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Abstract. The  phylogeny ofthe  genus Lttehdoijia (Lepidoptera, Papilionidae) in the East Asia was

examined  by a  molecular  approach.  To elucidate  the phylogenetic relationships  ameng  four species

of the genus, partial nucleotide  sequences  (78S base pairs) of  the mitochondrial  NADH  dehydro-

genase subunit  S (ND5) gene were  compared.  The  results  indicated that  Luehdopta  japonica
diverged initially from  the ancestral  stock  of  the genus Luehdodia,  and  that then the ancestral  stock

successively  yielded L. chinensis,  L, longieaudata and  L. ptLziloi, These  findings suggest  that L,

japonica might  immigrate first arnong  the  Luehdoi:fia butterdies into the area  of  the  current  Japanese

Archipelage after  the  intrusion ofAsarttin  as the  food plant ofL,  japonica. The  phylogeny  of  the

genus Luehdotha  is discussed.
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Introduction

 The genus Luehdoctia, which  belongs to the tribe

Zerynthiini (Papilionidae, Parnassiinae), is composed

of  four species:  Luehdoijia  japonica Leech, Luehdor:tia

chinensis  Leech,  Luehdoijia  longicaudata Lee and

Luehdoit7a puziloi (Erschoff). L. puziloi is further

classified into four subspecies:  L, p. puziloi (Erschoff),
L. p: coreana  Matsumura,  L,p, ineprpecta 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,  l996), 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-

donj7a emerge  ifi early  spring  simultaneously  with  the

t*Deceased
 in 1997,
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germination  of  the host plants and  the larvae feed on

species-specific  host plants. The distribution of  each

species  ofLuehdoijia  is consistent  with  that  of  their

host plants ef  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  henrs7i. 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

genusAsiasarum.  L. japonica is endemic  to Japan and
distributed in the central  and  western  parts of  Honshu
together  with  the fbod  plants ofAsarum.  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 ofAsiasantm  in some  cases.

  In the present study,  we  examine  the nucleotide

sequences  of  the mitochondrial  genc  encoding  ND5  of

Luehdonjia butterflies to explore  the  eyolution  and

phylogeny of  the genus. The ND5  gene  shows  a  faiTly

rapid  evolutien  and  is one  ef  the most  u$eful  mito-

chondrial  genes for investigating the phylogenetic
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Fig. 1. Map  showing  the geographical  distribution ef  the farnily of  Aristolochiaceae and  the  sampling  localities of  the genus

  Luehdocfia. The distribution of the family of  Aristolochiaceae is represented  in patterns rnarked  in the eight  columns

  beneath the  map.  Because  a  few  Asiasanim  species  are  distributed in southeastern  Russla, we  refer  to the populations of

  southeastef-  Russia as  Asiasarum  sp. Lecality cedes  correspend  to sample  codes  in Table 1, Each species  ofLuehdeij7Q

  is distributed consistent  with  the  distribution of  the speeies-specific  hest plants of  the  family of  Aristelochiaceae,

relationships  among  related  groups (Su et  al.,  1996a,

b, c).

Materials and  Methods

Sbmples  and  DNA  extraction

  Species and  sources  of  butterfiies examined  in this

study  are  shown  in Table 1, For the phylogenetic

analysis  ofLuehdoctia,  the genus  Bhutanitis Bhutani-

tis mansyieldi  and  B. thaidina  were  used  as  outgroups.

To  avoid  DNA  degradation, all  butterfly samples  were

killed immediately  after  collection,  immersed  in 9S%

ethanol  and  stored  at -20 ℃  until  use.  DNA  was

extracted  from the thorax  muscle  according  to the

method  of  Su et  al,  (1996a) with  using  of  a  modified

proteinase solution  consisted  of  10 mM  Tris-HCI, pH

g.O, 10 mh  EDTA,  O,1%  SDS  and  O.1 glrnl protein-
ase  K  (Sigma Chemical  Co,, St. Louis, MO,  USA).

PCR  ampiipcation

 Extracted total DNA  was  used  as  a  template for

mitochondrial  ND5  gene amplMcation  by  polymerase

chain  reaction  (PCR) (Saiki et al.i 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 "l of  solution  containing  1

ug of  template DNA,  1 pmolhal  of  each  primer, and

1.25U 7keKbRa Ex  7bq (Takara Shuzo Co,, Kyoto,
Japan), The amplification  comprised  35 cycles  of

denaturation  at 940C for 30sec, primer annealing  at

46℃  for 30sec  and  primer extension  at 72℃  for1

min.

Direct sequencing  oj- P(]R-amplijied single  sttzinded

DN4s

  The  PCR  products were  purified using  a  QIAquick
Gel Extraction Kit (QIAGEN, Hilden, Germany).
Direct $equencing  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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Species Code Ne. Source DDBJ  No.

Luehdocfiajaponica

Lueltdonjia chinensis

Luehdotfia  rengicaudata

Luehdonjia puzilei coreana

LuehdoctTa puziloi inexpecta

Luehdocfiapuziloiyesseensis

Luehdont7dpuziloipuziloi

Bhutanitis mansyieldi

Bhutanitis thaidina

LJNLJHLJOLJAhLruLJMLJALJSLCHLLQLPCKLPCNLPIS

LPIKLPISmLPYALPYYLPPKLPPU

2 (LJNI,2)
l (LJHI)
1(UOI)

1(LJAhl)

1(LJUI)

1 (LJMI)
1 (LJAI)
1 (LJSl)3
 (LCHI, 2, 3)
4 (LLQI, 2, 3, 4)    '1

 (LPCKI)
3 (LPCNI, 2, 3)
2 (LPISI, 2)
1 (LPIS3)
1 (LPIKI)
1 (LPISml)
1 (LPYAI)
2 (LPYYI, 2)
3 (LPPKI, 2, 3)
2 (LPPUI, 2)

11

Nagaoka,  Niigata, Japan

Hakuba, Nagano, Japan

Ohno, Gifu, Japan

Sonth Aizu, Fokushima, Japan

Uello, Mic, Japall

Miyagase,  Kanagawa,  Japan

South Asa, Hiroshima, Japan

Sakyo, Kyoto,  Japan

Hangzho.u, Zhejiang, China

Mt.  Qin Ling  in Xian, Shanxi, Chna

Hwa  San, Kyonggido,  Kerea

Nam  Hae, Kyongsangnamde, Korea

Sutama,  Yamanashi,  Japan

Sutama, Yamanashi, Japan

Kumotani,  Aomori,  Japan

Sendai, Miyagi, Japan

Atsuta, Hokkaido, Japan

Yubari.  Hokkaido,  Japan

Khabaroysk, Primersky, Russia

Uladiyostok. Prirnorsky, Russia
'
 Liangshan Yizu, Sichuan, China

Northwest  Yuiman,  China

ABO16S25

  *1

  *1

  *1ABO16827

AB029993

  *1

  *1ABO16826

ABO16828

ABO16830

  *]ABO16832

M029992

ABO16833'

  xiABO16831

  *sABOI6829

  *fiAB026727

AB02672g

*i
 This sequence  is the same  as  ABO16825.

*i
 This sequence  is the same  as  AB029993.

*3
 This sequence  is the same  as  ABO16830.

-54
 This sequence  is the same  as  ABO16833.

*S
 This sequence  is the same  as  ABO16831.

*6
 This sequence  is the same  as  ABO16829.

ABI  PRISM  310 Genetic  Analyzer  (PE Applied  Bio-

systems).

Rl-,logenetic analysis

 Phylogenetic  analysis  of  the sequences  amplified

from  the ND5  genes was  perforrned by three metheds:

the  neighborjoining  (NJ) method  (Saitou &  Nei,

1987), the  unweighted  pair-group method  using  an

arithmetic  average  (UPGMA, Sokal &  Michener,
195S) and  maximum  parsimony (MP) method.  The
neighborljoining  method  with  a bootstrap test (Fel-
senstein,  l98S) 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, 3.572c (Dnadist-Neighbor-
Seqboot-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 (Swoffbrd, 1993).

Results

Nucleotide seguences

 The partial sequenccs  (785 bases) ofthe  mitochond-

rial ND5  genes of  the Luehdoijia butteTflies and  two

Bhutanitis butterflies, B. manstieldi  and  B. thaidina.  as

outgroups,  were  determined  (Fig. 2). There were

neither  insertions nor  deletions. The  nucleotide  se-

quence data of  the Luehdoi:fia butterfiies have been
deposited in the DDBJ  database with  the  accession

numbers:  ABO16825-ABO16833,  AB020339-AB

020340  and  AB029992-AB029993,

Genetic variations

 The  seqllence  diffbrences 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. ]'aponica and  L.p. inexpecta. The  Luehdollfia
butterflies were  clearly  distinct from  the outgroup

species,  Bhutanitis mansheldi  and  B. thaidina,  with

10,83-12,S7%  (85-1011785bases) sequence  differ-
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Table 2. Percent differences (above diagonal) and  diffe[ence

   (785 bases).
numbers  (below diagonal) for mitochondrlal  ND5  sequences

Species (Codea)Liop1Ljap2 LTUL.  Ieng. L  chirn  L, p, puz  L. p, cen  L, p, yesLPIS  LPIS  3 LPIK  B. mans,  B. thai.

L- iuponiea 1"

L  japonica 2b

L. iaponiea (LJU)
L. iongicaudata

L. chinensis

L. p. puziloib
L. p  cereanab

L. p. yessoensisb
L. p. inexpeeta (LPIS)
L  p. inexpecta (LPIS 3)
L. p. ine)rpectab

B, mansheldi

B, thaidina

12343737363736373S9396

 O.13

33336383738373g399297

O.2SO,38

343737363736373B9196

 4.33

 4.20

 4.33

92827282728

 
v299495

 4.714.59

 4.71

 L15

313031]o31329798

4,714,844,713,S73,9S

12323869B

4,594.714.S93.443.82O.13

3434S597

4,714.844.713.573.9SO.2SO.38

 1

 o

 1

 881oo

 4,S9

 4.71

 4,59

 3.44

 3.82

 O.38

 O.Sl

 O.13

 128799

 4Jl

 4.84

 4,71

 3.S7

 3.95

 O.25

 O.38

 o

 O.13

 1

 881OO

 4.84 11.8j 12.36

 4.97 11.72 i2.36

 4,84 11,59 12.23

 3.69 11.97 12.10

 4.08 12.36 12.48

 O.38 le,96 12.48

 O.Sl 10.83 12,36

 O.13 1121 12.74

 O.25 11.08 12.61

 O.13 11.21 12.74
-

 11.34 12.87

89 -  9.S5

101 75 -

"
 Species codes  refer  te those in Table  1.
b
 L. japonica1 (LJN, LJH, LJO  and  LJAh), L.

 coreana  (LPCK  and  LPCN),  L.p.  yessoensis

 intraspecific seguence  variations,

J'aponica 2

(LPYA  and(LJM,

 LJA  and  LJS), L.p. ptLziloi (LPPK and  LPPU),  L.p,

 LPYY)  and  L.p.  inevrpecta (LPIK and  LPISm)  showed  no

ences.  The  percentage sequence  differences between

L. japonica and  the other  Luehdoij7a butterflies ranged

from 4.20 (331785) to 4.97%  (391785). L. japonica
showed  4.20-4.71% (33-371785) sequence  differences
fromL,  chinensis  andL.  iongicaudata and  4.59-4.97%

(36-39!7g5) from  subspeciesofL.  puziloi. L. chinen-

sis  and  L. longicaudata, both inhabiting China,
showed  sequence  differences of  1.15%  (91785) to each

other  and  3.44-4.08%  (27-321785) from  subspecies

ofL.  puzitoi. Subspecies  ofL.  puziloi showed  O-O.51%

(O-4178S bases) sequence  differences among  them-

selves,

Mblecularphylogetry

  Phylogenetic  trees  of  the  gcnus Luehdoijia  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 Luehdoijia butterflies can
be dlvided into three groups. The first group  consists

of  only  L. iaponica. The  second  group  consists  of  L,
chinensis  and  L, lbngicaudata, and  the  third  group
cansists  of  subspecies  of  L. puzitoi. High  bootstrap
values  supported  close  relationships  of  the three

groups. The  divergence  of  the subspecies  ofL.  puziloi
is itot 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

tinat L. puziloi first colonized  the Japanese Archipela-

ge, and  that L. chinensis  diverged first from the ances-

tral butterfiies of  the genus Luehdotfia. It may  be
hypothesized that L. J'aponica 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  Asiasantm, while  L. J'aponica not  only  feeds on
the genus Asarum but is able  to grow  on  Asiasarum

(Takahashi, 1973; Hiura, l978).

  Howeyer,  the  phylogeRetic tree  inferred in the pre-
sent  data (Fig. 3) gave diflerent results  frorn those of
Takahashi  (1973) and  Hiura  (1978). The present
study  shewed  that L. japonica diverged first from the
ancestral  Luehdoijia, and  that then the ancestral  stock

successively  yielded the L, chinensis-L.  Iongicaudata

group  and  L. puziloi subspecies.

  The host plant ofL.  puziloi is restricted  to the  genus
Asiasarum.  Asarum  asperitm  is one  of  the host p]ants

of  L. iaponica and  contains  neolignoid  which  is anti-
feedant to L. p. inexpecta laTvae, and  the substance  is
not  detectab]e in the genus  Asiasarum  (Honda et  al,,

1995), Therefore, there is no  possibility that L, iapon-
ica originated  frgm L.p. inexpecta as a result  of  th'e

colonization  of  Asarzim (Takahashi, 1973; Hiura,

1978). The  molecular  phylogenetic tree  based on

nucleetide  sequences  of  mitochondrial  ND5  (F{g. 3)
suggests  that  L. j'qponica has remained  feeding on  that

iI;
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] Lp  pzantat
] Lp  cereana

] Lp  ]#erpecm
] Lp  ststoentt

]Lloagiawht
] Lthintrins

B, manofteldi
 thaldimdistance
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Lfoponica

e.  munsjietdi'B,

 chamuha

oos]

Fig.

o.Dse "o4o  e,olo o,cr)o o,oleo

3. Phylogenetic  tree of  Luehdocfia  based  on  78S  bp

sequences  ef  the ND5  gene. a; Phylogenetic  tree con-

structed  using  the  neighborjoining  (NJ) method  (Saitou
&  Nei, 1987) and  the  CLUSTAL  X  program (Thompson
et al,, 1997), b; Phylogenetic  tree constructed  using  the

UPGMA  methed  (Sokal and  Michener, 1958) anci  the

PHYLIP  software  package Ver. 3,572c (Dnadist-
NeighborLSeqboot-Consense, Felsenstein, 1993). D  in-

dicates Kimura's two-parameter  evolutionary  distances

(Kimura, 1980), and  the  bootstrap  values  (%) above

the branches  are  deriyed from 1ooO replicates  and

described more  than  70%  (Felsenstein, 198S). c; Phy-

logenetic tree constructed  using  the  maximum  parsi-

mony  (MP) methed  (PAUP* 4.0: Swofford, 1993).

Bootstrap  consensus  tree of  the 100e replicates  is
shown,  65mest  parsirnonious trees (tree length, 191;
consistency  index, O.880; rescaled  consistency  index,

O.843; rctention  index. O,9S8) obtained  frem heuristic

parsimony  analYsis,  The bootstrap valnes  <%) are

deriyed  from 1000  replicates  and  described only  for

more  than  50 %  values.  The  species  codes  refer  te

those in Table 1,
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host plant which  ancestral  butterflies fed on.

  Branching times were  estimated  in this study  on  the

basis of  substitution  Tates  in mitochondrial  DNAs  of

several  arthropods  (ca. 1.2% per million  years (Myr)
per lineage, according  to Brower, 1994) and  on  the

basis ofthe  Kimura's D  yalue  from the ND5  genes of
carabid  beetles (the correspondence  of  the O,O1 D  unit

with  4± O,5Myr, according  to Osawa  et  al.  1999).

The  branching  between  L. japonica and  the other

Luehdoi:tia butterdies was  estimated  to have  occurred

1.75-2,OS Myr  ago  using  substitution  rates  in mito-

chondrial  DNAs  (as corresponding.to  4.20-4.97%
                                  F

sequence  differences), and  inferred 9.6± 1.2 Myr  ago

using  the D  value  (O.024 in Fig. 3b). The  time  scale

inferred from the B[ower's rates, however,  may  be  the

minimal  ones  (Su et al,, 1996a). The  rate  for carabids

seems  impractical to the Luehdoctia butterfiies. How-

ever,  since  the  carabid  rates  are  based  on  the  mito-

chondrial  ND5  genes, the use  of  the  ra'te  is wetl

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  butterfiy

of  the genus  Luehdoi:tia reached  the area  in and

around  the current  Japan, and  that  later L. japonica
fed on  the host plant of  the ancestral  butterfiies, After

the branching  of  L. japonica, other  ancestral  Luehd-

oi;fia  may  haye  extended  to northern  areas,  adapting  to

Asiasantm  as  host plant and  have  diverged into twe

groups, one  of  which  includes L, chinensts  and  L.

Iongicaudata and  the  other  of  vvhich  includes L. puzitoi        '
subspecies,  It may  be conceivable  that the L. puziioi
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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