C3,D3,E3) === - 1 37.80  <0.0001
A3vsB3 e e 1 0.02 0.8955

2 Seedlings at GS-1 (1 week old) and GS-4 (4-week old) stages were transplanted into 15-cm-diameter
clay pots (1.2 L) filled with 1,100 g of soil corresponding to the following treatments: A3, a 5-cm depth
layer of a mixture of pasteurized soil (500 g) and powered, infested opium poppy leaf tissues (18 g) were
placed on top of 600 g of noninfested pasteurized soil; B3, naturally infested soil sampled from ‘Casilla
San José” plot; C3, same as for treatment A3 except that the infested powered plant tissue was
previously sterilized; D3, same as treatment B3 except that soil was previously sterilized; and E3,
uninfested pasteurized soil as used in treatment A3.

b Days after inoculation and first appearance of symptoms, determined by visual assessment of leaf
chlorosis and confirmed by development of pathogen sporulation.

¢ Assessed as the number of plants showing symptoms of downy mildew 93 days after inoculation
referred to the total number of plants within a treatment (at this time period, only plants growing in soil
mixtures containing inoculum of P. arborescens showed symptoms and they were considered to result
from primary infections by oospore inoculum); or 150 days after transplant when plants grown in
sterilizer soil mixtures showed symptoms as a result of secondary infections.

4 Determined by the number of samples showing positive amplification for the pathogen DNA using a
nested PCR protocol (23) referred to the total number of seed samples.

¢ Likelihood ratio statistics for the effects of plant age and source of P. arborescens oospotes as inoculum
source in the development of primary and secondary infections of opium poppy plants.
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Table V.1.2. Effect of plant age and Peronospora arborescens oospores in soil or leaf debris in
the development of symptomatic and asymptomatic infections of opium plants incubated

under controlled conditions in experiment IV.
Number of plants with asymptomatic systemic

infection by P. arborescens (%o of assayed)e Total
Treatment? Symptomatic plants estimated (%)¢
(Yo)> Basal stem 4t-6th stem internode
A4/GS-0 5/35 (14.3) 5/15 (33.3) 4/15 (26.7; 80.0) 42.9
A4/GS-2 7/35 (20.0) 10/15 (66.7) 6/15 (40.0; 60.0) 743
A4/GS-4 4/35 (11.4) 7/15 (46.7) 5/15 (33.3; 71.4) 51.4
A4/GS-6 3/35 (8.6) 6/15 (40.0) 4/15 (26.7; 66.7) 45.7
B4/GS-0 2/35 (5.7) 4/15 (26.7) 3/15 (20.0; 75.0) 31.4
B4/GS-2 3/35 (8.6) 6/15 (40.0) 3/15 (20.0; 50.0) 45.7
B4/GS-4 3/35 (8.6) 9/15 (60.0) 5/15 (33.3; 55.6) 62.9
B4/GS-6 2/35 (5.7) 7/15 (46.7) 3/15 (20.0; 42.9) 48.6
C4/GS-0 0/14 (0.0) 0/5 (0.0) 0/5 (0.0; 0.0) 0.0
C4/GS-2 0/14 (0.0) 0/5 (0.0) 0/5 (0.0; 0.0) 0.0
C4/GS-4 0/14 (0.0) 0/5 (0.0 0/5(0.0; 0.0) 0.0
C4/GS-6 0/14 (0.0) 0/5 (0.0 0/5(0.0; 0.0) 0.0
D4/GS-0 0/14 (0.0) 0/5  (0.0) 0/5 (0.0; 0.0) 0.0
D4/GS-2 0/14 (0.0) 0/5  (0.0) 0/5 (0.0; 0.0) 0.0
D4/GS-4 0/14 (0.0) 0/5  (0.0) 0/5(0.0; 0.0) 0.0
D4/GS-6 0/14 (0.0) 0/5  (0.0) 0/5 (0.0; 0.0) 0.0
E4/GS-0 0/14 (0.0) 0/5  (0.0) 0/5 (0.0; 0.0) 0.0
E4/GS-2 0/14 (0.0) 0/5  (0.0) 0/5 (0.0; 0.0) 0.0
E4/GS-4 0/14 (0.0) 0/5  (0.0) 0/5(0.0; 0.0) 0.0
E4/GS-6 0/14 (0.0) 0/5  (0.0) 0/5(0.0; 0.0) 0.0
Source® aF Chi- F > Chi- Chi- P > Chi- Chi- P > Chi- Chi- P > Chi-
square squate square square square square square®  square
Soil treatment (ST) 1276  0.0969 0.16 0.6899 1.08 0.2995 1.33 0.2480
Growth stage (GS) 3 148 0.6864 4.55 0.2081 1.10 0.7782 9.49 0.0234
ST*GS 3 057 0.9022 2.86 0.4134 0.77 0.8578 6.83 0.0774
Contrast: By GS
GSO vs (GS2,GS4,GS6) 1 woeem eeee e e e e 6.85 0.0089
GS2 vs (GS4,GS6) 1 e e emeeee e e 1.35 0.2459
GS4 vs GS6 T e e e e e e 1.42 0.2330

aSeeds (GS-0) or seedlings at GS-2 (2 week old), GS-4 (4 week old) and GS-6 (6 week old) stages were transplanted
into 12-cm-diameter clay pots (1.2 L) filled with 1,000 g of soil corresponding to the following treatments: A4, a
mixture of pasteurized soil where 18 g of powered, infested opium poppy leaf tissues were placed over and around
the seeds or the seedling roots; B4, naturally infested soil sampled from “Vacas’ plot ; C4, same as for treatment A4
except that the infested powered tissue was previously sterilized; D4, same as treatment B4 except that soil was
previously sterilized; and E4, uninfested pasteurized soil as used in treatment A4.

b Number of plants showing downy mildew symptoms at the end of the experiment (150 days) referred to the total
number of plants within a treatment.

¢ The number of asymptomatic systemically infected plants by P. arborescens was determined by nested, species-
specific PCR assays (23) using DNA extracted from the basal stem of plants or from the 4t to 6th stem internodes
of them. For data corresponding to the 4t to 6t stem internodes, the first percentage is the total number of plants
assayed, and the second one is the number of plants that showed positive infection of basal stem.

d Determined as the sum of symptomatic plants and asymptomatic ones estimated as infected according to the
percentage of plants that showed positive molecular detection.

¢ Maximum likelihood analysis of variance from log-linear analyses for the effects of plant age and source of P.
arborescens oospores as inoculum in the development of symptomatic and asymptomatic infections of opium poppy
plants.
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At the end of the experiment, seeds were sampled from capsules (five capsules
per treatment) that either showed external sporulation (two capsules) or were
asymptomatic (three capsules) and assayed for infection by P. arborescens using the nested-
PCR protocol. Results demonstrated that both primary and secondary P. arborescens
infections may result in infection of capsules and give rise to infected seeds. Thus, all seed
samples from sporulating capsules were positive for the detection of P. arborescens (Table
V.1.1). Similarly, 60 to 100% of seed samples from asymptomatic capsules of plants in
treatments A3 and B3 infected from both primary and secondary inocula were positive for
the detection of P. arborescens (Table V.1.1). Interestingly, similar incidences of infection (60
to 80%) were detected in seed samples from asymptomatic capsules developed in control
plants exposed only to airborne inoculum (treatments C3, D3, and E3).

In Experiment IV, both the powdered leaf tissues and natural soil harboring P.
arborescens oospores were equally effective in the development of symptomatic (P = 0.097)
and asymptomatic infected plants (P = 0.690), as well as in originating infection regardless
symptoms development (P = 0.248) (Table V.1.2). There were no symptoms developing
on control plants. The incidence of symptomatic and asymptomatic plants was not
affected by the plant growth stage (P = 0.05), but a significantly higher total number of
estimated infected plants developed from seeds sown directly in infested soil (GS-0)
regardless the inoculum source (P = 0.009). However, no significant differences resulted
when seedlings of different ages (i.e., GS-2, GS-4 or GS-6) were transplanted into infested
soil (P> 0.233) (Table V.1.2). The basal stem and the 4™ to six internodes of symptomatic
and asymptomatic plants were sampled and assayed for in-planta detection of the pathogen
using the nested-PCR protocol. Results of the molecular assay indicated a high sensitivity
of the nested-PCR protocol in the detection of systemic infections by P. arborescens in
symptomatic as well as asymptomatic plants. This protocol allowed detection of 26.7 to
66.7% infection of asymptomatic plants by assaying tissues of the basal stem and 20.0 to
40.0% infection of those plants using tissues of the 4" to 6™ stem internodes (Table V.1.2).
Of the asymptomatic plants positive for infection at the basal stem, 42.9 to 80% were also
infected at the 4™ to 6" stem internodes. Only six of 54 seeds samples from asymptomatic
plants assayed with the detection protocol were infected by the pathogen. Of the six
positive samples, three corresponded to treatment A4-GS2 and one to each of treatments

A4-GS6, B4-GS0 and B4-GS2.
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Microplots experiments

Seedlings in the microplots emerged by 20 to 30 days after sowing in
November of years 2005 and 2006. Typical symptoms of downy mildew developed on
opium poppy plants in 100% of microplots which soil had been infested with either
soil from an affected opium poppy field or powdered leaf tissue from affected plants
harbouring P. arborescens oospores. Symptoms appeared by 40 to 60 days after seedling
emergence in 2005 and 20006, respectively. Most of symptomatic plants showed
sporulation of the pathogen on the abaxial leaf surface. In general, there was a low
incidence of downy mildew in all treatments. As found in growth chamber and shelter
experiments, oospores in grinded opium poppy leaf tissues were most successful in
originating infection of a plant and gave rise to an average 20% disease incidence. In
contrast, 1 to 6% disease incidence was observed when naturally infested soil was used
as source of inoculum. In these later cases, the level of disease incidence tended to
correlate with the level of disease recorded in the previous season (Table V.1.3). Thus,
incidence of downy mildew was similar (P = 0.734) in microplots infested with field
soils which had moderate or high incidence of disease the year before. The highest
levels (P < 0.001) of disease incidence occurred in microplots infested with soil
sampled from ‘La Estrella 2’ field plot.

Severe downy mildew symptoms developed in plants at the 4- to 8-leaf stage
by late February, which was coincident with occurrence of mild temperatures (10 to
15°C) and high relative humidity (75 to 90%). These symptoms were similar to those
observed in commercial field plots at comparable plant growth stage. In some cases, a
few plants in control microplots containing noninfested soil showed downy mildew
symptoms (localized chlorotic lesions with sporulation in the abaxial leaf side) late in
the season (end of April middle of May). This was likely due to infections caused by
aitborne sporangia produced on infected tissues of diseased plants growing in
artificially-infested microplots. In the second year of the experiment, mean disease
incidence also correlated with the level of disease developed in the first year of sowing,
and as occurred in that year there was some disease (< 0 to 1 plant per m”) developing

in noninfested microplots that served as control (Table V.1.3).
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Table V.1.3. Effect of sources of Peronospora arborescens oospores in development of opium
poppy downy mildew in microplots experiments under natural environmental conditions.

Number of infected plants Mean disease

Microplot Inoculum source infifiez:;izsi: itileeafs'ieeld (et year ofsowing” incidence
treatment plot* Average (@2 year Cof
I 4| 11 %) sowing)

Naturally infested soil (Experiment 1)
d
1 Initial soil/Control e 0 1 0 0 Low
2 Estrella 1 Moderate 17 15 12 2% Moderate
4 Estrella 2 High 35 32 38 6% High
6 Initial soil/Control oo 0 0 0 0 Low
8 C. San José High 14 32 29 3% High
11 San Rafael High 7 2 3 <1% High
14 La Proveedora Moderate 19 13 13 2% Moderate
15 Initial soil/Control - 0 0 0 0 -
18 Ruidero Low 0 0 1 0 Low
Infested opinm poppy leaf tissues (Excperiment 171)4
D Initial soil/tissues e 147 112 89 20% High
G Initial soil/Control ~ —————- 0 2 0 0 Low
Source© df Chi-square Pszu(;lei_
Treatment 5 711.71 <0.0001

Contrast: By treatment

Naturally infested soil vs Soil infected with leaf tissues 1 656.40 <0.0001

Infested soil: Moderate vs High [Previous disease incidence(PDI)] 1 0.12 0.7343

Moderate PDI: La Estrella 1 vs La Proveedora 1 0.01 0.9130

High PDI: La Estrella 2 vs (C. San José, San Rafael) 1 59.48 <0.0001

High PDI: C. San José vs San Rafael 1 53.61 <0.0001

2 The incidence of downy mildew in those fields the year before to the experiment was rated low (0 to 1
affected plant per m?), moderate (1 to 5 affected plants per m?) and high (> 5 affected plants per m?).

b Number of individual plants showing downy mildew symptoms 80 days after sowing, and percentage
of the total number of plants in a microplot that were symptomatic. For each treatment data are the
mean of three replications.

¢ Mean disease incidence in microplots the second year of experiments, scored 80 days after sowing.

4 In October 2005, 1 month before sowing, 300 g of powered, infested opium poppy leaf tissues were
mixed with the uppermost 10-cm depth soil layer of microplots. Microplots which soil had never been
cultivated to opium poppy were used as control in both experiments. Microplots were sown to a density
of 500 to 600 opium poppy seeds per m? in November 2005 and 20006, using surface-disinfested seeds
free of P. arborescens.

¢ Maximum likelihood analysis of variance from log-linear analyses for the effects of plant age and
source of P. arborescens oospores as inoculum in the development of symptomatic and asymptomatic
infections of opium poppy plants.
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V.1.5 DISCUSSION

The main goal of this research was to determine the nature and source(s) of
primary inoculum and infection type that determine development of opium poppy
downy mildew in Spain. For that purpose, we used an integrative experimental
approach that combined pathogencity assays under controlled and field conditions
and molecular detection of the pathogen in symptomatic and asymptomatic poppy
plants. Our results demonstrate that: (i) oospores in infested soil or leaf debris are
effective inoculum giving rise to pathogen ingress through underground plant tissues
early during poppy seedling growth that result in symptomatic or asymptomatic
systemic infections; (ii) sporangia formed on infected plants are effective in producing
secondary local infections that may latter become systemic; and (iii) primary systemic
infections by soilborne oospores, and secondary infections by airborne sporangia,
either systemic or non-systemic and symptomatic or asymptomatic, can give rise to
production of infected seeds.

Downy mildew affected all opium poppy fields surveyed in our study
indicating that P. arborescens is widespread throughout the two major opium poppy
growing areas of southern and central Spain (Fig V.1.1). Two main disease syndromes
were differentiated in affected fields during the surveys. Firstly, when infection
occurred at early stages of crop development plants were severely stunted, showed
generalized chlorosis, and usually died before formation of capsules and seeds (up to
12 to 14 leaves formed). Artificial inoculation experiments successfully reproduced
this stunting syndrome, and in-planta detection of the pathogen by means of nested-
PCR assays demonstrated that stunting results from systemic infections of
underground young tissues by P. arborescens oospores in soil or leaf debris. Secondly,
localized chlorotic spots were observed on leaves developed at later stages of crop
development, with the corresponding abaxial side of those spots showing sporulation
of the pathogen. The formation of those chlorotic spots must be due to secondary
infections by airborne P. arborescens sporangia, as suggested by symptoms developed
after artificial inoculation of poppy leaves with drops of a suspension of sporangia
collected from naturally infected opium poppy leaves, or by spraying plants with the
suspension. Interestingly, these localized infections allowed the pathogen to

systemically colonize plant parts distant from the sites of inoculation and produce
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additional secondary inoculum. Thus, pathogenesis in the opium poppy downy
mildew disease appears to be similar to that caused by other soilborne downy mildew
pathogens, such P/l halstedii on sunflower (Helianthus annnus) (8), as well as
Peronosclerospora sorghi on sorghum (Sorghum bicolor) and maize (Zea mays), and Sclerospora
graminicola on pearl millet (Pennisetum glancum) (17). Such a pathogenesis characterizes
by root infection of young seedlings by overwintering oospores in soil as the primary
mode of infection, which results in systemic infection that usually gives rise to either
seedling death or an extremely stunted plant with minimal seed yield.

While artificial inoculation experiments demonstrated that P. arborescens
oospores in soil or leaf debris are effective as inoculum for development of systemic
infection of opium poppy plants, results from the field microplot experiments
provided further evidence that naturally infested soil is an important source of primary
inoculum for the development of epidemics of the opium poppy downy mildew
disease. Oospore inoculum in soil may easily increase over the years as infected leaf
debris decomposes and release oospores formed in them. In our study, we have
observed that leaves on severely affected plants become necrotic, dried, eventually
shrivel and contain numerous oospores that hereby have been proved effective as
inoculum. Several factors may influence the efficiency of oospores in soil and leaf
debris for infection and disease development. In this work, we have addressed the
effects of plant age and air temperature on disease development. Overall, P. arborescens
oospores were more efficient in causing systemic infections of opium poppy seedlings
1-week-old or younger compared to older growth stages, but plants up to 6-week-old
plants were infected when transplanted to infested soil. Infection of older plants
remained mostly asymptomatic but seeds formed in them were infected by the
pathogen. A similar behavior in the plant-pathogen relationships have been reported
for other systemic downy mildew diseases (e.g., sunflower downy mildew caused by P/
halstediz, 5,8). Also, a decrease of infection efficiency by sporangial inoculum with
increasing plant age was reported for other downy mildew pathogens characterized by
local infections of aerial plant parts, such as P. Zabacina on tobacco (29), Bremia lactucae
on lettuce seedlings (10) and P. viciae on pea (21).

Air temperature also influenced infection and further development of systemic
infections by oospores of P. arborescens. A constant temperature of 16°C was more

favorable for seedling infection compared with 20°C. Temperature was shown to be
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an important factor in the onset and spread of sunflower downy mildew, the average
air temperatures most favourable for infection being in the range of 10 to 15°C,
whereas temperatures above 17°C were detrimental for oospore germination and
development of mycelia within the plant tissue (15). For other downy mildews that
characterize by systemic infections, temperature can be more restrictive for systemic
infection and colonization by soilborne oospores than for the subsequent sporulation
of the pathogen on leaves or for leaf infection and colonization by airborne sporangia
in secondary infection cycles (e.g., 1,17). Airborne sporangia of downy mildews are
ephemeral and may die within hours after take off from sporulating lesions; however,
they can give rise to successful and frequent secondary infections because of the high
numbers formed on leaves and that the detrimental effects of suboptimal
temperatures for germination and infection can be complemented by longer wetness
periods (1,3,17). This may explain that the incidence and severity of symptoms
developed on plants incubated under a shelter (Experiment I1I) or in field microplots
under natural environmental conditions, where secondary infections took place, where
higher than those occurring in the growth chamber experiments (I, II, and IV), where
secondary infections were avoided.

Besides infested soil, infected seeds can be a source of primary inoculum for
opium poppy downy mildew. In a recent study, we demonstrated that P. arborescens is
seed borne and transmitted to newly developed poppy seedlings and that commercial
seed stocks harvested from opium poppy crops with high incidence of the downy
mildew disease were frequently infected by the pathogen (20). In addition, alternative
hosts (i.e., wild Papaver spp.) might be potential sources of primary inoculum for the
disease. Observations in this present study suggest that wild poppy plants do not play
a significant role as a source of primary inoculum for opium poppy downy mildew.
Thus, only a few Pap. rboeas plants were found infected by P. arborescens in a single field
in Andalucia that lacked both symptoms and sporulation of the pathogen. Similarly,
only a few wild poppy plants in three fields at Toledo province of Castilla-La Mancha
region, central Spain, were found infected by P. arborescens though they showed
symptoms and sporulation similar to that occurring in cultivated opium poppy. These
differences in the infection of wild poppy plants between the two regions might be
due to differences in environmental conduciveness for infection and/or host

specialization of the pathogen to Pap. rhoeas populations present in them. In a recent
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study (23), maximum parsimony analysis of ITS rDNA sequences of P. arborescens
from fresh and herbarium specimens of Pap. dubium, Pap. hybridum, Pap. rhoeas, and Pap.
sommifernm from different countries showed that a degree of host specificity may exist
within populations of P. arborescens. 'Thus, P. arborescens isolates infecting wild poppy
were more diverse than those infecting cultivated Pap. somniferum. In any case, even if
infection of wild poppies can infest opium poppy crops, we have no evidence yet that
oospores formed in any of the Papaver spp. plants sampled so far. Therefore, Papaver
spp. do not seem to play an important role in the provision of oospores as primary
inoculum for downy mildew epidemics in opium poppy crops and it is doubtful that
sporangia produced in wild poppies might significantly contribute to disseminating the
pathogen within those crops in springtime in some areas. Similarly to our results,
oospores of P. cristata, the other downy mildew opium poppy pathogen, were not
detected in any of the wild poppy specimens examined in the Derwent Valley of
Tasmania (9).

In consequence, considering the limited role, if any, of alternative hosts as a
source of primary inoculum, our results about the ability of airborne P. arborescens
sporangia from diseased opium poppy plants to cause local or systemic infections of
capsules that give rise to infected seeds are of much importance for understanding the
pathogenesis of the disease. Moreover, research in progress utilizing the same nested-
PCR protocol used in this present work have shown that the pathogen can be
detected in commercial seed stocks harvested from opium poppy crops that have
either no evidence or low incidence of downy mildew (23). In this present study, we
have demonstrated that opium poppy seeds can be infected as a consequence of
systemic primary infections by oospores, as well as either systemic or non-systemic
secondary infections by sporangia, and that both kinds of infection types can take
place without symptom expression in the plant. This fact is particularly important
since ALCALIBER S. A., the only enterprise officially authorized for opium poppy
cultivation in Spain, has practiced an strategy of selecting seed stocks for next year
sowings from fields that have not showed any sign of disease. Even with this caution,
the downy mildew disease has spread rapidly to large areas where opium poppy had
not been cropped before. Our results help to identify that seedborne transmission of
P. arborescens in commercial seed stocks may have contributed to that disease spread.

Seed infection appears to be a general feature of downy mildew pathogens, and it has
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been demonstrated in many cases; for example, P. ducometi in buckwheat Fagopyrum
esculentum) (36), P. manshurica in soybean (Glycine max) (26), P. tabacina in tobacco
(Nicotiana tabacum) (7), Pl. halstedii in sunflower (8), and S. graminicola in pearl millet (32),
but the relative importance of infected seeds as a source of primary inoculum depends
upon the specific pathogen and geographic area.

In the opium poppy/P. arborescens pathosystem, repeated secondary cycles of
infection are thought to drive epidemics under favourable environment once
sporangia of the pathogen form on the abaxial leaf side of systemically colonized
plants following primary infection events, or development of local secondary foliar
lesions. Research in Tasmania demonstrated that airborne sporangia of P. cristata are a
major factor for downy mildew epidemics and determine the incidence and severity of
the diseases due to the rapid spread of the pathogen throughout opium poppy crops
(29). Preliminary studies in southern Spain also suggest a similar pattern of pathogen
spread and disease development (25). Moreover, oospores formed in infected leaves
can eventually contribute to built up of inoculum in soil as they become released
following decomposition of affected tissues and .are effective as inoculum just the
next crop season of their production on the plant and after incorporation into soil.

In our study, we found that incidence and severity of downy mildew attacks
were always higher in opium poppy crops in Castilla-La Mancha region at central
Spain compared with those in Andalucia at southern Spain. This could be explained by
environmental conditions being more conducive to disease in the former region (Fig.
2), but also be due to differences in cultural practices. While sprinkler irrigation is a
common agricultural practice in Castilla-I.a Mancha, opium poppy crops in Andalucia
are mainly rain fed. In fact, opium poppy plants grown in Castilla-L.a Mancha develop
wider canopies where microclimate conducive to disease may easily occur that
facilitate the spread of sporangia as well as their survival, germination and infection.
This likely result in the higher downy mildew incidence and severity that we observed
in this region. Furthermore, disease conduciveness of weather in that region is of
particular importance during the flowering and capsule formation stages of the crop
because it can increase the risk of seed infection. On the contrary, conducive weather
for development of downy mildew in Andalucia occurs only during the earlier growth
stages of crop development when canopy closure has not taken place yet. Conversely,

the weather conditions (higher temperatures and lower humidity) prevailing later
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during the crop growth are less conducive to downy mildew, and therefore secondary
infection cycles and particularly seed infection should be less frequent in that area at
southern Spain. Since geographical areas in Spain suitable for the crop and yet free of
the pathogen share the agro-ecological characteristics prevailing in Castilla-L.a Mancha
region, the disease may likely establish in them if the pathogen spread is not propetly
controlled. In fact, downy mildew has been recently detected in opium poppy crops in
areas at Castilla-Leon region, north-central Spain, where opium poppy had not been
grown before (F.J. Mufioz-Ledesma, personal communication). The source of P. arborescens
inoculum in those later areas has not been determined yet.

In summary, the results referred above indicated that in Spain both infected
and infested soil are the major sources of primary inoculum for opium poppy downy
mildew caused by P. arborescens. Consequently, efforts should be taken to avoid used of
pathogen infected seed or soils with history of the disease. In this sense, the use of the
nested-PCR protocol developed by Montes-Borrego et al. (23) has proved of great use
for diagnosing the pathogen in commercial seed stocks and it is being currently used
by ALCALIBER S.A. for selecting commercial seed stocks to be used in next year
sowings. Research is currently ongoing to adapt that protocol for the detection of the

pathogen in soil.
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Discusion general

Las enfermedades constituyen un factor de importancia para los rendimientos
del cultivo de adormidera y en consecuencia pueden repercutir negativamente sobre el
papel que éste desempefia en la industria farmacoldgica y la sanidad humana.

Durante las ultimas décadas se esta acentuando el envejecimiento progresivo
de la poblacién y paralelamente se esta produciendo un aumento manifiesto de la
prevalencia de algunas enfermedades croénicas en ella. A ello han contribuido los
avances en el tratamiento de patologfas oncologicas, que han aumentado la
supervivencia de muchos pacientes. Sin embargo, la mejora de la calidad de vida de
éstos durante las fases avanzadas de dichas enfermedades depende fundamentalmente
del esmero en los cuidados paliativos y el tratamiento integral del paciente terminal.
En 1986, la magnitud del problema del tratamiento insuficiente del dolor oncolégico
llev6 a la Organizacion Mundial de la salud (OMS) a publicar las directrices para el
control del dolor en pacientes afectados de cancer de diversa naturaleza (World Health
Organization 1986), basado en el uso de fairmacos opioides como piedra angular, y
supone que mas del 80% de los pacientes pueden ser atendidos utilizando este sistema
(Zech et al,, 1995).

El papel de las sustancias opioides, fundamentalmente morfina, como
medicamento para el dolor oncoldgico terminal determiné su inclusion en la lista de
medicamentos esenciales de la OMS. En Espafia, alrededor de 90.000 personas
fallecen cada afio debido a tumores malignos. Esto supone que diversos tipos de
cancer constituyen la primera causa de muerte en nuestro pafs, a la cual se atribuyen
una de cada cuatro muertes (Regidor et al.,, 1998). El 30-40% de los pacientes con
cancer sometidos a tratamiento activo contra la enfermedad refieren al dolor como el
sintoma mas temido y discapacitante para el paciente canceroso, y en enfermedad
avanzada este porcentaje llega a ser del 70 al 90% (Cleeland et al., 1994; Llobera et. al.,
1998). Ello determina la necesidad de aliviar el dolor en dichos pacientes como medida
paliativa en ausencia de curacion.

La adormidera (Papaver sommiferum L.) es uno de los cultivos mds importantes
para la industria farmacéutica en Espafia, ya que constituye la tnica fuente de los
alcaloides morfina, codeina y tebaina ampliamente utilizados en medicina, bien
directamente o como fuente para otros derivados semisintéticos, como analgésicos,
antitusivos y antiespasmodicos. La industria farmacéutica espafola consume

anualmente alrededor de 5.500 kg de morfina, con una tendencia al incremento, entre
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otros motivos, por el aumento de la esperanza de vida de los pacientes oncologicos y
el envejecimiento de la poblacién espafiola.

Espafia es el quinto productor europeo de semilla y paja de adormidera con
una supetficie de cultivo de aproximadamente 7.500 hectareas repartidas entre las
Comunidades Autéonomas de Andalucia, Castilla- la Mancha, y Castilla y Leon, lo cual
supone casi el 4 % de la superficie mundial cultivada de adormidera. Durante los
ultimos afios, los rendimientos del cultivo de adormidera han venido disminuyendo
como consecuencia de ataques de diversas enfermedades, algunas de las cuales son de
etiologfa aun desconocida. Durante las campafias agricolas 2001/2002 a 2005/2006 se
observaron ataques severos de una nueva enfermedad de aparente etiologia fungica,
diferente por sus caracteristicas sintomatolégicas de la Necrosis de raiz y cuello
causada por DPleospora papaveracea hasta ahora considerada la enfermedad mas
importante de la adormidera (Munoz-Ledesma, 2002). En el curso de las cinco
campanas referidas, la incidencia y severidad en los ataques de la nueva enfermedad se
han incrementado de manera notable. Esta nueva enfermedad, inicialmente
denominada como Mildiu por su sintomatologia, puede haber estado presente en
Espafia con baja incidencia desde que la adormidera se establecié a principios de los
1970°s en las areas mas secas de Andalucia. Sin embargo, a medida que el cultivo se ha
extendido a nuevas zonas geograficas mas frescas y humedas en Espana (i.e., Castilla-
la Mancha, y Castilla y Leén) o se ha incorporado al regadio a fin de mejorar el
rendimiento de las cosechas (i.e., Andalucia; Castilla-l]a Mancha) (Mufioz-Ledesma,
2002), se le ha ubicado aparentemente en ambientes mas favorables para el desarrollo
de enfermedades que dependen de temperaturas moderadas y abundante
pluviometria/humedad relativa, como son los Mildius, y ello ha podido determinar
que la incidencia y severidad de los ataques de esta nueva enfermedad se haya
incrementado en el tiempo.

El incremento en la incidencia y severidad del Mildiu en cultivos de
adormidera en Espafa y la rapida dispersion del agente causal a las diferentes areas de
cultivo en los ultimos afios, han obligado a Alcaliber, S.A. (inica empresa que desde
1973 esta autorizada en Espafia a su cultivo con vistas a la obtencién de concentrado
de paja de adormidera y posterior extraccion quimica de sus alcaloides con fines
exclusivamente medicinales) a promover acciones de investigacion sobre el

patosistema P. arboresens-Pap.  somnifernm para establecer las bases etiologicas y
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epidemioldgicas que permitan establecer estrategias y medidas de control de la
enfermedad para la protecciéon del rendimiento y garantia de la producciéon de
adormidera en la agricultura espafiola.

El conocimiento cientifico que se posee sobre el Mildiu de la adormidera es
muy escaso y fragmentario a nivel mundial, y nulo a nivel europeo. Estudios recientes
indican que el Mildiu se ha convertido en la enfermedad de mayor importancia para la
industria de adormidera en Tasmania (Australia; primer productor mundial), desde que
se diagnosticara por vez primera en dicha zona en 1996. De hecho, esta enfermedad
puede causar la devastaciéon completa del cultivo en dicha zona en ambientes lluviosos
o de humedad elevada (Cotterill y Pascoe, 1998), y se desarrolla con caricter
epidémico y devastador en ella cada afio obligando a abordar su control mediante
tratamientos fungicidas debido a la magnitud y consistencia de las pérdidas que
ocasiona (Scott et al., 2003).

Esta Tesis Doctoral se planteé con el objetivo finalista de obtener nuevos
conocimientos sobre la etiologfa, biologfa y epidemiologia del Mildiu de la adormidera,
incluyendo la caracterizacion y deteccion molecular especifica del agente causal, que
hicieran posible establecer las bases cientificas para el desarrollo de estrategias eficientes
para el control integrado de la enfermedad. Como resultado de las investigaciones
llevadas a cabo en la presente Tesis doctoral, se ha determinado que el agente causal
del Mildiu de la adormidera en cultivos comerciales en Espafia es el oomyceto
biotrofo obligado Peronospora arborescens (Berk) de Bary (Capitulo 11.1; Landa et
al., 2005). En una primera aproximacion, la sintomatologia de la enfermedad, el analisis
morfolégico de las estructuras del agente, y los ensayos de patogenicidad asi como los
analisis de secuencias de la region I'TS1-5,85-1TS2 del ADN ribosémico del patoégeno,
confirmaron al agente causal del Mildiu de la adormidera en Espafa como P. arborescens.
Posteriormente, mediante la utilizaciéon de técnicas convencionales y moleculares
descritas y puestas a punto en esta Tesis Doctoral (Capitulo II1.1; Landa et al., 2007), se
pudo confirmar a P. arborescens como agente causal del Mildiu en Francia, otro de los
principales paises productores de adormidera en Europa (Capitulo 11.2; Montes-
Borrego et al., 2008). P. arborecens tue descrito por primera vez como agente causal de
Mildiu de Papaver spp. en Europa en 1929 (Yossifovith, 1929). Posteriormente, P.
arborecens ha sido descrita como agente del Mildiu de Papaver spp. en otros paises,

incluyendo Alemania, Argentina, Australia, Austria, Bulgaria, Canada, China,
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Dinamarca, EE.UU., Egipto, Francia, Finlandia, Gran Bretafia, Holanda, Hungtfa,
India, Iran, Irlanda, Israel, Italia, Japén, Republica Checa, Rumania, Suecia, Suiza, Ex
Unién Soviética, Uruguay, y Yugoslavia (Capitulo 1.1). Sin embargo, la identificacion del
agente causal del Mildiu de la adormidera en Tasmania no tuvo lugar hasta el afio 2004,
y la caracterizacion molecular del mismo lo identificé como P. cristata, una especie
morfologicamente indistinguible de P. arborescens (Scott et al., 2004).

Posteriormente, una vez caracterizada la identidad del agente causal del Mildiu
de la adormidera procedimos a establecer la composicion y diversidad genética
existente en las poblaciones de éste y sus relaciones filogenéticas basadas en el
analisis de las secuencias de la region ITS del ADN riboséomico (ADNTr)
(Capitulo III.1; Landa et al., 2007). Para ello, se han utilizado secuencias de Peronospora
spp. depositadas en las bases de datos del Genbank y nuevas secuencias obtenidas en el
curso de la investigacién a partir de muestras de tejidos frescos o desecados de
Meconopsis cambrica, diversas Papaver spp., y raiz, tallo, hojas y semillas de Pap. somniferum
cultivadas y silvestres. Los resultados del estudio demuestran que Pap. somniferum puede
ser infectada por dos especies distintas de Peronospora; y que a diferencia de lo
encontrado en Tasmania (Australia) P. arborescens en lugar de P. ¢ristata es el Gnico agente
causal del Mildiu de adormidera en Espafia y Francia, confirmando con ello trabajos
anteriores (Yossifovith, 1929; Landa et al., 2005).

Los analisis filogenéticos iniciales demostraron que las poblaciones de P.
arborescens procedentes de diferentes areas de cultivo de las tres principales regiones
productoras de adormidera en Espafia y Francia presentan un bajo nivel de diversidad
genética (Capitulo II1.1 y I1.2; Landa et al., 2007, Montes-Borrego et al., 2008). Sin
embargo, nuevos analisis filogenéticos para los que se incluyeron diferentes especies de
Papaver (Pap. dubium, Pap. hybridum, Pap. rhoeas, y Pap. somniferum) procedentes de
colecciones de herbario y con diferentes origenes geograficos (Capitulo 111.2; Montes-
Borrego et al., 2009), indicaron por primera vez que en las poblaciones de P. arborescens
podria existir cierto grado de especializacién parasitica sobre huéspedes determinados.
En resumen, el nuevo analisis filogenético de las secuencias I'TS del ADNr indicé que
(Capitulo 111.2; Montes-Borrego et al., 2009):

(i) existe diversidad genética en las poblaciones de P. arborescens existentes en

diferentes lugares del mundo; y
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(i) que existe un cierto grado de especializacion parasitica en las poblaciones de
P. arborescens que infectan Papaver spp., siendo las poblaciones del agente que infectan las
Papaver spp. arvenses mas diversas que los que se encuentran infectando cultivos de Pap.
Somniferunm.

Actualmente, los conceptos taxonémicos en la clasificaciéon de los Mildius se
consideran inadecuados y potencialmente erréneos, ya que los estudios previos de
taxonomia y evolucién se basaron principalmente en unos pocos caracteres
morfolégicos y en la naturaleza botanica del huésped de origen (Choi et al., 2003;
Constantinescu y Fatehi, 2002; Hall, 1996). La mayoria de los estudios previos en P.
arborescens y P. cristata se han realizado basandose en caracteristicas morfoldgicas del
patégeno y la sintomatologia del huésped infectado. Puesto que tales caracteristicas son
muy similares en ambos patogenos (Francis, 1981; Reid, 1969; Scott et al., 2004), es
posible que algunas de las descripciones atribuidas a una de las dos especies en un pais
determinado pudieran corresponder a la otra especie. Los protocolos puestos a punto
en los dos trabajos incluidos en el Capitulo III de esta Tesis Doctoral seran
posiblemente de gran utilidad en trabajos futuros sobre epidemiologia y biogeografia de
los Mildius, asi como para aclarar posibles identificaciones erroneas en el pasado de P.
arborescens y P. cristata, los dos agentes causales descritos del Mildiu de la adormidera.

Ademas de su uso para estudios filogenéticos, las secuencias de las regiones
espaciadoras internas (I'TS) de ADN ribosémico (ADNr) han demostrado ser utiles en
el desarrollo de protocolos de PCR especie-especificos para la deteccion e
identificacion i» planta de hongos fitopatdgenos (Aegerter et al., 2002; Bonants et al.,
1997; Choi et al., 2003; Scott et al., 2004; Silvar et al., 2005). En los trabajos realizados
en esta Tesis Doctoral se emple6 una metodologia similar para desarrollar tres pares
de iniciadores especificos de P. arborescens y un protocolo basado en PCR, que se han
demostrado eficaces para responder de forma precisa a diferentes cuestiones sobre
este patosistema. Este método ha quedado recogido en la patente espafiola N°
P200603319, y sus dos extensiones P200803261 y P200803262, y ha sido extendida
internacionalmente con la aplicacién N° PCT/ES2007/000781.

Mediante el uso del método para la identificacion y deteccion de P. arborescens
desarrollado en esta Tesis Doctoral (Capitulo 111.1; Landa et al., 2007) es posible:

(i) Identificar y diferenciar sin ambigtiedad a P. arborescens de P. cristata. Ademas,

permitié corroborar a lo largo del desarrollo de este trabajo que P. arborescens es el
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unico agente causal del Mildiu de la adormidera en los cultivo de Pap. sommniferum en
Espana.

(i) Detectar de forma especifica P. arborescens en tejidos de plantas de
adormidera infectadas sintomatica o asintomaticamente; y

(i) Detectar y confirmar la presencia de P. arborescens en semillas de
adormidera; lo cual hace a la tecnologia desarrollada util para llevar a cabo acciones
que impidan la diseminacion el patégeno entre cultivos y zonas geograficas exentas de
éste.

Debido a la naturaleza biotréfica obligada de los Peronosporales, la
disponibilidad de protocolos moleculares para su deteccion e identificacion iz planta,
incluida la semilla, es particularmente importante para la puesta en practica de
programas de certificacion sanitaria de la planta y el cultivo. Tal tecnologia de
diagnoéstico debe ser, por tanto, lo suficientemente sensible como para detectar
pequenas cantidades de estructuras del patégeno antes de la expresion evidente de los
sintomas en el huésped, y lo suficientemente especifica como para evitar problemas de
reaccion cruzada de otros patégenos con los que pudiera estar relacionado.

Por ello, en el desarrollo en esta Tesis Doctoral del referido método de anilisis
para identificar a P. arborescens se ha puesto particular énfasis en asegurar que presenta
entre otras las siguientes capacidades:

(i) Alta especificidad: puesto que no se produce amplificacion cruzada con otros
patégenos relacionados, especialmente cuando se utilizan tejidos de adormidera
infectados por P. ¢ristata.

(1) Alta sensibilidad: puesto que el patdégeno puede ser detectado en tejidos de
plantas sin sintomas y en lotes de semillas en los que el patégeno puede estar presente
en concentraciones muy bajas; y

(i) Considerable versatilidad: puesto que puede ser aplicado a diferentes
muestras vegetales de diversas especies de Papaver, incluyendo capsulas, hojas, raices,
semillas y tallos;

Los resultados obtenidos demuestran sin ambigiiedad la especificidad de los
iniciadores elegidos y la capacidad de éstos de diferenciar entre si a las dos especies
causantes de Mildiu en adormidera, P. arborescens y P. cristata. Asi, slo se obtuvieron

productos de PCR del tamano pronosticado cuando se realizaban amplificaciones de
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muestras que contenfan ADN de P. arborescens; y no se produjo amplificaciéon cruzada
cuando se utiliz6 ADN de otros hongos y oomycetos sometidos a ensayo.

Mas importante aun es el hecho de que el patégeno puede ser detectado a muy
bajas concentraciones. Asi, la senstbilidad o limite de deteccién para cada uno de los
pares de iniciadores vari6 entre 0,1- 1,0 pg de ADN de P. arborescens (dependiendo de
la par de iniciadores). Esta sensibilidad no se vio afectada cuando el ADN de P.
arborescens se encuentra diluido en un fondo de ADN adormidera de hasta 20 ng, e
incluso la sensibilidad aumenté cuando para las diluciones se utiliz6 ADN de semillas
sanas, desinfestadas, en lugar de hojas. La cantidad de ADN de P. arborescens que
podtia ser detectada utilizando el par de iniciadores DCG6/ITS4, descritos como
universales para Oomycetos, fue de 2x a 3x superior (i.e., menor sensibilidad)
comparada con la detectada usando los iniciadores especificos disefiados en este
estudio.

La wersatilidad de la técnica ha quedado suficientemente contrastada a lo
largo del desarrollo de los trabajos de investigacion realizados en esta Tesis Doctoral,
donde esta técnica ha sido utilizada con éxito en analisis con ADN extraido de todos
las partes de plantas, y en estados de crecimiento que van desde semilla hasta de planta
madura una vez completado el ciclo del cultivo, e incluso cuando hemos utilizado
muestras de ADN procedentes de suelos de campos de adormidera (Capitulo V.1;
Montes-Borrego et al., en revision).

En trabajos futuros de investigacién, serfa necesario desarrollar nuevos
iniciadores y protocolos con los que sea posible garantizar la diferenciacién entre P.
arborescens y P. cristata durante los procesos de deteccion i planta, con el fin de faciltar
la puesta en practica eficiente de acciones de exclusion y erradicacion (Maloy, 1993).
La sensibilidad, especificidad y robustez de dichos iniciadores y protocolos deben ser,
en razén de lo anteriormente descrito, suficientes para obviar los inconvenientes que
se han sefialado para otros métodos de deteccion molecular (Guillemette et al., 2004;
Silvar et al., 2005).

El avance en la investigacion sobre protocolos para la deteccion e
identificacion molecular de P. arborescens mediante PCR  especifica simple, y
subsiguiente analisis de su diversidad genética, sugiri6 que se podian introducir
mejoras sobre la sensibilidad de deteccion mediante la tecnologfa de PCR anidada o

‘nested’-PCR, debido al empleo como molde de ADN amplificado en una primera
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reacciéon PCR vy al uso de iniciadores que reconocen secuencias internas del amplicon
producido en ésta. En el procedimiento desarrollado en esta Tesis Doctoral (Capitulo
II1.2; Montes-Borrego et al., 2009), se utilizan un par de iniciadores especificos para
Oomycetos (i.e., DC6/ITS4) para la primera ronda de amplificaciéon y los pares de
iniciadores especificos de P. arborescens P3 y P6 desarrollados y patentados (Capitulo
II1.1; Landa et al., 2007), en la segunda.

La mejora en la sensibilidad de la deteccién alcanzada mediante el nuevo
procedimiento fue especialmente importante para el analisis de muestras en las que la
cantidad de patdgeno, y por tanto el ADN de ¢l extraible, puedan ser muy bajos en
relacion con el ADN extraido del tejido vegetal. El protocolo de ‘nested’-PCR
especifico de P. arborescens permitio:

(i) Corroborar que P. arborescens es el unico agente causal del Mildiu en cultivos
de adormidera y en diferentes Papaver spp. en Espafia procedentes de diversas zonas
geograficas

(if) Amplificar P. arborescens en especimenes de herbario de Papaver spp. de hasta
96 afios de antigiedad, cuya amplificacion habia resultado fallida con el protocolo de
PCR simple.

(iil) Demostrar que P. arborescens puede generar tanto en adormidera cultivada
como en Papaver spp. arvenses infecciones sistémicas asintomaticas, e infectar lotes de
semillas recogidas de cultivos con incidencia de la enfermedad baja o dificilmente
perceptible.

Comparado con la metodologia de PCR simple, el nuevo protocolo ‘nested’-
PCR desarrollado proporciona un incremento en el limite de detecciéon de 2x a 3x
ordenes de magnitud cuando se utiliza con tejidos vegetales frescos y semilla
(dependiendo de la pareja de iniciadores), que es de gran importancia para su
aplicacion a procesos de certificacion de semillas, especialmente cuando la deteccion
mediante PCR simple es poco eficiente o negativa. Este incremento de 2x a 3x
ordenes de magnitud en el limite de deteccion permite detectar hasta 5,0-0,5 fg de
ADN de P. arborescens en una mezcla de ADN de la planta en comparacién con los
limites de deteccién (1 pg a 100 fg) de otros protocolos para otros oomycetos como
Phytophthora spp. y P. tabacina descritos en la literatura (e.g., Ippolito et al., 2002; Schena
et al., 2008; Tsay et al., 2000), lo cual refrenda la alta sensibilidad de los iniciadores

disefiados y el acierto en el protocolo original de PCR simple.
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El uso de la técnica ‘nested’-PCR demostré que P. arborescens puede estar
presente en lotes de semillas cosechados en cultivos de adormidera con escasa o
imperceptible incidencia de Mildiu, al igual que en plantas aparentemente sanas. Estos
resultados podria explicar la extensa y rapida extension del patdgeno y la enfermedad a
nuevas zonas de cultivo, debido a la potencial presencia de P. arborescens en semillas de
cultivos aparentemente libres de infeccion. La disponibilidad de la nueva y mejorada
de deteccion es particularmente importante para Alcaliber S.A. y otras compafiias
implicadas en el cultivo controlado de adormidera, a fin de asegurar que los lotes de
semilla proporcionados a los agricultores se encuentran libres del patdgeno.

Las técnicas de deteccion e identificacion molecular cualitativa descritas
(Capitulos II1.1 y IIL2: Landa et al, 2007, Montes-Borrego et al., 2009) han
contribuido a resolver problemas del patosistema P. arborescens-Pap. somniferum
asociados tanto con la identificacién y deteccion del patdégeno, como al mejor
conocimiento de la biologia y epidemiologia de la enfermedad, y son especialmente
importantes en el caso de agentes microbianos biotrofos estrictamente obligados
como P. arborescens.

Sin embargo, dichas técnicas presentan la gran limitaciéon de no ser de utilidad
para cuantificar el nivel de infeccion/infestacion por el patdogeno en los substratos
analizados. Por tanto, era necesario desarrollar un método cuantitativo y basado
en las técnicas de deteccion e identificacion molecular, que dada la naturaleza del
patégeno y las caracteristicas asociadas con la infecciéon de la planta y modos de
transmision, permitiera establecer niveles de resistencia/tolerancia/susceptibilidad en
germoplasma de Papaver spp. disponible con fines de mejora genética del cultivo, asi
como establecer correlaciones entre niveles de infeccion en semilla y planta antes y
después de aplicar diferentes estrategias de control, ya fuesen éstas de naturaleza
biolbgica, quimica o fisica.

La Reaccién en Cadena de Polimerasa cuantitativa (qQPCR) en tiempo real esta
siendo cada vez mas utilizada en Fitopatologfa para la deteccién y cuantificacion de los
agentes fitopatégenos, incluso a niveles de infeccién incipiente (Winton et al., 2002;
Zhang et al., 2005). Esta técnica permite la cuantificacion de acidos nucleicos en
muestras con cantidades desconocidas de éstos mediante comparacion directa con
muestras estandar amplificadas en reacciones paralelas (Heid et al., 1996; Wong y

Medrano, 2005). En el caso del Mildiu de la adormidera, los ensayos qPCR podrian
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ademas tener el valor afiadido de ser un procedimiento util para monitorizar la
infeccion en el tiempo de cualquier tejido de la planta por el patégeno, ya que puede
facilitar la cuantificacion exacta de la cantidad de ADN de P. arborescens presente en
aquél, contrarrestando con ello la dificultad que presenta dicha monitorizacién por
métodos microbiologicos en razéon de la naturaleza biotréfica obligada del agente.
Dicha  monitorizacién  permitirfa, por ejemplo, evaluar el fenotipo
(resistente/tolerante/susceptible) de genotipos de adormidera en cuanto a su
capacidad de reducir la infeccién y/o colonizacién de la planta por el patdgeno; y
establecer relaciones entre la cantidad de dicho agente en la semilla o en suelo
infestado (indicada por el ADN de P. arborescens cuantificado en el substrato) y el
desarrollo posterior de la enfermedad.

En esta Tesis Doctoral se ha desarrollado un protocolo qPCR (Capitulo IV.1
Montes-Borrego et al., en preparacion) que posee las mismas ventajas de especificidad,
sensibilidad, y versatilidad que el protocolo de PCR-simple antes descrito (Capitulo 111.1;
Landa et al., 2007). Ademas, el protocolo qPCR desarrollado presenta como ganancia
neta la rapidez, precision y sencillez en la deteccion y cuantificacion de P. arborescens en
semillas y diversos tejidos de adormidera. Las aplicaciones que hemos realizado de
dicho procedimiento, utilizando los iniciadores y protocolos disefiados en los estudios
anteriores, han proporcionado resultados de gran interés que son fundamentalmente
consecuencia de la calidad del procedimiento para la deteccion molecular cualitativa
que habfamos desarrollado con anterioridad (Capitulo IIL.1; Landa et al., 2007). El
procedimiento de cuantificacién molecular de P. arborescens basado en la qPCR puesto
a punto ha permitido ahora, y auspicia posibilidades adicionales en el futuro:

(i) Certificar la sanidad de la semilla de adormidera que es distribuida a los
agricultores.

ii) Tomar decisiones sobre la necesidad de desinfeccién/desinfestacion de la
semilla o de realizar tratamientos fungicidas de lotes de semillas infectadas.

iii) Evaluar la eficiencia del proceso de desinfeccién/desinfestacion de lotes de
semillas.

iv) Evaluar la resistencia o tolerancia a P. arborescens en germoplasma de
adormidera de interés mediante la monitorizacién y cuantificaciéon de la infeccion y

colonizacion de la planta por el patégeno.
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v) Establecer relaciones entre la densidad de indculo de P. arborescens en el
suelo y la cantidad de Mildiu que se desarrolla posteriormente en cultivos de
adormidera, que tengan valor predictivo de utilidad para la toma de decisiones en
estrategias de control integrado de la enfermedad.

Desde el comienzo de los trabajos de investigaciéon sobre Mildiu de la
adormidera a principios del 2004, y en base a una serie de hipdtesis experimentales
establecidas en esta Tesis Doctoral (Capitulo 1.1.5), se abord6 el estudio de la
biologia de la interaccion Pap. somniferum/P. arborescens determinando la
naturaleza de la(s) fuente(s) de in6culo primario y el/los tipo(s) de infeccion
determinantes del desarrollo de epidemias de Mildiu. Para dicho estudio se
adopté un abordaje experimental integrador que combina (i) observaciones de
campo; (i) ensayos de patogenicidad en condiciones controladas y campo; y (iii)
utilizacién de las tecnologias moleculares (simple-PCR especifica, nested-PCR vy
qPCR) para la detecciéon y cuantificaciéon del patdégeno en tejidos de adormidera
sintomaticos y asintomaticos. Esta metodologia integradora descrita, ha dado
respuesta a las cuestiones planteadas en las hipétesis experimentales iniciales, de tal
forma que el ciclo de patogénesis en el patosistema es ahora mejor comprendido para
abordar nuevos retos en el futuro que permitan integrar medidas de control de la
enfermedad que sean sostenibles con la proteccion del medio ambiente.

Asi los resultados obtenidos en la presente Tesis Doctoral (Capitulo V.1
Montes-Borrego et al.,, en revisiéon) han demostrado que el Mildiu de la adormidera
esta presente en todos los campos de cultivos comerciales de adormidera en Espafia
que han sido prospectados, y que la sintomatologia de la enfermedad en condiciones
naturales incluye dos sindromes, como se describe en el Capitulo V.1. Ambos tipos de
sindromes han sido reproducidos en los ensayos de patogenicidad realizados en el
desarrollo de experimentos bajo condiciones controladas en esta Tesis Doctoral.

Hasta el momento de inicio de esta Tesis Doctoral, el ciclo de patogénesis del
Mildiu de la adormidera era escasamente conocido, y en la mayorfa de los casos su
interpretacion se basaba en los sintomas de infecciones foliares que se observadan en
campo y en la informacién ad hoc sobre dicha patogénesis existente sobre patosistemas
similares. Este conocimiento era manifiestamente insuficiente sobre aspectos claves
del patosistema necesarios para el control de la enfermedad, y consecuentemente

dificultaba el desarrollo de estrategias para el control eficiente del Mildiu. Los
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resultados obtenidos es este trabajo demuestran, que tanto las oosporas que se
encuentran en suelos o en restos de cultivos infectados, como los esporangios
desarrollados en tejidos de plantas infectadas bajo condiciones naturales, son in6culos
eficientes para el desarrollo de la enfermedad (Figura VI.1.1). Ademas, factores como
edad de la planta y las condiciones ambientales, fundamentalmente la temperatura,
influyen significativamente sobre el desarrollo de la infecciéon y expresion de la
sintomatologia caracteristica del Mildiu, como se describe en el Capitulo V.1. De esta
forma, ha quedado demostrado que la infecciéon primaria de adormidera por P.
arborescens ocurre tras la invasion de tejidos radicales durante la germinacion y
establecimiento de plantulas jévenes, que tiene lugar a partir de oosporas contenidas
en el suelo o en restos de tejidos infectados, asi como a partir de propagulos infectivos
del patégeno (de naturaleza adn no determinada) contenidos en semillas
infectadas/infestadas. Nuestros resultados sugieren ademas que el papel de las Papaver
spp. arvenses como fuente de inéculo primario o secundario para originar epidemias
de Mildiu de adormidera puede no ser lo determinante que podria presumirse, ya que
en contadas ocasiones se han encontrado plantas de Papaver spp. mostrando
esporulacion del patégeno en campo, aunque el ciclo de crecimiento de éstas coincide
con el de la adormidera cultivada (Capitulo V.1; Montes-Borrego et al., en revision).
Adicionalmente, el andlisis de Maxima Parsimonia de aislados de P. arborescens de
plantas y especimenes de herbario de papaveraceas silvestres y plantas de adormidera
de cultivos comerciales en Espafia, Francia y otros paises, indican que las poblaciones
de P. arborescens procedentes de papaveraceas silvestres difieren marcadamente y son
mas heterogéneas que las procedentes de P. somniferum cultivada, sugiriendo que puede
existir cierta diversidad genética y patogénica entre poblaciones de P. arborescens segin
el huésped de procedencia de los aislados, como se demostré en el Capitulo II1.2
(Montes-Borrego et al 2009). Esta posibilidad deberfa ser contrastad mediante
investigaciones mas extensas, que incluyan ensayos de patogenicidad de los distintos
genotipos de P. arborescens identificados sobre diferentes especies de Papaver spp.
Nuestros resultados han demostrado la transmisién de P. arborescens en semillas
de adormidera infectadas/infestadas y su papel como inoculo primario (Capitulo III.1;
Landa et al., 2007), lo cual tiene el potencial de contribuir significativamente a la
extension del agente y la enfermedad a campos o areas geograficas libres de ésta.

Ademds, estas semillas pueden ser infectadas/infestadas debido a infecciones
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sistémicas primarias por oosporas, asi como por infecciones secundarias por
esporangios, que a su vez pueden ser sistémicas 0 no y sintomaticas o asintomaticas
Capitulo V.1 (Montes-Borrego et al., en revision). Tal como se expone en el Capitulo
V.1, los esporangios desarrollados en plantas infectadas en condiciones ambientales
favorables para el desarrollo de Mildiu son eficientes en producir nuevas infecciones
secundarias que diseminan la enfermedad a nuevas plantas originado infecciones y
éstas ser sistémicas o localizadas. Ambos tipo de infecciones secundarias pueden estar
relacionadas con las diferencias en la incidencia y severidad del Mildiu que hemos
observado en las dos principales areas de cultivo de adormidera en Espafa. Asi,
mientras que las altas temperaturas y baja humedad que se dan en el sur de Espafia
desde el entallado de la planta hasta formacién de capsula no favorecen el desarrollo
de nuevos ciclos secundarios de la enfermedad; en la zona central de la Peninsula
prevalecen durante la floracion temperaturas mas suaves y humedad mas alta
(fundamentalmente debido al riego por aspersiéon) que pueden favorecer que se
produzcan gran numero de infecciones secundarias en los estadios de floracion y
formacion de capsula. Estas infecciones pueden potencialmente incrementar el riesgo
de infeccién/infestacion de semillas, tanto como consecuencia de la colonizaciéon
sistémica por el patégeno como por las invasiones de capsulas en proceso de
formacién de semillas. En la Figura VI.1.1 queda recogido a modo de resumen los
resultados obtenidos sobre el ciclo de patogénesis de P. arborescens en adormidera

durante el desarrollo de esta Tesis Doctoral.
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Figura VI. 1.1 Ciclo de patogénesis de Peronospora arborescens en adormidera (Papaver sommiferum), con
indicacién del tipo(s) de infeccién que pueden contribuir de forma determinante al desarrollo de la
enfermedad
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A.1 Las oosporas contenidas en restos de cosecha infestados o en suelo infestado son
eficientes en originar infecciones en los organos subterrineos de plantulas de adormidera
durante el establecimiento del cultivo y originar infecciones sistémicas sintomaticas o
asintomaticas.

A.2 Las semillas de adormidera pueden ser infectadas/infestadas a partir de infecciones
primarias sistémicas y secundarias sistémicas o no, que a su vez pueden ser sintomaticas o
asintomaticas. Las semillas infectadas son efectivas como fuente de inéculo primario.

B. Las plantas son colonizadas sistémicamente a partir de la infeccién por oosporas en el suelo
o de semillas infectadas, dando lugar a sintomas tipicos de Mildiu asociados con el crecimiento
intercelular del micelio del patégeno en el parénquima de las hojas sintomaticas.

C. Tras la colonizaciéon extensa del tejido, y cuando se dan las condiciones ambientales de
elevada humedad relativa, se producen esporangiéforos y esporangios caracteristicos de la
reproduccion asexual del oomyceto.

D. Los esporangios formados sobre las hojas infectadas son liberados en condiciones de agua
libre y viento y transportados sobre nuevos tejidos sanos.

E1. La germinacion de los esporangios dispersados por el viento y/o agua sobre la superficie
de las hojas da lugar a infecciones localizadas en estas y el desarrollo de ciclos secundarios de
patogénesis.

E2. Las infecciones localizadas originadas en los ciclos secundarios de patogénesis pueden
llegar a ser de naturaleza sistémica.

F. Segtn el estado de desarrollo de la planta en el momento de la infeccién y la severidad de
ésta, la planta infectada crece escasamente y muere, o puede continuar su desarrollo hasta
alcanzar el estado reproductivo y producirse en ella la formaciéon de esporangios en hojas y
capsulas conteniendo semillas.

G. El papel de las Papaver spp. arvenses como fuente de inéculo primario o secundario para
originar epidemias no parece ser determinante, ya que en contadas ocasiones se han
encontrado plantas de Papaver spp. con esporulacion del patéogeno en el campo aunque su el
ciclo de crecimiento coincide con el de la adormidera cultivada (Capitulo V.1).

H. Los tejidos infectados (hojas, tallos, capsulas y potencialmente semillas) contienen un
elevado de oosporas de P. arborescens, que pueden ser incorporadas al suelo tras la degradacion
de los restos de aquéllos tras la cosecha y consecuentemente incrementar la densidad de
in6culo primario para siguientes infecciones.

I. El ciclo primario de patogénesis se completa con la transmisién del agente causal en
semilla y suelo. Estos resultados indican que para el control eficiente del Mildiu de la
adormidera deben ser consideradas conjuntamente estrategias que aseguren la sanidad de la
semilla y ademas se evite el uso de suelos con historia de adormidera, y en particular de la
enfermedad
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El reto que desde el punto de vista fitopatoldgico constituyé el problema
planteado, y las caracteristicas que presentaba en lo concerniente a la disciplina cientifica
-Patologia Vegetal- que desarrollamos, acentian el interés de esta Tesis Doctoral en
cuanto a las respuestas que su desarrollo ha proporcionado a los interrogantes
existentes sobre el Mildiu de la adormidera. La falta de adecuado de conocimiento
especifico respecto de la patogénesis de la enfermedad obligaba hasta ahora a que las
actuaciones para su control hubieran de ser basadas en proyectar sobre ella el
conocimiento disponible sobre patosistemas similares, que se caracterizan por
infecciones exclusivamente foliares en los que la semilla infectada y el suelo infestado
no juegan un papel determinante para su desarrollo. Por ello, los resultados obtenidos
en esta Tesis Doctoral auspician a desarrollar nuevas tecnologfas que permitan
establecer estrategias y medidas efectivas y ambientalmente respetuosas de control de la
enfermedad, fundamentalmente basadas en los principios de exclusién y erradicacion,
aplicables particularmente a semillas infectadas o sobre cultivos de adormidera
comerciales, y practicables en las condiciones agronémicas propias del cultivo y
directamente por el parte del agricultor con la asistencia técnica correspondiente por
Alcaliber S.A.

Finalmente, queremos destacar que el desarrollo de esta Tesis Doctoral es
ejemplo de colaboracién estrecha y exitosa entre el sector empresarial (a través de
Alcaliber S.A)) y la Universidad (a través de la UCO) u Organismos Publicos de
Investigacion (a través del IAS-CSIC). Tal colaboracién ofrece una oportunidad
destacable para resaltar el potencial de beneficio mutuo que puede alcanzarse para la
transmision directa y eficaz de la tecnologia cientifica generada por el sector publico al
sector privado, perjudicado por la incidencia de elementos negativos (como las
enfermedades) sobre su actividad productiva, asi como para mejorar la formacién
especializada de técnicos superiores en materias cientificas de repercusion inmediata

sobre el uso eficiente de recursos agricolas limitados.
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Conclusiones

Las conclusiones generales de esta Tesis Doctoral son las siguientes:

1. El agente causal del Mildiu en cultivos comerciales de adormidera en Espafia y
Francia es el oomiceto biotrofo obligado Peronospora arborescens (Berk) de Bary; y su
distribucién en Espana es extensa, incluyendo todas las zonas de dicho cultivo en el
area Peninsular.

2. El analisis filogenético mediante maxima parsimonia de secuencias de la region
ITS del ADNr de P. arborescens, realizado con muestras del patégeno procedentes
de plantas de adormidera de cultivos comerciales en Espafia, Francia y otros
paises, discrimina a P. arborescens de Peronospora cristata, el otro agente causal de esta
enfermedad descrito hasta ahora en Australia. Dichos andlisis indican también que
las poblaciones de P. arborescens que infectan Papaver sommniferum son diferentes y mas
homogéneas entre si comparadas con las procedentes de papaveraceas silvestres,
sugiriendo que puede existir algun nivel de especializaciéon patogénica sobre
huéspedes determinados y que los huéspedes alternativos no actdan
necesariamente como fuente de inéculo primario de relevancia para las epidemias
de Mildiu en adormidera cultivada.

3. Mediante el uso de protocolos de PCR simple, PCR anidada, y PCR cuantitativa
en tiempo real desarrollados y optimizados en esta Tesis Doctoral, es posible la
deteccion eficiente, identificacién precisa y cuantificacion de P. arborescens, en
plantas de adormidera infectadas, sintomaticas o asintomaticas, asi como en lotes
de semilla de siembra. La tecnologia de deteccién molecular desarrollada esta
siendo utilizada para la certificacién de lotes comerciales de semilla de siembra
libres del patégeno, y puede ser de utilidad para investigaciones sobre la biologia
de poblaciones de P. arborescens, la epidemiologia del Mildiu de la adormidera y la
resistencia al patégeno en cultivares de ésta.

4. Las semillas de adormidera pueden ser infestadas o infectadas por P. arborescens a
partir de infecciones primarias sistémicas de tejidos subterraneos, y secundarias
sistémicas o no de tejidos aéreos, que a su vez pueden ser sintomaticas o
asintomaticas. Las semillas infestadas o infectadas son efectivas como fuente de

in6éculo primario para originar epidemias de Mildiu.
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La utilizacion de la tecnologia de detecciéon molecular para el analisis de lotes
de semilla ha demostrado que existe una alta frecuencia de infecciéon por P.
arborescens en lotes comerciales de semilla de adormidera en Espafia y Francia.
El uso de lotes de semilla infestados para la siembra de cultivos comerciales
podria explicar la rapida extension del patégeno a nuevas zonas de cultivo en
Espana.

Las oosporas de P. arborescens contenidas en restos de cosecha infestados, o
existentes en suelos de cultivo de adormidera, son eficientes para originar
infecciones de los 6rganos subterraneos en plantulas de adormidera durante el
establecimiento del cultivo, y que dan lugar a la colonizacién sistémica,
sintomatica o asintomatica de la planta.

Los esporangios de P. arborescens que se desarrollan en tejidos aéreos infectados
son eficientes como inéculo secundario para originar nuevas infecciones, y

éstas pueden ser de naturaleza sistémica.
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