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Xylella resistance in citrus (citrus variegated chlorosis)

credits A. De SouzaBrasile

Up-regulated
Leucine-rich repeat receptor-like kinase

(LRR-RLK) At4G08850,   At3G47570

Dif ferent ia l c olonizat ion pat t erns of Xylel la fast id iosa

infec t ing c i t rus genot ypes

B. Nizaab, H. D. Coletta-Filhoa, M. V. Merfaab, M. A. Takitaa and A. A. de Souzaa*
aCentro de Citricultura Sylvio Moreira – Instituto Agronômico de Campinas, Cordeiropolis, S~ao Paulo; and bDepartamento de Genetica,

Evolucß~ao e Bioagentes, Instituto de Biologia, Universidade Estadual de Campinas, S~ao Paulo, Brazil

Xylella fastidiosa is a phytopathogenic bacterium that causes disease in many different crops worldwide. In Brazil,

X. fastidiosa subsp. pauca causes citrus variegated chlorosis (CVC), which is a disease responsible for economic losses

in the citrus agribusiness. Variable host responses to bacterial colonization and disease development have been

observed. This work studies the colonization processes of a pathogenic GFP-labelled X. fastidiosa citrus strain in sweet

orange (susceptible) and tangor (resistant) parents and two resulting hybrids that exhibited contrasting responses to

CVC. Xylella fastidiosa showed increased populations and movement in the susceptible genotypes, but slower com-

pared to other hosts such as grapevine. Scanning electron microscopy revealed that the predominant pitted stem mor-

phology in citrus makes the bacterial movement difficult. In susceptible genotypes X. fastidiosa can move from the

primary to the secondary xylem, whilst it is confined to the primary xylem in resistant plants. Associated with this is

an induction of lignification that occurs earlier in the resistant genotypes when in the presence of the pathogen, and

represents a genetic mechanism that leads to formation of a physical barrier, impairing bacterial colonization.

Keywords: citrus hybrids, citrus variegated chlorosis, GFP-labelled Xylella fastidiosa CVC strain, quantitative PCR,

resistance mechanism, xylem vessel morphology

Introduction

Xylella fastidiosa is a phytopathogen that causes many

diseases in a wide range of hosts worldwide (Purcell,

2013). It was recently found in olive trees in Italy, con-

stituting a new focus of infection in Europe (Ilardi & Lo-

reti, 2014). In Brazil it was first reported in 1993 as the

causal agent of citrus variegated chlorosis (CVC; Chang

et al., 1993), a disease that is responsible for an eco-

nomic loss of approximately $100 million a year for the

citrus industry (Bove & Ayres, 2007).

M any studies have focused on the colonization process

of X. fastidiosa, which is believed to underlie its patho-

genicity, as this bacterium has no type III secretion sys-

tem or avr genes, and it is able to form a biofilm in the

xylem vessels of its hosts (Simpson et al., 2000; M ans-

field et al., 2012). M uch is known about X. fastidiosa

colonization in petioles and stems of susceptible, tolerant

and resistant grape genotypes (Fry & M ilholland, 1990;

Hill & Purcell, 1995; Krivanek & Walker, 2005; Perez-

Donoso et al., 2010; Sun et al., 2011). The first study of

grapes using a GFP-transformed strain of X. fastidiosa

for evaluating the colonization process in planta was car-

ried out by Newman et al. (2003), who revealed that the

most remarkable colonization characteristic in relation to

symptom expression is the complete blockage of xylem

vessels. M ore recently, Baccari & Lindow (2011) used a

GFP-labelled grape strain to evaluate X. fastidiosa colo-

nization in different grape genotypes by fluorescence

microscopy and verified that the stem colonization pro-

cess is different from the petioles.

In citrus, the X. fastidiosa colonization process in

planta has never been assessed, although some informa-

tion regarding the susceptibility of sweet orange (Citrus

sinensis) has been reported. It is known that the move-

ment and bacterial population as well as symptom devel-

opment in susceptible varieties of sweet orange are lower

compared with those of grapevines (Almeida et al.,

2001; Lopes et al., 2005). In addition, a hybrid citrus

population from a cross between sweet orange cv. Pera

and tangor cv. M urcott (C. sinensis 9 C. reticulata) has

been tested and demonstrated to possess different levels

of susceptibility, which is not related to the calibre and

number of the xylem vessels (Coletta-Filho et al., 2007).

In the X. fastidiosa–grape interaction, it is also known

that the vessel anatomy (number, length or organ con-

nectivity) is not responsible for tolerance or for limiting

bacterial movement (Chatelet et al., 2011). Additionally,

colonization of xylem cells and its relationship with the

vessel morphology in stems and petioles has been the

object of study in X. fastidiosa–grape interaction (Frit-

schi et al., 2008; Baccari & Lindow, 2011). For citrus,

colonization of the xylem by X. fastidiosa has been dem-

onstrated only in the petiole, where there are four types
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• Colonization impaired in resistant

• No different xylem morphology

• Lignin deposition
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European Conference on Xylella fastidiosa 2017: finding answers to a global problem 

V. arizonica/candicans b43-17 has single dominant 

gene for resistance to PD and it’s homozygous 

All progeny from crosses to b43-17 are resistant to 

PD 

Genetically mapped PD resistance (PdR1), to 

chromosome 14.  Linked markers have been used 

for marker-assisted selection (MAS) 

Mapping and Characterizing PD Resistance – Summaira Riaz 
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Disease with Molecular 
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Features of Xylella resistance in Vitis, 2019
Assessm ent of Pierc e’s disease susc ept ib i l i t y in Vi t is

v in i fera c ul t ivars w i t h di f ferent pedigrees

E. Deyetta†, J. Pouzouletb†, J.-I. Yangc, V. E. Ashwortha, C. Castrod, M. C. Roperd and

P. E. Rolshausena*
aDepartment of Botany and Plant Sciences, University of California Riverside, 900 University Ave, Riverside, CA 92521, USA; bUnite Mixte

de Recherche, 1287 Ecophysiologie et Genomique Fonctionnelle de la Vigne (EGFV), INRA, Institut des Sciences de la Vigne et du Vin,

33883 Villenave d’Ornon, France; cDepartment of Plant Pathology and Microbiology, National Taiwan University, Taipei 106, Taiwan; and
dDepartment of Microbiology and Plant Pathology, University of California Riverside, 900 University Ave, Riverside, CA 92521, USA

Pierce’s disease (PD) of grapevine is caused by the bacterium Xylella fastidiosa. In this study, an integrated approach was

applied to assess PD susceptibility among different Vitis vinifera cultivars that incorporated disease severity, bacterial

pathogen abundance and loss of stem xylem hydraulic conductivity. It was hypothesized that levels of PD susceptibility in

V. vinifera can be attributed in part to the host anatomical features that are shaped by its pedigree background. Two pop-

ular wine grape cultivars were initially selected from the occidentalis group, M erlot and Cabernet Sauvignon, and one

from the orientalis group, Thompson Seedless. The more recently bred table grape cultivar Scarlet Royal, that has mixed

pedigree parentage, was also included. PD susceptibility was compared to the known PD resistant b43-17 V. arizonica/

candicans wild grape species from North America. The data indicated that Thompson Seedless was ranked as the most

susceptible to PD because it significantly exhibited the most severe disease symptoms at 12 weeks post-inoculation and

hosted the highest X. fastidiosa titre of the cultivars, and lost over 90% of its stem hydraulic conductivity. In contrast, the

other three cultivars displayed lesssusceptibility to PD. The way in which the xylem anatomy could impact PD susceptibil-

ity in V. vinifera cultivars is discussed, together with how grape pedigrees and their cognate centre of domestication may

have influenced xylem anatomical features. This work provides a reference framework to further test the hypothesis that

V. vinifera cultivars with wide xylem vessels may be more prone to PD decline.

Keywords: grapevine, host resistance, host susceptibility, Pierce’s disease, Vitis vinifera, Xylella fastidiosa

Introduction

Pierce’s disease (PD) is a severe vascular disease of grape-

vine caused by the Gram-negative bacterium Xylella fas-

tidiosa (Wells et al., 1987) and costs $104 million in

annual losses to the Californian grape industry (Tumber

et al., 2014). This disease was first described in Califor-

nia vineyards in the late 19th century by Newton Pierce

(Pierce, 1892) and its bacterial causal agent probably

originated from Central America (Nunney et al., 2010).

The pathogen is transmitted by a number of xylem-feed-

ing insects (Redak et al., 2004). The recent introduction

of the invasive glassy-winged sharpshooter (GWSS) to

southern California altered the epidemiology of PD and

increased disease incidence to epidemic proportions (Pur-

cell & Saunders, 1999).

Xylella fastidiosa is limited to the xylem tissue of its

plant host and migrates both acropetally and basipetally

through the xylem, in part by using type IV pili-mediated

motility (M eng et al., 2005). The xylem network is a col-

lection of xylem vessels that are interconnected both hor-

izontally and vertically by pit membranes, which are

composed of primary plant cell wall. The pathogen sub-

sequently spreads to new connected vessels by breaching

the pit membrane barrier in a cell wall-degrading

enzyme-dependent manner (Perez-Donoso et al., 2010).

The bacteria can multiply to high population numbers in

susceptible hosts and these bacterial aggregates and bio-

films can occlude xylem vessels (De La Fuente et al.,

2008). In addition, there are several plant-derived vascu-

lar occlusions (i.e. tyloses, gums and pectin gels) that

occur in infected vines that further impede plant hydrau-

lic conductivity, with tyloses being the predominant vas-

cular occlusion associated with PD (Sun et al., 2013). At

the whole plant level, PD symptomology manifests into

scorched leaves, irregular periderm development, irregu-

lar petiole abscission, raisining of berries, canopy stunt-

ing and vine death (Varela et al., 2001).

PD resistance has only been identified in several wild

grape species endemic to the Americas including V. ari-

zonica/candicans and Muscadinia rotundifolia, whereas* E-mail: philrols@ucr.edu
†Authors contributed equally to the work.
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Genetic

In b43-17 V.arizonica/candicans PdR1 locus contains candidate 
Leucine-rich repeat receptor-like kinase receptors

LRR-RLKs

Anatomic

Smaller vessel diameters=resistance
% of vascular occlusion

Pathogen
abundance

S

R

Disease severity



Features of Xylella resistance in Vitis, 2011

❖ Lower population sizes in resistant cv compared to susceptible

❖ Few vessel colonized in resistant cv compared to susceptible

STEM



cv Ogliarola s. cv Leccino

Features of Xylella resistance in olive

cv Leccino

limited and localized desiccation

Disease severity

Boscia et al., 2017



Features of Xylella resistance in olive
Anatomic
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Features of Xylella resistance in olive
Pathogen abundance

FS17 Ogliarola

Leccino



Features of Xylella resistance in olive Pathogen abundance

FS17 L 28.87

WB    27.1

WS 26.53

Ogliarola L 22.72

WB    24.48

WS 20.8

T-test p 6,7659E-05

L:leaves WS: small 
twig

Mann-Whitney p 0.001008

WB: big 
twig

Mann-Whitney p 0.017257

Xylella abundance in
FS17 e Ogliarola

FS17 FS17 FS17

OG
OG

OG

10 plants each
C

q

Lower abundance in
Leaves/petioles



Leccino
L 30.14

WB    33.24

WS 26.85

Ogliarola
L 22.72

WB    24.48

WS 20.8

Mann-Whitney p 0.0013149 Mann-Whitney p 0.00032813 Mann-Whitney p 0.0013149

Xylella abundance in
Leccino and Ogliarola

LE LE
LE

OG
OG OG

L:foglie WS: small 
twig

WB: big
twig

10 plants each

Features of Xylella resistance in olive Pathogen abundance

Lower abundance in
Leaves/petioles
And WB



Leccino resistance: further evidences
Leccino grafted on Ogliarola in the past

3 plants

Leccino

Ogliarola s.

Xf
CFU/ml

Leccino1
1x104

Ogliarola1       
8x105

Leccino2          
5x102

Ogliarola2       
1x106

Leccino3           N/D
Ogliarola3       
9x105Ogliarola s.



Features of Xylella resistance in olive Genetic

Ogliarola
Xylella

Ogliarola, Leccino
Healthy

Leccino 
Xylella

Ogliarola suffers a drought stress upon Xf infection

early light-induced proteins (ELIP)
Late embryogenesis abundant protein (LEA)
Expansin- like B1 (osmoprotectant)
ABA2 (abscisic acid)
deidrina (LEA protein) ex

p
re

ss
io

n

Wirthmueller L et al. 2013. 

Several LRR-RLKs
LRR-RLK - At1g35710 ex

p
re

ss
io

n

LRR-RLK: Leucine-rich repeat receptor-like kinases

Leccino

Ogliarola



Features of Xylella resistance in olive Genetic

Transcriptome studies of greenhouse trials 

1ypi

Cellina di Nardò Leccino

desiccated
Xf strain trial

CO33 3x Cellina 3x Leccino 2x Mock

De Donno 3x Frantoio 2x Mock

De Donno 3x Fs17 2x Mock

Late (cronic) infections



Features of Xylella resistance in olive Genetic

Transcriptome studies of different field trials 

Leccino

Ogliarola

Xf strain trial

De Donno 3x Leccino 3x Ogliarola 4x Mock

De Donno 3x Ogliarola grafted Leccino

Late (cronic) infections

Leccino
Ogliarola

Ogliarola



Features of Xylella resistance in olive Genetic

Summary of transcriptome studies

Wirthmueller L et al. 2013. 

Common traits

Leucine-rich repeat receptor-like kinase receptors

LRR-RLKs UP-Regulated
• At1g35710
• At3g47570
• At4g08850



Features of Xylella resistance in olive Genetic

Summary of transcriptome studies

Wirthmueller L et al. 2013. 

common traits

Leucine-rich repeat receptor-like kinase receptors

LRR-RLKs UP-Regulated
At1g35710, At3g47570, At4g08850

similar to well characterized
LRR-RLKs recognizing bacteria components

 173 

5.3 Results 

5.3.1  Are components of the PAMP signalling pathway 

involved in CWI signalling? 

FLS2 and EFR, two plasma membrane located PAMP receptors are members 

of LRR-RLK subfamily XII. A phylogenetic tree was produced, classifying the 

relationships between the 10 family members. Figure 5-2 shows that two un-

characterized members of subfamily XII At1g35710 (classified as XII1) and At4g08850 

(classified as XII7) are located in a branch separate from the other LRR-RLKs. The 

closest family member to them is the PRR FLS2.  

 

 

Figure 5-2 A Phylogenetic tree of LRR-RLK subfamily XII in A. thaliana 
A maximum likelihood tree based on the CDS of members of LRR-RLK subfamily XII. Tree produced 
using MEGA 5, 1000 Bootstrap calculations performed. Gene names are stated and additional 
identifications are located in brackets. 

 

In addition to determining the phylogenetic relationship between the family 

members of group XII LRR-RLKs, changes in their transcript levels during CWI 

impairment were determined using the microarray-derived expression profiling data 

from (Hamann et al., 2009). Figure 5-3 suggests that transcript levels for the two 

family members XII1 and XII7 are increased substantially in response to isoxaben 

induced CWI impairment. In addition, the PRR EFR is up-regulated and the PRR FLS2 

is down-regulated during CWI impairment. The only other family member exhibiting 

 At3g47090

 At3g47580

 At3g47570

 At3g47110

 At5g20480_(EFR)

 At5g39390

 At2g24130

 At5g46330_(FLS2)

 AT1G35710_(XII1)

 At4g08850_(XII7)99
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FLS2: Flagellin sensing 2

EFR: EF-Tu Receptor

McKenna JF thesis: Analysis of the signaling mechanisms involved in Cell Wall Integrity maintainance in A. thaliana

LRR XII



mRNA-
leucine-rich 
repeat 
receptor 
protein kinase
EMS1-like

mRNA-
leucine-rich 
repeat 
receptor 
protein 
kinase
MSL1-like

mRNA-LRR 
receptor-like 
serine/threoni
ne-protein 
kinase FLS2

mRNA-
probable 
leucine-rich 
repeat 
receptor-like 
protein kinase
At1g35710

mRNA-
probable 
leucine-rich 
repeat 
receptor-like 
protein kinase
At1g35710

mRNA-LRR 
receptor-like 
serine/threoni
ne-protein 
kinase FLS2

mRNA-
probable 
leucine-rich 
repeat 
receptor-like 
protein kinase
At1g35710

mRNA-leucine-rich 
repeat receptor-
like protein kinase
PXC2

mRNA-leucine-
rich repeat
receptor protein
kinase EMS1

Vitis Vinifera NCBI Annotation, Pierce disease resistance locus (PdR1)

Leucine-rich repeat receptor-like kinase receptors
LRR-RLKs UP-Regulated
At1g35710



Citrus (early infection)

Leucine-rich repeat receptor-like kinase receptors

LRR-RLKs UP-Regulated
At3g47570, At4g08850



MIK2/LRR-KISS is a component of the cell-wall integrity (CWI) 
sensing

MIK2 belong to the XIIb sub-family of LRR-RLKs and is homologous
(60%aa identity) to At1g35710

MIK2/LRR-KISS is a LRR-RLK encoded by At4g08850



Disruption of  Cell Wall Integrity >stress responses (ROS 
JA,SA, ET, lignin, callose, pect methyl-esterification)

Responses reminiscent of the Plant’s Defence Reaction 
to pathogens and insects 

Working Hypotesis

MIK2 (At4g08850 similar to At1g35710): regulator of 
cell wall damage responses, is a CWI sensor

Xylella has a set of Cell Wall Degrading Enzymes 
(CWDE)

MIK2 is required for resistance to the fungal root 
pathogen Fusarium oxysporum, which multiplies in

the xylem and produce CWDE 



LRR-RLK detection in cultivars with diverse 
susceptibility/resistance to Xyella
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ongoing





SUSCEPTIBLE: unable to resist to the infection of a specific 

pathogen 

IMMUNE: does not allow infection by a specific pathogen

TOLERANT: able to contain the effects of an infection regardless 

of the pathogen replication

RESISTANT: able to limit the pathogen replication

Why do we say “resistance”

Pagan & Garcia-Arenal. Int. J. Mol. Sci. 2018, 19, 810; doi:10.3390/ijms19030810
Roy, B.A.; Kirchner, J.W.. Evolution 2000, 54, 51–63.
Agrios.2005.  Plant pathology, Fifth Edition,



Conclusions
Strong analogies with resistance in grape (citrus)

• Pathogen abundance

• Percentage of occluded vessels

• Area of xylem vessels

• LRR-RLK involvment

ongoing

➢ Acquiring information on olive gene locus involved
➢ Xylella degrades cell-wall
➢ Degradation is sensed by specific LRR-RLKs (cell-wall integrity sensing)
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