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Abstract

Polypedilum Kieffer (Diptera: Chironomidae), with 520 currently known species
worldwide, can be extremely difficult to identify to species-level based on
morphology. We used 3,670 cytochrome ¢ oxidase subunit I (COI) barcodes to
explore the efficiency of the COI barcodes to differentiate between species in a super-
diverse aquatic insect genus. The Barcode of Life Database (BOLD) presented 286
BIN-clusters in Polypedilum, representing 163 morphospecies, of which 93 were
contributed from our lab. Molecular operational taxonomic units (OTUs) ranged from
158 to 345, based on Automatic Barcode Gap Discovery (ABGD), the Barcode Index
Number (BIN), Bayesian Poisson tree processes (bPTP), generalized mixed Yule
coalescent (GMYC), j-MOTU, Multi-rate Poisson tree processes (mPTP), neighbor-
joining (NJ) tree, and Pre-Threshold Clustering. In comparison, GMYC, bPTP, mPTP
and BIN suggested more species than warranted by morphology. While ABGD, j-
MOTU, NJ, Pre-Threshold Clustering and ABGD yielded a conservative number of
species when setting higher thresholds. Nine species complexes with deep
intraspecific divergences indicated 18 potentially cryptic species, which require
further taxonomic research including complete life histories as well as nuclear genetic
data to be resolved. The discrimination of Polypedilum species by DNA barcodes

proved successful in 94.4% of all studied morphological species.



Introduction

Since Hebert, Ratnasingham, and deWaard (2003) developed the idea of using a
standardized short DNA fragment as a barcode for species identification, large
amounts of funds and numerous local or global projects have been carried out. By
January 28, 2018, more than 274,998 species (over 5,948,000 records) were registered
in the Barcode of Life Data Systems (BOLD). Despite the drawbacks of the methods
(Bertheau, Schuler, Krumbock, Arthofer, & Stauffer, 2011; Whitworth, Dawson,
Magalon, & Baudry, 2007; Wiemers & Fiedler, 2007), DNA barcoding is now well-
established as a tool in taxonomy and ecology and applied in a wide variety of areas,
such as food production regulation (Becker, Hanner, & Steinke, 2011), biodiversity
conservation (Francis et al., 2010), detection of invasive species and other nature
management (Ardura, Linde, Moreira, & Garcia-Vazquez, 2010; Armstrong & Ball,
2005). Due to the revolution in sequencing technology going from Sanger sequencing
to high-throughput platforms, combined with new bioinformatic pipelines and
computational infrastructure, biodiversity studies are transitioning from the barcoding
of individuals to the metabarcoding of communities (Cristescu, 2014; Lobo,
Shokralla, Costa, Hajibabaei, & Costa, 2017; Stoeck, Kochems, Forster, Lejzerowicz,
& Pawlowski, 2018). With rapid population of next generation sequencing, metadata
flooded into public database. Even though, metabarcoding is restricted to a
comprehend taxonomic reference libraries based on high quality identifications
(Taberlet, Coissac, Pompanon, Brochmann, & Willerslev, 2012).

Different algorithms may produce different operational taxonomic units (OTUs)
and suggest different species boundaries. The choice of analytical method for the
analysis of DNA barcode data can be of great importance in biodiversity assessments.
Among a range of methods, distance-based and tree-based approaches are commonly
used in barcoding studies (Austerlitz et al., 2009; Birch, Walsh, Cantrill, Holmes, &
Murphy, 2017; Chu, Tong, & Chan, 1999). The instance-based methods usually
require a threshold similarity value to distinguish intraspecific and interspecific

variations (Meier, Shiyang, Vaidya, & Ng, 2006). For example, Automatic Barcode



Gap Discovery (ABGD) detects a gap in the distribution of divergences that
corresponds to differences between intraspecific and interspecific distances. When the
gap is absent, the method does not work well for species delimitation (Puillandre,
Lambert, Brouillet, & Achaz, 2012). The widely used BOLD system, the Barcode
Index Number (BIN) system employs varied distance metrics to generate a neighbor-
joining (NJ) tree and established as a persistent registry for life OUTs in the Barcode
of Life Data System (BOLD, www.bold.system.org)(Ratnasingham & Hebert, 2007,

2013). While the ]MOTU was designed to generate OTUs using a range of cutoff
values selected by the user (Jones, Ghoorah, & Blaxter, 2011). The Pre-Threshold
Clustering method uses the program TaxonDNA (http://taxondna.sf.net/) to test the
viability of threshold values for distinguishing intra- from interspecific variability for
different threshold set (Meier et al., 2006).
Tree-based methods apply the “phylogenetic species concept”, which defines a
species as the smallest resolvable separately evolving lineage or the smallest
diagnosable cluster (Baum & Donoghue, 1995; Eldredge & Cracraft, 1980). The
methods consider the phylogenetic signal of the sequences and attain higher
classification accuracy. However, neighbor-joining tree is used to construct
phylogenetic trees based on evolutionary distance data (Saitou & Nei, 1987). The
Generalized Mixed Yule Coalescent (GMYC) delimits distinct genetic clusters by
optimizing the set of nodes that define the transitions between inter-and intra-specific
processes (Fujisawa & Barraclough, 2013; Pons et al., 2006). The Poison Tree Process
model (PTP) consider the number of substitutions between branching and speciation
that are independent events (Zhang, Kapli, Pavlidis, & Stamatakis, 2013). While the
Multi-rate Poisson tree processes (mPTP) incorporates different levels of intraspecific
genetic diversity deriving from differences in either the evolutionary history or
sampling of each species (Kapli et al., 2017).

The insect family Chironomidae, commonly known as non-biting midges, is the
most diverse and abundant invertebrate group in freshwater ecosystems (Milosevic,
Simi¢, Stojkovi¢, & Zivié, 2012). Their wide range of habitat and environmental

preferences make them good indicators of aquatic ecosystem change and water


http://www.bold.system.org/

quality (Nicacio & Juen, 2015; Sather, 2000). Subfossils of chironomid larval head
capsules deposited in lake sediments are well-established as useful for quantitative
estimates of past temperature changes (Eggermont & Heiri, 2012). However, species-
level identification of chironomids based on morphology is both taxonomically
challenging and time consuming (Nzelu et al., 2015) and chironomids are therefore
often excluded from biodiversity assessments and monitoring.

Polypedilum Kieffer, 1912 is the largest genus of Chironomidae, containing more
than 520 described species worldwide (P. Ashe pers. comm. 2017). Immatures of
Polypedilum can occur in both standing and flowing waters, even in those at high
latitude and altitude (Zhang, Song, Qi, & Wang, 2016). Moreover, three Polypedilum
species, including the famous sleeping midge P. vanderplanki, are known for their
capability of anhydrobiosis and tolerance of complete dehydration (Cornette et al., 2017,
Cranston, 2014; Hinton, 1960). Polypedilum may also be among the most abundant
invertebrates in eutrophic ponds, reaching densities of up to 1,200 larvae per square
meter (Int Panis, Bervoets, & Verheyen, 1995).

However, species delimitation of Polypedilum based on morphology is a great
challenge. Firstly, most species are described based on adult males only and immature
stages are yet to be associated (Song, Wang, Zhang, Sun, & Wang, 2016; Yan et al.,
2017; Zhang et al., 2016). Secondly, great phenotypic variation (e.g. wing spots
location and numbers), and potential cryptic species complexes are common in this
genus (Cranston, Martin, & Spies, 2016). Thus, DNA barcode data should be of great
value both in identification of species and analyses of species boundaries (Lin, Stur, &
Ekrem, 2017; Yang et al., 2012). However, few barcode studies have included many
Polypedilum species and before our study, only 54 species were recorded in the
BOLD.

The objectives of this study are to contribute the COI DNA barcode reference
library of nonbiting midges, assess cryptic species diversity and explore species

boundaries of Polypedilum non-biting midges.



Materials and Methods

Taxon sampling and data collection

The majority of specimens were collected from China over the last decade, but some
also originate from Europe (e.g. Czech Republic, Germany and Norway). Specimens
were identified by main taxonomic revisions and species descriptions (e.g. Adeoye &
Sather, 2008; Lin, Qi, Zhang, & Wang, 2013; Oyewo & Sather, 1998; Sather, 2000,
2001; Sather, Andersen, Pinho, & Mendes, 2010; Saether & Sundal, 1998; Townes,
1945; Vardal, Bjorlo, & Sather, 2002; Yamamoto & Yamamoto, 2015; Yan et al.,
2017; Zhang et al., 2016; Zhang & Wang, 2005). In addition to our own data,
Polypedilum COI barcodes, longer than 500 base pairs and without stop codons, were
searched and added to the dataset named “Polypedilum DNA barcodes (DS-
POLYCOI)” on January 13, 2017 in BOLD. DOI:
dx.doi.org/10.5883/BOLD:AAW3949. In total, 3,670 COI barcodes (File S1-2) were

included, of which 347 barcodes of 93 identified species were from our lab at the
College of Life Sciences, Nankai University, Tianjin, China; 266 barcodes were from
the GenBank, and the remaining 3,057 barcodes were available from various projects
in BOLD.
DNA extraction, PCR amplification, sequencing and alignment

All sampled adults were preserved in 75-85% ethanol, larvae in 100% ethanol, and
stored at 4°C in the dark prior to the extraction. The targeted taxa were sorted and
dissected under a stereo microscope. Thorax and one pair of legs were used for
genomic DNA extraction. All extraction procedure followed the QIAGEN DNA
Blood and Tissue kit protocol provided by the manufacturer. Chinese voucher
specimens are deposited in the College of Life Sciences, Nankai University, Tianjin,
China.

The standard 658 bp mitochondrial COI barcode region was amplified using the
universal primers LCO1490 and HCO2198 (Folmer, Black, Hoeh, Lutz, &
Vrijenhoek, 1994). Polymerase Chain Reaction (PCR) amplifications were done in a

25 ul volume including 12.5 ul 2xEs Taq MasterMix (CoWin Biotech Co., Beijing,
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China), 0.625 ul of each primer, 2 ul of template DNA and 9.25 ul deionized H>O.
Alternatively, 50 ul volume containing 5 ul DNA template, 5 pul 1x PCR Buffer
(containing MgClb), 1 ul 0.2 mM of dNTPs, 1.25 ul 0.25 uM of each primer, 1.5 units
of TaqPlus Polymerase and 36.2 pl of deionized H,O. PCR was performed on a
PowerCylcer Gradient SL (Biometra Gmbh, Géttingen, Germany), with an initial
denaturation step of 95°C for 4 min followed by 40 cycles of 94°C for 45 s, 52°C for
45 s, 72°C for 1 min, and one cycle at 72°C for 10 min. PCR products were
electrophoresed in 1.0% agarose gel, purified and sequenced in both directions with
ABI 3730 or ABI 3730XL capillary sequencers at Shanghai Sangon Biotechnology
Co., Ltd., Beijing, China, or Beijing Genomics Institute Co., Ltd, Beijing, China.
Raw sequences were assembled and edited in BioEdit v.7.2.5
(http://bioedit.software.informer.com/). The sequences were aligned using the Muscle
algorithm (Edgar, 2004) and checked for stop codons in MEGA v.7 on the amino
acids (Kumar, Stecher, & Tamura, 2016). Barcode sequences were uploaded to the
BOLD along with images and related information of voucher specimens. Sequence
names were edited in Mesquite v.3.2 (Maddison & Maddison, 2017). Haplotype
networks for some species complexes were constructed using TCS in POPART
(Clement, Posada, & Crandall, 2000; Leigh & Bryant, 2015). The nucleotide
compositions and pairwise genetic distances were calculated in MEGA using the K2P

model (Kimura, 1980).

Putative species estimation

a) Distance-based approaches

A Neighbor joining tree was constructed in MEGA using K2P substitution model,
treating gaps / missing data with “pairwise deletion”, running 500 bootstrap
replicates. Automatic barcode gap discovery analysis (ABGD) was implemented on
the website (wwwabi.snv.jussieu.fr/public/abgd/abgdweb.html, Puillandre et al.,
2012), using relative gap width (X = 1.0) and intraspecific divergence (P) values
between 0.005 and 0.100 with the K2P model. All other settings were default. BIN

assignments of our registered DNA dataset in BOLD was registered on July 13, 2017.



The analytical package jJMOTU) was used to generate OTUs, with parameters
ranging from 1-100, with Low BLAST identify filter value 95%, following the
default settings (Jones et al., 2011). Pre-thresholds clustering were run with thresholds
set in a range from 0.5-11.5% in TaxonDNA or Speciesdentifier v1.8 (Meier et al.,
20006).

b) Tree-based approach

A reduced dataset, containing 1,087 sequences, was generated from manual deletion
of the highly similar sequences based on an UPGMA tree. The input ultrametric tree
for GMYC was constructed using BEAST v1.8.2 (Drummond, Suchard, Xie, &
Rambaut, 2012). Settings were as follows: strict clock, MCMC chain using 100
million generations, TN93 substitution model, Yule speciation model. Other
parameters available from the authors. The MCMC log on posterior values were
examined in Tracer 1.6 (Drummond et al., 2012; Rambaut, Suchard, Xie, &
Drummond, 2014) and a burn-in with 30% was set to get an optimal consensus tree.
ST-GMYC was applied using the splits package in with the guides available on
Tomochika’s webpage (https://tmfujis.wordpress.com/2013/04/23/how-to-run-gmyc/).
The PTP analyses used a rooted phylogenetic input tree constructed with raxmIGUI
v1.3 using 500 non-parametric replicates, and the GTR + G + I nucleotide
substitutions model (Silvestro & Michalak, 2012). The Bayesian Poisson tree
processes (bPTP) analyses were run on the web server (http://species.h-its.org/ptp)
with 500,000 MCMC generations, a burn-in of 0.1 and other parameters as default.
mPTP analyses were implemented on the web server (http://mptp.h-its.org) using the

multi rate Poison tree process model, and followed default settings.

Results

The complete dataset consisted of 3,670 barcodes, ranging from 596 to 658 bp in
length (Fig. 1A). In total, there were 371 variable sites (56.4%), of which 322 (86.8%)
were parsimony informative. The sequences were heavily AT-biased (66.9%),

especially in the third position where 88.8% were A or T (Table 1).



Table 1. Variable and informative sites and average nucleotide composition in the

3,670 COI barcode sequences.

Informativ.  Thymine Cytosin  Adenine

Nucleotide  Variable Guanine
e e

Position sites (%)  sites (%) (%) (%) (%) (%)

1 26.5 24.1 26.0 16.9 29.2 27.9

2nd 12.6 7.1 43.7 26.8 12.8 16.7

3rd 60.9 68.8 47.6 8.4 41.2 2.7

Total 56.4 48.5 39.1 17.4 27.8 15.8

There were 50 single lineages, where morphospecies were represented by one
sequence. The average intraspecific pairwise distance was 1.68% and the maximum
intraspecific divergence was up to 18.3% found in Polypedilum cultellatum
(Goetghebuer), even higher than the average interspecific divergence of our dataset
(15.8%). Some similar cases of deep intraspecific divergence were found in P.
convexum Johannsen (ranging from 0-16.0%), P. convictum (Walker) (ranging from
0-17.6%) and P. unifascium (Tokunaga) (ranging from 0-13.9%). In total, there are
40 morphospecies (24.6% of the studied species) with average intraspecific
divergence of 2-3%, 25 species (15.4%) with 3—4%, 16 species (9.8%) with 4-5%, 11
species (6.8%) with 5-8% and two species higher than 8%. Disregarding these
potential cryptic species complexes, the maximum intraspecific divergence was up to
10.8% found in P. masudai (Tokunaga). The maximum interspecific genetic
divergence (25.1%) was observed between P. sp. 3BD and P. yongsanensis Ree et
Kim, while the minimum interspecific divergence was low to 0.5%, between P.
quadriguttatum Kieffer and P. simulans Townes (vouchers not examined). Not
considering the above case, the minimum divergence between examined species of
Polypedilum was 5.9% between P. fanjingensis Zhang & Wang and P. kasumiense

Sasa.



Putative species estimation

Based on the NIJ tree (File S3), 3,670 DNA barcodes of 162 morphospecies
clustered into 180 clades. Except for a few morphospecies [P. convictum, P.
cultellatum, P. japonicum, P. unifascium and P. scalaenum (Schrank)], most of the
candidate species formed monophyletic clusters. Nevertheless, distant geographic
populations of a few species grouped into nested clades with deep intraspecific
divergences, such as P. pullum (Zetterstedt) and P. tsukubaense (Sasa).

The reduced dataset, including 1,087 COI sequences, yielded 158-286 putative
species. The ABGD analysis, using a 4-7% maximum intraspecific divergence,
yielded 158—170 OTUs (Fig. 2), which was close to the numbers of the a priori
identified morphospecies (162). Applying the Pre-threshold clustering method with
hierarchical pre-thresholds from 1% to 10%, gave 84-350 OTUs (Fig. 3). Setting
higher initial threshold values from 5% to 8%, gave 162—192 OTUs. The analytical
package j]MOTU gave 162-193 OTUs (Fig. 4) when using single clustering and
selected cutoff ranging from 40 (6%) to 53 (8%).

In BOLD, 3,659 of 3,670 barcodes were assigned to 286 BINs, of which 92 BINs
with one record, of 59 BINs with two records. Generally, BIN-discordance with
morphological identifications were found in 37 species. For instance, 35
morphospecies were assigned two or more BINs: P. convexum, P. masudai, and P.
unifascium have seven BINs; P. cultellatum and P. leei have five BINs; and P.
convictum and P. kyotoense have four BINs. One case of BIN sharing, with a single
BIN comprising several different names was found for BOLD:ACS6046 (P. sp. S1A
and P. sp. S1B).

The single-threshold General Mixed Yule-coalescent calculations (ST-GMYC)
yielded 242 entities with a confidence interval ranging from 230-249 (Fig. 5). The
mPTP model produced a more conservative number of clusters (198) (File S4)
compared with the bPTP method, which gave 288-345 clusters (File S5).
Depending on the applied method, the numbers of significantly different putative
species ranged from 158 to 348. Arranging the used methods by increasing

conservativeness give the following bPTP < BINs < GMYC < mPTP < Pre-threshold



Clustering < JMOTU< ABGD. Integrating the results of all methods with
morphological boundaries indicates that an average threshold of 5-8% is appropriate

to delineate Polypedilum species using COI DNA barcodes.

Discussion

Distance methods vs Phylogeny methods

In the present study, based on a dataset of 162 Polypedilum morphospecies,
phylogeny-based methods produced 25-78% more than distance-based methods when
setting a higher threshold. Methods based on genetic distance are more sensitive to a
similarity threshold that indicate a gap that between the lowest interspecific distance
and highest intraspecific distance. For example, BINs in BOLD have been proven a
very good reflection of traditional taxonomy in many animal groups (Young, Behan-
Pelletier, & Hebert, 2012). Due to the low intra-cluster distance (2.2%) at the Initial
Clustering step of RESL methodology (Ratnasingham & Hebert, 2013), when
applying to the genus of Polypedilum, BINs system showed over-splitted species
numbers in comparison with the current taxonomy. Principally, when the lowest
interspecific distance (Fig. 1B) exceeds the highest intraspecific distance (Fig. 1C),
the barcode exists (Figs 1D; 6) (Meier, Zhang, & Ali, 2008). In such a case, value of
the “threshold” will be well defined, which will facilitate to discovery of cryptic
species or new species.

Owing to different species with different population size and divergence time, a
universal threshold that fits all taxa does not exist (Yang & Rannala, 2017). Most
DNA barcoding studies try to define such a fixed “threshold” value, nevertheless the
threshold value is somewhat subjective and arbitrary (Yang & Rannala, 2017). For
example, Hebert, Stoeckle, Zemlak, and Francis (2004) proposed the interspecific
divergences at least 10 times as larger as the intraspecific divergence known as the
“l10xrule”, Rossini et al. (2016) with 2%, (Smith, Fisher, & Hebert, 2005) with 3%
and Dowton, Meiklejohn, Cameron, and Wallman (2014) with 4%. Apparently, the

“threshold” are exclusively implied to different taxonomic groups (Havermans, Nagy,



Sonet, De Broyer, & Martin, 2011). For example, a threshold 2-3% was suggested for
some groups of Hymenoptera, Ephemeroptera, Plecoptera and Trichoptera
(Monaghan, Balke, Gregory, & Vogler, 2005; Schmidt, Schmid-Egger, Moriniere,
Haszprunar, & Hebert, 2015; Webb et al., 2012; Zhou, Jacobus, DeWalt, Adamowicz,
& Hebert, 2010), 3—-5% for some Diptera species (Lin, Stur, & Ekrem, 2015; Nzelu et
al., 2015), and 6-8% for the family Hydropsychidae of Trichoptera (Pauls, Blahnik,
Zhou, Wardwell, & Holzenthal, 2010). As for dipteral genus Polypedilum, the
threshold values 5-8% were set so that we could get a high confidence interval of
putative species.

The second problem of distance-based methods is ignoring evolutionary
relationships (Kapli et al., 2017). Tree based methods were not affected by such
thresholds, because they use phylogenetic relationships to accurate barcode
assignment. Nevertheless, the accuracy of phylogeny-based methods strongly depend
on the input phylogenetic trees. Take GMYC for example, an ultrametric input tree is
needed when delimiting species in phylogeny placements. The ultrametric tree most
are constructed by BEAST using Markov Chain Monte Carlo Bayesian sampling
methods, which was compute-intensive and potentially error-prone process.
Meanwhile very few studies can clearly specify the priors set in the MCMC analysis
(Yang & Rannala, 2017). Besides, GMYC and PTP methods are more sensitive to
unbalanced sample size of datasets (Zhang et al., 2013). Under-sampling of rare
species or over-sampled species with small intraspecific variation will compromise
species delimitation (Zhang et al., 2013). In our dataset, 50 singletons (species with
only one barcode) accounting for 30.8% of our morphospecies might skew the results
(Lim, Balke, & Meier, 2012). To avoid the over-sample species with small
intraspecific variations, we manually deleted the highly similar sequences based on an
UPGMA tree. Tree-based approaches seemed over-splitted when applied to our
dataset. On the other hand, the entities delimited by phylogeny-based methods are
putative species, for the phylogenetic trees used in analysis are gene tress not species
trees. The phylogenetic trees inferred on single COI gene could also have some

problems, such as incomplete lineage sorting, hybridization or in recent speciation



events (Mutanen et al., 2016). Therefore, conflicting results should be indicators for
species boundaries, which deserve detailed inspection. Consequently, there is no
standard algorithm or input parameters to apply that can best recover actual species
boundaries for all organisms (Ratnasingham & Hebert, 2013). Especially when
dealing with large-scale dataset, it is necessary to incorporate an integrative approach
for delimiting species.
Geographic population diversity vs Cryptic species diversity

Our results demonstrated rich species diversity among the genus of Polypedilum,
for the estimated numbers of OTUs much more than the pre-identified morphospecies.
Based on molecular phylogenetic analysis, species-level para- and polyphyly in DNA
barcode bene trees as a result of deep intra-specific divergence, which may indicate
the presence of cryptic species. For instance, P. cultellatum grouped into five distinct
clades in the phylogenetic trees (Fig. 7B) and divided into five BINs in BOLD.
Among the five distinct clusters, there are three from China, one from Czech Republic
and one from Japan and South Korea. To further explore its phylogeographic
relationships, the haplotype network analysis was well shown (Fig. 7A), and different
populations corresponded with respective clades in NJ tree. Besides, morphology
differences were not observed between the four clades (clade from Japan and South
Korea not available). Consequently, DNA barcodes probably revealed four potential
cryptic species within P. cultellatum species complex. Several similar cases were
illustrated as well. Such as, the species P. convictum formed eight BINs in BOLD and
seven clades in NJ tree. Among the seven clades, there were five from North America
(America + Canada), one from Asia (China), and one clade from Europe (Germany).
P. convexum formed seven BINs and four clades in NJ tree, two clades from China,
one clade from Japan and one from Australia. P. unifascium (nine BINs and five
Clades), of two clades from China, one clade from Japan, and one from China +
Korea. According to the shifting balance theory, many species comprise small,
partially isolated populations (Slatkin, 1987). Therefore, geographical populations
with deep intraspecific divergence, are more likely to be reveal cryptic species, which

indicate18 potential cryptic species within Polypedilum. On one hand, traditional



species classification relies on qualitative or quantitative morphological differences,
which could lead to confusion between sibling taxa or cryptic species and incorrect
species ascription (Tamar et al., 2015). DNA-based methods facilitate to differentiate
closely related species, or reveal the presence of distinct taxa that morphologically
indistinguishable. Consequently, increasing the samples of the geographic populations
of the studied species is expected to disclose more potential cryptic species. On the
other hand, COI based DNA barcodes have proven successful in delimiting
Polypedilum species, while some morphospecies recognized as paraphyletic
corresponding to gene trees. Therefore, multiple evidences, with nuclear genes and
thorough morphological data could provide a better resolution to further illuminate
intra- and interspecific relationships of Polypedilum species.

Nevertheless, it is necessary to designate specific OTU that bears the species name.
The first option is to barcode the holotype or paratype specimens, which is not
feasible for chironomids for all the type specimens are slide mounted. An alternative
solution is to barcode the fresh specimens sampled from the type locality.
Nevertheless, there are shortages for the solutions: (1) species distributions may
change (2) several OTUs could occur in one collection site (Porco et al., 2012). It is
urgent to validate these cryptic specie with additional nuclear markers, as well as
morphological and ecological data. Besides, voucher specimen’s information from
public database such as GenBank or BOLD were not always correct. The
corresponding strategy are re-examination of voucher specimens for further
validation, especially for some subtle morphological variations (e.g. body colorations,
wing setations and spotting patterns).

New species vs Taxonomic synonyms

Recent taxonomic studies especially referring to new species would provide DNA
barcode as new “characters” for species description and delimitation of chironomids
(Lin et al., 2017; Yan et al., 2017). Molecular data provide a more objective view
when defining “species”, such as scale of intra- or interspecific distances.
Comparatively, morphological variations or phenotypic changes are usually difficult

to define as intra- or interspecific boundaries. Song et al. (2016) discussed that



whether some characters such as wing spotting patterns and adult male genitalia (anal
point projection length variations) be diagnosis to separate species.

In this study, some morphological traits were discussed with DNA barcodes. For
instance, Ree and Kim (1981) described Polypedilum yongsanensis as a new species
for their highly similarities. While Orel, Kang, and Makarchenko (2017) and Sasa &
Kikuchi (1995) synonymized P. yongsanensis with P. nubeculosum for their highly
similarities. However, the minimum interspecific genetic COI divergence between
these two populations is up to 16.1%, suggesting them as different species. Moreover,
we found that P. nubeculosum distributed in Europe and Inner Mongolia region of
China, while P. yongsanensis distributed in Oriental China, South Korea and Japan.

In contrast to conspecific species with deep genetic divergence, there are certain
species complexes with low interspecific divergence and formed same clades in the
phylogenetic trees. Under this situation, we should examine the morphological
characters of voucher specimens, and then reconsider whether some characters as
diagnosis to delimit species.

Therefore, we carefully discussed all the anomalous cases in our studies. (1)
Polypedilum griseoguttatum Kieffer (vouchers not available) vs P. masudai (Fig. 8).
Vardal et al. (2002) originally described P. griseoguttatum and showed high similarity
P. masudai, except the absence of short anal point projections, which is the key
characters in the Polypedilum species taxonomy. Therefore, the record P.
griseoguttatum (KJ530963) probably be a misidentification. (2) Polypedilum simulans
vs P. quadriguttatum vs P. sp.18SC (Fig. 9). These three morphospecies are closely
related to each other by having highly similar genitalia in adult males, but could be
distinguished by having different wing patterns and leg colors [e.g. P. sp.18SC (wing
with spot, legs yellowish), P. quadriguttatum (wing with spots, partial legs brown or
yellowish) and P. simulans (wing without spots, legs yellowish)]. We have checked
the specimens of P. simulans from Europe, yet specimen of P. quadriguttatum was
not accessible (await to be further tested). According to Song et al. (2016), P. sp.18SC
could be different species from P. simulans for having wing spots. However, these

two species obviously formed into a monophyletic group in the NJ tree, which



conflicts Song et al. (2016). (3) P. sp. SIAvs P. sp. SIB vs P. sp. S1IC vs P. sp. SIH
(Fig. 10). These four named species apparently clustered in a group on the NJ tree
with low 3.8-6.2% COI divergence, which could be generally dealt as four species in
one. Carew & Hoffmann (2017) suggested that these groups should be distinct taxa
based on nuclear genes and morphological data. (4) P. scalaenum vs P. unifascium
(Fig. 11). Song et al. (2016) discussed this case and concluded that specimens were
misidentified as P. scalaenum. Judging from the above results, DNA barcodes could

reveal potential misidentifications or junior synonyms.

Conclusion and Prospects

In general, DNA barcodes can successfully delimit Polypedilum non-biting midges
with 94.4% match with morphospecies. Comparing the performances of different
analytical tools, methods of Neighbor joining tree and ABGD fit well on the
Polypedilum COI barcodes dataset. Considering the distance-based approaches, 5—8%
threshold on average is tentatively suggested for species delimitation of Polypedilum
non-biting midges. Unusual deep intraspecific divergences in some species complexes
were detected, indicating potential morphological misidentifications or cryptic
species. It is urgent to corporate additional nuclear genes, more morphological traits

from different life stages, and ecological data for further research.
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Figure legends

Figure 1. Summary of the 3,670 aligned sequences of Polypedilum. (A) Sequence
lengths; (B) inter-specific distances; (C) intra-specific distances; (D) combined intra-
and interspecific distances.

Figure 2. Number of OTUs under ABGD online with the prior intraspecific
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divergence based on 3,670 DNA barcodes of Polypedilum.

Figure 3. The Number of OTUs based on DNA barcodes of Polypedilum using Pre-
Threshold Clustering at different thresholds.

Figure 4. Number of OTUs based on DNA barcodes of Polypedilum defined by
different cutoff values generated from jMOTU.

Figure 5. Results of the species delimitation analysis for the Polypedilum according
to the GMYC single-threshold model on the DNA barcodes dataset with 1,087
individuals. (A) Lineage-through-time plot based on the ultrametric tree obtained
from COI sequences. The sharp increase in branching rate, corresponding to the
transition from interspecific to intraspecific branching events, is indicated by a red
vertical line. The x-axes (both in panels A and B) show substitutions per nucleotide
site; (B) likelihood function produced by GMYC to estimate the peak of transition
between cladogenesis (interspecific diversification) and allele intraspecific
coalescence along the branches; (C) ultrametric tree with 1,087 individuals obtained
in BEAST setting coalescent prior and strict clock model. Red clusters and black lines
(singletons) indicate putative species calculated by the model.

Figure 6. Histogram of pairwise K2P distances generated from ABGD online.

Figure 7. Polypedilum cultellatum species complex. (A). TCS network based on the
mitochondrial cytochrome ¢ oxidase subunit I (COI) dataset of the Polypedilum
cultellatum species complex. Different colors correspond to the different collection
sites; (B) neighbor joining tree of the P. cultellatum species complex based on K2P
distances in DNA barcodes. Numbers on branches represent bootstrap support (>70%)
based on 1000 replicates; scale represents K2P genetic distances.

Figure 8. Neighbor joining subtree based on DNA barcodes of Polypedilum
griseoguttatum and P. masudai. Numbers on branches represent bootstrap support
(>70%) based on 500 replicates; scale represents K2P genetic distances.

Figure 9. Neighbor joining subtree based on DNA barcodes of Polypedilum simulans,
P. quadriguttatum and P. sp.18SC. Numbers on branches represent bootstrap support
(>70%) based on 500 replicates; scale represents K2P genetic distances.

Figure 10. Neighbor joining subtree based on DNA barcodes of Polypedilum sp. S1A,



P.sp. SIB, P. sp. S1C and P. sp. STH. Numbers on branches represent bootstrap
support (>70%) based on 500 replicates; scale represents K2P genetic distances.
Figure 11. Neighbor joining subtree based on DNA barcodes of Polypedilum

scalaenum and P. unifascium. Numbers on branches represent bootstrap support

(>70%); scale represents K2P genetic distances.

Supplementing information

File S1. Dataset of 3,670 Polypedilum COI barcode sequences.

File S2. BOLD sample ID, GenBank Accession Numbers of studied Polypedilum.
File S3 Neighbor joining bootstrap consensus tree for 3,670 DNA barcodes of
Polypedilum. Numbers on branches are bootstrap support using 500 bootstrap
replicates.

File S4. Maximum likelihood tree based on DNA barcodes using bPTP model.
File S5. Maximum likelihood tree based on DNA barcodes using mPTP model.
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