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A DNA Barcode Library for Korean Chironomidae
(Insecta: Diptera) and Indexes for Defining

Barcode Gap

Sungmin Kim', Kyo-Hong Song? Han-Il Ree®, and Won Kim**

Non-biting midges (Diptera: Chironomidae) are a diverse
population that commonly causes respiratory allergies in
humans. Chironomid larvae can be used to indicate fresh-
water pollution, but accurate identification on the basis of
morphological characteristics is difficult. In this study, we
constructed a mitochondrial cytochrome ¢ oxidase sub-
unit | (COIl)-based DNA barcode library for Korean chi-
ronomids. This library consists of 211 specimens from 49
species, including adults and unidentified larvae. The in-
terspecies and intraspecies COIl sequence variations were
analyzed. Sophisticated indexes were developed in order
to properly evaluate indistinct barcode gaps that are cre-
ated by insufficient sampling on both the interspecies and
intraspecies levels and by variable mutation rates across
taxa. In a variety of insect datasets, these indexes were
useful for re-evaluating large barcode datasets and for
defining COI barcode gaps. The COl-based DNA barcode
library will provide a rapid and reliable tool for the molecu-
lar identification of Korean chironomid species. Further-
more, this reverse-taxonomic approach will be improved
by the continuous addition of other speceis’ sequences to
the library.

INTRODUCTION

Freshwater non-biting midges (Diptera: Chironomidae) include
many species that cause human allergies (Baur, 1992; Lewis,
1956). Their larvae are important indicator organisms for water
pollution because of their ability to thrive under a variety of
freshwater conditions (Aagaard et al., 2004; Wright, 1984), in-
cluding exposure to heavy metals, organic pesticides, and other
xenobiotics (Al-Shami et al., 2010; Martinez et al., 2004). Al-
though the correct identification of these species is of funda-
mental importance for subsequent studies, species identifica-
tion is problematic, especially for immature specimens, larvae,
damaged specimens, and those with morphological deformities
(Pfenninger et al., 2007; Velle et al., 2005). In such cases, a

molecular-based approach can be used for species identifica-
tion (Tautz et al., 2002).

DNA barcoding is a molecular diagnostic method that em-
ploys a short DNA sequence to rapidly and accurately identify a
species. This method has revitalized traditional taxonomy and
allows for a better understanding of organisms and their rela-
tionships (Hebert and Gregory, 2005; Hebert et al., 2003; Kim
et al., 2011; Yoo et al., 2006). However, DNA barcoding meth-
ods may not provide adequate resolution to identify recently
diverged species, species complexes, or groups with a slow
evolutionary rate (Kerr et al., 2007; Radulovici et al., 2010).
Such cases require suitable markers for accurate species iden-
tification (Park et al., 2007). Another problem with DNA barcod-
ing methods is that ambiguous barcode gaps may be formed
by insufficient sampling at both the interspecies and intraspe-
cies levels (Meier et al., 2008; Meyer and Paulay, 2005; Wie-
mers and Fiedler, 2007) and by the variable mutation rates
across taxa (Galtier et al., 2009).

The present study aims to prepare a DNA barcode library
that can accurately identify Korean chironomid species of vari-
ous developmental stages. First, the mitochondrial cytochrome
c oxidase subunit | (COI) gene was chosen as a genetic marker
for DNA barcoding, because COl is suitable for studying evolu-
tion and for discriminating cryptic chironomid species (Carew et
al., 2005; Ekrem et al., 2007). Second, a COl-based Korean
chironomid barcode library was constructed, and both interspe-
cies and intraspecies sequence variations were analyzed. Third,
sophisticated indexes were developed to properly define bar-
code gaps between species, and the utility of these indexes
was evaluated in various insect barcode datasets. Finally, the
use of the reverse-taxonomic approach was discussed.

MATERIALS AND METHODS

Sampling of chironomid species

Chironomid adults attracted to the lights of stores and restau-
rants were aspirated at 16 locations (Table 1). The collected
insects were stored in 75% ethanol. The antennae, head, wings,
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abdomen, and hypopygium were later dissected using fine nee-
dles under a stereomicroscope and were mounted in Hoyer's
solution. All specimens were morphologically identified into
species, and some specimens from each species were used
for PCR analysis and DNA sequencing. The thoraces or legs
were used for molecular studies, and the other body parts were
mounted on slides for morphological studies.

Larval chironomids were collected at the Geumsa wetland,
located in Geumsa-ri, Geumsa-myeon, Yeoju-gun, and Gyeonggi-
do, Korea. The larvae were washed through a 1-mm sieve,
preserved in water for 5 days to remove gut substances (Pfen-
ninger et al., 2007), and stored in 75% ethanol. The larval head
capsule and the body segment were stored in 75% ethanol for
future morphological examination. A small part of the larval
body was used for DNA sequencing. All specimens and speci-
men IDs were deposited into the Arthropods of Medical Impor-
tance Resource Bank, Department of Environmental Medical
Biology, Yonsei University, Seoul, Korea.

DNA extraction and amplification

Genomic DNA was extracted from all samples using the
Qiagen DNeasy Blood and Tissue kit. Standard PCR amplifica-
tion and DNA sequencing protocols were used to sequence a
fragment of the COI. Primers used for PCR were LCO1490 (5'-
GGT CAA CAA ATC ATA AAG ATATTG G-3') and HCO2198
(5'-TAA ACT TCA GGG TGA CCA AAA AAT CA-3) (Folmer et
al., 1994). The 5' region of COI was amplified using the follow-
ing thermal cycling program: 94°C for 5 min, 35 cycles at 94°C
for 0.5 min, 48°C for 1 min, and 72°C for 1.5 min, followed by a
final extension at 72°C for 10 min. The 25 pl PCR reaction mix-
ture included 14.7 ul of ultrapure water, 5 pl of 5x PCR buffer, 1
ul of each primer (10 uM), 1 ul of dNTPs (10 mM), 0.3 ul of Taq
polymerase (5 U), and 2 pl of the DNA template. PCR products
were purified using QlAquick PCR Purification Kit (Qiagen).
Sequencing reactions were resolved on an ABI 3730 auto-
mated DNA sequencer.

DNA barcode analysis and tree building

All sequences were deposited into GenBank (Table 1) and
aligned using MUSCLE software which implements several
iterative refinements steps (Edgar, 2004). Interspecies and
intraspecies sequence divergences were quantified using the
Kimura-2 parameter (K2P) distance model (Kimura, 1980), and
a neighbor-joining (NJ) tree was constructed by MEGA v4.0.2
(Tamura et al., 2007) with 10,000 bootstrap replicates.

Development of indexes for defining DNA barcode gap
Sophisticated indexes were developed to define the DNA bar-
code gap between species. The equations used were as fol-
lows:

Dminlnter = min(DGenexicModel(XUYi)) (1)
and
Dmaxlntra = maX(DGeneticModel(Xi7Xj))’ I * J (2)

where X = {Xi, X, ..., Xn} is the set of each target species, and
Y ={Y1, Y, ..., Y} is the set of non-target species that include
all of the species in a barcode except the target species. Dgenet-
ioModel IS the function used to calculate several genetic distances,
such as Jukes-Cantor (Jukes and Cantor, 1969), Kimura 2-
Parameter (Kimura, 1980), Tamura 3-Parameter (Tamura, 1992),
and Tamura-Nei (Tamura and Nei, 1993). Each genetic dis-
tance model produced the same conclusion. We used the Dgzp

function, which applies the K2P distance model that is com-
monly used for barcode analysis. X; represents the sequences
of the target species that belong to the same species, and Y;
represents sequences of non-target species. Dminnter iS the
minimum interspecies distance between the target species and
the non-target species. Dmaxinra iS the maximum intraspecies
distance within the target species.
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Du is the mean value of interspecies distances.
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IndeXsarcodecap 1S the equation used to properly assess the
DNA barcode gap for each target species.

|GroupMax(Dy,) — GroupMin(D e )| if IndeXouer =
|GroupMax(D,,) — GroupMax(D,

an empirical value, then an empirical value is Indexcutoft (5)

IndeX gy =

maxIntra )‘

Indexcutor is the optimal cutoff value. In the formula, a function
of GroupMax represents a maximum value determined on a
box plot graph in a group of data, and a function of GroupMin
represents a minimum value determined on a box plot graph in
a group of data. The cutoff value varies in accordance with the
taxon group and size of the barcode dataset. When the maxi-
mum intraspecies and the minimum interspecies distances
overlap, this indicates an absence of DNA barcode gap. In this
case, Indexcuot is greater than the empirical value determined
after analyzing the available insect barcode datasets.

IndeX g, coue6ap < INdEX g, - Presence of DNA barcode gap ®6)
INdeX g, co0e6ap > INAEX o - ADsence of DNA barcode gap

These conditions of INdeXgarcodecap aNd INdexcurt are used to
assess whether DNA barcode gap exists in each species. For
example, if the IndeXsarcodeap > INdeXcutoft, aNd the Diaxintra Of the
target species is greater than the average Dmaxinra Of the other
species, then the target species is considered a cryptic species.
On the other hand, if the IndeXgarcodegap > INd€Xcuor, @and the
Dmininter Of the target species less than the average Dmininter Of the
other species, then the target species may be misidentified or
may require more sensitive molecular markers for identification.

RESULTS

DNA barcode analysis of Korean chironomids

The 5 end of the COI gene was sequenced in a total of 213
specimens (185 adults and 28 larvae, Table 1). Amplified DNA
was 658 bp in length, excluding the primer regions. The se-
quences were translated to detect nuclear mitochondrial
pseudo-genes (NUMTSs) that are common in eukaryotes, in-
cluding indels, frame-shift mutations, and in-frame stop codons
(Bensasson et al., 2001; Song et al., 2008). Deletions were
discovered in 2 sequences from Dicrotendipes pelochloris, and
these sequences were excluded from the analysis. A high level
of intraspecies K2P variation was discovered in Dicrotendipes
septemmaculatus (0-0.131) and Tanytarsus yoni (0-0.120),
while a low level of interspecies K2P variation was observed
between Cricotopus sylvestris and Cricotopus tricinctus (0.009-
0.015) and between Chironomus sp. larva_3 and Procladius
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Table 1. Summary of the sequence dataset: collection location, number of sequences, and GenBank accession numbers

Taxon name Collegtion No. of GenBank accession number Voucher ID
location sequences (COl)

Ablabesmyia longistyla UCG, GCG 6 JN887039-JN887044 425, 431, 432, 433, 501, 506
Ablabesmyia monilis UCG 1 JN887045 360
Chironomus dorsalis GYG, GCG 6 JF412058, JF412059, JN887046-JN887049 449, 450, 481-484
Chironomus flaviplumus SGYG 3 JF412075-JF412077 224-226
Chironomus fujiprimus GYG, 4 JF412078-JF412081 376-378, 448
Chironomus javanus HJC 4 JF412082-JF412085 315-317, 319
Chironomus kiiensis UCG 4 JF412086-JF412089 276-279
Chironomus nipponensis UCG, GYG, GCG 12 JF412090-JF412097, JN887050-JN887053 272-275, 280, ch20-ch22, 490, 494-496
Chironomus sp. larva_2 GYG 4 JF412060-JF412063 ch10-ch12, ch32
Chironomus sp. larva_3 GYG 3 JF412064-JF412066 ch26-ch28
Chironomus sp. larva_5 GYG 1 JF412068 ch18
Chironomus sp. larva_7 MG 4 JF412071-JF412074 sd1-sd4
Chrionomus plumosus JSJ, GCG 4 JF412098-JF412100, JN887054 335-337, 493
Cladotanytarsus vanderwulpi GYG 8 JF412101-JF412108 387-391, 397-399
Cricotopus bicinctus UCG, GGS 4 JN887055-JN887058 359, 452-454
Cricotopus bimaculatus UcG 3 JN887059-JN887061 355, 356, 358
Cricotopus sp. GCG 1 JN887062 502
Cricotopus sylvestris GYG, BJC 4 JF412070, JN887063-JN887065 ch25, 485, 487, 489
Cricotopus tricinctus GYG 3 JN887066-JN887068 392-394
Dicrotendipes pelochloris SYyJ 4 JF412109-JF412112 320, 321, 323, 324
Dicrotendipes septemmaculatus HJC, SYJ, UCG 8 HQ846344-HQ846351 297-300, 325-327, 357
Einfeldia dissidens GYG 4 JF412113-JF412116 ch31, ch33, 381, 382
Eukiefferiella sp. GCG 1 JN887069 499
Glyptotendipes tokunagai GYG, JSJ 11 JF412117-JF412127 ch4-ch6, ch15, ch29, ch30, 338-342
Limnochironomus nervosus  HJC 4 JF412128-JF412131 301-304
Monodiamesa bathyphila UCG 1 JN887070 421
Orthocladius yugashimaeusis JNS 3 JN887071-JN887073 435, 436, 438
Parachironomus arcuatus SB 2 JF412132, JF412133 409, 410
Paracladopelma camptolabis UCG, GCG 3 JF412134, JN887074, JN887075 424, 500, 507
Parakiefferiella bathophila UCG, GCG 13 JN887076-JN887088 361, 367-369, 372-375, 383-386, 511
Paratanytarsus haisooni ucG 2 JF412135, JF412136 286, 287
Paratanytarsus inopertus GCG 1 JN887089 508
Paratrichocladius rufiventris ~ JNS 4 JN887090-JN887093 477-480
Pentapedilum kaswiense JsJ 2 JF412137, JF412138 348, 349
Polypedilum masudai UCG, SYJ 8 JF412139-JF412146 288-292, 331-333
Polypedilum nubifer UCG 5 JF412147-JF412151 281-285
Polypedilum scalaenus JSJ 4 JF412152-JF412155 343, 345-347
Polypedilum ureshinoensis HJC 1 JF412156 308
Polypedilum yonsanensis GYG 5 JF412157-JF412161 ch7-ch9, 417, 418
Procladius choreus UCG 4 JN887094-JN887097 293-296
Stictochironomus sinsauensis UCG 6 JF412162-JF412167 420, 426-430
Tanypus punctipennis SGYG 3 JN887098-JN887100 214-216
Tanytarsus ahyoni JINS, GCG 2 JF412168, JN887101 434, 521
Tanytarsus kiseogi HJC, GYG 5 JF412169-JF412173 305-307, 309, ch34
Tanytarsus sp. GCG 5 JN887102-JN887106 512-514, 523, 524
Tanytarsus talcahashii GCG 1 JN887107 522
Tanytarsus tamagotoi UCG, GCG 14 JF412174-JF412185, JN887108, JN887109 350-354, 362-366, 422, 423, 509, 510
Tanytarsus yoni GCG 6 JN887110-JN887115 515-520
Tokunagayusurika akamusi ~ HDC 2 JN887116, JN887117 455, 456

Gwanak-ro, Gwanak-gu, Seoul (GGS); Ichon-dong, Yongsan-gu, Seoul (IYS); Junggye-dong, Nowon-gu, Seoul (JNS); Geumsa-myeon, Yeoju-gun,
Gyeonggi-do (GYG); Sin-gal-dong, Giheung-gu, Yongin-si, Gyeonggi-do (SGYG); Geunhwa-dong, Chuncheon-si, Gangwon-do (GCG); Udu-dong,
Chuncheon-si, Gangwon-do (UCG); Hapdeok-eup, Dangjin-gun, Chungcheongnam-do (HDC); Baegun-myeon, Jecheon-si, Chungcheongbuk-do
(BJC); Hansu-myeon, Jecheon-si, Chungcheongbuk-do (HJC); Samho-eup, Yeongam-gun, Jeollanam-do (SYJ); Jeonju-si, Jeollabuk-do (JJ); Changn-
yeong-gun, Gyeongsangnam-do (CG); Miryang-si, Gyeongsangnam-do (MG); Saha-gu, Busan (SB); Jungmun-dong, Seogwipo-si, Jeju-do (JSJ)
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choreus (0.065-0.075). The average minimum interspecies-
and maximum intraspecies distances were 0.140 (n = 183,
standard deviation = 0.016) and 0.006 (n = 183, standard de-
viation = 0.000), respectively, for all species except controver-
sial species, including Dicrotendipes septemmaculatus, Tany-
tarsus yoni, Cricotopus sylvestris, Cricotopus tricinctus, Chi-
ronomus sp. larva_3, and Procladius choreus. There was an
approximately 20-fold gap between the minimum interspecies-
and maximum intraspecies variation (Fig. 1A). We also mapped
the distribution of minimum interspecies- and maximum intras-
pecies distances of each species. The COI clearly discrimi-
nated each species group with consistent sequence lengths
and significant interspecies K2P variation (0.175-0.213) (Fig.
1B). The NJ trees showed clear groupings at the species level
(Fig. 2). Sixteen among 28 larvae were grouped with known
species in the chironomid barcode library, namely, Glyptoten-
dipes tokunagai (n = 6), Chironomus nipponensis (n = 3), Ein-
feldia dissidens (n = 2), Tanytarsus kiseogi (n = 1), Polypedilum
yonsanensis (n = 3), and Cricotopus sylvestris (n = 1). The
remaining 12 larval specimens were unidentified, namely, Chi-
ronomus sp. larva_2 (n = 4), Chironomus sp. larva_3 (n = 3),
Chironomus sp. larva_5 (n = 1), and Chironomus sp. larva_7 (n
= 4). There were no technical difficulties in amplifying DNA from
specimens of diverse developmental stages.

Evaluation of the utility of IndeXgarcodegap @nd IndeXcuiorr

We used 7 insect datasets downloaded from the BOLD system
to evaluate the newly developed indexes: Profile 100 Insect
Families (SBGB), Ephemeroptera of North America (EPCHU)
(Zhou et al., 2009), Trichoptera of Churchill 2002-2007
(PHCAD, TRCAP, MHTRI, DSTRI, and CUCAD) (Zhou et al.,
2009), Chilean Smicridea (CLSMD) (Pauls et al., 2010), Cad-
disflies of New Zealand (NZCAD), Moths of Ontario (PMMO),
and BOLD chironomids (GBDPC, COTW, and CAUS). NUMTs
were excluded according to the criteria of Song et al. (2008).
Only sequences longer than 500 bp were included. We then
calculated IndeXgarcodecap @Nd Indexcuorr (Supplementary File 1).
We determined an empirical value (Equation 5), 0.850, which
represents the absence of DNA barcode gaps (Fig. 3). The
presence of an unambiguous barcode gap between species
was assessed on the basis of the conditions of IndeXgarcodeaap iN
relation to Indexcuos. Of the 850 species assessed, we found 70
controversial species groups with ambiguous barcode gaps
from EPCHU (n = 1), Trichoptera of Churchill (n = 1), CLSMD
(n = 1), NZCAD (n = 9), PMMO (n = 36), and BOLD chi-
ronomids (n = 22). Of these groups, 12 cryptic species were
predicted (Table 2) (Fig. 4). Among BOLD chironomids, 8 cryp-
tic species were predicted. We applied the distance conditions
of IndeXgarcodecap @nd INdexcuoi to the Korean chironomid bar-

1:1 line

Minimum interspecies distance

Fig. 1. (A) Distribution and box plots of Ki-
mura 2-parameter (K2P) genetic distance of
mitochondrial cytochrome ¢ oxidase | (COl)
among 49 species. (B) Minimum interspecies
and maximum intraspecies distances for COI
gene regions were calculated by the K2P
genetic distance model. The bottom region of
the 1:1 line represents the presence of a
. DNA barcode gap. Diamonds (black) near
;5% 3*\'_ the 1:1 line indicate controversial species (a:
Cricotopus tricinctus; b: Cricotopus sylvestris;
c: Chironomus sp. larva_3; d: Procladius
choreus; e: Tanytarsus yoni; . Dicrotendipes
septemaculatus).

0.1 0.15 02

code library. As a result, Dicrotendipes septemmaculatus and
Tanytarsus yonis, which showed the largest intraspecies varia-
tions in the previous analysis, were predicted as cryptic species
(Table 2).

DISCUSSION

COl barcode library of Korean chironomids

The current Korean chironomid barcode library comprises 211
sequences from 49 species. In this library, there is an approxi-
mately 20-fold gap between minimum interspecies- and maxi-
mum intraspecies distance in 43 species, with the exception of
6 controversial species. The 20-fold gap indicates a high de-
gree of species-level resolution, especially compared to the 10-
fold gap previously suggested for discriminating species
(Hebert et al., 2003). Barcode analysis of the BOLD chironomid
dataset, consisting 125 species, also showed consistent ge-
netic differences between species (0.171-0.254), with the ex-
ception of 22 controversial species. Therefore, although COI-
based identification of Chironomidae is a promising approach, it
is not equally effective in all species (e.g., the closely related
Cricotopus sylvestris and Cricotopus tricinctus species in the
Chironomidae family). Genetic variation can also differ consid-
erably among different taxa (Kerr et al., 2007). For example, the
average ratios of minimum interspecific distance to maximum
intraspecific distance were 7.534, 5.945, 15.449, 6.826, 6.483,
and 6.475 for Ephemeroptera of North America, Trichoptera of
Churchill, Chilean Smicridea, Caddisflies of New Zealand,
Moths of Ontario, and BOLD chironomids, respectively (Fig. 4).
Moreover, Moths of Ontario were characterized by low inter-
species variation and considerable overlap between minimum
interspecies- and maximum intraspecies variation (Fig. 4). Thus,
in this case, molecular markers in addition to COIl may be re-
quired to increase the resolution of identification. Alternatively,
new sophisticated indexes for defining barcode gap must be
used, as described below.

Developing the new indexes and detecting cryptic species
Insufficient interspecies and intraspecies sampling (Wiemers
and Fiedler, 2007) and variable mutation rates across taxa
(Galtier et al., 2009) can create difficulties in interpreting and
analyzing DNA barcode gap. We developed new indexes that
enable rapid and accurate assessment of DNA barcode gap.
These new indexes were essential for the following reasons.
First, although several other statistical approaches have been
proposed (Kim et al., 2010; Nielsen and Matz, 2006; Steinke et
al., 2005), these have proven too complex to apply and trans-
late. Second, the range of overlap between interspecies- and
intraspecies variation depends on the taxonomic group (Meier
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et al., 2006). With the rate of mitochondrial evolution reported
by Hebert et al. (2003), a 10-fold gap is not always accurate.
Third, data can be interpreted differently even with similar ratios
of interspecies variation to intraspecies variation. For example,
in the Korean chironomid dataset, Dicrotendipes pelochloris
has sufficient variation among species (a ratio of 2.735, an
interspecies distance of 0.138, an intraspecies distance of
0.050, and an IndeXgarcodecap Of 0.341), but Cricotopus tricinctus
has low variation among species (a ratio of 2.344, an interspe-
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cies distance of 0.010, an intraspecies distance of 0.004, and
an IndeXsarcodegap Of 0.967). In order to solve these problems,
we defined the Dy, which is derived from the difference be-
tween the target species and other species (Equation 3). The
value of Dy relies on the genetic variation of the target species
and the dataset. Lastly, a DNA barcode gap may be misinter-
preted when the intraspecies variation is zero. However, both
the Dy-Drmininter and the Dy-Drmaxintra €quations resolve this prob-
lem (Equation 4). We calculated IndeXgarcodecap @nd INdeXcuor,
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Fig. 3. Optimal cutoff value (Indexcuor), Minimum
interspecies distance (Mininter), and maximum
intraspecies distance (MaxIntra) in the barcode
datasets. These values are sorted by Indexcyer in
ascending order.

Fig. 4. Box plots depicting differences between the
minimum interspecies variation (gray box plots)
and the maximum intraspecies variation (white box
plots) using the K2P distance model. The black
dots indicate predicted cryptic species in each
group.
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Table 2. Summary of COI genetic divergence using the K2P distance model to predict cryptic species in insect datasets

Minimum Maximum Mean
Name of dataset Cryptic species interspecies intraspecies inter-species  IndeXgarcodeap  INAEXcutoft
distance distance distance
Ephemeroptera of North Acentrella turbida 0.204 0.196 0.258 0.862 0.850
America

Chilean Smicridea Smicridea annulicornis 0.109 0.116 0.174 1.120 0.795
Caddisflies of New Zealand Neurochorema confusum 0.110 0.266 0.240 5121 0.925
Moths of Ontario Xanthorhoe labradorensis 0.066 0.070 0.122 1.07 0.850
Korean Chironomids Dicrotendipes septemmaculatus 0.150 0.132 0.194 0.709 0.499
Tanytarsus yoni 0.148 0.121 0.186 0.584 0.499
BOLD Chironomids Chironomus bernensis 0.033 0.146 0.205 2.910 0.850
Chironomus dorsalis 0.108 0.179 0.192 6.401 0.850
Chironomus oppositus 0.000 0.118 0.189 2.670 0.850
Chironomus plumosus 0.042 0.115 0.211 1.749 0.850
Echinocladius martini 0.107 0.162 0.207 2.218 0.850
Paraphaenocladius impensus 0.123 0.142 0.201 1.315 0.850
Riethia stictoptera 0.118 0.239 0.190 1.430 0.850
Tanytarsus inaequalis 0.135 0.145 0.212 1.158 0.850
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and tested their utility in 7 insect barcode datasets. The per-
formance of IndeXgarcodegap @Nd INdexcuor Was better than using
fold-change for defining the DNA barcode gap. With these in-
dexes, we were able to detect 14 cryptic species among 70
controversial species groups (Table 2). In the case of Acentrella
turbida of EPCHU and Smicridea annulicomis of CLSMD, the
cryptic species had already been described in previous studies
(Pauls et al., 2010; Zhou et al., 2009). The remaining 56 con-

)
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cal characteristics of the adults [(a) head, (b)
antennae, (c) wing, (d) abdomen, and (e)
hypopygium] and larvae (gray box, showing
the head capsule).

troversial species could have been misidentified or may require
more sensitive molecular markers for better identification.

Reverse taxonomy using the DNA barcode library

Due to the heteromorphic life cycles of chironomids, deformities
caused by freshwater pollution, and huge species diversity,
traditional approaches are insufficient for species identification.
In contrast, DNA barcoding enables species identification and
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clarification of morphological characteristics. This process is
also known as reverse taxonomy (Blaxter et al., 2005; Mark-
mann and Tautz, 2005). DNA barcoding is a highly efficient
approach that can provide clues for ecological correlations by
linking the adult and immature stages, which are not taxonomi-
cally advanced. Moreover, the approach can be used to assess
environmental conditions (Aagaard et al., 2004) and to infer
past environments from larval head capsule fossils (Velle et al.,
2005). In the present study, we successfully performed a re-
verse-taxonomic approach using COI signature sequences of
the barcode library. Sixteen among 28 larvae were successfully
identified, and thus, larval morphological characteristics (e.g.,
larval head capsule) could be explored (Fig. 5). The remaining
12 larvae were unidentified, due to the absence of adult se-
quence data in the current barcode library. In studies that em-
ploy DNA barcoding and pyrosequencing technology (Deagle
et al., 2010; Zeale et al., 2010), a reverse- taxonomic approach
might be ideal for understanding the diversity of organisms.

Future direction of the DNA barcode library

The COl-based DNA barcode library described in the present
study is useful for the identification of Korean chironomid spe-
cies regardless of developmental stages. When used with
newly developed indexes for defining barcode gaps, the library
also allowed us to identify cryptic species. The present study is
the first approach for the molecular identification of Korean
chironomids based on DNA barcoding. Therefore, this DNA
barcode library should be improved by continuously adding new
sequence data from additional species. This is particularly im-
portant, because approximately 80 species of chironomid
midges have been reported in Korea (Ree, 2009), and many
more species are expected to be identified.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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