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Abstract

Climate change represents a real threat to biodiversity conservation worldwide. Although the effects on
several species of conservation priority are known, comprehensive information about the impact of climate
change on reptile populations is lacking. In the present study, we analyze outcomes on the potential dis-
tribution of the black beaded lizard (Heloderma alvarezi Bogert & Martin del Campo, 1956) under global
warming scenarios. Its potential distribution, at present and in projections for the years 2050 and 2070,
under both optimistic and pessimistic climate change forecasts, were computed using current data records
and seven bioclimatic variables. General results predict a shift in the future potential distribution of H.
alvarezi due to temperature increase. The optimistic scenario (4.5 W/m?) for 2070 suggests an enlargement
in the species’ distribution as a response to the availability of new areas of suitable habitat. On the contrary,
the worst-case scenario (7 W/m?) shows a distribution decrease by 65%. Moreover, the range distribution of
H. alvarezi is directly related to the human footprint, which consequently could magnify negative outcomes
for this species. Our research elucidates the importance of conservation strategies to prevent the extinction
of the black beaded lizard, especially considering that this species is highly threatened by aversive hunting.

Copyright Aarén Gomez-Cruz et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (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

In the coming years, the impacts of climate change are projected to play a critical
role in global biodiversity dynamics. Since 1980, rainfall and runoff levels at a global
scale have decreased annually, which causes an overall prolongation of the dry season
and affects entire biomes and ecosystems (Chou et al. 2012). The temperature of the
planet has increased by approximately 1.1 °C since the pre-industrial period, and it
is expected to have increased by 4.1 °C by the end of this century if current emission
trends continue unchanged (Hidalgo et al. 2013; IPCC 2014; Masson-Delmote et
al. 2018). In addition, deforestation, extractive activities, and the introduction of
invasive species might contribute to the increasing negative effects on biodiversity
(Durdn et al. 2020).

Adaptative and geographic expansion responses of each group of organisms are
crucial in determining their preservation or extinction. Accelerated global warming
is causing the eradication of a significant proportion of the global reptile diversity
(Sinervo et al. 2010; Durdn et al. 2020). Due to their high species-richness, lizards
constitute a major group of conservation concern (e.g., Sinervo et al. 2010; Diele-
Viegas et al. 2020; Rozen-Rechels et al. 2020). In Mexico, research studies focusing
on the effects of climate change on reptiles, and specifically on lizards, have been in-
creasing in the last decade (e.g., Sinervo et al. 2017; Lara-Reséndiz et al. 2019, 2021;
Dominguez-Guerrero et al. 2020; Gadsden et al. 2020). Nevertheless, studies relating
to helodermatids are scarce.

Heloderma alvarezi, commonly known as the black beaded lizard, is one of the
least studied Mexican lizards; hence, the impacts of climate change on this species are
not well understood. However, the negative outcomes for helodermatids, given their
sensitivity to temperature fluctuations, have been documented (Aranda-Coello et al.
2019; Ariano-Sdnchez et al. 2020). For example, high temperatures may lead to fatal
physiological alterations such as water loss and an elevated heart rate (DeNardo et
al. 2004; Labra et al. 2008). In Mexico, the black beaded lizard has been reported in
the Isthmus of Tehuantepec in the southern state of Oaxaca, the central lowlands of
Chiapas, and on the border with Guatemala. Moreover, its presence was identified in
the Nentén River Valley region of western Guatemala (Alvarez del Toro 1972; Ariano
2011). A lack of information makes it difficult to accurately determine the geographic
distribution and conservation status of this species.

This study aimed to determine the potential geographical distribution of H. alva-
rezi, and to estimate the projected scenarios for 2050 and 2070 considering predicted
climate change. Assessing the distribution of this species and the long-term environ-
mental effects will allow us to understand its spatiotemporal variation, and to design
effective conservation strategies for this species.
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Materials and methods
Heloderma alvarezi point locality data

Heloderma alvarezi distribution data were collected between January and June 2020
from several bibliographic databases. These included GBIF (GBIF.org), Naturalista
(naturalista.mx), VertNet (vertnet.org), and technical publications from the gray litera-
ture (Ariano 2011). To remove duplicate record entries and sampling errors, the data
were filtered with the Wallace 1.0.6.1 software (Kass et al. 2018). Points were thinned
to a distance of 1 km to avoid an overfitting in the modeling (e.g., Borzeé et al. 2019).
In this way, a total of 27 records of H. alvarezi was obtained (Fig. 1).

Climate modeling and prediction with all H. alvarezi distribution data

The Maximum Entropy (Maxent) approach (Philips et al. 2006, 2017) was used to
model suitable potential areas for H. alvarezi under current and future climatic condi-
tions based on presence-only observations of the species. According to the presence
records of H. alvarezi used in our analyses, the biogeographical provinces Sierra Madre,
Central Plateau, and Central Depression in Chiapas State, Mexico (Morrone 2019)
were considered as the species’ accessible area (M) (Soberén & Peterson 2005). Cli-
mate modeling was performed at a 30 arc-second resolution with WorldClim2 climate
data for 1950-2000 (Fick and Hijmans 2017). Pearson’s correlation coefficient was
calculated for the 19 bioclimatic variables to evaluate multicollinearity, and to reduce
uncertainty in the species distribution models (Elith et al. 2011; Cruz-Cdrdenas et al.
2014). One variable was removed from any pair of variables with greater than 80%
correlation, leaving seven bioclimatic variables to be used in the final models (Table
1). Ecological niche models were performed using the Maximum Entropy algorithm
implemented in the Maxent v. 3.4.1 software. This software has been demonstrated
to generate accurate predictions even when small sample sizes are used (Philips et al.
2006; Pearson et al. 2007; Martinez-Méndez et al. 2016).

Niche models were projected to future scenarios for the years 2041-2060 and
2061-2080 using a GCM MIROC 6 model under different Representative Concen-
tration Pathways (RCPs). Models were evaluated under simulated radiative forcings of
4.5 and 7 W/m? to develop optimistic and pessimistic climate change forecasts, respec-
tively (Lara-Reséndiz et al. 2019; Pérez 2020). To determine anthropogenic impact on
the distribution of H. alvarezi, a carbon footprint estimation layer was overlaid on the
niche models generated (Venter et al. 2016, 2018). The carbon footprint was obtained
using cumulative emissions for the period 1993-2009, derived from population densi-
ty, electrical power infrastructure, cultivable land areas, grasslands, roads, and railways
(Venter et al. 2016, 2018).

Predictive accuracy was evaluated using the area under the curve (AUC). This can
range in value from 0 to 1. A value less than 0.5 signifies that the classifier performs
worse than a random classifier (Felicisimo et al. 2011; Mateo et al. 2011; Santillan
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Figure 1. Presence records of H. alvarezi (yellow dots). Darker zones on grayscale indicate a higher
altitude.

2013). The model with the highest statistical significance (AUC = 0.972) was selected.
Model outputs were exported to QGIS 3.6.3 (QGIS.org 2020) and thresholded to
10% (Mejia et al. 2018), creating a binary distribution map where non-suitable areas
are represented as zero (0) and suitable areas as one (1).

Results

The current potential distribution model covered a range of 11,218.63 km?, specifi-
cally across the Central Depression of Chiapas and the border with Guatemala (Fig. 2).
The area of suitability increased at higher altitudes, from 400 to 1000 m a.s.l. Most of
the distribution of the black beaded lizard is delimited by geographical barriers, such
as the large mountain ranges that surround the valleys of the Central Depression in
Mexico and Guatemala.

Distribution models projected to the future for H. alvarezi show variations accord-
ing to the case scenario and year. The distribution decreases by 12% for the optimistic
scenario in 2050, compared with the current distribution. By 2070, the distribution
is expected to increase by 61% with a displacement towards altitudes between 800
and 2000 m, mainly in the Sierra Madre de Chiapas. On the other hand, pessimistic
scenarios for 2050 exhibit an increased distribution of H. alvarezi (32%), although
predictions for 2070 reveal a reduction of 65.5% (Fig. 3).
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Table I. Bioclimatic variables and their contribution to model projections.

Acronym Variable Percentage contribution Permutation importance
Biol0 Mean temperature of warmest quarter 31.1 34.2
Biol5 Precipitation seasonality 30 4.7
Biol7 Precipitation of driest quarter 20.9 46.2
Bio2 Mean diurnal range 15.4 12.6
Bio3 Isothermality 1.9 0.2
Bio4 Temperature seasonality 0.7 1.9
Biol8 Precipitation of warmest quarter 0.1 0.3
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Figure 2. Current potential distribution model of H. alvarezi at present (a) and overlaid with human
footprint (b).

Discussion

According to our present-day distribution models, the distribution area of H. alvarezi
extends over 11,218.63 km? in the Central Chiapas Depression in Mexico and the
Nentén River Valley in Guatemala. These areas are highly fragmented by human activ-
ity, which could induce individuals to settle where the impact of the human footprint
is less pronounced, mainly on the borders of the Sierra Madre de Chiapas. This distri-
bution excludes the regions of Socotelnango and La Concordia (Mexico) due to inap-
propriate environmental conditions (Suppl. material 1). Except for H. charlesbogerti
(Campbell & Vannini, 1988), the distribution of H. alvarezi is the most restricted of
any species in the Family Helodermatidae (Ariano 2007). The areas of high elevation
in the Isthmus of Tehuantepec may act as a barrier that restricts the distribution of
H. alvrezi in the direction of Oaxaca (Dominguez-Vega et al. 2012).
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Figure 3. Potential distribution of H. alvarezi under different climate change scenarios using different
Representative Concentration Pathways (RCP) and the seven bioclimatic variables that best explain the
potential distribution of H. alvarezi.

Our results suggest that H. alvarezi is found principally in seasonally tropical dry for-
ests (SDTF), categorized as a highly threatened ecosystem (Trejo and Dirzo 2000; Trejo
2010). Over 30% of forest loss in Chiapas has been prompted by anthropic activities
(Rocha et al. 2010). In addition to deforestation of the ecosystem, the aversive hunting
of helodermatids may play an important role in their current distribution. Hunting in-
tensity may be greater where the species distribution overlaps with the human footprint,
although data are lacking. Historically, hunting, which threatens their distribution and
abundance (Fig. 2a) (Aranda-Coello et al. 2019), has been carried out because of the ap-
pearance of these lizards and myths about their venom, as well as for the illegal skin trade.

Because projected distribution maps predict future implications of climate change
on a species’ conservation status, these climatic forecasts enable us to take forward-
thinking actions. The seven highest-contributing bioclimatic variables in the potential
distribution modeling of H. alvarezi, in order, were: mean temperature of warmest quar-
ter (Biol0), precipitation seasonality (Biol5), precipitation of driest quarter (Bio17)
and mean diurnal range (Bio2). These are consistent with the findings of Dominguez-
Vega et al. (2012) on the distribution of the genus Heloderma. It is important to men-
tion that these models do not consider additional factors, such as aversive hunting
(killing by local communities due to fear of their poisonous nature) (Dominguez-Vega
etal. 2017). Hence, further research might examine these conditions.
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When the human footprint layer was overlaid on the present-day distribution mod-
el of H. alvarezi, it may be seen that anthropogenic impact could be considerable. It has
been observed with other organisms that human population growth, roads, and changes
in land use affect an organism’s existence, especially by the occupation and transforma-
tion of the landscape, the alteration of the habitat and dispersal of physicochemical pol-
lutants (Beck 2005; Colino-Rabanal and Lizana 2012; Pitts et al. 2017). However, not
all species will have the same degree of exposure to the human impact, as this depends
on taxon-specific ecological requirements (Colino-Rabanal and Lizana 2012).

According to our climate change scenarios, under an optimistic scenario (RCP 4.5)
the distribution of the lizard would decrease by 2050, however, a substantial increase
in projected distribution range is expected by 2070. This increase in distribution is
expected towards the Sierra Madre de Chiapas, where perhaps suitable bioclimatic
conditions for H. alvarezi are expected. Environmental factors (i.e., temperature and
humidity) affect the species’ behavior and its habitat selection (Labra et al. 2008; Sin-
ervo et al. 2018; Altamirano-Benavides et al. 2019).

As expected, the most unfavorable conditions to H. alvarezi will occur under
a pessimistic scenario. This model projects a reduction in the distribution range by
65%; this percentage is higher compared to other Heloderma, such as H. suspectum
(Giermanowsky et al. 2018), but similar to those of other lepidosaurs (see Giiizado-
Rodriguez et al. 2012). It is proposed that this scenario will lead to a decrease in
precipitation and humidity, and would cause alterations in the species’ behavior. We
know that the prolonged length of the aestivation period of these lizards ends with the
arrival of the rainy period (Dominguez-Vega et al. 2012; Aranda-Coello et al. 2019;
Ariano-Sinchez et al. 2020).

In addition, the rainy season begins the foraging and reproduction activity of the
helodermatids, so a prolonged dry season would cause alterations in the population
structure of these lizards (Ariano-Sinchez et al. 2020). Sinervo et al. (2010) suggested
a probability of 91% for the extinction of Helodermatidae by 2080; this projection is
consistent with our estimations for a pessimistic scenario. For some species, the process
of adaptation to environmental changes is mostly slow and the ability to withstand
climatic variations is limited (Foden et al. 2007). Rapid environmental changes and an-
thropogenic effects will be crucial to the survival of this species and could exacerbate the
effects of range reduction. Analogously, the lack of knowledge about the thermal ecology
of H. alvarezi in the wild is an important constraint on understanding its adaptability
(Aranda-Coello et al. 2019). Therefore, it could be usefully explored in further research.

The implementation of conservation programs for species highly sensitive to cli-
mate change is fundamental. The present study suggests that the future of the black
beaded lizard is not encouraging under different climate change scenarios. Promoting
structural and functional connectivity among the remaining SDT patches and their
associated mesic conditions is the most effective weapon to facilitate the altitudinal
and latitudinal migration of the species under a global warming forecast. Additionally,
slowing down climate change constitutes a primary focus on conservation status for
the organisms living in xeric ecosystems, included H. alvarezi.
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Abstract

Mitochondrial genomes (mitogenomes) are widely used in research studies on phylogenetic relationships
and evolutionary history. Here, we sequenced and analyzed the mitogenome of the scentless plant bug
Myrmus lateralis Hsiao, 1964 (Heteroptera, Rhopalidae). The complete 17,309 bp genome encoded 37
genes, including 13 protein-coding genes (PCGs), 22 transfer RNA (tRNA) genes, two ribosomal RNA
(rRNA) genes, and a control region. The mitogenome revealed a high A+T content (75.8%), a positive
AT-skew (0.092), and a negative GC-skew (-0.165). All 13 PCGs were found to start with ATN codons,
except for coxI, in which TTG was the start codon. The Ka/Ks ratios of 13 PCGs were all lower than 1,
indicating that purifying selection evolved in these genes. All (RNAs could be folded into the typical
cloverleaf secondary structure, except for #7S1 and #nV, which lack dihydrouridine arms. Phylogenetic
trees were constructed and analyzed based on the PCG+rRNA from 38 mitogenomes, using maximum
likelihood and Bayesian inference methods, showed that M. lateralis and Chorosoma macilentum Stal,
1858 grouped together in the tribe Chorosomatini. In addition, Coreoidea and Pyrrhocoroidea were sister
groups among the superfamilies of Trichophora, and Rhopalidae was a sister group to Alydidae + Coreidae.
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Mitogenome, next-generation sequencing, phylogeny, scentless plant bugs
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Introduction

Mitochondria are important cytoplasmic organelles in eukaryotic cells, playing a critical
role in cell metabolism, disease, apoptosis, and senescence. Mitochondrial genomes are
characterized by a simple structure, stable composition, conserved arrangement, mater-
nal inheritance, and rapid evolutionary rate (Simon et al. 2006; Cameron 2014; Tyagi
et al. 2020). Therefore, mitochondrial genomes (mitogenomes) have been widely used
in phylogenetic analyses and studies on population genetics (Yuan et al. 2015; Song
et al. 2019; Xu et al. 2021). For most insects, the mitogenome is typically a double-
stranded circular DNA molecule from 15 to 20 kb in size, including 13 protein-coding
genes (PCGs), 22 transfer RNA (tRNA) genes, two ribosomal RNA (rRNA) genes, as
well as a long non-coding region, also known as the control or AT-rich region (Wolsten-
holme 1992; Boore 1999; da Fonseca et al. 2008; Yang et al. 2018). Next-generation
sequencing enables large amount of sequence data to be obtained and analyzed in a
more economically efficient manner. As a result of advances in this technology, it is now
more feasible to obtain the complete mitogenome of large taxa; thus, molecular phylo-
genetic analysis has been revolutionized (Beckenbach et al. 2009; Kocher et al. 2014).

Rhopalidae, commonly known as scentless plant bugs, is a family of Pentatomo-
morpha insects in the superfamily Coreoidea (Schaefer and Chopra 1982; Schaefer
and Panizzi 2000; Steill and Meyer 2003). The Rhopalidae includes 26 genera and 279
species distributed throughout the biogeographical areas of the world (CoreoideaSF
Team 2021); many species are of critical importance as pests of pasture grass (Car-
roll and Loye 2012). In China, Rhopalidae includes two subfamilies, Serinethinae
(containing only one genus) and Rhopalinae (containing 20 genera) (Dolling 20006).
Phylogeny for the tribes of Rhopalinae has been hypothesized based on morphology,
but several concurrent hypotheses still exist (Schaefer 1993; Li and Zheng 1994; Davi-
dova-Vilimova et al. 2000; Henry 2019). Although there are several published studies
examining the relationships among infrafamilial levels of the Coreoidea, a consensus
regarding the relationships among different families and subfamily lineages has not
been reached (Souza et al. 2009; Ghahari et al. 2012; Forthman et al. 2019). In addi-
tion, some studies support Aradoidea as sister group of Trichophora (which includes
Pentatomoidea, Lygaeoidea, Pyrrhocoroidea and Coreoidea), but the relationship
within Trichophora is still under debate (Li et al. 2005; Xie et al. 2005; Linnavuori
2007; Tian et al. 2011; Weirauch and Schuh 2011).

Myrmus lateralis Hsiao, 1964 is an endemic species of China (Beijing, Hebei,
eastern Inner Mongolia), Korea, Mongolia, and Russia (Far East) (Liu et al. 1994;
Aukema and Rieger 2006; CoreoideaSF Team 2021). Adults are present in both forests
and grasslands during July and August (Nonnaizab 1986). To date, only four com-
plete mitogenomes from the Rhopalidae have been published in GenBank, and all of
them belong to Rhopalinae (Table 1). According to the latest classification, five tribes
are classified in the Rhopalidae (CoreoideaSF Team 2021). The tribe Chorosomatini
Fieber, 1860 contains five genera (Agraphopus Stal, 1872; Chorosoma Curtis, 1830;
Ithamar Kirkaldy, 1902; Leptoceraea Jakovlev, 1873; Myrmus Hahn, 1832 and Xenoge-
nus Berg, 1883), of which only Myrmus and Chorosoma are distributed in China.
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Table 1. List of sequences used to reconstruct the phylogenetic tree.
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Family Species Accession number
Outgroup Nabidae Himacerus nodipes JF927832
Ingroup Aradidae Aradacanthia heissi HQ441233
Aradus compar NC_030362
Aneurus similis NC_030360
Cydnidae Macroscytus gibbulus NC_012457
Adrisa magna NC_042429
Scoparipes salvazai MF614955
Pentatomidae Eurydema dominulus NC_044762
Palomena viridissima NC_050166
Eysarcoris guttigerus MNB831205
Arma custos MT535604
Pentatoma semiannulata MT985377
Colobathristidae Phaenacantha marcida EU427342
Rhyparochromidae Panaorus albomaculatus NC_031364
Malcidae Malcus inconspicuus EU427339
Lygacidae Kleidocerys resedae KJ584365
Pyrrhocoridae Dindymus rubiginosus NC_042439
Euscopus rufipes NC_042436
Melamphaus faber NC_042435
Dysdercus decussatus NC_042438
Antilochus coquebertii NC_042441
Rhopalidae Stictopleurus subviridis EU826088
Myrmus lateralis MN412595
Chorosoma macilentum MN412594
Aeschyntelus notatus EU427333
Corizus sp. KM983397
Alydidae Riptortus pedestris EU427344
Neomegalotomus parvus MG253274
Coreidae Hydaropsis longirostris EU427337
Clavigralla tomentosicollis KY274846
Acanthocoris sp. MF497707
Enoplops potanini MF497720
Leptoglossus membranaceus MF497724
Anoplocnemis curvipes KY906099
Mictis tenebrosa MF497729
Pseudomictis brevicornis MF497732
Molipteryx lunara MF497721
Noropreryx soror KX505857

In this study, we sequenced and annotated the complete mitogenome of M. later-
alis. We examined the genomic features, nucleotide composition, codon usage, RNA
secondary structure, evolutionary pattern of 13 PCGs and characteristics of the con-
trol region. Finally, we evaluated the phylogenetic relationship of the mitochondrial
sequence data at different taxonomic levels.

Material and methods
Sampling, DNA extraction and sequencing
Adult specimens of Myrmus lateralis were collected from Jincheng City, Shanxi Prov-

ince, China on 20 July 2014. Specimens were preserved in 100% ethanol and stored
at =20 °C. The genomic DNA was extracted from leg muscles using a ONE-4-ALL
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Genomic DNA Mini-Prep Kit (BS88504; Sangon, Shanghai, China) according to the
manufacturer’s protocols. The mitogenome was sequenced using the whole-genome
shotgun method on an Illumina Miseq platform (Personalbio, Shanghai, China). Af-
ter filtering low-quality and adapter contaminated reads, A5-miseq version 20150522
(Colil et al. 2015) was used for contig assembly.

Gene annotation and sequence analysis

Sequence annotation was performed using Geneious 10.1.3 (Kearse et al. 2012) and
the MITOS web server (Bernt et al. 2013). Annotations of 13 protein-coding regions
were edited manually by predicting open reading frames using the invertebrate mi-
tochondrial code. The secondary structures of the tRNA genes were predicted with
tRNAscan-SE web server (http://lowelab.ucsc.edu/tRNAscan-SE/) (Tamura et al.
2013). The identification of rRNA genes was performed based on their putative sec-
ondary structures and by comparing nucleotide sequences with those of previously
reported mitogenomes. The control region was identified through the boundary of
neighboring genes. The number of tandem repeats of control region was investigated
with Tandem Repeats Finder (http://tandem.bu.edu/trf/trf.heml) (Benson 1999) and
the presence of stem-loop was predicted by Mfold Web Server (http://mfold.rna.al-
bany.edu) (Zuker 2003). The annotated mitogenome sequence of Myrmus lateralis has
been submitted to GenBank under the accession number MN412595.

The base compositions, codon usages, and relative synonymous codon usage
(RSCU) values were calculated by MEGA 6.0. AT and GC skew were calculated by the
following formulae: AT skew = (A-T)/(A+T) and GC skew=(G-C)/(G+C). To analyse
the evolutionary patterns of the 13 PCGs, the rates of nonsynonymous substitution
(Ka), the rates of synonymous substitution (Ks), and the ratio of Ka/Ks for each gene
were calculated by the software DnaSP 5.0 (Librado and Rozas 2009).

Phylogenetic analyses

In addition to the mitogenome newly sequenced here, 37 other mitogenomes were
taken from Genbank for the phylogenetic analyses (Table 1). The nucleic acids of 13
PCGs and two rRNAs were extracted by Geneious 10.1.3 and aligned with the Muscle
algorithm in MEGA 6.0. Finally, the individual alignments were concatenated to make
the datasets of PCG+rRNA (nucleotide alignment including 13 protein-coding genes
and two rRNA genes) with SequenceMatrix (Vaidya et al. 2011).

The dataset was used to reconstruct phylogenetic trees under Bayesian inference (BI)
and maximum likelihood (ML) using MrBayes 3.2.6 (Ronquist et al. 2012) and RaxML
8.0.2 (Stamatakis 2015) respectively. BI analysis was performed using a TVM+I+G
model selected by jModeltest (Darriba et al. 2012). Two independent runs of four
Markov Chains Monte Carlo (MCMC) chains in parallel for 5,000,000 generations
were applied and sampled every 1,000 generations. Tracer 1.7 (Rambaut et al. 2018)
was used to analyze the trace files from the Bayesian MCMC runs. Stationarity was
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considered to be reached when ESS (estimated sample size) value above 100 as MrBayes
suggested. The first 25% of sampled trees were discarded as burn-in, and the remaining
trees were used to calculate a 50% majority rule consensus tree. The ML tree was con-
structed using the GTR+I+G model, and nodal support values were evaluated through
an ultrafast bootstrap approach, with 10,000 replicates.

Results

Genome organization

The 17,309 bp mitochondrial genome of Myrmus lateralis was determined to be a typi-
cal circular nucleotide molecule, consisting of 13 PCGs, 22 tRNA genes, two rRNA
genes, and a putative control region (Table 2). For the gene arrangement, 23 genes (nine
PCGs and 14 tRNAs) were found on the majority strand and 14 genes (four PCGs, eight
tRNAs, and two rRNAs) were found on the minority strand. In addition, the mitog-
enome contains 10 gene overlaps totaling 37 bp and ranging from 1 to 8 bp; the longest
overlap is being found between 772 Wand ##C. Thirteen intergenic spacers equal to 77 bp
were observed, ranging from 1 to 18 bp, the longest being found between #7252 and nad1.

Nucleotide composition and codon usage

The mitochondrial genome of M. lateralis was strongly biased toward A+T (75.8%)
in nucleotide composition, with 75.5%, 75.7%, 71.3%, and 74.8% A+T content in
PCGs, rRNAs, tRNAs, and control regions, respectively. The nucleotide composition
and skewness of the mitogenome is shown in Table 3. The three codon positions of
PCGs possessed different A+T content; the third site had the highest value (80.1%),
whereas the second site had the lowest (74.3%). The mitogenome had more A and
G content than T and C, with a positive AT-skew (0.092) and a negative GC-skew
(—0.165). The AT-skew of PCGs and three codon positions were all negative, —0.018
in PCGs, —0.214 in the first, —0.050 in the second, and —0.099 in the third codon
positions. The GC-skew of PCGs (0.033) and the second codon position (0.127) was
slightly and moderately positive, respectfully, while the first and third codon positions
were both negative (—0.018 and —0.020, respectively). AT-skew values for the tRNA
and rRNA genes were both negative (-0.057 and —0.001, respectively), while the GC-
skew was obviously positive for tRNAs (0.292) and slightly positive for rRNAs (0.019).

Relative synonymous codon usage (RSCU) values of the 13 PCGs were calculated
based on 3633 codons (Fig. 1). UUU (E Phe), UAU (Y, Tyr), UUA (L, Leu2), and
AUU (I, Ile) were the most frequently used codons, accounting for 28.24% of all co-
dons. All synonymous codons ending with A or U were more frequent than those end-
ing with C or G, except in three cases: CGG (RSCU = 0.97) was used more than CGU
(RSCU = 0.55) for Arg, AGG (RSCU=1.03) was used more than AGA (RSCU = 0.99)
for Serl, and GGG (RSCU=1.27) was used more than GGU (RSCU = 1.12) for Gly.
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Table 2. Organization of the mitochondrial genome of Myrmus lateralis.

Gene Strand Size(bp) Position Intergenicnucleotides(IGN)  Antico- Codons
Start Stop don Start  Stop
ol ] 66 1 66 0 GAU  —  —
mQ N 69 64 132 2 G — —
trnM ] 69 137 205 4 CAU — —
nad?2 ] 985 207 1191 1 — ATG T
trnW ] 63 1204 1266 12 UCA — —
trnC N 62 1259 1320 -8 GCA — —
mnY N 64 1321 1384 0 GUA — —
cox1 ] 1539 1387 2925 2 — TTG TAA
trnl 2U0R J 66 2921 2986 5 UM — —
cox2 ] 676 2987 3662 0 — ATT T
trnK ] 72 3663 3734 0 CUU — —
trnD ] 65 3738 3802 3 GUC — —
atp8 ] 162 3803 3964 0 — ATA TAA
atp6 ] 669 3958 4626 -7 — ATG  TAA
cox3 ] 790 4626 5415 -1 — ATG T
trnG ] 63 5413 5475 -3 uccC — —
nad3 ] 349 5476 5824 0 — ATA T
trnA ] 63 5825 5887 9 UGC — —
trnR ] 64 5891 5954 3 UCG — —
trnN ] 66 5954 6019 -1 GUU — —
trnS14°N ] 69 6023 6091 3 GCU — —
1k J 64 6091 6154 -1 e —  —
trnF N 66 6154 6219 -1 GAA — —
nads N 1702 6220 7921 0 — ATA T
trnH N 63 7931 7993 9 GUG — —
nad4 N 1317 7994 9310 0 — ATG TAA
nad4l N 288 9304 9591 -7 — ATT TAA
trnT ] 62 9594 9655 3 UGU — —
trnP N 64 9656 9719 0 UGG — —
nad6 ] 483 9728 10210 8 — ATA TAA
oytB ] 1137 10210 11346 -1 — ATG TAG
trnS2VN ] 69 11345 11413 -2 UGA — —
nadl N 927 11432 12358 18 — ATT TAA
trnl 1€V N 67 12359 12425 0 UAG — —
rrnl N 1261 12426 13686 0 — — —
trnV N 69 13687 13755 0 UAC — —
rrnS N 967 13756 14722 0 — — —
Control region 2587 14723 17309 0 — — —

Note: ] refers to major strand; N refers to minus strand

Table 3. Nucleotide composition and skewness of the Myrmus lateralis mitochondrial genome.

Feature T% C% A% G% A+T% AT-skew GC-skew
Whole genome 34.4 14.1 41.4 10.1 75.8 0.092 -0.165
PCGs 42.2 11.8 33.3 12.6 75.5 -0.118 0.033
PCGs-1* 44 14.1 28.5 13.6 72.5 -0.214 -0.018
PCGs-2 39 11 35.3 14.2 74.3 -0.05 0.127
PCGs-3 44 10.4 36.1 10 80.1 -0.099 -0.02
tRNAs 40 8.6 35.7 15.7 75.7 -0.057 0.292
rRNAs 35.7 14.1 35.6 14.7 71.3 -0.001 0.019

Control region 35 15.9 39.8 9.4 74.8 0.064 -0.257
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Figure 1. The relative synonymous codon usage (RSCU) in the Myrmus lateralis mitogenome.

Protein coding genes

In the M. lateralis mitogenome, nine PCGs were located on the J-strand (majority
strand) and four PCGs were located on the N-strand (minority strand). The PCGs had
a total length of 11,024 bp that accounted for 63.69% of the complete mitogenome.
Among the mitochondrial proteins, Leu (16.67%), Phe (11.02%), and Tyr (9.58%)
were the most frequent amino acids.

Most PCGs started with a typical ATN codon; five started with ATG (nad2,
atp6, cox3, nad4, and cytb), four with ATA (atp8, nad3, nad5, and nad6), and three
with ATT (cox2, nad4L, and nadl). The only unusual initiation codon was TTG in
coxI. Among the 13 PCGs, seven genes ended with the complete stop codon TAA
(cox1, atp8, atp6, nadl, nad4, and nad4L) or TAG (cytb), whereas five genes ended
with the partial termination codon T (nad2, cox2, cox3, nad3, and nad5).

The evolutionary patterns of the 13 PCGs were analyzed and shown in Figure 2.
The highest values for both Ka and Ks were observed for a8 and cytb. atp8 exhibited
the highest Ka/Ks value, whereas coxI exhibited the lowest. The Ka/Ks values for all 13
PCGs were below 0.29.



20 Wangqing Zhao et al. / ZooKeys 1070: 13-30 (2021)

0.5 =

Bks [Hka []kaks

0.4

0.3 <

0.2 + _

0.1 H

0.0 - L
atp6 atp8 coxl cox2 cox3 cytb nadl nad2 nad3 nad4 nad4L nad5 nad6

Figure 2. The rates of nonsynonymous substitution (Ka), the rates of synonymous substitution (Ks), and
the ratio of Ka/Ks for each PCGs of Myrmus lateralis mitogenome

Transfer RNAs and ribosomal RNAs

A total of 22 tRNA genes were encoded by the M. lateralis mitogenome, ranging from
62 bp (zrnC and rnT) to 72 bp (#rnK) in length (Table 2). Eight tRNA genes (z72Q,
trnC, trnY, trnk; trnH, trnP trnL1YN and trnV) were encoded on the N-strand; the
remaining 14 genes were encoded on the J-strand. The 22 tRNA genes had a total
length of 1,445 bp, accounting for 8.34% of the complete mitogenome. The predicted
secondary structures are shown in Figure 3. All tRNA genes could be folded into typi-
cal cloverleaf secondary structures, except for #7251 and #nV, in which the necessary
dihydrouridine (DHU) arms were replaced with a simple loop. A total of 16 wobbled
G-U pairs were found (six in acceptor stems, eight in DHU stems, one anticodon
stems, and one in TWC stems) that formed weak bonds in the tRNA:s.

The large 1,261 bp 77nL gene was located between #rnL1 ““Y and #rnV, and the
small 967 bp 7718 gene was located between #7721 and the control region. The second-
ary structures of both the 777L and 7718 genes are shown in Figures 4, 5. The secondary
structure of the 777L gene contained five domains (I, II, IV, V, VI); domain III was
absent, whereas the 7725 gene consisted of three domains (I, II, III). Both rRNAs in-
cluded many mismatched base pairs, most of which were G-U.
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Control region

The 2587 bp mitochondrial control region of M. lateralis was located between the
rrnS gene and zrnl. The A+T content (74.76%) was higher than the G+C content
(25.24%), with a positive AT-skew and a negative GC-skew. In the control region,
tandem repeat sequences, polyT stretch, polyA stretch, stem-loop structure, tandem
repeats, and G(A)_ motif were commonly found. Based on these features, we identified
the following important elements: a 13 bp polyT stretch, a G(A),T sequence, an AT-
AGA motif, and a 9 bp polyA stretch. In addition, a stem-loop structure was observed
at the end of the control region (Fig. 6). Although no longer tandem repeat sequences
were identified, stretches of T(A), occurred many times.

Phylogenetic analyses

We conducted phylogenetic analyses based on the nucleotide sequences of the
PCG+rRNA from eleven families within five superfamilies; one species from the Nabi-
dae (damsel bugs) was used as an outgroup. The dataset contained 14,128 nucleotide
sites from these 38 taxa. The Bl and ML analyses generated identical phylogenetic results
with most posterior probabilities (PP) of one and bootstrap pseudoreplicates (BP) of
100 (Fig. 7). Pentatomoidea, Lygacoidea, Pyrrhocoroidea, and Coreoidea, the trichoph-
orans, were all monophyletic and highly supported in both analyses (PP > 0.85 and
BP > 92). A sister relationship between Coreoidea and Pyrrhocoroidea was recovered,
and Pentatomoidea formed a sister group with the other superfamilies of the remain-
ing Trichophora. Both analyses provided robust support (PP > 0.95 and BP > 85) for
three families within Coreoidea: Alydidae was closer to Coreidae than Rhopalidae. Sub-

| |
5-T-A-T-T-A-C-G-A-T-A-3

Figure 6. The stem-loop of control region in the Myrmus lateralis mitogenome.
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Figure 7. The phylogenetic relationships of PCG+rRNA using BI and ML methods. Numbers above
each node indicate Bayesian posterior probabilities values and ML bootstrap values.

families of Coreidae were also supported with an internal relationship of ((Hydarinae
+ Pseudophloeinae) + Coreinae) (PP > 0.77 and BP > 75). Among Rhopalinae species,
Stictopleurus subviridis Hsiao, 1977 was identified as sister to a group of other Rhopali-
nae species (PP = 0.99 and BP = 100). M. lateralis was close to Chorosoma macilentum
Stél, 1858 (PP = 1 and BP = 100) and they both belonged to the tribe Chorosomatini.

Discussion

In this study, we sequenced the mitogenome of Myrmus lateralis and built the molecular
phylogenetic relationships with 37 other heteropteran taxa. The mitogenome was found
to be 17,309 bp long, with 37 genes arranged consistent with other species of Hemip-
tera (Song et al. 2012; Li et al. 2017; Zhao et al. 2021). The control region represented
the largest reported non-coding region for insect mitogenomes owing to its various mo-
tifs and tandem repeats (Cook et al. 1999; Li et al. 2015). Although the 2587 bp long
control region possessed several elements, such as a polyT stretch, a G(A) T sequence,
an ATAGA motif, a stem-loop, and a polyA stretch, tandem repeats were not observed.



Mitochondrial genome of Myrmus lateralis 25

The present study analyzed the initiation and termination codons of the 13 PCGs.
The majority of PCGs used common start codons (ATN), except for cox/, which was
initiated with TTG, a frequently used start codon in heteropteran mitogenomes (Quek
et al. 2021; Zhao et al. 2021). The partial termination codon T was found in 7nad?2,
cox2, cox3, nad3 and nad5. Some researchers have proposed that the incomplete ter-
mination codon could be completed via post-transcriptional polyadenylation (Ojala et
al. 1981). Among the synonymous codons, codons ending with an A or U were more
frequent than those ending in a G or C and were also observed in other heteropteran
species (Zhao etal. 2019; Li et al. 2021). In this study, the lowest evolutionary rate was
observed in cox!, indicating that this gene can be effectively used as a DNA barcoding
marker. The Ka/Ks values for all 13 PCGs were far less than one, indicating that all
of the PCGs evolved under purifying selection, thus, they can be used to investigate
phylogenetic relationships.

Although many studies have reconstructed phylogenetic relationships among
members of Pentatomomorpha, the relationships of different levels are still ambiguous
(Li etal. 2005; Liu et al. 2019; Souza-Firmino et al. 2020; Kaur and Singh 2021). The
results from previous research were congruent with the result that Trichophora includes
four superfamilies of Pentatomomorpha except Aradoidea, and with the monophyly
of four superfamilies of Trichophora (Henry 1997; Hua et al. 2008; Yuan et al. 2015;
Song et al. 2019). Hua et al. (2008) and Liu et al. (2019) supported Pentatomoidea as
the basal group of Trichophora and Coreoidea as a sister group to Lygaeoidea based on
mitochondrial genomes. The superfamilies Coreoidea and Pyrrhocoroidea were sup-
ported as sister taxa based on cladistic analysis (Henry 1997), as well as 37 mitochon-
drial genes analysis (Yuan et al. 2015). Whereas our mitogenomic data showed that
Coreoidea and Pyrrhocoroidea were sister groups based on ML and BI analyses using
the PCG+rRNA dataset. This result from our study was consistent with that from the
study of Song et al. (2019) based on relationship analysis of Pentatomomorpha PCGs.

At the family level, Rhopalidae was found to be a sister group to Alydidae +
Coreidae. This relationship, based on mitogenomes, was consistent with that based
on cladistic analysis by Li (1996) and Henry (1997). Despite the availability of nu-
merous species, the classification patterns for the family Coreidae were weak in terms
of both morphology and molecular data (Bressa et al. 2008; Forthman et al. 2019;
Froeschner 2019). In this study, Hydarinae and Pseudophloeinae grouped the sister
cluster. However, due to the limited samples, the relationships among Coreidae needs
more studies in the future.

Previous studies on the classification of Rhopalinae came to a variety of conclu-
sions and the positions of some species were not clear (Schaefer and Chopra 1982;
Liu 1994; Aukema and Rieger 2006). The hypothesis that the genus Stictopleurus
belongs to the Rhopalini tribe was corroborated based on morphological studies by
Aukema and Rieger (2006). However, it did not group together with other Rhopalini
species in this study. The monophyly of Rhopalini should be explored in the future

studies with additional specimens.
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Conclusions

The complete mitogenome of the scentless plant bug Myrmus lateralis was sequenced
using next-generation sequencing technologies, providing the fifth mitogenome se-
quence from approximately 230 species of Rhopalidae. The nucleotide composition,
codon usage, RNA structures, and protein-coding genes evolution were analyzed in
our paper. The mitogenome of M. lateralis revealed the phylogenetic position of Myr-
mus. However, more mitogenomes should be sequenced to investigate the mitogenom-
ic evolution and phylogenetic relationships of Rhopalidae.
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Abstract

The species of the genus Hylcalosia Fischer, 1967 (Braconidae: Alysiinae) from South Korea are revised.
One species, Hylcalosia bicolor sp. nov., is new to science. They are described and illustrated herein and
an identification key to the Korean species is added. In addition, the DNA barcode region of the mito-
chondrial cytochrome c oxidase subunit I (COI) has been analysed for the new species and H. sutchanica
is used for genetic comparison.
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Introduction

The subfamily Alysiinae, which is one of the large taxa in the family Braconidae, occurs
worldwide and contains over 2,440 valid species (Yu et al. 2016). In Korea, 180 species
in 21 genera are listed in the National Species List of South Korea (NIBR 2019). This
group can be discriminated from other subfamilies by having non-overlapping mandi-
bles and is subdivided into two tribes, Alysiini and Dacnusini, which are distinguished
from each other by the presence or absence of fore wing vein r-m, respectively (Shaw
and Huddleston 1991). Alysiinae are known as koinobiont endoparasitoids of dipteran
larvae, characteristically using their mandible (with three or four teeth, rarely more or
less) to break open the puparium of the host.

Hylcalosia Fischer, 1967 is a small genus of Alysiinae, which includes 18 species
(Yu et al. 2016, Yao et al. 2020). This genus is easily diagnosed by the rugose or granu-
lated second and third metasomal tergites combined by the acutely protruding clypeus
and enlarged upper valve of the ovipositor (van Achterberg 1983). Fischer (1967)
re-described the type species from Myanmar Holcalysia ruficeps Cameron, 1910. Van
Achterberg (1983) revised the genus Hylcalosia and described two new species: H.
maetoi and H. hemiflava from Japan and Indonesia, respectively. Belokobylskij (1992)
added two new species from Russia: H. hymaenei and H. sutchanica. Papp (1994) de-
scribed H. adsimilis from North Korea and Chen & Wu (1994) H. complexa from
China. Fischer (2008) added H. laosensis as a new species from Laos and Zheng et al.
(2012) H. ventisulcata as a new species in China. Belokobylskij (2015) revised the Rus-
sian Hylcalosia species and synonymised H. adsimilis with H. sutchanica, reported H.
maetoi from South Korea and described a new species, H. livadiae. Finally, four new
species (H. carinata, H. melasaraia, H. poricrenulata and H. verticalis) were described
from China by Zhu et al. (2018) and five new species (H. bothynis, H. dichromata, H.
eurykephale, H. leura and H. perkna) from Thailand by Yao et al. (2020).

In this study, we present new morphological characters and the barcoding se-
quences of the COI region of H. bicolor sp. nov. and one previously-recorded species,
H. sutchanica. Descriptions, diagnoses, an identification key and photographs of the
diagnostic characters are provided.

Materials and methods

Samples used in this study were collected with Malaise traps in South Korea at the
DMZ Botanical Garden, Mandae-ri, Hacan-myeon, Yanggu-gun, Gangwon-do. Sort-
ing and preparation were done at the Animal Systematics Lab. (ASL), Department of
Biology, Kunsan National University (KSNU) at Gunsan. For morphological identifi-
cation, Zhu et al. (2017, 2018) and Yao et al. (2020) were used. Morphological char-
acters were observed with a Leica M205C stereomicroscope. The Taxapad database (Yu
et al. 2016) was used for references. We followed the terminology of Wharton (2002)
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and van Achterberg (1993). The type specimens are deposited in Korea National Ar-
boretum (KNA).

A LEICA DMC2900 digital camera and a LEICA M205C stereomicroscope (Leica
Geosystems AG) were used for photography and several pictures were taken for each
height using multi-focusing technology. LAS V4.11 (Leica Geosystems AG, Wetzlar, Ger-
many) and HeliconFocus 7 (Helicon Soft, Kharkiv, Ukraine) software were used for stack-
ing work. After stacking work, illustrations were created using Adobe Photoshop CS6.

Extraction of DNA was done in ASL, KSNU. Whole genomic DNA was ex-
tracted from the specimens by using a DNeasy Blood & Tissue kit (QIAGEN Inc.,
Dusseldorf, Germany) following the manufacturer’s protocol. In order to conserve
morphologically-complete voucher specimens, the DNA extraction method was used
slightly modified from the ‘non-destructive method’ by Favret (2005) and ‘freezing
method’ by Yaakop et al. (2009). In the original protocol, the sample was crushed or
wounded and then soaked with 180 pl of buffer ATL + 20 pl of proteinase, followed
by three hours incubation at 55°C. In slightly modified DNA extraction methods,
samples were soaked with 180 pl of buffer ATL + 20 pl of proteinase K without
destroying the sample, followed by 20 minutes incubation at 55°C and then kept
in a freezer at -21°C overnight. After that, the general protocol was used for the
remaining steps. The primer-set of LCO-1490 (5-GGTCAACAAATCATAAAGA-
TATTGG-3’) and HCO-2198 (5-TAAACTTCAGGGTGACCAAAAAATCA-3)
was used to amplify approximately 658 bp as the partial front region of the COI.
The polymerase chain reaction (PCR) products were amplified by using AccuPow-
erH PCR PreMix (BIONEER, Corp., Daejeon, Korea) in 20 pl reaction mixtures
containing 0.4 pM of each primer, 20 uM of dNTPs, 20 pM of MgCl, and 0.05
pg of the genomic DNA template. PCR amplification was performed using a GS1
thermo-cycler (Gene Technologies, Ltd., Essex, UK) according to the following pro-
cedure: initial denaturation at 95°C for 5 min, followed by 34 cycles at 94°C for
35 sec; an annealing temperature of 48°C for 25 sec; an extension at 72°C for 45
sec and a final extension at 72°C for 5 min. The PCR products were visualised by
electrophoresis on a 1.5% agarose gel. A single band was observed, purified using a
QIAquick PCR purification kit (QIAGEN, Inc., Milan, Italy) and then sequenced
directly using an automated sequencer (ABI Prism 3730 XL DNA Analyzer) at Mac-
rogen Inc. (Seoul, South Korea).

Sequence alignments were performed in MEGA version 7 (Kumar et al. 2016)
with the ClustalW tool. To estimate the pairwise genetic distances, the P-distance
model was conducted using MEGA version 7.

Table 1. COI pairwise genetic distances between two Hylcalosia species from South Korea.

Hylcalosia sutchanica Hylcalosia bicolor

Hylcalosia sutchanica 0.00
Hylcalosia bicolor 0.091 0.00




34 Ju-Hyeong Sohn etal. / ZooKeys 1070: 31-40 (2021)

Results

A total of 563 bp of the COI barcode region were sequenced from H. bicolor sp. nov.
and H. sutchanica which were deposited in GenBank (accession numbers MZ717196,
MZ717194). Pairwise distances were estimated by using the P-distance model with the
option for pairwise deletion. As a result, . bicolor sp. nov. showed a fairly large genetic
difference of 6% from H. sutchanica.

Hylcalosia Fischer, 1967

Holcalysia Cameron, 1910: 6 [nec Cameron, 1905]; Shenefelt, 1974: 993. Type spe-
cies: Holcalysia ruficeps Cameron, 1910.

Hylcalosia Fischer, 1967: 125; Shenefelt, 1974: 993; Chen & Wu, 1994: 85; Beloko-
bylskij, 1998: 297; Zheng, Chen & Yang, 2012: 454; Belokobylskij, 2015: 530.
Type species: Holcalysia ruficeps Cameron, 1910.

Diagnosis. First flagellomere distinctly shorter than second (Figs 1B, 2B), eye slightly
oval and glabrous, clypeus triangularly protruding anteriorly (Figs 1E, 2E), labrum
small triangular shape, mandible with 3—4 teeth or lobes (Figs 1], 2J), maxillary palp
with 6 segments; notauli partially or completely present, scutellar sulcus distinct,
precoxal sulcus complete (Figs 1G, 2G); fore wing (Figs 1C, 2C) vein 2-SR slightly
bent, vein 2-SR shorter than vein 3-SR; hind wing vein 1-M longer than vein 1r-m;
propodeum largely rugose (Figs 1E 2F); second and third tergites rugose or granulated
(Figs 1H, 2H); tarsal claws rather slender (Figs 1K,L; 2K,L).

Biology. Unknown.

Distribution. Palacarctic (East) and Oriental Regions.

Key to species of Hylcalosia Fischer from Korea

1. Second metasomal tergite 1.4-1.5 times longer than third tergite (Fig. 3B); mesos-
cutum largely blackish or dark brown; medio-posterior depression of mesoscutum
short (Fig. 2F); [vein r of fore wing comparatively long (Fig. 2C)] .......cccccvvvveeneeee.
..................................................................... H. sutchanica Belokobylskij, 1992

—  Second metasomal tergite 1.1-1.2 times as long as third tergite (Fig. 3A); mesoscu-
tum largely red or reddish-brown; medio-posterior depression of mesoscutum long
(Fig. TF) ot 2

2. Head entirely black; vein r of fore wing comparatively short (Fig. 1C), 0.4 times
as long as maximum width of pterostigma (Fig. 1C); metasoma largely reddish-
brown; first metasomal tergite largely subparallel-sided (Fig. 1H); eye in dorsal
view about 1.7 times longer than temple (Fig. 1D) ................. H. bicolor sp. nov.

— Head (except stemmaticum) brownish-yellow; vein r of fore wing medium-sized,
0.9 times as long as maximum width of pterostigma; metasoma black; first tergite
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gradually widened posteriorly; eye in dorsal view about as long as temple...............
.......................................................................... H. maetoi van Achterberg, 1983

Hylcalosia bicolor Sohn & van Achterberg, sp. nov.
http://zoobank.org/ CBFECB61-CB8E-4847-9F08-9B360554BEDE
Figures 1A-L

Type material. Holotype. @ (KNA), Souts Korea, DMZ Botanical Garden, Man-
dae-ri, Haean-myeon, Yanggu-gun, Gangwon-do, 38°15'09.3"N, 128°06'40.6"E, 27
May—20 Jun 2017, Shin & Kim leg. GenBank accession no. MZ717196.

Comparative diagnosis. This species is similar to /. verticalis Zhu, van Achterberg
& Chen, 2018 from China because of the vertical vein r-m of fore wing, deep and
coarsely crenulate notauli, eye much longer than temple in dorsal view and second ter-
gite about as long as third tergite or slightly longer, but differs by having the hind tibia
yellowish-brown (largely blackish in H. verticalis), the third metasomal tergite (except
basally) largely smooth and, in lateral view, truncated apically (coarsely rugose and
rounded apically in H. verticalis), vein 1-r-m of hind wing shorter than vein 1-M (about
of equal length in H. verticalis), the pterostigma subparallel-sided apically (slightly wid-
ened in H. verticalis), vein 3-CU1 of fore wing comparatively short (long in H. vertica-
lis) and the precoxal sulcus wide medially (comparatively narrow in H. verticalis).

Description. ¢. Length of body in lateral view 2.6 mm, length of antenna 4.7 mm
and length of fore wing 2.9 mm.

Colour. Body (Fig. 1A) mainly reddish-brown; head black; antenna brown basally;
mandible reddish-brown. Head. Head (Fig. 1D) width 1.6 times median length in dor-
sal view. Antenna (Fig. 1B) 1.8 times longer than body in female, 43-segmented. First
flagellomere 0.7 times longer than second. Eye slightly oval, 1.1 times as long as wide
in lateral view. Width of face (Fig. 1E) 2.1 times its height from ventral rim of antennal
sockets to upper margin of clypeus; face with long setae. Eye in dorsal view 1.7 times
as long as temple. Ocello-ocular line (OOL) 4.5 times longer than diameter of anterior
ocellus; OOL:antero-posterior ocellar line (AOL):postero-ocellar line (POL) = 18:6:7.
Stemmaticum concave. Vertex smooth and shiny with groove. Mandible with four teeth
or lobes (Fig. 1]); dorsal tooth large and lobe-shaped; ventral tooth lobe-shaped, middle
of tooth curved. Medial length of mandible 1.7 times longer than maximum width. La-
brum small, 1.4 times longer than wide. Maxillary palp 0.5 times longer than mesosoma.

Mesosoma. Mesosoma (Fig. 1F) 2.0 times longer than wide in dorsal view: with
medio-posterior depression; notauli coarsely crenulate anteriorly and deeply impressed,
up to anterior level of medio-posterior depression (Fig. 1F); scutellar sulcus indistinct,
with two carinae and sparse setae; small basal bump on hind coxa. Propodeum (Fig.
1F) largely reticulate, 1.7 times longer than wide in dorsal view. Metapleuron anteri-
orly crenulate and with setae; precoxal sulcus (Fig. 1G) crenulated, with about nine
carinae. Fore wing (Fig. 1C) 2.4 times as long as wide; pterostigma long and robust,
3.4 times longer than wide; vein r of fore wing 2.6 times longer than wide and 0.4
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Figure 1. Hylcalosia bicolor sp. nov., @, holotype A body, lateral view B antennae € wings D head,
dorsal view E head, ventral view F mesosoma, dorsal view G mesosoma, lateral view H propodeum and
first metasomal tergite, dorsal view I ovipositor and hind leg, lateral view ] mandible, lateral view K hind

tarsus, dorsal view L hind tarsus, lateral view.
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times as long as maximum width of pterostigma; vein 1-M slightly bent; 2-SR+M not
sclerotised; veins 1-SR+M:2-SR = 9:12; veins 2-SR: r: 3-SR = 12:3:7; first subdiscal cell
of fore wing 2.8 times longer than wide. Hind wing veins M+CU:1-M:1r-m = 10:6:4.

Leg. Hind coxa compressed, 1.5 times longer than hind trochanter; hind femur
0.7 times longer than hind tibia and 8.0 times longer than wide; hind tibia 1.1 times
longer than hind tarsus, tarsal claws slender (Fig. 1L).

Metasoma. First tergite parallel-sided posteriorly, striate and 1.1 times longer than
its apical width (Fig. 3A); first tergite 0.9 times as long as second. Second tergite dis-
tinctly rugose and 1.2 times as long as third tergite, third tergite (except basally) largely
smooth (Fig. 3A). Setose part of ovipositor sheath (Fig. 1) 1.3 times longer than meso-
soma, 1.3 times metasoma, 1.3 times as long as hind tibia, with long setae.

Male. Unknown.

Distribution. South Korea.

Hylcalosia sutchanica Belokobylskij, 1992
Figures 2A-L

Hylcalosia sutchanica Belokobylskij, 1992: 148; 1998: 298; 2015: 538; Fischer, 2008:
722; Zheng et al., 2012: 455.

Hylealosia adsimilis Papp, 1994: 139; Belokobylskij, 1998: 298; Fischer, 2008: 722;
Yu et al., 2012; Zheng et al., 2012: 455. Synonymized by Belokobylskij (2015).

Material. 29 (KNA), Soutn Korea, DMZ Botanical Garden, Mandae-ri, Haean-
myeon, Yanggu-gun, Gangwon-do, 38°15'09.3"N, 128°06'40.6"E, 20 Jun—4 Jul
2017, Shin & Kim leg. GenBank accession no. MZ717194.

Re-description. @, length of body in lateral view 2.6-2.7 mm, length of antenna
4.1-4.3 mm and length of fore wing 2.7-2.9 mm.

Colour. Body largely blackish; head entirely black dorsally and anteriorly brown,
antenna reddish-brown and apically dark brown, mandible pale brown and apically dark
brown; first tergite reddish-brown and mesonotum entirely blackish or dark brown.

Head. Head (Fig. 2D) width 1.6 times median length in dorsal view. Antenna (Fig.
2B) 1.6 times longer than body, 40 or 42 segmented. First flagellomere 0.7 times as
long as second, second flagellomere 1.1 times longer than third. Eye slightly oval, 1.1
times as long as wide in lateral view. Width of face (Fig. 2E) 2.0 times its height from
ventral rim of antennal sockets to upper margin of clypeus; face with long setae. Eye
in dorsal view 2.4 times as long as temple. Ocello-ocular line (OOL) 4.0 times longer
than diameter of anterior ocellus; OOL:antero-posterior ocellar line (AOL):postero-
ocellar line (POL) = 12:5:5. Vertex smooth and shiny with groove. Mandible (Fig. 2])
with four teeth and setae; dorsal tooth large and lobe-shaped and distinctly surpassing
apex of first tooth, ventral tooth lobe-shaped, middle of tooth curved; second tooth
narrow and sharp with dark brown tip and separated from first tooth by incision in
lateral view. Medial length of mandible 1.7 times longer than maximum width. La-
brum small, 1.3 times longer than wide. Maxillary palp 0.7 times as long as mesosoma.
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Figure 2. Hylcalosia sutchanica Belokobylskij, 1992 @ A body, lateral view B antennae € wings D head,
dorsal view E head, ventral view F mesosoma, dorsal view G mesosoma, lateral view H propodeum and
first metasomal tergite, dorsal view | ovipositor and hind leg, lateral view ] mandible, lateral view K hind

tarsus, dorsal view L hind tarsus, lateral view.

Mesosoma. Mesosoma (Fig. 2G) 2.1 times longer than wide in dorsal view; notauli
moderately crenulated, but situated far from comparatively small medio-posterior de-
pression (Fig. 2F); scutellar sulcus with four carinae; laterally mesopleuron and meta-
pleuron with long setae, metapleuron distinctly rugose. Anterior half of propodeum
smooth, posterior of median carina reticulate-rugose (Fig. 2H), lateral view of propo-
deum not curved dorsally; precoxal sulcus (Fig. 2F) shallow and with 14 crenulae. Fore
wing (Fig. 2C) 2.4 times longer than wide; pterostigma long and thick, 3.4 times long-
er than wide; vein r of fore wing 2.9 times longer than wide; vein 2-SR slightly bent;
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Figure 3. Metasoma, dorsal view A Hylcalosia bicolor sp. nov. B Hylcalosia sutchanica Belokobylskij, 1992

vein 2-SR+M and r-m not sclerotised; veins 2-SR: r: 3-SR = 11:2:7; first subdiscal cell
of fore wing 1.5 times longer than wide. Hind wing veins M+CU:1-M:1r-m = 11:7:5.

Leg. Hind coxa smooth and 1.2 times longer than hind trochanter; hind femur 0.9
times as long as hind tibia and 8.5 times longer than wide; hind tibia 0.9 times longer
than hind tarsus, tarsal claws slender (Fig. 2L).

Metasoma. First tergite gradually widened posteriorly (Fig. 3B), striate and com-
paratively narrow, 1.1 times longer than its apical width; first tergite 0.8 times as long
as second tergite, second tergite 1.4—1.5 times longer than third and largely rugose and
third tergite largely rugose (Fig. 3B). Setose part of ovipositor sheath (Fig. 2I) 1.5 times
longer than mesosoma, 1.7 times longer than hind tibia and with medium-sized setae.

Distribution. Russia, China, Korea.
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Abstract

Here, I report a new species of the genus Neohagenulus Traver, 1938 from the Dominican Republic. The
genus was believed to be endemic to Puerto Rico until now. Neohagenulus hodeceki sp. nov. is described at
the nymphal stage. Some discussion on the tribe Hagenulini is also provided.
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Borinquena, Careospina, Hagenulus, morphology, new species, nymph, sexual dimorphism

Introduction

Nine genera of the family Leptophlebiidae have been found on four islands of the Greater
Antilles, Cuba, Hispaniola, Jamaica and Puerto Rico (Naranjo Lopez and Peters 2016)
and some of them are sometimes considered to be subgenera (Kluge 1994). Except for
Farrodes Peters, 1971, Hagenulopsis Ulmer, 1920 and Hagenulus Eaton, 1882, which
include species distributed in the continental Americas, all other genera are endemic to
the Greater Antilles. These are Borinquena Traver, 1938 with two species in Puerto Rico
and one in Cuba, Careospina Peters, 1971 with four species in Cuba and one in His-
paniola, Neohagenulus Traver, 1938 with three species in Puerto Rico and Poecilophlebia

Copyright Michel Sartori This is an open access article distributed under the terms of the Creative Commons Attribution License (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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Kluge, 1994, Traverina Peters, 1971 and Turquinophlebia Kluge, 1994, each with one,
two and one species endemic to Cuba, respectively (Naranjo Lopez et al. 2019).

Hispaniola is one of the less-studied for mayflies of the four islands. Two lep-
tophlebiid species are currently known, Hagenulus eatoni Banks, 1924 and Careospina
annulata Peters, 1971. The former is only known by the type series, which consists of
11 pinned females collected in 1912 at Diquini, Haiti and the latter is known only
by the holotype, a pinned male imago collected in 1934 from Mont La Hotte, Haiti.
Kluge (1994) considered the systematic position of C. annulata as unclear, pending the
description of the nymph to fix its status.

Here, I report the presence of the genus Neohagenulus on Hispaniola, from the
Dominican Republic, based on nymphs which are described as a new species. This is
the first species of this genus known outside of Puerto Rico.

Material and methods

The specimens have been collected in the Dominican Republic during a field trip
in summer 2021.

Nymphs were preserved in 100% ethanol. Nymphal habitus were photographed
using a Canon EOS 6D camera and the Visionary Digital Passport imaging system
(formerly available and distributed by Dun Inc., Virginia) and processed with Adobe
Photoshop Lightroom and Helicon Focus version 5.3.

Two nymphs were dissected in Cellosolve (2-Ethoxyethanol) with subsequent em-
bedding in Euparal medium and mounting on slides. Fore- and hind wingpads of a
submature female nymph were dissected and subimaginal wings examined. Microscop-
ic pictures were taken using an Olympus BX51 microscope coupled with an Olympus
SC50 camera; photographs were enhanced with Olympus Stream Basic 2.3.2 stacking
software and Adobe Photoshop version 21.2.2.

The material is deposited in the collections of the Museum of zoology, Lausanne
(MZL) and the Museo National de Historia Natural "Prof. Eugenio de Jesis Mar-
cano", Santo Domingo, Dominican Republic (MNHNSD).

Results

Neohagenulus hodeceki sp. nov.
http://zoobank.org/ FDBF727E-87FD-4120-9E62-BDBCECBA8659

Material. Holotype. DominicaNn RepuBLIC male nymph in ethanol, La Vega Prov-
ince, Valle Nuevo National Park, 18°52'01"N, 70°34'44"W, 12 Jul. 2021, ca 900 m
a.s.l., J. Hodecek leg. (GBIFCH00834690) [MZL] Paratypes. 5 nymphs in ethanol
[MNHNSD] (MNHNSD 11.05 - MNHNSD 11.09), 12 nymphs in ethanol (GBIF-
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Figure |. Neohagenulus hodeceki sp. nov., nymphal habitus A dorsal view B lateral view C ventral view.
Scale bar: I mm.
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CHO00834691), 2 female nymphs on slide (GBIFCH00604114-GBIFCH00604115),
same data as holotype. [MZL]

Other material. Dominican RepusLIc 1 nymph, La Vega Province, Armando
Bermuidez National Park, 19°04'02"N 70°51'50.7"W, ca 1100 m a.s.l., 15 Jul. 2021,
J. Hodecek leg. (GBIFCH00834694) [MZL]

Etymology. The new species is named after its collector, Dr Jifi Hodeé¢ek (CHUYV,
Lausanne), forensic entomologist.

Description. Nymph (not mature): body length up to 7 mm, cerci slightly longer
than body length, paracercus longer than cerci.

Coloration. Cuticular coloration evenly light brown on whole body; hypodermal
coloration as in Fig 1: head washed with grey, darker between ocelli, convex band
between antennae, upper portion of male eyes black; prothorax greyish laterally and
on posterior margin, mesothorax with blackish tracheation laterally, with maculae pos-
teriorly; legs light brown, apex of femora with blackish dots, tarsi darker than tibiae;
abdominal tergites I-V light brown with posterior black band larger laterally and with
two antero-submedian maculae, tergites VI-VIII greyish brown, posterior margin and
sagittal line light brown, tergite IX paler than previous ones, tergite X medium brown;
sternites uniformly light brown, last two darker; cerci uniformly light brown.

Mouthparts. Labrum (Fig 2A) larger than clypeus, about two times broader than
long, dorsally with two rows of long and thin setae, proximal row very close to distal
margin, tuft of long setae laterally, more abundant at anterolateral corner, ventrally with
two submedian fields of long and stout setae, antero-median emargination smooth,
with four equally sized denticles (Fig 2B). Mandibles outer margin regularly convex,
with tuft of small and thin setae in middle, with outer and inner incisors composed of
three teeth, outer margins slightly serrated, prostheca with stout and long process and
well-developed tuft of thin setae (Fig 2C). Maxillary palp three-segmented (Fig 2D),
second segment ca 1.25x length of segment 1, segment 3 conical, outer margin concave
near apex, ca 1.5x longer than wide and 0.50-0.60x length of segment two, crown of
the galea-lacinia with subapical setae arranged in two rows of 8-9 laterally and 11-12
centrally. Hypopharynx with lingua convex, with deep incision distally, lateral processes
well developed, but shorter than lingua, slightly curved inwards; superlinguae laterally
expanded, distal margin covered with long setae up to the tip (Fig 3B). Labium (Fig
3A) with narrow glossae, with stout setae at apex, paraglossae rhomboid, outer margin
almost straight, with numerous long setae laterally and apically; labial palp three-seg-
mented, first and second segments subequal in length, or segment two slightly longer,
third segment ca 0.35-0.40x length of segment two, 2.5-2.6x longer than wide.

Thorax. Forelegs with femora ca 2.5x longer than wide, outer margin with row
of very long and thin setae, together with apical and subapical rows of long, stout and
pointed setae, inner margin with subapical row of long and stout setae (shorter than
those on the outer margin), with small stout setae in proximal part, dorsal surface
with scattered small to medium-sized stout setae; tibiae shorter than femora, with
long and thin setae on outer margin, inner margin with several rows of stout small to
medium-sized setae; tarsi only with thin setae, claw moderately hooked, with a row
of 1214 teeth, increasing in size distally (Fig 3C). Midlegs similar to forelegs, except
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Figure 2. Neohagenulus hodeceki sp. nov. mouthparts A labrum in dorsal view B antero-median emar-
gination of the labrum € left mandible D maxilla. Scale bars: 0.2 mm (A, C, D); 0.05 mm (B).
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inner margin of tibiae with fewer stout setae. Hindlegs with femora almost 3x longer
than wide, similar to forelegs in ornamentation except outer margin with shorter and
less numerous thin setae; hind tibia shorter than femora, with outer margin covered
with long and thin setae, together with short and medium-sized stout and pointed
setae, inner margin with marginal row of short and submarginal row of longer stout
setae (Fig 3D). Fore wingpad markedly different between male and female nymphs:
in males, evenly brown with veins hardly visible (Fig 1A), in females with longitudinal
veins well marked, crossveins flanked with dark brown bands (Fig 4A); in both sexes,
base of wingpads tinted with brown in costal, subcostal and anal fields. Hind wingpad
very small, tinted with greyish brown at base, with costal process large and slightly
pointed, almost as long as the rounded apex of wing (Fig 4B).

Abdomen. Posterior margin of tergites I-III smooth, of segments IV-VIII with
small needle-like denticles, slightly increasing in size posteriorly, tergites IX and
X with triangular denticles; posterior margin of sternite IX concave in the middle
(Fig. 4C); posterolateral projections on abdominal segments II-IX, increasing in
size posteriorly (Fig. 4C); gills present on segments I-VII alike, each gill deeply
forked almost at base (Fig. 4D) with purplish longitudinal and lateral tracheations,
size of gills in decreasing order: II=V>III>IV=VI>I>VII. Cerci with whorls of small
setae at the end of each segment.

Male imago, female imago, eggs unknown.

Discussion

The new species is attributed to the genus Neohagenulus mainly based on the postero-
lateral projections present on abdominal segments II-IX. In the redescription proposed
by Peters (1971), these projections are present on segments III-IX for Puerto Rican
species; this is the main character to separate nymphs of Neohagenulus from those of
Careospina, where these projections are located on segments (V) VI-IX. Another close-
ly related (sub)genus is Boringuena, as defined by Kluge (1994), which possesses an
elongated third segment of labial palp, longer than half the length of second segment,
which is not the case in V. hodeceki (about one-third the length of second segment).

Another consideration for placement of the new species in the genus Neohagenulus
is the size of the costal projection on the hind wingpad, suggesting that the hind wing
of this species possesses a well-developed and long process. In Careospina, the costal
process is present and normally developed (Peters 1971: fig 29), whereas it is hypertro-
phied in Neohagenulus (Peters 1971: figs 34—42), reaching the apex of the wing. This
character can also be found in Borinquena (Kluge 1994: fig 53). All in all, morphologi-
cal differences between nymphs of Borinquena, Careospina and Neohagenulus are tiny;
in V. hodeceki, the length of the second segment of the maxillary palp is about 1.25x
the length of the first segment, a character which matches the diagnosis of Careospina
rather than that of Neohagenulus, where both segments are of equal size. These three
genera seem easier to separate at the male imaginal stage, based on the shape of the
hind wing, forceps and penes (Peters 1971; Kluge 1994).
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Figure 3. Neohagenulus hodeceki sp. nov. mouthparts and legs A labium B hypopharynx € claw D detail
of hind tibia. Scale bars: 0.2 mm (A=C); 0.1 mm (D)
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D

Figure 4. Neohagenulus hodeceki sp. nov. thorax and abdomen. A female fore wingpad B female hind
wingpad (same specimen) € abdomen in ventral view (arrows indicate posterolateral projections on seg-
ments [I-IX) D gill IV. Scale bars: 0.5 mm (A, D), 0.2 mm (B), 1 mm (C).
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Despite of this, V. hodeceki can be separated from species of Careospina (all known
from Cuba) and Borinquena (Puerto Rico and Cuba) at the nymphal stage by the num-
ber of posterolateral projections on the abdomen and from species of Neohagenulus (all
known from Puerto Rico), by the size of the second segment of the maxillary palp.

A remarkable character is the difference in the fore wingpad coloration between
male and female nymphs; this dimorphism is not reported within Neohagenulus
or Careospina species, although females often have costal and subcostal fields of
forewing more tinted than in males. This difference is nevertheless testified for the
species Hagenulus jamaicensis Peters, 1971 where male forewing is hyaline except
some crossveins “surrounded with brown clouds” at the tip of the wing, whereas the
female forewing exhibits almost all crossveins “surrounded with dark brown clouds”
(Peters 1971: figs 58, 61).

Among the tribe Hagenulini (sensu Monjardim et al. 2020) and according to
Kluge (1994), Hagenulus sensu lato, or Hagenulus/fg2, is composed of the follow-
ing taxa: Borinquena, Careospina, Hagenulopsis, Hagenulus s.s., Neohagenulus, Po-
ecilophlebia and Turquinophlebia, which form a monophyletic lineage. The genus
Borinquena is reported from Hispaniola only by fossil records from Dominican am-
ber, together with the extinct genus Hagenulites Staniczek, 2003 (Staniczek 2003;
Staniczek et al. 2017).

The fact that the genus Boringuena is known from Puerto Rico and Cuba by five
extant species and from Hispaniola by four extinct species indicates a larger distribu-
tion of the genus in the Miocene. Due to the lack of prospection on Hispaniola, it is
therefore possible that the genus is still present but overlooked. In any case, a better
understanding of the diversity of the tribe Hagenulini on Hispaniola is required before
any biogeographical or phylogeographic attempt.

Neohagenulus hodeceki is the third extant leptophlebiid species reported from His-
paniola, the first one for almost a century and the first one known at the nymphal stage.
Although I fully agree that the knowledge of the imaginal stages is of prime importance,
I think it is noteworthy to formally mention and describe this taxon due to the scarcity
of data on the leptophlebiids of Hispaniola. Considering the diversity reported for fish-
es (Rodriguez-Silva and Schlupp 2021) and caddisflies (Flint and Sikora 2004) for in-
stance, we might deduct that mayfly diversity in Hispaniola is greatly underestimated.
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Abstract

Two new species of Limnichidae beetles, Byrrhinus negrosensis sp. nov. and Byrrhinus villarini sp. now.,
are described from the Island of Negros in the Philippines. The adult specimens of the new species can be
differentiated by patterns of body punctation, colour and orientation of elytral pubescence, posterolateral
angle of pronotum, tarsomere length ratio and aedeagal form. Two clades, representing the two new spe-
cies, were retrieved in the Maximum Likelihood gene tree using the 3’-end of the COI gene. Maximum
genetic divergence within B. negrosensis sp. nov. and B. villarini sp. nov. were recorded to be 2.3% and
1.3%, respectively, while the mean interspecific divergence between the two new species was 19.7%.
Morphological descriptions, digital photographs and COI sequences were provided for the two species.
The state of knowledge of Byrrhinus is reviewed and an updated Philippine checklist is provided. By cou-
pling morphological and molecular data, this paper provides the first additional new species of Philippine
Byrrhinus in the last 28 years.
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Introduction

Byrrhinus Motschulsky, 1858 is the most speciose limnichid genus with currently at
least 87 species (Yoshitomi, unpublished data). Approximately 20% of known lim-
nichid species belong to the genus Byrrhinus. The distribution of the genus is pan-
tropical, but it is lacking or not yet recorded in some regions (Hernando and Ribera
2016). Currently, Byrrhinus is one of the two genera recorded in both the Old and New
Worlds, although notably absent in the Nearctic and Palearctic (Wooldridge 1987).

The distinguishing features of Byrrhinus include its elongate oval habitus and
deeply bisinuate pronotum and elytral base (Wooldridge 1987), as well as having a
spiculum which can be dismantled from the male aedeagus (Hernando and Ribera
2014b). Additionally, Byrrhinus species generally possess a long yellowish pubescence
and a densely punctured pronotum and metasternum. Like most members of Lim-
nichidae, larval and pupal stages of Byrrhinus are undescribed. The internal anatomy
was documented by Hinton (1939).

The genus was originally erected in 1858 to contain Byrrhinus latus Motschulsky,
1858 from India. Later on, Blackburn (1896), Sharp (1902) and Pic (1922, 1923)
described species from Australia, Africa and America and classified them in different gen-
era, including Eulimnichus Casey, 1889, “Notiocyphon Blackburn, 18967, “Cyphonichus
Sharp, 19027, “Byrrhininus Pic, 1922” and “Pelocherops Pic, 1923” with the last
four being synonymised with Byrrhinus. Some of the species originally described as
“Cyphonichus”, however, belong instead to genus Paralimnichus Deléve, 1973. Valuable
taxonomic revisions on the genus were undertaken by Champion (1923), Deléve (1973)
and Wooldridge (1987) who provided re-descriptions and a key to New World species.
Subgenera and species groupings were erected by Sat6 (1965) and Deléve (1968), respec-
tively, though these were not widely used in more recent publications. The most recent
contribution to the genus was a new species from Angola (Matsumoto 2021).

Currently, five Byrrhinus species have been recorded in the Philippines (Deléve
1973; Wooldridge 1993; Freitag et al. 2016), namely, B. convexus (Blackburn, 1896),
B. ferax Wooldridge, 1993, B. punctatus (Pic, 1922), B. subtestaceus Pic, 1923 and
B. tarawakanus Deléve, 1973. A key to Philippine species for Byrrhinus was provided by
Wooldridge (1993). Of the five species, two are not endemic to the country, namely B.
convexus which was recorded also from Australia and B. ferax which was also recorded
from Malaysia. Currently, the known distribution of Byrrhinus in the Philippines is
confined to the Islands of Luzon, Mindoro, Mindanao, Palawan and Tawi-Tawi with
many islands being under-surveyed. In fact, Freitag et al. (2016) note that the currently
known diversity of aquatic and riparian Coleoptera in the Philippines is less than half
of the totally expected number of species which is partly due to very uneven sampling
efforts throughout the Archipelago.

Species identification in limnichid beetles is challenging due to their cryptic nature
and subtle interspecific phenetic differences. Congeneric species are typically differentiated
through details in genitalia, pubescence and punctation. Thus, to accelerate species discov-
ery of the almost cryptic Byrrhinus fauna in a megadiverse locality, this study uses DNA
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sequences to complement morphological descriptions. This approach, referred to as inte-
grative taxonomy (Dayrat 2005; Will et al. 2005), has been performed in several aquatic
and riparian insect groups to fast-track biodiversity documentation (T4nzler et al. 2014;
Riedel and Tinzler 2016; Garces et al. 2020; Kodada et al. 2020; Sabordo et al. 2020).

This contribution presents two new species, Byrrhinus negrosensis sp. nov. and
Byrrbinus villarini sp. nov., as supported by morphological and genetic data. Both
species were collected from the Island of Negros in the central Philippine island group
of Visayas. Recent extensive and collaborative sampling by the Ateneo Biodiversity
Research Laboratory on this Island has led to the discovery of new aquatic insect spe-
cies (Garces et al. 2020; Kaltenbach et al. 2020a, 2020b; Komarek and Freitag 2020;
Sabordo et al. 2020).

Materials and methods

Taxon sampling

The organismic material used in this study was primarily retrieved in the scope of
the School of Science and Engineering Industry 4.0 Research Fund (SI4-013) project
on the freshwater macroinvertebrate diversity inventory by the Ateneo Biodiversity
Research Laboratory of the Ateneo de Manila University, Quezon City, Philippines
(AdMU). A light trap was set on riverbanks between 6:00 pm to 8:00 pm. Insects
attracted to the black light were manually collected and stored in vials with 95% etha-
nol. Specimens were stored in a freezer (—20 °C) prior to their examination. Collec-
tions of the Ateneo Biodiversity Research Laboratory from previous field works of the
second author were also examined and used for the molecular analysis of this study.

DNA extraction and sequencing

Isolation of DNA was performed using the Qiagen DNeasy kit (Qiagen, Hilden, Ger-
many) following the instructions of the manufacturer for animal tissues (Qiagen 2006).
For all successful extractions, amplification of the 3’-end of cytochrome ¢ oxidase subunit
I (COI-3) gene by polymerase chain reaction (PCR) was done using the primer pair Jerry
(5-CAACATTTATTTTGATTTTTTGG-3’) and Pat (5°-TCCAATGCACTAATCT-
GCCATATTA-3) (Simon et al. 1994). The PCR temperature progression was set as
180 s at 94 °C; 35 cycles of 30 s at 94 °C, 60 s at 50 °C, 90 s at 72 °C; 300 s at 72 °C.

Cleaning and sequencing of successful PCR products was done by Macrogen Europe.

Phylogenetic analysis

The sequences of both complementary strands were traced manually using CHRO-
MAS (Goodstadt and Ponting 2001) and their consensus sequences were generated
using the software BioEdit v.7.2.5 (Hall 1999). Their ends were trimmed to generate
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Table I. GenBank and BOLD accession numbers of COI-3” mtDNA sequences of specimens used in
this analysis.

Species Specimen code  Locality =~ Sex  GenBank BOLD GenSeq nomenclature

Byrrhinus negrosensis sp. nov. EDDI116 Negros  female OK316812 COLPHO052-21 genseq-2 COI
EDDI119 Negros male OK316811 COLPH053-21 genseq-2 COI
EDDI122 Negros male  OK316808 COLPH054-21 genseq-1 COI
EDDI123 Negros male OK316803 COLPH055-21 genseq-2 COI
EDD127 Negros male OK316809 COLPHO056-21 genseq-2 COI
EDD270 Negros male OK316807 COLPHO057-21 genseq-2 COI

Byrrhinus villarini sp. nov. EDDI113 Negros  female OK316817 COLPH058-21 genseq-2 COI
EDDI114 Negros male OK316815 COLPH059-21 genseq-2 COI
EDDI115 Negros male OK316804 COLPHO060-21 genseq-2 COI
EDDI121 Negros male  OK316813 COLPHO061-21 genseq-1 COI
EDD124 Negros male OK316818 COLPH062-21 genseq-2 COI
EDDI126 Negros male  OK316805 COLPHO063-21 genseq-2 COIL

Byrrhinus ferax Wooldridge, 1993 EDDO067 Mindoro  male OK316810 COLPHO064-21 genseq-4 COI

Byrrhinus sp. A EDDO057 Palawan ~ male OK316816 COLPHO065-21 genseq-4 COIL

Byrrhinus sp. B EDD105 Luzon male OK316806 COLPHO066-21 genseq-4 COI

Byrrhinus sp. C EDD112 Mindanao female OK316814 COLPHO067-21 genseq-4 COI

Byrrhinus sp. UPOL RK0663 Cameroon KX092882 GBCL40978-19

Byrrhinus sp. UPOL RK0664  Indonesia KX092889 GBCL40979-19

Byrrhinus sp. UPOL RK0727  Malaysia KX092888 GBCL40980-19

Limnichus sp. (outgroup) UPOL RK0666  Indonesia KX092883 GBCL40986-19

Limnichus sp. (outgroup) UPOL RK0725  Malaysia KX092886 GBCL40987-19

a complete matrix of all sequences used. All publicly available COI-3’sequences (Kun-
drata et al. 2017) for Byrrhinus, namely from Indonesia, Malaysia and Cameroon,
as well as for Limnichus spp., were downloaded from NCBI BLAST (Altschul et al.
1990). Limnichus, also a member of subfamily Limnichinae, was chosen to serve as
outgroup of the phylogenetic analysis (Table 1). All new and reference sequences were
aligned using MUSCLE 3.7 (Edgar 2004). Sequences generated from this study were
labelled as EDD### and were submitted to the Barcode of Life Database (BOLD;
https://www.doi.org/10.5883/DS-BYRRHNEG). Table 1 provides the BOLD and
NCBI GenBank accession numbers.

Generation of a Maximum Likelihood (ML) tree with bootstrap analysis for 1000
replicates, as well as genetic distance computation using Kimura-2-paramter (K2P)
model (Kimura 1980), was performed in MEGA 7 (Kumar et al. 2016). The ML tree
was constructed using the best-fitted substitution model which was GTR+G+I (InL =
-3885.57). Visualisation of relationships amongst less divergent sequences for new spe-
cies was done by constructing a TCS haplotype network (Clement et al. 2000) through
statistical parsimony analysis as implemented in PopArt (Leigh and Bryant 2015).

Morphological analysis

External morphology was examined by using an OLYMPUS SZ61 stereomicroscope
(Olympus, Tokyo, Japan). The terminal abdominal portion of the specimens was dis-
sected and treated overnight with lactic acid. The male aedeagi were then observed
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under an OLYMPUS CX21 compound microscope (Olympus, Tokyo, Japan). The
specimen and its genitalia were glued on to entomologic paper for vouchering pur-
poses. Photographs of vouchers were taken using a Canon EOS 6D with a macro
lens and were stacked in Helicon Focus Pro v.7.6.1 (Helicon Soft, Kharkiv, Ukraine)
and further processed using Adobe Photoshop CS6 (Adobe, San Jose, CA, USA). The
aedeagi were digitally drawn over microscopic photograph underlays using Inkscape
(GNU GPL, Boston, MA, USA).

Congeneric vouchers and type material at the Natural History Museum, Vienna,
Austria (NMW) and Institute of Evolutionary Biology, Barcelona, Spain (IBE) were
also examined.

Terminologies of the species’ descriptions follow the Limnichidae chapter of the
Handbook of Zoology/Coloeptera (Hernando and Ribera 2016). Type specimens of
the new species were deposited at the Philippine National Museum of Natural His-
tory, Manila, Philippines (PNM), Ateneo de Manila University, Quezon City, Phil-
ippines (AdMU) and Museum fiir Naturkunde Berlin, Germany (ZMB). Holotype
labels were quoted verbatim from specimen labels with backslashes (\) indicating
line break.

The following abbreviations were used:

a.s.l.  above sea level; EW  elytra width; TL total length.
BS bootstrap value; PL pronotum length;

EL elytra length; PW  pronotum width;

Results

DNA sequence analysis

The alignment of COI-3 sequences is composed of 723 bases with 221 parsimony-
informative sites and 281 variable sites. No sequence in the matrix contains gaps, inser-
tion, deletions or ambiguous sites. Sequences of Byrrhinus have low G-C concentration
(16.5-20.2% C, 15.6-16.2% G).

Two clades were retrieved from the Byrrhinus specimens from Negros (Fig. 1),
with each reciprocally monophyletic clade having representative specimens from two
rivers about 200 km apart. The first clade, described here as Byrrhinus negrosensis sp.
nov., is strongly supported (BS = 100, Fig. 1) with an intraspecific distance rang-
ing from 0 to 2.3% with an average of 1.3% (Table 2; Suppl. material 1: Table S1).
Meanwhile, the second clade, described here as Byrrhinus villarini sp. nov., is also
strongly supported (BS = 100), but the maximum intraspecific distance (1.3%) is
smaller than that in B. negrosensis sp. nov. The clade formed by B. villarini sp. nov.
and Byrrhinus sp. from Malaysia appears to be strongly supported (BS = 100), but
the genetic distance between the two populations averages at 5.9% (Table 2). The
interspecific distance between the two Negros species ranges from 19.0 to 20.7%
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Table 2. Mean genetic distance of Byrrhinus specimens, based on partial COI-3’sequences (in %).

# Identity n 1 2 3 4 5 6 7 8 9
1 Byrrhinus negrosensis sp. nov. 6 1.3
2 Byrrhinus villarini sp. nov. 6 19.7 0.4
3 Byrrhinus ferax Wooldridge, 1993 1 13.2 13.8 -
4 Byrrhinus sp. A 1 19.8 16.2 19.5 -
5 Byrrhinus sp. B 1 16.6 15.6 19.4 17.7 -
6 Byrrhinus sp. C 1 18.2 17.5 214 10.6 19.6 -
7 Byrrhinus sp. (Malaysia) 1 20.0 5.8 17.0 16.4 17.0 13.7 -
8 Byrrhinus sp. (Indonesia) 1 21.6 20.0 21.7 22.2 224 17.9 20.2 -
9 Byrrhinus sp. (Cameroon) 1 25.16  28.2 28.6 24.7 25.0 26.5 28.9 23.4 -
Byrrhinus negrosensis EDD116
5
Byrrhinus negrosensis EDD119
100 Byrrhinus negrosensis EDD270
Byrrhinus negrosensis EDD123
. Byrrhinus negrosensis EDD122
Byrrhinus negrosensis EDD127
Byrrhinus ferax EDDO67

Byrrhinus villarini EDD113
Byrrhinus villarini EDD114

%4 Byrrhinus villarini EDD121
Byrrhinus villarini EDD115
Byrrhinus villarini EDD124
Byrrhinus villarini EDD126

77 Byrrhinus sp UPOL RKO727 Malaysia
Byrrhinus EDDO57

100 Byrrhinus EDD112

Byrrhinus sp UPOL RK0664 Indonesia
Byrrhinus sp UPOL RK0663 Cameroon
Limnichus sp UPOL RK0666 Indonesia

74 Limnichus sp UPOL RK0725 Malaysia

A
005

100

100

Figure |. Maximum Likelihood gene tree using partial CO/-3’, based on GTR+G+I parameter, 1000
bootstraps. Only bootstrap support values > 70% are indicated.

(mean = 19.7; Suppl. material 1: Table S1). With the exception of B. villarini sp.
nov. and the sequence from Malaysia, the interspecific distance of the two new spe-
cies from Negros with other Philippine Byrrhinus (12.8-20.0%) and publicly avail-
able sequences of non-Philippine Byrrhinus (19.5-29.0%) ranges from moderately
high to high.
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Taxonomy

Family Limnichidae Erichson, 1847
Subfamily Limnichinae Erichson, 1847
Genus Byrrhinus Motschulsky, 1858

Byrrhinus negrosensis sp. nov.
http://zoobank.org/95SFDB6EI-6691-44BA-895A-D42954CA7086
Figures 2, 4, 5

Type locality. Philippines ® Negros Island, Negros Oriental, Valencia, Casaroro River,
in secondary vegetation; ca. 09°18'N, 123°14'E; ca.150 m a.s.l.

Type material. Holotype: PriLivrings * 4 (PNM: EDD122), “PHIL: Negros
Or., Valencia, \ Casaroro River, downstr., sec.veg.; \ ca. 09°18'N; 123°14'E; ca.150 m
a.s.1;\ 01 Sep. 2019, leg. Garces & Pelingen (655)L7; GenBank: OK316808; BOLD:
COLPHO054-21; EDD122, habitus and terminal parts of abdomen including genitalia
glued separately on to entomological card. Paratypes: PuiLirpings ¢ 303 (ADMU:
EDDI123, EDD127): same data as holotype; GenBank: OK316803, OK316809;
BOLD: COLPHO055-21, COLPHO056-21 ¢ 34d, 399: (ADMU: EDDII6,
EDDI119, EDD270; PNM; ZMB) “PHIL: Negros Occ., Murcia, \ Pandanon River,
sec.veg.; \ ca. 10°34'54"N; 123°10'30"E; ca. 440 m a.s.l.; \ 01 May 2019, leg. Freitag

Figures 2, 3. Habitus of new Byrrhinus species 2 Byrrhinus negrosensis sp. nov. 3 Byrrhinus villarini sp.

nov. Scale bar: 1 mm.
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etal. (650)L”; GenBank: OK316807, OK316811, OK316812; BOLD: COLPHO052-
21, COLPH053-21, COLPHO057-21.

Description. Body: (Fig. 2) elongate-oval, TL = 3.2 mm (2.9-4.1 mm), EW =
2.1 mm (1.8-2.3 mm), widest behind mid-leg; dorsal surface brown to dark brown;
body appendages slightly paler than body, moderately densely and evenly covered with
yellow—brown to brown, fine, quite long, mostly erect pubescence; antennae yellow-
brown to brown; femora and tibiae brown; tarsi brown.

Head: obscurely rugulose; broadly laminate over eyes; margins of frons grooved over
eyes; sides of frons with deep and well-marked pit-like depressions. Punctation minute,
sparse, slightly coarser near epistomal suture. Pubescence dense and erect in anterior
regions, sparse and recumbent posteriad. Eyes slightly convex, visible from above; upper
margin of eyes strongly bordered, margin anteriorly almost reaching insertion of anten-
nae, extending posterior of eyes although weaker. Surface of head posterior to eyes flat,
without depressions or fossae; surface with fine and sparse punctation, denser and coarser
on clypeus; surface between punctures smooth and shiny. Antennae moniliform, strongly
pubescent; pedicel oblong, brown, slightly darker than adjacent antennomeres; anten-
nomeres longer than wide, brown, darker distally, terminal antennomeres asymmetrical
and darker than pedicel; pubescence brown, of two series: first series composed of one to
two pairs of long and erect pubescence per antennomere, about as long as antennomere
and second series composed of denser, shorter, paler, recumbent pubescence.

Pronotum: transverse, slightly paler on sides than on disc, distinctly wider at base;
anterior margin of pronotum slightly concave, but almost straight between eyes, with-
out crenulations, bordered; lateral margins only slightly arched, posterolateral angle
75-80°, with prominent borders; posterior margin with a distinct double sinuation;
PL/PW =0.42 (0.40-0.43); PW/PL = 2.40 (2.30-2.51). Punctation dense, minute and
shallowly impressed; punctures larger than that of the head, denser at median line and
posterior margins, sparse near suture and anteriad; surface between punctures rugose.
Pubescence similar to the erect series of the head, denser on the anterior one-third of the
lateral margin, evenly spaced on the rest of the margin, very sparse to almost obsolete
and slightly decumbent proximally. Hypomeron flat, without depressions or fossae.

Elytra: EL/EW = 1.36 (1.30-1.43); EL/PL = 3.63 (3.63-3.85); EW/PW = 1.23
(1.16-1.27); TL/IEW = 1.78 (1.66-1.78), slightly less than 4.0 times longer than the
pronotum, widest at anterior 0.25; anterior margin of elytra bordered, bi-sinuately
articulated with pronotum; lateral margins slightly explanate in anterior half; apices
jointly rounded; humeral callus weak. Elytra with two series of punctation; first series
with nine or more perceptible and irregular rows of large, deeply impressed punctures;
punctures of medial five rows denser and more strongly impressed in anterior half;
increasingly scattered, finer and more shallowly impressed laterally and posteriorly;
intervals and interstices distinctly broader than punctures; second series of punctures
much smaller, densely and evenly distributed over entire elytra. Pubescence long,
yellowish-brown to brown, of two distinct types (erect and recumbent): erect series
on sides, slightly recumbent series on disc; erect series longer and denser; recumbent
series shorter, very sparse. Scutellum subtriangular, with irregular and densely punc-
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tured surface; with two series of punctation, few large and deeply impressed punctures,
numerous finer and shallowly impressed ones; pubescence erect, sparse. Metathoracic
wings well developed. Epipleura almost flat.

Ventral surface: punctation dense and almost uniform; pubescence brown,
minute, long, finer than on dorsal side, recumbent, dense and evenly distributed.
Prosternum  slightly impressed at the process; process narrow, punctation more
distinct at tip. Mesosternal ridge along posterior margins of mesosternum distinct.
Metasternum perforate at sides, with raised triangular, rugulose area behind mesocoxal
cavities; raised area comprising nearly half of surface; metasternal ridge along posterior
margin of metasternum faint laterally, well-developed medially. Abdominal punctation
finer at mid-line than at sides; surface between punctation with polygonal network,
with median pore. Intermetacoxal plate on ventrite I triangular, strongly acuminate.
Abdominal ventrite I with depressions for reception of metafemora and metatibiae;
ventrites I-1II connate, fused; ventrites IV-V without polygonal network; ventrite V
distinctly emarginate.

Legs: less than half of body length. Tibia brown, lateral margins darker, distal mar-
gin with comb of long spines; protibia very short, a little longer than half of either meso-
tibia and metatibia, lateral margin slightly concave, setae denser than on mesotibia and
metatibia; mesotibia with lateral margin curved more prominently in interior margins,
setae evenly distributed; metatibia almost twice as long as protibia, slightly longer than
mesotibia, lateral margins almost parallel, setae sparse and almost recumbent; apex of
mesotibia and metatibia smoothly and broadly curved. Tarsi 5-5-5, brown, paler towards
the apex, almost half as long as mesotibia; tarsomere length ratio ca. 1.0:1.0:1.0:1.0:4.0
(0.9-1.1: 0.9-1.1: 0.9-1.1: 0.9-1.1: 3.5-4.7); tarsomere 1 widest towards the apex, dis-
tal margin almost double the width of proximal margin, with dense comb of setae; tar-
someres 2—4 similar to tarsomere 1, but outer edge with long yellow spiny setae on both
sides, remaining portions with sparse minute setae; tarsomere 5 widest towards the apex,
almost triangular, with long robust spiny setae. Tarsal claws long, narrow, symmetrical.

Male genitalia: (Figs 4, 5) length 0.67 mm (0.65-0.71 mm), width 0.11 mm
(0.10-0.14 mm), very slender, strongly sclerotised; median lobe more exposed in ven-
tral view than dorsal view. Median lobe of aedeagus almost as long as parameres, sym-
metrical; apex flat, broad, most slender subapically, with pair of rows of short denticles
subapically (ventral view), convexly widened basally; basal portion wider than api-
cal portion. Parameres symmetrical; apices slender and moderately separated dorsally,
broader and converged ventrally, inner margin of parameres subparallel near tips, dis-
tinctly concave in the middle converging basally in V-shape; with tubular lobes pro-
truding medio-apically in apical third below the denticles of the median lobe, median
gap wider dorsally and exposing the full width of median lobe. Basal lobe asymmetri-
cal, with strongly sclerotised basal margins. Ventrite VIII U—shaped, with narrow api-
cal membranous lamina. Spiculum prominent.

Female genitalia: ovipositor relatively short (0.58—0.62 mm long), straight.

Differential diagnosis. In the elongate oval shape, the new species resembles sev-
eral species, including B. ferax and B. tarawakanus. Amongst the Philippine species, the
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range of size overlaps with B. subtestaceus and B. ferax. The protibia of B. negrosensis sp.
nov. is notably smaller than the mesotibia and metatibia. The male genitalia of B. negro-
sensis sp. nov. resembles that of B. ferax due to the medially parallel paramere apices,
which is quite uncommon in the Oriental members of the genus. Despite numerous
similarities, B. negrosensis sp. nov. differs from B. ferax in the dorsally V-shaped basal
fusion point of the parameres (Fig. 4), while the latter possesses a U-shape parameral
fusion. B. negrosensis sp. nov. varies by 13.2% mean genetic distance (723 bp COI-3’
mtDNA barcode) from the most similar B. ferax and by at least 16.1% from any other
Philippine congener with available barcode (Suppl. material 1: Table S1).

Distribution. This species is only recorded from the Island of Negros in the
Philippines.

Remarks. No external sexual dimorphism is observed. Teneral specimens are sig-
nificantly paler brown.

Etymology. The species is named after the Island of Negros from where the speci-
mens were collected.

Byrrhinus villarini sp. nov.
http://zoobank.org/45EC216F-0B75-4550-B9DEF-123B9672A7FA
Figures 3, 6, 7

Type locality. Philippines ® Negros Island, Occidental Mindoro, Murcia, Pandanon
River in secondary vegetation; ca. 10°34'54"N, 123°10'30"E; ca. 440 m a.s.l.

Type material. Holotype: PriLivpings * 3 (PNM: EDD121), “PHIL: Negros
Occ., Murcia, \ Pandanon River, sec.veg.; \ ca. 10°34'54"N; 123°10'30"E; ca. 440 m
as.l; \ 01 May 2019, leg. Freitag et al. (650)L”; GenBank: OK316813; BOLD:
COLPHO061-21; EDD121, habitus and terminal parts of abdomen including aedea-
gus glued separately on to entomological card. Paratypes: PuiLierines ¢ 33d,
499 (AdMU: EDD113, EDD114; PNM; ZMB: EDD115): same locality data as
holotype; GenBank: OK316804, OK316815, OK316817; BOLD: COLPHO058-
21, COLPHO059-21, COLPH060-21 * 333 (AdMU: EDD124, EDD126): “PHIL:
Negros Or., Valencia, \ Casaroro River, downstr., sec.veg.; \ ca. 09°18'N; 123°14'E; ca.
150 m a.s.l; \ 01 Sep. 2019, leg. Garces & Pelingen (655)L”; GenBank: OK316805,
0OK316818; BOLD: COLPH062-21, COLPH063-21.

Description. Body: (Fig. 3) ovoid, TL = 2.8 mm (2.2-2.9 mm), EW = 1.9 mm
(1.4-1.9 mm), widest behind mid-leg; dorsal surface very dark—brown to black; body
appendages slightly paler than body, moderately densely and evenly covered with
brown, fine, quite long, mostly erect pubescence; antennae yellow—brown; femora and
tibiae brown; tarsi dark yellowish, but darker on terminal ends of segments.

Head: obscurely rugulose; broadly laminate over eyes; margins of frons grooved
over eyes; sides of frons with deep and well-marked pit-like depressions. Punctation
minute, slightly coarser near epistomal suture. Pubescence brown, fine, quite long,
erect, more numerous and denser on the anterior region. Eyes slightly convex, visible
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Figures 4-7. Male aedeagi of 4, 5 Byrrhinus negrosensis sp. nov. (EDD122) and 6, 7 Byrrhinus villarini
sp. nov. (EDD121) in (4, 6) dorsal and (5, 7) ventral views. Scale bar: 0.25 mm.

from above; upper margin of eyes bordered; anterior margin almost reaching insertion
of antennae, extending posterior of eyes although weaker. Surface of head posterior
to eyes flat, without depressions or fossae; surface with fine and sparse punctation,
denser and coarser on clypeus; surface between punctures smooth and shiny. Antennae
moniliform, strongly pubescent; pedicel globular, brown, darker than adjacent anten-
nomeres; antennomeres longer than wide, yellow-brown; pubescence brown, uniform,
erect, mostly as long as antennomere.

Pronotum: transverse, black, with dark brown colouration on the sides, distinctly
narrower at base; anterior margin of pronotum straight, without crenulations, bor-
dered; lateral margins strongly arched, posterolateral angle ca. 50°, with prominent
borders; posterior margin with distinct double sinuation; PL/PW = 0.42 (0.40-0.44);
PW/PL = 2.40 (2.28-2.50). Punctation strong and deeply impressed, but sparse;
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punctures stronger than that of the head, larger at posterior margins, sparse near suture
and anteriad, surface very depressed at projections along posterior margin. Pubescence
similar to that on the head, slightly decumbent near the median line, denser at sides.
Hypomeron flat, without depressions or fossae.

Elytra: EL/EW = 1.41 (1.30-1.41); EL/PL = 4.14 (4.11-4.14); EW/PW = 1.20
(1.20-1.21); TL/EW = 1.75 (1.68-1.78); elytra slightly more than 4.0 times longer than
the pronotum; widest at anterior 0.2; anterior margin of elytra bordered, strongly bi-
sinuately articulated with the pronotum; lateral margins pronounced, finer towards apex;
apices jointly rounded; humeral callus weak. Elytra punctation of two series; first series
with nine or ten distinct and almost regular rows of large deeply impressed punctures;
increasingly scattered, finer, not as strongly impressed as in rows laterally and posteriorly;
intervals and interstices distinctly broader than punctures; second series of small punc-
tures moderately dense only and less conspicuous than in previous species. Pubescence
long, brown, with yellowish shade depending on illumination, of two distinct types: erect
series on sides, slightly recumbent series on disc; erect series longer and denser; disc series
shorter, sparse. Scutellum subtriangular, with few punctures and pubescence similar to
surrounding area of elytra. Metathoracic wings well developed. Epipleura almost flat.

Ventral surface: punctation dense and uniform; pubescence brown, minute, long,
finer than on dorsal side, recumbent, dense and evenly distributed. Prosternum slightly
impressed at the process; process narrow, punctation more distinct at tip. Mesosternal
ridge along posterior margins distinct. Metasternum minutely perforate at sides, with
raised triangular, rugulose area behind cavities; raised area comprising nearly half of sur-
face; metasternal ridge along posterior margin of metasternum faint laterally, well-devel-
oped medially. Abdominal punctation finer at mid-line than at sides; surface between
punctation with polygonal network, with median pore. Intermetacoxal plate on ventrite
I triangular, strongly acuminate. Abdominal ventrite I with depressions for reception
of metafemora and metatibiae; ventrites [-III connate, fused; ventrites [V-V without
polygonal network; ventrite V distinctly emarginate apically.

Legs: length less than half of body length. Tibia brown, lateral margins darker,
curved, with pre-apical comb of spines; metatibia slightly longer than protibia and
mesotibia; apex of mesotibia and metatibia slightly curved. Tarsi 5-5-5, dark yellow
to light brown, paler towards the apex, about two-thirds of length of tibia; tarsomere
length ratio ca. 1.2:1.0:1.0:1.0:2.9 (1.0-1.5: 0.8—1.0: 0.8-1.0: 0.8—1.0: 2.7-3.3); tar-
somere 1 brown, with parallel margins, widest towards the apex, with dense comb
of setae; tarsomeres 2—4 almost globular, outer edge with long yellow spiny setae on
both sides, remaining portions with sparse minute setae; tarsomere 5 more yellow than
brown, widest towards the apex, with at least three pairs of long robust spiny setae.
Tarsal claws long, narrow, symmetrical.

Male genitalia: (Figs 6, 7) length 0.58 mm (0.57-0.59 mm), width 0.14 mm
(0.12-0.17 mm), stout, strongly sclerotised; median lobe more exposed in ventral
view than dorsal view. Median lobe of aedeagus a bit shorter than parameres, sym-
metrical, broad, non-planar, varying in dorsal and ventral views; on dorsal view, apex
acuminate, significantly and abruptly convexly widened mediad, middle portion wide;
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on ventral view, median lobe with an additional, slightly more slender, subcordiform
lobe, reaching apical 0.3 where it terminates deeply emarginate. Parameres symmetri-
cal, with outer face irregularly outlined and uneven texture near apex; apices dorsally
broad; apices obliquely rounded; inner margins dorsally very slightly concave, almost
unevenly sub-parallel; not distinctly convergent basally, forming a U—shape extending
one-fourth the length of genitalia; ventrally only half as wide as in dorsal view, opening
wider and exposing the entire width of median lobe, converging basally to form a deep
“V”. Basal lobe asymmetrical, with strongly sclerotised basal margins. Ventrite VIII
U-shaped, with narrow apical membranous lamina. Spiculum prominent.

Female genitalia: ovipositor relatively short (0.50-0.56 mm long), straight.

Differential diagnosis. In the ovoid shape, the new species resembles B. vesti-
tus (Sharp, 1902), B. maculatus Wooldridge, 1987 and B. magnus Wooldridge, 1987.
Compared to other Philippine species, the range of size overlaps with B. punctatus and
B. tarawakanus. The new species is remarkably different from these two in the smaller
posterolateral angle (ca. 50°) of the pronotum in B. villarini sp. nov. compared to B.
punctatus and B. tarawakanus, as well as B. negrosensis sp. nov. (75-80°). In addition to
the posterolateral angle measure of pronotum, B. villarini sp. nov. is notably different
from B. negrosensis sp. nov. in the length of tarsomere 5. Tarsomere 5 of B. villarini sp.
nov. is as long as tarsomeres 2—4, while tarsomere 5 of B. negrosensis sp. nov. is almost
as long as tarsomeres 1-4. Additionally, erect series of elytral pubescence is present on
the posterior end of both species, but covers the distal one-third only of elytra in B.
villarini sp. nov., while covering the distal one-half in B. negrosensis sp. nov.

Males of B. villarini sp. nov. are easily recognisable because the parameres are dor-
sally fused forming a rather shallow “U” (Fig. 6), not a “V” as in B. negrosensis sp. nov.
(Fig. 4). This U-shaped opening separating the parameres extends only one-fourth
the length of the aedeagus, while the opening spans at least half of the aedeagus for
other Philippine species, such as B. ferax, B. punctatus and B. tarawakanus. The median
lobe of the aedeagus resembles that of B. tarawakanus in terms of shape and height of
the parameres. However, the median lobe of B. villarini sp. nov. is stouter and wider
towards the middle portion.

B. villarini sp. nov. varies by 5.8% mean genetic distance (723 bp COI-3’mtDNA
barcode) from an unidentified, but presumably closely-related Malaysian species and
by at least 13.4% from any other Philippine congeners with available barcodes (Suppl.
material 1: Table S1).

Distribution. This species is only recorded from the Island of Negros in the Phil-
ippines.

Remarks. No external sexual dimorphism is observed.

Etymology. The new species is named and dedicated to the immediate past president
of the Ateneo de Manila University, Fr Jose Ramon T. Villarin, SJ, PhD, who finished his
term last year. During his reign for the past decade, Fr Villarin showed ardent support
for research activities on the environment and sustainability. He is also a member of the
Intergovernmental Panel on Climate Change which was conferred the 2007 Nobel Peace
Prize for their study and recommendations on counteracting the global climate crisis.
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Byrrhinus ferax Wooldridge, 1993
Byrrhinus ferax Wooldridge, 1993: 359-360 (orig. descr.).

Additional material examined. PaILIPPINES * & (AdMU), Occ. Mindoro, Sablayan,
small limestone river; rootpacks, dist. primary forest; ca. 12°47'49"N, 120°54'33"E;
ca. 100 ma.s.l.; 01 Jan. 1995, leg. Mendoza “(365)M”; GenBank: OK316810; BOLD:
COLPHO064-21.

Remarks. Assignment of the specimen to this taxon was based primarily on
genital characters. No remarkable difference was noted compared to the original
description. The material used for the molecular analysis in this study was col-
lected 90 km south of one of the localities of the paratypes, but on the same
island. Known distribution of B. ferax includes the Philippine Islands of Mindoro
and Mindanao.

Additional Byrrhinus specimens examined

The three specimens listed below have an interspecific divergence of 10.6 to 19.6%
(Table 2). Given the single-specimen samples that are currently available only, they will
not receive further treatment in this study.

Byrrhinus sp. A: PaiLiepines ¢ 1 &, Palawan, P. Princesa, Irawan River, 6 km N'W
of PPC, 0.5 km upstream of water plant ca. 9°49'50"N, 118°39'46"E; 105 m
a.s.l; 06 Aug. 2019, leg. H. Freitag “(60b)M”; GenBank: OK316816; BOLD:
COLPHO065-21.

Byrrhinus sp. B: PHILIPPINES © 1 &', Camarines Sur, Lupi, Brgy. Sooc, Sooc River,
Bicol National Park; ca. 13°52'28"N, 122°56'38"E; 90 m a.s.l.; 09 Aug. 1996; leg.
Mendoza “(M585)L”; GenBank: OK316806; BOLD: COLPH066-21.

Byrrhinus sp. C: PHILIPPINES © 1 &, Mindanao, Agusan N, R.T.R, Panaytayon, paddy
field, ca.10 m a.s.l. 9°02'53"N, 125°35'03"E; leg. Freitag & Pangantihon 05. Jul.
2018 “(890)L”; GenBank: OK316814; BOLD: COLPH067-21.

Checklist and distribution of the species of Byrrhinus in the Philippines

Byrrhinus convexus (Blackburn, 1896): Luzon, Australia

Byrrbinus ferax Wooldridge, 1993: Mindoro, Mindanao (Cotabato, Davao); Borneo
(Malaysia: Sabah)

Byrrhinus negrosensis sp. nov.: Negros

Byrrhinus punctatus (Pic, 1922): Luzon, Mindoro

Byrrhinus villarini sp. nov.: Negros

Byrrhinus subtestaceus Pic, 1923: Luzon

Byrrhinus tarawakanus Deléve, 1973: Palawan, Tawi-Tawi
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B. convexus
B. ferax
B. negrosensis sp. nov.
B. punctatus
B. subtestaceus

B. tarawakanus

F 24 JOR 4 |

B. villarini sp. nov.

Figure 8. Updated distribution of known Byrrhinus in the Philippines; inset shows Pandanon River in
Murcia “(650)L”, which is the type locality of B. villarini sp. nov.
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Discussion

The two new Byrrhinus species described here, B. negrosensis sp. nov. and B. villarini sp.
nov., increase the total number of Philippine Byrrhinus from five to seven. This contri-
bution using the integrative taxonomic approach provides the first additional record
on Philippine Byrrhinus species in the last 28 years and provides the first records from
the Visayas (Fig. 8; see updated checklist). This study demonstrates that sampling in
one of the several islands of Visayas reveals previously undocumented entomofauna.

Characters used to differentiate limnichid species, such as pubescence and punc-
tation patterns and aedeagal structure (Hernando and Ribera 2014a, 2014b), were
notably different for the two Negros Byrrhinus species as described above. From the
materials studied, B. villarini sp. nov. is smaller (2.1-2.9 mm) than B. negrosensis sp.
nov. (2.9-4.1 mm) though these size ranges are not unique compared other Byrrhi-
nus species. While the usual body ratios (PL/PW, EL/EW, EL/PL, EW/PW, TL/EW)
applied to Limnichidae (Yoshitomi 2019) did not substantially help discriminating the
two new species, the length ratios of the tarsomeres and the posterolateral angle of the
pronotum appear to be distinct. Female specimens show no distinct differences from
the male external morphology.

Phylogenetic analysis retrieved strongly supported clades (BS = 100) correspond-
ing to the two newly-described species (Fig. 1). Each species was poorly clustered (BS <
70) with Byrrhinus from other islands. The sequences of B. negrosensis sp. nov. clustered
with the first COI-3” sequence for B. ferax. Moreover, the sequences for B. villarini
sp. nov. clustered with Byrrhinus sp. from Malaysia in a well-supported clade. While
the genetic distance is low at 5.9% (Table 2), it is beyond the recognised 3% rule-of-
thumb for intraspecific divergence limit for insects (Hebert et al. 2003; Astrin et al.
2012). The said sequence, together with the other reference sequences used in this
analysis, was generated in a study on resolving superfamily phylogeny (Kundrata et al.
2017). As the sequence was not accompanied by a proper species-level identification
or informative photographs on BOLD, no further discussion can be provided on this
clade of presumably closely-related species.

The clustering of conspecific sequences in the gene tree is also reflected in the
statistical parsimony network generated for the two new species (Fig. 9). Conspe-
cific sequences from different localities are less divergent than sequences of syntopic,
but non-conspecific specimens. The gene tree (Fig. 1) also shows that the two new
Negros species are genetically closer to some other Byrrhinus species which are not (yet)
recorded from Negros than with each other.

Entomofaunal diversity has been experiencing a tremendous decline in both local
(Hallmann et al. 2021; Warren et al. 2021) and global scales (Sdnchez-Bayo and Wyck-
huys 2019), with catastrophic impacts on the current ecosystem services (Faridah-
Hanum et al. 2018; Wagner et al. 2021). Especially in time of accelerated biodiversity
decline, coupling morphological and molecular data is essential in fast-tracking species
discovery particularly in highly cryptic and highly diverse taxa (Tdnzler et al. 2014;
Platania et al. 2020; Maasri et al. 2021). In such cases, proper taxonomic identification
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Byrrhinus negrosensis sp. nov. Byrrhinus villarini sp. nov.
EDD116 EDD270
EDD113
EDD114
EDD115
EDD121
EDD119 Lol
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. Pandanon River

O Casaroro River

EDD123 EDD122 EDD124 EDD126
EDD127

Figure 9. Statistical parsimony network of sequenced B. negrosensis sp. nov. and B. villarini sp. nov.

specimens using CO/I-3’ (723 bp).

of cryptic taxa using an integrative approach has been shown to be essential in map-
ping appropriate conservation measures (Arribas et al. 2013). These discoveries came at
a time of increased anthropogenic activities in the protected areas and highly pristine
localities in the Island.
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Abstract

Sixteen known species of the genus Ptychoptera Meigen, 1803 have been recorded from China, of which
three occur in Yunnan Province. Herein, two new species from Yunnan, P cordata sp. nov. and P yunnan-
ica sp. nov., are described from China. An updated key to Prychoptera is presented for all Chinese species.
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Introduction

The genus Prychoptera Meigen, 1803 is the largest of the three extant genera in the fam-
ily Ptychopteridae, with nearly 80 known species (Kang et al. 2019; Boardman 2020).
Sixteen Ptychoptera species have been previously recorded from China, of which ten
species were published recently by Kang et al. (2013) and Kang etal. (2019). The genus
Prychoptera can be diagnosed from the other two genera by the following characters:
larvae metapneustic and eucephalous, body segments with serially arranged hairs aris-
ing from small papillae, and terminal of abdomen with a long retractable respiratory
siphon; adults with 13-14 flagellomeres, wing mostly with infuscation, 3 branches of
medial vein reaching wing margin, and gonopod with a simple gonocoxite and a varied
gonostylus (Rozkos$ny 1997; Nakamura and Saigusa 2009; Fasbender 2014).

Adults of Pzychoptera are often found in sediments rich in organic matter at the
margins of streams and reservoirs, or wet forests on the mountains (Wolf et al. 1997;
Wolf and Zwick 2001). The adults usually have a long emergence from early spring
to late autumn. For example, adults of 2 circinans Kang, Xue & Zhang, 2019 were
collected from March to August, 2 bannaensis Kang, Yao & Yang, 2013 from April to
June and P yankovskiana Alexander, 1945 from June to September (Kang et al. 2013;
Kang et al. 2019).

Yunnan Province is situated at the junction of the eastern Asia monsoon region,
the tropical monsoon region of southern Asia, the Indo-China and the Tibetan Pla-
teau region (Yang et al. 2004). As one of 25 global biodiversity conservation hotspots,
Yunnan is rich in biotic resources (Myers et al. 2000; Myers 2003). Three species of
Prychoptera from Yunnan, P bannaensis, P lushuiensis Kang, Yao & Yang, 2013 and
P wangae Kang, Yao & Yang, 2013, were first found and described by Kang et al.
(2013). Since then, further new materials of the genus from Yunnan became available.
In this paper, two new species from Yunnan are described and illustrated. An updated
key to Ptychoptera species from China is also presented.

Materials and methods

Specimens were collected by net or by Malaise trap and kept in 75% alcohol. Photo-
graphs were taken by a Canon EOS-77D and EF 100 mm {/2.8L IS USM. Genitalia
were prepared by boiling the apical portion of the abdomen in lactic acid for 0.5-1.0
hours; then they were examined, and illustrations prepared, using a ZEISS Stemi
2000-C stereomicroscope. After examination, the removed abdomen was transferred
to fresh glycerine and stored in a microvial pinned to the respective specimen. Type
specimens are deposited in the Entomological Museum of Qingdao Agricultural Uni-
versity, Qingdao, China (QAU) and the Entomological Museum of China Agricultural
University, Beijing, China (CAU). Morphological terminology is based primarily on
McAlpine (1981) and Fasbender (2014).
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Taxonomy

Key to Ptychoptera from China

1

(SSI|

~

Wing with r-m arise from R, ., Rs not longer than r-m (Figs 1c, 3¢)..c.ccccuvunnnee 2
Wing with r-m arise from Rs before or at fork, Rs at least 1.5 times length of
s o NP 9

Mesopleuron mostly brown; epandrial clasper brown........cccoccveininiiinincnnnnn
.............................................. P, circinans Kang, Xue & Zhang, 2019 (Fujian)
Mesopleuron uniformly yellow; epandrial clasper uniformly yellow .................. 3
Gonostylus long and slender, about 1.5 times length of gonocoxite ....................
............................................ P bannaensis Kang, Yao & Yang, 2013 (Yunnan)

Gonostylus short, as long as gonocoxite (Figs 2¢, 4¢) c.c.cvvvviveeeiininniiceccne, 4
Postnotum dark brown with a big yellow spot (Figs 1b, 3b) .....c.ccccvvvrviieuiinnnnne. 5
Postnotum uniformly black..........cceveiriiiiiniiiniiiicccc e 6

Wing with spots at forks of R, R, and M forming a band (Fig. 1¢); abdo-
men with first tergum yellow with caudal 1/5 light brown (Fig. 1a); subapical
spine of epandrium absent (Fig. 2b); anterior lobe of basal lobe of gonostylus
not bilobate, medial lobe of basal lobe of gonostylus not bilobate (Fig. 2¢); apical
process of paramere semilunar, apex expanding outward (Fig. 2¢) .....ccccocvvveuneeee.
............................................................................. P cordata sp. nov. (Yunnan)
Wing with spots at forks of R, ,, R, - and M, , separated (Fig. 3c); abdomen
with first tergum dark brown with basal 1/5 yellow (Fig. 3a); subapical spine of
epandrium transverse conical (Fig. 4b); anterior lobe of basal lobe of gonostylus
bilobate, medial lobe of basal lobe of gonostylus bilobate (Fig. 4¢); apical process
of paramere hook-shaped, apex incurvated (Fig. 4¢)......ccccoevviviiiiiinnniccne.
........................................................................ P. yunnanica sp. nov. (Yunnan)
Wing with a distinct spot at fork of R, , spots at forks of R , and M, , weak and

nearly invisible........cccoviiiiinn P, lii Kang, Yao & Yang, 2013 (Guizhou)
Wing with three distinct spots at forks of R, R, and M,  separated or forming
aband ... 7

Second tergum anterior margin yellow with a median brown spot; medial lobe of
basal lobe of gonostylus slender, finger-shaped...........c.cccocovvivviiiiiinnniiine.
............................................ P lushuiensis Kang, Yao & Yang, 2013 (Yunnan)
Second tergum anterior margin yellow brown; medial lobe of basal lobe of gono-
stylus board, tongue-shaped ............cccoceiiiiiiiiiiie 8
Abdomen with 5" and 6" terga dark brown, 6" and 7* sterna mostly brown; api-
cal stylus of gonostylus hook-shaped.............ccccciivniiiiinniiccce
............................................... P. emeica Kang, Xue & Zhang, 2019 (Sichuan)
Abdomen with 5 and 6 terga mostly yellow, 6" and 7* sterna yellow; apical
stylus of gonostylus finger-shaped (Nakamura and Saigusa 2009) .......................
.............................................. P, formosensis Alexander, 1924 (Taiwan; Japan)
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9 Mesopleuron Yellow ........coccvviriiriiiiiiniiiiincee e 10
—  Mesopleuron black........cc.ccviriiinieiniiiiiiniiicc e 12
10 Wing with bands and clouds............ccccoiiiniiiiiiiie, 11

—  Wing without band or cloud..... P. wangae Kang, Yao & Yang, 2013 (Yunnan)
11 Base of Rs with an elliptic cloud; abdomen with sterna yellow ..........c.cccceeeeee.

................................... P. ginggouensis Kang, Yao & Yang, 2013 (Neimenggu)
—  Base of Rs without cloud; abdomen with sterna black.......cooovuvveeieeeoooeeeieeee.

........................................................... P, clitellaria Alexander, 1935 (Sichuan)

12 Epandrial lobes merged with epandrial claspers..........cccoeeeiiiinniiccninenne. 13
—  Epandrial lobes not merged with epandrial claspers..........ccccoeeiicinininccnnnee. 17
13 Wing with r-m its own length before fork of Rs; epandrial claspers short and

blunt...ccveevncinccicee, P, separata Kang, Xue & Zhang, 2019 (Xizang)
—  Wing with r-m close to fork of Rs; epandrial claspers slender.......................... 14
14 Wing with an elliptic cloud at middle of CuA, .......ccccoooeiiiiii 15
—  Wing without an elliptic cloud at middle of CuA, ......ccccooeviiriiiiiiiie, 16

15  Epandrial claspers curved downward, tip bifurcated .......ccoeoeovviciniinncinincnn.
............................................... P gutianshana Yang & Chen, 1995 (Zhejiang)
—  Epandrial claspers straight, tip not bifurcated...........ccccocovviiiiiinnniiiiins
................................................................. P bellula Alexander, 1937 (Jiangxi)
16  Gonostylus much longer than gonocoxite ..........cccceeiviririviciininnecciereee,
.............................................................. P, xinglongshana Yang, 1996 (Gansu)
—  Gonostylus not longer than gonocoxite..........cceeuiiririniieciinineccceseeee,
........................................... P, longwangshana Yang & Chen, 1998 (Zhejiang)
17 Abdomen with 2™ and 3" terga brownish black; epandrial claspers finger-shaped
and broad basally, curved inwards at middle...........occoeiiiiniiiininii
............................................... P, lucida Kang, Xue & Zhang, 2019 (Xinjiang)
—  Abdomen with 2" and 3" terga mostly yellow; epandrial claspers flat and acinaci-
form, middle of inner edge slightly swollen (Kang et al. 2019)........ccccccvvvvunnnnnee.
................................... P yankovskiana Alexander, 1945 (Neimenggu; Korea)

Prychoptera cordata sp. nov.
http://zoobank.org/6568C6B6-5683-4597-9544-7EEECE70DE88
Figs 1, 2

Material examined. CHiNa*1J, holotype Yunnan Province, Menghai District,
Mengbang Reservoir; 21°54'50"N, 100°17'36"E; 1272 m; 6 Jun. 2019; Z. Kang leg.;
QAU*1d, paratype same collection data as for preceding; QAU.

Diagnosis. Postnotum dark brown, mediotergite with a cordiform yellow spot;
wing marked with two brown bands; apical process of paramere semilunar, apex ex-
panding outward; lateral extension of terminal division of hypandrium triangular with
a pair of semicircular lobes medially, terminal division of hypandrium umbelliform.

Description. Male. Body length 7.5-8.0 mm, wing length 7.0-7.5 mm.
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CuA2

Figure 1. Peychoptera cordata sp. nov. a habitus of male, lateral view b thorax, dorsal view, ¢ wing. Scale
bars: 2.0 mm (a); 0.5 mm (b); 1.0 mm (c).

Vertex and frons brown; face and clypeus yellow with light brown hairs; gena yellow
with a black elliptical spot medially, hairs on gena brown; occiput yellow. Compound
eyes black without pubescence. Scape, pedicel and basal 2/3 of 1+ flagellomere yellow,
remaining flagellomeres brown, setae dark brown. Proboscis light yellow with light
brown hairs. Palpus yellow with last segment gradually darked apically, hairs brown.

Thorax (Fig. 1a, b). Pronotum and propleuron light yellow. Prescutum, scutum
and paratergite uniformly black. Scutellum mostly dark brown, middle area yellow
with a patch of dense brown hairs. Mediotergite of postnotum dark brown, middle
area with a cordiform yellow spot. Laterotergite half brown, outer half yellow with
dense dark brown hairs, in dorsal view. Mesopleuron and metapleuron uniformly yel-
low. Coxae and trochanters yellow; femora yellow with brown ring apically; tibiae
yellow with brown ring apically; 1* tarsomere of fore and hind legs yellow brown with
brown ring apically. Hairs on legs brown. Wing (Fig. 1c) 3.7 times as long as wide,
subhyaline, marked with two brown bands as follows: median band extending from
basa of Rs to middle section of CuA,; subapical band extending from tip of R, cover-
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ing pterostigma and extending to tip of M.. Veins brown; Sc ending in C at level of
basal 1/3 of R, ;Rs straight, slightly shorter than r-m; r-m arise from R, .. Halter and
prehaltere pale yellow with brown hairs.

Abdomen (Fig. 1a). First tergum yellow with caudal 1/5 light brown, 2™ tergum
yellow with middle area and caudal 1/6 brown, 3" and 4™ terga yellow with posterior
margin brown, 5% tergum yellow with caudal 1/2 brown, 6" and 7 terga brown with
posterior margin yellow. Sterna yellow. Hairs on abdomen brown.

Male genitalia (Fig. 2) yellow. Epandrium (Fig. 2b) bilobed, epandrial lobe broad,
epandrial clasper tapering and curved ventrally to the middle, slender apically, with
brown hairs; epiproct with short hairs. Gonocoxite (Fig. 2¢) long and stout, 3.3 times
as long as wide, basal apodeme small; apical process of paramere semilunar, apex ex-
panding outward. Gonostylus (Fig. 2¢): anterior lobe of basal lobe of gonostylus on
inner side with dense long hairs; medial lobe of basal lobe of gonostylus tongue-shaped
with dense short hairs on posterior margin; secondary lobe of apical stylus of gonosty-
lus finger-shaped with dense short hairs; apical stylus of gonostylus finger-shaped with
short hairs. Hypandrium (Fig. 2d): basal scale of hypandrium dumbbell-shaped basally
with several hairs; spathate lobe of hypandrium broad at base with dense long hairs on
inner side, hook-shaped apically with short hairs on posterior margin; basal division
of hypandrium finger-shaped with dense long hairs on inner side; lateral extension of
terminal division of hypandrium triangular with a pair of semicircular lobes medially;
terminal division of hypandrium umbelliform. Aedeagus (Fig. 2e, f): subapical sclerite
tongue-shaped, apex of subapical sclerite round; aedeagal sclerites with apex laterally
compressed, with dorsal corner extended anterodorsally, straight sided and convergent,
base broad; lateral ejaculatory processes with base straight, narrow, extended straight
anterolaterally; discoid apodemes with elongate ovoid dorsal extension; sperm sac
subspherical; ejaculatory apodeme flag-like, closely associated with aedeagal sclerites,
larger than sperm sac, paralleling anterior margin of sperm sac.

Female. Unknown.

Distribution. China (Yunnan).

Etymology. Specific name from Latin, cordata (adjective, feminine, meaning “cor-
date”), referring to the postnotum with a cordiform spot.

Remarks. This new species is similar to 2 formosensis from China and Japan but
can be separated from the latter by the postnotum dark brown with a cordiform yel-

Figure 2. Prychoptera cordata sp. nov. a male genitalia, lateral view b epandrium, dorsal view ¢ gono-
coxite and gonostylus, dorsal view d hypandrium, ventral view e aedeagus, anterior view f aedeagus,
lateral view. Scale bars = 0.2 mm. (AEA = Ejaculatory Apodeme, AES = Aedeagal Sclerite, ALP = Lateral
Ejaculatory Process, AS = Sperm Sac, ASA = Subapical Sclerite of Aedeagus, ECP = Epandrial Clasper,
EL = Epandrial Lobe, EPI = Epiproct, GAS = Apical stylus of gonostylus, GBA = Anterior lobe of basal
lobe of gonostylus, GBM = Medial lobe of basal lobe of gonostylus, GCT = Gonocoxite, GSL = Second-
ary lobe of Apical Stylus of Gonostylus, GST = Gonostylus, HBD = Basal Division of Hypandrium,
HBS = Basal scale of Hypandrium, HSL = Spathate Lobe of Hypandrium, HTD = Terminal Division
of Hypandrium, HTE = Lateral Extension of Terminal Division, hypd = hypandrium, PMB = Paramere
Base, PPA = Apical Process of Paramere).
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low spot, the apical stylus of the gonostylus finger-shaped, and the apical process of
paramere semilunar with apex expanding outward. In P formosensis, the postnotum is
uniformly black, the apical stylus of the gonostylus is flat tongue-like, and the apical
process of the paramere is bilobed (Nakamura and Saigusa 2009). This new species is
also similar to P annandalei Brunetti, 1918 from Burma, but can be separated from the
latter by the apical process of paramere semilunar with apex expanding outward, the
apical stylus of the gonostylus and the secondary lobe of the apical stylus of the gono-
stylus finger-shaped, not crossing. In P annandalei, the apical lobes of the paramere are
dorsoventrally flattened and semicircular with the spine curved anteriorly, apices of the
apical stylus and secondary lobe of the gonostylus are crossing (Fasbender 2014). This
new species is also similar to P perbona Alexander, 1946 from Burma, but can be sepa-
rated from the latter by the mediotergite with a cordiform yellow spot, the apical stylus
of the gonostylus finger-shaped, the apex of the terminal division of the hypandrium
with an umbelliform lobe. In P perbona, the mediotergite is uniformly black, the apical
stylus of the gonostylus is stylate, the apex of the terminal division of the hypandrium
has a pair of needle-like lateral lobes (Alexander 1946; Fasbender 2014).

Prychoptera yunnanica sp. nov.
http://zoobank.org/A8B3BF32-C722-423F-9FBB-641D0A78B1BB
Figs 3, 4

Material examined. Cuinael, holotype of P yunnanica; Yunnan Province, Bin-
chuan District, Mt. Jizu; 25°56'38"N, 100°23'58"E; 1875 m; 1 Jun. 2019; Z. Kang
leg.; QAU1?, paratype of P yunnanica; same collection data as for preceding;
QAU°-12, paratype of P yunnanica; Yunnan Province, Panlong District, Yunnan Ag-
ricultural University; 25°8'4"N, 102°45'2"E; 1953 m; 28 Apr.—3 Jun. 2016.; L. Wang
leg.; Malaise trap; CAU®19Q, paratype of I yunnanica; Yunnan Province, Panlong
District, Yunnan Agricultural University; 25°8'9"N, 102°45'8"E; 1958 m; 28 Apr.—3
Jun. 2016; L. Wang leg.; Malaise trap; CAU*17, paratype of P yunnanica; Yunnan
Province, Panlong District, Yunnan Agricultural University; 25°8'22"N, 102°45'14"E;
1965 m; 28 Sep.—24 Nov. 2016; L. Wang leg.; Malaise trap; CAU.

Diagnosis. Postnotum dark brown, mediotergite with a big yellow spot; wing
marked with three weak brown clouds at tip of R, fork of R, and fork of M, ,and a
brown band extending from basal of R, _ to middle section of CuA; subapical spine of
epandrium transverse conical; basal scale of hypandrium rectangular, anterior margin
strongly concaved medially, basal division of hypandrium finger-shaped with dense
long hairs basally and medially; terminal division of hypandrium cordiform.

Description. Male. Body length 6.5-8.0 mm, wing length 7-7.5 mm.

Vertex and frons dark brown with brown hairs; face and clypeus yellow with light
brown hairs; gena yellow with a black elliptical spot medially, hairs dark brown; oc-
ciput yellow. Compound eyes black without pubescence. Scape, pedicel and basal
1/2 of 1+ flagellomere yellow, remaining flagellomeres brown, setae on antenna dark
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Figure 3. Prychoptera yunnanica sp. nov. a habitus of male, lateral view b thorax, dorsal view ¢ wing d
female terminalia, lateral view. Scale bars: 2,0 mm (a); 0,5 mm (b); 1,0 mm (c); 0,2 mm (d).

brown. Proboscis light yellow with brown hairs. Palpus yellow with terminal of last
segment brown, hairs brown.

Thorax (Fig. 3a, b). Pronotum and propleuron light yellow. Prescutum, scutum and
paratergite uniformly black. Scutellum mostly brown, middle area yellow with a patch
of dense dark brown hairs. Mediotergite of postnotum dark brown, middle area with a
big yellow spot. Upper half of laterotergite dark brown, lower half of laterotergite yel-
low, with brown hairs, in dorsal view. Mesopleuron and metapleuron uniformly yellow.
Coxae and trochanters yellow; fore femur yellow and gradually darkened apically; mid
and hind femora yellow with brown ring apically; tibiae yellowish brown with brown
ring apically; 1% tarsomere of fore and mid legs brown, 1* tarsomere of hind leg yellow
with a narrow dark brown ring apically, other tarsomeres dark brown. Hairs on legs
dark brown. Relative length of 1 to 5* tarsomeres in hind leg as 7: 2: 1.2: 1: 1.
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HTD
HTE

e f

Figure 4. Prychoptera yunnanica sp. nov. a male genitalia, lateral view b epandrium, dorsal view ¢ gono-
coxite and gonostylus, dorsal view d hypandrium, ventral view e aedeagus, anterior view f aedeagus,
lateral view. Scale bars: 0.2 mm. (ESS = Subapical Spine of Epandrium, GAS = Apical stylus of gonosty-
lus, GBA = Anterior lobe of basal lobe of gonostylus, GBM = Medial lobe of basal lobe of gonostylus,
GSL = Secondary lobe of Apical Stylus of Gonostylus, HBS = Basal scale of Hypandrium, HSL = Spathate
Lobe of Hypandrium, HTD = Terminal Division of Hypandrium, HTE = Lateral Extension of Terminal
Division, hypd = hypandrium, PMB = Paramere Base, PPA = Apical Process of Paramere).
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Wing (Fig. 3¢) 3.8 times as long as wide, subhyaline, marked with three brown
clouds and a brown band as follows: three weak brown clouds at tip of R, fork of R
and fork of M| ; median band extending from basa of Rs to middle section of CuA..
Veins brown; Sc ending in C not at level of basal 1/3 of R, ; Rs straight, slightly longer
than r-m; r-m arise from R, .. Halter and prehaltere pale yellow with brown hairs.

Abdomen (Fig. 3a). First tergum dark brown with basal 1/5 yellow, 2*¢ tergum
yellow with middle area and caudal 1/6 dark brown, 3" tergum yellow with caudal 1/5
dark brown, 4™ tergum yellow with caudal 1/4 dark brown, 5% to 7* terga dark brown.
Sterna yellow. Hairs on abdomen brown.

Male genitalia (Fig. 4) yellow. Epandrium (Fig. 4b) bilobed, epandrial lobe broad,
epandrial clasper tapering distally and curved downward, slightly swollen apically; sub-
apical spine of epandrium transverse conical, with brown hairs; epiproct with short
hairs. Gonocoxite (Fig. 4c) short and slender, 2 times as long as wide, basal apodeme
3/4 as long as gonocoxite; apical process of paramere hook-shaped, apex incurvated.
Gonostylus (Fig. 4¢): anterior lobe of basal lobe of gonostylus bilobate without hairs;
medial lobe of basal lobe of gonostylus finger-shaped on middle of inner side with
short hairs; secondary lobe of apical stylus of gonostylus fan-shaped basally without
hairs, finger-shaped apically with dense short setae; apical stylus of gonostylus finger-
shaped with dense short hairs. Hypandrium (Fig. 4d): basal scale of hypandrium rec-
tangular, anterior margin strongly concaved medially; spathate lobe of hypandrium
papillary without hairs; basal division of hypandrium finger-shaped with dense long
hairs basally and medially; lateral extension of terminal division thin; terminal divi-
sion of hypandrium cordiform. Aedeagus (Fig. 4e, f): subapical sclerite tongue-shaped,
slightly caved bilaterally, apex of subapical sclerite round; aedeagal sclerites with apex
laterally compressed, with dorsal corner extended anterodorsally, straight sided and
convergent, base broad; lateral ejaculatory processes with base straight, narrow, ex-
tended straight anterolaterally; apodemes with elongate quadrangular dorsal extension;
sperm sac subspherical; ejaculatory apodeme flag-like, closely associated with aedeagal
sclerites, subequal to sperm sac, paralleling anterior margin of sperm sac.

Female. Body length 8.5-9.0 mm, wing length 9.0-9.5 mm. Similar to male.
Third tergum yellow with caudal 1/3 brown, 4" and 5* terga brown, 6 tergum brown
with caudal 1/3 yellow, 7* and 8" terga yellow. Terminalia (Fig. 3d): 8"* sternum yel-
low, 2.8 times as long as 7 sternum; cercus yellow with brown end, blade-shaped, 10*
tergum + cercus 1.8 times as long as 8" sternum.

Distribution. China (Yunnan).

Etymology. Specific name yunnanica (adjective, feminine) referring to the type
locality, Yunnan.

Remarks. This new species is similar to 2 persimilis Alexander, 1947 from Burma,
but can be separated from it by have a mediotergite with a big yellow spot, the subapi-
cal spine of the epandrium transverse conical, the apical process of the paramere hook-
shaped with the apex incurvated. In P persimilis, the mediotergite does not have a big
yellow spot, only the adjoining portion of the scutellum is yellow; the epandrium is
nematoform, the apex is expanded and slipper-like, the paramere has elongate, ribbon-
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like spines directed posterior, crossing medially (Alexander 1947; Fasbender 2014). This
new species is also similar to P praescutellaris Alexander, 1946 from Burma, but can be
separated from it by having the subapical spine of the epandrium transverse conical, and
the secondary lobe of the apical stylus finger-shaped. In P praescutellaris, the apex of the
epandrial clasper is bulbous and without a conical projection, and the secondary lobe of
the apical stylus is subtrapezoidal (Alexander 1946; Fasbender 2014). This new species
resembles somewhat 2 emeica from China but can be easily separated from the latter by
the postnotum dark brown with a big yellow spot, the basal 1/3 of the yellow second
abdomen tergum with a median brown spot, the subapical spine of the epandrium
transverse conical, and the medial lobe of the basal lobe of the gonostylus finger-shaped.
In P emeica, the postnotum is uniformly black, the basal 1/3 of the second tergum of the
abdomen is uniformly brown, the epandrium has no transverse conical subapical spine,
and the medial lobe of the basal lobe of the gonostylus is broad and tongue-shaped
(Kang et al. 2019). Finally, the new species can be separated from P lushuiensis from
China by the postnotum dark brown with a big yellow spot, the subapical spine of the
epandrium transverse conical, the apical process of the paramere hook-shaped with the
apex incurvated, and the terminal division of the hypandrium cordiform. In 2 lushu-
iensis, the postnotum is uniformly black, the surstylus of the epandrium does not have a
transverse conical subapical spine, the apical process of paramere is sclerotized triangular,
and the terminal division of hypandrium cordiform is X-shaped (Kang et al. 2013).

Distribution of Ptychoptera species in China

In total, 18 species of Prychoptera are recorded from China. According to Fasbender
(2014), the Prychoptera fauna of China is a complex of the P tibialis group, the P
contaminata group, the Southeast Asian Ptychoptera and unplaced species. One spe-
cies, P separata, is endemic to Tibet, China and belongs to the 2 #bialis group, which
otherwise is mainly distributed in the Indian Subcontinent. Two species, 2 lucida and
P, yankovskiana, can clearly be characterized as species of the P contaminata group and
are distributed in the East Palaearctic region. Twelve Southeast Asian Prychoptera spe-
cies, namely P bannaensis, P bellula, P circinans, P cordata, P emeica, P._formosensis,
gutianshana, P lii, P longwangshana, P lushuiensis, P wangae, P yunnanica are widely
distributed in Southwest and East China. Peychoptera ginggouensis has the same charac-
teristics as species of Southeast Asian Prychoptera and is distributed in Inner Mongolia.
Two species with insufficient material or illustrations for placement, 2 clitellaria and P
xinglongshana, are distributed in Gansu and Sichuan, respectively (Fig. 5).
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Introduction

The genus Prychoptera Meigen, 1803 is the most species-rich groups worldwide in the
family Peychopteridae, with a total number of nearly 80 known species (Rozkosny 1997;
Zwick and Stary 2003; Hancock et al. 2006; Nakamura and Saigusa 2009; Ujvérosi et al.
2011; Kang et al. 2019). It is characterized by the following characters: larvae eucephalic
or metapneustic, body segments with serially arranged hairs; abdominal segments 1-3
with a pair of prolegs ventrally; prolegs each with a single hook-like spine; posterior end
of abdomen produced into a fairly long retractile respiratory siphon; flagellum in adults
13-segmented; wing with M, , forked; gonopod with a simple gonocoxite and a gono-
stylus of variable shape (Alexander 1981; Rozko$ny 1997; Nakamura and Saigusa 2009).

Sixteen Prychoptera species were known to occur in China, of which 10 species
were published by Kang et al. (2013, 2019). Since these publications, additional new
materials of the genus from Zhejiang, China have become available. Zhejiang Province
is located on the southeast coast of China. As it is in the middle of subtropical zone
with monsoon humid climate and superior natural conditions, Zhejiang is rich in
biotic resources. One area, Mount Tianmushan is one of the biodiversity hotspots in
China (Zhao et al. 2016).

Two species of Prychoptera were previously recorded from Zhejiang: P longwang-
shana Yang & Chen, 1998 and P gutianshana Yang & Chen, 1995. In this paper, two
Prychoptera species are added to the fauna of Zhejiang, of which P tianmushana sp. nov.
is described and illustrated as new to science, and P bellula Alexander, 1937, known
previously only from Jiangxi, China, is newly recorded from Zhejiang. In addition,
the two known species from Zhejiang are redescribed and illustrated based on the type
specimens. A key to Chinese species of Ptychoptera based on the type and non-type
specimens and literature is provided, and we provide an updated distribution map of
Prychoptera species from China (Fig. 1).

Material and methods

Type specimen of the new species in this study was collected from Mount Tianmush-
an, Zhejiang, China, in June 2019 and deposited in the Entomological Museum of
Qingdao Agricultural University, Shandong, China (QAU). Type and determined
specimens of P bellula were deposited in the National Museum of Natural History,
Smithsonian Institution, Washington, DC, USA (USNM). The determined specimen
of P bellula was previously identified by Alexander in 1939 and the identification label
is provided (Fig. 4f). Type specimens of P longwangshana and P gutianshana were de-
posited in the Entomological Museum of China Agricultural University, Beijing, Chi-
na (CAU). Photographs were captured by a Canon EOS 90D digital camera through
a macro lens. Genitalia were prepared by boiling the apical portion of the abdomen in
lactic acid for 0.5-1 h and then were examined and illustrations prepared by using a
ZEISS Stemi 2000-C stereomicroscope. After examination, the removed abdomen was
transferred to fresh glycerine and stored in a microvial on the pin with the specimen.



Prychoptera Meigen from Zhejiang, China 89

@ P. bannaensis Kang, Yao ef Yang, 2013
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Figure . Distribution map of Ptychoptera from China.

The present key is an emendation of the identification key of Kang et al. (2019)
based on their comprehensive morphology data. Morphological terminology is based
primarily on McAlpine (1981) and Fasbender (2014). The following abbreviations
in figures are used: aea = ejaculatory apodeme, aes = aedeagal sclerite, alp = lateral
ejaculatory process, as = sperm sac, asa = subapical sclerite of aedeagus, epand =
epandrium, gas = apical stylus of gonostylus, gbl = basal lobe of gonostylus, goncx =
gonocoxite, gonst = gonostylus, hypd = hypandrium, pm = paramere, prct = procti-
ger, sur = surstylus.
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Taxonomy

Key to Chinese species of Ptychoptera

1

Wing with r-m beyond fork of Rs, Rs not longer than r-m (Fig. 2¢) ................. 2
Wing with r-m before or at fork of Rs, Rs at least 1.5 times length of r-m
(Figs 4e, 5a, b) wovoviiiiiiiiiiiiiiii e 8

Mesopleuron mostly brown, epandrium yellow with caudal 1/2 brown...............
.............................................. P, circinans Kang, Xue & Zhang, 2019 (Fujian)
Mesopleuron uniformly yellow, epandrium uniformly yellow (Fig. 2a) ............. 3
Gonostylus long and slender, about 1.5 times length of gonocoxite ....................
............................................ P, bannaensis Kang, Yao & Yang, 2013 (Yunnan)
Gonostylus short, as long as gonocoxite (Figs 3¢, 5€) c.c.ovvvvivieeiininniicicinne. 4
Wing with a distinct spot at fork of R, , two spots at forks of R, , and M, , weak
and nearly invisible ...............cceee. P, lii Kang, Yao & Yang, 2013 (Guizhou)
Wing with three distinct spots at forks of R, R, . and M, , separated (Fig. 2¢)
or forming a band (Figs 4e, 52, b) ...c.cooiviviiiiiiiiiiccicccce 5
Basal 1/3 of second tergum of abdomen yellow with a median brown spot; lobe
on middle area of gonostylus digitiform, slender...........ccccccevveiiiinnniicnne.
............................................ P, lushuiensis Kang, Yao & Yang, 2013 (Yunnan)
Basal 1/3 of second tergum of abdomen uniformly brown (Fig. 2a); lobe on mid-

dle area of gonostylus broad, tongue-shaped (Fig. 3¢) .....cccoeuvueuiivinnniiinnne. 6
Abdomen with 5" and 6™ terga dark brown (Fig. 2a), tip of gonostylus with a
hook-shaped ventral lobe (Fig. 3¢) .....cceuiiniiiniiiiiiiiicccccccceee 7

Abdomen with 5" and 6™ terga mostly yellow, tip of gonostylus with a digitiform
ventral lobe (Nakamura and Saigusa 2009) .........ccoceeuiiinnniiiinieccees
.............................................. P, formosensis Alexander, 1924 (Taiwan; Japan)
Sixth and 7% sterna yellow, tip of surstylus curved up when viewed from the lat-
eral side (Fig. 3a), retrose basal projection on inner side with tip bilobate (Fig. 3c),
paramere with a pair of hook-shaped projections and a pair of conical projections
(Fig. 3¢), subapical sclerite of aedeagus serrated with five teeth (Fig. 3f)..............
.......................................... P, tianmushana Shao & Kang, sp. nov. (Zhejiang)
Sixth and 7™ sterna mostly brown, tip of surstylus not curved up when viewed
from the lateral side, retrose basal projection on inner side not bilobate at tip,
paramere with a pair of slender L-shaped projections, subapical sclerite of aedea-
gus serrated with two teeth...... P emeica Kang, Xue & Zhang, 2019 (Sichuan)

Mesopleuron yellow (Fig. 2) .......cccoeoiiiiiiiiiiiiiiiiiiiiicccce, 9
Mesopleuron black (Fig. 4a—C) ...c.cccvovvurieiiiiiiiiiiiciiieecceee s 12
Wing with bands and marks (Figs 2¢, 4e, 5a, b) c.cccovvveueuiiiiniiiiiiiiice, 10
Wing without band or mark ..........cccccoeeiviiiiiiiniice 11

Base of Rs with an elliptic mark, abdomen with sterna yellow........c.cccoeveeeneee.
................................... P. ginggouensis Kang, Yao & Yang, 2013 (Neimenggu)
Base of Rs without mark, abdomen with sterna black ....ccvvvveeeieeoiieeieiieeeee.

........................................................... P, clitellaria Alexander, 1935 (Sichuan)
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11 Wing with r-m its own length before fork of Rs, epandrium without long sursty-
LS o P separata Kang, Xue & Zhang, 2019 (Xizang)
—  Wing with r-m close to fork of Rs, epandrium with a pair of long surstylus........
.................................................. P. wangae Kang, Yao & Yang, 2013 (Yunnan)

12 Epandrium with surstylus curved downward (Figs 3a, 5¢) ..c.cccovcvvvvviiicucinnne. 13
—  Epandrium with surstylus not curved downward ...........ccccoovveiiiiinnnncnnnn. 14
13 Wing with an elliptic mark at middle of CuA, (Fig. 5b), tip of surstylus bifurcated

(Fig. 5¢) cuvvviiirieieciiiciine, P gutianshana Yang & Chen, 1995 (Zhejiang)

- Wing without mark at middle of CuA, (Fig. 5a), tip of surstylus not bifurcated .
........................................... P longwangshana Yang & Chen, 1998 (Zhejiang)
14 Gonostylus much longer than gonocoxite.... 2 xinglongshana Yang, 1996 (Gansu)
—  Gonostylus not longer than gonocoxite (Figs 3¢, 5€) ....ccovovvrieiiininiiiicnnnn. 15
15 Wing with an elliptic mark at middle of CuA, (Fig. 4a, b, €).cvvvevieeiiiiii
................................................. P, bellula Alexander, 1937 (Jiangxi, Zhejiang)
—  Wing without mark at middle of CuA,| (Figs 2¢, 5a) covevevirinieiiiiieieiiciiians 16
16  Abdomen with 2™ and 3* terga brownish black; surstylus digitiform and broad ba-
sally, curved inwards at middle...... 2 lucida Kang, Xue & Zhang, 2019 (Xinjiang)
—  Abdomen with 2™ and 3" terga mostly yellow; surstylus flat and acinaciform,
middle of inner edge slightly swollen (Kang et al. 2019) .......cccccoeiininniiinnne.
................................... P yankovskiana Alexander, 1945 (Neimenggu; Korea)

Prychoptera tianmushana Shao & Kang, sp. nov.
http://zoobank.org/85E310AB-B6CC-4C07-841A-4E2BED7EDOCS
Figures 2, 3

Type material. Holotype male (QAU), CHiNa, Zhejiang Province, Lin'an District,
Mount Tianmushan, 2019.V.15, Xiao Zhang.

Diagnosis. Wing marked with two brown bands. Epandrium bilobed, each
lobe strongly elongated and forming a long surstylus, surstylus broadest at base,
tapering and curved downward distally to middle, curving up at tip. Gonostylus
with four projections and lobes. Hypandrium rectangular, posterior margin with
a V-shaped projection bearing dense long hairs posteriorly, a triangular projection
bearing dense short hairs laterally and a pair of elliptic projections bearing dense
long hairs posteriorly.

Description. Male. Body length 7.0 mm, wing length 8.0 mm.

Head mostly dark brown, except gena yellow with a black elliptical spot inter-
mediately; clypeus yellow; hairs on head dark brown. Compound eyes black without
pubescence. Antenna with scape, pedicel and basal half of 1% flagellomere yellow, other
flagellomeres light brown, hairs on antenna brown. Proboscis yellow with brown hairs.
Palpus yellow with last segment light brown, hairs brown.

Thorax (Fig. 2b). Pronotum yellow. Propleuron yellow. Mesonotum mostly dark
brown with middle area of scutellum yellow and lower half of laterotergite yellow.
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Figure 2. Prychoptera tianmushana sp. nov. a habitus of male, lateral view b thorax, dorsal view ¢ wing.
Scale bars: 2.0 mm (a); 0.5 mm (b); 1.0 mm (c).

Mesopleuron uniformly yellow. Coxae and trochanters yellow; fore femur yellow and
gradually darkened apically; mid and hind femora yellow with brown ring apically; tib-
iae yellow with brown ring apically; 1** tarsomere yellow brown and gradually darkened
apically, 2™ to 5" tarsomeres uniformly dark brown. Hairs on legs brown. Relative
length of 1* to 5* tarsomeres in hind legas 11.2: 2.8 : 1.6 : 1 : 1. Wing (Fig. 2¢) 3.4
times as long as wide, subhyaline, marked with two brown bands as follows: median
band broad and distinct, extending from basal part of cell r, , to fork of CuA; subapical
band extending from anterior margin of wing, covering tip of R and R, fork of R, .
and extending to fork of M, , slightly separated into three marks. Veins brown; Sc
ending in C not at level of basal third of R, ; Rs straight, as long as r-m. Haltere and
prehaltere pale yellow with brown hairs.
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e f

Figure 3. Prychoptera tianmushana sp. nov. a male genitalia, lateral view b epandrium, dorsal view

¢ gonocoxite and gonostylus, dorsal view d hypandrium, ventral view e aedeagus, anterior view f aedea-

gus, lateral view. Scale bars: 0.2 mm.

Abdomen. First tergum brown, 2™ tergum brown with middle quarter area yellow,
3 and 4" terga pale yellow with caudal third brown, 5% to 7* terga uniformly brown.
Sterna pale yellow. Hairs on abdomen brown.
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Male genitalia yellow. Epandrium (Fig. 3b) bilobed, each lobe strongly elongated
and forming a long surstylus, surstylus broadest at base, tapering and curved down-
ward distally to middle, curving up at tip, with brown hairs; proctiger with short
hairs. Gonocoxite (Fig. 3¢) long and stout, 3 times as long as wide, basal apodeme
two-thirds as long as gonocoxite; paramere with a pair of hook-shaped projections and
a pair of conical projections. Gonostylus (Fig. 3¢) with four projections and lobes: a
strong retrose basal projection on inner side with tip bilobate; a broad tongue-shaped
lobe on middle area with several long hairs apically; a dumbbell-shaped apical lobe
broad basally with uniformly short hairs, apical with dense short setae; an apical
hooked projection with several long hairs. Hypandrium (Fig. 3d) rectangular, anterior
margin concaved medially, posterior margin with a V-shaped projection bearing dense
long hairs posteriorly, a triangular projection bearing dense short hairs laterally and a
pair of elliptic projections bearing dense long hairs posteriorly. Aedeagus (Fig. 3e, f):
subapical sclerite tongue-shaped, slightly caved bilaterally, apex of subapical sclerite
round; subapical sclerite serrated with five teeth when viewed from lateral side.

Female. Unknown.

Distribution. China (Zhejiang).

Etymology. The species is named after the type locality Mount Tianmushan.

Remarks. This new species is very similar to P emeica from China but can be
separated from it by the 6* and 7% sterna of abdomen being yellow, the tip of the sur-
stylus being curved up when viewed from the lateral side, the tip of the retrose basal
projection on inner side being bilobate, the paramere having a pair of hook-shaped
projections and a pair of conical projections, and the subapical sclerite of aedeagus be-
ing serrated with five teeth. In P emeica, the 6* and 7* sterna of abdomen are mostly
brown, the tip of the surstylus is not curved up when viewed from the lateral side, the
tip of the retrose basal projection on inner side is not bilobate, the paramere have a pair
of slender L-shaped projections, and the subapical sclerite of aedeagus is serrated with
two teeth (Kang et al. 2019). In ecology, they live together with similar habitat. The
adult of P tianmushana was collected on the plants in close to streams and adults of 2
emeica often found at the margins of streams or in wet forests. This new species is also
similar to P formosensis from China and Japan but can be separated from it by the 5*
and 6™ terga of abdomen being dark brown, the tip of the surstylus being curved up,
the tip of the retrose basal projection on inner side being bilobate, the tip of gonostylus
having a hook-shaped ventral lobe. In P formosensis, the 5* and 6 terga of abdomen
are mostly yellow, the tip of the surstylus is not curved up, the tip of the retrose basal
projection on inner side is not bilobate, the tip of gonostylus have a digitiform ventral
lobe (Alexander 1924; Nakamura and Saigusa 2009).

Prychoptera bellula Alexander, 1937
Figure 4

Prychoptera bellula Alexander, 1937: 367. Type locality: Hong San, Jiangxi (China).
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Figure 4. Prychoptera bellula Alexander, 1937 a habitus of one paratype, lateral view b habitus of the
other paratype, lateral view c¢~f one female identified by Alexander (c habitus of female, lateral view d one
leg e wing f collection and identification labels). Scale bars: 2.0 mm (a~d); 1.0 mm (e).

Specimens examined. Paratypes: 2 females (USNM), China: Jiangxi Province,
Xunwu District, Hong San (1000-1053 m), 1936.V1.27-28, Judson Linsley Gres-
sitt. Other material: 1 female (USNM), China: Zhejiang Province, Deging District,
Mount Moganshan, 1936.V.29, Pere Octave Piel.

Diagnosis. General coloration black. Haltere black with base of stem yellow. Wing
with heavily brown bands and marks as follows: a large triangular brown mark in base
of cells R and M; a irregular quadrate brown mark at origin of Rs; an elliptic brown



96 Jiaqi Shao & Zehui Kang / ZooKeys 1070: 87-99 (2021)

mark at midlength of CuA ; a small oval brown mark at tip of A; median band ex-
tending from R to the bend in distal section of CuA_; subapical band extending from
anterior margin of wing, covering tip of R and R,, to tip of M,; Rs about three-fifths
the length of R, . 4 times the length of r-m.

Distribution (new record in bold). China (Jiangxi, Zhejiang).

Remarks. The determined specimen of this species collected from Zhejiang was
identified by Alexander in 1939, but was not officially published to record. We re-
determined it during the study and now record this species from Zhejiang for the
first time. For descriptions and illustrations of this species, see Alexander (1937) and
Krzeminski and Zwick (1993).

Prychoptera longwangshana Yang & Chen, 1998
Figure 5a

Prychoptera longwangshana Yang & Chen, 1998: 240. Type locality: Mount Longwang-
shan, Anji, Zhejiang (China).

Specimens examined. Holotype male (CAU), China: Zhejiang Province, Anji Dis-
trict, Mount Longwangshan, 1996.V1.12, Chikun Yang.

Diagnosis. Thorax mostly black. Wing marked with two brown marks and two
brown bands. Surstylus of epandrium tapering and curved downward distally, curving
up at tip. Gonocoxite wide and gonostylus short and small. Apical part of hypandrium
with a pair of curved up and trough-shaped projections.

Description. Wing length 8.0 mm. Wing (Fig. 5a) 3.2 times as long as wide,
subhyaline, marked with two brown marks and two brown bands as follows: an oval
brown mark at base of R, a triangular brown mark at base of Rs; median band extend-
ing from anterior margin of wing, covering base of R, ; and r-m, to middle section of
CuA; subapical band extending from anterior margin of wing, covering tip of R, and
R,toM , fork, slightly separated into two marks. Veins brown; Sc ending in C at
level of basal third of R, ;Rs straight, 3 times the length of r-m.

Distribution. China (Zhejiang).

Remarks. Only one wing of the holotype was available during the study, while the
rest of the holotype was not found in CAU. For a description and illustration of this
species, also see Yang and Chen (1998).

Prychoptera gutianshana Yang & Chen, 1995
Figure 5b—f

Prychoptera gutianshana Yang & Chen, 1995: 180. Type locality: Mount Gutianshan,
Kaihua, Zhejiang (China).
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Figure 5. Prychoptera longwangshana Yang & Chen, 1998 and Prychoptera gutianshana Yang & Chen,
1995 a wing of P longwangshana b=f P gutianshana (b wing ¢ male genitalia, lateral view d epandrium,
dorsal view e gonocoxite and gonostylus, dorsal view f hypandrium, ventral view). Scale bars: 1.0 mm

(a, b); 0.2 mm (c-f).

Specimens examined. Holotype male (CAU), China: Zhejiang Province, Kaihua Dis-
trict, Mount Gutianshan (350 m), 1993.1V.15, Hong Wu (light trap).

Diagnosis. Wing marked with three brown marks and two brown bands. Surstylus
of epandrium broadest at base, tapering and curved downward distally, forked at tip.
Paramere with a pair of flaky projections and a vase-shaped projection. Gonostylus
irregular rectangular with an elliptic basal projection on inner side with short hairs.
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Hypandrium trapeziform, anterior margin with a pair of C-shaped projections, middle
area with a pair of digitiform projections, posterior margin with a pair of digitiform
projections and a papillary projection.

Description. Wing length 7.5 mm. Wing (Fig. 5b) 3.6 times as long as wide,
subhyaline, marked with three brown marks and two brown bands as follows: three el-
liptic brown marks at base of Rs, at base of M and at midlength of CuA ; median band
extending from anterior margin of wing, covering base of R, and r-m, to the bend in
distal section of CuA,; subapical band extending from anterior margin of wing, cover-
ing tip of R, R, and fork of R, _, to fork of M, ,. Veins brown; Sc ending in C at level
of basal half of R, ;Rs straight, 3 times the length of r-m.

Male genitalia black. Epandrium (Fig. 5d) bilobed, each lobe strongly elongated
and forming a long surstylus, surstylus broadest at base, tapering and curved down-
ward distally, forked at tip, with brown hairs; proctiger with short hairs. Gonocoxite
(Fig. 5e¢) short and swollen, 2 times as long as wide, basal apodeme three-cighths as
long as gonocoxite; paramere with a pairs of flaky projections and a vase-shaped pro-
jection. Gonostylus (Fig. 5e) irregular rectangular with an elliptic basal projection on
inner side with dense short hairs. Hypandrium (Fig. 5f) trapeziform, anterior margin
with a pair of C-shaped projections, middle area with a pair of digitiform projections,
posterior margin with a pair of digitiform projections and a papillary projection, papil-
lary projection with dense short hairs.

Distribution. China (Zhejiang).

Remarks. Only two wings and male genitalia of the holotype were available during
the study, while the paratype and the rest of the holotype were not found in CAU. For
description and illustration of this species, also see Yang and Chen (1995).
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Abstract

The bent-toed geckos of the Cyrtodactylus pulchellus group are widely distributed along the Thai-Malay
Peninsula. Although taxonomic and phylogenetic studies of this species group have been continuously
conducted, only some populations from Thailand have been included, resulting in hidden diversity within
this group. In this study, we used morphological and molecular data to clarify the taxonomic status and
describe a new population from Tarutao Island, Satun Province, southern Thailand. Cyrtodactylus stellatus
sp. nov. can be distinguished from its congeners by the combination of the following morphological char-
acters: body size; tuberculation; number of dark body bands, ventral scales, and femoroprecloacal pores in
males; presence of precloacal pores in females; and scattered pattern on dorsum. Phylogenetic analyses of
the mitochondrial ND2 gene recovered the new species as the sister species to C. astrum, with an uncor-
rected pairwise divergence of 9.78-12.37%. Cyrtodactylus stellatus sp. nov. is currently only known from
Tarutao Island, Thailand. The discovery of this species suggests that the diversity within the C. pulchellus
group remains underestimated and future exploration of unsurveyed areas are needed to further the un-

derstanding of this group and its geographic range.

Copyright Korkhwan Termprayoon et al. This is an open access article distributed under the terms of the Creative Commons Attribution License
(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

Bent-toed geckos in the genus Cyreodactylus Gray, 1827 are geographically widespread
and inhabit lowland (e.g., peat swamps, karst formations, and limestone forests) to
mountainous regions (> 1,500 m a.s.I) of South Asia to Melanesia, ranging from In-
dia, Myanmar, Thailand, Vietnam, Cambodia, Malaysia, Java, Papua New Guinea to
northern Australia (Wood et al. 2012; Nielsen and Oliver 2017; Pauwels et al. 2018;
Purkayastha et al. 2020; Riyanto et al. 2020; Grismer et al. 2020a, 2021a, 2021b). This
genus is the most diverse group of gekkotans, comprising 314 nominal species (Uetz et
al. 2021). During the last two decades, the number of new species described in this genus
has significantly increased with the exploration of unsurveyed karst formations (Luu et
al. 2016; Nazarov et al. 2018; Davis et al. 2019; Grismer et al. 2018, 2020b). Moreover,
genetic data has become a useful tool for taxonomic studies, revealing hidden diversity
within the genus (Murdoch et al. 2019; Chomdej et al. 2020; Neang et al. 2020; Riyanto
et al. 2020; Kamei and Mahony 2021; Liu and Rao 2021). Recent molecular studies
have further supported the monophyly of this genus based on the most complete phy-
logenetic analysis to date, and have recognized 31 species groups (Grismer et al. 2021b).

One clade of particular interest is the Cyrtodactylus pulchellus group. This relatively
diverse group is distributed along the Thai-Malay Peninsula and has high morphologi-
cal and molecular variation. Cyrtodactylus pulchellus Gray, 1827 was thought to be a
single wide-ranging species across their distributional range, but following an integra-
tive approach many new species have been described (e.g., C. bintangrendah Grismer et
al., 2012, C. langkawiensis Grismer et al., 2012, and C. sharkari Grismer et al., 2014).
This species group has been recovered as monophyletic and currently contains 16 rec-
ognized species, based on multiple phylogenetic studies (Grismer et al. 2012, 2014,
2016; Quah et al. 2019; Wood et al. 2020; Termprayoon et al. 2021). This group is
distributed from the south of the Isthmus of Kra, southern Thailand to southern Pen-
insular Malaysia and some of its offshore islands (Grismer and Ahmad 2008; Sumon-
tha et al. 2012; Grismer et al. 2012, 2014, 2016; Quah et al. 2019; Wood et al. 2020;
Termprayoon et al. 2021). During field surveys, specimens of the C. pulchellus group
were collected from Tarutao Island, Satun Province, southern Thailand. Initially, these
specimens were recognized as an insular population of C. astrum Grismer et al., 2012
due to their superficial resemblance in coloration pattern and dorsal tuberculation. A
re-examination of these specimens showed morphological differences from its other
congeners and mitochondrial DNA sequence data revealed corroborative evidence that
the new population of Cyrrodactylus from Tarutao Island represents a distinct mono-
phyletic lineage and is the sister species to C. astrum from the adjacent mainland.
Based on integrative analyses, we considered this new Cyrtodactylus population from
Tarutao Island as distinct and described it as a new species below.
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Materials and methods
Sampling

Field surveys were conducted on Tarutao Island, Mueang Satun District, Satun Prov-
ince, southern Thailand from November 2017 to November 2019 (Fig. 1). Specimens
of the C. pulchellus group were collected from karst forest at night (1900-2200 h).
Ecological data (air temperature and relative humidity) were recorded using a Kestrel
4000 Weather Meter, and habitat use of each specimen was noted. Geographical co-
ordinates and elevation were recorded using a Garmin GPSMAP 64s. For molecular
studies, liver tissue was taken from each euthanized specimen, individually preserved
in 95% ethyl alcohol, and stored at -20 °C. Specimens were initially fixed in 10%
formalin and later transferred into 70% ethyl alcohol for permanent storage. Voucher
specimens were deposited in the herpetological collections of the Zoological Museum,
Kasetsart University, Thailand (ZMKU). Additional preserved specimens were exam-
ined in the holdings of the Thailand Natural History Museum (THNHM), Thailand,
and the La Sierra University Herpetological Collection (LSUHC), La Sierra Univer-
sity, Riverside, California, USA.

DNA extraction and PCR amplification

Total genomic DNA was extracted from ethanol-preserved liver tissue of five Cyr-
todactylus specimens from Tarutao Island (Table 1) using a NucleoSpin Tissue Kit
(Macherey-Nagel GmbH & Co. KG, Germany). A fragment of mitochondrial NADH
dehydrogenase subunit 2 (ND2) gene and its flanking tRNAs was amplified using a
double-stand Polymerase Chain Reaction (PCR) under the following conditions: ini-
tial denaturation at 94 °C for 4 min, followed by 35 cycles of denaturation at 94 °C for
30 sec, annealing at 48—52 °C for 30 sec, extension at 72 °C for 1 min 30 sec, and final
extension at 72 °C for 7 min using the primers Metf6 (5 AAGCTTTCGGGCCCA-
TACC 3'; Macey et al. 1997), and COIH (5' AGRGTGCCAATGTCTTTGTGRTT
3'; Macey et al. 1997). PCR products were purified using NucleoSpin Gel and PCR
Clean-Up kit (Macherey-Nagel GmbH & Co. KG, Germany). Purified products were
sequenced for both strands using the same amplifying primers on an ABI 3730XL
DNA Sequencer (Applied Biosystems, CA, USA). Sequences were visually checked
and aligned in Geneious R11 (Biomatters, Ltd, Auckland, New Zealand). The protein-
coding region of ND2 was translated to amino acids and checked to confirm the lack
of premature stop codons. All sequences were deposited in GenBank under the acces-

sion numbers OK094494—0OK094503 (Table 1).

Phylogenetic analyses

Phylogenetic trees were reconstructed using two different methods, Maximum Like-
lihood (ML) and Bayesian Inference (BI). The best substitution model for each par-
tition was determined using the Bayesian Information Criterion (BIC) under the
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Figure I. Map showing the type locality of Cyrtodactylus stellatus sp. nov. from Tarutao Island, Mueang

Satun District, Satun Province, Thailand and the type localities of closely related species, C. astrum,
C. dayangbuntingensis, C. langkawiensis, and C. lekaguli.

greedy search algorithm as implemented in PartitionFinder2 on XSEDE (Lanfear et
al. 2016). The selected models for ML and BI were TIM+G for 1** and 2" codon posi-
tions of ND2, TVM+I+G for 3" codon position of ND2 and TRN+I+G for tRNAs.
The ML analysis was performed in IQ-TREE web server v1.6.12 (Trifinopoulos et al.
2016) with 1,000 bootstrap replicates using ultrafast bootstrap approximation (Minh
et al. 2013). The BI analysis was performed in MrBayes 3.2.6 on XSEDE (Ronquist
etal. 2012) using the CIPRES Science Gateway v3.3 (Miller et al. 2010). Two simul-
taneous runs were performed with four chains per run, three hot and one cold under
the default settings. The analysis was run for 10,000,000 generations and sampled
every 1,000 generations from the Markov chain Monte Carlo (MCMC), with the
first 25% of each run discarded as burn-in. Stationarity and the effective sample
sizes (ESS) for all parameters were assessed in Tracer v1.7.1. (Rambaut et al. 2018).
Nodes with ultrafast bootstrap support (UFB) of > 95 and Bayesian posterior prob-
abilities (BPP) of > 0.95 were considered to be strongly supported (Huelsenbeck and
Ronquist 2001; Wilcox et al. 2002; Minh et al. 2013). Intraspecific and interspecific
uncorrected pairwise genetic divergences (p-distance) were calculated in MEGA X
10.0.5 using the pairwise deletion option for the treatment of gaps and missing data
in the dataset (Kumar et al. 2018).
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Table I. Samples used in the molecular analyses, including their GenBank accession number (ND2),
voucher number and locality. WM = West Malaysia; TH = Thailand.

Species Locality Museum No. GenBank Reference
Accession
No.
Outgroup
Agamura persica Pakistan, Baluchistan Province, Makran District, Gwadar FMNH 247474 JX440515 Wood et al. (2012)
division
Hemidactylus frenatus Unknow NC 00155 JX519468 | Grismer et al. (2012)
Tropiocolotes steudneri captive JB 28 JX440520 | Wood etal. (2012)
C. elok WM, Pahang, Fraser’s Hill, The Gap LSUHC 6471 JQ889180 | Wood et al. (2012)
C. hontreensis Vietnam, Kien Giang Province, Kien Hai District, Hon LSUHC 8583 JX440539 | Wood etal. (2012)
Tre Island
C. intermedius TH, Chantaburi Province, Khao Khitchakut District LSUHC 9513 JX519469 | Grismer et al. (2012)
TH, Chantaburi Province, Khao Khitchakut District LSUHC 9514 JX519470 | Grismer et al. (2012)
C. interdigitalis Lao, Khammouan Province, Nakai District FMNH 255454 JQ889181 | Wood et al. (2012)
Cyrtodactylus sp. TH, Loei, Phu Rua FMNH 265806 JX519471 | Grismer et al. (2012)
Ingroup
C. astrum WM, Perlis, Gua Kelam LSUHC 8806 JX519481 | Grismer et al. (2012)
WM, Perlis, Gua Kelam LSUHC 8807 JX519478 | Grismer et al. (2012)
WM, Perlis, Gua Kelam LSUHC 8808 JX519479 | Grismer et al. (2012)
WM, Perlis, Gua Kelam LSUHC 8809 JX519480 | Grismer et al. (2012)
WM, Perlis, Kuala Perlis LSUHC 8815 JX519482 | Grismer et al. (2012)
WM, Perlis, Kuala Perlis LSUHC 8816 JX519483 | Grismer et al. (2012)
(paratype)
WM, Perlis, Perlis State Park LSUHC 9215 JX519473 | Grismer et al. (2012)
WM, Perlis, Perlis State Park, Gua Wang Burma LSUHC 9962 JX519475 | Grismer et al. (2012)
WM, Perlis, Perlis State Park, Gua Wang Burma LSUHC 9986 JX519476 | Grismer et al. (2012)
WM, Perlis, Perlis State Park, Gua Wang Burma LSUHC 9987 JX519477 | Grismer et al. (2012)
WM, Perlis, Wang Kelian LSUHC 10023 JX519474 | Grismer et al. (2012)
WM, Perlis, Wang Kelian LSUHC 10024 JX519472 | Grismer et al. (2012)
C. WM, Pahang, Fraser’s Hill LSUHC 8086 JX519486 | Grismer et al. (2012)
australotitivangsaensis WM, Pahang, Fraser’s Hill LSUHC 8087 JX519485 | Grismer et al. (2012)
WM, Pahang, Genting Highlands LSUHC 6637 JX519484 | Grismer et al. (2012)
(holotype)
C. bintangrendah WM, Kedah, Bukit Mertajam LSUHC 10331 | MN125076 | Quah etal. (2019)
(paratype)
WM, Kedah, Bukit Mertajam LSUHC 10519 | MN125077 | Quah etal. (2019)
WM, Kedah, Bukit Mertajam LSUHC 10520 MN125078 | Quah etal. (2019)
(paratype)
WM, Kedah, Bukit Palang LSUHC 9984 JX519487 | Grismer et al. (2012)
C. bintangtinggi WM, Perak, Bukit Larut LSUHC 8862 JX519493 | Grismer et al. (2012)
WM, Perak, Bukit Larut LSUHC 9006 JX519494 | Grismer et al. (2012)
(paratype)
C. dayangbuntingensis WM, Kedah, Dayang Bunting Island LSUHC 14353 MN125090 | Quah etal. (2019)
WM, Kedah, Dayang Bunting Island LSUHC 14354 MN125091 | Quah etal. (2019)
WM, Kedah, Dayang Bunting Island LSUHC 14355 MN125092 | Quah etal. (2019)
C. evanquahi WM, Kedah, Gunung Baling BYU 53435 MN586889 | Wood et al. (2020)
(holotype)
WM, Kedah, Gunung Baling BYU 53436 MN586890 | Wood et al. (2020)
(paratype)
WM, Kedah, Gunung Baling BYU 53437 MN586891 | Wood et al. (2020)
(paratype)
C. hidupselamanya WM, Kelantan, Felda Chiku 7 LSUHC 12161 KX011415 | Grismer et al. (2016)
(paratype)
WM, Kelantan, Felda Chiku 7 LSUHC 12162 KX011416 | Grismer et al. (2016)
(paratype)
WM, Kelantan, Felda Chiku 7 LSUHC 12163 KX011417 | Grismer et al. (2016)
(holotype)
WM, Kelantan, Felda Chiku 7 LSUHC 12173 KX011420 | Grismer et al. (2016)

(paratype)
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Species Locality Museum No. GenBank Reference
Accession
No.
C. jelawangensis WM, Gunung Stong, Kelantan LSUHC 11060 KJ659850 | Grismer et al. (2014)
(paratype)
WM, Gunung Stong, Kelantan LSUHC 11062 KJ659852 | Grismer et al. (2014)
(holotype)
WM, Kelantan, Gunung Stong LSUHC 11061 KJ659851 | Grismer et al. (2014)
(paratype)
C. langkawiensis WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9120 JX519502 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9122 JX519501 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9123 JX519500 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9124 JX519499 | Grismer et al. (2012)
(paratype)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9125 JX519496 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9434 JX519498 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9435 JX519495 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 9437 JX519497 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 14347 | MN125093 | Quah et al. (2019)
WM, Kedah, Pulau Langkawi, Wat Wanaram LSUHC 14348 MN125094 | Quah etal. (2019)
C. lekaguli TH, Phang-nga Province, Mueang Phang-nga District ZMKU R 00720 | KX011425 | Grismer et al. (2016)
TH, Phang-nga Province, Mueang Phang-nga District ZMKU R 00721 KX011426 | Grismer et al. (2016)
TH, Phang-nga Province, Mueang Phang-nga District ZMKU R 00722 | KX011427 | Grismer et al. (2016)
TH, Phang-nga Province, Mueang Phang-nga District ZMKU R 00723 KX011428 | Grismer et al. (2016)
TH, Trang Province, Na Yong District ZMKU R 00918 | OK094494 This study
TH, Trang Province, Na Yong District ZMKU R 00919 | OK094495 This study
TH, Trang Province, Na Yong District ZMKU R 00920 | OK094496 This study
TH, Trang Province, Na Yong District ZMKU R 00921 0K094497 This study
TH, Trang Province, Na Yong District ZMKU R 00922 | OK094498 This study
C. lenggongensis WM, Perak, Lenggong Valley LSUHC 9974 JX519490 | Grismer et al. (2012)
(holotype)
WM, Perak, Lenggong Valley LSUHC 9975 JX519488 | Grismer et al. (2012)
(paratype)
WM, Perak, Lenggong Valley LSUHC 9976 JX519489 | Grismer et al. (2012)
(paratype)
WM, Perak, Lenggong Valley LSUHC 9977 JX519491 | Grismer et al. (2012)
(paratype)
C. macrotuberculatus TH, Phuket Province, Kathu District, Kathu Waterfall ZMKU R 00890 | MW809301 | Termprayoon et al.
(2021)
TH, Phuket Province, Kathu District, Kathu Waterfall ZMKU R 00891 | MW809302 | Termprayoon et al.
(2021)
TH, Phuket Province, Thalang District, Thep Krasatti ZMKU R 00894 | MW809305 | Termprayoon et al.
(2021)
TH, Phuket Province, Thalang District, Thep Krasatti ZMKU R 00895 | MW809306 | Termprayoon et al.
(2021)
TH, Phuket Province, Thalang District, Thep Krasarti ZMKU R 00896 | MW809307 | Termprayoon et al.
(2021)
TH, Satun Province, Mueang Satun District, Adang Island | ZMKU R 00875 | MW809295 | Termprayoon et al.
(2021)
TH, Satun Province, Mueang Satun District, Rawi Island ZMKU R 00883 | MW809299 | Termprayoon et al.
(2021)
TH, Satun Province, Mueang Satun District, Rawi Island ZMKU R 00887 | MW809300 | Termprayoon et al.
(2021)
TH, Songkhla Province, Hat Yai District, Thung Tam Sao | ZMKU R 00876 | MW809296 | Termprayoon et al.
(2021)
TH, Songkhla Province, Hat Yai District, Thung Tam Sao ZMKU R 00877 | MW809297 | Termprayoon et al.
(2021)
TH, Songkhla Province, Hat Yai District, Thung Tam Sao ZMKU R 00878 | MW809298 | Termprayoon et al.
(2021)
WM, Kedah, Hutan Lipur Sungai Tupah LSUHC 9671 JX519510 | Grismer et al. (2012)
WM, Kedah, Hutan Lipur Sungai Tupah LSUHC 9672 JX519511 | Grismer et al. (2012)
WM, Kedah, Hutan Lipur Sungai Tupah LSUHC 9693 JX519517 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Gunung Machinchang LSUHC 9448 JX519507 | Grismer et al. (2012)
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Species Locality Museum No. GenBank Reference
Accession
No.
C. macrotuberculatus WM, Kedah, Pulau Langkawi, Gunung Raya LSUHC 9428 JX519506 | Grismer et al. (2012)
WM, Kedah, Pulau Langkawi, Lubuk Sembilang LSUHC 6829 JX519505 | Grismer et al. (2012)
WM, Perlis, Bukit Chabang LSUHC 10037 JX519519 | Grismer et al. (2012)
WM, Perlis, Bukit Chabang LSUHC 10038 JX519518 | Grismer et al. (2012)
C. pulchellus WM, Penang, Pulau Pinang, Empangan Air Iram LSUHC 6668 JX519523 | Grismer et al. (2012)
WM, Penang, Pulau Pinang, Moongate Trail LSUHC 6727 JX519526 | Grismer et al. (2012)
WM, Penang, Pulau Pinang, Moongate Trail LSUHC 6728 JX519525 | Grismer et al. (2012)
WM, Penang, Pulau Pinang, Moongate Trail LSUHC 6729 JX519528 | Grismer et al. (2012)
C. sharkari WM, Pahang, Merapoh, Gua Gunting LSUHC 11022 KJ659853 | Grismer et al. (2014)
(holotype)
Cyrtodactylus stellatus | TH, Satun Province, Mueang Satun District, Tarutao Island | ZMKU R 00903 | OK094499 This study
sp. nov. (paratype)
TH, Satun Province, Mueang Satun District, Tarutao Island | ZMKU R 00905 | OK094500 This study
(holotype)
TH, Satun Province, Mueang Satun District, Tarutao Island | ZMKU R 00906 | OK094501 This study
(paratype)
TH, Satun Province, Mueang Satun District, Tarutao Island | ZMKU R 00907 | OK094502 This study
(paratype)
TH, Satun Province, Mueang Satun District, Tarutao Island | ZMKU R 00908 | OK094503 This study
(paratype)
C. timur WM, Gunung Tebu, Terengganu LSUHC 10886 KJ659854 | Grismer et al. (2014)
WM, Gunung Tebu, Terengganu LSUHC 11183 KJ659855 | Grismer et al. (2014)
(paratype)
WM, Gunung Tebu, Terengganu LSUHC 11184 KJ659856 | Grismer et al. (2014)
(paratype)
WM, Gunung Tebu, Terengganu LSUHC 11185 KJ659857 | Grismer et al. (2014)
(paratype)
C. trilatofasciatus WM, Pahang, Cameron Highlands LSUHC 10064 | JX519529 | Grismer etal. (2012)
WM, Pahang, Cameron Highlands LSUHC 10065 JX519530 | Grismer et al. (2012)
WM, Pahang, Cameron Highlands LSUHC 10066 JX519531 | Grismer et al. (2012)
Morphology

The morphological characters and their definition used in this study were modified
from previous studies of the C. pulchellus group (Grismer and Ahmad 2008; Grismer
et al. 2012, 2014, 2016; Quah et al. 2019; Wood et al. 2020), and abbreviations are
derived from Grismer et al. (2018, 2020c). All mensural characters were taken with
digital calipers to the nearest 0.01 mm on the left side, while scale counts were made
on both sides when possible. Scalation and external morphology were evaluated under
a Nikon SMZ745 dissecting microscope. Measurement and meristic characters are
shown in Table 2, and external morphological characters evaluated are described below.

External morphological characters examined in the C. pulchellus group were the
degree of body tuberculation, weak tuberculation referring to dorsal body tubercles
that are low and rounded whereas prominent tuberculation refer to tubercles that are
raise and keeled; the presence or absence of tubercles on the dorsal and ventral surface
of the forearms; the presence or absence of tubercles in the gular region, throat, and
ventrolateral body folds; the width of the dark body bands relative to the width of the
interspace between the bands; the presence or absence of dark pigmentation infused in
the white caudal bands of adults; the presence or absence of a precloacal depression or
groove; the presence or absence of scattered white/yellow tubercles on the dorsum; and
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Table 2. Measurement and meristic characters used in this study, with abbreviations and explanations.

Abbreviations ‘ Characters
Measurement
SVL Snout-vent length, taken from the tip of snout to the vent
™ Tail width, taken at the base of the tail immediately posterior to the postcloacal swelling
TL Tail length, taken from vent to the tip of the tail, original or regenerated
FL Forearm length, taken from the posterior margin of the elbow while flexed 90° to the inflection of the flexed wrist
TBL Tibia length, taken from the posterior surface of the knee while flexed 90° to the base of the heel
AG Axilla to groin length, taken from the posterior margin of the forelimb at its insertion point on the body to the anterior margin
of the hind limb at its insertion point on the body
HL Head length, the distance from the posterior margin of the retroarticular process of the lower jaw to the tip of the snout
HW Head width, measured at the angle of the jaws
HD Head depth, the maximum height of head from the occiput to the throat
ED Eye diameter, the greatest horizontal diameter of the eyeball
EE Eye to ear distance, measured from the anterior edge of the ear opening to the posterior edge of the eyeball
ES Eye to snout distance, measured from anterior most margin of the eyeball to the tip of snout
EN Eye to nostril distance, measured from the anterior margin of the eyeball to the posterior margin of the external nares
10 Inter orbital distance, measured between the anterior edges of the orbit
EL Ear length, the greatest vertical distance of the ear opening
IN Internarial distance, measured between the nares across the rostrum
Meristic
SL Supralabial scales, counted from the largest scale immediately posterior to the dorsal inflection of the posterior portion of the
upper jaw to the rostral scale
IL Infralabial scales, counted from the largest scale immediately posterior to the dorsal inflection of the posterior portion of the
upper jaw to the mental scale
PVT The number of paravertebral tubercles between limb insertions, counted in a straight line immediately left or right of the
vertebral column
LRT ‘The number of longitudinal rows of body tubercles, counted transversely across the center of the dorsum from one
ventrolateral fold to the other
VS The number of longitudinal rows of ventral scales, counted transversely across the center of the abdomen from one
ventrolateral fold to the other
4TL The number of subdigital lamellae beneath the fourth toe, counted from the base of the first phalanx to the claw
FPP The total number of precloacal and femoral pores in male (i.c., the sum of the number of femoral and precloacal scales bearing
pores combined as a single meristic referred to as the femoroprecloacal pores)
PP The number of precloacal pores in female
BB ‘The number of dark body bands between limb insertions
DCB The number of dark caudal bands on the original tail

the presence or absence of white tail tip on the posterior portion of the original tail in
hatchlings and juveniles. Color pattern characteristics were taken from digital images
of live specimens in both sexes and of all possible age classes prior to preservation.

Statistical analyses

All analyses were performed using the base statistical software in Rv3.6.1 (R Core Team
2019). To eliminate bias of sexual dimorphism, adult males and females were analyzed
separately. Morphological analyses were run on 15 mensural characters. Tail length
(TL) was not included due to their different condition (e.g., original, regenerated,
and broken). All measurements of each species were size-adjusted in order to remove
potential effects of allometry using the following allometric equation: X = log[X £
B(SVL £ SVL__ )], where X, 4= adjusted value; X = measured value; § = unstandard-
ized regression coeflicient for each OTU; SVL = measured snout—vent length; SVL

mean
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= overall average SVL of each OTU (Thorpe 1975, 1983; Turan 1999; Lleonart et al.
2000)—implemented through the R package GroupStruct (Chan and Grismer 2021).
Morphological measurements of C. astrum, C. dayangbuntingensis Quah et al., 2019,
C. langkawiensis and C. lekaguli Grismer et al., 2012 were obtained from their original
descriptions (Grismer et al. 2012; Quah et al. 2019). Additional preserved specimens
of C. astrum (from Malaysia) and C. lekaguli (topotypes) were examined and included
in the analyses (Appendix I). Morphometric adjustments were conducted separately
on each species and then concatenated into a single data frame to ensure there was no
interspecific conflation of variation (Reist 1985; McCoy et al. 2006). Specimens were
assigned into five groups (= species) based on phylogenetic analyses which are Cyrro-
dactylus Tarutao Island samples (/V = 5 males, 5 females), C. astrum (N = 5 males, 3 fe-
males), C. dayangbuntingensis (N = 2 males), C. langkawiensis (IN = 2 males, 4 females),
and C. lekaguli (N = 7 males, 9 females).

Principal components analysis (PCA) was performed on size-adjusted data for each
sex using FactoMineR package (Lé et al. 2008) and were visualized with the R pack-
age ggplot2 (Wickham 2016). For univariate analysis, Shapiro-Wilk test was used to
evaluate data to meet normality assumptions (p > 0.05) and Levene’s test for testing for
equality of variance (p > 0.05). Morphological differences were compared using Analy-
sis of variance (ANOVA) or Kruskal-Wallis test. ANOVA was conducted on normally
distributed data with homogeneous variances and were subjected to Tukey HSD post
hoc tests (Tukey’s test) to determine which characters had statistically different mean
values for which pairs of species if ANOVA had a p-value of less than 0.05. Kruskal-
Wallis test was performed on non-normally distributed data and followed by a post
hoc Dunn’s multiple comparison (Dunn’s test). Due to limited sample sizes, C. dayang-
buntingensis (N = 2 males) and males of C. langkawiensis (N = 2 males) were excluded
from the univariate analysis.

Results

Phylogenetic relationships

The aligned matrix contained 1,429 mtDNA characters from 93 individuals of the
C. pulchellus group and nine individuals of outgroup species (Table 1). The standard
deviation of split frequencies among the two simultaneous BI runs was 0.002676, and
the ESS values of all parameters were greater than or equal to 2,494.4. The maximum
likelihood value of the best ML tree was InL = -15,115.412.

The topologies of ML and BI analyses were largely concordant. The ML and BI
analyses recovered the C. pulchellus group as monophyletic with strong support (= 95
UFB, = 0.95 BPP) which is comprised of two major clades referred to as Clades A and
B (Figs 2, 3). The Cyrtodactylus specimens from Tarutao Island represented a strongly
supported monophyletic group (= 95 UFB, = 0.95 BPP) within Clade A containing
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Figure 2. The Maximum Likelihood tree of the Cyrrodactylus pulchellus group based on 1,429 bp of the
ND2 gene and flanking tRNAs. Support values on branches are ultrafast bootstrap (UFB). Black circles
represent nodes strongly supported (UFB = 95).
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ND2 gene and flanking tRNAs. Support values on branches are Bayesian posterior probabilities (BPP).
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C. astrum, C. dayangbuntingensis, C. langkawiensis, and C. lekaguli. The Tarutao Island
samples were weakly recovered as a sister species to C. astrum from the adjacent Pen-
insular Malaysian mainland (64 UFB, 0.82 BPP). Clade B is composed of all other
species including C. australotitiwangsaensis Grismer et al., 2012, C. bintangrendah, C.
bintangtinggi Grismer et al., 2012, C. evanquahi Wood et al., 2020, C. hidupselamanya
Grismer et al., 2016, C. jelawangensis Grismer et al., 2014, C. lenggongensis Grismer et
al., 2016, C. macrotuberculatus Grismer and Ahmad, 2008, C. pulchellus, C. sharkari,
C. timur Grismer et al., 2014 and C. #rilatofasciatus Grismer et al., 2012. Uncorrected
pairwise genetic divergences (p-distance) range from 0.00-1.17% within the Tarutao
Island specimens and 8.46-12.37% between the Tarutao Island specimens and other
species in Clade A (Table 3).

Morphology

The PCA was conducted on members from Clade A. The plots on the first two PC axes
showed that the Tarutao Island specimens are clustered separately from other species in
both sexes (Fig. 4). In male, the first two principal components explained 66.95% of
the morphological variation (Table 4). The first principal component (PC1) accounted
for 45.88% of the variation and was heavily loaded on FL " TBL, . HW, & HD, " EE-
p ES,4p and EN_ 5 and the PC2 accounted for 21.07% of the variation and was heavily
loaded on TW, , AG;,, 1O, ;;, and EL . PC analysis of females accounted for 56.74%
of the variation in first two components. The PC1 accounted for 34.81% of the vari-
ation and was heavily loaded on TBL, & HW. " EE, . ES, . and EN_ i and the PC2
accounted for 21.93% of the variation and was heavily loaded on TW, , IO, and IN ;.

The univariate analyses (ANOVA or Kruskal-Wallis test) were significantly dif-
ferent (p < 0.05) in most morphological characters among the members of Clade A
(except C. dayangbuntingensis). In the comparison of adult males, the Tarutao Island
population was significantly different from C. astrum and C. lekaguli in twelve mor-
phological characters (ANOVA or Kruskal-Wallis test, p < 0.001-0.006) except AG_,
ED, g and IN, g (ANOVA or Kruskal-Wallis test, p = 0.051-0.122). Subsequent Tukey’s
test or Dunn’s test demonstrated that Tarutao Island population was significantly dif-
ferent from C. astrum in SVL, " FL, " TBL, " HL, & HW, " HD, " EE o ES, " and
ENadj; and C. lekaguli in SVLadj’ T\Wadj, FLadj, HLadj’ HW/adj, HDadj, EEadj, ESadj, IOadj,
and EL . In adult females, the Tarutao Island population was significantly different

Table 3. Percentage uncorrected pairwise genetic divergence (p-distances) of Cyrtodactylus stellatus sp.
nov. and closely related species (Clade A) calculated from 1,429 base pairs of mitochondrial ND2 gene
and flanking tRNAs.

Species N 1 2 3 4 5
1 Cyrtodactylus stellatus sp. nov. 5 0.48 (0.00-1.17)
2 C. astrum 12 10.50 (9.78-12.37)  1.37 (0.00-2.97)
3 C. dayangbuntingensis 3 9.90(9.56-10.88) 9.86 (9.51-11.21)  0.14 (0.07-0.22)
4 C. langkawiensis 10 10.49 (9.86-11.69) 10.19 (9.71-11.59)  7.62(7.39-7.83)  0.42 (0.00-0.69)

5 C. lekaguli 9 9.33(8.46-10.80) 9.94(8.98-11.77)  8.58 (8.00-9.59)  9.39 (8.42-10.54) 2.30 (0.00-4.27)
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from C. astrum, C. langkawz’emz’s and C. lekagulz' in nine characters (ANOVA, p <
0.001-0.007) except SVL wAG , ED  and EL . (ANOVA or Kruskal-
Wallis test, p = 0.052—0. 631) Subsequent Tukeys test revealed that the Tarutao Island
population was significantly different from C. astrum in FL , TBL ,, HW , HD ,
EE . ES @ and EN_; C. langkawiensisin HW ., ES , EN i and IN a7 and C Zekagu/z
inHD IO . and IN L4 Summary pairwise results (Tukeys test or Dunn’s test) of sig-
mﬁcant dlfferences in morphological characters for adult males and females of Clade A
are shown in Table 5. Additional differences in meristic characters and coloration are
discussed in the comparison sections.

Table 4. Summary statistics and factor loadings of the first three principal components (PC) of 15 men-
sural characters for males and females of Cyrrodactylus stellatus sp. nov. and its closely related species includ-

ing C. astrum, C. dayangbuntingensis, C. langkawiensis, and C. lekaguli. Bold texts indicate high loadings.

Characters Males Females
PC1 rPC2 PC3 PC1 PC2 PC3

SVLNJ 0.660 -0.284 0.293 0.374 -0.097 -0.127
T\WM’ 0.436 0.795 -0.073 0.380 0.845 0.194
FdeJ 0.855 -0.228 -0.051 0.693 0.111 0.003
TBL“]] 0.951 0.098 -0.032 0.881 0.181 0.102
AG.\m -0.261 -0.728 0.364 -0.030 0.157 0.824

i 0.459 -0.508 -0.560 0.532 -0.194 0.537
H\W_\dJ 0.943 -0.168 0.177 0.785 -0.350 -0.197
HDM’ 0.838 -0.325 0.188 0.526 -0.647 0.170
ED,, 0.552 -0.195 -0.491 0.137 -0.086 0.612
EEAdJ 0.829 -0.171 0.194 0.755 -0.410 0.266
ESM’ 0.932 0.113 0.054 0.900 -0.078 -0.271
ENad] 0.875 0.246 0.142 0.922 0.122 -0.263
10, 0.143 0.850 0.435 0.361 0.854 0.033
ELM 0.303 0.770 -0.417 0.343 0.690 -0.298
N, -0.105 0.093 0.560 -0.089 0.719 0.238
Eigenvalue 6.882 3.161 1.587 5.222 3.289 1.835
Percentage of variance 45.879 21.073 10.581 34.813 21.928 12.235
Cumulative proportion 45.879 66.952 77.533 34.813 56.741 68.976

Table 5. Summary pairwise results of statistically significant characters (Tukey’s test; p < 0.05) from 15
mensural characters for males and females of Cyrtodactylus stellatus sp. nov. and closely related species
(Clade A). Abbreviations are listed in Table 2. Key: * tested by Dunn’s test; M = male; F = female.

Cyrtodactylus stellatus sp. nov. C. astrum C. langkawiensis
M F M F M F
Cyrtodactylus M - - - - - -
stellatus sp. nov. F _ _ _ _ _ _
C. astrum M SVL, FL, TBL, HL, - - - - -
HW, HD, EE, ES*, EN
F - FL, TBL, HW, - - - -
HD, EE, ES, EN
C. langkawiensis M - - - - - -
F - HW;, ES, EN, IN - HW, IN - -
C. lekaguli M |SVL, TW, FL, HL, HW, - TW, FL, TBL, HW, - - -
HD, EE, ES*, 10, EL EN, IO, EL
F - HD, 10, IN - FL, TBL, HW, ES, - ES
EN, IO, EL
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Taxonomic hypotheses

Cyrtodactylus samples from Tarutao Island, Mueang Satun District, Satun Province
differed from its congeners in mtDNA, morphometrics and morphological compari-
sons. These corroborated lines of evidence provide sufficient support to warrant them
specific species status and is described as new below.

Taxonomy

Cyrtodactylus stellatus sp. nov.
http://zoobank.org/F2AF3CB9-FOFE-4749-9785-F57C7CAC021C
Figures 5-11

Stellar Bent-toed Gecko

Holotype. Adult male (ZMKU R 00905, Figs 5-7) collected from Thailand, Satun
Province, Mueang Satun District, Tarutao National Park, Tarutao Island, Pha (= cliff)
Toe Boo (6°42.185'N; 99°38.895'E; 2 m a.s.l.), on 11 March 2019 by Korkhwan Term-
prayoon, Anchalee Aowphol, Attapol Rujirawan, Natee Ampai and Siriporn Yodthong.

Paratypes (Figs 8-9). Two adult males (ZMKU R 00906-00907) and two adult
females (ZMKU R 00908-00909), same data as holotype. One adult female (ZMKU
R 00913) same data as holotype except collected on 12 May 2019. One adult male
(ZMKU R 00903) and two adult females (ZMKU R 00899-00900), same data as
holotype, except collected on 5 November 2017 by Korkhwan Termprayoon, Attapol
Rujirawan, Natee Ampai, and Siriporn Yodthong. One adult male (ZMKU R 00915)
collected from Thailand, Satun Province, Mueang Satun District, Tarutao National
Park, Tarutao Island, Tarutao Outcrop (6°41.617'N; 99°38.796'E; 3 m a.s.l.) on 12
March 2019 by Korkhwan Termprayoon, Anchalee Aowphol, Attapol Rujirawan, Na-
tee Ampai and Siriporn Yodthong.

Referred specimens. ZMKU R 00901 (immature male) and ZMKU R 00902
(immature female) same data as holotype except collected on 5 November 2017 by
Korkhwan Termprayoon, Attapol Rujirawan, Natee Ampai, and Siriporn Yodthong.
ZMKU R 00904 (immature male) same data as holotype, except collected on 5 April
2018. ZMKU R 00910-00911 (two immature males) and ZMKU R 00912 (imma-
ture female) same data as holotype. ZMKU R 00914 (immature female) same data
as holotype except collected on 12 May 2019. ZMKU R 00916 (immature male)
and ZMKU R 00917 (juvenile) collected from Thailand, Satun Province, Mueang
Satun District, Tarutao National Park, Tarutao Island, Tarutao Outcrop (6°41.617'N;
99°38.796'E; 3 m a.s.l.) on 12 March 2019 by Korkhwan Termprayoon, Anchalee
Aowphol, Attapol Rujirawan, Natee Ampai and Siriporn Yodthong.

Diagnosis. Cyrtodactylus stellatus sp. nov. can be distinguished from all other spe-
cies of the C. pulchellus group by the combination of the following characters: (1) SVL
86.3-95.9 mm in adult males, 86.6-96.1 mm in adult females; (2) 12—15 supralabial
and 10-13 infralabial scales; (3) weak tuberculation on body; (4) no tubercles on ven-
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tral surfaces of forelimbs, gular region, or in ventrolateral body folds; (5) 32—47 para-
vertebral tubercles; (6) 19-23 longitudinal rows of dorsal tubercles; (7) 32—40 rows of
ventral scales; (8) 20-23 subdigital lamellae on the fourth toe; (9) 24-29 femoropre-
cloacal pores in adult males; (10) precloacal pores present in adult females; (11) deep
precloacal groove in males; (12) dorsum bearing a scattered pattern of white tubercles;
(13) four dark dorsal body bands; (14) 10—12 dark caudal bands on original tail; (15)
white caudal bands in adults heavily infused with dark pigmentation; and (16) poste-
rior portion of tail in hatchlings and juveniles white.

Description of holotype. Adult male SVL 94.2 mm; head large, moderate in
length (HL/SVL 0.29) and wide (HW/HL 0.61), somewhat flattened (HD/HL 0.38),
distinct from neck, and triangular in dorsal profile; lores concave anteriorly, inflated
posteriorly; frontal and prefrontal regions deeply concave; canthus rostralis rounded
anteriorly; snout elongate (ES/HL 0.39), rounded in dorsal profile, laterally constrict-
ed; eye large (ED/HL 0.25); ear opening elliptical, moderate in size (EL/HL 0.09),
obliquely oriented; eye to ear distance slightly greater than diameter of eye; rostral rec-
tangular, divided dorsally by an inverted Y-shaped furrow, bordered posteriorly by left
and right supranasals and internasal, bordered laterally by first supralabials; external
nares bordered anteriorly by rostral, dorsally by a large anterior supranasal, posteriorly
by two postnasals, ventrally by first supralabial; 13/14 (left/right) rectangular suprala-
bials extending to just beyond upturn of labial margin, tapering abruptly below mid-
point of eye; second supralabial slightly larger than first; 11/11 infralabials tapering in
size posteriorly; scales of rostrum and lores slightly raised, larger than granular scales on
top of head and occiput, those on posterior portion of canthus rostralis slightly larger;
scales on occiput intermixed with small tubercles; large, boney frontal ridges bordering
orbit confluent with boney, V-shaped, transverse, parietal ridge; dorsal superciliaries
elongate, smooth, largest anteriorly; mental triangular, bordered laterally by first infral-
abials and posteriorly by left and right, trapezoidal postmentals which contact medially
for 50% of their length; one row of slightly enlarged, elongate sublabials extending
posteriorly to the seventh (left) and fifth (right) infralabials; small, granular, gular scales
grading posteriorly into larger, flat, smooth, imbricate, pectoral and ventral scales.

Body relatively short (AG/SVL 0.46) with well-defined, non-tuberculate, vent-
rolateral folds; dorsal scales small, granular, interspersed with low, regularly arranged,
weakly keeled tubercles, smaller intervening tubercles occasionally present; tubercles
extend from occiput to caudal constriction, absent from regenerated portion of tail;
tubercles on occiput and nape relatively small, those on body largest; approximately 21
longitudinal rows of tubercles at midbody; 36 paravertebral tubercles; 33 flat imbricate
ventral scales between ventrolateral body folds; ventral scales larger than dorsal scales;
precloacal scales large, smooth; deep precloacal groove.

Forelimbs moderate in stature, relatively short (FL/SVL 0.16); scales on dorsal sur-
faces of forelimbs granular intermixed with larger tubercles; scales of ventral surface
of forearm flat, subimbricate, tubercles absent; palmar scales small, weakly rounded;
digits well-developed, inflected at basal, interphalangeal joints; subdigital lamellae rec-
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10 mm

Figure 5. Adult male holotype of Gyrtodactylus stellatus sp. nov. (ZMKU R 00905) from Tarutao Island,

Satun Province. A specimen in life and immediately before preservative: B dorsal and € ventral views.
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Figure 6. Head of the holotype of Gyrtodactylus stellatus sp. nov. (ZMKU R 00905): A lateral view of the

left side B dorsal view, and € ventral view.

tangular proximal to joint inflection, only slightly expanded distal to inflection; digits
narrower distal to joints; claws well-developed, sheathed by a dorsal and ventral scale;
the fifth digit broken on left forearm; hind limbs more robust than forelimbs, moder-
ate in length (TBL/SVL 0.19), larger tubercles on dorsal surface of legs separated by
smaller juxtaposed scales; ventral scales of thigh flat, smooth, imbricate, larger than
dorsal granular scales; ventral, tibial scales flat, smooth, imbricate; a single row of 34
enlarged femoroprecloacal scales extend nearly from knee to knee through precloacal
region where they are continuous with enlarged, pore-bearing precloacal scales; 27 sep-
arated pore-bearing femoroprecloacal scales (Fig. 10A), forming an inverted T bearing
a deep, precloacal groove; six pore-bearing scales bordering groove (three on each side
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Figure 7. Male holotype of Cyrtodactylus stellatus sp. nov. (ZMKU R 00905) in preservation. A dorsal
and B ventral views C tuberculation on dorsum, and D ventral view of left foot.
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10 mm

Figure 8. Male paratypes of Cyrtodactylus stellatus sp. nov. in preservation. A dorsal and B ventral views;
from left to right: ZMKU R 00903, ZMKU R 00906, ZMKU R 00907, and ZMKU R 00915.

of groove); postfemoral scales immediately posterior to enlarged scale row small, nearly
granular, forming an abrupt union with postfemoral scales on posteroventral margin
of thigh; plantar scales weakly rounded to flat; digits well developed, inflected at basal,
interphalangeal joints; subdigital lamellae proximal to joint inflection rectangular, only
slightly expanded distal to inflection; digits narrower distal to joints; claws well-devel-
oped, sheathed by a dorsal and ventral scale; 21/22 subdigital lamellae on the 4* toe.
Tail 94.8 mm in length, completely regenerated, 9.2 mm in width at base, taper-
ing to a point; regenerated tail covered with small, smooth, rectangular scales dorsally;
base of tail bearing hemipenial swellings; one row of 4/4 medium-sized postcloacal
tubercles on each hemipenial swelling; postcloacal scales smooth, flat, large, imbricate.
Coloration in life (Fig. 5). Dorsal ground color of head, body, and limbs light-
brownish grey; a wide, dark-brown nuchal band bordered anteriorly and posteriorly by
thin, creamy-white lines bearing tubercles that extend from the posterior margin of one
eye to the posterior margin of other eye; the color of nuchal band and creamy-white
lines is faded above left ear opening; four dark-brown body bands between nuchal
loop and hind limb insertions that are also bordered anteriorly and posteriorly by thin,
creamy-white lines bearing tubercles, first band terminates at shoulders, second and
third bands terminate just dorsal of ventrolateral folds, the fourth band terminates at
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10 mm

Figure 9. Female paratypes of Cyrtodactylus stellatus sp. nov. in preservation. A dorsal and B ventral
views; from left to right: ZMKU R 00899, ZMKU R 00900, ZMKU R 00908, ZMKU R 00909, and
ZMKU R 00913.

femurs; dark body bands slightly larger than light-colored interspaces; creamy-white
to light-yellow tubercles scattered on dorsal surfaces of nape, body, and limbs; one ad-
ditional dark-brown band posterior to hind limbs; light-brown regenerated tail, bear-
ing yellowish pigment on some scales; ventral surfaces of head smudged with brown;
abdomen and limbs beige, with slightly darker, lateral regions.

Coloration in preservative (Figs 6, 7). The overall color pattern of head, body,
limbs, and tail similar to that in life with some fading. Ground color of head, body,
limbs, and dorsum light-brown; dark body bands lighter than in life. Colored tubercu-
lation on dorsum fade to off-white. Tan colored on the ventral surface.

Variation. Cyrtodactylus stellatus sp. nov. usually varies in coloration and banding
pattern (Figs 8—11; Tables 6, 7). All specimens possess a clear dark-brown nuchal band
which is less clearly defined in ZMKU R 00903 and the holotype. In adult females,
precloacal pores are present but they lack the precloacal groove (Fig. 10B). Four speci-
mens (ZMKU R 00903, ZMKU R 00907, ZMKU R 00911, and ZMKU R 00913)
have prominent light-yellow tubercles scattered on the dorsum and limbs. Male para-
type (ZMKU R 00907) has continuous pore-bearing femoroprecloacal scales. Original
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Figure 10. Precloacal region of Cyrtodactylus stellatus sp. nov. showing A precloacal depression with
pore-bearing femoroprecloacal scales in male holotype (ZMKU R 00905), and B pore-bearing precloacal
scales with lacking depression in female paratype (ZMKU R 00900). Red arrows show pore-bearing scales.

tails (ZMKU R 00899, ZMKU R 00901-00902, ZMKU R 00910, ZMKU R 00912,
and ZMKU R 00916) have 10-12 dark caudal bands (Fig. 11A, B), light bands dif-
fused with dark pigment in adults (immaculate in immature and juvenile), subcaudal
scales transversely enlarged and shallow caudal furrows. Male paratypes have a single
row of 3—4L/2—4R postcloacal tubercles on each hemipenial swelling except ZMKU
R 00907 which has two rows of 4/5 on each side. This character in female paratypes is
very small, and a single row of 2—4/2—4 on each side at the base of tail.

In life, the juvenile (ZMKU R 00917; SVL 43.1 mm) had a body pattern similar
to the adults but with less prominent tuberculation, brownish yellow ground color of
body, dark body bands are bordered by yellow lines, some bearing tubercles, the origi-
nal tail has approximately 10 dark caudal bands, the posterior portion of tail is white,
and light caudal bands are immaculate (Fig. 11C).
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Figure 1 1. Variation of Cyrtodactylus stellatus sp. nov. A adult female ZMKU R 00899 having 11 dark
caudal bands on the original tail and white caudal bands infused with dark pigmentation B immature
female ZMKU R 00902 (field number AA 05272) having 12 dark caudal bands on the original tail with
immaculate white caudal bands, and € juvenile ZMKU R 00917 having light-yellow color on the body

and bearing white tail tip.
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Table 6. Descriptive measurement (millimeters), meristic (left/right) and color pattern characters of the
type series of Cyrrodactylus stellatus sp. nov. Key: H = holotype; P = paratype; M = male; F = female; / = data
unavailable or unapplicable; b = broken; r = regenerated. Morphological abbreviations are defined in Table 2.

5 | %5 | £:5 | Es5 | Ez | E2 Eg|EE|EE|Es

=8| 38| 38| 38| 38| 38| 38| 38| 38|38

N N N N N N N N N N

H P P P P P P P P P

Sex M M M M M F F F F F
SVL 94.2 95.9 94.6 87.9 86.3 96.1 93.6 94.8 90.4 86.6
TL 94.8r 96.8r 92.3r 69.0r 18.5b 124.4 70.5r 107.5r 81.7r 102.3r
™ 9.2 9.7 9.2 8.4 7.5 7.6 9.1 9.1 10.3 7.1
FL 15.4 15.3 15.1 14.4 14.1 14.9 14.5 15.9 15.6 14.8
TBL 18.1 18.3 17.8 17.4 17.6 17.7 17.3 18.1 17.8 16.5
AG 43.3 43.7 43.9 44.4 39.6 46.0 44,5 445 45.4 39.9
HL 27.6 26.3 27.0 25.2 24.8 26.5 26.9 27.3 26.4 25.7
HW 16.7 16.3 17.3 15.4 14.7 16.4 16.8 17.2 15.7 15.2
HD 10.4 9.6 10.8 9.2 8.7 10.4 10.2 10.1 9.4 9.2
ED 6.8 6.7 6.7 5.9 5.8 6.4 6.8 6.6 6.6 5.6
EE 7.1 7.6 7.2 6.3 6.2 6.9 7.0 7.0 6.7 6.8
ES 10.8 10.7 10.9 9.8 9.8 10.9 10.8 10.7 10.4 10.1
EN 8.5 8.3 8.3 7.8 7.5 8.2 8.3 8.5 8.1 7.9
10 5.9 6.2 6.6 5.8 5.5 6.0 6.4 6.1 5.7 6.2
EL 24 2.5 2.2 2.0 2.0 2.0 2.8 2.7 2.1 2.3
IN 2.9 3.2 3.5 3.1 3.0 3.8 3.3 3.2 3.2 2.6
SL 13/14 14/13 15/12 13/14 13/12 13/13 13/13 13/12 12/12 13/13
IL 11/11 10/10 11/12 12/12 11/11 11/11 12/11 12/12 10/11 11/11
PVT 36 35 41 38 43 38 40 40 40 47
LRT 21 20 21 19 22 20 21 19 22 22
\S 33 37 36 35 36 37 39 37 37 36
4TL 21/22 21/21 21/21 21/20 23/22 22/22 21/21 22/23 22/20 20/20
FPP in adult males 27 25 24 29 27 / / / / /
PP in adult females / / / / / 15 12 14 11 11
BB 4 4 4 4 4 4 4 4 4 4
DCB / / / / / 11 / / / /
Body band/ interspace ratio 1.12 1.20 1.04 1.10 1.68 1.07 1.03 1.23 1.06 0.92
Precloacal groove Deep Deep Deep Deep Deep | Absent | Absent | Absent | Absent | Absent
Femoroprecloacal pores continuous No No No Yes No / / / / /
Tuberculation Weak Weak Weak Weak Weak Weak Weak Weak Weak Weak
Tubercles on ventral surface of No No No No No No No No No No
forelimb
Tubercles in gular region No No No No No No No No No No
Ventrolateral fold tuberculate No No No No No No No No No No
Dorsum bearing scattered pattern of |~ Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
white tubercles
Hatchlings/ juveniles with white / / / / / / / / / /
tail tip
Adult posterior caudal region white / No / / / No / No / /
White caudal bands in adults / No / / / No / No / No
immaculate

Distribution. Cyrtodactylus stellatus sp. nov. is currently known only from Tarutao
Island, Satun Province, Thailand (Figs 1, 12A).

Natural history. All specimens of C. stellatus sp. nov. were collected from a karst
forest at night (1950-2100 h) with temperatures between 27.1-32.2 °C and relative
humidity between 71.4-93.0%. The specimens were found on karst walls, within karst
crevices and on nearby karst boulders. Some specimens occurred on tree trunks or
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Table 7. Descriptive meristic (left/right) and color pattern characters of the referred specimens of Cyrzo-
dactylus stellatus sp. nov. Key: RF = referred specimen; IM-M = immature male; IM-F = immature female;
J = juvenile; / = data unavailable or unapplicable. Morphological abbreviations are defined in Table 2.

ZMKU R |ZMKU R|ZMKU R |ZMKU R|ZMKU R|ZMKU R |ZMKU R |ZMKU R |ZMKU R
00901 00902 00904 00910 00911 00912 00914 00916 00917

RF RF RF RF RF RF RF RF RF
Age IM-M IM-F IM-M IM-M IM-M IM-F IM-F IM-M ]
SVL 774 68.4 72.5 82.5 81.8 73.8 81.9 79.9 43.1
SL 12/12 13/13 12/12 12/13 14/14 14/14 13/13 13/14 /
1L 10/11 11/12 10/11 11/11 10/12 13/11 10/11 10/11 /
PVT 38 38 32 41 41 41 42 40 /
LRT 20 21 19 22 19 19 22 23 /
VS 34 40 34 37 32 37 38 37 /
4TL 22/21 22/22 21/20 21/21 20/21 23/23 22/21 21/22 /
FFP in adult males / / / / / / / / /
PP in adult females / / / / / / / / /
BB 4 4 4 4 4 4 4 4 4
DCB 11 12 / 11 / 10 / 11 /
Body band/ interspace ratio 1.35 1.36 1.40 1.09 0.99 1.44 1.22 1.39 /
Precloacal groove / / / / / / / / /
Tuberculation Weak Weak Weak Weak Weak Weak Weak Weak Weak
Tubercles on ventral surface of forelimb No No No No No No No No No
Tubercles in gular region No No No No No No No No No
Ventrolateral fold tuberculate No No No No No No No No No
Dorsum bearing scattered pattern of Yes Yes Yes Yes Yes Yes Yes Yes No
white tubercles
Hatchlings/juveniles with white tail tip No No No No No No No No Yes
Adult posterior caudal region white / / / / / / / / /
White caudal bands in adults / / / / / / / / /
immaculate

vines near the karst formations (Fig. 12). The holotype was found on a karst wall
approximately 1 m above the ground within karst forest. Eight specimens (ZMKU
R 00900, ZMKU R 00906, ZMKU R 00908, ZMKU R 00911-00912, ZMKU R
00913, and ZMKU R 00915-00916) were found on karst walls from 0.5-3.0 m above
the ground. ZMKU R 00907, ZMKU R 00910, and ZMKU R 00914 were found in
karst crevices. Three specimens (ZMKU R 00901, ZMKU R 00903, and ZMKU R
00909) were found on karst boulders. Four specimens (ZMKU R 00899, ZMKU R
00902, ZMKU R 00904, and ZMKU R 00917) were perched on vegetation near karst
walls or karst boulders.

Two gravid females (ZMKU R 00899-00900) were collected in November 2017
and contained two eggs (externally visible). The juvenile was found on a vine in May
2019. Cyrtodactylus stellatus sp. nov. appears to be nocturnal and sympatric with two
other gekkonids, Gehyra mutilata Wiegmann, 1834 and the diurnal species Cnemaspis
tarutaoensis Ampai et al., 2019.

Etymology. The specific epithet szellatus is Latin word, meaning starry or starred,
and refers to scattered pattern of light-colored tubercles on dorsum and limbs. The
name corresponds with the sister taxon C. astrum that shared similar diagnostic char-
acter (scattered light-colored tubercles pattern on dorsum).
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Figure 12. Habitat of Gyrtodactylus stellatus sp. nov. at the type locality, Tarutao Island, Satun Province,

Thailand. A Pha Toe Boo karst formation B karst microhabitat structure and € vegetation (vine) used by
a juvenile in karst habitat.

Comparison. Cyrtodactylus stellatus sp. nov. can be distinguished from other spe-
cies in the C. pulchellus group by having a combination of weak tuberculation on the
body; no tubercles on ventral surface of forelimbs, gular region, or in ventrolateral
body folds; 19-23 longitudinal tubercle rows; 32—40 ventral scales; 20-23 subdigital
lamellae on the fourth toe; 24-29 femorprecloacal pores in males; deep precloacal
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groove in males; 11-15 precloacal pores in females; scattered pattern of white, cream
or light-yellow tubercles on dorsum; 10—12 dark caudal bands on original tail; white
caudal bands on original tail infused with dark pigmentation in adults; and juveniles
with white tail tip. Additional comparisons between C. stellatus sp. nov. and other spe-
cies in the C. pulchellus group are in Table 8.

Based on phylogenetic tree, C. stellatus sp. nov. is embedded in Clade A along with
C. astrum, C. dayangbuntingensis, C. langkawiensis, and C. lekaguli. It can be distin-
guished from all four species by having smaller maximum SVL of 96.1 mm (vs. 108.3
mm in C. astrum, 99.0 mm in C. dayangbuntingensis, 99.8 mm in C. langkawiensis, and
108.3 in C. lekaguli); 24-29 femoroprecloacal pores in males (vs. 28-38 in C. astrum,
30 in C. langkawiensis, and 3040 in C. lekaguli); 11-15 precloacal pores in females (vs.
absent in C. astrum, C. dayangbuntingensis, C. langkawiensis, and C. lekaguli); scattered
pattern of white, cream or light-yellow tubercles on dorsum (vs. absent in C. langkawien-
sis, and C. lekaguli); the ratio of dark body bands to the light color interspaces 0.92—-1.68
(vs. 0.75 in C. dayangbuntingensis); 10—12 dark caudal bands (vs. 13 or 14 in C. astrum).

Discussion

The discovery of C. stellatus sp. nov. brings the total number of species in the C. pulchellus
group to 17, of which four have been reported from Thailand. This new species is only
known from karst habitats on Tarutao Island and seems to have a narrow geographic
distribution (endemic to Tarutao Island). Molecular analyses recovered it as the sister
taxon to C. astrum and is closely related to C. dayangbuntingensis, C. langkawiensis, and
C. lekaguli. Although C. stellatus sp. nov. showed a similar morphological pattern to its
sister species, morphological analyses and comparisons of meristic characters revealed
that this new species is clearly different from its congeners species of Cyrtodactylus.
Among Cyrtodactylus, most useful diagnostic characters are associated with the femoral
and precloacal pores (Harvey et al. 2015). These characters are easily detected in males,
but those in females are superficial and only found in some species (e.g., C. marmoratus
Gray, 1831; C. psarops Harvey et al., 2015; C. sworderi Smith, 1925). We found dif-
ferences in pore-bearing scales between C. stellatus sp. nov. and other species in the C.
pulchellus group, that proved to be useful in distinguishing among species. Members
of the C. pulchellus group mostly possess a continuous series of enlarged, pore-bearing
femoroprecloacal scales in males, but C. stellatus sp. nov. presents a discontinuous row
of femoroprecloacal pores except one individual (ZMKU R 00907), which has a con-
tinuous series. Moreover, the presence of precloacal pores were found in females of C.
stellatus sp. nov., which has not been reported in the other species (Grismer et al. 2012;
Quah et al. 2019; Wood et al. 2020, Termprayoon et al. 2021).

In addition, we found that the reported sampling localities of C. lekaguli (ZMKU
R 00720-00723) were incorrectly stated as “Thailand, Changwat Province, Takua Pa
District, Phangnga” in previous studies (i.e., Grismer et al. 2016; Quah et al. 2019;
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Wood et al. 2020, Termprayoon et al. 2021). Therefore, we corrected the sampling lo-
calities to “Thailand, Phang-nga Province, Mueang Phang-nga District” (see Table 1).
The discovery of this new species suggests that undiscovered species of the C. pulchel-
lus group may still occur in southern Thailand where there are still numerous unexplored
karst areas. Additional surveys are needed to determine the extent of the geographic
range of C. stellatus sp. nov. and the C. pulchellus group in as a whole in the region.
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Appendix |

Specimens examined

Cyrtodactylus astrum: Peninsular Malaysia, Perlis, Gua Wang Burma: LSUHC 09928
(female) and LSUHC 100075 (male).

Cyrtodactylus lekaguli: Thailand, Trang Province, Na Yong District: ZMKU R 00918,
THNHM 017781, THNHM 017784, THNHM 017787, THNHM 017791 (5
males), and ZMKU R 00919, ZMKU R 00921, THNHM 017694, THNHM
017777, THNHM 017788, THNHM 017790 (6 females).
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Abstract

'The taxonomy of the Ptychadena neumanni species complex, a radiation of grass frogs inhabiting the Ethi-
opian highlands, has puzzled scientists for decades because of the morphological resemblance among its
members. Whilst molecular phylogenetic methods allowed the discovery of several species in recent years,
assigning pre-existing and new names to clades was challenged by the unavailability of molecular data for
century-old type specimens. We used Illumina short reads to sequence the mitochondrial DNA of type
specimens in this group, as well as ddRAD-seq analyses to resolve taxonomic uncertainties surrounding
the P neumanni species complex. The phylogenetic reconstruction revealed recurrent confusion between
Prtychadena erlangeri (Ahl, 1924) and P neumanni (Ahl, 1924) in the literature. The phylogeny also estab-
lished that P largeni Perret, 1994 represents a junior synonym of P erlangeri (Ahl, 1924) and distinguished
between two small species, 2 nana Perret, 1994, restricted to the Arussi Plateau, and P robeensis Goutte,
Reyes-Velasco, Freilich, Kassie & Boissinot, 2021, which inhabits the Bale Mountains. The phylogenetic
analyses of mitochondrial DNA from type specimens also corroborate the validity of seven recently de-
scribed species within the group. Our study shows how modern molecular tools applied to historical type
specimens can help resolve long-standing taxonomic issues in cryptic species complexes.
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Introduction

In the highlands of Ethiopia, frogs of the genus Ptychadena Boulenger, 1917 form a
monophyletic radiation known as the Ptychadena neumanni species complex (Freil-
ich et al. 2014). The molecular evolution of this group has been studied extensively,
establishing it as a model system to study lineage diversification, speciation and bi-
ogeography in the region (Mengistu 2012; Freilich et al. 2014, 2016; Smith et al.
2017a; Reyes-Velasco et al. 2018). As in other regions of Africa, species of the genus
Prychadena of the Ethiopian highlands are difficult to distinguish from one-another
based on morphological features alone (Poynton 1970; Bwong et al. 2009; Dehling
and Sinsch 2013). Five Ptychadena species from the Ethiopian highlands were original-
ly described based on morphology: P neumanni (Ahl, 1924), P erlangeri (Ahl, 1924), 2
cooperi (Parker, 1930), P nana Perret, 1980 and P wadei Largen, 2000. A sixth species,
P largeni, was described by Perret (1994), but later synonymized with P2 neumanni by
Largen (2001). While some of the original descriptions allow for unambiguous species
identification (e.g., P cooperi and P harenna Largen, 1997), assigning names to most
of the lineages is challenging because some of the original discriptions do not provide
diagnostic characters since the type series contain specimens belonging to different
species (see Goutte et al. 2021).

Several authors found substantial morphological variation among populations of
P neumanni, which led them to suggest that this taxon consisted of multiple species
(Perret 1994; Largen 1997, 2001). Freilich et al. (2014) used mitochondrial and nu-
clear loci to study the evolutionary history of the group, and their results showed that
P neumanni in fact comprised five distinct taxa, which did not form a monophyletic
group. The authors refrained from describing the potential new species they identified
because they were not able to compare their specimens with the type specimens of
previously described species. Instead of providing new names, they assigned numbers
to each one of the undescribed taxa they identified with their genetic analyses (i.e.,
Prychadena cf. newmanni 1-5). Smith et al. (2017a) re-analyzed the combined molecu-
lar datasets of Mengistu (2012) and Freilich et al. (2014), as well as sequences from 30
new specimens, and recovered the same five highland taxa Freilich et al. (2014) had
identified. Smith and colleagues then assigned new or pre-existing taxonomic names
to each one of those lineages. However, they did not compare their material to the type
specimens of previously described species in their morphological or molecular analyses
and it thus remained unclear to which genetic lineage the names P neumanni, P er-
langeri, P largeni and P nana should be assigned (Reyes-Velasco et al. 2018).

Recently, Goutte et al. (2021) revised the taxonomy of the group, based on mor-
phology, molecular data, and call analyses and described four new species correspond-
ing to four genetic lineages identified by Freilich et al. (2014) and Reyes-Velasco et al.
(2018): Ptychadena beka Goutte, Reyes-Velasco, Freilich, Kassie & Boissinot, 2021,
P delphina Goutte, Reyes-Velasco, Freilich, Kassie & Boissinot, 2021, P doro Goutte,
Reyes-Velasco, Freilich, Kassie & Boissinot, 2021 and P robeensis Goutte, Reyes-Velas-
co, Freilich, Kassie & Boissinot, 2021.
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Table . Taxonomic history of the Prychadena newmanni species complex.
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Species Author, year Largen, 2001 Freilich etal. ~ Smith etal. Reyes-Velasco et al. Goutte et al 2021

2014 2017 2018 & this study

P Ahl, 1924 P neumanni | P erlangeri P, erlangeri P, erlangeri P erlangeri P neumanni

neumanni

P erlangeri Ahl, 1924 P neumanni / P erlangeri P cf. neumanni 2 P largeni P f. neumanni 2 P erlangeri

P cooperi Parker, 1930 P cooperi P cooperi P, cooperi P, cooperi P, cooperi

P nana Perret, 1980 P nana - - P of. Mt. Gugu P nana

P largeni Perret, 1994 P neumanni P cf. newmanni 2 P, largeni P cf. neumanni 2 P, erlangeri

P harenna Largen, 1997 P harenna P harenna P harenna P harenna P harenna

P Smith etal. 2017b P neumanni P cf. neumanni 3 P levenorum P cf. neumanni 3 P levenorum

levenorum

P goweri  Smith et al. 2017b P erlangeri P cf. neumanni 4 P goweri D cf. neumanni 4 P, goweri

r Smith et al. 2017b P neumanni / P erlangeri P cf. neumanni 5 R amharensis P cf. neumanni 5 P ambarensis

ambarensis

P beka Goutte et al. 2021 P newmanni / P erlangeri P cf. newmanni 1~ P neumanni P cf. neumanni 1 P beka

P delphina  Goutte et al. 2021 - P erlangeri P erlangeri P cf. erlangeri Metu P, delphina

P doro Goutte et al. 2021 - P erlangeri P erlangeri P cf. erlangeri Gecha P doro

P robeensis  Goutte et al. 2021 - P nana P nana P nana P robeensis

In order to resolve the taxonomy and systematics of the group, we extracted DNA
from formalin or spirit-fixed type specimens of the species from which only morpho-
logical data was available (2 erlangeri, P largeni, P nana and R neumanni) and recon-
structed partial mitochondrial genomes. These sequences were included in a molecular
phylogeny, along with mitochondrial DNA (mtDNA) from more recently collected
material included in Reyes-Velasco et al. (2018) and in recent species descriptions
(Fig. 1; Smith et al. 2017b; 2 ambarensis Smith, Noonan & Colston, 2017, P goweri
Smith, Noonan & Colston, 2017 and P, levenorum Smith, Noonan & Colston, 2017).
We compared our mtDNA phylogeny to one obtained from thousands of genome-
wide SNPs obtained from ddRAD-seq (Reyes-Velasco et al. 2018) to test for congru-
ence between mitochondrial genetic lineages and species. These analyses allowed the
assignment of existing names to genetic lineages and the validation of the three new
species described by Smith et al (2017b). Finally, four previously identified lineages
were established as new species, which we describe as P beka, P delphina, P doro and
P, robeensis elsewhere (Goutte et al. 2021).

Material and methods

DNA extraction and sequencing of type specimens

We aimed to extract mtDNA from type specimens for which molecular data was una-
vailable. The types of Ptychadena cooperi and R harenna were not sequenced, as these
two species are easily distinguishable morphologically and there is no ambiguity re-
garding their taxonomic status (Goutte et al. 2021). We obtained authorization from
the Museum fiir Naturkunde Berlin (ZMB) and the Museum d’Histoire Naturelle,
Genéve (MHNG) to sample a small amount of muscle or liver tissue from the type
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Figure 1. Map of Ethiopia showing localities of individuals in the Peychadena newmanni species complex
used in this study. Samples with genetic data are represented by different colored circles (P neumanni spe-
cies group) or triangles (2 erlangeri species group). Stars depict the approximate type localities of P neu-
manni (red), P erlangeri (grey), and P nana (white). A black star represents Addis Ababa, the type locality
of P largeni, a junior synonym of P erlangeri. The approximate route of Oscar Neumann and Carlo von
Erlanger’s 1900 expedition in Abyssinia, during which the type specimens of all the above species were
collected (except for P largeni) is represented by a dashed line. Black arrow indicates the likely correct type
locality for P erlangeri as suggested by the authors (see Discussion).

specimens of Ptychadena newmanni (lectotype, ZMB 26879; paralectotype, ZMB
57183), P erlangeri (holotype, ZMB 26887), P largeni (paratypes, MHNG 2513-15
& 2513-56) and P nana (holotype, ZMB 26878). Tissue sampling did not result in
any major visible damage to the vouchers, as most tissue was taken from pre-existing
incisions. Dissecting tools were cleaned with a 10% bleach solution before and after
tissue extraction.

Although we could not find information about the mode of preservation used at
the time of collection, it is likely that the type specimens had been fixed in formalin
or some form of spirit, which renders the extraction of DNA challenging and requires
a different protocol than when using fresh tissue. We followed the protocol described
by Shedlock et al. (1997). In short, approximately -5 mg of tissue (muscle or liver)
was placed in a 2 mL tube and washed in 1X GTE buffer for four days, changing the
buffer daily. The tissue was then incubated for four additional days at 65 °C in a 2 mL
tube with 500 pL cell lysis buffer, 100 pL proteinase K, and 20 pL 1 mM DTT (dithi-
othreitol). Proteinase K was added daily until all the tissue was completely digested.
A standard potassium acetate (KOA) DNA precipitation protocol was then followed.
A detailed protocol for the DNA extraction is provided in the Suppl. material 1. To
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reduce the possibility of contamination, DNA extraction was carried out using new
reagents in a marine biology lab that does not work with amphibian samples, and mul-
tiple negative controls (using deionized water) were used along the process.

DNA concentration was measured using a high sensitivity kit in a Qubit fluorom-
eter (Life Technologies) and DNA fragment size distribution and concentration was es-
timated using a Bioanalyzer 7500 high sensitivity DNA chip (Agilent, Santa Clara, CA,
USA). A NEBNext FFPE DNA Repair Mix (New England Biolabs) was used to repair
damaged bases prior to library preparation, which was carried out with a NEB library
preparation kit. The shredding step was skipped because of the fragmented nature of
historical DNA. All libraries were pooled and sequenced on an Illumina NextSeq 550
(75 bp paired-end) at the Genome Core Facility of New York University Abu Dhabi,
UAE. The FASTx Toolkit (Gordon and Hannon 2010) was used to remove Illumina
adaptors and low-quality reads (mean Phred score < 20). The final average read length
was 63 bp after trimming (Suppl. material 2). The program FastQC (Andrews 2010)
was then used to observe if base composition was biased towards the end of the raw
reads, which is a common phenomenon resulting from deamination (Dabney et al.
2013) when sequencing older DNA, however this was not observed. Summary statistics
describing the sequencing data are available in Suppl. material 2: Table S1. All sequenc-
es are deposited in GenBank (MW375737-MW375766; Suppl. material 2: Table S2).

Assembly of mitochondrial genomes

Whole mitochondrial genomes of the type specimens were assembled from the Illu-
mina reads using MITObim (Hahn et al. 2013). MITObim uses an iterative baiting
method to generate mitochondrial contigs from short reads. First, a published sequence
of the mitochondrial genome of Ptychadena mascareniensis (Duméril & Bibron, 1841)
(GenBank reference number JX564890) was used as the reference mitogenome, with
the default program settings, except for a #-mer length of 21. The analysis was then run
again using the resulting contigs from the first MITObim run. An additional 21 mito-
chondrial genomes from fresh samples collected by us of members of the P neumanni
species complex were also assembled following the same protocol (Suppl. material 2:
Table §2). These samples were sequenced for another project on the genomics of the
Prychadena neumanni species group (Hariyani et al. in prep.) following the sampling,
tissue handling and DNA extraction protocols of Reyes-Velasco et al. (2018).

Phylogenetic analysis of mtDNA

We reconstructed phylogenetic relationships within the Prychadena newmanni species
complex using three different datasets. First, all 13 mitochondrial protein-coding genes
and the rRNA 12§ and 16S genes were used. No stop codon was found in the protein-
coding sequences. We excluded tRNAs because in some cases these were not complete
or were difficult to align. Because we did not have the complete mitochondrial genome
for all species, we used a subset of genes which was obtained for all species as a second
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dataset. This dataset included the 12§ and 16S rRNA, as well as the protein-coding
gene cytochrome ¢ oxidase I (coxI). In the last dataset, we included only the rRNA
16S, in order to be able to include as many individuals as possible. Alignments at
each gene were performed in MAFFT v. 7 (Katoh and Standley 2013), and other am-
biguously aligned regions were removed using the online server G-Blocks (Castresana
2000) with the least stringent options selected. Geneious v. 9.1.6 (Biomatters Ltd.,
Auckland, NZ) was used to manually trim any remaining poorly aligned regions and
to ensure that protein-coding genes were in the correct reading frame. Our final con-
catenated datasets consisted of 15,708 bp for the dataset that included all genes and
2522 bp for the reduced dataset (128, 16S and cox1).

The best-fit model of nucleotide evolution for each gene was selected using the
Bayesian Information Criterion (BIC) in PartitionFinder v. 1.1.1 (Lanfear et al. 2012;
Suppl. material 2: Table $3). Data was partitioned by gene and by codon position in
protein-coding genes. All genes were concatenated using the program Sequence Ma-
trix (Vaidya et al. 2011) and performed Bayesian phylogenetic inference (BI) in Mr-
Bayes v. 3.2.2 (Ronquist et al. 2012) on the CIPRES Science Gateway server (Miller
et al. 2010).

For both datasets, the BI analyses consisted of four runs of 107 generations, sam-
pling every 1000 generation, with four chains (three heated and one cold). Conver-
gence between the runs was assessed by visually inspecting overlap in likelihood and
parameter estimates between the runs, as well as effective sample sizes and potential
scale reduction factor (PSRF) value estimates for each run using Tracer v. 1.6 (Ram-
baut et al. 2014). Individual runs converged by 10° generations, based on the PSRE so
the first 25% of each run were discarded as burn-in. The runs were combined, and the
resulting tree was visualized in FigTree v. 1.4.2 (Rambaut 2014).

Analyses of ddRAD-seq data

In a previous study (Reyes-Velasco et al. 2018), we sequenced thousands of loci from
across the genome of all known lineages of Ptychadena inhabiting the Ethiopian high-
lands (12 putative species, 105 individuals) using double digest restriction-site associ-
ated DNA sequencing (ddRAD-seq). Here we briefly describe the methods used as
more details were provided in our original article.

Individuals of the Ptychadena neumanni species complex were collected in the
highlands of Ethiopia between 2011 and 2018. Tissue samples were extracted and
stored in RNAlater or 95% ethanol. Genomic DNA was extracted with one of the
following methods: with the use of a DNeasy blood and tissue kit (Qiagen, Valencia,
CA), with the use of Serapure beads (Rohland and Reich 2012), or by standard po-
tassium acetate extraction. DNA concentration was measured with a Qubit luorom-
eter (Life Technologies) so that DNA sample concentrations could be standardized.
Genomic DNA was then digested with the enzymes Sbfl and Mspl (Peterson et al.
2012). Barcoded samples were size-selected between 400 and 550 base pairs using
a Pippin Prep (Sage Science, Beverly, MA, USA), and attached to unique Illumina
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indices (Peterson et al. 2012). Libraries were sequenced on an Illumina HiSeq2500
(100 bp paired-end reads) at the Genome Core Facility of New York University Abu
Dhabi, United Arab Emirates.

Ipyrad 0.6.17 (Eaton and Overcast 2020) was used to assemble loci de novo and cre-
ate SNP datasets. After quality filtering, a total of ~158 million sequencing reads were
retained, with a mean coverage of about 1.60 million reads, and a mean of ~11,400
RAD-tags per individual. We obtained between 800 and 2918 polymorphic loci and
between 28,000-36,000 SNPs (Reyes-Velasco et al. 2018). The best model of evolution
for our concatenated ddRAD-seq dataset was estimated with using BIC in PAUP v.
4.0.a151 (Swoftord 1993), which showed the GTR + I + G model as the most support-
ed. Maximum likelihood (ML) was implemented in RAXML v. 8 (Stamatakis 2014) to
infer evolutionary relationships between populations and species in this group. RAXML
was performed with rapid bootstrapping in the CIPRES portal (Miller et al. 2010).

Results

DNA extraction, sequencing and assembly of mtDNA genomes

DNA was successfully extracted from the type specimens of Ptychadena neumanni,
P erlangeri, P largeni and P nana. After quality filtering, a total of ~1.1 billion reads
were retained, with highly variable coverage across individuals (49-359 million reads;
Suppl. material 2: Table S1). The complete mitochondrial genome was recovered for
five out of the six type specimens and a partial sequence was obtained for the holotype
of P nana. The total number of reads from the type specimens that mapped to the
reference mitochondrial genome ranged between 802 (2 nana holotype) to > 900,000
(P erlangeri holotype; Suppl. material 2: Table S1). We found no correlation between
the amount of DNA recovered and the final number of reads for each specimen.

Phylogenetic analysis

As the assignment of species names to genetic lineages was based on mitochondrial
sequences, we first verified that the assignment of individuals to genetic lineages us-
ing mitochondrial markers was congruent with that obtained using genome-wide loci
from ddRAD-seq (Fig. 2). The clustering of 105 individuals based on nuclear SNPs
and on mitochondrial sequences was perfectly congruent (Figs 2, 3a, b); thus, we con-
sidered that, at least in this particular case, mitochondrial DNA was sufficient to assign
samples to the genetic clusters identified by previous authors (Freilich et al. 2014;
Smith et al. 2017a; Reyes-Velasco et al. 2018; Goutte et al. 2021).

Our phylogenetic analysis based on three mitochondrial genes (Fig. 3¢) recovered
11 mitochondrial clusters corresponding to 11 of the 12 genetic lineages, with high
support. The only exception was P delphina, for which mitochondrial sequences did
not form a clade (Fig. 3¢). The lectotype and paralectotype of P neumanni (ZMB
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26879 and ZMB 57183) were nested with strong support (PP = 1) within the clade
that had been referred to as P erlangeri by multiple authors (Freilich et al. 2014; Smith
et al. 2017a; Reyes-Velasco et al. 2018). The holotype of P erlangeri (ZMB26887)
and the paratypes of P largeni (MHNG 2513-15 and 2513-56) all grouped with
strong support (PP = 1) with individuals previously assigned to either P cf. neumanni
2 (Freilich et al. 2014) or P largeni (Smith et al. 2017a). This result demonstrates that
P largeni represents a junior synonym of P erlangeri.

The holotype of Prychadena nana (ZMB26878) did not group with individuals from
the Bale Mountains identified as 22 nana by previous authors (Freilich et al. 2014; Smith
et al. 2017a; Reyes-Velasco et al. 2018; Fig. 3¢) but instead grouped with individuals
from the Arussi Plateau (= Didda Plateau; Fig. 1), which corresponds to the type local-
ity for the species (Perret 1980). The holotypes for the three species described by Smith
etal. (2017a), P ambarensis, I goweri and P levenorum, clustered with genetic lineages
that did not include sequences derived from historical type specimens (Figs 2, 3) and
thus constitute valid species. Finally, four lineages did not include any type specimen of
species described by Smith et al. (2017a) or prior and the corresponding species were
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recently described by Goutte et al. (2021; P beka, P delphina, P doro and P robeensis).
Notably, the lineage corresponding to P ¢f. neumanni 1 of Freilich et al. (2014), which
was previously suggested to be conspecific with 2 neumanni by Smith et al. (2017a), was
in fact genetically distinct and corresponded to the recently described P beka.

Discussion

In this study, we used historical DNA from century-old type specimens to resolve the
convoluted taxonomy of the Prychadena neumanni species complex. Our results estab-
lished the correspondence between genetic lineages and species originally described on
morphological characters only. This allowed us to correct recurrent taxonomic errors
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made by multiple authors since the descriptions of the first species of the group, and to
define which lineages correspond to new species. In addition, we were able to confirm
the validity of some recently described taxa (P goweri, P amaharensis, P levenorum,
P robeensis, P delphina, P doro and P beka) and to synonymize others (2 largeni).
Perret (1994) described Prychadena largeni from specimens of P erlangeri collected by
Malcom J. Largen in Addis Ababa. Perret based his diagnosis of Ptychadena largeni on
the absence of continuous dorsal folds in males and a smaller body size than P erlangeri
or P neumanni. However, Largen (1997) casted doubt on the validity of this species
and eventually synonymized it with P neumanni (Largen, 2001), even though he had
originally assigned those individuals to 2 erlangeri. Our results confirm that Largen’s
original identification of the specimens he collected in Addis Ababa was correct and
that 2 largeni is a junior synonym of P erlangeri and not of P neumanni. Confusion
in the taxonomy of the Ptychadena newmanni complex arose from the difficulty to
identify morphologically similar species and the absence of comparison between se-
quenced and type specimens. To assign species names to populations, multiple authors
have relied on geographic localities (Freilich et al. 2014; Smith et al. 2017a; Reyes-
Velasco et al. 2018). In many cases, however, type locality data may be insufficient to
attribute species names, either because species distribution ranges overlap or because
type locality information is unreliable. For example, the holotype of P erlangeri was
collected during Oscar Neumann and Carlo von Erlanger’s expedition to Abyssinia in
1900; with the type locality indicated as “Lake Abaya” (Ahl 1924). The lake is located
at 1200 m a.s.l., which is substantially lower than any other known locality for mem-
bers of the P neumanni species complex (>1500 m a.s.l.; Largen and Spawls 2010)
and seems an unlikely locality for a population of P erlangeri. However, on their way
to Lake Abaya, the expedition party spent some time in the village of Abera, which is
located at ~2700 m a.s.l. (Neumann 1902). We believe that the holotype of 2 erlangeri
was either collected between Abera and Lake Abaya or at Abera itself, nearby which we
have collected P erlangeri (15 km SE; Fig. 1). Confusion emerging from imprecise type
localities is inevitable for many specimens collected in such expeditions, which were
the main source of scientific collections in past centuries. Systematists should thus take
these inconsistencies into account and refer to the physical name-bearing types as the
main source of information, rather than type locality data alone. The recent develop-
ment of methods to sequence DNA from formalin-fixed historical specimens provides
a unique opportunity to expand the use of type specimens, and to include them in mo-
lecular phylogenetic analyses (Ruane and Austin 2017). In recent years, multiple tech-
niques have been developed to obtain mtDNA from historical museum specimens of
amphibians, which has been fundamental in resolving long and convoluted taxonomic
questions. These newly developed techniques include target enrichment of mitochon-
drial DNA (Rancilhac et al. 2020; Scherz et al. 2020) or the use of single-stranded
libraries (Lyra et al. 2020; Straube et al. 2021). In the present study, developing capture
probes or single-stranded DNA libraries was not needed to obtain enough DNA for
sequencing. However, multiple factors might influence DNA preservation (Straube et
al. 2021), and additional pre-sequencing preparation steps may be necessary for other
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historical specimens. The sequencing of museum material may not always be possible
due to DNA damage, because extracting tissues would damage type specimens, the
type specimens have been lost, or simply because these methods might be too costly
for researchers. Yet, recent technical progress as well as decreased sequencing costs open
new opportunities for the use of museum specimens, thus highlighting the importance
of museum collections in modern taxonomic research.
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Abstract
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Korea. This new species differs from its congeners by the combination of the following morphological char-
acteristics: the presence of orange-brown pigmentation on the anterior part of the prostomium, black pig-
mentation on the peristomium and along the body, U-shaped nuchal organs, a comparatively long extension
of metameric dorsal ciliated organs, three pairs of white dots per chaetiger, two to three posterior abranchi-
ate chaetigers, and the presence of tridentate neuropodial hooded hooks. The partial 16S ribosomal DNA
(rDNA) and nuclear 18S rDNA sequences of the new species and Spio sp. 2 reported by Abe and Sato-Okoshi
(2021) from Japan showed high similarity, indicating that these two specimens belong to the same species. A
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Introduction

Spio Fabricius, 1785 is one of the most speciose genera of Spionidae Grube, 1850. It
currently comprises 37 species occurring all over the world (Read and Fauchald 2021).
Spio filicornis (O. E Miiller, 1776), the type species of the genus, has been repeatedly
misidentified and eventually regarded as a cosmopolitan species with worldwide dis-
tribution (Okuda 1937; Imajima and Hartman 1964; Paik 1975, 1982, 1989). The
confusion regarding the taxonomy of this species has been considerable, and it was evi-
dent that the identity of S. filicornis needed to be stabilized. Against this background, a
neotype of the species from the type locality in Greenland was designated by Meif3ner
et al. (2011), with a detailed redescription based on traditional characteristics and
additional diagnostic characteristics that had been rarely or only briefly described in
previous publications. They examined traditional morphological characteristics such as
the shape of the anterior margin of the prostomium, length of the first branchiae, and
the beginning, shape, and number of hooded hooks. They also examined additional
diagnostic characteristics including the pigmentation of the body, shape of nuchal
organs, extension of dorsal ciliated organs, the number and arrangement of white dots
(pores of ventral epidermal glands), shape of notopodial postchaetal lamellae in the
posteriormost region of the body, and the number of posterior abranchiate chaetigers
(see Meifdner et al. 2011). Further, molecular information regarding the three gene
regions, mitochondrial cytochrome ¢ oxidase subunit 1 (COI), 16S ribosomal DNA
(16S rDNA), and the nuclear 18S ribosomal DNA (18S rDNA), also has previously
been provided (Meifiner et al. 2011). Thus, the re-examination of Spio specimens that
have been identified as S. filicornis is now possible by additional morphological and
molecular analyses, and the species can no longer be regarded as a species of worldwide
distribution without scientific proof (MeifSner et al. 2011).

Six Spio species, S. borealis Okuda, 1937; S. filicornis; S. kurilensis Buzhinskaya,
1990; S. martinensis Mesnil, 1896; S. cf. pettiboneae Foster, 19715 S. picta Zachs, 1933;
and S. unidentata Chlebovitsch, 1959, have been recorded in Northeast Asia (Okuda
1937; Imajima and Hartman 1964; Wu et al. 1965; Paik 1975, 1982, 1989; Bick and
Meifiner 2011; Glasby et al. 2016). Okuda (1937) was the first author to report S.
filicornis in this region, from Hokkaido Island, Japan. Imajima and Hartman (1964)
later identified Spio specimens collected from the same area as S. filicornis. In Korean
waters, Paik (1975, 1982, 1989) first recorded S. filicornis that having a prostomium
with a rounded margin, a ball-shaped elevation (papillate form) on the posterior part
of the prostomium, well-developed first branchiae, and bidentate hooded hooks from
chaetiger 12. Characteristics later discussed by MeifSner et al. (2011) were neither illus-
trated nor described in these publications, and hence are unknown for these specimens
from Asian waters. Unfortunately, no information on deposition of Paik’s (1975, 1982,
1989) specimens had been provided.

In this study, Spio specimens newly collected from the southern and western coasts
of Korea were examined in detail to determine the species to which they belong. An
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illustrated description of the new species is provided together with the partial DNA
sequences of three gene regions (COI, 16S rDNA, and 18S rDNA).

Materials and methods

Sampling and morphological observations

Adult specimens examined in the present study were collected from the intertidal zones
of the southern and western coasts of Korean waters (Fig. 1) using 500 pm-mesh sieves.
The observations were performed for both live and fixed specimens. The live specimens
were relaxed in 10% MgCl2 solution, and morphological characteristics were observed
under a stereomicroscope (Leica MZ125; Germany). Photographs were taken using a
digital camera (Tucsen Dhyana 400DC; Fuzhou Fujian, China) with a capture pro-
gram (Tucsen Mosaic version 15; Fuzhou Fujian, China). After observation, the speci-
mens were fixed in 4% formaldehyde for morphological analysis, washed, and sub-
sequently transferred to 70% ethanol. For the molecular studies, the specimens were
fixed with 95% ethanol. Some formalin-fixed specimens (briefly transferred to distilled
water) were stained with methylene green solution to observe the pores of ventral epi-
dermal glands, according to the method of MeifSner (2005). The specimens for scan-
ning electron microscopic examination were dehydrated using a t-BuOH freeze dryer
(VED-21S Vacuum Device; Ibaraki, Japan). The specimens were mounted on stubs
and coated with gold-palladium and observations were performed using a scanning
electron microscope (SU3500; Hitachi, Tokyo, Japan). Type and voucher specimens
examined in this study were deposited at the National Institute of Biological Resourc-
es, South Korea (NIBR), the Senckenberg Research Institute in Frankfurt, Germany
(SMEF), and the Zoological Museum Hamburg, Germany (ZMH).

Molecular analysis

Genomic DNA was extracted from the tissues of the palps of five specimens (NI-
BRIV0000829700—4) using a LaboPass Tissue Mini (Cosmo GENETECH, Seoul,
South Korea) according to the manufacturer’s protocol. Polymerase chain reaction am-
plification of the partial DNA sequences of three gene regions (COI, 16S rDNA, and
18S rDNA) was performed using the following primer sets: LCO1490 and HCO709
for COI (Blank et al. 2007), 16Sar and 16Sbr for 16S rDNA (Kessing et al. 1989),
and 18E and 18B for 18S rDNA (Mincks et al. 2009). Molecular analyses were per-
formed using the partial sequences aligned using Geneious 8.1.9 (Biomatters, Auck-
land, New Zealand). The maximum-likelihood tree was constructed based on the con-
catenated partial sequences of the COI, 16S rRNA, and 18S rRNA gene regions using
IQ-TREE with the GTR+F+R3 model with 1000 replicates (Kalyaanamoorthy et al.
2017; Hoang et al. 2018). The obtained DNA sequences were registered in GenBank.
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Figure |. Map of the sampling locations of Spio pigmentata sp. nov. in this study. Type locality (red star)
and collection locations of other examined specimens (citcle).

Results

Systematics

Order Spionida sensu Rouse & Fauchald, 1997
Family Spionidae Grube, 1850
Genus Spio Fabricius, 1785

Spio pigmentata sp. nov.
http://zoobank.org/ C4BA64C6-C570-4D77-A3BC-49722FC36934

Spio filicornis: Paik, 1975: 420, 1982: 808, 1989: 465, fig. 175.
Spio sp. 2: Abe and Sato-Okoshi, 2021: 63, fig. 9L-N.

Material examined. Tjpe locality. Yellow Sea, Korea, 36°15'42.9"N, 126°32'47.9"E,
intertidal sand. Holotype. Complete, without palps, formalin (NIBRIV0000888168)
(Fig. 2), 21 Oct. 2020. Paratypes. Four complete (NIBRIV0000888164—7), three
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complete (SMF 30259), two complete (ZMH P-30424), formalin, Yellow Sea, Korea,
37°26'50.0"N 126°22'3.9"E, 13 Jan. 2021, intertidal sand.

Non-type materials. Yellow Sea, Korea, intertidal sand: 27 anterior fragments (af),
formalin, 34°18'43"N, 126°1'59"E, 22 Aug. 2017; 1 complete (NIBRIV0000862794),
33 af, formalin, 34°41'22.5"N, 125°25'43.8"E, 16 May. 2018; 71 af, formalin,
35°40'45.2"N, 126°31'26.5"E, 18 Mar. 2018; 14 af, 95% ethanol, 35°38'03.4"N,
126°27'57.2"E, 17 May. 2018; 5 af, 95% ethanol, 35°39'16.4"N, 126°29'26.0"E,
19 Sep. 2020; 4 af, 95% ethanol, 35°35'44.6"N, 126°29'07.9"E, 18 Sep. 2020, 5
complete, formalin, 4 af (NIBRIV0000888159-60), 95% ethanol, 35°35'44.6"N,
126°29'07.9"E, 19 Sep. 2020; 1 af, formalin, 35°40'44.2"N, 126°31'29.7"E, 21 Sep.
20205 1 af, formalin, same locality as holotype, 210ct. 2020; 9 complete, 1 af, for-
malin, same locality as paratypes, 15 Jan 2021. Korea Strait, Korea: 10 af, formalin,
34°28'05.5"N, 127°28'16"E, 26 May. 2017, intertidal sand; 3 complete, 22 af, forma-
lin, 34°11'03.7"N, 126°54'37.5"E, 26 Jul. 2017, intertidal sand; 2 af, 95% ethanol,
34°53'19.9"N, 128°26'41.2"E, 20 Jul 2020, intertidal muddy sand; 5 af, formalin,
35°40'44.2"N, 126°31'29.7"E, 21 Sep. 2020, intertidal sand; 1 af, formalin, 2 com-
plete (NIBRIV0000888162-3), 95% ethanol, 34°55'37.7"N, 128°02'13.3"E, 23 Jun.
2020, muddy sand between gravel and macrophytes; 8 complete, 2 af, formalin, 1 af
(NIBRIV0000888161), 95% ethanol, 34°43'45.1"N, 127°57'09.7"E, intertidal sand;
1 af, formalin, 36°13'53.3"N, 126°31'47.2"E, 20 Oct. 2020, intertidal sand; 1 af, for-
malin, 36°09'41.2"N, 126°31'11.1"E, 20 Oct. 2020, intertidal sand.

Diagnosis. Prostomium broadly rounded, slightly expanded at anterolateral mar-
gin, extending to chaetiger 1; nuchal organs with short median and long lateral cili-
ary bands, lateral bands extending up to transverse ciliated band (tcb) of chaetiger 3.
Metameric dorsal ciliated organs double-paired, present from chaetiger 3. Branchiae
from chaetiger 1 to almost end of body, length of first pair slightly shorter than that
of second pair; branchiae mostly free from notopodial lamellae. White dots present
from about chaetiger 3 to the end of the middle body region; three pairs of white dots
per chaetiger. Neuropodial hooded hooks tridentate, present from chaetiger 11, up-
permost tooth very inconspicuous. Pygidium with thin dorsolateral pair and stout but
slightly longer ventral pair of anal cirri.

Description. Holotype complete specimen with 67 chaetigers, about 15.7 mm in
length and about 1.0 mm in width (Fig. 2). Other specimens complete with 58-73
chaetigers, 12.0-17.0 mm in length and 0.9-1.2 mm in width.

Prostomium entire and rounded anteriorly, slightly expanded at anterolateral mar-
gin, extending to chaetiger 1; prostomium with orange-brown pigmentation on ante-
rior part, middle part of prostomium comparatively broad, posterior part with highly
elevated papilla; two pairs of black eyes arranged in trapezoid; anterior pair larger,
slightly crescent-shaped or oval, widely spaced; posterior pair smaller, rounded, closely
spaced; weak transverse depression between anterior and middle part of prostomium
(Figs 3A, B, 6A, 7A). Peristomium separated from prostomium by a narrow furrow
(Fig. 7A). Peristomial palps reaching chaetigers 6-9 (Fig. 5A).

Nuchal organs and metameric dorsal ciliated organs distinctly observed in well-
preserved and live specimens; nuchal organs U-shaped due to posterior fusion of
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Figure 2. Spio pigmentata sp. nov., holotype, palps removed, fixed in formalin, NIBRIV0000888168.

Figure 3. Spio pigmentata sp. nov. A-C holotype (NIBRIV0000888168) D-F paratype (NI-
BRIV0000888166) A anterior end, dorsal view B anterior end, lateral view € posterior end, dorsal
view D ventral sabre chaeta from chaetiger 52 E anterior neurochaetae from chaetiger 22 F neuropodial
hooded hook from chaetiger 22. Scale bars: A~C = 0.5 mm, D-F = 20.0 pm.
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Figure 4. Spio pigmentata sp. nov., paratype (NIBRIV0000888166) A—=G parapodium from chaetiger 1,

10, 21, 22" last, 11* last, and 7% last, all anterior view. Scale bars: 0.2 mm.

median and lateral ciliated bands, long and recurved on chaetiger 2, and reaching
to first transverse ciliated band (tcb) on chaetiger 2 (Figs 3A, 6A, 7A). Metameric
dorsal ciliated organs double paired, present from between branchiae 3 and 4 (i.e.,
after second tcb), extending up to chaetiger 40 in holotype (38—47 in 62-73 chaetiger
individuals) (Figs 3A, 5, 6A, 7A). White dots present from chaetiger 3 to chaetiger
50 in holotype (42-52 in 62-73 chaetiger individuals); three pairs of white dots
per chaetiger; lateral two pairs closely spaced (Figs 5B, 6B, C, 7B). Intersegmental
transverse ciliation absent.

Branchiae present from chaetiger 1 to almost end of body, absent only on last 2 or
3 (rarely 4) chaetigers (Fig. 2); length of first pair of branchiae two-thirds to four-fifths
the length of second pair (Fig. 3A, B); comparatively longest and widest branchiae on
chaetigers 2—12, becoming thinner and shorter posteriorly; about last 10 branchiae
distinctly shorter and thinner; branchiae with cilia on inner and furrow on outer side;
branchiae mostly separated from postchaetal notopodial lamellae (Fig. 4). Notopodia
on chaetiger 1 slightly shifted dorsally; notopodial postchaetal lamellae almost lanceo-
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Figure 5. Spio pigmentata sp. nov., live specimens in seawater A specimens with palps, black-ringed (left)
and dark brown (right), dorsal view B middle body, double-paired dorsal ciliated organs (left) and ventral

white dots (right) views. Scale bars: 0.5 mm.

late (Fig. 4A); from chaetiger 2 lamellae broadly rounded, slightly tapered superiorly
(Fig. 4B-D), becoming smaller in middle to posterior chaetigers (Fig. 4F), and larger,
subtriangular in about last 17 chaetigers (Fig. 4G). Neuropodial postchaetal lamellae
rounded in about first four chaetigers, becoming broader and larger in along anterior
and middle chaetigers, largest in posteriormost chaetigers (Fig. 4).

Notopodial chaetae all capillaries; notochaetae in anterior and middle chaetigers
arranged in two rows; notochaetae of anterior row with stout sheath, heavily granulat-
ed, slightly shorter than chaetae of posterior row, granulation disappearing in middle
chaetigers; notochaetae of posterior row thinner, with narrow sheath, non-granulated;
additional fascicle of 6-9 very long, thin capillaries without granulations present at
superior position, longest in first three chaetigers; notochaetae in posterior chaetigers
thin and long, arranged in irregular rows. Neuropodial chaetae with granulated or
non-granulated capillaries, hooded hooks, and inferior fascicle of capillaries; capillar-
ies of anterior neuropodia arranged in two rows; neurochaetae of anterior row with
distinct sheaths, stout, heavily granulated (Fig. 3E); neurochaetae of posterior row
non-granulated, less stout, replaced by 7-9 hooded hooks from chaetiger 11 (rarely
12); neuropodial hooded hooks tridentate, main fang well developed, uppermost tooth
inconspicuous (Fig. 3F); inferior fascicle of 2-5 long, thin, non-granulated capillaries
from chaetiger 1, replaced by 2—4 (usually 3) stout granulated, ventral sabre chaetae in
inferiormost position from about chaetigers 16-19 (rarely 13-15) (Fig. 3D).

Pygidium with two pairs of anal cirri; dorsolateral pair shorter and thinner, com-
paratively widely spaced, and ventral pair longer, very stout, conical with rounded tip
and closely spaced (Fig. 3C).

Pigmentation. Highly variable but conspicuous in live or well-preserved speci-
mens (some specimens without pigmentation). Palps in live specimens with vari-
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Figure 6. Spio pigmentata sp. nov. A, B holotype (NIBRIV0000888168), fixed in formalin C, D para-

type (NIBRIV0000888167), fixed in formalin A anterior end, dorsal view B anterior end, ventral view
C methyl green staining pattern of anterior end, ventral view, white dots (arrows) D neuropodial hooded

hooks from chaetiger 15, inconspicuous uppermost tooth (arrow). Scale bars: 0.5 mm (A-C); 20.0 pm D.

able pigmentation, about 6-15 light to dark brown spots or black ringed appearance
(Fig. 5A, B); pigmentation fades in formalin- and ethanol-fixed specimens, but light
brown pigmentation along the food groove remains. Well-preserved specimens with
orange-brown and black pigmentation as follows: medial part of prostomium with
orange-brown pigmentation, often faded in formalin- and ethanol-fixed specimens;
prostomium with black pigmentation on the anterior to transverse depression margin
of the prostomium, dorsal side of the peristomium next to the prostomium; black
pigmented patches in front of, and in particular, behind tcb dorsolaterally in about
the first six chaetigers in holotype (Fig. 6A), and some specimens with distinct patches
(Fig. 5B). If black pigmented patches are distinct on the ventral side, white dots (pores
of ventral glands) are clearly visible (Figs 5D, 6B).
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Methyl green staining pattern (MGSP). The anterior part of the prostomium and
peristomium, margins of branchiae and postchaetal lamellae, and anal cirri were in-
tensively stained. Transfer of stained specimens to distilled water for approximately 10
min, resulted in white dots being visible against the bluish background on the ventral
side (Fig. 6C). Three pairs of dots were visible on chaetiger 3 to end of middle body
region; lateral two pairs closely spaced, easily confused as one pair.

Biology. In the present study, the specimens were found mostly in intertidal
zones of fine sand, rarely muddy sand, and sometimes a mixture of gravel and mac-
rophytes (Zostera marina). According to Abe and Sato-Okoshi (2021), planktonic
larvae of Spio sp. 2 with two rows of black melanophore spots on each side of the
dorsum from chaetiger 1 onward, linked by band-shaped medial black pigmentation
from chaetiger 4 or 5 are found in Sasuhama and Onagawa Bay between April and
August (see cited publication for further details). Adult specimens were collected
from muddy sand sediments of shallow waters in Sasuhama, Japan (Abe and Sato-
Okoshi 2021).

Etymology. The specific name, pigmentata, originates from the Latin word pig-
mentum, meaning “pigment” This name refers to the new species having conspicuous
black pigmentation on the body.

Distribution. Along the southern and western coasts of Korea; Sasuhama and
Onagawa Bay, north-eastern Japan.

Genetics

Three DNA gene regions (COI, 16S rDNA, and 18S rDNA) from five specimens
(NIBRIV0000888159—-63) of the new species were determined. The lengths of each
gene sequence were up to 683 bp for COI, 479 bp for 16S rDNA, and 1761 bp
for 18S rDNA. The newly determined sequences have been registered in GenBank
under the accession numbers MZ661756—60 (COI), MZ663825-29 (16S rDNA),
and MZ663820-22 (18S rDNA). The intra-specific genetic distances between the
five specimens were 0.2—1.1% for COI (666 bp) and 0.0-0.3% for the 16S rDNA
(390 bp); no variation was detected with respect to the 185 rDNA (1645 bp).
Pairwise genetic distances were calculated between new species and other currently
available Spio species—S. arndti Meifiner, Bick & Bastrop, 2011; S. blakei; S. fili-
cornis; S. symphyta Meifiner, Bick & Bastrop, 2011; and Spio sp. 2—mined from
GenBank for comparison (Meiflner and Gétting 2015; MeifSner et al. 2011; Abe
and Sato-Okoshi 2021). The interspecific genetic distances between the new species
and other Spio species were 17.2-22.6% for COI (536 bp), 5.4-17.9% for the 16S
rDNA (487 bp), and 0.1-3.5% (1756 bp) for the 18S rDNA. The 16S (LC595766)
and 18S rDNA (LC545924) sequences of Spio sp. 2 reported by Abe and Sato-
Okoshi, 2021 from Japan showed 99.8% (16S: 461/462 bp) and 100.0% (18S:
1760/1760 bp) similarity with S. pigmentata sp. nov., indicating that these two
specimens are the same species. A phylogenetic tree was constructed based on the

concatenated partial gene sequences of COI (525 bp), the 16S rDNA (454 bp), and
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Figure 7. Spio pigmentata sp. nov., paratype (NIBRIV0000888165). A anterior end, dorsal view, palps
removed B right half of middle chaetiger, ventral surface, gland openings (arrows). wScale bars: 0.2 mm
A; 40.0 pm B.

Table 1. GenBank accession numbers of sequences used for phylogenetic analysis.

Species Type locality GenBank accession number Data source
CoI1 16S 188
Spio pigmentata sp. nov. Korea MZ661760 MZ663829 MZ663822 Present study
Spio arndti Baltic Sea FR823429 FR823439 FR823434 Meifiner et al. 2011
Spio symphyta North Sea FR823427 FR823437 FR823432 “
Spio filicornis West Greenland FR823425 FR823435 FR823430 “
Spio blakei Australia KP636501 KP636502 KP636507  Meifiner and Gétting 2015
Scolelepis (Scolelepis) daphoinos China MW509617 MW494645 MW494652 Lee and Min 2021
Spio blakei
75
78 Spio symphyta

Spio pigmentata sp. nov.

Spio arndti
100

Spio filicornis

Scolelepis (Scolelepis) daph

0.05

Figure 8. Maximum likelihood (ML) tree for 1,381 bp inferred from combined partial mitochondrial
COL 16S rDNA, and nuclear 18S rDNA from six spionid polychaetes. Numbers above the branch indi-
cate ML bootstrap values from 1000 replication. The sequence of Scolelepis (Scolelepis) daphoinos was used
for outgroup rooting.
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the 18S rDNA (394 bp), using maximum likelihood analyses (Fig. 8). The sequence
of Scolelepis (Scolelepis) daphoinos Zhou, Ji & Li, 2009 was used as an outgroup
taxon (Lee and Min 2021). The GenBank accession numbers are listed in Table 1.
Phylogenetic analysis showed that two monophyletic clades were formed in Spio.
The new species was present in a clade with S. blakei and S. symphyra.

Discussion

Morphological examination of Spio specimens from the southern and western coasts
of Korea, combined with the molecular analysis of three gene regions from newly
collected materials, revealed the presence of a previously undescribed species of Spio,
S. pigmentata sp. nov. The new species agrees well with Paik’s (1975, 1982, 1989) de-
scription of S. filicornis with respect to most diagnostic features and only differs in the
dentation of hooded hooks (see above). The morphological examination in this study
showed that the uppermost tooth in the tridentate hooks is very inconspicuous (e.g.,
new species in the present study and S. symphyra in Meifiner et al. 2011). This can
easily lead to erroneous conclusions. We suggest that the undescribed species newly
collected during this study and the species previously known as S. filicornis by Paik’s
(1975, 1982, 1989) from Korean waters are the same.

The new species is morphologically very similar to S. blakei Maciolek, 1990 from
Australia in having the following characteristics: the length of first branchiae, the shape
of nuchal organs, extension of dorsal ciliated organs, shape of hooded hooks, the num-
ber of abranchiate chaetigers, and the shape of the anal cirri (Meifiner and Gotting
2015). However, the new species can be distinguished from S. blakei by the presence
of three pairs of white dots per chaetiger instead of two pairs and having 7-9 triden-
tate hooded hooks instead of 4-5 (Meifiner and Gotting 2015). In the Far East of the
temperate region, the new species and S. picta from the Kuril Islands share tridentate
hooded hooks. The new species, however, differs from S. picta by the presence of or-
ange-brown and black pigmentation instead of only light to dark brown, the shape of
its nuchal organs (U-shaped vs straight), the number of hooded hooks (7-9 vs 8-13),
and the fusion of notopodial postchactal lamellae (mostly separated vs completely
fused in the anterior and middle regions) (Bick and MeifSner 2011).

According to the results of the molecular studies, the species was already recorded
in Japan and published as unidentified Spio sp. 2 by Abe and Sato-Okoshi (2021). The
known distribution of S. pigmentata sp. nov. ranges from the Korea Strait and the Yel-
low Sea of Korea to northeastern Japan.

The phylogenetic tree resulting from the analysis of molecular data revealed that S.
pigmentata sp. nov. formed a clade with S. blakei and S. symphyra (Fig. 8). The morpho-
logical characteristics also imply a close relationship of these species. These three Spio
species share U-shaped nuchal organs, and the two species that form a second clade (S.
arndti and S. filicornis) share almost straight nuchal organs. Despite the high species
diversity of the genus, the available DNA data are very poor. Further studies based on
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detailed morphological and molecular information of Spio species are needed to reveal
additional information on their genetic relationships.

The identity of Spio species described in Northeast Asia should be verified based
on both morphological and genetic studies (see Meifdner et al. 2011). For example,
the description of the specimens from China identified as S. martinensis showed mor-
phological differences in the shape of the apical tooth of neuropodial hooded hooks
and the number of posterior abranchiate chaetigers with the specimen from the type
locality in France (Wu et al. 1965; Lavesque et al. 2015), and hence might be doubt-
ful. Unfortunately, the DNA information of specimens from China and France is still
unknown. Further studies are needed to resolve these and related problems.
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