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Abstract

Plant-parasitic nematodes (PPNs) secrete an array of mole-
cules that can lead to their detection by or promote infection of
their hosts. However, the function of these molecules in plant
cells is often unknown or limited to phenotypic observations.
Similarly, how plant cells detect and/or respond to these mol-
ecules is still poorly understood. Here, we highlight recent
advances in mechanistic insights into the molecular dialogue
between PPNs and plants at the cellular level. New discoveries
reveal a) the essential roles of extra- and intracellular plant
receptors in PPN perception and the manipulation of host
immune- or developmental pathways during infection and b)
how PPNs target such receptors to manipulate their hosts.
Finally, the plant secretory pathway has emerged as a critical
player in PPN peptide delivery, feeding site formation and non-
canonical resistance.
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Introduction

Plants have evolved a multilayered immune system
consisting of extra- and intracellular immune receptors
to protect themselves from invading organisms,
including plant-parasitic nematodes (PPNs). In return,

PPN have evolved a range of molecular tools to evade
and modulate host immunity, similar to animal parasitic
nematodes [1]. This is particularly true for obligatory
sedentary endoparasitic PPNs with a biotrophic life-
style like cyst (CNs) and root-knot nematodes
(RKNs), which fully depend on their hosts for devel-
opment and reproduction. To complete their life cycle,
CNs and RKNs spend 4—8 weeks inside host roots
where they induce the formation of a highly metabol-
ically active feeding site for nutrient uptake [2]. In this
review, we explore recent advances (last 1—3 years) in
the field of molecular plant—nematode interactions
with an emphasis on mechanistic studies that
contribute to novel insights at the host—parasite
interface. Here, we define interface as the biochem-
ical, molecular—genetic, or functional interaction be-
tween nematode-derived compounds and extra- and
intracellular plant receptors involved in development
and immunity. Moreover, we investigate to which
extent novel concepts in the broader field of
host—pathogen interactions apply to plant—nematode
interactions to provide a new perspective on not only
how plants detect and respond to PPNs, but also how
PPNs cope with and adapt to their hosts. Specific ex-
amples of CNs and RKNs are highlighted to identify
emerging topics that can aid in building new research
hypotheses and directions in—but not limited to—the
field of molecular plant nematology.

Scratching the surface: Extracellular
receptors shaping the host—parasite
interface

Cell-surface receptors involved in the perception of
nematode-derived compounds

Infectious juveniles of CNs and RKNs invade the root
system of host plants upon hatching and migration
through the soil. A cocktail of nematode-derived
compounds mainly produced in the salivary gland
cells is passively or actively released in both the
rhizosphere prior to invasion and inside the root upon
host entry and feeding site initiation [3]. This allows
the plant’s surveillance system to detect the presence
and activity of PPNs, resulting in the activation of
defense responses [4]. Cell—surface receptors (CSRs)
are thought to play a key role in this process. How-
ever, little is known about the contribution of CSRs at
the host—parasite interface. Although the conserved
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2 Biotic interactions

nematode ascaroside pheromone ascr#18 was identi-
fied as a nematode-associated molecular pattern
(NAMP) [5], it is unknown how this compound is
perceived by plant cells, although it most likely in-
volves receptor(s) located at the cell surface. The first
identified nematode CSR conferring basal immunity
to PPNs is nematode-induced LRR-RLK 1 (NILR1),
but the active component(s) in so called NemaWater
(water collected after incubation with infective juve-
niles) that acts as a NAMP are not yet identified to
our knowledge. The active compound(s) is likely of
peptide origin due to its reported heat lability and
protease-sensitive nature [6]. CSRs also play a role in
effector-triggered immunity (ETI) as demonstrated
for the Cladosporium fuloum resistance (R) gene Cf-2,

Figure 1

which encodes a tomato receptor-like protein
(RLP). Cf-2 confers not only apoplastic immunity to a
fungus, but also to the CN Globodera rostochiensis
through perturbation of the secreted papain-like Cys
protease (PLCP) RCR3 by the OCN effector
venom—allergen protein 1 (VAP1) [7]. This remains
the only PPN effector-CSR pair known to trigger
host-specific defense responses. Given the rich blend
of nematode-derived compounds released at the
host—parasite interface, it is expected that plants
have evolved a spectrum of CSRs to detect PPNs or
their activities in the apoplast (Figure 1). Their po-
tential as novel sources of resistance to counteract
PPNs in plants is yet underexplored. It will be
interesting to see if the perception of unrelated
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Emerging roles for plant cell surface receptors and the host secretory machinery in nematode parasitism and host defense. Distinct nematode-
derived compounds, spanning NAMPs (ascaroside #18 (ascr#18) [5]) and effectors, are released into the apoplast or cytoplasm, which can be perceived
by multiple known cell-surface receptors (CSRs; nematode-induced LRR-RLK 1 (NILR1) [6], Cladosporium fulvum 2 (Cf-2) [7], CLAVATA (CLV) [14],
TDIF receptor (TDR) [15], FERONIA (FER) [8**]) and others yet to be identified, resulting in the downstream activation/suppression of host immune or
developmental pathways. PPNs exploit CSRs to counteract apoplastic immunity or to promote parasitism by the release of peptide effectors, including
CLAVATA3/embryo surrounding region (CLEs) [11], rapid alkalinization factor (RALFs) [8**], inflorescence deficient in abscission (IDAs) [47], and C-
terminally encoded peptide (CEPs) [48], some of which may be directly delivered to the apoplast and others to the cytoplasm of host cells. Two critical
roles for the host secretory machinery has emerged: first, to allow nematode CLE (and possibly CEP) peptide effectors to reach the apoplast for hijacking
CSRs to mediate feeding site formation [13**] and second, to prevent the host plant cell from forming a feeding site by the induction of a non-canonical
cytotoxic defense response [19,20**]. DG, dorsal gland cell; ER, endoplasmic reticulum; JA, jasmonic acid; MYC2, basic-helix-loop-helix (bHLH) tran-
scription factor; NAMP, nematode-associated molecular pattern; PM, plasma membrane; a-SNAP, a-soluble NSF attachment protein; NSFrano7, Rhg1-
associated NSF on chromosome 07; RCR3, papain-like Cys protease; RHG1, resistance to Heterodera glycines 1; SNARE, soluble NSF attachment
protein receptor; SvG, subventral gland cell; TGN, trans-Golgi network; VAP1, venom-allergen protein 1.
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nematode-derived compounds by different CSRs ul-
timately converges on conserved downstream defense
pathways to prevent host invasion.

Exploiting the host secretory machinery to target
cell-surface receptors in the apoplast

PPN peptide mimics are a class of secreted effectors
that trigger developmental pathways through CSRs
([10]). In contrast to what is likely to be direct
apoplastic delivery of peptides such as rapid alkaliniza-
tion factor (RALF) peptide mimics by RKN [8**], CNs
deliver CLAVATA3/embryo surrounding region (CLE)-
like peptide mimics into the host cell cytoplasm ([11];
Figure 1]. To reach their intended apoplastic destination
and garner plant-specific glycosylation patterns [12],
these peptide mimics exploit the host cell secretory
machinery. A recent study shows how CLEs utilize a
conserved translocation motif (VD-T') within their “pro”
(variable) domains to facilitate post-translational traf-
ficking through the endoplasmic reticulum secretory
pathway to their apoplastic destination ([13**];
Figure 1). In the apoplast, CLLEs target one or more
CSRs involved in stem cell signaling pathways as a
means to co-opt host developmental programs for
feeding site formation [14,15]. While the mechanisms of
CLE peptide effector processing by host proteases and
the recognition of these processed peptides by their
respective receptor/s remains mostly unknown, it is
increasingly evident that CN CLEs display signatures of
adaptation to the hosts they selectively parasitize.
Outside the conserved VD-T domain, there is consid-
erable sequence divergence across CN CLEs both
within and among species that is known to contribute to
host-specific recognition [11,13**]. The recognition of
plant CLE peptides by CSRs relies on host post-
translational modification (PTM) including proteolytic
cleavage to release one or more bioactive peptides [16],
as well as conserved and differential binding specificities
of the peptide itself [17]. Therefore, CN CLE effector
sequence diversification at the proteolytic cleavage sites
and/or within the peptide domain may underly host-
range restriction and expansion events. This possibility
was highlighted in a recent study linking CN Heterodera
sacchari CLE peptide effectors with adaptation to their
monocot hosts. In a comparative sequence analysis, the
authors reveal a greater degree of sequence and func-
tional conservation of H. sacchari CLLEs with host versus
non-host plant CLEs [18*] in support of a role for CLLEs
in shaping host-range in CNs. Moreover, secretion of
diverse peptides may expand the nematodes’ peptide
effector repertoires for simultaneous perception by
multiple CSRs as a means to modulate the growth-
defense balance of the host for feeding site formation.
Recently, RALFs were discovered from PPN for the first
time [8**]. So far unique to RKN, these peptide mimics
target CSRs for host immune suppression. RKN RALFs
were shown to suppress basal immunity by targeting the
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CSR FERONIA (FER) in Arabidopsis and rice roots
[8**], and the FER homolog LMM1 (lesion mimic
mutant 1) in soybean [9].

Disruption of host cell vesicular trafficking as a new

paradigm in driving non-canonical resistance to PPN

Non-canonical plant resistance mechanisms that coun-
teract PPN infection by blocking some housekeeping
pathways also exploited by PPN for parasitism, is an
emerging paradigm in molecular plant-nematode in-
teractions. This is highlighted by recent studies in
soybean showing how resistant plants locally disrupt
their own secretory pathway to prevent CN feeding site
formation. A picture has emerged (Figure 1) in which
atypical d-soluble N-ethylmaleimide sensitive factor
(NSF) attachment proteins (¢-SNAPs) from the resis-
tance locus to Heterodera glycines 1 (RHGI) are unable to
bind NSF and accumulate locally within host cells
selected by the nematode for feeding site establish-
ment. . Hyperaccumulation of atypical a-SNAPs pre-
vents SNARE complex disassembly, which disrupts
cellular vesicular trafficking leading to feeding site
toxicity [19]. In uninfected resistant plants, the RHG1
a-SNAP is stabilized against the cytotoxic effects of
dysfunctional vesicular trafficking by its atypical NSF
binding partner (RAN0O7) to maintain plant viability
[20**]. Recent studies have also highlighted a new and
unknown role of a y-SNAP [21], and a-SNAP - t-
SNARE (syntaxin) interactions have unveiled a poten-
tial linkage between vesicular trafficking and the mito-
chondrial apoptotic pathway [22,23]. Thus, it is clear
that scientific research to date has only scratched the
surface of understanding non-canonical resistance
pathways. Moreover, newly discovered epistatic in-
teractions between these atypical R genes and pleio-
tropic effects against more than one PPN add additional
layers of complexity [24%,25]. Whether these forms of
resistance or components thereof are unique to soybean
or extend to other plant species awaits further study.

Insights inside: Concerted actions of
intracellular NLR immune receptors in plant
resistance against PPNs

Typical and atypical toll-interleukin resistance (TIR)-
like receptors (TNLs) involved in plant resistance
against PPN: Partners in crime?

In addition to CSR, plants contain intracellular nucleo-
tide binding leucine-rich repeat receptors (NLRs) to
detect pathogen-derived effectors or their activities
inside the cell [26]. Although PPN are no exception to
this rule, only a few NLR immune receptors have been
identified and characterized in the last two decades.
However, it is expected that their numbers will increase,
as PPN resistance loci often map in genomic regions
containing R gene clusters encoding NLR immune re-
ceptors. NLRs can be subdivided into TNLs or coiled-
coil (CC) receptors (CNLs) depending on their N-
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terminal domain [26]. Currently, two TNLs involved in
PPN resistance are known: Grol-4 conferring host-
specific resistance to the CN G. rostochiensis in potato
[27] and Ma conferring complete-spectrum resistance
to RKN in Prunus [28]. Ma contains an atypical,
expanded C-terminal region with five duplicated exons
each corresponding to a post-LRR (PL) domain. This

domain, with an unknown role and structure, is often
present as a single domain in other TNLs, including
Gro1-4 [29,30*]. TNLs often show a strict pairing with a
helper/sensor NLR for proper functioning [31]. Muta-
tion in a conserved motif of a PL-domain of RPS4
(Resistance to Pseudomonas syringae) impaired the resis-
tance mediated by the RPS4/RRS1 (Resistance to

Figure 2
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An emerging picture of two branches of the concerted action of intracellular NLR immune receptors in plant immunity to PPN. The first branch
consists of the two genetically linked TIR-NB-LRR genes (TNLs) DSC1 and WRKY 19, which co-regulate basal defense to RKN in Arabidopsis [33*]. TNLs
encoded by the known R genes Gro1-4 from potato [27] and Ma from Prunus [28] may also act as NLR pairs in concert with a yet unknown TNL pairing
partner to confer host-specific resistance to CNs and RKNs, respectively (pink lines). The second branch consists of known CN and RKN R genes
encoding the CC-NB-LRR (CNLs) immune receptors Gpa2 [35], Hero A [36] and Mi-1.2 [37], which are part of a large redundant NLR signaling network in
Solanaceae where they group together with other sensor NLRs encoded by R genes like Sw5b conferring resistance to tospoviruses, Prf conferring
bacterial resistance upon Pto-mediated detection of AvrPto and Rpi-blb2 conferring resistance to late blight upon Avrblb2 detection [42]. Whereas Gpa2
depends on the helper NLRs NRC2 and NRC3 like Sw5b and Prf (red lines), Mi-1.2 depends on the helper NRC4 similar to Rpi-blb2 (blue lines) [42]. CN
SPRYSEC (SS; orange icons) effector variants SS10 (triangle), SS15 (star), SS19 (square), and SS34 (oval) target different nodes of this NLR signaling
network upon secretion by the nematode into the cytoplasm. SS10 and SS34 block effector-dependent Rpi-blb2 activity upstream of NRC4, whereas
SS15 binds to the NB-ARC domain (red subunit) of the helpers NRC2 and NRC3 to block downstream activity of Gpa2, Prf and Sw5b* [43**]. SS19 binds
specifically to the LRR domain (grey subunits) of Sw5F, but the functional implications are unknown [43**]. Still, SS19 can suppress RBP-1 (hexagonal)
induced Gpa2 and Sw5b* cell death activity, but not Mi-1.2* auto activity [49]. This suggests that NRC2/NRC3 dependent defense pathways are targeted,
but this needs to be proven. Also, the role of NRC helpers in HeroA and Sw5F functioning requires further testing (dashed lines). SD, Solanaceae
Domain; CC, coiled-coil domain; TIR, toll-interleukin-resistance domain; PL, Post-LRR domain; T3SS, type lll secretion system; Mi-1.2* and Sw5b*,
autoactive mutants Mi-1.2757S and Sw5bP®57V (position of the mutations indicated in black subunits); PTI, PAMP-triggered immunity.

Current Opinion in Plant Biology 2022, 67:102225 www.sciencedirect.com


www.sciencedirect.com/science/journal/13695266

Ralstoma solanacearum) pair, suggesting a role for this
domain in immune signaling and/or pairing [32].
Whether this is also the case for the PL. domain in Grol-
4 and Ma needs further investigation and requires the
identification of a corresponding (genetically-linked)
partner similar to RRS1 to demonstrate the formation of
a functional immune complex involved in CN and RKN
resistance (Figure 2). Interestingly, the first evidence for
a role of NLR gene pairs in plant defense to PPN was
obtained for the TNL immune receptor DOMINANT
SUPPRESSOR OF Camta 3 NUMBER 1 (DSC1) and
the atypical TNL-WRKY-MAPx protein WRKY19, which
co-regulate susceptibility of Arabidopsis to RKN [33*].
Their head-to-head orientation in the Arabidopsis
genome shows remarkable similarity with that of RRS1
and RPS4 [34], suggesting they may function as a TNL
immune receptor pair. However, no molecular or
biochemical evidence has been provided yet to support
this idea. Unlike other TNL pairs involved in dominant
disease resistance in plants, DSC1/WRKY19 seem to
regulate basal levels of immunity to RKN. This implies
that the role of TNLs may extend beyond their typical
role in R gene-mediated nematode resistance.

Sensor NLRs involved in PPN detection depend on
NRC helper NLRs for their activity

Currently, three CNLs encoded by major R genes to
PPN are known: GpaZ conferring pathotype-specific
resistance to Globodera pallida in potato [35] and Hero
A and Mi-1.2 conferring broad-spectrum resistance to
either CN (G. pallida and G. rostochiensis) [36] or RKIN
[37] in tomato, respectively. How NLRs confer immu-
nity to PPN is largely unknown, since their molecular
and functional characterization is hampered by the
paucity of matching nematode effectors. Only for Gpa2
the corresponding CN effector Ran-binding protein-
like-1 (RBP-1) is known [38], providing a unique mo-
lecular tool set to study the mechanisms underlying
NLR-mediated immunity to nematodes in plant cells,
including effector detection and immune receptor
functioning [39]. As an alternative, autoactive NLR
mutants can be generated to study their molecular
function until a matching effector is identified as was
shown for Mi-1.2 [40,41]. Using this approach, it was
recently discovered that these NLLRs do not act on their
own but with the help of other NLRs within a larger
immune signaling network. In Solanaceae, this network
consists of helper NLRs of the NLR required for HR-
associated cell death (NRC) family that form func-
tionally redundant pairs with different sensor NLRs
encoded by known R genes to confer intracellular im-
munity to oomycetes, bacteria, viruses, insects, and
nematodes [42]. In the context of this NLR network,
known nematode R genes from potato and tomato,
encoding intracellular NLR immune receptors, are
considered to act as sensors in nematode detection
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upstream of NRC helper proteins (Figure 2). Mi-1.2
depends on NRC4 for its function, as silencing of
NRC4 compromised the plant’s ability to elicit a hy-
persensitive cell death resg)onse mediated by the
autoactive mutant Mi-1.27°%75, In contrast, Gpa2 de-
pends on NRC2 and NRC3, as silencing of these helper
NLRs prevented a cell death response upon detection
of the matching effector RBP-1 [43**]. Hero A also
belongs to the superclade of sensor NLRs [42] and is
thus expected to depend on NRC helper(s) as well. It is
yet unknown if and how NRC helpers contribute to
PPN resistance in plant roots, since only the effect on
effector-dependent (Gpa2) and effector independent
(Mi-1.2 T°78) cell death was tested.

PPN effector variants target different nodes of the
NLR signaling network in Solanaceae

In return, PPN have evolved effectors to counteract
NLR immunity [44]. The SPRY domain containing
secreted (SPRYSEC) effector family constitutes by far
the most diversified effector family in CNs with more
than 30 variants in the genome of the potato cyst
nematode G. pallida. These effectors, which range be-
tween 23 and 30 kDa in size, are secreted into the
cytoplasm during early infection and for several mem-
bers an immune suppression phenotype is reported
[45,46]. However, the underlying molecular mecha-
nisms were unknown until the recent discovery that
specific SPRYSEC (SS) family members target different
nodes of the NLR immune network in Solanaceous
plant species [43**] (Figure 2). Whereas SS10 and SS34
were able to suppress the activity of the sensor NLR
Rpi-blbZ2 from potato conferring resistance to the
oomycete Phytophthora infestans, they were unable to
suppress cell death triggered by the autoactive NRC4
helper NLRs indicating that they act upstream in the
NLR immune network. For SS15, however, immune
suppression of different sensor NLLRs was shown to be
dependent on the specific downstream targeting of the
helper NLRs NRC2Z and NRC3 i planta. SS15 interacts
directly with the nucleotide binding-Apafl-resistance-
CED4 (NB-ARC) domain of NRC2  vitro and binds
both autoactive and inactive NRC mutants, indicating
that this nematode effector can form a complex with
specific helper NRCs pre- and post-activation. From
this, a model was proposed in which SS15 can block the
function of helper NRCs either by preventing confor-
mational changes or complex formation with up- or
downstream components or PTM of the NRC helper
proteins. While targeting different central nodes in the
NLR network by SPRYSECs may be highly beneficial
for CNs to evade immunity, this is likely counter-
balanced by the development of novel sensor NLRs in
the host to detect the presence or activity of the ef-
fectors. It is expected that selection pressure imposed
by sensor NLR detection on SPRYSEC effectors then
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drives further diversification to escape host recognition.
If so, SPRYSEC diversity may reflect the complexity of
the NLR signaling network in Solanaceous hosts and
could explain the remarkable expansion of the SPRY-
SEC effector family in CNs during host adaptation.

Conclusions

Studies focused on the host—parasite interface have led
to exciting discoveries in our understanding of the mo-
lecular mechanisms underlying plant nematode para-
sitism. Similar to other pathogens, CSRs play key roles
in the perception of PPN effectors, including peptide
mimics. In addition to the direct release of such com-
pounds into the apoplast, the host secretory machinery
is hijacked in a yet unprecedented fashion to deliver
mimics of endogenous peptide signals - both locally and
at a distance—to the cell surface to promote feeding site
expansion. It will be interesting to see if similar strate-
gies for peptide or effector delivery have been adopted
by other pathogens as well. In return, plants evolved to
modify their secretory machinery to evoke a cytotoxic
response leading to feeding site collapse. Fascinating
discoveries await as to how the non-canonical resistance
protein complex detects nematodes and how nematodes
evolve novel virulence activities around it. Similarly, the
exciting discovery of effector variants targeting nodes of
the NLR immune network will not only aid in under-
standing how PPNs evolve virulence activities to evade
host recognition and defense activation, but also shows
the potential of PPNs to suppress core components of
the plant immune system. The wider implications of
immunosuppression by PPNs on the immunity of plants
to other pathogens in a multitrophic context also war-
rants further study. The answers to these questions will
be critical for scientists to bioengineer more durable
disease resistance while maintaining crop yield.
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