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Summary 

 Arabidopsis RESISTANCE TO POWDERY MILDEW 8.2 (RPW8.2) is 

specifically induced by the powdery mildew (PM) fungus (Golovinomyces 

cichoracearum) in the infected epidermal cells to activate immunity. However, the 

mechanism of RPW8.2-induction is not well understood.  

 Here, we identify a G. cichoracearum effector that interacts with RPW8.2, named 

Gc-RPW8.2 interacting protein 1 (GcR8IP1), by a yeast two-hybrid screen of an 

Arabidopsis cDNA library. 

 GcR8IP1 physically associated with RPW8.2 with its RING finger domain that is 

essential and sufficient for the association. GcR8IP1 was secreted and translocated into 

the nucleus of host cell infected with PM. Association of GcR8IP1 with RPW8.2 led to 

an increase of RPW8.2 in the nucleus. In turn, the nucleus-localised RPW8.2 promoted 

the activity of the RPW8.2 promoter, resulting in transcriptional self-amplification of 

RPW8.2 to boost immunity at infection sites. Additionally, ectopic expression or host-

induced gene silencing of GcR8IP1 supported its role as a virulence factor in PM. 

 Altogether, our results reveal a mechanism of RPW8.2-dependent defense 

strengthening via altered partitioning of RPW8.2 and transcriptional self-amplifica t ion 

triggered by a PM fungal effector, which exemplifies an atypical form of effector-

triggered immunity. 

Key words ： Arabidopsis thaliana; broad-spectrum resistance; GcR8IP1; 

Golovinomyces cichoracearum; immunity; nucleocytoplasmic partitioning; powdery 

mildew; RPW8.2. 

Introduction 

Plants mount a two-tiered immune system that consists of pattern-triggered immunity 

(PTI) and effector-triggered immunity (ETI) against microbial pathogens (Jones & 

Dangl, 2006; Wang et al., 2009). PTI and ETI are mutually potentiated upon their 

activation by the recognition of the cell-surface and intracellular immune receptors with 

the conserved pathogen-associated molecular patterns (PAMPs) and pathogen effectors, 
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respectively (Ngou et al., 2021; Yuan et al., 2021). In many cases, intracellular immune 

receptors belong to the nucleotide-binding leucine-rich repeat (NLR) proteins that are 

classified into two broad classes based on their N-terminal domains: Toll and 

interleukin-1 receptor (TIR) NLRs (TNLs) and coiled-coil (CC) NLRs (CNLs) 

(Kourelis & Van Der Hoorn, 2018). The TIR domains of TNLs have been demonstrated 

to possess NADase activity that is mutually exclusive with their 2’,3’-cAMP/cGMP 

synthetase activity, both of which are required for the activation of immune response 

(Wan et al., 2019; Horsefield et al., 2019; Yu et al., 2022). The CNL ZAR1 resistosome 

acts as a Ca2+-permeable cation channel in the plasma membrane relaying immune 

signaling (Wang et al., 2019; Bi et al., 2021). Within CNL proteins, one basal clade is 

distinguished by having a CC domain resembling the Arabidopsis thaliana 

RESISTANCE TO POWDERY MILDEW 8 (RPW8) proteins, denoted as the CCR 

domain (Collier et al., 2011). The CCR CNLs include two related helper NLRs, namely 

N-Required Gene 1 (NRG1) and Activated Disease Resistance 1 (ADR1) (Peart et al., 

2005; Roberts et al., 2013). In contrast to the CC domain of canonical CNL proteins, 

the CCR domains of both NRG1 and ADR1 family proteins are sufficient for the 

induction of defense responses (Collier et al., 2011). Besides, the ADR1 and NRG1 

families play an unequally redundant role in immune signaling transduction of TNL- 

and CNL-mediated ETI (Dong et al., 2016; Castel et al., 2019; Wu et al., 2019; Saile 

et al., 2020). These two unique families of NLR proteins have also been termed as 

RNLs because of their N-terminal CCR domain homologous to the RPW8 family 

proteins, which include RPW8.1, RPW8.2, and a few homologues of RPW8 (Xiao et 

al., 2004; Collier et al., 2011; Dong et al., 2016; Castel et al., 2019). Both RPW8.1 and 

RPW8.2 confer broad-spectrum resistance to powdery mildew (PM) (Xiao et al., 2001, 

2003; Wang et al., 2009; Ma et al., 2014). 

PM fungi are obligate biotrophic pathogens that require a living host to complete 

their lifecycle (Lipka et al., 2008). PM infection induces reorganizations in host cell 

structure and changes in cell physiology (Hückelhoven & Panstruga, 2011). Particula r ly, 

PM fungi establish haustoria in epidermal cells of their hosts to steal water and nutrients 
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for their proliferation (Lipka et al., 2008). The haustoria of PM are encased by the extra-

haustorial membrane (EHM) that forms the host-pathogen interface and the battle 

frontiers (Kwaaitaal et al., 2017). RPW8.2 is targeted to the EHM via the 

VAMP721/722-mediated vesicle trafficking pathway upon the invasion of PM fungi 

that highly induce the expression of RPW8.2 (Wang et al., 2009; Kim et al., 2014). 

RPW8.2 is also partitioned into the nucleus and the cytoplasm to mount effective 

defense responses, such as the deposition of callose to encase the haustorial complex 

and the enrichment of H2O2 in the haustorial complex (Wang et al., 2009; Huang et al., 

2019). RPW8.2 engages EDS1-dependent and SA signaling to trigger a positive 

transcriptional amplification circuit (Xiao et al., 2003, 2005). Intriguingly, RPW8.2 is 

strongly and specifically induced in epidermal cells invaded by the adapted PM 

isolate Golovinomyces cichoracearum (Gc) UCSC1 (Xiao et al., 2003; Wang et al., 

2009). However, it remains unclear how the highly cell-type-specific induction of 

RPW8.2 is achieved. 

To explore how RPW8.2 activates defense and how RPW8.2 is regulated, we 

performed a yeast two-hybrid screen and identified a candidate protein from Gc USCS1, 

designated Gc-RPW8.2 interacting protein 1 (GcR8IP1). GcR8IP1 was a secretory 

protein required for full virulence of Gc UCSC1. As a nucleus- localised protein, 

GcR8IP1 interacted with RPW8.2 and increased RPW8.2’s nuclear localisat ion, 

leading to a transcriptional self-amplification of RPW8.2 in haustorium-invaded 

epidermal cells. Thus, our data provide insight into the mechanism of RPW8.2-

mediated immunity against PM as an atypical form of effector-triggered immunity. 

Materials and Methods 

Plant materials and growth conditions 

Arabidopsis thaliana L. accessions Warschau-1 (Wa-1) and Columbia-0 (Col-0) were 

used in this study. The pad4-1 sid2-1 double mutant and the transgenic Arabidopsis line 

P2Y3’ expressing YFP from the RPW8.2 promoter were obtained from previous studies 

(Ma et al., 2014). Seeds were sown directly on soil and vernalized at 4 °C for 2 days 
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before moving to a growth room at 21 °C and 75% humidity under 10 h/14 h light/dark 

period. Nicotiana benthamiana L. was grown under the same conditions. 

Constructs, transient expression, and genetic transformation 

For signal peptide verification in yeast, truncated versions of GcR8IP1 were amplified 

from Gc UCSC1 cDNA and cloned into pSUC2 (Jacobs et al., 1997). For yeast two-

hybrid assay, GcR81IP1 and its truncated versions were amplified from Gc UCSC1 

cDNA and ligated into pGADT7 (Clontech, USA). For biomolecular fluorescence 

complementation (BiFC) assay, GcR81IP1, RPW8.2, and their mutated/trunca ted 

versions were amplified from Gc UCSC1 or Arabidopsis cDNA and cloned into pJH-

YN or pXM-YC. pJH-YN and pXM-YC were derived from BiFC vectors pXY104 and 

pXY106 by tagging 3×myc and 3×FLAG, respectively (Von Stetten et al., 2012; Luo 

et al., 2014). For luciferase complementation imaging (LCI) assay, GcR81IP1, RPW8.2, 

and their truncated versions were amplified from Gc UCSC1 or Arabidopsis cDNA and 

cloned into pCAMBIA1300-NLuc or pCAMBIA1300-CLuc (Chen et al., 2008). For 

prokaryotic protein expression, the truncated version GcR8IP1-M1 was amplified from 

Gc UCSC1 cDNA and cloned into pGEX6p-1 (GE Healthcare, USA). For co-

immunoprecipitation (co-IP) and subcellular localisation assays, GcR8IP1, RPW8.2 

and their mutated/truncated versions, tagged with RFP, GFP, 3×FLAG or 3×HA, were 

separately cloned into pCAMBIA2300 (Leclercq et al., 2010). All primers are listed in 

Table S1. 

For transient expression in N. benthamiana, Agrobacterium tumefaciens strain 

GV3101 harbouring individual recombinant plasmid was adjusted to OD600 = 0.8 in 

infiltration buffer (1 mM MgCl2, 10 mM MES pH = 5.7, and 200 μM acetosyringone) 

before infiltrated into N. benthamiana leaves following a previous work (Wydro et al., 

2006). For co-expression assays, equal volume of the indicated cultures was mixed 

thoroughly before infiltration. At 48 h post infiltration, N. benthamiana leaves were 

collected for protein extraction or microscopic observation under a confocal laser 

scanning microscope (Nikon A1, Japan). 
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For silencing GcR8IP1 via the host-induced gene silencing (HIGS) technique, the 

GcR8IP1 fragment spanning from 27-bp to 382-bp, covering the RING domain-

encoding sequence, was amplified and cloned into pHB through an intermediate vector 

pKANNIBAL (Varsha Wesley et al., 2001). The GFP fragment spanning from 62-bp to 

462-bp was cloned into pHB as a negative control. To overexpress GcR8IP1 in 

Arabidopsis, full length of GcR8IP1 tagged with 3×HA was clone into pER8 to 

generate XVE-GcR8IP1-HA-OE expression cascade (Schlücking et al., 2013). All 

primers are listed in Table S1. The floral dip method was used for Arabidopsis 

transformation as described (Clough & Bent, 1998). Transgenic plants were selected in 

soil by spraying with 15 mg/L Basta.  

Yeast two-hybrid assay  

Yeast two-hybrid (Y2H) assays were performed according to the manufacturer’s 

protocol (Clontech, USA). For Y2H screening, the full length of RPW8.2 coding 

sequence was cloned into the pGBKT7 as a bait, which was used for screening against 

an Arabidopsis cDNA library conditioned with Gc UCSC1 infection. 

For detecting protein interaction, BD-RPW8.2-NT or BD-RPW8.2-CT was co-

transformed with AD-GcR8IP1-M1, AD-GcR8IP1-M2, or AD-RING into yeast strain 

Y2HGold (Clontech, USA). Positive clones were stripped onto DDO (SD/-Trp/-Leu) 

or QDO (SD/-Leu/-Trp/-Ade/-His) medium and incubated at 30 ◦C for 3 days. 

Protein expression and purification from Escherichia coli 

The pGEX6p-1-GcR8IP1-M1 construct was transformed into E. coli strain Rosetta™ 

(DE3) (Sigma-Aldrich, USA). The resultant was cultured in liquid Luria-Bertani 

medium supplied with 20 mM Isopropyl β-D-1-Thiogalactopyranoside for expression 

of recombinant proteins. Recombinant proteins were purified using glutathione resin 

according to the manufacturer’s instructions (GE healthcare, USA). 

Semi in vitro protein–protein interaction assay 

The in vitro protein-protein interaction assay was performed as described with 
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modifications (Chang et al., 2013). Briefly, 1 mg of purified GST or GST-GcR8IP1-

M1 fusion protein was incubated with 50 μL glutathione resin at 4 °C for 4 h, washed 

with buffer A (150 mM NaCl, 50 mM Tris-Cl, pH 7.4, 0.1% Tween 20, protease 

inhibitor cocktail, and 1mM DTT) for eight times (each time 5 min), and then incubated 

for 2 h with 5 mL protein isolated from 2.0 g N. benthamiana leaves-expressing the 

RPW8.2-HA construct. After incubation, the resin was collected, washed with buffer A 

for six times, resuspended in 4 × SDS sample buffer, and boiled for 5 min. The resulting 

proteins were detected by Western blot analysis with GST and HA antibodies (Cell 

Signaling Technology, USA). 

Co-immunoprecipitation assay 

For co-IP assay, RPW8.2-FLAG was co-expressed with GcR8IP1-HA or GcR8IP1-M2-

HA in N. benthamiana. Total protein was extracted with extraction buffer (50 mM 

HEPES, pH 7.5, 150 mM KCl, 1 mM EDTA, 0.5% Triton X-100, 1 mM DTT, and 1× 

proteinase inhibitor cocktail). For IP, total protein was incubated with 50 µL agarose-

conjugated HA antibody for 4 h, washed with the extraction buffer for eight times, 

eluted with 0.5 mg/mL 3× HA peptide for 0.5 h, and then subjected to Western blotting 

with HA and FLAG antibodies (Cell Signaling Technology, USA). Isolation of 

cytoplasmic and nuclear protein was performed as described previously (Wang et al., 

2011). The resulting proteins were detected by Western blot analysis with R8IP1, HA, 

H3 (Sigma-Aldrich, USA), and PEPC (Abcam, UK) antibodies. The R8IP1 antibody 

was raised in rabbits with a recombinant peptide including 207-352 aa of GcR8IP1 

(HuaBio, China). 

Luciferase complementation imaging assay  

For luciferase complementation imaging (LCI) assay, N. benthamiana leaves were co-

infiltrated with the agrobacteria carrying the NLuc and CLuc derivative constructs. The 

infiltrated leaves were sprayed with 1 mM luciferin at 48 h after infiltration and 

examined under a cooled charge coupled device imaging apparatus (Bio-Rad 
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ChemiDoc XRS+, USA). Luciferase activity was quantified by a GloMax96 

luminometer (Promega, USA). 

Validation of signal peptide 

To verify the functionality of GcR8IP1 signal peptide, plasmids of pSUC2-GcR8IP116aa, 

pSUC2-GcR8IP126aa, pSUC2-GcR8IP140aa, pSUC2-Avr1bSP, and pSUC2-Mg87N were 

separately transformed into yeast strain YTK12 and subjected to yeast secretion assay 

as performed previously (Li et al., 2021). To further confirm the functionality of 

GcR8IP140aa in secretion, GcR8IP140aa-GFP was transiently expressed in N. 

benthamiana leaves and treated with/without 12% (m/v) sucrose solution for 10 min, 

prior to observation under a confocal laser scanning microscope (Nikon A1, Japan). 

Immunofluorescence assay 

At 3 days post inoculation (dpi), healthy or Gc UCSC1-infected Arabidopsis leaves 

were fixed with 4% paraformaldehyde and embedded with paraffin. Semi-thin (6-8 μm) 

sections were prepared and immersed in blocking buffer (10% normal goat serum in 

PBS-T) for 30 min, and then incubated for 4 h in 1% normal goat serum in PBS-T that 

contains the R8IP1 antibody (1: 300 dilution). After washing with PBS-T for three times 

(5 min for each washing), an Alexa Fluro 488-conjugated secondary antibody (1: 600 

dilution) was used to detect the in situ localisation of GcR8IP1 under a confocal laser 

scanning microscope (Nikon A1, Japan). 4’,6-diamidino-2-phenylindole (DAPI) was 

used to stain the nucleus. 

Measurement of the maximum photochemical efficiency of PSII  

Eight-week-old Arabidopsis plants were challenged with Gc UCSC1 and measured for 

potential quantum efficiency of PSII at 10 dpi by calculating the ratio Fv/Fm [(Fm–

Fo)/Fm] on a Chlorophyll Fluorescence Imager (Technologica, UK) (Butler & Kitajima, 

1975). 

Diaminobenzidine staining assay  

Leaves were stained for H2O2 in situ using the 3,3'-diaminobenzidine (DAB) technique. 
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Briefly, leaves were immersed in 1 mg/mL DAB solution (0.2 M sodium phosphate 

buffer, pH 7.0) overnight in dark and destained by 95% ethanol, prior to image capture 

under a Zeiss Axio Imager A2 (Zeiss, Germany).  

Measurement of reactive oxygen species and callose deposition 

Reactive oxygen species (ROS) was measured as described (Li et al., 2010). Briefly, 3-

mm leaf discs were prepared and floated on ddH2O for 8 h. ddH2O was carefully 

removed before adding 200 mL buffer containing 100 μg/mL chitin, 20 mM lumino l, 

and 1 mg horseradish peroxidase. Luminescence was recorded with a GloMax96 

luminometer (Promega, USA). Callose deposition in Arabidopsis leaves was examined 

as described previously (Mason et al., 2020). Aniline blue staining was conducted as 

reported (Brundrett et al., 1988). 

Reverse transcription-PCR and Real-Time PCR 

Total RNA was extracted from Arabidopsis leaves using the TRIzol Reagent 

(Invitrogen) and then treated with RNase-free DNase I (Takara) to remove the potential 

DNA contamination. The first-strand cDNA was synthesized from 1 μg of total RNA. 

For fungal biomass analysis, total DNA was isolated from the PM infected leaves. The 

relative quantity of G. cichoracearum DC. GDSL-like lipase gene in Gc UCSC1 was 

normalized to the Arabidopsis GAPCP-2 (At1g16300) to calculate the fungal biomass 

of PM in infected leaves (Weßling & Panstruga, 2012). The primers used for RT-PCR 

and Real-Time PCR are listed in Table S1.  

Results 

RPW8.2 interacts with a powdery mildew protein GcR8IP1 

In a yeast two-hybrid screen against a cDNA library derived from PM-infected 

Arabidopsis leaves, we identified a candidate RPW8.2-interacting protein (R8IP) 

encoded by G. cichoracearum, designated as GcR8IP1 (GenBank accession no.: 

MH404184). GcR8IP1 possesses 352 amino acids (aa), containing a REALLY 

INTERESTING NEW GENE (RING) domain and a MENAGE A TROIS 1 (MAT1) 
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domain (Fig. 1a). The first 129-aa of GcR8IP1 (hereafter GcR8IP1-M1) that was 

screened out by Y2H contains the RING domain and partial of the MAT1 domain. 

GcR8IP1 is highly conserved among different PM fungi, especially at the RING domain 

(Fig. S1).  

RPW8.2 is divided into N terminus (NT, the first 100 aa ) including two nuclear 

localisation signals (NLSs) and C terminus (CT, 101-174 aa ) including two nuclear 

export signals (NESs) (Fig. 1a) (Huang et al., 2014, 2019). Both RPW8.2-NT and 

RPW8.2-CT interacted with GcR8IP1-M1 and the RING domain (18-61 aa), but not 

with the RING-deleted mutant (M2) of GcR8IP1 in yeast (Fig. 1b). Protein expression 

was confirmed by Western blot analysis (Fig. S2a). BiFC assays showed that RPW8.2 

was associated with GcR8IP1 in the nucleus, and the RING domain of GcR8IP1 was 

sufficient for the interactions with RPW8.2-NT and RPW8.2-CT (Fig. 1c and Fig. S2b). 

Intriguingly, RPW8.2 and GcR8IP1-M1 were co-localised in the nucleus as puncta (Fig. 

S2c). The interaction between RPW8.2 and GcR8IP1 was further confirmed by GST 

pull-down, co-IP, and LCI assays (Fig. 1d and Fig. S2d, 2e).  

GcR8IP1 is secreted and translocated into host nucleus during PM infection 

We next examined whether GcR8IP1 is expressed during PM infection in Arabidopsis 

and found that the expression of GcR8IP1 was up-regulated at 3 days post inocula t ion 

(dpi), 4 dpi, and 6 dpi of Gc UCSC1 in rosette leaves of Arabidopsis (Fig. S3a). The 

fungal biomass maintained at a low amount and showed no significant difference within 

6 dpi, but had a sharp increase at 7 dpi and 12-13 dpi (Fig. S3b). It is well-known that 

the establishment of haustoria starts at 24 hours post inoculation and reaches a summit 

at 3-4 dpi, events that support the proliferation and sporulation of PM at 5-6 dpi (Koh 

et al., 2005; Micali et al., 2008). Therefore, the expression pattern of GcR8IP1 may be 

associated with the establishment of the haustoria and sporulation of PM. 

To verify whether GsR8IP1 could be translocated into host cells during PM infect ion, 

we first tested whether GcR8IP1 could be secreted. Although SignalP 6.0 predicted no 

signal peptide in GcR8IP1, SecretomeP 2.0 predicted that GcR8IP1 was a putative 
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secretory protein with a NN score (neural network output score) of 0.774, which is 

above a threshold of 0.6 (Bendtsen et al., 2004; Teufel et al., 2022). We next determined 

which peptide might lead to the secretion of GcR8IP1 by using a yeast secretion assay 

as described previously (Jacobs et al., 1997). We found that the first 16, 26, and 40 aa 

at the N-terminus of GcR8IP1 enabled the invertase secretion-deficient mutant YTK12 

to grow on the YPRAA medium and to transform TTC (2,3,5-triphenyl-2-tetrazo lium 

chloride) into red insoluble substance, indicating that these peptides drove the secretion 

of invertase in yeast (Fig. 2a). Consistently, the first 40 aa of GcR8IP1 fused with GFP 

was detected in the apoplast space when transiently expressed in leaf epidermal cells of 

N. benthamiana, indicating secretion in planta (Fig. 2b). These results indicate that 

GcR8IP1 is a secretory protein containing an unconventional signal peptide. 

We then made a polyclonal antibody for GcR8IP1 and used immunofluorescence 

assay to examine its subcellular localisation during PM infection. Whereas the mock 

treatment generated a background signal, more intense signals were observed in the 

nuclei of both the haustorium and the host cell as puncta than in the other organelles 

(Fig. 2c), indicating that GcR8IP1 is delivered into the host cell and localised in the 

nucleus. Transient expression in N. benthamiana showed that GcR8IP1-RFP 

(with/without the peptide directing secretion) was localised in the nucleus (Fig. S4). 

These data indicate that GcR8IP1 is secreted and could be translocated into host nucleus 

through an unknown mechanism. 

Expression of GcR8IP1 increases the amount of nucleus-localised RPW8.2 

To investigate the biological impact of GcR8IP1’s interaction with RPW8.2, we 

conducted a series of co-expression assays following a previous report (Huang et al., 

2014). RPW8.2-GFP was localised mainly in the cytoplasm and rarely in the nucleus 

when R82pro:RPW8.2-GFP was co-expressed with 35Spro:2RFP-NLS (Fig. 3a). 

Intriguingly, RPW8.2-GFP was obviously detected in the nucleus when 

R82pro:RPW8.2-GFP was co-expressed with 35Spro:GcR8IP1-RFP (Fig. 3a, Fig. S5). 

The percentage of nuclei with RPW8.2-GFP signal was remarkably higher in the leaf 

epidermal cells co-expressing R82pro:RPW8.2-GFP with 35Spro:GcR8IP1-RFP than 
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those co-expressing R82pro:RPW8.2-GFP with 35Spro:2RFP-NLS (Fig. 3b). 

Consistently, RPW8.2-GFP was highly co-localised with GcR8IP1-RFP in the nucleus 

(Fig. 3c-f). These data indicate that GcR8IP1’s interaction with RPW8.2 alters the 

nucleocytoplasmic partitioning of RPW8.2 and increases its nuclear localisation. 

Next, we prepared the cytoplasmic and nuclear fractions from total proteins extracted 

from the N. benthamiana leaves co-expressing 35Spro:RPW8.2-HA with 35Spro:2RFP-

NLS or 35Spro:GcR8IP1 and examined the abundance of RPW8.2-HA by immunob lot 

analysis with two internal references for the fractionation procedure, namely a cytosolic 

protein marker (phosphoenolpyruvate carboxylase [PEPC]) and a nuclear protein 

marker (histone H3). PEPC was detected only in the cytoplasmic fractions and histone 

H3 only in the nuclear fractions, indicating minimal contamination between the 

cytoplasmic and nuclear fractions (Fig. 3g). Consistent with the subcellular localisat ion, 

RPW8.2-HA was detected mainly in the cytoplasmic fractions but barely in the nuclear 

fractions when 35Spro:RPW8.2-HA was co-expressed with 35Spro:2RFP-NLS. In 

contrast, RPW8.2-HA was detected in both the cytoplasmic and the nuclear fractions 

when 35Spro:RPW8.2-HA was co-expressed with 35Spro:GcR8IP1 (Fig. 3g), indicat ing 

that GcR8IP1 alters the nucleocytoplasmic partitioning of RPW8.2. 

We then investigated whether the NLS of GcR8IP1 is required for altering 

nucleocytoplasmic partitioning of RPW8.2. We observed that the percentage of nuclei 

with RPW8.2-GFP was remarkably reduced when 35Spro:RPW8.2-GFP was co-

expressed with 35Spro:GcR8IP1nls-RFP in which the NLS of GcR8IP1 was mutated. By 

contrast, when the NLS of RPW8.2 was mutated, the RPW8.2nls-GFP protein was still 

recruited by GcR8IP1-RFP into nuclei (Fig. 3h, i). These data indicate that GcR8IP1-

associated nuclear localisation of RPW8.2 is dependent on the NLS of GcR8IP1, but 

not the NLS of RPW8.2.  

Nucleus-localised RPW8.2 promotes the activity of the RPW8.2 promoter  

RPW8.2 is induced by PM infection presumably via SA-dependent feedback 

amplification (Xiao et al., 2003; Wang et al., 2009). To test whether the nucleus-
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localised RPW8.2 is crucial for such a feedback amplification, we measured the 

expression of a firefly luciferase (LUC) reporter under the control of the RPW8.2 

promoter (R82pro:LUC) when it was separately co-expressed with a wild type RPW8.2 

(35Spro:RPW8.2), a NLS-fused RPW8.2 (35Spro:RPW8.2-HA-NLSSv40), a NES-fused 

RPW8.2 (35Spro:RPW8.2-HA-NESPKI ) (Huang et al., 2014), or a mutated NLS-fused 

RPW8.2 (35Spro:RPW8.2-HA-nlsSv40) (Huang et al., 2019). The activity of R82pro:LUC 

was enhanced when it was co-expressed with 35Spro:RPW8.2-HA-NLSSv40, but 

suppressed when co-expressed with 35Spro:RPW8.2-HA-NESPKI, compared with the co-

expression with the empty vector (EV), the wild-type control, and 35Spro:RPW8.2-HA-

nlsSv40 (Fig. 4a), implying that nucleus- localised RPW8.2 increases the activity of the 

RPW8.2 promoter.  

To evaluate the effect of the interaction between RPW8.2 and GcR8IP1 on the 

RPW8.2 promoter activity, we examined the amount of RPW8.2-YFP expressed from 

the RPW8.2 promoter (R82pro:R82Y) when it was co-expressed with RPW8.2-HA 

(35Spro:R82HA), or with RPW8.2-HA plus GcR8IP1 (35Spro:GcR8IP1) in N. 

benthamiana. The RPW8.2-YFP signal from R82pro:R82Y was obviously more intense 

when R82pro:R82Y was co-expressed with 35Spro:RPW8.2-HA plus 35Spro:GcR8IP1 

than co-expressed with 35Spro:R82HA (Fig. 4b). Immune blotting analysis confirmed 

that more RPW8.2-YFP accumulated when R82pro:R82Y was co-expressed with 

35Spro:R82HA plus 35Spro:GcR8IP1 than co-expressed with 35Spro:R82HA (Fig. 4c), 

indicating that the co-expression of GcR8IP1 may enhance the transcription of 

R82pro:R82Y or stabilize RPW8.2-YFP, or both. Compared with GcR8IP1, the 

GcR8IP1-M1 (including the RING and partial MAT1 domains) and GcR8IP1MAT1 

truncations failed to increase the accumulation of RPW8.2 (Fig. S6). Moreover, the 

activity of R82pro:LUC was significantly increased in its co-expression with 

35Spro:RPW8.2 plus 35Spro:GcR8IP1 than its co-expression with 35Spro:RPW8.2 or 

35Spro:GcR8IP1 (Fig. 4d), indicating that co-expression of GcR8IP1 and RPW8.2 

enhances the RPW8.2 promoter activity presumably due to the increase of the 

partitioning of RPW8.2 in the nucleus. 
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To test whether GcR8IP1 also stabilizes RPW8.2, we examined the accumulation of 

RPW8.2-YFP from co-expression of 35Spro:RPW8.2-YFP with 35Spro:GcR8IP1, 

35Spro:RPW8.2-HA-NLS, 35Spro:RPW8.2-HA-NESPKI, or 35Spro:RPW8.2-HA. Again, 

the most abundant accumulation of RPW8.2-YFP was detected when 35Spro:RPW8.2-

YFP was co-expressed with 35Spro:GcR8IP1, followed sequentially by co-expression 

with 35Spro:RPW8.2-HA-NLS, 35Spro:RPW8.2-HA, and 35Spro:RPW8.2-HA-NESPKI 

(Fig. 4e), indicating that GcR8IP1 may also prevent RPW8.2 from degradation.  

RPW8.2 and GcR8IP1 are engaged in a molecular warfare at the infection sites 

To test whether GcR8IP1 triggers RPW8.2-mediated immunity against PM as the 

current concept of ETI, we first examined ROS production induced by the expression 

of RPW8.2 in N. benthamiana. To our surprise, ROS production was significantly 

suppressed when 35Spro:RPW8.2 was co-expressed with 35Spro:GcR8IP1 (Fig. S7a). 

Transient expression of the RPW8.2 C-terminal (CCRPW8.2, 101-174 aa of RPW8.2) 

triggers cell death in N. benthamiana (Huang et al., 2019), which was delayed by 

GcR8IP1 (Fig. S7b). These data indicate GcR8IP1 may suppress RPW8.2-mediated 

immunity.  

We then tested the effect of GcR8IP1 on RPW8.2-mediated immunity in Arabidopsis. 

We intended to construct transgenic Arabidopsis plants expressing 35Spro:GcR8IP1-

GFP, 35Spro:RFP-GcR8IP1 or 35Spro:GcR8IP1-RFP. Unfortunately, we failed to detect 

GFP or RFP signals or proteins in the transgenic lines, although we detected the 

transcripts of GcR8IP1-RFP (Fig. S8a, b). Then, we used the XVE expression cassette 

to make the β-estradiol inducible expression of GcR8IP1-HA (XVE-GcR8IP1-HA-OE) 

in Arabidopsis accession Col-0 that lacks RPW8.1 and RPW8.2 and Wa-1 that contains 

RPW8.1 and RPW8.2 following a previous report (Orgil et al., 2007; Schlücking et al., 

2013). GcR8IP1-HA was detected at 6, 12, and 24 hours after β-estradiol treatment and 

peaked at 12 hours in the transgenic lines in both Col-0 and Wa-1 backgrounds (Fig. 

S8c, d). These observations imply that GcR8IP1 only transiently accumulates when 

heterologously expressed in Arabidopsis. 
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We next used the transgenic lines with β-estradiol inducible expression of GcR8IP1-

HA in Wa-1 background (Wa-1/XVE-GcR8IP1-HA-OE). The infection of PM leads to 

a decrease in photochemical efficiency that can be measured as chlorophyll 

fluorescence parameter Fv/Fm in the infected leaves (Kuckenberg et al., 2009). 

Photochemical efficiency assay showed that relative chlorophyll fluorescence (Fv/Fm) 

was decreased in β-estradiol treated Wa-1/XVE-GcR8IP1-HA-OE lines, indicat ing 

more PM fungal growth on the GcR8IP1-expressing leaves (Fig. 5a, b). Consistent ly, 

the β-estradiol-treated Wa-1/XVE-GcR8IP1-HA-OE plants accumulated less H2O2 and 

supported significantly more fungal biomass than mock-treated plants (Fig. 5c and Fig. 

S10a, b). Nevertheless, the β-estradiol-treated Wa-1/XVE-GcR8IP1-HA-OE plants 

accommodated comparable numbers of conidiospores as the control plants, indicat ing 

effective resistance as supported by the disease resistance phenotypes (Fig. 5d and Fig. 

S9). This is in consistence with the finding that the expression of defense marker genes 

was induced in β-estradiol-treated Wa-1/XVE-GcR8IP1-HA-OE plants to comparable 

levels as in control plants at 48 hpi (Fig. S10c, d). 

The transcription of RPW8 was positively regulated via an SA-dependent feedback 

loop and RPW8.2 expression continually increased from 1 dpi with Gc UCSC1 and 

remained at high abundance at 7 dpi (Xiao et al., 2003, 2005). Consistently, the 

expression of RPW8.2-YFP from the RPW8.2 promoter was highly up-regulated at 24 

h, reaching approximately 1269 times higher than that at 0 h upon the treatment of the 

SA-functional analogue benzo (1,2,3) thiadiazole-7-carbothioic acid (BTH) (Fig. S11a). 

Surprisingly, the accumulation of RPW8.2-YFP protein was still undetectable at this 

time point (Fig. S11b), indicating that RPW8.2 in uninfected cells (in the absence of 

GcR8IP1) is constantly removed, which is consistent with our earlier report that 

RPW8.2 is turned over via both the 26S proteasome and the vacuole-dependent 

pathway in the cytoplasm (Huang et al., 2019). However, in transgenic Arabidopsis 

plants expressing YFP from the RPW8.2 promoter, strong YFP expression was detected 

in haustorium-infected epidermal cells, but weak YFP signal was occasionally observed 

in adjacent cells (Fig. 5e) (Ma et al., 2014). These data imply that RPW8.2 in 
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haustorium-invaded cells undergo a rapid and strong self-amplification, while RPW8.2 

in uninfected cells is rapidly removed via the 26S proteasome and vacuole-dependent 

degradation. Hence, GcR8IP1 plays a role in inducing RPW8.2 expression and 

inhibiting RPW8.2’s degradation, leading to a strong and sustained up-regulation of 

RPW8.2 at the infection sites. 

GcR8IP1 is a virulence factor facilitating powdery mildew pathogenesis 

To determine the role of GcR8IP1 in PM pathogenesis, we inoculated the Col-0/XVE-

GcR8IP1-HA-OE lines (Fig. S8a) with Gc UCSC1 after β-estradiol or mock treatment. 

Compared with the mock treatment, β-estradiol-treated plants exhibited enhanced 

susceptibility to PM, indicated by decreased photochemical efficiency (Fig. 6a, b). 

More conidiospores and fungal biomass were generated on β-estradiol-treated Col-

0/XVE-GcR8IP1-HA-OE lines than those on Col-0 and mock-treated lines (Fig. 6c, d). 

Less H2O2 accumulation and defense gene induction were detected in the β-estradiol-

treated Col-0/XVE-GcR8IP1-HA-OE plants than those in controls (Fig. S12a-d). These 

results indicate that ectopic expression of GcR8IP1 results in enhanced susceptibility 

to PM in Arabidopsis, which is likely attributed to that GcR8IP1 suppressed chitin-

triggered immune responses, such as ROS production and callose deposition (Fig. 

S12e-g). 

We further confirmed the virulence role of GcR8IP1 in PM pathogenesis by a host-

induced gene silencing (HIGS) approach (Nowara et al., 2010). We made R8IP1-IR and 

GFP-IR transgenic plants in the background of pad4-1 sid2-1 mutant, which is highly 

susceptible to Gc UCSC1 and facilitates disease phenotyping (Fig. S13). Upon 

inoculation of Gc UCSC1 at 6 dpi, the expression of GcR8IP1 was significantly down-

regulated in the R8IP1-IR lines but not in the GFP-IR lines (Fig. 6e), indicat ing 

effective HIGS of GcR8IP1. Disease assay indicated that R8IP1-IR lines exhibited less 

proliferation of PM than the wild-type and GFP-IR lines at 6 dpi (Fig. 6f). Consistent ly, 

conidiospore production was significantly decreased in R8IP1-IR lines in comparison 

with the wild-type and GFP-IR lines (Fig. 6g). These results indicate that HIGS of 

GcR8IP1 reduced Gc UCSC1 virulence in pad4-1 sid2-1. Thus, GcR8IP1 is required 
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for the full virulence of Gc UCSC1. 

Discussion 

During canonical ETI, plant NLR receptors detect their cognate effectors, i.e., 

avirulence (Avr) factors to initiate defense responses summited by the hypersensit ive 

response (HR) (Jones & Dangl, 2006). Here, we found that the PM effector GcR8IP1 

acts like an Avr that activates RPW8.2. GcR8IP1 physically associates with RPW8.2 to 

increases its partitioning into the nucleus, which in turn, amplifies RPW8.2 expression 

to boost immunity (Fig. 7). 

GcR8IP1 is a secreted effector delivered into the nuclei of host cells (Fig. 2c). Even 

though no canonical SP was predicted at the N-terminus of GcR8IP1 by online 

prediction software, the first 16 to 40 aa drove secretion of a reporter peptide in yeast 

or in planta (Fig. 2a, b), indicating an unconventional SP different from the five 

reported types of SPs (Teufel et al., 2022). Moreover, immunolocalisation assays 

demonstrated that GcR8IP1 formed puncta in the nucleus of haustorium-invaded 

epidermal cells of Arabidopsis plants upon inoculation of Gc UCSC1. Such GcR8IP1-

positive puncta are similar to those detected in BiFC that indicates direct interaction 

between GcR8IP1 and RPW8.2 (Fig. 2c and Fig. S2c). These data indicate that 

GcR8IP1 is secreted by Gc UCSC1 and delivered into host cells and imply that its 

interaction with RPW8.2 or homologs in Arabidopsis may be attributable to GcR8IP1’s 

puncta localisation in the nucleus. 

PM infection remarkably induces the expression of RPW8.2, which is partitioned to 

the EHM, the nucleus and the cytoplasm (Wang et al., 2009; Huang et al., 2019). The 

EHM-targeting of RPW8.2 is obviously induced upon the establishment of the 

haustorial complex. Here, we found that PM infection also impacted the partitioning of 

RPW8.2 into the nucleus via its association with GcR8IP1. Apparently, when GcR8IP1 

is delivered to the nucleus of the host cell upon PM infection, its association with 

RPW8.2 facilitates the nuclear localisation of RPW8.2, thus increasing the partitioning 

of RPW8.2 in the nucleus (Fig. 3). Because RPW8.2 is known to engage an SA-
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signaling–dependent transcriptional self-amplification circuit (Xiao et al., 2003, 2005), 

increased nucleus- localised RPW8.2 further activates the RPW8.2 promoter, leading to 

a rapid transcriptional self-amplification (Fig. 4 and Fig. 5e). Thus, the combinator ia l 

impacts of GcR8IP1 on RPW8.2’s expression and accumulation provide a detailed 

mechanistic explanation as to why RPW8.2 is highly and specifically induced and 

functions in haustorium-invaded cells upon PM infection (Fig. 7). 

GcR8IP1 possesses a RING finger domain and a MAT1 domain that are present in 

MAT1/Tfb3 (RNA polymerase II transcription factor B subunit 3) protein family 

members. MAT1/Tfb3 acts as an assembly factor for cyclin-dependent kinase-

activating kinase (CAK) enzymatic complex and DNA repair factor IIH (TFIIH), 

playing roles in general gene transcription and DNA repair (Feaver et al., 1997; Schultz 

et al., 2000). The RING finger domain of MAT1/Tfb3 protein is crucial for transcript ion 

activation (Busso et al., 2000). Here, we demonstrated that the RING of GcR8IP1 was 

required for its association with RPW8.2 and thus for re-localisation of RPW8.2 to the 

nucleus (Fig. 1 and Fig. 3). GcR8IP1 likely targets other unidentified host targets for 

inhibiting host immune responses and facilitating PM infection in Arabidopsis lacking 

RPW8.2 (Fig. 6 and Fig. S12). However, the virulence targets of GcR8IP1 and the 

underlying mechanisms need to be clarified in future work. Together, GcR8IP1 is a type 

of pathogen effector that affects plant gene transcription. 

Re-localisation of plant targets is an important mechanism for pathogen effectors to 

manipulate host immunity and metabolism. Phytophthora sojae effector PsAvh52 

targets a soybean transacetylase GmTAP1 and causes re-localisation of GmTAP1 from 

cytoplasm into the nucleus to acetylate histones H2A and H3, thus increasing 

susceptibility to P. sojae (Li et al., 2018). Ustilago maydis effector Rip1 binds with and 

re-localises the maize lipoxygenase 3 (Zmlox3) from cytosol to the nucleus for 

suppressing host ROS burst (Saado et al., 2022). Ustilaginoidea virens effector 

UvSec117 interacts with and recruits the rice deacetylase OsHDA701 to the nucleus to 

reduce histone H3K9 acetylation levels, resulting in attenuation of defense gene 

activation and disease resistance (Chen et al., 2022). Interestingly, re-localisation of 
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host proteins by effectors may also lead to plant resistance. For instance, Ralstonia 

solanacearum PopP2 effector triggers the re-localisation of an Arabidopsis cysteine 

protease RD19 to the nucleus, leading to RRS1-R-mediated resistance (Bernoux et al., 

2008). Similarly, we found that GcR8IP1 promoted accumulation of RPW8.2 in the 

nucleus, leading to enhanced defense against PM (Fig. 4) (Huang et al., 2019). It should 

be noted that overexpression of GcR8IP1 facilitated PM mycelial growth even in the 

presence of RPW8.2 (in Wa-1), although the PM sporulation was constrained (Fig. 5c, 

d). This might be due to that GcR8IP1 re-localised RPW8.2 from cytoplasm to nucleus 

to delay RPW8.2-mediated cell death (Fig. S7), since cytoplasm-localised RPW8.2 is 

responsible for inducing cell death (Huang et al., 2019).  

GcR8IP1, particularly its RING finger domain, is highly conserved among tested 

powdery mildew genomes (Fig. S1). Because RPW8.2 associates with the RING of 

GcR8IP1, we speculate that RPW8.2 may also interact with GcR8IP1 homologs in 

other PM fungi. This may partially explain why RPW8.2 confers broad-spectrum 

resistance to all tested infectious PM fungi (Xiao et al., 2001). However, the role of 

GcR8IP1-RPW8.2 interaction in immunity is mechanistically distinct from that of the 

conventional Avr-R recognition in ETI against PM, such as the MLA-AVRA recognit ion 

in barley-PM and Pms-AvrPms in wheat-PM interactions (Bourras et al., 2019; Saur et 

al., 2019; Bettgenhaeuser et al., 2021). First, RPW8.2 may function as an executor 

rather than an immune receptor to recognize GcR8IP1 and initiate defense signaling. 

RPW8.2 seems to be passively hijacked by GcR8IP1 to localise to the nucleus where 

its accumulation triggers a SA-dependent self-amplification, leading to defense 

activation (Fig. 7). Second, the molecular warfare during canonical ETI is featured with 

a rapid HR within hours in the cases of bacteria, or 2 days with fungi and the interacted 

R-Avr triggers cell death when they are transiently co-expressed (Bourras et al., 2019; 

Saur et al., 2019; Bettgenhaeuser et al., 2021; Sun et al., 2021), whereas PM-induced 

RPW8-mediated HR occurs at 3 dpi or later (Xiao et al., 2003; Wang et al., 2009). This 

is consistent with our data that GcR8IP1 obviously suppresses RPW8.2-mediated 

immunity in both transient and stable expression assays in early infection stages when 
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RPW8.2 protein expression level is rather low (Fig. 5c and Fig. S7, S8). However, when 

RPW8.2 gets amplified above a threshold level through GcR8IP1-promoted nuclear 

localisation and accumulation, RPW8.2-mediated defense not only offsets GcR8IP1-

mediated immunosuppression, but also greatly stimulates EDS1- and SA-dependent 

signaling to trigger HR and restrict fungal sporulation at day 3 and afterward (Fig. 5d 

and Fig. S7b, S9). Thus, the molecular interplay between GcR8IP1 and RPW8.2 is quite 

complicated, and its outcome depends on the basal level of SA-dependent defense, 

which determines the initial expression level of RPW8.2, and the level of GcR8IP1, 

which is probably determined by the quantity and activity of PM haustoria in the 

invaded host cells. Such a complex interplay offers a plausible new explanation for PM-

induced and RPW8.2 dosage-dependent broad-spectrum resistance against PM fungi. 
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Supporting Information 

Fig. S1 Structure-based sequence alignment of GcR8IP1 homologs from 12 powdery 

mildew isolates. 

Fig. S2 RPW8.2 associates with GcR8IP1.  

Fig. S3 The temporal expression pattern of GcR8IP1 during powdery mildew infect ion.   

Fig. S4 GcR8IP1-RFP is localised in the nucleus.  

Fig. S5 Subcellular localisation of RPW8.2-GFP in the presence or absence of GcR8IP1.   

Fig. S6 Effects of GcR8IP1 truncations on the accumulation of RPW8.2.  

Fig. S7 GcR8IP1 attenuates RPW8.2-mediated immune response in N. benthamiana.  

Fig. S8 The XVE expression cassette driving GcR8IP1-HA expression in Arabidopsis.  

Fig. S9 Representative plants of indicated lines inoculated with Gc UCSC1.  

Fig. S10 Ectopic expression of GcR8IP1 compromises RPW8.2-mediated immune 

response in Wa-1. 

Fig. S11 RPW8.2 is induced by BTH but RPW8.2 protein remains undetectable in 

planta.  

Fig. S12 GcR8IP1 suppresses immune response in Arabidopsis lacking RPW8.2. 

Fig. S13 Schematic illustration of GcR8IP1 gene structure.  

Table S1 Primers used in this study. 

Figure legends 

Fig. 1 RPW8.2 interacts with GcR8IP1. 

(a) A schematic diagram shows GcR8IP1, RPW8.2, and their truncated versions. 

Numbers indicate amino acid positions. NT, the first 100 amino acid residues (aa) of 

RPW8.2. CT, the 101-174 aa of RPW8.2. 

(b) Yeast two-hybrid (Y2H) assay for detecting the associations between RPW8.2, 

GcR8IP1, and their truncated versions. SD-LW indicates SD medium lacking Leu and 

Trp. SD-LWHA/AbA indicates SD lacking adenine, histidine, leucine, and tryptophan, 

but with AbA.  

(c) Bimolecular fluorescence complementation (BiFC) assay shows the associations 
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between RPW8.2, GcR8IP1, and their truncated versions. YN-CIPK24 and YC-CBL10 

were used as positive controls. YN-CIPK24 and YC-RPW8.2 were used as negative 

controls. 2RFP-NLS was used as a nucleus maker. Size bar, 10 μm. 

(d) A semi-in vitro GST pull-down assay shows the interaction of RPW8.2-HA with 

GST-GcR8IP1-M1 (GST-M1). GST or GST-M1 immobilized on GST beads was co-

incubated with lysates of Nicotiana benthamiana leaves transiently expressing 

35Spro:RPW8.2-HA. The beads were washed and pelleted for immunoblotting with GST 

and HA antibodies. The input lysates of 35Spro:RPW8.2-HA were added as expression 

control (*).  

(e) Co-immunoprecipitation assay shows the interaction of RPW8.2-FLAG with 

GcR8IP1-HA. Total proteins were extracted from N. benthamiana leaves co-expressing 

35Spro:RPW8.2-FLAG with 35Spro:GcR8IP1-HA or 35Spro:GcR8IP1-M2-HA (M2-HA). 

Protein complexes were pulled down using agarose beads conjugated with an HA 

antibody and the co-precipitated complex was examined by Western blotting using 

FLAG and HA antibodies. The higher molecular bands (*) may indicate protein 

complex mediated by the full-length of GcR8IP1. 

Fig. 2 GcR8IP1 is a secretory protein and translocated into the nucleus of host cell.  

(a) Validation of the GcR8IP1 signal peptide by yeast invertase secretion assay. The 

DNA fragment encoding the first 16 aa, 26 aa or 40 aa of GcR8IP1 was in-frame fused 

to yeast mature invertase sequence in the pSUC2 vector and expressed in YTK12. The 

N-terminal sequence of Mg87 and the signal peptide of Avr1b were used as the negative 

and positive control, respectively. 

(b) Validation of the GcR8IP1 signal peptide in N. benthamiana. Leaves transient ly 

expressing the first 40 aa of GcR8IP1 fused with GFP (GcR8IP1-N40 aa-GFP) or GFP 

were stained with FM4-64 and imaged at 48 hpi under a confocal microscope. Note that 

GcR8IP1-N40 aa-GFP was secreted into the apoplast (arrows). Sucrose +: leaf discs 

were treated with 12% sucrose for 10 min to achieve plasmolysis. Size bars, 25 μm. 

(c) Immunofluorescence staining images show the localisation of GcR8IP1 in the 
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nucleus (arrow). The slides were prepared from Arabidopsis pad4-1 sid2-1 leaves at 3 

days post inoculation of G. cichoracearum UCSC1. The subcellular localisation of 

GcR8IP1 (green) was detected by a primary antibody raised against GcR8IP1 and 

visualized by Alexa Fluor® 488-conjugated secondary antibody (AF488) that binds 

with the primary antibody. The nucleus (blue) was counterstained with 4’,6-diamidino-

2-phenylindole (DAPI). H: haustoria. α-R8IP1: antibody of GcR8IP1. Mock: rabbit 

antisera. Size bar, 10 μm. 

Fig. 3 GcR8IP1 increases the partitioning of RPW8.2 in the nucleus.  

(a) Representative confocal images show the subcellular localisation of the indicated 

proteins. R82pro:RPW8.2-GFP was transiently co-expressed with 35Spro:GcR8IP1-RFP 

(upper panel) and 35Spro:2RFP-NLS (lower panel) in N. benthamiana leaves via 

agrobacteria-mediated infiltration and images were acquired at 48 hours post 

infiltration. Size bars, 50 μm. 

(b) Frequency of cells with RPW8.2-GFP in the nucleus. At least 200 cells were counted 

(refer to Fig. S5).  

(c, d) Magnified confocal images show the subcellular localisation of the RPW8.2-GFP 

when co-expressed with GcR8IP1-RFP (c) or 2RFP-NLS (d). Size bar, 20 μm.  

(e, f) Scan line analysis of the fluorescence intensity of GFP and RFP at the position 

indicated by the lines in (c, d).  

(g) Immunoblotting analysis on the partitioning of RPW8.2-HA in the nucleus and the 

cytoplasm when 35Spro:RPW8.2-HA was co-expressed with 35Spro:2RFP-NLS or 

35Spro:GcR8IP1 in N. benthamiana. H3 and PEPC is a nuclear and a cytoplasmic 

marker, respectively.  

(h) A schematic diagram shows the nuclear localisation sequence and the sequence 

mutations in RPW8.2 and GcR8IP1. 

(i) Representative confocal images show the subcellular localisation of the indicated 

proteins. The wild type 35Spro:RPW8.2-GFP or 35Spro:RPW8.2nls-GFP mutant was co-
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expressed with 35Spro:GcR8IP1-RFP or 35Spro:GcR8IP1nls-RFP in N. benthamiana 

leaves via agrobacteria-mediated infiltration. Images were acquired at 48 hours post 

infiltration. Images are representative Z-stack projections of 17-26 optical sections. The 

numbers in white indicate the numbers of cells with nucleus-localised RPW8.2-GFP 

versus the numbers of cells expressing RPW8.2-GFP. Three independent leaf samples 

and 30-50 cells from each leaf sample were examined. Size bars, 50 μm.  

Fig. 4 GcR8IP1 increases RPW8.2 accumulation.  

(a) Dual-luciferase assay shows the relative luciferase activities of firefly lucife rase 

versus renilla luciferase. Firefly luciferase was expressed from the RPW8.2 promoter 

(R82pro:Luc) and co-expressed with empty vector (EV), 35Spro:RPW8.2, 

35Spro:RPW8.2-NLSSv40, 35Spro:RPW8.2-nlsSv40 and 35Spro:RPW8.2-NESPKI, 

respectively. 35Spro:Renilla luciferase was used as the internal control. The data are 

shown as mean ± s.d. (n = 4 biological replicates4 technical replicates). Different 

letters indicate significant differences (P < 0.05) as determined by the one-way Tukey–

Kramer test. 

(b) Representative confocal images of RPW8.2-YFP (R82pro:R82Y) co-expressed with 

RPW8.2-HA (35Spro:R82HA) plus GcR8IP1 or with RPW8.2-HA (35Spro:R82HA) in N. 

benthamiana.  

(c) Immunoblotting analysis of (b) shows protein abundance of RPW8.2-YFP. Total 

proteins from whole cells were isolated for analysis. The band intensity in the panel of 

ɑ-GFP was normalized to that of Ponceau S panel for each sample, resulting in relative 

band intensity. Then, the relative band intensity was normalized to that of the control 

sample, which was set to 1. Data from three independent experiments are presented in 

a bar graph (n = 3 experimental replicates). Asterisks (**) denote significant difference 

(P = 0.0035), as determined by Student’s t-test.  

(d) Dual-luciferase assay shows the relative luciferase activities of firefly lucife rase 

versus renilla luciferase. Data are shown as mean ± s.d. (n = 8 biological replicates6 

technical replicates). Significance of difference was determined by Student’s t-test. 
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****, P < 0.0001; ns, not significant. 

(e) Immunoblotting analysis of the RPW8.2-YFP abundance when it was co-expressed 

with the indicated proteins. Total proteins from whole cells were isolated for analys is. 

Relative RPW8.2-YFP abundance was calculated by dividing the band intensity in the 

ɑ-GFP panel by that in the Ponceau S panel for each sample. Relative RPW8.2-YFP 

abundance in the lane 35Spro:RPW8.2-YFP + RPW8.2-HA was used as the control. Data 

from three independent experiments are presented in a bar graph (n = 3 experimenta l 

replicates). Significance of difference was determined by Student’s t-test. *, P < 0.05; 

***, P < 0.001; ns, not significant. 

Fig. 5 The molecular warfare engaged by GcR8IP1 and RPW8.2 at the infection site.  

(a) Chlorophyll auto-fluorescence images of the wild-type Wa-1 and XVE-GcR8IP1-

HA-OE transgenic lines at 10 days post inoculation (dpi) of G. cichoracearum UCSC1. 

Plants were sprayed with β-estradiol or DMSO (Mock) 12 h prior to UCSC1 inoculat ion. 

(b) Quantification analysis of the chlorophyll fluorescence Fv/Fm from the indicated 

lines. The data are shown as mean ± s.d. (n = 3 biological replicates). Significance of 

difference was determined by Student’s t-test. **, P < 0.01; ***, P < 0.001; ****, P < 

0.0001; ns, not significant. 

(c) Quantification of powdery mildew (PM) biomass by qPCR in the indicated lines. 

Relative fungal biomass was calculated by the comparison between G. cichoracearum  

GDSL-like lipase gene and A. thaliana Glyceraldehyde-3-phosphate dehydrogenase of 

plastid 2 gene (GAPCP-2) at 10 dpi of G. cichoracearum UCSC1. The data are shown 

as mean ± s.d. (n = 3 biological replicates). Significance of difference was determined 

by Student’s t-test. ****, P < 0.0001; ns, not significant. 

(d) Quantification analysis on the sporulation of PM from the indicated lines at 10 dpi. 

The data are shown as mean ± s.d. (n = 3 biological replicates), and ns indicates no 

significant difference as determined by Student’s t-test. ns, not significant. 

(e) Confocal images show the expression of YFP from the RPW8.2 promoter in the 
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transgenic plants P2Y3’ at 2 days post inoculation of G. cichoracearum UCSC1. H, 

haustorium. PI, propidium iodide. Size bars, 100 μm (upper) and 20 μm (lower). 

Fig. 6 GcR8IP1 facilitates powdery mildew pathogenesis.  

(a) Chlorophyll auto-fluorescence images of the wild-type Col-0 and XVE-GcR8IP1-

HA-OE transgenic lines at 10 days post inoculation (dpi) of G. cichoracearum UCSC1. 

Plants were sprayed with β-estradiol or DMSO (Mock) 12 h prior to UCSC1 inoculat ion. 

(b) Quantification analysis on the chlorophyll fluorescence parameter Fv/Fm from the 

indicated lines. The data are shown as mean ± s.d. (n = 3~5 biological replicates). 

Significance of difference was determined by Student’s t-test. ****, P < 0.0001; ns, not 

significant. 

(c) Quantification of relative PM biomass by qPCR in the indicated lines. Relative 

fungal biomass was calculated by the comparison between G. cichoracearum GDSL-

like lipase gene and A. thaliana Glyceraldehyde-3-phosphate dehydrogenase of plastid 

2 gene (GAPCP-2) at 10 dpi of Gc UCSC1. The data are shown as mean ± s.d. (n = 3 

biological replicates). Significance of difference was determined by Student’s t-test. 

****, P < 0.0001; ns, not significant. 

(d) Quantification analysis on the sporulation of PM from the indicated lines at 10 dpi. 

The data are shown as mean ± s.d. (n = 3 biological replicates). Significance of 

difference was determined by Student’s t-test. ***, P < 0.001; ****, P < 0.0001; ns, 

not significant.  

(e) Relative expression of GcR8IP1 in indicated lines at 6 dpi of Gc UCSC1. 

Interference small RNA was used to silence GFP (GFP-IR) or GcR8IP1 (R8IP1-IR) in 

the pad4-1 sid2-1 background. The data are shown as mean ± s.d. (n = 3 biologica l 

replicates), and different letters indicate significant differences (P < 0.05) as determined 

by the one-way Tukey–Kramer test.  

(f) PM disease phenotypes of the indicated lines. Photos were taken at 6 dpi of Gc 

UCSC1. 
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(g) Quantification analysis on the sporulation of PM from the indicated lines at 6 dpi. 

The data are shown as mean ± s.d. (n = 3 biological replicates). Different letters indicate 

significant differences (P < 0.05) as determined by the one-way Tukey–Kramer test. 

Fig. 7 A working model for GcR8IP1-induced transcriptional amplification of RPW8.2 

to activate immunity against powdery mildew. 

PM delivers GcR8IP1 into the host to suppress immunity, presumably via suppression 

of PTI. GcR8IP1 increases RPW8.2’s nuclear partitioning. Nucleus-localised RPW8.2 

activates defense and the increased nucleus- localisation further increases its expression 

via a SA-dependent transcriptional amplification, leading to broad-spectrum resistance 

to powdery mildew. CW, cell wall. EHM, extrahaustorial membrane. H, haustoria. PM, 

plasma membrane. 
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Fig. 1 RPW8.2 interacts with GcR8IP1.
(a) A schematic diagram shows GcR8IP1, RPW8.2, and their truncated versions. Numbers indicate amino
acid positions. NT, the first 100 amino acid residues (aa) of RPW8.2. CT, the 101-174 aa of RPW8.2.
(b) Yeast two-hybrid (Y2H) assay for detecting the associations between RPW8.2, GcR8IP1, and their
truncated versions. SD-LW indicates SD medium lacking Leu and Trp. SD-LWHA/AbA indicates SD lacking
adenine, histidine, leucine, and tryptophan, but with AbA.
(c) Bimolecular fluorescence complementation (BiFC) assay shows the associations between RPW8.2,
GcR8IP1, and their truncated versions. YN-CIPK24 and YC-CBL10 were used as positive controls. YN-
CIPK24 and YC-RPW8.2 were used as negative controls. 2RFP-NLS was used as a nucleus maker. Size
bar, 10 μm.
(d) A semi-in vitro GST pull-down assay shows the interaction of RPW8.2-HA with GST-GcR8IP1-M1 (GST-
M1). GST or GST-M1 immobilized on GST beads was co-incubated with lysates of Nicotiana benthamiana
leaves transiently expressing 35Spro:RPW8.2-HA. The beads were washed and pelleted for immunoblotting
with GST and HA antibodies. The input lysates of 35Spro:RPW8.2-HA were added as expression control (*).
(e) Co-immunoprecipitation assay shows the interaction of RPW8.2-FLAG with GcR8IP1-HA. Total proteins
were extracted from N. benthamiana leaves co-expressing 35Spro:RPW8.2-FLAG with 35Spro:GcR8IP1-HA
or 35Spro:GcR8IP1-M2-HA (M2-HA). Protein complexes were pulled down using agarose beads conjugated
with a HA antibody and the co-precipitated complex was examined by Western blotting using FLAG and HA
antibodies. The higher molecular bands (*) may indicate protein complex mediated by the full-length of
GcR8IP1.
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Fig. 2 GcR8IP1 is a secretory protein and translocated into the nucleus of host cell.
(a) Validation of the GcR8IP1 signal peptide by yeast invertase secretion assay. The DNA fragment
encoding the first 16 aa, 26 aa or 40 aa of GcR8IP1 was in-frame fused to yeast mature invertase
sequence in the pSUC2 vector and expressed in YTK12. The N-terminal sequence of Mg87 and the signal
peptide of Avr1b were used as the negative and positive control, respectively.
(b) Validation of the GcR8IP1 signal peptide in N. benthamiana. Leaves transiently expressing the first 40
aa of GcR8IP1 fused with GFP (GcR8IP1-N40 aa-GFP) or GFP were stained with FM4-64 and imaged at
48 hpi under a confocal microscope. Note that GcR8IP1-N40 aa-GFP was secreted into the apoplast
(arrows). Sucrose +: leaf discs were treated with 12% sucrose for 10 min to achieve plasmolysis. Size bars,
25 μm.
(c) Immunofluorescence staining images show the localisation of GcR8IP1 in the nucleus (arrow). The
slides were prepared from Arabidopsis pad4-1 sid2-1 leaves at 3 days post inoculation of G.
cichoracearum UCSC1. The subcellular localisation of GcR8IP1 (green) was detected by a primary
antibody raised against GcR8IP1 and visualized by Alexa Fluor® 488-conjugated secondary antibody
(AF488) that binds with the primary antibody. The nucleus (blue) was counterstained with 4’,6-diamidino-2-
phenylindole (DAPI). H: haustoria. α-R8IP1: antibody of GcR8IP1. Mock: rabbit antisera. Size bar, 10 μm.

H

H

H

H

M
oc

k

AF488 

DAPI

Merge

BFα-
R

8I
P1

H H

H H

AF488 

DAPI

Merge

BF

(a) (b)

(c)

M
g8

7

Av
r1

b

G
cR

8I
P1

16
 a

a

G
cR

8I
P1

26
 a

a

G
cR

8I
P1

40
 a

a

pSUC2-

Su
cr

os
e 

+
G

FP
G

cR
8I

P1
-N

40
 a

a-
G

FP
Su

cr
os

e 
+

un
tre

at
ed

 
un

tre
at

ed

Merge GFP FM4-64 BF

Mg87Avr1b

16 aa

26 aa40 aa

YPRAACMD-W

Mg87Avr1b

16 aa

26 aa40 aa

 14698137, ja, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18682 by U

niversity O
f M

aryland, W
iley O

nline Library on [29/12/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



0 50 100
0

1000

2000

3000

Distance (µm)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (p
ix

el
s)

2R
FP

-N
LS

GFP RFP Merge
R

PW
8.

2-
G

FP
G

cR
8I

P1
-R

FP
(a) (b)

2RFP-NLS
C   

α-GcR8IP1

α-HA 25 kDa

48 kDa

α-PEPC

α-H3

35 kDa

17 kDa

T   N   T   C   N   

RPW8.2-HA

(g)(c) (e)

2RFP-NLS

GcR8IP1-RFP

R
PW

8.
2-

G
FP

R
PW

8.
2-

G
FP

(d) (f)

Cytoplasm
Nucleus/cytoplasm

Frequency (%)
0 50 100

+2RFP-NLS

+GcR8IP1-RFP

57%

3%

(h) (i)

RPW8.2nls

NLS1 mutant : SRKVNKRLKL to SRAVNARLAL
NLS2 mutant : RNVRKKFR to ANVRAAFR

1 174 aa
RPW8.2

NLS1 NLS2
(65..74aa) (92..99aa)

GcR8IP1nls

NLS1 mutant : LRKRGFHKAF to LRARGFHAAF
NLS2 mutant : KRREKAEK to ARREAAEA

1 352 aa
GcR8IP1

NLS1 NLS2
(64..77aa) (165..172aa)

0 50 100
0

250

500

750

1000

Distance (µm)

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (p
ix

el
s)

G
cR

8I
P1

nl
s

-R
FP

G
cR

8I
P1

-R
FP

132/144

1/140

101/113

10/97
RPW8.2nls-GFP 

Merge RFP GFP

RPW8.2-GFP 
Merge RFP GFP

G
cR

8I
P1

nl
s

-R
FP

G
cR

8I
P1

-R
FP

 14698137, ja, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18682 by U

niversity O
f M

aryland, W
iley O

nline Library on [29/12/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Fig. 3 GcR8IP1 increases the partitioning of RPW8.2 in the nucleus.
(a) Representative confocal images show the subcellular localisation of the indicated proteins. R82pro:RPW8.2-
GFP was transiently co-expressed with 35Spro:GcR8IP1-RFP (upper panel) and 35Spro:2RFP-NLS (lower panel)
in N. benthamiana leaves via agrobacteria-mediated infiltration and images were acquired at 48 hours post
infiltration. Size bars, 50 μm.
(b) Frequency of cells with RPW8.2-GFP in the nucleus. At least 200 cells were counted (refer to Fig. S5).
(c, d) Magnified confocal images show the subcellular localisation of the RPW8.2-GFP when co-expressed with
GcR8IP1-RFP (c) or 2RFP-NLS (d). Size bar, 20 μm.
(e, f) Scan line analysis of the fluorescence intensity of GFP and RFP at the position indicated by the lines in (c,
d).
(g) Immunoblotting analysis on the partitioning of RPW8.2-HA in the nucleus and the cytoplasm when
35Spro:RPW8.2-HA was co-expressed with 35Spro:2RFP-NLS or 35Spro:GcR8IP1 in N. benthamiana. H3 and
PEPC is a nuclear and a cytoplasmic marker, respectively.
(h) A schematic diagram shows the nuclear localisation sequence and the sequence mutations in RPW8.2 and
GcR8IP1.
(i) Representative confocal images show the subcellular localisation of the indicated proteins. The wild type
35Spro:RPW8.2-GFP or 35Spro:RPW8.2nls-GFP mutant was co-expressed with 35Spro:GcR8IP1-RFP or
35Spro:GcR8IP1nls-RFP in N. benthamiana leaves via agrobacteria-mediated infiltration. Images were acquired
at 48 hours post infiltration. Images are representative Z-stack projections of 17-26 optical sections. The
numbers in white indicate the numbers of cells with nucleus-localised RPW8.2-GFP versus the numbers of
cells expressing RPW8.2-GFP. Three independent leaf samples and 30-50 cells from each leaf sample were
examined. Size bars, 50 μm.

 14698137, ja, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18682 by U

niversity O
f M

aryland, W
iley O

nline Library on [29/12/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



P = 0.08
ns

(b) (c)

(d)

R82pro:Luc 

a

bb
b

c

R
82

pr
o:R

82
Y

 +
 3

5S
pr

o:R
82

H
A

-GcR8IP1

+GcR8IP1

R82pro:R82Y+35S:R82HA

ɑ-HA

Ponceau S

ɑ-GFP

ɑ-GcR8IP1

GcR8IP1 +-

35Spro:RPW8.2-YFP

ɑ-GFP

ɑ-GcR8IP1

ɑ-HA

Ponceau S

(e)

(a)

RPW8.2

GcR
8IP

1

RPW8.2
+G

cR
8IP

1
0

2

4

6

8

10

12
R82pro:Luc

Fi
re

fly
/R

en
illa

 ra
tio

P <0.0001
****

GcR
8IP

1 (
-)

GcR
8IP

1 (
+)

0.0

0.5

1.0

1.5

2.0

2.5

R
el

at
iv

e 
R

PW
8.

2-
YF

P 
ab

un
da

nc
e P = 0.0035

**

RPW8.2
-H

A-N
ES

RPW8.2
-H

A-N
LS

RPW8.2
-H

A

GcR
8IP

1
0

1

2

3

4

5

R
el

at
iv

e 
R

PW
8.

2-
YF

P 
ab

un
da

nc
e

P = 0.0010
***

P = 0.0453
*

P = 0.0142
*

P = 0.1240
ns

0

1

2

3

4

5

6

7
Fi

re
fly

/R
en

illa
 ra

tio

 14698137, ja, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18682 by U

niversity O
f M

aryland, W
iley O

nline Library on [29/12/2022]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



Fig. 4 GcR8IP1 increases RPW8.2 accumulation.
(a) Dual-luciferase assay shows the relative luciferase activities of firefly luciferase versus renilla luciferase.
Firefly luciferase was expressed from the RPW8.2 promoter (R82pro:Luc) and co-expressed with empty vector
(EV), 35Spro:RPW8.2, 35Spro:RPW8.2-NLSSv40, 35Spro:RPW8.2-nlsSv40 and 35Spro:RPW8.2-NESPKI, respectively.
35Spro:Renilla luciferase was used as the internal control. The data are shown as mean ± s.d. (n = 4 biological
replicates  4 technical replicates). Different letters indicate significant differences (P < 0.05) as determined by
the one-way Tukey–Kramer test.
(b) Representative confocal images of RPW8.2-YFP (R82pro:R82Y) co-expressed with RPW8.2-HA
(35Spro:R82HA) plus GcR8IP1 or with RPW8.2-HA (35Spro:R82HA) in N. benthamiana.
(c) Immunoblotting analysis of (b) shows protein abundance of RPW8.2-YFP. Total proteins from whole cells
were isolated for analysis. The band intensity in the panel of ɑ-GFP was normalized to that of Ponceau S panel
for each sample, resulting in relative band intensity. Then, the relative band intensity was normalized to that of
the control sample, which was set to 1. Data from three independent experiments are presented in a bar graph
(n = 3 experimental replicates). Asterisks (**) denote significant difference (P = 0.0035), as determined by
Student’s t-test.
(d) Dual-luciferase assay shows the relative luciferase activities of firefly luciferase versus renilla luciferase.
Data are shown as mean ± s.d. (n = 8 biological replicates  6 technical replicates). Significance of difference
was determined by Student’s t-test. ****, P < 0.0001; ns, not significant.
(e) Immunoblotting analysis of the RPW8.2-YFP abundance when it was co-expressed with the indicated
proteins. Total proteins from whole cells were isolated for analysis. Relative RPW8.2-YFP abundance was
calculated by dividing the band intensity in the ɑ-GFP panel by that in the Ponceau S panel for each sample.
Relative RPW8.2-YFP abundance in the lane 35Spro:RPW8.2-YFP + RPW8.2-HA was used as the control.
Data from three independent experiments are presented in a bar graph (n = 3 experimental replicates).
Significance of difference was determined by Student’s t-test. *, P < 0.05; ***, P < 0.001; ns, not significant.
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Fig. 5 The molecular warfare engaged by GcR8IP1 and RPW8.2 at the infection site.
(a) Chlorophyll auto-fluorescence images of the wild-type Wa-1 and XVE-GcR8IP1-HA-OE transgenic lines at
10 days post inoculation (dpi) of G. cichoracearum UCSC1. Plants were sprayed with β-estradiol or DMSO
(Mock) 12 h prior to UCSC1 inoculation.
(b) Quantification analysis of the chlorophyll fluorescence Fv/Fm from the indicated lines. The data are shown
as mean ± s.d. (n = 3 biological replicates). Significance of difference was determined by Student’s t-test. **, P
< 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not significant.
(c) Quantification of powdery mildew (PM) biomass by qPCR in the indicated lines. Relative fungal biomass
was calculated by the comparison between G. cichoracearum GDSL-like lipase gene and A. thaliana
Glyceraldehyde-3-phosphate dehydrogenase of plastid 2 gene (GAPCP-2) at 10 dpi of G. cichoracearum
UCSC1. The data are shown as mean ± s.d. (n = 3 biological replicates). Significance of difference was
determined by Student’s t-test. ****, P < 0.0001; ns, not significant.
(d) Quantification analysis on the sporulation of PM from the indicated lines at 10 dpi. The data are shown as
mean ± s.d. (n = 3 biological replicates), and ns indicates no significant difference as determined by Student’s
t-test. ns, not significant.
(e) Confocal images show the expression of YFP from the RPW8.2 promoter in the transgenic plants P2Y3’ at
2 days post inoculation of G. cichoracearum UCSC1. H, haustorium. PI, propidium iodide. Size bars, 100 μm
(upper) and 20 μm (lower).
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Fig. 6 GcR8IP1 facilitates powdery mildew pathogenesis.
(a) Chlorophyll auto-fluorescence images of the wild-type Col-0 and XVE-GcR8IP1-HA-OE
transgenic lines at 10 days post inoculation (dpi) of G. cichoracearum UCSC1. Plants were sprayed
with β-estradiol or DMSO (Mock) 12 h prior to UCSC1 inoculation.
(b) Quantification analysis on the chlorophyll fluorescence parameter Fv/Fm from the indicated lines.
The data are shown as mean ± s.d. (n = 3 biological replicates). Significance of difference was
determined by Student’s t-test. ****, P < 0.0001; ns, not significant.
(c) Quantification of relative PM biomass by qPCR in the indicated lines. Relative fungal biomass
was calculated by the comparison between G. cichoracearum GDSL-like lipase gene and A. thaliana
Glyceraldehyde-3-phosphate dehydrogenase of plastid 2 gene (GAPCP-2) at 10 dpi of Gc UCSC1.
The data are shown as mean ± s.d. (n = 3 biological replicates). Significance of difference was
determined by Student’s t-test. ****, P < 0.0001; ns, not significant.
(d) Quantification analysis on the sporulation of PM from the indicated lines at 10 dpi. The data are
shown as mean ± s.d. (n = 6 biological replicates). Significance of difference was determined by
Student’s t-test. ***, P < 0.001; ****, P < 0.0001; ns, not significant.
(e) Relative expression of GcR8IP1 in indicated lines at 6 dpi of Gc UCSC1. Interference small RNA
was used to silence GFP (GFP-IR) or GcR8IP1 (R8IP1-IR) in the pad4-1 sid2-1 background. The
data are shown as mean ± s.d. (n = 3 biological replicates), and different letters indicate significant
differences (P < 0.05) as determined by the one-way Tukey–Kramer test.
(f) PM disease phenotypes of the indicated lines. Photos were taken at 6 dpi of Gc UCSC1.
(g) Quantification analysis on the sporulation of PM from the indicated lines at 6 dpi. The data are
shown as mean ± s.d. (n = 3 biological replicates). Different letters indicate significant differences (P
< 0.05) as determined by the one-way Tukey–Kramer test.
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Fig. 7 A working model for GcR8IP1-induced transcriptional amplification of RPW8.2 to activate
immunity against powdery mildew.
PM delivers GcR8IP1 into the host to suppress immunity, presumably via suppression of PTI.
GcR8IP1 increases RPW8.2’s nuclear partitioning. Nucleus-localised RPW8.2 activates defense
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