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Homologs of the Yersinia virulence factor YopJ are found
in both animal and plant bacterial pathogens, as well as in
plant symbionts. The conservation of this effector family
indicates that several pathogens may use YopJ-like proteins
to regulate bacteria—host interactions during infection. YopJ
and YopJ-like proteins share structural homology with
cysteine proteases and are hypothesized to functionally
mimic small ubiquitin-like modifier (SUMO) proteases in
eukaryotic cells. Strains of the phytopathogenic bacterium
Xanthomonas campestris pv. vesicatoria are known to pos-
sess four YopJ-like proteins, AvrXv4, AvrBsT, AvrRxv, and
XopJ. In this work, we have characterized AvrXv4 to de-
termine if AvrXv4 functions like a SUMO protease in
planta during Xanthomonas—plant interactions. We pro-
vide evidence that X. campestris pv. vesicatoria secretes and
translocates the AvrXv4 protein into plant cells during in-
fection in a type III-dependent manner. Once inside the
plant cell, AvrXv4 is localized to the plant cytoplasm. By
performing AvrXv4 deletion and mutational analysis, we
have identified amino acids required for type III delivery
and for host recognition. We show that AvrXv4 recognition
by resistant plants requires a functional protease catalytic
core, the domain that is conserved in all of the putative
YopJ-like cysteine proteases. We also show that AvrXv4
expression in planta leads to a reduction in SUMO-modi-
fied proteins, demonstrating that AvrXv4 possesses SUMO
isopeptidase activity. Overall, our studies reveal that the
YopJ-like effector AvrXv4 encodes a type III SUMO prote-
ase effector that is active in the cytoplasmic compartment
of plant cells.

Additional keywords: bacterial pathogenesis, type III secretion,
YopJ family.

Xanthomonas campestris pv. vesicatoria is the causal agent
of bacterial spot disease on pepper and tomato plants. X.
campestris pv. vesicatoria, like several phytopathogenic bacte-
ria, employs the type III secretion system (TTSS) during plant
infection to inject bacterial proteins into the plant host cell
(Bonas et al. 1991; Fenselau et al. 1992; Hueck 1998). Pro-
teins that traverse the type III pathway are commonly referred
to as type III “effector” proteins because they trigger changes
in plant physiology that lead to either plant pathogenesis or
plant resistance. A number of putative and confirmed type III
effectors have been identified in several plant-pathogenic bac-
teria (Buttner and Bonas 2002; Collmer et al. 2002; da Silva et
al. 2002; Greenberg and Vinatzer 2003; White et al. 2000).
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However, their precise roles in bacterial colonization, patho-
genesis, and the activation of plant defense are still largely
unknown.

Most of our knowledge concerning the action of type III
effectors in plant cells comes from the study of effectors cla-
ssified as avirulence (Avr) proteins (White et al. 2000). Avr
effector proteins are easily identified because they induce spe-
cific defense responses, including localized cell death or the
hypersensitive response (HR), in resistant plants. Disease resis-
tance (R) proteins in resistant plants have evolved to recognize
the bacterially injected Avr effector protein, either directly or
indirectly, inside the plant cell. Such recognition initiates a
defense signal transduction cascade during the early stages of
infection to prevent the growth and spread of the invading
pathogen (Dangl and Jones 2001). In contrast, susceptible
plants lack R proteins (or possess nonfunctional R proteins)
that recognize specific Avr effector proteins. Thus, in these
hosts, the invading bacterial pathogen will go unnoticed, mul-
tiply, and eventually elicit plant disease symptoms.

The fact that Avr effectors are maintained in most bacterial
populations suggests that these proteins play an important role
in planta during infection. Avr effectors have been shown to
elicit host-specific disease symptoms, to promote pathogen
growth, and to suppress host defenses (Abramovitch et al.
2003; Chang et al. 2000; Duan et al. 1999; Hauck et al. 2003;
Jackson et al. 1999; Reuber and Ausubel 1996; Ritter and
Dangl 1995; Tsiamis et al. 2000). Hence, some type III Avr
proteins actually function as virulence factors and contribute
to bacterial pathogenesis. The molecular basis for these Avr-
induced phenotypes has yet to be determined.

We are interested in elucidating the function of the YopJ
family of Avr effectors that are prevalent in X. campestris pv.
vesicatoria. YopJ is a type III effector protein that was origi-
nally identified in Yersinia pestis, the causal agent of the bu-
bonic plague (Orth 2002). X. campestris pv. vesicatoria strains
possess four YoplJ-like proteins, AvrXv4, AvrBsT, AvrRxv, and
XopJ (Astua-Monge et al. 2000; Ciesiolka et al. 1999; Noel et
al. 2001; Whalen et al. 1988). YoplJ-like proteins also are
found in plant and animal bacterial pathogens, as well as plant
symbionts, indicating that this effector class may play an
important role in several bacteria—host interactions. Using
structural prediction programs, YopJ and YopJ-like effectors
were shown to share secondary structure with the CE Clan of
cysteine proteases characterized by a cysteine nucleophile and
a catalytic core composed of three amino acid residues (his-
tidine, glutamic acid or aspartic acid, and cysteine). Within the
CE Clan, YopJ and Yopl-like effectors are assigned to the C55
peptidase family based on additional structural information
that distinguishes protease polypeptides. These analyses sug-
gest that these effectors function as cysteine proteases inside
host cells. Mutation of the putative catalytic core of YopJ and
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AvrBsT disrupted the action of each protein in their respective
host cells, supporting the hypothesis that YopJ and YopJ-like
effector proteins encode active cysteine proteases (Orth et al.
2000). Specifically, YopJ requires a functional protease cata-
Iytic core to inhibit MAPK and NF-kB signaling in animal
cells, whereas AvrBsT requires a functional protease catalytic
core to trigger defense responses in resistant plant cells (Orth
et al. 2000).

In addition, it was discovered that the YopJ effector family
shares limited structural similarity with the active site of the
yeast Ulpl protease, hinting that YopJ and YopJ-like effectors
may mimic Ulpl activity in eukaryotic cells (Orth et al. 2000).
Ulpl is a cysteine protease that cleaves isopeptide bonds that
link the highly conserved small ubiquitin-like modifier
(SUMO) to a number of regulatory proteins (Li and
Hochstrasser 1999). Ulpl functions as a SUMO protease by
catalyzing two critical reactions in the SUMO pathway. In the
first, Ulp1 functions as a peptidase and processes the invariant
C-terminal sequence (-GG XXX) of SUMO to its mature form
(-GG) so that the terminal glycine residue can be used as a
substrate to modify target proteins covalently (Melchoir 2000).
In the second, Ulpl functions as an isopeptidase. Ulpl re-
moves (or deconjugates) SUMO from its target protein by
cleaving the isopeptide bond that links the C-terminus of
SUMO to the e-amine of a lysine residue on the target protein
(Melchoir 2000). Considering the structural homology with
the Ulp1 protease, YopJ and Yopl-like effectors were predicted
to mimic host SUMO proteases and thereby disrupt host cell
signal transduction. Interestingly, the expression of YopJ in
animal cells inhibits the conjugation of SUMO to target pro-
teins (Orth et al. 2000). This revealed that the function of
YopJ, and possibly YopJ-like effectors, is to disrupt SUMO
post-translational modification in infected host cells.

In the course of our work, we found that X. campestris pv.
vesicatoria possesses a second cysteine protease family shar-
ing structural homology with Ulpl. This family now is re-
ferred to as the XopD effector family (Hotson et al. 2003;
Noel et al. 2002). In contrast to the YopJ-like effector family,
XopD shares striking sequence similarity with the catalytic
core of Ulpl. XopD and Ulpl both are classified as cysteine
proteases in the C48 protease family (Hotson et al. 2003). Bio-
chemical studies of XopD in vitro and in planta confirm that

avrXv4-HA

Xcc

Agro

Fig. 1. AvrXv4-dependent hypersensitive response cell death in Nicotiana
benthamiana leaves. Xanthomonas campestris pv. campestris (Xcc)
strains carrying the empty vector pDD62 or pDD62(avrXv4-HA) were
inoculated into leaves at 1 x 10° cells/ml. Agrobacterium tumefaciens
(Agro) strains carrying the empty vector pMDD1 or pMDD1(avrXv4-HA)
were inoculated into leaves at 6 x 108 cells/ml. Symptoms were recorded
24 to 48 h post inoculation; — = empty vector and + = avrXv4-HA gene.
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XopD encodes an active cysteine protease with plant-specific
SUMO substrate specificity. Moreover, XopD is translocated
to subnuclear foci in the plant nucleus during infection, sug-
gesting that XopD-specific SUMO substrates reside within the
plant cell nucleus (Hotson et al. 2003). These studies provide
direct evidence that XopD mimics endogenous plant SUMO
isopeptidases to interfere with SUMO protein conjugation dur-
ing X. campestris pv. vesicatoria infection.

The following question then arises: Why would pathogens
like X. campestris pv. vesicatoria use proteases to target the
SUMO pathway? SUMO is a member of a family of ubiqui-
tin-related proteins that are covalently attached to eukaryotic
proteins by a protein conjugation system that operates simi-
larly to the ubiquitin protein conjugation system (Kurepa et
al. 2003; Melchoir 2000). In contrast to ubiquitin, SUMO
post-translational modification stabilizes proteins and can
serve as an antagonist of ubiquitin (Desterro et al. 1998). Im-
portantly, SUMO and SUMO proteases dynamically and re-
versibly regulate protein function and thus control a number
of cellular processes. For example, SUMO modification con-
trols nuclear import, signal transduction, cell-cycle progres-
sion, and the stress response (Melchoir 2000). Pathogens that
disrupt or interfere with the regulation of protein SUMOyla-
tion may have an advantage over their host by affecting a
number of host cellular pathways during infection.

Herein, we have addressed the role of a YopJ-like effector in
X. campestris pv. vesicatoria—plant interactions. We explored
the possibility that AvrXv4 encodes an active SUMO protease
that is injected into plant cells during infection. We demon-
strated that AvrXv4 is secreted and translocated into plant cells
by the type III secretory pathway. In planta localization studies
revealed that, once inside the plant cell, the AvrXv4 protein is
excluded from the plant nucleus and accumulates in the plant
cytoplasm. Mutation of AvrXv4’s putative protease core resi-
dues resulted in a loss of AvrXv4-dependent HR in resistant
plant hosts, revealing that the conserved protease domain is
essential for the activation of host defenses. Purified AvrXv4
protein did not exhibit any detectable SUMO protease activity
in vitro. However, transient expression of the AvrXv4 protein
in Nicotiana benthamiana and pepper led to a loss of SUMOy-
lated proteins in planta. Thus, our studies show that the YopJ-
like effector AvrXv4 encodes a protease with SUMO substrate
specificity that is localized to the cytoplasmic compartment of
the plant cell.

RESULTS

N. benthamiana plants recognize AvrXv4 and elicit HR.
AvrXv4 is an avirulence protein in X. campestris pv. vesica-
toria strain 91-118 that induces an XV4-dependent HR in the
wild tomato relative Lycopersicon pennellii (Astua-Monge et
al. 2000). In contrast, L. esculentum plants are susceptible to
this infection and do not develop the HR (Astua-Monge et al.
2000). In the course of our studies, we found that an AvrXv4-
dependent HR also is elicited in N. benthamiana plants when
they are infected with Xanthomonas strains expressing
untagged AvrXv4 (data not shown) and HA-tagged AvrXv4-
HA (Fig. 1). X. campestris pv. campestris strain 8004 was used
to infect N. benthamiana because it does not elicit a HR,
whereas X. campestris pv. vesicatoria 91-118 elicits a HR trig-
gered by an unknown effector protein (data not shown). The
phenotype and timing for the X. campestris pv. campestris
AvrXv4-dependent HR in N. benthamiana was similar to that
observed for the X. campestris pv. vesicatoria 91-118 AvrXv4-
dependent HR in L. pennellii (data not shown). This indicates
that the disease resistance pathway required for the specific
recognition of AvrXv4 and the subsequent activation of HR



also is present in N. benthamiana. We also found that transient
expression of AvrXv4 in N. benthamiana produced a stronger
and more reliable HR phenotype than that observed in L. pen-
nellii. Thus, we used N. benthamiana plants to examine the
phenotype of all AvrXv4 wild-type and mutant proteins con-
structed in this work.

AvrXv4 expression in planta induces HR.

First, we determined whether the expression of the AvrXv4
protein inside plant cells is sufficient to elicit the HR. We ex-
pressed AvrXv4 in N. benthamiana using the Agrobacterium-
mediated transient expression assay (Scofield et al. 1996; Tang
et al. 1996). Transient expression of AvrXv4 induced a HR in
N. benthamiana 24 to 48 h postinoculation (Fig. 1). This dem-
onstrates that the AvrXv4 protein is sufficient for the activation
of disease resistance-mediated cell death and that recognition
of AvrXv4 occurs inside plant cells. Furthermore, this data
suggests that AvrXv4 is an effector protein that is injected into
the plant cell by X. campestris pv. vesicatoria, presumably by
the TTSS.

Type I1I-dependent secretion and translocation
of AvrXv4 from X. campestris pv. vesicatoria.

To ascertain if X. campestris pv. vesicatoria translocates
AvrXv4 via the hrp-encoded TTSS into plant cells during
infection, we employed the calmodulin-dependent adenylate
cyclase domain (Cya) of Bordetella pertussis cyclolysin as a
sensitive reporter protein (Sory and Cornelis 1994). We con-
structed a translational C-terminal fusion of the Cya reporter
to the mature AvrXv4 protein (359 amino acids [aa]) (AvrXv4-
Cya) and to the first 100 aa residues of AvrXv4 (AvrXv4_j-
Cya). Cya enzymatic activity requires eukaryotic calmodulin
for the production of cAMP. Therefore, the Cya reporter pro-
tein produced in the bacterium must be translocated into the
eukaryotic cell to be activated. If the AvrXv4-Cya fusion pro-
tein contains a type III-dependent secretion and translocation
signal, then the bacterium will inject the reporter protein into
the host cell by the TTSS and cAMP levels in planta will
increase concomitantly during the course of the bacterial
infection.

To study AvrXv4 secretion and translocation, we used the
Cya reporter assay conditions that previously were optimized
for the study of X. campestris pv. vesicatoria type 11I-depend-
ent protein trafficking in pepper cells (Casper-Lindley et al.
2002; Hotson et al. 2003). The following X. campestris pv.
vesicatoria strains were used for secretion experiments and
plant infections: i) strain 85%, ii) strain 85*% AhrcV, and iii)
strain 85* AhrpF. X. campestris pv. vesicatoria strain 85* con-
stitutively expresses the Arp genes encoding the TTSS due to a

Cya fusion: AvrXv4,,, AvrXv4

secretion: WT AV AF WT AV AF

C———
cell lysate
N — —
culture fluid
| —

Fig. 2. Type III secretion of AvrXv4, 0-Cya and AvrXv4-Cya fusion
proteins from Xanthomonas campestris pv. vesicatoria. Immunoblot
analysis of cellular lysate and culture fluid isolated from X. campestris pv.
vesicatoria strains 85% expressing AvrXv4; 9p-Cya and AvrXv4-Cya
fusion proteins from the pVSP61 vector. Fusion proteins were detected
using the calmodulin-dependent adenylate cyclase domain (Cya) antisera
at a 1:1000 dilution. WT = wild type, AV = hrcV secretion mutant, AF =
hrpF translocation mutant.

mutation in the regulatory gene hrpG (Wengelnik et al. 1999).
Importantly, 85* secretes more protein than wild-type strain,
enabling the easy detection of protein in bacterial culture flu-
ids and infected plant tissue. X. campestris pv. vesicatoria
strain 85% AhrcV is a TTSS secretion-deficient strain (Rossier
et al. 1999) and strain 85* AhrpF is a TTSS translocation-defi-
cient strain (Buttner et al. 2002; Casper-Lindley et al. 2002).
We used pepper as the plant host instead of N. benthamiana
because pepper does not recognize AvrXv4 (data not shown),
and, like tomato, it is a natural host for X. campestris pv. vesi-
catoria. We were particularly interested in studying AvrXv4
type III secretion and translocation in a susceptible X. campes-
tris pv. vesicatoria—plant interaction.

We first checked whether the mature AvrXv4-Cya fusion
protein exhibited an AvrXv4-dependent HR in resistant N.
benthamiana plants. AvrXv4-Cya, expressed by Xanthomonas
or Agrobacterium tumefaciens, elicited an HR in N. bentha-
miana, indicating that the Cya reporter protein was not inter-
fering with AvrXv4 delivery or recognition in planta (data not
shown). We next addressed whether X. campestris pv. vesica-
toria secretes the Cya fusion proteins via the TTSS system.
Cell lysate and culture fluid fractions were isolated from X.
campestris pv. vesicatoria 85*%, 85* AhrcV, and 85* AhrpF
expressing either AvrXv4, jo-Cya or AvrXv4-Cya in pH 5.4
secretion media (Rossier et al. 1999). Immunoblot analysis
shows that AvrXv4, 4-Cya and AvrXv4-Cya are present in
cellular lysate from X. campestris pv. vesicatoria 85%, 85%*
AhrcV, and 85*% AhrpF (Fig. 2). Only the secretion competent
strains, 85* and 85* AhrpF, released the respective Cya fusion
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Fig. 3. Calmodulin-dependent adenylate cyclase (Cya) activity of
AvrXv4_p-Cya and AvrXv4-Cya fusion proteins expressed in vitro and
in planta. A, Endogenous in vitro Cya enzymatic activity in bacterial
extracts in the absence (black bars) and presence (striped bars) of added
calmodulin. The following Xanthomonas campestris pv. vesicatoria
strains were analyzed: 85% AvrXv4,_joo-Cya, 85* AhrpF AvrXv4, ,00-Cya,
85% AvrXv4 359-Cya, 85* AhrpF AvrXv4,.359-Cya, 85* empty vector, and
85% AhrpF empty vector. B, In planta Cya enzymatic activity in X.
campestris pv. vesicatoria-infected pepper leaves at 0 (black bars), 8
(white bars), and 16 (striped bars) h post inoculation (HPI). Leaves were
infected with the same X. campestris pv. vesicatoria strains described in
A. Each value is an average of three independent measurements of cAMP.
Data represents the mean Cya activity measured as nmol of cAMP per mg
of total protein + sample standard deviation.
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protein into the culture fluid (Fig. 2). We confirmed that the
proteins present in the culture fluid were not the result of X.
campestris pv. vesicatoria cell lysis by repeating the im-
munoblot analysis using antisera for NPTII, a cytoplasmic
protein encoded by the plasmid pDD62 in each strain. NPTII
protein was detected only in the bacterial cell lysate and not
the culture fluid fractions (data not shown). This data reveals
that AvrXv4 is secreted by the hrp-encoded TTSS in X.
campestris pv. vesicatoria and that the first 100 aa of AvrXv4
are sufficient for the in vitro secretion of the Cya reporter pro-
tein. Importantly, this data shows that the Cya reporter does
not impair AvrXv4 or AvrXv4,_jo secretion in vitro.

Protein extracts then were isolated from X. campestris pv.
vesicatoria 85% and 85* AhrpF expressing AvrXv4 p-Cya
and AvrXv4-Cya protein in liquid culture to test for endoge-
nous Cya enzyme activity. Neither Cya fusion protein pos-
sessed endogenous Cya enzyme activity, as expected (Fig.
3A). However, Cya enzyme activity could be reconstituted
when calmodulin was added to the bacterial protein extract
(Fig. 3A), demonstrating that each chimeric Cya fusion pro-
tein encodes a functional cyclase. To study AvrXv4-specific
translocation in planta, the same strains were inoculated into
pepper leaves. Leaf tissue was collected at 8 and 16 h
postinoculation. Tissue then was analyzed for Cya activity by
measuring the production of cAMP. Pepper leaves infected
with X. campestris pv. vesicatoria 85* expressing either the
AvrXv4, 10-Cya or the AvrXv4-Cya fusion protein accumu-
lated cAMP in a hrpF- and time-dependent manner (Fig. 3B).
This data shows that X. campestris pv. vesicatoria secretes
AvrXv4 via the Hrp TTSS and translocates it directly through
the cell wall into the interior of the plant cell. Furthermore, the
N-terminal 100 aa of AvrXv4 are sufficient to target the type
ITI-dependent secretion and translocation of the Cya reporter
to plant cells.

Identification of AvrXv4’s in planta effector domain
by deletion analysis.

We next performed mutagenesis of AvrXv4 to determine the
peptide domain that is required for AvrXv4-dependent HR in
N. benthamiana plants. AvrXv4 N-terminal deletions were con-
structed by introducing the avrXv4 promoter and start ATG
before AvrXv4-HA codon 20, 40, 60, 80, and 94, creating
AVrXV420_359-HA, AVI'XV440_359-HA, AVrXV4()0_359-HA,
AvrXvdgy 3so-HA, and AvrXv4e, 350-HA, respectively (Table 1).
X. campestris pv. campestris expressed all of the expected N-
terminal deleted AvrXv4 polypeptides, except for AvrXv4,,
350-HA (Table 1). When the same strains were hand inoculated

into N. benthamiana leaves, only X. campestris pv. campestris,
expressing the full-length AvrXv4-HA polypeptide, induced an
AvrXv4-dependent HR (Table 1). None of the N-terminally
deleted polypeptides elicited an HR in N. benthamiana be-
cause the polypeptides lacked the N-terminal amino acids that
compose the type III signal sequence (Figs. 2 and 3B). There-
fore, X. campestris pv. campestris expressed the truncated forms
of AvrXv4 but could not inject them into N. benthamiana.

To directly test if the N-terminal amino acids of AvrXv4 are
required for AvrXv4 recognition in planta, AvrXv4yy3so-HA,
AVrXV440_359-HA, AVrXV4()0_359-HA, AVrXV430_359-HA, and
AvrXvde, 350-HA were transiently expressed in planta using the
Agrobacterium-mediated expression assay. An AvrXv4-
dependent HR was induced only by wild-type AvrXv4-HA and
AvrXvd,g 350-HA (Table 1). Considering that AvrXv4,gss0-HA
was not expressed, it remains to be determined if amino acids
20 to 39 are required for AvrXv4 recognition in planta.
Overall, these data show that the first 19 aa are dispensable for
AvrXv4 recognition in planta, yet are critical for delivery into
the host cell.

AvrXv4 putative protease domain is required
for HR induction.

We next investigated the possibility that AvrXv4 may also
function as a cysteine protease in planta during X. campestris
pv. vesicatoria pathogenesis. The putative catalytic triad of
AvrXv4 consists of histidine 155, glutamic acid 175, and cys-
teine 219. We independently mutagenized each of these residues
to alanine (H155A, E175A, or C219A, respectively) and then
examined each protein for AvrXv4-dependent HR induction in
N. benthamiana. Alanine mutations were introduced into
untagged AvrXv4 and tagged AvrXv4-HA proteins. Similar phe-
notypes were observed for untagged (data not shown) and
tagged mutant AvrXv4 proteins (Fig. 4A; Table 1). Importantly,
the HA epitope did not alter the AvrXv4 HR phenotype in
leaves (Fig. 4A). Mutation of the conserved histidine (H155A)
or cysteine (C219A) in AvrXv4 completely abolished the ability
of X. campestris pv. campestris to elicit an HR in N. ben-
thamiana (Fig. 4A; Table 1). However, mutation of the
conserved glutamic acid (E175A) in AvrXv4 only partially
reduced AvrXv4 HR induction in planta. We verified that each
AvrXv4 mutant protein was stably expressed (Fig. 4B) and
secreted (Fig. 4C) from X. campestris pv. vesicatoria in a type
III-dependent manner. We also confirmed that the proteins
present in the culture fluid were not the result of X. campestris
pv. vesicatoria cell lysis by repeating the immunoblot analysis
using antisera for NPTII, a cytoplasmic protein encoded by the

Table 1. Phenotypes of AvrXv4 polypeptides expressed by Xanthomonas campestris pv. vesicatoria and by Agrobacterium-mediated transformation in

Nicotiana benthamiana leaves®

X. campestris pv. campestris expression

A. tumefaciens expression in planta

X. campestris pv. vesicatoria 85*

AvrXv4 protein® Phenotype Protein Phenotype Protein Secretion
Mature protein
1-359 HR Yes HR Yes Yes
1-359-HA HR Yes HR Yes Yes
N-terminal deletions
20-359-HA NS Yes HR Yes NT
40-359-HA NS No NS No NT
60-359-HA NS Yes NS Yes NT
80-359-HA NS Yes NS Yes NT
94-359-HA NS Yes NS Yes NT
Catalytic core mutants
1-359-HA (H155A) NS Yes NS Yes Yes
1-359-HA (E175A) w-HR Yes w-HR Yes Yes
1-359-HA (C219A) NS Yes NS Yes Yes

2 HR = hypersensitive response, w-HR = weak HR activity, NS = no symptoms, and NT = not tested.
b Codon numbering is based on the first methionine for the predicted protein (Astua-Monge et al. 2000).
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plasmid pDD62 in each strain. NPTII protein was detected only
in the bacterial cell lysate and not the culture fluid fractions
(data not shown). Similar phenotypes were observed for each
AvrXv4 catalytic core mutant when the respective mutant
protein was transiently expressed in N. benthamiana using the
Agrobacterium-mediated expression assay (Table 1). Thus, the
mutant phenotypes observed in planta are due to a loss of
AvrXv4 function or recognition and not due to impairment in
the secretion of the protein from the bacterium. These data show
that AvrXv4 requires a functional protease catalytic core to elicit
AvrXv4-dependent responses in planta.

AvrXv4 SUMO isopeptidase activity.

Our mutational analysis of the AvrXv4 putative catalytic do-
main supports the hypothesis that AvrXv4 may function as a
cysteine protease in plant cells (Fig. 4; Table 1). To determine if
AvrXv4 encodes an active cysteine protease with SUMO sub-
strate specificity, we first purified AvrXv4 as a GST-fusion pro-
tein from Escherichia coli and incubated it with a tomato
SUMO substrate (data not shown). GST-AvrXv4 was unable to
cleave the tomato SUMO substrate, indicating that the purified
protein did not have SUMO protease activity in vitro (data not
shown). Next, we assessed whether or not plant proteins conju-
gated with tomato SUMO were substrates for AvrXv4 in planta.
Wild-type AvrXv4-HA and mutant AvrXv4-HA C219A were
coexpressed with tomato HA-SUMO in N. benthamiana and
pepper leaves using the Agrobacterium-mediated transient ex-
pression assay. As a control, we included the characterized X.
campestris pv. vesicatoria SUMO protease XopD-HA in our
analysis (Hotson et al. 2003). Infected N. benthamiana and pep-
per tissue was collected 24 and 48 h postinoculation, respec-
tively. Total protein was extracted from the infected leaves and
then AvrXv4-HA, XopD-HA, HA-SUMO, and HA-SUMO pro-
tein conjugates were analyzed by immunoblot analysis.

Transient expression of HA-SUMO, AvrXv4-HA, AvrXv4-
HA C219A, XopD-HA, and XopD-HA C470A in N. bentha-
miana led to the accumulation of the respective proteins (Fig.
5A, lanes 1 to 5) as well as high molecular weight SUMO pro-
tein conjugates (lane 1). Coexpression of wild-type AvrXv4-
HA and HA-SUMO in N. benthamiana caused a reduction in
the level of HA-SUMO-protein conjugates (Fig. 5A, lane 6).
Coexpression of the mutant AvrXv4-HA C219A and HA-
SUMO did not alter HA-SUMO-protein conjugates (Fig. 5A,
lane 7). Similar results were observed with the control XopD
SUMO protease (Hotson et al. 2003) (Fig. 5A, lanes 8 and 9).
It is important to note that samples were obtained prior to the
induction of the HR triggered by AvrXv4 in N. benthamiana.
Typically, HR symptoms are observed 28 to 48 h postinocula-
tion. To confirm that the loss of SUMO substrates in N. ben-
thamiana was due to AvrXv4 proteolysis and not to the activa-
tion of HR defenses, we performed analogous experiments
with AvrXv4 in pepper. The AvrXv4 effector does not elicit an
HR in pepper (data not shown). Again, we observed that only
the wild-type AvrXv4-HA protein prevented the accumulation
of SUMO-modified proteins in pepper (Fig. 5B, lanes 4 and
5). Collectively, these studies demonstrate that AvrXv4 pos-
sesses SUMO isopeptidase enzymatic activity in planta. More-
over, the fact that we were able to detect AvrXv4 protease
activity only in vivo suggests that the enzyme may be acti-
vated within the host plant.

Localization of AvrXv4 protein in planta.

To further characterize the role of the putative AvrXv4 pro-
tease in planta, we examined its intracellular location in N.
benthamiana. Related cysteine proteases in the C48 peptidase
family are known to localize to distinct, subcellular sites, im-
posing a constraint on their enzymatic activity. For example,

the X. campestris pv. vesicatoria XopD protease is localized to
subnuclear foci within the plant nucleus (Hotson et al. 2003)
and the yeast Ulpl protease is localized to the yeast nuclear
pore complex (Li and Hochstrasser 2003). The subcellular lo-
calization of X. campestris pv. vesicatoria cysteine proteases
in the C55 peptidase family, including AvrXv4, has not yet
been explored. However, a Yopl-like protein in Ralstonia
solanacearum, PopP2, is localized to the plant nucleus follow-
ing transient expression in Arabidopsis thaliana protoplasts
(Deslandes et al. 2003).

PSORT analysis of AvrXv4’s amino acid sequence indicates
that this protein contains three potential nuclear targeting mo-
tifs at amino acid position 52 (RPRR), 53 (PRRK), and 256
(RHRK). This analysis suggests that AvrXv4 may also be tar-
geted to the plant nucleus during X. campestris pv. vesicatoria
infection. To localize AvrXv4 in plant cells, we constructed an
enhanced yellow fluorescent protein (EYFP)-tagged AvrXv4
fusion protein, EYFP-AvrXv4, and expressed it in N. bentha-
miana using the constitutive CaMV 35S promoter and the
Agrobacterium-mediated transient expression assay. Protein
expression in the infected plant leaves was confirmed by
immunoblot analysis with green fluorescent protein (GFP)
antisera (data not shown). The same tissue was analyzed
directly using epifluorescence light microscopy.

EYFP-AvrXv4 protein was localized predominately to the
cytoplasm of N. benthamiana cells (Fig. 6A). In contrast, the
EYFP control protein was distributed equally between the
cytoplasm and the nucleus (Fig. 6B), whereas the EYFP-XopD
control protein was localized specifically to distinct foci
within the plant nucleus (Fig. 6C). The EYFP-AvrXv4 fusion
encodes a 68-kDa polypeptide. Although this fusion protein
potentially could move into the nucleus by passive protein dif-
fusion, nuclear localization of EYFP-AvrXv4 never was ob-
served. This suggests that AvrXv4 is not localized to the plant
nucleus and that its site of action is likely the plant cytoplasm.

Growth
of X. campestris pv. vesicatoria AvrXv4 mutant strain.

We next determined whether the AvrXv4 effector contrib-
utes to the growth of X. campestris pv. vesicatoria in suscepti-
ble L. esculentum plants. Tomato VF36 leaves were inoculated
with wild-type X. campestris pv. vesicatoria 91-118 (avrXv4+)
and mutant X. campestris pv. vesicatoria 91-118 (avrXv4-)
suspensions at 1 x 10° cells/ml and then sampled for bacteria
up to 12 days postinoculation. Consistently, we observed that
the mutant X. campestris pv. vesicatoria avrXv4— strain exhib-
ited slightly reduced growth compared with the wild-type X.
campestris pv. vesicatoria avrXv4+ strain (Fig. 7). Similar re-
sults were observed in three independent plant growth studies.
This analysis indicates that the AvrXv4 protein plays a minor
role in X. campestris pv. vesicatoria virulence during plant
pathogenesis. X. campestris pv. vesicatoria 91-118 contains at
least one other YopJ-like effector, AvrBsT. Thus, AvrBsT may
compensate for the loss of AvrXv4 function in the mutant X.
campestris pv. vesicatoria avrXv4- strain. Analysis of X.
campestris pv. vesicatoria strains mutant for all existing YopJ-
like proteins will be necessary to carefully determine if this
class of type III effectors plays a significant role in X. campes-
tris pv. vesicatoria pathogenesis.

DISCUSSION

We have described the molecular characterization of the X.
campestris pv. vesicatoria AvrXv4 effector protein. We show
that AvrXv4 is a bona fide type III effector protein that is se-
creted and translocated to the plant cell following X. campes-
tris pv. vesicatoria infection. Importantly, we have shown that
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AvrXv4 mimics plant isopeptidases and reduces SUMO-pro-
tein conjugates in planta. Moreover, we have shown that
AvrXv4, like AvrBsT (Orth et al. 2000), requires the func-
tional protease catalytic core to elicit a defense response in
resistant N. benthamiana plants. This suggests that the resis-
tance machinery either recognizes a structural component of
the AvrXv4 protein or the product or products generated by
AvrXv4 proteolysis within infected plant cells. AvrXv4 cata-
Iytic core mutants are unable to trigger an HR; therefore, we
favor the hypothesis that inappropriate cleavage of several
SUMOylated plant substrates by AvrXv4 may be the signal in
the plant cell that triggers the activation of an AvrXv4-depend-

ent plant disease resistance response. Currently, we do not
know the identity of the plant substrates that are attacked by
this bacterial protease. Thus, we do not know if the pathogen
is disrupting general plant signal transduction or directly inter-
fering with defense signal transduction, possibly regulated by
SUMO. The future isolation of AvrXv4 plant substrates should
reconcile this issue.

By examining the subcellular localization of AvrXv4 in
plant cells, we found that the AvrXv4 protease appears to be
restricted to the plant cytoplasm. Conversely, the X. campestris
pv. vesicatoria XopD protease is preferentially targeted to
plant subnuclear foci (Hotson et al. 2003). Thus, X. campestris
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—— —— —
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AvrXv4-HA: WT H155A C219A E175A
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Fig. 4. Mutation of the predicted catalytic core residues in AvrXv4 inhibits AvrXv4-dependent hypersensitive response induction in Nicotiana benthamiana.
A, Phenotype of AvrXv4 catalytic core mutants in leaves. Xanthomonas campestris pv. campestris strains expressing empty vector, AvrXv4, AvrXv4-HA,
AvrXv4-HA HI155A (H155A), AvrXv4-HA C219A (C219A), and AvrXv4-HA E175A (E175A) from the vector pDD62 were inoculated into leaves at 1 x
10° cells/ml. Symptoms were recorded 48 h post inoculation. B, Expression of AvrXv4 wild-type and mutant proteins in X. campestris pv. campestris.
Immunoblot analysis of total protein extracts isolated from X. campestris pv. campestris strains described in A. HA antisera was used at a 1:1000 dilution.
C, Type III secretion of AvrXv4 wild-type and mutant proteins from X. campestris pv. vesicatoria 85*. Immunoblot analysis of cellular lysate and culture
fluid isolated from X. campestris pv. vesicatoria 85* strains expressing proteins described in A. WT = wild type, AV = hrcV secretion mutant, AF = hrpF
translocation mutant. HA antisera was used at a 1:1000 dilution.
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Fig. 5. AvrXv4 and XopD-dependent SUMO isopeptidase activity in planta. Leaves were inoculated with single Agrobacterium tumefaciens strains at 6 x
10® cells/ml. For co-inoculations, strains were mixed equally and injected into the leaf at a final density of 1.2 x 10° cells/ml. Total protein was extracted
from Nicotiana benthamiana leaves and pepper leaves at 24 and 48 h post inoculation, respectively, and was analyzed by immunoblot analysis using HA
antisera at a 1:1000 dilution. A, N. benthamiana leaves expressing HA-SUMO (lane 1), AvrXv4-HA (lane 2), AvrXv4-HA C219A (lane 3), XopD-HA (lane
4), or XopD-HA C470A (lane 5). HA-SUMO was co-inoculated with AvrXv4-HA (lane 6), AvrXv4-HA C219A (lane 7), XopD-HA (lane 8), or XopD-HA
C470A (lane 9). B, Pepper leaves expressing HA-SUMO (lane 1), AvrXv4-HA (lane 2), and AvrXv4-HA C219A (lane 3). HA-SUMO was co-inoculated
with AvrXv4-HA (lane 4) or AvrXv4-HA C219A (lane 5).
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pv. vesicatoria appears to send pathogen-derived SUMO pro-
teases to at least two compartments in the plant cell. This
implies that the subcellular localization of X. campestris pv.
vesicatoria proteases may regulate SUMO protease substrate
specificity. Such constraints on SUMO isopeptidase specificity
have been reported for the yeast Ulpl SUMO protease (Li and
Hochstrasser 2003). Ulpl contains an N-terminal regulatory
domain that targets the enzyme to the nuclear envelope and
restricts Ulpl activity toward particular SUMO substrates. Re-
moval of the N-terminal regulatory domain enables Ulpl to
cleave a subset of the divergent Ulp2 isopeptidase’s substrates
and to suppress defects of cells lacking Ulp2 activity. Further
characterization of SUMO proteases in the YopJ-like and
XopD families should reveal how the protease compartmen-
talization within plant cells influences enzyme substrate speci-
ficity and how each enzyme distinctly affects plant physiology
during Xanthomonas pathogenesis.

In contrast to what is known in yeast and animal cells
(Melchoir 2000), little is known about the SUMO conjugation
pathway or the identity of its target proteins in plant cells.
However, a recent report confirms that the SUMO modifica-
tion system is present in a number of plants (Kurepa et al.
2003). The initial characterization of the SUMO pathway in
Arabidopsis thaliana shows that the SUMO conjugation sys-
tem is more complex than any other system characterized to
date. A. thaliana is predicted to use at least 9 SUMOs and 12
SUMO proteases, revealing that SUMOylation and deSUMOy-
lation of proteins are pivotal regulatory steps in protein signal
transduction in plants (Kurepa et al. 2003). A diverse array of

Fig. 6. Subcellular localization of AvrXv4 and XopD transiently
expressed in planta. Nicotiana benthamiana leaves were inoculated with a
suspension (6 x 108 cells/ml) of Agrobacterium tumefaciens expressing A,
enhanced yellow fluorescent protein (EYFP)-AvrXv4, B, EYFP, and C,
EYFP-XopD. Epidermal cells in infected leaves were visualized live 24 to
48 h post inoculation by epifluorescence light microscopy at x10 (left
column) and x40 (right column). Scale bar equals 10 um.

10X

SUMO protein conjugates exists in planta and some of these
are SUMO-isoform specific (Hotson et al. 2003; Kurepa et al.
2003; Lois et al. 2003; Murtas et al. 2003). Moreover, the
array of SUMOylated proteins in planta significantly increases
in response to plant stress (e.g., heat shock, H,0,, and ethanol)
and SUMO modification is readily reversible (Kurepa et al.
2003). SUMO and SUMO modification also have been shown
to play an important role in abscisic acid signaling and the
regulation of flowering time in A. thaliana (Lois et al. 2003;
Murtas et al. 2003). These data indicate that the SUMO path-
way may play a regulatory role in many plant responses
involving stress, hormones, and development. Currently, noth-
ing is known about the direct effect of pathogen stress on the
SUMO pathway in plants or animals. However, SUMO has
been shown to interact with fungal elicitors that induce plant
defense responses (Hanania et al. 1999), supporting our hy-
pothesis that the SUMO conjugation system may be a key tar-
get for some plant pathogens. Furthermore, the large number
of SUMO proteases present in A. thaliana (Kurepa et al. 2003)
argues that deSUMOylation may be a critical step in SUMO
function and regulation in plants.

It is not yet known how plants specifically recognize X.
campestris pv. vesicatoria Yopl-like effectors during infection;
however, resistance to AvrXv4 and AvrBsT has been identi-
fied. The wild tomato relative L. pennellii is resistant to strains
of X. campestris pv. vesicatoria expressing AvrXv4 (Astua-
Monge et al. 2000). Genetic segregation of AvrXv4-dependent
disease resistance revealed that a single dominant gene con-
trols the inheritance of this trait. In addition, resistance to X.
campestris pv. campestris strains expressing AvrBsT has been
identified in A. thaliana (M. B. Mudgett, unpublished).
AvrBsT-dependent resistance is conferred by a single recessive
gene. We await the cloning of these resistance genes to deter-
mine the nature and diversity of disease resistance proteins or
signaling components that protect different plant hosts from
bacterial SUMO proteases.

In contrast, more is known about how plants recognize R.
solanacearum YopJ-like effectors. Recently, Deslandes and
associates (2003) showed that the R. solanacearum YopJ-like
effector, PopP2, physically interacts with the RRS1 disease
resistance protein from A. thaliana. RRS1 is an atypical reces-
sive plant-resistance protein whose structure contains the con-
served TIR-NBS-LRR domains found in several dominant
resistance proteins and a WRKY domain characteristic of plant
transcription factors. Interestingly, when the bacterial effector
PopP2 is present in the plant cell, RRS1 moves to the nucleus
and colocalizes with PopP2. In the absence of PopP2, RRS1
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Fig. 7. Growth of AvrXv4 wild-type and mutant Xanthomonas campestris
pv. vesicatoria strains in tomato. Plants were hand inoculated with a
suspension (1 x 10° cells/ml) of wild-type X. campestris pv. vesicatoria
91-118 (open triangle) and mutant X. campestris pv. vesicatoria 91-118
avrXv4— (open circle) cells. Data points represent the mean log;, bacterial
cells/cm? of leaf tissue + sample standard deviation.

Vol. 17, No. 6, 2004 / 639



remains in the plant cytoplasm (Deslandes et al. 2003). Curi-
ously, both the susceptible and resistant alleles of RRS1 were
able to interact and colocalize with PopP2. This suggests that
the susceptible RRS1 protein may compete with the resistant
RRSI1 protein for binding to PopP2. It remains to be deter-
mined where RRS1 proteins interact with PopP2 in the plant
cell and how such interactions control nuclear trafficking and
the activation of plant disease resistance signaling. The local-
ization of PopP2 (Deslandes et al. 2003) and XopD (Hotson et
al. 2003) to the plant nucleus and AvrXv4 to the plant cyto-
plasm suggests that resistance proteins may have evolved to
recognize bacterial SUMO proteases in distinct cellular com-
partments. Determining whether PopP2 also encodes a SUMO
protease and if proteolysis is linked to plant defense may shed
light on the molecular basis of PopP2 resistance, as well as
XopD and Yopl-like resistance, in plants.

In conclusion, we are only just beginning to understand how
X. campestris pv. vesicatoria use type Il effector proteins dur-

Table 2. Bacterial strains and plasmids used in this study

ing plant infection. The discovery that AvrXv4 and XopD dis-
rupt SUMOylation in plants reveals a novel mechanism used
by bacterial pathogens to modulate eukaryotic signal transduc-
tion pathways during infection. The abundance of YopJ-like
and XopD effectors in X. campestris pv. vesicatoria suggests
that these proteases play an important, possibly redundant,
role in bacteria—plant interactions. Progress in identifying spe-
cific SUMO-protein substrates in plant cells will be essential
to fully understand how and why pathogens like X. campestris
pv. vesicatoria use SUMO protease effectors to manipulate
plant signaling pathways that are regulated by SUMO.

MATERIALS AND METHODS

Bacterial strains, growth, and matings.

Bacterial strains used in this study are described in Table 2. E.
coli and Agrobacterium tumefaciens strains were grown in
Luria-Bertani medium (Sambrook et al. 1989) at 37 and 28°C,

Strain or plasmid

Relevant characteristics® References

Bacteria
Xanthomonas campestris pv. vesicatoria
Wild-type strain

85-10 Rif"
91-118 avrXv4+, Rif"
Mutants

85-10 hrpG* (85%)

Rif", HrpG constitutive mutant

Minsavage et al. 1990
Astua-Monge et al. 2000

Rossier et al. 1999

85-10 hrpG*, AhrcV
85-10 hrpG*, AhrpF
91-118 avrXv4-
X. campestris pv. campestris
8004
Agrobacterium tumefaciens
C58C1, pCH32

C58C1, pCH32, pATC940(HA-SUMO)
C58C1, pCH32, pMDD1(XopD-HA | )
C58C1, pCH32, pMDD1(XopD-HA |, C470A)

Escherichia coli
DH5a
C2110, pXcvT3-60::33
Plasmids

Rif", hrcV nonpolar mutant
Rif", ArpF nonpolar mutant
91-118 marker exchange, avrXv4 mutant, Rif", Km"

Wengelnik et al. 1999
Casper-Lindley et. al. 2002
This study

Rif" B. Staskawicz
Rif", Tc" Tai et al., 1999
Rif", Km" Hotson et al. 2003
Rif", Km" Hotson et al. 2003
Rif", Km" Hotson et al. 2003
Nal" Invitrogen

Nal", Tc", Km"

Astua-Monge et al. 2000

pVSP61 Km" Mudgett et al. 2000
pDD62 pVSP61 derivative, Km' Mudgett et al. 2000
pVSP61(avrXv4,_igo::cya) 1.7-kb Xhol-EcoRI fragment from pMS107(avrXv4,_o::cya) This study
pVSP61(avrXv4::cya) 2.5-kb Xhol-EcoRI fragment from pMS107(avrXv4::cya) This study
pMS107(avrXv4_1go::cya) 0.5-kb Bg/II avrXv4_ 1oy fragment (197 bp of avrXv4 promoter) This study
pMS107(avrXv4::cya) 1.3-kb Bg/II avrXv4 fragment (197 bp of avrXv4 promoter) This study
pDD62(avrXv4) 1.3-kb avrXv4 fragment (197 bp of avrXv4 promoter), 1-359 aa This study
pDD62(avrXv4::HA) pDD62(avrXv4) with HA epitope tag This study
pDD62(avrXv4::HA H155A) pDD62(avrXv4::HA) with alanine substitution at His 155 This study
pDD62(avrXv4::HA E175A) pDD62(avrXv4::HA) with alanine substitution at Glu 175 This study
pDD62(avrXv4::HA C219A) pDD62(avrXv4::HA) with alanine substitution at Cys 219 This study
pDD62(avrXv4::HA 20-359) pDD62(avrXv4::HA) with 2-19 aa deleted This study
pDD62(avrXv4::HA 40-359) pDD62(avrXv4::HA) with 2-39 aa deleted This study
pDD62(avrXv4::HA 60-359) pDD62(avrXv4::HA) with 2-59 aa deleted This study
pDD62(avrXv4::HA 80-359) pDD62(avrXv4::HA) with 2—79 aa deleted This study
pDD62(avrXv4::HA 94-359) pDD62(avrXv4::HA) with 2-89 aa deleted This study

pMDDI1 RK?2 replicon, replicates in A. tumefaciens, CaMV 35S promoter, Km" Mudgett et al. 2000
pMDD1(avrXv4) 1.1-kb Xhol avrXv4 fragment, promoterless, 1-359 aa This study
pMDD1(avrXv4::HA) pMDD1(avrXv4) with HA epitope tag This study
pMDD1(avrXv4::HA HI55A) pMDD1(avrXv4::HA) with alanine substitution at His 155 This study
pMDD1(avrXv4::HA E175A) pMDD1(avrXv4::HA) with alanine substitution at Glu 175 This study
pMDD1(avrXv4::HA C219A) pMDD1(avrXv4::HA) with alanine substitution at Cys 219 This study
pMDD1(avrXv4::HA 20-359) pMDD1(avrXv4::HA) with 2—19 aa deleted This study
pMDD1(avrXv4::HA 40-359) pMDD1(avrXv4::HA) with 2-39 aa deleted This study
pMDD1(avrXv4::HA 60-359) pMDD 1 (avrXv4::HA) with 2-59 aa deleted This study
pMDD1(avrXv4::HA 80-359) pMDD1(avrXv4::HA) with 2-79 aa deleted This study
pMDD1(avrXv4::HA 94-359) pMDD1(avrXv4::HA) with 2-89 aa deleted This study
pEZRK-LCY yfp, Km" D. Ehrhardt
PEZRK-LCY (yfp::avrXv4) 1.1-kb EcoRI avrXv4 fragment fused to 3’ end of yfp This study

pXcvT3-60::33

avrXv4::Tn3-uidA derivatives, avrXv4 mutant, Tc", Km"

Astua-Monge et al. 2000

* Abbreviations: Rif = rifampicin, Tc = tetracycline, Km = kanamycin, Nal = nalidixic acid, and aa = amino acids.
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respectively. X. campestris pv. vesicatoria and X. campestris pv.
campestris strains were grown in NYGB liquid media or on
NYGA agar plates (Turner et al. 1984) at 28°C. Vectors were
mobilized from E. coli into X. campestris pv. vesicatoria, X.
campestris pv. campestris, and Agrobacterium tumefaciens by
triparental matings using standard methods. Antibiotics were
used for plate selection at the following concentrations: kana-
mycin (Km) at 50 pg/ml, rifampicin (Rif) at 100 pg/ml, and tet-
racycline (Tc) at 5 pg/ml with Agrobacterium tumefaciens or 10
ug/ml with X. campestris pv. vesicatoria. The concentration of
antibiotics used in liquid cultures was decreased by half.

Gene manipulation and plasmid construction.

Polymerase chain reaction (PCR) was used to construct
gene fusions, deletions, and mutations. PCR-generated DNA
fragments were cloned into pCR2.1 or pCRII TOPO vectors
(Invitrogen, Carlsbad, CA, U.S.A.). Primers and conditions
used for PCR are available on request. The sequence of DNA
constructs was verified by cycle sequencing. For expression in
X. campestris pv. vesicatoria or X. campestris pv. campestris,
constructs were cloned into pVSP61 or a derivative, pDD62.
The expression of each gene in X. campestris pv. campestris
and X. campestris pv. vesicatoria was under the control of the
native AvrXv4 promoter. For transient expression using Agro-
bacterium tumefaciens, constructs were made in pMDDI1. The
expression of each gene in planta was under the control of the
constitutive CaMV 35S promoter. All plasmids constructed for
this study are listed in Table 2.

Secretion assay.

X. campestris pv. vesicatoria strains 85*, 85% AhrcV, and
85* AhrpF were grown for 48 h at 28°C on NYGA selection
plates. Fresh cells were resuspended in NYGB and pelleted at
2,600 x g for 10 min at room temperature. Cells were washed
with 1 mM MgCl,, repelleted, and resuspended in 1 mM
MgCl,. Bacteria were diluted to 4 x 10 CFU in 4 ml of secre-
tion media, pH 5.4 (Rossier et al. 1999), containing 5 rifam-
picin at pg/ml and bovine serum albumen at 50 pg/ml. Cul-
tures were shaken for 4 h at 28°C. To obtain cellular lysate
fractions, 125 pl of each culture was precipitated with 10%
trichloroacetic acid (TCA) on ice for 30 min. Culture fluid
fractions were obtained by removing cells from the remaining
culture by centrifugation and filtering supernatants through a
0.45-pm filter (HT Tuffryn; Gelman, Ann Arbor, MI, U.S.A.).
Filtrates also were precipitated with 10% TCA. Protein from
both fractions was collected by centrifugation at 20,000 x g
for 30 min at 4°C. Pellets were washed with 100% ethanol and
resuspended with 40 pl of sample buffer (Mudgett and
Staskawicz 1999). Cellular lysate fraction (20 pl) and 30 pl of
the culture fluid fraction were analyzed on protein gels by
immunoblot analysis.

Cya protein translocation assay.

To determine Cya enzyme activity in vitro, total protein was
isolated from X. campestris pv. vesicatoria strains 85-10
hrpG* (Rossier et al. 1999), and X. campestris pv. vesicatoria
85-10 hrpG* AhrpF (Casper-Lindley et al. 2002) carrying
pVSP61(avrXv4::cya) and pVSP61(avrXv4 . io0::HA) and
then assayed as previously described (Casper-Lindley et al.
2002). To determine Cya enzyme activity in vivo, X. campes-
tris pv. vesicatoria strains were hand infiltrated into suscepti-
ble pepper leaves (cv. Early Calwonder; genotype bs2, bs2)
through a small wound using a l-cc syringe. Leaves were
inoculated with a suspension of bacteria (5 x 10® cells/ml) in 1
mM MgCl,. Four leaf disks (0.7 cm? each) were collected in a
microfuge tube, frozen in liquid nitrogen, and then processed
as previously described (Casper-Lindley et al. 2002). cAMP

was measured using the cAMP Biotrak Enzymeimmunoassay
System (Amersham Biosciences, Piscataway, NJ, U.S.A.). A
modification of the Lowry procedure (Bailey 1967) was used
to determine the concentration of protein after precipitation
with 1 ml of 10% TCA. Cya enzyme activity is expressed as
nmol of cAMP per mg of total protein.

Plant growth and bacterial inoculation.

Pepper plants (cv. Early Calwonder; genotype bs2, bs2)
were used for X. campestris pv. vesicatoria inoculations for
Cya translocation assays. N. benthamiana plants were used for
X. campestris pv. campestris and Agrobacterium tumefaciens
inoculations. L. pennellii plants were used for X. campestris
pv. vesicatoria AvrXv4 HR analysis and L. esculentum (vari-
ety VF36) was used for X. campestris pv. vesicatoria growth
curves. Plants were grown under greenhouse conditions. Bac-
teria were hand infiltrated into plant leaves through a small
wound by using a 1-cc syringe.

Agrobacterium-mediated transient expression assay.

Agrobacterium tumefaciens C58C1 pCH32 (Tai et al. 1999)
was used for transient expression in planta. Strains were
grown overnight at 28°C on Luria agar medium containing Rif
at 100 pg/ml, Tc at 5 pg/ml, and Km at 35 pg/ml. Bacteria
were collected and incubated in induction media (10 mM MES
[morpholineethanesulfonic acid], pH 5.6, 10 mM MgCl,, and
150 uM acetosyringone) (ACROS Organics, Morris Plains,
NJ, U.S.A.) for 2 h before inoculation. For single bacterial
inoculations, N. benthamiana and pepper leaves were hand
inoculated with a suspension of bacteria (6 x 10® cells/ml)
induction media. For co-inoculations, strains were mixed
equally and injected into the leaf at a final density of 1.2 x 10°
cells/ml. Plants were incubated at room temperature under
continuous low light. Samples were collected 24 to 48 h
postinoculation. Protein expression was detected by immuno-
blot analysis.

Protein gels and immunoblot analysis.

Proteins were separated by sodium dodecyl sulfate gel
electrophoresis analysis and analyzed by immunoblot analy-
sis as previously described (Mudgett et al. 2000). Proteins
were visualized by chemiluminescence using monoclonal
Cya antiserum (courtesy of N. Giuso, Institut Pasteur, Paris),
monoclonal HA antiserum (Covance, Berkeley, CA, U.S.A.),
polyclonal NPTII antiserum (obtained from 5’ to 3"), mono-
clonal GFP antiserum (Clontech, Palo Alto, CA, U.S.A.), and

peroxidase-conjugated secondary antibodies (Bio-Rad,
Hercules, CA, U.S.A)).

Microscopy.

Agrobacterium  tumefaciens-infected N. benthamiana

leaves were analyzed 48 h after inoculation. Leaf disks were
placed on a slide and visualized using a 10x and 40x objec-
tive lens on an inverted microscope (TE200; Nikon, Tokyo).
Fluorescence microscopy was performed with a trichroic fil-
ter set (Chroma 86006) using excitation at 493 £ 17 nm with
image collection through a band emission filter (530 + 40
nm). Images were collected with a cooled CCD camera
(model 1300; Princeton Instruments, Adelphia, NJ, U.S.A.)
at 12-bit precision (Diagnostic Instruments, Sterling Heights,
MI, U.S.A)).

Mutagenesis of avrXv4
in X. campestris pv. vesicatoria chromosome.

The cosmid clone pXcvT3-60 containing the avrXv4 gene
was mutagenized previously by transposon insertion with
Tn3-uidA (Astua-Monge et al. 2000). The transposon avrXv4
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mutant derivative in pXcvT3-60::33 (generous gift from G.
Minsavage and J. Jones) exchanged with the wild-type copy
of avrXv4 in X. campestris pv. vesicatoria strain 91-118 by
triparental mating. Transconjugants were transferred daily
for a week on NYGA containing Rif and Km. Bacterial cells
that were resistant to Rif and Km and sensitive to Tc were
collected and then screened for their inability to elicit HR in
L. pennellii and N. benthamiana. Strains lacking avrXv4-
dependent HR activity were analyzed by Southern hybridiza-
tion to confirm marker exchange and then used for the in
planta X. campestris pv. vesicatoria growth curve analysis.

In planta X. campestris pv. vesicatoria growth curve.

To determine X. campestris pv. vesicatoria growth in L. es-
culentum VF36 plants, leaves were hand inoculated with bac-
terial suspensions of 1 x 10° cells/ml. Bacteria in the leaves
were sampled by grinding two leaf disks (no. 3 cork borer) in
1 mM MgCl, and plating appropriate dilution on NYGA con-
taining appropriate antibiotics and cyclohexamide (50 pg/ml).
Bacterial growth was assayed 0, 2, 4, 8, and 12 days after
inoculation. Three replicates were taken for each sampling.
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