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Abstract The needle nematodes of the genus
Longidorus can cause diseases of various crops and
trees, and are comprised of more than 150 valid species.
Eleven valid and six unidentified species of the genus
Longidorus collected in different regions of Russia, two
states of USA, Germany, New Zealand and Ukraine
were molecularly characterized using analysis of the
partial 18S rRNA and the D2–D3 expansion segments
of the 28S rRNA gene sequences. Fifty-four partial 28S
rRNA and fifteen partial 18S rRNA gene sequences
were obtained for the present study. Using molecular
criteria, we confirmed the morphological identification
and distinguished between the following species: L.
aetnaeus, L. africanus, L. andalusicus, L. artemisiae,
L. caespiticola, L. distinctus, L. elongatus, L. euonymus,
L. intermedius, L. leptocephalus and L. lignosus. Two
longidorid populations from Russia and four from Cal-
ifornia were not identified to a species level. We

obtained the full length D2–D3 of 28S rRNA gene
sequence from several freshly-collected L. artemisiae
samples. We confirmed the identity of the D2 region
of 28S rRNA gene sequence with a short D2 of 28S
rRNA gene fragment sequence previously obtained
from formalin-fixed nematodes embedded in the L.
artemisiae paratype slides. Longidorus lignosus was
molecularly characterized and L. aetnaeus was reported
from Russia for the first time. PCR-D2-D3-RFLP diag-
nostic profiles generated by five restriction enzymes:
AluI, HinfI, Bsp143I, Tru1I and RsaI are presented for
sixteen Longidorus species.

Keywords Needle nematodes . PCR-RFLP.

Phylogeny. 18S rRNA gene . 28S rRNAgene

The needle nematodes of the genus Longidorus
Micoletzky, 1922 are comprised of more than 150 valid
species. These parasitic nematodes feed on roots of many
plants and can cause significant yield losses in various
crops by directly damaging roots or by transmitting
nepoviruses. Nine Longidorus species have been known
as vectors of seven nepoviruses (Taylor and Brown 1997;
Decraemer and Robbins 2007; Gutiérrez-Gutiérrez et al.
2013). Rapid and accurate identification of longidorids to
the species level is important as a first step in selecting
appropriate control measures against these pests.

Morphological and morphometric characters tradi-
tionally are used for identification of longidorids. Spe-
cies determination of longidorids is complex, difficult
and time-consuming even for experts. Recently, DNA-
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based approaches have been successfully applied for
molecular characterization, diagnostics and study of
phylogeny of the genus Longidorus. Several genes were
used for molecular characterization of these nematodes:
partial 28S rRNA gene (Rubtsova et al. 2001; De Luca
et al. 2004a; Handoo et al. 2005; He et al. 2005;
Gutiérrez-Gutiérrez et al. 2010; 2013; Kumari and
Subbotin 2012; Amrei et al. 2013), 18S rRNA gene
(Neilson et al. 2004; Oro et al. 2005; Gutiérrez-Gutiér-
rez et al. 2010; 2013; Niknam et al. 2010; Kumari and
Subbotin 2012 and others), ITS rRNA gene (De Luca
et al. 2004a; Ye et al. 2004; Kumari et al. 2009; Niknam
et al. 2010; Kumari and Subbotin 2012) and cox1 of
mtDNA (Kumari et al. 2009; Kumari and Subbotin
2012) and nad4 of mtDNA (Kumari and Subbotin
2012). Lamberti et al. (2001) and De Luca et al.
(2004a, 2009) designed a PCR-ITS-RFLP assay with
six restriction enzymes to distinguish some Longidorus
species. A similar approach was developed by Širca and
Urek (2009), who used the D2–D3 of 28S rRNA gene
and five restriction enzymes to distinguish six
Longidorus species. After analysis of the ITS rRNA
gene sequences, Hübschen et al. (2004) developed
species-specific primers for the identification of six
longidorid nematodes: L. attenuatus, L. elongatus, L.
macrosoma, L. helveticus, L. profundorum and L.
sturhani.

Needle nematodes of the genus Longidorus are found
in all inhabited continents, with the highest number of
species in Europe (more than 75 species) followed by
Asia, North America and Africa (Decraemer and Rob-
bins 2007). Fourteen valid species of this genus are
reported in Russia: L. artemisiae, L. attenuatus, L.
caespiticola, L. cylindricaudatus, L. distinctus, L.
elongatus, L. euonymus, L. leptocephalus, L.
macrosoma, L. martini, L. olegi, L. profundorum, L.
rubi and L. vineacola (Brown et al. 1990; Romanenko
1993, 1998; Rubtsova et al. 1999; Khusainov 2012).
Except for L. artemisiae, these nematode species were
identified using only morphological characters.
Rubtsova et al. (2005) amplified and sequenced a short
fragment of the D2 of 28S rRNA gene obtained from
glycerine-embedded nematodes recovered from L.
artemisiae paratype slides. Sequences of short frag-
ments of 28S rRNA gene for L. artemisiae and several
other Longidorus obtained from fixed materials species
were published by Rubtsova et al. (2005).

The main objectives of this study were to: i) verify
morphological identification of some LongidorusT
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species collected in Russia, USA and other countries
using molecular approaches; ii) provide molecular
characterization of studied species using sequence
analysis of partial 18S rRNA and 28S rRNA genes;
iii) reconstruct phylogenetic relationships within the

genus Longidorus using partial 18S rRNA and 28S
rRNA gene sequences using Bayesian inference; iv)
provide a PCR-RFLP assay using D2–D3 of 28S
rRNA gene for rapid diagnostics of longidorid
species.

Fig. 1 Phylogenetic relationships within the genus Longidorus:
Bayesian 50 % majority rule consensus tree from two runs as
inferred from partial 18S rRNA gene sequence alignments under

the GTR+I+G model. Posterior probabilities more than 70 % are
given for appropriate clades. Newly obtained sequences are indi-
cated by bold letters
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Materials and methods

Nematode populations and morphological studies

Nematode populations for this study were obtained from
several sources. Most nematode specimens were obtain-
ed from soil samples collected in different regions of
Russia (37 samples), USA (nine samples) (states of
California and Utah) and Ukraine (one sample). Nema-
todes from Germany (one sample) and New Zealand
(one sample) were kindly provided by Dr. D. Sturhan
(Table 1). The D2–D3 of 28S rRNA gene sequence of
an unidentified Longidorus from Utah, USA under the
accession number KF292307 was provided by Dr. L.
Poiras. The sample of L. americanum (Handoo et al.
2005) was included in the PCR-RFLP study.

The nematodes were extracted from soil by a sieving
and decanting method (Brown and Boag 1988). Speci-
mens from some populations were killed by gentle heat
fixed in 4 % formalin or TAF andmounted in anhydrous
glycerin for morphological examination. Preliminary
morphological identifications of specimens were done
by R.V. Khusainov and V.N. Chizhov using Chen et al.
(1997)’s key and corresponding species descriptions
(Khusainov 2012). Some Russian populations of
longidorid species used in this study will be described
morphologically and morphometrically in separate pub-
lications by R.V. Khusainov (pers. comm.).

In this study, most species were defined and delimited
based on an integrated approach that considered morpho-
logical evaluation, molecular based phylogenetic infer-
ence (tree based methods) and sequence analyses (genet-
ic distance methods) (Sites and Marshall 2004).

DNA extraction, PCR assays and sequencing

Nematode DNA from nematodes was extracted from a
single individual. Several specimens were analysed for
some populations. Protocols for DNA extraction, PCR
and sequencing were described by Tanha Maafi et al.
(2003). The following primerswere used for amplification
of two rRNA gene fragments: partial 18S rRNA – the
forward G18SU (5′-GCT TGT CTC AAA GAT TAA
GCC-3′) and the reverse R18Tyl1 (5′-GGT CCA AGA
ATT TCA CCT CTC-3′) (Chizhov et al. 2006) primers
and D2–D3 expansion segments of 28S rRNA gene - the
forward D2A (5′-ACA AGT ACC GTG AGG GAA
AGT TG-3′) and the reverse D3B (5′-TCG GAA GGA
ACC AGC TAC TA-3′) (Rubtsova et al. 2001) primers.

PCR products were purified after with QIAquick (Qiagen,
USA) gel extraction kit. The same primers were used for
direct sequencing. Several PCR products were cloned into
the pGEM-T vector and transformed into JM109 High
Efficiency Competent Cells (Promega, USA). Several
clones of each sample were isolated using blue/white
selection and submitted to PCR with same primers. PCR
products from each clone were sequenced. Sequences
were submitted to theGenBank database under accessions
numbers: KF242279–KF242347 (Table 1).

Sequence and phylogenetic analysis

Sequences of the partial 18S rRNA and D2–D3 of 28S
rRNA genes were aligned using ClustalX 1.83 (Thomp-
son et al. 1997) with default parameters with corre-
sponding published gene sequences, respectively
(Rubtsova et al. 2001; He et al. 2005; Kumari et al.
2009; Širca and Urek 2009; Gutiérrez-Gutiérrez et al.
2010; 2013; Niknam et al. 2010; Palomares-Rius et al.
2010; Guo et al. 2011; Coomans et al. 2012; Pedram
et al. 2012; Amrei et al. 2013; Peneva et al. 2013 and
others). Outgroup taxa for each dataset were chosen
according to the results of previous publications (He
et al. 2005). The best fit model of DNA evolution was
obtained using the program JModeltest ver. 0.1.1 (Po-
sada 2008) with the Akaike Information Criterion. Se-
quence datasets were analysed with Bayesian inference
(BI) using MrBayes 3.1.2 (Huelsenbeck and Ronquist
2001). BI analysis for each aligned dataset was initiated
with a random starting tree and was run with four chains
for 2.0×106 generations. The Markov chains were sam-
pled at intervals of 100 generations. Two runs were
performed for each analysis. After discarding burn-in
samples and evaluating convergence, the remaining
samples were retained for further analysis. The topolo-
gies were used to generate a 50 % majority rule consen-
sus tree. Posterior probabilities (PP) are given on appro-
priate clades. Trees were visualised using TreeView

Fig. 2 a and b Phylogenetic relationships within the genus
Longidorus: Bayesian 50 % majority rule consensus tree from
two runs as inferred from D2–D3 of 28S rRNA gene sequence
alignments under the GTR+I+G model. Posterior probabilities
more than 70 % are given for appropriate clades. Newly obtained
sequences are indicated by bold letters. Originally identified as: 1L.
intermedius; 2L. profundorum; 3L. raskii; 4L. latocephalus (syno-
nym of L. pisi). The D1–D2 of 28S rRNA gene sequences of L.
profundorum and L. raskii provided by De Luca et al. (2004b) do
not likely belong to those species and named here as Longidorus
sp. These sequences are very similar with each other and with
those for L. arthensis

�

Eur J Plant Pathol



Eur J Plant Pathol



program (Page 1996). Further sequence analyses of
alignments were performed with PAUP* 4b10
(Swofford 2003). Pairwise divergences between taxa
were computed as absolute distance values and as per-
centage mean distance values based on whole align-
ment, with adjustment for missing data.

PCR-D2-D3-RFLP

Five to seven μl of the purified PCR product of
D2–D3 of rDNA was digested by one of the

following restriction enzymes: AluI, HinfI, Bsp143I
(MboI), Tru1I (MseI) or RsaI (Fermentas Interna-
tional, Inc) in the buffer stipulated by the manu-
facturer. Digested DNA was run on a 1.4 % TAE
buffered agarose gel, stained with ethidium bro-
mide, visualised on UV transilluminator and
photographed. The length of each restriction frag-
ment from the PCR products was predicted by a
virtual digestion of the sequences using WebCutter
2.0 (www.firstmarket.com/cutter/cut2.html) or
estimated from a gel.

Fig. 2 continued.
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Results

Species identification and delimiting

We distinguished the following species in our samples:
L. aetnaeus, L. africanus, L. andalusicus, L. artemisiae,
L. caespiticola, L. distinctus, L. elongatus, L. euonymus,
L. intermedius, L. leptocephalus and L. lignosus. Samples
of L. caespiticola, L. distinctus and some samples of
L. aetnaeus were identified using only molecular criteria.
Two populations from Russia and four samples from
California were not identified to species level because of
the lack of sufficient numbers of females and named here
as representatives of six unidentified Longidorus species.
More detailed morphological and molecular analyses are
required to further evaluate and identify these samples.

Sequence and phylogenetic analysis

Partial 18S rRNA gene The alignment for the partial
18S rRNAgene including 66 Longidorus sequences and
two outgroup sequences was 836 positions in length.
New fifteen sequences of Longidorus were obtained in
the present study. Forty-six Longidorus species were
included in the analysis. Intraspecific sequence diver-
gence for some species were: L. dunensis – 1–4 bp (0.2–
0.6 %); L. paravineacola – 1–4 bp (0.1–0.5 %), L.
henanus – 10 bp (1.2 %) and L. diadecturus – 10 bp
(1.2 %). There were no differences in the partial 18S
rRNA gene sequences between L. elongatus, L.
intermedius, L. crataegi and L. piceicola; L. sturhani
and Longidorus sp.4; L. africanus, L. ferrisi and L.
mindanaoensis.

The 18S rRNA gene BI tree revealed four major
supported clades (Fig. 1), three of them were highly
supported (PP=98–100) and one moderate supported
clade (PP=89). The first highly supported clade includ-
ed majority species and more than 70 % of studied
sequences. The relationships between species within
this clade were poorly or not resolved. The clade II
included L. diadecturus, Longidorus sp. 5, L. litchi
and L. henanus. The clade III contained L. helveticus,
L. macrosoma, L. caespiticola, L. poessneckensis and L.
lignosus. The clade IV included L. africanus, L. ferrisi
and L. mindanaoensis.

D2–D3 expansion segments of 28S rRNA gene The
alignment for the D2–D3 of 28S rRNA gene included

150 Longidorus sequences and three outgroup se-
quences and was 847 positions in length. New fifty-
four sequences of Longidorus were obtained in the
present study. Forty-eight known and six unidentified
Longidorus species were included in this analysis. Our
sequences of L. aetnaeus, L. africanus, L. andalusicus,
L. caespiticola, L. distinctus, L. elongatus, L. euonymus,
L. intermedius and L. leptocephalus clustered and
showed high similarity with sequences of corresponding
species fromGenBank. Sequences of L. artemisiaewere
identical to the D2 of 28S rRNA gene sequence frag-
ment, which was 75 bp in length and obtained from the
paratype slides of this species and published by
Rubtsova et al. (2005).

Intraspecific sequence dissimilarities for some spe-
cies were: L. elongatus – 0–10 bp (0–2.1 %), L.
intermedius – 2–5 bp (0.3–0.7 %), L. aetnaeus – 0–
3 bp (0–0.4 %), L. caespiticola – 3–20 bp (0.4–2.7 %),
L. euonymus – 1–4 bp (0.1–0.3 %), L. africanus – 1–
5 bp (0.1–0.7 %), L. juvenilis – 8 bp (1.1 %), L. lepto-
cephalus – 0–3 bp (0–0.4 %) and L. artemisiae – 0–1 bp
(0.2 %). Interspecific divergence between L. aetnaeus
and L. leptocephalus was 5–9 bp (0.7–1.4 %) and be-
tween L. carpathicus and L. uroshis – 9 bp (1.2 %). The
nucleotide dissimilarity between Longidorus sp.1 and
Longidorus sp.2 was 23 bp (3.0 %) and between
Longidorus sp.2 and Longidorus sp.6 was 17 bp
(2.3.%).

Longidorus species were distributed among eight
highly supported major clades in the D2–D3 of 28S
rRNA gene BI tree (Fig. 2a, b). Clade I included the
majority of Longidorus species, clade VI contained
seven species, clade VIII - two species, other clades
(II, III, IV, V, VII) represented by single species
lineages.

PCR-RFLP study

PCR-D2-D3-RFLP profiles generated by five enzymes
for 16 species of Longidorus are given in Fig. 3. Lengths
of restriction fragments from RFLP for the D2–D3 of
the 28S rRNA gene obtained with using WebCutter 2.0
are presented in Table 2. Five restriction enzymes: AluI,
HinfI, Bsp143I, Tru1I or RsaI distinguished all species
with an exception of two unidentified species
(Longidorus sp.1 and Longidorus sp.2). Restriction en-
zyme HinfI generated nine distinct profiles, whereas
AluI and RsaI – seven, Tru1I – six and Bsp143I - four

Eur J Plant Pathol



restriction profiles. Lengths of restriction fragments vis-
ible on the gels after PCR–RFLPs for all studied en-
zymes were similar to those expected from in silico
analysis.

Discussion

Identification of longidorids is difficult because of high
intra- and interspecific variability of morphological and
morphometrical characters. Identification using morpho-
logical and molecular methods agreed for most our sam-
ples and we were able to identify the majority of samples
in our study. However, the identification of some of them
remains uncertain because of a lack of morphological

data for some isolates and the absence of similar se-
quences in the GenBank database. Final identification
of these populations will be possible after a more thor-
ough morphological characterization of these isolates.

PCR-RFLP remains the effective method of identifi-
cation of different nematode groups comprising many
species. This technique is a simple, rapid and cost-
effective in comparison with other approaches. Širca
and Urek (2009) provided PCR-RFLP diagnostic pro-
files for identification of 6 species of Longidorus using a
fragment of the D2–D3 of 28S rRNA gene. Restriction
of D2–D3 amplicons by five enzymes produces species-
specific restriction patterns for those species. In the
present study we confirmed the value of this technique
for identification and providing diagnostic profiles for

Fig. 3 PCR- D2-D3-28S-RFLP diagnostic profiles for some
Longidorus species. a L. aetnaeus (CD1142); b L. africanus
(CD1301); c L. americanum (720); d L. artemisiae (CD1115); e
L. caespiticola type B (CD1109); f L. elongatus (CD1145); g L.
euonymus (CD1130); h L. intermedius (CD1122); i: L.

leptocephalus (CD1136); j L. lignosus (CD1124); k Longidorus
sp.1 (CD833); l Longidorus sp.2 (CD897); m Longidorus sp.3
(CD1112); n Longidorus sp.4 (CD1117); o Longidorus sp.5
(CD506); p Longidorus sp.6 (CD876). M 100 bp DNA marker
(Promega, USA), 1 - AluI, 2 -HinfI, 3 - Bsp143I, 4 - Tru1I, 5- RsaI
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10 known, and six unidentified longidorid species. The
D2–D3 of 28S rRNA gene exhibited intraspecific poly-
morphism for L. caespiticola, which caused variation in
restriction profiles for the Slovenian population (type A)
(Širca and Urek 2009) and the Russian population (type
B) (present study) by the restriction enzyme RsaI. More-
over, in silico analysis predicted the third profile (type
C) generated by this enzyme for L. caespiticola from
UK, Germany and Belgium. The high level of rRNA
gene sequence divergence indicates that L. caespiticola
might represent a species complex. Further studies of
the morphological characters in these three groups will
be needed to support or confirm this hypothesis.

Phylogenetic relationships within longidorids using
28S and 18S rRNA gene sequences were recently recon-
structed by several researchers. Our present study with
the highest included numbers of species and sequences
showed that relationships between taxa and clades are in
general agreement with those presented in other publica-
tions (He et al. 2005; Gutiérrez-Gutiérrez et al. 2010;
2013; Amrei et al. 2013). Longidorus lignosus clustered
and shared pouch-shaped amphids with other members
of clade VI. Longidorus sp. 5 from California clustered
with L. diadecturus as well as shares an expanded lip
region with rounded contour and a tail dorsally convex
with bluntly rounded terminus.

In this study L. aetnaeus was molecularly identified
from Russia and USA for the first time. R.V. Khusainov
noticed (pers. comm.) that some Russian L. aetnaeus
populations do not fit original description of this species
and confirmation of molecular identification using mor-
phology still needs to be done. Amrei et al. (2013)
showed that L. aetnaeus is closely related to L. lepto-
cephalus. Although these species differ in body and
odontostyle lengths, position of the vulva, spicule length
and supplements number, they are very similar in gen-
eral morphology, especially, in shape of the lip and tail
regions and could be easily confused. Overlapping geo-
graphical distribution of these species makes their cor-
rect identification more problematic, for example, in this
study both species were found from samples collected in
the same location: Kantaurovo, Nizhny Novgorod re-
gion, Russia, but from different host-plants.

Molecular characterization of nematode materials
from the type localities and defining a reference sequence
for a certain species is important for correct identification
of samples. One of the remarkable results of our study is
that we confirmed complete sequence identity of a frag-
ment of rRNA gene obtained from DNA recovered from

the paratype slides of L artemisiae after a long storage
with those obtained from freshly extracted DNA of this
species. We showed that, at least in this case, there were
no artificial modifications and mutations in DNA recov-
ered from formalin-fixed materials and, thus, the method
of extraction and amplification of DNA described by
Rubtsova et al. (2005) allows using archived longidorid
collections for obtaining reference sequences.

Thus, the present study with PCR-RFLP and se-
quencing of D2–D3 of 28S rRNA gene markers con-
firmed that these methods are useful and appropriate for
characterization and accurate identification of
longidorids. Larger numbers of species and populations
from diverse origins should be included in future studies
to confirm the findings made in the present work.
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