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SUMMARY

Xanthomonas axonopodis pv. citri, the bacterium responsible for
citrus canker, uses effector proteins secreted by a type III protein
secretion system to colonize its hosts. Among the putative effector
proteins identified for this bacterium, we focused on the analysis of
the roles of AvrXacE1,AvrXacE2 and Xac3090 in pathogenicity and
their interactions with host plant proteins. Bacterial deletion
mutants in avrXacE1, avrXacE2 and xac3090 were constructed and
evaluated in pathogenicity assays. The avrXacE1 and avrXacE2
mutants presented lesions with larger necrotic areas relative to the
wild-type strain when infiltrated in citrus leaves. Yeast two-hybrid
studies were used to identify several plant proteins likely to interact
with AvrXacE1, AvrXacE2 and Xac3090. We also assessed the
localization of these effector proteins fused to green fluorescent
protein in the plant cell, and observed that they co-localized to the
subcellular spaces in which the plant proteins with which they
interacted were predicted to be confined. Our results suggest that,
although AvrXacE1 localizes to the plant cell nucleus, where it
interacts with transcription factors and DNA-binding proteins,
AvrXacE2 appears to be involved in lesion-stimulating disease
1-mediated cell death, and Xac3090 is directed to the chloroplast
where its function remains to be clarified.

INTRODUCTION

Citrus canker is a worldwide distributed citrus disease caused by
the bacterium Xanthomonas axonopodis pv. citri (Xac). The patho-
gen enters host plant tissues through stomata and wounds, and
multiplies into the intercellular spaces, leading to raised necrotic
corky lesions on leaves, stems and fruits, which reduce fruit quality
and quantity (Brunings and Gabriel, 2003; Graham et al., 2004).
The pathogen uses several mechanisms to interact with the plant

and establish the disease in the host tissue. These mechanisms
include a type III protein secretion system (Dunger et al., 2005),
the secretion of xanthan exopolysaccharide (Dunger et al., 2007)
and the production of a filamentous haemagglutinin-like adhesin
that allows bacterial attachment to the plant surface (Gottig et al.,
2009). Recently, we have also characterized a plant natriuretic
peptide-like protein, uniquely present in Xac, which improves host
homeostasis and, in this way, increases bacterial survival in the
plant tissue (Gottig et al., 2008).

Plants are constantly exposed to bacterial pathogens and thus
have evolved different mechanisms to counteract them. At an
early stage, plants recognize pathogen-associated molecular pat-
terns (PAMPs) and trigger a basal immune response. Nevertheless,
pathogens may attenuate this response by translocating effector
proteins into the plant cell which may produce modifications in
the resistance signalling pathway. As a consequence, plants have
evolved mechanisms to prevent effector action by detecting these
effector proteins through resistance (R) proteins (Chang et al.,
2004; Chisholm et al., 2006; Jones and Dangl, 2006). However,
direct binding between effector proteins and their corresponding R
proteins has rarely been demonstrated. As many effector [formerly
known as avirulence (Avr)] proteins are known to increase patho-
gen virulence, an alternative model that has been proposed sug-
gests that effector proteins are able to interact and modify a
specific target in the plant to promote disease in the absence of
the corresponding R proteins, and that R proteins may function in
guarding these targets and activating the resistance signalling
pathway (Chang et al., 2004; Chisholm et al., 2006). However,
little is known about these target proteins and how they are
modified. Several genes coding for bacterial effector proteins have
been isolated, but only a few have been characterized biochemi-
cally. Some are reported to be small ubiquitin-like modifier
(SUMO)-proteases, cysteine proteases, tyrosine phosphatases and
ubiquitin-ligases, which may be able to modify different targets
and, consequently, plant cell defence signalling (Chang et al.,
2004; Chisholm et al., 2006; Dangl and McDowell, 2006). Recently,
two excellent reviews on Xanthomonas type III secreted effectors
have been published (Buttner and Bonas, 2010; White et al.,
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2009). In this context, one major challenge is to identify plant
proteins interacting with bacterial effectors that could lead to the
identification of pathogenicity targets and/or of R proteins, and
therefore open up a way to identify R genes. In the case of citrus
canker, this information may be even more important, as no
genetically resistant cultivars have been found in nature (Brunings
and Gabriel, 2003; Graham et al., 2004). Thus, any information
that can lead to an understanding of the molecular mechanisms
underlying disease development brings the possibility of disease
control closer.

The genes of many type III effector proteins possess a conserved
cis-regulatory element, the plant-inducible promoter (PIP) box,
with the consensus sequence TTCGC–N15–TTCGC (although imper-
fect PIP boxes exist in which the size of the N15 linker may also
vary) (Koebnik et al., 2006). These sites are recognized by the
product of the gene hrpX, an AraC-type regulator which is acti-
vated in planta by HrpG, a member of the OmpR family of two-
component response regulators (Wengelnik et al., 1996). The Xac
genome has been completely sequenced and several genes poten-
tially coding for effector proteins that contain a PIP box in their
promoter region have been identified (da Silva et al., 2002). In
Xac, several candidate effectors have been identified and, among
them, the few characterized belong to the AvrBs3 family of effec-
tor proteins that contain repeats of 34 amino acids. PthA was the
first member of this family to be identified and it was able to
induce citrus canker when expressed in citrus leaves (Duan et al.,
1999); other members of this family have been characterized since
then, including Apl1 (Fujikawa et al., 2006), HssB3.0 (Shiotani
et al., 2007) and AvrTaw (Rybak et al., 2009). Other effector can-
didates are AvrXacE1 and AvrXacE2 (da Silva et al., 2002) and,
despite the fact that little homology has been found with proteins
of known structure, they cluster with putative Avr proteins of other
phytopathogens and group into the XopE effector family (White
et al., 2009). AvrXacE1 and AvrXacE2 possess the catalytic triad of
cysteine, histidine and aspartic acid, and have been grouped with
peptide N-glycanases (PNGases) (Nimchuk et al., 2007). Moreo-
ver, they possess, in their N-terminal regions, N-myristoylation
motifs (Thieme et al., 2007). Another Xac gene that encodes a
leucine-rich repeat (LRR) effector protein is xac3090, which groups
into the XopL effector family (White et al., 2009). The LRR motif,
observed in eukaryotic proteins, is involved in protein–protein
interactions (Kobe and Kajava, 2001) and is found in a number of
R proteins that mediate the defence response (Jones and Dangl,
2006).

The aim of this study was to investigate the role of AvrXacE1,
AvrXacE2 and Xac3090 in pathogenicity and their possible inter-
actions with citrus leaf proteins. Initially, the selection of these
effector proteins was based on their presence in the published Xac
genome (da Silva et al., 2002) and the lack of information about
them. Recently, the fact that avrXacE1, avrXacE2 and xac3090
display a variable distribution among different Xanthomonas

pathovar strains suggests that they play crucial roles in host spe-
cificity (Hajri et al., 2009) and supports the importance of under-
standing their participation in the pathogenic process. In this
study, we constructed and characterized Xac deletion mutants in
avrXacE1, avrXacE2 and xac3090 and evaluated their roles in the
development of citrus canker symptoms. We also performed yeast
two-hybrid studies using AvrXacE1, AvrXacE2 and Xac3090 as
baits against a Citrus sinensis cDNA library in order to investigate
their possible interactions with proteins of the host plant, and
evaluated their localization in the plant cell.

RESULTS

Analysis of AvrXacE1, AvrXacE2 and Xac3090
sequences

The Xac genome sequence was searched for putative bacterial
effector proteins and, among those identified (da Silva et al.,
2002), we decided to study further the avrXacE1 (XAC0286), avrX-
acE2 (XAC3224) and xac3090 (XAC3090) gene products. These
genes code for proteins of high homology with Avr proteins iden-
tified in other phytopathogens. AvrXacE1 and AvrXacE2 possess
401 and 356 amino acids, respectively, and present a single
N-myristoylation motif in their N-terminal regions (Fig. 1). Xan-
thomonas campestris pv. vesicatoria, the causal agent of bacterial
spot of pepper, has proteins orthologous to AvrXacE1 and AvrX-
acE2: XopE1 and XopE2, which are 92% and 97% identical,
respectively. XopE1 and XopE2 are targeted to the plant cell
plasma membrane, probably as a result of N-myristoylation which
myristoyl anchors these proteins to the membranes (Thieme et al.,
2007).AvrXacE1 and AvrXacE2 also show similarity to AvrPphE, an
effector protein of Pseudomonas syringae, AvrXccE1 of Xan-
thomonas campestris pv. campestris and other putative effector
proteins of phytopathogenic bacteria, which bear the catalytic

Fig. 1 Schematic representation of Xanthomonas axonopodis pv. citri (Xac)
effector proteins. Rule indicates amino acid numbers. Putative
cysteine–histidine–aspartic catalytic triads (crosses) are shown. Dark grey
boxes indicate the conserved N-termini of AvrXac proteins harbouring a
putative N-myristoylation signal. Light grey boxes in Xac3090 indicate the
locations of leucine-rich repeats.
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triad of cysteine, histidine and aspartic acid present in PNGase
(Nimchuk et al., 2007). Xac3090 is a protein of 497 amino acids
and possesses LRR domains that have previously been shown to
be involved in protein–protein interactions (Kobe and Deisenhofer,
1995).

Analysis of the roles of AvrXacE1, AvrXacE2 and
Xac3090 in citrus canker and in nonhost response

To characterize the role of these Xac proteins in pathogenicity,
deletion mutant strains, constructed by marker exchange with
double crossover in these genes, were tested for their ability to
cause disease in citrus leaves. The wild-type strain belongs to
group A (formerly Asiatic group) and typical citrus canker disease
symptoms are observed when infiltrated or sprayed onto citrus
leaves. When wild-type bacteria are infiltrated in citrus leaves at
107 colony-forming units (cfu)/mL, the infection is first visualized
as a water-soaking phenotype and, later, as a result of cell hyper-
trophy and hyperplasia, erupted tissue, which may be accompa-
nied by some necrotic spots, is observed. At lower bacterial
concentrations (104–106 cfu/mL), characteristic raised necrotic
corky lesions are observed (Gottig et al., 2009). Wild-type and
mutant strains were infiltrated into the abaxial side of citrus
leaves. Lesions caused by DavrXacE1 and DavrXacE2 mutants
showed more extensive necrotic areas relative to those caused by
wild-type bacteria (Fig. 2A). In order to verify the observed phe-
notypes, DavrXacE1 and DavrXacE2 were complemented with
plasmids bearing a copy of avrXacE1 and avrXacE2, respectively.
The inoculation of these strains in citrus leaves decreased the
degree of necrosis observed with the mutant strains, confirming
the complementation. We also constructed a double mutant strain
in avrXacE1 and avrXacE2 (named DavrXacE1/E2). This double
mutant caused a phenotype similar to that observed for the single
mutants, also showing more extensive necrotic lesions (Fig. 2A).
These results suggest that these two effectors act separately,
affecting different signalling pathways that modify plant tissue
necrosis, as the absence of either gives the same degree of necro-
sis. Conversely, the DXac3090 mutant strain produced lesions
similar to those obtained with the wild-type strain, as well as the
DXac3090 complemented strain (Fig. 2A). The lack of difference in
the plant response to the DXac3090 strain may suggest that this
effector subtly modifies the host cell, but not sufficiently strongly
to cause visible changes in the infected tissue. Nevertheless, the
redundancy hypothesis, which proposes that effector proteins are
often functionally redundant (Kvitko et al., 2009), may explain the
lack of differences observed.

In order to quantify the observed variations in the extent of the
necrotic areas among tissues inoculated with the different bacte-
ria, 30 infected leaves were photographed and the necrotic areas
were measured from the digitalized images using Adobe Pho-
toshop software. Lesions caused by the infiltration of the deletion

mutants DavrXacE1, DavrXacE2 and DavrXacE1/E2 presented a
more than two-fold increase in necrotic area relative to wild-type
infection. No significant difference (P < 0.01) was observed in
DXac3090 inoculation when compared with the wild-type
(Fig. 2B).

To evaluate the role of these predicted Xac effectors on bacte-
rial growth during citrus canker infection, we quantified the popu-
lations of the wild-type and the different mutants in infected citrus
leaves. In the first week of infection, Xac wild-type and DXac3090
grew more rapidly, showing values of 2 ¥ 1010 cfu/cm2 at 6 days
post-inoculation. The mutants DavrXacE1, DavrXacE2 and
DavrXacE1/E2 grew more slowly, reaching significantly different
values (P < 0.05) of 7 ¥ 109, 3 ¥ 109 and 2 ¥ 109 cfu/cm2, respec-
tively (Fig. 2C). After 20 days, all strains attained a cell density of
2 ¥ 1011 cfu/cm2 (Fig. 2C), after which all strains decayed slightly
(data not shown). Considering that Xac is a biotrophic pathogen
that requires living plant tissue to grow, the results of the growth
curves are consistent with the phenotypes observed, given that an
increased necrotic area supports less bacterial growth.

To assess whether AvrXacE1, AvrXacE2 and Xac3090 contribute
towards the development of the hypersensitive response (HR) in
nonhost plants, we infiltrated wild-type, DavrXacE1, DavrXacE2
and DXac3090 strains into the leaves of tomato, tobacco and
cotton plants. In all the different infiltrated nonhost plants, a
similar and typical HR phenotype was observed for each one of the
tested strains (data not shown).

Identification of citrus proteins interacting with
AvrXacE1, AvrXacE2 and Xac3090

In order to identify possible protein targets of these bacterial
proteins in the plant cell, we performed a yeast two-hybrid assay
using AvrXacE1, AvrXacE2 and Xac3090 as bait against a prey
library derived from C. sinensis cDNA. The prey obtained in the
screens were sequenced and compared with the complete
GenBank nonredundant database using BLASTX.The bait interacted
with a large number of prey and the results are presented in
Table 1. Interactions detailed in Table 1 were confirmed, first by
independent yeast two-hybrid assays between bait and the spe-
cific prey, and by the use of pOBD and pOAD empty vectors as
controls. We considered that interactions were significant when
they were observed in more than one prey derived from the same
protein. However, we also included light-harvesting complex I
protein as an interacting protein with Xac3090, which only
appeared once, because of its similar localization to other prey
observed, thus suggesting a true interaction. We also found some
prey that ubiquitously interacted with all the bait tested and also
with unrelated bait used previously (C. S. Farah, personal obser-
vation); these were disregarded. Specifically for AvrXacE1, we
obtained interactions with a citrus protein homologous to
retinoblastoma-binding protein (RBBP), an RNA-binding protein
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which possesses an RNA recognition motif (RRM), a homologue of
a heterogeneous nuclear ribonucleoprotein A1, an RNA-directed
DNA polymerase, a pentatricopeptide repeat-containing protein
and the nuclear protein SKIP. In the case of AvrXacE2, the principal
interaction was with the DNAj domain of the Heat shock protein
40 (Hsp40) chaperone protein, the lesion stimulating disease 1
(LSD1) protein and other chaperones with homology to small Hsps
and Hsp70-interacting protein. Finally, Xac3090 was observed to
interact with a protein homologous to the inhibitor of apoptosis-
like protein (IAP), a RING-type zinc-finger protein, a chloroplast

ribosomal protein, phospho-2-dehydro-3-deoxyheptonate aldo-
lase 1, the auxin responsive protein IAA13 and the light-
harvesting complex I protein.

Localization of AvrXacE1, AvrXacE2 and Xac3090
bacterial proteins in the plant cell

To analyse the subcellular localization of these bacterial proteins,
plasmid constructions encoding their sequences without stop
codons were fused in frame to the N-terminus of green fluorescent

Fig. 2 Characterization of Xanthomonas axonopodis pv. citri (Xac) mutants on pathogenicity. (A) Xac wild-type (Xac WT), mutants DAvrXacE1 and DAvrXacE2, their
complemented strains DAvrXacE1c and DAvrXacE2c, and DAvrXacE1/E2 (left leaf) and Xac wild-type, DXac3090 and DXac3090c (right leaf) were inoculated at
107 colony-forming units (cfu)/mL in 10 mM MgCl2 into the intercellular spaces of fully expanded citrus leaves. Mock was infiltrated with 10 mM MgCl2. A
representative leaf is shown 8 days after inoculation. (B) The percentage necrotic areas in lesions at day 8 after inoculation were calculated as the necrotic area per
infected area. Areas were measured from digitalized images of infected leaves using Adobe Photoshop software. Mean ratings � standard deviations were
calculated from 20–30 infiltrated areas per strain. Asterisks indicate P < 0.01. (C) Bacterial growth of Xac wild-type and mutants in citrus leaves. Bacterial
multiplication was monitored over a period of 20 days. Values represent the mean of three samples from three different plants, and the experiment was repeated
three times.
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protein (GFP) and transferred into Nicotiana benthamiana using
Agrobacterium-mediated transient transformation. Confocal
microscopy imaging of N. benthamiana cells expressing the
fusions AvrXacE1-GFP and AvrXacE2-GFP showed a fluorescence
pattern mainly in the plant cell membrane and in the nucleus,
whereas Xac3090-GFP-expressing plants displayed nuclear and
chloroplast fluorescence (Fig. 3). To verify nucleus localization, a
co-localization assay using Hoechst solution, a nuclear stain, was
performed. Furthermore, to confirm that Xac3090-GFP localizes to
the chloroplast, we identified chloroplasts by the red autofluores-
cence of chlorophyll, and corroborated a co-localization of
Xac3090-GFP with chloroplast structures (Fig. 4A).

Analysis of the role of Xac3090 in chloroplast
photosynthetic efficiency

The previous localization results suggested that physiological
chloroplast parameters might be altered by this protein. We there-
fore characterized photosynthetic parameters, specifically chloro-
phyll a, chlorophyll b and carotenoid content, in citrus leaves
infiltrated with the wild-type and DXac3090 strains. We observed
a large decrease in pigments in tissue infected with both strains
relative to mock-infiltrated tissue. No significant differences
(P < 0.05) were observed between the strains (Fig. 4B).

Next, we tested whether the photosynthetic efficiency was
altered in tissue infected with DXac3090. Photosynthetic perform-
ance in the wild-type and mutant strain was evaluated by deter-
mining chlorophyll fluorescence parameters after 72, 96 and
144 h. The maximum quantum efficiency of photosystem II (PSII)
(Fv/Fm), maximum efficiency of PSII at a given light intensity (F′v/
F′m), measured at 100 mmol quanta/m2/s, and PSII operating effi-
ciency (fPSII), were calculated as described previously (Baker and
Rosenqvist, 2004). A noticeable decrease in these parameters was
observed for the leaves infiltrated with both strains relative to the
mock infiltration, but no significant differences (P < 0.05) were
observed between the strains (Fig. 4C–E).

To study whether Xac3090 may affect the photosynthetic effi-
ciency in citrus leaves, Xac3090-GFP was transferred into citrus
leaves via Agrobacterium tumefaciens. This technique has been
used recently to evaluate the effect of an Avr protein in Citrus
paradise (Figueiredo et al., 2011). Figure 4C–E shows that the
chlorophyll fluorescence parameters were not significantly differ-
ent (P < 0.05) from those observed for control leaves infiltrated
with A. tumefaciens carrying the empty vector pCHF3. However, in
both A. tumefaciens-mediated inoculations, impaired fluorescence
parameters were observed, probably as a result of A. tumefaciens
infiltration. Therefore, although the results of the localization and
protein–protein interaction studies indicate that Xac3090 localizes

Table 1 Summary of protein–protein interactions involving Xanthomonas axonopodis pv. citri effector proteins.

Bait
Specific prey (name, gene
number; scientific name)

Initial codons of prey (number
of times observed)

Number of times
observed

% Identity with the
sequenced prey

AvrXacE1 (XAC0286) Retinoblastoma-binding protein, putative, XP_002530663;
[Ricinus communis]

210 (5), 239 6 91

Heterogeneous nuclear ribonucleoprotein A1, putative,
XP_002522793.1; [Ricinus communis]

66 (4), 115 5 87

RNA-directed DNA polymerase (reverse transcriptase),
ABN06064; [Medicago truncatula]

783 (3), 869 4 58

Pentatricopeptide repeat-containing protein, putative,
XP_002514151; [Ricinus communis]

78 (3) 3 61

Nuclear protein skip, putative, XP_002530607; [Ricinus
communis]

151 (2) 2 90

AvrXacE2 (XAC3224) Chaperone protein DNAj, putative, XP_002513190.1; [Ricinus
communis]

49 (4), 131 (16), 144 21 65

Zinc-finger protein LSD1, putative, XP_002276731.2 [Vitis
vinifera]

14 (2), 23 (2) 4 80

Small heat shock protein, BAK61831.1; [Citrus unshiu] 1, 27 (3) 4 94
SEU1 protein, CAF18247.1; [Antirrhinum majus] 46 (2) 2 66
Heat shock protein 70 (HSP70)-interacting protein, putative,
XP_002533498.1; [Ricinus communis]

8 (2) 2 76

XAC3090 Inhibitor of apoptosis-like protein, AAM65075; [Arabidopsis
thaliana]

195 (5) 5 55

Chloroplast 30S ribosomal protein, putative, AED93316.1;
[Arabidopsis thaliana]

39 (4) 4 80

Phospho-2-dehydro-3-deoxyheptonate aldolase 1, chloroplast
precursor, putative, XP_002531676; [Ricinus communis]

27 (3), 82 4 64

Auxin-responsive protein IAA13, putative, XP_002526541;
[Ricinus communis]

70 (3) 3 67

Light-harvesting complex I protein Lhca2, XP_002303791;
[Populus trichocarpa]

21 1 76
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Fig. 3 Detection and localization of avirulence–green fluorescent proteins (Avr-GFPs). Confocal microscopic localization of AvrXacE1, AvrXacE2 and Xac3090
proteins in Nicotiana benthamiana leaves transiently agroinfiltrated. The cells were transfected with one of the following pCHF3 plasmids: pCHF3286, pCHF33224,
pCHF33090 and the empty plasmid (pCHF3). Cell nuclei were counterstained with Hoechst 33258. The localization of GFP fusion proteins was visualized by
confocal laser scanning microscopy 24 h after transformation. Bar, 15 mm.
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Fig. 4 Localization of Xac3090-green fluorescent protein (Xac3090-GFP) and photosynthetic-related parameters. (A) Confocal microscopic localization of
Xac3090-GFP in Nicotiana benthamiana leaves transiently agroinfiltrated. The localization of GFP fusion proteins was visualized by confocal laser scanning
microscopy 24 h after agroinfiltration with pCHF33090 and pCHF3 (empty plasmid). Bar, 15 mm. (B) Pigment determination in citrus leaves. Xanthomonas
axonopodis pv. citri (Xac) wild-type and DXac3090 were infiltrated at 107 colony-forming units (cfu)/mL in 10 mM MgCl2 into citrus leaves. Pigment chlorophyll a
(Chl a), chlorophyll b (Chl b) and carotenoids were determined. FW, fresh weight. (C) Potential quantum efficiency of photosystem II (PSII) (Fv/Fm). (D) Effective
quantum efficiency of PSII (F′v/F′m�). (E) PSII operating efficiency (fPSII). (C–E) Chlorophyll fluorescence parameters in citrus leaves infiltrated with 10 mM MgCl2
(open triangles), Xac wild-type (open squares), DXac3090 (open circles) and A. tumefaciens bearing the empty vector (filled triangles) and Xac3090-GFP (filled
circles). The results are the mean of five replicates and error bars represent the standard deviations.
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to the chloroplast, no direct effect on the photosynthetic efficiency
could be attributed to this protein. A possible explanation may be
that the function of Xac3090 on this organelle may depend on
other effector proteins acting in a concerted manner.

DISCUSSION

Like many other Gram-negative bacterial pathogens, Xac uses a
type III secretion system to deliver effector proteins into host cells.
Although the roles of the majority of these effector proteins
remain unknown, some can suppress innate immune responses
(White et al., 2009). Only a limited number of studies have been
carried out on the biochemical and functional characterization of
phytopathogen effector proteins (Grant et al., 2006; White et al.,
2009). The fact that mutations in one single effector protein in
Xanthomonas campestris pv. campestris (Castaneda et al., 2005;
Jiang et al., 2009) and Pseudomonas syringae pv. tomato (Kvitko
et al., 2009) do not have an effect on the virulence phenotype
suggests that type III effector proteins may have redundant func-
tions in the host cell. In this work, we found differences in viru-
lence phenotypes for two of the three effector proteins analysed.
Mutants in avrXacE1 and avrXacE2 displayed lesions with larger
necrotic areas than those of the wild-type strain in citrus leaves,
whereas no phenotypical differences were observed for the
xac3090 mutant. Nevertheless, the three mutants induced an HR
similar to that obtained on infiltration with the wild-type strain in
all the nonhost plants assayed, suggesting that the HR response is
rapid and sufficiently strong to hide possible subtle effects of
these effectors. Interestingly, mutants in XopE1 and XopE2, the
orthologues of AvrXacE1 and AvrXacE2 from X. campestris pv.
vesicatoria, showed no significant differences in disease symp-
toms or HR induction when compared with the wild-type strain
(Thieme et al., 2007), suggesting that a variable set of complex
host–pathogen interactions takes place in each particular plant–
pathogen interaction.

Xac is a biotrophic pathogen and therefore requires living plant
tissue to provide favourable conditions to multiply and colonize
other niches. Therefore, the temporary delay of host necrosis may
be advantageous to Xac. The necrosis progression observed in
infections with mutants in avrXacE1 and avrXacE2 suggests that
they may be involved in the slowing or suppression of necrosis in
the initial stages of the infection process to allow a more rapid
bacterial growth, and thus to ensure colonization for a biotrophic
pathogen.

AvrXacE1. In the yeast two-hybrid assay, AvrXacE1 interacted
with DNA- and RNA-binding proteins involved in RNA metabo-
lism, such as RBBP. This protein bears the N-terminal domains
present in the animal orthologue RBBP6, which have been sug-
gested to be involved in pre-mRNA processing and ubiquitin-like
protein modification, possibly playing a role in the regulation of
the splicing machinery (Pugh et al., 2006), although, in plants, its

role remains to be elucidated. In addition, AvrXacE1 interacted
with a heterogeneous nuclear ribonucleoprotein (hnRNP) which
bears an RRM found in proteins implicated in the regulation of
alternative splicing and protein components of small nuclear ribo-
nucleoproteins (snRNPs) (Fu et al., 2007). An Arabidopsis thaliana
RNA-binding protein with RRM has been identified as a target of
the effector protein HopU1 from Pseudomonas syringae. HopU1 is
able to ADP-ribosylate RNA-binding proteins and therefore to
interfere in host immunity by altering RNA metabolism. Another
protein identified that interacts with AvrXacE1 is the nuclear
protein SKIP. SKIP has been well characterized as a transcriptional
regulator, as well as a spliceosome component, in humans. In rice,
SKIPa positively modulates stress resistance through transcrip-
tional regulation of diverse stress-related genes (Hou et al., 2009).
AvrXacE1 was observed in both the nucleus and plant cell mem-
brane. As this protein possesses an N-myristoylation motif, myris-
toylation could anchor this effector protein in the membrane in a
similar mechanism to its XopE1 homologue (Thieme et al., 2007).
The protein Snf1 from Saccharomyces cerevisiae is localized to the
plasma membrane when it is N-myristoylated, but is shifted to the
nucleus when N-myristoylation is blocked in response to a specific
signal (Lin et al., 2003). Further analysis will be needed to clarify
whether this kind of spatial regulation also occurs in plant infected
cells.

AvrXacE2. Bacterial mutants in the avrXacE2 gene produced
larger numbers of necrotic lesions than did the wild-type strain,
suggesting that this protein may function to attenuate cell death.
Interestingly, one of the plant proteins with which this effector
interacts is LSD1. In Arabidopsis, LSD1 encodes a plant-specific
zinc finger-containing transcription factor that plays a role in the
negative regulation of cell death, regulating the translocation of
the transcription factor AtbZIP10 (a positive regulator of cell
death) between the nucleus and the cytoplasm (Kaminaka et al.,
2006). It can therefore be suggested that AvrXacE2 may modulate
the LSD1 pathway and thus the outcome of cell death. The dual
localization of AvrXacE2 in the plant cell membranes and in the
nucleus may be explained by the rate at which the translocation of
this effector occurs in plant cells, and needs to be studied further.

Xac3090. This bacterial effector protein interacted with chloro-
plast proteins, such as a specific chloroplast ribosomal protein and
a light-harvesting complex I protein. This result prompted us to
speculate that Xac3090 may alter the photosynthetic machinery;
however, no significant differences were observed in pigment
content or chlorophyll fluorescence parameters when a bacterial
strain lacking xac3090 was infiltrated into citrus leaves, or even
after transient expression of Xac3090-GFP in citrus leaves, sug-
gesting that the effect is too subtle to be detected with the
techniques used, or that the spatiotemporal coordinated actions
of other effectors are needed to cause modifications in this specific
plant organelle. Xac3090 interacted with a phospho-2-dehydro-3-
deoxyheptonate aldolase involved in the synthesis of secondary

872 G. DUNGER et al .

© 2012 THE AUTHORS
MOLECULAR PLANT PATHOLOGY © 2012 BSPP AND BLACKWELL PUBLISHING LTDMOLECULAR PLANT PATHOLOGY (2012) 13(8 ) , 865–876



phenylpropanoid compounds (Cho et al., 2007), IAP and a homo-
logue to the auxin responsive protein IAA13, suggesting that
Xac3090 may participate in these pathways.

Interestingly, Xac3090 localizes in both the nucleus and chloro-
plasts of N. benthamiana cells. There are some nuclear transcrip-
tion factors, named Whirly proteins, which, in addition to the
nucleus, are targeted to chloroplasts and mitochondria, and may
be involved in the communication between the nucleus and
organelles in plant cells (Schwacke et al., 2007). Moreover, it has
been proposed recently that proteins may be relocated from one
compartment to another in response to environmental changes,
and that dual targeting may function for the storage or
sequestration of transcription factors inside the organelles until
specific conditions require their activity in the nucleus (Krause and
Krupinska, 2009).

The genus Xanthomonas comprises a group of plant pathogenic
bacteria causing wilts, cankers, leaf spots and blights. Although
the host range of this genus is wide, particular pathovars can be
confined to a specific host plant, and the variety of effector pro-
teins present in a given pathogen may determine the host and
tissue specificity (White et al., 2009). In particular, for Xan-
thomonas axonopodis, a study of 132 strains representative of 18
different pathovars displaying different host ranges with wide
geographic distribution found a correspondence between the
composition of effector repertoires and pathovars, thus supporting
the idea that host specificity results from the interaction between
repertoires of bacterial virulence genes and repertoires of genes
involved in host defences (Hajri et al., 2009). Interestingly, all of
the characterized Xac strains possess the three genes analysed in
this study, whereas two of the characterized X. axonopodis pv.
aurantifolii strains, which also cause citrus canker in only lemons
and Mexican lime (Brunings and Gabriel 2003), lack a functional
copy of AvrXacE1 (Hajri et al., 2009). Moreover, in the strains of
the phylogenetically related bacterium X. axonopodis pv. cit-
rumelo, which causes citrus bacterial spots (Brunings and Gabriel,
2003; Graham et al., 2004), AvrXacE2 was present in three of six
strains analysed, whereas Xac3090 and AvrXacE1 were absent
(Hajri et al., 2009). Thus, the host range may be explained in part
by these complex effector repertoires and, specifically in the case
of citrus canker, an understanding of Xac bacterial effector protein
localization in the plant cell, and the plant proteins with which
they interact, may be relevant in designing future control
strategies.

EXPERIMENTAL PROCEDURES

Bacterial strains, culture conditions and media

Escherichia coli strain DH5a was used for DNA subcloning. Cells were
cultivated at 37 °C in Luria–Bertani (LB) medium. Xac wild-type and
mutant strains were grown at 28 °C in Silva Buddenhagen (SB) medium

(Dunger et al., 2007). Antibiotics were used at the following concentra-
tions: ampicillin (Ap), 100 mg/mL for E. coli and 25 mg/mL for Xac; strep-
tomycin (Sm), 100 mg/mL for E. coli and 50 mg/mL for Xac; spectinomycin
(Sp), 50 mg/mL for E. coli and 25 mg/mL for Xac; gentamycin (Gm), 20 mg/
mL; kanamycin (Km), 40 mg/mL. Xac wild-type (strain Xcc99-1330) was
kindly provided by Blanca I. Canteros (INTA Bella Vista, Argentina).
Agrobacterium tumefaciens strain GV3101 was cultured at 28 °C in LB
medium using: rifampicin (Rf), 10 mg/mL; Gm, 25 mg/mL; Sm, 100 mg/mL;
Sp, 50 mg/mL.

Mutant strain constructions

Mutant strains in avrXacE1 (XAC0286), avrXacE2 (Xac3224) and xac3090
genes were constructed by marker exchange with double crossover. avrX-
acE1 was amplified from Xac genomic DNA with XAC0286U and
XAC0286D oligonucleotides (primer sequences are provided in Table 2)
and cloned into pKmobGII previously digested with the restriction
enzymes EcoRI and SalI, generating pKmobXAC0286. A 2-kb DNA frag-
ment coding for Sm/Sp resistance from pKRP13 (Reece and Phillips, 1995)
was subcloned into the BamHI site of pKmobXAC0286, generating
pKmobXAC0286W. avrXacE2 was amplified from Xac genomic DNA with
XAC3224U and XAC3224D oligonucleotides (Table 2) and cloned into
pET32a previously digested with the restriction enzymes NcoI and SalI,
generating pET323224. The aacC1 gene coding for Gm resistance was
subcloned into the EcoRI site of pET323224, generating pET323224Gm.
pET323224Gm was digested with restriction enzymes BamHI and SalI, and
the fragment XAC3224Gm was subcloned into pKmobGII previously
digested with BamHI and SalI, generating pKmobXAC3224Gm. xac3090
was amplified with XAC3090H and XAC3090E oligonucleotides (Table 2)
and cloned into pKmobGII previously digested with the restriction
enzymes EcoRI and HindIII, generating pKmobXAC3090, and the aacC1
gene coding for Gm resistance was subcloned into the PstI site of
pKmobXAC3090, rendering pKmobXAC3090Gm. Escherichia coli strain
S17-1 cells transformed with pKmobXAC0286W, pKmobXAC3224Gm
and pKmobXAC3090Gm were conjugated to Xac. Following selection for

Table 2 Primers used in this study.

Primer Primer sequences 5′–3′

XAC0286U GTCCGAATTCTCGGAGAGCGACATGGGACTAT
XAC0286D CGGTGTCGACTCGCGCAGCAAAGGTGTTCGG
XAC0286UK GTCCGGTACCATCGGAGAGCGACATGGGA
XAC0286D2 CGGTGTCGACATACCAGAAAGCCTGCCTTG
XAC3224U ACAGTCCATGGAAATGGGTTGCACTATCTCAAC
XAC3224D CGGTGTCGACCATCACCGGTTACTGGCTCTG
XAC3224UK ACATGGTACCAATGGGTTGCACTATCTCAAC
XAC3224D2 CGGTGTCGACGCTCTGCTCGCACAGCTG
XAC3090H CTGCAAGCTTCGAGCGACAGCCAAGACGAGGAAT
XAC3090E CAGTGAATTCGCGCGGGTACAACGGATGGTGGAC
XAC3090THU CTGCACCATGGTGGGCGCTTCACCATTAC
XAC3090THD CGGTGTCGACTCGTGTTTGCCCTTTACTGA
XAC3090UK GTCCGGTACCGGGCGCTTCACCATTAC
XAC3090D2 CGGTGTCGACAGGTGCCGGGCTTGTTT
XAC3090SL ACATCCCGGGTGTTGTGTGGAATTGTGAGC
HIS AGTTGAGCTCCTTTGTTAGCAGCCGGATC
HIS2 AGTTGAATTCCAGCAGCCAACTCAGCT
GFPSU ACATGTCGACATGGTGAGCAAGGGCGAG
GFPSD CGGTCTCGAGTTACTTGTACAGCTCGTCCA
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antibiotic resistance and sensitivity (Sp and Sm resistance for DavrXacE1;
Gm resistance for DavrXacE2 and DXac3090; Km sensitivity for all),
mutant strains were verified by polymerase chain reaction (PCR). The
double mutant strain DavrXacE1/E2 was obtained by conjugation of
pKmobXAC3224Gm into DavrXacE1.

Complementation of Xac mutant strains

Xac mutant strains were complemented with the coding sequence of each
effector protein in the plasmid pBBR-MCS2 (Kovach et al., 1995). avrXacE1
was amplified from Xac genomic DNA with XAC0286UK and XAC0286D2
oligonucleotides (Table 2) and cloned into pET32a previously digested
with the restriction enzymes KpnI and SalI, generating pET0286.
AvrXacE1-His was amplified from pET0286 with XAC0286UK and HIS
oligonucleotides (Table 2) and cloned into pBBR-MCS5 previously digested
with the restriction enzymes KpnI and SacI, generating pBBR0286H.
Restriction enzyme digestion of the avrXacE1 fragment from pBBR0286H
with KpnI and SacI, and subsequent cloning into pBBR-MCS2, generated
pBBR2-0286. avrXacE2 was amplified from Xac wild-type genomic DNA
with XAC3224U and XAC3224D oligonucleotides (Table 2) and cloned into
pET32a previously digested with the restriction enzymes NcoI and SalI,
generating pET3224. AvrXacE2-His was amplified from pET3224 with
XAC3224UK and HIS oligonucleotides (Table 2) and cloned into pBBR-
MCS5 previously digested with KpnI and SacI, generating pBBR3224H.
Restriction enzyme digestion of the avrXacE2 fragment from pBBR3224H
with KpnI and SacI, and subsequent cloning into pBBR-MCS2, generated
pBBR2-3224. xac3090 was amplified with XAC3090UK and XAC3090D2
oligonucleotides (Table 2) and cloned into pET32a previously digested
with the restriction enzymes KpnI and SalI, generating pET3090. xac3090-
His was amplified with XAC3090UK and HIS2 oligonucleotides (Table 2)
and cloned into pBBR-MCS5 previously digested with KpnI and EcoRI,
generating pBBR3090H. Restriction enzyme digestion of the Xac3090
fragment from pBBR3090H with KpnI and EcoRI, and subsequent cloning
into pBBR-MCS2, generated pBBR2-3090. Escherichia coli strain S17-1
cells transformed with pBBR2-0286, pBBR2-3224 and pBBR2-3090 were
conjugated to Xac mutant strains DavrXacE1, DavrXacE2 and DXac3090,
respectively. Following selection for kanamycin antibiotic resistance, com-
plemented mutant strains were verified by PCR.

Plant material and inoculations

Citrus (Citrus sinensis cv. valencia) plants were grown in a glasshouse at
23–25 °C with a photoperiod of 16 h. Bacteria were cultured in SB broth
to an optical density at 600 nm (OD600 nm) of 1.0, harvested by centrifuga-
tion and resuspended in 10 mM MgCl2 at 104–107 cfu/mL. For disease
symptom assays, bacterial suspensions were infiltrated into leaves with
needleless syringes. In planta growth assays were performed by grinding
0.8-cm-diameter leaf discs from infiltrated leaves in 1 mL of 10 mM MgCl2,
followed by serial dilutions and plating onto SB agar plates with Ap.
Colonies were counted after 48 h of incubation at 28 °C, and the results
are presented as cfu per square centimetre of leaf tissue. The in planta
growth assays were repeated at least in triplicate and the results were
analysed by one-way analysis of variance (ANOVA). The percentages of
necrotic areas in the lesions were calculated as the necrotic area per

infected area. Areas were measured from digitalized images of 30 infected
leaves using Adobe Photoshop software and analysed using one-way
ANOVA.

Citrus sinensis cDNA prey library

The C. sinensis cDNA library containing approximately 0.8 ¥ 106 inde-
pendent clones in the pOAD vector (Uetz et al., 2000) was produced and
kindly donated by Raúl Andrés Cernadas, Cássia Docena and Celso
Eduardo Benedetti at the Laboratório Nacional de Luz Síncrotron (Campi-
nas, Brazil), and has been described elsewhere (Domingues et al., 2010).

Construction of bait vectors

Xac DNA sequences coding for proteins AvrXacE1, AvrXacE2 and Xac3090
were amplified by PCR using the primers XAC0286U and XAC0286D,
XAC3224U and XAC3224D, and XAC3090THU and XAC3090THD, respec-
tively (Table 2). The primers contained unique restriction sites (EcoRI and
SalI in XAC0286; NcoI and SalI in XAC3224 and XAC3090) to facilitate
cloning into the EcoRI and SalI sites of the pOBD vector (Uetz et al., 2000),
generating pOBDXAC0286, and into the NcoI and SalI sites of pOBD,
generating pOBDXAC3090 and pOBDXAC3224, all downstream of and in
frame with the Gal4 DNA-binding domain.

Growth of yeast strains and transformation

Saccharomyces cerevisiae strain PJ694-a (MATa trp1-901 leu2-3112
ura3-52 his3-200 gal4D gal80D LYS2::GAL1-HIS3 GAL2-ADE2
met2::GAL7-lacZ) was grown in the yeast medium YAPD or synthetic
complete (SC) medium as described previously (Alegria et al., 2004).When
indicated, SC medium was prepared lacking one or more specific compo-
nents: adenine (–Ade), histidine (–His), tryptophan (–Trp) and leucine
(–Leu). In the case of growth on solid medium, 1.6% Bacto Agar and
3-aminotriazole (3AT) (see below) were added. Rapid transformations
with pOBD-bait plasmids were carried out using the PEG3350–lithium
acetate protocol described by Gietz et al. (1998) and selected on SC–Trp
plates at 30 °C for 2–4 days. These cells were then employed in high-
efficiency transformations with the pOAD library using 30 mg of plasmid
DNA and the 30¥ scale-up procedure described by Gietz and Woods
(2002), which resulted, on average, in 0.5 ¥ 107 to 1 ¥ 107 transformants
on SC–Trp–Leu plates. To determine the amount of 3AT to be used for each
bait, c. 103 yeast cells transformed with the pOBD-bait plasmid were
plated onto SC–Trp–His medium containing 0, 1, 5, 10, 25 or 50 mM 3AT
and incubated for 5 days at 30 °C. The pOAD library showed no clones
able to auto-activate the His or Ade gene reporters on their own.

Yeast two-hybrid assays and DNA sequencing

After transformation of yeast cells with the pOAD library, cells were
resuspended in 5 mL of sterile water and spread onto 10 150-mm plates
with SC–Trp–Leu–His–Ade plus 3AT.The amount of 3AT used was 3 mM for
the three baits assayed. Plates were incubated at 30 °C for up to 14 days.
Colonies that grew in the absence of His and Ade were transferred to fresh
plates with SC–Trp–Leu–His–Ade plus 3AT. Plasmid DNAs were isolated
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from yeast colonies and used to transform DH10B E. coli cells. The prey
DNA sequences were sequenced using a pOAD-specific primer. Sequences
were analysed by comparison with the available C. sinensis expressed
sequence tag (EST) database. Some prey observed to interact with a wide
variety of physiologically unrelated bait were considered to be false posi-
tives and were not included in Table 1.

Construction of GFP expression vectors

The gene coding for GFP was amplified from pMP2444 by PCR with GFPSU
and GFPSD oligonucleotides (Table 2) and cloned into pBBR0286H,
pBBR3224H and pBBR3090H, described above, previously digested with
XhoI and SalI, generating pBBR0286GFP, pBRR3224GFP and
pBBR3090GFP, respectively. Then, avrXacE1 was amplified from
pBBR0286GFP by PCR with XAC0286UK and GFPSD oligonucleotides
(Table 2), digested with the restriction enzymes KpnI and XhoI and cloned
into the pCHF3 plasmid (Jarvis et al., 1998) previously digested with KpnI
and SalI, generating pCHF3286. avrXacE2 was amplified from
pBBR3224GFP by PCR with XAC3224UK and GFPSD oligonucleotides
(Table 2), digested with the restriction enzymes KpnI and XhoI and cloned
into pCHF3 previously digested with the same enzymes, generating
pCHF33224. xac3090 was amplified from pBBR3090GFP by PCR with
XAC3090SL and GFPSD oligonucleotides (Table 2), digested with the
restriction enzymes SmaI and XhoI and cloned into pCHF3 previously
digested with SmaI and SalI, generating pCHF33090.

In planta expression of effector proteins

Plasmid vectors pCHF3286, pCHF33224 and pCHF33090, carrying the
genes for AvrXacE1, AvrXacE2 and Xac3090, respectively, were electropo-
rated into A. tumefaciens strain GV3101 with a Gene Pulser II (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s instructions. For infil-
tration assays, A. tumefaciens strains were grown in LB broth at 28 °C for
18 h, diluted 1:2000 in LB plus 20 mM acetosyringone and incubated at
28 °C to OD600 nm of 1.0. The resulting cultures were harvested by centrifu-
gation, resuspended in sterile buffer [10 mM MgCl2, 10 mM 2-(N-
morpholino)ethanesulphonic acid (MES) and 100 mM acetosyringone] to a
final OD600 nm of 0.5 and incubated for 3 h at 25 °C. These cells were used
to infiltrate leaves of 4–5-week-old N. benthamiana and citrus using
needleless syringes. Infiltrated leaves were observed under a hand-held
UV lamp. Fluorescence by GFP and Hoechst 33258 in plant cells was
assessed at 24, 48 and 72 h post-infiltration. Briefly, leaf sections were
excised and fixed in ice-cold 100% methanol for 1 min, rinsed in
phosphate-buffered saline (PBS) for 1 min and then stained for 4 min with
Hoechst 33258 reagent (1 mg/mL). The leaf pieces were washed for 2 min
in PBS and mounted in glycerol 50% (v/v) for observation under a Nikon
Eclipse TE-2000-E2 (Nikon Instruments Inc., Melville, NY, USA) confocal
laser scanning microscope. Images are displayed as maximum projections
of picture stacks. GFP was excited with a 40-mW argon laser at 488 nm
and the emission filter wavelengths were 497–526 nm. Hoechst 33258
was excited with a 17-mW Blue diode at 408 nm, and the emission filter
wavelengths were 405–565 nm.

Plant pigment determination

The chlorophyll extraction method was performed as described by Lich-
tenthaler (1987). Briefly, citrus leaves were infiltrated with wild-type and

mutant Xac strains and, after 4 days, 1-cm2 discs were excised and placed
into plastic tubes with 1 mL of ethanol 100% (v/v), sealed and incubated
in the dark at 60 °C for 48 h. Absorbances of the clear extract at 649, 665
and 750 nm were recorded, and concentrations of chlorophylls a, b, a + b
and carotenoids were computed for 1 cm2 of infected area.

Chlorophyll fluorescence parameter determination

Citrus leaves were infiltrated with Xac wild-type and mutant strains and
kept in a glasshouse for 3, 4 and 6 days post-inoculation. The chlorophyll
fluorescence measurements were performed using a portable pulse ampli-
tude modulation fluorometer (Qubit Systems Inc., Kingston, ON, Canada),
as described by Baker and Rosenqvist (2004). Minimal fluorescence F0 was
measured in 120-min dark-adapted leaves using weak modulated light of
<0.15 mmol/m2/s. Maximal fluorescence Fm was measured after a 0.8-s
saturating white light pulse (5000 mmol/m2/s) on the same leaves. The
maximal variable fluorescence (Fv = Fm – F0) and photochemical efficiency
of PSII (Fv/Fm) for dark-adapted leaves were calculated. In light-adapted
leaves, the steady-state fluorescence yield (Fs), maximal fluorescence (F′m)
after a 0.8-s saturating white light pulse and minimal fluorescence (F′0)
were measured when actinic light was turned off.
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