The Entonol ogi cal Society of Japan

Entomological Science, 2000, 3(2): 321-329

Phylogeny of Luehdorfia Butterflies Inferred from
Mitochondrial ND5 Gene Sequences

Hiromichi MAKITA" * Tsutomu SHINKAWA?, Kazumasa OHTA?, Akio Konpo®'

and Tohru NAKAZAWA?

'Department of Biology, Faculty of Science, Toho University, 2-2—1 Miyama, Funabashi, 274-8510 Japan
*Biological Laboratory, The University of the Air, 2-11 Wakaba, Mihama-ku, Chiba, 261-8586 Japan
3Department of Biochemistry, Tokyo Dental College, 1-2-2 Masago, Mihama-ku, Chiba, 261-8502 Japan

Abstract. The phylogeny of the genus Luehdorfia (Lepidoptera, Papilionidae) in the East Asia was
examined by a molecular approach. To elucidate the phylogenetic relationships among four species
of the genus, partial nucleotide sequences (785 base pairs) of the mitochondrial NADH dehydro-
genase subunit 5 (ND5) gene were compared. The results indicated that Luehdorfia japonica
diverged initially from the ancestral stock of the genus Luehdorfia, and that then the ancestral stock
successively yielded L. chinensis, L. longicaudata and L. puziloi. These findings suggest that L.
Jjaponica might immigrate first among the Luehdorfia butterflies into the area of the current Japanese
Archipelago after the intrusion of Asarum as the food plant of L. japonica. The phylogeny of the

genus Luehdorfia is discussed.
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Introduction

The genus Luehdorfia, which belongs to the tribe
Zerynthiini (Papilionidae, Parnassiinae), is composed
of four species: Luehdorfia japonica Leech, Luehdorfia
chinensis Leech, Luehdorfia longicaudata Lee and
Luehdorfia puziloi (Erschoff). L. puziloi is further
classified into four subspecies: L. p. puziloi (Erschoff),
L. p. coreana Matsumura, L. p. inexpecta Sheljuzhko
and L. p. yessoensis Rothschild. Both L. japonica and
L. puziloi which are familiar to the Japanese people,
have been studied from various aspects: life history,
wing patterning, distribution, species-specific host
plants (Takahashi, 1973; Hiura, 1978; Shinkawa,
1991; Honda et al., 1995), morphologies of larvae or
imagines (Saigusa, 1973; Honda, 1980; Ishizuka, 1980;
Shinkawa, 1996), interspecific cross-breedings (Ishi-
zuka, 1991; Kudoh & Inaoka, 1995), chromosomics
(Saitoh, 1988) and isozyme analyzes (Kominami,
1987).

The imagines of various species of the genus Lueh-
dorfia emerge in early spring simultaneously with the
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germination of the host plants and the larvae feed on
species-specific host plants. The distribution of each
species of Luehdorfia is consistent with that of their
host plants of the family Aristolochiaceae (Fig. 1). L.
chinensis is distributed in the mid-southern China
together with the food plant, Asiasarum forbesii, and
L. longicaudata is distributed in the mountainous re-
gions of mid-southern China together with the food
plant, Saruma henryi. L. puziloi is distributed in the
Korean Peninsula (L. p. coreana), the southeastern
Russia (L. p. puziloi) and the Japanese Archipelago
(L. p. inexpecta and L. p. yessoensis) in accordance
with the distribution of host plants belonging to the
genus Asiasarum. L. japonica is endemic to Japan and
distributed in the central and western parts of Honshu
together with the food plants of Asarum. Takahashi
(1973) and Hiura (1978) suggested that L. japonica
diverged from L. p. inexpecta as a result of host alter-
ation from the deciduous genus Asiasarum to the
evergreen genus Asarum, based on the fact that L.
Japonica feeds on plants of Asiasarum in some cases.
In the present study, we examine the nucleotide
sequences of the mitochondrial gene encoding NDS5 of
Luehdorfia butterflies to explore the evolution and
phylogeny of the genus. The NDS gene shows a fairly
rapid evolution and is one of the most useful mito-
chondrial genes for investigating the phylogenetic
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Map showing the geographical distribution of the family of Aristolochiaceae and the sampling localities of the genus

Luehdorfia. The distribution of the family of Aristolochiaceae is represented in patterns marked in the eight columns
beneath the map. Because a few Asiasarum species are distributed in southeastern Russia, we refer to the populations of
southeastern Russia as Asiasarum sp. Locality codes correspond to sample codes in Table 1. Each species of Luehdorfia
is distributed consistent with the distribution of the species-specific host plants of the family of Aristolochiaceae.

relationships among related groups (Su ez al., 1996a,
b, c).

Materials and Methods

Samples and DNA extraction

Species and sources of butterflies examined in this
study are shown in Table 1. For the phylogenetic
analysis of Luehdorfia, the genus Bhutanitis, Bhutani-
tis mansfieldi and B. thaidina were used as outgroups.
To avoid DNA degradation, all butterfly samples were
killed immediately after collection, immersed in 95%
ethanol and stored at —20°C until use. DNA was
extracted from the thorax muscle according to the
method of Su e al. (1996a) with using of a modified
proteinase solution consisted of 10 mM Tris-HCl, pH
8.0, 10 mM EDTA, 0.1% SDS and 0.1 g/ml protein-
ase K (Sigma Chemical Co., St. Louis, MO, USA).

PCR amplification
Extracted total DNA was used as a template for

mitochondrial ND35 gene amplification by polymerase
chain reaction (PCR) (Saiki et al.; 1988). The PCR
primers were referred according to the method of Su
et al. (1996a) and Yagi et al. (1999). PCR amplific-
ation was carried out in 50 ¢/ of solution containing 1
ug of template DNA, 1 pmol/ul of each primer, and
1.25 U TaKaRa Ex Taq (Takara Shuzo Co., Kyoto,
Japan). The amplification comprised 35 cycles of
denaturation at 94°C for 30 sec, primer annealing at
46°C for 30sec and primer extension at 72°C for 1
min.

Direct sequencing of PCR-amplified single stranded
DNAs

The PCR products were purified using a QIAquick
Gel Extraction Kit (QIAGEN, Hilden, Germany).
Direct sequencing was performed by the dideoxy
chain-termination method (Sanger et al., 1977) using
a BigDye Terminator Cycle Sequencing Ready Reac-
tion Kit (PE Applied Biosystems, Lincoln, USA).

‘The nucleotide sequences were determined using a
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Table 1. Codes and sources of Luehdorfia and other Papilionidae butterflies

Species Code No. Source DDBJ No.
Luehdorfia japonica LIN 2 (LIN1,2) Nagaoka, Niigata, Japan ABO016825
LIH 1 (LJH1) Hakuba, Nagano, Japan *1
LJO 1 (LJO1) Ohno, Gifu, Japan *1
LJAh 1 (LJARI) South Aizu, Fukushima, Japan *
Lju 1 (LJU1) Ueno, Mie, Japan ABO016827
LIM 1 (LIM1) Miyagase, Kanagawa, Japan AB029993
LIA 1 (LJAD) South Asa, Hiroshima, Japan *2
LIS 1 (LIS1) Sakyo, Kyoto, Japan *2
Luehdorfia chinensis LCH 3 (LCHL2,3) Hangzhou, Zhejiang, China AB016826
Luehdorfia longicaudata LLQ 4 (LLQ1,2,3,4) Mt Qin Ling in Xian, Shanxi, China AB016828
Luehdorfia puziloi coreana LPCK 1 (LPéKl) Hwa San, Kyonggido, Korea ABO016830
LPCN 3 (LPCN}, 2, 3) Nam Hae, Kyongsangnamdo, Korea *
Luehdorfia puziloi inexpecta LPIS 2 (LPISY, 2) Sutama, Yamanashi, Japan ABO016832
1 (LPIS3) Sutama, Yamanashi, Japan AB029992
LPIK 1 (LPIK1) Kumotani, Aomori, Japan ABO016833
LPISm 1 (LPISm1) Sendai, Miyagi, Japan *
Luehdorfia puziloi yessoensis LPYA 1 (LPYAL) Atsuta, Hokkaido, Japan AB016831
LPYY 2 (LPYYL, 2) Yubari, Hokkaido, Japan *S
Luehdorfia puziloi puziloi LPPK 3 (LPPK],2,3) Khabarovsk, Primorsky, Russia AB016829
LPPU 2 (LPPUL, 2) Uladivostok, Primorsky, Russia *6
Bhutanitis mansfieldi — 1 ' Liangshan Yizu, Sichuan, China AB026727
Bhutanitis thaidina — 1 Northwest Yunnan, China AB026728

*! This sequence is the same as AB016825.
*2 This sequence is the same as AB029993.
*5 This sequence is the same as AB016830.
** This sequence is the same as AB016833.
*5 This sequence is the same as AB016831.
*$ This sequence is the same as AB016829.

ABI PRISM 310 Genetic Analyzer (PE Applied Bio-
systems).

Phylogenetic analysis

Phylogenetic analysis of the sequences amplified
from the ND5 genes was performed by three methods:
the neighbor-joining (NJ) method (Saitou & Nei,
1987), the unweighted pair-group method using an
arithmetic average (UPGMA, Sokal & Michener,
1958) and maximum parsimony (MP) method. The
neighbor-joining method with a bootstrap test (Fel-
senstein, 1985) was performed using the CLUSTAL X
program (Thompson et al., 1997). The UPGMA
method with a bootstrap test was done by the PHYLIP
software package Ver. 3.572¢ (Dnadist-Neighbor—-
Segboot—Consense, Felsenstein, 1993). The evolution-
ary distances were computed by Kimura’s two-
parameter method (Kimura, 1980). The maximum
parsimony method with a bootstrap test was done by
the PAUP* 4.0 (Swofford, 1993).

Results

Nucleotide sequences

The partial sequences (785 bases) of the mitochond-
rial ND5 genes of the Luehdorfia butterflies and two
Bhutanitis butterflies, B. mansfieldi and B. thaidina, as
outgroups, were determined (Fig. 2). There were
neither insertions nor deletions. The nucleotide se-
quence data of the Luehdorfia butterflies have been
deposited in the DDBJ database with the accession
numbers: AB016825-AB016833, ABO020339-AB
020340 and AB029992-AB029993.

Genetic variations

The sequence differences and numbers of substitu-
tions obtained from all pairwise comparisons are
shown in Table 2. Intraspecific (or intrasubspecific)
variations in the nucleotide sequences were observed
in L. japonica and L. p. inexpecta. The Luehdorfia
butterflies were clearly distinct from the outgroup
species, Bhutanitis mansfieldi and B. thaidina, with
10.83-12.87% (85-101/785 bases) sequence differ-
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Table 2. Percent differences (above diagonal) and difference numbers (below diagonal) for mitochondrial ND5 sequences

(785 bases).

Species {Code?)

L.jap1 L.jap2 1JU L. long L.chin. L.p. puz. L.p. cor. L.p.yes. LPIS LPIS3 LPIK B. mans. B. thai.

L. japonica 1° — 0.13 0.25 4.33 4.71
L. japonica 2° 1 — 038 420 4.59
L. japonica (LYU) 2 3 — 4.33 471
L. longicaudata 34 33 34 — 1.15
L. chinensis 37 36 37 9 —
L. p. puziloi® 37 38 37 28 31

L. p. coreana® 36 37 36 27 30
L. p. yessoensis® 37 38 37 28 31

L. p. inexpecta (LPIS) 36 37 36 27 30
L. p. inexpecta (LPIS3) 37 138 37 28 7 31

L. p. inexpecta® 38 39 38 29 32
B. mansfieldi 93 92 91 94 97
B. thaidina 9% 97 96 95 98

4.7 4.59 471 459 471 484 11.85 1236
4.84 4.71 484 471 484 497 11.72 1236
4.71 4.59 471 459 471 4.84 1159 1223
3.57 3.44 357 344 357  3.69 1197 1210
3.95 3.82 395 382 395 4.08 1236 1248
— 0.13 025 038 025 038 1096 12.48

1 — 0.38 Q.51 0.38 051 10.83 1236
2 3 — 013 0 0.13 11.21 12.74
3 4 1 — 0.13 025 11.08 12.61
2 3 0 1 — 0.13 1121 12.74
3 4 1 2 1 — 11.34 12.87
86 85 88 87 88 89 — 9.55
98 97 100 99 100 101 75 —

* Species codes refer to those in Table 1.

® L. japonica 1 (LIN, LJH, LJO and LJAh), L. japonica2 (LIM, LJA and LJS), L.p. puziloi (LPPK and LPPU), L. p.
coreana (LPCK and LPCN), L. p. yessoensis (LPYA and LPYY) and L. p. inexpecta (LPIK and LPISm) showed no

intraspecific sequence variations.

ences. The percentage sequence differences between
L. japonica and the other Luehdorfia butterflies ranged
from 4.20 (33/785) to 4.97% (39/785). L. japonica
showed 4.20-4.71% (33—-37/785) sequence differences
from L. chinensis and L. longicaudata and 4.59-4.97%
(36-39/785) from subspecies of L. puziloi. L. chinen-
sis and L. longicaudata, both inhabiting China,
showed sequence differences of 1.15% (9/785) to each
other and 3.44-4.08% (27-32/785) from subspecies
of L. puziloi. Subspecies of L. puziloi showed 0-0.51%
(0—-4/785 bases) sequence differences among them-
selves.

Molecular phylogeny

Phylogenetic trees of the genus Luehdorfia based on
the mitochondrial ND5 nucleotide sequences were
constructed using the NJ method, the UPGMA
method and the MP method (Fig. 3). These trees
indicated that species of the Luehdorfia butterflies can
be divided into three groups. The first group consists
of only L. japonica. The second group consists of L.

chinensis and L. longicaudata, and the third group

consists of subspecies of L. puziloi. High bootstrap
values supported close relationships of the three
groups. The divergence of the subspecies of L. puziloi
is not certain because the bootstrap values are low
(Fig. 3a). Phylogenetic relationships among popula-
tions of each species were not detected, probably
because of very few phylogenetic information (Fig. 2
and Table 2).

Discussion

Shinkawa (1991) and Watanabe (1996) suggested
that L. puziloi first colonized the Japanese Archipela-
go, and that L. chinensis diverged first from the ances-
tral butterflies of the genus Luehdorfia. It may be
hypothesized that L. japonica diverged from L. p. in-
expecta as a result of host plant alteration from the
deciduous genus Asiasarum to the evergreen genus
Asarum, because L. p. inexpecta is restricted to the
genus Asiasarum, while L. japonica not only feeds on
the genus Asarum but is able to grow on Asiasarum
{Takahashi, 1973; Hiura, 1978).

However, the phylogenetic tree inferred in the pre-
sent data (Fig. 3) gave different results from those of
Takahashi (1973) and Hiura (1978). The present
study showed that L. japonica diverged first from the
ancestral Luehdorfia, and that then the ancestral stock
successively yielded the L. chinensis—L. longicaudata
group and L. puziloi subspecies.

The host plant of L. puziloi is restricted to the genus
Asiasarum. Asarum asperum is one of the host plants
of L. japonica and contains neolignoid which is anti-
feedant to L. p. inexpecta larvae, and the substance is
not detectable in the genus Asiasarum (Honda et al.,
1995). Therefore, there is no possibility that L. japon-
ica originated from L. p. inexpecta as a result of the
colonization of Asarum (Takahashi, 1973; Hiura,
1978). The molecular phylogenetic tree based on
nucleotide sequences of mitochondrial ND5 (Fig. 3)
suggests that L. japonica has remained feeding on that

|
% |
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host plant which ancestral butterflies fed on.

Branching times were estimated in this study on the
basis of substitution rates in mitochondrial DNAs of
several arthropods (ca. 1.2% per million years (Myr)
per lineage, according to Brower, 1994) and on the
basis of the Kimura’s D value from the ND5 genes of
carabid beetles (the correspondence of the 0.01 D unit
with 42-0.5 Myr, according to Osawa et al., 1999).
The branching between L. japonica and the other
Luehdorfia butterflies was estimated to have occurred
1.75-2.05 Myr ago using substitution rates in mito-
chondrial DNAs (as corresponding.to 4.20-4.97%
sequence differences), and inferred 9.6+1.2 Myr ago
using the D value (0.024 in Fig. 3b). The time scale
inferred from the Brower’s rates, however, may be the
minimal ones (Su et al., 1996a). The rate for carabids
seems impractical to the Luehdorfia butterfiies. How-
ever, since the carabid rates are based on the mito-
chondrial ND5 genes, the use of the rate is well
justified.

These branching times correspond to the latest part
of the Tertiary of the Cenozoic era. An evolutionary
scenario is assumed that a certain ancestral butterfly
of the genus Luehdorfia reached the area in and
around the current Japan, and that later L. japonica
fed on the host plant of the ancestral butterflies. After
the branching of L. japonica, other ancestral Luehd-
orfia may have extended to northern areas, adapting to
Asiasarum as host plant and have diverged into two
groups, one of which includes L. chinensis and L.
longicaudata and the other of which includes L. puziloi
subspecies. It may be conceivable that the L. puziloi
subspecies would diverge at almost the same time,
because they are closely related with each other. The
phylogeny of L. puziloi subspecies, however, is not
elucidated in this study.
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