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Prefacio

Esta Tesis Doctoral se dirigid inicialmente al analisis gendmico y funcional de los efectores del
sistema de secrecion tipo Il de codificacién plasmidica en Pseudomonas savastanoi pv.
savastanoi NCPPB 3335. Durante el desarrollo de la misma, y derivado del establecimiento de
diferentes colaboraciones, en paralelo se llevd a cabo el estudio de la interaccién de comunidades
bacterianas en el desarrollo y/o establecimiento de la tuberculosis del olivo, resultados que se
publicaron en Passos da Silva et al., (2014). A su vez, se colaboré también en la identificacién de
cepas de P. savastanoi aisladas de plantas de Mandevilla sanderi (Dipladenia) que mostraban
halos cloréticos en hojas y tumores en tallos (Eltlbany et al., 2012). Los resultados obtenidos en
este sentido no se han incorporado en el cuerpo de esta Tesis Doctoral, si bien, las publicaciones
cientificas derivadas de los mismos, se han incluido en el Anexo 1.

Tras la secuenciacion del genoma de P. savastanoi pv. savastanoi NCPPB 3335, la
identificacion del conjunto de posibles efectores codificados en la misma, y el establecimiento de
esta cepa como modelo para el estudio de interacciones de Pseudomonas patdgenas con plantas
lefiosas, esta Tesis se centro en el analisis funcional de los efectores del sistema de secrecion tipo
I11. Los resultados obtenidos en este sentido se presentan en los tres capitulos incluidos en este
documento. Asi mismo, esta Tesis Doctoral incluye un apartado en el que se describe el material y
métodos generales usados en los diferentes capitulos, si bien, cada capitulo incluye
adicionalmente su material y métodos especificos. Este trabajo se realiz6 principalmente en la
Universidad de Malaga, aunque durante su ejecucion, se llevaron a cabo cuatro estancias de
aproximadamente tres meses cada una en otros centros de investigacion, tres en el grupo de la
Dra. Emilia L6pez Solanilla (Centro de Biotecnologia y Genémica de Plantas, CBGP-UPM-INIA,
Madrid), directora de esta Tesis Doctoral junto el Dr. Cayo Ramos de la Universidad de Malaga, y
otra en el grupo del Dr. Rafael Giraldo (Centro de Investigaciones Bioldgicas, CSIC; Madrid).
Recientemente, y en colaboracion con el Dr. Jests Murillo (Universidad Publica de Navarra), la
Dra. Emilia L6pez Solanilla y el Dr. Pablo Rodriguez Palenzuela, este ultimo también
perteneciente al CBGP (Madrid), se ha publicado un articulo en la revista Molecular Plant-
Microbe Interactions (MPMI), titulado Translocation and Functional Analysis of Pseudomonas
savastanoi pv. savastanoi NCPPB 3335 Type Il Secretion System Effectors Reveals Two Novel
Effector Families of the Pseudomonas syringae Complex (Matas et al., 2014). De este articulo,
también incluido en el Anexo I, se han extraido los resultados relacionados con la interaccion de
siete efectores del sistema de secrecion tipo 11 de P. savastanoi pv. savastanoi con los sistemas de
defensa de la planta. Estos resultados se presentan en el capitulo 1 (Chapter I). Los resultados
mostrados en los capitulos Il y 111 (Chapters Il and I11), se estan preparando actualmente para su

publicacion.
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Abbreviations

A

ANOVA: Analysis of variance
Ap: Ampicillin

A.tumefaciens: Agrobacterium tumefaciens

ASAP: A systematic annotation package

B

BLAST: Basic local alignment search tool

bp(s): Base pais(s)
C

cDNA: Complementary DNA
CFU: Coloni-forming units
Cl: Competitive Index

Ck: cytokinin

Cm: Chloramphenicol

Cya: adenylate cyclase

D

DMSO: Dimethyl sulfoxide
dpi: days post-inoculation

E

E. coli: Escherichia coli
EDTA: Ethylenediaminetetraacetic acid

G

GFP: Green fluorescent protein
Gm: Gentamycin

H

h: hour(s)

Hop: hrp-dependent outer protein

HR: Hypersensitive response

hrc: hypersensitive response conserved
hrp: hypersensitive response and
pathogenesis

IAA: Indole acetic acid
K

Kb: Kilobase
Km: Kanamycin
KB: King B medium

L

L: Litres
LB: Luria-Bertani

M

MEGADS: Molecular evolutionary genetics
analysis

mL: Mililitre(s)

M: Molar

mM: Milimolar

min: Minute(s)

N

NCBI: National center for biotechnology
information

NCPPB: National collection of plant
pathogenic bacteria

Nf: Nitrofurantoin

ng: Nanograms

nt(s): Nucleotides

O

OD: Optical Density
o/n: Overnight
ORF: Open Reading Frame

P

PCR: Polymerase Chain Reaction

Pph: Pseudomonas syringae pv. phaseolicola
Psv: Pseudomonas savastanoi pv. savastanoi
Pto: Pseudomonas syringae pv. tomato

pv.: pathovar
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Q

gRT-PCR: Quantitative Real time PCR
R

R gene: Resistance gene

Rif: Rifampicin

RNA: Ribonucleic acid

Rpm: Revolutions per minute

S

Sec: second(s)

Sm: Streptomycin

SOB: Super Optimal Broth medium
Sp: Spectinomycin

T

TAE: Tis-Acetate EDTA

TBE: Tris-Borate EDTA

Tc: Tetracycline

T3SS: Sistema de secrecion tipo 111
T3E: Efectores del T3SS
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Resumen

Los efectores (T3E) del sistema de secrecion tipo Il (T3SS) son factores de virulencia
esenciales en la interaccion de bacterias fitopatdgenas con sus hospedadores, debido a que: (i)
promueven la penetracion y permanencia del patdégeno en el tejido del hospedador, (ii) interfieren
con las respuestas de defensa de las plantas y (iii) facilitan el acceso a los nutrientes, promoviendo
la proliferacion y el crecimiento del patégeno (Gohre and Robatzek, 2008). La secuenciacién y
analisis de los genomas de diferentes cepas pertenecientes al complejo Pseudomonas syringae, ha
permitido identificar el catdlogo de T3E hipotéticos de cada una de ellas, asi como clasificarlos en

mas de 60 familias génicas que constituyen el pangenoma de este relevante complejo de bacterias

fitopatégenas (http://www.pseudomonassyringae.org/) (Baltrus et al., 2011; Lindeberg et al.,
2012). Aungue la funcion concreta de la mayoria de los T3E identificados hasta la fecha en la
interferencia con los mecanismos de defensa de la planta es aun desconocida, durante los Gltimos
afios se han producido grandes avances en el conocimiento del papel de los T3E del complejo P.
syringae durante la interaccion con plantas herbaceas. Estudios recientes, han establecido a
Pseudomonas savastanoi pv. savastanoi NCPPB 3335 como una cepa modelo en el estudio de la
interaccion de este complejo bacteriano con plantas lefiosas (Ramos et al., 2012). El analisis
bioinformatico del borrador del genoma de esta cepa identificd 33 posibles T3E (Rodriguez-
Palenzuela et al., 2010; Ramos et al., 2012), cuya translocacién a través del T3SS se demostro
para 7 de ellos (AvrRpm2, HopAl, HopAA1l, HopAZ1, HopBK1, HopBL1 y HopBL?2) durante el
desarrollo de esta Tesis Doctoral (Matas et al., 2014). Ademas, la secuenciacion de los tres
plasmidos de esta cepa revel6 que los genes codificantes de los T3E HopAF1 y HopAO1 se
localizan en los plasmidos pPsv48A y pPsv48B, respectivamente, codificandose en el cromosoma
un homélogo de HopAFl1 (HopAF1-2). Teniendo en cuenta estos antecedentes, el objetivo
principal que se plante6 en esta Tesis Doctoral fue el analisis funcional de los T3E de NCPPB
3335, prestando mayor atencion a las familias HopAF y HopAO. Para llevar a cabo este objetivo
general, se plantearon los siguientes abordajes: 1) estudiar la distribucion de los efectores de las
familias HopAF y HopAO en los patovares de P. savastanoi y P. syringae, 2) analizar la
translocacion a través del T3SS de NCPPB 3335 y el papel en virulencia de los efectores de las
familias HopAF y HopAOQ vy, 3) analizar la interaccion con los sistemas de defensa de la planta de
los siete efectores de NCPPB 3335 cuya translocacion a través del sistema de secrecidn tipo Il ha
sido demostrada, asi como de los pertenecientes a las familias HopAF y HopAO.

El analisis bioinformatico y filogenético de las familias HopAF y HopAO permiti6 identificar
que ambas se encuentran ampliamente distribuidas dentro del complejo P. syringae, si bien, P.
savastanoi pv. savastanoi NCPPB 3335 codifica dos genes de la familia hopAO (hopAO1l y
hopAQ?2) y tres genes de la familia hopAF (dos copias del gen hopAF1 y una del gen hopAF1-2).
La filogenia de esta ultima familia reveld que el alelo hopAF1 se codifica mayoritariamente en

cepas patogenas de plantas lefiosas. Analisis de translocacion y transcripcionales validaron a los
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Resumen

T3E HopAF1, HopAF1-2, HopAOl1 y HopAO2 como nuevos T3E del secretoma del T3SS de
NCPPB 3335. Por otra parte, en este trabajo hemos demostrado que tanto los T3E AvrRpm2,
HopBK1, HopBL1, HopBL2, HopAF1, HopAF1-2, HopAOl y HopAO2, asi como los efectores
truncados HopAALl y HopAZl, interfieren con la respuesta de defensa primaria (PTI) de
Nicotiana tabacum. Ademas, presentamos evidencias de que HopAZl, HopBL1, HopAF1-2,
HopAOL1 y HopAQO2 también inhiben la inmunidad mediada por efectores (ETI) en este mismo
hospedador. Por otro lado, y utilizando fusiones traduccionales a la proteina verde fluorescente
(GFP), hemos podido comprobar que los T3E HopAF1, HopAF1-2, HopAOl y HopAO2 se
localizan en la membrana plasmatica de las células de Nicotiana benthamiana, asi como que
HopAO2 también se localiza en vesiculas del aparato de Golgi.

Con el fin de averiguar el papel de los T3E HopAF1 y HopAOL1 en la virulencia de NCPPB
3335 se construyeron mutantes simples de los mismos. La delecion del gen hopAF1 del plasmido
pPsv48A en NCPPB 3335 tuvo como consecuencia una ligera reduccion en el tamafio de los
tumores inducidos por este patdgeno en plantas de olivo lignificadas, mientras que la delecion del
gen hopAOL1 conllevé una clara disminucion de la virulencia del mismo.

Los resultados incluidos en esta Tesis Doctoral, convierten a NCPPB 3335 en la cuarta cepa
del complejo P. syringae cuyo secretoma del T3SS incluye un mayor nimero de T3E

demostrados, y en la primera cepa aislada de un hospedador lefioso.
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Introduccién General

1. Pseudomonas syringae y patégenos relacionados

El complejo formado por Pseudomonas syringae y especies relacionadas, entre las que se
encuentra Pseudomonas savastanoi, esta formado por un grupo de bacterias fitopatdgenas Gram
(-) con gran importancia desde el punto de vista econdmico y agricola debido a la reaparicién de
enfermedades como el moteado del tomate (producido por P. syringae pv. tomato) y la aparicion
de nuevas enfermedades como el chancro del castafio de indias (producido por P. syringae pv.
aesculi) (Mansfield et al., 2012). Los patovares (pv.) que conforman el complejo P. syringae
presentan una gran variabilidad en cuanto a su capacidad de supervivencia epifita y rango de
huésped, dado que infectan tanto plantas herbaceas como lefiosas. Los sintomas que producen
también son muy variados, pudiendo inducir moteados y necrosis en hojas, podredumbre de
frutos, tumores y chancros en tallos, entre otros (Westcott and Horst, 1990; Bender et al., 1999;
Fatmi et al., 2008).

Desde el afio 1978 hasta la actualidad, la clasificacién del género Pseudomonas ha sufrido
numerosas modificaciones. En el afio 1978, todas las cepas del género Pseudomonas patdgenas de
plantas, fluorescentes y oxidasa negativas se englobaron dentro de la especie P. syringae (Young
et al., 1978). Posteriormente, se produjo una reclasificacion de la especie P. syringae, atendiendo
tanto a analisis bioquimicos, seroldgicos y patoldgicos, como a hibridaciones DNA-DNA llevadas
a cabo entre cepas incluidas en P. syringae subespecie (subsp.) syringae y P. syringae subsp.
savastanoi. Tras estas nuevas reordenaciones, P. savastanoi se elevod al rango de especie, dentro
de la cual se incluyeron los pv. savastanoi (olivo), glycinea (soja), phaseolicola (judia), fraxini
(fresno), nerii (adelfa) y retacarpa (retama) (Gardan et al., 1992; Young, 2004). En la actualidad,
la mayor parte de la comunidad cientifica se refiere a los pv. phaseolicola y glycinea como P.
syringae pv. phaseolicola (Pph) y P. syringae pv. glycinea (Pgy), respectivamente, siendo
ampliamente aceptada la inclusion de los pv. savastanoi (Psv), nerii (Psn), retacarpa y fraxini
dentro de la especie P. savastanoi. En este trabajo se ha empleado la nomenclatura aceptada por
gran parte de la comunidad cientifica que, como se ha mencionado, incluye a los pv. phaseolicola
y glycinea dentro de la especie P. syringae.

Actualmente, en el complejo P. syringae se incluyen mas de 60 patovares segun su
especificidad de huésped y el origen de su aislamiento (Young, 2010; Parkinson et al., 2011).
Ademas, el andlisis de hibridaciones DNA-DNA entre patovares de P. syringae llevo a la
clasificacion de este complejo en 9 genomoespecies diferentes (Gardan et al., 1999; Scortichini
and Marcelletti, 2014). Estos grupos taxonémicos concuerdan con los filogrupos en los que se han
clasificado posteriormente los patovares de P. syringae y P. savastanoi mediante tipificacion
multilocus de secuencias (Baltrus et al., 2011). El uso de estas aproximaciones ha permitido

emparentar filogenéticamente a P. savastanoi pv. savastanoi NCPPB 3335 con P. syringae pv.
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aesculi (cepas 2250 y NCPPB 3681), P. syringae pv. tabaci ATC 11528 y P. syringae pv.
phaseolicola 1448A (Sarkar and Guttman, 2004; Parkinson et al., 2011).

2. Pseudomonas savastanoi

En este trabajo, se incluyen en la especie P. savastanoi a cepas productoras de tumores o
excrecencias en las partes aéreas de plantas lefiosas. De este modo, el pv. savastanoi incluye cepas
aisladas de tumores de olivo; el pv. nerii aislados de tumores de adelfa, el pv. retacarpa de tumores
de retama y el pv. fraxini aislados de excrecencias en tallos de fresno (Figura 1). Recientemente,
se ha descrito el aislamiento de cepas pertenecientes a la especie P. savastanoi de un nuevo
huésped, Mandevilla sanderi (Dipladenia), las cuales inducen necrosis y halos cloréticos en hojas,
asi como tumores en el tallo de estas plantas. En este estudio, el aislado Ph3 procedente de M.
sanderi se emparentd filogenéticamente con los pv. nerii y savastanoi (Eltlbany et al., 2012).
Debido a la relevancia que tiene P. savastanoi pv. savastanoi en este trabajo, el resto de este
apartado se dedica a los aspectos relacionados con la interaccion de las cepas pertenecientes a este
patovar con el olivo.

Chancro de fresno Tuberculosis de la retama

(P. savastanoi pv. fraxini) (P. savastanoi pv. retacarpa)

Tuberculosis de la adelfa Tuberculosis del olivo

(P. savastanoi pv. nerii) (P. savastanoi pv. savastanoi)

y

Figura 1. Sintomatologia producida en la parte aérea de plantas lefiosas infectadas por los diferentes
patovares pertenecientes a la especie P. savastanoi.

2.1. Tuberculosis del olivo

La primera referencia historica que se tiene de las enfermedades del olivo se encuentra en el

libro De Historia et de ausis plantarum del filosofo griego Teofrasto (siglo IV a.C.). En él se
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denomina tuberculosis o “verruga” del olivo, a la enfermedad producida en los olivos por Psv,
también conocida como rofia o agalla del olivo. Sin embargo, no es hasta 1887-1889 cuando Luigi
Savastano describe la etiologia bacteriana de la tuberculosis del olivo (Smith, 1920; Scortichini et
al., 2004).

El termino tuberculosis hace referencia a los sintomas tipicos de la enfermedad, que son
tumores formados en troncos, ramas, brotes y, con menor frecuencia e intensidad, en las hojas,
raices y frutos de las plantas infectadas (Figura 2) (Kennelly et al., 2007). Los brotes y ramas
jovenes del olivo son las partes mas afectadas. Los tumores formados son, generalmente,
redondeados y de tamafio variable (desde mm a cm de diametro). Tanto el vigor de los olivos,
como el crecimiento y la produccion de aceitunas, pueden verse moderada o severamente
reducidos por la enfermedad (Schroth et al., 1973; Quesada et al., 2010).

La tuberculosis del olivo, es una enfermedad que se encuentra presente en casi todas las
regiones olivicolas del mundo. Generalmente, su incidencia depende de la localizacion geografica
y de la variedad vegetal. Aunque actualmente no existe una estimacién precisa de las pérdidas que
ocasiona, se considera una de las enfermedades mas importantes que afectan al cultivo del olivo
(Young, 2004).

Figura 2. Sintomatologia caracteristica de la tuberculosis del olivo. Tumores producidos por P. savastanoi
pv. savastanoi en una rama de olivo (A) y en una planta de olivo de un afio de edad tras una infeccion
artificial (B). Las flechas rojas indican la localizacién de algunos tumores presentes en la rama de olivo.

2.2. Ciclo de la enfermedad

Psv presenta un ciclo de vida epifitico/patogeno. En la etapa epifita, Psv coloniza la superficie
de tallos y hojas por igual, alcanzando las mayores densidades bacterianas en los meses calidos y
lluviosos. La poblacion se ve significativamente reducida en épocas calurosas y secas (Quesada et
al., 2007). Ademas, se ha encontrado una relacion directa entre el nimero de bacterias epifitas y el
namero de tumores desarrollados en los &rboles infectados. Por otro lado, también se sabe que Psv
es capaz de diseminarse a corta distancia (Quesada et al., 2009).

Durante la etapa patogénica, Psv se multiplica en los tejidos vegetales, alcanzando diferentes
méaximos poblacionales dependiendo de la susceptibilidad del cultivar (VVarvaro and Surico, 1978).

El aumento de la poblacion bacteriana se traduce en una répida proliferacion del cambium y la
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generacion de un tumor, en el que se diferencian elementos del xilema y floema mas o menos
organizados (Surico, 1977). Cuando el tumor es viejo, las células vegetales pueden colapsar y
formar cavidades que contienen gran cantidad de bacterias. Estas cavidades, alcanzan la superficie
del tumor en forma de fisuras y favorece la salida de bacterias al exterior (Smith, 1920; Surico,
1977).

2.3. Control de la enfermedad

Los métodos més destacados para el control de esta enfermedad son los productos quimicos de
origen cuprico, habiéndose observado experimentalmente una reduccion significativa en el
numero de tumores en plantas tratadas en comparacion con los controles sin tratar (Quesada et al.,
2010). Ademas, se ha descrito que la bacteriocina producida por P. syringae pv. ciccaronei es
capaz de inhibir el crecimiento de Psv tanto en medio de cultivo como in planta, viéndose
afectada la supervivencia del patogeno en las hojas y ramas de los arboles tratados (Lavermicocca
et al., 2000; Lavermicocca et al., 2002). Por otro lado, también se ha abordado el control bioldgico
de este patégeno utilizando Pseudomonas no patdgenas y antagonistas de Psv aisladas de la
rizosfera del olivo (Zadeh et al., 2008). Recientemente, una cepa de Pseudomonas fluorescens
PICF7 aislada de raiz de olivo se ha descrito como agente efectivo en el biocontrol de la
verticilosis (Mercado-Blanco et al., 2004) y potencial agente de biocontrol de la tuberculosis del
olivo. Esta cepa, no es capaz de suprimir completamente el desarrollo de tumores inducidos por
Psv, aungue su co-inoculacion con el patdgeno provoca una disminucién de la poblacién de Psv in
planta, y en consecuencia, la formacién de tumores con una disminucion de los sintomas
necraticos y una alteracion de la colonizacién del tejido hiperplésico por el patégeno (Maldonado-
Gonzélez et al., 2013).

2.4. Factores de virulencia en P. savastanoi

Pese a que es conocido que la tuberculosis del olivo es de origen bacteriano desde hace més un
siglo (Savastano, 1886), los factores moleculares que intervienen en la interaccion de Psv con su
huésped no se han estudiado tan exhaustivamente como en otros patovares del complejo P.
syringae. Los factores de patogenicidad y virulencia mejor estudiados hasta le fecha en P.
savastanoi son la sintesis y liberacién en el tejido vegetal de las fitohormonas &cido indol-3-
acético (IAA) y citoquininas (CKk) y el sistema de secrecion tipo Il (T3SS). Dada la relevancia de
estos factores en el proceso de infeccion de olivo por Psv, en los apartados siguientes se describen
de forma mas detallada. Ademas, también se ha descrito que Psv presenta in vitro actividad
celulasa, celobiasa, xilanasa y pectinasa (Magie, 1963). Estas actividades degradativas, se han
propuesto como posible causa de la formacién de cavidades o fisuras dentro de los tejidos
tumorales, originadas por degradacion de las paredes de las células vegetales (Wilson and Magie,
1964; Rodriguez-Moreno et al., 2009).
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El andlisis bioinformatico del borrador del genoma de la cepa de Psv NCPPB 3335 permitio la
identificacion del arsenal de posibles factores de virulencia en este patégeno (Rodriguez-
Palenzuela et al., 2010). Posteriormente, y utilizando un método de anélisis gendémico funcional,
muchos de estos posibles factores de virulencia se confirmaron en nuestro grupo de investigacion.
En total, se identificaron 58 genes de NCPPB 3335 necesarios para la colonizacion de tumores de
olivo, permitiendo la descripcion de nuevos factores de virulencia en este patdgeno. Ademas de
genes implicados en el metabolismo requerido por NCPPB 3335 para colonizar el tejido vegetal,
entre los que se encuentran los responsables de la biosintesis de 9 de los 20 aminoécidos que
componen las proteinas y de 3 vitaminas, se identificaron genes implicados en la degradacién de
compuestos aromaticos y en el transporte de compuestos abundantes en el apoplasto, como son el
citrato, el glutamato y el sulfato. Entre los nuevos factores de virulencia descritos, cabe destacar
los genes del sistema de secrecidn tipo Il (T2SS) y tipo IV (T4SS), enzimas involucradas en la
tolerancia y detoxificacion de especies reactivas de oxigeno (ROS) y genes implicados en la
biosintesis de pared celular o en la regulacion de los niveles del segundo mensajero di-GMPc
(Matas et al., 2012).

Arsénico
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Figura 6. Representacion esquematica de los mecanismos de virulencia en Pseudomonas savastanoi pv.
savastanoi. ME, membrana externa; PG, peptidoglicano; MI, membrana interna; T3SS, sistema de secrecion
tipo HI; T4SS, sistema de secrecion tipo IV; MCP, quimioreceptores; GGDEF, proteinas con dominio
GGDEF/EAL; 1AA, acido indol-3-acético. Adaptado de Matas et al., 2012.
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2.4.1. Produccién de fitohormonas en P. savastanoi

El IAA y las CK producidas por Psv inducen la divisién del tejido infectado, asi como la
diferenciacion de células del parénquima en elementos traqueales del xilema y tubos cribosos del
floema (Smidt and Kosuge, 1978; Comai and Kosuge, 1980, 1982; Surico et al., 1985; Morris,
1986; lacobellis et al., 1994). La produccion de IAA en P. savastanoi se lleva a cabo del siguiente
modo: en primer lugar, el triptéfano se convierte en indolacetamida (IAM) mediante la enzima
triptdfano monooxigenasa (codificada por el gen iaaM). Posteriormente, el IAM pasa a IAA
mediante la actividad de la indolacetamida hidrolasa (producto del gen iaaH) (Magie, 1963;
Kosuge et al., 1966). Ademas, los aislados de P. savastanoi pv. nerii son capaces de transformar el
IAA en el conjugado IAA-lisina (IAA-Lys) mediante la actividad (indol-3-acetil-)-L-lisina
sintetasa (codificada por el gen iaal) (Hutzinger and Kosuge, 1968) (Figura 3).

Q 0

i NH; i HN i ca
-\ jiaaM A iaaH —~ 1 oH  iaal N i
—_— 0 — |" I —_— o N
N H N
Triptéfano Indol-3-acetamida 1AA IAA-Lisina

Figura 3. Ruta de biosintesis de auxinas en cepas de P. savastanoi.

En concreto, la cepa de Psv NCPPB 3335 contiene dos alelos de los genes iaaM e iaaH, ambos
organizados en forma de operon (iaaMH-1 e iaaMH-2) y de localizacién cromosémica (Pérez-
Martinez et al., 2010; Rodriguez-Palenzuela et al., 2010). Estudios recientes han demostrado que
solamente el operén iaaMH-1 contribuye a la cantidad total de IAA producido por NCPPB 3335.
Ademas, mutantes en el operén iaaMH-1 o en los dos operones (mutante AiaaMH-1.2) presentan
una disminucion la virulencia de NCPPB 3335 en plantas de olivo, asi como una disminucién de
la competitividad en planta en comparacion con la cepa silvestre (Aragon et al., 2014).

Aunque la produccién de Ck estd extendida entre las bacterias fitopatdgenas productoras de
tumores (Morris, 1986), su ruta biosintética no ha sido caracterizada en detalle. Esta ruta parece
constar de dos pasos: 1) mediante la enzima isopentenil transferasa se transforma el adenosin
monofosfato (AMP) a isopentenil adenina e isopentenil adenosina y, 2) ambas moléculas sufren
un proceso de hidroxilacién originando trans-zeatina y trans-ribosilzeatina. En P. savastanoi, el
Gnico gen descrito en la produccion de Ck es ptz (Pseudomonas trans zeatin) (Morris, 1986;
Powell and Morris, 1986), de localizacion tanto plasmidica como cromosomica en aislados de
olivo y adelfa (Macdonald et al., 1986; Powell and Morris, 1986; lacobellis et al., 1994; Caponero
et al., 1995; Pérez-Martinez et al., 2008). Estudios realizados en NCPPB 3335, cepa portadora de
tres plasmidos de alto peso molecular (pPsv48A, pPsv48B y pPsv48C), demuestran que la cepa

curada del plasmido pPsv48A, donde se localiza el gen ptz, induce sintomas atenuados en plantas
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de olivo in vitro, aunque es capaz de multiplicarse en el interior de los tejidos de olivo de forma
idéntica a la cepa silvestre (Bardaji et al., 2011).

En resumen, las fitohormonas juegan un papel muy importante en la virulencia de las bacterias
fitopatégenas, incluida la cepa Psv NCPPB 3335 (Bardaji et al., 2011; Aragon et al., 2014). En el
caso de NCPPB 3335, el IAA actia también como molécula sefializadora, dado que su adicion
exogena a un cultivo de esta cepa conlleva una disminucion de la expresion de genes del T3SS y

un aumento de la expresién del sistema de secrecién tipo VI (T6SS) (Aragén et al., 2014).

3. El sistema de secrecion tipo 111 (T3SS)

El T3SS esta presente en la mayoria de los patogenos Gram (-) de plantas y animales. Consiste
en una jeringa molecular a través de la cual la bacteria inyecta proteinas, denominadas efectores
(T3E), del citoplasma bacteriano al interior de la célula hospedadora (Fig. 4). Este sistema, se ha
descrito como un factor de patogenicidad en P. syrintae pv. tomato DC3000 y muchas otras
bacterias Gram (-). En ausencia del T3SS, no se produce la liberacion de T3E, los cuales
estimulan o interfieren con los procesos celulares del hospedador, dictando de esta manera los
términos de la interaccion bacteria-hospedador (Galan and Collmer, 1999; Buttner and He, 2009).
En el caso de bacterias fitopatdgenas, el T3SS estd involucrado tanto en el desarrollo de
enfermedades en hospedadores susceptibles como en el desencadenamiento de la muerte celular
programada, también denominada respuesta hipersensible (HR), en hospedadores resistentes
(Cornelis and Van Gijsegem, 2000). Las interacciones que se producen entre el patégeno y el
hospedador se pueden clasificar en tres tipos: incompatible, compatible y non-host. En una
interaccion incompatible, el hospedador posee genes de resistencia (R) (Van der Biezen and
Jones, 1998) cuyos productos proteicos reconocen, directa o indirectamente, a determinados T3E
del patégeno, y en consecuencia, se induce la respuesta de defensa del hospedador (hospedador
resistente) produciéndose una limitacion del crecimiento del patégeno en la planta y el
desencadenamiento de una HR. En una interaccion compatible, al carecer el hospedador de genes
R especificos (hospedador susceptible), el patégeno sera capaz de infectar y se desarrollara una
enfermedad (Dangl and Jones, 2001; Tao et al., 2003; Jones and Dangl, 2006). La interaccién non-
host entre bacterias y plantas hace referencia a la resistencia que muestra una especie de planta
frente a todas las variantes genéticas de una bacteria que si es patogénica en otras especies
vegetales. En ocasiones esta interaccion se acompafia de sintomas macroscopicos que en algunos
casos son similares a la HR (Mysore and Ryu, 2004; Li et al., 2005b). Generalmente, este tipo de
resistencia suele darse entre patégenos poco adaptados a hospedadores concretos, e implica a las
barreras de defensa constitutivas de la planta, tal como la expresion de compuestos

antimicrobianos o la rigidez de la pared celular, como a la activacién de determinados elementos
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de defensa (Kamoun et al., 1999; Heath, 2000; Thordal-Christensen, 2003; Nurnberger and Lipka,
2005; Gohre and Robatzek, 2008)

Citoplasma vegetal
celular

S hospedador

? Membrana
bacteriana
externa

? Membrana
bacteriana
interna

Efectoresy 4 2 Citoplasma
chaperonas & . bacteriano

l hrle hrpJ |hrcV|hrpQ| hrchhrpONher |hchAB|hrcR |hrcS |hrcT |1ch NhrlehrpTl hrcCl hrpGlhrp FI‘ hrpEl hrpl:I hred | hrpBl hrle hrpA“ hrpSl hrpRl

Genes hrc (hypersensitive response and conserved)  Genes hrp (hypersensitive response and phatogenesis)

] Proteinas de secrecion [ Proteinas reguladoras [] Proteinas secretadas [ Funcion desconocida

Figura 4. Esquema representativo de la estructura del sistema de secrecién tipo Il en Pseudomonas
syringae (A). Distribucién de los genes hrp/hrc en P. syringae , se representa el codificado por P. syringae
pv. syringae 61, cuya organizacion es idéntica al de P. syringae pv. tomato DC3000 y P. syringae pv.
syringae B728A. (B). Adaptado de Collmer y colaboradores (2000).

El T3SS esta codificado por los genes hrp (hypersensitive response and pathogenicity) y hrc
(hypersensitive response and conserved), conservandose los genes hrc en patdgenos de plantas y
animales. En P. syringae, los genes que codifican el T3SS se agrupan en una isla de patogenicidad
gue generalmente se localiza en el cromosoma bacteriano (Fig. 4) (Jackson et al., 1999; Alfano et
al., 2000; Collmer et al., 2000). Ademés, los genes hrp/hrc se regulan tanto positiva como
negativamente. La regulacion positiva es dependiente de las proteinas HrpR y HrpS, que al formar
el heterodimero activan la transcripcion del factor sigma alternativo HrpL (Hutcheson et al., 2001,
Ortiz-Martin et al., 2010a). HrpL acta como activador de la expresion tanto de los genes hrp/hrc
como de los genes codificadores de los T3E y sus chaperonas (Xiao et al., 1994; Xiao and
Hutcheson, 1994). Ademas, la expresion del gen hrpA, que da lugar a la proteina estructural del
pili Hrp, afecta positivamente a la expresion del operdn hrpRS. Por otro lado, los genes hrpV y la
proteasa Lon son los reguladores negativos de la expresion de los genes hrp/hrc (Xiao et al., 1994;
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Grimm et al., 1995; Preston et al., 1998; Collmer et al., 2000; Wei et al., 2000; Hendrickson et al.,
2000a; Hendrickson et al., 2000b; Bretz et al., 2002; Ortiz-Martin et al., 2010b).

En los ultimos afios, se ha descrito que Psv NCPPB 3335 contiene los genes necesarios que
codifican un T3SS completo asi como un conjunto de 22 genes que conforman un T3SS
incompleto, al igual que ocurre en otras cepas del complejo P. syringae (por ejemplo, los
patovares phaseolicola 1448A, pv. tabaci 11528 u oryzae 1_6). Este segundo T3SS parece no estar
regulado por el factor de transcripcion HrpL dado que no aparece precedido por las secuencias
reguladoras que reconoce dicho factor (Rodriguez-Palenzuela et al., 2010). Ademas, la formacion
de tumores en plantas de olivo adultas se ha demostrado que depende de la funcionalidad del
T3SS (Sisto et al., 2004; Pérez-Martinez et al., 2010). De este modo, un mutante por insercion de
un mini-Tn5 en el gen hrcC (que codifica un elemento estructural de la jeringa del T3SS) de la
cepa de Psv ITM 317, es incapaz de inducir la HR en plantas de tabaco y de formar tumores en
plantas de olivo lignificadas (Sisto et al., 1999; Sisto et al., 2004). Comportamientos similares, se
han observado en inoculaciones de plantas de olivo lignificadas con los mutantes de la cepa
NCPPB 3335 afectados en los genes hrpA (Psv T3) o hrpR (Psv FAM-117) (Pérez-Martinez et al.,
2010; Matas et al., 2012). Estudios de microscopia de epifluorescencia de los tumores generados
en plantas de olivo cultivadas in vitro por las cepas Psv T3 y Psv FAM-117, marcadas con GFP,
revelaron que las células mutantes no colonizan el tejido tumoral, quedando limitadas al punto de
inoculacién. En consecuencia, ambas cepas mutantes presentan una reduccion de la virulencia en
plantas de olivo y no son capaces de multiplicarse en el tejido vegetal (Pérez-Martinez et al.,
2010; Matas et al., 2012).

3.1. El sistema de secrecion tipo 111y las respuestas de defensa de las plantas

Las cepas de P. syringae pueden suprimir la defensa basal que se induce en plantas sensibles
tras el reconocimiento especifico de los “patrones moleculares conservados” en las bacterias
potencialmente patdgenas, como la flagelina o el factor Tu de elongacién (Tu-E). Este conjunto de
moléculas se denomina genéricamente como PAMP o MAMP (del inglés, Pathogen- or
Microbial-associated Molecular Patterns). De otro lado, las células vegetales poseen receptores
transmembrana denominados PRR (del inglés, Pattern Recognition Receptor) dirigidos al
reconocimiento de los PAMP (Zipfel, 2008). Tras el reconocimiento, se pone en marcha una
cascada de transduccion de sefiales que desencadena en la activacion de genes de defensa, la
produccion de estrés oxidativo y el reforzamiento de la pared celular mediante la deposicion de
calosa. Este mecanismo de defensa, conocido como PTI (del inglés, Pattern-Triggered Immunity),
tiene como objetivo detener la progresion del patégeno (Schwessinger and Zipfel, 2008) (Jones
and Dangl, 2006). Para poder evadir la respuesta de defensa de la planta hospedadora, P. syringae

dispone de una coleccion de T3E que inhiben la PTI. Estos T3E pueden interferir bien en el

43



Introduccién General

reconocimiento de los PAMP por los PRR, en la transduccion de sefiales o en el trafico de
vesiculas inducido tras el reconocimiento de los PAMP. Todos estos mecanismos de sefializacion
son necesario para inducir la respuesta de defensa tipo PTI y su inhibicion tiene como resultado
una ETS (del inglés, Effector-Triggered Susceptibility) (Jones and Dangl, 2006; Feng and Zhou,
2012) (Figura 5).
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Figura 5. Esquema de las respuestas de defensa de la planta frente a patégenos. Modelo en zig-zag
adaptado de Jones and Dangl, 2006.

Por otro lado, la planta es capaz de reconocer de forma directa la presencia de los T3E
mediante las proteinas R, o indirectamnente la funcién de los mismos, desencadenando una
respuesta de defensa denominada ETI (del inglés, Effector-Triggered Immunity) (Chisholm et al.,
2006; Jones and Dangl, 2006). Este reconocimiento desencadena una respuesta de defensa mas
rapida e intensa que la PTI, y tiene como consecuencia la induccién de una HR en la zona de
infeccion (Jones and Dangl, 2006). Sin embargo, este nivel de defensa también puede ser
superado por la actividad de otros T3E capaces de interferir en el reconocimiento gen a gen
(proteina R-T3E) o bien en la transduccion de sefiales producida después del reconocimiento,
inhibiendo de este modo la respuesta ETI y dando lugar a una nueva ETS. La Figura 5 representa
el resultado “cuantitativo” de la inmunidad vegetal propuesto por Jones y Dangl en 2006 y

denominado modelo Zig-Zag.

44



Introduccién General

La continua interaccion entre patégenos y huéspedes ha tenido como consecuencia que plantas
y patégenos co-evolucionen. Entre las estrategias empleadas para la evolucién del patégeno estan:
(i) la adquisicion o pérdida de T3E por transferencia horizontal (Kim and Alfano, 2002; Arnold et
al., 2003), y (ii) la patoadaptacion. Esto ultimo, consiste en la generacion de pequefias
modificaciones en los T3E existentes, produciendo asi un incremento de la virulencia del
patdgeno (Sokurenko et al., 1999; Sokurenko et al., 2004). Un ejemplo de patoadaptacion en P.
syringae, es el T3E hopZl. Actualmente, se han encontrado tres formas funcionales y dos
degeneradas por mutaciones patoadaptativas de este T3E (Ma et al., 2006). Por tanto, el resultado
de la interaccion planta-patdgeno dependera de la co-evolucidn del conjunto de T3E y proteinas R

gue estén implicados en dicha interaccion.

3.2. Efectores del sistema de secrecion tipo 111

Los T3E son importantes en distintas fases de la interaccion patdgeno-hospedador porque: (i)
promueven la penetracion y permanencia del patégeno en el tejido del hospedador, (ii) suprimen
la respuesta de defensa de la planta y (iii) facilitan el acceso a los nutrientes, proliferacion y
crecimiento del patdgeno (Gohre and Robatzek, 2008). Actualmente, todos los T3E se conocen
como Hop (del inglés, Hrp outer proteins), salvo algunas familias de efectores que se conocen
como proteinas de avirulencia (Avr) (por ejemplo AvrE), aunque también hay otras proteinas a las
gue se le han atribuido ambas designaciones (HopAB2/AvrPtoB) (Lindeberg et al., 2012). Los
genes avr/hop pueden ser de localizacion cromosémica o plasmidica, aunque todos ellos
comparten sefiales especificas en la region N-terminal de las proteinas que codifican, que les
permiten translocarse a través del T3SS (Arnold et al., 2009), asi como una secuencia promotora,
denominadas Hrp-box (Figura 6), que responde al control del factor de transcripcién HrpL (Xiao
etal., 1994).
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Figura 6. Secuencia consenso de los dominios Hrp-box. Esquema adaptado de Fouts et al., 2002 y Ferreira
et al., 2006.

Actualmente, se dispone del catalogo de T3E hipotéticos codificados en los genomas de las, al
menos, 35 P. syringae secuenciadas (Ver Table 1 en Supplementary Material). Los T3E

identificados hasta la fecha en el pangenoma de P. syringae se agrupan en aproximadamente 60
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familias génicas (http://www.pseudomonassyringae.org/) (Baltrus et al., 2011; Lindeberg et al.,

2012). Aungue la funcion concreta de la mayoria de los T3E en la interferencia con los
mecanismos de defensa de la planta es aln desconocida, se ha propuesto que el repertorio de T3E
presentes en las bacterias fitopatdgenas es uno de los factores mas relevantes en la determinacion

de su rango de huésped (Baltrus et al., 2011).

3.2.1. Efectores del sistema de secrecion tipo 111 en P. savastanoi pv. savastanoi NCPPB
3335

El analisis bioinformatico del borrador del genoma de Psv NCPPB 3335 identificd inicialmente
30 T3E candidatos del T3SS, 19 de los cuales presentan un 65 % de identidad con T3E descritos
previamente en otros patovares del complejo P. syringae. Ademas, y utilizando programas
bioinformaticos dirigidos a la identificacién de secuencias sefiales en el extremo N-terminal
implicadas en el transporte de los T3E, asi como la existencia de secuencias Hrp-box en las
regiones promotoras de los genes anotados en este genoma, se identificaron 11 genes candidatos
mas no homdlogos a ningin T3E descrito previamente, siendo 3 de ellos exclusivos de NCPPB
3335 (Rodriguez-Palenzuela et al., 2010). Revisiones posteriores de la secuencia del genoma de
NCPPB 3335, permitieron descartar tres de estos 11 T3E no homdlogos a otros T3E e identificar
seis nuevos T3E candidatos (hopAT1", hopAZ1, hopF4, avrPtol, hopBL1 y hopBL2) (Ramos et al.,
2012; Matas et al., 2014). El repertorio de T3E de esta cepa, qued6 asi constituido por 33
candidatos (Tabla 1). Ademas, se determind que NCPPB 3335, al igual que otras P. syringae,
codifica variantes truncadas (o pseudogenes) de los T3E hopAAl y hopAZ1l (Figura 7). Por otro
lado, la secuenciacion de los tres plasmidos de NCPPB 3335, confirmé que dos de los 33 T3E
candidatos son de codificaciéon plasmidica: hopAF1 (pPsv48A) y hopAOl (pPsv48B) (Perez-
Martinez et al., 2008; Bardaji et al., 2011).

Tabla 1. Efectores del sistema de secrecién tipo Il identificados en P. savastanoi pv. savastanoi
NCPPB 3335.

ID-ASAP Locus tag® Pfam”  Nombre®® Referencias
AER-0005350 PSA3335_1360 PF11725 AvrEl (Ramos et al., 2012)
AER-0005727 PSA3335_5082 PF11592 AvrPtol (Ramos et al., 2012)
AER-0005728 PSA3335 5091 @ ----- AvrRpm2  (Ramos et al., 2012)
AER-0002657 PSA3335_ 5065 ----- HopAl (Ramos et al., 2012)
AER-0000274 na. - HopAA1l (Ramos et al., 2012)
AER-0004725 PSA3335_2333 PF09046 HopAB1 (Rodriguez-Palenzuela et al., 2010)
AER-0000741 PSA3335_4315 PF15457 HopAE1l (Rodriguez-Palenzuela et al., 2010)
AER-0000968 PSA3335_1469 - HopAF1 (Ramos et al., 2012)
AER-0003643 PSA3335 1477 --—--- HopAF1-2*  (Rodriguez-Palenzuela et al., 2010)
AER-0001776 PSA3335_2927 PF00150 HopAH2 (Rodriguez-Palenzuela et al., 2010)
AER-0000610 PSA3335_0875 PF14566 HopAO1*  (Rodriguez-Palenzuela et al., 2010)
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Tabla 1. Efectores del sistema de secrecion tipo Il identificados en P. savastanoi pv. savastanoi

NCPPB 3335 (continuacion).

ID-ASAP Locus tag® Pfam®  Nombre®® Referencias

AER-0005024 PSA3335 4684 --—--- HopAS1 (Rodriguez-Palenzuela et al., 2010)
AER-0005726 PSA3335_5084 --—-- HopAT1' (Ramos et al., 2012)
AER-0000625 PSA3335_5031 PF10791 HopAUl (Rodriguez-Palenzuela et al., 2010)
AER-0001017 PSA3335 1783 --—-- HopAZ1°  (Ramos et al., 2012)
AER-0000696 PSA3335_2068 PF13974 HopBK1 (Matas et al., 2014)

AER-0000509 PSA3335_0157 PF02902 HopBL1 (Matas et al., 2014)

AER-0003844 PSA3335_4544 PF02902 HopBL2 (Matas et al., 2014)

AER-0004681 PSA3335 4805 ----- HopD1 (Rodriguez-Palenzuela et al., 2010)
AER-0000629 PSA3335 0852 --—--- HopG1 (Rodriguez-Palenzuela et al., 2010)
AER-0000168 PSA3335_4509 PF00226 Hopll (Rodriguez-Palenzuela et al., 2010)
AER-0005351 PSA3335 1358 - HopM1’ (Rodriguez-Palenzuela et al., 2010)
AER-0004680 PSA3335_4804 PF01156 HopQl (Rodriguez-Palenzuela et al., 2010)
AER-0004685 PSA3335 4809 @ ----- HopR1 (Rodriguez-Palenzuela et al., 2010)
AER-0003015 PSA3335_2327 PF13485 HopV1 (Rodriguez-Palenzuela et al., 2010)
AER-0003833 PSA3335 5066 @ ---- HopW1’ (Rodriguez-Palenzuela et al., 2010)
AER-0000344 PSA3335 5061 @ ----- HP0344 (Rodriguez-Palenzuela et al., 2010)
AER-0000393 PSA3335 1416 ----- HP0393 (Rodriguez-Palenzuela et al., 2010)
AER-0001113 PSA3335 0894 PFO7090 HP1113 (Rodriguez-Palenzuela et al., 2010)
AER-0001936 PSA3335_3242 None HP3242 (Rodriguez-Palenzuela et al., 2010)
AER-0002597 PSA3335_0106 PF15184 HP2597 (Rodriguez-Palenzuela et al., 2010)
AER-0002714 PSA3335_2804 PF01565 HP2714 (Rodriguez-Palenzuela et al., 2010)
AER-0003934 PSA3335 1247 - HP3934 (Rodriguez-Palenzuela et al., 2010)

%na, no anotado; °NiUmero de acceso de cada familia proteica en la base de datos pfam (http://pfam.xfam.org/);
Sombreado en gris aparecen los efectores cuya translocacion fue analizada en Matas et al., 2014; “Nombres en negrita
indican aquellos efectores cuya translocacion se ha demostrado (Matas et al., 2014) “,pseudogenes hipotéticos; *, genes de
codificacion plasmidica.

Recientemente, se han llevado a cabo ensayos de translocacion a través del T3SS de Psv NCPPB
3335 de 12 de los 33 T3E candidatos codificados en el genoma de esta cepa. Tres de ellos
(AvrRpm2, HopAA1, HopAZ1), son homologos a proteinas de P. syringae cuya translocacion en
planta no habia sido demostrada previamente. Ademas, se seleccionaron otros 8 candidatos que no
tienen un homdlogo en el genoma de la cepa filogenéticamente cercana a Psv, P. syringae pv.
phaseolicola 1448A, incluyendo HopAl, y AER-0003934, un T3E candidato que muestra un
homdlogo en Pph 1448A. Los resultados demostraron la translocacién a través del T3SS de NCPPB
3335 de 7 de los 12 candidatos seleccionados (AvrRpm2, HopAl, HopAAl, HopAZ1, HopBK1,
HopBL1 y HopBL2). Por otra parte, estudios filogenéticos llevados a cabo con la secuencia de tres
de estos siete efectores (HopBL1, HopBL2 y HopBK1), anotados en ese momento en los genomas
de NCPPB 3335 y otras cepas del complejo P. syringae como proteinas hipotéticas, revelaron su
pertenencia a 2 nuevas familias del T3E de este grupo de bacterias, HopBL y HopBK (Figura 8A'y
8B). Adicionalmente, el andlisis de dominios proteicos en estos 3 T3E revel6 que HopBL1 y

HopBL2 contienen el domino Pfam (http://pfam.xfam.org/) PF02902, correspondiente a la familia
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de proteasas de SUMO (del inglés, small ubiquitin-like modifier) Ulp. HopBK1, HopBL1 y
HopBL2 se codifican en la mayoria de las cepas de P. savastanoi pv. savastanoi y pv. nerii y en
nimero reducido de otras cepas de P. syringae (Figura 8B). Ademas, de entre los genomas
secuenciados hasta la fecha, HopBL1 y HopBL2 solamente se han detectado en cepas de P.
syringae patdgenas de plantas lefiosas, o que sugiere un papel relevante de los mismos en la

interaccién de P. syringae y P. savastanoi con plantas lefiosas (Matas et al., 2014).
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Figura 7. Mapa esquematico de los alelos de HopAAl y HopAZ1 pertenecientes a distintos patovares del
complejo Pseudomonas syringae. aa, residuos de aminoacidos codificados por cada gen. Abreviaturas de
las cepas utilizadas en la construccién del esquema de HopAAL: Pac, pv. aceris MAFF 302273; Pan, pv.
actinidiae MAFF 302091', ICMP 18884 (HopAA1-1)>, ICMP 18884 (HopAA1-2)% Pav, pv. avellanae
BPIC 631 (HopAA1-1)" o BPIC 631 (HopAA1-2)% Pcal, pv. alisalensis ES4326; Pja, pv. japonica MAFF
301072; Pla, pv. lachrymans MAFF 301315' o MAFF 3022782 Ppi, pv. pisi 1704B; Por, pv. orizae 1_6;
Psy, pv. syringae 642; Pto, pv. tomato DC3000 (HopAA1-1)', DC3000 (HopAA1-1)%, K40° Max13*,
NCPPB 1108 y T1°% Ptt, pv. aptata DSM 50252; Pph, pv. phaseolicola 1448A; Psv, pv. savastanoi NCPPB
3335. Y en la construccion del esquema de HopAZ1: Pae, pv. aesculi 0893-23 (NCPPB 3681)' y 2250 Pta,
pv. tabaci; Pla, pv. lachrymans MAFF 301315; Pcal, pv. alisalensis ES4326; Pan, pv. actinidae MAFF
302091; Pgy, pv. glycinea race4; Pmo, pv. mori MAFF 301020; Ptt, pv. aptata DSM 50252; Psy, pv.
syringae FF5 y Psv, pv. savastanoi NCPPB 3335.
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Figura 8. Distribucion y filogenia de HopBK1, HopBL1 and HopBL2 entre patovares del complejo
Pseudomonas syringae. Arbol filogenético realizado con las secuencias de proteinas de las cepas del
complejo P. syringae de los efectores HopBK1 (A), HopBL1 and HopBL2 (B). HopBK1 esta presente en P.
syringae pv. actinidiae, conteniendo dos alelos con un 94 % identidad. Los porcentajes en los nodos y
distancias evolutivas se indican en unidades de sustitucion de aminodacidos por sitio. C, Distribucion de los
efectores hopBK1, hopBL1 y hopBL2 de P. savastanoi pv. savastanoi NCPPB 3335 en una coleccién de
cepas del complejo P. syringae aisladas de plantas lefiosas y herbéceas. Los cuadrados negros y blancos
representan la presencia o ausencia, respectivamente, de sefial de hibridacién con cada efector analizado. *,
25 cepas de P. savastanoi pv. savastanoi: B15.00; C2.01; C3.01; CFBP 2074; DAPP-PG722; IMC-2; ITM
317; IVIA 1628-3; IVIA 1629-1a; IVIA 1637-3; IVIA 1637-B3; IVIA 1649-1; IVIA 1651-C15; IVIA 1657-
A2; IVIA 1657-B8; IVIA 2733-1a; IVIA 2743-3; NCPPB 64; NCPPB 1342; NCPPB 1344; NCPPB 3335;
PVFi-1. %, 6 cepas de P. savastanoi pv. savastanoi: CFBP 71; CFBP 1670; CFBP 1746; IMC-1; IVIA 1624-
1b, NCPPB 1479.

Por tanto, aunque el repertorio de T3E candidatos del T3SS de Psv NCPPB 3335 es conocido,
aun no se ha descrito la translocacion in planta de todos ellos. Ademas, y tal y como ocurre en
otras especies de bacterias fitopatdgenas, la funcion de estos T3E durante el proceso de infeccion
y su papel en la interferencia con los mecanismos de defensa de la planta es ain un &rea poco
explorada.

49



o
Lo

VOVIVW 30
avalisy3AINN

ealyfjualY uoloebInAIg

K sauoioealgng ~
ew ‘



OBJETIVOS



VOVIVW 30
avalisy3AINN

eayual ugloebinAIg

K sauoioealgng ~
ew »



Objetivos

Los efectores (T3E) del sistema de secrecion tipo Il (T3SS) son esenciales para el
establecimiento de las enfermedades producidas por bacterias fitopatdgenas en huéspedes
compatibles. Durante los Ultimos afios, se han producido grandes avances en el conocimiento del
papel de los T3E del complejo Pseudomonas syringae durante la interaccion con plantas
herbaceas. Recientemente, Pseudomonas savastanoi pv. savastanoi NCPPB 3335 se ha
establecido como una cepa modelo en el estudio de la interaccion de este complejo bacteriano con
plantas lefiosas (Ramos et al., 2012). El analisis bioinformatico del borrador de la secuencia de
nucleotidos del genoma de NCPPB 3335 identifico 33 posibles T3E (Rodriguez-Palenzuela et al.,
2010; Ramos et al., 2012), cuya translocacion a través del T3SS se ha demostrado para 7 de ellos
(Matas et al., 2014). Por otro lado, la secuenciacion de los tres plasmidos de esta cepa revelé que
los genes codificantes de los T3E HopAF1 y HopAOL se localizan en los plasmidos pPsv48A y
pPsv48B, respectivamente, codificandose en el cromosoma un homdlogo de HopAF1 (HopAF1-
2). El objetivo principal de esta Tesis Doctoral ha sido el anélisis funcional de efectores del
sistema de secrecion tipo 111 de NCPPB 3335, prestando mayor atencién a los T3E de las
familias HopAF y HopAO. Para ello se han llevado a cabo los siguientes objetivos especificos:

1- Estudiar la distribucion de los efectores de las familias HopAF y HopAO en los patovares
de P. savastanoi y P. syringae.

2- Analizar la translocacién a través del sistema de secrecion tipo Ill de P. savastanoi pv.
savastanoi NCPPB 3335 de los efectores de las familias HopAF y HopAO.

3- Analizar la interaccién con los sistemas de defensa de la planta de los siete efectores de P.
savastanoi pv. savastanoi NCPPB 3335 cuya translocacion a través del sistema de
secrecion tipo Il ha sido demostrada, asi como de los pertenecientes a las familias
HopAF y HopAO codificados en el genoma de esta cepa.

4-  Analizar el papel en virulencia de los efectores de las familias HopAF y HopAO de P.
savastanoi pv. savastanoi NCPPB 3335.
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General Material and Methods

The general material and methods used in the three different chapters of this PhD Thesis have
been described in this section. Specific material and methods are included within each of the
different chapters.

1. Bacterial strains, plasmids and growth conditions

The common strains and plasmids used in this study are described in Table 1 and Table2,
respectively. The specific plasmids constructed appear in each corresponding chapter. Bacteria
were grown at 37 °C (Escherichia coli) or 28 °C (Pseudomonas savastanoi pv. savastanoi NCPPB
3335 and Pseudomonas syringae pv. tomato DC3000D28E) with aeration in Luria-Bertani (LB)
medium (Miller, 1972) or Super Optimal Broth (SOB) medium (2 % bactotriptone, 0.5 % yeast
extract, 10 mM NaCl, 2.5 mM KCI, adjust pH to 7.0 with NaOH, autoclave to sterilize, and add
20 mM of MgCl, (before use)) (Hanahan, 1983). Solid and liquid media were supplemented, when
required, with the appropriate antibiotics (Table 3).

Table 1. Strains used in this Thesis.

Strains® Relevant characteristics References
E. coli
DH5a F -, ¢80dlacZz M15, (lacZYA-argF) U169, deoR, (Hanahan, 1983)

recAl, endA, hsdR17 (rk - mk -), phoA, supE44, thi-
1, gyrA96, relAl.

XL1 Blue hsdR17, supE44, recAl, endAl, gyrA46, thi, relAl, (Bullock etal., 1987)
lac/ F' [proAB™, lacl?, lacZ M15::Tn10 (Tc")]
GM2929 F -, ara-14, leuB6, thi-1, tonA31, lacYl, tsx-78, (Palmer and Marinus,

galK2, galT22, gInV44, hisG4, rpsL136, xyl-5,mtl-1, 1994)
dam13::Tn9, dcm-6, mcrB1, hsdR2, mcrA, recF143.

(Sp Ccm®).
Agrobacterium
A. tumefaciens Carries Vir plasmid encoding T-DNA transfer American Type
GV3101 (pMP90) machinery, Rif%, Cm~. Culture  Collection
33970
Pseudomonas
P. fluorescens 55 Containing 25 kb P. syringae pv. syringae 61 (Jamir etal., 2004)
[pLN18] (Pf) hrc/hrp cluster with shcA and hopPsyA replaced by
an nptll cassette (Km®) .
P. savastanoi pv. nerii (Psn)
2 Isolated from oleander (Matas et al., 2009)
519 Isolated from oleander (Surico et al., 1985)
P. savastanoi pv. savastanoi (Psv)
NCPPB 3335 Wild-type strain isolated from olive (Pérez-Martinez et
al., 2007)
Psv-T3 Type 111 secretion mutant (Km) (Pérez-Martinez et
al., 2010)
NCPPB 3335 AhrpL  hrpL mutant derived from NCPPB 3335 (Km®) (Matas IM et al,
2014)
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Table 1. Strains used in this Thesis (continued).

Strains®

Relevant characteristics

References

P. savastanoi pv. savastanoi (Psv)

DAPP-PGT722
PVFi-1

IMC-1

IMC-2

CFBP 1670
CFBP2074
CFBP 71
IVIA 1628-3
IVIA 1629-1a
IVIA 1624-1b
IVIA 1637-a
IVIA 1637-B3
IVIA 1649-1
IVIA 1651-C15
IVIA 1657-A2
IVIA 1657-B8
NCPPB 2327
NCPPB 1342
NCPPB 1344
NCPPB 1479
NCPPB 1506
NCPPB 64.
CFBP 1020
C2.01

B15.00,
Cl1.01

C3.01
IVIA2733-1a

IVIA 2743-3
ITM317

Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive
Isolated from olive

Isolated from olive

Isolated from olive

Isolated from olive

Isolated from olive

Isolated from olive
Isolated from olive

P. syringae pv. actinidiae (Pan)

KACC10594

Isolated from kiwi

P. syringae pv. dendropanacis (Pde)

CFBP 3226

Isolated from Dendropanax

P. syringae pv. eriobotryae (Per)

CFBP 2343

Isolated from loquat

P. syringae pv. glycinea (Pgy)

NCPPB 1139
PG4180

Isolated from Glycine javanica

Isolated from soybean

P. syringae pv. lachrymans (Pla)

CFBP 1644

Isolated from cucumber

P. syringae pv. maculicola (Pma)

CFBP1657

Isolated from cauliflower

(Hosni et al., 2011)

(lacobellis et al., 1993)
(Matas et al., 2009)

(Matas et al., 2009)

(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)
(Penyalver et al., 2000)

(Pérez-Martinez et
2007)
(Pérez-Martinez et
2008)
(Pérez-Martinez et
2008)
(Pérez-Martinez et
2008)

(Quesada et al., 2008)
(Quesada et al., 2008)
(Surico et al., 1985)
(Rees-George et al., 201
(Gardan et al., 1999)

(Gardan et al., 1999)

(Yamamoto et al., 2000)
(Mitchell, 1978)

(Gardan et al., 1999)

(Gardan et al., 1999)

al.,
al.,
al.,

al.,

0)
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Table 1. Strains used in this Thesis (continued).

Strains? Relevant characteristics References
P. syringae pv. morsprunorum (Pmp)
CFBP 2116 Isolated from tart cherry (Gardan et al., 1999)
P. syringae pv. myricae (Pmy)
CFBP 2897 Isolated from red bayberry (Gardan et al., 1999)
P. syringae pv. phaseolicola (Pph)
1448A Isolated from bean (Teverson, 1991)
1449B Isolated from Lablab purpureus (Taylor et al., 1996)
P. syringae pv. sesami (Pse)
CFBP 1671 Isolated from sesame (Gardan et al., 1999)
P. syringae pv. syringae (Psy)
B728a Isolated from bean (Loper and Lindow, 1987)
FF5 Isolated from ornamental pear (Sundin and Bender, 1993)
P. syringae pv. tabaci (Pta)
ATCC 11528 Isolated from tobacco (Studholme et al., 2009)
P. syringae pv. tomato (Pto)
PT23 Isolated from tomato (Bender and Cooksey,
1986)
DC3000 Isolated from tomato (Cuppels, 1986)
DC3000D28E AhopUl-hopF2 AhopCIl-hopHL1::FRT AdhopDI- (Cunnac et al., 2011)

hopR1::FRT AavrE-sheN AhopAAI-2-
hopG1::FRT Ahopll AhopAMI-1
AhopAF1::FRT AavrPtoB AavrPto AhopKlI
AhopBl1 AhopEl AhopAl::FRT hopY1l::FRT
pDC3000A— pDC3000B— (Sp™)

iCmR, KmR, SpR, Rif, and Tc¥ indicate resistance to chloramphenicol, kanamycin, spectinomycin, rifampicin and

tetracycline, respectively.

Table 2. Plasmids used in this Thesis.

Name

Description?

References

pGEM-T easy

pGEM-T- KmFRT-
EcoRlI

pGEM-T- KmFRT-
BamHI

pENTR/SD/D TOPO

pCPP3234

pPCPP5040

pGWB5

Cloning vector containing ori f1 and lacZ (AmpF)

Contains Km® from pKD4 (Amp® KmF)
Contains Km® from pKD4 (AmpR Km®)
Entry vector for Gateway cloning (Km®, Cm®)

pVLT35::Gateway cassette-cya fusion, broad-host-range
vector containing tac promoter and lacl® (Sp®, Str®,

cmF)

pML123::Gateway cassette, broad-host-range vector
allowing for constitutive expression of inserts fused to a
C-terminal HA tag from the nptll promoter (Gm®, Cm®)
35S promoter, C-sGFP (35S promoter-R1-CmR-ccdB-
R2-sGFP), Km®, Hg®

(Promega, USA)

(Zumaquero et al.,
2010)

(Zumaquero et al.,
2010)

(Invitrogen Corp.;
California, USA)

(Schechter et al.,
2004)

(Lopez-Solanilla et
al., 2004)

Invitrogen

aApR, CmR, KmR, SpR, St and HgR, indicate resistance to ampicillin, chloramphenicol, kanamycin, spectinomycin,
streptomycin and higromycin, respectively. cya, catalytic domain of Bordetella pertusis adenilate cyclase; HA tag,
influenza hemagglutinin (HA) peptide YPYDVPDYA.
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Table 3. Concentration (ug/ml) of selective and differentiating agents used in this Thesis.

Compounds E. coli strain Pseudomonas
strains

Ampicillin (Ap) 100 300
Kanamicyn (Km) 7
Gentamicin (Gm) 10 10
Spectomycin (Sp) 50
Nitrofurantoine (Nf) -—- 25
Tetracycline (Tc) 10 10
X-Gal 40 40

2. Nucleic acids techniques.

2.1 RNA extraction and quantitative RT-PCR assays

Pure cultures of the wild-type P. savastanoi pv. savastanoi NCPPB 3335 and its AhrpL mutant
were grown overnight in KB medium at 28 °C. The cells were diluted in fresh KB medium and
incubated with shaking at 28 °C to an ODgq of 0.5. The sample was split into two. One half was
pelleted, and freezed (for non-inducing condition) and the other half was pelleted, washed twice
with 10 mM MgCl, and resuspended in the same volume of Hrp-inducing medium (Huynh et al.,
1989) supplemented with 5 mM mannitol and 0.0006 % ferric citrate (Roine et al., 1997
Sambrook and Russell, 2001). After 6 h of incubation, the cells were pelleted and processed for
RNA isolation using TriPure Isolation Reagent (Roche Applied Science, Mannheim, Germany)
according to the manufacturer’s instructions, except that the TriPure was preheated at 65 °C, the
lysis step was performed at 65 °C, and BCP (Molecular Research Center, Cincinnati, Ohio, USA)
was used instead of chloroform. Total RNA was treated with the RNAeasy kit (QIAGEN) as
detailed by the manufacturer. The RNA concentration was determined spectrophotometrically,
and its integrity was assessed by agarose gel electrophoresis. DNA-free total RNA was
retrotranscribed to cDNA using the cDNA Reverse Transcription kit (Applied Biosystems, Foster
City, CA, US.A) and random hexamers. The primer efficiency tests, qRT-PCRs and
confirmation of the specificity of the amplification reactions were performed as described
previously (Vargas et al., 2011). The relative transcript abundance was calculated using the AA
cycle-threshold (Ct) method (Livak and Schmittgen, 2001). Transcriptional data were normalized
to the housekeeping gene gyrA using the Roche LightCycler 480 Software and are presented as
the fold change in expression compared to the expression of each gene in the wild-type strain. The
relative expression ratio was calculated as the difference in quantitative PCR threshold cycles
(ACt = Ctgene of interest — CtgyrA). One PCR cycle represents a two fold difference in template

abundance; therefore, fold-change values were calculated as 2" as previously described (Pfaffl,
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2001; Rotenberg et al., 2006). Quantitative real-time PCRs (QRT-PCRs) were performed in
triplicate.

2.2 DNA extraction and purification

Basic DNA and molecular techniques were performed following standard methods (Sambrook
and Russell, 2001). Genomic DNA was extracted using the Jet Flex Extraction Kit (Genomed,;
Lohne, Germany). Plasmid DNA for cloning purposes was extracted using GenElute™ Plasmid
Minsiprep Kit (Sigma-Aldrich, USA).

Routine plasmid clone analysis was carried out by a boiling based plasmid extraction that
followed the method described previously (Holmes and Quigley, 1981), with some modifications.
Cells from a 1.5 ml of an overnight (o/n) grown culture were centrifuged and resuspended into
110 pl of STETL (8 % sucrose, Triton X-100, 50 mM Tris pH 8, 50 mM EDTA, 0.5 mg/mi
lisozyme). After boiling during 30 seconds, cells were centrifuged 15 minutes (min) in a
microcentrifuge at maximum speed. The pellet was removed with a sterile toothpick, which was
previously dipped into a 10 mg/ml RNAase solution. Following addition of 110 ul of isopropanol,
cells were centrifuged 15 min as described above. The precipitate was air dried and resuspended
into 25 pl of distilled water.

DNA gel-purification was carried out using GFX™ PCR DNA and Gel Band Purification Kit
(GE Healthcare, UK).

2.3 DNA hybridization

DNA hybridization was performed following standard methods (Sambrook and Russell, 2001),
using DIG-Nucleic Acid Detection kit (Roche; Mannheim, Germany), following the instructions
provided by the manufacturer. DNA was transferred onto a nylon membrane by upward capillary
transfer, and cross-linked by UV irradiation. Prehybridization and hybridization stages were
carried out at 65 °C. DNA probe was labeled by PCR reaction with chemiluminiscent digoxigenin-
dNTPs using DIG Labelling Mix (Roche; Mannheim, Germany). The primers used to generate

DNA probes are presented in specific tables within the different chapters.

2.4 Colony blots

To fix total DNA from the colonies, overnight cultures of Pseudomonas strains grown on LB

microtiter plates were transferred onto nylon membranes placed on LB agar plates using a 48-pin
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replicator (Sigma-Aldrich, Inc., St. Louis, MO, U.S.A.). Total DNA from the bacterial colonies
was denatured on the membranes by alkaline lysis by placing a Whatman 3 MM paper soaked in
denaturing solution (0.4 M NaOH) for 15 min on top of the colonies. The membranes were
neutralized twice for 15 min in 1 M NaCl and 0.5 M tris, pH 7.2, then washed twice for 10 min in
2X SSC (1x SSC is 0.15 M NaCl plus 0.015 m sodium citrate). Finally, the DNA was cross-linked
by UV fixation (Vilber Lourmat, Eberhardzell, Germany). DNA probes were amplified and
labeled by PCR using primers and digoxigenin (DIG)-dNTPs from the Dig Labelling Mix kit
(Roche Applied Science, Mannheim, Germany) and the appropriate DNA template. Hybridization
was performed at 65 °C using the DIG Nucleic Acid Detection Kit (Roche Applied Science,

Mannheim, Germany) following the manufacturer's instructions.

2.5 DNA restriction, polymerization, and ligation procedures

Endonucleases from Takara corp. (Kaohsiung 802, Taiwan) were used according to the
instructions provided by the manufacturer.

Go-Tag®DNA polymerase (Promega Cor.; Madison, EEUU) or Expand High Fidelity (Roche;
Mannheim, Germany) was used as appropriate.

DNA ligation was performed using T4 DNA ligase (Takara biocorp; Kaohsiung 802, Taiwan).
The concentration of the insert was calculated following the formula: [(100 ng of insert) (bps of

insert)]/ bps of vector. Fragments were combined in 1:3 ratio of vector and insert.

2.6 DNA sequencing

The sequencing of DNA fragments or plasmids purified were carried out by Secugen

(http://www.secugen.es/) or Stabvida (http://www.stabvida.com/).

2.7 Electrophoresis

Conventional agarose gel electrophoresis was used to confirm plasmid purifications, to
visualize plasmids digestions, to prepare DNA fragments for Southern hybridization, to isolate
DNA bands from agarose gels, etc. Agarose (Gellyphor® Euroclone; Siziano, Italy) was dissolved
in Tris/Borate EDTA buffer (TBE) or Tris/Acetate EDTA buffer (TAE) for separated high weight
plasmid from P. savastanoi spp. Syber ® Safe Gel Stain (Invitrogen; Carlsbad, California, USA)
was added to visualize the DNA. Gels (0.8 % - 1.5 % agarose) were casted in a gel tank and
electrophoresis was carried out in a horizontal tank containing TBE or TAE buffer. Gels were

imaged using Image Lab™ software (Bio-Rad Laboratories SA; Madrid, Spain).
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2.8 Transformation of bacterial strains

Plasmid were transformed into E. coli strains by heat-stock transformation (Hanahan, 1983).
Therefore, high efficiency competent cells were prepared as described previously (Inoue et al.,
1990). Pure culture of the E. coli strain was grown o/n in 5 mL of SOB medium at 28 °C. The
cells were diluted 1000 times into 200 mL of fresh SOB medium and this fresh culture was grown
with shaking at 22 °C to an ODgg 0f 0.5. After 10 min incubation on ice, cells were centrifuged at
2500 g for 10 min at 4 °C, and resuspended in 80 mL of ice-cold TB buffer (Pipes 10 mM, CaCl,
15 mM, KCI 250 mM, MnCl, 55 mM, pH 6.7, filtrated to sterilize). Cells were incubated 10 more
min on ice, and centrifuged as before. Finally, the pellet resuspended in 20 mL of cold TB buffer
and 1.5 mL of DMSO. Aliquots of 100 ul were kept at -80 °C. The transformation was carried out
mixing 100 pl of competent cells with plasmid DNA or ligation reactions. The mixture was
incubated on ice for 30 min, transferred to 42 °C and incubated for 45 sec (heat shock).
Afterwards, 1 mL of SOB medium was added, and the transformation mixture was incubated with
shaking for 2 h at 37 °C. The cells were pelleted, and plated onto LB medium with the
appropriated antibiotics.

For Pseudomonas spp. an electroporation protocol was carried out according the one described
by (Choi et al., 2006). Briefly, a culture of the receptor strain, grown o/n in SOB medium, was
centrifuged at 2500 g at room temperature during 3 min and resuspended in 300 mM sucrose
solution three times. Competent cells were transformed by electroporation, and incubated in SOB
medium for 2 h (for P. syringae pv. tomato DC3000D28E and P.syringae pv. phaseolicola) or 4 h
(for P. savastanoi pv. savastanoi NCPPB 3335).

3. Construction of bacterial strains and plasmids

PCR products were cloned into the cloning vectors pGEM-T easy (Promega, USA) or
PENTR/SD/TOPO (Invitrogen, California, USA) and sequenced prior to subcloning into the
relevant broad-host-range or suicide vector. Using Gateway Technology, the genes of interest
without a stop codon cloned in an entry vector can be transferred by recombination into a
destination vector, creating an in-frame fusion. These genes were PCR amplified with specific
primer pairs (indicated in each chapter) and cloned into plasmid pENTR/SD/D-TOPO (Invitrogen
Cor., California, USA). DNA sequencing using the universal primers T7 and M13 confirmed the
absence of mutations in the cloned DNA fragments. Expression clones were made by combining
the pENTR plasmids with the desired expression vector and the LR clonase. The recombination
reactions were performed as suggested by the manufacturer (Invitrogen Cor., California, USA).

Three Gateway compatible expression vectors were used: (i) pCPP3234, a derivative of the broad
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host range vector pVLT35 that employs a tac promoter to express inserted genes and generates
hybrid proteins with a C-terminal Cya fusion for T3SS translocation studies (Schechter et al.,
2004); and (ii) pCPP5040, a derivative of the broad-host-range vector pML123 (Labes et al.,
1990), which expresses inserted genes from the nptll promoter and generates protein products
with a C-terminal HA tag for expression in Pseudomonas spp.; (iii) pPGWBS5, which allows for
35S-regulated expression of insert genes and production of proteins with a C-terminal GFP fusion
for expression in A. tumefaciens (Invitrogen)

To construct deletions mutants in P. savastanoi pv. savastanoi NCPPB 3335, DNA fragments
of a 1.2 Kb corresponding to the 5' and 3' flanking regions of the ORF to be deleted, were
amplified by three rounds of PCR using genomic DNA as a template as previously described
(Zumagquero et al., 2010). The resulting product was A/T cloned into pGEM-T-easy (Table 2) and
fully sequenced to discard mutations on flanking regions. The resulting plasmid was labeled with
the nptll, Km resistance gene, obtained from pGEM-T-KmFRT-BamHI or pGEM-T-KmFRT-
EcoRI (Table 2). For marker exchange mutagenesis, theses plasmids were transformed by
electroparation into NCPPB 3335 as described previously (Pérez-Martinez et al., 2007).
Transformants were selected on LB medium containing Km, and replica plates of the resulting
colonies were made on LB-Ap plates to determine whether each transconjugant underwent
plasmid integration (Ap®) or allelic exchange (Ap®). Southern blot analyses were carried to
confirm that allelic exchange occurred at a single and correct position within the genome. For
each mutant, two different probes were used, one corresponding to the gene deleted and the

second corresponding to the nptll gene.

4. Phylogenetic analysis

The phylogenetic analyses of proteins were performed using aminoacidic sequences obtained

from the NCBI (http://www.ncbi.nlm.nih.gov/) and the ASAP genome

(http://www.genome.wisc.edu/tools/asap.htm) databases. Multiple alignments of the different

proteins were performed with ClustalW (Larkin et al., 2007), and phylogenetic trees were
obtained using the neighbor-joining method (Saitou and Nei, 1987). The percentage of replicate
trees in which the associated taxa were clustered in the bootstrap test (10,000 replicate) was
shown next to the branches. The phylogenetic analyses were conducted using MEGAS5 (Tamura et
al., 2011).
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5. Translocation assay

Translocation assays were performed as previously described Schechter and collaborators
(2004). This method is based on the construction of fusion proteins between identified T3E and
the calmodulin-dependent Cya reporter domain. Electrocompetent P. savastanoi pv. savastanoi
NCPPB 3335 and NCPPB 3335- T3 cells were transformated with Cya fusions, as previously
described (Choi et al., 2006). Sp® transformants were tested by PCR using a forward primer
designed specifically for each T3E gene (indicated in corresponding chapter) and a reverse primer
annealing to the cya gene (primer Cya-R135). Cya assays were performed in Nicotiana tabacum
var. Newdel plants, as previously described (Schechter et al., 2004). P. savastanoi pv. savastanoi
NCPPB 3335 and NCPPB 3335-T3 transformants carrying plasmids expressing T3E-Cya fusions
were scraped off of the LB plates, washed twice and resuspended to an optical density at 600 nm
(ODggo) Of 0.5 (approximately 10° CFU/mL) in 5 mM morpholinoethanesulfonic acid (pH 5.5) and
100 uM isopropyl-thiogalactopyranoside (IPTG). Cell suspensions were injected into the fully
expanded upper plant leaves using a 1 mL syringe. Leaf disks were collected at 6 h post-
inoculation (hpi) with a 10 mm inner-diameter cork borer, frozen in liquid nitrogen, ground to a
powder and suspended in 250 pl of 0.1 M HCI. The samples were incubated at -20 °C overnight,
and cAMP levels were determined using a 1:100 dilution of the samples and the Correlate-EIA
CAMP immunoassay kit according to the manufacturer’s directions (Assay Designs, Inc.,
Michigan, USA).

The Cya activity of the Cya fusion protein expressed in E. coli XL1Blue from pCPP3234
derivatives were assayed as previously reported (Schechter et al., 2004). Bacterial cells were
grown in 5 mL of LB medium containing 100 uM IPTG to an ODgg, of 0.6 to 0.8. The culture was
centrifuged, and the pellet was washed and resuspended in sonication buffer (20 mM tris-HCI [pH
8.0] and 10 mM MgCl,). The bacteria were sonicated with a microtip for 2 min, and the cellular
debris was pelleted by centrifugation. Cya activity was determined in the presence or absence of
bovine calmodulin (Calbiochem, Farmstadt, Germany) by using 5ul of each lysate (Sory and
Cornelis, 1994).

6. Plant bioassays
6.1 Hypersensitive response and competitive index assays.
The Nicotiana bentamiana and N. tabacum (var. Newdel and var. Xanthi) plants used in this

study were 5-7 and 4-6 weeks old, respectively. The plants were grown with a 16-h light/8-h dark
photoperiod with day/night temperatures of 26 °C/22 °C. Bacterial suspensions in 10 mM MgCl,
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were inoculated into plant leaves using a blunt syringe. Assays with derivatives of P. fluorescens
Pf55 [pLN18] were performed by injecting a bacterial suspension (5x10° CFU/mL) into N.
tabacum var. Xanthi leaves using a blunt syringe. The injected areas were lightly marked on the
back of the leaves. The bacterial inoculum levels differed among experiments. The bacterial levels
in planta were determined by cutting three leaf disks with a boring tool (inner diameter: 10 mm)
and placing the plant material in 1 mL of 10 mM MgCl,. The disks were completely
homogenized, and the resulting suspensions, containing the bacteria, were diluted and plated on
LB-Sp plates (DC3000D28E) or LB-Sp-Gm plates (transformants containing pCPP5040
derivatives). N. tabacum var. Newdel plants were used for the HR assays. The leaves were
infiltrated with bacterial suspensions (10’ and 10® CFU/mL) of P. syringae pv. tomato
DC3000D28E or its derivatives harboring plasmids expressing each of the different P. savastanoi
pv. savastanoi T3E (Table 2). The generated symptoms, scored 48 h after inoculation, were
captured with a high-resolution digital camera (Nikon DXM 1200, Nikon Corporation, Tokyo,
Japan).

For competition assays, the N. benthamiana leaves were inoculated with mixed suspensions
containing equal CFU (approximately 10* CFU/mL) of P. syringae pv. tomato DC3000D28E and
each of its transformants carrying pCPP5040 derivatives expressing P. savastanoi pv. savastanoi
T3E (Table 2). Input and ouput pools, assayed 1 and 6 h after inoculation, respectively, were
plated onto LB-Sp and LB-Sp-Gm to select for DC3000D28E and the transformants with
pCPP5040 derivatives, respectively. A competitive index (CI) was calculated by dividing the
output ratio (CFU transformant : CFU DC3000D28E) by the input ratio (CFU transformant : CFU
DC3000D28E). Competition indices of the transformant strains expressing P. savastanoi pv.
savastanoi T3E versus DC3000D28E were normalized with respect to the Cl obtained for
DC3000D28E (pCPP5040). The Cls presented in each chapter represent the mean of three
replicates demonstrating typical results from three independent experiments. The results were

statistically analyzed using one-way ANOVA followed by post-hoc comparisons using Tukey test.

6. 2 Detection of ROS production and callose deposition

ROS production was observed after DAB staining (Thordal-Christensen et al., 1997) 4 h after
inoculation with P. fluorescens Pf55 [pLN18] derivatives. Bacterial suspensions (10° CFU/mL)
were inoculated into N. tabacum var. Xanthi leaves using a blunt syringe. Small pieces of tobacco
leaves cut from around the injection area were placed into a syringe and stained by vacuum
infiltration of a freshly prepared 1 mg/mL solution of DAB (Sigma-Aldrich D-8001, Sigma-
Aldrich, Inc., St. Louis, MO, U.S.A.) in 8 mM HCI, pH 3.8. Chlorophyll was removed by

submerging the leaves into a solution of ethanol/lactic acid/glycerol [3:1:1 (vol/vol/vol)] at 60 °C

66



General Material and Methods

and stored overnight at room temperature on water-soaked filter paper. At least ten biological
replicates from each specimen were mounted on slides in a 50 % glycerol (vol/vol) solution and
observed with a Nikon Eclipse E800 microscope (Nikon Corporation, Tokyo, Japan) under bright
field. DAB staining produces an intensely brown precipitate at the sites of ROS production, which
were next to the infection zone.

Callose deposition samples were developed 12 h after inoculation and stained as previously
described (Guo et al., 2009). Chlorophyll was removed in 95 % (vol/vol) ethanol from small
pieces of tobacco leaves, which were cut from around the injection area, and staining was
performed in a 0.02 % (wt/vol) solution of aniline blue (Sigma-Aldrich #415049, Sigma-Aldrich,
Inc., St. Louis, MO, U.S.A.) in 150 mM potassium phosphate, pH 9, for 1 h in the dark. At least
ten biological replicates from each specimen were mounted in 50 % (vol/vol) glycerol on glass
slides. Observations were conducted under UV-light excitation using the filter UV-22 (EX 330-
380, DM 400; BA 420) on a Nikon Eclipse E 800 microscope (Nikon Corporation, Tokyo, Japan).

ROS production and callose deposition were quantified as previously described (Rodriguez-
Herva et al., 2012) with slight modifications. Up to four snapshots of each specimen from
equivalent areas surrounding the wound (inoculation zone) were captured with a Nikon DXM1200
camera using the Nikon ACT-1 2.70 software. The same settings and a final magnification of 40X
were applied to all the samples. After calibrating all the images using the scale bar included in
each picture, DAB staining and aniline blue fluorescence were quantified using the program
Visilog 6.3 (Noesis, Les Ulis, France). For this purpose, the characteristic brown color of the DAB
precipitate and the specific blue fluorescence of callose deposition were separated by color
deconvolution using the i_classification command. Then, the stained areas were quantified, and
the results were expressed in mm?®. Five-six images per assay were analyzed, and statistical
analyses were performed using one-way ANOVA followed by post-hoc comparisons using Tukey

test.
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CHAPTERI

Expression and functional analysis of Pseudomonas savastanoi pv.

savastanoi NCPPB 3335 type 111 secretion system effectors

Results presented in this chapter are included in the following publication:

Matas, I.M., Castafieda-Ojeda, M.P., Aragén, I.M., Antlnez-Lamas, M., Murillo, J., Rodriguez-
Palenzuela, P., Lépez-Solanilla, E., and Ramos, C. (2014). Translocation and functional analysis
of Pseudomonas savastanoi pv. savastanoi NCPPB 3335 type Il secretion system effectors
reveals two novel effector families of the Pseudomonas syringae complex. Mol Plant Microbe
Interact 27(5):424-36.
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Chapter |

INTRODUCTION

Type 11 secretion system (T3SS) effectors (T3E) delivered by bacterial pathogens are key
elements for establishing infection. In bacterial plant pathogens, these proteins primarily
interfere with the plant immune system at two main defense layers: pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI)
(Chisholm et al., 2006; Jones and Dangl, 2006). A more detail explanation about the effect
of these defense systems in planta is included in pages 43-44 in the General Introduction
section (See Introduccion General).

As it has been previously described (See Introduccién General), bioinformatics analysis
of the draft genome sequence of P. savastanoi pv. savastanoi NCPPB 3335 have allowed the
identification of 33 putative T3E in the effector repertoire of this pathogen (Rodriguez-
Palenzuela et al., 2010; Bardaji et al., 2011; Matas et al., 2014).

The translocation assays carried out previously in our group with 12 of the 33 putative
T3E, showed that 7 of these T3E candidates are translocated into plant cells through the
NCPPB 3335 T3SS (Matas et al., 2014) (Table 1). This study included three T3E for which
translocation into plant cells has not been demonstrated for any other P. syringae strain
(AvrRpm2, HopAA1l, and HopAZ1); three novel T3E (HopBK1, HopBL1, and HopBL2)
from two new effector families of the P. syringae complex (HopBK and HopBL); and
HopAl whose homolog in P. syringae pv. tomato DC3000 has been shown to be

translocated into Arabidopsis leaves (Chang et al., 2005; Matas et al., 2014).

Table 1. P. savastanoi pv. savastanoi NCPPB 3335 type Il effectors which translocation
has been demonstrated using Cya fusions (Matas et al., 2014).

Homolg
Name Locus tag® Pfam®  Reference translocated Reference
in P. syringae®

AvrRpm2 PSA3335 5091 None (Ramos et al., 2012) nd

HopAl PSA3335 5065 None + (Chang et al., 2005)
HopAA1l na None (Ramos et al., 2012) - (Chang et al., 2005)
HopAZ1 PSA3335 1783 None (Ramos et al., 2012) nd

HopBK1 PSA3335_2068 PF13974 (Rodriguez-Palenzuela nd

et al., 2010)
HopBL1 PSA3335 0157 PF02902 (Matas et al., 2014) nd
HopBL2 PSA3335 4544 PF02902 (Matas et al., 2014) nd

®na, not available’ ®Accession number for the corresponding protein families at the pfam database
(http://pfam.xfam.org/); °nd, not determined.
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Due to the limited information available about the function of T3E proteins in the
interaction of NCPPB 3335-plants, in this chapter, we study the expression dependency on
HrpL and the ability to inhibit plant defense responses of the seven NCPPB 3335 T3E
which translocation into plant cells has been demonstrated.
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MATERIAL AND METHODS

Bacterial strains, plasmids and growth conditions

The strains and the specific plasmid used in this chapter are described in Table 2 and Table 3,
respectively. Pseudomonas and Escherichia coli strains were grown at 28°C and 37°C,
respectively, using Luria-Bertani (LB) medium (Miller, 1972), King's B (KB) medium (King et
al., 1954) or Super Optimal Broth (SOB) medium (Hanahan, 1983). Solid and liquid media were
supplemented, when required, with the following antibiotics (amounts reported in pg/ml) for the
Pseudomonas/E. coli strains: ampicillin (Ap) 300/100, gentamicin (Gm) 10/10 and kanamycin
(Km) 10/50.

Table 2. Bacterial strains used in this study.

Strain Relevant characteristics References
Pseudomonas
P. savastanoi pv. savastanoi (Psv)
NCPPB 3335 Wild-type strain isolated from olive (Perez-Martinez et
al., 2007)
NCPPB 3335-T3 Type 111 secretion mutant (Km) (Perez-Martinez et
al., 2010)
NCPPB 3335AhrpL hrpL mutant derived from NCPPB 3335 (KmR) (Matas et al., 2014)

P. syringae pv. tomato (Pto)
DC3000D28E AhopUl-hopF2 AhopCI-hopH1::FRT AhopD1- (Cunnac et al.,
hopR1::FRT davrE-shcN AhopAA1-2-hopG1l::FRT  2011)
Ahopll AhopAM1-1 AhopAF1::FRT AavrPtoB
AavrPto AhopK1 AhopB1 AhopEl AhopAl::FRT
hopY1::FRT pDC3000A— pDC3000B— (Sp®)

P. fluorescens 55 (Pf55) Containing 25 kb P. syringae pv. syringae 61 (Jamir et al., 2004)
[PLN18] hrc/hrp cluster with shcA and hopPsyA replaced by
an nptll cassette (Km®) .

3CmR, KmR, TcR and GmR indicate resistance to chloramphenicol, kanamycin, tetracycline and gentamicine,
respectively.
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Table 3. Plasmid used in this study.

Plasmid

Relevant characteristics

References

PENTR-avrRpm2
PENTR-hopAl
PENTR-hopAAl

PENTR/D/SD TOPO::
PENTR/D/SD TOPO::
PENTR/D/SD TOPO::

AER-0005728 (KmF)
AER-0002657 (KmF)
AER-0000274 (Km®)

(Matas et al., 2014)
(Matas et al., 2014)
(Matas et al., 2014)

PENTR-hopAZ1 PENTR/D/SD TOPO::AER-0001017 (KmR) (Matas et al., 2014)
PENTR-hopBK1 PENTR/D/SD TOPO::AER-0000696 (KmR) (Matas et al., 2014)
PENTR-hopBL1 PENTR/D/SD TOPO::AER-0000509 (KmF) (Matas et al., 2014)

PENTR- hopBL2

PENTR/D/SD TOPO::

AER-0003844 (KmR)

(Matas et al., 2014)

pCPP5040 expressing AER-0005728-HA tag (Gm®)  This study
pCPP5040 expressing AER-0002657-HA tag (Gm®)  This study
pCPP5040 expressing AER-0000274-HA tag (Gm®)  This study
pCPP5040 expressing AER-0001017-HA tag (Gm®)  This study
pCPP5040 expressing AER-0000696-HA tag (Gm®)  This study
pEXP- hopBL1 pCPP5040 expressing AER-0000509-HA tag (Gm®)  This study
pEXP-hopBK2 pCPP5040 expressing AER-0003844-HA tag (Gm®)  This study
aKm" and Gm® indicate resistance to kanamycin and gentamicine, respectively.

pEXP-avrRpm2
pEXP-hopAl
pPEXP-hopAAL
pEXP-hopAZ1
pEXP- hopBK1

Quantitative RT-PCR assays

gRT-PCR assays were performed as described at General Material and Methods section using

oligonucleotides primers shown in Table 4.

Table 4. Primers used in this study.

Forward primers Reverse primers
Name® Sequence Name® Sequence
avrPto-F295 GACAGGAGAGTCAGGAGTAAACC  favrPto-R430 GAAGTCGTCGTCAGAATCTG
iaaM-F293 GGCCTTTTCCACTACCTGAA iaaM-R501 GCAACTAAAGAACCGCCTTC
hopBK1-F26 GCCGAGAGTGGATCAAGAAG hopBK1-R139 ATCACTCAGTGCGTCGATCA
hopBL1-F1332 TCCAGCTTCGACCTTCAAC hopBL1-R1514  AACGGCAGATTGTCCACAT
hopBL2-F1134  ACAGGGACGAAGGCTTGGA hopBL2-R1241 CGGAGACATGGTGGATGGA

®F and R, forward and reverse primer, respectively. Numbers included after F and R in primers names correspond to the
hybridization position of the 3 end of the primer in the corresponding ORF sequence.

Plant bioassays
The N. bentamiana and N. tabacum (var. Newdel and var. Xanthi) plants used in this study were
inoculated as described at General Material and Methods section with P. fluorescens Pf55

[PLN18] or P. syringae pv. tomato DC3000D28E or its derivatives harboring plasmids expressing

each of the different P. savastanoi pv. savastanoi T3E (Table 3).
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RESULTS

HrpL-dependent expression of novel P. savastanoi T3SS effectors

To unveil the HrpL-dependent expression of the three hypothetical proteins identified as
novel T3E of the P. syringae complex (HopBK1, HopBL1 and HopBL?2), a AhrpL P. savastanoi
pv. savastanoi NCPPB 3335 mutant was used (Matas et al., 2014). The expression of the hopBK1,
hopBL1 and hopBL2 genes was analyzed using quantitative reverse-transcription polymerase
chain reaction (qQRT-PCR) with both the wild type and the NCPPB 3335 AhrpL mutant. In
addition, the expression of the avrPtol gene and the iaaM gene (encoding tryptophan
monooxygenase, involved in the biosynthesis of indoleacetic acid) was also tested as positive and
negative controls, respectively. Under non-inducing conditions (cells grown in KB medium), the
expression of the hopBK1, hopBL1 and hopBL2 genes was comparable in the AhrpL mutant and
the wild-type strain (data not shown). However, six hours after the transfer of bacterial cells to
Hrp-inducing medium, the expression of all three genes and the expression of the avrPtol gene
decreased (0.002- to 0.4-fold) in the AhrpL mutant compared to the wild type, demonstrating an
expression dependency on HrpL. As expected for the negative control, no reduction in the

expression of the iaaM gene was observed under the same conditions (Fig. 1).
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Figure. 1. HrpL-dependent expression of the P. savastanoi pv. savastanoi NCPPB 3335 novel T3SS
effectors. Quantitative reverse-transcription polymerase chain reaction (qQRT-PCR) with the indicated P.
savastanoi pv. savastanoi NCPPB 3335 T3E genes in NCPPB 3335 AhrpL vs. NCPPB 3335 at 6 h after
transfer to Hrp-inducing medium. The fold change was calculated after normalization using the gyrA gene
as an internal control. The results represent the means from three independent experiments. The error bars
represent the standard deviation. Asterisks indicate significant differences (P = 0.05) between the values
obtained for the wild type and the AhrpL strains.
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Heterologous expression of P. savastanoi T3SS effectors in the non-pathogen

Pseudomonas fluorescens Pf55 expressing a cloned P. syringae Hrp system

T3E activities interfere with the innate immunity response of the plant at different levels. ROS
production and callose deposition upon pathogen recognition are early plant defense responses. To
test the ability of the seven P. savastanoi pv. savastanoi T3E analyzed in this study (Table 1) to
attenuate these responses, we expressed their corresponding genes (see pCPP5040 derivatives,
Table 3) in Pseudomonas fluorescens 55 (Pf55) [pLN18], which heterologously expresses a P.
syringae T3SS, thus enabling the delivery of effector proteins into plant cells at levels
characteristic of a natural infection (Jamir et al., 2004; Lopez-Solanilla et al., 2004; Oh et al.,
2010; Rodriguez-Herva et al., 2012). For this purpose, N. tabacum leaves were used. PAMPs
displayed by Pf55 generate a PTI response in inoculated plants, which is increased by the pLN18-
encoded T3SS, as indicated by a higher ROS level than that induced by Pf55 without a T3SS (Oh
et al., 2010). Figure 2 demonstrates that the ROS levels, determined by 3,3'-diaminobenzidine
(DAB) staining, were significantly reduced by the expression of each of the seven T3E compared
to the control strain P55 [pLN18] harboring an empty vector (Tukey test; P<0.01) (Fig. 2A and
2B). Moreover, with the exception of HopA1l, all the other T3E significantly reduced the levels of
callose deposition compared to the control strain (Tukey test; P<0.01) (Fig. 2C and 2D). These

results suggest that these T3E interfere with the early responses associated with plant immunity.

Heterologous expression of P. savastanoi T3SS effectors in the functionally

effectorless polymutant P. syringae pv. tomato DC3000D28E

To further analyze the individual roles of the P. savastanoi pv. savastanoi T3E when
confronting the plant immune system, we constructed derivatives of the P. syringae pv. tomato
DC3000D28E strain expressing each of the seven effectors from the pCPP5040 plasmid (Table 3).
DC3000D28E is a polymutant of the model pathogen P. syringae pv. tomato DC3000 that harbors
deletions in all 28 well-expressed effector genes. Thus, DC3000D28E is considered a functionally
effectorless but otherwise wild type in planta. Although the wild-type strain DC3000 induces an
ETI-like rapid plant cell death in N. benthamiana and N. tabacum, DC3000D28E has a reduced
ability to induce this response and seems to elicit plant defenses that are T3SS-dependent and
additional to basal PTI (Cunnac et al., 2011). This elicitation is explained by the fact that
DC3000D28E has the wild-type complement of T3SS helper proteins (except HrpW1), and
several of these proteins can elicit plant defenses and induce an HR response (Kvitko et al., 2007;
Cunnac et al., 2011). Therefore, this strain is an excellent tool to investigate the role of
heterologous effectors in amenable systems, such as N. benthamiana and N. tabacum.
DC3000D28E derivatives expressing the selected T3E were compared with DC3000D28E
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regarding their ability to elicit cell death in N. tabacum at two different inoculum levels, which
were chosen to exceed the threshold typically needed to elicit cell death associated with ETI.
Neither the polymutant strain DC3000D28E nor the derivatives expressing P. savastanoi pv.
savastanoi T3E incited the HR response typical of the wild-type strain DC3000 at a bacterial dose
of 2x10” CFU/mL. However, with ten times more bacteria (2x10® CFU/mL), the polymutant strain
stimulated an ETI-like response after 48 h of inoculation, which was partially or completely
inhibited by the expression of the P. savastanoi pv. savastanoi proteins HopAZ1 and HopBL1,
respectively (Fig. 3A and 3B). These results suggest that these two effectors participate in the

inhibition of the plant defense response associated with the onset of programmed cell death.
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Figure 2. DAB staining and callose deposition in N. tabacum var. Xanthi leaves. Plants were challenged with
P. fluorescens 55 [pLN18] harboring the pCPP5040 empty vector or the vectors expressing the indicated P.
savastanoi pv. savastanoi NCPPB 3335 T3E. A, The DAB signal was quantified 4 h after infection and
represented in a histogram (B). C, The callose deposition was assessed using aniline blue staining, quantified
12 h after infection and represented in a histogram (D). The asterisks in A and C indicate inoculation zones. For
histograms, data are means + standard error of the mean for at least five replicas; bars topped with the same
letter represent values that are not significantly different using one-way ANOVA followed by post-hoc
comparisons using Tukey test.
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Figure. 3. Delivery of P. savastanoi pv. savastanoi T3SS effectors by functionally effectorless P. syringae
pv. tomato DC3000D28E in Nicotiana leaves. A, Cell death response in N. tabacum var. Newdel leaves 48
h after inoculation with P. syringae pv. tomato strains DC3000 (wild type) or DC3000D28E cells suspended
in MgCl, and adjusted to the indicated densities (in CFU/ml). B, Cell death response in N. tabacum var.
Newdel leaves 48 h after inoculation with P. syringae pv. tomato DC3000D28E cells suspended in MgCl,
carrying pCPP5040 (empty vector) derivatives expressing the indicated P. savastanoi pv. savastanoi
NCPPB 3335 T3E (Table 3) adjusted to 2x10° CFU/mI. Cell death response: +, positive; -, null; *, partial.
Each experiment was repeated at least three times with similar results. C, Competition assays in N.
benthamiana leaves between P. syringae pv. tomato DC3000D28E and each of its transformants carrying
pCPP5040 derivatives expressing the indicated P. savastanoi pv. savastanoi T3E. Competition indices (ClI)
were normalized with respect to the CI obtained for DC3000D28E vs. DC3000D28E expressing the empty
vector (pCPP5040). Values are the mean + standard error of the mean of three replicates demonstrating
typical results from three independent experiments; bars topped with the same letter represent values that
are not significantly different using one-way ANOVA followed by post-hoc comparisons using Tukey test.
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The DC3000D28E strain has been shown to grow better in planta when coinoculated with a
strain that is able to suppress plant immunity, such as DC3000AhopQ1-1 (Cunnac et al., 2011).
Therefore, this strain is considered an excellent tool for testing the ability of individual T3E to
restore bacterial growth or to induce specific plant responses. To investigate the effect of the
seven P. savastanoi pv. savastanoi T3E on the ability of DC3000D28E to colonize N.
benthamiana, competition assays between the polymutant strain (DC3000D28E) and each
derivative expressing the selected T3E were conducted. N. benthamiana leaves were infiltrated
with a mixed inoculum (1:1) of DC3000D28E and each of the derivatives, and after 6 days,
bacteria were recovered and viable cells were determined. The results presented in Figure 3C are
expressed as the competition indices (Cl) of the derivatives expressing each of the P. savastanoi
pv. savastanoi T3E relative to the DC3000D28E strain. Interestingly, the expression of P.
savastanoi pv. savastanoi HopBL2 in DC3000D28E significantly increased the competitiveness of
the strain, which was reflected in a Cl value (HopBL2/DC3000D28E) of 21.1. Expression of
HopAALl also increased the competitiveness of the strain, although at lower level (Cl= 2.6) than
HopBL2. These results suggest that these effectors inhibit plant defense responses.
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DISCUSSION

The recent availability of complete and draft genome sequences for several P. syringae and
P. savastanoi pathovars and the relevant advances in the development of bioinformatics tools led
to a comprehensive catalog of candidate effector-repertoire for 19 different strains (Baltrus et al.,
2011). Given that only nine new effector families were identified after the latest comparative
genome-sequence analysis, it was suggested that the P. syringae complex effector super-repertoire
could be nearly complete with 57 effector families (Baltrus et al., 2011; Lindeberg et al., 2012).
However, translocation analysis of 12 P. savastanoi pv. NCPPB 3335 candidate T3E revealed two
novel effector families of the P. syringae complex, HopBL and HopBK (Matas et al., 2014).
Novel candidate effectors should be functionally characterized in relation to their expression
dependency on HrpL and in the contex of a unified model for a two-layered immune system in
plants (Block and Alfano, 2011; Lindeberg et al., 2012). In this study, we first demonstrated that
the expression of the three novel T3E whose translocation across the P. savastanoi pv. savastanoi
T3SS was previously demonstrated (Matas et al., 2014) were transcriptionally dependent on HrpL
(Fig. 1).

The vast majority of the P. syringae pv. tomato DC3000 type Il effectors have been
demonstrated to suppress ETI, and many can also suppress PTI, suggesting that numerous type 111
effectors exert multiple activities or, alternatively, that common type Il effector targets are
utilized in pathways needed for ETI, PTI or both (Guo et al., 2009). Our results indicate that the
seven P. savastanoi pv. savastanoi NCPPB 3335 T3E tested - AvrRpm2, HopAl, HopAAl,
HopAZ1, HopBK1, HopBL1 and HopBL2 (Table 1) -, including the truncated versions of
HopAALl and HopAZ1, interfered with early responses associated with plant defense (Fig. 2). In
addition, we demonstrated that HopAZ1 and HopBL1 also inhibited the ETI-like response incited
by DC3000D28E in tobacco (Fig. 3).

Although all the tested T3E significantly reduced ROS production (Fig. 2), expression of
HopALl in Pf55 did not significantly reduce callose deposition under the conditions tested. The
secretion of HopALl via the T3SS in P. syringae pv. syringae 61 requires the ShcA chaperone
(Dijk et al., 2002). Although a ShcA protein homolog has been annotated in the draft genome of
P. savastanoi pv. savastanoi (AER-0002589), the expression analysis of this effector in this study
did not include the NCPPB 3335 ShcA. Thus, we cannot exclude that this protein chaperone may
also be necessary for full secretion and in planta activity of HopAl in P. savastanoi. Conversely,
HopALl from P. syringae pv. syringae 61 has been demonstrated to elicit an HR in tobacco when
expressed in P. fluorescens (Alfano and Collmer, 1996). In agreement with these authors, HopAl
expression in DC3000D28E did not suppress the HR response incited by DC3000D28E in

tobacco.
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DC3000D28E has been demonstrated to be suitable for testing the ability of T3E to restore
bacterial growth and induce plant responses (Cunnac et al., 2011). Although the expression of P.
savastanoi pv. savastanoi HopBL2 in DC3000D28E did not inhibit the ETI-like response induced
at high cell doses by DC3000D28E in N. tabacum, HopBL2 expression in this strain significantly
increased its competitiveness in N. benthamiana (Fig. 3C). Significant DC3000D28E growth
restoration in N. benthamiana due to the expression of single DC3000 effectors was demonstrated
for only AvrPto and AvrPtoB, but neither other effectors, such as HopM1, nor a set of several
conserved effectors displayed this effect. Conversely, single DC3000 effectors promoted growth
when combined with other effectors in DC3000D28E (Cunnac et al., 2011). Thus, our results
suggest that the P. savastanoi pv. savastanoi HopBL2, which harbors a C-terminal XopD-like
SUMO protease domain (Kim et al., 2011; Matas et al., 2014) and HopBL1, might be involved in
the inhibition of the initial perception of pathogens. More specifically, XopD has been recently
demonstrated to suppress the ethylene production required for anti-Xanthomonas euvesicatoria
immunity (Kim et al., 2013). Although the current knowledge of specific T3E functions is limited,
our results suggest that the seven P. savastanoi T3E analyzed here inhibited PTI, whereas
HopAZ1 and HopBL1 also inhibited the ETI-like response. Moreover, and although truncated
T3E (HopAALl and HopAZ1) are generally considered as functionless pseudogenes (see Figure 6
in General Introduction), our results also demonstrate that the N-terminal region of the truncated
versions of HopAAL and HopAZ1 encoded by P. savastanoi pv. savastanoi NCPPB 3335 (Matas
et al., 2014) are able to interfere with responses associated with plant defense (Fig 2 and Fig. 3).
Although no function has been yet established for the HopAZ and HopAA T3E families, P.
syringae pv. avellanae HopAZ1 is a promising candidate for modulating hazelnut host specificity
(O'Brien et al., 2012). On the other hand, deletion of hopAAl-1 in P. syringae pv. tomato
significantly reduced the formation of necrotic speck lesions in tomato leaves (Munkvold et al.,
2009). Moreover, HopAAl has been demonstrated to attenuate the innate immunity in
Arabidopsis (Li et al., 2005a).

In summary, here we demonstrate that seven P. savastanoi pv. savastanoi NCPPB 3335 T3E,
including HopBK1, HopBL1 and HopBL2, interfere with early responses associated with plant
defense. In addition, we demonstrate that HopAZl1 and HopBL1 also inhibit the ETI-like
response. Future studies should focus on elucidating the precise mechanisms and targets of these
and other effectors that are included in the P. syringae pangenome and that specifically participate

in the infection of woody plants.
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Pseudomonas savastanoi pv. savastanoi NCPPB 3335 encodes two
members of the type Il effector tyrosine phosphatase family HopAO,

both involved in the suppression of plant immune responses
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INTRODUCTION

The detailed study of the type Il secretion system (T3SS) effectors (T3E) has been tackled
using as a model several strains of the plant pathogenic bacteria Pseudomonas syringae. As result
of these analyses, the pangenome of P. syringae has been described to encode over 60 families of
T3E effectors injected by the T3SS. Moreover, the effector repertoires of phylogenetically diverse
strains are today defined by a pool of core effectors targeting antimicrobial vesicle trafficking and
a larger set of variable effectors targeting kinase-based recognition processes (Lindeberg et al.,
2012).

The T3E repertoire of P. savastanoi pv. savastanoi NCPPB 3335, a model pathogen for
exploring bacterial infection of woody host, includes 33 T3E (Rodriguez-Palenzuela et al., 2010;
Ramos et al., 2012; Matas et al., 2014). Among these T3E candidates, only two are homologs of
P. syringae T3E with a previously demonstrated enzymatic function (Matas et al., 2014), i.e.,
HopAOL1 and HopAB1, which tyrosine phosphatase (Underwood et al., 2007) and E3 ubiquitin
ligase (Janjusevic et al., 2006) activities, respectively, has been proven in P. syringae pv. tomato
DC3000.

Research on the HopAOL1 function has revealed its relevant contribution to the virulence of P.
syringae pv. tomato DC3000 in Arabidopsis (Bretz et al., 2003), its ability to suppress both the
HR elicited by an avirulent P. syringae strain on Nicotiana benthamiana (Espinosa et al., 2003),
and in the suppression of the innate immnuty induced by the PAMP flagellin in Arabidopsis
(Underwood et al., 2007). Moreover, recent studies have shown that HopAO1l phosphatase
activity reduces elongation factor Tu (EF-Tu) receptor EFR phosphorylation, interfering with the
initiation of the immune response after pathogen recognition (Macho et al., 2014). The
phylogenetic distribution of effector families in the P. syringae effector super-repertoire shows
that T3E of the HopAO family are distributed among strains belonging to multi locus sequence
typing (MLST) groups | and Il established by Baltrus et al. (2011) (Lindeberg et al., 2012).
However, this analysis did not consider other members of the HopAO1 family like the HopAO1
homolog encoded by P. savastanoi pv. savastanoi NCPBB 3335, also a group |11 strain.

In this study, we first identify a new member of the HopAO1 family encoded in the genome of
NCPBB 3335 (HopAO2). We demonstrate the translocation into plant cells and the inhibition of
plant defense responses by both HopAO1 and HopAO?2, which are plasmid and chromosomally
encoded, respectively. Analyses of the subcellular localization of these two T3E in N.
benthamiana using effector fusions to the green fluorescent protein (GFP), suggest their
localization to the plasma membrane and Golgi vesicles, respectively. Moreover, we demonstrate

that a AhopAO1 mutant of NCPBB 3335 exhibits a reduced fitness and virulence in olive plants.
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MATERIAL AND METHODS
Bioinformatics analysis

Accession numbers of the protein sequences used for the construction of the phylogenetic trees
shown in Figure 1 are in Table 1. Sequence alignment using ClustalW, determination of the
optimal amino acid substitution model and phylogenetic tree construction were performed using
MEGAS (Tamura et al., 2011). Neighbor-joining and maximum-likelihood phylogenetic trees of
the individual protein sequences were generated using MEGAS with the optimal model (John-
Taylor-Thornton model) and the option of complete deletion to eliminate positions containing
gaps. Confidence levels for the branching points were determined using 10,000 bootstraps

replicates.

Table 1. Accession numbers of the protein sequences used for the construction of the
phylogenetic trees shown in Figure 1.
Abbreviated

Protein/Strain? Accession number® Locus Tag

pathovars name
HopAO1
aesculi 2250 Pae WP_005734863.1 Psyrpa2_010100025464
mori MAFF 301020 Pmo WP_005760287.1 PSYMO_39895
orizae 16 Por WP_005888836.1 Psyrpol_010100006516
savastanoi NCPPB 3335 Psv YP_006961588.1 PSA3335_0875
tomato DC3000 Pto NP_794465.1 PSPTO_4722
HopAO2
savastanoi NCPPB 3335 Psv GG774693.1 PSA3335_5047
actinidae MAFF 302091 Pan WP_017684870.1 PSYAC_20366
maculicola ES4326 Pma na PMA4326 30047
mori MAFF 301020 Pmo na PSYMO_27904

¥ Indicated as pathovars of Pseudomonas syringae, with the exception of P. savastanoi pv. savastanoi. ° Database -
Hops, http://www.pseudomonas-syringae.org/home.html. na, not available in GenBank.

Bacterial strains, plasmids, culture media and growth conditions

Most bacterial strains and plasmids used in this chapter are described in Tables 2 and 3,
respectively. Bacterial strains used for dot blot hybridization are described in the General Material
and Methods section (Table 1). All Pseudomonas strains were grown in King’s B (KB) medium
(King et al., 1954), Luria-Bertani (LB) medium (Miller, 1972), Hrp-inducing medium (HIM)
(Huynh et al., 1989) or Super Optimal Broth (SOB) (Hanahan, 1983) at 28 °C. Escherichia coli
and Agrobacterium tumefaciens were grown in LB medium at 37 °C or 28 °C, respectively. When
required, the medium was supplemented with ampicillin (Ap), 100 pg/mL; gentamicin (Gm), 10
pug/mL; kanamycin (Km), 10 or 50 pg/mL; rifampicin (Rf), 50 pg/mL; tetraciclin (Tc), 10 pg/mL
or spectinomycin (Sp), 10 pg/mL.

86


http://www.ncbi.nlm.nih.gov/protein/492054390?report=genbank&log$=prottop&blast_rank=4&RID=CV25CGYP014
http://www.ncbi.nlm.nih.gov/protein/492139314?report=genbank&log$=prottop&blast_rank=3&RID=CV25CGYP014
http://www.ncbi.nlm.nih.gov/protein/492568426?report=genbank&log$=prottop&blast_rank=1&RID=CVCVV4SA014
http://www.ncbi.nlm.nih.gov/protein/410686315?report=genbank&log$=prottop&blast_rank=1&RID=CV25CGYP014
http://www.ncbi.nlm.nih.gov/protein/28871846?report=genbank&log$=prottop&blast_rank=5&RID=CV25CGYP014
http://www.ncbi.nlm.nih.gov/protein/469030206?report=genbank&log$=prottop&blast_rank=1&RID=CVG66FFK015
http://www.ncbi.nlm.nih.gov/nuccore/AEAK00000000.1
http://www.pseudomonas-syringae.org/home.html

Chapter Il

Table 2. Bacterial strains used in this study.

Strains® Relevant characteristics References”

E. coli

DH5a F -, ¢80dlacz M15, (lacZYA-argF) U169, deoR, (Hanahan, 1983)
recAl, endA, hsdR17 (rk - mk -), phoA, supE44,
thi-1, gyrA96, relAl.

XL1 Blue hsdR17, supE44, recAl, endAl, gyrA46, thi, relAl, (Bullock et al., 1987)
lac/ F’ [proAB™, lacl® lacZ M15::Tn10 (TcR)]

GM2929 F -, ara-14, leuB6, thi-1, tonA31, lacY1, tsx-78, (Palmer and Marinus,
galk2, galT22, ginV44, hisG4, rpsL136, xyl-5,mtl- 1994)
1, dami3::Tn9, dcm-6, mcrB1, hsdR2, mcrA,
recF143. (Spt Cm").

BL21(DE3) F-, ompT, gal, dcm, lon, hsdSB (rg” mg’), 4 (DE3 Novagen
[lacl, lacUV5-T7, gene 1, ind1, sam7, nin5])

Agrobacterium

A. tumefaciens GVV3101 Carries Vir plasmid encoding T-DNA transfer ATCC 33970

(PMP90)

Pseudomonas
P. fluorescens 55
[pPLN18] (Pf)

machinery, Rif?, Cm"®.

Containing 25 kb P. syringae pv. syringae 61
hrc/hrp cluster with shcA and hopPsyA replaced by
an nptll cassette (KmF) .

P. savastanoi pv. savastanoi (Psv)

NCPPB 3335
NCPPB 3335-T3
Psv48 AAB

NCPPB 3335 AhrpL
AhopAO1

Wild-type strain isolated from olive
Type 111 secretion mutant (KmF)
NCPPB 3335 cured of pPsv48A and pPsv48B

hrpL mutant derived from NCPPB 3335 (KmF)
hopAO1 mutant derived from NCPPB 3335 (Km®)

P. syringae pv. phaseolicola (Pph)

1448A

Isolated from bean

P. syringae pv. tomato (Pto)

DC3000
DC3000D28E

Isolated from tomato

AhopUl-hopF2  AhopCIl-hopH1::FRT AhopDI-
hopR1::FRT AavrE-sheN AhopAAl-2-
hopG1::FRT Ahopll AhopAMI-1 AhopAFI1::FRT
AavrPtoB  AavrPto AhopKl AhopBl AhopEl
AhopAl::FRT hopY1l::FRT pDC3000A—
pDC3000B- (Sp®)

(Jamir et al., 2004)

(Pérez-Martinez et al.,
2007)

(Pérez-Martinez et al.,
2010)

(Bardaji et al., 2011)
(Matas IM et al., 2014)
This study

(Teverson, 1991)

(Cuppels, 1986)
(Cunnac et al., 2011)

iCm®, Km®, Sp°, Riff, and TcF indicate resistance to chloramphenicol, kanamycin, spectinomycin,
rifampicin, and tetracycline, respectively. "ATCC, American Type Culture Collection.

Expression plasmids (Table 3) were generated using Gateway™ cloning technology

(Invitrogen Cor, California, USA) as indicated in General Material and Methods section.

Construction of the AhopAOl (AER-0000610) mutant from P. savastanoi pv. savastanoi

NCPPB 3335 was performed by marker exchange mutagenesis as previously described and the

correct exchange of the hopAO1 gene by the Km resistance cassette was determined by Southern

blot analysis (General Material and Methods section).
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Table 3. Plasmid used in this study.

Name

Description?

References

PGEM-T

pPGEM-T- KmFRT-EcoRlI

pPCO2

pPCO2-Km

PENTR/D/SD TOPO

PENTR-hopAO1
PENTR-hopAO2
pCPP3234

pCYA-hopAO1l
pCY A-hopAO2

pCPP5040

pEXP-hopAO1
PEXP-hopAO2
pGWB5

pLOC-hopAO1
pLOC-hopAQ2

pDEST42

pPUR-hopAO1

pPUR-hOpAOl-CyS375

G-rk CD3-967

Cloning vector containing ori f1 and lacZ
(Amp")

Contains KmR from pKD4 (Amp® Km")

PGEM-T derivates, contains 1.2 kb approx. on
each side of the hopAO1 gene (AER-0000610)
(Ap)

pPGEM-T derivates, contains 1.2 kb approx. on
each side of the hopAO1 gene (AER-0000610)
interrupted by the kanamycin resistance gen
nptll (Ap®, KmF)

Entry vector for Gateway cloning (Km®, Cm®)

pENTR/D/SD TOPO::AER-0000610 (KmF)
pENTR/D/SD TOPO::AER-0000328 (KmF)

pVLT35::Gateway cassette-Cya fusion, broad-
host-range vector containing tac promoter and
lacl? (Sp®, Strf, CmF)

pCFI?P3234 expressing AER-0000610-Cya (Sp~,
Strr)

pCFI?P3234 expressing AER-0000328-Cya (Sp~,
Strr)

pML123::Gateway cassette, broad-host-range
vector allowing for constitutive expression of
inserts fused to a C-terminal HA tag from the
nptll promoter (Gm®, Cm®)

pCPP5040 expressing AER-0000610-HA

tag (Gm")

pCPP5040 expressing AER-0000328-HA

tag (Gm")

35S promoter, C-sGFP (35S promoter-R1-Cm"-
ccdB-R2-sGFP), KmF, HgR

pG\RNBS expressing AER-0000610-GFP (Km",
Hg")

pG¥V85 expressing AER-0000328-GFP (KmF,
Hg")

pET Gateway™ compatible vector allowing for
T7-regulated expression of a protein with a C-
terminal Hisg-V5 tag, Ap®

pDEST42 expressing AER-0000610-6His tag
(Ap%)

pDEST42 expressing AER-0000610-Cysz7e-
6His tag (Ap®)

Contains the first 49 aa of GmManl, soybean a-
1,2-mannosidase | (as a Golgi-targeting
sequence) fused to the mCherry RFP, Km"®

(Promega, USA)

(Zumagquero et al., 2010)
This study

This study

(Invitrogen Corp.;
California, USA)

This study
This study
(Schechter et al., 2004)

This study
This study

(Lopez-Solanilla et al., 2004)

This study
This study
Invitrogen
This study
This study

Invitrogen

This study
This study

(Nelson et al., 2007)

AApR, CmR, KmR, SpR, Str¥, HgRand TcT indicate resistance to ampicillin, chloramphenicol, kanamycin, spectinomycin,

streptomycin,

higromycin

and tetracycline, respectively. AER

numbers indicate ASAP

(http://www.genome.wisc.edu/tools/asap.htm) identification numbers for Psv NCPPB 3335 genes. Cya, catalytic

domain of Bordetella pertusis adenilate cyclase; HA tag, influenza hemagglutinin (HA) peptide YPYDVPDYA.
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Quantitative RT-PCR assays

gRT-PCR assays were performed as described in General Material and Methods section using
oligonucleotides primers shown in Table 4.

Table 4. Primer used in this study.

Forward primers Reverse primers
Name? Sequence Name Sequence
HopAO1 F-96 TCTCAGTCACAGCATTCC HopAO1 R-366 GCTTACGATGTCGTACTC
Oligo P1 GTGTAGGCTGGAGCTGCTTC Km R-768 TTGCATCAGCCATGATGG
hopAO1-F TGGTTGTGAACGCATTTCCTC hopAO1-R GCATGAGATTCTTCGCGCA
hopAO2-F TGCGTTTGATGGTGACCGA hopAO2-R ACCGCAATGGATATGTACCCG
TA-HopAOl F TGTCGCTTAAGATCCAGC TA-HopAO1 R-93 CCCTATAGTGAGTCGGATCCG
TTCCGAAGAATCAGAAC
TD-HopAO1l-F20 GGATCCGACTCACTATAGG TD-HopAO1 R ACACGGTATGTACGTAGG
GACGGATGCCGAGGTTTG
TOPO-610-F CACCATGTATCCCCTGAAATCT | TOPO-610-R TTCTGACGCTATTTTTGC
TOPO-328-F CACCATGCCGAAATTTCCGTCA| TOPO-328-R GTCAGCGTTGTTGAGAGG
CS-hopAO1-F GAGTCGGTAGTTGTGCACTCTA CS-hopAOL-R GCGACCGCCGTTAGAGTGC
ACGGCGGTCGC ACAACTACCGACTC
CS-hopAO1-C AGTCGGTAGTTGTGCACTC Cya CAATCAGGCTGGTGGAATGG

#F and R, forward and reverse primer, respectively. Numbers included after F and R in primers names correspond to the
hybridization position of the 3 end of the primer in the corresponding ORF sequence.

Subcellular localization of HopAO1 and HopAO2

Agrobacterium constructs (pGWB5-HopAO1-GFP and pGWB5-HopAO2-GFP) (Table 3)
were made by Gateway technology (See Material and Methods section). The constructs used in
the present study were introduced into Agrobacterium tumefaciens strain GV3101 by
electroporation (Weigel and Glazebrook, 2002). Subcellular localization assays were performed as
previously described (Rodriguez-Herva et al., 2012). Four leaves of N. benthamiana plants were
infiltrated with the A. tumefaciens cultures using a 1 ml syringe. Fluorescence images were
acquired using a confocal microscope (LEICA-Sp8). To confirm the subcellular localization of
HopAO2, N. benthamiana leaves were co-infected with a A. tumefaciens strain expressing Golgi

vesicles marker (G-rk) for co-localization studies (Nelson et al., 2007).

Phosphatase assays

His-tagged P. savastanoi pv. savastanoi NCPPB 3335 HopAO1 was generated using plasmids
PENTR-hopAOl1 and pDEST42 (Table 3) as entry and destination vectors, respectively (See
Material and Methods section). Site-directed mutagenesis was carried out on pENTR-hopAO1

using the QuickChange Il Site-Directed Mutagenesis Kit (Stratagene, USA) following the
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supplier’s instructions. E. coli BL21 (DE3) cultures containing plasmids expressing wild type or
mutant HopAO1-His6 (Table 3) were grown at 25 °C to an ODgg of 0.5 and induced with 0.4 mM
isopropyl B-D-thiogalactoside (IPTG) for 4 h. Cell were harvested by centrifugation at 5000 g for
15 min, and the pellets were frozen overnight at -20 °C. Native HopAO1 was purified according to
protocol 12 of the QlAexpressionist handbook (Qiagen). The same protocol was used for a protein
extract of E. coli BL21 (DE3) and the resulting fraction was used as negative control.

Phosphatase activity was performed using the sensolyte fluorescein diphosphate (FDP) protein
phosphatase assay kit (AnaSpec) according to the manufacturer’s instructions. This kit provides a
fluorogenic assay for measuring the activity of protein phosphatases that convert the FDP into
fluorescein, which has a high extinction coefficient and emission quantum yield, therefore
providing high assay sensitivity. Phosphatase assay was performed mixing 50 ul of a protein
phosphatase-containing sample with 50 ul of FDP reaction solution. The reaction was incubated at
25 °C for 30 min, and 50 pl of stop solution was added to stop the reaction. Fluorescence signal
was measured using excitation/emission = 485 nm/535 nm. As a negative control, samples
without phosphatase activity (distilled water) were used. The phosphatase activity for the control
sublines was set at 100 %, and the respective values for the experiment subline were calculated
with respect to that.
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RESULTS

Identification and distribution of HopAO1 and HopAO2 T3SS effectors among P.

savastanoi pv. savastanoi and related strains

Prediction of T3E genes in the draft genome sequence of P. savastanoi pv. savastanoi NCPPB
3335 previously allowed the identification of a HopAO1 homolog located in plasmid pPsv48B
(Rodriguez-Palenzuela et al., 2010; Bardaji et al., 2011). In order to refine the identification of
T3E belonging to the HopAO family encoded in the genome of NCPPB 3335, a BLASTYp search
was performed against the draft genome sequence of this strain using the entire coding sequence
of HopAO2 from P. syringae pv. actinidiae MAFF302091 (accession humber WP_017684870.1,
locus tag PSYAC 20366). A chromosomally encoded candidate HopAO2 T3E was found in
NCPPB 3335 (accession number GG774693.1, locus tag PSA3335 5047), which showed 93%
amino acid identity (100 % cover) with its corresponding MAFF302091 homolog. Thus, NCPBB
3335 encodes two candidate T3E of the HopAO family. To our knowledge, codification of two
diverse members of this family in the genome of the same strain has not been previously reported.
Further analyses of the amino acids sequences of HopAO1l and HopAO2 showed that both of
them harbors the conserved motif [LIVMF]JHCXAGxXR[STC][STAG] (Fauman and Saper, 1996),
characteristic of the protein tyrosine phosphatase (PTP) family.

With the aim of analyzing the prevalence of HopAO1 and HopAO2 homologs among other
strains of the P. syringae complex, a broader BLASTp search was performed against the non-
redundant protein sequence database using both coding sequences. Results revealed that the amino
acid sequence of HopAO1 from P. savastanoi pv. savastanoi NCPPB 3335 is most similar to its
homologs encoded by other P. syringae strains also isolated from woody host, i.e. P. syringae pv.
aesculi and P. syringae pv. morsprunorum (Fig. 1A). Although a high identity was found among
all available amino acids sequences of HopAO2 encoded by members of the P. syringae complex
(88 % - 98 % identity, 100 % cover), P. savastanoi pv. savastanoi NCPPB 3335 HopAO?2 resulted
to be the most divergent (Fig. 1B). The accession number of the protein sequences used for the
construction of the phylogenetic trees shown in Fig. 1A and Fig. 1B are presented in Table 1.

The hopAOL1 and hopAO2 P. savastanoi pv. savastanoi NCPPB 3335 T3E genes were used as
probes in dot-blot hybridizations to ascertain their distribution among a collection of 31 P.
savastanoi pv. savastanoi strains isolated in different countries, and among a selection of P.
syringae strains isolated from either woody or herbaceous hosts (See Table S2 in Supplementary
Material section). Results showed that 30 out of the 31 P. savastanoi pv. savastanoi strains, as
well as P. savastanoi pv. nerii 2, P. syringae pv. morsprunorum CFBP 2116, P. syringae pv.
myricae CFBP 2897, P. syringae pv. eriobotryae CFBP 2343 and P. syringae pv. glycinea
PG4180 hybridized with both probes. Conversely, strains belonging to P. syringae pathovars

91



Chapter Il

phaseolicola, syringae, lachrymans, dendropanacis, sesami, and alisalensis did not hybridize with
any of these probes and where discarded for further analysis (Table S2 in Supplementary Material

section).
G.sp! Host? G.sp! Host?
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Figure 1. Distribution and phylogeny of HopAOl and HopAO2 among pathovars of the P. syringae
complex. Unrooted neighbor-joining tree of HopAO1 (A) and HopAO2 (B) proteins from strains of the P.
syringae complex (see Table 1, for accession numbers). Bootstrap percentage values (10,000 repetitions) are
shown on the branches, and evolutionary distances are given in units of amino acid substitutions per site. C
and D, Distribution of the P. savastanoi pv. savastanoi NCPPB 3335 T3E genes hopAO1l and hopAO2
among a collection of strains from the P. syringae complex isolated from woody and herbaceous plant
hosts. A colony blots analysis was performed using the indicated gene probes. The strains are indicated by
their pathovar abbreviation (Table 2 in General Material and Methods section). Black and white squares
represent the presence or absence, respectively, of strong hybridization signals with the indicated effectors
for each strain analyzed. *G.sp, P. syringae genomospecies; 2Host: W, woody host; H, herbaceous host.

Plasmid preparations and total DNA isolated from a selection of six P. savastanoi pv.
savastanoi strains hybridizing with both hopAO1 and hopAO2 probes in the dot-blot analysis, as
well as from all other strains hybridizing with at least one of the two probes (See Table S2 in
Supplementary Material section) were analyzed by southern-blot hybridization to determine the

localization of these genes on their replicons. While hopAO1 was found to be plasmid encoded in
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six out of the seven P. savastanoi pv savastanoi strains used, hopAO2 was detected in the
chromosome of all seven strains. In contrast, a random localization of hopAO1 and hopAO2 was
found in the replicons of the remaining strains (Fig. 1C and 1D).

HopAO1 and HopAO?2 are translocated via the P. savastanoi pv. savastanoi T3SS

An identifiable Hrp box (Fouts et al., 2002) was found in the 100 nucleotides upstream of the
start codon of both hopAO1 and hopAO2 candidates from P. savastanoi pv. savastanoi NCPPB
3335 (Table 5).

Table 5. Occurrence of consensus Hrp-box sequences upstream of hopAO1 and hopAO2 genes
from P. savastanoi pv. savastanoi NCPPB 3335.

Gene name Hrp-box Hrp-box sequence

position®
CONSENSUS® BGGAACYHNNNNNNNNNNNNNNNCCACNHAG
hopAO1 -86 t0 -55 CGGAACCCCACAAGCATTTAAGACCACGTAT
hopAO2 -60 to -29 TGGAACCGTTGGAGCCTATGCGCCCACGAAA

To determine whether the selected candidate effectors were T3SS substrates that could be
translocated into plant cells, we constructed pCPP3234 derivatives (Table 3) expressing fusions of
Bordetella pertussis adenylate cyclase (Cya) to the C terminus of full-length HopAO1 and
HopAO?2. In addition, a Cya fusion to the C terminus of T3E AvRpm2 from NCPPB 3335 (Matas
et al., 2014) was also included in these assays as positive control. This system, which is based in
cyclic AMP (cAMP) production exclusively in the presence of eukaryotic calmodulin, has been
widely used for analyzing the translocation of P. syringae T3E (Sory and Cornelis, 1994; Casper-
Lindley et al., 2002; Schechter et al., 2004). Nicotiana tabaccum leaves were infiltrated with
either P. savastanoi pv. savastanoi NCPPB 3335 or the strain NCPPB 3335-T3, a T3SS mutant
derived from wild-type NCPPB 3335 (Pérez-Martinez et al., 2010), expressing each of the two
constructed Cya fusions. As illustrated in Figure 2A, significant differences in cAMP production
between the wild-type strain and the T3SS mutant strain were observed for AvrRpm2 and both
T3E candidates tested —HopAO1, HopAO2—indicative of their translocation through the P.

savastanoi pv. savastanoi T3SS.

Expression of hopAOl and hopAO2 in P. savastanoi pv. savastanoi is HrpL-

dependent

To unveil the HrpL-dependent expression of hopAOl and hopAO2 in P. savastanoi pv.
savastanoi NCPPB 3335, a AhrpL NCPPB 3335 mutant (Matas et al., 2014) was used. The

expressions of the hopAOl and hopAO2 genes were analyzed using quantitative reverse-
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transcription polymerase chain reaction (QRT-PCR) with both the wild type and the NCPPB 3335
AhrpL mutant (Table 2). In addition, the expression of the avrPtol gene and the iaaM gene
(encoding tryptophan monooxygenase, involved in the biosynthesis of indoleacetic acid) was also
tested as positive and negative controls, respectively (Matas et al., 2014). Under inducing
conditions (cells grown 6 hours in Hrp-inducing medium), the expression of the avrPtol, hopAO1l
and hopAO2 genes decreased (0.01-, 0.4- and 0.02-fold, respectively) in the AhrpL mutant
compared to the wild type, demonstrating an expression dependency on HrpL. As expected for the
negative control, no reduction in the expression of the iaaM gene was observed under the same
conditions (Fig. 2B).

>
vy,

1000 - 15

;mﬁﬂ’ gl R

o

pmol cAMP/mg protein
=
o
Normalizedfold change

O

Wi
[»‘48&6\ \309 60?

8 NCPPB 33350NCPPB 3335T3 BNCPPB 3335 O AhrpL

Figure 2. Translocation assay and HrpL-dependent expression of candidate P. savastanoi pv. savastanoi
NCPPB 3335 T3E HopAO1 and HopAO2. A, Calmodulin- and Cya-dependent production of cAMP was
used to measure the translocation of T3E-Cya fusions into plant cells. N. tabacum cv. Newdel plants were
inoculated with P. savastanoi pv. savastanoi NCPPB 3335 or NCPPB 3335-T3 (T3SS mutant) expressing
the indicated Hop-Cya fusions from pCPP3234 derivatives (Table 3). B, Quantitative reverse-transcription
polymerase chain reaction (QRT-PCR) with HopAO1 and HopAO2 genes in NCPPB 3335 AhrpL vs.
NCPPB 3335 at 6 h after transfer to Hrp-inducing medium. The fold change was calculated after
normalization using the gyrA gene as an internal control. The values represent the mean and standard error
for samples obtained in triplicate; similar results were obtained in multiple experiments. Asterisks indicate
significant differences (P = 0.05) between the cAMP levels obtained for the NCPPB 3335 and NCPPB
3335-T3 strains (A) or the values obtained for the NCPPB 3335 and the A4hrpL strains (B).

P. savastanoi pv. savastanoi NCPPB 3335 T3SS effectors HopAO1 and HopAO?2

inhibit early plant defense responses in N. tabaccum.

Suppression of early plant defense responses, such as ROS production and callose deposition,
by HopAO1 and HopAO2 was tested using the heterologous expression system Pseudomonas
fluorescens 55 (Pf55) [pLN18] (Table 3). This system enables the delivery of effector proteins

into plant cells through a heterologous expressed P. syringae T3SS (Jamir et al., 2004; Lopez-
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Solanilla et al., 2004; Oh et al., 2010; Matas et al., 2014). PAMPs from Pf55 [pLN18] generate a
PTI response in inoculated plants (Oh et al., 2010; Matas et al., 2014). This system has been
previously used to demonstrate the suppression activity of PTI by other P. savastanoi NCPPB
3335 T3SS effectors (Matas et al., 2014). We expressed P. savastanoi pv. savastanoi T3E
HopAOL1 and HopAO2 (see pCPP5040 derivatives, Table 3) in Pf55 [pLN18]. After challenging
N. tabaccum leaves with the derivative strains we analyzed ROS production and callose
deposition. Figure 3 shows that the ROS levels, determined by 3,3'-diaminobenzidine (DAB)
staining, were significantly reduced by the expression of HopAO1 or HopAO2 compared to the
control strain Pf55 [pLN18] harboring an empty vector (Tukey test; P<0.01) (Fig. 3A and C).
Moreover, both T3E significantly reduced the levels of callose deposition compared to the control
strain (Tukey test; P<0.01) (Fig. 3B and 3D). Therefore, HopAOl and HopAO?2 are able to

interfere with the early innate immunity responses of the plant.

P. savastanoi pv. savastanoi NCPPB 3335 T3SS effectors HopAOl and HopAO?2

inhibit programmed cell death in N. tabaccum

In order to determine the role of HopAO1 and HopAO2 in a scenario in which plant defenses
are T3SS-dependent and additional to basal PTI, like the HR is, we expressed these two proteins
in P. syringae pv. tomato strain DC3000D28E (Cunnac et al., 2011) (Table 3). This polymutant
strain harbors deletions in all 28 well-expressed effector genes and is considered functionally
effectorless but otherwise wild type in planta. The HR elicitation in N. benthamiana and N.
tabaccum can be clarified by the fact that DC3000D28E has the wild-type complement of T3SS
helper proteins (except HrpW1), and several of these proteins can elicit plant defenses and induce
an HR response (Kvitko et al., 2007; Cunnac et al., 2011). We analyzed the ability of the
DC3000D28E derivatives expressing HopAO1 or HopAO2 to elicit cell death in N. tabaccum
compare with that of the DC3000D28E strain. After 48h of inoculation, the polymutant strain
stimulated an ETI-like response which was partially and completely inhibited by the expression of
the P. savastanoi pv. savastanoi NCPPB 3335 proteins HopAO1 and HopAO2, respectively (Fig.
4A). Results suggest that these two effectors participate in the inhibition of the plant defense

response associated with the onset of programmed cell death.
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Figure 3. DAB staining, callose deposition in N. tabacum leaves. For DAB staining and callose deposition,
plants were challenged with P. fluorescens 55 [pLN18] harboring the pCPP5040 empty vector or the vectors
expressing the P. savastanoi pv. savastanoi NCPPB 3335 T3E HopAO1l or HopAO2 (Table 2) in N.
tabacum vr. Xhanti. A, The DAB signal was quantified 4 h after infection and represented in a histogram
(C). B, The callose deposition was assessed using aniline blue staining, quantified 12 h after infection and
represented in a histogram (D). The asterisks in A and B indicate inoculation zones. For histograms, data are
means + standard error of the mean for at least five replicas; bars topped with the same letter represent
values that are not significantly different using one-way ANOVA and Tukey test for multiple comparison
(P=0.01). Each experiment was repeated at least three times with similar results.

DC3000D28E has been shown to grow better in planta when coinoculated with a strain that is
able to suppress plant immunity, such as DC3000AhopQ1-1 (Cunnac et al., 2011). The ability of
HopAO1 and HopAO?2 to restore growth of DC3000D28E in planta was tested in N. benthamiana
leaves. For this purpose, competition assays between the polymutant strain (DC3000D28E) and
each derivative expressing either HopAO1 or HopAO2 were conducted. N. benthamiana leaves
were infiltrated with a mixed inoculum (1:1) of DC3000D28E and each of the derivatives, and
after 6 days, bacteria were recovered and viable cells were determined. Interestingly, the
expression of P. savastanoi pv. savastanoi HopAO1 or HopAO2 in DC3000D28E significantly
increased the competitiveness of the strain, which was reflected in a CI value
(HopAO1/DC3000D28E or HopAO2/DC3000D28E) of 2.14 and 1.82, respectively (Fig. 4B).
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Figure 4. Delivery of P. savastanoi pv. savastanoi T3SS effectors HopAO1 and HopAO?2 by functionally
effectorless P. syringae pv. tomato DC3000D28E in Nicotiana leaves..A, Cell death responses in N.
tabacum vr. Newdel leaves 48 h after inoculation with the polymutant P. syringae pv. tomato
DC3000D28E. Cells were suspended in MgCl, carrying pCPP5040 (empty vector) derivatives expressing
HopAO1 or HopAO2 (Table 3), adjusted to 2x10® CFU/mL. This cell density was chosen to exceed the
threshold typically needed to elicit cell death associated with ETI (Cunnac et al., 2011; Matas et al., 2014).
B, Competition assay in N. benthamiana between P. syringae pv. tomato DC3000D28E and each of its
derivatives expressing HopAO1 or HopAO2. Cl were normalized with respect to the CI obtained for
DC3000D28E versus DC3000D28E expressing the empty vector (pCPP5040). Values are the mean +
standard error of the mean of three replicates; bars topped with the same letter represent values that are not
significantly different using one-way ANOVA followed by post-hoc comparision using the Tukey test. Cell
death response: +, positive; -, null. Each experiment was repeated at least three times with similar results.

HopAOl1 and HopAO2 localizes in the plasma membrane and Golgi vesicles,

respectively, when transiently expressed in N. benthamiana

To further characterize the role of HopAOl1 and HopAO2 in planta, GFP fusions to the C
terminus of full-length T3E were cloned under control of a 35S promoter in a Gateway vector
(pGWBS5) (Table 3). Subsequently, the HopAO1-GFP and HopAO2-GFP fusion proteins were
transiently expressed in N. benthamiana leaves using Agrobacterium-mediated gene transfer. At
48 h after infiltration, the plant tissue was analyzed using scanning laser confocal microscopy of
epidermal cells on the abaxial leaf side.

The inspected cells showed the fluorescence signal of HopAO1-GFP associated with the
plasma membrane. Moreover, distinct fluorescently labeled vesicles occurred underneath the cell
membrane. In the case of HopAO2-GFP, cells exhibited some fluorescence in the plasma
membrane and very clearly in intracellular punctuate structures (Fig. 5A) which could be
associated with Golgi vesicles. To further analyze the HopAO2 location in these structures; we
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coinfiltrated N. benthamiana leaves with the Agrobacterium derivatives expressing the HopAO2-
GFP fusions and the known Golgi marker CD3-967 (Nelson et al., 2007) (Supplementary Table
S4). Visualization of the infiltrated cells by confocal microscopy revealed the co-localization of
HopAO2-GFP with G-RFP (Fig. 5B), suggesting the localization of HopAO2 in the vesicle trans-

Golgi system of N. benthamiana cells.
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Figure 5. Subcellular localization of HopAOl and HopAO2 in Nicotiana benthamiana leaves. A,
Representative single-plane confocal images of HopAO1-GFP (top row) and HopAO2-GFP (bottom row).
HopAO1 fluorescence is observed in patches attached to the plasma membrane (arrows). HopAO2 is seen in
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cytoplasmic vesicles, close to the plasma membrane (arrows). The overlap of GFP fluorescence and
chlorophyll autofluorescence is presented. B, Maximum projections of confocal stacks showing HopAO2-
GFP (left), Golgi-RFP (middle) and overlay of GFP, RFP and chlorophyll autofluorescence (right).

0 dpi

5 dpi

7 dpi

21 dpi

Figure 6. Monitoring of the infection of bean plants by P. syringae pv. phaseolicola 1448A (Pph)
expressing P. savastanoi pv. savastanoi effectors HopAOl or HopAO2. Symptoms induced on primary
leaves of bean plants at 0, 5, 7 and 21 days post-inoculation (dpi) with 5x10°> CFU/mL of wild-type 1448A,
or 1448A transformants containing the empty vector, or vectors expressing HopAO1 or HopAO2. Each
experiment was repeated at least three times with similar results. Images show representative results.

Ectopic expressions of P. savastanoi pv. savastanoi HopAO1 in P. syringae pv.

phaseolicola 1448A causes a delay of symptoms in bean-infected plants

To get more insights into the role of HopAO1 and HopAO2 during the confrontation with the
plant defense mechanisms we analyzed the effect of their expression in the context of a
compatible interaction. With that purpose we constructed P. syringae pv. phaseolicola 1448A
derivatives expressing P. savastanoi pv. savastanoi NCPPB 3335 HopAOl or HopAO2 from
plasmid pCPP5040 (Table 3), which are not encoded in the genome of 1448A. Derivative strains
were inoculated in the leaves of bean plants and symptoms development (water-soaked lesions
surrounded by chlorosis) were recorder over time. P. syringae pv. phaseolicola 1448A and its
derivative harboring the empty vector caused marked necrosis lesions at five days post-inoculation
(dpi), while derivatives expressing HopAO1 and HopAO?2 caused slight necrosis lesions at this
time (Fig. 6). Moreover, it was observed that lesions incited by wild-type P. syringae pv.
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phaseolicola 1448A and by its derivative harboring the empty vector started to expand outside the
infection area at seven dpi. However, at this time the lesions caused by the strains expressing
HopAOL1 or HopAO?2 appeared to be more restricted (Fig. 6). These results suggested a delay of
symptom development caused by the expression of either HopAO1 or HopAO2 during the first
week after infection. However, analysis of the progression of the symptoms at 21 dpi showed that
only the expression of HopAOL caused a consistent delay in symptoms development incited by
1448A.

HopAOL is an active protein-tyrosine phosphatase

The HopAO T3E family is characterized on the basis of a conserved PTP domain (Bretz et al.,
2003; Espinosa et al., 2003), which activity has been shown to be dependent on a cysteine located
at position 378 of HopAO1 from P. syringae pv. tomato DC3000 (Bretz et al., 2003). To
determine whether P. savastanoi pv. savastanoi NCPPB 3335 HopAOLl is also an active protein-
tyrosine phosphatase, affinity-purified HopAO1-Hisg was used in a PTP in vitro assay performed
under non-denaturing conditions. We also tested a site-directed HopAO1-Hiss mutant encoding a
substitution of the PTP-related Cysszs by a Ser (HopAOLcszes-Hisg). FDF hydrolysis was clearly
detected for wild-type HopAO1-Hisg; however, the percentage of hydrolyzed FDF significantly
decreased in the case of HopAOlcszss-Hise protein (Fig.7). Results demonstrate that the PTP
activity shown in vitro by P. savastanoi pv. savastanoi NCPPB 3335 HopAOL1 is dependent on its

Cysszs amino acid residue.
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Figure 7. Protein tyrosine phosphatase (PTP) catalytic activity of P. savastanoi pv. savastanoi HopAOL.
PTP activity was assayed using fluorescein diphosphate (FDP) as described in Material and Methods.
Values were normalized to the PTP activity obtained for a negative control (see Material and Methods). The
higher activity value obtained for wild-type HopAO1 (70 ng) was set to 100 %, and the activities of
HopAO1 and HopAO1c376s Obtained for all other protein concentrations were calculated with respect to this
value. The results represent the means from three independent reactions.
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A P. savastanoi pv. savastanoi NCPPB 3335 hopAO1 mutant is hypovirulent in olive

plants.

Artificial inoculation of olive plants with a P. savastanoi pv. savastanoi NCPPB 3335 mutant
cured of plasmids pPsv48A and pPsv48B (strain Psv48AAB, Table 2), which encode T3E
HopAF1 and HopAQO1, respectively, has been reported to induce attenuated hyperplastic knots,
also showing a slight necrosis (Bardaji et al., 2011). To investigate the relative contribution of
HopAOl to the development of symptoms in olive plants, a NCPPB 3335 AhopAO1 mutant was
constructed. In addition, complemented Psv48AAB and AhopAOL strains expressing HopAO1
(Table 3) were also constructed and inoculated in both in vitro micropropagated and lignified
olive plants. In agreement with Bardaji et al (2011), Psv48AAB induced less severe knots than the
wild-type strain in both plant systems (Fig. 8A, 8B and 8C). Interestingly, and although the size of
the knots induced by the AhopAO1 mutant at 28 dpi on the stem of in vitro-grown olive plants
were not significantly different from those induced by the wild-type strain, they showed necrotic
lesions similar to those developed in plants inoculated with the Psv48AAB mutant (Fig. 8A). In
addition, the competitiveness of the AhopAOl1 mutant in this plant system was compromised
compared with the wild-type strain (Fig. 8C). Also, the weight of the knots induced by the
AhopAO1 mutant in lignified olive plants, which also showed an increased necrosis, was
significantly lower than those developed by the wild-type strain (Fig. 8B). Additionally, the knot
volumes in olive plant infected with the AhopAO1 mutant were approximately two times smaller
of the knot volume developed in plants infected with the wild-type strain (data not shown). The
ectopical expression of the hopAOLl gene in both the AhopAO1 mutant and the plasmid-cured
strain Psv48AAB fully restored the wild type appearance of the knots in both plant systems (Fig.
8A and 8B). Complementation of the AhopAOl mutant also resulted in restoration of the
competitiveness of the strain in olive plants (Fig. 8C). Together, all these results reveal a

significant role of HopAO1 during the infection process of olive plants.
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Figure 8. Role of the hopAO1 gene in the virulence of P. savastanoi pv. savastanoi NCPPB 3335 in olive
plants. Knots induced by the indicated strains on young micropropagated olive plants at 28 days post
inoculation (dpi) (A) and in one year-old olive plants at 90 dpi (B). C, Weight of knots developed on
lignified olive plants infected with the indicated strains. Knots weights are the means of six different knots.
Statistical analyses were performed using one-way ANOVA. D, Competitive index for mixed inoculations
of NCPPB 3335 and its derivative strains in micropropagated olive plants. The error bars indicate the
standard error from the average of three different assays. The asterisks indicate values significantly different
from one. Statistical analyses were performed using Student’s t-test with a threshold of P = 0.05. NCPPB
3335, wild-type strain; Pv48AAB, NCPPB 3335 cured of plasmids pPsv48A and pPsv48B; Pv48AAB +

hopAO1, Pv48AAB expressing hopAO1; AhopAO1, NCPPB 3335 AhopAO1 mutant; AhopAO1 + hopAOl,
AhopAO1 expressing hopAO1.
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DISCUSSION

Recent progresses in the analysis of T3E functions during the interaction of P. syringae strains
with herbaceous hosts are opening a novel an exciting avenue in the study of bacterial virulence
and plant defense response. However, knowledge on the infection of woody plants by strains
belonging to the genus Pseudomonas lags far behind. Although Pseudomonas infection of woody
hosts might share common features with their herbaceous relatives, it should be taken into account
that the T3E repertoire of bacterial pathogens isolated from woody hosts, and their functions,
might be conditioned by the specific characteristics of woody hosts. In fact, a recent functional
analysis of P. savastanoi pv. savastanoi NCPPB 3335 T3E revealed that DNA sequences
encoding HopBL1 and HopBL2 were uniquely detected in P. savastanoi pv. savastanoi and other
P. syringae strains isolated from woody hosts, suggesting a relevant role of these two effectors in
bacterial interactions with olive and other woody plants (Matas et al., 2014). In this work, we have
analyzed the presence and function of two new members of the HopAO family encoded by this
olive pathogen: HopAOL1 and HopAQO2.

The HopAO family is one of the most diverse T3E families of the P. syringae complex
(Baltrus et al., 2011). Proteins belonging to this family share the presence of a tyrosine
phosphatase domain, also found in NCPPB 3335 HopAOL1 and HopAO2. Despite the codification
of the hopAQO1 gene in a plasmid (Bardaji et al., 2011), the phylogeny of HopAOL1 (Fig. 1A) is
largely congruent with that of the P. syringae complex deduced from housekeeping genes (Ramos
et al., 2012), suggesting that this protein is ancestral to the complex. On the other hand, clustering
of HopAO2 from P. syringae pv. mori MAFF 301020 (genomospecies 2) with genomospecies 9
and 8 (Fig. 1B) provides evidence of horizontal transfer. However, only few hopAO1 and hopAO2

sequences are currently available at the Hop database (http://www.pseudomonas-syringae.org/).
Further phylogenetic analysis including a higher number of sequences encoded by different P.
syringae and P. savastanoi pathovars would be required to confirm these hypotheses. Although
none of this two T3E are restricted to P. syringae pathovars infecting woody hosts, the widespread
distribution and the simultaneous occurrence of these two effectors among P. savastanoi pv.
savastanoi strains (Fig. 1C) suggests that both of them might play an important role during the
interaction with olive plants. The phylogenetic analysis of these two T3E here described, together
with the canonical characteristics which define P. syringae effector proteins, such are their
translocation to plant cells (Fig. 2A) and their transcriptionally dependency on HrpL (Table 5, Fig.
2B), demonstrate that P. savastanoi pv. savastanoi NCPPB 3335 hopAO1 and hopAQO2 genes
codified bona fide T3E.

T3E proteins delivered into host cells by the T3SS of plant-pathogenic bacteria have a major
role in promoting bacterial virulence and in the suppression of host defense responses (Mudgett,
2005; Grant et al., 2006; Underwood et al., 2007; Matas et al., 2014). Previous studies have shown
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that the functionally effectorless strain P. syringae DC3000D28E is suitable for testing the ability
of T3E to restore bacterial growth in planta and to modulate plant defense responses (Cunnac et
al., 2011). Our results indicate that both HopAO1 and HopAO2 can interfere with the incitation of
the ETI-like response induced by DC3000D28E in tobacco plants (Fig. 4). Also, expression of
either HopAO1 or HopAO2 in DC3000D28E also increased the competitiveness of this strain in
N. benthamiana. Growth restoration of DC3000D28E in N. benthamiana by the expression of
single T3E in this strain has only been reported for P. syringae pv. tomato DC3000 AvrPto and
AvrPtoB (Cunnac et al., 2011), as well as for P. savastanoi pv. savastanoi NCPPB 3335 HopBL2
(Matas et al., 2014). Thus, our results suggest that P. savastanoi pv savastanoi HopAO1l and
HopAO2 might be involved in the inhibition of responses associated with the perception of
bacterial pathogens. These results are in line with the observed delay in the onset of HR induced
by P. syringae pv. phaseolicola in the non-host plant N. tabaccum when expressing P. syringae
pv. tomato DC3000 HopAO1 (Espinosa et al., 2003).

P. syringae pv. tomato DC3000 HopAO1 has been recently demonstrated to directly interact
and inactivate PRRs FLS2 and EFR (Macho et al., 2014). Both of these membrane-bound
receptors (Gémez-Gémez and Boller, 2000; Zipfel et al., 2004; Zipfel et al., 2006), which are
important for anti-bacterial immunity and recognize the bacterial PAMPs flagellin (flg22) and EF-
Tu (elf18) (Boller and Felix, 2009). The subcellular localization of P. savastanoi pv. savastanoi
NCPPB 3335 HopAOL1 here identified in the host plasma membrane (Fig. 5) concurs with the
localization of the host targets described for DC3000 HopAO1 (Macho et al., 2014). On the other
hand, heterologous expression of NCPPB 3335 HopAO1l or HopAO2 in Pf55 resulted in the
inhibition of callose deposition and ROS formation in N. tabaccum (Fig. 3A and 3B), phenotypes
which among other response, are in agreement with those reported for the recognition of the host
PRRs by DC3000 HopAOl (Macho et al., 2014).Additionally, NCPPB 3335 HopAO2 was
localized in Golgi vesicles (Fig. 5), indicating that this effector could interfere with vesicle
trafficking, as it has been described for P. syringae pv. tomato DC3000 core T3E HopM1
(Nomura et al., 2006; Nomura et al., 2011) and AvrE (Nomura et al., 2011). Future research
unveiling the plant target of this effector would allow a better understanding of its function in
relation with the suppression of plant immune responses. It is noteworthy the fact that the two
members of the HopAO family encoded by P. savastanoi pv. savastanoi NCPPB 3335 could be
targeting the two distinct PT1 processes, PAMP perception and vesicle trafficking, as is the case of
the members of the P. syringae REGs (Redundant Effector Groups). The loss of the effectors in
these groups is accompanied by a strong reduction in growth in N. bethamiana (Kvito et al.,
2009).

The delay of symptoms in bean plants produced by the expression of HopAO1 and HopAO?2 in

P. syringae pv. phaseolicola 1448A (Fig. 6) is also consistent with the putative interference with
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common steps in plant defense, like is the recognition of bacterial patterns or the vesicle
trafficking associated with the production of antimicrobials compounds in response to pathogen
detection. Both processes have been described as pivotal events in the defense response in plants
and the results obtained are in line with the proposed idea that most of the effectors of the P.
syringae complex can function as “generalists” in a broad range of plants (Lindeberg et al., 2012).
In general, deletion of single effector genes do not often lead to a noticeable loss of virulence as
measured by attenuation of bacterial growth and symptom development in infected tissue (Hauck
et al., 2003). However, a P. savastanoi pv. savastanoi NCPPB 3335 mutant defective in hopAO1l
showed a reduced ability to grow in olive plants (Fig. 8). Similar results were previously reported
for a P. syringae pv. tomato DC3000 hopAO1 mutant in tomato leaves (Espinosa et al., 2003).
Moreover, necrosis of the knot tissues induced by the NCPPB 3335 AhopAO1 mutant resulted to
be higher than that observed in plants infected with the wild-type strain (Fig. 8). We have
previously reported that knots induced in olive plants by a NCPPB 3335 derivative (Psv48AAB)
cured of plasmids pPsv48A (encoding T3E HopAF1) and pPsv48B (encoding HopAO1) showed
an increased necrosis of knot tissues (Bardaji et al., 2011). Here we report that this phenotype
could be fully restored by expression of HopAOL in Psv48AAB (Fig. 8), further confirming its
involvement in the interference of necrosis associated with disease development. Other reports
showing an effect of T3E over the induction of necrosis associated with both compatible and
incompatible interactions with plants have been previously described, as is the case of the P.
syringae pv. tomato DC3000 HopN1 (Lopez-Solanilla et al., 2004). In relation to HopAQO2,
construction of a deletion mutant in the P. savastanoi pv. savastanoi NCPPB 3335 hopAO2 gene
by a double recombination event was not possible, as the nucleotide sequence of this gene is
located near the end of a contig in the draft genome sequence of this strain (Rodriguez-Palenzuela
et al., 2010). Thus, PCR amplification of the flaking regions of this gene was not possible. On the
other hand, inactivation of this gene by plasmid insertion was also unsuccessful after several
attempts. Complete sequencing of the genome of this strain would perhaps allow future
construction of this mutant strain and analysis of its role in the virulence of this pathogen.

In summary, we report the translocation into plant cells and the hrpL-dependent expression of
two new members of the effector repertoire of the olive pathogen P. savastanoi pv. savastanoi
NCPPB 3335: HopAO1 and HopAO2. Our results also reveal that the hopAO1 and hopAO2 genes
are widely distributed in P. savastanoi strains, suggesting a relevant function of these T3E genes
during the interaction with olive plants, a role that was here demonstrated for hopAOL.
Nevertheless, we demonstrate that both HopAO1 and HopAO2 interfere with early responses
associated with plant defense. In the case of HopAOL, our results suggest that this interference
could be mediated in a similar fashion to that described for DC3000 HopAO1 (Macho et al.,

2014), as supported by its location in the plasma membrane. Location of HopAO2 in Golgi
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vesicles also suggests a possible interference of this T3E with vesicle trafficking. Future
experiments should focus in the analysis of the role in virulence of HopAO2 and in elucidating the

targets in woody plants of these two effectors of the HopAO family.
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Pseudomonas savastanoi pv. savastanoi NCPPB 3335 encodes two
diverse members of the type Ill secretion system effector family
HopAF which differentially modulate plant immune responses
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Chapter 1l

INTRODUCTION

Recent research focused on the function of type Il secretion system effectors (T3E) during
bacterial infection of plants, have revealed relevant information about the composition of the T3E
repertoire in Pseudomonas savastanoi pv. savastanoi NCPPB 3335 (Rodriguez-Palenzuela et al.,
2010; Ramos et al., 2012; Matas et al., 2014). In addition, the latest contributions to this field have
also revealed new data concerning the specific role of some T3E interfering with the plant defense
responses (Matas et al., 2014; Chapter I1).

Among the 34 T3E candidates identified in the genome of NCPPB 3335 (Rodriguez-Palenzuela
et al., 2010; Ramos et al., 2012; Matas et al., 2014; Chapter 1), two of them have been described
to be plasmid encoded: HopAF1 (located in plasmid pPsv48A) and HopAOL1 (located in plasmid
pPsv48B) (Perez-Martinez et al., 2008; Bardaji et al., 2011). The role of the T3E family HopAO
in NCPPB 3335, which also includes a chromosomally encoded member (HopAQ?2), is described
in Chapter Il of this PhD Thesis. In relation to pPsv48A, bioinformatics analysis of this plasmid
revealed that it contains a putative T3E transposon, which has captured a chimeric DNA
containing a fragment of the effector gene hopAY1 fused to a hopAF1 allele (Bardaji et al., 2011).
Moreover, a chromosomally encoded hopAF1-2 allele has been reported in P. savastanoi pv.
savastanoi NCPPB 3335 (Rodriguez-Palenzuela et al., 2010; Matas et al., 2014).

HopAF family members are widely distributed among strains belonging to the multi locus
sequence typing (MLST) groups | and Il established by Baltrus et al. (2011). Moreover, this
family is also present in approximately half of the MLTS group Il strains, which have a smaller
T3E repertoire than the other groups and lack many T3E families (Lindeberg et al., 2012).
Members of the HopAF family can be very diverse in sequence and are located in a wide variety
of genomic locations. Sequence differences among members of these families suggest that this
class of T3E may be under different evolutionary pressures relative to the core T3E present in all
sequenced genomes of the Pseudomonas syringae complex (Baltrus et al., 2011).

The function of the P. syringae pv. tomato DC3000 HopAF1 has been previously investigated
(Li et al., 2005b; Cunnac et al., 2009). This T3E has been related with reduction of the expression
of the Arabidopsis glycerol kinase NHO1, which is induced in response to flagellin and required
for limiting the in planta growth of nonhost Pseudomonas bacteria (Li et al., 2005b; Cunnac et al.,
2009). In addition, DC3000 HopAF1 is not able to suppress ETI-associated hypersensitive
response (HR) cell death or elicit cell death in Nicotiana spp. (Cunnac et al., 2009). However,
functional analysis of other members of the HopAF family, e.g. those encoded in the genome of P.
savastanoi pv. savastanoi, has not been reported to date.

In the present study we identified an extra chromosomally encoded copy of the hopAF1gene in
P. savastanoi pv. savastanoi NCPPB 3335. We demonstrate that both HopAF1 and HopAF1-2 are
translocated into plant cells through the NCPPB 3335 T3SS. In addition, we analyze the role of
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these two T3E in the inhibition of plant defense responses. Furthermore, we report their
subcellular location in Nicotiana benthamiana leaves using T3E fusions to the green fluorescent
protein (GFP).
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MATERIAL AND METHODS
Bacterial strains, plasmids, media and growth conditions

Most bacterial strains and plasmids used in this study are described in Table 1 and 2,
respectively. Bacterial strains used for dot blot hybridization are described at the General Material
and Methods section (Table 1). All Pseudomonas strains were grown in King's B (KB) medium
(King et al., 1954), Luria-Bertani (LB) medium (Miller, 1972), Hrp-inducing medium (HIM)
(Huynh et al., 1989) or Super Optimal Broth (SOB) medium (Hanahan, 1983) at 28 °C.
Escherichia coli and Agrobacterium tumefaciens strains were grown in LB medium at 37 °C or 28
°C, respectively. When required, the medium was supplemented with ampicillin (Ap), 100 pg/mL;
gentamicin (Gm), 10 pg/mL; kanamycin (Km), 10 or 50 pg/mL; rifampicin (Rf), 50 pg/mL;
tetraciclin (Tc), 10 pg/mL or spectinomycin (Sp), 10 pg/mL.

Table 1. Bacterial strains used in this study.

Strains® Relevant characteristics References®
E. coli
DH5a F -, ¢80dlacz M15, (lacZYA-argF) U169, deoR, (Hanahan, 1983)

recAl, endA, hsdR17 (rk - mk -), phoA, supE44, thi-1,
gyrA96, relAl.

XL1 Blue hsdR17, supE44, recAl, endAl, gyrA46, thi, relAl, (Bullock et al., 1987)
lac/ F' [proAB™, lacl®, lacZ M15::Tn10 (Tc")]
GM2929 F -, ara-14, leuB6, thi-1, tonA31, lacY1, tsx-78, (Palmer and Marinus,

galk2, galT22, gInv44, hisG4, rpsL136, xyl-5,mtl-1, 1994)
dam13::Tn9, decm-6, mcrB1, hsdR2, mcrA, recF143.

(SpR cmP).
Agrobacterium
A tumefaciens Carries Vir plasmid encoding T-DNA transfer ATCC 33970
GV3101 (pMP90) machinery, Rif%, Cm®.
Pseudomonas
P.  fluorescens 55 Containing 25 kb P. syringae pv. syringae 61 hrc/hrp  (Jamir et al., 2004)
[PLN18] (Pf) cluster with shcA and hopPsyA replaced by an nptll

cassette (KmF) .
P. savastanoi pv. savastanoi (Psv)

NCPPB 3335 Wild-type strain isolated from olive (Pérez-Martinez et al.,
2007)

NCPPB 3335-T3 Type I1I secretion mutant (Km®) (Pérez-Martinez et al.,
2010)

Psv48 AA NCPPB 3335 cured of pPsv48A (Bardaji et al., 2011)

NCPPB 3335 AhrpL  hrpL mutant derived from NCPPB 3335 (KmF) (Matas IM et al., 2014)

AhopAF1 hopAF1 mutant derived from NCPPB 3335 (Km®) This study

P. syringae pv. tomato (Pto)
DC3000D28E AhopUl-hopF2  AhopCI-hopH1::FRT  AdhopDI- (Cunnac et al., 2011)

hopR1::FRT AdavrE-shcN AhopAA1-2-hopGl::FRT
Ahopll  AhopAMI1-1  AhopAF1::FRT AavrPtoB
davrPto AhopK1 AhopBl AhopEl AhopAl::FRT
hopY1::FRT pDC3000A— pDC3000B— (Sp®)

CmR, KmR, Sp® and Rif® indicate resistance to chloramphenicol, kanamycin, spectinomycin and rifampicin,
respectively. "ATCC, American Type Culture Collection.
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Expression plasmids (Table 2) were generated using Gateway'™ cloning technology
(Invitrogen Corp, California, USA) as indicated in General Material and Methods section.

Construction of the AhopAF1l (AER-0003643) mutant from P. savastanoi pv. savastanoi
NCPPB 3335 was performed by marker exchange mutagenesis as previously described and the
correct exchange of the hopAF1 gene by the Km resistance cassette was determined by Southern

blot analysis (General Material and Methods section).

Table 2. Plasmid used in this study.

Name?

Description?

References

PGEM-T

pGEM-T- KmFRT-BamHI
pPCO1

pPCO1-Km

pPENTR/D/SD TOPO

PENTR-hopAF1
PENTR-hopAF1-2
pCPP3234

pCYA-hopAF1
pCYA-hopAF1-2

pCPP5040

PEXP-hopAF1
PEXP-hopAF1-2
pGWB5
pLOC-hopAF1

pLOC-hopAF1-2

Cloning vector containing ori f1 and lacZ
(Amp®)

Contains Km® from pKD4 (AmpR Km®)

pPGEM-T derivates, contains 1.2 kb approx. on
each side of the hopAF1-2 gene (AER-
0003643) (Ap©)

pPGEM-T derivates, contains 1.2 kb approx. on
each side of the hopAF1-2 gene (AER-
0003643) interrupted by the kanamycin
resistance gen nptll (Ap?, Km®)

Entry vector for Gateway cloning (Km®, Cm®)

PENTR/D/SD TOPO::AER-0003643 (KmR)
PENTR/D/SD TOPO::AER-0000968 (KmR)

pVLT35::Gateway cassette-Cya fusion, broad-
host-range vector containing tac promoter and
lacl? (Sp®, StrR, cm®)

pCPP3234 expressing AER-0003643-Cya
(Sp®, strf)

pCPP3234 expressing AER-0000968-Cya
(Sp®, strf)

pML123::Gateway cassette, broad-host-range
vector allowing for constitutive expression of
inserts fused to a C-terminal HA tag from the
nptll promoter (Gm®, Cm®)

pCPP5040 expressing AER-0003643-HA

tag (Gm")

pCPP5040 expressing AER-0000968-HA

tag (Gm")

35S promoter, C-sGFP (35S promoter-R1-
CmR-ccdB-R2-sGFP), Km®, Hg®

pGWBS5 expressing AER-0003643-GFP
(Km*, Hg")

pGWBS5 expressing AER-0000968-GFP
(Km*, Hg®)

(Promega, USA)

(Zumaquero et al., 2010)
This study

This study

(Invitrogen Corp.;
California, USA)

This study
This study
(Schechter et al., 2004)

This study
This study

(Lopez-Solanilla et al.,
2004)

This study
This study
Invitrogen
This study

This study

aApR, CmR, KmR, Sp®, Str® and HgR indicate resistance to ampicillin, chloramphenicol, kanamycin, spectinomycin,
streptomycin and higromycin, respectively. AER numbers indicate ASAP identification numbers for Psv NCPPB 3335
genes (http://www.genome.wisc.edu/tools/asap.htm). Cya, catalytic domain of Bordetella pertusis adenilate cyclase; HA
tag, Influenza hemagglutinin peptide YPYDVPDYA.
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Quantitative RT-PCR assays

gRT-PCR assays were performed as described in General Material and Methods section using

oligonucleotides primers shown in Table 3.

Table 3. Primers used in this study.

Forward primers

Reverse primers

Name® Sequence Name Sequence
HopAF1 F-237 CTTATCAAGCAGAAAGACGG HopAF1 R-536 AAGGGAGCAGATGGAATACG
Oligo P1 GTGTAGGCTGGAGCTGCTTC Km R-768 TTGCATCAGCCATGATGG
hopAF1-F GCGGATGCATTGAAACAGCT hopAF1-R AATAACAGCGCCCAGCAGAGT
hopAF1-2F CACTGCGGAGGCATTGAAAA hopAF1-2R AGAATAACGGCGCCAAGCA
TA-HopAF1-F617 GCAACCTCATGGAGCGAC TA-HopAF1 R353 CCCTATAGTGAGTCGGATCCG
GTTGGACTTGGCACTG
TD-HopAF1-F6 GGATCCGACTCACTATAGGG TD-HopAF1 R293 GCTCATGTTTGGTGATCG
CCAACACTAGGTGTAAC

TOPO-968-F CACCATGGGACTATGTATTTCA | TOPO-968-R TAAAGCGACCAAATGCTT
TOPO-3643-F CACCATGGGACTATGTATTTCA | TOPO-3643-R GCCAGTCACCAAATGTTT

Cya CAATCAGGCTGGTGGAATGG

#F and R, forward and reverse primer, respectively. Numbers included after F and R in primers names correspond to the
hybridization position of the 3* end of the primer in the corresponding ORF sequence.

Table 4. Accession number of the protein sequences used for the construction of the phylogenetic

trees shown in Figure 2.

Strain® Abbreviated Accession number® Locus Tag

aesculi 2250 Pae WP_005730473.1 Psyrpa2_010100002225
aceris MAFF 302273 Pac WP_003381937.1 PSYAR 11249
lachrymans M302278 Pla WP_005746129.1 nd

lachrymans MAFF301315  Pla EGH86579.1. PLA107_25865
maculicola ES4326 Pma WP_007248647.1 PMA4326 03644

mori MAFF 301020 Pmo WP_005752338.1 PSYMO_39865
phaseolicola 1448A Pph YP_273699.1 PSPPH_1443
savastanoi NCPPB 3335 Psv HopAF1 EF100483.1 PSA3335_1477
savastanoi NCPPB 3335 Psv HopAF1-2 YP_006961546.1 PSA3335_1469
syringae B728a Psy YP_236881.1 Psyr_3813

tomato DC3000 Pto NP_791393.1 PSPTO_1568

tomato Max13 Pto ZP_07233181 PsyrptM_010100019102
tomato NCPPB 1108 Pto ZP_07256821 PsyrptN_010100005517
tomato T1 Pto EEB59276.1. PSPTOT1_4398

actinidae LV ICMP 18803
actinidae LV ICMP 18803
pisi 1704

Pan LV HopAF1-1
Pan LV HopAF1-2
Ppi

na
na
EGH45046.1.

A237_04053
A237 28116
PSYPI_22937

¥Indicated as pathovars of Pseudomonas syringae, with the exception of P. savastanoi pv. savastanoi. ® Database -
Hops, http://www.pseudomonas-syringae.org/home.html. na, not available in GenBank.
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Bioinformatics analysis

Accession numbers of the protein sequences used for the construction of the phylogenetic trees
shown in Figure 2 are in Table 4. Sequence alignment using ClustalW, determination of the
optimal amino acid substitution model and phylogenetic tree construction were performed using
MEGAS (Tamura et al., 2011). Neighbor-joining and maximum-likelihood phylogenetic trees of
the individual protein sequences were generated using MEGAS with the optimal model (John-
Taylor-Thornton model) and the option of complete deletion to eliminate positions containing
gaps. Confidence levels for the branching points were determined using 10,000 bootstraps
replicates.

N-myristoylation sites (Maurer-Stroh et al., 2002) in HopAF1 and HopAF1-2 were identified
using NMT program (http://mendel.imp.ac.at/myristate/SUPL predictor.htm).

Subcellular localization

Agrobacterium constructs pGWB5-HopAF1-GFP and pGWB5-HopAF1-2-GFP (Table 2) were
obtained by Gateway technology (See General Material and Methods section) and transformed
into A. tumefaciens strain GV3101 by electroporation (Weigel and Glazebrook, 2002). Subcellular
localization assays were performed as described by Rodriguez-Herva et al., (2012). The cells were
grown in YEB medium (Vervliet et al., 1975) until exponential phase, pelleted and resuspended in
MMA induction buffer (1 L of MMA: 44 g MS salt, 1 g MES, 2 % sucrose, pH 5.6)
supplemented with acetosyringone to reach an optical density of 2.1-3.0. Cultures were incubated
at room temperature for 1 h before infiltration. A. tumefaciens cultures were infiltrated into four
leaves of N. benthamiana plants using a 1 ml syringe. At 48 h after inoculation, fluorescence

images were acquired using a confocal microscope (Leica SP8).
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RESULTS AND DISCUSSION

P. savastanoi pv. savastanoi NCPPB 3335 encodes three homolog sequences of the
hopAF gene family.

Bioinformatics analysis of the draft genome sequence and the three plasmid complement of P.
savastanoi pv. savastanoi NCPPB 3335, previously identified the hopAF1 and hopAF1-2 genes in
plasmid pPsv48A and in the chromosome of this strain, respectively (Rodriguez-Palenzuela et al.,
2010; Bardaji et al., 2011). A hopAF probe, 80 % identical with the sequence of hopAF1-2, and
thus hybridizing with both hopAF alleles, was obtained by PCR using primers HopAF1 F-237 and
HopAF1 R-536 (Table 3). The probe was labeled with digoxigenin (DIG) (General Material and
Methods section). Total DNA isolated from wild-type NCPPB 3335 and from a NCPPB 3335
derivative cured of plasmid pPsv48A (Psv48AA) was digested with Clal, which does not cut
within the hopAF1 or hopAF1-2 genes, and hybridized with the hopAF probe. Two hybridization
fragments of about 3.0 kb and 10.4 kb were obtained for NCPPB 3335 (Fig.1), corresponding to
the hopAF1 and hopAF1-2 genes as deduced from the draft genome sequence of this strain
(Rodriguez-Palenzuela et al., 2010). However, the 3.0-kb fragment was not observed for the
Psv48AA sample, as expected for the loss of the pPsv48A-encoded hopAF1 gene in this strain.
Surprisingly, an unexpected fragment of approximately 9.4 kb was clearly observed for both
NCPPB 3335 and Psv48AA (Fig. 1), indicating that NCPPB 3335 encodes three different
nucleotide sequences hybridizing with the hopAF1 probe. No additional hopAF1-like sequences
were found in the complete plasmid sequences of NCPPB 3335 (Bardaji et al., 2011), suggesting
the chromosomal codification of this additional sequence. Complete sequencing of the NCPPB
3335 genome would be necessary to confirm this hypothesis.
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Figure 1. Detection of hopAF-like sequences in the genome of P. savastanoi pv. savastanoi NCPPB 3335
and derived strain Psv48AA. Southern blot analysis of Clal-digested genomic DNA isolated from strains
NCPPB 3335 and Psv48AA (cured of plasmid pPsv48A). Red arrows indicate hybridization fragments
corresponding to the hopAF1 and hopAF1-2 genes (approximately 3.0 and 10.4 kb, respectively). The
positions of molecular size markers (in kilobases, kb) are indicated to the left of the gel.

115



Chapter 11

Distribution of HopAF1 among P. savastanoi pv. savastanoi and related strains

With the purpose of analyzing the presence of HopAF1 homologs among strains of the
Pseudomonas syringae complex, a BLASTp search was performed against the non-redundant
protein sequence database. The results revealed that NCPPB 3335 HopAF1 and HopAF1-2, which
are 74 % identical (100% cover), are separated in different branches of the tree. The plasmid-
encoded NCPPB 3335 HopAF1 is most similar to its homologs encoded by other P. syringae
pathovars infecting woody hosts and belonging to genomospecies 2 and 3, like P. syringae pv.
actinidae strains MAFF302091 and LV and P. syringae pv. mori MAFF301020, suggesting that
this hopAF1 allele could play a relevant role in bacterial interactions with woody host plants.
However, NCPPB 3335 HopAF1l also clustered with that of P. syringae pv. lachrymans
MAFF301315 (genomospecies 1), which causes angular leaf spot of cucumber (Bradbury, 1986).
Conversely, NCPPB 3335 HopAF1-2 homologs are found in P. syringae strains isolated from
either herbaceous or woody plants and belonging to genomospecies 1, 2, 3 and 9 (Fig. 2A). On the
other hand, the phylogeny of these two members of the HopAF family is not congruent with the
phylogeny of the P. syringae complex deduced from housekeeping genes (Ramos et al., 2012),
suggesting the existence of horizontal transfer.

G.sp! Host? c P G.sp?
Pla MAFF 302278 1 H B ] PanKACC 10584 1
98 32—PtoT1 3 H I [] PsvCFBP 1746 2
93 Pto Max13 3 H Il [ ] PsvCFBP 2074 2
67 Pto NCPPB 1108 3 H ] PsvyNCPPB 64 2
56
97 Pto DC3000 3 H I PsvNCPPB 3335 2
Pan LV HopAF1-2 3 W B[] PsviTm 317 2 §
Pma ES4326 9 H B[] PsvcrBP1670 2 | &
Pac MAFF 302273
1w BB rn2 2 %
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p” Ppi 17048 1 H B (] roecrBP 3226 2
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Figure 2. Distribution and phylogeny of the HopAF family in the Pseudomonas syringae complex. A,
Unrooted neighbor-joining tree of HopAF proteins. The accession number of the protein sequences
used for the construction of the phylogenetic tree is presented in Table 4. All amino acid sequences
used are annotated as HopAF1 homologs, with the exception of P. savastanoi pv. savastanoi NCPPB 3335
HopAF1-2 and P. syringae pv. actinidae LV HopAF1-1 and HopAF1-2 (http://www.pseudomonas-
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syringae.org/). Bootstrap percentage values (10,000 repetitions) are shown in the branches, and evolutionary
distances are given in units of amino acid substitutions per site. B, Distribution of the P. savastanoi pv.
savastanoi NCPPB 3335 T3E genes of the hopAF family among a collection of strains of the P. syringae
complex isolated from woody and herbaceous plant hosts. A colony-blot analysis was performed using a
hopAF1 probe (Table S2 in Supplementary Material section). The strains are indicated by their pathovar
abbreviation (Table 4). Black and white squares represent the presence or absence, respectively, of strong
hybridization signals for each strain analyzed. ‘G.sp, genomospecies; Host: W, woody host; H, herbaceous
host.

To ascertain the distribution of hopAF1-like sequences among a collection of 31 P. savastanoi
pv. savastanoi strains isolated in different countries and among a selection of P. syringae strains
isolated from either woody and herbaceous host (see Table 1 in General Material and Methods
section), a dot-blot hybridizations was performed using a hopAF1 probe hybridizing with both
hopAF1 and hopAF1-2. A positive hybridization signal was obtained for 29 out of the 31 P.
savastanoi pv. savastanoi strains analyzed, as well as for 16 out of the 22 P. syringae strains used
(See Supplementary Material section, Table S2). Strains that did not hybridize with this probe
where discarded for further analysis.

A collection of six P. savastanoi pv. savastanoi strains, two P. savastanoi pv. nerii isolates and
10 P. syringae strains hybridizing with the hopAF1 probe in the dot-blot analysis were selected to
determine the localization of hopAF1-related sequences in their replicons. Plasmid preparations
and total DNA isolated from these 18 strains were analyzed by southern-blot hybridization using
the hopAF1 probe. The results revealed that, with the exception of P. savastanoi pv. nerii strain
519 y P. syringae pv. morsprunorum CFBP 2116, all other P. savastanoi and P. syringae strains
analyzed encode at least one copy of the hopAFl gene in their chromosome. Besides P.
savastanoi pv. savastanoi NCPPB 3335 and P. savastanoi pv. nerii strain 2 also contain a plasmid-
encoded copy of this gene (Fig. 2B), further supporting the hypothesis that hopAF1 has been
horizontally transferred among strains of the P. syringae complex. In agreement with this
hypothesis, Bardaji et al. (2011) reported that although the overall G+C content of the three
plasmid complement of NCPPB 3335 is close to the 57.12% G+C of the NCPPB 3335 genome
(Rodriguez-Palenzuela et al., 2010), they contained 22 CDS with less than 50% G+C that could
have been acquired via horizontal gene transfer. The hopAF1 gene (47.2% G+C) was identified
among these CDS by these authors. Also, HOpAF1 has been previously identified as a highly
conserved T3E across P. syringae pathovars, reflecting a selective constraint more typical of core
genes and suggesting that it plays a central role in the disease process (Sarkar et al., 2006).
However, the HopAF family is not considered a core member of the P. syringae T3E super-
repertoire, which is composed only by four members (AvrE, HopAA, Hopl and HopM) (Baltrus et
al., 2011; Lindeberg et al., 2012).
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HrpL-dependent expression of the P. savastanoi pv. savastanoi T3SS effector genes
hopAF1 and hopAF1-2

An identifiable Hrp box sequence (Fouts et al., 2002) was found in the 290 nucleotides
upstream of the start codon of the P. savastanoi pv. savastanoi NCPPB 3335 hopAF1 and
hopAF1-2 genes (Table 5), suggesting that expression of these two T3E could be transcriptionally
activated by HrpL. Similar Hrp box sequences were previously identified in the promoter
sequences of several validated NCPPB 3335 T3E (Matas et al., 2014).

Table 5. Occurrence of consensus Hrp-box sequences upstream of the P. savastanoi pv.
savastanoi NCPPB 3335 hopAF1 and hopAF1-2 genes.

Gene name Location® Hrp—pmé Hrp-box sequence
position

CONSENSUS® BGGAACYHNNNNNNNNNNNNNNCCACNHAG

hopAF1 P -2721t0-243  TGGAACTTTTTCTTGCCCGCTACCACCCAT

hopAF1-2 C -287t0 -257 TGGAACCGCTGAAGAGTTTTAGCCACTCAG

@ Location: C, chromosomal and P, plasmid. ® Coordinates are with respect to the annotated start codon of the CDS.
¢ Consensus Hrp box sequence (Fouts et al., 2002). Conserved sequences are highlighted in gray.

In order to test the HrpL-dependent expression of the NCPPB 3335 hopAF1 and hopAF1-2
genes, wild-type NCPPB 3335 and a NCPPB 3335 AhrpL mutant (Matas et al., 2014) were used.
NCPPB 3335 AhrpL has been reported to be unable to elicit the hypersensitive response (HR) in
Nicotiana tabacum plants or form knots in lignified olive plants (Matas et al., 2014). Expression
analyses were performed under inducing conditions (cells grown for 6 h in HIM) using
quantitative reverse-transcription polymerase chain reaction (QRT-PCR). Specific g-RT-PCR
primers allowing differentiation between the hopAF1 (primers hopAF1-F and hopAF1-R) and the
hopAF1-2 (primers hopAF1-2F and hopAF1-2R) genes were used (Table 3). The expression of the
hopAF1 and hopAF1-2 genes decreased (0.29- and 0.14-fold, respectively) in the AhrpL mutant
compared to the wild-type strain, demonstrating an expression dependency on HrpL (Fig. 3A).
Using identical conditions to those reported in this analysis, Matas et al. (2014) recently
demonstrated that expression of the NCPPB 3335 avRPtol, hopBK1, hopBL1, and hopBL2 genes
is also HrpL dependent. Also, an expression dependency on HrpL of the NCPPB 3335 hopAO1
and hopAO2 genes was demonstrated in this PhD Thesis using the same culture conditions (see
Chapter I1). However, expression of the iaaM gene (encoding tryptophan monooxygenase,
involved in the biosynthesis of indoleacetic acid), which was used as negative control, was not
reduced in the AhrpL mutant (Matas et al., 2014).
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Figure 3. Transcriptional analysis of the P. savastanoi pv. savastanoi NCPPB 3335 hopAF1 and hopAF1-2
genes. Quantitative reverse-transcription polymerase chain reaction (qQRT-PCR) with the indicated T3E
genes in NCPPB 3335 versus NCPPB 3335 AhrpL (A) or NCPPB 3335 versus NCPPB 3335AhopAF1 (B)
at 6 h after transfer to Hrp-inducing medium. The fold change was calculated after normalization using the
gyrA gene as an internal control. Results represent the means from three independent experiments. Error
bars represent the standard deviation. Asterisks indicate significant differences (P = 0.05) between the
expression values obtained for NCPPB 3335 and the mutant strains.

A NCPPB 3335 AhopAFl1 mutant was constructed by marker exchange mutagenesis
(Zumagquero et al., 2010) and the loss of this plasmid-encoded gene was verified by Southern blot.
As described above for strain Psv48AA (cured of pPsv48A) (Fig. 1), two DNA fragments
hybridizing with the hopAF probe were observed in the AhopAF1 mutant (data not shown), further
supporting that NCPPB 3335 encoded three different hopAF-related sequences. Expression of the
hopAF1-2 gene was similar in the wild-type strain and the AhopAF1 mutant, demonstrating that
loss of plasmid-encoded hopAF1 does not alter expression of hopAF1-2 under the conditions
tested (6 h after transfer to HIM). Unexpectedly, expression of the hopAF1 gene was detected in
the AhopAF1 mutant using a hopAF1-specific primer. However, the expression decreased 0.31-
fold in the AhopAF1 mutant in comparison with the wild-type strain (Fig. 3B). These results
suggest the existence of a second and transcriptionally active copy of the hopAF1 gene encoded in
the chromosome of NCPPB 3335. In fact, a DNA fragment of 840 bp was PCR amplified from the
genome of Psv48AA using primers TOPO-968-F and TOPO-968-R (Table 3), which amplify
specifically with the complete hopAF1 ORF. Sequencing of these DNA fragments confirmed that
this extra copy of the hopAF1 gene is 100% identical to that encoded in plasmid pPsv48A. The
plasmid-encoded NCPPB 3335 hopAF1 gene has been shown to be a chimeric hopAY1-hopAF1
allele captured by a putative effector transposon designated 1SPsy30 (Bardaji et al., 2011). Thus, it
could be possible that one of the two copies of the hopAF1 gene encoded in the NCPPB 3335
genome might have been originated by a true transposition event. Duplication of T3E genes
within P. syringae genomes and association with mobile genetic elements has been previously
related with ongoing insertions and deletions of T3E genes (Alfano and Collmer, 2004). Other

examples of the duplication of T3E genes include P. syringae pv. maculicola M6 hopX1 (Rohmer
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et al., 2003), P. syringae pv. phaseolicola 1448A hopW1-1 and hopW1-2, as well as avrB4-1 and
avrB4-2 (Zumaquero et al., 2010) and P. syringae pv. tomato DC3000 hopAA1-1 and hopAA1l-2,
and hopAM1-1 and hopAM1-2 (http://www.pseudomonas-syringae.orqg).

HopAF1 and HopAF1-2 are translocated through the P. savastanoi pv. savastanoi

type 111 secretion system

To determine whether P. savastanoi pv. savastanoi NCPPB 3335 HopAF1 and HopAF1-2
could be translocated into plant cells via the T3SS, Bordetella pertusis adenylate cyclase (Cya)
fusions to these two T3E were constructed as previously described (Matas et al., 2014). This
system, based in cyclic AMP (cAMP) production exclusively in the presence of eukaryotic
calmodulin, has been widely used for analyzing the translocation of P. syringae T3E (Sory and
Cornelis, 1994; Casper-Lindley et al., 2002; Schechter et al., 2004). Wild-type NCPPB 3335 and
NCPPB 3335-T3 (T3SS mutant, Table 1) (Perez-Martinez et al., 2010) expressing each of the two
constructed Cya fusions (Table 2) were infiltrated in N. tabacum leaves. Significant differences in
CAMP production between the wild type and the NCPPB 3335-T3 mutant were observed for both
HopAF1 and HopAF1-2 (Fig. 4), indicative of their translocation through the NCPPB 3335 T3SS.
These results, together with the expression dependency of these two T3E from HrpL (Fig. 3A), are
in accordance with the characteristics required for the definition of T3E from the P. syringae
complex (Lindeberg et al., 2005). Thus, HopAF1 and HopAF1-2 emerge as validated members of
the P. savastanoi pv. savastanoi NCPPB 3335 T3SS secretome. We have previously reported the
validation of another nine NCPPB 3335 T3E (Matas et al., 2014; chapter Il of this PhD Thesis).
Translocation and expression analysis allowing validation of T3E encoded by other strains of the

P. syringae complex isolated from woody hosts has not been reported to date.
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Figure 4. Translocation assay of P. savastanoi pv. savastanoi NCPPB 3335 HopAF1 and HopAF1-2.
Calmodulin- and Cya-dependent production of cAMP was used to measure the translocation of T3E-Cya
fusions into N. tabacum cv. Newdel plants. Plants were inoculated with P. savastanoi pv. savastanoi
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NCPPB 3335 or NCPPB 3335-T3 (T3SS mutant) expressing the indicated Hop-Cya fusions from
pCPP3234 derivatives (Table 2). The values represent the mean and standard error for samples obtained in
triplicate; similar results were obtained in multiple experiments. Asterisks indicate significant differences (P
= 0.05) between the cAMP levels obtained for the NCPPB 3335 and NCPPB 3335-T3 strains.

Role of the plasmid-encoded hopAF1 gene in the virulence of P. savastanoi pv.

savastanoi NCPPB 3335 in olive plants

We have previously reported that P. savastanoi pv. savastanoi strain Psv48AA (cured of
plasmid pPsv48A, Table 1) induced less severe symptoms on the stems of the olive plants than the
wild-type strain NCPPB 3335 (Bardaji et al., 2011). In order to determine the specific contribution
to virulence of this plasmid-encoded gene, pathogenicity tests were performed in both in vitro
micropropagated and lignified olive plants. In agreement with our previous results, Psv48AA
induce attenuated hyperplastic knots, which also showed a premature necrosis of the tissue in both
plant systems (Fig. 5A, 5B and 5C). In contrast, the sizes of the knots induced by the NCPPB
3335 AhopAF1 mutant on the stem of in vitro-grown olive plants at 28 dpi were not significantly
different from those induced by the wild-type strain (Fig. 5A and 5C). In addition, competition
assays between the wild-type strain and the AhopAF1 mutant in this plant system showed that
these two strains were equally competitive (competition index no significantly different from 1.0),
suggesting the existence of functional complementation by other T3E in the AhopAF1 mutant. In
fact, active transcription of the chromosomally encoded hopAF1 and hopAF1-2 genes was here
reported for this strain (Fig. 3). Interestingly, the sizes of the knots induced by the AhopAF1
mutant in lignified olive plants were in average slightly smaller, although no significantly
different, than those induced by the wild-type strain (Fig. 5B and 5C). Complementation of the
AhopAF1 mutant with the hopAF1 gene expressed from a constitutive promoter (nptll promoter,
plasmid pCPP5040, Table 2), resulted in the formation of knots significantly larger and less
necrotic than those induced by the wild-type strain, suggesting a relevant role of this T3E in the
inhibition of plant defense responses. Furthermore, a Psv48AA derivative expressing the hopAF1
gene (Table 2) induced knots similar in size and shape to those observed in in vitro olive plants
infected with the wild-type strain (Fig. 5A). Conversely, complementation of knot size was not
observed for this strain on lignified olive plants (Fig. 5B). Differences in the symptomatology
induced by P. savastanoi pv. savastanoi T3SS mutants has been previously observed between in
in-vitro grown and lignified olive plants. These differences, has been suggested to be likely due to
the high susceptibility of the micropropagated plant material to this pathogen and to the ability of
the T3SS mutants to produce indole-3-acetic acid (Perez-Martinez et al., 2010).
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Figure 5. Virulence assay of hopAF1 mutant on young micropropagated and lignified olive plants. Knots
induced by the indicated strains on young micropropagated olive plants at 28 days post inoculation (dpi) (A)
and in one year-old olive plants at 90 dpi (B). C, Weight of knots developed on lignified olive plants
infected with the indicated strains. Knots weights are the means of six different knots. Statistical analyses
were performed using one-way ANOVA followed by post-hoc comparisons using the Tukey test. The error
bars indicate the standard error from the average of three different assays. Statistical analyses were
performed using Student’s t-test with a threshold of P = 0.05. NCPPB 3335, wild-type strain; Pv48AA,
NCPPB 3335 cured of plasmids pPsv48A; Pv48AA + hopAF1, Pv48AA expressing hopAF1l; AhopAF1,
NCPPB 3335 AhopAF1 mutant; AhopAF1 + hopAF1, AhopAF1 expressing hopAF1.

T3E repertoires encoded by individual P. syringae strains compose a robust system that
usually can tolerate loss of individual T3E because of high-level functional overlap among them
(Cunnac et al., 2004). Thus, deletion of a single P. syringae T3E gene does not often lead to a
noticeable loss of virulence, as measured by attenuation of bacterial growth and symptoms

development in infected plants (Hauck et al., 2003). Nevertheless, deletion of other P. savastanoi
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pv. savastanoi T3E genes such as hopAO1 resulted in virulence reduction in olive plants (Chapter
Il of this PhD Thesis). Construction of a double hopAF1 mutant, a single hopAF1-2 mutant and a
triple hopAF1 hopAF1-2 mutant would be required to further study the role of the HopAF family
in the virulence of P. savastanoi pv. savastanoi in olive plants. In this sense, we could not
approach the replacement of the hopAF1-2 gene by a Km cassette using the same strategy
described here for the construction of the hopAF1 mutant (Zumaquero et al., 2010), as the
sequence of this gene is near the end of a contig in the draft genome sequence of NCPPB 3335
(Rodriguez-Palenzuela et al., 2010). Thus, primers allowing amplification of the genomic regions
flanking the hopAF1 gene could not be designed. On the other hand, disruption of this gene by
plasmid integration yielded neither positive transformants. Complete sequencing of the genome of
NCPPB 3335 would be required to address this question.

HopAF1 and HopAF1-2 differentially suppress physiological processes associated
with PTI

The heterologous system Pseudomonas fluorescens 55 (Pf55) [pLN18], expressing a P.
syringae T3SS (Jamir et al., 2004; Lopez-Solanilla et al., 2004; Oh et al., 2010; Matas et al.,
2014), was used to analyze the effect of the expression of HopAF1 and HopAF1-2 over the
incitation of plant associated defense responses as are ROS production and callose deposition.
These two hallmarks were monitored after inoculation of N. tabacum leaves with Pf55 [pLN18]
derivatives strains expressing either HopAF1 or HopAF1-2 (see pCPP5040 derivatives, Table 2).
ROS levels, determined by 3-3"-diaminobenzidine (DAB) staining were significantly reduced by
the expression of HopAFl and HopAF1-2 compared to the control strains Pf55 [pLN18]
harboring an empty vector (Fig. 6A and 6C) (Tukey test; P < 0.01). However, only HopAF1-2
reduced the levels of callose deposition compared to the control strain (Tukey test; P < 0.01) (Fig.
6B and 6D). These two defense markers are associated with the PT1 incited upon pathogen attack
(Boller and Felix, 2009). Although it has been reported that these two responses are usually
associated, they belong to different categories regarding the timing of the process and they might
be considered independent defense markers. While ROS production occurs during the early phase
of PTI, callose deposition develops within longer periods of time (Nicaise et al., 2009; Henry et
al., 2013). Moreover, both types of responses have been described to occur independently of plant
resistant responses in some plant-pathogen interactions (Nishimura et al., 2003; Galletti et al.,
2008; Segonzac et al., 2011). Our results are in line with the observed independency among these
two processes, and show that HopAF1 interferes with early PTl-associated processes like ROS
production, while HopAF1-2 suppress both early and late PTI defense responses. The description
of specific in planta targets of these two effectors will shed light about the different pathways

involved in the initiation of these responses.
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Figure 6. 3-3"-diaminobenzidine (DAB) staining and callose deposition in N. tabacum var. Xhanti leaves.
Plants were challenged with P. fluorescens 55 [pLN18] harboring the pCPP5040 empty vector or the
vectors expressing P. savastanoi pv. savastanoi NCPPB 3335 HopAF1 or HopAF1-2. A, DAB signal was
quantified 4 h after inoculation, and B, callose deposition was detected by aniline blue staining and
quantified 12 h after infection. C and D, quantification of DAB staining (ROS production) and callose
deposition, respectively. For histograms, data are means + standard error of the mean for at least five
replicas; bars topped with the same letter represent values that are not significantly different using one-way
ANOVA and Tukey test for multiple comparison (P=0.01). Each experiment was repeated at least three
times with similar results.

ETI response induced by the effectorless polymutant P. syringae pv. tomato DC3000
is suppressed by HopAF1-2 but not by HopAF1

To further analyze the role of HopAF1 and HopAF1-2 in the interference of the ETI defense
response, these two proteins were expressed individually from plasmid pCPP5040 (Table 2) in P.
syringae pv. tomato DC3000D28E (Cunnac et al., 2011). This polymutant strains induce HR in N.
tabacum and N. benthamiana (Kvitko et al., 2009; Cunnac et al., 2011). The DC3000D28E
derivatives expressing P. savastanoi pv. savastanoi NCPPB 3335 HopAF1 or HopAF1-2 (See
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Table 2) were inoculated in N. tabacum leaves. After 48 h, the polymutant strain stimulated an
ETI-like response which was completely inhibited by the expression of the NCPPB 3335
HopAF1-2. However, expression of HopAF1 had no effect in the incited response (Fig. 7A).
These results suggest that HopAF1-2 participate in the inhibition of the plant defense response
associated with the onset programmed cell death. The results obtained with HopAF1 are in line
with the reported involvement of its P. syringae pv. tomato DC3000 homolog in the suppression
of PTI but not in the suppression of the ETI response (Li et al., 2005b; Cunnac et al., 2009).

A MgCl, Empty vector HopAF1 HopAF1-2

10 -

a a a
—_—  ——

AvrRpm2 HopAF1 HopAF1-2

Competitive Index (CI)
[EEN

0.1 -
Figure 7. Delivery of HopAFl and HopAF1-2 by functionally effectorless P. syringae pv. tomato
DC3000D28E in Nicotiana leaves. A, Cell death response in N. tabacum var. Newdel leaves 48 h after
inoculation with P. syringae pv. tomato DC3000D28E harboring pCPP5040 (empty vector) derivatives
expressing HopAF1 or HopAF1-2. Bacterial cells were adjusted to 2 x 10% CFU/mL. Cell death response: +,
positive; -, negative. Each experiment was repeated at least three times with similar results. B, Competition
index (CI) between P. syringae pv. tomato DC3000D28E and the derivatives strains expressing HopAF1 or
HopAF1-2 in N. benthamiana. Cls were normalized with respect to the Cl obtained for DC3000D28E
versus DC3000D28E expressing the empty vector. Values are the mean + standard error of the mean of
three replicates; bars topped with the same letter represent values that are not significantly different using
one-way analysis of variance followed by post-hoc comparisons using the Tukey test.

To investigate the effect of HopAF1 and HopAF1-2 on the ability of DC3000D28E to colonize
N. benthamiana, competition assays between the polymutant strain and its derivatives expressing
these T3E were performed. Mixed inoculums (1:1) of DC3000D28E vs. each of the derivative
strains were made and inoculated in N. benthamiana leaves. After 6 days, bacteria were recovered
and viable cells were determined. None of the P. savastanoi T3E analyzed increased the
competitiveness of the strain, which was reflected in a competitive index (CI) value of 1.02 and
1.24 for HopAF1/DC3000D28E and HopAF1-2/DC3000D28E, respectively (Fig. 7B).
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Restoration of DC3000D28E growth by expression of NCPPB 3335 T3E has been only
demonstrated to date for HopAO1, HopAO2 and HopBL1 (See chapter I and Il).

Subcellular localization

In order to gain more information regarding the in planta behavior of HopAF1 and HopAF1-2,
GFP fusions to C terminal full-length T3E were constructed in a Gateway vector (0\GWB5) (Table
2) (See General Material and Methods). N. benthamiana leaves were infiltrated using
Agrobacterium-mediated gene transfer transformed with these vectors. At 48 h after infiltration,
abaxial epidermal cells were analyzed using scanning laser confocal microscopy. The results
showed that the GFP fluorescence signal of HopAF1-GFP and HopAF1-2-GFP appears associated

with the plasma membranes (Fig. 8).

A HopAF1-GFP Overlay HopAF1-GFP-Chlorophyll

50 um 50 pm

B HopAF1-2-GFP Overlay HopAF1-2-GFP-Chlorophyll

50 um

Figure 8. Subcellular localization of HopAFl1 and HopAF1-2 in Nicotiana benthamiana leaves. A,
Representative single-plane confocal images and overlap of GFP fluorescence and chlorophyll
autofluorescence of HopAF1-GFP (A) or HopAF1-2 (B). In both cases fluorescence is observed in patches
attached to the plasma membrane. Magnification bar: 50 pm.
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Several P. syringae T3E have been shown to carry N-myristoylation signals required for their
plasma membrane localization; i. e. AvrB, AvrPto, HopF2 and at least two alleles of the HopZ
family (Nimchuk et al., 2000; Shan et al., 2000; Robert-Seilaniantz et al., 2006; Lewis et al.,
2008). In agreement with the plasma membrane localization of NCPPB 3335 HopAF1 and
HopAF2, a N-myristoylation site was found in these two proteins (Fig. 9) using NMT program
(http://mendel.imp.ac.at/myristate/SUPLpredictor.htm).

A HopAF1
N-Myristoylation site
MEICISRESS SSVRENIEFS ASSPNTRPTF GHQPASTSYR ASDEMNERPA KFSHFQLARR
GGNYTLXKMVS LDAYQAERRH SGNAIKDRSE STFPWVRVYH SKIGLDYSFQ IDRTTTVKVA
GFNGLTPNDE GTRHLYSAGT SQINMPVVID NMTACIAVAC RAENVDADIG ERMRGAQVRV
FHLLPFCHED LVPEEVLASI RDYLONARAQD GLTMRVAMHG GDREGDFSVS TADALKQLFA
DEGIPLEFDE TCANRTSDTL LGAVILDDNS THFIKHLVIG

B  HopAF1-2
N-Myristoylation site
MElCIs¥ESC =:vavEDEpR WEEPVNPSNV RAVSSHQTAS ASDRASDRVD ERPATFSHEQ
LARCGEDYTL SMVSLAAYQA ERRHRGNLIK DRSQSALPWV QVYHSETGLN YSFQIDRTTT
VKVAGFNYNV PNDGKTRHLY SAGTSQVNMP VIADNMSACI AVACARENVD AGTGERRPGA
KVRVFHLLPF RREDLMPKQV LASVRDYLRD IKEQGLTMRA ALHGGNREGD FSVSTAEALK
SLFADEGIPL EFDETCANRT SETLLGAVIL NDNSTQFIKH LVAL

C HopAF1 D HopAF1

Sequence of the predicted myristoylation signal: Sequence of the predicted myristoylation signal:

T
m

Qe QRVRENI AeeyavenD
SSSSYRENL SGSSYSYSDR

I

2 (Position in sequence) 2 (Position in sequence)

Figure 9. N-myristoylation site identified in P. savastanoi pv. savastanoi NCPPB 3335 HopAF1l and
HopAF1-2. Myristoylation is the irreversible attachment of a myristoyl group to the N-terminal glycine
residue of proteins that can act as a lipid anchor in biological membranes (Boutin, 1997). A and B, N-
myristoylation site indicated in the amino acid sequences of HopAF1 and HopAF1-2, respectively, or in its
tertiary structure (C and D).

Since the proper functioning of T3E is also likely to involve co-localization with targets within
the host cell (Alfano and Collmer, 2004), it might be hypothesized that the interference with the
plant defense machinery here observed for these two T3E could be produced during pathogen
perception, which take place at the membrane level. This recognition even mediated by PRRs,
includes the formation of protein complexes of different nature which initiate the transduction
signal that triggers the defense response (Zipfel, 2008; Macho and Zipfel, 2014). Finding of the
specific events interfered by these two NCPPB 3335 T3E will require further analysis regarding
their biochemical function and their plant target during the interaction.

In summary, here we demonstrate that P. savastanoi pv. savastanoi NCPPB 3335 possess three

copies of the hopAF gene family and validate HopAF1-2 and the plasmid-encoded HopAF1 as
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T3E of the NCPPB 3335 T3SS secretome. Moreover, our results reveal that the hopAF gene
family is widely distributed within P. savastanoi strains and other pathovars of the P. syringae
complex. We demonstrate that HopAF1 and HopAF1-2, which localize in the host plasma
membrane, differentially interfere with early responses associated with plant defense. Future
experiments should focus in the construction of double and triple mutants affected in these T3E to

further analyze their role in the virulence of P. savastanoi and related pathogens.

128



CONCLUDING REMARKS



VOVIVYW 30
avaisy¥3aAINn

eolypjual) ugioeBinaIg

K sauoioealigng ~
ew ‘



Concluding Remarks

Esta Tesis Doctoral se ha centrado en el analisis funcional de efectores (T3E) del sistema de
secrecion tipo Il (T3SS) de Pseudomonas savastanoi pv. savastanoi NCPPB 3335, prestando
mayor atencion a los T3E de las familias HopAF y HopAO. Anélisis bioinformaticos llevados a
cabo sobre el borrador de la secuencia del genoma de NCPPB 3335 permitieron identificar 33
T3E candidatos (Rodriguez-Palenzuela et al., 2010; Ramos et al., 2012; Matas et al., 2014).
Ademas, la secuenciacion completa de los tres plasmidos nativos que posee NCPPB 3335, revel6
gue dos de estos T3E son de codificacion plasmidica: HopAF1 (pPsv48A) y HopAO1 (pPsv48B)
(Bardaji et al., 2011). Durante el desarrollo de este trabajo, se demostro la translocacion de 7 de
los 33 T3E descritos hasta entonces en NCPPB 3335, de entre los cuales, 3 de ellos (HopBK1,
HopBL1 y HopBL2) se propusieron como parte de dos nuevas familias de T3E incluidas en el
pangenoma de P. syringae (Matas et al., 2014). Estos resultados, junto con la identificacion de
cajas Hrp-box en las regiones promotoras de los genes que los codifican y la demostracion de su
expresion dependiente del factor de transcripcion HrpL (Chapter 1), confirmaron que, de hecho,
estos 3 efectores cumplen las caracteristicas requeridas para la definicién de T3E del complejo
Pseudomonas syringae (Lindeberg et al., 2005).

En esta Tesis Doctoral, se han identificado dos nuevo T3E pertenecientes a las familias
HopAO (HopAO2) y HopAF (probablemente similar a HopAF1). Ademas, se ha demostrado
también la translocacién y expresion dependiente de HrpL de 4 T3E pertenecientes a estas dos
familias (hopAF1, hopAF1-2, hopAO1 y hopAO2), pasando por tanto a formar parte del secretoma
del T3SS de NCPPB 3335 comprobado experimentalmente (Tabla 1). Hasta la fecha, la
demostracion de la translocacién de T3E del complejo P. syringae se habia centrado
principalmente en las 3 cepas cuyos genomas se habian secuenciado por completo: P. syringae
patovar (pv.) tomato DC3000 (Buell et al., 2003), P. syringae pv. phaseolicola 1448A (Joardar et al.,
2005) y P. syringae pv. syringae B728A (Feil et al., 2005). Todas estas cepas, se han aislado de
plantas herbaceas. Los resultados incluidos en esta Tesis Doctoral, convierten a NCPPB 3335 en
la cuarta cepa del complejo P. syringae cuyo secretoma del T3SS incluye un mayor nimero de
T3E demostrados, y en la primera cepa aislada de un hospedador lefioso. En la Figura 1 se
muestra un esquema del efecto en planta de los efectores de las familias HopAF y HopAO de P.

savastanoi pv. savastanoi NCPPB 3335.
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Tabla 1. Efecto en planta de las familias de efectores HopAF y HopAO de P. savastanoi pv.
savastanoi NCPPB 3335 (Chapter 11 and I11).

Ensayos Efectores®

HopAF1  HopAF1-2 HopAO1l HopAO2
Translocacion N. tabacum + + + +
Expresion dependiente de HrpL + + + +
Produccion de ROS i | 3 . | 4
Deposicion de calosa l. ~ l l-
HR en N. tabacum l ~ l l
Competitividad D28E ~ ~ t T
Localizacién Subcelular Membrana Membrana Membrana/ Membrana/

Endosomas Vesiculas Golgi

Virulencia ~ nd l. nd

aHR, respuesta hipersensible; D28E, Pseudomonas syringae pv. tomato DC3000 delecionada de 28 efectores; + o -,
indican si el resultado obtenido fue positivo o negativo, respectivamente. Flecha hacia arriba o hacia abajo, indican si en
comparacion con el control positivo el resultado obtenido fue un aumento o reduccién, respectivamente. =
aproximadamente igual que el control positivo. nd, no determinado.

>

De entre los T3E de P. savastanoi pv. savastanoi NCPPB 3335 cuya translocacion habia sido
demostrada previamente (Matas et al., 2014), o se ha demostrado en este trabajo (Chapters Il y
I11), se ha conseguido describir la actividad enzimatica para uno de ellos: HopAOL1 (actividad
tirosina fosfatasa, Chapter I1). Ademas, HopBL1 y HopBL2, miembros de una nueva familia de
T3E del pangenoma de P. syringae (Matas et al., 2014), presentan el dominio Pfam
(http://pfam.xfam.org/) PF02902 correspondiente a la familia de proteasas Ulpl, cuya actividad

proteasa de SUMO esta siendo verificada actualmente en colaboraciéon con el Dr. Ruiz Albert
(Universidad de Malaga). Estos efectores, se encuentran emparentados filogenéticamente con el
T3E de Xanthomonas XopD, cuya actividad proteasa de SUMO se ha demostrado previamente
(Hotson et al., 2003; Kay and Bonas, 2009). Hasta la fecha, no se ha asociado esta actividad con

ningun otro T3E del género Pseudomonas.
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Figura 1. Representacién gréfica del efecto en planta de los efectores de las familias HopAF y HopAO de
Pseudomonas savastanoi pv. savastanoi NCPPB 3335. (1) NCPPB 3335 inyecta su bateria de T3E al
interior de la célula vegetal a través del T3SS. (2) Una vez en el interior de la célula, HopAQO?2 se localiza en
vesiculas del aparato de Golgi y los otros 4 T3E pertenecientes a estas dos familias se localizan en la
membrana plasmética de la célula vegetal. (3) Estos 4 T3E, interfieren con las respuestas de defensa
tempranas (PTI, PAMP-triggered immunity), y ademas, HopAF1-2, HopAOl y HopAO2 también
interfieren con la respuesta inducida por el reconocimiento de T3E (ETI, Effector-triggered immunity) (4).
En plantas de olivo, el mutante hopAF1 induce la formacion de tumores de un tamafio ligeramente inferior a
los inducidos por la cepa silvestre, sin embargo, la delecion del gen hopAO1, no solo tiene como
consecuencia la formacion de tumores de menor tamafio, sino que ademas éstos muestran una necrosis
temprana del tejido tumoral. HopAF1, tridngulos fucsia; HopAF1-2, triangulos rosas; HopAO1, pentagonos
azules, HopAO2, hexéagonos celestes y; otros T3E, cuadrados rojos.

Durante las interacciones planta-patdgeno, se desencadenan respuestas de defensa de la planta
como consecuencia del reconocimiento de moléculas del patogeno muy conservadas en bacterias,
como son la flagelina y el factor de elongacion Tu (EF-Tu). Este reconocimiento, activa la
respuesta de defensa temprana de la planta (PTI), lo que implica la produccion de especies
reactivas de oxigeno (ROS) y el engrosamiento de la pared celular mediante la deposicion de
calosa. Para evadir este tipo de respuestas, las bacterias patdgenas poseen una bateria de T3E que
inyectan al interior de las células hospedadoras. Todos los T3E analizados en este trabajo
interfieren con la formacion de especies reactivas de oxigeno (ROS) y, salvo HopAl y HopAF1,

también reducen la deposicion de calosa. Estos resultados indican que, en las condiciones
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probadas, todos ellos son capaces de suprimir alguno de los marcadores asociados a la respuesta
de defensa PTI (Chapters I, 11 'y 111). Ademéas, HopAZ1, HopBL1, HopAO1 y HopAO2 también
interfieren con la respuesta de defensa ETI (del inglés, effector-triggered immunity), producida
como consecuencia del reconocimiento en el interior de la célula vegetal de los T3E o de su
actividad. Resulta de gran interés que la expresion de HopBL2 y HopAO2 desde un derivado de
P. syringae pv. tomato DC3000 carente de 28 T3E, DC3000D28E, induce un aumento de su
competitividad. Este efecto, sugiere que ambos T3E, HopBL2, portador de un dominio proteasa
de SUMO, y HopAO2, que posee un dominio con actividad tirosina fosfatasa, estarian
involucrados en la supresion del reconocimiento inicial del patdégeno (Figura 1).

En consonancia con la diana descrita para HopAO1 (Macho et al., 2014), su homélogo en
NCPPB 3335 se localizd en este trabajo en la membrana de la célula vegetal, al igual que
HopAO2, que también se localiz6 en vesiculas del aparato de Golgi (Chapter I1), dato que sugiere
su participacion en la interferencia con el trafico de vesiculas. Por otro lado, HopAF1 y HopAF1-
2 también se localizaron en la membrana celular (Chapter IIl). Cabe mencionar, que
recientemente hemos identificado en estos dos T3E una sefial de N-miristoilacién (Figura 8,
Chapter I11), datos que apoyan su anclaje a la membrana.

Para profundizar en el conocimiento del papel de estos T3E en la interferencia de las
respuestas de defensa de la planta, estudios futuros se dirigiran al analisis de sus actividades
enzimaticas y de sus dianas en plantas de olivo, lo que abriria las puertas al analisis del papel de

los T3E del complejo P. syringae durante la interaccion con hospedadores lefiosos.
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Conclusiones

10.

El factor sigma alternativo HrpL activa la transcripcion de los genes codificantes de los
efectores del T3SS de P. savastanoi pv. savastanoi NCPPB 3335 HopAF1, HopAF1-2,
HopAO1, HopAO2, HopBK1, HopBL1y HopBL2.

Las proteinas HopAF1, HopAF1-2, HopAO1 y HopAO2 se translocan a través del T3SS de
P. savastanoi pv. savastanoi NCPPB 3335. Estos resultados, unidos a su transcripcion
dependiente de HrpL, los revela como nuevos efectores del T3SS de este patgeno.

Los genes pertenecientes a las familias hopAF y hopAO estan ampliamente distribuidos
dentro del complejo Pseudomonas syringae; si bien, la filogenia de la familia HopAF
separa a los efectores HopAF1 y HopAF1-2 de P. savastanoi pv. savastanoi NCPPB 3335
en dos ramas diferentes, agrupandose HopAF1 mayoritariamente con otras cepas patdgenas
de plantas lefiosas.

P. savastanoi pv. savastanoi NCPPB 3335 codifica tres genes de la familia hopAF
transcripcionalmente activos, dos de ellos codificantes del alelo hopAF1, localizados uno
en el cromosoma y el otro en el plasmido pPsv48A, asi como un alelo hopAF1-2 de
localizacion cromosémica.

Los efectores del T3SS AvrRpm2, HopBK1, HopBL1, HopBL2, HopAF1l, HopAF1-2,
HopAOL1 y HopAO?2, asi como los efectores truncados HopAAL y HopAZ1 interfieren con
la respuesta de defensa primaria (PTI) de Nicotiana tabacum. HopAZ1, HopBL1, HopAF1-
2, HopAO1 y HopAO2 también inhiben la inmunidad mediada por efectores (ETI) en este
mismo hospedador.

La expresion de los efectores HopBL2 y HopAO?2 en la cepa de Pseudomonas syringae pv.
tomato DC3000 carente de 28 efectores (DC300028E) mejora su competitividad en
Nicotiana benthamiana.

Los efectores HopAF1, HopAF1-2, HopAOl y HopAO2 se localizan en la membrana
plasmética de las células de N. benthamiana. Ademas, HopAO2 también se localiza en
vesiculas del aparato de Golgi de las células de este hospedador.

La expresion heterdloga de HopAOl y HopAO2 en Pseudomonas syringae pv.
phaseolicola 1448A induce un retraso en la aparicion de sintomas asociados a la grasa de la
judia.

El efector HopAOL1 es una tirosina fosfatasa cuya actividad es dependiente del aminoacido
Cysaze presente en el dominio catalitico.

La delecion del gen hopAF1 del plasmido pPsv48A en P. savastanoi pv. savastanoi
NCPPB 3335 tiene como consecuencia una ligera reduccion en el tamafio de los tumores
inducidos por este patdgeno en plantas de olivo lignificadas, mientras que la delecién del

gen hopAOL1 conlleva una clara disminucion de la virulencia del mismo.
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Supplementary Material

Table S1. Pseudomonas savastanoi and P. syrinagae strains sequenced to date.

Strains

References

Pseudomonas savastanoi

pv.

savastanoi NCPPB 3335

Pseudomonas syringae

pv.
pv.
pv.
pv.
pv.
pv.
pv.
pv.
pv.
pv.

tomato DC3000

tomato T1

syringae B728A

phaseolicola 1448A

tabaci ATCC 11528

glycinea R4 (A29-2)

mori MAFF 301020

aesculi 0893_23

lachrymans MAFF 301315
lachrymans MAFF 302278PT

Cit7
pv.aceris MAFF 302273PT

pv.

pisi 1704B

pv.japonica MAFF 301072PT

pVv.
pVv.
pVv.
pv.
pv.
pv.
pVv.
pVv.
pVv.
pv.
pv.
pv.
pVv.
pVv.
pVv.
pv.
pv.
pv.
pVv.
pVv.

aptata DSM 50252
maculicola ES4326
morsprunorum MAFF 302280PT
actinidiae MAFF 302091
actinidiae J-35

actinidiae NCPPB 3739
actinidiae NCPPB 3871
actinidiae CRA-FRU
aesculi 2250

aesculi NCPPB 3681
avellanae BP 631
avellanae Ve013
avellanae Ve037
glycinea BO76

oryzae 1l 6

phaseolicola 1644R
syringae FF55

syringae 642

syringae B64

syringae B301D-R

(Rodriguez-Palenzuela et al., 2010)

(Buell et al., 2003)
(Almeida et al., 2009)
(Feil et al., 2005)
(Joardar et al., 2005)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(Baltrus et al., 2011)
(McCann et al., 2013)
(Marcelletti et al., 2011)
(Marcelletti et al., 2011)
(Marcelletti et al., 2011)
(Green et al., 2010)
(Green et al., 2010)
(Scortichini et al., 2013)
(O'Brien et al., 2012)
(O'Brien et al., 2012)
(Qietal., 2011)
(Reinhardt et al., 2009)
(Baltrus et al., 2012)
(Sohn et al., 2012)
(Clarke et al., 2010)
(Dudnik and Dudler, 2013)
(Dudnik and Dudler, 2014)
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Table S2. Bacterial strains used in colony blot assays in chapter Il and chapter I11.

Strains Relevant characteristics Dot-blot hybridization® References
hopAF hopAO1/hop
P. savastanoi pv. nerii (Psn)
2 Isolated from oleander +/+ (Matas et al., 2009)
519 Isolated from oleander + -/+ (Surico et al., 1985)
P. savastanoi pv. savastanoi (Psv)
NCPPB 3335 Isolated from olive + ++ (Pérez-Martinez et al.,
2007)
DAPP-PG722  Isolated from olive + +/+ (Hosni et al., 2011)
PVFi-1 Isolated from olive + +/+ (lacobellis et al., 1993)
IMC-1 Isolated from olive + +/+ (Matas et al., 2009)
IMC-2 Isolated from olive + + (Matas et al., 2009)
CFBP 1670 Isolated from olive + ++ (Penyalver et al., 2000)
CFBP 2074 Isolated from olive + ++ (Penyalver et al., 2000)
CFBP 71 Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1628-3 Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1629-1a  Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1624-1b  Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1637-a Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1637-B3 Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1649-1 Isolated from olive + ++ (Penyalver et al., 2000)
CI1\5/IA1651— Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1657-A2 Isolated from olive + ++ (Penyalver et al., 2000)
IVIA 1657-B8 Isolated from olive + ++ (Penyalver et al., 2000)
NCPPB 2327  Isolated from olive + ++ (Penyalver et al., 2000)
NCPPB 1342  lIsolated from olive + ++ (Penyalver et al., 2000)
NCPPB 1344  Isolated from olive + ++ (Penyalver et al., 2000)
NCPPB 1479  Isolated from olive - ++ (Penyalver et al., 2000)
NCPPB 1506  Isolated from olive + ++ (Penyalver et al., 2000)
NCPPB 64 Isolated from olive ++ (Penyalver et al., 2000)
CFBP 1020 Isolated from olive - -/+ (Penyalver et al., 2000)
P. savastanoi pv. savastanoi (Psv)
C2.01 Isolated from olive + +/+ (Pérez-Martinez et al.,
2007)
c2.01 Isolated from olive + ++ (Pérez-Martinez et al.,
2008)
B15.00 Isolated from olive + ++ (Pérez-Martinez et al.,
2008)
ClL.01 Isolated from olive + ++ (Pérez-Martinez et al.,
2008)
Cc3.01 Isolated from olive + +/+ (Pérez-Martinez et al.,
2008)
IVIA 2733-1a, Isolated from olive +/+ (Quesada et al., 2008)
IVIA 2743-3 Isolated from olive ++ (Quesada et al., 2008)
ITM317 Isolated from olive ++ (Surico et al., 1985)
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Table S2. Bacterial strains used in colony blot assays in chapter Il and chapter 111 (continued).

Strains Relevant characteristics Dot-blot hybridization®  References
hopAF  hopAO1/hopAO2

P. syringae pv. actinidiae (Pan)

KACC10594  Isolated from Kiwi + -[+ (Rees-George et al.,
2010)
P. syringae pv. dendropanacis (Pde)
CFBP 3226 Isolated from Dendropanax + “-/- (Gardan et al., 1999)
P. syringae pv. eriobotryae (Per)
CFBP 2343 Isolated from loquat + ++ (Gardan et al,
1999)
P. syringae pv. glycinea (Pgy)
NCPPB 1139  lIsolated from Glycine javanica + -/- ('Yamamoto et al., 2000)
PG4180 Isolated from soybean - +/+ (Mitchell, 1978)
P. syringae pv. lachrymans (Pla)
CFBP 1644 lIsolated from cucumber + -/- (Gardan et al., 1999)
P. syringae pv. maculicola (Pma)
CFBP1657 Isolated from cauliflower - -/- (Gardan et al., 1999)
P. syringae pv. morsprunorum (Pmp)
CFBP 2116  lIsolated from tart cherry + +/+ (Gardan et al., 1999)
P. syringae pv. myricae (Pmy)
CFBP 2897  Isolated from red bayberry + +/+ (Gardan et al., 1999)
P. syringae pv. phaseolicola (Pph)
1448A Isolated from bean + -/- (Teverson, 1991)
1449B Isolated from Lablab purpureus + -/- (Taylor et al., 1996)
P. syringae pv. sesami (Pse)
CFBP 1671  Isolated from sesame - -/- (Gardan et al., 1999)
P. syringae pv. syringae (Psy)
B728a Isolated from bean + -/- (Loper and Lindow,
1987)
FF5 Isolated from ornamental pear - -/- (Sundin and  Bender,
1993)
P. syringae pv. tabaci (Pta)
ATCC 11528 Isolated from tobacco - -/- (Studholme et al., 2009)
P. syringae pv. tomato (Pto)
PT23 Isolated from tomato + -/- (Bender and Cooksey,
1986)
DC3000 Isolated from tomato + +/- (Cuppels, 1986)
DC3000D28E AhopUl-hopF?2 4hopClI- - - (Cunnac et al., 2011)
hopH1::FRT  AhopDI-hopR1::FRT
AavrE-sheN AhopAAI-2-

hopG1::FRT Ahopll AhopAMI-1

AhopAF1::FRT AavrPtoB AavrPto

AdhopK1 AhopB1 AhopEl

AhopAl::FRT hopY1::FRT

pDC3000A— pDC3000B— (SpF)
+ and - indicate the presence or absence, respectively, of strong hybridization signals with hopAF, hopAO1
or hopAO2 probes for each strain analyzed.
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A New Bacterial Disease on Mandevilla sanderi, Caused by
Pseudomonas savastanoi: Lessons Learned for Bacterial Diversity

Studies
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Leaf lesions of Mandevilla sanderi were shown to be caused by Pseudomonas savastanoi. While BOX fingerprints were similar
for P. savastanoi isolates from different host plants, plasmid restriction patterns and sequencing of plasmid-located pathogenic-
ity determinants revealed that Mandevilla isolates contained similar plasmids distinct from those of other isolates. A repA-based

detection method was established.

he ornamental plant Mandevilla sanderi (Dipladenia sanderi

[family Apocynaceae]) originating from Middle and South
America has become increasingly popular over the last decade,
mainly because of its copiously formed red flowers. In 2008, breed-
ers of Mandevilla sanderi observed for the first time large necrotic
lesions with chlorotic rings on leaves and tumor formation on stems
(see Fig. 1). The potential causal agents isolated from the lesions of
leaves of diseased plant material were identified initially by metabolic
profiling (Biolog) as Pseudomonas savastanoi pv. glycinea or pv. nerii
(data not shown), pathogens of soybean (Glycine max) or oleander
(Nerium oleander), respectively. Stem and leaf inoculation of healthy
Mandevilla plants with these isolates indeed caused identical symp-
toms (Fig. 1) fulfilling Koch’s postulates.

P. savastanoi strains are Gammaproteobacteria which belong to
genomospecies 2 of the Pseudomonas syringae complex (6). Al-
though the species P. savastanoi was established only in 1992 (5),
sequencing of the genomes and plasmids of several P. syringae and
P. savastanoi isolates reinforced the discussion about the taxo-
nomic affiliation of P. savastanoi, as the core genome is clearly
shared by P. syringae and P. savastanoi strains. Several pathovars of
P. savastanoi infect woody plants, e.g., P. savastanoi pv. savastanoi
is known as an important pathogen of olive trees (Olea europaea)
in the Mediterranean area (11). The typical symptoms of olive
knot disease, the formation of tumors in the stem and branches,
were already described by Theobrast Eresos in the year 300 BC.
The disease causes massive yield losses, and breeding for tolerant
varieties is the main strategy to overcome the commercial losses
due to infections with P. savastanoi pv. savastanoi (16).

Taking into account that other known hosts of P. savastanoi are
oleander (Nerium oleander) and privet (Liguster vulgare), leaf and
stem inoculations of Mandevilla isolates were done also on olean-
der, olive, and privet plants. Nine weeks after inoculation, the
response patterns of oleander were similar to those observed on
Mandevilla plants; however, while no symptoms were observed
for olive plants, privet plants displayed only leaf lesions (unpub-
lished results). Thus, it was hypothesized that the most likely
causal agent of the novel bacterial disease of Mandevilla sanderi
might have originated from infested oleander plantations in the
vicinity of the Mandevilla sanderi-producing companies in the
South of France. To shed light on this hypothesis, P. savastanoi
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isolates from Mandevilla sanderi were characterized and com-
pared to isolates originating from olive trees, oleander, jasmine,
and privet (information on the isolates, their hosts, and their geo-
graphical origins is given in Table 1). Furthermore, we aimed to
use this information as the basis for the development of a sensitive
and specific method for detection and differentiation of the
pathogen from total community DNA.

The P. savastanoi strains used in this study (Table 1) were grown
on King’s B agar medium (12) and incubated for 2 days at 28°C. A
loop full of freshly grown bacterial cell material was resuspended in 1
ml 0.85% NaCl and harvested by centrifugation for 5 min at 13,000 X
g. This step was repeated once or twice to reduce slime due to copi-
ously produced exopolysaccharides. Crude cell lysates were obtained
using a Qiagen genomic DNA extraction kit (Qiagen, Hilden, Ger-
many). The DNA was extracted using a silica-based kit (silica bead
DNA extraction kit; Thermo Scientific, St. Leon-Rot, Germany).
Checking the DNA yields under conditions of UV transillumination
after agarose gel electrophoresis and ethidium bromide staining re-
vealed the presence of both plasmid and genomic DNA in all strains.
16S rRNA gene fragments amplified from genomic DNA (Table 2)
and digested with Alul-MspI or Hin6I-Bsh1236I displayed identical
restriction patterns for the subset of strains (Phl to Ph16) tested,
suggesting that these strains most likely belong to the same species
(data not shown). The 16S rRNA gene sequence was determined for
all seven isolates from Mandevilla sanderi (Ph2 to Ph8). All sequences
were 100% identical. Phylogenetic analysis of partial nucleotide se-
quences (1,413 bp) of the 16S rRNA gene showed that the isolates
from Mandevilla sanderi clustered together with those of P. savastanoi
pv. nerii (ITM313) and P. savastanoi pv. savastanoi (NCPPB
3335)(Fig. 2).
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FIG 1 Symptoms caused by Pseudomonas savastanoi on leaves (A and C) and
stems (B) of Mandevilla sanderi.

TABLE 1 Bacterial strains and isolates used in this study

Pseudomonas savastanoi Disease on Mandevilla sanderi

Subsequently, BOX-PCR fingerprints were generated for all
isolates as previously described (18). Interestingly, the BOX-PCR
fingerprints generated showed high similarity and were almost
identical, independently of the strain’s host and geographical or-
igin (see Fig. SI in the supplemental material). Highly similar
BOX-PCR patterns were also obtained for olive isolates Ph12,
Ph13, and Ph37 to Ph45 (data not shown). While the resolution of
ARDRA (amplified ribosomal DNA restriction analysis) is at the
genus or species level, BOX-PCR fingerprints have a much finer
level of resolution. BOX-PCR fingerprinting is a powerful tool for
strain differentiation in medical microbiology, epidemiology, and
microbial ecology (10). The PCR products resolved by gel electro-
phoresis represent a genomic DNA fingerprint pattern that is as-
sumed to be unique for each bacterial strain and isolate (10, 19).
While BOX-PCR fingerprint patterns are stable over many gener-
ations, they are affected by polymorphism, rearrangements, re-
combination, or acquisition of foreign DNA (10). On the basis of
the BOX-PCR fingerprints, it was concluded that the P. savastanoi
strains were highly similar with respect to genomic diversity, in-
dicating that the strains infecting Mandevilla sanderi might have
originated from diseased or latently infested olive or oleander
trees.

However, another picture emerged when plasmid DNA ex-
tracted from all isolates by means of a Qiagen plasmid minikit
(Qiagen, Hilden, Germany) was analyzed. Plasmid DNA left un-
digested or digested with Bst1107I and Pstl enzymes (Fermentas)
was analyzed in 0.8% or 1% agarose gels, respectively. All strains
contained plasmids and displayed multiple plasmid restriction
patterns. The Bst1107I-plus-Pstl restriction patterns of isolates
from Mandevilla sanderi were distinct from those of all other
strains. Moreover, plasmid restriction patterns of isolates from
olive trees and oleander displayed high diversity, most likely due

Isolate Species (strain name) Host plant Origin Reference or source
Phl Pseudomonas savastanoi pv. glycinea (DSMZ 19341) Olea europaea Yugoslavia 5

Ph2 Pseudomonas savastanoi (B202) Mandevilla sanderi France This study
Ph3 Pseudomonas savastanoi (B203) Mandevilla sanderi France This study
Ph4 Pseudomonas savastanoi (B204) Mandevilla sanderi France This study
Ph5 Pseudomonas savastanoi (B205;H16931.1) Mandevilla sanderi Germany This study
Ph6 Pseudomonas savastanoi (B205;H16931.2) Mandevilla sanderi Germany This study
Ph7 Pseudomonas savastanoi (16973) Mandevilla sanderi Germany This study
Ph8 Pseudomonas sp. (B209) Mandevilla sanderi France This study
Ph9 Pseudomonas sp. (B211) Nerium oleander Germany This study
Ph10 Pseudomonas sp. (B213) Nerium oleander Germany This study
Phll Pseudomonas sp. (B215) Nerium oleander Germany This study
Ph12 Pseudomonas savastanoi (B217) Olea europaea Amendolare, Italy This study
Ph13 Pseudomonas savastanoi (B218) Olea europaea Bari, Italy This study
Phl4 Pseudomonas savastanoi (B219) Nerium oleander Italy This study
Phi5 Pseudomonas savastanoi (B220) Liguster vulgare Bari, Italy This study
Phi6 Pseudomonas savastanoi (B221) Jasminum sp. Greece This study
Ph37 Pseudomonas savastanoi (IVIA 1628-3/Psv29) Olea europaea Spain 17

Ph38 Pseudomonas savastanoi (NCPPB 2327-3/Psv31) Olea europaea Italy 17

Ph39 Pseudomonas savastanoi (IVIA 1657-b8/Psv32) Olea europaea Spain 17

Ph40 Pseudomonas savastanoi (CFBP 2074/Psv35) Olea europaea Algeria 17

Ph41 Pseudomonas savastanoi (NCPPB/Psv37) Olea europaea Portugal 17

Ph42 Pseudomonas savastanoi (NCPPB 1344/Psv47) Olea europaea United States 17

Ph43 Pseudomonas savastanoi (NCPPB 3335-3/Psv48) Olea europaea France 17

Ph44 Pseudomonas savastanoi (CFBP 1670/Psv62) Olea europaea Ttaly 17

Ph45 Pseudomonas savastanoi (ITM 317/Psv416) Olea europaea Serbia 17
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TABLE 2 Primers, probes, and PCR conditions used in this study

Annealing temp Product size Probe(s) generated

Target Primer Sequence (5'-3") (°C) (bp) from strain Reference

BOX BOX_AIR CTACGGCAAGGCGACGCTGACG 53 14

repA repA-F1 AGCTTCAAGAYCAGGGMAA 55 1,100 Ph4 13
repA-R2 ARRTCCATCARYCGGTCRAA

16S rRNA gene U8-27 AGAGTTTGATC(AC)TGGCTCAG 56 1,506 9
R1494 CTACGG(T/C)TACCTTGTTACGAC

iaaM iaaM-F CATATGTATGACCATTTTAATTCACCC 57 1,674 Ph3, Ph38 17
iaaM-R GGTACCTTAATAGCGATAGGAGGC

iaal iaal-F GGCACCAGCGGCAACATCAA 66 456 Ph3 17
iaal-R CGCCCTCGGAACTGCCATAC

hopABI hopABI1-F GCCCGCCTCGCAGACTCAT 63 700 Ph3, Ph38 17
hopABI1-R CTGCGCGGATATCATTCACAACTT

hopAFI1 hopAF1-F CTTATCAAGCAGAAAGACGG 55 339 Ph3, Ph43 17
hopAF1-R AAGGGAGCAGATGGAATACG

hopAO1 hopAO1-F TCTCAGTCACAGCATTCC 60 305 Ph43 17
hopAO1-R GCTTACGATGTCGTACTC

to the presence of two or more plasmids (Fig. 3A). In fact, olive
isolates Ph37 to Ph45 have been reported to contain at least two to
six different native plasmids (17). The Southern-blotted plasmid
restriction digests were subsequently hybridized with different
digoxigenin (DIG)-labeled probes, which were obtained from
plasmid-borne genes in P. syringae strains (25) or P. savastanoi
strains (17). The probes were generated by PCR under the primer
system, plasmid template DNA, and PCR conditions detailed in
Table 2 and subsequent DIG labeling according to the manufac-
turer’s instructions (Roche, Mannheim, Germany). Hybridiza-
tion of Southern-blotted plasmid restriction digests was per-
formed with the repA probe generated with Mandevilla isolate Ph4
according to the method of Gotz et al. (7). The repA hybridization
patterns of all Mandevilla isolates were identical and clearly dis-
tinct from the hybridization patterns of all other P. savastanoi
isolates (Fig. 3B). Three strongly hybridizing fragments and two
smaller fragments with less hybridization intensity were observed
for all isolates from Mandevilla sanderi. While the repA probe was
generated from Mandevilla sanderi isolate Ph4, all other probes

Ph3
nerii ITM313
savastanoi NCPPB 3335
aesculi 0893 23
?E aesculi 2250
tabaci ATCC 11528
phaseolicola 1448A
|: syringae B728a
55 aceris M302273PT
glycinea B076
pisi 1704B
lachrymans M302278PT

tomato DC3000
maculicola ES4326

57

99
98

FIG 2 Phylogenetic analysis of partial nucleotide sequences of the 16S rRNA
gene from strains of the P. syringae complex. All strains included in the tree are
identified by their pathovar and strain names. Neighbor-joining trees were
constructed using 14 nucleotide sequences (1,413 bp). See Fig. 4 for method-
ology and Table S3 in the supplemental material for locus tags.
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used in this study were generated with DNA of olive tree isolates
Ph38 and Ph43 and of Mandevilla sanderi isolate Ph3. The DIG-
labeled probe for iaaM, coding for tryptophan-2-monooxygen-
ase, an enzyme involved in the biosynthesis of indole-3-acetic acid
(IAA), was generated from Ph38 and Ph3, whereas the probe for
iaal (IAA-lysine-synthase) was generated from Ph3. The iaaM
and iaal probes hybridized with the same restriction fragment
size for all Pstl/Bst1107I-digested plasmids of Mandevilla isolates
(see Fig. S2A and D in the supplemental material). In agreement
with previously reported data (17, 25), these probes hybridized
with plasmid DNA from all oleander strains; however, only 2 of
the 12 olive isolates tested hybridized with the iaaM probe. The
sizes of the hybridization fragments obtained for Mandevilla iso-
lates were similar to the sizes of the fragments detected for all
samples giving a hybridization signal (see Fig. S2A and D in the
supplemental material). These results clearly show that both the
iaaM and iaal genes are carried on plasmids in all Mandevilla
isolates tested.

Several genes encoding type III secretion system (T3SS) effec-
tors have been reported to be carried on plasmids in P. syringae
and P. savastanoi strains. However, different strains isolated from
the same host largely differ in the number and type of T3SS effec-
tors carried on their plasmids (17, 25). This was not the case for
Mandevilla isolates, as identical fragment sizes were also observed
for the Southern blot hybridizations performed with the DIG-
labeled hopAFI gene probes (see Fig. S2C in the supplemental
material) obtained from strain Ph43 or strain Ph3 as the template
DNA and tested against plasmids from Mandevilla isolates. In ad-
dition, the sizes of the two hybridizing fragments observed for the
isolates from Mandevilla were different from those of the isolates
from all other strains analyzed. Only 4 of 12 isolates from olive and
all 3 oleander isolates hybridized with the hopAF1 probe. No hy-
bridization signal was observed for isolates from privet and jas-
mine (see Fig. S2C in the supplemental material). The similarity in
the gene content of the plasmids of all Mandevilla isolates was
further confirmed using hopAOI and hopABI probes. The
hopAO1 and the hopABI probes did not hybridize with any of
them. In contrast, the numbers and sizes of the plasmid fragments
hybridizing with these probes largely differed among the remain-
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FIG 3 Restriction profiles of plasmid DNA determined with enzymes Bst11071 and PstI (A); hybridization of the Southern blot with a repA probe derived from
Mandevilla isolate Ph4 (B). 1 kb, DNA molecular weight marker Generuler Plus DNA Ladder (Fermentas, St. Leon-Rot, Germany). DIG, DNA molecular weight

marker VI (DIG labeled) (Roche, Mannheim, Germany).

ing P. savastanoi isolates (see Fig. S2B in the supplemental mate-
rial; data not shown for the hopABI probe), as expected from a
variable distribution of plasmid-carried T3SS effector genes in
these strains. The restriction patterns and hybridizations showed
that all P. savastanoi isolates from Mandevilla isolates carried in-
digenous plasmids which belong to the pPT23A family and share
the replication gene repA. However, these plasmids were clearly
distinct from the plasmids carried by the other P. savastanoi iso-
lates from all other host plants (Fig. 3). Plasmids belonging to the
pPT23A family are assumed to contribute to host specificity and
pathogenicity. Recently, the sequence and role in virulence of
plasmids carried by the tumor-inducing Pseudomonas savastanoi
pv. savastanoi NCPPB 3335 bacterium were determined (1). At
least some of the genes involved in the biosynthesis of virulence
factors such as iaaM, iaaL, and hopAF]I identified on the plasmid
complement of the olive tree NCPPB 3335 isolate could be also
amplified on the plasmid DNA from the P. savastanoi isolates
from Mandevilla sanderi. Amplicons obtained were cloned using
PGEM-T Easy vector (Promega Corporation, Madison, WI), and
two clones per gene fragment were sent for sequencing.

In a phylogenetic analysis of repA, the three plasmids of P.
savastanoi pv. savastanoi NCPPB 3335 clustered with diverse plas-
mids from other P. savastanoi olive isolates (group C of repA se-
quences), although they were separated from plasmids isolated
from other pathovars of the genomospecies 2 included in group A
of repA sequences (1). In fact, the repA sequence from the
Mandevilla Ph3 isolate clustered closely to the repA sequences of a
plasmid from P. savastanoi pv. glycinea race 4, which belongs to
group A (Fig. 4A). However, a phylogenetic analysis of iaaL (Fig.
4B) showed that the sequence of this gene from Ph3 clustered
together with that from P. savastanoi pv. nerii PLVM2 and with
one of the alleles (iaaL-1) of pv. savastanoi NCPPB 3335 (15, 20),
suggesting that they share a recent common origin. Phylogenetic
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analyses were also performed for hopAFI and iaaM sequences (see
Fig. S3A and B in the supplemental material, respectively). In both
cases, the sequences from Mandevilla isolate Ph3 clustered to-
gether with those of P. savastanoi pv. savastanoi NCPPB 3335.
Furthermore, the iaaM sequence from Ph3 also clustered in the
same branch as that from P. savastanoi pv. nerii PLVM2 (see Fig.
S3B in the supplemental material), providing further support for
the idea of a recent common origin for all these plasmid-carried
sequences. The sequence data have been submitted to the DDBJ/
EMBL/GenBank databases (see below).

PCR-based system for detection of P. savastanoi in isolates
from Mandevilla sanderi. PCR amplicons with the primers
repA-F1 targeting the repA gene of pPT23A-like plasmids and
repA-R2 targeting a downstream region of repA (13) were ob-
tained from most P. savastanoi isolates (Fig. 5A). Only the ampli-
cons generated from Mandevilla isolates had a size of approxi-
mately 1,100 bp and hybridized with the repA probe derived from
the Mandevilla isolate Ph4 (strain B204) (see Fig. 5B). The 5’ se-
quence of the amplicon was 98.7% identical to the repA 3’ frag-
ment of the pPT23A-like pREP601 plasmid (13). The system was
successfully used to detect the pathogen in total community DNA
extracted from leaf and tumor material of plants inoculated with
strain Ph4 (data not shown). The hybridization method is an im-
portant means to increase not only the sensitivity but also the
specificity of detection. While the repA PCR provides fast and
specific detection of P. savastanoi isolates from Mandevilla sand-
eri, the application of the detection system in combination with
hybridization can be also used to detect the pathogen in DNA
directly extracted from plant material or soil.

Lessons learned for bacterial diversity studies. Although the
ARDRA and BOX-PCR fingerprints indicated that the isolates
originating from various diseased plant species and different geo-
graphic origins showed high genomic similarity, comparison of
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FIG 4 Phylogenetic analysis of partial nucleotide sequences of the repA (A
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A) and iaaL (B) genes from strains of the P. syringae complex. The evolutionary history

was inferred by the neighbor-joining method (21) using MEGA5 (23); evolutionary distances were computed in numbers of nucleotide substitutions per site.
Strains included in the repA and iaaL trees are identified by their plasmid, pathovar, and strain names and by pathovar and strain names, respectively. Sequences
from Mandevilla isolate Ph3 (in bold) (Table 1) were amplified using the primers indicated in Table 2. The topologies were identical for trees produced by the
minimum evolution and maximum parsimony methods. The percentages of replicate trees in which the associated taxa clustered together in the bootstrap test
(10,000 replicates) are shown next to the branches (4). The trees were constructed with published genome sequences plus those from Ph3. Neighbor-joining trees
were constructed using (A) 16 nucleotide sequences from the repA gene (330 bp) and (B) 11 nucleotide sequences from the iaal gene (356 bp); all positions
containing gaps and missing data were eliminated using the option of complete deletion. Nucleotide sequences corresponding to the P. syringae complex were
downloaded from NCBI, and their locus tags are included in Table S1 (repA) and Table S2 (iaaL) in the supplemental material.

plasmids of these isolates showed clear differences and allowed us
to withdraw our research hypothesis that the new bacterial disease
observed for Mandevilla sanderi is caused by strains from olive or
oleander. The plasmids present in the Mandevilla sanderi isolates
seemed to be unique, and we hypothesize that properties contrib-
uting to the interaction with the host are carried on the mobilome.
However, only the plasmid sequence can provide more insights.
This study not only provides insights into the diversity of P. savas-
tanoi isolates from woody host plants but also is an example illus-
trating the resolution level of 16S rRNA gene-based bacterial di-

versity studies. The analysis of 16S rRNA gene fragments
amplified from total community DNA by cloning and sequencing
or fingerprinting methods such as terminal restriction fragment
analysis, denaturing gradient gel electrophoresis, phylochip anal-
ysis, or pyrosequencing analysis has provided fascinating insights
into the diversity of bacterial communities in rhizosphere and
bulk soils over the last 2 decades. The effects of the soil type, the
plant species, or the cultivar on the composition of bacterial com-
munities were unraveled (2, 3, 22, 24). In particular, ultradeep
amplicon sequencing techniques promise dramatically improved

A it f
Olea Mandevilla sanderi Nerium §Q<§ §%
europaea oleander =% 3
, : 4
A \f \ o P 3
2 Phi2 Phi Phi3 P2 Z ) A
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FIG 5 PCR amplicons of Pseudomonas savastanoi and Pseudomonas sp. from different host plants (see Table 1) with the primers repA-F1 targeting the repA gene
of pPT23A-like plasmids and repA-R2 targeting a downstream region of repA (A) and hybridization with a repA probe derived from Mandevilla isolate Ph4 (+)
(see Table 2) (B). NTC, no-target control. DIG VI, DNA molecular weight marker VI (DIG labeled) (Roche, Mannheim, Germany).
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resolution. However, microbial ecologists need to be aware of the
caveats and limitations with respect to bacterial diversity studies
based on 16S rRNA genes or other genes belonging to the core
gene pool. Despite the challenges encountered in studying the
mobilome, we need to realize the important contribution of the
mobilome for bacterial diversification, adaptation to changing en-
vironments, and the ability to colonize new ecological niches or
interact with plants (8).

Nucleotide sequence accession numbers. The strain Ph3 se-
quence data have been submitted to the DDBJ/EMBL/GenBank
databases under accession numbers JX227983 to JX227986 and
JX678983.
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Although the great majority of bacteria found in nature live in multispecies communities,
microbiological studies have focused historically on single species or competition and antagonism
experiments between different species. Future directions need to focus much more on microbial
communities in order to better understand what is happening in the wild. We are using olive knot
disease as a model to study the role and interaction of multispecies bacterial communities in
disease establishment/development. In the olive knot, non-pathogenic bacterial species (e.g.
Erwinia toletana) co-exist with the pathogen (Pseudomonas savastanoi pv. savastanoi); we have
demonstrated cooperation among these two species via quorum sensing (QS) signal sharing. The
outcome of this interaction is a more aggressive disease when co-inoculations are made
compared with single inoculations. /n planta experiments show that these two species co-localize
in the olive knot, and this close proximity most probably facilitates exchange of QS signals and
metabolites. /n silico recreation of their metabolic pathways showed that they could have
complementing pathways also implicating sharing of metabolites. Our microbiome studies of nine
olive knot samples have shown that the olive knot community possesses great bacterial diversity;
however. the presence of five genera (i.e. Pseudomonas, Pantoea, Curtobacterium,
Pectobacterium and Erwinia) can be found in almost all samples.

INTRODUCTION

Most bacterial research in plant pathology thus far, with the
exception of crown gall caused by Agrobacterium tumefa-
ciens, has focused most commonly on herbaceous plant
diseases rather than woody plant diseases (Mansfield et al.,
2012). In recent years, the olive plant bacterial pathogen
Pseudomonas savastanoi pv. savastanoi has begun to be
studied, developing as a new model for woody plant disease
(Rodriguez-Moreno et al., 2008, 2009; Rodriguez-Palenzuela
et al, 2010). Olive trees (Olea europaea L.) infected by
Pseudomonas savastanoi pv. savastanoi develop overgrowths,
referred to as galls, knots or tumours, mainly on the aerial
parts of the plants, with their incidence being rare on leaves
and fruits. The productivity of olive trees infected with
Pseudomonas savastanoi pv. savastanoi is reduced and no

Abbreviations: AHL, N-acylhomoserine lactone; CTAB, cetyltrimethy-
lammonium bromide; QS, quorum sensing; RFP, red fluorescent protein.

One supplementary table and two supplementary figures are available
with the online version of this paper.

effective treatment is yet in place (Matas et al, 2012;
Quesada et al., 2010; Ramos et al., 2012; Schroth et al., 1973;
Young, 2004). The few studies of Pseudomonas savastanoi
pv. savastanoi virulence have implicated type III secretion,
phytohormones and quorum sensing (QS) as being involved
in the disease process (Hosni et al., 2011; lacobellis et al.,
1994; Pérez-Martinez et al.,, 2010; Surico et al, 1985). A
recent signature-tagged mutagenesis screening resulted in
the identification of numerous other mechanisms associated
with the virulence of Pseudomonas savastanoi pv. savastanoi
(Matas et al., 2012).

Interestingly, several other bacterial species have been
isolated within the olive knot that are harmless or non-
pathogenic to the olive plant (Moretti et al., 2011; Ouzari
et al., 2008; Rojas et al., 2004). The possible role of these
Pseudomonas savastanoi pv. savastanoi co-residents in the
olive knot has recently been addressed; isolates of Pantoea
agglomerans and Erwinia toletana are believed to create
multispecies communities with Pseudomonas savastanoi pv.
savastanoi. More specifically, our laboratory has reported
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previously that disease progression and knot volume was
increased significantly by co-inoculation of Pseudomonas
savastanoi pv. savastanoi with E. toletana. In addition, it
was shown that E. toletana and Pantoea agglomerans could
rescue in planta a QS mutant of Pseudomonas savastanoi
pv. savastanoi by exogenously providing N-acylhomoserine
lactone (AHL) signals to Pseudomonas savastanoi pv.
savastanoi. The main conclusions drawn from that work
were the exchange/sharing of QS AHL signals between E.
toletana, Pantoea agglomerans and Pseudomonas savastanoi
pv. savastanoi, and the synergistic effect on the disease
when E. toletana and Pseudomonas savastanoi pv. savasta-
noi were co-inoculated in olive plants. Cell numbers of
both E. toletana and Pseudomonas savastanoi pv. savastanoi
increase when co-inoculated, providing further evidence of
mutualism and interspecies interactions (Hosni et al.,
2011). Pseudomonas savastanoi pv. savastanoi is believed to
grow as a biofilm inside the olive knot (Rodriguez-Moreno
et al., 2009), and questions that therefore arise are how are
E. toletana and Pseudomonas savastanoi pv. savastanoi
distributed spatially inside the olive knot, and how are they
organized with respect to each other? Multispecies inter-
actions within bacterial consortia are now beginning to be
studied, and factors such as metabolic sharing, biofilm
formation and chemical signalling are thought to play
important roles (Hosni et al., 2011; Kolenbrander et al.,
2010; Kuramitsu et al., 2007; Ramsey et al., 2011).

Recent research efforts are beginning to highlight the
importance of social and molecular behaviour in multi-
species bacterial communities (Duan et al.,, 2003; Hosni
et al., 2011; Kim et al., 2008; Kolenbrander et al., 2010;
Korgaonkar et al., 2013; Kuramitsu et al., 2007; Maldonado-
Gonzalez et al., 2013; Mitri et al., 2011; Ramsey et al., 2011;
Stolyar et al., 2007). For example, in human oral bacteria,
synergistic interactions occur via a mechanism of metabolite
cross-feeding where the commensal Streptococcus gordonii
degrades glucose generating L-lactate, which is then used
by the pathogen Aggregatibacter actinomycetemcomitans
(Ramsey et al., 2011). Another interesting finding demon-
strated the effect of the resident oropharyngeal microflora
on the incoming human fibrocystic opportunistic pathogen
Pseudomonas aeruginosa, where it was shown that the
presence of the resident bacteria enhances pathogenicity
most probably by chemical signalling (Duan et al., 2003).
More recently, it was also reported that recognition of
peptidoglycan of Gram-positive bacteria is a cue and results
in increased expression of virulence factors in Pseudomonas
aeruginosa (Korgaonkar et al., 2013). These kinds of
examples of multispecies interactions among bacteria are
likely to increase dramatically in the future.

Research on interactions that involve more than two
species will be challenging using current microbiology
methods. However, with the decreasing cost of techniques
such as metagenomics, metatranscriptomics and metabo-
lomics, these are rapidly becoming the preferred tools for
addressing which bacteria are present in a niche, which
genes are expressed when, and how this gene expression

reflects on the metabolites present. Environments such as
the ocean and soils are currently being characterized
extensively with regard to their bacterial composition, and
other complex niches like plants (Sessitsch et al., 2012) and
humans (Human Microbiome Project Consortium, 2012;
Maurice et al., 2013; Wang et al., 2011) are now also being
studied.

Olive knot disease caused by Pseudomonas savastanoi pv.
savastanoi provides a niche for studying bacterial multi-
species interaction in disease as we have shown that
Pseudomonas savastanoi pv. savastanoi interacts with
resident bacteria such as E. toletana. In this study, we
investigated bacterial localization during the course of in
vitro generated olive knots caused by co-inoculations of
Pseudomonas savastanoi pv. savastanoi and E. toletana. The
study of a possible metabolic interaction between these two
species was evaluated in silico. Finally, the microbiome of
nine naturally occurring olive knots from different regions
of Italy was analysed to determine the composition of their
bacterial community.

METHODS

Bacterial strains and growth conditions. Pseudomonas savastanoi
pv. savastanoi DAPP-PG 722 and E. toletana DAPP-PG 735, and their
derivatives DAPP-PG 722-GFP and DAPP-PG 735-DsRedExpress,
were routinely grown at 28 °C in Luria—Bertani (LB) broth. When
required, antibiotics were added in the following concentrations:
nitrofurantoin, 50 pg ml~', and kanamycin, 100 pg ml~'. Escherichia
coli DH50 was grown at 37 °C in LB broth and when appropriate
antibiotics were added in the following concentrations: ampicillin,
100 pug ml~', and kanamycin, 50 ug ml ™.

Pseudomonas savastanoi pv. savastanoi and E. toletana were tested for
growth on minimal M9 medium with sole carbon and nitrogen
sources. Co-inoculations of E. toletana and Pseudomonas savastanoi
pv. savastanoi were performed on M9 minimal medium containing a
sole carbon source as follows: E. foletana and Pseudomonas savastanoi
pv. savastanoi were grown overnight in rich media, and cells were
then pelletted and washed twice in M9 medium without a carbon
source. E. toletana and Pseudomonas savastanoi pv. savastanoi were
then resuspended in M9 medium, and these cultures were used as
inocula into an M9 medium with a unique carbon source. Amounts
of Pseudomonas savastanoi pv. savastanoi and E. toletana that were
inoculated resulted in ODggo 0.05 for each isolate, meaning that the
mixed culture had ODgyy 0.1. Bacterial growth was monitored
constantly by measuring ODggo and by plating on rich media.

The biodegradation of aromatic acids by E. toletana and Pseudomonas
savastanoi pv. savastanoi was analysed by reverse-phase HPLC, using a
Varian 9010 solvent delivery system equipped with a Varian 9050 UV/
vis detector. E. toletana and Pseudomonas savastanoi pv. savastanoi
were grown in M9 minimal medium supplemented with 0.1 % of the
aromatic acid. Samples were withdrawn from cultures after growth
and centrifuged at 12000 g. The supernatant was diluted 100-fold
into methanol and filtered through 0.2 pm filters; 10 pl samples were
loaded on a 5 um spherical C18 reverse-phase column (Supelcosil
LC18 150 x 4.6 mm; Supelco), and eluted with 35 % methanol and
65 % water with 0.1 % acetic acid at a flow rate of 0.8 ml min~". The
eluted metabolites were detected at 280 nm.

Construction of pBBR2GFP and pBBR2DsRedExpress plas-
mids. Digestion of pBK-miniTn7-gfpl (Koch er al, 2001) and
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miniTn7(Km, Sm) Payj04/05-DsRedExpress-a (Lambertsen et al.,
2004) with Nof yielded fragments of 2 kb that were blunt-ended by
treatment with DNA polymerase I. Fragments were cloned into
PBBRIMCSS5 (Kovach et al., 1995) digested with Smal. To generate
pBBR2-GFP and pBBR2-DsRedExpress, the cassette was then
transferred to pBBRIMCS2 using Clal/Spel restriction enzymes. The
resulting plasmids were maintained in E. coli DH50 and transferred to
Pseudomonas savastanoi pv. savastanoi or E. toletana by triparental
conjugation by using the helper strain E. coli DH50 (pRK2013).

Plant infection and isolation of bacteria from olive knots. O.
europaea plants derived from seeds germinated in vitro (collected
originally from an ‘Arbequina’ plant) were micropropagated and
rooted as described previously (Rodriguez-Moreno et al., 2008) in
Driver Kuniyuki Walnut (DKW) medium (Driver & Kuniyuki, 1984).
Rooted explants were transferred to DKW medium without
hormones and kept for at least 2 weeks in a growth chamber at
25 °Cwith a 16 h photoperiod prior to infection. The olive plants used
for in vitro studies were 60-80 mm long (stem diameter 1-2 mm) and
contained three to five internodal fragments. Micropropagated olive
plants were wounded by excision of an intermediate leaf and infected in
the stem wound with a bacterial suspension under sterile conditions.
For this purpose, bacterial lawns were grown for 48 h on LB plates and
resuspended in 10 mM MgCl,. The concentration of the bacterial cells
was adjusted to ODgg 0.1 for single inoculations, corresponding to
~10® c.fu. ml™ L. For co-inoculations, a mixed bacterial suspension
containing ~10® c.fu. ml™' of each species was prepared. The plant
wounds were infected with 2 ul of the resulting cell suspension. The
plants were then incubated in a growth chamber at 25 °C with a 16 h
photoperiod and a light intensity of 35 umol m* s~ . At different time
points, Pseudomonas savastanoi pv. savastanoi and E. toletana cells were
recovered from the infected explants and spotted onto LB plates as
described previously (Maldonado-Gonzalez et al., 2013). Population
densities were calculated from at least three replicates. The morphology
of the olive plants infected with bacteria was visualized using a
stereoscopic microscope (Leica MZ FLIII).

Real-time monitoring of bacterial infection by epifluorescence
microscopy and CLSM. To visualize bacterial infection within knots
in real-time, whole knots were examined directly with a stereoscopic
fluorescence microscope at 3, 14, 21 and 28 days post-inoculation
(p.i.) (Leica MZ FLIII) equipped with a 100 W mercury lamp, a GFP2
filter (excitation 480/40 nm; emission 510LP nm) and a red
fluorescent protein (RFP) filter (excitation 546/10 nm; emission
570LP nm). Images were captured using a high-resolution digital
camera (Nikon DXM 1200). To visualize bacterial infection within
the knots of the olive plants with CLSM, the knots were sampled 28
days p.. at 1 cm above and below the inoculation point. These
samples were fixed and embedded in agarose as described previously
(Rodriguez-Moreno et al., 2009). Samples were fixed overnight at
4 °C in 2.5 % paraformaldehyde prepared in 0.1 M phosphate buffer,
pH 7.4. The fixed samples were then transferred into 2.5%
paraformaldehyde with an ascending gradient of 10, 20 and 30 %
sucrose for 10, 20 and 30 min, respectively. Finally, samples were
embedded in 7% low-melting-point agarose and cooled to 4 °C.
Sections (40 and 60 um) were cut from the knot samples using a
vibrating microtome (Leica CM1325). Fluorescence of the bacterial
cells within knot sections was visualized by epifluorescence micro-
scopy using a Nikon Microphot FXA microscope. For confocal
microscopy, we used an inverted CLSM (TCS-NT; Leica) equipped
with detectors and filters that detect simultaneously green and red
fluorescence. Images of green fluorescence were acquired at an
excitation wavelength of 488 nm and an emission wavelength of 500—
550 nm, whilst red fluorescence emission was recorded in the interval
between 575 and 625 nm. The images were acquired by sequential
scan analysis and processed using Leica LAS AF Lite software.

SavCyc, TolCyc and SavtolCyc creation and availability.
Metabolic pathways were recreated using the software Pathway
Tools (Karp et al., 2010). The Pathological input file was prepared
according to the instructions in the Pathway Tools (version 16.5)
user’s guide by feeding the software with the latest annotated files of
Pseudomonas savastanoi pv. savastanoi and E. toletana (Passos da Silva
et al, 2013; Rodriguez-Palenzuela et al, 2010) draft genomes, and
merged files of the Pseudomonas savastanoi pv. savastanoi/E. toletana
draft genomes. Initial builds of the Pseudomonas savastanoi pv.
savastanoi, E. toletana and joined Pseudomonas savastanoi pv.
savastanoi/E. toletana metabolic pathways were named SavCyc,
TolCyc and SavtolCyc, respectively, using the default reference
database, MetaCyc. MetaCyc pathways were included as the reference
pathways (Caspi et al., 2012). No manual curation was performed on
the created databases. Created databases are available via Pathway
Tools software and at ftp://ftp.icgeb.org/pub/tmp/Passos.

Sample collection and processing for metagenomics. Young
knots were collected from diseased ‘Frantoio’, ‘Cima di Mola’ and
‘Oliva Rossa’ olive trees grown in Umbria (Central Italy) and Apulia
(South Italy). Genomic DNA was isolated from 1 g fresh-weight knots
using a cetyltrimethylammonium bromide (CTAB) plant DNA
extraction protocol. Briefly, knots (these were not sterilized as they
are porous and Pseudomonas savastanoi pv. savastanoi is known to be
localized mainly near the surface) were ground to a fine powder in
liquid nitrogen within a cooled mortar. The ground tissue was mixed
with 6 ml ice-cold extraction buffer (100 mM Tris/HCl, pH 8.0,
500 mM NaCl, 50 mM EDTA, 10 mM p-mercaptoethanol) and
transferred to a 15 ml Falcon tube. After addition of 0.8 ml 10 % SDS
and incubation at 65 °C for 30 min, 2 ml ice-cold 5/3 KAc solution
(5 M acetic potassium; glacial acetic acid) were added. The suspension
was centrifuged for 10 min at 5000 g at 4 °C and the supernatant was
filtered through a paper filter (S&S 595). After 2-propanol precipitation
and centrifugation for 10 min at 10000 g at room temperature, the
pellet was dissolved in 400 pl TE (10 mM Tris/HCl, pH 8.0, 1 mM
EDTA) and RNase (20 mg ml™!) treatment was performed for 20 min
at room temperature. After incubation for 15 min at 65 °C with CTAB
buffer [0.2 M Tris/HC, pH 7.5, 2 M NaCl, 0.05 M EDTA, 2% (w/v)
CTAB], two chloroform/isoamylic alcohol (24:1) extractions were
performed. Nucleic acid was precipitated from the aqueous layer by the
addition of an equal volume of ethanol (96 %). After centrifugation, the
pellet was washed with 70 % (v/v) ethanol, air-dried and resuspended
in 110 pl nuclease-free water.

Bacterial 16S rRNA PCR amplification and pyrosequencing.
The PCR strategy was carried out by GATC Biotech (Konstanz) as
follows. First 16S rRNA PCR for the V1/V3 region using primers 27F
(AGAGTTTGATCCTGGCTCAG) and 534R (ATTACCGCGGCTGC-
TGG) was performed. The PCR conditions used were: denaturation at
98 °C for 30 s, followed by 25 cycles at 98 °C 10's, 56 “C 30 s, 72 °C
10 s and a final extension at 72 °C per 1 min. Next, PCR products
were column purified, and a second PCR was performed to add the
sequencing adaptors and multiplex identifiers. The PCR conditions
for the second PCR were the same as above, except only five
amplification cycles were performed. The library was sequenced on a
Roche GS FLX following standard protocols from Roche.

Metagenomics data analysis. Unassembled reads were uploaded to
the open-access MG-RAST server (http://metagenomics.anl.gov/)
(Meyer et al., 2008). Analyses were performed using the MG-RAST
pipeline applying the RDP dataset. Results were imported into an
Excel (Microsoft) spreadsheet curated manually for graphical
presentation and table creation. Alpha diversity was estimated using
the MG-RAST metagenomics analysis server using the same
sequencing reads for classification. Results are based on RDP using
a maximum E-value of le-2, a minimum identity of 809%, and a
minimum alignment length of 50 bp applying Bray—Curtis distance
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and ward clustering. Data were normalized based on MG-RAST
version 3.0. Sequences obtained during this study were deposited for
public access in the MG-RAST server under the accession numbers
4516653.3, 4516654.3, 4516655.3, 4516656.3, 4516657.3, 4516658.3,
4516659.3, 4516660.3 and 4516661.3.

RESULTS

Pseudomonas savastanoi pv. savastanoi and
E. toletana cells co-localized in the olive knot

Our laboratory has reported previously that the
Pseudomonas savastanoi pv. savastanoi bacterial pathogen
and the E. toletana bacterial resident share AHL QS signals
in the olive knot, and when co-inoculated lead to a more
aggressive disease as seen in a larger knot-size and larger
population sizes in hyperplasic tissue for both bacterial
species (Hosni et al., 2011). In order to obtain an insight
into this interspecies interaction between a pathogen and a
harmless resident bacteria, Pseudomonas savastanoi pv.
savastanoi and E. toletana cells were co-inoculated in in
vitro micropropagated olive plants. Localization of bacteria
was followed in real-time throughout knot development
using stereoscopic epifluorescence microscopy combined
with fluorescent tagging of Pseudomonas savastanoi pv.
savastanoi DAPP-PG 722 and E. toletana DAPP-PG 735
with GFP and DsRedExpress, respectively (Figs 1, Sl
and S2, available in the online Supplementary Material).
Acquired images showed that when inoculated alone,
E. toletana was not visible (the red observed was mostly
autofluorescence of the plant) (Fig. 1¢). In contrast, when
E. toletana was co-inoculated with Pseudomonas savastanoi
pv. savastanoi, E. toletana cells were abundant and visible
at the inoculation site (Fig. la). In addition, in co-
inoculation, epifluorescence revealed that E. toletana was
distributed throughout the knot and the distribution of
E. toletana matched the position of Pseudomonas savastanoi
pv. savastanoi. Pathogen distribution as observed with
epifluorescence did not show any significant alteration in
the knot when inoculated alone compared with when co-
inoculated with E. toletana (Fig. 1a, b). To further study the
localization and distribution of the two species expressing
autofluorescent proteins in the knot, transversal transec-
tions made via vibratome sectioning of the knot were
analysed by CLSM (Fig. 2). This allowed exploration of the
inner localization and distribution of Pseudomonas savas-
tanoi pv. savastanoi and E. toletana within the knot without
the necessity of further manipulation or staining of the
samples. It was observed that E. toletana—DsRedExpress
bacterial cells were localized in the vicinity of Pseudomonas
savastanoi pv. savastanoi—GFP cells, suggesting that E. toletana
strictly requires the close presence of Pseudomonas
savastanoi pv. savastanoi for growth and persistence in the
olive knot (Fig. 2a, b). In both single and co-inoculations
(Fig. 2c, a, respectively), Pseudomonas savastanoi pv.
savastanoi was present mainly on the surface or in the
outer regions of the knots, as was reported to be its
common location by Maldonado-Gonzalez et al. (2013).

Fig. 1. Stereoscopic epifluorescence microscopy of (a)
co-inoculated olive knots, and single inoculations with (b)
Pseudomonas savastanoi pv. savastanoi-GFP and (c) E. tole-
tana—DsRedExpress at 28 days p.. Each image was acquired
without a filter, with a GFP filter and/or with a RFP filter. Knot
development and Pseudomonas savastanoi pv. savastanoi—-GFP
cell localization were similar to the single inoculation, whilst E.
toletana—DsRedExpress cells were detected in different regions of
the knot, always co-localizing with Pseudomonas savastanoi pv.
savastanoi—GFP cells.

This indicated that the presence of E. toletana does not
interfere with the preferred positioning within the knot of
Pseudomonas savastanoi pv. savastanoi. The number of
c.f.u. was measured at 0 and 28 days p.i. (Fig. 3). These
results further corroborated the observations reported by
Hosni et al. (2011) that in the presence of Pseudomonas
savastanoi pv. savastanoi, c.f.u. numbers of E. toletana
increased dramatically compared with single inoculations
in adult 1-year-old olive plants, suggesting that observa-
tions in micropropagated olive plants can be correlated
with what occurs in adult plants.

Pseudomonas savastanoi pv. savastanoi and
E. toletana: in silico analysis of possible
metabolic complementarity/exchanges

The previous report of AHL signal sharing and mutualistic
behaviour as well as results shown here on strict co-
localization of Pseudomonas savastanoi pv. savastanoi and
E. toletana prompted us to analyse the recently published
genomes of Pseudomonas savastanoi pv. savastanoi and E.
toletana for possible metabolic complementarity and/or
exchange. This is in view of the fact that both species grow
more in the olive knot when both are present, indicating
probable metabolic benefits [in the model used here using
plantlets, only E. toletana grows more, whereas when using
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5 um 2 pm

Fig. 2. CLSM images of transversal vibratome sections from (a)
olive knots co-inoculated with Pseudomonas savastanoi pv.
savastanoi-GFP and E. toletana—DsRedExpress, (c) inoculated
with Pseudomonas savastanoi pv. savastanoi-GFP alone and (e)
with E. toletana-DsRedExpress alone at 28 days p.i. Images were
acquired with a x63 objective. (b, d, f) Magnifications of highlighted
area from (a), (c) and (e), respectively. Whilst Pseudomonas
savastanoi pv. savastanoi-GFP could be found at different regions
of the olive knot, E. toletana—DsRedExpress could only be found
mixed with Pseudomonas savastanoi pv. savastanoi-GFP cells.

1-year-old olive plants in 60-day-old olive knots, they both
grow more as reported by Hosni et al. (2011)]. We have
performed an analysis on the metabolic potential of the
two genomes via the reconstruction of metabolic pathways.
This was achieved by feeding the annotated draft genome
sequences of the two species separately (Pseudomonas
savastanoi pv. savastanoi and E. toletana) and merged into
Pathological (version 16.5) to predict their metabolic
pathways. Reconstruction of predicted pathways from
Pseudomonas savastanoi pv. savastanoi (SavCyc), E. toletana
(TolCyc) and merged genomes (SavtolCyc) was made by
matching all fed annotated enzymes with a database of
enzymes with known function in order to predict possible
single reactions that could be assembled into pathways to be
tested experimentally (Karp et al., 2010).

After creating the predicted pathways, the merged
SavtolCyc was used to highlight all the new pathways that
could emerge by joining the enzymes present in the two
separate genomes. By evidencing all the reactions not
shared between SavtolCyc/SavCyc and SavtolCyc/TolCyc
on the cellular overview panel, an interactive visual method
to track all singular contributions given by the two single
bacterial species to the pathways was possible. Interestingly,
several plant-related compounds, including shikimate,
sucrose and salicylate (Fig. 4), were evidenced as their
predicted degradation pathways were only complete when
the genomes of the two species were combined. The
degradation benefits of these aromatic compounds by
bacterial consortia could be relevant since these phenolics
are found commonly in plants. The presence of both
E. toletana and Pseudomonas savastanoi pv. savastanoi
could allow them to more efficiently degrade these
compounds and utilize them as carbon sources or possibly
to detoxify them as they could be toxic compounds if
found at high concentrations. In addition, as salicylates and
phenols are involved in the plant defence response in plant/
pathogen interactions (Loake & Grant, 2007), olive/
Pseudomonas savastanoi pv. savastanoi included (Roussos
et al., 2002), it is possible to hypothesize that the increased
knot size we documented when Pseudomonas savastanoi pv.
savastanoi and E. toletana were co-inoculated in olive
plants (Hosni et al, 2011) is due to the collaborative
bacterial degradation of these plant defence compounds.

We performed growth tests on sucrose and salicylic acid of
Pseudomonas savastanoi pv. savastanoi and E. toletana both
as single and mixed cultures in minimal medium as
described in Methods. It was established that Pseudomonas
savastanoi pv. savastanoi could not grow on salicylic acid
and sucrose as unique carbon sources (data not shown),
confirming the in silico data described above. Similarly, E.
toletana also could not grow in either sucrose or salicylic
acid; this was partly in accordance with in silico metabolic
profiles as E. toletana was predicted to utilize sucrose as a
unique carbon source. We also performed mixed inocula-
tions of E. toletana and Pseudomonas savastanoi pv.
savastanoi with either sucrose or salicylic acid as the sole
energy source as described in Methods. With salicylic acid,
we did not observe any growth or transformation (as
determined by HPLC analysis of spent supernatants) of the
aromatic acid when both species were co-inoculated (data
not shown). In minimal medium with sucrose, we observed
similar results, ie. no growth when using a mixed
inoculum of E. toletana and Pseudomonas savastanoi pv.
savastanoi. These initial binary growth tests did not
evidence metabolic complementarity as indicated by the
in silico analysis; the reason for this is unknown currently.

Identification of olive knot bacterial communities
via metagenomics

Several bacterial species have been isolated from olive knots
using standard culturing methods, possibly indicating the
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Fig. 3. Counts (c.f.u.) per inoculation site from (a) single and (b) co-inoculations using Pseudomonas savastanoi pv. savastanoi
(PSV)-GFP and E. toletana (ET)-DsRedExpress. Gray bars represent number of cells used for inoculations and grey stripped
bars represent c.f.u. retrieved from the inoculation site at 28 days p.i. The number of c.f.u. from the output (28 days p.i.) of E.
toletana—DsRedExpress when co-inoculated with Pseudomonas savastanoi pv. savastanoi-GFP was more than two orders of
magnitude higher than in single inoculations. Bars indicate means=+sb (n=3). Statistical significance was calculated using

Student’s t-test (*P <0.05).

presence of a multispecies bacterial community within the
olive knot (Moretti et al, 2011; Ouzari et al., 2008; Rojas
et al., 2004); many of these isolates belong to the genera
Erwinia and Pantoea. It was of interest here to perform an
exhaustive high-throughput analysis of the bacterial
population inside olive knots since to our knowledge it
has never been performed. Nine olive knots belonging to
three different varieties of olive trees were collected from
five regions of Italy, and a metagenomics approach based
on the amplification and sequencing of the hypervariable 16s
rRNA regions V1/V3 was used as described in Methods.

The data indicated rich and diverse bacterial life in this
niche. We wish to note that the olive knot material was not
sterilized prior to DNA purification as knots are porous
and Pseudomonas savastanoi pv. savastanoi is known to also
colonize intercellular spaces very near the surface. It is
therefore possible that some of the bacterial species
identified could be living on the surface of the olive knot
as epiphytes. Among all bacterial 16S rRNA sequences
retrieved, the gammaproteobacteria class was by far the
most represented, accounting for up to 90% of the
total bacterial population (Table S1). Unsurprisingly,
Pseudomonas savastanoi pv. savastanoi makes up almost
50% of the bacterial load; the other most abundant
bacteria belong to the Pantoea genera (Fig. 5) and,
interestingly, Pantoea agglomerans has long been known
to be commonly found in or associated with olive knots
(Hosni et al., 2011; Ouzari et al., 2008; Quesada et al., 2007;
Savastano, 1886). The abundance of other genera showed
some distinct features in every knot; however, among the
different samples, a common core of bacterial genera was
evident composed of Clavibacter, Curtobacterium, Enterobacter,

Erwinia, Hymenobacter, Kineococcus, Pectobacterium and
Sphingomonas (Fig. 5). The geographical position of
extraction seems to have little effect on the common core;
however, for genera that are underrepresented such as
Vibrio, their abundance is greater in samples from the south
of Italy.

DISCUSSION

Olive knot disease has thus far been studied poorly, mainly
focusing on the causal agent Pseudomonas savastanoi pv.
savastanoi (Marchi et al., 2009; Matas et al., 2009; Pérez-
Martinez et al., 2008, 2010; Ramos et al., 2012; Rodriguez-
Moreno et al., 2009; Scortichini et al., 2004; Surico et al.,
1985). The description of several virulence factors (Hosni
et al., 2011; Tacobellis et al., 1994; Matas et al., 2009; Matas
et al., 2012; Pérez-Martinez et al., 2010; Ramos et al,
2012; Rodriguez-Moreno et al, 2008, 2009; Rodriguez-
Palenzuela et al, 2010; Rojas et al, 2004; Surico et al.,
1985) and the normal localization on the intercellular space
of the parenchymal tissue as a biofilm structure are, to our
knowledge, the main recent discoveries (Rodriguez-
Moreno et al., 2009).

We reported previously that harmless E. foletana can
colonize the knot in the presence of Pseudomonas
savastanoi pv. savastanoi and demonstrated sharing of
AHL QS signals as one of the interactions on the knot
microenvironment (Hosni et al, 2011). In addition, co-
inoculation of Pseudomonas savastanoi pv. savastanoi with
E. toletana resulted in increased knot size. Interestingly, this
synergism was also observed when the AHL QS luxI AHL
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Fig. 4. Graphical representations of complementary metabolic pathways between Pseudomonas savastanoi pv. savastanoi and
E. toletana. Codes for genes encoded by Pseudomonas savastanoi pv. savastanoi possess the prefix PSA, whilst codes for
genes encoded by E. toletana possess the prefix GDRG. In the pathways presented for the degradation of shikimate (a),
sucrose (b) and salicylate (c), there are reactions that could only be catalysed by one of the species, meaning that the absence

of one of the two species would impair the complete mineralization of these compounds.

synthase mutant of E. foletana was used, indicating that
most likely signal sharing was not the only interaction
taking place between E. toletana and Pseudomonas
savastanoi pv. savastanoi (Hosni et al., 2011). The loca-
lization of E. toletana in relation to Pseudomonas savastanoi
pv. savastanoi during knot development could provide
insights on possible mechanisms that play a role in the
interaction. By using epifluorescence stereoscopic micro-
scopy and CLSM, we observed that E. toletana was
consistently in the vicinity of Pseudomonas savastanoi pv.
savastanoi, possibly meaning that E. toletana requires this

close proximity with Pseudomonas savastanoi pv. savastanoi
for its persistence and growth in the olive knot. This
closeness is in line with AHL signal sharing observed
previously to be taking place between Pseudomonas
savastanoi pv. savastanoi and E. toletana in the olive knot
(Hosni et al, 2011); AHLs of E. toletana can therefore
easily diffuse into Pseudomonas savastanoi pv. savastanoi.
In addition, close proximity can result in community
signalling by cell contact and/or facilitated sharing of
metabolites. Pseudomonas savastanoi pv. savastanoi cells
actually form biofilm structures in the olive knot
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Fig. 5. Graphical representation of bacterial abundance determined from the metagenomics studies of nine olive knots.
Different colours are assigned to each of the nine samples and the organization of the key follows the same order as the
samples on the graph (from bottom to top). Genera Pseudomonas and Pantoea are clearly the main constituents of these
communities. Pectobacterium, Curtobacterium, Kineococcus, Sphingomonas, Clavibacter and Hymenobacter compose a
group that is less abundant if compared with Pseudomonas and Pantoea, but these genera are found consistently in all
samples. Although Erwinia, Proteus, Enterobacter, Acinetobacter, Klebsiella, Kytococcus, Methylobacterium, Xanthomonas
and Leifsonia are not present in all samples, the abundance of these genera in some samples is significant. A considerable
number of sequences could not be assigned to any genera with accuracy. Data were normalized according to the MG-RAST
manual.
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(Rodriguez-Moreno et al., 2009), thus this close proximity
of E. toletana during knot formation suggests that mixed
biofilms most probably occur, and this could be more
advantageous for both species via facilitating diffusion of
metabolites and signals, possibly resulting in a more stable
biofilm.

It is believed that metabolic sharing/complementarity is
one of the features that allows the formation of stable
bacterial consortia (Egland et al., 2004; Kim et al., 2008).
For example, the diffusion of metabolites can be trans-
formed by one species that can then be further utilized by
the neighbouring species, resulting in a mutualistic
interaction (Egland et al., 2004; Kim et al., 2008; Ramsey
et al., 2011). We have evaluated this possibility between
E. toletana and Pseudomonas savastanoi pv. savastanoi
using an in silico approach. By predicting all the metabolic
pathways that each of the two organisms were able to
perform individually, we were able to determine incom-
plete pathways due to the absence of key enzymes on one
genome that could be completed by the presence of these
given enzymes on the genome of the second species.
Possible degradation pathways of several plant-related
aromatic compounds, some of which are associated with
plant defence, were only possible in silico when the two
genomes were joined. Compounds such as salicylate,
shikimate and sucrose are examples that could only be
mineralized by the dual-species community. We have
tested possible metabolic complementarity using growth
tests in liquid and solid media using salicylic acid and
sucrose. Under the conditions we tested, we could not
detect binary growth of Pseudomonas savastanoi pv.
savastanoi and E. toletana, providing evidence for meta-
bolic sharing/complementarity in the mineralization of
these compounds. It could be that under the conditions we
tested it was not possible to initiate such an interaction that
takes place in planta. Future studies need to focus in this
direction using all the possible compounds revealed by the
in silico analysis that could be transformed using metabolic
sharing. It is also possible that the Pathway Tools analysis
overpredicts pathways and that this information needs to
be validated carefully.

The metagenomics studies proved that apart from
Pseudomonas savastanoi pv. savastanoi, there was a
dominance of Pantoea throughout all nine samples; the
presence of Pantoea agglomerans on olive knots has been
extensively described and its role in knot development
remains unclear (Hosni et al, 2011; Marchi et al, 2006).
These results indicate that the enrichment of Pantoea in the
knot environment is an important aspect that merits
further attention. It was surprising to see the presence of so
many different genera in the olive knot; the consensus of
genera present in the different olive knots could indicate a
community structure present in the olive knot that could
have evolved together with Pseudomonas savastanoi pv.
savastanoi. Our studies and observations with E. toletana
could be then applicable to other species, and most
probably also to multispecies studies involving more

than two bacterial species. Clavibacter, Curtobacterium,
Hymenobacter, Kineococcus, Proteus and Sphingomonas
were present in almost all samples, and to our knowledge
they have never been reported in the olive knot. The
descriptions of species within these genera being able to
tolerate high concentrations of copper (Bagwell et al,
2010), facilitating the mineralization of polycyclic aromatic
compounds (Manickam et al., 2012) or even associated
with fungi that degrades decaying matter (Kamei et al.,
2012) also show diverse biological roles that could aid the
maintenance of the disease. Another interesting obser-
vation is that alpha diversity seems to be related directly to
the geographical location from where the sample was
collected (data not shown). Samples from the south of Italy
(Clima di Mola, and Oliva Rossa 1 and 2) show a higher
diversity when compared with samples from central Italy
(Frantoio 1-6). This might be due to the difference of
mean temperature and humidity (Teviotdale & Krueger,
2004) or possibly the susceptibility of distinct cultivars of
olive trees (Penyalver et al., 2006). Even though a core
group of bacterial genera seems to be present in all samples,
a large part of the community present in the nine different
samples shows considerable variation in abundance.
Importantly, however, the phylogenetic variation present
among the samples might not necessarily reflect on the
genetic pool (Burke et al., 2011). It is possible that major
roles in community interactions are played by the genera
that are found in all samples (e.g. Pantoea), whilst the other
bacteria present in only some or even one of the samples
might be recruited in response to some specific traits (e.g.
cultivar) or by diverse environmental conditions.

In summary, we shown that Pseudomonas savastanoi pv.
savastanoi and E. toletana co-localize during knot devel-
opment, and the presence of Pseudomonas savastanoi pv.
savastanoi is essential for the maintenance of E. toletana cells
on olive knots. This is a clear example of harmless and
beneficial organisms teaming up in a disease (Venturi & da
Silva, 2012). The close proximity of E. toletana and
Pseudomonas savastanoi pv. savastanoi in the knot indicates
that they are most probably interacting via a variety of
mechanism that we have discussed. Using in silico analysis,
we found compounds that could be shared in planta,
possibly improving the stability of the community.
Metagenomics sequencing revealed that some genera are
commonly found associated with the olive knot, neverthe-
less high bacterial diversity occurs among different knots,
and this could to be related to environmental factors and/or
cultivars of O. europaea. This study opens new possibilities
on the Pseudomonas savastanoi pv. savastanoi/E. toletana
interaction and presents a valid model to study multispecies
interactions in a bacterial disease.

ACKNOWLEDGEMENTS

D.P.D.S. is funded by an ICGEB fellowship. We thank Giulia
Devescovi, Giuliano Degrassi and Iris Bertani for interest and
constant discussion. This study was supported partially by Spanish

564

Microbiology 160



Microbiome and multispecies studies of a plant disease

Plan Nacional I+D+i (grant AGL2011-30343-C02-01) from the
Ministerio de Economia y Competitividad (MINECO), co-financed
by FEDER

REFERENCES

Bagwell, C. E., Hixson, K. K., Milliken, C. E., Lopez-Ferrer, D. & Weitz,
K. K. (2010). Proteomic and physiological responses of Kineococcus
radiotolerans to copper. PLoS ONE 5, €12427.

Burke, C., Steinberg, P., Rusch, D., Kjelleberg, S. & Thomas, T.
(2011). Bacterial community assembly based on functional genes
rather than species. Proc Natl Acad Sci U S A 108, 14288-14293.

Caspi, R., Altman, T., Dreher, K., Fulcher, C. A, Subhraveti, P.,
Keseler, I. M., Kothari, A., Krummenacker, M., Latendresse, M. &
other authors (2012). The MetaCyc database of metabolic pathways
and enzymes and the BioCyc collection of pathway/genome databases.
Nucleic Acids Res 40, D742-D753.

Driver, J. A. & Kuniyuki, A. (1984). In vitro propagation of paradox
wallnut rootstock. HortScience 19, 507-509.

Duan, K., Dammel, C., Stein, J., Rabin, H. & Surette, M. G. (2003).
Modulation of Pseudomonas aeruginosa gene expression by host
microflora through interspecies communication. Mol Microbiol 50,
1477-1491.

Egland, P. G., Palmer, R. J, Jr & Kolenbrander, P. E. (2004).
Interspecies communication in Streptococcus gordonii—Veillonella
atypica biofilms: signaling in flow conditions requires juxtaposition.
Proc Natl Acad Sci U S A 101, 16917-16922.

Hosni, T., Moretti, C., Devescovi, G., Suarez-Moreno, Z. R., Fatmi,
M. B., Guarnaccia, C., Pongor, S., Onofri, A., Buonaurio, R. & Venturi, V.
(2011). Sharing of quorum-sensing signals and role of interspecies
communities in a bacterial plant disease. ISME ] 5, 1857-1870.

Human Microbiome Project Consortium (2012). Structure, function
and diversity of the healthy human microbiome. Nature 486, 207-214.

lacobellis, N. S., Sisto, A., Surico, G., Evidente, A. & DiMaio, E.
(1994). Pathogenicity of Pseudomonas syringae subsp. savastanoi
mutants defective in phytohormone production. J Phytopathol 140,
238-248.

Kamei, I, Yoshida, T., Enami, D. & Meguro, S. (2012). Coexisting
Curtobacterium bacterium promotes growth of white-rot fungus
Stereum sp. Curr Microbiol 64, 173-178.

Karp, P. D., Paley, S. M., Krummenacker, M., Latendresse, M., Dale,
J. M, Lee, T. J,, Kaipa, P., Gilham, F., Spaulding, A. & other authors
(2010). Pathway Tools version 13.0: integrated software for pathway/
genome informatics and systems biology. Brief Bioinform 11, 40-79.

Kim, H. J., Boedicker, J. Q., Choi, J. W. & Ismagilov, R. F. (2008).
Defined spatial structure stabilizes a synthetic multispecies bacterial
community. Proc Natl Acad Sci U S A 105, 18188-18193.

Koch, B., Jensen, L. E. & Nybroe, O. (2001). A panel of Tn7-based
vectors for insertion of the gfp marker gene or for delivery of cloned
DNA into Gram-negative bacteria at a neutral chromosomal site.
J Microbiol Methods 45, 187—195.

Kolenbrander, P. E., Palmer, R. J,, Jr, Periasamy, S. & Jakubovics,
N. S. (2010). Oral multispecies biofilm development and the key role
of cell-cell distance. Nat Rev Microbiol 8, 471-480.

Korgaonkar, A., Trivedi, U., Rumbaugh, K. P. & Whiteley, M. (2013).
Community surveillance enhances Pseudomonas aeruginosa virulence
during polymicrobial infection. Proc Natl Acad Sci U S A 110, 1059—
1064.

Kovach, M. E., Elzer, P. H., Hill, D. S., Robertson, G. T., Farris, M. A.,
Roop, R. M., Il & Peterson, K. M. (1995). Four new derivatives of the

broad-host-range cloning vector pBBRIMCS, carrying different
antibiotic-resistance cassettes. Gene 166, 175—176.

Kuramitsu, H. K., He, X,, Lux, R,, Anderson, M. H. & Shi, W. (2007).
Interspecies interactions within oral microbial communities.
Microbiol Mol Biol Rev 71, 653-670.

Lambertsen, L., Sternberg, C. & Molin, S. (2004). Mini-Tn7
transposons for site-specific tagging of bacteria with fluorescent
proteins. Environ Microbiol 6, 726-732.

Loake, G. & Grant, M. (2007). Salicylic acid in plant defence — the
players and protagonists. Curr Opin Plant Biol 10, 466—472.

Maldonado-Gonzalez, M. M., Prieto, P., Ramos, C. & Mercado-
Blanco, J. (2013). From the root to the stem: interaction between the
biocontrol root endophyte Pseudomonas fluorescens PICF7 and the
pathogen Pseudomonas savastanoi NCPPB 3335 in olive knots. Microb
Biotechnol 6, 275-287.

Manickam, N., Bajaj, A., Saini, H. S. & Shanker, R. (2012). Surfactant
mediated enhanced biodegradation of hexachlorocyclohexane (HCH)
isomers by Sphingomonas sp. NMO5. Biodegradation 23, 673-682.

Mansfield, J., Genin, S., Magori, S., Citovsky, V., Sriariyanum, M.,
Ronald, P., Dow, M., Verdier, V., Beer, S. V. & other authors (2012).
Top 10 plant pathogenic bacteria in molecular plant pathology. Mol
Plant Pathol 13, 614—629.

Marchi, G., Sisto, A, Cimmino, A. Andolfi, A, Cipriani, M. G.,
Evidente, A. & Surico, G. (2006). Interaction between Pseudomonas
savastanoi pv. savastanoi and Pantoea agglomerans in olive knots.
Plant Pathol 55, 614-624.

Marchi, G., Mori, B., Pollacci, P., Mencuccini, M. & Surico, G. (2009).
Systemic spread of Pseudomonas savastanoi pv. savastanoi in olive
explants. Plant Pathol 58, 152-158.

Matas, I. M., Pérez-Martinez, I., Quesada, J. M., Rodriguez-Herva,
J. J,, Penyalver, R. & Ramos, C. (2009). Pseudomonas savastanoi pv.
savastanoi contains two iaaL paralogs, one of which exhibits a variable
number of a trinucleotide (TAC) tandem repeat. Appl Environ
Microbiol 75, 1030-1035.

Matas, I. M., Lambertsen, L., Rodriguez-Moreno, L. & Ramos, C.
(2012). Identification of novel virulence genes and metabolic
pathways required for full fitness of Pseudomonas savastanoi pv.
savastanoi in olive (Olea europaea) knots. New Phytol 196, 1182—1196.

Maurice, C. F., Haiser, H. J. & Turnbaugh, P. J. (2013). Xenobiotics
shape the physiology and gene expression of the active human gut
microbiome. Cell 152, 39-50.

Meyer, F., Paarmann, D., D’'Souza, M., Olson, R., Glass, E. M., Kubal,
M., Paczian, T., Rodriguez, A., Stevens, R. & other authors (2008).
The metagenomics RAST server — a public resource for the automatic
phylogenetic and functional analysis of metagenomes. BMC
Bioinformatics 9, 386.

Mitri, S., Xavier, J. B. & Foster, K. R. (2011). Social evolution in
multispecies biofilms. Proc Natl Acad Sci U S A 108 (Suppl 2), 10839—
10846.

Moretti, C., Hosni, T., Vandemeulebroecke, K., Brady, C., De Vos, P.,
Buonaurio, R. & Cleenwerck, I. (2011). Erwinia oleae sp. nov.,
isolated from olive knots caused by Pseudomonas savastanoi pv.
savastanoi. Int ] Syst Evol Microbiol 61, 2745-2752.

Ouzari, H., Khsairi, A.,, Raddadi, N., Jaoua, L., Hassen, A., Zarrouk, M.,
Daffonchio, D. & Boudabous, A. (2008). Diversity of auxin-
producing bacteria associated to Pseudomonas savastanoi-induced
olive knots. J Basic Microbiol 48, 370-377.

Passos da Silva, D., Devescovi, G., Paszkiewicz, K., Moretti, C.,
Buonaurio, R., Studholme, D. J. & Venturi, V. (2013). Draft genome
sequence of Erwinia toletana, a bacterium associated with olive knots
caused by Pseudomonas savastanoi pv. savastanoi. Genome Announc 1,
e00205-13.

http://mic.sgmjournals.org

565



D. Passos da Silva and others

Penyalver, R., Garcia, A., Ferrer, A., Bertolini, E., Quesada, J. M,
Salcedo, C. I., Piquer, J., Pérez-Panadés, J., Carbonell, E. A. & other
authors (2006). Factors affecting Pseudomonas savastanoi pv.
savastanoi plant inoculations and their use for evaluation of olive
cultivar susceptibility. Phytopathology 96, 313—319.

Pérez-Martinez, |., Zhao, Y., Murillo, J., Sundin, G. W. & Ramos, C.
(2008). Global genomic analysis of Pseudomonas savastanoi pv.
savastanoi plasmids. J Bacteriol 190, 625-635.

Pérez-Martinez, |, Rodriguez-Moreno, L., Lambertsen, L., Matas,
I. M., Murillo, J., Tegli, S., Jiménez, A. J. & Ramos, C. (2010). Fate of a
Pseudomonas savastanoi pv. savastanoi type III secretion system
mutant in olive plants (Olea europaea L.). Appl Environ Microbiol 76,
3611-3619.

Quesada, J. M., Garcia, A., Bertolini, E., Lopez, M. M. & Penyalver, R.
(2007). Recovery of Pseudomonas savastanoi pv. savastanoi from
symptomless shoots of naturally infected olive trees. Int Microbiol 10,
77-84.

Quesada, J. M., Penyalver, R., Pérez-Panadés, J., Salcedo, C. |,
Carbonell, E. A. & Lépez, M. M. (2010). Dissemination of
Pseudomonas savastanoi pv. savastanoi populations and subsequent
appearance of olive knot disease. Plant Pathol 59, 262-269.

Ramos, C., Matas, I. M., Bardaiji, L., Aragén, I. M. & Murillo, J. (2012).
Pseudomonas savastanoi pv. savastanoi: some like it knot. Mol Plant
Pathol 13, 998-1009.

Ramsey, M. M., Rumbaugh, K. P. & Whiteley, M. (2011). Metabolite
cross-feeding enhances virulence in a model polymicrobial infection.
PLoS Pathog 7, €1002012.

Rodriguez-Moreno, L., Barcel6-Mufioz, A. & Ramos, C. (2008). I vitro
analysis of the interaction of Pseudomonas savastanoi pvs. savastanoi and
nerii with micropropagated olive plants. Phytopathology 98, 815-822.

Rodriguez-Moreno, L., Jiménez, A. J. & Ramos, C. (2009).
Endopathogenic lifestyle of Pseudomonas savastanoi pv. savastanoi
in olive knots. Microb Biotechnol 2, 476—488.

Rodriguez-Palenzuela, P., Matas, I. M., Murillo, J., Lopez-Solanilla, E.,
Bardaji, L., Pérez-Martinez, |., Rodriguez-Moskera, M. E., Penyalver,
R, Lépez, M. M. & other authors (2010). Annotation and overview of
the Pseudomonas savastanoi pv. savastanoi NCPPB 3335 draft genome
reveals the virulence gene complement of a tumour-inducing pathogen
of woody hosts. Environ Microbiol 12, 1604—1620.

Rojas, A. M., de Los Rios, J. E., Fischer-Le Saux, M., Jimenez, P.,
Reche, P., Bonneau, S., Sutra, L., Mathieu-Daudé, F. & McClelland,

M. (2004). Erwinia toletana sp. nov., associated with Pseudomonas
savastanoi-induced tree knots. Int ] Syst Evol Microbiol 54, 2217-2222.

Roussos, P. A, Pontikis, C. A. & Tsantili, E. (2002). Root promoting
compounds detected in olive knot extract in high quantities as a
response to infection by the bacterium Pseudomonas savastanoi pv.
savastanoi. Plant Sci 163, 533-541.

Savastano, L. (1886). Les maladies de I'olivier, et la tuberculose en
particulier. C R Acad Agric Fr CIII, 103-114.

Schroth, M. N., Osgood, J. W. & Miller, T. D. (1973). Quantitative
assessment of the effect of the olive knot disease on olive yield and
quality. Phytopathology 63, 1064-1065.

Scortichini, M., Rossi, M. P. & Salerno, M. (2004). Relationship of
genetic structure of Pseudomonas savastanoi pv. savastanoi popula-
tions from Italian olive trees and patterns of host genetic diversity.
Plant Pathol 53, 491-497.

Sessitsch, A, Hardoim, P., Déring, J., Weilharter, A., Krause, A,
Woyke, T., Mitter, B., Hauberg-Lotte, L., Friedrich, F. & other authors
(2012). Functional characteristics of an endophyte community
colonizing rice roots as revealed by metagenomic analysis. Mol
Plant Microbe Interact 25, 28-36.

Stolyar, S., Van Dien, S., Hillesland, K. L., Pinel, N., Lie, T. J., Leigh,
J. A. & Stahl, D. A. (2007). Metabolic modeling of a mutualistic
microbial community. Mol Syst Biol 3, 92.

Surico, G., lacobellis, N. S. & Sisto, A. (1985). Studies on the role of
indole-3-acetic acid and cytokinins in the formation of knots on olive
and oleander plants by Pseudomonas syringae pv. savastanoi. Physiol
Plant Pathol 26, 309-320.

Teviotdale, B. L. & Krueger, W. H. (2004). Effects of timing of copper
sprays, defoliation, rainfall, and inoculum concentration on incidence
of olive knot disease. Plant Dis 88, 131-135.

Venturi, V. & da Silva, D. P. (2012). Incoming pathogens team up with
harmless ‘resident’ bacteria. Trends Microbiol 20, 160—164.

Wang, Z., Klipfell, E., Bennett, B. J., Koeth, R., Levison, B. S., Dugar,
B., Feldstein, A. E., Britt, E. B., Fu, X. & other authors (2011). Gut

flora metabolism of phosphatidylcholine promotes cardiovascular
disease. Nature 472, 57—63.

Young, J. (2004). Olive knot and its pathogens. Australas Plant Pathol
33, 33-39.

Edited by: W. Achouak

566

Microbiology 160



VOVIVYW 30
avaisy¥3aAINn

eolypjual) ugioeBinaIg

K sauoioealigng ~
ew ‘



MPMI Vol. 27, No. 5, 2014, pp. 424—-436. http://dx.doi.org/10.1094/MPMI-07-13-0206-R

e-Xtra*

Translocation and Functional Analysis

of Pseudomonas savastanoi pv. savastanoi NCPPB 3335
Type lll Secretion System Effectors Reveals Two Novel
Effector Families of the Pseudomonas syringae Complex

Isabel M. Matas,' M. Pilar Castaiieda-Ojeda,! Isabel M. Aragén,’ Maria Antinez-Lamas,??
Jesus Murillo,* Pablo Rodriguez-Palenzuela,?? Emilia L6pez-Solanilla,?®* and Cayo Ramos'

TInstituto de Hortofruticultura Subtropical y Mediterranea “La Mayora”, Universidad de Mélaga-Consejo Superior de
Investigaciones Cientificas (IHSM-UMA-CSIC), Area de Genética, Facultad de Ciencias, Campus Teatinos s/n, E-29010
Malaga, Spain; 2Centro de Biotecnologia y Genémica de Plantas (CBGP), Universidad Politécnica de Madrid-Instituto
Nacional de Investigacion y Tecnologia Agraria y Alimentaria, Parque Cientifico y Tecnoldgico de la UPM, Campus de
Montegancedo, 28223 Pozuelo de Alarcén, Madrid; 3Departamento de Biotecnologia. Escuela Técnica Superior de
Ingenieros Agronomos, UPM. Avda, Complutense S/N, 28040, Madrid; “Departamento de Produccion Agraria, ETS
Ingenieros Agrénomos, Universidad Publica de Navarra, 31006 Pamplona, Spain

Submitted 26 July 2013. Accepted 28 November 2013.

Pseudomonas savastanoi pv. savastanoi NCPPB 3335 causes
olive knot disease and is a model pathogen for exploring
bacterial infection of woody hosts. The type III secretion
system (T3SS) effector repertoire of this strain includes 31
effector candidates plus two novel candidates identified in
this study which have not been reported to translocate into
plant cells. In this work, we demonstrate the delivery of
seven NCPPB 3335 effectors into Nicotiana tabacum leaves,
including three proteins from two novel families of the P.
syringae complex effector super-repertoire (HopBK and
HopBL), one of which comprises two proteins (HopBL1
and HopBL2) that harbor a SUMO protease domain.
When delivered by P. fluorescens heterologously expressing
a P. syringae T3SS, all seven effectors were found to sup-
press the production of defense-associated reactive oxygen
species. Moreover, six of these effectors, including the trun-
cated versions of HopAA1 and HopAZ1 encoded by NCPPB
3335, suppressed callose deposition. The expression of
HopAZ1 and HopBL1 by functionally effectorless P. syrin-
gae pv. tomato DC3000D28E inhibited the hypersensitive
response in tobacco and, additionally, expression of HopBL2
by this strain significantly increased its competitiveness in
N. benthamiana. DNA sequences encoding HopBL1 and
HopBL2 were uniquely detected in a collection of 31 P.
savastanoi pv. savastanoi strains and other P. syringae
strains isolated from woody hosts, suggesting a relevant
role of these two effectors in bacterial interactions with
olive and other woody plants.
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Type III secretion system (T3SS) effectors (T3E) delivered
by bacterial pathogens are key elements for establishing infec-
tion. In bacterial plant pathogens, these proteins primarily in-
terfere with the plant immune system at two main defense
layers: pathogen-associated molecular pattern (PAMP)-trig-
gered immunity (PTI) and effector-triggered immunity (ETI)
(Chisholm et al. 2006; Jones and Dangl 2006). Because there
is an overlap between these two layers of immunity, T3E
may target PTI, ETI, or both (Boller and Felix 2009; Katagiri
and Tsuda 2010). Examples include the Pseudomonas syrin-
gae effector AvrPtoB, which has been demonstrated to sup-
press both PTI and ETI (de Torres et al. 2006; Lin et al.
2006). The production of reactive oxygen species (ROS) is
one of the earliest cellular responses associated with plant
immunity (Doke 1983). ROS can directly strengthen the host
cell wall (Bradley et al. 1992; Huckelhoven 2007) and are
important signals that mediate defense gene activation (Levine
et al. 1994; Torres and Dangl 2005). Moreover, this oxidative
burst is associated with the hypersensitive response (HR), a
localized response at the site of pathogen attack character-
ized by the induction of programmed cell death (Mur et al.
2008) that limits pathogen spread.

The growing availability of bacterial genomes and the evo-
lution of bioinformatics tools have revolutionized the discov-
ery of novel plant pathogen effectors. Genome-wide searches
for motifs shared by known T3E have recently revealed a rep-
ertoire of these proteins in plant bacterial pathogens, including
P. syringae and related pathogens (Collmer et al. 2009;
Lindeberg 2012; Lindeberg et al. 2008). The P. syringae com-
plex, which encompasses up to 10 Pseudomonas spp. and 60
P. syringae pathovars (Young 2010), has become a model for a
systems-level exploration of effector repertoires and their func-
tions in biotrophic pathogenesis. T3E proteins of P. syringae and
related plant pathogens are generically known as Hrp outer
proteins (hops) (Lindeberg et al. 2005). Over 60 effector fami-
lies, whose expression is transcriptionally activated by the alter-
native ¢ factor HrpL (Xiao and Hutcheson 1994), are currently
defined in the P. syringae pangenome. Currently, three P. sy-
ringae strains—P. syringae pv. tomato DC3000 (Alfano and
Collmer 1996), P. syringae pv. phaseolicola 1448 A (Jackson et



al. 1999) and P. syringae pv. syringae B728a (Hirano and Upper
2000)—prevail as model systems for identifying and function-
ally analyzing protein effectors. Each strain provides a differ-
ent perspective on the complex interactions of this pathogen
with herbaceous plants. Comparisons of T3E gene repertoires
within a phylogenetic context has elucidated the molecular
basis of host specialization and host range evolution in fully or
partially sequenced P. syringae pathovars (Baltrus et al. 2011,
2012; Lindeberg 2012; Lindeberg et al. 2012). However, a
molecular mechanism governing P. syringae pathovar adapta-
tion to woody hosts remains undefined.

P. savastanoi pv. savastanoi NCPPB 3335 causes olive knot
disease and is a model bacterium to study the molecular basis
of disease production and tumor formation in woody hosts
(Ramos et al. 2012). As previously established for several P.
syringae strains (Cunnac et al. 2009; Mansfield 2009), P.
savastanoi pv. savastanoi NCPPB 3335 T3SS is required for
infection establishment and knot formation on olive plants
(Matas et al. 2012; Pérez-Martinez et al. 2010). Additionally,
bioinformatics analysis of the draft genome sequence of
NCPPB 3335 identified 30 putative T3E in this pathogen, 19
of which were more than 65% similar to previously described
effectors based on their amino acid identity (Rodriguez-
Palenzuela et al. 2010). Furthermore, sequencing of the three-
plasmid complement of this strain revealed that two of these
T3E genes, hopAF1 and hopAOI, are encoded in plasmids
(Bardaji et al. 2011). A later revision of this genome sequence
discarded three of the previously identified nonhomologous
T3SS and identified four new candidate effectors in NCPPB
3335: AvrPtol, HopAT1, HopAZl, and AvrRpm2 (Ramos et

al. 2012) (Hop Database). Among these 31 T3E candidates, only
two are homologs of P. syringae T3E with a previously dem-
onstrated enzymatic function (i.e., HopAOl, a protein tyrosine
phosphatase [Underwood et al. 2007], and HopABI1, an E3
ubiquitin ligase [Janjusevic et al. 2006]). Moreover, transloca-
tion of effector proteins into plant cells through the T3SS has
not been reported to date for P. savastanoi pv. savastanoi or
any other P. syringae pathovar of woody hosts.

In this work, we searched for additional P. savastanoi pv.
savastanoi NCPPB 3335 T3E candidates on the basis of protein-
domain similarity to known plant-pathogen effectors. A group
of selected candidates was further analyzed in relation to their
translocation into plant cells and their inhibition of plant
defense responses. In this study, we demonstrated the translo-
cation of seven Hop-Cya fusions through the P. savastanoi pv.
savastanoi T3SS, including three novel T3E of the P. syringae
complex, which belong to two new effector families; that is,
HopBK (HopBK1) and HopBL (HopBL1 and HopBL2).

RESULTS

Bioinformatics prediction of novel T3E
in the P. savastanoi pv. savastanoi NCPPB 3335 genome.

We started with the set of candidate effector genes identified
previously in the P. savastanoi pv. savastanoi NCPPB 3335
genome (Rodriguez-Palenzuela et al. 2010) and later updated
(Ramos et al. 2012). In addition, we searched specifically for
NCPPB 3335 proteins with pfam domains (The Pfam Database)
already found in known T3E (details below and in Supplemen-
tary Table S1). Two novel candidate T3E (AER-0000509 and

Table 1. Putative type III effectors identified in the Pseudomonas savastanoi pv. savastanoi NCPPB 3335 genome®

ID-ASAP Locus tag Pfam" Name Reference Homolog® Reference
AER-0005350 PSA3335_1360 PF11725 avrEl Ramos et al. 2012 + Badel et al. 2006, Vinatzer et al. 2006
AER-0005727 PSA3335_5082 PF11592 avrPtol Ramos et al. 2012 + Vinatzer et al. 2006

AER-0005728 PSA3335_5091 None avrRpm2  Ramos et al. 2012 nd

AER-0002657 PSA3335_5065 None HopAl Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005

AER-0000274 na None HopAA1l Ramos et al. 2012 - Chang et al. 2005

AER-0004725 PSA3335_2333 PF09046 HopABI1 Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005, Vinatzer et al. 2006
AER-0000741  PSA3335_4315 PF15457 HopAEIl Rodriguez-Palenzuela et al. 2010 + Vinatzer et al. 2006

AER-0000968 PSA3335_1469 None HopAF1 Ramos et al. 2012 + Chang et al. 2005

AER-0003643  PSA3335_1477 None HopAF1-2# Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005

AER-0001776  PSA3335_2927 PF00150 HopAH2 Rodriguez-Palenzuela et al. 2010 + Zumagquero et al. 2010

AER-0000610 PSA3335_0875 PF14566 HopAOI1# Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005

AER-0005024 PSA3335_4684 None HopASl1 Rodriguez-Palenzuela et al. 2010 + Vencato et al. 2006

AER-0005726  PSA3335_5084 None HopAT!l’ Ramos et al. 2012 +A Chang et al. 2005

AER-0000625 PSA3335_5031 PF10791 HopAUl Rodriguez-Palenzuela et al. 2010 + Vencato et al. 2006

AER-0001017 PSA3335_1783 None HopAZ1 Ramos et al. 2012 nd

AER-0000696 PSA3335_2068 PF13974 HopBKl1 Rodriguez-Palenzuela et al. 2010 nd

AER-0000509 PSA3335_0157 PF02902 HopBL1 This study nd

AER-0003844 PSA3335_4544 PF02902 HopBL2 This study nd

AER-0004681 PSA3335_4805 None HopD1 Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005

AER-0000629 PSA3335_0852 None HopG1 Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005

AER-0000168  PSA3335_4509 PF00226  Hopll Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005; Vinatzer et al. 2006
AER-0005351 PSA3335_1358 None HopM1’ Rodriguez-Palenzuela et al. 2010 + Badel et al. 2003; Vinatzer et al. 2006
AER-0004680 PSA3335_4804 PF01156 HopQl Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005

AER-0004685 PSA3335_4809 None HopR1 Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005; Schechter et al. 2006
AER-0003015 PSA3335_2327 PF13485 HopVl Rodriguez-Palenzuela et al. 2010 + Schechter et al. 2004

AER-0003833  PSA3335_5066 None HopW1’ Rodriguez-Palenzuela et al. 2010 + Chang et al. 2005; Zumaquero et al. 2010
AER-0000344 PSA3335_5061 None HP0344 Rodriguez-Palenzuela et al. 2010 nd

AER-0000393 PSA3335_1416 None HP0393 Rodriguez-Palenzuela et al. 2010 nd

AER-0001113 PSA3335_0894 PF07090 HP1113 Rodriguez-Palenzuela et al. 2010 nd

AER-0001936 PSA3335_3242 None HP1936 Rodriguez-Palenzuela et al. 2010 nd

AER-0002597 PSA3335_0106 PF15184 HP2597 Rodriguez-Palenzuela et al. 2010 nd

AER-0002714 PSA3335_2804 PF01565 HP2714 Rodriguez-Palenzuela et al. 2010 nd

AER-0003934 PSA3335_1247 None HP3934 Rodriguez-Palenzuela et al. 2010 nd

3 Bold indicates effectors for which translocation was analyzed in this study; # = plasmid-encoded genes, ” = putative pseudogenes, nd = not determined, na =
not available, and » = translocation tested for HopAT1 of P. syringae pv. tomato DC3000 but not for HopAT1’.

Y Accession number for the corresponding protein families at the pfam database.

¢ Homolog translocated in P. syringae.
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AER-0003844) were found, both containing the domain
PF02902. This domain, which belongs to the Ulpl protease
family with SUMO protease activity, has been associated with
several known effector proteins in pathogenic bacteria of the
genus Xanthomonas, such as XopD (Kay and Bonas 2009).
The final set of 33 candidate P. savastanoi pv. savastanoi
NCPPB 3335 effectors is listed in Table 1, which includes
these two novel putative T3E. Based on the translocation, func-
tional, and phylogenetic analysis of these proteins shown below,
and taking into account the guidelines for a unified nomen-
clature of T3E in the plant pathogen P. syringae proposed by
Lindenberg and associates (2005), hereafter these T3E are
called HopBL1 (AER-0000509) and HopBL2 (AER-0003844)
(Table 1; Supplementary Table S2).

Translocation assay of T3E candidates revealed
novel effectors in P. savastanoi.

Of the 33 candidate P. savastanoi pv. savastanoi NCPPB
3335 T3E, 12 were selected for further analysis (Table 1). These
candidates included the three proteins with a P. syringae homo-
log for which plant-cell translocation has not been demonstrated
to date (AvrRpm?2, HopAA1, and HopAZ1). Additionally, we
selected seven of the 10 hypothetical T3E identified in the ge-
nome of P. savastanoi pv. savastanoi NCPPB 3335 that are not
present in P. syringae pv. phaseolicola 1448A, its closest rela-
tive that infects herbaceous plants for which there is a closed
genome. The selection also included AER-0003934, which
harbors a homolog in the genome of 1448A, and HopAl
(AER-0002657). With the exception of the hopAl gene,

Table 2. Occurrence of consensus Hrp-box sequences upstream of type III secretion system effector genes from Pseudomonas savastanoi pv. savastanoi

NCPPB 3335

Gene name Hrp-box position® Hrp-box sequence

Consensus® . BGGAACYHNNNNNNNNNNNNNNNCCACNHAG
avrPtol —69 to -39 TGGAACCGACCTGCCCCCGATGACCACTCAG
avrRpm?2 —474 to 444 TGGAACCAAATATGTAGTTATGGTCACTCAC
hopAA1 -193 to -163 TGGAACCGTCAACGGATCCGGGACCACACAG
hopAZI -124 to -94 TGGAACCTCTCCTCAATGAGTTGCCACTCAC
hopBK1 -218t0-197 AGGTGCGCCGGGGTTATGACGAGGCCACGGTG
hopBL1 244 to -214 TGGAACCTAATCGCTGGAGAGGCCTACTAAT
hopBL2 —412 to -383 AGGAATTTAAGCTCGATAGTTGCCACAGTC
HP0344 —184 to -155 GGCAAGGCGCCTGCACCTAGAGCCACAACG
HP0393 -56 to -26 AGGAACCCGGCCCACGCAAGTGGACACCCGG
HP1113 -84 to -55 TGAAACCCTTTTGATCGACAACCCACGCCG
HP2714 -82t0-53 AGGACCCGGTAGTTTTCGCAATCCGCGACC
HP3934 —483 to 451 TGGAACCTGTTCAATGTGCTGTCGGCACCCGC
hopAl na

* Coordinates are with respect to the annotated start codon of the coding sequence.
® Consensus Hrp box sequence (Fouts et al. 2002). Conserved sequences are highlighted in bold; na = not available in the draft genome sequence of P.

savastanoi pv. savastanoi NCPPB 3335.
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Fig. 1. Translocation assay of candidate Pseudomonas savastanoi pv. savastanoi NCPPB 3335 type III secretion system (T3SS) effectors (T3E) in Nicotiana
tabacum var. Newdel plants by the NCPPB 3335 T3SS. Calmodulin- and Cya-dependent production of cAMP was used to measure the translocation of T3E-
Cya fusions into plant cells. N. tabacum plants were inoculated with P. savastanoi pv. savastanoi NCPPB 3335 or NCPPB 3335-T3 (T3SS mutant) express-
ing the indicated Hop-Cya fusions from pCPP3234 derivatives. T3E are denoted by their corresponding names. Values represent the mean and standard error
for samples obtained in triplicate; similar results were obtained in multiple experiments. Asterisks indicate significant differences (P = 0.05) between the

CAMP levels obtained for the NCPPB 3335 and NCPPB 3335-T3 strains.

426/ Molecular Plant-Microbe Interactions



whose upstream region is not available in the draft genome
sequence of P. savastanoi pv. savastanoi NCPPB 3335
(Rodriguez-Palenzuela et al. 2010), an identifiable Hrp box
(Fouts et al. 2002) was found in the 500 nucleotides upstream
of the start codon of the other 11 T3E candidates (Table 2).

To determine whether the selected candidate effectors were
T3SS substrates that could translocate into plant cells, we con-
structed pCPP3234 derivatives (Supplementary Table S3) ex-
pressing fusions of Bordetella pertussis adenylate cyclase
(Cya) to the C terminus of full-length T3E. This system, which
is based in cyclic AMP (cAMP) production exclusively in the
presence of eukaryotic calmodulin, has been widely used for
analyzing the translocation of P. syringae T3E (Casper-Lindley
et al. 2002; Schechter et al. 2004; Sory and Cornelis 1994).

Nicotiana tabacum leaves were infiltrated with either P.
savastanoi pv. savastanoi NCPPB 3335 or the strain NCPPB
3335-T3, a T3SS mutant derived from wild-type NCPPB 3335
(Pérez-Martinez et al. 2010), expressing each of the 12 con-
structed Cya fusions. Significant differences in cAMP produc-
tion between the wild-type strain and the T3SS mutant strain
were observed in seven of the 12 candidate T3E tested—
AvrRpm2, HopAl, HopAAl, HopAZl, HopBKI (the first de-
scribed member of a novel effector family of the P. syringae
complex), HopBL1, and HopBL2 (Fig. 1)—indicative of their
translocation through the P. savastanoi pv. savastanoi T3SS.
Notably, HopA1l was translocated by P. savastanoi pv. savas-
tanoi in tobacco (Fig. 1), as expected because its homolog in P,
syringae pv. tomato DC3000 has been shown to be translo-
cated into Arabidopsis leaves (Chang et al. 2005).

HrpL-dependent expression of novel P. savastanoi T3E.

To unveil the HrpL-dependent expression of the three hypo-
thetical proteins identified here as novel T3E of the P. syringae
complex (HopBK1, HopBL1, and HopBL2), a AhrpL P. savas-
tanoi pv. savastanoi NCPPB 3335 mutant was constructed. As
previously described for the P. savastanoi pv. savastanoi
NCPPB 3335-T3 (Pérez-Martinez et al. 2010), the NCPPB
3335 AhrpL mutant was unable to elicit an HR in N. tabacum
plants (Fig. 2A) or form knots in lignified olive plants (Fig. 2B).
The expression of the hopBKI, hopBLI, and hopBL2 genes
was analyzed using quantitative reverse-transcription polymer-
ase chain reaction (QRT-PCR) with both the wild type and the
NCPPB 3335 AhrpL mutant. In addition, the expression of the
avRPtol gene and the iaaM gene (encoding tryptophan
monooxygenase, involved in the biosynthesis of indoleacetic
acid) was also tested as positive and negative controls, respec-
tively. Under noninducing conditions (cells grown in King’s B
[KB] medium), the expression of the hopBKI, hopBLI, and
hopBL2 genes was comparable in the AhrpL mutant and the
wild-type strain (data not shown). However, 6 h after the trans-
fer of bacterial cells to Hrp-inducing medium, the expression
of all three genes and the expression of the avrProl gene de-
creased (0.002- to 0.4-fold) in the AhrpL mutant compared
with the wild type, demonstrating an expression dependency
on HrpL. As expected for the negative control, no reduction in
the expression of the iaaM gene was observed under the same
conditions (Fig. 2C).

Distribution of HopBK1, HopBL1, and HopBL2 T3E
among P. savastanoi pv. savastanoi and related strains.

To study the conservation of the three new P. savastanoi pv.
savastanoi NCPPB 3335 effectors among strains from the P.
syringae complex, their protein sequences were used as que-
ries to perform BLASTp searches against the nonredundant
protein sequence database. The results revealed that HopBL1
and HopBL2 are similar to XopD of Xanthomonas spp. and in-
frequent within the P. syringae complex. Conversely, HopBK1

is present in P. syringae pathovars tomato, actinidae, aceris,
oryzae, syringae, and lachrymans (Fig. 3A and B).

The hopBK1I, hopBLI, and hopBL2 P. savastanoi pv. savas-
tanoi NCPPB 3335 T3E genes were used as probes in dot-blot
hybridizations to ascertain their distribution among a collection
of 31 P. savastanoi pv. savastanoi strains isolated in different
countries and among a selection of P. syringae strains isolated
from either woody or herbaceous hosts. The strains used in this
assay are presented in Supplementary Table S4. These three
effector genes were present in most of the P. savastanoi pv.
savastanoi strains, two strains of P. savastanoi pv. nerii (2 and
519), and in strains P. syringae pv. eriobotryae CFBP 2343, pv.
morsprunorum CFBP 2116, and pv. myricae CFBP 2897 (Fig.
3C). The hopBK1I gene was not detected in six P. savastanoi pv.
savastanoi strains (CFBP 71, CFBP 1670, CFBP 1746, IMC-1,
IVIA 1624-1b, and NCPPB 1479), P. syringae pv. dendro-
panacis CFBP 3226, and pv. mori CFBP 1642. Furthermore,
hopBLI and hopBL2 were absent in P. syringae pv. glycinea
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Fig. 2. HrpL-dependent expression of the Pseudomonas savastanoi pv.
savastanoi NCPPB 3335 novel type III secretion system effectors (T3E).
A, Hypersensitive response of Nicotiana tabacum var. Newdel leaves 24 h
after infection with P. savastanoi pv. savastanoi NCPPB 3335 or NCPPB
3335 AhrpL. B, Symptoms induced in lignified olive plants 90 days after
inoculation with NCPPB 3335 or NCPPB 3335 AhrpL. C, Quantitative
reverse-transcription polymerase chain reaction with the indicated P. sa-
vastanoi pv. savastanoi NCPPB 3335 T3E genes in NCPPB 3335 AhrpL
versus NCPPB 3335 at 6 h after transfer to Hrp-inducing medium. The
fold change was calculated after normalization using the gyrA gene as an
internal control. Results represent the means from three independent ex-
periments. Error bars represent the standard deviation.
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PG4180, pv. lachrymans CFBP 1644, pv. sesami CFBP 1671, with olive. However, their patchy distribution among pathovars

and pv. tomato PT23 (Fig. 3C). The widespread distribution of infecting woody hosts indicate that they are not universally
these three effectors among strains of P. savastanoi pv. savas- essential for the infection of woody plants and that their effect
tanoi suggests that they might be important for the interaction might be dependent on the particular pathosystem.
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Fig. 3. Distribution and phylogeny of HopBK1, HopBL1 and HopBL2 among pathovars of the Pseudomonas syringae complex. Unrooted neighbor-joining
tree of A, HopBK1 and B, HopBL1 and HopBL2 proteins from strains of the P. syringae complex. HopBK1 is widely distributed in P. syringae pv. acti-
nidiae, with at least two alleles showing 94% amino acid identity, although only a single strain is shown for clarity. Similar or identical topologies were
obtained by maximum likelihood. Bootstrap percentage values (10,000 repetitions) are shown on the branches and evolutionary distances are given in units
of amino acid substitutions per site. C, Distribution of the novel P. savastanoi pv. savastanoi NCPPB 3335 type III secretion system effector genes hopBK1,
hopBLI, and hopBL2 among a collection of strains from the P. syringae complex isolated from woody and herbaceous plant hosts. A colony blot analysis
was performed using the indicated gene probes. Strains are indicated by their pathovar abbreviation. Black and white squares represent the presence or absence,
respectively, of strong hybridization signals with the indicated effectors for each strain analyzed. Superscript 1 indicates 25 strains of P. savastanoi pv.
savastanoi: B15.00, C1.01, C2.01, C3.01, CFBP 1020, CFBP 2074, DAPP-PG722, IMC-2, ITM 317, IVIA 1628-3, IVIA 1629-1a, IVIA 1637-a, IVIA 1637-
B3, IVIA 1649-1, IVIA 1651-C15, IVIA 1657-A2, IVIA 1657-B8, IVIA 2733-1a, IVIA 2743-3, NCPPB 64, NCPPB 1342, NCPPB 1344, NCPPB 1506,
NCPPB 3335, and PVFi-1; and superscript 2 indicates six strains of P. savastanoi pv. savastanoi: CFBP 71, CFBP 1670, CFBP 1746, IMC-1, IVIA 1624-1b,
and NCPPB 1479.
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P. savastanoi pv. savastanoi NCPPB 3335 encodes
truncated versions of HopAA1 and HopAZ]1.

The occurrence of premature stop codons and transposon
disruptions is common in T3E across the P. syringae phylog-
eny. Although these variants are generally considered to be
functionless pseudogenes, the functional significance of these
truncated alleles remains unresolved (Baltrus et al. 2011). The
P. syringae hopAAl and hopAZI families contain alleles of
vastly different lengths. The truncated version of hopAAI en-
coded by P. savastanoi pv. savastanoi NCPPB 3335 (189
amino acids) harbors a single nucleotide insertion within codon
188 relative to the full-length hopAAI-1 allele of P. syringae
pv. tomato DC3000 (486 amino acids). Truncations of the
hopAAI gene have also been identified in P. syringae pvs.
phaseolicola and actinidiae (Fig. 4). On the other hand, P.
savastanoi pv. savastanoi NCPPB 3335 also contains a trun-
cated version of hopAZI, encoding a polypeptide of 122 amino
acids lacking the C-terminal domain of the HopAZ1 versions
encoded by other P. syringae pathovars (Fig. 4). The truncated
versions of the hopAAIl and hopAZI genes encoded by P.
savastanoi pv. savastanoi NCPPB 3335 were included in the
plant bioassays described below, in order to determine their
functionality during plant infection.

Heterologous expression of P. savastanoi T3E
in the nonpathogen P. fluorescens 55
expressing a cloned P. syringae Hrp system.

T3E activities interfere with the innate immunity response
of the plant at different levels. ROS production and callose
deposition upon pathogen recognition are early plant defense
responses. To test the ability of the seven P. savastanoi pv.
savastanoi T3E identified here—AvrRpm2, HopAl, HopAAl,
HopAZ1, HopBK1, HopBL1, and HopBL2—to attenuate
these responses, we expressed their corresponding genes
(pCPP5040 derivatives) in P. fluorescens 55 (pLN18), which
heterologously expresses a P. syringae T3SS, thus enabling the
delivery of effector proteins into plant cells at levels character-
istic of a natural infection (Jamir et al. 2004; Lopez-Solanilla
et al. 2004; Oh et al. 2010; Rodriguez-Herva et al. 2012). For
this purpose, N. tabacum leaves were used. PAMPs displayed
by P. fluorescens 55 generate a PTI response in inoculated
plants, which is increased by the pLNI18-encoded T3SS, as
indicated by a higher ROS level than that induced by P. fluo-
rescens 55 without a T3SS (Oh et al. 2010). The ROS levels,
determined by 3,3’-diaminobenzidine (DAB) staining, were
significantly reduced by the expression of each of the seven
T3E compared with the control strain P. fluorescens 55
(pLN18) harboring an empty vector (Tukey test; P < 0.01)
(Fig. 5A and B). Moreover, with the exception of HopAl, all
the other T3E significantly reduced the levels of callose depo-
sition compared with the control strain (Tukey test; P < 0.01)
(Fig. 5C and D). These results suggest that these T3E interfere
with the early responses associated with plant immunity.

Heterologous expression of P. savastanoi T3E
in the functionally effectorless polymutant
P. syringae pv. tomato DC3000D28E.

To further analyze the individual roles of the P. savastanoi
pv. savastanoi T3E when confronting the plant immune sys-
tem, we constructed derivatives of the P. syringae pv. tomato
DC3000D28E strain expressing each of the seven effectors
from the pCPP5040 plasmid. DC3000D28E is a polymutant of
the model pathogen P. syringae pv. tomato DC3000 that har-
bors deletions in all 28 well-expressed effector genes. Thus,
DC3000D28E is considered to be functionally effectorless but
otherwise wild type in planta. Although the wild-type strain
DC3000 induces an ETI-like rapid plant cell death in N. ben-

thamiana and N. tabacum, DC3000D28E has a reduced ability
to induce this response and seems to elicit plant defenses that
are T3SS-dependent and additional to basal PTI (Cunnac et
al. 2011). This elicitation is explained by the fact that
DC3000D28E has the wild-type complement of T3SS helper
proteins (except HrpW1), and several of these proteins can
elicit plant defenses and induce an HR response (Cunnac et al.
2011; Kvitko et al. 2007). Therefore, this strain is an excellent
tool to investigate the role of heterologous effectors in amen-
able systems, such as N. benthamiana and N. tabacum.
DC3000D28E derivatives expressing the selected T3E were
compared with DC3000D28E regarding their ability to elicit
cell death in N. tabacum at two different inoculum levels,
which were chosen to exceed the threshold typically needed to
elicit cell death associated with ETI. Neither the polymutant
strain DC3000D28E nor the derivatives expressing P. savas-
tanoi pv. savastanoi T3E incited the HR response typical of
the wild-type strain DC3000 at a bacterial dose of 2 x 107
CFU/ml. However, with 10x more bacteria (2 x 108 CFU/ml),
the polymutant strain stimulated an ETI-like response after 48
h of inoculation, which was partially or completely inhibited
by the expression of the P. savastanoi pv. savastanoi proteins
HopAZ1 and HopBL1, respectively (Fig. 6A and B). These re-
sults suggest that these two effectors participate in the inhibi-
tion of the plant defense response associated with the onset of
programmed cell death.

The DC3000D28E strain has been shown to grow better in
planta when coinoculated with a strain that is able to suppress
plant immunity, such as DC3000AhopQ1-1 (Cunnac et al.
2011). Therefore, this strain is considered an excellent tool for
testing the ability of individual T3E to restore bacterial growth
or to induce specific plant responses. To investigate the effect
of the seven P. savastanoi pv. savastanoi T3E on the ability of
DC3000D28E to colonize N. benthamiana, competition assays
between the polymutant strain (DC3000D28E) and each deriv-
ative expressing the selected T3E were conducted. N. bentham-
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Fig. 4. Schematic map of HopAA1 and HopAZl alleles with variable protein
length from the Pseudomonas syringae complex. Strains are indicated by
their pathovar abbreviation. Superscript numbers indicate different strains
or ortholog genes; aa = amino acids residues encoded by the corresponding
genes.
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iana leaves were infiltrated with a mixed inoculum (1:1) of
DC3000D28E and each of the derivatives and, after 6 days,
bacteria were recovered and viable cells were determined. The
results presented in Figure 6C are expressed as the competition
indices (CI) of the derivatives expressing each of the P. savas-
tanoi pv. savastanoi T3E relative to the DC3000D28E strain.
Interestingly, the expression of P. savastanoi pv. savastanoi
HopBL2 in DC3000D28E significantly increased the competi-
tiveness of the strain, which was reflected in a CI value
(HopBL2/DC3000D28E) of 21.1. Expression of HopAA1 also
increased the competitiveness of the strain, although at a lower
level (CI = 2.6) than HopBL2. These results suggest that these
effectors inhibit plant defense responses.

DISCUSSION

The recent availability of complete and draft genome se-
quences for several P. syringae and P. savastanoi pathovars and
the relevant advances in the development of bioinformatics
tools led to a comprehensive catalog of candidate effector rep-
ertoire for 19 different strains (Baltrus et al. 2011). Given that
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only nine new effector families were identified after the latest
comparative genome-sequence analysis, the P. syringae com-
plex effector super-repertoire may be nearly complete with 57
effector families (Baltrus et al. 2011; Lindeberg et al. 2012).
However, novel candidate effectors identified using these strat-
egies should be functionally characterized in the context of a
unified model for a two-layered immune system in plants
(Block and Alfano 2011; Lindeberg et al. 2012). To that end, in
this study, we demonstrated that the Hrp T3SS mediated the
delivery into plant cells of seven P. savastanoi pv. savastanoi
NCPPB 3335 effectors, including HopAl; three T3E for which
translocation into plant cells has not been demonstrated for any
other P. syringae strain (AvrRpm2, HopAAl, and HopAZl);
and three novel T3E (HopBK1, HopBL1, and HopBL2) from
two new effector families of the P. syringae complex (HopBK
and HopBL) (Fig. 1). Moreover, we demonstrated that the ex-
pression of these three genes encoding novel T3E was tran-
scriptionally dependent on HrpL.

Translocation assays based on Cya reporters were designed
for use in herbaceous plants and require injection of bacterial
suspensions expressing T3E-Cya fusions into fully expanded
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Fig. 5. 3,3’-Diaminobenzidine (DAB) staining and callose deposition in Nicotiana tabacum var. Xanthi leaves. Plants were challenged with Pseudomo-
nas fluorescens 55 (pLN18) harboring the pCPP5040 empty vector or the vectors expressing the indicated P. savastanoi pv. savastanoi NCPPB 3335 type III
secretion system effectors. A, The DAB signal was quantified 4 h after infection and B, represented in a histogram. C, The callose deposition was assessed
using aniline blue staining, quantified 12 h after infection, and D, represented in a histogram. Asterisks in A and C indicate inoculation zones. For histo-
grams, data are means * standard error of the mean for at least five replicas; bars topped with the same letter represent values that are not significantly differ-
ent using one-way analysis of variance followed by post-hoc comparisons using the Tukey test.
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upper leaves. However, adapting this assay to study the inter-
action of bacterial effectors with a woody plant such as olive
has been limited by two main restrictions, both due to second-
ary wall thickenings of the host. First, inoculating the olive
plant stem with bacteria requires artificially wounding the
plant material, a process that induces complex plant defense
mechanisms (Conrath 2011); and, second, visualizing the dam-
aged stem tissue after bacterial inoculation is complex. For
these reasons, translocation assays of T3E through the P. savas-
tanoi pv. savastanoi T3SS were performed in N. tabacum, a
nonhost plant of this pathogen (Pérez-Martinez et al. 2010).
Cya has been used as a reporter to study T3SS-mediated trans-
location of effector proteins by animal- and plant-pathogenic
bacteria (Schechter et al. 2004). This system has been opti-
mized in host and nonhost plants with the well-studied effector
protein AvrPto from P. syringae pv. tomato. The translocation
of several DC3000 candidate T3E has been assessed using
this Cya reporter, which induces cAMP accumulation in to-
mato or N. benthamiana after effectors are delivered by the P.
fluorescens 55, which expresses a P. syringae Hrp system
(Schechter et al. 2004). Our results demonstrated that several
P. savastanoi pv. savastanoi NCPPB 3335 effector proteins
were translocated. However, we cannot exclude that the nega-
tive results obtained for some of the other candidate proteins
tested were due to the induction of an HR response in N.
tabacum, which impedes cAMP accumulation.

The P. syringae pangenome includes only four effector fami-
lies that are considered core members of the effector super-
repertoire: AvrE, Hopl, HopM1, and HopAA (Baltrus et al.
2011; Lindeberg et al. 2012). Candidate effectors from all four
families were identified in the genome of P. savastanoi pv.
savastanoi NCPPB 3335 (Table 1). Our in silico survey also
demonstrated that the three novel T3E identified here
(HopBK1, HopBL1, and HopBL2) are present in only a few P.
syringae strains (Fig. 3A and B). In contrast, dot-blot hybridi-
zation analysis revealed that these three T3E were present in
most P. savastanoi pv. savastanoi strains (Fig. 3C). Interest-
ingly, hopBL1 and hopBL2 were detected in all P. savastanoi
pV. savastanoi strains analyzed and in other P. syringae strains
isolated from woody hosts, suggesting a relevant role for these
effectors in the interaction of P. syringae and P. savastanoi
with certain woody plants. However, this association did not
occur with hopBK1, because it was not present in all P. savas-
tanoi strains analyzed and was also detected in diverse P. sy-
ringae pathovars associated with herbaceous plants.

N
7

Fig. 6. Delivery of Pseudomonas savastanoi pv. savastanoi type 11 secretion
system effectors (T3E) by functionally effectorless P. syringae pv. tomato
DC3000D28E in Nicotiana leaves. A, Cell death response in Nicotiana taba-
cum var. Newdel leaves 48 h after inoculation with P. syringae pv. tomato
strains DC3000 (wild type) or DC3000D28E cells suspended in MgCl, and
adjusted to the indicated densities (in CFU/ml). B, Cell death response in N.
tabacum var. Newdel leaves 48 h after inoculation with P. syringae pv. to-
mato DC3000D28E cells suspended in MgCl, carrying pCPP5040 (empty
vector) derivatives expressing the indicated P. savastanoi pv. savastanoi
NCPPB 3335 T3E adjusted to 2 x 10° CFU/ml. Cell death response: + =
positive, — = null, and + = partial. Each experiment was repeated at least
three times with similar results. C, Competition assays in N. benthamiana
leaves between P. syringae pv. tomato DC3000D28E and each of its trans-
formants carrying pCPP5040 derivatives expressing the indicated P. savas-
tanoi pv. savastanoi T3E. Competition indices (CI) were normalized with
respect to the CI obtained for DC3000D28E versus DC3000D28E express-
ing the empty vector (pCPP5040). Values are the mean + standard error of
the mean of three replicates demonstrating typical results from three inde-
pendent experiments; bars topped with the same letter represent values that
are not significantly different using one-way analysis of variance followed by
post-hoc comparisons using the Tukey test.

The vast majority of the P. syringae pv. tomato DC3000
T3E have been demonstrated to suppress ETI and many can
also suppress PTI, suggesting that numerous T3E exert mul-
tiple activities or, alternatively, that common T3E targets are
utilized in pathways needed for ETI, PTI, or both (Guo et al.
2009). Our results indicate that the seven P. savastanoi pv.
savastanoi NCPPB 3335 T3E shown to translocate in this
study, including the truncated versions of HopAAl and
HopAZl1, interfered with early responses associated with
plant defense. In addition, we demonstrated that HopAZl
and HopBL1 also inhibited the ETI-like response incited by
DC3000D28E in tobacco.

Although all the tested effectors significantly reduced ROS
production, expression of HopAl in P. fluorescens 55 did not
significantly reduce callose deposition under the conditions
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tested. The secretion of HopAl via the T3SS in P. syringae
pv. syringae 61 requires the ShcA chaperone (van Dijk et al.
2002). Although a ShcA protein homolog has been annotated
in the draft genome of P. savastanoi pv. savastanoi (AER-
0002589), the expression analysis of this effector in this
study did not include the NCPPB 3335 ShcA. Thus, we cannot
exclude that this protein chaperone may also be necessary for
full secretion and in planta activity of HopAl in P. savas-
tanoi. Conversely, HopAl from P. syringae pv. syringae 61
has been demonstrated to elicit an HR in tobacco when ex-
pressed in P. fluorescens (Alfano and Collmer 1996). In agree-
ment with these authors, HopA1 expression in DC3000D28E
did not suppress the HR response incited by DC3000D28E in
tobacco.

DC3000D28E has been demonstrated to be suitable for test-
ing the ability of T3E to restore bacterial growth and induce
plant responses (Cunnac et al. 2011). Although the expression
of P. savastanoi pv. savastanoi HopBL2 in DC3000D28E did
not inhibit the ETI-like response induced at high cell doses by
DC3000D28E in N. tabacum, HopBL?2 expression in this strain
significantly increased its competitiveness in N. benthamiana
(Fig. 6C). Significant DC3000D28E growth restoration in N.
benthamiana due to the expression of single DC3000 effectors
was demonstrated for only AvrPto and AvrPtoB; however, nei-
ther other effectors such as HopM1 nor a set of several con-
served effectors displayed this effect. Conversely, single
DC3000 effectors promoted growth when combined with other
effectors in DC3000D28E (Cunnac et al. 2011). Thus, our re-
sults suggest that the P. savastanoi pv. savastanoi HopBL2,
which harbors a C-terminal XopD-like SUMO protease do-
main (Kim et al. 2011), and HopBL1 might be involved in the
inhibition of the initial perception of pathogens. More specifi-
cally, XopD has been recently demonstrated to suppress the
ethylene production required for anti-Xanthomonas euvesica-
toria immunity (Kim et al. 2013). Although the current
knowledge of specific T3E functions is limited, our results
suggest that the seven P. savastanoi T3E analyzed here inhib-
ited PTI, whereas HopAZ1 and HopBL1 also inhibited the
ETI-like response. Moreover, and although truncated T3E are
generally considered as functionless pseudogenes, our results
also demonstrate that the N-terminal region of the truncated
versions of HopAA1 and HopAZ1 encoded by P. savastanoi
pv. savastanoi NCPPB 3335 (Fig. 4; Supplementary Table S5)
are able to interfere with responses associated with plant defense
(Figs. 5 and 6). Although no function has been yet established
for the HopAZ and HopAA T3E families, P. syringae pv.
avellanae HopAZl1 is a promising candidate for modulating
hazelnut host specificity (O’Brien et al. 2012). On the other
hand, deletion of hopAAI-I in P. syringae pv. tomato signifi-
cantly reduced the formation of necrotic speck lesions in
tomato leaves (Munkvold et al. 2009). Moreover, HopAA1 has
been demonstrated to attenuate the innate immunity in Arabi-
dopsis (Li et al. 2005).

In summary, bioinformatics prediction of proteins belonging
to the Ulp1 protease family revealed two novel T3E (HopBL1
and HopBL2) encoded in the genome of P. savastanoi pv.
savastanoi NCPPB 3335, yielding a final set of 33 T3E candi-
dates in this strain. We demonstrated here that seven of these
proteins, including HopBK1, HopBL1, and HopBL2, were
translocated into the plant cell via the NCPPB 3335 T3SS and
interfered with early responses associated with plant defense.
In addition, we demonstrated that HopAZ1 and HopBL1 also
inhibited the ETI-like response. Collectively, our results re-
vealed the existence of two novel effector families of the P. sy-
ringae complex, of which HopBL1 and HopBL2 appear to be
specific for P. syringae and P. savastanoi strains isolated from
woody hosts. Future studies should focus on elucidating the
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precise mechanisms and targets of these and other effectors
that are included in the P. syringae pangenome and that spe-
cifically participate in the infection of woody plants.

MATERIALS AND METHODS

Bioinformatics analysis.

Bioinformatics-based predictions of novel candidate T3E in
the genome of P. savastanoi pv. savastanoi NCPPB 3335
(ASAP Database) were performed by searching for specific
protein families corresponding to known T3E that have been
previously demonstrated in either P. syringae, Xanthomonas
spp., or Ralstonia spp. Positive hits were further analyzed for
the presence of N-terminal sequence features and potential
HrpL boxes in the promoter sequences (500 nucleotides up-
stream of the start codon), as previously described (Rodriguez-
Palenzuela et al. 2010). Novel candidate T3E meeting both cri-
teria were selected for further investigation.

Sequence alignment using Muscle, determination of the
optimal amino acid substitution model, and phylogenetic tree
construction were performed using MEGAS (Tamura et al.
2011). Neighbor-joining and maximum-likelihood phylogenetic
trees of the individual protein sequences were generated using
MEGAS with the optimal model (John-Taylor-Thornton model)
and the option of complete deletion to eliminate positions
containing gaps. Confidence levels for the branching points
were determined using 10,000 bootstrap replicates.

Bacterial strains, plasmids, and growth conditions.

Pseudomonas and Escherichia coli strains were grown at
28 and 37°C, respectively, using Luria-Bertani (LB) medium
(Miller 1972), KB medium (King et al. 1954), or super opti-
mal broth medium (Hanahan 1983). Solid and liquid media
were supplemented, when required, with the following anti-
biotics for the Pseudomonas or E. coli strains: ampicillin
(Ap) at 300/100, gentamicin (Gm) at 10/10, spectinomycin
(Sp) at 7/50, and kanamycin (Km) at 10/50 pg/ml. Expres-
sion plasmids were generated using Gateway cloning tech-
nology (Invitrogen Corp., Carlsbad, CA, U.S.A). Using this
system, an open reading frame without a stop codon cloned
in an entry vector can be transferred by recombination into a
destination vector, creating an in-frame fusion. Entry vectors
were constructed by cloning PCR products, amplified with
specific primer pairs (Supplementary Table S6), into the plas-
mid pENTR/SD/D-TOPO (Invitrogen Corp.). DNA sequenc-
ing using the universal primers T7 and M13-20 confirmed
the absence of mutations in the cloned DNA fragments. Ex-
pression clones were constructed by combining the pENTR
plasmids with the desired expression vector and the LR
clonase. The recombination reactions were performed as sug-
gested by the manufacturer (Invitrogen Corp.). Two Gateway-
compatible expression vectors were used: i) pCPP3234, a de-
rivative of the broad host-range vector pVLT35 that employs
a tac promoter to express insert genes and generates hybrid
proteins with a C-terminal Cya fusion for T3SS translocation
studies (Schechter et al. 2004); and ii) pCPP5040, a deriva-
tive of the broad-host-range vector pML123 (Labes et al.
1990), which expresses inserted genes from the nptIl promoter
and generates protein products with a C-terminal HA tag for
expression in Pseudomonas spp.

A P. savastanoi pv. savastanoi NCPPB 3335 hprL mutant
was constructed using the pIAC4-Km plasmid. First, DNA
fragments of approximately 1.2 kb, corresponding to the 5
and 3’ flanking regions of the NCPPB 3335 hrpL gene, were
amplified using three rounds of PCR with NCPPB 3335 ge-
nomic DNA as a template and primers that included an EcoRI
site and the T7 primer sequence, as previously described



(Zumaquero et al. 2010). The resulting product was A/T
cloned into pPGEM-T and fully sequenced to discard mutations
on flanking genes. Following sequencing, the resulting plas-
mid (pIAC4) was tagged with the nprll Km-resistance gene
obtained from pGEM-T-KmFRT-EcoRI, yielding pIAC4-Km.
For marker-exchange mutagenesis, the pIAC4-Km plasmid
was electroporated into NCPPB 3335, as described previously
(Pérez-Martinez et al. 2007). Transformants were selected on
LB medium containing Km, and the resulting colonies were
replica plated onto LB-Ap plates to assess whether each trans-
conjugant integrated the plasmid into the chromosome (Ap®)
or engaged in allelic exchange (ApS). Southern blot analyses,
using both nptll and hrpL as probes, were used to confirm that
allelic exchange occurred at a single position and at the correct
site within the genome.

Translocation assay
of P. savastanoi pv. savastanoi NCPPB 3335 T3E candidates.

Translocation assays were performed as previously described
by Schechter and collaborators (2004). This method is based
on the construction of fusion proteins between identified T3E
and the calmodulin-dependent Cya reporter domain. Electro-
competent P. savastanoi pv. savastanoi NCPPB 3335 and
NCPPB 3335-T3 cells were transformed with Cya fusions, as
previously described (Choi et al. 2006). Sp® transformants
were tested by PCR using a forward primer designed specifi-
cally for each T3E gene and a reverse primer annealing to the
cya gene (primer Cya-R135). Cya assays were performed in N.
tabacum var. Newdel plants, as previously described
(Schechter et al. 2004). P. savastanoi pv. savastanoi NCPPB
3335 and NCPPB 3335-T3 transformants carrying plasmids
expressing T3E-Cya fusions were scraped off of the LB plates,
washed twice, and resuspended to an optical density at 600 nm
(ODgq) of 0.5 (approximately 108 CFU/ml) in 5 mM morpho-
linoethanesulfonic acid (pH 5.5) and 100 uM isopropyl-thio-
galactopyranoside (IPTG). Cell suspensions were injected into
the fully expanded upper plant leaves using a 1-ml syringe.
Leaf disks were collected at 6 h postinoculation with a 10-mm
inner-diameter cork borer, frozen in liquid nitrogen, ground to
a powder, and suspended in 250 pl of 0.1 M HCI. The samples
were incubated at —20°C overnight, and cAMP levels were de-
termined using a 1:100 dilution of the samples and the Corre-
late-EIA cAMP immunoassay kit according to the manufac-
turer’s directions (Assay Designs, Inc., Ann Arbor, MI,
U.S.A.). The protein content of each sample was determined
using the Pierce BCA protein-assay kit (Thermo Scientific,
Rockford, IL, U.S.A.).

The Cya activity of the Cya fusion proteins expressed in E.
coli XL1Blue from pCPP3234 derivatives were assayed as pre-
viously reported (Schechter et al. 2004). Bacterial cells were
grown in 5 ml of LB medium containing 100 pM IPTG to an
ODygq of 0.6 to 0.8. The culture was centrifuged, and the pellet
was washed and resuspended in sonication buffer (20 mM
Tris-HCI [pH 8.0] and 10 mM MgCl,). The bacteria were soni-
cated with a microtip for 2 min, and the cellular debris was
pelleted by centrifugation. Cya activity was determined in the
presence or absence of bovine calmodulin (Calbiochem, Darm-
stadt, Germany) by using 5 pl of each lysate (Sory and Cornelis
1994). cAMP was quantified in bacteria as described above for
the leaf samples. Every Cya hybrid protein exhibited calmodu-
lin-dependent Cya activity in E. coli XL1Blue lysates, indicat-
ing that all of them could induce cAMP accumulation in
planta. The in vitro activity of all the Cya fusions without sig-
nificant differences in cAMP production in planta between the
wild-type P. savastanoi pv. savastanoi NCPPB 3335 and its
T3SS mutant (strain NCPPB 3335-T3) is illustrated in Supple-
mentary Figure S1.

Plant bioassays.

The N. benthamiana and N. tabacum (var. Newdel and var.
Xanthi) plants used in this study were 5 to 7 and 4 to 6 weeks
old, respectively. The plants were grown with a photoperiod of
16 h of light and 8 h of darkness with day and night tempera-
tures of 26 and 22°C, respectively. Bacterial suspensions in 10
mM MgCl, were inoculated into plant leaves using a blunt
syringe. Assays with derivatives of P. fluorescens 55 (pLN18)
were performed by injecting a bacterial suspension (5 x 107
CFU/ml) into N. tabacum var. Xanthi leaves using a blunt
syringe. The injected areas were lightly marked on the back of
the leaves. The bacterial inoculum levels differed among ex-
periments. The bacterial levels in planta were determined by
cutting three leaf disks with a boring tool (inner diameter of 10
mm) and placing the plant material in 1 ml of 10 mM MgCl,.
The disks were completely homogenized and the resulting sus-
pensions, containing the bacteria, were diluted and plated on
LB-Sp plates (DC3000D28E) or LB-Sp-Gm plates (transfor-
mants containing pCPP5040 derivatives). N. tabacum var.
Newdel plants were used for the HR assays. The leaves were
infiltrated with bacterial suspensions (107 and 108 CFU/ml) of
P. syringae pv. tomato DC3000D28E or its derivatives harbor-
ing plasmids expressing each of the different P. savastanoi pv.
savastanoi T3E. The generated symptoms, scored 48 h after
inoculation, were captured with a high-resolution digital cam-
era (Nikon DXM 1200; Nikon Corporation, Tokyo).

For competition assays, the N. benthamiana leaves were
inoculated with mixed suspensions containing equal CFU
(approximately 10* CFU/ml) of P. syringae pv. tomato
DC3000D28E and each of its transformants carrying
pCPP5040 derivatives expressing P. savastanoi pv. savastanoi
T3E. Input and ouput pools assayed 1 and 6 h after inocula-
tion, respectively, were plated onto LB-Sp and LB-Sp-Gm to
select for DC3000D28E and the transformants with pCPP5040
derivatives, respectively. A CI was calculated by dividing the
output ratio (CFU transformant:CFU DC3000D28E) by the
input ratio (CFU transformant:CFU DC3000D28E). CI of the
transformant strains expressing P. savastanoi pv. savastanoi
T3E versus DC3000D28E were normalized with respect to the
CI obtained for DC3000D28E (pCPP5040). The CI presented
in Figure 6 represent the mean of three replicates demon-
strating typical results from three independent experiments.
The results were statistically analyzed using one-way analy-
sis of variance (ANOVA) followed by post-hoc comparisons
using the Tukey test. Statistical analysis of the results obtained
for CI revealed significant differences (F [7/41] = 17,273, P <
0.0001).

Olive plants derived from seed germinated in vitro (origi-
nally collected from an ‘Arbequina’ plant) were micropropa-
gated, rooted, and maintained as previously described
(Rodriguez-Moreno et al. 2008, 2009). To analyze the patho-
genicity of the P. savastanoi pv. savastanoi NCPPB 3335
AhrpL mutant in 1-year-old olive explants (woody plants), mi-
cropropagated olive plants were transferred into soil and main-
tained in a glasshouse at 27°C with a relative humidity of 58%
under natural daylight. The plant stems were wounded and
infected with approximately 10° CFU of P. savastanoi pv.
savastanoi as previously described (Penyalver et al. 2006;
Pérez-Martinez et al. 2007). Morphological changes, scored at
90 days postinoculation, were captured with a high-resolution
digital camera (Nikon DXM 1200).

Detection of ROS production and callose deposition.

ROS production was observed after DAB staining (Thordal-
Christensen et al. 1997) 4 h after inoculation with P. fluorescens
55 (pLN18) derivatives. Bacterial suspensions (10®8 CFU/ml)
were inoculated into N. tabacum var. Xanthi leaves using a blunt
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syringe. Small pieces of tobacco leaves cut from around the
injection area were placed into a syringe and stained by vac-
uum infiltration of a freshly prepared 1 mg/ml solution of
DAB (Sigma-Aldrich D-8001; Sigma-Aldrich, Inc., St. Louis)
in 8 mM HCI, pH 3.8. Chlorophyll was removed by submerg-
ing the leaves into a solution of ethanol/lactic acid/glycerol
(3:1:1 [vol/vol/vol]) at 60°C and stored overnight at room tem-
perature on water-soaked filter paper. At least 10 biological
replicates from each specimen were mounted on slides in a
50% glycerol (vol/vol) solution and observed with a Nikon
Eclipse E800 microscope (Nikon Corporation) under bright
field. DAB staining produces an intensely brown precipitate at
the sites of ROS production, which were next to the infection
zone.

Callose deposition samples were developed 12 h after inocu-
lation and stained as described previously (Guo et al. 2009).
Chlorophyll was removed in 95% (vol/vol) ethanol from small
pieces of tobacco leaves, which were cut from around the
injection area, and staining was performed in a 0.02% (wt/vol)
solution of aniline blue (number 415049; Sigma-Aldrich, Inc.)
in 150 mM potassium phosphate, pH 9, for 1 h in the dark. At
least 10 biological replicates from each specimen were
mounted in 50% (vol/vol) glycerol on glass slides. Observa-
tions were conducted under UV-light excitation using the filter
UV-2" (EX 330-380, DM 400; BA 420) on a Nikon Eclipse E
800 microscope (Nikon Corporation).

ROS production and callose deposition were quantified as
previously described (Rodriguez-Herva et al. 2012), with
slight modifications. Up to four snapshots of each specimen
from equivalent areas surrounding the wound (inoculation
zone) were captured with a Nikon DXM1200 camera using the
Nikon ACT-1 2.70 software. The same settings and a final
magnification of x40 were applied to all the samples. After
calibrating all the images using the scale bar included in each
picture, DAB staining and aniline blue fluorescence were quan-
tified using the program Visilog 6.3 (Noesis, Les Ulis, France).
For this purpose, the characteristic brown color of the DAB
precipitate and the specific blue fluorescence of callose depo-
sition (Fig. 5) were separated by color deconvolution using the
i_classification command. Then, the stained areas were quanti-
fied and the results were expressed in square millimeters. Five
to six images per assay were analyzed, and statistical analyses
were performed using one-way ANOVA followed by post-hoc
comparisons using the Tukey test. Statistical analysis of the
results obtained for ROS production and callose deposition
revealed significant differences (F [8/44] = 59.12, P < 0.0001
and F [8/44] =24.33, P £0.0001, respectively).

Colony blots.

To fix total DNA from the colonies, overnight cultures of
Pseudomonas strains grown on LB microtiter plates were trans-
ferred onto nylon membranes placed on LB agar plates using a
48-pin replicator (Sigma-Aldrich, Inc.). Total DNA from the
bacterial colonies was denatured on the membranes by alkaline
lysis by placing a Whatman 3 MM paper soaked in denaturing
solution (0.4 M NaOH) for 15 min on top of the colonies. The
membranes were neutralized twice for 15 min in 1 M NaCl
and 0.5 M Tris, pH 7.2, then washed twice for 10 min in 2x
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
Finally, the DNA was cross-linked by UV fixation (Vilber
Lourmat, Eberhardzell, Germany). DNA probes were ampli-
fied and labeled by PCR using primers and digoxigenin (DIG)-
dNTPs from the Dig labeling mix kit (Roche Applied Science,
Mannheim, Germany), and the appropriate pENTRY plasmid
as the DNA template. Hybridization was performed at 65°C
using the DIG Nucleic Acid Detection Kit (Roche Applied Sci-
ence), following the manufacturer’s instructions.
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qRT-PCR assays.

Pure cultures of the wild-type P. savastanoi pv. savastanoi
NCPPB 3335 and its AhrpL mutant were grown overnight in
KB medium at 28°C. The cells were diluted in fresh KB
medium and incubated with shaking at 28°C to an ODggy of
0.5. The sample was split into two. One half was pelleted and
frozen (for noninducing condition) and the other half was pel-
leted, washed twice with 10 mM MgCl,, and resuspended in
the same volume of Hrp-inducing medium (Huynh et al. 1989)
supplemented with 5 mM mannitol and 0.0006% ferric citrate
(Roine et al. 1997; Sambrook and Russell 2001). After 6 h of
incubation, the cells were pelleted and processed for RNA iso-
lation using TriPure Isolation Reagent (Roche Applied Science)
according to the manufacturer’s instructions, except that the
TriPure was preheated at 65°C, the lysis step was performed at
65°C, and BCP (Molecular Research Center, Cincinnati, OH,
U.S.A)) was used instead of chloroform. Total RNA was treated
with the RNAeasy kit (Qiagen GmbH, Hilden, Germany), as
detailed by the manufacturer. The RNA concentration was de-
termined spectrophotometrically and its integrity was assessed
by agarose gel electrophoresis. DNA-free total RNA was re-
trotranscribed to cDNA using the cDNA Reverse Transcription
kit (Applied Biosystems, Foster City, CA, U.S.A.) and random
hexamers. The primer efficiency tests, QRT-PCRs, and confir-
mation of the specificity of the amplification reactions were
performed as described previously (Vargas et al. 2011). The
relative transcript abundance was calculated using the AA cycle-
threshold (Ct) method (Livak and Schmittgen 2001). Tran-
scriptional data were normalized to the housekeeping gene
gyrA using the Roche LightCycler 480 Software and are pre-
sented as the fold change in expression compared with the
expression of each gene in the wild-type strain. The relative
expression ratio was calculated as the difference in qPCR
threshold cycles (ACt = Ctgene of interest — CtgyrA). One
PCR cycle represents a twofold difference in template abun-
dance; therefore, fold-change values were calculated as 2744,
as previously described (Pfaffl 2001; Rotenberg et al. 2006).
qRT-PCRs were performed in triplicate.
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