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The genus Hemicycliophora (Nematoda: Hemicycliophoridae) contains 132 valid species of plant-parasitic nema-
todes, collectively known as ‘sheath nematodes’. Hemicycliophora spp. are characterized morphologically by a long
stylet with rounded basal knobs and a cuticular sheath, present in juvenile and adult stages. Populations of 20
valid and 14 putative species of Hemicycliophora and Loofia from several countries were characterized morpho-
logically using light (LM) and scanning electron microscopy (SEM) and molecularly using the D2-D3 segments of
28S rRNA and internal transcribed spacer (ITS) rRNA gene sequences. LM and SEM observations provided new
details on the morphology of these species. PCR-restriction fragment length polymorphisms (PCR-RFLPs) of the
D2-D3 of 28S rDNA were proposed for identification of the species. Phylogenetic relationships within populations
of 36 species of the genus Hemicycliophora using 102 D2-D3 of 28S rDNA and 97 ITS rRNA gene sequences as
inferred from Bayesian analysis are reconstructed and discussed. Ancestral state reconstructions of diagnostic char-
acters (body and stylet length, number of body annuli, shape of vulval lip and tail), using maximum parsimony
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and Bayesian inference, revealed that none of the traits are individually reliable characters for classifying the
studied sheath nematode. The Shimodaira–Hasegawa test rejected the validity of the genus Loofia. This is the
most complete phylogenetic analysis of Hemicycliophora species conducted so far.

© 2014 The Linnean Society of London, Zoological Journal of the Linnean Society, 2014, 171, 475–506.
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INTRODUCTION

The phylum Nematoda includes the genus
Hemicycliophora de Man, 1921, which represents a large
group of plant-parasitic nematodes that are polyphagous,
migratory root-ectoparasites of many plants includ-
ing various agricultural crops and trees (Siddiqi, 2000).
These nematodes are generally found inhabiting moist
soils and aquatic environments. Hemicycliophora spp.
are characterized morphologically by the presence of
a long stylet (60 to 150 μm) with rounded basal knobs
and an outer, separated and loosened cortical layer,
which forms a cuticular sheath in both adult and ju-
venile stages. As the body cuticle and cuticular sheath
are produced simultaneously at each moult, both are
an integral part of the cuticle. Because of the pres-
ence of a cuticular sheath, these nematodes received
the common name of ‘sheath nematodes’. Presently the
genus Hemicycliophora contains 132 valid species
(Chitambar & Subbotin, 2014).

Although all Hemicycliophora spp. are obligate plant-
parasites, only some species have been reported as dam-
aging parasites of crops, viz. Hemicycliophora arenaria
Raski, 1958, causing root-tip galls in citrus as well as
other crops in the families Cucurbitaceae, Leguminosae,
Rutaceae, Solanaceae, and Umbelliferae (Van Gundy,
1958; Van Gundy & Rackham, 1961); Hemicycliophora
parvana Tarjan, 1952, is pathogenic to celery in Florida,
USA (Tarjan, 1952); Hemicycliophora similis Thorne,
1955, has been associated with maple decline in Wis-
consin, USA (Riffle, 1962); Hemicycliophora typica caused
stubby-root symptoms in carrots in sandy soil in the
Netherlands (Thorne, 1961); Hemicycliophora conida
Thorne, 1955, caused stunted growth and aberrant root
development in forage crops (Spaull & Newton, 1982);
Hemicycliophora ripa Van den Berg, 1981, caused
stunted and terminally thickened roots in Swiss chard
(Malan & Meyer, 1993); and Hemicycliophora poranga
Monteiro & Lordello, 1978, caused similar symptoms
in tomato (Chitambar, 1993). Consequently, accurate
and timely identification of Hemicycliophora spp. in-
festing crops is a prerequisite for designing effective
management strategies and the separation of species
having agricultural and regulatory relevance, such as

H. arenaria. The morphological identification and de-
limitation of several of these species remains very prob-
lematic because of their high morphological plasticity
at the species level and the large number of de-
scribed species within the genus (Loof, 1968, 1976;
Brzeski, 1974; Brzeski & Ivanova, 1978; Raski & Luc,
1987; Siddiqi, 2000). The application of molecular
methods to study these nematodes may reveal that
some long-assumed single species are in fact cryptic
taxa consisting of species almost indistinguishable
morphologically, but phylogenetically and genetically
different, as has been shown for many other plant-
parasitic species (Gutiérrez-Gutiérrez et al., 2010;
Cantalapiedra-Navarrete et al., 2013).

Two classifications of sheath nematodes were pro-
posed and are presently in use. Raski & Luc (1987)
considered only two genera Hemicycliophora
and Caloosia Siddiqi & Goodey, 1964, within the
subfamily Hemicycliophorinae Skarbilovich, 1959,
whereas Siddiqi (2000) recognized the superfamily
Hemicycliophoroidea Skarbilovich, 1959, with the fami-
lies Hemicycliophoridae Skarbilovich, 1959, and
Caloosiidae Siddiqi, 1980. According to Siddiqi (2000),
the family Hemicycliophoridae is represented by the
subfamily Hemicycliophorinae, which contains the
genera Aulosphora Siddiqi, 1980, Colbranium Andrássy,
1979, Hemicycliophora, and Loofia Siddiqi, 1980. The
genus Colbranium was erected by Andrássy (1979) with
a single species Colbranium truncatum (Colbran, 1960),
which is characterized by a lip region separated from
the rest of the body by a deep groove and a very short
postvulval body portion deeply recessed at vulval level.
Siddiqi (1980) used vulval lip and spicule structure for
establishing the genera Aulosphora and Loofia. The
latter genus was erected as a new taxon differing from
Hemicycliophora by females having a conoid lip region,
and rounded and nonmodified vulval lips. Loof (1985)
did not recognize Loofia in his scanning electron mi-
croscopy (SEM) studies and consequently synonymized
this genus with Hemicycliophora. Likewise, Siddiqi’s
proposal was not supported by Raski & Luc (1987) who,
in their reappraisal of Tylenchina, considered Loofia
together with Aulosphora and Colbranium as junior
synonyms of Hemicycliophora. The validity of these
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genera has not been tested with molecular analyses
in other studies of sheath nematodes.

In the last decade, nuclear ribosomal RNA gene se-
quences have been used for molecular diagnostics, re-
construction of phylogenetic relationships, and testing
the reliability of the classification thus far proposed
for Hemicycliophoroidea (Subbotin et al., 2005;
Holterman et al., 2009; Van den Berg, Subbotin & Tiedt,
2010; Van den Berg, Tiedt & Subbotin, 2011; Cordero
López, Robbins & Szalanski, 2013; Inserra et al., 2013).
These studies showed that several Hemicycliophora
species can be identified using the D2-D3 of 28S rRNA
and internal transcribed spacer (ITS) rRNA gene
sequences. Analyses also showed that the genus
Hemicycliophora was monophyletic and phylogenetically
related to the genera Caloosia and Hemicaloosia but
clearly separated from sheathoid nematodes of the genus
Hemicriconemoides Chitwood & Birchfield, 1957.
However, only a few Hemicycliophora species were mo-
lecularly characterized in these studies, and conse-
quently, the relationships amongst all species in the
genus and validities of some genera listed above remain
unknown and untested.

The aims of the present study were to: (1) carry out
a detailed morphological and morphometric charac-
terization of a wide range of Hemicycliophora species
and populations from several countries; (2) provide mo-
lecular characterization of the species and popula-
tions of Hemicycliophora using sequences of the
D2-D3 of the 28S rRNA and the ITS of the rRNA gene;
(3) analyse phylogenetic relationships within
Hemicycliophora species using rRNA gene sequences;
(4) to evaluate the validity of the genus Loofia, another
genus included in this study and represented by popu-
lations of two species; (5) analyse the evolutionary his-
tories of several diagnostic morphological characters
by mapping them onto the phylogenetic trees; and (6)
develop diagnostic PCR-ITS-RFLP profiles for rapid iden-
tification of Hemicycliophora species.

MATERIAL AND METHODS
TAXONOMIC SAMPLING AND MORPHOLOGICAL STUDIES

Nematode populations used in this study were ob-
tained from several sources and geographical areas
(Table 1). The topotypes of five Hemicycliophora species
(Hemicycliophora floridensis, Hemicycliophora halophila,
Hemicycliophora hellenica, Hemicycliophora iberica, and
Hemicycliophora italiae) were also collected and added
to the populations studied. Two species, namely
Hemicycliophora thienemanni and Hemicycliophora
vaccinii, considered to belong to the genus Loofia sensu
Siddiqi (1960) were also included. All populations were
morphologically identified using the polytomous and
dichotomous keys and species descriptions according
to Chitambar & Subbotin (2014). Populations from

nontype localities were used for molecular analyses and
are proposed to be used as standard and reference popu-
lations for each given species until topotype material
becomes available and molecularly characterized. Speci-
mens were extracted from soil samples with a cen-
trifugal flotation method (Coolen, 1979). Specimens for
light microscopy were killed by gentle heat, fixed in a
solution of 4% formaldehyde + 1% propionic acid and
processed to pure glycerine using Seinhorst’s (1966)
method. Nematode specimens were examined and meas-
ured in four laboratories (IAS-CSIC, Spain; CDFA, USA;
CPSIEE, Russia; and FDACS, USA) using compound
microscopes equipped with differential interference con-
trast. Additional light microscopic photographs of nema-
todes were taken with an automatic Infinity 2 camera
attached to an Olympus BX51 microscope equipped with
a Nomarski differential interference contrast. Heat-
killed specimens fixed in formalin-acetic acid-alcohol
were processed for scanning electron microscopy ac-
cording to Chitambar (1992). Species delimitation of
Hemicycliophora in this study was performed using an
integrated approach that considered morphological and
morphometric evaluation combined with molecular-
based phylogenetic inference (tree-based methods) and
sequence analyses (genetic distance methods) (Sites &
Marshall, 2004).

DNA EXTRACTION, PCR, AND DNA SEQUENCING

For molecular analyses, nematode DNA from
Hemicycliophora samples was extracted from single or
several individuals using proteinase K as described by
Castillo et al. (2003). PCR and sequencing were com-
pleted in two laboratories: IAS-CSIC, Spain, and CDFA,
USA. All detailed protocols were as described by Castillo
et al. (2003) and Tanha Maafi, Subbotin & Moens (2003),
respectively. The forward D2A (5′-ACAAGTACCGT
GAGGGAAAGTTG-3′) and the reverse D3B (5′-
TCGGAAGGAACCAGCTACTA-3′) primers (Subbotin
et al., 2006) amplifying the D2-D3 expansion seg-
ments of 28S rRNA gene and the forward primer TW81
(5′-GTTTCCGTAGGTGAACCTGC-3′) and the reverse
primerAB28 (5′-ATATGCTTAAGTTCAGCGGGT-3′) am-
plifying the ITS1-5.8S-ITS2 of rRNA(Curran et al., 1994)
were used in the present study. Two μl of the PCR product
were run on a 1% Tris-acetate-EDTA (TAE) buffered
agarose gel.

PCR products were purified after amplification with
Geneclean turbo (Q-BIOgene SA, Illkirch Cedex, France)
or QIAquick (Qiagen, USA) gel extraction kits and used
for direct sequencing in both directions with the primers
referred above or for cloning. The 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
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same primers. PCR products from each clone were
sequenced in both directions. The newly obtained se-
quences were submitted to the GenBank database under
accession numbers KF430431–KF430610 as indicat-
ed in Table 1 and on the phylogenetic trees.

SEQUENCE AND PHYLOGENETIC ANALYSES

The newly obtained sequences of the D2-D3 of 28S
rRNA and the ITS rRNA were aligned using ClustalX
1.83 (Thompson et al., 1997) with default parameters
with their corresponding published gene sequences
(Subbotin et al., 2005; Van den Berg et al., 2010; Cordero
López et al., 2013). Outgroup taxa for each dataset were
chosen according to the results of a previous study
(Subbotin et al., 2006). Three alignments were devel-
oped: (1) D2-D3 of 28S rRNA gene sequence align-
ment; (2) ITS rRNA gene sequence alignment; (3)
combined D2-D3 and ITS rRNA gene sequence align-
ment with reduced sequence number. The last align-
ment contained one sequence from each morphologically
characterized species.

The alignments were analysed with Bayesian infer-
ence (BI) using MrBayes 3.1.2 (Huelsenbeck & Ronquist,
2001). The best fit model of DNA evolution was ob-
tained using the program jModeltest 0.1.1 (Posada, 2008)
under the Akaike information criterion. The general
time reversible substitution model with estimation of
invariant sites and assuming a gamma distribution with
four categories (GTR + I + G) was selected as the optimal
nucleotide substitution model for the analyses. BI analy-
sis for each gene was initiated with a random start-
ing tree and was run with four chains for 1.0 × 106

generations. Two runs were performed for each analy-
sis. The Markov chains were sampled at intervals of
100 generations. After discarding burn-in samples other
trees were used to generate a 50% majority rule con-
sensus tree.

Maximum likelihood (ML) and maximum parsimo-
ny (MP) trees were reconstructed from the combined
reduced data set alignment using PAUP* 4.0b 10
(Swofford, 2003) with 1000 bootstrap replicates. For
testing of alternative topologies in ML, we used the
Shimodaira–Hasegawa (SH) test as implemented in
PAUP. Trees were visualized using TreeView (Page,
1996). Sequence analyses of alignments were per-
formed with PAUP. 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.

The evolution of six morphological/morphometric char-
acters: body length, stylet length, R (total number of
body annuli), RV (number of annuli between posteri-
or end of body and vulva), vulval lips, and tail shape,
and one biological character (presence or absence of
males), frequently used in taxonomy for their diag-

nostic value, were traced over the molecular phylog-
eny on the tree obtained from the combined data set
using MP and BI approaches. Information on the char-
acters was obtained from the present study and re-
trieved from referenced literature (Van den Berg et al.,
2010; Cordero López et al., 2013; Chitambar & Subbotin,
2014). Characters were recorded as binary and multi-
state characters. Character changes were traced on the
MP tree using the parsimony ancestral state recon-
struction (ASR) methods with MESQUITE 2.75
(Maddison & Maddison, 2010) under a Markov one-
rate model. To account for topological uncertainty, we
used the ‘trace character over trees’ option. Because
the statistical properties of ASR models are not well
stated, ancestral character states were also estimat-
ed according to their posterior probability distribu-
tions in a Bayesian approach using the program
SIMMAP (Bollback, 2006). The equal-rates model for
multistate data was selected. The character states were
set as unordered. The gamma distribution for the overall
evolutionary rate was chosen and default parameters
were maintained (α = 1.25, β = 0.25, k = 60).

MOLECULAR DIAGNOSTICS OF HEMICYCLIOPHORA

WITH PCR-ITS-RFLP

Five to seven μl of purified PCR product of ITS rDNA
was digested by one of the following restriction enzymes:
AvaI, Bsh1236I, DraI, HinfI, or Hin6I in the buffer
stipulated by the manufacturer. The digested DNA
was separated on a 1.4% TAE buffered agarose gel,
stained with ethidium bromide, visualized on a UV
transilluminator, and photographed. The length of each
restriction fragment from the PCR products was ob-
tained by a virtual digestion of the sequences using
WebCutter 2.0 (http://www.firstmarket.com/cutter/
cut2.html) or estimated from a gel.

RESULTS
SPECIES IDENTIFICATION AND DELIMITING

Integrating traditional morphological taxonomic char-
acters and molecular criteria, we distinguished 20 valid
species within the studied samples: Hemicycliophora
californica Brzeski, 1974, Hemicycliophora conida
Thorne, 1955, Hemicycliophora epicharoides Loof, 1968,
Hemicycliophora floridensis (Chitwood & Birchfield,
1957) Goodey, 1963, Hemicycliophora gracilis Thorne,
1955, Hemicycliophora halophila Yeates, 1967,
Hemicycliophora hellenica Vovlas, 2000, Hemicycliophora
iberica Castillo, Gómez-Barcina & Loof, 1989,
Hemicycliophora italiae Brzeski & Ivanova, 1978,
Hemicycliophora lutosoides Loof, 1984, Hemicycliophora
obtusa Thorne, 1955, Hemicycliophora poranga Monteiro
& Lordello, 1978, Hemicycliophora raskii Brzeski,
1974, Hemicycliophora ripa Van den Berg, 1981,

MOLECULAR PHYLOGENY OF HEMICYCLIOPHORA 481

© 2014 The Linnean Society of London, Zoological Journal of the Linnean Society, 2014, 171, 475–506

http://www.firstmarket.com/cutter/cut2.html
http://www.firstmarket.com/cutter/cut2.html


Hemicycliophora similis Thorne 1955, Hemicycliophora
thienemanni (Schneider, 1925) Loos, 1948, (= Loofia
thienemanni (Schneider, 1925) Siddiqi, 1980)
Hemicycliophora thornei Goodey, 1953, Hemicycliophora
typica de Man, 1921, Hemicycliophora vaccinii Reed
& Jenkins, 1963 [= Loofia vaccini (Reed & Jenkins,
1963) Siddiqi, 1980], and Hemicycliophora wyei Cordero
López, Robbins & Szalanski, 2013 (Table 1). Most of
the soil samples examined in this study were
monospecific and only two samples contained a mixture
of two species.

MORPHOLOGY AND MORPHOMETRICS OF

HEMICYCLIOPHORA SPECIES

Brief morphological descriptions with illustrations
(Figs 1–5, S1–S17) and morphometric values (Tables S1–
S8) are given for the populations of the earlier men-
tioned 20 Hemicycliophora species. All topotype
populations of H. floridensis, H. halophila, H. hellenica,
H. iberica, and H. italiae were compared with paratypes
and were coincident with the original descriptions (viz.
Chitwood & Birchfield, 1957; Yeates, 1967; Vovlas, 2000;
Castillo et al., 1989; Brzeski & Ivanova, 1978; respec-
tively) in their morphology and morphometrics (Figs 2A,
F, K, 4, S4, S5; Table S2).

HEMICYCLIOPHORA CALIFORNICA BRZESKI, 1974
(FIG. 1F, L, R, TABLES 1, S1)

Hemicycliophora californica was first found in asso-
ciation with apricot roots in southern California. Mor-
phological analysis of a population from Yolo County,
California, showed that females were characterized by
a straight or ventrally arcuate body, lateral fields
marked by breaks and anastomoses of transverse striae,
forming an occasional discontinuous, single longitu-
dinal line over short distances in mid- and prevulval
body regions, annuli outside lateral fields smooth or
inconsistently marked with fine lines or ridges, lip region
round to hemispherical with three annuli, labial disc
slightly protruding and rounded in lateral view, some-
times low and flat, vulval lips modified (slightly elon-
gated), postvulval body constricted immediately behind
vulva then cylindrical to anus and tail cylindrical then
tapering abruptly to a uniformly conical posterior third
region, occasionally with a greater dorsal curvature,
with a short conical to slightly attenuated conical spike
and narrowly rounded terminus. Tail terminus dis-
tinctly annulated.

Except for the infrequent presence of fine lines or
ridges and occasional irregular lines on annuli outside
the lateral fields, and three lip annuli (vs. two annuli),
the morphology and morphometrics of the Califor-
nian population of H. californica studied here agreed
well with the original and subsequent descriptions by

Brzeski (1974) and Costa-Manso (1996), respectively.
This species has been found only in California and
Idaho, USA.

Distinguishing characters include a conoid tail with
a narrowly rounded to acute terminus, and presence
of males. Hemicycliophora californica is differentiat-
ed from the morphologically similar species H. raskii
and Hemicycliophora montana Eroshenko, 1980
(Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA CONIDA THORNE, 1955
(FIGS 1A, G, M, S1; TABLES 1, S1)

Hemicycliophora conida was described by Thorne from
a population collected from sugarbeet near Ballyculane,
Ireland. Two populations of this species found in Spain
and Washington, USA, are described in this study.
Females were characterized by a straight or ven-
trally arcuate body, lateral fields marked by breaks and
anastomoses with three longitudinal lines starting as
a distinct central line from just posterior to pharyn-
geal base to near the midbody region where two faint
lines appear adjacent on either side forming two rows
of blocks with the transverse striae, lip region with
rounded anterior margins, two distinct annuli, three
annuli suggested with first annulus less distinct
and narrower than remaining two distinct lip annuli,
vulval lips modified, vulval sheath about one to two
annuli long and annuli at tail tip smaller than at ante-
rior tail. No males were found.

Morphology and morphometrics of the Spanish and
Washington populations were coincident with those
provided for this species (Thorne, 1955; Loof, 1968),
except for minor intraspecific morphometric differ-
ences (e.g. body length 683–912 vs. 660–990 μm; stylet
70–89 vs. 73–96 μm). Hemicycliophora conida has been
widely reported in European countries (Loof, 1968;
Brzeski, 1974, 1998; Peña-Santiago et al., 2004) and
Iran (Loof, 1984). This is the first report of H. conida
from the Americas. The specimens recently identified
as H. conida by Zeng et al. (2012) from grasses in North
and South Carolina do not fully fit the original and
other H. conida descriptions [e.g. tail length 100.5–
128.2 vs. 60–93 μm; Rex (number of annuli between
anterior end of body and excretory pore) 49–67 vs.
32–52 and others] and probably belong to H. wyei or
other species.

Distinguishing characters of this species include
lateral fields marked by anastomoses bordered on both
sides by rows of ornamentations, R 175–278, stylet
69–101 μm, a short conoid tail ending in a narrowly
rounded to acute terminus, and presence of males.
Hemicycliophora conida is differentiated from the mor-
phologically similar species Hemicycliophora iwia
Brzeski, 1974 and Hemicycliophora ovata Colbran, 1962
(Chitambar & Subbotin, 2014).
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HEMICYCLIOPHORA EPICHAROIDES LOOF, 1968
(FIG. S2, TABLES 1, S1)

Hemicycliophora epicharoides was described by Loof
from sandy soil in the Netherlands. The populations of
this species described in this study were collected from
sandy soils in Italy and Spain. Females of these popu-

lations were characterized by coarse body annuli (5–
7 μm wide), the number of body annuli fewer than 190,
a rounded lip region (18.5–22 μm wide), lateral fields
marked by breaks in the annuli, vulval lips modified,
slightly elongate, and tail cylindroid, then becoming
bluntly triangular distally, without sharp demarcation
between the two parts. Morphologically and

Figure 1. Photomicrographs of specimens of populations of selected Hemicycliophora species. A–F, anterior region; G–L,
lateral field; M–R, posterior region. A, G, M, Hemicycliophora conida (Washington State, USA); B, H, N, Hemicycliophora
sp. 3 (Arizona, USA); C, I, O, Hemicycliophora sp. 8 (California, USA); D, J, P, Hemicycliophora raskii (California, USA);
E, K, Q, Hemicycliophora sp. 10 (California, USA); F, L, R, Hemicycliophora californica (California, USA). Scale bars:
A–F, M–R = 10 μm; G–L = 5 μm.
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morphometrically the Italian and Spanish populations
are similar to the original description (Loof, 1968), except
for minor differences including a looser cuticular sheath,
smaller body length/maximum body width (17.1–22.2
vs. 21–27) value, and a slightly smaller tail length/
body width at anus value (1.5–2.1 vs. 2.1–2.7).

This species was found in several European coun-
tries including France, Italy, the Netherlands, Poland,
and Spain (Loof, 1968; Germani & Luc, 1973; Brzeski
1974; Vovlas & Inserra, 1980; Peña-Santiago et al., 2004),
Korea (Choi & Geraert, 1995) and South Africa (Van
den Berg & Tiedt, 2001).

Figure 2. Photomicrographs of specimens of populations of selected Hemicycliophora species. A–E, anterior region; F–J,
lateral field: K–O, posterior region. A, F, K, Hemicycliophora floridensis (topotype, Florida, USA); B, G, L, Hemicycliophora
poranga (California, USA); C, H, M, Hemicycliophora sp. 11 (Florida, USA), D, I, N, Hemicycliophora sp. 4 (North Caro-
lina, USA); E, J, O, Hemicycliophora wyei (North Carolina, USA). Scale bars: A–E, K–O = 10 μm; F–J = 5 μm.
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Distinguishing characters of this species include lip
annuli not separated from the rest of the body, stylet
knobs with large cavity, lateral fields with two lines,
a conoid tail with a rounded to acute terminus, and
presence of males. Hemicycliophora epicharoides is dif-
ferentiated from the morphologically similar species
Hemicycliophora demani Edward & Rai, 1971, and
Hemicycliophora koreana Choi & Geraert, 1971
(Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA GRACILIS THORNE, 1955
(FIGS 3E, S3; TABLES 1, S2)

Hemicycliophora gracilis was described by Thorne from
specimens collected in five states in the USA. The popu-
lations described in this study are from California and
one from Minnesota. Females of these populations were

characterized by a ventrally arcuate body, cuticular
sheath loosely fitting, often extending over anterior end,
lateral fields marked by breaks and anastomoses in
between two longitudinal lines, annuli smooth outside
lateral field, sometimes marked with few short, ir-
regular longitudinal lines that mark midbody region
near lateral fields, lip region rectangular to slightly
hemispherical, three lip annuli with first annulus nar-
rower than second and third lip annuli and often dif-
ficult to discern, labial disc slightly elevated, vulval
lips modified, about two annuli long, tail anteriorly cy-
lindrical then tapering uniformly to an attenuated
conical posterior third with almost cylindrical attenu-
ation with a rounded terminus. Annulation more or
less distinct on terminus. One male was found (Fig. S3).
This is the first report of males for this species.

Figure 3. Scanning electron microscope (SEM) micrographs of specimens of populations of selected Hemicycliophora
species. A–D, lip region; E–L, lateral field. A, Hemicycliophora wyei (North Carolina, USA) (CD683); B, Hemicycliophora
poranga (California, USA) (CD714); C, Hemicycliophora sp. 3 (Arizona, USA) (CD715); D, Hemicycliophora californica
(California, USA) (CD826B); E, Hemicycliophora gracilis (California, USA) (CD45); F, H. wyei (North Carolina, USA)
(CD679); G, H. californica (CD826B); H, H. wyei (CD683); I, H. poranga (CD714); J, Hemicycliophora sp. 3 (CD715);
K, Hemicycliophora sp. 4 (North Carolina, USA) (CD675); L, H. californica CD826B). Scale bars: A–C, E, G–J, L = 5 μm;
D = 2 μm; F, K = 10 μm.
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Figure 4. Photomicrographs of specimens of a new Spanish population of Hemicycliophora iberica Castillo et al., 1989.
A, entire female body; B, female pharyngeal region; C, female anterior region; D, posterior region; E, detail of lateral
field; F–I, female tail tips. Scale bars: A = 100 μm; B–D, F–I = 20 μm; E = 10 μm. ep, excretory pore.
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The Californian population of H. gracilis closely re-
sembles other populations reported elsewhere in the
USA (Thorne, 1955; Brzeski, 1974), but differs from
them by a slightly shorter female body (1044–1212 vs.
1230–1700 μm), shorter stylet (91–116 vs. 111–
132 μm), smaller R (322–380 vs. 341–395), and three
vs. two lip annuli.

Distinguishing characters of this species include a
long body (1.2–1.5 mm) and stylet (111–132 μm), pos-
terior part of tail distinctly offset with a spicate ter-
minus, and presence of males. Hemicycliophora gracilis
is differentiated from the morphologically similar species
Hemicycliophora litorea Van den Berg, 1988 (Chitambar
& Subbotin, 2014).

HEMICYCLIOPHORA IBERICA CASTILLO,
GÓMEZ-BARCINA & LOOF, 1989

(FIG. 4; TABLES 1, S2)

Two new Spanish populations of H. iberica from Hinojos,
Huelva Province, and Santa Elena, Jaén Province, were
detected and found to be similar in morphology and
morphometrics to the original description (Castillo et al.,
1989), except for minor differences such as a shorter
stylet (80–91 vs. 79.94 μm) and a smaller Rst (number
of annuli between anterior end of body and stylet base)
value (15–27 vs. 18–31). As the species was only known
from the type locality, the new records of the species
extend its distribution within southern Spain.

Figure 5. Photomicrographs of specimens of a Spanish population of Hemicycliophora obtusa Thorne, 1955. A, entire
female body; B, female pharyngeal region; C, female anterior region; D, detail of lateral field; E, F, vulval and tail regions;
G, pharyngeal region of pre-adult male showing absence of stylet; H, I, detail of spicules and bursa of pre-adult male.
Scale bars: A = 100 μm; B, C, E–I = 20 μm; D = 10 μm.
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Distinguishing characters of this species include two
incisures, truncated lip region with three annuli, a long
stylet, absence of males, tail elongate-triangular with
distal part offset (Castillo et al., 1989).

HEMICYCLIOPHORA LUTOSOIDES LOOF, 1984
(FIG. S6; TABLES 1, S3)

Hemicycliophora lutosoides was described by Loof (1984)
from populations collected in Iran and Iraq. Two female
populations of H. lutosoides from San Pablo de Buceite,
Cádiz, and Los Palacios y Villafranca, Seville Prov-
ince in Spain are described here. Females of these popu-
lations were characterized by a truncate-rounded lip
region with a barely protruding labial disc, body annuli
more than 300, lateral fields marked by breaks, vulval
lips modified, and an elongate tail tapering uniform-
ly to an acute terminus. Morphology and morphometrics
of these populations were similar to the original de-
scription (Loof, 1984), except for minor intraspecific dif-
ferences including a smaller number of body annuli
(303–364 vs. 297–376) and a smaller Rex (54–65 vs.
57–70). The present record of H. lutosoides is the second
one from Spain, after Bello (1979), and the third after
its original description. An additional population with
similar morphometrics was collected in Hinojos, Huelva
Province, Spain, associated with wild olive.

Costa-Manso (1998) synonymized this species with
Hemicycliophora lutosa Loof & Heyns, 1969, from South
Africa considering described differences in body and
tail annuli as intraspecific variations. However, our mo-
lecular data do not support this synonymy and indi-
cate that H. lutosoides is a valid species.

Distinguishing characters of this species include a
truncated and not elevated labial disc, lateral fields
marked by breaks and anastomoses, slightly elongat-
ed vulval lips, a conical postvulval region, a uniform-
ly tapering elongate conoid tail with an acute terminus,
and absence of males. Hemicycliophora lutosoides is
differentiated from the morphologically similar species
H. lutosa (Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA OBTUSA THORNE, 1955
(FIG. 5; TABLES 1, S3)

Hemicycliophora obtusa was described by Thorne from
a population found in Utah, USA. The population de-
scribed in this study was found in the rhizosphere of
Scotch pine growing in sandy soil in Spain. Females
of this population were characterized by a cuticular
sheath closely adpressed to the cuticle, lip region con-
tinuous with body and bearing two annuli, labial disc
undistinguishable, lateral fields with anastomoses or
breaks in striae, vulval lips modified, slightly modi-
fied and tail typically hemispheroid with rounded ter-
minus and usually smooth tip (although annulation

was observed in some specimens). Spermatheca almost
hemispherical (20–22 μm wide), filled with rounded
sperm cells, 1.5–2.0 μm in diameter. Males very rare,
only a pre-adult stage was detected without a stylet,
a rounded tail tip, a short bursa, and semicircular spic-
ules. The morphology and morphometrics of the Spanish
population agree with the original description and
redescription (Thorne, 1955; Brzeski, 1974), except for
minor intraspecific differences: R (190–219 vs. 219–
268), VL/VB (distance between vulva and posterior
end of body divided by body width at vulva) (2.9–4.2
vs. 3.0–4.4), V [(distance from head end to vulva/
body length)*100] (82–86 vs. 86–90%), and a slightly
shorter stylet (62–88 vs. 78–98 μm). Hemicycliophora
obtusa is known only from the type population from
Utah, USA. The present record of H. obtusa is the first
from Europe and the second world record after the origi-
nal description. An additional population with similar
morphometrics was collected in Sanlúcar de Barrameda,
Cádiz Province, Spain, associated with wild olive.

Distinguishing characters of this species include the
absence of longitudinal lines outside lateral fields, lateral
fields without lines, a hemispherical tail terminus, and
absence of males. Hemicycliophora obtusa is differen-
tiated from the morphologically similar species
H. arenaria (Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA PORANGA MONTEIRO &
LORDELLO, 1978

(FIGS 2B, G, L, 3B, I, S7; TABLES 1, S4)

Hemicycliophora poranga was described by Monteiro
and Lordello from a population in a cabbage field in
Brazil. The populations examined in this study were
collected in Italy, Spain, and California, USA. Females
of these populations were characterized by a rounded
to hemispherical lip region in lateral view with an el-
evated labial disc. Lateral fields marked by breaks and
anastomoses, which, in some populations, are between
two more or less distinct longitudinal lines starting
near base of pharynx and extending to the posterior
part of the body. Vulval lips modified, about one to two
annuli long, posteriorly directed with short vulval sleeve.
Tail tapering uniformly to a narrow, attenuated conical
posterior part with a finely rounded terminus.
Annulation on tail almost distinct up to terminus. Mor-
phology and morphometrics of Italian and Spanish popu-
lations are generally similar to the original description
(Monteiro & Lordello, 1978). The present records of
H. poranga are the first from Italy and Spain, and con-
stitute the first records in Europe. The species has been
reported from Argentina (Doucet, 1982; Chaves, 1983),
Iran (Jamali et al., 2004), Venezuela (Crozzoli &
Lamberti, 2006), and California, USA (Chitambar, 1994).

Distinguishing characters of this species include
an elevated labial disc and elongate conoid tail
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uniformly tapering to a narrowly rounded to acute ter-
minus, and presence of males. Hemicycliophora poranga
is differentiated from the morphologically similar species
Hemicycliophora ornamenta Bajaj, 1998, H. ripa Van
den Berg, 1981, Hemicycliophora subaolica Jairajpuri
& Baqri, 1973, and Hemicycliophora micoletzkyi Goffart,
1951 (Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA RASKII BRZESKI, 1974
(FIG. 1D, J, P; TABLES 1, S3)

Hemicycliophora raskii was described by Brzeski from
a population collected from the rhizosphere of almond
trees in Oakley, Contra Costa County, California, USA.
This species is known only from California. Another
population was found in Sacramento County, Califor-
nia, and described in this study. Females of this popu-
lation were characterized by a slightly ventrally arcuate
body, cuticular sheath closely or loosely fitting, lateral
fields marked by anastomoses and continuous trans-
verse striae – a short, irregular longitudinal line was
observed in one specimen, lip region rounded to hemi-
spherical with three annuli usually with first lip annuli
faintly visible labial disc not protruding, vulval lips
modified, about one annulus long posteriorly direct-
ed, tail cylindrical then abruptly conoid to wedge-
shaped in posterior third tapering uniformly to a narrow,
slightly attenuated spike with a finely rounded ter-
minus; variable forms having a more conoid posteri-
or region with a wider conical spike or with a rounded
terminus.

The population closely resembles the original de-
scription of H. raskii (Brzeski, 1974) in lip region shape
and number of annuli, markings of the lateral fields
and annuli, shape of vulval lips and tail. The pres-
ence of distinct irregular annular lines outside and near
the lateral fields have not been reported earlier for this
species, and the studied population differed from the
original description by a slightly shorter stylet (77–
85 vs. 86–94 μm), slightly larger R (194–234 vs. 166–
201), and RV-anterior end (number of body annuli from
anterior end to vulva) (161–194 vs. 134–163).

Distinguishing characters of this species include
the presence of longitudinal lines or scratches outside
lateral fields, very small stylet knobs with very
small or no cavity, a conical to wedge-shaped tail with
a finely rounded terminus, and absence of males.
Hemicycliophora raskii is differentiated from the mor-
phologically similar species H. californica (Chitambar
& Subbotin, 2014).

HEMICYCLIOPHORA RIPA VAN DEN BERG, 1981
(FIG. S9; TABLES 1, S3)

Hemicycliophora ripa was described by Van den Berg
from a population found in South Africa. A popula-

tion of this species was also found in Spain and de-
scribed in this study. Females of the Spanish population
were characterized by a loosely fitting cuticular sheath
and typical cuticular ornamentation, appearing as blocks
inside annuli, a rounded lip region with two annuli
and an elevated labial disc, 7.7 ± 0.6 (7.0–8.0) μm wide,
body annuli more than 240, lateral fields marked by
anastomoses or breaks, vulval lips modified, and an
elongate tail tapering uniformly to an acute termi-
nus. Morphology and morphometrics of the Spanish
population are coincident with the original descrip-
tion (Van den Berg, 1981) and those of Argentinean
populations (Doucet, 1982; Chaves, 1983) except for
minor intraspecific differences including a slightly wider
lip region (20–23 vs. 16.2–21.1 μm), a slightly smaller
number of body annuli (229–248 vs. 246–288, 241–
316), a slightly longer stylet (94–110 vs. 81.5–98.6,
65–97 μm), a slightly larger VA%T value (54.2–86.3 vs.
25.1–70.7, 35–65), and a slightly shorter tail (78–103
vs. 84–172, 60–113 μm). The present record of H. ripa
is the first from Spain, and constitutes the first record
in Europe.

Distinguishing characters of this species include a
loosely fitting cuticular sheath, lateral fields marked
only by anastomoses or breaks in the striae occasion-
ally forming a faint line, and the absence of males.
Hemicycliophora ripa is distinguished from the
morphologically similar species H. subaolica,
Hemicycliophora popaensis Van den Berg & Tiedt, 2005,
and Hemicycliophora catarinensis Costa-Manso, 1996
(Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA SIMILIS THORNE 1955
(FIG. S10; TABLES 1, S3)

Hemicycliophora similis was described by Thorne from
agricultural and noncultivated fields in the Pacific North
West, USA. A population of this species was found in
strawberry rhizosphere soil in Cartaya, Huelva Prov-
ince, Spain and described in this study. This Spanish
population was characterized by a rounded lip region
with two or three annuli and a barely protruding labial
disc (6.0–6.5 μm wide), body annuli around 300, lateral
fields marked by breaks or anastomoses of body annuli
without longitudinal lines, stylet knobs rounded, without
distinct cavity, hemizonid usually undistinguishable,
occupying two annuli; vulval lips not modified (not elon-
gated, rounded) and tail with a conoid-rounded end,
clearly offset with a terminal somewhat elongate spike
(39–52 μm long). Morphology and morphometrics of this
population were similar to those of the original de-
scription and redescription (Thorne, 1955; Brzeski, 1974),
except for minor intraspecific differences including a
slightly longer body (1022–1578 vs. 1110–1200 μm) and
stylet (91–108 vs. 88–96 μm), and larger VL/VB ratio
(4.8–7.6 vs. 4.1–5.2). The present record of H. similis
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is the first for Europe and Spain, and the second after
the original description from Utah, USA (Thorne, 1955).
Arias, López-Pedregal & Jiménez-Millán (1963) and
Jiménez-Millán et al. (1965) recorded this species from
southern Spain in Seville Province, but according to
Bello (1979) this material belongs to H. thornei.

Distinguishing characters of this species include a
rounded labial disc, vulval lips modified and with an
elongated posterior lip, an elongate conoid tail taper-
ing to a distal, offset and narrower elongated portion
with a narrowly rounded terminus, and the absence
of males. Hemicycliophora similis is differentiated from
morphologically similar species, Hemicycliophora
filicauda Doucet, 1982, H. thornei, H. vaccinii, and
Hemicycliophora zuckermani Brzeski, 1963 (Chitambar
& Subbotin, 2014).

HEMICYCLIOPHORA THIENEMANNI (SCHNEIDER, 1925)
LOOS, 1948 (= LOOFIA THIENEMANNI

(SCHNEIDER, 1925) SIDDIQI, 1980)
(FIG. S11; TABLES 1, S5)

Hemicycliophora thienemanni was described by
Schneider from a population found in Germany. Popu-
lations of this species examined in our study were found
in Italy (southern), Spain (northern and southern), and
Russia. These populations were characterized by
a slender body, a conoid-rounded lip region with
indistinct lips, lateral fields marked by breaks or anas-
tomoses, vulval lips unmodified and tail long (88–
128 μm) with posterior end distinctly offset, annulations
on posterior part of tail usually distinct but annuli
smaller than other tail annuli in females. Morphol-
ogy and morphometrics of the three studied popula-
tions were quite similar to each other, showing few
intraspecific differences in body annuli and width of
lip region, and fitted with data for several popula-
tions from the Netherlands and Poland, e.g. in stylet
length (86–105 vs. 85–99, 77–106 μm, respectively) and
V (80–85 vs. 81–84, 78–85%, respectively) (Loof, 1968;
Brzeski, 1974). This is probably the most widespread
species of the genus, and has been reported in several
European countries including Belgium, England, France,
Germany, Greece, Italy, Spain, and Switzerland (Loof,
1968; Brzeski, 1974; Boag & Orton Williams, 1976;
Koliopanos & Vovlas, 1977; Peña-Santiago et al., 2004;
Subbotin et al., 2005), as well as in Oregon, USA (Hafez
et al., 1992), Argentina (Chaves, 1983), Brazil (Rashid,
Geraert & Sharma, 1987), Martinique (Van den Berg
& Cadet, 1992), Egypt (Ibrahim, Mokbel & Handoo,
2010), and South Africa (Van den Berg & Tiedt, 2001).

Distinguishing characters of this species include
lateral fields with breaks or anastomoses, an offset
tail end, and the absence of males. Hemicycliophora
thienemanni is differentiated from the morphologi-
cally similar species H. thornei, H. poranga,

Hemicycliophora indica Siddiqi, 1961, and
Hemicycliophora postamphidia Rahaman, Ahmad &
Jairajpuri, 1966 (Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA THORNEI GOODEY, 1953
(FIG. S12; TABLES 1, S5)

Hemicycliophora thornei was described by Goodey from
a population found in the Netherlands. The popula-
tion examined in our study was found in La Rambla,
Córdoba Province, Spain. This Spanish population was
characterized by a conoid-rounded, slightly elevated lip
region, body annuli without longitudinal lines or
scratches outside lateral fields, lateral fields marked
only with breaks and irregularities in the transverse
striae, vulval lips modified, tail conical, end tapering
and distinctly offset (Fig. S12). This species was pre-
viously reported from southern Spain by Arias et al.
(1963), but no information of taxonomic interest was
given about the Iberian populations. Morphology and
morphometrics of the Spanish population were similar
to the original description and redescriptions of speci-
mens from the Netherlands (Loof, 1968; Brzeski, 1974),
except for minor intraspecific differences including a
slightly longer stylet (94–114 vs. 89–103 μm) and slight-
ly smaller VL/VB ratio (4.0–4.3 vs. 4.4–4.7). The species
has also been reported in Germany, Poland, Spain, and
Hungary (Loof, 1968; Brzeski, 1974; Peña-Santiago et al.,
2004; Andrássy, 2007).

Distinguishing characters of this species include a
conoid lip region, lateral lips higher than submedian
ones, a subcylindroid elongate conoid tail distally spicate
and distinctly offset with a finely rounded terminus,
and the presence of males. Hemicycliophora thornei is
differentiated from the morphologically similar species
H. thienemanni and Hemicycliophora monticola Mehta,
Raski &Valenzuela, 1983 (Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA VACCINII REED & JENKINS, 1963
(= LOOFIA VACCINII (REED & JENKINS, 1963)

SIDDIQI, 1980)
(FIG. S13; TABLES 1, S5)

Hemicycliophora vaccinii was described by Reed and
Jenkins from a population associated with cranberry
in Massachusetts, USA. The population examined in
our study was collected from maritime pine in Carnota,
Coruña Province, Spain. Females of the Spanish popu-
lation were characterized by a truncate lip region with
two annuli and a slightly protruding labial disc, body
annuli more than 300, lateral fields marked by breaks
or anastomoses of body annuli, without longitudinal
lines, stylet knobs thick, rounded with a moderate cavity
(1–1.5 μm), vulval lips not modified, and an elongate
conoid tail with offset terminal region. Morphology and
morphometrics of this population were similar to those
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of the original description (Reed & Jenkins, 1963), except
for minor intraspecific differences including a slight-
ly shorter stylet (84–96 vs. 95–112 μm), smaller b ratio
(6.3–7.4 vs. 5.9–8.7) and larger c ratio (9.4–11.1 vs. 14.9–
16.7). The present record of H. vaccinii is the first
for Europe and Spain, and the fourth after the
report from Iran (Chenari Bouket, Niknam & Eskandari,
2010). This species was also found on highbush blue-
berries from Ottawa County, Michigan, USA (Knobloch
& Bird, 1981).

Distinguishing characters of this species include a
truncate lip region with two or three annuli, lateral
fields marked mostly by breaks of striae, an elongate
conoid tail tapering to a distal offset and narrower elon-
gated portion with a narrowly rounded terminus, and
the absence of males. Hemicycliophora vaccinii is dif-
ferentiated from the morphologically similar species
Hemicycliophora nucleata Loof, 1968, H. zuckermani,
Hemicycliophora mettleri Jenkin & Reed, 1964, and
H. similis (Chitambar & Subbotin, 2014).

HEMICYCLIOPHORA WYEI CORDERO LÓPEZ,
ROBBINS & SZALANSKI, 2013

(FIGS 2E, J, O, 3A, F, H, S14; TABLES 1, S6)

Hemicycliophora wyei was recently described by Cordero
López et al. from a population associated with turf
grasses in North Carolina, USA. Five additional popu-
lations were found in North Carolina and described
in our study. Females of these populations were char-
acterized by a straight or slightly ventrally arcuate body;
cuticular sheath loosely fitting body. Lateral fields
marked by breaks and anastomoses, and relatively often
by a broken, irregular longitudinal line, sometimes with
one or two additional outer, fairly distinct, irregular,
offset, short, broken lines demarcating the lateral field,
extending from the intestinal to vulval region. Some-
times instead of outer lines, two short, shadowy, often
indistinct, narrow longitudinal ridges mark the pre-
and postvulval regions, which through SEM observa-
tion appear as two narrow rows of blocks bordering a
wider central row of blocks. Breaks and anastomoses
continue in the postvulval region; outside lateral fields,
annuli smooth often marked with a transverse median
line, lip region hemispherical with flattened anterior
end, two lip annuli, labial disc not protruded, en face:
oblong, connected to ‘pouch-like’ dorsal and ventral ex-
tensions of first lip annulus, vulval lips modified, ante-
rior and posterior lips about one to three annuli in
length and equally long, vulval sheath short, rounded,
two to three annuli long, postvulval body contracted
immediately posterior to vulva, tail elongate conoid,
tapering uniformly, sometimes slightly offset dor-
sally, to an attenuated, almost cylindrical terminal
portion with narrowly rounded to narrowly blunted tip.
Morphology and morphometrics of these North Caro-

lina populations are similar to the original descrip-
tion (Cordero López et al., 2013).

Distinguishing characters of this species include an
elevated rounded oral disc, two lip annuli, lateral fields
demarcated by two faint lines with dot-like structures,
an elongated uniformly conoid and elongate conoid tail
uniformly tapering to a narrowly rounded or narrowly
blunted terminus, and the absence of males. Hemicy-
cliophora wyei is differentiated from the morphologi-
cally similar species Hemicycliophora vietnamensis
Nguyen &Nguyen, 2001, Hemicycliophora acuta (Reay,
1985) Raski & Luc, 1987, Hemicycliophora ritteri Brizuela,
1963, and Hemicycliophora belemnis Germani & Luc,
1973 (Chitambar & Subbotin, 2014).

NON-IDENTIFIED HEMICYCLIOPHORA SPECIES

Twenty-five populations of sheath nematodes were clas-
sified as representatives of 14 unidentified species
(Table 1). Samples of Hemicycliophora sp. 1 from Greece,
Hemicycliophora sp. 7 and sp. 14 from Spain,
Hemicycliophora sp. 2 and sp. 6 from New Zealand,
and Hemicycliophora sp. 8, sp. 12, and sp. 13 from USA
were too poorly fixed or had insufficient numbers of
adults for their morphological identification and de-
termination of their taxonomic status. Thus, these popu-
lations were only molecularly characterized, without
attempting any morphological and morphometric study.
Other Hemicycliophora samples (sp. 3, sp. 4, sp. 5, sp.
9, sp. 10, and sp. 11) were morphometrically charac-
terized but their morphological variation prevented their
reliable identification because their morphology fitted
that of several valid species, which presently are poorly
or incompletely morphologically described. At this point,
these species have been left unnamed but differenti-
ated from other Hemicycliophora species that they most
closely resemble. These unsuccessful identification at-
tempts point out the need for complete morphologi-
cal and molecular data of Hemicycliophora species
collected from the type localities in order to make pos-
sible the identification of our samples in future studies.

HEMICYCLIOPHORA SP. 3
(FIGS 1B, H, N, 3J; TABLES 1, S7)

This species is characterized by a ventrally arcuate body;
sheath closely adpressed to body, but detached over
postvulval body area, lateral fields marked by breaks
and anastomoses occasionally with a faint, short, and
irregular longitudinal line, annuli outside lateral fields
marked with numerous more or less distinct fine lon-
gitudinal scratches or ridges, sometimes a few dis-
tinct short, irregular lines mark cuticle near lateral
fields in the midbody to vulval region, lip region rounded
anteriorly with three annuli, labial disc dome-shaped,
elevated, vulval lips modified, about one annulus long,
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tail more or less conical, more so in posterior quarter,
usually gradually tapering to a finely rounded or acute
terminus; sometimes this portion is slightly offset by
a greater dorsal curvature. No males were found. This
species was found only in Arizona, USA.

This species resembles H. raskii but differs from it
mainly by a protruded labial disc (vs. not protruded)
and shorter stylet length (63–71 vs. 80–94 μm) and
smaller RVan (number of annuli between vulva and
anus) (5–8 vs. 9–14). This species is clearly different
from H. raskii in the ITS and D2-D3 of 28S rRNA gene
sequences.

HEMICYCLIOPHORA SP. 4
(FIGS 2D, I, N, S15; TABLES 1, S7)

This species is characterized by a straight or slightly
ventrally arcuate body, cuticular sheath loosely fitting
body, lateral fields marked by breaks and anastomo-
ses throughout body, sometimes with a central longi-
tudinal line, annuli outside lateral field coarse or smooth,
several anastomoses observed in anterior body region,
lip region rectangular to truncate, or with slightly
rounded anterior edges, and with three annuli, labial
disc not protruded or slightly elevated, vulval lips modi-
fied, about one annulus long, vulval sleeve about one
annulus long, tail cylindrical then abruptly curved dor-
sally in posterior third with less to no curvature ven-
trally, continuing to an attenuated narrow conical,
almost cylindrical posterior portion with rounded ter-
minus. No males were found. This species has a wide
distribution in the USA where it was detected at one
site in California, North Carolina, and Texas and in
three localities in Florida.

The species is similar to Hemicycliophora epicharoides
but differs from it mainly by a more narrowly conical
to cylindrical terminal portion of the tail, and larger
values than those reported for R (241–254 vs. 144–
209), Rst (24–28 vs. 15–21), Roes (number of annuli
between anterior end of body and pharynx base) (41–
46 vs. 33–42), Rex (46–49 vs. 32–41), RV (50–64 vs.
31–46), RVan (16–25 vs. 9–17), and Ran (number of
annuli between posterior end of body and anus) (29–
39 vs. 20–33). This species is clearly different from
H. epicharoides in the ITS and D2-D3 of 28S rRNA
gene sequences.

HEMICYCLIOPHORA SP. 8
(FIG. 1C, I, O; TABLES 1, S8)

One female Hemicycliophora specimen was detected
in California, USA. It is characterized by a body ven-
trally arcuate in death; cuticular sheath closely fitting
most of body, but loosely fitting over vulva and
postvulval areas, lateral fields marked by anastomo-
ses and breaks in transverse striae, short, one broken

longitudinal line observed in posterior, prevulval region
and suggested in anterior body region (but not ob-
served), annuli outside lateral fields, smooth, lip region
rectangular with slightly rounded edges and marked
by three lip annuli, labial disc slightly elevated, vulval
lips modified, about one to 1.5 annulus long, with vulval
sheath about two annuli long, tail abruptly conical in
posterior third, with greater dorsal curvature than
ventral, tapering to a rounded tip. Annulation coarse
and distinct over entire body.

This non-identified species resembles H. californica,
H. raskii, H. epicharoides, and H. iwia. It differs from
H. californica by larger R (275 vs. 210–241), RV-
anterior end (229 vs. 172–195), Rst (26 vs. 22), Rex
(49 vs. 38–46), number of lip annuli (three vs. two).
It differs from H. raskii by longer body length, larger
R, Rex, RV-anterior end, RVan and Ran, smooth or few
ridges on annuli vs. numerous scratches, basal bulb
not offset vs. offset from isthmus. It differs from
H. epicharoides in having more annuli, i.e. larger values
for R (275 vs. 144–209), Rst (26 vs. 15–21), Roes (48
vs. 29–42), Rex (49 vs. 32–41), RV-anterior end (229
vs. 142–167), and RVan (19 vs. nine to 17), annuli
smooth vs. with fine scratches. From H. iwia it differs
by the absence of irregular longitudinal striae, pres-
ence of a moderate-sized isthmus and basal bulb vs.
very short isthmus and large, round basal bulb, tail
end annuli shorter than other tail annuli vs. about
equal size (according to Brzeski & Ivanova, 1978),
larger R (275 vs. 188–245), RV-anterior end (229 vs.
158–181), RVan (19 vs. ten to 16), and Ran (27 vs. 16–
24). This species is clearly different from the above-
mentioned species in the ITS and D2-D3 of 28S rRNA
gene sequences.

HEMICYCLIOPHORA SP. 9
(FIG. S16; TABLES 1, S8)

Female body straight or ventrally arcuate, cuticular
sheath closely adpressed to inner cuticle over entire
body, occasionally loosely fitting on one side over
pre- or postvulval body. Lateral fields marked by ir-
regular continuous, breaks and anastomoses of trans-
verse striae throughout body configuring a short, broken,
faint central line, additionally one to two short, ir-
regular often faint lines mark each annulus at midbody
region, often joining to form one or two irregular, broken
longitudinal lines on either side of central portion,
forming an irregular row of blocks. Sometimes, a few
additional scattered longitudinal lines mark annuli in
central body region. Outside lateral fields, annuli marked
with more or less distinct fine longitudinal lines,
lip region with two annuli, rounded anteriorly, labial
disc rounded-rectangular in lateral view, elevated,
stylet knobs elongate oblong, posteriorly sloped with
moderately large cavity, vulval lips not modified, very
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slightly bulged if at all, almost no discontinuity in body
contour, vulval sheath absent. Postvulval body not con-
tracted behind vulva, cylindrical to anus. Tail taper-
ing uniformly and gradually in anterior half, then
more abruptly conoid, sometimes dorsally offset in
posterior portion extending to a narrower elongate
conoid, almost spike-like terminal portion with a nar-
rowly rounded to subacute terminus. Tail terminus
annulation irregular, often distinct. Males were not
found. This species was detected in Germany, Greece,
and Russia.

Hemicycliophora sp. 9 is morphometrically, and
for the most part, morphologically similar to
Hemicycliophora labiata Colbran, 1960. It differs from
this species mainly by the shape of the vulval lips (not
modified, only slightly bulged vs. modified, elongate),
absence of vulval sheath vs. present and two to three
annuli long, and contour of the postvulval body im-
mediately behind vulva (not contracted vs. contract-
ed). These characters alone are insufficient to
morphologically distinguish this species from H. labiata,
and indeed, they may be considered intraspecific vari-
ations. However, pending further detailed study,
Hemicycliophora sp. 9 is currently left as non-identified.

HEMICYCLIOPHORA SP. 10
(FIGS 1E, K, Q, S17; TABLES 1, S8)

A mixed population of H. californica and an uniden-
tified Hemicycliophora sp. 10 were found in one sample
collected in California, USA. The latter species was
characterized by a straight or ventrally arcuate body;
cuticular sheath loosely fitting body, lateral fields marked
anteriorly by anastomoses as slanted lines connect-
ing transverse striae, followed by a single, some-
times continuous longitudinal line extending from base
of pharyngeal bulb to vulva, then continuing as breaks
and anastomoses on postvulval area. Outside lateral
fields annuli usually smooth or sometimes marked with
irregularly scattered, short lines or scratches. Lip region
hemispherical and marked by two lip annuli, first lip
annulus larger than second one, labial disc not pro-
truding. Vulval lips modified, about one to 1.5 annulus
in length. Postvulval body area not contracted or slight-
ly contracted immediately posterior to vulva. Tail cy-
lindrical, then abruptly conical in posterior quarter,
tapering uniformly or slightly offset dorsally to a
short spike with a finely rounded terminus, or py-
ramidal, acute terminus. Annulations distinct on tail
terminus.

Hemicycliophora sp. 10 is similar to H. californica
but differs from it by longer body length (1017–1026
vs. 780–980 μm) and larger R (253–277 vs. 210–266).
This species is clearly different from H. californica in
the ITS and D2-D3 of 28S rRNA gene sequences.

HEMICYCLIOPHORA SP. 11
(FIG. 2C, H, M; TABLES 1, S8)

This species from Florida is characterized by a ven-
trally arcuate body; cuticular sheath loosely fitting and
attached to body only at anterior end and vulva;
annulation coarse, lateral fields marked by irregular-
ities, breaks, and some anastomoses. Outside lateral
field annuli smooth, lip region hemispherical to slight-
ly rounded with three annuli: first annulus narrower
than succeeding ones, separate, somewhat anteriorly
directed, labial disc slightly elevated or not. Stylet
straight or curved; basal knobs rectangular to elon-
gate rounded, posteriorly sloped, with distinct, large
cavity. Vulval lips modified, about 1.5 annuli long.
Spermatheca oval, without sperm. Postvulval body con-
tracted immediately posterior to vulva. Tail tapers
gradually, then more abruptly posteriorly to an elon-
gate conical narrower portion with a finely rounded,
more or less distinctly annulated terminus. No males
were found for this species.

The non-identified Hemicycliophora sp. 11 is similar
to H. thienemanni, H. similis, and H. vaccinii. It differs
from H. thienemanni and H. similis by the number of
labial annuli (three vs. two), shape of first labial annulus
(separate from other labial annuli and anteriorly di-
rected vs. not separate and laterally directed), and fitting
of cuticular sheath (loosely fitting vs. very closely
adpressed to body). It further differs from
H. thienemanni by a slightly shorter stylet (65–80 vs.
76–105 μm) and contour of the postvulval body im-
mediately behind the vulva (contracted vs. not con-
tracted). It differs from H. similis by a shorter stylet
(65–80 vs. 88–108 μm), shorter body (700–978 vs. 920–
1578 μm), and the presence of a large stylet knobs cavity
vs. very small or absent. From H. vaccinii it differs
by a shorter stylet (65–80 vs. 84–112 μm), smaller RV
(50–67 vs. 70–76), VL/VB (2.7–4.6 vs. 4.7–9.0), shape
of labial region (rounded vs. truncate), and vulval lips
(modified, elongate vs. not modified, not elongate). This
species is clearly different from the above-mentioned
species in the ITS and D2-D3 of 28S rRNA gene
sequences.

MOLECULAR CHARACTERIZATION OF

HEMICYCLIOPHORA SPECIES

The D2-D3 of the 28S rRNA gene alignment included
102 sequences of Hemicycliophora and two
Paratylenchus sequences selected as outgroup taxa and
was 685 bp in length. Ninety-two new D2-D3 of 28S
rRNA gene sequences were obtained in the present
study. Intraspecific sequence diversity (uncorrected
p-distance) for the populations of some species were:
H. thienemanni – 0–0.8% (0–5 bp), H. gracilis – 0–0.5%
(0–3 bp), H. iberica – 0.2–1.0% (2–7 bp), Hemicycliophora
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sp. 4 – 0–0.3% (0–2 bp), Hemicycliophora sp.9 – 0–0.4%
(0–2 bp), H. poranga – 0–0.7% (0–7 bp), H. wyei – 0–0.7%
(0–5 bp), H. conida – 0–0.6% (0–4 bp). The minimal
interspecific differences observed were for
Hemicycliophora sp. 9 vs. Hemicycliophora sp. 13 – 0.3–
0.4% (2–3 bp), vs. H. epicharoides – 0.3% (2 bp), and
vs. H. typica – 0.4–0.6% (3–5 bp).

The ITS of the rRNA gene alignment included 97
sequences of Hemicycliophora and two sequences se-
lected as outgroups from the genera Paratylenchus and
Gracilacus and was 874 bp in length. Eighty-eight new
ITS of rRNA gene sequences were obtained in the
present study. Intraspecific sequence diversity for popu-
lations of H. thienemanni – 0.1–1.2% (1–9 bp), H. gracilis
– 0.1–0.8% (1–6 bp), H. iberica – 0.4–1.7% (3–13 bp),
Hemicycliophora sp. 4 – 0–1.5% (0–10 bp),
H. epicharoides – 0–1.5% (0–11 bp), H. poranga – 0–1.3%
(0–9 bp), H. wyei – 0–0.9% (0–7 bp). Minimal interspecific
differences were for Hemicycliophora sp. 13 vs.
H. epicharoides – 2.0–2.6% (15–19 bp) and vs. H. typica
– 2.7–3.6% (20–26 bp).

PCR-RFLP STUDY

The PCR-ITS-RFLP profiles generated by five restric-
tion enzymes for populations of 15 valid and nine un-
identified species of Hemicycliophora are given in
Figure 6. The results of PCR-RFLP analysis based on
all enzymes studied were identical to those expected
from in silico analysis for all sequences that corre-
spond to species. Lengths of restriction fragments from
RFLP for the ITS rDNA of 26 species, including those
published by Van den Berg et al. (2010) and popula-
tions of two types of H. epicharoides, are presented in
Table 2. Restriction of the five restriction enzymes AvaI,
Bsh1236I, DraI, HinfI, and Hin6I separated popula-
tions of all valid and putative species.

NEW rRNA GENE SEQUENCE DATA SET ALLOWS

CORRECTION OF SPECIES IDENTIFICATION

The sequence and phylogenetic analyses conducted in
our study allowed the correction of the identity of several

Hemicycliophora species that were wrongly identified
in GenBank. Comparison of the ITS (KC329575) and
D2-D3 of 28S rRNA (KC329574) gene sequences
from GenBank with our data set revealed that these
sequences belong to H. wyei, rather than to
Hemicycliophora uniformis as originally considered by
X. Ma & P. Agudelo (unpubl. data). A Hemicycliophora
population from Germany previously identified as
H. typica (AY780973) by Subbotin et al. (2005) was found
to be an unidentified Hemicycliophora species,
Hemicycliophora sp. 9, based on the present analysis
of D2-D3 of the 28S rRNA gene sequence. The gene
sequence (JQ708144) labelled and deposited as
Hemicycliophora pruni by Cordero López et al. (2013)
should be considered as our Hemicycliophora sp. 4.
Hemicycliophora sp. 4 populations are clearly differ-
ent from H. pruni in the lateral fields (marked by breaks
and anastomoses vs. four longitudinal lines in H. pruni).
The gene sequence (FN435301) deposited as H. conida
by I. Tandingan De Ley et al. (unpubl. data) was found
to belong instead to H. gracilis.

PHYLOGENETIC RELATIONSHIPS OF THE

GENUS HEMICYCLIOPHORA

A majority consensus phylogenetic tree generated by
the BI analysis of the D2-D3 of the 28S rRNA gene
sequence alignment under the GTR + G + I model is
presented in Figure 7. The tree contains nine moder-
ate or highly supported major clades. Clade I is mod-
erately supported [posterior probability (PP) = 86]
containing the following species: H. poranga,
H. halophila, H. conida, H. ripa, H. thornei, H. hellenica,
and Hemicycliophora sp. 1, sp. 6, and sp. 7. Clade II
(PP = 79) includes H. wyei, H. floridensis, H. lutosoides,
H. lutosa, and H. italiae. Clade III (PP = 99) contains
a group of molecularly similar species: H. epicharoides,
Hemicycliophora sp. 9, sp. 13, H. typica, and an un-
identified species (sp. 2) from New Zealand. The highly
supported (PP = 100) clade IV includes H. (= Loofia)
thienemanni, H. similis, H. gracilis, and Hemicycliophora
sp. 3, sp. 4, sp. 8, sp. 10, sp. 11, and sp. 12. The three
clades named here as Va, VIb, and VII each include

▶
Figure 6. PCR-restriction fragment length polymorphisms of the internal transcribed spacer of the rRNA gene for popu-
lations of selected Hemicycliophora species. A, Hemicycliophora californica (California, USA); B, Hemicycliophora conida
(Washington, USA); C, Hemicycliophora epicharoides (Spain) (type A); D, Hemicycliophora floridensis (topotype, Florida,
USA); E, Hemicycliophora gracilis (California, USA); F, Hemicycliophora halophila (topotype, New Zealand); G, Hemicycliophora
iberica (topotype, Spain); H, Hemicycliophora lutosoides (Spain); I, Hemicycliophora obtusa (Spain); J, Hemicycliophora
wyei (North Carolina, USA); K, Hemicycliophora poranga (California, USA); L, Hemicycliophora raskii (California, USA);
M, Hemicycliophora ripa (California, USA); N, Hemicycliophora thienemanni (Spain); O, Hemicycliophora thornei (Spain);
P, Hemicycliophora sp. 1 (Greece); Q, Hemicycliophora sp. 2 (New Zealand); R, Hemicycliophora sp. 3 (Arizona, USA);
S, Hemicycliophora sp. 4 (Florida, USA); T, Hemicycliophora sp. 6 (New Zealand); U, Hemicycliophora sp. 8 (California,
USA); V, Hemicycliophora sp. 9 (Russia); W, Hemicycliophora sp. 10 (California, USA); X, Hemicycliophora sp. 11 (Florida,
USA). Lines: M, 100 bp DNA marker (Promega); 1, AvaI; 2, Bsh1236I; 3, DraI; 4, HinfI; 5, Hin6I.
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Figure 7. Phylogenetic relationships within populations and species of the genus Hemicycliophora as inferred from Bayes-
ian analysis using the D2-D3 of the 28S rRNA gene sequence data set with the general time reversible substitution
model with estimation of invariant sites and assuming a gamma distribution with four categories. Posterior probabil-
ities of over 70% are given for appropriate clades. Newly obtained sequences are indicated in bold.
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one species only: H. obtusa, H. (= Loofia) vaccinii, and
Hemicycliophora chilensis, respectively. The highly
supported clades (PP = 100) named as VIa and Vb both
include two species: H. iberica and Hemicycliophora sp.
14, and H. californica and H. raskii, respectively.

The BI tree inferred from the analysis of the ITS
rRNA gene sequence alignment is given in Figure 8.
The tree includes six major highly supported clades
(PP = 99–100). Clade I contains the following popula-
tions of species: H. poranga, H. halophila, H. conida,
H. ripa, H. thornei, H. hellenica, and Hemicycliophora
sp. 1, sp. 6, and sp. 7. Clade II includes H. wyei,
H. floridensis, H. lutosoides, and H. lutosa. Clade III
contains H. epicharoides, H. typica, and Hemicycliophora
sp. 2 and sp. 9. Clade IV includes H. (= Loofia)
thienemanni, H. gracilis, and Hemicycliophora sp. 3,
sp. 4, sp. 5, sp. 8, sp. 10, and sp. 11. Clade V con-
tains H. californica, H. raskii, and H. obtusa. Clade VI
consists of H. iberica and H. (= Loofia) vaccinii.

MP, ML, and BI analysis of the combined D2-D3 and
ITS of the rRNA gene sequence alignment with reduced
sequence number resulted in trees (Figs 9, 10) with
similar species grouping generally corresponding to the
BI trees obtained from the full alignments. Differ-
ences in topologies were observed in weakly or mod-
erately supported clades.

SHIMODAIRA–HASEGAWA TESTS FOR

ALTERNATIVE HYPOTHESES

The SH testing of an alternative topology with the
D2-D3 of the 28S and ITS-rRNA gene fragment
data sets strongly rejected the hypothesis, where the
genus Loofia was a monophyletic lineage outside
Hemicycliophora (Table 3). The phylogenetic analysis
also revealed that H. (= Loofia) thienemanni and
H. (= Loofia) vaccinii do not form a monophyletic lineage
and that the monophyly of the clade within the genus
Hemicycliophora was rejected by the SH test.

ANCESTRAL STATE RECONSTRUCTION

The characters that were selected for the ASR are listed
in Table S9. These characters were morphological and
morphometric (binary). The absence or presence of males
was also included as a biological feature of diagnos-
tic value, which is commonly used in combinations of
binary characters (multistate). The results of the ASR
of these characters are shown in Figures 9 and 10. The
reconstruction yielded no conflicts between parsimo-
ny and Bayesian analyses. The mapping results sug-
gested repeated origins of sheath nematodes with
different body sizes, stylet lengths, and total numbers
of body cuticle annuli and/or number of annuli from
tail terminus to vulva. Our results also support the
scenario that the ancestral nonmodified lip structure

and amphimictic mode of reproduction appeared several
times independently during sheath nematode evolu-
tion. The evolutionary history of tail shapes clearly
also suggests multiple evolutions of this diagnostic
character.

DISCUSSION

The primary objective of this study was to identify and
characterize morphometrically and molecularly a wide
range of populations of Hemicycliophora spp. from cul-
tivated and natural environments in distant geographi-
cal areas and different continents including Africa,
Europe, North and South America, and Oceania. Mo-
lecular markers were designed based on nuclear rDNA
and proved useful for the identification of popula-
tions of Hemicycliophora species. The diagnostics and
identification of Hemicycliophora species based solely
on morphological and morphometric characters is a com-
plicated and not always reliable procedure because of
the overlap of morphological features of sheath nema-
tode species. Although a few species stand out from
the other representatives of the genus for their dis-
tinct morphological characteristics, many popula-
tions in our study were not properly identifiable using
only their morphology. Our study shows that current-
ly accurate identification of samples can be achieved
by integrative taxonomy including morphological and
DNA sequence analysis.

For the molecular identification, the rRNA genes of
a nematode are amplified and sequenced or PCR-
rDNA products are digested by several enzymes and
then the results are compared to the reference se-
quences or RFLP profile data sets. RFLP-rDNA-PCR
still remains an effective, cheap, and rapid method of
identification of nematodes from soil samples. Al-
though RFLP-PCR diagnostic profiles have been de-
veloped for many nematode species, the comparison
of DNA sequences is the most comprehensive ap-
proach for nematode identification. It is imperative that
reference sequences from nematode type materials
should be obtained and deposited in public databases
for reliable and correct diagnostics. This need is par-
ticularly important for nematode genera with great
phenotypic plasticity, intraspecific variability in
morphometrics, and minor interspecific differences, such
as the genus Hemicycliophora. We should note that
in our data set only five Hemicycliophora species were
characterized from the type localities. The characteri-
zation and identification of the populations of other
species from nontype localities still require addition-
al verification and molecular comparisons with the type
materials. We propose to consider these character-
ized populations from nontype localities as reference
and standard material to be used for comparisons
in future diagnostic and taxonomic studies of the
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Figure 8. Phylogenetic relationships within populations and species of the genus Hemicycliophora as inferred from Bayes-
ian analysis using the internal transcribed spacer rRNA gene sequence data set with the general time reversible sub-
stitution model with estimation of invariant sites and assuming a gamma distribution with four categories. Posterior
probabilities of over 70% are given for appropriate clades. Newly obtained sequences are indicated in bold.
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representatives of the genus Hemicycliophora until
topotype populations of each species become avail-
able and molecularly characterized. We are aware that
future molecular analyses of type material of the studied
species may contradict the results obtained in this work.

Our study revealed the presence of cryptic species
pairs or complexes including our populations of H. ripa
with Hemicycliophora sp. 7. Small sequence diver-
gences within the complex may be interpreted as various
stages in the speciation process, from recently di-
verged populations to distinct biological species. The
results of the present study also suggest that the ob-
served genetic diversity of Hemicycliophora is signifi-
cantly higher than that shown by morphological

observations. Thus, species diversity in Hemicycliophora
based on morphological characters needs a thorough
re-examination. In fact, our results suggest that the
biodiversity of sheath nematodes is still not fully clari-
fied and requires further study. We believe that the
successful approach will be to carry out regional surveys
of sheath nematodes using molecular tools to iden-
tify species and supplement these identifications with
morphological observations in order to verify the species
diversity at regional level.

In addition to the six characters used in this study,
several morphological characters of sheath nema-
todes have been evaluated by several researchers
for possible species grouping within the genus

Figure 9. Ancestral state reconstructions for the genus Hemicycliophora based on parsimony (left maximum parsimony
tree) and Bayesian inference (BI; right: BI tree) of A, average body length; B, average stylet length; C, average R (total
number of body annuli); D, average RV (number of annuli between posterior end of body and vulva). Posterior probabil-
ities for each character state are indicated as pie charts in the majority consensus BI tree.
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Hemicycliophora and for revision of this genus and the
subfamily Hemicycliophorinae. Considering the lip
region, which is set off by a deep groove, subterminal
vulva and bursa positions, as generic characters,
Andrássy (1979) erected the genus Colbranium with
a single species, Colbranium truncatum. Siddiqi (1980)
also used vulval lips with or without sleeves and spicule
structure for establishing the genera Aulosphora
and Loofia. In agreement with these taxonomic
reorganizations, Siddiqi (2000) included in the classi-
fication of Hemicycliophorinae, in addition to
Hemicycliophora, the genera Aulospora, Colbranium,
and Loofia. We were not able to obtain representa-
tive populations of these genera, except for two species

of the genus Loofia, which belonged to L. thienemanni
(type species of the genus Loofia) and L. vaccinii, both
respectively named in our study as H. thienemanni and
H. vaccinii. Our phylogenetic analyses using the D2-
D3 of 28S rRNA and ITS of rRNA gene sequences
showed that the studied populations of these two species
are not related and formed two clearly separate clades
with representatives of the genus Hemicycliophora.
Moreover, ancestral state reconstructions showed
that nonmodified vulval lips or with very short sleeves
appeared several times during evolution. Thus, our
molecular analysis did not support the erection of the
genus Loofia and justified its synonymization with
Hemicycliophora.

Figure 10. Ancestral state reconstructions for the genus Hemicycliophora based on parsimony (left maximum parsimo-
ny tree) and Bayesian inference (BI; right: BI tree) of A, vulval lip structure; B, tail shape; C, presence of males. Pos-
terior probabilities for each character state are indicated as pie charts in the majority consensus BI tree.
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The value of the tail shape as a taxonomic charac-
ter became quite controversial after it was reported
to be variable in H. zuckermani (Brzeski & Zuckerman,
1965; Minton & Golden, 1966). Indeed, during the 1960s,
several taxonomists avoided the use of tail shape in
their identification keys. However, tail shape is a fairly
consistent character for the differentiation of most
Hemicycliophora species (Brzeski, 1974). Compara-
tively, only a small number of species have variable
shapes that can mislead identification, especially when
a single specimen is involved. Most species have one
of four broad categories of tail shape. Ancestral state
reconstructions revealed multiple origins of these types,
although there is some uncertainty in this picture. Like-
wise, on the basis of the results of the ancestral state
reconstructions, the four morphometric characters
studied, namely, body and stylet lengths, total number
of body annuli, and number of annuli to vulva from
body posterior end, which are important differentiat-
ing features used in the identification of Hemicycliophora
spp., Caloosia spp., and Hemicaloosia spp. (Brzeski,
1974; Ganguly & Khan, 1983; Inserra et al., 2013), also
have multiple origins. Our phylogenetic hypothesis
testing and ancestral state reconstructions indicate that
none of the six morphological/morphometric traits is
by itself a good tool to classify the sheath nematode
species that we studied and support the decision of
grouping sheath nematodes within a single genus.

CONCLUSIONS

In summary, the present study establishes the impor-
tance of using integrative taxonomic identification by
highlighting the time-consuming aspect and difficulty
of correct identification at species level within the genus
Hemicycliophora. This study also provides molecular
markers for precise and unequivocal diagnosis of some

species of sheath nematodes in order to differentiate
species of agricultural and quarantine relevance because
their morphology is quite similar and several sheath
nematode species may be present in the same soil
sample. The present study suggests that the genus
Hemicycliophora harbours one or probably more com-
plexes of species that have simply diverged in mor-
phology and rRNA gene sequences. Consequently, these
data strengthen the argument that nematode species
delimitation should be the result of integrated studies
based on morphology, ecology, and genetics with mo-
lecular taxonomic identification and phylogeny. Future
phylogenetic studies should consider additional genetic
markers including mitochondrial DNAgenes and nuclear
protein-coding genes such as cytochrome c oxidase subunit
1 or heat shock protein (hsp90) genes in order to resolve
the relationships within Hemicycliophora and other
genera of the family Criconematidae. Additionally, a
more comprehensive molecular analysis on such genetic
markers based on worldwide sampling of Hemicycliophora
isolates might further clarify the relationships amongst
sheath nematodes characterized in this study.
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Table 3. Results of the Shimodaira–Hasegawa tests for alternative hypotheses using maximum likelihood (ML) trees

Gene D2-D3 of 28S rRNA Internal transcribed spacer rRNA

Hypothesis tested -LnL
Difference
of -LnL P* -LnL

Difference
of -LnL P*

ML tree 13661.80 Best – 13734.08 Best –
Hemicycliophora (= Loofia) thienemanni

and Hemicycliophora (= Loofia) vaccinii
constrained into a monophyletic group
within the genus Hemicycliophora

13715.18 53.38 0.005* 13827.24 93.16 0.000*

Validity of the genus Loofia or Hemicycliophora
(= Loofia) thienemanni and Hemicycliophora
(= Loofia) vaccinii are placed outside the
genus Hemicycliophora

3729.32 67.52 0.001* 13831.82 97.74 0.000*

*P < 0.05 indicates significant differences between the two inferred tree topologies. LnL, the log-likelihood.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Figure S1. Photomicrographs of specimens of a population of Hemicycliophora conida Thorne, 1955 from Spain.
A, entire female body; B, female pharyngeal region showing excretory pore (ep); C, D, female anterior regions;
E, detail of lateral fields; F, G, posterior regions showing anus (a); H, female tail tip. Scale bars: A = 100 μm;
B–D, F–H = 20 μm; E = 10 μm.
Figure S2. Photomicrographs and scanning electron microscopy (SEM) plate of specimens of populations of
Hemicycliophora epicharoides Loof, 1968, from Italy and Spain. A, entire female body; B, female pharyngeal
region; C, female anterior region; D, SEM plate of lateral fields; E, posterior region; F–H, female tail tips. Scale
bars: A = 100 μm; B–C, E–H = 20 μm; D = 10 μm.
Figure S3. Photomicrographs of specimens of a population of Hemicycliophora gracilis Thorne, 1955, from Cali-
fornia, USA. A, entire female and male bodies; B–D, female pharyngeal region; E, F, posterior regions; G–I,
female tails; J, male pharyngeal region; K, male spicules; L, male tail tip. Scale bars: A = 35 μm; B–L = 20 μm.
Figure S4. Photomicrographs of topotype specimens of Hemicycliophora hellenica Vovlas, 2000, from Greece.
A, entire female and male body; B, D, E, G, female pharyngeal regions; C, F, posterior regions; H, male tail; I,
J, male anterior region; K, detail of male lateral fields; L, male spicules. Scale bars = 25 μm.
Figure S5. Photomicrographs and scanning electron microscopy (SEM) plates of topotype specimens of
Hemicycliophora italiae Brzeski & Ivanova, 1978, from Italy. A, entire female body; B, female pharyngeal region;
C, posterior region; D, detail of stylet knobs; E, detail of lateral fields; F, detail of vulval lips; G, detail of female
mid-body and tail tip; H, I, SEM plate en face view; J, SEM plate of female posterior body portion; K, SEM
plate of lateral fields. Scale bars: A = 100 μm; B, C, F, G, J = 20 μm; D, E = 10 μm; H, I, K = 5 μm.

MOLECULAR PHYLOGENY OF HEMICYCLIOPHORA 505

© 2014 The Linnean Society of London, Zoological Journal of the Linnean Society, 2014, 171, 475–506



Figure S6. Photomicrographs of specimens of a population of Hemicycliophora lutosoides Loof, 1984, from Spain.
A, entire female bodies; B, female pharyngeal region; C, D, female anterior regions; E, detail of lateral fields;
F–H, vulval and tail regions showing anus (a). Scale bars: A = 100 μm; B–D, F–H = 20 μm; E = 10 μm.
Figure S7. Photomicrographs of specimens of populations of Hemicycliophora poranga Monteiro & Lordello,
1978, from Italy and Spain. A, female pharyngeal region; B–D, female anterior regions showing labial disc (ld);
E, detail of lateral fields; F–I, vulval and tail regions showing anus (a). Scale bars: A = 100 μm; B–D, F–I = 20 μm;
E = 5 μm.
Figure S8. Photomicrographs of specimens of populations of Hemicycliophora poranga Monteiro & Lordello,
1978, from California, USA. A, entire female body; B–D, female pharyngeal region; E, F, lateral fields; G, female
posterior region; H, I, rare variation of female tails. Scale bars: A = 50 μm; B–D, H, I = 20 μm; E–G = 30 μm.
Figure S9. Photomicrographs of specimens of a population of Hemicycliophora ripa Van den Berg, 1981, from
Spain. A, entire female; B, C, female pharyngeal region; D, female anterior region showing labial disc (ld); E,
detail of annuli showing typical cuticular ornamentation (blocks inside annuli); F, detail of lateral fields; G–I,
vulval and tail regions showing anus (a); J, detail of terminal tip. Scale bars: A = 100 μm; B, C, G, H = 20 μm;
D–F, I = 10 μm.
Figure S10. Photomicrographs of specimens of a population of Hemicycliophora similis Thorne, 1955, from Spain.
A, whole females; B, female pharyngeal region; C, detail of excretory pore (ep); D, detail of lateral fields; E, F,
vulval regions showing vulva (V); G–K, tail regions showing anus (a). Scale bars: A = 100 μm; B, C, E–K = 20 μm;
D = 10 μm.
Figure S11. Photomicrographs of specimens of populations of Hemicycliophora thienemanni (Schneider, 1925)
Loos, 1948, from: A–I, Castillo de Locubín (southern Spain); J–N, Garray (northern Spain); O–U, Trentino (north-
ern Italy). A, entire female; B, O, female pharyngeal regions; C, D, female anterior regions; E–G, J–L, P–S,
posterior regions; H, I, M, N, T, U, female tail tips. Scale bars: A = 100 μm; B, C, E–U = 20 μm; D = 10 μm.
Figure S12. Photomicrographs of specimens of a population of Hemicycliophora thornei Goodey, 1953, from
Spain. A, female pharyngeal region; B, C, female anterior region; D, pharyngeal region showing excretory pore
(ep); E, detail of lateral fields; F, vulval region showing vulva (v) and anus (a); G, H, female tail tip. Scale
bars: A–D, F–H = 20 μm; E = 5 μm.
Figure S13. Photomicrographs of specimens of a population of Hemicycliophora vaccinii Reed & Jenkins, 1963,
from Spain. A, female pharyngeal region; B, C, female anterior regions; D, detail of lateral fields; E, vulval
and tail regions showing anus (a). Scale bars: A–C, E = 20 μm; D = 10 μm.
Figure S14. Photomicrographs of specimens of populations of Hemicycliophora wyei Cordero López, Robbins
& Szalanski, 2013, from North Carolina, USA. A, entire female bodies; B–D, female pharyngeal region; E, F,
detail of lateral fields; G, posterior region; H–J, female tails. Scale bars: A = 40 μm; B–D, H–J = 10 μm; E–G = 15 μm.
Figure S15. Photomicrographs of specimens of populations of Hemicycliophora sp. 4 from California. A, entire
female body; B–D, female pharyngeal region; E–G, lateral fields; H–J, female posterior region. Scale bars: A = 65 μm;
B–D, H–J = 13 μm; E–G = 19 μm.
Figure S16. Photomicrographs of specimens of a population of Hemicycliophora sp. 9 from Russia. A, B, female
pharyngeal region; C, D, female posterior region. Scale bars = 20 μm.
Figure S17. Photomicrographs of specimens of a population of Hemicycliophora sp. 10 from California, USA.
A, entire female body; B, C, female pharyngeal region; D, E, lateral field; F–H, female posterior region. Scale
bars: A = 50 μm; B, C, F, G = 10 μm; D, E = 15 μm.
Table S1. Morphometrics of specimens of populations of Hemicycliophora californica, Hemicycliophora conida,
and Hemicycliophora epicharoides analysed in the present study.
Table S2. Morphometrics of topotype specimens of Hemicycliophora floridensis and specimens of populations
of Hemicycliophora gracilis and Hemicycliophora iberica analysed in the present study.
Table S3. Morphometrics of specimens of populations of Hemicycliophora lutosoides, Hemicycliophora obtusa,
Hemicycliophora ripa, Hemicycliophora raskii, and Hemicycliophora similis analysed in the present study.
Table S4. Morphometrics of specimens of populations of Hemicycliophora poranga analysed in the present study.
Table S5. Morphometrics of specimens of populations of Hemicycliophora thienemanni, Hemicycliophora thornei,
and Hemicycliophora vaccinii analysed in the present study.
Table S6. Morphometrics of specimens of populations of Hemicycliophora wyei analysed in the present study.
Table S7. Morphometrics of specimens of populations of Hemicycliophora sp. 3 and sp. 4 analysed in the present
study.
Table S8. Morphometrics of Hemicycliophora sp. 8, sp. 9, sp. 10, and sp. 11 analysed in the present study.
Table S9. Morphometric, morphological, and biological characters of Hemicycliophora used for ancestral state
reconstruction.
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