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The gram-negative bacterium Xanthomonas campestris pv. 
vesicatoria is the causal agent of spot disease in tomato and 
pepper. X. campestris pv. vesicatoria pathogenicity depends 
on a type III secretion system delivering effector proteins 
into the host cells. We hypothesized that some X. campestris 
pv. vesicatoria effectors target conserved eukaryotic cellu-
lar processes and examined phenotypes induced by their 
expression in yeast. Out of 21 effectors tested, 14 inhibited 
yeast growth in normal or stress conditions. Viability assay 
revealed that XopB and XopF2 attenuated cell prolifera-
tion, while AvrRxo1, XopX, and XopE1 were cytotoxic. In-
spection of morphological features and DNA content of 
yeast cells indicated that cytotoxicity caused by XopX and 
AvrRxo1 was associated with cell-cycle arrest at G0/1. In-
terestingly, XopB, XopE1, XopF2, XopX, and AvrRxo1 
that inhibited growth in yeast also caused phenotypes, such 
as chlorosis and cell death, when expressed in either host 
or nonhost plants. Finally, the ability of several effectors to 
cause phenotypes in yeast and plants was dependent on 
their putative catalytic residues or localization motifs. This 
study supports the use of yeast as a heterologous system for 
functional analysis of X. campestris pv. vesicatoria type III 
effectors, and sets the stage for identification of their eu-
karyotic molecular targets and modes of action. 

The gram-negative bacterium Xanthomonas campestris pv. 
vesicatoria is the causal agent of spot disease in tomato and 
pepper plants (Jones et al. 1998). Like many other gram-nega-
tive bacterial pathogens of plants and animals, the ability of X. 
campestris pv. vesicatoria to promote disease largely depends 
on the type III secretion system (T3SS) (Buttner and Bonas 
2006). This secretion apparatus translocates a suite of effector 
proteins directly into the cytosol of the host cell, where they 
act as virulence factors modulating cellular processes and sup-
pressing host defense responses for the benefit of the pathogen 
(Block et al. 2008; Grant et al. 2006). In resistant plants, cer-
tain type III effectors may also act as avirulence (avr) factors 
where they are specifically recognized by corresponding resis-
tance (R) proteins (Martin et al. 2003). This recognition event 
often results in the induction of the hypersensitive response 
(HR), a localized cell death of the infected tissues that ultimately 
arrests pathogen growth (Alfano and Collmer 2004). In recent 
years, a large group of type III effectors has been identified in X. 
campestris pv. vesicatoria strains by using various approaches 

based on avirulence activity, translocation into the host cell, 
co-regulation with the T3SS, and homology to known effectors 
(Gurlebeck et al. 2006; Roden et al. 2004b). The pool of known 
X. campestris pv. vesicatoria type III effectors includes approxi-
mately 30 proteins (Kay and Bonas 2009; White et al. 2009), 
most of them identified in strain 85-10, for which the complete 
genome sequence is available (Thieme et al. 2005). 

A current challenge is to systematically determine the viru-
lence functions, biochemical activities, and host targets of type 
III effectors of phytopathogenic bacteria. Understanding the 
functions of these proteins has been undermined by a combi-
nation of functional overlap or redundancy in the large effector 
repertoire of a given strain, the subtle effects that they may ex-
ert to increase virulence, roles that are possibly specific to cer-
tain stages of the pathogen life cycle, and detection of effectors 
by plant R proteins that trigger an HR cell death. Because of 
these constraints, molecular functions and host targets are 
known for only a limited number of X. campestris pv. vesica-
toria effectors (Kay and Bonas 2009). Among them, AvrBs3, 
which is a member of a large family of transcription activator-
like (TAL) effectors from different phytopathogenic bacteria, 
acts as a transcription factor (Boch and Bonas 2010; Kay et al. 
2007). The XopD effector protein has a modular structure and 
displays various biochemical activities (Kay and Bonas 2009). 
It contains a cysteine protease domain of the C48 family at the 
C terminus showing small ubiquitin-related modifier (SUMO) 
protease activity in vitro and in plants (Hotson et al. 2003). In 
addition, it contains an N-terminal domain for DNA binding 
and EAR motifs for repression of transcription (Kim et al. 
2008). Indeed, XopD was shown to alter host transcription, 
promote pathogen growth, and delay development of disease 
symptoms (Kim et al. 2008). XopN suppresses basal defense 
responses and interacts with a tomato atypical receptor-like 
kinase and a group of 14-3-3 proteins that were proposed as its 
putative targets (Kim et al. 2009). XopX also suppresses basal 
defense responses (Metz et al. 2005), while XopJ inhibits host 
protein secretion and thereby interferes with cell-wall-associ-
ated defense responses (Bartetzko et al. 2009). The enzymatic 
activity of several X. campestris pv. vesicatoria effectors is 
postulated based on the presence of conserved catalytic domains 
in their protein sequences. For example, AvrRxv, AvrBsT, 
AvrXv4, and XopJ were proposed as putative cysteine proteases 
of the C55 family or as acetyltransferases (Gurlebeck et al. 
2006), while XopE1 and XopE2 are putative transglutaminases 
(Thieme et al. 2007). Notably, AvrXv4 was shown to possess 
SUMO isopeptidase activity in plants (Roden et al. 2004a). 

To circumvent limitations encountered in the investigation 
of effector functions in plant–pathogen systems and expedite 
discovery of X. campestris pv. vesicatoria effector targets and 
modes of action, we use the budding yeast Saccharomyces cer-
evisiae as a heterologous surrogate host. Yeast recently emerged 
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as a model system for the identification and functional charac-
terization of T3SS effector proteins (Curak et al. 2009; Siggers 
and Lesser 2008). The use of yeast in the study of pathogenic 
bacteria relies on the observation that effectors often target cel-
lular processes that are conserved between yeast and other 
eukaryotes, such as those associated with vesicle trafficking, 
cytoskeleton dynamics, cell-cycle control, and programmed cell 
death (Valdivia 2004). Effectors that perturb conserved cellular 
processes often cause robust phenotypes when expressed in 
yeast, such as growth inhibition (Siggers and Lesser 2008). In 
contrast, expression of very few nontranslocated bacterial pro-
teins affects yeast growth (Campodonico et al. 2005; Slagowski 
et al. 2008). In a large number of studies on effectors of bacte-
rial pathogens of animals, growth-inhibition phenotypes were 
exploited to elucidate effector functions and targets (Curak et 
al. 2009; Siggers and Lesser 2008). Although yeast has not been 
used systematically to study the specific functions and targets 
of plant-associated effectors, several studies highlighted the 
great potential of using yeast in such analyses. Effectors of the 
tomato pathogen Pseudomonas syringae that suppress HR in 
plants were shown to suppress programmed cell-death in yeast 
(Abramovitch et al. 2003; Jamir et al. 2004). In addition, sev-
eral P. syringae effectors were found to inhibit yeast growth 
(Munkvold et al. 2008). Significantly, the toxicity effect of three 
of them (HopAA1-1, HopAO1, and HopN1) well correlated 
with their virulence activity in plants (Espinosa et al. 2003; 
Lopez-Solanilla et al. 2004; Munkvold et al. 2008, 2009). 

Here, we have expressed 21 X. campestris pv. vesicatoria 
type III effectors in yeast and found that the majority of them 
can inhibit yeast growth in normal or stress conditions. Among 
phenotypes induced by effectors in normal growth conditions, 
those caused by XopX and AvrRxo1 were associated with cell 
cycle arrest and cytotoxicity, whereas the phenotype induced 
by XopE1 was associated only with cytotoxicity. In addition, 
several X. campestris pv. vesicatoria effectors that caused dele-
terious effects in yeast also resulted in various degree of chlo-
rosis or cell death when transiently expressed in X. campestris 
pv. vesicatoria host and nonhost plants. Moreover, toxicity in 

yeast caused by three X. campestris pv. vesicatoria effectors 
was dependent on amino acid residues required for their puta-
tive catalytic activity or cellular localization. Our study strongly 
supports the notion that a large number of X. campestris pv. 
vesicatoria type III effectors target cellular processes conserved 
in yeast and plants. In addition, it provides a wide repertoire of 
phenotypes induced by X. campestris pv. vesicatoria effectors 
in yeast that will be instrumental in elucidating their functions 
and roles in pathogenesis. 

RESULTS 

Seven X. campestris pv. vesicatoria type III effectors inhibit 
growth when expressed in yeast. 

To uncover new biological functions of X. campestris pv. 
vesicatoria type III effectors, we performed a screen for effec-
tors that inhibit growth when expressed in yeast. To this aim, 
genes encoding 21 type III effectors were first polymerase 
chain reaction (PCR) amplified from X. campestris pv. vesica-
toria bacteria: 18 of them from the X. campestris pv. vesicato-
ria sp. strain 85-10 (Thieme et al. 2005), whereas three of 
them (AvrBs3, AvrBsT, and AvrXv4) from other X. campestris 
pv. vesicatoria strains. Effectors were then cloned in frame to 
a C-terminal myc tag in the centromere-containing shuttle vec-
tor pGML10. Following plasmid transformations into the yeast 
strain BY4741, effectors were expressed under the control of 
the galactose-inducible promoter GAL1 and protein accumula-
tion was confirmed by Western blot analysis for all of them 
except XopE1 (Supplementary Fig. S1), which was previously 
reported to accumulate at low levels in leaves (Thieme et al. 
2007). To identify X. campestris pv. vesicatoria effectors that 
perturb cellular functions and cause inhibition of yeast growth, 
yeast cultures were serially diluted and plated onto repressing 
(2% glucose) and inducing (2% galactose and 1% raffinose) 
media. All yeast strains exhibited similar growth on repressing 
medium compared with a control strain containing an empty 
vector (Fig. 1). However, of the 21 X. campestris pv. vesicatoria 
effectors tested, expression of seven resulted in a distinct 

 

Fig. 1. Yeast growth is inhibited by expression of seven Xanthomonas campestris pv. vesicatoria type III effectors. BY4741 yeast strains carrying the low-
copy-number plasmid pGML10, either empty or encoding the indicated galactose-inducible X. campestris pv. vesicatoria effectors with a C-terminal myc 
tag, were grown overnight in repressing medium (2% glucose). Cultures were then diluted to an optical density at 600 nm of 1.0, and serial 10-fold dilutions 
were spotted onto repressing or inducing medium (2% galactose and 1% raffinose). Photographs were taken after 2 and 3 days of growth at 30 C for yeast 
growing in repressing and inducing medium, respectively. Data shown are representative of three independent experiments for each effector. 
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growth-inhibition phenotype: XopX and AvrRxo1 completely 
inhibited yeast growth; XopB, XopE1, and XopF2 showed 
intermediate growth inhibition; and XopC and AvrBsT caused 
only a moderate yet significant growth-inhibition phenotype. 

Expression of X. campestris pv. vesicatoria type III effectors 
in yeast under stress conditions  
reveals additional growth-inhibition phenotypes. 

Bacterial type III effectors may target conserved eukaryotic 
processes that are normally not rate limiting for yeast growth. In 
this scenario, compounds or environmental conditions that alter 
yeast cellular functions (hereafter called stressors) may increase 
yeast sensitivity to effectors and aid in the identification of 
effector-induced growth-inhibition phenotypes (Siggers and 
Lesser 2008). Based on this premise, we performed a screen for 
X. campestris pv. vesicatoria effectors that inhibit yeast growth 
in the presence of various stressors. To this aim, vectors for 
GAL1-driven expression of the X. campestris pv. vesicatoria 
type III effectors were introduced into the BY4741 and W303 
yeast strains, which have slightly different genetic backgrounds 
and, thus, can be differentially affected by effectors and stress-
ors. Yeast cultures were serially diluted and plated onto repress-
ing or inducing media in the presence or absence of the follow-
ing stressors at levels that minimally impact yeast growth: the 
purine analog caffeine (7 mM) (Kuranda et al. 2006), sodium 
chloride (0.5 M) or sorbitol (1 M) (Yoon et al. 2003), the inhibi-
tor of protein glycosylation tunicamycin (0.12 µg/ml) (Kuo and 
Lampen 1974), and temperature of 37 C. Growth of yeast ex-
pressing X. campestris pv. vesicatoria effectors was monitored 
and scored based on the highest dilution in which colonies were 
detected. Combining the expression of effectors with stress con-
ditions enhanced growth-inhibition phenotypes detected for cer-
tain effectors in normal conditions (Fig. 2). For example, pheno-
types induced by expression of XopE1, XopF2, XopB, AvrBsT, 
and XopC in the BY4741 yeast strain were significantly en-
hanced in the presence of caffeine. Similarly, growth inhibition 
caused by expression of XopX, XopE1, XopF2, and XopB in 
the W303 yeast strain were significantly enhanced in the pres-
ence of caffeine, sodium chloride, tunicamycin, and at 37 C. 
More importantly, in the presence of various stressors, several 
growth-inhibition phenotypes were detected for effectors that do 
not affect yeast growth under normal conditions. For example, 
expression of XopQ strongly inhibited growth of BY4741 cells 
in the presence of caffeine while XopC and XopE2 inhibited 
growth of W303 cells in the presence of sodium chloride and 
caffeine, respectively. In addition, several effectors in different 
conditions caused mild growth-inhibition phenotypes (Fig. 2). 
Taken together, these analyses identified stress conditions for 
detection of growth inhibition caused by X. campestris pv. vesi-
catoria type III effectors in yeast and significantly enlarged the 
pool of phenotypes available for the functional characterization 
of these effector proteins. 

Expression of XopE1, XopX, and AvrRxo1 causes loss  
of viability in yeast. 

We then tested whether growth-inhibition phenotypes 
caused by X. campestris pv. vesicatoria effectors in normal 
growth conditions were a result of cytotoxicity or arrest of cell 
growth. To this end, we performed cell viability assays for 
yeast strains expressing AvrRxo1, XopX, XopE1, XopF2, or 
XopB. In these experiments, yeast cultures expressing effec-
tors were sampled at different time points after induction and 
serial 10-fold dilutions were plated onto repressing media to 

 

Fig. 2. Yeast growth-inhibition phenotypes induced by Xanthomonas
campestris pv. vesicatoria type III effectors under various growth condi-
tions. A, BY4741 and B, W303 yeast strains carrying plasmids for the ex-
pression of the indicated effectors or containing an empty vector were
grown overnight in repressing medium (2% glucose). Cultures were then
washed and normalized to an optical density at 600 nm of 1.0, and 10-fold 
serial dilutions were spotted onto repressing medium or onto inducing me-
dium (2% galactose and 1% raffinose) and grown under the following
stress conditions: in the presence of 7 mM caffeine (Caff), 0.5 M sodium
chloride (NaCl), 1 M sorbitol (Sorb), tunicamycin at 0.12 µg/ml (Tm), or
temperature of 37 C. At 2 to 4 days after spotting, the highest dilutions in
which colony-growth was visible were determined for each strain and re-
ported according to the indicated growth scale. 
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determine the number of viable cells present in the cultures. A 
constant number of viable cells over time was observed for 
strains expressing XopB or XopF2 (Fig. 3), suggesting that 
these effectors cause a reduction in cell proliferation. However, 
a sharp decrease in the number of viable cells over time was 
detected for yeast expressing AvrRxo1, and a more gradual 
reduction in viability was detected for yeast expressing XopX 
or XopE1 (Fig. 3). These results suggest that expression of 
AvrRxo1, XopX, or XopE1 induces different degrees of cyto-
toxicity in yeast. 

Expression of AvrRxo1 and XopX  
in yeast arrests the cell cycle at the G0/1 phase. 

We next explored whether X. campestris pv. vesicatoria type 
III effectors that cause growth-inhibition phenotypes in yeast 
in the absence of stressors may affect the cell cycle. To test this 
possibility, we examined cell morphologies of yeast cultures 
expressing AvrRxo1, XopX, XopE1, XopF2, or XopB, and 
estimated the proportion of cells with no bud and with bud of 
various sizes compared with a yeast strain containing an empty 
vector. Yeast expressing XopB, XopE1, and XopF2 displayed 

only a marginal increase in the proportion of unbudded cells 
(Fig. 4A and B). However, expression of AvrRxo1 or XopX 
resulted in a significant increase in the proportion of unbudded 
cells to approximately 80% compared with approximately 40% 
in yeast containing an empty vector (P < 0.005) (Fig. 4A and B). 

Accumulation of unbudded cells may indicate that the yeast 
culture is arrested at the G0/1 phase of the cell cycle prior to 
DNA replication. To determine whether unbudded yeast cells 
in cultures expressing XopX or AvrRxo1 had undergone DNA 
replication or are arrested at the G0/1 phase of the cell-cycle, 
we quantified their DNA content using flow cytometry (fluo-
rescence-activated cell sorting [FACS]) compared with yeast 
cells carrying an empty vector or expressing other effectors. In 

 

Fig. 4. Morphology and DNA content of yeast cells expressing Xanthomo-
nas campestris pv. vesicatoria type III effectors that inhibit yeast growth.
A, BY4741 yeast strains carrying plasmids for expression of the indicated
effectors or containing an empty vector were grown overnight in repressing
medium (2% glucose). Cells were washed, diluted, and grown overnight in
inducing medium (2% galactose and 1% raffinose). Induced cultures were
briefly sonicated and cell morphology was visualized under the microscope. 
B, Percentage of the different morphologies (cells with no bud, small bud,
medium bud, or large bud) in the cell population was assessed for each
yeast strain. Data are the mean and standard error of three independent ex-
periments (n > 150). Asterisks represent statistically significant differences
between the proportion of cells with no bud in yeast expressing effectors
compared with the control strain based on analysis of variance and com-
parisons for all pairs using Tukey-Kramer honestly significance difference
(P < 0.005). C, DNA content of induced cells analyzed by fluorescence-
activated cell sorting after cell fixing and staining by propidium iodide.
The experiment was repeated three times with similar results. 

Fig. 3. Cell viability assays of yeast strains expressing Xanthomonas cam-
pestris pv. vesicatoria type III effectors that inhibit yeast growth. BY4741
yeast strains carrying plasmids for expression of the indicated effectors or
containing an empty vector were grown overnight in repressing medium
(2% glucose). Cultures were diluted to an optical density at 600 nm
(OD600) of 0.5 and allowed to recover in fresh repressing medium for 2 h
prior to washes, normalization to OD600 = 0.2, and incubation in inducing
medium (2% galactose and 1% raffinose). For each time point, an aliquot
was removed from the cultures and serial 10-fold dilutions were spotted
onto repressing medium to assess the number of viable cells. Data repre-
sent the mean and standard error (n = 3). The assay was repeated three
times with similar results. 



Vol. 24, No. 3, 2011 / 309 

agreement with the morphological observations, 1N and 2N 
DNA peaks were observed for yeast cultures carrying an 
empty vector or expressing XopB, XopE1, or XopF2 (Fig. 
4C). However, only a predominant 1N DNA peak was detected 
for yeast cultures expressing XopX and AvrRxo1, suggesting 
that the majority of the cells were arrested at the G0/1 phase of 
the cell cycle and did not complete DNA replication. Together, 
these results indicate that expression of XopX and AvrRxo1 in 
yeast affects cellular functions required for the proper transi-
tion from G0/1 to the S phase of the cell cycle. 

X. campestris pv. vesicatoria type III effectors  
that cause growth inhibition in yeast  
induce various phenotypes in host and nonhost plants. 

Once it was established that AvrRxo1, XopX, XopE1, 
XopF2, and XopB can perturb yeast cellular functions, we ana-
lyzed whether these type III effectors can cause detectable 
phenotypes in host and nonhost plants. In these experiments, 
we used Agrobacterium spp. to transiently express effectors 
under control of the Cauliflower mosaic virus (CaMV) 35S 
promoter in leaves of tomato (Solanum lycopersicum) and 
Nicotiana benthamiana plants, which are host and nonhost of 
X. campestris pv. vesicatoria bacteria, respectively. Effectors 
were tagged at their C terminus and accumulation in planta 
was confirmed by immunoblot analysis for all of them except 
XopE1 (Supplementary Fig. S2), which was previously reported 
to be expressed at low levels in leaves (Thieme et al. 2007). 
Expression of XopX and XopF2 resulted in a cell-death phe-
notype that developed fast (within 2 to 3 days after agroinfil-
tration) and covered the entire infiltrated area in leaves of both 
host and nonhost plants (Fig. 5). A milder phenotype was 
caused in both plant backgrounds by expression of AvrRxo1 
and consisted of chlorosis and patches of cell death in the infil-
trated leaf areas that appeared within 3 to 4 days after agroin-
filtration. Interestingly, differential phenotypes were observed 
for XopB and XopE1 in host and nonhost plants. XopB caused 
a fast and confluent cell death when expressed in the nonhost 
N. benthamiana leaves, whereas its expression in tomato did 
not result in a visible phenotype, even 7 days after agroinfiltra-
tion. Similarly, upon XopE1 expression in N. benthamiana 
leaves, chlorosis appeared in infiltrated areas within 5 days 
and eventually developed into cell death after 7 days, thus con-
firming observations reported by Thieme and associates (2007). 
Interestingly, expression of XopE1 in tomato leaves resulted in 
the appearance of sporadic cell-death patches. Taken together, 
these results indicate that expression in leaves of X. campestris 
pv. vesicatoria type III effectors that cause growth inhibition 
in yeast results in the appearance of various phenotypes that 
are dependent on the plant genetic background. 

Localization motifs and putative catalytic residues  
are required for the ability of X. campestris pv. vesicatoria 
effectors to induce phenotypes in yeast. 

Next, we asked whether the ability of X. campestris pv. vesi-
catoria type III effectors to induce phenotypes in yeast is de-
pendent on their molecular properties. To this end, we tested 
whether the correct intracellular localization of XopE1 and 
XopE2 and putative catalytic activities of XopE1, XopE2, and 
XopC are required for their ability to inhibit yeast growth. 
XopE1 and XopE2 are members of the HopX family of puta-
tive transglutaminases and localize to the plasma membrane of 
plant cells as a result of myristoylation (Thieme et al. 2007). 
Based on the putative catalytic residues described for HopX, 
the P. syringae prototype of the HopX family of effectors 
(Nimchuk et al. 2007), we identified corresponding putative 
catalytic residues in XopE1 and XopE2 as Asp215 and Asp211, 
respectively (Supplementary Fig. S3A). We then tested whether 

alanine substitutions of these aspartic acid residues or of the 
glycine residue at amino acid position 2 of XopE1 and XopE2 
myristoylation sites affect the ability of these effectors to in-
hibit yeast growth. A mutation in the putative XopE1 catalytic 
residue (D215A) completely impaired the ability of this effec-
tor to inhibit yeast growth in normal conditions or in the pres-
ence of caffeine (Fig. 6A). Accordingly, the same mutation 
compromised the development of cell death that is observed in 
N. benthamiana leaf areas expressing wild-type XopE1 (Fig. 
6B). However, a mutation at the XopE1 myristoylation site 
(G2A) decreased only mildly growth inhibition resulting from 
XopE1 expression (Fig. 6A). In agreement with this observa-
tion, a G2A substitution in XopE1 did not reduce the cell death 
triggered by this effector in N. benthamiana plants (Thieme et 
al. 2007). Expression of XopE1D215A both in yeast and in 
planta was confirmed by Western blot analysis. However, ex-
pression of the wild-type XopE1 and XopE1G2A were below 
detection levels despite their ability to cause phenotypes (Sup-

Fig. 5. Phenotypes induced in plants by expression of Xanthomonas
campestris pv. vesicatoria type III effectors that inhibit yeast growth. 
XopE1, XopB, XopX, AvrRxo1, and XopF2 were expressed under the 
control of the Cauliflower mosaic virus 35S promoter in leaves of A, to-
mato or B, Nicotiana benthamiana plants via Agrobacterium spp.-medi-
ated transient expression. Tomato leaves were bleached in chlorophyll 
destaining solution for better visualization of cell death (dark gray areas). 
Pictures were taken 5 days after agroinfiltration. The experiment included 
at least five technical repeats for each treatment and was repeated three 
times with similar results. 
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plementary Fig. S4A and B). In contrast to XopE1, a mutation 
in the myristoylation site of XopE2 (G2A) but not in the puta-
tive catalytic aspartic acid (D211A) abolished the growth-inhi-
bition phenotype induced by this effector in the presence of 
caffeine (Fig. 6C). Expression of XopE2, XopE2G2A, and 
XopE2D211A was confirmed by Western blot analysis. As previ-
ously reported (Thieme et al. 2007), in this analysis, XopE2G2A 
showed a reduced molecular weight compared with wild-type 
XopE2, possibly due to myristoylation-dependent posttransla-
tional modifications. These results suggest that catalytic activity 
for XopE1 and myristoylation for XopE2 are molecular prop-
erties required for their ability to induce phenotypes in yeast. 
In addition, the catalytic activity of XopE1 is also required for 
induction of chlorosis and cell death in plants. 

We next explored the requirement of a putative XopC cata-
lytic residue for yeast growth inhibition caused by this effec-
tor. A search in the National Center for Biotechnology Infor-
mation conserved domain database (Marchler-Bauer et al. 2009) 
revealed that XopC contains a putative haloacid dehalogenase 
(HAD)-like hydrolase domain in its C-terminal end. In several 
instances, proteins containing an HAD-like hydrolase domain 
were shown to be phosphohydrolases that use a nucleophylic 
aspartic acid in the phosphoryl transfer reaction (Calderone et 
al. 2006; Lahiri et al. 2006). By an alignment of the XopC C 
terminus with homologous domains of other proteins, we iden-
tified a conserved aspartic acid residue at position 693 and 
hypothesized that it may represent a key catalytic residue re-
quired for XopC putative enzymatic activity. We then substi-

tuted this residue with an alanine (D693A) and tested the abil-
ity of the mutant protein to inhibit growth in yeast in presence 
of caffeine. Expression of XopCD693A did not cause a growth-
inhibition phenotype in yeast as opposed to the wild-type pro-
tein (Fig. 6C), suggesting that HAD-like hydrolase activity is 
required for the XopC deleterious effect in yeast. Expression 
of XopC and XopCD693A was confirmed by Western blot analy-
sis. Taken together, these results indicate that growth-inhibition 
phenotypes observed in yeast are linked to molecular properties 
of the tested effectors. 

DISCUSSION 

In this study, we screened a group of X. campestris pv. vesi-
catoria type III effectors for their ability to inhibit yeast 
growth. Phenotypes were detected for 14 of the 21 effectors 
tested (66%). In a similar screen of P. syringae pv. tomato 
effectors, 7 of the 27 effectors tested (26%) significantly inhib-
ited yeast growth (Munkvold et al. 2008). The higher propor-
tion of phenotypes detected for X. campestris pv. vesicatoria 
effectors is largely due to the employment in our screen of 
various compounds or conditions that alter yeast cellular func-
tions (stressors) and assist in the investigation of effectors that 
are normally not rate-limiting for yeast proliferation. The syn-
ergistic action of stressors and effectors may be the result of 
effector interference with a cellular process parallel and redun-
dant with the process affected by the stressor. Alternatively, the 
effector could interfere with a cellular process required to sus-

 

Fig. 6. Effect of mutations in putative catalytic residues and intracellular localization motifs of Xanthomonas campestris pv. vesicatoria effectors on pheno-
types induced in yeast and plants. A, W303 yeast strains expressing wild-type or mutant forms of XopE1 were grown overnight in repressing medium (2%
glucose). Cultures were then washed and normalized to an optical density at 600 nm of 1.0, and 10-fold serial dilutions were spotted onto repressing medium 
or inducing medium (2% galactose and 1% raffinose) with or without 7 mM caffeine. Pictures were taken after 2, 3, and 4 days of growth at 30 C for yeast
growing on repressing medium, inducing medium, and inducing medium with caffeine, respectively. B, XopE1 and XopE1D215A were expressed under the 
control of the Cauliflower mosaic virus 35S promoter in leaves of N. benthamiana plants via Agrobacterium spp.-mediated transient expression. Infiltrated 
areas are marked with black circles. Pictures were taken 5 days after agroinfiltration. The experiment included at least five technical repeats for each treat-
ment and was repeated three times with similar results. C, W303 yeast strains expressing wild-type or mutant forms of XopE2 and XopC were grown and 
treated as described in A. Pictures were taken after 2, 3, and 4 days of growth at 30 C for yeast growing on repressing medium, inducing medium, and induc-
ing medium with caffeine, respectively. 
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tain growth and viability under stress conditions. In fact, seven 
of the X. campestris pv. vesicatoria effectors tested (XopB, 
XopC, XopE1, XopF2, XopX, AvrBsT, and AvrRxo1) inhib-
ited yeast growth in normal conditions, and seven additional 
effectors (XopD, XopE2, XopQ, ecf, AvrRxv, AvrBs1, and 
AvrBs3) inhibited yeast growth only in the presence of stress-
ors. Similarly, in a screen of Shigella effectors, 4 of the 18 
effectors tested (21%) inhibited yeast growth in normal condi-
tions, whereas 5 additional effectors showed a phenotype only 
in the presence of stressors, increasing to 50% the total propor-
tion of effectors that caused growth inhibition (Slagowski et al. 
2008). 

The employment of two genetically distinct yeast strains, 
BY4741 and W303, also contributed to the large spectrum of 
phenotypes observed in this study. In several instances, the 
severity of growth inhibition caused by effectors differed in the 
two strains and, in others, phenotypes were specific only to a 
certain strain. Genetic analysis estimated a 0.08% nucleotide 
divergence between the BY4741 and W303 strains, and revealed 
seven deletions of at least 500 bp in W303 compared with 
BY4741 (Schacherer et al. 2007). A known difference between 
the genetic backgrounds of W303 and BY4741 is a polymor-
phism at the SSD1 locus, which functions to promote cell-wall 
integrity (Kaeberlein and Guarente 2002). Because caffeine is 
known to cause cell-wall stress (Kuranda et al. 2006), poly-
morphism at the SSD1 locus could account for the higher num-
ber (12) of effectors that caused growth inhibition when ex-
pressed in W303 in the presence of caffeine compared with the 
number of effectors (nine) causing a phenotype in BY4741 
under the same conditions. In the presence of tunicamycin, 
more effectors inhibited growth in BY4741 (11) than in W303 
(eight). This result is unexpected because the W303 strain was 
previously reported to be more sensitive to tunicamycin than 
BY4741 (Dudgeon et al. 2008). The use of additional stressors 
and yeast strains with various genetic backgrounds may further 
enhance the severity of growth inhibition caused by X. cam-
pestris pv. vesicatoria effectors in yeast or assist in detecting 
new phenotypes. In addition, conditional sensitivity to particu-
lar stressors can provide clues as to the cellular pathways tar-
geted by the effector proteins. For example, sensitivity to tuni-
camycin can be due to targeting of the host secretory pathway 
(Back et al. 2005), whereas sensitivity to sorbitol and salt may 
suggests a perturbation of mitogen-activated protein kinase 
cascades, such as the high osmolarity growth pathway (Yoon 
et al. 2003). 

Further examination of the growth-inhibition phenotypes 
caused by AvrRxo1 and XopX revealed that these two effec-
tors arrest the yeast cell cycle at the G0/1 phase and cause loss 
of cell viability. Several type III effectors from bacterial patho-
gens of animals were previously shown to arrest the cell cycle. 
For example, the CopN effector of Chlamydia pneumoniae 
arrests the yeast cell cycle at the G2/M phase, presumably by 
causing alterations in the microtubule cytoskeleton (Huang et 
al. 2008). Similarly, a family of homologous proteins from 
human pathogens, including Escherichia coli and Yersinia, 
Photorabdus, and Bukholderia spp., arrest the host cell cycle 
at G2/M by using papain-like hydrolytic activity (Yao et al. 
2009). In yeast, hyperosmotic and oxidative stress or interfer-
ence with several signaling pathways, such as those regulated 
by the PKA, CDK, and TOR kinases, can result in arrest of the 
cell cycle at the G0/1 phase (Barbet et al. 1996; Mendenhall 
and Hodge 1998; Tokiwa et al. 1994). However, prolonged cell 
cycle arrest at the G0/1 phase does not necessarily lead to loss 
of cell viability (Gerald et al. 2002; Maayan and Engelberg 
2009). It remains to be determined which molecular processes 
are affected by AvrRxo1 and XopX expression in yeast and 
their corresponding targets in plants. 

The XopE1, XopF2, XopX, and AvrRxo1 effectors, which 
in normal conditions caused the most severe inhibition of yeast 
growth, caused phenotypes ranging from chlorosis to cell 
death when transiently expressed via Agrobacterium spp. in 
tomato and N. benthamiana leaves. These phenotypes can be 
ascribed either to the virulence activity of the effectors in plant 
cells or to their recognition by the plant surveillance system. 
The latter possibility is less likely for the cell death observed 
in tomato plants because the X. campestris pv. vesicatoria 85-
10 strain, from which the four effectors derive, is virulent in 
the tomato line used in our experiments, strongly supporting 
the notion that, in this plant, effectors of X. campestris pv. 
vesicatoria 85-10 are not efficiently recognized by any R pro-
tein. Yet, it is possible that, in the whole bacterial context, 
these effectors have a latent avirulence activity which is sup-
pressed by other effectors, as recently suggested for certain 
Ralstonia and Pseudomonas effectors (Wroblewski et al. 2009). 
Conversely, expression of the XopB effector, which inhibits 
yeast growth less severely than XopE1, XopF2, XopX, and 
AvrRxo1, caused cell death in N. benthamiana leaves but not 
in tomato, suggesting that this effector is specifically recog-
nized by an N. benthamiana R protein. Alternatively, XopB 
might affect a cellular target found in N. benthamiana but not 
in tomato. This is unlikely considering the fact that tomato but 
not N. benthamiana is a natural host of X. campestris pv. vesi-
catoria. 

Our results that Agrobacterium spp.-mediated expression of 
XopX in N. benthamiana leaves causes cell death is in appar-
ent contradiction with a previous report showing that Agrobac-
terium spp.-mediated expression of XopX from X. campestris 
pv. vesicatoria GM98, which is identical to that of the X. 
campestris pv. vesicatoria 85-10 strain, does not induce cell 
death unless it is expressed in the presence of X. campestris 
pv. vesicatoria xopX bacteria with an intact T3SS (Metz et al. 
2005). This and accompanying evidence described in the same 
report support the conclusion that XopX possesses virulence 
but not avirulence activity in N. benthamiana plants. The abil-
ity of our system to detect the virulence activity of XopX, 
when expressed alone in N. benthamiana plants, may be de-
rived from a difference in the constructs used for expression 
(e.g., different epitope tags) or in the infection efficiency of the 
employed Agrobacterium strains that may affect protein expres-
sion levels or stability. In addition, it is possible that, in our 
system, plant physiological responses are more readily activated. 
In support of this possibility, in our system, lower titers of X. 
campestris pv. vesicatoria bacteria are sufficient to induce cell 
death in N. benthamiana leaves compared with the titers re-
ported by Metz and associates (2005) (107 versus 4 × 108 
CFU/ml). 

Mutagenesis of putative catalytic residues (for XopC, XopE1, 
and XopE2) or myristoylation sites (for XopE1 and XopE2) and 
analysis of the ability of the derived mutants to inhibit yeast 
growth support the notion that yeast represent a suitable system 
to study molecular properties of X. campestris pv. vesicatoria 
effectors. A mutation at the aspartic acid putative catalytic resi-
due of XopE1 abolished the growth inhibition phenotype and 
cell death caused by expression of this effector in yeast and 
plants, respectively. It should be noted that, although XopE1 
Asp215 is a candidate catalytic residue, the increased expression 
level of the XopE1D215A that was observed in immunoblots could 
possibly suggest improper folding of the mutant protein. A mu-
tation at the XopE1 myristoylation site did not prevent the effec-
tor from inhibiting yeast growth nor, as reported by Thieme and 
associates (2007), did it impair XopE1-mediated cell death in 
plants. These results establish a correlation between the effect of 
mutations on the phenotypes caused by XopE1 in yeast and in 
plants. Interestingly, and in contrast to its homolog XopE1, a 
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mutation at the XopE2 myristoylation site but not at the aspartic 
acid putative catalytic residue compromised yeast growth inhibi-
tion caused by XopE2 in the presence of caffeine. This evidence, 
together with the requirement of caffeine to detect the effect on 
yeast growth of XopE2 but not of XopE1, strongly suggest that 
these two HopX family members have different modes of action 
in eukaryotic cells despite their high degree of homology. The 
inability of a XopC effector mutated at a putative catalytic resi-
due to inhibit yeast growth supports an important function for 
the HAD-like hydrolase domain of this protein. However, the 
catalytic activity of this domain and its relationship with a puta-
tive phosphorybosyl-transferase domain also present in XopC 
remain to be determined. 

Yeast phenotypes identified in this study, including growth 
inhibition caused by different effectors and cell cycle arrest 
caused by AvrRxo1 and XopX, will assist in the search for 
eukaryotic targets of X. campestris pv. vesicatoria effectors. 
Proteins that, upon overexpression, suppress phenotypes caused 
by effectors in yeast may represent either direct targets of the 
effectors or proteins that participate in cellular processes 
affected by the effector in question. Cell-death phenotypes 
induced in plants by various effectors, such as XopE1, XopF2, 
XopX, AvrRxo1, and XopB, will be used to verify putative tar-
gets by overexpression or silencing techniques. We expect that 
the use of yeast in the study of X. campestris pv. vesicatoria 
type III effectors will provide insight into effector functions 
and strategies of bacterial pathogenesis. 

MATERIALS AND METHODS 

Media and bacterial and yeast strains. 
Bacteria used in this study were E. coli DH12S, Agrobacte-

rium tumefaciens GV2260, X. campestris pv. vesicatoria race 
T1 strain 85-10, X. campestris pv. vesicatoria race T1 strain 
75-3, X. campestris pv. vesicatoria race T3 strain 97-2, and X. 
campestris pv. vesicatoria race P1 strain 116. E. coli and A. tu-
mefaciens bacteria were grown in Luria-Bertani broth (LB) 
(Sambrook et al. 1989) supplemented with the appropriate 
antibiotics at 37 and 28 C, respectively. The following antibi-
otics concentrations were used: ampicillin, 100 µg/ml; kana-
mycin, 50 µg/ml; and rifampicin, 100 µg/ml. X. campestris pv. 
vesicatoria strains were grown in nutrient yeast glycerol media 
(Daniels et al. 1984) supplemented with rifampicin at 100 µg/ml 
and 28 C. 

Yeast strains used for expression of X. campestris pv. vesi-
catoria type III effectors were BY4741 (MATa his3 1 leu2 0 
met15 0 ura3 0) and W303 (MATa, leu2-3,112 trp1-1 can1-
100 ura3-1 ade2-1 his3-11,15). Yeast were grown at 30 C in 
YPD medium (1% yeast extract, 2% peptone, 2% glucose) or 
in selective synthetic complete media (Salomon and Sessa 
2010) lacking leucine (–leu) to maintain the plasmid, and sup-
plemented with 2% glucose or 2% galactose and 1% raffinose 
as carbon sources. 

Plasmid constructions. 
All X. campestris pv. vesicatoria effector genes were PCR 

amplified using Ex-Taq DNA polymerase (Takara Bio, Madison, 
WI, U.S.A.) from X. campestris pv. vesicatoria race T1 strain 
85-10 genomic DNA, except for avrBsT, avrXv4, and avrBs3, 
which were amplified from X. campestris pv. vesicatoria race 
T1 strain 75-3, X. campestris pv. vesicatoria race T3 strain 97-2, 
and X. campestris pv. vesicatoria race P1 strain 116, respec-
tively. Sequences of oligonucleotides used for amplification of 
effectors are listed in Supplementary Table S1. Amplified effec-
tors were inserted in frame to a c-myc tag into the multiple clon-
ing site of the pGML10 yeast expression vector (RIKEN web-
site) under the control of a galactose-inducible promoter. 

Site-directed mutagenesis of xopE1, xopE2, and xopC was 
performed in pGML10 plasmids using the Quickchange kit 
(Stratagene, La Jolla, CA, U.S.A.) and the oligonucleotides 
listed in Supplementary Table S2. The presence of the desired 
mutations was confirmed by DNA sequencing. 

For expression in plants, the c-myc tagged X. campestris pv. 
vesicatoria effector genes xopB, xopE1, xopE1D215A, xopF2, 
xopX, and avrRxo1 were excised from the pGML10 vector and 
inserted at the multiple cloning site of the binary vector 
pBTEX under control of the CaMV 35S promoter (Frederick 
et al. 1998). 

Yeast growth inhibition assays. 
pGML10-based expression vectors carrying X. campestris 

pv. vesicatoria effectors were transformed into the Saccharo-
myces cerevisiae strains BY4741 and W303 by the lithium 
acetate transformation method (Gietz et al. 1992). Transformed 
yeast were plated onto selective synthetic complete –leu media 
(hereafter called selective media) supplemented with 2% glu-
cose. Growth-inhibition assays were performed as previously 
described (Salomon and Sessa 2010). In brief, yeast cultures 
were grown overnight at 30 C in liquid selective media con-
taining 2% glucose, washed, and normalized to an optical den-
sity at 600 nm (OD600) of 1.0. Each strain was 10-fold serially 
diluted four times and spotted (10 µl) onto repressing (2% glu-
cose) or inducing (2% galactose and 1% raffinose) solid selec-
tive media, or onto inducing media supplemented with caffeine 
(7 mM), sorbitol (1 M), sodium chloride (0.5 M) or tunicamy-
cin (0.12 µg/ml). Yeast were then incubated at 30 or 37 C for 2 
to 4 days. 

For yeast viability plating assays, strains carrying pGML10-
based expression vectors carrying X. campestris pv. vesicatoria 
effectors were grown overnight in selective media containing 
glucose (2%). Cultures were diluted to OD600 = 0.5 and allowed 
to recover in fresh repressing media for 2 h, prior to normaliza-
tion to OD600 = 0.2 and induction in media containing galactose 
(2%) and raffinose (1%). At different time points after induction, 
aliquots were removed, 10-fold serially diluted four times, and 
spotted (10 µl) onto selective repressing medium. Plates were 
incubated for 2 days at 30 C before colonies were counted. 

Yeast microscopy and DNA content analysis. 
To determine the morphology of yeast expressing X. cam-

pestris pv. vesicatoria effectors, cultures were grown overnight 
at 30 C in selective media containing 2% glucose. Cultures 
were then washed, diluted, and grown overnight at 30 C in 
selective media containing galactose (2%) and raffinose (1%). 
Induced cultures were briefly sonicated and visualized with a 
light Zeiss Axioskop 2 microscope (Zeiss AG, Oberkochen, 
Germany). Images were acquired using a ×40 objective and 
processed using the Axiovision software (Zeiss AG). 

DNA content of yeast cultures expressing X. campestris pv. 
vesicatoria effectors was determined by FACS analysis as pre-
viously described (Hutter and Eipel 1979). In brief, 1 to 2 × 
106 yeast cells grown in inducing media were collected and 
fixed by incubation in 70% ethanol for 1 h. Cells were then 
washed in 0.2 M Tris (pH 7.0) and 20 mM EDTA and treated 
with 0.1% RNAse A for 4 h at 37 C. For DNA staining, treated 
cells were washed in phosphate buffered saline (PBS; 137 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4, 
pH 7.4) and incubated overnight in PBS containing propidium 
iodide (50 µg/ml) at 4 C. On the next day, DNA content was 
determined by FACS analysis. 

Agrobacterium spp.-mediated transient expression assay. 
pBTEX plasmids either empty or carrying the X. campestris 

pv. vesicatoria effector genes xopB, xopE1, xopE1D215A, xopF2, 
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xopX, or avrRxo1 were transformed into A. tumefaciens 
GV2260 by electroporation. Transformed Agrobacterium 
strains were grown overnight at 28 C in LB with kanamycin at 
50 µg/ml and rifampicin at 100 µg/ml. Bacterial cultures were 
then diluted to an OD600 = 0.06 in infiltration medium (10 mM 
MES, 10 mM MgCl2, and 0.2 mM acetosyringone) and infil-
trated into leaves of 6- to 8-week-old N. benthamiana and to-
mato (Solanum lycopersicum) plants. The tomato line used in 
these experiments was Rio Grande PtoS (Pedley and Martin 
2003). Infiltrated areas were monitored over the next 7 days. 
For better visualization of cell death, detached tomato leaves 
were treated with a chlorophyll destaining solution (60% etha-
nol, 30% chloroform, and 10% acetic acid) and washed with a 
recovery solution (20% ethanol, 20% glycerol, and 5% acetic 
acid) before photographs were taken. 

Protein extracts and immunoblotting. 
To verify expression of X. campestris pv. vesicatoria effec-

tors in yeast, yeast cultures were grown and lysed as previ-
ously described (Salomon and Sessa 2010). Protein extracts 
were fractionated by sodium-dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and electroblotted onto nitro-
cellulose. Blots were probed with mouse anti-myc (clone 9E10) 
primary antibodies (1:1000; Santa Cruz Biotechnology, Santa 
Cruz, CA, U.S.A.) and horseradish peroxidase-conjugated goat 
anti-mouse secondary antibody (1:5000; Sigma Aldrich, St. 
Louis), and visualized by chemiluminescence (GE Healthcare, 
Little Chalfont, U.K.). 

To verify protein expression in plants, N. benthamiana leaf 
samples (four 1-cm2 disks) were collected 2 to 4 days after 
Agrobacterium spp. infiltration and frozen in liquid nitrogen. 
Proteins were extracted by grinding samples in 100 µl of ice-
cold PBS buffer supplemented with 6 M urea, 0.1% Triton-
X100, 1 mM phenylmethylsulfonyl fluoride, leupeptin at 1 
µg/ml, and aprotinin at 1 µg/ml. Samples were centrifuged and 
the supernatants were collected. Protein extracts were fraction-
ated by SDS-PAGE and electroblotted onto nitrocellulose. 
Blots were probed and visualized as described above. 
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