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Abstract

A new cryptic species of the genus Parasitorhabditis isolated from
the bark of a dead pine tree was characterized using morphological
features, morphometrics, and DNA barcodes. Parasitorhabditis
paraterebrana n. sp. is characterized by its stoma 20-24 um in depth;
tips of prorhabdions not bent inwards; metarhabdions with two
subventral, and two subdorsal teeth; corpus longer than postcorpus;
hemizonid 15.0-26.5 um posterior to excretory pore; vulva-anus
distance 21.5-31.5 um, ca equal to or slightly less than vulval body
diameter; rectum distinctly longer than anal body diameter; female tail
cupola-shaped, conoid posteriorly, with an extended spike; male with
slender spicules, nearly straight to minimally curved towards a nearly
acute to a bluntly rounded tip; and bursa with 10 pairs of bursal rays,
witha 2 + 3 + 2 + 3 typical pattern. It differs from the morphologically
similar P terebrana by the non-bent tips of prorhabdions, the
corpus being longer than postcorpus, the bursal rays’ pattern,
and a more cupola-shaped tail in female and DNA barcodes. The
DNA phylogenies using the 18S rRNA, 28S rRNA and COI/ gene
markers showed well-supported sister relations of Parasitorhabditis
paraterebrana n. sp. with P. terebrana and P. obtusa.
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The genus Parasitorhabditis Fuchs, 1937 belongs
to the family Rhabditidae Orley, 1880. The species
of this genus are generally known to form parasitic
or phoretic relationships with bark beetles,
especially with members of the subfamily Scolytinae
Latreille, and some members of the family
Cerambycidae Latreille, 1802 (Poinar, 1975). Within
the subfamily Scolytinae, Parasitorhabditis species
are mainly associated with beetles of the genera
Dendroctonus Erichson, 1836; lps De Geer, 1775;
Scolytus Geoffroy, 1762; Dryocoetes Eichhoff, 1864;
Hylurgops LeConte, 1876; Crypturgus Erichson,
1836; Hylastes Erichson, 1836; Hylurgus Latreille,
1807; Pityogenes Bedel, 1888; Cryphalus Erichson,
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1836; Phloeosinus Chapuis, 1869; and Polygraphus
Erichson, 1836 (Massey, 1974; Sudhaus, 1974,
Tomalak et al., 1989). Most of these species generally
colonize the insect digestive tract, and their free-living
forms inhabit the frass in the beetle galleries and bark
of dead trees inhabited by the beetles (Grucmanova
and HoluSa, 2013; Mwamula et al., 2023).

The diagnostics of species of this genus is
rather confounded. Descriptions of the majority
of species were published between 1915 and
1980, and some of the published literature contain
insufficient morphometric data for comprehensive
comparative purposes according to the current
demands of the discipline. Important morphometric
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characters such as stoma length, spicules length,
ratio of corpus (pharyngeal procorpus + median bulb)
to postcorpus (pharyngeal isthmus + basal bulb)
length, definitive bursal rays’ number and pattern
and De Man ratios were not supplied in some of the
original species descriptions. The modern species
identification approach of integrated taxonomy that
combines detailed morphometric data and molecular
phylogenetic studies can provide accurate species
identification and delimitation within the genus.
During a nematological survey conducted in 2024 in
natural pine forest ecosystems in Korea, a population
morphologically similar to Parasitorhabditis terebrana
Massey, 1974 was discovered. Also, two other known
species of the genus were recovered from the bark
of dead black- and red pine (Pinus thunbergii Parl
and Pinus densiflora for. erecta) tree stands. The
detailed studies revealed that the former population
represents a new cryptic species, designated
as Parasitorhabditis paraterebrana n. sp. herein,
and was described based on both morphological
and molecular phylogenetic criteria.  Additional
morphological and molecular data of the two known
species; P. terebrana and P. obtusa (Fuchs, 1915)
Chitwood and Chitwood, 1950 are also supplied.

Materials and Methods

Nematode populations and extraction

Samples of the bark of dead pine-tree stands were
taken from pine-tree forests in Uljin, and Gumi,
Gyeongsangbuk-do Province, Republic of Korea.
The nematode populations were extracted from
the bark layer cuttings using the Baermann funnel
method (Baermann, 1917). Nematode specimens
belonging to Parasitorhabditis were handpicked from
the collected nematode suspension under a Nikon
SMZ1000 stereomicroscope (Nikon). Specimens
were subsequently characterized based on inferences
from morphometric and molecular data.

Morphological characterization

The specimens were heat-killed, fixed with
formaline-glycerine, and transferred to pure glycerin
according to Seinhorst (1959) as modified by De
Grisse (1969). The processed nematode specimens
were mounted on permanent slides and observed
under a light microscope. Morphometric data
and photomicrographs were taken using a Zeiss
imager Z2 microscope (Carl Zeiss) fitted with Axio-
vision, Material Science Software for Research
and Engineering (Carl Zeiss). Line drawings were

made using a drawing tube and redrawn using
CorelDRAW®  software version 24, Species
identification and diagnosis were done following the
diagnostic species compendia presented by Rihm
(1956), Andrassy (1983), and Carta et al. (2010).

Molecular characterization

Morphometrically confirmed, heat-relaxed female and
male specimens were used in DNA extraction. Genomic
DNA was extracted from the specimens using the
method of Iwahori et al. (2000), with modifications.
Briefly, nematodes were washed in drops of distilled
water on a glass slide. A single cleaned nematode
specimen was transferred into a 1-ul drop of distilled
water on a sterilized glass slide and crushed with a small
filter paper chip (1 mm x 1 mm) with the aid of a forceps
under a stereoscope microscope. The paper chip was
subsequently suspended in a 30 pl nematode DNA lysis
buffer containing proteinase K and incubated at 65 °C
for 30 mins and 95 °C for 10 mins. The resultant solution
was used as the DNA template for a polymerase chain
reaction (PCR). PCR was performed using WizPure™
Tag DNA Polymerase kit in accordance with the
manufacturer’s instructions. Four gene fragments (the
nearly full-length 18S rRNA gene, the D2-D3 expansion
segment of 28S rRNA gene, the partial TS rBNA gene
and the partial COl gene) were amplified and sequenced
in this study. The 18S rRNA gene was amplified as
two partially overlapping fragments using two primer

sets: 988F (6'-CTCAAAGATTAAGCCATGC-3)
and 1912R (6'-TTTACGGTCAGAACTAGGG-3)),
1813F (6'-CTGCGTGAGAGGTGAAAT-3') and
2646R (6’-GCTACCTTGTTACGACTTTT-3))

(Holterman et al., 2006); the primer pairs D2Ab
(5'-ACAAGTACCGTGAGGGAAAGTTG-3) and
D3B (5'-TCGGAAGGAACCAGCTACTA-3") De
ley et al., 1999) were used to amplify the D2-
D3 expansion segment of 28S rRNA; COI-F1
(&'-CCTACTATGATTGGTGGTTTTGGTAATTG-3)  and
COI-R2 (5"-GTAGCAGCAGTAAAATAAGCACG-3')
(Kanzaki and Futai, 2002) were used to amplify the partial
COI gene; TW81 (5'-GTTTCCGTAGGTGAACCTGC-3)
and AB28 (5-ATATGCTTAAGTTCAGCGG GT-3))
(Curran et al., 1994) were used to amplify the partial ITS
rRNA gene of P, terebrana and R paraterebrana n. sp.;
and S_ITS1 (5'-TTGATTACGTCCCTGCCCTTT-3') and
Vrain2R  (5'-TTTCACTCGCCGTTACTAAGGGAATC-3))
(Vrain et al.,, 1992) were used to amplify the partial
ITS rRNA gene of P obtusa. PCR was executed with
a thermal cycler model T100™, Bio-Rad. The thermal
cycling program using the primer sets 988F/1912R,
1813F/2646R, D2Ab/D3B, TW81/AB28, and COI-F1/
COI-R2 were as described by Mwamula et al. (2023),



and the thermal profile using S_ITS1/Vrain2R primer set
was as detailed by Mwamula et al. (2024). Purification
of the PCR products was performed using the QIAquick
PCR Purification Kit (Qiagen) and quantification
was done using a quickdrop spectrophotometer
(Molecular Devices). The purified PCR products were
directly sequenced with the primers specified above
at Macrogen Inc. The edited new sequences were
submitted to the NCBI GenBank database under
the accession numbers: PQ589232-PQ589236 (for
18S rRNA); PQ589220-PQ589225 (for 28S rRNA);
PQ589226-PQ589231 (for ITS rRNA), and PQ585733-
PQ585737 (for the COI gene).

Phylogenetic analyses

The new sequences (18S rRNA, D2-D3, ITS
rRNA and COI gene) were compared with those
of related species of Parasitorhabditis using
the BLAST homology search program. Multiple
alignments for sequences of the genus, including
comparable sequences of related species from
other genera published in GenBank (Kanzaki et al.,
2013, 2015, 2016; Valizadeh et al., 2017; Bhat et
al., 2020; Mwamula et al., 2023) were built using
ClustalX (Thompson et al.,, 1997). The sequences
of Rhabditoides inermiformis (Osche, 1952)
Dougherty, 1955 (AF083017) and Rhomborhabditis
regina (Schulte and Poinar, 1991) Sudhaus,
2011 (AF082997) were selected as the outgroup
sequences for the 18S rRNA gene; sequences
of Rhabditoides inermiformis (EF990727) and
Rhomborhabditis regina (EF990726) were selected
as outgroups for 28S rRNA gene; and those of
Chylorhabditis  epuraeae Kanzaki, = Hamaguchi,
and Takeuchi-Kaneko, 2021 (LC601016) and
Rhabditis Dujardin, 1844 species (OL468734) were
the outgroups for COI gene. The ITS rRNA gene
phylogeny was not reconstructed. This is because,
except for only four sequences of P. terebrana,
there were no other definitive ITS rRNA gene
sequences of Parasitorhabditis or other related
genera in GenBank database for comparison.
Bayesian inference (Bl) of the three genes was
performed using MrBayes 3.2.7 (Ronquist et
al.,, 2012), with GTR + | + G model selected for
all datasets. Bayesian analysis for each gene
was initiated with a random starting tree and
run with four chains for 1 x 10° generations. The
Markov chains were sampled at intervals of 100
generations. After discarding burn-in  samples,
consensus trees were generated with the 50%
majority rule. The generated trees were visualized
and edited using FigTree v1.4.4 software. Posterior

probabilities (PP) exceeding 50% are given on
appropriate clades. Intraspecific and interspecific
sequence variations were analyzed using PAUP*
v4.0a169 (Swofford, 2003).

Results

Parasitorhabditis paraterebrana n. sp. (Figs. 1-3).

Measurements

See Table 1.

Description
Female

General habitus straight or slightly arcuate when
heat-killed and fixed. Cuticle 2.0-2.5 ym thick at
mid-body, moderate to prominently annulated.
Lips angular to rounded, 3.5-5.0 pm high and 10.0-
12.5 um wide, with visible pseudolip sectors and
moderately prominent papillae. Stoma 20.0-24.0 um
in depth and 4.5-6.0 um wide, with its walls slightly
broader at base. Anterior tips of prorhabdions not
bent inwards. Remnants of metarhabdions with two
subventral teeth, and two subdorsal teeth, visible in
lateral view. Pharynx muscular throughout, without
clear median bulb demarcation. Lumen of corpus
prominently sclerotized with transverse ridging.
Procorpus including the moderately swollen base
ca 1.1-1.3 times the postcorpus length. Nerve ring
at mid- or anterior to mid-isthmus, 98.5-123.0 um
from anterior end. Excretory pore posterior to, or
rarely at level of nerve ring, 113.0-141.0 pm from
anterior end. Hemizonid visible, located 15.0-26.5
um posterior to excretory pore or 135.0-164.5 um
from anterior end. Lateral field hardly discernible.
Reproductive  system  monodelphic-prodelphic,
arranged from anterior (distal) as ovary, oviduct,
spermathecal-uterus  junction,  crustaformeria,
uterus, vagina/vulva, extending 44.5-53.2% of
total body length. Distal (anterior) part of ovary
reflexed dorsally, extending beyond ovary-oviduct
junction in some specimens or covering 36-78%
of gonad system length. Oocytes arranged in
two rows in the reflexed part of ovary, and well-
developed oocytes arranged in a single row near
oviduct. Oviduct comprised by small ellipsoidal
cells, not conspicuously distinct from anterior ovary
in some specimens, connected to an enlarged
wider posterior part (spermatheca) comprised by
large, oval cells, forming an indistinct roundish to
oblong-shaped sac. Spermathecal-uterus junction
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C: Female anterior region, including the pharynx region;
lip shape and arrangement of teeth (D: Lateral view with all the four teeth; E: The two subventral

Line drawings of Parasitorhabditis paraterebrana n. sp.
teeth; F: The two subdorsal teeth); G, H: Male tail in right lateral view
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Figure 2: Photomicrographs of Parasitorhabditis paraterebrana n. sp. (A-G): A: Male reproductive
system; B: Female reproductive system; C: Developing egg in the uterus; D: The reflexed region
of ovary; E: The oviduct; F, G: The reflexed portion of the testis (Scale bars: A, B =50 um; C, D,
E, F, G =20 pum).



Figure 3: Photomicrographs of Parasitorhabditis paraterebrana n. sp. (A-K): A: Female anterior
region, including the pharynx region (arrow e and h indicate the position of secretory-excretory
pore and hemizonid, respectively); B, C, D, E: Variation in lip shape and arrangement of teeth
(B: Lateral view with all the four teeth; C: The two subventral teeth; D, E: The two subdorsal
teeth); F, G: Posterior part of pharynx (arrow e and h indicate the position of secretory-excretory
pore and hemizonid, respectively); H, I: Male tail region; J: Female tail in lateral view; K: Female
tail in ventral view. (Scale bars: A =50 um; B, C, D, E, H, I, J, K=10 pm; F, G = 20 pm).

distinct, connected by a band of thread-like tissue,
surrounded by oval cells. Uterus length varying
according to presence or absence of embryo,
composed of irregularly arranged globular uterine
cells, forming prominent crustaformeria in the
distal part, and the wider proximal tubular part
with epithelial wall. Uterus often containing 1-2
developing eggs, 54-57 um long and 24-26 um
wide. Vagina short, oblique with muscular walls.
Lips of vulva not protuberate. Vulva a transverse
slit. Vulva-anus distance 21.5-31.5 yum, ca equal
to or slightly less than vulval body diameter (0.8-
1.0 times), also ca equal or less than tail length
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(0.6-1.1 times). Rectum distinctly longer than
anal body diameter. Phasmid indistinct under
light microscope. Tail cupola-shaped, conoid

posteriorly, with an extended moderate spike.

Male

Generally as abundant as females. General
morphology similar to that of female except for
sexual characters and conoid tail with an acute
terminus. Lips angular to rounded, 3.0-4.5 ym high
and 9.5-12.5 pm wide, with moderately prominent
papillae. Stoma as in female in depth. Procorpus



including the moderately swollen base ca 1.1-1.4
times the postcorpus length. Nerve ring anterior
to mid-isthmus, 89.5-114.0 um from anterior end.
Excretory pore and hemizonid as in female. Testis
single, on right subventral region of intestine,
outstretched, extending 41-51% of total body
length, anteriorly reflexed ventrally or dorsally up to
20-51% of its length. An extended double flexure
in germinal zone observed in some specimens.
Spermatocytes arranged in two to three rows in
reflexed part, and mainly two rows in the middle
part. Vas deferens tube-like, occupying ca 23-26%
of total gonad length, composed of large cells,
joining the rectum and forming a narrow cloacal tube
terminating into the cloaca. Spicules slender, nearly
straight to minimally curved towards a nearly acute
to a bluntly rounded tip. Gubernaculum slipper-
shaped, posteriorly (away from tip) thickened, ca
half or less than spicules length (0.4-0.5 times). Tail
conoid with an acute terminus. Bursa peloderan
with 10 pairs of bursal rays (typical of the genus).
The second, eighth and ninth pairs directed dorsally,
and others directed ventrally, with 2 + 3 + 2 + 3 or
2 + 3 + (2 + 3) typical ray pattern (Figs. 1G, 1J,
and 3l), occasionally appearing in a 2 + 4 + (1+3)
pattern (Fig. 1H). In lateral view, the first two pairs
located precloacally, and almost reaching the edge
of the bursa or ending behind it. Postcloacally, three
or four pairs positioned close together, located just
after cloacal opening, ending just behind the bursal
edge (the three anterior pairs). The sixth bursal
pair appears tube-like, much shorter, thicker, and
stouter than all others. Seventh, eighth, and ninth
rays end just slightly behind the bursal edge, with
the ninth appearing a little longer than the two
others. The last (10™) pair also appear shortened
and thicker than the preceding pairs.

Diagnosis and relationships

Parasitorhabditis paraterebrana n. sp. is characterized
by having a medium sized body 0.55-0.81 mm long
in both sexes; stoma 20.0-24.0 um in depth; anterior
tips of prorhabdions not bent inwards; remnants of
metarhabdions with two subventral teeth, and two
subdorsal teeth; corpus longer than postcorpus;
hemizonid visible, 15.0-26.5 pm posterior to excretory
pore; vulva-anus distance of 21.5-31.5 um, ca equal
to or slightly less than vulval body diameter, also ca
equal or less than tail length; rectum distinctly longer
than anal body diameter; female tail cupola-shaped,
conoid posteriorly, with an extended moderate spike;
spicules slender, nearly straight to minimally curved
towards a nearly acute to a bluntly rounded tip; and

bursa with 10 pairs of bursal rays witha 2 + 3 + 2 +
3or2+ 3+ (2 + 3) typical ray pattern, occasionally
appearing in a 2 + 4 + (1+3) pattern.

Parasitorhabdlitis paraterebrana n. sp. looks very
similar to P. terebrana in morphology, having two visible
subventral teeth, and two subdorsal teeth and sharing
almost all morphometric values. However, it differs
from P. terebrana by having non-bent anterior tips of
prorhabdions vs. anterior tips of prorhabdions bent
inwards (see Massey (1974) and Mwamula et al. (2023)),
a corpus being longer than the postcorpus vs. being
equal to or slightly shorter than the postcorpus; the
rectum being distinctly longer than anal body diameter
vs. being almost equal; bursal rays in the pattern 2 + 3
+2+3o0r2+ 3+ (2 + 3), occasionally appearing as
2 +4 + (143) vs. 2 + (3+1) + 4; a more cupola-shaped
tail in females; and differences in their DNA barcodes
(details provided below). Based on morphometrics,
Parasitorhabditis paraterebrana n. sp. is also close to
P. crypturgophila RUhm, 1956, P. opaci Rihm, 1956, P.
palliati (Fuchs, 1937) Skrjabin, Shikhobalova, Soboley,
Paramonov, and Sudarikov, 1954, P. ateri (Fuchs, 1915)
Dougherty, 1955, P. autographi (Fuchs, 1937) Skrjabin,
Shikhobalova, Sobolev, Paramonov, and Sudarikov,
1954 and P. frontali Carta, Bauchan, Hsu, and Yuceer,
2010. It differs from the P. crypturgophila by its longer
stoma (20-24 vs. 16-19 pum), the presence of four teeth
vs. no teeth, a corpus longer than the postcorpus vs.
equal in length to postcorpus, longer gubernaculum
(14-17 vs. 9-14 pm), and shorter vulva to anus distance
(21.5-31.5 vs. 32-35 pm); from P. opaci by the longer
stoma (20-24 vs. 17-19 um), the presence of four teeth
vs. three teeth, a cupola-shaped tail with an extended
spike vs. conical tail; a lower b ratio (3.2-4.3 vs. 4.4-5.2);
a shorter vulva to anus distance (21.5-31.5 vs. 30-35
um), and bursal rays in the pattern 2 + 3+ 2 + 3 or 2
+ 3 + (2 + 3), occasionally appearing as 2 + 4 + (1+3)
vs. 2 + 3 + 5. The new species differs from P. palliati by
its shorter spicules (30.5-37.0 vs. 39-44 um), a shorter
gubernaculum (14-17 vs. 18-23 pm), bursal rays in the
pattern 2 + 3+ 2 + 3 or 2 + 3 + (2 + 3), occasionally
appearing as 2 + 4 + (1+3) vs. 2 + 4 + 4, the presence
of four teeth vs. three teeth, a shorter vulva to anus
distance (21.5-31.5 vs. 32-35 um), a lower b ratio (3.2-
4.3 vs. 5-6), and a cupola-shaped tail with an extended
spike vs. conical tail. The new species differs from
P. ateri by having shorter spicules (30.5-37.0 vs. 39-42
um), a shorter gubernaculum (14-17 vs. 18-21 pum), the
presence of four teeth vs. two-three teeth, bursal rays in
the pattern 2 + 3+ 2 + 3 0or 2 + 3 + (2 + 3), occasionally
appearing as 2 + 4 + (143) vs. 2 + 4 + 4, a shorter vulva
to anus distance (21.5-31.5 vs. 32-35 pm), a lower b ratio
(3.2-4.3 vs. 4.9-6.6), and a cupola-shaped tail with an
extended spike vs. conical tail. The new species differs



from P. autographi by the presence of four vs. two teeth,
lower b and c ratios (3.2-4.3 vs. 4.8-5.3 and 18.3-28.6
vs. 29-59, respectively), a shorter vulva to anus distance
(21.5-31.5 vs. 35 pum), a longer pharynx (167-190 vs.
155-161 pm), the position of the vulva (V = 90.3-92.6 vs.
92-95), a cupola-shaped tail with an extended spike vs.
a conical tail; and bursal rays in the pattern a 2 + 3
+2+3o0r2+ 3+ (2 + 3), occasionally appearing as
2 +4 + (143) vs. 2 + 5 + 3. The new species differs
from P. frontali by the presence of four teeth vs. one
tooth, a corpus longer than postcorpus vs. shorter
than postcorpus, a longer pharynx (167-190 vs. 113-136
um), a longer stoma (20-24 vs. 13-17 um); and a longer
gubernaculum (14-17 vs. 11.1-12.8 um).

Type habitat and locality

The species was recovered from the bark of a dead
red pine (Pinus densiflora for. erecta) tree from
Geumgang pine-tree forest in Uljin, Gyeongsangbuk-
do Province. GPS coordinates: 37°02°84'N,
129°27'51°E.

Type material

The holotype female, twelve female paratypes, and
fifteen male paratypes were deposited in the National
Institute of Biological Resources of Korea and eight
female and seven male paratypes were deposited
in the Nematode Collection of Kyungpook National
University (KNU), Republic of Korea.

Etymology

The species epithet refers to the Greek preposition para,
“alongside of,” resembling the morphologically closest
species, Parasitorhabditis terebrana.

Korean population of Parasitorhabditis terebrana

Measurements
See Table 1.

Remarks

The morphological and morphometric data of the
studied population agree well with those of the
paratype specimens studied by Massey (1974), and
the subsequent details given by Mwamula et al.
(2023), except for the relatively long body in the latter
population (780.5-995 vs. 922-1244 um). Also, nine
bursal rays were recorded in the original description
by Massey (1974). However, 10 bursal rays are evident
in the currently studied population, with the ray
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pattern similar to the descriptions given by Mwamula
et al. (2023). This observation is also in agreement
with Andrassy (1983) and Sudhaus and Fitch (2001),
who noted that the number of bursal rays (papillag) is
constant in the genus Parasitorhabditis, i.e., 10 pairs
(two of the ten pairs preanal). According to Massey
(1974), the diagnostic characters of the species include
the corpus being equal in length to isthmus and basal
bulb, the unique tip of the prorhabdions bent inwards
and the tail terminus shape. These features are seen
in the population recovered and studied here, and
the DNA sequences are identical to the previously
published sequences for P. terebrana (Mwamula
et al., 2023). The reproductive system is generally
similar to that of Parasitorhabditis paraterebrana n.
sp., arranged from anterior (distal) as ovary, oviduct,
spermathecal-uterus junction, crustaformeria, uterus,
vagina/vulva, extending 46-57% of total body length.
Distal part of ovary reflexed dorsally, covering 37-
70% of the total gonad system length. Oocytes
arranged in two to three rows in the reflexed part
of ovary, and in a single row near oviduct. Oviduct
comprised by small ellipsoidal cells, connected to
an enlarged wider posterior part composed of large
cells, forming a roundish to oblong-shaped sac.
Spermathecal-uterus junction distinct, connected
by a band of thread-like tissue. Uterus composed
of irregularly arranged globular uterine cells, forming
prominent crustaformeria, and the wider proximal
tubular part with epithelial wall. The uterus often
contains 1-3 developing eggs. Vagina short, oblique
with muscular walls. Lips of vulva mostly protuberate.
Vulva a transverse slit. Male with a single testis, on
right subventral region of intestine, outstretched,
extending 44-56% of total body length, anteriorly
reflexed ventrally or dorsally up to 22-54% of its
length. Spermatocytes arranged in two to three rows
in reflexed part. Vas deferens tube-like, occupying
ca 24-27% of total gonad length, composed of large
cells, joining the rectum and forming a narrow cloacal
tube terminating into the cloaca.

Korean population of Parasitorhabditis obtusa
(Fig. 4)

Measurements

See Table 2.

Remarks

The morphology and morphometrics of the studied
population agree well with those of the type population
described by Fuchs (1915) and the subsequent
morphometric data published by Rihm (1956), Massey
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Figure 4: Photomicrographs of Parasitorhabditis obtusa (Fuchs, 1915) Chitwood and
Chitwood, 1950 (A-H). A, B: Female anterior region; C, D: Male tail region; E, F, H: Variation
in shape of female tail; G: Posterior part of pharynx (arrow e and h indicate the position of
secretory-excretory pore and hemizonid, respectively). (A, B, E, F, H =10 um;

C, D, G = 20 pm).

(1956, 1960), Carta et al. (2010), and Valizadeh et al.
(2017) except for the number of bursal rays reported by
Massey (1960), with only 9 bursal rays illustrated in the
line drawings, and Valizadeh et al. (2017), who reported
8-9 pairs of bursal rays although 10 pairs were illustrated
in their line drawings (in lateral view). Additionally, the
bursal rays arrangement pattern is not definitive in
Valizadeh et al. (2017) (i.e., 4 rays in precloacal position
and 6 rays post-cloacal). In the population studied here,
a pattern of bursal rays as 2 + 3 + 2 + 3 was consistent
and rarely appearedina 2 + 3 + 3 + 2 pattern, agreeing
with the illustrations of  Rihm (1956). Additional
characters reported in this study include corpus equal
to postcorpus, excretory pore located posterior to nerve
ring and 119.5-134.5 pm from anterior end. Hemizonid

visible, located 24.0-32.5 pm posterior to excretory pore
or 144.5-164.0 um from anterior end, rectum distinctly
longer than anal body diameter; gubernaculum
lanceolate shaped, ending in an elongated acute tip
(Fig. 4C). The line drawings of Rihm (1956) show that
corpus is longer than postcorpus. This character was
used in the compendium of the genus presented by
Andrassy (1983), to distinguish P. obtusa from related
species. However, in the original description by Fuchs
(1915), the corpus was noted to be equal in length to the
postcorpus, which also agrees with the line drawings
of Valizadeh et al. (2017). Additional details on the
reproductive system include the female reproductive
system being generally arranged from the anterior
(distal) as ovary, oviduct, uterus junction, crustaformeria,
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uterus, vagina/vulva, extending 53-64% of total body
length. Distal part of ovary reflexed dorsally, covering
33-55% of the total gonad system length. Oocytes
arranged in two to three rows in the reflexed part of
ovary. Oviduct composed of small ellipsoidal cells
anteriorly and enlarged posteriorly with large round cells.
Spermathecal-uterus junction visible. Uterus composed
of irregularly arranged globular uterine cells, forming
prominent crustaformeria, and the wider proximal
tubular part with epithelial wall. Uterus often contains 1-3
developing eggs. Vagina short, oblique with muscular
walls. Lips of vulva protuberate or not protuberate.
Vulva a transverse slit. Male with a single testis, on right
subventral region of intestine, extending 53-64% of total
body length, anteriorly reflexed dorsally up to 17-27% of
its length. Spermatocytes arranged in two to three rows
in reflexed part. Vas deferens tube-like, occupying ca
25-28% of total gonad length, composed of large cells,
joining the rectum and forming a narrow cloacal tube
terminating into the cloaca.

Molecular characterization and
phylogenetic relationships

The montaged two partially overlapping fragments of
18S rBNA gene sequences yielded ca 1700-bp long
sequences for each studied species. No intraspecific
sequence variation was recorded in the two newly
obtained sequences (PQ589232, PQ589233) of
Parasitorhabditis paraterebrana n. sp. In the 18S rRNA
gene tree, sequences of Parasitorhabditis paraterebrana
n. sp. were close to the few available sequences of other
species of the genus. All sequences of Parasitorhabditis
were grouped in a well-supported clade (PP=100).
Notably, sequences of Parasitorhabditis paraterebrana
n. sp. were highly similar to sequences of P. terebrana
(©Q704209, OQr04209 and PQ589234), differing
by only 4 bp (0.3%). Parasitorhabditis paraterebrana
n. sp., sequences were also highly similar to the
newly obtained sequences of P. obtusa (PQ589235,
PQ589236), P. obtusa isolates accessioned EU003189,
and KJ705089; and an unidentified Parasitorhabditis
sp. (AF083028), differing by only 4-8 bp (0.4-0.5%).
However, interspecific sequence differences of 31-
33 bp (3.9-4.2%) were observed when compared
with P. obtusa isolates accessioned MH590260 and
the unidentified Parasitorhabditis spp. sequences
(MH590259 and MH590261) from Taiwan.

The new 18S rRNA gene sequence for P
terebrana (PQ589234) was identical to P, terebrana
sequences (0OQ704209, 0OQ704209), with no
intraspecific variation. The sequences obtained
for P. obtusa (PQ589235, PQ589236) were 100%
identical to those of P obtusa isolate from Czech
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Republic (KJ705089); and highly similar to that of
P. obtusa isolate accessioned EUO03189 and the
unidentified Parasitorhabditis sp. (AF083028),
differing by only 3-4 bp (0.2%). The sequences
also differed from short sequence data of P. obtusa
isolate from Israel (MG865783) by 6 bp (0.6%);
but significantly differed from the Taiwan isolate
(MH590260) and the unidentified Parasitorhabditis
spp. sequences (MH590259 and MH590261) by
31-33 bp (3.9-4.2%).

Amplification of the 28S rRNA gene vyielded
single amplicons of ca 600 bp. The three D2-D3
sequences from Parasitorhabditis paraterebrana n.
sp. (PQ589220-PQ589222) showed no intraspecific
variation. Similar to the 18S rRNA gene tree, the
more informative 28S rBNA gene tree also showed
close phylogenetic relationships among the available
sequences of the genus, and all sequences of
Parasitorhabditis are grouped in a well-supported
clade (PP = 100%). Sequences of Parasitorhabditis
paraterebrana n. sp. differed from P. terebrana
sequences (0Q291289, 0Q291290 and PQ589223)
by 13 bp (2.4%); and from those of the closely similar
species P. obtusa isolates (MF288651, MG865784,
including the new sequences PQ589224, PQ589225),
and two other more phylogenetically distant P. obtusa
isolates (EF990724 and KM245037) by 19 bp (3.2-
3.8%) and 25 bp (4.2-4.7%), respectively. The newly
obtained sequences of P. terebrana (PQ589223)
differed from the previously submitted sequences of
P. terebrana (0Q291289, 0Q291290) by 0-1 bp, and
the obtained sequences of P. obtusa (PQ589224,
PQ589225) differed from those of P. obtusa isolates
(MF288651, MG865784, EF990724 and KM245037)
by 7 bp (1.4%).

The amplified partial COl gene yielded single
amplicons of ca 650 bp. There were only two CO/
sequences of Parasitorhabditis available in the
GenBank database at the time of analysis (i.e., P,
terebrana OQ281742 and OQ281743). The newly
obtained sequence of P terebrana (PQ585735)
was 100% identical to the two aforementioned,
available P terebrana sequences. The new
sequences of P. paraterebrana n. sp. (PQ585733,
PQ585734) showed no intraspecific variation and
differed from those of P terebrana (0Q281742,
0Q281743 and PQ585735) by 95-99 bp (15.4-
15.4%). Parasitorhabditis paraterebrana n. sp.
sequences (PQ585733, PQ585734) also differed
from the newly obtained sequences of P obtusa
(PQ585736, PQ585737) by 86-93 bp (13.8-14.2%).
The two sequences of P obtusa (PQ585736,
PQ585737) showed an intraspecific variation of 2
bp. In the reconstructed COI gene phylogeny, the
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Figure 5: Bayesian tree inferred under the GTR + | + G model from 18S rRNA gene sequences
of Rhabditina Chitwood, 1933 species. Posterior probability values exceeding 50 % are given on
appropriate clades. The studied population is indicated in bold text. Qutgroups: Rhabditoides
inermiformis (Osche, 1952) Dougherty, 1955 and Rhomborhabditis regina (Schulte and Poinar,

1991) Sudhaus, 2011.



three species were closely related and formed a
well-supported subclade (PP=100) among other
rhabditid species. The amplified partial ITS rRNA
gene yielded single amplicons of ca 650-850 bp.
Similar to the partial COIl gene, there were only a
few ITS rRNA gene sequences of Parasitorhabditis
available in the GenBank database; all from one
species (i.e., P terebrana OQ305560-0OQ305564).
No intraspecific variation was recorded in the new
sequences of P paraterebrana n. sp. (PQ589226-
PQ589228), differing from those of P terebrana

100

(OQB05560-0Q305564 and PQ589229) and R
obtusa (PQ589230, PQ589231) by 79-82 bp (12.6-
12.9%) and 93-114 bp (14.1-16.2%), respectively.
The newly obtained sequence data of P terebrana
(PQ589229) was 100% identical to the available
P, terebrana sequences (OQ305560-0Q305564).
Fifty-eight 18S rRNA, forty-two 28S rRNA, and
thirty-six COI gene sequences from various member
species of Rhabditina Chitwood, 1933, inclusive
of the newly obtained sequences and outgroups,
constituted the sequence dataset for phylogenetic

-Parasitorhabdifis paraterebrana n. sp. (PQ589221, P2)
-Parasitorhabditis paraterebrana n. sp. (PQ589220, P1)
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100
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100 [Mesarhabdit‘u longespiculosa (EU195980)
-Mesorhabditis anisomorpha (EF990723)

100

99 100

Crustorhabditis transita (EU195995)

93r-Distolabrellus veechi (MK942407)
100 -Distolabrellus sp. (OM401655)
Distolabrellus veechi (0K597215)

-Distolabrellus veechi (OR606810)

-Rhabditoides inermiformis (EF990727)

0.03
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Figure 6: Bayesian tree inferred under the GTR + | + G model from LSU D2-D3 partial sequences
of Rhabditina Chitwood, 1933 species. Posterior probability values exceeding 50% are given on
appropriate clades. The studied population is indicated in bold text. Qutgroups: Rhabditoides
inermiformis (Osche, 1952) Dougherty, 1955 and Rhomborhabditis regina (Schulte and Poinar,

1991) Sudhaus, 2011.
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73| ————Diplogastrellus metamasius (EU419761)
] 7 Micoletzkya calligraphi (KJ531148)

-Micoletzkya inedia (KJ531160)
Micoletzkya sexdentati (KJ531150)
Micoletzkya sp. (KJ531146)

100 Micoletzkya buetschlii (JX163954)

IParas itorhabditis terebrana (0Q281742)
1004p gy asitorhabditis terebrana (0Q281743)
‘Parasitorhabditis terebrana (PQ585735, G1)
100 rParasitorhabditis obtusa (PQ585736, T1)
-Parasitorhabditis obtusa (PQ585737, T2)
100 100(Parasitorhabditis paraterebrana n. sp. (PQ585734, P2)
\Parasitorhabditis paraterebrana n. sp. PQ585733, P1)
Teratorhabditis synpapillata (LN827630)
100 Cylicostephanus goldi (AP017681)
Cylicostephanus minutus (MT409394)
100 Pristionchus degawai (LC589026)
67 __|63 EPrz‘stianchus degawai (LC589023)
69 -Pristionchus laevicollis (LC589010)
93| ——Parapristionchus giblindavisi (JX1 63962)
——Pristionchus fukushimae (LC589007)
8‘{0 -Pristionchus entomophagus (LC589009)

Figure 7: Bayesian tree inferred under the GTR + | + G model from COJ partial sequences of
Rhabditina Chitwood, 1933 species. Posterior probability values exceeding 50% are given on
appropriate clades. The studied population is indicated in bold text. Outgroups: Chylorhabditis

epuraeae Kanzaki, Hamaguchi and Takeuchi-Kaneko, 2021, and Rhabditis Dujardin, 1844 species.

analyses. Phylogenetic relationships, as inferred from
Bayesian analysis of the dataset with GTR + | + G
substitution model, are shown in Figures 5-7.

Discussion

Rhabditids, a saprophagous group of nematodes,
have always been regarded as a difficult group due to
the profusion of highly similar species (Sudhaus and
Fitch, 2001). The genus Parasitorhabditis is known
to be rather uniform biologically and ecologically,
with all its species generally known to form parasitic

or phoretic relationships with bark beetles, generally
being benign to their hosts (Chapman, 1964; Poinar,
1975; Tomalak et al., 1989; Carta et al, 2010).
Members of the genus are fairly recognizable.
However, species delimitation within the genus shows
only slight morphological differences (Sudhaus and
Fitch, 2001), and identification of species within the
genus is very challenging due to phenotypic plasticity
in the key diagnostic characters (Sudhaus and Fitch,
2001). This is exacerbated by the possible existence
of cryptic species within the genus. Early taxonomic
studies by Rihm (1956, 1960) attempted to categorize
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at least four species groups within the genus,
including the Ateri, Chalcographi, Obtusa, and the
Autographi groups based on various characters. But
no unequivocal characters support the relatedness of
the species in each group, and species boundaries
are still not well defined. Currently, about 43 species
comprise the genus (Andrassy, 1984; Sudhaus, 2011),
and since the compendium of Carta et al. (2010), no
other new species have been described.

Cryptic species are a common occurrence
among various nematode groups including plant-
parasitic nematodes, and free-living marine and
soil dwelling nematodes; and a number of cryptic
species have been described, especially based on
genetic divergence among populations with no or
slight morphological differences (Palomares-Rius
et al., 2014; Olson et al., 2017; Daly et al., 2021;
Guden et al., 2024). Parasitorhabditis paraterebrana
n. sp. is one such species. Here, inferences from the
analysis of the more informative D2-D3 expansion
segment of 28S rRBNA gene, the partial ITS rRNA
gene and the partial CO/ gene sequences suggest
that P paraterebrana n. sp. is genetically distinct
from P terebrana and the few other available
Parasitorhabditis gene sequences. These distinct
genetic lineages of two close morphological species
suggest that P paraterebrana n. sp. is a sister
species to P terebrana and probably represent a
recent species divergence. Parasitorhabditis thus
appears to be a speciose genus, with the possible
existence of more cryptic species. Also, being
a taxonomically confounded genus, especially
with insufficient morphometric data published
in some original descriptions, the taxonomic
position of some species is still ambiguous and
may require taxonomic resolution using molecular
data. For instance, Andrassy (1983) listed P
masseyi Sudhaus, 1976 as a junior synonym to
P subelongati Slobodianiuk, 1973; P jpsophila
Lieutier and Laumond, 1978 to P. thornei Sudhaus,
1976; and P, crypturgophila Rihm, 1956 to P. opaci
Rdhm, 1956; including listing P cembraei (Fuchs,
1937) Skrjabin, Shikhobalova, Sobolev, Paramonoy,
and Sudarikov, 1954, R crenati (Fuchs, 1937)
Ruhm, 1956, P. montani (Fuchs, 1915) Sudhaus,
1976 and P, pini Lazarevskaya, 1962 as species
inquirendae. However, all these species have since
been reinstated (listed) as valid species of the genus
(see Carta et al. (2010) and Nemys (2024)).

It is therefore clear that microscopical data alone
cannot provide the adequate diagnostic resolution
required to consistently delineate species within
this genus. As demonstrated by other nematode
taxonomic studies (Subbotin, 2015; Mwamula
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et al, 2020, 2022), integrated identification that
considers both morphological characters and
molecular phylogenetic inferences provides a better-
supported approach in delineating cryptic species
and conspecific populations that display deceptive
morphological  variations.  Unfortunately, =~ DNA
sequence data of many of these species are still
unavailable. This is partly due to the fact that species
of this group have not been given the necessary
attention, since more emphasis is usually attributed
to the destructive nematode species of agricultural
importance. It is therefore imperative that DNA
sequences from populations recovered from type
localities be obtained as this will resolve the taxonomic
position of the various species of the genus.
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