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Plant-parasitic nematodes cause major agricultural losses worldwide. Examining the molecular mechanisms
underlying plant-nematode interactions and how plants respond to different invading pathogens is attracting
major attention to reduce the expanding gap between agricultural production and the needs of the growing
world population. This review summarizes the most recent developments in plant-nematode interactions and the
diverse approaches used to improve plant resistance against root knot nematode (RKN). We will emphasize the
recent rapid advances in genome sequencing technologies, small interfering RNA techniques (RNAi) and tar-

geted genome editing which are contributing to the significant progress in understanding the plant-nematode
interaction mechanisms. Also, molecular approaches to improve plant resistance against nematodes are con-

sidered.

1. Introduction

The world's rapid increase of the population growth rate in recent
decades is one of the main challenges in terms of securing food supply.
Plant-parasitic nematodes are considered among the most damaging
plant pathogens worldwide (Trudgill and Blok, 2001). The damage by
nematodes is estimated to cause a yearly loss of about 100 billion
dollars in agricultural crops, despite all the currently used methods for
nematode control (Coyne et al., 2018). In addition, the increase in
global temperature due to climate changes is expected to affects ne-
matode populations either by accelerating their life cycle as the soil
temperature increases, or by changing host plant physiology which
facilitates the infection process (Somasekhar and Prasad, 2012). For
example, according to the NOAA global analysis for 2017, the 2017
average global temperature across land and ocean surface areas was
0.84 °C above the 20th century average of 13.9 °C (https://www.ncdc.
noaa.gov/sotc/global/201713).

Nematodes are animals of the phylum Nematoda. They are multi-
cellular organisms that have existed for about one billion years, and
they are the second-most diverse animal lineage after insects. Some
nematodes are free-living and others are animal or plant parasites.

Root-knot nematodes (RKNs; Meloidogyne spp.) cyst nematodes
(Heterodera and Globodera spp.) and lesion nematodes (Pratylenchus
spp.) are the three most important groups of nematodes, and can infect,
feed on and reproduce on a vast range of plant species (Jones et al.,
2013; Sikora et al., 2018).
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Root knot nematodes (RKN), in particular Meloidogyne spp. and
most prominently M. incognita, exhibit a broad host range and affect a
multitude of wild plants and crops such as tomato, potato, and soybean
(Abad and Williamson, 2010; Dutta et al., 2015; Jones et al., 2011).
This polyphagous species has been even considered as one of the most
damaging pathogens in the world (Trudgill and Blok, 2001). An online
search provides an indication of the increasing interest worldwide in
studying the relationship between RKN and their host plants (Cabrera
et al., 2016). Therefore, in this review we first focus our discussion on
the molecular aspects underlining the plant-RKN interaction. We fur-
ther review current techniques used to study the molecular basis of the
interaction such as high-throughput transcriptomics and genomics
technologies and computational resources as well as gene cloning and
silencing techniques. We finally summarize the several approaches to
implement the knowledge about molecular mediators of the plant-RKN
interaction together with genome engineering technologies towards
reinforcing nematode resistance.

2. Biology of root knot nematodes (RKN)
2.1. RKN life cycle

Root knot nematodes (RKN; Meloidogyne spp.) are obligate seden-
tary endoparasites that require infecting a host plant to complete their

life cycle (Singh and Phulera, 2015). The RKN life cycle can be sum-
marized as illustrated in Fig. (1). It begins with the female laying eggs
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Abbreviations

CRISPR/Cas9 Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-Associated9

DAPG 2,4-Dacetylphloroglucinol

ES Excretory/Secretory Proteins

ETI Effector-Triggered Immunity

J2,3,4  Juvenile Stage 2, 3, 4

JA Jasmonic Acid

NBS-LRR Nucleotide-Binding Site Leucine-Rich Repeat
PAMP  Plant Pathogen-Associated Molecular Pattern

PLCP Papain-Like Cysteine Proteases

PTI PAMP-Triggered Immunity

QTL Quantitative Trait Locus

RKN Root Knot Nematode

RN Reniform Nematode

RNAi RNA Interference

SA Salicylic Acid

SCL SCARECROW-Like Transcription Factors
SNP Single Nucleotide Polymorphism
TALEN Transcription Activator-Like Effector Nuclease
TE Transposable Elements

in the soil and/or in plant tissues. Infectious second-stage juveniles (J2)
hatch from these eggs and enter roots of susceptible plants close to the
root tips. The J2 root knot nematodes migrate intercellularly towards
the vascular bundles where they initiate and establish their permanent
feeding sites (J3 and J4). These feeding sites are made up of multiple
multinucleate giant cells that can be easily recognized later as “knots”
or “galls” on the roots where the nematodes feed and develop. The adult
females then lay eggs, which give rise to new infectious juveniles.

When a RKN infests plant roots, it launches a sophisticated inter-
active relationship with the host cell. The nematode secretes effector
proteins from the stylet to begin the parasitic process (Quentin et al.,
2013). All biotrophic nematodes have an esophageal gland (which
consists of one dorsal and two sub-ventral glands) where a number of
effector proteins are secreted and then transferred to the host plant cells
through the stylet. These effector proteins are required for establishing
and maintaining the feeding site (Williamson and Hussey, 1996;
Hussey, 1989). Some of these secreted proteins either modify the cell
wall of the host plant and/or affect the progression of the host cell
cycle, protein degradation, defense responses and transcriptional reg-
ulation (Akker and Birch, 2016; Davis et al., 2004).
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Fig. 1. Schematic model of the root knot nematode life cycle. The mature fe-
male releases eggs into the soil, where juvenile nematodes (J2) hatch. J2 ju-
veniles may penetrate new susceptible plant roots and subsequently migrate
intercellularly towards the vascular tissue. Then, the nematode induces for-
mation of multinucleate giant cells to establish its feeding site (J3). Maturation
of J3 continues to (J4), which in turn progress in maturation to adult females,
or males under stressful condition. A female nematode will mature and form an
egg sack to generate new nematode eggs.
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2.2. The genomes of the RKN

The size of RKNs haploid genome was estimated to be around 86 Mb
in size (Abad et al., 2008). However, genome sequencing of three RKN
species was accomplished in 2017 using Illumina and 454 technologies
and revealed an assembled sequence of 184, 236, and 258 Mb, for M.
incognita, M. javanica, and M. arenaria, respectively (Blanc-Mathieu
et al., 2017). By contrast, the genome assembly of facultative sexual
nematode M. hapla was approximately 53 Mb (Blanc-Mathieu et al.,
2017; Szitenberg et al., 2017). These results suggest polyploidy of the
other three Meloidogyne species, since their genomes are 3-5 times
bigger than the M. hapla genome (Blanc-Mathieu et al., 2017). Using
more advanced computational analysis tools these analysis estimated
the genomes of the above mentioned studied Meloidogyne spp. to harbor
at least 43,718, 97,208, 103,001, and 14,700 protein coding genes for
M. incognita, M. javanica, and M. arenaria, and M. hapla, respectively
(Blanc-Mathieu et al., 2017; Szitenberg et al., 2017). Although both
studies conducted analyses of these three Meloidogyne species (M. in-
cognita, M. javanica, and M. arenaria), the results from Blanc-Mathieu
et al. (2017) appeared to be more accurate since the N50 of the as-
sembled genomes are much higher compared to the counterparts in the
other study (Szitenberg et al., 2017). In addition, the assembled gen-
omes sizes were confirmed with flow cytometry. The total size of the
assembled genome of the model nematode Caenorhabditis elegans is
comprised of 100 Mb (Hillier et al., 2005). By comparing the M. in-
cognita genome architecture with related nematodes such as C. elegans
and Brugia malay in previous studies, only one operon was found to be
highly conserved among them (Abad et al., 2008). However, in a more
recent discovery by Gahoi and Gautam (2017) 473 Excretory/Secretory
(ES) proteins out of 1889 were predicted to have orthologues in C.
elegans and only 561 protein appeared to be specific to M. incognita.
Moreover, the study conducted in 2017 by Blanc-Mathieu et al. re-
vealed significant differences in the genomic features of the sexual and
asexual Meloidogyne species. The asexually reproducing species showed
more duplicated regions as a result of being highly enriched with
transposable elements (TE), which suggest genome plasticity and
functional divergence of the duplicated regions (Blanc-Mathieu et al.,
2017). Although the impact of that study was groundbreaking, gen-
erating contiguous assemblies of the asexual Meloidogyne genomes was
still technically difficult using short read sequencing. The assemblies
were more fragmented compared to M. hapla (N50 83,645), likely due
to the genomic features of the asexual Meloidogyne spp., where TEs
cover ca. 50% of the genomes (Blanc-Mathieu et al., 2017). In recent
years however, using a high-quality long read genome sequencing
method became available and affordable. For instance, a PacBio RSII
long read-based assembly for the RKN M. arenaria was published that
comprised 2224 contigs and that had a total assembly length of
284.05Mb (Sato et al., 2018). The assembled genome had an N50 of
204,551 bp and was estimated to cover 94.8% of the coding region,
while the previous genome assembly based on Illumina sequencing data
showed an N50 contig length of 10,504 bp with a coverage of 91% of
the coding region in (Szitenberg et al., 2017), and an N50 of 16,462 bp
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with an assembly genome size of 258.07 Mb in Blanc-Matthieu et al.
(2017). This highlights that emerging genome sequencing technologies
have the power to produce high quality genomes of root knot nema-
todes and will enable comprehensive analysis of the evolution of RKN in
the future.

2.3. Resources for RKN research

Computational tools and publicly available databases facilitate
better understanding of the different types of nematode parasitism and
the genes and proteins involved in this process. For example, WormBase
is an online database created by biologists and computer scientists to
provide all the information concerning genomes and genes of currently
138 different nematode species. The M. incognita genome information,
annotation, and gene prediction was incorporated in the WormBase
database in 2014 (https://parasite.wormbase.org/Meloidogyne_
incognita_prjea28837/Info/Index/). Meloidogyne genomic resource is
an INRA-related database that specifically gives information about
three of the root knot nematode species, M. incognita, M. arenaria, and
M. javanica (https://meloidogyne.inra.fr). Another useful database for
RKN is available at http://nematode.net/NN3 frontpage.cgi (Martin
et al.,, 2015). This database gives information regarding functional
genomics, transcriptomics, and proteomics of all parasitic roundworms.
These online databases related to parasitic nematode genomes, tran-
scriptomes, and proteomes provide valuable and useful information
needed to speed up developing approaches to efficiently and sustain-
ably control nematode infection and understanding the mechanism of
the plant nematode interaction.

3. Molecular Plant-RKN interaction
3.1. Transcriptomics

Microarray and RNA deep sequencing provide novel and extensive
insights into understanding the expression profiles of genes that parti-
cipate in the parasitism process in both nematodes and their host plants.
For instance, the microarray analysis that was performed by Ibrahim
et al. (2011)a revealed differential expression of soybean genes in the
galls formed on soybean roots (Glycine max L.) cultivar (cv.) William 82
during the compatible interaction with M. incognita. These changes
include up- and down-regulation of genes related to cell wall re-
modeling and modification, mitosis and cell division, carbon and en-
ergy metabolism, and downregulation of genes involved in formation of
defense-related compounds such as jasmonic acid (JA). Cabrera et al.
(2014) analyzed the transcriptomic changes in Arabidopsis thaliana at
early stages after infection with cyst nematodes and RKN and found
that 1161 genes were up-regulated in giant cells, of which 529 genes
were also induced in the syncytia, indicating that there is tran-
scriptomic overlap induced by the two types of nematodes. All the
genes dys-regulated in giant cell formation are affected by phyto-
hormones, especially auxin and ethylene, such as the homeobox protein
HAT1 and ethylene-responsive transcription factors like ESE3. Such
studies emphasized the power of high throughput transcriptome se-
quencing (RNA-Seq) for RKN research.

3.2. RKN recruit plant hormone pathways

To establish their feeding sites, nematodes manipulate specific plant
developmental pathways regulated by phytohormones. In addition, to
colonize their host roots they regulate plant defenses by interacting
with phytohormone-regulated defense pathways. This interface be-
tween development and defense results in complex patterns and renders
it difficult to establish the specific role of different phytohormones in
the RKN parasitism process (Gheysen and Mitchum, 2018). Moreover,
the impact of phytohormones in plant-RKN interactions seems to be
modulated by the host plant, the nematode species, and the infectious
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stage of the nematode. Here we highlight just some recent findings on
the role of several hormonal-regulated pathways on RKN parasitism.
For additional information in this topic readers are referred to the re-
cent review by Gheysen and Mitchum (2018). Among plant hormones,
auxins are key regulators of organogenesis, and thus it is not surprising
that the establishment of RKN feeding sites is associated with local
accumulation of auxins (Karczmarek et al., 2004). Accordingly, auxin
mutants are less susceptible to RKN (Grunewald et al., 2009). Tran-
scriptome analyses further show a complex temporal and spatial reg-
ulation pattern of auxin biosynthesis and signaling-related genes in
RKN feeding sites (Cabrera et al., 2016, 2015). Although less studied,
cytokinins are also proven to be involved in the RKN parasitism. This is
not surprising due to their role in cell cycle control and nutrient mo-
bilization. For instance, Arabidopsis plants with reduced cytokinin le-
vels were found to be less susceptible to RKN (Lohar et al., 2004). In-
terestingly, De Meutter et al. (De Meutter et al., 2003) detected
cytokinins in secretions from the RKN M. incognita, further indicating
the importance of cytokinins on RKN parasitism. Regarding hormonal-
regulated defensive pathways, several studies have shown the relevance
of the salicylic acid (SA) and jasmonic acid (JA) pathways in the RKN-
plant interaction. The SA pathway is generally involved in protection
against biotrophic pathogens. According to the biotrophic nature of
RKN, it is not surprising that the SA-pathway participates in the defense
response mounted against RKN, although its role seems to be modu-
lated by the parasitism stage (Martinez-Medina et al., 2017). Indeed,
the elicitation of the SA pathway has been shown to reduce RNK in-
fection (Molinari and Fanelli, 2013), although in some cases, this effect
is not evident (Sanz-Alférez et al., 2008). Several studies have further
suggested the ability of RKN to suppress the SA-related defenses in
order to successfully colonize their host roots (Barcala et al., 2010;
Martinez-Medina et al., 2017; Shukla et al., 2018). The JA-pathway is in
general involved in plant defenses against necrotrophic pathogens and
leaf chewing insects. Several studies have demonstrated that the elici-
tation of the JA-pathway enhances plant resistance to RKN (Cooper
et al., 2005; Fujimoto et al., 2011; Nahar et al., 2011). However, ana-
lyses by using transgenic lines impaired in JA biosynthesis and sig-
naling yield fragmented results. It seems that depending on the specific
mutations of JA related genes, the plant can be susceptible to RKN
(Bhattarai et al., 2008; Fan et al., 2015; Gleason et al., 2016; Kyndt
et al., 2017; Sun et al., 2011). Besides the phyhormonal-pathways de-
scribed above, other phyhormonal-pathways such as the ethylene-,
abscisic acid- or the gibberellic acid-related pathways are also regulated
during RKN parasitism, although they have been less extensively stu-
died (Gheysen and Mitchum, 2018).

3.3. RKN effectors

Knowledge about RKN-secreted proteins and their interactions with
the host cell during infection may provide a better understanding of the
infection process. For instance, in silico analysis of the Meloidogyne in-
cognita secretome and proteome resulted in the prediction of 1889
Excretory/Secretory (ES) proteins putatively secreted by the esophageal
gland. Many of these proteins have orthologues in other living nema-
todes, while 561 (29.7%) of these proteins are specific to M. incognita
(Gahoi and Gautam, 2017). ES proteins help in degrading the plant cell
wall to facilitate nematode entrance, protecting nematodes from the
plant defense responses and serve in establishing feeding sites.

Recently, scientists have identified several effectors secreted by RKN
to facilitate parasitism by suppressing their hosts’ immune response.
The Meloidogyne effector protein MiMsp40 targets the plant pathogen-
associated molecular pattern (PAMP)-triggered immunity (PTI). Over-
expression of MiMsp40 in Arabidopsis plants resulted in strong infec-
tion and weak susceptible plants by suppressing PTI and/or ETI signals
(effector-triggered immunity) and therefore increased plant suscept-
ibility to nematodes as the number of galls and eggs significantly in-
creased after 6 weeks of inoculation (Niu et al., 2016). Also, the effector
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Mi8DO05 was found to be actively expressed in M. incognita J2 when
infecting plant roots. Silencing of this gene in the J2 resulted in a sig-
nificant decrease in the infection rate (90%) in Arabidopsis plants (Xue
et al., 2013). There are also effectors secreted by the RKN targeting
plant transcription factors. The first such direct interaction was re-
ported by Huang et al. (2006)a,b who found that the RKN signaling
peptide 16D10 interacts directly with regulatory proteins in Arabi-
dopsis, SCARECROW-like transcription factors (SCL), which altered the
root growth patterns likely to favor nematode infection and accom-
modation. 16D10 functions as a regulator of two SCL transcription
factors initiating SCL-mediated signal transduction cascades in infected
cells to induce root cell proliferation and it also may be involved in
feeding cell formation. Moreover, the M. incognita effector MiPFN3
supports feeding site formation by direct remodeling of the actin cy-
toskeleton of the plant cell resulting in giant cell formation
(Leelarasamee et al., 2018). Another example is MiSGCR1, a small
glycine- and cysteine-rich effector that was found to have a major role
in successful infection by suppressing plant cell death due to hy-
persensitive response (Nguyen et al., 2018). Similar effects of sup-
pressing the plant cell death were discovered with M. enterolobii and M.
graminicola when silencing the nematode effectors MeTCT and MgGPP,
respectively (Chen et al., 2017; Zhuo et al., 2017). Another protein,
Mc1194, was revealed as an effector that facilitates the infection of M.
chitwoodi by interacting with the protease and granulin domains of
RD21A in Arabidopsis, which is a member of the papain-like cysteine
proteases (PLCP) that are involved in programmed cell death (Davies
et al., 2015). The cysteine proteinase RD21A was reported by Shindo
et al. (2012) to play a role in the defense response against the necro-
trophic fungal pathogen Botrytis cinerea in Arabidopsis. These examples
illustrate that RKN employ a multitude of effectors to manipulate host
plant roots. We suggest a schematic model (Fig. 2) to summarize this
process. However, much is still unknown as most effectors remain un-
characterized to date.

4. Control strategies for plant parasitic nematodes

Several strategies are being used to control nematode infections in
the field, which is very important for sustainable agriculture and food
security. In the following we discuss the most recent conventional and
non-conventional approaches to manage RKN infection of economically
important plant species.
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4.1. Traditional control strategies

Crop rotation (Chen and Tsay, 2006) and cover crops (Navarrete
et al., 2016) are commonly applied to mitigate the damage of RKN. In
addition, other techniques have been used and controlled nematode
infection such as flooding and soil solarization (Ferris et al., 2012).
However, these approaches are not completely successful because of the
diverse RKN species and their broad host range. In addition, practices
such as flooding are only successful in warm climates, require plenty of
water and need flooding to be applied for a considerable amount of
time, which may be harmful to the plant. Moreover, field solarization
require stopping of cultivation for long periods. Thus, successful launch
and continuation of agricultural practices to manage RKN infestation
require serious and extensive planning and considerable investments.
Beside flooding and solarization, soil fumigation has been used as an-
other approach (Nelson et al., 2002). Crop yield can be dramatically
affected by nematode infestation in nonfumigated soils. There are some
fumigants that are currently being used in preplant treatments for
management of RKN in vegetables, such as 1,3 D-metam sodium
(Desaeger et al., 2017). Some of these fumigants are very effective
against RKN, such as methyl bromide (Nelson et al., 2002). They are,
however, greatly restricted in developed countries because of their
dangerous implication on the environment and on human health (USDA
ERS, 2000). On the other hand, studies have been conducted to utilize
natural plant products and ammonia as fumigants against RKN popu-
lations to replace the highly toxic chemical fumigant compounds. For
instance, the use of a mixture of lime and ammonium bicarbonate re-
sulted in a release of an ammonia-releasing organic compound that had
a nematocidal effect on plant-parasitic nematodes such as Meloidogyne
and Rotylenchulus spp. (Oka and Pivonia, 2002; Su et al., 2015). In
another study, an organic method included applying a mustard seed
meal into the soil, such as yellow mustard alone or combined with
another type such as Indian mustard as a fertilizer, where the mustard is
a by-product of biodiesel fuel production from Brassicaceae plants
(Meyer et al., 2015). However, most of the chemical fumigants exhibit a
wide-spectrum and a stronger effect on RKN populations than their
organic counterparts.

4.2. Biological control strategies

Biopesticides can be defined as the pesticides made of living or-
ganisms or their products and they are used to defend plants against
invading pathogens. The microorganisms used as biopesticides are in-
gested by the host organism (the plant pathogen) and can cause tissue

Fig. 2. Schematic model of the interaction of a se-
dentary parasitic nematode with its feeding cell. The
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destruction, and sometimes secrete toxic substances that affect the host
organism (Tranier et al., 2014).

There are several nematode-antagonistic biocontrol agents that
have different nematophagous properties and are classified into dif-
ferent categories accordingly. For instance, the two major groups are
bacteria (Kiewnick and Sikora, 2006; Zeng et al., 2013) and fungi
(Tranier et al., 2014). The mode of action of these biocontrol agents
differ from each other and they could be specific to the nematode de-
velopmental stage. For instance, Paecilomyces lilacinus invades Meloi-
dogyne spp. Eggs in tomato (Goswami et al., 2006). Another biocontrol
agent studied to test its effect in the suppression of RKN infection
consisted of two different strains of the fungus Verticillium lecanii. Soil
inoculation with the two strains individually suppressed the RKN egg
numbers. The two strains suppressed RKN even after being autoclaved,
which indicated that the produced substance that inhibits nematodes is
heat-stable (Meyer, 1998).

On the other hand, the saprophytic fungi Arthrobotrys spp., which
are specifically RKN-antagonistic nematophous fungi. The mode of ac-
tion of Arthrobotrys spp. fungi relies on capturing the nematodes by
trapping them in three-dimensional hyphal network, followed by pe-
netration of the nematode body and by secretion of extracellular en-
zymes that break down the nematode cuticle. These are called pre-
datory fungi and they are specifically preying on nematodes (Huang
et al., 2004).

There are several studies that have been conducted to identify

Box 1
The types of nematode target genes.
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biological control agents and their secreted substances that have ne-
matode-antagonistic effects (Collange et al., 2011; Huang et al., 2004;
Lamovsek et al., 2013; Tranier et al., 2014). One example of such
substances produced by nematophagous fungi is the chymoelastase-like
protease produced by Verticillium chlamydosporium, which has a ne-
matocidal effect on M. incognita by hydrolyzing the outer egg shell
(Segers et al., 1994). Moreover, The effect of the antiphytopathogenic
2,4-diacetylphloroglucinol (DAPG), produced by Pseudomonas fluor-
escens, was examined by Meyer et al. (2009) on two groups of nema-
todes. The first group was the plant-parasitic nematodes Heterodera
glycines, M. incognita, Pratylenchus scribneri and Xiphinema americanum.
The second group consisted of the bacteria-feeding nematodes C. ele-
gans, Pristionchus pacificus, and Rhabditis rainai. DAPG was toxic to X.
americanum adults and reduced the hatching of M. incognita but sti-
mulated the hatching of C. elegans. On the other hand, DAPG did not
affect the viability of both after hatching. The effect of DAPG on RKN
infecting watermelon was also studied by Meyer et al. (2016), where
the number of RKN eggs was reduced by 28.9% in the cv. “Charleston
Gray”, while it had no effect on cv. “Sugar Baby” infected by the same
RKN, indicating that DAPG may have a plant genotype-dependent ef-
fect.

However, the use of biocontrol agents for defense against plant
parasitic nematodes and pathogenic fungi is not fully commercialized
because of biotic barriers such as the host range and susceptibility of
different plants against those agents. Moreover, abiotic barriers such as

Parasitism-related genes (parasitomes).

A 21 bp siRNAs specifically targeting the gene FMRF amide-like peptide (flp) were sufficient to silence the gene in infectious stage juveniles
(J2) of the potato cyst nematode Globodera pallida and the root knot nematode M. incognita (Dalzell et al., 2010). Moreover, suppression of two
M. incognita genes, dual oxidase and a subunit of a signal peptidase required for processing of nematode secreted proteins, using RNAi resulted
in reduction of the number of nematodes by 50% (Charlton et al., 2010). Moreover, two FMRF amide-like peptide genes (flp-14 and flp-18)
silenced in vitro and in planta in transformed tobacco lines affected the migration of M. incognita and their subsequent invasion of the root
system. FLPs or neuropeptides are core components of all the biological processes of nematodes including feeding, locomotion parasitism and
the sensory system, suggesting that neuropeptides would be promising targets in silencing studies to improve plant resistance against root knot
nematodes (Papolu et al., 2013).

Further studies showed that Mi-CRT, a calreticulin (CRT) that is secreted by the nematode into the apoplastic space during infection,
greatly affects plant defense. Knocking down Mi-CRT by RNAI reduced the ability of the nematode to infect nematode-susceptible Arabidopsis
thaliana lines (Jaouannet et al., 2013). Shivakumara et al. (2017) reported that host-induced gene silencing of the M. incognita cell wall
modifying enzyme effector genes msp-18 and msp-20 independently resulted in 43-70% and 42-67% reduction of M. incognita multiplication in
eggplant, respectively.

There are at least 486 secreted proteins from M. incognita that are expressed during infection and are potentially involved in feeding site
formation and host cell remodeling and reprograming to favor the nematode establishment. While these effector candidates have not been well
studied so far, they may be promising targets for gene silencing to confer broad resistance against RKN to host plant (Bellafiore et al., 2008; Ali
et al., 2017; Leelarasamee et al., 2018).

Development-related genes.

Silencing of specific nematode genes appears to have a profound effect on nematode development during infection, which may result in
failure of the continuation of the infection. Urwin et al. (2002) found that silencing of genes encoding C-type cysteine proteinases inhibited the
development of the nematode inside the roots and reduced the number of sperm cells formed by the mature male. Silencing this gene further
resulted in a 60% reduction in the number of females that were able to reach the adult stage and produce eggs. This enzyme is synthesized in
the intestine and is predicted to have a digestive function (Shingles et al., 2007). Furthermore, the Mi-Rpn7 gene exhibited an influential role in
M. incognita J2 motility and effectivity. When the J2 worms were subjected to uptake of a double stranded Mi-Rpn7 RNA, the infection rate of
the J2 was significantly reduced accompanied by interrupted locomotion, in addition to a 34% reduction of egg mass in transgenic composite
soybean plants (Niu et al., 2012). In planta RNAi has been successfully used to silence four M. incognita developmental genes, namely L-lactate
dehydrogenase, mitochondrial stress-70 protein precursor, ATP synthase beta-chain mitochondrial precursor, and tyrosine phosphatase, in an
attempt to broaden resistance of soybean against the root-knot nematode, resulting in 94% reduction in gall formation on transformed soybean
roots after challenge with RKN (Ibrahim et al., 2011a).

RNAi knockdown of heat-shock protein 90 (hsp90) and isocitrate lyase (icl) gene expression reduced root-knot nematode reproduction
(Lourenco-Tessutti et al., 2015). These two genes are important in the nematode life cycle. Expression of RNAi constructs targeting M. incognita
hsp90 in Nicotiana tabacum plants resulted in a delay in the formation of galls and a reduction of the number of the newly formed eggs by 46%.
However, silencing of icl did not affect the formation of nematode galls in the transformed plants, though it resulted in a 77% reduction in egg
oviposition compared with the non-transformed plants.

Housekeeping genes.

Silencing housekeeping genes such as integrases, splicing factors, ribosomal protein 3a and 4, spliceosomal SR protein, coatomers, to name
but a few, affected the reproductive fitness of the invading nematode and the success of the parasitism process (Klink et al., 2009; Yadav et al.,
2006).
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the physical and chemical nature of the rhizosphere may play a role.
Since the effectiveness of these aforementioned traditional and biolo-
gical control agents seems limited at best, there is a need to apply more
suitable and targeted methods to control RKN infections. In the fol-
lowing, we discuss targeted molecular approaches that make use of
RKN virulence genes for silencing as well as resources for plant re-
sistance loci.

4.3. Molecular genetics strategies

The rapid progress in omics, biotechnology, and high-throughput
next-generation sequencing methods have enriched our knowledge of
the molecular aspects of the plant-nematode interactions and made it
possible to incorporate and express endogenous and heterologous genes
in plants to enhance plant resistance against nematodes. Genetic
transformation strategies to achieve plant resistance against RKN in-
clude: a) transferring the resistance gene such as Mi, Me, and Ma from
resistant plants to different plant species (Barbary et al., 2015; Claverie
et al., 2011; Williamson et al., 1996), b) overexpression of different
protease inhibitors (Lilley et al., 1999; Papolu et al., 2016; Tripathi
et al., 2015) and c) gene silencing to target essential nematode genes
that are required for successful establishment of nematode infection
(Ibrahim et al., 2011b). Furthermore, it could be suggested to clone and
overexpress the genes responsible for the biocontrol process from the
corresponding agents such as Paecilomyces javanicus that may benefit
plant protection efforts to activate and strengthen the plant immune
response against infection with RKN.

Since RNAI technologies have been proven to be a potent strategy to
control infection with multiple plant pathogens, we will focus on RNAi-
based approaches. RNA interference (RNAi) is a natural defense me-
chanism that triggers degradation of mRNA to regulate gene expression
at the post-transcriptional level and to degrade foreign RNA during
virus infection in eukaryotes (Fire et al., 1998; Rosso et al., 2009; Sharp,
2001). The RNAi pathways in a model organism such as the free-living
nematode C. elegans provided insights that helped develop new ap-
proaches to reach complete resistance against other nematodes such as
RKN. RNAi has been used successfully in C. elegans to, for example,
silence the unc-22 gene, which is responsible for the non-essential
myofilament protein in muscle cells (Fire et al., 1998). In addition,
RNAi has been used in C. elegans to study the functions of 19,427
predicted C. elegans genes (Kamath et al., 2003).

There are several strategies to use RNAi to produce plants with
modified defense responses against different pathogens at the tran-
scriptional and post-transcriptional levels, such as virus-induced gene
silencing (VIGS) and microRNA (miRNA)-mediated gene silencing
(Mmeka et al., 2014). Navarro et al. (2006) first reported the involve-
ment of miR393 as an antibacterial miRNA in the plant defense ma-
chinery to limit the growth of Pseudomonas syringae in Arabidopsis
plants. miR393 represses auxin signaling and negatively regulates the
mRNAs of transport inhibitor response 1, auxin signaling F-box proteins
2 and 3 (TIR1, AFB2, and AFB3). miR393 was also found to be upre-
gulated upon infection. Another group of 60 miRNAs from 25 miRNA
families were identified in soybean cultivars after infection by SCN that
putatively target genes with functions such as oxidative activity, ion
and nucleic acid binding (Tian et al., 2017). In M. incognita, the ex-
pression of several miRNA genes was up-regulated during infection and,
in turn, affected the expression of their target genes in cotton (Gossy-
pium hirsutum) (Pan et al., 2018) and tomato (Solanum lycopersicum)
(Kaur et al., 2017). Co-down-regulation of six genes was achieved
where infection was reduced to about 44% by silencing the genes drh-3,
tsn-1, rrf-1, xrn-2, mut-2 and alg-1 individually, which are components
of the RNA interference pathway of M. incognita. In addition, knocking
down the genes drh-3 and mut-2 disturbed nematode development
(Igbal et al., 2016).

Dutta et al. (2015) suggested an integrative approach that uses
multiple RNAi constructs targeting several nematode processes as well
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as tissue-specific plant promoters, which are wound-inducible or plant
parasitic nematode-inducible, to control expression of these RNAi
constructs. Although RNA silencing occurs in a highly sequence-specific
manner, off-target silencing of endogenous plant genes or genes from
non-pathogenic microbes can be a problem. Off-target gene silencing
can be minimized by (1) thorough bioinformatics analysis to minimize
the risk of silencing non-targeted genes with RNAi constructs, (2) tar-
geting the 3’ and 5’ untranslated regions (UTRs) as these are highly
variable between kingdoms, (3) targeting species-specific genes; these
genes can be detected using comparative nematode genomics. This
thorough analysis will also result in avoiding the use of gene families
with high degree of sequence similarity between the plant and animal
kingdoms. These can be considered as biosafety requirements.

In general, three types of nematode-specific genes are being used as
targets for RNAi approaches, i.e. genes facilitating nematode para-
sitism, nematode developmental genes, and housekeeping genes (Box
1). Studies targeting genes involved in nematode parasitism included
the M. incognita calreticulin Mi-CRT (Jaouannet et al., 2013) and the
cell wall-modifying enzymes msp-18 and msp-20 (Shivakumara et al.,
2017). RNAi fragments have been successfully used to target Meloido-
gyne parasitism genes expressed in the sub-ventral or dorsal glands of
different plant parasitic nematode species. As a result, the parasitism
process was remarkably affected and notable interference detected
using ELISA (enzyme-linked immunosorbent assay) and quantitative
real-time PCR (Dinh et al., 2015; Guozhong G. Huang et al., 2006;
Jaouannet et al., 2013; Kapur-Ghai et al., 2014; Papolu et al., 2016;
Sindhu et al., 2009; Xue et al., 2013).

Development-related genes from the RKN M. incognita include Mi-
Rpn7, whose downregulation interfered with locomotion in J2 juveniles
(Niu et al., 2012), L-lactate dehydrogenase, mitochondrial stress-70
protein precursor, ATP synthase beta-chain mitochondrial precursor,
and tyrosine phosphatase (Ibrahim et al., 2011a) as well as heat-shock
protein 90 (hsp90) and isocitrate lyase (icl) (Lourenco-Tessutti et al.,
2015). RNAi targeting these genes severely affected RKN infection
rates. Finally, RNAi of nematode housekeeping genes such as ribosomal
and spliceosomal proteins disturbs the reproductive and parasitic suc-
cess (Klink et al., 2009; Yadav et al., 2006). While targeting these types
of genes indeed has a profound effect on the nematodes by greatly re-
ducing the infection success, developmental genes and housekeeping
genes may not be suitable for plant protection approaches, since these
are often highly conserved genes among animals and even across phyla.
However, RNAi against parasitism genes can be a powerful and highly
specific method to protect plants while avoiding off-target effects, since
these often include species-specific proteins such as effectors.

4.3.1. Exploiting plant resistance mechanisms

Plants exhibit two layers of induced resistance against microbial and
animal pathogens, referred to as pathogen-associated molecular pat-
terns (PAMP)-triggered immunity (PTI) and effector-triggered im-
munity (ETI). The first barrier of the host plant defense, however, is the
epidermal cell wall, which consists of about 40% cellulose, hemi-
celluloses, xyloglucan, pectin, and various proteoglycans (Ausubel,
2005; Boller and Felix, 2009). For example, some proteins naturally
released in the exudates of soybean seeds were found to have nema-
tocidal properties against M. incognita. Proteomic approaches and in
vitro activity assays indicated the existence of 63 exuded proteins, in-
cluding a 3-1,3-glucanase, a chitinase, a lectin, a trypsin inhibitor, and a
lipoxygenase, all of which are related to plant defense. The soybean
exudates were able to reduce the hatching of nematode eggs and to
cause 100% mortality of second-stage juveniles (J2). The pretreatment
of M. incognita J2 juveniles with these exudates resulted in a 90% re-
duction of the gall number in tobacco plants. These findings suggested
that exuded proteins are directly involved in plant defense against soil
pathogens including nematodes during seed germination (Rocha et al.,
2015). However, in a recent study Tsai et al. (2019) discovered a de
novo chemoattractant that is synthesized on Arabidopsis seeds and that
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has a positive effect on different RKN species by attracting RKN J2 to
invade the newly emerged seedling roots.

Phytohormones play roles in plant-nematode interactions as well.
Cytokinin signaling after infection of plants with H. schachtii partici-
pates in reprogramming of gene expression in infected roots to initiate
the syncytium. Cytokinin-insensitive plants are more susceptible to
nematodes, which highlights the importance of cytokinin for nematode
development. However, elevated cytokinin signaling due to over-
expression of MYB108 and MYB30 in Arabidopsis results in activation
of the plant immune response against the pathogen, suggesting that
temporal and spatial fine-tuning of cytokinin signaling by the nematode
is required for the infection program (Shanks et al., 2016).

There are other resistance genes studied in plants to develop re-
sistant cultivars. In tomato, the Mi gene stimulates necrosis at M. in-
cognita feeding sites at early points of infection (Bartlem et al., 1998). In
potato, the HI gene causes hypersensitivity and necrosis in the syncy-
tium-surrounding cells during syncytium initiation by G. rostochiensis
(Bartlem et al., 1998).

Using the sequence motifs of resistance genes isolated from tobacco
and Arabidopsis, Leister et al. (1996) were able to isolate potato re-
sistance genes against nematode infection. One of these genes was
linked to the nematode resistance loci Grol and R7 responsible for re-
sistance against Phytophthora infestans. In wheat, the Heterodera avenae
resistance gene Cre3 that belongs to the nucleotide binding site-leucine
rich repeat (NBS-LRR) class of plant resistance genes was isolated and
mapped to the wheat chromosome 2D (Lagudah et al., 1997). In the
soybean cultivars Peking and PI88788, six QTLs including Rhgl and
Rhg4 were previously mapped using bi-parental mapping techniques
and were confirmed to be related to resistance.

The first genetic mapping for RKN resistance quantitative trait loci
(QTLs) was reported by (Tamulonis et al., 1997). They identified two
QTLs on chromosome 10 using RFLP markers, i.e. Linkage Group (LG)-
O and LG-G. The resistance alleles were found to be originally derived
from the ancestral soybean cultivar Palmetto (PI 96354). Li et al.
(2001) flanked the QTL region on chromosome 10 using SSR markers,
recognizing two SNP markers within the region in PI 437654 resistance
to reniform nematode (RN) (Ha et al., 2007). Another RKN resistance
QTL was found in 27 soybean cultivars on chromosome 10 (Ha et al.,
2004), which was derived from PI 567516C. More recently, other stu-
dies identified the QTL, SNP markers and candidate genes responsible
for soybean PI 567516C resistance against southern RKN and RN. A
genetic linkage map was constructed using 238 SSR and 687 SNPs. This
map revealed three QTLs located on chromosomes 10, 13 and 17 re-
sponsible for soybean resistance against RKN and two QTLs located on
chromosomes 11 and 18 against RN (Jiao et al., 2015). Several SNP
markers and candidate genes showing resistance to RKN were identified
in different soybean plants (Pham et al., 2013; Xu et al., 2013) and in
other RKN resistant plants such as cotton, cowpea, and grapevine
(Barbary et al., 2015; Kumar et al., 2016; Santos et al., 2018; Smith
et al., 2018; Warmerdam et al., 2018). Bi-parental mapping populations
is a technique used to detect and identify the QTLs in populations
produced from bi-parental crosses controlling resistance against soy-
bean cyst nematode SCN. However, this method identified only limited
allelic diversity related to resistance mechanisms, and its genomic re-
solution is limited because of the recombination percentage due to the
formation of the recombinant inbred line (RIL) populations (Vuong
et al., 2015). Taken together, combining new (GWAS) and established
(QTL mapping) techniques to identify resistance loci in cultivated and
natural soybean lines proves to be a powerful resource for breeding of
RKN resistance in soybean. Introgression of resistance genes can not
only be highly effective to protect crops from RKN, but such lines are
not considered as genetically modified crops, so that they can be
broadly applied in agricultural settings.
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4.4. Genome engineering approaches

The rapid advances in gene editing technologies are now enabling
rapid targeted gene knock-out in plant genomes. There are four main
approaches of genome editing techniques, namely homologous re-
combination-dependent gene targeting, recombinase-mediated site-
specific gene integration, oligonucleotide-directed mutagenesis and
nuclease-mediated site-specific genome modifications (Cardi and Neal
Stewart, 2016). These approaches have the potential to empower
breeding of broadly nematode-resistant cultivars in a wide range of
crops and herbs, including soybean, tomato and potato. The successful
utilization of CRISPR/Cas9-directed genome editing in plant species has
been reported in chickpea, the legume models G. max, and M. truncatula
(Lietal, 2015; Meng et al., 2017). The CRISPR/Cas9 technology allows
high-throughput gene editing at the genomic scale (Yang et al., 2017).
Genome editing may help improving specific characteristics of plants
with a limited genetic pool and lack of resistance sources. An emble-
matic case would be the modification of functional SNPs in the SHMT
gene (Serine Hydroxymethyltransferase) in order to confer resistance to
nematodes or to modify miRNA target sites in NBS-LRR genes (nu-
cleotide-binding site leucine-rich repeat) ensuring the up-regulation of
certain functional R-genes (Leonetti et al., 2018). Further, CRISPR/Cas9
genome editing protocols have been established in C. elegans (Friedland
et al., 2013; Zamanian and Andersen, 2016), highlighting potential
applications of the technology for studying RKNs more effectively in the
future. While plants subjected to CRISPR/Cas9 gene editing are con-
sidered genetically modified and are thus subject to severe regulations
especially in Europe, the technology is a powerful tool for the research
of RKN and plant protection.

5. Conclusions

Nematode infections are widely spread worldwide causing devas-
tating crop losses and traditional control methods are not sufficient in
countering the threat. Thus, understanding the molecular basis of plant-
nematode interactions and identifying key genes and proteins involved
in the infection process and the plant resistance response will help in
developing new techniques to produce plant lines more resistant to
nematode infection. In this review we explored the different methods
and techniques used to understand the molecular basis of the interac-
tion between the plant and RKN, such as computational resources and
next generation sequencing of genomes and transcriptomes, in addition
to the advances in using gene cloning and silencing techniques (RNAi)
to control the nematode infection. For instance, omics technologies
offer a powerful toolset for effective targeted approaches that could be
used to help understanding the interaction between plant and RKN.
With the advances of bioinformatics and computational biology, ana-
lyzing the omics large-scale data now provides a strong support for
identification of interacting biological components and pathways in-
volved in parasitism and plant response. These approaches find RKN
effectors to be potential targets for gene silencing or knock-out by their
expression profiles. Also, it could be suggested to utilize genes from
biocontrol agents such as Paecilomyces javanicus to activate and
strengthen the plant immune response against infection with RKN. In
addition, identifying and characterizing QTLs and actual candidate
defense genes against RKN in resistant plants will enhance our under-
standing of RKN mediated resistance. It will also provide a valuable tool
for breeding programs by efficiently incorporating RKN resistance into
improved cultivars. However, these approaches must be cautiously
applied to avoid emergence of new hyper-virulent RKN populations and
pleiotropic effects on plant growth and fruit quality that could reduce
crop yields. In conclusion, in this review we pointed out the important
roles of genome engineering technologies to study the basis of RKN
resistance and to understand the molecular aspects behind the inter-
action with their host plant towards plant protection against nematode
resistance. Moreover, we suggest a high-quality sequencing and
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assembly by combining long-read sequencing that covers highly re-
petitive sequences of RKN in addition to using high-density genetic
mapping for RKN to reinforce detection and identification of virulence
genes and hence improve our understanding of the plant pathogen in-
teraction.
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