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Abstract

DNA barcoding has been actively used as a method for species identification, and it will become an increasingly important
method in the future. However, DNA barcoding can occasionally encounter a major problem, namely “nuclear mitochondrial
DNA pseudogenes (NUMTs)”. In this paper, we report the discovery of a pseudogene in the mitochondrial COI region from
aquatic heteropterans. PCR with Folmer’s universal primer set produced two different lengths of DNA sequences: a standard
658 bp sequence and a slightly shorter 652 bp sequence. The presence of an “indel” and “stop codon” in the shorter sequence
made them separable. We recommend using the “HCOoutout” primer as a downward primer for amplification of the COI

region of aquatic heteropterans, especially corixid water bugs.
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Introduction

In recent years, the DNA barcoding technique has been
widely used for species identification. Initially, it was used
as an auxiliary tool in species identification for organisms
that are difficult to differentiate based solely on their mor-
phological characteristics. However, due to a decrease in
the number of taxonomists with the necessary skill set to
identify organisms based on morphological characteristics
alone, it is expected that the use of DNA barcoding as an
identification method will continue to increase in the future
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(Ratnasingham and Hebert 2007, 2013). In addition to iden-
tify species, such genetic analysis of the DNA barcoding
region is also highly valuable in the detection of cryptic
species and the reassessment of a species’ diversity (Tojo
et al. 2017; Okamiya et al. 2018; Saito et al. 2018; Yano
et al. 2019).

In the aquatic insects of interest in this study, the standard
DNA barcoding region is the mitochondrial DNA (mtDNA)
COlI region (658 bp). In invertebrates including insects, the
primer set by Folmer et al. (1994) and Hebert et al. (2003)
is widely used, and this primer set is well known as the
“universal primer” for invertebrates. In some species groups,
however, amplification of DNA fragments with the universal
primer set is difficult (e.g. marine invertebrates). In such
cases, another modified primer set applied to the same COI
region is also often used (Geller et al. 2013). Due to the
high versatility of the above two primer sets, and the ease
of detecting both inter and intra species’ genetic polymor-
phisms in the mtDNA COI region, these primer sets have
been adopted in many studies targeting invertebrates includ-
ing insects, as the first step in their molecular phylogenetic
analyses (Folmer et al. 1994; Hebert et al. 2003; Geller et al.
2013). In fact, the “BOLD System (Barcode of Life Data
System)”, which is operated by an international organiza-
tion, has registered more than 3.5 million COI region data
sets to date (as of Feb 26th, 2020; URL https://biodiversi
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tygenomics.net/projects/bold/), and users can use them to
identify a wide range of taxa using only sequence data of the
COlI region (Collins and Cruickshank 2013).

In this study, the sequences of the mtDNA COI region
of corixid aquatic insects (Heteroptera, Corixidae) were
analyzed using Folmer’s universal primer set (Folmer et al.
1994), and it was found that pseudogenes could also be
amplified. Although the problems caused by pseudogenes,
especially NUMTs: nuclear sequences of mitochondrial ori-
gin (nuclear mtDNA pseudogenes: Bensasson et al. 2001),
have been reported widely in eukaryotes, their detection
among heteropteran insects observed in this study is the first
case. Therefore, for these aquatic bugs, we would like to
highlight the risks involved with the DNA barcoding method
when performing genetic analyses with such a widely used
primer set (Folmer et al. 1994; Hebert et al. 2003; Geller
et al. 2013) without careful data checking. We would also
like to propose a method to avoid the amplification of pseu-
dogenes in this group.

Materials and methods

To analyze the COI barcoding region, the total genomic
DNA was extracted and subsequently purified from nine
Hesperocorixa aquatic bugs; two specimens of Hes-
perocorixa kolthoffi (Specimen collection site: Arige,
Wakamatsu-ku, Kitakyushu City, Fukuoka Prefecture,
Japan, GenBank accession number (acc. no.) LC528377,
LC528378; Fuchu, Sakaide City, Kagawa Prefecture,
Japan, acc. no. LC528379, LC528380), one specimen of
Hesperocorixa distanti distanti (Shippu, Atsuta-ku, Ishi-
kari City, Hokkaido Prefecture, Japan, acc. no. LC528370,

LCO1490 (Folmer et al. 1994)

LC528371), and four specimens of Hesperocorixa hokken-
sis (Miyakozawa Wet-land, Oyama, Tsuruoka City, Yama-
gata Prefecture, Japan, acc. no. LC528372, LC528373;
Nanko Park, Shirakawa City, Fukushima Prefecture, Japan,
acc. no. LC528374-1L.C528376). Using the total genomic
DNA as a template, the mtDNA COI region (658 bp) was
amplified by PCR with Folmer’s universal primer set (Fol-
mer et al. 1994; Fig. 1, Table 1). Subsequently, the DNA
nucleotide sequences of the mtDNA COI region were ana-
lyzed by the “direct sequence” method. The method used
for the total genomic DNA extraction and purification of
PCR products can be found in Suzuki et al. (2013, 2014,
2019; Takenaka and Tojo 2019; Takenaka et al. 2019).

PCR with Folmer’s universal primer set and that with
LCO1490 and HCOoutout were done under the same ther-
mal and chemical conditions outlined in previous studies
(Saito and Tojo 20164, b; Saito et al. 2016, 2018). Since the
HCOoutout primer has a different design to Folmer’s univer-
sal primer, it completely covers the DNA barcoding region,
and it is also clear that the HCOoutout primer is useful to
analyze various invertebrate taxa (Pickett et al. 2006; Clouse
and Wheeler 2014; Sanchez and Cassis 2018). Regarding the
PCR of this tissue specimen, rTaq (TOYOBO, Osaka) was
used as a DNA polymerase. As for PCR, a 2720 Thermal
Cycler (Applied Biosystems, Tokyo) was used. All primer
sets and relationships used in this study are described in
Fig. 1 and Table 1.

Phylogenetic analysis was performed using the max-
imum-likelihood method (ML; Felsenstein 1981) with
MEGA ver. 6.06 (Tamura et al. 2013) and the Bayesian
method using BEAST ver. 2.5.2 (Bouckaert et al. 2019).
Nodal support was measured with 1000 bootstrap repli-
cates (Felsenstein 1985), and the posterior probabilities in

HCO2189 (Folmer et al. 1994)

157-bp

5’*3’

——>  658bp ——
—
= !
1

50-bp !

g
- 815-bp

LCO1490 (Folmer et al. 1994)

Fig.1 Primer locations within the whole mtDNA COI region

Table 1 PCR primers used in this study

‘—
HCOoutout (Prendini et al. 2005)

Gene Primer name Type Sequence (5'-3) Length References

mtDNA COI Universal Forward GGTCAACAAATCATAAAGATATTGG 658 bp Folmer et al. (1994)
Universal Reverse TAAACTTCAGGGTGACCAAAAAATCA 658 bp Folmer et al. (1994)
HCOoutout Reverse GTAAATATATGRTGDGCTC 815 bp Prendini et al. (2005)
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BEAST 2.5.2. Bayesian analysis used 50 million Markov
Chain Monte Carlo (MCMC) cycles with a sampling fre-
quency of 1000. To obtain a consensus tree, data from the
initial 10% of cycles were discarded as burn-in. Prior to ML
and Bayesian phylogenetic estimations, the program KAKU-
SAN4 (Tanabe 2007) was used. TN93 + G +1 was chosen as
the best-fit model.

Results and discussion

Two types of DNA sequence with different lengths were
obtained by the direct sequence results from Folmer’s uni-
versal primer set (Fig. 2). One of the nucleotide sequences
was of standard length (658 bp; e.g. acc. no. LC528377,
H. kolthoffi) and the other was a slightly shorter sequence
(652 bp; e.g. acc. no. LC528370, H. distanti distanti, acc.
no. LC528374 H. d. hokkensis). This shorter sequence (652

DNA barcode region
—_—
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Fig.2 Alignment of the DNA sequences of the mtDNA COI region
of Hesperocorixa aquatic bugs and associated pseudogenes. Num-
bers in the sequence names are unique specimen numbers. Three
sequences with black backgrounds were amplified with Folmer’s uni-
versal primer set, and three sequences with gray backgrounds were
amplified with the LCO1490 and HCOoutout primer set. Match-

- Analysis by the universal primers
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QNA barcode region

bp) was considered to be a pseudogene, and not the targeted
sequence of the mtDNA COI region for this analysis. On
the other hand, H. d. hokkensis has four haplotypes, and
one of them had exactly the same sequence as the haplotype
of H. d. distanti. The haplotype of H. kolthoffi is a single-
ton. In addition, some “double peaks” were detected in two
specimens (acc. no. LC528370 and LC528374) amplified by
the universal primer set. For sites where double peaks were
detected, the base with the larger peak was used for sequence
comparison (Fig. 2).

We counted matches and mismatches to calculate the sim-
ilarity between these different length nucleotide sequences,
and it was relatively high (ca. 85%). However, the true COI
sequence and putative pseudogene sequences were not
monophyletic. Within the short sequences, the “stop codon”
and “indel” were detected (Fig. 3). The phylogenetic analy-
sis of these data sets is shown in Fig. 4. The short-typed
sequences of H. d. distanti and H. d. hokkensis (acc. no.

[ Analysis by LCO1490 and HCOoutout primers

sk ok ok ok ok ok ok ok ok ok ok

sk ko kok ok skokok ok ok ok ok
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ing sites between all sequences are indicated with an asterisk. The
sequences of the LC528370 and LC528371 are the results of ana-
lyzing the same sample with universal primer set (LC528370) and
LCO1490 and HCOoutout primer set (LC528371). The same applies
to the relationship between LC528374-75 and LC528377-78
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DNA barcode region
—
L C528370 LEEPAGL LXFEL@LcLLXLEDL YYLLPX-LYYY@VBLX ! FILPY |
| YNV IVIEAHAF IMIFFMVMP IMI F.LLPP LELLL F V| VYPPL
LC528374 LE@rPAGL LXFEL@LcLLXLEDL yYLLRX-LYYY@vDLX ! FILPY
TYNV I VAHAF IMIFFMVMP M1 LVPLMIBAPDMAF PR FillL LPPELELLL FV VYPPL
| C528377 IYNV I VIEAHAF IMIFFMVMP IMI LVPLMIGAPDMAF PR FWLLPPSLTLLL F V) VYPPL
IYNVIVEEAHAF IMIFFMVMP IMI LVPLMIGAPDMAFPR FWLLPPSLTLLL F V| VYPPL
k * 3k 3k k. * . * *
DNA barcode region
——
1.C528370 | HLX I X@FEP YRXGAGLES 1 LEA INFIEA1 INMRVY - KFPEREPLF V@S VE I MAPLLLLELPVMABA I PABVEBP I L Y@HL F
L ASVDLAIFBLHLAG I ILGAINF I 1 INMRVMEMTPERTPLFVWSVIG IFALLLLLSLPVLAGA ITMLL PILYQHLFllFFBHPEVY LI LPEFEL |
LC528374 i HLX I X@FEP YX@AGLISS I LGA INFI|SA 1 INMRVY - KTPERTPLFVWSVEIMAPLLLLSLPVMAGA I[TML L PILYQHLF
LITHSGASVDLA I FSLHLAG 1SS 1 LGA INF I|SH | INVRVM P PLFVWS Y, ALLLLLSLPVLAGAITMLL PILYQHLFIlFFBHPEVY ILILPBFEL |
[NFXET4M L THSGASVD LA IFSLHLAGV/SS I LGAINF I|ST ! INVRVMEMTPERTPLF VWSV ALLLLLSLPVLAGA ML LTDR PILY@HLF
LITH: ASVBLAIFSLHLAGV ILBAINF I I INMRVMEGMTPERTPL F V| V| ALLLLLSLPVLAGAIEMLL RN F: PILY] HLF.FF.HP.VVILILP.F.LI
sk skeoskoskok ok sk ok ok sk ok ok 3k ok ok sk ok ok sk ook sk kol sk ook sk skokokoko sk ook sk skokokokokoskokokoskok Skskok o sk kol ook 3ok skosk sk sk sk sk ok ok
T I Analysis by universal primers
BH 1 SOESERNER 68 B v v E B B v . .
| C528374 Analysis by LCO1490 and HCOoutout primers
BH | |SOESEKNER FGSLEm 1 YAMLE IBLLEF 1 v
LC528377

BH | SOESEKNET FG8SLEm 1 YAMLE IBLLEF 1V

Fig.3 Alignment of the protein sequences translated from the
mtDNA COI sequences. Numbers in the sequence names are unique
specimen numbers. Three sequences with black backgrounds were
amplified with Folmer’s universal primer set, and three sequences
with gray backgrounds were amplified with the LCO1490 and
HCOoutout primer set. Matching sites between all sequences are indi-

LC528370, LC528374) analyzed with Folmer’s universal
primer set were positioned outside the clade consisting of
the same species and closely related species of aquatic Het-
eropterans (i.e., the short sequences were outside the clade
of this species group).

The PCR product amplified with the LCO1490 and
HCOoutout primer set included the same-length sequence
(658 bp) as the ordinary COI region. These results revealed
that in this species, at least two regions were amplified
by Folmer’s universal primer set. Since one of these was
not detected by long PCR analysis, these results suggest
that there may be a pseudogene outside the mitochondrial
genome, or at the very least, outside the original COI region.

The existence of such “pseudogene(s)” in the mtDNA
COI region is widely known in some insect orders [e.g.,
Diptera, Hymenoptera and Lepidoptera (Hazkani-Covo et al.
2010); Orthoptera (e.g. Song et al. 2014); Psocoptera (Chen
et al. 2014); Coleoptera (King et al. 2015); Hemiptera s. str.
(Tay et al. 2017)]. However, there has been no such report
among Heteropterans (Heteroptera s. str.); therefore, this is
the first time this has been reported. These findings highlight
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X Termination codon

cated with asterisks. The sequences of the LC528370 and LC528371
are the results of analyzing the same sample with universal primer set
(LC528370) and LCO1490 and HCOoutout primer set (LC528371).
The same applies to the relationship between LC528374-75 and
LC528377-78

the need to consider the possible presence of pseudogenes
when adopting the DNA barcoding method to identify spe-
cies in this group. We think the “HCOoutout” primer set for
DNA barcoding of Heteropterans will be an effective way to
avoid contamination by pseudogenes.

In addition, DNA-based identification has recently
become a popular method in the other types of studies: for
example, an increasing number of studies have reported
rapid investigation of biological community structures in
a habitat by means of metabarcoding and/or metagenomic
analysis. More recently, environmental DNA (eDNA) anal-
yses that can investigate a taxonomic group of organisms
inhabiting ponds, lakes, and rivers by merely sampling water
from them are now frequently carried out (Minamoto et al.
2012; Bista et al. 2017; Doi et al. 2017). To carry out eDNA
analyses more reliably and comprehensively, it is very
important to accumulate more error-free DNA sequence
information in the various genetic regions of the target taxa
(e.g. the mtDNA COI, 16S rRNA, and cyt b region, and the
nuclear histone H3 region).

Fig.4 Phylogenetic tree reconstructed from the COI gene (658 bp)»
and the pseudogenes (652 bp) of Corixidae. Maximum-likelihood
bootstrap confidence and Bayesian posterior inference are indicated
at nodes. Sequence names are the GenBank accession number plus
taxon name. Primer sets used to amplify the sequences are indicated
with suffixes as -u (Folmer’s universal) and -m (modified). Corixid
pictures were taken by T. Mitamura, one of the authors (H. d. hok-
kensis), and by Mr. Kei Hirasawa (H. d. distanti and Hesperocirixa
kolthoffi). The sequences of the LC528370 and LC528371 are the
results of analyzing the same sample with universal primer set
(LC528370) and LCO1490 and HCOoutout primer set (LC528371).
The same applies to the relationship between LC528374-75 and
LC528377-78
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. Analysis by the universal primers (-u)
Analysis by LCO1490 and HCOoutout primers (-m)

Probabilities: ML bootstrap / Bayesian posterior inference

\\\‘ Y /

H. distanti hokkensis

H. distanti distanti

H. kolthoffi

65/0.9

LC528375-m Hesperocorixa distanti hokkensis
50/0.7L LC528376-m Hesperocorixa distanti hokkensis
LC528373-m Hesperocorixa distanti hokkensis

LC528371-m Hesperocorixa distanti distanti

9509 LC528372-m Hesperocorixa distanti hokkensis

42/-

LC528377-u Hesperocorixa _
100/ 1.0 LC528379-u Hesperocorixa
LC528378-m Hesperocorixa kolthoffi

LC528380-m Hesperocorixa kolthoffi

3/0.6

KR038400 Hesperocorixa kennicotti

M‘— KR570404 Trichocorixa kanza
KR567193 Trichocorixa sexcincta

22/0.9

LC528374-u Hesperocorixa
100/ 1.0|
‘ LC528370-u Hesperocorixa

KR044593 Hesperocorixa laevigata

33/09
KC513141 Hesperocorixa sp.

62/09
KRO038130 Hesperocorixa laevigata

100/1.0

95/1.0

93/-

79/09]

17/0.8 100/ 1.0 [ KMO022623 Hesperocorixa sahlbergi
KMO021595 Hesperocorixa sahlbergi

KRO038316 Hesperocorixa laevigata

KRO037665 Hesperocorixa laevigata

souagopnasd se pawnsaid soouanbag

—— KR031764 Hesperocorixa atopodonta

1

100/ 1.0 KR041128 Hesperocorixa atopodonta
0/0.9

10 HQ105728 Hesperocorixa atopodonta

KR568869 Callicorixa audeni

W‘:RS%OW Sigara decoratella

00/1.0 KR571733 Hesperocorixa lucida

70/ -

KR568366 Hesperocorixa lucida

KRO038539 Hesperocorixa vulgaris

KR040689 Hesperocorixa scabricula
100/0.9 KR

040442 Hesperocorixa scabricula

AB742705 Appasus japonicus

KR037649 Gelastocoris oculatus

0.05

KP697535 Micronecta sp.
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