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SUMMARY

Taxonomy: Superkingdom Eukaryota; Kingdom Metazoa;

Phylum Nematoda; Class Chromadorea; Order Tylenchida; Subor-

der Tylenchina; Infraorder Tylenchomorpha; Superfamily Tylen-

choidea; Family Meloidogynidae; Subfamily Meloidogyninae;

Genus Meloidogyne.
Biology: Microscopic non-segmented roundworm. Plant

pathogen; obligate sedentary endoparasitic root-knot nematode.

Reproduction: facultative meiotic parthenogenetic species in

which amphimixis can occur at a low frequency (c. 0.5%); rela-

tively fast life cycle completed in 19–27 days on rice depending

on the temperature range.
Host range: Reported to infect over 100 plant species,

including cereals and grass plants, as well as dicotyledonous

plants. Main host: rice (Oryza sativa).
Symptoms: Characteristic hook-shaped galls (root swel-

lings), mainly formed at the root tips of infected plants. Altera-

tion of the root vascular system causes disruption of water and

nutrient transport, stunting, chlorosis and loss of vigour, resulting

in poor growth and reproduction of the plants with substantial

yield losses in crops.
Disease control: Nematicides, chemical priming, constant

immersion of rice in irrigated fields, crop rotation with resistant

or non-host plants, use of nematode-free planting material.

Some sources of resistance to Meloidogyne graminicola have

been identified in African rice species (O. glaberrima and O. long-

istaminata), as well as in a few Asian rice cultivars.
Agronomic importance: Major threat to rice agricul-

ture, particularly in Asia. Adapted to flooded conditions, Meloi-

dogyne graminicola causes problems in all types of rice

agrosystems.

Keywords: effectors, nematode control, Oryza sativa, root-

knot nematode.

INTRODUCTION TO THE RICE ROOT-KNOT

NEMATODE AND DAMAGE TO CROP

PRODUCTION

Nematodes are among the most widespread organisms on Earth.

They are capable of colonizing any ecosystem, including extreme

environments, such as deserts, hot spring waters, arctic lands

and polar seas (Yeates, 2004). Many species of nematode are

free-living, but some nematodes have developed the ability to par-

asitize other organisms. The evolution of plant parasitism in nem-

atodes has occurred independently on several occasions (van

Megen et al., 2009), giving rise to at least four different groups of

plant-feeding nematodes, which include over 4100 species

(Decraemer and Hunt, 2013). Plant-parasitic nematodes (PPNs)

are responsible for more than $US80 billion losses in worldwide

agriculture annually (Nicol et al., 2011). The most economically

important species are the sedentary endoparasitic nematodes,

including the root-knot nematodes (RKNs) and the cyst nematodes

of the genera Meloidogyne and Heterodera/Globodera, respec-

tively (Jones et al., 2013; Fig. 1). At least 20% of the total esti-

mated economic losses inflicted by nematodes derive from rice

alone (Sasser and Freckman, 1987). In rice, the environmental

conditions and type of agrosystem determine the community of

nematodes present and, consequently, the species profile of para-

sitic nematodes can differ from region to region (Prot and Rah-

man, 1994). Many nematode species have been described in

association with rice, but only a few of these have significant det-

rimental effects (Kyndt et al., 2014; Fig. 1). Meloidogyne gramini-

cola (Mg), commonly named as the rice RKN, is one of the most

prevalent PPNs in rice agrosystems. It is considered to be a major

threat to rice agriculture, particularly in Asia, where changes in

agricultural practices in response to environmental (climate

change) and socioeconomic conditions have led to a dramatic

increase in Mg populations (De Waele and Elsen, 2007). Asia is

the main rice-growing region of the world, responsible for about

90% of global rice production, which is estimated at around 740

million tons of paddy rice annually (FAOSTAT, 2013). In addition,

rice is the staple food for more than 50% of the population in

Asia, a figure that can reach up to 70% for southern regions of

this continent (Muthayya et al., 2014). Rice production in Asia is

therefore of essential importance for both local and global food*Correspondence: Email: tina.kyndt@ugent.be
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security and its production is threatened by the increasing preva-

lence of Mg.

Meloidogyne graminicola was first described by Golden and

Birchfield (1965) and was isolated from the roots of a barnyard

grass in the American state of Louisiana. Since then, Mg has been

identified in many countries, revealing a distribution in rice-

growing areas throughout South and South-East Asia as well as in

the USA and Latin America (Mg distribution map: http://www.

cabi.org/isc/datashe/33243). This nematode may be absent from

Africa as only one technical report exists that mentions the pres-

ence of Mg in South Africa (Kleynhans, 1991). Similarly, to our

knowledge, Mg has not yet been identified in Australia or Europe.

Mg is a devastating plant pathogen, and is therefore classified as

a quarantine pest in many countries. Rice is the most important

host for Mg, but the nematode has a wide range of alternative

hosts (Bridge et al., 2005). This nematode is frequently found

associated with other cereals, as well as dicotyledonous and grass

plants, including many weeds commonly found in rice fields that

may constitute a major reservoir of nematodes (Rich et al., 2009).

Meloidogyne graminicola is an obligate sedentary endopara-

site adapted to flooded conditions. It is found in both upland

(rainfed) and lowland (irrigated) rice, as well as in deepwater eco-

systems, where Mg is one of the three predominant pathogenic

nematode species (Prot and Rahman, 1994). Infection by Mg in

rice induces the formation of galls, mainly at the root tips with a

characteristic hook shape (see inset in Fig. 2), that strongly impair

root development and physiology. The disruption of water and

nutrient transport by the alteration of the root vascular system

leads to above-ground symptoms, such as stunting, chlorosis and

loss of vigour, which ultimately result in poor growth of the crop

and substantial yield losses that can represent up to 87% of pro-

duction (Netscher and Erlan, 1993; Fig. 2). Losses in flooded rice

fields occur by drowning when infected seedlings fail to elongate

above the rising flood water, leaving patches of open water in

flooded fields (Bridge and Page, 1982; Fig. 2). Under simulated

upland or intermittently flooded conditions, yield losses caused by

Mg range from 20% to 80% and 11% to 73%, respectively (Plo-

wright and Bridge, 1990; Soriano et al., 2000). In the field, these

losses may be exacerbated in combination with other biotic or abi-

otic stresses, such as drought. Mg is thus a severe constraint to

productivity in rice-growing countries and is likely to be an under-

estimated pathogen because of the lack of specific above-ground

symptoms that can lead growers to wrongly attribute the damage

to nutritional and water-associated disorders or to secondary

diseases.

LIFE CYCLE, BIOLOGY AND DIVERSITY OF
MELOIDOGYNE GRAMINICOLA

Like other RKNs, Mg infective juvenile stage 2 (J2) nematodes can

be found in soil samples as small filiform roundworms (length,

350–510 mm), where they are part of the mesofauna. Pre-

parasitic J2s cannot feed until they enter a host and become para-

sitic. As free-living worms, their entire metabolism is dependent

on lipid reserves laid down during embryonic development.

Spatio-temporal studies have shown that densities of Mg J2s in

the soil fluctuate throughout the year. Factors such as soil

Fig. 1 Phylogenetic position of Meloidogyne graminicola based on the small

subunit ribosomal DNA (18S). The tree represents a Bayesian phylogeny of 26

plant-parasitic nematodes, including the rice root-knot nematode M.

graminicola, nine other rice-pathogenic nematodes (R) and some related

species. Several important rice-pathogenic cyst nematodes are absent from

the phylogeny (e.g. Heterodera oryzae, H. oryzicola and H. sacchari) as no 18S

rDNA sequence information is currently available for these species. Nematode

species life strategies are colour coded: green, sedentary endoparasite; black,

sedentary semi-endoparasite; red, migratory endoparasite; blue, migratory

ectoparasite. One representative 18S sequence for each species was used

(GenBank accession number indicated in the phylogenetic tree). The 18S

sequences were aligned and refined using MUSCLE v3.8.31 (Edgar, 2004).

The selection of the best fitted model of DNA evolution and Bayesian

phylogenetic construction (MrBayes with model selection SYM 1 Gamma)

were carried out in TOPALi v2 (Milne et al., 2009). The resulting phylogeny

was re-routed by known outgroup (Longidorus elongatus and Paratrichodorus

minor) and formatted in FigTree v1.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Bootstrap values for one million iterations are indicated for each node. Sequence

alignment (.ALN) and phylogenetic distance (.TRE) files are provided as Files S1

and S2 in Supporting Information.
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structure, temperature, pH, redox state and moisture, as well as

the host plant growth stage and crop cycle duration, can affect

the capacity of the nematode to survive in the ecosystem and,

consequently, its ability to infect plants (Soriano et al., 2000; Win

et al., 2011, 2013).

Compared with other Meloidogyne species, Mg has a relatively

fast life cycle on rice; this is completed in 19–27 days depending

on the soil temperature, which usually ranges from 22 to 29 �C in

the areas in which Mg is found (Bridge and Page, 1982; Yik and

Birchfield, 1979). Infection studies using freshly hatched J2s show

that female nematodes will develop within 14 days of infection

and start to lay eggs in the root cortex (Fig. 3A–F). Then, 18–20

days post-infection (dpi), abundant juvenile stage 1 (J1) nemato-

des can be observed within the eggs (Bellafiore et al., 2015; Fig.

3F). Like other Meloidogyne species, Mg J1s undergo their first

moult in the egg to become pre-parasitic J2s. After hatching, if

the nematodes are released in soil, they locate roots by chemo-

taxis (Reynolds et al., 2011) and invade the root at the elongation

zone (Fig. 3A). The newly parasitic J2s migrate intercellularly in

the rice root cortex towards the root tip, where they invade the

vascular cylinder. Unlike other Meloidogyne species, which will

subsequently move up the vascular cylinder for a long distance,

Mg establishes its feeding site in the stele close to the root meris-

tem, forming five to eight giant cells (Cabasan et al., 2014; Jena

and Rao, 1977; Fig. 3B).

Once established in the root, the nematode becomes seden-

tary, feeds from the giant cells and, after three moults, reaches

the adult stage, taking a pyriform or filiform shape for the female

(Fig. 3C) or male, respectively. In other Meloidogyne species,

female development can result in tearing of the root and the sub-

sequent release of egg masses through this aperture into the soil.

By contrast, the Mg adult female remains inside the root, where it

is protected from the external environment by several layers of

plant cells, and releases eggs inside the cortex (Fig. 3D,E). This

unusual method of egg-laying is an advantage when the host is in

flooded conditions. The next generation of nematodes, developing

inside these egg masses (Fig. 3F), are consequently more likely to

make new feeding sites within the same root. It is also worth not-

ing that plant sedentary endoparasitic nematodes, such as Mg,

remain within their host for most of their life cycle, and are thus

protected from predators and potential pathogens by the immune

systems of the host. One consequence of this parasitic lifestyle is

the reduced immune gene complement found in the genome of

these nematodes compared with free-living nematodes (e.g. Abad

et al., 2008; Cotton et al., 2014; Ghedin et al., 2007).

Meloidogyne graminicola is a facultative meiotic parthenoge-

netic species in which amphimixis can occur at a low frequency

(approximately 0.5%; Triantaphyllou, 1969). Oogenesis and sper-

matogenesis studies have revealed that the haploid chromosome

number (n 5 18) is determined during the first and second matu-

ration divisions without any variation in number (Triantaphyllou,

1969). It is assumed that, when males are present and in contact

with females, classical amphimixis happens, whereas, in their

absence, parthenogenesis takes over. For this asexual reproduc-

tion mode, the egg nucleus undergoes classical meiosis, in which

the first polar body degenerates and fusion of the second polar

body with the egg pronucleus restores the somatic chromosome

number.

Several Mg populations have been isolated and examined for

differences in morphology, DNA sequence, virulence and aggres-

siveness. Quantitative characters, such as the length of the body

and stylet, were used to reveal intraspecific diversity between

populations isolated from Vietnam (Bellafiore et al., 2015), Nepal,

India, Bangladesh, Thailand and the USA (Jepson, 1983; Pokharel

et al., 2010). Interestingly, the aggressiveness (defined here as

the quantification of parasite fitness on a susceptible host), eval-

uated under controlled conditions, revealed significant differences

between populations, again suggesting intraspecific diversity (Bel-

lafiore et al., 2015; Pokharel et al., 2007). In addition to ‘quantita-

tive’ differences, a ‘qualitative’ difference was observed between

Fig. 2 Rice field and nursery in Asia severely infested with Meloidogyne graminicola. (A) A typical patch of open water in M. graminicola-infected lowland rice

flooded field in Vietnam. (B) Infected plants in a rice nursery in Laos showing stunted growth with an apparent chlorosis (Picture courtesy of Phetsamone Songvilay,

MOAF Laos). The middle inset illustrates M. graminicola-infected root systems showing gall formations with typical hook-shaped root tips.

Meloidogyne graminicola 5
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populations isolated from North America and Asia. Despite a simi-

lar host range, the American population of Mg failed to propagate

on several rice cultivars compared with the Asian populations

(Pokharel et al., 2010). Other independent pathogenicity studies

on a variety of hosts suggest that Mg consists of more than one

race. For example, Mg populations show variable ability to parasi-

tize tomato and maize (Bellafiore et al., 2015; Pokharel et al.,

2010; Yik and Birchfield, 1979). The compatibility observed

between Mg and its hosts is cultivar dependent. These data are

consistent with both the existence of different races of Mg and

with the concept that some cultivars in a plant species are resist-

ant to some Mg populations. Another explanation for the appa-

rent difference in virulence of some Mg populations on the same

plant species could be the misidentification of the nematode spe-

cies. For example, Mg and M. oryzae are closely related (Fig. 1),

are morphologically very much alike, have a similar life cycle and

cause very similar symptoms on plants. However, M. oryzae has a

slightly different host range (Maas et al., 1978). This demonstrates

the importance of the development of reliable methods of identifi-

cation for the rice RKNs.

Nematode species identification based on enzymatic pheno-

types may be misleading unless several enzymes are used, as the

enzyme profiles can be almost identical between species such as

Mg and M. oryzae, with only malate dehydrogenase and esterase

that can distinguish between them (Carneiro et al., 2000). In order

to facilitate the identification of Mg, several mitochondrial and

nuclear DNA markers have been designed (Bellafiore et al., 2015;

Besnard et al., 2014). Nucleotide polymorphisms between popula-

tions have been evaluated using the internal transcribed spacer

(ITS) region (Bellafiore et al., 2015; Pokharel et al., 2007). Differ-

ent haplotypes were observed, but without a clear pattern of geo-

graphical distribution, suggesting a recent expansion of the

species. The whole mitochondrial genomes of two Mg populations

isolated from the Philippines and China have been sequenced

recently (Besnard et al., 2014; Sun et al., 2014), providing molecu-

lar information potentially useful for population genetic studies

and life history reconstruction. Mitochondrial DNA evolves more

rapidly in Nematoda than in other taxa, and gene duplication,

gene order rearrangement and DNA recombination in the variable

number of tandem repeat (VNTR) regions are reminiscent of this

rapid evolution in the Meloidogyne genus (Humphreys-Pereira and

Elling, 2015; Lunt and Hyman, 1997). Therefore, the mitochondrial

genome and, more specifically, the VNTR regions (Lunt et al.,

1998) have been successfully used to explore the population

dynamics of other Meloidogyne species (Whipple et al., 1998). Mg

mitochondrial DNA analysis revealed unexpected transfer RNA

duplications and the presence of two VNTR regions (111R and

94R), one of which (the 111R VNTR region) contained polymor-

phisms that are potentially useful for further population genetic

studies (Besnard et al., 2014; Humphreys-Pereira and Elling, 2015;

Sun et al., 2014). One potential drawback of evolutionary studies

on mitochondrial DNA comes from the fact that a nematode is

made up of approximately 1000 cells and each could contain up

to 1000 mitochondria (Rokas et al., 2003). Each nematode could

therefore contain approximately one million mitochondria with a

potential heteroplasmic status that would make the analysis more

Fig. 3 Meloidogyne graminicola (Mg) development in rice root of susceptible

Oryza sativa. (A) Mg juvenile stage 2 (J2) invading the root at the elongation

zone 18 h after infection. (B) J2 feeding inside a gall at 3 days post-infection

(dpi). (C) J3/J4 in roots at 10 dpi. (D) Female of Mg with eggs at 15 dpi. (E)

Typical mature gall, including many developing Mg nematodes. (F) Eggs

containing developing Mg J1, extracted by puncturing a gall at 17 dpi.

Nematodes were stained inside the rice roots using acid fuchsin (Nahar et al.,

2011). Scale bar in (A)–(E), 1 mm. Scale bar in (F), 100 mm.
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complex (Lunt et al., 1998; Okimoto et al., 1991; Whipple et al.,

1998). The use of mitochondrial VNTR markers to address the

genetic structure can therefore be challenging. The potential use

of nuclear genetic markers [i.e. microsatellites, indels and single

nucleotide polymorphisms (SNPs)] is currently being tested (G.

Besnard, personal communication). Such tools may allow the

exploration of the diversity of the species and the reconstruction

of its evolutionary history.

MELOIDOGYNE GRAMINICOLA : A
MANIPULATOR OF PLANT CELL METABOLISM
AND IMMUNITY

The RKNs penetrate their host at the root elongation zone, after

which they migrate through the cortex to the root tip. In contrast

with most migratory and cyst nematodes, the movement of RKNs

inside the roots does not cause extensive damage to the cells, as

the juveniles migrate between cells. However, the cells do

respond to the nematodes, either by sensing this movement or by

responding to minor plant damage and recognition mediated by

pathogen-associated molecular patterns (PAMPs). For example,

susceptible tomato roots have been shown to respond to RKN

attack by producing reactive oxygen species (ROS) 12 h after inoc-

ulation (Melillo et al., 2006). Excessive production of ROS, such as

H2O2, can ultimately lead to cell death—the hypersensitive

response (HR)—but, when present in minute amounts, ROS act as

signalling molecules that trigger the induction of defence genes in

infected and neighbouring cells (Mellersh et al., 2002). The typical

feeding sites established by RKNs are multinucleate, hypertro-

phied cells—formed by repeated rounds of nuclear division and

cell growth in the absence of cytokinesis—called giant cells

(Kyndt et al., 2013; Fig. 4A). Importantly, 48 h after RKN inocula-

tion, concomitant with giant cell induction, ROS levels are lower

in infected than in uninfected tomato roots and become cytologi-

cally undetectable in infected cells (Melillo et al., 2006). Similar

observations have been made in the rice–Mg interaction: although

H2O2 accumulates at 1 dpi in Mg-infected rice roots, its level is

slightly lower or equal to the basal levels at 3 and 5 dpi (Ji et al.,

2015b). As a burst of ROS occurs during the initial migratory

phase of Mg in the rice root, an active suppression mechanism is

most probably used by the nematode to prevent defence activa-

tion by ROS once the nematode has started to establish its feed-

ing site.

In order to sustain the intimate relationship with their host,

biotrophic parasites such as Mg must suppress the plant defence

system, which is responsible for the production of many defence

metabolites and cell death-related proteins. This is observed in

young Mg-induced feeding sites (Ji et al., 2013; Kyndt et al.,

2012), with the repression of jasmonate (JA)-related genes in

giant cells (Ji et al., 2013) and genes of the PR13/thionin gene

family in gall tissues (Ji et al., 2015a). The JA pathway indeed

plays a determinant role in rice basal immunity against Mg (Nahar

et al., 2011). Genes involved in the phenylpropanoid pathway,

such as OsPAL, OsC4H, OsCOMT and OsCAD, are also strongly

repressed in established giant cells and slightly repressed in whole

galls induced by Mg (Ji et al., 2013, 2015b; Kyndt et al., 2012), a

phenomenon which has also been observed in giant cells induced

by M. javanica in tomato and Arabidopsis plants (Portillo et al.,

2013). In addition, callose deposition, which is a typical

hallmark of enhanced plant defence (Jacobs et al., 2003; Luna

et al., 2011), is barely detectable in Mg-induced gall tissue at 4

dpi. Although the regulation of callose biosynthesis genes was

not affected, Mg feeding led to a significant increase in the levels

of transcripts encoding OsGNS5, a callose-degrading enzyme (Ji

et al., 2015b).

Fig. 4 Longitudinal section of Meloidogyne graminicola-infected roots. (A)

Susceptible Oryza sativa ‘Nipponbare’ rice root at 4 days post-infection (dpi).

Longitudinal root sections (4 lm) stained with 0.05% toluidine blue. (B)

Invading nematode in resistant Oryza glaberrima at 6 dpi observed under UV

light (UV filter set A2, Carl Zeiss AXIO Imager Microscopy GmbH, Jena,

Germany), showing the accumulation of phenolic compounds around the

nematode. Scale bar, 100 mm. The white arrow points to the nematode.

*Giant cell.
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Recent research highlights the importance of hormone balan-

ces at the frontline in the battle between Mg and rice (reviewed

in Kyndt et al., 2014). For example, brassinosteroid biosynthesis

and signalling genes are generally activated in gall tissue (Nahar

et al., 2013), where the brassinosteroid pathway seems to nega-

tively cross-talk with the JA pathway, which is a key determinant

of rice root immunity against Mg (Nahar et al., 2011). Similarly,

the abscisic acid (ABA) signalling pathway may be involved, as in

planta induction of the ABA pathway has been shown to antago-

nize the salicylic acid/JA/ethylene-dependent core rice root

defence system, leading to increased susceptibility to the migra-

tory rice root nematode Hirschmanniella oryzae (Nahar et al.,

2012).

In contrast with the suppression of secondary metabolism,

transcriptomics of galls and isolated giant cells from Mg-infected

rice roots has revealed a general induction of primary metabolism

(Ji et al., 2013; Kyndt et al., 2012). For example, genes involved in

nucleotide synthesis, starch production, phospholipid production,

protein and sucrose biosynthesis, transporters, photosynthesis and

glycolysis are generally activated in galls and giant cells, indicating

that the heterotrophic RKN stimulates the cells within the gall to

be more active and to produce energy and nutrients to the benefit

of the nematode (reviewed in Fernandez et al., 2015).

This transcriptional reprogramming observed in RKN-infected

plant tissues could potentially be caused by epigenetic mecha-

nisms, such as DNA methylation, histone modifications or RNA

interference (RNAi)-based gene silencing. Indeed, genes involved

in chromatin remodelling, DNA methylation, small RNA formation

and histone modifications are all highly expressed inside giant

cells induced by Mg in rice (Ji et al., 2013), as well as in M. incog-

nita-induced giant cells in tomato (Portillo et al., 2013). How these

epigenetic mechanisms are activated and which genes/pathways

they are targeting remains unknown.

GENOMICS AND TRANSCRIPTOMICS: A
DEVELOPING RESOURCE FOR MELOIDOGYNE
GRAMINICOLA

The Mg sequence information currently present in public data-

bases is very limited. The genome of Mg has not been published

to date. Although this nematode species is not yet listed as pro-

posed under the 959 nematode genomes initiative project (Kumar

et al., 2012; http://www.nematodes.org/nematodegenomes),

sequencing of several genomes from different Mg populations is

underway (S. Bellafiore, unpublished data). The size of the Mg

genome has been estimated at around 30 Mb by Feulgen densi-

tometry (56% 6 7.6% relative DNA content of hypodermal nuclei

of J2 using M. incognita as reference, equivalent to a C-value of

0.03 pg gametic nuclear DNA content; Lapp and Triantaphyllou,

1972), an estimate that seems to hold based on the current draft

genome (S. Bellafiore, unpublished data). If true, the genome of

Mg would be much more compact than those of its closest

sequenced relatives M. incognita (c. 86 Mb; Abad et al., 2008)

and M. hapla (c. 54 Mb; Opperman et al., 2008). Mg is also poorly

represented in other DNA sequence databases. Entries for Mg are

absent from the two main nematode databases, NEMBASE4 and

the nematode.net portal (Elsworth et al., 2011; http://www.nem-

atodes.org/nembase4; Wylie et al., 2004; http://nematode.net),

and only 124 nucleotide sequences are present in GenBank (Ben-

son et al., 2013; http://www.ncbi.nlm.nih.gov/genbank), mostly

ribosomal RNA genes used in phylogenetic studies, as well as cell

wall-modifying enzymes and the complete mitochondrial genome.

Recently, two studies have explored the transcriptome of Mg

across several life stages of the nematode, from pre-parasitic J2s

to established females in roots of rice (Haegeman et al., 2013;

Petitot et al., 2015). Almost 52 000 gene loci represented by over

66 000 transcripts were predicted that could encode putative pro-

teins, about 50% of which contain known functional domains.

Relatively little investigation has been performed into the overall

changes in gene expression profile that occur between life stages

in relation to the general biology of the nematode life cycle and

development. Instead, the focus for these studies has been the

mining of the transcriptome, emphasizing the importance of the

putative secretome of Mg and the identification of candidate para-

sitism genes.

In order to successfully establish parasitism, PPNs secrete a

cocktail of effectors, thought to be mainly proteins, into their host

plant (Haegeman et al., 2012; Hewezi and Baum, 2013). These

effectors facilitate the migration of the nematode inside the plant

roots and are required to initiate and maintain their feeding site

(Fig. 4A). These proteins can be secreted into the apoplast

through the cuticle or the stylet, as well as from the amphids and

the phasmids of the nematode. The majority of the best character-

ized effectors are produced in the nematode oesophageal gland

cells, from where they are thought to be directly injected into the

plant cells through the stylet. These proteins can be identified on

the basis of the presence of a predicted signal peptide for secre-

tion and the absence of a transmembrane domain, as well as

being preferentially expressed in invasive and early parasitic

stages. The transcriptome sets generated from Mg were screened

for putative effectors (Haegeman et al., 2013; Petitot et al., 2015).

Unsurprisingly, these studies revealed the presence of many pepti-

dases and plant cell wall-modifying enzymes, including a pectate

lyase and a poly-a-D-galacturonosidase for pectin degradation, b-

1,4-endoglucanases and a xylanase for cellulose and hemicellu-

lose degradation, as well as cellulose-binding proteins and

expansin-like proteins, which are not enzymes per se, but which

disrupt non-covalent bonds between cell wall components. These

proteins are commonly secreted by PPNs to soften and degrade

the plant cell wall, thus facilitating the invasion of the root tissues

by nematodes and the movement of the worms within the roots.

8 S. MANTELIN et al .
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Most of these genes are strongly expressed in Mg infective juve-

niles but are down-regulated at later stages of parasitism, corre-

lating with the transition to the sedentary phase for the

nematode. However, some of these enzymes may be expressed in

later stages, when they may have a role in processes such as egg

laying or migration of the adult male from the roots (Danchin

et al., 2010; Thorpe et al., 2014).

As the nematode progresses through the root, its migration, as

well as the by-products of the peptidases and cell wall-modifying

enzyme activity, are likely to cause the production of damage-

associated molecular patterns (DAMPs). In addition, nematode

secretions and surface factors may be recognized as PAMPs by

plant cell receptors (Manosalva et al., 2015). Both DAMPs and

PAMPs may thus elicit plant defence responses, such as the pro-

duction of ROS, which must be suppressed by the invader to suc-

ceed in parasitism. Consistent with this hypothesis, transcriptome

analyses from Mg identified antioxidant proteins that may be

involved in the detoxification of host-derived ROS, including sev-

eral glutathione peroxidases, glutathione-S-transferases, thiore-

doxins and peroxiredoxins. A metallothionein is also highly

expressed in early parasitic stages that could have a protective

role in cells exposed to ROS (Petitot et al., 2015). In addition, a

series of transcripts similar to nematode venom allergen-like pro-

teins (VAP) has been identified in Mg (Haegeman et al., 2013). It

has been proposed recently that the VAPs may suppress the acti-

vation of defences triggered by DAMPs that would be generated

in the plant during nematode infection (Lozano-Torres et al.,

2014).

Other candidate effectors of Mg, which are similar to described

and/or characterized genes from other PPNs, may be involved in

the recognition between plant and nematode or in host manipula-

tion and suppression of plant defences. At least 17 contigs con-

taining map-1 homologues (corresponding to the Meloidogyne

avirulence protein MAP-1) have been identified in Mg (Haegeman

et al., 2013). In Meloidogyne species, map-1 is only expressed in

the infective juveniles of avirulent lines of the RKNs controlled by

Mi-1 in tomato, and therefore it was speculated that MAP-1 may

be involved in the early recognition steps between the resistant

host and avirulent nematodes (Semblat et al., 2001). Furthermore,

map-1 belongs to a small gene family and variation in the num-

ber/arrangement of internal repeats in the genes correlates with

the (a)virulence profile of M. incognita lines, suggesting a role in

the specificity of the plant–nematode interaction (Castagnone-

Sereno et al., 2009). The possibility of Mg MAP-1 homologues

being recognized by Mi-1 and/or Mi homologues to explain the

failure of the nematode to establish in tomato has not yet been

investigated.

Effectors have been identified which may play a role in the

suppression of plant defences by interfering with hormonal path-

ways involved in plant immunity. Consistent with JA-related genes

being suppressed in giant cells induced by Mg in rice (Ji et al.,

2013), several transcripts encoding fatty acid and retinol-binding

proteins (FAR), proteins which can bind JA precursors (Prior et al.,

2001), have been identified in the Mg transcriptome (Haegeman

et al., 2013; Petitot et al., 2015). Collectively, functional analysis

of FAR-1 homologues in cyst nematodes and RKNs indeed sup-

ports a role for these effectors in suppressing the JA pathway

(Mantelin et al., 2015).

The secretion of effectors that mimic plant proteins or signal-

ling peptides is a common strategy observed in PPNs to interfere

with plant signalling pathways to either block, modulate or hijack

host cellular processes (Haegeman et al., 2012). Many putatively

secreted 14-3-3 proteins have been identified in Mg (Haegeman

et al., 2013). 14-3-3 proteins are major regulatory proteins highly

conserved in eukaryotes. In plants, they regulate the activities of a

plethora of proteins involved in a wide range of cellular and

physiological processes, such as the regulation of transcription,

coordination of mitosis, modulation of phosphatase- and kinase-

dependent signalling pathways (including pathogen-elicited and

hormone signalling pathways), primary metabolism, global stress

responses and organelle trafficking (Denison et al., 2011; Roberts,

2003); many of these processes constitute key host targets to be

hijacked by the nematode. In addition, several annexin-like pro-

teins are expressed in the infective juveniles that are involved in

protection against environmental stresses. As observed for Hetero-

dera schachtii Hs4F01, Mg annexin-like effectors may mimic plant

annexin function during the parasitic interaction in order to pro-

mote host susceptibility (Patel et al., 2010), possibly by suppress-

ing plant defence, as described for the cereal cyst nematode Ha-

ANNEXIN (Chen et al., 2015).

Three sequences of predicted secreted C-type lectins have also

been identified in the Mg transcripts (Haegeman et al., 2013).

Many of these proteins produced in nematodes have a role in

innate immune defences against bacterial infection and in the reg-

ulation of interactions with other organisms (De Schutter and Van

Damme, 2015). In animal-parasitic nematodes, C-type lectins

homologous to some key receptors of the mammalian immune

system are released into the host by infective juveniles, possibly

to neutralize host defence mechanisms (Harcus et al., 2009). Simi-

larly, the C-type lectins from Mg may interfere with plant defence.

Indeed, lectins are involved in plant immunity (De Schutter and

Van Damme, 2015) and, to some extent, may confer protection

against nematodes (Burrows et al., 1998; Ripoll et al., 2003).

Moreover, a small number of lectin domain-containing calreticu-

lins similar to M. incognita Mi-CRT are also present in Mg (Haege-

man et al., 2013). Functional analysis of secreted Mi-CRT

established that it suppresses plant defence in Arabidopsis

(Jaouannet et al., 2013).

Finally, one CLE-like peptide gene is expressed early in Mg

during infection (Petitot et al., 2015). The transcript identified is
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incomplete, but the analysis of the deduced protein sequence indi-

cates that it contains at least nine CLE-like motifs. This structure

of CLE motifs in tandem repeats has been found in wheat, rice

and Medicago truncatula (Oelkers et al., 2008), as well as in cyst

nematodes (Lu et al., 2009) and, more recently, was reported in

Meloidogyne species, where it was identified by bio-informatics in

the sequence of the map avirulence gene family (Rutter et al.,

2014). Plant CLE ligands are involved in a multitude of growth and

developmental processes which may be targeted by the nematode

for the development of its feeding site (Miyawaki et al., 2013).

A large proportion of Mg candidate effectors represent pioneer

genes, encoding proteins of unknown function and with no simi-

larity to other proteins in databases other than homologues in

other nematodes. Surprisingly, only four of 35 M. incognita pio-

neers (Huang et al., 2003) originally found a match in the Mg

transcriptome (Haegeman et al., 2013). Screening the draft

genome of Mg for homologues of these pioneers indicated that

most are present (S. Mantelin and S. Bellafiore, unpublished

data). Only 10 did not hit any genomic contig (AF531163,

AF531164, AF531169, AY134435, AY134441, AY134443,

AY134444, AY142117, AY142118, AY142120). However, most of

these sequences also did not find a match when BLASTed against

M. incognita and/or M. hapla genomes. Any genome assembly is,

however, only a hypothesis and it is not unusual to find expressed

sequence tags (ESTs) that cannot be mapped onto a genome. Col-

lectively, this suggests that some pioneer effector genes may be

conserved among Meloidogyne species, but their expression in

time or place might vary between different nematodes.

In conclusion, a significant number of candidate effectors have

been identified that may be deployed by Mg in order to promote

its biotic interaction with the host. Many of the putative effectors

identified from Mg transcriptomes were tested for their expression

in the nematode by in situ hybridization (Haegeman et al., 2013;

Petitot et al., 2015). Most of the predicted effectors were

expressed in the nematode dorsal or subventral gland cells, or in

the amphids, indicating that the corresponding proteins would

probably be secreted into the plant tissue, thus supporting a role

in parasitism. However, functional studies of effectors in rice, and

in rice roots, remain more difficult than studies on model plant

systems, such as Arabidopsis, meaning that these areas are not as

fully developed to date.

CURRENT METHODS AND FUTURE PROSPECTS
FOR THE CONTROL OF MELOIDOGYNE
GRAMINICOLA IN RICE

The efficient control of a pest such as Mg requires a combination

of different methods. Here, we describe some of the current or

prospective approaches that could be used in infested fields to

reduce yield losses. The use of nematicides has been the most

efficient way to control PPNs in the field for many years, but at a

substantial cost to both farmers and the environment. Most of the

chemicals used to control nematodes are extremely toxic. There-

fore, many effective nematicides, including methyl bromide, have

already been banned from most countries as a result of United

Nations protocols (MBTOC, 2010). Local legislative pressures from

transnational (e.g. European Union) and national authorities are

also removing active ingredients from permitted lists, and the

uptake of more restrictive methods of assessment of potential tox-

icity means that active ingredients will continue to be withdrawn

in the future. These legislative pressures are thus prompting the

development of alternative strategies to control PPNs. Constant

immersion of rice in irrigated fields allows better control of infec-

tion by RKNs than is possible in any other rice agrosystem. Under

flooding conditions, Mg can still propagate, but the damage

induced by the nematode is not as severe as in shallow intermit-

tently flooded lands. The Asia Pacific region currently produces

about 90% of the rice consumed worldwide. When including rice

grown in upland conditions under the rainfall system, the irrigated

rice area in Asia encompasses up to 50% of the total growing

area and contributes to 75% of the total production (GRiSP,

2013). However, rice-producing countries are being urged to

change their water management practices in an effort to limit

their impact on global warming caused by methane production in

rice fields. In addition, as a result of socio-economic and environ-

mental changes, these regions are starting to suffer from water

shortages. Responding to the need to reduce water demand and

chemical inputs simultaneously, whilst increasing crop yield, is

becoming a serious challenge in rice production. Although further

development of aerobic field conditions in Asia has been proposed

as a solution to water shortages, the adverse effects on the sus-

tainability of rice production also need to be considered (Belder

et al., 2004), as emerging studies have suggested a considerable

negative impact of Mg on both growth and yield in aerobic rice.

Rotating cropping systems, in which farmers introduce non-host

plants, such as mustard, sesame, millet (Rahman, 1990) or mung

bean (Ventura et al., 1981), can reduce the occurrence of Mg and

therefore yield losses in rice. Soriano and Reversat (2003) demon-

strated that rice yield could be improved by up to 85% in upland

rice when grown under crop rotation with cowpea, which mini-

mizes nematode populations. However, in addition to the socio-

economic impacts related to changes in farmers’ crop production

habits, the efficiency of crop rotation could be compromised by

the relatively wide host range of Mg, which is able to propagate

in reservoir weeds commonly found in tropical fields, such as sev-

eral Cyperus and Echinochloa species. Moreover, although the Mg

population declines rapidly after 4 months of crop rotation, some

eggs can remain viable for up to 14 months in water-logged soils

(Bridge and Page, 1982; Roy, 1982), indicating that crop rotations

must include a long sequence without rice for greater efficiency.

This may be unacceptable for growers who depend on rice.
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Studies from other PPN–plant systems suggest that screening

of germplasm for genotypes that are resistant or tolerant to Meloi-

dogyne species could offer a promising genetic alternative for the

control of Mg. For example, several resistance genes, such as

Mi1.2 found in the wild relative of tomato (Solanum peruvianum)

and the Ma gene from Myrobalan plum (Prunus cerasifera), pro-

vide specific resistance against some Meloidogyne species, and

have been cloned (Claverie et al., 2011; Milligan et al., 1998).

Mi1.2 was introgressed in tomato (S. lycopersicum) and is now

present in many cultivars. This genetic strategy offers an effective

and economic alternative to other nematode controlling practices.

Screening for Mg resistance in Oryza germplasm has already been

successful. Lines of African rice from O. glaberrima, O. longistami-

nata and O. rufipogon (Plowright et al., 1999; Soriano et al.,

1999), as well as several Oryza landraces, have been described as

fully or partially resistant to Mg (Gergon and Prot, 1993; Plowright

et al., 1999; Soriano et al., 1999) and have been used as resist-

ance donors for interspecific crosses with the Asian cultivated rice

O. sativa. Interestingly, several cultivars from O. glaberrima are

highly resistant to Mg, and studies on the kinetics of infection

using histological analysis of infected CG14 cultivar suggest that

HR-like reactions may occur (Cabasan et al., 2014; Fig. 4B).

Unfortunately, several genes causing an interspecific O. sativa 3

O. glaberrima sterility barrier were also identified and, among

them, the S1 locus had the strongest effect (Garavito et al., 2010).

The hybrid non-viability and sterility compromised the full exploi-

tation of the genetic diversity found within O. glaberrima, despite

the presence of remarkable traits that would have been useful to

overcome biotic and abiotic stresses in rice. However, successive

backcrosses, followed by selfing, have allowed the development

of fertile plants derived from O. sativa 3 O. glaberrima crosses

and the screening for nematode resistance of backcross lines is

possible (Ghesquière et al., 1997). Resistance in Asian rice has

been actively sought for several decades (Bridge et al., 2005) and,

very recently, three cultivars of O. sativa resistant to Mg have

been identified (S. Bellafiore, unpublished data; Dimkpa et al.,

2015): two fully resistant O. sativa accessions, Khao Pahk Maw

and LD24, as well as one accession from China which shows HR-

like responses on Mg infection. This Chinese resistant accession

has been crossed with the susceptible O. sativa IR64 line and the

progeny will be tested for the segregation of resistance(s). Cur-

rently, all F1 plants are resistant to the nematode at a similar level

to the resistant donor, suggesting dominant resistance gene(s).

These three accessions will be extremely valuable for future

breeding programmes aimed at producing resistance against Mg

in Asian rice cultivars.

Induced resistance and chemical priming represent comple-

mentary approaches to rice genetics in the control of Mg. Some

chemical and biological compounds are able to trigger the plant

defence machinery, leading to induced resistance. For example,

compounds such as b-aminobutyric acid (BABA) or benzo-(1,2,3)-

thiadiazole-7-carbothioic acid S-methylester (BTH) are capable of

inducing rapid and effective defence responses to ward off various

invading pathogens in different plant species (Ton and Mauch-

Mani, 2004). Induced resistance to Mg in rice has been shown to

be feasible, where foliar sprays with 250 mM BTH, 500 mM ethe-

phon or 100 mM methyl-JA provide systemic defence activation,

reducing gall formation by 24% (BTH) to 64% (methyl-JA) (Nahar

et al., 2011). A 3.5 mM BABA soil drench efficiently protects the

roots from infection by enhancing the basal plant defence system,

as exemplified by potentiated H2O2 generation, lignin formation

and callose deposition in the galls of BABA-treated plants (Ji

et al., 2015b). Nevertheless, defence activators also tend to have

negative effects on plant growth, because of the trade-off

between growth and defence. Priming is a more efficient type of

induced resistance, where defence responses are not directly acti-

vated, but only induced when plants are subsequently challenged

by a pathogen or pest. Consequently, the metabolic investment of

the plant is reduced compared with constitutive defence activa-

tion. Recently, priming against Mg has been tested using thiamine

treatment (Huang et al., 2015b). After thiamine root drenching,

the number of nematodes in rice roots was slightly but signifi-

cantly reduced, and the development of the nematodes was

delayed, whereas no negative effects of thiamine on nematode

viability and infectivity or on plant growth were observed. Molecu-

lar and biochemical studies have shown that thiamine-induced pri-

ming against Mg involves H2O2 and phenylpropanoid-mediated

lignin production, whereas giant cell development and callose

deposition are not affected (Huang et al., 2015b).

Another option that may induce resistance in plants is the

addition of organic compounds to the substrate. Soil amended

with biochar, a solid coproduct of biomass pyrolysis, has previ-

ously been shown to enhance the productivity of various crops

and to induce systemic plant resistance to fungal pathogens (Elad

et al., 2011). Similarly, a 1.2% concentration of biochar added to

the potting medium of rice enhances plant tolerance to Mg infec-

tion and slightly reduces nematode development in the roots,

whereas direct toxic effects of biochar exudates on nematode via-

bility, infectivity or development were not observed (Huang et al.,

2015a). The increased plant resistance was associated with

primed H2O2 accumulation in the infected root system, as well as

the transcriptional enhancement of genes involved in the ethylene

signalling pathway.

Altogether, these data show that priming against rice RKNs is

feasible, although the current effects with thiamine and biochar

amendments are rather minor. Further investigations into more

potent defence elicitors are needed. Biological control of Mg by

antagonistic activities of endophytic and rhizosphere fungi may

also be worth investigating, as inoculation a rice field with Fusar-

ium isolates and Trichoderma species can reduce root gall severity
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in rice by 29%–42% and 38%, respectively, in controlled condi-

tions (Le et al., 2009).

Finally, transgenic approaches using genetically modified (GM)

plants may be considered to protect crops against Mg. The inhibi-

tion of nematode infestation has been successful using the ectopic

expression of cystatin protease inhibitors (reviewed by Lilley et al.,

2011). Transgenic plants of four African rice varieties with Cauli-

flower mosaic virus (CaMV) 35S-driven expression of a modified

rice cystatin OcIDD86 displayed 55% resistance to M. incognita

(Vain et al., 1998). This work was extended by introducing the

same gene in rice variety Nipponbare under the control of a feed-

ing site-specific root promoter from Arabidopsis (TUB-1) (Green

et al., 2002). The best transgenic lines displayed 91% 6 7%

resistance to M. incognita (Lilley et al., 2011). Whether these

plants are also resistant to other PPNs, such as Mg, is not known.

In another GM-based approach, a rice thionin gene OsThi7,

belonging to the pathogenesis-related PR13 gene family, was

overexpressed in rice plants (Ji et al., 2015a). Under normal

growth conditions, OsTHI7 shows a root tip-specific expression

pattern, and its expression was found to be lower in galls than in

non-infected root tips. OsTHI7 promoter activity was not detecta-

ble inside 7-dpi giant cells induced by Mg. Whether this low

expression is caused by an active suppression of the immune sys-

tem by the nematode remains to be determined. When overex-

pressing this gene in the susceptible cultivar Nipponbare, the

transgenic lines had a normal growth phenotype and similar gall

numbers as in wild-type plants. However, there was a 40% reduc-

tion in the number of females and total nematodes per plant in

the overexpressing plants, in comparison with control lines. The

enhanced resistance of the transgenic lines is probably a result of

a direct toxic effect of OsTHI7 on Mg. Interestingly, these plants

also showed a significantly lower disease score and reduced

Pythium colonization in roots than in control roots. The Pythium

hyphae in the overexpressing line were largely restricted to the

root epidermis and occasionally occurred in a few cortical and vas-

cular cells, in contrast with dense hyphal networks formed in epi-

dermis, cortical cells and vascular bundles of control plants. As

Pythium species and RKNs frequently co-occur in rice fields, where

they cause so-called ‘soil sickness’ syndrome (De Waele and Elsen,

2007; Peng et al., 2006; Van Buyten and H€ofte, 2013), this trans-

genic approach could provide options for future field applications.

Nevertheless, thionins have been shown to be toxic to mamma-

lian cells (Stec, 2006), and hence tissue-specific expression needs

to be targeted in future research.

Specific knock-down of nematode effectors or other essential

genes by host-mediated gene silencing is frequently suggested as

another promising GM strategy for nematode control (Danchin

et al., 2013). For example, some of the identified transcripts in

Haegeman et al. (2013) were targeted for silencing by RNAi in

Mg, resulting in high nematode mortality, and hence represent

candidate targets for host-induced gene silencing against nemato-

des. The emerging possibilities offered by CRISPR-Cas9-based tar-

geted genome editing might provide a fast and specific way of

modifying susceptibility genes in host plants to increase crop

resistance to nematodes. However, although putative effectors of

Mg have been identified (Haegeman et al., 2013; Petitot et al.,

2015), we are still awaiting the first publication on the discovery

of a rice interactor for any of these candidates.
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