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Plant-parasitic nematodes (PPNs) cause severe damage to agricultural crops

worldwide. As most chemical nematicides have negative environmental side

effects, there is a pressing need for developing efficient biocontrol methods.

Nematophagous microbes, the natural enemies of nematodes, are potential

biocontrol agents against PPNs. These natural enemies include both bacteria

and fungi and they use diverse methods to infect and kill nematodes. For

instance, nematode-trapping fungi can sense host signals and produce special

trapping devices to capture nematodes, whereas endo-parasitic fungi can kill

nematodes by spore adhesion and invasive growth to break the nematode

cuticle. By contrast, nematophagous bacteria can secrete virulence factors to

kill nematodes. In addition, some bacteria can mobilize nematode-trapping

fungi to kill nematodes. In response, nematodes can also sense and defend

against the microbial pathogens using strategies such as producing anti-

microbial peptides regulated by the innate immunity system. Recent

progresses in our understanding of the signal pathways involved in

microbe–nematode interactions are providing new insights in developing

efficient biological control strategies against PPNs.

This article is part of the theme issue ‘Biotic signalling sheds light on

smart pest management’.
1. Introduction
Plant-parasitic nematodes (PPNs), such as the root-knot nematode (RKN) and

the cyst nematode, are causing an estimated global economic loss of more than

US$157 billion per year in agriculture [1]. These parasitic nematodes not only

cause direct damage to plant roots, but they can also facilitate infections

by other phytopathogens, including those of fungi, bacteria and viruses.

Traditional methods for controlling PPNs involves applying chemical nemati-

cides; however, large amounts of chemical nematicides can cause severe

environmental problems and harm human health [2,3]. As a result, most chemical

nematicides have been banned or have restricted use in the world today. Because

of their environmental-friendliness and safety for humans, biological control

agents have attracted significant attention. As natural enemies of nematodes,

the nematophagous fungi and bacteria are potential agents for the biological con-

trol of PPNs [4,5]. So far, the biocontrol of PPNs has mostly relied on direct

applications of live microbes such as the nematophagous fungi Paecilomyces
lilacinus and Pochonia chlamydosporia and nematophagous bacteria of the genus

Bacillus. However, there are several challenges associated with biocontrol appli-

cations, including their relative low efficiency and high inconsistency in

agricultural and forestry environments [5]. In this review, we focus on recent

discoveries in the signalling pathways involved in the microbe–nematode
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interactions and discuss how such knowledge can facilitate the

development of biocontrol applications.
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2. The nematophagous fungi – nematode
interaction

Nematophagous fungi are highly diverse. They capture

nematodes using a variety of methods such as by specialized

adhesive or mechanical trapping devices (nematode-trapping

fungi), by infecting nematodes through conidial attachment

and invasion from the cuticle (endo-parasitic fungi), by

invading nematode eggs or females with their hyphal tips

(egg parasitic fungi), or by secreting toxins to immobilize

and kill nematodes (toxin-producing fungi) [6]. Here, we

focus on the former two types of fungi as they have been

more extensively studied.

(a) Signalling in trap formation of nematode-trapping
fungi

Nematode-trapping fungi produce special hyphal structures

called traps. Several types of trapping devices have been

reported, including three-dimensional networks, constriction

rings, adhesive hypha or knobs [7]. Among the nematode-

trapping fungi, Arthrobotrys oligospora is among the most

extensively studied [8]. Arthrobotrys oligospora produces

adhesive three-dimensional networks to capture nematodes.

The network production induced by nematodes is a signature

of lifestyle transition from saprophytic to carnivorous life-

styles [9]. By analysing the genome and comparing the

transcriptomes between the network and the vegetative

mycelia, Yang et al. revealed that several components of the

signalling pathways are upregulated during trap formation,

indicating that the lifestyle switch is initiated by signalling

cascades to alter its gene expression patterns in response to

environmental cues [9].

(i) Signalling molecules in trap formation of nematode-trapping
fungi

Identifying the signalling molecules involved in trap formations

in nematode-trapping fungi is essential for understanding

fungi–nematode interactions. Pramer & Stoll [10] found that

the broth in which the nematode Neoaplectana glaseri had devel-

oped axenically can induce the mycelia of the predaceous

fungus Arthrobotrys conoides to differentiate into traps. They

named the active principal component from worm-free culture

filtrates of predaceous fungi ‘nemin’ [10]. Further study indi-

cated that nemin is a peptide of relatively low molecular

weight or possibly a single amino acid [11]. Partly inspired by

nemin, Yang et al. found that the homogenate of the nematode

Caenorhabditis elegans (called nematode extract, NE) can induce

trap formation in A. oligospora [9].

Subsequent studies identified several specific compounds

as potential inducers, including ascarosides and nitrogenous

compounds such as NaNO3 and urea. Ascarosides are a

family of pheromones secreted by nematodes that can regulate

their development and behaviour, such as mate finding, aggre-

gation, repulsion and developmental diapause [12–14].

Nematode-trapping fungi such as A. oligospora and related

species can sense these small molecules to produce adhesive

networks [15]. Our previous study reported that while
(NH4)2SO4 and NH4Cl cannot induce trap formation, NaNO3,

urea and yeast extract all can induce trap formation in A. oligos-
pora [16]. The role of the nitrate assimilation pathway in trap

formation in A. oligospora was confirmed by analysing strains

with knockout of several key enzymes, including nitrate

reductase (NiaD) and nitrite reductase (NiiA). The results

showed that trap formation in this fungus could be induced

by nitrate via a pathway distinctly different from those caused

by nematodes. Interestingly, nitrate and nematodes can act

synergistically to induce trap formation in A. oligospora [17].

(ii) AoMad1 helps the fungi in recognizing host signal molecules
Except ascarosides, other signal molecules found so far that are

capable of inducing trap formation in A. oligospora or other

nematode-trapping fungi are nitrogenous compounds. Interest-

ingly, the preferred nitrogenous compound ammonia for

fungal vegetative growth is a suppressor of trap formation. In

addition, in the presence of other nitrogen sources at concen-

trations above a certain level, A. oligospora may fail to produce

traps [17]. These results suggest that A. oligospora captures

nematodes as a potential nitrogen source. In the paragraph

below, we describe how nematode-trapping fungi distinguish

signals from their prey and from other nitrogen sources.

In A. oligospora, there is a cell wall surface protein called

AoMad1. This glycoprotein is the homologue of Mad1 from

the entomopathogenic fungus, Metarhizium anisopliae. Mad1

is an adhesive protein located on the surface of conidia or

blastospores that contribute to adhesion to insect cuticle

[18]. When the AoMad1 protein coding gene is knocked

out, the adhesive-like materials on the surface of traps, as

well as the vegetative hyphae, disappears. Interestingly, the

mutant strain can be induced to form traps by lower concen-

trations of certain nitrogenous compounds than the wild-type

strain, suggesting that AoMad1 could prevent trap formation

in the absence of nematodes, and keeps the fungus in the

saprophytic lifestyle [16].

(iii) Signal cascades in trap formation
Many substances have been found capable of inducing trap for-

mation in A. oligospora. Within fungal cells, these substances act

as signals to affect morphological changes. Several signal trans-

duction pathways are known to be involved in generating the

morphological changes from saprophytic to predacious life-

styles in A. oligospora. These include the mitogen-activated

protein kinase (MAPK) cascade, the G-protein-coupled recep-

tors (GPCRs) or small GTPases. The MAPK Slt2 is a key

molecule in regulating cell wall integrity in the budding yeast

[19]. In the entomopathogenic fungus Beauveria bassiana, dele-

tion of Slt2 resulted in a reduction of conidial production and

cell viability, and increased sensitivity to cell wall stress sub-

stances, including Congo red and fungal cell wall–degrading

enzymes [20,21]. The Slt2 orthologues in the nematode-trapping

fungi A. oligospora and Monacrosporium haptotylum have been

identified and characterized. Knockout of Slt2 in these two

fungi caused defects in their growth, development and viru-

lence against nematodes. Importantly, no trap was observed

in the Slt2 mutants of both fungi, indicating that this MAPK

plays a key role in trap formation [22].

Rab GTPases are a family of small, conserved proteins

that act as switches in the signalling hub of molecular circuits

and play a pivotal role in the secretion of proteins [23].

Two Rab GTPases, AoRab-7A and AoRab-2, have been
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characterized by gene knockout in A. oligospora. Between

these two, the AoRab-7A mutant showed notable defects in

mycelial growth and conidiation, and was unable to produce

traps and capture nematodes. By contrast, the AoRab-2
mutant showed little defects [24].
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(iv) Signals from secondary metabolites
Signalling between hyphae is an important cue in fungal

morphological development such as hyphal fusion [25]. Recent

studies showed that the morphology of nematode-trapping

fungi can be regulated by secondary metabolites secreted by

themselves. Several morphology-regulating arthrosporol metab-

olites were recently characterized from A. oligospora. These

arthrosporol metabolites display significant autoregulatory

effects on the formation of conidiophores and the transition of

hypha to a three-dimensional trapping network in A. oligospora
[26]. In a subsequent study on arthrosporol biosynthesis, disrup-

tion of a polyketide synthase gene DAOL_s00215g283 not only

led to the total loss of the arthrosporol A but also resulted in a sig-

nificant reduction in the production of secondary metabolites in

the cultural broth of the mutant strain. Importantly, the mutant

strain displayed a significant increase in trap formation and in

nematicidal activity [27]. In another study, the metabolomes in

A. oligospora were analysed and compared between those living

on corn meal agar and potato dextrose agar media. These two

media differ in their capacities to induce traps. A compound,

maltol, was isolated and shown to be able to stimulate trap for-

mation in A. oligospora [28]. Together, these studies identified

many signal molecules and several signal transducers capable

of inducing fungal trap formation. However, much remains

unknown about the components of the pathways and how

they interact with each other during trap development.
(b) Endo-parasitic fungi – nematode interaction
Endo-parasitic fungi are a diverse group of fungi that infect

nematodes but are unable to develop trapping devices. The

nematodes are attacked by spores of these fungi, which

adhere to the cuticle of worms or are ingested by them [29].

The most commonly studied endo-parasitic fungi include Pa.
lilacinus, Po. chlamydosporia, Clonostachys rosea and Drechmeria
coniospora. In general, the infection starts with the adhesion

of spores to the nematode cuticle. Under appropriate con-

ditions, the spores germinate and invade the cuticle through

both mechanical forces and cuticle-degrading enzymes, such

as serine proteases, chitinases, etc. [30–33].

Drechmeria coniospora is an obligate endo-parasitic fungus

of various species of nematodes. The matured conidia of

D. coniospora have an adhesive knob at the distal end of the

spore [34]. After adhesion to the nematode cuticle (usually

close to the tubes of the sensory-organs), an appressorium

forms and then penetrates the cuticle [35]. The invasive

growth may also involve enzymatic actions, including those

of acid phosphatases, similar to that in the nematode-trap-

ping fungus A. oligospora [36]. A study by Jansson

demonstrated that treatments of the nematode Panagrellus
redivivus and the conidia of D. coniospora with proteases

resulted in decreased adhesion of the conidia to the nematode

[37]. This result suggests the signals involved in adhesion and

infection of nematodes may be mediated by proteins on the

adhesive bud of the conidia and in the proteinaceous

matrix materials emanating from the sensilla pores of the
nematode. The exact materials and chemotaxis mechanisms

involved in conidial adhesion are still unclear.

(c) Signalling in immune responses of nematodes
against endonematophagous fungi

In the model nematode C. elegans, the epidermis directly inter-

acts with the environment and is expected to play a key role in

defence. The collagen-rich cuticle that surrounds the nematode

provides a permanent physical barrier to pathogens [38].

Although many bacterial pathogens, such as Microbacterium
nematophilum, Xenorhabdus nematophila or Yersinia pestis, can

adhere to the surface cuticle of worms, they cannot infect

worms by penetrating the epidermis [39–41]. Unlike these bac-

teria, endonematophagous fungi can directly invade the cuticle

of their hosts. In nematodes, the strategies to defend against

fungal pathogens are different from those against bacterial

pathogens. Microarray analysis showed that many anti-

microbial peptides (AMPs)-coding genes are upregulated in

C. elegans infected by D. coniospora [42]. Many AMPs act by dis-

rupting microbial cell membranes [43]. Six nlp family AMPs

with different structures were found located in a small gene

cluster. A phylogenetic analysis indicated that the evolutionary

diversification of this cluster, which might have evolved a broad

repertoire of AMPs that enhance their defensive potential, is

driven by natural selection [38]. One of the AMPs, NLP-31,

showed strong activities against fungi, such as D. coniospora,

Neurospora crassa and Aspergillus fumigatus [42]. The antifungal

activity of NLP-31 is similar to that of the antifungal peptide

drosomycin in Drosophila and to the antimicrobial peptide

androctonin from scorpion blood [44]. Transgenic worms carry-

ing supernumerary copies of the entire nlp-29 cluster showed

increased resistance to fungal infections [38]. Like fungal infec-

tions, wounding in the epidermis of C. elegans or osmotic stress

can also induce the expression of AMP gene nlp-29 [38,45].

Genetic inactivation of a Toll–interleukin 1 receptor (TIR)

domain protein, tir-1 causes increased susceptibility to infection

and downregulates the expression of nlp-29 and nlp-31. Mean-

while, the small GTPase Rab1 and the F subunit of ATP

synthase interact physically with TIR-1 in vivo and synergisti-

cally regulate the expression of AMP genes [42]. The p38

MAPK pathway including MAP3 K NSY-1, MAP2 K SEK-1

and p38 MAPK PMK-1, acts downstream of the conserved

adapter protein TIR-1 to regulate nlp-29 expression. NIPI-3, a

kinase related to human Tribbles homologue 1, probably acts

upstream of the MAPKK SEK-1 to participate in nlp-29 induc-

tion after D. coniospora infection [45]. A chaperone of the BiP/

GRP78 family, HSP3, which was previously characterized as

a regulator in unfolded protein response (UPR) and endoplas-

mic reticulum stress, is found to act upstream of NIPI-3 in a

UPR-independent manner during D. coniospora infection [46].

As AMPs in C. elegans play important roles in the primary

immunity against fungal infections, we hypothesize that there

should be corresponding molecules in PPNs. At present, hom-

ologue genes of the nlp family have not been reported in the

genome of Meloidogyne incognita [1].
3. The nematophagous bacteria – nematode
interaction

Many bacteria can infect nematodes. Some of these bacteria

are also human pathogens, including Pseudomonas aeruginosa,
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Staphylococcus aureus, etc. Others such as Bacillus. spp.,

Pasteurella punctata and many actinomycete species are

not pathogenic to humans and do not cause human

diseases. These non-human pathogenic bacteria are potential

biocontrol agents against nematodes.

(a) The ‘Trojan-horse’ mechanism by Bacillus
nematocida

The nematophagous bacterium Bacillus nematocida infects

nematodes using a ‘Trojan-horse’ -like mechanism [47]. This

bacterium can emit potent volatile organic compounds,

such as 2-heptanone, which are much more attractive to

nematodes than those from ordinary dietary bacteria. After

swallowed by nematodes and the bacterium colonizes in

the intestinal tract of nematodes and secretes virulence factors

in the form of proteases to cause nematode death [48]. The

2-heptanone receptor is identified as a GPCR (STR-2) located

in the AWC neurons of worms. Downstream signalling

pathway elements in worms include two Ga subunits

EGL-30 and GPA-3, the phospholipase C PLC-1and EGL-8,

the calcium/calmodulin-dependent protein kinase CMK-1

and the calmodulin-like protein CAL-1 [49]. In B. nematocida,

the ComP-ComA Quorum sensing system is involved in reg-

ulating the biosynthesis of attractants. Transcriptions of these

two virulence proteases Bace16 and Bae16 are directly regu-

lated by ComA [50]. Thus, the Quorum sensing system

orchestras the ‘Trojan-horse’-like interaction between the

bacterium and nematodes.

(b) Bacillus thuringiensis
Crystal (Cry) toxins produced by the invertebrate pathogen

Bacillus thuringiensis (Bt) are a large family of pore-forming

toxins (PFTs) that target the intestinal cells of insects and

nematodes [51–53]. The high and specific toxicity makes

B. thuringiensis a leading biocontrol agent [54]. The genes of

Cry proteins are wildly used to generate transgenic insect-

resistant plants [55]. Among the crystal toxins, Cry5B has

especially high toxicity against PPNs Meloidogyne spp.

[52,56], as well as the model nematode C. elegans [53]. The

nematode-specific cadherin CDH-8 acts as a receptor for

Cry5B toxin [57].

To study the defence of PFTs by host nematodes,

Huffman et al. [58] investigated how C. elegans responded

to Cry5B using microarrays. They found that two MAPK

pathways were involved in response to the toxin. One is the

p38 MAPK pathway composed of NSY-1, SEK-1 and PMK-

1. Nematodes lacking either genes of the three kinases

showed hypersensitivity to Cry5B. The other MAPK induced

by Cry5B is the JNK-family MAPK genes, kgb-1 and kgb-2.

kgb-1 mutant worms exhibited hypersensitivity to Cry5B.

By contrast, knockdown of kgb-2 by RNAi did not enhance

the susceptibility to Cry5B. Thus, the JNK MAPK pathway

is required for protection against toxins. Moreover, two

downstream targets of the p38 MAPK pathway, ttm-1 and

ttm-2, were identified as required for defence against Cry5B

[58]. Bischof et al. found that the UPR was activated upon

exposure to PFTs in worms. Animals that lack either the ire-
1-xbp-1 or the atf-6 arms of the UPR are more sensitive to

PFT than wild-type animals. A subsequent study found

that this pathway was located downstream of the P38

MAPK pathway [59].
4. Fungi – bacteria – nematode interaction
The above nematophagous bacteria can infect and kill nema-

todes. How do those bacteria without weapons like the

‘Trojan-horse’ strategy or the pore PFTs maintain their popu-

lations when they encounter nematodes? An early study

reported that diffusible compounds from cow dung could

induce trap formation in A. oligospora, as soon as the conidia

start germinating (called conidial traps) [60]. Wang et al. [61]

isolated 126 bacteria strains from the cow dung. Of these

bacteria, 55 strains induced trap formation in A. oligospora,

and three Stenotrophomonas maltophilia isolates were the

most efficient. These authors identified urea from the culture

medium of S. maltophilia as the signal molecule to induce trap

formation. A further study revealed that after entering fungi,

urea is hydrolyzed into ammonia, which then induces trap

formation in A. oligospora [61]. This study provides unique

insights into the complex interplay among fungi, nematodes

and bacteria. Recently, Li et al. [62] also found that 21 out of

47 fungus-associated bacteria isolated from A. oligospora GJ-1

mycelia are able to induce trap formation. The bacteria with

induction activity are identified as Stenotrophomonas and

Rhizobium species. Unlike the study from Wang et al., these

bacteria do not secrete urea. Instead, the biofilms formed

by these bacteria on the surface of A. oligospora hypha

caused trap formation in this fungus. Four diketopiperazines

are identified from Stenotrophomonas supernatant extract as

inducers of trap formation in Arthrobotrys [62].
5. The sensing of attractive chemicals and its
application in biocontrol of plant-parasitic
nematodes

As mentioned above, nematodes can be attracted by mol-

ecules secreted by their pathogens through their olfactory

neurons and receptors. Beside 2-heptanone secreted by

B. nematocida, several nematophagous fungi have also been

found to produce attractive materials. For example, the nema-

tode-trapping fungus Monacrosporium rutgeriensis could

produce three different compounds that attract the saprophy-

tic nematode, P. redivivus [63]. Furthermore, the traps

produced by several nematode-trapping fungi make these

fungi more attractive to nematodes than those without traps

[64]. By using gas-chromatographic mass-spectral analyses

of A. oligospora-derived volatile metabolites, Hsueh et al.
[65] identified several odours mimicking food cues that are

attractive to nematodes. Interestingly, one compound,

methyl 3-methyl-2-butenoate additionally triggered strong

sex- and stage-specific attraction in several Caenorhabditis
species [65]. Furthermore, the mycelia of the endo-parasitic

fungus, Esteya vermicola as well as its infected pine seedling

and dead blocks of infected pine trees were found to attract

the pinewood nematode (PWN), Bursaphelenchus xylophilus
[66–69]. In the pine wilt disease system, the ascarosides pro-

duced by PWNs, as well as its vector beetle, play a crucial

role in mediating the symbiotic interspecific interaction

between PWN, its vector beetle Monochamus alternatus and

their associated fungi. The amplification effect of ascarosides

on the invasive complex may be used to develop effective

approaches for preventing the development of vector beetles

and limiting the spread of PWN [70].
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As a model species, C. elegans has been used to study the

amphid chemosensory system of nematodes. The 12 pairs of

neurons in C. elegans can detect a wide variety of volatile and

water-soluble chemicals in the environment [71–73]. Among

the 12 pairs of neurons, five pairs are responsible for olfac-

tion, specialized in detecting volatile chemicals. Two of the

pairs, AWA and AWC, respond to attractive odorants [74].

Olfactory receptors (especially GPCRs), G protein and

cation channels are essential in the signal transduction of

olfaction [75–77]. In C. elegans, CO2 is repulsive for adults

but attractive for dauer larvae [78]. The URX neurons were

identified to control CO2 response by coordinating the

response to CO2 with the response to ambient O2 [79]. The

olfactory circuit of C. elegans consists of a small number of

highly interconnected neurons, allowing the nematode to

sense and respond to at least 50 odorants [80] (see review

in [81]). Together, these studies provide important clues to

investigate the molecular mechanism of chemotaxes in PPNs.

The attraction phenomenon and mechanisms mentioned

above can be used to develop biocontrol strategies against

PPNs. It is reported that volatiles from nearby plants can

modulate attraction of PPNs to host plants. For example,

the crown daisy can produce lauric acid, which is attractive

for PPNs at low concentrations but repulsive at high

concentrations. Manipulating its concentration to disturb

chemotaxes of M. incognita could potentially help protect

crops like tomatoes [82]. However, traditional biocontrol

agents made by nematophagous microbes generally have

limited effects as direct contacts between these microbes

and PPNs may be limited. Researchers in our laboratory

have recently optimized a bionematicide by adding attractive

substances for RKNs. This improved nematicide formulation
has shown the same effect as the most widely used chemical

nematicide, Avermectin (M.H. Mo, L.M. Liang, K.Q. Zhang

2018, unpublished data).
6. Conclusion and perspective
Complex interactions exist between nematodes and their

pathogens (figure 1). Among these interactions, while several

types have been elucidated, many issues remain unknown.

Investigations on the nematophagous microbes started in

the nineteenth century. Early studies focused on the iso-

lations of microbial strains with high virulence, and on how

their morphological features change during infections. Sub-

sequent studies investigated the virulence factors of the

microbial pathogens, such as cuticle-degrading enzymes

[83–87]. In 2011, the first genome of a nematophagous

fungus A. oligospora was sequenced [9]. The genome and tran-

scriptome analysis revealed that several signal pathways are

involved in fungal infection. Although many substances

from the nematodes or from the environment are known to

induce trap formation in nematode-trapping fungi, how the

signals are transduced remains largely unknown. Similar to

that in the bacterium B. nematocida, nematophagous fungi

can also secrete chemicals to attract nematodes [64]. How

these attracting chemicals are sensed by nematodes remains

to be elucidated. Pratylenchus penetrans is a bacterial pathogen

of many RKNs and it has been used broadly as a biocontrol

agent. As an obligate parasite of RKNs, it has been difficult to

obtain the pure culture of this bacterium, and thus efforts to

sequence its whole genome has not been successful. Further-

more, limitations exist when translating the knowledge
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in agricultural and forest environments. Soil nematodes

encounter countless soil microbes daily and thus have prob-

ably developed a sophisticated innate immune system to

maintain their populations in nature. While many defence

signalling pathways have been identified using the model

nematode C. elegans, it is still unclear whether these pathways

are also used by PPNs. As reported previously, M. incognita
had fewer immune effectors in classes such as lysozymes,

C-type lectins and chitinases than C. elegans, and lacked cer-

tain classes of immune effectors in C. elegans, including

antibacterial genes such as abf and spp [88] and antifungal

genes of several classes (nlp, cnc, fip, fipr) [1,89]. As the
immune defence pathways may be used as molecular targets

of biocontrol agents, an efficient strategy for genetic manipu-

lation of Meloidogyne spp. and other PPNs needs to be

developed to address these and other issues and to gain a

comprehensive understanding on how these nemaotdes can

only complete their life cycle in planta.
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