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SUMMARY

Taxonomy: Superkingdom Eukaryota; Kingdom Metazoa;
Phylum Nematoda; Class Chromadorea; Order Rhabditida;
Suborder Tylenchina; Infraorder Tylenchomorpha; Superfamily
Tylenchoidea; Family Pratylenchidae; Subfamily Radopholinae;
Genus Radopholus.
Physical properties: Microscopic unsegmented worm; migra-
tory endoparasite of plants. Strong sexual dimorphism; reproduc-
tion both by amphimixis and self-fertilization.
Hosts: Over 250 different plant species, including citrus, black
pepper and banana (main host plant).
Symptoms: Purple to black lesions and extensive cavities
in plant roots, leading to reduced uptake of water and nutrients.
In banana, this may result in poor vegetative growth, reduced
bunch weight and toppling of plants.
Disease control: Nematicides, alternative cropping
systems, nematode-free planting material, some resistant
cultivars.
Agronomic importance: Major problem in banana planta-
tions in tropical regions worldwide.mpp_614 315..324

INTRODUCTION

Radopholus similis (Cobb, 1893) Thorne (1949), or the burrowing
nematode, was first discovered by the famous nematologist
Nathan A. Cobb in 1891 when he examined banana roots from
Fiji. In his publication of 1893,he described the males and females
he found separately as two different species, Tylenchus similis
and Tylenchus granulosus, respectively (Cobb, 1893). Later, he
described a third species, Tylenchus biformis, when he found a

population of males and females on sugarcane (Cobb, 1906). It
was only in 1968 that the nomenclatural confusion concerning
the three species described by Cobb was clarified, and the name
Radopholus similis was given to all three (Sher, 1968). Later, two
physiological races of R. similis were recognized: one parasitizing
banana and many other hosts but not citrus, and another para-
sitizing both banana and citrus (R. citrophilus) (Huettel et al.,
1984). However, as these races are not reproductively isolated, R.
citrophilus was later correctly considered as a junior synonym of
R. similis (Elbadri et al., 2002; Kaplan and Oppermann, 1997;
Kaplan et al., 1997, 2000; Valette et al., 1998).

The genus Radopholus belongs to the Pratylenchidae within
the Tylenchoidea superfamily of the Rhabditid order of the
phylum Nematoda. The Pratylenchidae family comprises 12
genera belonging to the subfamilies Pratylenchinae, Apraty-
lenchinae, Hirschmanniellinae, Radopholinae and Naccobinae
(De Ley and Blaxter, 2002; Trinh et al., 2009). Only species
belonging to three of these genera are of economic importance,
i.e. Pratylenchus (lesion nematodes), Hirschmanniella (rice root
nematodes) and Radopholus (burrowing nematodes). In the
latter genus, R. similis is the only species of 30 described (De
Waele and Elsen, 2007) that is recognized as an important plant
pathogen world-wide (Duncan and Moens, 2006).

Radopholus similis is a migratory endoparasitic nematode
primarily found in plant roots and widely known as a destructive
pest of banana, citrus and black pepper. It has been found on
more than 250 different plant species throughout the tropics and
subtropics, with banana as the main host plant (Sarah et al.,
1996). These nematodes have caused large losses to the citrus
industry and completely destroyed black pepper plantations in
Indonesia (MacGowan, 1977). On banana, R. similis continues to
be a major pest problem for the banana industry in many parts
of the world, and it has also been introduced into heated glass-
houses in Europe by way of trade with ornamental plants, in
particular Anthurium [European and Mediterranean Plant Pro-
tection Organization (EPPO) Diagnostics Report, 2008].
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LIFE CYCLE AND SURVIVAL STRATEGIES

The egg to egg life cycle of R. similis is usually completed within
3 weeks (Fig. 1). All developmental stages can be found inside
the roots, almost exclusively in the root cortex, although the
stele in banana can also be damaged. The nematode punctures
the root epidermis cells with its stylet, digesting and sucking the
cell contents as it burrows into the root. Entry is usually at the
root tip or in the region of root hair production and takes less
than 24 h. The burrowing nematode attacks only tender young
feeder roots and not hardened, suberized, senescing or decayed
roots. Once inside the root, the worms feed and reproduce. The
male, with its rudimentary stylet, is not known to penetrate roots
nor to injure the roots to any extent, whereas the female and
second-stage juveniles feed on roots. Females may lay one to six
eggs a day predominantly inside the roots, although egg laying
has also been observed outside the roots (Fig. 2). Lesions formed
as a result of nematode activity enlarge and coalesce. Nema-
todes will only leave the root and migrate into the soil as a result
of root decay or overcrowding. During this stage, whilst the
worm is seeking a new food source of healthy roots, the area of
infestation spreads to adjacent plants.

Most populations of R. similis reproduce best at intermediate
(25 °C) or high (30 °C) rather than low (15–20 °C) temperatures
(Fallas and Sarah, 1995). Populations introduced into Europe
appear to have adapted, reproducing at temperatures too low
for tropical populations. In Florida citrus plantations, root infec-
tion is greatest in the deeper soil layers where the optimum

temperature remains more stable throughout the year. The bur-
rowing nematode’s ability to survive adverse conditions is
enhanced by three factors: (i) a wide host range; (ii) a short life
cycle, allowing rapid reproduction during favourable periods;
and (iii) the ability of females to reproduce without males
(MacGowan, 1977). The latter reproduction strategy was
thought to be parthenogenesis, but it has been shown that R.
similis rather is a hermaphrodite. In females that have not mated
with a male 50–60 days after the fourth moult, self-fertilization
takes place with rod-shaped spermatids produced in the ovates-

Fig. 1 Life and infection cycle of Radopholus
similis. Drawing by Vickie Brewster, reproduced by
permission from Brooks (2008).

Fig. 2 Fuchsin-stained Radopholus similis female adults and eggs inside a
root of Medicago truncatula L. Scale bar, 50 mm.
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tis and matured in the spermatheca (Kaplan and Opperman,
2000). The study of this nematode is relatively easy, as it multi-
plies quite quickly on carrot discs (Speijer and De Waele, 1997),
and nematodes can even be conserved by cryopreservation
(Elsen et al., 2007).

OCCURRENCE, SYMPTOMS AND DAMAGE

Radopholus similis is considered to be among the 10 most dam-
aging plant-parasitic nematodes world-wide (EPPO Diagnostics
Report, 2008). It is of great economic importance in Central and
South America, the Caribbean, Africa, Asia and the Pacific,
causing what is variously called pepper yellows on pepper,
spreading decline on citrus and root rot, blackhead and toppling
disease on banana. In West Africa, for example, the yield of
plantains can be reduced by more than 50% over the first two
crop cycles (Fogain, 2000), whereas, in South-east Asia, the yield
of export bananas cultivated in the Philippines can be reduced by
up to 60% (Davide and Marasigan, 1985) as a result of R. similis
infection.As a result of the devastating effects R. similis can have
on agricultural crops, EPPO has classified the pathotype that can
attack banana as an A2 quarantine organism, and the pathotype
that can attack citrus as A1, as the latter pathotype is absent
from Europe.

Root damage by R. similis has the typical symptoms caused by
lesion nematodes: reddish, brownish to black lesions caused by
cell wall collapse as nematodes move inter- and intracellularly
(Duncan and Moens, 2006) (Fig. 3). The roots have extensive
cavities and the phloem and cambium may be completely
destroyed, leaving nematode-filled spaces separating the
remaining stele from the cortex. External cracks may appear over
the lesion (EPPO Diagnostics Report, 2008). Tissue rot occurs
following secondary infections with fungi and bacteria (Duncan

and Moens, 2006). Infected plants also show poor growth,
reduced leaf size and colour alterations. Because of the infection
with R. similis, the root system of the plants is weakened, which
leads to the toppling over of infected plants, especially those
bearing fruits, after a strong gust of wind (Fig. 3).This is the most
obvious symptom in the banana field of nematode infection
(EPPO Diagnostics Report, 2008).

PROGRESS IN CONTROL MEASURES

One of the most effective means of controlling R. similis is to
prevent the spread of this pest to new areas. A successful quar-
antine programme was therefore started several decades ago in
both Europe and the USA. In other regions, however, the patho-
gen was often introduced with the Cavendish banana cultivar,
which is more susceptible to R. similis than other cultivars (Marin
et al., 1998a; Price, 2006). The reduction of nematode popula-
tions in the soil before planting and the use of nematode-free
planting or grafting material are therefore of primary importance
in the control of R. similis. Burrowing nematode populations can
be reduced to an undetectable level by fallow or crop rotation
with non-host plants (e.g. sweet potato, pineapple). Six or seven
weeks of flooding can be equally effective. However, the latter
method is often difficult to apply as flooding requires a perma-
nent water supply and the land must be levelled (Sarah et al.,
1996).

Nematicides (generally organophosphates or carbamates) are
traditionally the primary way to control nematodes. Nematicides
can increase banana yields by 50% compared with untreated
controls (Fogain, 2000). In large commercial plantations of
banana, nematode control is based on two to four nematicide
treatments each year, having toxic effects on the environment
(Chabrier and Quénéhervé, 2003). During the 1970s and 1980s,

Fig. 3 Damage caused by Radopholus similis. (a)
Toppling over or uprooting of banana plants. (b)
Lesions in banana roots as a consequence of R.
similis feeding.
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an estimated 10 000 Costa Rican banana workers were sterilized
as a result of the use of a nematicide. The chemical was banned
and the Costa Rican government has attempted to control, regu-
late and monitor pesticide use on banana plantations, but has
not always been effective because of inadequate funding and
lack of control over transnationals. Companies have placed more
effort into the training of personnel and the installation of
shower and laundry facilities for workers (Mackey, 1997). In
2007,Wageningen University, the Brazilian Agricultural Research
Corporation (EMBRAPA), the International Network for Improve-
ment of Banana and Plantain (INIBAP), the Agricultural Research
Centre for International Development (CIRAD) of France and the
Catholic University of Leuven, Belgium built an international
consortium of stakeholders in the banana production chain to
formulate the Pesticide Reduction Plan for Banana. The aim is to
secure banana production for small holders and to reduce pes-
ticide input in banana production by at least 50% in the next
decade. More attention is being paid to an integrated pest man-
agement approach. In Martinique, for example, an alternative
cropping system has been developed based on the cleanup of
contaminated fields prior to planting. This cleanup is carried out
through either a fallow period or an appropriate crop rotation,
and then nematode-free in vitro banana plants are planted. As
a consequence, growers are able to cultivate bananas for at
least 2–3 years without nematicide application (Chabrier and
Quénéhervé, 2008). As R. similis can also infect other under-
ground plant organs, such as corms, the recolonization of
bananas by R. similis can be slowed down by treating the corm-
based planting material with hot water (Elsen et al., 2004).
Moreover, the introduction of ditches could efficiently isolate
field sectors and partially protect other banana plants from
infection (Chabrier and Quénéhervé, 2008). The latter method is
based on barrier treatments historically used in Florida (Poucher
et al., 1967).

Host resistance, defined as the ability of a plant to limit
pathogen reproduction, is an effective means of nematode
control in many crops. In bananas and plantains, there has been
little progress in breeding for resistance to nematodes because of
the genetic complexity within the genus Musa and the easy choice
of chemical nematicides in the past. Increasing awareness about
the negative effects of pesticides has led to a restricted number of
permitted nematicides in large parts of the world. Therefore,
different banana cultivars and hybrids are being screened for
nematode resistance. Promising cultivars have been identified,
even partially resistant to other nematodes as well, which will
hopefully lead to an improved sustainability of banana production
(Dochez et al., 2006, 2009; Elsen et al., 2002; Fogain and Gowen,
1998; Marin et al., 1998b; Moens et al., 2005; Quénéhervé et al.,
2009a, b; Stanton, 1999). Next to the identification of resistant
cultivars, more and more knowledge is emerging about the
chemical and genetic background of resistance. For example, the

analysis of resistant plants of a hybrid banana population has
indicated that the resistance is, in this case, controlled by two
dominant genes (Dochez et al., 2009). Resistant cultivars have
been observed to show significant increases in condensed tannins
and flavan-3,4-diols in roots relative to susceptible cultivars
(Collingborn et al., 2000).Another study has shown that resistant
cultivars have constitutively significantly higher levels of lignin in
the vascular bundle and cell wall-bound ferulic acid esters in the
cortex (Wuyts et al., 2007).

The genetic engineering of bananas may be an important
strategy for the reduction of nematicides. It has been shown that
a transformed Cavendish banana expressing a rice cystatin, a
nematode cysteine proteinase inhibitor, has 70% less nematodes
per gram of root relative to the control 8 weeks after infection
(Atkinson et al., 2004). The commercial use of genetically modi-
fied (GM) crops in Africa is currently limited to maize, cotton and
soybean in Egypt, Burkina Faso and South Africa (Karembu et al.,
2009). It can be expected that GM crops will increasingly find
their way into the field as several developing countries have
recently put in place policies and regulatory frameworks to
support the responsible and safe use of biotechnology. Field
trials with genetically modified banana cultivars with viral resis-
tance and resistance against black sigatoka are currently
ongoing in Egypt and Uganda, respectively (Karembu et al.,
2009). Other promising reports come from recent studies on
biological control measures. The reduction of R. similis infection
has been observed from the application of Fusarium oxysporum,
Paecilomyces lilacinus, Bacillus firmus and arbuscular mycor-
rhizal fungi to banana (Athman et al., 2007; Elsen et al., 2008;
Kilama et al., 2007; Mendoza and Sikora, 2009; Mendoza et al.,
2008; Sikora et al., 2008; Vu et al., 2006). These antagonists
could be useful in controlling R. similis infection in banana
seedlings.

THE FIRST STEPS TOWARDS A MOLECULAR
UNDERSTANDING OF THE PATHOGEN

Questioning the taxonomic classification of R. similis
within the Pratylenchidae

Plant parasitism among nematodes has arisen (at least) three
times independently during evolution, resulting in the following
three different taxonomic orders: Rhabditida, Triplonchida and
Dorylaimida (Blaxter et al., 1998). The genus Radopholus
belongs to the family of the Pratylenchidae within the Tylen-
choidea superfamily of the Rhabditid order (De Ley and Blaxter,
2002). The inclusion of the burrowing endoparasitic nematodes
in a single family Pratylenchidae is classically defined by mor-
phological characteristics that are probably the result of con-
vergent evolution related to similar feeding modes. Several
molecular analyses have proven that the Pratylenchidae family
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is polyphyletic and that R. similis is more closely related to
ectoparasitic and cyst-forming endoparasitic nematodes of the
Hoplolaimidae family (Bert et al., 2008; Holterman et al., 2009;
Subbotin et al., 2006) (Fig. 4). Alternative phylogenetic posi-
tions of R. similis were tested in the molecular analysis of Hol-
terman et al. (2009), but these were statistically rejected. On
closer inspection, there do exist a number of morphological
characters that would support the placement of R. similis
within the Hoplolaimidae. The strong sexual dimorphism in the
cephalic region is a common feature of R. similis and
Hoplolaimidae, but is absent in other Pratylenchidae (Siddiqi,
2000). Moreover, Radopholus and Radopholoides are the only
members of the Pratylenchidae with a protrusible gubernacu-
lum, a trait that is commonly found in Hoplolaimidae (Siddiqi,
2000). With developing understanding of plant–nematode inter-
actions in the economically very important genera Radopholus
and Pratylenchus, incorrect assumptions of the monophyly of
burrowing endoparasitic nematodes versus convergence have
critical implications when extrapolating the insights of one
group (i.e. Pratylenchus spp.) to another (i.e. Radopholus spp.)
(Bert et al., 2008).

From expressed sequence tag (EST) generation to
detailed gene characterization

Expressed sequence tag (EST) analysis is an effective way to
obtain a first overview of the transcriptome of an organism, and
has become increasingly popular in nematology (Wylie et al.,
2004). For R. similis, 7007 ESTs have been generated and analy-

sed recently (Jacob et al., 2008).About 31% of the unigenes lack
homology to any sequence in the database and are so-called
orphan sequences. Among those are some of the most abun-
dantly expressed genes, such as cluster 1 (Jacob et al., 2008).
This unknown cluster represents a disproportionately large
amount (8%) of the total number of ESTs and was later demon-
strated to be of mitochondrial origin (Jacob et al., 2009). The
majority of the unigenes showed homology to sequences from
the database, and several genes possibly important in parasitism
were identified, such as endo-1,4-b-glucanase, endoxylanase,
fatty acid and retinol binding proteins, and some genes with
unknown function that are exclusive to parasitic nematodes
(Jacob et al., 2008).

Interesting targets for nematode control are genes that occur
exclusively in nematodes, as effects on other organisms are
expected to be minimal. As many as 9% of all unigenes of the
EST analysis were nematode specific, being promising targets
(Jacob et al., 2008). Examples of such genes are transthyretin-
like genes, characterized by Jacob et al. (2007). The expression of
four ttl genes was analysed spatially and temporally. Expression
was located either in the ventral nerve chord or in the region
around the vulva, suggesting a function in the central nerve
system. Moreover, ttl genes are expressed in all life stages except
embryos, and a search through all nematode ESTs revealed a
higher abundance in parasitic nematodes and, especially, in
parasitic stages. However, the majority of the Caenorhabditis
elegans ttl genes do not show an RNA interference (RNAi) phe-
notype (Rogers et al., 2008), making ttl genes less attractive as
a possible target for nematode control.

Fig. 4 Schematic representation of the
phylogenetic relationships among some selected
plant-parasitic nematode taxa following the
nomenclature of De Ley and Blaxter (2002).
Radopholus similis has an aberrant phylogenetic
position within the Pratylenchidae (indicated in
grey) (Bert et al., 2008; Holterman et al., 2009;
Subbotin et al., 2006). Examples of the most
well-known species are given for each family.
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Characterization of plant cell wall-degrading
enzymes

To invade plant tissue, plant-parasitic nematodes face the physi-
cal barrier formed by the plant cell wall. To overcome this barrier,
these nematodes produce cell wall-degrading and cell wall-
modifying proteins in the pharyngeal glands and secrete these
enzymes through the stylet. The combinatorial effect of this
enzymatic activity and the physical damage caused by the pro-
trusions of the stylet enable the nematode to break down the
cell walls. Over the last decade, different genes encoding cell
wall-degrading enzymes have been isolated from various plant-
parasitic nematodes, mainly sedentary. These genes generally
occur in extensive gene families, e.g. recently the genome of
Meloidogyne incognita has been shown to possess more than 60
cell wall-degrading enzymes (Abad et al., 2008).

Cellulases or endo-1,4-b-glucanases of the glycosyl hydrolase
family 5 (GHF5), which can degrade cellulose, have been found
in the nematode genera Heterodera, Globodera and Meloid-
ogyne (Abad et al., 2008; Bera-Maillet et al., 2000; Gao et al.,
2002, 2004; Goellner et al., 2000; Ledger et al., 2006; Rosso
et al., 1999; Smant et al., 1998; Yan et al., 2001). In addition to
these sedentary nematodes, GHF5 endoglucanases have also
been found in the migratory nematodes Pratylenchus penetrans
(Uehara et al., 2001), Pratylenchus coffeae and Ditylenchus afri-
canus (Kyndt et al., 2008). In R. similis, four putative endogluca-
nases have been characterized, two containing a carbohydrate-
binding module (CBM) (Haegeman et al., 2008). Interestingly,
these endoglucanases are most similar to endoglucanases from
cyst nematodes (Kyndt et al., 2008), confirming the close rela-
tionship of Radopholus and Hoplolaimidae. All genes are
expressed in the gland cell region of the nematode. One gene
shows strong expression in eggs and juveniles, whereas the
others are only expressed in adults: a very strong expression in
females in contrast with males that have either no or a very low
expression.This low expression of endoglucanase genes in males
can be linked to the lifestyle of the nematodes, as males have a
degenerate stylet and are thought to be non-feeding (Haegeman
et al., 2008). Males only migrate in search for females and there-
fore most probably follow the path burrowed by the females
(Steiner and Buhrer, 1933).

In contrast with the endoglucanases, a characterized putative
endoxylanase did not show any differential expression between
females and males (Haegeman et al., 2009a). Endoxylanases are
able to degrade xylan, the main component of hemicellulose. In
nematodes, endoxylanases have only been found in Meloid-
ogyne species (Abad et al., 2008; Mitreva-Dautova et al., 2006),
and so the endoxylanase identified in R. similis is the first of its
kind to be identified in migratory nematodes. Moreover, it is the
first animal endoxylanase containing a putative CBM. Interest-
ingly, when the gene was downregulated by RNAi, the treated

nematodes were less infective, with an average decrease in
infection of 60%. This suggests that the endoxylanase gene is
important for R. similis to effectively infect its host plant. More-
over, it proves that the RNAi technique is also effective in migra-
tory nematodes and could be promising in the future to combat
different types of nematode. It should, however, be noted that
the efficacy of the technique depends on the targeted gene
region, and that, in one of the replicas of the experiment, dsRNA
failed to reduce the expression level of the gene (Haegeman
et al., 2009a). This indicates that the selection of the target
region and optimization are necessary to obtain consistent posi-
tive results.

Radopholus similis harbours an endosymbiotic
Wolbachia bacterium

Although other endosymbiotic bacteria have been identified in
plant-parasitic nematodes (Noel and Atibalentja, 2006; Vande-
kerckhove et al., 2000), R. similis is the only nematode to date
that has been found to harbour a Wolbachia-like bacterium
(Haegeman et al., 2009b; Jacob et al., 2008). Wolbachia is an
endosymbiotic bacterium that belongs to the Rickettsiaceae and
occurs widely in insects and filarial nematodes. In insects, the
bacterium acts as a true parasite that can cause reproductive
manipulations, whereas, in filarial nematodes, Wolbachia is a
mutualist as the nematodes cannot survive without this endo-
symbiont which acts as a source of essential metabolites (Fenn
and Blaxter, 2006). Wolbachia from R. similis is quite diverged
from all other known Wolbachia, and suggests a more wide-
spread occurrence of this bacterium. Its role remains unknown,
although all individual nematodes seem to be infected (Haege-
man et al., 2009b). The possible function of the symbiont in R.
similis remains an intriguing question. As Wolbachia in filarial
nematodes is thought to supply its nematode host with essential
metabolites and is necessary for survival, it could be expected
that this is also the case for R. similis.

CONCLUSIONS

Over 80 million tonnes of bananas are produced annually world-
wide, and this number is increasing (FAO, 2009), although the
yield can be seriously reduced as a result of infection with R.
similis. As nematicide treatments are being banned, an active
search for alternative equally effective control measures is
ongoing. Promising results have recently been obtained using in
vitro nematode-free plantlets (Chabrier and Quénéhervé, 2008),
the screening for new banana cultivars and hybrids for natural
resistance (Dochez et al., 2006, 2009; Elsen et al., 2002; Fogain
and Gowen, 1998; Moens et al., 2005; Quénéhervé et al., 2009a,
b; Stanton, 1999) and biological control measures (Athman
et al., 2007; Elsen et al., 2008; Kilama et al., 2007; Mendoza and
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Sikora, 2009; Mendoza et al., 2008; Sikora et al., 2008; Vu et al.,
2006). Nevertheless, more research is needed to better contain
this pest, and molecular knowledge will certainly attribute to our
understanding of the pathogen.

During the past decade, a tremendous amount of molecular
information has become available for several nematodes, mostly
under the form of EST projects. For plant-parasitic nematodes,
the focus has been mainly on sedentary nematodes, with the
completion of the sequence of two root-knot nematode
genomes as the greatest achievement so far (Abad et al., 2008;
Opperman et al., 2008). Recently, the focus for EST projects has
shifted towards migratory nematodes, expanding the molecular
information available for plant-parasitic nematodes. As the
migratory nematode R. similis is a major pest in the tropical
world, ESTs have also been generated for this species (Jacob
et al., 2008). In addition, several studies have shown that R.
similis is closely related to cyst nematodes (Bert et al., 2008;
Holterman et al., 2009; Subbotin et al., 2006). Given the results
of the current and previous molecular phylogenetic analyses, and
the morphological heterogeneity of the Pratylenchidae, a revi-
sion of the family seems necessary (Holterman et al., 2009). This
apparent relationship to cyst nematodes makes it very interest-
ing to study the molecular background of R. similis, as compari-
sons between sedentary nematodes and their close migratory
relative could shed more light on the processes important in cyst
development and the evolutionary transition from a migratory to
a sedentary lifestyle. Moreover, molecular comparisons between
migratory and sedentary nematodes can reveal conserved
nematode-specific sequences. These can be considered as useful
targets for combating nematode infection, for example through
in planta RNAi (Gheysen and Vanholme, 2007; Rosso et al.,
2009). This technique could be promising, as it has been dem-
onstrated that in vitro RNAi is effective in reducing the infectivity
of R. similis (Haegeman et al., 2009a).
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