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Abstract

Euborellia (Anisolabididae: Anisolabidinae) is one of the most speciose genera of earwigs (Dermaptera),
and its species-level classification is difficult. To settle the classification of brachypterous species with
abbreviated tegmina recorded from East and Southeast Asia, we examined the morphology and repro-
ductive isolation of three tentative Euborellia species, and analyzed the DNA barcoding region of the
mitochondrial cytochrome oxidase subunit I (COI) gene. The observed complete reproductive isolation
among the three Euborellia taxa and considerable differentiation in the COI sequences clearly show that
each should be treated as a separate species. Based on morphology, distribution and the DNA sequence,
we identify Euborellia sp. 1 of Malaysia as E. annulata (Fabricius), a circumtropical cosmopolitan with no
records of a fully winged form. Samples from Ioto Island (= Iwo-jima Island: Ogasawara Islands, southern
Japan) were also identified as this species. Euborellia sp. 3, from the main islands of Japan, was generally
larger and lacked a Y-shaped pigmented area on the penis lobe, which is characteristic of Enborellia sp. 1.
We propose reinstating E. pallipes (Shiraki) as the oldest name for this taxon. Euborellia sp. 2, even the
brachypterous form, can be distinguished from these two species by its paler coloration (particularly the
femora), ecarinate post-abdomen, and the shape of the male genitalia (parameres). We tentatively identify
this species as E. philippinensis Srivastava based on the morphology of the brachypterous form, although
the macropterous form cannot be distinguished from E. femoralis (Dohrn).
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(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Euborellia Burr, 1910 (Anisolabididae: Anisolabidinae) is one of the most speciose gen-
era of earwigs. It includes approximately 50 species (Popham and Brindle 1966; Sakai
1982, 1987; Steinmann 1989a, b; Srivastava 1999; Hopkins et al. 2018), in a small
order of polyneopteran insects (Insecta: Dermaptera) with more than 2000 described
species (Zhang 2013; Hopkins et al. 2018). Like related genera of Anisolabidinae,
many Euborellia are apterous or brachypterous and are usually dark in color. Due to the
scarcity of traits for species diagnoses, classifying this genus is very difficult.

This study examined the relationships among three tentative Euborellia species
with flap-like vestigial tegmina (= forewings) found in East and Southeast Asia (named
Euborellia sp. 1, Euborellia sp. 2 and Euborellia sp. 3 in the rest of the article). Euborellia
sp. 1 was recorded from Malaysia, and was tentatively identified as Enborellia annulata
(Fabricius, 1793) in Kamimura et al. (2016). Although the type locality of E. annulata
is the West Indies, many authors consider this species a senior synonym of Euborellia
stali (Dohrn, 1864), the type locality of which is Java, which makes it a circumtropi-
cal cosmopolitan (Brindle 1981; Sakai 1987; Srivastava 2003). Except for doubtful
treatments of this species as a synonym of other Euborellia species with fully developed
tegmina and wings (see the Results and discussion), both male and female adults of
this species are brachypterous. This means that they only have vestigial tegmina as
small oval flaps and entirely lack hindwings (Dohrn 1864; Brindle 1981; Sakai 1987;
Srivastava 2003; but see Kamimura et al. 2016 for a single aberrant laboratory-raised
male with fully developed tegmina but no hindwings). Euborellia sp. 2 is known only
at the west coast of Penang Island in Malaysia (Kamimura et al. 2016). Although in
that study all wild-caught samples were brachypterous, macropterous individuals with
fully developed tegmina and wings were found in laboratory-reared populations. Based
on the morphology of the brachypterous morph, the previous study tentatively identi-
fied the species as Euborellia philippinensis Srivastava, 1979, considered endemic to the
Philippines (Srivastava 1979, 1999; Sakai 1987; Steinmann 1989a, b). A third possibly
distinct species of brachypterous Euborellia, tentatively named Euborellia sp. 3 here,
occurs in the temperate zone of Japan. These three species are inhabiting open lands,
including agricultural fields, semi-urban grasslands, sandy seaside or streamside, and
can be collected by hand-sorting (Kamimura et al. 2016; Nishikawa 2016).

An apterous species of Euborellia was recently discovered as a possible intruder
in Europe (Kalaentzis et al. 2021). Based on both morphological and molecular evi-
dence, this species was identified as the apterous form of the Oriental species Euborellia
femoralis (Dohrn, 1863), which is usually macropterous (Kalaentzis et al. 2021). To
resolve the cryptic species diversity of Anisolabidinae in Australia, Stuart et al. (2019)
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also demonstrated the effectiveness of an approach incorporating both morphometric
and molecular analyses. To settle the classification of Euborellia species in Asia, we thus
examined reproductive isolation among the three tentative species (Euborellia sp. 1, 2,
and 3), and their detailed external and genital morphologies. Based on sequences of a
mitochondrial cytochrome oxidase subunit I (COI) gene region, which is widely used
for DNA barcoding of Dermaptera (Matzke and Koddrek 2015; Stuart et al. 2019;
Kalaentzis et al. 2021; Koddrek and Wahab 2021), the genetic divergence and phy-
logenetic relationships among these and other Euborellia species were also examined.

Materials and methods

Reproductive isolation

Two experiments examined pre- and post-copulatory reproductive isolation among
the three tentative species. Virgin females were obtained by separating newly emerged
adults every three days from laboratory cultures of nymphs (wild-caught or mainly
the F, generation). For Euborellia sp. 1 and Euborellia sp. 3, individuals derived from
five localities of Malaysia (Batu Ferringi [5.47°N, 100.25°E], Bukit Bendera [5.42°N,
100.26°E], Bayan Indah beach [5.34°N, 100.31°E], and Bayan Lepas [5.33°N,
100.31°E] of Penang Island and Kuantan [3.80°N, 103.34°E], Pahang state: and some
of their hybrid F,) and three localities from Japan (Tokushima city, Tokushima Prefec-
ture [34.12°N, 134.58°E], Yokohama city, Kanagawa Prefecture [35.51°N, 139.57°E],
and Komae city, Tokyo Prefecture [35.63°N, 139.57°E]) were used, respectively. All
samples of Euborellia sp. 2 were derived from a single locality (Sungai Nipah, Penang
Island, Malaysia [5.32°N, 100.20°E]), but pairing of a male and a female from the
same full-sib family was avoided. For males, wild-caught adults were also used (see
Suppl. material 1 for further details). All animals were kept at 26 £ 1 °C (12 h pho-
toperiod) and provided with water and unlimited amounts of commercial cat food.
In the first experiment (Exp. 1), a virgin female (age: 5-68 days after imaginal eclo-
sion: median = 9 days) was paired with a conspecific or heterospecific male in a plastic
container (50 x 32 mm, 12 mm high) with plaster of Paris at the base for 21 h (N =5
for each species combination). Then the females were sacrificed by placing them in a
freezer (-20 °C) for later examination of their insemination status. The spermatheca
was dissected from the females in insect Ringer’s solution (0.9 g NaCl, 0.02 g CaCl,,
0.02 g KCI, and 0.02 g NaHCO, in 100 mL water) under a stereomicroscope (EZ vi-
sion, Saxon, Guangzhou, China), and then examined under a light microscope (BX53
or CX21, Olympus, Tokyo; 40—400x). In the second experiment (Exp. 2), a virgin
female (age: 3—83 days after imaginal eclosion: median = 6 days) was paired with a
conspecific or heterospecific male in a separate plastic vessel (60 mm diameter, 40 mm
high) for 72 h (V= 5 for each species combination). Then the females were reared
separately in the vessel for 30 days after removing the male. Oviposition and hatching
of offspring were checked every two or three days. The spermatheca of the females that
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produced no hatchlings during the observation period was examined for the presence
of sperm, as described above. Females with at least one hatchling or sperm in the sper-
matheca were scored as “inseminated”.

External and genital morphology

The external morphologies of dried adult materials were examined under a stereomi-
croscope (S8-APO; Wetzlar, Germany or SZX16; Olympus, Tokyo, Japan) and photo-
graphed using an Olympus Pen e-pl1s digital camera (Olympus). “Microscope mode”
and “Focus-stacking sub-mode” of a Tough-TGS5 digital camera (Olympus) were also
used to obtain composite images of the external traits. The male genitalia were ex-
tracted from freeze-preserved, dried, or fresh specimens anesthetized with carbon di-
oxide under a stereomicroscope. After mounting on a glass slide with insect Ringer’s
solution, they were observed and photographed under a light microscope (BX53,
100-400x; Olympus) equipped with an Olympus DP80 CCD camera or a differen-
tial interference contrast (DIC) microscope (BX53, 100-400x; Olympus) fitted with
an Olympus Pen e-plls digital camera. Based on photographs taken under the DIC
microscope, selected parts of each image in focus were composed using Combine ZP
Image Stacking Software (Hadley 2008).

The samples were wild-caught from Penang Island (Bayan Lepas [Penang-1], Batu
Ferringi [Penang-2], and Bayan Indah beach [Penang-3]) for Euborellia sp. 1. For
Euborellia sp. 2 and Euborellia sp. 3, samples of laboratory stock populations, derived
from a female collected from Sungai Nipah, Penang Island, Malaysia (in 2012), and
Takasago city, Hyogo Prefecture, Japan [34.75°N, 134.80°E] (in 2018), respectively,
were examined. For Euborellia sp. 3, wild-caught and mainly F -generation offspring
were also examined for the following seven localities of Japan: Satsuma-sendai city,
Kagoshima Prefecture [31.81°N, 130.31°E: Kagoshima-1], Shimokoshiki Island,
Kagoshima Prefecture [31.66°N, 129.72°E: Kagoshima-2], Naruto city, Tokushi-
ma Prefecture [34.20°N, 134.60°E], Shizuoka city, Shizuoka Prefecture [35.01°N,
138.39°E: Shizuoka-1], Izunokuni city, Shizuoka Prefecture [35.06°N, 138.95°E:
Shizuoka-2], Yokohama city, Kanagawa Prefecture [35.51°N, 139.57°E], and Iwaki
city, Fukusima Prefecture [36.88°N, 140.79°E].

For Euborellia sp. 1 and 3, which were challenging to discriminate based on their
external appearance, three traits were chosen for measurement based on the results of
a pilot study: maximum head width (including eyes), maximum pronotum width, and
hind tibia length. These traits can usually be measured on dried specimens preserved in
museums and can be used for future studies on this group. These traits were measured
for dried materials (Suppl. material 2) to the nearest 0.026 mm using a binocular mi-
croscope (SZ, Olympus) with an eyepiece. The mean values were used for subsequent
analysis for samples in which both the right and left hind tibia lengths were measur-
able. Otherwise, the measurements of one side were used.

In addition to the samples collected by the authors, two female and one male adult
Euborellia collected from loto Island (= Iwo-jima Island) in the Ogasawara Islands
(= Bonin Islands) preserved in the collection of Kanagawa Prefectural Museum of Natural
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History (KPMNH), Japan were examined: 29 9, pond-side at the Northern Airfield
site, loto Island, Ogasawara, Tokyo, 13—-14.X11.2005, Haruki Karube leg.; 18, loto Is-
land, Ogasawara, Tokyo, 31.XI1.2004, Katsumi Sano leg. For comparison, an adult fe-
male sample of E. annulata, collected from French West Indies: Jarry, Basse-Terre Island,
Guadeloupe Archipelago (16.23°N, 61.55°W: 20.X1.2020, Nicolas Moulin leg.) was also
observed and measured. Holotype (female) of Anisolabis pallipes Shiraki, 1905, in the col-
lection of National Taiwan University (NTU), Taipei, Taiwan, was also examined onsite.

DNA barcoding

Total genomic DNA was extracted from fresh, ethanol-preserved, or dried samples of
Euborellia and other dermapterans (Suppl. material 3), using a DNeasy Blood & Tis-
sue Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s instructions.
Depending on the size of the specimens, one to three legs on one side were used for
DNA extraction. PCR amplification of a mitochondrial cytochrome oxidase subunit
I (COI) region (660 base pairs), which is widely used for DNA barcoding of earwigs
(Matzke and Koddrek 2015; Stuart et al. 2019; Kalaentzis et al. 2021; Ko¢drek and Wa-
hab 2021) and other invertebrates (Folmer et al. 1994) was performed using a T100™
thermal cycler (Bio-Rad Laboratories, Hercules, CA, USA) and primers LCO1490 and
HCO2198 (Folmer et al. 1994). PCR reactions were conducted in a 20 pL volume
containing 1 pL each primer (10 uM), 10 puL 2xPCR buffer, 4 pL dNTPs (2 mM
each), 0.4 uL KOD FX Neo DNA polymerase (1.0 unit/uL; Toyobo, Osaka, Japan),
and 1 pL genomic DNA. The PCR temperature profile consisted of 2 min at 94 °C,
then 35 cycles of 15 sec at 94 °C, 15 sec at 51 °C, and 15 sec at 72 °C, followed by a
6 min final extension at 72 °C. Since the primer set did not work for Euborellia an-
nulipes (Lucas, 1847), another set of primers (SKCOI-7 and SKCOI-7) was used to
obtain PCR products of this species, which largely overlapping with the LCO1490-
HCO2198 region but lacking 44 bases of the 5’ end, according to the protocol of Su et
al. (2004). Sequencing was done by Eurofins Genomics (Tokyo, Japan) (or FASMAC,
Kanagawa, Japan for E. annulipes). The chromatograms were checked visually and ed-
ited manually where appropriate. After eliminating the primer sequences, the COI
sequences have been deposited in DDBJ/ENA/GenBank.

Multiple sequence alignments were conducted with Clustal W (Thompson et al.
2003) implemented in MEGA11 (Tamura et al. 2021) using the default settings.
The sequences of other Euborellia species and Apachyus feae Bormans, 1894 (Apach-
yidae) available in GenBank were also included in the analysis (Accession numbers:
MW703670.1, MW703671.1, MW703672.1, MW703673.1, MW291948.1, and
KP0O19208.2). The maximum likelihood (ML) analysis and calculation of intraspecific
and interspecific p-distances were performed with MEGA11. For the ML analysis, the
optimal nucleotide substitution model (the general time-reversible model [GTR]+G+])
was determined by MEGA11 using the Bayesian Information Criterion (BIC) and the
default search algorithms: a discrete Gamma distribution (+G) with five rate categories
and a certain fraction of sites evolutionarily invariable (+I). Because no non-dermapter-
an samples were added as outgroups, the resultant trees were rooted by a clade of the
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Infraorder Protodermaptera. Investigations of the sequence saturations were done plot-
ting the estimated number of base substitutions (transitions and transversions) against
the genetic distance (maximum composite likelihood model). The data were obtained
for 741 comparisons of 38 sequences (660 bp) obtained in the present study by using
MEGAL11, and visualized by a personal script written in Python v.3.8.3.

Results and discussion

Reproductive isolation

The crossing experiments revealed that the three tentative Euborellia species are strongly
isolated (Fig. 1). Interestingly, when the data for 21 h and 72 h pairings were combined,
insemination was found to have occurred in all heterospecific pairing combinations
(Fig. 1a, b). The insemination success between a female of Euborellia sp. 1 and a male of
Euborellia sp. 2 was very high, 80% in both the 21 h and 72 h pairings (Fig. 1a, b). On
average, 73.3% of females paired with a heterospecific male, and 93.3% paired with a
conspecific male laid an egg batch (Fig. 1¢). All egg batches of females paired with a con-
specific male developed normally, resulting in the production of at least one hatchling
(Fig. 1d). However, no development was observed in the eggs deposited after heterospe-
cific pairings, with no hatchling success during the 30-day observation period (Fig. 1d).

Insemination
a (/ 21 hours)

b Insemination

(/ 72 hours)

A Il 100%
% N Il s0%
'O B 60%
OM [ 40%
Q. — - []20%
7)) Oviposition d Hatching
1) (/ 30 days) (/ 30 days) |:|0%
c_EU ~-
O
L

™

1723 1 2 3
Male species

Figure |. Insemination (a, b), oviposition (c), and hatching success (d) of conspecific and reciprocal heter-
ospecific crosses among the three tentative species of Euborellia: Euborellia sp. 1 (1), Euborellia sp. 2 (2), and
Euborellia sp. 3 (3). These species are identified as E. annulata, E. philippinensis, and E. pallipes, respectively.
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External and male genital morphology

The external morphologies of the three tentative species, particularly those of
Euborellia sp. 1 and 3, are similar and difficult to distinguish. Except for the fully
winged morph of Euborellia sp. 2 (Fig. 2d), both male and female adults of these
species have the tegmina abbreviated to small oval flaps (Fig. 2a—c). Kamimura et
al. (2016) reported one aberrant male with fully developed tegmina but no hind-
wings for Euborellia sp. 1. The coloration of Euborellia sp. 2 is generally paler than
the other two species, being dark brownish (Fig. 2a—d). In the legs of these species,
a black marking develops in the mid part of the femur (indicated by red arrows in
Fig. 2h—j) and in the basal half of the tibia (indicated by orange arrows in Fig. 2h—j).
In Euborellia sp. 1, the former marking is much more conspicuous than the latter,
forming an almost complete band (Fig. 2h). By contrast, the tibial marking is more
prominent in Euborellia sp. 2 (Fig. 2i). These black markings of Euborellia sp. 3 de-
velop at almost the same intensity. Still, the femoral band usually does not reach the
ventral side (Fig. 2j).

Kalaentzis et al. (2021) reported that the relative lengths of the basal antennomeres
are useful for diagnosing Euborellia species. However, we found no conspicuous differ-
ence in the antennal morphology of the three tentative species: the 1* antennomere is
as long as or slightly shorter than the length of the 2™, 3%, and 4™ combined (Fig. 2e—
g). In males of Euborellia sp.1 and 3, the lateral sides of the abdominal segments 6*
(in some cases 7*) to 9™ are acute-angled posteriorly and carinated (Fig. 2n, p: yellow
arrowheads). The corresponding abdominal tergites of Euborellia sp. 2 are bent at an
almost right angle (Fig. 20: light blue arrowheads), making the post-abdomen cross-
sections rectangular.

The genital morphologies are also quite similar among the Fuborellia species exam-
ined here. The male genitalia are elongated, almost the body length (Euborellia sp. 1
and 3) or the abdominal length (Euborellia sp. 2). On each penis lobe including a thin
virga, two humps of denticulated pads are present (orange and magenta arrowheads
in Fig. 2q—s). In addition, a conspicuous Y-shaped area of pigmentation is present
only in Euborellia sp. 1 (Fig. 2q: black arrowhead). Although previous descriptions of
Euborellia species lack such a detailed morphology of the penis lobes, judging from
the high-resolution images in Kalaentzis et al. (2021), the penises of E. femoralis and
E. annulipes lack the Y-shaped pigmentation. The shape of the parameres is also similar
among the species, being weakly emarginated on the inner side. The outer margin is
strongly angular in Euborellia sp. 2 compared to Euborellia sp. 1 and 3 (black arrows
in Fig. 2r).

To separate Euborellia sp. 1 and 3, three morphological traits, considered measur-
able in dried specimens from museums, were quantified and compared: the maximum
head width, maximum prothorax width, and hind tibia length. Although the sample
size is small for Euborellia sp. 1, the three traits were generally smaller in Euborellia sp.
1 than in Euborellia sp. 3, particularly in females (Fig. 3).
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Figure 2. Female habitus (a=c), head and thorax of a fully winged-form male (d), base of female right
antenna (e~g), female right hindleg (h=j), male forceps (k=m), left side of male post-abdomen (n=p), and
distal part of male genitalia (q—s) of Euborellia sp. 1 (identified as E. annulata; a, e, h,k,n, q), Euborellia
sp. 2 (identified as E. philippinensis; b, d, f, i, 1, 0, ¥), and Euborellia sp. 3 (identified as E. pallipes; c, g, j,
m, p, s). Femoral and tibial black marking are indicated by the red and orange arrows, respectively (h=j).
Carination and dorso-lateral angles of the abdominal tergites, the latter forms the lateral ridges, are indi-
cated by the yellow and light blue arrowheads, respectively (n=p). On each penis lobe, a pair of denticu-
lated pads (the orange and magenta arrowheads) and a Y-shaped area of pigmentation (only in Euborellia
sp. 1: black arrowheads) are present. The external apical angle of the parameres (pm) is acute in Euborellia

sp. 2 (the black arrow). Scale bars: 5 mm (a=c); 1 mm (d=p); 500 um (q-s).
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Figure 3. Relationship between the maximum pronotum width and maximum head width (a, b), and
relationship between the maximum pronotum width and hind tibia length (¢, d) of female (a, ¢) and male
(b, d) Euborellia species (Euborellia sp. 1 and Euborellia sp. 3). Red, blue, and black symbols represent
samples from Malaysia, the main islands of Japan (Honshu, Shikoku, and Kyushu, and Shimokoshiki
Island near Kyushu), or Ioto Island, respectively. The data of a female E. annulata, collected from Basse-
Terre Island, Guadeloupe Archipelago, is also shown in a and ¢ (light blue crossed diamonds). Details of
the localities are provided in Suppl. material 2.

Examination of additional materials

As additional materials from Japan, two female and one male adult Euborellia collected
from Ioto Island (= Iwo-jima Island) in the Ogasawara Islands (= Bonin Islands) were
examined. The tegmina of these samples are small flaps (Fig. 4a, b) as in the other
Euborellia samples examined above. In the male specimen, the lateral side of the 6"-9
abdominal tergites protrudes posteriorly and is carinated forming a ridge (Fig. 4c). The
conspicuous black band in the femurs (Fig. 4d, ¢) and the smaller body size compared to
Euborellia sp. 3 from the main islands of Japan (Fig. 3) indicate that these are identical
to Euborellia sp. 1. The presence of a Y-shaped area of pigmentation in the male genitalia
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d

Figure 4. Euborellia specimens collected from Ioto Island, Ogasawara Islands, Japan (a—f) and the type
(holotype) material of Anisolabis pallipes Shiraki, 1905, preserved in Insect Museum, National Taiwan
University, Taipei, Taiwan (g). @ adult female b adult male ¢ left lateral view of the male post-abdomen
d right hindleg of the male e left hindleg of the female f part of the male genitalia (right paramere [pm]
and the penis lobe). For the meanings of the arrows and arrowheads, see the caption of Fig. 2. Scale bars:
3 mm (a, b); I mm (c—e); 100 um (f).

(Fig. 4f) supports this view. A female sample of E. annulata from Basse-Terre Island,
Guadeloupe Archipelago (French West Indies), near the type locality, was also placed
in the cluster of Euborellia sp. 1 based on the morphological measurements (Fig. 3a, c).

Based on a brachypterous adult female collected from Takasago, Hyogo Prefec-
ture, Japan, Shiraki (1905) described Euborellia pallipes (Shiraki, 1905) as Anisolabis
pallipes Shiraki, 1905. Although some authors have indicated that the type locality of
this species is Taiwan (Formosa) (Burr 1911; Steinmann 1989a, b; Srivastava 2003),
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the label of the name-bearing type material (female adult), now in the Insect Museum,
National Taiwan University, Taipei, Taiwan (Fig. 4g), indicates that it was collected
in Takasago (handwritten, in Japanese), Japan (Digital Archives Project of National
Taiwan University 2021). This agrees with the original description (Shiraki 1905) and
subsequent examination of the type material by Okuni (1913). Although this mate-
rial has not been examined in detail and morphological measurements have not been
made, its leg coloration with pale markings and locality indicate that the specimen
belongs to our Euborellia sp. 3.

DNA barcoding and phylogenetic analysis

Although comparable numbers of transversions (Tv) and transitions (Ts) are estimated
to occur in the 2™ and 3" codon positions at the genetic distance larger than ca 0.2
(Fig. 5¢, d), in the 1* codon and in total, Ts generally outnumber Tv, both exhibiting
a linear relationship with the genetic distance (Fig. 5a, b). Thus, the DNA barcoding
region of the Dermaptera is considered to contain phylogenetic information for the
diagnoses of species and genera, and relationships among closely related genera.

The percent sequence divergence was lower than 2% within each tentative
Euborellia species, except for one individual of Euborellia sp. 1, which showed about
5% divergence from the other three conspecific samples (Table 1). By contrast, the
interspecific divergences were much higher on average: 13.8% between Euborellia sp.
1 and 2, 17.0% between Euborellia sp. 1 and 3, and 13.7% between Euborellia sp. 2
and sp. 3.

Although the support is low (56%), the samples of Anisolabidinae (Anisola-
bididae) formed a monophyletic clade (Fig. 6). An exception in Anisolabididae is
Platylabia major Dohrn, 1867 (Platylabiinae: = Palicinae Engel & Haas, 2007; = Palex-
inae Kocdrek, 2010), the phylogenetic placement of which was not resolved in our
analysis. In Anisolabidinae, Euborellia species, except for Euborellia arcanum Matzke
& Koddrek, 2015, formed a monophyletic clade (55% support). The DNA barcode
region of E. arcanum, possibly an introduced species in Europe, is almost identical to
that of Anisolabella ryukyuensis (Nishikawa, 1969). These species are also similar in the
external and genital morphologies (Nishikawa 1969; Matzke and Kocdrek 2015), war-
ranting further studies to settle their placements.

In the Euborellia clade, multiple samples of each tentative species (Euborelliasp. 1,2,
or 3) and E. femoralis form monophyletic clades with 100% support. Interestingly, the
clade of Euborellia sp.1 (from Malaysia) consisted of two subclades, one of which also
included E. annulata from the West Indies. The sister relationship between Euborellia
sp. 3 and E. femoralis was also supported with high confidence (99%). Euborellia sp.
(China) and Euborellia plebeja (Dohrn, 1863), for which only the fully winged form
has been reported (except for records of those treated as Euborellia sp. 3 here), form
a clade with 91% support, with its sister place being Euborellia sp. 2 (95% support).
Placement of E. annulipes in this genus was not settled.
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Figure 6. The maximum likelihood phylogenetic tree constructed from COI sequence data. Numbers at
the branches indicate bootstrap values (% in 1000 replicates). GenBank accession numbers follow the locali-
ties in the parentheses. Euborellia sp. 1, Euborellia sp. 2, and Euborellia sp. 3 are shaded in red, yellow, and
blue, respectively, indicating the proposed names. The details of the samples sequenced in the present study
(the accession numbers beginning with “LC”), are available in Suppl. material 3 and DDBJ/ENA/GenBank.
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Identity of the Euborellia species

After the description of Forficula annulata from “Americae meridionalis” (= south-
ern America) by Fabricius (1793), the taxonomy of Euborellia species with flap-like,
abbreviated tegmina has long been confused. De Bormans and Krauss (1900) and
Burr (1911) listed this species as Labia annulata under Spongiphoridae (= Labiidae),
and Steinmann (1989b, 1990) followed this view. Brindle (1981), who examined
the Fabrician types in the Zoological Museum of Copenhagen University, concluded
that the type of Forficula annulata, a male collected from the West Indies, is identical
to the species known as Euborellia stali (Dohrn, 1984) (see also Kevan and Vickery
1997). Accordingly, many subsequent authors treated E. szali as a junior synonym of
the circumtropical cosmopolitan species E. annulata, together with Anisolabis minuta
Caudell, 1907 (the type locality is Puerto Rico), which Hebard (1923) and Reichardt
(1968) proposed to be a junior synonym of E. stali (Sakai 1987; Srivastava 2003).

Interestingly, our Euborellia sp. 1 made a cluster, both in morphology (Fig. 3) and
molecular (Fig. 6) data sets, with the female sample of E. annulata collected near its
type locality. Thus, we follow the view that E. annulata is a circumtropical cosmopoli-
tan, and assign our Euborellia sp. 1 to E. annulata, as we did in Kamimura et al. (2016).
In the present study, we detected the characteristic Y-shaped area of pigmentation on
the penis lobe of Euborellia sp. 1. Unfortunately, previous descriptions of Euborellia
species, including those of E. annulata, E. stali, and E. minuta, do not include detailed
structures on the penis lobes. Extensive re-examination for this trait is required for
the type material and specimens assigned as E. annulata from other localities. Our
examination of the samples from loto Island in the Ogasawara Islands, particularly the
detection of a Y-shaped area of pigmentation on the penis lobe of the male specimen,
indicates that they are conspecific to our Euborellia sp. 1, and thus E. annulara (Figs 3,
4a—f). Brindle (1972) reported the occurrence of E. annulata (as E. stali) in the Pacific,
including Chichijima Island in the Ogasawara Islands, which is approximately 200 km
north of Toto Island (see also Nishikawa 2020b).

Interestingly, our molecular analysis detected two sub-clades in Euborellia annulata: a
female from Bayan Lepas, Penang Island, Malaysia (LC715987) showed only 1.8% diver-
gence from a female from the West Indies (LC740580), while the other Malaysian samples
(LC715988-1L.C715990), including those from other sites of Penang Island, were clus-
tered with 4.8—6.5% differences from the formers (Table 1). We detected no differences in
the external morphology between these two subgroups. Considering that some widely-dis-
tributed insects show remarkable intraspecific diversity (> 5%) in the CO1 sequences (up
t0 26.0%: Cognato 20006), we tentatively treat those as a single species E. annulata. Future
studies should explore for possible isolations among possible sub-lineages of this species.

Kamimura et al. (2016) treated Euborellia sp. 2 as E. philippinensis, although no
fully winged morph had been reported for this species. The external and male genital
morphology of the brachypterous form of Euborellia sp. 2 agree with the previous
descriptions of E. philippinensis (Srivastava 1979), including the sharp external apical
angle of the parameres (Fig. 2r: black arrows) and the posterior margin and angles of
the pronotum broadly rounded (Fig. 2b), compared to those of E. annulata.
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In addition to Euborellia sp. 2, two macropterous Euborellia species, E. plebeja
and E. femoralis, have been reported from the Orient (Srivastava 2003). Although the
treatment of E. stali (with abbreviated tegmina) as a junior synonym of E. plebeja by
Hebard (1927) caused further confusion and difficulties in the taxonomy of Euborellia
(Brindle 1972), except for the erroneous treatments of Euborellia sp. 3 discussed below,
no indisputable example of an apterous or brachypterous form of E. plebeja has not
been reported. According to Bey-Bienko (1959) and Srivastava (2003), lateral ridges
(carina) do not develop in E. plebeja (vs. developed in the 6®-9™ abdominal tergites
of E. femoralis) with more prominent external angles of the parameres (vs. external
angles convex in E. femoralis). Thus, it is difficult to distinguish the macropterous
form of Euborellia sp. 2, found only in laboratory-reared individuals, from E. plebeja
(Kamimura et al. 2016). Our phylogenetic analysis also revealed that Euborellia sp. 2 is
closely related to E. plebeja (a Thailand specimen) and Ewuborellia sp. (a Chinese speci-
men; macropterous), both of which Kalaentzis et al. (2021) sequenced. However, the
genetic differentiation in the DNA barcode region is relatively large between Euborellia
sp. 2 and E. plebeja (more than 9.5%: Fig. 6). Kalaentzis et al. (2021) considered that
Euborellia sp. from China, which is sister to E. plebeja with genetic differentiation
of about 8.7%, represents another species. Following this view, we tentatively treat
Euborellia sp. 2 as E. philippinensis based on the morphology of the brachypterous
form, as we did in Kamimura et al. (2016).

The present results clearly show that Euborellia sp. 3 of the main islands of Japan
(Honshu, Shikoku, and Kyushu) is a distinct species. After the proposed (and errone-
ous) synonymy of E. minuta and E. stali as E. plebeja (Hebard 1923, 1927), Hebard
(1933) also treated Anisolabis pallipes Shiraki, 1905 as a junior synonym of E. ple-
beja. Steinmann (1989a, b) proposed the same synonymy for A. pallipes. By contrast,
Srivastava (2003) considered A. pallipes a junior synonym of E. annulata (= E. stali).
Accordingly, the names E. plebeja, E. stali, or E. annulata have been used for the
brachypterous Euborellia recorded from the main islands of Japan. However, judging
from the type locality and external appearance of the type material bearing this name,
we resurrect the name Euborellia pallipes (Shiraki, 1905) for our Euborellia sp. 3. Thus,
though many subsequent authors treated (or suggested treating) this species, which
closely resembles our Euborellia sp. 1, as a junior synonym of E. annulata (Srivastava
2003; Nishikawa 2011, 2016, 2020a), E. stali (Nishikawa 1975), or the macropterous
species E. plebeja (Hincks 1947; Nishikawa 1969; Steinmann 1989a, b; Chen and Ma
2004), we consider that our Euborellia sp. 3 is E. pallipes, which is distinct from the
above-mentioned species. Our identification and diagnoses are summarized in Table 2.

Interestingly, our molecular analysis revealed that this species is sister to E. femoralis
(Fig. 6), for which only totally apterous or fully winged individuals have been reported
(Bey-Bienko 1959; Anisyutkin 1998; Kalaentzis etal. 2021). Although Steinmann (1989a,
b) treated the brachypterous species Anisolabis minuta Caudell, 1907 (= E. minuta) as a
junior system of E. fernoralis, this treatment lacks foundation (Srivastava 2003). The iden-
tities of Euborellia samples with abbreviated tegmina from Taiwan, the Nansei Islands of
Japan, Korea, and mainland China, reported under the names E. annulata (Nishikawa

2016), E. pallipes (Shiraki 1928; Bey-Bienko 1936, 1959; Masaki 1936; Cho 1969; Sakai
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Table 2. Diagnostic features of the three brachypterous Euborellia species from East and Southeast Asia.
Female E. annulata and E. pallipes are difficult to distinguish, but the former is usually smaller (Fig. 3).

Traits Euborellia annulata Euborellia philippinensis Euborellia pallipes
(Euborellia sp. 1) (Euborellia sp. 2) (Euborellia sp. 3)
Black markings of legs Markings of mid femur are darker | Markings of mid femur are weaker| ~ In almost same intensity
than those of basal half of tibia | than those of basal half of tibia
Lateral sides of male abdominal Carinated Not carinated Carinated
segments 6 (or 7) to 9
Outer margin of parameres Not strongly angular, rounded Strongly angular Not strongly angular, rounded
Y-shaped area of pigmentation Present Absent Absent

on penis lobes

1970, 1982; Moon and Kim 1983; Kim and Moon 1985), or E. plebeja (Moon and
Kim 1983, 1991; Kim and Moon 1985; Sakai 1987; Chen and Ma 2004), are not deter-
mined at present. Some other brachypterous Euborellia species have also been reported
from South Asia to the Middle East: E. abbreviata Srivastava, 1977 [Indial, E. annandalei
(Burr, 19006) [India], E. manipurensis Srivastava, 1979 [Indial, E. sakaii Steinmann, 1978
[Afghanistan], and E. moesta Géné, 1839 [Iran] (Srivastava 2003; Kocdrek 2011a, b),
relationships of which to the species studied here are totally unclear. Although the pre-
sent study shows the effectiveness of DNA barcoding for specific diagnoses of Euborellia
species, only limited entries are available for the Dermaptera in the sequence data banks.
Examinations of molecular and morphological data are required for additional materials,
as well as rearing experiments for investigating wing polymorphisms.
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