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ABSTRACT
Plant stomata close rapidly in response to a rise in
the plant hormone abscisic acid (ABA) or salicylic
acid (SA) and after recognition of pathogen‐
associated molecular patterns (PAMPs). Stomatal
closure is the result of vacuolar convolution, ion
efflux, and changes in turgor pressure in guard
cells. Phytopathogenic bacteria secrete type III ef-
fectors (T3Es) that interfere with plant defense
mechanisms, causing severe plant disease symp-
toms. Here, we show that the virulence and infection
of Xanthomonas oryzae pv. oryzicola (Xoc), which is
the causal agent of rice bacterial leaf streak disease,

drastically increased in transgenic rice (Oryza
sativa L.) plants overexpressing the Xoc T3E gene
XopAP, which encodes a protein annotated as a li-
pase. We discovered that XopAP binds to phospha-
tidylinositol 3,5‐bisphosphate (PtdIns(3,5)P2), a memb
rane phospholipid that functions in pH control in
lysosomes, membrane dynamics, and protein traf-
ficking. XopAP inhibited the acidification of vacuoles
by competing with vacuolar H+‐pyrophosphatase
(V‐PPase) for binding to PtdIns(3,5)P2, leading to
stomatal opening. Transgenic rice overexpressing
XopAP also showed inhibition of stomatal closure
when challenged by Xoc infection and treatment with
the PAMP flg22. Moreover, XopAP suppressed flg22‐
induced gene expression, reactive oxygen species
burst and callose deposition in host plants, demon-
strating that XopAP subverts PAMP‐triggered im-
munity during Xoc infection. Taken together, these
findings demonstrate that XopAP overcomes sto-
matal immunity in plants by binding to lipids.
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INTRODUCTION

R ice (Oryza sativa L.) is an important food crop for more
than half of the world's population and has been culti-

vated for over 10 000 years (Khush, 2005). Xanthomonas

oryzae pv. oryzicola (Xoc) causes bacterial leaf streak (BLS) in
rice (Fang et al., 1957; Swings et al., 1990), which is con-
sidered one of the most serious diseases that can infect this
crop species (Niño‐Liu et al., 2006; Zou et al., 2006, 2011; Ji
et al., 2016; Xu et al., 2021). The pathogen enters through leaf

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

© 2022 The Authors. Journal of Integrative Plant Biology published by John Wiley & Sons Australia, Ltd on behalf of Institute of Botany,
Chinese Academy of Sciences.

http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjipb.13344&domain=pdf&date_stamp=2022-09-26


stomata and colonizes the parenchyma apoplast to develop
interveinal lesions that initially appear water‐soaked before
developing into translucent and yellow‐to‐white streaks
(Swings et al., 1990). Thus, studying how the pathogen in-
fects rice via stomata is essential to our understanding how
plant pathogens in general, and Xoc in particular, cause
diseases (Hu et al., 2022).

Type III effectors (T3Es) have been demonstrated to in-
terfere with the assembly of the cytoskeleton, mitogen‐
activated protein kinase cascades, gene expression,
proteasome‐dependent protein degradation, and phyto-
hormone signaling pathways to facilitate invasion by patho-
genic bacteria (Büttner, 2016). Stomata are the principal entry
sites through which plant pathogenic bacteria invade the in-
tracellular leaf space (Lawson and Blatt, 2014). As a coun-
teracting measure, guard cells initiate an innate immune re-
sponse by reducing their cellular turgor pressure, which
promotes stomatal closure once a microbial pathogen is
recognized (McLachlan et al., 2014; Ye and Murata, 2016).
Calcium influx is one of the early cellular events triggered by
pathogen‐associated molecular patterns (PAMPs) and oc-
curs within 30 sec of microbial pattern perception. Ca2+ influx
can control stomatal closure, thereby protecting plants from
pathogen invasion through stomata (Margets et al., 2021).
The genes encoding the HYPEROSMOLALITY‐GATED Ca2+‐
PERMEABLE CHANNELS1.3/1.7 (OSCA1.3 and OSCA1.7),
which are phosphorylated by BOTRYTIS‐INDUCED KINASE1
(BIK1) to activate the Ca2+ channels to induce pattern‐
induced stomatal immunity, are extensively expressed in
guard cells (Thor et al., 2020). The outflow of anions from
guard cells is involved in PAMP‐induced stomatal closure,
leading to immunity (Guzel Deger et al., 2015).

Many Gram‐negative animal and plant pathogenic bac-
teria use a type III secretion system (T3SS) to deliver T3Es
into their host cells (Notti and Stebbins, 2016). These T3Es
suppress host defenses and allow infection. To block sto-
matal immunity, plant pathogenic bacteria may release T3Es
and phytotoxins to suppress stomatal closure. Coronatine
(COR) is a polyketide toxin formed by amide bonds linking
coronamic acid (CMA) and coronafacic acid (CFA) (Ichihara
et al., 1977). COR reopens plant stomata depending on the
CORONATINE INSENSITIVE1 (COI1) (Melotto et al., 2006)
and is essential for full virulence of Pseudomonas syringae
pv. tomato (Pst) DC3000 (Brooks et al., 2004). Notably, the
kinase T3E XopC2 from Xoc RS105 phosphorylates ORYZA
SATIVA SKP1‐LIKE PROTEIN1 (OSK1) for degradation of
JASMONATE‐ZIM‐DOMAIN PROTEIN (JAZ) transcriptional
repressors to suppress stomatal immunity in rice (Wang
et al., 2021). The P. syringae T3E AvrE was recently reported
to target type one protein phosphatases to disrupt the ab-
scisic acid (ABA) signaling pathway and cause stomatal
closure, resulting in an aqueous environment for infection (Hu
et al., 2022).

The acidification of vacuoles mediated by
phosphatidylinositol‐3,5‐bisphosphate (PtdIns(3,5)P2) is
thought to play important roles in stomatal closure. In

eukaryotic cells, PtdIns(3,5)P2 is a signaling lipid present in
endo‐lysosomal and vacuolar membranes (Carpaneto
et al., 2017). Tonoplast‐associated PtdIns(3,5)P2 was pro-
posed to be a regulator of vacuolar morphology (Gerth
et al., 2017). The inhibition of PtdIns(3,5)P2 biosynthesis
results in diminished vacuole‐luminal acidification during
ABA‐induced stomatal closure in broad bean (Vicia faba)
plants (Bak et al., 2013). The function of vacuolar H+‐
adenosine triphosphatases (VHA) such as VHA1 and VHA2
may be dependent on the biosynthesis of PtdIns(3,5)P2.
The sac2 sac3 sac4 sac5 (suppressor of actin) quadruple
mutant in Arabidopsis thaliana, which is defective in
phosphoinositide phosphatase activity, showed slightly
increased PtdIns(3,5)P2 levels and a more tubular vacuolar
morphology than wild‐type plants, while vacuolar coa-
lescence was enhanced in plants overexpressing SAC2 or
SAC5 (Nováková et al., 2014). PtdIns(3,5)P2 alters vacuolar
pH by directly regulating vacuolar‐type adenosine tri-
phosphatase (V‐ATPase) activity (Li et al., 2014). However,
it has not been reported that any T3E targets PtdIns(3,5)P2

to induce stomata closures for successful infection of
plants by pathogens.

XopAP, which is a T3E protein of Xoc, is annotated as a
lipase (Bogdanove et al., 2011). Lipases, a subclass of es-
terases, are water‐soluble enzymes that catalyze the hydrol-
ysis of ester bonds in lipids, converting triglycerides into
glycerol and fatty acids (Joyce et al., 2016). However, few
lipases from plant pathogens have been functionally char-
acterized. The Pseudomonas aeruginosa T3E ExoU, which is
cytotoxic to yeast (Saccharomyces cerevisiae), is a lipase
(Sato et al., 2003). The lipase inhibitors iPLA2 and cPLA2
reduce the cytotoxicity of ExoU. ExoU resulted in lower levels
of radiolabeled neutral lipids and the accumulation of free
palmitic acid in yeast by thin‐layer chromatography. The li-
pase activity of the effector Fusarium graminearum lipase1
(FGL1) is required for full virulence of the plant fungal
pathogen F. graminearum (Blümke et al., 2014). Further re-
sults showed that FGL1 suppresses callose deposition by
releasing the polyunsaturated free fatty acids linoleic and α‐
linolenic acid.

In this study, we focused on the Xoc T3E XopAP, which
has a lipase domain. However, despite multiple attempts
using different methods, no lipase activity has been de-
tected for this protein. Instead, we demonstrate here that
XopAP binds to PtdIns(3,5)P2, a phosphorylated phospha-
tidylinositol that regulates the pH of some organelles.
Through its binding to PtdIns(3,5)P2, XopAP suppresses
vacuolar acidification, hence preventing salicylic acid (SA)‐
induced stomatal closure, which is beneficial to Xoc in-
fection in rice. In addition, stomatal closure induced by flg22
was also inhibited in transgenic plants overexpressing
XopAP. We also show that XopAP impairs plant PAMP‐
triggered immunity (PTI) responses, such as reactive
oxygen species (ROS) burst, callose deposition, and the
expression of defense genes, thus enhancing the patho-
genicity of Xoc.
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RESULTS

XopAP contributes to Xoc virulence in rice
The annotation of XopAP as a lipase and a T3E protein of Xoc
(Bogdanove et al., 2011) suggested a possible role in
pathogen virulence. We therefore generated nine transgenic
rice lines in the Nipponbare cultivar with constitutive ex-
pression of XopAP driven by the cauliflower mosaic virus
(CaMV) 35S promoter via Agrobacterium tumefaciens‐
mediated transformation. We detected the accumulation of
XopAP‐HA (hyaluronic acid) in these transgenic lines by im-
munoblotting (Figure S1A). The independent homozygous
XopAP‐OX4 and XopAP‐OX5 transgenic lines exhibited the
highest protein abundance for XopAP of all lines and were
selected for the following experiment. To test the contribution
of XopAP to virulence, we deleted the XopAP gene in a wild‐
type strain BLS256 by nonmarker mutagenesis (Zou et al.,

2011), resulting in the mutant ΔXopAP. In addition, we gen-
erated the complemented strain CΔXopAP by providing the
XopAP gene in trans (Table S1). We then individually in-
oculated the leaves of Nipponbare, a rice cultivar susceptible
to BLS, with each of these three strains by needling (Zou
et al., 2006) and by the spray method (Figure 1A, C). Indeed,
the virulence (lesion length) of the mutant ΔXopAP was sig-
nificantly lower (P< 0.01, t‐test) than that caused by the wild‐
type strain at 14 d post‐inoculation (dpi); importantly, the
complemented strain CΔXopAP restored virulence to wild‐
type levels (Figure 1B). The XopAP‐OX4 transgenic plants
showed higher susceptibility (as measured by lesion lengths)
to the three strains than the wild‐type Nipponbare (Figure 1B).
We noticed that the pathogen infection sites in Nipponbare
are significantly smaller than those in XopAP‐OX4 transgenic
plants at 4 dpi, when bacterial suspensions at optical density
of 600 nm (OD600)= 0.5 were sprayed onto the leaf surface of

Figure 1. XopAP overexpression rice plants confer increased disease susceptibility
Four‐ to 6‐week‐old Nipponbare and transgenic rice plants overexpressing XopAP were inoculated with Xoc BLS256 (wild type, WT), the XopAP deletion
mutant (ΔXopAP), and ΔXopAP complemented with XopAP (CΔXopAP). (A) Representative disease symptoms at 14 d post‐inoculation (dpi) by leaf
vein‐piercing. (B) Quantification of disease lesion length at 14 dpi. (C) Representative disease symptoms at 3 dpi by spray inoculation. (D) Quantification of
lesion density from 5‐cm segments of infected leaves. These experiments were performed three times with similar results. Different lowercase letters
indicate significant differences at P< 0.05, as determined by two‐way analysis of variance with Tukey's test.
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the tested rice plants (Figure 1D), implying that the presence
of XopAP, either in the pathogen or in the host rice, enables
rice stomata opening beneficially for bacterial invasions.

As in rice, transgenic Arabidopsis lines overexpressing
XopAP were also significantly more susceptible to Pst DC3000.
Since the COR‐deficient mutant strain DB29 has lost the ability to
enter plants through stomata (Brooks et al., 2004), we inoculated
wild‐type Arabidopsis Col‐0 and the XopAP‐OX lines
XopAP‐OX3 and XopAP‐OX5 with Pst DC3000 and DB29,
respectively, by spray inoculation to test whether the het-
erologous expression of XopAP might allow DB29 to suc-
cessfully invade the host. Compared to the wild‐type Col‐0,
both XopAP‐OX3 and XopAP‐OX5 transgenic lines were
susceptible to DB29 inoculation, although less so than to
Pst DC3000 (Figure S2A). In agreement with the disease
symptoms, the growth of the Pst strains in the infected
XopAP‐OX3 and XopAP‐OX5 lines was significantly higher
than in Col‐0 at 3 dpi (Figure S2B). We also spray‐
inoculated Col‐0 and the XopAP‐OX5 transgenic line with
P. syringae pv. maculicola (Psm) ES4326, which is another
virulent strain on Arabidopsis, and observed more severe
disease symptoms with XopAP‐OX5 than with Col‐0 at 3
and 7 dpi (Figure S2C). The bacterial population in XopAP‐
OX3 and XopAP‐OX5 lines was significantly higher than in

the wild type (Figure S2D). Collectively, these data suggest
that XopAP may play a similar role as coronatine in inter-
fering with plant stomatal closure during bacterial infection.

XopAP binds to PtdIns(3,5)P2

A protein sequence alignment revealed that XopAP is con-
served in Xanthomonas citri, but not in X. oryzae (Figure S3).
We speculate that Xoc and X. citri both belong to the mes-
ophyll pathogens that colonize their host locally at the in-
fection site. We identified a highly conserved region in
XopAP, from amino acids 74 to 201, that is predicted as a
lipase domain by the online tool SMART (Figure S4A). These
characteristics prompted us to investigate whether XopAP
functions as a lipase via in vitro assays. Surprisingly, re-
combinant purified XopAP showed no lipase activity
(Figure S4B), which raised the possibility that XopAP might bind
to lipids instead. To test this hypothesis, we purified glutathione
S‐transferase (GST)‐tagged XopAP and performed in vitro lipid‐
binding assays. Notably, we detected binding between re-
combinant XopAP and PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)
P2, and PtdIns(3,4,5)P3 (Figure 2B). In particular, XopAP
displayed high affinity toward PtdIns(3,5)P2 and PtdIns(3,4,5)P3.
As PtdIns(3,4,5)P3 has not been detected in plants (Heilmann,
2016), we focused on PtdIns(3,5)P2.

Figure 2. XopAP binds to PtdIns(3,5)P2

(A) Schematic diagrams of full‐length XopAP and four XopAP truncation variants, XopAP1‐73, XopAP74‐201, XopAP1‐201, and XopAP202‐293. Purple and orange lines
indicate the N and C termini, respectively. The green box indicates the conserved lipase domain. Numbers indicate the amino acid residues. (B, D) Lipid‐binding
assays with recombinant XopAP and the four XopAP truncation variants. Five nanomolar of each recombinant protein (as glutathione (GST) fusions) was
incubated with commercial PIP Strips. The lipid‐binding proteins were detected by immunoblotting with an anti‐GST antibody. (C, E) Estimation of the lipid‐
binding affinity of full‐length XopAP and variants. Serial dilutions (500, 300, 100, 50, 10, and 1 pmol) of PtdIns(3,5)P2 were spotted onto nitrocellulose membranes,
which were then incubated with the GST‐fusion proteins. The lipid‐binding proteins were detected by immunoblotting with an anti‐GST antibody.
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To identify the functional domain responsible for binding to
PtdIns(3,5)P2, we generated four XopAP truncation variants
(XopAP1‐73, XopAP74‐201, XopAP1‐202, and XopAP202‐293) (Figure
S5A) and purified each recombinant protein in BL21(DE3)
(Figure S5B). We determined that XopAP1‐73 and XopAP1‐202

retain binding capacity to PtdIns(3,5)P2 (Figure 2D). Surprisingly,
XopAP74‐201 bound strongly to PtdIns(3)P (Figure 2D), whereas
full‐length XopAP only exhibited weak binding with this lipid
(Figure 2B). We speculate that this truncated variant undergoes
a conformational change, resulting in an altered affinity toward
PtdIns(3)P. We performed a Fat Blot assay to explore the in-
teractions between XopAP variants and PtdIns(3,5)P2. Accord-
ingly, we spotted serial dilutions of PtdIns(3,5)P2 onto a nitro-
cellulose membrane before incubating the membrane with each
recombinant protein (full‐length and truncated variants) and
detected binding between PtdIns(3,5)P2 and XopAP, XopAP1‐73

and XopAP1‐202 (Figure 2C, E).
A closer look at the predicted lipase domain of XopAP

revealed the conservation of the Ser‐131 residue in the
characteristic lipase G‐X‐S‐X‐G motif (Figure S3). To assess
the role of this conserved amino acid in PtdIns(3,5)P2 binding,
we generated the point mutant XopAPS131A by replacing Ser‐
131 with Ala. Importantly, we observed that recombinant
XopAPS131A still binds to PtdIns(3,5)P2 (Figure S5C). To-
gether, these analyses demonstrate that the N terminus of
XopAP is necessary for binding to PtdIns(3,5)P2.

XopAP and V‐PPase competitively bind to PtdIns(3,5)P2

PtdIns(3,5)P2 is located in the vacuolar membrane (McCartney
et al., 2014; Heilmann, 2016). Since XopAP binds to PtdIns(3,5)
P2, we hypothesized that XopAP might also localize to the

vacuole or vacuolar membrane. To test this hypothesis, we in-
vestigated the subcellular localization of XopAP in rice proto-
plasts using Arabidopsis KCO1 (K+ channel, Ca2+‐activated,
outward rectifying (1)) as a tonoplast marker (Czempinski et al.,
2002; Voelker et al., 2006). We transfected rice protoplasts with
constructs encoding AtKCO1‐RFP (a fusion between AtKCO1
and red fluorescent protein (RFP)) or XopAP‐GFP (a fusion be-
tween XopAP and green fluorescent protein (GFP)). We de-
termined that the red fluorescence of AtKCO1‐RFP largely
overlaps with the green fluorescence of XopAP‐GFP (Figure 3A).
This result indicated that XopAP localizes to the tonoplast. The
proton pump V‐PPase is present on the tonoplast membrane
(Maeshima and Yoshida, 1989; Kriegel et al., 2015). It has been
reported that V‐PPase can bind to PtdIns(3,5)P2 and contributes
to the acidification of vacuoles (Ferjani et al., 2011; Bak et al.,
2013; Segami et al., 2018). We thus tested whether XopAP is
involved in vacuolar acidification by conducting a competitive
binding experiment. To this end, we incubated 5 nmol/L of each
recombinant purified GST‐tagged XopAP and V‐PPase, in-
dividually or in combination, with membranes spotted with serial
dilutions of lipids, followed by immunoblotting with anti‐GST or
anti‐V‐PPase antibody, respectively, to assess binding to PtdIns
(3,5)P2. We determined that the binding of V‐PPase to PtdIns(3,5)
P2 decreases substantially when co‐incubated with XopAP
(Figure 3B). We conclude that XopAP and V‐PPase compete to
bind to PtdIns(3,5)P2.

XopAP inhibits stomatal closure induced by SA
The greater susceptibility shown by XopAP‐OX transgenic
rice plants using two types of inoculation methods, especially
spray inoculation, suggested that XopAP might interfere with

Figure 3. XopAP binds to PtdIns(3,5)P2 in competition with vacuolar H+‐pyrophosphatase (V‐PPase)
(A) Subcellular localization of XopAP in transiently transfected rice protoplasts. The coding sequences of XopAP and AtKCO1 were cloned into the
pRTVcGFP and pRTVcRFP vectors, respectively. The XopAP‐GFP and AtKCO1‐RFP constructs were co‐transfected into rice protoplasts. AtKCO1 served
as a tonoplast marker. Scale bars, 10 µm. (B) Assessment of lipid binding by XopAP and V‐PPase. PtdIns(3,5)P2 was serially diluted (100, 10, 1, and 0.1
pmol) and spotted onto nitrocellulose membranes, which were subsequently incubated with 5 nmol/L XopAP‐GST (glutathione) or V‐PPase. The binding of
PtdIns(3,5)P2 was determined by immunoblotting with anti‐GST and anti‐V‐PPase antibodies.
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stomatal immunity in plants. The plant defense hormone SA
has been shown to induce stomatal closure in Arabidopsis
(Zeng and He, 2010; Yekondi et al., 2018; Zamora et al.,
2021), which prompted us to explore the role of XopAP in
stomatal closure. Since endogenous SA and ABA play im-
portant roles in stomatal closure in plants, we determined
their contents in Nipponbare and XopAP‐OX transgenic
plants. However, the concentrations of SA and ABA were not
significantly different between Nipponbare and XopAP‐OX
transgenic lines (Figure S6). Consistent with previous studies,
SA caused stomatal closure in Nipponbare, but we detected
a weaker response to SA in XopAP‐OX transgenic rice plants
(Figure 4A). Indeed, we determined that SA treatment causes
the closure of fewer stomata in both XopAP‐OX4 and XopAP‐
OX5 transgenic lines compared to the wild type (Figure 4B).

Notably, the percentage of open stomata in both XopAP‐OX4
and XopAP‐OX5 transgenic lines was higher than that of the
wild type, even in the absence of SA treatment (Figure 4B). To
confirm this result, we carried out a water loss assay, during
which we measured the fresh weight of detached leaves over
time when maintained in dry air. We observed that XopAP‐OX
leaves lose water faster than the wild type (Figure S7). We
obtained similar results in Arabidopsis lines overexpressing
XopAP (Figure 4C), as evidenced by the diminished stomatal
closure induced by SA treatment in these lines (Figure 4D).

XopAP suppresses SA‐induced vacuolar acidification
Vacuolar acidification leads to stomatal closure. PtdIns
(3,5)P2 plays an important role in the regulation of vacuolar
acidification in guard cells (Perez Koldenkova and

Figure 4. XopAP inhibits stomatal closure induced by salicylic acid (SA)
(A, B) Representative images (A) and percentage of open stomata (B) of rice epidermal stomata from Nipponbare and transgenic rice plants overexpressing
XopAP under normal conditions or after treatment with 50 µmol/L SA. (C, D) Representative images of Arabidopsis stomata (C) and stomatal aperture (D) in
epidermal peels from Col‐0 or transgenic plants overexpressing XopAP under normal conditions or after treatment with 20 µmol/L SA. Scale bars, 10 µm.
Values are shown as means± SD of 100 stomata. Significant differences (ns, no significance; *P= 0.037; ****P< 0.0001) were determined by two‐way
analysis of variance with Tukey's test.
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Hatsugai, 2017; Scholz‐Starke, 2017). To determine the
role of XopAP in stomatal closure, we followed the
changes in vacuolar pH in XopAP‐OX transgenic rice lines
using the fluorescent dye acridine orange (AO) (Figure 5A).
AO is protonated in acidic environments, resulting in
emission intensity changes. We evaluated the extent of
vacuolar acidification by calculating the fluorescence ratio
between red fluorescence and green fluorescence (R/G)
and represented the pH in confocal images according to a
pseudo color scale (with blue indicating high pH and green
indicating low pH). To specifically assess the contribution
of PtdIns(3,5)P2, which is synthesized by PtdIns3P
5‐kinase (PI3P5K) (Morishita et al., 2002), we used a PIK-
fyve inhibitor to block PI3P5K kinase activity and reduce
PtdIns(3,5)P2 production (Bak et al., 2013). We established
that the vacuoles of Nipponbare become significantly
acidified after SA treatment, as reflected by the over two‐
fold increase in the R/G ratio in these samples. Notably,
we failed to detect a significant acidification of vacuoles in
XopAP‐OX transgenic lines, as the R/G ratio remained
comparable regardless of SA treatment (Figure 5). The
application of PIKfyve inhibitor blocked the acidification of

wild‐type vacuoles by SA, while the same treatment in-
duced the acidification of the vacuoles of XopAP‐OX
transgenic lines, with a 1.5‐fold increase in the R/G ratio
(Figure 5A, B). We performed the same assay using AO
and LysoSensor in Arabidopsis lines. Consistent with the
results obtained in rice, the vacuoles of the wild‐type Col‐0
became more acidified than those of XopAP‐OX trans-
genic plants after SA treatment, whereas treatment with
PIKfyve inhibitor reversed these results, with the XopAP‐
OX lines having a more acid vacuole than the wild type
(Figure S8A). Indeed, the XopAP‐OX transgenic plants
showed a lower R/G ratio compared to Col‐0 plants upon
SA treatment, but their R/G ratio increased significantly in
the presence of PIKfyve inhibitor and SA (Figure S8B). The
fluorescence intensity of LysoSensor reflects the degree of
acidification. We detected a weak fluorescence from the
vacuoles of guard cells from completely open stomata
(Figure S8C). After SA treatment, the stomata from the
wild‐type Col‐0 closed and emitted a much stronger green
fluorescence intensity from their vacuoles, while the
XopAP‐OX transgenic plants showed little change. Im-
portantly, the green fluorescence detected in XopAP‐OX

Figure 5. XopAP inhibits vacuolar acidification in rice resulting from salicylic acid (SA)‐induced stomatal closure
(A) Representative images showing vacuolar acidification, as determined with acridine orange (AO) staining. Guard cells of Nipponbare and transgenic rice
lines overexpressing XopAP (XopAP‐OX) were stained for 2 h with 50 µmol/L AO before SA treatment, in the absence or presence of 10 µmol/L PIKfyve
inhibitor, as indicated. Red/green (R/G) images represent the ratio between red fluorescence and green fluorescence and are displayed in pseudo color.
Low R/G ratio (shown in blue) indicates high pH. High R/G ratio (shown in green) indicates low pH. Scale bars, 1 µm. (B) Quantification of vacuolar
acidification, expressed as the mean values of R/G ratios. These experiments were performed three times with similar results. Significant differences (ns, no
significance; ***P= 0.0002; ****P< 0.0001) were determined by two‐way analysis of variance with Tukey's test.
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transgenic plants increased markedly after the application
of SA and PIKfyve inhibitor (Figure S6C). The mean fluo-
rescence intensity in Col‐0 rose nearly 10‐fold after SA
treatment, which was comparable to the increase in fluo-
rescence observed in XopAP‐OX transgenic plants after
treatment with SA and PIKfyve inhibitor (Figure S8D).
Therefore, the results obtained in rice and Arabidopsis
suggest that XopAP blocks the acidification of the va-
cuolar lumen during SA‐induced stomatal closure.

The expression of XopAP in transgenic plants inhibits
PTI and bacterial resistance
Reactive oxygen species accompany PTI reaction (Yuan et al.,
2021) and induce stomatal closure to limit pathogen invasion
(Kadota et al., 2014; Li et al., 2014). As ROS production is an
important part of stomatal immunity, we asked whether XopAP
affects the ROS burst elicited by flg22. Accordingly, we esti-
mated ROS levels and accumulation pattern in XopAP‐OX
transgenic plants via 3,3′‐diaminobenzidine (DAB) staining and
luminol‐based chemiluminescence assays. As shown in
Figure 6A, compared to wild‐type Col‐0, both XopAP‐OX3 and
XopAP‐OX5 transgenic lines showed a lighter brown color after
flg22 treatment, indicating lower levels of ROS revealed by
DAB staining. We obtained similar results when quantifying the
ROS burst of Nipponbare and XopAP‐OX transgenic rice lines
in response to flg22 treatment by the luminol‐horseradish
peroxidase chemiluminescence assay.

The higher ROS levels measured in Nipponbare indicated
that XopAP prevents the flg22‐induced ROS burst (Figure 6B).
The more severe disease symptoms seen in XopAP‐OX trans-
genic plants (Figures 1, S2) suggested that XopAP may interfere
with plant immune responses, which we quantified by scoring
the extent of callose deposition and the expression levels of
defense‐related genes in Col‐0 and transgenic Arabidopsis lines.
We determined that callose deposition levels in the wild‐type
Col‐0 are significantly higher relative to both XopAP‐OX3 and
XopAP‐OX5 transgenic lines in response to flg22 (Figure 6C, D).
We then used reverse transcription quantitative polymerase
chain reaction (RT‐qPCR) to estimate the relative expression
levels of early defense response genes (FRK1 (flg22‐INDUCED
RECEPTOR‐LIKE KINASE1); At2g17740, encoding a cysteine/
histidine‐rich C1 domain family protein; GSL5 (GLUCAN
SYNTHASE‐LIKE5), and FLS2 (FLAGELLIN‐SENSITIVE2)) in-
duced by flg22. Relative FRK1 and At2g17740 transcript levels
were much lower in both XopAP‐OX3 and XopAP‐OX5 trans-
genic lines than in Col‐0 3 h after flg22 induction (Figure 6E).
Similarly, the GSL5 expression was lower in the XopAP‐OX lines
compared to Col‐0 after 6 h. We detected no significant differ-
ences in FLS2 expression levels between Col‐0 and the trans-
genic lines. Collectively, these data indicate that XopAP inhibits
PTI responses in plants, thereby enhancing the virulence of Xoc
pathogens.

XopAP inhibits stomatal closure induced by flg22
Previous studies have shown that flg22 can induce stomatal
closure in plants (Melotto et al., 2006; Zhang et al., 2008;

Guzel Deger et al., 2015; Bharath et al., 2021; Zou et al.,
2021). Considering that XopAP inhibits the PTI response in
plants, we suspected that XopAP might also be involved in
flg22‐mediated stomatal closure. Consistent with our hy-
pothesis, flg22 stimulated stomatal closure in Nipponbare,
but not in XopAP‐OX transgenic rice plants (Figure S9A). In-
deed, the percentage of open stomata in both XopAP‐OX4
and XopAP‐OX5 transgenic lines treated with flg22 was sig-
nificantly higher than in the wild‐type Nipponbare (Figure
S9B). We obtained similar results in XopAP‐OX transgenic
Arabidopsis relative to the wild‐type Col‐0 (Figure S9C), as
evidenced by the suppression of stomatal closure in the
XopAP‐OX lines when treated with flg22 (Figure S9D).

DISCUSSION

Stomatal immunity is an important basic disease prevention
system of plants. In order for plant pathogenic bacteria to
enter plant cells, they must first overcome this stomatal im-
munity. The T3E HopM1 of Pst DC3000 was shown to inhibit
the two early PTI responses, ROS burst and stomatal im-
munity, relying on 14‐3‐3 proteins (Lozano‐Duran et al.,
2014). Few studies have explored the mechanism by which
pathogenic effector proteins interfere with stomatal immunity
in rice. In this study, we discovered an effect for XopAP on
stomatal closure in plants. XopAP contributes to Xoc viru-
lence in rice plants by inhibiting plant stomatal immunity.
XopAP binds to lipids and inhibits vacuolar acidification
caused by the translocation of protons into vacuoles upon SA
induction. Following vacuolar acidification, the vacuole
changes its shape and decreases its turgor pressure, which
leads to stomatal closure. With the help of XopAP, the
pathogen can invade plant cells more quickly (Figure 7).
Recently, XopC2 from Xoc RS105 was reported to activate
jasmonic acid (JA) signaling by degrading the JAZ tran-
scriptional repressors, forcing stomatal opening (Wang et al.,
2021). Although the function of XopC2 in the BLS256 strain
has not been established, we believe that XopC2 and XopAP
inhibit stomatal immunity to different extents. This difference
may also explain why Xoc still retains the ability to invade rice
through stomata in the absence of XopC2 or XopAP alone. In
addition, XopC2 enhances JA signaling, while XopAP may
interfere with SA signaling in plants, indicating that XopAP
and XopC2 act on independent cellular activities in plants.

Bioinformatics analysis showed that XopAP has a typical
lipase domain, raising the possibility that XopAP might in-
terfere with plant immune responses by degrading lipids to
produce secondary metabolites. However, we detected no in
vitro lipase activity when we tested recombinant XopAP. Li-
pases are present in almost all organisms, where they play
key roles in the digestion, transport, and shearing of lipids
(such as triglycerides, fats, and oils) (Svendsen, 2000). Most
lipases act at specific positions on the glycerol skeleton of a
lipid. Glycerophospholipids are the main components of bi-
ological membranes and participate in many signaling
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pathways (Van Meer et al., 2008). Previous research has re-
vealed that lipid signaling is a fundamental participant in cell
signaling (Dinasarapu et al., 2011). Lipid signaling can be
initiated by either G protein‐coupled receptors or nuclear
receptors, and many different types of lipids have been found
to act as signaling molecules or as part of a second mes-
senger system (Eyster, 2007). Lipases are involved in various
biological processes, from lipid metabolism to cell signaling
and inflammation (Spiegel et al., 1996). Additionally, due to

their industrial prospects and their use in biotechnology and
organic chemistry, microbial lipases have become the pre-
ferred source of lipid production and processing (Hasan
et al., 2006). Therefore, there is an increasing interest in
bacterial lipases.

Understanding the molecular mechanisms by which plant
pathogens cause diseases is a first step toward effective
disease control (Fu and Dong, 2013). Effector proteins often
interfere with the physiological and biochemical functions of

Figure 6. The overexpression of XopAP in transgenic plants inhibits pathogen‐associated molecular pattern‐triggered immunity (PTI)
and bacterial resistance
(A) Detection of H2O2 levels by 3,3′‐diaminobenzidine (DAB) staining in 4‐week‐old Col‐0 and transgenic lines overexpressing XopAP 1 h after injection with
1 µmol/L flg22. Leaves of six independent plants were tested per line. (B) Time course of reactive oxygen species (ROS) production. The ROS burst was
measured in 4‐week‐old Nipponbare and transgenic rice lines overexpressing XopAP using a luminol‐horseradish peroxidase chemiluminescence assay
(Leslie and Heese, 2014). Leaf discs were first soaked in water for 10 h and then transferred to a solution containing 34mg/L luminol, 20mg/L horseradish
peroxidase, and 100 nmol/L flg22. The luminescence was recorded as relative light units with a GloMax 20/20 single tube luminometer (Promega).
(C) Callose deposition in the leaves of 4‐week‐old Col‐0 and transgenic lines overexpressing XopAP. Leaves were injected with 1 µmol/L flg22 and stained
for callose as described in Methods. (D) Quantification of callose deposits, based on the number of fluorescent foci. Significant differences (*P< 0.05;
**P< 0.01) were determined by one‐way analysis of variance (ANOVA) with Tukey's test. (E) Relative expression levels of FRK1, At2g17740, GSL5, and
FLS2 in 4‐week‐old Col‐0 and transgenic lines overexpressing XopAP, as measured by reverse transcription quantitative polymerase chain reaction. Leaves
were infiltrated with 1 µmol/L flg22 for 3 or 6 h before samples were collected. eEF‐1α was used as an internal reference gene. These experiments were
performed three times with similar results. Significant differences (*P< 0.05; **P < 0.01) were determined by two‐way ANOVA with Tukey's test.
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plants by targeting host proteins and DNA. However, XopAP
appears to bind specifically to a derivative of phosphatidyli-
nositol. Lipids, especially phospholipids, which are important
components of various membrane structures, play an indis-
pensable role in plant signal transduction. As with most ef-
fector proteins, the N terminus of the amino acid sequence is
the secretion and transport signal region, while the C ter-
minus carries the functional domain. The N terminus of
XopAP was essential for binding to PtdIns(3,5)P2, whereas its
lipase‐like domain bound to PtdIns(3)P. Furthermore, a point
mutation in a conserved amino acid did not affect XopAP
binding to PtdIns(3,5)P2. Bioinformatics analysis of XopAP
failed to detect known lipid‐binding domains. Coupled with
the lack of a 3D structure, the key amino acid responsible for
binding lipids remains to be identified.

PtdIns(3,5)P2 is required for the regulation of distinct ion
channels on endosomes and lysosomes, as well as the
acidification of vacuoles (Hasegawa et al., 2017). In mutants
lacking V‐PPase or V‐ATPase activity, vacuolar acidification
is inhibited due to the absence of H+ pumps (Bak et al.,
2013). Furthermore, inward currents regulated by chloride
channel a (CLC‐a), an anion/H+ exchanger, are suppressed
by PtdIns(3,5)P2, leading to vacuolar acidification (Carpaneto
et al., 2017). The above reports suggest that the binding of
XopAP to PtdIns(3,5)P2 may cause stomatal reopening by the
same mechanism whether induced by ABA or SA. The rice
genome harbors 10 genes encoding PtdIns3P 5‐kinases
(PI3P5Ks). Since XopAP binds to PtdIns(3,5)P2, its binding
may affect PtdIns(3,5)P2 levels in plants. Therefore, future

studies should test PtdIns(3,5)P2 contents in rice plants in-
oculated with the BLS256 or XopAP mutant strains. Addi-
tionally, the effect on lipid composition in XopAP transgenic
plants should be determined.

Our study also showed that XopAP inhibits the ROS burst,
which normally promotes stomatal closure in plants. The
receptor‐like cytoplasmic kinase BIK1, a component of the
FLS2 immune receptor complex, not only positively regulates
flg22‐triggered calcium influx but also directly phosphor-
ylates the NADPH oxidase RESPIRATORY BURST OXIDASE
HOMOLOG D (RbohD) at specific sites in a calcium‐
independent manner to enhance ROS production (Kadota
et al., 2014; Li et al., 2014). Whether XopAP also participates
in this signaling pathway is unclear. Notably, XopAP inhibited
the callose deposition caused by flg22, indicating that XopAP
contributes to flg22 perception or signal transduction.

Our results suggest that the Xoc T3E protein XopAP
functions as a repressor of stomatal closure by interfering
with vacuolar acidification. The defense responses mounted
by plants upon Xoc infection are conserved in rice and Ara-
bidopsis, which is counteracted by XopAP via suppression of
stomatal immunity, an early defense event in plants.

MATERIALS AND METHODS

Plant materials and bacterial strains
Oryza sativa ssp. japonica cv. Nipponbare and Arabidopsis
thaliana accession Columbia‐0 (Col‐0) were used as the wild

Figure 7. Proposed model for the function of XopAP
XopAP, a T3E protein from the rice pathogen Xoc, binds to the signaling lipid PtdIns(3,5)P2 that is widely distributed in plant cells. PtdIns(3,5)P2 localizes to
the tonoplast membrane and plays an important role in the regulation of vacuolar pH. During salicylic acid (SA)‐induced stomatal closure, XopAP inhibits
vacuolar acidification by binding to PtdIns(3,5)P2, which prevents protons from being pumped into the vacuole. XopAP thus forces stomata to remain open,
which is conducive to pathogen infection.
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types and to generate transgenic plants. Arabidopsis plants
were grown at 22 °C with 50% relative humidity under a 12‐h‐
light/12‐h‐dark photoperiod. A. tumefaciens and Escherichia
coli strains were cultivated in Luria‐Bertani medium at 28 °C
and 37 °C, respectively. Xanthomonas oryzae pv. oryzicola
was cultured in nutrient agar medium at 28 °C. The following
antibiotics concentrations were used: 25 μg/mL rifampicin,
100 μg/mL ampicillin, and 50 μg/mL kanamycin.

Generation of transgenic plants
For transgenic rice plants, the XopAP coding sequence with
an in‐frame HA tag sequence at its 3′ end was cloned into the
pCAMBIA 1300 vector to place XopAP‐HA expression under
the control of the cauliflower mosaic virus (CaMV) 35S pro-
moter. After confirmation by sequencing, the resulting 35S:
XopAP‐HA construct was transformed into Agrobacterium
strain EHA105. Transgenic rice plants were obtained by in-
fecting rice callus with Agrobacterium cultures by Boyuan
(Wuhan, China). The accumulation of XopAP was confirmed
by immunoblotting.

For transgenic Arabidopsis plants, the coding sequence of
XopAP was amplified with the primers XopAP_F/_R (Table S2)
and cloned into pMDC83‐35S:GFP with an LR clonase II en-
zyme mix kit (Invitrogen). Arabidopsis Col‐0 was transformed
with Agrobacterium strain GV3101 harboring the 35S:
XopAP‐GFP construct using the floral dipping method
(Logemann et al., 2006). Primary transgenic seedlings were
selected on half‐strength Murashige and Skoog medium
containing 10 μg/L hygromycin. The accumulation of XopAP
was confirmed by immunoblotting.

Construction of the XopAP deletion mutant and
complemented strains
To generate the XopAP deletion mutant (ΔXopAP), genomic
fragments upstream and downstream of XopAP were am-
plified with the primers XopAP_LF/_LR and XopAP_RF/_RR
(Table S2) and cloned into the plasmid pKMS1. The resulting
plasmid pKMS1‐XopAP was introduced into Xoc BLS256 via
electroporation. After homologous recombination, positive
colonies were screened as described by Zou et al. (2011).

To generate the XopAP complemented strain (CΔXopAP),
a PCR product encoding XopAP‐FLAG was generated with
the primers XopAP_F/_R (Table S2) and then cloned into the
vector pHM1 at the EcoR I/Sal I restriction sites. After con-
firmation by sequencing, the plasmid pHM1‐XopAP was
transformed into the ΔXopAP mutant via electroporation.
Positive colonies were selected for antibiotic selection and
confirmed by PCR amplification. The primers and plasmids
used are listed in Tables S1 and S2.

Virulence assays
Plants were inoculated by syringe infiltration, leaf vein‐
piercing, and spray inoculation to assess the virulence of
bacterial strains. For inoculation by hand infiltration, bacteria
were resuspended at a cell density of 1 × 106 colony forming
units (CFU)/mL in 10mmol/L MgCl2. The inoculum was

injected into rice or Arabidopsis leaves with needleless sy-
ringes. The bacterial population in plant leaves was moni-
tored 3 and 5 dpi. For leaf vein‐piercing inoculation, 6‐week‐
old rice leaves were inoculated with a cell suspension at 1 ×
109 CFU/mL in cell density of the indicated Xoc strains by
punching two small holes on either side of the vein with a pair
of needles. Lesion lengths were measured at 2 weeks after
inoculation (Cai et al., 2014). For spray inoculation, 4‐week‐
old rice or Arabidopsis plants were sprayed with a bacterial
suspension at a cell density of 5 × 108 CFU/mL resuspended
in 10mmol/L MgCl2 containing 0.05% (v/v) Silwet L‐77. The
number of lesions observed for each Xoc strain was counted
from a 5‐cm segment of infected rice leaves at 5 dpi. The
growth of Pseudomonas syringae in Arabidopsis leaves was
evaluated as reported previously (Chen et al., 2017).

Protein production in E. coli and purification
The coding sequences for full‐length XopAP and truncated
XopAP fragments were cloned into pGEX‐5X‐1. The pro-
duction and purification of the recombinant proteins were
based on previously published methods, with modifications
(Harper and Speicher, 2011). Briefly, E. coli BL21(DE3) cells
harboring each vector were induced to produce the re-
combinant protein by the addition of isopropyl‐thio‐β‐D‐
galactoside (IPTG, final concentration of 0.1mmol/L) when
the culture reached OD600 of 0.4 in LB medium. Cells were
collected by centrifuge at 13 000 rpm for 20min at 4 °C and
resuspended in 30mL binding buffer (1× phosphate buffered
saline (PBS) pH 7.0, 1 mmol/L phenylmethylsulfonyl fluoride,
5 mmol/L dithiothreitol, and 1× protease inhibitor cocktail)
after a 12‐h induction at 24 °C. The supernatant was in-
cubated with glutathione Sepharose 4B resin (GE Healthcare)
for 2h after sonication. The GST‐tagged proteins bound to
the resin were washed with five column volumes of 1× PBS
and then eluted in elution buffer (50mmol/L Tris‐HCl, pH 8.0,
100mmol/L NaCl, and 10mmol/L reduced glutathione).

RT‐qPCR analysis
Four‐week‐old Col‐0 and XopAP transgenic Arabidopsis
plants were treated with 1 µmol/L flg22 for 3 or 6 h. Total RNA
was extracted using RNAiso Plus reagent (Takara, Dalian,
China). First‐strand complementary DNA (cDNA) was syn-
thesized with TransScript® One‐Step gDNA Removal and
cDNA Synthesis SuperMix (TransGen, Beijing, China). Gene
expression levels were determined by qPCR using an Applied
Biosystems 7500 Real‐Time PCR System (ThermoFisher,
USA). The internal control gene eEF‐1α was used for nor-
malization. The relative expression levels of three technical
replicates were evaluated using the ∆∆−2 Ct method.

Lipid‐binding assay
Lipid‐binding assays were conducted as described pre-
viously (Dowler et al., 2002; Han et al., 2020). PIP Strips
(Echelon, USA) were blocked in blocking buffer (1× PBS,
0.1% (v/v) Tween 20, and 3% (w/v) bovine serum albumin) for
1 h. The strips were incubated in fresh blocking buffer for 1 h
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containing 5 nmol/L of recombinant purified XopAP or XopAP
truncated variants. After washing three times for 15min each,
the membranes were incubated for 1 h with anti‐GST anti-
body in fresh blocking buffer. After three washes for 15min
each, the membranes were incubated for 1 h with horse-
radish peroxidase (HRP)‐conjugated mouse secondary anti-
body in fresh blocking buffer. The lipid‐binding protein was
detected by Pierce™ ECL Western Blotting Substrate
(Thermo Scientific).

Stomatal aperture assay
Stomatal observations and quantifications were conducted
as described previously (Bak et al., 2013; Zhang et al., 2021).
Four‐week‐old Arabidopsis leaves or epidermal fragments of
rice were incubated in stomata recovery buffer (30mmol/L
KCl, 10mmol/L MES‐KOH, and 10mmol/L CaCl2, pH 6.05)
for 3 h under bright light to fully open stomata. Arabidopsis
leaves and epidermal fragments were then treated with
20 µmol/L SA or 10 µmol/L flg22. Stomata were observed and
photographed using a confocal laser scanning microscope
(Carl ZEISS LSM 700). At least 100 stomata were randomly
captured for each treatment. Aperture size and the per-
centage of open stomata were measured in ImageJ software.

Water loss assays
Leaves of 4‐week‐old Nipponbare and XopAP transgenic rice
at the same leaf position were selected, and their initial wet
weight was measured. Water loss in dry air was measured
every 10min for the first hour and every 30min thereafter.

Vacuolar lumenal acidification measurements
The acidification of guard cell vacuoles was detected with
two fluorescent dyes, AO (Invitrogen) and LysoSensor
(LysoSensor Green DND‐189, Invitrogen), following a method
described previously (Bak et al., 2013). Plant epidermal
fragments were stained for 2 h with 50 µmol/L AO or for
30min with 4 µmol/L LysoSensor. Epidermal fragments were
then treated with 20 µmol/L SA in the absence or presence of
10 µmol/L PIKfyve inhibitor and observed by confocal laser
scanning microscopy (Carl ZEISS LSM 700). The excitation/
emission wavelengths for AO were 488 nm/615 to 660 nm
(red channel) and 530 to 540 nm (green channel).
The excitation/emission wavelengths of LysoSensor were
458 nm/505 to 530 nm. The fluorescence intensity was
calculated in ImageJ software to evaluate the acidification
level of vacuoles.

Callose deposition assay
Callose deposition assays were conducted as described
previously (Daudi et al., 2012), with minor modifications.
Briefly, 4‐week‐old Arabidopsis plants were infiltrated with
1 µmol/L flg22 and exposed to high humidity for 12 h. Rosette
leaves were placed in 95% (v/v) ethanol to remove
chlorophylls for 20 h. Leaves were then incubated with 0.05%
(w/v) methyl blue in 100mmol/L K2HPO4 (pH 9.0) for 4 h in
darkness. Callose deposition was observed with a
confocal laser scanning microscope (Carl ZEISS LSM 700).

The number of callose deposits was counted with ImageJ
software.

Reactive oxygen species assay
The in situ detection of H2O2 was conducted using an
adaptation of the 3,3′‐diaminobenzidine (DAB) staining
method (Daudi and O'Brien, 2012). Briefly, 4‐week‐old Ara-
bidopsis plants were pretreated with 1 µmol/L flg22 for 1 h.
Leaves were then stained in 0.1% (w/v) DAB solution in
10mmol/L Na2HPO4 and 0.05% (v/v) Tween 20, pH 3.0, for
6 h in darkness and subsequently boiled in bleaching solution
(ethanol : acetic acid : glycerol, 3:1:1 v/v/v) for 20min. The
leaves were then soaked in 95% (v/v) ethanol until chlor-
ophylls were completely removed. Photographs were taken
on a plain white background with uniform lighting.

Salicylic acid and ABA measurements
Salicylic acid and ABA levels were determined using plant
SA/ABA enzyme‐linked immunosorbent assay kits according
to the manufacturer's instructions (Zhen Ke Biological Tech-
nology Co., Ltd, Shanghai). Briefly, 200mg of 4‐week‐old rice
leaves was ground into powder in liquid nitrogen. One milli-
liter of extraction buffer (90% (v/v) methanol and 0.1% (v/v)
formic acid) was added to the powder to extract SA/ABA.
Fifty microliters of diluted sample and 100 µL of HRP‐
conjugated reagent were incubated at 37 °C for 1 h. To each
sample, 50 µL of substrate and 50 µL of stop solution were
sequentially added to each well before measuring the optical
density at 450 nm.
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