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Abstract

Plant-parasitic nematodes spendmuch of their lives inside or in contact with
host tissue, and molecular interactions constantly occur and shape the out-
come of parasitism. Eggs of these parasites generally hatch in the soil, and
the juveniles must locate and infect an appropriate host before their stored
energy is exhausted. Components of host exudate are evaluated by the ne-
matode and direct its migration to its infection site. Host plants recognize
approaching nematodes before physical contact through molecules released
by the nematodes and launch a defense response. In turn, nematodes deploy
numerous mechanisms to counteract plant defenses. This review focuses on
these early stages of the interaction between plants and nematodes.We dis-
cuss how nematodes perceive and find suitable hosts, how plants perceive
and mount a defense response against the approaching parasites, and how
nematodes fight back against host defenses.

143

A
nn

u.
 R

ev
. P

hy
to

pa
th

ol
. 2

02
2.

60
:1

43
-1

62
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

D
av

is
 o

n 
11

/1
7/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

mailto:ssiddique@ucdavis.edu
https://doi.org/10.1146/annurev-phyto-020620-102355
https://doi.org/10.1146/annurev-phyto-020620-102355
https://www.annualreviews.org/doi/full/10.1146/annurev-phyto-020620-102355


PY60CH07_Siddique ARjats.cls August 10, 2022 16:46

1. INTRODUCTION

Plant-parasitic nematodes (PPNs) are microscopic, soil-dwelling organisms that parasitize nu-
merous plant species globally. PPNs have been estimated to cause $80 billion in worldwide crop
damage per year, but the true figure is likely even higher (56, 81). There are more than 4,000 PPN
species, and different species of nematodes feed on different plant tissues, including flowers, stems,
leaves, and roots (26). Based on their feeding habits, PPNs can be broadly categorized as ectopar-
asitic or endoparasitic. Ectoparasitic nematodes spend their entire life cycles outside of the plant.
By contrast, endoparasitic nematodes enter their hosts (either fully or partially) and feed on and
reproduce within the plant tissue.Nearly all PPNs are obligate parasites that feed on the cytoplasm
of living plant tissue (32).

All PPNs possess a hollow, protrusible spear known as a stylet that serves multiple purposes.
The stylet can be used to probe and penetrate the plant cell wall and to deliver secretions con-
taining enzymes and other effectors that induce cell wall degradation, suppress plant immune
responses, and otherwise facilitate successful parasitism. Nematodes also utilize their stylets to
withdraw nutrients from plant cells during feeding. This review focuses on two groups of en-
doparasitic PPNs: cyst nematodes (CNs; Heterodera spp. and Globodera spp.) and root-knot ne-
matodes (RKNs; Meloidogyne spp.). These two groups are generally considered to be the most
economically important PPNs and have been the most extensively studied (56). RKNs and CNs
are both sedentary endoparasites; that is, they induce the formation of highly modified feeding
cells and lose the ability to move during development in the host. However, they are thought to
have evolved this lifestyle independently (48), and there are dramatic differences in their invasion
strategy and feeding site development (99).

Both CNs and RKNs hatch from eggs as second-stage juveniles ( J2s). This stage is nonfeeding,
and juveniles must locate and invade a host to initiate feeding before their reserves are depleted.
Upon finding a site to enter the host’s root, the J2s perforate the walls of epidermal cells using
their stylets (119, 120). Once inside the root, CNs migrate toward the vascular tissue, moving
through different tissue layers by cutting slits and entering individual cells in a sequential manner.
By contrast, RKNsmigrate between cells until they reach the vascular tissue (119).Themovement
of nematodes inside the root is facilitated by the release of a wide array of cell wall–degrading and
–modifying enzymes (1, 22, 24, 53, 95, 102, 111). Upon reaching the vascular cylinder, both CNs
and RKNs become immobile and induce the formation of elaborate feeding sites, which enable
them to withdraw large amounts of nutrients from the plant. For both groups, the nematode
develops into an adult that derives nutrition from the feeding site.

PPNs spend considerable portions of their lives in close proximity to their host plants, and as
biotrophic organisms, they completely depend on their living hosts for nourishment. During the
prolonged process of parasitism, the host sustains damage and yield losses. This is an ancient and
highly evolved interaction, a millennia-old conflict that reveals fundamental differences between
how plants and animals perceive and respond to their environments. Plants are sessile and utilize
a range of defenses, including both chemical and structural components.Nematodes have evolved
strategies for perceiving and responding to threats through their neurosystem to avoid, escape, or
inactivate plant defense mechanisms. Here, we review what is known about the early steps in the
interaction between these organisms. We summarize progress in understanding how nematodes
find their hosts and how the hosts perceive nematodes precontact and at their surfaces as well
as which host defense responses are elicited upon perception. Finally, we discuss effectors that
nematodes produce and secrete to combat host defenses.
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Figure 1

Perception of and responses to root exudates by plant-parasitic second-stage juveniles ( J2). (a) Attraction ofMeloidogyne hapla second-
stage juveniles to a tomato seedling root tip in Pluronic gel. Panel a adapted from Wang et al. (114). (b) Location of amphids and nerve
ring of root-knot nematode J2 and expanded view of amphid opening showing ends of sensory cilia, which are exposed to the
environment via a pore in the cuticle. Components of panel b adapted from Eisenback (31).

2. HOW PLANT-PARASITIC NEMATODES FIND A SUITABLE HOST

In the race to establish feeding sites before starvation, root exudates serve as a primary guide for
orienting nematodes to their destination (18, 19, 88). Volatile compounds are considered to direct
the chemo-orientation and movement of nematodes over relatively long distances to locate roots,
whereas water-soluble signals are thought to be utilized over shorter distances, possibly directing
nematodes to appropriate entry sites in the root. The attraction of RKNs is strongest to regions
containing growing root tips (Figure 1a), and for both RKNs and CNs, infection generally occurs
near root tips. Root exudates can also repel or be toxic to infective juveniles, possibly reflecting
the suitability of the host and/or the plant’s defense response.

In addition to directing migration, root exudates can induce other changes in nematode
behavior, such as stimulating stylet thrusting, altering gene expression, and changing the
cuticle surface (18, 29, 104). Plant parts other than roots have been shown to attract or im-
mobilize infective juveniles, perhaps positioning them for infection when favorable entry sites
become available. For example, Tsai et al. (108) found that RKNs are attracted to and accumulate
around imbibing Arabidopsis thaliana seeds. Mutant analysis indicated that seeds are attractive to
nematodes only when they synthesize seed-coat mucilage. However, once the radicals emerge
from the seeds, nematodes seem to be attracted independent of the presence of mucilage, sug-
gesting that different attractants direct them to root infection sites. Similarly, Hubbard et al. (52)
found that root-cap exudates of several but not all plant species induced the quiescence of RKNs
and that root penetration was enhanced following recovery from quiescence. Root exudates
of host species also promote hatching of CN eggs, which in the absence of a host can remain
dormant within cysts for many years (84, 100). The effects of root exudates on the hatching of
RKNs, which generally have a much broader host range, are limited.

Here, we focus on what is known about how chemical signals are perceived and processed by
nematodes. We discuss recent efforts aimed at identifying plant semiochemicals (signaling com-
pounds) that direct nematode behaviors prior to host contact and infection.
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2.1. Molecular Basis for Sensory Perception and Response in Nematodes

Nematodes have a compact and highly interconnected nervous system that has been extensively
studied in the free-living species Caenorhabditis elegans (4). The connections among more than
300 neurons of this model organism have been mapped, facilitating the identification of microcir-
cuits connecting sensory neuron components to interneurons and motor neurons (93). Although
neuronal interconnections have been much less studied in PPNs, the general neuroanatomy is
similar (91, 93). For all nematodes, the primary chemosensory organs are the two anterior, bi-
laterally symmetrical amphids located in the head region (Figure 1b). Sensory organs in the tail
region known as phasmids are also thought to be involved in chemo-orientation (4). Each amphid
contains sensory cilia, dendritic processes of chemosensory neurons, that are exposed to the envi-
ronment via a pore in the cuticle (Figure 1b). Axonal processes from these neurons project into the
circumpharyngeal nerve ring, where much of the sensory integration takes place. Signals from the
environment are perceived and transmitted to other neurons to direct the nematode’s responses.

Nematodes utilize a large repertoire of receptors and ion channels to detect small molecules
(environmental signals and neurotransmitters) and transmit signals. The major receptors,
G-protein coupled receptors (GPCRs), induce cellular responses primarily by coupling with
intracellular heterotrimeric G proteins (44), which engage with a variety of molecular signals to
mediate downstream responses. In contrast to more complex animals, individual sensory neurons
in nematodes coexpress multiple GPCRs and as many as six receptor guanylate cyclases (rGCs)
(46, 113). Members of both the GPCRs and rGC superfamilies function as targets for chemicals
that trigger chemotaxis behavior (4). Although there are more than 1,000 GPCR genes in
C. elegans, only 147 were annotated in the Meloidogyne hapla genome (86). This may reflect the
more defined life cycle of the parasite compared to that of the free-living hunter species (7).
Stage-specific transcriptome studies of RKNs and CNs showed the highest expression of GPCR
and neuropeptide signaling pathway genes in preparasitic J2s, which is consistent with a major
role for these pathways during the mobile, host-searching phase of the life cycle (15, 20).

PPNs encode proteins with sequence similarity to proteins that have been determined to have
key roles in olfaction and neurotransmission in C. elegans (7, 8, 98). Recent work has supported the
functional equivalence of some of these components. The putativeMeloidogyne incognita homologs
of four core C. elegans genes encoding components required for chemotaxis to both water-soluble
and volatile chemicals were characterized, including odr-1 (encoding a rGC), odr-3 (encoding a
GPCR component), and tax-2/tax-4 (encoding components of a heteromeric cyclic nucleotide-
gated ion channel required for downstream signaling) (98). Compared with other stages of the
life cycle, these genes were most highly expressed in infective juveniles. Indeed, RNAi-mediated
knockdown of their expression altered chemotaxis to root exudates and other aspects of nematode
behavior (98). In situ hybridization indicated that odr-1 is expressed in the cell bodies of amphidal
neurons and phasmids. A similar expression pattern was observed for guanylate cyclase homologs
in soybean CNs (Heterodera glycines) (121).

There is considerable overlap in the repertoire of neurotransmitters and neuromodulators
between PPNs and C. elegans (47). Crisford et al. (17) demonstrated that the plant alkaloid
reserpine, which depletes the neurotransmitter serotonin and other biogenic amines in animals,
including mammals, inhibits activation of stylet thrusting and host infection by the potato CN
Globodera pallida. The phenotypes of C. elegans mutants impaired in serotonin biosynthesis and
signaling, including the GPCR SER-7 and the serotonin-gated chloride channel MOD-1, were
complemented by homologous genes from G. pallida, supporting the existence of a conserved
serotonergic signaling pathway in these nematodes (17). Serotonin and other biogenic amines
have also been demonstrated to affect the behavior of other PPNs (40, 74).
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Nematodes, like other animals, encode a diverse range of neuropeptides (47, 66). These neu-
ropeptides play roles in many, if not all, behaviors of C. elegans. FMRFamide-like peptides (FLPs),
which make up the largest neuropeptide family, modulate diverse sensory and motor processes.
These peptides are characterized by a C- to N-terminal gradient of decreasing sequence con-
servation and a C-terminal Arg-Phe NH2 (28). C. elegans contains at least 31 flp genes, many of
which encode multiple peptides that are processed posttranslationally. Most FLP receptors are
GPCRs, which can bind to and be activated by multiple FLPs. PPNs encode and express an array
of flp genes, many of which correspond to those in C. elegans (47). Kimber et al. (61) success-
fully used RNAi to silence each of the five neuronally expressed flp genes in G. pallida J2s, which
compromised locomotory behavior. In situ hybridization revealed the expression of these genes
in the neurons of infective juveniles (61). Modulating the level of FLPs and other neuropeptides
by host-induced gene silencing, the exogenous application of these peptides, or other techniques
represents promising approaches for nematode control (38, 64, 116).

2.2. Recent Progress Toward Identifying Plant Molecules that Modulate
Nematode Behavior

Plants exude a large and diverse collection ofmetabolites into the rhizosphere (75).These exudates
comprise a multitude of primary and secondary metabolites that likely include host-specific and
general attractants as well as repellents for root-parasitic nematode species. However, the iden-
tification of biologically relevant molecules has been difficult. A recently compiled list of water-
soluble and volatile compounds/fractions from root exudates that affect PPNs can be found in
Sikder & Vestergard (100). In a recent addition to this list, Oota et al. (85) screened a chemical
library of natural products for their ability to attract M. incognita and identified cadaverine and
other diamines and polyamines as potential attractants. However, for most chemicals identified as
attractants, it is not clear whether the nematode, in its quest for a host, is exposed to the concentra-
tions of compounds tested in the laboratory. Additionally, for many chemicals, low concentrations
are attractive, whereas higher concentrations are repellent (93).Here, we discuss the difficulties in
identifying exudate components that contribute to the location of a suitable host as well as some
recent progress in this area.

Observing and quantifying the responses of nematodes to their hosts are quite challenging,
and the diversity of assays used has made it difficult to compare results between studies. These
tiny animals cannot propel themselves through water and require a solid matrix through which
to maneuver. Although assays in sand or soil may best simulate the natural environment, nema-
todes cannot be seen in these opaque substrates as they respond to their hosts but must instead
be extracted to monitor migration. By contrast, when assays are conducted in transparent media,
the nematodes can be observed microscopically as they respond to their host, but such conditions
are less natural. On agar plates, nematodes generally move in two dimensions along the surface
of the agar, although modifications have been devised to better resemble the natural situation (5,
21, 115). Pluronic F-127, a nontoxic, thermo-reversible copolymer that forms a gel at room tem-
perature, is a popular alternative matrix, as it supports the formation of stable chemical gradients
and is highly transparent, facilitating detailed observation of behavior (10, 85). Attraction assays
vary widely in terms of the parameters measured and the time frame during which the response is
assessed. The reported responses of PPNs to root exudates range from highly attractive to repel-
lent depending on the study (10, 30, 114). The wide range of responses observed is likely due to
differences in the preparation, treatment, and concentration of root exudate. For example, non-
specific signals such as pH, salts, CO2, and chemicals produced by microbes can act as attractants
or repellants or otherwise modulate behavior (51, 54, 88).
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Comparing nematode responses to roots of wild-type and mutant plants or hosts in which spe-
cific genes have been downregulated has provided insights into factors/pathways that contribute
to host location. For example, roots of Arabidopsis, tomato, andMedicago truncatulamutants defec-
tive in ethylene synthesis or signaling were found to be more attractive to RKNs than wild-type
roots (10). The soybean CN H. glycines is also more attracted to both nonhost (Arabidopsis) and
host (soybean) roots compromised in ethylene signaling (50). The ethylene signaling response is
a complex, highly regulated network involving cross talk with other hormone-signaling pathways.
Thus, the enhanced attraction of hosts defective in ethylene signaling could be due to higher lev-
els of attractants or lower levels of repellents. In another example, silencing genes involved in
the sugar transporter genes STP1 and STP2 in tomato resulted in reduced infectivity and stylet
thrusting for the RKN M. incognita but not the CN G. pallida (115). This work also found that
M. incognita was attracted to glucose but G. pallida was not. A more recent work using a different
assay and different concentrations found that both M. incognita and G. pallida were attracted to
glucose (6).

Measuring migration of RKNs toward different hosts through sand in dual-choice assays has
provided insight into the identity of volatile attractants. In a dual olfactometer assay, M. incog-
nita was attracted to moist sand with Capsicum annum plants compared to moist sand without a
plant (60). Volatiles collected from sand containing C. annum plants were analyzed and 18 compo-
nents were identified by gas chromatography–mass spectrometry (GC-MS). Dual-choice assays
with five chemically synthesized components identified methyl salicylate as the strongest attrac-
tant. Consistent with this finding, earlier work using a six-armed olfactometer found that maize
Mu-insertional lox3–4 mutants, which are predicted to have elevated levels of salicylic acid (and
multiple other phytohormones), were more attractive toM. incognita than were the wild type (33).
Other potential volatile attractants were identified in this and other work, but methyl salicylate
remains the strongest candidate for an important cue for long-distance host location (78). How-
ever,many volatile components released from roots are not available synthetically and others have
not yet been identified.

Activity-guided fractionation of root exudates has advanced progress toward identification of
soluble attractants. In this approach, the exudate is chemically fractionated using an activity assay as
a guide. Fractionation of collected and concentrated exudate from 4- to 5-week-old tomato roots
by high-pressure liquid chromatography fractionation coupled with activity assays found the high-
est attraction to the most polar fraction (45). LC-QTOF-MS (liquid chromatography quadrupole
time-of-flight mass spectrometry) analysis of this fraction revealed a complex blend of metabolites.
Synthetic versions of five identified compounds (zeatin, luteolin, quercetin, tomatidine, and sola-
sodine) were tested for their ability to stimulate stylet thrusting and nematode attraction.Although
all five compounds stimulated stylet thrusting, the results for attraction weremore complex.Zeatin
was an attractant at all concentrations examined, whereas the alkaloids tomatidine and solasodine
were not attractants. The flavonoid quercetin was attractive at lower concentrations but repellent
at higher concentrations, whereas the structurally similar flavonoid luteolin was repellent at all
concentrations tested. However, the synthetic compounds were not tested at biologically relevant
levels, and numerous other potentially active components present in the exudate were not tested.

To identify a biologically relevant attractant for RKNs, Cepulyte et al. (10) collected exudate
from the root tips of 6-day-old tomato seedlings. Root tips of rapidly growing seedlings were pre-
viously shown to be highly attractive to J2s, and cell-free exudate collected from root tips retained
the activity. The amount of exudate equivalent to 1% of that produced by a single seedling in 24 h
displayed clear attraction activity for RKN J2s in a Pluronic gel assay. Activity-coupled deion-
ization and size-exclusion chromatography were consistent with the attractant being a nonionic
compound with an apparent mass of ∼400 Daltons (10). Fractionation of exudate fromMedicago
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truncatula root tips identified an attractive fraction with similar properties. However, the chemical
identity of the attractant(s) from these exudates was not determined due to the limited amount of
available material.

Using a similar approach, Tsai et al. (109) investigated flaxseed mucilage, which was highly
attractive to M. incognita J2s. Activity-guided fractionation of this water-soluble material using
reverse-phase and size-exclusion chromatography revealed that the attractive component resem-
bled the pectic polysaccharide rhamnogalacturonan-1. Chemical analysis showed that l-galactose
side chains were required for attraction activity. Furthermore, the disaccharide α-l-galactosyl-1,3-
liter-rhamnose was sufficient to attract J2s, but the corresponding disaccharide with a d-rhamnose
linkage was not an attractant, illustrating the capability of nematodes to respond differentially to
molecules that differ only in a single chiral center. However, l-galactose linkages are not found in
the mucilage of most other plants, including many RKN hosts, suggesting that this linkage is not
the universal signal used by RKN to identify its hosts.

2.3. Emerging Picture of Nematode Targeting to Host Infection Sites

Soil-dwelling nematodes and other animals are generally exposed to multiple sensory cues simul-
taneously andmust process these inputs to determine how to react. InC. elegans, the neuronal basis
for the integration of simultaneous cues with behavioral response is beginning to be understood
(41). The perception of host exudates by PPNs is likely a highly evolved process that is fine-tuned
to assess the condition of candidate hosts and optimize successful parasitism and reproductive
success. The composition of plant metabolites exuded by roots differs based on the root tissue
examined, its condition and age, the rhizosphere composition, and other factors (75). An enticing
finding by Reynolds et al. (94) is that in a modified Y-chamber filled with Pluronic gel, RKN J2s
moved in a direct path to the roots of the host seedlings but in a nondirect path to the roots of
seedlings that are poor hosts or nonhosts of these parasites. This observation suggests that exu-
dates contain a complex of signals and that the nematode can assess this information and orient
its response accordingly. Conceivably, attractants and repellents released from the root surface in
a topologically specific manner could guide PPN to sites for efficient penetration.

3. HOW PLANTS RECOGNIZE PARASITIC NEMATODES

Plants recognize pathogen- or microbe-associated molecular patterns (PAMPs or MAMPs, here-
after collectively referred to as PAMPs) and activate a plethora of defense responses collectively
known as pattern-triggered immunity (PTI). PAMPs are molecules that are evolutionarily con-
served throughout specific pathogen classes and contribute to the general fitness of the infectious
organism’s life cycle. The PAMPs identified to date range from structural components of vari-
ous pathogens to biomacromolecules, such as nucleic acids and proteins (37). Virulent pathogens
overcome PTI responses by releasing effectors into the host plants (see Section 4). These effec-
tors interfere with the activation of PTI responses, promote nutrient acquisition, and alter plant
metabolism, thereby reducing or eliminating the efficacy of the plant’s defense responses.The sec-
ond tier of pathogen recognition involves intracellular nucleotide-binding domain leucine-rich re-
peat (LRR) proteins [encoded byResistance (R) genes],which perceive effectors leading to a robust
defense response also known as effector-triggered immunity (55, 69).Effector-triggered immunity
often culminates in a form of programmed cell death known as the hypersensitive response.

Recognition of PAMPs by plants is mediated by germline-encoded pattern recognition re-
ceptors (PRRs). With one exception among those characterized so far, plant PRRs involved in
the activation of PTI are membrane-located receptor-like kinases (RKs) or receptor-like proteins
(16). The exception is an extracellular protein that binds to the heptaglucoside from the oomycete

www.annualreviews.org • Recognition and Response in Plant–Nematode Interactions 149

A
nn

u.
 R

ev
. P

hy
to

pa
th

ol
. 2

02
2.

60
:1

43
-1

62
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

D
av

is
 o

n 
11

/1
7/

22
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



PY60CH07_Siddique ARjats.cls August 10, 2022 16:46

Phytophthora sojae (110). Structurally, RKs consist of an extracellular ligand-binding domain, a
single membrane-spanning domain, and a cytoplasmic kinase domain. Plant PRRs are subclas-
sified on the basis of the structural features of their extracellular domains: LRR-RKs, lysine-motif
RKs, lectin-RKs (LeC-RKs), and epidermal growth factor RKs. Some PRRs can perceive host-
derived molecules that are released from damaged cells undergoing pathogen attack, i.e., so-called
damage-associated molecular patterns (DAMPs) (129).

Most, if not all, PRRs function as parts of multiprotein complexes at the plasma membrane.
One such partner of PRRs is brassinosteroid-associated kinase 1 (BAK1), a member of the LRR-
RK family. BAK1 forms receptor complexes with LRR-type PRRs, including FLS2 (flagellin sens-
ing 2), which detects the PAMP flg22, a fragment of bacterial flagellin. FLS2 and BAK1 form
heterodimers almost instantly upon flg22 perception. Crystallization studies suggest that the
C terminus of flg22 binds to FLS2 and closely interacts with BAK1 to stabilize the FLS2-BAK1
association (103). Several recent reviews have summarized the sensing of various viral, bacterial,
fungal, and oomycete patterns via the actions of different types of plant PRRs (9, 37, 92). Upon
detection of PAMPs or DAMPs, PRRs mediate the activation of a broad range of downstream
signaling events, including the rapid generation of reactive oxygen species, activation of mitogen-
associated protein kinases (MAPKs) and calcium-dependent protein kinases, reinforcement of the
cell wall, and the expression of immunity-related genes (16, 69). Collectively, these events restrict
pathogen growth and development.

Extensive studies over the past two decades have identified numerous PAMPs that bind to PRRs
to activate PTI, providing protection against infection in a wide range of plants (27, 69, 92). How-
ever, information on PAMPs and receptors that underlie the activation of PTI in plant–nematode
interactions remains limited. Notable challenges include nematodes’ obligate biotrophic lifestyle,
their nonsynchronized infection, and the lack of methodology for nematode transformation. The
general activation of plant immune responses and the roles of resistance genes in plant–nematode
interaction are discussed in previous reviews (118, 126). Here, we summarize the progress in un-
derstanding PRR-based recognition of nematodes by plants.

3.1. Progress Toward Identifying Pathogen-Associated Molecular Patterns
and Pattern Recognition Receptors Involved in Plant–Nematode Interaction

BAK1 is a coreceptor that forms complexes with LRR-type PRRs and is required for PTI in-
duction. Silencing the expression of BAK1 orthologs (SlSERK3A and SlSERK3B) in tomato re-
sulted in enhanced susceptibility to RKN because of defects in the activation of defense responses
(87). Subsequently, Teixeira et al. (105) determined that PTI-compromised Arabidopsis plants (in-
cluding the bak1-5 mutant) have enhanced susceptibility to RKNs. This study also demonstrated
that the invasion of roots by nematodes activates camalexin and glucosinolate pathways, both of
which function in plant resistance against nematodes. Interestingly, the activation of the glucosi-
nolate biosynthetic pathway is dependent on BAK1, whereas the camalexin biosynthetic pathway
is mostly independent of this protein (105).

Although the analysis of bak1mutants established the relevance of PTI-like responses in plant
resistance against nematodes, it did not make clear whether the induction of PTI occurs due to the
direct recognition of nematode-associated PAMPs or whether it results from mechanical damage
caused by nematode contact or invasion. Mendy et al. (77) found that NemaWater, a solution
produced when J2 nematodes were incubated in water for 24 h and subsequently removed, trig-
gered PTI responses in Arabidopsis that were dependent on the presence of BAK1. Although these
experiments were conducted in Arabidopsis, two recent studies demonstrated that NemaWater
could also induce PTI responses in tomato and rice (25, 106). These experiments indicate that
nematode contact or invasion is not required for the host to trigger a PTI response. Zhou et al.
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(127) recently performed a reverse genetic screen forArabidopsismutants with enhanced resistance
or sensitivity to nematodes and identified a G-lectin receptor kinase (ERN1) that acts as a nega-
tive regulator of PTI. Interestingly, ern1 mutants displayed stronger activation of PTI responses
upon NemaWater treatment than did the wild type, further supporting a role for a factor present
in NemaWater in nematode-mediated PTI responses (127). Although the identity of the elicitor
in NemaWater remains unknown, heating NemaWater or preincubating it with proteinase K
abolished its PTI-inducing capacity, suggesting that its eliciting activity requires the presence of a
heat-sensitive protein. An intriguing possibility is that this protein is a nematode-derived enzyme
that catalyzes release of a DAMP from the host cell wall.

A screen of Arabidopsis mutants identified two previously uncharacterized LRR-RKs (NILR1
and NILR2) that altered NemaWater-induced PTI responses (77). Although NemaWater-
induced PTI responses were lost in the NILR1 loss-of-function mutant nilr1, they were only
slightly reduced in nilr2. NILR1 is a 1,106 amino acid LRR-RK that is closely related to BRI1
(brassinosteroid insensitive 1). NILR1 is localized to the plasma membrane, and its extracellular
domain consists of 22 tandem LRRs that are interrupted by a 76 amino acid island located be-
tween LRR17 and LRR18. The extracellular domain of NILR1 is followed by a transmembrane
domain and a cytoplasmic kinase domain. A BLAST search using extracellular domain as a query
revealed that orthologs of NILR1 are conserved across a wide range of dicotyledonous and mono-
cotyledonous plants. Nevertheless, sequence homology does not imply functional conservation,
and some of these orthologs may well represent BRI1 and other similar receptors. Functional
characterization is required to establish the conservation of NILR1 in different plant species (77).

Recent work has identified an ascaroside as a potential nematode-specific PAMP. Ascarosides
are nematode pheromones that are derivates of 3,6-dideoxy-l-sugar ascarylose modified with a
fatty acid–derived side chain and in some cases other moieties (13). In several PPN species, the
most abundant ascaroside is ascr#18, featuring an 11-carbon fatty acid side chain (59). Exoge-
nous application of ascr#18 induced defense responses in Arabidopsis, including the expression
of genes associated with PTI and activation of MAPKs (72). Application of ascr#18 in vitro
reduced susceptibility of Arabidopsis to the CN Heterodera schachtii and the RKN M. incognita
and inhibited M. hapla reproduction on tomato in a greenhouse assay (62, 72). Additionally,
the application of ascr#18 to a range of crop species (including both monocots and dicots)
increased resistance to diverse viral, bacterial, and fungal pathogens (62, 72). Although these
observations support the notion that ascr#18 is a nematode-derived PAMP, these studies are
not complete. So far, no plant receptors for ascarosides have been identified. Additionally,
Manohar et al. (71) recently demonstrated that ascr#18 is metabolized to shorter side-chained
ascarosides, predominantly ascr#9, by both monocot and dicot plants. Attraction assays with
RKN J2s showed that although ascr#18 was an attractant, ascr#9, or the combination of ascr#9
and ascr#18, was repellent to nematodes. This raises the possibility that the reduced susceptibility
of plants to PPNs following exposure to ascr#18 may (at least partially) be due to this repellent
effect.

3.2. Perception of Nematode-Associated Damage by the Host Plant

Nematode invasion causes substantial physical damage to root tissues, releasing cell components
that could act as DAMPs and activate PTI-like defense responses. High-resolution video-
enhanced microscopy of nematode behavior inside roots suggested that DAMPs can be produced
by two distinct nematode-associated activities: stylet thrusts and nematode body movements.
CNs have been shown to migrate intracellularly inside roots, causing severe damage to root cells.
By contrast, RKNs move intercellularly and cause less apparent tissue damage. However, these
observations were made in the roots of Arabidopsis and other cruciferous plants, and it may be that
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behavior differs in other hosts. In addition, PPNs secrete a range of cell wall–degrading enzymes
that appear to have been obtained by ancient horizontal gene transfer from soil microbes,
including cellulases (24, 102), pectate lyases (23, 111), and polygalacturonases (53). Products
produced from host components by the action of such enzymes could potentially be recognized
as DAMPs (20). Several DAMP–PRR pairs have been identified in plants (129). Here, we discuss
current evidence suggesting that nematode damage produces DAMPs that are recognized by the
host and that the host’s response to DAMPs contributes to effective defense against PPNs.

Oligogalacturonides (OGs) are small cell wall fragments that are produced by the partial hy-
drolysis of homogalacturonan, the main component of pectin. Homogalacturonan is degraded
by microbial polygalacturonases (PGs) during infection or by plant-endogenous PGs during me-
chanical damage. PG-inhibiting proteins (PGIPs) are a group of cell wall proteins that inhibit
pectin-depolymerizing activity of PGs favoring the accumulation of partial degradation products
that function as elicitor-activeOGs.TheseOGs can act asDAMPs and activate PTI-like responses
via pectin receptors such as wall-associated kinases (WAKs). Veronico et al. (112) studied the role
of PGIPs in susceptible and resistant genotypes of pea (Pisum sativumL.) in response toHeterodera
goettingiana infection. PsPGIP1 was shown to be differentially expressed between susceptible and
resistant genotypes. In situ hybridization revealed that PsPGIP1 is localized to the syncytium of
a resistant pea genotype (112). Arabidopsis harbors two PGIP genes: AtPGIP and AtPGIP2. Shah
et al. (96) showed that CN migration inside roots induces the expression of both AtPGIP and
AtPGIP2. Interestingly, although RKNs have been shown to harbor PGs (53), the expression of
PGIP genes was not induced during the migratory stage of RKN infection (96). Experiments with
mutants and overexpression lines revealed that PGIP expression reduces the infection of host roots
by CNs but not by RKNs (96).

Proline-rich extensin-like receptor kinases (PERKs) are a family of RKs comprising 15 mem-
bers in Arabidopsis. The extracellular domain of PERKs shares similarities with plant cell
wall–associated proteins. Although little is known about the biological function of PERKs, their
expression is strongly induced by various wounding stimuli, suggesting that they play a role in
the perception of cell wall damage (80). Interestingly, PERK genes were recently shown to be
induced by both CN and RKN infection (107). Experiments with perk mutants revealed that the
induction of PERK genes attenuates the infection of host roots by both CNs and RKNs.Notably,
immune responses mediated by PERKs involve binding of their extracellular domains to OGs,
suggesting that PERKs function as damage-triggered immune receptors in plant–nematode
interactions (107).

Plant elicitor peptides (PEPs) are small (23–29 amino acids long) peptides derived from the
C termini of precursor proteins, PROPEPs. PEPs are perceived by membrane-bound RKs
known as PEP receptors (PEPRs). PROPEP genes are induced by mechanical stimulation as
well as pathogen-induced wounding. Experiments with reporter lines and loss-of-function mu-
tants in Arabidopsis showed that the PEP–PEPR system contributes to plant defense against CNs
(S Siddique, unpublished results). This system does not appear to function in defense against
RKNs (105). Interestingly, treatment of soybean seeds with PEPs led to a significant reduction in
both CN and RKN infection (65).

Adenosine triphosphate (ATP) acts as a universal energy currency in all organisms. ATP can
also act as an extracellular signalingmolecule. In plants,ATP is released into the extracellular space
in response to physical damage, where it is then recognized by the LeC-RK DORN1 (does not
respond to nucleotides 1).Considering that nematodes cause significant damage duringmigration,
extracellular ATP could function as a DAMP. Interestingly, however, dorn1 mutants and DORN
overexpression lines did not show changes in susceptibility to CNs or RKNs, calling into question
the role of DORN1 in plant–nematode interactions (105).
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Figure 2

Model for cell surface perception of parasitic nematodes and defense induction by plants. Abbreviations: BAK1, brassinosteroid-
associated kinase 1; DAMP, damage-associated molecular pattern; NILR1, nematode-induced LRR-RK1; OGs, oligogalacturonides;
PAMP, pathogen-associated molecular pattern; PEP, plant elicitor peptide; PEPR, PEP receptor; PERK, proline-rich extension-like
receptor protein kinase; WAK1, wall-associated kinase 1.

3.3. Current View of Plant Perception of Nematodes

Although evidence indicates that PAMP- and DAMP-triggered PTI contributes to reduced sus-
ceptibility to PPNs, many specifics remain unclear. The identities of PRR–ligand pairs and the
downstream signaling cascades are largely unknown.Amodel for predicted interactions that could
potentially trigger PTI is presented in Figure 2. NemaWater, which contains material exuded
from intact infective juveniles, may contain proteins that act as PAMPs and/or catalyze the release
of DAMPs such as cell wall fragments (77). One or more of these components could be recog-
nized by NILR1, which then recruits BAK1 to form a heterodimeric complex. The activation of
this NILR1–BAK1 complex induces PTI responses, including the production of reactive oxygen
species bursts (77), the accumulation of defense hormones (59), and transcriptional reprogram-
ming (77). The identification of NILR1 expands the paradigm of PRR-based immune recognition
to plant–animal interactions.However, additional research is required to gain a full understanding
of the role of the NILR1-containing PRR complexes in the activation of PTI. Ascarosides may
also be recognized by an as-yet-unidentified PRR to trigger PTI responses. Cell wall fragments
produced by nematode enzymes or physical damage may trigger DAMP responses via WAK1,
PERK, PEPR, or other PRRs. Although it is clear that PTI is effective in reducing nematode
infection, additional research is required to confirm the molecules and receptors responsible for
perception and defense induction.

4. SUPPRESSION OF PLANT DEFENSES BY NEMATODE EFFECTORS

PPNs release molecules into the plant interaction space that facilitate their ability to navigate
hostile plant environments. Among these molecules, effector proteins play particularly important
roles. Most nematode effectors are delivered through the stylet into or around the plant tissue
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and cells that mount defense responses against the parasitizing nematode. With the advent of
genomic resources, an ever-increasing arsenal of nematode effectors is being uncovered. Once
effectors have been functionally characterized, it has become evident that a large portion func-
tions to modulate PTI responses such as defense gene expression, ROS production and MAPK
activation.

A picture of diverse mechanisms targeting plant defenses is beginning to unfold. Plant proteins
with clear defense functions are, not surprisingly, targeted by nematode effectors. These targeted
proteins include those involved in the signal recognition and transduction processes leading to the
triggering of defenses. For example, kinases and proteases with signal transduction roles are mod-
ulated by nematode effectors. Other nematode effectors bind, and presumably inactivate, proteins
directly delivering the defense mechanisms, such as certain pathogenesis-related proteins. Finally,
there are numerous reports of effectors interfering with themanifestation of known defensemech-
anisms, like cell death or other defense hallmarks, albeit without yet revealing the exact effector
mode of action.

Some of the early discoveries of effectors with defense-suppression functions have been re-
viewed in detail in several publications (34, 35, 42, 73, 101). This current report provides diverse
examples of defense-suppressing effectors, emphasizing recent and novel findings that have not
previously been covered in review articles.

4.1. Functional Characterization and Novel Mechanisms
of Defense-Suppressing Effectors

Secreted venom allergen-like proteins (VAPs) are ubiquitous among parasitic nematodes (117),
and their function as defense-suppressing effectors is well understood in CNs. There, VAPs have
been shown to modulate basal plant immunity by selectively targeting plant surface–localized im-
mune receptors of immunogenic breakdown products of damaged host tissues (70, 117). A recent
study reports that RKNs produce ligand mimic effectors that specifically target the FERONIA
receptor-like kinase to interfere with the activation of PTI (123). Also, a secreted subset of SPRY
domain–containing proteins, so-called SPRYSECs, has been shown in Globodera to interfere
with the functions of both PTI and effector-triggered immunity (3, 90), and this function has
been shown for one such effector to be mediated by targeting microtubule-associated proteins
of the cytoskeleton (76). An intriguing example of defense suppression by a Heterodera effector
is HgGland18. This protein is synthesized throughout the parasitic phase of the life cycle and
is translocated to soybean cell nuclei after infection. A strong and persistent immunosuppressive
ability of this effector was documented and likely was associated with nuclear functions of this
effector (83). An additional intriguing finding was that HgGland18 shared significant similarity
to an effector of Plasmodium spp., the malaria parasites. Although this similarity is most likely due
to convergent evolution rather than homology, a malaria effector domain could phenocopy the
defense suppression when incorporated into an HgGland18 effector mutant. Another example
of an effector’s mode of action in altering plant defenses is provided by Heterodera effector 4E02
(57). This effector protein was shown to specifically bind to Arabidopsis vacuolar papain protease
RD21A, a well-established enzyme in regulating plant defenses. Interestingly, 4E02 did not inhibit
protease activity but rather resulted in a translocation of RD21A from the plant vacuole to the cy-
toplasm and nucleus, effectively removing this protease from its site of defense regulation and into
novel compartments. It appears likely that this nematode manipulation served the dual function
of inactivating defenses and repurposing of a plant enzyme by exposing it to novel substrates in its
new site of accumulation, thereby resulting in cell wall compositional changes. One more intrigu-
ing example of modulating a plant defense signal transduction pathway is provided by the study
of the Heterodera 28B03 effector. This novel protein was shown to specifically bind and inhibit
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an Arabidopsis stress-response kinase resulting in the disruption of a kinase cascade leading to the
phosphorylation of a plant syntaxin protein (T. Baum, unpublished data) that had been shown to
condition the release of antimicrobial pathogenesis-related proteins into the apoplastic space (58).

Effectors apparently involved in ubiquitin-related processes have been identified in PPNs
and have been shown to suppress plant defenses. In earlier discoveries, effectors representing
ubiquitin-extension proteins have been identified in Globodera (14). After secretion into the plant,
the extension peptide is cleaved and can interfere with plant defenses. In addition, a recently dis-
covered potato CN effector with ubiquitin ligase function has been shown to be a potent inhibitor
of plant defenses (63). Similarly, plant annexin-like effectors from several nematodes have been
shown to interfere with plant defenses or cause plant cell death (2, 68).

There are at least two examples of nematode effectors directly binding to, and presumably in-
activating, pathogenesis-related plant proteins. TheHeterodera effector 30C02 was shown to bind
to pathogenesis-related protein β-1,3-endoglucanase, likely interfering with its function (39). In
support, knocking out the β-1,3-endoglucanase gene or expressing a 30C02 coding sequence in
planta resulted in increased plant susceptibility. Furthermore, RNAi-based knockdown of 30C02
expression in infecting nematodes reduced their infectivity (39). Similarly, the MO237 effector of
M. graminicola was shown to bind to host pathogenesis-related proteins. Furthermore, this effec-
tor was capable of suppressing plant defense mechanisms like specific gene expressions, callose
deposition, and reactive oxygen bursts (11).

Reactive oxygen responses are powerful defense components of plants. Studies of nematode
effectors have shown that nematodes deploy proteins to specifically counteract these potent
plant responses. Heterodera effector 10A06 was shown to target host plant spermidine synthase,
thereby increasing spermidine contents and downstream polyamine enzymatic activities, which
in turn elevated the cellular antioxidant machinery in host plants (43). Similarly, reactive oxygen
scavenging systems were activated by the RKN MjTTL5 effector (67). Another Meloidogyne
effector, Mg01965, was shown to suppress the reactive oxygen burst triggered by flg22 when
accumulating in the apoplast (128). The reactive oxygen burst was also inhibited by Heterodera
effector GLAND5, which additionally altered defense gene expression and callose deposition in
Arabidopsis (122).

In addition to functionally characterizing known nematode effector molecules in detail
using a range of experimental approaches, defense-suppressing effectors can be recognized
by their ability to interfere with expected defense mechanisms in other pathosystems. In a
recent high-throughput assessment of Heterodera effectors, 10 of 51 tested effectors were able
to suppress defense mechanisms triggered by bacterial pathogens and also altered plant defense
gene expressions (89). Similarly, two Meloidogyne effectors, MilSE5 and MilSE6, were able to
suppress cell death triggered by a bacterial pathogen (97). In other approaches, known nematode
effectors were assessed for their abilities to block effects of plant defense-triggering compounds.
In such an approach, the Heterodera 16B09 effector was found to suppress flg22-induced gene
expression changes (49). Similarly, theMeloidogyne effector MSP18 suppressed cell death induced
by an elicitin (36). Furthermore, defense-suppressing nematode effectors have been identified
for their ability to interfere with documented inducers of cell death (11, 82, 123). The Heterodera
Ha18764 effector was shown to be a powerful suppresser of cell death in several systems and was
able to suppress reactive oxygen responses, defense gene expression, and callose deposition (123).
The Meloidogyne Mg16820 effector was shown to suppress cell death and was documented to be
secreted to the apoplast as well as the host cell cytoplasm during different times of parasitism
(79). Yet anotherMeloidogyne effector, MgGPP, could suppress plant cell death and was shown to
undergo substantial posttranslational modification as well as transport first into the plant ER and
then the nucleus, underscoring the molecular complexities of nematode parasitism (12).
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Although the abovementioned effectors are produced in the esophageal glands and secreted
through the stylet, other effector proteins can be released from other nematode tissues/organs.
In a recent and intriguing example, MIF-like effectors of Meloidogyne were found to be secreted
from the nematode hypodermis. These effectors suppress cell death triggered by several stimuli
and interact with plant annexin.These latter interactions are likely instrumental in inhibiting plant
defenses (124). MIF-2, in particular, had additional defense-suppressing activities such as reactive
oxygen protection and cell death suppression (125).

4.2. Current Status of and Perspectives on Defense-Suppressing Effectors

A diverse collection of nematode effectors has been shown to function in the suppression of plant
defenses. Although the modes of action for many of these effectors have been determined, addi-
tional effectors have so far been shown to only suppress defenses without revealing the underlying
mechanisms of this action.The extent and diversity of mechanisms that nematodes utilize to block
host defenses reflect their importance to successful parasitism. PPNs invest much of their genome
in efforts to suppress host defense. Some of these genes, such as VAPs, are widespread among par-
asitic nematodes throughout the phylum. However, many effectors are novel genes found only
in limited groups of PPNs and attack many aspects of plant defense/PTI. As discussed above, for
some cases, this can result in increased susceptibility to other pathogens. This defense suppression
may be a factor in the induced susceptibility of nematode-infected plants to other pathogens.Con-
tinued investigation of these nematode defense suppressors should provide better understanding
of the plant’s PTI response.

5. CONCLUSIONS AND VISIONS FOR THE FUTURE

Clearly, nematode–plant interactions are very complex cross-kingdom signal exchanges and re-
actions. The fact that nematodes are animals and are governed by nerve centers and deliberate
actions adds significant complexity to these pathosystems. PPNs are highly evolved to recognize
and attack suitable hosts and have evolved a plethora of novel strategies to block host defenses.
We are only beginning to understand how plants recognize these attacking pathogens, what de-
fenses are launched, and which aspects of the plant’s defenses are most effective for nematode
control. Early stages of interaction between nematodes and their hosts, before the extended,
biotrophic interaction where the losses occur is established, are prime targets for nematode con-
trol. Although it is apparent that complete comprehension of these events is daunting, recent
insights into the early stages of nematode–plant recognition and mutual responses have already
suggested several promising avenues for intervention with the goal to develop novel manage-
ment tools against these devastating pathogens. The evidence for functional similarity of genes
for chemosensory perception and signal transmission suggests that C. elegans is a useful system for
identifying new targets for PPNmanagement, even though the lifestyles and food sources of these
parasites are very different. Information is accumulating on the identity of nematode molecules
involved in perception by the host as well as the nematode effectors that block host responses. Ad-
vances in genome resources, proteomics, natural product chemistry, biotechnology, and molecular
manipulation of hosts promise to facilitate our understanding and lead to translation of this basic
understanding into much needed environmentally safe management strategies.
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