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Summary

Plants employ innate immune system to defend against phytopathogens. As a part, pattern
triggered-immunity is activated via pattern recognition receptors (PRRs) detection of
pathogen-associated molecular patterns (PAMPs). While with an increasing number of PAMPs
being identified, the PRRs for their recognition remain largely unknown.

In the present study, we report a receptor-like protein RE02 (Response to VmEOQ2) in
Nicotiana benthamiana, which mediates the perception of VmE(02, a PAMP previously identified
from the phytopathogenic fungus Valsa mali, using virus-induced gene silencing (VIGS),
co-immunoprecipitation, pull-down and microscale thermophoresis assays.

We showed that, silencing of RE(02 markedly attenuated VmEO2-triggred cell death and
immune responses. RE02 specifically interacted with VmEOQ2 in vivo and in vitro, and it displayed
a high affinity for VmEO2. Formation of a complex with the receptor-like kinases SOBIR1 and
BAKI1 was essential for RE02 to perceive VmEOQ2. Moreover, RE(2-silenced plants exhibited
enhanced susceptibility to both the oomycete Phytophthora capsici and the fungus Sclerotinia
sclerotiorum, while overexpression of RE02 increased plant resistance to these pathogens.

Taken together, our results indicate that the PAMP VmEO2 and the receptor-like protein RE02
represent a new ligand-receptor pair in plant immunity, and REO2 represents a promising target for

engineering disease resistance.

Key words: pattern recognition receptor, receptor-like protein, plant innate immunity,

virus-induced gene silencing, Nicotiana benthamiana.

Introduction
Plants are constantly threatened by large amounts of microbial pathogens. In response to
pathogen attacks, plants have evolved a multifaceted immune system during continuous

coevolution. As part of this, plants employ pattern recognition receptors (PRRs) at cell surface to
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detect pathogen-associated molecular patterns (PAMPs), which are evolutionarily conserved
molecules essential for microbial viability or fitness, triggering innate immune responses and
limiting pathogen infection (Akira et al., 2006; Boutrot & Zipfel, 2017; Tang et al., 2017; Albert
et al.,2020).

Plant PRRs mostly belong to receptor-like kinases (RLKs) or receptor-like proteins (RLPs),
both of which often contain leucine-rich repeat (LRR) ectodomains required for extracellular
ligand binding (Shiu et al., 2004; Fritz-Laylin et al., 2005; Wang et al., 2008; Couto & Zipfel,
2016). The best-characterized RLK-type PRRs include FLS2 and EFR from Arabidopsis, which
are responsible for recognition of bacterial flagellin (flg22) and elongation factor Tu (elf18),
respectively (Gomez-Gomez & Boller, 2000; Chinchilla et al., 2006; Zipfel et al., 2006; Sun et al.,
2013). Other well-known RLK-type PRRs include FLS3 from tomato detecting flgll-28, a
flagellin epitope distinct from flg22 (Hind et al., 2016), XPS1 from Arabidopsis recognizing the
xup25 peptide among a bacterial xanthine/uracil permease (Mott ef al., 2016), and XA21 in rice
perceiving the tyrosine-sulfated protein RaxX from Xanthomonas oryzae pv. oryzae (Pruitt et al.,
2015), etc. Distinct from RLKs, RLPs lack any obvious kinase domain for intracellular signaling.
Whereas, various RLPs function as PRRs to mediate plant innate immunity as well. For example,
the typical RLPs Eix2, Vel and Cfs from tomato separately mediate recognition of fungal
ethylene-inducing xylanase (EIX), Cladosporium fulvum AVRs and Verticillium dahliae Avel
(Ron & Avni, 2004; de Jonge et al., 2012; de Wit PJ. 2016); RLP23, RLP30, RLP42, and ReMAX
in Arabidopsis recognize the nlp20 epitope among necrosis and ethylene-inducing proteins
(NLPs), SCFEI elicitor from Sclerotinia sclerotiorum, endopolygalacturonases from Botrytis
cinerea and Aspergillus niger, and eMax from Xanthomonas, respectively (Jehle et al., 2013;
Zhang et al., 2013; Zhang et al., 2014; Albert et al., 2015); ELR from a wild potato species
(Solanum microdontum) perceives INF1 elicitin (Du et al., 2015); NbCSPR from Nicotiana
benthamiana participates in cold-shock protein detection (Saur et al., 2016), though the RLK
CORE from Solanaceae plants also mediates its recognition (Wang et al., 2016). Most recently, N.
benthamiana RXEGI1 has been demonstrated to perceive the glycoside hydrolase XEG1 from

Phytophthora sojae (Wang et al., 2018). Despite these profound findings, a vast majority of the
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putative receptors remain largely elusive with regard to their corresponding ligands. On the other
hand, an increasing number of microbial PAMPs have been identified, with their surface receptors
uncharacterized. It is crucial and urgent to match the ligand-receptor pairs in plant immunity
research.

PRR perception of a cognate PAMP usually confers host plants a broad-spectrum resistance
against multiple pathogens, which can be exploited in plant disease control using genetics method
(Dangl et al., 2013; Boutrot & Zipfel, 2017). For example, interspecies transfer of Arabidopsis
EFR promotes tomato resistance to Ralstonia solanacearum and Xanthomonas perforans
(Lacombe et al., 2010). Similarly, transgenic expression of RLP23 in tomato confers enhanced
resistance to both Phytophthora infestans and S. sclerotiorum (Albert et al., 2015). Moreover,
modular assembly of an EFR-Cf-9 chimeric receptor greatly boosts tobacco resistance to bacterial
pathogens (Wu et al., 2019). Hence, characterization of the PRRs of PAMPs would be promising
for engineering efficient disease resistance.

Multiple strategies have been employed to identify PRRs in plants, of which, forward and
reverse genetics are the most productive ones (Boutrot & Zipfel, 2017). As classic examples of
forward genetics, FLS2 was identified from an ethyl methanesulfonate (EMS)-mutagenized
population of the flagellin-sensitive Arabidopsis ecotype (Gomez-Goémez & Boller, 2000), and
FLS3 was identified from natural variations of tomato varieties (Hind et al., 2016). The chitin
receptor LYKS and CERK1 were identified by T-DNA mutants of LysM-containing RLKs and
RLPs, being the well-known examples of reverse genetics (Miya et al., 2007; Cao et al., 2014).
Importantly, Wang and colleagues recently developed a reverse genetics method by genome-wide
silencing of RLKs and RLPs in N. benthamiana to identify RXEG1 as XEGI receptor, which
provides an efficient toolkit to match new plant immune receptors (Wang et al., 2018). Apart from
genetics, several PRRs were characterized by biochemical methods. For example, using
photoaffinity labeling and affinity cross-linking, a chitin-binding protein which was later identified
to be the chitin receptor OsCEBIiP in rice was characterized (Ito et al., 1997; Kaku et al., 2006).
Likewise, PEPR1, a receptor for Arabidopsis endogenous peptide elicitor AtPEP1 was isolated

(Yamaguchi et al., 2006). Furthermore, using the co-receptor BAK1 as a molecular bait, NbCSPR
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was successfully identified (Saur et al., 2016).

Previously, we found that VmEO2, a small cysteine-rich protein identified in apple Valsa
canker pathogen Valsa mali, is recognized as a novel PAMP (Nie et al., 2019). VmEOQ2 is capable
of triggering cell death in multiple plant species including its apple host (Malus domestica) and the
nonhost N. benthamiana (Nie et al., 2019). VmEO02 homologues are widely spread in both fungi
and oomycetes, many of which also exhibits cell death-inducing activity (Nie et al., 2019). Here in
this study, we adopted virus-induced gene silencing (VIGS) to knock down typical RLP-encoding
genes in N. benthamiana, and identified an RLP RE02 (Response to VmEOQ2) that is indispensable
for VmEOQ2-triggered cell death. Our results further indicate that RE0O2 functions as a receptor of
VmEO2 to mediate VmEO2-induced immune responses and positively regulate plant resistance

against filamentous phytopathogens such as Phytophthora capsici and S. sclerotiorum.

Materials and Methods
Bacterial strains and plasmid construction

Escherichia coli strainTopl0 and Agrobacterium tumefaciens strain GV3101 were used for
cloning and plant transformation, respectively. Silencing fragments (Wang ef al., 2018) and
overexpression sequences were amplified from cDNA library of N. benthamiana with
gene-specific primers (Table S1), using Phusion High-Fidelity DNA Polymerase (New England
Biolabs, Ipswich, MA, USA). VmEO2 homologous sequences and INF1 were cloned from
previous PVX plasmids (Nie et al., 2019). The purified amplicons were ligated with TRV2,
pCAMBIA1302-GFP, or pICH86988-mcherry vectors digested with specific enzymes, using
ClonExpress II One-Step Cloning Kit (Vazyme, Nanjing, China). Both gene-silencing and binary

plasmid constructs were mobilized into A. tumefaciens GV3101 by electroporation.

Plant growth and agroinfiltration
N. benthamiana plants were grown in a climate chamber (16 h photoperiod, 22°C, 65%
relative humidity). A. tumefaciens strain GV3101 carrying binary or silencing vectors were

cultured on Lysogeny Broth (LB) medium supplemented with appropriate antibiotics at 28°C. The
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bacteria cells were pelleted and resuspended in MES buffer (10 mM MgCl,, 10 mM
2-(N-morpholino) ethane sulfonic acid MES, 200 uM acetosyringone, pH 5.7) in the dark for 3 h
at room temperature (RT) before infiltration. For transient expression assays, suspended A.
tumefaciens cells were mixed with P19 silencing suppressor at appropriate ratio to a final ODgg of
0.6, followed by infiltration in six-week-old N. benthamiana leaves using a syringe without a
needle. For TRV (tobacco rattle virus)-mediated gene silencing, A. tumefaciens cultures
expressing TRV2 constructs and those expressing TRV1 were mixed at 1:1 ratio to a final ODg
of 0.8 before injection into primary leaves of four-leaf-stage N. benthamiana seedlings.
TRV2:PDS and TRV:GFP were used as controls. Three weeks after TRV2 constructs treatment,

plants were used for corresponding assays.

Recombinant protein expression and purification

His-tagged VmEO2 was expressed and purified as described (Nie ef al., 2019). His-tagged
REO02 LRR domains (RE02'RR) and RLP23 LRR domains (RLP23MRR) were expressed similarly
with minor modifications. Briefly, the coding sequence of REO2MRR and RLP23LRR were
individually cloned into pET28a vector (Novagen, United States), and the expression constructs
were subsequently mobilized in E. coli strain BL21(DE3). Protein expressions were induced by
adding 0.3 mM isopropyl-p-D-thiogalactopyrandoside (IPTG) in LB medium. After cultivation at
200 rpm, 16°C for 24 h, bacterial cells were collected and washed twice with ultra-pure distilled
water by centrifugation at 5,000 g for 10 min. The collected samples were resuspended in PBS
buffer (20 mM Na,HPO,, 300 mM NaCl, pH 7.4) with 6 M guanidine hydrochloride and 1 mM
PMSF, followed by incubation at RT for 1 h. The supernatant containing denatured proteins was
then obtained by sonication and centrifugation at 8,000 g for 10 min. Proteins were purified using
Ni-NTA resin (Thermo Scientific, Waltham, MA, USA) following the manufacturer’s instructions.
To refold these proteins, the samples were stepwise dialyzed against PBS buffer with descending
concentration of guanidine hydrochloride (from 4 M to 0 M), pH 7.4. After dialysis, the protein
samples were concentrated using centrifugal filter devices with appropriate molecular mass

(Millipore).
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Peptide materials
Flg22 peptide was purchased from Genscript, and csp22 peptide was synthesized by GenScript
(Genscript Biotech Corporation, China; https://www.genscript.com.cn/). All peptides were

dissolved in ultra-pure distilled water for assays.

Measurement of ROS burst

Reactive oxygen species (ROS) production upon PAMP treatment was measured as described
(Sang & Macho, 2017). Leaf discs were collected from 4- to 5-week-old N. benthamiana plants
and floated overnight in 100 pL of ultra-pure distilled water in a 96-well plate. The following day,
water was replaced with 100 pL reaction solution containing 100 uM L-012 (a more sensitive
derivative of luminol) (Wako Chemical, Japan), 20 ug mL-'peroxidase (Solarbio, Beijing, China),
and 1 uM elicitors (Flg22, csp22, or VmEO2 purified protein). Luminescence was measured using
a Varioskan LUX multimode microplate reader (Thermo Scientific). Eight biological replicates
were used for each sample, and the experiments were repeated independently for more than three
times. The data for each sample were represented with both relative luminescence units (RLU) and

total accumulation of RLU following the described protocol (Sang & Macho, 2017).

Microscale thermophoresis assay

REOQ2LRR and RLP23MRR were purified and labelled with the Monolith NT™ Protein Labeling
Kit RED (Nanotemper Technologies, Germany; https://nanotempertech.com/) according to the
instructions provided by the manufacturer. Labeled proteins were incubated with equal volumes of
16 serial dilutions of purified VmEQ2, flg22 or csp22 peptide for 30 min at RT. Standard treated
capillaries (Nanotemper Technologies) were loaded and the measurements were performed by
Monolith NT.115 (Nanotemper Technologies). Each assay was carried out at least three biological
repeats and multiple technical repeats, and data were analyzed by MO. Affinity Analysis v2.3.0

software.
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RNA isolation and qRT-PCR analysis

Total RNA was isolated from N. benthamiana using Quick RNA isolation Kit (Huayueyang,
Beijing, China) according to the manufacturer’s instructions, and first-strand cDNA was
synthesized using the RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham,
MA, USA). Quantitative reverse transcription-PCR (qQRT-PCR) was performed with a LightCycler
96 System (Roche, Germany) using RealStar Green Mixture (GenStar, Beijing, China). NbActin
was used as an internal control to normalize the gene expression. Relative expression levels were

determined using the 2-22CT method (Livak & Schmittgen, 2001).

Pathogen inoculation assays

Phytophthora capsici strain LT263 and Sclerotinia sclerotiorum strain 1980, both of which
contain close VmEO2 homologues (Table S2), were used for inoculation on N. benthamiana.
Before inoculation, P. capsici was maintained on 20% (v/v) V8 juice agar for 48 h, and S.
sclerotiorum was maintained on potato dextrose agar (PDA) for 72 h, both at 25 °C in the dark. V.
benthamiana leaves at the same position of each plant were collected and inoculated with fresh
mycelial plugs (diameter 0.5 cm). Inoculated leaves were then put in a transparent box to maintain
high humidity, and the box was kept in the dark for the first 24 h. The lesion diameters of S.
sclerotiorum were measured 24 h post-inoculation (hpi). To determine disease progression of P.
capsici, N. benthamiana leaf disks (diameter 4 cm) from infection sites were collected 36 hpi, and
genomic DNA was isolated for analysis of relative biomass using qRT-PCR as described (Yu et
al., 2012). Each assay was repeated at least three times with three independent biological

replicates.

Co-immunoprecipitation and western blotting

Agroinfiltrated N. benthamiana leaves were harvested 36 h post agroinfiltration (hpa), frozen
in liquid nitrogen and ground to fine powder. Total protein was extracted using lysis buffer (50
mM Tris, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 5% glycerol, 5 mM
dithiothreitol (DTT), 0.5% TritonX-100, 1 mM phenylmethanesulfonyl fluoride (PMSF) and 1%
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proteinase inhibitor cocktail (Sigma-Aldrich, St Louis, MO, USA), pH7.5). After centrifugation at
20,000 g for 30 min, the supernatant was collected and transferred to a new tube, followed by
incubation with GFP-Trap A beads (Chromotek, Planegg-Martinsried, Germany) at 4 °C for 90
min. The beads were collected and washed five times with lysis buffer by 2500 g centrifugation at
4 °C for 2 min. Finally, the beads in a 100-ul volume of lysis buffer were mixed with 25 ul 5 x
loading buffer and boiled for 10 min to separate the proteins. The proteins were subsequently
loaded on gels for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked in 5%
skim milk in TBST (20 mM Tris, 150 mM glycine, 0.1% Tween 20, pH7.5) for 2 h at RT,
followed by incubation with anti-GFP (Abways, Shanghai, China), anti-mCherry
(Sungenebiotech, Tianjin, China), or anti-HA monoclonal antibody (Abcam, Cambridge, UK,
abl18181) at 4°C overnight. After washing by TBST for three times and incubation with goat-anti
mouse IgG (Abways, Shanghai, China) secondary antibody for 1h, the blots were detected with
ECL substrate kit (GE Healthcare, RPN2235).

Pull-down assay

The coding region of REO02LRR and RLP23LRR were cloned into pGEX-4T-1 vector
(Amersham, Piscataway, NJ, USA) and mobilized in E. coli strain BL21(DE3) to produce
GST-tagged proteins. Protein expressions were induced as described above. Supernatants
containing GST-RE02LRR or GST-RLP23LRR fysion proteins were separately mixed with purified
His-tagged VmEO2 protein, and were then incubated with Glutathione Agarose (Thermo
Scientific, Waltham, MA, USA) for 1 h at 4°C. The beads were collected by centrifugation and
washed three times with equilibration buffer (50mM Tris, 150mM NaCl, pH 8.0). Protein samples
eluted from the beads were subsequently subjected to western blotting analysis with anti-GST

(Abways, Shanghai, China), and anti-HA antibodies (Abways, Shanghai, China).

Bioinformatics and data analysis

The  signal  peptide @ was  predicted using the  SignalP 5.0  server
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(http://www.cbs.dtu.dk/services/SignalP/). The leucine-rich repeat domains were predicted with
LRRfinder (http://www.Irrfinder.com/). Homologous sequences of RE(02 were obtained from
NCBI database by BLAST P searches (https://blast.ncbi.nlm.nih.gov/Blast.cgi). VmEO02
homologues in P. capsici and S. sclerotiorum can be respectively found in P. capsici reference
genome  (https://genome.jgi.doe.gov/Phycal 1/Phycall.home.html) and NCBI database.
Phylogenetic maximum-likelihood dendrograms were constructed using MEGA 7 (Kumar et al.,
2016) and displayed by Evolview (Subramanian et al., 2019). The data were analyzed with the

online tool VassarStats (http://www.vassarstats.net/).

Results
REO02 is essential for VmE(02 PAMP-triggered cell death

Most of the PRRs characterized thus far dynamically complex with co-receptors BAK1 or
SOBIRI to initiate signaling activation. Specially, SOBIR1 is required for the RLP-type PRRs as a
signaling partner (Liebrand ef al., 2013; Liebrand et al., 2014). Considering that VmE(2-induced
cell death in Nicotiana benthamiana is SOBIR1-depedent (Nie et al., 2019), we speculated the
PRR(s) for VmEQ2 is most likely to be an RLP. Therefore, we determined to knock down the
RLP-encoding genes of N. benthamiana using virus-induced gene silencing (VIGS) to isolate the
candidate PRRs for VmEO2.

A total of 86 RLPs were identified in N. benthamiana genome (Wang et al., 2018). Given that
the typical PRRs are secreted and contain large ectodomains for ligand detection, we analyzed
signal peptides and LRR domains for these RLPs. Finally, we focused on 29 RLPs that were
individually predicated to contain a signal peptide and >10 LRR domains, and 21 silencing
constructs were correspondingly designed (Table S3). These 21 independent RLP-silenced N.
benthamiana plants were obtained and most of them showed no apparent alterations in growth or
morphology (Fig. S1). To analyze the function of these RLP genes in VmE(02-mediated responses,
VmEQ2 was transiently expressed in these RLP-silenced plants. As a result, VmE(02-induced cell
death is greatly impaired in the T34-silencing line (Nibenl101Scf03240g00007.1), but not

apparently affected in other plants (Fig. S2). Hereafter, we designated T34-targeted RLP as RE02
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(Response to VmEOQ2), and defined T34 as TRV2:RE(02-1. To avoid potential off-target effects,
another silencing construct TRV2:RE(2-2 targeted for RE(2 gene silencing was generated (Table
S4). Neither of the two silencing constructs caused obvious growth alterations to N. benthamiana
plants (Fig. S3). Transient expression analysis showed that, VmE02-induced cell death was almost
abolished in both TRV2:RE(02-1 and TRV2:RE(2-2 silencing lines, compared with
TRV2:GFP-treated control plants (Fig. 1a,b). In contrast, silencing of RE(2 showed no influence
on INF1-triggered cell death, indicating that RE02 might specifically mediate VmEO2 perception.
To further confirm REO02 response to VmE(O2, a cell death-complementation assay was
performed in RE(2-silenced plants using agroinfiltration. It showed that, VmEO02-induced cell
death could be successfully saved by co-expression with RE02, but not GFP or Arabidopsis
RLP23 controls (Figs. 1¢, S4). To be noted, RE02 per se showed no cell death-inducing activity in
N. benthamiana (Fig. S5). Another, though being functional, C-terminal HA-tagged RE02 was not
as efficient as RE02 alone to restore VmEO2-induced cell death (Figs. Ic, S4), and GFP-tagged
REO02 even failed to restore the cell death, suggesting that certain tags may variably interfere with
REO02 bioactivity, similar to the cases of BAK1 and FLS2 (Ntoukakis et al., 2011; Hurst et al.,
2018). Altogether, these results demonstrate that RE02 may participate in recognition of VmEOQ2.
Since VmEO2 homologues are widely spread in oomycete and fungi, some of which also elicit
plant cell death (Nie et al, 2019), we subsequently tested whether RE02 mediates their
recognition similarly. Expectedly, VmEO2 homologues from Botrytis cinerea (BC1G 05134),
Sclerotinia sclerotiorum (sscle_06g048920), Puccinia striiformis f. sp. tritici (Pst) (PSTG_00149)
and Phytophthora parasitica (PPTG 14297) all failed to triggered cell death when transiently
expressed in RE(O2-silenced N. benthamiana (Fig. 1d), indicating that RE02 may participate in

perception of VmEO2 homologues from different pathogens.

RE02 mediates VmE(2-triggered immune responses

To test whether REO2 mediates VmEO2-induced defense responses, we measured
VmEOQO2-induced ROS burst and expression of PAMP-induced genes. It was shown that,
VmEQ2-induced ROS was considerably attenuated in TRV2:RE(02-treated N. benthamiana plants,
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in contrast with plants treated with TRV2:GFP (Fig. 2a,b). However, RE(2-silenced N.
benthamiana showed no apparent influence on ROS production elicited by flg22 (Fig. S6),
indicating the specificity of RE02 response to VmEOQ2. To further confirm the capacity of RE02 to
confer VmEQ2 sensitivity, we overexpressed RE02 in N. benthamiana, with RLP23 and NbCORE
as controls. To eliminate potential complications from epitope tags (Figs. Ic, S4), these PRRs
were equally expressed without any tag. As was shown, overexpression of RE02 but not RLP23 or
NbCORE markedly promoted VmEOQ2-triggered ROS production (Fig. 2c,d). Additionally, the
transcript accumulation of PAMP-induced genes, including PTI5, Acre31 and CYP71D20 were
greatly compromised in RE(2-silenced plants after VmE(O2 treatment (Fig. 2e). These results

collectively demonstrate that RE02 mediates VmEQ2-triggered immune responses.

REOQ2 directly binds to VmEO02 with high affinity

To verify whether RE0O2 can associate with VmEOQ2, C-terminal mCherry-tagged VmE(02 and
GFP-tagged RE02 were generated to perform a co-immunoprecipitation (Co-IP) assay in MN.
benthamiana. As was shown in Fig. 3a, RE02 but not RLP23 successfully coimmunoprecipitated
with VmEOQ2. In contrast, we failed to observe an interaction between RE02 and INF1 elicitin,
suggesting RE02 specifically associates with VmEQ2 in planta. During western blotting analysis,
to be noted, RE0O2 can only be detected after GFP-immunoprecipitation but not in total protein
extracts (Fig. 3a). This may be due to receptor degradation and accordingly the low protein levels
as seen in many other cases (Beck et al., 2012).

In order to confirm RE02-VmEOQ2 association and investigate their binding capacity, an in
vitro pull-down and microscale thermophoresis (MST) assays were further performed. As was
shown in Fig. 3b, the extracellular LRR domains of RE02 (RE02LRR) but not that of RLP23
(RLP23RR) gpecifically copurified with VmEO2. Furthermore, it also revealed a strong interaction
between RE02LRR and VmEO2 by MST analysis, with a dissociation constant (K,) of 1.77+0.67
uM (Figs. 3c, S7). Thus, these data above indicate RE02 directly binds to VmEO02 with high
affinity.
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REO02 forms a complex with BAK1 and SOBIR1

Since the co-receptors BAK1 and SOBIRI1 usually function as PRR partners (Heese et al.,
2007; Liebrand et al., 2013; Liebrand et al., 2014), we next tested whether they associate with
REOQ2. In the test to verify the interaction between RE02 and SOBIR1 by Co-IP, we found that
REO02 continuously interacted with SOBIR1, regardless of treatment with VmEOQ2 ligand or csp22
peptide (Fig. 4a). In contrast, the RLK NbCORE failed to interact with SOBIR1. This result is
consistent with the previous reports that RLPs and SOBIRI1 constitutively associate with each
other (Gust & Felix, 2014; Wan et al., 2019). Notably, we also observed a moderate interaction
between RE02 and BAKI1 even in the absence of ligands (Fig. 4b). However, RE02-BAK1
interaction was apparently enhanced upon VmEOQ2 treatment, indicating BAK1 was recruited by
REO2 in a ligand-sensitive manner. As a control, the interaction between NbCORE and BAK 1 was
only obviously detected when treated with the csp22 ligand but not VmEO2 protein, consistent
with a previous report (Wang et al., 2016). It is worth mentioning that, csp22 peptide treatment
also increased RE02-BAKI1 interaction (Fig. 4B), indicating that RE02 recruitment of BAK1 is not

ligand-specific.

BAKI1 and SOBIRI1 are essential for VmE(2 immune responses

Considering the receptor complex of RE02-BAK1-SOBIR1, we next accessed the potential
role of BAKI and SOBIR1 in VmEO2-triggered immune responses. For this, BAKI- and
SOBIR1-silenced N. benthamiana plants were generated and tested for VmEOQ2 responses. It was
shown that, VmEO2-triggered cell death was almost abolished in both BAKI- and
SOBIR I-silenced plants (Fig. S8), which is consistent with our previous report (Nie et al., 2019).
In line with this, VmEO2-incuded ROS production and the transcript accumulation of
PAMP-induced genes (PT15, Acre31 and CYP71D20) were markedly compromised (Fig. 4c-f).
These results demonstrated that BAK1 and SOBIRI1 function as crucial components for

VmEOQ02-triggered immune responses.

REO02 regulates plant resistance against filamentous pathogens
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PAMP perception frequently leads to plant resistance against multiple microbes. As VmEQ02
homologues are widely distributed in oomycetes and fungi, we then evaluated whether RE02 plays
a role in plant resistance to such pathogens as Phytophthora capsici and Sclerotinia sclerotiorum.
It showed that, REO2-silenced N. benthamiana plants displayed increased susceptibility to the
oomycete P. capsici when compared with plants treated with TRV2:GFP (Fig. 5a). Analysis of
relative biomass using quantitative polymerase chain reaction (qQPCR) further confirmed this
result, in which a notable increase of P. capsici biomass in RE(2-silenced N. benthamiana was
detected (Fig. 5b). Consistently, we found that silencing of RE(2 also promoted the disease
severity of S. sclerotiorum (Fig. 5c). Disease-associated lesions caused by S. sclerotiorum were
apparently larger in leaves targeted for RE(2 silencing (Fig. 5d). To further confirm RE02
contribution to plant resistance, we overexpressed RE02 (without any tag) in N. benthamiana. As
expected, a decreased infection for both P. capsici and S. sclerotiorum could be observed in leaves
expressing RE02, compared with those expressing GFP control (Fig. S9). Moreover, we found that
the transcript levels of PR/ and PR4 were apparently reduced in RE(2-silenced plants, suggesting
REO2 positively regulates plant immunity (Fig. 5e). Altogether, these results illustrated that RE02

contributes to plant resistance against filamentous phytopathogens.

REOQ2 is identical to NbCSPR that exhibits csp22 binding affinity

Apart from N. benthamiana, VmEQ2 is also detected by several other plant species including
Arabidopsis thaliana, tomato (Solanum lycopersicum), pepper (Capsicum annuum) and its apple
host (Malus domestica) (Nie et al., 2019). To determine whether there exists RE02 homologues in
other plants, the sequence of RE02 was queried against NCBI database by BLAST P searches. It
showed that, RE02 close homologues are exclusively distributed in Solanaceae plants, particularly
the Nicotiana species, such as N. sylvestris, N. tomentosiformis and N. tabacum, with 95.4%,
92.6%, and 93.8% sequence identity, respectively (Fig. 6a, Table S5). Intriguingly, no obvious
homologues were found in A. thaliana, S. lycopersicum, C. annuum, or M. domestica, in which the
most closely related sequences separately share 30.4%, 50.6%, 49.5% and 45.4% identity with
REO2 (Table S5).
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In N. benthamiana, RXEG1 and NbCSPR were two of the few characterized PRRs to date,
which receptively mediates perception of Phytophthora XEG1 and bacterial cold-shock protein
(csp22) (Saur et al., 2016; Wang et al., 2018). As reported, NbCSPR is a Solanaceae-specific RLP
(Saur et al., 2016), which is similar to the distribution feature of RE02. This prompt us to compare
their sequences. Strikingly, these two sequences were shown to be totally identical (Fig. S10),
indicating that they represent the same PRR. As indicated above, RE02 (hereafter also known as
NbCSPR) displayed a high affinity for VmEO2 (Fig. 3b). However, the affinity between RE02 and
csp22 is unknown, though they were revealed to interact with each other (Saur ef al., 2016). For
this, RE02 binding capacity for csp22 was tested by MST analysis. As shown in Fig. 6b, an
obvious interaction between RE02MRR and csp22 was observed, with a dissociation constant (K)
of 296.2+45.7 uM, while no binding affinity was detected between RE02LRR and Flg22 peptide. It
is notable that, RE02 binding affinity for csp22 is roughly 160-fold lower than that measured for
VmEOQ2 under the same conditions (K; =1.77+£0.67 uM) (Fig. 3b). Taken together, these results
demonstrate that RE02 is identical to NbCSPR and exhibits binding affinity for csp22.

Discussion

With a growing number of extracellular PAMPs being identified, the PRRs for their
recognition are poorly characterized. In this study, using both genetics and biochemistry analysis,
we found the receptor-like protein RE02 in N. benthamiana exhibits features for a receptor of the
PAMP VmEQ2. These include sufficient responsiveness to VmEO2-induced cell death,
VmEOQ2-triggererd immune responses, and direct combination to VmEOQ2 with high affinity.

The RLP-type PRRs lack typical cytoplasmic signaling domains, for which, they were
proposed to form a complex with SOBIRI1 as a partner and constitute equivalent two-component
RLKs (Gust & Felix, 2014). RLP23 and RLP42 in Arabidopsis, Cfs and Vel in tomato, ELR in
potato, and RXEGI1 in N. benthamiana, all constitutively associate with SOBIR1 for downstream
responses (Liebrand et at., 2013; Albert ef al., 2015; Zhang et al., 2014; Domazakis et al., 2018;
Wang et al., 2018). Consistently, in this study, we found that REO2 formed a complex with

SOBIR1 independent of ligand treatment (Fig. 4a). As another adaptor, BAK1 also associates with
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a variety of PRRs, however, the interactions between them are quite flexible. Several PRRs, like
LYKS5, CERK1, and LORE do not require BAK1 for PAMP recognition (Miya et al., 2007; Cao et
al.,2014; Ranf et al., 2015); the RLK-type PRRs like FLS2, EFR, CORE, and the RLP-type PRRs
such as RLP23 and Cf-4 only combine with BAK1 in the presence of their cognate ligands (Heese
et al., 2007; Roux et al., 2011; Albert et al., 2015; Postma et al., 2016; Wang et al., 2016); the
RLP ELR and RXEGI constitutively associate with BAK1, whereas, ligand treatment enhanced
their interactions (Du et al., 2015; Domazakis et al., 2018; Wang et al., 2018). In this study,
similar to ELR and RXEG1, RE02 was shown to associate with BAK1 in the absence of VmEQ2,
while VmEOQ2 treatment obviously increased RE02-BAKI interaction (Fig. 4b), suggesting that
VmEO2 could help to recruit BAK1 and stabilize their combination. Our further data revealed that
both BAK1 and SOBIR1 were indispensable components for VmEO2-induced immune responses
(Fig. 4c-e). Therefore, RE02, SOBIR1 and BAKI1 constitute a tri-partite complex to confer plant
responsiveness to VmEQ2.

We previously found that VmEQO2 induces cell death response in multiple plant species
including A. thaliana, S. lycopersicum, and its cognate host M. domestica (Nie et al., 2019).
However, in each of these plants, we were unable to identify a clear sequence homolog of RE02,
whose most related sequences mainly distribute in some Nicotiana species (Fig. 6a, Table S5). In
fact, with exception for FLS2, the vast majority of plant PRRs display a genus- or
subgenus-specific occurrence, particularly the RLP-type PRRs (Wan et al., 2019; Albert et al.,
2020). It is possible that Arabidopsis, tomato, and apple have evolved different PRRs to mediate
VmEOQ2 responses, similar to the case of chitin perceptions by different plants. In Oryza sativa, the
RLP OsCEBIiP is the main receptor for binding of chitin elicitor (Ito et al, 1997; Kaku et al.,
2006). However, in Arabidopsis, chitin is mainly bind by LYKS, an RLK-type PRR (Cao et al.,
2014). Alternatively, considering the diverse conserved regions among VmE(O2 and its
homologues (Nie et al., 2019), VmE(O2 may carry divergent epitopes that are recognized by
distinct PRRs. To better understand how VmEOQ2 is recognized, receptors for its recognition in
other plants should be investigated in future.

Thus far, apart from RXEG1 and NbCSPR which respectively mediate perception of
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Phytophthora XEGI1 and bacterial cold-shock protein (csp22) (Saur et al., 2016; Wang et al.,
2018), few PRRs were characterized in the model plant N. benthamiana. We also failed to match
any known PRRs in N. benthamiana genome during BLAST P queries. Nonetheless, the
distribution feature of RE02 is quite similar to that of NbCSPR, whose homologues exclusively
exist in limited Solanaceae plants as well (Saur et al., 2016). This stimulated us to compare their
protein sequences, and surprisingly, we found the two RLPs represent the same PRR (Fig. S10).
This unexpected finding suggests that RE02 (also known as NbCSPR) is likely to participate in
recognition of both eukaryotic and prokaryotic PAMPs. In line with this, we found that ligand
treatment by either VmEO2 or csp22 promoted RE02-BAK1 association (Fig. 4b). Additionally,
REO02 (NbCSPR) was revealed to associate with csp22 peptide (Saur et al., 2016), and in this study
we found it interacted with VmEO2 as well (Fig. 3a-b). Most importantly, our MST assays
revealed that REO2 displayed binding affinity for both VmEO2 and csp22 (Figs 3b, 6b), further
confirming REO2 functions as a PRR for both of these two PAMPs. This result is reminiscent of
several reported PRRs including the RLK CERK1 in Arabidopsis, and the RLPs LYP4 and LYP6
in rice, all of which mediate recognition of both fungal chitin and bacterial peptidoglycan (Miya et
al., 2007; Willmann et al., 2011; Liu et al., 2012).

Interestingly, csp22 was also demonstrated to be detected by Solanaceae CORE, an RLK-type
receptor with high affinity for csp22 (Wang et al., 2016). In this study, we also showed that csp22
treatment enhanced the interaction between BAKI1 and NbCORE (Fig. 4b), a functional
homologue of CORE in N. benthamiana, confirming the role of CORE in csp22 perception. To be
noted, it was revealed that CORE but not RE02 confers sufficient plant responsiveness to csp22
(Wang et al., 2016). We also obtained similar results showing that NbCORE but not RE02 notably
promoted csp22-elicited ROS burst when transiently expressed in young N. benthamiana plants
(Fig. S11). This discrepancy may attribute to the dramatical affinity difference between CORE and
REO02 for csp22 peptide. As reported, CORE shows a quite strong affinity for csp22 (K;~60 nM)
(Wang et al., 2016), however, RE02 exhibited a much weaker affinity for the same peptide (K,
=296.2+45.7 uM) (Fig. 6b). Therefore, CORE is probably the main receptor for csp22. In addition,
since RE02 showed a high affinity for VmEO2 protein (K, =1.77£0.67 uM) (Fig. 3b), it is most
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likely to function as the main receptor for the PAMP VmEOQ2.

A variety of oomycete and fungal pathogens carry VmE(O2 homologues with cell
death-inducing activity, and VmEO(O2 treatment enhances plant resistance to filamentous
phytopathogens (Nie et al., 2019). In this study, RE02 was also shown to mediate N. benthamiana
resistance to both the oomycete P. capsici and the fungus S. sclerotiorum (Fig. 5a-d). Moreover,
REO02 (NbCSPR) was demonstrated to confer plant resistance to bacterial pathogens as well (Saur
et al., 2016). In recent years, multiple researches have showed that individual or stacked transfer
of PRRs contribute to crop disease resistance quantitatively and durably (Dangle et al., 2013;
Albert et al., 2015; Du et al., 2015). Therefore, RE02 represents a promising candidate PRR for
engineering crop immunity. Particularly, since the monocot wheat exhibits no response to VmE02
(Nie et al., 2019), it remains to be explored whether transfer of RE02 in wheat would confer
VmEO2 sensitivity and plant resistance. If it is the case, RE02 may be useful for building wheat
resistance against the devastating fungal pathogens such as rust fungi and Fusarium graminearum,
both of which carry homologues of VmE(02 (Nie et al., 2019).

Genetics is considered as one of the most powerful methods to identify PRRs for multiple
PAMPs (Boutrot & Zipfel, 2017). Genome-wide silencing of LRR-like genes in N. benthamiana
was recently developed as a novel reverse-genetic method to successfully identified RXEGI,
which mediates glycoside hydrolase 12 detection (Wang ef al., 2018). In this study, we adopted a
modified approach by silencing the RLPs with typical PRR features, and identified RE02 as a
recognition receptor for VmEQ2, further confirming virus-induced gene silencing (VIGS) as an

efficient approach for PRRs identification in the model plant N. benthamiana.
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Figure legends

Fig. 1 RE02 mediates VmEQO2 PAMP-triggered cell death in Nicotiana benthamiana. (a)
Representative leaves showing cell death induced by VmE(O2 or INF1 in TRV2:GFP- or
TRV2:REQ2-treated N. benthamiana. Infiltrated leaves (n = 6) were photographed five days post
agroinfiltration (dpa). The experiment was performed at least three times with similar results.
Immunoblot analysis of expressed proteins were performed with anti-mCherry antibody. Rubisco
protein was stained with Ponceau S as a loading control. (b) Silencing efficiency of RE(2
determined by qRT-PCR analysis. Relative expression of RE(2 was normalized to NbActin and
calibrated to the levels of TRV2:GFP-treated leaves (set as 1). Values represent means = SE of
three biological replicates. Differences were assessed by Student’s #-test. *** P < 0.001. (c)
Representative leaves showing cell death induced by co-expression of VmEO2 with RE02, RLP23,
or GFP in TRV2:GFP- or TRV2:RE(2-treated N. benthamiana. Infiltrated leaves (n = 6) were
photographed 5 dpa. The experiment was performed at least three times with similar results.
VmEO2 protein expression was analyzed anti-mCherry antibody, and Rubisco protein was stained
with Ponceau S as a loading control. (d) Representative leaves showing cell death induced by
VmEO02 homologues in TRV2:GFP- or TRV2:RE(2-treated N. benthamiana. VmEO02 homologues
including PSTG 00149 from Puccinia striiformis f. sp. tritici (Pst), BC1G_05134 from Botrytis
cinerea, sscle 06g048920 from Sclerotinia sclerotiorum and PPTG 14297 from Phytophthora
parasitica were transiently expressed in N. benthamiana. The numbers from 1 to 6 refer to
PSTG 00149, BC1G 05134, VmEO2, PPTG 14297, sscle 062048920 and INF1, respectively.
Photographs for infiltrated leaves (n = 6) were taken 5 dpa. The experiment was performed at least
three times with similar results. Protein accumulation of each protein was monitored with

anti-mCherry antibody, and Rubisco protein was stained with Ponceau S as a loading control.

Fig. 2 RE02 mediates VmEO2-triggered plant immune responses. (a, b) Oxidative burst in GFP-

or RE(02-silenced Nicotiana benthamiana treated with 1 pM VmEOQ2. Values represent means + SE
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of eight biological replicates. Differences were assessed by Student’s ¢-test. **, P < (0.01; *** P <
0.001. The experiment was performed three times with similar results. (c, d) Oxidative burst in
REQO2-, RLP23-, or NbCORE-expressing N. benthamiana treated with 1 pM VmEO02. RE02,
RLP23 and NbCORE without any tag were transiently expressed in N. benthamiana using
agroinfiltration individually. Values represent means + SE of eight biological replicates.
Differences were assessed by Student’s #-test. *, P < 0.05; *** P < 0.001. The experiment was
performed three times with similar results. (e) Transcript accumulation of PTI5, Acre3l, and
Cyp71D20 in GFP- or RE(2-silenced N. benthamiana leaves 6 h post treatment with 500 nM
VmEOQ2. Transcript levels were determined by qRT-PCR. Relative expression of each gene was
normalized to NbActin and calibrated to the levels of buffer-treated leaves (set as 1). Values
represent means = SE of three biological replicates. Differences were assessed by Student’s #-test.
*, P <0.05; %, P <0.01. The experiment was performed three times with similar results. RLU,

relative luminescence units.

Fig. 3 RE02 directly binds to VmEO2. (a) Association between RE02 and VmEO2 in planta.
Nicotiana benthamiana leaves co-expressing GFP-tagged RE02 or RLP23 and mCherry-tagged
VmEOQ2 or INF1 were collected 36 h post agroinfiltration (hpa), and co-immunoprecipitation (IP)
was performed on proteins isolated from these samples. Proteins samples were subjected to
western blotting using anti-GFP and anti-mCherry antibodies. Rubisco protein from input samples
was stained with Ponceau S as a loading control. (b) Interaction between RE02 and VmEO02 in
vitro. GST-tagged REO2MRR (REO2 LRR domains) and His-tagged VmEQ2 were expressed in
Escherichia coli, and the protein-protein interaction was tested by GST pull-down assay.
GST-tagged RLP23LRR (RLP23 LRR domains) was used as a control. Proteins samples were
subjected to western blotting analysis using anti-GST and anti-His antibodies. (¢) Determination
of RE02 binding affinity for VmE(O2 by microscale thermophoresis (MST) analysis. Labelled
REOQ2LRR or RLP23MRR was mixed with gradient dilution of VmEOQ2 recombinant protein. The data
were analyzed by plotting the concentration of VmE(O2 against the changes in fluorescence of

labeled REO2LRR or RLP23MRR ysing a non-linear fit. Values represent means + SE of three
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technical replicates. This experiment was repeated three times with similar results.

Fig. 4 RE02 associates with BAK1 and SOBIR1 for recognition of VmEQ2. (a, b) Interactions of
REO02 with SOBIR1 and BAK1 in planta. Nicotiana benthamiana leaves co-expressing HA-tagged
SOBIR1 or BAK1 and GFP-tagged RE02 or NbCORE were collected 36 hpa after treatment with
1 uM VmEO2 or csp22 for 20 min. Co-IP was performed on proteins isolated from these samples.
Proteins samples were subjected to western blotting using anti-GFP and anti-HA antibodies.
Rubisco protein from input samples was stained with Ponceau S as a loading control. (c, d)
Oxidative burst in BAKI- or SOBIR-silenced N. benthamiana treated with 1 puM VmEOQ2. Values
represent means + SE of eight biological replicates. Differences were assessed by Student’s #-test.
*#k P <0.01; *** P <0.001. The experiment was performed three times with similar results. ()
Silencing efficiency of BAKI and SOBIRI determined by qRT-PCR analysis. Relative expression
of BAKI or SOBIR1 was normalized to NbActin and calibrated to the levels of TRV2:GFP-treated
leaves (set as 1). Values represent means = SE of three biological replicates. Differences were
assessed by Student’s r-test. *, P < 0.05; **, P < 0.01. (f) Transcript accumulation of PTI5,
Acre3l, and Cyp71D20 in GFP-, BAKI, or SOBIRI-silenced N. benthamiana leaves 6 h post
treatment with 500 nM VmEOQ2. Transcript levels were determined by qRT-PCR. Relative
expression of each gene was normalized to NbActin and calibrated to the levels of buffer-treated
leaves (set as 1). Values represent means = SE of three biological replicates. Differences were
assessed by Student’s #-test. *, P < 0.05; **, P <0.01. The experiment was performed three times
with similar results. RLU, relative luminescence units.

Phytophthora capsici and Sclerotinia sclerotiorum

Fig. 5 RE02 regulates Nicotiana benthamiana resistance against Phytophthora capsici and
Sclerotinia sclerotiorum. (a) Representative leaves showing disease lesions of GFP- or
REQ2-silenced N. benthamiana infected with P. capsici. The leaves (n = 6) were inoculated with
P. capsici fresh mycelial plugs and photographed 36 h post inoculation (hpi). The experiment was
repeated three times with similar results. (b) Quantification of P. capsici infection by qRT-PCR to

measure the ratios of P. capsici to N. benthamiana DNA. Values represent means = SE of three
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biological replicates. Differences were assessed by Student’s z-test. **, P < 0.01. (c)
Representative leaves showing disease lesions of GFP- or RE(2-silenced N. benthamiana infected
with S. sclerotiorum. The leaves (n = 6) were inoculated with S. sclerotiorum fresh mycelial plugs
and photographed 24 hpi. The experiment was repeated three times with similar results. (d) Lesion
diameters of N. benthamiana leaves infected by S. sclerotiorum. Values represent means = SE of
six biological replicates. Differences were assessed by Student’s #-test. **, P < 0.01; *** P <
0.001. (e) Transcript accumulation of PR/ and PR4 in RE(2-silenced N. benthamiana. Relative
expression of both genes were normalized to NbActin and calibrated to the levels of
TRV2:GFP-treated leaves (set as 1). Values represent means + SE of three biological replicates.
Differences were assessed by Student’s #-test. **, P < 0.01; *** P < 0.001. The experiment was

repeated three times with similar results.

Fig. 6 RE02 exhibits binding affinity for csp22. (a) Phylogenetic analysis of RE02 and closely
related proteins in different plants. Bootstrap percentage support for each branch is indicated. The
red branches show the subgroup for RE02 close homologues. RE02 is marked by a red circle. (b)
Determination of RE02 binding affinity for csp22 using microscale thermophoresis (MST)
analysis. Labelled REO2RR was mixed with gradient dilution of csp22 or Flg22. The data were
analyzed by plotting the concentration of csp22 or Flg22 against the changes in fluorescence of
labeled REO2LRR using a non-linear fit. Values represent means + SE of three technical replicates.

This experiment was repeated three times with similar results.

Supporting information

Fig. S1 Morphology of N. benthamiana plants treated with RLP-silencing constructs.

Fig. S2 Representative leaves showing cell death induced by VmEOQO2 or INF1 in N. benthamiana

plants treated with RLP-silencing constructs.

Fig. S3 Morphology of N. benthamiana plants treated with RE(2-silencing constructs.

This article is protected by copyright. All rights reserved



Fig. S4 Representative leaves showing cell death induced by co-expression of VmE(O2 with

epitopes-tagged RE02 or RLP23 in TRV2:GFP- or TRV2:RE(02-treated N. benthamiana.

Fig. SS Transient expression of RE02 does not induce cell death in N. benthamiana.

Fig. S6 Silencing of RE(02 shows no apparent influence on Flg22-induced oxidative burst in .

benthamiana.

Fig. S7 Western blotting analysis of recombinant REQ2LRR RLP23LRR and VmEO2 proteins used

for microscale thermophoresis (MST) analysis.

Fig. S8 Representative leaves showing cell death induced by VmEO02 in BAKI- or
SOBIR 1-silenced N. benthamiana.

Fig. S9 Overexpression of RE02 enhances N. benthamiana resistance to P. capsici and S.

sclerotiorum.

Fig. S10 Protein sequence alignment of RE02 with NbCSPR using ClustalW.

Fig. S11 Overexpression of NbCORE in young N. benthamiana promoted csp22-induced

oxidative burst.

Table S1 Primers used in this study.

Table S2 VmEO02 homologues in Phytophthora capsici and Sclerotinia sclerotiorum.

Table S3 Information of RLP-silencing constructs in this study.
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Table S4 Fragments for RE(2 gene silencing.

Table S5 Top hits of RE02 in different plant species by BLAST searches.
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