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Bacterial Genes Involved in the

Elicitation of Hypersensitive Response
and Pathogenesis

Intensive molecular genetic studies un-
dertaken in the past 10 years have started
to solve many of the puzzles in the area of
compatibility and incompatibility between
plants and bacterial pathogens. These
studies have provided answers to some of
the most fundamental questions in plant
pathology: What bacterial genes are in-
volved in the establishment of compatibil-
ity or incompatibility between plants and
necrogenic bacteria? What traits distin-
guish plant-pathogenic bacteria from sap-
rophytic bacteria? Are these genes and
traits common in seemingly very diverse
groups of plant-pathogenic bacteria, from
soft-rot erwinias to local lesion-forming
pseudomonads? In this article, we will
discuss some recent advances in under-
standing the compatibility or incompati-
bility between plants and necrogenic bac-
teria (bacteria that cause tissue necrosis).
The potential application of these advances
to disease management will be addressed
briefly. Interested readers should consult
other recent reviews (6,8,45,50) for a more
technical discussion on this topic.

Plant-Bacteria Interactions:
Incompatible vs. Compatible
Plant-pathogenic bacteria cause devas-
tating diseases on many important crop
plants. Some bacteria, such as Agrobacte-
rium tumefaciens, cause tissue deformation
(tumors) by altering hormone balance in
infected plant tissues. Other bacteria cause
wilt or soft rot by interfering with the
function of the plant vascular system or by
disintegrating plant tissues, respectively.
Many pathovars of Pseudomonas syringae
and Xanthomonas campestris cause local
lesions on various plant tissues. Disease
symptoms caused by most plant-pathogenic
bacteria involve plant cell death. In this
article, only necrogenic bacteria will be
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discussed. Therefore, gall-forming A.
tumefaciens and other bacteria that do not
cause necrosis will not be addressed.

Plant-bacteria interactions can be gen-
erally classified as compatible or incom-
patible interactions. In a compatible inter-
action, a susceptible host plant is infected
by a virulent (or compatible) bacterium,
resulting in the multiplication and spread
of the bacterium in infected plant tissues
and the appearance of disease symptoms.
In an incompatible interaction, an avirulent
(or incompatible) bacterium attempts to
infect a resistant host plant or a nonhost
plant, but the multiplication and spread of
the bacterium are severely restricted. A
hallmark of many incompatible interactions
is the occurrence of rapid plant cell death
at or near the attempted infection site, a
phenomenon known as the hypersensitive
response (HR; 16,29). That is, although an
avirulent bacterium is unable to cause
typical spreading disease symptoms in a
resistant host or nonhost plant, it is able to
elicit localized plant cell death. The HR is
associated with a wide array of defense
responses that may inhibit further pathogen
invasion, including synthesis of antimi-
crobial compounds, induction of plant
defense genes, and strengthening of the
plant cell wall by rapid cross-linking of
cell wall components (10,32).

Although a true plant-pathogenic bacte-
rium can elicit a dramatic plant response—
either disease or resistance—in a healthy
plant with the appropriate genetic back-
ground, saprophytic bacteria or bacteria
that are pathogenic on organisms other
than higher plants are generally unable to
initiate any interactions in plants. Of 1,600
known species of bacteria, only about 80
species have been found to cause plant
disease (1). What are the features that
distinguish plant-pathogenic bacteria from
other types of bacteria? Taxonomic differ-
ences give no clue to the differences in
pathogenicity. For example, Erwinia amy-
lovora, the bacterium that causes fire blight,
is taxonomically more closely related to the
human pathogens Escherichia coli and
Yersinia spp. than to another common plant
pathogen, P. syringae.

Genes Controlling
Compatibility Between Plants
and Bacteria

In the early 1980s, a number of re-
searchers started to use transposon-medi-
ated mutagenesis, a technique developed in
the study of E. coli, to reveal bacterial
genes that play important roles in various
plant-bacteria interactions. A transposon is
a mobile DNA element that can hop in and
out of the bacterial chromosome. When a
transposon hops into a gene on the
chromosome, the gene is physically dis-
rupted and cannot produce a functional
product (Fig. 1). If the gene happens to be
important in plant-bacterial interactions,
the mutant bacterium carrying the dis-
rupted gene will show a defect in initiating
normal plant-bacterial interactions.

Using such a mutagenesis technique,
Niepold et al. (35) and Lindgren et al. (33)
identified clusters of bacterial genes, known
as hrp (for HR and pathogenicity) genes,
in the bean pathogens Pseudomonas
syringae pv. syringae and P. s. pv. phaseo-
licola, respectively. Transposon-induced
mutations in hrp genes were found to
abolish the ability of P. syringae to elicit
the HR in nonhost plants or to cause
disease in host plants (33,35). hrp mutants
behave very much like bacteria that have
no apparent interactions with plants, such
as E. coli. The identification of hrp genes
suggested that the molecular mechanism(s)
underlying bacterial pathogenicity and
bacterial elicitation of plant disease
resistance may involve the same bacterial
genes.

hrp genes have been isolated from many
plant-pathogenic bacteria and have been
characterized most extensively from P. s.
pv. syringae, P. s. pv. phaseolicola, Pseu-
domonas solanacearum (which causes wilt
in many solanaceous plants), Xanthomonas
campestris pv. vesicatoria (which causes
bacterial spot on tomato and pepper), and
E. amylovora (6,8,45). Isolation (cloning)
of hrp genes was accomplished by insert-
ing random genomic DNA fragments from
a wild-type, plant-pathogenic bacterium into
a cloning vector, followed by introduction of
cloned DNA fragments into hrp mutants



(Fig. 1). If a cloned DNA fragment carries
a wild-type copy of the mutated hrp gene
in an hrp mutant, it will produce a
functional hrp gene product and therefore
complement the mutated hrp gene located
in the chromosome (Fig. 1). Surprisingly,
the cloned hrp clusters from P 5. pv.
syringae 61 and E. amylovora 321 enabled
nonpathogens (e.g., E. coli or Pseudomonas
fluorescens) to elicit the HR in plants
(5,24). The functional cloning of these two
hrp clusters in E. coli revealed that the
minimum number of genes required for
elicitation of the HR by plant-pathogenic
bacteria is carried on a DNA fragment
about 25 to 30 kb in length, a very small
portion of the bacterial genome (which is
normally about 4,000 to 5,000 kb).
DNA-DNA hybridization studies indi-
cate that at least some hrp genes are simi-
lar among necrogenic bacteria belonging to
different genera (P. syringae, E. amylo-
vora, Erwinia stewartii, P. solanacearum,
and X. campestris) (31). Recent DNA
sequence studies confirm that many hrp
genes cloned from diverse plant-patho-
genic bacteria are homologous (23,46).
Thus, hrp genes appear to be universal
among diverse necrosis-causing, gram-
negative bacterial pathogens of plants.

Biochemical Functions
of hrp Genes

The biochemical functions of hrp genes
have remained a puzzle until recently.
DNA sequencing has played a major role
in the determination of many hrp gene
functions. As will be discussed, many hrp
genes have striking similarities with genes
of known function. Figure 2 shows the
gene organization and likely functions of
hrp genes of P. 5. pv. syringae (23). There
are at least 25 hrp genes in this bacterium.
Based on DNA sequence similarity to other
known genes and subsequent biochemical
and molecular characterization, we now
know that hrp genes have at least three
biochemical functions: gene regulation,
protein secretion, and production of HR
elicitor proteins.

1. Gene regulation. It was discovered
that hrp genes either are not expressed or
are expressed at very low levels (i.e., they
make very low levels of protein products)
when bacteria were grown in nutrient-rich
bacteriological media, whereas they are
highly expressed when bacteria are in the
intercellular space (apoplast) of plant tis-
sues (25,37,41,46,48,52,53). What condi-
tions in plant tissues induce the expression
of hrp genes, and how do bacteria detect
these inducing conditions? Unlike viruses,
nematodes, and many fungi, plant-patho-
genic bacteria do not invade living plant
cells. Therefore, signal exchanges between
plant cells and bacteria must occur in (or
through) the apoplast outside the plant cell.
A number of laboratories have observed
that induction of P. syringae hrp genes
could be achieved by using artificial

minimal media lacking complex nitrogen
nutrients, indicating that lack of nutrients
in the plant apoplast may be the signal for
the induction of hrp genes (25,37,52,53).
Specific compounds (e.g., sucrose and
sulfur-containing amino acids) present in
the plant apoplast may also serve as signals
for the induction of X. ¢. pv. vesicatoria
hrp genes (41). The induction of hrp genes
in the nutrient-poor plant apoplast or in
artificial minimal media indicates that hrp
genes may be involved in bacterial
nutrition in planta.

How do bacteria sense the plant apoplast
environment? It was found that at least
three of the 25 hrp gene products are
involved in detection of the apoplast envi-
ronment by P. syringae: hrpL, hrpS, and
hrpR (18,51; Fig. 2). The hrpS and hrpR
are among the first two hrp genes to be
expressed once bacteria enter plant tissues
(51,52). It has been hypothesized that the
HrpS and HrpR proteins, once produced,
bind to the “promoter” sequence of the
hrpL gene to “promote” the production of
the HrpL protein (51). Once the HrpL
protein is produced, it activates promoters
of other hrp genes and some bacterial
avirulence (avr) genes, which determine
gene-for-gene interactions between bacte-
ria and plants (25,26,38,40,51; Fig. 3). Not
all bacterial avr genes are regulated by hrp
genes (30). Interestingly, hrpS and hrpR

are similar in sequence to a family of bac-
terial proteins that regulate genes involved
in diverse metabolic functions, including
genes involved in nutrient transport and
metabolism (18,51). The sequence simi-
larity of hrpS and hrpR with gene regula-
tors involved in nutrition appears to sup-
port the hypothesis that hrp genes are
involved in bacterial nutrition in the nutri-
ent-poor plant apoplast. This hypothesis is
further supported by the observation that
the expression of hrp genes can be turned
off by complex nitrogen sources, tricar-
boxylic acid cycle intermediates, high
osmolarity, and neutral pH, some of which
are characteristic of rich bacterial media
(25,37,41,46,52,53).

An hrpS homolog has been found in a
very different bacterium, E. amylovora (S.
V. Beer, personal communication). In P.
solanacearum, a different hrp gene (hrpB)
was found to be involved in the detection
of the plant apoplast (15). Thus, different
bacteria may or may not use the same
mechanism to detect the apparently similar
environment in the plant apoplast.

2. Protein secretion. One surprising
finding from the sequence analysis of hrp
genes was that many hrp genes show
striking similarities to those involved in the
secretion of proteinaceous virulence factors
in human and animal pathogenic bacteria
(12,17,22,39,46). Most plant-pathogenic
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Fig. 1. Diagram of molecular techniques commonly used in the cloning of hrp genes.
A wild-type bacterium is mutagenized by random insertion of a transposon (Tn) into
its genome. When a transposon inserts into a wild-type hrp gene (in red), it physically
disrupts the hrp gene (in green). The transposon-inserted hrp gene cannot produce a
functional product, and the resulting bacterium is called a hrp mutant. The hrp mutant
can no longer induce the hypersensitive response (HR) in resistant plants or cause
disease in susceptible plants. To isolate (clone) the hrp gene identified by transposon
mutagenesis, a gene library is established by inserting pieces of the wild-type
genomic DNA into a cloning vector (indicated by a circle). The vector carrying foreign
DNA inserts (recombinant vector) is then introduced into the hrp mutant. If a
recombinant vector happens to carry a wild-type copy of the mutated hrp gene, it will
produce a functional hrp gene product lacking in the hrp mutant, thus recovering the
ability of the mutant to induce the HR in resistant plants and to cause disease in
susceptible plants. The hrp mutant phenotype is therefore complemented by this

recombinant vector.
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bacteria that cause necrosis are gram-
negative, that is, they have two cell
membranes enveloping the cytoplasm. For
any large molecule (e.g., a protein) to go
through a lipid membrane, a special secre-
tion apparatus or channel composed of
many proteins must be assembled across
both cell membranes. Gram-negative plant
pathogenic bacteria are known to make
several types of secretion apparatus. For
example, Erwinia chrysanthemi, a bacte-
rium that causes soft rot, makes one type of
secretion apparatus for proteases and
another for plant cell wall-degrading en-
zymes (21,39). Both types of secretion
apparatus are widely conserved among
many other bacteria, including human
pathogens such as E. coli and Pseudo-
monas aeruginosa (21,39). The hrp genes
were found to specify a third type of se-
cretion apparatus, the Hrp secretion appa-
ratus, which appears to be similar to the
one discovered in several human-patho-
genic bacteria, including Yersinia spp.
(12,17,22,39,46). Interestingly, although
the regulatory hrp genes in different bac-
teria may be different (hrpS, hrpR, and
hrpL in P. syringae versus hrpB in P. sola-
nacearum), most hrp genes involved in the
assembly of the Hrp secretion apparatus
are similar among diverse plant-pathogenic
bacteria. This suggests that although
different bacteria may detect the plant
apoplast environment in their own unique
ways, they nevertheless produce similar
types of protein secretion apparatus.

3. Production of elicitor proteins. The
discovery of the novel Hrp secretion appa-

ratus raised an immediate question: What
are the proteins that traverse it? Since hrp
genes are essential for bacteria, both to
elicit the plant HR and to cause disease, it
was expected that some of the proteins that
traverse the Hrp secretion apparatus may
be elicitors of plant HR and that others
may be involved in causing necrosis during
pathogenesis. Wei et al. (47) first provided
evidence that one of the E. amylovora hrp
genes (hrpN) encodes a proteinaceous
elicitor (harpin). Harpin elicits HR necrosis
when injected into the apoplast of
appropriate plants (47). Although no hrpN
gene homolog could be found in P
syringae, another proteinaceous HR
elicitor (harpinp,) was identified and was
shown to be encoded by a different hrp
gene, hrpZ (20,36). Furthermore, harpinpg
was the first extracellular protein shown to
be secreted via the Hrp secretion apparatus
(20). A third bacterial protein elicitor of the
HR was identified in P. solanacearum and
was named PopAl (2). The E. amylovora
harpin, P. 5. pv. syringae 61 harpinp,, and
P. solanacearum PopAl, although largely
dissimilar in primary sequences, share
similar properties that may be important in
their HR elicitor activities. They are all
heat stable, glycine rich, and hydrophilic.
Homologs of E. amylovora harpin and P. s.
pv. syringae 61 harpinp, have been
identified in other pathogenic strains that
belong to the genus Erwinia and the
species P. syringae, respectively (4,20).
Thus, at least three proteins that traverse
the Hrp secretion apparatus of three
diverse bacteria elicit the HR.
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The Search for Proteins
that Traverse the Hrp Apparatus

As mentioned earlier, bacterial mutants
defective in the Hrp secretion apparatus are
unable to elicit the HR in resistant plants
and to cause disease in susceptible plants.
The question is, how many proteins are
secreted via the Hrp secretion apparatus? If
harpins and PopA are the only proteins that
traverse the Hrp secretion apparatus, then
mutations in the genes that make harpins
and PopA would also eliminate the ability
of bacteria to elicit the HR in resistant
plants and to cause disease in host plants.
However, if there are other pathogenicity-
or HR-related proteins secreted via the Hrp
apparatus, mutations in only harpin- or
PopA-encoding genes would not com-
pletely abolish the ability of bacteria to
elicit the HR in resistant plants or to cause
disease in host plants. Wei et al. (47)
reported that mutations in the gene coding
for harpin of E. amylovora destroyed the
ability of the bacteria both to trigger the
HR in resistant nonhost tobacco and to
cause disease in susceptible pear fruits.
Mutations in the gene coding for harpingy,
of E. chrysanthemi prevented the bacter-
ium from triggering the HR in the nonhost
tobacco and reduced the ability of the
bacterium to initiate disease lesions in host
plants (4). In the case of harpinp, of P
syringae, mutation analysis has been
complicated by the complex gene structure
and organization surrounding the hrpZ
gene. Conclusive data regarding the role of
harpinp, in plant—F. syringae interactions
are yet to be shown. PopAl was shown to
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Fig. 2. hrp genes of Pseudomonas syringae. There are at least 25 hrp genes (hrpA to hrp2) in P. syringae. hrpS, hrpR, and hrpL (in
yellow) are involved in the detection of the plant apoplast environment and in the activation of all other hrp genes, avr genes, and
possibly other pathogenicity-related genes. Most other hrp genes (in red) are involved in the assembly of the Hrp secretion appara-
tus in the bacterial envelope, through which travels a newly discovered class of bacterial virulence/avirulence proteins (in green),

including HrpZ.
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be dispensable for pathogenicity of P.
solanacearum in the susceptible host plant,
tomato, or for HR elicitation in the nonhost
plant, tobacco (2), indicating that there
must be other HR-elicitors and patho-
genicity factors that traverse the Hrp
secretion apparatus in this bacterium.
Further examination indicated that PopAl
may function as an avirulence gene, me-
diating gene-for-gene interaction in certain
Petunia-P. solanacearum interactions (2,45).
Thus, the Hrp secretion apparatus in each
bacterium may secrete a different number
of proteins. Identification of other proteins
that traverse the Hrp secretion apparatus is
now an active research area and is essential
for a complete understanding of hrp-me-
diated plant-bacterial interactions.

Factors Modifying hrp
Gene-Mediated Compatibility

Two broad classes of bacterial genes
may superimpose their functions on the hrp
gene-mediated compatibility or incompat-
ibility between plants and bacteria: avr
genes and various virulence genes. The avr
genes mediate genotype-specific incompat-
ibility in resistant host plants. Virulence
genes promote the production of disease
symptoms and are usually needed for the
full virulence of bacteria.

Bacterial avr Genes

Flor (14) formulated the gene-for-gene
hypothesis in his work on flax—flax rust
interactions. Flor hypothesized that the
resistance of a given flax cultivar to a
given fungal race is the result of the inter-
action between a fungal avr gene and a
corresponding flax resistance gene. There-
fore, the interactions between the plant's
resistance genes and the pathogen's avr
genes would limit the host range of the
pathogen. Staskawicz et al. (44) first
cloned an avr gene from a soybean bacte-
rial pathogen, Pseudomonas syringae pv.
glycinea, and showed that the cloned avr
gene could convert virulent P. 5. pv. gly-
cinea strains that cause disease into aviru-
lent strains that elicit the HR in certain
soybean cultivars carrying the correspond-
ing resistance genes, thus validating the
role of avr genes in controlling host range.
Since then, numerous avr genes have been
cloned from plant-pathogenic bacteria (27).
Several plant resistance genes have also
been cloned using molecular genetic
approaches (e.g., 34,43).

What is the relationship between the avr
genes and hrp genes, both of which are
involved in eliciting the HR? Several labo-
ratories have observed that avr genes can-
not trigger the genotype-specific HR in hrp
mutants, i.e., avr genes depend on
functional hrp genes for expressing their
phenotype (25,26,28,38,40). There are
several ways of explaining such depend-
ence (Fig. 4). One possibility is that Avr
proteins are dependent on the Hrp secre-
tion apparatus for secretion. Alternatively,
Avr function requires a prior plant response

elicited by the hrp-controlled extracellular
factors (such as harpins). A third possi-
bility is that Avr proteins, with no HR-
eliciting activity by themselves, cause the
cultivar-specific HR by either covalently
modifying harpins or modulating the
expression of harpins in a plant resistance
gene—dependent manner yet to be understood.
Finally, it is also possible that Avr proteins
are secreted directly into the plant cell with
the help of harpins, assuming that receptors
for Avr proteins are inside the plant cell.
Studies are being carried out to resolve
these possibilities.

Bacterial Virulence Factors

The genetic diversity of plant-patho-
genic bacteria is reflected in their ability to
cause diverse disease symptoms ranging
from soft rot to tissue necrosis to
“wildfire.” These diverse disease symp-
toms are likely the result of the action of
several, sometimes unique, virulence fac-
tors produced by a given bacterium in
addition to hrp-controlled pathogenicity

plant apoplast signals

factors. For example, research from many
laboratories has shown that toxin produc-
tion plays an important role in the forma-
tion of chlorosis and necrosis (3,19,49).
Extracellular polysaccharides may be in-
volved in the formation of water-soaking
lesions (11,13) and in the production of
wilt symptoms by clogging the plant vas-
cular system (9). Plant cell wall-degrading
enzymes are responsible for tissue disinte-
gration and the appearance of the soft-rot
symptom (7). Plant hormones produced by
plant-pathogenic bacteria are involved in
the induction of tissue deformation (42).
Both hrp genes and bacterial virulence
factors are necessary for disease symptom
production, but what is the relationship
between them? A logical relationship
would be that hrp-controlled extracellular
factors are involved in obtaining nutrients
in early stages of pathogenesis, whereas
other virulence factors drive the initial
compatible stage into a fully compatible
one, leading to the production of various
disease symptoms. At least two lines of
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Fig. 3. Diagram of the signal transduction cascade in the detection of the plant
apoplast environment by Pseudomonas syringae. The plant apoplast environment
(limited nutrients and/or certain unique compounds) activates the expression of hrpS
and hrpR by a mechanism yet to be understood (step 1). The hrpS and hrpR gene
products (S and R, respectively) bind to and activate the promoter of the hrpL gene
(step 2). The hrpL gene product (L), in turn, binds to promoters of other hrp genes, avr
genes, and other bacterial pathogenicity-related genes to promote the expression of
these genes, resulting in the initiation of diverse plant-bacteria interactions (step 3).

Modified from Xiao et al. (51).
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evidence seem to support this relationship.
First, hrp genes are highly conserved
among diverse plant-pathogenic bacteria,
whereas virulence factors vary greatly
among bacteria. Second, while mutations
in the hrp gene completely abolish both
bacterial pathogenicity and elicitation of
the HR, mutations in virulence genes (e.g.,
toxin-production genes) often do not
eliminate pathogenicity and have no effect
on bacterial elicitation of the HR (3,19,49).

hrp Gene Functions
and Disease Management

A major reason for discovering bacterial
and plant factors critical for bacterial
pathogenesis and plant resistance is to
develop novel and environmentally safe
strategies for controlling plant diseases.
The discovery that the Hrp secretion appa-
ratus is crucial to bacterial pathogenesis
provides a foundation for designing novel
chemicals and antibodies that would block
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Fig. 4. Working models for possible interactions between hrp genes and avr genes.
Model 1: Avr signals (Avr proteins or their enzymatic products) are secreted through
the Hrp secretion apparatus to elicit the hypersensitive response (HR) and resistance.
Model 2: Harpins and Avr signals modify each other before interacting with plant re-
ceptors. Avr signals may or may not be secreted via the Hrp secretion apparatus.
Model 3: Harpins and Avr signals interact with respective plant receptors. Plant re-
sponse elicited by harpins must precede plant response elicited by Avr signals. Avr
signals may or may not be secreted via the Hrp secretion apparatus. Model 4: Avr
proteins are secreted into the plant cell with the help of harpins. Avr signals may or
may not be secreted via the Hrp secretion apparatus. In models 1 to 3, receptors for
Avr proteins are presumed to be on the plant cell surface. In model 4, receptors for
Avr proteins are inside the plant cell.
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the assembly of the Hrp secretion appara-
tus or the passage of bacterial virulence
proteins through it. Alternatively, suscep-
tible crop plants could be genetically engi-
neered with genes encoding proteinaceous
HR elicitors, such as harpins, under the
control of plant promoters inducible by
virulent pathogens. If this approach were
successful, the HR or resistance would be
triggered in otherwise compatible interac-
tions, limiting disease development.
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