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Abstract
Pathogen entry into host tissue is a critical first step in causing infection. For foliar bacterial plant
pathogens, natural surface openings, such as stomata, are important entry sites. Historically, these
surface openings have been considered as passive portals of entry for plant pathogenic bacteria.
However, recent studies have shown that stomata can play an active role in limiting bacterial invasion
as part of the plant innate immune system. As counter-defense, the plant pathogen Pseudomonas
syringae pv. tomato DC3000 uses the virulence factor coronatine to actively open stomata. In nature,
many foliar bacterial disease outbreaks require high humidity, rain, or storms, which could promote
stomatal opening and/or bypass stomatal defense by creating wounds as alternative entry sites.
Further studies on microbial and environmental regulation of stomatal closure and opening could fill
gaps in our understanding of bacterial pathogenesis, disease epidemiology, and microbiology of the
phyllosphere.
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KEY TERMS/DEFINITIONS
Coronatine: A phytotoxin produced by several pathovars of Pseudomonas syringae consisting of coronafacic acid (CFA), an analog of
methyl jasmonic acid (MeJA), and coronamic acid (CMA), which resembles 1-aminocyclopropane-1-carboxylic acid (ACC), a precursor
to ethylene.
Endophytes: Organisms that grows inside a living plant.
Epiphytes: Organisms that grows on the surface of a living plant.
Jasmonates: A group of lipid-derived plant hormones involved in plant sexual reproduction and defense against insects and some
pathogens; synthesized from linolenic acid by the octadecanoid pathway.
Pathogen-associated molecular pattern (PAMP): Sometimes called microbe-associated molecular pattern (MAMP), referring to host
immune response-eliciting molecules common to many classes of microbes, such as bacterial flagellin.
Phyllosphere: Leaf surfaces or total above-ground surfaces of a plant. In this review, phyllosphere also includes the leaf interior.
Plant innate immune system: A complex defense network consisting of two branches; the first recognizes molecules common to many
classes of microbes, such as bacterial flagellin, and the second responds to specific pathogen virulence factors.
SCF ubiquitin ligase: A type of E3 ubiquitin ligase consisting of SKP1, CULLIN1, and F-box proteins. E3 ubiquitin ligases catalyze
conjugation of ubiquitin to target proteins, which is a key step in initiating protein degradation through the 26S proteasome.
Stomata: Microscopic pores in the epidermis of aerial parts of a plant essential for gas exchange and water transpiration.
Type III secretion system: A specialized protein secretion system used by Gram-negative bacteria to inject effector proteins into plant
or animal host cells; composed of approximately 20 proteins located in the bacterial or host cell wall/membrane.
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INTRODUCTION
The phyllosphere of terrestrial plants provides one of the most important niches for microbial
inhabitation (15,72). The phyllosphere comprises both the surface and interior of a leaf. The
leaf interior is composed mostly of mesophyll cells, in which the bulk of photosynthate is made;
some vascular tissues (veins); and a large, air-filled intercellular space (apoplast) between
mesophyll cells (Figure 1). Because of its close proximity to mesophyll cells, the leaf apoplast
is thought to contain abundant nutrients, whereas nutrients on the leaf surfaces are much more
limited and spatially heterogeneous, mostly leaked out from the apoplast through natural
surface openings and wounds (72). Numerous microbes, both pathogenic and saprophytic, can
survive and even proliferate to various degrees as epiphytes on the plant surface without causing
disease. Strict epiphytes complete their life cycles on the surface of plants and generally do
not (or are unable to) colonize the leaf apoplast (6,7). In contrast, foliar pathogens, such as
Pseudomonas syringae, can multiply aggressively in the apoplast as pathogenic endophytes,
ultimately leading to disease production under favorable conditions (47). Entry into plant tissue
is likely a critical first step in the establishment of foliar infection. To gain access to the
intercellular spaces and internal leaf tissues, pathogens must cross the surface cuticle and
epidermis. Many fungal plant pathogens have the ability to directly penetrate the epidermis
using cuticle- and cell wall-degrading enzymes, mechanical force, or both (78). Bacteria,
however, cannot directly penetrate the leaf epidermis and must enter leaf tissues by alternative
means.

There are a number of natural surface openings through which bacterial pathogens have been
observed to enter the plant including: a) hydathodes: water-exuding pores at the edges of leaves
(e.g. Xanthomonas campestris pv. campestris), b) stomata: openings in the aerial part of plants
that control gas exchange and water transpiration between the plant interior and the
environment (e.g. Pseudomonas syringae), c) nectarthodes: nectar-secreting pores at the point
of emergence of the styles and stamens (e.g. Erwinia amylovora), and d) lenticels: respiration
pores in stems and roots (E. carotovora var. Atroseptica). Among natural openings, stomata
dominate in number in the aerial part of the plant and therefore represent one of the most
important routes for the entry of foliar bacterial pathogens. In addition to natural openings,
bacteria can also reach the plant interior through surface wounds caused by insects, mechanical
or frost damage, hail, wind-blown sand, rain storm, or damage caused by lateral root formation,
breakage of trichomes, or abscission of leaves (leaf scars).

It has been widely assumed that natural surface openings and wounds are passive ports for
bacterial entry, where bacteria lack active mechanisms for gaining entry, and plants similarly
lack active mechanisms for preventing entry. However, recent evidence suggests that entry of
bacteria into leaf tissue through stomata is more complex and dynamic than the simple act of
swimming into the leaf through passive openings (77). In this review, we discuss the recent
finding on this topic, focusing mainly on the foliar pathogen Pseudomonas syringae. We will
begin with a brief overview of the lifestyle of P. syringae before presenting in-depth discussion
of the role of stomata in bacterial infection and host defense.

PSEUDOMONAS SYRINGAE—A MODEL FOLIAR PATHOGEN
Basic Infection Cycle

The species P. syringae is composed of strains that collectively infect hundreds of plant species
and cause disease symptoms ranging from leaf spots to stem cankers. Different strains of P.
syringae are known for their diverse and host-specific interactions with plants. A specific strain
may be assigned to one of about 50 pathovars based on its limited host range at the plant species
level (35), and then further assigned to a race based on differential interactions among cultivars
of a plant species. The infection cycle of P. syringae is typical for a foliar pathogenic bacterium.
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In the field, there are multiple sources of P. syringae inocula, including infected seeds, diseased
plants, and/or asymptomatic alternative hosts or even nonhost plants (47). In a successful
disease cycle, P. syringae strains generally live two lifestyles that are spatially and temporally
interconnected: an initial, largely epiphytic phase upon the arrival on the surface of a healthy
plant and a subsequent, largely endophytic phase in the apoplast (6; see Figure 1 for a
conceptual illustration). Under favorable environmental conditions (e.g., heavy rain, high
humidity, moderate temperature), P. syringae can multiply very aggressively in a susceptible
host plant, resulting in the appearance, within several days, of disease symptoms (e.g., water-
soaking in the apoplast of infected tissues, localized tissue necrosis, and various tissue
discolorations). It has been suggested that some strains of P. syringae may be primarily
epiphytes and cause disease only accidentally (46,47).

In terms of the mode of pathogenesis, P. syringae may be best described as a hemi-biotrophic
pathogen, because the most aggressive phase of population increase occurs in the absence of
apparent host cell death. However, at the late stage of pathogenesis (often after bacteria have
almost reached the peak population in the apoplast), host cells die and infected tissues show
extensive necrosis. This pathogenesis mode seems distinct from that of strictly biotrophic
pathogens, which obtain nutrients from living host cells without causing host cell death, or of
strictly necrotrophic pathogens, which kill host cells as the main strategy of obtaining nutrients,
causing extensive host cell death during early stages of infection.

Epiphytic vs. Endophytic Lifestyles
The fact that P. syringae has evolved two distinct lifestyles (epiphytic vs. endophytic) begs the
question of how P. syringae (and other foliar bacterial pathogens) makes the transition from
the epiphytic phase to the endophytic phase during a successful infection cycle. This is clearly
one of the most outstanding questions in bacterial disease epidemiology, yet we still have little
understanding of the process. The plant surface is generally thought to be a hostile environment
for microorganisms with limited nutrients, drastic and rapid variations in temperature and
humidity even during a single day, direct exposure to damaging UV irradiation, and
competition and/or antagonism from other epiphytes (6,72,101). Studies with molecular
biosensors have provided insights on the real, micro-scale environment that bacteria live in as
epiphytes (72). It seems that the phyllosphere is a very heterogeneous space in which a few
nutrient-rich spots are present. Preferred niches are found along the veins, trichomes, and
stomata (47,82). Bacteria that land on less favorable areas of the leaf have to evolve
mechanisms to cope with the harsh environment. Some bacteria avoid the stress in the leaf
surface by creating micro-environments to protect themselves. For instance, some
Pseudomonas strains alter the leaf surface properties by producing surfactants that increase the
wetness of the leaf surface (19,50). In addition, epiphytes frequently live in large,
heterogeneous aggregates and biofilms on the leaf surface, presumably to better resist
environmental stresses such as desiccation (25,81,82).

Because P. syringae and other foliar pathogens can multiply very aggressively in the leaf
apoplast, one might ask why P. syringae does not just quickly enter the plant and multiply as
endophytes, instead of evolving a separate epiphytic lifestyle. The plant interior would
presumably shield bacteria from many of the surface-associated stresses. As this question is
intimately related to the discussion of the entry process, we would like to consider several
possible evolutionary forces that may have driven the development and maintenance of a
distinct epiphytic lifestyle in foliar pathogenic bacteria in spite of their high multiplication
potential in the apoplast.

First, the plant interior may present another harsh environment for bacteria. It is known that
many saprophytic and human pathogenic bacteria could multiply significantly on the plant
surface 6,15); however, they generally do not seem to be able to multiply inside the leaf apoplast
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(57; W. Underwood and S.Y. He, unpublished data). It is likely that the apoplast contains higher
levels of defense compounds and/or unique defense mechanisms not encountered on the leaf
surface, because the surface cuticle and epidermis provide formidable physical barriers that
would reduce diffusion of chemicals to the plant surface. In support of this notion, several
recent studies show that the leaf surface of cutin-defective mutant Arabidopsis plants seem to
contain higher concentrations of anti-fungal compounds (10,20,106). Nevertheless, it is now
well documented that virulent P. syringae and presumably other foliar pathogens have evolved
virulence effectors to evade or suppress host defenses in the apoplast (23,53,88). Therefore,
although the apoplast may be a hostile environment and inhabitable for saprophytic and other
nonphytopathogenic bacteria, it seems unlikely that host defense in the apoplast would be the
primary reason why P. syringae and other adapted foliar pathogens need to evolve and maintain
an epiphytic lifestyle.

The second possible reason for maintaining an epiphytic lifestyle could be that the notion of
nutrient abundance in the plant apoplast may be incorrect. Theoretical calculations by Hancock
& Huisman (42) suggest that there is a sufficient amount of nutrition in the apoplast to support
high-density growth of bacteria without active transport of sugars from host cells. Consistent
with such calculations, P. syringae pv. tomato (Pst) DC3000 can grow to very high numbers
in the wash fluid of the Arabidopsis leaf apoplast, almost approaching those in rich media
(Figure 2). However, as preparation of apoplast wash fluids involves infiltration of water into
the apoplast followed by low-speed centrifugation, it is possible that these retrievable apoplast
nutrients are normally sequestered in locations not accessible by bacteria. Interestingly, one of
the early disease symptoms commonly associated with foliar infections by pseudomonads and
xanthomonads is water-soaking in the apoplast of infected tissues (30,52), although it is not
yet clear whether apoplast water-soaking is a bacterial strategy for retrieving nutrients or simply
a side effect of host cell damage caused by infection. In any case, even if the bulk of apoplast
nutrients is not accessible to nonphytopathogenic bacteria, it seems likely that P. syringae and
other adapted foliar pathogens must have evolved effective virulence mechanisms to obtain
nutrients from the host apoplast.

If neither host defense nor nutrient availability could provide a definitive explanation for the
need of foliar pathogens to evolve and maintain an extended epiphytic lifestyle, a third possible
reason could be that entry sites on the leaf surface are limited. How limited are the potential
entry sites on the plant surface? In leaves, as mentioned above, stomata dominate in number
and represent an important surface opening for bacterial pathogens to enter the plant. The
densities of stomata vary among plant species and are regulated developmentally and in
response to environmental changes (64,116). There may be up to 300 stomata per mm2 on the
leaf surfaces, and the stomatal pores may occupy up to 2% of the total leaf surface area (64,
87,116). Therefore, despite their abundance, stomata account for only a minor portion of the
leaf surface; the chance of a bacterial immigrant arriving directly on top of a natural opening,
such as a stomate, is small. The density of stomata on the upper leaf (where bacteria are most
likely to land) is generally significantly lower than on the lower surface of the leaf. Furthermore,
stomata open only during the day, to uptake CO2 for photosynthesis; they close at night to
reduce water transpiration. Thus, during periods of a disease cycle, the only niche available
for many individuals of a P. syringae population might be the surface of a plant, even though
the plant apoplast may ultimately provide a better niche for P. syringae. The limited entry sites
would require a successful bacterial pathogen to adhere and move toward natural openings or
wounds. Indeed, adherence and motility have been shown to be important for surface infection
by P. syringae and other foliar pathogens (5,43,41,90,95). Furthermore, movement toward
natural openings and wounds would probably occur only if the leaf surface is wet, which may
be one of the reasons why foliar disease outbreaks often follow periods of rain and high
humidity (47).
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STOMATAL RESPONSE TO BACTERIA
Stomata are composed of a pair of specialized epidermal cells referred to as guard cells (Figure
3). Stomata regulate gas exchange between the plant and environment and control of water
loss by changing the size of the stomatal pore. This stomatal movement is affected by several
environmental stimuli, such as relative humidity, CO2 concentration, and light intensity. The
plant hormone abscisic acid (ABA) plays a central role in guard cell signaling leading to
stomatal closure during drought stress. The ABA signal in guard cells is transduced through a
complex network of signaling events, including the production of compounds such as nitric
oxide (NO) and H2O2, signaling intermediaries such as the guard cell-specific OST1 kinase,
changes in cytosolic Ca2+ levels, and Ca2+ oscillations (31,51,84,96,97). The signaling events
triggered by ABA ultimately lead to regulation of ion channels, such as the guard cell outwardly
rectifying potassium channel GORK1, which modulates ion efflux from the guard cells (48).
Ion efflux from the guard cells also drives the efflux of water and results in a change in guard
cell turgor that causes closure of the stomatal pore. For a more comprehensive overview of
guard cell signaling networks, the reader is directed to two recent reviews (31,51).

Until recently, it was thought that stomata were a strictly passive port of entry, suggesting that
bacteria could freely invade through open stomata. However, Melotto and colleagues (77)
found that Arabidopsis stomata close in response to live bacteria and purified pathogen/
microbe-associated molecular patterns (PAMP/MAMP). Bacterium-induced stomatal closure
requires PAMP signaling and homeostasis of the defense hormone salicylic acid (SA), and it
is connected to signaling regulated by ABA in the guard cell.

Basic Observations
Melotto et al. (77) used light-adapted Arabidopsis plants, in which 70-80% of stomata in the
leaves are open, for their experiments. When leaves or epidermal peels were exposed to a
suspension of Pst DC3000, a virulent pathogen of tomato and Arabidopsis (54,114), a marked
reduction in the number of open stomata (to circa 30%) was observed within 1 to 2 h of
incubation (Figure 3). In contrast, the number of open stomata remained virtually the same in
leaves incubated with water. Interestingly, the Pst DC3000-induced closing of stomata was
transient. After 3 h of incubation, most stomata (Figure 3b) reverted to the open state.

Because the phyllosphere is also colonized by other microbes, including human pathogenic
bacteria (11,72,85), Melotto and colleagues (77) conducted experiments with Escherichia
coli O157:H7, a human pathogenic bacterium commonly associated with vegetable-based food
poisoning (91). Again, stomatal closure was observed within 2 h of incubation. However, in
this case, stomata closure persisted for the duration of the experiment (4 to 8 h). These results
demonstrate that stomata actively close as an initial response to both plant and human
pathogenic bacteria, and Pst DC3000 has evolved a mechanism (or mechanisms) to re-open
stomata 3 h after incubation with plant leaves or epidermal peels.

The ability of both human and plant pathogenic bacteria to induce stomatal closure within the
first hour of contact with plant tissue suggests that guard cells can sense conserved bacterial
molecules. PAMPs are such molecules, and they are best known for their ability to stimulate
innate immunity in plants and animals (37,102). Indeed, flg22 (a biologically active peptide
derived from flagellin; 3,123) and LPS (120) cause stomatal closure in the wild-type Col-0
plant (77), suggesting that stomatal closure is part of the PAMP-triggered innate immune
response.

As mentioned above, one difference between stomatal response to the human pathogen E.
coli O157:H7 and to the plant pathogen Pst DC3000 is that stomata re-open after approximately
3 hr of incubation with Pst DC3000, but not with E. coli O157:H7. Melotto et al. (77) suspected
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that Pst DC3000, but not E. coli O157:H7, may have evolved a natural virulence mechanism
that can counter PAMP-induced stomatal closure. Pst DC3000 contains two well-characterized
virulence factors: the hrc/hrp gene-encoded type III secretion system (TTSS), which delivers
numerous effector proteins into the host cell (1,38,45,70), and the phytotoxin coronatine (COR)
(9). It was found that a COR-deficient mutant could not re-open closed stomata, whereas a
hrc mutant was not affected in the ability to re-open stomata (77). Furthermore, green
fluorescent protein (GFP)-labelled Pst DC3000 bacteria were able to reach the upper surface
of Arabidopsis epidermal peels when placed underneath, whereas fewer GFP-labelled cor-

bacteria were found on the upper surface of the epidermal peels (77). Taken together, these
results show that one of the virulence factors involved in suppressing stomatal defense in this
bacterium is coronatine.

These initial observations indicate that stomata are not merely passive ports for bacterial entry.
Guard cells could perceive live bacteria including P. syringae and E. coli and close a significant
percentage of stomata, suggesting that plants have evolved mechanisms to reduce the entry of
bacteria as an integral part of the plant immune system. Because not all stomata are closed in
response to bacteria or PAMPs (77), the apparently non-responsive and/or dead open stomata
would provide a route for bacterial entry at a basal level. In the case of the virulent plant
pathogen Pst DC3000, bacteria produce the diffusible virulence factor COR to re-open closed
stomata, thereby increasing the number of sites for bacterial invasion (Figure 4).

Signaling Components during Stomatal Response to Bacteria and PAMPs
How do stomatal guard cells sense bacteria and PAMPs? Currently our understanding of this
process is at an infant stage. Plants sense PAMPs via leucine-rich repeat (LRR) receptors (4,
9,44), such as the flagellin receptor FLS2 (21,37). In addition to flagellin, other highly
conserved bacterial molecules such as RNA-binding motif RNP-1, elongation factor Tu, and
LPS, also elicit hallmark responses of PAMP-induced innate immune response (33,63,120,
122). Melotto and colleagues (77) found that the flg22 PAMP failed to induce the closure of
stomata in epidermal peels of the Arabidopsis fls2 flagellin receptor mutant (37), suggesting
that guard-cell perception of flg22 requires the cognate PAMP receptor. Both flg22 and LPS
induced the production of nitric oxide (NO) in guard cells of wild-type stomata within 10 min.
In addition, Nω-nitro-L-arginine (L-NNA), an inhibitor of nitric oxide synthase, effectively
prevented stomatal closure caused by flg22, LPS, and E. coli O157:H7, suggesting that NO is
also required for PAMPs and bacteria to close stomata.

In addition to the PAMP signal transduction pathway, SA and ABA were found to be required
for stomatal response to bacteria or PAMPs. Neither flg22 nor LPS induce stomatal closure in
the ABA biosynthetic mutant aba3-1 (68) or ABA signaling mutant ost1-2 (84). Similarly,
stomata in SA-deficient Arabidopsis nahG (27) or eds16 (115) plants do not respond to PAMPs
(77). The defect in PAMP/bacterium-triggered stomatal closure in SA-deficient plants is
interesting, as previous studies have shown that SA is a potent inducer of stomatal closure
(66,75,83). Taken together, these results suggest mechanistic connections between PAMP
signaling, SA homeostasis, and ABA homeostasis and signaling in guard cell response to
bacteria.

It should be pointed out that the requirement of SA and ABA for PAMP/bacterium-triggered
stomatal closure does not mean necessarily that the SA or ABA signaling network lies
downstream of the PAMP signaling network, with the PAMP receptors at the top of a signaling
cascade. It is equally possible that PAMP, SA, and ABA signaling networks function in
parallel, but are interconnected through specific branches, in the guard cell. A defect in the SA
or ABA signaling network may cause pathway perturbation in the guard cell that indirectly
compromises PAMP signaling. In addition, it also remains to be determined whether perception
of PAMPs by immune receptors such as FLS2 leads to increased biosynthesis of SA and ABA
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or, simply, PAMP signaling in the guard cell requires a basal level of SA and ABA. Clearly,
a more comprehensive analysis using additional signaling mutants is necessary to understand
the connections between various branches of SA, ABA, and PAMP signaling networks in the
guard cell. It is also worth mentioning that current studies of plant defenses are mostly based
on mixed cell types (i.e., whole leaves). It is possible that stomatal guard cells have unique
signaling properties that may require cell type-specific analyses.

COR-Mediated Suppression of Stomata-Based Defense
The discovery that COR is required for re-opening stomata by Pst DC3000 represents the first
identification of a bacterial virulence factor that suppresses stomatal closure (77). COR is a
non-host-specific polyketide toxin consisting of two distinct structural components,
coronafacic acid (CFA) and coronamic acid (CMA); it is produced by at least five different
pathovars of P. syringae: pvs. tomato, glycinea, atropurpurea, maculicola, and
morsprunorum (8). The leaves of many plants develop chlorosis when treated with purified
COR (8). In addition, COR is required for full virulence of COR-producing P. syringae strains
on Arabidopsis, tomato, and soybean, as it promotes bacterial growth and contributes to
symptom development (Figure 5;16,17,18,80,121). Although COR is one of the most
extensively studied bacterial phytotoxins, the precise molecular mechanisms through which
COR acts to promote bacterial virulence and disease development are not yet clear. The
possibility that COR could suppress an early defense response during Pst DC3000 infection
of Arabidopsis and tomato was suggested more than a decade ago. Mittal and Davis (80) first
noticed that cor- mutant bacteria achieved population levels similar to those of wild-type Pst
DC3000 in Arabidopsis leaves inoculated by infiltrating bacterial suspension (1×106

CFU.ml-1) directly into the leaf intercellular spaces, but caused fewer disease symptoms,
including less chlorosis and necrosis compared to inoculation with wild type. However, when
bacteria (1×108 CFU.ml-1) were dip-inoculated onto the surface of plant leaves, cor- mutant
bacteria achieved significantly lower population levels than wild-type Pst DC3000 and were
unable to cause disease symptoms.

A similar study was conducted with P. syringae pv. glycinea (Psg), a cool-weather pathogen
of soybean. In this pathogen, production of COR is temperature-dependent. COR production
peaks at a temperature of 18°C, whereas at 28°C no COR production can be detected (18,89).
Interestingly, when spray-inoculated onto soybean plants, bacteria derived from cultures grown
at 18°C achieved significantly higher population levels and caused more severe disease
symptoms than bacteria cultured at 28°C (18). However, when bacteria were artificially
infiltrated into the leaf intercellular spaces, no effect of the pre-inoculation temperature of
bacterial cultures was observed. Additionally, COR-deficient mutants of Psg PG4180 were
severely reduced in multiplication (∼10,000-fold less than wild type) when inoculated by
spraying. When inoculated by infiltration, however, the COR-deficient mutant bacteria
achieved population levels only 5- to 10-fold lower than wild type. These results again suggest
that COR plays an important role early in the infection process, likely by promoting entry of
bacteria into leaf tissues.

The demonstrated ability of COR to suppress stomatal closure therefore offers one possible
explanation for these earlier observations. COR also plays roles in the late stages of the
infection process, including suppression of local and systemic host defenses and promotion of
disease symptoms (24,62,110,112). As disease progresses, Pst DC3000 heavily colonizes the
sub-stomatal cavity (14) and it is possible that COR-induced stomatal opening is also important
for the release of bacteria to the leaf surface to facilitate subsequent spread to nearby healthy
plants.
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How might COR Suppress Bacterium/PAMP-Triggered Stomatal Closure?
COR has long been hypothesized to be a structural mimic of jasmonates (JA), possibly by
binding to the same or similar receptors. In particular, COR is most similar to JA conjugated
to the amino acid isoleucine (JA-Ile; Figure 6) (61,99). COR also seems to have functional
similarities to JA (34,39,60,113). COR induces a number of responses that are also induced
by treatment with JA, including induction of protease inhibitors and phytoalexins and
regulation of JA-responsive transcripts (89,104,107,111,113,121). Identification of the
Arabidopsis JA/COR perception mutant coi1, which is insensitive to both JA and COR, further
suggests a similar mode of action (58,117). The COI1 gene encodes the F-box subunit of the
SCFCOI1 ubiquitin ligase, which is involved in the ubiquitin-conjugation pathway of protein
degradation (28,109,119). The coi1 and jai1 mutants of Arabidopsis and tomato show enhanced
resistance to Pst DC3000 (34,58,121) and the ability of COR to inhibit stomatal closure is
dependent on the COI1 gene (77). However, the reduction in bacterial multiplication in coi1
and jai1 plants cannot be fully explained by a lack of COR function. This reduction is much
greater than that observed after inoculation with cor- mutant bacteria, suggesting that other
virulence factors produced by Pst DC3000 also target COI1/JAI1-dependent pathways to
promote susceptibility. Consistent with this hypothesis, several studies suggest that COR and
TTSS effector proteins have overlapping functions and act synergistically to induce JA
signaling (107,121). Thus, although COR has a unique role in suppressing stomatal closure
(77), its contribution in later stages of infection could be potentially masked by the functions
of some TTSS effectors under certain conditions, as hrp genes and TTSS effectors are also
important for bacterial multiplication and symptom production (26,71).

Although COR likely mimics JA-Ile in exerting its virulence function, Suhita and colleagues
(100) showed that exogenous application of JA or methyl JA (MeJA) alone caused stomatal
closure. However, the authors did not examine a possible effect of JA or MeJA on ABA-
induced stomatal closure. In our own experiments we found that high concentrations (>20
μM) of JA and MeJA (Sigma Co.) caused significant stomatal closure. However, lower
concentrations (e.g., 1 to 10 μM) of JA and MeJA did not; instead, like COR, they effectively
inhibited ABA from closing stomata (M. Melotto and S.Y. He, unpublished data). These results
suggest a potentially bimodal effect of exogenous JA and MeJA on stomatal response,
depending on concentrations used.

Recent studies have begun to shed some light on how COR and JA might act through
SCFCOI1 to perform their functions in the plant cell (22,108). The COI1 protein shares a high
sequence similarity with TIR1, which is the F box subunit of the SCFTIR1 ubiquitin ligase
involved in the ubiquitination and degradation of AUX/IAA repressor proteins during plant
hormone auxin signaling (55). TIR1 and AUX/IAA proteins interact with each other and this
interaction does not require any other plant protein, but is facilitated by auxin, which directly
binds to the TIR1 receptor protein (29,105). This exciting demonstration raises the possibility
that F-box proteins or E3 ubiquitin ligase-substrate complexes may have a general role in
serving as receptors of other plant hormones and related ligands. It was shown recently that
COI1 interacts with JAZ (jasmonate ZIM-domain) proteins in Arabidopsis (22,108). JAZ
proteins are repressors of the JA signaling pathway and they are degraded by the 26S
proteasome in a SCFCOI1-dependent manner (22,108). Remarkably, COI1 and JAZ proteins
interact in yeast cells (i.e., in the absence of any other plant protein), but only in the presence
of JA-Ile (108) or COR (M. Melotto and S.Y. He, unpublished data). This observation
implicates COI1-JAZ complexes as receptors of JA-Ile and COR in plants (Figure 7).

It is not yet clear how the SCFCOI1-dependent action of COR translates into inhibition of
stomatal closure. Several studies have shown strong antagonistic interactions between JA
signaling and SA- or ABA-mediated signaling (2,16,36,65,69,73,93,98). For instance,
transcripts associated with SA-mediated defenses are upregulated in coi1 and jai1 mutants and
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the reduced susceptibility of coi1 to Pst DC3000 is dependent on SA accumulation (58,121).
Additionally, the multiplication of cor- mutant bacteria is significantly enhanced in plants
defective in SA accumulation, such as those expressing the salicylate hydroxylase encoded by
NahG, and plants defective in SA biosynthesis, such as the Arabidopsis sid2 (eds16-1) mutants
(13,16,77). Similarly, the Arabidopsis ABA biosynthesis mutant aba3-1 and the guard cell
signaling mutant ost1, allow enhanced multiplication of cor- mutant bacteria after surface
inoculation (77). Therefore, an attractive hypothesis is that COR exploits the endogenous
antagonistic interactions between JA, SA, and ABA hormone signaling pathways in plants to
affect stomatal response. Future research should determine whether COR antagonizes both SA
and ABA signaling pathways or inhibits only SA or ABA signaling, which in turn affects the
other pathway through various network connections. Currently the entire signaling network in
the guard cell is not well understood and a systems biology approach will ultimately be
necessary to fully understand the extremely dynamic nature that characterizes guard cell
signaling (69).

POSSIBLE IMPLICATIONS IN OTHER PATHOSYSTEMS
The discovery of bacterium/PAMP-induced stomatal closure in Arabidopsis as part of the plant
innate immune response against bacterial invasion prompts an important question: Are stomata
regulated in other pathosystems? To begin to answer this question, Melotto and colleagues
(77) investigated the response of tomato stomata to Pst DC3000 and LPS. They found that
stomatal movement in tomato was affected similarly to that in Arabidopsis. However, only a
few pathovars of P. syringae produce COR. Therefore, if stomatal regulation is widespread in
plants, it is likely that other phytopathogenic bacteria employ distinct virulence factors or
lifestyles to overcome or circumvent stomatal closure. P. syringae pv. tabaci, which does not
produce COR, induced closure of stomata initially, but was able to re-open stomata at later
time points, similar to Pst DC3000 (77). These results suggest that there may be other virulence
factors used by some bacteria to overcome stomatal defense.

It is possible that the ability to overcome stomatal defense, or lack thereof, may influence
pathogenesis strategies and the lifestyle of foliar bacteria. Some foliar bacteria may not produce
virulence factors that suppress stomatal closure and therefore may not be able to actively
overcome PAMP-induced stomatal closure. These bacteria would probably have to wait for
favorable environmental conditions under which stomatal defense is compromised, or rely on
wounds, or evolve alternative mechanisms to exploit other natural openings. Interestingly,
histochemical detection of a β-glucuronidase (GUS)-expressing strain of the vascular pathogen
Xanthomonas campestris pv. campestris (Xcc) demonstrated that Xcc enters Arabidopsis leaves
primarily through hydathodes, whereas the closely related X. campestris pv. armoraciae enters
leaves primarily through stomata (49), even though Xcc can multiply and cause disease if
pressure-infiltrated through stomata (92). While the molecular mechanisms underlying this
portal of entry preference are not yet known, it is tempting to speculate that Xcc may lack the
ability to overcome stomatal defense and, instead, has evolved the ability to enter leaves
through hydathodes.

The inability to efficiently enter leaf tissues through stomata may also be a factor in promoting
the evolution of an enhanced ability to live epiphytically on leaf surfaces. On the other hand,
Pst DC3000 can actively overcome stomatal defense and appears to be highly invasive and a
great endophyte, but is a relatively poor epiphytic colonizer of tomato leaf surfaces (14). In
the future, it will be interesting to determine whether there is a correlation between lack of
ability to overcome stomatal defense and enhanced epiphytic fitness. Comparison of the
complete genome sequences of Pst DC3000 and P. s. pv. syringae (Pss) B728a, a bean pathogen
with a well-known epiphytic phase in the field, reveals several intriguing differences that may
be related to adaptation to specific lifestyles (32). As mentioned above, UV irradiation and

Melotto et al. Page 9

Annu Rev Phytopathol. Author manuscript; available in PMC 2009 January 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



water deficiency are common stresses on the leaf surface and adapted epiphytes presumably
have evolved mechanisms to cope with such stresses (6,72,101). Indeed, Pss 728a carries
several copies of the rulAB operon involved in mutagenic DNA repair and UV resistance,
whereas Pst DC3000 carries only one rulB gene (32). Furthermore, the regulatory sequence of
the rulB gene in Pst DC3000 seems distinct from that of rulAB operons in Pss B728a,
suggesting possibly different regulation of UV-tolerance-related genes in these two strains.
Adapted epiphytes respond to water deficiency on the leaf surface often by accumulating
certain solutes to increase osmotolerance. Pss B728a seems to contain more genes involved in
the production of osmotolerance-associated solutes than Pst DC3000 (32).

In addition to plant-bacterial interactions, stomatal regulation has also been observed in some
plant-fungal interactions. For example, the fungal toxin fusicoccin has long been known to
promote stomatal opening and to antagonize ABA-induced stomatal closure through activation
of a plasma membrane H+ ATPase; it has been widely used as a tool for the study of many
aspects of plant biology (92). Oligogalacturonic acid (OGA), an elicitor derived from the
degradation of the plant cell wall by fungal cell wall-degrading enzymes, and chitosan, a
component of the fungal cell wall, were both shown to affect stomatal movements in tomato
(67). Both OGA and chitosan elicited H2O2 production in guard cells and inhibited light-
induced opening of closed stomata. Additionally, OGA accelerated midday stomatal closure
in tomato and in Commelina communis promoted closure and inhibited opening of stomata.
Chitosan and yeast elicitor derived from Saccharomyces cerevisiae were both found to induce
stomatal closure and activate Ca2+ influx currents in a manner similar to ABA in Arabidopsis
guard cells (59). Oxalic acid is a virulence factor of several phytopathogenic fungi, including
Sclerotinia sclerotiorum. Guimaraes & Stotz (40) made the interesting observation that
stomatal pores of Vicia faba leaves infected with an oxalate-deficient mutant of S.
sclerotiorum were partially closed, whereas wild-type fungus causes stomatal opening.
Furthermore, exogenous application of oxalic acid induces stomatal opening. Open stomata
seem to be the exit sites of many fungal hyphae from infected leaves. Finally, stomata have
also been implicated in the response to resistance (R) gene-mediated recognition of a fungal
defense elicitor, Avr9. Recognition of the Avr9 protein from the fungus Cladosporium
fulvum by transgenic Nicotiana tabacum plants expressing the Cf-9 R protein from tomato led
to the activation of current through outward-rectifying K+ channels and the inactivation of
current through inward-rectifying K+ channels (12). This pattern of regulation of cation
channels would be predicted to promote stomatal closure. Although in general the biological
relevance of the reported responses of stomata to fungal-derived compounds with respect to
plant defense or fungal invasion is not yet clear, it is possible that stomate-based defense and
counter defense also occur in some plant-fungal interactions.

CONCLUDING REMARKS
Stomata have been historically regarded as passive ports of bacterial entry into plant leaves.
The discovery of stomatal defense and counter-defense in Arabidopsis plants is likely to open
up several new areas for research. Some of the questions of significant importance that remain
to be answered are highlighted in the FUTURE ISSUES box.

Understanding the effects of varying environmental conditions on the effectiveness of stomatal
defense would be a particularly important area to enhance our understanding of outbreaks of
foliar bacterial disease in the field. Stomata are required to respond to a number of stimuli,
including light, humidity, CO2 concentration, microbes, and the circadian clock. How these
inputs are prioritized by guard cells and the mechanisms of prioritization are unknown but are
interesting and important questions for future study. It is interesting to note that severe
outbreaks of bacterial disease in crop plants are often associated with periods of heavy rain or
high humidity. These conditions could create wounds and leaf surface wetness which would
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be favorable for bacterial movement. It is also possible that, under such environmental
conditions, stomatal defense is partially compromised because high humidity promotes
stomatal opening (86,94,103,118), therefore allowing more bacteria to enter the leaf tissue
through stomata to promote infection. To promote infection in the laboratory, researchers
commonly use surfactants to reduce surface tension and expose plants to very high humidity
for an extended period after surface inoculation. Is stomatal defense partially compromised
under such conditions? Also, the surface structures (e.g. cuticle, trichomes, stomata) in
different plant species may differ in sensitivity to surfactant, humidity, and/or mechanical
pressure. It would be important to determine how stomata in different plant species are affected
by surfactants, humidity, and/or pressure spray in early stages of infection.

Stomata open during the day and close at night. In the absence of extensive wounding, foliar
bacteria may have to infect leaves primarily during the day. However, COR was previously
found to induce opening of dark-closed stomata in broad bean and Italian ryegrass,
demonstrating that COR not only blocks closing of stomata, but also can promote opening of
closed stomata (79). The ability of COR to promote opening of dark-closed stomata may
provide a mechanism for bacterial entry into plant leaves at night when most stomata are closed,
which may have significant epidemiological implications.

Because 108 cfu/ml bacteria are necessary to reproducibly and uniformly induce disease in
Arabidopsis leaves by the surface inoculation method (17,54,123), Melotto et al. (77) used this
inoculation dose in most of their experiments. In nature, however, epiphytic populations of
bacteria are expected to be highly variable, even on the same leaf, due to tremendous spatial
heterogeneity of nutrient availability and/or leaf surface topology (72). The total epiphytic
bacterial population on the leaf surface can be very high, up to 108 cfu/g fresh weight (56,
72). Even when the total number of bacteria is low on a leaf, bacterial concentrations at specific
sites can be high, especially in aggregates (72), which could contribute to the observed discrete
infection sites/lesions on the same leaf in the field (in contrast to the uniform infection of entire
leaves in the laboratory). It will be interesting to determine how the sizes and locations of these
bacterial communities affect stomatal defense and whether aggregation of bacteria near stomata
promotes stomatal movement by exposing stomata to high concentrations of compounds that
promote opening or closure. Clearly much is to be learned and hopefully future research will
provide answers to some of these important questions and contribute to advances and
discoveries in the study of bacterial pathogenesis, guard cell signaling, and microbial ecology.

SUMMARY POINTS
1. Numerous bacteria can survive and multiply as epiphytes on a plant surface without

causing disease. Saprophytes complete their life cycles on the surface of plants; foliar
pathogens eventually enter the plant and multiply in the apoplast as pathogenic
endophytes. Bacterial entry into plant tissue is a key step for pathogenesis. Unlike
fungal pathogens, bacteria cannot directly penetrate the plant epidermis and must rely
on wound and natural openings to colonize their host.

2. Historically, natural surface openings and wounds have been regarded as passive ports
of bacterial entry into plant leaves. However, a recent study provides evidence for an
active role of stomata in limiting bacterial infection. Stomatal guard cells have the
ability to perceive live bacteria and close the stomatal pore within 1 h of exposure to
bacterial suspension.

3. Bacterium-induced stomatal closure appears to be part of the plant innate immune
system and can be activated by bacterial PAMPs such as the flagellin peptide flg22.
Stomatal closure requires PAMP signaling and SA and ABA homeostasis; it is
connected to signaling regulated by ABA in the guard cell.
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4. The foliar pathogenic bacterium P. syringae pv. tomato DC3000 produces the
virulence factor COR to suppress stomatal closure and promote bacterial entry
through stomata. COR, a molecular mimic of JA-Ile, likely modulates the JA signaling
pathway in the plant to antagonize the SA and/or ABA signaling that promotes
stomatal closure.

5. The discovery of stomatal defense and counter-defense in Arabidopsis plants is likely
to open up new areas for research. Such research should contribute to advances and
discoveries in the study of bacterial pathogenesis, guard cell signaling, and microbial
ecology.

FUTURE ISSUES
1. Disease epidemiology Do the environmental conditions that modulate stomatal

closure and opening (e.g., humidity, light, temperature, circadian rhythm) influence
the effectiveness of stomatal defense? If so, does failure of stomatal defense under
certain environmental conditions (especially rain and high humidity) contribute to
disease outbreaks in the field? The sizes of stomata opening vary greatly among plant
species. Do the different stomatal sizes impact the effectiveness of stomatal defense?

2. Pathogen lifestyles Different strains of pathogenic bacteria seem to have different
durations of the epiphytic phase before initiating endophytic infection. Is there a
correlation between a long epiphytic phase and a lack of anti-stomate virulence
factors? In other words, do pathogenic bacteria prefer to colonize the surface of the
plant or are they forced to stay there until environmental conditions allow massive
invasion?

3. Stomatal defense across plant species Do all plants have stomatal defense
mechanisms? Melotto et al. (77) reported that stomatal movement in response to LPS
and Pst DC3000 in tomato are similar to that in Arabidopsis. In the future, it would
be important to examine this response in other plants and other bacterial and/or fungal
diseases.

4. Phyllosphere ecology How do the sizes of microbial communities in the phyllosphere
influence stomatal defense? How does stomatal defense impact the distribution of
microbial communities on the plant surface and inside the plant?

5. Stomate-targeted virulence factors How many bacterial and fungal virulence
factors target stomatal defense? COR is produced by only a few P. syringae pathovars
and if stomatal defense is wide-spread among plant species, foliar bacterial pathogens
could have evolved other virulence factors or developed alternative lifestyles (e.g.,
extended epiphytic phase) or infection modes (e.g., through other types of natural
openings) to overcome or circumvent stomatal defenses. What are the mechanisms
by which other virulence factors inactivate stomatal defense?

ACKNOWLEDGEMENTS
We thank K. Bird for assistance in preparation of this paper, and Wiley-Blackwell Publishing Ltd. for permission to
use the content of the reference Underwood et al. (110). Supported by grants from the U.S. Department of Energy and
National Institutes of Health.

ABBREVIATIONS/ACRONYMS
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COI1, coronatine insensitive 1
COR, coronatine
hrp, hypersensitive response and pathogenicity
JA, jasmonic acid
JAZ, jasmonate ZIM domain protein
LPS, lipopolysaccharide
MAMP, microbe-associated molecular pattern
MeJA, methyl jasmonic acid
NO, nitric oxide
OGA, oligogalacturonic acid
PAMP, pathogen-associated molecular pattern
Pst, Pseudomonas syringae pv. tomato
SA, salicylic acid
TIR1, transport inhibitor response 1
TTSS, type III secretion system
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Figure 1.
A simplified diagram of the infection cycle of Pseudomonas syringae. (a) A diagram of healthy
plant leaves. (b) Bacterial cells on a leaf surface, illustrating aggregation of some bacteria near
a trichome. (c) Bacteria penetrating open stomate. (d) Cross section of a leaf showing bacteria
colonizing the plant apoplast. (e) Extensive multiplication of bacteria in the apoplast of a leaf.
(f) Visible disease-associated necrosis and chlorosis.
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Figure 2.
Pst DC3000 populations 8 h after transferring 1.2×106 CFU/ml bacteria in water, Luria-Bertani
broth (LB), intercellular wash fluid (IWF), and hrp-inducing minimal medium (MM). Data
points are means and standard deviations of three replicate cultures.
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Figure 3.
(a) Light-conditioned leaf epidermis (top pictures) showing mostly open stomata and the same
leaf epidermis after 1 h exposure to purified PAMP or live bacteria (bottom pictures). Note
that most stomatal pores are closed after exposure to bacteria or PAMPs. (b) Stomatal response
in light-exposed epidermal peels of Arabidopsis leaves exposed to water, DC3000, or DB29.
DB29 is a coronatine-biosynthesis-defective (cor) mutant (17). Stomatal response to this cor
mutant is similar to response to DC3118, another cor mutant (74,77).
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Figure 4.
A diagram depicting stomata as entry sites for bacterial invasion. (a) A cross-sectional view
of leaf epidermis and mesophyll cells showing that stomata, formed by pairs of guard cells
(GC), in light-adapted Arabidopsis leaves are mostly fully open. (b) Upon exposure to bacteria,
guard cells perceive PAMPs and many stomata close within 1 h. Because not all stomata are
closed, those ‘non-responsive’ open stomata (e.g., stomate on the left) may provide a route for
bacterial entry at a basal level. Dashed arrows indicate diffusion of PAMPs on the epidermal
surface or in the intercellular space (apoplast) between mesophyll cells, which can also perceive
PAMPs and activate additional host defenses. (c) In the case of the virulent plant pathogen
Pst DC3000, 3 h after infection bacteria produce diffusible COR in the apoplast and/or on the
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plant surface to re-open closed stomata (e.g., middle stomate), thereby increasing the number
of sites for bacterial invasion. Pst DC3000 bacteria also inject TTSS effectors into mesophyll
cells to suppress host defenses and to release nutrients. COR and TTSS effectors have
overlapping functions in the suppression of host defenses in the apoplast and in the promotion
of disease symptoms (see text). COR also induces disease susceptibility systemically in leaves
(27; see text). This figure is adapted from Underwood et al. (110) with permission of the
Publisher.
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Figure 5.
Tomato leaves 5 days after dip-inoculation with 1×107 CFU/ml suspension of the wild-type
bacterium Pst DC3000 (left) and the coronatine-defective mutant Pst DC3118 (right). Whereas
Pst DC3000 caused necrotic lesions with diffuse chlorosis, the coronatine-defective mutant
bacteria caused only some lesions and no chlorosis.
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Figure 6.
The chemical structures of JA-Ile and coronatine are similar.
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Figure 7.
A model of COR action in the plant cell (possibly all cell types). COR (structure shown) is
secreted by Pst DC3000 into the plant cell and increases the affinity of the COI1 protein (as
part of the SCFCOI1-ubiquitin ligase complex; not shown here) toward JAZ repressor and
possibly other host proteins (denoted by “X”). The SCFCOI1 complex catalyzes ubiquitination
of JAZ and other host proteins, which are then degraded through the 26S proteasome (denoted
as “26S”). JAZ proteins normally function as repressors by physically binding to transcriptional
activators (such as MYC2) of jasmonate response genes. In the stomatal guard cell, PAMPs
(e.g., flagellin and LPS) are perceived by cognate immune receptors (e.g., flagellin receptor
FLS2). Perception of PAMPs triggers stomatal closure, which requires SA, ABA, and OST1
kinase. COR-mediated inhibition of PAMP-triggered stomatal closure and other innate
immune responses could be mediated by JAZ and/or “X” proteins.
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