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Abstract

Nematodes represent a species rich and morphologically diverse group of metazoans
inhabiting both aquatic and terrestrial environments. Their role as biological indicators
and as key players in nutrient cycling has been well documented. Some groups of ne-
matodes are also known to cause significant losses to crop production. In spite of this,5

knowledge of their diversity is still limited due to the difficulty in achieving species iden-
tification using morphological characters. Molecular methodology has provided very
useful means of circumventing the numerous limitations associated with classical mor-
phology based identification. We discuss herein the history and the progress made
within the field of nematode systematics, the limitations of classical taxonomy and how10

the advent of high throughput sequencing is facilitating advanced ecological and molec-
ular studies.

1 Introduction

The phylum Nematoda is a species rich taxonomic group that has been reported in
abundance in a wide range of habitats (Cobb, 1915; Holterman et al., 2009), from15

aquatic marine and freshwater to terrestrial environments (van Megen, 2009). They
represent one of the most dominant metazoans on the surface of the earth in terms
of abundance and diversity (Groombridge, 1992; Wilson, 2000), with densities of up
to 108 individuals per square meter and species richness of up to 60 morphospecies
(species delineated based on morphology) per 75 cm3 of sediment (Lambshead, 2004)20

in marine environments. Approximately four out of every five metazoans are estimated
to be nematodes (Bongers and Bongers, 1998). And in addition to these high abun-
dances, nematodes have been shown to exhibit a remarkable range of feeding guilds
(Yeates et al., 1993) and life history strategies (Bongers, 1990). In terms of feeding
groups, there are bacterial, fungal and plant feeders, and then omnivores and carni-25

vores. Life strategies span from the small-bodied but highly fecund r-strategists, such
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as the bacterivorous rhabditidae to the large-bodied but less fecund k-strategists, such
as the omnivorous dorylaims. Previous studies have shown that prevailing physical
characteristics such as soil texture, climate, biogeography, as well as enrichment and
disturbance events can be reflected through species composition of the local nematode
community (Cobb, 1915; Tietjen, 1989; Yeates, 1984; Neher, 2001). In other words,5

depending on the state of the environment- for example whether soil is stable or has
undergone some recent perturbation, the soil nematode community is likely to differ
from one place to another. The contribution of nematodes to nutrient cycling (Bard-
gett et al., 1999; Blair et al., 1999; Bongers and Ferris, 1999; Wardle et al., 2006)
is a very well documented aspect of the role they play in maintaining a balance in10

the functioning of the ecosystem. And as permanent community members (being un-
able to escape habitat disturbance), they serve as important biological indicators of
sediment quality (Bongers and Ferris, 1999; Sochova et al., 2006; Wilson and Kakouli-
Duarte, 2009; Höss et al., 2011). Nematode indices used to assess soil quality are
based mostly on grouping, into nematodes feeding guilds, reproductive strategies and15

general responses to physical and organic disturbances. However, the criteria for allo-
cating individuals into these groupings have often been questioned since even species
within the same trophic group are known to sometimes vary in their source of food
and response to disturbances (Yeates et al., 1993; De Goede et al., 1993). The need,
therefore, for species level identification is vital to accurate and precise computation20

of nematode indices as determiners of sediment quality. In fact to achieve thorough
assessment of soil resilience, species level identification are to be achieved rather than
functional group classification needs to be considered (Yeates, 2003). The drawback,
however, is that their high abundance, minute size, conserved morphology (Decraemer
and Hunt, 2006) as well as the existence of intraspecific variations and cryptic species25

(valid species species that morphologically indistinguishable) preclude rapid and ac-
curate identification of species. Consequently, this has severely limited the fraction of
environmental samples analyzed in ecological studies, leaving ecologists with the only
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option of categorizing nematodes based on higher level classifications such as families
and feeding guilds (Porazinska et al., 2010).

In terms of the need for accurate identification to nematode species level, research
has largely focused on plant parasitic nematodes, due mainly to the magnitude of direct
economic losses they inflict on agriculture – an estimated USD 118 billion in a single5

year (McCarter, 2009). Their management in field crops has up to now been depen-
dent on the use of nematicides (Hague and Gowen, 1987) which are being gradually
phased out following the realization of the impact that these nematicides pose to the
environment (Akhtar and Malik, 2000). The EU has recently made some very impor-
tant modifications to its policy on the use of pesticides to make it more sustainable and10

to reduce the risk this poses to human health and the environment. This has led to
the re-evaluation (Regulation 2009/1107/EC OL and Directive 2009/128/EC) of various
synthetic pesticides leaving only a few nematicides available for use by growers (Ntalli
and Menkissoglu-Spiroudi, 2011). Alternative non-chemical options have for sometime
now been sought to replace the loss of synthetic products (Kerry, 2000). These alter-15

native approaches will undoubtedly rely on our knowledge of the taxonomy and biology
of parasitic nematodes in order to devise efficient and taxa-specific control measures.

According to Hussey (1979), the existence of character variation and physiologi-
cal races within species are some of the problems associated with, but not limited to
(Allen and Sher, 1967), the taxonomy of plant parasitic nematodes. These complica-20

tions have catalyzed the search for alternative approaches devoid of the constraints
associated with morphological identifications. Particularly within the genus Meloidog-
yne, a taxon that has received by far more attention than any other group of plant par-
asitic nematodes (Sasser and Carter, 1982), techniques such as the differential host
test (Sasser, 1954), scanning electron microscopy (Eisenback and Hirschmann, 1981;25

Charchar and Eisenback, 2000; Eisenback and Hunt, 2009), biochemical approaches
such as isozyme electrophoresis (Berge and Dalmasso, 1975; Esbenshade and Tri-
antaphyllou, 1985; 1990; Tastet et al., 2001; Carneiro et al., 2000) as well as molecular
techniques (Hyman, 1990; Harris et al., 1990; Petersen and Vrain, 1996; Powers et al.,
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2005) have been used to complement the often limited light microscopic approach for
identification. Each one of the above mentioned alternatives to light microscope-based
approaches have certain constraints that limit their use as quick, accurate and sim-
ple tool for nematode identification across the phylum. However, the use of molecular
methods has continued to gain recognition for being fast, reliable and an easy diag-5

nostic approach across many taxa within the phylum Nematoda (Floyd et al., 2002;
De Ley et al., 2005). It is important to mention that most of the pioneering works on
molecular-based nematode detection were developed on plant parasitic nematodes. As
evidence of the importance of molecular data in taxonomy, it has become a common
practice in recent times that most taxonomic descriptions comprise both morphology10

and morphometric studies as well as molecular analysis of the taxon’s relatedness to
other species (Handoo et al., 2004; Vovlas et al., 2011; Cantalapiedra-Navarrete et al.,
2013). Over the past two decades there have been a number of published reviews on
molecular methods of plant parasitic nematode identification discussing in depth the
different markers and DNA target regions used for discriminating species, their future15

prospects and limitations (Powers et al., 1997; Powers, 2004; Blok, 2004, 2005).

2 The phylum Nematoda

Although there is a widely acknowledged high taxonomic deficit in our knowledge of
nematode diversity, nematodes still outrank all other pseudocoelomates both in terms
of survival success as a group and perceived diversity (van Megen et al., 2009). Evi-20

dently, they are by far the most species-rich, ubiquitous and abundant group in com-
parison with related phyla such as Priapulida, the Kinorhyncha as well as their closest
sister taxon the Nematomorpha. There are only about 19 known species of Priapulida,
190 of Kinorhyncha and 320 of Nematomorpha (Schmidt-Rhaesa, 2012a; Schmidt-
Rhaesa, 2012b; Neuhaus, 2012). And in terms of the number of species estimated to25

actually exist, the Nematomorpha, which is probably the most diverse of the three rel-
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atives of Nematoda, has only about 2000 species globally (Poinar, 2008) compared to
the 1 000 000 estimated for Nematoda (Lamshead, 2004).

The majority of members have throughout their existence maintained a highly con-
served general body plan, which one might argue to be the result of their success
through time. The idea of nematodes being conversed morphologically is a very popu-5

lar and long held assertion in nematology, in earlier works, especially those predating
the widespread use of scanning electron microscopes (Hegner and Engemann, 1968;
Meglitsch, 1972; Fretter and Graham, 1976) and in recent studies too (Powers, 2004).
This has however been disputed by De Ley (2000) and De Ley et al. (2005) who argued
that this theory simply emanates from the failure of light microscopy to provide enough10

resolution, thus precluding detailed observation of certain features (De Ley, 2000). It
is not unprecedented for a non-expert to conclude nematodes are collectively similar
superficially. To a trained eye, however, this assertion as claimed by De Ley (2000),
would be deemed overly simplistic.

3 Predicted species diversity leaves so much more to do15

To date approximately 27 000 nematode species have been described, which is a rel-
atively small fraction of the predicted number of species of ca. 1 million (Hugot et
al., 2001). In other words, close to two centuries of diligent work by taxonomists has
only managed to catalogue about 3 % of the predicted diversity, 5–10 % according to
Coomans (2002). Some estimates even amount to a controversial maximum of 100 mil-20

lion in true diversity (Lambshead, 1993). Regardless of what estimated figure best rep-
resents true diversity, there is no denying that there are still a significant number of
nematodes yet to be described.

With the steadily declining number of experienced taxonomists, speculation that we
might never be able to obtain a complete catalogue of all nematode species continues25

to grow, especially with sole reliance on classical morphology. The so-called taxonomic
deficit, coupled with the great observational restrictions associated with useful diagnos-
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tic phenotypic characters are probably the reasons why some believe that traditional
approaches can never fully describe biological diversity, and that molecular methods
in the form of DNA barcodes are probably the only way forward (Blaxter, 2003). DNA
barcoding undoubtedly holds a great deal of promise for the future of taxonomy, in
terms speed and accuracy of describing biodiversity, but not until sufficient and reliable5

cataloguing of currently known diversity has been done based on accurate classical
morphology-based identification. Therefore, a strong classical taxonomy expertise is
still crucial in ensuring the success of any DNA based biodiversity assessment.

4 Classical taxonomy and the vast taxonomic deficit

The need for diagnosticians with the skills for routine identification of taxa based10

on morphological differences is a problem well acknowledged across many areas
of plant pathology, of which nematology is no exception (Blok, 2005). According to
Coomans (2002), morphology can still provide useful diagnostic characters, especially
if we are able to overcome the limited resolution light microscopy provides. And despite
all its limitations, morphology-based study when carried out diligently can be as good15

as any biochemical or molecular method used in identifying taxa (Mayr and Ashlock,
1991; De Ley, 2006; Agatha and Strüder-Kypke, 2007). What is lacking, however, is
the technical and taxonomic expertise required to correctly utilize phenotypic charac-
ters and use this to effectively make a decision about the identity of an organism (Abebe
et al., 2013).20

The continuous decline in the number of taxonomists has serious repercussions to
our understanding of life’s diversity. According to Coomans (2002) this waning number
of specialists is also detrimental even to the quality of taxonomic researches that get
published, since less qualified referees have to review such manuscripts. To properly
deal with the issue of, De Ley (2000) suggested that reassessment of priorities is the25

best way to progress. He cited a number of steps to achieve this: (1) focusing on de-
scribing taxa with relatively more anthropological and ecological importance rather than
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describing species purely for sake of keeping inventory, (2) making identification and
classification easier for non-specialists, and (3) obtaining a better understanding of re-
lationships rather than trying to complete the enormous catalogue of species diversity.
The first and last points imply switching efforts from the common practice of specimen
by specimen description to a more relevance-based description of species and to move5

the detailed approach to understanding of broader pattern of nematode diversity. The
second point, denotes leaving the routine task of identification to non-specialists to al-
low time for the experts to execute points 1 and 3. To effectively fulfil this, identification
methods requiring very little expert knowledge need to be implemented. An example of
this is the use of molecular methods in the form of DNA barcodes, i.e. using a specified10

DNA sequence to provide taxonomic identification for a specimen (Blaxter et al., 2005).
Thus, any technician equipped with adequate training to perform a simple PCR and se-
quencing can generate sequence data for routine identification of nematode species,
providing taxonomists the time to focus more on building a species catalogue (Valentini
et al., 2009).15

5 Changes within the classification systems

Nematode systematics has changed constantly through history. There is abundance
of contrasting theories within nematological literature on nematode classification and
phylogeny. Several proposals to aid the classification of nematodes have been put for-
ward (Micoletzky, 1922; Chitwood, 1937; Pearse, 1942; Chitwood, 1958; Gadea, 1973;20

Drozdowsky, 1975; Adamson, 1987; Andrassy, 1976; Inglis, 1983; Malakhov, 1986; De
Ley and Blaxter, 2002). According to Hodda (2007), the first ever rendition of nema-
tode classification was from Cobb (1919) who used the structure of the buccal cavity to
formulate the phylum, two subphyla, three classes, six subclasses and thirteen orders.
This system of Cobb’s never gained popularity as it was seen as being completely artifi-25

cial. According to De Ley and Blaxter (2002), however, the first attempt at classification
occurred even much earlier when Schneider (1866) endeavoured grouping nematodes
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based on their somatic musculature which much like the Cobb (1919) system, suffered
from undue emphasis on few characters with little or no evolutionary traceability. Thus,
like the Cobb (1919) classification, this one was also seen as largely artificial (De Ley
and Blaxter, 2002). Micoletzky (1922), although not in support of the system set forth
by Cobb (1919) (Hodda, 2007) based his classification primarily on stoma structure (De5

Ley and Blaxter, 2002) and proposed the division of nematodes into 5 families ( Rhab-
ditidae, Odontopharyngidae, Tylenchidae, Alaimidae and Tobrilidae). At least four out
of the 19 subfamilies within these families now have the ranks of order. Some authors
also proposed systems where all zooparasitic nematode taxa were grouped separately
from all other nematodes (Perrier, 1897; Stiles and Hassall, 1926), a feat considered10

as based principally on ecological grounds (De Ley and Blaxter, 2002) rather than any
sound phylogenetic grounds. Baylis and Daubney (1926), recognizing the artificial na-
ture of this approach, too put forward a system where both zooparasites and other
nematodes were all grouped into five different orders (Ascaroidea, Strongyloidea, Fi-
larioidea, Dioctophymoidea and Trichinelloidea). However, all these orders now contain15

only zooparasitic nematode taxa.
Chitwood (1937) proposed the division of the nematode phylum into two main

classes: Phasmidia and Aphasmidia, based on the presence or absence of phasmids
(a pair of secretory structures usually situated in the caudal region). This system was
greatly influenced by an earlier grouping proposed by Filipjev (1934) who divided the20

phylum into at least eleven orders. Subsequent to the proposal of the names Phasmidia
and Aphasmidia, the two were replaced by Secernentea and Adenophorea respectively
(Chitwood, 1958), since the name Phasmida was already assigned to an insect taxon.
This system gained wide acceptance and was adhered to for over four decades of the
history of nematode systematics.25

Most of the subsequent classifications shifted more and more towards achieving
a natural system of classification, one that is based on phylogeny. In the years that
followed Chitwood’s (1937) proposed system, several nematode higher classifications
were published, with some placing nematodes in the rank of phylum and with some
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the rank of class. Some of authors even proposed a tripartite system (division of the
phylum/class into three subtaxa) instead of the widely accepted traditional system of
dividing the phylum/class in two parts (Table 1). However, to date the tripartite system
has not been adopted by taxonomists.

History of nematode taxonomy has shown that the most challenging constraint to5

achieving a robust and phylogenetically sound classification system has been the defi-
ciency of differentiating characters. For example, the natural classification system pro-
posed by Lorenzen (1981, 1994) suffered from paucity of characters. Here a cladistic
approach to classifying free-living and some plant parasitic nematodes was used. Al-
though he included some new characters such as the presence of metanemes, special10

threadlike sense organs occurring laterally in the epidermis, he admitted to the paucity
of characters for a more complete classification system. Another notable challenge to
the use of morphological characters for achieving a more natural classification is rec-
ognizing characters that are homologous and those that are not. A similar problem has
been reported with the use of molecular data where identifying positional homology has15

been a major hindrance to their use in reconstructing phylogeny among taxa (Abebe et
al., 2013).

Although it is evidently much easier to identify and quantify sequence evolution than
morphological evolution (De Ley, 2000), DNA data, much like morphological data, when
used alone are subject to some amount of noise and artefact (Dorris et al., 1999). In20

view of this, Dayrat (2005) proposed a more holistic approach to describing biodiver-
sity which involves the integration of as much data about the organism as possible.
According to Dayrat (2005), it is better that morphological and molecular approaches
are not seen as competing with each other but rather, used to complement one another.
For example, Sites and Marshall (2003), in their review of twelve delimitation methods,25

cautioned against adherence to the use of one method to singly delimit species, since
all of the approaches can possibly fail at some point when used in isolation. This inte-
grative approach has been successfully applied in some studies for examining species
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diversity (Boisselier-Dubayle and Gofas, 1999; Shaw and Allen, 2000; Williams, 2000;
Drotz and Saura, 2001; Marcussen, 2003, De Ley et al., 2005; Ferri et al., 2009).

Integrative taxonomy is without a doubt an excellent approach to species delimita-
tion, especially with the existence of several species concepts, and the fact that each
of the species delineation approaches when used singly only constitutes one of the5

multiple aspects of life’s diversity (Dayrat, 2005). However, a key constraint to the
widespread adoption of this method is the time and expertise involved. One of the
major goals of modern taxonomy is to find identification methods which are fast, ac-
curate, reliable, affordable and perhaps even capable of characterizing undescribed
specimens (Powers, 2004). In the identification of regulated pest species, for example,10

speed and accuracy are very important (Holterman et al., 2012; Kiewnick et al., 2014).
Therefore, although reliable and probably more accurate than any of the individual ap-
proaches, integrative taxonomy may lack the speed and simplicity which are equally
important in certain situations.

6 Biochemical methods for nematode identification15

Several biochemical and molecular approaches have been used for identification of
nematodes. Genomic information at all levels have been utilized for identifying ne-
matodes, from DNA sequence, the structure of molecules, genetic mutations to the
presence versus absence of genes (Subbotin and Moens, 2006). At the protein level,
isozyme analysis (Esbenshade and Triantaphyllou, 1990; Payan and Dickson, 1990),20

two-dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (2-D
SDS-PAGE) (Ferris et al., 1994), monoclonal or polyclonal antibodies-base serological
techniques (Jones et al., 1988; Schots et al., 1990) and matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry (MALDI-TOFMS) (Perera et al., 2009)
are the methods that have been utilized for distinguishing nematodes at species or25

subspecific levels.
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The use of molecular data for identification of taxa has been widely accepted, largely
because of its inherent ability to overcome most limitations associated with traditional
morphology-based nematode identification. Most molecular diagnostic methods are
PCR based and rely on DNA sequence divergence. The marker regions often specif-
ically targeted include the nuclear ribosomal DNA, satellite DNAs and various protein5

coding genes within the mitochondrial genome (Blok, 2005).
Other approaches are based on random amplification of DNA sequences. Examples

include the randomly amplified polymorphic DNA (RAPD) (Cenis, 1993 Castagnone-
sereno et al., 1994), amplified fragment length polymorphism (AFLP) (Semblat et al.,
1998; Marche et al., 2001), random fragment length polymorphism (RFLP) (Curran et10

al., 1986; Carpenter et al., 1992) and sequence characterized amplified DNA regions
(SCAR) (Zijlstra, 2000; Zijlstra et al., 2000; Carrasco-Ballesteros et al., 2007). These
random DNA target based markers have the advantage of having a higher multiplex ra-
tio, a feature which is particularly useful when there is insufficient sequence divergence
in the targeted DNA regions (Blok, 2005).15

6.1 Protein based approach

Isozyme analysis also referred to as the protein electrophoresis was the first biochem-
ical method to be applied in nematology (Subbotin and Moens 2006). By this method,
isoenzymes (enzymes present in almost all species but exhibit slight variations be-
tween species) from nematodes are gel-separated on the basis of their molecular20

weight under electric field. This is then followed by selective staining of bands cor-
responding to specific proteins and the resulting patterns of the samples compared.
Technological advancement has made it possible to carry this out in a miniaturized
system such as the PhastSystem® where protein extract from a single sedentary fe-
male is sufficient for electrophoretic separation. This method has been mostly used for25

studying species of cyst and root-knot (Esbenshade and Triantaphyllou, 1990; Karssen
et al., 1995). Although there are a few reports of intraspecific variation in isozyme
patterns within some species of Meloidogyne (Esbenshade and Triantaphyllou, 1985;
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Hernandez et al., 2004), the method is still being widely used (Blok and Powers 2009)
due to its relative stability among most species of this genus (De Waele and Elsen,
2007).

Another variant of the electrophoretic protein-based nematode identification method
is 2-D PAGE. This approach gives a better resolution, since it separates soluble pro-5

teins using both their charges and masses on the first and second dimension re-
spectively. It has been used to distinguish between some species and populations of
Meloidogyne and Globodera (Bossis and Mugniéry 1993; Navas et al., 2002).

The use of antibody-based serological techniques generally referred to as ELISA
(Enzyme Linked Immunosorbant Assay) for distinguishing species of nematodes has10

also been studied (Ibrahim et al., 1996, Ibrahim et al., 2001). This technique requires
the use of monoclonal or polyclonal antibodies for detecting some species plant par-
asitic nematodes. Polyclonal antibodies have high sensitivity, but give less specificity
due to their occasional cross-reactive nature. Monoclonal antibodies on the other hand
give better specificity but are expensive to produce. Schots et al. (1990), used mono-15

clonal antibodies to successfully differentiate between the two potato cyst nematodes
(PCN) Globodera pallida and G. rostochiensis. However, Ibrahim et al. (2001) discov-
ered cross-reactivity to be the main reason for failure of this method to detect some
PCN populations, and purported that further antibodies would need to be raised against
Globodera pallida, in particular, to distinguish and quantify all species in a sample.20

Perera et al. (2009) used matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOFMS) to differentiate between two races of stem and
bulb nematodes, Ditylenchus dipsaci. Using this approach, they identified three protein
biomarkers associated with the lucerne race that were almost absent in the oat race.

Although many of these protein-based methods have proven very useful in nematode25

diagnostics, they still do not match the level of resolution that can be achieved using
DNA based methods. Moreover, DNA-based approaches are faster, cheaper and unaf-
fected by any environmental or developmental conditions (Subbotin and Moens, 2006).
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6.2 DNA based approach

Molecular diagnostics of nematodes has over the years seen enormous progress, and
technological advancements, particularly in the areas of DNA amplification and se-
quencing have been the main driving forces towards achieving this. They have made it
possible to accumulate substantial amounts of genetic data with sufficient information5

on sequence divergence that can aid in reliable and easy identification of nematodes
(Blok, 2005). A study of nematological publications from the past two decades will
show a steady increase in the use of molecular data for nematode diagnostics. Data
provided by molecular diagnostics have also enhanced our understanding of nematode
systematics and biology in general, by demonstrating whether or not a targeted DNA10

region will be suitable for species identification (Holterman et al., 2009). Molecular ap-
proaches have enabled the validation of most of the classically delineated nematode
taxa (Powers and Fleming, 1998) while providing clarification in areas where the clas-
sical approach has failed. For example, molecular approaches may provide the only
practical means of discriminating between cryptic species (Powers, 2004). They are15

also fast, relatively simple, applicable to all nematode life stages, provide highly specific
means of identifying taxa, (Powers, 2004) and most of all provide substantial amount
of differential characteristics in the form of sequence divergence (Blok, 2005).

Most molecular diagnostics have routinely targeted two main genomic regions for
sequence divergence: the nuclear ribosomal RNA genes with their transcribed and20

untranscribed spaces and the mitochondrial cytochrome oxidase I gene. The nuclear
ribosomal RNA genes constitute a highly conserved but sufficiently divergent region of
the genome that has proven very useful for species discrimination among many groups
of nematodes. These genes occur in multiple copies in the genome, thus making them
easily amplifiable by Polymerase Chain Reaction (PCR). These tandemly repeating25

units may also occur in variable number of copies between different taxa and even
between closely related individuals in nematodes. Basically, rRNA genes consist of
18S, 5.8S and the 28S genes separated by the non-coding internal transcribed spacers
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1 and 2 (ITS 1 and 2) positioned between 18S and 5.8S and between 5.8S and 28S
respectively.

The internal transcribed spacer (ITS) regions between the rDNA genes have been
used for species discrimination within a number of genera either based on size poly-
morphism of their amplified PCR products or fragments of their amplified products re-5

sulting from digestion with restriction endonucleases. Due to its low evolutionary con-
straints (Powers et al., 1997), it is subject to a higher mutation rate than the highly
conserved flanking 18S and 28S rRNA genes. The conserved flanking regions serve
as suitable templates for primer design. The two ITS regions have been used in the past
both as phylogenetic and diagnostic markers. For example, Subbotin et al. (2004) using10

sequences of ITS1, ITS2 and the 5.8S gene studied the phylogeny of the gall-forming
Anguinids to reveal possible cospeciation events occurring between the grass para-
sitizing members and their host plants. Additionally, based on the two ITS regions, Sub-
botin et al. (2001) reconstructed the phylogeny of 40 cyst forming nematode species
of the family Heteroderidae. Spiridonov et al. (2004) also combined the use of mor-15

phology and the molecular information of the region spanning ITS1, 5.8S and the ITS2
to infer phylogenetic relationship between species of the genus Steinernema. Maafi
et al. (2003) used RFLP of the ITS to analyze and identify 45 populations of Iranian
cyst-forming nematodes representing 21 species. They also used full-length sequence
of this region to infer the phylogenetic relationship between these populations. There20

have been several earlier studies using this region for identifying the important gen-
era of parasitic nematodes (Campbell et al., 1995; Gasser and Hoste, 1995; Hoste
et al., 1995; Cherry et al., 1997; Orui 1996; Thiery and Mugniery, 1996). Much like
other repetitive regions, the ITS is amplifiable by PCR even from a single cell. This
region has, however, been shown to have high incidence of intra-individual sequence25

variations which make sequence alignment very difficult (Blaxter, 2004), thus making
this region unsuitable for inferring phylogeny. This is because insertions and deletions,
rather than substitution, are the main sources of mutations in this region (Blaxter, 2004)
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resulting in sequences with high size variations as in Trichodorids and Pratylenchus
(Boutsika, 2002; Powers, 2004) as well as poor sequence homology.

The small subunit ribosomal RNA gene (also called 18S or SSU rRNA) is the most
widely used marker region for nematode species delimitation. It is a gene with mosaic
sequence of highly conserved regions (useful for easy primer annealing, and stabil-5

ity within species) and fairly variable regions providing sufficient sequence divergence
between species. As a barcode marker region, these and other qualities like its univer-
sality across all Eukaryotes as well as availability of substantial number of sequences
in databases from identified taxa (Creer et al., 2010) make it the most suitable choice.
Indeed, SSU rDNA satisfies most of the features outlined by Valentini et al. (2009)10

of an ideal barcode marker in being variable (having regions with sufficient sequence
divergence), standardized (widely used as marker region), phylogenetically informa-
tive (good marker for deep phylogeny eg. Aguinaldo et al., 1997; Blaxter et al., 1998;
Aleshin et al., 1998; Holterman et al., 2006; van Megen et al., 2009) and extremely
robust (having conserved annealing sites for universal primers). There are, however,15

groups within which species discrimination using SSU rDNA has been unsuccessful,
for example, the tropical root-knot nematode species, as well as the two EU quarantine
root-knot nematodes, Meloidogyne chitwoodi and M. fallax (Holterman et al., 2009).
In fact, comparison of the resolutions provided by the commonly used barcode mark-
ers (mitochondrial COI and COII; nuclear SSU and LSU rDNAs) indicated that none20

of them was singly suitable for distinguishing between these tropical root-knot species
(Kiewnick et al., 2014).

The large subunit ribosomal rRNA gene (also called the 28S or LSU rDNA) is another
universal genomic region with effective and well tested primers for a reliable amplifica-
tion across most taxa (Blaxter, 2004). Sequence divergence regions within this part25

of the rDNA gene are often longer than they are in the SSU. These divergent regions
number between D1–D12 (Hassouna et al., 1984). In comparison with the SSU, the
LSU region has been shown to provide better resolution among closely related taxa
due to the higher degree of sequence divergence it contains (Markmann and Tautz,
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2005; Subbotin et al., 2008). Although evidently more useful for detecting diagnostic
signatures at the species level, its use over the SSU rDNA as an identification marker
has been limited due to the considerably lower number of sequences available in public
databases.

The mitochondrial cytochrome oxidase I gene (COI gene) is the gene that has so5

far been most widely applied as barcode region in animals. It has been considered as
the primary barcoding marker for all members of the animal kingdom (Hebert et al.,
2003). It has also been demonstrated to be a suitable target for molecular phyloge-
netic studies in mammals (Saccone et al., 2000). The COI like the nuclear rDNA genes
is present in all animals, and could perhaps be the most universal barcoding gene in10

animals (Ratnasingham and Hebert, 2007). This gene, however, has not received ex-
tensive application in nematology (Kiewnick et al., 2014), albeit it has been successfully
used in identifying various species of marine nematodes (Derycke et al., 2010). Due
to the frequent rate of mutation in mitochondrial DNA, finding a conserved region for
the design of a universal primer often becomes a constraint. Therefore, primer sets15

designed for amplifying COI fragments are often likely to be less universal (Blaxter,
2004) compared to any of the nuclear rRNA genes. Studies have also demonstrated
that through nuclear integration of mtDNA, a phenomenon by which parts of the mi-
tochondrial genome are transferred to the nuclear genome (Bensasson et al., 2001;
Richly and Leister, 2004), there is a possibility of overestimating diversity particularly20

when mitochondrial COI genes are coamplified with these so called COI nuclear mito-
chondrial pseudogenes (Song et al., 2008).

Like all DNA based identification methods, DNA barcoding was designed for situa-
tions where the morphology-based approach proved problematic. It is defined as the
use of standardized DNA regions as markers for rapid and accurate species identifica-25

tion (Hebert et al., 2005; Blaxter, 2005). The key distinguishing feature between DNA
barcoding and other molecular diagnostic methods is the use of standardized mark-
ers in the former. Therefore, one of the aims of the barcoding consortium is to build
taxonomic reference libraries with sequences of standardized markers from different
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organisms (Taberlet et al., 2012). Thus, by comparing the sequences of such markers
from unidentified organisms with these reference sequences, their identities can be de-
termined. Indeed, the barcoding approach can be helpful in instances where classical
taxonomy prove inconclusive.

It has proven particularly useful in understanding the degree of variation there is5

between certain species and how these variations can obscure identification. For ex-
ample the concept of cryptic species shows how morphology alone cannot be relied
on for discriminating phenotypically identical but valid species. Studies have shown
that there are several examples of cryptic species (e.g. Tobrilus gracilis (Ristau et al.,
2013)) within the phylum Nematoda that were previously considered to be the same10

species (Chilton et al., 1995; Derycke et al., 2005; Fonseca et al., 2008). Barcoding
also provides a means of identifying rare species or specimens with limited availability.
It also offers the only option available for identifying an organism when the required life
stage or specific sex for morphological identification is lacking or the morphology of the
specimen being studied is badly distorted. And finally on the control of pest movement15

within trade where speed and accuracy of species identification is critical, barcoding
offers a quick and reliable means of detecting quarantine nematode species (Powers,
2004).

Hebert et al. (2003), in their heavily cited study on biological identifications through
DNA barcoding, proposed the use of COI of the mitochondrial DNA as a molecular20

marker for DNA barcoding. As a result, COI has been widely used as standard bar-
code marker for metazoans (Ferri et al., 2009). Different markers have been proposed
for other groups of cellular organisms. Markmann and Tautz, (2005) used the nuclear
rRNA gene to study the diversity of meiobenthos (small meiofauna that live in marine
and freshwater sediments). Applying the environmental metabarcoding approach, Fon-25

seca et al. (2010) used the nuclear SSU gene of the rRNA to study marine metazoan
biodiversity. In plants, on the other hand, the preferred barcode markers are ones found
within the chloroplast genome, and identification often entails the use of combination
of two or more regions of this genome (Lahaye et al., 2008; Hollingsworth et al., 2009)
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or with other nuclear genes (Tripathi et al., 2013). The nuclear small subunit ribosomal
RNA gene has also been successfully used as marker for studies involving nematodes
(Floyd et al., 2002; Porazinska et al., 2010).

As mentioned earlier, the rRNA genes (SSU and LSU) are preferred over the mi-
tochondrial COI gene in most nematological studies due to the availability of more5

conserved regions for universal primer design. Moreover, the abundance of sequences
of these two genes from described taxa in public databases make matching sequences
for identification an easier job than when using COI. In terms of resolution, however,
COI is capable of discriminating between species more than either of the rRNA genes.
But a combination of the SSU and LSU genes has been shown to be able to signifi-10

cantly improve the resolution, thereby achieving better detection levels (Porazinska et
al., 2009). With current advancements in sequencing technology resulting in increas-
ingly wide usage of next generation sequencing, a form of barcoding which has recently
gained much popularity is DNA metabarcoding. Taberlet et al. (2012) defined metabar-
coding as the automated identification of several species from a single bulk sample15

containing multiples of different taxa. Using this approach, it is possible to carry out
high throughput identification of several species in a parallel fashion. DNA metabar-
coding typically involves the analysis bulk DNA derived from environmental samples
(Taberlet et al., 2012). It should, however, not be confused with metagenomics, a term
often used to refer to the genomic analysis of organisms from environmental samples20

(Handelsman, 2004; Tringe et al., 2005; Hugenholtz and Tyson, 2008). Another form of
environmental DNA analysis that is just as common as, and often albeit wrongly used
as synonym of, metagenomics is metagenetics. The two terms have one common at-
tribute, in that they both involve the analysis of multi-genome units or community (Han-
delsman, 2009). Creer et al. (2010) described metagenomics as the functional analysis25

of environmentally derived DNA from unculturable organisms and metagenetics as the
large-scale analysis of taxon richness via the analysis of homologous genes.

A typical metabarcoding approach proceeds as follows (i) extracting bulk DNA from
the organisms or directly from the environment (ii) amplifying a selected DNA bar-
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code marker region using universal primers (iii) sequencing all the amplified regions
in parallel via a next generation sequencing platform (iv) clustering of sequences into
molecular operational taxonomic units (MOTU) and (v) matching each MOTU against
sequences of identified organisms in a reference database (Valentini et al., 2009).
Metabarcoding like standard barcoding is based on the assumption that with appro-5

priate barcode markers, each molecular operational taxonomic unit can be assigned to
a described species through its DNA sequence (Orgiazzi et al., 2015) or identified as
unknown if not yet described to assist with the discovery of unknown biodiversity.

Almost all DNA metabarcoding applications in nematology have mainly been based
on the analysis of bulk samples of entire organisms already isolated from the containing10

substrates such as soil, water, plant material etc. (Porazinska et al., 2009; Porazinska
et al., 2010; Creer et al., 2010; Bik et al., 2012). Beyond multispecies identification
from bulk samples of entire extracted organisms, metabarcoding also comprises the
use of total and typically degraded DNA extracted directly from environmental samples
without prior isolation of organisms (Taberlet et al., 2012). This approach, if success-15

fully applied in nematology, can help overcome the inconsistencies and poor recovery
rates associated with various nematode extraction methods (see, den Nijs and van den
Berg, 2013). This method was applied for community profiling of nematodes from Eu-
ropean soils using the 18S rDNA (Waite et al., 2003), although detailed studies into the
efficiency of DNA recovery from the soil are generally lacking. Moreover, since most20

meiofaunal organisms are often found in substrates with volumes profoundly larger
than the total biomass of the organisms themselves, it becomes eminent that they are
separated first before DNA can successfully be extracted (Creer et al., 2010).

7 Limitations of high throughput DNA barcoding

There are a number of challenges associated with DNA metabarcoding analysis of en-25

vironmental DNA. The most notable of these is the identification of a suitable marker
to provide the required taxonomic coverage and species resolution. This problem is
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not unique to only metabarcoding but is shared by the single species standard bar-
coding as well. As mentioned in earlier paragraphs, the SSU rRNA gene has been the
most commonly used marker in nematode barcoding due to the availability of extensive
database resources and the possibility of using conserved regions for designing versa-
tile primers. It has however, been shown to have limited taxonomic resolution among5

certain taxa within the phylum Nematoda. The COI on the other hand, is the desig-
nated marker for animals as a result of the degree of sequence divergence associated
with it, thus permitting species-level delimitation (Deagle et al., 2014). In the case of
nematodes, there appears to be a challenge finding a suitable primer that can amplify
this marker across distant taxa due to the extreme sequence divergence within the10

mitochondrial genome within this phylum (Taberlet et al., 2012). Hence, the challenge
still remains as to where the most suitable barcode marker(s) might be found within the
nuclear and mitochondrial genome.

Another issue with DNA metabarcoding is its reliance on PCR (Taberlet et al., 2012).
Significant amount of errors have been shown to accrue during amplification (Haas et15

al., 2011; Porazinska et al., 2012). These errors often lead to misinterpretation of diver-
sity within samples, mainly due to the formation of chimeras (Huber et al., 2004; Edgar
et al., 2011). Fonseca et al. (2012) defined chimeras as artefacts of PCR consisting of
sequence fragments from two or more phylogenetically distinct sequence origins. They
are produced when an incompletely extended DNA fragment from one cycle anneals20

to a template of an unrelated taxon and gets copied to completion in the subsequent
cycles. Their formation has been shown to be higher in samples that are specios and
genetically diverse (Fonseca et al., 2012). Several bioinformatic tools are available de-
signed to identify and discard such hybrid sequences from the reads generated from
high throughput sequencing platforms (Beccuti et al., 2013). For biodiversity studies,25

the most commonly used ones are CHIMERA_CHECK, Pintail, Mallard, Bellerophon,
ChimeraChecker, ChimeraSlayer, Perseus and UCHIME. Persues and UCHIME, op-
erate on the assumption that chimeric sequences should be less frequent than the
parental sequences (Edgar et al., 2011; Bik et al., 2012). In other words, the assump-
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tion is that chimeras are less abundant than their parents because they have under-
gone fewer cycles of amplification compared to their parents.

One other constraint to DNA barcode-based identification is the need for a huge
repository of sequences of characterized species. This data generation process is ar-
guably the most important step, as the success of any future identification will depend5

on how accurate sequence information in the database is. Without any sequence from
described taxa to match the obtained sequences with, they may convey limited biologi-
cal or taxonomic meaning to the investigator. This need for existing sequence informa-
tion for specific applications has been the main hindrance to many efforts to widen the
choices of potential barcode markers, since that would mean channeling a substantial10

amount of effort into building databases with sequence information from as many char-
acterized species as possible. It also explains why almost all metabarcoding studies
involving nematodes tend to use only the SSU rDNA as barcode (Porazinska et al.,
2009, Creer et al., 2010, Bik et al., 2012).

8 Next generation sequencing technology15

Almost all DNA sequence analyses predating the advent of next generation sequenc-
ing have relied in one way or the other on the Sanger method (Sanger et al., 1977).
Following this milestone discovery, several improvements were made to the method
(Smith et al., 1986; Prober et al., 1987; Mandabhushi, 1998). Basically, the Sanger
method involves the random incorporation of one of the four 2′, 3′-dideoxynucleotide20

(which are analogues of the normal deoxynucleotides) to a growing strand, essentially
leading to the termination of extension process, hence their name chain terminators. In
the end, this reaction produces several differently sized fragments with each terminat-
ing in either G, C, A or T terminators. These fragments are then separated via capillary
electrophoresis to enable the sequence to be deciphered.25

In spite of the immense improvements made to the capillary electrophoresis se-
quencing method, cost of sequencing, time and labour needed were still too high for
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the growing demands for DNA sequence information (Metzker, 2005) – it was so un-
til the introduction of the various next generation sequencing (NGS) platforms. These
platforms have reduced the cost and run time for sequencing significantly (Zhou et al.,
2013). The run time for these sequencers can range from just minutes to weeks (Glenn,
2011). There are currently a number of platforms available, all based on some common5

basic principles, such as their streamlined library preparation steps, and the simultane-
ity of sequencing and detection processes. They each employ complex interactions
of enzymology, chemistry, high-resolution optics, hardware, and software engineering
(Mardis, 2008). The following are some of the next generation sequencing platforms
that surfaced into the market some years ago: the Roche 454 genome sequencer, the10

Illumina Solexa technology, the SMRT sequencing technology by Pacific Biosciences,
the Ion Torrent and the ABI SOLiD platform. Other platforms included the Polonator
and the HeliScope single molecule sequencer technology. Both the Polonator and the
HeliScope are single molecule (shotgun) sequencing platforms; hence no amplification
step is needed. These have the advantage of eliminating biodiversity inflation or arti-15

facts often associated with PCR-based sequencing methods. The absence of PCR in
their sequencing pipelines also means abundant information of taxa in samples, which
are often obscured by amplification, can be revealed (Zhou et al., 2013). There have
been several review articles that have covered in detail how each of these platforms
operate including the chemistry and the instrumentations involved (Mardis, 2008; Met-20

zker, 2009). This review will, therefore, only touch on a few basic and key features of
these platforms.

The Roche 454 pyrosequencer was the first next generation sequencing platform to
become commercially available. It was introduced into the market in 2004 (Mardis,
2008). This method is based on the pyrosequencing approach which was first de-25

scribed by Hyman (1988). In pyrosequencing, no chain terminators are utilized, in-
stead, incorporation of nucleotide into a growing DNA strand is registered by the emis-
sion of light. Only one type of nucleotide is introduced into the reaction per cycle. DNA
templates to be sequenced are first sheared into fragments. Each fragment then gets
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immobilized on a bead surface with help of special oligonucleotides where they are
each amplified through emulsion PCR (emPCR). The main advantage to using this
platform is the relatively long read lengths of the sequences, thus making assembly of
contigs easier even in the absence of reference genomes. On the other hand, it has
shallow sequencing coverage due to the few reads it generates per run (∼1 million5

sequences). It also has higher errors rates, especially when it encounters homopoly-
mer repeats within the sequence (Ekblom and Galindo, 2011). These characteristics
are some of the reasons why the technology has since been superseded by other ap-
proaches described below. Most published nematode community studies have used
the Roche 454 platform.10

The 454 technology was soon followed by the Solexa/Illumina technology as the sec-
ond NGS platform to be available commercially. As for sequencing by synthesis, DNA
is first fragmented and each fragment ligated with an adapter- a short single strand
DNA fragment complementary to oligonucleotides attached to the surface of a flow cell.
Solexa sequencing has a far more superior sequencing output and depth of coverage15

than the 454 pyrosequencer. It records fewer incidences of errors in homopolymer re-
gions compared to its 454 predecessor. It currently can produce read lengths of up to
2×300 bp (www.illumina.com/systems/miseq.html) which is an improvement over the
35 bp read lengths of the early Solexa platforms. Nonetheless, Illumina has its own
unique base calling errors. For instance, it has been observed that accumulation of20

errors tend to be higher towards the 3′ end than at the 5′ end (Schroder et al., 2010).
There has also been an observed association between increase single-base errors and
GGC sequence motifs (Nakamura et al., 2011).

The SOLiD platform from Applied Biosystems employs a similar library preparation
as the previously mentioned NGS platforms. But unlike the other platforms, it uses25

ligation to determine sequences. Because each base pair is essentially sequenced
twice, the error rates encountered tends to be less in this platform (Ekblom and Galindo,
2011).
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The HeliScope was the first NGS platform to introduce the single-molecule sequenc-
ing approach. Although this platform has the advantage of being less prone to errors
especially those related to amplification artifacts, it produced read lengths that are short
compared to any of the previous technologies. For this reason and the high cost of the
instrument, the HeliScope is no longer being sold (Glenn, 2011).5

The Ion Torrent platform operates in a similar fashion as the 454 technology in that
they both involve similar library preparation steps and sequential introduction of each
of the four bases. However, instead of registering base incorporation by fluorescent
emission, H+ are released and a signal in proportion to the number of incorporated
bases is detected (Rothberg et al., 2011). The PGM (Personal Genome Machine) of10

Ion Torrent was evaluated together with other platforms such as Illumina and Pacific
Biosystem by Quail et al. (2012). The results indicated that the PGM gave an excellent
coverage for those sequences with high GC content to moderate AT richness. However,
sequencing of AT-rich genomes resulted in substantial amount of bias with coverage for
only about 70 % of the genome. On its ability to detect variants, it slightly outperformed15

the MiSeq, but in doing so recorded significant amount of false positives as well.
The SMRT sequencing technology by Pacific Biosciences is based on the natural

process of DNA replication by DNA polymerase for real time sequencing of individ-
ual DNA molecules (Eid et al., 2009). Each dNTP has a specific fluorescence label
attached to its terminal phosphate, which upon incorporation of a nucleotide gets20

detected immediately before it is cleaved off (www.pacificbiosciences.com/products/
smrt-technology/). Features such as high speed, long read lengths, high fidelity and
low cost per experiment have made this technology a desirable investment (Glenn,
2011, https://genohub.com/ngs-instrument-guide/). However, in comparison with the
Ion Torrent and MiSeq sequencers, higher depth of coverage is required for calling of25

variants (Quail et al., 2011).
Most NGS-based nematode community studies have used the pyrosequencing

method of the Roche 454 platform (Porazinska et al., 2009, 2010; Creer et al., 2010;
Bik et al., 2012). The relatively longer read lengths generated with this platform made it
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more suitable for metagenetic analysis. Moreover, the Roche 454 was the most widely
used platform at this time. Porazinska et al. (2009) carried out one of the early studies
to evaluate the suitability of NGS for nematode metagenetic analysis. Using a combina-
tion of the SSU and the LSU markers, up to 97 % of the species in the tested community
were detected in this study. Using either of these markers alone could only not provide5

this high coverage of the diversity in the sample. Later, Creer et al. (2010) reported
a case study of meiofaunal diversity in marine littoral benthos and tropical rainforest
habitats. Out of eleven classified taxonomic groups recovered from each of the case
studies, nematodes emerged as the most dominant taxonomic group in both environ-
ments through the proportion of the total number of molecular operational taxonomic10

units (MOTUs) that matched sequences of nematodes.
High throughput Next Generation Sequencing (NGS) methods have also been ap-

plied in sequencing of complete mitochondrial genomes (Jex et al., 2008a, 2009). The
process involved an initial amplification step referred to as Long PCR which is impor-
tant to provide enough copies of the mitochondrial genome for sequencing. This step15

basically amplifies the entire mitochondrial genome as two overlapping fragments of
approximately 5 and 10 kb sizes (Hu et al., 2002) which are subsequently bulked and
then sequenced using the Roche 454 platform. Prior to the use of NGS for whole mi-
tochondrial genome sequencing, the sequencing step was carried out by “primer walk-
ing” on capillary sequencers (Jex et al., 2008b). However, the mitochondrial genome20

has not been sufficiently exploited for barcoding. Almost all marker-based identifica-
tion of nematodes has targeted the COI gene. The utility of the complete mitochon-
drial genome for inferring phylogeny between related taxa also remains to be properly
tested. Currently, the widely accepted phylogenic relationship derived from molecular
data is based on the small subunit ribosomal RNA gene (Blaxter et al., 1998; Holter-25

man et al., 2006; van Megen et al., 2009). Until a recent study by Kim et al. (2015),
phylogeny based on complete mitochondrial genome has been studied mainly in ne-
matode parasites of vertebrates (Kim et al., 2006; Lui et al., 2014; Mohandas et al.,
2014). Kim et al. (2015) used translated amino acids of 12 protein coding genes of 100

1200

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

nematode species to infer phylogenetic relationships across the phylum with special
emphasis on the suborder Tylenchina. The mtDNA-based trees were rather inconsis-
tent with the established nuclear rDNA-based trees, mostly in terms of support for the
monophyly of a number of infraorders within Tylenchina. By aligning the mitochondrial
genomes of different taxa, regions of highly conserved sequences can be located and5

utilized for designing primers with broad coverage across a diversity of taxa. These
primers could be designed such that the intervening sequence contains sufficient di-
vergence between species (Jex et al., 2010). The challenge using the complete mi-
tochondrial genome is difference in order of arrangement of genes in the linearized
genomes of some members of the Enoplean class (Hyman et al., 2011). Although this10

difference in order of gene arrangements could potentially be useful for diagnostic pur-
poses (Jex et al., 2010), alignment is only possible with genomic sequences displaying
identical order of gene arrangement. A possible solution to this will be to annotate the
genomes, compare them gene-by-gene or region-by-region and then concatenated the
genes back with a common order of arrangement (Jex et al., 2010).15

9 Concluding remarks

The major determining factor for the success or otherwise of any marker-based molec-
ular identification method, whether it is standard DNA barcoding or metabarcoding, is
finding the most suitable marker or a combination of markers. Several markers have
been tested on different nematode groups and these have exhibited varying degrees20

of performances, but there still seem to be no known marker that can demonstrate all
the key qualities required of an ideal marker- to contain a region of very low substitu-
tion rate for ease of amplification with a universal primer, to have regions of sufficient
mutations to allow for inter-species delimitation while still maintaining sufficient within
species similarity across the entire phylum.25

DNA barcoding is a tool with numerous potentials in the field of taxonomy. It can
serve as a rapid identifying feature of organisms written simply as sequence of four
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distinct bases, thus providing an unambiguous reference for rapid identification. The
application of this tool will allow non-experts to carry out some of the routine tasks
of identifying species, thus equipping scientists with tools for identifying known organ-
isms and recognition of new species. It can facilitate the recognition and discrimination
of cryptic species. This is especially useful when distinguishing invasive species from5

closely resembling but harmless species. Unlike classical taxonomy, DNA barcoding
makes it possible to determine the identity of a species from any life stage available.
And this becomes particularly useful when analyzing samples intercepted in trade,
where diagnosticians are often confronted with the problem of having very limited ma-
terial to work with.10

Although the ultimate goal in DNA barcoding is the development of molecular tool(s)
capable of profiling as wide diversity of the phylum as possible, for now, at least in ne-
matology, both the classical and molecular fields are needed for a better understanding
of the biology and diversity of nematodes. With the speed and higher output that the
molecular approaches introduce, nematode community analysis will be less laborious.15

This, for example, will facilitate the use of nematodes as indicators.

Acknowledgements. The authors wish to thank EUPHRESCO for its Funding. We wish also
to thank Bex Lawson of Fera for providing some nematological articles used in preparing this
manuscript. We also appreciate the inputs from Ian Adams and Giles Budge in the form of
suggestions and comments.20

References

Abebe, E., Mekete, T., and Thomas, W. K.: A critique of current methods in nematode taxonomy,
Afr. J. Biotechnol., 10, 312–323, 2013.

Adamson, M. L.: Phylogenetic analysis of the higher classification of the Nematoda, Can. J.
Zoolog., 65, 1478–1482, 1987.25

Agatha, S. and Strüder-Kypke, M. C.: Phylogeny of the order Choreotrichida (Ciliophora,
Spirotricha, Oligotrichea) as inferred from morphology, ultrastructure, ontogenesis, and SSr-
RNA gene sequences, Eur. J. Protistol., 43, 37–63, 2007.

1202

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Aguinaldo, A. M. A., Turbeville, J. M., Linford, L. S., Rivera, M. C., Garey, J. R., Raff, R. A.,
and Lake, J. A.: Evidence for a clade of nematodes, arthropods and other moulting animals,
Nature, 387, 489–493, 1997.

Akhtar, M. and Malik, A.: Roles of organic soil amendments and soil organisms in the biological
control of plant-parasitic nematodes: a review, Bioresource Technol., 74, 35–47, 2000.5

Aleshin, V. V., Kedrova, O. S., Milyutina, I. A., Vladyehenskaya, N., and Petrov, N. B.: Relation-
ships among nematodes based on the analysis of 18S rRNA gene sequences: molecular
evidence for monophyly of chromadorian and secernentian nematodes, Russ. J. Nematol.,
6, 175–184, 1998.

Allen, M. and Sher, S.: Taxonomic problems concerning the phytoparasitic nematodes, Annu.10

Rev. Phytopathol., 5, 247–262, 1967.
Andrássy, I.: Evolution as a basis for the systematization of nematodes, London, Pitman Pub-

lishing Ltd, 288 pp., 1976.
Ashelford, K. E., Chuzhanova, N. A., Fry, J. C., Jones, A. J., and Weightman, A. J.: New screen-

ing software shows that most recent large 16S rRNA gene clone libraries contain chimeras,15

Appl. Environ. Microb., 72, 5734–5741, 2006.
Beccuti, M., Carrara, M., Cordero, F., Donatelli, S., and Calogero, R. A.: The structure of state-

of-art gene fusion-finder algorithms, Genome Bioinformatics, 1, 1–6, 2013.
Bensasson, D., Zhang, D.-X., Hartl, D. L., and Hewitt, G. M.: Mitochondrial pseudogenes: evo-

lution’s misplaced witnesses, Trends Ecol. Evol., 16, 314–321, 2001.20

Bergé, J.-B. and Dalmasso, A.: Caractéristiques biochimiques de quelques populations de
Meloidogyne hapla et Melodogyne spp, Cah ORSTOM. Série Biologie: Nématologie, 10,
263–271, 1975.

Bik, H. M., Porazinska, D. L., Creer, S., Caporaso, J. G., Knight, R., and Thomas, W. K.: Se-
quencing our way towards understanding global eukaryotic biodiversity, Trends Ecol. Evol.,25

27, 233–243, 2012.
Blaxter, M.: Molecular systematics: counting angels with DNA, Nature, 421, 122–124, 2003.
Blaxter, M. L., De Ley, P., Garey, J. R., Liu, L. X., Scheldeman, P., Vierstraete, A., Vanfleteren,

J. R., Mackey, L. Y., Dorris, M., and Frisse, L. M.: A molecular evolutionary framework for the
phylum Nematoda, Nature, 392, 71–75, 1998.30

Blaxter, M. L.: The promise of a DNA taxonomy, Philos. T. R. Soc. B, 359, 669–679, 2004.

1203

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Blaxter, M., Mann, J., Chapman, T., Thomas, F., Whitton, C., Floyd, R., and Abebe, E.: Defining
operational taxonomic units using DNA barcode data, Philos. T. R. Soc. B, 360, 1935–1943,
2005.

Blok, V. C.: Molecular diagnostics for plant-parasitic nematodes, Proceedings of the Fourth
International Congress of Nematology, June 2002, Tenerife, Spain, Tenerife, Spain, 2004,5

195–206, 2004.
Blok, V.: Achievements in and future prospects for molecular diagnostics of plant-parasitic ne-

matodes, Can. J. Plant. Pathol., 27, 176–185, 2005.
Blok, V. C. and Powers, T. O.: Biochemical and molecular identification, in: Root-knot nema-

todes, edited by: Perry, R. N., Moens, M., and Starr, J. L., CABI Wallingford, UK, 98–118,10

2009.
Boisselier-Dubayle, M. and Gofas, S.: Genetic relationships between marine and marginal-

marine populations of Cerithium species from the Mediterranean Sea, Mar. Biol., 135, 671–
682, 1999.

Bongers, T.: The maturity index: an ecological measure of environmental disturbance based on15

nematode species composition, Oecologia, 83, 14–19, 1990.
Bongers, T. and Ferris, H.: Nematode community structure as a bioindicator in environmental

monitoring, Trends Ecol. Evol., 14, 224–228, 1999.
Bossis, M. and Mugniéry, D.: Specific status of six Globodera parasites of solanaceous plants

studied by means of two-dimensional gel electrophoresis with a comparison of gel patterns20

by a computed system, Fund. Appl. Nematol., 16, 47–56, 1993.
Boutsika, K.: Molecular identification and phylogenies of virus and non-virus vector trichodorid

nematodes, University of Dundee, 2002.
Campbell, A. J., Gasser, R. B., and Chilton, N. B.: Differences in a ribosomal DNA sequence of

Strongylus species allows identification of single eggs, Int. J. Parasitol., 25, 359–365, 1995.25

Cantalapiedra-Navarrete, C., Navas-Cortés, J. A., Liébanas, G., Vovlas, N., Subbotin, S. A.,
Palomares-Rius, J. E., and Castillo, P.: Comparative molecular and morphological charac-
terisations in the nematode genus Rotylenchus: Rotylenchus paravitis n. sp., an example of
cryptic speciation, Zool. Anz.-A Journal of Comparative Zoology, 252, 246–268, 2013.

Carneiro, R. M., Almeida, M. R. A., and Quénéhervé, P.: Enzyme phenotypes of Meloidogyne30

spp. populations, Nematology, 2, 645–654, 2000.
Carpenter, A., Hiatt, E., Lewis, S., and Abbott, A.: Genomic RFLP analysis of Meloidogyne

arenaria race 2 populations, J. Nematol., 24, 23–28, 1992.

1204

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Carrasco-Ballesteros, S., Castillo, P., Adams, B., and Pérez-Artés, E.: Identification of Praty-
lenchus thornei, the cereal and legume root-lesion nematode, based on SCAR-PCR and
satellite DNA, Eur. J. Plant. Pathol., 118, 115–125, 2007.

Castagnone-Sereno, P., Vanlerberghe-Masutti, F., and Leroy, F.: Genetic polymorphism be-
tween and within Meloidogyne species detected with RAPD markers, Genome, 37, 904–909,5

1994.
Cenis, J.: Identification of Four Major Meloidogyne ssp. by Random Amplified Polymorphic DNA

(RAPD-PCR), Phytopathology, 83, 76–76, 1993.
Charchar, J. and Eisenback, J.: An improved technique to prepare perineal patterns of root-knot

nematodes for SEM, Nematol. Bras., 24, 245–247, 2000.10

Cherry, T., Szalanski, A., Todd, T., and Powers, T.: The internal transcribed spacer region of
Belonolaimus (Nemata: Belonolaimidae), J. Nematol., 29, 23–29, 1997.

Chilton, N. B., Gasser, R. B., and Beveridge, I.: Differences in a ribosomal DNA sequence of
morphologically indistinguishable species within the Hypodontus macropi complex (Nema-
toda: Strongyloidea), Int. J. Parasitol., 25, 647–651, 1995.15

Chitwood, B.: A revised classification of the Nematoda, Papers on Helminthology published
in commemoration of the 30 year jubileum of KJ Skrjabin and of 15th anniversary of the
All-Union Institute of Helminthology, 69–80, 1937.

Chitwood, B. G.: The designation of official names for higher taxa of invertebrates, Bull. Zool.
Nomencl., 15, 860–895, 1958.20

Choudhary, M. and Jairajpuri, M. S.: Evolutionary trends in soil-inhabiting alaimid nematodes,
in: Nature at Work: Ongoing Saga of Evolution, edited by: Sharma, V., Springer India, 319–
328, 2010.

Cobb, N. A.: Nematodes and their relationships, in: Yearbook of the United States Department
of Agriculture, 1914, US Government Printing Office, Washington DC, 457–490, 1915.25

Cobb, N. A.: The orders and classes of nemas, in: Contributions to a science of nematology,
edited by: Cobb, N. A., Waverly Press, Baltimore, 213–216, 1919.

Coomans, A.: Nematode systematics: past, present and future, Nematology, 2, 3–7, 2000.
Coomans, A.: Present status and future of nematode systematics, Nematology, 4, 573–582,

2002.30

Creer, S., Fonseca, V., Porazinska, D., Giblin-Davis, R., Sung, W., Power, D., Packer, M., Car-
valho, G., Blaxter, M., and Lambshead, P.: Ultrasequencing of the meiofaunal biosphere:
practice, pitfalls and promises, Mol. Ecol., 19, 4–20, 2010.

1205

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Curran, J., McClure, M., and Webster, J.: Genotypic differentiation of Meloidogyne populations
by detection of restriction fragment length difference in total DNA, J. Nematol., 18, 83–86,
1986.

Dayrat, B.: Towards integrative taxonomy, Biol. J. Linn. Soc., 85, 407–415, 2005.
Deagle, B. E., Jarman, S. N., Coissac, E., Pompanon, F., and Taberlet, P.: DNA metabarcod-5

ing and the cytochrome c oxidase subunit I marker: not a perfect match, Biology Lett., 10,
doi:10.1098/rsbl.2014.0562, 2014.

Decraemer, W. and Hunt, D.: Taxonomy and principal genera, in: Plant Nematology, edited by:
Perry, R. and Moens, M., CABI Publishing, Wallingford, UK, 3–32, 2006.

De Goede, R., Georgieva, S., Verschoor, B., and Kamerman, J.-W.: Changes in nematode10

community structure in a primary succession of blown-out areas in a drift sand landscape,
Fund. Appl. Nematol., 16, 501–513, 1993.

De Ley, P.: Lost in worm space: phylogeny and morphology as road maps to nematode diversity,
Nematology, 2, 9–16, 2000.

De Ley, P.: A quick tour of nematode diversity and the backbone of nematode phy-15

logeny, in: WormBook, edited by: The Caenorhabditis elegans Research Commu-
nity, doi/10.1895/wormbook.1.7.1, available at: www.wormbook.org (last access: 10 Au-
gust 2015), 2006.

De Ley, P. and Blaxter, M.: Systematic position and phylogeny, in: The biology of nematodes,
edited by: Lee, D., Harwood Academic Publishers, Reading, 1–30, 2002.20

De Ley, P., De Ley, I. T., Morris, K., Abebe, E., Mundo-Ocampo, M., Yoder, M., Heras, J., Wau-
mann, D., Rocha-Olivares, A., and Burr, A. J.: An integrated approach to fast and informative
morphological vouchering of nematodes for applications in molecular barcoding, Philos. T.
R. Soc. B, 360, 1945–1958, 2005.

den Nijs, L. and van den Berg, W.: The added value of proficiency tests: choosing the proper25

method for extracting Meloidogyne second-stage juveniles from soil, Nematology, 15, 143–
151, 2013.

Derycke, S., Remerie, T., Vierstraete, A., Backeljau, T., Vanfleteren, J., Vincx, M., and Moens,
T.: Mitochondrial DNA variation and cryptic speciation within the free-living marine nematode
Pellioditis marina, Mar. Ecol.-Prog. Ser., 300, 91–103, 2005.30

Derycke, S., Vanaverbeke, J., Rigaux, A., Backeljau, T., and Moens, T.: Exploring the use of
cytochrome oxidase c subunit 1 (COI) for DNA barcoding of free-living marine nematodes,
PLoS One, 5, e13716, doi:10.1371/journal.pone.0013716, 2010.

1206

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1098/rsbl.2014.0562
www.wormbook.org
http://dx.doi.org/10.1371/journal.pone.0013716


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

De Waele, D. and Elsen, A.: Challenges in tropical plant nematology, Annu. Rev. Phytopathol.,
45, 457–485, 2007.

Dorris, M., De Ley, P., and Blaxter, M.: Molecular analysis of nematode diversity and the evolu-
tion of parasitism, Parasitol Today, 15, 188–193, 1999.

Drotz, M. K., Saura, A., and Nilsson, A. N.: The species delimitation problem applied to the5

Agabus bipustulatus complex (Coleoptera, Dytiscidae) in north Scandinavia, Biol. J. Linn.
Soc., 73, 11–22, 2001.

Drozdovsky, E.: On the position of Chromadorids in system of nematodes, Evolution, taxonomy,
morphology and ecology of free-living nematodes, Leningrad, USSR, Academy of Sciences
of the USSR, Zoological Institute, 32–37, 1981.10

Eisenback, J. and Hirschmann, H.: Identification of Meloidogyne Species on the Basis of Head
Shape and, Stylet Morphology of the Male, J. Nematol., 13, 513–521, 1981.

Eisenback, J. D. and Hunt, D. J.: General Morphology, in: Root-knot Nematodes, edited by:
Perry R. N., Moens, M., and Starr J. L., CABI Wallingford, UK, 18–54, 2009.

Ekblom, R. and Galindo, J.: Applications of next generation sequencing in molecular ecology of15

non-model organisms, Heredity, 107, 1–15, 2011.
Esbenshade, P. and Triantaphyllou, A.: Use of enzyme phenotypes for identification of

Meloidogyne species, J. Nematol., 17, 6–20, 1985.
Esbenshade, P. and Triantaphyllou, A.: Isozyme phenotypes for the identification of Meloidog-

yne species, J. Nematol., 22, 10–15, 1990.20

Fenchel, T. and Riedl, R.: The sulfide system: a new biotic community underneath the oxidized
layer of marine sand bottoms, Mar Biol, 7, 255-268, 1970.

Ferri, E., Barbuto, M., Bain, O., Galimberti, A., Uni, S., Guerrero, R., Ferté, H., Bandi, C., Mar-
tin, C., and Casiraghi, M.: Integrated taxonomy: traditional approach and DNA barcoding
for the identification of filarioid worms and related parasites (Nematoda), Front Zool., 6,25

doi:10.1186/1742-9994-6-1, 2009.
Ferris, V., Ferris, J., Faghihi, J., and Ireholm, A.: Comparisons of isolates of Heterodera avenae

using 2-D PAGE protein patterns and ribosomal DNA, J. Nematol., 26, 144–151, 1994.
Filipjev, I. N.: The classification of the free-living nematodes and their relation to parasitic ne-

matodes, Smithson. misc. collect., 89, 1–63, 1934.30

Floyd, R., Abebe, E., Papert, A., and Blaxter, M.: Molecular barcodes for soil nematode identi-
fication, Mol. Ecol., 11, 839–850, 2002.

1207

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1186/1742-9994-6-1


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Fonseca, G., Derycke, S., and Moens, T.: Integrative taxonomy in two free-living nematode
species complexes, Biol. J. Linn. Soc., 94, 737–753, 2008.

Fretter, V. and Graham, A.: The functional anatomy of invertebrates, Academic press, London,
UK, 589 pp., 1976.

Gadea, E.: Sobre la filogenia interna de los Nematodos, Publicación del Instituto de Biologiá5

Aplicada, Barcelona, 54, 87–92, 1973.
Gasser, R. and Hoste, H.: Genetic markers for closely-related parasitic nematodes, Mol. Cell

Probe., 9, 315–319, 1995.
Glenn, T. C.: Field guide to next generation DNA sequencers, Mol. Ecol. Resour., 11, 759–769,

2011.10

Groombridge, B.: Global biodiversity: status of the Earth’s living resources, Chapman & Hall,
London, UK, 1992.

Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos, G., Ciulla, D.,
Tabbaa, D., Highlander, S. K., and Sodergren, E.: Chimeric 16S rRNA sequence formation
and detection in Sanger and 454-pyrosequenced PCR amplicons, Genome Res., 21, 494–15

504, 2011.
Hague, N. and Gowen, S.: Chemical control of nematodes, Principles and practice of nematode

control in crops, 131–178, 1987.
Hall, N.: Advanced sequencing technologies and their wider impact in microbiology, J. Exp.

Biol., 210, 1518–1525, 2007.20

Handelsman, J.: Metagenomics: application of genomics to uncultured microorganisms, Micro-
biol. Mol. Biol. R., 68, 669–685, 2004.

Handelsman, J.: Metagenetics: spending our inheritance on the future, Microb. Biotechnol., 2,
138–139, 2009.

Handoo, Z., Nyczepir, A., Esmenjaud, D., Van der Beek, J., Castagnone-Sereno, P., Carta, L.,25

Skantar, A., and Higgins, J.: Morphological, molecular, and differential-host characterization
of Meloidogyne floridensis n. sp. (Nematoda: Meloidogynidae), a root-knot nematode para-
sitizing peach in Florida, J. Nematol., 36, 20–35, 2004.

Harris, T., Sandall, L., and Powers, T. O.: Identification of single Meloidogyne juveniles by poly-
merase chain reaction amplification of mitochondrial DNA, J. Nematol., 22, 518–524, 1990.30

Hassouna, N., Mithot, B., and Bachellerie, J.-P.: The complete nucleotide sequence of mouse
28S rRNA gene. Implications for the process of size increase of the large subunit rRNA in
higher eukaryotes, Nucleic Acids. Res., 12, 3563–3583, 1984.

1208

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Hebert, P. D. and Gregory, T. R.: The promise of DNA barcoding for taxonomy, Syst. Biol., 54,
852–859, 2005.

Hebert, P. D., Cywinska, A., and Ball, S. L.: Biological identifications through DNA barcodes, P.
Roy. Soc. Lond. B Bio., 270, 313–321, 2003.

Hegner, R. W. and Engemann, J. G.: Invertebrate Zoology BioScience, MacMillan, New York,5

NY, USA, 619 pp., 1969.
Hernandez, A., Fargette, M., and Sarah, J.-L.: Characterisation of Meloidogyne

spp.(Tylenchida: Meloidogynidae) from coffee plantations in Central America and Brazil,
Nematology, 6, 193–204, 2004.

Hodda, M.: Phylum Nematoda, Zootaxa, 1668, 265–293, 2007.10

Hollingsworth, P. M., Forrest, L. L., Spouge, J. L., Hajibabaei, M., Ratnasingham, S., van der
Bank, M., Chase, M. W., Cowan, R. S., Erickson, D. L., and Fazekas, A. J.: A DNA barcode
for land plants, Proc. Natl. Aca. Sci., 106, 12794–12797, 2009.

Holterman, M., van der Wurff, A., van den Elsen, S., van Megen, H., Bongers, T., Holovachov,
O., Bakker, J., and Helder, J.: Phylum-wide analysis of SSU rDNA reveals deep phylogenetic15

relationships among nematodes and accelerated evolution toward crown clades, Mol. Biol.
Evol., 23, 1792–1800, 2006.

Holterman, M., Karssen, G., Van Den Elsen, S., Van Megen, H., Bakker, J., and Helder, J.: Small
subunit rDNA-based phylogeny of the Tylenchida sheds light on relationships among some
high-impact plant-parasitic nematodes and the evolution of plant feeding, Phytopathology,20

99, 227–235, 2009.
Holterman, M. H., Oggenfuss, M., Frey, J. E., and Kiewnick, S.: Evaluation of High resolution

Melting Curve Analysis as a New Tool for Root-knot Nematode Diagnostics, J. Phytopathol.,
160, 59–66, 2012.

Höss, S., Claus, E., Von der Ohe, P. C., Brinke, M., Güde, H., Heininger, P., and Traunspurger,25

W.: Nematode species at risk – a metric to assess pollution in soft sediments of freshwaters,
Environ. Int., 37, 940–949, 2011.

Hoste, H., Chilton, N. B., Gasser, R. B., and Beveridge, I.: Differences in the second internal
transcribed spacer (ribosomal DNA) between five species of Trichostrongylus (Nematoda:
Trichostrongylidae), Int. J. Parasitol., 25, 75–80, 1995.30

Hu, M., Jex, A. R., Campbell, B. E., and Gasser, R. B.: Long PCR amplification of the entire
mitochondrial genome from individual helminths for direct sequencing, Nat. Protoc., 2, 2339–
2344, 2007.

1209

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Huber, T., Faulkner, G., and Hugenholtz, P.: Bellerophon: a program to detect chimeric se-
quences in multiple sequence alignments, Bioinformatics, 20, 2317–2319, 2004.

Hugenholtz, P. and Tyson, G. W.: Microbiology: metagenomics, Nature, 455, 481–483, 2008.
Hugot, J.-P., Baujard, P., and Morand, S.: Biodiversity in helminths and nematodes as a field of

study: an overview, Nematology, 3, 199–208, 2001.5

Hunt, D. J. and Handoo, Z. A.: Taxonomy, identification and principal species, in: Root-knot
nematodes, edited by: Perry RN, Moens M, and JR, S., CABI Publishing Wallingford, UK,
55–88, 2009.

Hussey, R.: Biochemical systematics of nematodes – a review, Helminthology Abstract, 48,
141–148, 1979.10

Hyman, B. C.: Molecular diagnosis of Meloidogyne species, J. Nematol., 22, 24–30, 1990.
Hyman, B. C., Lewis, S. C., Tang, S., and Wu, Z.: Rampant gene rearrangement and hap-

lotype hypervariation among nematode mitochondrial genomes, Genetica, 139, 611–615,
doi:10.1007/s10709-010-9531-3, 2011.

Hyman, E. D.: A new method of sequencing DNA, Anal. Biochem., 174, 423–436, 1988.15

Ibrahim, S., Davies, K., and Perry, R.: Identification of the root-knot nematode, Meloidogyne
incognita, using monoclonal antibodies raised to non-specific esterases, Physiol. Mol. Plant.
P., 49, 79–88, 1996.

Ibrahim, S. K., Minnis, S. T., Barker, A. D. P., Russell, M. D., Haydock, P. P. J., Evans, K., Grove,
I. G., Woods, S. R., and Wilcox, A.: Evaluation of PCR, IEF and ELISA techniques for the20

detection and identification of potato cyst nematodes from field soil samples in England and
Wales, Pest. Manag. Sci., 57, 1068–1074, doi:10.1002/ps.397, 2001.

Inglis, W.: An Outline Classification of the Phylum Nematoda, Aust. J. Zool., 31, 243–255, 1983.
Janzen, D. H.: Now is the time, Philos. T. R. Soc. B., 359, 731–732, 2004.
Jex, A. R., Hu, M., Littlewood, D. T. J., Waeschenbach, A., and Gasser, R. B.: Using 454 tech-25

nology for long-PCR based sequencing of the complete mitochondrial genome from single
Haemonchus contortus (Nematoda), BMC genomics, 9, 2008a.

Jex, A. R., Waeschenbach, A., Littlewood, D. T. J., Hu, M., and Gasser, R. B.:
The Mitochondrial Genome of Toxocara canis, Plos Neglect. Trop. D., 2, e273,
doi:10.1371/journal.pntd.0000273, 2008b.30

Jex, A. R., Littlewood, D. T. J., and Gasser, R. B.: Toward next-generation sequencing of mito-
chondrial genomes – focus on parasitic worms of animals and biotechnological implications,
Biotechnol. Adv., 28, 151–159, 2010.

1210

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1007/s10709-010-9531-3
http://dx.doi.org/10.1002/ps.397
http://dx.doi.org/10.1371/journal.pntd.0000273


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Jones, P., Ambler, D., and Robinson, M.: The application of monoclonal antibodies to the diag-
nosis of plant pathogens and pests, Proc. Brighton Crop., 1988, 767–776, 1988.

Karssen, G., Van Hoenselaar, T., Verkerk-Bakker, B., and Janssen, R.: Species identification
of cyst and root-knot nematodes from potato by electrophoresis of individual females, Elec-
trophoresis, 16, 105–109, 1995.5

Kerry, B. R.: Rhizosphere interactions and the exploitation of microbial agents for the biological
control of plant-parasitic nematodes, Annu. Rev. Phytopathol., 38, 423–441, 2000.

Kiewnick, S., Wolf, S., Willareth, M., and Frey, J.-E.: Identification of the tropical root-knot ne-
matode species Meloidogyne incognita, M. javanica and M. arenaria using a multiplex PCR
assay, Nematology, 15, 891–894, 2013.10

Kiewnick, S., Holterman, M., van den Elsen, S., van Megen, H., Frey, J. E., and Helder, J.:
Comparison of two short DNA barcoding loci (COI and COII) and two longer ribosomal DNA
genes (SSU & LSU rRNA) for specimen identification among quarantine root-knot nema-
todes (Meloidogyne spp.) and their close relatives, Eur. J. Plant. Pathol., 140, 97–110, 2014.

Kim, J., Lee, S. H., Gazi, M., Kim, T., Jung, D., Chun, J. Y., Kim, S., Seo, T. K., Park, C.,15

and Baldwin, J. G.: Mitochondrial genomes advance phylogenetic hypotheses for Tylenchina
(Nematoda: Chromadorea), Zool. Scr., 44, 446–462, doi:10.1098/rstb.2003.1444, 2015.

Kim, K.-H., Eom, K. S., and Park, J.-K.: The complete mitochondrial genome of Anisakis sim-
plex (Ascaridida: Nematoda) and phylogenetic implications, Int. J. Parasitol., 36, 319–328,
2006.20

Lahaye, R., Van der Bank, M., Bogarin, D., Warner, J., Pupulin, F., Gigot, G., Maurin, O., Duthoit,
S., Barraclough, T. G., and Savolainen, V.: DNA barcoding the floras of biodiversity hotspots,
Proc. Natl. Aca. Sci., 105, 2923–2928, 2008.

Lambshead, P.: Recent developments in marine benthic biodiversity research, Oceanis, 19,
5–5, 1993.25

Lambshead, P.: Marine nematode diversity, in: Advances and Perspectives: Nematode Mor-
phology, Physiology and Ecology, edited by: Chen, W. Y., Chen, S. Y., and Dickson, S. W.,
CABI Publishing, Wallingford, UK, 438–468, 2004.

Liu, G.-H., Zhou, D.-H., Zhao, L., Xiong, R.-C., Liang, J.-Y., and Zhu, X.-Q.: The complete
mitochondrial genome of Toxascaris leonina: comparison with other closely related species30

and phylogenetic implications, Infect. Genet. Evol., 21, 329–333, 2014.

1211

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1098/rstb.2003.1444


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Lorenzen, S.: Entwurf eines phylogenetischen Systems der freilebenden Nematoden,
VeröVentlichungen des Institutes für Meeresforschung in Bremerhaven, Sonderdruck, 7, 1–
472, 1981.

Lorenzen, S.: The phylogenetic systematics of free living nematodes, Ray society, London, 254
pp., 1994.5

Maafi, Z. T., Subbotin, S. A., and Moens, M.: Molecular identification of cyst-forming nematodes
(Heteroderidae) from Iran and a phylogeny based on ITS-rDNA sequences, Nematology, 5,
99–111, 2003.

Maidak, B. L., Cole, J. R., Parker, C. T., Garrity, G. M., Larsen, N., Li, B., Lilburn, T. G., Mc-
Caughey, M. J., Olsen, G. J., and Overbeek, R.: A new version of the RDP (Ribosomal10

Database Project), Nucleic Acids Res., 27, 171–173, 1999.
Malakhov, U.: Nematodes: Structure, development, classification and phylogeny, Nauka,

Moskva (USSR), 215 pp., 1986.
Mandabhushi, R. S.: Separation of 4-color DNA sequencing extension products in noncova-

lently coated capillaries using low viscosity polymer solutions, Electrophoresis, 19, 224–230,15

1998.
Marché, L., Valette, S., Grenier, E., and Mugniéry, D.: Intra-species DNA polymorphism in the

tobacco cyst nematode complex (Globodera tabacum) using AFLP, Genome, 44, 941–946,
2001.

Marcussen, T.: Evolution, phylogeography, and taxonomy within the Viola alba complex (Vio-20

laceae), Plant. Syst. Evo., 237, 51–74, 2003.
Mardis, E. R.: Next-generation DNA sequencing methods, Annu. Rev. Genomics Hum. Genet.,

9, 387–402, 2008.
Markmann, M. and Tautz, D.: Reverse taxonomy: an approach towards determining the diversity

of meiobenthic organisms based on ribosomal RNA signature sequences, Philos. T. R. Soc.25

B., 360, 1917–1924, 2005.
Metzker, M. L.: Emerging technologies in DNA sequencing, Genome Res., 15, 1767–1776,

2005.
Micoletzky, H.: Die freilebenden Süsswasser-und Moornematoden Dänemarks: nebst An-

hang über Amöbosporidien und andere Parasiten bei freilebenden Nematoden, Arcif fuer30

Naturgeschichte, Abteilung A, 87, 1–650, 1925.

1212

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Moens, M., Perry, R. N., and Starr, J. L.: Meloidogyne species–a diverse group of novel and
important plant parasites, in: Root-knot nematodes, edited by: Moens, M., Perry, R. N., and
Starr, J. L., CABI Publishing, Wallingford, UK, 483 pp., 2009.

Mohandas, N., Jabbar, A., Podolska, M., Zhu, X.-Q., Littlewood, D. T. J., Jex, A. R., and Gasser,
R. B.: Mitochondrial genomes of Anisakis simplex and Contracaecum osculatum (sensu5

stricto)–comparisons with selected nematodes, Infect. Genet. Evol., 21, 452–462, 2014.
Moritz, C. and Cicero, C.: DNA barcoding: promise and pitfalls, PLoS Biol., 2, 1529–1531,

2004.
Nakamura, K., Oshima, T., Morimoto, T., Ikeda, S., Yoshikawa, H., Shiwa, Y., Ishikawa, S., Linak,

M. C., Hirai, A., and Takahashi, H.: Sequence-specific error profile of Illumina sequencers,10

Nucleic Acids Res., 39, e90, doi:10.1093/nar/gkr344, 2011.
Navas, A., López, J., Espárrago, G., Camafeita, E., and Albar, J.: Protein variability in Meloidog-

yne spp.(Nematoda: Meloidogynidae) revealed by two-dimensional gel electrophoresis and
mass spectrometry, J. Proteome. Res., 1, 421–427, 2002.

Neher, D. A.: Role of nematodes in soil health and their use as indicators, J. Nematol, 33,15

161–168, 2001.
Neuhaus, B.: Handbook of zoology, Gastrotricha, Cycloneuralia and Gnathifera. Vol 1. Nemato-

morpha, Priapulida, Kinorhyncha, Loricifera, in, edited by: Schmidt-Rhaesa, A., Walter De
Gruyter, Berlin, 177–343, 2013.

Ntalli, N. G. and Menkissoglu-Spiroudi, U.: Pesticides of botanical origin: a promising tool in20

plant protection, in: Pesticides – Formulations, Effects, Fate, edited by: Stoytcheva, M., In-
Tech Europe, 3–24, 2011.

Orgiazzi, A., Dunbar, M. B., Panagos, P., de Groot, G. A., and Lemanceau, P.: Soil biodiversity
and DNA barcodes: opportunities and challenges, Soil. Biol. Biochem., 80, 244–250, 2015.

Orui, Y.: Discrimination of the Main Pratylenchus Species (Nematoda: Pratylenchidae) in Japan25

by PCR-RFLP Analysis, Appl. Entomol. Zool., 31, 505–514, 1996.
Payan, L., and Dickson, D.: Comparison of populations of Pratylenchus brachyurus based on

isozyme phenotypes, J. Nematol., 22, 538–545, 1990.
Pearse, A. S.: Introduction to Parasitology, CC Thomas, Springfield, Baltimore, 375 pp., 1942.
Perera, M. R., Taylor, S. P., Vanstone, V. A., and Jones, M. G.: Protein biomarkers to distinguish30

oat and lucerne races of the stem nematode, Ditylenchus dipsaci, with quarantine signifi-
cance for Western Australia, Nematology, 11, 555–563, 2009.

1213

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1093/nar/gkr344


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Petersen, D. and Vrain, T.: Rapid identification of Meloidogyne chitwoodi, M. hapla, and M.
fallax using PCR primers to amplify their ribosomal intergenic spacer, Fund. Appl. Nematol.,
19, 601–605, 1996.

Poinar Jr., G.: Global diversity of hairworms (Nematomorpha: Gordiaceae) in freshwater, Fresh-
water Animal Diversity Assessment, Springer Netherlands, 79–83, 2008.5

Porazinska, D. L., GIBLIN-DAVIS, R. M., Faller, L., Farmerie, W., Kanzaki, N., Morris, K., Pow-
ers, T. O., Tucker, A. E., Sung, W., and Thomas, W. K.: Evaluating high-throughput sequenc-
ing as a method for metagenomic analysis of nematode diversity, Mol. Ecol. Resour., 9,
1439–1450, 2009.

Porazinska, D. L., Giblin-Davis, R. M., Sung, W., and Thomas, W. K.: Linking operational clus-10

tered taxonomic units (OCTUs) from parallel ultra sequencing (PUS) to nematode species,
Zootaxa, 2427, 55–63, 2010.

Porazinska, D. L., Giblin-Davis, R. M., Sung, W., and Thomas, W. K.: The nature and frequency
of chimeras in eukaryotic metagenetic samples, J. Nematol., 44, 18–25, 2012.

Powers, T.: Nematode molecular diagnostics: from bands to barcodes, Annu. Rev. Phytopathol.,15

42, 367–383, 2004.
Powers, T. O. and Fleming, C. C.: Biochemical and molecular characterization, in: The physiol-

ogy and biochemistry of free-living and plant-parasitic nematodes, edited by: Perry, R. and
Wright, D., CABI Publishing, Wallingford, UK, 355–380, 1998.

Powers, T. O., Todd, T., Burnell, A., Murray, P., Fleming, C., Szalanski, A. L., Adams, B., and20

Harris, T.: The rDNA internal transcribed spacer region as a taxonomic marker for nema-
todes, J. Nematol., 29, 441–450, 1997.

Powers, T. O., Mullin, P., Harris, T., Sutton, L., and Higgins, R.: Incorporating molecular iden-
tification of Meloidogyne spp. into a large-scale regional nematode survey, J. Nematol., 37,
226–235, 2005.25

Prober, J. M., Trainor, G. L., Dam, R. J., Hobbs, F. W., Robertson, C. W., Zagursky, R. J.,
Cocuzza, A. J., Jensen, M. A., and Baumeister, K.: A system for rapid DNA sequencing with
fluorescent chain-terminating dideoxynucleotides, Science, 238, 336–341, 1987.

Ratnasingham, S., and Hebert, P. D.: BOLD: The Barcode of Life Data System, available at:
http://www.barcodinglife.org, Mol. Ecol. Notes, 7, 355–364, 2007.30

Richly, E. and Leister, D.: NUMTs in sequenced eukaryotic genomes, Mol. Biol. Evol., 21, 1081–
1084, 2004.

1214

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.barcodinglife.org


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Ristau, K., Steinfartz, S., and Traunspurger, W.: First evidence of cryptic species diversity and
significant population structure in a widespread freshwater nematode morphospecies (To-
brilus gracilis), Mol. Ecol., 22, 4562–4575, 2013.

Rothberg, J. M., Hinz, W., Rearick, T. M., Schultz, J., Mileski, W., Davey, M., Leamon, J. H.,
Johnson, K., Milgrew, M. J., and Edwards, M.: An integrated semiconductor device enabling5

non-optical genome sequencing, Nature, 475, 348–352, 2011.
Saccone, C., Gissi, C., Lanave, C., Larizza, A., Pesole, G., and Reyes, A.: Evolution of the

mitochondrial genetic system: an overview, Gene, 261, 153–159, 2000.
Sanger, F., Nicklen, S., and Coulson, A. R.: DNA sequencing with chain-terminating inhibitors,

Proc. Natl. Aca. Sci., 74, 5463–5467, 1977.10

Sasser, J. and Carter, C. C.: Root-knot nematodes (Meloidogyne spp.): Identification, mor-
phological and physiological variation, host range, ecology, and control, Nematology in the
southern region of the United States, Southern Cooperative Series Bulletin, 276, 21–32,
1982.

Sasser, J. N.: Identification and host-parasite relationships of certain root-knot nematodes15

(Meloidogyne spp.), Technical Bulletin, Maryland Agricultural Experiment Station, A-77, 31
pp., 1954.

Sasser, J. N., Carter, C. C., and Hartman, K. M.: Standardization of host suitability studies and
reporting of resistance to root-knot nematodes, 11819, Department of Plant Pathology, North
Carolina State University, 1984.20

Schmidt-Rhaesa, A.: Nematomorpha, in: Handbook of Zoology, Gastrotricha, Cycloneuralia
and Gnathifera, Volume 1: Nematomorpha, Priapulida, Kinorhyncha and Loricifera, edited
by: Schmidt-Rhaesa, A., Walter de Gruyter, Berlin, 29–146, 2012.

Schneider, A.: Monographie der Nematoden von Anton Schneider, G. Reimer, Berlin, 357 pp.,
1866.25

Schots, A., Gommers, F. J., Bakker, J., and Egberts, E.: Serological differentiation of plant-
parasitic nematode species with polyclonal and monoclonal antibodies, J. Nematol., 22, 16–
23, 1990.

Schroder, J., Bailey, J., Conway, T., and Zobel, J.: Reference-free validation of short read data,
PLoS One, 5, e12681, doi:10.1371/journal.pone.0012681, 2010.30

Semblat, J., Wajnberg, E., Dalmasso, A., Abad, P., and Castagnone-Sereno, P.: High-resolution
DNA fingerprinting of parthenogenetic root-knot nematodes using AFLP analysis, Mol. Ecol.,
7, 119–125, 1998.

1215

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1371/journal.pone.0012681


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Shaw, A. J. and Allen, B.: Phylogenetic relationships, morphological incongruence, and geo-
graphic speciation in the Fontinalaceae (Bryophyta), Mol. Phylogenet. Evol., 16, 225–237,
2000.

Shendure, J. and Ji, H.: Next-generation DNA sequencing, Nature Biotechnol., 26, 1135–1145,
2008.5

Sites, J. W. and Marshall, J. C.: Delimiting species: a Renaissance issue in systematic biology,
Trends Ecol. Evol., 18, 462–470, 2003.

Smith, L. M., Sanders, J. Z., Kaiser, R. J., Hughes, P., Dodd, C., Connell, C. R., Heiner, C.,
Kent, S. B., and Hood, L. E.: Fluorescence detection in automated DNA sequence analysis,
Nature, 321, 674–679, 1986.10

Sochová, I., Hofman, J., and Holoubek, I.: Using nematodes in soil ecotoxicology, Environ. Int.,
32, 374–383, 2006.

Song, H., Buhay, J. E., Whiting, M. F., and Crandall, K. A.: Many species in one: DNA bar-
coding overestimates the number of species when nuclear mitochondrial pseudogenes are
coamplified, Proc. Natl. Aca. Sci., 105, 13486–13491, 2008.15

Spiridonov, S. E., Reid, A. P., Podrucka, K., Subbotin, S. A., and Moens, M.: Phylogenetic rela-
tionships within the genus Steinernema (Nematoda: Rhabditida) as inferred from analyses of
sequences of the ITS1-5.8 S-ITS2 region of rDNA and morphological features, Nematology,
6, 547–566, 2004.

Subbotin, S. and Moens, M.: Molecular diagnostics of plant-parasitic nematodes, in: Plant Ne-20

matology, edited by: Perry, R. and Moens, M., CABI Wallingford, UK, 33–58, 2007.
Subbotin, S. A., Vierstraete, A., De Ley, P., Rowe, J., Waeyenberge, L., Moens, M., and Van-

fleteren, J. R.: Phylogenetic relationships within the cyst-forming nematodes (Nematoda,
Heteroderidae) based on analysis of sequences from the ITS regions of ribosomal DNA,
Mol. Phylogen. Evol., 21, 1–16, 2001.25

Subbotin, S. A., Sturhan, D., Chizhov, V. N., Vovlas, N., and Baldwin, J. G.: Phylogenetic analy-
sis of Tylenchida Thorne, 1949 as inferred from D2 and D3 expansion fragments of the 28S
rRNA gene sequences, Nematology, 8, 455–474, 2006.

Subbotin, S. A., Ragsdale, E. J., Mullens, T., Roberts, P. A., Mundo-Ocampo, M., and Baldwin,
J. G.: A phylogenetic framework for root lesion nematodes of the genus Pratylenchus (Ne-30

matoda): Evidence from 18S and D2–D3 expansion segments of 28S ribosomal RNA genes
and morphological characters, Mol. Phylogen. Evol., 48, 491–505, 2008.

1216

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Taberlet, P., Coissac, E., Pompanon, F., Brochmann, C., and Willerslev, E.: Towards next-
generation biodiversity assessment using DNA metabarcoding, Mol. Ecol., 21, 2045–2050,
2012.

Takahashi, S., Murakami, K., Anazawa, T., and Kambara, H.: Multiple sheath-flow gel capillary-
array electrophoresis for multicolor fluorescent DNA detection, Anal. Chem., 66, 1021–1026,5

1994.
Tastet, C., Val, F., Lesage, M., Renault, L., Marché, L., Bossis, M., and Mugniéry, D.: Application

of a putative fatty-acid binding protein to discriminate serologically the two European quar-
antine root-knot nematodes, Meloidogyne chitwoodi and M. fallax, from other Meloidogyne
species, Eur. J. Plant Pathol., 107, 821–832, 2001.10

Taylor, A., and Sasser, J.: Biology, identification and control of root-knot nematodes, A cooper-
ative publication of the Department of Plant Pathology, North Carolina State University and
the United States Agency for International Development, North Carolina State University
Graphics, Raleigh, NC 111 pp., 1978.

Teal, J. M. and Wieser, W.: The distribution and ecology of nematodes in a Georgia salt marsh,15

Limnol. Oceanogr., 11, 217–222, 1966.
Thiery, M. and Mugniery, D.: Interspecific rDNA restriction fragment length polymorphism in

Globodera species, parasites of Solanaceous plants, Fund Appl. Nematol., 19, 471–480,
1996.

Tietjen, J. H.: Ecology of deep-sea nematodes from the Puerto Rico Trench area and Hatteras20

Abyssal Plain, Deep Sea Res. Pt. A, 36, 1579–1594, 1989.
Tringe, S. G., Von Mering, C., Kobayashi, A., Salamov, A. A., Chen, K., Chang, H. W., Podar,

M., Short, J. M., Mathur, E. J., and Detter, J. C.: Comparative metagenomics of microbial
communities, Science, 308, 554–557, 2005.

Tripathi, A. M., Tyagi, A., Kumar, A., Singh, A., Singh, S., Chaudhary, L. B., and Roy,25

S.: The internal transcribed spacer (ITS) region and trnhH-psbA are suitable candi-
date loci for DNA barcoding of tropical tree species of India, PloS one, 8, e57934,
doi:10.1371/journal.pone.0057934, 2013.

Valentini, A., Pompanon, F., and Taberlet, P.: DNA barcoding for ecologists, Trends Ecol. Evol.,
24, 110–117, 2009.30

van Megen, H., van den Elsen, S., Holterman, M., Karssen, G., Mooyman, P., Bongers, T.,
Holovachov, O., Bakker, J., and Helder, J.: A phylogenetic tree of nematodes based on about
1200 full-length small subunit ribosomal DNA sequences, Nematology, 11, 927–950, 2009.

1217

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1371/journal.pone.0057934


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

van Veen, T. S.: Agricultural policy and sustainable livestock development, Int. J. Parasitol., 29,
7–15, 1999.

Vijayan, K. and Tsou, C.: DNA barcoding in plants: taxonomy in a new perspective, Curr. Sci.
India, 99, 1530–1541, 2010.

Vovlas, N., Troccoli, A., Palomares-Rius, J. E., De Luca, F., Liébanas, G., Landa, B. B., Sub-5

botin, S. A., and Castillo, P.: Ditylenchus gigas n. sp. parasitizing broad bean: a new stem
nematode singled out from the Ditylenchus dipsaci species complex using a polyphasic ap-
proach with molecular phylogeny, Plant Pathol., 60, 762–775, 2011.

Waite, I. S., O’Donnell, A. G., Harrison, A., Davies, J. T., Colvan, S. R., Ekschmitt, K., Dogan,
H., Wolters, V., Bongers, T., and Bongers, M.: Design and evaluation of nematode 18S rDNA10

primers for PCR and denaturing gradient gel electrophoresis (DGGE) of soil community DNA,
Soil Biol. Biochem., 35, 1165–1173, 2003.

Will, K. W., Mishler, B. D., and Wheeler, Q. D.: The perils of DNA barcoding and the need for
integrative taxonomy, Syst. Biol., 54, 844–851, 2005.

Williams, S.: Species boundaries in the starfish genus Linckia, Mar. Biol., 136, 137–148, 2000.15

Wilson, E. O.: A global biodiversity map, Science, 289, 2279–2279, 2000.
Wilson, M. J. and Khakouli-Duarte, T.: Nematodes as environmental indicators, CABI Publish-

ing, Wallingford, UK, 326 pp., 2009.
Yeates, G.: Variation in soil nematode diversity under pasture with soil and year, Soil Biol.

Biochem., 16, 95–102, 1984.20

Yeates, G., Bongers, T., De Goede, R., Freckman, D., and Georgieva, S.: Feeding habits in
soil nematode families and genera – an outline for soil ecologists, J. Nematol., 25, 315–331,
1993.

Yeates, G. W.: Nematodes as soil indicators: functional and biodiversity aspects, Biol. Fert.
Soils, 37, 199–210, 2003.25

Zhou, X., Li, Y., Liu, S., Yang, Q., Su, X., Zhou, L., Tang, M., Fu, R., Li, J., and Huang, Q.: Ultra-
deep sequencing enables high-fidelity recovery of biodiversity for bulk arthropod samples
without PCR amplification, GigaScience, 2, 1–12, 2013.

Zijlstra, C.: Identification of Meloidogyne chitwoodi, M. fallax and M. hapla based on SCAR-
PCR: a powerful way of enabling reliable identification of populations or individuals that share30

common traits, Eur. J. Plant. Pathol., 106, 283–290, 2000.

1218

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Zijlstra, C., Donkers-Venne, D. T., and Fargette, M.: Identification of Meloidogyne incognita, M.
javanica and M. arenaria using sequence characterised amplified region (SCAR) based PCR
assays, Nematology, 2, 847–853, 2000.

1219

http://www.soil-discuss.net
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-print.pdf
http://www.soil-discuss.net/2/1175/2015/soild-2-1175-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


SOILD
2, 1175–1220, 2015

Nematode taxonomy:
from morphology to

metabarcoding

M. Ahmed et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 1. Historical review of nematode higher classification. Nematoda ranked as either a
phylum or class. (Revised from Adamson, 1987 (Courtesy Decraemer 2011: Systematics and
molecular Phylogeny lecture notes)).

Proposed higer level classifications Authors

Ph: Nemata
Cobb (1919)Subph: Alaimia Subph: Laimia

Cl: Alaimia Cl: Anonchia Cl: Onchia

Cl: Nematoda
Chitwood (1937)

Subcl: Phasmidia Subcl: Aphasmidia

Ph: Nematoda
Chitwood (1937, 1950)

Phasmidia: Cl Cl Aphasmidia:

Ph: Nematoda
Chitwood (1958)

Cl: Adenophorea Cl: Secernentea

Ph: Nematoda
Gadea (1973)

Cl: Enoplinomorpha Cl: Chromadorimorpha

Cl: Nematoda
Drozdowsky (1975, 1978, 1980)

Subcl: Enoplia Subcl: Chromadoria

Ph: Nematoda
Andrassy (1976)

Cl: Penetrantia Cl: Torquentia Secernentia

Ph: Nematoda
Inglis (1983)

Cl: Enoplea Cl: Chromadorea Cl: Rhabditea

Cl: Nematoda
Malakhov (1986)

Subcl: Enoplia Subcl: Chromadoria Subcl: Rhabditia

Ph: Nematoda
Adamson (1987)

Cl: Enoplea Cl: Rhabditea

Ph: Nematoda
Present: De Ley and Blaxter (2002)

Cl: Enoplea Cl: Chromadorea

Ranks: Ph=Phylum, Subph=Subphylum, Cl=Class, Subcl=Subclass.
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