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gare, in which it consists of one or two linear molecules
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A new PCR primer set which enables one-step am-
plification of complete arthropod mitochondrial ge-
nomes was designed from two conserved 16S rDNA
regions for the long PCR technique. For this purpose,
partial 16S rDNAs amplified with universal primers
16SA and 16SB were newly sequenced from six repre-
sentative arthropods: Armadillidium vulgare and
Macrobrachium nipponense (Crustacea), Anopheles si-

ensis (Insecta), Lithobius forficatus and Megaphyl-
um sp. (Myriapoda), and Limulus polyphemus (Cheli-
erata). The genomic locations of two new primers,
PK16Saa and HPK16Sbb, correspond to positions

3314–13345 and 12951–12984, respectively, in the Dro-
ophila yakuba mitochondrial genome. The usefulness
f the primer set was experimentally examined and
onfirmed with five of the representative arthropods,
xcept for A. vulgare, which has a linearized mito-
hondrial genome. With this set, therefore, we could
asily and rapidly amplify complete mitochondrial ge-
omes with small amounts of arthropod DNA. Al-
hough the primers suggested here were examined
nly with arthropod groups, a possibility of successful
pplication to other invertebrates is very high, since
he high degree of sequence conservation is shown on
he primer sites in other invertebrates. Thus, this
rimer set can serve various research fields, such as
olecular evolution, population genetics, and molec-
lar phylogenetics based on DNA sequences, RFLP,
nd gene rearrangement of mitochondrial genomes in
rthropods and other invertebrates. © 2001 Academic Press

Key Words: universal primer; long PCR; Arthropoda;
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INTRODUCTION

The mitochondrial genome of multicellular animals
consists of a closed circular DNA molecule except for
some cnidarians and an isopod, Armadillidium vul-

1 To whom correspondence should be addressed. Fax: 82-2-872-
1993. E-mail: wonkim@plaza.snu.ac.kr.
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(Warrior and Gall, 1985; Bridge et al., 1992; Raimond
et al., 1999). Its usual size ranges from 14 to 17 kb
(Wolstenholme, 1992). The mitochondrial genome has
been considered useful for resolving a number of phy-
logenetic problems in both low and high categorical
levels (Baldwin et al., 1998; Ballard et al., 1992). While
ts primary sequence except for the 12S rDNA region
as been used mainly in lower categorical levels, its
ene rearrangement pattern and 12S rDNA sequence
ave been used in higher categorical levels (Hwang
nd Kim, 1999).
The four major arthropod groups are Chelicerata

scorpions and horseshoe crabs), Crustacea (crabs and
rine shrimp), Myriapoda (centipedes and millipedes),
nd Insecta (flies and beetles). Phylogenetic relation-
hips among them remain contentious. According to
ecent publications (Boore et al., 1995, 1998), gene

arrangements of the mitochondrial genome are highly
conserved within the phylum Arthropoda, although a
dramatic exception in the hard ticks has been reported
(Black and Roehrdanz, 1998). Thus, when rearrange-
ments occur, they are considered powerful markers for
inferring deep evolutionary history.

Characterization of the complete mitochondrial ge-
nome, however, has been established mainly in verte-
brates and rarely in invertebrates. One of the reasons
for this may be that many invertebrates are relatively
small in size (e.g., Protozoa, Tardigrada, Gastrotricha,
Arthropoda, etc.), making it difficult to extract suffi-
cient purified mtDNA for subsequent processing. To
solve this problem, numerous universal PCR primers
for partly amplifying certain regions of the mitochon-
drial genome have been designed and published
(Kocher et al., 1989; Simon et al., 1994; Sorenson et al.,
1999).

Recently, as the long PCR technique was being de-
veloped, primers for PCR amplification of the entire
mitochondrial genome in one or two pieces were de-
signed and reported (Roehrdanz, 1995; Nelson et al.,
1996). Nevertheless, neither primers nor experimental
1055-7903/01 $35.00
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results for the one-step PCR amplification of the com-
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346 HWANG ET AL.
plete mitochondrial genome have been reported for
invertebrates.

Here, we present a primer set that can be easily used
to amplify entire arthropod mitochondrial genomes
with one-step PCR.

MATERIALS AND METHODS

otal Cellular DNA Extraction

Total cellular DNA with high molecular weight for
he subsequent long PCR was isolated from a repre-
entative of each of the four major arthropod groups.
or DNA isolation, ethanol-preserved samples or fro-
en samples stored in a 270°C deep freezer were
round to powder in liquid nitrogen and digested with
roteinase K (15 mg/ml) in lysis buffer (100 mM Tris–
l, pH 8.0, 160 mM sucrose, 80 mM EDTA, and 0.5%
DS) for 3 h at 65°C. Purification was done via ethanol/
hloroform extraction. During the process, the centri-
uge speed did not exceed 960 g to prevent the ex-

tracted total cellular DNA from physically fragmenting
into small sizes. This is a critical step to successfully
amplify the complete mitochondrial genome, because
DNA fragments should be larger than 50 kb to get
larger than 10 kb product of long PCR.

Primer Design

Prior to the performance of the long PCR, the partial
portions of the large subunit ribosomal RNA genes
(16S rDNA) from the prepared total cellular DNAs of
Armadillidium vulgare (Accession No. AF373610),
Macrobrachium nipponense (AF373611), Anopheles si-
nensis (AF373609), Lithobius forficatus (AF373608),
Megaphyllum sp. (AF373607), and Limulus
polyphemus (AF373606) were amplified with universal
primers 16SA (20 mer) 59-CGC CTG TTT ATC AAA
AAC AT-39 (Simon et al., 1994) and 16SB (18 mer)
59-CCG GTT GAA CTC AGA TCA-39 (Kambhampati
and Smith, 1995) shown in Fig. 1. The amplification
products were cloned into pGEM T-easy Vector (Pro-
mega Co.) and sequenced with a Big-Dye Terminator
sequencing kit (Perkin–Elmer Co.) and an ABI 310
automated sequencer (Perkin–Elmer Co.) with M13
forward and reverse commercial vector primers. The
nucleotide sequences of partial 16S rDNAs were
aligned with the Clustal X multiple alignment program

FIG. 1. Sequence alignment of partial 16S rDNAs from three ins
one mollusk, and two vertebrates. The positions and orientations of
16S rDNA regions, are shown at both ends of the alignment (under
primers are also indicated. These were employed for full-length amp
Drosophila, Drosophila melanogaster; Anopheles, Anopheles sinensis
Daphnia pulex; Armadillidium, Armadillidium vulgare; Macrobra
Ixodes, Ixodes hexagonus; Rhipicephalus, Rhipicephalus sanguine

umbricus, Lumbricus terrestris; Katharina, Katharia tunicata; Hom
to Drosophila sequence located in the first line of each alignment se
quences of two insects (Drosophila melanogaster,
U37541; Locusta migratoria, X80245), two chelicerates
(Ixodes hexagonus, AF081828; Rhipicephalus san-
guineus, AF081829), two crustaceans (Artemia fran-
ciscana, X69067; Daphnia pulex, G4927669), one mol-
lusk (Katharia tunicata, G557273), one annelid
(Lumbricus terrestris, G984290), and two chordates
(Homo sapiens sapiens, X93334; Xenopus laevis,
M10217). Four possible primers for subsequent long
PCR were designed from the most conserved regions
based on the 16SA-B mutiple sequence alignment (Fig.
1). Using the Oligo ver. 4.0 program (National Bio-
sciences Inc.), we confirmed that the primers do not
form a significantly strong helix or duplex within each
primer or between primers. The long PCR primers
designed were synthesized and then purified through
HPLC by Operon Inc.

One-Step PCR Amplification of Complete
Mitochondrial Genomes in Arthropods

Long PCR for amplification of complete arthropod
mitochondrial genomes was carried out by use of four
combinations of four designed primers and the Expand
Long Template PCR System (Boehringer Mannheim
Co.). For long PCR, two types of reaction mixtures were
prepared according to the manufacturer’s manual:
mixture 1 (25 ml) contained 1 mg of total cellular DNA,
0.3 mM each primer, and 0.5 mM each dNTP; mixture 2
(25 ml) contained 5 ml of 103 buffer system 3 (20 mM

ris–HCl, pH 7.5, 10 mM KCl, 1 mM dithiothreitol, 0.1
M EDTA, 0.5% Tween 20, 0.5% Nonidet-P40, 50%

lycerol), 1 mM MgCl2, and 2.5 units of enzyme mix
(Taq 1 Pwo) supplied by the manufacturer. The two
separate reaction mixtures were placed together in a
0.2-ml thin-walled tube (Sarstedt Co.) and mixed well.
Mineral oil (30 ml) was overlayed on top of the final
reaction mixture (50 ml) to prevent evaporation of the
reaction mixture. A Perkin-Elmer GenAmp 9700 Ther-
mal cycler was used and the reaction conditions were 1
cycle (2 min at 92°C), 10 cycles (10 s at 92°C, 30 s at
65°C, and 13 min at 68°C), 20 cycles (10 s at 92°C, 30 s
at 65°C, and 13 min at 68°C 1 cycle elongation of 20 s
or each cycle), and 1 cycle (a prolonged elongation for

min at 68°C). PCR products were loaded onto 0.7%
AE agarose gel with appropriate DNA size marker
nd bands were observed on a UV transilluminator.

s, four crustaceans, three chelicerates, two myriapods, one annelid,
versal primers 16SA and 16SB, which were used to amplify partial
ed sequences). The orientations and positions of two one-step PCR
ation of the arthropod mitochondrial genomes in the present study.
custa, Locusta migratoria; Artemia, Artemia franciscana; Daphnia,
ium, Macrobrachium nipponense; Limulus, Limulus polyphemus;
Lithobius, Lithobius forficatus; Megaphyllum, Megaphyllum sp.;
Homo sapiens sapiens; Xenopus, Xenopus laevis. “.”, Base identical
-”, alignment gap; “?” unknown sequence.
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FIG. 1—Continued
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RESULTS

niversal Primers for One-Step Long PCR

In the present study, nucleotide sequences of 16SA-B
egions from A. sinensis (Insecta), A. vulgare and M.
ipponense (Crustacea), L. forficatus and Megaphyl-

lum sp. (Myriapoda), and L. polyphemus (Chelicerata)

FIG. 1—
were newly determined prior to the designing of long
PCR primers. Four primers were designed from the
most conserved regions in the sequence alignment of
16SA-B regions constructed with the newly sequenced
data and those of other arthropods retrieved from the
EMBL database (Fig. 1). Of the four combinations of
the primers, the best combination of primers was fi-

ontinued
C



Usefulness of One-Step Long PCR Primers in
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nally selected through long PCR experiment:
HPK16Saa (32 mer) 59-ATG CTA CCT TTG CAC RGT
CAA GAT ACY GCG GC-39 and HPK16Sbb (34 mer)
59-CTT ATC GAY AAA AAA GWT TGC GAC CTC GAT
GTT G-39 (Fig. 2). The locations of HPK16aa and
HPK16bb correspond to positions 13314–13345 and
12951–12984, respectively, of the Drosophila yakuba
mitochondrial genome.

FIG. 2. Sequences of two one-step long PCR primers, HPK16Saa
and HPK16Sbb, and sequence alignments of the two primer sites of
three insects, four crustaceans, three chelicerates, two myriapods,
one annelid, one mollusk, and two vertebrates. Drosophila, Drosoph-
ila melanogaster; Anopheles, Anopheles sinensis; Locusta, Locusta
migratoria; Artemia, Artemia franciscana; Daphnia, Daphnia pulex;
Armadillidium, Armadillidium vulgare; Macrobrachium, Macro-
brachium nipponense; Limulus, Limulus polyphemus; Ixodes, Ixodes
hexagonus; Rhipicephalus, Rhipicephalus sanguineus; Lithobius,
Lithobius forficatus; Megaphyllum, Megaphyllum sp.; Lumbricus,
Lumbricus terrestris; Katharina, Katharia tunicata; Homo, Homo
sapiens sapiens; Xenopus, Xenopus laevis. “.”, Base identical to
primer sequence located in the upper region of each alignment set;
“-”, alignment gap.
Arthropods

To examine the usefulness of the selected primers in
arthropods, long PCRs were repetitively performed
with total cellular DNAs extracted from representa-
tives of the four major arthropod groups: a chelicerate
(L. polyphemus), an insect (A. sinensis), two myriapods
(L. forficatus, Megaphyllum sp.), and a crustacean (M.
nipponense). The result showed that the primer set can
be used to successfully amplify complete mitochondrial
genomes from all five arthropods examined as shown in
Fig. 3. The obtained PCR products are about 15.5 kb in
length.

To confirm that the long PCR products were ampli-
fied from mtDNA, all the PCR products were eluted
from the gel, and then both ends of them were directly
sequenced with the primers HPK16Saa and
HPK16Sbb, which had been used in the long PCR.
DNA sequencing was carried out by a Big-Dye Termi-
nator sequencing kit and an ABI 310 automated se-
quencer (Perkin–Elmer Co.). The sequences were the
same as the 16S rDNA sequences known through the
experiment to design long PCR primers (data not
shown). It indicates that PCR products of ca. 15.5 kb in
length were amplified from mtDNA.

Considering the sequence alignment of the two
primer sites (Fig. 2) and the result of the PCR experi-
ment (Fig. 3), the primer set seems to be very powerful
over a wide range of arthropods. Thus, with this set, we
can easily and rapidly amplify complete mitochondrial
genomes with small amounts of arthropod genomic
DNA.

FIG. 3. One-step PCR amplification with HPK16Saa and
HPK16Sbb of complete mitochondrial genomes from five arthropods
representing the major arthropod groups. PCR products were loaded
onto 0.7% TAE agarose gel. Lane 1, l DNA/HindIII size marker
(Promega Co.); lane 2, Anopheles sinensis (Insecta); lane 3, Macro-
brachium nipponense (Crustacea); lane 4, Limulus polyphemus (Che-
licerata); lane 5, Lithobius forficatus (Myriapoda, Chilopoda); lane 6,
Megaphyllum sp. (Myriapoda, Diplopoda); lane 7, negative control
performed without any cellular DNA. The arrowhead indicates long
PCR products of full-length mitochondrial genomes, which are ca.
15.5 kb in length.
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Prior to the designing of one-step PCR primers, nu-
cleotide sequences of the 16SA-B regions should be
determined from selected arthropods, A. sinensis (In-
ecta), A. vulgare and M. nipponense (Crustacea), L.
orficatus and Megaphyllum sp. (Myriapoda), and L.

polyphemus (Chelicerata). Because no 16SA-B se-
quences have been published in myriapods so far, we
sequenced those regions from a chilopod (L. forficatus)
nd a diplopod (Megaphyllum sp.) representing the two
ajor groups of myriapods. In chelicerates, although

omplete mitochondrial genomes from two hard ticks
ere characterized, their sequence evolution and gene
rrangement showed peculiar patterns compared to
hose of the other arthropods examined (Black and
oehrdanz, 1998). Therefore, 16SA-B sequence of L.
olyphemus, known as having a relatively slow evolu-
ionary rate and as being one of the most representa-
ive chelicerates, was also determined and used. Com-
ared to myriapods and chelicerates, relatively more
equences from insects and crustaceans have been pub-
ished (Crease, 1999; Flook et al., 1995; Garcı́a-

achaco et al., 1999). We added 16SA-B sequence of A.
ulgare (Raimond et al., 1999) because its mitochon-
rial genome is linearized and has evolved peculiarly
s shown in some cnidarians (Warrior and Gall, 1985;
ridge et al., 1992). The finding of a linearized mito-

hondrial genome in arthropods is surprising because
ll the arthropods known so far have circular mito-
hondrial genomes. In addition to this, it was recently
evealed that primary and secondary structures of its
uclear SSU rDNA were extremely expanded and
nique, especially in V4 and V7 (Choe et al., 1999).
hus, if the primer sites designed are conserved in A.

vulgare which has a highly deviated molecular evolu-
tionary pattern, it is likely to become strong evidence
supporting the proposal that the primers designed
from those sites could function over a wide range of
arthropods. Thereby, A. vulgare among crustaceans

as chosen for this study. However, due to the linear-
zed shape of its mitochondrial genome, it is impossible
o conduct long PCR. It was employed only for sequence
omparison of long PCR primers.

Development of one-step PCR primers to amplify
ull-length mitochondrial genomes has significant im-
lications for various studies performed with micro-
copic invertebrates. Due to the difficulties of isolating
ufficient purified mtDNA from minute invertebrates,
omplete mitochondrial genomes have not been ex-
lored as fully in invertebrates as in vertebrates. The
ne-step primer set enables us to easily and rapidly
btain sufficient mtDNA through one-step PCR. A sep-
rate step extracting purified native mtDNA, typically
equiring a large amount of samples, is no longer nec-
ssary. Although the primer set presented here was
that the set will successfully work for other inverte-
brates, considering the relatively high degree of se-
quence conservation in two primer sites of various
other invertebrates (Fig. 2). Thus, this primer set can
serve various research fields such as molecular evolu-
tion, molecular phylogenetics, and population genetics
based on mitochondrial genomes not only in arthropods
but even in other invertebrates. In particular, it will
shed light on phylogenetic relationships among major
arthropod groups based on gene order of the entire
mitochondrial genome.
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