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The Role of the Plasma Membrane H1-ATPase in
Plant–Microbe Interactions
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ABSTRACT Plasma membrane (PM) H1-ATPases are the primary pumps responsible for the establishment of cellular mem-

brane potential in plants. In addition to regulating basic aspects of plant cell function, these enzymes contribute to sig-

naling events in response to diverse environmental stimuli. Here, we focus on the roles of the PM H1-ATPase during plant–

pathogen interactions. PM H1-ATPases are dynamically regulated during plant immune responses and recent quantitative

proteomics studies suggest complex spatial and temporal modulation of PM H1-ATPase activity during early pathogen

recognition events. Additional data indicate that PM H1-ATPases cooperate with the plant immune signaling protein

RIN4 to regulate stomatal apertures during bacterial invasion of leaf tissue. Furthermore, pathogens have evolved mech-

anisms to manipulate PM H1-ATPase activity during infection. Thus, these ubiquitous plant enzymes contribute to plant

immune responses and are targeted by pathogens to increase plant susceptibility.
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INTRODUCTION

Plants have evolved a multi-layered immune system that dy-

namically responds to pathogens. Most classes of plant patho-

gens remain outside the host cell membrane during their

lifecycle. As a result, the plant plasma membrane (PM) is

a key mediator of communication between plants and

microbes. Initial pathogen recognition occurs at the PM and

many of the earliest cellular responses to microbial invasion

are controlled by PM-localized enzymes and ion channels

(Boller and Felix, 2009). In addition, multiple downstream

responses to pathogen stimuli are executed at the plasma

membrane. Pathogens must manipulate host cells in order

to suppress these defense responses and procure nutrients.

It is therefore expected that membrane transport processes

have numerous functions in compatible (susceptible) and in-

compatible (resistant) interactions (Hahn and Mendgen,

2001; Ward et al., 2009). Plant PM H+-ATPases use energy de-

rived from ATP hydrolysis to pump protons from the cytosol to

the extracellular space, thus creating and maintaining a nega-

tive membrane potential and a transmembrane pH gradient

(acidic outside). This proton electrochemical gradient can con-

trol multiple aspects of transport across the PM. PM H+-ATPase

activity is dynamically regulated during plant immune

responses and multiple pathogens target this family of

enzymes during infection. In this review, we focus on the roles

of the PM H+-ATPase, a key regulator of membrane transport,

in plant–microbe interactions.

The Plant Immune System

Pathogen threats are recognized by the plant as ‘non-self’ and/

or ‘modified-self’ during microbial infection (Boller and Felix,

2009). There are two major branches of the plant innate im-

mune system that have been described based on the types

of pathogen molecules or proteins that are recognized

(Chisholm et al., 2006). Pathogen-associated molecular pattern

(PAMP)-triggered immunity (PTI) is thought to be one of the

first lines of active plant defense. PAMPs are conserved micro-

bial features, such as bacterial flagellin or fungal chitin, which

plants have evolved to recognize as potential threats. The rec-

ognition of PAMPs is mediated by PM localized pattern recog-

nition receptors, often belonging to the class of enzymes

known as Receptor-Like protein Kinases (RLKs). The RLK

FLS2 (FLAGELLIN SENSING 2) is the most well characterized pat-

tern recognition receptor inArabidopsis; it directly binds a con-

served 22 amino acid epitope of flagellin termed flg22 (Boller

and Felix, 2009). Upon recognition of flg22, FLS2 quickly het-

erodimerizes with its co-receptor BAK1 (BRI1-ASSOCIATED
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KINASE 1) to initiate intracellular signaling. This results in rapid

changes in cellular homeostasis including alkalinization of the

apoplast, increased intracellular calcium levels, other ion

fluxes, generation of reactive oxygen species, and activation

of mitogen-activated protein kinase cascades (Felix et al.,

1999; Boller and Felix, 2009; Jeworutzki et al., 2010). PM H+-

ATPases are dynamically regulated during early responses to

flg22 treatment, suggesting a functional role for these

enzymes during execution of PTI (Nuhse et al., 2007; Keinath

et al., 2010). Ultimately, the plant cell mounts a defense re-

sponse through production and secretion of antimicrobial

compounds to the apoplast, reinforcement of the cell wall,

hormone synthesis, and initiation of systemic resistance signal-

ing to distant parts of the plant (Boller and Felix, 2009). It is

hypothesized that PTI is critical in thwarting infection by many

potentially pathogenic organisms (Chisholm et al., 2006).

Many host-adapted pathogens are capable of suppressing

PTI signaling and downstream responses in large part through

secretion of proteinaceous virulence factors, termed effectors,

which commonly target host signaling components to evade

or inactivate immune responses (Cui et al., 2009). To date, most

characterized effectors from phytopathogens target intracel-

lular host proteins and processes, but apoplastic effectors have

been described from some fungal pathogens (Stergiopoulos

and de Wit, 2009). The virulence contribution of the Type III

Secretion System (T3SS) of Gram-negative bacteria has been

well documented in mammalian and plant pathogens (Buttner

and He, 2009). The bacterial T3SS functions as a conduit for

effector delivery inside host cells (Buttner and He, 2009). Once

inside the cell, characterized effectors generally operate by

modifying key host proteins involved in immune responses

or perception, thus enhancing pathogen virulence (Cui

et al., 2009). In addition to effector proteins, many pathogens

also secrete small molecule toxins that contribute to the path-

ogenic lifestyle of the microbe (Möbius and Hertweck, 2009).

Modulation of plant PM H+-ATPase activity by pathogen effec-

tors or toxins appears to be a relatively common event during

infection.

Plants have also evolved a second branch of the immune sys-

tem, termed Effector-triggered immunity (ETI) (Chisholm et al.,

2006). This type of plant immunity enables plants to recognize

particular pathogen-derived effector proteins in host geno-

types expressing corresponding resistance (R) genes. In the ma-

jority of cases, ETI is initiated by intracellular R proteins with

nucleotide-binding leucine-rich repeat domain architecture

(Chisholm et al., 2006). Some apoplastic fungal effectors

are recognized by PM-localized receptor-like proteins

(Stergiopoulos and de Wit, 2009). Recognition of pathogen

effectors can occur through direct binding. However, in the

case of bacterial pathogens, effector recognition primarily

occurs indirectly, where plant R proteins detect effector-in-

duced modification of host targets as a form of modified self

(Chisholm et al., 2006). ETI signaling limits pathogen establish-

ment at infection sites and often culminates in a localized pro-

grammed cell death, termed the Hypersensitive Response (HR).

The situation described above (ETI leading to HR) is not nec-

essarily effective against every pathogen a plant might en-

counter. There are two primary classes of plant pathogens:

biotrophs (organisms that obtain nutrients from living host tis-

sue) and necrotrophs (organisms that derive nutrients from

dead tissue). Necrotrophs secrete toxins and lytic enzymes that

induce cell death and cause tissue maceration; the pathogen

then uses the cell degradation products as a nutrient source. In

fact, many necrotrophic pathogens actively promote cell death

processes and some toxins appear to target R-like proteins to

induce cell death and plant susceptibility (Wolpert et al., 2002;

Lorang et al., 2007). Conversely, obligate biotrophic pathogens

absolutely require living host cells to procure nourishment and

might be effectively contained during ETI. Some pathogens ex-

hibit both biotrophic and necrotrophic phases of growth dur-

ing infection and are termed hemibiotrophs. Therefore, cell

death can have disparate roles in determining the outcome

of plant–pathogen interactions, depending on both the path-

ogen and its stage of growth. Differential regulation of PM H+-

ATPase activity during plant immune responses and direct ma-

nipulation by pathogens suggests that these enzymes perform

multiple roles in susceptible and resistant interactions.

PM H+-ATPASES: CRITICAL ROLES IN
PLANT PHYSIOLOGY

In plants, PM H+-ATPases are the primary pumps responsible

for the establishment of cellular membrane potential. PM

H+-ATPases use energy from ATP hydrolysis to pump protons

from the cytosol to the extracellular space. This activity creates

a proton electrochemical gradient across the plasma mem-

brane that is utilized by channel and carrier proteins to facil-

itate ion and solute exchange across the membrane

(Sondergaard et al., 2004). Furthermore, activation or inhibi-

tion of the PM H+-ATPase can modulate membrane potential,

thereby changing the activities of voltage-gated channels and

controlling ion flux at the PM (Ward et al., 2009). By regulating

membrane transport processes that are necessary for life, PM

H+-ATPases are absolutely essential for normal plant growth

and development (Haruta et al., 2010).

PM H+-ATPases establish and maintain the major electro-

chemical gradient used for secondary transport at the plasma

membrane and therefore control many basic processes in plant

physiology (Sondergaard et al., 2004). Proton extrusion per-

mits selective solute and ion uptake at the root periphery

and at the endodermal cell layer within roots. Furthermore,

PM H+-ATPase activity is essential for phloem loading and

unloading of photosynthate and the maintenance of proper

source/sink relationships within the plant (Zhao et al., 2000).

Therefore, PM H+-ATPases power plant nutrient uptake and

distribution throughout the plant (Sondergaard et al.,

2004). The high levels of expression of PM H+-ATPases in trans-

port cells supports the idea that these enzymes are critical reg-

ulators of membrane transport processes (Bouche-Pillon et al.,

1994; DeWitt and Sussman, 1995). Cell turgor and stomatal
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apertures (see below) are similarly regulated by PM H+-ATPase

via solute and ion accumulation within cells and subsequent

changes in water potential (Sondergaard et al., 2004). Accu-

mulating evidence suggests that PM H+-ATPases also function

in long-distance signaling events via the modulation of mem-

brane potential and cellular/apoplastic pH (Zimmermann

et al., 2009). Not surprisingly, due to its importance in regulat-

ing basic aspects of plant cell function and nutrient transport,

pathogens have evolved direct and indirect mechanisms to ma-

nipulate PM H+-ATPase activity during infection.

REGULATION OF PLASMA MEMBRANE
H+-ATPASES

Due to its central role in regulating plant membrane transport

processes, it is expected that (1) a subset of PM H+-ATPases is

ubiquitously expressed and (2) PM H+-ATPase activity is tightly

controlled (Duby and Boutry, 2009). PM H+-ATPases comprise

a large gene family in plants, with 11 members in Arabidopsis

thaliana (AHA1-11). A combination of gene expression and ge-

netic analyses has revealed that multipleAHAs are expressed in

many tissues and organs, but some differences exist in expres-

sion levels and tissue specificity of individual AHA isoforms

(Gaxiola et al., 2007). Genetic analyses of AHA knockouts have

revealed few phenotypes, suggesting that removal of a single

isoform can be compensated for by other isoforms. PM H+-

ATPases are members of a large gene family that exhibit ex-

pression overlap and functional redundancy that can mask

key roles of individual isoforms, making straightforward ge-

netic analyses difficult. AHA1 and AHA2 are highly expressed

in almost all tissues and organs, indicating that they function as

the key PM H+-ATPases in maintaining ion homeostasis (Haruta

et al., 2010). Consistent with this hypothesis, single knockouts

of AHA1 or AHA2 have no obvious phenotypes, but the double

knockout is lethal (Liu et al., 2009; Haruta et al., 2010).

PM H+-ATPases do not undergo significant changes in tran-

script levels in response to most biotic or abiotic stresses, and

changes in activity and solute fluxes are frequently uncoupled

from transcriptional changes (Gaxiola et al., 2007). Therefore,

the activity of PM H+-ATPases is likely under post-translational

control. Phosphorylation is one well characterized mechanism

that can act to regulate this pump’s activity. Phosphorylation

of the penultimate threonine residue within the auto-inhibi-

tory C-terminal domain is critical for interaction with a 14-3-3

regulatory protein (Baunsgaard et al., 1998; Svennelid et al.,

1999). 14-3-3 proteins recognize and bind to phosphorylated

proteins with one of three canonical binding motifs. 14-3-3-

proteins generally function as dimers and bind the C-terminus

of PM H+-ATPases at a conserved mode III binding site (XYpTV-

COOH) (Duby and Boutry, 2009). Binding of the 14-3-3 protein

relieves C-terminal intramolecular inhibition and results in ac-

tivation of the PM H+-ATPase. Furthermore, single particle

analysis using electron cryomicroscopy indicates that the acti-

vated Nicotiana plumbaginifolia PM H+-ATPase PMA2 consists

of six phosphorylated H+-ATPase molecules assembled in a hex-

americ structure along with six 14-3-3 molecules (Kanczewska

et al., 2005; Ottmann et al., 2007). The penultimate threonine

residue and accompanying mode III binding motif is widely

conserved across H+-ATPases throughout the plant kingdom,

suggesting that this mechanism of activation is highly con-

served (Duby and Boutry, 2009). Additional phosphorylated

residues within the C-terminal domain have been reported

to affect enzyme activity incrementally, suggesting that en-

zyme activation can be gradual and tightly controlled (Speth

et al., 2010). Accumulating experimental evidence also implies

that PM H+-ATPases can be negatively regulated by phosphor-

ylation in multiple plants, including tomato (Xing et al., 1996),

beet (Lino et al., 1998), maize (De Nisi et al., 1999), tobacco

(Desbrosses et al., 1998; Duby et al., 2009), and Arabidopsis

(Fuglsang et al., 2007). Recently, the PKS5 kinase inArabidopsis

was shown to phosphorylate AHA2 at serine 931. Phosphory-

lation of serine 931 inhibits AHA2’s interaction with 14-3-3 pro-

teins even when the penultimate threonine is phosphorylated,

indicating that multiple factors in addition to 14-3-3 binding

coordinate activation of the pump (Fuglsang et al., 2007).

Thus, PM H+-ATPase activity is positively and negatively influ-

enced by phosphorylation at multiple sites and regulation is

likely fine-tuned by distinct kinases and phosphatases.

In addition to regulation via phosphorylation, PM H+-

ATPase protein abundance and/or localization within the

plasma membrane may also play an important role in regulat-

ing enzyme activity. Auxin has been shown to induce exocyto-

sis of a pool of pre-synthesized PM H+-ATPase, possibly

providing a mechanism to regulate rapid focal accumulation

of the enzyme (Hager et al., 1991). Multiple PM H+-ATPases

in both Arabidopsis and tobacco have been detected in deter-

gent resistant microdomains by mass spectrometry (Shahollari

et al., 2004; Morel et al., 2006). Consistent with these findings,

immunolocalization experiments have found PM H+-ATPases

localize within defined patches on the plasma membrane

(Bouche-Pillon et al., 1994; DeWitt and Sussman, 1995). These

experiments suggest that PM H+-ATPase activity can be influ-

enced by lateral compartmentalization within the plasma

membrane and that localized activity of the pump could influ-

ence membrane transport processes.

PM H+-ATPASE REGULATION IN PLANT
IMMUNE SIGNALING

PAMP-Triggered Immunity (PTI)

One of the earliest cellular responses during activation of plant

immune responses is the modulation of extracellular pH. It has

long been observed that various general pathogen elicitors/

PAMPs induce ion fluxes and rapid alkalinization of the me-

dium in cell culture suspensions of various plant species (Felix

et al., 1993; Nurnberger et al., 1994; Kuchitsu et al., 1997; Felix

et al., 1999; Boller and Felix, 2009). This extracellular alkalin-

ization response could result from inhibition of PM H+-ATPase

activity, opening of PM proton channels resulting in proton in-

flux down the electrochemical gradient, and/or activation of
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proton-coupled secondary transporters. In Arabidopsis leaf

mesophyll cells, perception of the PAMP flg22 by FLS2 results

in rapid membrane depolarization and alkalinization of the

apoplast (Jeworutzki et al., 2010). Although initially thought

to be the consequence of inhibition of the PM H+-ATPase, data

indicate that these responses are a result of high levels of pro-

ton influx and activation of anion channels that may not be

triggered solely by PM H+-ATPase inhibition (Hagendoorn

et al., 1991; Thain et al., 1995; Jeworutzki et al., 2010). Proton

influx occurs in concert with an even larger anion (Cl– and

NO3
–) efflux and together these ion fluxes are the likely source

of membrane depolarization during PTI (Jeworutzki et al.,

2010). Exogenous application of fusicoccin (a strong PM H+-

ATPase activator) hyperpolarized the membrane but did not

prevent depolarization in response to subsequent flg22 treat-

ment(Jeworutzkietal.,2010).However,undernatural infection

conditions, it is likely that the PM H+-ATPase contributes to

PAMP-induced membrane depolarization and apoplast alkali-

zation in concert with anion efflux and proton influx. Other

experiments support a role for PM H+-ATPase inhibition during

PTI (Nuhse et al., 2007; Amborabé et al., 2008) (see below). Con-

sistent with the hypothesis that PM H+-ATPases function in early

immune signaling events,Arabidopsisexpressingconstitutively

activeallelesofAHA1exhibita reducedburstof reactiveoxygen

species in response to flg22 (Keinath et al., 2010). These experi-

ments suggest that down-regulation of PM H+-ATPase activity

during PTI might be required for a subset of plant immune

responses. Calcium and reactive oxygen species are known to

influence PM H+-ATPase activity in guard cells (Kim et al.,

2010). Calcium influx and production of reactive oxygen species

at the plasma membrane occur very rapidly after PAMP treat-

ment and may also contribute to PM H+-ATPase regulation in

mesophyll cells during PTI (Boller and Felix, 2009).

Post-Translational Control of PM H+-ATPase during PAMP-

Triggered Immunity

As described above, PM H+-ATPase activity can be positively and

negatively influenced by phosphorylation and localization

(Duby and Boutry, 2009). Recent proteomics experiments have

contributed to a greater understanding of dynamic PM H+-

ATPase phosphorylation during plant immune responses. The

phosphorylation status of the Arabidopsis PM H+-ATPases

(AHAs) changes dramatically during PTI signaling in response

to flg22 (Benschop et al., 2007; Nuhse et al., 2007). Consistently,

bothgroupsobservedasignificantreductioninAHA1andAHA2

peptides containing the phosphorylated penultimate threo-

nine residue known to mediate 14-3-3 binding and enzyme

activation (Olsson et al., 1998; Svennelid et al., 1999; Benschop

et al., 2007; Nuhse et al., 2007) (Figure 1). These results indicate

that dephosphorylation and inactivation of the enzyme occur

during PTI, which is consistent with the observed alkalinization

response of plant cell cultures to various PAMPs. In addition to

the regulatory penultimate threonine residue, other sites in the

C-terminalregulatorydomainofAHA1-3wereidentifiedwhose

phosphorylation status appears to change dynamically during

PTI (Figure 1). Phosphorylation of a highly conserved threonine

residue (Thr881 in AHA1/2) decreases nearly 10-fold in response

to flg22 (Nuhse et al., 2007). Phosphomimetic mutations of

this residue in AHA2 and the corresponding residue in PMA2

have been shown to activate PM H+-ATPase activity (Niittylä

et al., 2007; Speth et al., 2010). Thus, phosphorylation of two

residues known to promote AHA activity decreases during

PTI. In contrast, phosphorylation of another residue, AHA1/2

Ser899, increases several-fold during PTI (Nuhse et al., 2007).

It will be interesting to determine whether phosphorylation

of this residue negatively impacts AHA activity as suggested

bycoordinate regulationof the other identifiedresidues.Taken

together, data suggest that PM H+-ATPases are under multiple

layers of control during PTI, potentially through sequential

regulation of phosphorylated residues.

Additional post-translational control of PM H+-ATPase activ-

ity could result from dynamic changes in protein localization.

Recent data indicate thatArabidopsisAHA1, AHA2, AHA3, and

AHA4 localize to detergent resistant membrane (DRM) frac-

tions within 5 min post flg22 application (Keinath et al.,

2010). DRMs are characterized by insolubility in cold deter-

gents, such as Triton X-100, after biochemical isolation. DRMs

are enriched in sterols and saturated lipids (and associated pro-

teins) and have been suggested to form functional membrane

microdomains in vivo (Laloi et al., 2007). The rapid enrichment

of AHAs in DRMs during PTI suggests that AHA activity might

be modulated as a result of lateral compartmentalization

Figure 1. Regulation of PM H+-ATPases by Phosphorylation. ClustalW alignment of the C-terminal regulatory domain of Arabidopsis (AHA)
and Nicotiana (PMA) PM H+-ATPases. Underlined residues have been identified in planta as phosphorylated. Phosphorylation status of
shaded residues significantly changes during PTI responses (upper). Phosphorylation (+P) effect on enzyme activity is indicated below
the alignment. Protein functional domains are indicated at the bottom. (+), increase in phosphorylation or activity. (�), decrease in phos-
phorylation or activity. (nd), not determined. R-I and R-II are inhibitory domains.
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within the plasma membrane. A number of regulatory pro-

teins involved in plant innate immune signaling and percep-

tion, such as receptor-like protein kinases, are also enriched

in DRMs (Shahollari et al., 2004; Morel et al., 2006). Association

of the PM H+-ATPase within membrane microdomains indi-

cates that these enzymes may be rapidly recruited to specific

microsites within the PM in order to mediate responses imme-

diately downstream of PAMP receptor activation. As the mem-

brane sterol environment has been reported to affect PM H+-

ATPase activity, demonstrating functional relevance between

enzyme activity and DRM localization is an exciting area for

research (Grandmougin-Ferjani et al., 1997). Taken together,

these proteomics experiments suggest that the activity of Ara-

bidopsis PM H+-ATPase isoforms is dynamically regulated via

post-translational modification and membrane compartmen-

talization during plant immune responses.

Effector-Triggered Immunity (ETI)

Although alkalinization of the extracellular medium is com-

mon during PTI, acidification of the apoplast is associated with

some cases of ETI. Cladosporium fulvum, the leaf mold fungus

of tomato, secretes several effector proteins into the plant

apoplast during infection (Stergiopoulos and de Wit, 2009).

Recognition of the Avr5 effector from C. fulvum by the corre-

sponding R protein Cf5 results in acidification of the extracel-

lular medium in tomato cell lines (Vera-Estrella et al., 1994).

This acidification response has been attributed to activation

of the PM H+-ATPase (Vera-Estrella et al., 1994). Intriguingly,

PM H+-ATPase activity in this system appears to be positively

regulated by dephosphorylation, as phosphatase inhibitors

blocked the increase in PM H+-ATPase activity. Furthermore,

Avr5/Cf-5-dependent increases in PM H+-ATPase activity were

correlated with enzyme dephosphorylation using c-32P label-

ing of isolated PM fractions (Vera-Estrella et al., 1994; Xing

et al., 1996). These observations are in agreement with recent

data demonstrating negative regulation of PM H+-ATPase ac-

tivity by phosphorylation (Fuglsang et al., 2007; Duby et al.,

2009). Other studies in tomato report that stimulation of

PM H+-ATPase activity causes the accumulation of the defense

hormone salicylic acid and the transcription of pathogenesis-

related (PR) genes (Schaller and Oecking, 1999). Taken to-

gether, these studies indicate that PM H+-ATPase activation

is not only associated with, but can also trigger, immune

responses in tomato.

Acidification of the apoplast was also observed in incompat-

ible interactions of barley plants containing the Mla3 resis-

tance gene with the powdery mildew fungus Blumeria

graminis f.sp. hordei (Bgh) expressing the AvrMla3 effector

(Zhou et al., 2000). This decrease in extracellular pH preceded

HR development, and it was demonstrated that activation of

the PM H+-ATPase increased the occurrence of cell death in

compatible interactions (Zhou et al., 2000). However, addi-

tional studies indicate that other incompatible barley–Bgh

interactions mediated by different R genes result in a long-

term apoplastic alkalinization (Felle et al., 2004). Different

experimental set-ups and timescales could have played a role

in these disparate outcomes. It is possible that the PM H+-

ATPase is differentially regulated, both spatially and tempo-

rally, within the plant during the manifestation of ETI. Further-

more, barley Mla resistance gene alleles activate resistance at

different temporal stages of Bgh infection, which indicates

some level of mechanistic divergence (Boyd et al., 1995). In

any case, acidification of the apoplast via activation of the

PM H+-ATPase appears to potentiate defense responses in

some incompatible plant–microbe interactions mediated by

R genes. As alkalinization of the apoplast precedes cell death

in many elicitor- or pathogen-treated cell types, it remains to

be determined just how the nature of the recognition event

affects PM H+-ATPase activity and other cellular responses to

pathogens (Blumwald et al., 1998).

PM H+ATPASE ROLE IN REGULATING
STOMATAL APERTURES AND PATHOGEN
ENTRY

All plant pathogens must invade host tissue during infection.

Foliar pathogens frequently enter leaves through wounds or

natural openings such as stomata. Stomata are microscopic

pores formed by guard cells in the leaf epidermis that regulate

gas exchange and transpiration during photosynthesis. How-

ever, stomata are not merely openings at the leaf surface, pas-

sively allowing pathogen access to the interior of leaves during

infection. The guard cells that make up stomatal pores react

dynamically to prevent pathogen entry (Melotto et al.,

2006). Furthermore, recent data indicate a key role for the

PM H+-ATPase working together with plant immune signaling

components to regulate stomata movements during bacterial

invasion (Liu et al., 2009).

The function of the PM H+-ATPase in stomatal opening is

well established and has been reviewed in detail (Dietrich

et al., 2001; Kim et al., 2010). During stomatal opening, PM

H+-ATPases are activated, resulting in hyperpolarization of

the guard cell membrane. This event activates inward rectify-

ing voltage-gated K+ channels. The influx of K+ is accompanied

by an influx of anions (Cl– and NO3
–) and production of osmot-

ically active solutes from starch. Ion and solute accumulation in

the cell interior lowers water potential and drives the uptake

of water into guard cells, increasing turgor and widening the

stomatal aperture. Inhibition of the PM H+-ATPase is also im-

portant for ABA-mediated stomatal closure. Lines expressing

constitutively active alleles of Arabidopsis AHA1 result in an

open stomata phenotype and are completely insensitive to

ABA-induced stomata closure but not other stimuli. This result

suggests that down-regulation of PM H+-ATPase activity is an

important component of the ABA-mediated stomatal closure

pathway (Merlot et al., 2007).

Upon perception of pathogens, guard cells of diverse plant

speciesrapidlyloseturgor,resultinginstomatalclosurethatpre-

vents pathogen invasion (Melotto et al., 2006). Importantly,

plant mutants with stomata that do not close in response to
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bacterial inoculation or PAMP application are more susceptible

than wild-type plants (Melotto et al., 2006; Liu et al., 2009).

Inoculation of the Arabidopsis leaf surface with plant patho-

genic Pseudomonas syringae pv. tomato DC3000 (Pto DC3000),

human pathogenicE. coli, as well as purified fungal or bacterial

PAMPs induces similar stomatal closure, indicating that this is

a universal response during PTI. Data from Arabidopsis mutant

lines indicatethatPAMP-inducedstomatal closure isdependent

on both salicylic acid- and ABA-biosynthesis and associated sig-

naling components (Melotto et al., 2006; Zhang et al., 2008;

Zeng and He, 2010). Notably, epistasis analyses indicate that

SA acts upstream of ABA during PAMP-triggered stomatal

closure(ZengandHe,2010).Takentogetherwithdatafromcon-

stitutivelyactiveAHA1lines, itappears thatdown-regulationof

PMH+-ATPaseactivityviathephytohormoneABAcontributesto

PAMP-induced stomatal closure (Melotto et al., 2006;

Merlot et al., 2007; Liu et al., 2009). Even though bacteria

are expected to present multiple distinct PAMPs during infec-

tion, the PAMP receptor FLS2 has a critical role in stomatal

closure during bacterial infection of Arabidopsis (Zeng and

He, 2010). Bacterial motility is necessary for successful invasion

into the leaf interior. Therefore, flagellin expression may be

up-regulated on leaf surfaces, and correspond to a highly

abundant bacterial PAMP. These experiments highlight the

importance of pathogen surveillance and dynamic stomata-

based immune responses that function during early stages of

bacterial invasion.

Phytopathogenic bacteria have developed mechanisms to

reverse PTI-induced stomata closure. Pto DC3000 inoculation

induces stomata to close within 1 h, but stomata are re-opened

3 h post inoculation (Melotto et al., 2006). It was demonstrated

that coronatine is the major virulence factor in PtoDC3000 that

conditions stomata to re-open after PTI-induced closure

(Melottoetal.,2006).Coronatineisastructuralmimicofthebio-

active jasmonicacid–isoleucineconjugate,andapotent inducer

of COI1-dependent jasmonate responses in plants. Several

strains of P. syringae produce coronatine, indicating that this

might be a valuable mechanism to facilitate bacterial invasion.

Coronatine has several functions during Pseudomonas patho-

genesis (Underwood et al., 2007). During bacterial invasion,

coronatine operates by reversing the flg22-induced inhibition

ofK+ inward-rectifying ionchannels,andthis contributes tosto-

matal re-opening(Zhangetal.,2008). Inadditiontocoronatine,

there are other examples of bacterial virulence factors that

manipulate stomatal apertures. Xanthomonas campestris pv.

campestris secretesa smallmoleculevirulencefactor thatcauses

plants to re-open stomata (Gudesblat et al., 2009). Recently,

another Pseudomonas syringae toxin, syringolin A, was shown

to reverse PTI-associated stomata closure likely via its action as

a proteasome inhibitor (Schellenberg et al., 2010). Thus, multi-

ple bacterial pathogens have evolved distinct ways to counter-

act stomata closure during plant immune responses. Some

fungal pathogens also secrete toxins that target PM H+-ATPase

activity and affect stomatal apertures (see below). Therefore,

active manipulation of stomata by phytopathogens appears

to be a common way in which pathogens gain access to the

interior of leaf tissue.

RIN4 Regulates PM H+-ATPase Activity during Pathogen

Infection

RIN4 is an important plant protein that operates in both PTI

and ETI. RIN4 is plasma membrane-localized and genetically

acts as a negative regulator of disease resistance. RIN4 overex-

pression lines exhibit reduced PTI responses to PAMPs and non-

pathogenic bacteria while rin4 null mutants exhibit enhanced

disease resistance (Kim et al., 2005). Several pathogen effectors

have been shown to target and modify RIN4 during bacterial

pathogenesis (Mackey et al., 2002; Axtell and Staskawicz,

2003). Furthermore, RIN4 associates with and is ‘guarded’ by

at least two R proteins—RPS2 and RPM1—which initiate rapid

ETI responses upon sensing effector-mediated RIN4 modifica-

tion (Mackey et al., 2002; Axtell and Staskawicz, 2003). In the

absence of pathogen modification, RIN4 acts as a negative reg-

ulator of RPM1 and RPS2 proteins in order to prevent inappro-

priate defense activation (Belkhadir et al., 2004).

Recently, a new role for RIN4 during pathogen invasion was

uncovered. RIN4 works in concert with Arabidopsis PM H+-

ATPases to regulate stomatal opening during bacterial inva-

sion of leaf tissue (Liu et al., 2009). The RIN4–AHA interaction

was originally detected by co-immunoprecipitation of RIN4

and associated proteins in Arabidopsis. Both AHA1 and

AHA2 peptides were identified by mass spectrometry. Further-

more, AHA1 and AHA2 C-terminal domains were shown to in-

teract with RIN4 in vitro and in planta using yeast two-hybrid,

protein pull-downs and bi-molecular fluorescence comple-

mentation assays (Liu et al., 2009). AHA activity was found

to be positively regulated by RIN4 in planta using Arabidopsis

RIN4 overexpression and knockout lines. Adding recombinant

RIN4 protein to purified PM vesicles increased AHA activity, in-

dicating that this effect is direct. Importantly, it was demon-

strated through different bacterial inoculation techniques

that RIN4 can operate at the level of pathogen invasion. Spray

inoculation of bacteria onto the leaf surface of rin4/rpm1/rps2

plants resulted in significantly enhanced disease resistance

when compared with rpm1/rps2 lines, while syringe infiltra-

tion of bacteria into the leaf interior had only a minor effect

on bacterial growth, indicating that RIN4 acts as a negative

regulator of defense during early stages of bacterial invasion.

Furthermore, constitutively active AHA1 lines, whose stomata

do not close in response to bacteria, were more susceptible to

bacteria under spray inoculation conditions (Liu et al., 2009).

Measurements of stomatal apertures revealed that RIN4 is

required for stomata re-opening by virulent Pto DC3000 be-

cause the stomata of rin4/rpm1/rps2, but not rpm1/rps2,

lines remain closed 3 h after inoculation with virulent bacteria.

Taken together, these results demonstrate that RIN4 coopera-

tes with AHA1/2 to influence stomatal behavior during path-

ogen attack. However, the molecular mechanism for how RIN4

acts to regulate AHA activity is currently unknown.
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Interestingly, RIN4 contains a 14-3-3 mode II binding site

(RADE[pS]P, G. Coaker, unpublished). This site is phosphory-

lated in planta based on phosphoproteomic studies, indicating

that RIN4 might be regulated by 14-3-3 proteins (Benschop

et al., 2007; Nuhse et al., 2007) (G. Coaker, unpublished). There-

fore, it is tempting to speculate that RIN4 can modulate PM H+-

ATPase activity through its interaction with AHA’s C-terminal

regulatory domain and 14-3-3 proteins. RIN4 is phosphory-

lated in response to the P. syringae effectors AvrB and

AvrRpm1 in both resistant and susceptible plant genotypes,

suggesting that post-translational modification of RIN4 by

bacterial effectors could promote bacterial infection,

possible at early stages of tissue invasion (Mackey et al.,

2002). It is important to note that effector delivery into guard

cells or epidermal cells has not yet been demonstrated. If effec-

tors are indeed delivered into guard cells, their potential

modification of PM H+-ATPase activity via RIN4 will be an im-

portant area of research. It will also be important to determine

whether differential phosphorylation of RIN4 in response to

bacterial effectors or plant immune signaling directly impacts

AHA activity in guard cells as well as other cell types.

PM H+-ATPASE ACTIVITY IS TARGETED
BY PATHOGENS

Given the numerous roles of PM H+-ATPase activity in plant cell

physiology and induced responses to environmental stimuli, it

is no wonder that pathogens have evolved mechanisms to tar-

get this enzyme (Table 1). Alterations in PM H+-ATPase activity,

via stimulation or inhibition, can have drastic effects on plant

cell function. PM H+-ATPases generate cellular membrane po-

tential and therefore influence the transport of numerous

molecules into and out of the plant cell (Sondergaard et al.,

2004). Manipulation of membrane potential by pathogens

could result in significant nutrient accumulation in host tissue

(Zhao et al., 2000). Microbes may exploit host membrane en-

ergization to facilitate pathogen membrane transport pro-

cesses in order to acquire nutrients from host tissue.

Pathogen acidification of the apoplastic space could also

promote plant cell wall loosening that may facilitate fungal

movement in host tissue (Duby and Boutry, 2009). In addition,

over-activation of PM H+-ATPases can lead to cell death

(Möbius and Hertweck, 2009). Below, we highlight several

instances in which pathogens directly or indirectly manipulate

PM H+-ATPase activity during infection (Table 1).

Fusicoccin

Fusicoccin is the major phytotoxic metabolite produced by the

fungal pathogen Fusicoccum (Phomopsis) amygdale, the

causal agent of peach and almond canker (Ballio et al.,

1976). This diterpene glucoside is perhaps the most well known

modulator of PM H+-ATPase activity and has been used for dec-

ades as a tool in plant physiology research (Marre, 1979). De-

spite the limited host range of the pathogen from which it is

derived, fusicoccin is bioactive in nearly all higher plant species

(Marre, 1979). Fusicoccin treatment stimulates the virtually ir-

reversible opening of stomata, increasing transpiration rates,

causing uncontrolled water loss and eventual wilting of af-

fected leaves and plants, which mimics disease symptoms

caused by the fungus. The role of fusicoccin during fungal in-

vasion of leaf tissue has not been established. Manipulation of

stomata may allow the fungus to gain access to the interior of

the leaf. In addition, fusicoccin treatment can lead to cell

death and may contribute to canker formation, presumably

through the over-stimulation of the PM H+-ATPase and subse-

quent pleiotropic effects (Möbius and Hertweck, 2009). Consis-

tent with this hypothesis, transgenic lines transformed with

a constitutively active PM H+-ATPase gene lacking the C-termi-

nal auto-inhibitory region display necrotic lesions, severely al-

tered plant architecture, and exhibit enhanced seedling

mortality (Liu et al., 2009). Therefore, fusicoccin could be a vir-

ulence factor during the necrotrophic growth stage of the

F. amygdale disease cycle.

Fusicoccin has been a critical tool for understanding the reg-

ulation of PM H+-ATPases (Jahn et al., 1997; Baunsgaard et al.,

1998; Olsson et al., 1998). 14-3-3 protein binding to the

PM H+-ATPase was originally uncovered in the presence of fusi-

coccin and was subsequently demonstrated to occur in its ab-

sence (Jahn et al., 1997). Fusicoccin functions to irreversibly

stabilize the interaction of the C-terminal regulatory domain

of PM H+-ATPases with 14-3-3 proteins, leading to relief of

auto-inhibition and constitutive proton pumping (Jahn

et al., 1997; Baunsgaard et al., 1998). With regard to stomatal

opening, fusicoccin-induced hyperpolarization of the

Table 1. Phytotoxins Known to Modulate PM H+-ATPase Activity.

Toxin Pathogen
PM H+-ATPase
regulation Mode

Toxin/ disease
symptoms References

Fusicoccin Fusicoccum amygdale Stimulation Direct Open stomata/
necrosis

Marre, 1979;
Baunsgaard et al., 1998

NIP1 Rhynchosporium secalis Stimulation N/D Open stomata/
necrosis

Wevelsiep et al., 1993;
van’t Slot et al., 2007

Beticolin-1 Cercospora beticola Inhibition Indirect Necrosis Simon-Plas et al., 1996

Fumonisin B1 Fusarium verticillioides Inhibition Indirect Necrosis Gutiérrez-Nájera et al., 2005

Bacterial lipopeptides Pseudomonas sp. Inhibition Indirect Necrosis Batoko et al., 1998

N/D, not determined.
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membrane of guard cells opens inwardly rectifying ion chan-

nels, lowering intracellular water potential, and driving up-

take of water, increasing guard cell turgor and opening

stomatal pores. The crystal structure of a ternary complex com-

posed of a tobacco H+-ATPase PMA2 C-terminal phosphopep-

tide, fusicoccin, and 14-3-3 protein has been solved (Wurtele

et al., 2003). Structural and thermodynamic analysis indicates

that fusicoccin increases the binding affinity of the 14-3-3 pro-

tein to the PMA2 C-terminal phosphopeptide nearly 100-fold

(Wurtele et al., 2003). Thus, fusicoccin functions as a molecular

adhesive that promotes the interaction between PM H+-

ATPases and 14-3-3 regulatory proteins, locking the PM H+-

ATPase in an activated state.

NIP1 and NIP3

Infection of barley by the leaf scald fungus, Rhynchosporium

secalis, a necrotroph, results in an increased incidence of open

stomata during early stages of fungal growth (Ayres, 1972). Ac-

cordingly, the small, secreted, necrosis-inducing effectors NIP1

and NIP3 were shown to activate the PM H+-ATPase in isolated

barley plasma membranes, probably through an indirect

mechanism (Wevelsiep et al., 1993). Purified NIP1 and NIP3 in-

duce necrosis on several cereal crops and bean, likely via sus-

tained activation of the PM H+-ATPase (Wevelsiep et al., 1993).

NIP1 can act as a virulence factor on susceptible hosts, but is

recognized in barley genotypes carrying the Rrs1 R gene (Rohe

et al., 1995). Importantly, NIP1 stimulates PM H+-ATPase activ-

ity in both susceptible and resistant genotypes. NIP1 alleles

from different R. secalis strains encode proteins with amino

acid polymorphisms that confer quantitative differences in

their ability to activate PM H+-ATPase activity. However, func-

tional experiments were unable to separate H+-ATPase stimu-

lating, necrosis-inducing, and avirulence activities, indicating

that all function through the same mechanism (Fiegen and

Knogge, 2002). Furthermore, NIP1 was shown to stimulate

H+-ATPase activity and bind a single class of sites in isolated

plasma membranes from isogenic resistant and susceptible

barley lines (van’t Slot et al., 2007). NIP1 binding sites were also

found in other host and non-host cereal crops, but not Arabi-

dopsis. As NIP1 induces necrosis in these cereal species, but not

Arabidopsis, NIP1 binding was correlated with its necrosis-in-

ducing activity in these species (van’t Slot et al., 2007). This re-

sult suggests thatArabidopsismay lack an as yet undetermined

factor present in cereals that modulates activation of the PM

H+-ATPase. Strong, sustained stimulation of PM H+-ATPase ac-

tivity is the likely cause of NIP1-mediated necrosis, enabling R.

secalis to acquire nutrients from necrotic tissue. It is still un-

clear whether stimulation of PM H+-ATPase activity is the pri-

mary virulence function of this fungal effector or

a consequence of a yet unknown mechanism.

Pathogen Toxins Disrupt Membrane Integrity and Impact

PM H+-ATPase Activity

Cercospora beticola is a necrotrophic fungal pathogen that

causes leaf spot of sugar beet. It produces beticolin toxins

during infection and infiltration of leaf tissue with purified

Beticolin toxins induces necrotic lesions that mimic disease

symptoms (Ballio, 1991). CBT/beticolin-1 toxin can inhibit

ATP hydrolysis and proton pumping activity of the PM H+-

ATPase in vitro (Simon-Plas et al., 1996). However, other studies

suggest that the primary function of Beticolin toxins is to

disrupt membrane function by forming pores that could dissi-

pate the proton electrochemical gradient across the mem-

brane (Goudet et al., 2000). Thus, the observed inhibition

of PM H+-ATPase activity is likely a secondary effect of these

toxins.

Fumonisin B1 (FB1) is a phytotoxin produced by the hemi-

biotrophic fungus Fusarium verticillioides and other species

of Fusarium. FB1 is a sphingoid toxin, structurally related to

AAL-toxin produced by Alternaria alternata, and shares similar

properties in its animal toxicity. FB1 has several reported toxic

effects on cellular function, one of which is significant inhibi-

tion of the PM H+-ATPase and other P-type ATPases (Abbas

et al., 1994; Gutiérrez-Nájera et al., 2005). Due to its amphi-

philic chemical structure, FB1 can insert into lipid bilayers

and enhance membrane fluidity (Ferrante et al., 2002;

Gutiérrez-Nájera et al., 2005). Therefore, its inhibitory effect

on the PM H+-ATPase is likely indirect and a consequence of

membrane disruption that leads to aberrant enzyme function.

Bacterial pathogens in the genus Pseudomonas produce

structurally related lipopeptide toxins (syringomycin, syringo-

toxin, syringopeptins, fuscopeptins). These amphiphilic mole-

cules can form pores in the PM, disturbing membrane function

and permitting ion flow (Serra et al., 1999). The toxins can in-

hibit PM H+-ATPase enzyme activity individually and in a syner-

gistic manner, which is likely a consequence of membrane

disruption (Batoko et al., 1998).

PERSPECTIVES AND CONCLUSIONS

In this review, we have summarized the roles of the PM H+-

ATPase in plant–pathogen interactions. Recent proteomics

studies have revealed that PM H+-ATPase enzymes are under

elaborate regulation during plant immune responses. The

phosphorylation status of Arabidopsis AHAs at multiple amino

acid residues changes rapidly during PTI signaling, suggesting

that plant cells exert multi-layered control over these impor-

tant proteins during complex signaling events (Nuhse et al.,

2007) (Figure 1). The identification of protein kinase and phos-

phatase enzymes that mediate the post-translational modifi-

cations of PM H+-ATPases during plant immune responses

will enhance our understanding of PM H+-ATPase regulation

in general and can be used as tools to investigate specific roles

of the proton pumps during defense signaling. The spatial and

temporal regulation of PM H+-ATPases in specific cell types and

functional sites within the PM would permit the plant to fine-

tune enzyme activity in order to achieve appropriate responses

to pathogen attack. High-resolution in vivo imaging techni-

ques to monitor protein localization and activity will likely

be valuable tools for future investigations.
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Due to its established importance in regulating stomatal

apertures, it is not surprising that the PM H+-ATPase also func-

tions in stomata-based immune responses. As in other cell

types, PM H+-ATPase activity appears to be down-regulated

during PTI responses in guard cells; this inhibition contributes

to loss of turgor and causes stomata to close in order to pre-

vent pathogen entry (Liu et al., 2009). Intriguingly, PM H+-

ATPases appear to physically and spatially associate with plant

immune signaling components and this may have direct con-

sequences on how pathogens are able to re-open stomata

during infection. Further study is needed to determine the mo-

lecular mechanisms of how virulent pathogens manipulate

guard cell signaling, re-activate the PM H+-ATPase or down-

stream ion channels, and gain entry into the leaf interior.

Manipulation of PM H+-ATPase activity in vivo by both plants

and attacking pathogens likely occurs in a host cell type- and

pathogen infection stage-specific manner. Understanding

how these complex interactions lead to resistance or suscepti-

bility will likely keep researchers engaged for years to come.
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