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ABSTRACT

Plants associate with diverse microbes that exert beneficial, neutral, or pathogenic effects inside the host.
During the initial stages of invasion, the plant apoplast constitutes a hospitable environment for invading
microbes, providing both water and nutrients. In response to microbial infection, a number of secreted pro-
teins from host cells accumulate in the apoplastic space, which is related to microbial association or colo-
nization processes. However, the molecular mechanisms underlying plant modulation of the apoplast envi-
ronment and how plant-secreted proteases are involved in pathogen resistance are still poorly understood.
Recently, several studies have reported the roles of apoplastic proteases in plant resistance against bac-
teria, fungi, and oomycetes. On the other hand, microbe-secreted proteins directly and/or indirectly inhibit
host-derived apoplastic proteases to promote infection. These findings illustrate the importance of apo-
plastic proteases in plant-microbe interactions. Therefore, understanding the protease-mediated apoplas-
tic battle between hosts and pathogens is of fundamental importance for understanding plant-pathogen
interactions. Here, we provide an overview of plant-microbe interactions in the apoplastic space. We define
the apoplast, summarize the physical and chemical properties of these structures, and discuss the roles of
plant apoplastic proteases and pathogen protease inhibitors in host-microbe interactions. Challenges and
future perspectives for research into protease-mediated apoplastic interactions are discussed, which may
facilitate the engineering of resistant crops.
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INTRODUCTION

Plants possess a multi-layered immune system that protects

vasion is still largely unknown. In this review, we summarize the
current understanding of plant-microbe interactions in the apo-
plastic region, with special emphasis on the roles of secreted pro-

them against infection from pathogens in the phyllosphere
(Jones and Dangl, 2006). The recognition of pathogen-
associated molecular patterns (PAMPs) by plant plasma
membrane-localized pattern recognition receptors (PRRs) leads
to the initiation of host immune responses, known as PAMP-
triggered immunity (PTIl) (Macho and Zipfel, 2014; Bigeard
et al., 2015). Both PAMP processing and PAMP-PRR recognition
processes take place in the apoplastic region during host-
microbe interactions (Mott et al., 2014; Buscalill et al., 2019),
suggesting the importance of protein—protein interactions in the
apoplast in plant immunity. Host-secreted proteases process
PAMPs and other proteins for immune activation (Bohm et al.,
2014; Buscalill et al., 2019), and pathogen-secreted proteases
directly or indirectly target key components of host immunity
(Axtell et al., 2003; Chisholm et al., 2005; Figaj et al., 2019). This
protease-mediated communication is required for the crosstalk
between hosts and microbes. However, the molecular
mechanism by which apoplastic immunity controls pathogen in-

teases in this process.

Definition of the Apoplast in the Context of Plant-
Microbe Interactions

The plant apoplast is an essential environment for signal ex-
change and nutrient uptake as well as microbe infection and
adaptation (Sattelmacher, 2001; Aung et al., 2018). However,
due to differences in pathogen lifestyles, apoplast definitions
vary. During host-bacterial pathogen interactions, the apoplast
defines compartments of the intracellular space beyond the
plasma membrane, including the plant cell wall and aqueous
intercellular space (Sattelmacher, 2001) (Figure 1). After the
successful entry into the host from stomata or wounded
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Figure 1. The Apoplast as a Site for the Inter-
actions of Plants with Bacteria, Fungi, and
Oomycetes.

(A) Plants associate with diverse microbial com-
munities in both their root and leaf compartments.
(B) Bacterial pathogens cause infection in their
hosts after entering host cells through stomata.
Upon sensing pathogen-derived signals, plants
activate immune responses and secrete proteins
and metabolites into the plant apoplast.

(C and D) During infection with oomycetes (C) or
fungi (D), an additional plant-derived membrane
structure is formed outside of the invading
microbe, known as the extrainvasive hyphal
membrane (EIHM), extrahaustorial membrane
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regions, bacteria can survive and multiply in this aqueous
intercellular space (Bai et al., 2015). Biotrophic or
hemibiotrophic fungi and oomycetes can invade host cells
using a specialized structure known as the appressorium,
which is lacking in bacteria. Furthermore, invasive hyphae or
haustoria are surrounded by a host-derived specialized mem-
brane outside the invasive structure, known as the extrainvasive
hyphal membrane (EIHM) (Kankanala et al., 2007), extrahaustorial
membrane (EHM) (Kwaaitaal et al., 2017), or periarbuscular
membrane (PAM) (lvanov et al., 2019). This narrow space
between the pathogen plasma membrane and the host
extended membrane is defined as the apoplast (Figure 1). For
instance, symbiotic arbuscular mycorrhizal fungi can penetrate
the cortical cells of plant roots. After successful infection, a
highly branched hyphal structure, known as the arbuscule, is
surrounded by the plant-derived PAM (lvanov et al., 2019).
EHM or PAM are similarly formed, after which they surround the
invasive haustoria of powdery mildew and the oomycetes
Albugo candida, respectively (Soylu et al., 2003; Kwaaitaal
et al, 2017). Infection with Magnaporthe oryzae, a
hemibiotrophic fungal pathogen, also leads to the formation of
EIHM in rice (Kankanala et al., 2007). These findings illustrate
that the formation of this extramembrane structure is a general
mechanism and essential for the interaction of fungal and
oomycete pathogens with plants. Interestingly, M. oryzae
delivers fungal effectors into host cells through two distinct
secretory systems (Giraldo et al., 2013). In addition to the
conventional ER-Golgi secretory system, which mediates the
secretion of apoplastic effectors, a specialized structure known
as the biotrophic interfacial complex (BIC) is generated. This
complex functions in the translocation of cytoplasmic effectors
from M. oryzae into the host cytoplasm (Giraldo et al., 2013)
(Figure 1). No BIC-like structures have been reported in other
fungi or oomycetes. Therefore, it is still unclear how these apo-
plastic effectors enter host cells.

Physical and Chemical Properties of the Apoplast during
Infection

Plants are surrounded by millions of microbes. Root- and leaf-
associated microbiomes are tightly regulated by hosts via the
modulation of immunity and nutrient supply. The apoplast, as a
site of habitation for the host-associated microbiome, also pro-
vides sufficient nutrients for invaders during the early invasion
process (Xin et al., 2016; Aung et al., 2018). Therefore, the tight
control of key components, including water, nutrients, pH, and
reactive oxygen species (ROS), in the apoplast is essential for
the regulation of apoplastic interactions between hosts and
microbes.

High Levels of Water in the Apoplast Negatively Contribute
to Plant Resistance

Rainfall and high humidity enhance plant infection by pathogens ,
and water soaking is commonly observed at the early stages of
infection with phyllosphere pathogens (Aung et al., 2018). This
water-soaking phenomenon provides for an extended aqueous
environment, which favors pathogen infection of the host. It
was reported that Pseudomonas syringae pv. tomato DC3000
(Pst) utilizes the type Ill effectors AvrE1 and HopM1 to induce
water soaking in Arabidopsis leaves (Xin et al., 2016). HopM1
induces water soaking by targeting and degrading the water
homeostasis-related protein Arabidopsis thaliana HopM interac-
tor 7 (AtMIN7) (Nomura et al., 2006; Xin et al., 2016). Moreover, it
was shown that AtMIN7-mediated immunity can limit the
soaking-dependent pathogenesis of Pst (Xin et al., 2016). These
findings indicate that the regulation of water availability is
essential for the interaction between hosts and microbes.

Plasma membrane intrinsic proteins (PIPs) belong to the aqua-
porin group of membrane-localized transporter proteins that
control water export in plants (Maurel et al., 2008). In
Arabidopsis, the pip1;4 mutant is more susceptible, whereas
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overexpression lines are more resistant to Pst compared with
wild-type plants, suggesting a positive role of AtPIP1;4 in plant
immunity (Tian et al., 2016). In rice, OsPIP1;3-overexpressing
plants are more susceptible to Xanthomonas oryzae, whereas
knockout mutants are more resistant to this pathogen (Li
et al., 2019). OsPIP1;3 is required for the translocation of
bacterial transcription factor-like (TAL) effector AvrXai0-Ni,
which induces Xa10-mediated immunity (Tian et al., 2014).
Interestingly, OsPIP1;3 is also involved in the translocation of
the TAL effector PthXo1, which is required for the
pathogenicity of X. oryzae in rice (Zhang et al., 2019). These
findings indicate that OsPIP1;3-mediated susceptibility to
pathogens is dependent on whether the translocated effector
is virulent or avirulent (Tian et al., 2014; Zhang et al., 2019).
Taken together, these findings suggest that apoplast water
availability is essential for the interaction between hosts and
pathogens. However, the link between water soaking,
aquaporins, and disease symptoms remains to be addressed.
Sugar Levels in the Apoplast Influence Bacterial
Pathogenicity

The apoplast is a nutrient-rich compartment that mediates the
translocation of sugars to different tissues during plant develop-
ment (van Ooij, 2011). Microbial pathogens have evolved
strategies to acquire nutrients from this compartment by
regulating membrane-localized transporters, thereby promoting
their pathogenicity (Bezrutczyk et al., 2018). Xanthomonas
employs TAL effectors to activate the expression of Sugars Will
Eventually be Exported Transporters (SWEETs), which are
plasma membrane-localized sugar transporters, and to increase
sugar efflux to the apoplast (Chen et al., 2010; Cox et al., 2017).
The oomycete pathogen Phytophthora sojae effector PsXEG1
converts xyloglucan to reduced sugars after secretion into the
soybean apoplast (Ma et al., 2015). To counter PsXEG1-
mediated pathogenicity, soybean secretes the glucanase inhibi-
tor GmGIP1 into the apoplast, which directly interacts with
PsXEG1, to reduce the production of hexose sugars (Ma et al.,
2017). Through the secretion of PsXLP1, a paralogous decoy
molecule of PsXEG1, P. sojae reduces the interaction between
GmGIP1 and PsXEG1, thereby increasing its supply of sugars,
which may promote pathogenicity (Ma et al., 2017).

On the other hand, plants can suppress pathogen infection by
reducing the apoplastic sugar content through the action of
plasma membrane-localized sugar importers, namely sugar
transporter proteins (STPs). Genetic evidence has revealed that
the Arabidopsis stp1 stp13 double mutant is highly susceptible
to Pst (Yamada et al., 2016). Moreover, the exogenous
application of flg22 leads to the phosphorylation of STP13 by
FLS2 and BAK1. These results suggest that the reduction of
apoplastic sugar levels can be considered as an approach to
modulate plant innate immunity.

Iron, a Double-Edged Sword in Plant-Microbe Interactions
Iron is an important nutrient not only for plants but also for their
surrounding microbes. Competition for iron uptake between
hosts and pathogens plays an important role in host-microbe in-
teractions (Skaar, 2010). Bacteria utilize the G-protein-like
transporter FeoB or secrete siderophores, extracellular iron
chelators, to take up ferrous (Fe?*) and ferric (Fe®*) iron from
the environment, respectively (Andrews et al., 2003; Skaar,
2010). In nature, most iron found in the soil is in an insoluble
form. Non-grass plants secrete phenolic compounds to increase
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the solubility of Fe** by reducing Fe®** to Fe?* via membrane-
localized ferric reduction oxidase 2 (FRO2) and then transport
Fe?* into the root epidermis via Arabidopsis iron-regulated trans-
porter 1 (IRT1) (Verbon et al., 2017). The plant iron homeotic
system, in particular coumarin-mediated iron uptake, was
shown to be involved in the makeup of the root microbiome
(Stringlis et al.,, 2018; Voges et al, 2019). Moreover,
transcriptome analysis has revealed that plant immune
pathways can suppress the expression of bacterial iron
acquisition-related genes in leaves (Nobori et al., 2018). The
loss of iron uptake-related genes in the fungal pathogen Ustilago
maydis can strongly affect its virulence in plants (Eichhorn et al.,
2006). On the other hand, plants can sense siderophores
secreted by bacteria and activate immune responses (Aznar
et al., 2014), which suggests that plants have evolved direct
and indirect mechanisms for the iron-mediated growth suppres-
sion of microbial pathogens. However, it is unclear how patho-
gens are distinguished from beneficial microbes during iron-
mediated interactions.

Ferroptosis is a nonapoptotic form of iron-dependent cell death
that was first described in mammalian cells (Dixon et al., 2012;
Stockwell et al., 2017). It was recently reported that the
infection of the blast fungus M. oryzae triggers the
accumulation of ferric iron and ROS in the extracellular region
in rice, thereby leading to ferroptosis (Dangol et al., 2019). This
iron-dependent cell death is involved in the suppression of M. or-
yzae infection in plants (Dangol et al., 2019). However, ferroptosis
is a relatively new concept in plants. Therefore, its role in plant-
microbe interactions requires further investigation.

Control of ROS and pH in the Apoplast

ROS production is an indicator of biotic and abiotic stresses but
also plant developmental processes (Waszczak et al., 2018).
Apoplastic ROS burst is one of the earliest events during PTl in
plants (Qi et al., 2017). ROS bursts are triggered by plasma
membrane-localized respiratory burst oxidase homologs
(RBOHSs) and apoplastic peroxidases in response to PAMP sig-
nals (Torres et al., 2002; Daudi et al., 2012; Kadota et al., 2014).
RbohD is the most important RBOH for apoplastic ROS
production during plant-microbe interactions (Torres et al.,
2002). In Arabidopsis, trimeric G proteins (XLG2, AGB1, AGG1,
AGG2), the calcium-dependent protein kinase 5 (CPK5), and
the Botrytis-induced kinase 1 (BIK1) are required for the
activation of RBOHD in PTI (Liang et al., 2016). Moreover, it
was reported that the apoplast-localized peroxidases PRX33
and PRX34 are involved in apoplastic ROS burst and resistance
against P. syringae in Arabidopsis (O’Brien et al., 2012). These
results demonstrate that RBOH- and peroxidase-mediated
apoplastic ROS accumulation is involved in plant-microbe
interactions.

Arabidopsis plasma membrane-localized H*-ATPases (AHAs)
function as proton pumps and regulate the apoplastic pH
(Haruta et al., 2010). It was shown that ETI triggers stomatal
opening by activating AHA1 and AHA2 in guard cells, which
increases bacterial entry into leaves (Liu et al., 2009; Lee et al.,
2015). The plant apoplast is an acidic compartment with pH 5-
6, which is essential for the biochemical function of proteins,
especially proteases (Felle, 2006; Barbez et al., 2017).
However, the regulation of pH during pathogen infection in
plants is unclear. Therefore, further studies on pH dynamics in
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apoplasts and their role in pathogen resistance may improve our
understanding of apoplastic immunity in plants.

Secreted Proteases Are Essential for Plant Resistance
to Pathogens

Apoplastic proteins from both plants (Jashni et al., 2015) and
animals (Brogden, 2005; Lai and Gallo, 2009) are involved in
resistance against pathogens, illustrating that apoplast-
mediated pathogen suppression is a widely employed immune
strategy. Moreover, the immune-primed apoplastic fluid exerts
significant bacterial growth suppression (Wang et al., 2019).
However, our knowledge of the molecular mechanisms of
plant-pathogen antagonism in the apoplast remains
incomplete. Proteases, catabolic enzymes that hydrolyze
peptide bonds, are highly conserved in both prokaryotes and
eukaryotes (Dunn, 2005). It has been reported that plant-
derived proteases are enriched in the apoplastic region during
host-microbe interactions where they act to enhance host resis-
tance against different types of pathogens (Kim et al., 2013;
Grosse-Holz et al., 2017; Wang et al., 2017). In the following
sections, we summarize the current understanding of
apoplastic proteases and their importance in immunity
(Figure 2). To enhance our understanding of the arms race
between hosts and pathogens, pathogen-derived protease
inhibitors are also described (Figure 2).

Proteases

A protease (also known as a peptidase, proteinase, or proteolytic
enzyme) is a type of protein that catalyzes the degradation of
other proteins based on its ability to recognize and cleave
specific short amino acid sequences (Casem, 2016). The
MEROPS database (https://www.ebi.ac.uk/merops) classifies
proteases into nine different groups based on catalytic
type and homology, namely aspartic, cysteine, glutamic,
metalloprotease, asparagine, mixed, serine, threonine, and
unknown catalytic type proteases (Rawlings et al., 2018). Plant
genomes encode hundreds of proteases that are distributed
across all protease families, playing key roles in most aspects
of plant physiology and development (Garcia-Lorenzo et al.,
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Figure 2. Secreted Proteases and Protease
Inhibitors in Plant-Microbe Interactions.

In response to pathogen infection, plants secrete
different types of proteases into the apoplastic re-
gion. Plant-derived proteases contribute to plant
immune response via different mechanisms. The
Arabidopsis secreted protein SAP1/2 suppresses
bacterial growth by directly cleaving bacterial
growth-related protein MucD. Other proteases,
?) such as P69B/C, RCR3, and PLCPs, also recog-
nize and cleave their substrates in the apoplast.
The released peptides can be recognized by host
membrane-localized receptor-like kinases, leading
to the activation of immune responses. To counter
host protease-mediated immunity, pathogens can
secrete protease inhibitors to suppress host pro-
tease activity via direct interactions or secrete ef-
fectors, such as PsAvh240 and Avrblb2, which
block the secretion of plant proteases.

EPIC1/EPIC2B

RCR3 Avr2

2006; Tripathi and Sowdhamini, 2006; van der Hoorn, 2008;
Chen et al.,, 2009; Wang et al., 2018). Aspartic proteases,
cysteine proteases, metalloproteases, and serine proteases are
the most abundant proteases in plants. Moreover, plant
proteases belonging to these families have been reported to
participate in plant immune responses and pathogen resistance
(van der Hoorn, 2008; Jashni et al.,, 2015). Interestingly,
proteases are highly enriched in the apoplastic region. For
instance, among 77 A. thaliana aspartic proteases, 51 were
predicted to be extracellularly localized in TAIR10 ( Wang et al.,
2019), suggesting that the apoplastic localization of proteases
may be essential for their function.

Plant-Secreted Proteases in Plant-Bacteria Interactions
Constitutive disease resistance 1 (AtCDR1), an extracellular as-
partic protease, was identified in an activation tagged screening
in Arabidopsis (Xia et al., 2004). CDR1-D plants (activation
tagging line) exhibit a dwarf phenotype, increased accumulation
of pathogenesis-related proteins, and enhanced resistance
against Pst in local and systemic tissues (Suzuki et al., 2004;
Xia et al., 2004; Simoes et al., 2007). By contrast, enhanced
resistance to bacterial and fungal pathogens was observed
upon overexpression of an ortholog of AtCDR1, OsCDR1, in
rice and Arabidopsis (Prasad et al., 2009).

Subtilases (SBTs) belong to the serine protease family and are
especially abundant in plants (Rautengarten et al., 2005;
Schaller et al., 2017). It was reported that SBTs are involved
in pathogen resistance in plants (Ramirez et al., 2013;
Figueiredo et al., 2014). Overexpression of the extracellular
subtilase SBT3.3 leads to enhanced mitogen-activated
protein kinase activation, defense gene expression, and
resistance against bacterial and fungal pathogens (Ramirez
et al., 2013). Both CDR1-and SBT3.3-mediated immunity was
abolished after crossing with the salicylic acid (SA) signaling
mutant npr1 and SA biosynthesis mutant sid2, suggesting
that the apoplastic accumulation of CDR1 and SBT3.3 en-
hances pathogen resistance by amplifying SA immunity in
plants. However, the molecular mechanism underlying the
amplification of SA immunity by CDR1 and SBT3.3 remains
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unknown. Interestingly, CDR1 protease activity is necessary
for its function in immune activation (Suzuki et al., 2004),
suggesting that the protease amplifies the host immune
response by cleaving its substrate(s).

PAMP-INDUCED PEPTIDE1 (PIP1) and PIP2 are conserved
endogenous peptides derived from the C termini of prePIP family
proteins, which trigger immune responses in Arabidopsis (Hou
et al., 2014). PrePIPs are secreted and accumulate in the
apoplastic region. Moreover, recognition of the PIP peptide is
mediated by the plasma membrane-localized receptor-like ki-
nase 7 (RLK7) in Arabidopsis (Hou et al., 2014), suggesting that
the processing of prePIP takes place in the apoplast. Indeed,
recombinant glutathione S-transferase-prePIP proteins are
proteolytically processed after entering the apoplast of
Arabidopsis (Hou et al., 2014). Additionally, maize-secreted
papain-like cysteine proteases (PLCPs) are required for the
release of the bioactive immune signaling peptide Zip1 from its
propeptide precursor, which strongly induces SA accumulation
in leaves (Ziemann et al., 2018). These findings suggest that
apoplastic protease(s) are required for the induction or
amplification of immune signals via the cleavage of their
substrate(s). Therefore, the identification of immune-related pro-
teases and their specific substrate(s) in the apoplast will
contribute to our understanding of the mechanisms by which
they mediate pathogen resistance.

The constitutive activation of immunity promotes pathogen resis-
tance. However, it also results in a significant reduction in growth,
the so-called immunity-growth trade-off, which is a challenge for
the simultaneous optimization of plant growth and pathogen resis-
tance in agricultural settings (Smakowska et al., 2016; Karasov
et al., 2017; Scheres and van der Putten, 2017). A recent report
showed that overexpression of SAP1 and SAP2, two secreted
aspartic proteases of Arabidopsis, can enhance bacterial
resistance without constitutive defense activation and growth
retardation (Wang et al., 2019), suggesting that SAP1 and SAP2
suppress bacterial growth via a mechanism distinct from that of
CDR1 and SBT3.3. Indeed, SAP1 and SAP2 suppress Pst
growth by directly targeting the bacterial MucD protein, which is
known to be involved in bacterial growth (Wang et al., 2019),
thermotolerance (Wood and Ohman, 2006), and resistance
against oxidative stress (Yorgey et al., 2001). This is the first
evidence that a plant can suppress pathogen infection by direct
targeting a pathogen growth-related protein.

A recent study showed that a single Pseudomonas operational
taxonomic unit (OTU), which is generally classified as a pathogen,
can colonize Arabidopsis plants in the wild (Karasov et al., 2018).
Single strains within this OTU diverged from each other at least
300 000 years ago, suggesting that genetic and species diversity
may prevent clonal expansions in nature (Karasov et al., 2018). A
similar trend was observed for the MucD protein, which is
widespread in bacteria and subject to purifying selection.
However, site-specific diversity in mucD was detected in Pseudo-
monas, in contrast to other bacteria where the gene is highly
conserved (Wang et al., 2019). Therefore, SAP1-mediated immu-
nity might exert selection pressure on Pseudomonas but not on
other bacteria, and the diversity in the MucD sequence may allow
Pseudomonas to efficiently colonize plants, which could explain
disease outbreaks in wild populations.

Plant Communications

Plant-Secreted Proteases in Plant-Oomycete Interactions
Phytophthora infestans, which causes late blight and potato
blight, is the major oomycete pathogen for potato and tomato
(Nowicki et al., 2012). Secreted proteases derived from different
plants play important roles in the suppression of Phytophthora
infection. The tomato serine proteases P69B and P69C, which
belong to the P69 family of extracellular subtilisin-like proteases,
are induced upon pathogen infection and SA treatment (Jorda
et al., 1999; Jorda and Vera, 2000), indicating that extracellular
serine proteases might be involved in plant resistance against
oomycetes. Interestingly, P69B is necessary for matrix
metalloproteinase-mediated cell death in tomato (Zimmermann
et al.,, 2016). As no genetic evidence is available, it is still
unclear how P69B and P69C contribute to plant immunity.
Papain-like proteases, which belong to the cysteine protease
family, are also linked with plant immune responses, especially
in tomato (Bozkurt et al., 2011; Hou et al., 2014; llyas et al.,
2015). Overexpression of the apoplastic cysteine proteases
C14 and PIP1 reduces the resistance of tomato against P.
infestans (Bozkurt et al., 2011; Hou et al., 2014), whereas
depletion of PIP1 increases tomato susceptibility to
Cladosporium fulvum and P. infestans (llyas et al., 2015). A
recent study has reported that GmAP1, a secreted aspartic
protease from soybean, positively contributes to soybean
resistance against P. sojae (Guo et al., 2019). Overexpression
of GmAP1 reduces, whereas knockdown of GmAPT and
GmAP?2 increases, the biomass of P. sojae in plants (Guo et al.,
2019). These findings illustrate that proteolysis by different
proteases contributes to plant resistance against pathogen
infection in the apoplast.

Plant-Secreted Proteases in Plant-Fungus Interactions
RCRS3, an apoplastic cysteine protease from tomato, is required
for Cf-2-mediated resistance to Avr2 from the biotrophic fungal
pathogen C. fulvum (Dixon et al., 2000; Luderer et al., 2002).
RCR3 interacts with and functions as a co-receptor of Cf-2 in
recognizing C. fulvum Avr2 (Rooney et al., 2005). Other studies
have indicated that Avr2 directly inhibits the extracellular
cysteine protease activity of RCR3, as well as its homolog
protein PIP1, to promote the infection of C. fulvum in tomato
(Shabab et al., 2008; van Esse et al., 2008). Moreover, PIP1-
depleted tomato plants are hypersusceptible to bacterial, fungal,
and oomycete pathogens, suggesting that PIP1 confers broad
resistance against unrelated apoplastic pathogens (llyas et al.,
2015). However, RCR3-depleted tomato plants do not exhibit
altered resistance against fungal and bacterial pathogens but
are susceptible to P. infestans (llyas et al., 2015), indicating
divergent functions of RCR3 and PIP1 in pathogen resistance.

Moreover, the cysteine protease C14 secreted by tomato con-
tributes to the resistance against the oomycete pathogen P. in-
festans (Kaschani et al., 2010), whereas its ortholog in
Arabidopsis, RD21, contributes to the resistance against the
fungal pathogen Botrytis cinerea but not the bacterial pathogen
Pst and oomycete Hyaloperonospora arabidopsidis (Shindo
et al,, 2012). Similarly, two cysteine proteases in Nicotiana
benthamiana, NbCYP1 and NbCYP2, confer resistance to the
hemibiotrophic pathogen Colletotrichum destructivum, but not
to the bacterial pathogen Pst (Hao et al., 2006). Therefore,
studies of how protease specificity is determined will reveal
the molecular mechanisms of proteases in plant-microbe
interactions.

Plant Communications 1, 100085, July 13 2020 © 2020 The Author(s). 5
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Pathogens Counteract Host Protease-Mediated Growth
Suppression

As apoplastic proteases suppress bacterial growth, the produc-
tion of specific or even general protease inhibitors would be a
straightforward stratagem of microbes to escape protease-
mediated immunity (Figure 2). Oomycetes harbor several
extracellular protease inhibitors of cysteine proteases (EPICs)
that suppress extracellular cysteine protease-mediated immunity
(Tian et al., 2007). EPIC2B directly interacts with and inhibits the
cysteine protease activity of tomato C14 (Kaschani et al., 2010).
Furthermore, EPIC2B inhibits the protease activity of the
tomato cysteine proteases PIP1 and RCR3 through direct
interactions (Tian et al., 2007; Song et al.,, 2009). These
examples illustrate that oomycete-secreted extracellular prote-
ase inhibitors (EPIs) can target multiple proteases secreted by
the host. Moreover, EPIC1 from P. infestans could also bind
and inhibit RCR3 (Song et al., 2009), indicating that oomycetes
secrete multiple protease inhibitors that target the same
proteases to enhance their pathogenicity. Interestingly, specific
interactions between protease inhibitors drive the host
adaptation of the Phytophthora species. Phytophthora mirabilis
is a close relative of P. infestans that has jumped to a different
host, namely Mirabilis jalapa. P. mirabilis secretes PmEPIC1, an
ortholog of P. infestans EPIC1, which is a strong inhibitor of the
RCRS3-like protease MRP2 from M. jalapa but a less efficient in-
hibitor of RCR3 from the non-host plant tomato (Dong et al.,
2014). By contrast, P. infestans EPIC1 is less efficient than
PmEPIC1 in inhibitihng MRP2 activity but more efficient in
inhibiting RCR3 homologs from different host species. The
specificity of RCR3 inhibitor binding, which was determined
using a structural model of the RCR3-EPIC complex, was
defined by a 7-amino-acid region that was polymorphic
between RCR3 and MRP2 (Dong et al., 2014). Thus, inhibitor
specificity allows P. mirabilis to adapt to a new host.

Infection by the biotrophic fungal pathogen U. maydis, which
causes smut disease in maize, requires the suppression of host
immunity. It was shown that cystatin CC9, a cysteine protease in-
hibitor, was induced during the infection of U. maydis in maize
(van der Linde et al., 2012). Silencing of CC9 led to massive
induction of SA-mediated immunity, whereas activated apoplas-
tic cysteine proteases induce SA-associated defense gene
expression in naive plants, suggesting that cysteine protease ac-
tivity in the apoplast is essential for resistance against U. maydis
(van der Linde et al., 2012). Consistent with this, the U. maydis-
secreted effector protein Pit2, which functions as a cysteine
protease inhibitor, is essential for fungal virulence (Mueller
et al., 2013). These findings indicate the importance of cysteine
proteases in maize defense against biotrophic pathogens. Five
different apoplastic cysteine proteases have been identified in
the maize apoplast, namely CP1A, CP1B, XCP2, CP2, and
CatB3 (van der Linde et al., 2012). Pit2 directly suppresses the
enzymatic activity of these proteases, except for CatB3
(Mueller et al., 2013). Recent studies have indicated that a
conserved 14-amino-acid motif, PID14, which is conserved in
different fungi, functions as the inhibitory core for the suppression
of apoplastic cysteine proteases (Misas Villamil et al., 2019).

“Candidatus Liberibacter asiaticus” (CLas), which is transmitted
to the citrus species by the Asian citrus psyllid during sap feeding,
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causes serious Huanglongbing on citrus fruits. During infection,
ClLas secretes the species-specific effector SDE1 to
promote bacterial infection (Clark et al.,, 2018). SDE1 is
associated with multiple citrus PLCPs and inhibits PLCP
activity both in vivo and in vitro (Clark et al., 2018). Taken
together, these findings illustrate that the inhibition of plant
cysteine proteases by secreted effectors is a common strategy
used by pathogens to maintain susceptibility.

To counter the P69B- and P69C-mediated immunity, P. infestans
secretes a group of Kazal family serine protease inhibitors known
as EPIs. In silico analysis revealed that the P. infestans genome
contains 14 EPIs (EPI1-EPI14) (Tian et al., 2004). EPI1 and
EPI10, which are expressed during infection in tomato,
physically bind to and inhibit the protease activity of P69B (Tian
et al., 2004, 2005). However, due to a lack of genetic evidence,
the importance of P69B/C-EPI1/10 interactions in vivo remains
unclear.

Recent studies have reported that oomycetes execute the viru-
lence function by suppressing the secretion of host proteases.
For instance, the P. infestans effector AVRbIb2 is delivered
into host cells where it suppresses the secretion of the C14 pro-
tease in tomato (Bozkurt et al., 2011). In soybean, the P. sojae-
secreted effector PsAvh240 localizes to the host plasma
membrane where it inhibits the secretion of GmAP1 (Guo
et al.,, 2019). Taken together, plant-secreted proteases,
including serine proteases, cysteine proteases, and aspartic
proteases, are essential for plant immunity against oomycetes.
However, oomycetes have established multiple strategies to
counter host-secreted proteases, including the suppression of
protease secretion and direct inhibition of protease activities.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

Studying the function of host-secreted proteases during their
interaction with different types of microbes will uncover the
molecular mechanisms of how plants employ their defense
pathways to shape their resident microbial communities during
plant-microbe co-evolution. Plant-secreted proteases use two
major mechanisms to provide resistance. Firstly, secreted pro-
teases trigger host basal immunity. For instance, maize
cysteine proteases trigger host SA immunity via the cleavage
of a precursor peptide to generate the bioactive peptide Zip1
(Ziemann et al., 2018). In addition, protease-mediated immune
activation can be induced by other types of proteases such as
the aspartic protease CDR1 (Xia et al., 2004; Simoes et al.,
2007) and serine protease SBT3.3 (Ramirez et al., 2013).
Therefore, elucidating how different types of proteases are
involved in plant immune activation and how plants sense
these signals will deepen our understanding of plant-microbe
interactions. Secondly, plant-secreted proteases cleave pro-
teins that are essential for the growth of pathogens, leading
to direct suppression of bacterial infection (Wang et al.,
2019). It is still unknown whether this mechanism is
conserved in other plant species.

Microbes can secrete multiple protease inhibitors to inhibit
plant-secreted proteases, which may facilitate their adaptation
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to different plants. Genome-wide characterization of protease
inhibitors from different microbes should advance our under-
standing of the evolution of these proteins. For instance, the
development of a quick screening method, which can be
applied to different plant species, would improve our under-
standing of the outcomes/effects of apoplastic interactions on
the co-evolution of plants and their microbial pathogens. More-
over, a recent study has reported that soil humidity is positively
correlated with the diversity of the soil microbiota (Taketani
et al, 2017). The apoplast, which provides an aqueous
environment for the rhizosphere, is also a key barrier
conferring plant immunity against microbes. Therefore, an
investigation of the roles of secreted proteases in the shaping
of microbial communities in roots, leaf rhizosphere, and
endosphere would provide fundamental insights into plant-
microbe interactions.
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