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Dear Editor,
Resistance (R) proteins, such as intracellular nucleotide-binding 
leucine-rich repeat receptors (NLRs) or plasma membrane pro
teins with an extracellular leucine-rich repeat domain, are inte
gral components of the plant innate immune system (van 
Wersch et al. 2020). R protein–mediated host responses include 
the generation of reactive oxygen species, sustained increases in 
cytosolic Ca2+, transcriptional reprogramming, and, typically, 
rapid host cell death at sites of pathogen infection, which together 
ultimately should lead to pathogen growth restriction (Morel and 
Dangl 1997; Wang et al. 2023). To assess the activity of a given R 
protein or its mutant variants, agroinfiltration-mediated transient 
gene expression assays have been widely used in Nicotiana species 
(e.g. Nicotiana benthamiana). In these transient assays, overexpres
sion of R genes often leads to constitutive activation of downstream 
host responses in the absence of pathogens, i.e. autoimmunity 
(Chakrabarti et al. 2009; Nishimura et al. 2017; van Wersch et al. 
2020), and host cell death is often chosen as an indicator of R protein 
activity from the host responses mentioned above, in part because 
of the ease of experimentation. However, the extent to which host 
cell death is a proxy for disease resistance signaling has long been 
debated, as host cell death and pathogen growth restriction can 
be uncoupled in several cases (Bendahmane et al. 1999; Coll et al. 
2010; Maekawa et al. 2023). To assess the disease resistance activity 
of R proteins, for example, bacterial growth assays have been em
ployed in combination with transient R gene expression in N. ben
thamiana (Buscaill et al. 1999). Bacterial growth assays, however, 
require multiple experimental procedures, including agroinfiltra
tion, pathogen infection, and bacterial counts, which hinders high- 
throughput studies of R gene–mediated disease resistance. Here, we 
report a simple plate reader–based assay to assess R gene–mediated 
disease resistance activity by quantifying the growth of Potato virus 
X (PVX) that produces yellow fluorescent protein (YFP) (PVX-YFP). As 
a proof of concept, we used this assay to investigate whether a pre
viously identified noncell death–inducing mutant of the R protein of 
Response to HopBA1 (RBA1), which lacks 2′,3′-cAMP/cGMP synthe
tase activity but retains NADase activity (Nishimura et al. 2017; 

Wan et al. 2019; Tian et al. 2022; Yu et al. 2022), still has the ability 
to mediate an immune response. We found that the cell death– 
defective RBA1 variant suppressed viral growth, indicating a cell 
death–independent immune function of RBA1.

PVX is a single-stranded RNA virus and expression of full- 
length PVX coding sequence via agroinfiltration-mediated expres
sion allows PVX replication in Nicotiana species (Larsen and Curtis 
2012). Insertion of a coding sequence of a fluorescent protein (e.g. 
GFP and YFP) under a duplicated copy of the viral coat protein pro
moter allows tracking of PVX replication in plants (Peart et al. 
2002). Unlike bacterial growth assays in Nicotiana species, where 
the pathogen inoculation step takes place a few days after agroin
filtration, in the PVX disease resistance assay, 2 agroinfiltrations 
can be performed simultaneously, 1 with an Agrobacterium 
(Agrobacterium tumefaciens) strain containing a binary vector carry
ing an R gene, the other strain carrying a binary vector for expres
sion of the infectious PVX RNA (Collier et al. 2011).

In this study, we generated a binary vector that allows for PVX 
replication along with monomeric YFP production and used 
YFP intensity as a proxy for PVX viral load. To quantify PVX- 
produced YFP in N. benthamiana leaf extracts, we optimized a 
fluorescence plate reader–based measurement (Fig. 1A), which is 
simpler than quantification by western blot. Briefly, in this meth
od, agrobacteria carrying the PVX-YFP binary vector and agrobac
teria carrying an expression construct for an R protein were 
coinfiltrated into N. benthamiana leaves. Four days after infiltra
tion, leaf discs were collected from the infiltrated areas using a bi
opsy punch. The leaf protein extracts were used to measure YFP 
intensity (detailed method is described in the Supplementary 
Methods S1). First, we determined the emission spectra of leaf ex
tracts containing PVX-YFP or PVX without fluorescent protein 
(Fig. 1B). The emission spectrum of PVX-produced YFP in the leaf 
extract matched the canonical spectrum of YFP (Fig. 1B), indicat
ing that PVX replication in leaves did not produce fluorescence 
that overlapped with the YFP spectrum. The intensity plot of YFP 
in a dilution series of lysate from leaves infected with PVX-YFP, di
luted with a leaf protein extract from nontransformed leaves, 

Plant Physiology, 2024, 00, 1–4 

https://doi.org/10.1093/plphys/kiae368 
Advance access publication 8 July 2024 

Letter

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/advance-article/doi/10.1093/plphys/kiae368/7709391 by M

PI M
ax Planck Institute for Plant Breeding R

esearch user on 05 August 2024

https://orcid.org/0009-0004-4251-877X
https://orcid.org/0000-0002-5151-5851
https://orcid.org/0000-0001-7591-3873
https://orcid.org/0000-0003-4547-5539
mailto:tmaekawa@uni-koeln.de
https://academic.oup.com/plphys/pages/General-Instructions
mailto:tmaekawa@uni-koeln.de
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae368#supplementary-data
http://academic.oup.com/plphys/article-lookup/doi/10.1093/plphys/kiae368#supplementary-data
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Disease resistance assay using Potato virus X expressing YFP in N. benthamiana. A) Schematic representation of disease resistance assay using 
Potato virus X expressing YFP (PVX-YFP). B) The emission spectra for leaf extracts expressing PVX-YFP or PVX. The y axis shows relative fluorescence 
units. The emission spectra were determined by a confocal microscope. C) A linear correlation between YFP fluorescence and dilution factor in a leaf 
lysate containing PVX-YFP in the presence and in the absence of 0.1% Triton X-100 in the extraction buffer. The x axis indicates percentage of lysate 
from leaves infected with PVX-YFP. Leaf lysate from nontransformed plants was used for dilution of lysate from leaves infected with PVX-YFP. The R2 

values with the linear regression model are >0.99 for both conditions (with or without Triton X-100). D) Representative stereomicroscopic fluorescence 
images of N. benthamiana leaves infiltrated with the Agrobacteria carrying the pSfinx-mYFP binary vector with OD600 values of 0.01, 0.001, 0.0001, or 0 
(from top to bottom). Means and standard errors of YFP intensity of N. benthamiana leaf lysate infiltrated with the Agrobacteria carrying the pSfinx-mYFP 
binary vector measured by plate reader are shown (n = 4 for OD600 values of 0.01, 0.001, and 0.0001; n = 3 for OD600 value of 0). Samples were examined 
4 d after infiltration. Scale bars indicate 5 mm. E) Violin plots showing the degree of dispersion of the quantified YFP intensities from leaves coinfiltrated 
with the Agrobacteria carrying the pSfinx-mYFP binary vector and the Agrobacteria carrying a GUS gene expression binary vector. The Wilcoxon rank sum 
test was used to compare the 2 groups (P = 0.67). F) The R protein of the Response to HopBA1 (RBA1) variant (C83A), which lacks 2′,3′-cAMP/cGMP 
synthetase activity but retains NADase activity (Yu et al. 2022), does not induce cell death but confers resistance to PVX. Bar plots describe the results of 
4 independent replicates for wild type and 3 independent replicates for wild type and the eds1 pad4 sag101a sag101b (epss) mutant of N. benthamiana. Red 
asterisks indicate significant differences from the GUS control and black asterisks depict significant differences between the 2 genotypes as determined 
by analysis of variance followed by Tukey’s honest significant difference test (P < 0.05). Error bars indicate standard error.
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showed that this method has a high dynamic range with a linear cor
relation between YFP fluorescence and dilution factor (Fig. 1C). The 
addition of a detergent to the extraction buffer generally enhances 
protein extraction, but it may also release substances from endo
membrane compartments or organelles, which could potentially 
affect YFP detection in the lysate. However, no apparent difference 
in YFP recovery or the YFP intensity plot was observed between sam
ples with and without Triton X-100 (Fig. 1C). Therefore, Triton X-100 
can be omitted from the extraction buffer.

Furthermore, the quantified YFP fluorescence intensities in the 
plate reader–based measurement corresponded to some extent 
with the fluorescence images (Fig. 1D). Consistent with a previous 
study (Peart et al. 2002), PVX-YFP proliferation was comparable in 
wild type and the enhanced disease susceptibility 1 (eds1), phytoalexin defi
cient 4 (pad4), and senescence associated gene 101 (sag101a and sag101b) 
(epss) mutant of N. benthamiana (Fig. 1E). Coexpression of a wheat 
(Triticum monococcum) NLR, stem rust 35 (Sr35), and its cognate effector, 
AvrSr35 (Förderer et al. 2022), caused host cell death in N. benthamiana 
in the presence of PVX-YFP (Supplementary Fig. S1A), suggesting that 
Agrobacterium-mediated delivery of PVX-YFP T-DNA does not sup
press NLR-induced host cell death. Furthermore, the low YFP inten
sity of leaf lysates from Sr35- and AvrSr35-coexpressing samples 
(mean relative fluorescence unit ± standard error = 1,991 ± 402, n = 4) 
is nearly equivalent to the YFP intensity of leaf protein extract from 
nontransformed leaves (Fig. 1C; refer to the data obtained when 0% 
of the lysate from leaves infected with PVX-YFP was used), implying 
that host cell death does not result in the production of metabolites 
that show autofluorescence in the YFP assay.

An Arabidopsis (Arabidopsis thaliana) R protein, RBA1, which pos
sesses a Toll/interleukin-1 receptor–like domain (TIR domain) is re
sponsible for the recognition of the bacterial-type III effector protein 
HopBA1 in A. thaliana but is able to induce host cell death in the ab
sence of the effector upon transient expression in N. benthamiana 
(Nishimura et al. 2017; Yu et al. 2022). The TIR domain of RBA1 har
bors NADase and nuclease activities, which are responsible for the 
generation of 2′-(5″-phosphoribosyl)-5′-adenosine monophosphate 
(pRib-AMP)/2′-(5″-phosphoribosyl)-5′-adenosine diphosphate (pRib- 
ADP) and ADP-ribosylated ADPR (diADPR)/ADP-ribosylated adenosine 
tri-phosphate (ADPr-ATP) and cyclic nucleotide monophosphates 
such as 2′,3′-cAMP/cGMP, respectively (Wan et al. 2019; Yu et al. 
2022). The 2 enzymatic activities of RBA1 require 1 of the 2 catalytic 
residues, namely, Cys83 or Glu86. The RBA1 Cys83, which is a highly 
conserved among TIR-containing proteins, is responsible for nuclease 
activity but not for NADase activity. In contrast, RBA1 Glu86 is re
quired for both catalytic activities of RBA1. The RBA1(C83A) variant 
that is compromised in nuclease activity but retains NADase activity 
is unable to elicit cell death in N. benthamiana (Yu et al. 2022). 
Therefore, both NADase and nuclease activities of RBA1 are required 
for RBA1-mediated cell death. However, it remains unknown whether 
the C83A substitution in RBA1, which impairs cell death induction, 
also impairs disease resistance activity.

To address this question, we used the PVX-YFP–based assay to ex
amine the disease resistance activity of the RBA1(C83A) variant and 
the RBA1(E86A) variant as a control. Interestingly, we found that the 
RBA1(C83A) variant retained the same disease resistance activity 
as wild-type RBA1, whereas RBA1(E86A) showed no disease resist
ance activity to PVX (Fig. 1F). In the presence of PVX, wild-type 
RBA1 caused host cell death, while the RBA1(C83A) variant did not 
(Supplementary Fig. S1B). These data suggest that the 2′,3′-cAMP/ 
cGMP synthase activity (i.e. nuclease activity) of RBA1 is required 
for host cell death but that the residual NADase activity is sufficient 
to confer immunity to PVX. Furthermore, the disease resistance ac
tivity of the RBA1(C83A) variant was significantly impaired in the 

epss mutant (Lapin et al. 2019) of N. benthamiana (Fig. 1F). As EDS1 
functions with PAD4 or SAG101 (Feys et al. 2005), the epss mutant 
is completely defective in the EDS1 signaling pathway. Therefore, 
our result is consistent with the model that TIR NADase products 
mediate immunity via the EDS1 signaling pathway (Huang et al. 
2023).

In summary, our results have uncoupled the disease resistance ac
tivity of RBA1 from the host cell death that is induced by 2′,3′-cAMP/ 
cGMP synthetase activity. Similar to RBA1, the Arabidopsis TIR–con
taining NLR Suppressor of npr1-1 constitutive 1 (SNC1) does not 
seem to require 2′,3′-cAMP/cGMP synthetase activity (i.e. nuclease ac
tivity) for disease resistance (Tian et al. 2022). Therefore, it is possible 
that there are cell death–signaling receptors that perceive 2′,3′-cAMP/ 
cGMP. However, for cell death signaling, it is essential that EDS1 re
ceptor complexes perceive the TIR NADase products. Another possi
bility is that there may be a concentration threshold beyond which 
TIR NADase products trigger cell death. In this scenario, both TIR 
NADase and 2′,3′-cAMP/cGMP synthase activities are required to 
reach the threshold for cell death induction. In particular, although 
the RBA1(C83A) variant retains NADase activity (Yu et al. 2022), it re
mains to be seen whether this variant can produce TIR NADase– 
derived products that exceed the aforementioned “threshold” in planta.

In contrast to bacterial infection, PVX proliferation in 
N. benthamiana is not restricted by the intrinsic activity of the 
EDS1 signaling pathway as previously shown by virus-induced 
NbEDS1 gene silencing (Peart et al. 2002) and as we consistently 
show in this study using a Nbeds1 gene knockout mutant 
(Fig. 1E). These results suggest that PVX proliferation in leaves is 
not accompanied by generation of signaling molecules derived 
from TIR enzymatic activities. Therefore, immunity to PVX via 
the EDS1 pathway is negligible, and this feature means that this 
method can be used to test a weak-to-moderate disease resistance 
activity of given R proteins without masking by immunity medi
ated by the EDS1 pathway. Finally, we would like to emphasize 
that disease resistance assays are not intended as a replacement 
for the widely used cell death assay in the N. benthamiana and 
N. benthamiana–transient gene expression system; rather, these 2 
assays should be seen as playing complementary roles in illumi
nating the cell death–independent immunity of R proteins.
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