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Activation of immune receptor Rx1 triggers distinct immune
responses culminating in cell death after 4 hours
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SUMMARY

Intracellular nucleotide-binding leucine-rich repeat (NLR)-type
immune receptors are a fundamental part of plant immune sys-
tems. As infection occurs at foci, activation of inmune responses
is typically non-uniform and non-synchronized, hampering the
systematic dissection of their cellular effects and determining
their phasing. We investigated the potato NLR Rx1 using the
CESSNA (Controlled Expression of effectors for Synchronized and
Systemic NLR Activation) platform. CESSNA-mediated Potato
virus X coat protein (CP) expression allowed the monitoring of
Rx1-mediated immune responses in a quantitative and reproduc-
ible manner. Rx1 was found to trigger a reactive oxygen species
(ROS) burst and ion leakage within 1 h and a change in autofluo-
rescence within 2 h after the induction of CP production. After
2 h, HINT expression was increased and single-stranded DNA
(ssDNA) damage and loss of cellular integrity became apparent,
followed by double-stranded DNA (dsDNA) damage after 3 h and
increased PR-1a, LOX, ERF1 and AOX1B expression and cell death
at 4 h. Nuclear exclusion of Rx1 resulted in increased basal levels
of ROS and permitted Rx1 activation by an Rx1-breaking CP vari-
ant. In contrast, nuclear-targeted Rx1 showed diminished basal
ROS levels, and only avirulent CP could trigger a compromised
ROS production. Both nuclear-excluded and nuclear-targeted
Rx1 triggered a delayed ion leakage compared with non-modi-
fied Rx1, suggesting that ion leakage and ROS production origi-
nate from distinct signalling pathways. This work offers novel
insights into the influence of Rx1 localization on its activity, and
the interplay between Rx1-triggered processes.

Keywords: DNA damage, ETI, immune receptor, NLR, plant
immunity, ROS, Rx1

INTRODUCTION

The specificity of plant immune systems to perceive patho-
gen attack is conferred by a combination of cell surface and

*Correspondence: Email: f.l.w.takken@uva.nl
tloint first authors.

intracellular receptors. Immune receptors located in the plasma
membrane recognize extracellular pathogen-derived triggers to
activate a first line of defence. The downstream immune outputs
of some membrane-localized immune receptors have been well
described, such as the recognition of bacterial flagellin or the
derived flg22 peptide by FLS2 (Boller and Felix, 2009; Gomez-
Gomez and Boller, 2000). Within minutes after receptor activa-
tion, FLS2 triggers various cellular responses, including a rapid
burst of calcium influx and the production of reactive oxygen
species (ROS). In the hours after FLS2 activation, antimicrobial
compounds are produced, cell walls are reinforced by callose
deposition (apparent after 6-8 h) and programmed cell death
sometimes occurs (typically days after activation) (Luna et al.,
2011; Nguyen et al,, 2010; Segonzac et al., 2011). The dissection
of outputs triggered by plasma membrane-localized receptors
has been facilitated by the fact that they can be uniformly acti-
vated by exogenously applied elicitors and availability of widely
adapted tools (Chakravarthy etal, 2009; Lloyd etal, 2014;
Nguyen et al.,, 2010; Segonzac et al., 2011).

Intracellular pathogen recognition—typically by the percep-
tion of microbial effector proteins—is mediated by cytosolic im-
mune receptors. The vast majority of these receptors belong to
the nucleotide-binding leucine-rich repeat (NLR) family. Their ac-
tivation cannot be triggered by externally applied molecules, as
the perception of effectors relies on pathogen-mediated delivery
and/or host cell uptake (Di et al., 2016; Dodds and Rathjen, 2010).
Therefore, the study of the precise sequence of cellular events
following intracellular immune receptor activation is challenging.
As a result of pathogen infection strategies, the responses trig-
gered by these immune receptors are typically not synchronous
across infected tissues, resulting in a heterogeneous readout.
Furthermore, following pathogen invasion, both cell surface and
intracellular immune receptors are activated, complicating the
exclusive monitoring of readouts from the latter. These aspects
have hindered the systematic dissection of immune outputs
mediated by intracellular receptors. Yet, immune receptors and
their respective triggers have been identified in a large variety of
plant—pathogen systems, signifying the importance of a system
to study and compare their responses. This article describes the
detailed and chronological study of immune responses induced
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by the RxT immune receptor using an experimental system called
CESSNA (Controlled Expression of effectors for Synchronized and
Systemic NLR activation), which enables the study of immune re-
sponses induced by immune receptors at a high resolution.

Using Nicotiana benthamiana as a heterologous host, potato
Rx1 has been the focus of many NLR studies, expanding our mo-
lecular understanding of NLR activation, dynamics and structure
(Fenyk et al., 2015; Rairdan and Moffett, 2006; Ritter et al., 1991;
Slootweg et al,, 2010; Tameling et al., 2010). On effector recog-
nition, NLRs typically initiate a multitude of defence responses,
which often culminate in the death of infected cells, called the
hypersensitive response (HR). Rx1 recognizes the coat protein
(CP) of Potato virus X (PVX) and confers ‘extreme resistance’ to
this virus, which is defined as immunity without triggering cell
death (Kohm et al., 1993). However, when the CP gene is overex-
pressed, Rx1 triggers HR (Bendahmane et al., 1999). An extensive
set of Rx1 mutants is available, and versions of Rx1 with distinct
subcellular localizations have been created to gain insights into
Rx1 function (Bendahmane et al., 2002; Fenyk et al., 2015, 2016;
Moffett et al.,, 2002; Rairdan and Moffett, 2006; Slootweg et al.,
2010; Takken and Goverse, 2012; Townsend et al., 2018). Fusion
of a nuclear export signal (NES) or a nuclear localization signal
(NLS) to Rx1 revealed that CP recognition occurs exclusively in
the cytosol (Slootweg et al., 2010). Moreover, to trigger full re-
sistance, Rx1 needs to be able to dynamically distribute between
the cytosol and the nucleus (Slootweg et al.,, 2010). Both NES and
NLS Rx1 fusions can trigger cell death when exposed to the CP,
but can no longer contain viral spread (Slootweg et al., 2010).
That Rx1 can bind DNA in vitro, and needs both a nuclear and
cytosolic localization, is interesting in the light of the occurrence
of DNA damage during the onset of immunity (Fenyk et al., 2015;
Song and Bent, 2014; Song et al., 2011; Yan et al., 2013). Inmune
signalling itself can induce DNA damage via an unknown mech-
anism (Rodriguez et al,, 2018; Yan et al., 2013).

Rx1 activation was synchronized using a dexamethasone
(DEX)-inducible CP construct in N. benthamiana expressing
Rx1 constructs. The onset, amplitude and duration of dis-
tinct immune readouts induced by controlled Rx1 activation
were monitored. Where applicable, assays were adjusted for
use with a plate reader to allow the generation of quanti-
tative data on Rx1-triggered responses with a high spatial
resolution.

RESULTS

CESSNA: a system to study synchronized Rx1 activation

The CESSNA system was developed to synchronize CP-triggered
immune activation of Rx1 to study and quantify its distinct im-
mune readouts. Transgenic N. benthamiana plants, stably ex-
pressing Rx1:4xHA, were used for the transient expression of

inducible constructs that allow controlled CP production (Fig. 1)
(Lu et al., 2003).

CP106, a CP derived from an avirulent PVX strain recognized by
Rx1, was used to trigger Rx1-mediated immune activation. CP105,
a non-Rx1-recognized CP from a virulent virus, was used as a neg-
ative control (Goulden and Baulcombe, 1993; Jones et al., 1999).
The CP coding sequences were cloned in a DEX-inducible expres-
sion vector. After brushing DEX onto agroinfiltrated Rx7:4xHA
N. benthamiana, the CP106-expressing leaf sectors showed visual
tissue collapse at approximately 4 h after DEX application (hpda),
whereas no collapse was observed for CP105-expressing sectors
(Video S1, see Supporting Information), designating the time
frame of obtaining relevant immune outputs to 4 hpda.

The kinetics of CP transcript and protein accumulation after
DEX induction were studied by quantitative reverse transcrip-
tion-polymerase chain reaction (RT-PCR) and western blotting.
CP expression analysis revealed small amounts of CP transcript
before DEX induction, and a strong accumulation at 0.5 hpda
(Fig. 1A). After DEX application, CP protein was detected at
2 hpda for CP106 and at 3 hpda for CP105 (Fig. 1B). No CP was
detected before DEX application (Fig. 1B).

To monitor the expression of defence-related marker genes in
this time frame, quantitative RT-PCR analysis was performed. On
Agrobacterium infiltration and brushing of DEX onto the trans-
formed leaves of Rx1:4xHA plants, CP106 production triggered
PR-1a, LOX, HINT, ERF1 and AOX1b defence gene expression and
cell death, whereas CP105 did not (Fig. 1C,D). PR-1a, LOX and
HINT are marker genes for salicylic acid (SA) defence activation,
jasmonic acid biosynthesis and cell death, respectively (Garcia-
Marcos et al., 2013; van Loon et al., 2006; Pontier et al., 1999).
ERF1 is an ethylene-responsive transcription factor and AOX7b
is an oxidase shown to be involved in antiviral defence (Huang
etal, 2016; Lee et al, 2011). For HIN1, a significant change in
gene expression was observed already at 2 hpda, whereas the
other genes showed a significant difference only at 4 hpda. The
transcriptional responses are not directly linked to the death of
cells, as the expression of the marker genes EF1a and PP2A re-
mained constant over the 4-h time frame (Fig. 1C). Furthermore,
the expression of PRTb and PR2b (both pathogenicity-related
genes) and of mitogen-activated kinase MAP3Ka was not sig-
nificantly different in CP106- relative to CP105-expressing leaves
(Fig. STA, see Supporting Information). These data indicate that
a subset of the major defence signalling pathways is activated
following Rx1 action. Taken together, these results reveal that
CESSNA is a suitable system to investigate the onset, amplitude
and duration of events induced by activated Rx1.

Rx1 activation triggers a ROS burst

Little is known about the dynamics of ROS production after
NLR activation. In this context, ROS production following Rx1
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Fig. 1 Verification of CESSNA [Controlled Expression of effectors for Synchronized and Systemic NLR (nucleotide-binding leucine-rich repeat) Activation]:
defence gene expression, cell death and coat protein (CP) accumulation. (A) Potato virus X (PVX) CP accumulation in wild-type (WT) plants expressing
DEX::CP105 or DEX::CP106. Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) at 0, 0.5 and 1 h after dexamethasone (DEX) application
(hpda); expression of EF1a serves as an internal control (bottom panel). (B) Western blot showing PVX CP accumulation in WT plants transiently expressing
DEX::CP105 or DEX::CP106 at 0, 1, 2, 3 and 4 hpda. Blots were probed with horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G

(IgG) secondary antibody. (C) Quantitative RT-PCR analysis of defence response and hypersensitive response marker genes. Expression pattern of PR-1a, LOX,
HINT ERF1 and AOX1b after DEX induction of CP105and CP106in Rx1:4xHA N. benthamiana. Data are means + standard error (SE), normalized by £F 7 and
PP2A expression. Asterisks indicate significant differences by one-way analysis of variance (ANOVA) (P < 0.0001). (D) Trypan blue visualizes cell death. WT and
Rx1:4xHA leaves infiltrated with Agrobacterium tumefaciens carrying DEX::CP105 and DEX::CP106 constructs. Two days after infiltration, leaves were brushed
with 20 pm DEX and stained the following day.

© 2018 THE AUTHORS. MOLECULAR PLANT PATHOLOGY PUBLISHED BY BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2019) 20(4), 575-588



578  M.KNIP et al.

activation was investigated. To study ROS production, 3,3"-di- infiltrating DAB staining solution into sectors of the leaf that had

aminobenzidine (DAB) staining and luminol-based plate reader been agroinfiltrated previously to carry DEX-controlled CP con-

experiments were performed. DAB staining was performed by structs (Fig. 2A). Subsequently, DEX was brushed onto the leaf
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Fig. 2 Activation of Rx1 triggers a rapid reactive oxygen species (ROS) burst. (A) 3,3’-Diaminobenzidine (DAB) staining of DEX::CP105 and DEX::CP106
agroinfiltrated Rx7:4xHA leaves at three time points after dexamethasone (DEX) induction. Inset shows a close-up of a representative CP106/Rx1 sector. (B)
Box-and-whisker plots showing the cumulative production of ROS, measured using a plate reader-based assay in arbitrary units (AU). Outliers are indicated by
individual dots. Left panel shows Rx7:4xHA plants in which DEX::CP105 or DEX::CP106 was expressed. The other three panels show the co-expression of the
coat protein (CP) constructs with green fluorescent protein (GFP)-tagged Rx1 wild-type or a nuclear-localized (Rx1-NLS) or nuclear-excluded (Rx1-NES) version.
Letters depict significantly different (P < 0.05) categories, as determined by Tukey's honestly significant difference (HSD) test. Each column consists of cumulative
measurements of 9-15 discs. (C) Kinetics of ROS production over time following DEX treatment of the samples depicted in (B).
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surface and the leaves were collected and de-stained at 0, 1, 1.5
and 2 hpda (Fig. 2A). DAB staining only became visible in CP106
sectors at 1.5 and 2 hpda (Fig. 2A).

To quantitatively analyse ROS production, leaf discs were col-
lected 1 day after agroinfiltration and placed in water overnight.
On the following day, individual leaf discs were placed in a white
96-well plate. Subsequently, DEX was added to induce CP expres-
sion, and peroxidase and luminol were supplemented to mon-
itor ROS generation. ROS production was quantified in a BioTek
Synergy plate reader (Winoosk, Vermont, USA) by recording the
luminescence over time (Fig. 2B,C). The experimental set-up and
the ability of the leaf discs to mount a ROS burst were validated
by flg22 treatment, which resulted in a typical flg22-induced burst
peaking at 25 min (Fig. S2, see Supporting Information) (Chinchilla
et al, 2007). To monitor Rx1 responses, Rx7:4HA plants in combi-
nation with DEX-inducible CP constructs and wild-type (WT) plants
agroinfiltrated with both Rx7 and DEX-inducible CPconstructs were
used (Fig. 2B,C). As a negative control, CP105 was used in combi-
nation with different Rx7 constructs (Fig. 2B,C). Recordings were
limited to 2 hpda, as leaf disc homeostasis deteriorated after this
time point, leading to non-immune-related ROS production (Smith
and Heese, 2014). Rx1 activation triggered a ROS burst with a peak
at approximately 1 hpda in Rx7:4xHA plants expressing agroinfil-
trated DEX::CP106, and in WT plants co-expressing agroinfiltrated
Rx1:GFP and DEX::CP106 (Fig. 2B, left panel). The ROS burst trig-
gered by Rx1 is different from the flg22-induced burst, as flg22
triggers a sharp burst at around 30 min after treatment, whereas
Rx1 induction produces a wider ROS peak with a lower amplitude
showing a maximum around 1 hpda (Figs 2C and S2).

Rx1 requires both a nuclear and cytosolic localization to be
fully functional (Slootweg et al., 2010). To investigate the conse-
quences of Rx1 localization on the dynamics of ROS production,
we fused Rx1 to either an NES (Rx1-NES) or an NLS (Rx1-NLS).
We found that both Rx1-NES and Rx1-NLS versions were able
to induce ROS production (Figs 2B,C and S3, see Supporting
Information). However, ROS curves triggered by Rx1-NES, and
especially Rx1-NLS, did not result in distinct peaks, as were
found for Rx1:4xHA and Rx1-GFP. This difference is not caused
by differences in Rx1 protein accumulation, as both the NLS and
NES fusions accumulated to similar levels to the Rx1-GFP fusion
(Fig. S3). In the presence of CP106, Rx1-NLS induced a slow and
moderate production of ROS without a clear peak (Fig. 2B,C).
Rx1-NES, however, triggered ROS accumulation in the presence
of either CP105 or CP106 (Fig. 2B,C). In fact, Rx1-NES expression
alone resulted in slightly elevated ROS levels. Therefore, although
CP105 and CP106 were both able to trigger Rx1-NES-mediated
ROS production, the peak in ROS production was lower and basal
levels were elevated. We found that Rx1 cellular localization af-
fects the dynamics of ROS production after immune activation,
and that the presence of Rx1 in both the cytoplasm and nucleus
is required to produce a defined ROS burst.
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DNA damage occurs after activation of Rx1

The onset of plantimmunity is associated with increased levels of
DNA damage (Rodriguez et al., 2018; Yan et al., 2013). We there-
fore applied CESSNA to study DNA damage following Rx1 activa-
tion. Two methods were employed to monitor DNA damage over
time. First, the terminal deoxynucleotidyl transferase dUTP nick-
end labelling (TUNEL) assay was adapted to quantitatively assess
DNA damage in a 96-well plate reader set-up. The TUNEL assay
labels single-stranded (ss) and double-stranded (ds) breaks by
the incorporation of a fluorescein-labelled nucleotide at DNA ter-
mini (Gavrieli et al, 1992). Second, a single-nucleus gel electro-
phoresis (comet assay) method was applied (Menke et al., 2001),
which enabled the differentiation between ssDNA and dsDNA
breaks. These experiments were performed in Rx1::4xHA plants
agroinfiltrated with either DEX::CP105 or DEX::CP106, and DEX
induction was performed by brushing DEX on infiltrated leaves.
For the TUNEL assay, nuclei were extracted from leaf ma-
terial at four different time points after DEX administration: 0,
1, 2, 3 and 4 hpda. Nuclear DNA was stained with 4',6-diamid-
ino-2-phenylindole (DAPI) to quantify the total amount of DNA
in the samples. DNA damage was visualized by monitoring the
amount of incorporated fluorescein-labelled nucleotides using the
TUNEL procedure. Nuclear suspensions of the various samples that
were both stained and labelled were transferred to 96-well plates
and measured in a plate reader. The resulting fluorescein/DAPI ra-
tios were calculated and used as a proxy for the relative amount of
DNA damage (Fig. 3A). The ratio increased from 0.473 to 0.915 in
the presence of CP106, indicating DNA damage, whereas CP105
induction did not result in elevated levels (0.353—0.405) (Fig. 3A).
Values were significantly different between CP105 and CP106
samples at 2, 3 and 4 hpda (Wilcoxon signed rank test, P < 0.05).
Comet assays use the mobility of DNA as a representation
of the extent of ss or ds breaks at the single-nucleus level.
Nuclear extractions were performed at 0, 1, 2, 3 and 4 hpda
(Table S1, see Supporting Information). Nuclei were embedded
in low-melting-point agarose and subjected to treatment with
either high-salt (NN) or high-pH (AN) buffer prior to electro-
phoresis (Menke et al., 2001). The NN buffer does not denature
dsDNA and therefore only allows the migration of fragments
originating from ds breaks. AN buffer denatures dsDNA and
facilitates the migration of fragments resulting from both ss
and ds breaks. As a negative control, DEX-inducible GFP was
included to assess the impact of the experimental set-up on
DNA integrity (Fig. S4, see Supporting Information). At 2 hpda
(AN buffer) and 3 hpda (NN buffer), DNA fragmentation was
significantly higher (Wilcoxon signed rank test, P < 0.01) in
CP106 relative to CP105 samples (Fig. 3B,C). In addition, the
amount of DNA damage continued to increase over time in
CP106 material, whereas it remained constant in CP105 sam-
ples (Fig. 3B,C) and in the green fluorescent protein (GFP)
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Fig. 3 Rx1 activation triggers single-stranded DNA (ssDNA) and double-stranded DNA (dsDNA) breaks. (A) Terminal deoxynucleotidyl transferase dUTP nick-
end labelling (TUNEL) assay revealing DNA damage in DEX::CP105 and DEX::CP106 agroinfiltrated Rx7:4xHA leaves following dexamethasone (DEX) application.
Fluorescein-labelled UTP is incorporated at sites of DNA damage. To allow sample comparison, the fluorescence of fluorescein (proxy for DNA damage) was
divided by that of 4’,6-diamidino-2-phenylindole (DAPI)-stained DNA (proxy for DNA amount). Each value consists of three to six samples and each sample

was obtained from separate plants. Statistical analysis using Wilcoxon non-parametric test: ns, no significant difference; *P < 0.05. Comet assay showing DNA
damage in plant nuclei with induced DEX::CP105 and DEX::CP106 constructs in a 4-h time course, using (B) high-alkaline (AN) buffer showing ssDNA and dsDNA
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control (Fig. S4). In conclusion, Rx1-induced DNA damage Cell membrane integrity decreases after Rx1
commences at approximately 2 hpda and increases at later activation
time points. The data suggest that ss breaks precede ds breaks

. Electrolyte leakage is a well-known feature of plant stress
on Rx1 activation.

responses and occurs following immune activation and cell
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death (Atkinson et al, 1985). To monitor Rx1-induced elec-
trolyte leakage over time, agroinfiltrated Rx7:4xHA leaf discs
were harvested, rinsed in water and placed in water in 96-well
plates and induced with DEX. A hand-held device (Horiba B-173
Twin, Kyoto, Kyoto Prefecture, Japan) was used to monitor
conductivity over time (0—4 hpda). Conductivity increased rap-
idly in CP106 Rx1:4xHA samples, but not in the CP105 control.
Within 2 hpda, ion leakage was significantly different between
CP105 and CP106 samples (Fig. 4A). To test the effect of an
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Fig. 4 Rx1 activation induces ion leakage. (A) lon leakage in Rx7::4HA
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more than three times with similar results. Statistical analysis using Wilcoxon
non-parametric test: ns, no significant difference; **P < 0.01; ***P < 0.001.
(B) Rx1-, Rx1-NLS- and Rx1-NES-triggered ion leakage after DEX induction
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Rx1 variants with both coat protein (CP) constructs. The five panels contain
hourly measurements from one time point each, represented in a box plot.
Each value represents measurements from six leaf discs from the same leaf.
This is a representative experiment that was repeated more than three times
with similar results. Statistical analysis using Wilcoxon non-parametric test:
ns, no significant difference; *P < 0.05; **P < 0.01.

© 2018 THE AUTHORS. MOLECULAR PLANT PATHOLOGY PUBLISHED BY BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2019) 20(4), 575-588

Activation of distinct immune responses by Rx1 581

altered subcellular localization of Rx1 on this immune output,
WT plants were transformed with NLS- or NES-Rx1 variants in
combination with DEX-inducible CP constructs (Fig. 4B). Both
Rx1-NLS and Rx1-NES specifically induced ion leakage when
co-expressed with CP106, but the rate of electrolyte leakage
was significantly slower than that in the CP106-Rx1-GFP con-
trol (Fig. 4B). Leakage induced by the NES/NLS constructs was
less than half that induced by Rx1-GFP at 1, 2 and 3 hpda.
However, whereas at 4 h, Rx1-NES-induced leakage was still
significantly lower, the conductivity of Rx1-NLS was indis-
tinguishable from that of Rx1-GFP (Wilcoxon test, P> 0.05)
(Fig. 4B). These differences are not caused by variability in Rx1
protein accumulation, as both the NLS and NES fusions ac-
cumulate to similar levels to the non-modified Rx1-GFP fusion
(Fig. S3). Rx1-GFP activation increased electrolyte leakage
at 1 hpda, whereas Rx1-NES and Rx1-NLS activations led to
a slower increase in leakage, becoming apparent at 2 hpda.
These results show that electrolyte leakage following Rx1 acti-
vation commences at 1 hpda, and that Rx1-GFP-induced leak-
age relies on Rx1 being able to localize to both the cytosol and
the nucleus, as targeted NES and NLS variants induce slower
and reduced rates of leakage. An exclusive nuclear localization
of Rx1 slows the progression of ion leakage to a lesser extent
than nuclear exclusion, which results in electrolyte leakage
that trails Rx1-GFP-induced leakage at 4 hpda.

Autofluorescence as a proxy for immune responses
and cell integrity

Here, we used a stain-free method to measure the progression
of the immune response in leaf discs based on autofluorescence.
A microscopy-based study by Pietraszewska-Bogiel et al. (2013)
showed that, following immune activation, autofluorescence in
the far-red spectrum is reduced, whereas blue light-excited au-
tofluorescence is increased. We monitored the autofluoresence
spectra to study the onset and progression of immune responses
using a 96-well plate format. Autofluorescence measurements
were performed by placing leaf discs, sampled from leaves agro-
infiltrated with Rx1- and CP-containing constructs, in individual
wells of a 96-well plate containing water and DEX. Hourly meas-
urements were performed using a microplate reader (BioTek)
deploying two different excitation and emission spectra, namely
430/530 nm and 480/690 nm (excitation/emission).

After DEX application, autofluorescence at 530 nm increased
in Rx1-CP106-expressing leaf discs relative to discs producing
non-recognized CP105. A significant difference was apparent at
1 hpda (Fig. 5A). When measuring at 690 nm, significant differ-
ences between controls and samples with activated Rx1 were
observed after the 2-h time point (Fig. 5B). Remarkably, an ini-
tial general decrease in autofluorescence is found at both wave-
lengths, as ratios are set to unity at time point 0 (Fig. 5A,B). This
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Fig. 5 Rx1 activation alters autofluorescence. (A) Changes in autofluorescence at 530 nm in Rx7::4HA leaf discs after dexamethasone (DEX) treatment to
induce the expression of coat protein (CP) constructs. Excitation was at 480 nm; data are depicted in a box-and-whisker plot. (B) Changes in autofluorescence at
690 nm after excitation with 480-nm light. Ratios were obtained by dividing the obtained value for each leaf disc at the different time points by that measured
at time point 0. Statistical analysis using Wilcoxon non-parametric test: ns, no significant difference; **P < 0.01; ***P < 0.001; **** P< 0.0001. In both panels,
each column consists of values from 47 measurements (1516 technical replicates of three individual leaves).

decrease disappears gradually over time in CP105-expressing
samples, but not in CP106-expressing samples.

DISCUSSION

We have shown that Rx1 activation induces distinct and phased
immune outputs. When taking all data together, a timeline
of the various outputs following Rx1 activation can be con-
structed (Fig. 6). Autofluorescence at 530 nm and ROS produc-
tion start to increase at <1 hpda, but, unlike ROS, which peaks
at 1 hpda, autofluorescence continues to increase (Fig. 5). lon
leakage starts to increase after 1 h, signifying a loss of cellular
integrity (Fig. 4). This is in line with the observed reduction in
autofluorescence at 690 nm, indicating photosystem collapse.
After 2 h, an increase in DNA damage, revealed by both comet
and TUNEL assays, becomes apparent and continues over the
subsequent hours (Fig. 3). The transcript of HIN1, a marker for
the onset of cell death, is increased in Rx1-activated samples
at 2 hpda, whereas, after 4 h, transcripts of PR7-a, LOX, ERF1
and AOX1B are up-regulated (Fig. 1A). This finding is relevant
as these transcripts mark distinct signalling pathways: PR1-ais
a marker for the salicylate-mediated defence pathway, AOX1B
can be up-regulated by salicylate and by endogenous ROS pro-
duction, LOXis a marker for jasmonate-mediated defence, and
ERF1 is a marker for the ethylene-mediated defence pathway.
It has been reported that, during effector-triggered immunity

(ETI), SA and jasmonate signalling pathways are both activated
(van den Berg et al., 2018; Liu et al., 2016). SA accumulation
during ETI promotes the production of jasmonate, allegedly to
provide protection against necrotrophic pathogens feeding on
dead cells that result from ETI (Liu et al., 2016). Our data are
in line with this finding, thereby validating our experimental
system.

DAB staining and trypan blue staining reveal that both Rx1-
induced ROS production and cell death first appear in single
cells and in patchy spots in the infiltrated areas (Figs 1D, 2A
and S5, see Supporting Information). These asynchronous ef-
fects could be attributed to stochastic variations in the expres-
sion levels of the CP or Rx1 transgene, resulting in differences
in sensitivity of the individually transformed cells (Raj and van
Oudenaarden, 2008). This heterogeneity in response might also
contribute to the relatively wide ROS peak following Rx1 ac-
tivation (Fig. 2B,C). After DEX application to Rx7-DEX::CP106
leaf material, ROS production was initiated after about 45 min
and lasted for about 1 h, reaching a maximum around 1 hpda
(Fig. 2). Rx1-triggered ROS production is delayed and less con-
fined compared with flg22-triggered ROS production, which
shows a sharp and defined burst peaking around 25 min after
treatment (Chinchilla et al., 2007; Li et al., 2014). Unlike pre-
vious reports on NLR activation, Rx1-induced ROS production
was not sustained for several hours (Kadota et al., 2015). This
difference is probably a result of synchronised Rx1 activation
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Fig. 6 Timing of cellular immune responses following dexamethasone (DEX) induction of CP106in Rx1 Nicotiana benthamiana. Graphical summary depicting
the chronology of the different immune outputs in a 4-h timeline following DEX treatment. The developed assays to monitor these outputs are depicted.

using CESSNA, as opposed to the non-synchronized activation
induced by pathogen-mediated effector delivery. In fact, our
results show that NLR immune activation triggers a defined
ROS burst, which is comparable with that induced by flg22. It
has been reported that NLR activation gives rise to a bipha-
sic ROS burst, but, given the onset of cell death within a few
hours after Rx1 activation, this seems unlikely to happen in
our set-up (Lamb and Dixon, 1997). Future studies using an
NLR that triggers ‘weaker’ or ‘slower’ responses could reveal
such a biphasic ROS burst. Rx1-NLS triggers ROS production,
although to a lesser degree than non-modified Rx1 (Figs 2B,C
and 4). As Rx1 is activated by CP106 in the cytosol (Slootweg
et al., 2010), it implies that a small cytosolic Rx1 fraction suf-
fices to activate the ROS-producing systems. Targeting Rx1
to the cytosol makes Rx1-NES ‘trigger-happy’, as elevated
ROS levels were measured in the absence of the CP. These
elevated ROS levels were further induced in the presence of
non-recognized CP105. These findings propose a localization
for the ROS-producing systems in the cytosol, which is analo-
gous to Arabidopsis RPM1 (also a coiled-coil NBS-LRR), where
ROS production is mediated by plasma membrane-localized
Respiratory Burst Oxidase Homolog protein D and, to a lesser
extent, by Respiratory Burst Oxidase Homolog protein F activ-
ity (Torres et al., 2002), similar to FLS2 (Chinchilla et al., 2007).

Rx1-NES and Rx1-NLS variants trigger ROS production, even
in combination with CP105 for the Rx1-NES variant. However, cell
death is not activated by CP105-Rx1-NES and progresses more
slowly for CP106-Rx1-NES than with non-modified Rx1. This sug-
gests that either these responses are uncoupled, implying that
cell death is not a consequence of ROS production, or that a ROS
threshold must be exceeded for cell death to be executed. Rx1-NLS
triggers the same rate of electrolyte leakage as non-modified Rx1-
GFP at 4 hpda. When electrolyte leakage is seen as a proxy for the
loss of cellular integrity and cell death, these findings support the
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hypothesis that Rx1-mediated cell death is initiated in the nucleus,
the rationale being that this response is affected to a lesser extent
than the ROS response that is triggered by nuclear sequestered
Rx1. The finding that CP105 has the potential to weakly activate
Rx1 is also reflected in the comet assay, where slightly increased
levels of DNA damage are seen in the CP105 samples (Fig. 3B,C).
Like the comet assay, the TUNEL assays revealed DNA damage after
Rx1 activation (Fig. 3). TUNEL assay data mimic those of the comet
assay using AN buffer, as both detect dsDNA and ssDNA damage
at 2 hpda (Fig. 3). The fact that DNA damage is detected at an ear-
lier time point for AN buffer (2 hpda) than for NN buffer (3 hpda),
which monitors only dsDNA damage, implies that ss breaks pre-
cede ds breaks (Fig. 3B,C). If the apparent difference in timing of
DNA damage with the TUNEL and comet assays is genuine, it im-
plies that DNAse-mediated oligonucleosomal DNA fragmentation
associated with cell death is preceded by single-stranded nicks
(van Baarlen et al, 2004). Rx1, as the tomato NLR I-2, binds and
bends DNA in vitro and in vivo (Fenyk et al.,, 2015, 2016). Moreover,
DNA binding has been reported for several other NLRs (Le Roux
etal, 2015; Rodriguez et al., 2018; Sarris et al., 2015). Combining
these findings with our data hints at the exciting possibility that
DNA binding by Rx1 might induce DNA damage as part of NLR-
triggered immune signalling. To further assess the potential role of
the DNA damage machinery in immunity, quantitative RT-PCR was
employed to monitor the expression of DNA damage repair genes
following Rx1 activation by CP106. However, within 4 h after DEX
treatment, no induction was found of the PARP1, PARP2-2 or Ku70
genes (Fig. S1B). Therefore, although DNA damage occurs rapidly
following Rx1 activation, DNA damage repair genes are not tran-
scriptionally regulated in response to this damage. In future studies,
histochemical analyses, such as immunostaining of phosphorylated
histone-variant gamma H2Ax, could be used to monitor the location
of the DNA damage in the nucleus. The final outcome of Rx1 acti-
vation by CP106 is complete collapse of the infiltrated sector after
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24 h, as shown by trypan blue staining of whole leaves (Fig. 1D),
but, at 4 hpda, there are already significant differences in cell death
between CP105 and CP106 samples (Fig. S5).

To conclude, our work has revealed a landscape of Rx1-
triggered responses. In future studies, our approach can be used
to compare the ability of various Rx1 variants to activate distinct
immune outputs, and possibly decouple responses from one an-
other. The CESSNA toolbox can serve as a generic and univer-
sal toolbox for the investigation of other immune receptors and
their cognate effectors, as many NLRs, (e.g. I-2 and Mi1.2 from
tomato, MLA10 from barley, to name a few) have been shown
to be functional in N. benthamiana (Bai et al., 2012; Houterman
et al.,, 2009; van Qoijen et al., 2008). In addition, the system can
be readily adjusted to monitor immune outputs of non-NLR im-
mune receptor—elicitor pairs. It will be interesting to determine
the quantitative and qualitative differences between various im-
mune receptors and relate them to their ability to halt pathogen
ingress.

EXPERIMENTAL PROCEDURES

Plant lines and Agrobacterium-mediated
transformation of N. benthamiana

WT and transgenic Rx1:4xHA N. benthamiana were used and
grown in long-day conditions in a climate chamber (22 °C, 70%
humidity, 11 h/13 h light/dark). Agrobacterium-mediated trans-
formation was performed on the youngest fully expanded leaves
(Ma et al,, 2012).

CP and Rx1 constructs

The pTA7002 vector was used to create DEX-inducible CP con-
structs (Aoyama and Chua, 1997). CP105 and CP106 were
amplified from the pRAP35:CP105 and pRAP35:CP106 vec-
tors and cloned into pTA7002 using the Xhol site (Table S2, see
Supporting Information) (Slootweg et al., 2010). pBIN+ vectors
with Rx1 NES and NLS fusions were used as described previously
(Slootweg et al., 2010).

Western blotting

For western blot analysis, four leaf discs were sampled from
agroinfiltrated areas with a biopsy puncher [@ = 6 mm; World
Precision Instruments (WPI), Sarasota, FL, USA] and placed in
1 mL of 20 um DEX, 0.01% Silwet R-77 in Milli-Q H,0. At the
desired time points, leaf discs were briefly dried on absorbent
paper and ground in liquid nitrogen. Homogenized leaves were
incubated in 30 pL of extraction buffer [50 mm Tris-HCI, pH 6.8,
2% sodium dodecylsulfate (SDS), 2 mm dithiothreitol (DTT) and
1 x protease inhibitors (Roche, Basel, Switzerland)] for 30 min
at room temperature and centrifuged for 5 min at 13 000 g. The

supernatant was mixed 5: 1 with 6 x Laemmli buffer (375 mwm
Tris-HCl, pH 6.8, 6% SDS, 20% v/v glycerol, 0.03% bromophenol
blue and 100 mm DTT) and boiled for 5 min. Total proteins were
separated by 15% sodium dodecylsulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and (semi-dry) blotted onto polyvi-
nylidene fluoride (Immobilon-P, MilliporeSigma, Burlington, MA,
USA) membranes. PVX-CP was detected using a PVX-specific pol-
yclonal antibody (diluted 1 : 3000) (ref. 110411, Bioreba, Reinach,
Switzerland), followed by incubation with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit immunoglobulin G (IgG) sec-
ondary antibody (diluted 1: 10 000) (ref. 31460, ThermoFischer
Scientific, Waltham, MA, USA). Secondary immunoglobulins were
visualized using home-made ECL solution containing 2.5 mm
luminol, 0.4 mm p-coumaric acid, 100 mm Tris-HCl, pH 8.5, and
0.018% H,0,. Incubation of both primary and secondary antibod-
ies was performed in Tris-buffered saline with 0.05% Tween-20
(TBST), followed by three rinses of 10 min in TBST. Equal protein
loading was confirmed for the samples by Ponceau S staining of
the membranes.

Gene expression analysis

For gene expression analysis, 15 leaf discs were sampled from
agroinfiltrated areas with a biopsy puncher (& = 6 mm, WPI) and
placed in 1 mL of 20 pm DEX, 0.01% Silwet R-77 in Milli-Q H,0. At
the desired time points, leaf discs were dried on absorbent paper
and ground in liquid nitrogen. Total RNA was extracted using
TRIzol LS reagent (ThermoFischer Scientific, Waltham, MA, USA).
The RNA was treated with DNase (ThermoFischer Scientific) ac-
cording to the supplier's protocol, and RNA concentrations were
determined by measuring the absorbance at 260 nm [Abs(260)]
on a Nanodrop (ThermoFischer Scientific). cDNA was synthesized
from 1 pg of total RNA using RevertAid H reverse transcriptase
and Oligo-dT (Eurofins) in the presence of the RNAse inhibitor
Ribolock (ThermoFischer Scientific), following the supplier's pro-
tocol, and diluted 10 times in Milli-Q H,0.

Quantitative RT-PCR was performed with a model 7500
Real Time PCR system (ThermoFischer Scientific) and Solis
Biodyne (Tartu, Estonia) BioDyne 5x HOT FIREPol Eva Green
qPCR Mix Plus (ROX) on 1 pL of diluted cDNA. The Ct val-
ues were corrected for primer efficiencies; the gene expres-
sion level was normalized using the reference genes EFla
and PP2A, and was calculated using qBASE+ (Biogazelle,
Zwijnaarde, Belgium).

Semi-quantitative RT-PCR (25 cycles, annealing tempera-
ture of 60 °C) was performed on 1 puL of diluted cDNA using
DreamTaq DNA Polymerase (ThermoFischer Scientific) following
the supplier's protocol. Primers adapted from other studies (Liu
etal., 2012; Peiman and Xie, 2006; del Pozo et al., 2004; Zhang
et al., 2015; Zhu et al,, 2015) and newly designed for the expres-
sion analysis are listed in Table S2.

MOLECULAR PLANT PATHOLOGY (2019) 20(4), 575-588 © 2018 THE AUTHORS. MOLECULAR PLANT PATHOLOGY PUBLISHED BY BSPP AND JOHN WILEY & SONS LTD



lon leakage assay

Leaf discs were taken from agroinfiltrated leaves with a bi-
opsy puncher (@ =5 mm, WPI). Leaf discs from one infiltration
zone were collected and placed in 1 mL of Milli-Q H,0 (e.g.
in a Greiner Bio-one Cellstar six-well plate, Kremsmuenster,
Austria). After harvesting, the leaf discs were transferred to
a 48-well plate (Greiner Bio-one Cellstar 48-well plate). Two
leaf discs were placed in a well, which contained 100 pL of
Milli-Q H,0. At least three technical replicates were present
per infiltration zone. Afterwards, 100 pL of DEX solution was
added [DEX solution; 40 ym DEX (VWR International), 0.01%
Silwet R-77 in Milli-Q H,0]. The plate was carefully and briefly
horizontally shaken. To measure the conductivity, 50 pL of the
leaf disc’s bathing solution was pipetted onto the sensor of a
Horiba B-173 Twin Conductivity Meter (Horiba Scientific) and
pipetted back into the designated well after measurement.
This was repeated for all wells and time points.

Plate reader ROS burst assay

Leaf discs were taken from agroinfiltrated leaves with a biopsy
puncher (@ =5 mm, WPI). Leaf discs from one infiltration zone
were placed in 1 mL of Milli-Q H,0 and incubated overnight
at room temperature (in a six-well plate). Leaf discs were then
transferred to a white 96-well plate (Perkin-Elmer Optiplate
96, Waltham, MA, USA), one disc per well, containing 100 pL
of Milli-Q H,0. Subsequently, 100 pL of DEX/luminol solution
was added [40 pm DEX, 500x diluted peroxidase (Sigma-Aldrich,
P6782, St. Louis, MO, USA), 500x diluted luminol (Sigma-Aldrich,
09253) and 0.01% Silwet R-77 in Milli-Q H,0] to each well. The
plate was placed in a BioTek Synergy H1 Hybrid multi-mode mi-
croplate reader (BioTek) and luminescence was measured per
well for 105 min at 3—4-min intervals.

DAB staining

Four-week-old Rx7:4xHA plants were agroinfiltrated with
DEX::CP105 and DEX::CP106. Two days after transformation,
sectors were infiltrated with DAB staining solution (1 mg/mL
3,3'-diaminobenzidine-4HCl in 20 mm Na,HPO,). After infil-
tration, leaves were induced by brushing 20 pm DEX in 0.01%
Silwet and sampled at different time points. Leaves were de-
stained by boiling for 15 min in ethanol-glycerol-acetic acid
(3:1:1). Leaves were mounted in ethanol—glycerol-water
(1:1:2) in Petri dishes and photographed using an Epson
Perfection V750 flatbed scanner (Epson, Suwa, Nagano
Prefecture, Japan).

Comet assay

The comet assay was performed according to Menke et al.
(2001) with modifications. Infiltrated leaf sections (about
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one-quarter of the total surface per leaf) were cut and flash
frozen in liquid N,. Electrophoresis was performed in a stand-
ard electrophoresis tank (Bio-rad, Hercules, CA, USA) at 31V
as described, but the duration was extended to 7 min (AN
buffer) and 10 min (NN buffer). Slides were stained with DAPI
(1 pg/mL) solution and scored using an EVOS FL Cell Imaging
System (Thermo Fisher Scientific). Photographs were analysed
using CASPlab software (version 1.2.2) from Casplab.org
(Konca et al., 2003).

TUNEL assay

Half of an infiltrated N. benthamiana leaf was finely chopped
in a Petri dish in 500 pL of ice-cold Nuclear Isolation Buffer
(120 mm KCl, 30 mm NaCl, 1 mwm spermidine, 0.3 mm spermine,
680 mm sucrose and 30 mm Tris-HCl, pH 7.5). Approximately
250 pL of nuclei-containing liquid was transferred to a 1.5-
ml Eppendorf (Hamburg, Germany) tube using a cut 1000-pL
pipette tip which was placed on the surface of the suspen-
sion to preferentially harvest nuclei and not cell debris. The
nuclei were harvested following a 1-min centrifugation step
at 2600 rpm (582g) and resuspended in 250 L of cold PBS
buffer (137 mm Nacl, 2.7 mm KCl, 10 mm Na,HPO, and 1.8 mm
K,HPO,, pH 7.5). After spinning, the supernatant was removed
and nuclei were fixed by adding 400 pL of ice-cold methanol
and glacial acetic acid (ratio 3 : 1) at4 °C for 15 min. The nuclei
were pelleted and washed twice in 300 pL of cold PBS buffer.
After removing the supernatant, 25 pL of TUNEL reaction mix
was added (2.5 pL enzyme solution in 22.5 pL label solution,
Roche /n Situ Cell Death Detection Kit, fluorescein). The sam-
ple was subsequently incubated for 2 h in the dark at 37 °C,
with occasional agitation. Next, nuclei were pelleted, washed
twice in 300 pL of ice-cold PBS buffer and resuspended in
80 pL of PBS and 10 pL of DAPI (1 yg/mL). Per sample, 25 pL
was placed in a single well of a black 96-well plate (Greiner
Bio-one Microplate-96 pClear), and 25 pL of PBS was added.
The integrity of the nuclei was checked by mounting 5 pL of
the remaining sample on a microscopy slide with visual obser-
vation using an EVOS FL Cell Imaging System. A BioTek Synergy
H1 Hybrid multi-mode microplate reader (BioTek) was used to
measure the fluorescence of both the DAPI and fluorescein sig-
nals. For DAPI, 370-nm excitation and 455-nm emission were
used; for fluorescein, 480-nm excitation and 525-nm emission
were used. Ratios of fluorescein : DAPI were calculated to nor-
malize the variation in the amount of DNA.

Trypan blue staining

Trypan blue staining was applied on whole leaves (Ma et al.,
2012). Leaves were boiled for 5 min in a 1:1 mixture of 96%
ethanol and staining solution [100 mL lactic acid, 100 mL phe-
nol, 100 mL glycerol, 100 mL H,0 and 100 mg trypan blue
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(Sigma-Aldrich, 93590)]. Leaves were de-stained overnight
in 2.5 g/mL chloral hydrate in water (Ma et al., 2012). Leaves
were spread out in a Petri dish and photographed using an
Epson Perfection V750 flatbed scanner (Epson, Suwa, Nagano
Prefecture, Japan).

Autofluorescence assay

Leaf discs were sampled from infiltrated leaves with a biopsy
puncher (@ =6 mm, WPI). Leaf discs from one infiltration
zone were placed in 1 mL of Milli-Q H,0 (e.g. in a six-well
plate). The leaf discs were transferred to a black 96-well plate
(PerkinElmer Optiplate-96), one disc per well, with the abaxial
side of the leaf upwards, containing 100 pL of Milli-Q H,0.
CP expression was induced by the addition of 100 pL of DEX
solution [DEX solution: 40 pm DEX (VWR International), 0.01%
Silwet R-77 in Milli-Q H,0]. Plates were placed under fluores-
cent lighting and measured at set time points using a BioTek
Synergy H1 Hybrid multi-mode microplate reader (BioTek).

To detect autofluorescence associated with phenolic com-
pounds, excitation was at 400 nm and emitted light was col-
lected at 530 nm; loss of autofluorescence associated with
chlorophyll was measured using excitation at 480 nm and emis-
sion at 690 nm. Both spectral combinations were set using the
monochromator of the BioTek Synergy microplate reader.

Plots and figures

Graphs and plots were generated using the ‘R’ language for sta-
tistical computing and graphics (www.r-project.org) and RStudio
software (RStudio, 2015). Scripts for the generation of the fig-
ures, including the statistical analyses, are available at https://
github.com/MolPlantPathology/. Adobe lllustrator 2017 CC was
used for image creation and editing (Adobe Inc., San Jose, CA,
USA).

CONFLICTS OF INTEREST

The authors have no conflicting interests to declare.

ACKNOWLEDGEMENTS

We would like to thank Dr Erik Slootweg for providing his NES-Rx1,
NLS-Rx1, pRAP35::CP105 and pRAP35::CP106 constructs, and Dr Marc
Galland for his help with generating the plots using R. We are also grate-
ful for critical reading and feedback on the manuscript by Prof Dr Martijn
Rep. M.K., M.M.S.R. and F.L.W.T. received funding from the NWO-Earth
and Life Sciences-funded VICI project no. 865.14.003, and F.L.W.T. re-
ceived funding from the European Union's Horizon 2020 research and
innovation programme under the Marie Skodowska-Curie grant agree-
ment no. 676480 (Bestpass).

REFERENCES

Aoyama, T. and Chua, N.H. (1997) A glucocorticoid-mediated transcriptional
induction system in transgenic plants. Plant J. 11, 605-612.

Atkinson, M.M., Huang, J.S. and Knopp, J.A. (1985) The hypersensitive
reaction of tobacco to Pseudomonas syringae pv. pisi: activation of a plas-
malemma K/H exchange mechanism. Plant Physiol. 79, 843-847.

Bai, S., Liu, J., Chang, C., Zhang, L., Maekawa, T., Wang, Q., Xiao, W.,
Liu, Y., Chai, J., Takken, F.L.W., Schulze-Lefert, P. and Shen, Q.-H.
(2012) Structure—function analysis of barley NLR immune receptor MLA10
reveals its cell compartment specific activity in cell death and disease resis-
tance. PLoS Pathog. 8, €1002752.

van Baarlen, P., Staats, M. and van Kan, J. (2004) Induction of programmed
cell death in lily by the fungal pathogen Botrytis elliptica. Mol. Plant Pathol.
5, 559-574.

Bendahmane, A., Farnham, G., Moffett, P. and Baulcombe, D.C. (2002)
Constitutive gain-of-function mutants in a nucleotide binding site-leucine
rich repeat protein encoded at the Rx locus of potato. Plant J. 32, 195-204.

Bendahmane, A., Kanyuka, K. and Baulcombe, D.C. (1999) The Rx gene
from potato controls separate virus resistance and cell death responses.
Plant Cell, 11, 781-792.

van den Berg, N., Mahomed, W., Olivier, N.A., Swart, V. and
Crampton, B.G. (2018) Transcriptome analysis of an incompatible Persea
americana—Phytophthora cinnamomi interaction reveals the involvement
of SA- and JA-pathways in a successful defense response. PLoS One, 13,
e0205705.

Boller, T. and Felix, G. (2009) A renaissance of elicitors: perception of mi-
crobe-associated molecular patterns and danger signals by pattern-recogni-
tion receptors. Annu. Rev. Plant Biol. 60, 379-406.

Chakravarthy, S., Velasquez, A.C. and Martin, G.B. (2009) Assay for
pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI) in
plants. J. Vis. Exp. 31, 1442.

Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nurnberger, T.,
Jones, J.D., Felix, G. and Boller, T. (2007) A flagellin-induced complex
of the receptor FLS2 and BAK1 initiates plant defence. Nature, 448, 497—
500.

Di, X., Gomila, J., Ma, L., van den Burg, H.A. and Takken, F.L. (2016)
Uptake of the fusarium effector Avr2 by tomato is not a cell autonomous
event. Front. Plant Sci. 7, 1915.

Dodds, P.N. and Rathjen, J.P. (2010) Plant immunity: towards an integrated
view of plant—pathogen interactions. Nat. Rev. Genet. 11, 539-548.

Fenyk, S., Dixon, C.H., Gittens, W.H., Townsend, P.D., Sharples, G.J.,
Palsson, L.0., Takken, F.L.W. and Cann, M.J. (2016) The tomato nucleo-
tide-binding leucine-rich repeat immune receptor I-2 couples DNA-binding
to nucleotide-binding domain nucleotide exchange. J. Biol. Chem. 291,
1137-1147.

Fenyk, S., Townsend, P.D., Dixon, C.H., Spies, G.B., de San Eustaquio
Campillo, A., Slootweg, E.J., Westerhof, L.B., Gawehns, F.K.K.,
Knight, M.R., Sharples, G.J., Goverse, A., Palsson, L.-O., Takken,
F.L.W. and Cann, M.J. (2015) The potato nucleotide-binding leucine-rich
repeat (NLR) immune receptor Rx1 is a pathogen-dependent DNA-deforming
protein. J. Biol. Chem. 290, 24 945-24 960.

Garcia-Marcos, A., Pacheco, R., Manzano, A., Aguilar, E. and Tenllado,
F. (2013) Oxylipin biosynthesis genes positively regulate programmed cell
death during compatible infections with the synergistic pair Potato Virus
X—Potato Virus Y and tomato spotted wilt virus. J. Virol. 87, 5769-5783.

Gavrieli, Y., Sherman, Y. and Ben-Sasson, S.A. (1992) Identification of pro-
grammed cell death in situ via specific labeling of nuclear DNA fragmenta-
tion. J. Cell Biol. 119, 493-501.

MOLECULAR PLANT PATHOLOGY (2019) 20(4), 575-588 © 2018 THE AUTHORS. MOLECULAR PLANT PATHOLOGY PUBLISHED BY BSPP AND JOHN WILEY & SONS LTD


http://www.r-project.org
https://github.com/MolPlantPathology/
https://github.com/MolPlantPathology/

Gomez-Gomez, L. and Boller, T. (2000) FLS2: an LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in Arabidopsis.
Mol. Cell, 5, 1003-1011.

Goulden, M.G. and Baulcombe, D.C. (1993) Functionally homologous host
components recognize Potato Virus X in Gomphrena globosa and potato.
Plant Cell, 5, 921-930.

Houterman, P.M., Ma, L., van Ooijen, G., de Vroomen, M.J., Cornelissen,
B.J., Takken, F.L., Rep, M. (2009) The effector protein Avr2 of the xy-
lem-colonizing fungus Fusarium oxysporum activates the tomato resistance
protein I-2 intracellularly. Plant J. 58, 970-978.

Huang, P.Y., Catinot, J. and Zimmerli, L. (2016) Ethylene response factors in
Arabidopsis immunity. J. Exp. Bot. 67, 1231-1241.

Jones, L., Hamilton, A.J., Voinnet, O., Thomas, C.L., Maule, A.J. and
Baulcombe, D.C. (1999) RNA-DNA interactions and DNA methylation in
post-transcriptional gene silencing. Plant Cell, 11, 2291-2301.

Kadota, Y., Shirasu, K. and Zipfel, C. (2015) Regulation of the NADPH oxi-
dase RBOHD during plant immunity. Plant Cell Physiol. 56, 1472-1480.

Kohm, B.A., Goulden, M.G., Gilbert, J.E., Kavanagh, T.A. and Baulcombe,
D.C. (1993) A Potato Virus X resistance gene mediates an induced, nonspe-
cific resistance in protoplasts. Plant Cell, 5, 913-920.

Konca, K., Lankoff, A., Banasik, A., Lisowska, H., Kuszewski, T., Gozdz,
S., Koza, Z. and Wojcik, A. (2003) A cross-platform public domain PC im-
age-analysis program for the comet assay. Mutat. Res. 534, 15-20.

Lamb, C. and Dixon, R.A. (1997) The oxidative burst in plant disease resis-
tance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48, 251-275.

Le Roux, C., Huet, G., Jauneau, A., Camborde, L., Tremousaygue, D.,
Kraut, A., Zhou, B., Levaillant, M., Adachi, H., Yoshioka, H., Raffaele,
S., Berthomé, R., Couté, Y., Parker, J.E and Deslandes, L. (2015) A re-
ceptor pair with an integrated decoy converts pathogen disabling of tran-
scription factors to immunity. Cell, 161, 1074-1088.

Lee, W.S., Fu, S.F., Verchot-Lubicz, J. and Carr, J.P. (2011) Genetic modifi-
cation of alternative respiration in Nicotiana benthamiana affects basal and
salicylic acid-induced resistance to Potato Virus X. BMC Plant Biol. 11, 41.

Li, L., Li, M., Yu, L., Zhou, Z., Liang, X., Liu, Z., Cai, G., Gao, L., Zhang,
X., Wang, Y., Chen, S. and Zhou, J.-M. (2014) The FLS2-associated kinase
BIK1 directly phosphorylates the NADPH oxidase RbohD to control plant im-
munity. Cell Host Microbe, 15, 329-338.

Liu, D., Shi, L., Han, C., Yu, J., Li, D. and Zhang, Y. (2012) Validation of
reference genes for gene expression studies in virus-infected Nicotiana ben-
thamiana using quantitative real-time PCR. PLoS One, 7, e46451.

Liu, L., Sonbol, F.M., Huot, B., Gu, Y., Withers, J., Mwimba, M., Yao, J.,
He, S.Y. and Dong, X. (2016) Salicylic acid receptors activate jasmonic acid
signalling through a non-canonical pathway to promote effector-triggered
immunity. Nat. Commun. 7, 13 099.

Lloyd, S.R., Schoonbeek, H.J., Trick, M., Zipfel, C. and Ridout, C.J. (2014)
Methods to study PAMP-triggered immunity in Brassica species. Mol. Plant—
Microbe Interact. 27, 286-295.

van Loon, L.C., Rep, M. and Pieterse, C.M. (2006) Significance of induc-
ible defense-related proteins in infected plants. Annu. Rev. Phytopathol. 44,
135-162.

Lu, R., Malcuit, I., Moffett, P., Ruiz, M.T., Peart, J., Wu, A.J., Rathjen, P.J.,
Bendahmane, A., Day, L. and Baulcombe, D.C. (2003) High throughput
virus-induced gene silencing implicates heat shock protein 90 in plant dis-
ease resistance. EMBO J. 22, 5690-5699.

Luna, E., Pastor, V., Robert, J., Flors, V., Mauch-Mani, B. and Ton, J.
(2011) Callose deposition: a multifaceted plant defense response. Mol.
Plant—Microbe Interact. 24, 183—193.

Ma, L., Lukasik, E., Gawehns, F. and Takken, F.L. (2012) The use of agroin-
filtration for transient expression of plant resistance and fungal effector
proteins in Nicotiana benthamiana leaves. Methods Mol. Biol. 835, 61-74.

© 2018 THE AUTHORS. MOLECULAR PLANT PATHOLOGY PUBLISHED BY BSPP AND JOHN WILEY & SONS LTD MOLECULAR PLANT PATHOLOGY (2019) 20(4), 575-588

Activation of distinct immune responses by Rx1 587

Menke, M., Chen, I, Angelis, K.J. and Schubert, 1. (2001) DNA damage
and repair in Arabidopsis thaliana as measured by the comet assay after
treatment with different classes of genotoxins. Mutat. Res. 493, 87—
93.

Moffett, P., Farnham, G., Peart, J. and Baulcombe, D.C. (2002) Interaction
between domains of a plant NBS-LRR protein in disease resistance-related
cell death. EMBO J. 21, 4511-4519.

Nguyen, H.P., Chakravarthy, S., Velasquez, A.C., McLane, H.L., Zeng,
L., Nakayashiki, H., Park, D.H., Collmer, A. and Martin, G.B. (2010)
Methods to study PAMP-triggered immunity using tomato and Nicotiana
benthamiana. Mol. Plant—=Microbe Interact. 23, 991-999.

van Ooijen, G., Mayr, G., Albrecht, M., Cornelissen, B.J. and Takken, F.L.
(2008) Transcomplementation, but not physical association of the CC-NB-
ARC and LRR domains of tomato R protein Mi-1.2 is altered by mutations in
the ARC2 subdomain. Mol. Plant, 1, 401-410.

Peiman, M. and Xie, C. (2006) Development and evaluation of a multiplex
RT-PCR for detecting main viruses and a viroid of potato. Acta Virol. 50,
129-133.

Pietraszewska-Bogiel, A., Lefebvre, B., Koini, M.A., Klaus-Heisen,
D., Takken, F.L., Geurts, R., Cullimore, J.V. and Gadella, T.W. (2013)
Interaction of Medicago truncatula lysin motif receptor-like kinases, NFP and
LYK3, produced in Nicotiana benthamiana induces defence-like responses.
PloS One 8, e65055.

Pontier, D., Gan, S., Amasino, R.M., Roby, D. and Lam, E. (1999) Markers
for hypersensitive response and senescence show distinct patterns of ex-
pression. Plant Mol. Biol. 39, 1243-1255.

del Pozo, 0., Pedley, K.F. and Martin, G.B. (2004) MAPKKKalpha is a posi-
tive regulator of cell death associated with both plant immunity and disease.
EMBO J. 23, 3072-3082.

Rairdan, G.J. and Moffett, P. (2006) Distinct domains in the ARC region
of the potato resistance protein Rx mediate LRR binding and inhibition of
activation. Plant Cell, 18, 2082-2093.

Raj, A. and van Oudenaarden, A. (2008) Nature, nurture, or chance: sto-
chastic gene expression and its consequences. Cell, 135, 216-226.

Ritter, E., Debener, T., Barone, A., Salamini, F. and Gebhardt, C. (1991)
RFLP mapping on potato chromosomes of two genes controlling extreme
resistance to Potato Virus X (PVX). Mol. Gen. Genet. 227, 81-85.

Rodriguez, E., Chevalier, J., El Ghoul, H., Voldum-Clausen, K., Mundy, J.
and Petersen, M. (2018) DNA damage as a consequence of NLR activation.
PLoS Genet. 14, e1007235.

RStudio Team (2015) RStudio: Integrated Development for R. Boston, MA:
RStudio, Inc. Available at http://www.rstudio.com/.

Sarris, P.F., Duxbury, Z., Huh, S.U., Ma, Y., Segonzac, C., Sklenar, J.,
Derbyshire, P., Cevik, V., Rallapalli, G., Saucet, S.B., Wirthmueller,
L., Menke, F.L.H., Sohn, K.H. and Jones, J.D.G. (2015) A plant inmune
receptor detects pathogen effectors that target WRKY transcription factors.
Cell, 161, 1089-1100.

Segonzac, C., Feike, D., Gimenez-lbanez, S., Hann, D.R., Zipfel, C. and
Rathjen, J.P. (2011) Hierarchy and roles of pathogen-associated molecular
pattern-induced responses in Nicotiana benthamiana. Plant Physiol, 156,
687-699.

Slootweg, E., Roosien, J., Spiridon, L.N., Petrescu, A.J., Tameling, W.,
Joosten, M., Pomp, R., van Schaik, C., Dees, R., Borst, J.W., Smant,
G., Schots, A., Bakker, J. and Goverse, A.. (2010) Nucleocytoplasmic
distribution is required for activation of resistance by the potato NB-LRR
receptor Rx1 and is balanced by its functional domains. Plant Cell, 22, 4195—
4215.

Smith, J.M. and Heese, A. (2014) Rapid bioassay to measure early reactive
oxygen species production in Arabidopsis leaf tissue in response to living
Pseudomonas syringae. Plant Methods, 10, 6.


http://www.rstudio.com/

588  M.KNIP etal.

Song, J. and Bent, A.F. (2014) Microbial pathogens trigger host DNA dou-
ble-strand breaks whose abundance is reduced by plant defense responses.
PLoS Pathog, 10, €1004030.

Song, J., Durrant, W.E., Wang, S., Yan, S., Tan, E.H. and Dong, X. (2011)
DNA repair proteins are directly involved in regulation of gene expression
during plantimmune response. Cell Host Microbe, 9, 115-124.

Takken, F.L. and Goverse, A. (2012) How to build a pathogen detector: struc-
tural basis of NB-LRR function. Curr. Opin. Plant Biol. 15, 375-384.

Tameling, W.I., Nooijen, C., Ludwig, N., Boter, M., Slootweg, E.,
Goverse, A., Shirasu, K. and Joosten, M.H.A.J. (2010) RanGAP2 medi-
ates nucleocytoplasmic partitioning of the NB-LRR immune receptor Rx in
the Solanaceae, thereby dictating Rx function. Plant Cell, 22, 4176-4194.

Torres, M.A., Dangl, J.L. and Jones, J.D. (2002) Arabidopsis gp91phox ho-
mologues AtrbohD and AtrbohF are required for accumulation of reactive
oxygen intermediates in the plant defense response. Proc. Natl. Acad. Sci.
USA, 99, 517-522.

Townsend, P.D., Dixon, C.H., Slootweg, E.J., Sukarta, 0.C.A., Yang,
A.W.H., Hughes, T.R., Sharples, G.J., Palsson, L.-0., Takken, F.L.W.,
Goverse, A. and Cann, M.J. (2018) The intracellular immune receptor Rx1
regulates the DNA-binding activity of a Golden2-like transcription factor. J.
Biol. Chem. 293, 3218-3233.

Yan, S., Wang, W., Marques, J., Mohan, R., Saleh, A., Durrant, W.E.,
Song, J. and Dong, X. (2013) Salicylic acid activates DNA damage re-
sponses to potentiate plant immunity. Mol. Cell, 52, 602-610.

Zhang, B., Yang, Y., Wang, J., Ling, X., Hu, Z., Liu, T., Chen, T. and Zhang,
W. (2015) A CC-NBS-LRR type gene GHNTR1 confers resistance to southern
root-knot nematode in Nicotiana benthamiana and Nicotiana tabacum. Eur.
J. Plant Pathol. 142, 715-729.

Zhu, F., Deng, X.G., Xu, F., Jian, W., Peng, X.J., Zhu, T., Xi, D.-H. and Lin,
H.-H. (2015) Mitochondrial alternative oxidase is involved in both compat-
ible and incompatible host-virus combinations in Nicotiana benthamiana.
Plant Sci. 239, 26-35.

SUPPORTING INFORMATION

Additional supporting information may be found in the online
version of this article at the publisher’s web site:

Fig. S1 Expression levels of defence and DNA damage-associ-
ated genes after Rx1 activation. (A) Levels of PR-1b, PR-2b and
MAP3ka transcripts at 0, 2 and 4 h after dexamethasone (DEX)
application (hpda) measured using quantitative polymerase
chain reaction (PCR). (B) Levels of PARPI, PARP2-2 and Ku70
transcripts at 0, 2 and 4 hpda measured using quantitative PCR.
Data are the means + standard error (SE), normalized by EFfa
and PP2A expression. Asterisks indicate significant differences
by one-way analysis of variance (ANOVA) (P < 0.0001).

Fig. S2 flg22-induced reactive oxygen species (ROS) pro-
duction in leaf discs. The production of ROS after application
with and without (mock treatment) application of 1 um of
flg22. Leaf discs taken from 4-week-old Nicotiana benthami-
ana plants were measured using a luminol-based assay in an

optical plate reader. Signal intensity is represented in arbi-
trary units (AU). Each value represents 10 technical replicates.
The experiment was repeated at least three times with similar
results.

Fig. S3 Western blot analysis of Rx1 constructs after
Agrobacterium-mediated transformation of Nicotiana benthami-
ana leaves. Western blot detecting levels of Rx1 fusion proteins
in mock, Rx1-GFP, Rx1-NES-GFP and Rx1-NLS-GFP transformed
leaves using anti-green fluorescent protein (anti-GFP) antibody
(top panel). Total protein loading was visualized using Ponceau
staining (bottom panel). Blots were probed with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G
(IgG) secondary antibody. NES, nuclear export signal; NLS, nu-
clear localization signal.

Fig. S4 Comet assay of dexamethasone (DEX)-treated sam-
ples expressing DEX::GFP. Comet assay showing DNA dam-
age in plant nuclei with induced DEX::GFP at 2, 4 and 8 h
after induction using high-alkaline (AN) buffer, showing sin-
gle-stranded DNA (ssDNA) and double-stranded DNA (dsDNA)
breaks. Nuclei (comets) were counted and visualized using a
box-and-whisker plot. The number of nuclei per sample is de-
picted in the box for each sample. Statistical analysis using
Wilcoxon non-parametric test: ns, no significant difference;
*P<0.01.

Fig. S5 Rx1-induced cell death at 4 h after dexamethasone
(DEX) induction visualized using trypan blue. Trypan blue visual-
izes cell death. Rx1:4xHA leaves infiltrated with Agrobacterium
tumefaciens carrying DEX::CP105 and DEX:CP106 constructs.
Two days after infiltration, the leaves were brushed with 20 pm
DEX and stained 4 h later. One leaf was scanned with a white
(left) and black (right) background to visualize trypan blue stain-
ing of dead cells.

Table S1 Overview of comet assay samples. This table shows an
overview of the samples and the number of comets (nuclei) that
were counted and depicted in Fig. 4.

Table S2 Primer list. Name, sequence and description of all
primers used in the quantitative polymerase chain reaction (PCR)
experiment shown in Fig. 1A.

Video S1 Time lapse of Rx1-triggered cell death. Time lapse
movie showing Rx1-triggered tissue collapse after dexameth-
asone (DEX)-induced CP106 expression (right bottom sector,
marked with ‘6" on the leaf) and control (top left sector) with
CP105 expression. This time lapse was created by photographing
the leaf of a 4-week-old Nicotiana benthamiana Rx1:4xHA plant,
transformed with DEX::CP105 and DEX::CP106, every 10 min for
8 h after DEX was brushed onto the leaf surface.
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