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SUMMARY

AccurateidentificationofaspermicFasciolaformsinJapanremainsdifncultbecauseoftheirmorphologicalvariations.
Inordertocharacterizetheformsgenetically,nucleotidesequencesofribosomalinternaltranscribedspacer(ITSland
ITS2)andmitochondrialcytochromecoxidaseI(COI)andNADHdehydrogenaseI(NDI)genesin341iverflukesfrom
16prefecturesinJapanwereanalysed.TwomajorformsrepresentedbyFsp1andFsp2hadsequencesidenticaltoor
closelyresemblingthoseofF.hepaticaandF.gigantica,respectively,inallthe4DNAmarkersandweremainlydistributed
innorthernandeastern-westernpartsoHapan,respectively.Fsp1andFsp2WouldhavebeenintroducedintoJapanwith
infectedcattleof2distinctlineagesviatheKoreanPeninsulaandspreadthroughlimitedpartsoりapan(northernand
eastern-westernparts)togetherwiththemovementofeachcattlelineage.TheJapaneseform(Fsp1/2),whichshowed

heterozygosltylnribosomalDNAandFsp2haplotypeinmitochondrialDNA,mayhaveorlglnatedininterspeci丘ccross
hybridizationbetweenpaternalF.hepaticaandmaternalF.gigantica.

Keywords:Fasciolasp.,Japan,parthenogenesis,haplotype,ITSl,ITS2,COI,NDI,geneticcharacterization.

INTRODUCTION

The two species commonly recognized as the

causativeagentsoffascioliasisindomesticanimals

andhumansareFasciolahepaticaandF.gigantica.

F.hepaticamainlyoccursinEurope,Americasand

Oceanla,WhileF.gZganticaisdistributedinAfrica

andAsia(Tore.ersonandClaxton･1999)･Although
thetwo speciesareclassi丘ed by morphological

characters,especiallybodylengthandwidth,itis

difRcultaccuratelytodiscriminatebetweenthetwo

speciesbecauseofmanyvariationsinsizedepending

onsuchfactorsastheageoftheflukes,thespecies

ofhostandthetechnicaldifhcultyinfixationofthe

flukes(Kendall,1965).TheFasciolaspeciesinJapan
hadbeenbelievedtobeF.hepaticauntilWatanabe

and lwata (1954)raised doubtconcerning the

species.Theirreportmotivatedustocarryout

researchtoidentifytheJapanesespeciesofFasciola.

Asa.result,ithasbecomeclearthatJapaneseFasciola
specleSincludewormsmorphologlCallyresembling

F.hepatica,F.giganticaandtheirintermediateforms
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andthattheyhaveecologlCalcharactersresembling

F.hepaticamorethanF.gigantica(Watanabeand

lwata,1954;ItagakiandAkane,1959;Oshima,

AkahaneandShimazu,1968;Akahane,Haradaand

Oshima,1970).Inaddition,FasciolaspeciesinJapan

hasbeenfoundtohavecytogeneticalcharacteristics

differingfrom thoseofF.hepalicaandF.gigantica.
TheJapaneseformsincludewormswith20or30

chromosomescorrespondingtodiploidandtrlploid

setsandwith20/30mosaticploidy,andtheyare

meioticallydysfunctionalandaspermic(Moriyama,
Tsujiand Seto,1979;Sakaguchi,1980),while

F･hepaticaandF.gZganticaarespermicdiploid

andmeioticallyfunctional(Sanderson,1953;Reddy

andSubramanyam,1973).Aspermicdiploidsand

triploids in Japan had univalentchromosomes

in prlmary OOCyteS,Suggesting thepotentialof

parthenogFnesis(Terasakietall2000)･From these
findings,ltisstilldifhcultaccuratelytoidentify

JapaneseFasciolaspecies.

Moleculargeneticapproachesbased on DNA

analysishavebeenemployedtosolvetheproblems

ofidenti丘Cation and genetic characterization of

morphologlCallysimilarparasites,IncludingFasciola

species(BlairandMcManus,1989;Adlardetal.

1993;McManusandBowles,1996).Therehave

beenstudiesongeneticcharacterizationofFasciola
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speciesinJapanbasedonribosomalandmitochon-

drialDNA (Hashimotoetal.1997;Itagakieial.
1998;ItagakiandTsutsumi,1998).Hashimotoetal.

(1997)andItagakietall(1998)provedthataJapanese
formwascomposedofflukesgeneticallyidentlCalto

F.gigantica,whereasItagakiandTsutsumi(1998)
showedtheoccurrenceofthoseresemblingF.hepa-
ticaandF.gtgantica.Thesedifferencesprobably
resultfrom thesmallnumbersofsamplesanalysed

andthelackofinformationondivergenceofribo-
SomalDNA andthatofmitochondrialDNA.In

orderaccuratelytocharacterizetheJapaneseFasciola
forms,weanalysedthenucleotidesequencesof
ribosomalITSlandITS2andmitochondrialNDI

andCOIgenesuslng34Fasciolasamplescollected
in16prefecturesoHapan.

MATERIALSANDMETHODS

Fasciolaindividualsandchromosomeobservation

Thirty-fouradultsofFasciolasp.Wereobtainedfrom
thebileductsofinfectedcattleandsikadeer(Cervis
nipponcentralisandC.n.ezoensis)in16different
prefecturesofJapanandkeptat-80oCorin70%
ethanoluntilDNAextraction.Insomeoftheflukes,
asmallpieceOfthetestiswascutoffandfixedin

freshlypreparedethano1-aceticacid(3:1)before

freezingorfiXationwith70%ethanol,andchromoI

someswereobservedbyusingasquashingmethod

(Snow,1963).F.hepaticaandF.giganticathathad
beenpreciselyidentifiedbymorphologlCalfeatures,
includingratioofbodylengthandwidthandthe

presenceofsperm withinthevesiculaseminalis,
WereusedforcomparlngdegreesofDNA diver-

gence.TheF.hepaticausedwasfrom Uruguay
(2specimens),Australia(2)andNorthernIreland

(2),andtheF_giganticausedwerefromZambia(6),
Thailand(2)andIndonesia(3).

DNAextractionandampltjication

TotalDNA wasextractedfrom individualnukes

byusinganE.Z.N.A.molluskDNA kit(Omega

Bio-te近,Doraville,USA).DNAfragmentsofeach
targetregionwereampli丘edbyPCRuslng1･25units

ofTaqpolymerase(Promega,Madison,USA),
0･4mMeachofdATP,dTTP,dCTPanddGTP,
2mMMgC12,eachprimerset(50pmol/25/Jlreaction
mixture),andPCR buffer.Theprimersetsused

toamplifythefragmentswerelta10(5′-AAGG-

ATGTTGCTTTGTCGTGG-3′)and lta2(5′ -

GGAGTACGGTTACATTCACA-′3)for NDI,
Ita 8 (5′-ACGTTGGATCATAAGCGTGT-3′)

andlta9(5′一ccTCATCCAACATAACCTCT-3′)

forCol,ITSl-F (5′-TTGCGCTGATTACGT一

CCCTG-3′)and ITSl-R (5′-TTGGCTGCGC-

TCTTCATCGAC-3') for ITSl,and ITS21F
(5′-TGTGTCGATGAAGAGCGCAG-3′) and
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ITS2-R (5′-TGGTTAGTTTCTTTTCCTCC-

GCl3')forITS2.Reactioncyclesconsistedofan

initialdenaturlngStepat94oCfor90sec,followed

by30cyclesat94oCfor90sec,55oCfor90sec
and72oCfor120secwithafinalextensionat720C

forlOminusingGeneAmpPCR Systems2400

and2700(AppliedBiosystems,Tokyo,Japan),PCR

productswereprecipitated with ethanol/Sodium
acetateanddissolvedinMilliQwater.

Sequencmganalysis

PCRfragmentsweredirectlysequencedusingABI

Prism BigDyeterminatorv.1.0andv.3.0ready

reactioncyclesequencingkits(AppliedBiosystems)

withtheuseofanadditionalprimer,Ita4(5′-
CTATAACCAGTCATACTl3'),forNDltogether

withthesameprlmerSaSthoseusedinPCR.At
least2fragmentsampli丘edforindividua1月.ukes

weresequenced foreach targetregion in both

directionsuslngforwardandreverseprimers.The

sequenclngreactionswererunonaPE Applied

Biosystems310or3100automatedsequencer.The

sequencedatawerealignedbyClustalX program

v.1.53b (Thompsonetal.1997).Phylogenetic
analyses were conducted by neighbour-JOinlng

(NJ)andmaximum parsimony(MP)usingPAUP

4･OblO(Swofford,2001)withalungfluke,Para-
gonimus westermani(Accession no.AF219379)
designedasanoutgroup.Allcharacterswererun

unorderedandequallyweighted.Alignmentgaps

weretreatedasmissingdata.Aheuristicsearchwith

tree-bisection-reconnection (TBR)-branch swap-

pingwasusedinMPanalysistoinfertheshortest

trees.The length,consistency index excluding

uninformativecharacters(C.Ⅰ.)andretentionindex

(R.Ⅰ.)ofthemostparsimonioustreeswererecorded.

A bootstrapanalysis(using1000replicates)was

conducteduslngheuristicsearchesandTBRbranch

swapplngWiththeMulTreesoptlOninorderto

determinetherelativesupportforcladesofthe
consensustree.

RESULTS

Ploidy

Chromosomeswereobservedin12ofthe34Japanese
flukes.Thenumberofchromosomeswascounted

inwell-spreadprlmarySpermatOCyteS.Eleven月.ukes
werefound tohave30univalentchromosomes

(3n-30,triploid),andonehad20univalentchromo-

somes(2n-20,diploid)(Table1).

HaplotypefromZTSlandZTS2Sequences

ThesequencesoftheITSlregioninFasciolaspeci-
mens(Accession numbersAB207139-AB207147)

consisted of600bpsincluding complete ITSl,
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Table1.HaplotypeandploidyofparthenogenicFasciolasp.inJapan
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Haplotype
Specimen
code# Locality Ploidy ITS1 ITS2

1
2
3
4
5
/b
7
8
9
0
1
2
3
4
5
Jb
7
cc
9
0
1
つん
3
4
5
/b
7
00
∩7
0
1
2
3
4

1
1
1
1
1
1
1
1
1
1
2
つん
2
2
2
2
つん
2
2
つん
3
3
3
3
3

Hokkaido
Hokkaido
Aomori
Aomori
lwate
lwate
Iwate

Tochigi
Tochigi
Saitama
Saitama

Nagano
Nagano
Nagano
Nara

Hyogo
Hyogo
Hiroshima
Hiroshima
Hiroshima
Tottori
Tottori
Tokushima
Tokushima
Kochi
Kochi

Saga
Saga
Nagasaki
Nagasaki
Kumamoto
Kumamoto

Kagoshima
Kagoshima

紬
ND
記

話

語

‰

ND
ND
ND
ND
誌

ND
誌

ND
ND
ND
記

ND
ND
ND
ND
ND
ND
ND
ND
ND
N

Fsp1 Fsp1
Fsp1 Fsp1
Fsp1 Fsp1
Fsp1 Fsp1
Fsp1 FspI
Fsp1 Esp1
Fsp1 Fsp1
Fsp1 Fsp1
Esp1 Fsp1
Fsp2 Fsp2
Fsp2 Fsp2
Fsp2 Fsp2
Fsp2 Fsp2
Fsp2 Fsp2
Fsp1 Fsp1
Fsp2 Fsp2
Fsp2 Fsp2
Fsp1/2 Fsp1/2
Fsp2 Fsp2
Fsp2 Fsp2
Fsp1 Fsp1
Fsp1 Fsp1
Fsp2 Fsp2
Fsp2 Fsp2
Fsp2 Fsp2a
Fsp2 Fsp2a
Fsp2 Fsp2
Fsp2 Fsp2
Fsp2 Fsp2
Fsp2 Fsp2
Fsp1 Fsp1
Fsp2 Fsp2
Fsp1/2 Fsp1/2
Fsp1/2 Fsp1/2

1
1
1
1
1
1
l
1
1⊥
2
つん
2
2
2
1
2
つん
2
2
つん
l
1
2
2
2
2
2
2
つム
2
2
2
つん
2

p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p

s
s
s
s
s
s
s
s
s
s
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

1
1
1
1
1
1
1
1
T1
2
2
2
2
2
1
2
2
2
つム
2
1⊥
1
2
2
2
2
つん
つん
2
2
2
つん
2
つん

p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p
p

s
s
s
s
s
s
s
s
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S
S

F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F
F

2̀m'and 3̀n'meandiploidandtriploid,respectively.
ND,nodata.

partial18Sand5･8SrDNA andhad6Variable

nucleotidepositionsofwhich1waslocatedin18S

and 5werelocatedin ITSl.Thesequencesof

F.hepaiicaandF.giganticadifferedatthe6pos-

itions.Japaneseflukesshowed3differentsequences

(haplotypes)representedbyFsp1,Fsp2andFsp

1/2whichhadnucleotidesidenticaltoF.hepatica

andF.gtganticaandthoseoverlappedbetweenthe

twospecies,respectively(Table2).The505-bpor

506-bpsequenceoftheITS2reglOnincludedcom-

pleteITS2,partial5･8Sand28S,and8nucleotide

positions(including1gap)Within thesequence

werevariableamongindividualsofFasciolaspp.

(Accession mos.AB207148-AB207153).Japanese

且ukesweredividedinto4haplotypes(Fsp1,Fsp2,

Fsp2a,Fsp1/2)basedonthe?ucleotidesatthe
7sites･Fsp1andFsp2wereidentlCalorverysimilar

tosequencesofF.hepaticaandF.gigantica,re-

spectively.Fsp2adifferedfrom Fsp2inonly1

nucleotidesite(331).Fsp1/2hadnucleotidesover-

lappedbetweenFsp1andFsp2at5sites(307,318,

331,370,376)andthesamenucleotidesasEsp1at

2sites(424,434).ThenumberofJapaneseflukes

thatshowedthehaplotypesofFsp1,Fsp2including

Fsp2aandFsp1/2inbothITSlandITS2regions

were13,18and3,respectively.Alloftheflukes
obtainedfromHokkaido,Aomori,IwateandTochigi

PrefecturesinthenorthernpartofJapanshowed

Fsp1inbothreglOnS,Whereasmostoftheaukes
from thewestern(Kagoshima)toeastern(Saitama)

partsofJapanshowedFsp2(Fig.1).Eleventriploid

flukesshowedeitherFsp1orFsp2,and1diploid

showedFsp1/2(Table1).

HaplotypefromColandNDZsequences

PartialColsequence(438bp)andNDIsequence

(535bp)weredeterminedfor51Fasciolaindividuals
usedandincluded62and68variablesites,re-

spectively (Accession mos.AB207170rAB207183,
AB207103,AB207154-AB207169).Althoughintra-

specificvariabilityinCOIandNDIsequenceswas
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Table2.ComparisonofthenucleotidesatvariablesitesintheITSlandITS2regionsOfFasciolaspp.
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SitesofITSlregion SitesofITS2reglOn
Localityand

Species haplotype 48 175 265 359 437 457 307 318 331 370 376 384424434 worms

F.hepatica Uruguay
Australia
N.Ireland

F.giganlicaIndonesia
Thailand
Zambia

Fasciolasp.Japan;Fsp1
Japan;Fsp2
Japan;Fsp2a
Japan;Fsp

T
T

T

T
C
C

C
C
C

C
C
C

T
T
T

T
T
T

T
T
T

C
C

C

T
T
T

C
C
C

A
A
A

C

C
C

T
T
T

C
C
C

T
T
T

T
T
T

C
C
C

T
T
T

C
C
T

T
T
T

A
A
A

T
T
T

T
T
T

T
T
T

C
C
C

C
C
C
CT

c
T
T
qT

c
T
T
qClJHⅦ

T
C
T
TClm"HⅦ

T
C
C
TC/

T
C
C
TT

c
T
T
qA′/

T
A
A
TT

c
T
T
qT

A
T

T
即T

c
T

T
qC′′一

T
C
C
T

一
二

で

一
一
T

2
2
2

2
2
/hU
3
′h)
2
3

l
l

G
G
G

A
A
A

G
A
A
G

Kagoshima

Fig.1.DistributionofthehaplotypesofFasciolasp.inJapan.White,blackandstripedcirclesrepresentthe
haplotypes,Fsp1,Fsp2andFsp1/2,respectively.

foundinF.hepaticaandF.gigantica,thedegree

ofvariabilitywashigherinF.gzganticathanin

F.hepatica.Japanesespecimenshadeitherof2dis-

tinctsequences(haplotypes:Fsp1,Fsp2)inboth

COIandNDI.Fsp1andFsp2differedfrom each

otherat41nucleotidepositionswithinColandat

45siteswithinNDI.Fsp 1wasverysimilarto

thesequenceofF.hepaticainbothCOIandNDI,
though no completeconsistency wascon丘rmed

betweenthesequences.Incontrast,Fsp2wassimilar

tothesequenceofF.glgantica,beingmoresimilar
to thesequenceofF.giganlica obtained from
IndonesiaandThailandthanfromZambia.Twelve

of34且ukesshowedFsp1,andtheother22showed

Fsp 2.MP analysュsresolvedmostparsimonious

treesforCOI(length356;CI-0･9270;RI-0･9323)

andNDI(length 522;CI-0･8966;RI-0･8893)

(Fig.2).Treetopologiesfrom MP andNJ(not

shown)analyseswereconsistentwitheachotherin

bothsequencesetsofCo一andNDI.Theindividuals

ofF.hepaticaandFsp1belongedtothesameclade,
whichclearlydifferedfromthecladeofF.glgantica

andFsp2.

DISCUSSION

ThehaplotypesbasedonthesequencesofITSl,
ITS2,CoⅠandNDIshowedthat2majorand3

minordistinctformsofFasciolaoccurredinJapan.

Similarly,3differentformsidentifiedusinglSOZyme

patternshave been found in Japanese triploid

Fasciola(Agatsumaetal.1994),suggestingatleast3

originsoftriploidy.Recently,Terasakietal.(2000)
havesuggestedthatthemostlikelyorlglnOftriploid
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A

F.h,(Uruguay)

F.h.(N.Ireland)

F.h.(Australia)

Fsp1(Japan)

F.g.#Al(Indonesia)

F.g.#D3(Indonesia)

F.g.#Lu50(Zambia)

F.g.#Lu112(Zambia)

F.g.#B3(Indonesia)

Fsp2(Japan)

F.g.#1(Thailand)

F.g.#2(Thailand)

F.g.#Lul(Zambia)

F.g.#Lu51(Zambia)

F.g.#Lu12(Zambia)

F.g.#Chwel(Zambia)

P.Westermani
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F.h.(Uruguay)

F,h.(Uruguay)
Fsp1(Japan)

F.h.(Australia)

F.g.#Lul(Zambia)

F.g.#Lu51(Zambia)

F.g.#Lu50(Zambia)

F.g.#Lu112(Zambia)

F.g.#Al(Indonesia)

F.g.#B3(Indonesia)

F.8.#D3(Indonesia)
Fsp2(Japan)

F.g.#1(Thailand)

F.g.#2(Thailand)

F,g.札u12(Zambia)

F.g.#Chwel(Zambia)

P.Westennani

Fig.2.MaximumparsimonytreesofFasciolaspp.inferredfromthenucleotidesequencesofpartialNDI(A)andCOI
(B)･Fsp1andFsp2showthehaplotypesofFasciolasp.inJapan.F.h.andF.g.showF.hepaticaandF.gigantica,
respectively.̀#〉andparenthesesrepresentcodeno.andlocalityofindividual,respectively.

formswasthefusionofaspermofabisexualdiploid

(F.hepaticaorF.gigantica)withanunreducedegg

ofaparthenogeneticdiploid.Accordingtothis

hypothesis,thetriploidspecimens(e.g.,#1)that

showedthegenotypeofFsp1(F.hepaticatype)in
both ribosomaland mitochondrialDNA would

bederived from hybridization between parental

F.hepaticaandparthenogeneticdiploid(F.hepatica

type)･Infact,partheno苧enicdiploidformsclosely
resemblingF.hepaticalnSequencesOfrDNAand

mtDNAhavebeenfoundinKorea(Itagakietal"
unpublisheddata).Similarly,thetriploidindividuals
(e.g.,#23)withthegenotypeofFsp2inboth

markersseem tobecrossingprogeniesbetween

F.giganticaandparthenogenicdiploid(F.gigantica

type).On the other hand,the parthenogenic

diploidappearstobedirectlyderivedfrombisexual

F･hepaticaorF･gigantic?populations(Terasaki
etal.2000).Furthermore,lnmostanimaltaxa,the

acquisitionofclonalreproductionmaybeaconse-

quenceofhybridization between sexualspecies

(Dawley, 1989; Wilson and Hebert, 1992;
Vrijenhoek,1994).Mostclonallineagestherefore

containamixtureofthenucleargenomesofthe

twoormoresexualspecies(Avise,Quattroand

Vrijenhoek,1992).Thus,theaspermicdiploid(#18)

thatshowedaheterozygousgenotype(Fsp1/2)in

rDNAandFsp2inmtDNAmayhaveorlglnatedin

interspeci丘ccross-hybridizationbetweenpaternal

F.hepaticaandmaternalF.gZgantica.Thisnatural

hybridization between thetwobisexualFasciola

specieshasbeenalsosuggestedbyresultsofprevious

analyses(ItagakiandTsutsumi,1998;Agatsuma

etal.2000).

Although aspermic(parthenogenic)Fasciola is

widely distributed in Eastand SoutheastAsia

(Ter?sakュ,AkahaneandHabe,1982),theoriginstill
remalnSunknown.However,parthenogenicFasciola

wouldnothaveoriginatedinJapanaswellasin

Korea,sincenobisexualFasciolahasbeenfound

inthosecountries.Wehaverecentlyfoundthat

triploidindividualslOO% identicaltoFsp2inthe

sequencesofnotonlyITSlbutalsomitochondrial

ColandNDIwithrapidbasesubstitutionwere

presentinVietnam,whichisfarfromJapan(Itagaki

eial.,unpublisheddata).Theoriginofthetriploid

forms,however,isalsonotVietnam,sinceno

parthenogenicdiploidhasbeenfoundinVietnam.

ThesefindingsstronglysuggestthatthetrlPloid

formswiththegenotypeofFsp20rlglnatedina

countryotherthanJapan,KoreaandVietnam and

rapidlyspreadamongthesecountrieswithinfected
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animals(probablydomesticcattle)･Molecularphylo一

genyusingFasciolaindividualsfrom otherAs ian

countiesisneededtoelucidatetheorlglnandroute

ofspreadthroughoutAsiaofparthenogenicFasciola
forms.

Japanesenativecattlewerethoughttohavebeen

introducedintoJapanviatheKoreanPeninsulain

aboutthesecondcenturyAD(Mukai,1989).Infact,
JapaneseandKoreannativecattleconsistofhaplo-

typesverysimilartoeach otherin mtDNA se-

quences.Ⅰnterestingly,only20fthehaplotypesare

majorinJapan(Mannenelal.2004).Furthermore,
FasciolaformsthatarecompletelyidenticaltoFsp1

andFsp2insequencesofbothrDNAandmtDNA

occurinKorea(Itagakietal.,unpublisheddata).

These丘ndingsstronglysuggestthatFsp1andFsp

2invadedJapan with infected cattleandspread

throughlimitedpartsofJapantogetherwiththe

movementofthe2haplotypesofcattle.

ThisstudywassupportedinpartbyaGrant-in-Aidfor
ScientificResearch(C)(no.14560243)fromtheMinistry
ofEducation,Culture,Sports,ScienceandTechnology
oHapan.
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