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Proteases play important roles in plant innate immunity. In
this mini-review, we describe the current view on the role of a
plant protease, vacuolar processing enzyme (VPE), and the first
identified plant caspase-1-like protein, in plant immunity. In
the past several years, VPEs were determined to play important
roles in various types of cell death in plants. Early studies
demonstrated the identification of VPE as a vacuolar hydrolytic
protein responsible for maturation of vacuolar proteins. Later,
Nicotiana benthamiana VPE was reported to mediate virus-
induced hypersensitive response by regulating membrane
collapse. The ortholog of VPE in Arabidopsis is also suggested
to be involved in both mycotoxin-induced cell death and
developmental cell death. However, the role of VPE in elicitor-
signaling is still unclear. Our recent studies demonstrated the
involvement of VPE in elicitor signal transduction to induce
stomatal closure and defense responses, including defense
gene expression and hypersensitive cell death.

In the course of their development, plants have had to face a wide
range of potential pathogens, including viral, bacterial, fungal
and oomycete pathogens. Plants, unlike animals, which have
specialized defender cells and an adaptive immune system, have
an innate immunity of each cell and produce systemic signals
emanating from the infection site. The plant innate immunity
(PTI) is induced by pathogen-associated molecular patterns
(PAMPs)! and elicitors.>? However, some pathogens deliver vir-
ulence proteins that target host protein to overcome the plant
immunity response. Most plants have evolved the correspond-
ing resistance (R) protein to recognize effector activity, which
will trigger plant resistance through effector-triggered immunity
(ETT).? Natural selection drives evolution of new pathogen effec-
tor proteins and plant R proteins. This tug-of-war between plants
and pathogens is represented as a zig-zag-zig model.”” Both PTI
and ETI cause stomatal closure and hypersensitive response
(HR), a programmed host cell death (PCD) to limit pathogen
development.”® In plants, HR is caused by proteases with caspase
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activity. At least eight caspase activities have now been measured
in plant extracts, which were found using caspase substrates, and
various caspase inhibitors can block many forms of plant pro-
grammed cell death’

In the past several years, vacuolar-processing enzyme (VPE)
has been determined to play important roles in plant immunity
responses. In this review paper, I describe the current view on the
role of VPE in plant immunity, based on our own research and
recent developments in this field.

Role of VPE in PCD

Plant vacuoles play fundamental roles in controlling turgor
pressure, molecular degradation and storage, as well as timely
execution of PCD in, e.g., plant disease resistance, tissue senes-
cence and seed development.!®!! A paper in Science reported
that VPE localizes in the vacuolar membrane and mediates
virus-induced hypersensitive cell death by regulating the col-
lapse of this membrane.’* VPEs, including seed-type VPE and
vegetative-type VPE, were originally discovered as cysteine
proteinases responsible for the maturation of vacuolar pro-
teins.”*! Elicitors can activate plant innate immunity. In addi-
tion, components identified in elicitor signaling can be applied
in transgenic plants to activate defense responses to limit plant
disease.?

We studied the elicitor signal-transduction pathway in plants
using three elicitors (bacterial harpin, fungal Nepl and oomy-
cete boehmerin) in Nicotiana benthamiana because such a simple
experimental system provides an excellent model based on virus-
induced gene silencing.”"” These three elicitors induce a diverse
array of defense responses, including elevation of cytosolic cal-
cium, nitric oxide (NO) and hydrogen peroxide (H,0O,) accumu-
lation; an active oxygen oxidative burst; expression of a subset of
defense-related genes; and finally hypersensitive cell death and
stomatal closure.”'® A study demonstrated that elicitors induce
YVADase activity in cell extracts of PCD-induced cells and
that this activity is blocked by caspase inhibitors."8 However,
no caspase homolog has been found in plants.” Therefore, the
molecular identification of protein kinases with caspase activity
will help us elucidate elicitor signal transduction. As VPE was
identified to have YVADase activity and to be involved in vari-
ous cell death responses,'>” we postulated that elicitor signals
are transduced via VPEs in plants.
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Nicotiana benthamiana plants show typical cell death in elic-
itor-infected regions of leaves. VPEla gene silencing completely
suppresses cell death formation induced by harpin, but not by
boehmerin or Nepl. VPEI) silencing does not affect elicitor-
induced cell death. Furthermore, the phenotype was confirmed
using trypan blue staining, which detects dead cells.'® The
results suggest that pathogen elicitor-triggered cell death can be
dependent or independent of VPE. This is similar to a previous
study reporting that animal PCD may be dependent or inde-
pendent of caspase activity.?’

VPEIa deficiency prevents the typical characteristics of
harpin-induced cell death, whereas it does not interfere with
H,O, accumulation in response to boehmerin, harpin, or
Nepl.'* This means that independent processes regulate PCD
and H,0, accumulation triggered by harpin. Additionally, VPE
silencing does not abolish H,O, accumulation or cell death in
response to boehmerin or Nepl, indicating that VPE is not
involved in H,O, production or cell death after boehmerin
and Nepl treatment, and that H,O, plays different roles in cell
death induced by various elicitors. Moreover, the expression
levels of pathogenesis-related (PR) genes were reduced by VPE
¢ These findings demonstrate that
VPE exhibiting caspase-1-like activity is essential for bacterial
elicitor-induced PCD.

VPE exhibits caspase-1 activity in TMV-infected tobacco
leaves.”? Both the caspase-1 inhibitor and VPE inhibitor abol-
ish TMV-induced PCD. A combination of pull-down and
immunoblot analysis showed that the VPE interacted with the
caspase-1 substrate YVAD."? This suggests VPE has YVADase
activity to mediate virus-induced PCD. From ultrastructural

silencing in elicitor signaling.

observations, vacuolar membrane collapse was detected before
cell death occurred. An immunoblot result showed that the
virus was produced more abundantly in VPE RNAI lines."?
Together, these results indicate that VPE mediates the release of
vacuolar hydrolytic enzymes for attacking the virus by regulat-
ing vacuolar membrane collapse in response to virus infection.

Some compatible pathogens secrete toxins to kill host cells
and promote pathogen growth. A study showed that myco-
toxin-induced cell death was accompanied by disintegration of
the vacuolar membrane, followed by lesion formation, and that
cell death was completely abolished in the Arabidopsis VPE-
null mutant and the caspase-1 inhibitor.?! These findings sug-
gest that a susceptible response to toxin-induced cell death is
caused by a VPE-mediated vacuolar mechanism similar to the
resistance response of hypersensitive cell death induced by the
virus and PAMP.

During the early stages of seed development, SVPE was
expressed in the inner integuments of the seed coat; the
thickness of the inner integuments was reduced in wild-type
Arabidopsis plants. However, in a 6VPE-deficient mutant, the
inner integuments remained and cell death of these inner integ-
uments of the seed coat was delayed.? This suggests that SVPE
is a key player in the developmental PCD of limited cell layers
during the formation of the seed coat.
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Role of VPE in Stomatal Movement

Increasing numbers of plant studies have strongly confirmed the
importance of the stoma in plant immunity. Stomata, specialized
epidermal structures formed by two guard cells surrounding a
pore, control photosynthesis and the water status of the plant.?>*
Stomatal closure can be triggered by pathogens, PAMPs and

15:16,25.26 Therefore, the stomatal closure observed in such

elicitors.
situations is an output of PTT.

Because mature guard cells lack plasmodesmata, all solute
uptake and efflux must occur via the plasma membrane and
vacuole.”” Determining the vacuole-localized VPE in control-
ling stomatal closure during PTT is of great interest. Our recent
study addressed this question and found that VPE is essential for

16 elicitors

elicitor-induced stomatal closure in N. benthamiana:
induced stomatal closure in control plants. Unexpectedly, stoma-
tal closure was significantly inhibited in the VPERNAI lines after
elicitor inoculation.'® Additionally, VPE deficiency suppresses
NO accumulation in guard cells triggered by elicitors.'® Thus, the
results indicate that VPE mediates elicitor-induced stomatal clo-
sure by regulating NO accumulation in guard cells. This finding
suggests that VPE silencing may affect vacuolar membrane func-
tion and subsequently inhibit elicitor-induced stomatal closure.

Other studies have shown that membrane-associated proteins
are involved in guard cell signal transduction. The NtrbohD
protein,® G protein-coupled receptors (GPCRs),? fast vacuolar
(FV) channels, K*-selective vacuolar (VK) cation channels,*®
slow vacuolar (SV) channels, slow anion channel-associated 1
(SLAC1)"32 and H*-ATPases (AHA1 and AHA2)* are local-
ized to the membrane and function during abiotic or biotic
responses in guard cells.** These findings also demonstrate that
the guard cell signal transduction in response to biotic and abi-
otic signals shares some common steps, including NO accumu-
lation in guard cells. Furthermore, Arabidopsis protein RIN4,
a negative regulator of plant immunity, interacts with AHALI
and AHA?2 to regulate stomatal aperture, inhibiting the entry
of bacterial pathogens into the plant leaf during infection.®
The coronatine-insensitive 1 mutation shows impaired methyl
jasmonate-induced stomatal closing, but not ABA-induced sto-
matal closing.®

VPE-dependent stomatal closure triggered by elicitors may
play important roles in plant PTI. The evidence suggests that
pathogens secrete or deliver a group of effectors into the plant
cell to suppress PTI, which then inhibits stomatal closure. Thus,
VPE or its dependent pathway may be a target for pathogen vir-
ulence proteins. Recently, a study reported that the plant patho-
gen Pseudomonas syringae pv. tomato DC3000 uses the virulence
factor coronatine (COR) to actively open stomata.”” However,
how COR promotes stomatal opening remains to be elucidated.
Pretreatment with extracellular high Ca?* elicited S-type anion
currents both in wild-type GCPs and in COI1 GCPs, suggest-
ing that COI1 could function upstream of Ca?* sensor priming
and [Caz*]Cy( elevation for S-type anion channel activation.”
Another virulent factor secreted by the bacterial phytopathogen
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Xanthomonas campestris pv. campestris (Xec) can interfere with sto-

matal closure induced by bacteria.*®

In addition, the virulence pro-
tein can complement the infectivity of Pseudomonas syringae pv.
tomato (Pst) mutants deficient in production of the COR toxin,
and the signal pathway of suppression of stomatal response requires

an intact rpf/diffusible signal factor system.*

Moreover, the patho-
genic fungi Rhynchosporium secalis and Plasmopara viticola induce
stomatal closure; however, a virulence factor (oxalate) produced by
many fungi can promote stomatal opening, which might be due to
an increase in osmotically active solutes.”

Collectively, descriptions of the toxins coronatine, oxalate and
the factor reported capable of overcoming stomatal defense sug-
gest that mechanisms to disable stomatal innate defense might be a
widespread strategy that might have evolved independently in dif-
ferent pathogen species. Identification of more pathogen virulence
effectors involved in regulation of stomatal defense and the target
of action inside guard cells might improve our understanding of
bacterial pathogenesis and stomatal physiology.

Perspectives
VPEs have been suggested to play a central role in plant signal

transduction. During recent years, the direct involvement of
VPEs in defense responses has been evident as a result of elegant

biochemical and genetic analyses, although the role of VPEs
in plant defense signaling and systematic analysis of the genes
involved in modules in the pathway are still unclear. Therefore,
combining various genetic, reverse genetic and biochemical tech-
niques is important to identify receptors, scaffold proteins, nega-
tive regulators and substrates of VPEs, and to target genes that will
help us to fully understand these plant defense mechanisms.

Current results suggest that PCD and stomatal closure are inte-
gral parts of plant immunity. Pathogens can produce virulence
protein to suppress PCD and stomatal closure, and plants in turn
evolve disease resistance proteins to recognize some of these viru-
lence effectors. In the future, elucidating how different pathogen
virulence factors inhibit PCD and stomatal closure will be impor-
tant. An in-depth investigation resulting from such studies will
greatly facilitate our understanding of innate immune signaling,
as well as helping in the discovery of methods for managing plant
disease.
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