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a b s t r a c t

The nematode Rotylenchus paravitis n. sp. infesting roots of commercial sunflowers in southern Spain is
described. The new species is characterised by a truncate lip region with 7–9 annuli and continuous with
the body contour, lateral fields areolated at pharyngeal region only, body without longitudinal striations,
stylet length of 44–50 �m, vulva position at 43–54%, tail rounded to hemispherical with 12–18 annuli.
A comparative phenetic study based on a multivariate principal component analysis was developed to
determine potential species discrimination. The degree of variation for most characters among specimens
of Rotylenchus paravitis n. sp. and R. vitis was comparable to that observed among specimens belonging
to each of the two studied populations of R. robustus from Spain and USA. Molecular comparison of the
partial 18S, D2-D3 expansion segments of 28S-rRNA, ITS1-rRNA, partial COI and hsp90 from R. paravitis
n. sp. and R. vitis, and other species in the genus, clearly supports the proposal of R. paravitis n. sp. as a
new species. Consequently, R. paravitis n. sp. should be considered as an example of cryptic speciation
within the genus Rotylenchus. PCR-ITS-RFLP was provided for diagnostics of R. paravitis n. sp. and PCR with
specific primers were also developed for diagnostics of this new species, R. vitis and R. robustus. The results

of the phylogenetic analysis based on the sequences of the D2-D3 expansion regions of the 28S, ITS1-rRNA
genes, and the partial COI, have proven to be a powerful tool for providing accurate species identification
and assessing phylogenetic relationships within the genus Rotylenchus. Phylogenetic testing of D2-D3
expansion segments of 28S-rRNA gene sequences did not refute the monophyly of the genera Rotylenchus,
Helicotylenchus, Hoplolaimus, based on tree topologies and the Shimodaira–Hasegawa test even with the
split in several clades for some of the genera.

© 2012 Published by Elsevier GmbH.
. Introduction

The genus Rotylenchus Filipjev, 1936 belongs to Hoplolaimidae
ilipjev, 1934, a family which also contains agricultural and eco-
omically important genera such as Helicotylenchus Steiner, 1945,
oplolaimus von Daday, 1905, Rotylenchulus Linford and Oliveira,
940 and Scutellonema Andrássy, 1958. This genus tends to be
reatly conserved in gross morphology which makes species iden-

ification a very difficult task. More than 95 valid species have been
ecognised in this genus, which confirms the previously mentioned
ifficulty for identification (Castillo and Vovlas, 2005; Atighi et al.,

∗ Corresponding author. Fax: +34 957499252.
E-mail address: p.castillo@csic.es (P. Castillo).

044-5231/$ – see front matter © 2012 Published by Elsevier GmbH.
ttp://dx.doi.org/10.1016/j.jcz.2012.08.002
2011; Cantalapiedra-Navarrete et al., 2012). All the known Roty-
lenchus spp. are obligate plant parasites of a wide range of wild and
cultivated plants and are closely associated with plant roots. They
are migratory ectoparasites and browse on the surface of roots. As
migratory ectoparasites do not enter the plant root, the damage
they cause is usually limited to necrosis of those cells penetrated
by stylet.

The large number of species within the genus Rotylenchus
complicates the identification process and has required the con-
struction of tabular and dichotomous keys, based on a combination
of major and supplementary characters, to enable pragmatic mor-

phological identification (Castillo and Vovlas, 2005). Recently,
DNA-based approaches have been successfully used for the molecu-
lar diagnostics of Rotylenchus (Vovlas et al., 2008; Atighi et al., 2011;
Cantalapiedra-Navarrete et al., 2012). Phylogenetic studies within

dx.doi.org/10.1016/j.jcz.2012.08.002
http://www.sciencedirect.com/science/journal/00445231
http://www.elsevier.de/jcz
mailto:p.castillo@csic.es
dx.doi.org/10.1016/j.jcz.2012.08.002
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otylenchus have been carried out based on the D2-D3 expansion
egions of the 28S and ITS rRNA gene, providing initial insight
owards resolving phylogenetic relationships among Rotylenchus,
nd demonstrating paraphyly of the genus in the majority rule con-
ensus trees within Hoplolaimidae (Subbotin et al., 2007; Vovlas
t al., 2008; Cantalapiedra-Navarrete et al., 2012). Molecular anal-
sis of D2-D3 sequences also revealed several Rotylenchus species
ith almost identical sequences, i.e. Rotylenchus goodeyi Loof and
ostenbrink, 1958, Rotylenchus incultus Sher, 1965, and Rotylenchus

aurentinus Scognamiglio and Talamé, 1972; or Rotylenchus robus-
us (de Man, 1876) Filipjev, 1936 and Rotylenchus uniformis (Thorne,
949) Loof and Oostenbrink, 1958 (Vovlas et al., 2008). Mitochon-
rial DNA (mtDNA), particularly the protein-coding mitochondrial
ene, cytochrome c oxidase subunit 1 (COI), has proven to be a pow-
rful tool for providing accurate species identification and assessing
hylogenetic patterns across the animal kingdom, including plant-
arasitic and free-living nematodes (Hugall et al., 1994; Derycke
t al., 2010; Gutiérrez-Gutiérrez et al., 2011). Similarly, the heat-
hock protein hsp90 gene has also been considered to be a useful
olecular marker for species identification or phylogenetic anal-

sis of plant-parasitic nematode species (Skantar and Carta, 2004;
adani et al., 2011). Consequently, both markers may be valuable

ools for diagnostics as well as for clarifying phylogenetic relation-
hips in those Rotylenchus species with almost identical D2-D3,
lthough no information of these markers is available in this genus
nd so they need to be developed. Also, molecular techniques have
ecently shown that many presumed monospecific species are in
act siblings or cryptic species (Subbotin et al., 2003; Vovlas et al.,
008; Gutiérrez-Gutiérrez et al., 2010). Consequently, the nema-
ode species concept should be based on principles of polyphasic
axonomy, which assembles and assimilates all available data and
nformation (phenotypic, morphometric, genotypic and phyloge-
etic) used for delimiting taxa at all levels (Subbotin and Moens,
006; Vovlas et al., 2008).

Nematode surveys in agricultural and natural environments
n Southern Spain revealed low to moderate soil infestations
y two amphimictic populations of Rotylenchus species. Prelim-

nary morphological observations indicated that these species
ppeared to be morphologically similar to Rotylenchus robustus
de Man, 1876) Filipjev, 1936, and Rotylenchus vitis Cantalapiedra-
avarrete, Liébanas, Archidona-Yuste, Palomares-Rius and Castillo,
012. Detailed observations using light and scanning electron
icroscopy (SEM), and molecular characterisation analyses, indi-

ated that these specimens should be assigned to R. robustus and
o a new species showing close morphological and morphometric
esemblance with R. vitis, but clearly differentiated by molecular
nalyses, being considered as an example of cryptic species within
he genus Rotylenchus (i.e. species genetically distinct but sharing
ommon morphological diagnostic characters). In addition, sev-
ral Rotylenchus populations from Australia and USA were collected
rom natural and cultivated areas to carry out a morphological char-
cterisation combined with molecular analyses which may clarify
he phylogeny of the genus.

Therefore, the objectives of this study were: (i) to conduct a
omparative phenetic study of the Spanish species resembling R.
itis with holotype and paratypes of R. vitis of the nematode col-
ection from IAS-CSIC, Córdoba, Spain, as well as two populations
f R. robustus from Spain and USA, using the most useful diag-
ostic morphological and morphometric characters for Rotylenchus
pecies based on a multivariate principal component analysis; (ii)
o verify the taxonomic status of this species close to R. vitis, which
s described herein as Rotylenchus paravitis n. sp., as well as other

pecies from Australia, Spain and USA, conducting detailed mor-
hometric and molecular studies of these Rotylenchus species; (iii)
o determine the molecular phylogenetic affinities of R. paravitis
. sp. and other known Rotylenchus species identified in Australia,
scher Anzeiger 252 (2013) 246–268 247

Spain and USA with closely related species using the rRNA gene
sequences (D2-D3 of 28S and ITS1-rRNA), the partial sequences of
mitochondrial gene COI, and heat shock protein (hsp90) gen; and
(iv) to provide PCR-ITS-RFLP for R. paravitis n. sp. and develop PCR
with species specific primers for diagnostics of R. paravitis n. sp., R.
vitis and R. robustus.

2. Materials and methods

2.1. Nematode populations

Nematodes of R. paravitis n. sp. used in this study were obtained
from the rhizosphere of sunflower plants in Jerez de la Fron-
tera (Cádiz province), southern Spain (36◦46′28.85′′N latitude,
6◦15′26.27′′W longitude) at an altitude of 16 m a.s.l., and were col-
lected with a shovel from the upper 30 cm of soil on May 2011
by J. Martin-Barbarroja and G. León-Ropero (IAS-CSIC). In addition,
Spanish and American populations of R. robustus from stone pine in
Lucena del Puerto (Huelva province, southern Spain) and grasses in
Tomales, California (USA), respectively, a population of Rotylenchus
brevicaudatus Colbran, 1962 from grasses in Brisbane (Australia),
and American populations of Rotylenchus buxophilus Golden, 1956,
and Rotylenchus pumilus (Perry et al., 1959) Sher, 1961, were
collected and studied morphometrically and molecularly. In addi-
tion, previously morphologically well-characterised Rotylenchus
populations (Vovlas et al., 2008) from Italy and Spain (including
Rotylenchus cazorlaensis Castillo and Gómez Barcina, 1987, Roty-
lenchus eximius Siddiqi 1964, Rotylenchus jaeni Vovlas, Subbotin,
Troccoli and Castillo, 2008, R. laurentinus, and Rotylenchus magnus
Zancada, 1985) were collected to carry out molecular analyses of
the partial COI sequences which may clarify the phylogeny of the
genus. For molecular analyses, a list of studied Rotylenchus species
and populations is given in Table 1. The nematodes were extracted
from rhizosphere soil samples by the centrifugal-flotation method
(Coolen, 1979).

Specimens to be observed under light microscopy (LM) were
killed by gentle heat, fixed in a solution of 4% formaldehyde + 1%
propionic acid and processed to pure glycerin using De Grisse’s
(1969) method. Specimens were examined using a Zeiss III com-
pound microscope with Nomarski differential interference contrast
at up to 1000× magnification. Measurements were done using a
camera lucida attached to this microscope. For line drawing, hand-
made pictures were scanned and imported to CorelDraw software
version 12 and redrawn. LM micrographs were based on live spec-
imens for the Spanish population (Fig. 3), and glycerine-mounted
specimens for the American populations (Figs. 5–7).

For SEM studies, fixed specimens were dehydrated in a graded
ethanol series, critical point dried, sputter-coated with gold and
observed with a JEOL JSM-5800 microscope (Abolafia et al., 2002).

2.2. Multivariate principal component analysis

A multivariate principal component analysis was performed on
R. vitis, R. paravitis n. sp., as well as two populations of R. robustus
from Spain and USA in order to determine the morphometric
discrimination among species. The analyses were based upon
the following characters: body length (L), lip width, lip height,
number of lip annuli, stylet length, stylet-conus length, knobs
width, dorsal gland orifice (D.G.O.), anterior end to beginning of
median pharyngeal bulb distance, anterior end to centre of median
pharyngeal bulb distance, total pharyngeal length, anterior end

to pharyngo-intestinal junction distance, anterior end, maximum
body width, pharyngeal overlapping, cuticle tail tip width, vulva
position (V), anterior and posterior gonads, female tail length, anal
body width, number of female tail annuli, phasmid to terminus
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Table 1
Rotylenchus species and populations used and sequenced in the present study.a

Species Locality Host D2-D3 ITS1/ITS1-
5.8S-ITS2

18S COI

R. agnetis Potenza, Italy Ruscus aculeatus (Butcher’s
broom)

EU280795 – – –

R. brevicaudatus Brisbane, Australia Grasses JX015419
JX015420

JX015430
JX015431

– –

R. brevicaudatus Republic of China – – – DQ309587 –
R. buxophilus Napa County,

California, USA
Unknown JX015421 JX015432

JX015433
– JX015398

R. buxophilus Arkansas, USA – FJ485646,
FJ485647

– – –

R. cazorlaensis Cazorla, Spain Quercus faginea (Portuguese oak) EU280793 EU373668,
EU373669

EU373668 JX015399
JX015400

R. cazorlaensis Cazorla, Spain Quercus rotundifolia (oak) EU280792 EU373670,
EU373671

– –

R. conicaudatus Mazandaran, Iran Grasses HQ700698 HQ700700 – –
R. eximius Brindisi, Italy Pistacia lentiscus (lentisc) EU280794 EU373663 – JX015401

JX015402
R. eximiusb Huelva, Spain Olea europaea subsp. silvestris

(wild olive)
DQ328741 EU373664 JX015427

R. goodeyi Vejer, Spain Olea europaea subsp. silvestris
(wild olive)

DQ328756 – – –

R. incultus Niebla, Spain Vitis vinifera (grapevine) EU280796 EU373673 – JX015403
R. incultus Bollullos, Spain Vitis vinifera (grapevine) EU280797 EU373672 – –
R. iranicus Mazandaran, Iran Fagus orientalis (beech tree) HQ700698 HQ700699 – –
R. jaenib Santa Elena, Spain Quercus suber (cork tree) EU280791 EU373661,

EU373662
JX015428 JX015404

R. laurentinus Torre Canne, Italy Pistacia lentiscus (lentisc) DQ328757 – – JX015405
JX015406
JX015407

R. laurentinus Zahara, Spain Pistacia lentiscus (lentisc) EU280798 EU373666 EU373667 –
R. magnus Arévalo, Spain Ilex aquifolium (holly) EU280789 EU373660,

EU373676
– JX015408

JX015409
JX015410

R. magnus Lubia, Spain Quercus robur (pedunculate oak) EU280790 EU373659,
EU373665

–

R. montanus Trentino, Italy Malus domestica (apple) DQ328743 EU280800,
EU280801

– –

R. paravitis n. sp.b Jerez, Spain Helianthus annuus (sunflower) JX015422 JX015434 JX015429 JX015415
JX015416

R. pumilus Santa Clara County,
California, USA

Urtica sp. JX015423 JX015435
JX015436

– –

R. robustusb Lucena del Puerto,
Spain

Pinus pinea (stone pine) JX015424 JX015437 – JX015413

R. robustus Bonares, Spain Pinus pinea (stone pine) – – JX015414
R. robustus Marin County,

California, USA
Grasses JX015425 JX015438 – –

R. robustus Tomales. California,
USA

Grasses JX015426 JX015439
JX015440

– JX015411
JX015412

R. robustus Michigan, USA Unknown EU280788 – – –
R. uniformis Bruges, Belgium Unknown DQ328735,

DQ328736
– – –

R. uniformis Ghent, Belgium Unknown DQ328738 – – –
R. uniformis Poppel, Belgium Unknown DQ328739,

DQ328740
– – –

R. uniformis Elst, The Netherlands Unknown DQ328737 – – –
R. unisexus Seville, Spain Citrus aurantium (citrus) EU280799 EU373674,

EU373675
– –

R. vitisb Montemayor, Spain Vitis vinifera (grapevine) JN032581 JN032582 JN032583 JX015417
JX015418

Rotylenchus sp. Moscow, Russia Unknown DQ328742 EU280802 – –

a Newly sequenced samples are indicated by bold font.
b hsp90 gene sequence: JX015395 for R. eximius, JX015396 for R. jaeni, JX015393 for R. paravitis n. sp., JX015397 for R. robustus (Lucena del Puerto), and JX015394 for R.

v

d
p
a
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9
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b

itis.

istance, phasmid to anus distance, number of annuli between
hasmid and anus, and the de Man ratios a, b, b′, c, and c′, G1, G2
nd O (Siddiqi, 2000; Table 2).

Principal component analysis was performed with the PRIN-

OMP procedure of SAS (Statistical Analysis System, version
.2; SAS Institute Inc., Cary, NC, USA). This analysis produced a
et of variables (principal components) that were linear com-
inations of the original variables. The new variables (principal
components) were independent of each other and ranked according
to the amount of variation accounted for.

2.3. DNA extraction, PCR and sequencing
Nematode DNA from R. paravitis n. sp. and other studied
Rotylenchus species was extracted from single individuals using
proteinase K as described by Castillo et al. (2003). Detailed protocols
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Table 2
Eigenvector and eigenvalues of principal components derived from nematode morphometric characters for Rotylenchus paravitis n. sp., R. vitis and two populations of R.
robustus.a

Characterb Principal component

PC1 PC2 PC3 PC4

Body length (L) −0.788 −0.154 −0.077 0.467
Lip width −0.098 −0.256 0.448 −0.003
Lip height 0.237 −0.113 0.088 0.217
Number of lip annuli −0.660 −0.234 −0.034 0.209
Stylet length 0.307 −0.406 0.390 0.120
Stylet-conus length 0.676 −0.202 0.178 0.096
Knobs width −0.670 −0.030 0.284 −0.214
Dorsal gland orifice (D.G.O.) 0.727 −0.462 −0.223 0.115
O 0.700 −0.395 −0.328 0.099
Anterior end to beginning of median pharyngeal bulb distance −0.079 −0.779 0.066 0.285
Anterior end to centre of median pharyngeal bulb distance −0.062 −0.837 0.037 0.377
Total pharyngeal length −0.332 −0.727 0.246 0.029
Anterior end to pharyngo-intestinal junction distance −0.231 −0.634 0.232 0.161
Excretory pore to anterior end (EP) 0.309 −0.592 0.240 0.435
Maximum body width −0.745 −0.342 0.249 0.059
Pharyngeal overlapping −0.593 −0.344 −0.038 −0.133
Cuticle tail tip width −0.755 0.042 0.251 −0.071
Vulva position 0.538 −0.195 −0.003 −0.323
Anterior gonad −0.561 −0.375 −0.232 −0.567
Posterior gonad −0.571 −0.382 −0.243 −0.527
G1 −0.190 −0.315 −0.195 −0.846
G2 −0.194 −0.334 −0.214 −0.827
Female tail length 0.002 −0.361 −0.831 0.271
Anal body width −0.592 −0.441 0.113 0.208
Number of female tail annuli −0.478 −0.256 −0.497 −0.020
Phasmid to terminus distance −0.839 0.094 −0.322 0.121
Phasmid to anus distance −0.827 0.182 −0.214 0.097
Number of annuli between phasmid and anus −0.909 0.190 −0.124 0.045
a −0.121 0.197 −0.379 0.525
b −0.777 0.298 −0.105 0.274
b′ −0.572 0.309 −0.258 0.456
c −0.485 0.207 0.745 0.044
c′ 0.332 −0.134 −0.864 0.156

Eigenvalues 9.973 4.823 3.776 3.699
% of total variance 30.22 14.61 11.44 11.21
Cumulative % of total variance 30.22 44.83 56.28 67.49

a Based on 21 female specimens of Rotylenchus vitis and R. paravitis n. sp., respectively, and 12 and nine female specimens of two populations of R. robustus from Spain and
U ng pri

).

f
(
I
f

T
P

SA, respectively. Values of morphometric and morphological characters dominati
b Morphological and diagnostic characters according to Castillo and Vovlas (2005

or PCR and sequencing were applied as described by Castillo et al.

2003). The primers used for amplification of D2-D3 regions of 28S,
TS1-rRNA, the partial 18S, the COI and hsp90 gene, as well as those
or species specific PCR are listed in Table 3. These sequences were

able 3
rimers sets used in the present study.

Primer code Sequences 5′–3′

TW81 GTTTCCGTAGGTGAACCTGC
AB28 ATATGCTTAAGTTCAGCGGGT
D2A ACAAGTACCGTGAGGGAAAGTTG
D3B TCGGAAGGAACCAGCTACTA
TW81 GTTTCCGTAGGTGAACCTGC
5.8SM5 GGCGCAATGTGCATTCGA
A AAAGATTAAGCCATGCATG
13R GGGCATCACAGACCTGTTA
18P-SSU R 81 TGATCCWKCYGCAGGTTCAC
JB3 TTTTTTGGGCATCCTGAGGTTTAT
JB4 TAAAGAAAGAACATAATGAAAATG
U831 AAYAARACMAAGCCNTYTGGAC
L1110 TCRCARTTVTCCATGATRAAVAC
TW81 GTTTCCGTAGGTGAACCTGC
R paravitis GCTCCATCACGCAGCAGAC
TW81 GTTTCCGTAGGTGAACCTGC
R vitis CTTACGTGTGTGCCAAATAGTG
TW81 GTTTCCGTAGGTGAACCTGC
R robustus GACGTGGACATCATACAGTC
ncipal components 1–4 (eigenvector >0.63) are underlined.

used for molecular species characterisation and phylogenetic anal-

yses.

PCR products were purified after amplification with Geneclean
turbo (Q-BIOgene SA, Illkirch Cedex, France) or QIAquick (Qiagen,

Amplified gene References

ITS-rRNA Curran et al. (1994)

D2-D3 of 28S rRNA Subbotin et al. (2006)

ITS1-rRNA Vovlas et al. (2008)

18S Boutsika et al. (2004)

COI Derycke et al. (2010)

hsp90
Skantar and Carta
(2004)

ITS-rRNA This study

ITS-rRNA This study

ITS-rRNA This study
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projected on the plane of PCs 1 and 4, specimens of R. vitis tended
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SA) gel extraction kits, quantified using a Nanodrop spectropho-
ometer (Nanodrop Technologies, Wilmington, DE, USA) and used
or direct sequencing in both directions using the primers referred
bove. The resulting products were purified and run on a DNA
ulticapillary sequencer (Model 3130XL genetic analyser; Applied

iosystems, Foster City, CA, USA), using the BigDye Terminator
equencing Kit v.3.1 (Applied Biosystems, Foster City, CA, USA),
t the SCAI, University of Córdoba sequencing facilities (Córdoba,
pain). The newly obtained sequences were submitted to the
enBank database under accession numbers indicated on the phy-

ogenetic trees and Table 1.

.4. Phylogenetic analysis

D2-D3 expansion segments of 28S, ITS1-rRNA, partial COI, the
artial 18S, and partial hsp90 gen newly sequenced and sequences
btained from GenBank were used for phylogenetic reconstruc-
ion. Outgroup taxa for D2-D3 expansion regions of 28S-rRNA
ataset were chosen according to previous published data (Vovlas
t al., 2008). The newly obtained and published sequences for each
ene were aligned using ClustalW (Thompson et al., 1997) with
efault parameters. Sequence alignments were manually edited
sing BioEdit (Hall, 1999). Phylogenetic analyses of the sequence
ata sets were performed under maximum likelihood (ML) using
AUP* 4b10 (Swofford, 2003) and Bayesian inference (BI) using
rBayes 3.1.2 (Huelsenbeck and Ronquist, 2001). The best fitting
odel of DNA evolution was obtained based on the Akaike Informa-

ion Criterion (AIC) using jModelTest v.0.1.1 (Posada, 2008) with.
he Akaike-supported model, the base frequency, the proportion
f invariable sites, and the gamma distribution shape parameters
nd substitution rates in the AIC were then used in phylogenetic
nalyses. BI analysis under TVM + I + G model for D2-D3 expan-
ion segment of 28S-rRNA; TVM + G for ITS1 region and GTR + I + G
or COI, TIM1 + I + G for partial 18S, and K80 + G for hsp90 gene
ere run with four chains for 5 × 106, 1 × 106, 1 × 106, 1 × 106, and
× 106 generations, respectively. The Markov chains were sampled
t intervals of 100 generations. Two runs were performed for each
nalysis. After discarding burn-in samples and evaluating conver-
ence, the remaining samples were retained for further analyses.
he topologies were used to generate a 50% majority rule con-
ensus tree. Posterior probabilities (PP) are given on appropriate
lades. Trees were visualised using TreeView (Page, 1996). In ML
nalysis the estimation of the support for each node was obtained
y bootstrap analysis with 100 fast-step replicates. In order to
est alternative tree topologies by constraining hypothetical mono-
hyletic groups, we performed the Shimodaira–Hasegawa test
SH-test) as implemented in PAUP (Swofford, 2003) and using the
ELL option, based on D2-D3 expansion segments of 28S and partial
8S from 37 and 15 selected taxa, respectively: D2-D3 expansion
egments of 28S for the genera Rotylenchus, Helicotylenchus, Scutel-
onema, Aorolaimus and Hoplolaimus; partial 18S for Rotylenchus,
elicotylenchus and Scutellonema. Aglenchus agricola (AY780979,
J969113), Coslenchus costatus (DQ328719, AY284581) and Basiria
racillis (DQ328717, EU130839) were used as outgroups in both
atasets (Vovlas et al., 2008; Subbotin et al., 2007). Species in
atasets including D2-D3 expansion segments of 28S were selected
rom the clades formed in the previous study of phylogeny of
oplolaimidae performed by Cantalapiedra-Navarrete et al. (2012).
ests constraining hypothetical groups were performed using ML
Table 8).

.5. RFLP-ITS-rRNA
Three to seven �l of purified PCR product of the D2-D3 of 28S-
RNA gene for R. paravitis n. sp. was digested by one of following
estriction enzymes: AvaI, RsaI, BseNI, MvaI or HpaII, in the buffer
scher Anzeiger 252 (2013) 246–268

stipulated by the manufacturer. The digested DNA was run on a
1.4% TAE buffered agarose gel, stained with ethidium bromide,
visualised on UV transilluminator and photographed. The exact
lengths of each restriction fragment from the PCR products were
obtained by a virtual digestion of the sequences using WebCutter
2.0 (www.firstmarket.com/cutter/cut2.html).

2.6. PCR with species specific primers

Species specific primers were developed for several species: R.
paravitis n. sp., R. vitis parasitising grapevine in Spain and the type
species of the genus and agricultural important species R. robus-
tus. Specific primers were designed based on unique fragments for
each species using sequence alignment of ITS-rRNA gene. Several
Rotylenchus samples were used to test species specific primers. PCR
mixture was prepared as described in Tanha Maafi et al. (2003).
The universal forward TW81 primer was used in PCR with com-
binations of the specific reverse R. paravitis, R. vitis or R. robustus
primers (Table 3) for diagnostics of R. paravitis n. sp., R. vitis or R.
robustus, respectively. The PCR amplification profile consisted of
4 min at 94 ◦C; 30 cycles of 1 min at 94 ◦C, 45 s at 57 ◦C and 45 s at
72 ◦C, followed by a final step of 10 min at 72 ◦C. Four �l of the PCR
product was run on a 1.4% TAE buffered agarose gel, stained and
photographed.

3. Results

3.1. Comparative multivariate analysis of Rotylenchus paravitis
n. sp., Rotylenchus vitis, and two populations of Rotylenchus
robustus

In the principal component analysis, the first four principal com-
ponents accounted for 67.5% of the total variance of morphological
and morphometric characters of the four Rotylenchus populations
included in the analysis (Table 2). Table 2 includes the eigenvalues
for the first four principal components (PC) that were used to inter-
pret the significance of the PCs. Principal component 1separates R.
vitis and R. paravitis n. sp. specimens from the two populations of
R. robustus, characterised by smaller values of stylet-conus length,
D.G.O, and O ratio, and higher values for body size (length and
width), knobs width, cuticle tail tip width, phasmid to terminus
and anus distances, number of annuli between phasmid and anus,
and b ratio (Table 2 and Fig. 1), but did not separate R. vitis from R.
paravitis n. sp. Similarly, the stylet conus and orifice of dorsal gland
of R. robustus specimens were lower than that observed for R. vitis
and R. paravitis n. sp. with no differences between these two species
or between the two R. robustus populations (Fig. 1A–C).

Principal component 2 is dominated by high negative weights
for anterior body end to centre and beginning of median pharyn-
geal bulb distances, total pharyngeal length and anterior end to
pharyngo-intestinal junction distance (Table 2 and Fig. 1A), relating
this factor with pharyngeal dimensions. These characters showed a
large but similar degree of variation among specimens of the three
Rotylenchus species in the study (Fig. 1A).

When projected on the plane of PCs 1 and 3, female tail shape
and size and c′ ratio decreased from bottom to top. According to
their relative position to y axis in Fig. 1B, specimens of R. paravitis
n. sp. were characterised by lower values for these two characters
when compared to that of R. vitis, although some specimens of the
two species showed also similar values (Fig. 1B). Similarly, when
to have longer gonads than that of R. paravitis n. sp. (Fig. 1B and C).
Concerning R. robustus populations, a similar range of variation

for characters related to PC 3 (Fig. 1B) or PC 4 (Fig. 1C) were observed
among specimens of the two R. robustus populations.

http://www.firstmarket.com/cutter/cut2.html
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Fig. 1. Principal component (PC) analysis of 33 morphometric characters used to
characterise 21 specimens of Rotylenchus vitis and R. paravitis n. sp., respectively,
a
r
1

3

3

3
i

nd 12 and nine specimens of two populations of R. robustus from Spain and USA,
espectively. Projection of morphometric characters on the plane of PC 1 and 2 (A),
and 3 (B), and 1 and 4 (C).

.2. Systematics

Family Hoplolaimidae Filipjev, 1934
Rotylenchus Filipjev, 1936.

.2.1. Rotylenchus paravitis n. sp.
Figs. 2–4 and Table 4.
.2.1.1. Holotype and paratypes. Holotype female, extracted from
n a clay soil from the rhizosphere of sunflower (Helianthus annuus
Fig. 2. Rotylenchus paravitis n. sp. (A) Female pharyngeal region. (B) Detail of pha-
ryngeal gland. (C) Female anterior body region. (D, E) Male and female habitus. (F)
Vulval region. (G, H) Female tail regions. (I) Male tail region.

L.) in Jerez de la Frontera, Cádiz province, southern Spain, by J.
Martín-Barbarroja and G. León Ropero, mounted in pure glyc-
erine and deposited in the nematode collection at Institute for
Sustainable Agriculture (IAS) of Spanish Council for Scientific
Research (CSIC), (collection number IAS-J174-02). Female and male
paratypes extracted from the same soil as holotype, and deposited
in the Nematode Collection at the Institute for Sustainable Agricul-
ture, CSIC, Córdoba, Spain. Another two female paratypes deposited
at each of the following collections: Istituto per la Protezione
delle Piante (IPP) of Consiglio Nazionale delle Ricerche (C.N.R.),
Sezione di Bari, Bari, Italy; USDA Nematode Collection, Beltsville,
MD, USA (collection number G-18577) and WaNeCo, Plant Protec-
tion Service, Wageningen, The Netherlands. Specific D2-D3, ITS1,
18S-rRNA, COI and hsp90 sequences are deposited in GenBank with
accessions numbers JX015422, JX015434, JX015429, JX015415,
JX015416, and JX015393, respectively.

3.2.1.2. Diagnosis. Rotylenchus paravitis n. sp. is a gonochoristic
species assigned to the species group having more than six lip
annuli, a truncate lip region, female tail usually hemispherical
to broadly rounded and stylet more than 35 �m long (Castillo
and Vovlas, 2005). It is characterised by a truncate lip region
clearly narrowing in the first half, with 7–9 annuli, continuous with
body contour, lateral fields areolated at pharyngeal region only,
body without longitudinal striations, stylet length of 44–50 �m,
vulva position at 43–54%, tail rounded to hemispherical, with
12–18 annuli, and a specific D2-D3, ITS1-rRNA, partial 18S, COI

and hsp90 sequences. Intra-specific variability of D2D3 was eval-
uated by sequencing two specimens showing high similarity (99%),
differing in 1/682 nucleotides and showing no indels between
them.
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Fig. 3. Light micrographs of Rotylenchus paravitis n. sp. (A) Female habitus. (B) Female pharyngeal region. (C–F) Female anterior body region. (G, H) Detail of pharyngeal
gland. (I) Vulval region. (J) Detail of spermatheca. (K) Detail of ovary. (L–O) Female tail regions. (P–Q) Male tail region. Abbreviations: a: anus; n: gland nucleus; ph: phasmid
(scale bars: A: 500 �m; B: 50 �m; C–F: 25 �m; G–I: 50 �m; J–O: 25 �m; P–Q: 50 �m).
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Fig. 4. Scanning electron microscope photographs of Rotylenchus paravitis n. sp. (A, B) Female lip region, lateral view, showing anterior narrowing (arrowed) and beginning
of lateral fields (lf). (C) En face view showing oral aperture (oa), amphid (ap) and labial disc (ld). (D, E) Vulval region showing non-areolated lateral fields and few developed
e rs: A,
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piptygma (ept). (F) Female tail region showing anus (a) and phasmid (ph) (scale ba

.2.1.3. Description. Female: Body large, habitus slightly curved
entrally to open C-shaped. Lateral fields with four smooth equidis-
ant lines, beginning anteriorly at 12–14th annulus as three lines
orming two bands; after 20–23 annuli, central line dividing to form
third band. The three bands are 10.6 ± 0.8 (9.5–12.0) �m wide at
id-body, approximately one-fifth as wide as body diam. Regular

reolation of lateral fields (external bands) observed in pharyngeal
egion. Cuticle 2.0–3.0 �m thick, clearly annulated, annuli 1.5 �m
ide at mid-body. Body without longitudinal striations in any

egion. Labial region truncate, continuous with body, clearly nar-
owing in the first half, bearing 7–9 narrow annuli which are not
ivided longitudinally. Labial disc distinct under SEM, but not in

ateral view under LM. Oral aperture oval (1.0–1.2 × 0.8–1.0 �m),
abial disc oval (4.5–5.0 × 3.5–4.0 �m) bordered by amphidial aper-
ures. Oral disc clearly separated from first annulus of lip region,
hich is undivided. Labial framework well developed, 5.3 ± 0.4 �m

5–6) long, posterior margin at level of 7th or 9th body annu-
us. Stylet robust, 3.1–3.8 times longer than labial region diam.
asal knobs slightly flattened posteriorly, 8.0–10.5 �m wide, at

evel of 25–32nd annulus posterior to labial region. Dorsal pharyn-
eal gland opening 4.0–7.0 �m posterior to stylet base. Procorpus
f pharynx cylindrical, with slight depression just anterior to

edian bulb, 51.4 ± 5.0 (44–61) �m long. Median pharyngeal bulb
ell developed, broadly oval, 21–29 × 19–24 �m, occupying 10–12

nnuli, valvular apparatus 5.0–6.5 �m long, located at 46.1 ± 3.8
41–51)% of pharyngeal length. Isthmus 23.4 ± 2.8 (19–28) �m
D–F = 20 �m; B, C = 10 �m).

long, encircled by nerve ring at mid-point. Pharyngeal glands sac-
ciform, with three nuclei, overlapping intestine dorsally for 24–52
annuli. Nerve ring enveloping isthmus at middle, at 127 ± 10.8
(113–153) �m from anterior end. Excretory pore usually located
near pharyngo-intestinal junction level, but varying from ante-
rior to posterior of pharyngeal-intestinal valve. Hemizonid distinct,
located at anterior to excretory pore, extending for ca 1.5–2.0
body annuli width, just anterior to excretory pore, rarely posterior.
Reproductive system with both genital branches equally devel-
oped; anterior branch 315 ± 64.1 (217–416) �m long, posterior
branch 300 ± 54.9 (203–369) �m long. Vulva slightly posterior to
mid-body, undistinct epiptygma under LM but clearly distinguish-
able under SEM (Fig. 4D and E). Vagina with internal walls slightly
sclerotised, 20.5 (18–24) �m long. Ovaries with a single row of
oocytes, spermathecae not functional, without sperm. Phasmids
pore-like, 19.1 ± 2.6 (12–24) annuli anterior to level of anus or
24.9 ± 3.9 (15.5–28.0) �m anterior to anus. Tail short, usually hemi-
spherical to broadly rounded, with 12–18 annuli, terminus striated
and cuticle at tail tip 8.2 ± 0.6 (7.5–10.0) �m wide.

Male: Very rare, only one specimen detected. Habitus slightly
curved ventrally. Morphology similar to that of females, except
for the following characters: lip region slightly more elevated in

outline, 10.0 �m wide and 5.0 �m high; stylet shorter than that
of female; stylet knobs less developed (5.5 �m wide). Testis sin-
gle, anteriorly outstretched, 494 �m long. Tail conoid, 1.7 times
shorter than that of female. Phasmid distinct, situated anteriorly
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Table 4
Morphometrics of Rotylenchus paravitis n. sp. from the rhizosphere of sunflower (Helianthus annuus L.) from Jerez de la Frontera, Cádiz province, southern Spain. All
measurements are in �m and in the form: mean ± s.d. (range).a

Character Females Males

Holotype Paratypes Paratype

n – 20 1
L 1644 1599 ± 144.1

(1383–1856)
1167

a 35.0 32.1 ± 1.7
(29.3–34.6)

37.6

b 14.7 15.3 ± 0.9
(13.6–17.0)

17.2

b′ 7.7 7.6 ± 0.5
(6.7–8.5)

8.7

c 67.1 79.7 ± 15.2
(55.3–104.9)

55.6

c′ 0.7 0.6 ± 0.1
(0.4–0.8)

1.2

V or T 52.0 51.2 ± 2.7
(43–54)

42

G1 18 17.0 ± 5.0
(12.6–29.8)

–

G2 19 16.5 ± 4.2
(12.1–26.7)

–

Stylet 47.5 46.5 ± 1.7
(44.0–50.0)

33.5

Stylet conus 21.5 21.1 ± 1.0
(19.0–22.5)

15.5

D.G.O. 4.0 4.4 ± 0.8
(4.0–7.0)

4.0

O 8.4 9.5 ± 1.6
(8.2–14.6)

11.9

Anterior end to centre of median bulb 112.0 106 ± 6.0
(97–116)

68

Anterior end to excretory pore 151.0 148 ± 11.3
(136–166)

95

Pharynx length 213.0 210 ± 14.6
(195–244)

134

Pharyngeal overlap 60.0 57.7 ± 4.5
(53–67)

47

Max. body diam. 47.0 50.5 ± 4.7
(44–61)

31

Anal body diam. 34.0 36.3 ± 3.5
(30.0–43.0)

18

Tail 24.5 20.8 ± 3.5
(16.0–28.0)

21

Tail annuli 14.0 15.4 ± 1.7
(12–18)

–

Phasmid to terminus 58.0 46.7 ± 4.6
(40.0–54.0)

–

Spicules – – 33

a
i
w

3
s
J

3
a
s

3

m
l
b
a

Gubernaculum –

a Abbreviations are defined in Siddiqi (2000).

t anus level. Bursa 54 �m long, completely surrounding tail which
s tapering with a rounded-pointed tip. Gubernaculum prominent,

ith distinct titillae.

.2.1.4. Type locality. Rotylenchus paravitis n. sp. was found in a clay
oil from the rhizosphere of sunflower (Helianthus annuus L.) in
erez de la Frontera, Cádiz province, southern Spain.

.2.1.5. Etymology. The species epithet refers to Gr. prep. para,
longside of, resembling; N.L. masc. n. vitis, a morphologically close
pecies (Rotylenchus vitis).

.2.2. Rotylenchus brevicaudatus Colbran, 1962
Fig. 5 and Table 5.
Female: Habitus spiral. Lip region continuous with body contour,
arked by 4 annuli. Lateral fields with four smooth equidistant
ines, the three bands are 5.1 ± 0.3 (5.0–5.5) �m wide at mid-
ody, approximately one-fifth as wide as body diam. Regular
reolation of lateral fields (external bands) observed in pharyngeal
– 13

region. Cuticle 1.5 �m thick, clearly annulated, one annulus 1.5 �m
wide at mid-body. Body without longitudinal striations in any
region. Stylet moderately robust, 2.3–2.5 times longer than labial
region diam. Basal knobs rounded slightly backwards directed,
4.0–4.5 �m wide. Dorsal pharyngeal gland opening 5.0–5.5 �m
posterior to stylet base. Procorpus of pharynx cylindrical, with
slight depression just anterior to median bulb, 34.8 ± 1.0 (34–36)
�m long. Median pharyngeal bulb well developed, broadly oval,
10.0–11.0 × 9.0–10.0 �m, occupying 6–8 annuli, valvular appara-
tus 2.0–2.5 �m long, located at 55.6 ± 4.1 (51–59)% of pharyngeal
length. Isthmus 22.5 ± 1.3 (21–24) �m long, encircled by nerve ring
at mid-point. Pharyngeal glands short, with three nuclei, slightly
overlapping intestine dorsally for 4–6 annuli. Nerve ring envelop-
ing isthmus at middle, at 81 ± 3.6 (76–84) �m from anterior end.
Excretory pore usually located near pharyngo-intestinal junction

level. Hemizonid distinct, 2–3 annuli long, located 1–3 annuli
anterior to excretory pore, extending for ca 1.0–1.5 body annuli
width. Reproductive system with both genital branches equally
developed; anterior branch 91 ± 18.9 (72–114) �m long, posterior
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ig. 5. Light micrographs of Rotylenchus brevicaudatus Colbran, 1962 (A–C) Female
emale tail regions. (L) Male tail region. Abbreviations: a: anus; ep: excretory; ph: p

ranch 86 ± 19.3 (67–111) �m long. Vulva clearly posterior to mid-
ody, without a distinct epiptygma. Vagina with internal walls
lightly sclerotised, 10.5 (10.0–11.0) �m long. Ovaries with a sin-
le row of oocytes. Phasmids pore-like, 10.0 ± 2.8 (8–14) annuli
nterior to level of anus or 13.9 ± 1.9 (12.0–16.5) �m anterior to
nus. Tail short, conoid-rounded, terminus hemispherical, coarsely
triated and cuticle at tail tip 2.6 ± 0.3 (2.5–3.0) �m wide.

Male: Habitus a closed C shape. Lip region similar than that
f female. Bursa crenate, enveloping tail, 43.7 ± 2.4 (41–48) �m.
picules slightly cephalated and ventrally arcuate. Gubernaculum
rotrusible. Testis single, outstretched.

.2.3. Rotylenchus buxophilus Golden, 1956
Fig. 6 and Table 5.
Female: Habitus from close C to spiral. Lip region hemispheri-

al, separated from body contour by a slight constriction, marked
y 4–5 annuli. Lateral fields with four smooth equidistant lines,
he three bands are 7.8 ± 0.6 (7.0–8.5) �m wide at mid-body,
pproximately one-fifth as wide as body diam. Regular areolation
f lateral fields (external bands) observed in pharyngeal region.
uticle 1.5 �m thick, clearly annulated, annuli 1.0–1.5 �m wide
t mid-body. Body without longitudinal striations in any region.
tylet robust, 2.8–3.1 times longer than labial region diam. Basal
nobs rounded slightly laterally directed, 6.0–7.5 �m wide. Dorsal
haryngeal gland opening 4.0–5.0 �m posterior to stylet base. Pro-

orpus of pharynx cylindrical, with slight depression just anterior
o median bulb, 42.9 ± 1.7 (40–46) �m long.

Median pharyngeal bulb well developed, broadly oval,
5.0–16.0 × 12.0–13.0 �m, occupying 9–11 annuli, valvular
or body region. (D) Detail of pharyngeal region. (E) Lateral fields at mid-body. (F–K)
d (scale bars: A–D: 20 �m; B: 50 �m; E–L: 10 �m).

apparatus 2.0–2.5 �m long, located at 50.9 ± 1.5 (48–53)% of
pharyngeal length. Isthmus 28.5 ± 1.9 (26–32) �m long, encircled
by nerve ring at mid-point. Pharyngeal glands forming a compact
lobe, with three nuclei, overlapping intestine dorsally. Nerve
ring enveloping isthmus at middle, at 105 ± 11.1 (98–126) �m
from anterior end. Excretory pore usually located near pharyngo-
intestinal junction level. Hemizonid distinct, located 2–3 annuli
long, 1–3 annuli anterior to excretory pore. Reproductive system
with both genital branches almost equally developed; anterior
branch 210 ± 29.3 (171–250) �m long, posterior branch 193 ± 19.3
(158–242) �m long. Vulva clearly posterior to mid-body, without a
distinct epiptygma. Vagina with internal walls slightly sclerotised,
13.5 (13.0–14.0) �m long. Ovaries with a single row of oocytes.
Phasmids pore-like, 8.2 ± 2.2 (6–11) annuli anterior to level of
anus or 10.3 ± 4.4 (6.0–16.0) �m anterior to anus. Tail dorsally
convex-conoid-rounded, terminus pointed, striated and cuticle at
tail tip 3.2 ± 0.6 (2.5–4.0) �m wide.

3.2.4. Rotylenchus pumilus (Perry et al., 1959) Sher, 1961
Fig. 7 and Table 5.
Female: Habitus usually forming a spiral, slightly tapering

towards extremities. Lip region hemispherical, continuous with
body contour or slightly separated by a depression, marked by
4–5 annuli. Lateral fields with four smooth equidistant lines, the
three bands are 8.1 ± 0.2 (8.0–8.5) �m wide at mid-body, approx-

imately one-fourth as wide as body diam. Regular areolation of
lateral fields (external bands) observed in pharyngeal region. Cuti-
cle 1.5–2.0 �m thick, clearly annulated, annuli 1.5 �m wide at
mid-body. Body without longitudinal striations in any region.
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Table 5
Morphometrics of Rotylenchus brevicaudatus Colbran, 1962 from grasses (Brisbane, Australia), Rotylenchus buxophilus Golden, 1956 from Napa Valley (California, USA), and
Rotylenchus pumilus (Perry et al., 1959) Sher, 1961 from Urtica sp. San Jose park, California, USA. All measurements are in �m and in the form: mean ± s.d. (range).a

Character R. brevicaudatus R. buxophilus R. pumilus

Females Males Females Females

n 4 6 10 6
L 571.8 ± 56.0

(502–618)
565.8 ± 20.1
(533–587)

948 ± 95.0
(829–1142)

825 ± 50.4
(773–906)

a 23.9 ± 1.8
(21.8–25.7)

23.8 ± 0.7
(23.1–24.9)

30.8 ± 2.6
(25.4–28.9)

26.9 ± 1.5
(25.4–28.9)

b 8.9 ± 0.6
(8.2–9.5)

8.8 ± 0.1
(8.5–8.9)

7.3 ± 0.8
(6.4–8.9)

11.1 ± 0.7
(10.3–12.2)

b′ 5.3 ± 0.0
(5.3–5.3)

4.8 ± 0.2
(4.5–5.0)

6.1 ± 0.6
(5.4–7.3)

6.5 ± 0.4
(5.9–7.0)

c 54.8 ± 11.0
(41.8–68.7)

34.9 ± 2.0
(32.6–38.1)

37.5 ± 2.9
(33.2–42.0)

46.6 ± 2.9
(42.9–50.2)

c′ 0.6 ± 0.1
(0.5–0.7)

1.1 ± 0.01
(1.1–1.2)

1.2 ± 0.1
(1.1–1.5)

0.9 ± 0.1
(0.8–1.0)

V or T 56.5 ± 1.3
(55.0–58.0)

46.2 ± 2.9
(42.3–49.7)

55.4 ± 1.8
(54.0–57.0)

56.7 ± 1.8
(54.0–59.0)

G1 16.0 ± 3.1
(11.7–18.5)

– 21.5 ± 0.7
(15.0–25.9)

19.1 ± 0.7
(18.3–20.1)

G2 15.0 ± 3.0
(10.8–18.0)

– 19.6 ± 2.7
(16.1–24.0)

17.3 ± 1.5
(14.6–18.8)

Stylet 22.4 ± 1.3
(21.0–24.0)

20.8 ± 0.8
(20.0–22.0)

35.5 ± 1.2
(33.0–37.0)

29.3 ± 1.4
(27.0–31.0)

Stylet conus 11.1 ± 0.5
(10.5–11.5)

10.6 ± 0.5
(10.0–11.0)

17.6 ± 0.7
(16.5–18.5)

13.3 ± 0.8
(12.0–14.0)

D.G.O. 5.3 ± 0.3
(5.0–5.5)

5.3 ± 0.4
(5.0–6.0)

4.2 ± 0.3
(4.0–5.0)

4.3 ± 0.5
(4.0–5.0)

O 23.9 ± 0.8
(22.7–24.4)

25.6 ± 1.9
(22.7–28.6)

11.8 ± 0.9
(11.0–13.9)

14.8 ± 1.6
(12.9–16.7)

Anterior end to centre of median bulb 64 ± 2.5
(61–67)

64 ± 2.6
(60–67)

85 ± 2.1
(82–88)

74 ± 1.8
(72–77)

Anterior end to excretory pore 89 ± 3.6
(84–92)

83 ± 3.9
(77–87)

127 ± 2.5
(124–132)

105 ± 9.5
(97–117)

Pharynx length 108 ± 10.9
(95–117)

118 ± 3.8
(114–123)

156 ± 6.8
(147–168)

128 ± 2.8
(124–131)

Pharyngeal overlap 20.8 ± 2.2
(18.0–23.0)

21.7 ± 2.7
(18.0–26.0)

17.3 ± 2.5
(14.0–20.0)

6.8 ± 3.1
(5.0–13.0)

Max. body diam. 23.9 ± 0.6
(23.0–24.5)

23.8 ± 1.0
(23.0–25.0)

30.8 ± 1.6
(29.0–33.0)

30.7 ± 1.6
(29.0–33.0)

Anal body diam. 17.5 ± 0.4
(17.0–18.0)

14.7 ± 0.8
(14.0–16.0)

21.1 ± 0.7
(20.0–22.5)

20.3 ± 1.3
(18.5–22.0)

Tail 10.6 ± 1.4
(9.0–12.0)

16.3 ± 1.2
(15.0–18.0)

25.4 ± 2.7
(22.5–32.0)

17.8 ± 1.5
(16.0–20.0)

Tail annuli 7.3 ± 1.0
(6–8)

– 16.6 ± 1.9
(14–19)

10.7 ± 0.8
(10–12)

Phasmid to terminus 30.5 ± 2.1
(28.0–33.0)

– 34.5 ± 5.0
(30.0–40.0)

23.8 ± 4.6
(21.0–33.0)

Spicules – 22.0 ± 0.7
(21.0–23.0)

– –

Gubernaculum – 9.6 ± 0.9 – –
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a Abbreviations are defined in Siddiqi (2000).

tylet robust, 2.8–3.2 times longer than labial region diam. Basal
nobs rounded slightly convex anteriorly, 6.0–6.5 �m wide. Dorsal
haryngeal gland opening 4.0–5.0 �m posterior to stylet base. Pro-
orpus of pharynx cylindrical, with slight depression just anterior to
edian bulb, 36.8 ± 2.1 (34–40) �m long. Median pharyngeal bulb
ell developed, broadly oval, 13.0–15.0 × 10.5–12.0 �m, occupying

–10 annuli, valvular apparatus 3.0 �m long, located at 53.9 ± 1.0
53–56)% of pharyngeal length. Isthmus 26.3 ± 1.0 (25–28) �m
ong, encircled by nerve ring at mid-point. Pharyngeal glands
hort, with three nuclei, slightly overlapping intestine dorsally for
–4 annuli. Nerve ring enveloping isthmus at middle, at 85 ± 2.9
81–89) �m from anterior end. Excretory pore usually located near

iddle of isthmus level. Hemizonid distinct, located at anterior to

xcretory pore, extending for ca 1.0–1.5 body annuli width, just
nterior to excretory pore. Reproductive system with both genital
ranches equally developed; anterior branch 158 ± 13.0 (144–182)
m long, posterior branch 143 ± 14.9 (122–160) �m long. Vulva
(9.0–11.0)

clearly posterior to mid-body, without a distinct epiptygma. Vagina
with internal walls slightly sclerotised, 11.8 (11.0–12.5) �m long.
Ovaries with a single row of oocytes. Phasmids pore-like, 5.0 ± 1.1
(4–6) annuli anterior to level of anus or 5.4 ± 2.2 (3.0–9.0) �m ante-
rior to anus. Tail short, of variable shape, conoid-rounded, terminus
striated and cuticle at tail tip 2.6 ± 0.2 (2.5–3.0) �m wide.

3.2.5. Rotylenchus robustus (de Man, 1876) Filipjev, 1936
Fig. 8 and Table 6.
Female: Body large, habitus usually forming a spiral. Lateral

fields with four smooth equidistant lines, 11.1 ± 0.8 (10.0–12.0)
�m wide at mid-body, approximately one-fourth as wide as body
diam. Regular areolation of lateral fields (external bands) observed

in pharyngeal region, an irregularly areolated along-body (Fig. 8).
Cuticle 1.5–2.0 �m thick, clearly annulated, annuli 1.5–2.0 �m wide
at mid-body. Labial region hemispherical, set off from body by a
constriction, bearing 6–8 annuli, irregularly divide longitudinally,
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Fig. 6. Light micrographs of Rotylenchus buxophilus Golden, 1956 (A) Female habitus. (B) Female anterior body region. (C–E) Female lip regions. (F) Detail of pharyngeal
r (N) Ab
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egion. (G) Vulval region. (H) Lateral fields at mid-body. (I–M) Female tail regions.
: 100 �m; B: 20 �m; C–N: 10 �m).

articularly the 2–3 basal annuli. Labial disc distinct under SEM,
ounded. Centrally located on the oral disc is the oval opening
f the prestoma without any labial sensillae surrounding (Fig. 8).
he oral disc is clearly separated from the first annulus of the lip
egion, which is divided into six sectors, with lateral sectors, bor-
ering the amphidial apertures, smaller than the subventral and
ubdorsal sectors. Each amphidial opening appears as a half ellipse,
.e. a wide slit with a curved distal margin between the oral disc
nd the lateral sectors of the first lip annulus. Labial framework

ell developed, 4.7 ± 0.4 �m (4–5) long, posterior margin at level

f 6th or 8th body annulus. Stylet robust, 3.6–4.1 times longer
han labial region diam. Basal knobs rounded, 7.5–9.0 �m wide,
t level of 22–26th annulus posterior to labial region. Pharyngeal
normal female tail. Abbreviations: a: anus; ep: excretory; ph: phasmid (scale bars:

glands sacciform, with three nuclei, overlapping intestine dorsally
for 22–46 annuli. Excretory pore usually located near pharyngo-
intestinal junction level. Reproductive system with both genital
branches equally developed. Vulva slightly posterior to mid-body,
with a distinct epiptygma. Ovaries with a single row of oocytes,
spermathecae rounded, with sperm (1.5–2.0 �m wide). Phasmids
pore-like, 2.8 ± 1.1 (1–4) annuli anterior to level of anus or 4.5 ± 1.8
(3.0–8.0) �m anterior to anus. Tail short, hemispherical, with 10–21
annuli, terminus striated and cuticle at tail tip 6.8 ± 0.4 (6.0–7.0)

�m wide.

Male: Common, habitus an open C shape. Lip region more
distinctly set off and more elevated than in female. Testis sin-
gle, outstretched. Bursa crenate 76.2 ± 4.8 (68.0–82.0) �m long,
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Fig. 7. Light micrographs of Rotylenchus pumilus (Perry et al., 1959) Sher, 1961. (A) Female pharyngeal regions. (B, C) Details of pharyngeal gland. (D, E) Female anterior body
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egion. (F) Detail of lateral fields at mid-body. (G) Vulval region. (H) Female habitus.
h: phasmid (scale bars: A, H: 50 �m; B–E, G: 25 �m; F, K: 10 �m; I, J, L: 20 �m).

ompletely surrounding tail which is tapering with a rounded-
ointed tip. Spicules ventrally arcuate. Gubernaculum protrusible,
ith prominent titillae distally.

.3. Molecular characterisation and phylogenetic position of
otylenchus paravitis n. sp. within the genus and other
oplolaimidae

Similarity values from D2-D3 expansion segments of 28S and
TS1-rRNA among species of Rotylenchus are presented in Table 7.
nterspecific variations for the D2-D3 sequence among Rotylenchus
pecies retrieved from GenBank and R. paravitis n. sp. varied from
4 to 57 nucleotides (5–12%). Phylogenetic analysis (BI and ML)
f Rotylenchoidinae and Hoplolaiminae based on D2-D3 expan-
ion segments of 28S-rRNA of a multiple alignment including 82
equences of 574 bp in length showed 4 moderately or highly sup-
orted lineages in the genus Rotylenchus (Fig. 9): (i) R. incultus, R.
oodeyi, R. laurentinus, R. buxophilus and R. pumilus; (ii) R. montanus,
otylenchus sp. SAS-2006, and R. brevicaudatus; (iii) R. robustus, R.
niformis, R. magnus and R. jaeni, R. cazorlaensis; and (iv) R. exim-

us, R. vitis and R. paravitis n. sp. (Fig. 9). Helicotylenchus species
ormed three highly supported clades, Scutellonema formed a single

ighly supported clade, and Hoplolaimus and Aorolaimus clustered
ogether in a separate clade together with R. unisexus (Fig. 9). Roty-
enchus paravitis n. sp. formed a poorly supported clade with R.
ximius and R. vitis, but occupied a monophyletic position among
Female tail regions. (K) Detail of phasmid. Abbreviations: a: anus; n: gland nucleus;

the other genera of Hoplolaimidae (Helicotylenchus, Hoplolaimus
and Scutellonema) included in the analysis (Fig. 9).

D2-D3 expansion segments of 28S-rRNA did not refute the
monophyly of the genera Rotylenchus (P = 0.071), Helicotylenchus
(P = 0.572), Hoplolaimus (P = 1.00), even regarding the tree topology
in several clades within some of the genera (Table 8). The exclu-
sion of some species strongly associated to Helicotylenchus (viz. R.
conicaudatus, HQ700698) and other not so strongly associated to
Hoplolaimus and Aorolaimus (R. unisexus, EU280799) did not refute
the monophyly of Rotylenchus (P = 0.635) (Table 8). Similar results
were obtained for the analysis based on the partial 18S. However,
the absence of some sequences in genus Hoplolaimus or some Roty-
lenchus species (viz. R. conicaudatus and R. unisexus), may be the
cause of these results. In both cases the constriction of the genera
Rotylenchus, Helicotylenchus, Hoplolaimus and Scutellonema did not
refute to the monophyly of these genera (P = 0.064 for D2-D3 and
P = 0.298 for partial 18S).

ITS1-rRNA from R. paravitis n. sp. sequence differed to the
aligned sequences of Rotylenchus species in a range from 84 to 155
nucleotides (18–34%). Since only seven partial 18S-rRNA sequences
from Rotylenchus species are deposited in GenBank, phylogenetic
analysis with this gene was carried out including 18S sequences

from six Helicotylenchus species. The alignment for 28 ITS1-rRNA
sequences of Rotylenchus samples was 800 bp long. After discarding
ambiguously aligned regions from the alignment, the ITS1 dataset
included 448 bp. The 50% majority rule consensus phylogenetic tree
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Fig. 8. Scanning electron microscope photographs of Rotylenchus robustus (de Man, 1876) Filipjev, 1936 from Lucena del Puerto, Huelva province, southern Spain (A–D) and
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omales, California, USA (E–H). (A, B, E) Female lip region, lateral views, showing b
oa), amphid (ap) and labial disc (ld). (D, H) Female tail region showing anus (a) and

enerated from the ITS1-rRNA alignment by BI analysis under the
VM + G model is presented in Fig. 10. The tree topologies between
L and BI were congruent and showed a similar clustering topol-

gy to that obtained for D2-D3, including 3 clades with similar
pecies in each one. Rotylenchus paravitis n. sp. which does not
orm supported clades with any of the other Rotylenchus species
Fig. 10). On the other hand, R. robustus formed a well supported
lade with R. magnus and R. jaeni. Rotylenchus vitis formed a mod-
rately supported clade with R. iranicus, but not with the most
imilar species R. paravitis n. sp., which occupied a basal position
n a clade with R. jaeni, R. magnus, R. robustus, R. cazorlaensis and
. eximius (Fig. 10). Similarly, the alignment for partial 18S-rRNA
f 8 Rotylenchus samples and other Rotylenchoidinae and Hoplo-
aiminae in the GenBank with 1713 positions in length showed a
ighly supported clade with R. uniformis, R. robustus, and R. jaeni,
moderately supported clade formed by R. paravitis n. sp. and R.

itis, whereas R. goodeyi, R. eximius, and Rotylenchus sp. JH-2004
ere clearly separated from the former, and Helicotylenchus species

ormed two well supported clades (Fig. 11). Similarity values from
he partial 18S-rRNA sequence of R. paravitis n. sp. with those
eposited in GenBank were high and ranged from 95% for Roty-

enchus sp. (AY284608) to 98% for R. vitis (JN032583). Similarly,

he alignment for partial 18S-rRNA of 8 Rotylenchus samples and
thers Rotylenchoidinae and Hoplolaiminae in the GenBank with
713 positions in length showed a highly supported clade with R.
niformis, R. robustus, and R. jaeni, a moderately supported clade
p annulus with longitudinal striations. (C, F, G) En face view showing oral aperture
mid (ph) (scale bars: A, C, E–G: 10 �m; B, D, H: 10 �m).

formed by R. paravitis n. sp. and R. vitis, whereas R. goodeyi, R.
eximius, and Rotylenchus sp. JH-2004 were clearly separated from
the former, and Helicotylenchus species formed two well supported
clades (Fig. 11).

There was not any sequence of COI from Rotylenchus species
deposited in GenBank, so only the partial COI sequences of
this study have been used. Similarity values of COI sequences
of R. paravitis n. sp. with those of other Rotylenchus species
ranged from 90% for R. eximius (JX015401, JX015402), 87% for
R. vitis (JX015417, JX015418), 82% for R. cazorlaensis (JX015399,
JX015400), 77% for R. robustus (JX015411–JX015414), to 76% for R.
magnus (JX015408–JX015410). There was no intraspecific variation
among COI of different populations from the same species, except
for COI for R. robustus which showed 92% similarity (321/359 bp)
between the two Spanish isolates and 84% similarity (298/354 bp)
with USA isolate. The COI alignment consisted of 22 sequences
with 409 bp in length. The 50% majority rule consensus phyloge-
netic tree generated from the COI alignment by BI analysis under
the GTR + I + G model is presented in Fig. 11. The tree topologies
between ML and BI were congruent. The COI tree showed the same
clade that appears in D2-D3 or ITS1 trees, separating R. paravitis
n. sp. from R. vitis and R. eximius, and a major clade including R.

cazorlaensis, R. buxophilus, R. incultus, R. laurentinus, R. jaeni, R. mag-
nus, and a moderately supported sub-clade with R. robustus clearly
separated by its geographical origin (Spanish or American isolates)
(Fig. 12).
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Table 6
Morphometrics of Rotylenchus robustus (de Man, 1876) Filipjev, 1936 from Tomales (California, USA) and from Lucena del Puerto (Huelva province, southern Spain). All
measurements are in �m and in the form: mean ± s.d. (range).a

Character R. robustus – population

Tomales, California, USA Lucena del Puerto, Spain

Females Males Females Males

n 12 9 9 6
L 1429 ± 83.6

(1207–1533)
1311 ± 129.7
(1117–1555)

1423 ± 143.4
(1178–1583)

1203 ± 57.3
(1117–1272)

a 33.0 ± 2.7
(29.4–37.6)

37.3 ± 2.4
(33.5–40.3)

34.6 ± 2.8
(30.2–37.4)

38.8 ± 1.0
(37.2–39.8)

b 12.9 ± 0.9
(11.4–14.3)

12.6 ± 0.7
(11.6–14.1)

13.5 ± 1.2
(11.2–14.9)

13.7 ± 0.6
(13.1–14.6)

b′ 7.1 ± 0.7
(6.3–8.3)

6.7 ± 0.5
(6.2–7.5)

7.2 ± 0.8
(5.8–8.5)

6.8 ± 0.3
(6.5–7.2)

c 54.6 ± 5.6
(42.7–63.8)

39.3 ± 4.0
(34.3–45.7)

65.2 ± 8.3
(57.8–80.4)

40.2 ± 3.2
(36.0–45.4)

c′ 0.8 ± 0.1
(0.7–0.9)

1.3 ± 0.1
(1.2–1.5)

0.7 ± 0.05
(0.6–0.8)

1.4 ± 0.1
(1.2–1.5)

V or T 54.0 ± 1.2
(53.0–57.0)

39.8 ± 8.4
(28.9–51.6)

53.8 ± 0.7
(53.0–55.0)

41.6 ± 8.0
(30.6–51.7)

G1 18.3 ± 3.7
(14.0–23.9)

– 17.1 ± 3.0
(13.2–21.6)

–

G2 18.0 ± 4.3
(12.0–23.6)

– 16.3 ± 2.9
(12.0–21.1)

–

Stylet 46.8 ± 2.1
(43.0–50.0)

41.7 ± 1.7
(40.0–45.0)

49.6 ± 1.7
(46.0–51.0)

43.5 ± 2.1
(41.0–47.0)

Stylet conus 23.2 ± 1.6
(21.0–26.0)

21.4 ± 0.7
(20.5–22.5)

25.3 ± 0.8
(24.0–26.5)

21.8 ± 0.9
(21.0–23.0)

D.G.O. 7.4 ± 0.9
(6.5–9.0)

7.1 ± 0.8
(6.0–9.0)

6.7 ± 0.4
(6.0–7.0)

5.3 ± 0.4
(5.0–6.0)

O 15.8 ± 1.8
(13.3–19.6)

16.9 ± 1.9
(14.4–20.9)

13.5 ± 0.7
(12.0–14.6)

12.2 ± 0.4
(11.6–12.8)

Anterior end to centre of median bulb 113 ± 7.9
(100–126)

104 ± 6.3
(91–110)

105 ± 3.3
(99–109)

88 ± 4.7
(82–95)

Anterior end to excretory pore 150 ± 15.7
(134–176)

162 ± 13.7
(135–178)

162 ± 13.8
(143–179)

138 ± 4.5
(131–143)

Pharynx length 203 ± 19.4
(178–234)

194 ± 12.1
(181–213)

198 ± 10.5
(181–210)

177 ± 11.0
(165–195)

Pharyngeal overlap 47.9 ± 9.0
(39.0–67.0)

50.2 ± 3.6
(45.0–55.0)

46.1 ± 4.2
(41.0–52.0)

44.2 ± 3.4
(41.0–49.0)

Max. body diam. 43.5 ± 3.6
(38.0–49.0)

35.2 ± 3.4
(31.0–41.0)

41.1 ± 1.3
(39.0–43.0)

31.0 ± 1.1
(30.0–32.0)

Anal body diam. 34.1 ± 2.4
(30.0–37.0)

25.1 ± 3.7
(19.0–30.0)

31.4 ± 2.2
(29.0–36.0)

21.6 ± 1.1
(20.5–23.5)

Tail 26.4 ± 2.4
(23.0–32.0)

33.5 ± 3.3
(26.5–38.0)

22.0 ± 2.7
(19.0–26.0)

30.0 ± 1.7
(28.0–32.0)

Tail annuli 14.3 ± 2.2
(13–21)

– 14.0 ± 2.2
(10–17)

–

Phasmid to terminus 34.2 ± 4.1
(28.0–43.0)

– 26.6 ± 2.2
(22.0–30.0)

–

Spicules – 37.1 ± 2.8
(33.0–41.0)

– 35.7 ± 2.0
(33.0–38.0)

Gubernaculum – 18.6 ± 1.6 – 17.7 ± 1.0

t
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a Abbreviations are defined in Siddiqi (2000).

The alignment generated from hsp90 sequences from R. paravi-
is n. sp. and R. vitis showed the presence of insertions in the hsp90
equence of R. paravitis n. sp. After discarding ambiguously aligned
egions from the alignment, the size was 150 bp with a similarity
f 81% (122/150 and 5 gaps, 3%) between them. Finally, the hsp90
lignment consisted of 35 sequences with 244 bp in length. The
0% majority rule consensus phylogenetic tree generated from the
sp90 alignment by BI analysis under the K80 + G model is pre-
ented in Fig. 13. The hsp90 tree showed that Rotylenchus spp.
lustered together with H. pseudorobustus, and R. paravitis n. sp. was
learly separated from R. vitis and other Rotylenchus spp. (Fig. 13).
.4. Molecular diagnostics of some Rotylenchus species

PCR-D2-D3-28S-RFLP profile for R. paravitis n. sp. is given in
ig. 14. The following restriction profiles are obtained for this
(16.0–21.0) (16.0–19.0)

species: unrestricted PCR – 792 bp; AvaI – 395, 267, 130 bp, RsaI
– 328, 259, 161, 38, 6 bp; BseNI – 684, 108 bp; MvaI – 560, 232 bp;
HpaII –215, 206, 164, 145, 62 bp.

Results of PCR with species specific primers are given in Fig. 15.
The combinations of the universal TW81 primer with the species
specific R. paravitis, R. vitis or R. robustus primers yielded amplicons
of approximately 131, 258, or 438 bp in lengths for corresponding
species, respectively. No additional bands were observed in any
tested samples.

4. Discussion
4.1. Multivariate analysis of morphological characters

Results of multivariate analyses identified size, lip annuli, stylet
knobs, cuticle at tail tip, and position of phasmid, the stylet conus
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Table 7
Similarity values (%) of rRNA sequences among Rotylenchus species. Above diagonal D2-D3 expansion segments of 28S rRNA and below diagonal ITS1 region.a

Rotylenchus spp.
Rotylenchus spp. 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22
01. R. paravitis n. sp.* 92 - 89 88 92 92 91 93 90 90 89 93 90 93 90 90 93 92 90 94 90
02. R. agnetis - - 88 89 92 91 88 90 90 90 90 92 90 92 92 90 92 92 89 90 91
03. R. brevicaudatus 74 - - - - - - - - - - - - - - - - - - - -
04. R. brevicaudatus 74 - 99 86 89 88 88 87 93 93 86 89 93 88 88 95 89 88 87 88 89
05. R. buxophilus - - - - 97 90 87 87 93 93 86 89 93 89 89 95 89 89 88 87 88
06. R. buxophilus 81 - - 81 - 93 91 91 96 96 90 92 97 92 91 98 92 92 91 91 91
07. R. cazorlaensis 77 - 74 74 - 61 90 91 91 92 89 95 92 95 90 91 94 94 91 90 90
08. R. conicaudatus 62 - 62 62 - 69 59 90 87 88 88 90 88 90 88 90 91 91 89 89 88
09. R. eximius 74 - 71 70 - 60 73 56 89 89 89 92 89 92 89 89 92 92 90 92 90
10. R. goodeyi - - - - - - - - - 99 88 90 99 90 89 95 90 90 89 88 89
11. R. incultus 66 - 65 65 - 83 66 66 61 - 88 90 99 90 90 95 90 90 90 88 89
12. R. iranicus 67 - 67 67 - 71 65 67 63 - 68 89 88 90 88 88 90 90 87 87 88
13. R. jaeni 77 - 64 73 - 63 81 59 71 - 72 68 90 98 90 90 96 96 90 92 90
14. R. laurentinus 65 - 65 65 - 83 65 66 61 - 68 72 68 90 90 95 90 90 90 89 89
15. R. magnus 77 - 75 74 - 63 85 59 73 - 65 68 92 67 90 90 97 97 90 92 90
16. R. montanus 65 - 65 64 - 64 65 61 62 - 67 65 65 66 65 90 91 90 88 89 99
17. R. pumilus 81 - - 81 - 97 62 68 59 - 83 71 62 83 62 64 91 90 89 90 90
18. R. robustus 73 - 70 69 - 59 80 59 70 - 67 81 65 85 65 58 99 91 92 90
19. R. uniformis - - - - - - - - - - - - - - - - - - 90 92 90
20. R. unisexus 69 - 64 64 - 68 66 65 65 - 72 72 66 67 66 65 - 62 - 89 88
21. R. vitis 72 - 62 61 - 68 65 62 63 - 64 64 66 63 67 72 68 66 - 65 89
22. Rotylenchus sp. 66 - 65 64 - 87 65 61 63 - 65 65 65 66 65 98 86 81 - 66 72

Accessions numbers (D2-D3, ITS1, respectively): 1: JX015422, JX015434; 2: EU280795; 3: DQ309587; 4: JX015419, JX015430; 5: FJ485647; 6: JX015421,
JX015432; 7: EU280792, EU373671; 8: HQ700698; HQ700700; 9: EU280794, EU373664; 10: DQ328756; 11: EU280797; EU373673; 12: HQ700697; HQ700699;

65; 16
32874
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13: EU280791, EU373662; 14: EU280798, EU373667; 15: EU280789, EU3736
19: DQ328737; 20: EU280799; EU373675; 21: JN032581, JN032582; 22: DQ

a Newly obtained sequences are in bold letters. (–) Not available.

nd orifice of dorsal gland as key characters to differentiate R. vitis
nd R. paravitis n. sp. from those of R. robustus. However, no char-
cters could be found to clearly discriminate between specimens
f R. vitis and R. paravitis n. sp. since their values overlapped for
he two species. Moreover, their degree of variation was compa-
able to that observed among specimens belonging to each of the
wo populations of R. robustus. Consequently, on the basis of this

orphometric multivariate analysis as well as morphological cryp-
icism, R. paravitis n. sp. and R. vitis, should be considered cryptic
pecies, since both taxa are cryptic to human perception largely due
o the lack of conspicuous differences in morphometric appearance
Palomares-Rius et al., 2010).

.2. Comparative morphology and morphometry of Rotylenchus
aravitis n. sp. and other Rotylenchus spp. studied

Delimiting closely related nematode species is a particularly dif-
cult issue. For this reason, Castillo and Vovlas (2005) established

specific matrix code for Rotylenchus spp. according to the fol-

owing: Group A: 1 = lip region (l.r.) annulation absent or smooth;
= l.r. with 2–3 annuli; 3 = l.r. with 4 annuli; 4 = l.r. with 5 annuli;
= l.r. with 6 annuli; 6 = l.r. with 7–8 annuli; 7 = l.r. with 9–10 annuli.

able 8
esults of the SH-tests for alternative hypotheses using ML trees.

Topologies and hypothesis tested D2-D3

−Ln L Difference

ML tree 6727.44 Best
All Rotylenchus spp. constrained into one group 6752.96 25.52
All Helicotylenchus spp. constrained into one group 6733.37 5.93
All Hoplolaimus spp. constrained into one groupa 6727.44 0.00
Grouping separately

Rotylenchus–Helicotylenchus–Hoplolaimus–Scutellonemaa
6753.99 26.55

All Rotylenchus spp. constrained, with exception of R.
conicaudatus + R. unisexus

6729.92 2.48

* P < 0.05 indicates the significant differences between the two inferred tree topology.
a Non available partial 18S sequences for Hoplolaimus or some specific Rotylenchus seq
: DQ328743, EU280800; 17: JX015423, JX015435; 18: JX015424, JX015437;
2, EU280802.

Group B: 1 = l.r. hemispherical; 2 = l.r. rounded; 3 = l.r. conoid; 4 = l.r.
truncate. Group C: 1 = only in pharyngeal region (ph. reg.); 2 = in ph.
reg. and irregularly at mid-body; 3 = in ph. reg. and incompletely at
mid-body; 4 = in ph. reg. and near phasmids; 5 = whole body length
except tail region; 6 = whole body length included tail region;
7 = incompletely along whole body. Group D: 1 = punctuated along
body annuli; 2 = longitudinally striated in ph. reg.; 3 = longitudinally
striated over whole body; 4 = without body striations. Group E:
1 = <30 �m; 2 = by 30–35.9 �m; 3 = by 36–40.9 �m; 4 = >41 �m.
Group F: 1 = <2 �m; 2 = by 2–6.9 �m; 3 = by 7–12 �m; 4 = >12 �m.
Group G: 1 = <5 �m; 2 = by 6–20.9 �m; 3 = by 21–30.9 �m; 4 = by
31–40.9 �m; 5 = >41 �m. Group H: 1 = hemispherical; 2 = rounded;
3 = conoid; 4 = pointed; 5 = with ventral projection. Group I:
1 = <50%; 2 = by 50 to 70%; 3 = >70%. Group J: 1 = present; 2 = absent.
Group K: 1 = >5 annuli anterior to anus; 2 = from 5 anterior to
5 posterior to anus; 3 = >5 annuli posterior to anus. Rotylenchus
paravitis sp. n. is very close to R. vitis in general morphology
and morphometry, since most of the morphometric characters

are within the same range, including de Man ratios, D.G.O., O,
spicules and gubernaculum. Morphologically R. paravitis n. sp. can
be also distinguished from the most similar species by a number
of particular characteristics resulting from its specific matrix code

18S

of −Ln L P* −Ln L Difference of −Ln L P*

5810.80 Best
0.071 5814.55 3.75 0.298
0.572 5810.80 0.00 1.00
1.00 Non-available – –
0.064 5814.55 3.75 0.298

0.635 Non-available – –

uences in GenBank.
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etters.

A6,7, B4, C1, D4, E4, F2, G5, H1,2, I1,2, J1, K1 sensu Castillo and
ovlas, 2005). It is also close to R. cazorlaensis, Rotylenchus capita-

us Eroshenko, 1981, Rotylenchus elegans (Khan and Khan, 1982)
ortuner, 1987, Rotylenchus fabalus Baydulova, 1984, R. iranicus
tighi, Pourjam, Pedram, Cantalapiedra-Navarrete, Palomares-Rius
nd Castillo, 2011, R. labiodiscus Wouts and Sturhan, 1999, R. mon-
anus Vovlas, Subbotin, Troccoli, Liébanas and Castillo, 2008, and R.
roncapitatus Scotto La Massèse and Germani, 1998. It differs from
. cazorlaensis by lip annuli (7–9 narrow annuli not divided lon-
itudinally vs. 6–7 annuli, irregularly divided into blocks), first lip
nnulus (undivided vs. divided into six sectors), distance of ori-
ce of dorsal pharyngeal gland to stylet base (4–7 vs. 8.5–11.5 �m),
tylet length (44–50 vs. 46.5–56.5 �m), phasmid position (12–24
nnuli anterior to level of anus vs. 0–4 annuli posterior to anus);
picule length (33 vs. 42–48 �m), and gubernaculum length (13
s. 19.5–25 �m). It differs from R. capitatus by body and stylet
ength (1383–1856, 44–50 vs. 680–850, 26–29 �m, respectively),

ip region shape (truncate lip region with 7–9 annuli, continu-
us with body contour vs. truncate with 7–8 annuli, slightly set
ff from body), and female tail shape (hemispherical vs. conoid).
t differs from R. elegans by body and stylet length (1383–1856,
2-D3 of 28S-rRNA gene dataset with the TVM + I + G model. Posterior probabilities
iven on appropriate clades in ML analysis. Newly obtained sequences are in bold

44–50 vs. 500–600, 22–25 �m, respectively), and position of phas-
mids (12–24 annuli anterior to level of anus vs. at 5–8 annuli
anterior to anus). It differs from R. fabalus by lip region shape (trun-
cate lip region with 7–9 annuli, continuous with body contour vs.
conoid, without annulation, continuous with body contour), tail tip
(regularly annulated vs. smooth), phasmid position (12–24 annuli
anterior to level of anus vs. 0–2 annuli anterior to anus), and pres-
ence vs. absence of males. It differs from R. iranicus by body length
(1383–1856 vs. 954–1237 �m), lip region shape (truncate lip region
with 7–9 annuli, continuous with body contour vs. hemispheri-
cal, with 5–6, rarely 7 annuli and set off from body), pharyngeal
glands overlapping (53–57 vs. 3–16 �m long), female tail shape
(hemispherical with regularly annulated tip vs. short, rounded,
slightly conoid in some specimens, and typical smooth end). It
differs from R. labiodiscus by body and stylet length (1383–1856,
44–50 vs. 820–980, 33–37 �m, respectively), and position of phas-
mids (12–24 annuli anterior to level of anus vs. located from five

annuli anterior to one annulus posterior to anus level). It differs
from R. montanus by lip region shape (truncate lip region with 7–9
annuli, continuous with body contour vs. hemispherical with 6–7
annuli), body and stylet length (1383–1856, 44–50 vs. 913–1135,
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3–37 �m, respectively. It differs from R. troncapitatus by body
ength (1383–1856 vs. 940–1180 �m), lip region shape (truncate
ip region with 7–9 annuli, continuous with body contour vs. trun-
ate, with 7–10 annuli and set off from body), and phasmid position
12–24 annuli anterior to level of anus vs. varying from four annuli
nterior to four posterior to anus).

The R. brevicaudatus population from grasses in Brisbane
Australia) was morphologically and morphometrically similar
ith that analysed in the original description and subsequent

eports, as showed by de Man ratios, except for minor differ-
nces which may be considered as intraspecific (Colbran, 1962;
an Den Berg and Heyns, 1974). This population was charac-

erised by a slightly shorter body and stylet length than those from
he original population from Lawnton, Queensland (533–587 vs.
00–800 �m, 21–24 vs. 22–27 �m, respectively); but almost identi-
al to a population from South Africa (21–24 vs. 19–25 �m, 533–587
s. 500–800 �m, respectively) (Colbran, 1962; Van Den Berg and
eyns, 1974). Similarly, the alpha-numeric codes for R. brevicauda-

us to be applied to the polytomic identification key for Rotylenchus
pecies by Castillo and Vovlas (2005) are coincident with previous

escriptions A3–B2–C1–D4–E1–F2–G3–H1–I2–J1–K1.

The R. buxophilus population from Napa County (California,
SA) agrees fairly well with the original description and the
opulation from Iran, the morphometric of which do not exceed
ITS-rRNA gene dataset with TVM + G model. Posterior probabilities more than 65%
ate clades in ML analysis. Newly obtained sequences are in underline letters.

the intraspecific variation reported herein, as showed by de Man
ratios and other diagnostic characters (Golden, 1956; Sher, 1965;
Geraert and Barooti, 1996).

The R. pumilus population from Urtica sp. in San Jose park,
California (USA) completely fit the original description and data
from a French population, except for minor differences which
may be considered as intraspecific (Sher, 1961; Germani and
Scotto La Massese, 2002). This population was characterised by
a slightly larger body and stylet length than those from the orig-
inal population from Wisconsin, USA (773–906 vs. 600–700 �m,
27–31 vs. 23–28 �m, respectively) (Sher, 1961); but almost iden-
tical in stylet length to a population from France (27–31 vs.
26–29 �m, respectively) (Germani and Scotto La Massese, 2002).
Similarly, the alpha-numeric codes for R. pumilus to be applied
to the polytomic identification key for Rotylenchus species by
Castillo and Vovlas (2005) are coincident with previous descrip-
tions A4–B1–C1–D4–E1–F2–G2–H1–I2–J1–K2.

The R. robustus populations from stone pine and grasses in
southern Spain and California (USA), respectively, closely agree
with the original description and previous reports, showing minor

differences which could be considered as intraspecific variations
(Sher, 1965; Castillo and Vovlas, 2005). Both populations were
clearly differentiated from R. uniformis (Thorne, 1949) Loof and
Oostenbrink, 1958 by a higher number of lip annuli (6–8 vs.
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); lateral fields areolated in pharyngeal region and irregularly
reolated at mid-body vs. areolated only in pharyngeal region;
nd female tail hemispherical vs. rounded (Castillo and Vovlas,
005). The alpha-numeric codes for R. robustus to be applied
o the polytomic identification key for Rotylenchus species by
astillo and Vovlas (2005) are coincident with previous descrip-
ions A6–B1–C2–D4–E4–F2–G3–H1–I2–J1–K2. SEM studies for the
panish and American populations of R. robustus showed a simi-
ar pattern of lip region, with longitudinal striations in lip annuli,
iving a tiled surface appearance (Fig. 8), and were coincident with
revious studies (De Grisse et al., 1974; Abrantes et al., 1987).

.3. Molecular phylogenetic relationships

The phylogenetic relationships inferred in this study based on
he D2-D3 of 28S-rRNA and the ITS1 of rRNA gene sequences mostly
grees with well-differentiated lineages obtained in previous
tudies (Vovlas et al., 2008; Atighi et al., 2011; Cantalapiedra-
avarrete et al., 2012). Nevertheless, small differences may be
ttributed to additional sequences added in this study. In par-
icular, the position of R. agnetis in the present tree differed
fter including R. brevicaudatus, which formed a moderately sup-

orted clade with R. montanus and with Rotylenchus sp. SAS-2006.
hylogeny based on the D2-D3 of 28S-rRNA clearly showed the
araphyly of Hoplolaimidae, which agrees with previous stud-

es (Subbotin et al., 2007; Vovlas et al., 2008; Atighi et al., 2011;
18S-rRNA gene dataset with TVM1 + I + G model. Posterior probabilities more than
ropriate clades in ML analysis. Newly obtained sequences are in underline letters.

Cantalapiedra-Navarrete et al., 2012). This molecular marker sep-
arated Rotylenchus from other genera within Hoplolaimidae (i.e.
Helicotylenchus, Hoplolaimus, Scutellonema and Aorolaimus), which
agree with the separation by morphological characters, includ-
ing position of pharyngeal overlapping (dorsal vs. ventral), type
of phasmid (scutellum-type or pore-like) and stylet knobs (tulip-
shaped or rounded). Also, in Rotylenchus some lineages derived
from molecular markers were congruent with morphological and
morphometrical traits for D2-D3 with the major number of species
studied, i.e. lineage (iii)included species with hemispherical lip
regions of 7–8 annuli, long bodies and stylets, but the first one pos-
sesses three pharyngeal gland nuclei,; and lineage (iv) grouped two
closely related species (R. vitis and R. paravitis n. sp.) and R. exim-
ius sharing only a long stylet and a broadly rounded tail with those
species. The ITS1 data set clearly indicated similar relationships and
lineages composition with previous studies (Vovlas et al., 2008;
Atighi et al., 2011; Cantalapiedra-Navarrete et al., 2012), except for
some species, such as R. vitis which formed a moderately supported
clade with R. iranicus, instead of clustering with R. paravitis and R.
eximius which clustered separately or with very low clade support
(Figs. 9 and 10). However, these lineages differ between D2D3 and
ITS.
The phylogenetic relationships inferred in this study based
on the partial COI data set was provided for the first time in the
genus Rotylenchus. Phylogenetic relationships based on the partial
COI showed similar phylogenies than those detected in D2-D3
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nd ITS1 regions for the majority of species. Finally, phylogeny
f the available partial 18S sequences suggests a monophyletic
elationship within the genus Rotylenchus, but additional studies
re needed for clarifying this aspect. Molecular markers based on

2-D3 expansion segments of 28S-rRNA and partial 18S did not

efute the monophyly of Rotylenchus and other genera in the family
oplolaimidae (Helicotylenchus in both markers and Hoplolaimus
nly in D2-D3). However, additional sequences of Hoplolaimus,
partial COI gene dataset with GTR + I + G model. Posterior probabilities more than
opriate clades in ML analysis. All sequences are newly obtained.

Scutellonema and Aorolaimus will help in the study of these genera
from a phylogenetic point of view. Our results showed that D2-D3
of 28S-rRNA, the ITS1 of rRNA, the partial COI, the partial 18S,
and partial hsp90 gen are useful markers for species delimitation.

Nevertheless, if the speciation event has taken place recently,
the D2-D3 of 28S-rRNA might not be served a good marker to
separate Rotylenchus spp., as it has been shown for R. laurentinus
and R. incultus (Vovlas et al., 2008). Consequently, phylogenetic
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speciation process in these nematodes.
ig. 13. The 50% majority rule consensus tree from Bayesian analysis generated fro
iven for appropriate clades; bootstrap values greater than 50% are given on approp

nalyses based on the different markers did not result in a general
onsensus of species grouping, since lineages were maintained for
ome species (i.e. species with hemispherical lip regions of 7–8
nnuli, long bodies and stylets), but not in others (i.e. position of R.
itis, R. breviannulatus were quite variable).

Diagnostic PCR-ITS-RFLP profiles with five restriction enzymes,
s well as species-specific primer proved to be useful tools for
dentification of Rotylenchus species. Nevertheless, specificity of
pecies specificity of R. robustus primers still requires testing with
. uniformis samples, and species identity for nematodes previ-
usly named as R. uniformis by Subbotin et al. (2007) should be
onfirmed by molecularly comparing with the type materials of
his species. There is some controversy on the synonymy of R. uni-
ormis with R. robustus, since some authors consider both as valid
pecies (Seinhorst and Kuniyasu, 1969; Castillo and Vovlas, 2005)
ased on differences in six characters including body length, ratio
, dimensions and number of lips annuli, stylet length, and poste-
ior extensions of labial framework, while other authors consider
oth species as synonyms (Loof and Oostenbrink, 1958; Seinhorst,
991).

In summary, molecular characterisation and phylogenetic anal-
sis of D2-D3 region ITS1 of rRNA, partial 18S-rRNA, COI, and hsp90
equences and morphological and morphometric analyses clearly
upport the proposal of R. paravitis n. sp. as a new species. And
lso, the recognition of this cryptic species within the genus Roty-
enchus shows that the biodiversity of these nematodes is still not

ully understood and need some additional studies. Interestingly,
. paravitis n. sp. and R. vitis showed clearly different sequences
nd positions in the phylogenetic analysis, in spite of showing
carce or no differences in morphology or morphometry. Also, RFLP
hsp90 gene dataset with K80 + G model. Posterior probabilities more than 65% are
clades in ML analysis. Newly obtained sequences are in bold letters.

profiles as well as slight minor phenotypic traits suggest speciation
between the two taxa. Understanding the range of R. vitis and R.
Fig. 14. PCR-D2-D3-28S-RFLP profile for Rotylenchus paravitis n. sp. Lines: M –
100 bp DNA ladder (Promega); U – unrestricted PCR product, 1 – AvaI, 2 – RsaI, 3
– BseNI, 4 – MvaI, 5 – HpaII.



C. Cantalapiedra-Navarrete et al. / Zoologi

Fig. 15. The gel with specific amplicons obtained in the results of PCR
with species specific primers. (A) PCR with the Rotylenchus robustus spe-
cific primer (TW81 + R robustus primers). (B) PCR with the R. vitis specific
primer (TW81 + R vitis). (C) PCR with the R. paravitis n. sp. specific primer
(TW81 + R paravitis). Lanes: M – 100 bp DNA ladder (Promega); 1 – R. robustus (CA,
U
o
c

A

‘
‘
A
M
l
T
f

R

A

SA); 2 – R. vitis; 3 – R. paravitis n. sp.; 4 – R. brevicaudatus (Australia); 5 – R. bux-
philus (CA, USA); 6 – R. pumilus (CA, USA), 7 – Scutellonema brachyurus (USA); 8 –
ontrol without DNA.
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