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Introduction

Longidorid nematodes tend to be very conserved
in gross morphology, making identification of indi-
vidual species difficult even for specialists. Indi-
vidual nematodes are identified and distinguished
by their morphological features, the host they in-
fect, their pathological effect on the host and/or
their geographical origin. Several longidorid spe-
cies are vectors of economically important plant
viruses (Taylor and Brown, 1997) so that a correct
identification of the species is of great importance.
Identification criteria are often inadequate for the
tiny egg and larval stages. The accurate identifi-
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cation of a species may have important implica-
tions for taxonomy and population biology as well
as for disease management.

Molecular techniques are considered to be par-
ticularly useful where morphological characters
lead to an ambiguous interpretation. The polymer-
ase chain reaction (PCR) (Saiki et al., 1985) espe-
cially overcomes the limitations of morphological
identification by its capacity to specifically ampli-
fy parasite DNA from minute amounts of materi-
al. Moreover, DNA is not influenced by environ-
mental conditions, or by tissue, or by the develop-
mental stage of an organism. The choice of the tar-
get region for amplification by PCR depends on the
questions asked and the purpose the PCR is to
serve. The nuclear ribosomal DNA (rDNA) cistron
represents one of the most commonly used target
regions to discriminate different nematode species
(Zijlstra et al., 1995; Powers et al., 1997; Nadler et
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al., 2000; Waeyenberge et al., 2000; Lamberti et
al., 2001; Lamberti et al., 2002; De Luca et al.,
2004a, 2004b).

The rDNA of eukaryotes is a large multigene
family consisting of tandemly arrayed sequence
repeats usually found in clusters in specific chro-
mosomes (Elder and Turner, 1995). Each rDNA
repeating cistron is arranged as follows: an exter-
nal non-coding region (ETS), a small ribosomal
subunit (18S gene), an internal transcribed region
(ITS1), the 5.8S gene, another internal transcribed
spacer (ITS2), a large ribosomal subunit (26S or
28S gene) and finally an intergenic spacer region
(IGS) (De Giorgi et al., 2002). The level of variabil-
ity displayed by each of these regions is remarka-
bly different (Schlotterer and Tautz; 1994; Elder
and Turner, 1995). Within an individual cistron,
the 26S, 18S and 5.8S regions are conserved in a
broad range of different genera, while the ETS, ITS
and IGS regions display sequence variations even
between closely related species and consequently
they can be used to establish phylogenetic relation-
ships at different levels, ranging from those be-
tween distantly related organisms to those distin-
guishing between populations. However, even with-
in a single gene there are regions with different
degrees of variability. For instance, the 26S gene
consists of both highly conserved and highly vari-
able stretches (D expansions) (Clark et al., 1984).
The D expansion segments diverge between close-
ly related species and are suitable for examining
relatively recent evolutionary events, as was also
reported for nematode species (Al-Banna et al.,
1997; Thomas et al., 1997; Blaxter et al., 1998;
Duncan et al., 1999; Kaplan et al., 2000; Carta et
al., 2001). Recent studies have demonstrated that
internal transcribed spacers (ITSs) are accurate
species markers because they vary between spe-
cies, and between populations within a species. In
particular ITS-1 and ITS-2 are commonly used for
the molecular differentiation and identification of
free-living, human, animal and plant parasitic
nematodes (Powers et al., 1997; Blok et al., 1998;
Hugall et al., 1999; Hung et al., 1999; Morales-
Hojas et al., 2001; Elbadri et al., 2002; Otranto et
al., 2003) because of the low level of intra-specific
sequence variation combined with higher levels of
inter-specific differences.

In this paper, we examined how well ITS PCR-
RFLP differentiated between longidorid species,

and how well sequencing of two different ribosom-
al regions, the ITS containing region and D1-D2
domains of the 26S rDNA, were able to infer phyl-
ogenetic relationships among those same species.

PCR-RFLP and sequencing approaches for
longidorid identification.

The PCR amplification of a specific portion of
DNA consists of three steps: denaturation, primer
annealing and extension. The primers bind their
complementary regions on both strands of the DNA
and each primer performs the synthesis of a new
strand complementary to the old one. This reac-
tion is repeated many times, allowing the produc-
tion of a large quantity of product starting from
what is virtually a single DNA molecule. The PCR
conditions are then modified to achieve optimum
specificity, fidelity and amplification efficiency.

In our laboratory, we used the primer designed
on the 3’ end of the 18S and the reverse primer on
the 5’ end of the 26S to amplify the ITS-containing
regions of various species of the plant-parasitic
nematodes Longidorus and Xiphinema. The size
of the ITS amplified product was the same for lar-
val stages and for females.

The size of the amplified ITS-containing region
of the Longidorus spp. studied (including 193 bp
of the 3’ end of the 18S and 98 bp of the 5’ end of
the 26S) was: 1985 bp for L. helveticus, 1967 bp for
L. macrosoma, 1835 bp for L. arthensis, 1827 bp
for L. profundorum, 1624 for L. elongatus and 1566
bp for L. raskii (Lamberti et al., 2001); that of the
Xiphinema spp. was: 1500 bp for X. citricolum, X.
floridae and X. laevistriatum belonging to the Xi-
phinema americanum group (Lamberti et al., 2002),
1804 bp for X. vuittenezi, 1913 bp for X. diversi-
caudatum and 2008 bp for X. index. The length
variation of the ITS-containing regions was signif-
icant and corresponded to differences in the ITS1
and ITS2, since the 5.8S, and the 3’ and 5’ ends of
the 18S and 26S respectively, were the same length
in all species. The ITS1 varied from 632 to 1060
bp, and the ITS2 from 382 to 501 bp. The ITS1 of
L. macrosoma and L. helveticus, at 1022 and 1060
bp respectively, were the longest ITS1 reported in
nematodes to date. In eukaryotes, the ITS1 size is
around 800 bp; only in Schistosoma japonica, Exo-
chomus quadripustulatus and Anopheles gambia
the ITS1 lengths are 1400, 2572 and 5500 bp re-
spectively (Paskewitz et al., 1993; van Herwerden
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et al., 1998; von der Schulenburg et al., 2001).
The data clearly demonstrated that congeneric

species can be differentiated by the size of their
ITS-containing region.

Further information is obtained when ITS-am-
plified products are examined directly by restric-
tion digestion. The digested products separated in
2% agarose gel stained with ethidium bromide,
were visualised under UV light and photographed.
A characteristic RFLP profile was produced for each
species, and no variation in profile was detected
when multiple isolates were analysed. In our labo-
ratory we used six different restriction enzymes
Alu I, Bam HI, Dde I, Hinf I, Rsa I and Xba I, for
Xiphinema species, and Alu I, Ava II, Dde I, Eco
RI, Hinf I and Rsa I, for Longidorus species. Each
restriction enzyme separated each Longidorus spe-
cies from all the others, and from the Xiphinema
species. Furthermore, genera and species exhibit-
ing products of a similar size were all clearly dif-
ferentiated from each other (Lamberti et al., 2001,
Lamberti et al., 2002). This method thus proved a
simple, highly sensitive and rapid means to dis-
criminate longidorid nematodes, and the ITS re-
gions represented accurate species markers.

Several methods have been explored to detect
sequence variability in rDNA. Sequencing has
made possible the identification of strain and spe-
cies-specific markers, the identification of cryptic
species (morphologically similar but genetically
distinct) and the phylogenetic reconstruction of
parasitic groups (Chilton et al., 1997; Blaxter et
al., 1998). This method has detected sequence var-
iation among the ITS regions of longidorid spp.
Several nematode species such as Longidorus hel-
veticus, L. macrosoma, L. arthensis, L. profundo-
rum, L. elongatus and L. raskii showed high level
of ITS inter-species variability making a proper
multialignment difficult.

Direct sequencing of PCR products allows poly-
morphisms (one or more nucleotides present at one
or more sequence positions) to be detected in the
sequencing gel, but does not separate sequence
variants. To overcome this problem, PCR products
can be cloned into a plasmid vector and many clones
sequenced in order to recover sequence variants
present at low frequency. When a large number of
clones are sequenced, they may contain PCR-in-
duced errors. Therefore, a consensus sequence
should be determined based on the sequencing of

multiple clones derived from independently cloned
PCR products.

In our study, the ITS-containing regions of
Longidorus and Xiphinema spp. were cloned. The
sequence analyses showed that there was little or
no sequence variation between clones from indi-
vidual nematodes. Several di- and trinucleotide
microsatellites occurred both in ITS regions con-
tributing to length variation in the number of re-
peats between species, and in individual nema-
todes. This phenomenon, called microheterogenei-
ty, indicates the occurrence of more than one ITS
in the genome of an individual nematode and has
been described in nematodes (Powers et al., 1997;
Blok et al., 1998; Hugall et al., 1999; Subbotin et
al., 2000; Waeyenberge et al., 2000). This hetero-
geneity is due to the occurrence of microsatellites
and the differences in the length and sequence of
the ITSs (Zarlenga et al., 1996; van Herwerden et
al., 1999; van Herwerden et al., 2000; von der Schu-
lenburg et al., 2001). Simple or repetitive elements
7–12 nt long also occur in Longidorus spp. and are
localised in the middle of both spacers, where there
are no constraints.

A second region of the rDNA corresponding to
the 5’ end of the 26S of the rDNA was also ampli-
fied. This region contained the D1 and D2 expan-
sion segments, which showed more variation than
the core structure sequences (Clark et al., 1984).
The sequencing of these domains in Longidorus
spp. (De Luca et al., 2004a) revealed little or no
sequence variation among clones from the same
individual. A high level of similarity was recorded
between species, allowing a correct alignment of
the sequences, but with enough variation between
sites for phylogenetic reconstruction.

The data clearly suggested that the D1-D2 do-
main was more suitable for inferring phylogenetic
relationships among Longidorus species than ITS.

The ITS and D1-D2 sequences were used for
phylogenetic reconstruction of the six species of
Longidorus.

There are various procedures to establish the
phylogenetic relationships among sequences: dis-
tance methods, parsimony and maximum likeli-
hood. Genetic distances were obtained using the
GTR and log-det methods. The GTR method calcu-
lated the distance between sequences without im-
posing any nucleotide substitution model, but es-
timating it from the data. The log-det method al-
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lowed phylogenetic inference even in cases where
the sequences showed a different base composition,
as with Longidorus ITS. Based on these procedures,
phylogenetic trees were constructed both by means
of minimum evolution and by means of neighbour-
joining approaches implemented with the
PAUP*4.0b10 package (Swofford, 1998). In addi-
tion to these methods, the maximum parsimony
and maximum likelihood methods were also per-
formed using the PAUP package (Swofford, 1998).

Using X. index as the outgroup, we found that
Longidorus spp. clustered in two groups, one of
them containing L. helveticus and L. macrosoma,
and the other L. arthensis, L. profundorum, L. elon-
gatus and L. raskii, regardless of the region (ITS
or D1-D2) or the means used for phylogenetic re-
construction (De Luca et al., 2004a). Within the
latter Longidorus group L. profundorum always
clustered with L. arthensis, while the position of
L. raskii in the clusters changed depending on the
region being examined: close to L. profundorum
and L. arthensis when D1-D2 is examined, or as
an outgroup of all other Longidorus species when
the ITS region is investigated.
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