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Vacuolar sorting receptors (VSRs) are involved in sorting soluble vacuolar
proteins during normal plant growth and development, but their role in

plant stress responses remains largely unexplored. Here we report that
asubgroup of the Arabidopsis thaliana VSR genes are transcriptionally
induced duringinfection with avirulent Pseudomonas syringae strains,
leading to higher VSR protein accumulation. We demonstrate that

the pathogen-responsive VSRI, VSRS, VSR6 and VSR7 genes function
redundantly in sorting vacuolar death-related enzymes induced during
bacterial infection. Moreover, VSRs are required for fusion of the tonoplast

with the plasma membrane and the subsequent release of vacuolar contents
into the apoplast, where bacterial pathogens reside. Indeed, dysfunction of
this subgroup of VSRsblocks hypersensitive cell death and leads to stronger
disease symptoms and higher bacterial loads, revealing their essential role
in defence against avirulent bacterial infection. Intriguingly, their disruption
alsoleads to defects in autophagy, impairing autophagosome-mediated
degradation of bacterial effector proteins. Collectively, our results show that

VSR1, VSR5, VSR6 and VSR7 are key regulators of plant effector-triggered
immunity (ETI) by orchestrating receptor-mediated vacuolar sorting of
immunity-related proteins, tonoplast to plasma membrane fusion, and
autophagic degradation of effector proteins.

Thelytic vacuole (LV) is the largest organelle in most vegetative plant
cells and plays diverse roles at different stages of plant growth and
development. The vacuole generates turgor pressure along with the
cell wall to drive plant growth’, and also influences the growth and
fertilization processes of pollen tubes” Furthermore, the vacuole plays
acrucial role in cellular stress responses and various life activities,
contributing substantially to plant growth and defence against envi-
ronmental stress™*.

Soluble proteins are primarily transported into the vacuole via
thesecretory pathway in plants’. The sorting of these proteins occurs
in the trans-Golgi network (TGN)/early endosome (EE), where the
vacuolar sorting receptors (VSRs) play a crucial role in this sorting
process. Soluble proteins containing vacuolar sorting signals, also
known as cargo proteins, are recognized by VSRs in the TGN/EE and
then transported into the prevacuolar compartment/multivesicular
body (PVC/MVB), whereas those devoid of vacuolar sorting signals
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are transported through the secretion pathway to the extracellular
space®’. Subsequently, the VSRs are recycled back to the TGN/EE by the
retromer complex for further rounds of cargo binding, while the cargo
proteins are ultimately sorted into the vacuoles. However, an emerg-
ing alternative model for cargo protein sorting and receptor recycling
suggests that receptor-cargo sorting could initiate in the endoplasmic
reticulum (ER) or the cis-Golgi, and the receptors dissociate from the
cargo in the TGN, after which the VSRs would be transported back
to the ER®™", Despite the contending issues'?, both models coincide
in the critical role that VSRs play in the sorting of vacuolar proteins.
VSRs are a type-1 transmembrane protein that contain an N-terminal
domain (NT) torecognize soluble cargoin the lumen of endomembrane
compartments and a C-terminal cytoplasmic tail (CT) tointeract with
cytosolic membrane trafficking factors for its correct targeting*.
Several genetic assays have been employed to screen the machineries
regulating VSR and soluble protein vacuolar trafficking in plants™',
with new regulators and unique mechanismsidentified to be involved
in regulating the subcellular distribution of VSRs and the delivery of
VSR-dependent cargo into the vacuole ™.

Plant vacuolar proteins play important roles in the immune
response to pathogen infection®. Under normal growth conditions,
most vacuolar proteins are synthesized inthe ER as precursor proteins
and transported to the vacuole. Upon pathogen invasion, some pre-
cursor proteins can be cleaved and activated by vacuolar processing
enzymes (VPE) to form active mature proteins, enabling a rapidimmune
response to pathogens”. Hydrolytic enzymes, including aspartate pro-
teinases, cysteine proteinases and nucleases play a crucial role in the
non-selective degradation of cellular components during programmed
cell death (PCD), while defence proteins such as pathogenesis-related
proteins (PR proteins), myrosinases, toxic proteins and lectins are
required for defending againstinvading pathogens®>*%. During incom-
patibleinfections with avirulent bacteria, vacuoles fuse with the plasma
membrane (PM), leading to therelease of antimicrobial proteinases and
celldeathinducersinto the apoplast. This processis part of the hyper-
sensitive response, ultimately resulting in cell death, preventing bacte-
rial proliferation and halting the further spread of the disease****. While
extensive efforts have been made to identify vacuole-localized proteins
through vacuole isolation for mass spectrometry (MS) analysis®, the
specificsorting of these proteins by the VSR-mediated pathway and the
regulatory mechanisms involved remain to be elucidated.

Type-lll effector (T3E) proteins from plant pathogenic bacteria
are delivered into the host cell where they manipulate host defence
responses to benefit the pathogen®. Recent studies have demonstrated
that microbial effectors perturb or hijack degradation machineries to

attenuate plantimmune responses” . The involvement of autophagy
in plant-bacteriainteractionsis supported by evidence showing that
certain effectors can employ distinct molecular strategies to enhance
or suppress autophagy”. In addition, plant NEIGHBOUR OF BRCA1
genel(NBR1), similar toits rolein mammals, isinvolved in autophagy
by degrading viral proteins®. Given that plant effectors are present
intracellularly, it remains unclear how autophagy plays arolein plant-
microbe interactions by targeting intracellular effectors.

Arabidopsis VSR1, VSR3 and VSR4 are involved in the vacuolar
sorting of lyticenzymesin vegetative tissues, as well as storage proteins
suchas12S globulins and 2S albuminsinseeds®. Notably, recent studies
have unveiled anovel function of VSR1in osmoticstress tolerance and
itsroleasaregulatorinthe synthesis of ABA, a crucial phytohormone
involved in abiotic stress responses®. The Arabidopsis VSR family com-
prises seven proteinmembers; the functional diversification within the
VSR family is probably attributed to distinct expression patterns and
sorting activities of the family members. Intriguingly, it was reported
that VSR6 and VSR7 are primary targets for direct transcriptional induc-
tion by the key defence regulator NPRI1 (ref. 33). Furthermore, recent
experiments have identified a range of VSR-interacting vacuolar pro-
teinsrelated to plant disease resistance, including cysteine proteinase
(CP) and its inhibitor (cysteine proteinase inhibitor, CPI)**. Thus, we
hypothesized that VSRs responding to infection are likely to function
in defence against pathogens.

In this study, we show that the pathogen-responsive VSRI, VSRS,
VSR6 and VSR7 genes play relevant defensive functions as part of the
plant effector-triggered immunity (ETI) against avirulent strains of
Pseudomonas syringae. The deficiency in this subgroup of VSRs abol-
ished vacuolar transport of immunity-related hydrolytic enzymes,
disrupted the fusion between the tonoplast and the PM, blocked
hypersensitive cell death and increased susceptibility to bacterial
infection. Finally, we provide evidence that disruption of these VSRs
affects autophagy and impairs the autophagic degradation of bacte-
rial effector proteins. Our results provide valuable insights into the
role of VSR-dependent vacuolar protein sorting and effector protein
autophagic degradationinETI.

Results

A subgroup of VSR genes is activated during infection with

P. syringae

Transcript levels of Arabidopsis VSR6 and VSR7 are induced when
NPR1 translocates into the nucleus in the absence of de novo protein
synthesis®, suggesting that they are direct transcriptional targets of
this key immune regulator, which perceives salicylic acid generated

Fig.1| VSRs are induced and vacuolar enzymes of PLCPs are their cargo
proteinsinimmuneresponse. a, VSR proteins are upregulated after bacterial
inoculation. Two-week-old seedlings of WT after inoculation with avirulent
strains of Pto DC3000 expressing avrRpm1, avrRpt2 or avrRps4 (ODgq, = 0.02)
attheindicated time points (O h,3 h, 6 hand 12 h) were subjected to protein
extraction and immunoblotting with anti-VSR antibodies. Anti-actin was used
as aloading control (Source data). b, Quantification of the VSR protein levels in
a.Immunoblot intensity was normalized to the loading control anti-actin, and
the firstlane (0 h) in each experiment was arbitrarily set to 1. Data are presented
as means + s.d. of three independent experiments (Source data). Different
letters above bars indicate significant differences at P < 0.05 based on one-way
ANOVA with Fisher’s least significant difference (LSD) multiple comparisons
test. ¢, Confocal images of cotyledon cells from Arabidopsis seedlings of the
indicated genotypes transiently transformed with RD21B-mRFP, RDL2-mRFP,
XCP1-mRFP, XBCP3-mRFP, RD19A-mRFP and CTB2-mRFP. Note thatin the
vsrSusré6usr7 and vsrlvsrévsr7 triple mutants, reduced fluorescence signal
inlytic vacuoles (asterisks) corresponded with much stronger signal in the
extracellular space (arrows) compared with that in WT. Scale bars, 10 pm.

d, Quantification of relative extracellular (EC) to intracellular (IC) fluorescence
intensity values. The region of interest (ROI) was kept constant for each
measurement. Data are presented as means + s.d. of ten cells from three

independent experiments. Different letters above bars indicate significant
differences at P < 0.05, determined using one-way ANOVA with Fisher’s LSD
multiple comparisons test. e, Left: FRET analysis of the co-localized signal
between Cerulean-VSR1and YFP-tagged proteins RD21B, RDL2, XCP1, XBCP3,
RD19A and CTB2. Aleurain-YFP and secYFP were used as positive and negative
controls, respectively. The dominant negative mutant forms of AtSar1(H74L)
were co-expressed to cause the relocalization of VSR and putative cargo
proteins to the ER. Scale bar, 10 um. Right: FRET efficiency was quantified using
the AB approach. For each group, seven individual protoplasts were used for
FRET efficiency quantification and statistical analysis. Data are presented as
means + s.d. of FRET efficiency. f-h, Co-IP analysis shows interaction between
VSRINT and putative cargo proteins. Soluble proteins were isolated from
Arabidopsis protoplasts co-expressing truncated VSRINT-Myc with individual
YFP-tagged proteins RD21B, CTB2 (f), RDL2, RD19A (g), XCP1 or XBCP3 (h),
followed by immunoprecipitation (IP) using GFP-Trap agarose beads and
subsequentimmunoblot analysis on eluted proteins using anti-GFP or anti-
Myc antibodies. Aleurain-YFP and secYFP were respectively used as positive
and negative controls for co-IP. The co-IP experiments (f-h) were repeated
independently twice with similar results. Exact Pvalues of statistical tests
(b,dande) are provided as Source data.
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duringinfection and confers broad-spectrum resistance against bac-
terial, fungal and viral pathogens in many plant species*. We decided
tofocus onthe Arabidopsis thaliana-P. syringae model pathosystem,
which involves NPR1-dependent immunity®. Analysis of microarray
datasets revealed that VSR genes exhibit high expression across various

cell types within leaf tissues (Supplementary Fig. 1a), and the expres-
sion of VSR6 and VSR7 is induced after infection of A. thaliana (here-
after, Arabidopsis) with different P. syringae strains (Supplementary
Fig.1b), suggesting that they could be part of an NPR1-triggered defence
response and may have a role in protection against this pathogen.
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To confirm that VSRs are induced after infection with P. syringae, we
examined the changes in VSR protein levels by immunoblot assays in
time-course experiments. Twelve-day-old wild-type (WT) seedlings
grown in liquid medium were inoculated with avirulent strains of Pto
DC3000 harbouring avrRpm1I, avrRpt2 or avrRps4, followed by protein
extractionandimmunoblot assays using anti-VSRantibody (Fig.1a). The
VSRantibody was raised against the N-terminal ligand binding domain
ofthe Arabidopsis VSR1recombinant protein and can detect Arabidop-
sis VSR homologues®. Relative quantitative analysis by immunoblot
assays showed that the VSR protein levelsincreased within 3-6 h after
inoculation with the different strains (Fig. 1b). Consistent withincreased
VSR protein accumulation, quantitative PCR with reverse transcrip-
tion (RT-qPCR) analysis of each VSR transcript showed thatincreased
transcriptlevels of VSRI, VSR4, VSRS, VSR6 and VSR could be detected
after 3 h ofincubation with Pto DC3000 expressing avrRpm1, avrRpt2
or avrRps4 in both seedlings and mature leaves, although the degree
of induction varied for each strain (Supplementary Fig. 1c-h). Taken
together, these results suggest that VSR proteins are upregulated in
response tobacterial effectors, indicating their potential involvement
in plantimmune responses.

Toassess therole of VSRsin the interaction with P. syringae, we con-
centrated on the transcriptionally responsive genes (VSRI, VSR4, VSRS,
VSR6 and VSR7) and generated multiple mutant combinations. We first
established the vsr6vsr7 double mutant from our previously obtained
T-DNA insertional alleles®. The vsrévsr7 mutant had no obvious phe-
notype compared with WT controls when plants were germinated and
grown under either long-day or short-day conditions (Extended Data
Fig. 1a-c). The mutant vsré6vsr7 was then crossed with homozygous
vsrl, vsr4orvsr5. Using PCR-based genotyping, we isolated vsrSusréuvsr7
seedlings, which had normal germination and growth (Extended Data
Fig.1a-c).Incontrast, the vsrivsr6vsr7 had smaller rosette size but simi-
lar root growth compared with WT. Expression of GFP-VSR1under the
control of the native promoter (VSR1pro::GFP-gVSRI) complemented
thevsrlvsrévsr7rosette growth phenotype, thus confirming thatit was
due to VSR dysfunction and suggesting that the chimaeric protein is
functional in plants. The vsr4(+/-)usrévsr7 plant also showed smaller
rosettes and shorter roots (P < 0.05) than WT (Extended Data Fig.1a-c).
Moreover, in an F3 population derived from the self-pollination of
vsr4(+/-)uvsrévsr7 plants, we did not recover homozygous vsr4vsrévsr?
triple mutant plants, suggesting thatloss of function of these three VSR
genesis lethal. Therefore, in the following experiments, we focused on
the viable vsrSusrévsr7 and vsrivsrévsr7triple mutantstoinvestigate the
function of VSRs duringimmune responses. Inaddition, we generated
transgeniclines expressing VSRIpro::GFP-gVSRI, VSRSpro::GFP-gVSRS,
VSR6pro::GFP-gVSR6 and VSR7pro::GFP-gVSR7 under the control of
their native promoters. Confocal microscopy demonstrated that the
promoters are active in leaves, including both mesophyll and epider-
mal cells (Supplementary Fig. 2a-d). Moreover, the GFP-tagged VSR
proteinslocalized to distinct punctate structures, consistent with their
known association with the PVC/MVB*"*, Therefore, in subsequent
experiments, we focused on characterizing the functional roles of
VSR1, VSRS, VSR6 and VSR7 duringimmune responses after leaf infec-
tionwith P. syringae.

Identification of pathogen-induced vacuolar enzymes as VSR
cargo proteins

In the plant endomembrane system, VSRs bind cargo proteins and
facilitate their transport to the vacuole. Moreover, vacuolar enzymes
are known to play a role in cell death and immunity to pathogen
infection****°, To identify VSR cargo potentially involved in plant
immunity, we conducted time-course transcriptome analysis of WT
plantsinoculated with virulent and avirulent P. syringae strains to detect
global alterations in gene transcription. This led to the identification
of genes whose transcript levelsincreased after infection and met the
criteriafor VSR cargo, thatis, soluble protein containing signal peptide

(Supplementary Table 1). The list of candidates was further filtered
out by searching for their presence in previously published vacuolar
protein or VSR cargo datasets'**. Intotal, we identified 19 upregulated
genes as putative VSR vacuolar cargo with potential roles in the defence
response to P. syringae infection (Extended Data Fig. 2a), including 11
papain-like cysteine proteases (PLCPs) (RD21A, RD21B, RDL1, RDL2,
XCP1,XBCP3,PAP1,RD19A,RD19B, AALP and CTB2), 3 vacuolar peroxi-
dases (PRX33, PRX34 and PRX37), 2 pathogenesis-related (PR) proteins
withendochitinase activity (PR3 and PR4), acarboxypeptidase (CPY),
an aspartyl-protease A1 homologous to yeast PEP4 homology (PEP4)
and the redox enzyme glutaredoxin (GRX). Out of the 19 identified
proteins, only the aleurain-like protease (AALP) and GRX had been
previously described as VSR-interacting proteins***.

VSR-mediated cargo proteins are known to traffic through PVCs/
MVBs before reaching vacuoles in plant cells*’. Therefore, we tested the
PVC/MVB localization of the putative cargo proteins by co-localization
with VSR marker proteins. As a positive control, aleurain-GFP (GFP
with signal peptide and a vacuolar sorting determinant)'*** showed
co-localization in punctate structures with the PVC/MVB marker
mRFP-VSR2 as well as adiffuse patterninthe vacuole, while the secreted
protein secYFP (YFP with signal peptide), exhibited a typical ER pat-
tern without fluorescence in the vacuole (Extended Data Fig. 2b). The
remaining 19 putative cargo proteins fused to GFP/YFP (note that for
proteins containing potential C-terminal vacuolar sorting signals, sig-
nal peptide-GFP/YFP was fused at the N terminus) also showed punctae
fluorescence co-localizing with the PVC/MVB marker mRFP-VSR2 and a
diffuse fluorescence pattern correspondingto the vacuole (Extended
DataFig.2c,d), suggesting that they are transported to the vacuole via
the PVC/MVB.

When VSR is mutated, the cargo is abnormally secreted into
the extracellular spaces™*"**. To assay whether the newly identi-
fied proteins are indeed VSR cargo, we examined the trafficking of
mRFP-labelled versions in vegetative tissues of WT and vsr mutant
plants. Consistent with their subcellular localizationin the protoplasts,
all 19 mRFP-tagged proteins tested uniformly labelled the cell inte-
rior, occupied almost entirely by the vacuole, in cotyledon epidermal
cells of WT plants (Fig. 1c and Extended Data Fig. 3a). In contrast, we
observed partial secretion of several proteins in vsrSvsré6vsr7 plants,
with mRFP labelling the extracellular space (ECS). Moreover, in the
vsrlvsrévsr7 mutant, all cargo proteins tested were partially secreted
into the ECS and showed reduced vacuolar levels relative to WT or
vsrSvsrévsr7 plants (Fig. 1d and Extended Data Fig. 3b). This suggests
that the vsrlvsrévsr7 mutant has more severe defects in protein traf-
fickingtothevacuolein vegetative tissues. VPEyis avacuolar-localized
caspase-like protease involved in cell death progression during the
hypersensitive response in pathogen defence®. VPEy is targeted to the
vacuole through a specific pathway involving ER-derived vesicles***°,
InWT plants, VPEy-mRFP labelled the vacuole in cotyledon epidermal
cells, but it was not secreted in vsrSvusré6vsr7 or vsrlvsrévsr7 mutants
(Extended Data Fig. 3a,b), thereby highlighting the potential specific-
ity of VSRs for sorting particular pathogen-induced vacuolar proteins.
Takentogether, theseresults support the conclusion that the identified
pathogen-induced proteins are VSR cargo.

To confirmthat they are bonafide VSR cargo, we focused on PLCPs,
which have been associated with immunity and senescence****. We
selected six PLCPs and tested their interaction with VSR by multiple
approaches. We first constructed acceptor photobleaching-fluores-
cenceresonance energy transfer (FRET-AB) assaysin protoplasts. We
co-expressed cerulean-VSR1and YFP-tagged cargo proteins together
with adominant negative mutant version of Arabidopsis Sarl GTPase
(AtSarl H74L), which inhibits ER-Golgi transport and retains VSRs
and soluble proteins in the ER***°, where VSR-cargo binding can
be measured®”'. Indeed, cerulean-VSR1 and the YFP-tagged puta-
tive cargo proteins were co-localized at tubular ER structures when
co-expressed with AtSarl H74L (Fig. 1e). Moreover, FRET-AB analysis
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Fig.2| VSR proteins are required for ETI process. a, Disease symptoms
onrepresentative infected leaves were monitored 3 days after inoculation.
Leaves were of WT, usrSusrévsr7 triple mutant, and complemented line
GFP-VSR6/uvsrSuvsréusr7 or GFP-VSR7/vsrSuvsréusr7 after 3 days inoculation with
the Pto DC3000 expressing avrRpm1 (OD, = 0.001), avrRpt2 (0D, = 0.001)
or avrRps4 (0D, = 0.005). The usrSusrévsr7 leaves inoculated with indicated
avirulent bacterial strain exhibit more severe chlorotic symptoms than other
genotypes. Loss-of-function mutants of the corresponding resistance genes
RPMI (rpm1), RPS2 (rps2) and RPS4 (rps4) served as additional controls. Scale
bars,1cm.b, Disease symptoms on representative infected leaves were
monitored 3 days after inoculation. Leaves of WT, usrlvsrévsr7 triple mutant

3. GFP-VSR1/vsrlvsr6vsr7

and complemented line GFP-VSRI/vsrlvsrévsr7 after 3 days inoculation with Pto
DC3000 avrRpm1 (ODgq, = 0.001). The inoculated vsrivsr6vsr7 and rpml leaves
exhibit chlorotic symptoms. Scale bars, 1cm. ¢,d, Bacterial growth 3 days after
inoculation with Pto DC3000 expressing avrRpm1I (0D, = 0.001), avrRpt2
(ODgo = 0.001) or avrRps4 (ODg,, = 0.005) in the leaves of vsrSusrévsr7 (c),
vsrlvsrévsr7 (d), complemented lines or the corresponding resistance gene
mutants. Each bar represents log,,-transformed values of the mean + s.d. of
three biological replicates. Experiments were repeated three times with similar
results. Different letters above bars indicate significant differences at P < 0.05,
determined using one-way ANOVA with Fisher’s LSD multiple comparisons test.
Exact Pvalues are provided as Source data.

suggests that the putative cargos RD21B-YFP, RDL2-YFP, XCP1-YFP,
XBCP3-YFP, RD19A-YFP and CTB2-YFP, but not control secYFP, inter-
act with cerulean-VSR1in the ER lumen of Arabidopsis protoplasts
(Fig. 1e). To confirmthese interactions, co-immunoprecipitation (co-IP)
experiments were carried out insamples from protoplasts transiently
co-expressing the N-terminal ligand binding domain of VSR fused to the
Myc epitope (VSRINT-Myc) and YFP-tagged cargo proteins. Proteins
were purified using GFP-Trap beads and analysed by western blotting
with anti-GFP or anti-Myc antibodies. secYFP was used as a negative
control for the co-immunoprecipitation assays. As shownin Fig.1f-h,
VSRINT-Myc co-immunopurified with aleurain-YFP, RD21B-YFP,
RDL2-YFP, XCP1-YFP, XBCP3-YFP, RD19A-YFP and CTB2-YFP, but not
with the control secYFP. These findings support the directinteraction
of VSR1 with these PLCPs. Interestingly, in the western blot analysis
of immunoprecipitates using anti-GFP antibodies, a large amount of
a28-kDa YFP core was detected, which is a hallmark of the markers
reaching the vacuole®*>. Insummary, the subcellular localization, FRET
assays and co-IP experiments collectively suggest that these identified
plantimmunity-related PLCPs are cargo proteins for VSRs.

VSRs are required for ETI against P. syringae

Having established that a subgroup of VSRs is involved in sorting
P.syringae-induced vacuolar enzymes, we next analysed their actual
roles in the plant immune response against P. syringae infection.
Inoculation of Pto DC3000 avrRpm1I onto the vsrSvsré6vsr7 or vsrivs-
révsr7 mutants resulted in increased disease symptoms relative to
WT plants. The leaves of the triple mutants displayed large chloro-
tic areas at 3 days post inoculation (dpi), whereas leaves from WT
plants remainedrelatively green and healthy (Fig. 2a,b). In addition,
bacterial proliferation in the vsrSusrévsr7 or vsrivsré6vsr7 plants was
significantlyincreased (P < 0.05) relative to WT plants, although not
tothelevels observedin rpmi plants used as animmunocompromised
control genotype (Fig. 2c,d). Furthermore, complementation lines
carrying VSR6pro::GFP-gVSR6 or VSR7pro::GFP-gVSR7 in the vsrSus-
révsr7background, aswell as VSR1pro::GFP-gVSRIin the usrlvsr6vsr7
background, partially rescued the increased susceptibility to bacterial
infection (Fig. 2a-d). To determine whether the requirement of VSRs
for ETl is specific to Pto DC3000 avrRpm1, we examined the bacte-
rial growth of two additional bacterial strains, Pto DC3000 carrying
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avrRpt2 or avrRps4. Infection with the Pto DC3000 carrying avrRpt2
or avrRps4 also resulted in significantly (P < 0.05) increased bacte-
rial growth on usrSvsréusr7 relative to that observed on WT plants
(Fig. 2a,c). In addition, this effect was partially complemented in
GFP-VSR6/vsrSvusrévsr7 or GFP-VSR7/vsrSusréuvsr7 plants. Thus, these
resultsindicate that VSRI, VSRS, VSR6 and VSR7 are involved in RPM1-,
RPS2- and PRS4-mediated ETI.

Interestingly, VSR protein levels were also increased after inocula-
tionwiththe virulent strain Pto DC3000 EV (Extended Data Fig. 4a).In
addition, slightly increased disease symptoms and bacterial growth of
Pto DC3000 EV were observed in vsrSvusrévsr7 plants compared with
WT plants (Extended Data Fig. 4b,c), suggesting that VSR proteins are
alsoinvolved in PAMP-triggered immunity (PTI). However, the effects
of vsrSusréusr7 deficiency on the increased bacterial growth of Pto
DC3000 EV [2.97-fold increase in colony-forming units (c.f.u.) cm™]
were much smaller than that of Pto DC3000 avrRpm1 (7.66-fold
increase), Pto DC3000 avrRpt2 (9.67-fold increase) or Pto DC3000
avrRps4 (3.96-fold increase), indicating that VSR proteins are probably
weakly involved in PTI. To confirm this hypothesis, we inoculated WT,
vsrSuvsréusr7 and vsrlvsréuvsr7 plants with Pto DC3000 hrcC, whichis
defective in type-lll secretion and activates PTI but not ETI in Arabi-
dopsis®*. The vsrSvsré6vsr7 and vsrivsrévsr7 plants did not exhibit a
difference in growth of Pto DC3000 hrcC compared with WT plants
(Extended Data Fig. 4d,e). Moreover, Pto DC3000 hrcC inoculation
induced a similar number of highly localized callose deposits in the
leaves of vsrSvsré6vsr7 and vsrlvsrévsr7 plants compared with WT
plants (Extended Data Fig. 4f). These results indicate that the VSR
proteinsare notrequired forinduced callose deposition and support
our conclusion that the VSRs are crucial for efficient ETI but only
weakly involved in PTL.

VSR deficiency reduces hypersensitive cell death during ETI
ETlis often associated with hypersensitive cell death®. To determine
whether VSR deficiency affects hypersensitive cell death, we first used
trypan blue staining to monitor cell deathin WT, vsrSvsrévsr7 and com-
plemented GFP-VSR6/vsrSvsré6usr7 or GFP-VSR7/usrSusréusr7 lines at
12 hpostinoculation (hpi) with Pto DC3000 avrRpm1. The vsrSvsréuvsr7
mutant had much fewer (P < 0.001) dead cells, distinctive as blue dots,
per unitleafareathan WT plants (Fig. 3a) and had levels close to those
of the rom1 mutant, which is blocked in avrRpm1l-induced hypersen-
sitive cell death. Moreover, in GFP-VSR6/vsrSvsré6vsr7 or GFP-VSR7/
vsrSvsréusr7 plants, the hypersensitive cell death response was partially
recovered to levels close to those observed in WT plants. A similar
reductionin hypersensitive cell death measured by trypan blue stain-
ing was observed when the vsrSvsr6vsr7 mutant was inoculated with
Pto DC3000 avrRpt2 or Pto DC3000 avrRps4 (Fig. 3b-d), although
Pto DC3000 avrRps4-induced hypersensitive cell death was relatively
weakin Col-0 plants®**. The reductionin hypersensitive cell death was
also partially complemented in GFP-VSR6/vsr5vsrévsr7 and GFP-VSR7/
vsrSvsrévsr7 plants. In addition, the vsrivsrévsr7 mutant also contained
much fewer numbers (P < 0.001) of dead cells after inoculation with
Pto DC3000 avrRpm1than WT plants (Fig. 3e).

To confirmtheseresults, hypersensitive cell death was also moni-
tored by ion leakage assays, which measure conductance increases
upon loss of membrane integrity in dying leaf tissue’®°. In WT, an
increase in conductivity was already apparent at 4 hpi with Pto DC3000
avrRpmli, steadily increasing up to12 hpi. The increase in conductivity
was delayed in vsrSuvsrévsr7 and rpml plants, reaching significantly
decreased levels (P < 0.05) at 12 hpi compared with WT (Fig. 3f). In
addition, ion leakage in GFP-VSR6/vsrSvsr6usr7 or GFP-VSR7/vsrSus-
réusr7 lines was intermediate between vsrSvsré6vsr7 and WT plants.
Most strikingly, vsrivsrévsr7 showed strong suppression of cell death
asmeasured by ionleakage upon Pto DC3000 avrRpm1Iinfection, while
GFP-VSR1/vsrlvsrévsr7 showed almost complete complementation of
this phenotype (Fig. 3g). In conclusion, these assays suggest that VSRI,

VSRS, VSR6 and VSR7 positively regulate hypersensitive cell death
induction during ETI.

To test whether the remaining VSR genes, VSR2, VSR3 and VSR4,
playaroleinthe plantimmune response against P. syringaeinfection,
we generated a VSR3 and VSR4 CRISPR knockout mutant in the vsr2
T-DNA insertion mutant background, termed vsr2VSR3°VSR4<*°-1
using the CRISPR-Cas9 system as described previously®’. Genomic
DNA sequencing of the usr2VSR3“**°VSR4“*°-1 line revealed an editing
event spanning the first exon of both VSR3and VSR4, whichintroduced
extrinsicamino acid residues and resulted in a premature stop codon
(Extended Data Fig. 5a,b). The usr2VSR3“*°VSR4“*°-1 mutant had nor-
mal germinationand growth under either long-day or short-day condi-
tion (Extended DataFig. 5c,d). However, theinoculation of Pto DC3000
avrRpm1 or Pto DC3000 EV onto the vsr2VSR3“°VSR4*°-] mutant
did not show obvious differences in disease symptoms or in bacterial
growth relative to WT plants (Extended Data Fig. S5e-h), suggesting
that VSR2, VSR3 and VSR4 may not be involved in resistance to the
pathogens tested. Moreover, we used trypan blue staining to monitor
celldeathin WT, usr2VSR3“*° VSR4“*°-1 mutant and rpm1 lines, at 12 hpi,
with Pto DC3000 avrRpm1. The vsr2VSR3“°VSR4“*°-1 mutant had a
similar number (P> 0.05) of dead cells as the WT plants (Extended Data
Fig. 5i). Takentogether, the obtained datasuggest that VSR2, VSR3and
VSR4 genes do not play asubstantialrolein ETIresponses to P.syringae.

VSRs are required for tonoplast fusion with the PM during ETI
Hypersensitive cell death in response to avirulent bacterial infection
is associated with the fusion of the central vacuole with the PM*. The
reduced cell deathinresponse toavirulent bacterial infectioninthe tri-
ple vsrmutants prompted us to investigate membrane fusionbetween
the vacuolar membrane and the PM. To observe membrane fusion
in plants, we generated a transgenic plant expressing the tonoplast
marker YFP-VAMP711in WT, usrSvsrévsr7 and vsrlvsré6vsr7 mutants.
The leaves of plants were inoculated with Pto DC3000 avrRpm1 and
then stained with FM4-64 for confocal microscopy immediately (O h)
or 3 h after inoculation. The fluorescences of the FM4-64-stained PM
and the YFP-VAMP711-labelled tonoplast were separated in infected
leavesimmediately after inoculation (Fig. 4a). However, after 3 hpi with
PtoDC3000 avrRpm1, the fluorescence of the FM4-64-stained PM and
the YFP-VAMP711-labelled tonoplast co-localized and surrounded the
chloroplastsin most WT cells from infected leaves (Fig. 4a), consistent
with previous observations**. However, the frequencies of cells with
co-localization between FM4-64 and YFP-VAMP711 were reduced in
infected leaves of vsrSvusrévsr7 and vsrlvsréuvsr7 plants. A statistical
analysis showed that cells with tonoplast and PM fusion occurred in
80.9 +7.3% (n =40) of the WT cells, compared with48.1 + 1.4% (n = 40)
invsrSvsré6vsr7, and 17.7 +1.5% (n = 40) in vsrlvsrévsr7 mutants exam-
ined at 3 hpi (Fig. 4b). These results indicate that VSR is required for
membrane fusion between the tonoplast and the PM in response to
Pto DC3000 avrRpmI infection.

The fusion ofthe PM and vacuole membrane causes the discharge
of vacuolar proteins to the outside of the bacteria-infected cells. To
observe vacuolar protein release into the ECS in infected leaves,
we first generated WT, vsrSusrévsr7 and vsrlvsrévsr7 plants stably
expressing the vacuolar protein marker spL-RFP, consisting of RFP
fused to the vacuolar sorting signal of proricin®. The fluorescence
became detectable in the ECS of WT leaf mesophyll cells at 3.5 hpi
with Pto DC3000 avrRpml (Fig. 4c). However, the discharge into the
ECS of the vacuolar marker was reduced (P < 0.001) in vsrSvsrévsr7
and vsrlvsrévsr7 infected cells at 3.5 or 4.5 hpi (Fig. 4d). To confirm
the results, we used the pH-sensitive, membrane-permeable fluo-
rescent dye 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein
acetoxymethyl ester (BCECF-AM), whichisloaded into vacuoles allow-
ing visualization of their integrity®. Staining results showed that in
WT plants, BCECF-AM fluorescence was maintained in the vacuole at
0 hpi and became gradually detectable in the ECS at 3.5 hpi (Fig. 4e).
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Fig. 3| Bacteria-induced hypersensitive cell deathis reduced in vsr mutants.
a-c, Trypanblue staining of dead cells in the leaves of WT, usrSusréuvsr7, GFP-
VSR6/usrSusréuvsr7, GFP-VSR7/vsrSusréusr7, or the corresponding resistance gene
mutants at 12 h after inoculation with Pto DC3000 avrRpm1I (OD,, = 0.001) (a),
at 24 h after inoculation with Pto DC3000 avrRpt2 (OD¢,, = 0.002) (b) and at12 h
after inoculation with Pto DC3000 avrRps4 (ODg,, = 0.05) (c). Loss-of-function
mutants of RPM1 (rpm1I), RPS2 (rps2) or RPS4 (rps4) served as additional controls.
Note that the vsrSvusrévsr7 mutant had fewer dead cells than WT. Scale bars,
5mm.d, Quantification of trypan blue staining intensity. Plants were stained
with trypan blue and decolourized, and at least three randomly selected leaves
were used for quantification. Results are presented as the number of necrotized
cellscompared with the total area of leaf blades analysed using Image). Data are
presented as means + s.d. of three independent experiments. Different letters
above barsindicate significant differences at P < 0.05, determined using one-way

GFP-VSR1/vsrivsr6vsr7 rom1

ANOVA with Fisher’s LSD multiple comparisons test. e, Left: trypan blue staining
of dead cellsin the leaves of WT, usrlvsrévsr7, GFP-VSRI1/vsr1vsré6vsr7 and rpml
mutants at 12 h after inoculation with Pto DC3000 avrRpm1I (0D, = 0.001).
Right: quantification of trypan blue staining intensity. Data are presented as
means + s.d. of three independent experiments. Different letters above bars
indicate significant differences at P < 0.05, determined using one-way ANOVA
with Fisher’s LSD multiple comparisons test. Scale bar, 5 mm. f,g, Electrolyte
leakage from dying and dead cells in the leaves of vsrSusrévsr7 (f) or vsrlvsrévsr7
(g) plants and indicated complemented lines inoculated with Pto DC3000
avrRpmI (0D, = 0.1). Data are presented as means + s.d. of four biological
replicates. Different letters indicate significant differences at 12 h after bacterial
inoculation (P < 0.05, one-way ANOVA with Fisher’s LSD multiple comparisons
test). The experiments were repeated independently three times with similar
results. Exact Pvalues for statistical tests in d-g are provided as Source data.
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Fig. 4| VSR deficiency suppresses fusion between tonoplast and PM after
bacterial infection. a, Co-localization analysis of YFP-VAMP711 with FM4-64
staining in leaf mesophyll cells of WT, usrSusréusr7 or vsrlvsr6vsr7 immediately
(0 h) or3 hafterinoculation of Pto DC3000 avrRpm1. Separated images of

each channel in the white outlined area are shown on the right side (from top to
bottom: GFP, RFP, chlorophyll and merged). Arrows indicate the co-localized
fluorescence of YFP-VAMP711 and FM4-64, suggesting the fusion of vacuole with
the plasma membrane. In most vsr mutant cells, FM4-64-stained PM remains
separated from the YFP-VAMP711-labelled tonoplast structure (arrowheads).
Scale bars, 10 um. b, Frequency of cells with YFP-VAMP711 co-localized with
FM4-64 signal in WT, usrSvsrévsr7 and vsrlvsrévsr7 after 3 hinoculation of Pto
DC3000 avrRpm1. The results were counted from 120 cells in three independent
experiments. Data are presented as means + s.d. **P < 0.01, ***P < 0.0001,
determined using two-tailed unpaired Student’s ¢-test. ¢, Discharge of vacuolar
marker protein spL-RFP to the extracellular space was impaired in vsrSvsrévsr7
and usrlvsrévsr7 plants. Fluorescence images of mesophyll cellsin leaves of
indicated genotype expression with the spL-RFP at O h, 3.5h and 4.5 h after
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inoculation with Pto DC3000 avrRpm1. Arrows and asterisks indicate the absence
and presence of fluorescence signal in extracellular spaces, respectively. Dashed
lines, cellboundaries; V, vacuole; ch, chloroplast with autofluorescence. Scale
bars, 10 pm. d, Quantification of the relative EC to IC fluorescence intensity
values of spL-RFP signal at the indicated times after inoculation with Pto DC3000
avrRpmI.NS, not significant. Data are presented as means = s.d. of ten cells from
three independent experiments. **P < 0.0001; NS, P> 0.05, determined using
one-way ANOVA with Fisher’s LSD multiple comparisons test. e, BCECF-AM
staining to assess vacuolar integrity. Fluorescence images of mesophyll cellsin
leaves of the indicated genotypes were captured at 0 hand 3.5 h after inoculation
with Pto DC3000 avrRpm1I. Arrows and asterisks indicate the absence and
presence of fluorescence signal in extracellular spaces, respectively. Scale bars,
10 pm. f, Quantification of the relative EC to IC fluorescence intensity values

of BCFCF-AM signal at the indicated times after inoculation with Pto DC3000
avrRpm1I. Dataare presented as means + s.d. of ten cells from three independent
experiments. ****P < 0.0001; NS, P> 0.05, determined using two-tailed unpaired
Student’s t-test (Source data).
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In contrast, at 3.5 hpi, vsrSusrévsr7 and vsrlvsrévsr7 plants exhibited
decreased (P < 0.001) fluorescence diffusing into the ECS relative to
WT plants (Fig. 4f). These resultsindicate that the dysfunction of these
pathogen-inducible subgroup of VSRs leads to defects in the fusion
between the tonoplast and the PM and in the subsequent release of
vacuolar proteins into the ECS in response to infection.

The triple vsr mutants are impaired in autophagy processes
The integrity of vacuole morphology is closely related to hypersensi-
tive cell death, which plays essential roles in bacterial ETl execution*.
Therefore, we investigated whether the suppression of hypersensitive
celldeathin VSR mutants might be linked to alterations inthe morphol-
ogy and function of lytic endosomal compartments and the vacuole.
Confocal observation of unchallenged vsr5vsréuvsr7 or vsrlvsré6vsr7
triple mutants did not reveal obvious changes in central vacuole mor-
phologyincotyledonepidermal cellsrelative to WT plants (Extended
DataFig. 6a). In contrast, staining of lytic compartments in root cells
with the acidophilic dye lysotracker red (LR) revealed frequent clus-
ters of small vacuole-like compartments, which were separated from
tonoplast labelled with YFP-VAMP711 punctae, in both vsrSvusrévsr7
and vsrlvsrévsr7 mutants butnotin WT plants under standard growth
conditions (Extended Data Fig. 6b). Moreover, the aberrant aggrega-
tion of LR-stained compartments in vsrSusrévsr7 or vsrlvsrévsr7triple
mutants was further enhanced by the application of benzothiadiazole
(BTH), asynthetic analogue of salicylic acid (Extended DataFig. 6b). To
determine whether the increase in aggregated LR-labelled compart-
ments was due to changes in vacuolar pH, we measured it with the
ratiometric pH indicator BCECF-AM®. The vacuolar pH in vsrSusrévsr7
(pH5.91+ 0.06) and vsrlvsré6vsr7 (pH5.89 + 0.06) root cells was similar
tothatof WTroot cells (pH5.93 + 0.07), while it wasincreased in vacu-
oles of the vha-a2 vha-a3 control plants (pH 6.37 + 0.07) (Extended
DataFig. 6c). Thus, the obtained data suggest that VSRs are required
for maintaining morphology of small lytic compartments but not pH
inrootcells.

Lysotracker dyes are employed to label autolysosome-like
structures that are formed following the fusion of autophagosomes

with endosomes or with vacuolar compartments for the degrada-
tion of autophagic cargo®. Given the contribution of autophagy
to pathogen-triggered cell death®®, the abnormal morphology and
potential dysfunction of late endocytic/lyticcompartments observed
prompted us to investigate whether autophagy isimpairedin triple vsr
mutants. An indicator of impaired autophagy is the increased gene
expression of the autophagic markers®*. Our transcriptomic studies
identified 14 ATGs with transcript levels changing by >2-fold in vsr5vs-
réuvsr7 and vsrlvsrévsr7 plants during the time course of infection with
PtoDC3000 avrRpm1, relative to the WT plant before inoculation asa
control (Fig. 5a). Furthermore, RT-qPCR confirmed increased expres-
sionlevels of these ATGs in vsrSvsrévsr7 and vsrivsrévsr7 lines compared
withthe WT during the time course of infection (Supplementary Fig. 3).

We next analysed the effect of VSR dysfunction on starvation-
induced autophagy by incubating WT and mutant plantsin the dark for
prolonged periods, using the atg5 mutant as an autophagy-defective
control.Inadetached leaf assay, vsrSusrévsr7 and vsrivsr6vsr7 mutants,
as well as atg5 plants, showed hypersensitivity to dark treatment,
exhibiting strongly increased chlorosis relative to WT plants after
exposure to darkness for 7 days (Fig. 5b). Moreover, the increased
senescence phenotype was partially complemented in the GFP-VSR6/
vsrSusréusr7 and GFP-VSR1/vsrivsré6usr7lines, indicating that the loss of
function of VSRsis responsible for the accelerated chlorosis (Fig. 5b).
Toinvestigate this phenomenoninwhole plants, weincubated WT and
vsrSuvsrévsr7 or vsrlvsrévsr7 seedlings for 7 days in the dark. While WT
seedlings werestill green after 7 days of dark treatment, usrSusrévsr7 or
vsrlvsréusr7 seedlings became yellowish and had reduced chlorophyll
content (Extended DataFig. 7a,b). The dark-induced chlorosis in vsr5vs-
réuvsr7 or vsrlvsré6usr7 could be partially complemented by GFP-VSR7
or GFP-VSRI, respectively, indicating that the loss of corresponding
VSRs is indeed the cause of these phenotypes. These results suggest
that vsrSvsrévsr7 and vsrivsrévsr7 mutants, similar to the previously
reported atgs mutants, are defective in starvation-induced autophagy.

To determine the genetic interaction between VSRs and ATGs in
plant immunity, we generated a vsrSusrévsr7atg5 quadruple mutant
and compared itsimmune responses with those of vsrSvsrévsr7 and atgs

Fig. 5| VSRs are required for autophagy processes. a, Transcript levels (log,)
of ATGsin WT, usrSuvsrévsr7 and vsrlvsré6usr7 plants after inoculation with Pto
DC3000 avrRpmI. Heat map displays the relative expression level of ATGs of WT,
vsrSvsrévsr7 and vsrlvsrévsr7 plants at different time points (1.5h,3hand 6 h)
as compared with WT (O h) plants. b, Left: leaf detachment assay of indicated
genotype plants. Detached leaves of 4-week-old plants were kept for 7 days

on moist filter paper in darkness. The atg5 mutant was used as a control.

Right: quantification of chlorophyll contents in leaves of indicated genotypes.
Dataare presented as means + s.d. of three independent experiments. Different
letters above bars indicate significant differences at P < 0.05, determined by
one-way ANOVA with Fisher’s LSD multiple comparisons test. Scale bar,1cm.

¢, Disease symptoms on representative infected leaves were monitored 3 d
afterinoculation. Leaves of WT, usrSusréuvsr7, atgs and vsrSusré6uvsr7atgs after

3 daysinoculation with Pto DC3000 expressing avrRpmI (0D, = 0.001).

The vsrSvsréusr7atgSleaves inoculated with indicated avirulent bacterial strain
exhibit more severe chlorotic symptoms than other genotypes. A loss-of-
function mutant of the corresponding resistance gene RPMI (rpm1I) served as
an additional control. Scale bars, 1cm. d, Bacterial growth 3 d after inoculation
with Pto DC3000 expressing avrRpmI (OD¢,, = 0.001) in the leaves of mutants
shown inc. Each bar represents log,,-transformed values of the mean * s.d. of
three biological replicates. Experiments were repeated three times with similar
results. Different letters above bars indicate significant differences at P < 0.05,
determined using one-way ANOVA with Fisher’s LSD multiple comparisons test.
e, Co-localization analysis of GFP-VSR1 with mCherry-ATG8e in leaf mesophyll
cells of WT immediately (O h) or 3 hafter inoculation of Pto DC3000 avrRpm].
Separated images of each channel in the white outlined area are shown on
theright side (from top to bottom: GFP, mCherry, chlorophyll and merged).
Arrows indicate the co-localized fluorescence of GFP-VSR1and mCherry-ATG8e.
The percentage of mCherry-ATG8e with GFP-VSR1 co-localization isincluded

at the bottom. Co-localization was quantified from ten individual leaves of

three independent experiments. n, total numbers of analysed mCherry-ATG8e
punctae. Scale bars, 10 pm. f, Immunoblot analysis of NBR1 accumulation

upon infection with Pto DC3000 avrRpm1. Total proteins were extracted from
5-day-old vsrSusr6usr7, vsrivsrévsr7, WT and atg5 seedlings at the indicated

time points after infection with Pto DC3000 avrRpm1 (0 h, 3hand 6 h), followed
by immunoblot analysis with anti-NBR1 antibody. The cytoplasmic marker
anti-cFBPase, a ubiquitously expressed cytosolic fructose-1,6-bisphosphatase,
isused as aloading control. Theimmunoblot intensity was normalized to the
loading control of anti-cFBPase, and the first lane (WT, O h) was arbitrarily set
to1(Source data). g, Accumulation and vacuolar delivery of autophagosome
marker eYFP-ATG8e in WT, usrSusréusr7 or vsrlvsrévsr7 plants after infection
with Pto DC3000 avrRpm1I. Confocal images are representative of leaf epidermal
cellsin 5-day-old seedlings before (=) and after (+) inoculation with Pto DC3000
avrRpm1, or with 0.5 uM Conc A (+Conc A) treatment for an additional 3 h,
followed by confocal microscopy analysis. White arrows indicate eYFP-ATG8e
punctae in the cytosol, and arrowheads indicate eYFP-ATG8e punctae inside the
vacuole. Bottom right: quantification of the number of eYFP-ATG8e punctae in
cytosol or vacuole. Data are presented as means + s.d. of 30 individual cells from
3independent experiments. Different letters above bars indicate significant
differences at P < 0.05, determined using one-way ANOVA with Fisher’s LSD
multiple comparisons test. Scale bars, 20 um. h, Immunoblot detection of the
vacuolar delivery of eYFP-ATG8e after infection with Pto DC3000 avrRpm1.
Total proteins were extracted from seedlings of indicated plants at the indicated
time points (0 h,3hand 6 h) after inoculation, then subjected toimmunoblot
analysis with anti-GFP antibody to detect eYFP-ATG8e and the eYFP core. The
cytoplasmic marker anti-cFBPase was used as aloading control. The ratio of the
immunoblotintensity of free eYFP to eYFP-ATG8e was quantified in each sample.
Immunoblot experiments (fand h) were repeated independently three times
with similar results. Exact Pvalues for statistical testsinb, d and g are provided
as Source data.
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mutants. Inoculation with Pto DC3000 avrRpm1 revealed enhanced
susceptibility in all mutant lines compared with WT. Notably, the
quadruple mutant showed severe disease symptoms, with greater
chlorosis and tissue collapse than either vsrSusré6vsr7 or atgs single

mutant (Fig. 5¢). Quantitative analysis revealed a 2.56-fold increase
(P<0.05) in bacterial proliferation in vsrSusrévsr7atgs plants relative
to vsrSvsrévsr7 mutants, but similar bacterial proliferation to that in
atg5Smutants (Fig. 5d). These results support the notion that defective
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autophagy inthe vsrSvs6vsr7 mutantis what causes increased bacterial
proliferation after infection with Pto DC3000 avrRpm1.

Having established the functions of VSRs during P. syringae
infection, we next explored their subcellular dynamics during
immune responses. Upon infection of Pto DC3000 avrRpm1, punc-
tate structures of GFP-VSR1 underwent relocalization within 3 hpi,
with a marked increase in co-localization with the autophagosome
marker mCherry-ATG8e (from 0.5 +1.4%t0 62.6 + 3.8%) and a decrease
in co-localization with the PVC/MVB marker mCherry-Rhal (from
83.6 £2.8% to 60.1+5.4%) (Fig. 5e and Extended Data Fig. 8a). In con-
trast, GFP-VSR1 remained largely dissociated from the Golgi or TGN
markers both before and after infection (Extended Data Fig. 8b,c),
demonstrating that GFP-VSR1 increased co-localization specifically
with autophagosome markers. Intriguingly, the PYVC/MVB marker
mCherry-Rhal exhibited partial association (28.8 + 4.5%) with
eYFP-ATG8e (Extended Data Fig. 8d) at 3 hpi, suggesting possible
infection-stimulated rerouting or fusion of PVC/MVB to autophago-
somes. Collectively, these findings highlight a relocalization of VSR1
from PVC/MVB to autophagosomes during immune response.

Further investigation into the impact of VSR deficiency on
autophagic activity involved monitoring of the protein levels of the
autophagic adaptor protein NBR1whose vacuolar degradation serves
as a marker for autophagic flux®. As expected, NBR1 levels remained
low in untreated WT seedlings due to basal autophagy activity but
were enhanced upon inoculation with Pto DC3000 avrRpm1I. Impor-
tantly, vsrSvsrévsr7 and vsrlvsré6vsr7 mutants showed constitutively
increased NBR1 amounts (Fig. 5f and Extended Data Fig. 7c). In addi-
tion, NBR1level in the vsrSusrévsr7atgs quadruple mutant was higher
compared with those of vsrSvsrévsr7 and atg5 mutants (Extended
Data Fig. 7d). To distinguish whether early or late autophagic steps
are affected in vsr mutants, we introduced eYFP-ATGS8e into the triple
vsrmutants for observation of autophagosome formation and detec-
tion of autophagic flux. We then infected a transgenic line express-
ing eYFP-ATG8e and found that Pto DC3000 avrRpm1 stimulated the
formation of YFP-labelled autophagosomal structures compared
with the non-infected control (Fig. 5g). YFP-derived fluorescence
before and 3 h after bacterial infection revealed accumulation of
punctate autophagosome-like structures in leaves of vsrSvsr6uvsr7

and vsrlvsrévsr7 mutants, indicating that VSR deficiency does not
impair autophagy initiation. However, we found enhanced accumula-
tion of eYFP-ATG8e punctae in the cytosol of vsr5vsrévsr7 and vsrivs-
révsr7 mutants, compared with WT, suggesting that the mutations are
blocking autophagy progression (Fig. 5g). Moreover, quantification of
autophagosome numbers in vacuoles under concanamycin A (Conc
A) treatment, which inhibits the degradation of autophagic cargo,
further showed that the number of ATG8e punctae was decreased in
the vsrSusrévsr7 and vsrlvsrévsr7 mutants (Fig. 5g), indicating a disrup-
tionin autophagic flux.

Autophagic flux can be monitored by a GFP turnover assay,
which analyses the cleavage efficiency of free eYFP from eYFP-ATG8e
using immunoblotting with GFP antibodies®®. We next monitored the
eYFP-ATGS8e fusion protein by immunoblotting after infection with Pto
DC3000 avrRpm1. We observed that after infection with Pto DC3000
avrRpm1, theratio of eYFP core to eYFP-ATG8e was upregulatedin WT
plants, but not in the vsrSvsrévsr7 and vsrivsré6vsr7 mutants (Fig. S5h
and Extended Data Fig. 7e). Collectively, these findings suggest that
VSR deficiency impairs the execution steps of autophagy-mediated
vacuolar pathways.

VSRs participate in autophagic degradation of effector proteins
Effector proteins from various plant pathogens have been reported
to target core autophagy machinery to manipulate this degradative
pathway?”®’. Conversely, effectors may be targeted by plant factors
for autophagy-mediated degradation®, but our current understand-
ing of this process is very limited. To analyse the fate of effectors in
plantcells, we transiently expressed GFP-tagged versions in seedlings
and analysed their distribution after incubation for 24 h in darkness,
which promotes the stabilization of fluorescently labelled protein
in plant lytic compartments®®. These effectors induced the ETI path-
way in seedlings, as evidenced by trypan blue staining (Supplemen-
tary Fig. 4). In WT plants expressing avrRpm1-GFP, avrRpt2-GFP or
avrRps4-GFP, a diffuse fluorescence pattern labelling the cell interior
was observed (Fig. 6a), indicating that they are indeed delivered into
the vacuole for degradation. Interestingly, the vacuole fluorescence
of the effectors was decreased in the vsrivsré6vsr7 and atg5 mutants
(Fig. 6a, bottom right), indicating that their transport to the vacuole

Fig. 6| VSRs contribute to autophagy degradation of effector proteins.

a, Localization of avrRpm1-GFP, avrRpt2-GFP and avrRps4-GFP in WT,
vsrlvsréusr7 triple mutants and atg5s mutant. Arabidopsis seedlings of the
indicated genotypes were transiently transformed with GFP-fused effectors
and visualized after 24 h dark treatment. Note the reduced fluorescence signal
inlytic vacuoles (asterisks) in the vsrivsré6vsr7 and atgs mutant, compared
withthatin WT. Arrows indicate the PM localization of avrRpm1-GFP. Bottom
right: quantification of the relative vacuole to cytosol fluorescence intensity
values. Data are presented as means + s.d. of ten cells from three independent
experiments. ***P < 0.001, one-way ANOVA with Fisher’s LSD multiple
comparisons test. Scale bars, 10 um. b, Immunoblot detection of the vacuolar
delivery of GFP fusion of effectors in WT or usrIvsrévsr7 triple mutants after dark
treatmentin a. Total proteins were extracted from seedlings of indicated plants,
thensubjected to immunoblot analysis with anti-GFP antibody to detect GFP
fusion and the GFP core. Note the reduced GFP core (arrows) in the vsrlvsrévsr7
mutant, compared with thatin WT (Source data). Arrowheads indicated the
loading control. ¢, FRET efficiency analysis of the co-localized puncta between
cerulean-ATG8e and the effectors (avrRpm1-YFP, avrRpt2-YFP or avrRps4-

YFP). FRET efficiency was quantified using the AB approach. For each group,
sevenindividual protoplasts were used for FRET efficiency quantification and
statistical analysis. Data are presented as means + s.d. of FRET efficiency.

d, Co-IP analysis showing the interaction between ATG8e and avrRpml1, avrRpt2
or avrRps4. Arabidopsis protoplasts expressing YFP (lane 1), avrRpm1-YFP

(lane 2), avrRpt2-YFP (lane 3), avrRps4-YFP (lane 4) or positive control SH3P2-
YFP (lane 5) with 3xMyc-ATG8e were subjected to protein extraction and IP with
GFP-trap, followed by immunoblotting with indicated antibodies. Arrowhead
indicates ATG8e proteins co-IP by avrRpm1, avrRpt2 or avrRps4. e, Co-IP analysis

showing the interaction between endogenous ATG8e and avrRpm1-GFP in

WT or rpmI mutant plants. Arabidopsis seedlings expressing GFP (lane 1),
DEX::avrRpmI-GFPin WT (lane 2), DEX::avrRpm1-GFPin rpmlI (lane 3) or positive
control SH3P2-GFP (lane 4) were subjected to DEX induction for 24 h, protein
extraction and IP with GFP-trap, followed by immunoblot with indicated
antibodies. Arrowhead indicates endogenous ATG8e proteins co-IP by avrRpm1-
GFPin WT or rpmI mutant. f, NBR1 interaction with bacterial effectors aviRpm1,
avrRpt2 and avrRps4 in Nicotiana benthamiana plants using a BiFC assay. NBR1
fused with an N terminus of YFP (YFPn) was co-expressed with aviRpm1, avrRpt2
oravrRps4 fused with C-terminus YFP (YFPc). Reconstituted YFP fluorescence,
co-localized with autophagosome marker mCherry-ATG8e, indicates a positive
interaction. The pair of SH3P2-YFPc and YFPn-NBR1 was used as control.

The regions within the white outline are enlarged (right) (magnification: x5).
White arrows indicate punctae that co-localized with mCherry-ATG8e in the
cytosol. Scale bars, 10 pm. g-i, VSR mutants impair the autophagy degradation
of effectors. Confocal images of cotyledon cells from Arabidopsis seedlings

of theindicated genotypes of mCherry-ATG8e transiently co-transformed

with avrRpm1-GFP, avrRpt2-GFP or avrRps4-GFP. Note that in the vsrSusrévsr7
and vsrlvsréusr7 triple mutants, accumulated mCherry-ATG8e co-localized
puncta (arrows) in cytosols, compared with diffuse cytosolic signal in WT.
Scalebars, 10 pm. j, Quantification of the number of puncta of avrRpm1-GFP,
avrRpt2-GFP or avrRps4-GFP per cell in plants of indicated genotype. Data are
presented as means + s.d. of puncta number obtained from 20 individual cells
of 3independent experiments. ****P < 0.001, one-way ANOVA with Fisher’'s LSD
multiple comparisons test. The experiments in b-fwere repeated independently
three times with similar results.
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requires VSRs and that it occurs through autophagy. To assess effector
degradation, we extracted total proteins from seedlings transiently
expressing GFP-tagged effectors and performed immunoblot analysis
using anti-GFP antibodies. In WT seedlings, we observed the accumu-
lation of a free GFP-core fragment at 24 hpi (Fig. 6b), indicating that
the GFP-tagged effectors are degraded in the vacuole. However, this
GFP-core accumulation was reduced in the vsrivsrévsr7 triple mutant
compared with WT (Fig. 6b). Takentogether, the obtained dataindicate
that the effectors are delivered into the vacuole in a VSR-dependent
manner for their autophagy-mediated degradation.

To further support the idea that the effectors are the targets for
autophagy, we tested for co-localization of avrRpm1-YFP, avrRpt2-YFP
and avrRps4-YFP effectors with the autophagosome marker
cerulean-ATGS8e in transiently transformed Arabidopsis protoplasts.
Weobserved the avrRpm1-YFPsignal atthePM andinintracellular punc-
tae labelled with cerulean-ATG8e (Extended Data Fig. 9a). Likewise,
avrRpt2-YFP and avrRps4-YFP showed a diffused patternin the cytosol
and partially co-localized with cerulean-ATG8e on the autophagosome
membrane (Extended Data Fig. 9b,c). However, the punctae of YFP
signals were largely separated from the PVC/MVB marker RFP-Rhal
(Extended DataFig. 9d). FRET-AB analysis revealed that avrRpm1-YFP,
avrRpt2-YFP and avrRps4-YFP, but not the control EYFP, showed
strong interactions with cerulean-ATG8e in the punctate compart-
ments (Fig. 6¢). In addition, 3xMyc-ATG8e co-immunoprecipitated
with avriRpm1-YFP, avrRpt2-YFP or avrRps4-YFP, but not with the YFP
negative control (Fig. 6d). Indeed, the fusion protein avriRpm1-GFP
co-immunoprecipitated with endogenous ATG8 proteins when
expressed in either WT or rpmI mutant plants (Fig. 6e). Thus, these
findings further support the association of bacterial effectors with
the autophagic machinery and suggest that their interaction does
not require ETI activation. In the autophagy process, NBR1 acts as a
selective cargo receptor for degradation of ubiquitinated substrates.
To validate the effectors as substrates for autophagic degradationin
planta, we tested for their interaction with NBR1 using bimolecular
fluorescence complementation (BiFC) assays. Reconstitution of the
YFP signal suggested that avrRpm1, avrRpt2 and avrRps4 effectors
interact with NBR1in planta at mCherry-ATG8e-labelled autophago-
somes (Fig. 6f and Extended Data Fig. 9e). Moreover, the avrRpm1,
avrRpt2 and avrRps4 effectors also interacted with ATG8e in BiFC
assays (Extended Data Fig. 9f).

After having established that the avrRpml1, avrRpt2 and avrRps4
effectors are most likely targets for NBR1- and ATG8e-dependent
autophagy, we tested whether mutations in VSRs alter their distri-
bution in autophagosomes. In WT cells, avrRpm1-GFP, avrRpt2-GFP
and avrRps4-GFP localized in mCherry-ATG8e-decorated
autophagosomes (Fig. 6g-i). Likewise, avrRpm1-GFP also localized
in mCherry-ATG8e-decorated autophagosomes in vsrivsré vsr7 and
vsrSvsrévsr7, but the number of punctae per cell was substantially
(P<0.0001) increased in the triple mutants relative to WT plants,
particularly in vsrlvsrévsr7 (Fig. 6j). Similarly, an increased number
of punctae with co-localized mCherry-ATG8e and avrRpt2-GFP or
avrRps4-GFP was observed in vsrSusréuvsr7 or vsrlvsré vsr7 relative to
WT plants (Fig. 6j). These results are consistent with the reduced levels
of the effectors found in vacuoles of the usr mutants (Fig. 6a). To further
confirmthe autophagic degradation of effectors, we generated dexa-
methasone (DEX)-inducible lines of avriRpm1-GFP, avrRpt2-GFP and
avrRps4-YFP and examined their co-localization with the autophago-
some marker mCherry-ATG8e. After DEX induction, punctate struc-
tures of the effectors were observed in the cytosol and co-localized
withmCherry-ATG8e in WT plants (Extended Data Fig.10a). In addition,
in the presence of Conc A, mCherry-ATG8e-positive puncta and GFP
fusion of effectors accumulated in the vacuole lumen. To test whether
dysfunction of the VSRs perturbs the vacuolar transport of effectors,
we generated the DEX::avrRps4-YFPin the vsrlvsrévsr7 mutant. Interest-
ingly, the vacuolar targeting of avrRps4-YFP was significantly impaired

in vsrivsréusr7, with a reduced number of puncta (P< 0.0001) in the
vacuole lumen after Conc A treatment compared with WT (Extended
DataFig.10b,c). Taken together, these results reveal the role of NBR1,
ATG8e and VSRsin autophagosome-mediated degradation of bacterial
effectorsinthe vacuole.

Discussion

Vacuolar sorting receptors play a crucial role in sorting seed storage
proteins or lyticenzymesto vacuoles within the secretory pathway, by
directly interacting with the cargo through their NT luminal domain
andwith adaptor protein (AP) complexes AP-1or AP-4 (which facilitate
anterograde transport of the receptor-cargo complex) through their
cytosolic CT domain®"., The dynamic trafficking of VSRs ensures the
precise sorting of proteins in the secretory pathway and the mainte-
nance of cellular homeostasis, which are essential in various develop-
mental processes and osmotic stress responses’>**>”2, In addition, it
was previously reported that VSR6 and VSR7 are among a few direct
targets for transcriptional activation by NPR1 (ref. 33), but whether
and how VSRs contribute to plantimmunity had remained unknown.

Here we identified the involvement of VSRs in plant pathogen
defence by demonstrating the following: (1) A subgroup of Arabidopsis
VSRsistranscriptionallyinduced duringinfection with P.syringae, which
results in higher VSR protein levels; (2) VSRs bind cell death-related
hydrolyticenzymes and dysfunction of the pathogen-responsive VSRs,
specifically in the vsrSvsrévsr7 and vsrlvsrévsr7 mutants, leading to
defectsinthetransport of these enzymes and resulting in their secre-
tionintothe ECS; (3) Deficiency in pathogen-responsive VSRsinterferes
with tonoplast-PM fusion and hypersensitive cell death activated upon
infection with avirulent P. syringae strains, resulting inincreased plant
susceptibility characterized by stronger disease symptoms and higher
bacterialloads; (4) Depletion of VSRsleads to autophagy defects, result-
inginaccumulation of bacterial effector proteinsin autophagosomes
and their reduced turnover in the vacuole. These observations would
seem to argue that the subgroup of pathogen-inducible VSRs plays
multiple roles in ETI, mediating vacuolar sorting ofimmunity-related
vacuolar lytic enzymes, vacuole to PM fusion and hypersensitive
cell death, as well as degradation of effector proteins through the
autophagy pathway.

The ETlin response to P. syringae pv. tomato (Pto) DC3000 har-
bouring avrRpm1I or avrRpt2 is conditioned by the CC-NB-LRR-type
resistance (R) protein RPM1orRPS2, respectively, whereas ETI response
elicited by Pto DC3000 AvrRps4 requires the TIR-NB-LRR class R protein
RPS4 (refs.58,73,74). Acommon theme in the hypersensitive response
(HR) triggered by these CC-NB-LRR and TIR-NB-LRR R-genes is the
requirement of vacuole-mediated execution steps®. RPS2-dependent
HRinvolves fusion of the tonoplast with the PM and discharge of vacu-
olar hydrolytic enzymes into the ECS*. RPS4-dependent HR engages
autophagy mechanisms®, which require collapse of vacuolar mem-
branesand therelease of hydrolytic enzymes into the cytosol”™. Interest-
ingly, bothforms of vacuolar cell death seem to be induced upon RPM1
activation®*®, The results presented here strongly suggest that VSR
deficiency interferes both with vacuolar processes and with autophagic
fluxduring the HR, affecting the execution steps of autophagy- and vac-
uole fusion-mediated cell death. This may explain the severe suppres-
sion of the HR mediated by either TIR-NB-LRR or CC-NB-LRR proteins
invsrmutants. The contribution of VSRs to plantimmunity presented
hereisalso distinct fromthat reported for the VSR-interacting regula-
tors AP-2and AP-4, which participatein ETI triggered by RPM1and RPS2
but notby RPS4, possibly by regulating clathrin-mediated endocytosis
of PM-localized RPM1 and RPS2 (refs. 76,77). However, our data are
consistent with previous research suggesting that the retromer com-
ponent VPS35 homologues, which are responsible for VSR recycling,
contribute to certain forms of NB-LRR protein-mediated autoimmunity
and pathogen-triggered HR. Retromer deficiency is known to cause
defects in late endocytic/lytic compartments and impairs vacuolar
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processes associated with autophagy®. Inmammalian and yeast cells,
theretromer complexisaregulator of the rerouting of ATG9-containing
vesicular carriers toward sites of autophagosome formation’®”’. Given
theinteractionbetween VSRs and the retromer complexin Arabidopsis,
itwould be valuablein the future to investigate the localization of the
retromer in vsr mutants, and conversely, to identify the presence of
VSRs in retromer mutants during the autophagic process.

VSRs are involved in autophagy-mediated cell death during ETI
Autophagy, aconserved intracellular trafficking and degradation pro-
cess, hasbeenimplicated in basalimmunity as well as in some forms of
immune receptor-mediated vacuolar cell death®**”, Our finding that
deficiency of VSRs in vsrSvsré6vsr7 and vsrivsrévsr7 mutants exhib-
its additional defects in starvation-induced autophagy (Fig. 5 and
Extended Data Fig. 7) further implicates important functions of VSR
components and trafficking in autophagic mechanisms. In thisregard,
arecent study demonstrated that VPS10, a vacuolar cargo sorting
receptorinyeast, playsanovel context-dependentroleinautophagy,
particularly in the trafficking and maturation of the aspartyl-protease
Pep4 and its impact on the proteolytic activity of the vacuole®. In
our screen for VSR cargoes upregulated after bacterial infection, we
found a Pep4 homologue in Arabidopsis that localizes to the PVC/
MVBs and vacuole (Extended Data Fig. 2d). This finding suggests
that acommon Pep4-mediated mechanism for context-dependent
autophagy regulated by vacuolar sorting receptors may be conserved
from yeast to plants.

In plants, effector proteins from various plant pathogens have
been found to perturb or hijack the autophagy pathway to attenu-
ate plant immune reactions?*®’. More specifically, plant pathogenic
bacteria have been shown to utilize effectors to modulate autophagic
degradation®®, Our findings demonstrate that the avrRpm1, avrRps2
and avrRps4 effectors interact with the autophagic adaptor proteins
NBR1and ATG, and are targeted into vacuole for degradation. The flux
of effectors into the vacuole is hampered in vsrSvsré6vsr7 and vsrivs-
réusr7 mutants, supporting a role of VSRs in their autophagic degra-
dation. Considering the evidence thatavrRpm1, avrRps2 and avrRps4
interact with the selective cargo receptor NBR], it is likely that their
autophagy is triggered by ubiquitination, as has been suggested for
XopL, another bacterial effector that also interacts with NBR1 (ref.
27).Hence, it would be interesting to analyse the ubiquitin status of
avrRpml, avrRps2 and avrRps4 duringinfectionin WT and vsr mutant
plants. In addition, it will be important to investigate whether VSRs
may play arole beyond autophagy in turnover of bacterial effectors,
especially in the trafficking of downstream components of ETI or
PTI, which eventually function synergistically to provide resistance
against pathogens®. Indeed, endocytic trafficking also plays a major
role in plant immunity*. Moreover, this additional function would
be consistent with the fact that vsr mutants can partially perturb PTI
responses (Extended Data Fig. 4), which would not be due to a func-
tion in autophagy, since autophagy deficiency does not affect PTI
responses®. Thus, further studies should be conducted to investigate
whether the effectors are degraded by other additional mechanisms
such as endocytosis or proteasome-mediated degradation.

Vacuolar hydrolytic enzymes for hypersensitive cell death

and immunity

Understandingtheintricate roles of vacuolar enzymes is essential for
unravelling the molecular mechanisms underlying plant immunity
and hypersensitive cell death. One of the key groups of enzymes we
identified in this screening is the PLCPs. Recent research has empha-
sized the pivotal role of PLCPs in plant immunity, as they are crucial
for providing full resistance to various pathogens*®. When activated,
PLCPs trigger a wide range of defence responses, including plant cell
death. Although plants contain numerous PLCPs localized in different
compartments, including vacuole, ER or apoplast, the mechanisms

by which specificity is achieved remain largely elusive. According to
our subcellular localization analysis and protein-protein interaction
assays, the 11 pathogen-inducible PLCPs identified here are sorted by
VSR proteins and primarily localized in the vacuole.

In addition to PLCPs, peroxidases (PRX33, PRX34 and PRX37)
and endochitinases (PR3 and PR4) are highly induced in host plant
tissues during pathogen infection (Extended Data Fig. 2a), which is
consistent with previous microarray dataindicating the upregulation
of class Il PRXs and chitinases under pathogen infection®. Class IlI
peroxidases have been classified as secretory PRXs due to the presence
of an N-terminal polypeptide that directs them to the extracellular
space, and the presence of a C-terminal polypeptide has been shown
to target class Il PRXs to the vacuole®. PR3, PR4, PRX33 and PRX34
have been foundin previously published vacuolar protein databases®.
Indeed, our in vivo confocal observation has revealed that PRX33,
PRX34 and PRX37 as well as endochitinase (PR3 and PR4) are localized
in the vacuole (Extended Data Fig. 2d). Thus, peroxidases and endo-
chitinase may be stored in the vacuole and released upon pathogen
attack to degrade the cell walls of invading pathogens or reinforce
the plant cell wall by catalysing the formation of lignin and suberin®®,
thereby restricting pathogen growth and spread within the plant. Our
results support that GRX (also known as GRXC4) is a soluble protein
containing an N-terminal cleavable signal peptide® that targets it to
the endomembrane system. Our confocal microscopy analysis shows
that GRX-GFP exhibits a punctate localization pattern co-localizing
with the PVC/MVB marker mRFP-VSR2, along with diffuse signals in
thevacuole (Extended Data Fig. 2d). Consistent with this, our previous
study has demonstrated that GRX is a VSR-mediated cargo protein,
possessing ahydrophobic VKKTIsequence that functions asavacuolar
sorting determinant™. Given the established role of vacuolar proteins
in plant-pathogeninteractions, future studies should investigate how
this vacuole-localized GRX contributes to immune responses against
pathogens.

On the basis of the findings of this study and previous literature
in plants, we propose the following working model of VSR function
in plant immunity (Supplementary Fig. 5): (1) VSRs are type-l integral
membrane proteins that play a crucial role in the secretory pathway
of plant cells. These receptors are responsible for selectively sorting
cargo proteins, particularly hydrolyticenzymes, into lytic vacuoles for
degradation, which thus contribute to maintaining cellularhomeosta-
sisand regulating protein turnover; (2) After infection with P. syringae,
cells perceive secreted type-lll effectors and launch an ETI response
that includes the induced expression of VSR proteins, to sort cell
death-related proteinase into the vacuole and trigger hypersensitive
cell death through membrane fusion between the tonoplast and PM;
(3) The selective autophagic receptor NBR1 and ATGS proteins inter-
act with bacterial effector proteins, promoting their VSR-dependent
autophagic degradationin the vacuole.

Itis established that the PVC/MVB fuses with autophagosomes to
form amphisomes, which are hybrid organelles critical for autophagic
cargo delivery®®®, In this study, our data showed that the PVC/
MVB marker protein Rhal partially co-localizes with ATG8-labelled
autophagosomes after P. syringae infection (Extended Data Fig. 8d).
Inaddition, we also observed that VSRs are relocalized from PVC/MVB
to ATG8-positive autophagosomes after infection (Fig. Se). Future
studies should aim to determine whether the VSR-ATG8 co-localization
results fromthe recruitment of VSRs to autophagosomes or via their
incorporation into newly formed amphisomes. Furthermore, it is
crucial to further identify other VSR-interacting proteins that are
required to regulate lytic enzyme and effector trafficking in the ETI
process.Inaddition, it will be interesting to identify factors or signal-
ling molecules that may regulate the distribution of VSRs between
endosomes in the secretory pathway in sorting hydrolytic enzymes
for hypersensitive cell death or into autophagosomes for effector
elimination.
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Methods

Plasmid construction

Double restriction enzyme digestion (Takara) or recombination
(Vazyme) methods were performed to clone corresponding genes to
plasmids. To generate constructs for transient expressionin Arabidop-
sis protoplast, corresponding genes were amplified and cloned into
pBI221 vectors modified to contain YFP, cerulean, mRFP, 3xMyc, and
tags under 35S or UBQ10 promoter°. For making VSRIpro::GFP-gVSRI,
VSR5pro::GFP-gVSRS, VSR6pro::GFP-gVSR6 and VSR7pro::GFP-gVSR7
transgenic plants, the native promoter and genomic DNA of indi-
cated genes were fused with fluorescent proteins and cloned into
pCAMBIA1300 using the recombination method. For the subcellular
localization analysis of identified cargo proteins in cotyledon cells
of Arabidopsis seedlings, the coding sequence of respective genes
were PCR amplified and cloned into the pre-made pCAMBIA1300
backbone with mRFP fusion. For expression of tonoplast marker, con-
structs of VAMP711 were made by PCR cloning into the binary vector
pCAMBIA1300 with YFP fusion. For expression of effector proteins,
constructs of aviRpm1, avrRpt2 or avrRps4 were made by PCR clon-
ing of the respective effector gene into the vector pBI221 and pCAM-
BIA1300 with GFP fusion. The coding region was further cloned into
pTA7002-DEX vector for plant transformation. For BiFC constructs,
the effectors, ATG8e, NBRIand SH3P2 were PCR amplified and cloned
into the pre-made YFPn or YFPc vectors®. RD21A-YFP and RDL1-YFP
were constructed previously’. All constructs were verified by Sanger
sequencing. Primers used for plasmid construction, genotyping, or
RT-gPCRarelisted in Supplementary Table 2.

Plant materials

The Arabidopsis ecotype Col-0O T-DNA insertional mutants vsrl-2
(GABI_503A05), vsr2 (SALK_082962), vsr4 (SALK_094467), vsr5
(SALK_044991), vsr6 (SAIL_338 HO3) and vsr7-3 (SAIL_1158 HO9) were
generated as previously described®. Arabidopsis atgs (SAIL_129 B07)%,
vha-a2 vha-a3 (ref. 92), rpmi-3 (ref. 93), rps2-101C°** and rps4 (ref. 95)
were described previously. Double or triple mutants were gener-
ated by crossing and screened by genotyping PCR. The vsr2VSR3%*°
VSR4“*°-1 knockout line was produced by editing VSR3and VSR4in the
vsr2 T-DNA insertion mutant background, using an egg cell-targeting
CRISPR-Cas9 system®’, To generate the transgenic plants, all plasmids
were introduced into Agrobacterium tumefaciens strain GV3101 and
transformed into WT or mutants by floral dip. Arabidopsis WAVE lines
stably expressing fluorescent protein-tagged organelle markers for
proteinsubcellular localization were obtained from NASC. Fluorescent
tagged transgenic plants in WT or indicated mutants were generated
using transgenes or by crossing.

Plant growth and chemical treatments

Surface-sterilized Arabidopsis seeds were grown on plates with
half-strength Murashige and Skoog (MS) medium (pH 5.7) with 1% (w/v)
sucrose and 0.8% (w/v) agar at 22 °C under a long-day (16 h light/8 h
dark) or short-day (8 h light/16 h dark) photoperiod. For phenotype
analysis, 6-day-old seedlings on plates or 24-day-old plants onsoil were
observed and quantified. FM4-64 dye staining and uptake experiments
and image collection were performed as previously described’. BTH
(100 pM) was added to the liquid medium with seedlings for 6 hbefore
confocallaser scanning microscopy (CLSM) observation. The seedlings
were stained with 2 uM lysotracker red for 15 min before CLSM imag-
ing. BCECF-AM (10 pM) was added to the liquid medium with leaves
for1hbefore CLSM observation. For DEXinductionin liquid medium,
seedlings were transferred to liquid MS with ethanol as control or 10 pM
DEX forindicated time before CLSM observation or protein extraction.

Bacterial strains and pathology tests
Pseudomonas syringae pv. tomato virulent strain DC3000 carrying
the empty vector pVSP61 (Pto DC3000 EV), along with congenic

avirulent strains (Pto DC3000 expressing avrRpml1, avrRpt2 or
avrRps4) and Pto DC3000 hrcC were used in this study. The bacte-
riawere cultured in King’s Bmedium, washed twice in10 mM MgCl,,
and thenresuspended at optical density at 600 nm (OD¢,) = 0.001
or 0.005 for plant inoculation in growth assays and trypan blue
staining. For the electrolyte leakage assay, the bacteria were resus-
pended at OD,, = 0.1, and for confocal microscopy analysis, the
suspension was at OD,, = 0.05. Inoculation of bacterial suspension
was performed on the abaxial sides of 4-5-week-old Arabidopsis
leaves using needleless syringes. Bacterial growth was monitored
as previously described™.

Trypanblue staining

Trypan blue staining was conducted as described with modification”.
Briefly, inoculated leaves were imbibed with staining solution (1 mllac-
ticacid, 1 mlglycerol, 1 ml water-saturated phenol,1 mlwaterand 1 mg
trypan blue) for no more than 1 h at room temperature. The samples
were then decolourized in100% ethanol for at least 1 day.

Electrolyte leakage assay

Theelectrolyte leakage assay was conducted as described*. Four discs,
each with a diameter of 7.5 mm, were excised from the leaves after
bacterialinoculation. These discs were then floated in 2 ml of distilled
water for 30 min, transferred to fresh distilled water and incubated at
22 °C.Water conductance was measured using an electrical conductiv-
ity metre (EC-33, Horiba).

Callose deposition

Callose staining was performed essentially as described””. Leaves were
fixed and destained in 1:3 acetic acid:ethanol until the material was
transparent. Fixed and destained leaves were washed in150 mM K,HPO,
for30 min. Thenleaves wereincubated for atleast2 hin150 mM K,HPO,
and 0.01% aniline blue, and observed using ultraviolet illumination
at 370-410-nm excitation and 450-500-nm emission wavelengths
under a Zeiss LSM880 confocal microscope. Greyscale images of
callose-stained leaves were used to quantify signal intensities using
ImageJ software.

Transient expression in Arabidopsis
The Arabidopsis suspension cell line, plant system biology dark type
culture (PSB-D), was maintained through subculture every 5 days.
Detailed procedures forisolating protoplasts and conducting transient
expression were described previously®. The protoplasts transferred
with indicated plasmids were then incubated at 23 °C for 12 h before
confocal imaging analysis or protein extraction.
Agrobacterium-mediated transient gene expressionin Arabidopsis
seedlings was described previously”. Briefly, Agrobacterium strain
PMP90 carrying the designated binary vector was cultured at 28 °C
and 200 r.p.m. for 20 h, followed by adjustment of the concentration
to OD¢, =1.5in1/2MS liquid medium. Four-day-old seedlings with the
specified genotype were submerged inthe Agrobacterium culture and
subjected to vacuum infiltration twice for 1 min each. Subsequently,
the Agrobacterium solution was removed, and the seedlings were trans-
ferred to half-strength MS medium for an additional 2 days of incuba-
tion before confocal microscopy imaging.

Confocal microscopy and FRET analysis

Five-day-old Arabidopsis seedlings or 5-week plant leaves with indi-
cated genotypes were collected and visualized using aLeica TCS SP8 or
Zeiss 880 confocal laser scanning microscope. Imaging was performed
withax63 (NA1.20) waterimmersion objective using sequential acqui-
sition. For each experiment, 10 individual samples were observed and
confocal imaging represented >75% of the samples to reveal similar
expression levels and patterns. Images were processed using Adobe
Photoshop software. Total punctae numbers of eYFP-ATG8e were
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manually counted”. Co-localization and punctae number were quanti-
fied from at least five individual samples.

FRET-AB analysis was conducted on the Leica SP8 confocal sys-
tem”. The protoplastsisolated from PSB-D cells, transiently express-
ing cerulean and YFP fusion proteins, were used for photobleaching
at514 nmlaser with aspeed of 200 Hz at full power intensity. The fluo-
rescence intensity of the cerulean donor was captured and recorded
before and after bleaching aregion of interest containing YFP fusions
until the intensity dropped below 10% of the initial level. FRET effi-
ciency was calculated using the formula Ef = 100 X (Dpos = Dpye)/Dyposts
where D, and D, represent the fluorescence intensity of cerulean
and its fusions before and after bleaching, respectively. FRET effi-
ciency quantification and statistical analysis were conducted on a
minimum of 10 protoplasts. Cerulean-EYFP fusions were used as
positive control, and co-expressed free cerulean and EYFP served as
the negative control.

pH measurements

The vacuolar pH of 5-day-old seedlings was assessed by utilizing
the fluorescent cell-permeant dye BCECF-AM at 10 pM. Following a
1-h staining period at 22 °C in darkness, the seedlings were washed
for 10 min in media. BCECF fluorescence was visualized using a
Zeiss 880 confocal laser-scanning microscope, with excitation at
405 and 488 nm, and emission detection between 530 and 550 nm.
Ratio images were created using the ion concentration tool in the
Zeiss LSM Confocal software, and image processing was carried
out using Adobe Photoshop software. The ratio values were deter-
mined using Image]J. The integrated pixel density was quantified,
with values from the 488-nm-excited images divided by those from
the 405-nm-excited images. This ratio was then utilized to calculate
the pH on the basis of a calibration curve according to previously
described procedures®.

Chlorophyll content measurement

Chlorophyll was extracted from both seedlings and leaves using 80%
acetone (v/v). The content was determined spectrophotometrically at
wavelengths of 663 nm and 645 nm, followed by calculation.

BiFC

For BiFC experiments, cultures of Agrobacterium strain GV3101 carry-
ing BiFC constructs and control constructs were grown overnight at
28 °CinLuria-Bertani medium®. The harvested bacteria were resus-
pended ininfiltration buffer (10 mM MES, 10 mM MgCl,and 150 uM
acetosyringone) and allowed to incubate at room temperature for
2 h.Bacterial suspensions with OD,, = 1 were mixed in various com-
binations at equal ratios and infiltrated into the abaxial sides of
4-week-old leaves of Nicotiana benthamiana. Confocal microscopy
imaging of the infiltrated leaves was performed at 36 to 40 h post
infiltration.

Protein preparation

To extract protein from protoplasts, protoplasts transformed with
indicated plasmids were first washed with 250 mM NacCl, followed
by centrifugation at 100 g for 10 min to collect cells. Cells were resus-
pendedinice-cold lysis buffer containing 25 mM HEPES, 150 mM NaCl,
1 mMMgCl,, 1,000 pM CaCl,, 0.5% (v/v) Triton X-100 and 1x Complete
Protease Inhibitor Cocktail (Roche) (pH 7.1). The total cell extracts were
then centrifuged at 16,000 g for 10 min at 4 °C, followed by addition
of SDS loading buffer.

For the protein extracted from seedlings, 5-day-old or 12-day-old
Arabidopsis seedlings were ground in liquid nitrogen, added with
lysis buffer containing 0.5% (w/v) Triton X-100 and then centrifuged at
16,000 gfor10 minat4 °C. The supernatant was then extracted, boiled
insample loading buffer at 55 °C or 100 °C for 10 min and subjected to
immunoblotting on 12% (w/v) SDS-PAGE gels.

Immunoprecipitation and immunoblotting
Transformed protoplasts wereinitially diluted with 3-fold volumes of
250 mM NaCl and then collected by centrifugation at 100 gfor 10 min.
Subsequently, the protoplasts were resuspended in cold IP buffer
(25 mM HEPES, 150 mM NaCl,1 mM MgCl,, 1,000 pM CacCl,, 0.02% (v/v)
Triton X-100 and 1x Complete Protease Inhibitor Cocktail, pH 7.1) and
lysed by passing through a 1-ml syringe with a needle. The total cell
lysates were centrifuged at 700 g for 5 min at 4 °C to remove intact
cellsandlarge cellular debris, followed by 14,000 r.p.m. centrifugation
for30 minat4 °C. The resulting supernatant was mixed with IP buffer
containing 0.08% (v/v) Triton X-100 and incubated with GFP-Trap beads
(ChromoTek) at 4 °C on arotator for 4 h, followed by 5 washes in cold
washing buffer containing 0.05% (v/v) Triton X-100. Subsequently, the
samples were boiled in 1x SDS sample loading buffer.
Forimmunoblotting, the protein samples were separated on 12%
(w/v) SDS-PAGE gels and transferred to nitrocellulose membranes
(Bio-Rad). The membranes were blocked in PBST with 5% (w/v) milk, fol-
lowed by incubation withappropriate antibodies. Clarity Western ECL
substrate solutions (Bio-Rad) were utilized to visualize luminescence.
Theuncropped westernblotimages used in this paper are provided as
Source datafiles.

Antibodies

The primary antibodies, anti-actin (Biodragon, B1051), anti-NBR1
(Agrisera, AS14 2805), anti-cFBPase (Agrisera, ASO4 043), anti-Myc
(ABclonal, AE070), anti-GFP (Biodragon, B1025) and anti-ATG8
(ABclonal, A22294) were purchased from commercial companies. The
anti-VSR antibodies were prepared using a truncated Arabidopsis VSR1
recombinant protein (lacking TMD and CT) expressed in Drosophila
melanogaster S2 cells as antigen to immunize rabbits™%*2

RNA extraction and quantitative RT-PCR analysis

Total RNA was extracted frominoculated leaves using the Eastep Super
RNA Extractionkit (Promega, LS1040) following manufacturer instruc-
tions. Subsequently, cDNA was synthesized using the Prime Script
RT Reagent kit with gDNA Eraser (RR047A, TaKaRa). RT-qPCR assays
were conducted utilizing the Bio-rad Real-Time PCR System (CFX96)
and the SYBR Premix Ex Tag kit (RR820A, TaKaRa). The transcript
level of specific genes was normalized to an endogenous reference
EF1a (At5g60390) asindicated in the figure legends. Primer details are
provided in Supplementary Table 2. Each experiment included three
biological replicates.

RNA-seq analysis

For RNA-seq experiments, 4-week-old plants of both WT and vsr
mutants were infected with Ps¢ DC3000 avrRpm1 (OD = 0.05) and
total RNA was prepared from the leaves atindicated times within6 h
afterinoculation. RNA-seq was performed using at least three biologi-
cal replicates. Total RNA was extracted using the Eastep Super RNA
Extractionkit (Promega, LS1040). Sequencing libraries were prepared
with total RNA using the NEB Next Poly(A) mRNA Magnetic Isolation
Module (NEB). Library quality was assessed on the Agilent Bioana-
lyzer 2100 system. The library preparations were then sequenced
on an lllumina HiSeq 2500 platform by Novogene Bioinformatics
Technology. Raw data (raw reads) in fastq format were initially pro-
cessed using in-house perl scripts. Subsequently, the clean reads
were analysed for quality metrics such as Q20, Q30 and GC content.
Cleanreads of high quality were then mapped to the Col genome using
Hisat2 v.2.0.5. Gene expression levels were quantified using FPKM,
whichrepresents the expected number of fragments per kilobase of
transcript sequence per million base pairs sequenced. Specifically,
the gene expression levels of cargo genes and ATG family genes were
selected, quantified using log, FPKM values over time (asratiosat O h
to a control) and presented as a heat map. Images were processed
using GraphPad Prism software.

Nature Plants


http://www.nature.pubapi.xyz/natureplants

Article

https://doi.org/10.1038/s41477-025-02077-8

The data of the hierarchical cluster analysis and heat map indi-
cating expression of Arabidopsis VSR genes in response to pathogen
inoculationare from the data of the Arabidopsis Affymetrix ATH1array
after bacterial pathogen infection®.

Microarray experiments

Seedling growth conditions and bacterial inoculation were conducted
as previously described”. Basically, Arabidopsis were sown in Petri
dishes with liquid 1/2MS medium and grown at 22 °C with continuous
light. Six-day-old seedlings were transferred to 20-ml GC vials with 6 ml
liquid1/2 MS medium (7 seedlings per vial) and maintained in agrowth
chamber at 22 °C with continuous light (70 pE m™2s™). Twelve-day-old
seedlings grownin GC vials were inoculated with P. syringae pv tomato
DC3000 at OD,,0.02 or mock. Then tissue was harvested immediately
(0 h) or atindicated times (3, 6 and 12 h) after the inoculation for RNA
extraction. Probes were made from the RNA samples and then hybrid-
ized to the Affymetrix GeneChip containing ~-8,200 genes, following
procedures provided by the manufacturer.

Quantification and statistical analysis

No predetermined statistical approaches were employed to select
samples or predict outcomes. Datawere omitted if the controls, either
negative or positive, did not function properly. Sample numbers and
the number of biological replicates for each experiment areindicated
in the figure legends or accompanying text. Data are expressed as
mean +s.d. Two-tailed unpaired Student’s ¢-test was used when data
met criteriafor parametric analysis. Differences in means were consid-
ered statistically significant at P < 0.05. The levels of significance are
denoted asfollows: *P < 0.05,**P < 0.01,**P < 0.001and ***P< 0.0001.
Inscenarios involving multiple comparisons, one-way analysis of vari-
ance (ANOVA) was performed, followed by Fisher’s least significant dif-
ference (LSD) or Tukey’s post hoc test to identify significant differences.
All statistical analyses were performed using GraphPad Prism v.9.1.0
software. Each experimental procedure was independently conducted
aminimum of three times to ensure reliability.

Accession numbers

The Arabidopsis Genome Initiative locus identifiers for the genes
mentioned in this Article are VSRI (At3G52850), VSR2 (At2G30290),
VSR3 (At2G14740), VSR4 (At2G14720), VSRS (At2G34940), VSR6
(At1G30900), VSR7 (At4G20110), EF1a (At5G60390), RD21A (At1G47128),
RD21B (At5G43060), RDL1 (At4G36880), RDL2 (At3G19400),
XCPI (At4G35350), XBCP3 (At1G09850), PAPI (At2g34080), RDI19A
(At4G39090), RDI19B (At2G21430), AALP (At5G60360), CTB2
(At1G02305), PR3 (At3G12500), PR4 (At3G04720), PRX33 (At3G49110),
PRX34 (At3G49120), PRX37 (At4G08770), CPY (At3G10410), VPEy
(At4G32940), GRX (At5G20500), PEP4(AT1G11910),ATG1b (AT3G53930),
ATG2 (AT3G19190), ATG3 (AT5G61500), ATGS (AT5G17290), ATG7
(AT5G45900), ATG8e (AT2G45170), ATG9 (AT2G31260), ATGIO
(AT3G07525), ATGI11 (AT4G30790), ATGI12a (AT1G54210), ATG13a
(AT3G49590), ATGI16 (AT5G50230), ATGI8b (AT4G30510) and
ATG101 (AT5G66930). GenBank accession numbers for effectors
are avrRpm1 (X67808.1), avrRpt2 (L11355.1) and avrRps4 (L43559.1).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All study data are included in the article and/or its Supplementary
Information. The raw lllumina reads generated from RNA-seq experi-
ments were deposited at NCBI Sequence Read Archive (BioProject
ID: PRJNA1139386). This article does not contain datasets, code or
materialsinaddition to thoseincluded. Source dataare provided with
this paper.
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Extended Data Fig. 1| Phenotype analysis of different vsr mutant
combinations. (aandb) Phenotype of 24-day-old plants grown under long-

day (a) or short-day (b) growth condition of the indicated vsr mutants and
complemented lines with indicated GFP fusions. Note that homozygous
vsr4vsréusr7 triple mutant are not identified from the self-pollination of vsr4(+/-)
vsréusr7. All photographs are at the same magnification. The wet weights of shoot
per plant of theindicated genotypes were quantified (Right). Data are presented

as means + SD from three independent experiments. Scale bar, 1 cm. (c) Seven-
day-old seedlings of indicated genotypes were photographed. The root length of
seedlings of theindicated genotypes was quantified (Right). Data are presented
asmeans + SD of 10 seedlings from three independent experiments. Scale bar,
1cm. Different letters above barsin (a-c) indicate a significant difference at the
P<0.05level by one-way ANOVA with Fisher’s LSD multiple comparisons test.
Exact P-values of statistic tests in (a-c) are provided in the Source datafile.
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Extended Data Fig. 2| Vacuolar localization of pathogen upregulated proteins
as putative VSR cargo proteins. (a) Transcript levels (log,) of genes, function as
putative VSR cargo proteins, in WT plants after inoculation of the Pto DC3000
avrRpm1 or Pto DC3000 at indicated time of post inoculation. Heatmap displays
the relative expression (log,FC) of the genes in WT plants after inoculation with
PtoDC3000 avrRpm1 or Pto DC3000 at different times points after inoculation
relative to their expression before inoculation (0 h). (b) Subcellular localization
of secYFP and Aleurain-GFP as controls. secYFP showed ER pattern, without

any fluorescence signal in the vacuole. Vacuolar localized protein Aleurain-

GFP colocalized with the PVC/MVB marker mRFP-VSR2 in punctae and showed
diffused fluorescence signals in vacuole. Separated images of each channel in
the white outline area are shown on the right side (from top to bottom: GFP/YFP,
mRFP, and merged). Scale bars, 10 pm. (c) Colocalization of GFP/YFP-tagged

putative VSR cargo in Papain-Like Cysteine Proteases family with the PVC/MVB
marker mRFP-VSR2 was analyzed with a confocal microscope in protoplasts of
Arabidopsis suspension cells. Separated images of each channel in the white
outline area are shown on theright side (from top to bottom: GFP/YFP, mRFP,
and merged). Scale bars, 10 um. (d) Subcellular localization analysis of two
Pathogenesis-related proteins (PR3 and PR4), three peroxidases (PRX33, PRX34,
and PRX37), CPY, PEP4, and GRX. Colocalization of GFP/YFP-tagged proteins with
the PVC/MVB marker mRFP-VSR2 was analyzed with a confocal microscope in
protoplasts of Arabidopsis suspension cells. Separated images of each channel in
the white outline area are shown on the right side (from top to bottom: GFP/YFP,
mRFP, and merged). Scale bars, 10 pm. Similar confocal imaging results to those
in (b-d) were obtained from three independent experiments.
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Extended Data Fig. 3 | Extracellular localization of pathogen-induced VSR
cargo proteins in vsr mutants. (a) Confocal images of cotyledon cells from
Arabidopsis seedlings of the indicated genotypes transiently transformed with
RD21A-mRFP, RDL1-mRFP, PAP1-mRFP, AALP-mRFP, RD19B-mRFP, mRFP-PR3,
PR4-mRFP, mRFP-PRX33, mRFP-PRX34, mRFP-PRX37, CPY-mRFP, PEP4-mRFP,
and GRX-mRFP. Arrows and asterisks indicate the fluorescence signal in
extracellular spaces and vacuoles, respectively. Note that in the vsrSvsrévsr7 or
vsrlvsréusr7 triple mutants, much stronger fluorescent signal in the extracellular
space (arrows), compared to thatin WT. The vacuole protein VPEy-RFP was not

vsrivsrévsr7 b

. 2.47 a
. , &" )
2 b b = [
o o
4 PAP1 o2.4— AALP
K 2 518 a
] b
. b 1.2 A
= J 2
I 20.61
© ©
A 0.0

vsrbvsrévsr7

elative EC/IC

o O =~ 4
o o iy ®»

79}

C,

Relative EC/IC
o o = - N
o o N © N

-

2.41 PRX37

@

Relative EC/IC
c ¢ N
Q0

o o

o O
e}
o

secreted in vsr mutant cells, suggesting the specificity of VSR sorting. Scale
bar, 10 pm. (b) Quantification of relative extracellular (EC) to intracellular (IC)
fluorescence intensity values for the indicated RFP tagged proteins. The region
of interest (ROI) was kept constant for each measurement. Data are presented
asmeans + SD of 10 cells from three independent experiments. Different letters
above bars indicate asignificant difference at the P < 0.05 level by one-way
ANOVA with Fisher’s LSD multiple comparisons test. Exact P-values of statistic
tests are provided in the Source datafile.
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Extended Data Fig. 4| VSRs are weakly involved in PTI. (a) VSR proteins level
after inoculation with virulent strains Pto DC3000 EV. Seedlings of WT plants
after inoculation with virulent strains of Pto DC3000 EV (OD,, = 0.02) at the
indicated time points (0, 3, 6, and 12 h) were applied for protein extraction

and immunoblotting with anti-VSR antibodies. The anti-actin was used as a
loading control. The VSR protein level in the immunoblot was quantified (Right).
Intensity was normalized by the loading control of anti-actin, and the first lane
(0 h)ineach experiment was arbitrarily set to 1. Data are presented as means + SD
from threeindependent experiments. (b) Disease symptoms on representative
infected leaves. Leaves of indicated genotype plants 3 d after inoculation with
PtoDC3000EV (ODgq, = 0.001). Leaves of vsrSusrévsr7 triple mutant inoculated
exhibit chlorotic symptoms. Scale bars, 1 cm. (c) Bacterial growth 3 d after
inoculation with Pto DC3000 EV (0D, = 0.001) in the leaves of indicated
genotype plants. Each bar represents log,,-transformed values of the mean

and SD of three biological replicates. Experiments were repeated three times

‘ Q Anti-VSR

> ' w Anti-actin

vsrbvsrévsr7

vsrivsrévsr7

Relative band intensity

Bacterial number
log,,(c.f.u per cm?)

vsrbvsrévsr7

2 00 o N
L L L ]
[}
®

w
1

Bacterial number
log,,(c.f.u per cm?)

N
L

400 —

w
o
o
]
b
o

N
o
o

|

Callose staining intensity
(250 x 250 ym?)

-

o

o
L

with similar results. (d) Disease symptoms on representative infected leaves.
Leaves of indicated genotype plants 3 d after inoculation with Pto DC3000

hrcC (ODgy,=0.001). Scale bars, 1 cm. (e) Bacterial growth 3 d after inoculation
with Pto DC3000 hrcC (0D, = 0.001) in the leaves of indicated genotype
plants. Each bar represents log,,-transformed values of the mean and SD of three
biological replicates. c.f.u., colony-forming units. (f) Callose depositionin leaves
oftheindicated plant lines inoculated with Pto DC3000 hrcC (OD600 = 0.1)

and water (mock) detected by aniline blue staining at 12 h after inoculation.
Quantification of callose staining intensity is shown on Right. Data are presented
as means + SD of 10 stained regions from three independent repeats. Scale

bar, 500 pm. Different letters above barsin (a, ¢, e and f) indicate a significant
difference at the P < 0.05 level by one-way ANOVA with Fisher’s LSD multiple
comparisons test. Exact P-values of statistic testsin (a, ¢, e, and f) are provided in
the Source datafile.
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Extended DataFig. 5| Phenotype analysis of vsr2VSR3“°VSR4*°-1 mutant.
(aandb) Sequencing analysis of CRISPR-Cas9 edited line of usr2VSR3%*°
VSR4“°-1. CRISPR-Cas9 editing of VSR3 (a) and VSR4 (b) was carried out using
vsr2 T-DNA insertion mutant as the background. VSR3and VSR4 share closely
related sequences thus with identical gRNA1 and gRNA2 targets. Below each gene
model, the nucleotide sequences are shown alongside the corresponding amino
acid translations. The nucleotides highlighted in red in the sequences are specific
changes from WT sequences. The stop codes are marked with stars. (cand d)
Phenotype of 24-day-old plants grown under long-day (c) or short-day (d) growth
condition. The experiments were repeated independently three times with
similar results. (e and f) Disease symptoms analysis of vsr2VSR3%**° VSR4<**-1
mutant. Leaves of WT and vsr2VSR3“°VSR4*°-1 triple mutant after 3 d
inoculation with the Pto DC3000 EV (e) or Pto DC3000 expressing avrRpm1I

(ODgq0 = 0.001) (f). Loss-of-function mutant of the corresponding resistance
gene RPM1 (rpm1I) served as an additional control. Scale bars, 1 cm. (g and h)
Bacterial growth 3 d after inoculation with Pto DC3000 expressing Pto DC3000
EV (g) or avrRpm1 (h) in the leaves. Each bar represents log,,-transformed

values of the mean and SD of three biological replicates. Experiments were
repeated three times with similar results. cfu, colony-forming units. (i) Trypan
blue staining of dead cellsin the leaves of WT, usr2VSR3“** VSR4*°-1, and rpm1
mutants at 12 h after inoculation with Pto DC3000 avrRpm1I (0D, = 0.001).
Quantifications of trypan blue staining intensity are shown on the Right. Data are
presented as means + SD of three independent experiments. Scale bars, 5 mm.
Different letters above bars in (g-i) indicate a significant difference at the P < 0.05
level by one-way ANOVA with Fisher’s LSD multiple comparisons test. Exact
P-values of statistic tests in (hand i) are provided in the Source data file.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Vacuole morphology and vacuolar pH analysis in vsr
mutants. (a) Confocal microscopic images of the vacuolar membrane marker
YFP-VAMP711 expressed in leaf epidermal cells of WT and vsr mutants. FM4-64
was used to label and visualize the cell PM. No obvious vacuole fragmentation
was observed in leaf cells of the indicated vsr mutants. Scale bar, 10 pm.

(b) Lysotracker Red staining indicates aberrant aggregation (arrows) of

lytic compartments in root cells of usrSusrévsr7 and vsrlvsr6vsr7 mutants in
comparison with WT plants (7Top). The morphological phenotype was further
aggravated in vsrSvsrévsr7 and vsrlvsré6vsr7 upon treatment with100 pM BTH
(bottom). Control and BTH-treated 5-d-old seedlings were stained with 2 uM
Lysotracker Red for 15 min before imaging. The green signals of YFP-VAMP711
show the tonoplast. Imaging conditions were identical across all genotypes.

Scale bar, 10 pm. (c) The pH of vacuole is not altered in vsr mutants.
Representative pseudo-colored images of the vacuole in WT, usrSusréuvsr7, and
vsrlvsrévsr7. The rainbow scale correlates to pH value. The vacuolar H*-ATPase
mutant vha-a2 vha-a3was used as a control. Quantification of vacuole pH (Right).
Compared to WT, no significant difference (P> 0.05) in vacuole pH in usrSusré6uvsr7
oruvsrlvsrévsr7 mutant, while loss of the tonoplast VATPase increases the vacuolar
pHinroot epidermal cells. Data are presented as means + SD of 10 seedlings

from three independent experiments. Different letters above barsindicate a
significant difference at the P < 0.05 level by one-way ANOVA with Fisher’s LSD
multiple comparisons test. Scale bar, 10 pm. Similar confocal imaging results
tothosein (aandb) were obtained from three independent experiments. Exact
P-values of statistic tests are provided in the Source data file.
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Extended Data Fig. 7| Autophagic phenotype analysis of vsr mutants.

(a) Photographs of the seedlings from the indicated genotypes after maintaining
them for 7 din complete darkness. Seedlings were grown 7 d on half-strength MS
under long-day conditions before transfer to dark. Note that starvation-induced
chlorosis is enhanced in vsrSvusrévsr7 or vsrlvsrévsr7, compared with WT or
complemented lines (GFP-VSR7/vsrSusré6vsr7 and GFP-VSR1/vsr1vsr6vsr7).

Scale bar,1cm. (b) Quantification analysis of the total chlorophyll content

of seedlings in (a). Data are presented as means + SD of three independent
experiments. (c) Quantification analysis of the NBR1 proteins level upon
infection with Pto DC3000 avrRpmI. Theimmunoblot intensity was normalized
by the loading control of anti-actin, and the first lane (O h) in each experiment
was arbitrarily set to 1. Data are presented as means + SD from three independent
experiments. The differences were compared among WT and vsr mutants at
theindicated time points. (d) Immunoblot analysis of NBR1accumulation upon

WT vsr5vsr6vsr7 vsr5vsr6vsr7 atgs

infection with Pto DC3000 avrRpm1. Total proteins were extracted from 5-day-
old WT, usrSusréusr7, vsrSvsréusr7atgs, and atg$ seedlings at the indicated time
points (0 and 6 h), followed by immunoblot analysis with anti-NBR1antibody.
The cytoplasmic marker anti-cFBPase is used as aloading control. The
immunoblot intensity was normalized by the loading control of anti-cFBPase,
and the firstlane (WT, O h) was arbitrarily set to 1. Quantification analysis of the
NBRI proteins level is shown on Right. Data are presented as means + SD from
three independent experiments. (€) Quantification analysis of the ratio of free
eYFP to eYFP-ATG8e proteins level upon infection with Pto DC3000 avrRpml.
Dataare presented as means + SD from three independent experiments. Different
letters above bars indicate a significant difference at the P < 0.05 level by one-way
ANOVA with Fisher’s LSD (b, d, and e) or Tukey’s (c) multiple comparisons test.
Exact P-values of statistic tests in (b-e) are provided in the Source datafile.
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Extended Data Fig. 8| Colocalization analysis of GFP-VSR1 with endosomal avrRpm1I. Separated images of each channel in the white outlined area are shown
markers after infection with Pto DC3000 avrRpm1. (a-c) Colocalization on theright side (from top to bottom: GFP/eYFP, RFP/mCherry, and merged).
analysis of GFP-VSR1with the MVB/PVC marker mCherry-Rhal (a), Golgi marker Arrows indicate the colocalized fluorescence. The colocalization percentage is
mCherry-SYP32 (b), and TGN marker VHA-al-RFP (c). Confocal images are included in the bottom. Colocalization was quantified from 10 individual leaves
representative of mesophyll cells in leaves of 4-week-old plants before (0) and of threeindependent experiments. Data are presented as means + SD. n, total
after (3 h) inoculation of the Pto DC3000 avrRpm1. (d) Colocalization analysis numbers of analyzed punctae. ***P < 0.0001; n.s., P> 0.05 in two-tailed unpaired
of mCherry-Rhal with the autophagosome marker eYFP-ATG8e in leaves of Student’s t-test. Scale bars, 10 pm.

4-week-old plants before (0) and after (3 h) inoculation of the Pto DC3000
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Extended DataFig. 9 | Effector proteins colocalized and interacted with
ATGS. (a-c) FRET analysis of the colocalized puncta between YFP tagged
avrRpml1-YFP (a), avrRpt2-YFP (b), or avrRps4-YFP (c) and cerulean tagged
ATG8e in protoplasts of Arabidopsis suspension cells. The dashed circular
outlines indicate examples of colocalized punctae for photobleaching. Arrows
indicate the colocalized fluorescence. Separated images of each channel,
both pre-bleach and post-bleach, are shown on the right side (from top to
bottom: CFP, YFP, and merged). Scale bars, 10 um. (d) Colocalization analysis
of avrRpm1-YFP, avrRpt2-YFP, or avrRps4-YFP with the PVC/MVB marker
RFP-Rhal in protoplasts of Arabidopsis suspension cells. Separated images of
each channel are shown on the right side (from top to bottom: YFP, RFP, and
merged). Scale bars, 10 pm. (e) The pair of YFPc and YFPn-NBR1was used as a
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avrRpt2-YFPc
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YFPn-ATG8e

5 x enlargement

SH3P2-YFPc
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negative control for NBR1interaction with aviRpm1, avrRpt2, and avrRps4 in

N. benthamiana plants using a BiFC assay. (f) ATG8e interaction with bacterial
effectors avrRpml, avrRpt2, and avrRps4 in N. benthamiana plants using a BiFC
assay. ATG8e fused with a N-terminus of YFP (YFPn) was co-expressed with
avrRpml, avrRpt2, or avrRps4 fused with C-terminus YFP (YFPc). Reconstituted
YFP fluorescence, colocalized with autophagosome marker mCherry-ATGS8e,
indicates a positive interaction. The pair of SH3P2-YFPc and YFPn- ATG8e was
used as a positive control, while the pair of YFPc and YFPn-ATG8e was used as
anegative control. The regions within the white outline are enlarged (Right)
(magnification: 5x). Scale bar, 10 pm. The experiments in (d-f) were repeated
independently three times with similar results.
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Extended Data Fig. 10 | The autophagic degradation of effectors was impaired
in vsr mutant plant. (a) Colocalization analysis of GFP/YFP fused effectors and
mCherry-ATG8e. Five-day-old transgenic plants expressing autophagosome
marker mCherry-ATG8e and the DEX::avrRpmI-GFP, DEX::avrRpt2-GFP, or
DEX::avrRps4-YFPwere treated with DEX (+) for 24 h, with (+) or without 0.5 pM
Conc Afor 6 h, followed by confocal analysis. The regions within the white
outline are enlarged. Arrows and arrowheads indicate colocalized punctae in
cytosol or vacuole, respectively. Scale bar, 10 pm. (b) VSR mutant impair the
autophagy degradation of avrRps4-YFP. Confocal images of cotyledon cells from
Arabidopsis seedlings of the vsrivsré6vsr7 transformed with DEX::avrRps4-YFP
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after DEXinduction for 24 h, with (+) or without 0.5 pM Conc A for 6 h, followed
by confocal analysis. Note that the vsrivsrévsr7 triple mutants accumulated YFP
and mCherry positive puncta (arrows) in the cytosol after ConcA treatment,
whereas WT Conc A treated plants displayed mostly intravacuolar localization
of the puncta (arrowheads). Scale bar, 10 pm. (c) Quantification of the number
of avrRps4-YFP punctae in vacuole when plants were treated with DEX (+) and
Conc A (+). Dataare presented as means + SD of 20 individual cells from three
independent experiments. ***P < 0.0001in two-tailed unpaired Student’s ¢-test.
Scale bars, 10 pm. The experiments in (a and b) were repeated independently
three times with similar results.

Nature Plants


http://www.nature.pubapi.xyz/natureplants

nature portfolio

Corresponding author(s): Jinbo Shen

Last updated by author(s): Jul 1, 2025

Reporting Summary

Nature Portfolio wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Portfolio policies, see our Editorial Policies and the Editorial Policy Checklist.

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(e}
wv
c
=
=
o
<

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
>~
[5)

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O [0 OKX [ 0
OO0 X X XOKX XK

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Bio-Rad chemiDoc Touch Imaging Software V1.2, ZEISS ZEN software 2.5, Leica LAS AF Lite

Data analysis GraphPad Prism 9, Adobe Photoshop CC, Imagel

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The raw lllumina reads generated from RNA-seq experiments were deposited at NCBI Sequence Read Archive (BioProject ID: PRINA1139386).The authors declare
that all data supporting the findings of this study are available within the article and its Supplementary Information files, or from the corresponding author upon
reasonable request.

€20z [udy




Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine samples or outcomes.
Data exclusions | Data were excluded when negative or positive controls were not working.

Replication Sample numbers and the number of biological replicates for each experiment are indicated in figure legends or methods section above.
Experiments were repeated independently at least three times.

Randomization | The Arabidopsis seeds/cells/seedlings with the same genetic backgroud were randomly placed in the culture with/without treatments.

Blinding The investigators were blinded to group allocation during data collection and analysis.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZ |:| ChlP-seq
Eukaryotic cell lines IZ |:| Flow cytometry
Palaeontology and archaeology IZ |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

OXXXXOO S
NOOOOXKX

Plants

Antibodies

Antibodies used The VSR antibody were homemade. Additional primary antibodies used were anti-actin (Biodragon, B1051), anti-NBR1 (Agrisera,
AS14 2805) anti-cFBPase (Agrisera, AS04 043), anti-Myc (ABclonal, AE070), anti-GFP (Biodragon, B1025), and anti-ATG8 (ABclonal,
A22294) .

=
Y]
=t
=
@
1®)
@)
=
o
=
®
o)
@)
=
=
(@]
wv
c
=
=
o
=<




Validation

(1) anti-VSR. Validation data are available in "Tse, Y. C,, et al. Identification of multivesicular bodies as prevacuolar compartments in
Nicotiana tabacum BY-2 cells. Plant Cell 16, 672-693 (2004)."

(2) anti-actin (Biodragon, B1051), https://www.biodragon.cn/cn/goods/goodsView?Goodsld=12618&Catalog=

(3) anti-NBR1 (Agrisera, AS14 2805) . https://www.agrisera.com/en/artiklar/nbrl.html

(4) anti-cFBPase (Agrisera, ASO4 043). Data are available in https://www.agrisera.com/en/artiklar/cfbpase-cytosolic-fructose-16-
bisphosphatase-marker-for-cytoplasm.html

(5) anti-Myc (Santa Cruz, SC-789). Data are available in https://www.scbt.com/scbt/product/c-myc-antibody-a-14

(6) anti-GFP (Biodragon, B1025). https://www.biodragon.cn/cn/goods/goodsView ?Goodsld=1757&Catalog=

(7) anti-ATGS8 (ABclonal, A22294) . https://abclonal.com.cn/catalog/A22294

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

The Arabidopsis PSB-D suspension cell line is provided by Dirk Inzé (VIB).

N.A.

Mycoplasma contamination N.A.

Commonly misidentified lines  N.A.

(See ICLAC register)

Plants

Seed stocks

Novel plant genotypes

Authentication

The Arabidopsis (Arabidopsis thaliana) ecotype Col-0 T-DNA insertional mutant of vsr1-2 (GABI_503A05); vsr2 (SALK_082962); vsrd
(SALK_094467); vsr5 (SALK_044991); vsr6 (SAIL_338_H03); vsr7-3 (SAIL_1158_HO09) and atg5 (SAIL_129_B07) were ordered and
confirmed as described previously (Zouhar et al., 2010, Plant Journal). Arabidopsis vha-a2 vha-a3 (Krebs et al, 2010, PNAS), rpm1-3

Rrablecarairipto nsiaptcayerp e enate MRydriResieg and soreenay, b aepety pinetR R dire @t aatotie tiarmsenicniaataealaidhe
playmjdsiyvere introduced into Agrobacterium tumefaciens strain GV3101 and transformed into WT or mutants by floral dip.

Fiuorescent tagged transgenic piants in WT or indicated mutants were generated by transgene or crossing.
For phenotype analysis, 6 days old seedlings on plates or 24 days old plants on soil were observed and quantified. For fluorescent

fines, we seiecied lines in which fiuorescence segregaied 3.1 in F2 popuiations, indicating a singie inser tion iocus. Al lines chosen

WaA mssstigns af hairwaiisingiavremvanitied pY PR usPRI st srarbn e theArRraRiategene and the T-DNA borders.
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