Journal of Nematology 44(4):348-360. 2012.
© The Society of Nematologists 2012.

Heterorhabditidoides rugaoensis n. sp. (Rhabditida: Rhabditidae),
a Novel Highly Pathogenic Entomopathogenic Nematode
Member of Rhabditidae

Ke Y. ZHANG,l’Q’* Xiu H. LIU,1 JiN TAN,1 YiNG WANG,1 LE1 QIA(),l (GABRIEL YEDID,1 CHEN S. DAI,1 Ru L. QIU,1
X1u W. Yan,! Hao W. Tan,' Zuen Y. Su,' Ren Lar,"® Guo F. Gao'

Abstract: A novel entomopathogenic nematode species, Helerorhabditidoides rugaoensis n. sp. RG081015, collected from Rugao,
China, is described. The new species is morphologically very similar to H. chongmingensis but can be distinguished from it on the basis
of some morphological characteristics, combined with molecular data and a cross-hybridization test. Males of the new species can be
recognized on the basis of body length averaging 1396.2 pum; lateral field with one ridge; metastome isoglottoid with one hemi-
spherical swellings comprised of two to three well-developed warts; asymmetric spicules; peloderan bursa. In IJs, EP = 134.5 um;
ES =149.3 um; tail length = 82.5 wm; and a = 20.5. Hermaphroditic females have four to five lateral ridges. The 18S rDNA and ITS
sequences of the two nematodes share 99% and 98% identity, respectively. Phylogenetic trees of 18S rDNA and ITS indicate that
the new species is most closely related to H. chongmingensis; thus, the two nematodes belong to the same genus. Failure of cross-
hybridization between them indicates that nematode strain RG081015 is a novel species and is described herein as H. rugaoensis n. sp.
The LGy of the novel species against Galleria mellonellawere 24.35 1]s / ml within 48 hours of infection. Morphological characteristics,
genetic similarity analyses, and phylogenetic relationships provide strong evidence that some species of Oscheius/ Insectivora-group
should be reassigned to the genus Heterorhabditidoides.

Key words: Entomopathogenic nematode, Heterorhabditidoides rugaoensis n. sp., Insectivora-group, new nematode species, pathoge-

nicity, phylogeny, Oscheius, taxonomy.

Entomopathogenic nematodes (EPNs) are effective
biological control agents for many important economic
pests; therefore, EPN resources have been gaining at-
tention in the field of biocontrol research (Gaugler and
Kaya, 1990; Ehlers, 1996; Mannion et al., 2000; Nguyen
etal., 2008; Stock et al., 2009; Shapiro-Ilan et al., 2012).
More than 100 laboratories in 70 countries worldwide
are conducting research on these beneficial organisms.
Recognition of new strains and novel species has in-
creased rapidly with the development and improvement
of isolation and identification technology (Gaugler, 2002;
Qiu et al., 2005; Kaya et al., 2006; Campos-Herrera et al.,
2009; Edgington et al., 2010; Malan et al., 2011, Kanga
etal., 2012). As of early 2012, 78 valid EPN species have
been identified. 63 of which belong to the family Stei-
nernematidae and 15 to Heterorhabditidae. According
to the revised criteria for EPNs by Dillman et al. (2012),
the other two species of the family Rhabditidae, Hetero-
rhabditidoides chongmingensis (Zhang et al. 2008), the type
species of genus Helerorhabditidoides, and Heterorhabditidoides
(Oscheius) carolinensis (Ye et al. 2010), should belong
to entomopathogenic nematodes (Torres-Barragan and
Cardoza, 2010; Dillman et al., 2012). In contrast to
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Steinernematidae and Heterorhabditidae, EPNs of
Heterorhabditidoides carry specific mutualistic bacteria
belonging to the genus Serratia in their intestine or on
their cuticle (Kaya and Gaugler, 1993; Zhang et al., 2009;
Torres-Barragan et al., 2011).

There are some controvesies about the status of the
genus Heterorhabditidoides. Zhang et al. (2008) defined
the genus Helerorhabditidoides and described the type
species Heterorhabditidoides chongmingensis, whereas Ye
et al. (2010) and Liu et al. (2012) considered the ge-
nus Heterorhabditidoides as a junior synonym of Oscheius.
The status of Heterorhabditidoides and its relationship
with Oscheius will be treated in the Discussion.

During a survey on EPNs in Jiangsu Province, a novel
EPN strain RG081015, belonging to Heterorhabditidoides
was discovered. Morphological characteristics combined
with molecular data suggested that strain RG081015 is
a novel species, described herein as H. rugaoensis n. sp.

MATERIALS AND METHODS

Nematode source: The new species H. rugaoensis n. sp.
was recovered from two soil samples collected from
Rugao, Jiangsu Province, China, using the Galleria mel-
lonella baiting method (Bedding and Akhurst, 1975;
Zhang et al., 2008). One strain, RG081015, was used as
the type population for description. Last-instar G. mel-
lonella larvae were placed in 250-mL plastic containers
(five larvae per container) with moistened soil from
the collected samples and kept at room temperature
(20 + 3 °C) (Stock et al., 1999). Water was added to the
samples periodically to keep the soil moistened during
baiting. G. mellonella larvae were checked every day, and
each killed larva was replaced by a fresh one. After
7 days, dead insects were thoroughly rinsed in distilled
water and placed in modified White traps (Kaya and
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Stock, 1997) until the emergence of third-stage infec-
tive juveniles (IJs or dauer juveniles). IJs were identified
by their emergence time and morphological characters.

Nematode culture: Twenty G. mellonella larvae were ex-
posed to approximately 1000 IJs at 20 + 3 °C in a Petri
dish (60 X 15 mm) lined with two moistened filter pa-
pers. The dead insects were immediately transferred
to a White trap and incubated at 20 = 3 °C until IJs
emerged (White, 1927). First-generation males and fe-
males, and hermaphroditic females were obtained by
dissecting last-instar G. mellonella larvae after infection
with IJs 3—4 and 5-7 days later, respectively.

Light microscopy: Twenty hermaphroditic nematodes,
20 first-generation males and females, and 20 IJs were
randomly selected from different G. mellonella cadavers.
One male was selected as the holotype of this new species.
All nematodes were examined live and then heat-killed on
glass slides at 60 °C in Ringer’s solution. The heatkilled
nematodes were then fixed in triethanolamine—formalin
(TAF) fixative solution (Kaya and Stock, 1997) and trans-
ferred to anhydrous glycerin for mounting (Seinhorst,
1959). Examination and measurements were performed
using an Axio Imager Al microscope (Carl Zeiss).

Scanning electron microscopy: For scanning electron
microscopic (SEM) examination, nematodes of differ-
ent developmental stages were fixed in 3% glutaralde-
hyde buffer at pH 7.2 for at least 48 hr at 4-8 °C
(Nguyen and Smart, 1995). They were then post-fixed
with 2% osmium tetroxide solution for 12 hr at 25 °C,
dehydrated in a graded ethanol series, critical point-
dried with liquid COg, mounted on SEM stubs, and
coated with gold (Nguyen and Smart, 1995). Samples
were examined using a Hitachi S-3000N scanning elec-
tron microscope (Hitachi).

Cross-hybridization test: Reproductive compatibility of
H. rugaoensis n. sp. (RG081015) and H. chongmingensis
(DZ0503CMFT) were tested using G. mellonella hemolymph
by the method reported by Nguyen and Duncan (2002).

Polymerase chain reaction (PCR) amplification and se-
quencing: DNA extraction and PCR amplification were
performed according to the methods described by
Zhang et al. (2008). Primers used for amplification and
sequencing of the internal transcribed spacer (ITS)
and 18S rDNA of the new species were those reported
by Vrain et al. (1992) and Liu et al. (1997), respectively.
The ITS primers were 5'-TTG ATT ACG TCC CTG CCC
TTT-3' (forward) and 5'-TTT CAC TCG CCG TTA CTA
AGG-3' (reverse). The 18S rDNA primers were 5'-GGT
GAA ACT GCG AAC GGC TCA-3' (forward) and 5'-CCG
GTT CAA GCC ATT GCG ATT-3' (reverse). PCR prod-
ucts were purified and sequenced by the Beijing Geno-
mics Institute (Shenzhen, China).

Sequences analysis and phylogenetic relationships: The ITS
and 18S rDNA sequences of EPNs and related nematodes
were used for taxonomic and phylogenetic analyses.
Sequences from the new species were obtained in this
study, while those from others were obtained from

GenBank. Sequences were assembled using Sequenc-
ing Analysis 3.0 and aligned with ClustalX (Thompson
et al., 1997) under the default alignment parameters.
Using MEGA version 4 (Tamura et al., 2007), molec-
ular phylogenetic relationships between the nema-
todes were estimated by neighborjoining (NJ) method
with the Kimura 2-parameter model. Relative support for
clades was assessed by bootstrap analysis (Felsenstein,
1985) with 1000 replicates.

Isolation and identification of the symbiotic bacteria of
H. rugaoensis n. sp.: The symbiotic bacteria strains were
isolated from IJs of H. rugaoensis n. sp. by two methods.
The first method was to crush approximately 100 surface-
sterilized IJs followed by streaking the product on nutrient-
bromothymol blue agar plates (NBTA, nutrient agar,
0.0025% bromothymol blue, and 0.004% triphenylte-
trazolium chloride medium) and incubated at 28 °C
for 48 hours (Akhurst, 1980, Zhang et al., 2008). Sur-
face sterilization of IJs was conducted by method de-
veloped by Akhurst (1980) as follows. 100 IJs were
surface-sterilized by immersion in 0.1 % (w/v) merthi-
olate for 2 to 3 hr, washed three times in sterile water,
then suspended in YS broth (NH4HoPO4 0.5 g;
KoHPO,, 0.5 g; MgSO,. 7TH0, 0.2 g; NaCl, 5 g; yeast
extract, 5 g; water, 1 1; Dye, 1968) and macerated in
a tissue homogenizer. The macerate was spread on
nutrient agar (NA) and 0.025 % (w/v) bromothymol
blue (NBTA). The second method was to streak onto
NBTA plates a drop of hemolymph harvested from in-
sects parasitized by nematodes 24-48 hours. Genomic
DNA of the symbiotic bacteria was prepared following the
method of Marmur (1961). Primers used for amplifica-
tion and sequencing of 16S rDNA of the symbiotic bac-
teria strains were 5-AGA GTT TGATCC TGG CTC AG-3’
(forward) and 5-TAC CTT GTTACG ACT TCA CCC CA-3’
(reverse; Brosius 1978). PCR amplification of the 16S
rRNA gene was performed as described by Li et al.
(2007). PCR products were purified and sequenced by the
Beijing Genomics Institute (Shenzhen, China). Identifi-
cation analysis of 16S rDNA sequences of strain DR186
with all described bacteria type strains were conducted
using EzTaxon Server version 2.1 (Chun et al., 2007).

Pathogenicity of the new nematode against the insect host:
The pathogenicity of H. rugaoensis n. sp. against the
fifth stage larva of Galleria mellonella was estimated using
the methods described by Bonifassi et al. (1999) with
a small modification. Pathogenicity of IJs was tested by
exposure to lastinstar larvae of G. mellonella. Zero
(control), 10, 20, 40, 80, 160, 320, 640 IJs in 1.2 ml water
were placed onto filter paper in Petri dishes (10 cm di-
ameter) with 10 lastinstar G. mellonella larvae as targets,
and incubated at 25 °C for 72 hours. Each treatment was
replicated three times. Larval mortality was recorded ev-
ery 12 hours, and then analyzed with one-way ANOVA.
Significant ANOVAs (P < 0.05) were subjected to Tukey
HSD tests. All of the original data passing these tests were
applied to estimate the larval mortality means varying with
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TapLe 1. Morphometrics (wm) of Heterorhabditidoides rugaoensis n. sp., presented as the mean + SD and the range.

Character Holotype Male Hermaphroditic female Female Ij
n 1 20 20 20 20
Body length (L) 1411.8 1396.2 = 103.2 1923 + 179.6 1042 = 101.1 591.7 = 44.3
(1195 -1692) (1639.1-2259.4) (920.6-1179.9) (524.9-665.6)
Greatest body diam (D) 62.9 62.4 = 10.6 87.3 = 125 49.5 £ 6.9 28.9 £ 2.6
(46.3-66.2) (70.8-106) (39.8-58.2) (25.1-33.2)
Stoma length / Stoma width 4.1 4.0 £ 0.8 3.7+04 3.59 £ 0.5 3.9 %02
(2.7-5.2) (3.1-4.2) (3.0-4.2) (3.6-4.0)
EP 347.8 281.1+93.3 257.2 = 19 191.8 £ 11.7 1345 = 11.2
(201.9-411.5) (222-278) (173-204.6) (119.7-150.7)
ES 376.1 304.4+99.9 278.4 + 22.1 209 £ 11.5 149.3 £ 11.6
(219.1-443.6) (237.4-303.8) (189.3-222.1) (134.5-166.4)
Tail length with sheath (T) 157.4 151*+14.3 198.7+x14.4 131 = 14.6 82.5 £ 9.5
(128.4-163.1) (179.6-215.6) (113-154.9) (69.3-101.4)
Anal body diam (ABD) 30.7 30.3*+8.6 325 + 4 26.2 £ 3.3
(16.9.2-52.5) (26.1-39.3) (21-31.7)
Spicule length (SP) 49.8 49.2 = 6.8
(35.2-60.9)
Spicule width 5.1 5.08 = 0.7
(4.3-6.5)
Gubernaculum length (GU) 19.9 19.7 = 4.6
(9.9-26.5)
\% 50.8 = 2.2 54.8 £ 5.4
(47.7-53.6) (51.2-66.9)
a=L/D 22.4 22.8 = 3.75 23 £ 29 21 = 3.1 20.5 £ 1.2
(15.8-26.3) (19.4-27.9) (17.7-25.8) (18.9 - 21.3)
b=L/ES 3.8 48 £ 1.0 7.1 +0.8 5*+0.3 4+ 0.2
(3.8-6.4) (6-9.4) (4.9-5.6) (3.6 — 4.3)
c=L/T 8.9 9.3 =12 129 £ 0.3 8.5 = 0.7 7.2+ 04
(7.3-10.5) (12.6-13.2) (7.6-9.3) (6.6 - 7.6)
D % = EP/ES*100 92.5 92.3 = 0.84 924 * 1.1 91.7 = 1.1 90.1 £ 2.1
(90.9-93.0) (90.3-93.6) (89.9-92.9) (86.9 - 93.3)
E % = EP/T*100 221 184.6 = 51.3 169.2 = 7.9 154.3 = 13 163.6 = 9.7
(141.2-256.5) (161.3-177.1) (137.7-161.5) (160 — 174.4)
SW % = SP/ABD*100 162 173 + 42
(91.5-241.3)
GS % = GU/SP*100 40 40 = 8.2
(24.1-50.5)

n, number of specimens measured; EP, distance from anterior end to excretory pore; ES, distance from anterior end to end of pharynx; V, distance from anterior

end to vulva / L * 100.

treatment time and IJs concentration, using Graphpad
prim v.5.01 (2007). Original data was arcsine-square-root
transformed, and tested for normality with onesample
Kolmogorov-Smirnov tests. We then estimated the lethal
concentration needed to kill 50% of the infected insects
(LCs0) with probit analysis. All statistical analyses were
conducted with SPSS v.20.0 (IBM 2011).

Pathogenicity of Aposymbiotic (symbiont-free) nematode IJs
of the new species against the insect host: Aposymbiotic IJs
of the new nematodes were obtained according to the
methods described by Sicard et al. (2004). Sodium hy-
pochloride (final concentration of 10%, w/v) was added
into sterile Ringer solution (NaCl 0.9%, w/v) with
grinding of 40 first-generation mature females during
18 min to disinfect the surface of the eggs of the new
nematodes. Disinfected eggs were then rinsed twice
with sterile Ringer’s solution and transferred to ‘liver-
agar’ plates for incubation at 25 °C. Three weeks later,
axenic (i.e. grown without any germs) IJs were obtained
from these plates, which were then available for further
experimentation. Sterility of the IJs was assessed by

inoculating nutrient broth tubes with samples from the
liver plates. Aposymbiotic nematodes were produced by
infesting insects with axenic IJs using the aforemen-
tioned methods for wild-type nematode production.
The IJs emerging from these infestations were not
axenic as they came from insect cadavers containing
their own microflora. However, they were aposym-
biotic because they grew within the insect in the ab-
sence of Serratia and did not obtain any saprophytic
bacteria from the insect in their intestines (Sicard
et al., 2003). Pathogenicity tests were performed ac-
cording to the aforementioned methods with a small
modification (number of treated nematodes was 320
IJs), in which wild-type IJs and axenic IJs added with
symbiotic bacteria strain DR186 were used as control.

ResuLts

Description (Table 1, Figs. 1-4): Morphometric mea-
surements of the holotype and all developmental stages
of the new EPN species are given in Table 1.
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Fi6. 1. Heterorhabditidoides rugaoensis n. sp. A: Mouth and pharynx

of amphimictic female, B: Lateral view of vulva region and lateral field
of hermaphroditic female , C: Lateral view of hermaphroditic female
tail region showing rectum, phasmid and lateral ridges, D: Head,
anterior and lateral ridges of male, E-H: Various view of male tails with
spicules and bursal papillae. Scale bars: A-F and G 20pum, H 10pm.

Males (Figs.1, 2): Males have a J-shaped body when
killed by heat. The head shows no constriction, and has
six separate well-developed lips, each with one or two
conical terminal papillae. Two pore-like amphids are
arranged on the lateral sides of the two opposite lips
with one conical terminal papilla each. The lateral fields
have one longitudinal ridge and two discontinious
strips. Bursa ridges are well- developed, and the spicules
are paired, separate, often asymmetrical, and slightly
curved ventrally. They possess a tubular stoma, with a
width approximately 1.5 times the head width, with
well-cuticularized cheilorhabdions. A metastome iso-
glottoid with one hemispherical swelling comprised
of two or three developed warts. Another three to six
well-developed warts are observed at the bottom of
metastome. The males have a pharynx with a cylindrical
corpus. The metacorpus is swollen and the esophageal
collar is very long. The isthmus is distinct with a globose
basal bulb and a prominent valve. The nerve ring sur-
rounding the isthmus is located posterior to it, with the
cardia protruding into the intestine and the excretory
pore usually located near the middle of the basal bulb.
The testis is monorchic and reflexed. The gubernac-
ulum is boat-shaped (lateral view) and ventrally curved,
and its length approximately 40% of the spicule length.
The cuticula of the bursa peloderan extends on both
sides and surrounds the male cloaca. Papilla formula of
the bursa is 1, 2, 3, 3, the number of papillae in the
terminal group is constant, and often retains the fourth
juvenile tail sheath, giving it a pseudopeloderan ap-
pearance. The average spicule length is 49 (min. 35,

max. 61) wm. The head of the spicule tip is round,
crochet-needle-shaped. A bristle-like pair of sensilla are
posterolateral to the cloacal opening. The males have
a small, pointed tail.

Hermaphroditic females (Table 1, Figs. 1, 3): Hermaph-
roditic females have a C-shaped body when killed by
heat. The cuticle is well-annulated. The lateral field at
midbody has four to five ridges that gradually lead into
one ridge near the anus, and the excretory pore is cir-
cular. The labial region has six well-developed lips, two
pore-like amphids, and 6 + 4 separated cephalic papil-
lae; the mouth is trigonal in face view. The stoma is
tubular, and the cheilorhabdions are well cuticularized.
These females possess a metastome isoglottoid with one
hemispherical swelling and three to seven warts. The
isthmus is long and distinguishable, and the nerve ring
surrounding the isthmus is located posterior to it. The
valve of the basal bulb is prominent. Gonads are di-
delphic, amphidelphic, and reflexed. The vulva is a
transverse slit situated on a protruding area usually near
midbody (V = 47.74-53.62%). It is protected by two
symmetrical cuticular flaps, and the vagina is short. The
tail is approximately three times longer than the body
width at the anus and has a conoid or post-anal swelling
with a pointed terminus.

Amphimictic females (Table 1, Figs. 1, 3): Amphimictic
females are similar to hermaphroditic females but are
smaller. The reproductive system is amphidelphic and
reflexed. The vulva is a transverse slit situated on a pro-
truding area. It is covered with exudates after mating.

IJs(Table 1, Fig. 4): 1Js have an elongated C-shaped
body when killed by heat (Fig. 4A). Their cuticles are
well-annulated. The lateral field at midbody has two
longitudinal ridges that form a very deep groove and
gradually lead into one ridge near the anus (Figs. 4B—
4E). The tail is very long and pointed and covered with
a sheath. It is approximately five times longer than the
body width at the anus and has one phasmid. The head
has no prominent dorsal tooth (Fig. 4B) and has a tri-
angular slit. The labial region has six labial papillae,
lacking visible cephalic papillae, and the mouth is
closed (Fig. 4B). One slit-like amphid is arranged behind
the labial field (Fig. 4B). The stoma is tubular, and
the cheilorhabdions are not cuticularized. The meta-
rhabdions show no hemispherical swellings; instead,
two well-developed warts are observed. The metastome
isoglottoid has three to seven warts.

Type host and locality: The natural host remains un-
known. The nematode was recovered by baiting with
G. mellonella larvae from soil samples collected from
Rugao, Jiangsu Province, P. R. China.

Type material: Paratypes slides of five males (T-6182p
to T-6186p), five hermaphroditic females (T-6187p to
T-6191p), five amphimictic females (T-6192p to T-6196p),
and five IJs (T-6197p to T-6201p) were deposited in the
United States Department of Agriculture Nematode
Collection (USDANC), Beltsville Maryland. Holotype
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Fic. 2. Morphology of male nematode. A: Anterior showing lateral
opening (a) , Cand F-I: Various view of male tails with spicules and bursal
male. Scale bars: A and F-I 20pm, B 5pm , C 30pm, D and E 10pm.

and additional specimens were deposited in the labo-
ratory of the Department of Zoology, College of Life
Sciences of Nanjing Agricultural University, Nanjing,
P. R. China.

Cross-hybridization test: Males and females of H. ru-
gaoensis n. sp. did not interbreed with H. chongmingensis,
although males and females of each isolate mated
and produced offspring normally. The reproductive
incompatibility of H. rugaoensis n. sp. and H. chong-
mingensis indicated that they do not belong to the same
species.

Molecular characterization: The ITS rDNA region of
H. rugaoensis n. sp. is characterized by a total length of
807 bp: ITS1 = 418 bp, 5.8S rDNA = 154 bp, and ITS2 =
235 bp (being shorter by two nucleotides than that of
H. chongmingensis). The ITS1 sequence length of the
novel species is identical to that of H. chongmingensis,
but longer than those of heterorhabditids and Pelliodi-
tis, and shorter than that of Oscheius (Table 2). The 5.8S
rDNA sequence length of H. rugaoensisn. sp. is the same
as those of H. chongmingensis, the Insectivora-group of
Oscheius, Pellioditis and heterorhabditids, but longer
than that of the Dolichura- group of Oscheius (Table 2).

ridges, B: Head showing six lips, labial papillae (Ip) and amphidial
papillae, D: Anterior of male, E: Basal bulb and excretory pore (ep) of

The 5.8S rDNA of Heterorhabditidoides shows 94% se-
quence identity with the Oscheius/ Insectivora-group, but
only 76-77% identity with the Oscheiu/ Dolichura-group,
mostly less than with Pellioditis or heterorhabditids (with
90% and 89%, respectively. Table 2).

The length of 18S rDNA of the new nematode species
is 1590 bp and comprises 422 A, 433 T, 325 C, and
410 G. As per a BLAST search, the 18S rDNA sequence
of the new nematode species is closest to that of
H. chongmingensis at 99% identity, than to that of the
Oscheius/ Insectivora-group at 96-97% identity (Table 3).
The 18S rDNA of Heterorhabditidoides shows 90% se-
quence identity with the Oscheius/ Dolichura-group, less
than that of Heterorhabditidoides with Pellioditis or heter-
orhabditids (with 93% and 91%, respectively. Table 3).

Phylogenetic reconstruction based on ITS and 18S
rDNA sequence data indicates that H. rugaoensis n. sp.
and H. chongmingensis form a monophyletic group, in-
dicating that the new species belongs to the genus
Heterorhabditidoides (Figs. 5,6). The closer relationship
between Heterorhabditidoides and the Oscheius/Insectivora-
group is at the most significant level with a bootstrap
value of 100%.
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Fic. 3.  Morphology of hermaphroditic and amphimictic female. A: Head of hermaphroditic female, B: Vulva pattern of hermaphroditic
female, C: Tail of amphimictic female, D: Anterior of amphimictic female, E: Lateral view of vulva of amphimictic female, F: Lateral field at mid
body of hermaphroditic female with four ridges, G Lateral field at mid body of hermaphroditic female with four ridges. Scale bars: A, B, F and G

5 pm, C 30 pm, D 10 pm, E 20 pm.

Diagnosis and relationship with H. chongmingensis and
with some species in the Oscheius/Insectivora-group: The
morphological characteristics of the new species are
similar to those of H. chongmingensis DZ0503CMFT;
however, some marked differences exist between the
two nematodes. Differences are observed in body length,
the male ridge pattern of the lateral field, stoma size,
metarhabdions, vulva pattern in the female, and am-
phid arrangement in IJs (Table 1, Figs. 1-4). Because of
these features, the newly identified nematode is catego-
rized as a new species belonging to Heterorhabditidoides.
Males of the new nematode species can be recognized
on the basis of body length averaging 1396.2 pm (min.
1195, max. 1692), asymmetric spicules and a lateral
field with one ridge; these features differ from those of
H. chongmingensis (Zhang et al. 2008, Liu et al., 2012).
The stoma of the males is long and narrow, while that
of H. chongmingensis is shorter and wider. The meta-
rhabdions of the new species have one hemispherical
swelling comprised of two or three developed warts,
whereas those of H. chongmingensis always have two
smooth hemispherical swellings, symmetrically arranged
on the two sides of the metarhabdions. The bursa
pattern of the new species is peloderan, whereas that
of H. chongmingensis is pseudopeloderan. The new
species can be distinguished from H. chongmingensis
DZ0503CMFT on the basis of the body length of IJs
(average, 591.7 vs. 428 pm). In IJs of the new species,

EP = 134.5 (119.7-150.7) wm and ES = 149.3 (134.5-
166.4) wm, both significantly larger than those in IJs
of H. chongmingensis DZ0503CMFT. Compared with IJs
of Heterorhabditidae and Steinernematidae, IJs of
the new species have a head lacking a prominent
dorsal tooth and a labial region with six labial papillae.
Females of the new species have a vulva pattern dif-
ferent from that of H. chongmingensis DZ0503CMFT
females. The female tail of H. rugaoensis n. sp. is ap-
proximately three times longer than the body width at
the anus, larger than that of H. chongmingensis.

A bristle-like pair of sensillae posterolateral to the
cloacal opening, and crochet-needle-shaped spicules
of H. rugaoensis n. sp. suggest that the new species has
a closer relationship with the Oscheius/Insectivora-group.
The new species can be distinguished from other spe-
cies of the Oscheius /Insectivora-group on the basis of its
body length, bursal papillae distance between the first
and second rays, bursa pattern, lateral ridges and
composition of ITS1 sequences (Tables 2,4). The body
lengths of the new species’ adults are longer than those
of O. colombianus and O. myriophila, and shorter than those
of O. carolinensis and O. insectivorus. For the new species, the
distance between the first and second rays of the bursal
papillae is greater than those of the aforementioned four
species of the Oscheius/Insectivora-group.

Molecular phylogenetic trees based on 18S rDNA
and ITS sequences show that the new species is most
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F16. 4. Morphology of juvenile. A: Overall shape of juvenile killed by heat, B: Anterior of juvenile, C: Excretory pore of juvenile, D: Lateral
lines of juvenile, E: Tail and cloaca of juvenile, F: Anterior of juvenile under light microscope. Scale bars: A 100pm, B and D 5pum, Cand F 10pum,

E 20pm.

closely related to H. chongmingensis DZ0503CMFT, sug-
gesting that the two belong to the same genus Hetero-
rhabditidoides. The 18S rDNA sequences of the two
nematodes differ by two bases and share 99% identity,
while their ITS sequences differ by 12 bases and share
98% identity. The failure of cross-hybridization between
the new species and H. chongmingensis DZ0503CMFT
supports the assumption of reproductive isolation

TABLE 2.
its closer relatives.

between them and indicates that the nematode
RGO081015 is a novel species belonging to Hetero-
rhabditidoides, described herein as H. rugaoensis n. sp.
Isolation and identification of symbiotic bacteria: Two
different-colored bacterial colonies were obtained, and
two strains, R187 and DR186, were selected from these
colonies for further identification. Strain R187 pro-
duced a red pigment on NBTA and LB plates, while

Sequence length, similarity and composition of 5.8S rDNA and ITSI regions of species of Heterorhabditidoides rugaoensis n. sp. and

5.8 Sr DNA
" " N ITS1
Identity sharing with
Length (bp) H. rugaoensis n.sp. Length (bp) A (%) T (%) C (%) G (%)

Heterorhabditidoides

H. rugaoensis n.sp. (JQ002565) 154 100 % 418 18.6 31.2 23.3 26.9

H. chongmingensis DZ0503CMF" (EF503690) 154 100 % 418 16 34.2 23.7 26.1

H. chongmingensis Tumian-2007 (EU273598) 154 100 % 418 16 34.2 23.7 26.1
Insectivora-group of Oscheius

O. carolinensis (F]547241) 154 94 % 558 17.6 28.5 24.7 29.2
Dolichura-group of Oscheius

0. dolichura (HM355818) 149 77 % 437 29.3 37.1 16.7 16.9

O. tipulae Arak4 (JF920965) 149 76 % > 412 26.5 34.1 17.9 21.5
Pellioditis

P. marina (AM937049) 154 90 % 348 22.5 31.4 22.2 23.9

P. mediterranea (AM398825) 154 90 % 316 20.9 33.2 21.8 24.1
Heterorhabditis

Heterorhabditis downesi (AY321482) 154 89 % 374 23 30.7 21.7 24.6

Heterorhabditis bacteriophora (AY321477) 154 89 % 389 25.7 29.8 20.1 23.4
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TaeLe 3. BLAST results of of 18S rDNA of Heterorhabditidoides rugaoensis n. sp. and Oscheius dolichura showing identity between the two
species and their closer relatives.

Heterorhabditidoides rugaoensis n. sp. Oscheius dolichura

Length (bp) Identity ( %) Diverse (bp) Gaps Length (bp) Identity (%) Diverse (bp) Gaps

Heterorhabditidoides
H. rugaoensis n.sp. (JQ002566) 1590 _ _ 1574 90% 164 19
H. chongmingensis DZ0503CMF" (EF503692) 1535 99% 2 0 1528 90% 155 20
H. chongmingensis Tumian-2007 (EU273597) 1590 99% 2 0 1660 90% 174 22
Insectivora-group of Oscheius
O. (Rhabditis) myriophila (RSU13936) 1593 97% 54 6 1660 89% 177 26
O. insectivora (AF083019) 1591 96% 60 1 1665 89% 179 23
O. (Rhabditis) colombiana (AY751546) 1595 96% 68 10 1662 89% 179 30
O. carolinensis (F]547240) 1565 96% 71 9 1663 89% 184 29
Dolichura-group of Oscheius
O. dolichura (HM355818) 1574 90% 164 19 1675 _ _ _
O. dolichuroides (AF082998) ? ? ? ? 1648 97% 43 2
O. tipulae (HQ130502) 1573 90% 159 15 1630 94 % 91 7
O. guentheri (EU196022) ? ? ? ? 1649 94% 100 8
Pellioditis
P. marina (AF083021) 1594 94% 90 7 1657 89% 177 19
P. mediterranea (AF083020) 1595 93% 116 10 1656 89% 186 18
Heterorhabditis
Heterorhabditis bacteriophora (AF036593) 1598 91% 147 11 1685 87% 213 23
Heterorhabditis zealandica (A]920368) 1594 91% 148 16 1684 87% 217 20

strain DR186 produced a dark red pigment on the sequences (one base difference), and they were ac-
NBTA plate. 16S rDNA sequence analysis showed that cordingly considered to be two clones of the same
strains R187 (GenBank ID: JQ002567) and DRI186 species. Identification analysis of strain DR186 with
(GenBank ID: JQ002568) have very similar 16S rDNA  all described bacterial species using 16S rRNA gene

o1 — Heterarhabdtis donnesi AY321452
ML Heterarhabitis megids AY 321460

100  Heterahshdtis zedandca AY321480
o L Hetercrhabdtis mardatus AY321479

Heterorhabditidae clade || i oepdiis bactericphona Av321477

—— Hetercrhabdtis indica AY321483
100 _I— Heterarhzabxdtis redcana AY321473
100 L Heterarhabdtis flandensis Q37292
100 Pdliodtis rmeanna ANEE7049
Pelliodtis rmedteranea AVIZEE525
Heterohabditidpides clat;g Oscheius cardinensis FsA7241
Heterorhabxdtickides changringansis BEFS03E80
100 L Heterorhabdtickides muganensis JQ002555
i 100 | Oscheius cdlichursisda HYIZE6519
Oscheiys clade | Cscheius ddlichuraiscia HVIZEES12
a9 Oscheius tipulas A 297556
100 || Oscheius tipulae A 297856
9.=H Oscheius tipulas FOXEEE

29

100

— Steinemerra capoacspsas GLU21615
ol Steinemerabrazilense FM10525

0.1
F16. 5. Phylogenetic relationships of RG081015 and other closely related nematodes based on ITS sequences data.
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Heterorhabditidae clade

g0 Heterorhahditis bacteriophora FJ040428
74 L Heterorhabditis marelatus FJ040431
8 | Heterorhabditis hepialus AFDS3004

Heterorhahditis zealandica AJ920368 E
Pellioditis marina AF083021 g \
54 Pellioditis mediterranea AF083020 %
1op r Heterorhahditidoides rugaoensis JQO02566 § _
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i
0.05

Fic. 6.

sequences data and EzTaxon Server version 2.1 showed
that the symbiotic bacterium belongs to the genus
Serratia and shares 99.856 %, 99.856 %, and 99.712 %
16S rRNA sequence similarity with its closer relatives
S. mematodiphila DZ0503SBS1Y, S. marcescens subsp.
sakuensis JCM 11315 (Ajithkumar et al. 2003), and
S. marcescens subsp. marcescens DSM 301217, respectively.
Numerical taxonomy analysis based on physiological
and biochemical properties of those bacterial strains
showed that DR186 and R187 have the closest simi-
larity, and the two strains have closer similarity with
S. nematodiphila DZ0503SBS1" than them with S. marces-
cens subsp. sakuensis JCM 113157 or with S. marcescens
subsp. marcescens DSM 30121" (unpublished data).

Pathogenicity of the new entomapathogenic nematode sym-
biont against G. mellonella: Native IJs (harbouring the
bacterial symbiont in their intestines) of H. rugaoensis
n. sp. have high pathogenicity against G. mellonella, and
the lethality rates were positively correlated with nem-
atode concentration and time of infection (Fig. 7).
About 284 (188.1-1022.6) IJs/ml could result in 95%
larval mortality at 72 hr. The LCs, of the novel species
to G. mellonella within 48 hours infection was 24.35
(10.3-53.6) IJs/ml.

The pathogenicity of the axenic IJs (without bacterial
symbiont in their intestines) to G. mellonella larvae was
reduced by half, but restored fully when the axenic IJs
co-infected the insects together with the bacterial sym-
biont (Fig. 8). This result indicated that the bacterial

Phylogenetic relationships of RG081015 and other closely related nematodes based on 18S rDNA sequences data.

symbiont is important for the entomopathogenic ac-
tivity of Heterorhabditidoides rugaoensis n. sp.

DiscussioN

This study identified a novel nematode Hetero-
rhabditidoides rugaoensis n. sp. and provided strong evi-
dence for its being entomopathogenic, according the
latest interpretation of the criteria for the term en-
tomopathogenic nematodes (Dillman etal., 2012). They
killed G. mellonellalarvae quickly and efficiently with the
aid of their symbiotic bacteria (the 48 hr-L.Cs value is
24.35 IJs/ml), and transmitted the bacteria through
more than 20 infective generations (unpublished data).
The type strain RG081015 of the new nematode was
isolated by G. mellonella baiting from a soil sample ran-
domly collected from farmlands near Rugao, being
adjacent to Chongming Island where the generic type
species Heterorhabditidoides chongmingensis was discovered,
but geographically separated from it by the Yangzi River.
We hypothesize that geographical isolation has resulted
in the existence of reproductive isolation between the
two nematodes.

Recently, Oscheius carolinensis and Caenorhabditis briggsae
Dougherty and Nigon, 1949, two species of the family
Rhabditidae, were found to be pathogenic against pests
with the aid of bacterial strains of the genus Serratia
(Abebe et al., 2010; Ye et al., 2010; Torres-Barragan
etal., 2011). Oscheius carolinensis was confirmed to be an
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TapLe 4. Characteristics of Heterorhabditidoides, some species of Oscheius/ Insectivora-group and Oscheius/ Dolichura-group.
Oscheius/ Insectivora-group (including
O. carolinensis, O. (Rhabditis)
colombiana, O. insectivora, and
Genus Heterorhabditidoides O. (Rhabditis) myriophila only) Oscheius/ Dolichura-group

Size of nematodes
Head

Stoma
Metarhabdions

Pharynx

Female gonads
Female rectum

Lateral ridges of female
Bursa

Spicules

Sensilla of male

Body length 0.8-2.3 mm.

lips offset, outstanding and
well-developed.

Stoma narrow, long, with thick
walls, cuticularized

Metarhabdions each with
3—7 warts.

Esophagus collar present and
long; median bulb weakly
swelling

Female gonads paired.

Elongated, about 2 times

anal body width
45

Bursa peloderan, or
pseudopeloderan, well
developed with nine pairs
of papillae. Papillae 1 to 2
being more greatly spaced
than that of 2 to 3.

Spicules not fused, slightly curved,
crochet-needle-shaped.

A bristle-like pair of sensilla

Body length 0.8-2.9 mm.

Lips offset, outstanding and
well-developed

Stoma narrow, long, about 1.5-2
head width

Metarhabdions each with three
warts.

Esophagus collar present and
long; median bulb weakly
swelling

Female gonads paired.

Elongated, about 2 times anal

body width
4

Bursa open, leptoderan or
pseudopeloderan with a short
free tail tip, well developed with
nine pairs of papillae. Papillae
1 to 3 being nearly equally
spaced.

Spicules not fused, slightly curved,
crochet-needle-shaped.

A bristle-like pair of sensilla

Body length 0.6 — 3.0
lips not offset

Stoma usually short.

Metarhabdions with teeth or
tubercles.

Esophageal collar present, short,
without median bulb

Female gonads paired or reduced
to remain one.

Elongated, 2-3 times anal body
width

3-4

Bursa open, mostly peloderan with
nine pairs of Papillae. Papillae
1 to 3 being nearly equally
spaced.

Spicules not fused, slightly curved,
not crochet-needle-shaped.

posterior or posterolateral to
the cloacal opening

Tails Tail variable, conoid, pointed.
Presence of pathogenic Serratia
bacteria

Tail conical, sharply pointed.
Serratia

posterior to the cloacal opening

Tail, conoid, pointed.

entomopathogenic member, although C. briggsae was
not (Dillman etal., 2012). Based on a phylogenetic tree
of 18S rDNA sequences, both Ye et al. (2010) and Liu
et al. (2012) suggested that Heterorhabditidoides, the first
identified entomopathogenic genus in the family
Rhabditidae, was a junior synonym of Oscheius, and
proposed that the name of the type species of Hetero-
rhabditidoides should be changed to be O. chongmin-
gensis n. comb. However, we argue below that phylo-
genetic relationships and analyses of morphological
and genetic similarity provide convincing evidence
that some species of the Insectivora subgroup of Os-
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Fic. 7. Lethal rate to Galleria mellonella larvae by IJs of RG081015
varys with time.

cheius, including O. colombianus, O. myriophila,
O. carolinensis and O. insectivorus, should instead be
included in the genus Heterorhabditidoides.

Accurate phylogenetic analyses of nematodes using
18S rDNA sequences have refined understanding of
nematode evolution (Fitch et al., 1995; Blaxter et al.,
1998; Chilton et al., 2006; Kiontke et al., 2007; Hwang
et al., 2009; Ross et al., 2010; Alguacil et al., 2011). We
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Fic. 8. Mortality of Galleria mellonella larvae exposed to IJs of
RGO081015 after 48 hours. 1: Control, 2: axenic IJs, 3: axenic IJs mix
with symbiotic bacterium, 4: native IJs. 320 larvae / each, means + SD
(range).
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estimated the phylogenetic tree of Heterorhabditidoides,
Oscheius, Heterorhabditidae, Steinernematidae and their
closest relatives based on 18S rDNA sequence data.
Rhabdias bufonis Schrank, 1788 (a species of Rhabdiasidae,
the sister family of families Rhabditidae and Hetero-
rhabditidae ) was selected as the outgroup in order to
recover the phylogenetic relationships of those en-
tomopathogenic nematodes. All the species of Hetero-
rhabditidae, Steinernematidae and Heterorhabditidoides
respectively form a monophyletic group with the highest
bootstap values (100%). By contrast, species of Oscheius
were paraphyletic and formed two subclades, the In-
sectivora group and the Dolichura group, which are con-
sistent with previous results based on morphological
characteristics and molecular phylogenetic analysis
(Andrassy, 1976; Sudhaus and Hooper, 1994; Stock et al.,
2005; Félix, 2006), even considering the results of Ye
etal. (2010) and Liu et al. (2012).

The Insectivora subgroup of Oscheius was defined by
Andrassy (1976) and elaborated further by Sudhaus
and Hooper (1994) and Félix (2006). This group has
many distinctive characteristics distinguishing it from
the Dolichura group, such as larger size, lips outstanding
and well-developed, metarhabdions bearing two to three
well-developed warts and three to seven small warts, the
lips of papillae 5 and 8 not terminating on the dorsal
side of the velum, leptoderan or pseudopeloderan bursa,
spicules crochet-needle-shaped, with 154 bp 5.8S rDNA
squences etc. These morphological and molecular char-
acteristics are shared with the genus Heterorhabditidoides.
Our phylogenetic tree derived from 18S rDNA sequences
showed that the monophyletic Insectivora group is the
closest sister group of the Heterorhabditidoides group, and
those two groups form the sister clade (Heterorhabditidoides
clade) of the clade (Heterorhabditidae + Pellioditis).
The superclade comprising Heterorhabditidae, Pelliodi-
tis, Heterorhabditidoides and the Oscheius/Insectivora-group,
is the sister group of the monophyletic Oscheius/Dolichura
group, which suggests that the Heterorhabditidoides clade
(including the Oscheius /Insectivora-group) has a closer
relationship with Heterorhabditidae and Pellioditis than
with the Oscheius/Dolichura group. These results agree
with genetic similarity analysis of 18S rDNA based on
BLAST, and further supported by length and similarity
analysis of 5.8 S rDNA sequences and by ITS phyloge-
netic analysis. Genetic similarity analysis of 18S rDNA
based on BLAST revealed that the Heterorhabditidoides
clade shares higher genetic identity with Pellioditis
(>93%) and Heterorhabditidae (91%) than with the
Oscheius/ Dolichura group (90%). In summary, the mono-
phyletic Dolichura group are real members of genus Os-
cheius and the generic name should be retained. By
contrast, four species of the Insectivora group of Oscheius,
including the entomopathogenic member Oscheius car-
olinensis, O. colombianus, O. myriophila and O. insectivorus
should be reassigned to the genus Helerorhabditidoides as it
is the first identified entomopathogenic nematode genus

in the family Rhabditidae. We propose that the afore-
mentioned species of the Insectivora group of Oscheius
be renamed as Heterorhabditidoides (Oscheius) carolinensis
n. comp., Heterorhabditidoides (Oscheius) insectivora n.
comp. Korner, 1954; Heterorhabditidoides (Oscheius) co-
lombiana n. comp. Stock, Caicedo and Calatayud, 2005;
and Heterorhabditidoides (Oscheius) myriophila n. comp Poi-
nar,1986.

DR186 and R187, the symbiotic bacterial strains of
the new nematode Heterorhabditidoides rugaoensis n. sp.,
were identified to be two different strains of Serratia
nematodiphila based on a 16S rDNA phylogentic tree
and genetic identity analysis. To date, the presence of
pathogenic bacterial strains of Serratia vectored by IJs is
a characteristic of all three entomopathogenic species
of the nematode genus Heterorhabditidoides (Zhang et al.,
2009; Torres-Barragan et al., 2011). Caenorhabditis brigg-
sae and other species of the family Rhabditidae were
also found to harbour pathogenic bacteria of the ge-
nus Serratia associated with insect pathogenicity
(Abebe etal., 2010). Heterorhabditidoides chongmingensis
and Caenorhabditis briggsae need their bacterial partners
in order to Kkill the insect host and reproduce (Zhang
et al., 2008; Abebe et al., 2010). In Heterorhabditidoides
rugaoensis n. sp., symbiotic bacteria are not required for
host killing and reproduction, but their presence can
significantly enhance the pathogenicity of the nematode
partner against the insect host. Among the three en-
tomopathogenic nematodes of the genus Hetero-
rhabditidoides, H. rugaoensis n. sp. is the most pathogenic
against G. mellonella (Zhang et al., 2008; Torres-Barragan
et al., 2011). Further studies are needed to reveal the
mechanism of the high pathogenicity in this nematode, in
order to assess potential applications for pest management.
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