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SUMMARY  32 

 33 

 The activity of intracellular plant Nucleotide-Binding Leucine-Rich Repeat 34 

(NB-LRR) immune receptors is fine-tuned by interactions between the 35 

receptors and their partners. Identifying NB-LRR interacting proteins is, 36 

therefore, crucial to advance our understanding of how these receptors function. 37 

 A Co-Immunoprecipitation/Mass-Spectrometry screening was performed in 38 

Nicotiana benthamiana to identify host proteins associated with the Gpa2 CC-39 

NB-LRR, which confers resistance against the potato cyst nematode Globodera 40 

pallida. A combination of biochemical, cellular, and functional assays was used 41 

to assess the role of a candidate interactor in defence.  42 

 A N. benthamiana homolog of the Glycine-Rich RNA-Binding Protein 7 43 

(NbGRP7) protein was prioritized as a novel Gpa2-interacting protein for 44 

further investigations. NbGRP7 also associates in planta with the homologous 45 

Rx1 receptor, which confers immunity to Potato Virus X. We show that 46 

NbGRP7 positively regulates extreme resistance by Rx1 and cell death by Gpa2. 47 

Mutating the NbGRP7 RNA recognition motif compromises its role in Rx1-48 

mediated defence. Strikingly, ectopic NbGRP7 expression impacts the steady-49 

state levels of Rx1, which relies on an intact RNA recognition motif. 50 

 Combined, our findings illustrate that NbGRP7 is a novel pro-immune 51 

component in effector-triggered immunity by regulating Gpa2/Rx1 functioning 52 

at a post-transcriptional level.  53 

 54 

Keywords: Effector-Triggered Immunity, Gpa2, GRP7, NB-LRR, Plant Immunity, 55 

RNA-Binding Proteins, Rx1 56 

 57 

 58 

 59 

 60 

 61 

 62 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 18, 2021. ; https://doi.org/10.1101/2021.05.18.444452doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.18.444452
http://creativecommons.org/licenses/by-nc-nd/4.0/


3 
 

INTRODUCTION  63 

 64 

The plant innate immune system is orchestrated by a consortium of cell-autonomous 65 

receptor proteins (Bezerra-Neto et al., 2020).  On the cell surface, Pattern Recognition 66 

Receptors (PRRs) detect conserved Pathogen-Associated Molecular Patterns (PAMPs) 67 

or damage inflicted on the host (Danger-Associated Molecular Pattern or DAMPs) 68 

(Jones & Dangl, 2006; Zipfel, 2014). This triggers basal defence coined as PAMP-69 

triggered immunity (PTI). Pathogens, however, can adapt by evolving virulence-70 

promoting effector molecules to disarm PTI and/or interfere with other host cellular 71 

processes (Jones & Dangl, 2006). In this interplay, plants evolved Resistance proteins 72 

(R proteins), the majority of which belongs to the family of Nucleotide-Binding 73 

Leucine-Rich Repeat (NB-LRR) receptors (Bezerra-Neto et al., 2020). Classical NB-74 

LRRs modules have a tri-domain architecture consisting of a central Nucleotide-75 

Binding APAF-1, R-Protein, and CED4 (NB-ARC) region flanked by a N-terminal 76 

domains (typically a coiled-coil (CC) or Toll/Interleukin Receptor-like (TIR) domain) 77 

and a C-terminal Leucine-Rich Repeat (LRR) domain (van der Biezen, E. A. & Jones, 78 

J. D., 1998a, b; Jones et al., 2016). NB-LRRs act as a molecular switch that can readily 79 

toggle between ADP-bound inactive and ATP-bound active states (Takken et al., 2006). 80 

The switch function is triggered by recognition of race-specific effector molecules to 81 

trigger Effector-Triggered Immunity (ETI). ETI can effectively limit pathogen ingress  82 

and  is often hallmarked by the visible sign of programmed cell death (Balint-Kurti, 83 

2019). However, the sequence of events leading to immunity remains largely 84 

unresolved.  85 

 86 

Plant NB-LRRs engage in various interactions with other components in the host 87 

proteome, either as preformed complexes or as an active response to a pathogenic 88 

intrusion (Sun et al., 2020). The common view is that these interactions modulate 89 

immunity by regulating defence signalling and/or affecting the stability, localization or 90 

activity of the receptor (Sacco et al., 2009; Sukarta et al., 2016; Sun et al., 2020; van 91 

Wersch et al., 2020). In a vast majority of cases, binding to these co-factors is mediated 92 

by domains at the receptor’s N-terminal end (Sun et al., 2020). This is also consistent 93 

with reports showing that the CC/TIR domains of a few NB-LRR systems can 94 

multimerize upon activation, which is thought to increase the surface area available for 95 

scaffolding interacting partners (Bentham et al., 2018). The nature of proteins known 96 
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to bind to an NB-LRR varies, ranging from well-established molecular-chaperones 97 

(e.g., SGT1 and RAR1) to transcription factors (Bieri et al., 2004; de la Fuente van 98 

Bentem et al., 2005; Leister et al., 2005; Tameling & Baulcombe, 2007; Chang et al., 99 

2013; Townsend et al., 2018). Aside from a few exceptions, however, a limited number 100 

of host proteins are known to directly associate with the NB-LRR N-termini (Sun et al., 101 

2020). Additionally, how these interactors contribute to NB-LRR immunity is often not 102 

fully understood. Uncovering the identity and functions of these interactors will 103 

contribute to advancing our understanding of how NB-LRRs mediate defence.  104 

 105 

The CC domain of the potato Rx1 immune receptor, which confers resistance to Potato 106 

Virus X (PVX), has been shown to act as a scaffold by recruiting various molecular 107 

components (Sacco et al., 2007; Tameling & Baulcombe, 2007; Townsend et al., 2018; 108 

Sukarta et al., 2020).  In the cytoplasm, Rx1 forms a complex with RanGTPase-109 

Activating Protein 2 (RanGAP2) to retain a subpopulation of the receptor in this 110 

compartment. This is required by Rx1 to recognize PVX and prompt a complete 111 

defence response to the virus (Slootweg et al., 2010; Tameling et al., 2010). A pool of 112 

Rx1 also resides in the nucleus, where it co-opts and modulates the DNA-binding 113 

activity of nuclear-associated proteins such as the Golden2-like transcription factor 114 

(GLK1) and DNA-Binding Bromodomain Containing Protein (DBCP) (Townsend et 115 

al., 2018; Sukarta et al., 2020). The recruitment of compartment-specific host proteins 116 

is thought to grant Rx1 with distinct cellular functions as a molecular sensor and 117 

response factor.  The CC domain of Gpa2, which mediates defence against the potato 118 

cyst nematode Globodera pallida, shares considerable homology with the Rx1-CC 119 

(95.7% identity at the protein level).  Despite bearing significant similarities, however, 120 

the Gpa2-CC has only been reported to associate with RanGAP2 (Tameling & 121 

Baulcombe, 2007). Whether Gpa2 shares a more extensive pool of interacting 122 

components in the nucleus and/or cytoplasm is unknown. Elucidating this will reveal 123 

the degree by which homologous NB-LRR receptors diverge in their signalling 124 

components. This will in turn, uncover common, critical points for regulating NB-LRR 125 

activity. 126 

 127 

In the present study, we identified a Nicotiana benthamiana homolog of the Glycine 128 

Rich RNA Binding Protein 7 (NbGRP7) as a novel interactor of Gpa2. GRP7s are 129 

highly conserved plant proteins involved in RNA processing and have previously been 130 
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implicated in early and late PTI responses (Lee et al., 2012; Nicaise et al., 2013; Wang 131 

et al., 2020). However, the function of a GRP7 homolog in ETI has yet to be reported. 132 

Here, we present molecular evidence that NbGRP7 is a pro-immunity component in 133 

effector-induced immune responses by Gpa2 and its close homolog Rx1. Substituting 134 

a conserved arginine residue in the NbGRP7 RNA Recognition Motif (RRM) 135 

compromises its potentiating effects on Rx1-mediated resistance, suggesting that RNA-136 

binding may be crucial for the function of NbGRP7 in NB-LRR-mediated immunity. 137 

Additionally, we show that NbGRP7 regulates the steady-state levels of Rx1 transcripts 138 

and, as a consequence, proteins in the cell. Our results collectively reveal a novel layer 139 

of control on the activity of intracellular NB-LRR immune receptors, like Gpa2 and 140 

Rx1, at a post-transcriptional level.  141 

MATERIALS AND METHODS 142 

Plasmid construction 143 

Full-length NbGRP7 was isolated from N. benthamiana cDNA using gene-specific 144 

primers listed in Supporting Information Table S1 as a NcoI-KpnI fragment by High 145 

Fidelity PCR (Promega) according to the manufacturer’s protocol. Purified fragments 146 

were initially ligated into pGEMT-easy for sequencing and then sub-cloned into the 147 

pRAP vector (Schouten et al., 1997) containing the N-terminal 4×Myc.GFP tag by 3-148 

way ligation (1:1:1 ratio) following additional BspHI digestion reactions. Positive 149 

clones were finally cloned into the pBINPLUS binary vector (van der Vossen et al., 150 

2000) as AscI-PacI fragments in A. tumefaciens MOG101. The full-length nucleotide 151 

sequence of NbGRP7 was deposited in Genbank with accession MW478352. 152 

For targeted substitution of NbGRP7 R49Q and R49K, nested PCR was performed 153 

using primers listed in Supporting Information Table S1 and Ready-ToGo beads 154 

(illustra PuReTaq PCR Beads, GE Healthcare). In the first round, primers were used to 155 

amplify regions encompassing the mutation in the RNA recognition motif. The 156 

resultant fragment was used as template in a second round of PCR with overlapping 157 

extensions to obtain the full-length NbGRP7 fragment. The same cloning steps for 158 

addition of 4×Myc.GFP tag and into the binary pBINPLUS vector was performed as 159 

listed above. 160 
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For hairpin silencing, potential silencing regions in NbGRP7 were screened using the 161 

Solgenomics VIGS tool (http://solgenomics.net/tools/vigs) against the N. benthamiana 162 

gene models database v.04.4. Selection of optimal regions included least probability of 163 

off-target effects. Target sequences were ordered synthetically (Genescript) in antisense 164 

orientation with a spacer in between as specified in Supporting Information Table 165 

S2. These were subcloned into the destination vector pPT2 (Shin et al., 2017) by 166 

BamHI/XbaI digestion first in E. coli  TOP10 and finally, A.tumefaciens strain 167 

MOG101. 168 

 169 

For Bi-Fluoresecnce complementation (Bi-Fc), NbGRP7, Rx1-CC and Gpa2-CC were 170 

cloned initially into pENTR-D topo vector (Invitrogen). Sequence-verified fragments 171 

were then cloned into both pDEST-SCYNE(R)GW or pDEST-SCYCE(R)GW vectors by 172 

Gateway LR reaction as described (Gehl et al., 2009; Diaz-Granados et al., 2020). 173 

 174 

Agrobacterium tumefaciens transient assay (ATTA) 175 

ATTA was used as a system for heterologous protein expression in plants as described 176 

in (Slootweg et al., 2010). Final agrobacterial suspensions were diluted to final OD600 177 

values according to each assay. Agroinfiltration was performed on the underside of the 178 

leaves of 2-3 weeks old N. benthamiana plants using needleless syringes. Plants were 179 

grown under standard glasshouse conditions at a constant temperature of 23oC with 180 

light and dark cycle of L18:D6. Infiltrated spots were screened for the development of 181 

cell death, harvested for protein extraction or examined by microscopy at 1-5 days post 182 

infiltration (dpi) depending on the assay and construct.  183 

 184 

Protein extraction and immunodetection  185 

Protein extraction was performed as described in (Slootweg et al., 2010). Briefly, 50-186 

100 mg of leaf material was grounded in extraction buffer (10 mM DTT, 150 mM NaCl, 187 

50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10% glycerol, 2% polyvinylpolpyrrolidone, 188 

and 0.5 mg/mL pefabloc SC protease inhibitor [Roche]), and spun down at 16,000 rpm 189 

for 5 minutes at 4oC. The supernatant was run through a G25-sephadex column and the 190 

eluate was used for subsequent pull-down assays or mixed directly with 4X Nupage 191 

LDS sample buffer with 1M DTT (Invitrogen). Proteins extracted were then separated 192 

by loading onto 12% Sodium dodecyle sulfate- Polyacrylamide gel electrophoresis 193 

(SDS-PAGE) run in 1X MOPS buffer and visualized by Commassie Brilliant Blue 194 
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staining or wet blotting. Myc-tagged candidate interactors were detected using Goat α-195 

Myc polyclonal antibodies (Abcam) in subsequent western blot analysis as described 196 

by (Tian et al., 2014). However, hereby immunodetection was achieved using a second 197 

polyclonal antibody conjugated with Horse-Radish Peroxidase (Abcam). Conversely, 198 

HA and GFP-tagged fusion proteins were detected using a Peroxidase-conjugated α-199 

HA (Roche) or α-GFP (Abcam) antibodies respectively. Finally, peroxidase activity 200 

was detected by reacting with the Dura luminescenet and SuperSignal West Femto 201 

substrates (1:1 ratio; Thermo Scientific, Pierce) using the G:Box gel documentation 202 

system (Syngene). 203 

In planta Co-Immunoprecipitation assays (Co-IP)  204 

N-terminally tagged constructs for expression of p35S:Rx1-4×HA.GFP, p35S:Rx1 S1-205 

4×HA.GFP, p35S:Rx1 S4-4×HA.GFP, p35S:4×HA-Rx1 CC S1, p35S:4×HA-Rx1 206 

CC S4, p35S:4 × HA-Rx1.CC, p35S:4 × HA-Gpa2.CC, p35S:4 × HA.Gpa2 and 207 

p35SLS:4×HA.GFP were as described in (Slootweg et al., 2010) and (Slootweg et al., 208 

2018). N. benthamiana leaves infiltrated by the appropriate protein combinations (at 209 

OD600 of 0.3-0.5) were harvested at 2-3 dpi. For Co-IP, proteins were extracted as 210 

described above. Prior to the pull-down, protein samples were pre-cleared by incubation 211 

with mouse IgG1 agarose beads. After mixing with α-GFP, α-Myc or α-HA magnetic 212 

beads (μMACS) and washing, eluted proteins were run in an SDS-PAGE system (Bis-213 

Tris gel, 12%, Invitrogen) with 1X MOPS buffer and blotted onto PVDF membrane. 214 

Immunodetection was then performed as described beforehand using the appropriate 215 

antibodies.  216 

 217 

Co-Immunoprecipitation/Mass-Spectrometry analysis 218 

For proteomics analysis, p35S:Gpa2.CC-GFP or p35S:GFP was expressed transiently 219 

in N. benthamiana between 22-28 hours. Proteins were extracted from leaf samples 220 

according as detailed previously and used in cell fractionation as described in (Slootweg 221 

et al., 2010). Bait proteins were precipitated using μMACS α-GFP beads (Miltenyi) as 222 

described above. Peptides were generated by on-beads trypsin digestion of the pull-223 

down samples, which were subsequently sent for MS analysis at the Proteomics Centre 224 

at WUR Biochemistry (Wageningen). For identification of proteins, the spectra of each 225 

run was matched using a MaxQuant software via a database consisting of translated 226 

ESTs and UniProt data referring to N. benthamiana and N. tabacum. 227 
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Confocal laser scanning microscopy 228 

Cellular localization studies were performed using the Zeiss LSM 510 or the Leica SP8-229 

SMD confocal microscope (for BiFc experiments). Agrobacteria harboring the 230 

appropriate constructs were infiltrated on N. benthamiana leaves at final OD600 values 231 

of 0.3-0.5. Leaf epidermal cells were harvested at 2-3 dpi for imaging as described 232 

previously in (Slootweg et al., 2010). For BiFc measurements, the white laser was used 233 

to excite SCFP3A and chlorophyll auto-fluorescence at 440nm and 514nm, 234 

respectively. SCFP3A was detected at emission wavelength of 448nm to 495nm. 235 

Chlorophyll auto-fluorescence was detected at emission wavelength of 674nm to 236 

695nm. Analysis of fluorescence intensities was performed using the ImageJ 237 

application software.  238 

Chlorophyll assay 239 

Chlorophyll content was measured to indicate degree of cell death as described 240 

previously in (Harris et al., 2013). Briefly, 3 mm discs of infiltrated N. benthamiana 241 

leaves were incubated overnight in DMSO at 37oC with constant rotation (250 rpm). 242 

Subsequently, absorption measurements of the DMSO solution was read at 243 

wavelengths 450 nm and 655 nm using the BioRad Microplate Reader (model 680). 244 

Uninfiltrated leaf discs were used as negative controls. 245 

PVX resistance assay  246 

Viral accumulation was quantified using DAS-ELISA as described in (Slootweg et al., 247 

2010). Briefly, plates were coated with polyclonal antibodies (1:1000) raised against 248 

the viral CP (Prime Diagnostics). A second polyclonal antibody conjugated with 249 

alkaline phosphatase was used for immunodetection (1:1000) at wavelength 405 nm 250 

(BioRad Microplate Reader model 680) via the substrate p-nitrophenyl- phosphate. 251 

Absorbance Measurements were taken with a reference filter of 655 nm. 252 

Expression analysis by qRT-PCR 253 

Total RNA was extracted from 50 mg leaf tissues using the Promega Maxwell 16 254 

simpleRNA extraction kit according to the manufacturer’s protocol. First-strand cDNA 255 

synthesis was directly performed using the SuperScript III First-Strand Synthesis 256 

System (Invitrogen). To analyze expression levels, qRT-PCR was done (BioRad 257 

System) in a total reaction mix of 25 µl consisting of: 1 µl forward and reverse primers 258 

(5 mM each), 8.5 µl Taq ready mix and 12.5 µl MQ water. qPCR was run using the 259 
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following program: initial denaturation at 95oC for 15 min followed by 40 cycles of 260 

amplification at 95oC for 30s, 60oC for 30s ,72oC for 30s and final elongation at 72oC 261 

for 60s with a 90X melting curve at 50oC for 10s. To promote reproducibility, each 262 

sample was analyzed in duplo. In addition, a standard no template control was included 263 

to indicate the presence of contaminating DNA. qPCR data was normalized against the 264 

actin housekeeping gene. Finally, relative expression levels were analyzed by the 265 

comparative method (2-ΔΔCt) using the average threshold values as described in 266 

(Schmittgen & Livak, 2008).  267 

Statistical test 268 

Statistical analyses was performed in R studio Version 1.1.456. Data from assays 269 

performed in this study were checked for normality using the Shapiro-Wilk Test. 270 

Depending upon the outcome of the normality test, statistical level was determined 271 

either by T-test or Wilcoxon-signed rank test with α = 0.05. 272 

RESULTS 273 

Identification and isolation of NbGRP7 as a Gpa2-interacting protein 274 

 275 

To screen for putative interactors of the Gpa2-CC domain, we adopted a targeted 276 

proteomics approach by performing cellular fractionation coupled with Co-IP/MS 277 

analysis in N. benthamiana. To that end, Gpa2-CC-GFP or GFP (negative control) bait 278 

constructs were generated under the control of the Cauliflower Mosaic Virus 279 

(Cam35VS) promotor for transient overexpression in N. benthamiana by ATTA. As 280 

anticipated, MS analysis of the eluted fractions showed an overrepresentation of the 281 

Gpa2-CC-GFP bait in both cellular extracts. We also co-purified RanGAP2 exclusively 282 

in the cytoplasmic fraction of the pull-down consistent with previous studies (Sacco et 283 

al., 2007; Tameling & Baulcombe, 2007). This finding supports that the technical 284 

approach and stringency used for the data analysis were sound. Interestingly, a protein 285 

that has significant peptide hits matching to a GRP7 homolog co-precipitated 286 

consistently with the Gpa2-CC nuclear fraction (Supporting Information Fig.  S1). 287 

Given the specificity and reproducibility of the interaction observed, we prioritized 288 

GRP7 in further studies as described below.  289 

 290 
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To facilitate functional analysis, we isolated the predicted N. benthamiana GRP7 291 

homolog (NbGRP7) based on the N. benthamiana draft genome (Solgenomics) and 292 

existing AtGRP7 sequence. The isolated transcript is 501 bp long, encoding a protein 293 

of 167 amino acids with an estimated weight of ~16.9 kDa. Additional sequence 294 

alignment showed that NbGRP7 exhibits strong similarity with other plant-derived 295 

GRPs, sharing the highest sequence identity (73-75% at the amino acid level) to the 296 

Solanum tuberosum GRP7 variants (XP_006365106.1 and XP_006365107.1) 297 

(Supporting Information Fig.  S2a). The NbGRP7 N-terminus constitutes the most 298 

conserved region, wherein the canonical RNA Recognition Motif (RRM) resides 299 

(Supporting Information Fig.  S2b). Positioned within this region are also two 300 

Ribonucleoprotein motifs (RNP1 and RNP2) and arginine residues required for RNA 301 

binding (summarized schematically in Fig. 1a) (Fu et al., 2007; Nicaise et al., 2013). 302 

The variable and highly disordered glycine-rich region accounts for the remaining C-303 

terminal half of the protein, which is further interspersed with aromatic amino acids.  304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 
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Fig. 1. Identification of NbGRP7 as Gpa2 and Rx1-interacting protein. a). 358 

Schematic diagram representing the full-length NbGRP7 homolog isolated from N. 359 

benthamiana cDNA. The conserved Arginine residue required for RNA binding is 360 

highlighted in blue. RNP1 = ribonucleoprotein motif 1; RNP2 = ribonucleoprotein 361 

motif 2. b). Biomolecular fluorescence complementation (BiFC) of SCFP3A. The N-362 

terminal half of the super cyan fluorescent protein SCFP3A fused Rx1-CC or Gpa2-CC 363 

(pN:R1 or pN:G1) and the C-terminal half of SCFP3A fused NbGFP7 (pC:NbGRP7) 364 

were co-expressed in N. benthamiana leaves. SCFP3A was detected in CFP channel, 365 

chlorophyll auto-fluorescence was shown together with CFP signal in the merged 366 

channel. Free CFP was used as positive control and co-expression with pC:NSs or 367 

pN:GUS were used as negative controls. N, nucleus. C, cytoplasm. NB, nuclear body. 368 

Scale bar=10 or 20 μm. Cells were imaged at 2 dpi based on 3 cells. Results are 369 

representative of 2 biological repeats. c). Immunoblots from Co-IP of NbGRP7 with 370 

full-length Gpa2/Rx1 or their CC domains. For the pull-downs, crude extracts of N. 371 

benthamiana co-expressing the appropriate protein combinations were incubated with 372 

α-HA magnetic beads (μMACS). Gpa2/Rx1 constructs or the negative 4×HA.GFP 373 

control were used as baits to co-purify 4×Myc.GFP-NbGRP7.   374 

NbGRP7 interacts with full-length Gpa2 and Rx1 in planta via the CC domain 375 

 376 

We next sought to confirm the interaction identified in the Co-IP/MS screening by 377 

performing BiFC imaging. Although NbGRP7 was originally found to associate with 378 

the Gpa2-CC domain, we expanded our assay to test the interaction of NbGRP7 with 379 

Rx1 given its close homology, particularly in the CC which only differs in six amino 380 

acid residues. To that end, we created both Gpa2-CC and Rx1-CC constructs fused to 381 

the N-terminal half of the super cyan fluorescent protein SCFP3A (pN:G1 and pN:R1) 382 

for transient co-expression with NbGFP7, which was fused to the C-terminal half of 383 

SCFP3A (pC:NbGRP7). The reverse combinations (pC:R1, pC:G1, and pN:NbGRP7) 384 

were also generated for comparison. Combinations co-expressing pN:R1 or pN:G1 with 385 

the viral protein NSs (pC:NSs)  were used as negative controls. Likewise, the 386 

combination of NbGRP7 with β-Glucuronidase (pN:GUS) was used as an additional 387 

negative control.  Confocal imaging at 2 dpi shows that a CFP signal accumulated in 388 

the nucleus and to a lesser extent, in the cytoplasm when either pN:G1 or pN:R1 was 389 

co-expressed with pC:NbGRP7 (Fig. 1b). Remarkably, detailed imaging of the nuclei 390 
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showed the nucleoplasm to have a non-homogenous distribution with CFP signals 391 

accumulating in subnuclear bodies similar to those described in earlier studies of 392 

AtGRP7 (Kim et al., 2008). These cellular structures are typically associated with RNA 393 

processing, which coincides with the expected function of a GRP7 homolog (Spector 394 

& Lamond, 2011). Conversely, a CFP signal was absent upon co-expression of the 395 

negative control combinations (pN:R1/pN:G1 with pC:NSs and pC:NbGRP7 with 396 

pN:GUS) (Fig. 1b). All aforementioned constructs were expressed stably and similar 397 

results were obtained with the reverse combinations (Supporting Information Fig. 398 

S3b). Combined, our findings confirm that NbGRP7 can form a complex with the CC 399 

domains of Gpa2 and Rx1 in planta, predominantly in the nucleus. 400 

 401 

We next examined whether NbGRP7 can bind to full-length Gpa2 and Rx1 in planta 402 

by Co-IP. Thus, a 4×Myc.GFP-NbGRP7 construct was co-expressed transiently in 403 

combination with (HA)-tagged version of the full-length receptors (4×HA-Gpa2 and 404 

Rx1-4×HA.GFP). Infiltrated leaf materials were harvested at 2 dpi and the extracted 405 

proteins were subjected to a Co-IP using the α-HA magnetic beads system (μMACS). 406 

Immunoblotting of the eluates shows that 4×Myc.GFP-NbGRP7 co-precipitates with 407 

both 4×HA-Gpa2 and Rx1-4×HA.GFP (Fig. 1c). Consistent with the Co-IP/MS 408 

screening, we also observed 4×Myc.GFP-NbGRP7 to specifically co-purify with the 409 

CC-domain of Gpa2 (4×HA-Gpa2-CC). Taken together, our data demonstrate that 410 

NbGRP7 protein interacts with full-length Gpa2 and Rx1 immune receptors in planta. 411 

 412 

Given that NbGRP7 associates with full-length Gpa2/Rx1 and their CC domains, we 413 

questioned whether additional receptor domain(s) can contribute to this complex 414 

formation. Thus, Co-IP studies were performed using 4×Myc.GFP-NbGRP7 as bait 415 

with HA or GFP-tagged fusions of the Gpa2/Rx1 CC, NB-ARC and LRR domains. 416 

Interestingly, 4×Myc.GFP-NbGRP7 exclusively co-purifies with 4×HA-Rx1-CC but 417 

not the other receptor domains nor the 4×HA.GFP control (Supporting Information 418 

Fig.  S4a). This shows that the CC is required and sufficient for the interaction with 419 

NbGRP7. To further localize the structural determinants in the CC required for 420 

NbGRP7 binding, we used available S1 and S4 surface mutants of the Rx1-CC domain 421 

as described in (Slootweg et al., 2018). The S4 mutations disrupt the hydrophobic patch 422 

essential for RanGAP2-binding in helix 4 of the Rx1-CC, while the S1 mutations in 423 
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helix 1 reduce intramolecular binding to the NB-LRR. We showed that 4×Myc.GFP-424 

NbGRP7 co-precipitated with the S1 and S4 mutant variants (CC and full-length) 425 

similar to the wildtype control (Supporting Information Fig.  4b1 and 4b2). While 426 

the immunoblot shows that Rx1 S1-4×HA.GFP pulled down at a greater extent 427 

compared to the wild-type and S4 derivates (Supporting Information Fig.  4b2), this 428 

was not consistent between experimental repeats. These findings suggest that S1 and 429 

S4 surface regions of the CC are most likely not involved in complex formation with 430 

NbGRP7. Thus, NbGRP7 interacts with Rx1-CC at a surface region distinct from those 431 

required for intramolecular interactions and RanGAP2 binding.432 

 433 

NbGRP7 is a positive regulator of effector-dependent defenses by Gpa2 and Rx1  434 

 435 

To ascertain the biological relevance of the interaction observed for NbGRP7 and 436 

Rx1/Gpa2, we performed a cell death assay in N. benthamiana leaves. Agrobacteria 437 

harbouring 4 × Myc.GFP-NbGRP7 were co-infiltrated with Rx1/Gpa2 and their 438 

matching effectors, namely the coat protein of PVX strain UK3 (PVX-CP UK3) and 439 

GpRBP-1 variant D383-1, respectively. Infiltrated spots were monitored for the 440 

progression of cell death within 3-5 dpi by measuring chlorophyll loss. Interestingly, 441 

transiently overexpressing 4×Myc.GFP-NbGRP7 potentiates GpRBP-1-induced cell 442 

death by Gpa2 (under the control of its endogenous promotor)  at 5 dpi as indicated by 443 

a greater chlorophyll loss compared to the GFP control (Fig. 2a). To determine whether 444 

the pro-immunity functions of NbGRP7 was effector-dependent, we also included an 445 

autoactive p35S:Gpa2 D460V construct. Interestingly, 4 × Myc.GFP-NbGRP7 446 

overexpression does not influence autoactivity by p35S:Gpa2 D460V. These results 447 

show that NbGRP7 specifically contributes to effector induced cell death.  448 

 449 

For Rx1, cell death is typically a quick response in N. benthamiana. We, therefore, 450 

compared cell death induced by Rx1 constructs cloned under the endogenous (pRx1), 451 

CaMV35S (p35S), or leaky scan promotor (p35LS as described in (Slootweg et al., 452 

2010)). Contrary to Gpa2, transient overexpression of 4×Myc.GFP-NbGRP7 had 453 

negligible effects on Rx1-mediated cell death at 3 dpi (Fig. 2b). No significant 454 

differences in chlorophyll loss relative to the control could be observed reproducibly 455 
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when overexpressing 4×Myc.GFP-NbGRP7, PVX-CP UK3 and Rx1, irrespective the 456 

immune receptor construct used. Likewise, NbGRP7 overexpression did not influence 457 

the autoactivity of an pRx1:Rx1D460V construct. Contrary to Gpa2, NbGRP7 does not 458 

contribute to Rx1-mediated cell death responses in this study under the conditions used 459 

for testing. 460 

 461 

Notably, cell death is viewed as a secondary latent response for Rx1 that is reserved by 462 

the host when immunity proves insufficient, e.g., when there is an over-abundance of 463 

the viral coat protein such as during heterologous expression assays (Bendahmane et 464 

al., 1999). Instead, PVX infection typically induces an extreme resistance response, 465 

which can effectively restrict viral spread without the need to elicit cell death 466 

(Bendahmane et al., 1995; Bhattacharjee et al., 2009). We, therefore, investigated the 467 

impact of NbGRP7 overexpression on extreme resistance by Rx1. N. benthamiana 468 

leaves were infiltrated with Agrobacteria harbouring an amplicon of the avirulent PVX-469 

UK3 strain and p35LS:Rx1. Viral levels were quantified by DAS-ELISA within 1-5 dpi. 470 

Our data demonstrate that NbGRP7 enhances Rx1-mediated extreme resistance against 471 

PVX-UK3 between 3-5 dpi, as shown by a significantly greater reduction in viral levels 472 

compared to the control (Fig. 2c). Collectively, these findings indicate that NbGRP7 473 

positively regulates extreme resistance by Rx1. We further show that overexpressing 474 

NbGRP7 reduces PVX-UK3 accumulation in the absence of p35LS:Rx1 (Supporting 475 

Information Fig.  S7), consistent with existing studies implicating the role of AtGRP7 476 

in basal defence (Lee et al., 2012). These results combined illustrate a role for NbGRP7 477 

in both Rx1-dependent and -independent defences against PVX.   478 

 479 

To complement our overexpression studies, TRV-VIGS silencing of NbGRP7 was 480 

performed. However, TRV-VIGS silenced plants showed severe developmental 481 

phenotypes at 3 weeks post-silencing (data not shown), most likely due to pleiotropic 482 

effects of NbGRP7 silencing on accumulation of TRV. We, therefore, abandoned this 483 

approach and alternatively, performed local transient hairpin silencing of NbGRP7 484 

(Shin et al., 2017). Hairpin constructs (denoted as hpNbGRP7) were designed to knock-485 

down transcript levels of endogenous NbGRP7 specifically upon leaf infiltration 486 

(Supporting Information Fig.  S5). Similar p35LS:Rx1 and PVX-UK3 combinations 487 

as described above were co-infiltrated with hpNbGRP7, and virus levels were 488 

quantified at 3 dpi. The results demonstrate that transient silencing of NbGRP7 leads to 489 
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significantly higher accumulation of PVX-UK3, indicating that Rx1-dependent 490 

resistance was hampered (Fig. 2d). These findings complement our overexpression 491 

analysis and collectively, support the role of NbGRP7 in extreme resistance by Rx1. 492 

Taken together, our data demonstrate that NbGRP7 acts a pro-immune component in 493 

Gpa2 and Rx1-meditated effector-dependent defences.  494 

 495 
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d.

 557 

 558 

 559 
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 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

 573 

 574 

 575 

Fig. 2. NbGRP7 potentiates defenses by Gpa2 (a) and Rx1 (b,c,d). Boxplots 576 

representing chlorophyll loss of elicitor-induced or independent cell death upon 577 

overexpression of NbGRP7 at 3-5 dpi (a, b). Bars represent the interquartile range while 578 

the cross indicates the median. The whiskers mark the minimal and maximal data 579 

points. Significance was calculated using Wilcoxon-Signed Rank test with α = 0.05 580 

from n ≥ 12 samples. Data shown is representative of at least three independent repeats. 581 

For the cell death assay, constructs of Rx1 under the control of either a 35S, endogenous 582 

or leaky scan promotor was used whereas Gpa2 was cloned under the control of its 583 

endogenous promotor (pGpaII). Representative photographs of infiltrated leaf zones 584 

are provided in the next row. Boxplots of absorbance at 405 nm, indicating levels of 585 

PVX-UK3 upon transient overexpression (c) or silencing (d) of NbGRP7 in the context 586 

of Rx1-mediated responses. Data shown is representative of at least three independent 587 

repeats with similar results. Significance was calculated using Wilcoxon- Signed Rank 588 

test with α = 0.05 from n ≥ 8 samples.  589 

 590 
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The function of NbGRP7 in Rx1-mediated extreme resistance depends on an intact 591 

RNA Recognition Motif 592 

 593 

Having established a role of NbGRP7 in Gpa2 and Rx1 immunity, we questioned 594 

whether its capacity to bind RNA may underly the observed phenotypes. Thus, we 595 

mutated a conserved arginine residue at position 49 of the NbGRP7 RNA recognition 596 

motif to generate mutant variants (NbGRP7-R49K or -R49Q) impaired in their RNA 597 

binding as described in (Nicaise et al., 2013). Immunoblotting indicates that 598 

4×Myc.GFP-NbGRP7 R49K and 4×Myc.GFP-NbGRP7 R49Q are expressed as stably 599 

as wild type 4×Myc.GFP-NbGRP7 (Supporting Information Fig.  S6a). We also 600 

compared the subcellular distribution patterns to wild type NbGRP7 using confocal 601 

microscopy. Interestingly, the mutant variants showed different cellular distribution 602 

patterns as the subnuclear bodies characteristic of NbGRP7 were considerably less 603 

prominent (Supporting Information Fig.  S6b).  604 

 605 

We then assessed the effects of overexpressing 4×Myc.GFP-NbGRP7 R49K and 606 

4×Myc.GFP-NbGRP7 R49Q on the Rx1-mediated extreme resistance response as 607 

described above. Quantification of virus levels by DAS-ELISA showed that both 608 

mutants still potentiate PVX-UK3-induced extreme resistance at 3 dpi, although 609 

significantly less than wild-type NbGRP7 (Fig. 3a). To corroborate these findings, 610 

qPCR analysis was performed, which indicates that levels of viral transcripts increased 611 

in tissues where p35LS:Rx1 was co-expressed with the mutants compared to wild-type 612 

NbGRP7 (Fig. 3b, c). These results combined suggest that the function of NbGRP7 in 613 

Rx1-dependent defences rely on an intact RNA-binding domain.  614 

 615 

To confirm whether the NbGRP7 mutant variants still interact with Rx1, a Co-IP was 616 

performed using similar experimental set-ups as described beforehand. Immunoblotting 617 

shows that 4×Myc.GFP-NbGRP7 R49K co-immunoprecipitated at comparable levels 618 

with 4×HA-Rx1-CC and 4×HA-Rx1 as the wild-type NbGRP7 (Fig. 3d, e). Thus, we 619 

concluded that the reduced pro-immune activity of NbGRP7 R49K is not due to a lack 620 

of complex formation with the Rx1-CC, but most likely from the loss of its RNA-621 

binding capacity. Notably, however, the NbGRP7 R49Q variant pulled-down 622 

consistently to a greater extent than wild-type NbGRP7. Thus, substituting the 623 
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conserved arginine residue in NbGRP7 to an amino acid with markedly different 624 

properties enhanced its physical interaction with Rx1. Coupled with our functional data, 625 

this suggests that the contribution of NbGRP7 in Rx1 defence may also rely on its 626 

interaction with the immune receptor. 627 
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 726 

Fig. 3. The RNA-binding activity of NbGRP7 contributes to Rx1-mediated 727 

extreme resistance against PVX-UK3 in N. a). Boxplots of a DAS-ELISA assay from 728 

transient overexpression of p35LS:Rx1-GFP and PVX-UK3 in combination with 729 

4×Myc.GFP-NbGRP7 WT, NbGRP7 R49K or NbGRP7 R49Q.  Bars represent the 730 

interquartile range, and the cross indicates the median. The whiskers mark the minimal 731 

and maximal data points. Statistical significance was calculated using Wilcoxon-732 

Signed Rank test with α = 0.05 from n ≥ 12 samples. b, c). Bar graphs of qRT-PCR 733 

analysis of viral transcript levels as determined using primers specific for the PVX coat 734 

protein. RNA from infected N. benthamiana leaves harvested at 3 dpi (b) and 5 dpi (c) 735 

were used for the analysis. Data shown is representative of two different experiments, 736 

with each sample consisting of a pool of at least 5 different plants. To obtain the relative 737 

fold change, samples were first normalized to the actin reference gene and then 738 

compared to the combination of Rx1LS + PVX-UK3 + GFP. Error bars represent 739 

standard error. d, e). Co-IP of HA-tagged Rx1-CC domain or the full-length immune 740 

receptor in combination with WT or mutated variants of 4×Myc.GFP-NbGRP7. α-HA 741 

beads were used to pull-down the receptor fragments. The success of the Co-IP is 742 

detected in the α-Myc immunoblot. “+” indicates the presence of a particular construct 743 

in the infiltration combination. 744 

 745 

NbGRP7 maintains the steady-state levels of Rx1 in planta  746 

 747 

Our data show that NbGRP7 strengthens Rx1-mediated extreme resistance is dependent 748 

on an intact RNA recognition motif. This suggests that the RNA chaperone activity of 749 

NbGRP7 may underlie its function in Rx1-mediated defence, for example by the 750 

stabilisation of Rx1 transcripts as described for AtGRP7 and FLS2 (Nicaise et al., 751 

2013). To explore this model, we investigated whether overexpressing and silencing of 752 

NbGRP7 affects mRNA levels of Rx1 in the cell by performing qPCR analysis. Our 753 

findings show that the relative abundance of Rx1 transcripts increased upon NbGRP7 754 

overexpression in the absence of PVX by c.a. 2 to 4-fold when compared to the GFP 755 

control at 3 and 5 dpi (Fig. 4a). Conversely, silencing NbGRP7 decreased Rx1 756 

transcript levels. We reproduced these assays under activating conditions of Rx1 by 757 

PVX-UK3. Similar changes in Rx1 transcript profiles were observed during immune 758 
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activation by PVX-UK3 (Fig. 4b). These findings combined show that NbGRP7 can 759 

modulate the steady-state transcript levels of Rx1 in the cell. 760 

 761 

If NbGRP7 stabilises Rx1 transcripts, we anticipated that this would result in a 762 

concomitant increase in Rx1 protein levels. Indeed, immunoblotting assays shows that 763 

overexpression of 4×Myc.GFP-NbGRP7 led to higher protein accumulation of 764 

p35LS:GFP-Rx1 while NbGRP7 silencing reduced this amount (Fig. 4e, f). Moreover, 765 

we could demonstrate that this increase in Rx1 transcript and protein abundance 766 

depends on the RNA-binding capacity of GRP7. Upon overexpression of the NbGRP7 767 

RNA-binding mutants NbGRP7 R49K and NbGRP7 R49Q, reduced transcript and 768 

protein levels of Rx1 were observed when compared to wild-type NbGRP7 both in the 769 

presence and absence of PVX-UK3 (Fig. 4c, d). Collectively, our findings indicate that 770 

NbGRP7 stabilizes the steady-state level of Rx1, which could explain its pro-immune 771 

activity in Rx1-mediated plant defence as described.  772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 

 786 

 787 

 788 

 789 

 790 

 791 

 792 

a. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 18, 2021. ; https://doi.org/10.1101/2021.05.18.444452doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.18.444452
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

25 
 

 793 

 794 

 795 

 796 

 797 

 798 

 799 

 800 

 801 

 802 

 803 

 804 

 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

 817 

 818 

 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

b. 

c. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 18, 2021. ; https://doi.org/10.1101/2021.05.18.444452doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.18.444452
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 

26 
 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 834 

 835 

 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

 844 

 845 

 846 

 847 

 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

d. 

e. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted May 18, 2021. ; https://doi.org/10.1101/2021.05.18.444452doi: bioRxiv preprint 

https://doi.org/10.1101/2021.05.18.444452
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

27 
 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

Fig. 4. NbGRP7 regulates Rx1 transcript abundance pre- and post-activation by 874 

PVX-UK3. a, b). qRT-PCR showing expression profile of Rx1 transcript co-expressed 875 

with a construct whereby NbGRP7 is either overexpressed or silenced in N. 876 

benthamiana upon activation by PVX-UK3 or in the absence of the pathogen. Leaf 877 

samples were harvested at either 3 or 5 dpi. For each combination shown, data was 878 

obtained from a pool of at least 5 different plants. Rx1 transcript levels were normalized 879 

to the actin reference gene and the fold change was calculated relative to HpGUS (for 880 

hairpin silencing experiments) or GFP-GUS (for NbGRP7 overexpression 881 

experiments). Error bars represent the standard error. c, d). qRT-PCR quantifying the 882 

relative transcript abundance of Rx1 pre and post-activation in the presence of wild-883 

type or mutant NbGRP7 constructs at 3 or 5 dpi. Fold change was derived following 884 

normalization to the actin reference gene and compared to the combination containing 885 

wild-type NbGRP7. Error bars represent the standard error. e). Ectopic expression of 886 

NbGRP7 affects the protein abundance of Rx1. Immunblot of protein extracts from N. 887 

benthamiana leaves co-expressing full-length Rx1 in combination with 4×Myc.GFP, 888 

4×Myc.GFP-NbGRP7 or the hairpin silencing constructs. Leaf samples were harvested 889 

at 3 dpi. Data shown is from a single representative experiment. CBB-stained 890 

membrane of the RUBisCO protein served as loading control.  f). Immunoblot 891 

demonstrating the protein stability of full-length HA.GFP-Rx1 in combination with the 892 

overexpression of 4×Myc.GFP, 4×Myc.GFP-NbGRP7, 4×Myc.GFP-NbGRP7 R49Q 893 

f. 
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or 4 × Myc.GFP-NbGRP7 R49K. Data shown is from a single representative 894 

experiment. CBB-stained membrane of the RUBisCO protein served as loading control.   895 

DISCUSSION  896 

 897 

The activity of plant NB-LRRs is regulated by their interaction with components in the 898 

plant proteome. However, the identities and functions of NB-LRR-associated proteins 899 

are largely unknown. In this study, we describe the identification of NbGRP7 as a novel 900 

interactor of the intracellular NB-LRR immune receptors Gpa2 and Rx1 based on a Co-901 

IP/MS screening in N. benthamiana. Transient overexpression and silencing 902 

experiments demonstrate that NbGRP7 positively contributes to GpRBP-1-dependent 903 

cell death by Gpa2 and extreme resistance by Rx1. Interestingly, ectopically expressing 904 

NbGRP7 also influenced Rx1 transcript and protein abundance. Both the pro-immune 905 

activity and transcript regulation of Rx1 by NbGRP7 rely on an intact RNA-binding 906 

domain. Taken together, we infer that NbGRP7 acts as a co-factor regulating the 907 

stability of its  NB-LRR receptors. We postulate that this occurs at a post-transcriptional 908 

level, which is an underexplored mechanism for fine-tuning the functioning of plant 909 

NB-LRRs like Gpa2/Rx1. To our knowledge, our research constitutes the first report 910 

of the role of a GRP7 homolog in ETI.  911 

 912 

By contrast, a role for GRP7 has been explored extensively in the context of basal 913 

immunity. For instance, the RNA-binding function of A. thaliana GRP7 (AtGRP7) is 914 

targeted by the Pseudomonas syringae effector HopU1 for ADP-ribosylation to 915 

promote virulence of the bacteria (Fu et al., 2007). A more recent study implicates that 916 

the phosphorylation of AtGRP7 induces a dynamic and global alternative splicing 917 

response in the Arabidopsis transcriptome upon activation of the FERONIA receptor 918 

(Wang et al., 2020). Combined with our data, this indicates that PTI and ETI recruit the 919 

same pro-immune components present in plant cells to activate defence. This supports 920 

the idea that PTI and ETI involve (partial) overlapping pathways in plant immunity. 921 

Interestingly, we demonstrate in this study that NbGRP7 can enhance basal resistance 922 

against PVX, consistent with the role of AtGRP7 in FLS2- and Feronia-mediated 923 

defences (Supporting Information Fig.  S7) (Lee et al., 2012; Nicaise et al., 2013; 924 

Wang et al., 2020).  Our findings therefore illustrate that NbGRP7 is a shared 925 
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component of PTI and ETI. A parallel can also be drawn with GLK1, which also 926 

interacts with the CC domain and potentiates both Rx1-extreme resistance and basal 927 

resistance against PVX (Townsend et al., 2018). In hindsight, this showed that a single 928 

NB-LRR protein can tap into hubs of defence signalling, which fit within a general 929 

picture of convergent cell surface-localised and intracellular immune signalling 930 

pathways in plant defence.  931 

  932 

We demonstrated that NbGRP7 is a pro-immune component of both GpRBP-1 933 

triggered cell death by Gpa2 and extreme resistance by Rx1 in N. benthamiana (Fig. 934 

2a,b,c,d). NbGRP7 thus adds to the pool of shared co-factors of Rx1 and Gpa2 935 

immunity aside from RanGAP2 (Sacco et al., 2007; Tameling & Baulcombe, 2007).  936 

These findings suggest that Rx1 and Gpa2 may converge in their use of co-factors and 937 

signalling requirements despite their different recognition specificities. This is 938 

consistent with sequence exchange experiments showing that the CC-NB of Gpa2 can 939 

replace the CC-NB of Rx1 and vice versa while remaining immune receptor function 940 

(Slootweg et al 2017).  It is striking to note that NbGRP7 overexpression did not affect 941 

the autoactive response of Gpa2/Rx1 D460V constructs (Fig. 2a, b). The D460V 942 

mutant is impaired in its MHD motif critical for ADP binding, thereby hampering 943 

nucleotide exchange (Moffett et al., 2002). We predict that this structural relaxation 944 

may override the effect of NbGRP7 needed to surpass the activation threshold. 945 

Alternatively, the autoactive response may rely on other host components, which may 946 

be rate-limiting for the process but are not regulated by NbGRP7. This in turn reflects 947 

a degree of specificity for the role of NbGRP7 in NB-LRR signalling that is reliant on 948 

effector-induced changes. However, the precise nature of these changes warrants 949 

further investigation. 950 

 951 

Despite several optimization attempts, we were unable to demonstrate an effect of 952 

NbGRP7 on PVX-CP-triggered cell death (Fig. 2b). This is fascinating considering that 953 

the Rx1-CC and Gpa2-CC domains are highly homologous. As discussed previously, 954 

we cannot exclude that GpRBP-1 induced changes can lead to differences between the 955 

effect of NbGRP7 on Gpa2 and Rx1 cell deaths. A likely possibility, however, is that 956 

the cell death response by Rx1 is too robust. Thus, residual NbGRP7 from 957 

overexpression cannot further boost this response. Furthermore,  there is accumulating 958 

evidence that cell death is dispensable and can be genetically uncoupled from resistance 959 
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(extensively reviewed in (Künstler et al., 2016)). Likewise, extreme resistance by Rx1 960 

to PVX was postulated to be epistatic to cell death (Bendahmane et al., 1999). This is 961 

further reinforced by structure-function studies of the Rx1-CC, indicating that different 962 

surface regions of the domain can be linked to cell death and extreme resistance 963 

(Slootweg et al., 2018). Thus, we cannot exclude that NbGRP7 may function in 964 

regulating extreme resistance while having a limited role in the cell death pathway.  965 

Similar outcomes were noted for GLK1, whose overexpression only impacts extreme 966 

resistance as well (Townsend et al., 2018).  967 

 968 

Co-ordinated control of plant NB-LRRs transcripts is key for appropriate defence 969 

activation. This has led to an extensive evolution of various molecular checkpoints to 970 

fine-tune the dosage of NB-LRRs in the cell. As a corollary, there is ample evidence 971 

for splicing, lifetime, and export of mRNAs as a differential response to biotic stress 972 

(extensively reviewed in (Lai & Eulgem, 2018)). AtGRP7 was shown to bind directly 973 

to transcripts encoding Pattern-Recognition Receptors in vivo, although the 974 

consequence of such bindings remains unclear. Here, we demonstrate that 975 

overexpressing NbGRP7 directly enhances the transcript and protein levels of 976 

intracellular Rx1 (Fig. 4). Earlier studies performed in potato protoplasts have shown 977 

that the extreme resistance response of Rx1 to PVX does not require de novo synthesis 978 

of defence transcripts (Gilbert et al., 1998). In this model, it is, therefore, imperative 979 

that a sufficient pool of pre-existing components is available for defence. This puts 980 

post-transcriptional regulation at the forefront for regulating Rx1 function. 981 

Furthermore, this is in accordance with reports demonstrating that Rx1 transcripts are 982 

subject to regulation by 22-nt microRNAs (Li et al., 2012). Previous works in potato 983 

have shown that modulating Rx1 and Gpa2 transcript/protein abundance directly 984 

impacts defence output (Slootweg et al., 2017), indicating that exerting control at a 985 

post-transcriptional level is important in fine-tuning immunity. We believe that the 986 

biological role of plant GRP7s as RNA chaperones fit within this framework. 987 

Consistent with this, we observed that the interaction of NbGRP7 and Rx1 localize to 988 

speckle-like structures in the nucleoplasm (Fig. 1b) that are linked to active sites of 989 

(post)-transcriptional processing (Spector & Lamond, 2011).  990 

 991 

Although the mechanistic basis of how NbGRP7 contributes to Rx1 and Gpa2 at a post-992 

transcriptional level is not fully clear, functional studies with the NbGRP7 R49K/R49Q 993 
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mutant variants indicate that its RNA binding capacity is involved (Fig.3 and Fig.4d, 994 

f). Thus, it will be of interest to determine whether NbGRP7 directly impacts the 995 

turnover of Rx1/Gpa2 transcripts as described for AtGRP7 and FLS2 (Nicaise et al., 996 

2013). Imaginably, NbGRP7 could also concurrently regulate multiple targets, for 997 

example, defence-transcripts downstream of Rx1.  This is reminiscent with the 998 

regulation of PR-1 by AtGRP7 does not involve direct binding to the PR-1 transcript 999 

(Hackmann et al., 2014). Preliminary data shows that NbGRP7 overexpression 1000 

upregulates a number of defence marker genes (Supporting Information Fig. S8). 1001 

Hereby, it is important to note that our expression analysis did not indicate any 1002 

nonspecific impacts on the housekeeping gene actin, thus the effect is specific in 1003 

response to immunity.  Future studies should, therefore, aim at elucidating the nature 1004 

of the immediate cargo bound to NbGRP7.  1005 

 1006 

Altogether, we envision that NbGRP7 belongs to a complex that regulates the transcript 1007 

homeostasis of the NB-LRR Rx1 and Gpa2, and associated defence genes for immunity 1008 

(Fig. 5). By docking to the Rx1/Gpa1-CCs, NbGRP7 arrives in close proximity to other 1009 

bound interactors in the receptor complex. In the case of Rx1, this may refer to 1010 

cytoplasmic RanGAP2, which coincides with our observation that NbGRP7 does not 1011 

share an interacting surface with RanGAP2 on the Rx1-CC (Supporting Information 1012 

Fig. S4 b, c) (Sacco et al., 2007; Tameling & Baulcombe, 2007). Alternatively, 1013 

NbGRP7 may be brought in close proximity to other nuclear components like GLK1 1014 

and DBCP at the DNA to regulate the function of Rx1 in the nucleus (Fenyk et al., 1015 

2015; Townsend et al., 2018; Sukarta et al., 2020). For example, when Rx1 induces 1016 

transcriptional reprogramming via the activity of transcription factors such as GLK1, 1017 

NbGRP7 can stabilize the resultant transcripts and thereby, safeguards response 1018 

outputs.  It would, therefore, be fascinating to determine how NbGRP7 would co-1019 

operate with existing nuclear interactors of Rx1 and contribute to the transcriptional 1020 

regulation of downstream immune responses. 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

 1027 
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 1038 

 1039 

 1040 

 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 

 1049 

Fig. 5.  Schematic representation of a working model proposed for the role of 1050 

NbGRP7 in effector-triggered immunity by Rx1/Gpa2. a). NbGRP7 exists as pre-1051 

formed complexes with the receptor proteins in either the nucleus and/or cytoplasm.  1052 

NbGRP7 is presumed to regulate the transcript and protein levels of Rx1/Gpa2 and/or 1053 

defence components in the cell through its RNA chaperone activity via a yet undefined 1054 

mechanism (curved dashed line). Presence of the appropriate elicitor (E) is recognized 1055 

in the cytoplasm and triggers a conformational switch in Rx1/Gpa2. Collectively, these 1056 

changes ensure that a balanced and steady abundance of Rx1/Gpa2 is present to 1057 

promote an immune response.  b). Impairing the RNA Recognition Motif of NbGRP7 1058 

(red asterisks) is predicted to compromise its ability to regulate the target transcripts, 1059 

thereby compromising defences by Rx1/Gpa2. 1060 

 1061 

a. 

b. 
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