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General Introduction

Qi Zheng
Laboratory of Nematology, Department of Plant Sciences, Wageningen University, Wageningen,
The Netherlands

General Introduction

Plant parasitic cyst nematodes
Nematodes are the most abundant multicellular animals on earth, and together they constitute
the species rich phylum Nematoda. Most nematodes are free-living in soil and water habitats,
while a minority is parasitic on animals or plants (Mitiku, 2018). Nematodes are relatively
small, ranging from 0.5 mm to 4-5 mm in length, making them barely visible by the naked eye.
Typically, nematodes are round, unsegmented and worm-shaped organisms and microscopic
observations reveal the differences in morphological structures linked to their life style and
feeding behavior (Van Den Berg et al., 2017). For example, all plant parasitic nematodes are
equipped with a needle- or spear-like structure in the head region to puncture plant cell walls
for the uptake of nutrients. Plant parasitic nematodes can be grouped according to their life
style into ectoparasites, semi-endoparasites, and endoparasites (Smant et al., 2018; Sato et
al., 2019; Kumar and Chal Yadav, 2020). Ectoparasites stay outside the plants for the whole
lifecycle, whereas semi-endoparasites can enter the roots to feed on plant cells but the posterior
body remains outside the roots. Endoparasites enter the roots entirely and feed on internal root
tissues (Smant et al., 2018; Sato et al., 2019; Kumar and Chal Yadav, 2020).
Cyst nematodes, including the genera Globodera and Heterodera, are sedentary endoparasitic
nematodes and have rather limited host ranges such as potato, tomato, soybean, sugar beet, etc
(Khan and Khan, 2021). Infection by cyst nematodes results in water- and nutrient depletion in
plants (Sato et al., 2019). Consequently, infected crops often show aboveground symptoms like
wilting, stunting and sometimes plant death. The typical underground root symptoms of cyst
nematode infections are the persistent survival structure consisting of the dead female nematode
body called cyst and often associated with necrosis or root deformations (Palomares-Rius et
al., 2017). Therefore, cyst nematodes are considered as a major economic and food-security
threat. Infection by cyst nematodes results in huge loss of crop productivity. Globodera spp.
is calculated to cause loss of 9% of total potato production worldwide and Heterodera spp. is
estimated to be over 1.5 billion dollars annually in the USA alone (Jones et al., 2013). Thus,
cyst nematodes have been ranked number two in the top 10 list of nematode problems (Jones et
al., 2013).
For cyst nematodes, the life cycle starts when pre-parasitic second-stage juvenile (pre-J2)
hatch from eggs and migrate in the soil in search of roots of a host plant. Upon root invasion,
cyst nematodes move intracellularly through the roots to select a cell at the periphery of the
vascular bundle to establish a feeding site (Sobczak and Golinowski, 2011). The feeding site
of cyst nematodes is also known as syncytium, which is a multinuclear structure formed by
cell-wall dissolution and fusion of neighboring cells. The formation of the syncytium associates
with radical changes in plant cell morphology and metabolic activity. Once the syncytium
is successfully established, cyst nematodes become sedentary and use the syncytium as sole
nutrition source for their development and reproduction. Upon feeding, the parasitic juvenile
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(par-J2) goes through three molting steps to reach the adult stage. During these stages, the
availability of nutrients determines the sex of cyst nematodes (Grundler et al., 1991). Whereas
a low level of nutrients leads to increased numbers of males, sufficient nutrients support the
development of mature adult females. Adult males will leave the root to inseminate adult
females, which show globular-shaped body structures containing hundreds of eggs. After the
females die, their body wall hardens into a cyst protecting eggs, which stay viable in the soil
for many years. This make cyst nematodes extremely difficult to control (Varandas et al., 2020;
Seong et al., 2021).

Crop resistance to cyst nematodes
Over the years, diverse strategies are developed to control cyst nematodes like the application
of crop rotation, chemical nematicides, and resistant crop varieties. Although chemical control
is no longer accepted because of environmental concerns (Hillocks, 2012), crop rotation and
nematode resistance are often applied in the field (Back et al., 2018). Also, crop rotation does
not provide substantial economic income and require high turnaround period for cyst nematode
control. For instance, it is estimated to take around 7-8 years to control potato cyst nematodes
at a permissible level (Varandas et al., 2020). Therefore, using natural host resistance is a
preferred strategy, which is high-efficient and rather easy to operate in the field. Resistance to
cyst nematodes in crops relies on quantitative trait loci (QTLs) or single dominant resistance (R)
genes (Gartner et al., 2021), which confer host-specific defense responses to certain nematode
field populations. However, only a limited set of resistance genes to cyst nematodes is currently
available in crops. This imposes a strong selection pressure on cyst nematodes, resulting in the
emergence of new resistance-breaking populations in the field (Mwangi et al., 2019).
Several cyst nematodes R genes have been identified and functionally examined in various crops.
For instance, tomato Cf2 locates on chromosome 6 (Dixon et al., 1996) and gives resistance to
the potato cyst nematode (PCN) Globodera rostochiensis (Lozano-Torres et al., 2012). Hero A
is also from tomato but locates on chromosome 4 and confers broad-spectrum resistance to
both G. rostochiensis and Globodera pallida (Ernst et al., 2002). The potato genes Gro 1-4 on
chromosome 7 and Gpa2 on chromosome 12 confer resistance to G. rostochiensis and G. pallida,
respectively (van der Vossen et al., 2000; Paal et al., 2004). Nematode resistance mediated
by R genes can be divided into fast- and slow-response types based on dynamics (Goverse
and Smant, 2014). The first type is known as the classical hypersensitive response in the cell
layers around the nematode-induced permanent feeding site. The local cell death disturbs the
expansion of the syncytium limiting nutrient uptake by the nematode, which stimulates the
development of males. This male-biased resistance type is noticed for Hero A (Sobczak et al.,
2005). The second type of resistance occurs in a later stage during nematode parasitism, which
allows the initiation of syncytium formation. However, resistance shown as a necrotic layer
disconnecting the feeding cell from the vascular bundle. Hence, female development is arrested
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due to nutrient starvation. A typical example for the delayed resistance is observed for Gpa2
(Koropacka, 2010).
In plants, R genes activate highly specific resistance against various pathogens only when they
detect the products encoded by their matching avirulence (Avr) genes from pathogens, which is
widely known as the gene-for-gene concept (Flor, 1971). This concept is also accepted for R
genes-mediated resistance against plant parasitic nematodes. Resistance cannot be activated
when plants lack R genes or when nematodes lack Avr genes of their matching R genes. For cyst
nematodes, the gene-for-gene concept was first demonstrated for the potato H1 gene, which
confers resistance to avirulent populations of G. rostochiensis (Janssen et al., 1991). However,
the Avr gene from G. rostochiensis is unknown yet as well as the encoded product that can be
detected by H1. In fact, the R/Avr gene pairs are not clear for most of the currently known cyst
nematode R genes.
During parasitism, cyst nematodes employ effectors to manipulate host development and
establish a proper feeding site (Hewezi and Baum, 2013; Jaouannet and Rosso, 2013). Most
effectors are synthesized in the esophageal glands and injected into the plant cells via the stylet
(Hewezi and Baum, 2013; Vieira and Gleason, 2019). Effectors are able to target host factors
to modify cell structures to promote virulence as well as feeding site formation (Hewezi and
Baum, 2013). In susceptible plants, effectors can interfere with plant basal defense enabling
the infective juvenile to continue invasion and establish a proper feeding cell (Hewezi and
Baum, 2013). In resistant plants, however, effectors encoded by nematode avirulent genes can
be recognized by R gene products, leading to decreased susceptibility and effector-triggered
immunity, which commonly associates with a local hypersensitive response in or around the
nematode feeding sites.

R genes encode intracellular NLR immune receptors
A major class of R genes encodes proteins from the Nucleotide-binding Leucine-rich Repeat
protein (NLR) family. Plant NLR proteins typically contain a three-partite domain structure,
including an LRR domain at the C-terminus, a NB-ARC (Nucleotide-Binding adaptor shared by
APAF-1, R proteins, and CED-4) domain in the center, and either a Coiled-Coil (CC) domain or
a Toll-Interleukin 1 Receptor (TIR) domain at the N-terminus (Sukarta et al., 2016; Song et al.,
2020). The LRR domain is the most variable domain and determines the pathogen recognition
specificity (Padmanabhan et al., 2009). The NB-ARC domain plays a vital role in controlling
NLR protein activation through nucleotide-dependent conformational changes (Tameling et al.,
2006). The NB-ARC domain binds to ADP to keep NLRs in the ‘off’-state. Upon pathogen
detection, the NB-ARC exchanges the binding of ADP for ATP and together with the LRR
domain coordinates conformational changes of NLRs (Slootweg et al., 2013), leading to the
‘on’-state. The CC and TIR domain are involved in NLR complex formation and downstream
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signaling, in line with their role as scaffold to associate with host proteins. Recent studies have
shown that CC domains rely on an MADA motif, whereas TIR domains rely on NAD+-cleaving
enzyme (NADase) activity, to trigger cell death response (Adachi et al., 2019a; Horsefield et
al., 2019; Wan et al., 2019).
Functional evolutionally, NLRs function as singletons or paired NLRs. Singleton NLRs
implement the function of both sensing and signaling (Adachi et al., 2019b). Paired NLRs are
functionally characterized as sensor NLRs and helper NLRs, in which the former is mainly
responsible for pathogen detection and the latter is required for downstream defense activation
(Adachi et al., 2019b). The helper NLRs ADR1 (Activated Disease Resistance 1), NRG1
(N requirement gene 1), and NRCs (NLR-required for cell death proteins) belong to the
CC-NB-LRRs (CNLs) class. ADR1 and NRG1 function downstream of sensor TIR-NB-LRRs
(TNLs), while NRCs are required for downstream signaling activation of sensor NLRs from
Solanaceous species (Peart et al., 2005; Bonardi et al., 2017; Wu et al., 2017). Recently, it was
revealed that sensor NLRs may act together with helper NLRs to build a complex immune
receptor network (Wu et al., 2018). In this network, a sensor NLR could pair with multiple
helper NLRs and vice versa. As such, some helper NLRs function redundantly to ensure defense
activation and a robust immune system in plants.
NLRs can directly or indirectly recognize pathogen effectors and activate downstream defense
responses (Chapter 2). Such direct recognition model is reported for NLRs including N
(Burch-Smith et al., 2007), Roq1 (Schultink et al., 2017), Sr35 (Salcedo et al., 2017), and
multiple MLAs (Saur et al., 2019). The indirect recognition model involves host proteins,
which function as targets of effectors and serve as molecular trap to capture effectors to achieve
recognition by NLRs (van Wersch et al., 2020). The effector target called guardee can contribute
to pathogen virulence as well as effector recognition in the presence of NLR proteins. Another
type of effector target is named decoy, which is not involved in pathogen virulence but only
facilitates effector recognition by NLRs (van Wersch et al., 2020). Some NLR proteins possess
additional or alternative domains, often called integrated domain (ID). They are either located
at the C terminus of the LRR domain, the beginning of the N terminus, or inserted in the
N-terminus of the NB-ARC domain (Song et al., 2020). The ID domain similarly functions as
a decoy to facilitate pathogen recognition. However, different from a decoy, the ID domain
can also associate with effectors indirectly (Grund et al., 2019). Typical examples of ID-NLRs
include RRS1-R (Le Roux et al., 2015; Sarris et al., 2015), RGA5 (Ortiz et al., 2017), Pik-1
(Maqbool et al., 2015) and Pii-2 (Fujisaki et al., 2015). These diverse recognition models
increase the chance of pathogen recognition by NLRs.
Apart from pathogen recognition, NLRs also recruit necessary components for initiation of
downstream signaling. NLRs form a complex with molecular chaperones consisting of SGT1,
HSP90, and RAR1 via the LRR domain to regulate the protein stability and cellular distribution
in plant cells, ensuring the ready-state of NLRs for defense activation (Kadota et al., 2010;
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Hoser et al., 2013, 2014). Some components are known to function in downstream signaling
of NLRs. For instance, lipase-like proteins EDS1 and PAD4 are essential for TNLs-mediated
defense responses (Zhu et al., 2011), but sometimes they are also required for some CNLs,
like RPW8 and HRT, to activate downstream responses (Chandra-Shekara et al., 2004; Xiao
et al., 2005). NDR1 functions downstream of CNLs such as RPS2 and RPM1, although the
exact role and molecular mechanisms remains to be documented (Day et al., 2006; Kapos et al.,
2019). This suggests that TNLs and CNLs apply two distinct downstream signaling branches
to initiate defense responses.
Recently, the development of cryogenic-electron microscopy-based structural biology allows
the inspection of conformational changes of plant NLRs upon activation as was first reported
for Arabidopsis CNL ZAR1 pre- and post-activation (Wang et al., 2019a, 2019b). Prior to
pathogen infection, inactive ZAR1 forms a heterodimeric complex with the pseudokinase
RKS1 (resistance-related kinase 1). Upon bacterial infection with Xanthomonas campestris,
the co-factor PBL2 is uridylated by the effector and forms a complex with the ZAR1-RKS1
preformed complex, leading to conformational changes of ZAR1 and exchange of ADP for
ATP. Activated ZAR1 proteins oligomerize and form a pentameric wheel-like structure. The
CC domain of ZAR1 forms a funnel-shape, allowing ZAR1 translocation and pore formation in
the plasma membrane. This triggers calcium influx and subsequently, a cell death response and
disease resistance (Wang et al., 2019a; Bi et al., 2021). Similarly, TNL RPP1 and Roq1 also
depend on oligomerization for their activation (Ma et al., 2020; Martin et al., 2020). Different
from ZAR1, RPP1, and Roq1 can directly detect their corresponding effectors and ultimately
lead to a tetrameric receptor complex. The oligomerization is mediated by the NB-ARC domain,
which brings the TIR domain together to form homodimers (Ma et al., 2020; Martin et al., 2020).
Two asymmetric TIR homodimers construct NAD+-cleaving enzymes, which are essential for
NAD+ hydrolysis and subsequent induction of downstream signaling. However, how structural
conformational changes correlate with NLRs cellular functions remains unclear.
The subcellular localization of NLRs proteins is diverse and plays a key role during NLRs
activation. Some NLRs locate in the plasma membrane or endomembranes (Gao et al., 2011; Qi
et al., 2012; Takemoto et al., 2012), where they likely associate with effectors or guardee/decoy
proteins. However, many NLRs show a nucleocytoplasmic distribution. The cytoplasmic
localization is important for the interaction of the NLRs with effectors or guardee/decoy
and defense activation, such as cell death initiation, ROS production, and MAP kinase
activation (Kapos et al., 2019; Bi et al., 2021). The nuclear localization is associated with
transcriptional reprogramming upon defense activation, where the NLRs directly interact with
diverse transcription factors (Bhattacharjee et al., 2013; Tsuda and Somssich, 2015). Some
nucleocytoplasmic distributed NLRs can trigger cell death and disease resistance either in the
same or different compartments (Cesari et al., 2016). Apparently, a subcellular compartment
sometimes associate with its unique function. It is therefore not surprising that a translocation
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or dynamic distribution of NLRs is sometimes required during defense responses (Chen et al.,
2021; Duggan et al., 2021).

The potato NLR Gpa2 confers effector-triggered immunity to
G. pallida
The potato R gene Gpa2 encodes a CNL protein that confers host-specific resistance to the
potato cyst nematode G. pallida. The Gpa2-avirulent population D383 is recognized, but
not the Gpa2-virulent population E400 ‘Rookmaker’ (van der Voort et al., 1997) (Figure 1).
Histologically, both populations allow syncytium induction at the onset of parasitism, but
a layer of necrotic cells is formed between the syncytium and vascular bundle upon Gpa2
activation by D383. This disrupts nutrient uptake by the feeding nematodes, thereby arresting
female development (Koropacka, 2010). Remarkably, Gpa2 is able to trigger a specific cell
death response in Nicotiana benthamiana leaves via agroinfiltration upon recognition of its
corresponding effector GpRBP-1 (Sacco et al., 2009). GpRBP-1 is a secretory protein produced
in the dorsal glands of the nematode during early stages of parasitism (Blanchard et al., 2005).
The recognition of GpRBP-1 by Gpa2 is determined by a single amino acid residue at position
187: effector variants with a Proline at this position are recognized, whereas variants with a
Serine are not (Sacco et al., 2009).
The close homologue Rx1 also resides on chromosome 12 in potato (van der Vossen et al.,
2000). Although Gpa2 and Rx1 have around 88% sequence similarity, Rx1 confers resistance
to an unrelated aboveground pathogen Potato Virus X (PVX) (Bendahmane et al., 1995).
Structure-informed functional studies show that the NB-ARC domain together with the
N-terminus of the LRR domain control the activation of both Rx1 and Gpa2 (Slootweg et
al., 2013). Besides, sequence exchange between Rx1 and Gpa2 indicate that the pathogen
recognition specificity is determined by the LRR domain (Slootweg et al., 2017). Furthermore,
the recognition specificity is reversable, from PVX to nematode and vice versa, via the
replacement of a small portion of the C terminus in the LRR domain (Slootweg et al.,
2017). These findings also suggest that Gpa2 and Rx1 might share common downstream
signaling components for defense activation. Indeed, both Gpa2 and Rx1 associate with Ran
GTPase-activating protein 2 (RanGAP2) via the CC domain and trigger a RanGAP2-dependent
cell death response (Sacco et al., 2007, 2009). Apparently, the fact that Gpa2 and Rx1 share
high sequence similarity but confer resistance to distinct pathogens, make these proteins an
excellent system to study the molecular mechanisms underlying NLR-mediated pathogen
recognition and defense activation.
Till now, Gpa2 is the only intracellular plant NLR for which the corresponding nematode
effector is known. Therefore, it can serve as a model system to study the molecular and
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cellular mechanisms underlying plant immunity to plant-parasitic nematodes. Although Gpa2
is predicted to be located inside the cells, the subcellular localization and dynamics pre- and
post-activation are not known. RanGAP2 is discovered as a cytoplasmic retention factor of
Rx1 (Tameling et al., 2010), but whether it plays a similar role in Gpa2 functioning remains
to be investigated. In addition to RanGAP2, it is most likely that other co-factors are able to
associate with the Gpa2 CC domain like it is shown for the Rx1 CC domain (Townsend et al.,
2017; Sukarta et al., 2020). Identifying those co-factors, either from the cytoplasm or nucleus,
will increase our understanding of how they fine-tune Gpa2 functioning in plant resistance
to cyst nematodes. Moreover, knowledge about the large-scale downstream signaling outputs
triggered by Gpa2 to confer host-specific defense to G. pallida in potato is still lacking.

Figure 1. The R gene Gpa2 mediates host-specific resistance to potato cyst nematode (PCN). Globodera pallida
in potato roots. Potato R gene Gpa2 encodes an intracellular NB-LRR immune receptor that confers resistance to
Gpa2-avirulent population D383 but not to the virulent population E400 Rookmaker of G. pallida. At the protein level,
co-expression of Gpa2 and its matching nematode effector GpRBP-1 is able to trigger a hypersensitive response (HR)
in Nicotiana benthamiana leaves via agroinfiltration.
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Scope of the thesis
This thesis aims to explore the molecular and cellular mechanisms underlying Gpa2-mediated
resistance against the potato cyst nematode G. pallida (Figure 2). My first research objective
was to study the role of different subcellular compartments in Gpa2 functioning. The second
objective was to characterize novel Gpa2 co-factors and explore how they contribute to Gpa2
functioning at the molecular and cellular level. Lastly, I investigated the genes and potential
signaling pathways that are involved in Gpa2 defense activation to cyst nematodes in potato.
These findings will expand our knowledge on NLR-mediated immunity to plant-parasitic
nematodes in plant roots.
In recent years, an increasing number of cyst nematode R genes have been identified and isolated.
In Chapter 2, we review recent findings about host-specific resistance against cyst nematodes,
including molecular and cellular mechanisms involved in cyst nematode recognition and defense
activation mediated by both R genes and QTLs. There, we also propose future research directions
to establish sustainable strategies for cyst nematode control in crop cultivation.
In Chapter 3, we examine the cellular localization of Gpa2 and the role of different subcellular
compartments in nematode recognition as well as defense activation in plant cells. We first
applied confocal laser scanning microscopy to visualize the nucleocytoplasmic distribution of
Gpa2 in N. benthamiana leaves via agroinfiltration. Next, redirection of Gpa2 or its matching
effector GpRBP-1 to different cellular compartments showed that GpRBP-1 is detected by
Gpa2 in the cytoplasm, but that both the nucleus and the cytoplasm are essential for full Gpa2
functionality. Furthermore, a nematode infection assay was conducted on Gpa2 transgenic potato
lines harboring localization mutants to determine the contribution of subcellular compartments
to cyst nematode resistance in plant roots. Finally, we investigated how RanGAP2, a cytoplasmic
co-factor required for Gpa2 defense activation, regulates Gpa2 activity at the cellular level.
Here, we propose a compartment-based tripartite working model for Gpa2 effector detection
and immune activation.
In Chapter 4, we identified Glycine-Rich RNA-binding protein 7 (NbGRP7) as a novel
nuclear interactor of Gpa2 by a co-immunoprecipitation and mass-spectroscopy analysis in N.
benthamiana. Interestingly, we found that NbGRP7 can form a complex with both Gpa2 and
Rx1. The functional analysis demonstrated that NbGRP7 positively regulates Gpa2-mediated
cell death response and Rx1-mediated extreme resistance, which depends on its RNA binding
capacity. Furthermore, expression analysis showed NbGRP7 enhances Rx1 accumulation
at both transcript and protein level pre- and post-activation. NbGRP7 therefore is regarded
as another common co-factor of Gpa2 and Rx1 and is likely to modify NLRs function at
post-transcriptional level.
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In Chapter 5, we further characterized SUMO E3 ligase SIZ1 as another novel interactor
of Gpa2. NbSIZ1 from N. benthamiana was originally found to interact with Rx1 in Yeast
Two Hybrid screening. Later Bimolecular fluorescence complementation analysis proved that
StSIZ1 isolated from potato can form a complex with both the Rx1 and Gpa2 CC domain in the
nucleus. Different from NbGRP7, StSIZ1 negatively regulates both Rx1 and Gpa2 mediated
effector-dependent and -independent cell death responses. Together, our data suggest that SIZ1
is a new member of common co-factors of Gpa2 and Rx1, although insights in how SIZ1
regulates CNLs activity requires further investigation.

Figure 2. Main research questions in this thesis. Gpa2 encodes an intracellular CC-NB-LRR protein, which
activates defense responses upon the detection of effector GpRBP-1 activating variant (P) but not in the presence
of a non-activating variant (S). This thesis aims to investigate, 1) the detailed subcellular localization of Gpa2 and
the contribution of cell compartments to Gpa2 function, 2) additional co-factors that associate with Gpa2 in either
the cytoplasm or the nucleus and how they contribute to immune responses, 3) the downstream signaling pathways
induced upon Gpa2 activation.

In Chapter 6, we probed the downstream signaling outputs upon Gpa2 activation of nematode
resistance responses. We performed comparative transcriptome analysis on Gpa2-containing
potato roots infected with the D383 population of G. pallida (avirulent on Gpa2) and E400
‘Rookmaker’ (virulent on Gpa2). We found that D383 infection resulted in the specific
up-regulation of many defense-related genes consistent with the activation of an R-gene
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mediated resistance response. Subsequent Gene Ontology analysis showed that genes are
mainly involved in immune responses, salicylic acid biosynthesis process, and systemic
acquired resistance. These data reveal potential genes and pathways involved in Gpa2-mediated
defense responses to cyst nematodes in potato.
In Chapter 7, we discuss the main research findings of this thesis and propose a revised Gpa2
working model, including molecular and cellular components involved in nematode effector
detection and immune response activation in plant cells. Furthermore, we illustrate how this
knowledge may contribute to scientific insights and novel applications in the field of plant
immunity against cyst nematodes in field crops.
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Abstract
Cyst nematodes are able to infect a wide range of crop species and are regarded as a major
threat in crop production. In response to invasion of cyst nematodes, plants activate their
innate immune system to defend themselves by conferring basal and host-specific defense
responses depending on the plant genotype. Basal defense is dependent on the detection of
pathogen-associated molecular patterns (PAMPs) by pattern recognition receptors (PRRs), while
host-specific defense mainly relies on the activation of canonical and non-canonical resistance
(R) genes or quantitative trait loci (QTL). Currently, application of R genes and QTLs in crop
species is a major approach to control cyst nematode in crop cultivation. However, emerging
virulent cyst nematode field populations are threatening crop production due to host genetic
selection by the application of a limited set of resistance genes in current crop cultivars. To
counteract this problem, increased knowledge about the mechanisms involved in host-specific
resistance mediated by R genes and QTLs to cyst nematodes is indispensable to improve
their efficient and sustainable use in field crops. Despite the identification of an increasing
number of resistance traits to cyst nematodes in various crops, the underlying genes and defense
mechanisms are often unknown. In the last decade, in-depth studies on the functioning of
a number of cyst nematode R genes and QTLs have revealed novel insights in how plants
respond to cyst nematode infection by the activation of host-specific defense responses. This
review presents current knowledge of molecular and cellular involved in the recognition of
cyst nematodes, the activation of defense signaling and resistance response types mediated by
R genes or QTLs. Finally, future directions for research are proposed to develop management
strategies to better control cyst nematodes in crop cultivation.
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Introduction
Cyst nematodes are notorious plant parasites infecting a broad range of crops worldwide. The
most damaging species include soybean cyst nematode (SCN; Heterodera glycines), with
more than US1.5 billion of economic losses each year in the USA alone; potato cyst nematode
(PCN; Globodera pallida and G. rostochiensis), with an estimated yield loss of 9% worldwide;
and cereal cyst nematode (CCN; H. avenae), with yield losses up to 90% under nematode
favorable environmental conditions (Jones et al., 2013). For long, the management of cyst
nematode infections relied on the use of nematicides. Currently, cyst nematode control is highly
dependent on crop rotation strategies and the application of a limited set of resistance genes in
crop cultivars due to the ban on pesticide use in the soil since the early 00’s (Hillocks, 2012).
However, the application of a limited repertoire of resistance genes has resulted in host genetic
selection of resistance-breaking populations in the field (Turner and Fleming, 2002; Niblack
et al., 2008; McCarville et al., 2017; Mwangi et al., 2019), which threatens the lifespan of
current resistant crop cultivars. These concerns demand for new resistance resources as well as
increased knowledge of the genes involved for the durable application of resistant crop cultivars
in the future.
Cysts can persist in the soil for decades, which make them particularly difficult to control (Jones
et al., 2013; Lilley et al., 2005). One female can produce hundreds of nematode eggs. When
she dies her swollen body hardens into a cyst to protect eggs, allowing them to stay viable
in the soil for many years in the absence of a proper host. Upon hatching from the eggs, the
pre-parasitic second-stage juveniles (pre-J2) migrate through the soil in search of a suitable host
plant. Upon entering the host plant roots, they move intracellularly through the root to establish
a permanent feeding site near the vascular cylinder. In a susceptible host, a large, multinucleate
feeding structure is formed through cell wall dissolution and fusion of neighboring cells, a
so called syncytium. Cyst nematodes are fully dependent on this feeding structure for their
development and reproduction as the syncytium is the only source of nutrients for this group of
sedentary endoparasitic nematodes. Parasitic J2 develop through three molting steps into adult
females when nutrients are abundantly available, but into adult vermiform males when this
is not the case (Grundler et al., 1991). In resistant crop plants, however, cyst nematodes are
unable to establish such a successful feeding relationship. Upon recognition of the infective
cyst nematode juvenile, the development of a syncytium and subsequently the formation of
cysts is prevented due to a local defense response. The application of resistant crop cultivars is
therefore very effective, but only a limited set of resistance traits to control cyst nematodes is
currently known. In addition, the genes responsible for cyst nematode resistance are identified
and characterized for only a few single dominant resistance (R) genes or quantitative trait loci
(QTL) like Gpa2 (van der Vossen et al., 2000) in potato and Rhg1 in soybean (Concibido et
al., 2004). However, in-depth studies on the functioning of the corresponding genes revealed
novel insights in host-specific defense responses to cyst nematodes. Hence, they can serve as
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an example for other R genes and QTLs conferring resistance to cyst nematodes, for which this
information is still lacking.
In this review, we explore the current knowledge on the molecular and cellular mechanisms
involved in host-specific resistance against cyst nematodes as conferred by either single
dominant R genes or QTLs. We first shortly address the plant immune system, including basal
immunity against cyst nematodes. Then we focus on host-specific resistance by addressing R
gene-mediated defense responses, including effector-triggered immunity. We highlight how
these R genes are able to recognize cyst nematodes and activate downstream defense responses
in plant cells based on a few available model systems. Then, we briefly address how cyst
nematodes are able to evade or suppress this type of host defense responses. We also specify the
potential mechanisms of host-specific resistance mediated by QTLs, including non-canonical
resistance phenotypes. Finally, we discuss how this knowledge may contribute to a better
understanding of plant defense to cyst nematodes as well as the control of cyst nematodes in
crop cultivation.

1

Basal defense responses to cyst nematodes

During early stages in parasitism, cyst nematodes move intracellularly and cause root
damage, leading to the release of Nematode-Associated Molecular Patterns (NAMPs) or
Damage-Associated Molecular Patterns (DAMPs). These compounds can be perceived by
extracellular Pattern Recognition Receptors (PRRs) and thereby elicit basal immunity, also
named Pathogen-Associated Molecular Patterns (PAMP) -Triggered Immunity (PTI) (Choi and
Klessig, 2016). To date, information about this first layer of plant immunity to cyst nematodes,
including the role of NAMPs and PRRs, is limited. A conserved ascaroside (Asc#18) from
H. glycines was identified as a NAMP as well as compounds present in cyst nematode (H.
schachtii) incubation water (NemaWater) (Manosalva et al., 2015; Mendy et al., 2017). The
Arabidopsis leucine-rich repeat receptor-like kinase NILR1 is yet the only classified cyst
nematode PRR (Mendy et al., 2017). The activation of PTI results in a series of immune
responses like ROS/NO production, secondary metabolite production, reinforcement of cell
walls and cell death around the migratory tract. For more details on cyst nematode-elicited PTI
responses as well as the underlying molecular mechanism we refer the reader to (Sato et al.,
2019).
Although PTI responses slow down nematode invasion and contribute to an effective defense
in non-host plants, they are insufficient to stop the nematode from successfully infecting
susceptible host plant roots. Just like other pathogens, nematodes are able to overcome PTI
by the secretion of effector proteins which suppress basal immune responses (also called
Effector-Triggered Suppression or ETS) (Jones and Dangl, 2006). Such cyst nematode effectors
include GrVAP1, RHA1B, Ha18764 and GrCEP12 (Lozano-Torres et al., 2012; Chen et al.,
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2013; Kud et al., 2019; Yang et al., 2019). Most effectors are synthesized in esophageal gland
cells and are secreted into the plant via a needle-like structure named the stylet (Hewezi and
Baum, 2013; Vieira and Gleason, 2019). The suppression of basal immune responses enable
cyst nematodes to establish a successful feeding relationship with a susceptible host plant for
their development and reproduction (Ali et al., 2017; Vieira and Gleason, 2019).

2

Effector-triggered defense responses to cyst nematodes

In response to effector-triggered suppression, plants have evolved a second layer of immunity
according to the zig-zag model (Jones and Dangl, 2006). Resistant plant genotypes exhibit
single dominant R genes, encoding immune receptors that recognize specific pathogen effectors
or their activities, and subsequently activate so called Effector Triggered Immunity (ETI).
Recognition can either be direct or indirect, meaning that a host-derived co-factor is required for
successful pathogen perception (Jones and Dangl, 2006; Araújo et al., 2019). Moreover, R genes
can only recognize their matching effector which is encoded by a corresponding avirulence
(Avr) gene. Only when an Avr gene containing pathotype matches a R gene containing plant
genotype, the plant can successfully activate a host-specific resistance response. This is known
as the gene-for-gene concept (Flor, 1971), which also applies to cyst nematodes as demonstrated
for the single dominant R gene H1 from potato that confers host-specific resistance to avirulent
populations of G. rostochiensis (Janssen et al., 1991).

2.1 R genes against cyst nematodes encode different types of plant
immune receptors
Effector detection by immune receptors occurs intra- and extracellularly. Extracellular immune
receptors, including receptor-like kinases (RLKs) and receptor-like proteins (RLPs), contain a
leucine-rich repeat (LRR) domain fused to a transmembrane domain (Takken and Joosten, 2000;
Kanyuka and Rudd, 2019). Extracellular immune receptors encoded by R genes have the same
type of structure as PRRs (Boutrot and Zipfel, 2017), but they are able to activate highly specific
defense responses upon the direct or indirect detection of apoplastic effectors from specific
pathogen strains. In terms of resistance to cyst nematodes, so far two RLP immune receptors
have been characterized (Figure 1). One example is the sugar beet receptor Hs1pro-1 , which was
linked to resistance to the cyst nematode H. schachtii (Cai et al., 1997). However, the resistance
phenotype cannot be inherited to the next generations by backcrossing of a Hs1pro-1 genotype
and a susceptible genotype (Sandal et al., 1997) raising questions about its contributions to cyst
nematode immunity in sugar beet. Another example is the tomato immune receptor Cf-2, which
confers resistance to the potato cyst nematode G. rostochiensis (Lozano-Torres et al., 2012).
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The most abundant class of R genes encode intracellular Nucleotide binding-Leucine-rich
Repeat (NLR) proteins. NLRs contain a C-terminal LRR (Leucine-rich repeat) domain involved
in recognition and a central NB-ARC (nucleotide-binding, Apaf-1, R-proteins, and CED-4)
domain, which acts as a molecular switch and consists of three subdomains (: NB, ARC1 and
ARC2. The N-terminus is a signaling domain, which divides NLRs into either a subclass of
Toll-interleukin receptor-like (TIR) receptors (TIR-NB-LRRs) or coiled coil (CC) receptors
(CC-NB-LRRs). Both subclasses are found to be encoded by R genes conferring resistance
against cyst nematodes (Figure 1). For example, the potato resistance gene Gpa2 confers
resistance to G. pallida and its product belongs to the CC-NB-LRR (CNL) type (van der Vossen
et al., 2000), whereas a typical example of a TIR-NB-LRR (TNL) is encoded by Gro1-4 from
potato conferring resistance to G. rostochiensis (Paal et al., 2004). In addition, some CNLs
exhibit an extended Solanaceae Domain (SD) at the N terminus of the CC domain, which is
uniquely found in Solanaceous plant species. For example, the tomato resistance gene Hero A
is a typical example that belongs to the SD-CNL type, which confers broadspectrum resistance
to potato cyst nematode populations from G. pallida and G. rostochiensis (Ernst et al., 2002).

2.2

Molecular mechanisms of different types of cyst nematode R genes

A major bottleneck in our understanding of R gene-mediated cyst nematode resistance is that the
matching effector for most nematode R genes is unknown. Currently, only two R gene-effector
pairs are identified. These are the extracellular immune receptor Cf-2, which elicits an immune
response upon recognition of the effector GrVAP1 from G. rostochiensis (Lozano-Torres et al.,
2012) and the intracellular immune receptor Gpa2, which recognizes the effector GpRBP-1 from
G. pallida (Sacco et al., 2009). Over the last decade, several in-depth studies have revealed novel
insights in their functioning and role in conferring host-specific resistance to cyst nematodes.
Therefore, Cf-2 and Gpa2 can serve as examples for other cyst nematode resistance genes,
for which information on the molecular mechanisms underlying recognition and downstream
signaling activation of immune responses against cyst nematodes is still lacking.
2.2.1

Cf2-mediated apoplastic immunity to cyst nematodes

The extracellular immune receptor Cf-2 belongs to the RLP type of immune receptors and
confers apoplastic immunity to the potato cyst nematode G. rostochiensis upon detection of the
effector GrVAP1, which is produced in the subventral glands during the onset of parasitism
(Lozano-Torres et al., 2012). The detection of GrVAP1 by Cf-2 is indirect through the detection
of perturbations of the apoplastic papain-like cysteine protease (PLCP) Rcr3. Cf-2 detection of
GrVAP1 through Rcr3 results in the activation of cyst nematode resistance, which induces a
local programmed cell death response in cells directly around the nematodes as well as in most
of the nematode-induced feeding structures (Lozano-Torres et al., 2012). A recent study shows
the underlying mechanism of how Rcr3 in tomato participates in the activation of defense

31

2

Chapter 2

responses. Rcr3 is present in its inactive form ProRcr3 and a group of proteases called subtilases
cleave off the prodomain of Rcr3. This results in a mature mRcr3 thereby creating a binding site
for the effector (Paulus et al., 2020). Since distantly related subtilases can also activate Rcr3 in
Nicotiana benthamiana, this suggests that there might be a network of proteolytic cascades in
Solanaceous plants to provide robust apoplastic immunity (Kourelis et al., 2020; Paulus et al.,
2020), which may also apply to cyst nematodes in Cf-2 resistant tomato plants.

Figure 1. Overview of major cyst nematode resistance (R) genes and loci (QTLs) identified in crop species, for
which knowledge is available on the molecular and cellular mechanisms underlying cyst nematode resistance.
Extracellular immune receptors: Cf-2 from tomato encodes a receptor-like protein (RLP) and confers resistance to
the potato cyst nematode Globodera rostochiensis. Cf-2 detects the nematode effector GrVAP-1 via the host factor
Rcr3, which is activated by apoplastic serine proteases named subtilases to induce apoplastic immunity. Intracellular
Nucleotide binding-Leucine-rich Repeat (NLR) immune receptors: Gro1-4 from potato encodes a TIR-NB-LRR
protein, whereas Gpa2 from potato encodes a CC-NB-LRR protein. Hero A from tomato encodes a SD-CC-NB-LRR
protein. These intracellular immune receptors all confer resistance to specific potato cyst nematode populations
from G. rostochiensis, G. pallida or both. Only for Gpa2, the matching nematode effector GpRBP-1 is know which
is able to activate a local HR response. Detection of nematode effector GpRBP-1 by Gpa2 requires a host factor
RanGAP2. Resistance loci: The Rhg1 and Rhg4 loci from soybean confer resistance to field populations from the cyst
nematode H. glycines. Rhg1-mediated resistance depends on copy number variation, as the high copy number Rhg1
type confers resistance on its own while the low copy number Rhg1 type requires the Rhg4 locus to confer resistance.
Two polymoriphisms determine Rhg4-mediated resistance.
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Interestingly, GrVAP1 is not the only pathogen effector that targets Rcr3. Avr2, from the fungus
Cladosporium fulvum, Cip1 from the bacteria Pseudomonas syringae and several EPIC effectors
from the oomycete Phytophthora infestans target Rcr3 as well with a variable prosperity in
Cf-2-mediated defense responses (Rooney et al., 2005; Ilyas et al., 2015; Misas Villamil et
al., 2019). However, these effectors also inhibit a paralog of Rcr3: Pip1 which is present more
abundantly compared to Rcr3. Findings by knockdown studies (Ilyas et al., 2015) suggested that
Pip1 is the actual operative target of the effectors, while Rcr3 acts as a decoy to trap the pathogen
into a recognition event. This guard/decoy-recognition model allows plants to respond faster
and more efficient to multiple and unrelated pathogens present in the environment via a common
host target (van der Hoorn and Kamoun, 2008). Moreover, it indicates that different pathogens
including cyst nematodes have evolved effectors that are able to inhibit plant proteases during
co-evolution (Kourelis et al., 2020).
2.2.2

Gpa2-mediated intracellular immunity to cyst nematodes

In contrast to Cf-2, the intracellular CNL immune receptor Gpa2 activates a specific defense
response upon detection of the dorsal gland effector GpRBP-1 from G. pallida inside the
cell, resulting in a hypersensitive response (HR) in N. benthamiana leaves in agroinfiltration
assays (Sacco et al., 2009). GpRBP-1 recognition by Gpa2 is determined by a single amino
acid polymorphism at position 187 in the SPRY domain of GpRBP-1 (Sacco et al., 2009).
However, no physical interaction between Gpa2 and GpRBP-1 was detected which may point
at an indirect interaction. It is hypothesized that Gpa2 senses the presence of GpRBP-1 via
a host factor RanGAP2, due to a physical interaction between the CC domain of Gpa2 and
RanGAP2 (Sacco et al., 2007, 2009). Silencing of RanGAP2 compromises Gpa2-mediated HR,
but artificial tethering of RanGAP2 and GpRBP-1 enhances Gpa2-mediated defense responses
(Sacco et al., 2009). These data suggest that RanGAP2 potentially works as a recognition
co-factor for Gpa2 and may play an important role in downstream signaling regulation.
Remarkably, RanGAP2 is also required for Rx1-mediated resistance responses. The CNL Rx1
is a close homologue of Gpa2 that resides in the same R gene cluster on ChrXII of potato
and confers resistance to Potato virus X (van der Vossen et al., 2000). The CC domain of
Rx1 interacts with the N-terminal WPP domain of RanGAP2 and is present in plant cells
as a heteromeric complex when in its inactive state (Sacco et al., 2007; Hao et al., 2013).
Moreover, Rx1 locates in both the nucleus and the cytoplasm of plant cells and RanGAP2 acts
as a cytoplasmic retention factor of Rx1, thereby facilitating Rx1 functioning (Tameling et al.,
2010). The nuclear hyperaccumulation of Rx1 mediated by nuclear targeted RanGAP2 WPP
domain blocks Rx1 auto-activity. As the Gpa2 CC domain also interacts with RanGAP2, it is
speculated that hyperaccumulation of Gpa2 in the nucleus may also block its defense signaling
initiation. Nonetheless, whether RanGAP2 also regulates Gpa2 functioning by mediating its
subcellular partitioning remains to be demonstrated.
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Structure-informed studies revealed the contribution of intra- and interdomain interactions in
Gpa2 functioning as a molecular switch in plant immunity to cyst nematodes. Extensive
sequence exchange between Gpa2 and Rx1 showed that a minimal region of the ARC2
together with the N-terminal repeats of the LRR domain are sufficient to initiate activation of
the immune receptors (Slootweg et al., 2013). Additionally, domain swaps between regions
of the LRR of Gpa2 and Rx1 resulted in the conversion of virus resistance into nematode
resistance and vice versa (Slootweg et al., 2017), demonstrating that the CC-NB-ARC domain
operates independently of the pathogen that is recognized whereas the LRR domain determines
recognition specificity. Furthermore, comparative sequence analysis and computational structure
analysis revealed that Rx1/Gpa2 polymorphisms in the LRR domain are under positive selection
and surface exposed consistent with a possible role in pathogen detection (Slootweg et al.,
2013). However, the dynamic process of how R genes like Gpa2 switch from an inactive to an
active state upon cyst nematode detection remains elusive. Breakthrough discoveries on the 3D
modeling and cryoEM-structure analyses as reported for the Arabidopsis CNL immune receptor
ZAR1 in its inactive, primed and activated state (Wang et al., 2019a, 2019b) is expected to
provide novel insights in the functional dynamics of NLR immune receptors in the near future.
Moreover, it underscores the importance of structural approaches in plant resistance research to
increase our understanding about the molecular warfare between cyst nematodes and their host
plants.
Recently, both Rx1 and Gpa2 have been identified as so called sensor NLRs (Wu et al., 2017;
Adachi et al., 2019a). In Solanaceous plants, a major class of CNLs have been identified to form
an immunoreceptor network in which sensor NLRs can directly or indirectly perceive molecules
derived from pathogens, but require paired so called helper NLRs to activate immune responses.
As a helper, NRCs (NLR required for cell death) are thought to translate upstream signaling
from sensor NLRs to downstream signaling components for the activation of immune responses
(Wu et al., 2018; Adachi et al., 2019b). Rx1 requires NRC2, NRC3 or NRC4 to activate a
resistance response. The triple silencing of NRC2, NRC3 and NRC4 compromises Rx1-mediated
resistance to PVX while the individual silencing remains Rx1 functional, indicating that these
NRC proteins redundantly contribute to Rx1-mediated resistance. It remains to be seen which
helper NRCs are required for the activation of downstream defense response to cyst nematodes
mediated by sensor NLRs like Gpa2 as well as Hero A (Wu et al., 2017). NRCs including NRC4
carries a MADA motif at the N-terminus, which is sufficient for triggering cell death (Adachi
et al., 2019a). Interestingly, the MADA motif does not exist in NRC-dependent sensor NLRs
like Rx1 and Gpa2, suggesting this motif might be degenerated during evolution. It is therefore
likely that Rx1 and Gpa2 rely on the MADA motif of their helper NRCs to activate defense
responses upon virus and nematode recognition, respectively.
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2.3

Downstream signaling pathways involved in host-specific resistance
to cyst nematodes

Activation of R proteins lead to the transcriptional reprogramming of cells leading to the
activation of local and systemic defense responses. Transcriptome studies revealed insights in
downstream signaling pathways involved in host-specific resistance to cyst nematodes (Uehara
et al., 2010; Walter et al., 2018). For instance, in resistant tomato harboring the Hero A gene, the
salicylic acid (SA)-dependent pathogenesis-related protein 1 (PR-1) shows a markable increase
in expression at 3 dpi upon G. rostochiensis infection compared to susceptible plants (Uehara et
al., 2010). This was not the case in resistant plants with an extra inserted NahG gene, which can
prevent SA accumulation, indicating that SA plays a key role in Hero A-mediated resistance
to cyst nematodes. Another transcriptome study performed on resistant potato containing the
H1 gene shows upregulation of many genes after G. rostochiensis infection, including the
tomato stress-responsive factor TSRF1 and a cysteine protease (Walter et al., 2018). TSRF1 is
an ethylene responsive factor, which can be upregulated by ethylene or SA treatment (Zhang et
al., 2004). The same study also shows that TSRF1 can interact with the GCC box located in the
promoter of PR genes. Taken together, H1-induced TSRF1 upregulation possibly triggers PR
proteins accumulation, which is consistent with the finding of systemic PR protein accumulation
in leaves in G. rostochiensis infected H1 resistant potato plants (Hammond-Kosack et al., 1989).
From this, a picture emerges in which ethylene- and/or SA-dependent pathways might be
involved in H1-triggered resistance to cyst nematodes similar to what has been reported for other
R gene-mediated resistance responses to other pathogens (Denancé et al., 2013; Broekgaarden
et al., 2015; Islam et al., 2019).
Transcriptome analysis on the resistant wheat genotype VP1620 shows that jasmonic acid
(JA) regulated PR4 and PR10 are significantly induced upon infection by CCN H. avenae,
suggesting that the JA pathway is involved in resistance against CCN in this monocot crop
(Kong et al., 2015). Moreover, the abundant presence of phospholipase D1/2 in the KEGG
pathways suggests a role for Reactive Oxygen Species (ROS) in conferring resistance to CCN
(Kong et al., 2015), since phospholipase positively regulates defense responses via the ROS
pathway (Wang, 2005; Pinosa et al., 2013). In another transcriptome study, transcription factor
WRKY40 and WRKY70 are upregulated in resistant soybean genotype PI533561 upon infection
by a H. glycines virulent type named HG type 0 (Jain et al., 2016). WRKY70 has been shown
to be involved in the regulation of the ROS pathway in defense, suggesting that the ROS
pathway might be involved in resistance to SCN as well. Moreover, the PR-5 like receptor
kinase shows an upregulation in the resistant genotype, indicating that a similar SA pathway
may be involved in response to SCN infection. Interestingly, WRKY40/70 and one PR family
protein (Phvul.005G081500) also show an upregulation in susceptible genotype GTS-900 (Jain
et al., 2016), implying ROS and SA pathways may also be involved in basal defense.
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2.4 R gene-mediated resistance response types to cyst nematodes
In resistant plants, cyst nematodes are blocked in their life cycle and reproduction due
to host-specific defense responses induced by R proteins. During normal cyst nematode
development and reproduction, the syncytium is crucial since it functions as the only nutrient
source for this obligatory biotrophic endoparasite. Host-specific resistance by R genes often
associates with an HR, which causes necrosis around the nematode-induced syncytia. According
to the timing in the ontogeny of feeding structures and characteristic cytological features,
host-specific resistance to cyst nematodes can be roughly divided into two types (Goverse and
Smant, 2014; Smant et al., 2018). The first type allows the initiation of a syncytium, but the
expansion of the syncytium is restricted by the formation of a layer of necrotic cells around the
young feeding structure (Figure 2). The initiated syncytium still allows the development of
males, but does not support the development of females due to the poorly developed feeding
structure. This type of ‘male-biased’ resistance is observed for R genes like H1 and Hero A
(Rice et al., 1985; Sobczak et al., 2005). The second type of resistance occurs in a later stage
of the plant-nematode interaction and allows syncytium formation and expansion (Figure
2). These young syncytia are functional and support the initiation of female development.
However, a layer of necrosis around the syncytium is formed soon thereafter to disconnect the
syncytium from the vascular cylinder. In this way, the transfer cell function of the syncytium
is compromised and female development is arrested due to starvation. A typical example of
this delayed resistance responses is induced by the potato R protein Gpa2, which confers
host-specific resistance to potato cyst nematode G. pallida (van der Vossen et al., 2000; Mwangi
et al., 2019).

3

Evasion or suppression of R gene-mediated immunity by
cyst nematode effectors

To evade recognition by R proteins, cyst nematodes have evolved effector variants which are not
recognized or able to suppress the activation of host-specific defense responses. Examples of
such effectors were recently identified, such as SPRYSEC effectors (Diaz-Granados et al., 2016),
an E3 ubiquitin ligase RHA1B (Kud et al., 2019), and an expansin-like protein GrEXPB2 (Ali et
al., 2015a). The SPRYSEC effector family is characterized as a single SPRY domain-containing
protein, secreted from the dorsal esophageal gland of potato cyst nematodes (Diaz-Granados
et al., 2016). SPRYSEC effectors from G. rostochiensis, including SPRYSEC-4/5/8/18/19,
function as suppressors of HR and disease resistance mediated by CNL immune receptors like
Rx1 (Postma et al., 2012; Ali et al., 2015b). A typical example is G. rostochiensis effector
SPRYSEC-19, which can physically interact with the tomato intracellular CNL immune receptor
homolog Sw5F both in vitro and in planta as show by Y2H; GST-pull down and Co-IP (Rehman
et al., 2009; Postma et al., 2012). The minimal domain for this interaction is the C-terminal end
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of the LRR domain. Although this is in line with a possible role for the LRR in cyst nematode
detection, co-expression of Sw5F and SPRYSEC-19 did not trigger an HR or resistance response
to nematodes. Therefore, the function of Sw5F in plant immunity to cyst nematode still remains
elusive (Postma et al., 2012).

2

Figure 2. Host-specific defense responses against cyst nematodes in plant roots harboring major R genes or
resistance loci (QTLs). Type I. A subset of R genes mediate early defense responses to cyst nematodes that allows
syncytium initiation but restricts further expansion by forming a layer of necrotic cells around the young feeding
structures. As a result, these encapsulated syncytia allow the development of males but not females. This ‘male-biased’
resistance is seen for R genes like H1 in potato and Hero A in tomato. Type II. Another subset of R genes mediate
a late defense response that allows syncytium formation and expansion, supporting the development of females. In
this case, a layer of necrotic cells is formed around the expanded syncytium which disrupts the connection between
the syncytium and the vascular cylinder. Thereby, female development is restricted due to the lack of nutrition. This
‘female-biased’ resistance is observed for R genes like Gpa2 from potato. Whereas the type I and II responses are
typical for cyst nematode R genes encoding NB-LRR immune receptors, the resistance loci Rhg1 and Rhg4 trigger
non-canonical resistance responses to cyst nematodes in soybean roots. Type III. The high copy number Rhg1-b type
encodes an α-SNAP protein that poorly interacts with the protein NSF to disrupts vesical trafficking. Meanwhile,
the hyperaccumulation of α-SNAP is thought to promote the collapse of the plant-nematode biotrophic interface
leading to nematode resistance. Type IV. Rhg4-mediated resistance is determined by two polymorphisms in the encoded
protein SHMT. SHMT regulates folate homeostasis leading to folate deficiency, causing the poor development and
difficult maintenance of syncytia. Interestingly, cross-talk occurs between low copy number Rhg1-a which requires
Rhg-4 to activate SCN resistance. It is thought that the elevated levels of Rhg1-a encoded α-SNAP induces Rhg-4
encoded SHMT, which then physically interact with each other to form a complex with the pathogenesis-related protein
PR08-Bet. This multiprotein complex regulates the activity of SHMT which leads to syncytium collapse and thus cyst
nematode resistance.

Another example is the effector from G. pallida named RHA1B, which is characterized as an E3
ubiquitin ligase that functions in ubiquitin-proteasome pathway-mediated protein degradation
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(Kud et al., 2019). RHA1B applies two distinct ways to suppress plant immunity during
nematode parasitism: it suppresses PTI signaling via an yet unknown E3-independent manner,
and it suppresses HR mediated by several R proteins via E3-dependent degradation of R proteins.
In addition, an apoplastic effector from G. rostochiensis, an expansin-like protein GrEXPB2,
could inhibit a set of NLR immune receptors, including Rx1 and N mediated defense responses
in the cytoplasm (Ali et al., 2015a). As GrEXPB2 is highly accumulating in pre-parasitic stages
and decreases quickly during plant infection, it is speculated that GrEXPB2 might be involved
in suppression of early PTI or ETI upon root invasion by cyst nematodes. However, GrEXPB2
also triggers necrosis in tomato and potato but not tobacco (Ali et al., 2015a). The activation of
defense in a plant species-dependent manner suggests the specific recognition of the effector
by the plant immune system, indicating that GrEXPB2 retains its dual role in suppressing and
triggering plant defense responses.

4 Quantitative trait loci (QTLs) conferring host-specific
resistance to cyst nematodes
In addition to single dominant R genes that encode for immune receptors, host-specific resistance
to cyst nematodes can also be conferred by quantitative trait loci (QTLs). In the last decades,
many QTLs to different cyst nematode species in various major food crops have been identified
such as Rhg1 and Rhg4 to SCN in soybean (Cook et al., 2012; Liu et al., 2012), Rha2 from barley
conferring resistance to CCN (Kretschmer et al., 1997), and Gpa, Grp1, Gpa5 among others in
potato conferring resistance to PCN (Kreike et al., 1994; van der Voort et al., 1998, 2000). QTLs
may involve multiple or polymorphic genes present at different loci or even a particular locus,
including essential genes that are required for achieving nematode resistance. Often, QTLs
co-localize with NLR gene clusters as observed in potato suggesting that classical resistance
gene homologs may contribute to host-specific resistance mediated by these QTLs (Bakker et
al., 2011). However, an alternative explanation for the quantitative behaviour of these QTLs
loci could be the result of the heterogeneous composition of cyst nematode field populations
used in the resistance tests. Interestingly, in case of Rhg1 and Rhg4 host-specific resistance
is not linked to NLR-mediated immunity and was shown to be mediated by non-canonical
resistance genes (Cook et al., 2012; Liu et al., 2012).
Recently, several studies have revealed first insights in the molecular mechanisms underlying
this novel type of resistance to cyst nematodes (Figure 1). For Rhg1, copy number variation
plays an important role in determining SCN resistance since a higher copy number of genes at
the Rhg1 locus relates to an increased resistance phenotype (Cook et al., 2012, 2014; Yu et al.,
2016). A copy of a 31-kilobase segment carrying three genes that contribute to resistance leads
to an increased resistance to SCN, but only when the expression of this set of genes increases at
the same time. Based on the copy number, at least two classes of Rhg1 haplotypes are identified:
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low-copy rhg1 (rhg1-a, Peking-type) and high-copy rhg1 (rhg1-b, PI 88788-type). Three genes
located in the 31-kilobase segment are required for resistance, which encode for an amino acid
transporter, an α-SNAP (alpha-soluble NSF [N-ethylmaleimide–sensitive factor] attachment
protein) protein and a WI12 (wound-inducible domain) protein (Cook et al., 2012).(Guo et al.,
2019) The rhg1-a and rhg1-b haplotypes encode two different α-SNAP variants (Liu et al.,
2017; Bayless et al., 2019), but both variants hyperaccumulate at SCN infection sites (Bayless
et al., 2016, 2019; Lakhssassi et al., 2020a). The rhg1-a encoded α-SNAP carries a copia
retrotransposon in its structure named RAC (Rhg1 α-SNAP copia), which harbors intrinsic
transcriptional activity (Bayless et al., 2019). However, the exact role of RAC in SCN resistance
is not clear yet as no direct effect of RAC in regulating Peking-type GmSNAP18 mRNA and
protein level is detected. Different from the Peking-type GmSNAP18, rhg1-b encoded α-SNAP
lacks the RAC element in its structure (Bayless et al., 2019). Interestingly, PI 88788-type
GmSNAP18 poorly interacts with the NSF protein and disrupts vesical trafficking (Bayless et
al., 2016). As such, the hyperaccumulation of PI 88788-type GmSNAP18 is thought to promote
the collapse of the plant-nematode biotrophic interface leading to nematode resistance (Figure
2). The role of the amino acid transporter Rhg1-GmAAT in SCN resistance may be via the
jasmonic acid (JA) pathway, as overexpression of Rhg1-GmAAT induces JA accumulation and
glutamic acid tolerance (Guo et al., 2019). The role of WI12 in rhg1 mediated SCN resistance
is not understood yet.
Rhg4 is another non-canonical resistance locus and Rhg4-mediated resistance to SCN is
determined by two genetic polymorphisms residing near the ligand-binding sites of a serine
hydroxymethyltransferase (SHMT) (Liu et al., 2012). Mutation analysis showed that these
polymorphisms affect the enzymatic activity of SHMT, which ubiquitously exists in nature and
exhibits a key role in one-carbon folate metabolism (Cossins and Chen, 1997). The change
of folate homeostasis can lead to folate deficiency, which may cause the poor development
and difficult maintenance of syncytia. Alternatively, folate deficiency may trigger HR-like
programmed cell death of the syncytium and lead to the death of nematodes as nematodes
get insufficient folate from the host plant. The findings of Rhg4-mediated resistance reveal
that plants may disrupt developmental or metabolic processes of the feeding structure itself to
achieve resistance (Figure 2). The functional study of mutations on the SHMT protein structure
revealed key residues that affect resistance to SCN (Kandoth et al., 2017; Shaibu et al., 2020).
Meanwhile, the SHMT mutant still exhibit other functions in addition to its main enzymatic
role in SCN resistance.
Rhg4 is required for Peking-type rhg1-a to confer resistance to SCN successfully (Liu et al.,
2012) and this involves both Peking-type rhg1-a GmSNAP18 and Rhg4-a GmSHMT08 (Liu
et al., 2017). Interestingly, two recent studies have revealed novel insights in the mechanisms
underlying the crosstalk between Peking-type rhg1-a GmSNAP18 and Rhg4-a GmSHMT08.
Peking-type GmSNAP18 physically interacts with the Rhg4-a GmSHMT08 tetramer and this
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interaction is strengthened by the pathogenesis-related protein GmPR08-Bet VI (Lakhssassi et
al., 2020b, 2020a). Mutational analysis shows that GmSHMT08 tetrameric structure is essential
for GmSNAP18/GmSHMT08/GmPR08-Bet VI multi-protein complex formation (Lakhssassi et
al., 2020b). GmPR08-Bet VI is suggested to contribute in SCN resistance as overexpression of
the gene leads to an enhanced resistance to SCN while mutation of cytokinin-binding sites of the
gene product abolishes its effect on SCN resistance (Lakhssassi et al., 2020a). Furthermore, these
studies indicate that SA, cytokinin and ROS pathways are involved in SCN resistance. Under
SA and cytokinin treatments, GmSNAP18 and GmPR08-Bet VI are induced while GmSHMT08
is only induced in the presence of GmSNAP18, implying GmSHMT08 functions downstream
of GmSNAP18 (Lakhssassi et al., 2020a). Collectively, a picture emerges in which SCN
infection induces increased expression of GmSNAP18 which leads to a subsequent induction
of GmSHMT08. Next, a GmSNAP18/GmSHMT08/GmPR08-Bet VI multi-protein complex
is formed to regulate activity of GmSHMT08, including one-carbon folate metabolism and
redox metabolism maintenance. Also, the trafficking of GmPR08-Bet VI towards infected cells
increases the cytotoxicity in the cells. Consequently, necrosis and disruption of the syncytium
occurs (Figure 2). Interestingly, for PI 88788-type of resistance, GmSNAP18 also interacts
with GmSHMT08 and GmPR08-Bet VI is able to strengthen this interaction in the cells as
in Peking-type (Lakhssassi et al., 2020b). However, PI 88788-type GmSNAP18 shows the
incompatibility with Peking-type GmSHMT08 and this may explain the current difficulty in
applying soybean lines that combine PI 88788-type and Peking-type in breeding strategies.

Conclusion and future perspectives
In this review, we have highlighted the current knowledge on the molecular and cellular
mechanisms involved in host-specific resistance against cyst nematodes based on a few
well-studied examples . In addition, information from other studies on the activation of
host-specific downstream defense responses were addressed as well and integrated in this review
to provide a comprehensive picture of the molecular mechanisms underlying different types
of cyst nematode resistance known to date. From this, it can be concluded that host-specific
defense to cyst nematodes in most cases is conferred by classical R genes encoding extraand intracellular immune receptors upon specific recognition of cyst nematode effectors or
their activities in the plant cell. Interestingly, host-specific defense to cyst nematodes is also
conferred by non-canonical resistance loci directly interfering in the biotrophic interface between
nematodes and their host plants. To counteract host-specific defense responses, either mediated
by typical single dominant R genes as well as non-canonical QTLs, cyst nematodes have
evolved molecular mechanisms to evade recognition by the plant immune system or by active
suppression of defense responses. This co-evolutionary arms race explains both the diversity
and copy number variation observed in R gene homologs as well as effector variants similar to
what is reported for other pathosystems.
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For cyst nematode R genes, only two model systems (e.g. Gpa2/GpRBP-1 and Cf2/GrVAP-1)
are currently available for which the matching immune receptor-effector pair is known. Such
pairs allow the performance of biochemical, cellular, molecular and functional studies to resolve
the mechanisms underlying plant immunity to cyst nematodes. For example, agroinfiltration
assays on leaves of N. benthamiana can be used instead of time consuming and highly variable
nematode infection assays on crop plants, for which often effective genetic tools are lacking.
However, only a few cyst nematode R genes and resistance loci are identified and characterized
to date, which hampers advances in the field. It is anticipated though that this number will
increase in the near future as the result of sequencing efforts of genomic regions combined
with refined genetic mapping approaches in various crops linked to cyst nematode resistance
(Concibido et al., 2004; Banu et al., 2017) For example, cyst nematode R gene loci are known
in crops for years, such as the H1 and H2 gene in potato (Ellenby, 1952; Blok and Phillips,
2012), but the genes responsible for the resistance are still unknown. However, with the tools
currently available for genetical and functional genomics studies it is possible to identify the
causal genes. Fine mapping in combination with genome sequencing revealed that the H1 locus
harbors a cluster of NLR candidate genes, suggesting that the H1 gene is a classical single
dominant R gene (Finkers-Tomczak et al., 2011). Similarly, the recent mapping of the H2 gene
in combination with NLR-specific enrichment sequencing (RenSeq), Diagnostic resistance
gene enrichment (dRenSeq) and Generic-mapping enrichment sequencing of single/low-copy
number genes (GenSeq) also revealed candidate R genes encoding NLR immune receptors
(Strachan et al., 2019). So, the next step is to show their contribution to cyst nematode resistance,
which can be examined by for example RNA interference (RNAi) or CRISPR-Cas9 gene editing
techniques in a resistant background followed by infection of plants with a matching avirulent
cyst nematode population to see if R gene mediated resistance is compromised (Shaibu et al.,
2020).
The application of these advanced sequencing techniques combined with molecular mapping
approaches will not only enhance the identification of novel R genes to cyst nematodes in major
crops like potato, but also provides the accurate positioning of these genes on the chromosomes
of crop genomes. Together, this knowledge and knowhow will facilitate the improvement
of crop resistance to cyst nematodes by marker assisted selection and molecular breeding.
Functional characterization of the (novel) responsible genes or QTLs as well as detailed insights
about the underlying molecular and cellular mechanisms can contribute to the rational design of
novel R genes (loci) with different recognition spectra, either through gene editing or targeted
selection of resistance gene homologs in natural or breeding populations. In this way, broad
spectrum resistance could be achieved in crop species to different cyst nematode populations.
Also the stacking of R genes with different recognition spectra provides a promising strategy to
obtain broad spectrum and durable resistance to cyst nematodes.
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Another major bottleneck in this research area is the lack of knowledge on the corresponding
effectors recognized by known cyst nematode R genes like Hero A or GroV1. Over the last
decades, an increasing number of cyst nematode effectors have been identified and characterized,
including several suppressors of plant immunity. However, whether certain effector variants are
recognized by the plant immune system remains to be demonstrated. Gland-specific sequencing
coupled with available nematode transcriptomics and genomics data allows identification of
novel effectors, thereby expanding the current effector cyst nematode repertoire (Vieira and
Gleason, 2019). Also the prediction of dorsal gland promoter elements or specific motifs such as
the dorsal gland box (DOG box) (Eves-van den Akker and Birch, 2016; Eves-van den Akker et al.,
2016) will contribute to the identification of pioneer cyst nematode effectors. Effector libraries
can be subsequently used in screening approaches on resistant plant backgrounds with known
R genes to find the corresponding Avirulence factors. In addition, such so called effectoromics
approaches can also enable the identification of novel R genes based on the activation of a
specific hypersensitive response upon screening of natural or breeding populations. So in
conclusion, expanding the repertoire of R and Avr proteins in future research is a key step
to obtain novel insights on the different molecular and cellular mechanisms underlying cyst
nematode resistance and virulence. Moreover, it will contribute to a better understanding on how
cyst nematodes are detection by the plant’s immune system, but also how cyst nematodes have
evolved mechanisms to evade host-specific defense mechanisms to increase their virulence.
Ultimately, this knowledge can be exploited to develop improved control strategies to counteract
cyst nematodes in crops.
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Abstract
The potato CC-NB-LRR immune receptor Gpa2 confers host-specific resistance to the cyst
nematode Globodera pallida and triggers cell death in Nicotiana benthamiana upon recognition
of the matching effector GpRBP-1. Effector-triggered immunity by Gpa2 depends on the
host factor RanGAP2, which regulates the nucleocytoplasmic distribution and functioning of
the highly homologous potato immune receptor Rx1. However, the subcellular localization
of Gpa2 and the possible role of RanGAP2 in determining the subcellular localization of
Gpa2 is yet unknown. Moreover, no knowledge is available about the cellular mechanisms
underlying nematode effector detection by Gpa2 and the activation of plant immune responses.
Here, we used the Gpa2/GpRBP-1 pair as a model to address these questions. We showed that
transient expression of GFP-tagged Gpa2 in N. benthamiana leaves results in a balanced
distribution of Gpa2 in both the nucleus and the cytoplasm, which depends on complex
formation with RanGAP2 as a cytoplasmic retention and stabilizing factor. Using nuclear
and cytoplasmic targeting signals, we could demonstrate that GpRBP-1 is detected by Gpa2 in
the cytoplasm. Moreover, we showed that the nuclear and cytoplasmic pools both contribute to
effector-triggered immunity by Gpa2 in cell death assays as well as in nematode resistance of
transgenic potato roots. From these data, a picture emerges in which RanGAP2 retains Gpa2
in the cytoplasm to form a pre-activation complex, which aids in GpRBP-1 detection and the
activation of immune responses in a compartment-specific manner.
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Introduction
The vast majority of resistance (R) genes in plants encode intracellular immune receptors that
belong to the class of nucleotide-binding (NB) leucine-rich repeat (LRR) proteins (Caplan et
al., 2008; Eitas and Dangl, 2010). NB-LRRs can activate effector-triggered immunity (ETI)
upon direct or indirect recognition of pathogen-specific effectors (Jones and Dangl, 2006).
NB-LRRs consist of two subclasses, either TIR-NB-LRR or CC-NB-LRR, depending on the
presence of a Toll/Interleukin-1 receptor (TIR) or coiled-coil (CC) domain at the N-terminus
(Jacob et al., 2013). Both N-terminal domains are thought to be involved in downstream
signal initiation (Swiderski et al., 2009). The central nucleotide-binding, Apaf-1, R-protein,
and CED-4 (NB-ARC) domain consists of three subunits, the NB, ARC1 and ARC2, which
together build a nucleotide-binding pocket (Takken and Goverse, 2012). This pocket connects
to the other domains and works as a molecular switch to activate and deactivate the immune
receptor. The C-terminal end of the LRR domain is thought to be responsible for specific effector
detection, while the N-terminal end of the LRR domain functions in intramolecular signal
induction (DeYoung & Innes, 2006; Sukarta, Slootweg, & Goverse, 2016). The recognition of
pathogens by NB-LRRs triggers the activation of defense responses, which blocks the pathogen
from reproduction. This is usually associated with a local hypersensitive response, a form of
programmed cell death.
Intracellular NB-LRR immune receptors show diverse distribution patterns within plant cells
(Bernoux et al., 2011; Qi and Innes, 2013). In the past, most NB-LRRs were thought to be
located in the cytoplasm as they lack canonical nuclear localization signals (NLSs) in their
sequence. Later, some algorithms were developed to predict subcellular localization signals in
NB-LRRs (Cokol et al., 2000; Nguyen Ba et al., 2009; Lin and Hu, 2013). Hence, NB-LRRs
containing NLSs were predicted and experimentally tested to show a nuclear localization in
the cells like RPS4 from Arabidopsis thaliana (Wirthmueller et al., 2007). In recent years,
however, it has been reported that NB-LRR subcellular localization is not always determined
by canonical NLSs in their sequence. Some NB-LRRs, such as barley MLA10 and tobacco
N, do not contain any canonical NLS motif but still locate in the nucleus (Burch-Smith et al.,
2007; Shen et al., 2007). This indicates that their subcellular localization is determined by a yet
unknown alternative mechanism. Several NB-LRRs are located at the plasma membrane (PM)
like the Arabidopsis RPM1, RPS5 and tomato Tm-22 (Boyes et al., 1998; Qi et al., 2012; Wang
et al., 2020). The CC domain of both RPS5 and Tm-22 is sufficient for their PM-localization
(Qi et al., 2012; Wang et al., 2020), while the PM-localization of RPM1 requires a functional
P-loop motif, which is important for nucleotide binding function (Gao et al., 2011; El Kasmi
et al., 2017). In addition, few NB-LRRs carry a signal anchor sequence to target proteins in
endomembranes. For example, the flax rust resistance protein L6 and M reside in the Golgi
apparatus and the tonoplast, respectively (Takemoto et al., 2012).
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The localization of NB-LRRs in a specific compartment often associates with their unique
function as pathogen detectors and molecular switches in plant immunity (Burch-Smith et
al., 2007; Bai et al., 2012; Inoue et al., 2013; Xu et al., 2014; Du et al., 2015; Casey et al.,
2016; Chen et al., 2021). For example, barley MLA10 and tomato Sw-5b require a cytoplasmic
pool to trigger a cell death response while the nuclear pool functions in disease resistance
activation (Bai et al., 2012; Chen et al., 2021). Also the detection of matching effectors is
often confined to a specific compartment like the cytoplasm or the nucleus for tobacco N
and potato R1, respectively (Burch-Smith et al., 2007; Du et al., 2015). Some NB-LRRs even
require relocation or a dynamic distribution to accomplish full functionality. Potato R3a requires
translocation from the cytoplasm to endosomal compartments to recognize the effector and
activate consequent cell death (Engelhardt et al., 2012). The NRC4 is first activated by effector
detection in the extrahaustorial membrane and then transports to the PM to trigger immune
responses (Duggan et al., 2021).
The well-characterized potato CC-NB-LRR immune receptor Rx1 also shows a nucleocytoplasmic
distribution pattern, although it lacks a canonical nuclear localization signal motif in its
sequence (Slootweg et al., 2010; Tameling et al., 2010). The subdomains of Rx1 show different
subcellular localization patterns, but together they determine the Rx1 full length localization
in plant cells (Slootweg et al., 2010). Moreover, Rx1 requires a balanced nucleocytoplasmic
distribution for immune defense activation (Slootweg et al., 2010). Rx1 recognizes the Potato
Virus X (PVX) coat protein in the cytoplasm and defense activation of Rx1 is dependent on the
co-factor Ran GTPase Activating Protein 2 (RanGAP2) (Sacco et al., 2007), which forms a
complex with the Rx1 CC domain (Hao et al., 2013). Strikingly, RanGAP2 also works as a
cytoplasmic retention factor of Rx1 to dictate the subcellular distribution of Rx1 and facilitate
Rx1 function (Tameling et al., 2010).
The potato CC-NB-LRR immune receptor Gpa2 is a close homolog of Rx1 ( 88% similarity
at protein level) but confers resistance in roots against specific field populations of potato
cyst nematode Globodera pallida (van der Vossen et al., 2000). Unlike Rx1-mediated extreme
resistance, which does not require cell death to occur, activation of Gpa2 causes a delayed
cell death response around the nematode feeding site (Koropacka, 2010). Gpa2 is the only
NB-LRR immune receptor against plant-parasitic nematodes for which the matching effector
GpRBP-1 is currently known (Sacco et al., 2009; Zheng et al., 2021) and co-expression of
Gpa2 and GpRBP-1 leads to cell death in N. benthamiana leaves via agroinfiltration. Previous
studies revealed that the recognition of GpRBP-1 by Gpa2 depends on only one single amino
acid polymorphism in the GpRBP-1 SP1a and RYanodine receptor (SPRY) domain (Sacco
et al., 2009). The mutation of proline (P) at position 187 to serine (S) results in the evasion
of recognition by Gpa2. Like Rx1, Gpa2 also requires the host protein RanGAP2 for defense
response activation (Sacco et al., 2009). Silencing of RanGAP2 abolishes Gpa2 function while
artificial tethering of RanGAP2 to GpRBP-1 induces an enhanced cell death (Sacco et al., 2009).
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However, no information is available yet on the subcellular distribution of Gpa2 in plant cells and
the potential role of RanGAP2 in Gpa2 functioning at the cellular level. Moreover, it is unknown
how localization of Gpa2 in different subcellular compartments determine effector-triggered
immunity against the plant-parasitic nematode G. pallida.
Therefore, the aim of this study was to investigate the subcellular distribution of Gpa2 in plant
cells pre- and post-activation and the role of RanGAP2 in this process. Moreover, the role
of different subcellular compartments was assessed in effector-triggered cell death by Gpa2
as well as nematode resistance responses. Using confocal microscopy upon agroinfiltration
of constructs in N. benthamiana leaves, we could show that Gpa2 has a nucleocytoplasmic
distribution pattern in the cell, even though it lacks a canonical NLS in its sequence. Using
nuclear and cytoplasmic targeting sequences fused to Gpa2 and the matching effector GpRBP-1,
we could demonstrate that nematode effector detection occurs in the cytoplasm. In addition, we
show that both cytoplasmic and nuclear pools of Gpa2 contribute to the onset of cell death as
well as Gpa2-mediated nematode resistance in transgenic potato roots. Next, we could show
that RanGAP2 is able to retain and stabilize Gpa2 in the cytoplasm to form a pre-activation
complex. Interestingly, the presence of GpRBP-1 resulted in a cytoplasmic shift of both the
Gpa2 and GpRBP-1 pool. From these data, we propose a model in which RanGAP2 facilitates
GpRBP-1 detection by forming a stable pre-activation complex with Gpa2 in the cytoplasm,
and the subsequent activation of defense responses occurs in a compartment-specific manner
that requires both the cytoplasmic and nuclear Gpa2 pool.

Results
Gpa2 locates both in the cytoplasm and nucleus
To investigate the localization of Gpa2 in plant cells, we transiently expressed N-terminal
green fluorescent protein (GFP) fused Gpa2 in N. benthamiana leaves by agroinfiltration and
visualized its location by using confocal laser scanning microscopy (CLSM). Free GFP was
used as the negative control. GFP-Gpa2 showed a nucleocytoplasmic distribution in the cells,
like its close homolog Rx1 (Figure 1A), but a stronger fluorescence was observed in the
cytoplasm resulting in a higher C/N ratio as compared to Rx1 (Figure 1B). So, despite their
high sequence homology Gpa2 showed a different nucleocytoplasmic distribution pattern than
Rx1.
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Figure 1. Gpa2 nucleocytoplasmic distribution pattern in plant cells. A. Confocal imaging of N. benthamiana leaf
cells transiently expressing free GFP or N terminal-GFP tagged Gpa2 and Rx1. Images were made at 2 dpi. Bars=10
µm. Representative images of n= 3-5 cells observed in at least 3x independent experiments. B. Fluorescence intensity
was quantified in the nucleus (N) and cytoplasm (C) based on 3 randomly selected cells.

3
GpRBP-1 recognition by Gpa2 takes place in the cytoplasm
Previous studies have shown that GpRBP-1 also localizes in both the nucleus and the cytoplasm
in plant cells upon agroinfiltration of N. benthamiana leaves (Jones et al., 2009; Diaz-Granados
et al., 2020). Gpa2 and its matching effector GpRBP-1 thus reside in the same compartment of the
plant cell. This triggered the question which subcellular compartment contributes to GpRBP-1
recognition. We hypothesized that if the nuclear pool of Gpa2 is required for recognition, the
targeting of GpRBP-1 in the cytoplasm would compromise Gpa2-mediated cell death upon
co-expression and vice versa for the cytoplasmic pool. Therefore, we created constructs for the
GpRBP-1 activating variant Rook1 in which the N-terminus was fused with a GFP followed by
either a SV40 NLS or a PKI nuclear export signal (NES) as described (Lanford and Butel, 1984;
Wen et al., 1995; Haasen et al., 1999). These constructs should target Rook1 in the nucleus and
the cytoplasm, respectively. Mutated non-functional GFP-nls*-Rook1 and GFP-nes*-Rook1
constructs were also created and should display the similar localization pattern as the wild type
GFP-Rook1.
First, we checked sequences, protein expression, and the subcellular location of different
versions of GFP-NXS-Rook1. Most GFP-NXS-Rook1 constructs were in the expected
subcellular compartment except GFP-nls*-Rook1, which was detected solely in the nucleus
(Figure 2A). However, we confirmed by sequencing that this construct has the correct nls*
sequence as described (Supplement Figure 1) (Wen et al., 1995), but still results in a shift
towards the nucleus. This is an often observed phenomenon and has been reported by other
studies (Hoser et al., 2014). Next, Gpa2 under the control of the native GPAII promoter
and GFP-NXS-Rook1 driven by the CaMV 35S promoter were transiently co-expressed
in N. benthamiana leaves. For the Rook1 wild type control, cell death was observed at
7 dpi after infiltration. Strikingly, the nuclear targeting of Rook1 (NLS) resulted in the
loss of Gpa2-mediated cell death. However, non-functional GFP-nls*-Rook1 had the same
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phenotype as GFP-NLS-Rook1 consistent with the observed mis-localization to the nucleus.
The cytoplasmic targeting of Rook1 (NES) and its mutant (nes*) still resulted in significant cell
death compared to GFP infiltrated leaves, but milder than the wild type Rook1 infiltrated leaves
(Figure 2B). Cell death was quantified via a chlorophyll assay showing a significantly lower
chlorophyll content in GFP-Rook1, and even less for GFP-NES-Rook1 and GFP-nes*-Rook1
(Figure 2C), consistent with the observed enhanced cell death upon cytoplasmic targeting.
Collectively, these data show that GpRBP-1 recognition occurs in the cytoplasm.

Figure 2. Redirection of Rook1 affects Gpa2-mediated cell death response. A. Confocal images of transiently
expressed GFP-NXS-Rook1 versions in N. benthamiana leaf cells at 2 dpi. C, cytoplasm. N, nucleus. Bar=10 or
20 µm. Representative images of N = 3 cells observed in 2x independent experiments. B. Responses of transiently
co-expression of Gpa2 and GFP-NXS-Rook1 in N. benthamiana leaves at 7 dpi. C. The necrosis was quantified by a
chlorophyll assay at 7 dpi. Chlorophyll was measured at wavelength 655-550 nm. N > 8 samples.

Evasion of Gpa2 recognition by a GpRBP-1 S variant is not due to
mis-localization in the cell
The recognition of GpRBP-1 variants by Gpa2 is determined by a single polymorphic residue at
position 187 in the GpRBP-1 SPRY domain (Sacco et al., 2009). The mutation of proline (P) at
187 to serine (S) results in the failure to be recognized by Gpa2. To investigate whether GpRBP-1
P and S variants may display different localization patterns in the cells that could explain the
evasion of Gpa2 recognition, we visualized both a C-terminal mCherry tagged GpRBP-1 P
variant (Rook1-mCh) and S variant (Rook4-mCh) at 2 dpi. A nucleocytoplasmic distribution
was observed for the P variant Rook1-mCh as described earlier (Figure 3A) (Diaz-Granados
et al., 2020). For the S variant Rook4-mCh, a similar nucleocytoplasmic distribution was
observed in the cells (Figure 3A). Since both activating and non-activating variants locate in
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the nucleus and cytoplasm, we conclude that the S/P substitution does not influence GpRBP-1
subcellular localization and that evasion of Gpa2 recognition is thus not caused by subcellular
mis-localization of the non-activating S variant.

Co-expression of RBP-1 and Gpa2 shifts the immune receptor Gpa2 to the
cytoplasm
As both Gpa2 and GpRBP-1 P/S variants display similar nucleocytoplasmic distribution
patterns in the cell, we then investigated effect of co-localization of Gpa2 and GpRBP-1
P/S variants to see if this leads to changes in subcellular localization of Gpa2 or GpRBP-1 P/S
variants. In principle, co-expression of Gpa2 and the P variant Rook1 will trigger activation of
Gpa2-mediated cell death that may interfere with the imaging of proteins due to induction of
autofluorescence and reduced fluorescent protein accumulation in the dying cell. Therefore,
we tried to harvest leaves prior to the onset of cell death or used a Ca2+ blocker to prevent
cell death (El Kasmi et al., 2017). Unfortunately, we did not manage to collect data using
these methods, even under optimized conditions. Although we were able to prevent cell death
in N. benthamiana leaves based on visual scoring, it cannot be excluded that cell death was
triggered at the cellular level thereby affecting sufficient protein accumulation for detection
by confocal microscopy. Therefore, we switched to a C-terminal GFP tagged Gpa2 construct
(Gpa2-GFP), which shows a similar nucleocytoplasmic distribution pattern as the N-terminal
GFP tagged Gpa2 version in figure 1A (Figure 3A). However, in contrast to the N-terminal
fusion construct, C-terminal fusion of GFP to the Gpa2 immune receptor did not show cell
death in N. benthamiana leaves that allows sufficient protein accumulation for monitoring
co-localization patterns.
To this end, Gpa2-GFP and Rook1-mCh or Rook4-mCh were co-expressed in N. benthamiana
leaves for CLSM at 2 dpi. For the GpRBP-1 effector, no obvious change in subcellular
localization was noticed for either Rook1-mCh or Rook4-mCh upon co-expression with the
Gpa2 immune receptor (Figure 3A). However, in the presence of either GpRBP-1 variants
Gpa2 did show a change in its nucleocytoplasmic distribution pattern in the cell. An stronger
fluorescence signal was observed in the cytoplasm, whereas a weaker fluorescent signal
was noticed in the nucleus when compared to the control. To quantify and confirm these
observations, the fluorescent intensity ratio between the cytoplasmic and nuclear compartment
(C/N ratio) was determined. A significant increased cytoplasmic fluorescent intensity was
seen for Gpa2-GFP (Figure 3B) consistent with the microscopic observations. A similar Gpa2
protein expression level was detected in the presence and absence of either GpRBP-1 variants
(Supplementary Figure 2), indicating that the overall stability of Gpa2 was not affected
by the effector. Although Rook1-mCh or Rook4-mCh did not show a visible change in their
nucleocytoplasmic distribution pattern in confocal microscopy, the C/N ratio implies that they
also show a higher fluorescence intensity in the cytoplasm when co-expressed with the Gpa2
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immune receptor (Figure 3B). Therefore, we conclude that co-expression results in a change
of distribution between the cytoplasmic and nuclear pool of both the Gpa2 immune receptor
and matching effectors. Moreover, our data showed that this change in nucleocytoplasmic
partitioning is independent from effector recognition and immune activation.

Figure 3. Co-expression with GpRBP-1 shifts Gpa2 to the cytoplasm. A. Confocal images of N. benthamiana leaf
cells upon co-expression of Gpa2-GFP and Rook1-mCh or Rook4-mCh at 3 dpi. Red signal in the cell is the result of
autofluorescence of chloroplasts. Bars=10 µm. Representative images of N > 10 cells observed in 3x independent
experiments. B. Both Gpa2 and GpRBP-1 (either Rook1 or Rook4) show an increased cytoplasmic distribution upon
co-expression as compared to the controls. C, cytoplasm. N, nucleus. Calculation based on 18 cells from 3x independent
experiments.
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Both cytoplasmic and nuclear pool are required for Gpa2-mediated cell
death
To gain insight into the function of different subcellular compartments in the activation of a
Gpa2-mediated cell death response, we performed cell death assays based on the redirection of
Gpa2 either to the nucleus or to the cytoplasm. Thereto, GFP and a nuclear/cytoplasmic targeting
signal (NLS/NES) were fused to Gpa2 driven by the endogenous promotor (GPAII). Before the
functional test, we checked the sequence, protein fusion and precise subcellular localization
of GPAII:GFP-NXS-Gpa2 by CLSM. The constructs (nls*, NES and nes*) were successfully
targeted to the corresponding compartment or showed a wildtype localization pattern. Only
GFP-NLS-Gpa2 showed some residual fluorescent signal in the cytoplasm as well (Figure
4A). Subsequently, all GPAII:GFP-NXS-Gpa2 constructs were co-expressed with the GpRBP-1
variant Rook1 to test the impact of relocation of the Gpa2 immune receptor on the activation of
cell death. As expected, the Gpa2 nonfunctional mutants (nls* and nes*) displayed mild cell
death at 3 dpi like Gpa2 wild type (Figure 4B). However, a decrease in Rook1-induced cell
death was observed when Gpa2 was targeted to the cytoplasm (NES) (Figure 4B), suggesting
that the nuclear pool contributes to Gpa2 functionality. For GFP-NLS-Gpa2, a slight decreased
but non-significant cell death response was observed as compared to the nls* mutant control
(Figure 4B) probably due to the residual cytoplasmic Gpa2 pool (Figure 4A). Quantification
of chlorophyll content of infiltrated spots supported the observed cell death phenotypes (Figure
4C). Together, these data show that both the nuclear and cytoplasmic pool contributes to
Gpa2-mediated cell death triggered by the matching effector GpRBP-1.

Figure 4. The cytoplasmic targeting of Gpa2 compromises cell death induced by GpRBP-1 variant Rook1. A.
confocal images of GPAII:GFP-NXS-Gpa2 versions in N. benthamiana leaf cells at 2 dpi. Bar=10 µm B. Responses of
transient co-expression of GPAII:GFP-NXS-Gpa2 and Rook1 in N. benthamiana leaves 3 dpi. N > 8 samples. C. The
necrosis was quantified by a Chlorophyll assay at 3 dpi. Chlorophyll absorption at 655-550 nm.
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Both nuclear and cytoplasmic pools of Gpa2 are required for disease
resistance
Knowing that both the cytoplasmic and the nuclear pool are required for Gpa2-mediated cell
death response, our next step is to identify if both subcellular compartments could similarly
contribute to disease resistance against G. pallida. We first created stable transgenic potato
lines by using the same GPAII:GFP-NXS-Gpa2 constructs (NLS, nls*, NES, nes*) used in cell
death assay in N. benthamiana leaves (Figure 4). In addition, the GPAII:Gpa2 and GPAII:GFP
stable transgenic lines were created as positive and negative control group, respectively. The
presence of the transgenes was confirmed by PCR and Western blot and three independent lines
were selected for each construct for further use in nematode infection assays. Unfortunately,
attempts to monitor Gpa2 localization in roots of transgenic lines to confirm their subcellular
localization was unsuccessful due to the low GFP signal and high level of autofluorescence
in the transgenic potato roots. However, proper expression and subcellular targeting of the
constructs was already confirmed in N. benthamiana as described above.
To test the contributions of Gpa2 located in different subcellular compartments in disease
resistance, the transgenic potato roots were infected in vitro with surface sterilized pre-parasitic
second stage juveniles (J2) of the potato cyst nematode G. pallida populations D383 (avirulent)
and Rookmaker (virulent). The recognition of D383 by Gpa2 leads to resistance activation and
subsequently, a necrotic cell layer is formed around the syncytium to disrupt nutrient supply
to the nematodes (Koropacka, 2010). As a consequence, females development is arrested.
However, infective Rookmaker juveniles cannot be recognized by Gpa2, so the syncytium was
well developed at the infection sites resulting in many females (Figure 5A). A comparable
number of females was noticed in GPAII:GFP and GPAII:Gpa2 lines (Figure 5A). Interestingly,
a higher number of females was shown in the other Gpa2 transgenic lines (NLS, nls*, NES
and nes*) (Figure 5A), which might be explained by larger root systems in these lines. For
lines infected with J2 of the avirulent population D383, a large number of females was only
observed on the susceptible GPAII:GFP control roots as expected, since this line lacks the
Gpa2 immune receptor (Figure 5A). For Gpa2-containing lines, only a few nematodes were
able to develop normally into adult females upon infection of the roots (Figure 5A). For the
majority of nematodes, the syncytium was poorly developed and often was associated with a
local cell death response. Consequently, most nematodes were arrested in the parasitic J2 stage
(Figure 5B-G). Among the Gpa2 containing lines, GPAII:Gpa2 hardly showed any cysts as
expected while the other Gpa2 lines (NLS, nls*, NES and nes*) showed higher number of cysts,
in particularly the GPAII:GFP-NES-Gpa2 line (Figure 5A). Apparently, the targeting of Gpa2
to either the cytoplasm or the nucleus leads to a compromised nematode resistance response.
From these data we can conclude that the nucleocytoplasmic distribution of Gpa2 is required
for proper functioning as an immune receptor in both cell death responses in N. benthamiana
leaves and disease resistance in potato roots.
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Figure 5. Infection rate and phenotypes of Globodera pallida infected potato GFP-NXS-Gpa2 transgenic lines.
A. Number of adult female nematodes in infected potato roots (8 weeks after infection). For each transgenic line,
3 independent lines were used for infection. Data are representative for 2x independent experiments with similar
results. B-C. Susceptible phenotypes on the GFP control line. B. Females were well-developed on transgenic GFP
potato lines infected with pre-parasitic 2nd stage J2 of the virulent Rookmaker population. C. For the avirulent D383
population, a similar phenotype was observed on infected roots of the GPAII:GFP line. D-G. Gpa2 resistant phenotypes.
D. Few infective nematodes were able to develop into adult females on Gpa2-containing lines. E-F. A small amount
of nematodes were arrested in their development. Smaller females or males were developed and a local cell death
response was often seen around the feeding sites in D383 infected Gpa2-containing lines. G. For the majority of
nematodes, development was inhibited by a local cell death response at the beginning of parasitism in Gpa2-containing
lines infected with the avirulent D383 population. F, female. M, male. S, syncytium.
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Silencing of RanGAP2 shifts Gpa2 more to the nucleus
RanGAP2 functions as a cytoplasmic retention factor of Rx1, which dictates its nucleocytoplasmic
distribution in the cell (Tameling et al., 2010). As Gpa2 is a close homologue of Rx1 (van der
Vossen et al., 2000), we hypothesized that RanGAP2 plays a similar role in Gpa2 localization
in the cell. To test this, we investigated Gpa2 subcellular localization upon silencing of
RanGAP2. We systemically silenced RanGAP2 in N. benthamiana by Tobacco rattle virus
(TRV)-based Virus-Induced Gene Silencing (VIGS). TRV:GUS was used as a negative control.
Three weeks after TRV silencing, free GFP and GFP-Gpa2 were transiently expressed in
leaves of TRV silenced plants using agroinfiltration and Gpa2 localization was subsequently
visualized through CLSM. The silencing efficiency of RanGAP2 in N. benthamiana leaves
was in the range of 80 97.6% (Supplementary Figure 3). The negative control (free GFP)
did not show any change in localization in leaves of TRV:RanGAP2 silenced plants when
compared to the TRV:GUS control plants (Figure 6A). Interestingly, a stronger fluorescent
signal in the nucleus was detected for GFP-Gpa2 in TRV:RanGAP2 silenced plants compared
to the TRV:GUS control plants (Figure 6A). To further support this observation, we analyzed
relative GFP fluorescent intensity between the cytoplasm and the nucleus (C/N ratio). Indeed,
upon silencing of RanGAP2, a significantly reduced C/N ratio was observed for GFP-Gpa2
compared to TRV:GUS silenced plant (Figure 6B), consistent with a relative higher distribution
of GFP-Gpa2 in the nucleus upon RanGAP2 silencing in plants. Apparently, depletion of the
RanGAP2 pool in the cytoplasm results in the nuclear accumulation of Gpa2 in the cell. We
also noticed by immunoblotting, however, a decreased level of Gpa2 protein accumulation
in TRV:RanGAP2 silenced plants (Figure 6C), suggesting that Gpa2 is destabilized in the
absence of RanGAP2. From this we conclude that RanGAP2 acts as a retention factor for
the Gpa2 immune receptor by a stabilizing effect on its accumulation in the cytoplasm in a
pre-activated state. Together, these data show that RanGAP2 is a co-factor which contributes to
the nucleocytoplasmic distribution of Gpa2 in the cell.

Overexpression of RanGAP2 has no visible impact on Gpa2 localization
To complement the observed effect of RanGAP2 silencing on Gpa2 localization, we explored
the impact of RanGAP2 overexpression on Gpa2 localization. For this, we performed
co-localization study of Gpa2 and RanGAP2 or its WPP domain, which is required for
interaction with Gpa2 (Sacco et al., 2009). We first checked the localization of the mCh labeled
RanGAP2 constructs under the confocal microscope. This showed that full length RanGAP2
(RanGAP2-mCh) localized in the nuclear envelope and cytoplasm while the WPP domain of
RanGAP2 (WPP-mCh) showed a nucleocytoplasmic distribution (Supplementary Figure 4).
The nuclear targeted WPP domain (WPP-mCh-NLS) was as expected present in the nucleus
only. The non-functional WPP domain mutant (WPP-mCh-nls*) showed a similar localization
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pattern as the WPP wild type domain (WPP-mCh). These data are consistent with the earlier
reports by Tameling et al., 2010.

3
Figure 6. Silencing of RanGAP2 leads to an increased Gpa2 accumulation in the nucleus. A. Representative
confocal images of GFP-Gpa2 localization in TRV:RanGAP2 silenced N. benthamiana plants. In total 15 cells were
imaged in 3x independent experiments. Bars=10 µm. B. GFP-Gpa2 relative fluorescence intensity ratio between
the cytoplasm (C) and nucleus (N). Calculation was based on 15 cells. C. Immunoblot detection of GFP-Gpa2 with
anti-GFP antibody in TRV:RanGAP2 silenced plants at 2 dpi. TRV:GUS is used as a negative control.

Next, we co-expressed GFP-Gpa2 and RanGAP2 constructs in N. benthamiana leaves and
detected co-localization at 2 dpi. Confocal imaging showed that free mCh as a control did not
affect GFP-Gpa2 localization in the cells (Figure 7A). To our surprise, the full length RanGAP2,
which was hypothesized to retain Gpa2 in the cytoplasm, did not cause any visible change
in the localization of GFP-Gpa2. Similar results were noticed for GFP-Gpa2 in combination
with WPP-mCh and WPP-mCh-nls*. This was supported by C/N ratio fluorescent intensity
analysis (Figure 7B). However, co-expression of GFP-Gpa2 and WPP-mCh-NLS resulted in an
expected complete nuclear targeting of GFP-Gpa2 (Figure 7A). This is consistent with earlier
reports that Gpa2 forms a complex with RanGAP2 via its WPP domain (Sacco et al., 2009).
Apparently, the formation of this complex is not sufficient to increase the cytoplasmic Gpa2
pool upon RanGAP2 overexpression. This is different from what was reported for Rx1, where a
cytoplasmic shift was observed (Tameling et al., 2010), but can be explained by the higher levels
of Gpa2 in the cytoplasm as compared to Rx1. So, the impact of RanGAP2 overexpression on
the cytoplasmic retention of Gpa2 may be less or even indicate that the Gpa2 cytoplasmic pool
reached a plateau preventing further accumulation of the immune receptor.
Previously, it was reported that RanGAP2 is essential for Gpa2-mediated cell death (Sacco et
al., 2009; Tameling et al., 2010). To further investigate whether translocation of Gpa2 caused by
RanGAP2 constructs would affect Gpa2 functioning, we performed cell death assays through
transient co-expression of GFP-Gpa2 and effector Rook1 in combination with various RanGAP2
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constructs (RanGAP2-mCh, WPP-mCh, WPP-mCh-NLS, WPP-mCh-nls*) in N. benthamiana
leaves. Compared to mCh (negative control), co-expression with RanGAP2-mCh, WPP-mCh or
WPP-mCh-nls* did not lead to a change in HR at 2 dpi. However, WPP-mCh-NLS completely
blocked the cell death response, which was confirmed by chlorophyll measurements (Figure
7C). These data are in line with the observed co-localization pattern and supports our finding
that Gpa2-mediated cell death and disease resistance is compromised upon nuclear targeting
(GFP-NLS-Gpa2). Immunoblotting showed that overexpression of RanGAP2 constructs had
minor effects on Gpa2 protein accumulation nor cell death in contrast to RanGAP2 gene
silencing. Therefore, the observed cell death was less likely caused by the change of Gpa2
protein level (Figure 7D). Collectively, we conclude that shifting Gpa2 to the nucleus prevents
cell death, further supporting that the cytoplasmic pool is required for elicitor-dependent Gpa2
immune responses.

RanGAP2 retains Gpa2 subdomains in the cytoplasm
The subdomains of NB-LRR immune receptors may play a key role in determining their
localization. For Rx1, the CC domain is required for nuclear localization while the LRR domain
is necessary for cytoplasmic localization (Slootweg et al., 2010). Since Gpa2 shares 88%
similarity with Rx1 at amino acid level (van der Vossen et al., 2000), we were curious whether
Gpa2 has a similar localization pattern with Rx1 in terms of subdomains. To figure this out,
we visualized the subcellular localization of GFP tagged Gpa2 subdomains (CC, NB-ARC
and LRR domain) at 2 dpi. The data showed that the CC domain (Gpa2-CC-GFP) was mainly
located in the nucleus, the NB-ARC domain (Gpa2-NB-ARC-GFP) was equally distributed
in both nucleus and cytoplasm, and the LRR domain (GFP-Gpa2-LRR) was mainly present
in the cytoplasm (Figure 8A). The localization of Gpa2 subdomains is highly similar to the
localization pattern of the corresponding Rx1 subdomains (Slootweg et al., 2010), suggesting
subdomains may also play a comparable role in determining the localization of the Gpa2 full
length immune receptor in the cell.
RanGAP2 retains Rx1 in the cytoplasm via an interaction with the Rx1 CC domain (Tameling
et al., 2010). To further study whether RanGAP2 has a similar impact on Gpa2 subdomain
localization, we performed a co-localization study of the Gpa2 subdomains (CC, NB-ARC
and LRR domain) and RanGAP2 in N. benthamiana leaves at 2 dpi. Upon co-expression with
RanGAP2-mCh, a dramatic shifting was noticed in Gpa2-CC-GFP, as Gpa2-CC-GFP was now
only located in the cytoplasm (Figure 8A). This is in line with RanGAP2-WPP-NLS which
redirects Gpa2 localization to the nucleus via the interaction with the CC (Figure 7A) and
together support the role of the CC domain in complex formation with RanGAP2. A slight
cytoplasmic shifting was also seen in Gpa2-NB-ARC-GFP in the presence of RanGAP2-mCh
(Figure 8A). Different from Gpa2-CC-GFP, GFP-Gpa2-LRR showed an opposite change in
which GFP-Gpa2-LRR showed much less accumulation in the cytoplasm upon co-localization
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(Figure 8A). However, this might be explained by the degradation of cytoplasmic pool of
GFP-Gpa2-LRR, which was detected by immunoblotting (Figure 8B). Apparently, RanGAP2
overexpression results in destabilization of the Gpa2 LRR domain. Besides, a stabilization
was seen for the Gpa2 CC domain in the presence of RanGAP2, supporting a model in which
RanGAP2 contributes to the stability of the immune receptor complex via its CC domain
thereby retaining Gpa2 in the cytoplasm in a pre-activated state.

3

Figure 7. The nuclear targeting of Gpa2 reduces cell death induced by GpRBP-1 Rook1. A. Confocal images
of co-localization patterns of GFP-Gpa2 and RanGAP2 constructs in N. benthamiana leaf cells. N =10 cells in 2x
independent repeats. Bar = 10 µm. B. Representative data of GFP-Gpa2 relative fluorescence intensity ratio’s between
the cytoplasm (C) and nucleus (N). For each biological repeat, 3-5 cells were analyzed. C. Cell death responses upon
transient co-expression of Gpa2, Rook1 and RanGAP2 constructs in N. benthamiana leaves. The chlorophyll content
was quantified at the absorption 655-550 nm. N > 8 samples. D. Immunoblot of extracted proteins upon co-expression
of Gpa2 and RanGAP2 constructs. CBB-stained membrane of rubisco protein served as loading control. Similar results
were obtained in 3 independent experiments. All the data was collected at 2 dpi.
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Figure 8. Co-expression of RanGAP2 and Gpa2 subdomains results in a change in nucleocytoplasmic distribution.
A. Confocal images of N. benthamiana leaf cells of transient co-expression of GFP tagged Gpa2 subdomains (the CC,
NB-ARC and LRR domain) with or without RanGAP2-mCh at 2 dpi. Red structures are chloroplasts. Bars=10 µm.
Representative images of N = 5 cells observed of 2 plants in 2x independent experiments. B. Immunoblot of extracted
proteins upon co-expression of Gpa2 subdomains and RanGAP2 at 2 dpi. CBB-stained membrane of Rubisco protein
served as loading control.

Discussion
Gpa2 shows a nucleocytoplasmic distribution pattern in the cells
Here, we showed that Gpa2 localizes in both the cytoplasm and the nucleus of plant cells
(Figure 1). The observed cytoplasmic localization of Gpa2 is expected as it lacks a predicted
canonical nuclear localization signal (NLS) in its sequence. Also, the size of Gpa2 (GFP fused
Gpa2 is around 140 kDa) is well above the limit (40-60 kDa) for passive transport through
the nuclear pores (Gasiorowski and Dean, 2003). Nonetheless, we have observed Gpa2 in the
nucleus. This coincides with localization studies for other NB-LRRs, including potato Rx1,
barley MLA10, and tobacco N, which also show a nuclear location despite the absence of a
canonical NLS (Burch-Smith et al., 2007; Shen et al., 2007; Slootweg et al., 2010). Although
Gpa2 had a similar subcellular distribution pattern as Rx1, it accumulates more in the cytoplasm
than Rx1 (Figure 1). This can most likely be attributed to sequence diversity between the
two immune receptors, which also contributed to differences in their functioning as pathogen
detector and molecular switch. For instance, the activation state of Rx1 and Gpa2 is controlled
by a minimal region (around 68 amino acid residues) in the ARC2 domain and the first LRR
repeats (Slootweg et al., 2013). In particular, the replacement of the residue of Gpa2 and Rx1 in
position 401 in the ARC2 domain correlates with intramolecular interaction of the CC-NB-ARC
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and the LRR domain (Slootweg et al., 2013). Intra- or intermolecular interactions mediate the
equilibrium between autoinhibition and activation state of NLRs (Sukarta et al., 2016). So,
subtle difference in affinity between proteins in the Gpa2 complex, either in the cytoplasm or
nucleus, could account for the observed differences in the nucleocytoplasmic balance between
Gpa2 and Rx1.
It is speculated that the CC domain and the LRR domain direct Gpa2 to the nucleus and the
cytoplasm, respectively, and they together determine the nucleocytoplasmic distribution of
Gpa2 full length protein as reported for Rx1 (Slootweg et al., 2010). Not only Gpa2 and Rx1
share 88% sequence similarity at the protein level (van der Vossen et al., 2000), but also Gpa2
subdomains (the CC, NB-ARC and LRR domain) have a subcellular distribution pattern similar
to the corresponding subdomains of Rx1 (Figure 8) (Slootweg et al., 2010; Tameling et al.,
2010). The role of subdomains in determining the localization or translocation is also reported
for other NB-LRRs, including RPS5, Tm-22 and Sw-5b (Qi et al., 2012; Wang et al., 2020;
Chen et al., 2021). Both RPS5 and Tm-22 require the CC domain for localization at the plasma
membrane (Qi et al., 2012; Wang et al., 2020), whereas Sw-5b exhibits an extended N-terminal
Solanaceae domain (SD) domain and depends on the SD domain to realize nucleocytoplasmic
translocation (Chen et al., 2021).
Studies based on other NB-LRRs, which lack a canonical NLS, suggest that Gpa2 may use an
alternative mechanism to enter the nucleus. For instance, a so-called piggyback mechanism
that enables Gpa2 diffusion through nuclear pores via an interaction with nucleoporins or
other proteins that contain a functional NLS (Wagstaff and Jans, 2009). Interestingly, a
functional NLS can also be formed by recruiting residues from two monomers in a homodimer,
as reported for STAT1 (Fagerlund et al., 2002). For Rx1, no support for such alternative
mechanism was obtained (Tameling et al., 2010). NTF2A is essential for the nucleocytoplasmic
trafficking machinery (Zhao et al., 2006), but Rx1 localization was not affected by NTF2A
upon co-expression (Tameling et al., 2010). Hence, the mechanism underlying the nuclear
import of Rx1 as well as Gpa2 remains elusive and needs to be further explored.

RanGAP2 regulates a balanced subcellular distribution of Gpa2
Another mechanism that could account for the nucleocytoplasmic distribution of Gpa2 in the cell
is the impact from co-factor RanGAP2. RanGAPs are involved in regulating nucleocytoplasmic
trafficking of proteins larger than 60 kDa (Meier, 2007). The trafficking of large proteins relies
on their NLSs, which can interact with nuclear import receptors together with the small GTPase
Ran and RanGAPs, to mediate protein transport between nucleus and cytoplasm through the
nuclear pore (Cook et al., 2007). However, such mechanism could not be demonstrated for
Rx1 trafficking in the cell as Rx1 does not contain a canonical NLS and is excluded to form
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a complex NLS by itself (Tameling et al., 2010). Instead, RanGAP2 is shown to act as a
cytoplasmic retention factor of Rx1 (Tameling et al., 2010).
Based on our findings, RanGAP2 seems to function as a cytoplasmic retention factor for Gpa2
as well. Gpa2 also showed a higher accumulation in the nucleus upon silencing of RanGAP2
(Figure 6A). However, different from Rx1, there was no visible translocation of Gpa2 full
length protein when RanGAP2 was overexpressed (Figure 7A). This might be explained by
the different cellular distribution between the nucleus and the cytoplasm of Rx1 and Gpa2.
Also, the difference of only 6 amino acids in the CC domain of Rx1 and Gpa2 may cause
the varying binding affinity to RanGAP2 thereby retain unequal amount of immune receptor
in the cytoplasm. Upon overexpression, Gpa2 shows lower expression levels compared to
Rx1, but RanGAP2 is highly abundant in the cell and not rate limiting apparently for the low
concentrations of Gpa2 present in the cell. Therefore, increased RanGAP2 levels will not
change the distribution pattern of Gpa2, as the entire cytoplasmic Gpa2 pool already forms a
complex with RanGAP2 and reaches a saturation plateau. This is supported by the observation
that there was no enhanced cell death when Gpa2 and GpRBP-1 were co-expressed with either
RanGAP2 full length or WPP domain (Figure 7C), suggesting oversaturated RanGAP2 may
be redundant also for Gpa2-mediated defense responses.

RanGAP2 contributes to the stabilization of Gpa2
Our data implies a potential role of RanGAP2 in coordinating Gpa2 localization and protein
stabilization. We detected a solely translocation to the cytoplasm of Gpa2 CC domain when
co-localized with RanGAP2 (Figure 8A), which is in line with what was observed for the Rx1
CC domain (Tameling et al., 2010). At the other hand, overexpression of RanGAP2 resulted
in a slight cytoplasmic shifting of the NB-ARC domain and a nuclear shifting of the LRR
domain. However, in the absence of RanGAP2, we noticed a more intense band on Western
Blots at around 27 kDa indicating the size of free GFP for the NB-ARC domain (Figure 8B),
suggesting the higher nuclear distribution of the NB-ARC domain alone might be affected
by the free nucleocytoplasmic trafficking of cleaved GFP. Besides, the destabilization of the
LRR domain upon co-expression with RanGAP2 was consistent in all experimental repeats,
indicating that the observed translocation to the nucleus of the LRR domain upon RanGAP2
co-expression is most likely due to the destabilization of the cytoplasmic pool. The finding that
RanGAP2 showed a contrary effect on translocation of the Gpa2 CC and LRR domain may
explain the minor impact of RanGAP2 on Gpa2 full length localization. A similar explanation
can be extended to the impact of RanGAP2 on stability of Gpa2 full length and its subdomains.
However, the destabilization of Gpa2 in RanGAP2 silenced plants demonstrates a stabilizing
role of RanGAP2 in Gpa2 functioning (Figure 6C). Notably, RanGAP2 also stabilizes Rx1
protein in the cells (Tameling et al., 2010), which is probably achieved by the complex formation
between RanGAP2 and Rx1 CC domain (Hao et al., 2013). Since Gpa2 CC domain also interacts
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with RanGAP2 (Sacco et al., 2009), it is likely that RanGAP2 forms a complex with Gpa2 to
keep the steady-level of Gpa2 in the cells.

GpRBP-1 is detected in the cytoplasm by Gpa2
We have shown the essential role of the cytoplasmic pool of Gpa2 in GpRBP-1 recognition,
as targeting of GpRBP-1 to the nucleus fails to trigger Gpa2-mediated cell death, while
GpRBP-1 retained in the cytoplasm could activate cell death (Figure 2). This is in line with the
cytoplasmic distribution of the Gpa2 LRR domain since GpRBP-1 recognition is determined
by the C-terminal end of the Gpa2 LRR domain (Slootweg et al., 2017). GpRBP-1 recognition
in the cytoplasm is expected as most effectors are directly released into the cytoplasm of host
cells during nematode parasitism (Quentin et al., 2013). In fact, other NB-LRRs like Rx1, N
and Sw-5b have also been shown to recognize their corresponding effectors in the cytoplasm
(Burch-Smith et al., 2007; Slootweg et al., 2010; Chen et al., 2021). For CC-NB-LRRs, it is
thought that HR is initiated in the cytoplasm via CC domain-induced pore formation in the PM
as reported for Arabidopsis ZAR1 (Wang et al., 2019b, 2019a). The CC domain depends on its
N-terminal MADA motif to induce cell death, which is a conserved motif in ZAR1 and 20% of
plant CC-NB-LRRs, including helper NRC family proteins, but is lacking in NRC-dependent
sensor NB-LRRs including Gpa2 (Adachi et al., 2019). Thereto, Gpa2 may rely on its helper
NB-LRR NRC2 and NRC3 (Wu et al., 2017) to induce HR in the cytoplasm. Furthermore,
complex formation between ZAR1 and its co-factor is essential for priming the immune receptor
for effector detection and resistosome formation (Wang et al., 2019b, 2019a). Hence, RanGAP2
might also contribute to GpRBP-1 detection by Gpa2 via the complex formation with Gpa2.

Role of nuclear and cytoplasmic pools in Gpa2 functioning
The nuclear pool seems to be crucial for Gpa2 functioning as well, although only a small portion
of Gpa2 resides in the nucleus compared to in the cytoplasm (Figure 1). The lower levels
of Gpa2 in the nucleus might be a default distribution pattern for R proteins as low levels of
accumulation in the nucleus is also observed for N, MLA10, and RPS4 (Burch-Smith et al.,
2007; Shen et al., 2007a; Wirthmueller et al., 2007). Maybe the presence of only a small amount
of NB-LRRs in the nucleus is sufficient for triggering effective defense responses (Liu and
Coaker, 2008). Several NB-LRR proteins have been shown to be able to associate with nuclear
components to regulate nuclear immune activity. For instance, barley MLA10 and Arabidopsis
RCY1 associate with WRKY transcription factors in the nucleus to initiate defense response
signaling (Shen et al., 2007; Ando et al., 2014). Rx1 coordinates with transcription factor Glk1
and DNA binding protein DBCP at DNA to regulate immunity (Sukarta et al., 2020). In the
absence of PVX, DBCP binds to DNA to suppress the affinity of Rx1/Glk1 at DNA. In the
case of immune activation, PVX promotes Glk1 instead of DBCP to interacts with chromatin
thereby conferring resistance to PVX (Townsend et al., 2017). We assume Gpa2 may also be
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able to associate with nuclear components to initiate defense signaling, but this needs to be
further explored.
NB-LRR-mediated cell death response and disease resistance can occur in either the same
or different compartments. For instance, wheat Sr33 activates both cell death response and
disease resistance in the cytoplasm (Cesari et al., 2016). In contrast, barley MLA10 and tomato
Sw-5b adopt an uncouple model in which cell death and disease resistance are activated in
the cytoplasm and the nucleus, respectively (Bai et al., 2012; Chen et al., 2021). Others show
that a balanced nucleocytoplasmic partitioning is required for NB-LRRs full functionality.
For instance, Rx1 requires a balanced distribution between the nucleus and the cytoplasm to
trigger both cell death and disease resistance (Slootweg et al., 2010). Similar to Rx1, a balanced
nucleocytoplasmic distribution is also required for Gpa2 functionality. We found the redirection
of Gpa2 in either the nucleus or the cytoplasm resulted in a decreased HR or a slightly higher
nematode infection (Figure 4, 5 and 7). Particularly, complete nuclear targeting of Gpa2 lead
to consequent loss of GpRBP-1-elicited cell death (Figure 7). Compared to cell death, nuclear
targeting of Gpa2 seems to have less impact on resistance to G. pallida. This may be attributed
to a low copy number of Gpa2-NXS in transgenic lines whilst transient overexpression via
agroinfiltration constitutively increases Gpa2 accumulation and enlarges its defense response.

Conclusion
In this study, we showed that Gpa2 and GpRBP-1 co-localize in both the nucleus and the
cytoplasm. The co-localization in the cytoplasm is a prerequisite for nematode detection and
Gpa2-mediated defense response. Considering the cytoplasmic localization of RanGAP2,
cytoplasmic shifting of both Gpa2 and GpRBP-1 upon co-localization is possibly mediated
by physical interaction with RanGAP2. Specifically, RanGAP2 could form a pre-formed
complex with Gpa2 and GpRBP-1, respectively, in the cytoplasm and this pre-formed complex
allows Gpa2 to detect GpRBP-1 in the cytoplasm thereby eliciting Gpa2-mediated HR. This
is in line with the artificial tethering of GpRBP-1 and RanGAP2 which leads to an increased
Gpa2-mediated HR (Sacco et al., 2009). As RanGAP2 is required for Gpa2-mediated immune
responses (Sacco et al., 2009) and it interacts with Gpa2 via the CC domain (Sacco et al.,
2007), we propose a working model in which Gpa2 recruits RanGAP2 via the CC domain to
form a pre-formed complex in the cytoplasm, which assists detection of effector GpRBP-1 and
subsequent activation of defense response. In parallel, RanGAP2 also maintains the steady
level of Gpa2 in the cells and regulates a balanced nucleocytoplasmic distribution of Gpa2 to
ensure Gpa2 functionality in the cell.
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Materials and Methods
Plant materials and growth conditions
Nicotiana benthamiana plants were grown in a greenhouse at 23°C with a light and dark cycle of
L18/D6. Three-to-four-week-old N. benthamiana plants were used for confocal and expression
studies. Two-week-old N. benthamiana plants were used for virus-induced gene silencing
studies. For stable transformation studies, the susceptible diploid potato (Solanum tuberosum)
line V was grown in a climate chamber at 24°C with a light and dark cycle of L18/D6.

DNA constructs
The transcription of the constructs was controlled by the Cauliflower mosaic virus 35S promoter
and A. tumefaciens terminator of nopaline synthase (Tnos) sequences. The N-terminal GFP
fusion constructs were created as described (Slootweg et al., 2017). The Myc4-GFP-Rook1 and
Myc4-GFP-Rook4 constructs were obtained as described (Diaz-Granados et al., 2020). The
pBIN61-Rg2-WPP-mC-NLS and other RanGAP2 constructs were used as described (Tameling
et al., 2010). GPAII endogenous promoter constructs and targeting signals were generated as
described (Slootweg et al., 2010).

Transient expression by Agroinfiltration
Agrobacteria strain pMOG101 was cultured in 1 L of YEB medium (5 g of beef extract, 1 g
of yeast [Saccharomyces cerevisiae] extract, 5 g of bactopeptone, 5 g of Sucrose, and 2 mL
of MgSO4) with the appropriate antibiotics as described earlier (Van der Hoorn et al., 2000).
Agrobacteria were grown at 28°C with constant shaking at 250 rpm. After overnight growth,
argobacteria were suspended in MMA medium (5 g/L Murashige and Skoog salts, 2.13 g/L
MES 1 H2O, 20 g/L sucrose) with 200 mM acetosyringone and diluted to final concentrations
between OD600 of 0.2 and 1. For each combination, different agrobacteria were mixed at
1:1 ratio and incubated at room temperature for 1-2 h. Mixed agrobacteria suspensions were
infiltrated to N. benthamiana leaves on the abaxial surface through a needleless syringe.

Virus-induced gene silencing
TRV2:GUS and TRV2:RanGAP2 were obtained as described (Tameling and Baulcombe, 2007).
N. benthamiana plants were co-infiltrated with agrobacterium GV3101 containing TRV1 and
TRV2 vectors (1:1 ratio). TRV2:GUS was used as a negative control, and TRV2:PDS was used
to visualize the silencing progression. Three to four weeks after inoculation, the upper leaves
were used for transient expression of the fluorescent Gpa2 proteins.
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Silencing efficiency analysis by qRT-PCR
The RNA isolation of 50 mg leaf samples was done using the Promega Maxwell 16 simple
RNA extraction kit according to the manufacturer’s protocol. First-strand cDNA synthesis was
directly performed using the SuperScript III First-Strand Synthesis System (Invitrogen). The
expression level of RanGAP1 and RanGAP2 were analyzed in qPCR (Supplementary Table 1).
Each 20 µL qPCR reaction includes:1 µL forward and reverse primer, 10 µL IQ mix, 5 µL MQ
and 3 µL template. The qPCR program was performed using the following conditions: 3 min of
initial denaturation at 95°C, followed by 39 cycles of 30 sec of denaturation at 95°C, 30 sec of
annealing at 60.5°C, 20 sec of elongation at 72°C, and a final elongation at 65°C for 5 mins with
a 0.5 °C ramp melting curve from 65 to 95 in 5 sec. Each sample was analyzed in duplicates.
For data normalization, EF1αwas used as the reference gene. The relative expression level was
analyzed by the comparative method (2−∆∆Ct ) using the average threshold values as described
by (Schmittgen and Livak, 2008).

Confocal laser scanning microscopy
Confocal laser scanning microscopy was performed on N. benthamiana epidermal cells by using
a Zeiss LSM 510 confocal microscope (Carl-Zeiss) or Leica SP8 with a 40X 1.2 numerical
aperture water-corrected objective. The argon laser was used at 488 nm to excite for GFP
and chlorophyll, and the HeNe 591 laser at 543nm to excite mCherry. GFP and chlorophyll
emission were detected through a 592 band-pass filter of 505 to 530nm and through a 650nm
long-pass filter, respectively. mCherry 593 emission was detected through a band-pass filter of
600 to 650nm. Fluorescence intensities were quantified by using the Java application ImageJ.
The statistical significant difference between treatment and control samples was analyzed by
Kruskal-Wallis or Wilcoxon test through R program.

Chlorophyll assay
Proteins were transiently expressed in N. benthamiana leaves. Infiltrated spots were monitored
for development of HR and harvested at 3-7 dpi, depending on the type of experiment and
construct. Around 13mm diameter leaf discs were made by discs borer and incubated in 0.5
mL dimethyl sulfoxide at 37°C with constant shaking at 200rpm overnight. A total of 200 ul
of chlorophyll extract in dimethyl sulfoxide was transferred to a clear 96-well plate, and the
absorption was measured at a wavelength of 655 nm and 550 nm in a plate reader. The statistical
significant difference between treatment and control samples was analyzed by Kruskal-Wallis
or Wilcoxon test through R program.
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Protein extraction and immunodetection
Around 100mg fresh leaves were ground in extraction buffer (150 mM NaCl, 50 mM Tris-HCl,
pH 7.5, 1 mM EDTA, 10% glycerol, 10 mM DTT, 2% polyvinylpolpyrrolidone, and 0.5 mg/mL
pefabloc SC protease inhibitor [Roche]) and spun down at 16,000 rpm for 5 min at 4°C.
Supernatant was combined with 4x sample buffer and separated by SDS-PAGE on NuPage
12% Bis-Tris gels and blotted to 0.45µm polyvinylidene difluoride membrane. Proteins were
detected with the following antibodies: GFP-fused proteins were detected using anti-GFP
antibody (Abcam). mCherry-fused proteins were detected using rabbit anti-RFP (Abcam). The
peroxidase activity was visualized with SuperSignal West Femto and Dura substrates (1:1 ratio,
Thermo Scientific, Pierce) and detected with a Syngene G:Box gel documentation system.

3

Potato stable transformation
The susceptible potato Line V were used for Agrobacteria-mediated plant transformation as
described (van Engelen et al., 1994). Protocol provided by Sonia Warmerdam (Laboratory of
Nematology, Wageningen University, the Netherlands) was used for Genomic DNA extraction
and PCR was performed to check the incorporation of the transgene in the plant genome.
Western blot was performed on potato leave materials to check transgenes protein expression.

Nematode infection assay
The avirulent Globodera. pallida population D383 and the virulent population Rookmaker
were used for infection of transgenic potato lines. The resistant diploid potato SH line harboring
the Gpa2 gene (van der Vossen et al., 2000) was used as a control. Stem cuttings of potato
plans were grown on B5 medium. Three weeks later, roots were infected with approximately
250-300 surface sterilized second stage juveniles per plate as described (Goverse et al., 2000).
For each construct three independent lines were used. After 6-7 weeks, nematode developing
was monitored by microscopic inspection.
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Supplementary information
Supplementary Figure 1. Part of GFP-nls*-Rook1 protein sequence. The sequenced result
showed GFP-nls*-Rook1 containing a nonfunctional SV40 NLS sequence (red box) in which
one lysine is replaced by an asparagine (K246 N; nls*, indicated by an arrow) as reported (Lanford
and Butel, 1984; Haasen et al., 1999).

Supplementary Figure 2. Immunoblotting of Gpa2 and GpRBP-1 co-localization study.
Co-expression of GFP tagged Gpa2 and mCh tagged GpRBP-1 (Rook1 and Rook4) in N.
benthamiana leaves. Co-expression with mCh or GFP-myc was used as the negative control.
Detection was performed by anti-GFP or anti-RFP antibodies.
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Supplementary Figure 3. Silencing efficiency of RanGAP2 in N. benthamiana. RanGAP2
expression level were measured via qRT-PCR in TRV-mediated silencing plants and compared
to GUS silenced plant. Silencing efficiency was evaluated 3 weeks after TRV infection.
TRV-RanGAP2 construct was used to silence RanGAP2 in plants. TRV-GUS construct was
used as a negative control.

Supplementary Figure 4. Subcellular localization of different RanGAP2 constructs.
Confocal images of localization of mCh tagged full length RanGAP2 (RanGAP2-mCh),
RanGAP2 WPP domain (WPP-mCh), nuclear targeted WPP domain (WPP-mCh-NLS) and
the non-functional WPP domain mutant (WPP-mCh-nls*). Free mCh was used as the negative
control. Localization pattern was consistently observed in 3 independent experiments.
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Supplementary Table 1. Primer sequences used in qRT-PCR study for RanGAP2 silencing
efficiency checking.
Primer name
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Sequence (5’ → 3’)

Nb_Rg2-Q-F1

ATCTCACAGGAAGCTGCAAGGG

Nb_Rg2-Q-R1

CCAATAGAGGGGAGCGCTTCAC

Nb_EF1α-F1

GGCACTTCCTGGTGACAATGTT

Nb_EF1α-R1

TTGGAGTTGGAAGCAACAAACC
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Functional characterization of NbGRP7

Abstract
The activity of intracellular plant Nucleotide-Binding Leucine-Rich Repeat (NB-LRR) immune
receptors is fine-tuned by interactions between the receptors and their partners. Identifying
NB-LRR interacting proteins is, therefore, crucial to advance our understanding of how these
receptors function. A Co-Immunoprecipitation/Mass-Spectrometry screening was performed in
Nicotiana benthamiana to identify host proteins associated with the Resistance protein Gpa2, a
CC-NB-LRR immune receptor confering resistance against the potato cyst nematode Globodera
pallida. A combination of biochemical, cellular, and functional assays was used to assess the
role of a candidate interactor in defense. A N. benthamiana homolog of the GLYCINE-RICH
RNA-BINDING PROTEIN 7 (NbGRP7) protein was prioritized as a Gpa2-interacting protein
for further investigations. NbGRP7 also associates in planta with the homologous Rx1 receptor,
which confers immunity to Potato Virus X. We show that NbGRP7 positively regulates extreme
resistance by Rx1 and cell death by Gpa2. Mutating the NbGRP7 RNA recognition motif
compromises its role in Rx1-mediated defense. Strikingly, ectopic NbGRP7 expression is
likely to impact the steady-state levels of Rx1, which relies on an intact RNA recognition motif.
Combined, our findings illustrate that NbGRP7 is a pro-immune component in effector-triggered
immunity by regulating Gpa2/Rx1 functioning at a post-transcriptional level.
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Introduction
The plant innate immune system is orchestrated by a consortium of cell-autonomous receptor
proteins (Bezerra-Neto et al., 2020). On the cell surface, Pattern Recognition Receptors (PRRs)
detect conserved Pathogen-Associated Molecular Patterns (PAMPs) or damage inflicted on the
host (Danger-Associated Molecular Pattern or DAMPs) (Jones and Dangl, 2006; Zipfel, 2014).
This triggers basal defense coined as PAMP-triggered immunity (PTI). Pathogens, however, can
adapt by evolving virulence-promoting effector molecules to disarm PTI and/or interfere with
other host cellular processes (Jones and Dangl, 2006). In this interplay, plants evolved Resistance
proteins (R proteins), the majority of which belongs to the family of Nucleotide-Binding
Leucine-Rich Repeat (NB-LRR) receptors (Bezerra-Neto et al., 2020). Classical NB-LRRs
modules have a tri-domain architecture consisting of a central Nucleotide-Binding APAF-1,
R-Protein, and CED4 (NB-ARC) region flanked by an N-terminal domain (typically a coiled-coil
(CC) or Toll/Interleukin Receptor-like (TIR) domain) and a C-terminal Leucine-Rich Repeat
(LRR) domain (van der Biezen and Jones, 1998a; van der Biezen and Jones, 1998b; Jones et
al., 2016). NB-LRRs act as a molecular switch that can readily toggle between ADP-bound
inactive and ATP-bound active states (Takken et al., 2006). The switch function is triggered
by recognition of race-specific effector molecules to trigger Effector-Triggered Immunity
(ETI). ETI can effectively limit pathogen ingress and is often hallmarked by the visible sign
of programmed cell death (Balint-Kurti, 2019). However, the sequence of events leading to
immunity remains largely unresolved.
Plant NB-LRRs engage in various interactions with other components in the host proteome,
either as preformed complexes or as an active response to a pathogenic intrusion (Sun et al.,
2020). The common view is that these interactions modulate immunity by regulating defense
signaling and/or affecting the stability, localization, or activity of the receptor (Sacco et al.,
2009; Sukarta et al., 2016; Sun et al., 2020; van Wersch et al., 2020). In a vast majority of cases,
binding to these co-factors is mediated by domains at the receptor’s N-terminal end (Sun et al.,
2020). This is also consistent with reports showing that the CC/TIR domains of a few NB-LRR
systems can multimerize upon activation, which is thought to increase the surface area available
for scaffolding interacting partners (Bentham et al., 2018). The nature of proteins known to
bind to an NB-LRR varies, ranging from well-established molecular-chaperones (e.g., SGT1
and RAR1) to transcription factors (Bieri et al., 2004; de la Fuente van Bentem et al., 2005;
Leister et al., 2005; Tameling and Baulcombe, 2007; Chang et al., 2013; Townsend et al., 2018).
Aside from a few exceptions, however, a limited number of host proteins are known to directly
associate with the NB-LRR N-termini (Sun et al., 2020). Additionally, how these interactors
contribute to NB-LRR immunity is often not fully understood. Uncovering the identity and
functions of these interactors will contribute to advancing our understanding of how NB-LRRs
mediate defense.
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The CC domain of the potato R protein Rx1, which confers resistance to Potato Virus X (PVX),
has been shown to act as a scaffold by recruiting various molecular components (Sacco et
al., 2007; Tameling and Baulcombe, 2007; Townsend et al., 2018; Sukarta et al., 2020). In
the cytoplasm, Rx1 forms a complex with RanGTPase-Activating Protein 2 (RanGAP2) to
retain a subpopulation of the receptor in this compartment. This is required by Rx1 to recognize
PVX and prompt a complete defense response to the virus (Slootweg et al., 2010; Tameling
et al., 2010). A pool of Rx1 also resides in the nucleus, where it co-opts and modulates the
DNA-binding activity of nuclear-associated proteins such as the Golden2-like transcription
factor (GLK1) and DNA-Binding Bromodomain Containing Protein (DBCP) (Townsend et al.,
2018; Sukarta et al., 2020). The recruitment of compartment-specific host proteins is thought
to grant Rx1 with distinct cellular functions as a molecular sensor and response factor. The CC
domain of Gpa2, which mediates defense against the potato cyst nematode Globodera pallida,
shares considerable homology with the Rx1-CC (95.7% similarity at the protein level). Despite
bearing substantial similarities, however, the Gpa2-CC has only been reported to associate with
RanGAP2 (Tameling and Baulcombe, 2007). Whether Gpa2 shares a more extensive pool of
interacting components in the nucleus and/or cytoplasm is unknown. Elucidating this will reveal
the degree by which homologous NB-LRR receptors diverge in their signaling components.
This will in turn, uncover common, critical points for regulating NB-LRR activity.
In the present study, we identified a Nicotiana benthamiana homolog of the GLYCINE RICH
RNA BINDING PROTEIN 7 (NbGRP7) as an interactor of Gpa2. GRP7s are highly conserved
plant proteins involved in RNA processing and have previously been implicated in early and
late PTI responses (Lee et al., 2012; Nicaise et al., 2013; Wang et al., 2020). However, the
function of a GRP7 homolog in ETI has yet to be reported. Here, we present molecular evidence
that NbGRP7 is a pro-immunity component in effector-induced immune responses by Gpa2 and
Rx1. Substituting a conserved arginine residue in the NbGRP7 RNA Recognition Motif (RRM)
compromises its potentiating effects on Rx1-mediated resistance, suggesting that RNA-binding
may be crucial for the function of NbGRP7 in NB-LRR-mediated immunity. Additionally, we
show that NbGRP7 regulates the steady-state levels of Rx1 transcripts and, as a consequence,
proteins in the cell. Our results collectively reveal a layer of control on the activity of intracellular
NB-LRR immune receptors, like Gpa2 and Rx1, at a post-transcriptional level.

Results
Identification and isolation of NbGRP7 as a Gpa2-interacting protein
To screen for putative interactors of the Gpa2-CC domain, we adopted a targeted proteomics
approach by performing cellular fractionation coupled with Co-IP/MS analysis in N.
benthamiana. To that end, Gpa2-CC-GFP or GFP (negative control) bait constructs were
generated under the control of the Cauliflower Mosaic Virus (Cam35VS) promotor for transient
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overexpression in N. benthamiana by ATTA. As anticipated, MS analysis of the eluted fractions
showed an overrepresentation of the Gpa2-CC-GFP bait in both cellular extracts. We also
co-purified RanGAP2 exclusively in the cytoplasmic fraction of the pull-down consistent
with previous studies (Sacco et al., 2007; Tameling and Baulcombe, 2007). This finding
supports that the technical approach and stringency used for the data analysis were sound.
From the list of candidate interactors, a protein was selected that has substantial peptide hits
matching to a GRP7 homolog which co-precipitated consistently with the Gpa2-CC nuclear
fraction (Supplementary Figure S1; Supplementary Table S1). Given the specificity and
reproducibility of the interaction observed, we prioritized GRP7 in further studies as described
below.
To facilitate functional analysis, we isolated the predicted N. benthamiana GRP7 homolog
(NbGRP7) based on the N. benthamiana draft genome (Solgenomics) and existing AtGRP7
sequence. The isolated transcript is 501 bp long, encoding a protein of 167 amino acids
with an estimated weight of 16.9 kDa. Additional sequence alignment showed that NbGRP7
exhibits strong similarity with other plant-derived GRPs, sharing the highest sequence identity
(73-75% at the amino acid level) to the Solanum tuberosum GRP7 variants (XP_006365106.1
and XP_006365107.1) (Supplementary Figure S2A). The NbGRP7 N-terminus constitutes
the most conserved region, wherein the canonical RNA Recognition Motif (RRM) resides
(Supplementary Figure S2B). Positioned within this region are also two Ribonucleoprotein
motifs (RNP1 and RNP2) and arginine residues required for RNA binding (summarized
schematically in Figure 1A) (Fu et al., 2007; Nicaise et al., 2013). The variable and highly
disordered glycine-rich region accounts for the remaining C-terminal half of the protein, which
is further interspersed with aromatic amino acids.

NbGRP7 interacts with full-length Gpa2 and Rx1 in planta via the CC
domain
We next sought to confirm the interaction identified in the Co-IP/MS screening by performing
BiFC imaging. Although NbGRP7 was originally found to associate with the Gpa2-CC
domain, we expanded our assay to test the interaction of NbGRP7 with Rx1 given its close
homology (88% similarity at amino acid level), particularly in the CC which only differs
in six amino acid residues. To that end, we created both Gpa2-CC and Rx1-CC constructs
fused to the N-terminal half of the super cyan fluorescent protein SCFP3A (pN:G1 and
pN:R1) for transient co-expression with NbGFP7, which was fused to the C-terminal half of
SCFP3A (pC:NbGRP7). The reverse combinations (pC:R1, pC:G1, and pN:NbGRP7) were
also generated for comparison. Combinations co-expressing pN:R1 or pN:G1 with the viral
protein NSs (pC:NSs) were used as negative controls. Likewise, the combination of NbGRP7
with β-Glucuronidase (pN:GUS) was used as an additional negative control. Confocal imaging
at 2 dpi shows that a CFP signal accumulated in the nucleus and to a lesser extent, in the
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cytoplasm when either pN:G1 or pN:R1 was co-expressed with pC:NbGRP7 (Figure 1B).
Remarkably, detailed imaging of the nuclei showed the nucleoplasm to have a non-homogenous
distribution with CFP signals accumulating in subnuclear bodies similar to those described in
earlier studies of AtGRP7 (Kim et al., 2008). These cellular structures are typically associated
with RNA processing, which coincides with the expected function of a GRP7 homolog (Spector
and Lamond, 2011). Conversely, a CFP signal was absent upon co-expression of the negative
control combinations (pN:R1/pN:G1 with pC:NSs and pC:NbGRP7 with pN:GUS) (Figure
1B). All aforementioned constructs were expressed stably and similar results were obtained
with the reverse combinations (Supplementary Figure S3A and B). Combined, our findings
confirm that NbGRP7 can form a complex with the CC domains of Gpa2 and Rx1 in planta,
predominantly in the nucleus.
We next examined whether NbGRP7 can bind to full-length Gpa2 and Rx1 in planta by
Co-IP. Thus, a 4×Myc.GFP-NbGRP7 construct was co-expressed transiently in combination
with (HA)-tagged version of the full-length receptors (4×HA-Gpa2 and Rx1-4×HA.GFP).
Infiltrated leaf materials were harvested at 2 dpi and the extracted proteins were subjected
to a Co-IP using the α-HA magnetic beads system (µMACS). Immunoblotting of the
eluates shows that 4×Myc.GFP-NbGRP7 co-precipitates with both 4×HA-Gpa2 and
Rx1-4×HA.GFP (Figure 1C). A smaller size band was detected below 4×Myc.GFP-NbGRP7,
which was often noticed under our protein extraction conditions and this might be caused
by degradation of 4×Myc.GFP-NbGRP7. Consistent with the Co-IP/MS screening, we
also observed 4×Myc.GFP-NbGRP7 to specifically co-purify with the CC-domain of Gpa2
(4×HA-Gpa2-CC). Taken together, our data demonstrate that NbGRP7 protein interacts with
full-length Gpa2 and Rx1 immune receptors in planta.
To further localize the structural determinants in the CC required for NbGRP7 binding, we
used available S1 and S4 surface mutants of the Rx1-CC domain as described in (Slootweg et
al., 2018). The S4 mutations disrupt the hydrophobic patch essential for RanGAP2-binding in
helix 4 of the Rx1-CC, while the S1 mutations in helix 1 reduce intramolecular binding to the
NB-LRR. We showed that 4×Myc.GFP-NbGRP7 co-precipitated with the S1 and S4 mutant
variants (CC and full-length) similar to the wildtype control (Supplementary Figure 4A and B).
While the immunoblot shows that Rx1 S1-4×HA.GFP pulled down at a greater extent compared
to the wild-type and S4 derivates (Supplementary Figure 4B), this was not consistent between
experimental repeats. These findings suggest that S1 and S4 surface regions of the CC are most
likely not involved in complex formation with NbGRP7. Thus, NbGRP7 interacts with Rx1-CC
at a surface region distinct from those required for intramolecular interactions and RanGAP2
binding.
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Figure 1. Identification of NbGRP7 as Gpa2 and Rx1-interacting protein. A. Schematic diagram representing
the full-length NbGRP7 homolog isolated from N. benthamiana cDNA. The conserved Arginine residue required
for RNA binding is highlighted in blue. RNP1 = ribonucleoprotein motif 1; RNP2 = ribonucleoprotein motif 2.
B. Biomolecular fluorescence complementation (BiFC) of SCFP3A. The N-terminal half of the super cyan fluorescent
protein SCFP3A fused to Rx1-CC (coiled-coil) or Gpa2-CC (pN:R1 or pN:G1) and the C-terminal half of SCFP3A
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fused to NbGFP7 (pC:NbGRP7) were co-expressed in N. benthamiana leaves. SCFP3A was detected in CFP channel,
chlorophyll auto-fluorescence was shown together with CFP signal in the merged channel. Free CFP was used as
positive control and co-expression with pC:NSs or pN:GUS were used as negative controls. N, nucleus. C, cytoplasm.
NB, nuclear body. Scale bar=10 or 20 µm. Cells were imaged at 2 dpi based on 3 cells. Results are representative of
2 biological repeats. C. Immunoblots from Co-IP of NbGRP7 with full-length Gpa2/Rx1 or their CC domains. For
the pull-downs, crude extracts of N. benthamiana co-expressing the appropriate protein combinations were incubated
with α-HA magnetic beads (µMACS). Gpa2/Rx1 constructs or the negative 4×HA.GFP control were used as baits to
co-purify 4×Myc.GFP-NbGRP7. Considering different size of HA-tagged protein, the HA blot was separated into
two parts (Rx1/Gpa2 full length in left panel and the CC domain in right panel) for better detection and result display.
4×Myc.GFP of the NbGRP7 fusion construct sometimes tends to be cleaved-off under the protein extraction conditions
used. This is indicated by the blue triangle.

NbGRP7 is a positive regulator of effector-dependent defenses by Gpa2
and Rx1
To ascertain the biological relevance of the interaction observed for NbGRP7 and Rx1/Gpa2,
we performed a cell death assay in N. benthamiana leaves. Agrobacteria harbouring
4×Myc.GFP-NbGRP7 were co-infiltrated with Rx1/Gpa2 and their matching effectors, namely
the coat protein of PVX strain UK3 (PVX-CP UK3) and GpRBP-1 variant D383-1, respectively.
Infiltrated spots were monitored for the progression of cell death within 3-5 dpi by measuring
chlorophyll loss. Interestingly, transiently overexpressing 4×Myc.GFP-NbGRP7 potentiates
GpRBP-1-induced cell death by Gpa2 (under the control of its endogenous promotor) at 5
dpi as indicated by a greater chlorophyll loss compared to the GFP control (Figure 2A). To
determine whether the pro-immunity functions of NbGRP7 was effector-dependent, we also
included an autoactive p35S:Gpa2 D460V construct. Interestingly, 4×Myc.GFP-NbGRP7
overexpression does not influence autoactivity by p35S:Gpa2 D460V. These results show that
NbGRP7 specifically contributes to effector induced cell death.
For Rx1, cell death is typically a quick response in N. benthamiana. We, therefore, compared cell
death induced by Rx1 constructs cloned under the endogenous (pRx1), CaMV35S (p35S), or
leaky scan promotor (p35LS as described in (Slootweg et al., 2010)). Contrary to Gpa2, transient
overexpression of 4×Myc.GFP-NbGRP7 had negligible effects on Rx1-mediated cell death at
3 dpi (Figure 2B). No significant differences in chlorophyll loss relative to the control could be
observed reproducibly when overexpressing 4×Myc.GFP-NbGRP7, PVX-CP UK3 and Rx1,
irrespective of the immune receptor construct used. Likewise, NbGRP7 overexpression did not
influence the autoactivity of an pRx1:Rx1D460V construct. Contrary to Gpa2, NbGRP7 does
not contribute to Rx1-mediated cell death responses in this study under the conditions used for
testing.
Notably, cell death is viewed as a secondary latent response for Rx1 that is reserved by the
host when immunity proves insufficient, e.g., when there is an over-abundance of the viral
coat protein such as during heterologous expression assays (Bendahmane et al., 1999). Instead,
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Figure 2. NbGRP7 potentiates defenses by Gpa2 and Rx1. Boxplots representing Gpa2- (A) and Rx1- (B) chlorophyll
loss of elicitor-induced or independent cell death upon overexpression of NbGRP7 at 3-5 dpi. Bars represent the
interquartile range while the cross indicates the median. The whiskers mark the minimal and maximal data points.
Significance was calculated using Wilcoxon-Signed Rank test with α= 0.05 from n ≥ 12 samples. Data shown is
representative of at least three independent repeats. For the cell death assay, constructs of Rx1 under the control of either
a 35S, endogenous or leaky scan promotor was used whereas Gpa2 was cloned under the control of its endogenous
promotor (pGpaII). Representative photographs of infiltrated leaf zones are provided in the next row. Boxplots of
absorbance at 405 nm, indicating levels of Potato Virus X avirulent strain (PVX-UK3) upon transient overexpression
(C) or silencing (D) of NbGRP7 in the context of Rx1-mediated responses. Data shown is representative of at least
three independent repeats with similar results. Significance was calculated using Wilcoxon- Signed Rank test with α=
0.05 from n ≥ 8 samples.
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PVX infection typically induces an extreme resistance response, which can effectively restrict
viral spread without the need to elicit cell death (Bendahmane et al., 1995; Bhattacharjee et al.,
2009). We, therefore, investigated the impact of NbGRP7 overexpression on extreme resistance
by Rx1. N. benthamiana leaves were infiltrated with Agrobacteria harbouring an amplicon of
the avirulent PVX-UK3 strain and p35LS:Rx1. Viral levels were quantified by DAS-ELISA
within 1-5 dpi. Our data demonstrate that NbGRP7 enhances Rx1-mediated extreme resistance
against PVX-UK3 between 3-5 dpi, as shown by a significantly greater reduction in viral
levels compared to the control (Figure 2C). Collectively, these findings indicate that NbGRP7
positively regulates extreme resistance by Rx1. We further show that overexpressing NbGRP7
reduces PVX-UK3 accumulation in the absence of p35LS:Rx1 (Supplementary Figure S5),
consistent with existing studies implicating the role of AtGRP7 in basal defense (Lee et al., 2012).
These results combined illustrate a role for NbGRP7 in both Rx1-dependent and -independent
defenses against PVX.
To complement our overexpression studies, TRV-VIGS silencing of NbGRP7 was performed.
However, TRV-VIGS silenced plants showed severe developmental phenotypes at 3 weeks
post-silencing (Supplementary Figure S6), most likely due to pleiotropic effects ofNbGRP7
silencing on accumulation of TRV. We, therefore, abandoned this approach and alternatively,
performed local transient hairpin silencing of NbGRP7 (Shin et al., 2017). Hairpin constructs
(denoted as HpNbGRP7) were designed to knock-down transcript levels of endogenous
NbGRP7 specifically upon leaf infiltration (Supplementary Figure S7). Similar p35LS:Rx1
and PVX-UK3 combinations as described above were co-infiltrated with hpNbGRP7, and virus
levels were quantified at 3 dpi. The results demonstrate that transient silencing of NbGRP7
leads to significantly higher accumulation of PVX-UK3, indicating that Rx1-dependent
resistance was hampered (Figure 2D). These findings complement our overexpression analysis
and collectively, support the role of NbGRP7 in extreme resistance by Rx1. Taken together, our
data demonstrate that NbGRP7 acts a pro-immune component in Gpa2 and Rx1-meditated
effector-dependent defenses.

The function of NbGRP7 in Rx1-mediated extreme resistance depends on
an intact RNA Recognition Motif
Having established a role of NbGRP7 in Gpa2 and Rx1 immunity, we questioned whether its
capacity to bind RNA may underly the observed phenotypes. Thus, we mutated a conserved
arginine residue at position 49 of the NbGRP7 RNA recognition motif to generate mutant
variants (NbGRP7-R49K or -R49Q) impaired in their RNA binding as described in (Nicaise et al.,
2013). Immunoblotting indicates that 4×Myc.GFP-NbGRP7 R49K and 4×Myc.GFP-NbGRP7
R49Q are expressed as stably as wild type 4×Myc.GFP-NbGRP7 (Supplementary Figure
S8A). We also compared the subcellular distribution patterns to wild type NbGRP7 using
confocal microscopy. Interestingly, the mutant variants showed different cellular distribution
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patterns as the subnuclear bodies characteristic of NbGRP7 were considerably less prominent
(Supplementary Figure S8B).

Figure 3. The RNA-binding activity of NbGRP7 contributes to Rx1-mediated extreme resistance against
Potato Virus X avirulent strain (PVX-UK3) in N. benthamiana. A. Boxplots of a double antibody sandwich
ELISA (DAS-ELISA) assay from transient overexpression of p35LS:Rx1-GFP and PVX-UK3 in combination with
4×Myc.GFP-NbGRP7 WT, NbGRP7 R49K or NbGRP7 R49Q. Bars represent the interquartile range, and the cross
indicates the median. The whiskers mark the minimal and maximal data points. Statistical significance was calculated
using Wilcoxon-Signed Rank test with α= 0.05 from n ≥ 12 samples. B, C. Boxplots of RT-qPCR analysis of viral
transcript levels as determined using primers specific for the PVX coat protein. RNA from infected N. benthamiana
leaves harvested at 3 dpi (B) and 5 dpi (C) were used for the analysis. Data shown is a combination of two (B)
or three (C) biological repeat experiments, with each sample consisting of a pool of at least 5 different plants. To
obtain the relative fold change, samples were first normalized to the actin reference gene and then compared to the
combination of Rx1LS + PVX-UK3 + GFP. Bars represent the interquartile range, and the cross indicates the median.
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The whiskers mark the minimal and maximal data points. Statistical significance was calculated using T-test. D, E.
Co-IP of HA-tagged Rx1-CC domain or the full-length immune receptor in combination with WT or mutated variants
of 4×Myc.GFP-NbGRP7. α-HA beads were used to pull-down the receptor fragments. The success of the Co-IP is
detected in the α-Myc immunoblot. “+” indicates the presence of a particular construct in the infiltration combination.
Cleaved 4×Myc.GFP-NbGRP7 under the extraction conditions is indicated by the blue triangle.

We then assessed the effects of overexpressing 4×Myc.GFP-NbGRP7 R49K and
4×Myc.GFP-NbGRP7 R49Q on the Rx1-mediated extreme resistance response as described
above. Quantification of virus levels by DAS-ELISA showed that both mutants still potentiate
PVX-UK3-induced extreme resistance at 3 dpi, although significantly less than wild-type
NbGRP7 (Figure 3A). To corroborate these findings, RT-qPCR analysis was performed, which
indicates that levels of viral transcripts increased in tissues where p35LS:Rx1 was co-expressed
with the mutants compared to wild-type NbGRP7 (Figure 3B and C). These results combined
suggest that the function of NbGRP7 in Rx1-dependent defenses rely on an intact RNA-binding
domain.
To confirm whether the NbGRP7 mutant variants still interact with Rx1, a Co-IP was
performed using similar experimental set-ups as described beforehand. Immunoblotting
shows that 4×Myc.GFP-NbGRP7 R49K co-immunoprecipitated at comparable levels with
4×HA-Rx1-CC and 4×HA-Rx1 as the wild-type NbGRP7 (Figure 3D and E). Thus, we
concluded that the reduced pro-immune activity of NbGRP7 R49K is not due to a lack of
complex formation with the Rx1-CC, but most likely from the loss of its RNA-binding capacity.
Notably, however, the NbGRP7 R49Q variant pulled-down consistently to a greater extent than
wild-type NbGRP7. Thus, substituting the conserved arginine residue in NbGRP7 to an amino
acid with markedly different properties enhanced its physical interaction with Rx1. Coupled
with our functional data, this suggests that the contribution of NbGRP7 in Rx1 defense may
also rely on its interaction with the immune receptor.

NbGRP7 seems to maintain the steady-state levels of Rx1 in planta
Our data show that NbGRP7 strengthens Rx1-mediated extreme resistance is dependent on
an intact RNA recognition motif. This suggests that the RNA chaperone activity of NbGRP7
may underlie its function in Rx1-mediated defense, for example by the stabilisation of Rx1
transcripts as described for AtGRP7 and FLS2 (Nicaise et al., 2013). To explore this model, we
investigated whether overexpressing and silencing of NbGRP7 affects mRNA levels of Rx1
in the cell by performing RT-qPCR analysis. Our findings show that the relative abundance
of Rx1 transcripts increased upon NbGRP7 overexpression in the absence of PVX by c.a.
2 to 4-fold when compared to the GFP control at 3 and 5 dpi (Figure 4A). Conversely,
silencing NbGRP7 decreased Rx1 transcript levels. We reproduced these assays under activating
conditions of Rx1 by PVX-UK3. Similar changes in Rx1 transcript profiles were observed
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during immune activation by PVX-UK3 (Figure 4B). These findings combined show that
NbGRP7 can modulate the steady-state transcript levels of Rx1 in the cell.
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Figure 4. NbGRP7 regulates Rx1 transcript abundance pre- and post-activation by Potato Virus X avirulent
strain (PVX-UK3). A, B. RT-qPCR showing expression profile of Rx1 transcript co-expressed with a construct
whereby NbGRP7 is either overexpressed or silenced in N. benthamiana upon activation by PVX-UK3 or in the
absence of the pathogen. Leaf samples were harvested at either 3 or 5 dpi. For each combination shown, data was
obtained from a pool of at least 5 different plants. Rx1 transcript levels were normalized to the actin reference
gene and the fold change was calculated relative to HpGUS (for hairpin silencing experiments) or GFP-GUS (for
NbGRP7 overexpression experiments). Error bars represent the standard error. C, D. Boxplots of RT-qPCR quantifying
the relative transcript abundance of Rx1 pre and post-activation in the presence of wild-type or mutant NbGRP7
constructs at 3 or 5 dpi. Data shown is based on the combination of two biological repeat experiments. Fold change
was derived following normalization to the actin reference gene and compared to the combination containing wild-type
NbGRP7. Bars represent the interquartile range, and the cross indicates the median. The whiskers mark the minimal
and maximal data points. Statistical significance was calculated using T-test. E. Ectopic expression of NbGRP7 affects
the protein abundance of Rx1. Immunoblot of protein extracts from N. benthamiana leaves co-expressing full-length
Rx1 in combination with left) 4×Myc.GFP, 4×Myc.GFP-NbGRP7 or right) 4×Myc.GFP-NbGRP7 with the hairpin
silencing constructs. Leaf samples were harvested at 3 dpi. Data shown is from a single representative experiment.
CBB-stained membrane of the RUBisCO protein served as loading control. The missing corner of the left CBB-stained
membrane was cut as a position mark. F. Immunoblot demonstrating the protein stability of full-length HA.GFP-Rx1
in combination with the overexpression of 4×Myc.GFP, 4×Myc.GFP-NbGRP7, 4×Myc.GFP-NbGRP7 R49Q or
4×Myc.GFP-NbGRP7 R49K in the absence (left panel) or presence (right panel) of PVX-UK3. Data shown is from a
single representative experiment. CBB-stained membrane of the RUBisCO protein served as loading control. Cleavage
of 4×Myc.GFP of the NbGRP7 fusion construct under the extraction conditions is indicated by the blue triangle.
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If NbGRP7 stabilises Rx1 transcripts, we anticipated that this would result in a concomitant
increase in Rx1 protein levels. Indeed, immunoblotting assays shows that overexpression of
4×Myc.GFP-NbGRP7 led to higher protein accumulation of p35LS:GFP-Rx1 while NbGRP7
silencing reduced this amount (Figure 4E and F). Moreover, we could demonstrate that
this increase in Rx1 transcript and protein abundance depends on the RNA-binding capacity
of GRP7. Upon overexpression of the NbGRP7 RNA-binding mutants NbGRP7 R49K and
NbGRP7 R49Q, reduced transcript and protein levels of Rx1 were observed when compared
to wild-type NbGRP7 both in the presence and absence of PVX-UK3 (Figure 4C and D).
Collectively, our findings indicate that NbGRP7 stabilizes the steady-state level of Rx1, which
could explain its pro-immune activity in Rx1-mediated plant defense as described.

Endogenous GRP7 is downregulated upon PVX or Globodera pallida
infection
As NbGRP7 contributes to Rx1- and Gpa2-mediated immune response, we were curious how
NbGRP7 itself is regulated upon pathogen infection. Therefore, we first examined GRP7
transcript levels upon PVX infection. We co-infiltrated p35LS:Rx1 and NbGRP7 with or
without PVX-UK3 to check NbGRP7 regulation. NbGRP7 transcript level was quantified
via RT-qPCR at both 3 and 5 dpi. Upon PVX-UK3 infection, NbGRP7 transcript levels were
upregulated at 3 dpi and dropped at 5 dpi (Figure 5A). In addition, we tested endogenous
NbGRP7 regulation upon PVX-UK3 infection at both 3 and 5 dpi. This also resulted in reduced
levels of endogenous NbGRP7 upon PVX-UK3 infection but now already from 3 dpi onwards
(Figure 5B). These data show that NbGRP7 is downregulated upon PVX infection.
Next, we also analysed the impact of PCN infection on endogenous GRP7 transcript levels.
For this, we used potato as a host for nematode infection since G. pallida cannot infect roots
of N. benthamiana. We infected the Gpa2 resistant potato genotype SH with the G. pallida
avirulent population D383 and virulent population Rookmaker. Infected root segments were
harvested at 3 and 6 dpi for assessment of GRP7 transcript levels via RT-qPCR. To identify the
NbGRP7 homologue in potato, we blasted the NbGRP7 sequence against the potato genome
database (PGSC DM v4.03 genes) in Solgenomics and got only one matching candidate
PGSC0003DMG400000708, which is annotated as Glycine-rich RNA-binding protein and
referred to from here onwards as StGRP7 (Supplementary Figure 9). Data showed that upon G.
pallida infection, StGRP7 showed downregulation at both 3 and 6 dpi (Figure 5C), indicating
that also upon G. pallida infection GRP7 transcript levels are reduced consistent with NbGRP7
regulation during PVX infection. Moreover, StGRP7 displayed a comparable transcript level in
D383 and Rookmaker infected samples at both 3 and 6 dpi, suggesting StGRP7 gene expression
is suppressed by G. pallida in both the compatible and incompatible interaction. Overall, our
data demonstrate that endogenous GRP7 gene expression is downregulated upon infection of
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either PVX or G. pallida in two different plant species, N. benthamiana and potato respectively,
probably to promote virulence by suppressing the GRP7 pro-immune response.

4

Figure 5. NbGRP7 regulation upon Potato Virus X (PVX) or Globodera pallida infection. A, B. Boxplots of
RT-qPCR analysis of NbGRP7 transcript levels upon avirulent strain PVX-UK3 infection. Total RNA from infected N.
benthamiana leaves harvested at 3 dpi and 5 dpi were used for the analysis. A. Overexpressed NbGRP7 transcript. B.
Endogenous NbGRP7 transcript. Data shown is the combination of three biological experiments. NbGRP7 transcript
levels were normalized to the actin reference gene and then compared to the combination without PVX-UK3 infection.
C. Boxplots of StGRP7 transcript levels upon G. pallida infection. Potato resistance genotype SH line was infected
with G. pallida virulent population (Rookmaker) and avirulent population (D383) and infected root segments were
harvested at 3 and 6 dpi for RT-qPCR analysis. Inoculation without G. pallida was performed as Mock group. Data
shown is consisted of three biological experiments.StGRP7 transcript levels were normalized to the RPN7 and TUA5
reference genes and then compared to the mock group. Bars represent the interquartile range, and the cross indicates the
median. The whiskers mark the minimal and maximal data points. Statistical significance was calculated using T-test.
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Discussion
The activity of plant NB-LRRs is regulated by their interaction with components in the plant
proteome. However, the identities and functions of NB-LRR-associated proteins are largely
unknown. In this study, we describe the identification of NbGRP7 as an interactor of the
intracellular NB-LRR immune receptors Gpa2 and Rx1 based on a Co-IP/MS screening in N.
benthamiana. Transient overexpression and silencing experiments demonstrate that NbGRP7
positively contributes to GpRBP-1-dependent cell death by Gpa2 and extreme resistance by
Rx1. Interestingly, ectopically expressing NbGRP7 also influenced Rx1 transcript and protein
abundance. Both the pro-immune activity and transcript regulation of Rx1 by NbGRP7 rely on an
intact RNA-binding domain. Taken together, we infer that NbGRP7 acts as a co-factor regulating
the stability of its NB-LRR receptors. We postulate that this occurs at a post-transcriptional
level, which is an underexplored mechanism for fine-tuning the functioning of plant NB-LRRs
like Gpa2/Rx1. Our research elucidates the role of a GRP7 homolog in ETI.
By contrast, a role for GRP7 has been explored extensively in the context of basal immunity.
For instance, the RNA-binding function of Arabidopsis (Arabidopsis thaliana) GRP7 (AtGRP7)
is targeted by the Pseudomonas syringae effector HopU1 for ADP-ribosylation to promote
virulence of the bacteria (Fu et al., 2007). A more recent study implicates that the phosphorylation
of AtGRP7 induces a dynamic and global alternative splicing response in the Arabidopsis
transcriptome upon activation of the FERONIA receptor (Wang et al., 2020). Combined with
our data, this indicates that PTI and ETI recruit the same pro-immune components present
in plant cells to activate defense. This supports the idea that PTI and ETI involve (partial)
overlapping pathways in plant immunity. Interestingly, we demonstrate in this study that
NbGRP7 can enhance basal resistance against PVX, consistent with the role of AtGRP7
in FLS2- and FERONIA-mediated defenses (Supplementary Figure S5) (Lee et al., 2012;
Nicaise et al., 2013; Wang et al., 2020). Our findings therefore illustrate that NbGRP7 is a shared
component of PTI and ETI. A parallel can also be drawn with GLK1, which also interacts with
the CC domain and potentiates both Rx1-extreme resistance and basal resistance against PVX
(Townsend et al., 2018). In hindsight, this showed that a single NB-LRR protein can tap into
hubs of defense signaling, which fit within a general picture of convergent cell surface-localised
and intracellular immune signaling pathways in plant defense.
We demonstrated that NbGRP7 is a pro-immune component of both GpRBP-1 triggered
cell death by Gpa2 and extreme resistance by Rx1 in N. benthamiana (Figure 2A, B, C
and D). NbGRP7 thus adds to the pool of shared co-factors of Rx1 and Gpa2 immunity
aside from RanGAP2 (Sacco et al., 2007; Tameling and Baulcombe, 2007). These findings
suggest that Rx1 and Gpa2 may converge in their use of co-factors and signaling requirements
despite their different recognition specificities. This is consistent with sequence exchange
experiments showing that the CC-NB of Gpa2 can replace the CC-NB of Rx1 and vice versa
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while remaining immune receptor function (Slootweg et al 2017). It is striking to note that
NbGRP7 overexpression did not affect the autoactive response of Gpa2/Rx1 D460V constructs
(Figure 2A and B). The D460V mutant is impaired in its MHD motif critical for ADP binding,
thereby hampering nucleotide exchange (Moffett et al., 2002). We predict that this structural
relaxation may override the effect of NbGRP7 needed to surpass the activation threshold.
Alternatively, the autoactive response may rely on other host components, which may be
rate-limiting for the process but are not regulated by NbGRP7. This in turn reflects a degree
of specificity for the role of NbGRP7 in NB-LRR signaling that is reliant on effector-induced
changes. However, the precise nature of these changes warrants further investigation.
Despite several optimization attempts, we were unable to demonstrate an effect of NbGRP7 on
PVX-CP-triggered cell death (Figure 2B). This is fascinating considering that the Rx1-CC and
Gpa2-CC domains are highly homologous (95.7% similarity at the protein level). As discussed
previously, we cannot exclude that GpRBP-1 induced changes can lead to differences between
the effect of NbGRP7 on Gpa2 and Rx1 cell deaths. A likely possibility, however, is that the cell
death response by Rx1 is too robust. Thus, residual NbGRP7 from overexpression cannot further
boost this response. Furthermore, there is accumulating evidence that cell death is dispensable
and can be genetically uncoupled from resistance (extensively reviewed in (Künstler et al.,
2016)). Likewise, extreme resistance by Rx1 to PVX was postulated to be epistatic to cell
death (Bendahmane et al., 1999). This is further reinforced by structure-function studies of
the Rx1-CC, indicating that different surface regions of the domain can be linked to cell death
and extreme resistance (Slootweg et al., 2018). Thus, we cannot exclude that NbGRP7 may
function in regulating extreme resistance while having a limited role in the cell death pathway.
Similar outcomes were noted for GLK1, whose overexpression only impacts extreme resistance
as well (Townsend et al., 2018).
Co-ordinated control of plant NB-LRRs transcripts is key for appropriate defense activation.
This has led to an extensive evolution of various molecular checkpoints to fine-tune the dosage
of NB-LRRs in the cell. As a corollary, there is ample evidence for splicing, lifetime, and export
of mRNAs as a differential response to biotic stress (extensively reviewed in (Lai and Eulgem,
2018)). AtGRP7 was shown to bind directly to transcripts encoding Pattern-Recognition
Receptors in vivo, although the consequence of such bindings remains unclear. Here, we
demonstrate that overexpressing NbGRP7 enhances the transcript and protein levels of
intracellular Rx1 (Figure 4). Earlier studies performed in potato protoplasts have shown that
the extreme resistance response of Rx1 to PVX does not require de novo synthesis of defense
transcripts (Gilbert et al., 1998). In this model, it is, therefore, imperative that a sufficient pool
of pre-existing components is available for defense. This puts post-transcriptional regulation
at the forefront for regulating Rx1 function. Furthermore, this is in accordance with reports
demonstrating that Rx1 transcripts are subject to regulation by 22-nt microRNAs (Li et al.,
2012). Previous works in potato have shown that modulating Rx1 and Gpa2 transcript/protein
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abundance directly impacts defense output (Slootweg et al., 2017), indicating that exerting
control at a post-transcriptional level is important in fine-tuning immunity. We believe that the
biological role of plant GRP7s as RNA chaperones fit within this framework. Consistent with
this, we observed that the interaction of NbGRP7 and Rx1 localize to speckle-like structures in
the nucleoplasm (Figure 1B) that are linked to active sites of (post)-transcriptional processing
(Spector and Lamond, 2011).
Although the mechanistic basis of how NbGRP7 contributes to Rx1 and Gpa2 at a
post-transcriptional level is not fully clear, functional studies with the NbGRP7 R49K/R49Q
mutant variants indicate that its RNA binding capacity is involved (Figure 3; Figure 4D and
F). Thus, it will be of interest to determine whether NbGRP7 directly impacts the turnover of
Rx1/Gpa2 transcripts as described for AtGRP7 and FLS2 (Nicaise et al., 2013). Imaginably,
NbGRP7 could also concurrently regulate multiple targets, for example, defense-transcripts
downstream of Rx1. This is reminiscent with the regulation of PR-1 by AtGRP7 does not
involve direct binding to the PR-1 transcript (Hackmann et al., 2014). Preliminary data shows
that NbGRP7 overexpression upregulates a number of defense marker genes (Supplementary
Figure S10). Hereby, it is important to note that our expression analysis did not indicate any
nonspecific impacts on the housekeeping gene actin, thus the effect is specific in response to
immunity. Future studies should, therefore, aim at elucidating the nature of the immediate
cargo bound to NbGRP7.
Despite the pro-immune function of NbGRP7, the downregulation of GRP7 upon PVX or G.
pallida infection (Figure 5) may due to ETI suppression by PVX or G. pallida, a phenomenon
often observed for pathogens to overcome PTI and ETI responses (Abramovitch and Martin,
2004; Goverse and Smant, 2014; Asai and Shirasu, 2015) . This counter defense response is
further supported by the observation that the RNA-binding function of AtGRP7 is targeted by
the Pseudomonas syringae effector HopU1 to promote virulence of the bacteria (Fu et al., 2007).
Although the Pseudomonas syringae effector HopU1 can target AtGRP7 to affect the RNA
binding between AtGRP7 with FLS2 transcripts, HopU1 does not affect the AtGRP7-FLS2
protein-protein interaction (Nicaise et al., 2013). Moreover, AtGRP7 is able to associate with
several translational components, such as eIF4E and the ribosomal subunit S14 (Nicaise et al.,
2013) suggesting a potential role of AtGRP7 in the translational machinery. For this reason,
we could not exclude a possibility that GRP7 regulates Rx1 and Gpa2 functioning at the
translational level. This may occur independent of GRP7 RNA-binding capacity, which may
explain the contribution in Rx1 and Gpa2 functioning but an observed downregulation of GRP7
upon PVX or G. pallida infection.
Altogether, we envision that NbGRP7 belongs to a complex that regulates the transcript
homeostasis of the NB-LRR Rx1 and Gpa2, and associated defense genes for immunity (Figure
6). By docking to the Rx1/Gpa1-CCs, NbGRP7 arrives in close proximity to other bound
interactors in the receptor complex. In the case of Rx1, this may refer to cytoplasmic RanGAP2,
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Figure 6. Schematic representation of a working model proposed for the role of NbGRP7 in effector-triggered
immunity by Rx1/Gpa2. A. NbGRP7 exists as pre-formed complexes with the receptor proteins in either the nucleus
and/or cytoplasm. NbGRP7 is presumed to regulate the transcript and protein levels of Rx1/Gpa2 and/or defense
components in the cell through its RNA chaperone activity via a yet undefined mechanism (curved dashed line).
Presence of the appropriate elicitor (E) is recognized in the cytoplasm and triggers a conformational switch in Rx1/Gpa2.
Collectively, these changes ensure that a balanced and steady abundance of Rx1/Gpa2 is present to promote an immune
response. B. Impairing the RNA Recognition Motif of NbGRP7 (red asterisks) is predicted to compromise its ability to
regulate the target transcripts, thereby compromising defenses by Rx1/Gpa2.

which coincides with our observation that NbGRP7 does not share an interacting surface with
RanGAP2 on the Rx1-CC (Supplementary Figure 4 A and B) (Sacco et al., 2007; Tameling
and Baulcombe, 2007). Alternatively, NbGRP7 may be brought in close proximity to other
nuclear components like GLK1 and DBCP at the DNA to regulate the function of Rx1 in the
nucleus (Fenyk et al., 2015; Townsend et al., 2018; Sukarta et al., 2020). For example, when
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Rx1 induces transcriptional reprogramming via the activity of transcription factors such as
GLK1, NbGRP7 can stabilize the resultant transcripts and thereby, safeguards response outputs.
It would, therefore, be fascinating to determine how NbGRP7 would co-operate with existing
nuclear interactors of Rx1 and contribute to the transcriptional regulation of downstream
immune responses.

Materials and Methods
Plasmid construction
Full-length NbGRP7 was isolated from Nicotiana benthamiana cDNA using gene-specific
primers listed in Supplementary Table 2 as a NcoI-KpnI fragment by High Fidelity PCR
(Promega) according to the manufacturer’s protocol. Purified fragments were initially ligated
into pGEMT-easy for sequencing and then sub-cloned into the pRAP vector (Schouten et al.,
1997) containing the N-terminal 4×Myc.GFP tag by 3-way ligation (1:1:1 ratio) following
additional BspHI digestion reactions. Positive clones were finally cloned into the pBINPLUS
binary vector (van der Vossen et al., 2000) as AscI-PacI fragments in A. tumefaciens MOG101.
The full-length nucleotide sequence of NbGRP7 was deposited in Genbank with accession
MW478352.
For targeted substitution of NbGRP7 R49Q and R49K, nested PCR was performed using
primers listed in Supplementary Table 2 and Ready-ToGo beads (illustra PuReTaq PCR Beads,
GE Healthcare). In the first round, primers were used to amplify regions encompassing the
mutation in the RNA recognition motif. The resultant fragment was used as template in a second
round of PCR with overlapping extensions to obtain the full-length NbGRP7 fragment. The
same cloning steps for addition of 4×Myc.GFP tag and into the binary pBINPLUS vector was
performed as listed above.
For hairpin silencing, potential silencing regions in NbGRP7 were screened using the
Solgenomics VIGS tool (http://solgenomics.net/tools/vigs) against the N. benthamiana gene
models database v.04.4. Selection of optimal regions included least probability of off-target
effects. Target sequences were ordered synthetically (Genescript) in antisense orientation with
a spacer in between as specified in Supplementary Table 3. These were subcloned into the
destination vector pPT2 (Shin et al., 2017) by BamHI/XbaI digestion first in Escherichia coli
TOP10 and finally, Agrobacterium tumefaciens strain MOG101.
For Bi-Fluoresecnce complementation (Bi-Fc), NbGRP7, Rx1-CC and Gpa2-CC were cloned
initially into pENTR-D topo vector (Invitrogen). Sequence-verified fragments were then cloned
into both pDEST-SCYNE(R)GW or pDEST-SCYCE(R)GW vectors by Gateway LR reaction as
described (Gehl et al., 2009; Diaz-Granados et al., 2020).
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Agrobacterium tumefaciens transient assay (ATTA)
ATTA was used as a system for heterologous protein expression in plants as described in
(Slootweg et al., 2010). Final agrobacterial suspensions were diluted to final OD600 values
according to each assay. Agroinfiltration was performed on the underside of the leaves of
2-3 weeks old N. benthamiana plants using needleless syringes. Plants were grown under
standard glasshouse conditions at a constant temperature of 23°C with light and dark cycle of
L18:D6. Infiltrated spots were screened for the development of cell death, harvested for protein
extraction or examined by microscopy at 1-5 days post infiltration (dpi) depending on the assay
and construct.

Protein extraction and immunodetection
Protein extraction was performed as described in (Slootweg et al., 2010). Briefly, 50-100
mg of leaf material was grounded in extraction buffer (10 mM DTT, 150 mM NaCl, 50 mM
Tris-HCl, pH 7.5, 1 mM EDTA, 10% v/v glycerol, 2% w/v polyvinylpolpyrrolidone, and 0.5
mg/mL pefabloc SC protease inhibitor [Roche]), and spun down at 16,000 rpm for 5 minutes
at 4°C. The supernatant was run through a G25-sephadex column and the eluate was used for
subsequent pull-down assays or mixed directly with 4× Nupage LDS sample buffer with 1M
DTT (Invitrogen). Proteins extracted were then separated by loading onto 12% Sodium dodecyle
sulfate- Polyacrylamide gel electrophoresis (SDS-PAGE) run in 1× MOPS buffer and visualized
by Commassie Brilliant Blue staining or wet blotting. Myc-tagged candidate interactors were
detected using Goat α-Myc polyclonal antibodies (Abcam) in subsequent protein blot analysis
as described by (Tian et al., 2014). However, hereby immunodetection was achieved using a
second polyclonal antibody conjugated with Horse-Radish Peroxidase (Abcam). Conversely,
HA and GFP-tagged fusion proteins were detected using a Peroxidase-conjugated α-HA (Roche)
or α-GFP (Abcam) antibodies respectively. Finally, peroxidase activity was detected by reacting
with the Dura luminescent and SuperSignal West Femto substrates (1:1 ratio; Thermo Scientific,
Pierce) using the G:Box gel documentation system (Syngene).

In planta Co-Immunoprecipitation assays (Co-IP)
N-terminally tagged constructs for expression of p35S:Rx1-4×HA.GFP, p35S:Rx1
S1-4×HA.GFP, p35S:Rx1 S4-4×HA.GFP, p35S:4×HA-Rx1 CC S1, p35S:4×HA-Rx1 CC S4,
p35S:4×HA-Rx1.CC, p35S:4×HA-Gpa2.CC, p35S:4×HA.Gpa2 and p35SLS:4×HA.GFP
were as described in (Slootweg et al., 2010) and (Slootweg et al., 2018). N. benthamiana leaves
infiltrated by the appropriate protein combinations (at OD600 of 0.3-0.5) were harvested at 2-3
dpi. For Co-IP, proteins were extracted as described above. Prior to the pull-down, protein
samples were pre-cleared by incubation with mouse IgG1 agarose beads. After mixing with
α-GFP, α-Myc or α-HA magnetic beads (µMACS) and washing, eluted proteins were run in
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an SDS-PAGE system (Bis-Tris gel, 12%, Invitrogen) with 1× MOPS buffer and blotted onto
PVDF membrane. Immunodetection was then performed as described beforehand using the
appropriate antibodies.

Co-Immunoprecipitation/Mass-Spectrometry analysis
For proteomics analysis, p35S:Gpa2.CC-GFP or p35S:GFP was expressed transiently in N.
benthamiana between 22-28 hours. Proteins were extracted from leaf samples as detailed
previously and used in cell fractionation as described in (Slootweg et al., 2010). Bait proteins
were precipitated using µMACS α-GFP beads (Miltenyi) as described above. Peptides were
generated by on-beads trypsin digestion of the pull-down samples, which were subsequently
sent for MS analysis at the Proteomics Centre at WUR Biochemistry (Wageningen). For
identification of proteins, the spectra of each run was matched using a MaxQuant software
via a database consisting of translated ESTs and UniProt data referring to N. benthamiana and
tobacco (Nicotiana tabacum).

Confocal laser scanning microscopy
Cellular localization studies were performed using the Zeiss LSM 510 or the Leica SP8-SMD
confocal microscope (for BiFc experiments). Agrobacteria harboring the appropriate constructs
were infiltrated on N. benthamiana leaves at final OD600 values of 0.3-0.5. Leaf epidermal cells
were harvested at 2-3 dpi for imaging as described previously in (Slootweg et al., 2010). In
general, Argon laser (intensity ranged from 5 8%) was used to excite GFP at 488 nm and GFP
was detected (gain 1000) at emission wavelength of 470 to 550 nm. For BiFC measurements,
the white laser (CFP laser intensity ranges from 5 10%) was used to excite SCFP3A and
chlorophyll auto-fluorescence at 440nm and 514nm, respectively. SCFP3A was detected at
emission wavelength of 448nm to 495nm. Chlorophyll auto-fluorescence was detected at
emission wavelength of 674nm to 695nm. Analysis of fluorescence intensities was performed
using the ImageJ application software.

Chlorophyll assay
Chlorophyll content was measured to indicate degree of cell death as described previously in
(Harris et al., 2013). Briefly, 3 mm discs of infiltrated N. benthamiana leaves were incubated
overnight in DMSO at 37°C with constant rotation (250 rpm). Subsequently, absorption
measurements of the DMSO solution were read at wavelengths 450 nm and 655 nm using
the BioRad Microplate Reader (model 680). Uninfiltrated leaf discs were used as negative
controls.
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PVX resistance assay
Viral accumulation was quantified using DAS-ELISA as described in (Slootweg et al., 2010).
Briefly, plates were coated with polyclonal antibodies (1:1000) raised against the viral CP
(Prime Diagnostics). A second polyclonal antibody conjugated with alkaline phosphatase was
used for immunodetection (1:1000) at wavelength 405 nm (BioRad Microplate Reader model
680) via the substrate p-nitrophenyl- phosphate. Absorbance Measurements were taken with a
reference filter of 655 nm.

Nematode infection assay
Stem segments of the Gpa2 resistant potato genotype SH (Solanum tuberosum ssp andigena)
were cut and grown in vitro in B5 medium at 22°C under light and dark cycle of L18:D6.
Two-weeks later, plant roots were infected with surface-sterilized pre-parasitic juveniles from
the potato cyst nematode Globodera pallida (avirulent population D383 or virulent population
Rookmaker). Nematode surface sterilization was performed as described (Goverse et al., 2000).
Around 250 infective juveniles were inoculated per root system on single plates in an 0.7%
(w/v) Gelrite solution. Infected root segments enriched with nematode infection sites were
harvested from 15 plants at 3 and 6 dpi and pooled for RNA isolation per time point. Mock
inoculation with 0.7% (w/v) Gelrite solution was performed as negative control and samples
were collected at 3 and 6 dpi for comparison.

Expression analysis by RT-qPCR
Total RNA was extracted from 50 mg leaf tissues using the Promega Maxwell 16 simpleRNA
extraction kit according to the manufacturer’s protocol. First-strand cDNA synthesis was
directly performed using the SuperScript III First-Strand Synthesis System (Invitrogen). To
analyze expression levels, RT-qPCR was done (BioRad System) in a total reaction mix of 25
µL consisting of: 1 µL forward and reverse primers (5 mM each), 8.5 µL Taq ready mix and
12.5 µL MQ water. RT-qPCR was run using the following program: initial denaturation at 95°C
for 15 min followed by 40 cycles of amplification at 95°C for 30s, 60°C for 30s ,72°C for 30s
and final elongation at 72°C for 60s with a 90X melting curve at 50°C for 10s. To promote
reproducibility, each sample was analyzed in duplo. In addition, a standard no template control
was included to indicate the presence of contaminating DNA. RT-qPCR data was normalized
against the actin housekeeping gene. Finally, relative expression levels were analyzed by the
comparative method (2−∆∆Ct ) using the average threshold values as described in (Schmittgen
and Livak, 2008).
For root material, total RNA was extracted from infected and non-infected root segments using
the same RNA extraction kit as used for leaf materials. For reverse transcriptase, cDNA was
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synthesized with 400 ng of total RNA using the GoScript™transcriptase and Oligo-(dT)12-18
(Invitrogen). To analyze expression levels, RT-qPCR was done (BioRad System) in a total
reaction mix of 10 µL consisting of: 0.5 µL forward and reverse primers (0.5 µM each), 5 µL
IQ™supermix and 1 µL MQ water. RT-qPCR was run using the following program: initial
denaturation at 95°C for 3 min followed by 40 cycles of amplification at 95°C for 30s, 59.4°C
for 30s ,72°C for 15s. After amplification, melt curve analysis was run from 65 to 95°C with a
0.5°C increment every 5s. Each sample was analyzed in triplo. A standard no template control
was included to indicate the presence of contaminating DNA. Two housekeeping genes RPN7
(Miranda Vde et al., 2013) and TUA5 (Castro-Quezada et al., 2013) were used for RT-qPCR
data normalization. Finally, relative expression levels were analyzed by the comparative method
(2−∆∆Ct ) using the average threshold values.

Statistical test
Statistical analyses were performed in R studio Version 1.1.456. Data from assays performed in
this study were checked for normality using the Shapiro-Wilk Test. Depending upon the outcome
of the normality test, statistical level was determined either by T-test or Wilcoxon-signed rank
test with α= 0.05.

Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries under
accession numbers_ Genbank MW478352 (NbGRP7).
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Supplementary information
Supplementary Figure 1. Peptide hits and their locations in the full-length primary sequence
of the NbGRP7 homolog identified in the Co-IP/MS screening (shown as bold, underlined
sequences). * indicates a ratio of Label-free quantification (LFQ) intensities in the test samples
relative to negative GFP control as determined by the label-free MaxQuant algorithm.
NbGRP7 (Gpa2-CC-GFP nuclear extract)
Peptide hits
LFQ Intensity Ratio* (Log10)

2
1.7

Peptide Hits
CFVGGLAWATTDR
NITVNEAQSR

MAAEVEYRCFVGGLAWATTDRTLGDAFAHYGEVVDSKIINDRETGRSRGFGFVTFS
DEKAMRDAIEGMNGQNLDGRNITVNEAQSRGSGGGGGGFGGGRRREGGYSGGGGY
GGGSGGYGGGRREGGYSGGGGGYGGGYGGGRNRGYGGGYGGGGGDGGSRYSRGG
GASEGSWRN
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Supplementary Figure 2 A. Unrooted Bayesian tree of selected orthologues of NbGRP7.
Selected sequences are indicated by their abbreviated species (e.g. At for Arabidopsis thaliana).
Support values are indicated at the tree nodes. Analysis was performed using MrBayes v3.2.26
according to codon position. B. Multiple protein alignment of NbGRP7 with characterized
paralogs from Arabidopsis, potato and pepper generated using the Geneious software ver.
2020.1. Detailed alignment of specific functional motifs and conserved residues are provided
in the next row. Orange highlight in the consensus sequence indicates boundaries of the RNA
Recognition Motif. Blue triangle indicate the conserved arginine residue in the RRM.
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Supplementary Figure 3. Bimolecular fluorescence complementation (BiFC) based
interaction analysis of NbGRP7 and the coiled-coil (CC) domain of immune receptors
Rx1 and Gpa2. A. Co-expression of the C-terminal half of the super cyan fluorescent protein
SCFP3A fused Rx1-CC or Gpa2-CC (pC:R1 or pC:G1) and the N-terminal half of SCFP3A
fused NbGFP7 (pN:NbGRP7) in N. benthamiana leaves. Free CFP was used as positive control
while co-expression with pC:NSs or pN:GUS were used as negative controls. N, nucleus. C,
cytoplasm. NB, nuclear body. Scale bar=10 or 20 µm. Cells were imaged at 2 dpi based on
3 cells. Results are representative of 2 biological repeats. B. Western blot detection of BiFC
constructs. Co-expression of NbGRP7 and the CC domain of Rx1 or Gpa2. Proteins were
extracted at 2 dpi. The N-terminal half of the super cyan fluorescent protein SCFP3A fused
proteins (pN:R1, pN:G1, pN:NbGRP7 and pN:GUS) were detected with anti-flag antibody.
The C-terminal half of SCFP3A fused proteins (pC:R1, pC:G1, pC:NbGRP7 and pC:NSs) were
detected with anti-HA antibody.
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Supplementary Figure 4. Pull-down investigating the potential interaction of NbGRP7
as bait with Rx1 (CC) surface mutants (S1 or S4). In A, interaction with the mutated CC
domains were investigated whereas in B, full-length Rx1 containing these mutations were used.
Data shown for each IP is representative of at least two independent repeats. “+” indicates
the presence of a construct in the infiltration combination used for immunoprecipitation. In
these assays, 4×Myc.GFP of the NbGRP7 fusion construct tends to be cleaved-off under the
extraction conditions used. The cleaved protein is indicated by the blue triangle as exemplified.
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Supplementary Figure 5. NbGRP7 potentiates immunity against Potato Virus X avirulent
strain (PVX-UK3) independent of Rx1. Boxplots representing absorbance at 405 nm,
indicating levels of PVX-UK3 upon transient overexpression of NbGRP7. Bars represent the
interquartile range, and the median is indicated by the crossbar. Whiskers show the maximum
and minim data points respectively. Data shown is from a single representative experiment (n =
8 samples) with similar results from at least three independent repeats. Significance difference
was calculated using Wilcoxon-Signed Rank test with α= 0.05.
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Supplementary Figure 6. Phenotype of Tobacco Rattle Virus (TRV)-induced gene silencing
(VIGS) of NbGRP7 in N. benthamiana plants. TRV:GFP was used as the negative control
and TRV:PDS (phytoene desaturase) was used to monitor the progress and efficiency of VIGS
in N. benthamiana.
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Supplementary Figure 7. Silencing efficiency of NbGRP7 hairpin silencing constructs. A.
Schematic representation of the construct design for hairpin silencing of NbGRP7. Regions
corresponding to characteristic domains are indicated above the gene-structure. RRM = RNA
Recognition Motif; GRR: Glycine Rich Region. B. Efficiency of silencing on endogenous
NbGRP7 transcript is represented as bargraph using RNA extracted from leaf materials
harvested at 3 dpi. Bars represent the interquartile range and the cross indicates the median.
The whiskers mark the minimal and maximal data points. C. NbGRP7 Efficiency of silencing
was also tested by immunoblotting experiments of an overexpressed 4×Myc.GFP-NbGRP7
construct in combination with HpGUS control or the two silencing constructs HpNbGRP7 and
HpNbGRP7_2. CBB-stained membrane of the RuBisCO protein is provided as loading control.
Cleavage of 4×Myc.GFP of the NbGRP7 fusion construct under the extraction conditions is
indicated by the blue triangle.

4

123

Chapter 4

Supplementary Figure 8. Expression of 4×Myc.GFP-NbGRP7 mutants in planta. Western
blot (A) and confocal imaging (B) of RNA binding mutants of 4×Myc.GFP-NbGRP7 indicating
that they are stably expressed in planta but localize to different regions in the nucleoplasm.
Imaging in B was performed at 3 dpi. Scale bar=10 µm.
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Supplementary Figure 9. Identification of NbGRP7 potato homologue. NbGRP7 nucleotide
sequence was blasted against the potato genome database (PGSC DM v4.03 genes) in
Solgenomics. StGRP7 (PGSC0003DMG400000708) is the only subject ID obtained and shows
82% sequence similarity with NbGRP7.

4
Supplementary Figure 10. Ectopic expression of NbGRP7 affects transcript levels of
defense marker genes. Infiltrated N. benthamiana leaves were harvested at 1-5 dpi. Marker
genes HIN1, HSR203J and bZIP60 were quantified by qPCR. Following normalization to the
actin reference gene, relative fold change was determined by comparison of in samples wereby
PVX-UK3, Rx1 and NbGRP7 were co-expressed compared to samples of the PVX-UK3 + Rx1
group.
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Supplementary Table 1. Gpa2 Co-IP/MS results.
Data can be found via https://doi.org/10.1093/plphys/kiac081.
Supplementary Table 2. Primers used in this study as listed according to the assays performed.
Cloning
Primer Name

Sequence

NbGRP7

F: 5’- TGGGCTACCACCGATAGAAC -‘3
R: 5’- TGCGTCCCTCATAGCTTTCT -‘3

NbGRP7 R49K

F: 5’- GAGACTGGAAGATCAAAAGGATTTGGCTTTGTT -‘3
R: 5’- AACAAAGCCAAATCCTTTTGATCTTCCAGTCTC -‘3

NbGRP7 R49Q

F: 5’- GAGACTGGAAGATCACAGGGATTTGGCTTTGTT -‘3
R: 5’- AACAAAGCCAAATCCCTGTGATCTTCCAGTCTC -‘3

BiFc imaging studies
Gpa2 CC

F: 5’- CACCATGGCTTATGCTGCTGTTAC -‘3
R: 5’- CTATAT ATTCTCGGGCTGCTCAAC -‘3

Rx1 CC

F 5’- CACCATGGCTTATGCCGCTGTTAC -‘3
R 5’- CTACATGATATTCTCGGGCTGCTC -‘3

NbGRP7

F 5’- CACCATGGCAGCTGAGGTTGAGTA -‘3
R 5’- CTAATTCCTCCAGCTTCCCTCGGA -‘3

qPCR analysis
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NbGRP7 qPCR

F: 5’- GAGGATACAGTGGTGGTGGA -‘3
R: 5’- CTCTTGAGTAGCGGGAACCA -‘3

Rx1 qPCR

F: 5’- TTGAGGGAAGCTCGAAACAT -‘3
R: 5’- ACGACACCAAGCCAATTCTT -‘3

Actin qPCR

F: 5’- CCGAGCGGGAAATTGTTAGG -‘3
R: 5’- CACGGATGAGCTGGTCTTTG -‘3

H1N1 qPCR

F: 5’- TTCCGCCACCAGCAAAATC -‘3
R: 5’- TTAGGACGAAGAACGAGCCATA -‘3

HSR203J qPCR

F: 5’- AGGCGGCGGCTTTTGTGTCA -‘3
R: 5’- GAGAGGTCCCGGAGCCAGAGG -‘3

bZIP60 qPCR

F: 5’- CCTGCTTTGGTTCATGGGCATCAT-‘3
R: 5’- AGAAGACCGTGGTTTCTGCTTCGT -‘3

StGRP7 qPCR

F: 5’- GGCCACCACCGACCAAACA -‘3
R: 5’- CCCTCATGGCTTGCTCATCC -‘3

RPN7 qPCR

F: 5’- CAAAAGGTCGTGGATGCGCC -‘3
R: 5’- ATGCTCCATCAAGCCAGCAAA -‘3

TUA5 qPCR

F: 5’- GAGGAGGGTGGCAGGCATTC -‘3
R: 5’- CACGATCACCAGGCATGACCA -‘3

Functional characterization of NbGRP7

Supplementary Table 3. Sequences of hairpin constructs used in this study. Sites for the
restriction enzymes XbaI and BamHI used in sub-cloning are underlined.
HpNbGRP7

207 bp

TCTAGAAGGCGGATACAGTGGTGGTGGAGGATACAGTGGTG
GTGGAGGATACAGTGGCGGCGGCGGCTATGGAGGTGGAAGA
CGTGAGGGTGGCTACGGTGGTGGTTATGGAGGTGGCCGTGA
CCGTGGATATGGTGGCGGTTATGGCGGTGGTGATGGTGGTTC
CCGCTACTCAAGAGGTGGTGGTGCATCCGAGGGAAGCTGGA
GGAATTAACACTGCACGGTATGCTCCTCTTCTTGTTCATGGT
CATGATCCTTATATGAGCAGGGAAAGTCCAGTTTAGACTTGT
AGTTAGTTACTCTTCGTTATAGGATTTGGATTTCTTGCGTGTT
TATGGTTTTAGTTTCCCTCCTTTGATGAATAAAATTGAATCTT
GTATGAGTTTCATATCCATGTTGTGAATCTTTTTGCAGACGC
AGCTAGTAATTCCTCCAGCTTCCCTCGGATGCACCACCACCT
CTTGAGTAGCGGGAACCACCATCACCACCGCCATAACCGCC
ACCATATCCACGGTCACGGCCACCTCCATAACCACCACCGTA
GCCACCCTCACGTCTTCCACCTCCATAGCCGCCGCCGCCACT
GTATCCTCCACCACCACTGTATCCTCCACCACCACTGTATCC
GCCTGGATCC

HpNbGRP7_2

200 bp

TCTAGAATTCACATCAGCTCTTCTCTTAATTAATTAACTCTCT
CTTGTTTGTTTACATTTATAATCTCTTTCAAGAAAAAAGAGA
AAGAAAAACAATGGCAGCTGAGGTTGAGTACAGGTGCTTCG
TAGGTGGGCTGGCATGGGCTACCACTGATAGAACGTTAGGA
GATGCTTTTGCTCACTACGGCGAAGTTGTCGACTCGAAGACA
CTGCACGGTATGCTCCTCTTCTTGTTCATGGTCATGATCCTTA
TATGAGCAGGGAAAGTCCAGTTTAGACTTGTAGTTAGTTACT
CTTCGTTATAGGATTTGGATTTCTTGCGTGTTTATGGTTTTAG
TTTCCCTCCTTTGATGAATAAAATTGAATCTTGTATGAGTTTC
ATATCCATGTTGTGAATCTTTTTGCAGACGCAGCTAGCTTCG
AGTCGACAACTTCGCCGTAGTGAGCAAAAGCATCTCCTAAC
GTTCTATCAGTGGTAGCCCATGCCAGCCCACCTACGAAGCAC
CTGTACTCAACCTCAGCTGCCATTGTTTTTCTTTCTCTTTTTTC
TTGAAAGAGATTATAAATGTAAACAAACAAGAGAGAGTTAA
TTAATTAAGAGAAGAGCTGATGTGAATGGATCC

HpGUS

145 bp

TCTAGACCGCGTCTTTGATCGCGTCAGCGCCGTCGTCGGTGA
ACAGGTATGGAATTTCGCCGATTTTGCGACCTCGCAAGGCAT
ATTGCGCGTTGGCGGTAACAAGAAAGGGATCTTCACTCGCG
ACCGCAAACCGAAGTCGGCGGCTTTTACACTGCACGGTATG
CTCCTCTTCTTGTTCATGGTCATGATCCTTATATGAGCAGGG
AAAGTCCAGTTTAGACTTGTAGTTAGTTACTCTTCGTTATAG
GATTTGGATTTCTTGCGTGTTTATGGTTTTAGTTTCCCTCCTT
TGATGAATAAAATTGAATCTTGTATGAGTTTCATATCCATGT
TGTGAATCTTTTTGCAGACGCAGCTAGAAAAGCCGCCGACTT
CGGTTTGCGGTCGCGAGTGAAGATCCCTTTCTTGTTACCGCC
AACGCGCAATATGCCTTGCGAGGTCGCAAAATCGGCGAAAT
TCCATACCTGTTCACCGACGACGGCGCTGACGCGATCAAAG
ACGCGGGGATCC
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Functional characterization of SIZ1

Abstract
SUMO E3 ligase SIZ1 is a master regulator of plant growth and immunity in plants. SIZ1
regulates TIR-NB-LRRs-mediated immunity, but nothing is reported yet about its role in
CC-NB-LRRs functioning. Here, we identified SIZ1 as a novel interactor of Rx1, and its close
homologue Gpa2, two CC-NB-LRR immune receptors from potato conferring resistance to
distinct pathogens: Potato Virus X and the potato cyst nematode Globodera pallida, respectively.
The interaction was initially found between the NbSIZ1 putative DNA binding domain - SAP
and the Rx1 CC domain in yeast, suggesting NbSIZ1 may regulate Rx1 via its DNA-binding
capacity. Full-length StSIZ1 interacts with Rx1/Gpa2 in the nucleus, indicating the importance
of this cell compartment in the functioning of StSIZ1 and both immune receptors. StSIZ1
compromises elicitor-dependent and -independent Rx1/Gpa2-mediated programmed cell death,
demonstrating that SIZ1 acts as a negative regulator. Our study is therefore the first to show that
SIZ1 is not only involved in TIR-NB-LRRs-mediated immunity, but also in effector-triggered
CC-NB-LRRs-mediated immune responses.
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Introduction
To defend against invasions by various pathogens, plants have developed two layers of innate
immunity. The basal layer is activated by Pattern Recognition Receptors (PRRs) that are able
to perceive pathogen associated molecular patterns (PAMPs) or damage-associated molecular
patterns (DAMPs), resulting in PAMP-triggered immunity (PTI) (Jones and Dangl, 2006). To
overcome PTI, pathogens secrete specific effector proteins to suppress this defense response
and establish an infection. Nonetheless, some effectors can be directly or indirectly recognized
by plant resistance (R) proteins resulting in so called effector-triggered immunity (ETI), a
robust second layer of plant immunity (Jones and Dangl, 2006). The dominant class of R genes
encode intracellular nucleotide binding (NB)-leucine-rich repeat (LRR) proteins that consist
of three subdomains: the LRR domain at the C-terminus, the NB-ARC (nucleotide-binding,
Apaf-1, R-proteins, and CED-4) domain in the center, and either a coiled-coil (CC) domain or a
Toll/Interleukin-1 receptor (TIR) domain at the N-terminus (Takken and Goverse, 2012; Song
et al., 2020). The highly variable LRR domain specifically recognizes pathogen effectors and
regulates the conformational change of the R protein together with the NB-ARC domain (Song
et al., 2020). The NB-ARC domain functions as a molecular switch to control the activity of
NB-LRR proteins in which the binding of ADP keeps NB-LRRs in the resting state, whereas
the binding of ATP leads to the activation of NB-LRRs (Sukarta et al., 2016; Song et al., 2020).
The CC or TIR domain is responsible for the initiation of downstream signaling as well as
recognition of pathogen effectors (Kapos et al., 2019; Song et al., 2020). The activation of
NB-LRRs restricts further pathogen invasion and is often associated with a programmed cell
death response called hypersensitive response (HR) (Cui et al., 2015).
The CC or TIR domain of some NLRs alone is sufficient to mediate HR, suggesting that the
CC or TIR domain functions as a signaling element to trigger downstream immune response.
For instance, the Arabidopsis ZAR1 CC domain is able to form a funnel-shaped structure,
which is required for ZAR1 oligomerization and plasma membrane localization, generating a
calcium-permeable channel to trigger HR and resistance (Wang et al., 2019; Bi et al., 2021).
The induction of an HR by the CC domain relies on a MADA motif, which is subsequently
found as a conserved motif at the N-terminus of helper NLRs of the NRC family and 20% of
all CC-NB-LRRs (Adachi et al., 2019). Similarly, the TIR domain harbors NAD+-cleaving
enzyme (NADase) activity, which is required for TIR-NB-LRRs-mediated HR and resistance
(Horsefield et al., 2019; Wan et al., 2019). However, NB-LRRs also recruit co-factors via the CC
or TIR domain to fine-tune their activities (Sukarta et al., 2016; Sun et al., 2020). For instance,
the CC domain of the barley MLA10 and the rice Pb1 can associate with WRKY transcription
factors to mediate defense signaling (Inoue et al., 2013; Jing et al., 2013). The TIR domain of
Arabidopsis SNC1 interacts with transcriptional repressor TPR1 to regulate auto-immunity
(Zhu et al., 2010). Nonetheless, TPR1-dependent regulation requires assistance from AtSIZ1
(Niu et al., 2019), which is a SUMO (small ubiquitin-like modifier) E3 ligase involved in a
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post-translational modification process named SUMOylation (Novatchkova et al., 2004; Jmii
and Cappadocia, 2021). AtSIZ1 mediates SUMOylation of TPR1 to keep the SNC1/TPR1
complex in the resting state in the absence of pathogens (Niu et al., 2019). Meanwhile, AtSIZ1
also interacts with SNC1 and partly repress auto-immunity by reducing SNC1 protein levels
(Gou et al., 2017).
The potato resistance gene Rx1 encodes a CC-NB-LRR type protein that confers resistance
against Potato Virus X (PVX) upon recognition of the coat protein (CP) (Bendahmane et al.,
1995). Rx1 shares 88% overall amino acid sequence identity with its close homologue Gpa2,
which locates in the same R gene cluster on chromosome XII in potato (van der Vossen et
al., 2000). Despite this high sequence homology, Gpa2 mediates resistance to a completely
distinct pathogen viz. the potato cyst nematode Globodera pallida. Moreover, Gpa2 is able to
recognize the nematode effector GpRBP-1, which is structurally and functionally unrelated
to the PVX-CP, but also leads to an HR in Nicotiana benthamiana leaves (Sacco et al., 2009).
Both Rx1 and Gpa2 requires a balanced nucleocytoplasmic distribution in the cells for defense
activation and recognition of their corresponding effector occurs in the cytoplasm (Slootweg et
al., 2010; Zheng et al., unpublished data (Chapter 3)). The pathogen recognition specificity of
Rx1 and Gpa2 are both determined by the LRR domain (Sacco et al., 2009; Slootweg et al.,
2013). Besides, co-expression of truncated Gpa2-CC-NB-ARC domain and Rx1-LRR domain
restores Rx1-mediated resistance to PVX, and vice versa (Slootweg et al., 2017), suggesting
that Rx1 and Gpa2 may embrace common co-factors via the CC domain to activate immune
response.
Like most CC-NB-LRR proteins, the CC domain of Rx1 is thought to function as a scaffold
to recruit components of the receptor complex to induce downstream defense signaling. For
example, the Rx1 CC domain is able to associate with DNA-binding protein DBCP and
transcription factor GLK1, which they coordinately regulate Rx1 at the DNA level to mediate
defense responses (Townsend et al., 2017a; Sukarta et al., 2020). Additionally, Rx1 and Gpa2
harbor the common co-factors Ran GTPase activating protein 2 (RanGAP2) and Glycine-rich
RNA-binding protein 7 (GRP7) to fine-tune immune activities (Tameling and Baulcombe,
2007; Sukarta et al., 2021). The CC domain of both Rx1 and Gpa2 physically associate with
co-factors RanGAP2 (Tameling and Baulcombe, 2007), which is required for both Rx1- and
Gpa2-mediated defense responses (Sacco et al., 2007, 2009). Apparently, Rx1 and Gpa2 recruit
diverse co-factors to participate in immune regulation at different molecular levels, although
many co-factors are not identified yet.
In this study, we identified the SUMO E3 ligase SIZ1 as a novel interactor of the CC-NB-LRR
immune receptors Rx1 and Gpa2. The Rx1 CC domain was originally found to interact with
SIZ1 in yeast and complex formation was confirmed in planta in bimolecular fluorescence
complementation assays. Similar data were obtained for Gpa2 showing that SIZ1 is a common
interactor of the CC domain of both Rx1 and Gpa2. We further showed that SIZ1 interacts

133

5

Chapter 5

with the CC domain of both immune receptors in the nucleus of plant cells. We also tested if
SIZ1 interacts with full-length proteins of both immune receptors. Functional studies including
overexpression and RNAi assays were performed to study the impact of SIZ1 on Rx1/Gpa2
immunity. Our findings demonstrate that SIZ1 negatively regulates both effector-dependent
and effector-independent cell death responses. From this, we conclude that SIZ1 contributes
to plant immune responses mediated by CC-NB-LRRs like reported for the TIR-NB-LRRs
immune receptor SNC1. How SIZ1 could act as an E3 SUMO ligase in Rx1/Gpa2/CC-NB-LRRs
mediated immunity is discussed and a model is proposed.

Results
NbSIZ1 is identified as a novel interactor of the Rx1 CC domain
Recently, we identified GLK1 and DBCP as interactors of Rx1 in a yeast two hybrid (Y2H)
screening of a N. benthamiana cDNA library using the Rx1 CC domain as a bait (Townsend
et al., 2017b; Sukarta et al., 2020). In this screening, we also identified a clone of 492bp
encoding a peptide of 156aa (Supplementary Table 1A and 1B). Sequence analysis revealed
that this clone shares 99.2% sequence similarity (97.4% identity; Supplementary Figure
1A and 1B) with a predicted E3 SUMO-ligase (Solgenomics Niben101Scf04549g09015.1)
from N. benthamiana, hereafter referred to as NbSIZ1. Interestingly, this sequence is
predicted to encode the SAP (for scaffold attachment factor A/B/acinus/PIAS) domain,
which is a putative DNA-binding domain involved in chromosomal organization (Aravind
and Koonin, 2000). To further compare the NbSIZ1 fragment with SIZ1 from other plant
species, we made an amino acid alignment of NbSIZ1frag, predicted NbSIZ1 and variants
of SIZ1 of different plant species (Supplementary Figure 1B), including AtSIZ1 (TAIR
1009128193), StSIZ1 (GenBank XP_006340142.1), SlSIZ1 (GenBank AKR76216.1) and
another predicted NbSIZ1 (Solgenomics Niben101Scf15836g01010.1). Full-length NbSIZ1
(Niben101Scf04549g09015.1) shared around 87.2% similarity with StSIZ1 (XP_006340142.1)
at the amino acid level, whereas NbSIZ1frag showed a 94.7% identification with StSIZ1
(XP_006340142.1) (Supplementary Figure 1B). Considering that Rx1 is a potato receptor
and StSIZ1 shares high sequence similarity with NbSIZ1, we decided to use StSIZ1 for further
analysis in this study.

StSIZ1 interacts with the CC domain of Rx1/Gpa2 in the nucleus in planta
To investigate whether the Rx1 CC domain interacts with StSIZ1 full length in planta, we
performed a bimolecular fluorescence complementation (BiFC) assay. Considering that the
CC domain of Rx1 and its close homologue Gpa2 are highly similar (with only 6 amino acid
residues difference (van der Vossen et al., 2000)), we extended the BiFC assay to the Gpa2 CC
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domain. For BiFC, we co-expressed the N-terminal half of the Super Cyan Fluorescent protein
SCF3A fused to the CC domain of Rx1 or Gpa2 (pN:R1 or pN:G1) and the C-terminal half of the
SCF3A fused to full length StSIZ1 (pC: StSIZ1) (Diaz-Granados et al., 2019) in N. benthamiana
leaves via agroinfiltration. Co-expression of pN:R1 or pN:G1 with the viral protein NSs (pC:
NSs) (Diaz-Granados et al., 2019) were used as negative controls. An additional negative control
was made by combining pC: StSIZ1 and β-Glucuronidase (pN:GUS). Using confocal laser
scanning microscopy, we could observe that co-expression of pN:R1 or pN:G1 and pC: StSIZ1
leads to a specific accumulation of a CFP signal in the nucleus at 2 dpi (Figure 1), indicating
that StSIZ1 interacts with the CC domain of both Rx1 and Gpa2 in the nucleus. Furthermore, a
granular distribution of CFP signal was detected in the nuclear bodies for both the Rx1 and
Gpa2 CC domains. The positive control (free CFP full length protein) was detected in the cells
as expected (Figure 1) and no signal was detected in the negative control combinations (either
pN:R1/pN:G1 with pC:NSs or pC:StSIZ1 with pN:GUS). Similar results were obtained for
the reverse combinations using C-terminal fusion constructs (Supplementary Figure 2A).
However, a fluorescent signal was detected in the nucleus in a negative control when combining
pN:StSIZ1 and pC:NSs. This was consistently shown in experimental repeats, suggesting that
the viral RNAi suppressor protein may also interact with StSIZ1. Western blot was performed
to confirm stable expression of all the constructs (Supplementary Figure 2B). From these
data, we can conclude that the CC domain of both Rx1 and Gpa2 interacts with full length
StSIZ1 in planta and that this interaction occurs in the nucleus.

StSIZ1 interacts with full-length Rx1/Gpa2 in planta

5

To independently confirm the interaction between StSIZ1 and the CC domain of both Rx1
and Gpa2 in a different experimental setup, we tested combinations of HA-StSIZ1 with
4myc tagged Rx1 or Gpa2 CC domains (Rx1-CC-4myc or Gpa2-CC-4myc) in an in planta
co-immunoprecipitation assay (CoIP). Moreover, we tested whether StSIZ1 also interacts with
the full-length Rx1/Gpa2 immune receptors (Rx1-4myc or 4myc-Gpa2). Co-expression of
HA-StSIZ1 with GFP-myc was used as negative control. Expression of all the constructs was
under the control of the CaMV 35S promoter. HA-StSIZ1 is a large protein of around 140kDa
and showed a relative low expression level under our protein extraction conditions, therefore, we
used the silencing suppressor p19 to enhance StSIZ1 protein expression levels (Garabagi et al.,
2012). Infiltrated leaves were harvested at 3 dpi and proteins were pulled-down in a CoIP study
by using α-HA magnetic beads (µMACS). Immunodetection with anti-myc antibodies showed
that HA-StSIZ1 pulls down Rx1-CC-4myc and Gpa2-CC-4myc (Supplementary Figure 3A),
confirming the interaction between Rx1/Gpa2 CC domain and StSIZ1. In addition, HA-StSIZ1
also co-precipitates Rx1-4myc and 4myc-Gpa2 (Supplementary Figure 3A), indicating that
full length StSIZ1 binds to full length Rx1/Gpa2 as well. We noticed, however, unspecific
binding to α-HA magnetic beads (Supplementary Figure 3B), which lead to the pulled down
of the negative control myc-GUS by HA-StSIZ1 (Supplementary Figure 3A). This may also
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partly be due to too an excess amount of myc-GUS caused by p19, leading to excess myc-GUS
reaches the out of binding capacity of α-HA magnetic beads. Nonetheless, we concluded that
StSIZ1 is likely to associate with the CC domain and full length of Rx1/Gpa2 in planta.

Figure 1. StSIZ1 interacts with the CC domain of both Rx1 and Gpa2 in the nucleus. Biomolecular fluorescence
complementation (BiFC) of SCFP3A. The N-terminal half of the Super Cyan Fluorescent protein SCFP3A tagged
Rx1-CC or Gpa2-CC (pN:R1 or pN:G1) and the C-terminal half of SCFP3Atagged StSIZ1 (pC:StSIZ1) were
co-expressed in N. benthamiana leaves and images were collected at 2 dpi using CLSM. Free CFP full length
protein was used as the positive control and combinations with pC:NSs or pN:GUS were used as negative controls.
Images are representative for 2 biological repeats. N, nucleus. C, cytoplasm. NB, nuclear body. Scale bar=10 or 20 µm.

Overexpression of StSIZ1 suppresses elicitor-dependent
Rx1/Gpa2-mediated cell death
As StSIZ1 interacts with both Rx1 and Gpa2, we next asked whether StSIZ1 influences the
functioning of both immune receptors. To study the impact of StSIZ1 on Rx1/Gpa2-mediated
cell death response, we performed transient co-overexpression of elicitors and immune receptors.
Combinations of the immune receptors and their matching effectors (Rx1-4myc + PVX-CP or
4myc-Gpa2 + GpRBP-1) were co-expressed with HA-StSIZ1 in N. benthamiana leaves upon
agroinfiltration. Co-expression with GFP was used as negative control. Infiltrated leaf areas were
monitored for HR development within 3 dpi and the chlorophyll loss was measured to quantify
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the degree of HR. In the absence of HA-StSIZ1, both Rx1-4myc and 4myc-Gpa2 showed a
strong HR at 3 dpi as expected (Figure 2A). However, when HA-StSIZ1 was co-expressed, a
clear reduced HR was observed for both Rx1-4myc and 4myc-Gpa2. It is noted that 4myc-Gpa2
displayed a stronger HR reduction compared to Rx1-4myc, probably because Rx1 triggers a
faster HR, reaching maximum levels of cell death quicker. The visually observed levels of HR
were confirmed by chlorophyll content measurements (Figure 2A). Our data imply that StSIZ1
negatively regulates elicitor-triggered cell death mediated by Rx1 and Gpa2.

Overexpression of StSIZ1 also suppresses elicitor-independent
Rx1/Gpa2-mediated cell death
To test whether overexpression of StSIZ1 also has impact on downstream signaling activation,
we performed a cell death assay using autoactive Rx1/Gpa2 constructs (D460V) driven by the
CaMV 35S promoter (Slootweg et al., 2013). We co-expressed Rx1 (D460V) or Gpa2 (D460V)
with HA-StSIZ1 in N. benthamiana leaves and used GFP as negative control. Compared to
elicitor-triggered HR, a faster and stronger HR response was noticed for the autoHR response.
To better quantify the HR caused by Rx1 (D460V) or Gpa2 (D460V), we assessed HR by using
red light imaging in a standardized manner (Landeo Villanueva et al., 2021). Infiltrated spots
showed a strong HR in both Rx1 (D460V) and Gpa2 (D460V) in the absence of HA-StSIZ1
(Figure 2B). Similar to elicitor-triggered cell death, less HR was induced by both Rx1 (D460V)
and Gpa2 (D460V) in the presence of HA-StSIZ1. HR quantification revealed a stronger impact
of StSIZ1 on the Gpa2-mediated autoHR response like observed for effector-triggered cell
death (Figure 2B). Therefore, our data shows that StSIZ1 also suppresses elicitor-independent
cell death triggered by Rx1 (D460V) and Gpa2 (D460V). Taken together, we can conclude that
StSIZ1 acts as a negative regulator in effector-dependent and -independent cell death induced
by Rx1 and Gpa2. This indicates that SIZ1 plays a role in downstream signaling induced by
Rx1/Gpa2 post-activation.

Silencing of SIZ1 has no impact on Rx1 and Gpa2-mediated cell death
To complement the overexpression study, a cell death assay was performed in NbSIZ1 silenced
N. benthamiana plants using Tobacco Rattle Virus (TRV)-based virus-induced gene silencing
(VIGS). However, NbSIZ1 silencing in N. benthamiana resulted in a dwarf growth phenotype
of the plants making them unsuitable for further functional studies (Supplementary Figure 4).
This result is not surprising giving the phenotype reported for the Arabidopsis mutant siz1-1
due to constitutive defense activation, including increased salicylic acid (SA) levels resulting
in growth inhibition (Lee et al., 2007a). To circumvent this issue, we created a hairpin RNAi
construct (hpNbSIZ1) (Supplementary Table 1) to knock-down endogenous NbSIZ1 transcript
levels in local spots upon leaf infiltration. Interestingly, we found that hpNbSIZ1 is also able to
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reduce heterogenous StSIZ1 protein accumulation (Supplementary Figure 5), therefore, we
tried to test StSIZ1 effect on HR via silencing of overexpressed HA-StSIZ1. A HpGUS construct
was used as the negative control. Similar combinations as described above (HA-StSIZ1 with
(Rx1-4myc + PVX-CP) or (4myc-Gpa2 + GpRBP-1)) were co-expressed with hpNbSIZ1 or
HpGUS in N. benthamiana leaves and HR was monitored at 3 dpi. No differences were noticed
between hpNbSIZ1 and HpGUS treatments for both Rx1- and Gpa2-mediated HR (Figure 3C).

Figure 2. StSIZ1 suppresses Rx1- and Gpa2-mediated cell death responses in N. benthamiana leaves.
A. Elicitor-dependent cell death response upon StSIZ1 overexpression. A. Visual HR of co-expression of
Rx1-4myc+PVX-CP, 4myc-Gpa2+GpRBP-1 together with HA-StSIZ1 via chlorophyll loss. For control, GFP was
used instead of HA-StSIZ1. Chlorophyll loss of infiltrated spots was measured at 3 dpi at absoprtion wavelength
655-550 nm. B. Elicitor-independent cell death response upon StSIZ1 overexpression. HR phenotypes upon
co-expression Rx1 (D460V) or Gpa2 (D460V) with HA-StSIZ1 via Red light imaging. For control, GFP was used
instead of HA-StSIZ1 (n=12). Error bars represent the standard error. P-values < 0.01 were marked with an asterisk (**).
This result is representative for 3 biological repeats. C. Effector-dependent cell death response upon SIZ1 silencing.
HR phenotypes upon co-expression of Rx1-4myc+PVX-CP, 4myc-Gpa2+GpRBP-1 together with HpNbSIZ1 via Red
light imaging. Infiltration of HpGUS was used as negative control.
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Quantification via red light imaging system showed that indeed both Rx1 and Gpa2 showed a
comparable level of HR upon silencing of overexpressed HA-StSIZ1 (Figure 2C). Here, we
conclude that our data unfortunately cannot complement the overexpression data.

Discussion
In this study, we characterized SIZ1 from N. benthamiana and S. tuberosum as nuclear interactors
of the potato CC-NB-LRR immune receptor Rx1 a and its close homologue Gpa2 in plant cells.
Overexpression or silencing of StSIZ1 demonstrated that StSIZ1 negatively regulates both
effector-triggered and autoactive cell death responses mediated by Rx1 and Gpa2. Although Rx1
and Gpa2 activate resistance to unrelated pathogens PVX and potato cyst nematode G. pallida,
respectively, StSIZ1 displayed a similar impact on Rx1- and Gpa2-mediated immune responses.
These findings suggest that SIZ1 may possess a common role in downstream signaling of
immune responses upon activation of Rx1/Gpa2. This is not surprising as Rx1 and Gpa2 CC
domain are highly similar (van der Vossen et al., 2000) and they recruit common co-factors,
like RanGAP2 and GRP7, to activate downstream immune response (Tameling and Baulcombe,
2007; Sacco et al., 2009; Sukarta et al., 2021). Our data here add a new member to the ensemble
of Rx1 and Gpa2 CC domain interacting proteins. Moreover, this is the first time to report the
role of SIZ1 in effector-triggered immunity by CC-NB-LRR immune receptors.

SIZ1 co-localizes with Rx1 and Gpa2 in the nucleus
Here, we demonstrate that StSIZ1 interacts with the CC domain of both Rx1 and Gpa2 in
the nucleus (Figure 1). This is consistent with the earlier report showing that the Rx1 CC
domain accumulates in the nucleus upon overexpression, where it forms a larger complex with
nuclear components (Slootweg et al., 2010). StSIZ1 contains a nuclear localized signal in its
C-terminal sequence and also shows a solely nuclear localization in plant cells as reported
for SIZ1 homologues from Arabidopsis, tomato, soybean and maize (Cheong et al., 2009;
Cai et al., 2017; Zhang et al., 2017; Diaz-Granados et al., 2019; Lai et al., 2021). SIZ1 is a
SUMO E3 ligase involved in SUMOylation (Augustine and Vierstra, 2018) and components of
SUMOylation machinery often resides in nuclear bodies (NBs) (Cheong et al., 2009; Mazur et
al., 2018). Furthermore, various SUMOylation substrates also locates in these NBs (Mazur et
al., 2017, 2018; Verma et al., 2021). This is consistent with our observation of enriched CFP
signal in nuclear granular structures (Figure 1). Different from SIZ1, the full length Rx1 and
Gpa2 immune receptors show a nucleocytoplasmic distribution in plants cell. Therefore, it
seems that the nuclear pool of Rx1 and Gpa2 associates with StSIZ1 to form a complex in plant
cells pre-activation.
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The CC domain is considered to function as a scaffold to associate with other host components,
such as transcription factors or DNA-binding proteins in the nucleus to facilitate CC-NB-LRRs
activities (Shen et al., 2007; Ando et al., 2014; Townsend et al., 2017b; Sukarta et al.,
2020). In the present study, the Rx1 CC domain interacts with the SAP domain of NbSIZ1
(Supplementary Figure 2B). The SAP domain is thought to act as DNA binding domain
playing a role in chromosomal organization (Aravind and Koonin, 2000; Jmii and Cappadocia,
2021). In plants, OsSIZ1 protein from Rice (Oryza sativa) is known to contain the SAP domain
possess binding affinity to DNA (Suzuki et al., 2009). Thus, binding of the CC domain of Rx1
and Gpa2 to the SAP domain of SIZ1 might reduce its DNA binding affinity and thereby lift
the negative transcriptional regulation by SIZ1 to activate downstream defense responses. This
is supported by the negative regulation by SIZ1 of cell death induced by autoactive variants of
Rx1 and Gpa2 (Figure 3B).

SIZ1 negatively regulates Rx1 and Gpa2 immune response
Our data showed that StSIZ1 acts as a negative regulator on Rx1- and Gpa2-mediated cell death
responses (Figure 3A and B) in line with the reported role of SIZ1 as a negative regulator
of plant immunity. The Arabidopsis loss-of-function mutant siz1 enhances resistance to the
bacterial strain Pseudomonas syringae pv. tomato (Pst) DC3000 expressing effector AvrRPS4,
which triggers the EDS1/PAD4-dependent immune response by TIR-NB-LRR type R gene,
suggesting a role of AtSIZ1 in regulating TIR-NB-LRRs activity. Also, the Arabidopsis siz1
mutant shows an autoimmunity that depend on TIR-NB-LRR SNC1, whereas overexpression
of AtSIZ1 can partly repress this phenotype (Gou et al., 2017). However, we did not manage to
show that the silencing of StSIZ1 could compromise the suppression on Rx1/Gpa2-mediated
HR (Figure 3C). A reason could be a residual amount of StSIZ1 that remains in N. benthamiana
upon hpSIZ1 silencing due to the partial knockdown of the target gene as RNAi-mediated
silencing efficiency is not 100%.

SIZ1 probably modulates Rx1/Gpa2 immunity via SUMOylation
SUMOylation is considered as a major post-translational modifications of proteins participating
in plant immunity against pathogen invasion (Withers and Dong, 2016; de Vega et al., 2018).
The SUMO conjugation is a dynamic and reversible process: SUMO is originally synthesized
as a precursor and is matured by SUMO proteases. The matured SUMO is activated by
the E1-activating enzyme of SAE1/2 after which the activated SUMO is transferred to the
E2-conjugating enzyme SCE1 to form the SUMO-SCE1 complex. This complex later catalyzes
the reaction of SUMO conjugation to target substrate via the lysine resides at the consensus
motif ΨKxE (Ψ is a large hydrophobic amino acid, K is the acceptor lysine, x is any amino
acid, and E is the glutamate or aspartate). The E3 ligase, like Arabidopsis SIZ1 and HPY2,
helps with conjugating SUMO to target substrates (Benlloch and Maria Lois, 2018; Morrell
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and Sadanandom, 2019). Conversely, SUMO can be removed from target substrates via the
deSUMOylation. The SUMOylation can modify functional properties of target proteins, such as
subcellular localization change, protein complex formation, enzymatic activity and subsequent
protein degradation (Augustine and Vierstra, 2018; Benlloch and Maria Lois, 2018; Morrell
and Sadanandom, 2019).
Considering the role of SIZ1 in SUMOylation, we speculate that SIZ1 probably regulates Rx1
and Gpa2 functioning via SUMOylation. It remains to be clarified whether Rx1/Gpa2 contain
any predicted SUMO conjugation sites or contain SUMO-interaction motifs, the latter allow the
noncovalently interaction with SUMO (Kerscher, 2007). The Arabidopsis TIR-NB-LRR protein
SNC1 can be SUMOylated in planta, although it is not clear yet whether the SUMOylation is
dependent on AtSIZ1 (Gou et al., 2017). AtSIZ1 attenuates the SNC1-dependent autoimmune
phenotype partly by reducing the accumulation of SNC1, which suggests that AtSIZ1 may
either directly modulate SNC1 SUMOylation or regulate SNC1 transcript level (Gou et al.,
2017). Likewise, we noticed reduced cell death response mediated by Rx1 and Gpa2 upon
overexpression of StSIZ1 (Figure 3A and C). However, it remains to be determined whether
Rx1 and Gpa2 can be SUMOylated and whether this SUMOylation is dependent on StSIZ1.
Alternatively, if Rx1 and Gpa2 are not being SUMOylated by SIZ1, SIZ1 may indirectly
modulate Rx1/Gpa2 activity via SUMOylated proteins. In this scenario, SIZ1 is likely
to SUMOylate other proteins to form a receptor complex and subsequently interact with
Rx1/Gpa2. Interestingly, AtSIZ1 has been shown to interact with SNC1-interacting protein
TPR1 and mediate the SUMOylation of TPR1 (Niu et al., 2019), which leads to a suppression
of transcriptional co-repressor activity of TPR-1 and promotion of SNC1/TPR1 complex
formation, thus compromising SNC1 autoimmunity. This implies SIZ1 might SUMOylate
Rx1 and Gpa2 interacting proteins thereby facilitating Rx1 and Gpa2 immunity. There are
several candidate Rx1 interactors such as the golden2-like transcription factor GLK1 or the
chromosome remodeling protein DBCP, which also locate in the nucleus and participate in Rx1
activity via their DNA-binding capacity (Townsend et al., 2017b; Sukarta et al., 2020). In the
future, it would be interesting to investigate whether GLK1/DBCP are target substrates of SIZ1
and can be SUMOylated to fine-tune Rx1-mediated immunity. Moreover, the contribution of
SIZ1 as a negative regulator of CC-NB-LRR Rx1- and Gpa2 -mediated immune responses as
well as TIR-NB-LRR SCN1 suggest that SIZ1 may indeed play a key role in the regulation and
nuclear activity of NLRs in plants.

SIZ1 may regulate Rx1 and Gpa2 function via SA-dependent pathways
SIZ1 has been shown to regulate TIR-NB-LRRs-mediated immunity via SA-dependent
pathways (Lee et al., 2007b). The Arabidopsis siz1 mutants show drastic growth defects,
which is associated with elevated SA levels (Lee et al., 2007b). SIZ1 affects disease resistance
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against Pst DC3000 in Arabidopsis through its interaction with PAD4, which is required
for defense activation by TIR-NB-LRRs, thus regulate expression of pathogenesis-related
PR genes including PR1, PR2 and PR5 (Lee et al., 2007b). However, the knowledge about
the function of SIZ1 in CC-NB-LRRs-mediated immunity is limited yet. Interestingly, cyst
nematodes can trigger SA-mediated defense responses upon root invasion (Uehara et al., 2010;
Matthews et al., 2014; Kammerhofer et al., 2015). Similarly, SA is also reported to be involved
in regulating PVX resistance in potato and N. benthamiana (Sánchez et al., 2010; Yang et
al., 2019). Therefore, SIZ1 may also modulate Rx1/Gpa2-mediated immune response via
SA-dependent pathways.
In conclusion, our findings show that the negative impact of SIZ1 on Rx1/Gpa2 immune
activity could be either dependent or independent of SUMOylation. It remains to be addressed
if SIZ1 directly regulates Rx1 and Gpa2 at DNA or RNA transcript level. Otherwise, SIZ1 may
modulate the level of Rx1 and Gpa2 immune receptor proteins in the plant cell via SUMOylation.
SUMOylation affects various biological processes and as a consequence, it could regulate Rx1
and Gpa2 protein stability, their subcellular localization, protein complex formation, etc. Future
investigation of these aspects will contribute to our knowledge on how SIZ1 contributes to
CC-NB-LRRs immune functioning.

Materials and Methods
Yeast two-hybrid screen
Yeast two-hybrid screen was performed by Hybrigenics Services SAS (Paris, France) by using
Rx1 CC domain (amino acids 1-144) cloned into pB27 bait plasmid with a LexA fused to
C-terminus (N-LexA- Rx1-C). The pP6 prey plasmid was constructed with a random-primed
N. benthamiana mixed tissue cDNA library was used for screen. In total, 96.6 million clones
(around 9-fold library coverage) were screened following a mating approach with Y187
(MATα) and L40 Gal4 (MATα) yeast strains as described (Townsend et al., 2017b). To confirm
protein-protein interactions, freshly transformed yeast colonies were resuspended in 1mL sterile
deionized water and 10 µl aliquots were added to medium lacking leucine and tryptophan
(-L/-W) and medium lacking leucine, tryptophan, and histidine (-L/-W/-H), supplemented with
10 or 50 mM 3-amino-1,2,4-triazole (3-AT). After 5–7 days of incubation at 28 °C, colony
growth was scored.
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Heterologous expression by Agrobacterium tumefaciens transient
expression in N. benthamiana
All the agrobacteria were grown in YEB medium at 28°C, 250 rpm. Overnight incubated bacteria
were spun down and re-suspended in infiltration medium and diluted to final OD600 according
to each assays. Agroinfiltration was performed on the ab axial side of the leaves of 3-4 weeks
old N. benthamiana plants using needleless syringes. Plants were grown in the greenhouse with
conditions at a constant temperature of 23°C with light and dark cycle of L18:D6. Infiltrated
leaves were monitored for cell death progress, harvested for protein extraction or imaged by
confocal microscopy depending on the assay.

Confocal laser scanning microscopy
BiFC and cellular localization studies were performed N. benthamiana epidermal cells at 2
dpi by using the Leica 267 SP8-SMD confocal microscope with a 62× 1.2 numerical aperture
water-corrected objective. For BiFC assay, SCFP3A and chlorophyll auto-fluorescence were
excited by white laser at 440nm and 514nm, respectively. SCFP3A was detected at emission
wavelength of 448nm to 495nm and Chlorophyll auto-fluorescence was detected at emission
wavelength of 674nm to 695nm. Image analysis was performed by the ImageJ software.

Cell death assay
Cell death of infiltrated N. benthamiana leaves was quantified either by chlorophyll
measurement or red light imaging. For chlorophyll measurement, 3 mm discs of infiltrated N.
benthamiana leaves were incubated in DMSO overnight at 37°C, 250 rpm. Subsequently, the
DMSO solution absorption was measured by the BioRad Microplate Reader (model 680) at
wavelengths 450 nm and 655 nm. Non-infiltrated leaf discs were used as negative controls.
The red light imaging was performed as described (Landeo Villanueva et al., 2021). Briefly,
infiltrated N. benthamiana leaves were placed in a Chemidoc MP imaging system (Bio-Rad
Universal Hood III) and images were taken based on following condition: excitation of a light
source in the green visible or the UV spectrum and emission with the light in the red visible
spectrum (filter 605/50). The mean signal intensity of infiltrated spots was analyzed by Image
Lab v. 6.0.1 software.

Protein extraction and co-immunoprecipitation assay
The appropriate protein combinations (OD600 range from 0.5 to 1) infiltrated N. benthamiana
leaves were harvested at 2-3 dpi. Leaf material (50-100 mg) was grounded in extraction buffer
(10 mM DTT, 150 mM 224 NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10% glycerol, 2%
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225 polyvinylpolpyrrolidone, and 0.5 mg/mL pefabloc SC protease inhibitor [Roche]), and
spun down at 21,600 rpm for 10 minutes at 4°C. Before go through the column, protein samples
were pre-cleared by treatment with mouse IgG agarose beads for 1 hour at 4°C. Pre-cleared
protein samples was incubated with α-HA magnetic beads (µMACS) for 1-1.5 hours at 4°C.
After going through the column and washing, eluted samples were run in an SDS-PAGE system
(Bis-Tris gel, 12%, Invitrogen) with 1× MOPS buffer and blotted onto PVDF membrane.
Immunodetection was then performed using the appropriate antibodies.

Statistical analysis
Statistical analysis was performed in Graphpad Prism version 9 software using the T-test or
Analysis of Variance (ANOVA). P-value < 0.05 was labelled with an asterisk (*), P-value < 0.01
was labelled with double asterisk (**).
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Supplementary information
Supplementary Figure 1. Sequence alignment of NbSIZ1 fragment.
A. Nucleotide sequence alignment of NbSIZ1 fragment with predicted full length NbSIZ1
(Solgenomics Niben101Scf04549g09015.1) was done by Geneious Prime. The 100% identical
sequences are highlighted in black.

B. Amino acid alignment of NbSIZ1 fragment with different versions of SIZ1 was done
by MUSCLE alignment in CLC Main WorkBench (version 21). Full length proteins
were obtained from TAIR AtSIZ1 (1009128193), GenBank StSIZ1 (XP_006340142.1)
and SlSIZ1 (AKR76216.1), Solgenomics NbSIZ1 (Niben101Scf04549g09015.1 and
Niben101Scf15836g01010.1). The sequence of NbSIZ1 fragment is highlighted in a
red box. The SAP domain is highlighted in a purple box.
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Supplementary Figure 2. Interaction between StSIZ1 and the CC domain of Rx1 and
Gpa2 takes place in the nucleus. A. Biomolecular fluorescence complementation (BiFC) of
the C-terminal half of the super cyan fluorescent protein SCFP3A tagged Rx1-CC or Gpa2-CC
(pC:R1 or pC:G1) and the N-terminal half of SCFP3A tagged StSIZ1 (pN:StSIZ1) were
co-expressed in N. benthamiana leaves and images were collected at 2 dpi. Free CFP was used
as the positive control and combinations with pC:NSs or pN:GUS were used as the negative
controls. Images are representative of 2 biological repeats. N, nucleus. C, cytoplasm. NB,
nuclear body. Scale bar=10 or 20 µm. B. Immunodetection of BiFC constructs. Detection was
performed by anti-flag or anti-HA antibody.
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Supplementary Figure 3. StSIZ1 interacts with Rx1 and Gpa2 in planta. A. Co-immunoprecipitation of 4myc tagged Rx1/Gpa2 CC domain or full length and a HA tagged StSIZ1
(HA-StSIZ1). Proteins were transiently co-expressed in N. benthamiana leaves and extracted
at 3 dpi. All co-infiltrations contain the silencing suppressor p19. CoIP was performed by using
α-HA magnetic beads (µMACS), Western blot with appropriate antibodies was performed to
detect success of the pull-down. Results are representative for 2 biological repeats. B. CoIP
of Myc-GUS to test α-HA microbeads binding specificity. Myc-GUS was infiltrated alone in
N. benthamiana leaves and total protein was extracted at 2 dpi. CoIP was performed by using
α-HA magnetic beads (µMACS), protein pull down was detected with α-Myc antibody.
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Supplementary Figure 4. Phenotype of NbSIZ1 silenced N. benthamiana plants via Tobacco
rattle virus (TRV)-based virus-induced gene (VIGS) silencing. Images were taken at 3 weeks
after NbSIZ1 silencing. Silencing of GUS was used as negative control.

Supplementary Figure 5. Silencing efficiency of HpNbSIZ1 construct. HA-SIZ1 or HA-SIZ1
fragment (HA-SIZ1 F) was co-infiltrated with HpNbSIZ1 or HpGUS in N. benthamiana leaves
and total protein was extracted from 2-4 dpi. Remain SIZ1 protein accumulation upon silencing
was detected with α-HA antibody. The full length SIZ1 (HA-SIZ1) was not detected probably
due to protein degradation under protein extraction condition.

154

Functional characterization of SIZ1

Supplementary Table 1. Nucleotide and protein sequence of SIZ1 fragment interacting
with Rx1-CC from yeast-two-hybrid screening.
A. Nucleotide sequence of NbSIZ1 fragment.
CGAGGATAGCTTCATTCTTGCCGGTTCTCGGTCAAGCAAAAGCGCCACCATACC
AATTCCGAAGAAGAAGAGAGAGAGAGTCTGCCGCCGCCGCCGTCGAGTTTCTC
TCTCTAAAACCCGCACAGATTCATCTCATCCTTATCAATTATTGATTGGATATTT
CAACTGCTACGGAGTAACTTCTTTCAGTTGTTTGTATCTACGGAAGGGTATAAA
GATGGATTTGGTTGCTAGTTGCAAGGACAAATTGGCATATTTTCGGATAAAGGA
GCTCAAAGATGTTCTGACTCAACTTGGTCTTTCAAAGCAAGGGAAGAAGCAGG
ACCTTTGTTGATCGCATATTAGCTACACTTTCTGATGAAATAGTTTCAGGAATG
TGGCCTAAGAAAAACAGTGTTGGGAAGGAAGATGTCGCAAAACTTGTTGATGA
CATTTACAGAAAAATGCAGGGGGGGGGGGGCCACTGAGCTAGCATCGAAGTCA
CAAGTCGTA
B. Amino acid sequence of NbSIZ1 fragment predicted by ExPASy. The open reading
frame (ORF) is shown with underlined sequence.
EDSFILAGSRSSKSATIPIPKKKRERVCRRRRRVSLSKTRTDSSHPYQLLIGYFNCYG
VTSFSCLYLRKGIKMDLVASCKDKLAYFRIKELKDVLTQLGLSKQGKKQDLC.SHI
SYTF..NSFRNVA.EKQCWEGRCRKTC..HLQKNAGGGGPLS.HRSHKS
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Supplementary Table 2. Hairpin constructs sequence information. Restriction sites by
using restriction enzymes XbaI and BamHI are underlined. Spacer sequence is highlighted in
yellow.
HpNbSIZ1

250bp

TCTAGAGGGGGATGAAAGTTGCTGGAAGATTCAAACCT
TGTATACACATGGGCTGCTTTGATCTTGACGTCTTTGTTG
AAATGAATCAAAGGTCGAGGAAGTGGCAATGCCCTATCT
GTCTTAAGAACTACTCTTTGGAGCATGTCATCATAGATC
CATATTTCAATCGAATTACTTCTCAGATGCGTAGTTGTGG
AGAAGATGTCACAGAAATCGAAGTGAAACCTGATGGTTC
TTGGCGCGCGAAGACAGAATCACACTGCACGGTATGCTC
CTCTTCTTGTTCATGGTCATGATCCTTATATGAGCAGGGA
AAGTCCAGTTTAGACTTGTAGTTAGTTACTCTTCGTTATA
GGATTTGGATTTCTTGCGTGTTTATGGTTTTAGTTTCCCT
CCTTTGATGAATAAAATTGAATCTTGTATGAGTTTCATAT
CCATGTTGTGAATCTTTTTGCAGACGCAGCTAGGATTCTG
TCTTCGCGCGCCAAGAACCATCAGGTTTCACTTCGATTTC
TGTGACATCTTCTCCACAACTACGCATCTGAGAAGTAAT
TCGATTGAAATATGGATCTATGATGACATGCTCCAAAGA
GTAGTTCTTAAGACAGATAGGGCATTGCCACTTCCTCGA
CCTTTGATTCATTTCAACAAAGACGTCAAGATCAAAGCA
GCCCATGTGTATACAAGGTTTGAATCTTCCAGCAACTTTC
ATCCCCCGGATCC

HpGUS

145bp

TCTAGACCGCGTCTTTGATCGCGTCAGCGCCGTCGTCGG
TGAACAGGTATGGAATTTCGCCGATTTTGCGACCTCGCA
AGGCATATTGCGCGTTGGCGGTAACAAGAAAGGGATCTT
CACTCGCGACCGCAAACCGAAGTCGGCGGCTTTTACACT
GCACGGTATGCTCCTCTTCTTGTTCATGGTCATGATCCTT
ATATGAGCAGGGAAAGTCCAGTTTAGACTTGTAGTTAGT
TACTCTTCGTTATAGGATTTGGATTTCTTGCGTGTTTATG
GTTTTAGTTTCCCTCCTTTGATGAATAAAATTGAATCTTG
TATGAGTTTCATATCCATGTTGTGAATCTTTTTGCAGACG
CAGCTAG AAAAGCCGCCGACTTCGGTTTGCGGTCGCGA
GTGAAGATCCCTTTCTTGTTACCGCCAACGCGCAATATG
CCTTGCGAGGTCGCAAAATCGGCGAAATTCCATACCTG
TTCACCGACGACGGCGCTGACGCGATCAAAGACGCGG
GGATCC
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Abstract
Cyst nematodes are considered a dominant threat to yield for a wide range of major food
crops. Current control strategies mainly dependent on crop rotation and the use of resistant
cultivars. Various crops exhibit single dominant resistance (R) genes able to activate effective
host-specific resistance to certain cyst nematode species and/or populations. An example is
the potato R gene Gpa2, which confers resistance against the potato cyst nematode (PCN)
Globodera pallida population D383. Activation of Gpa2 results in a delayed resistance response,
which is characterized by a layer of necrotic cells formed around the developing nematode
feeding structure. However, knowledge about the Gpa2-induced defense pathways is still
lacking. Here, we uncover the transcriptional changes and gene expression network induced
upon Gpa2 activation in potato roots infected with G. pallida. To this end, in vitro grown Gpa2
resistant potato roots were infected with the avirulent population D383 and virulent population
Rookmaker. Infected root segments were harvested at 3 and 6 dpi and sent for RNA sequencing.
Comparative transcriptomics revealed a total of 1,743 differentially expressed genes (DEGs)
upon nematode infection, of which 559 DEGs were specifically regulated in response to D383
infection. D383-specific DEGs associated with Gpa2-mediated defense mainly relate to calcium
binding activity, salicylic acid biosynthesis and systemic acquired resistance. These data reveal
that cyst nematode resistance in potato roots depends on conserved downstream signaling
pathways involved in plant immunity, which are also known to contribute to R genes-mediated
resistance against other pathogens with different lifestyles.
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Introduction
Potato cyst nematodes (PCN; Globodera pallida and Globodera rostochiensis) are obligate
sedentary plant parasitic nematodes causing serious damage to potato crops with an estimated
yield loss of 9% global production (Jones et al., 2013). To reduce the impact of PCN in crop
cultivation, diverse control strategies have been developed. In the past, the use of nematicides
was helpful in decreasing the impact of nematode infection, but has detrimental effects on
human health and the soil environment. Therefore, the use of chemical compounds was banned
in the early 00’s (Hillocks, 2012). Later, several biological control strategies have emerged,
such as the application of biofumigation and trap crops (Back et al., 2018). These methods
dependent on the ability of any living organism or biological control agent to reduce the impact
of nematode invasion (Back et al., 2018). Biological control often requires natural interactions
between effective biocomponents and cyst nematodes, but the efficiency can be variable (Back
et al., 2018). Hence, the most common and sustainable control strategies largely rely on crop
rotation with non-host plants and the use resistant crop cultivars (Gartner et al., 2021). However,
the latter may be less efficient overtime since resistance-breaking populations can emerge due
to genetic host selection (Eoche-Bosy et al., 2017; Mwangi et al., 2019).
In potato, several resistance loci are known either conferring single dominant or quantitative
resistance to PCN (Varandas et al., 2020; Gartner et al., 2021). Few single dominant resistance
(R) genes from potato have been identified, such as Gpa2, H1 and Gro1-4 (van der Vossen
et al., 2000; Bakker et al., 2004; Paal et al., 2004). Both H1 and Gro1-4 confer resistance to
G. rostochiensis (Bakker et al., 2004; Paal et al., 2004), while Gpa2 confers resistance to G.
pallida (van der Vossen et al., 2000). Compared to R genes, an increasing number of resistance
trait loci (QTLs) are reported in potato. Most QTLs confer resistance to single PCN species,
either G. pallida (like Gpa, Gpa5, Gpa6, Pa2/3_A and Pa2/3_B) or G. rostochiensis (like H1,
Ro2_A and Ro2_B) (reviewed by Gartner et al., 2021). However, Grp1 mediates quantitative
resistance to both species (van der Voort et al., 1998; Finkers-Tomczak et al., 2009). QTLs
may co-localize with R genes clusters within the potato genome, suggesting that R genes may
contribute to QTLs-mediated quantitative resistance to PCN (Gartner et al., 2021).
Activation of R genes-mediated resistance results in the effective blocking of early steps in
the life cycle of PCN leading to a drop in reproduction. Upon penetration of roots, infective
second-stage juveniles (J2) move intracellularly to reach the vascular cylinder to establish a
permanent feeding site (Varandas et al., 2020). The feeding site develops into the syncytium, a
multinucleate structure formed by cell wall dissolution and fusion of neighbouring cells. From
then on, the parasitic juvenile becomes sedentary and fully relies on the syncytium for the
uptake of nutrients and subsequent development into an adult for reproduction. Based on timing
in the ontogeny of feeding structures and characteristic cytological features, R genes-mediated
resistance can be roughly divided into two types (Goverse and Smant, 2014). The first type
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of resistance is called ‘male-biased’ resistance as induced by for example the PCN R gene H1
(Rice et al., 1985). The expansion of the young syncytium is restricted due to a hypersensitive
response in neighboring cells and as such, the syncytium cannot provide sufficient nutrients to
support adult female development. Still, sufficient nutrients can be ingested by the nematode
to promote the development into males. The second type of resistance occurs in a later stage,
as shown in Gpa2-mediated resistance. Gpa2 activation still allows syncytium formation and
expansion to initiate female development. However, a layer of necrotic cells formed around the
syncytium disconnects the feeding site from the vascular bundle. Thereby, developing nematodes
cannot acquire sufficient nutrients from the feeding site leading to starvation and arrest of adult
female development (Koropacka, 2010). Despite these histological observations, the signaling
pathways and gene expression networks involved in the activation of R gene-mediated resistance
responses against cyst nematodes are still fragmented.
In this study, we aim to uncover the downstream signaling genes and potential pathways
involved in Gpa2-mediated resistance during early stages of PCN infection of potato roots.
Gpa2 is a single dominant R gene located on ChrXII in potato and encodes an intracellular
Coil-Coiled Nucleotide-binding Leucine-rich Repeat (CC-NB-LRR) immune receptor (van
der Vossen et al., 2000). We conducted a comparative transcriptome analysis using RNAseq
data obtained from infected root segments collected at 3 and 6 dpi from a potato genotype
harboring the Gpa2 gene in its background. In vitro grown potato roots were infected with
either the avirulent population D383 or the virulent population Rookmaker, or mock-infected
for comparison. We identified a total of 559 genes which were specifically differently regulated
upon D383 infection. Those candidate genes most likely contribute to host-specific resistance by
Gpa2 based on their Gene Ontology and mainly correspond to calcium binding activity, salicylic
acid biosynthesis and systemic acquired resistance. Together, a picture emerges suggesting
that salicylic acid signaling is highly involved in early Gpa2-mediated defense responses to G.
pallida infection in potato roots. How this compares to other pathways and signaling networks
involved in R gene-mediated resistance to plant-parasitic nematodes is discussed.

Results
Differential expression analysis reveals genes sets linked to Gpa2-mediated
resistance
To investigate the transcriptional responses induced by the resistance gene Gpa2 upon G.
pallida infection, we performed an in vitro nematode infection assay on the diploid, Gpa2
containing potato genotype SH (Figure 1A). We used both the Gpa2-virulent population E400
Rookmaker and the Gpa2-avirulent population D383 of G. pallida (van der Voort et al., 1997).
As an uninfected control, we mock inoculated potato roots with Gelrite, a solution in which the
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Figure 1. Overview of Globodera pallida infection on potato roots. A. Segments of Gpa2-containing potato genotype
SH were explanted in B5 medium and (mock-)infected with G. pallida. At 15 dpi, we applied Gpa2-avirulent population
D383 (orange), Gpa2-virulent population Rookmaker (blue), or Gelrite (Mock). The root segments infected with
G. pallida were harvested at 3 and 6 dpi for RNA sequencing. For the non-infected control (Mock), similar-sized
root segments were collected randomly. B. The first two Principal components (PCO) of gene expression in potato
roots. The first PCO explains 32.4% of the variance and is associated with nematode infection. The second PCO
explains 17.5% of the variance and is associated with time after nematode infection. The samples at 3 and 6 dpi
are shown as dots and triangles respectively. Colours indicate samples infected with nematodes (D383 population,
blue; Rookmaker population, orange) and without nematodes (Mock, grey). C. Venn diagram showing the overlap
in significantly differentially expressed DEGs in G. pallida infected potato roots. In total 1,743 DEGs (p < 0.001,
fdr < 0.05) are involved in plant-nematode interactions. D. Heat map of k-means clustering of 1,743 significantly
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differentially expressed genes over all samples. Differentially expressed genes in different treatments at both 3 and 6
dpi can be divided into five clusters. The colour scale indicates the median expression over three replicates (red, lower
expression; blue, higher expression).

infective nematode juveniles were suspended for homogeneous infection of the treated roots
(Mock). To capture Gpa2-mediated early and local responses, nematode infected root segments
were harvested at both 3 and 6 dpi and RNA was extracted and sent for sequencing. For each
treatment, we included three biological repeats, resulting in 18 samples in total. After quality
filtering, each sample showed high-quality sequences (Q30 (%)) ranging from 92.5% 94.7%
(Supplementary Table 1) and could be used for reads mapping. The total reads mapping rate
of each sample was around 78.7% 87.8% (Supplementary Table 1). Thereafter, mapping
results were used as inputs for further bioinformatics analysis.
To investigate which factors affect the variance in the mRNA abundance in potato, we performed
principal component (PCO) analysis. The major PCO1 represented 32.4 % of variance and was
connected with nematode infection and the second PCO2 represented 17.5 % of variance and
was associated with time (Figure 1B). Taken together, infection and time were the dominant
contributors to variance over the samples. Next, to investigate which genes were affected
because of nematode infection as well as time, we determined the gene expression changes
using a linear model. We compared the expression level of genes from D383-treated groups
with Mock groups and a similar comparison was done for Rookmaker as well. Analysis showed
that in total 1,743 genes were significantly differentially expressed (DEGs) during nematode
infection (p < 0.001, fdr < 0.05) (Supplementary Figure 1).
Subsequently, overlap between the timepoints and treatments was determined (Figure 1C and
Supplementary Table 2). D383-specific DEGs were thought to include differentially expressed
genes in response to the incompatible plant-nematode interactions between the avirulent G.
pallida population D383 and Gpa2-resistant potato roots. Among the 559 D383-specific DEGs,
371 DEGs were found to be specifically differentially expressed at 6dpi, 108 DEGs at both 3
and 6 dpi, and 80 DEGs were specific for 3 dpi (Figure 1C). Rookmaker-specific DEGs include
genes that are presumed to be associated with the compatible plant-nematode interaction as
this virulent population can establish a normal feeding relationship and does not trigger Gpa2
resistance in potato roots (van der Voort et al., 1997). Among the 459 Rookmaker-specific
DEGs, 351 DEGs were found to be specifically differentially expressed at 6 dpi, 84 at 3 dpi, and
24 at both 3 and 6 dpi (Figure 1C). These specific sets of Rookmaker DEGs formed a reference
set to identify specific DEGs for the transcriptional regulation of genes during Gpa2-mediated
immunity against D383.
To group and identify expression patterns of DEGs over time, we used k-means clustering
of the 1,743 DEGs for all samples. We found that the expression patterns of the DEGs
could be well-explained by five clusters with similar expression patterns (Figure 1D and
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Supplementary Table 3). DEGs from cluster 1 (80 DEGs), cluster 2 (359 DEGs), and cluster
3 (657 DEGs) showed upregulation after nematode infection at both 3 and 6 dpi, where DEGs
from cluster 1 and 2 showed the highest upregulation after nematode infection, especially in
D383 at 6 dpi. In contrast, DEGs from cluster 4 (128 DEGs) and cluster 5 (519 DEGs) showed
downregulation after nematode infection as time progressed. Especially DEGs in cluster 4
showed downregulation after nematode infection at both 3 and 6 dpi. Overall, especially D383
infection was strongly associated with up-regulation of gene expression when compared to
Rookmaker infection. From this, we concluded that D383 infection results in an activation of
gene expression linked to the activation of host-specific Gpa2-mediated defense responses by
the D383 population.

Identification of specific differentially expressed genes in response to D383
population infection
To investigate the DEGs that specifically respond to Gpa2 activation, we focused on
D383-specifc DEGs for further analysis. In response to D383 infection, a total of 433 and 126
DEGs showed up- and downregulation, respectively (Figure 2A). Among the upregulated
DEGs, 53 and 281 were from 3 and 6 dpi, respectively, and 99 DEGs were from both 3 and 6
dpi (Figure 2A). For the downregulated DEGs, 27 and 90 were from 3 and 6 dpi, respectively,
and 9 DEGs were from both 3 and 6 dpi (Figure 2A). No matter whether D383-specific
DEGs were up- or downregulated, the number of DEGs from 3 dpi were much less than 6
dpi, suggesting that more DEGs could be detected in the Gpa2-mediated response as time
developed.
To better understand the function of those highly regulated D383-specific DEGs, we performed a
Gene Ontology (GO) term enrichment analysis using the gProfiler online tool based on different
time points, regardless whether these DEGs were up- or downregulated. Unfortunately, there
was no enrichment result for 80 DEGs at 3 dpi (fdr = 0.05). It is possible that at this timepoint
in the immune response only a few specific genes were activated and therefore no specific
processes were found to be enriched. The 371 DEGs at 6 dpi were mainly involved in ion binding
and threonine/serine kinase activities (Figure 2B), which are important for plant-pathogen
interactions (Afzal et al., 2008; Aldon et al., 2018). For 108 DEGs enriched at both 3 and
6 dpi, data show that they were mainly involved in systemic acquired resistance, salicylic
acid (SA) biosynthetic process, calmodulin binding and multiple transporter activities, such as
calcium, ion and transmembrane transporter (Figure 2C). These Gene Ontology terms show
clear potential links to downstream defense responses, triggering our interests to have a closer
look at the specific individual DEGs from these categories. The systemic acquired resistance
category (GO:0009627) mainly consisted of genes encoding a NPR1 interacting protein,
Aminotransferase ALD1, a orthologue of Arabidopsis Lipase-like PAD4 and an unknown
protein (Table 1). Genes involved in regulation of the salicylic acid biosynthetic process
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(GO:0080142) mainly encoded Calmodulin-binding proteins and an orthologue of Arabidopsis
Lipase-like PAD4 (Table 1). Genes in the calcium ion transmembrane transport category
(GO:0070588) encode diverse Calcium-transporting ATPases (Table 1).

6
Figure 2. Differentially expressed genes (DEGs) specific for Gpa2-mediated resistance in potato roots infected
with the avirulent G. pallida population D383. A. Overview of the total number of up- and downregulated DEGs at 3
dpi, 6 dpi or both. No results for 3 dpi under the settled threshold of 0.05. B, C. GO-term analysis on D383-specific
DEGs at B. 6 dpi or C. both 3 and 6 dpi.

To further identify DEGs that are highly associated with Gpa2-mediated defense responses, we
selected D383-specific DEGs with a large effect size (log2 >2). This selection contained 122
up- and 18 downregulated DEGs (Figure 3A). In line with the k-means clustering (Figure 1D),
the 122 upregulated DEGs were from either cluster 1 or 2 while the 18 downregulated DEGs
were all from cluster 4 (Supplementary Table 4). Among these 122 upregulated DEGs, 11 and
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71 DEGs were specifically upregulated at 3 and 6 dpi, respectively (Figure 3A). 40 DEGs
were upregulated at both 3 and 6 dpi, with most of them showing a comparable or slightly
increased expression level over time (Figure 3A). The upregulated DEGs induced at both
3 and 6 dpi matches genes encoding a Sar8.2 family protein (PGSC0003DMG400017919),
WRKY transcription factors (PGSC0003DMG401031196, PGSC0003DMG400031140,
PGSC0003DMG400000211, PGSC0003DMG400007387, PGSC0003DMG400020608), a
NPR1 interacting protein (PGSC0003DMG400014558), LOB domain-containing proteins
(PGSC0003DMG400027372, PGSC0003DMG400021204), an auxin-responsive protein
(PGSC0003DMG400001274), a SGT1 homologue (PGSC0003DMG400028904), the
Aminotransferase ALD1 (PGSC0003DMG400022929), an ethylene-responsive transcription
factor (PGSC0003DMG400026261), a receptor-like protein kinase (PGSC0003DMG4010
09161), etc (Supplementary Table 4). The DEGs specifically upregulated at 3 dpi matches
genes encoding a tyramine N-feruloyltransferase (PGSC0003DMG400014776), an ortholog
of Arabidopsis broad-spectrum mildew resistance protein RPW8 and cytochrome P450
(Supplementary Table 4). DEGs only upregulated at 6 dpi mainly encode lipid transfer
proteins (PGSC0003DMG400021763, PGSC0003DMG400012481), a germin-like protein
(PGSC0003DMG400013096), pathogenesis-related protein (PGSC0003DMG400001550),
WRKY transcription factors (PGSC0003DMG400008391, PGSC0003DMG400017349),
a calcium-binding protein (PGSC0003DMG400027692) or calcium-transporting ATPases
(PGSC0003DMG400021421, PGSC0003DMG400019431), receptor-like serine/threonineprotein kinases (PGSC0003DMG403030532, PGSC0003DMG402003983, PGSC0003DMG40
0026155, PGSC0003DMG400017728, PGSC0003DMG400003192, PGSC0003DMG4020
15827), two cytochrome P450 (PGSC0003DMG400031519, PGSC0003DMG400021542), a
Myb-related protein (PGSC0003DMG400017223), heat shock protein, etc (Supplementary
Table 4).
Table 1. GO-term enrichment analysis (fdr = 0.05) of downstream defense response-related
D383-specific DEGs at both 3 and 6 dpi.
Term_name

Term_id

DEGs

Short annotation

Systemic acquired
resistance

GO:0009627

PGSC0003DMG400014558
PGSC0003DMG400005762
PGSC0003DMG400022929
PGSC0003DMG400019873

NPR1 interacting
–
Aminotransferase ALD1
Orthologue of Arabidopsis
Lipase-like PAD4

Regulation of salicylic
acid biosynthetic
process

GO:0080142

PGSC0003DMG400024785
PGSC0003DMG400024478
PGSC0003DMG400019873

Calmodulin-binding protein 60 B
Calmodulin binding protein-like
Orthologue of Arabidopsis
Lipase-like PAD4

Calcium ion
transmembrane
transport

GO:0070588

PGSC0003DMG400021421
PGSC0003DMG400019431

Calcium-transporting ATPase 2
Putative calcium-transporting
ATPase 13
Calcium-transporting ATPase 2
Calcium-transporting ATPase 12

PGSC0003DMG400013022
PGSC0003DMG400018942
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Different from the upregulated DEGs, there were no DEGs detected that were downregulated
at both 3 and 6 dpi under the conditions used. Among 18 downregulated DEGs, 1
and 17 were exclusively downregulated at 3 and 6 dpi, respectively (Figure 3A). The
only downregulated transcript at 3 dpi encodes a plastocyanin-like domain protein
(PGSC0003DMG400003448) (Supplementary Table 4). The DEGs exclusively downregulated
at 6 dpi included genes encoding abscisic acid and environmental stress-inducible protein
(PGSC0003DMG400003530), a cytochrome P450 (PGSC0003DMG400000244), peroxidases
(PGSC0003DMG400000694, PGSC0003DMG401024332), bidirectional sugar transporters
(PGSC0003DMG402031741, PGSC0003DMG401031741), an auxin-responsive protein
(PGSC0003DMG400016280), ethylene-responsive transcription factor (PGSC0003DMG40
0023295), MAPK/ERK kinase (PGSC0003DMG400040547), etc. (Supplementary Table 4).
In general, most upregulated DEGs were associated with plant defense responses, whereas
several downregulated DEGs were mostly involved in other hormone-regulated activities (see
representative DEGs in Figure 3B, Supplementary Table 4).

Discussion
In this study, we performed RNA sequencing of in vitro Gpa2 resistant potato roots infected with
the cyst nematode G. pallida using the avirulent population D383 and the virulent population
Rookmaker. Root segments were collected at 3 and 6 dpi to investigate the genes differentially
expressed upon specific activation of the Gpa2 resistance gene. Comparative transcriptome
analysis between D383 and Rookmaker infected root segments obtained from the same genetic
potato background showed a total of 1,743 genes differentially expressed upon nematode
infection, of which a subset of 559 genes were specifically regulated upon Gpa2 activation
in response to D383 infection. GO enrichment analysis showed that D383-specific DEGs
were mainly involved in downstream defense responses, such as calcium ion transmembrane
transport, SA biosynthetic process, systemic acquired resistance. Closer inspection of highly
upregulated DEGs (log2 >2) were clearly associated with plant defense activities, whereas highly
downregulated DEGs were mainly associated other hormone-regulated activities. These data
reveal candidate genes and potential pathways involved in Gpa2-mediated defense responses
to cyst nematode infection in potato roots.

Genes potentially involved in maintaining steady-levels of the Gpa2
protein in plant cells
The stability of NLRs is maintained by molecular chaperones including SGT1, HSP90,
and RAR1 (Kadota et al., 2010). Therefore, it is likely that also Gpa2 requires such
co-chaperones to maintain protein stability and a steady-state pool in plant cells pre-activation,
enabling a rapid defense response upon nematode infection. Indeed, there were two highly

169

6

Chapter 6

Figure 3. Differentially expressed genes (DEGs) highly involved in Gpa2-mediated resistance (log2 >2). A.
Overview of the numbers of highly regulated DEGs at 3 dpi, 6 dpi or both. B. Expression level of representative
D383-specific DEGs (log2 >2) that relate to defense response or nematode feeding site development.

170

Transcriptome analysis upon Gpa2 activation

upregulated (log2 >2) D383-specific DEGs encoding a SGT1 homologue and a heat shock
protein (HSP) 83, of which the latter is a member of the HSP90 family. Their enhanced
expression level indicates that SGT1 and HSP90 also function post-activation, probably by
stabilizing de novo synthesized Gpa2 immune receptors or other components of the resistance
complex in order to mediate a proper and efficient immune response upon nematode detection.
Alternatively, SGT1 and HSP90 could play other roles in downstream activation of nematode
defense responses. For Rx1, a close homolog of Gpa2, SGT1 was for example shown to play a
role in protein stability (Botër et al., 2007), but also in the nucleocytoplasmic distribution of
Rx1 in the cell in a phosphorylation dependent manner (Hoser et al., 2014). Moreover, HSP90
is reported to be required for defense activation for some NLRs, including RPS4, Pto, N and
Rx1 (Lu et al., 2003; Zhang et al., 2004). Therefore, it will be interesting to investigate the role
of SGT1 and HSP83 in Gpa2 functioning to see how this links to nucleocytoplasmic dynamics
and/or changes in protein stability as observed in Chapter 2.

SA-dependent signaling is likely involved in Gpa2-mediated resistance
Phytohormone salicylic acid (SA) seems to play a key role in Gpa2-mediated defense responses.
D383-specific DEGs showed that NLRs signaling component PAD4, EDS1 and NDR1
were upregulated at both 3 and 6 dpi and upregulation was slightly increased over time
(Supplementary Figure 2). Commonly, PAD4/EDS1 are required for TNLs and certain
CNLs, like Arabidopsis RPS2 and HRT (Venugopal et al., 2009; Cui et al., 2017), whereas
NDR1 is required for most CNLs to activate downstream defense signaling (van Wersch
et al., 2020). PAD4/EDS1 and NDR1 are two different signaling branches for NLRs, but
they both function upstream of SA and positively enhances SA accumulation (Shapiro and
Zhang, 2001; Cui et al., 2017; Sun et al., 2021). From this, we conclude that the EDS1/PAD4
and NDR1 branches are both involved in the activation of SA-mediated defense pathway
in Gpa2-mediated resistance to cyst nematodes in potato roots. The downstream signaling
of SA-mediated defense is predominantly regulated by NPR1, a master regulator of the SA
pathway and SA-induced systemic acquired resistance (SAR) (Backer et al., 2019). SAR is
a long distance signaling mechanism that confers long-lasting resistance against secondary
infections in plants (Gao et al., 2015). Recently, NPR1 has been shown to interact with EDS1,
but not PAD4, to upregulate EDS1 at the transcriptional level. Vice versa, it was reported
that EDS1 stabilizes NPR1 at the protein level (Chen et al., 2021). Interestingly, a NPR1
interacting protein was highly upregulated at both 3 and 6 dpi upon D383 infection (Figure
3B). Although NPR1 was not detected in our data set, the upregulation of this NPR1-interacting
protein provide circumstantial evidence that NPR1 as a key regulator of SA-mediated defense
contributes to Gpa2 immunity to cyst nematodes together with other components like EDS1.
However, further research is needed to test this hypothesis.
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NPR1 functionally associates with TGACG-binding (TGA) and WRKY transcription factors
(TFs) in the nucleus to modulate SA-mediated downstream signaling during defense responses
(Backer et al., 2019). In agreement, WRKYs emerged as major TFs in response to D383 infection
(Supplementary Table 2) further supporting a potential role for NPR1 in Gpa2-mediated
plant immunity. Particularly, WRKY40/51/53/70 were highly upregulated (log2 >2) at both 3
and 6 dpi (Figure 3B). Two of these WRKYs have been previously found to be involved in
SA-dependent defense responses. First, WRKY40 gene expression is induced by Pseudomonas
syringae DC3000 effector AvrRPS4-triggered defense response (Schön et al., 2013). Second,
WRKY70 is required for CNL Mi-1-mediated resistance against root-knot nematode Meloidogyne
javanica in tomato (Atamian et al., 2012). WRKY53 has a functionally redundant role with
WRKY70 in defense signaling induction and contributes to basal defense (Wang et al., 2006;
Murray et al., 2007). However, upon Gpa2 activation both WRKY53 and WRKY70 were
upregulated, suggesting WRKY53/70 may function cooperatively in NLR-mediated defense
responses. In addition, WRKY70/51 have an antagonistic effect on the SA and Jasmonic acid (JA)
pathways and positively regulate the SA response (Zhang et al., 2018). Overall, upregulation of
SA-mediated defense response regulators WRKY40/51/53/70 (Caarls et al., 2015) underscores
that the SA defense pathway is a key component in Gpa2-mediated defense response.
The co-regulation of NPR1 and TGA/WRKY TFs often results in an enhanced expression
of SA-responsive genes, like AGD2-like defense response protein 1 (ALD1), which was
highly upregulated (log2 >2) at both 3 and 6 dpi and grouped in the SAR GO-term category
(GO:0009627) (Table 1 and Figure 3B). Similarly, ALD1 has been shown to improve
soybean resistance to soybean cyst nematode H. glycines (Kang et al., 2018). ALD1 carries
aminotransferase activity, which is essential for the biosynthesis of SAR-inducer Pip, to initiate
distal defense response known as SA-induced SAR (Gao et al., 2015). In the present study,
we think ALD1 may positively regulate systemic defense levels in the potato root system or
even in the aboveground plant parts upon local Gpa2 activation upon cyst nematode infection.
This hypothesis is further supported by the notice that the gene encoding Sar8.2 family protein
shows the highest upregulation in D383-specific DEGs at both 3 and 6 dpi (Figure 3B). The
Sar8.2 family is involved in SA-induced SAR (Song and Goodman, 2002) and we speculated
that Sar8.2 family protein may function downstream of ALD1 in Gpa2-mediated defense
response. It will be interesting to see if indeed hall mark genes of systemic acquired resistance
are upregulated in distal plant tissues and how this may increase plant defense levels to other
pathogens below and aboveground.

Calcium signaling is essential for Gpa2-mediated resistance
Calcium signaling appears as a crucial downstream signaling pathway in Gpa2-mediated
resistance. We found 22 D383-specific DEGs encoding proteins that are involved in calcium
signaling activity, including calcium-binding proteins, calcium exchanger proteins, calcium
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uniporter proteins, and calcium transporting ATPase (Supplementary Table 2). Moreover,
some of these were highly upregulated (log2 >2) at 6 dpi (Supplementary Table 4). This is
consistent with GO enrichment analysis that D383-specific DEGs, enriched at both 3 and 6
dpi, associated with calcium ion transmembrane transport (GO:0070588) (Table 1). Those
calcium-activity related proteins may contribute to calcium signaling activity in the cells upon
Gpa2-mediated immune responses. Calcium flux is important in initiating both basal defense
and R genes-mediated resistance in plant cells and the blocking of calcium signal largely impairs
plant immune response (Aldon et al., 2018). Different from a transient calcium signal generated
in basal defense, a long-lasting cytosolic calcium signal is detected during R gene-mediated
resistance (Aldon et al., 2018). The activated NLR ZAR1 resistosome forms a calcium influx
channel to activate subsequent HR and immune response (Bi et al., 2021). Therefore, the
enrichment of those calcium signaling activity related proteins suggest there might be increased
calcium influx upon defense activation, leading to ultimate Gpa2-mediated cell death response
around the nematode feeding sites, which is able to be detected starting at 5 dpi (Koropacka,
2010).

Other extra- and intracellular immune co-receptors may contribute to
Gpa2-induced resistance
To our surprize, several known immune receptors show significant upregulation in response to
D383 infection, indicating that they might be part of the Gpa2-mediated resistance response.
First, upregulation of an ortholog of AtRPW8 was detected at 3 dpi (Figure 3B). AtRPW8 is an
atypical intracellular immune receptor containing a CC domain that shares sequence homology
to the CC domain of a third type of NLRs named RPW8-NLRs, which function as helper NLRs
to mediate downstream signaling for multiple sensor NLRs from both CNL and TLN types
(Castel et al., 2019). AtRPW8 confers broad-spectrum resistance to mildew, but also enhances
resistance against diverse pathogens in both Arabidopsis and rice by boosting PTI signaling (Li
et al., 2018). The regulation of AtRPW8 occurs via a SA-dependent pathway, which requires
EDS1 and PAD4 for function (Xiao et al., 2001, 2003, 2005). Moreover, transcription of RPW8
is controlled in a SA-dependent feedback loop. However, there is no direct evidence yet to
show that RPW8 is involved in NLRs-mediated immunity. Therefore, we speculate that the
enhanced expression of RPW8 is caused by enhanced SA signaling during Gpa2 activation. An
alternative hypothesis is that this RPW8 homolog functions as a helper NLR in Gpa2 mediated
immunity to cyst nematodes in potato in a SA-dependent manner as demonstrated for other
sensor NLRs (Castel et al., 2019).
Additionally, receptor-like protein kinases (RLKs) were also upregulated in response to D383
infection, including receptor-like tyrosine-protein kinase FERONIA and leucine-rich repeat
receptor-like serine/threonine/tyrosine-protein kinase SOBIR1 (Supplementary Figure 2).
RLKs locate in the plasma membrane and they perceive pathogens through their extracellular
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domain and initiate the defense signal through their intracellular domain (van der Burgh and
Joosten, 2019). SOBIR1 may probably enhance Gpa2-mediated (systemic) resistance via
SA-dependent signaling as it can directly associate receptor-like proteins with EDS1 and PAD4,
which are considered the core signaling node for both PTI and ETI (Pruitt et al., 2020). In
addition, SOBIR1 shows elevated phosphorylation levels in SAR-induced Arabidopsis leaves,
suggesting SOBIR1 is likely involved in SAR in a phosphorylation-dependent regulation (Zhou
et al., 2021). As SAR seems involved in Gpa2-mediated resistance as shown in GO enrichment
analysis (Figure 2C), we think the upregulation of SOBIR1 at 6 dpi may partly contribute to
signaling communication between neighbouring cells in Gpa2-mediated SAR. FERONIA has
been shown to potentiates defense response to Pseudomonas syringae DC3000 via suppressing
of JA signaling in Arabidopsis (Guo et al., 2018). This may also occur during Gpa2 activation,
since JA can antagonize SA signaling and SA appears to dominate Gpa2-mediated downstream
resistance.

The development of nematode feeding sites is arrested upon Gpa2
activation
The activation of Gpa2 leads to the arrest of cyst nematode feeding site development. Auxin is
known to be crucial for plant root formation as well as nematode feeding site development and
consists of three major classes: IAA, GRETCHEN HAGEN 3 (GH3), and small auxin up RNA
(SAUR) (Oosterbeek et al., 2021). We found downregulation of IAA14 at 6 dpi, this gene is
particular important for lateral root formation and is induced during feeding sites establishment
(Fukaki et al., 2002; Grunewald et al., 2008). Similarly, gene expression of the SAUR family is
often detected in nematode feeding sites and the majority of SAUR genes is downregulated
during nematode infection (Oosterbeek et al., 2021). SAURs can modulate IAA transport and
thereby affect the cell expansion and division process (Ren and Gray, 2015). In this study, we
detected an opposite response by the upregulation of SAUR36 at both 3 and 6 dpi upon Gpa2
activation (Figure 3B). There are two explanations possible. First, SAUR36 upregulation might
prevent further expansion of the feeding sites or second, SAUR36 upregulation could also be a
passive secondary response due to feeding cell collapse upon Gpa2 immunity. In the latter case,
we consider that Gpa2-mediated cell death is initiated earlier that 5 dpi.
Similarly, several other genes were found that may have a suppressive effect on nematode
feeding site development. For example, two LOB domain-containing proteins (LBD1 and LBD4)
showed highly upregulation in response to D383 population infection (Figure 3B). LBD16 is
characterized as a key component of the auxin pathway to participate in cell divisions during
lateral root formation (Cabrera et al., 2014). LBD16 is upregulated during root-knot nematode
M. javanica-induced gall formation in Arabidopsis but for cyst nematode H. schachtii-induced
syncytia in which LBD16 expression level is not affected (Cabrera et al., 2014). Instead,
LBD16 is downregulated in transcriptional data from H. schachtii-induced syncytia (Szakasits
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et al., 2009). Considering LBD1 and LBD4 belong to the same protein family of LBD16, we
speculate that LBD1 and LBD4 might be involved in Gpa2-mediated resistance via suppression
of syncytium formation as well as lateral root formation.
Sugar transporters play an important role during plant-nematode interactions (Hofmann and
Grundler, 2007; Hofmann et al., 2009; Zhao et al., 2018). During the syncytium formation,
the amount of the soluble sugar should be sufficient for cyst nematode development as the
syncytium is the only nutrient source. A previous study has shown various sugar transporters
are specifically induced in syncytium in H. schachtii infected Arabidopsis (Hofmann et al.,
2009). The present study showed a significant downregulation at 6 dpi of sugar transporter
Sugars Will Eventually Be Exported Transporters 10 (SWEET10) (Figure 3B). SWEET10
is able to enhance the resistance to fungus Fusarium oxysporum in sweet potato (Li et al.,
2017). Meanwhile, the expression level of SWEET10 is increased in tomato in response to
root-knot nematode M. incognita infection (Zhao et al., 2018), demonstrating a potential role
during nematode infection. Altogether, we think SWEET10 might contribute to Gpa2-mediated
resistance via disruption of sugar transport for nematode development.

Downstream signaling involved in R genes-mediated resistance to potato
cyst nematodes
In recent years, several transcriptomic analyses have been done to study the downstream
signaling pathways involved in R genes-mediated resistance against potato cyst nematodes. For
instance, a transcriptome study on resistant and susceptible tomato roots infected with PCN
G. rostochiensis indicates the SA pathway plays a vital role in Hero A-mediated resistance.
Upon PCN infection, SA hallmark gene PR1 shows enhanced expression level in resistant
tomato roots while insertion of NahG, which is able to reduce endogenous SA in plants, in Hero
A-containing resistant tomato line compromises the upregulation of PR1 (Uehara et al., 2010).
Moreover, PCN produces higher number of cysts in Hero A-NahG plants compared to Hero
A-containing plants, demonstrating that SA directly controls the Hero A-mediated resistance
(Uehara et al., 2010). Likewise, a transcriptome analysis is also performed in resistant and
susceptible potato roots infected by PCN G. rostochiensis and resistant lines contain H1 gene
in the background (Walter et al., 2018). Resistance activation leads to upregulation of several
genes including germins, a stress responsive factor TSRF1 (tomato stress-responsive factor), a
cysteine protease and a laccase (Walter et al., 2018). Resistant plants show the upregulation of
TSRF1, which encodes an ERF type transcription factor, suggesting ethylene might be involved
in H1-mediated resistance (Walter et al., 2018). In addition, the downregulation a Myb R2R3
homology in resistant plants suggest JA might be suppressed in response to PCN (Walter et al.,
2018).
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Similar to these transcriptome studies, our study also indicate that SA/JA/ET are involved in
Gpa2-mediated resistance to PCN, in particular SA plays a vital role. Besides, we imply ABA
has a potential role in Gpa2 functioning. These evidences are in line with the well-reported
role of the above signaling in plant defense responses against various pathogens (Koornneef
and Pieterse, 2008; Ali et al., 2018; Przybylska and Obrępalska-Stęplowska, 2020; Sun and
Zhang, 2021). However, different from H1/Hero A transcriptome studies, which are all based
on data comparison between the resistant and susceptible cultivars. We only infected resistant
potato roots with Gpa2-virulent population and -avirulent population of G. pallida. Moreover,
we collected local infected root segments instead of whole root system. Although Hero A,
H1 and Gpa2 all result in a layer of necrotic cells around the feeding sites, Hero A and H1
activate resistance in an early stage while Gpa2 leads to a delayed resistance (Goverse and
Smant, 2014). We noticed that in the Hero A study, samples are harvested at very late stage (90
dpi) (Uehara et al., 2010) while in the H1 study, samples are harvested at early stage (8 and
48 hpi) (Walter et al., 2018). The different experimental design (plant genotypes, nematode
pathotypes and harvest timepoints) could be major factors resulting in different results from
individual studies. Compared to the Hero A and H1 studies, results from our Gpa2 study displays
a picture that focuses on plant root local defense responses against PCN and here we removed
the plant genotype background noise. However, we cannot exclude that different nematode
species or populations may also release different molecular components in plant cells causing
the subsequent regulation of other sets of genes.

Conclusions
In conclusion, Gpa2 activation upon G. pallida infection results in the differential expression
of genes related to transcription factors, phytohormones, and calcium-binding proteins. These
responses are already initiated at 3 dpi and is amplified at 6 dpi. Our data suggest that
SA signaling plays a dominant role in Gpa2-mediated resistance to D383 infection. Other
phytohormones such as JA/ ethylene/ salicylic acid may also be involved in Gpa2 activation.
Meanwhile, activation of Gpa2 is likely to suppress nematode feeding site development. These
activities together result in the eventual calcium-dependent Gpa2-mediated delayed cell death
response around the initiated feeding sites. Altogether, we provide a general picture of how
Gpa2, as an intracellular CNL immune receptor, activates downstream defense responses upon
recognition of the avirulent G. pallida population D383. Furthermore, our data imply that there
might be a trade-off between plant defense responses against cyst nematodes at the one hand
and root developmental processes induced upon feeding cell formation on the other hand.
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Figure 4. Overview of candidate genes and pathways potentially involved in Gpa2-mediated resistance in potato
roots infected with the cyst nematode G. pallida. Refering to available functional studies of candidate genes, a picture
emerges in which the activation of Gpa2 leads to association with SGT1/HSP83 to stabilize Gpa2 in the cytoplasm.
Next, Gpa2 might recruit EDS1/PAD4 to upregulate salicylic acid (SA) signaling and activate subsequent systemic
acquired resistance (SAR) in neighbouring cells. Receptor like kinase SOBIR1 and resistance protein AtRPW8 homolog
seem to contribute to resistance via SA signaling. Jasmonic acid (JA), ethylene (ET) and abscisic acid (ABA) might be
involved in Gpa2 activation via crosstalk with SA. Downregulation of auxin-responsive genes together with LBD1/4
and SWEET10 is probably associated with suppression of nematode feeding site development upon activation of
Gpa2-mediated defense responses. The Ca2+ related activities positively regulate the Gpa2-mediated hypersensitive
response in the cells.

Materials & Methods
Plant material and PCN infection
Nematode infection was performed as described in (Koropacka, 2010). Briefly, Stem cuttings
of potato genotype SH (carrying Gpa2) were grown in vitro in B5 medium (gradient) at 22°C
under 16h light/8h dark cycle. One cutting was grown in each plate. Two weeks later, each
plant was inoculated with approximately 250 surface-sterilized G. pallida infective juveniles
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in roots (Goverse et al., 2000). For the nematode assay, Globodera pallida Gpa2-avirulent
population D383 and Gpa2-virulent population Rookmaker were used (van der Voort et al.,
1997). Inoculation with 0.7% (w/v) Gelrite solution was used as negative control. Plants were
kept at 18°C in dark and nematode infected potato root segments were collected at 3 and 6 days
after infection. As the negative control, equal amounts of similar-sized root segments were
harvested. The experiment was conducted in three time-separated biological replicates where
each replicate experiment contained all three infection conditions (D383, Rookmaker, or mock)
and two timepoints (3 and 6 dpi).

RNA extraction, library preparation and sequencing
Three biological replicates of 15 plants/sample were collected and snap-frozen in liquid nitrogen.
RNA extraction was performed using the Maxwell 16 LEV-plant RNA kit (Promega) following
the manufactures protocol. RNA degradation and contamination was monitored on 1% agarose
gel. Purification was checked by using the NanoPhotometer®spectrophotometer (IMPLEN,
CA, USA). RNA integrity and quantitation were assessed by using the RNA Nano 6000 Assay
Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). RNA sequencing was
done at Novogene (HongKong) by using Novaseq 5000 PE150 platform, providing at least 50
million clean paired-end reads of 150 bp per sample.

RNAseq data mapping, normalization and batch correction
The clean reads were mapped to the reference genome sequence of Solanum tuberosum
Solgenomics PGSC_v4.03 genome by using HISAT2 software (Kim et al., 2019). Before
analysis, the FPKM values were filtered and transformed. First, the potato gene expression was
filtered for read detection in all samples. This lead to detection of 19,590 genes out of 39,028
genes in the potato genome. Next, the FPKM values were transformed by
F P KMlog,i,j = log2 (F P KMi,j + 1)
where FPMKlog was the log2 -normalized FPKM value of the gene i (one out of 19,590 genes
from potato) and sample j (one out of 18 samples).
The expression was batch-corrected by first fitting the data to the linear model
F P KMlog,i,j = Bj + Dj + Tj + e
where FPMKlog was the log2 -normalized FPKM value of the gene i (one out of 19,590 genes
from potato) and sample j (one out of 18 samples), B was the experimental batch (1, 2, or 3),
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D was the dpi (3 or 6) and T was the treatment (D383, Rookmaker, or mock-infected). For
batch-correction, the batch-related differences in expression per gene were subtracted from the
expression values of the samples within that batch.
For gene-centric analyses (principal component analysis and correlation analysis), expression
was transformed to a log-ratio with the mean by

F P KMratio,i,j = log2



F P KMi,j
F P KMi



where the mean FPMKratio was the log2 of the FPKM value of gene i (one out of 19,590 for
potato) and sample j (one out of 18 samples for potato), divided by the average FPKM value
over all samples for gene i.

Principal component analysis
To understand the factors causing the variance in the expression data, principal component
analysis was performed with the prcomp function in R with the parameter scale. = TRUE on
the FPKMratio -transformed expression data in R version x64 4.0.2.

RNAseq liner model and DEGs
To identify differentially expressed genes associated with nematode infection, a linear model
was applied

F P KMlog,i, = GD383,j + GRook,j

6

where the gene-expression FPMKlog of gene i was explained over the genotype being D383
(GD383 ) or Rookmaker (GRook ) of sample j. This model was applied for 3 dpi and 6 dpi
separately.
We selected differentially expressed genes based on a threshold of p < 0.001. This was at a false
discovery rate adjustment for multiple testing (provided by the p.adjust function) of: 0.037 for
D383 at 3dpi, 0.043 for Rookmaker at 3dpi, 0.017 for D383 at 6dpi, and 0.020 for Rookmaker
at 6 dpi.
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Venn diagram and k-means clustering
To visualize the overlap of significantly differentially expressed genes (p < 0.001) in D383 and
Rookmaker infected groups at 3 and 6 dpi, the venn diagram was made via R version x64 4.0.2
with venn.diagram function from the VennDiagram package.
To visualize expression pattern of significantly differentially expressed genes, k-means
clustering was performed to divide genes into several clusters with similar expression patterns.
In the end 1-20 clusters were examined using kclust and 5 clusters were selected for visualizing
the data. The final analysis was ran with the parameters iter.max = 1,000 and nstart = 50.

Gene Ontology term enrichment analysis
The Gene Ontology (GO) term enrichment analysis were done by online tool g:Profiler (https:
//biit.cs.ut.ee/gprofiler/gost). Data were present as figures via R version x64 4.0.2
with ggplot function.
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Supplementary information
Supplementary Figure 1. Volcano plot of differentially regulated genes affected by G. pallida
infection at 3 and 6 dpi. Differentially expressed genes were labelled as black dots. The gene
expression change with the threshold of false discovery rate (fdr < 0.05) were labelled as orange
dots.

Supplementary Figure 2. Expression level of representative D383-specific DEGs (log2 < 2)
that relate to plant defense response.
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Supplementary Table 2. List of DEGs (p < 0.001, fdr < 0.05) enriched in Venn diagram.
The log2 (folder change) values are listed.
Supplementary Table 3. K-means clustering analysis of DEGs from Venn diagram. The
DEGs are divided into 5 clusters.
Supplementary Table 4. List of DEGs (log2 >2) specifically respond to D383 infection at 3
dpi, 6 dpi or both 3 and 6 dpi. The log2 (folder change) values in D383 group and k-means
cluster are listed.
Supplemental table 2-4 can be found via the link: https://wageningenur4.sharepoint.
com/:f:/r/sites/PNI-Shared_data_employees/Gedeelde%20documenten/Shared_
data_employees/Qi/Thesis%20document/RNAseq/Supplemental%20data?csf=1&
web=1&e=yiNlKj
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Preface

This thesis investigates the molecular and cellular mechanisms underlying plant-mediated
resistance against cyst nematodes. Cyst nematodes are notorious soil-borne plant parasites that
threaten food crops worldwide such as potato, tomato, soybean, and sugar beet. The estimated
yield loss caused by potato cyst nematodes reaches 9% of potato production (Jones et al., 2013).
To control cyst nematodes in the field, one major approach is the application of resistant crop
cultivars, which often depends on single dominant resistance (R) genes to activate efficient and
highly specific resistance. Therefore, novel insights in the functioning of R genes encoding
immune receptors against cyst nematodes as studied in this thesis will not only increase our
understanding about how cyst nematodes are recognized by the plant immune system, but also
aid in breeding for crop resistance and cyst nematode control.
In response to cyst nematode invasion, R gene-encoded products activate host-specific resistance
against nematodes in plant roots upon the detection of matching nematode effectors or their
activities (Sato et al., 2019). Cyst nematodes secrete such effectors into the plant cells to
manipulate host cell development and to modify cell structures to establish a nematode feeding
site (Hewezi and Baum, 2013; Jaouannet and Rosso, 2013). However, cyst nematodes also
deploy effectors to suppress plant immune responses (Hewezi and Baum, 2013; Diaz-Granados
et al., 2016). In return, plants have evolved R genes that encode NB-LRR immune receptors
inside the cell which are able to detect such effectors and activate defense responses with the
help of other host factors (Feehan et al., 2020; Sun et al., 2020). Yet, for most identified cyst
nematode NB-LRRs, the corresponding effectors and co-factors are unknown.
In this thesis, we used the single dominant potato R gene Gpa2, for which the corresponding
effector GpRBP-1 from the potato cyst nematode G. pallida is known (Sacco et al., 2009), as
a model system to investigate the molecular and cellular mechanisms underlying nematode
detection and defense activation. We first characterized the role of subcellular compartments
to see how they associate with nematode detection and defense activation in the cells. Next,
we explored novel host factors that belong to the Gpa2 immune receptor complex to examine
where they locate inside the cell and how they regulate Gpa2 activity at different levels. Finally,
we investigated the large-scale signaling outputs upon Gpa2 activation in potato roots to obtain
genes and pathways involved in Gpa2-mediated resistance. Overall, by addressing these three
objectives, we have identified novel host factors, either from the nucleus or the cytoplasm, which
coordinate Gpa2 immune activity most likely at the post-transcriptional or post-translational
level. Here, I will highlight the main findings from this thesis and discuss how they expand
our knowledge on the molecular warfare between the plants and invading cyst nematodes.
Furthermore, I will make proposals for how this knowledge could be used to develop novel
strategies for crop improvement and cyst nematode control by resistance breeding.
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2

Cyst nematode detection by NB-LRRs in plant cells

2.1 Where the two shall meet: co-localization of NB-LRRs and matching
effectors
For cyst nematode detection by the plant immune system, a key question is where recognition
takes place inside the cell during infection. Several studies have shown that NB-LRRs
and their matching effectors co-localize in the same subcellular compartment, which is the
prerequisite for recognition and defense activation (Burch-Smith et al., 2007; Wirthmueller et
al., 2007; Slootweg et al., 2010; Heidrich et al., 2011). So, to answer this question, knowledge
on the localization of both cyst nematode NB-LRRs as well as their matching effectors is
indispensable.
Cyst nematode effectors show diverse subcellular localizations in host cells to manipulate plant
functions (Hewezi and Baum, 2013; Jaouannet and Rosso, 2013). Upon infection, nematode
stylet contacts with the plasma membrane to form an pore, which is thought to allow direct
release of nematode secretions into the cytoplasm (Jaouannet and Rosso, 2013). The cytoplasmic
localization of some nematode effectors are related to defense suppression, where effectors
can interact with host proteins to modulate defense response such as perturbing salicylic acid
signaling or auxin influx transport (Grunewald et al., 2009; Hewezi et al., 2010). Many nuclear
localized effectors associate with nuclear host components or transcription factors to manipulate
the host gene expression, thereby suppressing plant immune responses or promote feeding site
formation (Hewezi and Baum, 2013; Jaouannet and Rosso, 2013). Notably, some nematode
effectors are able to translocate to the apoplast or the nucleus via the targeting of host proteins
in the cytoplasm (Hewezi and Baum, 2013; Jaouannet and Rosso, 2013). The effector GpRBP-1
locates in both the nucleus and the cytoplasm (Chapter 3; Jones et al., 2009) and recent studies
show that GpRBP-1 is able to target both cytoplasmic host factors like RanGAP2 (Sukarta et
al., 2021) and nuclear host factors like UPL3 and SIZ1 to promote virulence (Diaz-Granados
et al., 2019, 2020). Together, it seems that the subcellular localization of effectors and their
interactions with compartment-specific host factors are associated with the modulation of
specific cellular processes during plant parasitism.
One can envision that in return, plants have evolved strategies that prevent this to occur
by monitoring the presence of nematode effectors inside the cell or the perturbation of host
factors targeted by effectors. Compared to nematode effectors, however, less is known about
the localization of cyst nematode NB-LRRs in plant cells. Based on sequence predictions
and domain composition, they are thought to locate either in the plasma membrane like the
extracellular immune receptor Cf2 or inside the cells like immune receptor Hero A and Gro1-4
(Chapter 2). To gain more insights, the labeling of fluorescent tags to NB-LRRs can be used to
visualize the subcellular localization of NB-LRRs in plant cells. Furthermore, functional studies
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based on redirection of NB-LRRs via the fusion of compartment-specific targeting signals
would contribute to the understanding of the role of different subcellular compartments in plant
immunity to cyst nematodes. Using such approaches, we could experimentally determine the
subcellular localization of NB-LRRs like Gpa2 in leaves of N. benthamiana. Gpa2 locates
in both the nucleus and the cytoplasm, though Gpa2 does not contain a canonical nuclear
localization signal in its sequence (Chapter 3). The absence of a nuclear targeting signal is
a phenomenon noticed for other NB-LRRs as well like for example the Gpa2 homologue
Rx1. Despite the lack of such a signal, Rx1 accumulates not only in the cytoplasm but also
in the nucleus. Furthermore, a balanced nucleocytoplasmic distribution is required for full
Rx1 functionality. However, Rx1 detects its matching effector specifically in the cytoplasm
(Slootweg et al., 2010). Similarly, Gpa2 also detects GpRBP-1 in the cytoplasm. Moreover, we
could demonstrate that both the nucleus and the cytoplasm are essential for Gpa2-mediated
cell death in N. benthamiana leaves as well as nematode resistance in potato roots (Chapter
3). The cytoplasm seems to function as the frontline of nematode detection, probably because
most nematode effectors are originally released into the cytoplasm. Thus, accumulation of cyst
nematode NB-LRRs in the same compartment will increase the chance to detect their presence
upon host cell infection.
In addition to knowledge about the subcellular localization of the individual receptor and
matching effector, which resembles most likely their localization pre-activation, it is intriguing to
know what happens upon co-expression of the immune receptor/effector pair, thereby mimicking
the post-activation state. This may coincide with changes in the localization of the individual
components. Some plant NB-LRRs are indeed able to traffic among different compartments
upon co-expression of their matching effector. A typical example is the potato late blight
NB-LRR R3a, which relocates from the cytoplasm to the endosome upon detection of its
effector AVR3a of Phytophthora infestans (Engelhardt et al., 2012). Besides, barley NB-LRR
MLA10 shows a translocation to the nucleus in the presence of its effector AvrA10 of Blumeria
graminis (Shen et al., 2007). MLA10 originally locates in both the nucleus and the cytoplasm,
but shows an increasing distribution in the nucleus upon effector recognition, suggesting a
dynamic changes of the MLA10 nuclear pool during the defense response (Shen et al., 2007).
However, the cellular dynamics upon GpRBP-1 detection by Gpa2 and subsequent defense
activation remained to be investigated.
The nucleocytoplasmic distribution of NB-LRR Rx1 is regulated by host factors, in which SGT1
and RanGAP2 retain Rx1 in the nucleus and the cytoplasm, respectively (Tameling et al., 2010;
Hoser et al., 2014). Similarly, we found that RanGAP2 can retain Gpa2 in the cytoplasm and acts
probably as a cytoplasmic retention factor to determine its nucleocytoplasmic distribution in the
plant cell pre-activation (Chapter 3). Furthermore, Gpa2 and GpRBP-1 co-localize in both the
nucleus and cytoplasm (Chapter 3), but RanGAP2 localizes solely in the cytoplasm (Tameling
et al., 2010). Interestingly, recognition of GpRBP-1 by Gpa2 only occurs in the cytoplasm as
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shown in this thesis. It is likely that the bipartite complex between Gpa2 with RanGAP2 (Sacco
et al., 2007) and GpRBP-1 with RanGAP2 (Sukarta et al., 2021) are formed in the cells. Upon
co-expression of Gpa2 and GpRBP-1, a tripartite complex may form between Gpa2, GpRBP-1
and RanGAP2, consistent with the enhanced Gpa2 activity observed upon artificial tethering
of GpRBP-1 and RanGAP2 (Sacco et al., 2009). Hence, we proposed that RanGAP2 brings
Gpa2 and GpRBP-1 in proximity in the cytoplasm, allowing GpRBP-1 recognition by Gpa2
(Chapter 3, Figure 1).

Figure 1. GpRBP-1 recognition model. Gpa2 is localized in both the nucleus and the cytoplasm. In the absence of
GpRBP-1, RanGAP2 forms a complex with Gpa2 to stabilize and retain Gpa2 in the cytoplasm. In the presence of
GpRBP-1, both activating (P) and non-activating (S) variants co-localize with Gpa2 in both the nucleus and cytoplasm
and Gpa2 shows a cytoplasmic shifting. RanGAP2 probably mediates GpRBP-1 recognition by Gpa2 upon targeting
by GpRBP-1, resulting in a tripartite interaction leading to defense activation in the cytoplasm.
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2.2

It takes two to tango: recognition models for effector detection by
NB-LRR immune receptors

Plant NB-LRRs detect their corresponding effectors in a direct or indirect way. Direct recognition
of effectors is achieved via physical interactions between NB-LRRs and their matching effectors.
In most cases, the LRR domain determines the recognition specificity. For instance, wheat
CC (coiled-coil)-NB-LRR Sr35 and flux TIR (toll-interleukin-1 receptor)-NB-LRR L5 and L6
directly interact with their matching effector via the LRR domain to trigger immune responses
(Ravensdale et al., 2012; Salcedo et al., 2017). Sometimes, the N terminus of NB-LRRs is also
crucial for recognition as it is shown for the TIR-NB-LRR protein N, which detects its matching
effector via the TIR domain (Burch-Smith et al., 2007). However, no evidence is currently
available to support such a direct recognition model for the detection of cyst nematodes by
NB-LRR proteins.
Indirect recognition occurs when NB-LRRs perceive effectors via host factors which are targeted
by effectors (van Wersch et al., 2020). These host factors can act as a molecular trap to assist
capturing effectors by NB-LRRs. Such host factors are functionally divided into two types,
acting either as guardee or decoy. In case of guardees, host factors targeted by effectors are
essential for promoting virulence. Different from effector target functioning as guardees, decoys
are also targeted by effectors but do not contribute to pathogen virulence. In both cases, effector
targeting of guardees or decoys results in NB-LRRs-mediated immune responses as the immune
receptor interacts with the host proteins and able to sense the effector or its activities (van
Wersch et al., 2020). Usually, the N-terminal domain of NB-LRRs associates with the cellular
co-factors, which serve as a bait to mediate effector recognition by the LRR domain, leading
to conformational changes of the LRR/NB-ARC interface and subsequent defense signaling
activation (Collier and Moffett, 2009). Such an indirect bait-and-switch model was proposed
for Rx1 (Collier and Moffett, 2009), which interacts with the host factor RanGAP2 via the CC
domain and mediates RanGAP2-dependent resistance to Potato Virus X (PVX) (Tameling and
Baulcombe, 2007).
Like Rx1, Gpa2 seems to recruit RanGAP2 to activate a defense response. RanGAP2 also
interacts with the CC domain of Gpa2 and artificial tethering of RanGAP2 and effector
GpRBP-1 results in an enhanced Gpa2-mediated defense response (Sacco et al., 2009).
RanGAP2 is therefore assumed to function as a recognition co-factor to facilitate the interaction
between Gpa2 and its effector GpRBP-1. Recently, both the PVX effector coat protein and
GpRBP-1 were shown to target the WPP domain of RanGAP2 consistent with a tripartite model
between the NB-LRR immune receptor, matching effectors and co-factor (Sukarta et al., 2021).
This may indicate that a decoy or a guardee model applies for Gpa2 activation depending
on the role of RanGAP2 in nematode-plant interactions. Mutant analysis showed that both
RanGAP1 and RanGAP2 contribute to cyst nematode pathogenicity on Arabidopsis roots
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and PVX accumulation in Tobacco Rattle Virus (TRV)-based virus-induced gene silencing
(VIGS)-silenced N. benthamiana leaves (Sukarta et al., 2021). From this, a picture emerges
in which GpRBP-1 effector detection by Gpa2 is based on an indirect recognition event that
involves RanGAP2 as a host target. Whether RanGAP2 targeting by GpRBP-1 results in host
target modification, which is subsequently sensed by Gpa2, or that the LRR domain of Gpa2
can sense the effector GpRBP-1 directly upon complex formation with RanGAP2 remains to
be tested.

2.3

How to escape recognition by NB-LRR immune receptors?

Proximity between effectors and matching NB-LRRs, whether facilitated by other host factors,
does not guarantee successful immune response activation upon cyst nematode invasion. Both
immunity activating and non-activating GpRBP-1 variants can target RanGAP2 in the cells
(Sukarta et al., 2021), but only activating GpRBP-1 variants can trigger Gpa2-mediated defense
responses (Sacco et al., 2009). This raises the question how non-activating GpRBP-1 variants
can play a role in avoiding the activation of defense responses by Gpa2. One possibility is
different subcellular distribution between GpRBP-1 activating and non-activating variants
upon Gpa2 activation. However, both activating and non-activating GpRBP-1 variants show
similar co-localization patterns (Chapter 3), suggesting that effector recognition is independent
of their subcellular distribution. It is worth mentioning that the data were collected without
triggering cell death in order to prevent strong autofluorescence, it remains verification if Gpa2
indeed initiates defense. Therefore, there is no accurate conclusion yet about the co-localization
patterns of Gpa2 and GpRBP-1 variants post-activation. Besides, GpRBP-1 and Gpa2 both
associate with host factors like RanGAP1/2 and SUMO ligase SIZ1 (Chapter 5, Diaz-Granados
et al., 2019; Sukarta et al., 2021). It would be interesting to know whether there is a difference
between the dynamic subcellular distribution of GpRBP-1 variants in case of any bipartite
or even Gpa2/GpRBP-1/co-factor tripartite pre- and post-defense activation. For visualizing
localization post-defense activation, another major issue is protein degradation as the result
of cell death induction. Creating Gpa2 mutants that can still be activated and function in
nucleocytoplasmic trafficking, but which are not able to trigger cell death can be considered as
a future direction to study cellular dynamics in Gpa2 immunity, as reported recently for the
helper NB-LRR protein NRC4 (Duggan et al., 2021).
Although we noticed no difference in the subcellular distribution of Gpa2 by the non-activating
GpRBP-1 variant compared to activating GpRBP-1 variant (Chapter 3), the localization data are
collected after agroinfiltration of N. benthamiana leaves. Gpa2 shows homogeneous distribution
in N. benthamiana leaves upon agroinfiltration. Nonetheless, in potato roots, Gpa2 locates near
the vascular bundle and the root tips before nematode infection but accumulates to infection
sites upon infection (Koropacka, 2010). The impact of GpRBP-1 variants on Gpa2 subcellular
localization in potato root cells needs further investigation. In addition, a recent paper showed
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that helper NB-LRR NRC4 originally locates at the extrahaustorial membrane and upon defense
activation in response to Phytophthora infestans, NRC4 disassociates from the extrahaustorial
membrane and forms puncta located in the extrahaustorial membrane and the plasma membrane
(Duggan et al., 2021). This demonstrates that the dynamic subcellular distribution of the
NRC4 contributes to Phytophthora infestans recognition and defense activation. From this, we
speculate whether it is possible that a dynamic distribution of the Gpa2 helper proteins NRC2/3
is required for defense activation to cyst nematodes. Furthermore, it will be interesting to see
if non-activating GpRBP-1 variants are able to disrupt the dynamic distribution of NRC2/3
to prevent downstream signaling activation. Future studies on these aspects would provide
more insights on how different subcellular compartments and processes contribute to Gpa2
functioning.
Another possibility is that non-activating GpRBP-1 variant evolves subtle mutation to escape
recognition or suppress immune responses during co-evolution. Evasion of recognition could
result from different protein folding between activating and non-activating variants and the latter
might be able to escape the detection by Gpa2. Alternatively, mutations in non-activating variant
could still be detected but prevent the activation of a defense response by the corresponding
immune receptor. For instance, the non-activating GpRBP-1 variant targets host factors (like
RanGAP2 and SIZ1) or signaling component to interfere the downstream signaling induction.
This was recently reported for the nematode effector SPRYSEC15 of Globodera rostochiensis.
SPRYSEC15 is able to suppress immune responses mediated by the helper NB-LRRs NRC2
and NRC3 (Derevnina et al., 2021). Helper NB-LRRs function in pair with sensor NB-LRRs,
which are only responsible for effector detection while helper NB-LRRs are required for
downstream signaling initiation (Wu et al., 2018). Both NRC2 and NRC3 function redundantly
as downstream signaling components for multiple sensor NB-LRRs including Gpa2 (Wu et al.,
2017). SPRYSEC15 binds to the NB-ARC domain of NRC2/3 which may prevent downstream
defense activation (Derevnina et al., 2021). The non-activating GpRBP-1 variant might use
a similar mechanism to suppress Gpa2-mediated immune responses thereby explaining the
lack of a cell death response upon co-expression of Gpa2 with the non-activating GpRBP-1
variant.

3

How do co-factors work together to assist Gpa2
functioning in plant defense?

7

Most NB-LRR immune receptors do not act on their own as single proteins, but they associate
with other host proteins to form an immune complex for proper functioning in plant defense. For
example, NB-LRRs form a complex with other host factors to keep NB-LRR stability, facilitate
effector recognition, and modulate downstream immune activities at different levels (Sun et al.,
2020). Thus, NB-LRR immune receptors conferring resistance to cyst nematodes are expected
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to form also functional complexes with other host factors pre- and post-activation. The only
example known at the start of this thesis research was RanGAP2, which acts as a co-factor in
Gpa2-mediated effector-triggered immunity (Sacco et al., 2009). In this thesis, we identified
two novel co-factors of Gpa2: Glycine-rich RNA-binding protein 7 (GRP7) and SUMO E3
ligase SIZ1. In contrast to RanGAP2, which resides in the cytoplasm, GRP7 and SIZ1 are
nuclear proteins that interact with Gpa2 to modulate its functioning in the nucleus (Chapter 4
and 5). Interestingly, both GRP7 and SIZ1 point at the importance of post-transcriptional and
post-translational processing in Gpa2-mediated plant immunity.

3.1

NB-LRRs regulation at post-transcriptional level

The mechanisms underlying NB-LRRs regulation at post-transcriptional level may involve
RNA silencing, nonsense-mediated decay, and alternative splicing (Halter and Navarro, 2015).
Phosphorylation of GRP7 can enhance its RNA-binding capacity and induce a dynamic
alternative splicing in receptor-like kinase FERONIA functioning (Wang et al., 2020). Such
alternative splicing subsequently triggers non-senser mediated decay feedback to the FERONIA
immune complex including GRP7, thereby modulating FERONIA-mediated stress responses
and cell growth in Arabidopsis (Wang et al., 2020). The observation that GRP7 belongs to
the immune receptor complex of Rx1 and Gpa2 implies that GRP7 might be able to regulate
activities of the Rx1 and Gpa2 immune complex via its RNA-binding capacity (Chapter 3).
Rx1 and Gpa2 also form a complex with other nuclear components such as SIZ1, and GLK and
DBCP for Rx1 (Chapter 5, Townsend et al., 2017; Sukarta et al., 2020). Although GRP7 may
also regulate Rx1/Gpa2 at the transcriptional level, since it directly binds to RNA encoding
pattern recognition receptors FLS2 and ERF (Nicaise et al., 2013), Rx1 does not require de novo
synthesis of defense transcripts for extreme resistance (Gilbert et al., 1998). Hence, GRP7 might
fine-turn Rx1/Gpa2 activities at post-transcriptional level, but this remains further investigation.
Furthermore, GRP7 is so far only reported to be involved in basal defense, and its role in
NB-LRRs functioning would be interesting to explore.

3.2

NB-LRRs regulation at post-translational level

Post-translational modifications (PTMs) are considered as an important regulatory mechanism
involved in plant immune signaling. Over the last decade, diverse PTMs are well characterized
and they affect target protein stability, localization, interaction, and intrinsic activities (de Vega
et al., 2018; Vu et al., 2018). Currently, phosphorylation, ubiquitination, and SUMOylation are
widely accepted as the three major types of PTM participating in plant signaling transduction,
including plant immunity. Phosphorylation is usually required for plasma membrane-localized
pattern recognition receptors to mediate signaling activation and transduction in PTI (Li, 2020).
SUMOylation and ubiquitination also contribute to signal transduction in plant cells by covalent
conjugation of small ubiquitin-like modifier (SUMO)/ubiquitin and their target proteins, which
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often involves three steps including activation of SUMO/ubiquitin, conjugation, and ligation to
target proteins (Augustine and Vierstra, 2018; Sharma et al., 2021). SUMOylation/ubiquitination
alters various aspects of the target proteins, such as protein stability, protein enzymatic activity,
protein interactions, subcellular localization. Notably, crosstalk among different forms of PTM
is frequently observed in plant studies and as a result, target proteins can show signatures
of multiple forms of PTM which affect their functioning (de Vega et al., 2018; Vu et al.,
2018). Different PTM results in diverse signaling outputs, contributing to the complexity of
downstream signaling network.
SUMOylation plays an important role in regulating NB-LRRs-mediated defense response.
SUMO E3 ligase SIZ1, which is involved in SUMOylation, has been shown to regulate
TIR-NB-LRR SNC1 activity via SUMOylation of SNC1 interacting protein TPR1 (Niu et
al., 2019). In detail, SIZ1 suppress the transcriptional co-repressor activity of TPR1 via
SIZ1-depenent SUMOylation, keeping the SNC1/TPR1 complex at autoinhibition status in
the cells. In addition, SIZ1 plays a potential role in crosstalk between SUMOylation and
ubiquitination. SIZ1 mediates the SUMOylation of COP1, which is an important repressor
of photomorphogenesis, to enhance COP1-mediated ubiquitination (Lin et al., 2016). In turn,
SUMOylated COP1 mediates the ubiquitination and 26S proteasome-dependent degradation
of SIZ1. Furthermore, this feedback loop plays an essential role in SNC1-mediated immunity,
which is known as a temperature-dependent coordinated regulation between plant immunity and
growth (Hammoudi et al., 2018). The crosstalk between SUMOylation and ubiquitination may
also occur in Gpa2/Rx1 immune system as SIZ1 negatively regulates Gpa2/Rx1-mediated cell
death response (Chapter 4). In detail, SIZ1 might mediate SUMOylation of Gpa2/Rx1, leading
to subsequent ubiquitination and degradation of Gpa2/Rx1 protein. However, this hypothesis
needs further verification.
Co-factors located in different subcellular compartments can regulate Gpa2 activity from
various aspects (Figure 2). The functional studies of Gpa2 co-factors expand our knowledge
of how Gpa2 detects GpRBP-1 and activates defense response. However, there are still
many co-factors that have not been identified, not to mention studying their contribution
in Gpa2-mediated immunity. Considering that Gpa2 shares 88% sequence similarity with
Rx1 (van der Vossen et al., 2000), in particular with only 6 amino acids differ in the CC
domain, it is remains to be verified whether the other interactors of Rx1 could also be
candidate interactors for Gpa2. In future studies, the identification of other novel co-factors
via Co-Immunoprecipitation/Mass Spectrometry and yeast two-hybrid screening is crucial for
further understanding Gpa2 functioning. Additionally, how co-factors associate with Gpa2
in the cell pre- and post-activation remains to be answered. Computerized prediction can be
applied to get insights about complex formation or protein-protein interactions between Gpa2
and co-factors or even tripartite complexes with GpRBP-1. Combined with confocal laser
scanning microscopy, it may provide more knowledge about cellular activities of Gpa2 and its
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derived complex with co-factors/GpRBP-1. Furthermore, cryogenic electron microscopy could
be done to study Gpa2 structure-based pre- and post-activation status, as reported in NB-LRRs
ZAR1 and ROQ1 (Wang et al., 2019a, 2019b; Martin et al., 2020). These studies will further
contribute to our understanding on how Gpa2 or even other cyst nematode NB-LRRs function
at molecular and cellular level.

Figure 2. Gpa2 co-factor work model. Pre-defense activation, RanGAP2 stabilizes and retains Gpa2 in the cytoplasm
to keep Gpa2 in the steady state for defense activation. Meanwhile, GRP7 and SIZ1 associate with Gpa2 in the nucleus.
GRP7 might stabilize Gpa2 by complex formation while SIZ1 might destabilize Gpa2 via SUMOylation. In the
presence of nematode effector GpRBP-1, RanGAP2 mediates nematode detection by Gpa2 in the cytoplasm, leading
to defense activation. In the nucleus, GRP7 and SIZ1 might together modulate immune activity at DNA level, or GRP7
regulates post-transcriptional and SIZ1 regulates post-translational activity, respectively. Activated Gpa2 may recruit
helper NLR NRC2/3 to initiate cell death in the cells.

4 Downstream signaling involved in cyst nematode
resistance upon NB-LRRs activation
4.1

NB-LRRs-mediated downstream activity in the nucleus

Activation of NB-LRRs induces downstream defense responses, which are often associated
with transcriptional reprograming in the nucleus. The expression of downstream defense
genes is under the control of transcription factors (TFs), which are commonly observed to
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interact with NB-LRRs directly or indirectly (Tsuda and Somssich, 2015; Sun et al., 2020).
Moreover, NB-LRRs recruiting TFs as signaling components seems to be a conventional
mechanism for immune activation. Particularly, several CC-NB-LRRs, such as MLA10 and
Pb1, directly associate with TFs via the CC domain to trigger downstream signaling (Bai et
al., 2012; Inoue et al., 2013). These findings are in line with a well-recognized concept that
the CC domain functions as a scaffold to recruit signaling components in NB-LRR-mediated
immunity. The regulation of TFs in NB-LRR function often involves other proteins. For
instance, SIZ1-mediated SUMOylation of TF TPR1 is essential for the complex formation
of TIR-NB-LRR SNC1/TPR1 and defense signaling control (Niu et al., 2019). Similarly, the
DNA-binding protein DBCP and the TF GLK1 both interact with the Rx1 CC domain and
they coordinately regulate Rx1 activity (Sukarta et al., 2020). In this thesis, we characterize
GRP7 and SIZ1 as new members that associate with the CC domain of Rx1/Gpa2 (Chapter 4
and 5). Considering that GRP7 possesses RNA-binding capacity and SIZ1 exhibits a putative
DNA binding domain - SAP (Scaffold attachment factor A/B/acinus/PIAS) domain, it is likely
that GRP7 and SIZ1 may regulate TFs at transcriptional/post-transcriptional or DNA level
to further modulate Rx1 downstream defense response. A similar situation could occur for
Gpa2, as several TFs are differentially regulated by Gpa2 upon nematode resistance activation
(Chapter 6), but their contribution to immunity requires further research.

4.2

Downstream signaling involved in cyst nematode resistance

TFs play an key role in regulating phytohormone signaling in plant immunity (Tsuda and
Somssich, 2015). For example, TGA-bZIP TFs are important in SA-dependent signaling and
subsequent systemic acquired resistance (Tsuda and Somssich, 2015). Salicylic acid (SA),
jasmonic acid (JA) and ethylene (ET) are frequently associated with plant immunity. Mostly,
SA functions as a positive regulator of defense in response to biotrophic pathogens while JA
and ET play a positive role in defense responses to necrotrophic pathogens (Bürger and Chory,
2019). Often, JA and ET function synergistically but JA/ET function antagonistically with
SA in plant leaves. Remarkably, some TFs mediate this crosstalk in phytohormone signaling.
For instance, some WRKY TFs like AtWRKY50/51/63/70 have been shown to be involved
in SA/JA crosstalk (Caarls et al., 2015). ERF TFs such as AtERF1/6/104 are associated with
JA/ET crosstalk (Tsuda and Somssich, 2015). Coincidently, we noticed many TFs that are
differentially regulated in response to Gpa2 activation and many these TFs belong to WRKY
(Chapter 6). These TFs are essential for regulating SA signaling in Gpa2-mediated resistance,
which also leads to induction of SA-responsive genes like ALD1 and Sar8.2 that associated
with subsequent systemic acquired resistance.
The development of technologies for ‘omics’ allows the unraveling of downstream signaling
pathways involved in other nematode resistance. Many studies revealed that SA, JA, ET,
ABA and auxin are involved in resistance to both cyst nematodes and root-knot nematodes in
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various plants (Gou et al., 2017; Shukla et al., 2018; Ghaemi et al., 2020; Jiang et al., 2021;
Lee et al., 2021). In general, SA positively regulates cyst nematodes resistance while JA/ET
positively regulate resistance to root-knot nematodes. Nonetheless, for most transcriptomic
studies, conclusions are generated based on comparison between plant susceptible and resistant
genotypes, wherein the resistance gene is often not clear. For cyst nematodes, transcriptomics
based on R gene containing plant genotypes demonstrated that SA is the central regulator of
Hero A-mediated resistance (Uehara et al., 2010), consistent with the potential role of SA in
Gpa2-mediated resistance (Chapter 6).
Different from most reported ‘omics’ in nematode resistance, we infected the same resistant
potato genotype with Gpa2 virulent (Rookmaker) and avirulent (D383) nematode populations
(Chapter 6). Thus, we remove the interference caused by plant genotype. However, our data
might be affected by use of different nematode populations. Rookmaker and D383 are likely
to secrete effector variants with different activities for modulating plant development and
defense responses. For example, effector activating and non-activating GpRBP-1 variants show
activation and suppression of Gpa2-mediated cell death response in N. benthamiana leaves,
respectively (Sacco et al., 2009). It appears that activating and non-activating GpRBP-1 variants
have distinct biological function during nematode parasitism, still less different nematode
populations may secrete various effectors. For this reason, transcriptome studies focus on
both resistosome and parasitome are important. Combined with nematode effector biology
such studies are crucial for a better understanding of the molecular mechanisms underlying
R genes-mediated nematode resistance.

5

Conclusions and perspectives

The findings described in this thesis expand our knowledge on the molecular and cellular
processes underlying Gpa2-mediated nematode detection and downstream defense activation
(Figure 3). Pre-defense activation, Gpa2 resides in both the nucleus and the cytoplasm and
forms a complex with RanGAP2 and SGT1 to keep the steady level of Gpa2 in the cytoplasm.
Upon detection of the nematode-secreted effector GpRBP-1 in the cytoplasm, Gpa2 switches
to an activated state upon conformational changes. Activated Gpa2 recruits helper NB-LRR
NRCs to initiate downstream signaling. Meanwhile, Gpa2 associates with NbGRP7 and SIZ1
in the nucleus to regulate immune activity at transcriptional or post-translational level. The
activation of Gpa2 eventually leads to transcriptional reprogramming in the nucleus and induces
SA-dependent signaling against G. pallida.
This thesis provides not only a working model for the contribution of co-factors and subcellular
compartments in Gpa2-mediated effector-triggered immunity in plant cells, but also delivers
novel insights in the defense pathways activated by Gpa2 upon cyst nematode infection of
potato roots. However, several knowledge gaps are still open when taking a broader view on
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the research field of NB-LRRs-mediated nematode resistance. First, only a limited number
of cyst nematode NB-LRR encoding R genes have been identified. Moreover, the matching
nematode effectors of these NB-LRRs are not clear yet. The characterization of more NB-LRR
and effector pairs is the top priority as paired NB-LRR/effector provides the basic condition
to further study molecular and cellular mechanisms under NB-LRR function. Next, how cyst
nematode NB-LRRs undergo nematode detection, conformational change and defense activation
are far from clear yet. For most NB-LRRs, they recruit diverse co-factors to cooperate immune
functions. How different co-factors coordinately participate in Gpa2 functioning remains to be
further elucidated. For instance, do they form a large complex or do they transiently associate
with NB-LRRs? And does complex formation is associated with the pre- and post-activation
status of the NB-LRR as well as its subcellular localization? Finally, some effector variants
exhibit highly alike behaviors, like they show similar subcellular distribution patterns or
common host targets during parasitism, but some of them can promote virulence whereas
others trigger plant immunity. Also, different populations from the same nematode species can
trigger different signaling outputs in plants. Altogether, this raises the third question as to what
determines the success of nematode recognition by NB-LRRs? By addressing these questions,
we could gain more insights in and obtain a more comprehensive picture of compatible and
incompatible plant-nematode interactions at the molecular and cellular levels.
Research on plant-nematode interactions ultimately aims to translate fundamental knowledge
into control of cyst nematodes in the field. Though some resistant crop cultivars are available
to control cyst nematodes, their use leads to selection of new resistance-breaking populations.
To overcome this problem, some actions can be taken. The first step should aim to figure out
which genes are responsible for resistance activation in resistant plants. To do so, transcriptome
or proteosome studies can be used to identify novel candidate R genes for resistant cultivars for
which the resistance source is not clear yet. In the past, incomplete genome sequences limited
the precise targeting of specific genes at resistance locus. The development of genotyping by
sequencing allows the targeting of candidate R genes that are responsible for encoding NB-LRR
immune receptors. Based on candidate R genes, RNA interference (RNAi) or CRISPR-Cas9
gene editing techniques provides further functional validation of R genes. These approaches
allow the subsequent characterization of R genes at molecular and cellular levels, which can
further support R gene editing in crop cultivars to enhance resistance to cyst nematodes such
as via expanding the recognition spectrum to nematodes. For instance, in breeding strategies,
the stacking of R genes with different recognition spectra could provide a broader spectrum
resistance to cyst nematodes. For cyst nematodes, the identification of effector genes with
avirulent activities is crucial. The development and application of effectoromics would help
to find the potential R genes in resistant plants. Also, the molecular and cellular mechanisms
underlying effector virulence activities are important. For example, once the downstream
regulators or susceptibility factors are known, disruption of virulence can be achieved via
silencing or editing such regulators in crop cultivars. Selection of natural variants of such
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factors in plant contributes to the reduced nematode susceptibility, providing a non-GM (genetic
modification) strategy to improve crop resistance to cyst nematodes.

Figure 3. Proposed Gpa2 working model. Gpa2 shows a nucleocytoplasmic localization in the cells. Gpa2 recruits
RanGAP2 and GRP7/SIZ1 in the cytoplasm and the nucleus, respectively, to modify immune activities at different
levels (DNA, post-transcriptional or post-translational levels) pre- and post-defense activation. The nematode resistance
activation by Gpa2 induces salicylic acid (SA)-dependent signaling, followed by systemic acquired resistance (SAR).
Meanwhile, Gpa2 triggers hypersensitive response (HR) in the cells probably in a helper NLRs NRC2/3-dependent
manner.
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Summary
Sedentary cyst nematodes are considered notorious plant parasites as they can infect a broad
range of major crops such as potato, tomato, soybean, and sugar beet, causing millions dollars of
economic loss globally. Cyst nematodes invade plant roots to move intracellularly to establish
a permanent syncytium near the vascular bundle. The syncytium, a multinuclear structure
formed by cell-wall dissolution and fusion of neighboring cells, functions as the sole nutrient
source for their development and reproduction. A major approach for potato cyst-nematode
control is the use of resistant cultivars containing single dominant resistance (R) genes. Most
R genes, including several cyst nematode R genes, encode intracellular Nucleotide-binding
Leucine-rich Repeat (NLR) proteins. NLRs are immune receptors that mediate host-specific
defense responses upon recognition of matching pathogen effectors in plant cells. For cyst
nematodes, however, little is known about NLRs functioning as pathogen detectors and
molecular switches in defense activation upon infection of plant cells. To fill this knowledge
gap, this thesis deploys the potato NLR immune receptor Gpa2, which confers resistance
to the potato cyst nematode Globodera pallida upon the specific detection of the matching
nematode effector GpRBP-1, as a model system to study the molecular and cellular mechanisms
underlying Gpa2-mediated cyst nematode resistance in plants. Effector recognition and defense
activation by NLRs like Gpa2 often involve other host factors that locate in diverse subcellular
compartments. Therefore, identification and functional characterization of such host factors
as well as insights in the role of subcellular compartments is crucial for understanding NLRs
functioning in plant immunity to cyst nematodes (aim of this thesis). Chapter 1 provides an
introduction on plant-parasitism by cyst nematodes and how plants NLRs contribute to cyst
nematode resistance in crops by effector recognition and defense response activation. Here, we
also introduced the scope of this thesis.
Chapter 2 provides an overview of the current knowledge of how R genes and quantitative
trait loci (QTLs) dominate host-specific resistance against cyst nematodes in crops. Based
on a few models of cyst nematode R protein/effector pairs, including Gpa2/GpRBP-1, we
summarized the current views on molecular and cellular mechanisms underlying cyst nematode
detection and defense activation. In addition, we described differences between canonical R
genes-mediated cyst nematode resistance and non-canonical QTL-mediated resistance in crops.
Furthermore, we identified knowledge gaps and bottlenecks in resolving molecular mechanisms
and proposed future research directions to develop strategies in order to better control cyst
nematodes in the field.
Chapter 3 investigates the detailed subcellular localization of Gpa2 and how these subcellular
compartments contribute to Gpa2 functioning. Confocal laser scanning microscopy showed that
Gpa2 has a nucleocytoplasmic distribution in Nicotiana benthamiana leaves. Co-expression
of cytoplasmic or nuclear targeting constructs showed that Gpa2 detects GpRBP-1 in the
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cytoplasm, but that both compartments are required for Gpa2-mediated cell death response.
Using transgenic potato lines, we could show that redirection of Gpa2 to either the nucleus
or the cytoplasm compromises Gpa2-mediated resistance, suggesting that both compartments
are also essential for nematode disease resistance in plant roots. Furthermore, overexpression
or silencing of RanGAP2, a cytoplasmic host protein required for Gpa2-mediate defense
responses, indicated that RanGAP2 is not only functional as a cytoplasmic retention factor but
also stabilizes the Gpa2 immune receptor in plant cells. From these data, we proposed a model
in which RanGAP2 forms a stable complex with Gpa2 in the cytoplasm pre-activation to aid in
GpRBP-1 recognition.
In Chapter 4, we started to identify host factors that belong to Gpa2 complex and investigated
how they contribute to Gpa2-mediated defense response at the molecular level. Here, we
identified a Glycine-Rich RNA-binding protein 7 (NbGRP7) as a novel nuclear interactor of the
CC domain of Gpa2 and its close homolog Rx1 in N. benthamiana with Co-immunoprecipitation
/ Mass spectrometry analysis. NbGRP7 was shown to function as a pro-immune factor by
enhancing Gpa2-mediated cell death and Rx1-mediated extreme resistance. Overexpression
of NbGRP7 enhanced Rx1 transcript level and subsequent protein accumulation, whereas
silencing of NbGRP7 showed the opposite effect. To determine whether NbGRP7 relies on
its RNA binding capacity to regulate immune activity, we created NbGRP7 mutants based
on mutation in a conserved Arginine residue in its RNA recognition motif. Those mutants
were compromised in their potentiating effect of NbGRP7 on Rx1 transcript levels, protein
accumulation as well as extreme resistance by Rx1. These findings suggest that NbGRP7
functions as a pro-immune component in effector-triggered immunity by Rx1 and Gpa2 at the
transcriptional or post-transcriptional level.
In Chapter 5, we continued screening of host factors that interact with Gpa2 and tested their
function in Gpa2 immune activity. Here, we characterized a SUMO E3 ligase NbSIZ1 as a novel
interactor of the CC domain of Rx1 in a yeast two-hybrid screen. We showed that SIZ1 also
interacts with the CC domain of Gpa2 and that this interaction occurs in the nucleus of plant
cells by using the homolog StSIZ1 from potato in a Bimolecular fluorescence complementation
assay. The interaction between StSIZ1 and full length Rx1/Gpa2 was also confirmed by CoIP
analysis in N. benthamiana. Functional studies showed that overexpression of StSIZ1 results in
a reduced effector dependent- and independent- cell death response by both Rx1 and Gpa2,
suggesting that StSIZ1 serves as a negative regulator in Rx1 and Gpa2 immune activity.
Chapter 6 reveals Gpa2-mediated transcriptional changes and induced gene network upon
G. pallida infection of resistant potato roots. A comparative transcriptome analysis on
Gpa2-containing potato roots infected with the Gpa2 avirulent D383 population and Gpa2
virulent E400 ‘Rookmaker’ population. Results showed that a total of 1,743 differentially
expressed genes (DEGs) significantly respond to nematode infection, and among them
559 DEGs specifically associates with D383 infection. GO-term analysis indicated that
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D383-specific DEGs were mainly involved in calcium transport activity, salicylic acid
biosynthesis process, and systemic acquired resistance. Most upregulated DEGs were related
to plant defense responses, while downregulated DEGs were likely associated with the
suppression of nematode feeding site development. Altogether, these data provide an overview
of candidate genes and potential pathways involved in Gpa2-mediated resistance against G.
pallida D383 population in potato.
In Chapter 7, we highlighted the main findings in this thesis and further discussed how
these findings relate to current molecular and cellular insights in nematode detection and
plant defense activation. Also, we proposed a new working model of Gpa2 and placed it in
a broader perspective linked to the field of plant-nematode interactions. In short, a picture
emerges in which Gpa2 recruits diverse host factors from different compartments to assist
in nematode detection and downstream defense activation, which is most likely to occur in
a salicylic acid-dependent pathway. Finally, we discussed ideas about how to translate these
recent findings into future research directions and agricultural applications.
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年，家里每年都能收到你和佳炜哥寄来的特产。谢谢你关心我的同时还记挂着我父
母！
我深爱的家人们，我要向你们表达我最真挚的感谢！爸爸妈妈，你们是我最强大的后
盾。我身为独生女，你们总是时时担心着我在外的生活。谢谢你们能够一路尊重、支
持我的想法，在我受挫难过时给我安慰打气，在我取得进步时给我肯定、为我高兴！
虽然这些年远在国外，我却越来越明显地感觉到我们彼此有了更多的理解、更为直
接的情感表达。我很开心听到你们说看到了我的成长，开始把我当做大人商量家里
的事情。爷爷奶奶还有外婆，这几年我时常对你们疏于问候，你们却总是牵挂着我在
外的生活。回国以后，我希望能多多陪陪你们。外公，我很遗憾没能送你最后一程，
你走后我时常想起你以及你对我的疼爱。请放心，我一切都好也马上要完成学业回
国了。家里的其他长辈们，谢谢你们对我的关心。每年的传统节日，总能在和你们视
频的同时感受到国内美食的暴击。下一个节日，我终于可以和大家一起团聚了。弟弟
妹妹们，也谢谢你们时常给我分享家里发生的趣事，让我在外不再那么的孤独和想
家！
To all others who have helped me but I missed to mention: thank you!
Qi Zheng 郑琪
23 May 2022
Wageningen
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1) Start-Up Phase

 First presentation of your project




Dissecting Gpa2-mediated immune signaling pathways involved in
resistance to the potato cyst nematode Globodera pallida
Writing or rewriting a project proposal
Writing a review or book chapter
Zheng Q., Putker V., and Goverse A. (2021) Molecular and Cellular
Mechanisms Involved in Host-Specific Resistance to Cyst Nematodes
in Crops. Front. Plant Sci. 12:641582. doi: 10.3389/fpls.2021.641582
MSc courses

date

cp

01 Mar 2018

1.5

16 Feb 2021

6.0

Subtotal Start-Up Phase

2) Scientific Exposure

 EPS PhD student days





EPS PhD Student Days 2018_Get2gether, Soest
EPS PhD Student Days 2019_Get2gether, Soest
EPS PhD Student Days 2021_Get2gether, online
EPS theme symposia
"EPS Theme 2 Symposium & Willie Commelin Scholten Day
'Interactions between Plants and Biotic Agents', Amsterdam
EPS Theme 2 Symposium & Willie Commelin Scholten Day
'Interactions between Plants and Biotic Agents', Wageningen
EPS Theme 2 Symposium & Willie Commelin Scholten Day
'Interactions between Plants and Biotic Agents', online
EPS Theme 4 Symposium 'Genome Biology', online
Lunteren Days and other national platforms
Annual Meeting 'Experimental Plant Sciences', Lunteren
Annual Meeting 'Experimental Plant Sciences', Lunteren
Annual Meeting 'Experimental Plant Sciences', online
Seminars (series), workshops and symposia
Seminar: Lieke Vlaar 'Perception of the environment in cyst
nematodes'
Seminar: Sebastian Eves van-den Akker 'Plant Immunity and
development-altering ‘toolbox’ of parasitic nematodes'
Seminar: Eliza C. Martin 'LRR predictor: a novel tool for the
identification of LRR-motifs'
Seminar: Troy Lionberger 'On chip individual cell culture and
quantitative assaying'

7.5
date

cp

15-16 Feb 2018
11-12 Feb 2019
01-02 Feb 2021

0.6
0.6
0.4

24 Jan 2018

0.3

01 Feb 2019

0.3

09 Feb 2021

0.2

11 Dec 2020

0.2

09-10 Apr 2018
08-09 Apr 2019
12-13 Apr 2021

0.6
0.6
0.5

21 Jun 2018

0.1

13 Feb 2019

0.1

09 Apr 2019

0.1

25 Apr 2019

0.1
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Seminar: Tina Kyndt 'Molecular plant nematode interactions in rice'
Seminar: Ralph Panstruga 'Phenotypic and molecular
characterization of partially mlo-virulent isolates of the barley powdery
mildew pathogen (Blumeria graminis f.sp. hordei)'
Seminar: Jijie Chai 'Structure, mechanism and biochemical insight of
plant NLR proteins'
Seminar: Sophie Mantelin 'the role of SPRYSEC effectors in
nematode plant parasitism'
Seminar: Erik Andersen 'Comparative genomics and complex traits in
Caenorhabditis elegans'
EPS flying seminar: Stefan Geisen 'Challenges as a PhD and postdoc
in Science and tips to overcome those'
Webinar: Novogene 'Understanding RNA-Seq analysis- a beginner's
guide'
EPS flying seminar: Elizabeth Haswell 'Modern science
communication'
Seminar: Cyrus A. Mallon 'The paterns and mechanisms of microbial
invasions'
Seminar: Simon Griffith 'The zebra finch: lessons from the outback
into a ‘model’ system'
Seminar: Antica Culina 'Doing credible science – why would you care'
Seminar plus
International symposia and congresses
International Society for Molecular Plant-Microbe Interaction
(IS-MPMI) XVIII Congress 2019, Glasgow, Scotland
Virtual Nematology Conference (VNC) 2021, online
2021 IS-MPMI Congress: eSymposium 'Molecular Mechanism and
Structure – Zooming in on Plant Immunity', online
Presentations
Poster: Dissecting Gpa2-mediated immune signaling pathways
involved in resistance to the potato cyst nematode Globodera pallida,
Lunteren
Poster: Nucleocytoplasmic distribution is required for activation of
Gpa2-mediated resistance against Globodera pallida, Lunteren
Poster: Balanced nuclear and cytoplasmic distribution is required for
activation of Gpa2-mediated cell death induced by the potato cyst
nematode effector RBP-1, IS-MPMI XVIII
Poster: Glycine-Rich RNA-Binding Protein 7 relies on its intact RNA
recognition motif to enhance effector-triggered immunity by Gpa2 and
Rx1, IS-MPMI eSymposium
Poster: The intact RNA Recognition Motif of Glycine Rich RNA
Binding Protein 7 is required for potentiation of effector triggered
immunity by Rx1, Lunteren
Talk: Nucleocytoplasmic distribution of the potato NB-LRR receptor
Gpa2 is required for activation of plant immune responses, EPS
Theme 2 Symposium & Willie Commelin Scholten Day
Talk: The battleground of potato immune receptor Gpa2 for defeating
potato cyst nematode Globodera pallida, VNC 2021
IAB interview
Excursions
Subtotal Scientific Exposure
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16 May 2019
23 May 2019

0.1
0.1

05 June 2019

0.1

24 Oct 2019

0.1

14 Nov 2019

0.1

20 Jan 2021

0.1

18 Mar 2021

0.1

11 May 2021

0.1

23 Sep 2021

0.1

21 Oct 2021

0.1

18 Nov 2021

0.1

14-18 Jul 2019

1.5

26-28 May 2021
12-13 Jul 2021

0.9
0.4

09 Apr 2018

1.0

08 Apr 2019

1.0

15 Jul 2019

1.0

13 Jul 2021

1.0

12 Apr 2021

1.0

09 Feb 2021

1.0

28 May 2021

1.0

15.6

3) In-Depth Studies

 Advanced scientific courses & workshops




Microscopy and Spectroscopy in Food and Plant Science,
Wageningen
Transcription Factors and Transcriptional Regulation, Wageningen
Pathobiomes and Plant Immunity, online
Bioinformatic Introduction Course, online
Journal club
Paperclub, hosted by the PNI or NLR group, Laboratory of
Nematology, Wageningen
Individual research training

date

cp

14-16 May 2018

1.0

10-12 Dec 2018
07-16 Jun 2021
05-09 Jul 2021

1.0
2.0
1.5

2017-2021

3.0

Subtotal In-Depth Studies

4) Personal Development

 General skill training courses




Competence Assessment, Wageningen
EPS Introduction Course, Wageningen
Project and Time Management, Wageningen
WGS PhD Workshop Carousel, Wageningen
WGS PhD Workshop Carousel, Wageningen
Supervising BSc and MSc Thesis Students, Wageningen
Scientific Writing, online
Workshop: How to present your research (online), online
Workshop: How to remain sane during your PhD, online
Career Orientation, online
Organisation of meetings, PhD courses or outreach activities
Organisation of the Virtual Nematology conference 2021, online
Membership of EPS PhD Council

8.5
date

cp

14 Nov 2017
27 Mar 2018
15 Mar - 26 Apr 2018
25 May 2018
24 May 2019
07-08 Nov 2019
09 Mar - 28 Apr 2020
01 Dec 2020
08 Dec 2020
09 Mar - 06 Apr 2021

0.3
0.3
1.5
0.3
0.3
0.6
1.8
0.1
0.1
1.5

Mar-May 2021

1.5

Subtotal Personal Development

8.3

TOTAL NUMBER OF CREDIT POINTS*

39.9

Herewith the Graduate School declares that the PhD candidate has complied with the educational
requirements set by the Educational Committee of EPS with a minimum total of 30 ECTS credits.
* A credit represents a normative study load of 28 hours of study.
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