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ABSTRACT

Arabidopsis has been well studied as a model plant for plant pathogen interactions. While a large portion of the liter-
ature has been devoted to interactions between Arabidopsis and Pseudomonas and Peronospora species, a small
cadre of researchers have been making inroads on the response of Arabidopsis to Xanthomonas. Differential respons-
es of Arabidopsis accessions to isolates of Xanthomonas campestris pv campestris include tolerance, a hypersensi-
tive response, resistance without a hypersensitive response and disease which is characterized by chlorosis and
necrosis. Loci that govern the recognition of X. c. campestris have been identified and are the focus of on-going posi-
tional cloning efforts. Signaling and other downstream molecules involved in manifestation of resistance to
Xanthomonas have been investigated resulting in the identification of many components of the resistance response.
Parallel to the characterization of the host response, molecular and genomic efforts focused on the pathogen have the
potential to reveal the mechanisms by which this bacterium can invade and colonize host tissues.

Pathogens of Arabidopsis

Like other plant species, Arabidopsis thaliana is suscepti-
ble to only a limited number of pathogens including virus-
es, bacteria, fungi, nematodes and insect pests. Diseases
resulting from these pathogens have been reported in the
wild (Holub et al. 1994, 1995; Tsuji and Somerville 1992)
suggesting both the pathogen and the host share an eco-
logical niche and when the appropriate environmental con-
ditions are present disease can occur. Diseases have also
been observed in a laboratory setting where the host is
deliberately exposed to the pathogen. Regardless of the
setting, nature or the laboratory, Arabidopsis responds in a
similar fashion as other higher plants when exposed to
viral, prokaryotic, or eukaryotic pathogens.
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Perhaps the more facile class of pathogen to work with in
a laboratory setting are the bacterial pathogens. Bacteria
have several advantages over the other classes of
pathogens for pathological studies in that they can be cul-
tured in vitro and have relatively rapid generation times (min-
utes not days). In addition, most bacterial plant pathogens
elicit rapid host responses (hours to days) and have patho-
genicity and avirulence factors that have been documented
in other plant species thereby providing a foundation to
begin work in Arabidopsis. Only a small number of bacterial
species are pathogenic on Arabidopsis. The predominant
bacterial pathogen utilized in Arabidopsis studies is
Pseudomonas syringae and the reader is referred to other
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chapters in this book describing Arabidopsis responses to
this pathogen. Additional bacterial pathogens utilized in
Arabidopsis research include Erwinia species which are
causal agents of soft-rots, Ralstonia species which are
causal agents of vascular wilts, and Xanthomonas
campestris pathovars which are causal agents of blights
and rots and are the focus of this chapter.

The Genus Xanthomonas

The genus Xanthomonas has been well described in sev-
eral definitive publications (Starr 1981; Leyns et al., 1984;
Swings et al., 1993) and the reader is referred to these for
more details regarding this genus. In brief, Xanthomonas
species are gram-negative rod-shaped aerobic bacteria
with polar flagella and are found primarily in association
with plants (diseased lesions, soil, plant debris) (Starr
1981). Xanthomonas species produce diagnostic pigments
(termed xanthomonadins) and exude large amounts of
xanthan gum, an extracellular polysaccharide which is
used as a food additive (Williams 1980; Starr 1981; Swings
et al., 1993). Xanthomonas species, similar to other plant
pathogens, can cause symptoms such as chlorosis,
necrosis, cankers, and vascular wilts (Leyns et al., 1984).
Collectively, Xanthomonas isolates have been reported to
cause disease on ~400 different monocotyledonous and
dicotyledonous species (Leyns et al, 1984), making
Xanthomonas a significant plant pathogen. As will be dis-
cussed in more detail below, current mechanisms for con-
trol of Xanthomonas diseases rely extensively on breeding
for resistance and/or cultural practices such as crop rota-
tion and sanitation. An example of the extreme costs that
can arise from lack of control of a Xanthomonas species,
either through lack of breeding for resistance or ineffective
control through cultural practices, is the recent epidemic of
citrus canker in the United States (Brown 2001). Attempts
to control citrus canker in Florida through an aggressive
eradication program have cost over $200 million to date,
with no end in sight to control of the disease (Brown 2001).

Reports of Arabidopsis-infecting Isolates of
Xanthomonas

With respect to infection of Arabidopsis, only isolates of X.
campestris have been reported to cause disease. The
species, X. campestris, is a large collection of isolates that
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share similar biochemical and physiological phenotypes
yet exhibit different host specificity and are separated into
pathovars to reflect host specificity or host origin (Leyns et
al., 1984; Van den Mooter and Swings 1990). Table 1 lists
the X. campestris pathovars that have been examined on
Arabidopsis accessions. Both resistance and disease, as
demonstrated by chlorosis and necrosis on inoculated
leaves as well as systemic infections, have been reported
on Arabidopsis accessions, suggesting that a full range of
host responses occur in Arabidopsis (Tsuji and Somerville
1988; Simpson and Johnson 1990; Davis et al., 1991; Tsuiji
et al., 1991; Lummerzheim et al., 1993; Parker et al., 1993;
Aufsatz and Grimm 1994).

Although a number of these pathovars can incite a
response on Arabidopsis, the most prevalent pathovar uti-
lized in Xanthomonas-Arabidopsis studies is the pathovar
campestris. Various strains of this pathovar have demon-
strated typical race-cultivar specificity indicative of the
presence of a gene-for-gene relationship between the host
and the pathogen. Thus, due to the abundance of literature
with X. campestris pv campestris (Xcc), a majority of this
chapter will be devoted to the interactions of Arabidopsis
with various strains of Xcc.

Xcc and Black Rot of Crucifers

Xcc is the causal agent of black rot of crucifers (for review
see Williams 1980). Xcc has a broad host range that
includes a majority of members of the Cruciferae family.
Numerous agronomically important species of crucifers
including broccoli, brussel sprouts, cabbage, cauliflower,
radish, and turnip are susceptible to Xcc. Xcc can also
infect weed species within the Cruciferae (Schaad and
Dianese 1981) making weed reservoirs of Xcc a factor in
the control of black rot in crucifer production fields.

Xcc typically infects host plants through natural open-
ings such as hydathodes, stomates, or wounds (for review
see Williams 1980). Once the bacterium is in the vascular
system, it can become systemic resulting in blackened
veins and thus the name “black rot”. Under favorable envi-
ronmental conditions, the pathogen can become seed-
borne (for review see Williams 1980). For commercial cru-
cifers, black rot is a significant issue. The fact that the
pathogen can be seed-borne has led to seed certification
programs in developed countries. The certification process
adds extensive cost and effort for commercial seed pro-
duction.

Several lines of evidence have firmly established
Arabidopsis as a natural host of Xcc. First, classic black rot
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symptoms have been reported following infection of
Arabidopsis with specific Xcc strains (Simpson and
Johnson 1990; Tsuji et al., 1991). Second, systemic infec-
tion occurs in highly susceptible accessions following
challenge with Xcc (Figure 1; Buell and Somerville 1997).
Third, a preference for hydathode infection, rather than
stomatal infection, was observed in Arabidopsis leaves
which is consistent with the entry route favored by Xcc in
other cruciferous hosts (Hugouvieux et al., 1998). Fourth,
infections of Arabidopsis by Xcc do occur in nature as
reported by Tsuji and Somerville (1992).

Pathogenicity Mechanisms of Xanthomonas species

There have been several excellent reviews on pathogenic-
ity and virulence mechanisms in gram-negative plant path-
ogenic bacteria and the reader is referred to these articles
for more in-depth discussions (Collmer 1998; Staskawicz
et al., 2001). With respect to Xcc pathogenicity on non-
Arabidopsis crucifers, there are a number of publications
by M. J. Daniels and colleagues and the reader is referred
to these for a summary of Xcc virulence mechanisms
(Daniels et al., 1993; Dow and Daniels 1994). In brief, Xcc
employs a vast array of degradative and regulatory mech-
anisms to parasitize its host. Extracellular polysaccharide
production, cell wall degrading enzymes, proteases, as
well as genes that encode for secretion of these products
are involved in virulence on cruciferous hosts. In addition
to these structural components, regulatory components of
pathogenicity and virulence have been identified in
Xanthomonas (for review see Daniels et al., 1993; Dow and
Daniels 1994).

Although there is a substantial amount of information cur-

Table 1. Pathovars of X. campestris tested on Arabidopsis.

Pathovar Reference

aberrans Parker et al., 1993

armoraciae  Davis et al., 1991

carotae Simpson & Johnson 1990

campestris  Aufsatz & Grimm 1994
Davis et al., 1991
Lummerzheim et al., 1993
Parker et al., 1993
Simpson & Johnson 1990
Tsuji & Somerville 1988
Tsuji et al.,1991
Tsuji & Somerville 1992

raphani Parker et al., 1993

vesicatoria Lummerzheim et al., 1993

vitans Lummerzheim et al., 1993
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rently available on pathogenicity mechanisms in
Xanthomonas, the level of information is about to increase
exponentially. The first genome of a plant pathogen com-
pletely sequenced was Xylella fastidosa (Simpson et al.,
2000) which is the causal agent of citrus variegated chloro-
sis and is closely related to Xanthomonas. Not surprisingly,
several components of virulence and pathogenicity in Xcc
have orthologs in X. fastidosa, including genes involved in
xanthan gum (extracellular polysaccharide) production, reg-
ulation of pathogenicity factors, and the type Il secretion
system that is necessary for export of degradative enzymes
(Dow and Daniels 2000; Simpson et al., 2000).

Even more exciting is the new genome sequencing proj-
ects focused on Xanthomonas species. X. axononpodis pv
citri, the causal agent of citrus canker, is being sequenced
by the Organization for Nucleotide Sequencing and Analysis
(ONSA), a consortium of laboratories in Brazil (Kamoun and
Hogenhout 2001; http://genoma4.ig.usp.br/Xanthomonas/).
This pathogen is closely related to Xcc and major insights
into the virulence mechanisms of Xanthomonas will be
revealed from this project. The other Xanthomonas genome
project is focused on Xcc (Kamoun and Hogenhout 2001;
http://genoma.fcav.unesp.br/xc-
campestris’/home/xc_menu.html). In addition, the genome
of Ralstonia solanacearum (Kamoun and Hogenhout 2001;
http://www.genoscope.cns.fr/externe/English/Projets/Projet
_Y/Y.html) and Pseudomonas syringae pv tomato
(http://www.tigr.org; http://ppi.cornell.edu/), both pathogens
of Arabidopsis, are the focus of genome sequencing efforts
and these genomic sequences will provide additional
resources for the identification of pathogenicity mechanisms
in Xanthomonas.

Genetic Basis for Resistance to Xanthomonas

Responses in Arabidopsis to Xanthomonas infections are
dependent on genetic factors present in the host and in
the pathogen. Several types of resistance responses have
been documented in Arabidopsis-Xanthomonas interac-
tions. These include tolerance, resistance mediated
through a hypersensitive response (HR) and non-HR-medi-
ated resistance. Genes involved in the resistance
response can be classified into three classes: (1) those
involved in the recognition of the pathogen (also known as
R genes), (2) genes involved in signal transduction events,
and (3) genes involved in the suppression of pathogen
growth and development (defense response genes).
Currently, five genes have been identified genetically that
are hypothesized to be involved in recognition of the
pathogen (Table 2; Tsuji et al., 1991; Buell and Somerville
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1997; Godard et al., 2000). These have been termed RXC
for reaction to Xanthomonas campestris and are named
RXC1-5. Additional genes have been identified in both the
signal transduction pathway and in the suppression of
pathogen growth/development and are discussed in more
detail below (see also Table 3).

At the present, only a single corresponding gene for
avirulence has been reported from a crucifer-infecting
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Xanthomonas isolate. This avirulence gene, avrXca, was
isolated from X. c. raphani and confers incompatibility in a
large number of Arabidopsis accessions (Parker et al.,
1993). avrXca encodes a large protein (~67 kDa) that is
possibly secreted from the bacterium and the upstream
region of avrXca contains a putative hrp box suggesting
avrXca is controlled by the hrp regulatory system. The hrp
pathway is an essential component of pathogenicity and

Figure 1. Systemic infection of Xcc2D520 in differential Arabidopsis accessions. Select basal leaves (3-5) of 3-4 week old plants were infiltrated
with Xcc2D520 (~107 CFU mI'1). Photographs were taken 23 d.p.i. The accessions from left to right are Col-0, Pr-0, and Ler.
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virulence in bacterial plant pathogens and the reader is
referred to these reviews for more information (Alfano and
Collmer 1997; Cornelis and Van Gijsegem 2000). The lack
of identification of corresponding avirulence gene(s) in Xcc
isolates may reflect either technical difficulties in screening
for such a gene or a lack of the gene in this pathogen.
Genome sequencing efforts (see above) should provide
valuable insight into this unresolved issue.

Tolerance to Xcc

Using the 2D520 strain of Xcc, Tsuji et al., (1991) reported
tolerance to the pathogen in the Columbia accession (Col-
0). While the Pr-0 accession developed chlorosis and
necrosis following infiltration with Xcc2D520, Col-0
remained asymptomatic. As the in planta bacterial levels
were indistinguishable between these two accessions, the
response in Col-0 was termed tolerance as limited bacterial
growth was supported in Col-0 without the development of
symptoms. Thus, an uncoupling of symptom formation and
pathogen growth is seen in the interaction of Col-0 and Pr-
0 with Xcc 2D520. Genetic mapping efforts indicated that a
single dominant gene, termed RXC1 (Tsuiji et al., 1991), con-
fers tolerance. RXC1 was been mapped to the lower arm of
chromosome 2 (Buell and Somerville 1997).

The biochemical and physiological mechanism by which
Col-0 is able to tolerate 2D520 is not well understood.
This tolerance does not involve the synthesis of the phy-
toalexin, camalexin (Tsuji et al., 1992). At the molecular
level, examination of the mRNA accumulation levels of
several genes involved in defense responses did not reveal
an accumulation of mRNA unique to Col-0 and thus no
genes could be correlated specifically with tolerance (Buell
and Somerville 1995). Although an accumulation of patho-
genesis-related protein 1 (PR-1) mRNA was observed, it
was expressed at high levels in both Col-0 and Pr-0.

Table 2. Major loci involved in the recognition of X. campestris.

5 of 11

Non-HR Resistance to Xcc

Previous work with Xcc2D520 utilized the differential
accessions Col-0 and Pr-0. A further survey of Arabidopsis
accessions revealed additional susceptible accessions.
Specifically, the accession, Landsberg erecta (Ler), is high-
ly susceptible to Xcc2D520 (Tsuji and Somerville 1988;
Buell and Somerville 1997). Inoculation of Ler results in
severe chlorosis and necrosis which can spread systemi-
cally resulting in necrosis of the entire plant (Figure 1; Buell
and Somerville 1997). A qualitative difference in the sus-
ceptible response is apparent between Pr-0 and Ler.
Whereas Pr-0 lesions are primarily chlorotic in nature, Ler
lesions are more necrotic with darkening of the vascular
tissue that is absent from Pr-0 lesions (Figure 2). In planta
bacterial levels in Ler are 10-100- fold higher than in Col-0
and in Pr-0, revealing a suppression of bacterial growth in
Col-0 and Pr-0 in comparison to Ler (Buell and Somerville
1995, 1997). Thus, Col-0 exhibits two responses to
Xcc2D520: tolerance to limited bacterial growth (as com-
pared to the susceptible accession Pr-0) and resistance
without a HR (when compared to the highly susceptible
accession Ler).

Examination of the genetic basis for resistance to the
2D520 isolate indicated three loci, RXC2, RXC3, and
RXC4, were involved in resistance (Buell and Somerville
1997). The major locus for resistance, RXC2, behaved as a
single dominant gene whereas the other two loci, RXC3
and RXC4, functioned in a digenic manner. These loci
have been placed on the genetic map and map to chro-
mosome 5 (RXC2, RXC3) and chromosome 2 (RXC4) (Buell
and Somerville 1997). Although RXC2 and RXC3 map to
distinct locations on chromosome 5, RXC4 maps to the
same region of chromosome 2 as RXC7. Due to limited
recombination events, it is not clear whether RXC7 and
RXC4 are the same gene or simply map to similar regions
of the chromosome.

Locus Phenotype Map position Reference

RXC1 Tolerance to Xcc2D520 Chromosome 2 Tsuji et al.,1991
Buell & Somerville 1997

RXC2 Non-HR resistance (monogenic) to Xcc2D520 Chromosome 5 Buell & Somerville 1997

RXC3 Non-HR resistance (digenic) to Xcc2D520 Chromosome 5 Buell & Somerville 1997

RXC4 Non-HR resistance (digenic) to Xcc2D520 Chromosome 2 Buell & Somerville 1997

RXC5 HR to Xcc147 Unknown Godard et al., 2000
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Hypersensitive Response: Interactions with Xcc750

The Xcc750 isolate has been shown to induce a HR-like
response on resistant accessions of Arabidopsis such as
Col-0 while causing chlorosis on susceptible accessions
such as Oy-0 (Aufsatz and Grimm 1994). The HR
observed on Col-0 is coupled with a lack of significant
bacterial growth, consistent with the HR observed in
Arabidopsis with other pathogens such as Pseudomonas.
Resistance in Arabidopsis is associated with high basal
expression and an induction of expression of a low
molecular weight protein termed ECS1 (formerly named
CXc750; Aufsatz and Grimm 1994). Subsequent work
using transgenic plants and polyclonal antibodies gener-
ated to ECS1 revealed it is associated with the cell wall
(Aufsatz et al.,, 1998). Although ECS1 had been tightly
correlated with the resistance phenotype, definitive
genetic and transgenic experiments have revealed ECS1
is not a resistance gene for Xcc750 but instead is linked
to a locus involved in resistance to Xcc750.

Hypersensitive Response: Interactions with Xcc147

The response of Arabidopsis to the HR-inducing strain
147 of Xcc has been described in a series of papers by
the Roby laboratory and other researchers. Xcc147
induces a HR on resistant accessions of Arabidopsis
such as Col-0 (Lummerzheim et al., 1993). At the molec-
ular level, a correlation between mRNA accumulation of
two defense genes, phenylalanine ammonia lyase (PAL)
and B-1,3-glucanase, and the HR was observed
(Lummerzheim et al., 1993). Lummerzheim et al. (1993)
also examined transcript accumulation of a basic class |
chitinase and an ascorbate peroxidase and although they
were up-regulated upon infection with Xcc147, they were
also expressed in the compatible interaction with

I\I- H= |

Figure 2. Comparison of symptom formation in differential
Arabidopsis accessions following X. c¢. campestris infection. Leaves
of 3-4 week old plants were infiltrated with a suspension of Xcc2D520
(~107 CFU mi1). Photographs were taken at 6 d.p.i. (A) Col-0, (B) Pr-
0, and (C) Ler.
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Xcc8004 revealing a lack of specificity with the HR.
There are four classes of chitinase (I to IV) and Gerhardt
et al. (1997) were able to demonstrate that an extracellu-
lar class IV chitinase was expressed in Arabidopsis
leaves following challenge with Xcc147. Unfortunately,
class IV chitinase expression was not examined in leaves
challenged with a compatible Xcc isolate and no conclu-
sion can be made regarding the specificity of class IV
chitinase expression in the HR. In healthy plants, the
class IV chitinase was only expressed in siliques, sug-
gesting a specific developmental pattern for this gene.

While the above studies with Xcc147 were performed
using whole plant studies, a number of new genes involved
in the HR to Xcc147 have been identified using cell sus-
pension cultures. A cDNA clone encoding a putative sulfo-
transferase was identified from a library constructed from
pathogen-challenged cell suspension cultures. The sulfo-
transferase, RaR047, is similar to flavonol sulfotransferas-
es from Flaveria species (Lacomme and Roby 1996).
RaR047 is developmentally regulated as mRNA could only
be detected in cell cultures and in developing aerial tissues
(Lacomme and Roby 1996). Expression of RaR047 was
strongly induced in young seedlings by treatment with sev-
eral elicitors of defense responses, including salicylic acid
and jasmonic acid. The induction of RaR047 expression by
elicitors is consistent with the induction of expression
observed with pathogen treatment of Arabidopsis leaves
(Lacomme and Roby 1996). Inoculation with either Xcc147
or an incompatible strain of Pseudomonas syringae pv
maculicola (M2) resulted in accumulation of RaR047
mRNA. Compatible strains of Xcc (Xcc8004) and P. s. mac-
ulicola (M4) were also able to induce accumulation of
RaR047 although the extent of accumulation was substan-
tially less than that in incompatible interactions. Although
there is a correlation of RaR407 expression with resistance
(Lacomme and Roby 1996), the function of the encoded
protein is unknown. It is speculated that RaR047 may
function in synthesis of a molecule that is involved in sig-
nal transduction or that RaR047 functions directly in the
suppression of pathogen growth (Lacomme and Roby
1996). Definitive biochemical studies will establish an
enzymatic function for RaR047 and allow placement of this
sulfotransferase in the defense response pathway.

In addition to sulfotransferase, cinnamoyl-CoA reduc-
tase, an enzyme involved in lignification, is associated with
the development of the HR to Xcc147. Two cinnamoyl-CoA
reductase genes, AtCCR1 and AtCCR2, exhibit different
substrate specificities and do not exhibit coordinate regula-
tion during development and pathogen challenge
(Lauvergeat et al., 2001). AtCCR1 is expressed throughout
normal development and is expressed more in highly ligni-
fied tissues such as stems in comparison to leaf tissue. In
contrast, AtCCR2 is weakly expressed in developing tissue.
Following challenge with Xcc147, AtCCR2 and not
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AtCCR1, was highly upregulated. AtCCR2 expression was
correlated with the HR as AtCCR2 expression was not
detectable in compatible tissues. AtCCR2 was also
inducible by treatment with salicylic acid, further supporting
its role in defense responses. Although these two genes
share substantial similarity (81.6 % identity at the amino
acid level) they clearly have distinct expression profiles in
planta. With the completion of the Arabidopsis Genome
Initiative (2000), it would be interesting to examine the reg-
ulatory regions of these genes for promoter sequences that
may reflect the differential expression patterns.

An additional set of genes involved in the HR to Xcc147
was described by Lacomme and Roby in 1999. A total of
27 cDNA clones (Athsr) was identified by differential
screening of a cDNA library that was constructed from cell
suspension cells challenged with Xcc147. The 27 clones
were then grouped into “cDNA clone families” based on
cross-hybridization and sequencing results. The Athsr2
cDNA family was the most heavily represented family with
16 clones identified. The Athsr2 cDNA family encodes volt-
age-dependent anion channel proteins (Lacomme and
Roby 1999) that are localized in the mitochondrion and
function to transport small molecules across the mito-
chondrial membrane. Membrane integrity and control over
solute movement across the membrane are central com-
ponents in apoptotic cell death and voltage-dependent
anion channel proteins have been well studied in mam-
malian apoptosis (for review see Green and Reed 1998;
Boya et al., 2001). The Athsr3 cDNA family, represented by
6 clones from the screening, encodes an alterative oxidase
(Lacomme and Roby 1999). In tobacco, Chivasa et al.
(1997) demonstrated that alternative oxidase was a com-
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ponent of the signal transduction pathway that leads to the
HR following challenge with tobacco mosaic virus. While
Athsr2 and Athsr3 were associated with the mitochondri-
on, Athsr4 (represented by a single clone) encodes a pro-
tein with similarity to a Rab GDP-dissociation inhibitor pro-
tein. Rab proteins are involved in membrane/vesicle traf-
ficking and Rab GDP-dissociation inhibitor proteins are
intimately involved in the regulation of Rab proteins and
ultimately in the regulation of membrane/vesicle trafficking
(for a review on Rab proteins and their regulation see
Stenmark and Olkkonen, 2001). The other 3 cDNA families
(Athsr5, 6, 7), also represented by a single clone, did not
have significant similarity to any entries in the database
(Lacomme and Roby 1999).

The expression patterns of the Athsr2-7 cDNAs were
assessed in cell suspension cultures challenged with dif-
ferential isolates of Xanthomonas: Xcc147 (avirulent),
Xcc8004 (virulent), and Xcc 8B2 (control). All of the cDNAs
were exclusively or preferentially expressed in cells chal-
lenged with Xcc147, confirming the success of the differ-
ential screening and suggesting a role for these genes in
the HR (Lacomme and Roby 1999). Further research using
a biochemical and a functional genomics approach will be
essential for defining the roles of these genes in the HR.

The last gene identified from Xcc147-challenged cell
suspension cells is the AtMYB30 gene which encodes an
orthologue of the myb oncogene (Daniel et al, 1999;
Lacomme and Roby 1999). MYB proteins are transcription
factors and are involved in many cellular functions includ-
ing plant defense responses (Yang and Klessig 1996).
AtMYB30 encodes a 323 amino acid protein and consis-
tent with other MYB proteins contains MYB repeats in its

Table 3. Components of the signal transduction and defense response pathway in incompatible interactions between Arabidopsis and X. ¢. pv campestis

Component Putative Identification Function Type of Incompatible Reference
Interaction
AtCCR2 Cinnamoyl-CoA reductase Lignification HR Lauvergeat et al., 2001
AtMYB30 MYB domain containing protein Transcription Factor HR Daniel et al., 1999
Ap3.3a Centrin Cytoskeleton HR Cordeiro et al., 1998
Athsr2 family Mitochondrial voltage-dependent Membrane potential and HR Lacomme & Roby 1999
anion channel proteins transport
Athsr3 family Alternative oxidase Cyanide insensitive respiration HR Lacomme & Roby 1999
Athsr4 Rab-GDP dissociation inhibitor Regulation of membrane/vesicle HR Lacomme & Roby 1999
protein trafficking
Athsrb Unknown Unknown HR Lacomme & Roby 1999
Athsré Unknown Unknown HR Lacomme & Roby 1999
Athsr7 Unknown Unknown HR Lacomme & Roby 1999
BG2 B-1,3-glucanase Pathogen cell wall degradation HR Lummerzheim et al., 1993
COP2 Unknown Apical hook formation; light HR Buell, unpublished
response
ECS1 Cell wall protein Unknown HR Aufsatz & Grimm 1994; Aufsatz ef al.,
1998
HLS1 Acetyltransferase Apical hook formation Non-HR Buell 1998
HXC2 Unknown Unknown HR Godard et a/,, 2000
PAL Phenylalanine ammonia lyase Key enzyme in synthesis of HR Lummerzheim et al., 1993
secondary metabolites
PR1 Pathogenesis-related protein 1 Unknown; defense-associated HR; Non-HR Buell & Somerville 1995
resistance
RaR047 Sulfotransferase Unknown HR Lacomme & Roby 1996
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N-terminus (Daniel et al., 1999). At the developmental
level, AtMYB30 is expressed at extremely low levels and is
detectable only in developing seedlings. Expression of
AtMYB30 was induced by challenge with avirulent Xcc147
cells and avirulent P. syringae strains. Expression was cor-
related with phenotypic expression of the HR, as AtMYB30
expression was not detectable in the susceptible acces-
sion Sf-2 or with virulent strains of Xcc or P. syringae.
Expression of AtMYB30 was also examined in various
lesion-mimic mutants (/sd) which develop HR-like lesions
in the absence of pathogens. In three /sd mutants (/sd3,
Isd4, Isd5), a positive correlation between AtMYB30
expression and lesion presence was found (Daniel et al.,
1999), further supporting the hypothesis that AtIMYB30 is
a positive regulator of cell death.

Using differential display, Cordeiro et al., (1998) were
able to identify two novel genes involved in the early
stages of the HR of Arabidopsis to Xcc147. One gene,
ap3.3a, encodes a protein with similarity to centrin, a
cytoskeletal protein. Similar to the other centrins, the
Arabidopsis ap3.3a protein contains four regions that are
hypothesized to be involved in Ca2+—binding (Cordeiro et
al., 1998). Expression of ap3.3a was measured in compat-
ible and incompatible interactions with Xcc. A rapid (1 hr)
up-regulation of ap3.3a was observed in the incompatible
interaction with Xcc147 whereas accumulation of ap3.3a
was not observed in the compatible interaction until 1-2
dpi. A second gene identified through differential display
is the ap4.3a gene which encodes a protein with multiple
kinase domains. ap4.3a is rapidly induced (15 min) upon
challenge with Xcc, although specificity of the induction
was not apparent between compatible and incompatible
Xcc strains.

Mutational Approaches to Characterize Signal
Transduction and Defense Pathway Components in
Arabidopsis-Xanthomonas Interactions

In a complementary approach to differential screening of
cDNA libraries, Roby and colleagues identified a mutant of
Arabidopsis that is deficient in manifestation of the HR fol-
lowing challenge with Xcc147. In a screen of 20,700 Mo
plants, a single recessive mutant (hxc-2) was identified that
is unable to mount a full HR (Godard et al., 2000).
Inoculation of hxc-2 plants results initially in necrosis (48
hr) at the infection site which is followed by a chlorotic halo
and ultimately, spreading chlorosis. In the hxc-2 plants,
bacterial growth is unrestricted and is indistinguishable
from levels in the susceptible accession Sf-2. The hxc-2
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mutant is able to mount an effective HR against avirulent
strains of P. syringae, suggesting that the wild-type HXC2
locus is specific for Xcc-mediated HR. At the biochemical
level, the hxc-2 mutants retain full responsiveness to sali-
cylic acid which is an inducer of systemic acquired resist-
ance (Godard et al., 2000). However, accumulation of sali-
cylic acid is impaired following challenge with Xcc147. At
the molecular level, expression levels of several defense
genes (PAL-1, PR-1, PDF-1.2) are altered in hxc-2, sug-
gesting a role for hxc-2 in the signal transduction pathway
leading to resistance. Genetic mapping experiments place
HXC2 on chromosome 3 near the Major Recognition Gene
Complex MRC-F (Godard et al., 2000). Through allelism
tests, it was demonstrated that HXC2 is not the determi-
nant of specificity to Xcc147 and that a second gene,
RXC5, governs recognition of the pathogen.

Ethylene has been implicated in numerous plant
responses, including the contrasting responses of defense
in incompatible interactions and symptom formation in
compatible interactions (Abeles et al., 1992). The avail-
ability of mutants in ethylene-associated developmental
processes has provided valuable reagents to dissect the
role of ethylene in plant-pathogen interactions (for a recent
review on the ethylene response pathway see Bleecker
and Kende 2000). Inoculation of the ethylene insensitive2
(ein2) perception mutant with a virulent isolate of Xcc
resulted in plants with reduced symptoms (Bent et al.,
1992), suggesting EIN2 is involved in symptom formation.
EIN2 has been cloned and encodes a novel protein (Alonso
et al., 1999). However, although EIN2 has been placed in
the ethylene response pathway through epistasis tests, its
function at the biochemical and molecular level is still
unknown (Bleecker and Kende 2000). Another ethylene-
related mutant, hookless1 (his1-1), is unable to form an
apical hook during the triple response in germinating
seedlings (Guzman and Ecker 1990). Infection of hls7-1
with Xcc2D520 results in disease symptoms and an
increase in bacterial growth in comparison to the asymp-
tomatic parental accession (Col-0), suggesting HLS1 func-
tions in resistance, not tolerance, to Xcc2D520 (Buell
1998; Buell, unpublished). The HLS1 gene encodes an
acetyltransferase-like protein yet a specific enzymatic
function for the protein has not been determined either in
apical hook formation or disease resistance (Lehman et al.,
1988). A second mutant in apical hook formation, consti-
tutive photomorphogenic 2 (cop2; Hou et al., 1993), is also
suppressed in resistance to Xcc2D520 (Buell, C.R., unpub-
lished) consistent with the phenotype observed in the his7-
1 apical hook mutant. COP2 has not been cloned but with
the recent completion of the Arabidopsis genome
(Arabidopsis Genome Initiative, 2000), this can be accom-
plished in the near future. Continued work focused on
resolving the biochemical function of these proteins will be
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valuable to dissecting their role in pathogen responses.

SUMMARY

In the dozen or so years since Xanthomonas was first
reported as a pathogen of Arabidopsis, significant inroads
into how this bacterium is able to parasitize this weed
species have been made. A survey of Xanthomonas iso-
lates has revealed that Arabidopsis is not limited to a single
resistance mechanism to prevent pathogen growth and
development. Instead, a range of responses is present in
Arabidopsis to deal with Xanthomonas which may be
reflective of the natural co-evolution of the host and
pathogen. With the complete sequence of Arabidopsis,
along with the ongoing functional genomic projects, we are
now poised to identify all of the components involved in the
response to this pathogen. Coupled with the pending com-
plete genome sequence of several Xanthomonas species,
especially Xcc, we will have a comprehensive resource to
dissect the pathogen component of the interaction.

ACKNOWLEDGEMENTS

The critical review of this manuscript by Catherine Ronning
and Elizabeth White are greatly appreciated. The assis-
tance of Ama Kwamena-Poh and Elizabeth White in prepa-
ration of the manuscript is greatly appreciated. The work
on Xcc2D520 was supported by a grant from the U. S.
Department of Agriculture (98-35303-6666) to C. R. B.

REFERENCES

Abeles F., Morgan P.W., and Saltveit, M.E. (1992)
Ethylene in Plant Biology, F. Abeles, PW. Morgan,
and M.E. Saltveit, eds, (Academic Press, San Diego).

Alonso, J.M., Hirayama, T., Roman, G., Nourizadeh,
S. and Ecker, J.R. (1999). EIN2, a bifunctional trans-
ducer of ethylene and stress responses in
Arabidopsis. Science 284, 2148-2152.

Arabidopsis Genome Initiative. (2000) Analysis of the
genome sequence of the flowering plant Arabidopsis
thaliana. Nature 408, 796-815.

Downloaded From: https://bioone.org/journals/The-Arabidopsis-Book on 04 May 2024
Terms of Use: https://bioone.org/terms-of-use

9 of 11

Alfano, J, R. and Collmer, A. (1997). The type lll (Hrp)
secretion pathway of plant pathogenic bacteria:
Trafficking harpins, avr proteins, and death. J. Bact.
179, 5655-5662.

Aufsatz, W and Grimm, C. (1994). A new pathogen-
inducible gene of Arabidopsis is expressed in an eco-
type-specific manner. Plant Mol. Biology 25, 229-239.

Aufsatz, W, Amry, D. and Grimm, C. (1998). The
ECS1 gene of Arabidopsis encodes a plant cell wall-
associated protein and is potentially linked to a locus
influencing resistance to Xanthomonas campestris.
Plant Mol. Biology 38, 965-976.

Bent, A.F,, Innes, R.W., Ecker, J.R. and Staskawicz,
B. (1992). Disease development in ethylene-insensi-
tive Arabidopsis thaliana infected with virulent and
avirulent Pseudomonas and Xanthomonas
pathogens. Mol. Plant-Microbe Interact. 5, 372-378.

Bleecker, A.B. and Kende, H. (2000) Ethylene: A
gaseous signal molecule in plants. Annu. Rev. Cell
Dev. Biol., 16, 1-18.

Boya, P., Roques, B., and Kroemer, G. (2001) Viral
and bacterial proteins regulating apoptosis at the
mitochondrial level. EMBO J. 20, 4325-4331.

Brown, K. (2001). Florida fights to stop citrus canker.
Science 292, 2275-2276.

Buell, C. R. and Somerville, S.C. (1995). Expression of
defense-related and putative signaling genes during
tolerant and susceptible interations of Arabidopsis
with Xanthomonas campestris pv. campestris. Mol.
Plant-Microbe Interact. 8, 435-443.

Buell, C. R. and Somerville, S.C. (1997). Use of
Arabidopsis recombinant inbred lines reveals a
monogenic and a novel digenic resistance mecha-
nism to Xanthomonas campestris pv campestris.
Plant J. 12, 21-29.

Buell, C. R . (1998). Arabidopsis: A weed leading the
field of plant-pathogen interactions. Plant Physiol.
Biochem. 36, 177-186.

Chivasa, S., and Carr J.P. (1998) Cyanide restores N
gene-mediated resistance to tobacco mosaic virus in
transgenic tobacco expressing salicylic acid hydrox-
ylase. Plant Cell 10,1489-1498.

Collmer, A. (1998). Determinants of pathogenicity and
avirulence in plant pathogenic bacteria. Curr. Opin.
Plant Biology 1, 329-335.

Cordeiro, M.C., Piqueras, R., Oliveira, de D. and
Castresana, C. (1998). Characterization of early
induced genes in Arabidopsis thaliana responding to
bacterial inoculation: identification of centrin and of a
novel protein with two regions related to kinase
domains. FEBS Letters 434, 387-393.

Cornelius, G.R., and Van Gijsegem, F. (2000).
Assembly and function of type Ill secretory systems.
Annu. Rev. Microbiol. 54, 735-774.

Daniel, X., Lacomme, C., Morel, J.B. and Roby, D.
(1999). A novel myb oncogene homologue in
Arabidopsis thaliana related to hypersensitive cell
death. Plant J. 20, 57-66.



The Arabidopsis Book

Daniels, M.J., Barber, C.E., Dow, J.M., Han, B.,
Liddle, S.A., Newman, M.A., Parker, J.E., Soby,
S.D. and Wilson, T.G.J. (1993). Plant and bacterial
genes involved in interactions between Xanthomonas
and crucifers. In Advances in Molecular Genetics of
Plant-Microbe Interactions, E.W. Nester and
D.P.S.Verma, eds (Kluwer Academic Publishers,
Netherlands), pp 423-433.

Davis, K.R., Schott, E. and Ausubel, F. (1991).
Virulence of selected phytopathogenic pseudomon-
ads in Arabidopsis thaliana. Mol. Plant-Microbe
Interact. 4, 477-488.

Dow, J.M., and Daniels, M.J. (1994). Pathogenicity
determinants and global regulation of pathogenicity
of Xanthomonas campestris pv campestris. Curr.
Top. Microbiol. Immunol. 192, 26-41.

Dow, J.M. and Daniels, M.J. (2000). Xylella genomics
and bacterial pathogenicity to plants. Yeast 17, 263-
271.

Gerhardt, L.B.A., Sachetto-Martins, G., Contarini,
M.G., Sandroni, M., Ferreira, R.P., Lima, V.M.,
Cordeiro, M.C., Oliveira, D. and Margis-Pinheiro,
M. (1997). Arabidopsis thaliana class IV chitinase is
early induced during the interaction with
Xanthomonas campestris. FEBS Letters 419, 69-75.

Godard, F., Lummerzheim, M., Saindrenan, P.,
Balague, C. and Roby, D. (2000). hxc2, an
Arabidopsis mutant with an altered hypersensitive
response to Xanthomonas campestris pv.
campestris. Plant J. 24, 749-761.

Green D.R., and Reed, J.C. (1998) Mitochondria and
apoptosis. Science 281, 1309-1312.

Guzman, P. and Ecker, J.R. (1990). Exploiting the
triple response of Arabidopsis to identify ethylene-
related mutants. Plant Cell 2, 513-5283.

Holub, E.B., Beynon, J.L., and Crute, I.R. (1994)
Phenotypic and genotypic characterizations of inter-
actions between isolates of Peronospora parasitica
and accessions of Arabidopsis thaliana. Molec. Plant
Microbe Interactions, 7, 223-239.

Holub, E.B., Brose, E., Tor, M., Clay, C., Crute, I.R.,
and Beynon, J. (1995). Phenotypic and genotypic
variation in the interaction between Arabidopsis
thaliana and Albugo candida. Molec. Plant Microbe
Interactions, 8, 916-928.

Hugouvieux, V., Barber, C.E. and Daniele, M.J.
(1998). Entry of Xanthomonas campestris pv.
campestris into hydathodes of Arabidopsis thaliana
leaves: A system for studying early infection events
in bacterial pathogenesis. Mol. Plant-Microbe
Interact. 11, 537-543.

Hou, Y., Arnim, A.G. and Deng, X. (1993). A new class

of Arabidopsis constitutive photomorphogenic genes
involved in regulating cotyledon development. Plant
Cell 5, 329-339.

Kamoun, S. and Hogenhout, S. (2001). Agricultural
Microbes Genome 2: First glimpses into the
genomes of plant-associated microbes. Plant Cell,
451-458.

Downloaded From: https://bioone.org/journals/The-Arabidopsis-Book on 04 May 2024
Terms of Use: https://bioone.org/terms-of-use

10 of 11

Lacomme, C. and Roby, D. (1996). Molecular cloning
of a sulfotransferase in Arabidopsis thaliana and reg-
ulation during development and in response to infec-
tion with pathogenic bacteria. Plant Mol. Biology 30,
995-1008.

Lacomme, C. and Roby, D. (1999). Identification of
new early markers of the hypersensitive response in
Arabidopsis thaliana. FEBS Letters 459, 149-153.

Lauvergeat, V., Lacomme, C., Lacombe, E.,
Lasserre, E., Roby, D. and Grima-Pettenati, J.
(2001). Two cinnamoyl-CoA reductase (CCR) genes
from Arabidopsis thaliana are differently expressed
during development and in response to infection
with pathogenic bacteria. Phytochemisty 57, 1187-
1195.

Lehman, A., Black, R. and Ecker, J.R. (1996). HOOK-
LESST1, an ethylene response gene, is required for
differential cell elongation in the Arabidopsis
hypocotyl. Cell 85, 183-194.

Leyns, F., De Cleene, M., Swings, J and De Ley, J.
(1984). The host range of the genus Xanthomonas.
Botanical Review 50, 308-356.

Lummerzheim, M., Oliviveira, de D., Castresana, C.,
Miguens, F.C., Louzada, E., Roby, D., Van
Montagu, M and Timmerman, B. (1993).
Identification of compatible and incompatible inter-
actions between Arabidopsis thaliana and
Xanthomonas campestris pv. campestris and charac-
terization of the hypersensitive response. Mol. Plant-
Microbe Interact. 6, 532-544.

Parker, J.E., Barber, C.E., Mi-Jiao, F. and Daniels,
M.J. (1993). Interaction of Xanthomonas campestris
with Arabidopsis thaliana: Characterization of a gene
from X.c. pv. raphani that confers avirulence to most
A. thaliana accessions. Mol. Plant-Microbe Interact.
6, 216-224.

Schaad, N.W. and Dianese, J.C. (1981). Cruciferous
weeds as sources of inoculum of Xanthomonas
campestris in black rot of crucifers. Phytopathology
71, 1215-1220.

Simpson, R.B. and Johnson, L.J. (1990). Arabidopsis
thaliana as a host for Xanthomonas campestris pv.
campestris. Mol. Plant-Microbe Interact. 3, 233-237.



Interactions between Xanthomonas Species and Arabidopsis thaliana

Simpson, A.J.G., Reinach, F.C., Arruda, P., Abreu,
F.A., Acenicio, M., Alvrenga, R., Alves, M.C.,
Araya, J.E., Baia, G.S., Baptista, C.S., Barros,
M.H., Bonaccorsi, E.D., Bordin, S., Bove, J.M.,
Briones, M.R.S., Bueno, M.R.P., Camargo, A.A.,
Camargo, L.E.A., Carraro, D.M., Carrer, H.,
Colauto, N.B., Colombo, C., Costa, F.F.,, Costa,
M.C.R., Costa-Neto, C.M., Coutinho, L.L.,
Cristofani, M., Dias-Neto, E., Docena, C., EI-Dorry,
H., Facincani, A.P., Ferreira, A.J.S., Ferreira,
V.C.A., Ferro, J.A,, Fraga, J.S., Franca, S.C.,
Franco, M.C., Frohme, M., Furlan, L.R., Garnier,
M., Goldman, G.H., Goldman, M.H.S., Gomes, S.L.,
Gruber, A., Ho, P.L., Hoheisel, J.D., Junqueira,
M.L., Kemper, E.L., Kitajima, J.P., Krieger, J.E.,
Kuramae, E.E., Laigret, F., Lambais, M.R., Leite,
L.C.C., Lemos, E.G.M., Lemos, M.V.F, Lopes, S.A.,
Lopes, C.R., Machado, J.A., Machado, M.A.,
Madeira, A.M.B.N., Madeira, H.M.F., Marino, C.L.,
Marques, M.V,, Martins, E.A.L., Martins, E.M.F,,
Matsukuma, A.Y., Menck, C.F.M., Miracca, E.C.,
Miyaki, C.Y., Monteiro-Vitorello, C.B., Moon, D.H.,
Nagai, M.A., Nascimento, A.L.T.O., Netto, L.E.S.,
Nhani Jr, A., Nobrega, F.G., Nunes, L.R., Oliveira,
M.A,, Oliveira, de M.C., Oliveira, de R.C., Palmieri,
D.A., Paris, A., Peixoto, B.R., Pereira, G.A.G.,
Pereira Jr, H.A., Pesquero, J.B., Quaggio, R.B.,
Roberto, P.G., Rodrigues, V., M.A.J., Rosa. de,
Rosa de Jr., V.e., Sa de, R.G., Santelli, R.V.,
Sawasaki, H.E., Silva da, A.C.R., Silva da, A.M.,
Silva da, F.R., Silva Jr, W.A,, Silveira da, J.F.,
Silvestri, M.L.Z., Siqueira, W.J., Souza de, A.A.,
Souza de, A.P., Terenzi, M.F., Truffi, D., Tsai, S.M.,
Tsuhako, M.H., Vallada, H., Van Sluys, M.A.,
Verjovski-Almeida, S., Vettore, A.L., Zago, M.A.,
Zatz, M., Meidanis, J. and Setubal, J.C. (2000). The
genome sequence of the plant pathogen Xylella fas-
tidiosa. Nature 406, 151-157.

Starr, M.P. (1981). The genus Xanthomonas. In The
Prokaryotes Vol 1, M.P. Starr, H. Stolp, H.G. Truper,
A. Balows, and H.G. Schlegel, eds (Springer Verlag,
Berlin), pp 742-763.

Downloaded From: https://bioone.org/journals/The-Arabidopsis-Book on 04 May 2024
Terms of Use: https://bioone.org/terms-of-use

11 of 11

Staskawicz, B., Mudgett, M.B., Dangl, J. and Galan,
J.E. (2001). Common and contrasting themes of
plant and animal diseases. Science 292, 2285-2289.

Stenmark, H., and Olkkonen, V. M. (2001) The Rab
GTPase family. Genome Biology 2, 1-7.

Swings, J, Vauterin, L. and Kersters, K. (1993). The
bacterium Xanthomonas. In Xanthomonas, J.G.
Swings and E.L. Civerolo, eds (Chapman and Hall,
London) pp. 121-156

Tsuji, J. and Somerville, S.C. (1988). Xanthomonas
campestris pv. campestris induces chlorosis in
Arabidopsis thaliana. Arabidopsis Information
Service 26, 1-8.

Tsuiji, J., Somerville, S.C. and Hammerschmidt, R.
(1991). Identification of a gene in Arabidopsis
thaliana that controls resistance to Xanthomonas
campestris pv. campestris. Physiol. Mol. Plant
Pathology 38, 57-65.

Tsuji, J. and Somerville, S.C. (1992). First report of the
natural infection of Arabidopsis thaliana by
Xanthomonas campestris pv. campestris. Plant
Disease 76, 539.

Tsuji, J., Jackson, E.P., Gage, D.A.,
Hammerschmidt, R., and Somerville, S.C. (1992)
Phytoalexin accumulation in Arabidopsis thaliana
during the hypersensitive reaction to Pseudomonas
syringae pv syringae. Plant Physiol. 98, 1304-1309.

Van den Mooter, M., and Swings, J (1990). Numerical
analysis of 295 phenotypic features of 266
Xanthomonas strains and related strains and an
improved taxonomy of the genus. Int. J. of
Systematic Bacteriology 40, 348-369.

Williams, P.H. (1980). Black Rot: A continuing threat
to world crucifers. Plant Disease 64, 736-742.

Yang, Y. and Klessig, D. F. (1996). Isolation and char-
acterization of a tobacco mosaic virus-inducible myb
oncogen homolog from tobacco. Proc. Natl. Acad.
Sci. USA 93, 1472-14977.





