Stomate

A natural opening on leaves
and stems. Stomata can open
and close to ensure efficient
exchange of gases and
moisture in the apoplast.

Apoplast

The intercellular space in the
plant tissue, including the cell
wall, that is outside the plasma
membrane, through which
nutrients and water can freely
diffuse.

Xylem

A network of cells in the
vascular system of a plant that
moves water and minerals.

Virulence

Increases in the rate of growth
and final population size, or
enhanced disease symptoms,
that promote the spread of the
pathogen through the plant or
in nature.
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Bacterial elicitation and evasion of
plant innate immunity

Plants are a rich source of nutrients and water for
microbes, and they are infected by many bacte-
rial pathogens from both the Proteobacteria and
Actinobacteria phyla (Supplementary information 1
(table)). Because of their broad host range, serious
economic consequences and experimental tractabil-
ity, the most intensively studied bacteria are members
of the Proteobacteria phylum (such as Agrobacterium,
Erwinia, Pseudomonas, Ralstonia and Xanthomonas)'.
These pathogens are spread by wind, rain, insects or
cultivation practices. They enter plant tissues either
by wounds or through natural openings such as len-
ticels, hydathodes or stomata®, and they occupy the
intercellular spaces (apoplast) of various plant tissues
or the xylem.

Plant-pathogenic members of the Proteobacteria
cause diverse disease symptoms, including specks,
spots, blights, wilts, galls and cankers, and they can
cause host-cell death in roots, leaves, flowers, fruits,
stems and tubers (FIG. 1). These symptoms affect both
yield and quality of agricultural crops and bacterial
diseases can have serious economic, social and even
political consequences®®. Control of bacterial diseases
is only partially effective and consists of copper-based
sprays, antibiotics, biocontrol strategies, large-scale
removal of infected plants and, most importantly, host
genetic resistance’. Therefore, research on bacterial dis-
eases of plants helps to elucidate fundamental aspects of
microbial pathogenesis and associated host responses
and also to develop more effective and sustainable
disease-control methods.

Plant-pathogenic bacteria use virulence strategies
that are either specialized to plant tissues or are broadly
conserved among pathogens of both plants and animals
(FIC. 1). Bacterial virulence is manifested as increases
in the rate of growth or final population size, as well
as by enhanced disease symptoms, which promote the
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Abstract | Recent research on plant responses to bacterial attack has identified extracellular
and intracellular host receptors that recognize conserved pathogen-associated molecular
patterns and more specialized virulence proteins, respectively. These findings have shed light
on our understanding of the molecular mechanisms by which bacteria elicit host defences
and how pathogens have evolved to evade or suppress these defences.

spread of the pathogen through the plant or the broader
environment.

Unlike mammals, plants have a complex cell wall
that bacteria must surmount to gain access to water and
nutrients. Bacteria attack this barrier with extracellular
virulence factors, such as cell wall degrading enzymes,
and bypass it by the secretion of cell wall-permeable
toxins’. However, perhaps the most effective virulence
strategy, and one shared with animal bacterial pathogens,
is to breach the wall by use of the type IIl secretion system
(T3SS), an elaborate protein-delivery system that con-
sists of more than 20 proteins’®. The T3SS delivers into
the plant cell a wide array of proteins, called effectors. The
activities of effector proteins are just now beginning to be
understood and probably hold significant clues about how
the pathogen disrupts host signalling and commandeers
host metabolism for its own benefit'.

A pivotal development in the past three years has
been the elucidation of an essentially complete inven-
tory of type III effectors that are present in several
plant-pathogenic bacteria"'*'%. This work revealed that
these bacteria express a far larger number of type III
effectors with greater sequence diversity than bacterial
pathogens of animals, and it has opened up exciting new
possibilities for investigating how these bacterial patho-
gens manipulate host processes to promote virulence'.
In this article, we introduce the range of virulence
strategies that are used by plant-pathogenic bacteria.
We then discuss our current understanding of the roles
of pathogen-associated molecular patterns (PAMPs) and
pathogen recognition receptors (PRRs) in the activation
of plant basal defence responses. Last, we turn to a series of
recent developments that are shedding light on the
sophisticated molecular mechanisms that are used by
bacterial pathogens to interfere with PRR-mediated
basal defences and to manipulate other important plant
processes to promote pathogenesis.
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Type Il secretion system
A bacterial membrane-
spanning protein complex,
extended by a pilus. This
complex functions like a
syringe to inject bacterial
proteins into the host cell
cytoplasm.

Effector

A bacterial protein that is
translocated by the type Il
secretion system into the plant
cell cytoplasm.

Pathogen-associated
molecular patterns

(PAMPs). Bacterial molecules
that have an important role in
the microbial lifestyle, and that
contain a conserved feature
that is recognized by a
pathogen recognition receptor
(PRR).

Pathogen recognition
receptor

(PRR). A host receptor, such as
FLS2 or EFR, that can detect
the presence of pathogens by
recognizing conserved
pathogen molecules (such as
PAMPs).

Basal defence

Plant defence that occurs early
in the host—pathogen
interaction in response to the
perception by plant pattern
recognition receptors (PRRs) of
extracellular pathogen-
associated molecular patterns
(PAMPs).

Biotrophy

A period of colonization during
which a microorganism relies
on living host tissue to grow.
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Crown gall
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Figure 1 | Disease symptoms caused by some bacterial pathogens of plants and representative virulence mechanisms
used by these pathogens. Top panels (left to right): bacterial speck of tomato caused by Pseudomonas syringae pathovar
(pv.) tomato; crown gall of grape caused by Agrobacterium tumefaciens; blackleg of potato caused by Erwinia carotovora
subspecies atroseptica; and bacterial wilt of tomato caused by Ralstonia solanacearum. Bottom panels (left to right):

P syringae pv. tomato enters the leaf apoplastic space through stomata or wounds, and uses a type lll secretion system to
inject a large number of virulence (effector) proteins into the plant cell. Agrobacterium tumefaciens uses a type IV secretion
system to inject a tumour-inducing transfer DNA (tDNA) into the plant cell cytoplasm. This tDNA is integrated into the plant
genome and leads to the development of crown gall disease. Erwinia carotovora subspecies atroseptica uses a type Il
secretion system to deliver cell wall-degrading enzymes (for example, cellulases and pectinases) to the plant cell wall.
Ralstonia solanacearum enters plant roots through wounds and multiplies in the xylem vessels in which it produces
exopolysaccharides that are believed both to interfere with recognition and to inhibit water transport through the vascular
system. Each of these four pathogens also uses other virulence mechanisms (Supplementary information 1 (table)).

Ti, tumour inducing. Photo credits for top panels, left to right: G.B.M., T. Burr, A. Charkowski and P. Frey.

Overview of bacterial virulence factors
Secreted proteins. Bacterial pathogens contain a well
stocked armoury of virulence factors that facilitate their
growth and disease-causing capabilities in plant tissues. An
important step of bacterial pathogenesis is the delivery of
virulence proteins from the bacterium into the plant’s apo-
plast or cytoplasm. Indeed, in many early genetic screens
for mutants of bacterial pathogenesis, mutations that dis-
rupted the function of protein-secretion systems were iden-
tified rather than effector proteins and enzymes that are
direct modulators of plant biology (reviewed in REF. 13).
Three distinct protein-secretion pathways have been
extensively studied in plant pathogens. The type II secre-
tion system (T2SS), or the Out system, is essential for
microbes with a soft-rotting lifestyle, characteristic of
bacteria in the genus Erwinia'*" (FIC. 1). Using a two-step
process, the T2SS exports enzymes that are involved in
degrading the plant cell wall, including pectinases, endo-
glucanases and cellulases. These and other exoenzymes
are believed to be responsible for causing the rotting and
macerating phenotypes that are associated with these
pathogens.

Perhaps the most widely studied secretion system in plant
pathogens is the T3SS. The T3SS is related to the bacterial
flagellum, and forms a pilus that injects effectors into the
plant cell. Inside the plant cell, these effectors modulate
the plant’s physiology to benefit the pathogen''. Bacteria of
different lifestyles, including biotrophic, soft-rotting bacte-
rial pathogens, and even some symbiotic bacteria, rely on
the T3SS to successfully interact with their hosts. The effec-
tors delivered by the T3SS have a prominent role in pro-
moting the virulence of pathogenic bacteria in plants and
animals'®!"'>!¢, There is a great diversity of effectors both
within and among bacterial species based on sequence-
level comparisons'’ over thirty effectors are likely to be
delivered by Pseudomonas syringae pathovar (pv.) tomato
(Pst)'>". These effectors have diverse enzymatic activities,
such as cysteine protease'?', ubiquitin-like protease*,
E3 ubiquitin ligase*** and protein phosphatase activity**”,
and studies of subcellular localization and host-mediated
post-translational modifications have provided further
clues regarding effector function®°. However, most
effectors have no sequence similarity to known proteins
and their functions remain unknown.
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Hormone

Asignal molecule that is
produced at specific locations
and at low concentrations.
Hormones can be transported
throughout the plant and
regulate biological processes.

Arabidopsis

A plant of the mustard family
that is used as a model
organism in plant molecular
biology.

The type IV secretion system (T4SS) has a critical
role in the pathogenesis of Agrobacterium tumefaciens
and its capability to form galls on plants (FIC. 1). Related
to the bacterial F-pilus, the T4SS mediates the traffick-
ing of bacterial proteins and DNA into the plant cell’'.
The bacterial DNA is integrated into the host genome
and produces plant hormones that induce the character-
istic gall symptoms. It also promotes the biosynthesis of
nutrient-rich opine compounds that can be catabolized
by A. tumefaciens but not by most other organisms.
Several bacterial proteins are transported through the
T4SS to enable the efficient transfer and integration of
bacterial DNA®'"%. It is important to note that many
pathogens rely on multiple mechanisms of protein secre-
tion'®. For example, many Erwinia species require both a
T2SS and a T3SS to cause disease'®, and several strains of
Xanthomonas have T2SS, T3SS and T4SS*.

Small molecules as virulence factors. Small molecules,
such as toxins, plant hormones, autoinducers and
exopolysaccharides (EPS), are used by bacteria to pro-
mote disease. Bacterial toxins that have an important
role in virulence and symptom development include:
coronatine, syringomycin, syringopeptin, tabtoxin and
phaseolotoxin®. Using diverse mechanisms of action,
including mimicking plant hormones, forming pores in
plant membranes or inhibiting host metabolic enzymes,
these toxins can cause necrotic or chlorotic symptoms
on affected plants. Many strains of Pseudomonas and
Xanthomonas produce the plant hormone auxin®®.
Recently, it was discovered that plants gain enhanced
disease resistance by downregulating auxin levels in
response to pathogen challenge”. Therefore, it is possible
that bacterial-derived auxin might function to counter
this plant response to suppress plant defences. Bacteria
also produce hormone-like molecules called autoinducers
to detect the local population density of a particular bac-
terial strain or species®. This process, quorum sensing,
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is believed, among other things, to enable bacteria to
regulate their gene expression such that they only induce
the expression of virulence factors when they have
reached high enough levels to effectively parasitize the
plant. Many phytobacteria, including bacteria in the gen-
era Ralstonia and Xanthomonas, secrete large amounts
of EPS, which are high molecular-mass sugar molecules
that can clog the xylem and cause characteristic wilting
symptoms® (FIG. 1). EPS enhances pathogen virulence,
perhaps by protecting the bacteria from antimicrobial
environments in the plant, such as antimicrobial factors
that might be present in the xylem. In many cases, the
above, diverse mechanisms work together to promote
pathogenesis. For example, quorum sensing was recently
shown to regulate the formation of EPS in the pathogen
Pantoea stewartii subspecies stewartii*, indicating that
temporal control of EPS expression is important for
bacterial pathogenesis.

Bacterial elicitation of host basal defences
Plants, like mammals and invertebrates, have evolved
PRRs, which function to recognize certain PAMPs*"#2.
PAMPs are important molecules for the microbial life-
style, and they contain a conserved structural feature
that is recognized by a PRR. Recognition of a PAMP
activates several early, frontline’ plant defences against
bacterial pathogens (BOX 1)*"#-**. Recognition capacity
for certain PAMPs such as flagellin is conserved among
diverse plant taxa, whereas the perception of others such
as cold-shock protein and elongation factor Tu (EF-Tu)
is limited to only certain plant families**5.

Plant perception of flagellin. The best characterized
phytobacterial PAMP is flagellin, a structural component
of the bacterial flagellum***. In a series of seminal studies,
a 22-amino-acid epitope of flagellin, flg22, was found
to be recognized by the Arabidopsis FLS2 leucine-rich
repeat (LRR) receptor kinase****° (FIG. 2). Treatment of

Box 1 | Basal and R-gene-mediated defences in plants

Plants lack mammalian-like adaptive immunity and therefore their various inducible defence responses are collectively
referred to as ‘innate immunity’. Plant responses to pathogen attack can be differentiated into ‘basal’ and ‘resistant
(R)-gene-mediated’ defences. These two defence responses can be distinguished experimentally by several assays, but
they share some similar features and might even share some common molecular mechanisms®.

Basal defences occur early in the plant-pathogen interaction (<10 minutes after contact) in response to the perception
by plant pattern recognition receptors (PRRs) of extracellular pathogen-associated molecular patterns (PAMPs). They are
elicited experimentally by exposing whole leaves, suspension cells or protoplasts to bacteria or purified PAMPs such as
flagellin, lipopolysaccharide or elongation factor Tu (EF-Tu)***". Assays for basal defences in suspension cell or protoplast
systems include detection of increased extracellular pH (caused by a rapid efflux of K*), increases in Ca?, ethylene,
reactive oxygen and nitrogen species, activation of mitogen-activated protein kinases (MAPKs) and increased expression
of certain genes (for example, FRK1 and WRKY29)*°152, Several of these assays are also applied to intact plants and can
detect other phenotypes that are associated with basal defence, such as callose deposition at the cell periphery,
exclusion of certain dyes from the vascular system and the inhibition of seedling growth®*6711°,

R-gene-mediated defences are typically detectable later in the plant—-pathogen interaction (2-3 hours) after the
delivery of type Il effectors into the host cytoplasm’. They are elicited experimentally by either the inoculation of
R-gene-expressing leaves with bacteria that are expressing a cognate effector gene or by the expression of an effector
transgene in the plant cell through transient agroinfiltration or particle bombardment. Depending on the resistance-
gene—effector-gene combination, these responses, like basal defence, might include the generation of reactive oxygen
and nitrogen species, changes in gene expression and activation of MAPKs*!112_ However, the most characteristic
feature of R-gene-mediated defences, which is generally not associated with basal defence, is the development of
localized programmed cell death (the hypersensitive response)’’*3.
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Other bacterial PAMPs:
Lipopolysaccharide (LPS)
Harpin

Cold-shock protein

EF-Tu Type lll
D @j;ﬁecto rs

Flagellin

Plant cell wall

LRR elf18

PRRs
flg22

Type Ill secretion
system

Plasma
membrane

Kinase

Plant cell

MAPK
5|gnall|ng

WRKYs

AN

FRK1 and NHO1

Nucleus\

... .................)

PRR and PRR-like
genes upregulated

SN ZE

>300 genes
upregulated

Type lll effectors
with basal defence
suppression activity
AvrE1l

AvrPto

AvrPtoB
? AvrRpm1

AvrRpt2
HopAA1-1
HopAF1

HopAl1

HopC1

HopF2

HopG1

HopM1

HopS1

HopT1-1

HopT1-2

XopX

196~ o@«/

FLS2  AvrPto

Cell wall
fomﬁcatlons NO ROS

Actlvated
defences

Figure 2 | Model depicting the activation of PRR-mediated basal defences and their suppression by type Il
effectors. Plants possess plasma-membrane-localized pattern recognition receptors (PRRs) that consist of an
extracellular leucine-rich repeat (LRR) domain and a cytoplasmic serine/threonine kinase domain. In Arabidopsis,

FLS2 and elongation factor Tu (EF-Tu) receptor (EFR) are PRRs that recognize the flg22 peptide of flagellin or the elf18
peptide of EF-Tu, respectively *#****%119_Other bacterial elicitors such as lipopolysaccharide (LPS), harpins, and cold-shock
protein have been identified!***#5120_ PRR activation triggers signalling events that lead to the upregulation of over 300
plant genes®*%¢%". A complete mitogen-activated protein kinase (MAPK) pathway and several WRKY transcription factors
that function downstream of FLS2 and induce the expression of genes such as FRK1 and NHO1 have been identified**.
Phenotypes that are associated with activated basal defences include cell wall fortifications and the production of
reactive oxygen species (ROS) and nitrogen species (NO). Delivery of effector proteins through the type Il secretion
system (T3SS) into plant cells is one strategy that is used by bacteria to suppress PRR-mediated defences. As many as 16
effectors have been identified that suppress basal defences*>#-%%11% The model highlights the effector AvrPto that is
required for suppressing the recognition of flg22 and other pathogen-associated molecular patterns (PAMPs)*87,

In Arabidopsis, AvrPto functions upstream of MAPK kinase kinase (MAPKKK), indicating that it targets components that
function early on in the PRR pathway*2. The residue 196, which resides within an extended Q-loop, is required for the basal
defence suppression of AvrPto in Arabidopsis. See text for more details.

Arabidopsis leaves with flg22 activates multiple defence
responses, including mitogen-activated protein kinase
(MAPK, also abbreviated MPK) cascades® (BOX 1),
and decreases growth of subsequently inoculated
Pst*>%3, Plants that lack FLS2 are more susceptible to
Pseudomonas infection when the pathogen is sprayed
on plant leaves but not when it is infiltrated directly into
the apoplast. This finding indicates that FLS2 can func-
tion at an early stage to interfere with bacterial entry into
the apoplast®.

Two recent studies address how FLS2 recognizes
flg22 and the molecular mechanisms downstream of this
receptor in plant cells. In the first report, the FLS2 protein
was shown by crosslinking and immunoprecipitation to
directly bind to the flg22 peptide™. Specific features of
this binding capacity were observed upon heterologous
expression of the Arabidopsis FLS2 in tomato cells.
A point mutation in one LRR of FLS2 abolishes binding to

flg22. However, it remains to be established whether the
LRR region is sufficient for flg22 binding or whether
additional host proteins contribute to this process.

A second report investigated the tissue-specific
expression and subcellular localization of a GFP-tagged
FLS2 protein®. FLS2 localized in roots, stems and flow-
ers. Consistent with a role in early pathogen detection,
FLS2 was also present in leaf epidermal cells and sto-
matal guard cells — typical entry points for bacterial
pathogens. Specific exposure of Arabidopsis cells to flg22
induces FLS2 receptor internalization and accumulation
in intracellular vesicles, from where it subsequently dis-
appears. A possible role for FLS2 autophosphorylation
during endocytosis was supported by the fact that the
mutation of a threonine located in the juxtamembrane
region of the protein did not affect binding to flg22,
but did significantly reduce FLS2 internalization.
The mechanism of FLS2 internalization and degradation
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Callose

A polysaccharide that is a
common plant cell wall
constituent and that is
deposited near infection sites

in structures known as papillae.

Callose deposition is
associated with basal defences
and is believed to limit
pathogen virulence.

and the possible role for its endocytosis in FLS2 signal-
ling remains unknown.

The signalling events and gene-expression changes
that occur after flagellin recognition have been investi-
gated in several studies®*>°**”. MAPK cascades have an
important role in transmitting PAMP recognition to the
plant cell’"*®. Arabidopsis mutants that are defective in
salicylic acid, jasmonic acid or ethylene signalling retain
flagellin-mediated resistance to bacterial infection, indi-
cating either some redundancy among these pathways or
that previously uncharacterized pathways mediate PRR
signalling®. Three extensive studies of PAMP-induced
transcriptional reprogramming®>***” found rapid induc-
tion of genes that encode transcription factors, proteins
that are associated with protein degradation, hormone-
related proteins, phosphatases and diverse protein
kinases including a large number of LRR-receptor-
like kinases (RLKs). Also notable, because PAMPs elicit
host cell wall fortifications, was the identification of a
large numbers of genes that are associated with cell
wall reorganization, crosslinking and various secretory
pathways. Many of these processes seem to be targets
for downregulation by bacterial type III effectors (see
discussion below).

Plant perception of elongation factor. Arabidopsis plants
also respond to a second bacterial PAMP, EF-Tu*". EF-Tu
is the most abundant protein in bacterial cells, and an
N-acetylated 18-amino-acid region (elf18) from the
N terminus of this protein from Escherichia coli was suf-
ficient to elicit FLS2-like basal defences and to trigger
Arabidopsis resistance to Pst when it was applied prior
to infection®. Transcriptional profiling showed that
many similar plant genes are induced after treatment
of Arabidopsis with either flg22 or elf18. One of these
genes, encoding an LRR-RLK that is similar to FLS2,
was found to encode the EF-Tu receptor (EFR) *. The
expression of EFR in the wild tobacco species Nicotiana
benthamiana, that is normally unresponsive to EF-Tu,
resulted in recognition of elf18 and activation of typical
basal defences. Remarkably, compared to wild-type
plants, Arabidopsis leaves with a mutated Efr were signif-
icantly more susceptible to Agrobacterium transforma-
tion®. This discovery raises the exciting possibility that
PRRs might be manipulated both to increase the effi-
ciency of Agrobacterium-mediated genetic engineering
of certain crop plants and to enhance plant resistance
to bacterial pathogens.

Bacterial responses to host basal defences
Evasion of host basal defences. One plausible strategy to
evade PRR-mediated detection is for bacteria to evolve
unrecognizable PAMPs or to lose them entirely. However,
PAMPs seem to be targeted by PRRs because they are
highly conserved and indispensable bacterial features.
Therefore, bacteria are limited to alterations that do not
significantly diminish PAMP function. Despite these
constraints, several studies have discovered variations
in PAMPs, including post-translational modifications,
between bacterial species that prevent detection by host
PRRS46,6O,61.
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Significant variations in PAMPs can also occur at
the subspecies level. Flagellin proteins isolated from
twelve strains of the black rot pathogen Xanthomonas
campestris pv. campestris (Xcc) vary dramatically
in their capability to elicit FLS2-mediated responses in
Arabidopsis®. A single amino-acid polymorphism in the
flg22 region of flagellin is primarily responsible for
the observed variability. Furthermore, the eliciting
activity of each Xcc flagellin directly correlates with
the capability of individual Xcc strains to grow on sus-
ceptible Arabidopsis plants. These data indicate that
variations in flagellin allow Xcc to avoid PRR-mediated
detection. Surprisingly, FLS2 is not required for the
observed variability of growth among Xcc strains on
Arabidopsis. However, an FLS2-dependent restriction
in Xcc growth was observed if plants were pre-treated
with recombinant elicitation-active Xcc flagellins.
It seems that despite the presence of elicitation-active
flagellin in some Xcc strains, Xcc has developed extra
mechanisms to either mask flagellin recognition or sup-
press FLS2-dependent responses, or both. Despite this
complication, this work raises the possibility that PAMP
variability might make meaningful contributions to the
specificity of plant-bacteria interactions at the subspe-
cies level. It also highlights the difficulty in assigning
function to PAMP recognition due to the multiple layers
of defence evasion.

Suppression of host basal defences. Limitations on the
extent of variation (or loss) of specific PAMPs that can
be tolerated by bacteria might be a key driving force in
the evolution of more mechanisms to suppress PAMP
recognition. Initial observations that otherwise virulent
bacteria elicit plant defences if they lack a functional
T3SS indicated that effector proteins function in part to
suppress plant defences®*!. However, the effector pro-
teins that were responsible for the suppression activity
were unknown.

An important breakthrough was the discovery that
transgenic Arabidopsis plants that overexpress the Pst
effector AvrPto were compromised in their capability to
deposit callose at the cell wall when they were challenged
with a non-pathogenic T3SS-defective Pst strain®. In
addition, a similar group of genes was suppressed in the
transgenic AvrPto plants as compared to wild-type plants
treated with virulent Pst. Importantly, the overexpression
of AvrPto in Arabidopsis allowed increased growth of the
T3SS mutant.

In the past two years, the catalogue of effectors that
suppress basal defences has expanded dramatically. Nine
effectors, including AvrPto, were identified in a screen for
Pst effectors that suppress the expression of the flagellin-
induced NHOI gene in Arabidopsis protoplasts® (FIC. 2).
Similar to AvrPto, the expression of some of these effec-
tors in transgenic Arabidopsis resulted in increased
growth of a non-pathogenic Pst mutant strain. Effectors
that suppress basal defences in N. benthamiana have also
been identified” .

It remains unknown why so many effectors with
similar suppression activities are delivered into the
plant cell, whether the suppression activities of effectors
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Box 2 | Cell death during plant-bacterium interactions

Cell death is associated with both immunity and disease susceptibility in plant—
pathogen interactions. Hypersensitive response (HR) and disease-associated cell
death can both be controlled by common cell death regulators?*'®3, indicating that
the cell death processes might be mechanistically linked. In a resistant plant,
HR-based programmed cell death (PCD) is initiated by plant resistance (R)-protein-
mediated recognition of avirulence proteins. The cell death is rapid, typically
microscopic and localized near the site of recognition, and it kills both the plant cell
and the attacking pathogen in the process of limiting pathogen spread’’. By contrast,
disease-associated cell death is visible, macroscopic cell death that generates many
of the characteristic symptoms of bacterial diseases (for example, specks, spots and
blights) and it is associated with substantial, 100-10,000-fold multiplication of the
pathogen. Therefore, the timing of the cell death is believed to be a key determinant
of its role in disease outcome. Although PCD is closely associated with hypersensitive

response (HR)-based resistance, it is still not clear if PCD is mechanistically
responsible for a successful resistance response. It is possible that HR-associated cell
death is a consequence of a strongly activated defence response and that the
observed cell death is simply a byproduct of this strongly activated response.
Nevertheless, HR-based PCD remains an excellent marker for assessing if a plant can
mount a successful resistance response, and it is often an accurate indicator that a
defence response is mediated by an R protein.

Resistance (R) protein

A plant protein that recognizes,
either directly or indirectly, a
specific pathogen avirulence
protein (often a type Ill
effector) to activate plant
immunity.

Gene-for-gene model of
disease resistance

A model for plant immunity in
which plant resistance genes
are only effective if a specific
avirulence gene is expressed
by the pathogen.

Avirulence (Avr) protein

A pathogen protein that elicits
plant immunity in plants that
express a specific resistance
protein. Avr proteins are often
type lll effector proteins.

Hypersensitive response
(HR). A defence that is often
associated with resistance
(R)-protein-mediated immunity.
During the HR, the plant
initiates programmed cell
death in cells that surround the
pathogen to inhibit pathogen
spreading.

are the result of targeting the same host protein or
whether interfering with distinct host targets can pro-
duce similar phenotypes. Moreover, most studies have
used either transgenic plants or protoplast expression
systems that overexpress individual effectors to evalu-
ate basal defence suppression. For many effectors,
it remains to be seen if the observed suppression
activity is biologically relevant when delivered by the
T3SS. Identifying the host targets of effectors will be
important in determining the specific function of each
effector and whether or not their functions are truly
redundant.

Host targets of bacterial effectors. Several studies have
provided insights into the host proteins and signal-
ling pathways that are targeted by type III effectors
to suppress PAMP signalling. Two type III effectors,
AvrRpt2 and AvrRpm1l, have been shown to inhibit
flg22-induced defences in Arabidopsis and promote
the growth of T3SS-deficient bacteria®. In previous
studies, both AvrRpt2 and AvrRpml, along with a
third effector AvrB, were each shown to interact with
RIN4, a negative regulator of resistance (R) protein-medi-
ated defences in Arabidopsis”®7* (as discussed below).
The overexpression or absence of RIN4 in Arabidopsis
led, respectively, to the inhibition or enhancement of
flg22-stimulated callose deposition and growth of T3SS-
deficient bacteria. Therefore, RIN4 might be a negative
regulator of FLS2 signalling that is targeted by AvrRpt2
and AvrRpm1 to suppress basal defences. Indeed, RIN4
was shown to be cleaved by AvrRpt2, which has cysteine
protease activity’**. Also, AvrRpm1 and the effector
AvrB induce the phosphorylation of RIN4 (REF. 71). The
mechanism by which the degradation or phosphoryla-
tion of this negative regulator affects the inhibition of
this signalling pathway remains unclear. Both AvrRpt2
and AvrRpm1 still promote Pseudomonas virulence in
plants that lack RIN4, showing that both effectors must
have other host targets’-7>.

A recent screen for effectors that suppress flg22-
induced basal defences provided further insights
into the host pathways that are suppressed by effec-
tors. The effectors AvrPto and AvrPtoB (also known
as HopAB2) were identified as potent suppressors of
FRK1 expression, an Arabidopsis gene that is induced
by flg22 treatment*. Both AvrPto and AvrPtoB sup-
press the activation of the MAPKs MPK3 and MPK6
downstream of several distinct elicitors; however, the
effectors were unable to block MPK3 and MPK6 activa-
tion due to overexpression of the MAPK kinase kinase
MEKKI. These data indicate that both effectors block
PAMP signalling upstream of FLS2-dependent MAPK
signalling. Ultrastructural analyses and suppression
of basal-resistance-associated gene expression studies
also showed that AvrPtoB suppresses basal defences’.
AvrPtoB only enhanced pathogen growth in specific
Arabidopsis ecotypes that lack FLS2, indicating that
the capability of AvrPtoB to overcome basal defences
might quantitatively depend on the strength of rec-
ognition by PRRs. Surprisingly, several effectors that
were previously identified as suppressors of FLS2-
dependent NHOI expression®, including AvrRpm1,
HopAO1, HopEl, and HopK1, were unable to suppress
the expression of FRK1 (REF. 42). These different results
might imply that the induction of FRKI1 and NHO1
occur through distinct pathways downstream of FLS2,
and that each pathway is targeted by only a subset of
effectors.

Resistance proteins counteract effectors

Plants have evolved a defence strategy based on dis-
ease R genes, which functions, in part, to counteract
the suppression of PRR-mediated defences by type III
effectors. R genes have been studied for decades
because they are easily manipulated by breeders to
provide resistance in normally susceptible plant cul-
tivars. In the gene-for-gene model of disease resistance,
R genes are only effective if a specific avirulence (avr)
gene is present in the pathogen. R-protein-mediated
defences include the hypersensitive response (HR), a
rapidly induced, localized programmed cell death
(PCD; BOX 2) response that is believed to limit patho-
gen spread””. Over forty R genes have been cloned to
date from diverse plant species and their study is an
active and broad area of research’. Here we discuss
some recent developments that relate to defence
against bacterial pathogens.

The guard hypothesis and RIN4. The main class of
R proteins are intracellular and have a nucleotide-bind-
ing site, leucine-rich repeats (NBS-LRR), with either a
coiled-coil domain or a Toll-interleukin-1-like domain
at the N terminus. Because most bacterial avr genes
encode cytoplasmic type III effectors, it has been postu-
lated that R proteins function as intracellular receptors
that directly interact with type III effectors after they
are delivered into the host cell. Despite considerable
effort by many labs, a direct interaction between an
R protein and a type III effector has been identified in
only two cases”*!.
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Figure 3 | Suppression of R-protein-mediated defences by type Il effectors.
Plants have evolved resistance (R) proteins to detect the presence of type Ill effectors
and to signal hypersensitive response (HR)-based defences in response to effectors.
Several effectors have been shown to suppress HR-based defences in plants?!26.27:9091,
Here we present a speculative model of how AvrPtoB suppresses HR-based defences.
manner to signal the HR. The AvrPtoB C terminus encodes E3 ubiquitin (Ub) ligase
activity?*?*, which includes a conserved E2 Ub-conjugating enzyme binding site. AvrPtoB
might function as a scaffold to bind both to a tomato E2 Ub-conjugating enzyme and a
positive regulator of HR-based programmed cell death (PCD). The E2 Ub-conjugating
enzyme might then ubiquitylate the substrate to target it for degradation or alter the

AvrPtoB \
— HR-based PCD
HopX1
In tomato, the AvrPtoB N terminus is recognized by the R protein Rsb in a Prf-dependent
substrate’s localization, therefore interfering with HR-based signalling.

This lack of evidence gave rise to the ‘guard” hypo-
thesis, whereby R proteins are postulated to indirectly
detect the presence of Avr proteins (in this case type III
effectors) by monitoring effector-mediated changes in
host targets, rather than the effectors themselves®. The
most direct evidence to support this hypothesis centres
around the RIN4 protein in Arabidopsis. The NBS-LRR
R proteins RPM1 and RPS2 both interact with RIN4
in uninfected plants’®72. As discussed above, during
infection, RIN4 is targeted by the Pseudomonas effec-
tors AvrRpt2, AvrRpm1 or AvrB. Potentially, as a result
of AvrRpm1 or AvrB virulence activity, RIN4 becomes
phosphorylated”. This phosphorylation event in turn
activates RPM1-dependent resistance. On the other
hand, RPS2-dependent resistance is activated if RIN4
is degraded by the proteolytic activity of AvrRpt2 (REFS.
19,20,70,72,83). Importantly, RIN4-null plants seem to
constitutively activate the RPS2 pathway, indicating that
the loss of RIN4 is indeed sufficient to trigger a defence
response. These observations together indicate that both

REVIEWS

RPM1 and RPS2 guard RIN4 and monitor the modi-
fications of RIN4 that occur (either phosphorylation
or degradation) as a result of effector activity.

The guard hypothesis and Pto. From the studies
described earlier, it is clear that the type III effector
AvrPto is an important suppressor of basal defences in
Arabidopsis. However, AvrPto not only suppresses basal
defences in Arabidopsis, it also contributes to the viru-
lence of P, syringaein tomato®. The tomato R protein,
Pto, recognizes AvrPto and the sequence-dissimilar pro-
tein AvrPtoB, and provides effective resistance against
Pst infection®. In contrast to the typical NBS-LRR R
protein, Pto is a cytoplasmic serine/threonine kinase
that is believed to interact directly with AvrPto in the
plant cell. Resistance to AvrPto also requires a second
gene, Prf, that is genetically linked to the Pfo locus and
encodes an NBS-LRR protein®.

The structure of AvrPto was recently resolved by
NMR, and showed that the central region of the 18-kDa
effector adopts an ¢-helical bundle fold, whereas ~30
amino acids at the N terminus and C terminus are
unstructured and flexible®”. Residues that are required
for the interaction with Pto, for example 196, reside
within an extended Q-loop between two o-helices of
AvrPto. 196 is required for the basal defence suppression
of AvrPto in Arabidopsis, and the overexpression of Pto
in Arabidopsis can partially block AvrPto suppression
activity’?. An attractive hypothesis from these data is
that a Pto-like kinase in Arabidopsis is the host protein that
is targeted by AvrPto to suppress basal defences. Further
experiments are needed to determine if Pto is a host
target of AvrPto in susceptible tomato plants.

Bacterial suppression of HR-based PCD
R-protein-mediated recognition of basal defence sup-
pressing effectors presents a strong selective challenge
to the invading pathogen because loss of the recog-
nized effector might also cause a significant decrease
in its fitness. As a counter strategy to R proteins, it is
believed that the pathogen evolved an alternative set of
effectors that functions to suppress HR-based immu-
nity** (FIC. 3). Indeed, at least nine effectors have been
described that enable a pathogen to suppress or evade
HR-based PCD?26:27:20-%4,

The effector protein VirPphA (also known as
HopAB1) was the first example of an effector that
modulated HR-based resistance®. It was observed that a
normally virulent strain of P. syringae pv. phaseolicola
(Pph) elicited the HR on beans when it was cured of a
large plasmid. VirPphA was identified as the plasmid-
borne gene that enabled Pph to evade HR-based resist-
ance. Studies with the related Pst DC3000 effector protein
AvrPtoB revealed that effectors might suppress HR-based
immunity by suppressing PCD**** (BOX 2).

AvrPtoB overexpression in N. benthamiana leaves
suppresses PCD that is otherwise elicited by diverse PCD
inducers, indicating that this protein does not simply
target R-protein-mediated signalling pathways. The
anti-PCD activity was associated with the C terminus
of AvrPtoB, and mutations generated in AvrPtoB that
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avoid detection or has the correct complement of effectors to suppress PRR- or R-
protein-mediated resistance then disease might be observed. LRR, leucine-rich repeats;

NBS, nucleotide-binding site.

abrogated anti-PCD activity also caused a normally viru-
lent strain of DC3000 to elicit resistance on previously
susceptible tomato plants. This finding showed that the
activity of a tomato R gene, termed Rsb, was normally
hidden by the translocation of AvrPtoB into the plant
cell, and indicates that other R-gene activities might be
hidden by HR-suppressing effectors.

The enzymatic activities of several HR suppressing
effectors indicate that these proteins are modifying
or degrading targets in signalling pathways that are
associated with the HR. In the case of the Pst effector
HopAOl, its tyrosine phosphatase activity implicates
MAPKSs as likely host targets because tyrosine phospho-
rylation in plants is almost exclusively associated with
MAPK signalling®.

Recently, we identified that AvrPtoB has E3 ubiquitin
ligase activity in vitro and that this activity is required
for suppression of HR-based PCD and plant immu-
nity***. A crystal structure of AvrPtoB showed that the
C terminus shares remarkable homology with the RING
and U-box family of eukaryotic E3 ubiquitin ligases.
The residues that are required for U-box E3 ubiqui-
tin ligase function are conserved in AvrPtoB and are
required for AvrPtoB E3 ubiquitin ligase activity and its
capability to suppress plant immunity, which indicated
that AvrPtoB might function as an E3 ubiquitin ligase
in vivo. In a simple model, AvrPtoB can ubiquitylate and
thereby induce the degradation of a host component
that is required for HR-based resistance (FIC. 3). The dis-
covery that AvrPtoB targets the host ubiquitin system
highlights the importance of the ubiquitin pathway in
disease resistance and cell death. Indeed, several recent

papers show that plant U-box E3 ubiquitin ligases regu-
late plant cell death and immunity®*%.

AvrPto and AvrPtoB share the virulence function
of suppressing basal defences. This discovery is con-
sistent with observations that single DC3000 deletion
mutants of AvrPto or AvrPtoB exhibit similar levels of
virulence®”. AvrPtoB E3 ubiquitin ligase activity is prob-
ably not required for the suppression of basal defences,
because mutations in the residues that are required for
AvrPtoB E3 ubiquitin ligase activity and anti-PCD func-
tion do not abrogate the capability of AvrPtoB to sup-
press basal defences**7¢. Structural data also support an
E3-independent mechanism for basal defence suppres-
sion, because the AvrPto structure shows no homology
to E3 ubiquitin ligases®. It is possible that an unidenti-
fied activity that suppresses basal defences is present in
the AvrPtoB N terminus. Some homologues of AvrPtoB
only have similarity to the N terminus of AvrPtoB!*!!,
indicating that the N terminus of AvrPtoB has a viru-
lence activity that is independent of the C-terminal
anti-PCD activity'®.

Bacterial manipulation of hormone pathways
Plant hormones can quickly and potently affect plant
physiology; therefore it is not surprising that patho-
gens manipulate plant hormone signalling to pro-
mote disease. The Pst toxin coronatine functions as a
methyl-jasmonate homologue to alter jasmonic acid
(JA)-dependent plant responses. Microarray experi-
ments show that coronatine dramatically reprogrammes
host gene expression, causing altered expression of
hundreds of genes®**'%, including the upregulation
of genes that are involved in the synthesis of endogenous
JA. Coronatine-dependent reprogramming of plant
gene expression has been shown to induce systemic
susceptibility to bacterial pathogens'*, demonstrating
that effector-mediated hormone regulation can broadly
function as a virulence mechanism. Type III effectors
have also been shown to modulate JA signalling to
inhibit plant defence!*>%.

AvrPto and AvrPtoB have also been shown to
enhance the expression of the ethylene-forming enzyme
ACC oxidase gene in susceptible tomato plants'”’.
Ethylene is required for disease-associated cell death in
plants, so it is possible that AvrPto and AvrPtoB induce
the expression of ethylene to cause late-onset cell death
that might enable better access to nutrients or improve
dissemination in the environment.

Conclusions

Emerging models of plant immunity. Recent advances
have highlighted the role of PRR-mediated activation
of basal defences as an important barrier to pathogen
infection. PRRs share structural motifs with some
R proteins, indicating that PRR- and R-protein-mediated
defences might share common mechanisms (FIG. 4). For
example, the PRR protein FLS2 and the R protein Xa21
are both receptor-like kinases, with an extracellular
LRR domain and an intracellular kinase domain*'%s.
As proposed by Bent and colleagues®, the distinctions
that are made between basal and R-protein-mediated
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Box 3 | Molecular mimicry by type lll effectors
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Type lll effectors function within eukaryotic cells to promote virulence. Therefore, it is not surprising that many effectors
from both plant and animal pathogens mimic eukaryotic enzymes®. Known enzymatic activities of effectors include:
phosphatase, cysteine protease, ubiquitin-like protease and E3 ubiquitin ligase activities'. A subset of type Il effectors,

the AvrBs3 family, contain both functional nuclear-localization signals and acidic activation domains

114

,and they might

function by mimicking eukaryotic transcription factors. Although the specific host targets of these effectors are
unknown, AvrBs3 family members have recently been shown to suppress plant defences!*>. The recent cloning of the

novel R gene Xa27 fromrice indicates that plants might employ unique strategies to counter AvrBs3-like effectors

116

Type lll effectors also mimic the substrates of host enzymes, and as a result become post-translationally modified.
Plant-dependent effector modifications that have been identified include acylation?®°, phosphorylation*” and
proteolytic cleavage!®’>'8, These modifications contribute to the virulence function of effectors and therefore probably
function as initial ‘activation’ steps that are necessary for subsequent interaction with host targets. I[dentifying the post-
translational modifications of several different effectors has provided important insights into effector function. For
example, clues about AvrPto function, an effector with no known enzymatic activity, have come from observations that
AvrPto undergoes multiple distinct post-translational modifications by plant enzymes. Like several other known
effectors, the N terminus of AvrPto contains a myristoylation motif that targets the effector to the plant plasma
membrane, and it is strictly required for both AvrPto virulence and Pto-mediated recognition in tomato, and basal
defence suppression in Arabidopsis****’. In addition to acylation, a recent study shows that AvrPto is phosphorylated by

a Pto-independent kinase activity'"’

AvrPto virulence activity.

defences might need to be revisited. It is proposed that
the PRR-PAMP interaction shares many properties in
common with Avr-R protein interactions. For example,
similar to Avr-R protein interactions, FLS2 can only rec-
ognize specific variants of flagellin, and FLS2 is not con-
served in all ecotypes of Arabidopsis. If Xa21 functions
as a PRR, then in some cases, PRRs can signal strong
enough defences to lead to what seems to be R-protein-
mediated resistance. Also, the PRR and R-protein-
mediated defence pathways might share some common
signalling components or physical mechanisms of
defence. For example, HR-like PCD has been reported
in response to PAMPS®"'%, and shared MAPK cascades
are associated with both PRR and R-gene-mediated
signalling®"*.

There is a broad spectrum of outcomes that have
been defined for plant-pathogen interactions, ranging
from non-host and R-protein-mediated resistance resp-
onses, to weakly or fully susceptible disease responses.
At least for bacterial pathogens, it is likely that both
PRR- and R-protein-mediated recognition restricts
host range through a combination of basal defences
(early responses) and HR-associated defences (later
responses). The outcome of each interaction might be
dependent on the complement of PAMPS and effectors
in the pathogen, and the PRRs and R proteins in the
host (FIG. 4).

Redundant functions of effectors. Redundant virulence
functions of type III effectors have often been observed
in studies of plant-pathogen effectors. It seems that the
function of many effectors is to suppress plant defences,
with two branches of defence targeted for suppression:
PRR-mediated basal defences; and R-protein-mediated
HR-based PCD. Effector proteins with apparently dif-
ferent biochemical functions target the same pathways,
indicating that distinct components of these processes
are modulated. For example, suppressors of basal
defence might function directly at the PRR, at the level

, and amino-acid substitutions that decrease AvrPto phosphorylation also decrease

of signal transduction, or perhaps at a cell biological
level by altering the mechanism of cell wall alteration.
Identifying the host targets of type III effectors might
offer clues about how effectors with different activities
modulate common pathways.

Future Perspectives

To better understand the complex interactions between
plants and bacterial pathogens, the field must continue
to unravel the relative contributions of PRR-mediated
and R-protein-mediated resistance to promoting plant
immunity, and the role of PAMP variation and effector
virulence activity in avoiding or suppressing plant
defences. Eventually, it might be possible to predict
the outcome of a given plant-bacterium interaction by
simply knowing the complete complement of PAMPS,
effectors, PRRs and R proteins that are in the system. It
is possible that the observed differences between PRR-
mediated and R-protein-mediated resistance might
be due to the strength or timing of defence response
elicitation or the relative recalcitrance to suppression by
type III effectors. In practical terms, it might be useful
to redefine plant defences as early, extracellular defences
(PRRs) and later, intracellular defences (R proteins). As
the distinctions between PRR-mediated and R-protein-
mediated defences blur, it will be interesting to test to
what degree the responses are shared between these
plant defences.

Type III effectors represent excellent tools, using
specific biochemical and cell biological assays, to dis-
sect important processes that are associated with basal
and HR-based defences. Presently, the biochemical
activities of only a handful of type III effectors have
been described, and the host targets of effectors remain
mostly undiscovered (BOX 3). Given the present research
landscape, it is clearly a very exciting time to study the
bacterial pathogenesis of plants, and many new break-
throughs in the mechanisms of disease are expected in
the coming years.
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