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“Absence of evidence is not evidence of absence”

[E. Billing, 10th International Workshop of
Fire Blight, Bologna, Italy, 2004]
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RESUMEN GENERAL

La bacteria Erwinia amylovora es el agente causal del fuego
bacteriano de las rosdceas, responsable de importantes dafos en
varios frutales de pepita y plantas ornamentales. Debido a su facil
diseminacion y dificil control, estd considerada como una
enfermedad de cuarentena en la Unidén Europea. A pesar de los
numerosos estudios realizados sobre E. amylovora, ain no se
conoce su ciclo bioldgico completo, y la informaciéon sobre su
posible supervivencia en condiciones de estrés y/o en hdbitats
fuera de hospedadores susceptibles es aln muy escasa. Por ello, en
esta memoria se ha planteado estudiar la supervivencia de E.
amylovora en un medio mineral con cobre, metal ampliamente
usado para el control de bacteriosis de plantas, asi como en
condiciones de oligotrofia de ambientes naturales como el agua.
Los resultados han demostrado que E. amylovora es capaz de
sobrevivir frente a dichas situaciones de estrés mediante su entrada
en el estado denominado Viable No Cultivable (VNC). Cuando las
condiciones vuelven a ser favorables, E. amylovora recupera su
cultivabilidad y su poder patdgeno, por lo que el estado VNC
puede ser considerado como una estrategia de supervivencia para
la bacteria. Al observar que E. amylovora en condiciones adversas
perdia su capacidad de formar colonias en un medio de cultivo
sélido, pero mantenia su viabilidad y patogenicidad, se planted
aumentar la eficiencia de su recuperacion en placa. Dado que el
cobre es un micronutriente esencial que puede favorecer el
crecimiento bacteriano en medios ricos, se optimizd uno de los

medios de cultivo mds empleados para el aislamiento de E.
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amylovora anadiendo sulfato de cobre. Asi, se consiguid potenciar
el crecimiento de este patdégeno en condiciones de estrés vy
retrasar la pérdida de cultivabilidad. También se comprobd que la
presencia de cobre en el medio de cultivo producia un incremento
acusado en la mucosidad de las colonias de E. amylovora. Este
hecho, junto con la observacion mediante microscopia electrénica
de barrido de una cubierta engrosada sélo en las células expuestas
a cobre, llevd a estudiar el papel de los exopolisacdridos (EPSs) en
la supervivencia de E. amylovora. Se ha demostrado que tanto el
amilovorano como el levano juegan un papel relevante en la
supervivencia de este patdégeno. Por un lado, ambos EPSs fueron
capaces de quelar los iones cobre libres disminuyendo su toxicidad;
por otro, parece que pueden ser utilizados como fuente de
carbono y energia en condiciones de escasez de nutrientes. Con
todo ello, los trabajos que forman parte de esta memoria aportan
nueva informacién sobre las estrategias de supervivencia de E.
amylovora ante ciertas condiciones desfavorables frecuentes en la
naturaleza. Continuar avanzando en el conocimiento del ciclo
bioldgico vy la epidemiologia de este patdégeno contribuird tanto a
la optimizacién de su deteccidn en el laboratorio como al control

de la enfermedad en el campo.



RESUM GENERAL

El bacteri Erwinia amylovora és I'agent causal del foc bacteria de
les rosacies, responsable de grans perjudicis en diverses fruiters de
llavor i plantes ornamentals. A causa de la seua facil disseminacié i
el seu dificil control, és considerada com a una malaltia de
quarentena a la Unié Europea. Malgrat els nombrosos estudis que
s'han realitzat sobre E. amylovora, encara no es coneix el seu cicle
bioldgic complet, i la informacié sobre la seua possible
supervivencia en condicions d'estrés i/o en hdbitats fora de I'hoste
susceptible és encara molt escassa. Per aquestes raons, en aquesta
memoria ens hem plantejat la supervivencia de E. amylovora en un
medi mineral amb coure, metall dmpliament utilitzat per al control
de les malalties bacterianes de plantes, aixi com en condicions
d'oligotrofia, limitacié molt comU d'ambients naturals com ara
I'aigua. Els resultats obtinguts han demostrat que E. amylovora és
capac de sobreviure davant d'aquestes situacions d'estrés
mitjancant I'adopcid de I'estat anomenat «viable no cultivabley.
Quan les condicions tornen a ser favorables, el patogen recupera
la seua cultivabilitat i patogenicitat, per la qual cosa I'estat VNC
pot ser considerat com a una estratégia de supervivéncia per al
bacteri. Quan es va observar que E. amylovora en condicions
adverses va perdre la seua capacitat de formar colonies en un
medi de cultiu solid, perd va mantenir la seua viabilitat i
patogenicitat, ens van plantejar augmentar I'eficiéncia de la seua
recuperacid en placa. Atés que el coure és un micronutrient
essencial que pot afavorir el creixement bacterid en medis rics, es
va optimitzar un dels medis de cultiu més usats per a I'aillament de

E. amylovora mitjancant I'addicié de sulfat de coure. D’aquesta
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manera es va potenciar el seu creixement en condicions d’estrés i
es va retardar la pérdua de cultivabilitat. També es va comprobar
gue la presencia de coure al medi de cultiu produia un increment
acusat de la mucositat de les colonies de E. amylovora. Aquest fet,
amb I'observacidé per microscopia electronica d'exploracié d'una
coberta engruixida només en les cellules amb coure, ens va
conduir a estudiar el paper dels exopolisacadrids en la supervivéncia
de E. amylovora. Es va demostrar que tant I'amilovord com el levd
tenen un paper rellevant en la supervivencia d’'aquest patogen.
Aixi, mentre que d'una banda, ambdds foren capacos de quelar
els ions lliures de coure y reduir, en conseqléncia, la seua toxicitat,
d’altra banda poden ser utilitzats com a font de carbd i energia en
condicions d'escassesa de nutrients. Per tot alld, els treballs que
formen part d’'aguesta memoria aporten nova informacié sobre les
estratégies de supervivencia de E. amylovora en certes condicions
desfavorables en la natura. Avancar en el coneixement del cicle
biologic i I'epidemiologia d'aquest patogen contribuird tant a
I'optimitzacid de la seua deteccidé al laboratori como al control de

la malaltia al camp.



GENERAL SUMMARY

The bacterium Erwinia amylovora is the causal agent of fire blight in
the Rosaceae family, responsible of serious damages in several
pome fruits and ornamental plants. Due to the easy dissemination
and difficult control of fire blight, it is considered as a gquaranfine
disease by the European Union. In spite of the numerous studies
reported on E. amylovora, the knowledge of its life cycle is sfill
incomplete, and the available information about its survival under
stress conditions and/or out of its susceptible hosts is still scarce.
Therefore, the objective for this thesis was to study the survival of E.
amylovora in a mineral medium with copper, widely used for the
control of bacterial plant diseases, as well as under starvation,
common limitation in natural environments such as water. The results
have proved that E. amylovora is able to survive under both stressful
conditions adopting the viable but non-culturable (VBNC) state.
When the environmental conditions turned favourable, the
pathogen recovered its culturability and pathogenicity, so that the
VBNC state can be considered as a survival strategy for this
bacterium. Since it was observed that E. amylovora lost its
culturability under adverse conditions, but maintaining its viability
and pathogenicity, we proposed to increase its recovery efficiency
on plates. Due to that copper is an essential micronutrient that can
favour the bacterial growth in rich-nutrient media, we optimized one
of the most employed culture media for the isolation of E.
amylovora by adding copper sulphate. Thus, the growth of this
pathogen under stress conditions was enhanced, and its loss of
culturability was delayed. It was also observed that the presence of

copper in the culture medium produced a notable increase in the
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mucus of the E. amylovora colonies. This fact, together with the
observation by scanning electron microscopy of an increase in the
thickness of the external layer only in the cells exposed to copper,
leaded fo study the role of exopolysaccharides (EPSs) in the survival
of E. amylovora. We demonstrated that amylovoran and levan
played a relevant role in the survival of this pathogen. Thus, both
EPSs were able to bind free copper ions, decreasing consequently
their toxicity, and in addition, it seemed that they could be used as
carbon and energy sources under nutrient deprivation conditions.
Overall, the studies collected in this thesis give new information on
the survival strategies of E. amylovora under certain adverse
conditions in the nature. A deeper knowledge on the life cycle and
epidemiology of this plant pathogen will contribute to a better

detection and an optfimized control of the disease in the nature.
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Capitulo 1 Introduccidn, Objetivos y Justificacion

1.1. EL FUEGO BACTERIANO

1.1.1. Rango de hospedadores y sintomatologia

El fuego bacteriano es una de las enfermedades mds graves
que pueden sufrir los frutales de pepita y algunas plantas
ornamentales de la familia de las roséceas. Su nombre responde a
su sinftoma mds caracteristico, el aspecto quemado de las partes
de la planta afectadas, como consumidas por el fuego (Fig. 1A).
Desde su primera observacion en Nueva York en 1780 en
pomdceas [Burrill, 1883; Winslow y col., 1920], el fuego bacteriano
ha sido descrito en mds de 200 especies de plantas de 40 géneros
pertenecientes a la familia de las Rosdceas [van der Zwet y Keil,
1979]. Sin  embargo, la mayor parte de las especies afectadas
pertenecen a la subfamilia Maloidae, y a ella pertenecen los
géneros de frutales mds frecuentemente afectados: Pyrus (peral),
Malus (manzano), Cydonia (membrillero) y Eriobotrya (nispero). En
cuanto a las plantas ornamentales vy silvestres destacan a su vez,
Crataegus (espino albar), Chaenomeles, Cotoneaster, Photinia,
Pyracantha (espino de fuego), Sorbus (serbal) y Stranvaesia
[Baldugue y col., 1996; van der Zwet y Beer, 1995]. Dentro de ofra
subfamilia, Rosoideae, cabe seialar a Rubus como otro género de
ornamentales bastante afectado. Ademds, esta enfermedad
también se ha descrito hace poco mds de una década en ciruelo
japonés (Prunus salicina), especie perteneciente a la subfamilia
Amygdaloideae [Mohan y Thomsom, 1996]. En la subfamilia

Spiraeocideae, también se han descrito algunas especies sensibles,
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pero Unicamente en base a inoculaciones experimentales [van der
Iwet y Keil, 1979].

Los primeros sintomas del fuego bacteriano suelen observarse
en las flores o en frutos jovenes necrosados en el corimbo
[Baldugue y col., 1998; Cambra y col., 2002]. Posteriormente, el
avance de la infeccién por el pedinculo es muy répido (Fig. 1B),
alcanzando la base de las ramas y pudiendo asi llegar a otras
nuevas [van der Zwet y Beer, 1995; Montesinos y Lopez, 2000] (Fig.
1C). Los brotes jbvenes en crecimiento activo también son muy
susceptibles a esta enfermedad, y en este caso, el marchitamiento
provoca una pérdida de su rigidez, curvdndose de forma
caracteristica, a modo de “cayado de pastor” (Fig. 1D) [Cambra y
col., 2002]. En las hojas, el sinfoma inicial es una necrosis del nervio
principal, que puede ir acompanada de manchas necréticas
distribuidas irregularmente por su superficie. Si la marchitez alcanza
la base de una rama, ésta se extiende rdpidamente a las demds
hojas [van der Zwet y Beer, 1995]. Cuando el tiempo es templado y
humedo, se producen ademds exudados mucilaginosos en forma
de gotas que contienen gran nimero de células bacterianas (Fig.
1E) [van der Zwet y Beer, 1995; Montesinos y Lopez, 2000]. La edad
de la planta no parece tener gran influencia en la sensibilidad del
material vegetal, de forma que pueden enconifrarse plantas
afectadas ya desde el vivero cuando se trata de patrones o
variedades muy sensibles [van der Zwet y Walter, 1996; Montesinos y
Lopez, 2000]. En ocasiones, si la necrosis continia progresando
puede llegar a afectar también a las ramas gruesas y al tronco

formando chancros (Fig.1F) [Cambra y col., 2002]. Una vez la
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enfermedad estd muy avanzada, se puede observar la marchitez

FIG. 1. Distintos sintomas de fuego bacteriano. A) rama de peral con aspecto
“quemado”; B) infeccion desde la flor a la rama; C) acerolo con varias ramas
afectadas; D) cayado de pastor en peral; E) exudados en peras; F) chancro en
tronco de peral. (Fotografias: A, C-E. Marco-Noales y M. Ordax; B: M.A. Cambra;
F: E. Marco-Noales, M. Ordax y M.T. Gorris).

11
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de brotes y ramas, y el secado de inflorescencias, frutos y yemas
que, a pesar de ello, permanecen en la planta y quedan como
momificados [Balduque y col., 1996]. Tanto en la zona de avance
de la enfermedad, como en el interior de la planta, los tejidos
adquieren una coloracién marrén-rojiza caracteristica (Fig. 1D)
[Balduque y col., 1996; 1998].

Otras partes de la planta, como el cuello vy las raices, rara vez se
ven afectadas por esta infeccién, pero cuando asi ocurre, se
produce rédpidamente la muerte de la planta [van der Zwet y Beer,
1995]. Generalmente, la especie hospedadora que presenta la
sinfomatologia mas llamativa es el peral (Pyrus communis) por ser la
gue tiene mds cultivares de elevada susceptibilidad [van der Zwet y
Beer, 1995].

La manifestacion y velocidad de los sintomas depende en
lineas generales de tres factores [Cambra y col., 2002]:

- Sensibilidad y receptividad de la planta: existen diferencias
notables tanto entre variedades como entre los disfintos
estados vegetativos. Por ejemplo, los cultivares de peral
suelen ser mds sensibles que los de el manzano, y las flores
son los érganos mds susceptibles seguidos de los brotes en su
fase de crecimiento activo y los frutos.

- Clima: se considera favorable si es himedo y con
temperaturas suaves superiores a los 18°C, como sucede en
primavera.

- Cantidad de inéculo: a mayor severidad de danos, mayor

produccidén de indculo infectivo, y si, ademds, hay

12
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produccién de exudados, las cantidades de bacteria son

mMAaximas.

Los efectos del fuego bacteriano se consideran devastadores
debido a su rapida migracion en la planta, su alta capacidad de
transmision y las dificultades para su control, ocasionando
considerables pérdidas de produccién, y pudiendo provocar hasta
la muerte de un porcentaje elevado de drboles en muy poco
tiempo [Vanneste, 2000; Cambra y col., 2002]. Puesto que los danos
se localizan preferentemente en las ramas de fructificacion, las
pérdidas econdmicas pueden llegar a ser muy importantes en
zonas con cultivares muy sensibles a esta enfermedad. Asi ocurrid
por ejemplo en el noroeste de Estados Unidos en el ano 1998, en el
que las pérdidas alcanzaron los 68 millones de ddélares [Bonn, 1999].
Ademds, el fuego bacteriano puede afectar no sélo a la cosecha
de ese ano, sino también a la de afos posteriores. En Egipto se
alcanzaron pérdidas en produccidén de hasta un 95% en el ano
1985, en perales que habian sufrido la enfermedad los tres anos
anteriores [van der Zwet y Beer, 1995]. Los grandes danos que
puede ocasionar esta enfermedad, han llevado incluso a
abandonar el cultivo de plantas hospedadoras muy sensibles como
el peral, en algunas zonas de Estados Unidos y Europa [van der
Iwet y Keil, 1979]

Dentro de los frutales de pepita existe, como ya se ha
apuntado, una clara sensibilidad varietal diferencial al fuego
bacteriano [Thibault y Le Lezec, 1990; van der Zwet y Beer, 1995]. En
peral, la mayoria de las variedades comerciales son muy sensibles

(Alexandrine, Williams, Mantecosa Hardy, Passa Crassana, Abate
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Fetel, Blanquilla, Guyot, Comice, General Leclerc, Limonera y Santa
Maria) o medianamente sensibles (Conferencia), y ademds todos
los portainjertos son sensibles [Thibault y Le Lezec, 1990; van der
Iwet y Beer, 1995]. En manzano, las variedades de consumo en
fresco son muy sensibles (Fuji, Reina de Reinetas y Verde Doncella).
Como medianamente sensibles destaca Granny Smith, y como
poco sensibles Golden Delicious, Royal Gala y Starking [Montesinos
y Lopez, 1998]. En manzano de sidra, la sensibilidad es alta en la
variedad Avrolles, mediana en Peau de Chien y baja en Judor. En
cuanto al nispero, la mayoria de variedades se han mostrado como
muy sensibles, excepto algunas no bien identificadas [Tsiantos y
Psallidas, 2004].

1.1.2. Distribucion mundial

El fuego bacteriano se describié por primera vez en 1780 en
Nueva York (Estados Unidos) [Burrill, 1883; Winslow y col., 1920],
extendiéndose después a otras zonas de la costa atldntica
norteamericana. A principios del siglo XX ya se habia detectado en
Japdn y Nueva Zelanda, y en 1957 se detectd el primer foco en
Europa, en el sur de Inglaterra [van der Zwet y Beer, 1995].
Posteriormente, se identificd en el norte de Africa (Egipto, 1960), y
de nuevo en Europa en los Paises Bajos (1966). Desde los primeros
foco europeos la enfermedad ha ido avanzando por un lado hacia
los demds paises del noroeste europeo, y por ofro al sureste
europeo, llegando ademds a Israel y Turquia [van der Zwet y Beer,
1995]. Asi, actualmente, el fuego bacteriano se distribuye en

distintas zonas de los 5 continentes (Fig. 2), y se ha citado hasta
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ahora en un total de 44 paises. Sin embargo, esta enfermedad aun
no ha sido descrita en importantes zonas fruticolas del hemisferio sur
como Suddfrica, Chile, Argentina o Brasil, a pesar de ser grandes

exportadores de fruta de pepita [van der Zwet, 2000].

FIG. 2. Distribucion mundial del fuego bacteriano (Donat, 2004)

1.1.3. Distribucién en Espafia

En nuestro pais, el fuego bacteriano ha constituido una
amenaza permanente desde el ano 1978, cuando la
enfermedad se detectdé en el sur de Francia, cerca de la
frontera espanola. Ademds, existia un riesgo anadido por la
gran cantidad de importaciones de plantones de frutales vy
planta ornamental procedentes de paises europeos donde
estaba presente la enfermedad [Lopez y col., 1988]. Por ello,
desde entonces, en Espana se ha frabajado activamente con
el fin de evitar su infroduccién, tomando tanto medidas

legislativas, como informando de los riesgos a los agricultores y
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analizando el material vegetal importado [Loépez y col., 1988;
Lopez y col., 2002]. Asi, desde 1993 el territorio nacional se ha
considerado, y continla siendo asi en la actualidad, Zona
Protegida (ZP) del fuego bacteriono de acuerdo con la
legislacion de la Unién Europea (UE). Asi, segun las directivas
europeas 2000/29 y su modificacién 2003/116, la enfermedad
estd considerada de cuarentena en la UE, estableciéndose
medidas para evitar su infroduccién y propagaciéon en las ZP.
Ademds, con el Real Decreto (R.D. 2071/1993) [Andnimo, 1993]
que sigue la legislacion de la Unidn Europea (UE), y con la
Orden del Ministerio de Agricultura, Pesca y Alimentacién del
31.1.94, se cred el Programa Oficial de Reconocimiento vy

Mantenimiento de Espana como ZP.

Pese a todo lo expuesto, en el ano 1995 se detectd el primer
foco de fuego bacteriano en Espana, en concreto en
GuipUzcoa (Pais Vasco), en una plantacién de manzano de
sidra a 10 km de la frontera francesa [Balduque y col., 1996]. Al
ano siguiente se detectd en zonas préoximas a Navarrg,
afectando mayoritariamente a Pyracantha y a frutales.
También se detectd la enfermedad en un vivero de Segovia en
plantas de Crataegus monogyna importadas de Bélgica el ano
anterior, y a partir de este material vegetal se localizaron en
anos posteriores nuevos focos en Guadalajara y Segovia [Donat
y col., 2005; 2007], asi como en Burgos, Palencia y Valladolid, y
mds recientemente en Ledn, alcanzando el presente ano la
zona de plantaciones de perales del Bierzo [Palomo, 2007]. En
los anos 1998-2000, la enfermedad fue detectada en plantas

ornamentales en Jaca (Huesca) [Baldugue y col., 1998], y en
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frutales tanto cerca de Zaragoza [Cambra y col., 2004] como
en La Rioja [Lépez y col., 2002]. También se detectd la
enfermedad en el ano 1998 en perales de Lérida (Cataluna)
[Montesinos y col., 1999] y en el 2003 un nuevo foco en
Puigcerdd, muy cerca de la frontera francesa. En Cantabria, se

detectd un Unico foco en el ano 2004 en peral Nashi.

Se han tomado medidas estrictas de erradicaciéon siguiendo
tanto la legislacién de la UE como la espanola, y hasta ahora,
se he demostrado su efectividad. Por ello, a pesar de todos
estos focos, el cumplimiento de las medidas de erradicacion
exigidas en el Programa Nacional de Erradicacion y Control del
Fuego Bacteriano (R.D. 1190/1998, R.D. 1201/1999 y R.D.
1512/2005) [Andénimo, 1998, 1999, 2005], mediante la
destruccion de las plantas infectadas e incluso las sanas
cuando estdn dentro de un radio de seguridad de cdémo
minimo 10 m, seguidas de prospecciones y andlisis periddicos
en un circulo de 1 km, han hecho que la UE siga considerando
a Espana como ZP. Asi, en nuestro pais todavia no se han
sufrido las graves pérdidas econdmicas ni la reconversidon
varietal que esta enfermedad ha causado en otros paises
europeos como ltalia y Francia. Gracias a la aplicacién rapida y
rigurosa de los programas de erradicacion, se ha evitado el
avance de la enfermedad en Comunidades Autébnomas como
Aragén, y se ha retrasado en ofras como Cataluna y Castilla-La
Mancha. Sin embargo, en regiones como Castilla-Ledn
[Palomo, 2007] y La Rioja, han continuado detectdndose
nuevos focos hasta el ano 2007. Esta aparicion de focos

esporadicos de forma mds o menos continua, junto con la
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proximidad de Espaia con paises que ya tienen la enfermedad
extendida, lleva a pensar que en un futuro préoximo el fuego

bacteriano podria extenderse a nuevas zonas de nuestro pais.

1.2. Erwinia amylovora, EL AGENTE CAUSAL

1.2.1. Taxonomia y caracteristicas generales de E.

amylovora

El género Erwinia, que debe su nombre a la memoria del
fitopatdlogo Erwin F. Smith, se cred inicialmente para agrupar a
las enterobacterias asociadas a las plantas, Gram negativas,
bacilares, no formadoras de esporas y méviles [Brenner, 1984].
Ademds, se incluyeron miembros que en casos muy concretos
pueden estar asociados también al hombre y a los animales.
Esta definicién llevdé a una agrupacién artificial de los
microorganismos de este género en 4 grupos [Dye, 1968;
1969a,b,c]: “amylovora” para los patdgenos causantes de
marchitez y necrosis, “carotovora” para los que causan
podredumbres blandas, “herbicola” para las bacterias
saprofitas, y un Ultimo grupo con las erwinias atipicas. Conforme
avanzaron las técnicas moleculares, lo estudios taxondmicos
posteriores no estuvieron de acuerdo con esta agrupaciéon, y
surgieron diversas reclasificaciones, hasta que en el ano 1998 se

establecieron cuatro grupos filogenéticos en base a la
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comparacion de secuencias del ADN ribosémico 16S [Hauben y
col., 1998]:

- Género Erwinia: representa a las verdaderas erwinias y

comprende a las especies E. amylovora, E. persicinus, E.
psidii, E. rhapontici, Pantoea agglomerans (antes E.
herbicola) y E. fracheiphila. Producen necrosis o
marchitamientos en plantas, o bien pueden ser epifitas.

- Género Pectobacterium: incluye las especies P.

cactidium, P. carotovorum, P. chrysanthemi vy P.
cypripedii. Ocasionan podredumbres blandas en una
gran viariedad de plantas debido a su gran actividad
pectolitica. Este grupo ha sido revisado recientemente, y
P. chrysanthemi ha pasado a ser Dickeya chrysanthemi
[Samson y col., 2005].

- Género Brenneria: agrupa a las especies B. alni, B.

nigrifluens, B. paradisiaca, B. quercina, B. rubrifaciens y B.
salicis, que afectan a varias especies lenosas
produciendo generalmente chancros con exudados. La
especie B. paradisiaca ha pasado a denominarse
actualmente Dickeya paradisiaca [Samson y col., 2005].

- Género Pantoea: contiene las especies P. ananatis y P.

stewartii, patégenos oportunistas de plantas, animales y

del hombre.

Ademds, se decidié que E. amylovora fuera la especie tipo

del género Erwinia.

E. amylovora fue la primera bacteria que se demostré que

causaba una enfermedad en plantas [Burrill, 1883]. Es un bacilo,
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Gram negativo, anaerobio facultativo, de flagelacion peritrica

y con material capsular [Paulin, 2000].

La caracterizacion bioguimica de E. amylovora contempla
una serie de caracteristicas bdsicas, tanto culturales como
fisioldgicas, que permiten diferenciarla de otras erwinias [Holt y
col., 1994; Paulin, 2000]:

- crecimiento anaerdbico débil

- formacién de colonias levaniformes en agar nutritivo
sacarosa

- ausencia de crecimiento a 36°C

- no produccidon de sulfhidrico a partir de cisteina

- licuefaccion de la gelatina

- reduccion de los nitratos a nitritos

- produccion de sustancias reductoras de sacarosa

- requerimiento de dcido nicotinico en medio minimo

(Unica auxotrofia)

- produccion de dcido a partir de compuestos orgdnicos:
ribosa, frehalosa, arabinosa, sorbitol, fructosa, glucosa,
galactosa y sacarosa

- utilizacién de citrato, formato y lactato como fuentes de
carbono y energia, pero no de tartrato, galacturonato ni

malonato.

Existen excepciones recientes a esta caracterizacion,
describiéndose otras erwinias fitopatdgenas que presentan una
gran similitud con E. amylovora, como E. pyrifoliae [Kim y col.,
1999] y una nueva especie de Erwinia aqislada en Espana

propuesta como E. piriflorinigrans [Roselld y col., 2007].
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La morfologia colonial de E. amylovora depende, como en
todo microorganismo, tanto de la composicidn guimica del
medio de cultivo como de las condiciones de crecimiento
(Tabla 1).

TABLA 1. Caracteristicas coloniales de E. amylovora en los medios de cultivo
mas habituales para su aislamiento (modificado de Paulin, 2000).

Medio Tipo Morfologia colonial Referencia
KB No selectivo  Circular, mucosa Yy de color King y col, 1954
blanquecino
SNA No selectivo  Circular, mucosa, convexa y Billing y col., 1961
de color crema
MS Semiselectivo  Circular, convexa y de color  Millery Schroth, 1972

rojo-anaranjado

CCT Semiselectivo  Circular, convexa con borde Ishimaru y Klos, 1984
brillante y de color violeta
claro
MM.Cu  Semiselectivo Circular, mucosa y amarilla ~ Bereswill y col., 1997

KB: King B; SNA: Sucrose Nutrient Agar; MS: Miller y Schroth; MM2Cu: Minimal
Medium 2 with Copper.

En cuanto a las envolturas celulares, destacar que E.
amylovora tiene una cdpsula polisacaridica implicada en
patogenicidad [Bennet y Biling, 1978], y de la que hablaremos
en detalle mds adelante. Por otra parte, se ha demostrado una
inusual y elevada susceptibiidad de su pared celular a los
agentes surfactantes a bajas concentraciones, con una
liberacidon de enzimas del espacio peripldsmico al medio
externo [Chatterjee y col., 1977]. La fraccién lipidica de los
lipopolisacdridos (LPS) de la membrana externa de E.
amylovora es la que comUnmente se ha descrito para las
enterobacterias [Ray y col., 1986]. No ocurre asi con su fraccién

de carbohidratos, que contiene algin componente inusual
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dentro de esta familia, observdndose incluso pequenas
diferencias entre las cepas patdégenas y las que no lo son [Ray vy
col., 198¢4].

Como propiedades seroldgicas se ha demostrado que E.
amylovora posee varios determinantes antigénicos [Slade vy
Tiffin, 1984]: el LPS, rugoso o liso, con y sin cadena lateral,
respectivamente; el antigeno termoestable GAl, polisacdrido
comuUn en todos los miembros del grupo “amylovora”; el
antigeno TV, probablemente perteneciente @ los
exopolisacdridos capsulares y presente sélo en cepas
patégenas; y el antigeno GAJ detectado en el material

mucoso extracelular en cultivos puros.

Es importante seialar que no se ha encontrado relacién
entre las caracteristicas seroldgicas y la patogenicidad, y que
en estudios posteriores con anticuerpos monoclonales se ha
demostrado la elevada homogeneidad serolégica de E.
amylovora [Gorris y col., 1996a,b]. En diversos trabajos [Paulin,
2000] se han obtenido anticuerpos monoclonales que han
mostrado ser especificos para esta bacteria, lo cual resulta Util
para su deteccion [Gorris y col., 1996a,b], como veremos

después.
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1.2.2. Factores de virulencia de E. amylovora

Se han realizado numerosos estudios sobre la patogenicidad
de E. amylovora, lo que ha llevado a la identificacién de cuatro
factores esenciales para su patogénesis:

- los genes  hrp ("hipersensitive response and
pathogenicity”), que intervienen en el desarrollo de la reaccion
de hipersensibilidad (HR) en plantas no hospedadoras y/o en la
patogénesis en las que si lo son [Kim y Beer, 2000]

- los genes dsp ("disease especific”) situados en una region
contfigua a la de los hrp, que se requieren para el desarrollo de
los sinfomas, pero no para la HR, y estdn regulados por uno de
ellos [Bogdanove y col., 2000].

- los siderdforos, pertenecientes a la claose de las
desferrioxaminas (DFOs), que funcionan no sélo como sistemas
de adquisicidn de hierro de alta afinidad, sino también como
agentes protectores, formando complejos con este metal e
interrumpiendo la reaccién de estrés oxidativo generada por la
planta en las fases iniciales de la infeccion [Expert y col., 2000]

- los polisacdridos extracelulares o exopolisacdridos (EPSs),
qgue forman una cdpsula alrededor de la célula bacterianag,
protegiéndola de las reacciones defensivas de la planta vy

jugando un papel crucial en la patogenicidad [Geider, 2000].

Tanto los genes hrp como los EPSs son considerados como
los factores de patogenicidad clave [Eastgate, 2000]. Nos
centraremos en los EPSs puesto que constituyen el objeto de

uno de los trabajos descritos en esta memoria.
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1.2.2.1. Los exopolisacaridos

E. amylovora produce tres tipos de EPSs: amilovorano,
levano y glucano, éste Ultimo minoritario y poco estudiado en
esta bacteria [Bugert y Geider, 1995]. El amilovorano es un
heteropolimero complejo, de elevado peso molecular (10¢ Da)
y con aproximadamente 1000 unidades de azUcar por
molécula [Jumel y col., 1997]. Estd constituido bdsicamente por
un residuo de dcido glucurdnico y cuatro de galactosa con
unidades repetitivas de piruvato y grupos acetato (Fig. 3) [Nimtz
y col., 1994].
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FIG. 3. Estructura quimica del amilovorano (Geider, 2000)

Su biosintesis estd codificada por el operon cromosémico
ams (“amylovoran synthesis”) (Fig. 4), constituido por 12 genes
(desde amsA a amsl) [Bugert y Geider, 1995; Bereswill y Geider,
1997; Bugert y Geider, 1997], que cooperan realizando distintas

funciones:
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- amsA y amsL, como componentes de un fransportador de
membrana

- amsB, amsD y amsE, con actividades fransferasa de
azicares

- amsG, homdlogo de una tfransferasa de lipidos, o que
sugiere que la biosintesis del amilovorano puede estar
ligada a la membrana externa

- amsF, una polisacdrido polimerasa

- amsH, implicado en la translocacion del amilovorano a
través de la membrana externa

- amsl, una acido fosfatasa

- amsM y galE, se han descrito recientemente y se cree que
codifican una UDP-glucosa fosforilasa y epimerasa
respectivamente y que hay una interaccion entre ellos
[Geider, 2006].
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FIG. 4. Mapa genético del operéon cromosémico ams que codifica para la sintesis de
amilovorano en E. amylovora. P: promotor; T: terminador; B: BamHl; E: EcoRI; H:
Hindlll; S: Sal (Geider, 2000).

El levano, por el contrario, es un homopolimero de fructosa
(Fig. 5), de bajo peso molecular (46.592 Da) y de sintesis sencilla,
polimerizdndose el azUcar exiracelularmente mediante el

enzima levanosacarasa [Gross y col., 1992]. El enzima estd
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codificado por el gen Isc [Geier y Geider, 93], y ademds de su
actividad hidrolizando la sacarosa y polimerizando la fructosa
(Fig. 5)., cataliza ofras dos reacciones: la hidrélisis de levano a
monosacdridos de fructosa, y el intercambio de ['“C]glucosa

por fructosa-2,1-[14“C]glucosa + glucosa [Hettwer y col. 1995].

Sacarosa Levano Glucosa
HOCH:> i HOC‘H;
H O H HO(‘Hw <O~ H oo CH> , O~ (_) | 0. OH
n KCon HOO{ —2 HO K oH
\——/ sH3 01 \—/L,H OH HO\-—/H
OH OH ly H OH

FIG. 5. Sintesis de levano (B-2,6-fructofuranan) a partir de sacarosa mediante
el enzima levanosacarasa (Lsc) (Geider, 2000).

La biosintesis del amilovorano estd regulada por los genes
rcs (“regulation of capsular synthesis”) mediante un sistema
andlogo al del dcido coldnico en E. coli. Bdsicamente (Fig. 6). la
proteina RcsC que actia como un sensor ambiental fosforila a
RcsB que se une entonces a la proteina potenciadora RcsA, o @
una muy similar a ella, RcsV. La funcidon de esta Ultima en E.
amylovora aln no se conoce bien ya que esta bacteria la
produce a niveles minimos [Geider, 2000]. Lo que si se sabe es
gue es el heterodimero RcsA/RcsB el que se une al promotor del
operdén ams activando su transcripcién [Kelm y col., 1997;
Wehland y col., 1999]. Por lo tanto, la sintesis del amilovorano
estd influida principalmente por estos dos reguladores positivos
[Bereswill y Geider, 1997; Geider, 2000], muy conservados en las
enferobacterias. Una mutfacion en rcsA o rcsB causa una
importante reduccién en la sintesis de amilovorano vy la

consecuente disminucién en la virulencia [Bernhard y col., 1990;

26



Capitulo 1 Introduccidn, Objetivos y Justificacion

Bereswill y Geider, 1997]. También se ha apuntado que AmsA vy
Amsl podrian actuar como tirosin-quinasas transductoras de
senales, regulando la sintesis del amilovorano en respuesta a

estimulos ambientales [Bugert y Geider, 1997; llan y col., 1999].

RcsC

membrane _ . (104 kDa)

' % phosphatase -
\ kinase ! s, o2t

\
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EEY i

-y T T

FIG. 6. Modelo de regulacion de la
sintesis de amilovorano (Geider, 2000).

Aunque, como ya mencionamos antferiormente, la
expresion del enzima levanosacarasa es independiente de la
presencia de sacarosa, la produccién de levano en E.
amylovora estd regulada por los genes rls (“regulation of
levansucrase synthesis”): rlsA [Zhang y Geider, 1999], rlsB [Du y
Geider, 2002] and rIsC [Du y col., 2004], todos ellos activadores
de la expresidon del gen de la levanosacarasa (Isc). Los dos
ultimos se situan “aguas arriba” del gen Isc, mientras que risA se
encuentra en una regidén adyacente a la hrp. Segun estudios
recientes las proteinas RIs no afectan directamente a la
transcripciéon del gen Isc y ademds estan débilmente
relacionadas entre ellas [Geider y col., 2006]. Recientemente,

también se ha demostrado una regulacién global de ambos
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EPS, amylovorano y levano, por una proteina de unién al ADN
denominada H-NS, que se une preferentemente a la regidon Isc
y también, aunque de forma mds débil, al promotor del gen risB
[Hildebrand y col., 2006]. Se ha sugerido que esta proteina
podria estar relacionada con la “sensibilidad” de E. amylovora
a las condiciones ambientales que la rodean y con un qgjuste
del metabolismo celular de acuerdo a ellas [Geider y col., 2006;
Hildebrand y col., 2004].

Los EPSs de E. amylovora, en su condicidn de factores
esenciales para la patogenicidad, realizan una serie de
funciones clave tanto para el inicio como para el avance,
desarrollo y diseminacion de la enfermedad. Asi, estos EPSs
fienen la capacidad de enmascarar componentes de la
superficie bacteriana que pueden activar los mecanismos
defensivos de la planta; refienen agua y nutrientes; promueven
la invasion de los tejidos aumentando su volumen por
hidratacién y aumentando la presién, y provocan la
maceracién y el colapso de éstos [Vanneste, 1995]. El papel
fundamental de los EPSs en la patogénesis de E. amylovora se
ha confirmado con la creacién de mutantes, ya sea en genes
implicados en su biosintesis o en su regulacion [Geider, 2000]. Se
ha observado que los mutantes que no son capaces de
sintetizar amilovorano no son patégenos, mientras que los que
no producen levano sélo tienen afectada su virulencia.
Ademds, los EPSs juegan un papel importante en la tfransmision
del patdégeno, constituyendo los exudados en las plantas
infectadas y protegiendo de la desecacién a las células

bacterianas que hay en ellos [Bennet y Billing, 1980].
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1.3. EPIDEMIOLOGIA: CICLO BIOLOGICO DE E

amylovora

Para que la bacteria Erwinia amylovora, desarrolle los
sinftomas de esta enfermedad es necesario que existan tanto un
hospedador susceptible como unas condiciones climdaticas
favorables. Las condiciones climdaticas favorables para el
desarrollo de esta enfermedad comprenden temperaturas de
entre 18 a 29°C y la presencia de una elevada humedad

relativa por lluvias o rocio [van der Zwet y Beer, 1995].

Desde la década de los 70 hasta ahora, el ciclo del fuego
bacteriano ha sido descrito en varias ocasiones [Beer, 1976; van
der Zwet and Keil, 1979; Jones y Aldwinckle, 1990; van der Zwet y
Beer, 1995; Thomsom, 2000]. Sin embargo, alun existen aspectos
poco estudiados. Se considera que se inicia en primavera (Fig.
7)., ya que las infecciones primarias se producen generalmente
en esta época, ya sea a partir del inéculo de la propia planta
(la bacteria puede invernar en los chancros o permanecer
como epifita y/o enddfita en los tejidos [van der Zwet y col.,
1988]) o del proveniente de otras dreas (mediante insectos,
lluvia, viento, etc) [Sobiczewski y col., 1997; Thomsom, 2000]. Los
chancros, que se forman generalmente en otono sobre el
tronco o las ramas mds viejas, estdn considerados como la
principal fuente de inéculo. Se ha determinado que el lugar de
hibernacién de E. amylovora en los chancros, no son los tejidos

muertos, sino los adyacentes aparentemente sanos [van der
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Zwet and Keil, 1979]. El aumento de estos chancros durante el
invierno puede causar graves pérdidas en la primera etapa de
la estacién de crecimiento del drbol [van der Zwet and Keil,
1979]. Es el denominado "“indculo no controlado” [Balduque y
col., 1998; Cambra y col., 2002], ya que es esta fase inicial del
ciclo de E. amylovora la que mds incégnitas presenta debido a
que el patégeno se puede diseminar por distintas vias y de
diversas maneras [Sobiczewski y col., 1997; Thomsom, 2000]. Asi
por ejemplo, el inéculo del patdégeno en estos chancros,
aungue a veces forma visibles gotas de exudado en la
superficie, se ha observado que en otras ocasiones no es asi y
puede pasar inadvertido [van der Zwet and Keil, 1979]. Del
mismo modo, E. amylovora puede sobrevivir durante largos
periodos tanto en la superficie como en el interior de otros

tejidos vegetales sin mostrar sinfomas [van der Zwet y col., 1988].

Posteriormente, en primavera, cuando las condiciones
climdticas son favorables, la bacteria se multiplica
constituyendo el llamado “inéculo primario”, que sirve para
iniciar las primeras infecciones del periodo vegetativo. El
patégeno puede ser diseminado tanto a corta distancia (lluvia,
viento, insectos, maquinaria y herramientas agricolas, poda...),
como a larga distancia (fransporte de material vegetal
infectado, aves migratorios...). Una vez que llega a las flores, o
a los brotes en crecimiento, E. amylovora es capaz de entrar en
ellos por sus aberturas naturales, o por posibles heridas
producidas por agentes externos como granizadas, picaduras
de insectos, poda, etc. Después, el patdbgeno avanza

rdpidamente en sentido descendente al pedinculo floral,
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ramas, brotes y/o frutos inmaduros [Lopez vy col., 1988; van der
Iwet y Beer, 1995, Thomsom, 2000]. Los ftejidos afectados
aparecen iniciaimente humedecidos, para después tornarse

pardos o rojizos y acabar por necrosarse.

Una vez se ha producido la infeccion primaria y el patédgeno
ha avanzado por los tejidos haciendo progresar la infeccion, se
suelen producir, en los tejidos con sinfomas, los caracteristicos
exudados, que confienen gran cantidad de bacterias. Estos
exudados, que se pueden producir en brotes, hojas, frutos y/o
ramas, pueden actuar como ‘“indculo secundario” y ser
diseminados, causando enfonces nuevas infecciones o
infecciones secundarias [Beer, 1976; Ldopez y col, 1988;
Thomsom, 2000]. Generalemente, las infecciones secundarias
son mds peligrosas que las primarias por varias razones: son MAs
numerosas, causan danos mds graves en los drboles y existen
mayores posibilidades de diseminacién (con la aparicion de los
frutos son mds los érganos vegetales que pueden producir
indculo, y al mismo tiempo hay un mayor nUmero de érganos

susceptibles y de insectos que pueden ayudar en la dispersién).

Ademds, durante la primavera y el verano pueden tener
lugar numerosos ciclos de infeccién dependiendo de las
condiciones de temperatura y humedad, y que durardn hasta
el final del periodo vegetativo del hospedador [Lépez y col.,
1988]. En este senfido cabe destacar las floraciones
secundarias, ya que las flores son muy sensibles a esta

enfermedad.
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FIG. 7. Ciclo biologico del fuego bacteriano (modificacion ciclo APS en
http://iwww.apsnet.org/education/LessonsPlantPath/FireBlight/discycle.htm.)

Con la llegada de nuevo del otono y el invierno, al final del
periodo vegetativo de la planta se forman en ramas, troncos y
a veces en brotes, los chancros que ayudan a la bacteria a
sobrevivir durante el invierno. También se ha observado que E.
amylovora puede persistir en otras partes del huésped como
brotes necrosados, hojas, frutos momificados e incluso en el
suelo y en restos de vegetales infectados [Lopez y col., 1988].
Ademds, como se ha mencionado anteriormente, la bacteria
parece que es capaz de sobrevivir en érganos asintomaticos o

aparentemente sanos [Baldwin y Goodman, 1963]. La parada
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en el crecimiento de la bacteria en las plantas, coincide con el
descenso de las temperaturas y la consecuente parada
vegetativa de la planta [Lopez y col., 1988; Vanneste y Eden-
Green, 2000]. Cuando vuelva la primavera, unas condiciones
climdaticas favorables permitirdn de nuevo la multiplicacién de

la bacteria.

Es bien sabido que el conocimiento del ciclo de una
enfermedad es esencial para el control eficaz de la misma. Sin
embargo, aunque se ha reconocido la gran capacidad de
diseminacion y supervivencia, tanto epifita como endéfita, de
E. amylovora [van der Zwet and Beer, 1995; Thomsom, 2000], la
informacién acerca de su ciclo de vida fuera de huéspedes
susceptibles es ain muy escasa, desconociéndose la
importancia real de ofros posibles reservorios y vehiculos de
transmision de la enfermedad como el agua, las herramientas
agricolas, plantas no hospedadoras, etc., que podrian explicar,
en algunos casos, la inesperada aparicién de focos de fuego

bacteriano y la dificultad en su conftrol.

1.4. DIAGNOSTICO DEL FUEGO BACTERIANO

El diagndstico del fuego bacteriano implica tanto el
reconocimiento de los sinfomas caracteristicos de la
enfermedad, ya descritos previamente en ofro apartado, como

el aislamiento e identificacion de E. amylovora, su agente
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causal. Los sinftomas del fuego bacteriano pueden confundirse
con los ocasionados por ofra bacteria fitopatdgena,
Pseudomonas syringae pv. syringae, € incluso en ocasiones, por
los causados por insectos como Janus compresus o larvas como
las de Zeuzera pyrina [Balduque y col., 1998], o por meras
alteraciones fisiolégicas en la planta hospedadora [Baldugue y
col., 1996]. Ademds, el hecho de que E. amylovora esté
considerada como un patégeno de cuarentena en la UE hace
qgue se exijan foda una serie de medidas fitosanitarias para
evitar la propagacién de la enfermedad [Andnimo 2000, 2003],
entre las que obviamente se incluye también el andlisis de
material vegetal asinfomdtico. Por fodo ello, resulta
imprescindible confirmar la presencia de E. amylovora en este
tipo de material vegetal mediante técnicas de deteccion, que
debido a la posibilidad de infecciones latentes y la presencia
del patdégeno en niUmeros bajos, cada vez se requiere que sean
mads sensibles, ademds de rdpidas, especificas y fiables [Lopez vy
col., 2003; 2006]. Ademds, la distribucién de la bacteria en la
planta no es homogénea, por lo que los andlisis, principalmente
en el caso de plantas asintomdticas, pueden dar falsos

resultados negativos.

Las técnicas de diagndstico del fuego bacteriano y de
deteccidén de la bacteria en plantas sin sintomas se basan en el
aislamiento de la bacteria y su posterior identificacién mediante
pruebas bioguimicas, seroldgicas, moleculares y ensayos de
patogenicidad. Ademds, como pruebas rapidas de deteccion

se utilizan también las técnicas seroldgicas y moleculares
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directamente del extracto vegetal de la muestra, con o sin

enriguecimiento previo.

1.4.1. Aislamiento

Los métodos de aislamiento y la obtencidn de cultivos puros
de E. amylovora, aunque requieren varios dias, permiten la
posterior identificacidn bioquimica y verificacién del poder
patdgeno, por lo que deben ser utilizados siempre que las
muestras requieran una confirmaciéon de la presencia de células
patdgenas de esta bacteria. Ademds, de acuerdo a la norma
PM7/20 publicada por la EPPO (European and Mediterranean
Plant Protection Organization), Unica recomendacién existente
en cuanto a protocolos de diagndstico de E. amylovora, el
adislamiento es la Unica prueba definitiva y concluyente que
confirma la presencia del patégeno en la muestra [EPPO, 2004].
Segun esta norma, para el aislamiento directo de este
patdbgeno las muestras vegetales con sintomas (flores, brotes,
yemas, hojas, frutos y/o tejido subcortical procedente de
chancros) se maceran en un tampdn antioxidante [Gorris y col.,
1996a], tampdn fosfato salino o agua destilada estéril. En el
caso de muestras asinfomdticas, como la bacteria puede estar
presente en numeros muy bajos, se recomienda un paso
intermedio de enriquecimiento en medio liquido no selectivo y

semiselectivo para favorecer su multiplicacion.

Los medios de cultivo recomendados, tanto en forma
liguida para los enriquecimientos como sdélida para los
aislamientos, son los medios no selectivos KB [King y col., 1954] y

SNA [Biling y col., 1961], y el semiselectivo CCT [Ishimaru y Klos,
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1984]. En KB, el crecimiento de E. amylovora es répido y sus
colonias son blancas, circulares, mucosas y con un didmentro
de 2-5 mm a las 24-48 h (Fig. 8A) [Paulin y Samson, 1973]. Este
medio permite diferenciar las colonias de E. amylovora de las
de Pseudomonas syringae, ya que estas Ultimas producen un
pigmento fluorescente visible bajo luz ultravioleta. En el medio
SNA con un 5 % de sacarosa [Lelliot, 1967; Hildebrand y col,
1988] E. amylovora muestra unas colonias blancas, circulares y
mucosas, tipicamente abombadas y de 3-7 mm de didmetro en
2 dias (Fig. 8B) [Billing y col., 1961]. El aspecto abombado se
debe a la produccion de levano a partir de la sacarosa
presente en el medio. El medio semiselectivo CCT contiene
como fuentes de carbono sacarosa al 10% vy sorbitol al 1%, vy
como ingredientes para conseguir la selectividad tergitol
aniénico, nitrato de talio, cicloheximida vy cristal violeta [Ishimaru
y Klos, 1984]. En consecuencia, el crecimiento de E. amylovora
es algo mds lento (2-3 dias), pero la morfologia que muestran
sus colonias es muy caracteristica: circulares, abombadas vy
mucosas, algo mds grandes (4-10 mm de didmetro), color
violdceo pdlido, superficie lisa y borde brillante (Fig. 8C). El
medio CCT muestra un buen nivel de selectividad, si bien otras
bacterias comunes asociadas a las plantas como P.
agglomerans y Pseudomonas sp. también pueden crecer en él,
aunque su crecimiento se ve ligeramente inhibido y muestran

una morfologia colonial diferente [Ishimaru y Klos, 1984].
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FIG. 8. Morfologia colonial de £. amylovora en diferentes medios de cultivo.
A) KB; B) SNA; C) CCT; D) MM2Cu. (Fotografias: Ay C, M. Ordax; By D, V.
Donat)

Existen ofros medios semiselectivos que, aunque no
recomendados por la EPPO, son usados en algunos laboratorios.
Uno de ellos es el medio MS [Miller y Schroth, 1972], en el que las
colonias de E. amylovora son rojo-anaranjadas debido a la
fermentacién del sorbitol en presencia del indicador de pH azul
de bromotimol, mientras que las de Pseudomonas sp. son azules
[Jones y Geider, 2001]. Sin embargo, la morfologia de P.
agglomerans es muy similar [Jones y Geider, 2001], y ademds es
un medio caro, laborioso en cuanto a su preparacién y de
corta duracion de almacenamiento. Mds recientemente se
publicé el medio semiselectivo MM2Cu [Bereswill y col., 1998], en

el que E. amylovora crece formando colonias muy mucosas y
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de un amarillo caracterisitico (Fig. 8D) debido a la presencia de
cobre, lo que permite su diferenciacion de otras bacterias.
Aungue lleva asparagina para compensar la inhibicion de
crecimiento por el metal, las colonias no muestran claramente

el aspecto tipico de E. amylovora hasta como minimo 3-4 dias.

1.4.2. Deteccion serolégica

En cuanto a la detecciéon seroldgica de E. amylovora, la
técnica ELISA (“Enzyme-Linked Immunosorbent Assay”) con sus
variantes son las que se utiliza rutinariamente [Sobiczewski y col.,
19971, aunque también puede emplearse la
inmunofluorescencia. Cuando se usan anficuerpos policlonales
son frecuentes las reacciones cruzadas con otras bacterias
presentes en la muestra. Sin embargo, con el uso de
antficuerpos monoclonales, se evitan estos problemas y ademds
se pueden emplear directamente con material vegetal,
permitiendo un procesamiento rdpido y automatizado de un
gran nUmero de muestras. Asi, empleando este tipo de
anficuerpos se alcanzan sensibilidades de 10¢ ufc/ml mediante
ELISA-DAS (Double Antibody Sandwich ELISA) [McLaughliny col.,
1989] o de hasta 105 por ELISA-DASI (Double Antibody Sandwich
Indirect ELISA) [Gorris vy col., 1996a.,b]. No obstante, el método
seroldgico mds sensible y especifico para E. amylovora se ha
desarrollado en los Laboratorios de Bacteriologia y de Virologia
e Inmunologia del Instituto Valenciano de Investigaciones
Agrarias (IVIA): el método ELISA-DASI-Enriquecimiento permite la
deteccion de hasta 10-100 ufc/ml en exiractos de material

vegetal [Gorris y col., 1996a,b]. Como su propio nombre indica
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se basa en una fase previa de enriquecimiento en los medios
de cultivo liquidos KB o CCT seguida de una inmunodeteccion
por ELISA-DASI utilizando anticuerpos monoclonales especificos
[Gorris y col., 1996a,b]. Este sistema ha sido comercializado en
un estuche de diagndstico por la empresa Plant Print

Diagnostics, tfras un convenio con el IVIA.

Los mismos laboratorios han desarrollado también la técnica
de inmunoimpresidn-ELISA para E. amylovora [Cambra y col.,
1996]. Se trata de realizar una impresion de la muestra en una
membrana de nitrocelulosa seguida de un andlisis seroldgico
con antficuerpos monoclonales especificos. Tiene la ventaja de
qgue no es necesaria la preparacién de extractos, ya que el
material vegetal fresco se inmoviliza directamente en las
membranas de nitrocelulosa, y que ademds, se pueden
almacenar hasta su revelado. Sin embargo, esta técnica se
recomienda sélo en casos de plantas con sinftomas como
confirmacién del diagndstico, ya que pueden aparecer
interferencias con el color que presentan las impresiones de

algunos tipos de material vegetal.

Otro técnica serolégica es la inmunofluorescencia, aungue
en el caso de E. amylovora ha sido menos empleada que las
técnicas ELISA, especialmente porque la escasez de
anticuerpos comerciales de aceptable especificidad favorece
los falsos positivos debido a las reacciones cruzadas. Sin
embargo, algunos laboratorios la prefieren como técnica
rdpida para un primer andlisis, ya que su sensibilidad es

relativamente elevada (103-104 ufc/ml).
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1.4.3. Deteccion molecular

Los métodos que mds se han empleado para la deteccidn
de E. amylovora mediante amplificacién génica, utilizando la
reaccién en cadena de la polimerasa (PCR), se basan en
secuencias del plasmido pEA29. Para alcanzar una mayor
sensibilidad, se desarrollé una variante de la PCR denominada
nested-PCR, que utiliza dos pares de iniciadores, uno externo y
otro interno [McManus y Jones, 1995], y que puede detectar
hasta 20 ufc/ml en exiractos vegetales o incluso 1 ufc/ml si se
frata de cultivo puro. Sin embargo, para evitar los frecuentes
inconvenientes de contaminaciones debidas a las dos etapas
de amplificacion, en el Laboratorio de Bacteriologia del IVIA se
puso a punto una variacidn que consiste en realizar dos
amplificaciones en un solo tubo utilizando iniciadores con
distintas temperaturas de anillado, obteniéndose asi una
sensibilidad cercana a 1 ufc/ml en cultivo puro [Llop y col.,
2000].

Recientemente, se ha desarrollado la PCR-Real Time o PCR
“a tiempo real”, también basada en secuencias del pldsmido
PEA29, y cuya principal ventaja es su gran rapidez en la
obtencién de resultados al mismo tiempo que ocurre la
amplificacién, sin necesidad de electroforesis y con una
sensibilidad de 50 ufc/ml [Salm y Geider, 2004].

Todas estas reacciones de PCR basadas en secuencias del
pldsmido pEA29 tienen como inconveniente que aunque se
creic que este pldsmido era ubicuo en E. amylovora,

recienfemente se ha demostrado la existencia de cepas de E.
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amylovora que no lo fienen [Llop y col., 2006]. Para solventar
este problema se estd desarrollando actualmente otra PCR “a
tiempo real” a partir de secuencias cromosdmicas del operon
ams [Geider y col, 2007]. Ademds, existen otras PCR
convencionales que amplifican fragmentos cromosémicos,
como el gen amsB implicado en la sintesis del amilovorano
[Bereswill y col., 1995], secuencias ribosémicas del RNAriéS
[Bereswill y col., 1995] y RNAr23S [Maes y col., 1996] u ofras
[Guilford y col.,, 1996]. Sin embargo, en estos protocolos la
sensibilidad, incluso en las mejores condiciones, es mds baja
(100-1000 ufc/ml). Por ello, en general estas amplificaciones
resulfan menos apropiadas que la nested-PCR para la
deteccién de la bacteria en plantas asontomdticas o en
muestras en las que sea esperable la presencia de la bacteria

en niveles poblacionales bajos.

Un problema que presenta cualquier técnica de PCR estd
relacionado con la presencia de compuestos inhibidores de la
Tag polimerasa en el material vegetal, por lo que se requieren
protocolos de extracciéon del ADN para el andlisis de este tipo
de muestras [Llop y col., 1999]. Ademds, cabe seialar el hecho
de que estas técnicas pueden amplificar secuencias de ADN
procedentes de células de E. amylovora que estén lisadas o

muertas.

1.4.4. |dentificacion

Una vez se han obtenido cultivos puros de colonias con

morfologia tipo E. amylovora, se realizan una serie de pruebas
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bioguimicas vy fisioldgicas, asi como seroldgicas, moleculares y

de poder patdégeno, para su identificacién [EPPO, 2004].

El perfil bioguimico vy fisioldgico de E. amylovora es el siguiente:
o metabolismo oxidativo/fermentativo (O+/F+)

o oxidasa (-)

o reduccién de nitratos (-)

. utilizacién de citrato (+)

o crecimiento a 39°C (-)

o licuefaccidén de gelatina (+)
o produccién de ureasa (-)

o produccién de indol (-)

o reduccién de sacarosa (+)
o produccién de acetoina (+)

Esta identificacion bioguimica se puede completar con las
galerias comerciales APl (bioMérieux, Francia) [Donat y col.,
2005; 2007] (Fig. 9). Se ftrata de sistemas miniaturizados que
permiten evaluar 20 reacciones bioquimicas (APl 20E), la
utilizacién de 50 carbohidratos y derivados (APl 50CH) o la
produccién de 19 enzimas (API-ZYM). Otro sistema miniaturizado
es el BIOLOG (Biolog Inc., USA), que permite examinar la
utilizacion de hasta 95 fuentes de carbono en un Unico andlisis

mediante una sola microplaca [Donat y col., 2005] (Fig. 9).
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FIG. 9 . Sistemas miniaturizados para la identificacion bioquimica de E.
amylovora. API-ZYM (izqda.), APl 20E (centro) y BIOLOG (dcha.). (Fotografias:
V. Donat).

El perfil de dcidos grasos también puede ser utilizado para la
identificacién, dada la homogeneidad observada en los
perfiles de distintas cepas de E. amylovora [Paulin, 2000].
Ademds, las técnicas seroldgicas y moleculares descritas como
métodos de deteccidén, pueden también servir para la
identificacion de cultivos puros de la bacteria. Asi, partiendo de
cultivos puros, tanto la técnica ELISA-DASI con anticuerpos
monoclonales, como la inmunofluorescencia con antisueros
especificos o la aglutinacion en membrana, como los diversos
protocolos de PCR descritos, pueden ser aplicados para su
identificacién. Por otro lado, también los cultivos puros de la
bacteria se pueden infiltrar en hojas de planta de tabaco para
determinar su capacidad de producir la reaccidn de
hipersensibilidad (HR). La prueba definitiva tras una HR positiva
es la de la inoculaciéon en peras inmaduras (Fig. 10), o en brotes
de especies hospedadoras susceptibles, con el fin de reproducir
los sintomas del fuego bacteriano y verificar el poder patégeno
de los aislados. Ademds de las peras inmaduras, se ha

demostrado que ofros frutos inmaduros de plantas
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hospedadoras como el nispero, o frutales de hueso como el
albaricoqguero, también reproducen los sinfomas de fuego
bacteriano (necrosis y exudado) cuando son inoculados con
esta bacteria, por lo que pueden ser igualmente utilizados
[Donat, 2004]. En todos los casos, para obtener los mejores
resultados los frutos deben ser inoculados en el periodo desde
que tienen un didmetro superior a 1cm hasta que alcanzan las
% partes de su didmetro definitivo. Asimismo, los brotes han de
ser muy jovenes, ya que en la mayoria de casos con la edad

del érgano se incrementa la resistencia a la infeccion.

& @ Ve o

FIG. 10. Inoculaciones de E. amylovora en

nispero (izqda) y pera (dcha) inmaduros.
(Fotografias: M. Ordax)
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1.4.5. Protocolo de diagnéstico (PM7/20, EPPO)

Recientemente, en el laboratorio de Bacteriologia del IVIA
se ha estandarizado un protocolo de diagndstico para E.
amylovora gracias a un proyecto denominado DIAGPRO
(Diagnostic  Protocols) (2000-2002) financiado por la UE. El
protocolo, que recoge el procedimiento a seguir desde la toma
de muestras de material vegetal hasta su diagndstico final (Fig.
11), se ha validado mediante ensayos inter-laboratorios, y ha
sido publicado como norma (Phytosanitary Measures PM7/20)
por la EPPO [EPPO, 2004].

Tanto el desarrollo como la optimizacion de métodos de
deteccién para E. amylovora con el fin de alcanzar una mayor
sensibilidad sin la pérdida de fiabilidad, suponen un importante
avance en el esclarecimiento de cudles son las fuentes de
indculo, los reservorios y las vias de fransmision de la
enfermedad, aspectos aln poco conocidos y que contindan
siendo motivo de especulacidon [Montesinos y Lopez, 1998;

Lépez y col., 2003].

45



Capitulo 1 Introduccidn, Objetivos y Justificacion
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FIG. 11. Diagrama de flujo que representa el protocolo de diagnéstico a seguir
para E. amylovora de acuerdo a la norma PM7/20 de la EPPO [EPPO, 2004; V.
Donat, 2004].
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1.5. UNA ESTRATEGIA DE SUPERVIVENCIA: EL ESTADO
“‘VIABLE NO CULTIVABLE” (VNC),

1.5.1. Supervivencia, viabilidad y muerte celular

Se entfiende por supervivencia bacteriana al mantenimiento
de la viabilidad celular ante circunstancias adversas [Roszak y
Colwell, 1987; Morita, 1997]. Sin embargo, en Microbiologia a

veces resulta dificil definir viabilidad y condiciones adversas.

En muchas ocasiones se desconoce cudles son las
condiciones 6ptimas para un microorganismo [Postgate, 1969;
Morita, 1997]. Ademds, con frecuencia no se tiene en cuenta
que los microorganismos pueden proceder de ambientes
oligotréficos, cultivdndose de forma rutinaria en el laboratorio
en medios ricos en nufrientes [Jannash, 1979; Morita, 1997;
Colwell y Grimes, 2000]. De hecho, lo md&s comun en la
naturaleza son los ambientes oligotréficos, de modo que los
medios de cultivo de laboratorio difieren bastante de las
condiciones en las que se encuentra en microorganismo en su
medio natural [Morita, 1997]. Es mds, un aporte repentino de
nutrientes a microorganismos que proceden de ambientes en
donde éstos escasean puede suponer incluso la muerte de los
mismos [Morita, 1997]. Esto es debido a que los microorganismos

pueden estar adaptados a las condiciones oligotréficas vy

47



Capitulo 1 Introduccidn, Objetivos y Justificacion

sobrevivir mediante distintos mecanismos, como la formacion
de estructuras de resistencia tipo esporas o células vegetativas,
la disminucién de la tasa de division celular, la reduccion de las
actividades metabdlica y/o respiratoria, el uso de reservas
enddgenas como fuente de energia o la reduccién del tamano
celular [Morita, 1997]. Todas estas respuestas ante la falta de
nutrientes forman parte de un estado de supervivencia
bacteriana (“starvation state” en inglés), que tal y como Morita
expone [1997], es predominante en la naturaleza, a pesar de
que frecuentemente no se tiene en cuenta en los laboratorios.
Por ello, el término condiciones 6ptimas debe asociarse al
microorganismo en su ambiente natfural y no al trabajo en el

laboratorio.

Respecto al término viabilidad, cabe destacar que, en
Microbiologia, la distincion entre viabilidad (vida) y no
viabilidad (muerte) varia en funcidn de la metodologia
aplicada. Generalmente, se consideran bacterias vivas o
viables aquellas capaces de multiplicarse y formar una
progenie en condiciones  6ptimas,  determindndose
normalmente por unidades formadoras de colonia (UFC), es
decir, mediante su crecimiento en medio sélido [Postgate, 1967;
1969]. Por lo tanto, en Microbiologia se identifica el concepto
viabilidad con multiplicacion en un medio de cultivo, lo que
implica que cuando no se forman colonias, se considere que el
microorganismo estd muerto. Esta idea, que aln permanece en
la actualidad, ya empezd a ser cuestionada por Gay, en el ano
1936, sugiriendo que era posible que las células fueran

incapaces de multiplicarse y en cambio, seguir desempenando
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funciones metabdlicas. Anos después, Valentine y Bradfield
[1954] proponen el término viabilidad para describir las células
capaces de multiplicarse y formar colonias, pero sugirieron el
calificativo de vivas para referirse a las células que, aunque
incapaces de dividirse, muestran ofras senales de viabilidad
celular como la respiracién. Sin embargo, esto llevaba a
considerar las células viables como no vivas, lo cual resultaba

claramente contradictorio.

Debido a la necesidad, cada vez mds apremiante, de
estimar de una forma lo mds fiable y exacta posible el nUmero
total de bacterias vivas en muestras ambientales [Roszak vy
Colwell, 1987], en la década de los 70 comenzaron a
desarrollarse  métodos microbioldgicos independientes del
cultivo [Hoppe, 1976; Zimmerman y col., 1978; Kogure y col.,
1979], demostrdndose que puede haber células no cultivables
gue sin embargo son viables y metabdlicamente activas. Por lo
tanto, se deduce que aquellas células que no son cultivables vy,

ademads, son metabdlicamente inactivas, estdn muertas.

1.5.2. El estado “viable no cultivable” (VNC): determinacion

y caracteristicas

A partir del desarrollo de metodologias independientes del
cultivo celular, se ha demostrado que algunas especies
bacterianas, en respuesta a ciertos tipos de estrés

medioambiental, pueden perder su capacidad de crecer en
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medios de cultivo en los que habitualmente crecen, pero
permanecer viables [Oliver, 1993]. Asi, surge el concepto de
“Viable No Cultivable” (VNC). La primera evidencia
experimental clara del estado VNC se encuenira en el frabajo
de Xu y col., en el afo 1982, con los patdgenos Escherichia coli
y Vibrio cholerae. A partir de este momento, son muchos los
estudios publicados, mds de 400, acerca de la induccién de
este estado en diversas especies bacterianas, patdégenas y no
patdébgenas, pertenecientes a todo tipo de ambientes:
acudticos, terrestres, atmosféricos, subterrdneos, asi como en
humanos, animales, plantas, alimentos, etc. Los factores
responsables de la inducciéon del estado VNC son también muy
variables. Gran parte de los estudios realizados hasta el ano
2000, se encuentran recogidos en el libro “Nonculturable
microorganisms in the environment” editado por Colwell y
Grimes, y se actualizaron en una posterior revisién [Oliver, 2005].
Aungue el nUmero de bacterias en las que se ha demostrado la
induccién del estado VNC continda creciendo actualmente,
son escasos los trabajos que exploran las bases fisioldgicas,
metabdlicas o genéticas de este fendmeno [Oliver, 1993].
Puesto que el estado VNC se induce ante condiciones de
estrés, estd considerado como una estrategia de supervivencia
para la bacteria en ambientes adversos [Roszak y Colwell, 1987;
Oliver, 1993]. Ademds, como se ha descrito en bacterias Gram
negativas, podria relacionarse, en cierto modo, con la
esporulacién de bacterias Gram positivas [Colwell y Grimes,
2000]. Pero si realmente el estado VNC es una estrategia de
supervivencia desarrollada por la bacteria de forma activa

ante uno o mds factores desfavorables, deberia ser un proceso
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reversible, tal y como apuntaban estos mismos autores. A la
reversion de la bacteria del estado VNC se le ha denominado

comunmente resucitacion, y de ella hablaremos mds adelante.

Existen toda una variedad de técnicas para determinar la
proporcion de células VNC de una poblacidon, que se
caracterizan por determinar la viabilidad celular sin requerir el
cultivo. Los métodos mds empleados se clasifican,
bdsicamente, a) en la respuesta a un estimulo externo, ya sea
nutrientes [Kogure vy col., 1979], sustratos marcados
radiactivamente [Roszak y Colwell, 1987], o un sustrato
enzimdtico [Manafi y col.,, 1991; Diaper y Edwards, 1994;
Nwoguh vy col., 1995]; b) en la deteccidén de actividad
respiratoriac mediante el uso de aceptores de electrones como
el INT (del inglés “p-iodonitrotetrazolium violet”) [Zimmerman y
col., 1978] o el CTC (del inglés “5-cyano-2,3-ditolyl tetrazolium
chloride”) [Dufour y Colon, 1992], y c) en el mantenimiento de la
integridad celular mediante la exclusion de fluorocromos como
el ioduro de propidio, en el que se basa por ejemplo el kit
comercial Live&Dead [Boulos y col., 1999], ampliamente usado.
En paralelo, o incluso al mismo tiempo como ocurre en los
métodos Kogure y Live&Dead, se realizan recuentos de células
totales mediante técnicas rutinarias de microscopia de
fluorescencia. Asi, si al recuento cldsico de células cultivables,
anadimos los recuentos de células totales y viables, se puede
determinar la fraccidn de la poblacién bacteriana que se
encuentra en estado VNC (Fig. 12). La relacién entre los
recuentos de células totales y viables con los nUmeros de

colonias en un medio de cultivo, pasa por fres fases que segun

o1



Capitulo 1 Introduccidn, Objetivos y Justificacion

Kell y col.,, [1998], se podrian denominar: correspondencia,
discrepancia relativa y discrepancia absoluta (periodos A, B y
C, respectivamente en Fig. 12). En la Ultima fase, el nUmero de
colonias cae por debajo del limite de deteccidén, de forma que
la poblacién no es cultivable, aungque si viable de acuerdo a

alguno de los criterios de viabilidad indicados anteriormente.
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FIG. 12. Patron clasico de recuentos de células totales, viables y
cultivables en una poblacién bacteriana sometida a una o mas situaciones
de estrés (la escala de tiempo y el numero de células varian dependiendo
del microorganismo y de la naturaleza del estrés). Los periodos
denominados A, B y C, indican diferentes fases en la relacion entre los
recuentos de células totales y viables con los de cultivables: A) fase de
correspondencia, B) fase de relativa discrepancia, y C) fase de absoluta
discrepancia, correspondiendo a células viables aunque no cultivables
(VNC). (Esquema basado en el de Kell y col. [1998]).

Junto con la pérdida de cultivabilidad en un medio de cultivo
no selectivo, las células VNC pueden mostrar cambios de cardcter
morfoldgico, fisioldgico o bioguimico. Asi, ante un estrés por escasez

de nutrientes es relativamente frecuente una reduccidon del
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tamano celular. Esta estrategia permite minimizar las necesidades
para el mantenimiento celular y aumentar la captacién de
nutrientes por un incremento de la relacién superficie / volumen
[Morita, 1997]. Ademds, en bacterias marinas se han descrito una
serie de cambios metabdlicos que incluyen reducciones en el
transporte de nutrientes y en la sintesis de  macromoléculas, lo que
podria suponer un mecanismo de proteccidén para evitar que las
células continlen consumiendo energia cuando no hay mds
nutrientes disponibles [Oliver 1993, 2005]. Otros cambios que se han
descrito hacen referencia a la composicidén en lipidos y dcidos
grasos de la membrana citoplasmdatica, disminuyendo  su
proporcion en el estado VNC en bacterias como Vibrio vulnificus
[Linder y Oliver, 1989; Day y Oliver, 2004], Escherichia coli [Oliver,
1993]. Aeromonas hydrophila [Morgan y col., 1991] vy
Campylobacter jejuni [Tholozan y col., 1999]. Segun estos trabajos,
los cambios lipidicos observados podrian permitir a las células
mantener la fluidez y el potencial continuo caracteristicos de la
membrana durante la entrada y permanencia de las células en el
estado VNC. Estas células también pueden mostrar cambios
bioguimicos en su pared celular, como se ha visto en Vibrio sp. vy
Escherichia coli, incrementando la sintesis de peptidoglicano
[Nystrom vy Kjelleberg, 1989] o aumentando sus enlaces cruzados
[Signoretto y col., 2002]. Presumiblemente, estas alteraciones
podrian hacer que las células VNC fueran mds resistentes,
favoreciendo asi la supervivencia de la bacteria [Oliver, 1993]. A
nivel genético, se ha observado la pérdida de pldsmidos en
algunas especies de Pseudomonas [McDougald y col.,, 1995],
aunqgue, sin embargo, se ha demostrado su permanencia en otras

como E. coli y Klebsiella spp. [Oliver, 1993; Porter y col., 1995].
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Ademds, la ausencia, en algunos casos, de amplificacion por PCR,
parece indicar que también puden darse cambios a nivel

gendmico [Oliver, 1993; Bejy col., 1997; Warner y Oliver, 1998].

Por otro lado también se ha demostrado que las células
VNC mantienen diversas caracteristicas o funciones celulares
de importancia, como la cdpsula en V. vulnificus [Oliver, 1993],
niveles de ATP elevados en C. jejuni [Beumer y col, 1992;
Federighi y col., 1998], expresion de diversos genes en
Enterococcus faecalis [Lled y col., 2000] e incluso la biosintesis
de nuevas proteinas en V. vulnificus [Morton y Oliver, 1994;
McGovern y Oliver 1995].

1.6.3. Reversion del estado VNC: recuperacién o

resucitacion

De forma general se considera que si el estado VNC es

verdaderamente una estrategia de supervivencia para la
bacteria ante condiciones ambientales adversas, éste ha de ser
reversible [Oliver, 1993; Kell y col., 1998; Colwell y Grimes, 2000;
Bogosian y Bourneuf, 2001]. Asi surge el término resucitacion,
también llamada recuperacién, definido como “la reversién de
los procesos metabdlicos vy fisioldgicos implicados en la pérdida
de la cultivabilidad, llevando a la recuperacién de la
capacidad de las células para crecer en el medio de cultivo en
el que antes no podian hacerlo” [Oliver, 1993]. La resucitacion
puede deberse a distintas causas, como la reversiéon del factor
o factores de estrés que indujeron la entrada en el estado VNC,

la adicién de nutrientes o la produccidn de sefales especificas
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por el hospedador de la bacteria [Kell y col, 1998]. Sin
embargo, no siempre resulta tan clara, y por ello ha sido muy
discutida en distintos frabajos. Los estudios de recuperacion
presentan el problema de que en la mayoria de casos, se
apoyan en la adicidén de nutrientes a las células que no son
cultivables. Por lo tanto, resulta dificili demostrar si la
cultivabilidad que observamos es consecuencia de una
verdadera resucitacién de las células VNC o si, por el contrario,
se debe al crecimiento de unas pocas células cultivables que
permanecian por debajo del limite de deteccidn (a lo que se le
llamma comUnmente recrecimiento) [Oliver, 1993; Kell y col.,
1998; Bogosian y Bourneuf, 2001; Oliver, 2005]. En consecuencia,
resulta imprescindible determinar y reducir, de la forma mds
exacta y fiable posible, la probabilidad de que una muestra
contenga alguna célula cultivable antes de la resucitaciéon. Asi,
se ha indicado que para demostrar que la contribucidén del
recrecimiento estd excluida se ha de establecer un limite
estadistico aceptable, como por ejemplo, una p<0.01 de que
una célula cultivable esté presente en una muestra que
después serd sometida a procesos de recuperacion de la
cultivabilidad [Kell y col., 1998]. Existen procedimientos que
permiten cumplir este criterio, como la técnica denominada
“nUmero mds probable” o MPN (del inglés “most probable
number”) [Koch, 1994], o el sistema de diluciones decimales
seriadas propuesto por Whitesides y Oliver [1997]. Estos métodos
han permitido demostrar la resucitacidn en especies
bacterianas como V. vulnificus, Micrococcus luteus, E. coli,
Pseudomonas aeruginosa, V. cholerae y C. jejuni [Kell y col.,

1998; Oliver, 2000]. Es importante tfener en cuenta, que no todos
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los intentos de recuperar la cultivabilidad de las células VNC
resultan satisfactorios, ya que las condiciones necesarias para la
resucitacion dependen de la especie bacteriana, del factor/es
inductor/es de la enfrada en este estado, y del tiempo que
hace que las células han perdido su cultivabilidad [Oliver, 2000].
Por lo tanto, la resucitacion de células en estado VNC parece
que es un proceso complejo, demostrado al menos en algunas

especies, y bajo unas determinadas condiciones [Oliver, 2005].

1.56.4. Mantenimiento del poder patégeno en las células
VNC

El saber si las células VNC de una especie bacteriana
patdégena son capaces de causar enfermedad constituye un
aspecto esencial de este estado fisioldgico por sus posibles
implicaciones epidemioldgicas. Dado que una de las posibles
vias de resucitacion de las células VNC es su paso por un
hospedador susceptible, la cuestidon que se plantea es si las
células no cultivables pueden resucitar en él y causarle
enfermedad. En cualquier caso, se ha demostrado que la
inoculacion de células VNC de bacterias patégenas como V.
choleare y E. coli [Colwell y col., 1985], L. neumophila [Hussong y
col., 1987], C. jejuni [Jones y col., 1991], V. vulnificus [Oliver y
Bockian, 1995], Shigella dysenteriae Tipo 1 [Rahman y col,
1996], V. shiloi [Banin y col., 2000], Enterococcus faecalis [Pruzzo
y col., 2002] y Helicobacter pylori [Oliver, 2005], desencadena la
produccidén de sinfomas en sus correspondientes hospedadores.
Consecuentemente, se ha especulado con la idea de que el

estado VNC podria estar implicado en infecciones bacterianas

56



Capitulo 1 Introduccidn, Objetivos y Justificacion

en las que se conoce la existencia de una fase clinica
durmiente o latente, como la tuberculosis [Kell y col., 1998].
También se ha apuntado un posible papel de este estado en
enfermedades en las que no se conocen bien los reservorios de
los patdégenos o las vias de transmision, como por ejemplo, las
gastritis crénicas en humanos. Sin embargo, hay que destacar
igualmente, que aun no se ha demostrado de una forma
directa, que las células VNC tengan un papel en la

epidemiologia de estas enfermedades.

1.56.5. El estado VNC en la naturaleza: implicaciones

epidemiolégicas

Segun Oliver [2000], para que el estado VNC tenga una
implicacién epidemiolégica significativa se requiere que en la
naturaleza las células bacterianas retengan su  poder
patdgeno, asi como que sean capaces de resucitar a un
estado metabdlicamente activo. No obstante, como indica
Weichart [1999], incluso las células no recuperables y que
hayan perdido su viabilidad pueden jugar un papel relevante
en ecologia y epidemiologia. Se ha demostrado por ejemplo,
que la sintesis de algunas toxinas continda incluso después de
que las células hayan perdido su capacidad de multiplicacion
[Weichart, 1999]. Ademds, se debe tener en cuenta que el
mero hecho del mantenimiento de la estabilidad celular podria
permitir la persistencia de su material genético en el ambiente,
existiendo la posibiidad de su transferencia a  ofros

microorganismaos.
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A pesar de los numerosos trabajos que enconframos en la
literatura sobre el estado VNC, son pocos los estudios que se
han hecho de células no cultivables en sistemas naturales
[Bogosian y Bourneuf, 2001]. Los experimentos empleando suelo
o agua de rio no estériles han mostrado que las células no
cultivables de E. coli [Bogosian y col., 1996] y Pseudomonas
fluorescens [Mascher y col., 2000] no eran capaces de persistir.
Resultados de este tipo sugieren que la conversibn de un
estado cultivable a uno que no lo es, podria no ser una
estrategia de supervivencia para la bacteria, sino un estado
previo a la muerte celular [Bogosian y Bourneuf, 2001]. Sin
embargo, hay casos que inducen a pensar lo contrario: se ha
visto por ejemplo, que V. cholerae es capaz de sobrevivir
durante largos periodos de tiempo en el estado VNC en
diferentes fuentes de agua natural, lo que se ha reconocido
como un riesgo para la salud publica [Hug y col., 2000].
Resultados como éste podrian indicar una implicacién

significativa de los patdgenos VNC en epidemiologia.

La principal consecuencia de la posible existencia del
estado VNC en ciertas especies bacterianas, es que muestras
ambientales y clinicas no deben ser consideradas libres de
patdbgenos por el mero hecho de dar resultados negativos en
los cultivos [Hug y col., 2000]. Sin embargo, el aislamiento en
medio de cultivo continla siendo el método de diagndstico
mds comun en los laboratorios [Hug y col., 2000]. Ademds, se
requiere el aislamiento del patdégeno en casos extremos de
susceptibilidad  clinica, como ocurre en  pacientes

inmunodeprimidos o tratados con quimioterapia. Se podria
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pensar que el uso de la tecnologia de PCR podria ser la
estrategia adecuada para la deteccién de células VNC en la
naturaleza, pero es bien sabido que este tipo de técnicas
amplifican el ADN de las células bacterianas
independientemente de que estén viables o muertas. Ademds,
se han observado que hay células VNC que han producido
patrones de amplificacién distintos e incluso en algunos casos
no amplificaron [Brauns y col., 1991; Oliver, 1993; Bej y col., 1997;
Warner y Oliver, 1998].

Con todo, se puede concluir que son necesarios estudios
epidemioldgicos mds exhaustivos para determinar hasta qué
punto las células VNC tienen un papel relevante en la aparicion

y el desarrollo de enfermedades [Oliver, 2000].

1.5.6. El estado VNC en bacterias asociadas a plantas

Las plantas estdn  colonizadas por comunidades
microbianas complejas (bacterias, levaduras, hongos...), que
han recibido mucha atencién debido a los efectos sobre su
productividad. Asi, hay microorganismos fitopatdégenos que
pueden resultar perjudiciales para ellas, pero también los hay
que producen efectos beneficiosos. La cuantificacion de
poblaciones bacterianas asociadas a las plantas que se
realizan para estudios epidemioldgicos y ecoldgicos, se basan
aun, en la mayoria de casos, en los recuentos en placa o en
técnicas de inmunofluorescencia [Wilson y Lindow, 2000]. Puesto
que la inmunofluorescencia no discrimina las células viables de

las no viables, una diferencia entre sus recuentos y los recuentos
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de cultivables en placa, no implicariac necesariamente la
presencia de células VNC. Por lo tanto, se requiere, como ya
vimos anteriormente, el uso de técnicas especificas para
determinar la viabilidad celular, las cuales se han aplicado
desde hace poco mds de una década en las bacterias
asociadas a plantas vy, ademds, en microcosmos
experimentales. Una de las razones ha sido, probablemente, la
dificultad en el manejo de muestras ambientales con todo tipo
de comunidades microbianas junto con la presencia de
materia orgdnica [Wilson y Lindow, 2000]. Por ello, son escasos,
en comparacién con los realizados en otras dreas, los estudios
acerca de la induccion del estado VNC en especies
bacterianas asociadas a plantas [Pedersen y Leser, 1992; Wilson
y Lindow, 1992; Binnerup y col., 1993; Pernezny y Collins, 1997;
Alexander y col., 1999; Guezzi y Steck, 1999; Grey y Steck, 2001].
Asi, se han estudiado tanto especies fitopatdégenas como
Pseudomonas syringae, Agrobacterium tumefaciens, Ralstonia
solanacearum, Xanthomoas campestris pv. campestris y pv.
vesicatoria, como ofras que no lo son, como Pseudomonas
fluorescens y Rhizobium leguminosarum. Ademds, se ha visto
qgue hay una disminucién en la cultivabilidad de poblaciones
bacterianas de especies como Rhizobium phaseoli, A.
tumefaciens y Pseudomonas sp. recuperadas de suelo estéril
cuando se cultivan en medios selectivos con presencia de
antibidticos [Acea y col., 1988]. Todos estos estudios llevan a
pensar que la cultivabiidad de las células bacterianas en
muestras  ambientales puede verse considerablemente

afectada en situaciones de estrés [Wilson y Lindow, 2000].
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Las bacteria epifitas, debido a que colonizan la superficie
de las plantas, estdn sometidas de forma continua a varios tipos
de estrés ambiental, como el estrés osmofico debido a
fluctuaciones en la humedad relativa, las radiaciones
ultravioleta, la escasez de nutrientes y la aplicacién de
compuestos bactericidas [Wilson y Lindow, 2000]. De hecho,
podemos encontrar en la literatura muchos frabajos sobre la
supervivencia de las bacterias epifitas en la filosfera, pero estos
estudios se basan Unicamente en la cultivabilidad de las
mismas, por lo que cuando se describe un descenso del niUmero
de ufc, se desconoce si es sélo una disminucidn en la
capacidad de formar colonias en medio sélido o si realmente
las células bacterianas estdn muertas. Como ya hemos dicho,
sélo recientemente se han abordado estudios de viabilidad,
que han permitido, por ejemplo en el caso de P. syringae,
demostrar que ante un estrés por desecaciéon, esta bacteria
inoculada en hojas de judia no entra en el estado VNC, ya que
el nimero de células viables no fue significativamente distinto
del de cultivables en placa [Wilson y Lindow, 1993]. Sin
embargo, en estudios prolongados de esta misma bacteria en
hojas de judia en condiciones ambientales constantes, si que se
demostrd su entrada en este estado, probablemente debido a
la limitacién de nutrientes [Wilson y Lindow, 1992]. Los modelos
que se han propuesto para describir el crecimiento y la
supervivencia de las poblaciones bacterianas epifitas hablan
de una transicion reversible entre una fase de supervivencia y
una fase de multiplicacion [Henish y Basan, 1986; Knudsen, 1991;
Beattie y Lindow, 1995]. Quizds entonces, como sugieren Wilson

y Lindow [2000], el estado VNC en bacterias epifitas sea el
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principio de la fase de supervivencia, adoptando este estado
ante la limitacidon de nutrientes en el ambiente oligotréfico de
las hojas de la planta. Ademds, no hay que olvidar los
frecuentes tratamientos con compuestos bactericidas que se
emplean para el confrol de las enfermedades en plantas, los
cuales suponen un estrés anadido para estas bacterias en las
hojas. Asi, se ha demostrado en condiciones in vitro que ciertas
concentraciones de iones cobre inducen la entrada de distintas
bacterias fitopatdgenas en el estado VNC [Alexander y col.,
1999; Guezzi y Steck, 1999; Grey y Steck, 2001].

Las bacterias que se encuentran en la rizosfera también
estdn sometidas a distintos tipos de estrés, como la desecacion,
los valores extremos de pH y temperatura y la presencia de
metales pesados, entre otros [Wilson y Lindow, 2000]. Ademds,
aungue en la rizosfera de una raiz en crecimiento activo hay
suficiente carbono para permitir un crecimiento activo de las
bacterias, no ocurre asi en la rizosfera de raices viejas o en
suelos donde no hay plantas, que se caracterizan por ser
ambientes oligotréficos [Morita, 1997]. Todos estos factores de
estrés pueden potencialmente afectar a la cultivabilidad, como
se ha observado en varios frabajos con muestras de suelo
[Olsen y Bakken, 1987; Postma y col, 1988; Pedersen y Jacobsen,
1993; Richaume y col., 1993; Van Elsas y col., 2005]. Pero de
nuevo, como ocurria con las bacterias de la filosfera, son
escasos los estudios en que se da una evidencia directa del
estado VNC mediante el uso de técnicas que determinen la
viabilidad celular [Norton y Firestone, 1991; Binnerup y col., 1993;

Heijnen y van Elsas, 1994]. Por el contrario, se han hecho varios
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estudios de este fipo en una cepa en concreto, P. fluorescens
CHAOQ, debido a su utilidad como agente de control bioldgico,
y se ha demostrado que puede sobrevivir en el suelo durante
largos periodos adoptando el estado VNC [Keel y col., 1994;
Troxler y col., 1994; Troxler y col., 1997]. La proporcién de células
VNC de esta cepa dependia tanto del periodo de tiempo
transcurrido desde la inoculacién, como de la temperatura,
humedad y abundancia de raices presentes en el suelo [Troxler

y col., 1994; Troxler y col., 1997].

Los trabajos en los que se ha abordado la recuperacion de
células VNC de bacterias asociadas a plantas son muy escasos
[Alexander y col., 1999; Ghezzi y Steck, 1999; Grey and Steck,
2001]. Ademds, sélo en el caso de R. solanacearum se logré la
resucitacion de células VNC cuando se inoculaban en la
rizosfera de plantas de tfomate, hospedador susceptible de esta
bacteria [Grey and Steck, 2001].

La posible existencia del estado VNC en bacterias
asociadas a plantas podria tener importantes implicaciones en
sanidad vegetal, ecologia microbiana y fitoremediacién [Wilson
y Lindow, 2000]. De acuerdo con la literatura disponible,
aungue hay evidencias de que la adopcién del estado VNC
ocurre en bacterias asociadas a plantas, es cierto también que
son insuficientes los datos acerca de Ila magnitud y la
relevancia de este fendmeno en el ciclo bioldgico de estos

microorganismos.
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1.6. CONTROL DEL FUEGO BACTERIANO

El contfrol eficaz del fuego bacteriano deberia ser de
cardcter integrado, comprendiendo no sélo medidas
encaminadas a reducir el indculo inicial, sino también a evitar el
establecimiento del patégeno en el hospedador asi como a
disminuir la susceptibilidad de éste a la infeccidon [van der Zwet
and Beer, 1995; Norelli y col., 2003]. Sin embargo, se puede
afirmar, en lineas generales, que a pesar de los esfuerzos
realizados en los diversos paises afectados, el control del fuego
bacteriano no ha resultado satisfactorio [Lopez y col., 1988;
Johnson y Stockwell, 1998; Norelli y col., 2003]. La mayoria de
estrategias de control desarrolladas frente a esta enfermedad
han ido dirigidas a los tratamientos antimicrobianos o cupricos
en un intento de prevenir la infeccidén o de reducir el inéculo
primario [Norelli y col., 2003]. No obstante, en los Ultimos afos se
estdn realizando estudios para incrementar la resistencia del
hospedador a la enfermedad, ya sea por medios quimicos o

genéticos [Norelliy col., 2003].

Los denominados ‘sistemas de prediccién de riesgo de
fuego bacteriano” contribuyen a realizar los tratamientos en los
momentos de mayor riesgo de desarrollo de la enfermedad.
Dado gue la gravedad de esta enfermedad varia en funcién
de las condiciones climdticas (segun la zona geogrdfica, la
estacion y el ano), la sensibilidad del hospedador y la cantidad

de indculo, resulta obvio que el riesgo de infeccidn no es
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uniforme durante todo el ciclo vegetafivo de la planta
[Montesinos y Lopez, 1998]. Los sistemas de prediccidn mds
empleados son los europeos BRS [Billing, 1992] y PARAFEU del
INRA-MeteoFrance [Paulin y col., 1994], y el sistema americano
MARYBLYT [Steiner, 1989]. Estos sistemas se basan principalmente
en la inferencia de los niveles poblacionales de la bacteria y del
riesgo de infeccién mediante dos aproximaciones [Montesinos y
Lépez, 1998]:

- El umbral térmico: se tiene en cuenta la superacion de
unas temperaturas criticas que conllevan el desarrollo de la
enfermedad de acuerdo a observaciones empiricas de campo.
Es el caso del MARYBLYT.

- Los indices de riesgo. Se utilizan en los sistemas europeos y
contemplan mds factores como las temperaturas minima vy
media y la pluviometria, e incluso, como en el sistema francés,
la sensibilidad varietal, el tipo de portainjertos, el estado
fenolégico de la planta y el historial de afectacion de la finca.

La utilizacion de estos sistemas de prediccidén ha permitido
un ahorro medio de un 22-62% en el nUmero de aplicaciones de
los tratamientos quimicos, lo que supone una reduccién de la
contaminacion medioambiental y de otros efectos secundarios
como consecuencia de su uso excesivo [Biling, 1992; Paulin y
col., 1994; Loépez y Cambra, 1994].

A pesar de los avances en el control del fuego bacteriano,
una vez introducido en una zona, resulta necesaria la
aplicacion de medidas de convivencia que llevan, en Ultimo
término, a la transformacién de los sectores productivos de

peral, manzano y nispero. Por ello, las medidas preventivas
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dirigidas a evitar la infroduccién de la enfermedad en un pais o
region son, sin duda, las medidas de control mds eficaces
[Lopez y col., 1988; Montesinos y Lopez, 1998; Montesinos y col.,
1999; Cambra y col., 2002].

1.6.1. Medidas preventivas

El objeto de estas medidas consiste en evitar tanto la
enfrada, como el establecimiento del fuego bacteriano,
empleando material vegetal sano (no portador de |la bacteria)
y detectando de forma precoz los posibles focos iniciales para
permitir adoptar medidas inmediatas de erradicacion que
eviten el avance de la enfermedad [Montesinos y Lopez, 1998;
Cambra y col., 2002]. Por ello, constituyen un complemento de
los tratamientos quimicos que veremos en el siguiente
apartado. Las medidas preventivas de cardcter agrondmico
gue se han de adoptar son las siguientes [Jones y Aldwinckle,
1990; van der Zwet y Beer, 1995, Montesinos y col., 1999;
Cambray col., 2002]:

- No utilizar variedades sensibles o0 muy sensibles en nuevas

plantaciones de frutales

- Conftrolar las floraciones primaverales asi como las

refloraciones de ofono a las que son propensas algunas
variedades

- Hacer poda sanitaria en verde o durante la parada

vegetativa invernal

- BEvitar un excesivo vigor de las plantas hospedadoras

limitando el abono nitrogenado
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- No plantar hospedadores ornamentales en zonas de
produccidén frutal

- Readlizar inspecciones sistemdticas, que permitan un
diagndstico precoz de cualquier sinfoma sospechoso y
una erradicacién rdpida

- No introducir bajo ningun concepto varetas o cualquier
fipo de material vegetal (frutal u ornamental) procedente
de zonas o paises con la enfermedad, a no ser que se
disponga de todas las garantias sanitarias. La adquisicion
de plantas hospedadoras debe efectuarse sélo en viveros
autorizados, y exigiendo siempre el preceptivo pasaporte

fitosanitario con distintivo ZP.

En Espana, tanto las medidas preventivas y la erradicacién
rdpida de los focos detectados, como las prospecciones
sistemdticas que se vienen realizando en distintas zonas del pais,
han resulfado eficaces para retrasar el avance del fuego
bacteriano en el territorio nacional desde su introduccion hace
poco mds de una década. Hasta ahora, nuestro pais, junto con
Australia, constituyen los Unicos casos en los que la erradicacion
de esta enfermedad ha tenido éxito hasta la fecha. Por otro
lado, es necesario senalar que el uso del pasaporte fitosanitario,
necesario para la comercializacién en la UE del material
vegetal sensible al fuego bacteriano, aunque minimiza el riesgo
de infroduccién de la enfermedad, no constituye una garantia
total [Montesinos y Lopez, 1998; Montesinos y col., 1999]. El
pasaporte ZP se otorga exclusivamente en base a la ausencia
de sintomas y, ademds, ante casos dudosos Unicamente se

suelen realizar andlisis mediante aislamiento en medio de
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cultivo que presentan el inconveniente de su baja sensibilidad
[Montesinos y col., 1999]. Por esta razdn, cabe la posibilidad de
gue se distribuya planta asintomdtica portadora de la bacteria,
gue aungue en niveles poblacionales bajos, podria constituir un
indculo suficiente para iniciar infecciones en una ZP [Montesinos
y Lopez, 1998; Montesinos y col., 1999]. De hecho, se ha
demostrado que la dosis infectiva mediana (Dlso) para E.
amylovora en érganos sensibles es tan sdlo de 10-100 células

bacterianas cultivables [Mazzucchi, 1992; Cabrefiga, 2004].

1.6.2. Control quimico: cobre, antibiéticos y otros

La lucha guimica como medida de contencién frente al
fuego bacteriano comprende la aplicacién de productos de
cardcter bacteriostdtico o bactericida (derivados de cobre vy
antibidticos) y de ofros que actuan estimulando los mecanismos
de defensa de la planta. Hasta hoy, ninguno de los productos
guimicos desarrollados presenta una eficacia total contra el
fuego bacteriano, pero si que en algunos casos pueden
proporcionar un confrol relativo de la bacteria que, en
ocasiones, puede ser suficiente para una convivencia con la
enfermedad que limite sus pérdidas econdémicas [Lopez y col.,
1988; Cambra y col., 2002]. Todos los tratamientos quimicos
estdn encaminados principalmente a disminuir la supervivencia
del inéculo bacteriano o inhibir su multiplicaciéon [Montesinos vy
Lopez, 1998]. Sin embargo, presentan como principal
inconveniente su débil penetracién en el tejido vegetal, por lo

gue no actiuan de forma sistémica, evitando solamente la
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instauracion y penetracion de la bacteria en la planta
[Montesinos y Lépez, 1998]. A esto hay que anadir su
inconsistencia en el campo debido a toda una serie de factores
qgue influyen en su efectividad: el momento, las dosis y los
métodos empleados para la aplicacién del tratamiento, el nivel
de in6culo del patdgeno, las condiciones climaticas y la
susceptibiidad del hospedador (especie, variedad, estado
vegetativo) [Lopez y col., 1988; Psallidas y Tsiantos, 2000]. En
muchos paises, independientemente del cardcter del
compuesto quimico, se redlizan de tres a cuatro tratamientos
durante la prefloraciéon y floracion, uno o dos durante el
crecimiento vegetatfivo de los brotes, ofro en otono tras la
caida de la hoja y otro final en invierno tras la poda [Montesinos

y Lopez, 1998].

En cuanto a los productos cupricos en concreto, se han
desarrollado diversas formulaciones quimicas, si bien todas ellas
tienen en comiUn como ingrediente activo el catién de cobre
solubilizado. Se llevan usando en la lucha contra el fuego
bacteriano desde el ano 1900 [van der Zwet y Keil, 1979]. Los
exudados bacterianos contienen compuestos capaces de
solubilizar el cobre, causando la muerte celular, o al menos la
inhibicion de algunas actividades bioldgicas en la bacteria
[Psallidas y Tsiantos, 2000]. También hay compuestos en la
planta capaces de solubilizar estos cationes, por lo que uno de
los inconvenientes anadidos de este tipo de compuestos
guimicos es su fitotoxicidad, dafrando hojas y frutos [Psallidas y
Tsiantos, 2000]. Ademds, presentan una baja persistencia y una

escasa penetracion en la planta [Montesinos y Lépez, 1998;
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Psallidas y Tsiantos, 2000]. Otro problema es la posible apariciéon
de resistencia frente a dichos compuestos, que aungue aldn no
se ha descrito en campo para E. amylovora, si se ha
demostrado en ofras bacterias fitopatdégenas [Psallidas vy
Tsiantos, 2000]. Asimismo, se ha observado que algunas
bacterias fitopatdégenas [Alexander y col., 1999; Guezzi y Steck,
1999; Grey y Steck, 2001] adoptan el denominado estado
“viable no cultivable” (VNC) como una estrategia de

supervivencia frente al cobre.

Los antibidticos son los productos que mejores resultados
han proporcionado en el control quimico del fuego bacteriano
desde que se inicié su uso en la década de los 50 [Psallidas y
Tsiantos, 2000; Psallidas y Tsiantos, 2000]. Sin embargo, su
utilizacién estd prohibida en la UE [Andnimo, 1999b] debido a la
posible transferencia de resistencias a bacterias patdégenas del
hombre o de los animales [Psallidas y Tsiantos, 2000]. Aunque
muchos antibidticos han mostrado su eficacia para inhibir el
crecimiento de E. amylovora in vitro, sélo unos pocos pueden
emplearse confra el fuego bacteriano en campo, debido a su
toxicidad tanto para plantas como para mamiferos, y/o a su
falta de actividad sistémica y/o a su baja persistencia en las
superficies vegetales [Psallidas y Tsiantos, 2000]. De todos los
antibidticos ensayados, el mds eficaz y el mds ampliamente
utilizado es la estreptomicina. Sélo en casos de baja eficacia de
este antibidtico o debido a la aparicién de resistencias, se
emplean otros como la oxitetraciclina (sola o en combinacion
con estreptomicina, en México y algunos estados de EEUU),

kasugamicina (en ornamentales en Holanda), gentamicina
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(México) y dacido oxolinico (Israel) [Psallidas y Tsiantos, 2000;
McManus y col., 2002].

Existen otro tipo de compuestos quimicos empleados frente
al fuego bacteriano y que en calgunos casos han resultado
eficaces. El fungicida fosfonato fosefil-aluminio ha mostrado
buenos resultados, similares a los de la estreptomicina, a ciertas
concentraciones y en determinadas condiciones, pero se ha
observado que sus efectos son bastante irregulares en campo
[Montesinos y Lopez, 1998; Psallidas y Tsiantos, 2000]. La
flumequina, una guinolona de sintesis autorizada en Francia,
Bélgica y Chipre, también presentd una eficacia comparable a
la de la estreptomicina pero resulta mucho mds cara
[Montesinos y Lopez, 1998; Psallidas y Tsiantos, 2000]. El dcido S-
acilbenzolar, benzotiadiazol que estimula las defensas de la
planta, ha mostrado resultados aceptables, pero sélo en un
corto plazo tras su aplicacién y cuando ésta es de naturaleza
preventiva [McManus y col., 2002; Norelli y col., 2003]. Lo mismo
ocurre con ofros actfivadores de las defensas de las plantas
como las harpinas [Momol y col.,, 1999]. La prohexadiona-
calcio, regulador del crecimiento de la planta que frena el
desarrollo de los brotes, ha resultado eficaz en arboles maduros
[Norelli y col., 2003]. Sin embargo, puede ser contraproducente
en drboles jovenes, donde es necesario controlar el fuego
bacteriano permitiendo al mismo fiempo el crecimiento y

establecimiento de la planta [Norelli y Miller, 2006].
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1.6.3. Control biolégico

Este tipo de control estd siendo considerado como una
alternativa complementaria de interés debido a la necesidad
de reducir el uso de compuestos quimicos, la prioridad cada
vez mayor de proteccion del medio ambiente y la carencia de
bactericidas eficaces [Baldwin y Rathmell, 1988; Andrews, 1992].
Consiste en utilizar microorganismos de bajo impacto ambiental
gue sean capaces de controlar el crecimiento del patdégeno,
en base a principios de competencia, antagonismo y/o
induccidén de resistencia [Lopez y Peialver, 2005]. Sin embargo,
el control bioldgico puede presentar diversos inconvenientes en
la prdatica: desarrollo mdés largo, complicado y costoso debido a
que en él estdn implicados tres sistemas vivos (bacteria
patdbgena, agente de biocontrol y planta hospedadora) a la
vez que se requieren los mismos estudios de evaluacidon que
cualquier producto quimico; posibilidad de transferencia de
genes entre el patdégeno y el agente de biocontrol, e
interferencias con los productos fitosanitarios [Lopez y Pefalver,
2005].

En el caso de E. amylovora los principales criterios de
seleccién de agentes de biocontrol eficaces han sido el
crecimiento, la colonizacién y la persistencia en estigmas vy
pistilos, por su relevante papel en el ciclo bioldgico de la
enfermedad [Johnson y Stockwell, 2000; Cabrefiga y col., 2002].
Asi, las especies bacterianas que mds se estdn estudiando
como agentes de biocontrol contra E. amylovora son las
bacterias epifitas E. herbicola (Pantoea agglomerans) vy

Pseudomonas fluorescens [Montesinos y col., 1999], empleando

72



Capitulo 1 Introduccidn, Objetivos y Justificacion

determinadas cepas tanto por su produccidon de antibidticos
como por su gran capacidad colonizadora. De acuerdo a
diversos trabajos recogidos por Cabrefiga y col., [2002] y Lépez
y Penalver [2005], la eficacia media de varios agentes de
biocontrol contra el fuego bacteriano oscila entre el 40 y el 83%,
lo que sugiere que, en el caso de esta enfermedad, el confrol
bioldgico debe ser complementario a otro tipo de medidas
(profildcticas, quimicas y culturales...) para alcanzar una mayor

eficacia en el control de la enfermedad.

En Estados Unidos se han comercializado dos cepas que ya
se estdn utilizando en el control del fuego bacteriano desde
hace casi una década. Una de ellas es la cepa de P.
fluorescens PfAS06 [Lindow vy col., 1996], y la ofra es la E
herbicola EhC9-1S, mutante espontdneo resistente a la
estreptomicina [Stockwell y col., 1996]. Los mejores resultados
(50-70%) se han obtenido mediante la combinacién de ambas
cepas y su aplicacion en las flores al menos dos veces [Johnson
y Stockwell, 2000], o mediante la aplicacién también de al
menos dos veces en las flores de Unicamente la cepa PfA506,
seguido de un fratamiento con antibidtico [Lindow y col., 1996].
Si el antibidtico es estreptomicina, como ambos agentes de
biocontrol son resistentes a ella, se pueden mezclar y aplicar en
un mismo fratamiento, pero si se usa oxitetraciclina, su
aplicacion debe retrasarse 6-7 dias a la del agente de
biocontrol para no interferir en su colonizacién y niveles
poblacionales en la planta hospedadora [Stockwell y col.,
1996].
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1.6.4. Control genético

La mejora genética frente al fuego bacteriano estd dirigida
a conseguir la resistencia a la enfermedad ya sea mediante
métodos cldsicos o ingenieria genética. Se comenzd con la
busqueda de fuentes naturales de resistencia, es decir, de
plantas hospedadoras que de forma natural fueran resistentes
al fuego bacteriano. Se encontraron diversos casos de
cultivares calificados como resistentes o moderadamente
resistentes [recogidos en van der Zwet y Beer, 1995; Sobiczewski
y col., 1997], pero se observd que no sélo el genotipo de la
planta influia en su grado de susceptibilidad a la enfermedad,
sino también los factores ambientales y las prdcticas
agrondmicas. A pesar de ello, estos estudios constituyen una
fuente de informacion vdlida como punto de partida para
programas de mejora genética cldsica [Aldwinckle y Beer,
1978]. Sin embargo, desde hace aproximadamente quince
anos, se tiende mds a la ingenieria genética, ya que nos ofrece
una obtencidon mds rdpida de resultados, y un mayor abanico
de posibilidades. Mediante ingenieria genética se pueden
modificar tanto la expresion de genes nativos del hospedador,
como intfroducir genes de resistencia, pero se han de mantener
las caracteristicas deseables de la variedad transformada
[Norelli y col., 2003]. Para conseguir una resistencia al fuego
bacteriano mediante ingenieria genética, se transfirieron,
inicialmente, genes que codificaban para péptidos y proteinas
antimicrobianas con baja toxicidad para células eucariotas. En
este sentido, los resultados con mayor éxito se obtuvieron con
proteinas de cardcter bactericida procedentes de distintos

organismos, como la atacina (insectos), la cecropina (gusano
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de la seda) vy la lisozima (ldgrimas, saliva), en condiciones de
invernadero [Norelli y col., 1994] y de campo [Ko y col., 2000].
Otfro enfoque alternativo fue la expresion de proteinas
antimicrobianas en los espacios intercelulares de los érganos
del hospedador potencialmente susceptibles de una infeccion
primaria de fuego bacteriano [DUring, 1996]. Aunqgue la
hipdtesis en principio auguraba buenos resultados debido a la
multiplicacion de E. amylovora en los espacios intercelulares
antes de causar una infeccién, surgieron problemas debido a
que las proteinas infroducidas quedaban expuestas a las
proteasas extracelulares de las plantas [Ko y col., 2000]. El
mismo grupo de investigadores realizd un estudio comparativo
con las tres proteinas antimicrobianas citadas anteriormente, vy
se demostrd que las lineas transformadas con atacina eran las
que mostraban una menor susceptibilidad al fuego bacteriano
[Ko y «col, 2000], que ademds resultdé ser estable,
manteniéndose desde el ano 1998 [Norelli y col., 2003]. No
obstante, las Ultimas tendencias en la ingenieria genética van
dirigidas a potenciar la respuesta defensiva de la planta confra
E. amylovora, mds que a la infroduccién de péptidos
antimicrobianos, que aungue actlen directamente contra la
bacteria, no estdn presentes de forma natural en el
hospedador. En este sentido, se han conseguido lineas
fransformadas con harpina, efector de E. amylovora que
induce resistencia al fuego bacteriano cuando se aplica en
flores [Bhaskara Reddy y col., 2000], y otras lineas transgénicas
en las que se impide la unién de quinasas de la planta con la
proteina DspE, producida por la bacteria y esencial para el

desarrollo de la enfermedad [Meng y col., 2003]. A pesar del
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éxito de los resultados obtenidos con diversas lineas
fransgénicas, todas estdn aun en fase de experimentacion, y es
de esperar que su comercidalizacién sea complicada,
especialmente en la UE, debido a los estrictos requisitos legales
para demostrar su seguridad tanto para la agricultura vy el
medio ambiente como para los consumidores [Norelli y col.,
2003].

76



Capitulo 1 Introduccidn, Objetivos y Justificacion

1.7. JUSTIFICACION Y OBJETIVOS

La historia del avance del fuego bacteriano en Europa, y la
continua apariciobn de focos en Espana desde su primera
deteccién en el ano 1995, sugieren que la amenaza del
establecimiento de la enfermedad en nuestro pais es real. Pese
a los numerosos estudios epidemioldgicos sobre E. amylovora
qgue se han redlizado en distintos paises, los conocimientos
acerca de su supervivencia ante condiciones ambientales
adversas son aun muy escasos. Esto podria estar relacionado
con la problemdtica que suponen las infecciones latentes en el
control del fuego bacteriano. Asi, la bacteria podria sobrevivir
en las plantas en condiciones ambientales desfavorables en
nUmeros poblacionales bajos y/o en estados fisioldgicos

particulares, escapando a su deteccidn mediante aislamiento.

Un inconveniente al que se enfrentan frecuentemente los
laboratorios de diagndstico es que, en muchos casos, se
detecta el patdégeno por técnicas moleculares muy sensibles,
pero no se consigue aislarlo en los medios de cultivo
convencionales. Sin embargo, segun la legislacién vigente,
para confirmar un diagndstico se considera imprescindible el
agislamiento del patdégeno, sobre todo cuando se trata de un
patdégeno de cuarentena. Por tanto, es también importante la
optimizacién de los medios de cultivo existentes con el fin de
incrementar al mdximo las posibilidades de recuperacién de E.
amylovora, favoreciendo su crecimiento incluso cuando la

bacteria se encuentra en condiciones adversas. Ademds, para
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retrasar el avance del fuego bacteriano y optimizar las
estrategias de control, resulta de mdxima importancia conocer
la denominada "vida oculta” del patdégeno, es decir, la posible
existencia de reservorios desconocidos y/o vias de diseminaciéon

no consideradas hasta ahora.

Por todo lo anterior, en esta memoria nos hemos planteado los

siguientes objetivos:

1. Estudiar la superviencia de E. amylovora frente al cobre,
determinando la  estrategia adoptada y las

implicaciones en su poder patdgeno.

2. Determinar si E. amylovora es capaz de sobrevivir en
condiciones de limitacién de nutrientes, tanto en
distintas fuentes de agua natural estériles como en agua
natural no estéril, donde ademds tendrd que competir

con la microbiota presente.

3. Optimizar un medio de cultivo para la recuperacion de
células estresadas de E. amylovora empleando cobre,
por su cardcter de micronutriente esencial y activador

de la sintesis de EPSs en esta bacteria.

4. Evaluar el papel del amilovorano y el levano, los
principales EPSs de E. amylovora, en la supervivencia de
la bacteria frente a condiciones de estrés como la

presencia de cobre y la escasez de nutrientes.
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2.1. Abstract

Copper compounds, widely used to control plant pathogenic
bacteria, have traditionally been employed against fire blight,
caused by Erwinia amylovora. However, recent studies have shown
that some phytopathogenic bacteria enter into the viable but
nonculfurable (VBNC) state in the presence of copper. To
determine whether copper Kkills E. amylovora or induces the VBNC
state, a mineral medium without copper or supplemented with
0.005, 0.01 or 0.05 mM Cu?* was inoculated with 107 cfu/ml of this
bacterium and monitored over 9 months. Total and viable cell
counts were determined by epifluorescence microscopy using the
Live/Dead kit and by flow cytometry with 5-cyano-2,3-ditolyl
tetrazolium chloride (CTC) and SYTO13. Culturable cells were
counted on King’s B nonselective solid medium. Changes in the
bacterial morphology in the presence of copper were observed by
scanning electron microscopy. E. amylovora entered into the VBNC
state in all three copper concentrations assayed, much faster when
the copper concentration increased. The addition of different
agents which complex copper allowed the resuscitation (restoration
of culturability) of copper-induced VBNC cells. Finally, copper-
induced VBNC cells were only virulent for the first five days, while
resuscitated cells always regained their pathogenicity on immature
fruits over 9 months. These results have shown, for the first fime, the
induction of the VBNC state in E. amylovora as a survival strategy

against copper.

81



Capitulo 2 VBNC state in E. amylovora induced by copper

2.2. INTRODUCTION

Fire blight, caused by the bacterium Erwinia amylovora (Burrill)
Winslow et al. [1920], and reported in more than forty countries
around the world, is a very serious and destructive disease of pome
fruits and many ornamental plants from the Rosaceae family [Van
der Zwet and Beer, 1995]. Copper compounds, widely utilized
against fire blight from the beginning of the last century [Van der
Zwet and Keil, 1979], are still employed in many countries, especially
in the European Union, where antibiotic ufilization is restricted
[Anonymous, 1999b]. Their use is one of the most common methods
for controlling bacterial plant diseases, but it has led many bacteria
tfo develop different strategies against copper ions [Saxena et al.,
2002]. Until now, very little information on the interaction between E.
amylovora and Cu?* ions is available [Bereswill et al., 1998; Geider,
1999; Zhang et al., 2000].

Copper freatments have traditionally been considered as
bactericides in agriculture [Psallidas and Tsiantos, 2000; Van der
Iwet and Beer, 1995; Van der Zwet and Keil, 1979], their
effectiveness often being measured by the absence of bacterial
growth on a solid medium [European Norm 1040; European Norm
1276]. However, recent studies have shown the induction of the
viable but nonculturable (VBNC) state by copper in several plant
pathogenic bacteria such as Agrobacterium tumefaciens
[Alexander et al., 1999], Xanthomonas campestris pv. campestris
[Ghezzi and Steck, 1999] and Ralstonia solanacearum [Grey and
Steck, 2001]. This state, in which cells progressively lose their

culturability on nonselective solid media but still remain viable, is
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considered to be a bacterial survival strategy under adverse
environmental conditions [Roszak and Colwell, 1987]. Therefore, the
failure to produce a visible colony may not necessarily mean that
the bacterial cell is dead. Furthermore, it has been reported that the
VBNC cells can maintain the pathogenicity [Grey and Steck, 2001,
Kell et al., 1998]. In this respect, it has been suggested that copper-
induced VBNC cells of some phytopathogenic bacteria could be
related with the persistent nature of infections in copper-treated
fields [Grey and Steck, 2001]. A similar situation could occur with E.
amylovora, since fire blight remains as a disease difficult fo conftrol
[Norelli et al., 2003], which has been related to the ability of this
bacterium to survive and spread in different ways [Thomson, 2000].
Moreover, some bacteria, under favourable environmental
conditions, can revert from the VBNC state to a culturable one, in a
process usually called resuscitation. This reversion is considered a
confirmation that the VBNC state is a bacterial survival strategy [Kell
et al., 1998; Oliver, 1993]. The nature of the VBNC state, however, is
still the topic of an intense debate in literature and some authors
argue that this condition may be a physiological state prior to cell

death [Bogosian and Bourneuf, 2001].

In spite of previous work concerning the toxic effect of copper
ions for E. amylovora [Geider, 1999], many questions on the survival
of this bacterium in the presence of this metal remain unanswered.
Thus, the aim of this work has been to determine whether copper
kills or induces the VBNC state of E. amylovora cells and if such
VBNC cells retain their pathogenicity. Furthermore, the possible

reversion of this bacterium from the nonculturable state has been
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studied as well whether resuscitated cells could regain their

pathogenic potential.

2.3. MATERIAL AND METHODS

2.3.1. Inoculation of E. amylovora cells in mineral medium with
copper

Containers with 150 ml of sterile mineral medium AB [Alexander
et al., 1999] supplemented with CuSO4 (Sigma-Aldrich Chemie,
Germany) at different concentrations below the minimal inhibitory
concentration (MIC) of E. amylovora (see Results section): 0.005,
0.01 and 0.05 mM Cu?*, and without this metal, as a negative
control, were separately inoculated with 107 cfu/ml of two E.
amylovora strains. The French reference strain from the Collection
Francaise des Bactéries Phytopathogenes (CFBP1430) and a Spanish
strain from the Instituto Valenciano de Investigaciones Agrarias
collection (IVIA1892-1) were assayed. The AB medium was chosen
because of its very low copper complexing ability. The containers
were kept at 26°C for 9 months and all the assays were performed

at least in duplicate in two independent experiments.

2.3.2. Bacterial cell counts

Aliquots of 1 ml were taken regularly from all the containers atf
various times after inoculation (time zero) and bacterial numbers
were then determined. Culturable E. amylovora cells were counted

by plating on King’s B (KB) nonselective solid medium [King et al.,
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1954]. To discard any growth inhibition effect of copper on this
medium, the MIC of copper sulfate for the E. amylovora assayed
strains was determined as follows. Forty-eight-hour-old bacterial
cultures from KB liquid medium were plated on KB solid medium
supplemented with increasing copper concentrations from 0 to 6
mM CuSOs (at intervals of 0.5). After 48h at 26°C, the absence of

growth was evaluated.

Total and viable cell counts were determined with a Nikon
ECLIPSE E800 epifluorescence microscope using the bacterial
viability kit Baclight LIVE/DEAD (Molecular Probes Inc., Eugene,
Oreg., USA), based on the permeability of the bacterial cell
membrane [Boulos et al., 1999]. Manufacturer’s instructions were
optimized, progressively increasing the incubation fime from 15 up
to 45 minutes according to the period that bacterial cells had been

in contact with copper.

To check the fotal and viable counts obtained with the
LIVE/DEAD kit, E. amylovora cells were stained with 5-cyano-2,3-
ditolyl tefrazolium chloride (CTC) (Polysciences Europe, Eppelheim,
Germany) and SYTO 13 (Molecular Probes Inc., Eugene, Oreg., USA),
and counted in a flow cytometer (Becton-Dickinson FACScalibur
bench cytometer) with a laser emitting at 488nm. CTC, an indicator
of bacterial respiratory activity [Dufour and Colon, 1992], was used
at a final concenfration of 4 mM with a gradual increase in
incubation time as described by Créach et al. [2003], and stained
samples were processed according to Gasol et al. [1999]. SYTO13

was used following the manufacturer’s instructions.
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2.3.3. Culturability restoration or resuscitation of copper-induced
VBNC cells

Before resuscitation assays, the ability to bind free copper ions
by EDTA (ethylene diamine tetra-acetic acid) [Zevenhuizen et al.,
1979]. citric acid [Geider, 1999], asparagine [Bereswill et al., 1998;
Geider, 1999], KB broth, and fresh immature pear juice [Zevenhuizen
et al., 1979; Menkissoglu and Lindow, 1991a] was quantified by the
Microgquant Copper Test (Merck, Darmstadt, Germany), widely used
to determine the Cu?* ions concentration in aqueous solutions. The
different compounds were added to AB medium at the three
copper concentrations studied but without bacteria. EDTA, citric
acid and asparagine were added in stochiometric amount in
relation to copper while KB broth and pear juice were diluted 1/10.
The samples for measurements of copper bound by the Microquant
test were taken after 48h of shaking incubation at 26°C in liquid
medium. The same condifions were used later for assaying the

resuscitation of nonculturable cells on solid medium.

To test resuscitation, and with the purpose of complexing the
Cu?t ions from AB medium, the above indicated compounds were
added to 1 ml aliquots from containers at the intermediate copper
concentration at different times over 9 months. After incubation,
culturability was determined on KB solid medium. The most efficient
copper complexing agents were chosen to assay the restoration of
culturability at the other two copper concentrations assayed, as
described above.

To demonstrate that the resuscitation was not the result of a

regrowth from a few undetected culturable cells, dilution studies
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were performed according to Whitesides and Oliver [1997]. Briefly,
aliquots of 1 ml from the containers with four month old copper-
induced VBNC cells in AB medium at 0.01 mM Cu?* were ten-fold
serially diluted (from 101 to 107) to reduce the probability (p) of any
initial culturable cell down to < 0.0000001 cfu/ml. Then, KB broth and
fresh immature pear juice were separately added to each dilution

and incubated as previously described for assaying resuscitation.

2.3.4. SEM of E. amylovora cells in the presence of copper

Possible changes in bacterial morphology in the presence of
copper were analysed by scanning electron microscopy (SEM).
Thus, E. amylovora cells from the copper-free AB medium and AB
with 0.05 mM Cu?* were harvested by filtration through 0.2-pm-pore-
size polycarbonate filters, fixed, washed, and dehydrated as
described by Marco-Noales ef al. [1999]. Then, the bacterial cells
were examined with a Hitachi H-4100 scanning electron FE

microscope.

2.3.5. Pathogenicity assays of VBNC and resuscitated E.

amylovora cells

Copper-induced VBNC and resuscitated cells of E. amylovora
were inoculated at different times over 9 months on immature pear
fruits (2 to 3 cm diameter, Pyrus communis cv. Blanquilla, cv. Williams
and cv. Passe Crassane) and immature loquat fruits (2 cm diameter,
Eriobofrya japonica cv. Tanaka) as previously described
[Anonymous, 2004; Donat et al., 2005]. Thus, for the two assayed

strains, aliquots of 50 ul from each container with E. amylovora cells
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under different copper concentrations were inoculated in three
pears and four loquats in duplicate in two independent
experiments. KB grown bacterial cells and AB medium with copper
were used as positive and negative conftrols, respectively, in all the
inoculation assays. After incubation at 26°C the production of

symptoms was examined daily for two weeks.

2.3.6. Statistical analysis

The data (total, viable, and culturable E. amylovora cell counts)
are expressed as the mean of four determinations (after log-
fransformation) from two independent experiments performed in
duplicate (see Fig. 1 from Results section). Statistical significance of
differences between means was determined by using a three-way
factorial ANOVA analysis (experiment, sfrain  and copper
freatment). Similarly, for each strain, three factors were considered
for the analysis: day, experiment and copper treatment. A p value
below 0.05 was considered significant. When no culturable cells
were obtained by plating on KB solid medium, these null data were
not used for the variance analysis. Trends in the population
dynamics between the two E. amylovora strains assayed were also
statistically analysed by ANOVA.
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2.4. RESULTS

2.4.1. Copper induces the VBNC state in £. amylovora

The MIC of copper sulfate for the E. amylovora assayed strains in
KB solid medium was 3.5 mM Cu 2+, that is, 70 times higher than the
highest copper concentration used in the survival experiments, 0.05
mM Cu?*. Survival curves of E. amylovora over 9 months in the
absence and the presence of copper at different concentrations in

mineral medium are shown in Figure 1.

As the results were similar for the two assayed strains, and there
were no significant differences between their trends at any time,
only the reference strain CFBP 1430 is represented in the graphs. Total
and viable cell counts remained at high levels (109-107 and 108-10¢
cells/ml, respectively) in all the containers, irrespective of the
copper presence, the copper concentration or the strain assayed
(Figs. 1A and 1B). However, the culturable cell counts decreased at
different rates depending on the copper concentration (Fig. 1C). In
copper-free AB control medium, the culturability decreased over
one month from 107 to 104 cfu/ml and remained at this level until the
end of the experimental period (Fig. 1C). In confrast, in the
presence of copper, the culturability of E. amylovora dropped
below the detection Ilimit (1 cfu/ml) and cells became
nonculturable on KB plates at the three copper concentrations
assayed, the time of enfry being much faster when the
concentration of this metal was higher: days 36, 1 and 0O for each

concentration, respectively (Fig 1C). This loss of culturability, despite
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the high numbers of viable cells (Figs.

1B), indicates that a

considerable fraction of total cells at day 270 (94.5%, 87% and 80%
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FIG. 1. Survival curves of E. amylovora strain CFBP1430 over 9 months in AB mineral
medium without copper (white) or with different copper concentrations: 0.005 mM Cu?*
(light gray), 0.01 mM Cu?* (dark gray) and 0.05 mM Cu?* (black). (A) total cell counts
(squares); B) viable cell counts (triangles); C) culturable cell counts (circles). Total and
viable cell counts were determined by epifluorescence using the LIVE/DEAD kit
(Molecular Probes), and culturable cell counts were determined by plating on King’s B
nonselective solid medium. The minimum standard deviation was 0.014, and the

maximum 0.789.
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aft 0.005, 0.01 and 0.05 mM Cu?, respectively) was in the VBNC
state. Therefore, most of the bacterial population of the two E.
amylovora strains entered into the VBNC state. Significant
differences among copper freatments were only found in culturable

cell counts, but not in the total and viable counts.

The comparison of microscopic counts using the LIVE/DEAD kit
with those obtained by flow cytometry using CTC and SYTOI13
showed that total counts by SYTO 13 were half a logarithmic order
higher than those by LIVE/DEAD, while viable cell numbers by CTC
varied between half and one logarithmic order lower than those
determined by LIVE/DEAD.

2.4.2. Resuscitation of copper-induced VBNC E. amylovora

cells

The addition of several compounds was assayed in order to
decrease or remove the Cu?* ions present in the AB medium. The
culturability of copper-induced VBNC cells was restored in all cases,
but the final efficiency of the compounds in resuscitating such cells
varied depending on their copper complexing ability, the time
lapse after the entry of E. amylovora into the VBNC state, and the
copper concentration assayed. Regarding copper complexing
activity, KB broth and fresh immature pear juice were the most
powerful complexing compounds since they bound 100% of Cu?*
ions irrespective of the concentration assayed (Fig. 2). They were
followed by asparagine and EDTA which bound more than 80 % of
copper ions at 0.01 mM, whereas the complexing ability of citric

acid was the lowest (Fig. 2).
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FIG. 2. Copper-complexing ability of five chelating compounds in AB
medium (without bacteria) supplemented with 0.005 (light gray), 0.01 (dark
gray), or 0.05 (black) mM Cu?*. The compounds were: EDTA, citric acid
(CA), asparagine (ASP), King’s B broth diluted 1/10 (KB 1/10), and fresh
immature pear juice diluted 1/10 (FIPJ 1/10).

EDTA and citric acid resuscitated VBNC E. amylovora cells
induced by 0.01 mM Cu?* for 18 days after their entry into the VBNC
state, while asparagine was effective for up to 75 days (Fig. 3).
However, the greatest resuscitation was reached with KB liquid
medium which worked for up to 9 months after the bacterial
population entered info the VBNC state (Fig. 3). Results similar to KB
broth were observed by adding fresh immature pear juice (data not

shown).
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FIG. 3. Culturability restoration curves for 0- to 270-day-old VBNC E. amylovora
cells of strain CFBP1430 induced by 0.01 mM Cu?* using different copper-
complexing compounds: EDTA (diamonds), citric acid (circles), asparagine
(triangles) and King’s B broth diluted 1/10 (squares).

Based on these results, only KB broth and pear juice were used to try
to resuscitate VBNC cells induced by the lowest and the highest
copper concentrations assayed. Culturable cells were also
recovered on KB plates for up to 9 months from VBNC cells induced
by 0.005 mM Cu?* (following the same recovery kinetic than the one
represented in Fig. 3 for KB broth), while the resuscitation for VBNC

cells induced by 0.05 mM Cu?t was only achieved for two days.

To check the possible emergence of copper-resistant mutants,
the resuscitated cells were plated periodically on KB solid medium
supplemented with 3.5 mM Cu?*, the MIC for E. amylovora in this

medium. In no case were the resuscitated cells able to grow on
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this medium, so there was no increase in the MIC and no

evidence of copper resistance.

To differentiate between resuscitation and regrowth, dilution
studies were performed. Culturable cells were recovered on KB
plates from all the dilutions when KB broth and pear juice were
added to VBNC cells induced by 0.01 mM Cu?*,

2.4.3. SEM of copper-induced VBNC E. amylovora cells

The morphology of bacterial cells in presence versus absence of
copper was compared by SEM. After one week in the copper-free
AB medium, E. amylovora cells had the typical rod shape and a
normal size (Fig. 4A), while at 0.05 mM Cu?* the cells were slightly
bigger in size, the morphology was altered, and a partial increase in

the thickness of the external cell layer was observed (Fig. 4B).

A

FIG. 4. E. amylovora cells of the strain CFBP 1430 shown by scanning
electron microscopy after 7 days in copper-free AB medium (left) and
in AB medium with 0.05 mM Cu?* (right).
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2.4.4. Pathogenicity of copper-induced VBNC and resuscitated

E. amylovora cells

About 90% of pear fruits inoculated with the two assayed strains
from copper-free AB medium developed symptoms during the
whole experimental period, while 40-60 % of pears inoculated with
copper-induced VBNC cells exhibited symptoms only for the first five
days. These results were the same for all the pear cultivars
inoculated. Although the VBNC cells caused fire blight symptoms as
necrosis and exudate, they were less serious (necrosis < 10 mm
radius and micro-drops of exudate) and appeared one or two days
later than in the case of control cells (necrosis > 10 mm radius and
more than 4 drops of exudate). The inoculation assays with

immature loquat fruits showed similar results.

Resuscitated cells were as pathogenic as the control cells,
irespective of the copper conceniration, the time lapse after the
induction of the VBNC state, the copper complexing compound
used fo restore the culturability, or the pear cultivar. At the two
lowest copper concentrations, cells resuscitated by KB broth and
fresh immature pear juice produced fire blight symptoms even after
9 months in the VBNC state. A delay of 2-3 days in symptom
production was observed only with resuscitated cells from é months.
In contrast, when the inducing copper concentration was the
highest, only the cells recovered from 0 to 2 days-old VBNC cells
produced symptoms, since culturable cells were only recovered
within the two first days. Therefore, whenever VBNC cells regained

their culturability, they also recovered their pathogenicity.
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2.5. DISCUSSION

This work has shown, for the first time, that copper induces the
VBNC state in E. amylovora, as described in other plant pathogenic
bacteria [Alexander et al., 1999; Ghezzi and Steck, 1999; Grey and
Steck, 2001]. The aim of this work has been to study the survival
strategy of this bacterium against copper as a stress factor and not
as a growth inhibitor, which involved following the long-term survival
of this pathogen in a mineral medium with very low copper

complexing ability at different copper concentrations below its MIC.

Total and viable cell counts of E. amylovora remained at high
levels in all the experiments, irespective of the copper
concentration or the strain assayed. Thus, copper did not produce
cellular lysis and did not kill all the E. amylovora cells in the assayed
conditions, since there was only a difference of around 1-2
logarithmic orders between total and viable cells. However, there
was a decrease in the culturable cell counts (down to 104 cfu/ml) in
the free-copper AB medium, which was probably due to nutrient
starvation, as recently reported for E. amylovora in water by Biosca
et al. [2006b]. At the three copper concentrations tested, the
culturability of E. amylovora fell below 1 cfu/ml despite the high
numbers of viable cells (108-10¢), indicating the presence of a high
VBNC cell fraction in the bacterial population. This is in agreement
with reports on other phytopathogenic bacteria, such as R.
solanacearum [Grey and Steck, 2001] and A. tumefaciens
[Alexander et al., 1999]. However, at least at the highest copper

concentration assayed, E. amylovora entered into the VBNC state
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earlier than other plant pathogens [Alexander et al., 1999; Ghezz
and Steck, 1999; Grey and Steck, 2001]. The number of VBNC cells
at the end of the survival experiment (270 days) was inversely
proportional to copper concentration, as described in X. campestris
pv. campestris [Ghezzi and Steck, 1999]. As metal concentration
increased, E. amylovora entered into the VBNC state more quickly
and, perhaps, this sudden shift caused more cells to die, reducing

the fraction of the bacterial population in the VBNC condition.

To determine the viability of nonculturable cells [McDougald et
al., 1998; Oliver, 1993], the LIVE/DEAD kit [Boulos et al., 1999] and the
CTC dye [Dufour and Colon, 1992] were chosen, and a difference
of one logarithmic order between them was observed. This has
been already reported for other bacteria regardless of the use of
epifluorescence microscopy or flow cytometry [Oliver, 1993; Boulos
et al., 1999; Créach et al., 2003], probably due to the fact that
respiration is a more stringent criterion of viability than membrane

integrity [Boulos et al., 1999].

The copper concentrations assayed in the present study and in
previous works [Alexander et al., 1999; Ghezzi and Steck, 1999; Grey
and Steck, 2001] are lower than those used in agriculture. However,
the fact that Cu?+ ions are significantly complexed in the leaves of
treated plants should be taken into account [Menkissoglu and
Lindow, 1991a; Menkissoglu and Lindow, 1991b]. Moreover,
inoculum levels, time and methods of application, plant species or
cultivar, weather conditions, and the physiological cell state of the
host plant greatly affect the soluble copper available for the

bacteria in plant organs [Psallidas and Tsiantos, 2000]. All these
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events can decrease the available toxic ions on treated plants.
Therefore, our results provide a good base for understanding how E.

amylovora faces copper in nature.

Once the induction of the VBNC state in E. amylovora by copper
was demonstrated, the possibility of resuscitation by different agents
which complex Cu?*ions was studied. KB broth and pear juice were
the most powerful copper complexing compounds, removing 100%
of free ions from the AB medium, followed by EDTA, asparagine and
citric acid. When these different compounds were added to
copper-induced VBNC cells, KB broth and fresh immature pear juice
also enabled the highest levels of resuscitated cells even from 9-
month-old VBNC cells. This is probably also due to their nutrient
contribution to bacterial cell multiplication. Asparagine permitted
the culturability restoration of 75 day-old VBNC cells, probably due
to its complexing power [Geider, 1999] and its contribution as a
nifrogen source for E. amylovora [Tolbert, 1964]. However, EDTA and
citric acid only resuscitated copper-induced VBNC cells for 18 days
after entering info the nonculturable state. Although EDTA was well
able to complex Cu?t ions in the absence of bacterial cells, its
chelating power of divalent cations destabilizates the Gram-
negative outer membrane [Leive, 1965]. The high resuscitation
ability of KB broth versus the non culturability on solid medium could
be due to the uniform availability of nutrients and chelators in the
liguid medium, in addition to the lack of growth inhibitors that can
be present in agar, fogether with a more active metabolism under

shaking conditions [Biosca et al., 2005].
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Regarding to the possible emergence of copper resistance as a
survival mechanism in itself during the period under study at the
copper concentrations assayed, resuscitated cells did not show any
increase in the MIC, which is a prerequisite for evidence of

resistance.

In contrast to most previous works, where resuscitation was
achieved from cells that were in the VBNC state for a few days [Kell
et al., 1998; McDougald et al., 1998], this work shows the recovery of
long-term copper-induced VBNC cells (up to 9 months for the two
lowest concentrations). These results seem o support the hypothesis
that the VBNC state is part of the life cycle of E. amylovora.
However, the resuscitation of VBNC cells induced at the highest
copper concentration was achieved only for 2 days. Since the
VBNC state can be considered as a process in which the bacterial
cells progressively adapt to adverse environmental conditions
[Nystréom, 2001], perhaps the rapid entfry of E. amylovora into the
VBNC state at 0.05 mM Cu?* could hinder successful reversion of the

nonculturable state.

Resuscitation is the keystone of the VBNC state hypothesis
[Bogosian and Bourneuf, 2001], so the demonstration of a true
reversion was indispensable in our study. In order to differentiate
resuscitation from regrowth, it was imperative to determine the
probability that a given sample contains any culturable cell prior to
resuscitation assays, according to Kell ef al. [1998]. Since in our
dilution experiments culturable restored cells were recovered even

when p<0.0000001, this must be due to resuscitation and not to
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regrowth of undetectable culturable cells, according fo Whitesides
and Oliver [1997].

Epidemiological studies of plant pathogenic bacteria are usually
only based on the results of plate counts [Wilson and Lindow, 2000]
but VBNC cells could play significant roles in the life cycle of
bacteria [Weichart, 1999]. Furthermore, the maintenance of the
cellular integrity of nonculturable cells permits genetic material of
the pathogen to persist in the environment [Weichart, 1999].
Although VBNC E. amylovora cells were pathogenic for only five
days, they were able to regain their culturability and pathogenicity.
The long-term resuscitation with immature pear juice could be
related to the contact between the bacterium and some
substances from its natural host and could be involved in the

recurrent infections of fire blight in copper-treated crops.

Regarding bacterial morphology, the visualization by scanning
electron microscopy of E. amylovora cells in AB medium without
copper showed the typical rod shape. However, cells maintained in
the presence of copper had an altered morphology with a partial
increase in the thickness of the external layer. It has been reported
that copper ions increase the level of amylovoran
exopolysaccharide synthesis [Bereswill et al., 1998], and that these
ions are accumulated on the surface of E. amylovora cells [Zhang et
al., 2000]. Moreover, it is known that bacterial exopolysaccharides
(EPS) have a cation-binding capacity [Gutnick and Bach, 2000]. In
accordance with all these previous studies, the bacterial

morphology observed by SEM could be due to EPS with bound
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copper ions. Studies of the role of EPS in the survival of E. amylovora

in copper environments are now under way.

Overall, our results demonstrate, for the first time, the induction
of the VBNC state in E. amylovora by copper and that this state
could represent a survival strategy under certain  adverse
environmental conditions. These VBNC cells remain undetected on
KB plates and, under favourable conditions, they can be able to
multiply and regain their pathogenicity, representing a hazard for
the host plants. Further studies on the interaction copper - E.
amylovora and fthe VBNC state are needed fo improve our
understanding of the life cycle of this pathogen and to opfimize the

fire blight control strategies.
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3A. Long-term starvation-survival of Erwinia amylovora in

sterile irrigation water.

3A.1. Abstract

The role of irrigation water in disseminating Erwinia amylovora is
not fully recognized and no attempt has been reported to
determine the survival of this bacterium in natural water. Such risk
has been underestimated since there is a general consideration
that E. amylovora survives only for a short period in water and no
reports are available on its isolation from natural water samples. The
main goal of this study has been to clarify whether E. amylovora
could be able to bear a free-living existence under nutrient
starvation conditions usually found in aquatic environments and if it
becomes nonculturable on solid media when recovered from
microcosms of sterile natural water. Infectivity of E. amylovora cells
in water microcosms was evaluated by using immature pear fruits.
Total and viable cell counts were monitored by the Live/Dead
viability kit, and culturability by plate counts on King's B medium. E.
amylovora was able to survive in water from different sources
showing a long persistence in irrigation water and maintaining its
infectivity for green pears. However, a progressive loss of culturability
on solid media (from 2 to 3 logarithmic units) throughout the time
was observed, being the rate at which cells became nonculturable
dependent on the type of water used. A significant difference in the
time fo nonculturability between cells maintained in irrigation water
and those kept in deionized water was observed, being the nutrient

content the main difference between these two types of water.
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Since bacterial cells maintained their viability along the study, it
seems that the oligothrophic conditions found in natural aquatic
environments could allow the survival of the fireblight pathogen.
Further, the maintenance of the pathogenicity of E. amylovora
supports the possible role of fresh water as a reservoir and vehicle of

fransmission of this pathogen.

3A.2. INTRODUCTION

Rain and irrigation water have been reported as involved in fire
blight transmission at short distances [MacManus and Jones, 1994;
Thomson, 2000]. However, the role of water in the dissemination of
this bacterium is not fully recognized. This threat has been
overlooked because the general consideration that this pathogen
survives only for short periods in distiled water [Goodman, 1983]
and no reports are available on its isolation from natural water

samples.

Despite the numerous studies about E. amylovora, the
information about its secret life outside susceptible hosts is still
scarce. In fact, the presence of this bacterium in aquatic and sail
habitats where ifs survival could be negatively affected by both
biotic and abiotic factors is practically unknown, as well as the
importance of these possible reservoirs in the spread of this
pathogen. A major limitation in soil and water ecosystems is the low
nutrient availability and under these starvation conditions bacteria
may slow down their growth or show a progressive loss of

culturability or just die. It is widely recognized that many bacteria
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species undergo a starvation-survival response under fthese
oligothrophic conditions [Morita, 1997]. Other species can survive
by entering into the viable but nonculturable (VBNC) state, in
which they are unable to grow on solid media but remain viable
[Roszak and Colwell, 1987]. Researchs on phytopathogenic
bacteria such as other Erwinia spp., Agrobacterium tumefaciens
and Ralstonia solanacearum have shown the importance of water
and soil habitats as reservoirs and dissemination routes of these
pathogens [Cappaert et al., 1988; Scanferlato et al., 1989; Armon,
et al., 1995; Manahan and Steck, 1997; van Elsas et al., 2000, 2001].
Although E. amylovora may survive in soil microcosms for some
weeks and the presence of lytic phages from soil beneath blighted
frees has also been reported [Thomson, 2000, Hildebrand et al.,
2001] nothing is known about the survival of this pathogen in

natural water.

The objective of this study has been to clarify wheter E.
amylovora is able to survive under the starvation conditions of
aquatic environments, and if it becomes nonculturable on solid
media when recovered from microcosms of sterile natural water.
Since the overwintering of this bacterium is still poorly understood
we have also investigated the possible influence of low
temperature on its survival in irrigation water. The pathogenicity of

E. amylovora cells in water microcosms has also been evaluated.

107



Capitulo 3 Survival of E. amylovora in water

3A.3. MATERIALS AND METHODS

3A.3.1. Bacterial strains and water microcosms

One reference and three Spanish strains of E. amylovora from
different origins were used: strain CFBP-1430 (CFBP, Collection
Francaise de Bactéries Phytopathogéenes) and Spanish strains IVIA-
1509, IVIA-1525-6 and IVIA-1892-1. For the starvation experiments
the microcosms were prepared using four types of water (0.2 um-
filtered and sterilised): deionized water, drinking water, rain water
and irrigation water. Microcosms were inoculated with 107 cfu/ml
of each E. amylovora strain, as described before [Biosca et al.,
2005] and mantained at 26°C up to six months. To investigate the
influence of low temperatfure in the survival of E. amylovora in
water, only two strains and irrigation water were used. The
microcosms prepared as described above were incubated at 26

and 5°C during three months.

3A.3.2. E. amylovora cell counts

Culturable, viable and total cell counts from water microcosms
were monitored at fime zero, after 48 h and weekly, for at least six
months. Plate counts were done on King's B medium [King et al.,
1954] while total and viable cell counts were determined by the
Live/Dead viability kit (Molecular Probes Inc., Eugene, Oreg.) using

an epifluorescence microscope.
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3A.3.3. Infectivity assays in green pears

The pathogenicity of starved and low temperature starved cells
of E. amylovora from each irrigaftion water microcosms was
assayed by inoculation on green pears (var. Williams) as described
in the EPPO standard [EPPO, 2004], after three and six months of
incubation. E. amylovora cells from each strain grown on King's B
medium were used as positive controls and sterile PBS as negative

conftrol. Symptoms appearance at 26°C was monitored daily.

3A.4. RESULTS

3A.4.1. Survival of E. amylovora in water

The four strains of E. amylovora were able to survive in different
types of sterile water microcosms under starvation conditions at
26°C along 21 days. The survival of strain CFBP 1430 is shown in Fig.
1. However, a decline in the culturability on King's B solid medium
was observed depending on the type of water used for
microcosms. In deionized water a reduction of about 4 logarithmic
units was observed in the number of culturable cells after three
weeks. In drinking water a dramatic decline in the culturablity was
observed during the first 24-48 h (from 107 to 1043 cfu/ml) probably
due to the presence of residual chlorine, but afterwards the
culturable cell numbers were recovered and maintained at about
105 cfu/ml. The culturability in rain water and irrigation water
microcosms was the highest with only a slight decline around 1-2
logarithmic units on day 21. A significant difference in the time to

nonculturability between cells maintained in natural water
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microcosms and those kept in deionized water was observed,
being the nutrient content the main difference between these two

types of water.

Log cfu / ml

0 2 7 14 21
Time (days)
FIG. 1. Culturability of £. amylovora in different water microcosms at 26°C:
A, deionized water; ©, drinking water; O, rain water and ¢, irrigation water.

The starvation-survival response of E. amylovora in irrigation
water microcosms after six months at 26°C was similar for all the
strains, demonstrating its long survival in sterilized water. The
starvation-survival response of the French reference strain is
represented in Fig. 2. Total and viable bacterial counts remained
quite similar to those at the inoculation time, about 108 and 107
cells/ml, respectively, while culturable counts declined
progressively up to 2-3 logarithmic units over the experimental
period. The differences observed between the numbers of viable

and culturable cells indicate that a fraction (2-3 log units) of the
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viable population of E. amylovora in irigation water losses its

culturability on solid medium.
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FIG.2. Starvation-survival response of E. amylovora in irrigation water
microcosms maintained at 26°C: o, plate counts on King's B medium; O,
viable cell counts, and A, total cell counts.

Regarding experiments in water microcosms at 5°C, the
number of culturable cells on King's B solid medium remained at
the initial levels (approximately 107 cfu/ml) during the three months

assayed, as shown in Fig. 3 for strain CFBP 1430.
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FIG. 3. Temperature effect on the culturability of £. amylovora in irrigation water
microcosms on King’s B solid medium at 26°C (©) and 5°C (o).

3A.4.2. Pathogenicity assays

E. amylovora cells starved for three and six months in irrigation
water microcosms at 26°C were able to produce typical necrosis
and exudates in green pears. Starved cells after three months at
5°C also developed these same disease symptoms. E. amylovora

colonies were recovered from affected fruits.
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3A.5. DISCUSSION

The role of irrigation water as inoculum source of E. amylovora
depends on how long this bacterium survives in water, among
other factors. The survival experiments in sterile water microcosms
conducted in the present study have demonstrated, for the first
time, that E. amylovora is able to survive in water from different
sources including irrigation water. These results are in contrast to
the short survival time previously reported for suspensions of this
bacterium in distiled water [Goodman, 1983] but they are similar
to those reported for other important plant pathogenic bacteria
that have been shown to survive for an extended period in water
[Manahan and Steck.,1997; van Elsas et al., 2001, Biosca et al.,
2005]. However, a progressive loss of culturability on solid media
(from 2 to 3 logarithmic units) was observed throughtout the
experimental period, being the rate at which cells became
nonculturable dependent on the nufrient content and the
presence of chlorine among waters. Since cells maintained their
viability along the study, it seems that the inability to multiply on
isolation medium of one fraction of the viable population of E.
amylovora was due to chlorine and/or the low nutrient availability
in the water microcosms. Similar results have been reported in
other bacteria exposed to the starvation conditions characteristics
of water ecosystems and/or other stressful factors such as chlorine
[Byrd et al., 1991; Manahan and Steck, 1997; Ghezzi and Steck,
1999]. The existence of such viable but nonculturable (VBNC) cells
of E. amylovora could lead to an understimation of the pathogen
populatfion from environmental sources when using only cultural

methods. Consequently, the epidemiological significance of this
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bacterial state on the life of this pathogen outside host plants and

the disease cycle should be determined.

Little is known about the survival of E. amylovora during colder
months but a negative effect of cold storage in saline solution and
apple calyxes has been reported [Hale et al., 1999]. In the present
study, E. amylovora cells kept at 5°C in sterile irrigation water
retained their culturability on King's B solid medium at similar levels
to those of the inoculation time while a decline was observed in
the microcosms incubated at 26°C within three months. Then, low
temperature does not seem to affect negatively its survival in
water and it has been described that this pathogen can grow at
3-5°C [Billing et al., 1961]. The former suggest that the overwintering
of E. amylovora may be more related to the lack of nutrients in the
plant during host dormancy [Vanneste and Eden-Green, 2000]
than to low temperatures. In fact, nutritional differences have
been suggested to explain a higher survival of E. amylovora in

nutrient broth than in saline solution at 0°C [Hale et al., 1999].

Inoculation assays have shown that E. amylovora cells were
pathogenic on green pears after being maintained for six months
in sterile irrigation water. Such starved cells also were infective
even when incubated at low temperature for three months. Thus,
the maintenance of the pathogenicity of E. amylovora in water
microcosms could support the possible role of water as a reservoir

and dissemination route of this bacterium.

Taken together, these results have shown that E. amylovora is

able to survive and remain infective for six months in sterile water,

114



Capitulo 3 Survival of E. amylovora in water

suggesting that the oligothrophic conditions found in natfural
aguatic environments may allow the survival of the fire blight
pathogen. Then, the risk of waterborne fransmission of E.
amylovora by irrigation exists, but further studies are in progress to
determine the real importance of water in fire blight epidemiology

and management.
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3B. Erwinia amylovora survives in natural water

3B.1. Abstract

The role of water in the dissemination of Erwinia amylovora
has not been demonstrated, although it has been recently shown
that this pathogen can survive in sterile water and maintain its
pathogenicity up to three years (Biosca et al., 2006a, 2006b).
However, its possible survival in nonsterile natural water has not been
investigated yet. In this study, the survival of E. amylovora under
natural oligofrophic conditions of rain water microcosms was
monitored for 45 days at 26° C, using sterile water microcosms as
conftrol. Microscopic bacterial cell counts were monitored by the
Live/Dead viability kit, and culturability by plate counts on non-
selective King's B medium. The pathogenicity of E. amylovora cells
from these microcosms was evaluated by using immature pear fruits.
The pathogen was able to survive in rain water microcosms in the
presence of water microbiota at warm temperatures along the
experimental period. However, a progressive loss of culturability on
solid media from 107 to 10%-103cfu/ml throughout the time was
observed in E. amylovora populations, more pronounced in
nonsterile water. This was concurrent with an increase in the
numbers of native bacteria present in some rain water samples,
suggesting that the survival of this pathogen was affected by
nutrient limitation as well as by bacterial competition. Starved cells
of E. amylovora in natural water retained their pathogenicity for

pear fruits. These results demonstrate, for the first fime, the survival of
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E. amylovora in natural water and the risk of environmental waters

as reservoirs and dissemination ways for this bacterium.

3B.2. INTRODUCTION

Fire blight, caused by Erwinia amylovora, is still causing
serious economic losses worldwide. Its difficult management has
been associated with the ability of this pathogen to persist in
different reservoirs and to disseminate by several routes.
Nevertheless, very little is known about the survival of this bacterium
when it is released info poor surrounding environments such as
waters from diseased host plants. The survival of E. amylovora in
aguatic habitats has received little attention until recently, since it
has been considered that this bacterium was unable to survive in
this medium for long periods [Goodman, 1983]. However, wind-
driven rain, aerosols and agricultural water have been associated
with fire blight dissemination [MacManus and Jones, 1994; Thomson,
2000]. In fact, recent data have shown that E. amylovora can
survive in sterile water from different sources and maintain its
pathogenicity in irrigation water up to three years [Biosca et al.,
2006a, 2006b], being nutrient deprivation one major factor
influencing its survival [Biosca et al., 2006a, 2006b]. It is well known
that this environmental stress stimulates o starvation-survival
response in many nonsporulating bacteria, allowing their survival in
a culturable state [Morita, 1997]. This abiotic stress has also been
involved in the activation of other survival mechanism, the viable
but nonculturable (VBNC) state [Roszak and Colwell, 1987] in which
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viable bacteria are unable to grow on plates. Under oligothrophic
conditions common in natural waters E. amylovora populations
display, at least, these two survival strategies: a fraction of its
population undergo a starvation-survival response, while other
enters intfo the VBNC state [Biosca et al., 2006a, 2006b]. Both survival
mechanisms allow long-term persistence of this pathogen in sterile
natural water [Biosca et al., 2006a, 2006b].

The survival of E. amylovora in natural water may be also
influenced by water microorganisms, but no studies so far have
investigated the fate of this bacterium in environmental waters
despite it may have serious implications. The aim of this study has
been to determine wheter the fire blight pathogen is able to survive
and remain infective in nonsterile natural water, in the presence of
water biota, at warm temperatures, using sterile natural water as

confrol.

3B.3. MATERIALS AND METHODS

3B.3.1. Bacterial strains and preparation of water microcosms

E. amylovora strain CFBP-1430 (CFBP, Collection Francaise de
Bactéries Phytopathogénes) was selected as representative for the
present study. For the survival experiments in natural water, the
microcosms were prepared using nonsterile rain water (NSW)
samples freshly collected at different times, and sterile water (SW)
microcosms were included as control. Both types of microcosms

were inoculated with strain CFBP-1430 at a final density of 107 cfu/ml
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and mantained at 26°C up to 45 days, as previously described
[Biosca et al., 2005].

3B.3.2. E. amylovora cell counts

The culturability and viability of the inoculated strain in NSW and
SW microcosms were monitored at time zero, after 48 h and weekly
along 45 days. Colony counts were routinely determined on King's B
medium [King et al., 1954], and on CCT [Ishimaru and Klos, 1984] for
some water samples. The viability of bacterial cells was determined
by epifluorescence microscopy using the Live/Dead kit (Molecular

Probes Inc., Eugene, Oreg.).

3B.3.3. Pathogenicity of £. amylovora in natural water

The infectivity of starved E. amylovora cells from NSW and SW
microcosms was evaluated by inoculation on green pears (var.
Williams) as described [EPPO, 2004], after 45 days of incubation in
water microcosms. A suspension of E. amylovora cells grown on
King's B medium and sterile PBS were used as positive and negative
control, respectively. Symptoms development at 26°C was

monitored daily up to 2 weeks.

3B.4. RESULTS

3B.4.1. Fate of E. amylovora in natural water microcosms

E. amylovora was able to survive in rain water microcosms

under natural nutrient limitation conditions and in the presence of
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indigenous organisms af 26°C, along the 45-day period.
Representative survival curves of strain CFBP 1430 in SW and NSW
microcosms are shown in Fig. 1. In both types of microcosms, total
and viable E. amylovora populations remained at similar levels than
at the inoculation fime, about 108 and 107 cells/ml, respectively.
However, different tfrends in the culturability of the inoculated strain
were observed depending on whether natural water was sterile or
not. In SW microcosms (upper graph), E. amylovora culturable
numbers on King's B plates declined progressively from 107 to 10°
cfu/ml within the first two weeks and then maintained its numbers
over the experimental period. By confrast, in NSW microcosms
(lower graph) culturability fell to 104 cfu/ml by the second week but
the decrease continued to 103 cfu/ml in the following weeks (then
being two logarithmic units lower than in SW microcosms at the end
of the experiment). Since viable populations of E. amylovora in rain
water were similarly maintained in SW and NSW microcosms along
the experimental period (Fig. 1), the observed declines in culturable
numbers in both types of microcosms, implies that a fraction of the
viable population entered info the VBNC state. Because the lost of
culturability was more pronunced in NSW microcosms, an addifional
effect of water biota is also suggested, despite total numbers of E.

amylovora did not change greatly in nonsterile water.

Initial culturable numbers of native bacteria in rain water
were around 10! cfu/ml, reaching 102 cfu/ml in some water samples.
Some of these native bacteria, which increased its initial numbers
during survival experiments (data not shown), were fluorescent on
King's B plates and grew faster than the fire blight pathogen on this

nonselective medium. To prevent overgrowth of rain water bacteria,
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the semiselective medium CCT was initially included for E.
amylovora plaque counts. However, a marked decline in the
culturablity of the inoculated strain was observed on CCT plates
during the first weeks of the experiment, being around two to three
logarithmic units lower than that on King's B. Afterwards, E.
amylovora counts on CCT plates dropped below the level of

detection (10 cfu/ml) while it was still culturable on King's B medium.

Log (cfu or cells) / ml
(6]

Log (cfuorcells)/ ml

0 7 15 21 28 45
Time (days)

Fig.1. Survival curves of E. amylovora in sterile (upper graph) and nonsterile
(lower graph) rain water microcosms maintained at 26°C: o, plate counts on

King’'s B medium; A, viable cell counts, and o, total cell counts.
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3B.4.2. Pathogenicity of E. amylovora in natural water

microcosms

E. amylovora cells starved for 45 days in natural water
microcosms at 26°C remained infective for immature pears, causing
typical symptoms, and the pathogen was isolated from diseased

fruits.

3B.5. DISCUSSION

In previous work, we showed that E. amylovora was able to
survive in sterile water from different sources [Biosca et al., 2006b],
suggesting that waterborne transmission of this pathogen could be
possible. Bacterial survival in natural waters can also be affected by
biotic factors, althought to date no studies have addressed the
survival of E. amylovora in the presence of native water microbiota.
As a first approach, in the present study we used freshly collected
rain water because it has been reported as responsible for dispersal
of the pathogen in orchards [Thomson, 2000]. Survival results have
shown that E. amylovora can survive in natural rain water at 26°C

within the 45-day period assayed.

In sterile water microcosms, used as control, total and viable E.
amylovora populafions maintained itfs numbers along the
experiment, while a fraction of the viable population lost its
culturability in nutrient-poor rain water entering into the VBNC state.
These results were consistent with those reported before in sterile

water from several sources [Biosca et al., 2006a, 2006b], confirming
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the persistence of E. amylovora culturable populations under
starvation conditions, but with a subpopulation of the pathogen
entfering info the VBNC state. They are also in agreement with
previous studies in other plant bacteria when exposed to common
nutrient depletion conditions of water habitats [Manahan and
Steck, 1997; Ghezzi and Steck, 1999], and confirm the risk of the
presence of E. amylovora in the environment, particularly in the
VBNC state. Interestingly, the decline in culturability was more
pronounced on CCT than on King's B plates (data not shown),
suggesting that inhibitory compounds of this semiselective medium
negatively affect the recovery of culturable cells of the pathogen,

at least, under starvation conditions.

In nonsterile water microcosms, frends in total and viable
populations of E. amylovora were similar to those in sterile water, but
a greater proportion of viable cells became nonculturable,
suggesting that biotic factors may also be involved. Since ftotal and
viable numbers were maintained and did not change greatly in
NSW microcosms compared to SW, it seems that predatfion and
parasitism apparently would not affect E. amylovora survival in the
rain water used. However, the marked decline in plaque counts of
the pathogen in nonsterile water was coincident with an increase in
the numbers of native bacteria present in rain water, some of which
grew faster on King's B plates than the inoculated strain. Thus, the
survival of E. amylovora in rain water could also be affected by
competition with indigenous bacteria for scarce nutrients, although
bacterial antagonism or inhibitory substances can not be discarded.
The influence of freshwater microbiota on the persistence of other

important plant pathogenic bacteria in natural water has also been
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described in early studies [Scanferlato et al.,, 1989; van Elsas et al.,
2001; Alvarez et al., 2007].

Regarding pathogenicity, starved E. amylovora cells for 45
days from both SW and NSW microcosms were able to cause
necrosis and exudates on pear fruits, showing that natural water
can act as an inoculum source of the fire blight pathogen, as
described for other erwinias [Cappaert et al., 1988; Scanferlato ef
al., 1989].

Overall, the present results demonstrate, for the first fime, the
survival of E. amylovora in natural water, showing that is persistence
in rain water was affected, at least, by nutrient limitation and
bacterial competition and its pathogenicity is retained. These results
confirm the risk of the waterborne fransmission of this pathogen,

raising new concerns on fire blight management.
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4.1. Abstract

The bacterium Erwinia amylovora causes fire blight, a serious and
widespread disease of several pome fruits and ornamental plants.
The use of suitable detection tools is essential for preventing further
dissemination. According to the protocol of the European and
Mediterranean Plant Protection Organization, the isolation and
further identification of E. amylovora is the only conclusive test of its
presence. However, bacterial growth on solid media can be
hampered when the pathogen is under stressful conditions. On the
other hand, it is known that copper is an essential micronutrient that
furthermore, in E. amylovora, increases the exopolysaccharide
production in a rich-nutrient medium. To improve the recovery of E.
amylovora under unfavourable conditions, we have modified the
common non-selective culture King’s B (KB) medium by adding 1.5
mM CuSOs4. In this new medium named RESC (Recovery E.
amylovora Stressed Cells), the plating efficiency of several strains of
E. amylovora in vitro and the isolation from natural samples was
higher than on other media routinely employed, particularly when
the pathogen was under stressful conditions. Thus, the recovery of
different types of stressed E. amylovora cells (by nutrient deprivation,
presence of copper ions and UV irradiation) was significantly
improved on RESC, extending the culturability period. Therefore,
RESC turmns into a useful and valuable medium for the isolation of E.
amylovora when adverse conditions in its natural environment are

expected.
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4.2. INTRODUCTION

The bacterium Erwinia amylovora (Burrill) Winslow et al. [1920] is
the causal agent of fire blight, the most serious disease of several
pome fruits and ornamental plants in the Rosaceae family [van der
Zwet and Beer, 95]. It has been reported in more than 40 countries
around the world, representing a threat fo the pome fruit industry
since its control is sfill not fully successful. Consequently, there is a
specific legislation in the European Union to prevent the
dissemination of E. amylovora, where it is considered a quarantine
organism [Anonymous, 2000, 2003]. The phytosanitary measures
involve the wuse of suitable detection tools for analysis of
symptomatic and asymptomatic plants to avoid a further spread of
the disease [Lopez et al., 2003 y 2006]. Moreover, the standard
PM7/20 of the European and Mediterranean Plant Protection
Organization (EPPO) [EPPO, 2004] recommends serological and
PCR-based techniques for a rapid screening of the samples, but
requires the isolation of the bacterium, followed by a further
identification, for the definitive confirmation of the pathogen

presence.

The isolation of E. amylovora from symptomatic plant material is
relatively easy because the usually high number of culturable
bacteria [EPPO, 2004]. However, under adverse conditions (old or
very advanced symptoms, unfavourable weather conditfions,
copper-freated samples, nutrient starvation, etc.) the number of E.
amylovora culturable cells can be very low [van der Zwet and Beer,
1995; Thomsom, 2000; Biosca et al., 2006; Ordax et al., 2006]. In fact,

some stress conditions can alter the bacterial physiological state,
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hindering their growth and isolation on laboratory media [Brewer et
al., 1977; Bissonnette et al., 1975]. Thus, it has been demonstrated
that E. amylovora can enter info the viable but non-culturable
(VBNC) state at low copper concentrations in non copper-
complexing mineral medium [Ordax et al., 2006] as well as under
starvation conditions in natural water [Biosca et al., 2006]. The
existence of such cells in the field represents a threat since this
pathogen can be viable, although not detected on solid medium.
Further, it can revert from this unculturable state regaining also its
pathogenicity [Ordax et al., 2006]. Therefore, the optimization of
culture media to improve the recovery of E. amylovora, particularly
under stressful conditions, is necessary for both diagnostic and
control purposes. Three media are advised for the maximum
recovery of E. amylovora from plant material [EPPO, 2004]: the non-
selective media King’s B (KB) [King et al., 1954] and Sucrose Nutrient
Agar (SNA) [Lelliot, 1967], and the semi-selective medium CCT
[Ishimaru and Klos, 1984].

On the other hand, it is well-known the role of copper ions as an
essential micronutrient for bacterial growth (due to its involvement in
fundamental biological reactions), despite above certain levels they
become toxic [Saxena et al., 2002]. Interestingly, relatively high
copper concentrations can increase the bacterial growth when
they are added to rich growth media [Granger and Ward, 2003;
Yamasaki et al., 2004]. This is explained because the complexing of
most of the copper ions fo common medium components, reducing
their toxic concentrations to those that promote bacterial growth
[Ramamoorthy and Kushner, 1975; Zevenhuizen et al., 1979; Angle et

al., 1992]. Copper has been used in the culture medium MM2Cu for
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E. amylovora [Bereswill et al., 1998], where the metal leads to the
formation of characteristic mucoid and yellow colonies. Besides, in a
previous work where we determined the MIC copper concentration
for E. amylovora on KB solid medium [Ordax et al., 2006], we
observed a fast colonies appearance of this bacterium when
copper was at sub-MIC copper concentrations. Then, we have
taken advantage of the beneficial effects of copper on E.
amylovora in nutrient-rich media with the objective of improving the
recovery of stressed cells of this pathogen. The resultant medium
named RESC (Recovery E. amylovora Stressed Cells), was tested in
vitro and in vivo for the isolation of the pathogen in the presence of
the most frequent plant epiphytic bacteria found in its hosts. All the
growth media mentioned above (KB, SNA, CCT and MM2Cu) were
used for comparative purposes. The RESC medium was evaluated
for the recovery and enumeration of E. amylovora cells stressed by
nutrient deprivation, presence of free Cu?* ions, and UV irradiation,
fo mimic some adverse conditions that the pathogen usually finds
infon the plants in the nature [Vanneste and Eden-Green, 2000;
Dulla et al., 2005].
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4.3. MATERIAL AND METHODS

4.3.1. Bacterial strains

Three bacterial strains of E. amylovora were initially tested on the
modified RESC medium: CFBP1430, the French reference strain from
the Collection Francaise des Bactéries Phytopathogénes; IVIA1892-1,
a Spanish strain from bacterial collection of the Instituto Valenciano
de Investigaciones Agrarias (IVIA); and the German strain Eal/79
(kindly provided by K. Geider) (Table 1). Two typical epiphytic
bacteria frequently found in E. amylovora host plants were also
assayed: Pantoea agglomerans (named before Erwinia herbicola)
strain EPS411, and Pseudomonas fluorescens strain EPS347, both
isolated from Pyrus communis in Spain (generously provided by E.
Montesinos). Once the copper concentration for being added fto KB
medium was determined, a selection of 20 strains of E. amylovora
from different countries and hosts, and 3 levan-deficient strains
(obtained by K. Geider and kindly provided by him) (Table 1) were

also tested for their growth on RESC medium.
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TABLE 1. E. amylovora strains assayed on RESC solid medium (in alphabetic

order of origin country).

Strain Origin Host
Ea FG2 Bulgaria Pyrus communis
NCPPB311 Canada P. communis
NCPPB1734 Egypt P. communis
NCPPB595 England P. communis
CFBP1430 France Crataegus sp.
Ea1/79 Germany Malus sp.
Ea1/79-18M* Germany -
Ea1/79-5M* Germany -
Ea7/74-LS7* Germany -
NCPPB3159 Holland Malus sp.
OMP-BO1185 ltaly Malus sp.
NCPPB2080 New Zealand P. communis
IVIA1777-1 Spain (Alava) Pyracantha sp.
IVIA1892-1 Spain (Guadalajara) P. communis
IVIA1899-21 Spain (Guadalajara) Cydonia sp.
UPN538 Spain (Guipuzcoa) Coftoneaster sp.
IVIA1951-6 Spain (Huesca) Sorbus sp.
IVIA2311-19 Spain (La Rioja) P. communis
IVIA1909-3 Spain (Lérida) P. communis
IVIA1985 Spain (Madrid) Pyracantha sp.
UPN528 Spain (Navarra) Malus sp.
IVIA1614-2 Spain (Segovia) Pyracantha sp.
IVIA2303-3 Spain (Zaragoza) P. communis
NCPPB3548 Turkey Eriobotrya sp.
E9 USA Malus sp.
NCPPB2292 USA Rubus idaeus

*Levan-deficient mutants obtained by K. Geider in the laboratory.
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4.3.2. Selection of the copper sulphate concentration for
adding to KB medium

The MIC of copper for E. amylovora in KB liquid medium was
determined by adding copper as CuSQOs (Sigma-Aldrich Chemie,

Germany) at increases of 0.5 up to 5 mM.

To select the copper concentration for being added to KB
medium, 20 ul from 48 h old cultures of E. amylovora, P. agglomerans
or P. fluorescens strains in KB broth were separately inoculated at 105
cfu/ml in 200 ul of the same medium, but with increasing sub-MIC
copper concentrations from 0.25 mM CuSOu. The experiments were
quadrupled in the same assay and repeated independently using
the Bioscreen C system (Labsystems, Finland), at 26° C and
temporary shaking at intervals of 1 h. The O.D. at 600 nm was

recorded along 120 h.

4.3.3. Copper complexing measurements of KB broth

Additionally, it was quantified the copper complexing ability of KB
broth supplemented with sub-MIC copper concentrations, as well as
its components separately (dissolving them in bidistilled water in the
same proportion as they are in this medium). The Microquant
Copper Test (Merck, Darmstadt, Germany) was used according to
the manufacturer’s instructions for the quantification of the copper
ions bound by KB broth.
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4.3.4. Growth media and incubation conditions

Once the optimal copper sulphate concentration to promote E.
amylovora growth on KB medium with copper was determined, the
new culture medium RESC (Recovery of E. amylovora Stressed Cells)
was prepared by adding filter sterilized CuSQOs4 to sterile KB at 1.5 mM
as final concentration. Stock copper sulphate was prepared by
dissolving it in distiled water at 10x concentration, sterilized by
filtration and stored at 5°C in dark. For comparative purposes, we
also used the advised media in the EPPO standard PM7/20 [EPPO,
2004] for the recovery of E. amylovora: KB, SNA and CCT, as well as
the complex copper-containing medium designed for this
pathogen, MM2Cu [Bereswill et al., 1998], that contains 2 mM CuSO4
tfogether with several salts, asparagine, sorbitol, nicotinic acid and
thiamine hydrochloride. All media were incubated at 26°C, and the
incubation periods were those recommended for each culfure
medium. Thus, KB [King et al., 1954], SNA [Lelliot, 1967] and RESC [this
work] plates were incubated 48 h, CCT 72 h [Ishimaru and Klos,
1984], and MM2Cu 96 h [Bereswill ef al., 1998].

4.3.5. Evaluation of RESC medium /n vifro: enumeration of E.
amylovora cells from mixed cultures with epiphytic plant
bacteria

E. amylovora, P. agglomerans or P. fluorescens strains grown in
KB broth were mixed in sterile distiled water at a final ratio of 1:1,
1:10 and 1:100 for E. amylovora to the two epiphytic bacteria (each

one separately or the two together for each ratio) at 108 cfu/ml.
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Afterwards, these bacterial suspensions were ten-fold serially diluted
in phosphate buffer and plated, in duplicate, on the five growth
media mentioned above. The culturable cells were enumerated
after the recommended incubation period for each medium (see
above) at 26°C. The whole experiment was independently repeated

twice.

4.3.6. Evaluation of RESC medium /n vivo. isolation of E.
amylovora from field samples

Three adjoining orchards of pear trees (P. communis cv.
Conference and cv. Blanquilla) from the north of Spain (Logrono, La
Rioja) were sampled and processed according to the EPPO
standard PM7/20 [EPPO, 2004]. Several pear trees and Crataegus
azarolus showed different fire blight symptoms (Fig. 1), being
collected a wide range of both symptomatic and asymptomatic

plant material samples.

As it is indicated in the EPPO standard PM7/20, symptomatic
samples were processed and plated on KB, SNA and CCT, after a
previous enrichment in KB and CCT broths in the cases of
asymptomatic ones. The recovery medium RESC was included in all
cases, as well as the MM2Cu, the other copper-containing medium
for E. amylovora. Colonial morphotypes appearing on each medium
were registered. Colonies with E. amylovora like-morphology were
selected and tested by ELISA-DASI [Gorris et al, 1996b] and PCR
[McManus and Jones, 1995].

135



Capitulo 4 Recovery of E. amylovora stressed cells

FIG. 1. Representative fire blight symptoms observed in orchards in the
north of Spain (Logrofio, La Rioja, 2006). A) pear shoot as “shepherd’s
crook”; B) exudates on mature pear fruits; C) bark canker in pear tree; D)

Crataegus azarolus showing several branches with brown leaves.

4.3.7. Evaluation of RESC medium for the enumeration of
E. amylovora stressed cells

Three stress conditions were assayed for all E. amylovora strains:
nutrient deprivation, presence of free copper ions in non copper-
complexing mineral medium, and UV irradiation. For starvation and
copper exposure, 108 cfu/ml of each E. amylovora strain was
inoculated in containers with 150 ml of sterile mineral medium AB

[Alexander et al., 1999], or AB with 0.005 mM CuSOys, respectively. All
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the containers were kept at 26°C during 8 months, and aliquots of 1
ml were taken regularly at various times after inoculation (time zero)
for monitoring the culturability of the stressed E. amylovora cells. The
UV-stressed cells were obtained after UV irradiation of bacterial
suspensions at 108 cfu/ml in phosphate buffer during 10 or 20 min
with a lamp of 30 w situated 10 cm away. An idenfical bacterial
suspension not exposed to UV irradiation was included as negative
conftrol. Aliguots of 1T ml from each suspension were plated after UV
exposure. In all cases, ten-fold serial dilutions from the aliquot were
plated in duplicate on the five growth media included in this work,
and examined after the incubation period. In the case of copper
stress, it was also quantified the number of viable cells by the
Live&Dead kit (Molecular Probes Inc., Eugene, Oreg., USA) due to its
nature as inductor factor of the VBNC state in E. amylovora [Ordax

et al., 2006]. All experiments were repeated in independent assays.

4.3.8. Statistical analysis

The data (culturable E. amylovora counts and also viable cell
counts in the experiment of copper stress) were expressed as the
means of two determinations (after log-transformation) from two
independent experiments (see Figures 5, 6, 8 and 9 from Results
section). Staftistical significance of the differences among the means
was determined by a three-way factorial ANOVA analysis for both in
vitro (Fig. 5) and in vivo (Fig. 6) assays. In the in vifro assays the three
factors considered for each strain were: experiment, E. amylovora
rafio and culture medium. In the in vivo ones, for each vegetal

sample the factors were: experiment, type of plant material and
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culture medium. In the assays with stressed cells (Figs. 8 and 9), the
ANOVA analysis was four-way factorial, and the four factors
considered for each time point were: experiment, strain, type of
stress and culture medium. A p value below 0.05 was considered
significant. The null data corresponding to those time points in where
none E. amylovora colony was recovered on the plates (Fig. 8B)
were not included in the analysis. In addition, the trends in the
population dynamics among the culturability curves on the different
growth media for starved and copper stressed E. amylovora cells
were analysed by covariance analysis to test the quality of the

slopes throughout the experimental period.

4.4. RESULTS

4.4 1. Copper complexing ability of KB broth

The KB broth showed a great ability to bound Cu?*t ions,
reaching even 50% at 2.5 mM CuSOs, the MIC of copper for E.
amylovora in this medium (Fig. 2). When each component of KB
broth was assayed separately, the peptone showed the highest

percentage of cations complexed (Fig. 2).
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FIG. 2. Copper complexing ability of KB broth and its components separately
(dissolved in bidistilled water in the same proportion as in KB) measured by
Microquant Copper Test (Merck, Darmstadt, Germany). Copper was added as
CuSO4 at sub-MIC concentrations.

4.4.2. Selection of copper sulphate concentration: the
RESC medium

The MIC of copper in KB broth for E. amylovora was 2.5 mM
CuSO4. The growth curves obtained with E. amylovora, P.
agglomerans and P. fluorescens strains in KB broth with sub-MIC
CuSO4 concentrations were analyzed to select the optimal one for
the recovery of E. amylovora in the presence of the most-common
epiphytic bacteria in its host plants. Representative growth curves
are shown in Fig. 3. Since the results obtained with three selected
strains of E. amylovora were similar, only the strain CFBP1430 is
represented. It was observed that at copper concentrations below
1.5 mM CuSO: (Fig. 3A, B), growth of the epiphytic bacteria was
significantly higher (p < 0.05) than that of
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FIG.3. Growth curves of E. amylovora (Ea) CFBP 1430 strain (squares), P.
agglomerans (Pa) EPS 411 strain (triangles), and P. fluorescens (Pf) EPS347 strain
(circles), over 120 hours in KB broth alone (open symbols) or supplemented with
copper (grey symbols): A) 0.5 mM CuSO4 B) 1 mM CuSOs C) 1.5 mM CuSOa.
Curves were obtained using the Bioscreen C system (Labsystems, Finland), at 26° C
and with temporary shaking at intervals of 1 h.

140



Capitulo 4 Recovery of E. amylovora stressed cells

E. amylovora (3-4 decimal points in the absorbance measurements).
However, at 1.5 mM CuSOy4 (Fig. 3C), the growth of the two epiphytic
bacteria became significantly lower (p < 0.05) than in without
copper, and similar to the growth of E. amylovora, reaching the
three species very close cell numbers (D.O.¢00 around 0.8). Above 1.5
mM CuSO4 the growth of E. amylovora became to be hampered
(data not shown). Then, 1.5 mM CuSO. was selected as the final

concentration to be added to KB medium, being named RESC.

4.4.3. Colonial morphology of E. amylovora on RESC
medium

After 48h at 26°C, the colonies of all E. amylovora strains assayed
on RESC medium (including the levan mutants) appeared yellowish,
circular, domed, smooth and very mucoid, ranging in size from 2.5 to
4.5 mm, while on KB medium they were creamy white, circular and
smaller (1-1.2 mm) [King et al., 1954] (Fig. 4). Due to the increase of
the mucus in E. amylovora colonies on RESC, they were easily visible

after only 24-36 h of incubation.

The colonies of the plant epiphytic bacteria assayed showed
also a change in their colour, turning from deep yellow to orange in
P. agglomerans, and from light to deep cream in P. fluorescens, in
this case also with the characteristic surrounding yellow fluorescent
pigment turned to light orange (Fig. 4). Consequently, they were

easily distinguished from E. amylovora.
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E. amylovora P.agglomerans P.fluorescens

KB

RESC

FIG. 4. Growth and colonial morphology of E. amylovora, P. agglomerans
and P. fluorescens (CFBP1430, EPS411, EPS347 strains,
respectively) on KB and RESC growth solid media after 48h at 26°C.

4.4 4. Recovery efficiency of E. amylovora on RESC medium
in vitro

Culturable cell counts of E. amylovora from mixed cultures with P.
agglomerans and/or P. fluorescens in the rafios in where the
pathogen was in a lower proportion (1:10 and 1:100) are shown in
Fig. 5A. The results with the three assayed strains of E. amylovora
were very similar, so only the strain CFBP1430 is represented in the
graph. Numbers of E. amylovora culturable cells on RESC medium
were always significantly higher (p < 0.05) than those on the other
assayed media (0.4 — 1 logarithmic order higher than KB/SNA, 0.3 -
0.8 than CCT, 0.2. - 0.7 than MM2Cu), with a very small standard
deviation in all cases (0.001 - 0.06) (Fig. 5A). Remarkably, the
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differences on the efficiency of recovery of E. amylovora cells
between RESC medium and the other media were noticeable even
in the mixed cultures where the pathogen was in the lowest
proportion (1:100) (Fig. 5A). On the other hand, the two epiphytic
strains assayed grew at significantly (p < 0.05) lower levels on RESC

medium than on the other media assayed (data not shown).

4.4.5. Recovery efficiency of E. amylovora on RESC medium
in vivo

The percentage of E. amylovora isolations from field
symptomatic samples processed on different growth media are
represented in Fig. 5B. No E. amylovora-like colonies were recovered
from the asymptomatic plant material on none of the growth media
assayed. However, in all the samples that showed fire blight
symptoms (see again Fig. 1) colonies of the pathogen were
obtained on all tested media. The recovery of E. amylovora from
shoot and branch samples was significantly higher on RESC (99%)
than on the other growth media (80-20%), or similar like in bark from
cankers (Fig. 5B). All E. amylovora-like colonies were identified by
ELISA-DASI [Gorris ef al., 1996b] and PCR [McManus and Jones,
1995]. On RESC plates, the colonies of E. amylovora showed a
characteristic light yellow colour and an increase in the mucus (Fig.
6A, B), as observed previously in vitro (Fig. 4). These morphologic
characteristics of the pathogen colonies on RESC plates make them
easily distinguishable from those of the tested epiphytic bacteria
(Fig. 6C). In addition, a reduction in the number of different colonial
morphotypes was evident on RESC in comparison with KB (25 - 50 %)
(Fig. 6D) and SNA (data not shown).

143



Capitulo 4 Recovery of E. amylovora stressed cells

9
88 { A

8,6
8,4 A
8,2
8 -
7,8
7,6
74 1
7,2
7 , , , ,

Ea:Pa Ea:Pf Ea:Pa+Pf EaPa Ea:Pf Ea:Pa+Pf
(1:10) (1:10) (1:10) (1:100) (1:100) (1:100)

Log cfu of Ea/ml

Mixed bacterial suspensions

100 { B - N
80 - ]
60 -
40
20
0 L]

% cfu/ml of Ea / total cfu/ml

branches with brown shoots as barks fromcankers  exudates on pear
leaves "shepherd’s crook" fruits

Vegetal samples

| OKB OSNA WRESC WCCT BMM2Cu |

FIG. 5. Culturability of £. amylovora on different solid growth media. A) Culturable cell
counts /in vitro: (Ea) (CFBP1430 strain) from mixed cultures in ratios 1: 10 and 1: 100
with P. agglomerans (Pa) (EPS411 strain) and/or P. fluorescens (Pf) (EPS347
strain). B) Percentage of E. amylovora culturable cells regarding the total ones
isolated from symptomatic samples (Crataegus azarolus, and Pyrus communis cv.
Conference and Blanquilla); the isolation protocol followed was that stated in the
EPPO standard PM7/20 [EPPO, 2004]. Culture media and growth conditions were
KB, SNA and RESC (after 48h), CCT (after 72h), and MM.Cu plates (after 96h) at
26°C.
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IG. 6. Comparison of growth and colonial morphology of £. amylovora isolated from field
symptomatic samples after 48h at 26°C on A) KB medium, and B) RESC medium. C)
differentiation among colonial morphotypes of E. amylovora (Ea), P. agglomerans (Pa)
and P. fluorescens (Pf) on RESC medium; D) Higher number of colonial morphotypes
on KB (4) (left) than on RESC (2) (right).

4.4.6. Recovery efficiency of stressed E. amylovora cells on
RESC medium

The results of the recovery of stressed E. amylovora cells on
several growth solid media are shown in Figs. 7 and 8. Only the strain
CFBP1430 is represented since the results were similar among all E.
amylovora assayed strains. It was observed that the highest recovery
was always obtained on RESC medium, followed by KB, SNA and
MM2Cu, regardless the type of stress imposed to E. amylovora cells
(starvation, Fig. 7A; presence of 0.005 mM Cu?*, Fig. 7B; and UV
irradiation, Fig. 8) and the time of exposure to the stressful conditions.

The lowest recovery was always on CCT. Differences in the recovery
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of the different stressed cells on RESC medium regarding to the rest

of the media were always significant (p < 0.05).
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log cfu/ml
O P N W M U1 O N 00 ©

+on KB
-%-on SNA
-©-on RESC
“-on CCT
~>-on MM2Cu
~® Viable cells

log CFU or cells/ml
O B N W M OO N 0 ©

0 5 10 15 20 25 30 35 40 45 50 55 60

stress exposure time (days)

FIG. 7. Stressed E. amylovora cells (CFBP1430 strain) throughout 240 days on
KB, SNA and RESC (after 48h), CCT (after 72h), and MM2Cu media (after 96h) at
26°C. A) culturability under starvation in mineral medium AB; B) culturability under
starvation with 0.005 mM Cu?* In this case, viability was also monitored to show
the induction of the viable but nonculturable (VBNC) state. The minimum standard
deviation (SD) was 0.001 and the maximum 0.327. The X-axis was shortened in
the graph B at day 60 to improve the visualization of the differentiation in the entry
time points into the VBNC state.

Under starvation stress (Fig. 7A), the culturability of E.

amylovora decreased in all assayed media, but it was always
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significantly higher on RESC. The lowest numbers of E. amylovora
colonies were on CCT medium, being 2-3 logarithmic orders
below RESC one.

10

Ocontrol @ After10 min UV M After20 min UV

Log CFU/ml

KB SNA RESC MM2Cu CCT
Solid growth media

FIG. 8. Enumeration of stressed £. amylovora cells (CFBP1430 strain) by 10 and
20 minutes under UV irradiation (lamp 30w at 10 cm away) on KB, SNA and
RESC (after 48h), CCT (after 72h), and MM2Cu plates (after 96h) at 26°C. The
minimum standard deviation (SD) was 0.003 and the maximum 0.279.

Under starvation and copper stress in AB medium (Fig. 7B), it was
observed the entry of E. amylovora into the VBNC state within the
first 60 days in all assayed media, but at different rates. The
culturability of E. amylovora was extended on RESC, being able o
grow on these plates until day 55, and prolonging the time period in
where the pathogen can be recovered on solid medium. By
contrast, E. amylovora was unable to form colonies on CCT and
MM2Cu from days 40 and 43, respectively, neither on KB and SNA
from day 49, in spite of the pathogen maintained its cellular viability
(Fig. 7B), as determined by Live&Dead kit.
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After UV stress (Fig. 8). the highest efficiency of recovery of
stressed E. amylovora cells was also observed on RESC medium.
Moreover, in this modified medium the difference in culturability
between the exposure times imposed, 10 and 20 min, was more
attenuated and smaller than on the other media, specially
regarding to CCT. In this semiselective medium the recovery was the

lowest recovery (26 — 41 % less than on RESC).

4.5. DISCUSSION

In this work we have modified one standard non-selective
growth medium used for the isolation of E. amylovora, the KB
medium, by adding copper sulphate, to improve the efficiency of
recovery of this pathogen, specially under some stress conditions

frequently found in its environment.

The copper sulphate concentration selected for supplementing
the KB medium was 1.5 mM, the minimal one in that we observed a
significant growth decrease of tested epiphytic bacteria down to
the level of E. amylovora population. The modified medium was
named RESC, according to the objective for that it was designed
(Recovery of E. amylovora Stressed Cells). Low concentrations of
copper in non copper-complexing media involves an stress for E.
amylovora causing its enfry info the VBNC state [Ordax et al., 2006].
However, the fact that bacteria can grow on solid KB with at high
concentration of copper is due to the great copper complexing
ability exhibited by this medium. Thus, at the copper sulphate
concentration chosen to modify the KB medium, about 70% of the

copper ions added were bound, mainly by the peptone. These
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results are consistent with previous reports [Ramamoorthy and

Kushner, 1975; Zevenhuizen et al., 1979].

On the RESC plates, E. amylovora colonies appeared yellow
and very mucoid, both in vitro and in vivo conditions. In fact, a close
relationship between copper ions and yellow colour [Zhang et al.,
2000], and EPS production [Bereswill et al., 1998; Ordax et al.,
submitted] has been reported. The P. agglomerans and P.
fluorescens epiphytic strains assayed, as well as the native bacteria
present in plant samples, also acquired a more intense coloration on
the RESC plates, since the presence of copper induce the
production of some pigments in many bacteria [Armstrong, 1994].
However, the light yellow colour induced by copper in E. amylovora
was clearly different from that of other plant bacteria [Bereswill ef
al., 1998]. Therefore, the addition of copper to KB medium provides
a useful differentfial trait for E. amylovora, making easier the

discrimination of its colonies is on RESC than on KB.

In vitro assays with mixed cultures of E. amylovora and P.
agglomerans and/or P. fluorescens, at different ratios, showed the
highest recovery of the pathogen on RESC plates when the
pathogen was in the lowest proportion (1:100), above the levels of
the epiphytic bacteria. The recovery efficiency of E. amylovora from
natfurally infected plant material was also significantly higher on
RESC than on the other culture media usually employed for its
isolation. The lack of positive isolation results from the asymptomatic
samples analyzed was probably related with the absence of E.
amylovora in them, since the pathogen was not detected with the

serological and molecular techniques. Since the isolation of this
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pathogen on plates can be difficult when other plant bacteria
predominate in the vegetal sample [Bereswill et al., 1998], it is
important to highlight that on RESC medium the growth of epiphytic
bacteria assayed did not mask the presence of E. amylovora either

in vivo or in vitro conditions.

The comparison of the RESC medium with the other media
usually employed for E. amylovora isolation from plant material
reveals that the modification of KB offers several advantages over
them for the isolation and presumptive identification of this
pathogen, only by the addition of one component. For instance,
levan-deficient strains of E. amylovora from fire blight symptomatic
samples go unnoticed on SNA and CCT media [Bereswill et al.,
1997]. However, as sucrose is not a component of RESC, these
strains, such as the mutants tested in this work, show on it the same
morphology as levan producers strains, allowing their presumptive
identification as E. amylovora. On the other hand, both on KB and
CCT, E. amylovora colonies can be confused with those of
pseudomonads, requiring the monitoring of the plates under UV light
[King et al., 1954; Ishimaru and Klos, 1984]. This is not the case on
RESC medium due to the characteristic and differentfial yellow
pigment of E. amylovora colonies. In addition, the typical colonial
morphology of this pathogen is visible earlier on RESC than on the
other media assayed, due to the increase of the EPS production by
copper. Thus, the colonies of E. amylovora are easily observed and
differentiated from those of epiphytic bacteria after 24-48h of
incubation, while longer incubation times are recommended for the
other media, such as 48-72 h for SNA [Lelliot, 1967], 72 h for CCT
[Ishimaru and Klos, 1984], and 3-5 days for MM2Cu [Bereswill et al.,
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1998]. An additional advantage of RESC is its easy and rapid
preparation together with its low cost, specially when compared to
CCT and MM2Cu.

The real problems for the isolation of bacterial pathogens arises
when they are under stressful condifions, often prevailing in the
natural environment, which can difficult or even prevent their
growth on the solid media routinely used in the diagnostic
laboratories. This is the case of stress by starvation [Biosca et al.,
2006] or by the presence of copper ions in mineral medium [Ordax
et al., 2006], that cause the entry of E. amylovora into the viable but
non-culturable (VBNC) state. Both stressful factors are very common
in the plant environment. Thus, when E. amylovora is in an epiphytic
stage, it suffers the scarcity of nutrients in the leaves [Monier and
Lindow, 2003; Dulla et al., 2005], and even during the endophytic
stage when the host plant is in dormancy [Vanneste and Eden-
Green, 2000]. On the other hand, the copper compounds continue
being widely used for confroling bacterial diseases, and the
presence of copper complexes in the leaves is very frequent
[Menkissoglu and Lindow, 1991qa]. Likewise, epiphytic bacteria are
often exposed to UV irradiation in plant leave surfaces [Monier and
Lindow, 2003; Dulla et al., 2005]. In the present work, the recovery of
E. amylovora cells stressed by starvation, copper or UV irradiation
conditions was evaluated on RESC medium, including the other
media recommended for the isolation of this pathogen for
comparative purposes. It was observed that the culturability of the
stressed E. amylovora cells was significantly higher on RESC than on
the other media assayed, regardless the kind of stress or the

exposure time. Moreover, in the case of copper stress imposed in the
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non-complexing copper mineral medium AB [Ordax ef al., 2006], we
could observe that the entry time of E. amylovora into the VBNC
state was significantly delayed on RESC medium. This is in
accordance with previous reports on other bacteria showing that
copper can favour the growth depending on the concentration of
the other nutrients in the medium and their chelating power
[Granger and Ward, 2003; Harrison and Berges, 2004; Yamasaki ef
al., 2004]. The significant delay in the entry time into the VBNC state
on RESC medium was the greatest regarding to CCT, probably due
to the inhibitory components of this medium, which constitutes an
additional stress for bacteria. In fact, it is widely known that the
bacteria exposed to stress condifions can furn sensitive to some
inhibitory agents employed in the selective media [Brewer et al.,
1977; Bissonnette et al., 1975; Rocelle et al., 1995 Lico and
Shollenberger, 2004]. The CCT medium contains agents, such as
crystal violet, that could inhibit the growth of stressed cells [Rocelle
et al., 1995; Scheusner et al., 1971; Chou and Cheng, 2000]. In our
study, CCT was the medium which always showed the lowest
numbers of recovery of E. amylovora cells after suffering different
stress conditions. This means that, although the stressed E. amylovora
cells were viable or even culturable on other media, the lack of
growth on CCT plates could result in false negatives. This fact could
involve a hazard in the copper treated fields, since the copper-
induced E. amylovora VBNC cells that are not detected in culfure
plates can resuscitate and cause infection [Ordax et al., 2006].
However, the culturability of the stressed E. amylovora cells is
extended on the RESC medium, providing a reliable diagnostic
during more time under stress conditions. Therefore, in spite of that

CCT medium is one of the most commonly media used for the
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isolation of E. amylovora basing on its good level of selectivity
[Paulin, 2000], it seems that is not suitable as the only choice for the
isolation from plant samples from hosts in dormancy and/or that
freated with copper compounds, or exposed to UV irradiations or

other stressful conditions.

In view of the whole results from this work, we propose the
inclusion of the RESC medium in the plant samples routinely
processing for the isolation of E. amylovora. The differentiation of the
pathogen colonies on RESC medium results easier, faster and more
reliable than in other culture media frequently used up to now. The
presence of copper in this medium provides not only the possibility
of a clear differentiation of E. amylovora from other plant epiphytic
bacteria, but also favours the isolation of the pathogen under
stressful conditions present in the natural environment. The fact that
the culturability of stressed E. amylovora cells is prolonged on RESC
medium increases the possibilities of a successful isolation from plant
samples under different environmental conditions. Therefore, the
RESC medium constitutes a useful tool for improving the isolation of
this pathogen under problematic conditions common in the nafure,
optimizing its detection and contributing to avoid a further spread of

the fire blight disease.

153



Capitulo 4 Recovery of E. amylovora stressed cells

4.6. Acknowledgements

This work was supported through projects AGL2004-07799-C03-02
and AGL2005-06982 from the Ministerio de Educacién y Ciencia
(MEC) of Spain and GV-05/214 from Generalitat Valenciana. M.
Ordax wants to thank the MEC for being awarded with a
predoctoral fellowship. Dr. E. Marco-Noales was initially supported by
the MEC (Programa INIA/CC.AA), and now by the Agroalimed
foundation from Generalitat Valenciana. The authors wish to
specially thank JM Quesada and M. T. Gorris (Departamento de
Proteccidén Vegetal y Biotecnologia, IVIA) for their PCR and ELISA
analysis, respectively, and E. Carbonell and J. Pérez (Departamento
de Biometria, IVIA) for the statistical analysis. We also thank Dr. K.
Geider (Max-Planck-Institut  fOr Zellbiologie, BBA Institut  for
Pflanzenschutz im Obstbau, Dossenheim, Germany) and Dr. E.
Montesinos (Universidad de Gerona, Spain) for the bacterial strains
provided, and S. Rubio (Servicio de Investigacién y Desarrollo
Tecnoldgico, CIDA, Logrono, La Rioja) and M. Marin (Laboratorio
Regional Finca “La Grajera”, Logrono, La Rioja) for permitting us the

sampling from orchards with fire blight symptoms.

154



Capitulo 5 E. amylovora EPSs and survival

5. Role of amylovoran and levan on the
survival of Erwinia amylovora under copper

stress and starvation

Moénica Ordax, Ester Marco-Noales,
Maria M. Lépez, and
Elena G. Biosca.

Applied and Environmental Microbiology (to be submitted)

155



Capitulo 5 E. amylovora EPSs and survival

156



Capitulo 5 E. amylovora EPSs and survival

5.1. Abstract

Copper induces the “viable-but-nonculturable” (VBNC) state in
Erwinia amylovora, and increases the production of the
exopolysaccharide (EPS) amylovoran. Nutrient deprivation also
causes its entry infto VBNC state. Consequently, our aim was to
determine the role of amylovoran and other EPS, levan, on the
survival of this pathogen under copper stress and starvation. Then,
total, viable and culturable cell counts of amylovoran (AMY-) and
levan (LEV-) deficient mutants, and wild type (wt) strains of E.
amylovora were monitored under starvation in mineral medium with
or without copper. With copper, all strains became nonculturable,
but mutants entered before the wt strains. Without copper,
induction of VBNC state in mutants was significantly delayed,
whereas culturability in wt strains was reduced, although only
partially, probably because starvation. The extracts of both EPSs
were able to complex Cu2+ ions and were used as carbon source
by starved E. amylovora cells. Therefore, the EPSs of E. amylovora
play an important role on its survival under copper stress and
starvation, extending its culturability, complexing copper and being
used as carbon source. These new functions of amylovoran and
levan give new insights info the survival strategies of E. amylovora in

the natural environment.
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5.2. INTRODUCTION

Copper compounds are widely used to conftrol plant diseases,
especially in the European Union, where antibiotics are forbidden
[Anonymous, 1999b]. However, many factors greafly affect the
copper availability for bacteria in plant organs, such as the
significant complexing ability of copper ions by different
compounds in the leaves [Menkissoglu and Lindow 1991a, 1991b],
the species and cultivar or the physiological state of the host plant,
as well as weather conditions, inoculum levels, and time and
application methods [Psallidas and Tsiantos, 2000]. Besides, several
phytopathogenic bacteria have developed different strategies to
protect themselves from copper in some extent [Kidambi ef al.,
1995; Kazy et al., 1999; Grey and Steck, 2001; Teitzel and Parsek,
2003]. The former can confribute to the existence of persistent
infections often observed in copper treated fields. This is the case of
fire blight, a destructive and widespread disease caused by the
bacterium E. amylovora (Burrill) Winslow et al, which is still difficult to
control [Norelli et al., 2003]. E. amylovora can enter into the viable-
but-nonculturable (VBNC) state by low copper concentratfions
[Ordax et al., 2006]. Starvation conditions can also induce a loss of
culturability in a fraction of the pathogen population [Biosca et al.,
2006]. In the VBNC state, the cells are unable to grow on non
selective solid media but remain viable, and this is considered a
survival strategy for many bacteria under adverse environmental

conditions [Oliver, 1993]. In fact, copper-induced VBNC E.
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amylovora cells can revert from this state, regaining their
culturability and also their pathogenicity [Ordax et al., 2006].

Copper can also increase the amylovoran production (Bereswill
et al. 1998), the major capsular exopolysaccharide (EPS) of E.
amylovora [Nimtz et al., 1996]. It is a heteropolymer of glucuronic
acid and galactose [Nimtz et al., 1996] and its synthesis is encoded
by the ams (amylovoran synthesis) operon, with 12 genes (amsA to
amsl) organized in a large gene cluster [Bereswill and Geider, 1997].
But E. amylovora also produces other EPSs: levan and glucan. Levan
is a homopolymer of fructose present in other bacteria and it is
synthesized extracellularly from sucrose by the enzyme
levansucrase. The similarity rate among levansucrases of Gram-
negative bacteria is very high [Hettwer ef al., 1995]. In E. amylovora,
this enzyme, encoded by the gene Isc [Gross et al., 1992], is
expressed independently from sucrose in the cell environment
[Geier and Geider, 1993]. The levansucrase may also conduct the
hydrolysis of levan to fructose [Hettwer et al., 1995]. Regarding to
glucan, it is a polymer of glucose poorly characterized in this
bacterium. The production of EPSs is an important factor for the
pathogenicity of E. amylovora, because it has been shown that
amylovoran-deficient strains are non-pathogenic [Bernhard ef al.,
1993] while levan-deficient strains are only affected in their virulence
[Geier and Geider, 1993].

On the other hand, it is also known that bacterial EPSs have a
protective role under different unfavourable conditions [Weiner,
1997; Pyrog, 2001]. In this sense, it has been demonstrated that they
can complex metals to neutralize their toxic effects [Geddie and

Sutherland, 1993] or be used as a carbon supply under nutrient
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limitation conditions [Weiner, 1997; Pyrog, 2001]. Other function of
EPSs can be the protection of bacterial cells from desiccation [Ophir
and Gutnick, 1994] and changes in salinity [Denny, 1999], as it has
been demonstrated in E. amylovora for amylovoran [Geider, 2000;
Jock et al., 2005]. However, little is known about other protective
functions of such EPS or levan. To evaluate whether E. amylovora
EPSs protect this pathogen under copper stress and starvation
conditions, the survival of different EPS-deficient mutants and their
EPS-levels in mineral medium with or without this metal were studied,
using their wild type strains as control. At the same time, the ability of
amylovoran and/or levan extracts to complex copper ions, and
their possible use as carbon supply by E. amylovora starved cells

were also examined.

5.3. MATERIAL AND METHODS

5.3.1. Bacterial strains and inoculation conditions

The strains studied, wild type (wt) and EPS-deficient mutants
together with their EPS characteristics, are listed in Table 1.

Prior to survival experiments, the deficiency in amylovoran or
levan production in the EPS mutants with regards to their wt strains
was verified by EPS measurements as described below. In addition,
several phenotypic and genotypic characteristics of these mutants
were compared to those of their parent strains. Growth rates were
evaluated in three types of liquid culture media: (i) minimal
medium M9 [Clowes and Hayes, 1968] supplemented with 0.2%

glucose and 0.1% nicofinic acid, (i) nonselective rich media such as
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medium B of King [King ef al., 1954] and Sucrose Nutrient Agar (SNA)
[Lelliot, 1967], and {iii) semiselective medium CCT [Ishimaru and Klos,
1984]. This growth experiment was performed in microplates, using
the Bioscreen C system (Labsystems Oy, Finland) at 26°C during 4
days.

TABLE 1. E. amylovora strains assayed.

Strains EPS*-Genotype EPS-Phenotype Reference

CFBP1430t wild type (wt) 1 wt1 -

Ea 1/79 wt2 wt2 Falkenstein et al.,
1988

Ea 1/79Sm wt3t, Smrs wt3 Bellemann et al.,
1994

Ea 1/79Sm-del100 deletion from amsA amylovoran-deficient  Bugert & Geider,

to amsF, Cmr§ mutant (AMY") 1995
Ea 1/79-18M RIsB**::pfdA8Tt, levan-deficient Du & Geider,
Kmrs mutant (LEV-) 2002

EPS, exopolysaccharide.t CFBP, Collection Francaise des Bactéries
Phytopathogene.
*The strain Ea 1/79Sm is a spontaneous streptomycin (Sm) resistant mutant of Ea
1/79 strain.
§ Antibiotic resistance to Smr, chloramphenicol (Cmr) and kanamycin (Kmr).
™ Strong activator of levansucrase synthesis, close to /sc gene and directly
involved in levan production [Du and Geider, 2002].
tt pfdA8, suicide plasmid, 1.7kb, fd ori, requires fd gene2, Kmr [Geider ef al.,
1985].

We also examined the acid production from carbohydrates in
the galleries API-50CH (bioMérieux, Marcy-I'Etoile, France) and the
use of different carbon sources by BIOLOG-Microlog System, version
4.0 (Biolog, Inc.), following the manufacturer’s instructions.
Furthermore, the avirulence or the decrease in virulence of AMY-

and LEV- mutants, respectively, was verified by inoculation in
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immature pear fruits and pear shoots, as described in Appendix VI
of the standard PM7/20 for the diagnostic of E. amylovora [EPPO,
2004]. Finally, a genotypic analysis was performed by PCR-ribotyping
[McManus and Jones, 1995].

Once the characteristics of EPS mutants were checked,
containers with 100 ml of sterile liquid mineral medium AB
[Alexander et al., 1999] which does not complex copper [Ordax et
al., 2006], were supplemented with 0.005 mmol I Cu?*, according o
previous work [Ordax et al., 2006]. Medium without this metal was
used as confrol. Moreover, since AB medium lacks a carbon source,
the effect of starvation conditions was also evaluated. All containers
were inoculated by duplicate with each E. amylovora strain at 108
CFU ml'and kept at 26°C for 6 months. The experiments were

repeated in two independent assays.

5.3.2. Bacterial cell counts

Aliguots of 1T ml were taken regularly from all the containers at
various fimes after inoculation (time zero) and bacterial cell counts
were determined. Culturable E. amylovora cells of wt strains were
counted on nutrient broth Standard | (NBS1) (Merck KGaA,
Darmstadt, Germany) with 1.5 % agar (NBSTA). In the case of EPS-
deficient mutants, NBS1A was also supplemented with the
respective antibiotics used as resistance markers: chloramphenicol
(Cm) and kanamycin (Km) at 20 ug ml' for AMY- and LEV- mutants,
respectively (Table 1). Total and viable cell counts were determined

in a Nikon ECLIPSE E800 epifluorescence microscope using the
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bacterial viability kit Baclight LIVE/DEAD (Molecular Probes Inc.,
Eugene, Oreg., USA), according to Ordax et al., [2006].

5.3.3. Direct and indirect EPS measurements

Along the experimental period, additional aliquots of 1 ml were
also taken periodically to determine directly the amylovoran levels
by the CPC-turbidity assay [Bugert and Geider, 1995], and indirectly
the levan levels by the levansucrase activity, according to Bereswill
and Geider [1997].

5.3.4. Staining of EPS and bacterial morphology

Capsular EPS were monitored every 15 days according to Hiss
capsule stain method [Murray et al., 1994]. Briefly, bacterial smears
from AB medium with or without copper were treated with crystal
violet, heat-fixed, and rinsed with copper sulfate solution, and then

visualized under visible light with a Nikon ECLIPSE E800 microscope.

The morphology of E. amylovora cells in presence and absence
of copper was regularly examined by scanning electron microscopy
(SEM), as described by Marco-Noales et al. [1999], with a Hitachi H-

4100 scanning electron FE microscope.

Furthermore, bacterial cells were stained with SYTO 13
(Molecular Probes Inc., Eugene, Oreg., USA) according to the
manufacturer’s instructions, and analyzed by flow cytometry (CMF)
(Becton-Dickinson FACScalibur bench cytometer) for cellular size

determination by the low-angle forward scatter (FSC).
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5.3.5. Quantification of copper-complexing ability of EPSs

The ability to bind free copper ions by E. amylovora wt and EPS-
mutant strains was quantified during the experimental period by the
Microgquant Copper Test (Merck, Darmstadt, Germany) [Ordax ef
al.,, 2006]) in AB medium with 0.005 mmol ' Cu?*, using

uninoculated media as control.

The ability of EPSs alone to complex copper ions was also
analysed by the Microgquant test. Thus, additional containers
including a higher copper concentration (0.05 mmol I Cu?*) were
performed with EPS extracts: 0.2% amylovoran (kindly provided by K.
Geider) and/or levan (from Pantoea agglomerans, Sigma-Aldrich
Chemie, Steinheim, Germany, and from E. amylovora, also supplied
by K. Geider). These containers were not inoculated with bacterial

cells.

5.3.6. Effect of EPS extracts under copper and starvation stress

conditions

To evaluate the role of EPSs in the culturability of E. amylovora in
the presence of copper, other containers were prepared. They had
mineral medium supplemented with 0.005 mmol |7 Cu?*, together
with amylovoran or levan (only commercial one due to availability
reasons) extracts at 0.2% final concentration. The inoculum was 108
CFU ml? for each E. amylovora strain (wt or mutants). Additional
containers without copper or EPSs extracts were used as controls for

copper assays and, moreover, to study the starvation effect.
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Culturable bacterial counts and levels of amylovoran or
levansucrase activity were determined regularly along six months, as

described above.

5.3.7. Statistical analysis

E. amylovora cell counts (after log-transformation) and values
of EPSs measurements are presented as means of fwo
determinations from two independent experiments (see Figures 1, 2,
and 6 from Results section). Stafistical significance of means
differences was analysed by using a three-way factorial ANOVA
(experiment, strain and copper tfreatment for each day in the Fig. 1
and 2; or strain, copper treatment and addition of EPS extracts for
selected days in Fig. é). In addition, the trends in the population
dynamics among all E. amylovora strains assayed were analysed by
covariance analysis to test the quality of slopes through the fime.
Then, the copper treatment, the presence (in wt strains) or the
deficiency of EPSs (in mutants), and the day were considered for
each strain. Null data from no culturable cells on NBS1 solid medium

were excluded from the analysis.

5.4. RESULTS

All the assays performed to characterize the AMY- and LEV- deficient
mutants confirmed the expected phenotypic and genotypic traits.
Firstly, EPSs measurements showed their scarce production in the
mutants, in such a way that AMY-and LEV- mutants produced about

95 % less of amylovoran and levan respectively, regarding to their wt
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strains. Other phenotypic (growth rates in rich and minimal media,
API-50CH, BIOLOG) and genotypic (PCR-ribotyping) tests showed
similar results between EPS-mutants and their respective wt strains.
Pathogenicity results were also as expected: avirulence in AMY-

mutant and a decrease in virulence for LEV- one.

5.4.1. Influence of EPSs in the survival of E. amylovora

Fig. 1 shows the survival curves of one representative wt strain
(wt2) (A, D) (wtl and wt3 showed no significant differences, p>0.05),
and EPS-mutant strains (B, C, E, F) of E. amylovora during 6 months in
copper-free AB mineral medium (A-C) and with copper (D-F). Total
and viable cell numbers remained at high levels (108 and 108-107
cells ml!, respectively) in all the containers, regardless the strain
assayed or the presence of Cu?tions (Fig. 1). However, these two
factors did influence in the culturable cell counts, which showed
significant declines (p < 0.05) when compared to microscopic
counts from three weeks for wt strains and AMY- mutant and from

the first week for LEV- mutant.

In copper-free medium, the number of culturable cells of wt
strain (Fig. TA) and AMY- mutant (Fig. 1B) decreased from 108 to
around 104 CFU ml! within the first seven weeks, while LEV- mutant
(Fig. 1C) became nonculturable in only three weeks. Afterwards, the
culturability of AMY- mutant continued decreasing down o below 1
CFU ml!, entering into the VBNC state at six months (Fig. 1B), while
wt strain (Fig. 1A) stabilized at104 CFU ml' unfil the end of the

experiment.
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FIG. 1. Survival curves of wild type strain 2 (wt2) Ea1/79 (A, D) and EPS-deficient mutants
“AMY-" (B-E) and “LEV-" (C-F) of E. amylovora over 6 months in AB liquid mineral medium
without copper (white symbols) (A-C) or supplemented with 0.005 mmol ' Cu?* (grey
symbols) (D-F). Total, viable and culturable cell counts are represented by squares, triangles
and circles, respectively. Total and viable cell counts were determined using the LIVE/DEAD
kit (Molecular Probes) and culturable counts by plating on NBS1 solid medium, supplemeted
with antibiotic markers for EPS-mutants. In X axis, the time points are represented in weeks
(w) or months (m). The minimum standard deviation (SD) was 0.001 and the maximum 0.716.
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In AB with copper (Fig. 1D-F), the culturable cell numbers for all
strains dropped below the detection limit within seven weeks,
entering faster info the VBNC state the EPS-mutants than their
respective wt strains. The AMY- mutant (Fig. 1E) took five weeks,
while the LEV- one (Fig. 1F) become nonculturable only in two
weeks. However, the entry of wt strains in nonculturable state was

delayed until seven weeks (Fig. 1D).

Regarding EPS levels, the amylovoran ones (Fig. 2A, C)
increased during the first two weeks of the survival period from 1 to
2.5 and 2.8 mg ml! (in the absence and the presence of copper,
respectively) in wt strains (only wi2 is represented), but not in the
EPS-mutants. Afterwards, they decreased below the initial levels, but
faster when the metal was no present. By contrast, the levansucrase
activity (indirect measurement of levan levels) (Fig. 2B, D) was low
during the first three weeks, and then it started to increase only in wt
strains, coinciding with the decrease of amylovoran (Fig. 2A, C). This
rise of levansucrase activity was also observed both with and
without copper (Fig. 2B, D), being slightly higher in the presence of
the metal (Fig. 2D). After seven weeks, this activity decreased but it
remained above the initial values up to the end of the experiment
(Fig. 2B, D). Significant differences (p<0.05) were found between wt
strains and EPS-mutants for the amylovoran and levansucrase

activity levels.
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FIG. 2. Amylovoran (A and C) and levansucrase activity (B and D) levels of wild type strain 2
(wt2) (squares) and EPS-deficient mutants (AMY- and LEV-, triangles and circles,
respectively) of £. amylovora over 6 months in AB liquid mineral medium without copper
(white symbols) (A-B) or with 0.005 mmol I* Cu?* (grey symbols) (C-D). In X axis, the time
points are represented in weeks (w) or months (m). The minimum SD was 0.001 and the
maximum 0.033.
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5.4.2. Morphological changes in E. amylovora cells under stress

conditions

Light microscopy capsule staining by the Hiss method was not
suitable for the visualization of capsular EPSs of E. amylovora cells
from mineral medium without copper. However, when the stained
cells came from medium with this metal, they showed white halos

around cells, probably corresponding to the EPS plus copper ions.

Changes in the morphology of E. amylovora cells were more
precisely noficed by SEM depending on fthe presence or the
absence of copper along 6 months (Fig. 3). Since no evident
differences were observed among the wt strains, only wt2 strain is
shown (Fig. 3A-C), together with AMY- (Fig. 3D-F), and LEV- (Fig. 3G-l)
mutants. The morphology of wt and EPS-mutant E. amylovora strains
at the time 0 was similar irrespective of the presence of copper
(data not shown). Then, only photographs in copper-free medium
are shown in time 0 (Fig. 3A, D, G). However, along the survival
period under copper conditions, all assayed strains showed a
progressive increase in the thickness of an external layer (3C, F, |),
not observed without the metal (Fig. 3B, E, H). This was confirmed by
CMF with a progressive increase of the cell diameter of E.
amylovora cells in the presence of copper. In addition, a slight
reduction in the cellular length was noticed by SEM in both

starvation and copper stress conditions (Fig. 3).
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FIG. 3. Morphology of E. amylovora cells observed by scanning electron microscopy in AB
liquid mineral medium without copper at time points 0 (A,D,G) and 6 months (m) (B,E,H);
and with 0.005 mmol I* Cu?* at 6m (C, F, I). A-C: wt strain 2 (wt2); D-F: AMY- mutant; G-I:
LEV-mutant. In all cases the scale is 500 nm.

5.4.3. Copper-complexing ability of £. amylovora cells and EPS
extracts

The percentage of Cu?ions bound by E. amylovora cells (only
wi2 strain and AMY- and LEV- mutants are represented) in AB
medium with copper (0.005 mmol |7 Cu?*) during 6 months, using
uninoculated medium as control, is represented in Fig. 4. All strains
showed an increasing ability to bound copper ions within the first 12

weeks, up fo a maximum value from 35% for EPS-mutants to 55% for
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wt strains (Fig. 4). Afterwards, a stabilization was observed at these
levels until the end of the experimental period. Therefore, the wt
strains complexed greater percentage of Cu?t ions than EPS-
mutants (Fig. 4). In the confrol medium, the metal was not

complexed (Fig. 4).
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FIG. 4. Copper-complexing ability of £. amylovora cells by Microquant copper test
(Merck) in AB liquid mineral medium with 0.005 mmol I-* Cu2* along 6 months. Strains:
wild type strain 2 (wt2) and EPS-deficient mutants (AMY-, LEV-). Uninoculated AB
medium was used as control. In X axis, the time points are represented in weeks (w).

To confirm that EPSs were involved in the copper-complexing
ability observed by E. amylovora cells, additional experiments in
uninoculated medium including also a higher copper
concentrations (0.05 mmol |1 Cu?t), and with 0.2% amylovoran
and/or levan extracts were performed. At the lowest copper
concentration assayed (0.005 mmol I Cu?*), all EPS extracts
complexed 100% of copper ions added, regardless of the kind of
EPS, and that the different EPS exiracts were together or separately.

At the highest one, 0.05 mmol I Cu?* (Fig. 5), all EPSs were also able
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to bind copper ions, although in a different extent. Thus, amylovoran
extract bound 70% Cu? ions, commercial levan from P.
agglomerans 50%, and levan from E. amylovora around 85%. With
the both kinds of EPS exiracts ftogether the percentage of
complexed cations was higher (85% with amylovoran and
commercial levan, and nearly 100% with amylovoran and levan
from E. amylovora) than for each EPS separately (Fig. 5). Like in the

previous experiment the control did not complex copper (Fig. 5).
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FIG. 5. Copper-complexing ability of EPS extracts by Microquant copper test
(Merck) in AB liquid mineral medium with 0.05 mmol I* Cu?* along 6 months.
Amylovoran and/or levan extracts were added to AB medium at 0.2% final
concentration. Levan extracts assayed came from P. agglomerans (Pa) and from
E. amylovora (Ea). Uninoculated AB medium without EPS extracts was used as
control. In X axis, the time points are represented in days (d) and weeks (w).
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5.4.4. EPS extracts prolong the culturability of £. amylovora

under stress conditions

Culturable cell numbers and direct and indirect EPS
measurements in AB medium with or without copper, and with or
without EPSs extracts over 6 months, are shown in Fig. 6. Only one
representative wt strain (wt2) (Fig. 6A, B), and AMY- (Fig. 6C, D) and
LEV- (Fig. 6E, F) mutants are showed. In confrol containers lacking
EPSs extracts and with or without copper (Fig.6), the culturability of E.
amylovora strains decreased and/or dropped below detection limit
(< TCFU ml') as observed in Fig. 1. However, in those containers
supplemented with EPS extract (either amylovoran or commercial
levan), the decrease in culturability was slighter and delayed in time
(Fig. 6). Thus, in those containers with the EPS extract, the culturable
numbers remaining far above the detection limit regardless the
presence of copper both in wt and EPS-mutants strains. In copper-
free medium without EPSs, the number of wt culturable cells was
lower after 6 months (105 CFU ml!) than in the presence of EPSs
extracts (10¢ CFU ml') (Fig. 6A, B). These differences in culturability
depending on the presence or not of EPSs extracts were significantly
(p<0.05) more pronounced for both EPS-mutants after 6 months
(oetween 103 or 104 CFU ml-'regarding to <1 CFU ml1) (Fig. 6C-F).

The former was even more noficeable in the presence of
copper, since all assayed strains, including wi, entered into the
VBNC state within 6 weeks in the absence of EPSs extracts (Fig. 6).
However, when EPSs exiracts were present, the culturability of wt
strains was stabilized at levels of about 108-107 CFU ml! (Fig. 6A, B)
and for EPS-mutants around 103- 104 CFU ml-! (Fig. 6C-F), regardless
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FIG. 6. Culturability of wild type strain 2 (wt2) (A-B) and AMY- (C-D) and LEV- (E-F)
EPS-mutants of £. amylovora in copper-free AB mineral medium (white symbols) or in
AB + 0.005 mmol " Cu2+ (grey simbols), without EPSs extracts (circles) or in the
presence of them (triangles): 0.2% amylovoran (A, C, E) or levan from P. agglomerans
(B, D, F). The culturability was monitored during 6 months by plating on NBS1 solid
medium. The measurements of amylovoran (A, C, E) and levansucrase (Isc) activity (B,
D, F) are represented as bars including a secondary Y axis. In X axis, the time points
are represented in weeks (w) or months (m). The minimum SD was 0.002 and the
maximum 0.363.
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which EPS extract was added. Then, with copper, the presence of
either amylovoran or levan extract lead to a decline less
pronounced in the number of E. amylovora culturable cells, also

preventing their entry into the VBNC state.

In addition, a concomitant reduction in the amount of
amylovoran added and levansucrase activity was observed (Fig. 6).
Such levels of amylovoran and levansucrase activity were quite
similar in copper-free medium as well as with 0.005 mmol |1 Cu2* for
each assayed strain. The amylovoran extract was reduced about a
40% by the wt strains in 6 weeks and 60% at 6 months (Fig. 6A), while
it decreased around a 90% by AMY- mutant in only 6 weeks (Fig.
6C). The LEV- mutant was the slower consumer of amylovoran, since
in 6 weeks it was only reduced 20%, although at 6 months its use
reached a 60% for wt strains (Fig. 6E). On the other hand, the
levansucrase activity in wt strains was reduced in a 80% in 6 weeks
(Fig. 6B), while in the EPS-mutants (Fig. 6D, F) was a 95% for the same

period, reaching 100% within in 3 months (data not shown).

This experiment was also performed with a higher copper
concentration (0.05 mmol I Cu?¥) like in the assays for quantification
of copper-complexing ability, but under these conditions, all E.

amylovora strains entered immediately into the VBNC state.

5.5. DISCUSSION

The role of amylovoran and levan in the survival of E. amylovora

under copper stress has been studied using EPS-deficient mutants in
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comparison with their parent strains. The results have shown a more
prolonged culturability of wt strains under this stress than their
respective EPS-mutants, with a significant delay in the enfry fime into
the VBNC state. The LEV- mutant was the first one to become non-
culturable in the presence of copper, followed by AMY- mutant,
suggesting a relevant role of both EPSs against this stressful factor,
not previously reported in the case of levan. The fact that we found
significant differences between wt strains and EPS-mutants in the
culturability period not only with copper, but also in copper-free AB
medium, is probably due to carbon-deprivation in the mineral
medium, indicating an additional effect of EPSs in the survival of E.

amylovora under starvation conditions.

Some changes in the levels of amylovoran and levansucrase
activity were also observed during the survival experiments, but only
in wt strains. At first, there was an increase of amylovoran, followed
by a decrease that was concomitant with a rise of levansucrase
activity, which was maintained at levels higher than the initials until
the end of the experiment. Since the biosynthesis of amylovoran is a
complex and energy-intensive process [Geider, 2000], its down-
regulation under adverse conditions could be advantageous for E.
amylovora to avoid a high energetic cost [Du et al., 2004]. In
addition, the levansucrase from E. amylovora showed activity even
under stress condition, which is in agreement with the high tolerance
against  physical and chemical stresses exhibited by other
levansucrases from several plant bacteria [Hettwer et al., 1995]. This
ability of wt strains to adjust the amylovoran synthesis and
levansucrase activity can be related with the spread and survival of

E. amylovora in host plants [Bereswill and Geider, 1997]. On the
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other hand, it was also observed that apparently there was no
induction of amylovoran synthesis in lev- mutant or levansucrase
activity in amy- mutant, probably due to an alteration in the cell
metabolism of E. amylovora [Bereswill and Geider, 1997]. This
inability of EPS-mutants to regulate their synthesis could lead to a
lower persistence in the environment under unfavourable

conditions, according to Bereswill and Geider [1997].

In preliminary assays, an available AMY-&LEV-regulatory mutant
from Eal1/79 strain (Ea1/79-MG) was initially included. However, its
behavior was actually not as a double EPS-mutant, showing a more
prolonged culturability than the other two EPS-mutants, so that it
was excluded from the study. This regulatory mutant is mutated in
an unstable activator of EPSs (RcsA) [Bernhard et al., 1990; Stout ef
al.,, 1991; Kelm et al., 1997], being able to reach a residual
production of EPSs up to 10% of the wt amount [Bernhard et al.,
1990].

The observations of E. amylovora cells by light microscopy after
capsule staining revealed that only the cells from containers with
copper presented clear halos. This could be due to the ephemeral
nature of its EPSs, loosely held to the bacterial cell [Politis and
Goodman, 1980]. Then, as these authors pointed out, it is necessary
their previous stabilization for microscopic observations. The
occurrence of halos only in containers with Cu?t ions seems fo
suggest that they could be acting as a stabilizing agent of E.
amylovora EPSs, improving their visualization. By SEM, it was
evidenced an increase in the thickness of the cell external layer for

all strains in the presence of copper, which apparently was related
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with the results from CMF that showed an increase in the cell
diameter only in those cells exposed to this metal. Therefore, all the
morphological studies performed indicate that at least a part of
Cu?t jons was complexed in the surface of E. amylovora cells.
However, results from EPS measurements indicated that the AMY-
mutant did not produce levan and that the LEV- mutant neither
produced amylovoran. Then, the increase in the thickness of the cell
external layer observed by SEM in these two mutants in the
presence of copper could be due to glucan, poorly characterized
EPS of E. amylovora [Geider, 2000]. In fact, glucan can also bind
copper cations in other microorganisms [Brady ef al., 2004]. Besides,
in the SEM studies it was observed a slightly reduction in the length
of E. amylovora cells under the starvation conditions of AB mineral
medium. This phenomenon, very common in bacteria in
oligotrophic environments, seems to increase the uptake of possible

nutrients by rising of bacterial surface/volume ratio [Morita, 1997].

The ability of amylovoran to complex copper ions was previously
suggested according to the characteristics of the E. amylovora
colonies on the growth media MM2Cu with CuSO4 [Bereswill et al.,
1998]. In our work, the copper-complexing ability of E. amylovora
cells, quantified along é months, was related to the presence of
both amylovoran and levan on bacterial cells, together in wt strains
or separately in the AMY- and LEV- mutants. To verify this ability of
EPSs, uninoculated containers supplemented with EPSs extracts were
also monitored, showing that not only amylovoran, but also levan
(from P. agglomerans and from E. amylovora) can bind copper
cations without the presence of bacterial cells. Consequently, the

copper-complexing mechanism of EPSs is probably passive, through
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a chemical interaction with its negatively charged groups
[Beveridge, 1989; Weiner, 1997; Teitzel and Parsek, 2003]. In the case
of amylovoran, it was pointed out that the uronic groups were the
involved in the copper complexing [Geider, 1999]. On the contrary,
the fact that levan can bind Cu?+ ions had not been considered up
to date in E. amylovora. However, since levan is a neutral molecule,
its charge appears when it is dissolved in liquid systems (personal
communication of S. Gonta). Consequently, the hydroxyl groups
arise, and copper and levan can be connected through these
groups by hydrogen bonds (personal communication of S. Gonta).
Therefore, the knowledge that levan acquires charge in liquids has
fo be considered for the possible implications. In the plant, E.
amylovora may be frequently in contact with liquid systems, as
epiphytic by the rain, the irrigation or the application of treatments,
and as endophytic when it is in the vessels. In addition, a synergy
between amylovoran and levan extracts was observed in our work,
being higher the percentage of Cu?* ions bound by both kinds of
EPSs together than that by each one separately.

On the other hand, EPSs exiracts also prolonged the
culturability of all E. amylovora assayed strains. When they were
added to mineral medium it was observed that their levels
decreased at the same time that the culturability of E. amylovora
cells was extended. Therefore, amylovoran as well as levan extracts,
prevented the entry of E. amylovora into the VBNC state, suggesting
their additional use as carbon source by the bacterium.
Furthermore, the levels of amylovoran and levansucrase activity
decreased in different way in the strains assayed. Thus, the

reduction of amylovoran extract added was observed in all E.
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amylovora strains, but only in the case of AMY- mutant was nearly
total. By conftrast, the levansucrase activity decreased faster and in
a higher percentage than amylovoran in all cases, probably due to
the simplest chemical structure of levan that makes it more
accessible as carbon supply for the bacterium. In fact, the
levansucrase can degrade its own product, levan, in fructose
monomers [Hettwer ef al., 1995], which could be used by E.
amylovora cells [Donat et al., 2007] under prolonged starvation
conditfions, extending their culturability. In our study, a commercial
levan from E. herbicola (P. agglomerans) was also used. The levan
degradation by levansucrases from other species has been
previously reported in other bacteria, and it is due to the similarity
among levan molecules from Gram negative bacteria in important
characteristics such as molecular weight or amino acid sequence
[Hettwer et al., 1995].

It is well-known that EPSs may play a protective role for bacteria
under different adverse conditions. In E. amylovora, it has been
reported that amylovoran protects from desiccation [Jock et al.,
2005] and changing salt concentrations [Geider, 2000], and that its
levels can be altered by pH, temperature and the type of carbon
sources [Geider, 2000]. Regarding fo levan, it was suggested ifs
involvement in the protection of E. amylovora against plant defense
mechanisms [Gross ef al., 1992; Geier and Geider, 1993], and that
the levansucrase expression can be affected by the temperature
[Bereswill et al., 1997]. In this work, it has been demonstrated that
the two major EPSs of E. amylovora favour its long-term survival,
prolonging the culturability under copper and starvation stressful

condifions. Such conditions have shown fto influence the
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amylovoran levels as well as the levansucrase activity. Furthermore,
E. amylovora is able to use not only amylovoran, but also levan as
complexing agents in the presence of free Cu2+ ions, and/or as
carbon supply under deprivation conditions, traits unknown up to
date in this pathogen. Overall, the new functions of amylovoran
and levan showed in this study conditions may open up
perspectives in the survival strategies of E. amylovora in copper-

tfreated fields and in oligothrophic reservoirs outside its natural hosts.
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6.1. DISCUSION GENERAL

El fuego bacteriano, a pesar de ser una de las enfermedades
de plantas mds estudiadas, su control continUa siendo dificil en la
actualidad, lo que podria estar relacionado con la escasa
informacion sobre el ciclo bioldgico de E. amylovora fuera de
hospedadores susceptibles. De hecho, se desconoce la posible
supervivencia de este patdégeno en condiciones adversas, que
frecuentemente pueden presentarse en el medio natural, asi como
la importancia real de otros reservorios y/o vias de diseminacién
alternativas fuera de plantas hospedadoras [Jock y col., 2005]. Es
importante, por lo tanto, avanzar en el conocimiento de la "vida
oculta” de la bacteria, asi como estudiar sus estrategias de
supervivencia ante condiciones ambientales desfavorables, o cual
permitiria optimizar tanto la deteccién del patdégeno como las

medidas de prevencién y control de la enfermedad.

En esta memoria se ha demostrado, en primer lugar, la
induccién del estado VNC en E. amylovora en presencia de bajas
concentraciones de iones cobre libres. Aunque este estado ya se
habia estudiado en ofras bacterias fitopatdgenas [Alexander y col.,
1999; Ghezzi y Steck, 1999; Grey y Steck, 2001], no habia sido
descrito hasta el momento en E. amylovora. Los compuestos
cuUpricos, ampliamente usados para el control de bacteriosis de
plantas, son considerados generalmente como bactericidas. Sin
embargo, es relafivamente frecuente que ftratamientos que

normalmente se consideran bactericidas resulten en la induccién
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del estado VNC [Oliver, 2005]. Asi, aunque es bien sabido que la
incapacidad de una bacteria de formar colonias sobre un medio
de cultivo sdélido no implica necesariamente una pérdida de
viabilidad [Roszak y Colwell, 1987; Oliver, 1993], la cultivabilidad en
placa continla siendo el Unico criterio vigente en los ensayos de
evaluaciéon de la actividad bactericida fijados por la UE [Normas
europeas EN 1040 y EN 1276]. Sin embargo, este criterio no tiene en
cuenta que hay factores diversos como la elevada tensidon
superficial y la alta concentracion de oxigeno presentes en la
superficie de un medio sdélido [Kell y col., 1998], o la presencia de
posibles inhibidores del crecimiento en el agar [Biosca y col., 2005],
gue suponen un estrés anadido para la bacteria y que pueden
dificultar su crecimiento. Asimismo, tampoco se contempla la
posible existencia de células VNC. De hecho, pese a que una
bacteria no pueda crecer en un medio de cultivo sdlido, una tasa
metabdlica baja es suficiente para que pueda mantenerse viable
en condiciones adversas [Roszak y Colwell, 1987], respondiendo a
métodos de determinacidén de la viabilidad independientes del

cultivo.

En los ensayos realizados en la presente memoria, E. amylovora
entrd en el estado VNC en presencia de iones cobre después de 36
dias (0.005 mM CuSO4), o de sbélo 24 horas cuando la
concentracién del metal fue mds alta (0.01 mM CuSOs4). De esta
forma, aungque la bacteria no crecié en placas del medio no
selectivo KB, mds de un 80% de la poblacién permanecié viable,
manteniendo tanto la integridad de la membrana como su
actividad respiratoria hasta, como minimo, nueve meses. Las

células VNC de E. amylovora inducidas por la exposicion a iones

188



Capitulo 6 Discusidon General y Conclusiones

cobre podrian catalogarse como  “tolerantes” a las
concentraciones ensayadas de este metal, ya que aungue no son
capaces de multiplicarse cuando estdn en su presencia, tampoco
mueren [Keren y col., 2004]. Por ofro lado, en los controles de medio
mineral AB sin cobre también se observé una disminucién de hasta
tres drdenes logaritmicos en la culfivabilidad de E. amylovora. Por lo
tanto, en ausencia del metal sélo una parte de la poblacion
bacteriana entrdé en el estado VNC, probablemente debido a la
falta de nutrientes del medio mineral AB, el cual fue usado como

conftrol debido a que no acomplejaba los iones cobre.

La induccion del estado VNC en E. amylovora en presencia de
cobre y/o por la limitacidn de nutrientes podria considerarse una
estrategia de supervivencia de este patdgeno ante estas
condiciones de estrés, muy frecuentes en algunos de sus hdbitats
naturales como pueden ser las hojas [Menkissoglu y Lindow, 1991b;
Dulla y col., 2005]. Sin embargo, para descartar que la pérdida de
cultivabilidad observada en E. amylovora sea sdélo una antesala de
la muerte, debe ser posible la reversidn o resucitaciéon de la
bacteria incluso tras largos periodos de no-cultivabilidad [Kell y col.,
1998; McDougald y col., 1998; Bogosian y Bourneuf, 2001]. Mientras
qgue la mayoria de estudios realizados con otfras bacterias sélo
consiguen la recuperacién de la cultivabilidad fras periodos de
pocos dias, uno de los resultados mds interesante de esta memoria
ha sido demostrar que las células VNC de E. amylovora inducidas
por cobre son capaces de revertir de este estado hasta después de
9 meses de su induccidn, recuperando no sélo su cultivabilidad, sino
también su poder patdégeno. Como se ha propuesto para otras

bacterias, esta resucitacion tras peridos prolongados de pérdida de
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cultivabilidad podria indicar un cierto papel del estado VNC en el
ciclo de vida de E. amylovora. De hecho, la presencia de agentes
guelantes de los iones cobre proporciond una recuperacion de la
cultivabilidad. Dicha resucitaciéon se prolongd con la utilizacién de
componentes y nutrientes que el patdégeno puede encontrarse en
su hospedador, como ocurrié con el zumo de pera, que resultd ser

uno de los métodos de resucitacion con mayor éxito.

El siguiente paso consisti6 en abordar el estudio de la
supervivencia de E. amylovora en un medio natural oligotréfico
mediante la preparacién de microcosmos de agua natural. Se
observd que una fraccion de la poblacién bacteriana sobrevivid en
estado cultivable durante al menos un ano en los microcosmos de
agua de riego a temperatura ambiente, mientras que otra entrd en
el estado VNC, al igual que ocurria en el medio mineral AB. Esta
estrategia de supervivencia se observd tanto en agua natural estéril
de distintos origenes y caracteristicas (destilada, de fuente, de lluvia
o de acequia) donde el principal factor de estrés fue la escasez de
nutrientes, como en agua de lluvia no estéril, donde ademds E.
amylovora tuvo que competir con la microbiota natural presente.
Ademds se demostré que E. amylovora mantuvo su poder
patdébgeno independientemente del agua ensayada y de si estaba
esterilizada o no. Todo ello hace pensar en el agua como un
posible reservorio adicional, asi como una via de diseminacién
alternativa para E. amylovora en el campo, riesgo que hasta la
fecha habia sido subestimado. En consecuencia, la posible
presencia de este patdégeno en el agua no debe ser infravalorada,

ya que el riego con agua contaminada es un riesgo real que
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podria contribuir al avance de la enfermedad en el campo, sobre

todo en zonas con un elevado nivel de indculo.

Los protocolos de diagndstico aconsejados en sanidad vegetal,
y en concreto en el caso de los patdégenos de cuarentena,
recomiendan el aislamiento para confirmar un diagndstico positivo
[EPPO 2004]. Por lo tanto, la existencia de métodos que prolonguen
la cultivabilidad de células estresadas retrasando su entrada en el
estado VNC, permitiria disminuir el nUmero de falsos aislamientos
negativos en los andlisis bacterioldgicos de muestras naturales. En
consecuencia, una vez demostrado que E. amylovora puede
perder la cultivabilidad ante determinadas situaciones de estrés,
pero manteniendo la viabilidad celular, nos planteamos como
siguiente objetivo aumentar la eficiencia de recuperacion de
células estresadas de este patdégeno en medio sdélido. Pese a que
los iones cobre por encima de ciertas concentraciones y en forma
liore constituyen un factor de estrés para E. amylovora, también son
un micronutriente esencial [Saxena y col., 2002]. Ademds el cobre
es capaz de estimular el crecimiento de ciertas bacterias a bajas
concentraciones en medios de cultivo ricos [Granger y Ward, 2003;
Yamasaki y col., 2004], e incrementar la produccién de EPSs en E.
amylovora [Bereswill et al., 1998]. Este cardcter beneficioso del
cobre se aprovechd con el fin de promover el crecimiento de E.
amylovora en condiciones desfavorables. Para ello, se selecciond
experimentalmente la concentracién de cobre mds adecuada
para ser anadida al medio de cultivo no selectivo KB, que
potenciase la recuperacidn de E. amylovora en condiciones de
estrés, pero que no favoreciese el crecimiento de las bacterias

epifitas que mds frecuentemente pueden competir con el
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patdégeno en sus plantas hospedadoras. El nuevo medio para la
recuperacion de células estresadas de E. amylovora, RESC
(Recovery of E. amylovora Stressed Cells), mostrdé una eficiencia de
recuperacion significativamente mayor a la de otros medios de
cultivo usados habitualmente para el aislamiento de E. amylovora
(KB, SNA, CCT y MM2Cu) tanto in vifro como in vivo. Ademdas, la
cultivabilidad en RESC de células de este patdgeno sometidas a
distintos tipos de estrés frecuentes en condiciones naturales
(escasez de nutrientes, iones cobre, luz UV) también fue
significativamente mds alta que en el resto de medios, retrasando
incluso la enfrada de la bacteria en el estado VNC en el caso del
estrés por cobre. Por lo tanto, el medio RESC es un buen candidato
para el aislamiento de este patdégeno en muestras problemdticas
donde las células de E. amylovora en estado cultivable pueden
estar en niUmeros muy bajos y/o en otros estados fisioldgicos que
dificulten su aislamiento. Cabe destacar también que el medio
semiselectivo CCT, uno de los mds usados para el aislamiento de E.
amylovora, parece no ser el mds adecuado cuando la bacteria se
encuentra en condiciones ambientales desfavorables. Asi, en el
medio CCT se observd la eficiencia de recuperacién mds baja
independientemente del estrés ensayado, con una pérdida de
cultivabilidad de E. amylovora muy temprana, por o que no es muy
aconsejable su uso como Unico medio de cultivo para el

aislamiento de este patdgeno.

En presencia de cobre también se observd un cambio en la
morfologia celular de E. amylovora, de forma que las células
aparecian engrosadas, con una cubierta externa que no se

observé en ausencia del metal. Estos resultados parecian confirmar
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que el cobre puede unirse a la superficie de E. amylovora [Zhang y
col., 2000]. Ademds, la presencia de cobre se ha relacionado con
un incremento de la mucosidad de Ias colonias de E. amylovora en
el medio MM2Cu [Bereswill et al., 1998], caracteristica que también
observamos en el medio RESC. Por todo ello nos planteamos
estudiar el papel de los EPSs de E. amylovora en su supervivencia e
induccién del estado VNC en presencia de cobre. Asi, al comparar
la supervivencia de mutantes de E. amylovora deficientes en la
sintesis de amilovorano (AMY-) y levano (LEV-) con sus cepas
parentales en presencia de cobre y/o bajo condiciones de
limitacién de nutrientes, la cultivabilidad de los mutantes resultd
notablemente mds baja. En presencia de cobre, la entrada de los
mutantes AMY-y LEV- en el estado VNC fue mds rdpida que la de
las cepas parentales, en concreto cinco y dos semanas antes,
respectivamente. Estos resultados indican que ambos EPSs retrasan
la pérdida de cultivabiidad de E. amylovora, siendo mds
destacable el caso del levano. Ademds, se observd un incremento
en los niveles de amilovorano durante las primeras dos semanas de
estrés (ya fuera por la presencia de cobre y/o la escasez de
nutrientes), y posteriormente un descenso que coincidié con un
incremento en los niveles del enzima responsable de la sintesis del
levano, la levanosacarasa. Por lo tanto, cabria la posibilidad de
que las células VNC de E. amylovora pudieran estar regulando de
algun modo la sintesis de ambos EPSs. El hecho de que las células
VNC continten produciendo EPSs en condiciones de estrés, al
menos durante un tiempo, ha sido demostrado en otfros modelos
como cianobacterias [Fatton y Shilo, 1985] y cepas marinas de
Pseudomonas sp. [Wrangstadh y col., 1988] y Vibrio vulnificus [Oliver,

1993], asi como en Acinetobacter calcoaceticus [Rosenberg y col.,
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1983]. De acuerdo con estos estudios, lo mds probable es que un
microorganismo, ante ciertas situaciones de estrés, continle
invirtiendo energia en sintetizar EPSs porque ello le confiera algun
tipo de ventaja frente a dicho estrés. De hecho, se sabe que los
EPSs bacterianos protegen frente a condiciones adversas como
deshidratacién, predaciéon, fagocitosis, interacciones idnicas,
efecto de antibidticos y otros compuestos considerados
bactericidas, etc. [Weiner, 1997; Pyrog, 2001]. En el caso concreto
de E. amylovora, su material capsular estd considerado de gran
importancia para el establecimiento y persistencia de este
patdégeno en su ambiente natural, tanto por su capacidad de
proteccion frente a la respuesta defensiva de la planta, como para
retener agua y proteger del estrés osmadtico [Bugert and Geider,
1995]. En nuestro trabajo hemos demostrado que los EPSs de E.
amylovora ejercen una gran influencia en la supervivencia de este
patdégeno frente a otras condiciones ambientales adversas. Asi,
tanto el amilovorano como el levano son capaces de acomplejar
un alto porcentaje de los iones cobre libres en el medio,
disminuyendo por lo tanto su toxicidad para E. amylovora. Ademds,
ambos EPSs parecen ser utilizados por esta bacteria como fuente
de carbono en condiciones de escasez de nufrientes. Estas nuevas
funciones de los EPSs de E. amylovora aportan luz sobre las diversas
estrategias que puede desarrollar el patdégeno en la naturaleza

para favorecer su supervivencia.

En conclusion, los resultados recogidos en esta memoria han
permitido avanzar y profundizar en el conocimiento de la
supervivencia de E. amylovora ante condiciones adversas, con las

que la bacteria se puede encontrar frecuentemente en la
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naturaleza. Asi, la induccidn del estado VNC en E. amylovora por
cobre, y su capacidad de recuperacién en condiciones favorables,
podria explicar, al menos parcialmente, la reaparicién de focos de
fuego bacteriano en campos tratados con compuestos cuUpricos.
Se esclarecen, pues, algunos aspectos de la “vida oculta” de este
importante patégeno que podrian contribuir a la optimizacion
tanto de su deteccidn como de las medidas de prevencién vy

conftrol de la enfermedad.

6.2. CONCLUSIONES GENERALES

Las principales conclusiones de esta memoria son las siguientes:

1. E. amylovora adopta el estado viable no cultivable (VNC) en
un medio mineral en presencia de bajas concentraciones de
iones cobre libres, siendo capaz de revertir de este estado en
presencia de diversos agentes quelantes, y/o nutrientes,
incluyendo sustancias del propio hospedador. Dicho estado,
por lo tanto, representa una estrategia de supervivencia de

este patdbgeno frente al cobre.

2. Las células YVNC de E. amylovora inducidas por cobre
pueden constituir un riesgo para la diseminacién del fuego
bacteriano, pues, aunque sélo fueran capaces de producir
sinfomas durante los primeros cinco dias, su resucitaciéon fue
posible durante al menos nueve meses tras la entrada en

este estado, recuperando siempre su patogenicidad.
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3. E. amylovora es capaz de sobrevivir en estado cultivable en
condiciones de oligotrofia, tanto en un medio mineral como
en agua natural estérilizada o no, manteniendo ademds su
poder patdébgeno. En estas condiciones de escasez de
nutrientes sélo una parte de la poblacidn bacteriana entra
en el estado VNC. Por lo tanto, el agua puede representar un
reservorio y/o un vehiculo alternativo de diseminacion del

patdégeno.

4. El medio de cultivo RESC favorece la recuperacién de E.
amylovora bajo ciertas condiciones de estrés, retrasando la
pérdida de cultivabilidad. Ademds, la adicién de cobre a la
concentracién seleccionada estimula el crecimiento de este
patdégeno, al tiempo que disminuye el de la microbiota
epifita, y le confiere, ademds, un cardcter diferencial
facilitando considerablemente la identificacién visual vy

presuntiva de las colonias de E. amylovora.

5. La cultivabilidad de las células de E. amylovora bajo las
condiciones de estrés ensayadas es significativamente
menor en el medio semiselectivo CCT que en los medios
RESC, KB, SNA, y MM2Cu. Por lo tanto, nuestros resultados
desaconsejan su uso como Unico medio de aislamiento de E.
amylovora, especiaimente en el caso de muestras en
condiciones ambientales desfavorables, y en las que el
indculo del patdégeno pueda ser bajo o encontrarse en un

estado fisioldgico alterado.
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6.

Tanto el amilovorano como el levano, principales EPSs de E.
amylovora, retrasan la pérdida de cultivabilidad de este
patdégeno en presencia de cobre y/o bajo condiciones de

oligotrofia, retrasando su entfrada en el estado VNC.

E. amylovora parece ajustar la produccion de EPSs ante
condiciones de estrés, como la presencia de iones cobre
y/o condiciones oligotréficas, aumentando inicialmente la
produccién de amilovorano, para luego disminuila e
incrementar la actividad del enzima levanosacarasa durante

al menos 6 meses.

El papel de los EPSs en la supervivencia de E. amylovora bajo
las condiciones de estrés ensayadas es al menos doble, de
forma que por un lado, actian como agentes quelantes de
gran parte de los iones cobre libres presentes disminuyendo
su toxicidad, y por ofro, sirven como fuentes de carbono y
energia cuando los nutrientes son escasos, ambas funciones

desconocidas hasta el momento.

El conocimiento de estas nuevas funciones de los EPSs de E.
amylovora, asi como su aparente regulacién en condiciones
de estrés, abre nuevas perspectivas de estudio sobre las
distintas estrategias que puede desarrollar E. amylovora para

sobrevivir en la naturaleza.
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