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Introduction

Summary

e Perception of pathogen-associated molecular patterns (PAMPs) by surface-localized pat-
tern recognition receptors activates RESPIRATORY BURST OXIDASE HOMOLOG D
(RBOHD) through direct phosphorylation by BOTRYTIS-INDUCED KINASE 1 (BIK1) and
induces the production of reactive oxygen species (ROS). RBOHD activity must be tightly
controlled to avoid the detrimental effects of ROS, but little is known about RBOHD downre-
gulation.

¢ To understand the regulation of RBOHD, we used co-immunoprecipitation of RBOHD with
mass spectrometry analysis and identified PHAGOCYTOSIS OXIDASE/BEM1P (PB1)
DOMAIN-CONTAINING PROTEIN (PB1CP).

e PB1CP negatively regulates RBOHD and the resistance against the fungal pathogen Colle-
totrichum higginsianum. PB1CP competes with BIK1 for binding to RBOHD in vitro. Further-
more, PAMP treatment enhances the PB1CP-RBOHD interaction, thereby leading to the
dissociation of phosphorylated BIK1 from RBOHD in vivo. PB1CP localizes at the cell periph-
ery and PAMP treatment induces relocalization of PB1CP and RBOHD to the same small
endomembrane compartments. Additionally, overexpression of PB7CP in Arabidopsis leads to
a reduction in the abundance of RBOHD protein, suggesting the possible involvement of
PB1CP in RBOHD endocytosis.

¢ We found PB1CP, a novel negative regulator of RBOHD, and revealed its possible regula-
tory mechanisms involving the removal of phosphorylated BIK1 from RBOHD and the promo-
tion of RBOHD endocytosis.

apoplastic oxygen, leading to the production of superoxide
(Oy7), which can then be converted to hydrogen peroxide

The production of reactive oxygen species (ROS) is an immune
response against infection that is well-conserved across biological
kingdoms. ROS not only possess antimicrobial activities but also
function as signaling molecules to trigger additional immune
responses (Lambeth ¢# al., 2000). Excessive ROS production can
have detrimental effects on cellular functions by damaging DNA,
proteins, lipids, and other macromolecules (Moeder &
Yoshioka, 2008). As such, ROS production must be produced in
the right amount and place, and at the right time to minimize
cellular damage.

NADPH oxidases (NOXs) are highly conserved plasma- and
endomembrane enzymes that play a crucial role in ROS produc-
tion in plants, animals, and fungi (Segal, 2016). NADPH
oxidases transfer electrons from cytosolic NADPH or NADH to
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(H,0O,) by superoxide dismutases (Marino ez al., 2012; Kadota
et al., 2015). In animals, the activity of NOX proteins is tightly
controlled by regulatory proteins and cytosolic Ca" levels. The
91-kDa glycoprotein subunit of phagocyte oxidase (GP91P™),
also known as NADPH oxidase 2 (NOX2), is the
best-characterized NOX. NOX2 forms a heterodimer with the
membrane protein p22P"** and together they bind to the cytoso-
lic regulators p47° hox, p67° hox, p40P hox, and the small GTPase
Rac. Interaction with these regulators leads to the activation of
NOX2 (Canton & Grinstein, 2014). Mutations in NOX2 or its
regulatory proteins cause chronic granulomatous disease in
which patients suffer from chronic or recurrent bacterial and
fungal infections due to the absence of an oxygen burst (Bedard
& Krause, 2007), thus showing the crucial role that NOXs play
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in immunity. In contrast to NOX2, NOX5 and DUOX have
additional EF-hand motifs at the N-terminal domain (ND),
suggesting their regulation by Ca*'-binding (Canton &
Grinstein, 2014). In addition, Caz+—dependent kinases, such as
protein kinase Cat and Ca*'/ calmodulin-dependent protein kinase
11, are known to phosphorylate and activate NOX5 and DUOX.

In plants, NOXs belong to the respiratory burst oxidase homo-
log (RBOH) family, which contains 10 members in Arabidopsis
thaliana (Torres & Dangl, 2005; Kadota er 4/, 2015). Among
RBOHs, RESPIRATORY BURST OXIDASE HOMOLOG D
(RBOHD) plays a particularly crucial role in immunity. rbohD
knockout mutants are more susceptible to virulent and avirulent
strains of the bacterial pathogen Pseudomonas syringae (Mers-
mann et al., 2010; Yuan et al., 2021). Additionally, the double
knockout mutant of 760D and its homolog rbohF is susceptible
to the necrotrophic fungus Plectosphaerella cucumerina (Morales
et al., 2016). RBOHD homologs are also required for disease
resistance against Botrytis cinerea in tomato (Li ef al, 2015) and
Phytophthora infestans in Nicotiana benthamiana (Asai et al.,
2008). Furthermore, RBOHD is also essential for maintaining
microbiota homeostasis, as Xanthomonas strains that normally
colonize wild-type plants without causing symptoms become
pathogenic on rbohD mutants (Pleilmeier et al,, 2021). In addi-
tion, RBOHD-produced ROS are thought to have antimicrobial
activities and also play a crucial role in the induction of numerous
defense responses, including callose deposition, stomatal closure,
and systemic acquired resistance (Mersmann ez 4/, 2010; Luna
et al., 2011; Suzuki et al., 2013; Kadota et al., 2015). Further-
more, RBOHD-produced ROS repress the expression of bacter-
ial genes associated with the type II secretion system in
opportunistic Xanthomonas strains (Yuan ez al, 2021; Entila
et al., 2023; Pfeilmeier ez al., 2023).

Recent studies have clarified the RBOHD activation mechan-
isms that are triggered after the perception of pathogen-associated
molecular patterns (PAMPs) by cell surface-localized pattern
recognition receptors (PRRs). Pathogen-associated molecular
pattern-induced ROS production by RBOHD is one of the read-
outs in so-called PRR-triggered immunity (PTI; Kadota
et al., 2014; Li et al., 2014). Leucine-rich repeat receptor kinases
(LRR-RKs) EFR and FLS2, which are the PRRs for the immuno-
genic peptides of bacterial EF-Tu and flagellin (elf18 or flg22),
respectively, induce instantaneous association with the coreceptor
LRR-RLK, BRI1 ASSOCIATED RECEPTOR Kinase 1 (BAK1;
Chinchilla ez al.,, 2007; Roux ez al., 2011). The PRR complex
interacts directly with and phosphorylates receptor-like cytoplas-
mic kinases (RLCKSs) such as BOTRYTIS-INDUCED KINASE
1 (BIK1; Zhang er al, 2010; Liu er al, 2013). The RBOHD
forms a complex with EFR and FLS2, and phosphorylated BIK1
interacts directly with, and phosphorylates specific residues at the
ND of RBOHD, which is required for RBOHD activation
(Kadota ez al., 2014; Li et al., 2014). Cysteine-rich RK 2 (CRK2)
and MAP4 Kinase SIK1 also contribute to the full activation of
RBOD by phosphorylation of specific residues (Zhang
et al., 2018; Kimura ez al., 2020). In addition to the regulation
by BIK1, CRK2, and SIK1, Ca®"-based regulation is also
required for RBOHD activation. The PAMP perception by
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PRRs activates plasma membrane Ca>* channels such as
OSCA1.3 and the cyclic nucleotide-gated channel (CNGC) pro-
teins CNGC2 and CNGC4 (at least under specific Ca*" concen-
trations) through BIK1, which lead to the influx of Ca*" (Tian
et al., 2019; Thor et al., 2020). Ca**, in turn, activates RBOHD
through Ca®" binding to the EF-hand motif in RBOHD-ND as
well as through phosphorylation by Ca*'-dependent protein
kinases (CPKs; Kobayashi er al, 2007; Ogasawara et al., 2008;
Dubiella ez 4l., 2013). Small GTPase RAC also binds to the ND
of the RBOHD homolog in rice and is involved in the activation
(Wong et al., 2007).

The RBOHD is also activated upon recognition of pathogen
effectors by intracellular immune receptors known as nucleotide-
binding leucine-rich repeat (NLR) receptors, leading to NLR-
triggered immunity (NTI). Similar to the RBOHD activation
during PTI, the involvement of CPKs and BIKI has also been
demonstrated in the activation of RBOHD during NTI (Gao
et al., 2013; Yuan et al, 2021), suggesting common activation
mechanism of RBOHD. In contrast to the well-characterized
mechanisms of RBOHD activation, the processes involved in
downregulation of RBOHD are not well understood. Nitric oxide
production may be involved in the downregulation of RBOHD
by s-nitrosylation on the C-terminus residue required for FAD
binding (Yun et al, 2011). However, it is still unknown whether
similar mechanisms also occur during PTI. A recent study showed
that translation initiation factor binding protein CBEI and cer-
tain translation factors negatively regulate the accumulation of
RBOHD, but their roles in halting ROS production are unknown
(George et al., 2023). Endocytosis and vacuolar degradation are
potential mechanisms involved in the downregulation of
RBOHD, as these processes are known to decrease membrane
proteins and their activity in the downstream signaling pathways.
For example, many PRRs are endocytosed after ligand perception
through the clathrin-mediated pathway (Robatzek et al, 2006;
Mbengue et al, 2016). Interestingly, PBS1-LIKE KINASES
(PBL13), an RLCK, phosphorylates the C-terminal domain (CD)
of RBOHD, which triggers the ubiquitination of RBOHD by
PIRE (PBL13-INTERACTING RING DOMAIN E3 LIGASE;
Lin et al., 2015; Lee et al., 2020). Because PIRE-mediated ubiqui-
tination of RBOHD lowers the protein levels, ubiquitination may
serve as a signal for endocytosis and vacuolar degradation. How-
ever, the precise mechanism by which PAMP-induced ROS pro-
duction is terminated remains elusive, particularly regarding
whether endocytosis or vacuolar degradation of RBOHD is
induced as a mean to halt ROS production. It is also noteworthy
that, although RBOHs and animal NOX2 are structurally similar,
apart from RAC, all the known regulators of RBOHD are plant-
specific components. Notably, none of the known regulators of
NOX2 in animals have been found to have a regulatory role in
the context of RBOHs in plants.

In this work, we aimed to investigate the regulatory mechan-
ism of RBOHD during PTI to elucidate how plants effectively
utilize ROS to combat pathogens and activate signaling path-
ways, while minimizing the potential toxic effects. We identified
phagocytosis oxidase/Bemlp (PB1) domain-containing protein
(PB1CP) as a novel component of RBOHD complex. Through
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functional analyses of knockout mutants and overexpression
lines, we demonstrated that PB1CP acts as a negative regulator
of RBOHD activity and is involved in RBOHD-mediated fun-
gal immunity. Furthermore, our biochemical and microscopic
analyses provided insights into the potential regulatory mechan-
isms of RBOHD by PB1CP through the removal of phosphory-
lated BIKI from RBOHD and the promotion of RBOHD
endocytosis. These findings contribute to a better understanding
of the downregulation of RBOHD which possibly contributes
to fine-tuning their ROS production and maintaining a
balanced immune response.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heynh plants were grown on soil under
an 8 or 16 h photoperiod at 23°C, or in a half-strength MS med-
ium containing 1% sucrose under a continuous light photoperiod
at 23°C. Nicotiana benthamiana plants were soil-grown under a
16 h photoperiod at 22°C.

Transgenic lines and T-DNA insertion lines

Arabidopsis  stable transgenic lines of p358:PBICP-3xHA
(epiGreenB5) were generated by the floral drop and floral dip
methods. T-DNA insertion mutant lines, pbIcp-1 (SALK_036544)
and pblcp-2 (SALK_207053) were obtained from the Arabidopsis
Biological Resource Center at the Ohio State University. Previously
published lines were as follows: 76ohD (Torres et al., 2002), rbohD/
pRBOHD:3xFLAG-gRBOHD  and  rbohD/pRBOHD:3xFLAG-
gRBOHD-5343A/5347A (Kadota ez al., 2014).

Protein extraction and co-immunoprecipitation

Protein extraction and immunoprecipitation were performed as
described previously (Kadota ez 4/, 2014, 2016) with minor modi-
fications. For large-scale immunoprecipitation to identify
RBOHD-associated proteins, 10g of fresh-weight Arabidopsis
seedlings were used. The seedlings were ground with sand (Sigma-
Aldrich) in liquid nitrogen, and an extraction buffer consisting of
50 mM Tris—=HCI (pH 7.5), 150 mM NaCl, 10% glycerol, 5 mM
DTT, 2.5 mM NaF, 1 mM Na,MoO4-2H,0, 0.5% (w/v) polyvi-
nylpyrrolidone, 1% (v/v) P9599 Protease Inhibitor Cocktail
(Sigma-Aldrich), 100 uM phenylmethylsulphonyl fluoride, 2% (v/v)
IGEPAL CA-630 (Sigma-Aldrich), 2 mM EDTA, and 1% (v/v)
protein phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich)
was added at a concentration of 2 mlg ™" tissue powder. The sam-
ples were incubated at 4°C for 1 h and clarified through muldple
centrifugations at 16 000 g for 20 min at 4°C. Supernatant protein
concentrations were adjusted to 5 mg ml~" and then incubated for
2 h at 4°C with 200 pl of o-FLAG matrix (Sigma-Aldrich) for co-
immunoprecipitation with 3xFLAG-RBOHD. Subsequently, the
matrix was subjected to three washes with the extraction buffer,
and 3xFLAG peptides were employed to elute 3xFLAG-RBOHD,

thereby eliminating the eludon of any nonspecific interactors to
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the beads. For small-scale co-immunoprecipitations with PB1CP-
HA, we used 2 g of Arabidopsis seedlings of p35S:PB1CP-3xHA
line, while for co-immunoprecipitation with 3xFLAG-RBOHD
transiently expressed in N. benthamiana, we used four leaves har-
vested 3 d after Agroinfiltration. In these experiments, we followed
the same protocol, except 1% (v/v) IGEPAL CA-630 was included
in the extraction buffer, and o-HA magnetic beads and o-FLAG
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany)
were used for capturing the proteins and boiled SDS sample buffer
was used for the elution.

ROS burst assay

Eight or 16 leaf disks (4 mm in diameter) were collected from 4-
to 6-wk-old Arabidopsis plants or 5-wk-old V. benthamiana. The
leaf disks were then floated overnight on sterile water. The next
day, the water was replaced with a solution containing 40 pM
Luminol (FUJIFILM Wako Pure Chemical Corporation, Osaka,
Japan), 20 pgml™' horseradish peroxidase (HRP; Sigma-
Aldrich), and 1uM flg22 or 1 pM elf18 for the detection of
fig22- or elf18-induced ROS production. For the detection of
chitin-induced ROS production, a solution containing 1 uM L-
012 (FUJIFILM Wako Pure Chemical Corporation), 20 g ml™!
HRP, and 10 uM chitin ((GIcNAc);) was used. Luminescence
was measured using a Tristar2 multimode reader (Berthold Tech-
nologies, Baden-Wurttemberg, Germany) or a TECAN Spark
microplate reader (Tecan, Mannedorf, Switzerland).

Confocal microscopy analyses

Four-week-old V. benthamiana leaves were used to observe the
subcellular localization of PB1CP-GFP and CFP-RBOHD. The
fluorescence signals of GFP, CFP, and FM4-64 were recorded
using confocal laser scanning microscopy (Leica TCS SP5; Leica
Microsystems GmbH, Wetzlar Germany) after excitation at
488 nm for GFP and FM4-64 or 433 nm for CFP with an argon
laser. The micrographs were processed using Las X v.3.3.0.16799
and Fu1 software (Schindelin ez al., 2012).

Other methods

Protein identification by LC-MS/MS, vector construction, tran-
sient expression in N. benthamiana, MAPK activation assay,
immunoblotting, C. higginsianum infection assay, bacterial infec-
tion assays, RT-qPCR assay, phylogenetic analyses, in vitro pull-
down assay, and statistical analyses were performed as described
previously (Narusaka ez al., 2010; Kadota ez 4/., 2014, 2016; Hir-
uma & Saijo, 2016; Goto et al., 2020) with minor modifications
detailed in Supporting Information Methods S1.

Results

PB1CP is a novel interactor of RBOHD during PTI

To understand the regulatory mechanism of PAMP-induced ROS
production during PTI, we employed co-immunoprecipitation
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coupled with liquid chromatography—tandem mass spectrometry
(LC-MS/MS) to identify novel regulators of RBOHD in Arabi-
dopsis. We used a stable transgenic Arabidopsis line expressing
3xFLAG-tagged RBOHD under the control of its native promo-
ter in rbohD knockout background (rbohDIpRBOHD:3xFLAG-
gRBOHD; Kadota et al., 2014). Plants were treated with elf18 or
with elf18 and fig22 simultaneously (elf18 +flg22) to activate
RBOHD. 3xFLAG-RBOHD was immunoprecipitated using
o-FLAG antibody and eluted by competition with 3xFLAG
peptide, and RBOHD-associated proteins were identified by
LC-MS/MS (Fig. S1a; Table S1). In three independent experi-
ments, we identified 450 candidate RBOHD-associated proteins.
Among those candidates, there were proteins known to associate
with RBOHD, such as CRK2 (Kimura ez 2/, 2020) and extra-
large guanine nucleotide-binding protein 3 (XLG3; Liang
et al., 2016). There were also known PRR interactors such as
BAK1 (Chinchilla ez 4/, 2007), CERK1 (Miya ez al., 2007), FER
(Stegmann et al, 2017), 10S1 (Yeh et al, 2016), the cyclic
nucleotide-gated ion channels CNGC2 and CNGC4 (Tian
et al., 2019), as well as the plasma membrane Ca*"-ATPases
ACA8 and ACA10 (Frei Dit Frey ez al., 2012; Table S1). These
proteins were not unexpected as we had previously shown that
RBOHD associates with EFR and FLS2 even before PAMP
recognition (Kadota ez al., 2014). Consistent with the observa-
tion that BAKI interacts with EFR and FLS2 in a ligand-
dependent manner (Chinchilla ez 4/, 2007; Roux ez al., 2011;
Sun ez al., 2013), a higher amount of BAK1 was co-eluted with
RBOHD after PAMP treatment (Fig. S1b; Table S1). These
results show that the methods employed are effective for isolating
active PRR-RBOHD complex(es) containing BAK1. However,
it is important to consider the presence of possible false-positive
candidates that may reside in close proximity to RBOHD at the
plasma membrane but do not directly interact with it. This is
particularly relevant due to the unique structure of RBOHD,
which possesses six membrane-spanning domains. Undigested
membranes that are associated with RBOHD might co-elute
together, even in the presence of a detergent such as 2% IGEPAL
CA-630, leading to the contamination of membrane proteins
within the undigested membranes. This could potentially
account for the larger number of candidate RBOHD-associated
proteins than initially expected.

To narrow down the candidates, we selected 30 candidate pro-
teins based on the strength of their interaction with RBOHD and
their potential functional involvement in the activation of
RBOHD by PAMPs. The candidate genes were expressed under
the control of the cauliflower mosaic virus (CaMV) 35S promoter
(p35S) in N. benthamiana and ROS production was measured
after induction with flg22 (Fig. S2; Table S2a). The effect of each
candidate protein on flg22-induced ROS production was evaluated
by comparing the regions where candidate proteins or GUS pro-
teins (as negative control) were expressed in the same leaves under
the control of the CaMV 35S promoter. As a positive control, we
expressed BIK1 and checked the effect on flg22-induced ROS pro-
duction. As expected, BIK1 expression resulted in a significant
increase in flg22-induced ROS production (Fig. S2). Among 30
candidates, six genes significantly suppressed flg22-induced ROS
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production, and none increased it (Table S2a). The six candidate
negative regulators are KARYOPHERIN ENABLING THE
TRANSPORT OF THE CYTOPLASMIC HYL1 (AT5G19820),
2-oxoglutarate dehydrogenase E1 component (AT3G55410),
lipase/lipoxygenase plat domain protein 2 (AT2G22170), an LRR-
RK (AT3G02880), N-TERMINAL-TRANSMEMBRANE C2
DOMAIN PROTEINS TYPE 4/Ca*-DEPENDENT LIPID-
BINDING PROTEIN 1/SYNAPTOTAGMIN 7 (AT3G61050),
and PBICP (AT2G01190). PBICP is the focus of the present
study because a PB1 domain is conserved in p40P™* and pG7P">,
which are important regulators of NOX2 in animals, while other
candidates will be described elsewhere. The PB1 domain functions
as a protein-binding module through PBI-mediated heterodimeri-
zation or homo-oligomerization. For example, the p40P™* and
p67°" proteins interact with each other through their PBI
domains, which facilitate the assembly of NOX2 and the cytosolic
regulators p22P"°%, p40P™*, and Rac at the membrane (Groemping
& Rittinger, 2005; Sumimoto, 2008). Such assembly results in
NOX2-mediated production of O, (Canton & Grinstein, 2014).
Co-immunoprecipitation with 3xFLAG-RBOHD indicated a total
of three unique peptides corresponding to PBICP from untreated,
elf18, and elf18+ flg22-treated samples (Fig. S1; Table 1). The
expression of PB1CP under the control of the CaMV 35S or native
promoters significantly reduced flg22-induced ROS production in
N. benthamiana (Figs 1, S3). These results suggest that PB1CP
negatively regulates flg22-induced ROS production. This contrasts
with p40P*** and p67°***, which positively regulate NOX2.

PB1CP negatively regulates PAMPs-induced ROS
production in Arabidopsis

PB1 domains range from 80 to 100 amino acids in length and
exhibit a ubiquitin-like B-grasp fold with five B-sheets and two a-
helices (Miiller e al, 2006). Arabidopsis encodes >80 PB1
domain-containing proteins, which can be classified into eight
families based on domain architecture (Mutte & Weijers, 2020).
PB1CP belongs to the plant-specific ‘kinase-derived family’,
which is characterized by a single PB1 domain in the ND with a
large flanking sequence devoid of known domains. The PB1
domains of ‘kinase-derived family’ members share similarities
with those of the ‘kinase domain family’ (Fig. S4). It is likely that
kinase-derived family might have evolved from the kinase
domain family in the ancestors of angiosperms (Mutte & Wei-
jets, 2020).

To clarify the role of PBICP during PTI, we characterized
two independent pblcp mutants, pblcp-1 (SALK_036544) and
pblcp-2 (SALK_207053). The pblcp-2 allele has a T-DNA
insertion at the second exon, resulting in a potentially null
mutant (Fig. S5a). By contrast, the pblcp-I allele is unlikely
null as it has T-DNA insertion within the 5" UTR that results
in a significant reduction in PBICP transcript levels (Fig. S5b).
These pblcp mutants did not show any obvious phenotypic
abnormalities (Fig. S5¢). Upon treatment with flg22 or elf18,
Col-0 plants induced biphasic production of ROS, while chitin
treatment resulted in transient ROS production. By contrast,
pblcp-2  mutant ROS

significantly ~ enhanced  biphasic
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Table 1 Peptide counts of PB1CP in 3xFLAG-RBOHD Co-IP analysis.

PB1CP peptides identification by co-immunoprecipitation of 3xFLAG-RBOHD and LC-MS/MS Analysis

Treatment Peptide sequence Probability (%) Best mascot score Number of spectra
Mock (K)SDDWFLNALNSAGLLNR(G) 100 51.56 3
elf18 (K)SDDWFLNALNSAGLLNR(G) 100 40.03 2
elf18 +flg22 (K)SDDWFLNALNSAGLLNR(G) 100 32.69 1
(R)LLGLDDALALR(S) 29 35.49 2
(R)VHVEEPGGVR(T) 96 20.71 1
) - (©) Q,c,é’
— p35S:GFP \O
1200 | &L ?‘9‘3
e pPB1CP: 6‘5"@ AO
n_v:: 1000 r PB1CP-GFP (kDa) Qg%
% 800 | 150
8 600 ¢ PB1CP-GFP
E 400 r 100
Fig. 1 Heterologous expression of PB1CP- & 500
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The experiments were repeated three times
with similar results.

production upon flg22 or elf18 treatment and enhanced the
transient ROS production following chitin treatment compared
with Col-0 (Fig. 2a—c). Although the pbIcp-I mutant showed a
relatively milder phenotype, it still exhibited a significant
enhancement in flg22-inducible biphasic ROS production, as
well as the first peak of elf18-induced ROS production and
chitin-induced ROS production. In contrast to the enhanced
ROS production, the pbIcp mutants did not show any differ-
ence in flg22-induced MAPK activation (Fig. 2d), which is a
ROS-independent  signaling during PTI (Shinya
et al., 2014). These results suggest that PB1CP is specifically
involved in ROS production.

To further investigate the role of PB1CP during PTI, we
generated two independent Arabidopsis transgenic lines overex-
pressing PB1CP-3xHA under the control of the CaMV 35S pro-
moter (p358:PB1CP-3xHA; Fig. S6). These lines express three to
four times higher PB1CP compared with Col-0 (Fig. S6b). Simi-
lar to the pblcp mutants, neither p35S:PB1CP-3xHA line differed
phenotypically from the wild-type (Fig. S6¢). In contrast to the
pblcp mutants, p355:PB1CP-3xHA lines induced significantly

event
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p356S:GFP  pPB1CP:PB1CP-GFP

less ROS production upon treatment with flg22, elf18, or chitin,
compared with Col-0 (Fig. 3a—c), while flg22-induced MAPK
activation was unchanged in the transgenic lines (Fig. 3d). Based
on these results, we concluded that PB1CP plays a specific nega-
tive regulatory role in RBOHD-mediated ROS production in
Arabidopsis.

We observed a transcriptional upregulation of PB1CP during
PTI, specifically in response to treatment with elf18 and chitin,
but not flg22. The treatment with elf18 or chitin led to a slight
increase in the accumulation of PBICP transcript levels
(Fig. S7). We also checked the role of PBICP on the expression
of RBOHD by using pblcp-2 and p355:PBI1CP-3xHA lines, but
there is no effect of PBICP on RBOHD expression (Fig. S8).

PB1CP negatively regulates the resistance against
C. higginsianum

To test whether there is a link between PB1CP-mediated regula-
tion of ROS production and disease resistance, we measured
resistance against the weakly virulent bacterial strain Pseudomonas
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syringae pv tomato (Pro) DC3000 COR™ that lacks the toxin coro-
natine (COR) to trigger stomatal reopening during infection
(Melotto ez al., 2008), and the nonadapted bacterium Pseudomo-
nas syringae pv cilantro (Pci) 0788-9, which grows very poorly on
Col-0 plants (Lewis ez al., 2008). Six-week-old Arabidopsis plants
were spray-inoculated with Pro DC3000 COR™ and Pci 0788-9.
There was no difference in bacterial growth of Pro DC3000
COR™ and Pci 0788-9 in the pblcp mutants or p35S:PBICP-
3xHA lines, compared with Col-0 (Fig. S9). This indicates that
the altered levels of ROS by PB1CP may not have a substantial
impact on PAMP-induced closure  (Melotto
et al., 2008). However, we found RBOHD plays an important
role in the resistance against the fungal pathogen C. higginsianum

stomatal

and PBICP negatively regulates the resistance. Four-week-old
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Arabidopsis leaves were drop-inoculated with C. higginsianum
and lesion diameters were measured. Lesion diameters were
found to be increased in rbohD mutants. S343 in ND of
RBOHD is a critical phosphorylation site targeted by BIK1 and
8347 is targeted by BIK1 and CPKs for the activation of
RBOHD during PTI and NTI (Dubiella ez 4/, 2013; Kadota
et al., 2014, 2019; Li et al., 2014). The lesion diameters were also
increased in the transgenic plants carrying mutations in RBOHD
at the phosphorylation sites (rbohD/pRBOHD:3xFLAG-
gRBOHD S343A/S347A), showing crucial roles of RBOHD and
its phosphorylation sites in the resistance against C. higginsianum
(Fig. 4a). Importantly, lesion diameters were smaller in the pblcp
mutants (Fig. 4b) and larger in p355:PB1CP-3xHA lines than
Col-0 (Fig. 4c). We also assessed the biomass of C. higginsianum
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by quantification of actin (CAACT) mRNA using RT-qPCR
(Narusaka er al.,, 20105 Fig. 4d). Although we did not observe a
statistically significant decrease in C. higginsianum growth in the
pblcp-2 mutant compared with Col-0, we did observe enhanced
growth of C. higginsianum in the p35S:PBICP-3xHA line and
rbohD mutant, compared with Col-0. These results suggest that
PBICP negatively regulates resistance against C. higginsianum.
Considering that C. higginsianum relies on penetrating the plant
cell wall and invaginating into the cell by manipulating the host
plasma membrane during infection (O’Connell ez al., 2012), it is
reasonable to speculate that the fungus may be more susceptible
to ROS than bacterial pathogens due to its close interaction with
the plasma membrane during these processes. The proximity to
the plasma membrane increases the likelihood of ROS exposure,
which can have detrimental effects on the fungus’s viability and
survival.
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Flg22-induced interaction of PB1CP with RBOHD results in
the release of phosphorylated BIK1

To confirm PB1CP-RBOHD interaction, we performed immu-
noprecipitation of PB1CP-3xHA with o-HA antibody from the
PBICP-3xHA (p35S:PB1CP-3xHA) Arabidopsis line to see the
interaction of PB1CP-3xHA with endogenous RBOHD by a-
RBOHD antibody. PB1CP associated weakly with endogenous
RBOHD (Fig. 5a). However, the treatment with elf18 or flg22
for 10 min increased PB1CP-RBOHD association. There was a
similar but weaker effect of elf18, perhaps due to the absence of
EFR protein in Arabidopsis roots (Wu ez al., 2016).

An in vitro binding assay using recombinant proteins was used
to test whether PBICP and RBOHD bind directly (Fig. 5b).
Although we were unable to obtain full-length PB1CP recombi-
nant protein, we were able to express domains of PBICP (ND,

New Phytologist (2024) 241: 1763-1779
www.newphytologist.com

o)
‘v ‘8691713

85U8017 SUOLULLIOD BA 1810 3(eoldde ayy Aq peusenob ae sajoiie O ‘8sn Jo Sejni Joj Aflq1T8UlUO A8]IAA UO (SLORIPUOD-PUR-SLUB)ALI0O" AB 1WA Le.q 1 fBu JUO//:SANY) SUORIPUOD pUe SWie | 8L 88S " [7202/0T/y2] uo AreiqiTauluo Ae|im eiibuy 1se3 JO AiseAln Aq Z0g6T Ydu/TTTT OT/I0p/woo A8 1m Aelq i uluo yduy/sdny wouy pepeojumod ‘v


https://nph.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Fnph.19302&mode=

New
m Phytologist
(a) (b)
35 30
E 30 E I
£ £ 25
% 25 | E 20|
20t g
s § 15}
5 15| S
S S 10}
g 101 2
- 5 - 5
0 n=40 0 n=42
Q Q A A
\¢ \\ « P’ N . .
SR A SO
o Q Q
&
rbohD/pRBOHD:3xFLAG-RBOHD
(c) (d)
50 _ 12
—~ 45| ° N *
15 ° 10 |
£ 40 b 5
5 B[ Ta =08
® 30} 5
£ = i
S 25T a 0.6
T 2 - 3
S 15} > 04
3 o
S 10} 2
[ £02
5 n=49 Ko}
0 N X 0,0
SN
o5 X
Q’ 3
Y o4
© A
< <
o ¥
% 5
Q Q‘B

Fig. 4 Resistance against Colletotrichum higginsianum is dependent on RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD) and its phosphorylation
sites, while PB1CP negatively regulates the resistance. The diameters of necrotic lesions resulting from C. higginsianum infection were measured in
different genotypes: rbohD mutants, rbohD/pRBOHD:3xFLAG-RBOHD (WT) line, the phosphorylation site mutants (S343A/5347A) (a), pb1cp mutants
(b), and p35S5:PB1CP-3xHA#1 and #2 lines (c). Four-week-old Arabidopsis plants grown in soil were drop-inoculated with C. higginsianum to induce lesion
formation. In each box plot, the central horizontal line indicates the median value, the black cross indicates the mean value, the lower box limit shows the
value of the first quartile, the upper box limit depicts the third quartile, the whiskers indicate values within the 1.5-fold interquartile range, and each open
circle represents one sample data point. The numbers of necrotic lesions measured were indicated in the graphs. Different characters indicate significant dif-
ferences based on one-way ANOVA and Tukey's post hoc test (P <0.05). We conducted the statistical analyses twice: once including all data points and
once excluding outliers (sample data points outside the range of the whiskers in the box plots). In both scenarios, the results remained consistent. The
experiments were repeated three times with similar results. The quantification of C. higginsianum in different genotypes: rbohd, pb1cp-2, and p35S:
PB1CP-3xHA#2 line (d). Four-week-old plants were spray-inoculated with C. higginsianum, and at 4 d post-inoculation (dpi), the inoculated leaves were
harvested for total RNA isolation. RT-qPCR was performed to quantify ChACT over AtCBP20 transcript levels. Values are mean = SE of four biological repli-

cates. Asterisks indicate significant differences compared with the values indicated by the lines (Student's t-test; *, P<0.05; **, P<0.01).

PB1 domain (PB1D), and CD) in E. coli. In vitro pull-down
assays showed that Maltose-Binding Protein (MBP)-tagged
PB1CP-CD (MBP- PB1CP-CD), but not MBP-PB1CP-ND
nor MBP-PBID, bind directly with glutathione S-transferase
(GST)-tagged RBOHD-ND (GST-RBOHD-ND). Further-
more, MBP-PBICP-CD competed with MBP-BIK1 for GST-
RBOHD-ND binding (Fig. 5¢), suggesting that PBICP-CD and
BIK1 share an overlapping binding region of RBOHD-ND. To
validate the iz vivo competition, we expressed FLAG-RBOHD
and BIK1-HA with or without PBICP-GFP in N. benthamiana
and monitored the RBOHD-BIKI interaction by co-
immunoprecipitation assay (Fig. 5d). We observed that RBOHD
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formed a constitutive association with nonphosphorylated BIK1.
The treatment with flg22 induced a mobility shift in BIKI,
which is attributed to its phosphorylation and activation by
BAKI1 (Lu et al, 2010; Zhang et al, 2010). Furthermore, we
found that phosphorylated BIK1 (upper band) co-
immunoprecipitated with FLAG-RBOHD, confirming the for-
mation of a complex between RBOHD and phosphorylated
BIK1 as shown previously (Kadota ez al., 2014). While PB1CP
exhibited a weak association with RBOHD, the interaction was
enhanced by flg22 treatment. Importantly, the flg22-induced
interaction between PB1CP and RBOHD resulted in a reduction
in the interaction between RBOHD and phosphorylated BIKI,
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Fig. 5 Pathogen-associated molecular pattern (PAMP) treatment enhances the direct interaction between PB1CP and RESPIRATORY BURST OXIDASE
HOMOLOG D (RBOHD), thereby reducing the interaction between RBOHD and phosphorylated BOTRYTIS-INDUCED KINASE (BIK1). (a) The treatment
with elf18 or flg22 enhances PB1CP-RBOHD binding in Arabidopsis. Stable transgenic Arabidopsis seedlings of p35S:PB1CP-3xHA or Col-0 were treated
with or without 1 pM flg22 or 1 pM elf18 for 10 min. Untreated plants (—) served as controls. Total proteins (input) were immunoprecipitated with a-HA
magnetic beads followed by immunoblots with a-HA and o-RBOHD antibodies. Wild-type Col-0 served as a negative control to demonstrate the absence
of any nonspecific interaction of RBOHD to the beads. (b) PB1CP-C-terminal domain (PB1CP-CD) directly interacts with RBOHD-N-terminal domain
(RBOHD-ND) in vitro. MBP-PB1CP-ND, MBP-PB1D (PB1 domain), or MBP-PB1CP-CD were incubated with GST-RBOHD-ND or GST and pulled down
with MBP. Input and pull-down proteins were separated by SDS-PAGE and stained with CBB. (c) PB1CP competes with BIK1 for binding to RBOHD. MBP-
BIK1 was incubated with GST-RBOHD-ND with increasing amounts of MBP-PB1CP-CD, and pulled down with GST. All experiments were performed more
than three times with similar results. (d) FIg22-induced PB1CP interaction with RBOHD led to a reduction in the interaction between RBOHD and phos-
phorylated BIK1 in Nicotiana benthamiana. FLAG-RBOHD and BIK1-HA were transiently expressed with or without PB1CP-GFP in N. benthamiana leaves
and were treated with or without 1 pM flg22 for 10 min. Total proteins (input) were immunoprecipitated with o-FLAG magnetic beads followed by immu-
noblots with a-FLAG, a-HA, and o-GFP antibodies. The samples without expression of FLAG-RBOHD served as a negative control to demonstrate the
absence of any nonspecific interaction of BIK1-HA and PB1CP-GFP to the beads. «-RBOHD antibody was used to detect FLAG-RBOHD only in the input
because very strong nonspecific bands of the same size as FLAG-RBOHD were observed even in the absence of its expression. Nonspecific bands are
denoted with an asterisk. All the experiments were repeated three times with similar results.

highlighting the competitive relationship between PB1CP and
BIK1 in the activation of RBOHD.

PAMP treatment induces PB1CP accumulation in
endomembrane compartments

To understand further how PBICP regulates RBOHD, we
monitored its subcellular localization by transiently expressing

© 2023 The Authors
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PBICP-GFP in leaves of N. benthamiana by Agroinfiltration
under the control of its native promoter (pPBICP:
gPBICP-GFP). Confocal microscopy analyses showed that the
PB1CP-GFP signal predominantly localized at the cell periph-
ery, exhibiting co-localization with the plasma membrane as
visualized by FM4-64 staining (Fig. 6a). We also observed that
small PBICP-GFP signal foci moved around the cell periphery
and within the cytoplasm (Video S1). Interestingly, the
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treatment with flg22 or chitin for 3-6 h reduced PB1CP-GFP
signals in the cell periphery, accompanied by the emergence of
numerous PB1CP-GFP signal foci in the cell periphery and
within the cytoplasm (Fig. 6b; Video S2). Notably, the
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PB1CP-GFP foci that appeared following flg22 treatment
exhibited clear co-localization with FM4-64 dye, an endocytic

tracer, indicating their localization within small endomembrane

compartments (Fig. 6¢). These results suggest that PB1CP
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Fig. 6 PB1CP localizes at the cell periphery and pathogen-associated molecular pattern (PAMP) treatment induces the relocalization of PB1CP to small
endomembrane compartments. (a) Subcellular localization of PB1CP-GFP expressed under its native promoter in Nicotiana benthamiana, and co-
localization of PB1CP-GFP and FM4-64 signals at the plasma membrane. Fluorescence intensities of PB1CP-GFP were quantified at 500-540 nm and FM4-
64 at 558-734 nm. Transections used for fluorescence intensity measurements are indicated by the white dashed lines (P1 and P2). The histograms show
PB1CP-GFP and FM4-64 fluorescent intensities depicted by green and magenta lines, respectively. Bars, 30 um. (b) The treatment with flg22 or chitin
induced the formation of PB1CP signal foci. PB1CP-GFP was expressed in N. benthamiana under the control of its native promoter. Leaf disks were treated
with DW, 10 uM flg22, or 100 pM chitin ((GIcNAc)7) for 3 h. Bars, 100 um. (c) Co-localization of PB1CP-GFP and FM4-64 signals in small endomembrane
compartments after treatment with 10 pM flg22 for 3 hin N. benthamiana. Transections used for fluorescence intensity measurements are indicated by the
white dashed line (P1). Bars, 30 um. All the experiments were repeated three times with similar results.

moves from the plasma membrane to small endomembrane
compartments in response to PAMPs.

Flg22 treatment induces the translocation of RBOHD with
PB1CP to small endomembrane compartments

The observed translocation of PB1CP from the plasma mem-
brane to small endomembrane compartments upon flg22 treat-
ment suggests a potential role for PBICP in facilitating the
translocation of RBOHD to these specific compartments. To
investigate the potential role of PBICP in the translocation
of RBOHD, we expressed CFP-RBOHD under the control of
CaMV 35S promoter in N. benthamiana. The functionality of
CFP-RBOHD was confirmed by observing its enhanced flg22-
induced ROS production (Fig. S10a,b). Confocal microscopy
analyses showed that CFP-RBOHD was localized at the plasma
membrane, which was further confirmed by plasmolysis
(Fig. S10c,d). To get a more precise observation of CFP-
RBOHD protein dynamics, we used cycloheximide (CHX) to
inhibit de novo synthesis of RBOHD because the supply of newly
synthesized RBOHD to the plasma membrane could interfere
with the accurate assessment of RBOHD dynamics. CHX treat-
ment allowed us to focus on the pre-existing pool of RBOHD
and gain better insights into its localization and behavior, espe-
cially after PAMP treatment. We co-expressed CFP-RBOHD
and PB1CP-GFP in N. benthamiana and treated them with or
without flg22 in the presence of CHX. CHX treatment resulted
in a reduction in the overall intensity of CFP-RBOHD. How-
ever, the majority of CFP-RBOHD still exhibited clear localiza-
tion at the plasma membrane (Fig. 7a). Interestingly, we
occasionally observed small foci of CFP-RBOHD signal around
the cell periphery and within the cytoplasm. Importantly, some
of these CFP-RBOHD foci exhibited co-localization with FM4-
64 and/or PB1CP-GFP (Fig. 7a). These results show the presence
of CFP-RBOHD in endomembrane compartments with PB1-
GFP. The co-localization of CFP-RBOHD foci with FM4-64
and PB1CP-GFP further supports the notion that PB1CP may
play a role in the translocation of RBOHD from the plasma
membrane to small endomembrane compartments.

Previous studies have demonstrated that flg22 treatment for a
short duration (30-90 minutes) inhibits the endocytosis of
RBOHD (Menzel et al., 2019; Lee et al., 2022). Consistent with
these findings, we did not observe immediate changes in the loca-
lization of CFP-RBOHD following flg22 treatment for several
hours. However, when we extended the treatment to 5h, we

© 2023 The Authors
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found the number of small CFP-RBOHD signal foci signifi-
cantly increased after flg22 (Fig. 7a). We quantified the number
of small foci positive for FM4-64, as well as the number of
FM4-64-stained small foci that co-localized with PB1CP-GFP,
CFP-RBOHD, or both PBICP-GFP and CFP-RBOHD
(Fig. S11). After 5h of flg22 treatment, there was a significant
increase in the number of FM4-64-stained small foci that
co-localized with PB1CP-GFP, CFP-RBOHD, or both
PB1CP-GFP and CFP-RBOHD, while the total number of
FM4-64-stained small foci remained unchanged (Fig. S11). The
proportion of FM4-64-stained small foci containing both
PB1CP-GFP and CFP-RBOHD increased from 1.5% to 30.5%
of the total FM4-64-stained small foci. Additionally, the propor-
tion of FM4-64-stained small foci containing only PB1CP-GFP
increased from 6.5% to 20.8%, while the proportion of foci con-
taining only CFP-RBOHD increased from 0.7% to 6.9%. These
results show that the translocation of RBOHD is induced after
long-time exposure to flg22 and that the majority of RBOHD-
associated endomembrane compartments contain PB1CP. This
suggests a potential involvement of PBICP in endocytosis and
degradation of RBOHD in the vacuole. To test this possibility,
the seedlings of pbIcp-2 mutant and p358:PBICP-3xHA line
were treated with or without flg22 for 5 h and RBOHD protein
levels were checked by immunoblotting (Fig. 8). In Col-0 seed-
lings, flg22 treatment led to the accumulation of RBOHD pro-
tein. However, in the p355:PB1CP-3xHA line, both the basal
abundance of RBOHD and the flg22-induced RBOHD accumu-
lation were suppressed. These results suggest that PB1CP may be
involved in the endocytosis and degradation of RBOHD.
Unexpectedly, in the pblcp-2 mutant, the protein level of
RBOHD remained unchanged (Fig. S4).

Discussion

Plants must tightly regulate the activity of RBOHs to minimize
the potentially harmful effects of ROS, but the precise regulatory
mechanisms of RBOH activity remain unknown. In our study,
we identified PB1CP as a previously unknown binding protein to
RBOHD and demonstrated its negative regulation of RBOHD
upon PAMP perception through phenotypic characterization of
pblcp mutants and p355:PB1CP-3xHA lines (Figs 2a—c, 3a—c).
Our biochemical and microscopic analyses revealed potential reg-
ulatory mechanisms of RBOHD by PBICP, including the
removal of phosphorylated BIK1 from RBOHD and the promo-
tion of RBOHD endocytosis.
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PAMP treatment (Fig. 5a,b). The flg22-induced interaction of
PB1CP to RBOHD leads to the release of phosphorylated BIK1
from RBOHD (Fig. 5d). These findings suggest a sequential reg-
While CD of PB1CP weakly and stably associates with ND of  ulation of RBOHD, where BIK1-mediated activation is followed

PB1CP may negatively regulate RBOHD activity by
disrupting BIK1 interaction

RBOHD, the interaction becomes more pronounced upon by PB1CP-mediated downregulation. There are several possible
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Fig.7 Flg22 treatment induces the relocalization of RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD) from the plasma membrane to small
endomembrane compartments with PB1CP. (a) Localization of PB1CP-GFP (pPB71CP:gPB1CP-GFP), CFP-RBOHD (p35S:CFP-RBOHD) and FM-4-64 in
Nicotiana benthamiana after treatment with or without 10 uM fIg22 for 5 h in the presence of 300 uM CHX. The fluorescence of PB1CP-GFP was mea-
sured at 510-550 nm, CFP-RBOHD at 440-477 nm, and FM4-64 at 580-630 nm to reduce potential fluorescence bleed-through. Co-localization of
PB1CP-GFP or CFP-RBOHD with FM4-64 was indicated by magenta arrows, while co-localization of both PB1CP-GFP and CFP-RBOHD with FM4-64 was
indicated by white arrows. Transections used for fluorescence intensity measurements are indicated by broken white lines (P1 and P2). The histograms
show fluorescent intensities of PB1CP-GFP depicted by green lines, CFP-RBOHHD by blue lines and FM4-64 by magenta lines. Bars, 20 um. (b) The per-
centage of FM4-64-stained small foci containing PB1CP-GFP, CFP-RBOHD, or both PB1CP-GFP and CFP-RBOHD in the total number of FM4-64-stained
small foci. Numbers of the foci were counted in the 30 images (9685 um? x 30) of the leaves treated with or without flg22. Asterisks indicate significant dif-
ferences in the number of foci in the leaves treated with or without flg22 (n =30, see Supporting Information Fig. S11; Student's ¢-test, **, P <0.01; ****,

P <0.001). (c) Immunoblots of RBOHD protein in pb7cp-2 mutant and p355:PB1CP-3xHA#2 line. Ten-day-old Arabidopsis seedlings were treated with or
without 10 pM flg22 for 5 h, and RBOHD protein was detected with a-RBOHD antibody. The equal loading of protein samples was shown by CBB staining.

The experiments were repeated three times with similar results.

mechanisms underlying this regulation. One possibility is that
PB1CP binds with greater affinity to a phosphorylated surface of
RBOHD facilitated by BIK1 or CPKs, compared with the non-
phosphorylated form. Alternatively, upon phosphorylation by
BIK1, CPKs, CRK2, or SIK1, or upon interaction with Ca*",
RBOHD may undergo conformational changes, potentially
exposing the buried PB1CP binding site. Another potential
mechanism is that PB1CP might specifically bind to the homodi-
meric form of RBOHD, which is induced by PAMP treatment
(Oda ez al., 2010). In either case, PBI1CP likely competes with
phosphorylated BIK1 for binding to RBOHD upon its activation
by PAMPs, thereby contributing to the termination of the first
phase of flg22-inducible ROS production (Fig. S12).

PB1CP might induce the endocytosis of RBOHD

Previous studies have demonstrated the cooperative regulation of
RBOHD dynamics by clathrin- and microdomain-dependent
endocytic pathways (Hao ez al., 2014). In our study, we have also
identified clathrin-related components such as HAPI3 and
AP4M, as well as flg22-inducible components of detergent-
resistant membranes including remorin and SPFH proteins,
through co-immunoprecipitation with RBOHD (Table S1).
These findings support the hypothesis that PB1CP-mediated
relocalization of RBOHD involves endocytosis, and the observed
small signal foci of CFP-RBOHD and PB1CP-GFP may repre-
sent endosomes. However, we cannot exclude the possibility that
PB1CP-mediated relocalization of RBOHD also involves autop-
hagy, as it has been shown to lead to the degradation of ubiquiti-
nated plasma membrane proteins in vacuoles (Rodriguez-Furlan
etal.,2019).

Interestingly, even without PAMP treatment, we observed a
limited number of endomembrane compartments containing
both PB1CP-GFP and CFP-RBOHD. However, flg22 treatment
significantly increased the number of PB1CP-associated endo-
membrane compartments.
RBOHD-associated endomembrane compartments contain
PB1CP, suggesting PB1CP’s potential involvement in the reloca-
lization of RBOHD from the plasma membrane to endomem-
brane compartments. Note that PAL OF QUIRKY (POQ)
which shares similarities with PB1CP (Fig. S4), binds to
STRUBBELIG (SUB), a cell surface LRR-RK known to undergo

in vivo ubiquitination and clathrin-mediated endocytosis (Trehin

Importantly, the majority of
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et al, 2013; Gao et al, 2019). While it remains uncertain
whether POQ is involved in the endocytosis of SUB, a compara-
tive analysis of the functions of PB1CP and POQ during endocy-
tosis would be valuable in future studies.

Despite the clear evidence of RBOHD relocalization with
PBICP in the N. benthamiana system, we faced challenges in
obtaining Arabidopsis transgenic lines expressing sufficient levels
of fluorescence-tagged RBOHD under the native promoter for
the microscopic analysis in our experimental setup, as reported
by other research groups (Lee ¢t al., 2022). Even when using the
N. benthamiana system, the expression of fluorescence-tagged
RBOHD under its native promoter did not yield a robust signal
for clear visualization of RBOHD relocalization into the small
endomembrane compartments. Moreover, we observed instabil-
ity in RBOHD protein levels in overexpressors driven by the 35S
promoter in subsequent generations. These circumstances made
it difficule to directly analyze the subcellular localization of
RBOHD in pblcp mutants or p355:PBICP-3xHA lines using
microscopy-based approaches. However, we observed that over-
expression of PBICP leads to a reduction in the basal abundance
of RBOHD and suppresses its flg22-induced accumulation in
Arabidopsis, supporting the possible role of PB1CP in RBOHD
relocalization and degradation. Notably, even in the absence
of PAMP treatment, we observed a limited number of endomem-
brane compartments containing both PB1CP and RBOHD,
implying that certain RBOHD molecules undergo endocytosis
and subsequent degradation in the vacuole under basal condi-
tions. The overexpression of PB1CP may enhance this process,
leading to a reduction in RBOHD levels even before PAMP sti-
mulation. Moreover, the overexpression of PBICP might
enhance PAMP-induced PB1CP-mediated RBOHD endocyto-
sis, resulting in the suppression of PAMP-induced RBOHD
accumulation.

However, in pbIcp-2, the accumulation of RBOHD was not
detected, potentially due to the functional redundancy of PB1CP
homologs (Fig. S4). Another possibility is that PB1CP selectively
targets activated RBOHD molecules within the FLS2 complex
upon flg22 treatment, facilitating their relocation to small endo-
membrane compartments. Nonactivated RBOHD molecules
within other complexes may remain unaffected, explaining the
limited observable accumulation of RBOHD in the pblcp-2
mutant. This contrasts with FLS2 endocytosis, where a signifi-
cant portion of the FLS2 protein was shown to translocate to
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endosomes when treated with high concentration of flg22
(10 uM) to activate majority of FLS2 in the cells (Robatzek
et al., 2006).

We also noted the translocation of PB1CP and RBOHD is a
relatively slow response and is not visible several hours after flg22
treatment. This observation is consistent with previous studies
that have shown a reduction in RBOHD endocytosis and an
enhancement of RBOHD-mediated ROS production upon
short-term flg22 treatment (Menzel ¢t al., 2019; Lee et al., 2022).
The translocation of PBICP and RBOHD becomes apparent
3—5h after flg22 treatment, coinciding with the attenuation of
the second phase of flg22-inducible ROS production. This find-
ing suggests that the suppression of RBOHD endocytosis during
the initial stages of flg22 treatment may contribute to the upregu-
lation of the first phase of ROS production, while PB1CP-
mediated RBOHD endocytosis during the later stages of flg22
treatment may play a role in suppressing the second phase of

ROS production (Fig. $12).

PB1CP-induced endocytosis might help reducing the
amount of activated RBOHD

Our study suggests that PBICP plays a negative regulatory role
in two phases of ROS production induced by fig22 or elf18
(Figs 2, 3). This regulation is potentially achieved through the
rapid removal of phosphorylated BIK1 from RBOHD and
the gradual induction of RBOHD translocation (Fig. S12). By
effectively shutting down both phases of ROS production,
PB1CP may minimize the toxic effects of ROS on the plants. In
this context, PBICP’s significance lies more in facilitating the
recovery process after ROS-based immunity, allowing the plants
to return to a healthy condition, rather than being involved in
initiating a controlled ROS burst in response to pathogens. The
PAMP-inducible interaction of PBICP with RBOHD strongly
suggests that PB1CP is responsible for deactivating the activated
RBOHD, rather than suppressing its initial activation.

Potential roles of PB1 domain for the function of PB1CP

Although we found CD of PB1CP directly binds RBOHD and
competes for interaction with BIK1 (Fig. 5b), the precise role of
the N-terminal PB1 domain in PBICP function is still unclear
and requires further investigation. One possibility is that the PB1
domain of PBICP induces multimerization, a critical step in pro-
tein aggregate formation, triggering the induction of autophagy.
Notably, a well-characterized selective autophagy cargo receptor
p62 also possesses a PB1 domain at its N-terminus and an
ubiquitin-associated domain at the C-terminus, playing critical
roles in multimerization and binding of polyubiquitinated cargo
proteins, respectively (Chen et al., 2021). Following the forma-
tion of aggregates containing p62 and cargo proteins, p62
recruits ATGS8 through its AIM (Atg8-family interacting motif)
sequence (W/Y/FxxL/1/V) to facilitate the formation of autopha-
gosomes. It is tempting to speculate that PB1CP might function
as an autophagy cargo receptor for RBOHD, utilizing its PB1
domain-mediated PAMP-inducible

multimerization  and
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interaction with RBOHD through its C-terminus. It is also note-
worthy that both PBICP and RBOHD feature muldple AIM
sequences, further pointing to the potential significance of this
interaction in autophagy regulation. Nevertheless, comprehensive
investigations are required to elucidate the precise mechanistic
underpinnings of PBICP’s involvement in autophagy and its
interplay with RBOHD.

Another possibility is that the PB1 domain of PB1CP induces
heterodimerization with an unidentified regulator of RBOHD,
as is the case for p40P"** and p67°"*. One potential candidate is
a member of the ‘kinase-derived PB1 family’. Yeast two-hybrid
analysis has indeed shown that PBICP interacts with
AT3G48240, another member of the ‘kinase-derived PB1
family’ (Arabidopsis Interactome Mapping Consortium, 2011).
However, the specific role of AT3G48240 in the regulation of
RBOHD, if any, still needs to be demonstrated.

Another potential interactor is a member of the PB1 domain-
containing ‘kinase domain family’ (Fig. S4). Similar to the role
of PBL13, these kinases might have the ability to phosphorylate
the CD of RBOHD, particularly at residue T912, resulting in
enhanced ubiquitination of RBOHD and decreased protein
abundance. Additionally, these kinases could potentially phos-
phorylate and activate PIRE, a protein that triggers the ubiquiti-
nation of RBOHD and facilitates its endocytosis (Lin
et al., 2015; Lee et al., 2020). Therefore, it would be worth inves-
tigating the molecular relationship between PB1CP and PIRE in
the context of RBOHD endocytosis.

Final remarks

Our study uncovers novel mechanisms involved in the downregu-
lation of RBOHD-mediated ROS production, highlighting the
roles of PBICP in removing the key activator BIKI from
RBOHD and promoting RBOHD translocation. Further investi-
gations are required to precisely determine the nature of the
endomembrane compartments containing RBOHD and PB1CP
to clarify molecular mechanisms underlying PB1CP’s regulation
of RBOHD by identifying the specific interactor of PB1CP
through its PB1 domain and obtaining stronger evidence regard-
ing the role of PB1CP in RBOHD relocalization. Additionally, it
would be interesting to explore whether PB1CP-based regulation
extends to other plant RBOHs, considering their diverse func-
tions in stress adaptation, growth, and development. These future
directions will provide a deeper understanding of the broader reg-
ulatory network governing ROS signaling in plants.
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Fig. S1 Co-immunoprecipitation of 3xFLAG-RESPIRATORY
BURST OXIDASE HOMOLOG D (RBOHD) to identify
RBOHD-associated proteins.

Fig. S2 Rapid functional analyses of RESPIRATORY BURST
OXIDASE HOMOLOG D-associated proteins on flg22-induced
reactive oxygen species production in Nicotiana benthamiana.

Fig. $3 PBICP inhibits flg22-induced reactive oxygen species
production in Nicotiana benthamiana.

Fig. S4 Phylogenetic tree of full-length proteins belonging to
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groups in Arabidopsis.

Fig. S5 T-DNA insertion and expression in pbIcp mutants.

Fig. S6 Expression of PBI1CP-3xHA in p35S:PB1CP-3xHA lines.

Fig. S7 elf18 and chitin, but not flg22, weakly induce the accu-
mulation of PBICP transcript.

Fig. S8 PB1CP does not affect the transcript level of PBICP.
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defects in resistance against bacteria.
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Fig. S10 CFP-RESPIRATORY BURST OXIDASE HOMO-
LOG D is functional and localized at the plasma membrane in
Nicotiana benthamiana.

Fig. S11 flg22 Treatment increased the number of FM4-64-
stained small foci containing PB1CP-GFP, CFP-RESPIRA-
TORY BURST OXIDASE HOMOLOG D (RBOHD), or both
PB1CP-GFP and CFP-RBOHD. CFP-RBOHD or PBICP-GFP

were co-expressed in Nicotiana benthamiana by Agroinfiltration.

Fig. S12 Model for PAMP-induced RESPIRATORY BURST
OXIDASE HOMOLOG D (RBOHD) activation and PB1CP-
mediated RBOHD downregulation during PTL

Methods S1 Additional methods not included in the main text.

Table S1 List of RESPIRATORY BURST OXIDASE HOMO-
LOG D-associated proteins.

Table S2 Summary of the effect of RESPIRATORY BURST
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