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KRy — 7 2o —DEAEPHED DD LRV DOHLEIE, 7/ AXR—ATOH
WHTIEDS, EVEREOH LWEEHEDOH 5. Y a vy a v NTHHIE, E7TVEY
ThHsbF*FA 0y avy awNT Drosophila melanogaster % HFinc, BWAREVHELEDE
BEMEOMII 2 b7 LIBROWIRICH WS> T & 7. £7, Drosophila 12
Genomes Project 13, ¥/ uyavYauNzPAD I EE2ELE2 12D 7 7 A6
EfEEE - AL T, KT ARROEZVWERIBT L. 20X 2RERCH-
T, I0hoDEYELIIZEX, FEDT T NVEYREICRS 2\, %< OBFEEENRIC
L7127 ) A — A DFFERIBIFE N TIRE & 22 0, Fic 2 R 230 PRk s ih £ 2125
N, R[FSFEFOSE T, ERsEHEO7 ALY %251 & Lz DNA EYIOE
KT =2 IED 2 T REENTREL 2D, ZOFERICED VT, RO HEH
HRORE L L2 5 . Fiz, B2 OBEBORKE - BEEEVHS Mcsh, Y0
R REE R OMEN: & R T 2 AL E S 72 5 5 . {78 - £ - RS
BT, N THL» > LBFEMOBIGHEE DS T « B2 T 282300,
VAR, EEORRE L TOREL2HIRL T2 7 u v A 2T 2%M» o, %
DFREZ b FEHT 2ERNCRE T 27255 . 2 LT, X857/ AMEWEMHOBEAZ, B
- ARRSTEBFOE LR CWARERB LR D ITHEBVRL.

HEADY avvav N NZiffftld, E7VERELTOF A uyaryyav N TiZRls
T, ZLOFEMEMRNRE L TCELEVWGEREELTEY, SPHATLEROHE
Y avYauNIHEDLNY EEAERS> TV, FlZ1E, 797Dy avyavnNT
BB S 2 ROHE - AYhEy:, B4y 9 v Y g vNTEOZE - [ESEISO AR - 4
By, WhyavYayNL L HE - FEFELOMHAER, BEY a7 Y a NI ED
HEYE « FESSRRIEORE AR 7 ¥ ORI, 7/ A_—ADH T 5 EWEEFIc % < D
HELHRIEL R T 2 R D 2 HROEETH % .
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Y awYayNIRORKBERICOVWTREL PoEHE N, ZhE TI2Ww L DhOHHME L5
BHISNTWS . FTYH, Throckmorton 1& 1975 FIC NEERERL B G SlcEDoni-y a v
VauvnNIRORMICBET ARG ERBL, L OWMRECILSZTALSNTE. LrL, Z0
%, Grimaldi (1990) 1Z%5%% < OHERIEHE % F W Tl W T 2 17>, Throckmorton O i & K
AR BERETRIE L. FRLE, ¥ 3 7Y a v RO RKBIR 20T R FEA i o R
AHLEDET2RAD, INETHELS RSN TWE . ERENZ 12, 9T RMETc D < Rl
DOWFFERE R, B2 SRIBE N7z Grimaldi DIRFR L D B, & L 2 HE % Throckmorton DR
WGEWEAIZH D . LLERS, NTAEY a vy a v 2580 D OEEZ SO R

BIfRIC DV, TRt &, EMAORG & b R h 2 MED RS FZIcBEoNTRS.
AT, Y avyavNTCBY 2HRI0NTFREFHIROMREMH T oL Lbic, YavYs
VNI RRFDOGEROBELEIC OV THEMmT 5 .

(2011)
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Progress and prospects of the molecular phylogenetic studies of Drosophilidae

Toru Katoh!

The phylogeny of Drosophilidae has been of great interest, and several classical studies have been made.
Among them, one of the most famous studies was Throckmorton (1975), in which he proposed a phylogenetic
framework for Drosophilidae based on the comparisons of internal morphology and biogeography. On the other
hand, based on a cladistic analysis of external morphology, Grimaldi (1990) put forward another hypothesis that
was substantially different from that of Throckmorton (1975).
been undertaken in order to solve this problem.

Since then, many molecular approaches have
It is noteworthy that many phylogenetic studies using molecular
data on the whole are in agreement with Throckmorton’s classical hypothesis rather than Grimaldi’s. Further-
more, these studies also give some additional findings that are different from either Throckmorton’s or
Grimaldi’s. I review these results and then discus prospects of phylogenetic studies on Drosophilidae.

1. EUSHIC

YvauYaunNzli, YavYav Nz (Family
Drosophilidae) WCIET 2XHAHREHOBEMREET (K
. s, YRy, BHCEZZ2ZERHL 2 L
NS, ENRL THEFEOKE [BL ] @bz A THT
Jonlzeshsd GRFp, 1979) . BHAEFE T2 4,000 fE
PAE2SERdk S d, Mz i < RSN IL < 9T B
(B4chli, 1999-2010; Toda, 2006-2010) . F7z, % DHEME
b, BV, BhRE, BEAR, ¥/ a8 LIEFICLEIC
2.

1) AREERFRFBEE BT B 28 SRR
! Department of Natural History Sciences, Faculty of
Science, Hokkaido University, Sapporo, Japan

— I, YavVau N EtEZR, FAfavavy
Y a N (Drosophila melanogaster) %189 2 £ »
%<, EB, AEIS S 2MRSBOETVEY &
U CHER 7 2RI 25T ws ., Ll, ¥4 ayvay
VaunNzPAcy, INEFTIESEF Ry avyyay
NTREDY, BRYE, [TEIF, £BF R EOMRSEEE
DEYEHEICILS AvwenTE T3 (Powell,
1997). 2L T, 2007 i 12Oy a v Yaw N
MicowTery / ABHRE S (Drosophila 12
Genomes Consortium, 2007), LLEHFFEOXR & L CHE
BHMEL TS, 2O, yarvvavnNzsH
RATHREL T AEENER, Hr0IFHEROI &
F R AEYIFRRHBIC B 2 ERIL, EGBROBEKRD -
DOBFNEEL L. T LT, ThoDEHMECER
LTI RERT 288, v a vy a v il RHE L



K1:vavdauvnNzR®odFDnw DO OFf. a Droso-

phila (Drosophila) hydei. b - D. (Drosophila) immigrans. c -

D. (Sophophora) simulans. d - Zaprionus grandis. e - Hirto-

drosophila trilineata. f © Scaptomyza pallida. g - Lordiphosa
collinella. h - Scaptodrosophila coracina.

BT 2B, THEHSPERECHIR TH LD AR
59, YavYauNTERAWEH SO ERE L
B s,

Z LT, DG FRIRBI AT EOFEZICH L,
v a vy a v NTORFHERICEET 2 A OHEfRILAREE
FICE E U7z, LinLEis s, W DO EER R
DRFBAMRICOWTIE, RIEARHL EBPERINTNDS.

AFETE, YavYaunNTiiBlls Ik TORK
MR OREREMH T2 L e bIC, YavYaunNLRi
HFEOESHOBEICOWTHRT 5.

2. ¥avYauNIDRFECEITDDODIRER

¥ a vy avNIRORFERICOVTEE S 25
Hah, IR TIZWL OhOHEERIIERH ST
W2 (Sturtevant, 1921, 1942; Patterson and Stone,
1952; Okada, 1956, 1989; Throckmorton, 1962, 1965,
1966, 1975; Wheeler, 1981, 1986). ZDOH T, b iFH
T ANEXHIED— D & L T, Throckmorton (1962,
1965, 1966, 1975) < X 2 NEfERE % F I Fv7c—&# D
WaEnEFons.

ix, BHELL DY avyanNzizonT, HEHEDONE
AgEds, B L UINORBHREZ FEIcBIZE L, ks

3

o

virilis-repleta

radiation \
immigrans-Hirtodrosophila

radiation

= Virilisi&# (Drosophilaft|&)
p— robustat&## (Drosophila#|&)
b Melanicat@®#¥ (DrosophilafE &)
b repletat@#¥ (DrosophilafE &)

Scaptomyzal&
Drosophila . .
radiation _E Hawaiian Drosophila
\ Hirtodrosophilal®
\ tripunctata¥®& (Drosophila &)

Sophophora quinariaf&# (Drosophila®E &)

radiation testaceat&# (Drosophilafif&)
Scaptodrosophila . .
radiation immigrans¥&# (Drosophila &)

Zaprionusi®
funebrisi®#% (DrosophilaE /&)

\ Sophophora® /&
E Chymomyzal&

Scaptodrosophilalg

Steganinae 7}

b Drosophila# &
_: Sophophora@ /&
Zaprionus/&
Lordiphosal@
_: Scaptomyzalg&
Hirtodrosophilal@&
: Hawaiian Drosophila

Chymomyzal&

Scaptodrosophilal@
Steganinae#}

2 . Throckmorton (1975) ¥ & OF Grimaldi (1990) D1k
B, vavya v NI RO E o EEERN O R
f&%. a : Throckmorton (1975) ® K . b : Grimaldi
(1990) D

1772 -7z (Throckmorton, 1962, 1965, 1966). L C,
BohicmRA AL L O EEERERDINZ,
YavyayNIReEORFECE T 5 REE
1975 FicRB L7z (K 2a).

L2 e, BEROONELEYayYa vy NTDRk
AL, “radiation (ED” LWEIEN %, FFE DRI
WAMEDBHIZAE L 24 XY P PEBER 57z 2 L2
L0, ElankeEzonTwb. ZOFT, FHIC
2 Z 572D steganine radiation T, Z OELTIX,
Steganinae HifHCB T 2y a vy a v NNl 7z
L&D . Y OREIE 4 T drosophiline radiation 12
G, DT Scaptodrosophila radaiation, Sopho-
phora radiation, B X U Drosophila radiation & X
LIEBIERAE Z 572, % LT, Drosophila radiation
W S X virilis-repleta  radiation B £ U immigrans-
Hirtodrosophila radiation D DM I o7z L& 5.

ZLTC, TORBTE, YavyauNZRofiown
KOOSR, BT L HHERIHEHEEEE L 2w ET
EHENS. 1 TYH, Drosophila J& D H D Drosophila
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HE A AR Th 2 AR S, W DhD
RS, [FHEEOMOMERE L D b BB VBIRICH 2
ZEEREIBLTVS.

Throckmorton DRI, ¥ a v ¥ a v N R4k
W EREN R D DT, FERYE» 5% < OWSEH IR
{FZFAhSONTE., LELENS, TO—AT, i
OHgeH» STIEFHN OFIMT ERE 2 TR T 2 Z L IIBFS T
%, ZOROEBIPRILCZ L & v S I S FRIRRC
FIELT:.

Throckmorton DRFHIZ BT % Z D & 5 EZ 5
¥ 2, Grimaldi (1990) 1%, Ya v Yaw Nk HIZ
B2 217 DINFIEREDIE = v T, REIREICEL 2
RAFIRAT (IR RAEC TR o7, Z O
R, Bonl- R OBF X, Throckmorton D&
FRREEELZbDOTHo (K2b). # 21,
Throckmorton DR EE T, Drosophila TS 1% B 2

MICE &£ 5% 0w, Grimaldi O 288 T, Droso-

phila FIBZH R T, Sophophora FilE & % b IT W lilitk
B2 T 5. % 72, Throckmorton ® 1K & T 1%,
Hawaiian Drosophila, B & O Scaptomyza @& D > a7
YauNxiX, iy immigrans-Hirtodrosophila radi-
ation IZ L VAU & &5, Grimaldi O R T
X, INSIFERM TR SMIZLICEL, Zhenglk
DR EMFEFEEFK T 2. 2L T, ZORMHE %3
12, Grimaldi \&, Lordiphosa, Hirtodrosophila, ¥ X
Y Hawaiiann Drosophila 7 ¥ D53 FERER % J@ 12 FA4% &
BEHRE, W OLDOHEFINTR b R ICTR 7.
25 LT, 1990 FLIKE, ¥ a2 v Y a v RFKER
IZ DWW Tix, Throckmorton, ¥ & OF Grimaldi D&
LI, RELBRLZZODHVBELET S LI k>
7z.

3. DFREERICEDL< Y 3DIaoNIDR
B R

DFLRMFIL, DNA Y 287125 £ Mzl mER
DENEHIT 52 2T, AVORMEHEL LS T
LHFES B ThH 5. DNAEETIORENRS T
Mo 72 1960-70 FARUEFIX, ¥ o N7 BE R ESIKE L T
ERINZE R 2 BTN N W D DO EYEE %
SRIZATb LT Wiz 3, Throckmorton ¥ 2% ¥ =
VY a VNTORMENFRICHEAT 2 Z Lic—FRLEH
L, ZOERKZ DLW THULBHERE L TV 3
(Throckmorton, 1968, 1977) . %7z, 1980 £E(RLUREIX
WHRIMY > RO GIEERER G S 2 WV iE DNA NA 7D %
AX¥—varEHALEY a7y a v NTORMRENE
WL OPHRESIN TS (Beverley and Wilson,
1982, 1984; Caccone et al., 1992) . # LT, 1990 (XA
BElx, S FEYFHITEOREL 2 02— OUBEE

: Scaptomyzal®
Hawaiian Drosophila
virilisTB#

e rObUStaREBE

) virilis-repletaZ#ft
e melanica?@#¥ | (Drosophilai &)

b ropletat® 5%
immigranst&#%

e QUiNGrTATE
funebristE ¥

b testaceat@ it

tataZd

(Dm;ophilaﬁﬁ)

b tripunctatai® &
philal®
Zaprionus/&

melanogasterig
_: obscurat®
willistoni, saltans¥&&¥
_: Lordiphosal&
Chymomyzal&
ila/®
Steganinae &

3! ZNETONTFRMENEL SHEE S NIz, v av
¥ a VNI REO 0 S EERE O RARBIR

Hirtodre

Sophophora® /&

JTOERBER A iz X D, DNA BENY ZHnwizy ay
Y a YNNI ORMEEVEEBSTER I/ T RbTwS. Zh
5OWEIE, WL ODLOMIL LIRS TEVIERD 5D
LbOD, BBELP TR —HITI2MRAEZRL TS
(Markow and O’Grady, 2006; van der Linde and
Houle, 2008; van der Linde et al., 2010) .

ZIT, INETOSFRIFMITOFRICED <,
vavya v NIROEELSEREORMERE £ &
WHE, H3DXOEnb. CORMEERS &,
Drosophila J&D 5 B, Sophophora HiJE & Drosophila 8E
B TR 2T 3, Sophophora BB D RFH S 2
VY a vNTHBOMOE, HEL D bS5 2
EDRETH B . F Tz, Drosophila FEIEIZ O W T
ZNHERHERMWICEZ L6, Wb, Zaprionus
J&, Hirtodrosophila J&, Mycodrosophila J&, Scaptom-
yvza J&, B & N Hawaiian Drosophila 75 £ O3 5EREO M
RfFEE LCMEDT NS . fiEo T, TR
HOL Iz TOWSERERIE, 8 TRIB S 7z Grimal-
di OEE L D b, &L % Throckmorton O i HLF R 3
WEWERICH S . 72720, WL OO R
Rz DWW TIX, Throckmorton ® % % Grimaldi DK
MO &b Ee 2 ME D RENFI BN TS,
BT, ZheORFIROWT, FERSERES LICE
H%Z45 CTHHT % .

3.1 Scaptodrosophila &

Scaptodrosophila J& 11X Z 1 F T 200 FELL 23 EC K &
n, RO mBRED oM, L VbUA—A 7
) 7 RKEETDsMEZE LV (Bock and Parsons, 1975) .
AKIEVZLLRT, Drosophila J& DO —HiJE & U THLE R
JonTwizZ £23%H % (Sturtevant, 1942; Wheeler,
1981). L #» L, Throkmorton (1975) X, Z 1 & &



4 hn

Scaptodrsophila radiation I2& v, Y a v Y a v N
FHZIE S D% < ORBREIC I > THEL 7ot R
MThdeh L. £z, TN ELREFEDORRIX,
Grimaldi (1990) O#fgELS /LN TED, T O
Ba b LT, 1% Scaptodrosophila D43 FEREH % T & H>
SIBICAES .

ZLT, FRWMHEIICE 5 2 ETOWsI, —K
U T, Scaptodrosphila JG&»3 32 &A% DARIC THIE 3 % fit
Errndlenrs, MEORMBLZRT EENEON
Tw3 (Kwiatowski et al., 1994, 1997; Kwiatowski
and Ayala, 1999; Tatarenkov et al., 1999; Katoh et al.,
2000; Tarrio et al., 2001; Da Lage et al., 2007; O’Grady
and DeSalle, 2008; van der Linde and Houle, 2008; van
der Linde et al., 2010) . &3, wEITIX, Zh5OH5E
W E2 3% 2T, Drosophila &3 & % OELD54E
FEORHBEMRZFARLERIC, KEBSZNSDHNEE (7
MV =T) ELTHwWeNSZEbH S (Robe et
al., 2005, 2010; Katoh et al., 2007) .

722l , AROWIMORMEARICOVWTIZINETH
ZFVFHELIFANONTES T, ZOERFHECTODLTIX
BRI 5. EEE, OGrady and DeSalle (2008), ¥
X U'van der Linde et al. (2010) & & % L DFEIC
BWT, KENERFIC RS20 EARB IR T
5.

3.2 Chymomyza &

Chymomyza J&1Z 2 % THI 60 TN ECHE S v, #IH
KIE D BB % U IZ AR D578 8 & 115 . Throckmor-
ton (1975) W & % &, KEZ Scaptodrosophila radia-
tion DEICHE Z > 72 Sophophora radiation THE U 7z &
and. LarL, ZLoGFRFEICEVT, KB

3

Sophophora HE & DM ZRT Z i <, Sopho-

phora BIEHSTIE T 2 BRI ORITTHI S 5 2 &
PHER SN Tw3 (Kwiatowski 1994, 1997;
Kwiatowski and Ayala, 1999; Tatarenkov et al., 1999;
Katoh et al., 2000; Tarrio et al., 2001; O’Grady and
DeSalle, 2008; van der Linde and Houle, 2008; van der
Linde et al., 2010) . Z OFERIZ, Scaptodrosophila & &
[k, RKEPMMOTELEY a vy a v Nz EEE LT
ML 55 & v d Grimaldi (1990) @ RfE %
T%.

3.3 Lordiphosa &

Lordiphosa J&Z 2 1L % THY 60 FEAEEH S 1, [HILKX
B X UHERICAHMBRD S s . KIEO R EHINE
WOWTIEINE TARIAL ED% L, Sophophora FIE
Wit#kTH 5 v o3 (Okada, 1963; Lastovka and
Maca, 1978), B & U Scaptomyza J@I\ZFEHTH 5 £ »
S8t (Grimaldi, 1990) PEEEINLTW5. £z, KE
WS N TWBREOTICIE, D T Sophophora i
&, Hirtodrvosophila &, ¥ X U Drosophila HiJ& 75 £,

et al.,

il

TNTNELZLHEHICBEL WD EENTV S
(Lastovka and Maca, 1978; Okada, 1984, 1990; Toda,
1983) .

EEDHTFB L OBRBICE D S RFRICL S &,
Lordiphosa J&®D F 72 FERE N Sophophora BB ICITHTH
2 —7, tenuicauda FEFEIZ D\ CIx Lordiphosa J& D il
DOFERE L B2 D | Hirtodrosophila J&=° Mycodrosophila
BiigTh b R ENT WS (Katoh et al,
2000; Hu and Toda, 2001) . Z D8R %25 % 2, Huand
Toda (2002) &, tenuicauda ¥&# % Lordiphosa J& 7»
% Dichaetophora JEIZ & ® 5 & 95 43 FE¥ IR 2 1T
oz, F7z, Katoh et al. (2000) &, Lordiphosa J&
D F i FEEED, Sophophora B J& D h D willistoni-
saltans Rt L MEE AR T2 2 2R L, 2D
X, Sophophora g% BIZM & A2 TR THEHI L
5.

3.4 Drosophila &

Drosophila J& D ¥ a v Yawv N3 2% T1,000
UL Eitdk s v, 8 HIE (Chusqueophila, Dorsilo-
pha, Drosophila, Dudaica, Phloridosa, Psilodorha,
Siphlodora, Sophophora) W EENTWS. Z LT,
ZD5HD%L OFEIX, Drosophila #EH 5 13 So-
phophora IFED EH SMICEHENT WS .

3.4.1 Sophophora E&

Sophophora Mg 11X Z 1 £ T 300 FELL_EWECE & 1,
melanogaster TEFE, obscura TEEE, willistoni FEEE, B
& O saltans FEFED 4 DO TEICHE I NS . h
5D B, melanogaster FEFE & obscura FEFEIX £ 12 IH
KEETHAL L 72 R, willistoni TEFE & saltans TEFE X
FRBEORKE, RELZODRFICHT >N 2
(Pélandakis et al., 1991; Pélandakis and Solignac,
1993; Kwiatowski et al., 1994; Powell and DeSalle,
1995; Kwiatowski and Ayala, 1999; O’Grady and
Kidwell, 2002; Remsen and O’Grady, 2002; Da Lage et
al., 2007) .

INETOREL L VGTF T8 2HV-% < OIS
X, Sophophora BB ISR % K L, Drosophila
BORTHERINCHE LI 2 & 2% 5 (Throckmor-
ton, 1975; Russo et al., 1995; Tamura et al., 1995;
Kwiatowski and Ayala, 1999; Tatarenkov et al., 1999;
Tarrio et al., 2001; Remsen and O’Grady, 2002; Robe et
al.,, 2005; Da Lage et al.,, 2007; Katoh et al., 2007,
O’Grady and DeSalle, 2008; van der Linde and Houle,
2008; van der Linde et al., 2010) . 7272 L, Lordiphosa
BORFHMINELZSLEZ DL, ThO6BLTLLHRA
HTHDHEIFIFE 2% < %% (Katoh et al., 2000; Hu and
Toda, 2001). %7z, ZEETEHVWIEZWL OLDHT
RFEFWR T, AEBVHEIAFENCE & 5T,
willistoni-saltans RFEDS, melanogaster-obscura - %
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BEB X U Drosophila EfED ¥ 27 ¥ a v /N D3I
FANLoTHIET 28 E2RT 2 035 % (Pélandakis
et al.,, 1991; Pélandakis and Solignac, 1993; Kwiatows-
ki et al., 1994, 1997; Katoh et al., 2000; Tarrio et al.,
2001). Zhic2>WwTix, DNA I — F#EENO 3 K >~
FIRY Y a B BIEILAK LS, willistoni-sallans
RIHE & melanogaster-obscura 2 FE & DI TEL L
Bl clE@RT 2 EF 26T w3 (Anderson et
al., 1993; Rodriguez- Trelles et al., 1999; Tarrio et al.,,
2000, 2001; Powell et al., 2003; Vicario et al., 2007) .
3.4.2 Drosoohila Big

Drosophila FEI1Z 2 £ TT00 UL EAEL#k s ¢
WBRRE RGBT, 0 EOEFICT TN THS.
INETOWVRIC L 2 &, KIS FHERHEEZ KL
3, Hirtodrosophila |&, Mycodrosophila &, Za-
prionus J&, Samoaia J&, Scaptomyza &, B £ O
Hawaiian Drosophila 7z £ D53 EREZ &R WL DD R
HEORARMRE L U TAE(T T 515 (Throckmorton,
1975; Biverley and Wilson, 1984; DeSalle, 1992; Pélan-
dakis and Solignac, 1993; Thomas and Hunt, 1993;
Kwiatowski et al., 1994, 1997; Russo et al., 1995;
Tamura et al., 1995; Remsen and DeSalle, 1998; Tatar-
enkov et al., 1999, 2001; Katoh et al., 2000, 2007; Tarrio
et al, 2001; Remsen and O’Grady, 2002; Da Lage et al.,
2007; van der Linde and Houle, 2008; van der Linde et
al,, 2010). = L T, AHJE O T2 X virilis-repleta
W, B XU immigrans-tripunctata 5 E XS 2D
DR X 7% RJHHFED 51 (Remsen and O’Grady, 2002;
Yotoko et al., 2003; Robe et al., 2005; van der Linde
and Houle, 2008; van der Linde et al., 2010), 2415 &
Sophophora FIE DS RANZ L L 72, LEEOMOS5EH
FrebizznzhnfbLiz LfEEINS.
3.4.2.1 virilis-repleta %

Throckmorton (1975) & & % &, wvirilis-repleta 5
Wk, vivilis-repleta radiation & FEIEIL S BEIZ & - T
EUTEHEESNTWD . ZORENS 2 [ OHED & 7%
D, BPIOHE (primary radiation) 1% [HKEE % i
WAL, F D%, HKEET repleta radiation & I+
% 2EBEOREBE LIz E&NE. Z LT, mAIIOEL
TH U b DI, virilis BB, robusta T8 FE,
melanica ¥ R, carsoni B #, annulimana T8 ¥,
bromeliae T8 ¥, peruviana ¥ #:, nannoptera ¥ #£,
carbonaria TERE, tumiditarsus FEEE, B X O polychaeta
T ENEENS. —F, repleta radiation TEU Tz
b DX, repleta T FE, canalinea TE T, dreyfusi Tl
FE, coffeata FERE, B L O mesophragmatica FEFES £
EEND.

virilis-vepleta AT 5 2N & TORMEIFEIZ,
IS O D Z2REHRRMNCE LD, 2L

T Throckmorton (1975) O#i & —E 3 % X 5 & % #k
BEfRERT. BlZIE, 2L OaFREFMRICB VT,
BAIOBTHE U & SN LEHE LN ITLH—D2D
HMAMBELZERT 2 2L x L, BHTY polychacta TERE
W& vivilis-vepleta 2R ERDIRITT & 733 2 HEHFIZ H
% . —7%, repleta radiation THE U & S 2 fEfEE L
FHERBERKIICE L 2, BREUIOBBTEL LS
NaMEEDS, zho DRt L TENT >3
(Tatarenkov and Ayala., 2001; Remsen and O’Grady,
2002; Robe et al., 2005, 2010; Wang et al., 2006; Da
Lage et al., 2007; van der Linde and Houle, 2008; van
der Linde et al., 2010) . IS OFERIX, virilis-repleta
R OMEIXIAKREELIFEE L, Z0%, —HORHL
BrokRE CIRERNCAE Uz & 3% Throckmorton (1975)
DO RERZTR T2 (Marcow and O’Grady, 2006) .
3.4.2.2 /mmigrans-tripunctata %kik

immigrans-tripunctata 258, Drosophila T & D 5
5, virilis-repleta R EFR VTR O@» o 5. %
D > B, immigrans T FE, quinaria T FE, testacea TE
B, bizonata FERE, B XU historio FERE: EIXIHAREIC
DA U, tripunctata T& EFE, pallidipennis T ¥, cal-
loptera TERE, cardini TEFE, B X O guarani B £
FRBETODMEDFRD 5% . Throckmorton (1975)
WXt E, Iho ORERL, Hirtodrosophila J&, Myco-
drosophila J&, Samoaia J&, B £ O Zaprionus J& 75 £
& e BIT, immigrans-Hirtodrosophila radiation & FEIE
NHHHC ko THECT e ans. Lo, STFRRE
Bz & 2% < OWFE T, LEEOMEREN b 2 REBRK
N2 F &%V, Hirtodrosophila &> Zprionus & & 1351
RMTHLAREENRBEINE Z s, BT Ih
5% F & T immigrans-tripunctata 28 e LU TH S X
9127 -7z (Remsen and O’Grady, 2002; Yotoko et al.,
2003; Robe et al., 2005, 2010; Markow and O’Grady,
2006; O’Grady and DeSalle, 2008; van der Linde et al.,
2010). 72720, WL OO TREFEWIETIX, I
S DOHRMEN LT L dHFFSs kv (Da Lage et al.,
2007; Katoh et al., 2007) .

B, immigrans-tripunctata RO I B LTI,
immigrans TR L Z WIS E DRI THRYNCHIE T 5
W, L OWEP SRBESNTWwS (Remsen  and
O’Grady, 2002; Yotoko et al., 2003; Robe et al., 2005,
2010; van der Linde et al., 2010). L22L&235, im-
migrans TEEEZER VL7250 ORERER O BRI O W
TIERIZICAHZ 528% > (Pélandakis and Solignac,
1993; Remsen and O’Grady, 2002; Carrasco et al., 2003;
Yotoko et al., 2003; Robe et al.,, 2005; Da Lage et al.,
2007; Hatadani et al., 2009; van der Linde et al., 2010) .
¥, INHDI L, Bl &b tripunclata FEFE &
guarani TEEEICOW TR, TN ZNOERTHERKIC R
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SRV ENRBEEINT WS (Carrasco et al., 2003;
Yotoko et al., 2003; Robe et al., 2005; Da Lage et al.,
2007, 2009; van der Linde et al.,
2010) .

3.5 Zaprionus &

Zaprionus JEIF I F TR 60 BoLEHI W, TD%
W77V HEHHL, WS OLDOEWEET V7%
Za—F =7 IWAERT LS. KIEIX Phorticella J& & & b
2, SEER D & Mg N 0 1 TEAR D B Wiithani b 5 2
ETREfM T oNn S, KBEORRFHALEICDWT,
Throckmorton (1975) & immigrans-Hirtodrosophila
radiation I X D EUCERHEO—D2TH B L AT —7,
Grimaldi (1990) %, &8 2% PhrticellaJ& 8 & O
Samoaia J& & £ H 1T Zaprionus genus group & FEIXN %
HRMBE 2R U, Drosophila HIE %2 & 28 & 13
BN TAECH 2 ERBL T3,

INFEFTDOVL DPDGFRHFAVR TR, KEH
Drosophila HE %2 &1 7 v — K OIRICTHIE T 2 K
BRI IEDZV, ZOMBIRLEET, FlcOw

EARB7% £ £ Th % (Pélandakis and Solignac,
1993; Kwiatowski et al., 1994, 1997; Kwiatowski and
Ayala, 1999; Tatarenkov et al., 2001; Robe et al., 2005,
2010; Da Lage et al., 2007; Katoh et al., 2007; van der
Linde and Houle, 2008; van der Linde et al., 2010) .
7z, BT ?d Yassin et al. (2010) DO#FFETIX, Grimaldi

Hatadani et al,

(1990) #3MB 2 7z Zaprionus genus group DS 5, Za-

prionus J& & Phorticella |& 13 % 2%t T, Samoaia J& 13
immigrans TEEED D. quadrilineata W2k Th 5 Z &
PREBEIN TS,
3.6 Hirtodrosophila &

Hz'n‘odmsophila Eix I THI160 BN S 1,

R LIRS S . AEITLIET,

phlla}%@‘:ﬁ@—ﬁ)ﬁ ELTHREMT R TWwR
(Sturtevant, 1942; Wheeler, 1981), Grimaldi (1990)
N EBEANEFE S Y72, Throckmorton (1975) 2
£ % &, KE I immigrans-Hirtodrosophila radiation
DD Old World Hirtodrosophila radiation 2 & - T
EClehEIND. —7J5, Grimaldi (1990) 1%, &
& 7S Mycodrosophila J& =° Zygothrica |& & & b I
Zygothrica genus group & MEIXI %ML U 72 REE = T2
.U, Drosophila J& & \ZFEFE W TBENT R TH 3
EHBLTWS.

ZLTC, ShETOGTFRMEMETE, KEH»
Drosophila HJE % &30 7 v — K ORI THIE T 3 B
BART LB WIS, Zaprionus JEDGE LFIEE, F O
MBI ZETH S (Kwiatowski et al, 1994, 1997;
Kwiatowski and Ayala, 1999; Katoh et al., 2000, 2007;
Tatarenkov et al., 2001; Robe et al., 2005; Da Lage et
al., 2007; van der Linde and Houle, 2008; van der Linde

Droso-

3

&
et al, 2010). 772U, &k &b AKREE Mycodroso-
phila J& & DI DOV TIE, WL DhDHTFRFFE

WFE» SR I N TE Y (Katoh et al., 2000; Remsen
and O’Grady, 2002; Da Lage et al., 2007; van der Linde
et al,, 2010), Z D EIZDWTIX Throckmorton (1975)
B LU Grimaldi (1990) OMiZEOH & —&T 5. /2,
KIgD > 5, Hirtodrosophila duncani 12 OW T, [A
BOMOY avYa N L ZALMCE L RHKTH
L ZEDREBENTWS (van der Linde et al., 2010) .
3.7 Scaptomyza E<E Hawalian Drosophila

Scaptomyza J&1E 2% T 260 LA EEEHE S, £
@5%,%um@ﬁnv4ﬁﬁf,%ouﬁﬁ¢mﬁﬁ

ST 55 . —J5, Hawaiian Drosophila 134 CTH3N
VABEET, ZhET400 B LEEH SN TWS . Z
NoDy a vy a N ZBEELBEICHE OB O—>T
HBHTE, LT, ZDHEHHRKFEOR Z - 72fint 4
RONT A BN 2R T % B2 OHEFATREN D, 5
HETE 2 s, EEEZHNT 2 LTy Sk
WigesstR £ ST &7z (Throckmorton, 1966; Carson
and Kaneshiro, 1976; Kaneshiro, 1980; Hardy and
Kaneshiro, 1981; Carson and Yoon, 1982; Kambysellis
et al., 1995; Tamura et al., 2004) .

Scaptomyza J@& & Hawaiian Drosophila O 20T
B2 D Ww T, f3k, Throckmorton (1975) &
Grimaldi (1990) ORI TIHHEICE R 2 RENE ST
W5, %9, Throckmorton (1975) 12X % &, ZDOH
F X T, I b Drosophila radiation ® H @
immigrans-Hivtodrvosophila radiation THE U7z & & 1
% . —7, Grimaldi (1990) 1%, T3 D3l HEE % 2 A%
3, Drosophila )& %= & 28k L x 2 sz L
TR THD I EEEIBL, Zh & & b2, Hawaiian
Drosophila \2% Idiomyia £ S @& %252Tns.

L LS, BFREFMETICEDS S Zh & TOwt
F21%, Scaptomyza J& & Hawaiian Drosophila HSTHEREE
RS % &\ 5 5T Throckmorton (1975) % 3§
T 55, D7 V— NI virilis-repelta 25k DIk EE &
L ThE I s s Enwd | Frick A% nd mCiEE
S5 (Russo et al., 1995; Tamura et al., 1995; Katoh
2000, 2007; Da Lage et al., 2007; O'Grady and
DeSalle, 2008; van der Linde and Houle, 2008; Robe et
al,, 2010; van der Linde et al., 2010) .

%72, Scaptomyza JE DO W T, /N7 A FHGHE L
TS 2RO ONEZ s, KENSNTA
LR C—EB B REENGE L7z E WS B e, REIF AR
IR CT—E2INT A THEISHEL L 72 &£ 9 BD D 03%
255, ZOREICOWTIRIED % ICHRER 72 %
WESNTRWE, Scaptomyza J&H Hawaiian  Droso-
phila LT T 2852 FET L L, Ebonk
SO LHIEE LR T AMEMAICH S (Tamura et al,

et al.,
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1995) . %7z, H&iT, O'Grady and DeSalle (2008) i
mtDNA D#] 10 kb OHFEERLT % F v TH-F R T %
1772w, Z DR, N7 4 FED Scaptomyza Jg@»5 KEERE
D Scaptomyza JEDEIRR & 72 28N ELS N2 E»
5, o bETEEZZRL WS,

7B, WOLDOSTRMFEWE T, Hawaiiam
Drosophila FEIC 5 1F 2 DNA 0 H B 3K % HoHe L
U 7243 I AR HEE b T Tw 3 (Russo et al., 1995;
Tamura et al, 2004). 2N 5 DOHFFRIC X 3 &,
Scaptomyza & & Hawaiiam Drosophila D> L DnpDH
JE B 2 W IFRERFEDSI I, Y A ISR S B LUE]
KR Z o7z v, BERENHEN RSN TwS. bk
BN, BIIENT A NS FET 2HISCE, Ry bR
Ry M ERENE <Y DVOBABRBEFELAL, Z0O L%
7V — N SAEEIC R T B 126 5 TN T A BB &
M, v Ry 23R RERULEIZIZOHETHD
LEZZ 5N TWw3 (Carson and Clague, 1995). fit-
T, NIVAEYavYavnNTiZBIT50wL Or0Me
R DOHEIE, NTAFTNERHK L LD, 5 TidEe
WAL EBLbNDHIDE TR 572 d Litikn,

4. SEORE

Grimaldi 8% a7 ¥ a v NT ORI T 2 EH O
RE 2B L7z 1990 FLARE, g TE K OFRiH
IR IC D SWFE TR bil, ¥Ya vy avnNTd
REICBT 22 OBEfRIZ, T 0 20 FETRENICH E
L7z, L2LAEWRs, ZOFFICOW TR 72N Z S
LbZ L, SRV SR IMAVLETH 2. Hl2 1T,
Hirtodrosophila &, Mycodrosophila |&, Zaprionus &,
Liodrosophila J&, ¥ X O Dorsilopha Wi)gE 7 £ D4 FEEE
i, I d Drosophila HiJE & OB M 2RI, Zh
& D BARIY 7% B EEAIALE 2 D W TR & U TR &%
FETH%. %7z, Drosophila IED T RHD S B,
immigrans-tripunctata FE O P D RBAFRIC DO W T
WERIBR TR DL L, SBROBELFHL L THEER
NTwsd. 2LT, BENES TR, H5VIFEED
HLWEOMEICL Y, HFRHEFEFICH s TRY
YavYauNTELERELREHELET LS. /o T,
v avYaunNIRORKOEFEFEHT 520121,
IS DOHEEED TR DLETH 5 .

E72, HIETHRNE L 512, TNFE TORFETEL,
5, B &Y Drosophila J&S Drosophila HEJEIZ D\
TRHERFHIC RO AW EBNERLEbNS. fito
T, RekAicix, 2FRMFRIPIFEIC L > THS NI E
NI RHER % KT 2 X 5 %%, SRR OFRISILE
b Ltz (Dalton, 2009) .

@

B

JL¥EE R OFHIEEZER X, AfaesE T+ 5Hs
Rlefitniz72< e e bz, L OFREPE 22w
Jo. L& DEGHERL LTS .
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FohyawyawNTgiE, HED» S MEC T RSN IRa MRS 2R ->TBh, 207k
O, FEFICIRAGHEEZRO N 7Yy a v Y a yNTBEDDEORIBRE SN, 22T, X
TliX, XAy avYa N EOSEEBECIOWTHEL, N7y yarydaunNTged
SHEORLOEERZHASNICLT:. RIZ, TNETOY a7y a uNZEOW L DO R 5K 28
L, KBEBLV, INE CREBGPRBINIZE L DRFRERICOVWTHELR L. 2512, REM
MEDIEMEE TH 2 2 £ ZBS,IC LTz Yassin et al. (2010) O#FFEEFNL, &ikic, ¥4
Y avya NI EOSEOWMFERDHIAEER L.

History and perspectives of taxonomic and phylogenetic research
on the genus Phorticella Duda (Diptera, Drosophilidae)

Masanori Kondo!

Until the revisional work by Okada and Carson (1983), many taxonomists had confused the genus Phorticella
with the genus Zaprionus, because of sharing the silvery or chalky white longitudinal stripes on their head and
thorax. First, in this paper, I provided an overview of some taxonomic researches on Phorticella and their
possible related genera. Second, I reviewed some hypotheses on the phylogeny of the family Drosophilidae and
the previous work by Yassin et al. (2010) having shown that the silvery or chalky white longitudinal stripes on

head and thorax are not homologous between the two genera. Finally, I presented some perspectives of

11-17

researches on the genus Phorticella.

1. XUHIC

¥y awy avNTg Phorticella Duda (¥ 2 v
Y 3 v N £} Drosophilidae, ¥ a2 v ¥ a v N i g}
Drosophilinae) 1%, #AKERB L Z1.5-3.0mm O/ T
T, KEOHEDZ < HHEEH» & MBIz » T T 13 L <
32 OIRHEMEEF->TWS (M), 2hE Tk
2WE 11 EATH I N TBY, FrFyravyvauyn
T i J& (subgenus Phorticella) 13 1H AL X, ¥ X,
A—=ANTZVTRPSTH, =X rAhyavyaun
& (subgenus Xenophorticella Okada and Carson)
BHRERX, TF 4L 7K 4RO T WS
(Brake and Bichli, 2008) . HHZH & Iz H % R E

1) FUNRKRFRFBE A 2 AV E IR 2 R R FE 4
ERFHE
! Biosystematics Laboratory, Graduate School of Social
and Cultural Studies, Kyushu University, Fukuoka,
Japan

MeselE, ¥ a vy a v NIROENTSIER IR L
FEThL IS, KEOSHCEBELFEEEEZ S
NT&. LrL, TF4ET7R~HEERIZHMHL T
5 N7 7Y yvawYav NI g Zaprionus Coquillett
(i, D5 5D 1% Zaprionus  indianus Gupta,
1970 IEHFEF X ICIRA L7z ; Vilela, 1999) & Z OFHE
BRSO TWE 2 ens, MBOSEIE I E TIEFICE
GBLLTHY, BETLHEO WS HEERIFRREINT
Wiy, YavYaunNIROSEICBT 50T T4
OFARL, S TRMFETFIEIC L 2 RN, FHED
KH7y aw Y avNTJg Drosophila Fallén TEAIZ
frofnC&7h, 4, FEPNEER 7V —7ICBnT
b O T RMFEIENTO NGED T &7z (Katoh et al,
2000; Zhao et al., 2009 %2 ¥). oAy avyavNT
BN Ty yavyaunNTgbaFs -5 2Hwk:
SEFN < BMFIE» MM TONODOH b, £2IT, K
T, F3XREOSEANT D OLE I D W TS
L, RICTERETEE O 573 I3 5 HJ5 3 & DNA 53471
Lo THRS NIRRT BN L, KE L ZDHEE L
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1 UEE B L ORI DR tBHZ. () Phorticella (Phor-
ticella) bistriata, (b) P. (Xenophorticella)flavipennis, (c)
Zaprionus (Anaprionus) obscuricornis (de Meijere, 1916), (d)
Samoaia leonensis Wheeler and Kambysellis, 1966.

DO RFBEBERIC O WTHERT 5 .

2. FAHYIOIIaONIEDNEEE

B2 IIErAyayya v NTBOSEEBEZOWT
FibDERT.

FoHyawvYavNNT|EiZ 1923 412 Duda 12 £ >
T, 898 (carina) 2MEVv>, HHREHIE (anterior re-
clinate orbital seta) 2%/N& V>, Hfi§E=E (acrostichal
setulae) 7% 4%, HMERET (fore femur) 2 (tuber-
cle) HBEWVL L v EICE S W TETL Iz, Stur-

tevant (1927) &, Drosophila bistriata de Meijere,
PV EFrAyavyavNNTEOY A 7RI ET
pedie, KEgebvr7yyavyaunNtgo lilig
& LTH#Ho7z. Wilson et al. (1969) =° Lin and Tseng
(1972) 1%, Drosophila immigrans FEEEZ DV THIFES:
HWEsE, B X O9BEFIEE 2T, Zhoo
X T, HERF U YavvavNgd LI,
NETYYauYaunNIgEENTWAE, TN
S5fE, BLXUTHEDF12FE % D. lincosa I & L
T, Yav Vayv NNTBIZ&Hl. Wilson et al
(1969) &, W fgic 5 @At S &2 FKo>T v % 5 TD.
lineosa WHEREL V7 7 ¥y awvYav NTE»ELL
TWw3 ERRTWE, LrL, 77VHED T TV
vavYavNTELHRCIRAEERE ROV E T A
7 I& Samoaia Malloch &, D. lineosa FEHFE L BIE &
LTCiE-o&) EXAITES LTS, Okada (1977)
& Wheeler (1981) 3 hZNEHEEX, £FIzon
TOYavyYavNIROBEOH Y a7 #EKL, ¥
HyavYavNIEEFBOMIBE L THE->Tn3,
LLAEWNS, IO T EDEICEIEF >~
Ay avya v NTEEMIEE U TCHE LI onE
NTwiwv, & 52 Wheeler (1981) T, ¥ ¥ 4
VauYavuNIRENTTYYavYaunNIEDE
b oPIESTHRREE LTS5 @AFTERRED L £ Y
ARENTWE., iz, EHL6DH T ITBVTH,
P. singulavis (Duda, 1924) ($R Bt M o i b
TEYINTWE) ByavyavNge LTifbhT
W3 ZEnSHElEND K ST, TEED ST
AT IRACMEOPREO P FCELCTH L EHZ S
nNTEY, AKERAOHSEEREO N7 7y yavya
TNTJESS D. immigrans FEEED D. lineosa FEHEE & D
SEPRETHoT. ZOMEEBRT 22012,
Okada and Carson (1983) Z¥ > /4¥avyav/Nz
&, N7y yavYavoNTg, D. immigrans TEHE

de Meijere Duda Duda Malloch Sturtevant Duda Wilson ez al.(1969)  Okada (1977)
(1929)  Lin & Tseng (1973)  Wheeler (1981)

(1911) (1923) (1924) (1924)  (1927)

D. bistriata bistriata

D. albostriata

D. singularis

Phorticella & Phorticella [Eh'
Bavi Zaprionus J[EDHE(C

albostriata

singuralis

Phorticella &
BB LD HEEMNRIEND

Okada & Carson ~ Wynn eral. Chassagnard & McEvey Brake & Baechli
(1983) (1990) (1997) (2008)

Phorticella BAIC

K2: ¥FoHyavya N NTBONEEE. ¥ForyayYavnNsgRECOVT, ZHINTHroDE, b L BHED
DEOEBREAST L CORLTH L. FYESYL (unior synonym) K EWKCDWTIFI I TRREMET 5.
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D3FED, 1) TEREHIEONE, 2) g - BH O
DL EVKRMEOEHK, 3) HOBEAETRE 9 &
(epandrium, PAF, HEEE 9 i) OFRE, LT, 4)
MO A EE 9 & (hypandrium, PUF, HEES 9 f8
) FREBOMIBEIC OV THRE 2TTo7z. YavyYa
T NIRIOS BRI TR RR OREEEN L Ansh
20, KEIZBW TIHERZREROEEIZE I L 2 58037
b zDIF I OFmMIBHIDTTH L. TORER, 3H%E
Bo &0 LHAT S ENTE, TRSOWEEBETY
BELT, ¥v4yavYavnife br7ysay
VaunNTEEHERTLELLIC, HiEEF VA Y a
vYauvNTHigt kXA vavyav NTiig
W, BER NS T vvavYaynNTlige by Iy
vavwYauNiifE (subgenus Anaprionus, JRECHL
T Aprionus & 7 %4 & 17z HY, £ 12 Itonididae @
Aprionus Kieffer, 1894 O E Y4 (junior homo-
nym) THEZENDHDLZ eBbrD, WHST,
Okada, 1990) OZzhZh 2HEICHELL: (ED. L
»L, HEOSEICBWTHY S, BERHRORH
ity , H e BEO < STRRAIEZR > Twz v
BEEI=tkxXrhvavyauynNziig b 77y v a
TP auNTBIHEBLTEY, HEOSEPEZED
% &, MEEERT 2HEREDREL TWE I Ltk
% . Z®Dt, Okada and Carson (1983) DEFICHED
W, Wynn et al. (1990) ¥ > Hyavyaunx
BB 3 FMEL2ELH L Tw 3. Chassagnard and
McEvey (1997) 3~ HAHNVEAST N TELS =%
FrhvavyavNTHlED 2HEEELEKL Twb.
Chassagnard and McEvey (1997) Ti%, Zo® & Eid#,
SN2 E P (X)) bakeri (Sturtevant, 1927) 1%,
Okada and Carson (1983) iBWT=kFrH¥av
YauNITHEEREED T LPE L S NICEILFR O
Bfis 2o Tk na s, BEEHR 0ROt
ZIZHBEEEE O BEETIERL, P. (X)) flwipen-
nis (Duda, 1929) WFFORERA OFE Tldiz v Ll
Twa., ¥/, FroPLHB LI 2HEDS 5, P
(X.) ochroptera 355 9 JEN O HEHHLIRE A 1304 L Ap 7z
{, Okada and Carson (1983) TEZ SN l-F v 7

YavyavnNTEORELE—H LY., E5i1T, =%
FrhvavyvayvnNzHiBE MNPy yayyaun
ITHEOERCHEILLRONDG. Frhyavyay
NIBEEETIHEEE L LT, 69 WRBHEL R
WEINTWEN, =X hyavyyavy NTgP.
(X.) flavipennis DHESR 9 X, THER (surstylus)
EFHEA L TBVBEPIRNEETH 20, LATHS
LIS OERIE N 7y vy a Y a yNTED & 5 i
ELTWw3 2o »5. %72, Wynn and Toda
(1988) W ko TCi#ani, vrFFyyavvaun
THED Z (A.) aungsani 1Z 27 O “EW” difie
HMEEF >IN Twb . Zhik, Okada and Car-
son (1983) DEFEICIZ EF U A yavyayNNT)g
DEOIEIPE TH 5. EE, EZXEFROR T v F 2R
L, ZkFUHyavyavNTHBEOMR R
EIEECHEUL TCwR b d. 20X, fEk
® Okada and Carson (1983) X 2EDEEIZH TIX
FORVWENROMLST WS I DS, Okada and
Carson (1983) DAREICECHE S L7 FE D &0 7o 5 FHEN
FRE 2170, ILLEBOEELZITOLEND S .
Okada and Carson (1983) &, ¥> Ay avyav
NIHBOMARIR L~ X av Y a v/ NL]E Scapto-
drosophila Duda DL EBIROFLICOVWTHFERLT
BY, TOBDOWL OLOHIRIC L > THREKD Z L8
EfENTw3 (Wynn et al., 1993; Chassagnard and
McEvey, 1997). ¥ X ¥ a v ¥ a7 N T J& ¥ Duda
(1924) 12 X > T & 1, Wheeler (1949) 12 k- T
vavYavuNTEo 1 EER Y, Grimaldi (1990)
WKLo THUVBANLFBSNIREE2RD. ZhiTl
AR TR 300 FEMEHE SN TBY, YyavyawunNfl
DOHFTHREHDLWED—>D S 2 % (Brake and Bi-
chli, 2008). ¥ X ¥ a vy a UNTIBIFEENZL W L
Mo, EHESHEUANOSEEIRIE I NETIEEAL
TonTwiwh, ZOREBHFRHEIOZRS»S, BZ
SRAERMBEL R Z2OTERVLEEZOND. T X
v avYavunNIgEREEOFERBRICOL TR, B
& 25 O B2 FEHE S iz e WEFEHIE 72 v A, Bock
(1978) X, HEF >y avyav @ cgins

% 1:0kada and Carson (1983) W&o TmRENLF oAy avdavyNLg, N7 yyavyavunNig,
D. immigrans Tl BB T 2HERE. RT0ES, HES»S “YavyavnNz” 3EKLTWwS

S FrUE LT VIR o ‘
R E ¥ AER —t ¥ AR T IR L D. immigrans TEFE
FIRERIEDERE & INE XL e
ARG E D AT BIARGRAIEIC X D ST BIARAAIE & NEHTERIE O o BIRGRIEC X ViTwy
THEEE 9 IR DI HE fHEL TWRn fRLTW3
HESS 9 MEM o BBk o . . 1% or 23%f
K& 23/ R 156F,/ 58 e
BEIS R D SR e 5 L bY by
e IO < & ORAIE L HY HY

Hhff o SR TS Rk

4 AR 5K or 7K
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P. (P.) albostriata (Malloch, 1924) O B2 BIZ L,
Y AvavYavuntlg (SR YavYavNTEe
AYavYaunNIiiE) CEENLZOTERVEH
BLTWwS . EHODOWFETH, WEYAYavYay
NIJESNTOLBREOTIZ, ZOFREENEHED S X
YAHvavYaynNZBELABLwERbh N
BENTVLIENREBEINTED, S~ AYyavy
VaunNIgEF A avYavnNTgEoBRIzO
WTHEBRIMRPNETHS S .

3. FOAHYIHYaINIEODRBEENIAE

FohyvavYavNTBIEINETRKABXRZESR
D, N7 Yy avYauNNTEe D. immigrans FEEE
ERBELTHONIZY, Fi, Fohvyavyaun
IHEE~ A Y a vy a vNTEOBEREREDE
MWMNE RNz LTERD, 2o DEBO SRR
WKOWTORIZIZEA EfTbR TR, 22T, &
RTlky avya v Noilown OrORERN 2 RHIK
BIZOWT, INE TIAR L RN RBE NS
— 7 D RARIINLE R RARBERIC 2 > TRA T 5 2
LT, YawyavnNIRHZ BT B AREOREINLE I
DWTHFZELIZ V.

£212, vavyauvNIRORFIRGHOREN L b
DIZDWT, 1RIEHE, AuloEROK, RifiE i
W EE R .

3.1 FEREREICED L R

SRR EICED S RMIRBLORKRN L b D L LT,
Throckmorton (1975) RE#AH YD, ZOMIAKFH & L
T Grimaldi (1990) 2325 & 11 % . Throckmorton
(1975) O RMeAEIE, INCuH, HERERLH O R4 JEE
B OB O BT I E D & R e Thh
T3 . WORFHEETIX, ¥ a vy a v NIRORK
EADBEBIZBNT, W DPDRHD A4~ b
(Radiation) 234 U, # % 1 D Radiation THEXZ 72

TRENMEL T E T2 eFEZ o TS . HORMARE
W, ¥V A vavyaynNIBEEER TR, KE
EOEOBREME SN N T Yy a Y g UNTER
D. immigrans TEEIX VT 7 4 7@ D. quinaria &
EDO—EHDYayYavNTg LI, immigrans-
Hirtodrosophila Radiation 225 L7z && 2 65T
Wb, —AT, Frhyvavyav gt ORER
DEFELUNRBENT Ay arYaryNNTgly, vYav
YVavNTHEORYIOKETdH % Scaptodrosophila
Radiation > 63t L7z &F 2o, 77y yvay
Y a UNTIER® D. immigrans TEEE L X, RFHICEENR
TBMRCHDEF XS
Grimaldi (1990) ¥ av Y a v NZRDIFIET X
TOEEM#EST 2, FFICEH L DE, HEICOWT, B
RO EE I CED X RIFBIT 21To72. 2 OfF
B, ForvavyauvnNTBEIvr 7y yavyay
NG, PETVATIREFLZ 7 V- FEEKRLI:. 20
7V —Fik, Bigic 18 EoRBAGHE RS, h
Bl - BN < S ORAIE R R D, Rk EOZMEPE ICED
WT, N7 YyvauYaunNTgEitl L TERESN:
(B3). L»L, Grimaldi (1990) O T >4y a
v YauyNTRORFEL L TERE S NP argent
striata (Bock, 1966) 1%, Okada and Carson (1983)
DIFEFNSETLE, NP7y yavy av TGO
Stegana

Steganinae
Amiota

s J .
Staptodrosophila

Chymomyz
Zygothrica gen.-&1

Hawaiian Drosophila

Scaptomyza gen. -« .
Drosophilinae
Subg. Drosophila

Subg. Sephophora
Rorticend
_E Zaprionus
Semoaia
Styloptera gen.-ar.

3 Grimaldi (1990) 12Xk %y a7y a uNZRORMIK
. AKX EBEROZWBIZOWTIZSIEIET 5 .

Zaprienus gen.-gr.

K2 vavyayNIRORr R RHIRE. RENZLDICOWT, RIEH, SEHO, HEK
AW EICOWTRLTH S . Z DO R DT ik van der Linde and Houle (2008) %

Y A

HEEH Elis

R C AW E

a7 auNnNIEeR
Throckmorton (1975)

Grimaldi (1990) 50 J& 127 &
Remsen and O’Grady (2002) 20 & 46 FE

van der Linde and Houle (2008) 9 & 297 &
van der Linde et al. (2010) 12 J& 126 f&

FoH avTaINnIBFrEEN LD
Yassin et al. (2010) 6 g 25 i

65 (8, FERFR YY)  TERERE O, W, RKEpNEpEL &)

SRERZE (MEHERR RANIRIEHE)

DNA 7—% & FRERLE D& it
(JERe, 16S, 28S, Adh, COIIL, Sod)
R—s8—Y 1) =K & 2 R

(127 et % FI VERL)

DNA ¥—% (Supermatrix)

(Adh, Amyrel, per, Ddc, Sod, ypl, 28Sdl,
28Sd2, 285d8, COI, COII, COIII, 16S)

DNA 7—% (Amyrel, COII)
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&N TWwW5b. L7eh->7T, Grimaldi (1990) O fi##r
WRFITYyarvYaunNT@gigiEntnichrolzl
LWk b, B, Zaprionus argentostriatus (Bock,

1966) X, Wynn and Toda (1988) 12 & - T Za-

prionus  bogoriensis Mainx, 1958 D Hr £ [F ¥ = 4
(junior synonym) & E#L7z.
3.2 DNA F—¥([CED K RifiRE

DNA 7—% 2wy a vy a v N RO RTHEE
X, ZLOWERZFICL>TIThbTWw5b. DNA 7—%
RO RHBEROFRI2E, DNA 7—5 L IBEREEE
T — % R A EDLE R (Remsen and O’Grady,
2002), WERICHES N 12T O RFMH 2 A——Y
V=i X o TENT L7z H D £ T (van der Linde and
Houle, 2008), &4 7 DNA $HILS°, M HEICL - T
vavya yNIRORFHEENIHAASNLTVE. Th
FTOWFICOWTiEvan der Linde and Houle
(2008) DRIZHLPVRTLEEDLNTWVWELDT, £
b5 EREBEENIZ. 22T, van der Linde et al.
(2010) ICX->TRIBEI NIy 3 7Y a 7 NZRORK
R DWW THEA L7z . van der Linde et al. (2010)
B2 176 FEIC O W TR AKIZOEL 2T THEOD
DNA Bigl % v CRITEMENT 217572, B4 13 van  der
Linde et al. (2010) DRLEIC & > TH S L7 R
PO THS. FrHyawvyay NNy
ET7A TIBIEETICEOONTES T, N7 YYay
Y a NI EHORFBERIC OV THERT LI LR T
o, S DORFURR T, PFT YV avYaun
T J& X D. immigrans T& Bt ° Hirtodrosophila |& ,
Mycodrosophila & 7 V—F 2K L TED, Zhix
Throckmorton (1975) 237/~ ¥ L 72 immigrans-
Hirtodrosohila Radiation & £ { —&H L Tw3. &5
2, ¥FUAYawvya v NTHliE L R RESROELER
MBI Ay arvYauNTg@glx, oy avya
N THRE & GlREEBEMG & 72 B R L Chymomyza J& &
THRRERATR & 72 2 R4k (rufifrons FERE+ victoria TEEE)
D 2 DDFIL R SHWL I N B IEHRMRETH S

Subgen. Drosophila (immigrans-tripunctata gr.)
Gen. Zaprionus

Gen. Liodrosophila

Gen. Mycodrosophila, Gen. Hyrtodrosophila
Subgen. Drosophila (virilis-repleta gr.)
Hawaiian Drosophila

Gen. Scaptomyza

Subgen. Dorsilopha

Subgen. Sophophora

Gen. Scaptodrosophila (rufifrons+victoria gr.)

Gen. Chymomyza

Gen. Scaptodrosophila

Steganinae

4 : van der Linde et al. (2010) ICk3¥a vy a Nz
BlO RS, A EBROBWEIZOWTIZS VBT
5.

EDTREEE T,
3.3 FUAYaDIauNIBEERBHI,?
INETOVTNORMRFICE TS, FoAY 3
VY avuNTRBRIETCEENTES T, b TF T
vavvavnNTEHEET 2 3EES LT LT
NTCnWnkd, FUhyawya v NLEDIHAL
B, N7 Yy avya v @O RN R
TAHZERTERDLoT. ZOWRMEBRT 272012,
Yassin et al. (2010) X b7 7 ¥y avyavNNT@gi
DHAMHEZRIET 2 2 L 2HME LT Yy ay
VauvnNzlE2iiEiEEESL, 6B BEIIONT
Amyrel 35 £ COII $83% 0 DN A FiF 12 2D = R fi#
WiafTotz. ZORE, VA7 vyavyav g
ERERT 5 3BT RTERLZ 7 Vv—NIcgEh, b7
TyyvavyavNTEREIRRRMETDH S 2 LHUR
Wahie, S5, ¥rhyvavyauNTHigiZfho
YavYa N NTHEHBT T EMiRERERICE D, —
F, =kFrhvavvavNzHREE NS YV ay
YVauyNITHBEO—HEIV—-—FERBRKL, ¥ Uy a
7Y a NI EOBERIMEETERL v 3 AIEF ICH
BREWFEE N 5 117z, Yassin et al. (2010) X & 5
W, N7 Y Y avYaunNTEEEERL T
DOIRHAEMEZOEICEEH L, BT v THEZ
BiToleb b, N7 VY avYaynNIlifl=t
Frhvavyvav NTHBOREEMSEIE, MNE
(microtrichia) WEHEL TEZ L LI L HERT
HY, TN LTCF Ay ayYa yNNTlige s
FyyvavyavNTHiEORAGHRICE, BELT
2 5HUNEIZR S, BROKXEDL LZHBEEZEDL
BIXEoTELLDDTHLZ RO ER ST E
Mo, BE, FrhvavvauvnNTge by 7 vy a
VY a vNZEOSFEOREE W TR A A s
&, Bz 2EECHERT 2IHERLETH 5 2 LAVR
I .

4, FHY3HIaHINIBOHAEDSHE

Yassin et al. (2010) OfFEIC LD, 1) Fo v a
VY a vNTENIEFEAREEE T S Z L, 2) RAMH
FIIJEMAFERE TH Y, BB X UHEM O S Ay
LIEMTEROIEDWRBENT. fEROXF Y H Y a
VY aUvNTEOERMES LTSN o 2 En
5, —kFrhvavyvauvNzHiErHEE T 5D
W, TREDNTF Ty avyavNTRBET D0
EOSEFEHIR N EED, ¥y avYavNTED
SEYNERESLETH S . FRFIC, RN b
7o, JERRHBECTH D ENRBRENIY XY a Y
Y auNLEEDRFERICOWT b & S ITHETT 5400
ERD L. EEHEOINETOWSETIX, van der Linde
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et al. (2010) O~ Xy avVa v NTED 2 RHD D
5, rufifrons TR+ victoria TEREIX, ¥y awvYa
INTHE E WL O DR EHRIERROERELZ LG L
TEY, MESREECTERBERCH 2D TiEE W
MEWVI ZENRBEINTWS., S, ¥oAhyav
VavuNnNTgL, vXYavYauNLEOER RS
LT R 2175 2 & T, WIE ORI R MEI iR
WZDOWTOHF L WARFIRHE L O, HEIRERE ICED
D FRRAZIRRTELDOTE B biL5.
BB, HAOMKKICOWTY, SHROMRICHIRFS
N3ZE%ELLTEBEW,. Yassin et al. (2010) &
£ o T, IMHOHEPERORFR CEMLL TE 729
FIEECTHL I ENRBEIN, FohyavyawunNT
HIBFMUNEIC X 2 RHEMEEZRwEINTWY
7. LdL, REOEESOWFICLD, ¥y ay
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Flies of the Colocasiomyia cristata species group depend their life cycles on specific host
plants of the family Araceae and play important roles as species-specific pollinators in return.
A pair of ‘stamenicolous’ and ‘pistillicolous’ species cohabit in the same inflorescence and such
pairs have been reported from different host species and different geographical regions. To
understand the evolution of host selection and cohabitation and the divergence between
stamenicolous and pistillicolous species in the C. cristata group, we conducted molecular
phylogenetic analyses. The mitochondrial ND2 sequences (maximum 858 base pairs) of 27
OTUs were analysed. Phylogenetic relationships reconstructed by the neighbour-joining,
maximum parsimony and maximum likelihood methods were summarised in a consensus net-
work. The resolution in the inferred phylogeny was higher than those in the previous cladistic
We recognised three main clades: the C.
Comparisons of

studies based on the morphological characteristics.
colocasiae-alocasiae, C. diconica-xenalocasiae and C. cristata-sulawesiana clades.
ecological traits among species on their phylogenetic relationships revealed that the origins of
cohabitation and stamenicolous and pistillicolous breeding habits are more complicated than
thought in the previous hypothesis. Since the number of the species is limited in this study, more
biogeographic information and comparative ecological studies based on reliable phylogenetic

trees with comprehensive taxon sampling of both Colocasiomyia flies and their host plants will

be necessary.

1. Introduction

The genus Colocasiomyia de Meijere, 1914 (Dipter-
a: Drosophilidae) comprises 26 described species and
approximately 46 undescribed species distributed in
the Oriental and Papuan regions (Sultana et al., 2006;
Toda et al., unpubl. data) and is classified into five
species groups (Okada, 1990; Sultana et al., 2002;

Sultana et al., 2006; Yafuso et al., 2008). The mem-
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bers of each species group visit a specific taxonomical
group or groups of host plants in the families Araceae,
Arecaceae and Magnoliaceae (Sultana et al., 2006)
(Fig. 1).

especially high host specificity: each species usually

Flies of the C. cristata species group exhibit

utilises only one or two host plant species.

In addition to the host specificity, particular
breeding habits and larval development in their host
inflorescences and infructescences were reported for
certain Colocasiomyia species. It is sharing of the
same inflorescence by a pair of Colocasiomyia species
with microallopatric breeding niche separation: one
species, referred to as “pistillicolous species”, mainly
utilises the lower pistillate region (female-
inflorescence) of spadix for oviposition and larval
development, whereas the other, referred to as
“stamenicolous species”, the upper staminate region

(male-inflorescence). This phenomenon was first
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Cladogram of Colocasiomyia Taxonomical group
of host plants

Colocasiomyia  [amily] [Subfamily] Tribe

species species group
micheliae [ EREIEEEE)
— zeyiancs  AREEAGERE]
C. sp.K1 Ungrouped
C. gigantea Ungrouped
C. sp.1 aff. sulawesiana*?
C. sp.2 aff. sulawesiana*®
. _kC Colocasieae
C. diconica cristata
C. xenalocasiae*4 [Araceae]
C. colocasiae"® [Aroideae]
C. alocasiae 4
C. heterodonta ®
C. xanthogaster *® toshiokai Aglaoneateae
C. toshiokai
Homalomeneae
baechlii ) .
Schismatoglottideae

Figure 1. A hypothesis on Colocasiomyia phylogeny and
species groups corresponding to the taxonomical groups of
their host plants [after Sultana et al. (2006) with modifica-
tion]. The cladogram was obtained based on 62 mor-
phological characters. The members of the Colocasiomyia
cristata species group visit inflorescences of the tribe
Colocasieae (sensu Mayo et al., 1997, Araceae), the C.
baechlii species group to the tribe Schismatoglottideae
(sensu Mayo et al., 1997, Araceae), the C. crassipes species
group to Michelia species (Magnoliaceae), the C. toshiokai
species group to the tribe Homalomeneae (sensu Mayo et
al., 1997, Araceae) and the C. zeylanica species group to
Pinanga species (Arecaceae). TStamenicolous species; *
pistillicolous species; each alphabet (a-f) indicates cohabit-
ing species in the same host plant.

regarded as “synhospitalic pairs” or “synhospitalism”
(Eichler, 1966) by Okada (1980) for Colocasiomyia flies,
but is referred to as “cohabitation” in the present
study.

Such cohabiting traits have been reported in
different host plants, from different geographic areas
and on different species groups of Colocasiomyia flies.
For example, some species pairs of the C. cristata
group have been reported to breed together on inflo-
rescences of the genera Colocasia and Alocasia (Carson
and Okada, 1980; Honda-Yafuso, 1983; Toda and
Okada, 1983; Okada and Yafuso, 1989).
Colocasiomyia stamenicola (Carson & Okada, 1980) and
C. pistilicola (Carson & Okada, 1980) have been record-
ed from inflorescences of Colocasia esculenta (L.)
Schott (Carson and Okada, 1980), and C. alocasiae
(Okada, 1975) and C. xenalocasiae (Okada, 1980) from
Alocasia odora (Roxb.) K. Koch (Honda-Yafuso, 1983;
Yafuso, 1994).

In some species, and presumably in most species,

Colocasiomyia flies seem to depend on inflorescences

and infructescences of host plants almost throughout
their entire life cycles (Takenaka, 2006). In return,
some Colocasiomyia species have been confirmed to
play important roles as species-specific pollinators for
their host plants (Carson and Okada, 1980; Kramadi-
brata and Hambali, 1983; Yafuso, 1993; Mori and
Okada, 2001; Miyake and Yafuso, 2003; Takenaka et
al., 2006). Colocasiomyia flies and their host plants
may have co-evolved through such intimate relation-
ships. Further, these pollination mutualisms may
have increased species-diversity of both Colocasiomyia
flies and their host plants.

During the last decade, a considerable number of
new species have been found in the genus
Colocasiomyia (Sultana et al., 2002; Sultana et al., 2006;
Toda and Lakim, in press; Toda et al., unpubl. data).
These discoveries lead us to a new phase of study on
the taxonomy and ecology of this genus, because the
observed variation in ecological traits of some new
species cannot be explained in accordance with so far
proposed hypotheses for cohabitation of
stamenicolous and pistillicolous species: in some Sys-
tems one fly species monopolizes the host inflores-
cences (Takenaka et al., 2006), while others may
cohabit with up to seven other species (Toda and
Lakim, in press).

Okada (1980, 1986b, 1988, 1990) carried out
phenetic analyses and proposed the classification of
species groups within the genus Colocasiomyia.
Grimaldi (1991) was the first to examine phylogenetic
relationships among species of this genus by a cladis-
tic analysis using 22 morphological characters. Sul-
tana et al. (2006) conducted another cladistic analysis
for 21 Colocasiomyia species based on 62 mor-
phological characters and revised the classification of
species groups within this genus (Fig.1). The clado-
grams resulting from these two analyses were consis-
tent in supporting the monophyly of the C. zeylanica
and C. toshiokai species groups but incongruent with
each other at many points. The C. c¢7istata group was
suggested as a paraphyletic group in Grimaldi (1991).
Sultana et al. (2006) recovered its monophyly, support-
ing the proposition of this species group by Okada
(1990), but remained phylogenetic relationships among
and within species groups largely unresolved (Fig. 1).
As to the relationships within the C. cristata group,
stamenicolous species such as C. colocasiae (Duda,
1924), C. alocasiae and C. stamenicola formed a clade

in both cladograms, but the phylogenetic positions of
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pistillicolous species such as C. xenalocasiae, C.
diconica (Toda & Okada, 1983) and C. sulawesiana
Okada & Yafuso, 1989 were unstable or remained
unresolved.

To understand the evolutionary processes of
mutualism between Colocasiomyia flies and their host
plants and cohabitation between stamenicolous and
pistillicolous species, we must know precise
phylogenetic relationships among the species. In this
study, we aimed to resolve the phylogenetic relation-
ships within the C. cristata group based on a molecular
phylogenetic analysis using the mitochondrial NADH
dehydrogenase subunit 2 (ND2) gene sequences and to
consider the evolutionary origins of the breeding
habits, cohabitation and host selection in this group.

2. Materials and methods

Twenty-six operational taxonomic units (OTUs)
were selected as the ingroup (Table 1). On the basis
of the research by Sultana et al. (2006), we included
the DNA sequences of Scaptodrosophila lebanonensis
(Wheeler, 1949) (the GenBank accession number
HQ110598), Drosophila immigrans Sturtevant, 1921
(HQ110577), D. virilis Sturtevant, 1916 (HQ110586) and
D. funebris (Fabricius, 1787) (HQ110575) as the out-
group. The sequences of C. alocasiae and C.
xenalocasiae from Okinawa were provided by R. Seg-
awa of Tokyo Metropolitan University. Adults of
other Colocasiomyia flies were collected in the field
between 2003 and 2007 and were preserved in 99.5%
ethanol until DNA extraction. DNA was extracted
from one adult fly by the method of Boom et al. (1990)
with some modification (Kobayashi et al., 2009). The
ND2 fragment was amplified by the polymerase chain
reaction (PCR) technique. Nucleotide sequences for
the primers were as follows: ND2 HEAD, 5'-
AAGCTACTGGGTTCATACC-3' (tRNA-Trp); ND2
TAIL, 5-ATATTTACAGCTTTGAAGG-3 (tRNA-
Met). PCR was done in 25 uL reaction volume with
mixture contained 2 mAM Tris-HCl pH 8.0, 10 mM
KCl, 0.01 mM EDTA, 0.1 mM DTT, 0.059 Tween 20,
0.059% Nonidet P-40, 0.2 mM of each ANTP, 5-10 uM
of each primer, approximately 0.5 g template DNA
and 0.65 units Blend Taq polymerase™ (TOYOBO,
Japan). PCR amplification were performed for 35
cycles using ATC 201 thermal cycler (Apollo, Bel-
gium) under the following parameters: 94°C for 30 s,
52°C for 30 s, 72°C for 1 min, except for the first cycle

of 94°C for 3 min and the last cycle of 72°C for 10 min.
DNA sequencing reaction was carried out using Big
Dye® Terminator v3.1 Cycle Sequencing Kit (Life
Technologies, USA) and the nucleotide sequences
were determined using ABI PRISM® 3100-Avant
Genetic Analyzer according to the protocol supplied
by the manufacturer. DNA sequences were analyzed
by Sequencing Analysis Software v3.7 (Life Technol-
ogies) and MEGA software version 5 beta 7 (Tamura
et al,, 2007). Finally, we retrieved maximum 858 base
pairs of the coding region for each resulting sequence
(DDBJ Accession numbers AB609013—AB609038,
Table 1). We aligned the sequences using ClustalW
program with codon model implemented in MEGA 5
with gap opening penalty 10 and gap extension pen-
alty 0.1 for pairwise alignment and gap opening pen-
alty 10 and gap extension penalty 0.2 for multiple
alignment following the default setting of the pro-
gram.

We performed the neighbour-joining (NJ) and
maximum parsimony (MP) methods using MEGA
software. All codon positions were included, but all
indels and ambiguous sites were treated as missing
data. In the NJ phylogenetic reconstruction, the
evolutionary distances were computed using the
Tamura-Nei (1993) model and pairwise deletion
option. In the MP phylogenetic reconstruction, the
most parsimonious trees were obtained using the
close-neighbour-interchange (CNI) algorithm at
search level 3, in which the initial trees were obtained
by random addition of sequences (50 replicates).
There were 858 sites in the final dataset, of which 337
were parsimony informative. The strict consensus
tree was generated from the two most parsimonious
trees. We also performed the maximum likelihood
(ML) phylogenetic reconstruction. The KAKUSAN
software (Tanabe, 2007) version 4 was used to deter-
mine the appropriate model of DNA substitution; as a
result, CodonProportional with TVM +Gamma model
was selected by the corrected Akaike Information
Criterion (AICc4). ML analyses were performed
using Treefinder (Jobb, 2008) with the 100 iterations of
the likelihood ratchet implemented in Phylogears
software version 2 (Tanabe, 2010).

To assess the branch confidence on the NJ, MP
and ML trees, the bootstrap test (Felsenstein, 1985)
was performed with 1,000 replicates. The resultant
trees were rooted using the outgroup. To help the

visualisation of conflicting or ambiguous phylogenetic



Kohei Takenaka Takano, Awit Suwito, Jian-jun Gao, Jian-tao Yin

22

8¢0609dV BISARIRIA ‘Odul0g] ‘YeqRS ‘M[BqRULY BIOY] 1-23 uvisomppns “jye g-ds 0¢
LE0609d Y BISARIRIA ‘OduI0g ‘YRqRS ‘N[BqRULY BIOY] 't vupsomppns “jye 1-ds 6¢
906099V BISOUOPUJ ‘IS9MB[NG [IN0G ‘Sueyaiuy (2! DUDISINDINS 87
GE0609dV BIS2UOPUT ‘BAR[ JSOA\ ‘SIWUEID [t DIojsiLo Le
$£06099V BISOUOPU] ‘BAB[ JS9A\ ‘USpIeL) [BOIURIOY 1030g ¢1-2 DIDISILD 97
06099V BISOUOPU] ‘BAB[ 1S9OA\ ‘U9pIeL) [BOIUBJOY 1030g 9-23 DIVSILY Gz
2606099V viseuopu] ‘eae( jseq ‘eindreyepey 8-831 vowmonp “3ye 1'ds Ve
10609V BISOUOPUT ‘BAB[ 1S9\ ‘USPIBD) [BOIUB}O( 1030¢ 783 vouonp “3ye 1'ds €
0€0609dV BISOUOPU] ‘BIJBWING IS A\ ‘TWE[RYNS-UBPR] L-83 Dowmodzp 44
6206099V eISAR[RIA ‘odulog ‘Yeqes mesumsy] ‘uldy uidy "8y €83 Dowoop 1
8206094V BISQUOPU] ‘BAB[ JS9p “1030¢ ‘YeSus], NS 9-831 voruosp 0¢
1206099V BUIYD ‘UBUUNX ‘Uspier) [edluejog [edidoi], euueqduenysiX  91-70A9007 VISVI0]DUIX 61
9206099V uede[ ‘emeun|Q BMBZ9G oVISVI0)DUIX 81
6z06099V BUIYD ‘URUUNZ ‘UdpIer) [edluejog [BO1do1], BUUBR(SURNYSIY ST-70A9007 vjo2tuawmv)s “yye ~ds L1
7206099V BUIYD ‘UBUUNX ‘USpIes) [edIuRlog [edldol], euueq3uenysry 21-83 vjo2uuamn)s “jye -ds 91
€206099 VY BUIYD ‘UBUUNK ‘Uspier) [edluejog [edidol], euueq3uenysry -8 aVISVIO]D V1SVI0]02 ¢1
2206099V uede[ ‘emeun|Q BMBZ9G MISVIO)D DISVI0]02 jal
1206099V BUIY) ‘UBUUNZ ‘U9pIeL) [eOIuRjOg [BO1do1], euUuR(IURNYSIY 217049002 IDAIUPNI]S aDISVI0] 09 T
0206099V BIssuopu] ‘eAe[ 1sey ‘enduieyepe]y ‘033ul[oqoild  LZ-F0A9007 uvpuvysy “Jye 1-ds VISVI0)09 71
6106099V BIS2UOPU] ‘BIBWNG ‘TOULIDY  97-704900% UDPUDSL VISV0]02 1T
8106099V BISAR[RIA ‘O9Ul0g ‘YR(BS ‘I9lieny) peaH IBJ N[R(RUIY] -3 D1S20]09 DISVI0]02 01
2106099V eISAR[RJA ‘O9uIOg ‘Yeqes nesurudy] ‘urdy uidy 33 -3 aDISVI0]0I 2D1SVI0]09 6
9106099V BISOUOPUJ ‘BAR[ 1S9A\ ‘1030¢ ‘Ye3u9 ], NS A’ DISVI0]09 aDISVI0] 09 IDISILD 8
¢106099 VY BUIY) ‘UBUUNX ‘USpIer) [edluejog [edidol], euueqduenysry 90BN 1xds A
106099V BISOUOPU] ‘BAB[ JS9A\ ‘USpIRL) [BOIUR)OY 1030¢ 0223 VAUDELS 9
106099V BISQUOPU] ‘BAR[ 1S9A\ ‘U9pIeL) [ROIUR)OY I030Yg 61-23 VoUDTIT padnoxdun DIULOISDIO]0)) 4
GLS0TTOH sugounf sugounf (vydosoL) 14
98G0TTOH sy sy (12yqoso4q) ¢
L2S0TIOH SUDASIUULL SUDASIUULL (vpydoso(T) D1y JoSoL(T Z
6S0TIOH SISUU0UDQ2)] D)1y Jos04poignas arur[ydosoiq T
"ON UOISS900y £)1[8207] al so10adg dnoi3qns-so109dg mmwh%w snuadqng snuan) A[nweyqng

sesA[eue d11ouad0[Ayd Ie[NI3[OW 9Y) 10 pasn (S() [,O) SHun drwouoxe) [euonerad( : 1 o|qe|



Molecular phylogeny of Colocasiomyia

signals among the NJ, MP and ML trees, a consensus
network (Holland et al., 2004) was computed using the
SplitsTree4 package (Huson and Bryant, 2006) with-

out edge weights (Holland et

al., 2006). The consen-

sus network was modified to a species tree (network)

and compared with informati

on on cohabiting pairs,

host plant and breeding characteristics.

3. Results

All conspecific OTUs

formed monophyletic
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100
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Figure 2 : The phylogenetic relationships among OTUs in the Colocasiomyia cristata species group and related taxa.
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clades except for C. alocasia in the ML tree (Fig. 2C).

The

branching patterns of the NJ, MP and ML trees

mostly agreed with each other except five branches

that

values (Figs 2A-C).

were associated with relatively lower bootstrap
Such topologies with signals of

phylogenetic uncertainty were represented by box
structures with parallel edges in the consensus net-
work, which was computed from the NJ tree, the two

most parsimonious trees and the ML trees as input

(Fig. 2D).

One of the five box structures was located

at the clade connecting C. sulawesiana, C.sp.l aff.
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sulawesiana and C. sp.2 aff. sulawesiana and the other
remaining OTUs. This structure simultaneously rep-
resents two different topologies: (C. sulawesiana, (C.
sp.l aff. sulawesiana, C.sp.2 aff. sulawesiana)) in the
NJ tree and ( (C. sulawesiana, C. sp.1 aff. sulawesiana),
C.sp.2 aff. sulawesiana) in the MP and ML trees.
Likewise, two other box structures were located
between external branches in each conspecific clade
of C. diconica and C. cristata de Meijere, 1914. For
the remaining boxes, each box was located at a node
that connects three different species or clades: (C.
diconica, C.sp.1 aff. diconica and C. xenalocasiae) and
(C. colocastae, C. alocasiae and (C. steudnerae Takena-
ka & Toda, in Takenaka et al., 2006, C. iskandari
(Okada, 1986) and C.sp.l aff. iskandari)) . The C.
colocastae-alocasia clade exhibited a reticulated struc-
ture because of the paraphyletic topology of C.
alocasiae in the ML tree.

We redrew the consensus network (Fig.2D) as a
modified rooted species network (i.e. species tree) for
the ingroup (Fig.3). The clade consisting of C.
gigantea (Okada, 1987) and C. sp.X1 was placed as the
sister to the C. cristata group. The C. cristata group
was first divided into two clades associated with high
bootstrap values (99-100%, Figs 3A-C), one compris-

ing C. colocasiae, C. alocasiae, C. steudnerae, C. iskan-

dari and C.sp.l aff. iskandari and the other compris-
ing the remaining species. The latter further diver-
ged into two clades associated with moderate to high
bootstrap values (70-100%): (C. sp. aff. stamenicola, C.
xenalocasiae, C. diconica and C. sp.1 aff. diconica) and
(C. cristata, C. sulawesiana, C.sp.l aff. sulawesiana
Within each clade, C.

sp. aff. stamenicola first diverged from (C.

and C.sp.2 aff. sulawesiana).

xenalocasiae, C. diconica and C. sp.1 aff. diconica) and
C. cristata first diverged from (C. sulawesiana, C.sp.1
aff. sulawesiana and C.sp.2 aff. sulawesiana).

4. Discussion

4.1 Phylogenetic relationships among
species

In the cladistic analysis of Sultana et al. (2006), C.
gigantea was not assigned to any species group in the
genus Colocasiomyia. The results of the present study
suggested that C. gigantea formed a monotypic line-
age together with C.sp.X1, a taxonomically unde-
scribed species, which had not been discovered at the
time of the study by Sultana et al. (2006).

the phylogenetic position of the clade (C. gigantea+ C.

However,

sp.X1) within the genus remained unresolved because
no species group other than the C. cristata group was
included in our phylogenetic analyses.

Consistent results between Sultana et al. (2006)
and the present study were that both of the C. cristata-
sulawesiana clade and the C. colocasiae-alocasiae clade
were recognized within the C. cristata group, although
Sultana et al. (2006) included only C. colocasiae and C.
alocasiae for the former clade and only C.sp.l aff.
sulawesiana and C.sp.2 aff. sulawesiana for the latter
in their analysis. Morphologically, all the species of
the C. colocasiae-alocasiae clade in the present study
shared five stout spines on the foreleg second tar-
somere and the conical process on the male sternite VI
(Grimaldi, 1991; Sultana et al., 2006), and therefore the
C. colocasiae-alocasiae clade corresponded to the C.
colocasiae species subgroup (Takenaka et al., 2006).

In Sultana et al. (2006) the relationships among

Typical
combination
Phy(l,?ogleo‘zzt;or:;a:zon;i? of S::g;;i]sc Breeding habit Ovipositor Host plant dj?;;;;fn Reference
same host

C. sp.X1 Rhaphidophora hookeri Yunnan Unpublished
C. gigantea No breeding on the plant Colocasia gigantea Java Okada, 1987; Takenaka, 2006
C. col Stamenicolous Nallow Colocasia esculenta The Oriental Region Toda and Okada, 1987
C. sp.1 aff. iskandari :] No data Wide Colocasia esculenta Java Takenaka, 2006
C. iskandari No data Wide Colocasia esculenta Java Takenaka, 2006
C. steudnerae Intermediate Wide Steudnera colocasiifolia Yunnan Takenaka et al., 2006
C. al Stamenicolous Nallow Alocasia odora Ryukyu~Yunnan  Okada, 1980
C. aff. icolt 3 Intermediate Wide Alocasia odora Yunnan Takano et al., Unpublished
C. xenalocasiae Pistillicolous Wide Alocasia odora Ryukyu~Yunnan ~ Okada, 1980
C. sp.1 aff. diconica Pistillicolous Wide Colocasia gigantea Java and Smatera  Takenaka, 2006
C. diconica Pistillicolous Wide Colocasia esculenta Myanmar~Indonesia Toda and Okada, 1987
C. cristata Pistillicolous Wide Alocasia alba Java Takenaka, 2006
C. sulawesiana Pistillicolous Wide Alocasia macrorrhizos Sulawesi Okada and Yafuso, 1989; Takenaka, 2006
C. sp.1 aff. sulawesiana :] Pistillicolous Wide Alocasia macrorrhizos Bomeo Takenaka, 2006
C. sp.2 aff. sulawesiana Pistillicolous ‘Wide Alocasia macrorrhizos Borneo Takenaka, 2006

Figure 3 : Phylogenetic relationships among Colocasiomyia species and their breeding characteristics, host plants and

geographical distributions.
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the C. colocasiae-alocasiae clade, the C. cristata-
sulawesiana clade and two independent species, C.
xenalocasiae and C. diconica, were not resolved (Fig.
1). In the present analysis the two independent
species formed a clade together with C.sp. aff.
stamenicola and C. sp.l aff. diconica and the relation-
ships among the three monophyletic groups were
resolved: the C. cristata-sulawesiana and the C.
xenalocasiae-diconica clades are sister groups and the
combined (C. cristata-diconica) clade is sister to the C.
colocasiae-alocasiae clade (Fig. 2).

4.2 Evolution of the stamenicolous and

pistillicolous breeding habits

The two sister groups, the C. colocasiae-alocasiae
and the C. cristata-diconica clades, included ‘typical’
stamenicolous and pistillicolous species, respectively
(Fig. 3). Okada (1986a) and Yafuso and Okada (1990)
hypothesised the evolutionary origin and the disper-
sion of cohabitation between a stamenicolous and a
pistillicolous species as follows: a couple of ancestral
species of Colocasiomyia had established cohabitation
on a certain plant of Araceae in a certain area of the
Oriental Region, probably the southern part of Angara
land. Tightly keeping the cohabiting relationship,
they then evolved into C. alocasiae and C. xenalocasiae
and dispersed in the direction of Taiwan and Okinawa
on the one hand, and into C. colocasiae and C. diconica
in Myanmar, Indochina to Java as well as into C.
stamenicola and C. pistilicola (Carson & Okada, 1980)
in New Guinea on the other.

The results of the present study seem to partially
support their hypothesis for the relationship between
the cohabiting pair of C. alocasiae and C. xenalocasiae
and the pair of C. colocasiae and C. diconica: the diver-
gence between stamenicolous and pistillicolous
species may have occurred once at the base of the C.
cristata group and the ancestral cohabiting pair radiat-
ed to several pairs on different host plants and at
different locations: C. alocasiae and C. xenalocasiae on
Alocasia odora in the area between Yunnan and Okin-
awa, C. colocasiae and C. diconica on Colocasia es-
culenta in Malesia and so on.

However, the C. colocasiac-alocasiae clade also
includes C. steudnerae, C. iskandari and C.sp.l aff.
iskandari.  Colocasiomyia steudnerae exhibits interme-
diate breeding habit between the stamenicolous and
pistillicolous species (Takenaka et al., 2006) (Fig. 3).
The breeding habits of C. iskandari and C.sp.l aff.

iskandari are unknown, but both species possess the

wide ovipositors that are widely shared morphological
characteristics among pistillicolous species, whereas
stamenicolous species possess the narrow ovipositors
that are presumably an adaptation for laying eggs in
the narrower spaces between stamens. Taking these
into account, the evolutionary pattern of the
stamenicolous and pistillicolous breeding habits may
have been more complicated than hypothesised by
Okada (1986a) and Yafuso and Okada (1990).
4.3 Evolution of cohabitating pairs

Yafuso and Okada (1990) reported another pair of
cohabiting species, C. heterodonta Yafuso & Okada,
1990 (stamenicolous species) and C. xanthogaster
Yafuso & Okada, 1990 (pistillicolous species), from
inflorescences of Homalomena spp. (Araceae).
According to Sultana et al. (2002), the C. toshiokai
group, which includes these two species, is regarded as
an independent lineage of the C. cristata group (Fig. 1).
Thus, cohabitation seems to have evolved repeatedly
in the genus Colocasiomyia. In this sense, a cohabit-
ing pair of C.sp.l aff. sulawesiana and C.sp.2 aff.
sulawesiana might give another example of parallel-
ism of cohabitation (Figs 1 and 3). Although these
two cohabiting species are generally pistillicolous in
their breeding habits, they show a tendency of differ-
entiation in reproductive nature and traits parallel to
that between stamenicolous and pistillicolous species
(Takenaka, 2006). This implies that they are in the
initial phase of cohabitation with micro-allopatric
niche differentiation. On the other hand, some pistil-
licolous Colocasiomyia species have been observed
monopolizing their host plant inflorescences without
cohabiting stamenicolous species: C. c7istata on
Alocasia alba (Araceae), C. sulawesiana on Alocasia
macrorrhizos (but see Okada and Yafuso, 1989) and C.
sp.1 aff. diconica on Colocasia gigantea (Fig.3). The
reason for the lack of cohabiting stamenicolous
species is unclear yet, but it is notable that C. cristata
and C. sulawesiana are intermediate in the female
reproductive traits between C.sp.l aff. sulawesiana
and C.sp.2 aff. sulawesiana of the same clade (Ta-
kenaka, 2006).
4.4 Evolution of host selection

The members of the C. xenalocasiae-diconica and
the C. colocasiae-alocasiae clades are widely distribut-
ed in the Oriental and Papuan regions and visit inflo-
rescences of Colocasia, Alocasia and Steudnera species.

Colocasia esculenta is cultivated pan-tropically as

an important crop plant today and is used as the host
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plant by a number of Colocasiomyia species in the
Oriental and Papuan regions. The region of its origin
is still in dispute, but some researchers (Yen and
Wheeler, 1968; Plucknett, 1976; Kurvilla and Singh,
1981; Matthews, 1995) believe that it is South-East
Asia, probably within the Indo-Malayan region (but
see Lebot, 1999). The host shifts between Colocasia
esculenta and other plants such as of Alocasia and
Steudnera may have occurred in the periphery of this
region, e.g., southern China and the Sunda Islands.

For example, C. alocasiae and C. xenalocasiae
might have sifted or expanded their host plants in the
peripheral range of original host plant, probably
Colocasia esculenta, because they breed on Alocasia
odora in Taiwan and Ryukyu where inflorescences of
Colocasia esculenta are not available, but utilize both
plants in South China (M. J. Toda, pers. comm.).

The members of the C. cristata-sulawesiana clade
exclusively utilise Alocasia species as host plants. At
present the known distribution of this group is
restricted to Borneo, Java and Sulawesi, which are
known as the diversity centre of Alocasia. In addi-
tion to the species assigned to the C. cristata-
sulawesiana clade in this study, C.sp.3 aff. diconica
and C. sp.4 aff. diconica, which seem to be included in
this clade (Toda et al., unpubl. data), have also been
found monopolizing Alocasia inflorescences (Sultana
et al,, 2006). In the C. cristata-sulawesiana clade, the
host shift from Colocasia to Alocasia might have
occurred in couple with monopolization of host plant
without cohabiting stamenicolous species (but see
Okada and Yafuso, 1989).

5. Concluding remarks

This study showed that the evolutionary origin of
the cohabitation, the diversification of the
stamenicolous and pistillicolous breeding habits and
the evolutionary route of the host selection in the C.
cristata group are not so simple as previously thought
by Okada (1986a) and Yafuso and Okada (1990). The
plants so far recorded as hosts of the C. c¢ristata group
are still limited to about ten species of a few genera.
Much more potential host plant species exist in the
distribution range of the C. cristata group: for exam-
ple, approximately ten Colocasia species are known
from Indo-Malaya to the Sunda Islands (Mayo et al.,
1997; Long and Liu, 2001; Cao and Long, 2003; Yin et
al., 2004), 60-70 Alocasia species in the Oriental and

Papuan regions to Northeastern Australia (Hay et al.,
1997; Mayo et al., 1997; Hay, 1998; Yuzammi and Hay,
1998; Hay, 1999) and eight species of Steudnera in
Indochina excluding Malay Peninsula (Mayo et al.,
1997). Given the high host specificity of each species
in the C. cristata group, a number of Colocasiomyia
species might have been undiscovered. Biogeogra-
phic information and comparative ecological studies
based on a reliable phylogenetic hypothesis with com-
prehensive taxon sampling of both Colocasiomyia flies
and their host plants will give us deeper insights into
the evolution and diversity of this highly mutualistic

insect-plant interactions.

Acknowledgements

We thank Masanori J. Toda, Masako Yafuso,
Hideaki Watabe, Masahito Kimura, Haruo Katakura,
Sri Hartini, Yuzammi Yunis, Dartin Maryati Mo-
hamed, Jamili Nais, Rimi Repin and Shuo-yang Wen
for their help in the field collection, Ryoko Segawa for
providing DNA sequence data of C. alocasiae and C.
xenalocasiae from Okinawa, and Mitsuru Hotta,
Hidetoshi Nagamasu and Peter C. Boyce for identify-
ing the host plant species.

This work was supported by Grants-in-Aid for
Scientific Research from the Japan Society for the
Promotion of Science (nos. 15255006 and 21570085), the
21st-Century Center of Excellence Program (E-01)
funded by the Ministry of Education, Culture, Sports,
Science and Technology of Japan and the Grant for
Joint Research Program of the Institute of Low
Temperature Science, Hokkaido University (proposal
Nos. 08-29 and 09-31).

References

Boom, R., C. J. A. Sol, M. M. M. Salimans, C. L. Jansen, P.
M. E. Wertheimvandillen, and J. Vandernoordaa (1990)
Rapid and simple method for purification of nucleic
acids. J. Clin. Microbiol., 28, 495-503.

Cao, L.-M., and C.-L.Lon (2003) Colocasia bicolor
(Araceae), a new species from Yunnan, China. Ann. Bot.
Fennici, 40, 283-286.

Carson, H. L., and T. Okada (1980) Drosophilidae associat-
ed with flowers in Papua New Guinea 1. Colocasia es-
culenta. Kontyit, 48, 218-225.

Eichler, W. (1966) Two new evolutionary terms for specia-
tion in parasitic animals. Sys. Zool., 15, 216-218.

Felsenstein, J. (1985) Confidence limits on phylogenies: an
approach using the bootstrap. Evolution, 39, 783-791.

Grimaldi, D. A. (1991) Systematics of the genus



Molecular phylogeny of Colocasiomyia 27

Colocasiomyia de Meijere (Diptera: Drosophilidae):
Cladistics, a new generic synonym, new records, and a
new species from Nepal. Entomol. scandinavica, 22, 417-
426.

Hay, A. (1998) The genus Alocasia (Araceae-Colocasieae)
in West Malesia and Sulawesi. Gardens’ Bull. Singapore,
50, 221-334.

Hay, A. (1999) A revision of the genus Alocasia (Schott) G.
Don (Araceae-Colocasieae) in the Philippine Islands.
Gardens’ Bull. Singapore, 51, 1-41.

Hay, A., P.C.Boyce, and K.M. Wong (1997) Alocasia
melo. Curtis’s Bot. Mag., 14, 82-86. Plate 315.

Holland, B. R., K. T. Huber, V. Moulton, and P.]. Lock-
hart (2004) Using consensus networks to visualize con-
tradictory evidence for species phylogeny. Mol. Biol.
FEvol., 21, 1459-1461.

Holland, B.R., L.S. Jermiin, and V. Moulton (2006) Im-
proved consensus network techniques for genome-scale
phylogeny. Mol. Biol. Evol., 23, 848-855.

Honda-Yafuso, M. (1983) Interspecific relationship
between synhospitalic Drosophilella species (Diptera,
Drosophilidae) inhabiting Alocasia odora on Okinawa
Is., Japan. Kontyi, 51, 520-527.

Huson, D. H.,, and D. Bryant (2006) Application of
phylogenetic networks in evolutionary studies. Mol.
Biol. Evol., 23, 254-267.

Jobb, G. (2008) Treefinder, software distributed by the
author at http://www.treefinder.de/.

Kobayashi, N., Y. Ohta, T. Katoh, S.Kahono, S. Hartini,
and H. Katakura (2009) Molecular phylogenetic analysis
of three groups of Asian Epilachnine ladybird beetles
recognized by the female internal reproductive organs
and modes of sperm transfer. J. Nat. Hist., 43, 1637-1649.

Kramadibrata, K., and G. G. Hambali (1983) [the roles of
some insects in pollination of Colocasia esculenta var.
esculenta and C. gigantea]. Berita Biologi, 2, 143-146. (In
Indonesian)

Kurvilla, K. M., and A.Singh (1981) Karyotypic and
electrophoretic studies on taro and its origin. Euphytica,
30, 405-413.

Lebot, V. (1999) Biomolecular evidence for plant domesti-
cation in Sahul. Gen. Resources and Crop Evol., 46, 619-
628.

Long, C.-L., and K.-M. Liu (2001) Colocasia lihengiae
(Araceae: Colocasieae), a new species from Yunnan,
China. Bot. Bull. Acad. Sinica, 42, 313-317.

Matthews, P. J. (1995) Aroids and the Austronesians.
Tropics, 4, 105-126.

Mayo, S. J., J. Bogner, and P. C. Boyce (1997) The Genera
of Avraceae. Royal Botanic Gardens, Kew.

Miyake, T., and M. Yafuso (2003) Floral scents affect
reproductive success in fly-pollinated Alocasia odora
(Araceae). Am. J. Bot., 90, 370-376.

Mori, Y., and H. Okada (2001) Reproductive biology and
pollen flow of a rheophytic aroid, Furtadoa sumatrensis
(Araceae) in the Malesian wet tropics. Plant Sys. Evol.,
227, 37-47.

Okada, T. (1980) Synhospitalic evolution of the genus
Drosophilelle Duda (Diptera, Drosophilidae), with
description of a new species from Okinawa and Taiwan.
Kontyi, 48, 218-225.

Okada, T. (1986a) Estimation of the routes of synhospitalic
distribution of the genus Drosophilella Duda (Diptera,
Drosophilidae), with description of three new species
from Malaysia and Indonesia. Proc. Jap. Soc. Sys. Zool.,
33, 32-39.

Okada, T. (1986b) Taximetrical analyses of costal
chaetotaxy of the genus Drosophilelle Duda, with
description of a new species from Sri Lanka (Diptera,
Drosophilidae). Proc. Jap. Soc. Sys. Zool., 34, 53-59.

Okada, T. (1988) Taxonomic note on Colocasiomyia cristata
de Meijere (Diptera, Drosophilidae) with generic
synonymy. Proc. Jap. Soc. Sys. Zool., 37, 34-39.

Okada, T. (1990) Subdivision of the genus Colocasiomyia de
Meijere (Diptera, Drosophilidae) with descriptions of
two new species from Sulawesi and note on color adap-
tation of synhospitalic species. Proc. Jap. Soc. Sys. Zool.,
42, 66-72.

Okada, T., and M. Yafuso (1989) The genus Colocasiomyia
Duda (Diptera, Drosophilidae) from Sulawesi. Proc. Jap.
Soc. Sys. Zool., 39, 48-55.

Plucknett, D. L. (1976) Edible aroids. In: Simmonds, N. W.
(ed) Evolution of Crop Plants: 10-12. Longman, London
& New York.

Sultana, F., Y.-G. Hu, M. J. Toda, K. Takenaka, and M.
Yafuso (2006) Phylogeny and classification of
Colocasiomyia (Diptera, Drosophilidae), and its evolution
of pollination mutualism with aroid plants. Sys.
FEntomol., 31, 684-702.

Sultana, F., M. J. Toda, M. Yafuso, M. B. Lakim, M. B.
Mohamed, and N. M. Cuong (2002) A new species-group
of the genus Colocasiomyia De Meijere (Diptera: Droso-
philidae), with descriptions of two new species from
eastern Malaysia and Vietnam. Entomol. Sci., 5, 305-315.

Takenaka, K. (2006) Reproductive ecology of the genus
Colocasiomyia (Diptera: Drosophilidae) and pollination
mutualism with Arvaceae plants. PhD Dissertation. Hok-
kaido University, Sapporo.

Takenaka, K., J.-T. Yin, S.-Y. Wen, and M. ]J. Toda (2006)
Pollination mutualism between a new species of the
genus Colocasiomyia de Meijere (Diptera: Drosophilidae)
and Steudnera colocasiifolia (Araceae) in Yunnan, China.
FEntomol. Sci., 9, 79-91.

Tamura, K., J. Dudley, M. Nei, S. Kumar (2007) MEGA4:
Molecular evolutionary genetics analysis (MEGA) soft-
ware version 4.0. Mol. Biol. Evol., 24, 1596-1599.

Tamura K, Nei M. 1993. Estimation of the number of
nucleotide substitutions in the control region of
mitochondrial-DNA in humans and chimpanzees. Mol.
Biol. Evol., 10, 512-526.

Tanabe, A.S. (2007) Kakusan: a computer program to
automate the selection of a nucleotide substitution
model and the configuration of a mixed model on
multilocus data. Mol. Ecol. Notes, 7, 962-964.



28 Kohei Takenaka Takano, Awit Suwito, Jian-jun Gao, Jian-tao Yin

Tanabe, A. S. (2010) Phylogears version 2.0.2010.11.12, soft-
ware distributed by the author at http://www.
fifthdimension.jp/products/phylogears/.

Toda, M. J., and M. B.Lakim (in press) The genus
Colocasiomyia (Drosophilidae: Diptera) in Sabah, Bor-
nean Malaysia: High species diversity and utilization of
host aroid inflorescences. Entomol. Sci.

Toda, M. J., and T.Okada (1983) Ecological studies of
floricolous Drosophilella in Burma with descriptions of
three new species from Burma and the Philippines
(Diptera, Drosophilidae). Kontyi, 51, 169-184.

Yafuso, M. (1993) Thermogenesis of Alocasia odora
(Araceae) and the role of Colocasiomyia flies (Diptera,
Drosophilidae) as cross-pollinators. Environ. Entomol.,
22, 601-606.

Yafuso, M. (1994) Life-history traits related to resource
partitioning between synhospitalic species of
Colocasiomyia (Diptera, Drosophilidae) breeding in inflo-
rescences of Alocasia odora (Araceae). Ecol. Entomol.,

19, 65-73.

Yafuso, M., and T. Okada (1990) Complicated routes of the
synhospitalic pairs of the genus Colocasiomyia in Java,
with descriptions of two new species (Diptera, Droso-
philidae). Esakia Special Issue, 1, 137-150.

Yafuso, M., M. ]J. Toda, and D.T.Sembel (2008) Avren-
gomyia, new genus for the Colocasiomyia arenga species
group (Diptera: Drosophilidae), with description of a
new species. Entomol. Sci., 11, 79-91.

Yen, D. E., and J. M. Wheeler (1968) Introduction of taro
into the Pacific: The indications of the chromosome
numbers. Ethnology, 7, 259-267.

Yin, J. T., H. Li, and Z. F. Xu (2004) Colocasia menglaensis
(Araceae), a new species from southern Yunnan, China.
Ann. Bot. Fennici, 41, 223-226.

Yuzammi, and A.Hay (1998) Alocasia suhivmaniana
(Araceae-Colocasieae) —a spectacular new aroid from
Sulawesi, Indonesia. Telopea, 7, 303-306.



EEAIE 69 (2011)  29-32
B EEBEFZRIDED
PR3y au/N\THEEFEOESL
HWH RBY
2010 12 B I5 H={F, 2010F 12 B 18 H=1E
TFFAY avya vNTHEICE T ML E PR R L EEELT B D EMET L7z, Droso-

phila bipectinata complex WD 4 FEDOBERIE, FOAEZEEIZEED DK L 5F L~V DI —
HL7:. L2L, D. ananassae complex TIFPEMERICE D { SR T LD b D & —E
Liahrolz. ZHZEMUEBRICERRHEN D, BETRENE U & 2RET 5. g
LR DM % b L WHEEFIIEROBNT 2175 2Lk D, XVl RHBERSHEE T, &
EFORERBADERDPHERTE 2.

from chromosome arrangements and DNA sequences

Muneo Matsuda®

We compared chromosomal and molecular cladograms of three different taxonomic levels of the Drosophila
ananassae species subgroup: 1) between complexes (the ananassae, bipectinata and ercepeae complexes, and D.
varians), 2) between species within the bipectinata complex (D. bipectinata, D. parabipectinata, D. malerkotliana,
and D. pseudoananassae), and 3) between species within the ananassae cluster of the ananassae complex (D.
ananassae, D. parapallidosa, D. pallidosa, D. pallidosa-like-WAU, and D. papuensis-like). Polytene chromosome
On the other hand, we found that
cladograms based on DNA sequence data were inconsistent with those from chromosomal arrangement data in
the ananassae cluster. The inconsistency might be explained by gene flow caused by recent hybridization

data were consistent with molecular data within the bipectinata complex.

Evolutionary history of the Drosophila ananassae species subgroup inferred

between species.
nucleotide data alone.

1. B]

Sturtevant and Dobzhansky (1936) ¥ & U Dob-
zhansky and Sturtevant (1938) 23R CHERR LRI
Rond Ny PRy —rDHRICEDIEY a vy aun
T ORMBAREIET 2 HEEFBIETLEE, £<0
e RS S5 Twb  (Dobzhansky, 1970; Carson,
1970; Lemeunier et al., 1986; Wasserman, 1992) . ¥4,
DNA D HEFEFELT] % F v 72 R BAR O RE 2 01 %2
D, ZLOEYMTZEDORRPHREINTVS. vav
Yawu Nz 12D Y / A (Drosophila 12
Genomes Consortium, 2007) O#EREE &bz, 74+
A vaw Yvawv N #i#E (Drosophila ananassae
species subgroup) TbIEFAGNE b &2 L7 FEBEBIMR

1) TRRFEFERAEYFHE
! Department of Biology, School of Medicine, Kyorin
Unversity, Sinkawa, Mitaka, Tokyo, Japan

Chromosomal arrangement (especially inversion) data would give us more information than

WIRE SN T3 (Da Lage et al., 2007; Sawamura et
al,, 2010) . Da Large et al. (2007) & Amyrel iBI5T D
BRSO IZED X, ananassae T ananassae
L TANELEOREEZLTWEY, KEETREEDS
FHIZHEVS, melanogaster TEFE B T 5 ananassae W
L CHEWmEED D, ananassae T FE S ananassae,
bipectinata, ercepeae D 3 D @ complex & Z 1L 5 D
complex IZIZA &7\ D, varians % & & 24 FENELHL S
i, Bvi~EEE IR 4545 L T % (Tobari,
1993; Lemeunier et al., 1997; Matsuda et al., 2009) . &
T, B TG o N T gk o B R/
BIfR &0 T v v o & RFEE{R % complex [H,
bipectinata complex W, ananassae complex D
ananassae cluster N 3 3R ICOWTHR L, &
HBALR DIHE S 38 K LS D S 72 RIS i A 2 52w
Uiz, Jettfikn o B 7 RBIR Tld I FER %28 S
EIXNEETH Y, EIEEILSHEE SRS BHRICIES
5. UL, MFEROMHMZRKNCATS 2wk, M7
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DY S OFEERENT, WAL & BIR T & OEFEA e &
DERNB L VAR 2 2 LRI NS (OGrady
et al., 2001) .

2. fER

2.1 ananassaec ®BE(CEI 2 complex D5
1t

Da Lage et al. (2007) @ Amyrel B=TF DEHE D
T ICEDEER L 2O SR (cladogram) %X
laWwmwl7z. ZOSEEE CO1, Dde, Gpdh, Pgiig
fLFIcEH D < R (Matsuda et al., 2009) & FJEL
L\ ananassae complex + bipectinata complex & er-
cepeae complex+D. varians D 2 D253 T 5N TWw3
ZEDBHINTH D . —J7, FEEEREH WIS
I dE L5, FIHEBHERCEIT2 X, Y, F4
RO EIC Lo TIEER S LD 4 itk &
(Matsuda et al., 1983; Matsuda et al., 2009) & rDNA
DOtk EOAIE (Roy et al., 2005; Shibusawa et al.,
2007) 25, ercepeae complex & ZDHOTE (D. var-
wans, bipectinata complex, ananasae complex) 243
Jond (M1b). XEMOELE 4 FOFEOM TR
Zolz k&N B D. ananassae O I FE (Kikkawa,
1938) 1% ercepeaec complex L FE L7 THB Z L%
REBLTWwW2 (B1b). %7z, bipectinata complex O
4T R BWTHARERIC BROKEIBE LD
(Matsuda et al., 2005) . Z#LIEA complex DEHETH
D, BAEF T ananassae BFEOMMOE CIHE SN T
W, ZOFERITIERES 0 615 S 1 I P
L7gw,

ercepeae complex

e Vatians

b 2NN2NASSAE COMOlEX

locations of rDNA male meiosis
X Y 4th  [X-Y-4h teravalent

B-chromosome

ercepeae complex + + - No

varians - - + Yes

P bipectinata complex | - - + Yes +

b

1: (a) Amyrel BAZTF OEENINCED < ananassae FHE
D3I (Da Lage et al. (2007) ZZ&FI2/ERK). (b)
YRNA BIn T OR ek EOME, HRHESHICBT 5 X,
Y, 554 ko &G, BXOBRAKOFEN S Rz
ananassae TEED 3R (Roy et al. (2005), Shibusawa et
al. (2007), Matsuda et al. (2005, 2009) %ZZFIIERK).

b 2n1anassae complex | - +/= + Yes

2.2 bipectinata complex ATDERML

Kopp and Barmina (2005) 23##T L7z 6 D DZER
T (al, bab2, Gpdh, ple, Sod, up) OHZEEREIH| 1z H:
DL BB %R 2a 2R Uiz, D. malevkotliana, D.
parabipectinata, D. bipectinata 7S HE R KR L,
D. pseudoananassae Dk b DI L7z 2 £ 2R L T
W 5. % 7z, D. malerkotliana & D. parabipectinata &
D WEIF O F3E 1 D. malerkotlina & D. bipectinata
B X O D. parabipectinata & D. bipectinata 6] & D b
RK&EL, MEOETHWFEHEOBEMR L IZIZFRLTH 3
(Kopp and Barmina, 2005) . Tomimura et al. (2005)
1, bipectinata complex 4 12 Hm 7o A HEME IR G fh K
X ZER L, 4 EHEORFHEREHAS M L. 2D
FERICED A FEOSEKEZ 2b R L7z, Z OfER
R SER S e oM & 3 FEY T, D.
pseudoananasase & NS D 3 RSB AMEEE TR L
T W % . D. malerkotliana, D. parabipectinata, D.
bipectinata [ D HEEFCTNZE 8 & Ge b Ri i 5 & 13
FTLULMEL . s o#EIZFAzRY Kopp and
Barmina, 2005; Tomimura et al., 2005) THiEf S
TWwb X9, MEREOTRENME L ERIOK & S DE W
BIRMLL TWw3 EFZohbd. AKcomplex N TH b4
DL DX D. malerkotliana T H D, BF -~ EHT
THHFRWICEHE I NS . RTHHEBIL DI D.
bipectinata TH Y, [ZW 797, A7 =7, MK¥F
PRI L T2 (Matsuda et al., 2005) . o 2
Mx7 Y7, 77 =a—F=7 OB s hic il 546
L, ZOHEMAOEHY A ZFKEL b eiElanhs.
2.3 ananassae cluster RTOEMME

ananassae complex N TR BT HE 2 (ananassae
cluster) & 8w T E B F (Actn, w, CG7785,

J

malerkotlinana

bipectinata

a parabipectinata
XL:XR 2L:2R 3L:3R
BCD: BCDEFG|  ?: ABKLM AFG: ALP
] malerkotlinana B:B A+CQ : AB/ABK A:AL
bipectinata A:A A+B:AB/A  |A+CD/A: ABC
b b parabipectinata ST:ST ST:ST/AB ST:ST/A

2 (BT T (al, bab2, Gpdh, ple, Sod, up) DIFEE
Nz < bipectinata complex D53 (Kopp and Bar-
mina (2005) %ZHIERL). (b) Wl ORERZ R ICH D
bipectinata complex DMK (Tomimura et al. (2005) %
BHFIHERR) | BSYOEBI O 7 v 7 7 Xy R IEGHAR O wif]
BERLTVS.
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. (ST, ST; ST/A, ST; ST/A, ST/A)|

[“D. papuensis” (A+B, A; C+BE, D+A; C, BC)|

ID. pallidosa (A, ST, CD-B, AB; ST, B)

@. parapallidoa (ST, ST, C+B, AB; E, B!|

'\

[D. pallidosa-like-WAU (A, ST C+B. AB; E. B)

!

root
3D EEfRGHEfR RS (XL. XR; 2L, 2R; 3L, 3R) W&o
{ ananassae cluster DZFFEIFR (Matsuda et al. (2009) %
ZHFIHERR .

ZnT63C) DA > v YHEBOEERINCED  HI%
EDIERL iR ATz hY, BIEFIC L > THIRK B E LD,
4EETFER £ LD MR T Twivy (Sawamura
et al.,, 2010) . FIERIC, S ha > NY 7D COI EBT%
HAwien7ay 4 7D4xy b7 —2 (Matsuda et al.,
2009) 2B b IAMER SIRRIEHE T 3, EFC A
L o 7-RIBEE R R 3 2 . F I MERRGL R DT 1 B

DWW, ananassae cluster 121X D. ananassae, D. pal-

lidosa, D. parapallidosa, D. pallidosa-like, D.
papuensis-like, D. pallidosa-like-WAU 23 S LT
% (Tomimura et al., 1993; Matsuda et al., 2009) . L
L, D. pallidosa-like 13RI & - CTHIFE & O D4
FEIEEEDORRE N R D, FMELTOF EE D ITEEDbL
v (Matsuda et al., 2009). %7z, Futch (1966) 37

KA LEHBIR D ananassae D I AEKEHEH % W D, pal-

lidosa X453 L, &5 W7 = a—F =7 TIXFER
WM RO R A2 FER L T, “papuensis” &R L
Jo. BRI FIWC N7 —a—F =7 B XU KFE
HibR CTRES NI R EBTL, XS T =a—F=7
DEMNZ “papuensis” & IXIZE UWiAL 2 8O R %2 5
R U7 (Tomimura et al., 1993). L#L, ZDORMIC
121966 FiCiFEkE ST i o el m¥fi L & b
W2, D. ananassae DIF & A ¥ DEMTHEHE I N 5EE
FhEFIOF ek (ST) bV, IBFIC D. ananassae &
DOHEFEMNTER S - REd %2R L7z (Matsuda et al,
2009) . Fx X 2 & D. papuensis-like & X A TW 5.
UL, SWAERENREESMME: O &Y 5 1,
Futch (1966) OfER 2B T L2 N TE. 22
T, BETFBRAFOROERY 2 HEL, JHEGRE R
L7:DOPK3 THS. ZOMPITY FEMESHDER
T (k12) O¥EEEINCHE D SER L 72 2B (Mat-
suda et al., 2009) & FJEL X\,

3. R

D. ananassae 1% 2007 27 AMETDIFFR I NI 11

Oy avYavNTD 1 (Drosophila 12 Genomes
Consortium, 2007) TH YV, ZDEOMHES LT/
LD —REMS LR > TE . &6, FHEFD
bipectinata complex \ZJ&T % D. bipectinata 77/ 2~ DI
HEH AT 11T T L (A Kopp, FME), ananassae
HEEN B X O melanogaster FERED T LEEAE 2 52 4
LETNVEYE ST, L, HEENO complex [H
% complex N (12 cluster ) 2B W T, b
VR T REOBLTVARNVIZT CREBER 2R T 5
ZERBRARD L GHIETIZ L o THERE - - R
PiILE) ZEBbhro TE. BICRA e fEM DL
BCliE, HERRIC X 2EBETFEAZEHTE T, BA
SNTEEFVEE A Z 12 X > TER-NIIL E
ZA[EEED D 5. ZORIEER MR, FEEOE VR
BIfRZRTICIE, HAEZDIFZEACERTE 2 YRE
R DB TF O MERR AL AR > & HEEI U 7o R B AU A AL D
YT S5 O BIE T O ENCT A R 2 JAR 5 FENE 2
S5N5%. FEWIZ D. ananassae TIXMEIRPEEOARD N> R
& HEERCS G R & OBROSE & 21272 5> Tw b (Shaef-
fer et al.,, 2008) DT, YIMAuLBEOBLETHEEER T
EWHRETH B . 2D X S REAIZT TIZ D. pseudoob-
scura & Z DIHETITbITEHEY (Noor et al,
2007) , ananassae cluster T Sawamura et al. (2010)
2% O—TBERE SN TW 3R, HoREiTiThnT
Wi, S, WAL & B U 7c B DB FEE DR 2
EHIIHEDZLEND S .

HEFATA] & Qe R 2 S S HERI U 72 s3I XN 7 JE 38
» 5o Tz bipectinata complex NODFEIX, 3 TI
FHico iz D EEMEOKR ST TIHIZEA K E T
WinZ ERRE L, HERY 2 b & R IErE 2 SE
BEAR 2R T 2 Z LN TE 2 DIBEROETH B L #HE
EE&N%. Kopp and Barmina (2005) 2 ki, D.
bipectinata, D. pavabipectinata, D. malerkotliana O 43
1k1% 283,000~385,000 FFf LR L T s, 2D &
X, MEfRER oA & EETTIEROER EFB OO T
L ENTETCHDTHOLCRSIETH . £z,
A complex THRIE S N7-FERN, RO MM D YISO
xRS &, BERJOEONY P LYV TIED 553,
YISl Yy AR "3 5 2 ENRBINTNDS
(Tomimura et al., 2005). %7z, D.ananassae com-
plex & [FREICH 2 ekl (v 7—DxT L X > b
E) &b Z L OHFMA|E SN TV 5. ananassae T
HNTRo N LBOBRIE, BMUICRE DR EARD
W EEZ@ S 2 LT A aFet 2R3 5. fhofE
REE O L & b IR O R b SEROVITENR T
»5.
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Chromosomal variation was found in three insular populations of Liodrosophila castanea
(Diptera, Drosophilidae). Both Yakushima and Okinawa strains possessed 2n=12 chromo-
somes, 5 pairs of acrocentric autosomes and sex chromosomes, in the metaphase plates of larval
brain cells. Of them a pair of middle-sized autosomes were heteropyknotic from the prophase
to early metaphase during the cell division. Tsushima strain had 2n=10 chromosomes, 4 pairs
of acrocentric autosomes and sex chromosomes. All nuclear plates of Tsushima strain
contained small supernumerary chromosomes ranging from 2 to 9 in number and lacked any
heterochromatic autosome. Morphologically, any discriminative character was not found
between different chromosomal strains, excepting the nearly bare cercus in Yakushima and
Okinawa strains (pubescent in Tsushima’s). Male flies mated well with different strain females
in crossing experiments without any mating preference, and produced fertile F, males and
females in both directions of crosses. The present results demonstrate that these insular strains
with different karyotypes should be regarded as chromosomal races of Liodrosophila castanea.

1. Introduction

Liodrosophila castanea was described by Okada
and Chung (1960) from Chon-Nam district, Huk-san
Island, Korea, and since then its collection records had
been restricted to southern parts of the Korean Penin-
sula including adjacent islands (Lee, 1966; Okada,
1988). We had a chance to collect drosophilid flies in
three islands, Tsushima, Yakushima and Okinawa, of
southern Japan, and obtained questionable specimens
by net sweeping on herbaceous plants. Prof. M. J.
Toda (Hokkaido University) kindly identified the
specimens as L. castanea, and noticed slight mor-
phological variations in the specimens from Yaku-
shima and Okinawa.

We carried out karyotype analyses in a total of 11
iso-female strains from these local populations and
found chromosomal variation. Then, we conducted
crossing experiments for examining the reproductive

isolation and compared the morphology, including the

! Biological Laboratory, Sapporo Campus, Hokkaido
University of Education, Sapporo, Japan

genitalia, between the different chromosomal strains.

2. Material and methods

2.1 (Geosgraphic strains

Eleven strains of L. castanea were employed: four
were collected at Sumo, Tsushima Island (henceforth
designated as TS), Nagasaki Prefecture, in Septem-
ber, 1996, four at Kurio, Yakushima Island (YK),
Kagoshima Prefecture, in October, 1996, and three at
Experimental Forests of Ryukyu University, Yona,
Okinawa Prefecture (OK), in March, 1997 and in
September, 1998. All living strains used for Kkar-
yotype observation and crossing experiments were
established from a single inseminated female caught
in the field.
2.2 Rearing method

Liodrosophila castanea is a leaf-mining species and
cannot be maintained in standard Drosophila medium.
A new culturing method was adopted in the present
study. Leaves of Spinacia oleracea L. were mashed
by a blender machine and then frozen in refrigerator

to Kkill larvae of other insects. They were placed on
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filter paper, added with a small piece of apple for
inhibiting mold, and then kept in a glass vial (30 mm
in diameter, 100 mm in height). For establishing an
iso-female strain, a wild-caught female was slightly
etherized and identified, and kept in a glass vial with
food described above at 18°C under continuous light.
Mashed leaves were added on the shortage of food for
larvae. Hatched larvae entered into a layer of ma-
shed leaves and filter paper with sap, developed well
in the layer and pupated on its surface.
2.3 Chromosome preparation

Neuroblasts of 3rd instar larvae were used to
prepare mitotic chromosomes as follows: treated with
a mixture solution of 0.1mg/ml of colchicines and 1%
of sodium citrate for 45-60 min, fixed with a solution
(carbinol: acetic acid=3: 1) for 30 min, stained with
49 Giemsa solution for 60 min, and then air-dried
(Imai et al., 1977). About 30 nuclear plates were
examined for each strain. Photos of metaphase chro-
mosomes were taken by an analog camera (Olympus
PM-6) and then saved as digital figures using a film-
scanner (Nikon APS IX240).
2.4 Morphological observation

We compared some metric characters and the
genital structures between the strains with different
chromosome constitutions in the present study. Male
and female terminalia were detached from the body,
and treated with 109§ KOH solution at 80°C for sev-
eral minutes, and observed in a droplet of glycerin
under a compound microscope. Twenty-three quanti-
tative characters (Table 1) were measured with an
ocular micrometer: body length (BL), thorax length
(TL) including scutellum, wing length (WL), wing
width (WW), ratio of frons/head width (FW/HW),
numbers of dorsal (db of Ar) and ventral branches (vb
of Ar) of arista, gena/maximum width of eye (G/E),
length ratio of 2nd oral/vibrissa (Or2/Orl), length
ratio of proclinate/posterior reclinate seta (Orb3/
Orbl), length ratio of upper/lower humeral setae (U/
L of Hu), length ratio of anterior/posterior dor-
socentral setae (DcA/DcP), length distance/cross dis-
tance of dorsocentals (Ld/Cd of Dc), length ratio of
posterior/anterior scutellar setae (SctP/SctA), dis-
tance from SctA to Sctp/distance between SctPs
(SctA-SctP/SctPs), sterno-index, and seven wing in-
dices (costal, 4V, 4C, 5x, Ac, M, C3-fringe). The first
four characters, BL, TL, WL and WW, were mea-
sured separately for each sex.

Some quantitative characters such as the body

size are quite variable according to rearing conditions.
Five of mature females were allowed to oviposit in a
glass vial with food, and the vials were renewed every
three or four days, to avoid the overpopulation of
larvae. When young flies emerged, they were trans-
ferred to a new vial at the same intervals. Twenty
individuals (10 males and 10 females) were selected
randomly and examined.

2.5 Crossing experiments

When adult flies emerged, they were collected
every 24 hrs, sorted for sexes, and maintained in vials.
All crossing experiments were carried out using 8- to
12-day-old flies, since L. castanea is a relatively rapid
breeder and most adults reach to the mature stage for
reproduction within 8 days after eclosion. Five males
and five alien or same-strain females were put
together into a vial (30 mm in diameter, 100 mm in
height). After 48 hrs, the females were taken out,
dissected in Ringer’s solution, and examined for sperm
in the spermathecae and the seminal receptacle.
About 50-100 females were checked in each crossing.
The index of pre-zygotic isolation for each cross-pair
was estimated by the formula of Coyne and Orr (1989,
1997): 1- (% of heterogamic matings (i.e., A% XBd)) /
(% of homogamic matings (A% XAd")). This index
gives the value of 1 when isolation is perfect and the
value of 0 for free crossings.

For mate-choice experiments, the choice-by-male
method was adopted. The tip of the right or left
wing was marked with red ink for recognizing the
strains. Five males and ten (five own and five alien-
strain) females were placed together, and the females
were dissected in Ringer’s solution for sperm after 48
hrs. The degree of mating preference was evaluated
by Stalker’s (1942) isolation index (L.I.): LI.=[% of
Homogamic (+) — % of Heterogamic (+) ]/[% of
Homogamic (+) + 9% of Heterogamic (+) ], where
Homogamic (+) and Heterogamic (+) mean females
inseminated by same-strain and alien-strain males,
respectively. This formula gives the value of 1 for
completely assortative mating preference and 0 for
lack of mating preference.

When hybrid adults were obtained, F, fertility
was checked by backcrossing between the hybrids and

the parental strains.

3. Results and discussion

Figs 1A and B show the male metaphase configu-
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rations of the Yakusima (YK) and Tsushima (TS)
strains of L. castanea, respectively. This is the first
report on the karyotype of the genus Liodrosophila
(Clayton and Guest, 1986; Clayton, 1998). The meta-
phase configurations of YK comprised 12 chromo-
somes in the diploid number with 5 pairs of
acrocentric autosomes, relatively large acrocenric X,
and submeta- or meta-centric Y. Two autosomes
indicated with the arrows in Fig. 1A were denser in
condensation than the other autosomes, probably due
to heteropyknosis, from the prophase to early meta-
phase during the cell division, which implies rich
heterochromatic elements of these autosomes. The
same chromosomal constitution of 2n=12 with a pair
of heteropyknotic autosomes was found in three
Okinawa (OK) strains of L. castanea.

On the other hand, brain cell preparations of TS
strains showed 2n=10 chromosomes, and all were
acrocentric. Metaphase plates of TS lacked two
heterochromatic autosomes found in those of YK and
OK and had small supernumerary chromosomes (in-
dicated with the arrows in Fig. 1B). These dot-like
chromosomes were densely stained, and its number
per nuclear plate was quite variable, ranging from 2 to
9, so far as we examined about 240 cells.

Figs1C and D show the metaphase plates of
hybrids in the crosses between YK females and TS

males and in its reciprocal crosses, respectively. All

‘Y
v

v B
' Y
7%

X
Cllae——

B
D

Figure 1 : Male metaphase chromosomes of Liodrosophila
castanea. A, Yakushima strain; B, Tsushima strain; C, F,
in the cross between Yakushima % X Tsushimad’; D, F; in
the cross between Tsushima$ X Yakushimad'. Bars=
10km.

nuclear plates of F, larval brain cells showed 2n=11
chromosomes and a few of dot-like supernumerary
ones (indicated with the arrows in Figs 1C, D), suggest-
ing that in the nuclear plate of F, offspring six chro-
mosomes might have derived from YK but the other
five and a few dot-like chromosomes from TS.

Figs 2-7 show the male and female genitalia of
YK (A) and TS (B) strains, respectively. The genital
characters of YK were as follows: epandrium dark
brown, pubescent on dorsal portion, with ca. 3 setae on
upper, ca. 5 setae on lower and ca. 6 setae along
ventral margin (Fig. 2A); surstylus with ca. 15 stout
setae and a large seta near the apex on inner surface
(Fig. 3A); cercus almost bare, hemispherical, with ca.
18 long setae and several short setulae on ventral
margin (Fig. 2A); aedeagus grayish brown, apically
pointed, club-shaped at lateral view (Figs4-5A);
aedeagal apodeme grayish brown (Fig.5A);
hypanrium narrowing distally (Fig.4A); paramere
brown, minute; oviscapt black on ventral margin,
roundish at caudal tip, with ca. 17 orange marginal
and ca. 5 lateral ovisensilla (Fig. 6A); spermatheca
brown, with introversion half of outer capsule height
(Fig. 7A). Of them, the most remarkable difference
was seen in the pubescence on the cercus between YK
and TS: the cercus was bare in YK, but widely pubes-
cent in TS (Fig. 2B). In addition, the epandrium was
pubescent only on the upper portion in YK, but on
medial to upper portion in TS castanea (Figs 2A, B),
and the spermathecal introversion duct was slightly
higher in YK than in TS (Figs7A, B). However,
these characters in the epandrium and spermatheca
varied among individuals within the same local
strains, with the extreme case of YK strains resem-
bling TS strains. Any discriminative difference was
not detected in the surstylus (Fig. 3B), the aedeagus
and its adjacent organs (Figs4-5B), or the female
terminalia (Fig. 6B) between YK and TS strains.

Table 1 gives the results of comparisons for the 23
quantitative characters between YK and TS strains.
Twelve out of 23 characters (Nos. 2-4, 9, 10, 14, 15, 18-
22) showed statistically significant differences
between the strains, but with overlapped ranges
between them in all characters.

Table 2 gives the percentage ratios of successful
mating between YK and TS strains in no-choice
method. The two strains mated well with each other
in both directions, but the ratios of successful mating

were slightly lower in the crosses between the differ-
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5B

Figures 2-7 : Male and female genitalia of Yakushima (A) and Tsushima (B) strains of Liodrosophila castaneca. 2, Epan-
drium and cercus; 3, surstylus; 4, aedeagus and adjacent organs in ventral view; 5, aedeagus in lateral view; 6, oviscapt; 7,
spermatheca. Abbreviations: a, paramere; ¢, surstylus; e, aedeagus; g, epandrium; o, aedeagal apodeme; t, cercus, v,
hypandrium. Bars: 0.1 mm in Figs. 1, 5; 0.05 mm in other figures.

Table 1 : Variations of quantitative characters in two chromosomal strains of Liodrosophila castanea

Yakushima Tsushima Difference between strains

Mean+S.D.  Range (n) Mean+S.D. Range (n) (¢-test)

Quantitative character*

1. BL(mm) g 1.96+0.14  1.80-2.20 (10) 1.864+0.23  1.60-2.36 (10) ns
¥ 2.12%0.16 1.81-2.40 (10) 2.1240.27 1.76-2.68  (10) ns
2. TL(mm) g 0.77£0.05  0.72-0.88 (10) 0.70+0.04  0.66-0.80 (10) P<0.01
£ 0.81%0.05  0.72-0.88 (10) 0.76£0.05  0.68-0.84 (10) 0.01<P <0.05
3. WL(mm) g 2022010  1.84-2.12 (10) 1.794+0.08  1.68-1.92 (10) P<0.01
$ 2.08%0.07  1.96-2.20 (10) 1.94+0.08  1.84-2.12 (10) P<0.01
4. WW(mm) g 0.77+0.04  0.72-0.84 (10) 0.66+0.02  0.62-0.72 (10) P<0.01
£ 0.80%0.03 0.76-0.84 (10) 0.73+0.06  0.68-0.88 (10) P<0.01
Head
5. FW/HW 0.50£0.02  0.47-0.53 (20) 0.49+0.02  0.45-0.56 (20) ns
6. db of Ar 4.75+0.44 4.0-6.0  (20) 4.45+0.60 4.0-6.0  (20) ns
7. vb of Ar 2.00£0.00 2 (20) 2.000.00 2 (20) ns
8. G/E 0.21£0.05  0.13-0.30  (20) 0.20+0.03  0.15-0.27 (20) ns**
9. Or2/0rl 0.78£0.11  0.60-1.00 (20) 0.90£0.11  0.67-1.00 (20) P<0.01
10. Orb3/Orbl 0.62+0.05  0.50-0.69 (20) 0.68+0.05  0.60-0.75 (20) P<0.01
Thorax
11. U/L of Hu 0.96+0.10  0.67-1.00 (20) 1.014+0.08  0.86-1.33  (20) ns
12. DcA/DcP 0.71£0.07  0.62-0.85 (20) 0.65+0.08  0.44-0.79 (20) ns
13. Ld/Cd of Dc 0.62+0.05  0.54-0.74 (20) 0.55+0.08  0.48-0.77 (20) ns**
14. SctP/SctA 0.65+0.11  0.33-0.79  (20) 0.56+0.06  0.45-0.65 (20) P <0.01**
15. SctA-SctP/SctPs 0.72+£0.08  0.57-0.86 (20) 0.64+0.05  0.53-0.71 (20) P<0.01
16. Sterno-index 0.30£0.08  0.18-0.50 (20) 0.26£0.05  0.20-0.36  (20) ns**
Wing indices
17. C 1.61+0.11 1.46-1.87  (20) 1.63+0.12 1.45-1.90  (20) ns
18. 4V 1.83£0.08  1.68-1.94 (20) 1.91+£0.10  1.65-2.06 (20) P<0.01
19. 4C 1.304+0.05  1.21-1.41 (20) 1.360.09  1.21-1.57 (20) 0.01<P <0.05%*
20. 5x 1.65%0.14 1.42-1.90  (20) 1.61£0.18 1.38-2.00  (20) P <0.01
21. Ac 3.48+0.26  3.07-4.17 (20) 3.64+0.32  3.08-4.40 (20) P<0.01
22. M 0.52+0.04  0.45-0.59 (20) 0.49£0.05  0.42-0.58 (20) 0.01<P <0.05
23. C3-fringe 0.60+£0.06  0.50-0.71 (20) 0.63£0.06  0.55-0.80 (20) ns

* Abbreviations are explained in the text.
** Aspin-Welch method was adopted in the case of unequal variance (F-test, a =0.05).
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ent strains than in the crosses within the same strain.
Although asymmetric mating preference has been
frequently reported in closely related species or sub-
species of Drosophila (Stalker, 1942; Watanabe and
Kawanishi, 1979; Coyne and Orr, 1997; Wang et al.,
2007), the indices of pre-zygotic isolation were nearly
identical between the reciprocal crosses, being 0.338
between YK females and TS males and 0.275 between
TS females and YK males.

Table 3 shows the results of crosses by the choice-
by-male method. In both crosses the isolation index
was nearly 0, indicating the absence of mating prefer-
ence of males for females with different karyotypes.

We maintained the culturing vials containing both
YK and TS flies for 2 weeks, and hybrid offspring
appeared in both crossing directions. In the back-
cross, F; males mated to its parental females and
produced fertile adults. Further, any syndrome of
hybrid deficiency, such as viability, longevity or fecun-
dity, was not observed in the adult flies obtained in the
backcrosses or of F,. This means a lack of post-
mating isolation between the two chromosomal
strains.

It is reasonable to assume that extra-
chromosomes involved in the nuclear plates of TS
strains might have derived from fragmentations of
heterochromatic autosomes in those of YK and OK
strains, and thus the latter would be more primitive in

the karyotype evolution. At the present knowledge,

Table 2 : Percentages of inseminated females in the cros-

ses between two geographic strains of Liodrosophila cas-

tanea, Yakushima (YK) and Tsushima (TS), by no choice
method. The numbers in parentheses and square brackets
give the number of females examined and the pre-zygotic
isolation index by Coyne and Orr (1989), respectively.

EOaS YK TS

YK 82.4(68)
TS 49.3(71)[0.338]

59.7 (67)[0.275]
74.5(145)

Table 3 : Numbers and percentages (in parentheses) of
females inseminated (+) and uninseminated (—) in crosses
between two geographic strains of Liodrosophila castanea,
Yakushima (YK) and Tsushima (TS), by choice-by-male
method, and the calculated sexual isolation indices (I.I.)
with the results of statistical tests.

Crosses Homogamic Heterogamic LL

Female Male + — + —

YK+TS YK 38(82.6) 7(17.4) 27(56.3) 21(43.7) 0.189"*

YK+TS TS 34(72.3) 13(27.7) 28(59.6) 19(40.4) 0.096"

* ns: statistically non-significant.

these two types of L. castanea are allopatric in the
geographic range, but any reproductive isolation was
not observed in the crosses between these strains.
These results imply that two geographic populations
with the different karyotypes can be regarded as
chromosomal races, rather than subspecies, although
a slight morphological difference was found in the
male genitalia (Mayr, 1974; Stamos, 2003).

Supernumerary chromosomes have been known
in many taxonomic groups of invertebrates: for exam-
ple, White (1972) demonstrated the chromosomal evo-
lution and speciation by extra chromosomes in the
grasshopper Moraba viatica. However, adaptive sig-
nificance of extra-chromosomes in the natural popula-
tion of L. castanea is quite open to question. This
species has been presently known from Korea, China
and southern districts of Japan (Okada 1988; Zhang et
al., 1996; Bichli, 2007), and further studies on the
karyotype and biology of this species are indispens-
able to clarify its genetic differentiation in relation to
adaptation to local environments in many populations,
especially in Kyushu locating between Tsushima and
Yakushima.
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DOEEFEIZ OV TERITEN TS, KETIE, TETVAEYTHEF A ayarYa vz F A
Oy avYayNIERICOWT, ZRHPEBOKGE & 2o cBEb 2R c >V Ea—L
7o, AARBERC L Z2BIBTEIOFRRICE Y, EROVIRTIREINTI krote, F AKRREIRIC
TG L 7e SRR A ARBBROHNC b EIEE NS LS IX%o7. L, A AREBROSHEER, F
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The evolution of genitalia in the Drosophila melanogaster species group:
a review on the studies of genital functions

Yoshitaka Kamimura®', Hiroyuki Mitsumoto*®

Animal genitalia, especially those of males, generally evolve more rapidly compared to other morphological
traits. The driving forces underlying such evolutionary trends are much debated. In the present article, we
review evolutionary and functional studies on the genitalia of drosophilid flies (Diptera) belonging to the
Drosophila melanogaster species group. Despite that the male genitalia of this group show astonishing diversity,
previous studies failed to detect any species-specific differences in female morphology that corresponded to
interspecific differences in the male genital morphology. However, recent discovery of copulatory wounding
behavior, that is, the phenomenon that male genitalia inflict wounds on the genitalia of the mate, enabled us to
identify counter-evolutions in the female genitalia. Such diversification in the female genitalia is mainly
represented as modifications in the soft membraneous regions. With description of a newly developed
transparentizing technique of mating pairs, we discuss the potential of this species group to be a model research

system of genital evolution.

1. EUSHIC

EANZREEB IR IO TIE, F ARRERZ
VT AAZKEFZIEL, ARARZFNAEZZITERY, o
R LELRRFE TR T 5. BTOZTELSL AD
RREMOEREEETH 205, KEBFRERI DL kH
R EABEOATREIATER VS SWVEHETH L T
ENZ . RHEER 0% OFICB VT, S8E¥O
HARPLERZBRE L 2 TS, ZOBYR—kAE
THEDPZELLEETERWEELE L, 20k

1) BEZRBERY - EVFHE
! Department of Biology, Keio University, Yokohama,
Japan

X, BIOMOIREREL D b, RESITHE#ELL T
WL ER 2 H S Z & &L TWwb (Eberhard, 1985;
Hosken and Stockley, 2004) . ZOR&#E b E b7z 5
TERIZMTHA50? mbE<roMon 2K
1, MEREHDIE L WRITE O BT & il S 38A1 3 5 72
Iz, FERFRNEZTRRVESENL LI LT 2FH2Th
% (Shapiro and Porter, 1989). Z d# & #T (lock
and key) RELEMEIEN 2F 2 1 LS, ZREMIBRIC
RREBMOTREIZ L > CHEBEIE»EHTE, b L b5
BrhnEwREE2he 2 2 LT (27387 OB
L mlid 2 ENTEL MRS NS. Lo, ik
T & BT 2SO R WHERELOFEWEY Bz
Xy 7 SH) CTLERRNLZERVEOM LB X
NazE, TORMEBMLSLFETE2EMIZL W



40 BN & % =

(Eberhard, 1985; Hosken and Stockley, 2004) . ¥AET
&, HBFBF (X AOBRNTEBOA AICHKT 2K
INDZKE 2 O < B HFBERICEINDE Z L), HD W
AR Lo TBIRbNSETORER, RROBIEGER
ARG 2 < B MEREDXIAL & Vv o e, RERIGLAZ I
YERT 2 MBINO@E 2 BRI 2F 2 TN—Ki e s 0
2254 % (Eberhard, 1985; Hosken and Stockley, 2004;
Simmons et al., 2009) . Drosophila melanogaster (¥ A
Oy avYavaT) i3, BEY - STFEYY - FEL
YELOBERELETNVEYTH 228, KESRFPREOHEL
WRICBWTIE, E7VEYE L TR EZREL Tn b
EREZARVODPERTHS. AETIE, Yavyay
NIJE (Drosophila), ¥~ awya v Nifig (So-
phophora) @S HF A0y ayYa v NLiEEE (D
melanogaster £ = DA% & 1) X RIC, K7
WV— 7 DR BMRTEREO AT BT 250K, FRE, B
BIZOWTFE LD THIZ N,

FAuyvay Yav N EEE (the Drosophila
melanogaster species group) I 200 F&EiT < H3ECH & 1
TWRKREZEI7NV—7"T, 12 OHEEE (7 3 species
subgroup) 43 5 L% (F1; Bock, 1980;
Lemeunier et al., 1986; Toda, 1991). ¥ a v Y awvNT
#} (Drosophilidae) TIF 12FEICOWTZ DT/ AEH
DEZMN5ET LT \w5H (Drosophila 12 Genomes
Consortium, 2007), Z® 5 550D 6 MR ICE
LCw3 . fEobifse, &S5 GnETREREZED
ETNVELTHELSFMAZIRATEY B2
Prud’homme et al., 2006) , 5 TFAEYEN « EIRFNIF
WO DEHL T IEYHO—DOLFZ 5.

ARSI RE £ LT, BRSO s h
TWEmMND S L, & A HET B ETC A (sex
comb) %5, WigBlT 5 2 L, X ADERZE

NI Al

% (ventral receptacle ; KR DRI A A0 52T -
TREFRIET 28 E DO—D) A4 ADEHRITEL, &
FHxaf VR ks e ERbTonshn, SEESR
fEFNC A% EFIF b %> (Sturtevant, 1942; Bock and
Wheeler, 1972; Bock, 1980; Lemeunier et al., 1986) . L
L, MEROAFLEE S HEE L —HOHEEE (D. lon-
gissima WiEE, D. denticulata HEE) SfEMTICEH TN T
WEVWHDD, ZhETOST RN OTFFERERIEA
HHEPERAMTH L 2 EXFFLTwd (21X Kopp,
2006; Da Lage et al., 2007; van der Linde et al., 2010) .
WFFERERIE 2 < OHERE (D. montium, D. ananassae, D.
melanogaster ZHEER E) bHEBRMTH 5 Z & 25 H;
LTWaH, D. suzukii HEEIZOWTRERMEFEZ S
N Tw% (Schawaroch, 2002; Kopp, 2006; van der
Linde et al., 2010). D. montium ¥ & % D. ananassae
MHERIC OV T ZEN TN L THN S ¥ 55958
ERHIBEIN TS (Da Lage et al., 2007), & Z
TlEIhodbFAuyayya uNTFERRCED TS
ZEIZTB.

YavYauyNTHORBEHRPEOELOFEEL L
T, LELIEARDOHRRNIZ S 2 ERZEEORS &,
FORE (b2WITHEE) WA 260580 LT s
ha. ZOFEICEL TE% < OENIELRD 255
(il 2.1F Joly and Schiffer, 2010), Z Z TR B/ %
[ 228 DB M O TE BER Bl B 2 B A7 L PRFIC &
D, ZhoWERETHRRDOHEMICEE T 2 EmIC D W TIEK
bigw. 72, DT, SEARBERNICITFHAERTL L
L, — il I 243D 2 HE12 D IR
D HFI = PR LIz

Rl FAoyaryyay N NofliffEo 12 #iff (FEHEE, species subgroup) & ZDfUFEME. RFMIALTICEL T2 D%

FIEATEE DTGV SN D Z DSV H DA FULITEATR .
W, AXHTCEST 20 0DHARLIZ

HEEL D T OSHEEHRTh 2FEEEH (species complex) 12D

MR

A=

D. ananassae, D. pallidosa, D. ercepeae, D. varians, D. atripex, the D. bipectinata complex @ 4 Ff

1. D. ananassae Ht (D. bipectinata, D. parabipectinata, D. malerkotliana, D. pseudoananassae)
2 . D. montium FHEE D. baimaii, D. auraria, D. rufa, D. kikkawai, D. serrata, D. birchii, D. greeni
3. D. suzukii HHE* D. suzukii, D. biarmipes, D. mimetica, D. lucipennis
4 . D. ficusphila Bi¥E D. ficusphila
5. D. rhopaloa BEEE D. rhopaloa, D. fuyamai
6 . D. elegans HHEE D. elegans, D. gunungcola
7 . D. lakahashii HEEE D. lakahashii, D. pseudotakahashii, D. lutescens, D. trilutea, D. prostipennis
8 . D. eugracilis Tl D. eugracilis
. D. erecta, D. ovena, D. teissieri, D. yakuba, D. santomea, the D. melanogaster complex @ 4
9. D.melanogaster (D. melanogaster, D. simulans, D. gechellia, D. mauritiana) “ ’ "
10. D. flavohirta F#f D. flavohirta
11. D. longissima HifF D. longissima
12. D. denticulata BF D. denticulata

HRMEIND (KXSR)
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2. ¥auYau/N\TEOXRREHRIECAEER
ZH<DEE

AR THRONRET 2F A 0y a vy a v NTfllf
bEHT, YavYauNIROA AKX ESIE, phal-
lic organ & & D% I THFAET % periphal-
lic organ ® 2 DWARH L THS LEFTHSZ. ZOK
5313 [RRERIC X A DEFEENICEA S NS E 7] &
[ X A EJHE & 2N e i X AR ESRITIH 25
el - {033 2851 & D BEE I ITIZMH Y 3
5. 22T &E73, D sechellia (£ A ¥z vav
Y av NI D. melanogaster M FE W J|E 5 %) & D.
ananassae (75 F A ¥ aw ¥ awvNT | D. ananassae
WHECRT %) 20, F41uvavya v NTElED
FARLRERPEBICOWTHFHT S (K1), A ADRE
FTOWTIX, WEPATHERR & PF CTERRE 2K 2 10w
+. KRG TIZEAN I McAlpine (1981), Zhang and
Toda (1992), Hu and Toda (2001) THEME « fHH &
NTwHAEERRICIES . 2k, N H (Diptera)
SR ToOHEEIEHCHFEERTH S .

2.1 #ARA® periphallic organ

FADIKRIRDIR b R ELERF ZHEN T 5 DIXE 9B

basal process
of aedeagus

cercus

ventral cercal
lobe

posterior
process

surstylus

ventral
lobe

basal process
of aedeagus

41

HiThs. 9 WEEHEW (9th abdominal tergite) 8%
RigHF#E L, epandrium (K 1la, b, d EMiEh %
(% < OHRT genital arch & bFEIENS ;3£2). 2D
BHEENCIIALFAFEO L, % O LA I & cercus
(FLHR) DTEAET % . FEIC & o TIEALHR O 1 BEAI 358
WIIEEHETEfis N Twa. #OEMET, epandrium
DOEF OB TREITN T W E D, Z ZhollE%z
fif Z 725 1 R O ZEE s BN A2 > THOTE D,
% surstylus (EHER) RS, — I OHITE 2 %
B Z2 508, %< OFETIXZ O—E13#l% 75 peg-like
setae (“RZRMIE) &7 5. D. ananassae T D K
> DR E T, cercus & surstylus @ 12, ventral
cercal lobe & FEIF AL % 21 D [IE % fif 272 1 0 D ZEiL
PETL85E0NH %5 (K1d) . Epandrium O 745 FEAH]
KD HER L ventral lobe EFEN, % OREE 2
25 DPEHETH S .
2.2 #ARA® phallic organ

Phallic organ &, hypandrium (5§ 9 SRR A2
LizbDeFEzonTwd) OFANCHEEL, REOKE
LI# X periphallic organ, FiC/AA D surstylus ORI
AT TEHELIZ ., BT 2 —H oA 2k,
gz 1 KD aedeagus BH D, FEHETIES NI

-
[

dorsal
cercus

posterior
process

ventral
ventral

lobe

epandrium

gonopod

aedeagus

l:F¥AMuyayvYauvnNc@HE2EOL ARESROBERX. (a-c) Drosophila  sechellia (D. melanogaster THE) , (d, e)
D. ananassae (D. ananassae HFE) . (a) 134 A & RREIHRILTOILKRE. (b-e) 34 AKRHEZEZRT» S RIZEK. (b, d)
1% periphallic organ & phallic organ M5 %R L, HBHIZIKEOTRLTWS . (¢, e) X phallic organ DKM . Cercus HDH

,
% . D. ananassae ® phallic organ IO W TIXX 6 H2MH.

phallic organ ®—#F (hypandrium ¥ paramere) |34 L CHi< . Phallic organ 32RO WIREEL L THiWwWTH
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N N

R2: ¥ A0y avya v NclROMERRER BT 2 HaE

ARG TOHRE X L b 3R
F AA R
Periphallic organs
epandrium genital arch, tergite IX
cercus(-i) anal plate(s), secondary clasper(s), tergite X

ventral cercal lobe(s)
surstylus(-i)
posterior process(es)
ventral lobe(s)

secondary clasper(s)

(primary) clasper(s)

ventral lobe(s), lateral lobe(s), posterior lobe(s)
lateral plate(s)

Phallic organs

hypandrium

hypandrial apodeme

aedeagus

aedeagal apodeme

basal process(es) of aedeagus
dorsal branch(es)
ventral branch(es)

sternite IX, novasternum
ventral fragma

penis, phallosome, phallus
penis apodeme

paramere(s) anterior paramere(s)
gonopod(s) posterior paramere(s)
A AR BER
oviscape ovipositor
oviscapt(s) oviscape valve(s), ovipositor plate(s), ovipositor lobe(s), egg

guide(s), vaginal plate(s), sternite VIII

TR TEONIALFME 2 E OB E A AN ETE
ELTHEBET 5. B2 & aedeagus ZPFHTe & 512 134
® gonopod (% DHETER) Bh D, RERWCIZAE
FHizhd <. Aedeagus I L CTIEMHNC X, 1 %D par-
amere EMEIXN BB H Y, MADKHETE (sensil-
lum) 22 % Z £ TCEEOULoNE. F{fuyvay
VaunNTfEHETR/AIW I ENEL (M6ER), &
EROBAED X< bhroTwiawy (2721, 3.2.1128
WIS % D. mimetica 7 EHISEH % >) . Aedeagus
DIRT» SBHFI L T, 3 L < X aedeagus @& L T,
BE 1O EAELREND S, I D basal
processes of the aedeagus (LAF, basal process & M
20) &, D. melanogaster I B W TIE 2 H D,
aedeagus @ ¥ ] (dorsal branch) & & fHl (ventral
branch) 4 oins (Klc). EEO IxtiZLIFL
¥ gonopod L& L T3 .
2.3 XADRERLABLTERR

FICHEES D 7 HiLARE» SR S L5 X A DR
&, —RICA ACHERTHEMAMEZ L TS, 22T
NI AR L PR T2 O— RIS R M T 5 (K
2) . A 1 OINETHEE L 793 EINE 28D , BT
BFESRE CTH % 1 %t D spermatheca X 1 4 d ventral
receptacle DHFICEZ 6N T TFICL > TSN
2. ZFEINE 2 DB F I b D uterus & IFIXN B ES I
FEIE TSNS, 2213, * ADAENEE (repro-
ductive tract ® % \» 1% genital tract) AL Lo Tw»
AT DM, TDHBRFTHEEY (post-vagina &
X5 2 B % ;B2 1E Lung and Wolfner, 1999),
WU AR AGEI & LRI 5 .

SEBAFEITIZ AR D BRI I3 4 A @ phallic organ D1
ARZT5EEHIZ, EINOE UTHEIET S, DS
XA D S oviscapt & FEIX AL % sclerite IZFE £ LT Ww»
5. 2027 F7 7 OBEAEORERIEZ LICHRRXTH 5.
2N S OFEBULEINE CHYE L, oviscape & XL %
(X 2).

ALFTE A A & R AETE N U CEANCAIE L, 8%
RO 8 EHITH PR Z 7 E MO 5. 8 10 8
it e & O 10 BEIRIK S 2 e nER LIz b D &
&M% epiproct, hypoproct @ 2 #®D sclerite 1 _E T 5
SEEFNZETHOLTEY, EHD cercus THREN
TWwb A ADEE TR 5. X A D epiproct-
hypoproct DL, REAICA AKRBIR ENPAHED T
RN XS T, ~RICKESR (genitalia) O HilE Iz
BEDRNI EDB .

proctiger
(=analia)

spermatheca

&

oviduct~

oviscapt ~ °viscare

ventral receptacle

anterior ¢—————————) posterior
M2:*Afuyayya v STflifEo 2 2 OWEBAETER B &
VRO (AR .
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2.4 FEGERZEDHL DEE

DEMEES L7z k912, Y avya unNTHORERE
B, FRCA ADZNIEE S O/8— 7575 2 REHKHE 75
METHY, RAPEMBOFERF L BoT w3
(Kamimura and Polak, 2010). [FE%Z & &1 H#E L
TWwbDlX, ZORBEERROELTHS. vavyay
NIRAS O = BIFFEE B — A v T 3 FEE S
F (12U, FEEOH—HFEME BT 2 Eamo 2 T
WL TWELITIERY) BEETL2DIIHL, ET WV
EME L TREWERE 2R >YavYa v N T,
YavYa NI (Pl ISEEREECTEEEYF
) CEBEORERRASERD Y, REHFDOFR L A=Y
PIGEE B E S T HBFRTIEEN TW 2 DOBBRTH %
(%2). #1z21Z, ventral lobe &> [E UHEEA, #5E
#\Z X - T periphallic organ ORI DAL Z g LR T D
WZHEASNTWE I Ebhrb.

S, vavYauvnNTEHOARST, NTHOL
BOSERECOHOFRAEFN IR L, KEHERED
RS EIC DWW T OB 2R % 38 27k 2 5 FHH
MERENTWL IS, ZOXIRN=2HE L5 &,
NTHERTOMBEREOHERRZRHAL T 2
EDEFE L. £ - TESBE TR, ENLEREC
Bl 2HEEL D b, [HHESR] Fo—M g IEFRO A
DIEFEND ZELH DN, PFeREe LA 2 KR d
el bic, BALIHEEER L ZIcED BI04
MEHE CHRTDZIENEERTHDLI EZEZONS
(Kamimura and Polak, 2010) .

3. FMOYaDIauNITEHDRRESREMEREIC
B9 DML - HEETAZR

3.1 XEHFEEOEIHERCET D%
REMOBEECE T 205813, 207 7u—F» 56K
ELIDWREHT DI ENTEL . — DR EDEHDRT
FEa#OERICOWTRHEIIBIZEEZB %5, H5VIIR
B =V ICUIBREDERNRELNZ 2 2 10k D,
FOMBERHTE - BILT 27 70 —FThH5. b5—F
i, A - a2 TRBEEOLREZFAL,
ZTOWRREMET 2 HIRED T 7 —FTh 5.
REWZETNVEYITH S D. melanogaster %1% U
ELT, vavvaunNzH3ZZOBENOEMGIE R
NBCER s h - b DR &) BT 2 K25
DERPDS. Ll, REFPEOELRNERCET
BHgR, FEEWFELEOT —< b2 b0 ERTIE
Dizvs BWEBOREN (b2 WIAEHEAREEORED >h
EREME) CHRIN I REHREEELROMED
25 (B Z21X Matsuda et al., 2005; Joly et al., 2010),
BEREDWTZE L ZFE DOV T W R VOLBEIRTH Y |, i
MR OERICE S 7 Fu—FIc X 20981k, £

MOl AZBLTE I b Tn»5.
3.1.1 TERLRICEDHRE

FAuyavya v NTEROEMRICE S 2 ER
TERE D 7= F iz W) D THA % 3R & 72 5 3 13 Robertson
(1988) L2 b eEbhd. ik, 1 ayvav
YayNTEEEHE (the D. melanogaseter sepceis
complex) D 4%, T bbb, D. melanogaster & % 1L
Wbtk D. simulans (X Yy avYavNT),
D. sechellia, D. mauritiana ® 3 FE%XERIZ, posterior
process DFEM OFREDE N (M 3) CEHLMHER
BIkoTw5. ZDOZXEIELIE epandrium O—H 2 T7
NMEELZBDOTHY (Kla, b), 4FEOIEMELT
L7 F 2 5 Tw? (Jagadeeshan and Singh,
2006) . I HEHFELOMEEIC D 4ERZRINT 570D
EEE LRI TB Y, HEEHEZF AL e
S, % OIFHEE OBEBZFHIENC D W TIWTFEOEEL
H % (Coyne, 1983; Coyne and Kreitman, 1986; Liu et
al., 1996; True et al., 1997; MacDonald and Goldstein,
1999; Zeng et al., 2000) . L L, BEREDE S S #EK
L 7205213, Robertson (1988) % Trherolz. WIFW
FRERTHEE L RETORT 2 ERAETEME (U
T, SEM EH&FES %) THZE L, @ posterior process
&, ZREHIC A A DIEAIE 75 X U 8 M (Robert-
son, 1988 TIRHE S BLUHIERE Lo TWwB M, Z
WEBE LTz L S B EHID A 7 > » DT DEWIC &
25DThH5) OTIKRENE BT, X ADMEH*
EHE L, @ X 2128 W T, posterior process DIf A %
ZAND LEFZ 5N DBEALICIL, posterior process
DY A ROMERZICHBI L 7B igans, L
LTw3. ZL T, K&7% posterior process Z¥#i> D.
simulans DA A & D. mauritiana O A A TIXFER D
BRI U< (48 RFFILANDZ BT 0 %), #T
BFEER (76%) TRENEINT 5 2 LNz, DM
HEDORREIRIEREDY A4 XDOMITH 5 b D EFLZL T
% (Robertson, 1988) .

EEE@ D posterior process DEEREICBAL T, iR
DMWY, ZDBOWIRICE W T RIBEOBEERENE >
TWw3. LaL, QOMORRERICE S 2D
Wk, 0%, ZOMBEEERT ZWMEFIEN. T
HOREER X, AL L 7280 - Bt DY, Feiks FifEE

N ) = A

sim mau mel

H3:FAfuvavvay NTHEESGK (the Drosophila
melanogaster species complex) 4 fED posterior process D
R EHObDERAF»S /A IK. sec, D. sechellia;
sim, D. simulans; mau, D. mauritiana; mel, D.
melanogaster . X 1a, b bZMH.



44 R

o TGS NIEROBETH D, HOFH L 72H
AFFHEEOBWEZE 2T 2 L BPREETH 2 (M 4).
% 7z Robertson (1988) 12 13FFfl IR T DIk 72
<, BREBILRS ZLHEPRE > T3 .
Eberhard and Ramirez (2004) X, ¥4 ay¥av
Vav N RO 28 (D. melanogaster £ D. maler-
kotliana) k&, fbo 2 FEEEWCIE T 2% 1/ (D. saltans
& D. willistoni) 1ZDOWT, F XD B OFEM 2 2 #
DR EB Ko TWh . I ZTIkEE 2MOBEMEE
DFFHICOWTIIEKT 2. #1513, RRFORT 2
HERTEEL, WHREE2R- 7%, =8/ —LH
TELHWREPBIRkW, SEMTOBREE2B Zx>TW»
5. —Hic o, BEERICHERELSEEEL, ZRBH
WKRENTRZBZOISOBELB I K> TWnws . HE
bz b, REHERE, Biot A0 Z o wEbicEd
L TCROEZDDFEELFREZE, 22O
VLB EDOTFHIEEZTn5.
REHOEMVFEEOBMNDI- oD [#Eg] L
CTH#ALd 2554 (Shapiro and Porter, 1989) , MEHERTE
oM RN ZSIES TRl SN S . MEESZRORK
MR TFORZICE L TR SREIC B B R (RS
sexual conflict £FE3), Bz X, 4 RIZZERZLELD
LT, AABPKERIESL L5 LT 58, HHERE
MOFRICHELLBS (arms race) WAL 3 L FHs
5. ZOK, BIZIEAAPREEIESELLD ET 54X
RS 2 L O afE s ELI R 20 L, A RIE%E
OB EIND LS EEEERIE L1255 . Ik
PR #E{L (antagonistic coevolution) KR & I iE
i, T8 e8] RER & Rk MERERS B 2 O NI TZ RERY
SIn R o s 2N FHIS LS. — 7, cryptic
female choice IRFiIX, X R34 A DR EMFREICED
WT, ZOX A SZ TS IETFDOREDZEOMR L

O

4 (QFREH, BLU O HESNIRETD Drosophila
sechellia D A A DWEIHE D SEM . 7k, BmEOTRINIZE
S ZNZTNETB LOH S EHEREZRT. (QIEBWLT,
FTERENTWDLDIRET B LU S EHTEFRO T ICHRA
T34 XD posterior process, WEFRETHH % LT %8
43 78 Robertson (1988) @ Fig. 212 B \» T, & A D poste-
rior process DFEMZE (K 3 2IR) IIHInd 25 & L CHf
PICVOBESTHD . A7 —N—F 25 ym.

NI Al

BERFTVELEVWIFEZTHS. T AOREREEL,
ZDF ADIEFIC & o TRHE I NIz FOAEFRDE R
E DA B 2556, A AW L 2T ORI EL
L9 %2 EDE@RMIRENT WS (Yasui, 1997). 46
D [k &g ARG FITE - S > OFRA B b B ARG
TH2ZDIZHL, ZORFIFZFEEA A TOEIRTH 5
MRS . ZORBHBEILT 256, A A GBREMRE
RENLTERZBI > TCW3H[EEE L H 2720, M
R RIR OB OB ENHETE 5 L, hT LD
FHIE g,

o DBEDRERIIRDOBEY TH 5. D. melanogas-
ter @ posterior process (Eberhard and Ramirez, 2004
1Tl ventral lobe) 2B L Tix, Robertson (1988)
Ffk, ECAADOERE 7THERO T IR INS 2 Lz
ELTw2., BZELAETNTIEZDOWT, EAD sur-
stylus B BHIZHWT WS Z E2BZEL, X 20D
oviscapt (Eberhard and Ramirez, 2004 H1CI3 ovis-
cape valve) ZHLBH &, aedeagus EDHAZIT %
WX 2RO EEBERL TW5. D. malerkotliana O 1 %D
basal process (Eberhard and Ramirez, 2004 H1CiZ
aedeagus WEGICHEIE NIz D LEFRINT WD)
IZDOWTIE, EEDREIE L I2IREE TlE O aedeagus &
FRRICHERE T 2 LR ST w28, ZHIFREREED
HOBRICE DOV ZLICL 2D THY, KEEZED
7Y vy avyauNflEEN (the D. bipectinata
complex) DREFRERREBIZOWTIX3.2.2 ZBW TR
T5.

WoxEiz, X AREROPTED 0L L /&
TH % oviscapt IZ, A A DR EIRTZREDRER 212X e
Uiz B U7z, Lo L, 20D & 5 %8 % 2 2l A
T EMTEEpo 101X, [H#E#]T RERET
AL DFERLIZEE S e o Tz LG, HERIC &
ZHIIRIGEIL T B 245, A A DRBHEMREREZ ML 72
cryptic female choice 28¥ a7 ¥ a VN DO K Eds
HEICEE R BRE 2RI L TWE D EHELT0D.

Jagadeeshan and Singh (2006) % Robertson
(1988) L[ERICF A vy ayYa v NNTEEEERICE
I % posterior process Dz (B3) wHEH L I
FRhBIIx->Tw5. ZDOFikE Eberhard and Ramir-
ez (2004) DSV b O EFERCEERTDH 505, K
D. melanogaster & D. simulans ® 2 FEIZ DWW T, FEH
TRLED T, REOKMEEICHSTFER2B IR
W, ZEKEPTOMHEZTREROL/IEZREL TV,
Robertson (1988) % Eberhard and Ramirez (2004)
DBIE L IZIZFEBROFTR 2 8HE L T %28, cercus 3
A A D oviscapt FEEEDOERIZH W S T 2 AJEEME %
PRl Cwa . i, BRIV T, EH
TRONIZ XS BRIERIRD Y v 7Y > 7 DRRSLHEN S
b, REMHEICOWTIIA ADRE T 2 HAICH
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D, BARRBERERECHENI EZREL TW5.
COHIFETS £z, A ADANCH A ORERZEICHIET 5
SR E N Twin,

Kamimura (2010) % D. melanogaster D3R % 1%L
L, posterior process IZ DWW TRIBEDBIZREHR 25T
WA, ZHIZDOWTIEBEELEEE L b1z 3.2.11
BWT#ART 3.

3.1.2 REHBRFREDEERMIRIEICETDIME

Polak and Rashed (2010) &, ¥4 7 v —#—%
T, D. bipectinata (78 7 ¥ ¥ aw ¥ av/NL)
® ventral cercal lobe (K 1d) D%&tsDMITE % k3
3 EBETV, FiiEZ 0 EROREEIIEL L U
B2 LB ORBTOZTELOEELZ#HE L. %
OfEER, avbu— (ALAOMOMERZ > & A3
ATYHIBRL 72 6 D) e, RIS 5 03,
RRICKILIZGEIE, a>yha— v eZEb) Lk
FEELTWDZERHASPICLI. 2D I &I, ven-
tral cercal lobe PHUESRE D—> & L CEHEELEE %
FoZarRlLTws. s KL, ZO&HREOHEH
PEHBHZL TWRWLY, AFELKEHROMEZRD
D. malerkotliana ® 38 & % 1 %2 U 7z Eberhard and
Ramirez (2004) @ Figs. 6,9 121X, ventral cercal lobe
M A AD oviscapt D EH & Bl L T 2T 5 3
TED, HEINHERE - 75 L% (Kamimura
and Polak, 2010). 7272L, Eberhard and Ramirez
(2004) TR IDHICOWTERENTHARL,

A &k 12, Acebes et al. (2003) i k> T, D.
melanogaster , D. simulans, D. sechellia @ surstylus
IR DEEEZ E 2y b CTUIRT 2 BB 2%
b TWw3 . D. melanogaster Ti&, Fl—FH D HDY]
BRCIEZRENFRCERZETEIRD snzws, A
W 2 IR 9 2 L RIS 2 LG I Tw
. 2L, RO HOUBROSE, + A DRZRESH
BEEZVIBRL 2MOBOHANCELS . 2D &5 B3R
i, o 2 ETRED S TWwi v, %7, ventral
lobe D& % FIRRICALE U 72358 3R RBIIHE LR R
KN B> Tz, ZOWRTIE, BB X A CE
ENTVLLEDEPZOVTIFFABEIN TRV,

3.2 RERDARRERICLDEERSR

TROBICA ADRTREB/ICLD, X ADKEBHRLZED
BB % >0 2RSS, FHHE (Crudgington and
Siva-Jothy, 2000; Ronn et al, 2007), 7 V#H (Baer
and Boomsma, 2006; Kamimura, 2008), 7w NTg}
(Merritto, 1989) « V¥ &V 3 B} (Blanckenhorn et
al., 2002 ; Teuschl et al., 2007) & Wwol Nz &,
BRAZ R EHOBRRTHREINTVS. 2D X5 BHR
B ARG TIIRERAIE (copulatory wounding) & FE&R
ZEWT BN, A uvavYa NIl THILE
CTw3ZEMNHrolT &7 (Kamimura, 2007,

2010) . REFFAZICOWT INETICB I Rbh TS
7eWrgEIE, 2 OMEZRICET 28D THEH, 2T
F3.1.1 L30T, WHERIEEN LIz v,
3.2.1 F/OYavIazuNIBECHIFEXERE
&
INETIRFA Oy ayyay i@t s fE
WOWTHAE LR, 82%1chic2 23IcB VT,
RR L 7z A A DFZ A2 BT O RUHER I HLh 2 1e
DEE SN Tw2 (Kamimura, 2007, 2010) . EHIX A&
RGN ECTGE, RERITC L VGOESIC [»E
Bl ] ST AEESMES N, BaEE TS X 51Tk
% (Pathak, 1993). IR D X A Z D ABLE I 3
[ & &7 13, RERAMG 2 RET 208, ZOAE,
AR, BUIEIC L - T, HBEHWC L > TEFERIZBWT
YEEMNE SN2 (Kamimura, 2007, 2010) . W< D»
ODETEHEE2ADLE A AMEVRES LTS, D.
mimetica TlZ, & AEH { & o7z 1 X D paramere
2FEH (M5a), » ARBEHROBEHMAEE (oviscapt &
analia DI DOEAL) R ALY L. XABEEEES
A FE1IHOMKOEA ER>T WD (M5bd;
Kamimura, 2007). D. melanogaster D A A1 b 3 FERE
BIUGN R S50, REDOBLE T A A D aedeagus 1T
JB3 % 2% basal process DS B, HHID 1% (dor-
sal branch) & X>TH B E 5 N % (Kamimura,
2010) . Z DZEEEIX, aedeagus & &b IZRERIZAAD
EFEENICHA SN D 128, D. mimetica & 138720,
ATEE DOFE, WhIEAAD [NEH] WEB-O0 s
% (Kamimura, 2010). X A O % & S5 o521k, O

51 Drosophila  mimetica DMERERZ RS . (a) 4 A D phal-
lic organ IZ1% aedeagus (aed) OMIHNIZZEA 1 XFD iV Jel
% b D paramere (pm) 2H 5. (b) X ARELICIX analia
(an) & oviscapt (ov) ORIOEFHUATIZ 1 DOBERD K7 »
b (REITHRT) %2FD. (ORZRARIZBIT 3 (b) DA
EOIAKR. (ABEZREAAD () L[A—EB ; 4 A D paramere
WL o>THELIAE (KHD) BR7 Y MZELCTwE ., A7 —
NN—1EFRT 50 ym.
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TROBCEADDH Y, # 212 dorsal branch »3ZEH
WZhHES 2 &, dorsal branch JE#IC L D 53D <
bOEFEZONTWES. £z, ZOARUGERALIEEE,
A DR 5 13 4 A D posterior process 12 & - T
Bansd. bbb, FEEONN»SERA Z LT,
TRPO X ZADEE SN TS (Kamimura, 2010) .
ZD &S, WRERZAADMG 22T 2505, Al
BG4 24 ADWG&EIZZRETH S . LUT, AHGORRIZ
7 — A T®H % traumatic insemination (/X %@L T
BF2ETHR) @8N L, REREIGOEICEET 2
e TR OBR 2B L 721 .

J.e.e BRZEBLCHRFZIET (traumatic

insemination)

787 v vay vav N T EEEGK (the D.
bipectinata species complex) X, D. bipectinata, D.
parabipectinata, D. malerkotliana, D. pseudoananas-
sae D ATEM DY | D. ananassae EICBT 5. D
4 FEI\ZT#k 7 D. ananassae @ phallic organ 285 1 & ®
aedeagus, 1 XF ® basal process, 1 X¥f @ paramere,

1 3%F D gonopod 22575 DI LT (Kle, 6), 7
yryvvavyavNTBESGHEDO 4ETE, FLD
aedeagus WE L < BiET 2 Rb vz, 205 14
DI FERE LT TREE 2RO S0VEHKTH 2 (K6).
Z DJTVRZEE 13 aedeagus S X L 72 b D & fERTIZ AR
ENTE (FlZ21FX Bock and Wheeler, 1972; Eber-
hard and Ramirez, 2004). L2 L, SEM BHZH D
B, 7% 7vyvavYavNTHlEEHED aedeagus 1%
B L CHEAEHO R BREE I > TED, 2K
DJTURZEEE 1% # Ol D basal process HYK & < L
72b D TH-7: (Kamimura, 2007). Z DREZTE
TE 2RO 7V — 7 DREE LR OB LS »h 2T 5
72, REFOT ZBRGHEE L, Sy —¥—
FEMSE CBE Y B I Rol. OB, FRACHNEH
(Rhodamine B) 2R X3 I & THIK 2 RN H

aedeagus

gonopod

‘\\\\*hypandﬁun1”////'

D. ananassae

basal process
of aedeagus

NI Al

L. ZORER, 787y yavyavNTEBEAR
@ basal process I& X X DAEFEI DWIIHIC B % B O K
7o b (BA) WKWHASKh, TOEEZHEY, HRE2EL
THRWREZET I EXHS »E kol LA D.
ananassae T, basal process lZ 1D X 212 H 2 [H]
BRORT Y VB EEz2 50, BTRERTIERL, &
FEMZHEA Sz aedeagus 2> S 5 (Kamimura,
2007) .

ZDED RRREETOELFO#EE b2 6 LT3k
RECDODWTEARHTH 2. BIETEHIZD DDA A1
EOTDEFIFIUTTERT 2D, AAWZE->TIEFaR
NTHLAREENE V. X A FEIEDO - DICHRETH 1
EIDFE R SRET 2 F2LER D 505, T DOLHADOENKE
(sperm transfer) LABIGE 20 ET2ILET, &
AN K DRI ARG ZEZ TR D 5. §f
LW D X 7 = X LADRIAE L bz, SO
ETH .

BREBELTUETZ2ET E VLI BERIZA YL SIEHY
—EDH A I AL E WL O DOSEEED B T
ENTVEY, BICHRSAhTWwEDIRNaY 7 ST
» 2 (B2 1F Siva-Jothy, 2006) . BHBRE W Z i, b
AV IFEBLTCHAIBICHAVYS L2 HEE X
aedeagus (#1 X AV EEIZB W T—RIICRE T 2 5
B) ZOb0DTIEk, TNICHRE T % paramere & FF
BN 2EEPFEL, aedeagus ERIE LT DTH 5
(Siva-Jothy, 2006) . Traumatic insemination OEILA
I DWW TR & A ETEHRDZ VS, 2D XD 8L
i, ZDEENRLEROBIGHR TH - - lfEME %R
3 5.

3.2.3 WRPEEVEDEENIERLEDRSE

RERAIGN X A0y a vy a v NNTElHEOS  OfF
THEIND ZERbho TERD, ZOTEHOA A
BUZEREL AR T 2B OWTRIEEA LMY
AP ZEN TR WOLREIRTH 5. Siva-Jothy

aedeagus
(degenerated)

A *A

gonopod

paramere

D. bipectinata

6 : Drosophila ananassae & D. bipectinata @ phallic organ OLt#E. KA (ventral) L VEIE LK. * i X AWK TEET
DIFHSNZ8E %, ABBIGESREZRT . D. bipectinata D& 1 5D basal process HIHEEEZ IR T2 . D. ananas-
sae @ phallic organ ¥, X 1d, e £ix¥aD, BFACIRETH VW TH S .
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(2009) X 2D k5 LXERBIGITEHOERE LT, &
ADHFET BREWHE D A AFHNADRAL £ LT O
BEZIREL TW3 . D. melanogaster 213U &3 5 H
DL K OBIIBWT, A ADBKEHFO A X D4
FiEE BB AL S 2R SY v Ex
EFETDLEPRESINTVWS (RITDMEHE L TIX
Ravi Ram and Wolfner, 2007 £lH) . ZiiH5D % > X7
B34 ADOKEMBIR CEESI NS 120, accessory
gland protein (s) 20 L Acp (s) EFFEN S Z ED3% W,
Z OEARMIERIX, £ DBORZEIETITE), ek
O - BEPNZ: & Th B8, FIRFIC A X D Fa0 A ERETIE
PETEE2 [#] ELTOEAVHRESNTRS. C
DEHIRIEMS, AAPHRRET HHIC, BHOEL
TRETFICL 22BN ELBEEE L LD, FAICLS
M RN U Te A ZADOITEIGIE (5 Shvay hoa—
W) LRI TV,

Lung and Wolfner (1999) &, ¥/ uyvavvav
NIWZBOWTEEAD DA AP S R ANEINIHBD
X AENTOSI B LTz, —HD Acp IZ X ZADA
EBAETEIRICRAET 2 DL, D Acp, BIZHF&E
D/INEDBDIZAADEE S bR IS Z E2b
mofz. Elo, REROORR,» S, ZOERBEANOBEE)
13 A R AETEE D post-vagina fHIECTELU T2 b D L HE
& T3 (Lung and Wolfner, 1999) . Post-vagina
BHIE, FAM Uy avYarvnNTilBLTLABMEED
J5ESTHLH, b LIDEDN Acp DIRALDE LT
BEREL T 2354, Lung and Wolfner (1999) 231
Lick o7k, FREKGFHNREANRI 5 L I13%F 2 8
V. FERBI, BICEN LR TR R e L, 5
D SWEANDORBREAZTAE L 120, 20 X5 BFEFIE
BE I o7 (Kamimura, 2010). Z L& »
aedeagus JCIHOEE I L TR AIWCEL 579, &
WEHMT 5 D inicbeFEzonl. 20X
w2 S, D. melanogaster 1 B\ TlE, Acps DI
AOZAEZ 7: O RRBIG L L T &7z L1355 2 8
W (Kamimura, 2010) . [E#RIC, D. mimetica D £ 51
SHERIRZRIZ D 25 % DT T b BIIBRORA LIS
%Yz w., L L, D. eugracilis (D. eugracilis ¥
B T, BRORALCE Otk 2Fb, Fhi
Lo TAREFABWCEGNEL, % 2 SRRMMEREIR
AT E2REFVREHEZ I N TS (Kamimura, 2010). &
D & FEEICB W T, Siva-Jothy (2009) Ok %
FEERINRET L T S EWNEETH LD .

3.2.4 PEENSTA—IPREEY XU EDEEE

TEAUSTEIO, 4 A& > TORMGHESICET
2H9—DODRFHELTUTOE b0 H 5. Bl
LY A=V E D, OO X ANERE
THZEDARXINPKREL 2D, BRE IHIS S
(Johnstone and Keller, 2000), %7213®@ X X OHAFFR

AMERE L, 2SS 2RI E E LT AAD LD
Bw (BRERNC) <L OINEEINT 2 L5k b7z
W, WREKICAMG LA ADBEIER L2 Bl z21E
Lessells, 1999) £ \WHF 2 ThH5. CNREREZD
BRI d EDRHTH Y, 22TV HYHENS
A—=VZiF, BHOEREL TOREEANDEGRE) 27 b&
OTHEZDLIEWTESL. INSIRGIOMEFERIIRE
FFAIG T H & L 2 DAETIC, Morrow et al., (2003) 12
XV D. melanogaster ZOWTEIZB I b T Wz,

Morrow et al. (2003) &, D. melanogaster % &t 3
DB HREICDOWT, AR BIEGD A A DI KX

FTHERREE L. BN, X AOfMA -« K- #oD
WL E—DYIRT 5, H D\ IIHES £ 72 X HEES 2
WEFTHIT & WS 5 FEOYHE S A -V %2 5275 2
T, ZOHOENRE L FBREFEZFEL T0E . HE
L LT, D.melanogaster Ti&, WK « I~ DBIEIC
FOEIEEIMETLTCh, BREEREIEDLS T, £ X
I REETHROFRR] b6 30Ty Lk
LTWwW3. 2O, HonHNifo 2 o R
DVTHRAKTHY, RERHEAALI XA -V 2522
TENE, BIZEREOBICIESRL X5 &35 2 A %20
TRRORBIENTHY, A=Y ZDbDITIIHEREN
WHDEFZEL TS,

Morrow et al. (2003) DHEERIZ B W T ABKIZ O
chicfGid, REBC L 2G LM bRES 2250
D. melanogaster W B W TIELRBIZ X 2BEDOHB LD
WThseEzo5N, KERAES A AD [REKTHE
DOFZE] WWEBKL TWAAEREIMEVWEEZ 5115 .
YrENZO 1L EMOBRRTY, RERFAEIIZE
ORI X ZRIFEY & v ) B %XR T 2R
ENTw? (Edvardsson and Tregenza, 2005; Teuschl
et al., 2007; Hotzy and Arngvist, 2009) .

REFAGC X > T, X AWHEFEERICBLET L) X7
NEEBIETFHENT WS (Siva-Jothy, 2009).
D. melanogaster \ZB W Tk, REDOBRIZA A» 6 X A
WIEE NS Acp DIEBIC L > T, BEHEY > v 78
DOEGIHEED FEPHE SN TB Y (B Z21X Domanits-
kaya et al., 2007), LTI, JREEROERA Z b
BIGOATYH, —HOPESY v /N7 ERREFEI NS
ZENHHS M ERSTETWS (Wighy et al, 2008) .
R AN T BYHRIN S X — Y OFEE, 2D &S BiE
PAEENC X o T A7 SNTWAAREMENH 5 . PiEE
DL FBICANT, REREMSOELIES & MET
LTWDERHZ1E5 .

4. SEOARNDERE

4.1 |BROMEDEER
CZET, ¥Auvavya uNTHEBICEZIN
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eI AR RE D ZE R & 2 DL % Db S5 EH %
HALTEL. AEFOMRICHEREK 720y, 22T
RN UTz & O eBRERTSRIE, Y a vy a v N EHOMD
TN—=TTiE, EHESOHBBEVB I b TWwixwy
(772U, Eberhard and Ramirez, 2004 ¥ =) . ¥ 3
VY a UNTHOLRER L EHREEIL, fE - AFOR
53 PERE - RCET 2 BHROEEI» S, KEHFP
RBOLIRE - OB 22 EIFOE TV ER VG
AREME 2D TWB . LinL, ZOREBROELD X5
ZRALEDOWTIEE L DEBSHEEOE 2 HTHR DN
BREB 257225 . SRR =Y OBRRCEL T
Z, REFCEZICED LS BB TMHET 2DhEvno
Te AR R BB AHTH -2, HEo THBShTw»
72035, 20X BEMOLVE FiZ, YIBRERSHE
Mg A2 B ko7 e LThH, MRE2EYNHERT 2 2
CRNEETH L. A ADKRERIEMTDHY, AAKE
FRIIFMCTIENEE VEES, RRERICE  O/3—Y 34}
PORZEL 5 IS5 RBEROTEIRCHLT, HLwv
BREFEBNETH 2. LTHRZ PHE L T 3 ZREH
R7 DFECOFEEBNL, ZO0EEEE &£ bicS5k
DEE%HEm L7z,

4.2 FEPCFEDREFEE R

McGurk et al. (2007) Z¥ 3w Y a 7 NTDHNE %
FEEL, NEBEE %2 3D TERET 3 FEE2HFEL TV
% . McGurk et al. (2007) ZRESHRPLLZEFDORT D
BEE2BIG>TwiRWY, UT, BABZOFELER
Bh_7 G LR 2 ENT 5 .

RRFFOHEHEAT B OMERR Z R > THZE T 579
ZiX, X7 OBEEESBLEE 8D . 2 DRI IZEE
22% (Eberhard and Ramirez, 2004 2 ¥ THEHR SN T
W3) BLLIFKRRKRRNIA 74 X 24 72100%xT %
J—=%, RRHDNRT DA RIS 2 & THEE
T&%. ZO%Exy /) —NhT-20CTfREL, 238
MPAEEE ST 2 2 &£ T, HRICRE L THZREFOMERES
AR OAEBR Rz S .

TP EE L Ie KRBT % 10 952, HiEoKkdiz
BT LT, ROFERGHOFLEE T2, 1 %FERT
WWHEMEL, BRBEZ 6N 272827k, 1)
DHLZ7ay 27 %2100% A% /7 —n1db L <L IE100% T
Y 2 —VHTHIAKRT % . BKBTES Thv & ROLEIC
BT, FEREZFHICELL TU F WBZEH HEE & 7
DT, 7y 7 BRKECEERFCEESLETH
%5. BABB®BK (X INVT7NVa—)VELBHFEEN
NE1I2v/vV CIRELIEK) CERKTuy 7 %2
Tk, BB XA E 2. BABB W CTEH
b - Bitak B 27 5 ol IV 2 R E BIE L 72
WHEEICIKTE S 5. D. bipectinata D X 52, MWD E
AR I B AL B wETIiE, 1 HUWNIZ phallic
organ ZERTE 2 X512k 2 (M7 . D. melanogas-

ter O & 5 WFICA A DREH AR D BACER L WFET
HoThH, 100 HEEFEOWRIZ L &5 0T IZECEH
27 % . WEBOREE b EIRFICifb s hTnE, av o
A N OFFOIEGITBENHEL { ko Tw Lk, EHY
WD U CRRBE L, Feo 2 MUERRRER 2 3R 00 2 MBS B
3.
4.3 BHOIC

vavyvaynikl, ZFLINZHERS S, hF
TORHFEO R EBRIZREOITRIE 2 A DIHFEHIL 5 3F
NTE7. A AROREBICBERIDRHENS 2L
BEbLNTELD, T THAL TEXILWEEFIO X 5
12, A ARG % A ZEI DT REZE F13 Tk e fE
BHESE LICEL S 2% L, EROEZENE R SEM
L AREEDBEDATIEIZNS REET 22 LM
LW, AFETHENLEEOFEZ, RKERFO M
LMD EERE R T FBHETE 5700,
FMTEHEOLOD A ATREBRIIBWT, EHTANE
ERALOFFE R TREE LTS

WAL F A Oy gy Y g v EREOWER

7 R R EHE & Nz Drosophila  bipectinata ™27 D
BABB LB Z k 2 EH b D 2. (a) BABB LB D FEXR
WY > 7, (b)BABBALHE 1 H#, (c)BABBALHE 14
H%2, (d)BABBLH 28 H%, (e)i&EIC & 0 EHMRIED F
FHENRE L o e MR R DA v 7Y > 7 (cerc, cer-
cus; sur, surstylus; bp, basal process; ov, oviscapt) . &El
() Ok, AADOREDORT Y bO—EHBRZ 5. A
o —N—13 100 wm.
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Rins | KEHOA A FIKZRPDOAAZIBET 270D
BER RREE R FOEI R TWB I NI pNZ 5. BTl
BO1:»OWE2EERF OO, o OREE IR
HOKBEZEE B EbE TR E, TS D H%E
BT 2 7o 012 iE, EROFEEEMEL 72 2 A2 iiat 8
DBELRBTHSD .

S

MAEETORREARAEOEE 2 VI E, £z,
Yavya v NTHEOERE - ¥ - AFERRcCEL TS
BIE 2 Wiz 720v» T 2 Wil KRR AT R O F H
EBEHRICES 2 L E T AREICEN L sE 2 ED
212872 5T, ANIEAZE QLEERY), /NEFAH
AT (BERRARY), MXBHER (BEHRFERERT),
B XU EERF RS ERF ISR E, [H Tucson
Drosophila Species Stock Center, UC San Diego
Drosophila Stock Center D% { O F R BHERIZH D
FLl. ZZWWREHWL 3. MOCHERERE, MR
FIN (LERY) CRERERATHIZIEE, Bk
aRXNEEEZ L. £z, SEEENLIZES S O
9% R R 3 B SR B A B & (No.19770046 5 & OF
22770058) OffEIEZ T CRONIZHDTT .
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Fluctuating asymmetry (FA) or subtle differences between left and right sides of a trait has
been considered as an indicator of an organism’s ability to cope with genetic and environmental
stresses during development. It is considered to play an important role in mate choice.
However, over four decades of work on various organisms such as insects, reptiles, birds and
mammals has left the field with no clear-cut relationship between increased fluctuating asym-
metry and stress due to inconsistency in the results. Despite this, fluctuating asymmetry is still
assumed to indicate developmental instability caused by various perturbations (either genetic
and/or environmental in origin) during development. The present article provides a unified
framework for the better understanding of fluctuating asymmetry and its association with stress

in particular reference to Drosophila.

Introduction

The temptation to understand the patterns of
asymmetries dates back to Aristotle, who observed
the regular patterns of bilateral asymmetries in ani-
mals likes crabs, lobsters and crayfishes (Herrick,
1909). Earlier, it was thought that the asymmetries
(i.e., deviations from symmetry) are unimportant, but
recently researchers have begun to realize how impor-
tant these asymmetries are (Palmer, 1996), as they
play an important role in evolutionary patterns and
processes (Wu et al., 2007). Bilateral symmetry (a
pervasive feature of the body plans of most animals)
gets disturbed in the presence of genetic and environ-
mental stresses, and as a result, either developmental
noise increases or developmental stability decreases
(for definitions, see Table1). Therefore, evolution-
ary biologists have started using asymmetry as a
measure of developmental homeostasis (Table 1).
The rationale behind this is that the same genetic and
developmental programs control the development of
the left and right sides of a bilaterally symmetrical
organism and thus (any) departures from perfect
bilateral symmetry can be used as a measure of

genetic or environmental perturbations (Batterham et

! Graduate School of Life and Environmental Sciences,
University of Tsukuba, Tsukuba, Ibaraki, Japan

al., 1996).

The deviations from perfect symmetry can be
conveniently grouped into three categories: direc-
tional asymmetry (DA), antisymmetry (AS) and
fluctuating asymmetry (FA) (Van Valen, 1962). DA
occurs when there is normally a greater development
of a character on one side of the plane of symmetry
than on the other (Van Valen, 1962), whereas AS
occurs when most of the individuals in a population
are asymmetric but it is unpredictable which side of
an organism shows greater development (Timofeef-
Ressovsky, 1934; Graham et al., 1993a). FA is defined
as minor random deviations from perfect bilateral
symmetry (Ludwig, 1932; Van Valen, 1962). The
three different asymmetrical patterns are widespread
throughout the natural populations (Polak, 2003).
Nevertheless, under stressful conditions, there are
many examples for the transitions in these three
forms of asymmetry (i.e., from AS to DA, DA to FA,
and also FA to AS) (Mather, 1953; McKenzie and
Clarke, 1988; Graham et al., 1993a; Smith et al., 1997;
Klingenberg et al., 1998; Lens and Van Dongen, 2000;
Schneider et al., 2003; Leamy and Klingenberg, 2005).
Out of three kinds of asymmetry, FA is used to
measure developmental instability as it arises due to
the random variations causing a structure to depart
from its ideal symmetry during development, whereas

antisymmetry and directional asymmetry are believed
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Table 1 © An overview of concepts used in the article

Terms

Explanations

Developmental noise
Developmental homeostasis
Developmental stability (DS)

Developmental instability (DI)

Fluctuating asymmetry (FA)

Directional asymmetry (DA)

Antisymmetry (AS)

Positional fluctuating asymmetry (PFA)

Any uncontrollable variation in phenotype due to random events during development
The property of an organism to adjust itself to variable conditions during development

The ability to buffer development against random perturbations of environmental or
genetic origin

Random perturbations of environmental or genetic origin affecting development along
developmental trajectory within particular environment

Small random deviations from perfect bilateral symmetry, i.e., normal distribution of
right minus left differences (R-L) about a mean of zero

When there is normally a greater development of a character on one side of the plane
of symmetry than on the other, resulting in normal distribution of R-L differences about
a mean which differs significantly from zero

When one side of the plane is consistently larger than the other, but the larger side may
be either right or left at random, resulting in a bimodal distribution of R-L differences
about a mean of zero

Differences in the placement of bristles on an area, e.g., sternopleuron, between the two
sides of the body, and thus as a measure of bristle positions or shape differences
between the two sides

to have unknown genetic bases, and therefore are not
commonly seen as reflective of developmental pertur-
bations (Palmer, 1996).

The investigations on FA are burgeoning rapidly
and are also attracting many Drosophila workers, and
therefore, an extensive review is required to update
the recent advances in this field. In view of this, an
attempt has been made to include all the major inves-
tigations on fluctuating asymmetry in Drosophila as
well as to discuss the role of FA as an indicator of

stress and individual quality in sexual selection.

1. Fluctuating asymmetry

The term ‘fluctuating asymmetry (FA)’ is coined
by Wilhelm Ludwig in his monumental monograph on
biological asymmetry in 1932. FA is defined as
‘small random deviations from a prior expectation of
symmetric development in morphological traits’
(Ludwig, 1932). Interest in FA stems from the notion
that there is a target state of symmetry which all
individuals aim to achieve, and those individuals who
fail to develop symmetrically are, in some way, of
poorer quality than those that do achieve symmetry.
The core idea of FA studies is that the corresponding
parts on the left and right sides of a bilaterally sym-
metrical organism are separate replicates of the same
structure. The body sides of an individual share the
same genome and constant environment, and also the
external effects on development will be the same on
both sides. Therefore, any deviation from symmetry

is the consequence of an inability to cope with environ-

mental or genetic stress (Tomkins and Simmons,
2003). Therefore, fluctuating asymmetry has been
considered to be a putative general biomarker of
stress, as it responds to a wide range of stresses, and
also has been correlated with many life history traits
(Leung et al., 2003). Nevertheless, the literature has
been plagued by controversy and heterogeneous
results (e.g., Moller, 1997; Clarke, 1998; Palmer, 1999).
Despite this, the most accepted view appears to be
that FA is an indicator of stress and mate choice
(Swaddle, 2003; Leamy and Klingenberg, 2005).

FA can be measured both at the population- and
individual-levels. At the population level, it is usually
measured as the variation of differences in the size,
length and/or count of bilateral structures between
the right and the left sides (R-L). At the individual
level, it is most often assessed by mean of unsigned
left- minus right-side differences (|R-L|). However,
there are other indices of FA also (for details see
Palmer, 1994). The analysis of FA is usually affected
by measurement error, other types of asymmetry (DA
or AS) and trait size. The appropriate statistical
procedures for checking measurement error in the
data and for adjusting DA, AS and size effects on FA
and for testing significant differences in FA among
two or more groups are discussed in detail by Palmer
and Strobeck (1986, 2003).

2. Fluctuating asymmetry as an
indicator of stress

Fluctuating asymmetry (FA) has been widely used
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as an indicator of genetic (Table 2) and/or environ-
mental stress (Table 3). The levels of FA are gener-
ally compared in populations that are subjected or not
subjected to stress (Leamy and Klingenberg, 2005).
The hypothesis in such comparisons is that FA will be
higher in the more stressed populations compared to
the control or unstressed populations (e.g., Pankakos-
ki et al., 1992; Graham et al., 2000; Imasheva et al.,
1997a, b; Rasmuson, 2002; Polak, 2003; Leamy and
Klingenberg, 2005). In support of this approach, there
are several studies that have detected FA responses to
stress in different species of Drosophila. However, on
the other hand, there are also many studies that have
been unable to detect the expected relationship
between stress and FA (see Tables2 and 3). The
inconsistency in the results depends on the degree of
stress imposed, choice of trait and FA indices (Hoff-
mann and Woods, 2003; Leamy and Klingenberg,
2005). Moreover, in the studies dealing with the
environmental stress, it is often assumed that FA has
no genetic basis and the differences in FA levels of the
stressed and unstressed populations are purely envi-
ronmental in origin. But the levels of FA may also
show some genotypic differences (unless isogenic lines
or genetically identical lines are used) in response to
stress. Similarly, for the studies dealing with genetic
stress, the environmental conditions should be
controlled enough so that the results of FA analysis
should not be under the influence of internal and
external components of the environment (Zhang and
Hill, 2005). There is a report that the levels of FA for
different morphological traits vary significantly
among laboratory populations of D. ananassae (which
were reared in controlled laboratory conditions, i.e.,
food, humidity and temperature, for several genera-
tions). The variation in the levels of FA among the
laboratory populations is thought to be under the
influence of internal component of the environment
and genetic variability of populations as they were
collected from different ecogeographical localities of
India (for details, see Vishalakshi and Singh, 2006).

3. Role of fluctuating asymmetry in
sexual selection

More than two decades have passed since Mar-
kow (1987) and Moller (1990) first suggested that FA,
the morphological expression of developmental insta-

bility (DI), might play a role in sexual selection and/

or communication (Uetz and Taylor, 2003). FA has
been used as an empirical measure of the quality of
individuals competing for reproductive success and
particularly of a revealing aspect of an individual’s
phenotype (FA-sexual selection hypothesis; Uetz and
Taylor, 2003). Field studies have shown that FA is
higher in secondary sexual traits, which are often
costly and extravagant in pattern, colouration and
size. Also, FA is more pronounced in sexual traits
than non-sexual traits (Moller and Pomiankowski,
1993; Rasmuson, 2002; Vishalakshi and Singh, 2006).
But the connection between FA and sexual selection
has not always been found (as reviewed in Simmons et
al., 1999), and thus, the precise role of FA in the sexual
selection process is often controversial (Tomkins and
Simmons, 2003).
3.1 Studies in favor of FA-sexual
selecion hypothesis

In D. melanogaster, FA in sternopleural bristle
was associated with male mating success in labora-
tory (Markow, 1987). In D. simulans, mating males
were larger than the single males and were character-
ized by reduced FA (Markow and Ricker, 1992). In
D. pseudoobscura, the body size of mated and unmated
males was similar, but the mated males exhibited less
FA than the single males (Markow and Ricker, 1992).
Further, in D. buzzatii, Santos (2001) found that FA in
wing length was higher in non-mating males than in
mating ones.
3.2 Studies against FA-sexual selection

hypothesis

In D. mojavensis, mating males were larger than
single males but showed a similar level of FA to that
observed in single males (Markow and Ricker, 1992).
In another study, Markow et al. (1996) found that the
body size did not differ between mated and unmated
males in either D. simulans or D. pseudoobscura.
However, the mating males of D. simulans had signifi-
cantly fewer sex comb teeth and the mating males of
D. pseudoobscura had more sternopleural bristles than
the single males, but no difference was found in the
levels of FA in any bilateral traits between the mated
and the unmated males in either species (Markow et
al., 1996). In D. buzzatii, it was shown that body size
was positively correlated with mating success and
other fitness components (Santos et al., 1992; Norry et
al., 1995), but Norry et al. (1998) found no phenotypic
correlation between wing asymmetry and size, sugges-

ting that wing asymmetry does not indicate male
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quality in terms of phenotypic variation in body size.
There is also evidence for the positive genetic correla-
tion between sex comb size and FA in D. bipectinata
(Polak et al., 2004b). However, in another study,
Polak and Starmer (2005) found that males reared at
29°C produced smaller and less symmetrical sex
combs than males developed at 25°C. Also, they
reported that there was a negative correlation
between sex comb size and FA generated by means of
heterogeneous exposure to thermal stress; i.e., both
sex comb size and symmetry decreased with increas-
ing temperature within the range experienced by the
species in nature (Polak and Starmer, 2005). The
relationship between genotype, developmental stabil-
ity and mating performance has been investigated in
D. immigrans (Polak and Stillabower, 2004). Among
males, there was a significant positive relationship of
positional fluctuating asymmetry (PFA, Polak, 1997,
for definition see Table 1) with copulation latency
(time elapsed between introduction of females and
copulation) and copulation duration, but not with
copulation frequency. Moreover, high developmental
stability lines exhibited significantly shorter copula-
tion latency and duration compared with low develop-
mental stability lines. When these components of
sexual performance were again contrasted between
lines with among-individual differences in bristle
asymmetry controlled statistically, significant line
effects on copulation latency and duration disappear-
ed (Polak and Stillabower, 2004). These results sug-
gest that deficits in the developmental apparatus
underlying one particular trait can compromise indi-
vidual sexual performance, and thereby weakens the
hypothesis that FA is a cue of overall ‘genetic quality’
(Polak and Stillabower, 2004). By using comprehen-
sive multivariate analyses, Polak and Taylor (2007)
have nicely shown that fluctuating asymmetry and
minor morphological abnormalities (MMAs) in a
condition-dependent sexual ornament (sex comb) in D.
bipectinata are the significant targets of selection
favouring their reduced expression in a natural popu-
lation of New Caledonia D. bipectinata. Ornament
size and developmental instability (DI measured as
FA and MMAs) are positively correlated genetically
and phenotypically, which is in contrast to the theoret-
ical expectation of negative size-FA scaling under the
assumption that FA reveals overall genetic quality.
Furthermore, they have shown that there exists a

significant additive genetic variance for MMAs,

demonstrating their evolutionary potential. Orna-
ment DI in New Caledonian D. bipectinata is markedly
elevated in comparison to the populations where such
selection has not been detected, suggesting that the
increased population-level DI is capacitating adaptive
evolution (Polak and Taylor, 2007). In D. ananassae,
Vishalakshi and Singh (2008e) found that the traits
related to body size (thorax and wing length) of mated
flies were larger than unmated ones, suggesting that
sexual selection acts directly or indirectly on the body
size. However, the levels of FA were similar in the
mated and unmated flies for different morphological
traits in both males and females, suggesting that FA
cannot be used as an ideal phenotypic cue for choosy
females and thereby weakens the FA-sexual selection
hypothesis (Vishalakshi and Singh, 2008e).
3.3 Status of FA-sexual selection
hypothesis

The inconsistency of results in the studies inves-
tigating the role of FA in sexual selection casts doubts
on the existence of FA-sexual selection hypothesis.
On the one side, there is evidence for the role that FA
plays in sexual selection, e.g., in humans, insects,
fishes and birds (for references see Polak and Taylor,
2007), but, on the other side, there are studies showing
that FA cannot be considered as a reliable indicator of
genetic quality (see section 3.2 for examples). So, the
question arises why FA predicts sexual success in
some species but not in others. The explanation for
this may be that most species and populations do not
have sufficient DI variation to sustain FA-mediated
sexual selection (Polak and Taylor, 2007) due to the
robust buffering mechanisms (Gibson and Wagner,
2000) that are maintained by canalizing selection
(Polak and Taylor, 2007). As a result, the effective-
ness of FA minimizes to reveal DI differences among
individuals of a population, as FA is weakly correlat-
ed to the underlying DI (Houle, 2000; Polak and
Taylor, 2007). Therefore, FA-sexual selection
hypothesis may exist in populations with DI-enriched
FA in a particular trait or in the whole genome due to
genetic or environmental destabilizing factors (for
references see Polak and Taylor, 2007). Otherwise,
whatever FA we are getting reflects the compromised
trait specific developmental buffering rather than
overall genetic quality (as discussed by Polak and
Taylor, 2007). But this explanation is based on the
results of few studies, and therefore, in order to get

in-depth knowledge of what role FA plays in sexual
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selection, more investigations have to be carried out,
which will definitely unveil the status of FA-sexual

selection hypothesis, in general.

4. Does fluctuating asymmetry
have any genetic basis?

Whether FA has any genetic basis or not is a
subject for intense debate. FA is considered to be
purely environmental in origin but it may also be
under genetic control (Leamy 1997; Fuller and Houle,
2003). Empirical studies have shown that the her-
itability of FA is quite low (Mather, 1953; Thoday,
1958; Reeve, 1960), but significant heritability has also
been found in some cases (Scheiner et al., 1991; Moller
and Thornhill, 1997). Studies using QTL mapping
and effect of single genes on FA have been used to
disentangle the presence of dominance (intra-locus)
and epistasis (inter-locus) interactions in the non-
additive genetic architecture of FA in mice (Leamy
and Klingenberg, 2005; Van Dongen, 2006).

5. Conclusions

Fluctuating asymmetry has been studied as an
indicator of stress and individual quality in a wide
variety of organisms ranging from viruses, animals to
plants and also in fossil materials (see Graham et al.,
2010, for references). FA is often considered as trait-,
sex- and taxon-specific (Swaddle, 2003). However,
due to inconsistency of results, we are unable to
generalise any clear-cut relationships between FA and
stress or individual quality, which compels us to think
that FA is not a ubiquitous measure of individual
quality. FA has considerable potential to assess
stress and individual quality, provided the studies
dealing with FA pay more attention to an appropriate
methodology including sufficient statistical power and
appropriate analysis (Knierim et al., 2007). This is
also echoed from the statement “when studied with
care, subtle deviations from symmetry (FA) offer a
unique measure of developmental precision for many
organisms and traits and may even yield insights into
the evolution of conspicuous asymmetries” (Palmer,
1996).

Hence, it is essential to reconsider the association
between FA and fitness and also the genetic architec-
ture of FA under different stress conditions, which

will help us in understanding the role of FA in macro-

and micro-evolutionary processes.
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This paper reviews the courtship behaviour of Drosophila, focusing on courtship songs and
types and patterns of sounds in a variety of species with regard to phylogeny. Courtship song
is one of the most important signals from males to females during courtship. In most species,
males emit one or two types of courtship song, such as a pulse song and a sine song. Some
species produce two types of pulse songs, some a pulse song and a sine song, and others a pulse
song but no sine song. In the montium species subgroup of the Drosophila (Sophophora)
melanogaster species group, copulatory courtship songs are reported; some species produce
before and after mounting but others only after mounting. In the Drosophila (Drosophila) virilis
species group and Zaprionus, both sexes produce songs. Breeding sites, sex pheromones and
other courtship signals are also examined. Mate recognition in relation to the role of courtship

elements are discussed from an evolutionary point of view.

1. Introduction

Courtship behaviour in Drosophila was first re-

ported by Sturtevant (1915), who used Drosophila (So-

phophora) melanogaster (D. ampelophila) and described
several courtship elements, including vibration, scis-
sors movement, circling and licking. Wing vibration
was pointed out as “the most noticeable act” in the
courtship described in that report. A sound is
produced by the vibration, which was not known at
the time, but now the importance of courtship songs is
widely acknowledged.

More than 4,000 species are described in Drosoph-
ilidae and more than 1,000 belong to a single genus,
Drosophila. Although there are differences in quality
(behavioural elements) and quantity of courtship
behaviour between species, an outline of the courtship
behaviour of a particular species is helpful for under-
standing the function and diversity of courtship of
Drosophila. Here, like Sturtevant, we are concerned
with D. melanogaster.

Courtship begins with the orientation of the male.

He slows down his movements and points his head

! Drosophila Genetic Resource Center, Kyoto Institute
of Technology, Saga-Ippongi-cho, Ukyo-ku, Kyoto,
Japan

toward a female at a distance of one to two body
lengths. He approaches her and when she moves,
follows her. Vision is one of the most important
modalities in orientation and following. In D.
melanogaster, the frequency of and time spent on
orientation decline in the dark (Willmund and Ewing,
1982; Sakai et al.,, 1997). When the male moves close
to the female, he touches her with his foreleg (tap-
ping). There are taste-type chemosensory bristles on
the fore tarsi. He senses cuticular hydrocarbons on
her body by tapping. After several rounds of tapping,
he vibrates his wing at 90 degrees and produces a
courtship song (Fig.1A). The vibrating wing is, in
most cases, the one closest to the female. Although it
is less frequently observed, the male vibrates both
wings as scissors (scissoring, Fig. 1B). Then he licks
her genitalia after and/or with vibration. If the
female is receptive, she moves slowly, stops walking,
and spreads her vaginal plates. The male curls his
abdomen and tries to grasp her abdomen with his
forelegs and middle legs to copulate (a copulation
attempt). If she does not reject him, genitalic cou-
pling is achieved. If the female rejects him, she
escapes from him (decamping), kicks him with her
hindlegs (kicking), or moves both her wings (flutter-
ing).

In real observations, the sequence of courtship is
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not always the linear process mentioned above. In
some cases, a male repeats several behavioural ele-
ments back and forth. In other cases, especially
when the male is sexually excited, some elements are

omitted. If the female escapes from the male, he

A. Vibration (D. melanogaster)

(N

el

B. Scissoring (D. simulans)
éfé\
s

C. Wing display (D. suzukii)

s

Lok
@ N~

D. Abdomen bending (D. quadrilineata)
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Figure 1 © Wings used in courtship. Vibration in Droso-

phila melanogaster (A), scissoring in D. simulans (B), wing

display in D. suzukii (C) and abdomen bending in D. qua-

driliniata (D).

ceases courting.

Courtship elements are species specific. Some
species have elements that are different from D.
melanogaster. Others do not have some of the ele-
ments observed in D. melanogaster. Quantitative
differences between strains or species also exist.
Therefore, in order to compare courtship between
species in detail, the observer may sequentially record
when all the courtship elements begin and end. Data
can be summarized as an ethogram or a diagram that
shows transition probabilities from one element to
others and also can be used for several statistical
analyses.

Although vibration is the most remarkable behav-
iour in Drosophila courtship as Sturtevant (1915) de-
scribed, it was about a half century before Shorey
(1962) reported sounds produced by vibration (Fig. 2).
Since then, courtship songs of many species have been
described in Drosophila. In general, courtship songs
are species specific, especially between sympatric
species, playing an important role in the courtship of
Drosophila and affecting the female’s decision of
whether or not to accept the courting male.

This review summarizes the courtship behaviour
of Drosophila and provides an up-to-date catalog of
Drosophila songs. Since phylogenetic constraints are
one of the most important factors in the evolution of
behaviour, we will discuss the behaviour in relation to
the phylogeny of species of Drosophila. Hawaiian
picture-winged Drosophila exhibit diversified biologi-
cal traits including courtship behaviour (Spieth, 1984).
The diversity and evolution of the Hawaiian species
are quite interesting, but we deal with these species

only as a special topic.

2. Breeding sites

A wide variety of breeding sites are used by
Drosophila, including plants, fungi, fruits, fermenting
sap (slime fluxes), cacti, flowers and crabs (Spieth,
1951; Carson, 1971; Powell, 1997). Although many
species can be collected on rotting fruits and by
banana bait traps, there may exist host specificity or
preference. Some species use secondary host plants
and host switching may have played an important role
in the separation of lineages (Magnacca et al., 2008).
In D. melanogaster, courtship and mating usually take
place at feeding locations, rotting fruits, where

females oviposit. Both sexes are attracted to the
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Figure 2 : Oscillogram of courtship songs in Drosophila melanogaster, D. simulans, D. mauritiana and D. sechellia. Both
pulse and sine songs are observed in D. melanogaster, D. simulans and D. mauritiana, but only pulse song in D. sechellia.
Interpulse interval is a time interval between pulses. The original figure is from Tomaru and Oguma (2003) and modified

for this review.

odours. Some species have a specific host, for exam-
ple, Gecarcinus ruricola (black or mountain crab) for
crab fly, D. carcinophila of the mercatorum species
subgroup of the D. (D.) repleta species group and D.
endobranchia of the D. (D.) canalinea species group
(Carson, 1971); Morinda citrifolia for D. sechellia of the
D. (S.) melanogaster species subgroup (Lachaise et al.,
1988; R’Kha et al., 1991; Higa and Fuyama, 1993;
Jones, 1998); cacti for cactophilic species of the repleta
group (Krebs and Bean, 1991; Powell, 1997); and
flowers for many species in a variety of groups, for
example, D. florae of the D. (D.) bromeliae species
group, species of the D. (D.) flavopilosa species group,
D. (Phloridosa) lutzii (Carson, 1971), D. oshimai of the
suzukii species subgroup of the D. (S.) melanogaster

species group (Choo and Nakamura, 1973), and species

of the D. (S.) elegans species subgroup of the
melanogaster group (Sultana et al., 1999; Kimura and
Hirai, 2001).

Feeding, mating and ovipositing do not always
take place at the same site in a lot of species (Carson,
1971). Males of D. elegans hold territories on morn-
ing glory (Ipomea) flowers (Hirai and Kimura, 1997;
Kimura and Hirai, 2001). In the early morning males
disperse to newly opened flowers from withered
flowers where they spent the night. Aggressive
behaviour or fighting with intruding males is ob-
served. A series of courtship behaviours is perfor-
med on flowers. The number of males on a single
flower increases from morning to evening and the
males can no longer defend their territories. In the

evening, the flies stay and spend the night. Females
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lay eggs on flowers in the daytime. Species of
Hawaiian picture-winged Drosophila court and mate
not at the feeding sites but on leks (Spieth, 1984). For
example, males make leks on tree trunks, the under-
surface of trees, or shrub stems. A female visits the
leks and chooses a male to mate. In cactophilic D.
(D.) mojavensis, males are distributed across the ne-
crotic cactus arms in the morning and courtship and
mating are observed there. The site of ovipositing is
not the necrotic arms but different parts of the cacti
(Krebs and Bean, 1991).

3. Courtship songs

3.1 Two types of courtship songs

Males of most species in the genus Drosophila
emit sounds (courtship songs) toward females by
vibrating their wing(s) during courtship rituals (Table 1,
where the species are arranged according to their
phylogenetic relationships shown in Fig.3). Some

— Scaptomyza

— Hawaiian Drosophila
— polychaeta gr.

— repletagr.

— robusta gr.

— virilis gr.

—— tenuicauda gr. (Dichaetophora)
| Hirtodrosophila
_[ Mycodrosophila
—— immigrans gr.
— funebris gr.
—[ quinaria gr.

— quadrilineata (immigrans gr.)

| — Zaprionus

— obscura gr.

— melanogaster gr.

— willistoni gr.

— saltans gr.

— denticeps gr. (Lordiphosa)

— fenestrarum gr. (Lordiphosa)

Scaptodrosophila

Figure 3 : Phylogenetic relationships of Drosophila. The
diagram is based on the consensus tree of Katoh et al.
(2000) and has been modified for the Drosophila immigrans
species group (Katoh et al.,, 2007). Genera or species
groups not listed in Table 1 are also presented.

species produce sounds by one wing, some by both
wings and others use one or both wings in a species
specific manner. Furthermore, males of some
species vibrate wings differently for each song reper-
toire even in a species (Asada et al., 1992; Demetriades
et al., 1999). Courtship songs of Drosophila can be
classified into two types based on the waveforms of
the sounds. The major type, “pulse song”, is ob-
served in most species producing songs. The other
type is “sine song” (or “humming sound”). Both
types are common in species of the genus Drosophila,
although different names have been sometimes used to
describe similar songs of different species by different
authors.

A pulse song consists of a series of separate
pulses (Fig. 2); although sometimes the pulses are
connected without intervals. Each pulse is composed
of several cycles of waves. A series of pulses is
called a “burst” or “train”. Pulse songs are char-
acterized by several parameters such as cycle length,
cycle number per pulse, pulse length, intrapulse fre-
quency, interpulse interval, pulse number per burst,
intraburst frequency and interburst interval. Differ-
ent terms may be used to describe song parameters by
different authors and the same terms are sometimes
defined differently. Thus, one should be careful when
comparing songs between species, since different
terms sometimes refer to the same parameter. Sine
songs are sounds without pulse structure (Fig. 2); the
name “sine song” comes from the waveform which is
similar to a sine wave. There are many species in
which males do not produce this type of song (Table 1).
Sine songs are characterized by the frequency and
length of the song.

3.2 Song repertoires

Concerning song repertoires, some species have
only one song and others have two or more song types.
In the former case, the songs are usually pulse songs.
In the latter case, combinations include two types of
pulse songs, a pulse song and a sine song, or two types
of pulse songs and a sine song. Thus, some species
have several types of pulse songs. To date, a species
with three song types (two pulse plus one sine) is D.
stamana of the hypocausta species subgroup, the D.
(D.) immigrans species group (Asada et al., 1992).

Several different terms for more than two pulse
songs have been used and there are also differences
how to classify the pulse songs. Two species in the
D. (S.) pseudoobscura species subgroup (D. pseudo-
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obscura and D. persimilis) have two pulse songs, a high
rate repetition song (HRR) and a low rate repetition
song (LRR), which differ in rates of repetition in a
burst (Ewing, 1969). Similarly, five species in the D.
(S.) affinis species subgroup (D. affinis, D. algonquin,
D. athabasca, D. azteca and D. tolteca) have two pulse
songs, high and low pulse repetition rate sounds
(Chang and Miller, 1978). Species in these two
species subgroups (the pseudoobscura and the affinis
subgroups) have similar two type songs and both
subgroups belong to the same species group, the D.
(S.) obscura species group. Two species in the D. (D.)

Sfunebris species group (D. multispina and D. mac-

rospina) have two pulse songs, primary and secondary
songs, the latter being characterized by polycyclic
pulses and long interpulse interval (Ewing, 1979).
Twelve species in the repleta group (D. anceps, D.
meridiana, D. navojoa, D. peninsularis, D. stalkeri, D.
mercatorum, D. canapalpa, D. limensis, D.
melanopalpa, D. hydei, D. eohydei and D. neohyder)
have two pulse songs, A and B songs; A songs consist
of simple, short pulse trains produced towards the
start of courtship, while B songs tend to be more
complex and occur later (Ewing and Miyan, 1986).
Four species in the bipectinata species complex of the
D. (S.) ananassae species subgroup of the melanogaster
group (D. bipectinata, D. parabipectinata, D.
pseudoananassae and D. malerkotliana) have two pulse
songs, short and long songs (Crossley, 1986).

In the melanogaster subgroup, six species have
both pulse and sine songs: D. melanogaster, D.
stmulans, D. mauritiana, D. ervecta, D. teissieri and D.
orvena (Ewing and Bennet-Clark, 1968; Cowling and
Burnet, 1981; Cobb et al., 1989), whereas D. sechellia,
D. yakuba and D. santomea have no sine songs (Cobb et
al., 1989; Watson et al., 2007; Blyth et al., 2008).
Although D. yakuba and D. santomea have no sine
song, they have two types of pulse songs (Demetriades
et al., 1999; Watson et al., 2007; Blyth et al. 2008):
primary and secondary songs that differ in interpulse
interval and intrapulse frequency (Blyth et al. 2008).
Even though these two species are close relatives in
this species subgroup (Llopart et al., 2002), song
parameters are clearly different. Primary and sec-
ondary songs were first named as clack and thud
songs, respectively, by Demetriades et al. (1999), but
there is a confusion surrounding the terminology of
song types (Blyth et al., 2008). Therefore, here we

use new terminology, primary and secondary songs,

which are reclassified by Blyth et al. (2008). Two
closely related species, D. birchii and D. serrata of the
D. (S.) montium species subgroup of the melanogaster
group (Hoikkala and Crossley, 2000), three species of
the lini clade in the D. (S.) kikkawai species complex
of the montium subgroup (D. lini, D. ohnishii and D.
ogumai) (Wen et al., 2011), two species in the D. (D.)
virilis species group (D. littoralis and D. flavomontana)
(Hoikkala, 1985; Suvanto et al., 1994) and one species,
Hirtodrosophila mycetophaga (Crossley, 1989) also have
both pulse and sine songs. The order of pulse songs
and sine songs in courtship is also species specific;
species in the melanogaster species subgroup usually
produce sine songs before pulse songs. Songs of H.
mycetophaga look like those of D. melanogaster, that
is, sine song followed by pulse song. On the other
hand, three species of the lini clade produce pulse
songs followed by sine song. A male of D. littoralis
usually produces pulse songs but he produces a hum-
ming sound while circling around a female when the
female does not spread her wings (acceptance pos-
ture).

Courtship songs are, in general, species specific.
As mentioned in the previous section, song repertoires
and structures are similar among species in the same
species subgroup or species complex; in this sense,
courtship songs reflect phylogenetic relationships.
But parameters, such as interpulse interval and
intrapulse frequency, are diverged even between close-
ly related species. Since species of Drosophila
producing courtship songs have at least one pulse song
and a part of the species have sine song, pulse song in
the genus Drosophila seems to be a single origin,
whereas sine song is likely to have multiple origins
because species producing sine song belong to differ-
ent groups (Crossley, 1990). Pulse songs are often
critical for species recognition for females, and there-
fore, it is difficult to lose. In contrast, sine songs are
not species identifiers in most cases, suggesting that
they are easily lost. The sound characteristics and
wing movements of sine songs are similar to those of
when flying (von Schilcher, 1976b; Crossley, 1990).
Therefore, sine songs are easier to generate than pulse
songs. An exception is the /Zini clade, where sine
song seems to be more important than pulse song
(Wen et al., 2011).
3.3 Role of courtship songs

Courtship songs have been suggested to: (1) lower

female locomotor activity and increase female recep-
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tivity (Bennet-Clark and Ewing, 1967; von Schilcher,
1976a, b; Crossley and Bennet-Clark 1993; Crossley et
al., 1995), (2) increase male activity (von Schilcher,
1976a; Crossley et al., 1995; Eberl et al., 1997), (3) act as
an indicator for sexual selection, (4) provide species
specific signals for mating with an appropriate part-
ner.

Although the first role is suggested in both sine
and pulse songs in D. melanogaster (von Schilcher,
1976a, b; Crossley et al., 1995), pulse song acts as a
critical signal in species recognition. As shown by
playback song experiments, species specific interpulse
interval is a parameter fascinating to females in the
melanogaster subgroup (Bennet-Clark and Ewing,
1969; von Schilcher, 1976a, b), the D. (S.) auraria
species complex of the montium subgroup (Tomaru et
al., 1995) and the wirilis group (Isoherranen et al.,
1999b; Saarikettu et al., 2005). These findings mean
that the interpulse interval is one of the critical sig-
nals to maintain species and isolate different species.
Although mate recognition is performed by both
sexes, usually males act first in the courtship of
Drosophila. Males choose a mate by assessing signals
emitted from females; a well-known signal is female
cuticular hydrocarbons that function as a sex pher-
omone. The females then decide to accept or reject
male courtship by examining a male-producing signal;
a well-known signal is male courtship songs.

Interpulse intervals are reported to vary within a
series of songs in the species of the wmelanogaster
subgroup and the pseudoobscura subgroup (Kyriacou
and Hall, 1980; Alt et al., 1998; Noor and Aquadro,
1998; Demetriades et al., 1999). The fluctuating cycle

of interpulse interval variation within an individual is

thought to be important for mating in the melanogas-

ter subgroup (Kyriacou and Hall, 1982; Ritchie et al.,
1999), but not likely in the pseudoobscura subgroup
(Noor and Aquadro, 1998).

Importance and effects of conspecific and heter-
ospecific songs differ depending on the species. In
some cases, heterospecific songs are more important
to avoid an inappropriate mate and conspecific song is
not necessarily needed for a successful mating, for
example, a species pair of D. (S.) ananassae and D. (S.)
pallidosa (Yamada et al., 2002a, 2008), the auraria
complex (Tomaru et al., 1995, 1998), D. virilis and D.
littoralis (Hoikkala and Aspi, 1993; Isoherranen et al.,
1999a). Even in such species, conspecific acoustic

signals have a role in enhancing female receptivity.

In some other cases, the priority of conspecific song is
very high, for example, D. (D.) montana (Liimatainen
et al., 1992; Hoikkala and Aspi, 1993), D. (D.) ezoana
(Hoikkala and Aspi, 1993), D. (Dorsilopha) busckii
(Bixler et al., 1992), D. sechellia (Tomaru et al., 2000,
2004) and one of the strains of D. pallidosa (Doi et al.,
2001); they do not mate without conspecific songs. In
other cases, species specificity in song parameters is
not critical but facilitates faster mating.
3.4 Copulating songs

Males of the majority of Drosophila species pro-
duce songs during courtship rituals before mounting
females. Some species, however, are known to show
copulatory courtship (Spieth, 1952); they produce
songs during mounting (when a male is trying to get
on a female) and after mounting (when he is complete-
ly on her). Most of the species showing copulatory
courtship belong to the montium subgroup, including
the species of the awuraria complex (Tomaru and
Oguma, 1994a, 1994b), of the lini clade in the kikkawai
complex (Wen et al., 2011) and of the D. (S.) serrata
species complex (Hoikkala and Crossley, 2000). Out-
side the montium subgroup, copulating songs are
reported in D. (S.) algonquin from the affinis subgroup
(Chang and Miller, 1978). Copulating songs were also
reported in two species from the melanogaster sub-
group, D. sechellia and D. orvena, but it is not clear
which sex produces the sounds (Cobb et al., 1989).

Within the species producing copulating songs,
some species produce songs before and during/after
mounting and the others only during/after mounting.
Those which produce songs before and during/after
mounting are species of the auraria complex (Tomaru
and Oguma, 1994a, 1994b) and D. algonquin (Chang
and Miller, 1978). In contrast, three species of the
lini clade and two species of the serrata complex
usually do not produce songs before mounting, but do
only during/after mounting. In these species, a
female receives acoustic signals only after mounting.
If she judges that a mounting male is not an appropri-
ate mate, she refuses him physically, for example, by
fluttering and kicking. The situation in species of
the serrata complex and the /ini clade looks the same,
but the significance of the songs is very different.
Courtship song is unlikely to be a critical factor in the
discrimination between D. serrata and D. birchit,
because the females discriminate against wingless
males (i.e., no wing vibrations, no songs) during copu-
lation (Hoikkala and Crossley, 2000). On the other
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hand, in the three species of the /ini clade, male songs
emitted during/after mounting seem to be critical in
mate discrimination (Oguma et al., 1995; Wen et al.,
2011), even though they are produced only after
mounting.
3.5 Redecting sounds by females

In contrast to males, females usually do not emit
specific sounds (Ewing and Bennet-Clark, 1968).
Although female wing movements such as fluttering
produce sounds, they are usually not a constant acous-
tic signal but rather irregular sound noise, often
louder than male courtship songs (our observations).
These sound noises are considered a signal of rejec-
tion. Such wing fluttering is observed in many
species (Ewing and Bennet-Clark, 1968; Ikeda, 1985;
Crossley, 1986; Paillette et al., 1991; Satokangas et al.,
1994; Suvanto et al., 1994; Oguma et al., 1995; Tomaru
et al., 1998; Yamada et al., 2008). Female wing flut-
tering was observed especially in heterospecific pairs
between species of the /ini clade in the Fkikkawai
complex (Oguma et al., 1995; Wen et al., 2011), the
auraria complex (Tomaru et al., 1998) and the D. (S.)
ananassae species complex (Yamada et al., 2008);
furthermore, the flutterings cause male courtship ter-
mination (Yamada et al., 2008). This behaviour is
observed among not only females but also males
(Tkeda 1985; Paillete et al., 1991; Satokangas et al.,
1994; Suvanto et al., 1994; Saarikettu et al., 2005;
Yamada et al., 2008). Therefore, fluttering and its
effect are likely to be universal between species and
sexes in Drosophila, but it is not known which signals
emitted by the fluttering are effective among acoustic,
visual and pressure sense.
3.6 Female son&: duet

Females of species in the wvirilis group (D. amer-
iwcana, D. kanekoi, D. borealis, D. lummei, D. ezoana,
D. montana, D. virilis, D. flavomontana, D. lacicola
and D. littoralis) are known to produce songs called
“duet”, because both males and females produce songs
during courtship (Donegan and Ewing, 1980; Hoikkala,
1985). Donegan and Ewing (1980) reported that the
female started singing before the male. The female
song has a role to induce the males to court. Actu-
ally, the female does not repel a male after producing
the songs and immediately accepts a courting male
(Satokangas et al., 1994). The female song observed
in the wvirilis group is not common in the genus
Drosophila, but similar female songs are known in

species of the genus Zaprionus, a close relative of the

genus Drosophila (Bennet-Clark et al., 1980).
3.7 Sounds produced not by wing
vibration

Insects are known to use various organs to pro-
duce sounds for communication (Ewing, 1989).
Drosophila males produce courtship songs by wing
vibrations, but there are exceptional instances where
organs other than the wings are used. Hawaiian
Drosophila species produce much higher carrier fre-
quency sounds that range from 500 Hz to greater than
10 kHz (Hoy et al., 1988; Hoikkala et al., 1989), while
the songs of most Drosophila are less than 500 Hz. In
one of the Hawaiian Drosophila species, D. fas-
ciculisetae, males vibrate their wings when they pro-
duce sounds, but those sounds are not produced by
movements of the entire wing vane because the sounds
were generated even when the wings were removed
(Hoy et al., 1988). Drosophila silvestris, another
Hawaiian Drosophila, produces pulse song and tone
song; the pulse song is generated by low-amplitude
abdominal vibration (Hoy et al., 1988).

The auditory organs of flies are considered to be
aristae and Johnston’s organs inside antennae. As
the range of frequencies those organs can perceive is
between 150 and 500 Hz (Ewing, 1978), the high fre-
quencies observed in the songs of the Hawaiian
Drosophila exceed the hearing ability by the organs.
Hoikkala and Moro (2000) examined the body struc-
tures of flies by scanning electron microscopy and
found several features on the legs and wings sensilla
which could play a part in sound/vibration perception,
although it is not known if these structures function to
hear the sounds or not.

3.8 Genetic basis of courtship song

Courtship songs are described in many species of
Drosophila (Table 1), but extensive analyses of behav-
iour, genetics and evolution have been done only in
some species groups including the melanogaster sub-
group, the virilis group, the auraira complex and the
pseudoobscura subgroup. Mutations and the genetic
basis of courtship songs were reviewed by Gleason
(2005).

Here we deal with the period gene for an exam-
ple. Fluctuation cycle of interpulse interval (IPI
cycle or Kyriacou and Hall cycle [K&H cycle]) is
controlled by a circadian clock gene, period (per)
(Kyriacou and Hall, 1980, 1986; Demetriades et al.,
1999; Ritchie et al., 1999). The IPI cycle is shorter in

pers, an allele that shortens circadian periods, longer
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in per’, an allele that prolongs circadian periods, and
arrhythmic in per’, an allele of arrhythmic circadian
periods. It should be noted that the period gene does
not affect the average value of interpulse interval,
indicating that interpulse interval is not determined
by the period gene.

4. Hearing of songs

Many insects produce sounds in various ways to
communicate between individuals, sexes and species.
Mechanisms of sound generation are classified into
several types: percussion, air expulsion, vibration,
tymbal mechanisms and stridulation (Ewing, 1989).
A mechanism most Drosophila species use is the vibra-
tion of their wings. This is typical not only in the
genus Drosophila, but also in the order Diptera (Ewing,
1989). As the characteristics of a sound depend on
the organ generating it, hearing ability and character
depend on the hearing organ. Major hearing organs
of insects are tympanal and flagellar organs.
Tympanal organs are sound pressure detectors, which
are good at detecting long distance sounds and wide
range of frequencies such as 3 to 150 kHz (Ewing,
1989). On the other hand, flagellar organs are parti-
cle velocity detectors suitable for detecting near field
sounds (Bennet-Clark, 1971; Eberl, 1999). Crickets,
one of the insects that have the tympanal organs, sing
a call song that is loud and high in frequency (more
than 10 kHz) from a long distance, but flies usually do
not produce such a call song. Flies in the genus
Drosophila sing small sound courtship songs that are
emitted from near field distance as they can touch and
that we cannot hear without amplification.

The auditory organs in Drosophila are the flagel-
lar type organs consisted from an arista that is the 6th
branch of antennae and Johnston’s organ located
inside the second segment of antennae (Todi et al.,
2004). The courtship songs are low frequency sounds
of less than 500 Hz. Furthermore, females whose
aristae were surgically removed showed reduced sex-
ual receptivity in conspecific crosses (Manning, 1967;
Tomaru et al.,, 1998; Tomaru et al., 2000; Doi et al.,,
2001; Yamada et al., 2008). These results indicate
that the aristae and Johnston’s organs are the recep-
tors for courtship songs. Direct electrophysiological
experiments using D. funecbris showed that the anten-
nae (including the aristae and Johnston’s organ) of

Drosophila can detect acoustic signals such as sine and

pulse songs; then the organs could detect species
differences in interpulse intervals (Ewing, 1978).
Eberl et al. (2000) examined electrophysiological
responses of the antennae using D. melanogaster.
They can respond to simulated sine songs of 160 and
250 Hz, but their response to a 500 Hz sine song was
very poor. Sine song frequencies of the species in the
melanogaster subgroup are 100-350 Hz (Cowling and
Burnet, 1981; Cobb et al., 1989). Frequency responses
are well tuned by physical structures of antennae,
neural inputs of sound signals and projection to the
center, and highly adapted for songs (Gopfert and
Robert, 2001, 2002; Kamikouchi et al., 2009; Yorozu et
al., 2009). From these lines of evidence, the aristae
and Johnston’s organs are well tuned to detect court-
ship sounds, or it can be said that males produce songs
tuned to female hearing ability.

5. Courtship without song

Although vibration is most noticeable in the
courtship of D. melanogaster (Sturtevant, 1915), there
are a number of species in which the males do not
vibrate to produce sounds (Table 1). In species with-
out songs, it is very likely that there is a courtship
signal from males to females. In some species, males
have a remarkable black spot on the tip of each wing.
The spots seem to be an important visual signal in
courtship. Species with spotted wings are found in
the elegans, the rhopaloa, the suzukii and the takahashii
species subgroups of the melanogaster group (Kopp
and True, 2002; Yeh et al., 2006). However, not all
male members of these subgroups have spotted wings.
During courtship, the male of a species with spotted
wings spread his wings in front of the courting female
as if to display the spots (Fig. 1C). In contrast, this
display behaviour is less frequently found, or absent,
in related species without spots. This behavioural
difference suggests that the wing spots are an impor-
tant visual signal during courtship. One such species
is D. suzukii, a pest of plants, especially cherries,
berries and other skinny fruits (Matsumura, 1931;
Baufeld et al., 2010; Walsh et al., 2010). Males whose
wing spots were surgically removed showed reduced
copulation frequency compared with intact males, but
there was no significant difference in copulation fre-
quency when the experiments were done in the dark
(Fuyama, 1979). Males of D. pulchrella, a spotted
wing species of the suzukii subgroup, produced high
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amplitude, nonrhythmic toot sounds (Lai et al., 2009),
suggesting that not only a visual signal but also
sounds may play a role in the courtship of this species.

In D. (D.) quadrilineata, the male bends his abdo-
men and points its tip towards a courting female
(Tomaru et al., 2006). The male never vibrates or
displays his wings during courtship but frequently
bends his abdomen (Fig. 1D). Although the abdomen
bending can be a visual signal from a male to a
female, the male may discharge volatile sex pher-
omones while bending his abdomen. A culture vial of
this species has a characteristic odour and human
observers can distinguish between a vial that has been
housed with males and that with females. Behaviour-

al assays will clarify whether or not volatile male sex

pheromones are involved in the courtship of D. qua-

drilineata.

In Hawaiian Drosophila, males’ liquid pheromones
seem to play a role in courtship. Males of some
species excrete a liquid from their anus onto the lek
substrate, and in other species males drag the tip of
their abdomen to advertise their presence to females
(Spieth, 1984). Again the odour can be detected by
the human nose. In addition, males of some species
curl the abdomen up and forward and direct its tip
towards the females’ face during their courtship.
The droplet is, therefore, released very close to the
antennae of the females. In other species, males
release a liquid during courtship and vibrate their

wing as if fanning the odour to the females.

6. Sex pheromone

Cuticular hydrocarbons cover the insect body
(Blomquist, 2010). They are long chain molecules
and less volatile, and protect insects from desiccation
and water. The components of cuticular hydrocar-
bons are classified into n-alkenes, methyl-branched
components and unsaturated hydrocarbons. The role
of cuticular hydrocarbons, their biosynthesis, their
production and their detection have been best studied
in Drosophila (Ferveur and Cobb, 2010). The contents
of cuticular hydrocarbons differ between species and/
or sexes. In Drosophila, species specific and/or sex
specific unsaturated cuticular hydrocarbons play a
role in contact sex pheromones. Ferveur and Cobb
(2010) recently reviewed the behavioural and evolu-
tionary roles of cuticular hydrocarbons, and Wicker-
Thomas and Chertemps (2010) did the genetics and

biosynthesis.

A female sex pheromone of Drosophila was first
identified in D. melanogaster (Antony et al., 1985). It
is (Z,Z)-7,11-heptacosadiene, a long chain diene (C,;:,)
and a major component of cuticular hydrocarbons in
D. melanogaster females, and acts as a sex pher-
omone. Although some species have sexually
monomorphic cuticular hydrocarbons, D. melanogas-
ter is a sexually dimorphic species. A major compo-
nent of males of D. melanogaster is (Z)-7-tricosene
(Cy3). Sexual monomorphisms and dimorphisms do
not reflect the phylogenetic relationships of the
species concerned. The three species D. simulans, D.
mauritiana and D. sechellia are closely related and
members of the sister group of D. melanogaster. In
D. simulans and D. mauritiana, both sexes have (Z)
-7-tricosene (Cobb and Jallon, 1990), whereas D. sechel-
lia is a sexual dimorphic species, males having (2)
-6-tricosene, a position isomer of (Z£)-7-tricosene and
females (Z,Z)-7,11-heptacosadiene (Cobb et al., 1989).
Sex pheromones identified by using synthetic
monoene or dienes are (Z£)-11-pentacosene (C,;s) of D.
virilis (Oguma et al., 1992; Doi et al., 1996), (Z,Z)-5,
27-tritriacontadien (Css.,) of D. pallidosa (Nemoto et
al.,, 1994) and (Z,Z) -5,25-hentriacontadien (Cs;.,) of D.
ananassae (Doi et al., 1997). Cuticular hydrocarbons
of Drosophila were reviewed by Ferveur (2005).

Males’ cuticular hydrocarbons are species specific
and sexual dimorphisms are found in some species.
Therefore, cuticular hydrocarbons of males can act as
a sex pheromone. In D. melanogaster, (Z)-7-
tricosene, a major component of cuticular hydrocar-
bons of males, affects mating of females (Grillet et al.,
2006). Mating was enhanced by larger amounts of
(Z)-7-tricosene from males with a GS10164 insertion
driven by GAL4 compared with reduced (Z)-7-
tricosene from desatI®®®' mutant males. Females
whose antennae were surgically removed showed
reduced mating, suggesting that females perceive

male sex pheromones via antennae.

7. Mounting position and
copulation

Spieth (1952) named two mounting positions, for-
ward and rearward, and unnamed for a few excep-
tional species. The forward position is a type ob-
served in D. melanogaster. A male places his forelegs

at the base of the wings of a female or grasps her
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thorax with his forlegs, grasps her abdomen with his
middle legs, and lays his hindlegs on the substrate or
grasps her abdomen. This mounting position seems
to be primitive. The other type, the rearward posi-
tion, is thought to be derived and seen in most species
of the subgenus Drosophila and some species of the
subgenus Sophophora. A male grasps a female’s
abdomen or wing tips with his forlegs and grasps her
abdomen with his middle and/or hindlegs. Although
there have been many reports describing the courtship
behaviour, the mounting position is poorly described
and clear descriptions were not found in many cases.

Positions of mounting and copulation are sym-
metric, that is, the axis of both sexes coincides.
However, in D. melanogaster, the removal of a single
sensillum of male genitalia affects the mating position
and results in a contralateral asymmetry in the male’s
mating posture (Acebes et al., 2003). Although this
sensillum affects the symmetry of the mounting posi-
tion, the male seems to mount in the forward position,
judging from the photograph in Figure 2 in Acebes et
al. (2003).

Copulation or intromission is achieved before or
after a male mounts a female. In the description of
Spieth (1952), all species belonging to the subgenus
Drosophila are classified as intromission after mount-
ing, or no description. Most species of subgenus
Sophophora are in the intromission before mounting or
at the same time. Exceptional species in Sophophora
are those belonging to the montium subgroup, D.
auraria, D. vufa and D. montium, and D. ananassae of
the ananassae subgroup; they are the species of the
intromission after mounting. Copulation after
mounting was observed in other species (D. serrata, D.
birchii, D. lini, D. ohnishii and D. ogumai) of the
montium subgroup (Hoikkala and Crossley, 2000; Wen
et al., 2011).

Spieth (1952) suggested that there is a relationship
between the male’s grasping of the female and the
presence of spines that species of the immigrans group

have on the inside of the fore femur. Similar spines

on the fore femur are also found in the genus Za-

prionus. In the courtship behaviour of D. silvestris, a
Hawaiian Drosophila, Carson (2002) argued for the
importance of tactile stimulus from the male. The
male of D. silvestris actively drums the tibial bristles
(cilia) on the dorsal surface of the female’s abdomen.
Males of D. mojavensis drum continuously upon the

underside of the female’s abdomen using their fore

tarsi (Krebs and Bean, 1991), suggesting the impor-
tance of tactile stimuli as well as courtship songs in
this species.

8. Conclusion

The female does not play a passive role in court-
ship as was pointed out in the first report of courtship
behaviour in Drosophila (Sturtevant, 1915). Since the
male behaviour is a response to female sex pher-
omones, a male may be evaluated by a female in his
ability of wing vibrations and following (Ferveur and
Cobb, 2010). Before mounting, a female moves slow-
ly as if the courting male can easily approach her. In
response to courtship songs, a female spreads both her
wings when she accepts the courting male in some
species (Ikeda et al., 1981; Oguma et al., 1996; Vuoristo
et al, 1996). In contrast, sometimes the female
moves rapidly and escapes from the male. The
female often kicks the male and/or produces rejecting
sounds when he attempts to copulate. Females of the
virilis group produce a song when accepting a court-
ing male. In species in which the males hold terri-
tories, females visit a territory or a lek to choose their
partner. Decision making based on a male’s visual
signal is also shown in D. suzukii females. In species
in which the males produce sounds during courtship,
songs seem to be a critical signal affecting the
female’s decision making. The females do not learn
how to choose a partner; decision making to choose
partners and its species specificity are genetically
determined (Pifieiro et al., 1993; Isoherranen et al.,
1999a; Doi et al., 2001).

The general structure and/or overall shape of
courtship songs are similar within closely related
species but the song parameters differ. For example,
between D. melanogaster and D. simulans, some song
parameters, such as interpulse interval, intrapulse
frequency and sine song frequency, differ. In some
cases, a gain or loss of song type is found. In the
melanogaster subgroup, males emit a pulse song and a
sine song, but D. sechellia, D. yakuba and D. santomea
do not have a sine song. In the wvirilis group, male
songs are polycyclic and females also sing. In con-
trast, a different but similar structure is found in
distantly related species. The males of D. lini and
related species in the kikkawai complex produce pulse
and sine songs, although the overall shape of the
courtship song of the /ini clade is different from that
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of D. melanogaster. In most cases, songs are species
specific in terms of parameters (Table 1). In the case
of closely related species that share similar values of
sound parameters, they are allopatrically distributed
(Tomaru et al., 1994a; Wen et al., 2011). Based on
circumstantial evidence, courtship songs play an
important role in sexual isolation between sympatric
species and could be shaped by the process of rein-
forcement and/or reproductive character displace-
ment.

Courtship songs are related not only to species
recognition between species but also to sexual selec-
tion within species. Female choice based on the
male’s signal is observed, but it is not easy to figure
out the evolutionary cause of female choice. Cost of
mating is reported in Drosophila (e.g., Ueyama and
Fuyama, 2003); however, it is poorly known how the
females evaluate the quality of the courting males
based on the male’s signal (Chapman, 2006). Experi-
ments were carried out to compare mating fre-
quencies between intact males and males whose wings
were partly removed in D. melanogaster (Robertson,
1982), D. littoralis, D. montana and D. ezoana (Hoik-
kala and Aspi, 1993). Females preferred intact or
long-winged males better. Examination with wild
caught females also showed preference to males that
produced short pulses with high frequency songs (Aspi
and Hoikkala, 1995). Variations are observed in
male song parameters and in mate preference of
females within species (Ritchie et al., 2005). Play-
back tests using artificially synthesised songs
revealed that D. montana females preferred songs
with a short pulse length and high pulse frequency
(Ritchie et al., 1998). Furthermore, their preferences
were not absolute but rather relative (Hoikkala and
Aspi, 1993). Females choose males with high fre-
quency songs (Hoikkala and Suvanto, 1999) and egg-
to-adult survival rates positively correlate with the
pulse frequency of the father’s song in D. montana
(Hoikkala et al., 1998); these results indicate that
females obtain an indirect benefit by choosing males
based on songs. Song divergence is not correlated
with genetic divergence in the D. (S.) willistoni species
complex, suggesting rapid evolution of song parame-
ters (Gleason and Ritchie, 1998). Sexual selection
seems to contribute, at least partly, to the evolution of

species specific courtship songs.
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Courtship behavior is highly divergent in Diptera, especially in Drosophila. The typical
courtship of Drosophila melanogaster is an elaborate repertoire including elements of orienting,
tapping, scissoring, circling, wing-vibrating, licking and attempting to copulate, in which males
and females send and receive visual, chemical, tactile and acoustic signals from each other. The
divergence of courtship behavior reflects the phylogeny to some extent. Loss or gain of certain
elements, which cause qualitative differences in courtship behavior among species, are very
common in Drosophila. On the other hand, rapid quantitative changes in sexual signals tend to
occur between sympatric, closely related species but not between allopatric, close relatives. In
this review, we assemble available information on courtship behavior, compare its behavioral
elements across 135 species of 30 species groups from three genera of the Drosophilidae,
excepting the Hawaiian picture-wing Drosophila with a bizarre courtship pattern, and discuss
functions of each element in relation to its loss or gain and possible evolutionary mechanisms

underlying the sexual signal divergence.

1. Introduction

Mating success mainly relies on Specific Mate
Recognition System (SMRS). Every sexually re-
producing species possesses its own distinct SMRS
that controls the exchange of sensory information
sent and received by both sexual partners during
interplay (Paterson, 1985). Drosophila courtship is an
elaborate ritual which involves specific types of activ-
ity (certain elements), such as orienting, tapping, scis-
soring (scissor-like opening and closing of both wings
without courtship song), circling, wing vibrating (one
wing or both wings rapidly up and down with produc-
tion of courtship song), licking and attempting to
copulate, from both sexes. Visual, chemical and
acoustic signals derived from these certain elements
make up SMRS and the divergence of each element is
the important factor contributing to premating isola-
tion and speciation.

Courtship behavior is one of characters which
have derived from the ancestor and then diverged to

be adapted to environmental changes or evolved

! Department of Entomology, South China Agricultural
University, Guangzhou, P. R. China

through sexual selection and speciation. Mating in
flight is the ancestral Dipteran behavioral pattern and
is common in most primitive families such as mos-
quitoes, of which males have the auditory plumose
antenna sensitive to the flight tone of the female and
the enlarged specialized eye to capture the female
(Downes, 1969). However, such behavior is rare in
the derived Acalypteratae with the dichoptic eyes
(McAlpine and Munroe, 1968). In the Drosophilidae,
mating behavior is highly interactive between males
and females especially before mounting. The droso-
philid matings typically occur on some types of food
substrates, associated with more or less species-
specific courtships or epigamic displays making use of
posture, movements or display of patterns before
attempting to mount and copulate (Spieth, 1952).
The great variety of environmental and food condi-
tions has mainly determined the way in which flies can
meet and mate, and explains the diversity of mating
behaviors (Wicker-Thomas, 2007). Such a droso-
philid mating system appears to possess adaptive
advantages: males could ascertain many females with
small expenditure of time and energy; unreceptive
females could repel males during feeding; receptive

females could excise sexual selection on several



88 Shuo-Yang Wen, Yi-Feng Li

males. The diurnal feeding shortly on a small dis-
crete food mass is the key factor responsible for the
selective pressure on the evolution of this courtship
pattern (Spieth, 1974).

Certain elements of mating behavior are wide-
spread across various species, but it is also obvious
that qualitative as well as quantitative interspecific
differences exist. A few, if any, quantitative differ-
ences are observable between closely related species,
while more distantly related species invariably display
qualitative differences. In Drosophila courtship, the
male is primarily responsible for sexual isolation and
the female for sexual selection (Spieth, 1952, 1974;
Brown, 1965). Closely related species or races der-
ived from allopatric localities are often less sexually
isolated than those derived from sympatric sites, the
former displaying an identical courtship pattern but
the latter distinct ones (Ehrman, 1965; Spieth, 1978).
This suggests the reinforcement of divergence in
courtship signals between sympatric species/races
(Chang and Miller, 1978; Wen et al., 2011). To under-
stand the evolutionary mechanism of courtship behav-
ior, i.e., how and why the relevant characters have
reached their present forms, one must combine com-
parative ethological works with studies on the func-
tion, origin and genetics of behavior (Hinde and
Tinbergen, 1958; Brown, 1965). It is important to
examine roles of courtship in mate selection and
reproductive isolation. The initial observations of
Drosophila mating behavior were made by geneticists
interested in evolutionary problems (Ewing, 1983).
Before Spieth’s (1952) pioneer work on courtship
behavior of 101 Drosophila species belonging to 21

species groups, mating behavior of D. melanogaster,

D. pseudoobscura, D. persimilis, D. affinis, D. algon-

quin, and some species of the D. willistoni species
group and the D. virilis species group had already
been documented by various investigators (Stur-
tevant, 1915; Spieth, 1947, 1948; Miller, 1950; Spieth,
1951). Hitherto, courtship behaviors of more than
135 species belonging to 30 species groups and some
Hawaiian picture-wing Drosophila species have been
observed by many investigators. Thus accumulated
information makes comparison of courtship behaviors
possible across the largest genus Drosophila in the
Drosophilidae. Tomaru and Yamada (2011) thor-
oughly reviewed courtship behaviors of Drosophila,
mainly focusing on their courtship songs of acoustic

stimuli. In this review, therefore, we provide infor-

mation on other behavioral elements, especially those
related to visual and chemical stimuli, from a view-
point of how certain elements of courtship have diver-
ged along the evolutionary process. Since in Droso-
phila courtship males are more active and play vital
roles for successful mating, we concentrate mainly on
male courtship. The elements present or absent in
each species are summarized in Table 1 from selected
references, excepting some others having failed to
observe some behaviors in some species by careless
observation or using different strains (Ewing, 1983).
We exclude Hawaiian picture-wing Drosophila species
from the comparison in this review, because an aber-
rant type of courtship behavior and advertising behav-
ior in a small territory or lek was displayed by these
endemic species (Spieth, 1974).

2. Behavioral elements and their
functions in Drosophila
courtship

Apart from endemic Hawaiian picture-wing
Drosophila species which mate on their leks or terri-
tories, most Drosophila species display courtship dur-
ing feeding on a food mass. Drosophila courtship is
very diverse among species, and requires visual,
acoustic, and chemical cues (Wicker-Thomas, 2007).
Each species possesses a species-specific repertoire of
signals associated with unique movements.
Homologous signals are quite different between dis-
tinct species, but similar, with some quantitative
differences, between closely related species.

Drosophila male courtship is commonly composed
of the elements of orientation, tapping, wing flicking,
wing waving, wing semaphoring, wing scissoring,
wing vibration, leg vibration, leg rubbing, circling,
licking, mounting and countersignaling (Spieth, 1974).
Each element has its function for leading to successful
copulation (Spieth, 1952, 1974; Ewing, 1983). Males
and females send and/or receive several stimuli, such
as visual, chemical, tactile or acoustic ones, from each
other during courtship. Males’ dancing by flicking,
waving, scissoring or rowing of one or two wings and
circling is a visual language to females; chemical
signals and tactile stimuli are transmitted between
males and females by males’ tapping and licking on
females; acoustic signals, probably visual signals as
well, are produced by vibrating one or two wings. In

many species, the role of visual signals is less species-
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specific than the roles of chemical or acoustic signals

(Markow and O’Grady, 2005).

2.1 Courtship elements related to
visual stimuli

Visual stimuli are one of the major factors in the
initiation of courtship (Spieth, 1952). At the begin-
ning of courtship, a male orients a moving female and
then taps her. Few Drosophila females are so recep-
tive that they will accept a male as soon as he taps
(Manning, 1960). After tapping, the male performs
some wing display behaviors or circling to let the
female slow down. Wing displays include wing wav-
ing, flicking, scissoring, rowing, or vibrating which
probably produces both visual and acoustic signals.
Thus, such visual signals are sent from males to
females and should be received by females under light.
2.1.1 Lisht dependency

Light is required for Drosophila to receive visual
stimuli from environmental factors or individuals of
conspecific or alien species. In Drosophila, some
species fail to mate or reduce mating success without
light, while some others are able to mate in the
darkness; i.e., the former is dependent but the latter
independent on light for mating. It has been well
documented that the extent of light-dependency for
mating varies among Drosophila species.

According to the classification by Grossfield
(1971), light-independent species (8 spp.) are less than
light-dependent ones (12 spp. being somewhat light-
dependent and 22 spp. completely dependent). For

the light-independent species, such as D. melanogaster,

D. busckii, D. ananassae, D. montium, D. pseudo-

obscura, D. affinis, D. funebris, D. virilis, D. hydei, D.
replete and D. immigrans, visual stimuli by wing dis-
play or circling might be dispensable but courtship
might more rely on chemical stimuli by tapping/lick-
ing and/or acoustic stimuli by wing vibration (Table
1). For some completely light-dependent species,
such as D. subobscura, D. munda, D. palustris, D.
phalerata and D. guttifera, which produce no acoustic
stimuli, courtship might mainly rely on visual stimuli
by wing display and/or circling and subsequently
following elements (Table1). Other more or less
light-dependent species use both visual and chemical/
acoustic stimuli for courtship.
2.1.1.1 D subobscura

Drosophila subobscura is one of species which
completely depend on light for courtship (Grossfield,

1971). While a male and a female are moving face to

face, the male gradually opens his wings, and spreads
them when he stops to move. This “wing-dance” is
the only effective courtship element in this species.
Brown (1965) conducted two experiments to test the
importance of visual stimuli of this “wing-dance” for
mating success. The first was to remove the male
wings completely or the distal half of them. The
results indicated that the number of successful mating
pairs was significantly reduced in both wing removal
treatments, which made females walk away from the
wing-removed males. The second was to show a
black spherical “Plasticine” model moving side by
side or an etherized female to a virgin male. In
response to the moving experimental object, some
virgin males tapped, orientated, wing-danced and even
tried to copulate with the moving model. Some vir-
gin males ignored the etherized female until she began
to move. Thus, the first experiment revealed that
the display of wing opening and spreading was impor-
tant for the female to keep staying with the male.
The second experiment suggested that a side-by-side
moving article was the cue for male to pay attention
to court. Interestingly, the wing vibration is very
rare in this species, suggesting that any acoustic
signal is not used as a cue to stimulate its partner.
Drosophila subobscura is the only species that does not
sing any courtship songs but performs the unique
wing-dancing in the D. obscura species group (Table
1). Drosophila subobscura occurs in a variety of hab-
itats from woodlands, pastures, even to moorlands.
It has a good deal of genetic heterogeneity, and this
might serve to adapt it to a wide variety of habitats
(Brown, 1965). There is a light-independent strain
selected from a geographic population. This strain
shows the totally modified courtship lacking the
wing-dance; the males rape the females without pre-
ceding courtship. The females seem to be rather
passive and do not resist atypical copulation attempts
by the males. The behavioral differences between
the light-dependent and -independent strains are
genetically determined by a polygenic system involv-
ing all four autosomes but not the X-chromosome
(Pinsker and Doschek, 1980). It seems likely that this
genetically determined variation of courtship seen in
wild populations is the consequence of natural selec-
tion under different environments.
2.1.1.2 The O melanosaster species
complex
Drosophila  melanogaster is the only light-
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independent species in this species complex. Droso-
phila simulans, D. mauritiana and D. sechellia depend
on light to more or less extent. The decrease of
mating frequency in darkness is the least in D.
stmulans, the most in D. sechellia, and intermediate in
D. mauritiana (Spieth and Hsu, 1950; Grossfield, 1972;
Robertson, 1983; Sakai et al., 1997). The normal
courtship of D. melanogaster involves shortly orient-
front behavior but abounding wing vibration (Man-
ning, 1960; Markow and Hanson, 1981). Markow and
Hanson (1981) dissected the courtship of D. melanogas-
ter by multivariate analyses and found out that the
orient-front behavior during the circling frequently
happened in unsuccessful or long-bout courtships to
give more visual signals for exciting the unreceptive
female. In contrast, the visual information, such as
scissoring, is dominant in its sympatric species, D.
stmulans, which displays more scissoring and spends
less time on wing vibration. Drosophila mauritiana,
most closely related to D. simulans, is light-dependent
as well, spending less time for wing vibration but
longer time for sending visual stimuli (Cobb et al.,
1989), although it uses wing rowing rather than scis-
soring as a display.

The light-dependency varies also between strains
of D. simulans. Sakai et al. (1997) found that one
strain from Ogasawara, Japan was light-independent
like as D. melanogaster. The intraspecific difference
of mating frequency in darkness depends on genetic
differences in the male-specific sexual behavior rather
than in the locomotor or mating activity (Sakai et al.,
1997).
2.1.1.3 The D. auraria species complex

Mating behavior of three species, D. auraria, D.
triauraria and D. biauraria, in the D. auraria species
complex is very similar, lacking wing-display and
front-circling: a male approaches and taps a female,
and then circles to her rear, and makes a running
lunge when her position is appropriate to mount;
having mounted and grasped the female, the male
extends one wing to 90° and vibrates it, and at the
same time attempts to copulate. The light-
dependency varies to some extent between the species:
D. biauraria is completely light-dependent, while D.
auraria and D. triauraria are somewhat light-
dependent (Spieth and Hsu, 1950; Oguma et al., 1984;
Oguma et al., 1996).

Oguma et al. (1996) used an infrared camera to

record courtship behavior of the awuraria complex

under darkness, and found that tapping and subse-
quent elements triggered by visual signals were rarely
observed under darkness. However, when flies were
in close contact, males mounted females and attempt-
ed to copulate. A picture in the paper showed that a
male of D. auraria copulating with a female vibrated
his wing in darkness, and that three females near the
copulating couple spread their wings in response to
the wing vibration of the male. Obviously, acoustic
signals should have induced female’s receptive
response under darkness in this species. This finding
indicates that D. auraria can mate in the dark if
partners are in close contact, although Grossfield
(1971) classified this species as a completely light-
dependent one.

2.1.2 Evolution of elements related to

visual stimuli

Grossfield (1971) divided Drosophila into three
classes by investigating insemination rate under light
and darkness: Class I is light-independent, with species
distributed worldwide or over wide geographic
regions; Class II and III are somewhat and completely
light-dependent, respectively, with species distributed
in limited regions, except for the cosmopolitan D.
simulans (Grossfield, 1972). Two distantly related
species, D. simulans and D. subobscura, have evolved
the light-dependent feature independently (Spieth and
Hsu, 1950). Males of either species do not use acous-
tic cue but mainly wing display during courtship.
Males send visual signals to females by vigorous wing
display: wing-dance in D. subobscura and scissoring in
D. simulans. Females have to receive these messages
under light. This feature may have evolved similar-
ly, even though independently, probably through the
loss of acoustic signals in males or degeneration of
hearing sensory in females, and the enhancement of
visual signals by wing-dance, scissoring and/or cir-
cling in males or the gain of susceptive visual sensory
in females, in these two unrelated species.

Visual stimuli are less used in the D. montium
species subgroup. Species in this subgroup display
similar courtship behavior without wing display or
circling before mounting, but use more acoustic sig-
nals by wing vibration after mounting. This is a very
unique and typical courtship pattern in this subgroup.
The light-dependency varies among species in this
subgroup: D. biauraria is completely dependent, D.
auraria and D. triauraria highly dependent, D. rufa

less dependent, and D. montium independent (Gross-
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field, 1972; Oguma et al., 1996). In this subgroup, the
light-dependency might have evolved as the conse-
quence of adaptations to environments or ecological
habitats where they are living.
2.2 Elementsrelated to chemical stimuli

Two elements, tapping and licking, are associated
with chemical stimuli, although tactile stimuli might
be involved as well. Courtship of many species in the
melanogaster subgroup is initiated by male’s tapping
on female with his fore tarsi where chemoreceptors
are located, and then other elements, such as follow-
ing, circling, wing display and wing vibration, take
place. After wing vibration, the male licks the
female’s genitalia with his proboscis and then
attempts to copulate (Ewing and Bennet-Clark, 1968).
Spieth (1952) amputated the male fore tarsi in four
species of the virilis group and confirmed that stimuli
were received by the male via his fore tarsi and that
differences existed in this factor between strains of
the same species. When males tap other males, some
species, such as those of the D. mulleri species sub-
group of the D. repleta species group and the D.
saltans and D. willistoni species groups, stop courtship
immediately (Table 1), suggesting that they discrimi-
nate between conspecific males and females based on
chemical/tactile signals obtained by tapping. How-
ever, some other species continue male-male courtship
even after tapping. In D. melanogaster, tapping with
correct gustatory inputs is necessary for males to
induce the species-specific hallmark of unilateral wing
vibration, because the flies deprived of gustatory
inputs become to perform bilateral wing extension
during courtship (Koganezawa et al., 2010). Thus, the
pheromone input by tapping from the foreleg of court-
ing male shapes the courtship song pattern. The
licking action after wing vibration of the male obvi-
ously stimulates the female. It is possible that chemi-
cal stimuli are involved in this action (Spieth, 1952).
Tapping is, however, absent in many species of the
montium and the obscura subgroups, and licking is
totally omitted in all investigated species of these
subgroups (Tablel). Commonly seen male-male
courtships in the montium subgroup might be due to
the lack of tapping and/or licking elements. Other
elements, such as wing vibration after mounting, play
a very important role in discriminating mates in this
subgroup, for example in D. lini, D. ogumai and D.
ohnishii (Wen et al., 2011).

The tapping and licking elements of courtship

might have evolved along with female sex pher-
omones. The first Drosophila sex pheromone was
identified from D. melanogaster (Antony and Jallon,
1982). Since then, a variety of cuticular hydrocarbon
molecules have been identified from females and
males in a number of Drosophila species (see Ferveur,
2005; for a review). Recently, Ferveur and Cobb
(2010) have reviewed behavioral and evolutionary
roles of cuticular hydrocarbons, and Wicker-Thomas
and Chertemps (2010) have done the genetics and
biosynthesis of them.

3. Timing of courtship:
precopulatory courtship vs.
copulatory courtship

The timing of male courtship should be an impor-
tant factor to be considered for understanding the
evolution of courtship behavior. Copulatory court-
ships, i.e., courtships occurring after intromission, are
very common in insect (Eberhard, 1991). However,
elaborated courtships in most Drosophila species are
of typical precopulatory one. Only a few species of
the D. quinaria species group and the mulleri, the
affinis and the montium species subgroups have been
reported to perform copulatory courtships with some
variation (Miller, 1950; Spieth, 1952; Wasserman et al.,
1971; Tomaru and Oguma, 1994; Neems et al., 1997;
Wen et al., 2011).

3.1 [ pesasa

Drosophila pegasa is the first species which was
reported to have no precopulatory courtship in Droso-
phila. When a male detects a female, he immediately
climbs upon her abdomen and rides on her for a long
period (Wasserman et al., 1971). The extended riding
of male on female was called “grasping behavior” or
“mate grasping” (Wasserman et al., 1971; Wasserman
and Zweig, 1991; Gronlund et al., 2002). Females play
only a passive role in mounting, but males can clearly
distinguish mates, preferring females, upon initial
grasping. Male-male grasping occurs when no
female is present, but such a male usually releases his
hold soon. It is still unknown what signals are used
for males to differentiate between males and females,
because the cuticular hydrocarbon composition is the
same in both sexes (Gronlund et al., 2002). Males can
distinguish even females reared on different types of
food or from different localities, preferring females

reared on the original host cactus media or from the
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same local population, respectively (Wasserman and
Zweig, 1991). In D. pegasa, this grasping behavior has
evolved along with the complete loss of other ele-
ments that are commonly seen in the normal courtship
of Drosophila.

3.2 [0 algonguin and O. bhalerata

Drosophila algonquin is a sibling species of D.
affinis in the affinis subgroup of the obscura group.
They are widely distributed in the United States east
of the Rocky Mountains, with the overlapped range in
the western Great Plains and in the northeastern
States. Sex combs of D. algonquin are larger than
those of D. affinis (Miller, 1950). In both species,
courtship is usually very brief, being followed quickly
by copulation. While males of D. algonquin some-
times continue to buzz during copulation, such a
behavior is not found in D. affinis and other species of
the affinis subgroup. Each burst of buzz was
produced by vibration of both wings extended about
45° and lasted about a third of one second; 66 buzzes
were counted in a copulation lasting for almost 5 min
(Miller, 1950; Chang and Miller, 1978).

Drosophila  phalerata feeds on fungi, usually
together with D. transversa, D. limbata and D. kuntzei
of the quinaria group in different combinations. All
four species produced courtship songs by vibrating
one or both wings in their courtships. Males of D.
phalerata produce most of their songs during rather
than prior to copulation, whereas males of the other
three species remain silent during copulation. The
song of D. phalerata consists of unstructured pulses
with 260 Hz of carried frequency (Neems et al., 1997),
being similar to the sine songs in the D. lin: clade
(Wen et al., 2011).

The copulatory courtship with wing vibration
after mounting has independently evolved only once in
D. algonquin and in D. phalerata among relatives of
the affinis subgroup and of the quinaria group, respec-
tively.

3.3 The O aurarig and the 0. serrata
species complexes

The auraria complex consists of four sympatric
species, D. auraira, D. biauraria, D. triauraria and D.
subauraria, and one allopatric species, D. quadraria
(Kimura, 1987). The courtship behavior of five
species is similar. When a male finds a female, he
orients to her, then follows and taps her body. Wing
vibration is observed during following in most cases.

Males produce less courtship songs before copulation

and at attempted copulation but more during copula-
tion (Tomaru and Oguma, 1994). Thus, both
precopulatory and copulatory courtships are perfor-
med, but with different intensities, by these species.

Drosophila birchii and D. serrata are sympatric
sibling species which are endemic to Australia.
Males of these two species court their females mainly
during copulation, singing after mounting and during
copulation. Females of both species discriminate
against wing-removed conspecific males which do not
sing (Hoikkala et al., 2000), strongly suggesting that
their copulatory courtship song is an essential cue for
mating success.

3.4 The D. kikkawa/ species complex

Three sibling species, D. lini, D. ohnishii and D.
ogumai, form a clade in the D. kikkawai species com-
plex of the montium subgroup (Wen, 2004). Droso-
phila lini and D. ogumai are allopatric, and D. ohni-
shii is distributed in the intermediate region, par-
apatrically with each of the other two species (Oguma
et al., 1995; Zannat and Toda, 2002; Wen et al., 2011).
Males follow moving flies and attempt to mount
without tapping, circling or wing display before
mounting. Immediately after mounting a female, the
male extends either of his wings to 45-90° from the
body axis, vibrates it, and attempts to copulate.
Males produce sing songs with different frequencies,
high (about 250 Hz) in the two allopatric species, D.
lini and D. ogumai, but low (about 190 Hz) in D.
ohnishii (Wen et al., 2011). Very interestingly, this
difference in the sine song frequency exactly corre-
sponds to the presence or absence of sexual isolation
between the species; i.e., there is strong sexual isola-
tion between the parapatric pairs of species, oknishii/
lini and ohnishii/ ogumai, but no isolation between the
allopatric pair, lni/ogumai. Playing back low fre-
quency sine songs to D. lini and D. ogumai or high
frequency songs to D. ohnishii has induced female
repelling behavior (Li et al., in preparation), strongly
suggesting that the frequency of sine song produced in
copulatory courtship is an important sexual signal for
mate recognition in these sibling species.

Three other sibling species, D. kikkawai, D.
leontia and D. bocki, form another clade in the kikk-
awai complex (Wen, 2004). The distribution range of
D. leontia overlaps with those of the other two species
(Baimai et al., 1980). We observed their courtship
behavior and found that they also displayed copula-
tory courtships like as the /ini clade. Mounting of an
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alien species male also induced female repelling
behavior (Li et al., unpublished data).

4. Sexual signal divergence in
sympatric closely related
species

Natural selection strengthens sexual isolation in
response to maladaptive hybridization following sec-
ondary contact of two species/subspecies/populations
through the process known as reinforcement (Noor,
1999). Sexual isolation may result from divergence
in sexual signals and receiver preferences between
closely related species, so that speciation will be in-
fluenced by changes in signals and preferences (Butlin
and Ritchie, 1994). Sexual signal divergence is some-
times seen in some courtship elements between
sympatric closely related species: for example, in
locomotory activity, wing display and pulse song

between D. melanogaster and D. simulans, in circling

and wing display between D. elegans and D. gunung-

cola, in pulse song among species of the auraria com-

plex, between D. serrata and D. birchii, between D.

yakuba and D. santomea, and between D. pseudoobscu-

ra and D. persimilis, and in timing of singing and song
type between D. affinis and D. algonquin (Table 1).
On the other hand, sexual signals are usually similar
between allopatric close relatives: for example, the
sine song frequency is similar between D. lini and D.
ogumai (Wen et al., 2011).
4.1 Scissoring in 0. melanosaster and
D. simulans

Drosophila  melanogaster and D. simulans are
sympatric, cosmopolitan close relatives. Although
they commonly meet and compete for food under
natural conditions (Manning, 1960), they differ to
some extent in their niches and behavior: D. simulans
prefers lower temperatures than D. melanogaster
does; D. melanogaster appears more active but D.
stmulans sluggish; and D. melanogaster pupates fre-
quently on the walls of culture bottles but rarely on
the food surface, while D. simulans does conversely.
The commonest sequence of courtship is orientation-
scissoring-vibration-licking in D. simulans and D.
melanogaster, but scissoring is almost omitted from
this sequence in D. melanogaster while D. simulans
spends less time in wing vibration (Manning, 1960;
Cobb et al., 1986). The amount of scissoring in-

creased with courtship duration in D. simulans (Cobb

et al, 1986). Given D. simulans males with D.
melanogaster females, the D. simulans males act as D.
melanogaster males, omitting scissoring after orienta-
tion. On the other hand, given D. melanogaster males
with etherized D. melanogaster females, they display
scissoring to the immobile females. These facts sug-
gest that the repertoire of intrinsic courtship elements
is common to both species (Manning, 1960). How-
ever, courtship is an interaction between two individ-
uals, and changes in levels of excitation are necessary
in both sexes. For more active females of D.
melanogaster, visual stimuli by wing rowing and scis-
soring would be apt to be out of female’s field of view
and therefore ineffective, but wing vibration may
have an effect in reducing female’s locomotor activity
(Cobb et al., 1986). Males of D. simulans may send
more visual stimuli by scissoring their wings to excite
conspecific females that are more sluggish, i.e., having
a higher threshold for response, than D. melanogaster
females (Manning, 1960). Interestingly, probably in
relation to the shift of courtship to using more visual
stimuli in D. simulans, the eyes of D. simulans are
larger, with 5% more eye facets, than those of D.
melanogaster (Manning, 1960).
4.2 Pulse song in the 0. pseudoobscura
spbecies complex

Drosophila  pseudoobscura and D. persimilis are
sibling species with identical morphological charac-
ters and broadly sympatric across western North
America. Females of these species discriminate
against heterospecific males as mates, but males court
heterospecific females as quickly and readily as they
do conspecific females in the laboratory (Noor, 1996;
Noor and Aquadro, 1998). Differences in the interpul-
se interval (IPI) and the intrapulse frequency (IPF) of
courtship song have been detected between the two
species. These differences are controlled by both
X-chromosomal and autosomal loci (Noor and Aqua-
dro, 1998).
4.3 Timing of singing and pulse song

in the 0. guinaria species group

Drosophila phalerata, D. transversa, D. limbata and
D. kuntzei are fungal breeders and are distributed
with overlap in parts of the United Kingdom and the
near-continent. Several pulse song parameters are
different between D. transversa, D. limbata and D.
kuntzei: for example, the mean interpulse interval,
IPI, is about 30 ms in D. transversa, 15 ms in D. lim-
bata, but 13 ms in D. kuntzei. Drosophila phalerata is
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very different in the timing and the type of courtship

song from the other three species. It is the only

species that sings during copulation and invests very
little time in singing before mounting. It produces
single pulses with no structural grouping but unimodal

IPIs around the mean 370 ms. Each pulse is made up

of 2 to 20 cycles and lasts 23 ms on average (Neems et

al., 1997).

4.4 Female acceptability inthe O. moJavensis
species complex

Drosophila mojavensis and D. arizonae are sibling
species and partially sympatric in northern Sinaloa,

Sonora and in parts of southern Arizona. They uti-

lize different rotting cacti species as primary sub-

strates for breeding and occasionally meet together on

the same host plant (Wasserman and Koepfer, 1977).

Sympatric D. mojavensis females are much less recep-

tive than its allopatric females to court by D. arizonae

males, suggesting that selection on sympatric D.

mojavensis has caused the range of female-acceptable

male mating behaviors to move away from the range
of D. arizonae behaviors (Wasserman and Koepfer,

1977; Markow, 1981a). However, D. arizonae males

persist in courting D. mojavensis females under

sympatry, even though they are unable to elicit an
acceptance gesture (Markow, 1981a).

4.5 Courtship pattern in the O. anceps
and the 0. eremophila species
complexes

Among three species of the D. anceps species
complex (D. anceps, D. leonis and D. nigrospiracula),

D. nigrospiracula is the first branched-off species and

allopatric to the other two partially sympatric species.

Courtship elements lost or gained in this complex are

tapping and circling lost in D. nigrospiracula, and

tapping and flicking lost in D. leonis; D. anceps show
all these elements. The pulse burst length is signifi-

cantly different between the sympatric species, D.

anceps and D. leonis, but not between an allopatric

pair of D. nigrospiracula and D. anceps (Alonso-

Pimentel et al., 1995). On the other hand, three al-

lopatric species, D. eremophila, D. mettleri and D.

micromettleri, of the D. eremophila species complex

belonging to the same repleta group have similar
courtship patterns and courtship song parameters

(Alonso-Pimentel et al., 1995).

5. Conclusion

Premating isolation may develop more rapidly
than postmating isolation (Markow, 1981b). The
basic similarity and the diversity of mating behavior
displayed by various species of the Drosophilidae
leave no doubt that there has been evolution of mating
behavior in the family. Observing courtship behav-
iors of 101 Drosophila species, Spieth (1952) pointed
out that tapping is an invariable element at the initial
phase of mating sequence and therefore must have
been present in the ancestral stocks. Most members
of the subgenus Drosophila retain this ancestral con-
tact feature of tapping and licking but produce no
distance stimuli by wing display and vibration at the
initial phase (Table 1), and therefore they are regard-
ed as primarily contact animals. On the other hand,
most members of the subgenus Sophophora have diver-
ged from this ancestral pattern by becoming depen-
dent on distance stimuli (wing display and vibration)
rather than contact stimuli especially by licking
(Table 1; Spieth, 1952). Of course, there are some
exceptions in both subgenera, for example, female’s
duet song in the virilis group of the subgenus Droso-
phila (see Tomaru and Yamada, 2011 for a review on
its features and roles) and licking in the salfans and
the willistoni groups and the melanogtaster subgroup
of the subgenus Sophophora. The precopulatory
courtship usually accompanied with distance stimuli
might be the derived courtship pattern, while the
copulatory courtship widespread in insects and in the
montium subgroup might be the primary type.

Behavioral differences may arise as by-products
of genetic divergence in allopatric populations (Mul-
ler, 1939) or be developed and strengthened by natural
selection in the process of reinforcement when al-
lopatric populations secondarily become contact and
their hybrids are poorly adapted (Dobzhansky, 1940).
It has been documented by some selection experi-
ments using D. melanogaster (McDonald, 1979) and D.
subobscura (Pinsker and Doschek, 1980) that there is
genetic variation in some traits of courtship behavior
of Drosophila. Such intraspecific genetic variation
should have been under natural selection and/or sex-
ual selection and have been the main factor leading to
evolution of courtship behavior.

Gain or loss of some courtship elements in ances-
tral or derived populations could result in unsuccessful

courtship between the populations (Kaneshiro, 1976;
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Watanabe and Kawanishi, 1979; Markow, 1981b).
How courtship elements are gained or lost along
evolutionary processes? Why such sexual signal
divergence occurs more frequently between sympatric
species than between allopatric ones? A possible
answer will be provided on the basis of the reinforce-
ment or reproductive character displacement models
for speciation, although a number of theoretical prob-
lems have been pointed out on these models. Very
rapid evolution of premating isolation observed
between sympatric forms of Drosophila provides in-
direct evidence in favor of these models (Ritchie and
Gleason, 1995). Under sympatry with closely related
species, sexual selection alone may lead to increased
divergence in their courtship behavior, and addition-
ally, through severe resource competition, ecological
selection could favor behavioral separation between
them (Coyne and Orr, 1989; Kondrashov and Kondra-
shov, 1999; Ritchie, 2007). Thus, interactive forces
from all environmental factors, such as food, habitat,
and competing species, should be taken into account
to fully understand mechanisms of courtship evolu-
tion. Population-based phylogeographic, ecological,
genetic and genomic studies, and conducting experi-
mental evolution are perhaps more likely to provide
conclusive evidence in this genomic and proteomic era
(Ritchie, 2007). We expect that further studies espe-
cially on more species in the montium subgroup shall
give a deeper insight into the evolution of
precopulatory and copulatory courtships in the

melanogaster group.
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This paper reviews previous works on the vertical distributions of drosophilid flies in
various forests ranging from the tropics to the subarctic region, especially along the Asian Green
Belt, and addresses relationships between forest structure and drosophilid diversity on various
spatial scales from the global to forest-stand ones, based on the data obtained by comparable,
standardized collecting methods. The structure-diversity relationships show that on any spatial
scales, more complex foliage structure contributes to the higher beta diversity along the vertical
dimension and in consequence to higher species diversity in the whole community. Thus, the
spatial habitat heterogeneity should be an important factor responsible for global to local
variations in drosophilid species diversity. In forests with continuous, closed canopy, the
vertical foliage structure defines the physical template of habitats, where inhabitant organisms
actually interact with each other under various physical environments, and as a consequence

determines the species diversity in inhabitant communities.

1. Introduction

Although there is much controversy for the mag-
nitude of animal species richness on the earth (e.g.,
Gaston, 1991; Erwin, 1991), many researchers agree
that a large part of animal diversity is due to species
richness of arthropods, especially associated with the
forest canopy in tropical rain forests (Erwin, 1983;
Stork, 1988; Wilson, 1988). However, the forest can-
opy is still a less explored world on the earth. To
reveal the great variety of life forms harbored there
has been one of major challenges in ecology and
biodiversity sciences.

In forest ecosystems, trees as skeleton organisms
display leaves three-dimensionally in the aboveground
space and construct complex structures in conse-

quence of competition and niche separation for light.
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In general, the physical environments under the closed
canopy are vertically heterogeneous but horizontally
relatively homogeneous, resulting in a strato- or
gradient-like pattern of physical environments. The
stratified distribution of organisms living in such
three-dimensional, vertically-structured forest spaces
has been so widely documented as a ubiquitous pat-
tern from boreal to tropical rain forests, in various
kinds of organisms such as arthropods (Davidson,
1930; Fichter, 1939; Adams, 1941; Bates, 1944; Turn-
bull, 1960; Nielsen and Ejlersen, 1977; Sutton and
Hudson, 1980; Sutton et al., 1983; Moeed and Meads,
1984; Brown et al., 1997; Davis et al., 1997), birds
(Colquhoun and Morely, 1943; Stokes and Schultz,
1995), reptiles (Reagan, 1995), and mammals (Har-
rison, 1962; Francis, 1994; Whitmore, 1998; Bernard,
2001). The habitat heterogeneity hypothesis predicts
a positive correlation between habitat complexity and
species diversity: the greater the complexity of a
habitat, the more the number of species that can
co-exist in that habitat (Klopher and MacArthur, 1960;
Pianka, 1966). This hypothesis has been tested to
explain not only the latitudinal clines of species diver-

sity on the global scale but also between-habitat
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differences on the local scale (see Tews et al., 2004, for
review). Apparently, the ability for forests to harbor
diverse animal species is not equivalent spatially on
global (e.g., tropics vs. other regions), local (e.g., struc-
turally complex vs. simple forests), and even micro-
habitat (e.g., the canopy vs. other strata) scales. This
paper addresses various spatial patterns of diversity
in a particular group of insects, drosophilid flies,
which are strongly associated with forests in their
lives and are commonly distributed across various
kinds of forests from the tropics to the subarctic
region.

With respect to the vertical distribution of droso-
philid flies within forests, since a pioneer work by
Basden (1953), only a few, fragmental reports have
been published from Europe (Greuter, 1963; Shorrocks,
1975; Lumme et al., 1979), North America (Toda,
1985a), South America (Tidon-Sklorz and Sene, 1992)
and Australia (van Klinken and Walter, 2001). In
Asia, exceptionally, very intensive and extensive sur-
veys on this subject have been conducted by the nearly
identical method of sampling in various forests at
many localities ranging from Southeast Asia to East
Siberia (Toda, 1977b, 1984, 1985h, 1987, 1992; Beppu,
1980, 1984, 1985, 2006; Kwon and Toda, 1981; Toda and
Fukuda, 1985; Toda et al., 1987; Tanabe et al., 2001;
Tanabe, 2002; Ishii et al., 2004; Toda, unpublished
data).

2. Spatial structure of drosophilid
communities in cool-temperate
forests

The vertical distributions of drosophilid flies
were intensively studied in various cool-temperate
forests of northern Japan, by setting specially-
designed (for automatically retaining trapped flies
into a bottle with fixative solution) traps, Toda’s Trap
IT (Toda, 1977a) baited with fermented banana, verti-
cally from the ground to the canopy. Toda (1977b)
first recognized five patterns of vertical distribution
among component species of a drosophilid community
in a natural, broad-leaved forest, and divided the
forest drosophilid community into two subcom-
munities, the understory and the canopy ones. The
two subcommunities were different from each other in
the taxonomic and the feeding-guild compositions of
component species: the understory subcommunity was

characterized by the Drosophila quinaria species

group and composed mainly of herbage feeders and
fungus feeders, while the canopy subcommunity in-
cluded a number of species of steganine genera
Amiota Loew, Phortica Schiner (cited as Amiota in
Toda, 1977b) and Leucophenga Mik and of typical
tree-sap feeders such as the Drosophila obscura species
group. Toda (1987) further divided each subcom-
munity into two subassociations: the understory sub-
community into the herbage-layer subassociation and
the shrub-layer one, and the canopy subcommunity
into the lower subassociation distributed from the
subarboreal to the lower canopy layer and the upper
one restricted to the canopy layer. This vertically
stratified structure of forest drosophilid community is
relatively constant throughout the season (Toda,
1977b, 1987), and across natural forests at various
localities (Toda, 1977b, 1984, 1987; Beppu, 1980; Toda,
unpublished data), though being somewhat obscured in
secondary forests with smaller aboveground space
(Toda, 1987; Tanabe, 2002).

Toda (1987, 1992) investigated horizontal aspects
in the three-dimensional structure of forest droso-
philid community by covering the forest edge and/or
gaps in study sites, and revealed that the living space
of canopy subcommunity was remarkably lowered to
the level of herbage layer at the forest edge but, on the
other hand, that the understory subcommunity retreat-
ed interiorly from the forest edge. Moreover, Toda
(1992) estimated, based on behavioral responses (i.e.,
the degree of vertical habitat segregation) of droso-
philid flies to the vegetation structure, the subjective
habitat patchiness or ‘ecological neighbourhood’ influ-
ential to the three-dimensional distribution of a forest
drosophilid community to be on the scale of 110-450
m?, corresponding well with the most prevalent size of
canopy gaps occurring in various forests. Tanabe
(2002) quantified the degree of stratification, i.e., the
horizontal constancy of vertical distribution pattern,
in each component species by observing their distribu-
tions at replicate plots within each study site of four
forests with markedly different vertical foliage struc-
tures. Comparing the values among species and
among forests, he found a tendency that feeding-
specialist species depending on a particular food sub-
strate, for example tree sap, showed highly predict-
able patterns of vertical stratification, while genelar-
ist species showed non-stratified and/or highly vari-
able patterns of vertical distribution.

As schematically shown in Fig. 1, the living space
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Figure 1 : Spatial structure of a drosophilid community in cool-temperate forests of northern Japan. [Reproduced with
partial modification from Toda (1987) under the permission from Tokai University Press.]

of a forest drosophilid community is largely divided
into two layers, the outer foliage layer (the canopy
plus the edge) and the inner understory layer. This
habitat stratification corresponds to the separation
between production space and decomposition space in
a forest ecosystem, probably reflecting the difference
in food substances provided to drosophilid flies there.
In addition to the primary separation between the
underground and the aboveground forest ecosystems,
this compartmentalization of the aboveground space
should be fundamental for all organisms living there,
as Richards (1983) argued, “More important than the
stratification of the trees is the boundary between the
euphotic zone in which the crowns are more or less
fully exposed to sunlight (the ‘canopy’), and the shaded

oligophotic zone (the ‘undergrowth’) beneath.”

3. Latitudinal cline

The gradient of species richness increasing from
the poles to the equator is the most widely recognized
pattern on the global scale. Such latitudinal gradi-
ents in species richness occur in diverse ecosystems
such as open oceans, coasts, forests, deserts, rivers,
lakes, etc. However, most of evidence for such clines
is based on records of species in local fauna and/or
flora across latitudes. If we want to evaluate the
biodiversity, taking relative abundances of component
species into account, across any transects, we need
data taken quantitatively by standardized methods.

There may be, however, very few such data for

latitudinal clines of animal diversity. Nearly infinite
numbers of surveys and samplings must have been
conducted for animal diversity all over the world, but
only few data may be comparable across localities
because of differences in methods. Even slight differ-
ences in the design of sampling devices or in survey
intensity bring about method-specific biases in sam-
ples and/or data. Here, latitudinal patterns of some
biodiversity properties in drosophilid communities are
presented, based on comparable data obtained by the
completely standardized method across a wide range
of latitudes from the equator to the subarctic region.

As reviewed in Section 2, drosophilid species
segregate their microhabitats from each other in the
aboveground space from the ground to the forest
canopy. It is, then, expected that their biodiversity is
much affected by the forest structure, especially the
foliage stratification, which becomes simpler toward
high latitudes. Fig.2 shows results of a transect
study on vertical distributions of drosophilid flies
along the Asian Green Belt from a tropical rain forest
in Sumatra to a boreal forest in East Siberia and even
to a subarctic forest near the northern limit of timber
line in the Mackenzie delta of Canada. Sampling
procedures were standardized, setting the same
banana traps (Toda’s Trap II) vertically from the
ground to the canopy (Toda and Kitching, 2002),
although the number of traps varied among localities
according to the heights of studied forests. The
diversity of each local drosophilid community was

evaluated by three measures, the species richness S,
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Figure 2 : Latitudinal clines of species richness, Shannon diversity (H’) and equitability (Pielou’s /) in forest drosophilid
communities; for the first two measures, the total (gamma) diversity was partitioned into the intra-trap (alpha) and the

inter-trap (beta) diversities.

The mean and standard deviation (error bar) were calculated for weekly samples.

Localities

(latitude, the number of traps, the height of top trap, the number of weekly samples): 1) Padan, Sumatra, Indonesia (53" S,
10, 45 m, 3); 2) Poring, Sabah, Malaysia (6°5’ N, 10, 40 m, 1); 3) Dinghushan, Guangdong, China (23°8’ N, 7, 26 m, 35); 4) Ashiu,
Kyoto Pref., Japan (35°30’ N, 5, 15.7 m, 1); 5) Tomakomai, Hokkaido, Japan (42°30’ N, 6, 13 m, 15); 6) Koryukozan, Hokkaido,
Japan (42°51’ N, 5, 16.5 m, 8); 7) Misumai, Hokkaido, Japan (42°57’ N, 5, 14 m, 9); 8) Spaskayapad, Yakutia, Russia (62°14’ N,
4,10 m, 4), 9) Inuvik, Northwest Territories, Canada (68°22’ N, 4, 10.5 m, 1).

the Shannon H’ index and the equitability of Pielou’s
I

H’ :_Z(Wi/N)ln(ni/N)
J = H’/InS

@
@)

where N is the total number of individuals, and #; is
In addition,

for the first two measures, the total (gamma) diversity

the number of individuals of species i.

was partitioned into the intra-trap (alpha) and the
inter-trap (beta) diversities along the vertical dimen-
sion of forest structure, according to the concept of
“additive partitioning of species diversity” (Levins,
1968; Tanabe et al., 2001; Veech et al., 2002).

diversity was based on summed data for all traps in

Gamma
each plot. Alpha diversity was estimated as the
average of species richness or as the weighted (by the
sample size) average of Shannon diversity calculated
for each trap. Beta diversity caused by sample
compositional differences among traps was calculated
as the difference between the gamma and the alpha
diversities (= gamma — alpha). The sampling fre-
quency (sampling was repeated usually at weekly
intervals) varied among localities, due to opportunity
and conditions of field research: sampling was carried
out nealy throughout the seasons at a few localities,

but only once or twice at some localities. Therefore,

the above diversity measures were presented as the
means for weekly samples, with the standard devia-
tions to show the seasonal variations in the cases of
long-term sampling.

All the diversity measures, except for the intra-
trap (alpha) species richness that was nearly constant
across the latitudinal transect, decreased almost
monotonically from the tropical forests to the boreal
and subarctic ones. Thus, forest drosophilid commu-
nities showed a clear latitudinal cline, increasing
southward, of the overall local (gamma) diversity.
For the species richness, this cline (of gamma diver-
sity) can be attributed mainly to the southward
increasing vertical beta diversity, i.e., the rate of
species turnover due to their micorhabitat segregation
between strata from the understory to the canopy,
which should be promoted by the larger (higher) and
more finely stratified aboveground space in forests at
lower latitudes. For the Shannon diversity, both
alpha and beta diversities contributed to the south-
ward increasing gamma diversity. And, the similarly
southward increasing equitability indicates that rela-
tive abundances of component species are more bal-
anced with each other in forest drosophilid commu-
nities at lower latitudes, probably reflecting the finer-

grained niche space there.
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4. Tree shape, forest structure and
diversity of drosophilid
community in boreal and
temperate birch forests

Many hypotheses have been proposed to explain
latitudinal clines of species diversity on the earth.
Rohde (1992) reviewed a number of hypotheses and
pointed out the logical circularity in many of them
related to biotic factors, including ‘biotic spatial heter-
ogeneity’ which this paper focuses on. He argued
that those hypotheses are based on the assumption of
higher diversity of some particular organisms, e.g.,
trees for the present case, in the tropics. Brown and
Gibson (1983) claimed that ultimately, all general
patterns of biodiversity must be attributed to physical
causes. To explain the latitudinal cline of biodiver-
sity, but only its northern part, in forest drosophilid
communities from a bottom-up approach, Tanabe et
al. (2001) compared tree shape, foliage structure and
diversity of drosophilid community between two birch
forests latitudinally about 20° apart from each other:
one at Spaskayapad (62°14° N, 129°39’ E) in East
Siberian boreal region and the other at Nakagawa (44°
50’ N, 142°15’ E), Hokkaido in cool-temperate region.

Paltridge (1973) and Kuuluvainen (1992) showed
theoretically the extreme importance of sun angle,
which is determined by latitude, in shaping tree
crowns. According to Kuuluvainen’s (1992) simula-
tions, latitudinally different light regimes are influen-
tial on the efficiency of photosynthesis in trees with
different crown shapes; trees with planar crowns are
more efficient at lower latitudes, while those with
narrowly conical crowns are more efficient at higher
latitudes. In reality, white birch (Betula platyphylla
Sukatchev) trees had different crown shapes between
the two surveyed forests; trees in the temperate forest
had shallower and more planar crowns than those in
the boreal forest (Fig.3A). This indicates that the
theory based on light regimes is applicable to the
variation in crown shape of the same species, even
within a small latitudinal range.

Based on the latitudinal cline of tree crown shape,
Terborgh (1985) proposed a model to explain a
latitudinal gradient in the vertical complexity of for-
est structure. According to his model, in tropical
forests shallowly dome-shaped crowns permit sunlight
to penetrate the canopy at shallow angles and enable

the second foliage layer to develop close to the can-

opy. This process is potentially repeated, producing
the third, fourth or more layers. However, in boreal
forests, where trees with narrowly conical crowns are
dominant, direct sunlight can pass through the canopy
only at deep angles, so that establishment of a sub-
canopy layer is not possible. The observed difference
in vertical complexity of foliage structure between the
boreal and temperate birch forests supported Terbor-
gh’s (1985) theory. The temperate forest was more
complex in the vertical foliage structure than the
boreal forest; the former was characterized by the
clearly two-layered foliage profile with the larger
foliage height diversity (FHD) measured by the Shan-
non index, whereas the latter profile was less
stratified, being distributed somewhat continuously
from the ground to the canopy at lower densities and
resulting in the smaller FHD (Fig.3B). In addition,
the horizontal connectivity of canopy foliage was
significantly stronger, represented by a smaller pro-
portion of gap, in the temperate forest than in the
boreal one.

The difference in diversity between the two
drosophilid communities in the temperate and boreal
birch forests accorded with the trend of global
latitudinal cline. As expected from the habitat heter-
ogeneity hypothesis, the drosophilid community in the
temperate forest was more diverse in all examined
measures than that in the boreal forest (Fig. 4). The
difference in species richness between the two commu-
nities was substantially attributed to the impoverish-
ment of canopy-dwelling species in the boreal forest;
the understory subcommunity had almost the same
species richness in both forests. This must be related
to the differences in foliage structure between the two
forests. Fig. 5 shows schematically tree shapes, foli-
age structures and drosophilid communities in the two
surveyed forests. As indicated by the lower horizon-
tal connectivity of foliage, the canopy layer that
consists of trees with deep, narrow crowns is highly
rugged in the boreal forest. On the other hand, the
canopy of the temperate forest, being formed by trees
with shallow, somewhat spherical crowns due to more
horizontal display of leaves, is more continuously
waved. In addition, the boreal forest is vertically less
stratified than the temperate forest. Thus, the de-
pauperation of the canopy subcommunity in the boreal
forest may have been caused by intensified competi-
tive exclusion due to the reduction of living space or

carrying capacity and the reduced degree of habitat
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Figure 3 . Average shape of white birch (Betula platyphylla) canopy trees (A) and average foliage height profile (B) in a
cool-temperate forest (Nakagawa: N1, N2) and a boreal forest (Spaskayapad: S1, S2). In both forests, two study plots (10
m X 10 m quadrat) were established, near the center of which the traps were set vertically with a rope-pulley system. For
all trees (= 1.5 m high) within each study plot, the following items were measured and/or recorded: species, the location on
X-Y coordinates, tree height, trunk diameter at breast height (ca. 1.3 m high), height at the base of the lowest living branch,
and crown radii in the four directions of cardinal points from the tree base. For comparisons of tree shape between
localities and between plots, white birch that was common to both localities was selected in order to exclude the species-
specificity in tree shape. In addition, the data for vertically erect canopy trees were used for calculation of the average
shape to minimize the variation due to shading and leaning effects. To measure the vertical foliage distribution, MacArthur
and Horn’s (1969) camera method was employed (cf. Toda, 1992). The camera was equipped with a focusing screen with
a grid of 16 intersections (focusing points) in the view field. The plot profile was obtained by averaging profiles at 36
intersections of 2 m mesh grid within each plot. Foliage height diversity (FHD) was measured by Shannon index, and the
proportion of gap was calculated as the ratio of focusing points encountering the sky to the total points sampled within each
plot. [Reproduced with partial modification from Tanabe et al. (2001) under the permission from Ecological Society of
Japan.]

segregation. factor, i.e., the sun angle, could be potentially impor-

The above results in combination support the tant in producing latitudinal clines of diversity in
habitat heterogeneity hypothesis, i.e., the positive animal communities inhabiting the aboveground space
correlation between habitat complexity and animal of forest through changes in plant structure at the

diversity, and suggest that a physical environmental individual and community levels.
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Figure 5 . Schematic representation of sun angle, tree shape, forest structure and drosophilid community in boreal and
cool-temperate birch forests, with indication of the numbers of species in canopy and understory subcommunities at each
study plot.
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5. Structure-diversity relationships
on the local and forest-stand
scales

Along the Asian Green Belt, the regional droso-
philid species-pool, which should largely be a histori-
cal product of the past geological and biological
processes, decreases in parallel with reducing com-
plexity of forest structure from the tropics to the
subarctic region; the Drosophilidae is considered to
have originated and more diverged in the tropics
(Throckmorton, 1975).
of regional species richness, nevertheless, Tanabe et

Under such a latitudinal cline

al. (2001) showed that the forest structure was at least
partly responsible for the depauperation of droso-
philid canopy subcommunity in the boreal birch forest.
In order to evaluate more accurately effects of the
forest structure itself on the diversity of animals
living there, it is necessary to compare animal commu-
nities among structurally different forests under the
same regional species-pool. On a local scale, the
forest structure changes both temporally according to
vegetational succession (Aber, 1979) and spatially
according to climatic and/or edaphic conditions (Aber
et al., 1981; Terborgh, 1985).

results of such a comparison among cool-temperate

We present here some

deciduous broad-leaved forests with different struc-
tural complexity.

Four structurally different forests (S1, S2, S3 and
S4) were selected as study sites in the Tomakomai
Experimental Forest (TOEF) of Hokkaido University,
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southern Hokkaido, Japan. The vertical foliage pro-
files were different among the four forests (Fig. 6),
especially between the first two and the last two sites,
and the average tree heights were 5-6 m, 11-12 m, 17-
18 m, and 20-21 m, respectively, indicating a stepwise
increment of each 4-5 m in forest height from S1 to
S4. Four replicate survey plots were established in
each site. The banana traps (Toda’s Trap II) were
set in the vertical arrangement at each plot and the
trap heights (0.5, 1.5, 6.5, 11.5 and 16.5 m) were held
almost constant over all sites (see Tanabe, 2002, for
details of the study design).

Three habitat variables were measured at each
plot: foliage height diversity (FHD), horizontal heter-
ogeneity in vertical foliage distribution and the num-
ber of tree species. The second measure was calcu-
lated as the beta component of the foliage height
diversity (FHD) among four subplots in a plot, accord-
ing to the concept of additive partitioning of diversity.
There were no correlations between these three vari-
ables across plots. Two diversity measures were
calculated for the drosophilid community sampled at
each plot: the total species richness excluding single-
tons as occasional migrants and the between-trap
diversity in species composition. The latter was

evaluated by Whittaker’s (1960) Buw:
Bw = S/a—1 (3)

where S is the total number of species, and « is the
mean number of species per trap. These two diver-

sity measures showed significantly positive correla-
E S4

0 10 20 30 0 10 20 30

S3

pert

Relative number of leaves (%)

Figure 6 . Average vertical foliage profiles, with standard deviation of relative foliage density at each height (error bar),
among four plots in four study sites, which were established in cool-temperate deciduous broad-leaved forests at different
successional phases in the Tomakomai Experimental Forest of Hokkaido University, southern Hokkaido, Japan (42°40’ N,

141°141" E).
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Figure 7 . Relations between drosophilid species diversity evaluated by two measures, species richness excluding singletons
and between-trap diversity (Whittaker’s Bw, see text) in species composition, and three habitat variables, foliage height
diversity (FHD), horizontal heterogeneity of vertical foliage structure (the beta component of FHD), see text for details) and
the number of tree species at 16 study plots (4 plots X 4 sites) in the Tomakomai Experiment Forest of Hokkaido University.
Correlation coefficients (») and P-values were based on Spearman’s rank correlation tests.

tions only with FHD (Fig. 7). This is consistent with
the patterns of drosophilid diversity on larger scales;
i.e., the vertical foliage structure, FHD, influences the
species diversity in forest drosophilid communities
through limiting the degree of vertical microhabitat
segregation among component species.

Furthermore, a number of studies have found
vertical gradients of biodiversity in forests, with
species-rich faunas at the canopy stratum (Erwin,
1983; Wilson and Peter, 1988; Stork, 1993). This
within-forest pattern of variation in biodiversity is
often independent of differences in stand-level struc-
tural properties. For example, in TOEF, Tanabe
(2002) and Ishii et al. (2004) showed that the total
number of drosophilid species collected at a stratum
(trap height) increased from the ground to the canopy,
and that this pattern was consistent among the forests
differing markedly in vertical foliage structure.
They suggested an important role of the unvarying
nature of within-stand environmental gradients under
the continuous, closed canopy in organizing forest

drosophilid communities.

6. Implications for conservation of
biodiversity and ecosystem
functions in forests

The recent mass extinction of biological species
(Chapin et al., 2000; Dirzo and Raven, 2003), caused by

human activities, has resulted in serious deterioration
of natural ecosystems. Ecosystems that lack their
intrinsic complexity and functions cannot support
diverse forms of life and will thus lead to further loss
of biodiversity. This “degradation spiral”, ie. a
positive feedback between loss of biodiversity and
deterioration of ecosystem performances, will lead to
the “crisis” of global ecosystems. The critical issue
at present is to avoid triggering the “ecosystem degra-
dation spiral”. Biodiversity science, as a new multi-
disciplinary science, should contribute to developing a
strategy for proper management of ecosystems, pro-
viding scientific data, predictions, and proposals for
human societies to conserve biodiversity, its interac-
tions and evolution in ecological complexity, and
sustainable production by ecosystems of goods and
services that meet human needs.

Summarizing this review, we emphasize that tak-
ing into account the three-dimensional structure of
forest vegetation is essential for understanding the
total amount and the uneven distribution of diversity
As for drosophilid

flies, it is a general pattern from boreal to tropical

in insect communities living there.

forests that the diversity of a local community is
supported primarily by the vertical complexity of
foliage stratification and secondarily by the horizon-
tal variation in forest structure. If higher diversity
of insects reflects and/or supports healthy functioning

of forest ecosystem (it should be documented by fur-
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ther studies), to maintain the complexity of three-

dimensional forest structure is important for human-

kind to receive goods and services from forest eco-

systems in a sustainable manner.
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We reviewed previous researches on the drosophilid fauna of the Ogasawara Islands and discussed the recent

30-year changes of the drosophilid fauna in the islands.

In addition, we reported the results of our collection by

banana-trapping and net-sweeping in 1998 after a lapse of eight years from the latest survey; 11,779 individuals

of 13 species of 6 genera were collected from Chichijima and 15,178 individuals of 14 species of 7 genera were
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T X D. simulans 23 &% 8 &5 T, D. immigrans, D.
melanogaster iP%hkbe)Tblﬁ .

E 2 (1980) &, NEFFESAYMHOFAED—BR
LT, 1979357}% & RACRBERETYavyYa
TNTDEERTR>Tn5b . ZOFEFFITNF T b
Ty T ERHOWTAREE TSN I:ZEbHD, 12
OB TORELSI TR, HtkEs a vy a v AN iR
LALBREShTORL., ZOFETIE, RETIIE
13,925 fiilfk, REET 139,609 fllfk, WiEHb ¥ T 15
WORESI NI, FT2, #7212, Scaptomyza elmoi Ta-
kada, 1970 2812 HIcREEIZB W T 1 {EEERE I L.
ZOWmL T, NEFEEOY a v Ya v NNTORMEkL
D. simulans £ D. melanogaster OWIRHI AR 1 E S
LZEBHERICOWVWTHHFLZL TS, & 51 Fuyama

Dettopsomyia

D. simulans,

boninensis
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and Watada (1981) & ¢F Yamamoto et al. (1985) i1, &K
BIZB T D. melanogaster & D. simulans O HAREIS
BT 29 21T > T b . i IZ R E O HEHX
T 1,215 @ & ® D. melanogaster £ 5,900 {f & @ D.
simulans #HELEL TEY, BHEIXSOEHEE=HH
I TE&EE 2,058 ff1K D D. melanogaster & 13,834 @ 4K
D D. simulans ZFFEL T % . Watada et al. (19864,
b) FHAX L L /INEFHEE O D. melanogaster & D.
simulans D7 9 A AR LEREREE 2L, /N
BIFHESDOERPBEINCE L > Twd 2 E RIS NI
LTWw3., ZDZ ik, INEREER D D. melanogaster
& D. simulans BSHAERLEOFBEFRICHE L W & %
RELTEY, INEREEEDBRPIDERDECK « N7 A
RERTHE-H L A2FETLE, CO2HITINED
AR DBARIC S TRA LT AIREEDN H 5

Toda et al. (1987) 1% 1979 £E» 5 1985 FE2 i, 7N
LCHRER TOJBESMORELAY 4 —E 7, RY*
Frazfvnic s 7y TREZTRV, 2HEOHR,
RS ERB BT 2 PEH L 7 7 7 - OBEHEEEE,
INGEREE EHARLOY a vy a v ORERED

a2 iTho. i LRl s @iz, Hirto-
drosophila paiviae (Toda & Rihimaa, 1987) & Dichaeto-

phora ogasawarensis (Toda, 1987) (= Nesiodrsophila
sp., in Okada, 1971) T®H % (Nesiodrosophila Wheeler
& Takada, 1964 1%, Hu and Toda (2002) 2 &V,
Dichaetophora Duda, 1940 @ junior synonym & 3
72). FH - Am (1987) & FH - ME (1991) &/
FRERICBU Y a7y a yNIHOEBR D, R
BERBICBY 2 FHEERE 7 7 7 - OBEEHEE L
TWw3 ., FH-«RE (1991) 1, 1990 f£I1ic B (—E6
W) ERETT7IE 225 26,422 ffAD Y 2w Y a 7N
IREEL, 1990 FICB T 2 XE L RE OFHEL
ZThEN I HEE 20/, /2, 77V T D1EDYD
BRI, ZhENn2.06%E 1.36%EHEL T 5.
ZOWMX T, BEPOFHICIEDOYa vy Ya T
DEEINT WS, L 1 EEESE S iz Drosophila
immigrans FERE hypocausta HFFIZJE T 5 FE1L, &1 D.
rubida Mather, 1960 & [FE S iz, o 2 FEIZHED A
WEE SR TWT, 1TEX Hirtodrosophila elliptosa \Z
ks TH Y, bS5 1 Mycodrosophila Jg& D
Promycodrosophila Bl DI TH 553, FIEEH S
TV,

2. 1998 FDRERR

FH - RE (1991 oF#E (1990 £ 11~12 A) 75
SEEFLM 1998 11 A 3 Har o 10 Hic U, /INEF
EOREBEREICBNT, NFF Iy, AV 4—F
VI EBRE, RUBE TRED» S ORERTE STz,

ZFOREER, XKETO6EI3EIL MK, BETT7E
14FE 15,178 4k, b ¥ CTIRITHIREE I NI
(E1D. BFEIN B Z LI, Drosophila  hypocausta
Osten-Sacken, 1882 MFIECEk S 11, 2D L B DKL
WEEINTZETHB. D hypocausta 1%, LB T
2,286 MR, BEET 1,451 EHEEREEs, RECBIT S
FREREE AR D 19.4%, REBIZBWTH 9.6% % H®,
D. simulans W R SEERE 22> Twiz. —F, 3%&H
W WEIL, RETEARBERETD % D. kikkawai T
HoleDwxt L, RECIEEERETHRMAMEOD.
pectinifera T B -7z, Styloptera nishiharui Okada,
1982 & BT 33 A ERE S, INEFFER > S DH)
AERTholz. T, BRICHE»SDAELEFS LT
7z De. nigrovittata D3R E» 5 ¥ THRES . K
X, 1980 FLURRIE» S REINTE 53, /INEREE
BENOFRATH 21D D 5 . 1958 4ELARTIC /NS
JREEE 0 & 388k D B > 7z D. ananassae 1% % DF [
SR <, 1990 FICREE DO FEADTER I Lz,
SENIRETDH 4 {EENERE S .

F2F, WECETFTLERELETORAY 4 —E I
Lo TEE IR L, Zh e ORE» 5T
L7l ERLTws . RETRERYY 2 VvOE (b
3%) »omb L ORREERIRESH, Ty Ty, X
NRAY, a7 Fefinilc. FYa2~vVOEPS I,
D. kikkawai (675 1K) & D. simulans (588 {f #£) @
% RERE S, D. hypocausta b 112 EIAERE &
Wi, 2v /%, a3/ x, Zyuy»olxD.
simulans PER D 2 WIFEHCRES L, %1
Y Tl D. hypocausta 3, 7N F F DI T D. kikkawai
HMELELTWiz. =7, 777 72 51% D. simulans ©
ABPAE L, ¥ a / F » 51 D. simulans & D.
melanogaster 53, )N A/ NF VY I 5 1% D. kikkawai &
D. hypocausta 3% B L1z, BETCEYZvY~7 %
FOERLLFAT SN o708, EF > TR ER
D% L& D. simulans £ D. pectinifera TH Y , PbA#H
KDIF LA EWE D. simulans THh-o7z. ZORERE, F
H - & (1991) OFEMELEELRT S 2 LId#L
WS, B L Twz b 2k, D simulans & D.
pectinifera DREN S T F L BETELET S 2 &,
D. simulans 3% 15 DRFETEEHNCEIEL Tnwb 2
ETHDH. Fl, NERFERBICHZCRAL LD
hypocausta d L%  ORFEEZFHBL TWw5 Z W
SNz 57z,

3. BE

3.1 NEFRFBEDY DI aINIHDEE
1998 FOFBERE XSO T, THE TR/IERFEE
OB ONTETOY a vy a v NNTOREDFEY, X



116 MZH E #F, i 0 B ¥ HBH &4 B — ¥ I ® O 5 M ff 7 H E &
XR1NEFEEE (RE, BB) 0805y a7y v T OFRETR
F(H) -1958% ’68-72") 73(IV)© 799 ’80 (X1I) "84 (X1I) "85 (XI)® ’90 (XI-XII) 98 (X1)
= R K% K% R K% R K% R R
Foy N
Ch. fenestrata (+) (+) () 5 10 2 3 1 ?2(+) 2?2 (+) =" () - 2 — ?
Sc. hexasticha (+) (+) (+) 4 (+) 4 2 1 () (+) ( (+) () () 4 24 ? ?
Di. ogasawarensis  (+) (+) (+) 2 1 (+) 882 7 () (+) (+) (+) 7 (+) 138 784 4 3
H. paiviae - () — () — () - () - (+) = () — 67 — 242 - 11
H. apicohispida (+) (+) 1 1 -t -t — — - = — — — - = — —
H. sp. aff. elliptosa — (+) - (+) - (+) - () - (+) = () - (+) - 1 ?
M. (P.) sp. - () — (+) — (+) - (+) —(+) = () - (+) — 3 ?
D. pectinifera (+) (+) 279 559 737 180 625 1129 941 (+) + (+) 616 344 798 1099 170 1025
St. nishiharui - = - = - = — — - = — — — - = 33* —
L. boninensis +  + 154 265 13 142 161 290 (+) (+) (+) (+) 3 (+) 323 180 53 29
H. novicia -+ — (+) - (+) - 1 - () = () - (+) — 4 — 30
M. (M.) serrata ? ? 53 22 14 1 4 19 4 (+) (+) () 1 5 39 104 ? 51
D. daruma ? = 1236 — (+) — 13 - 2 — ? ? — 2 10* ? 26
D. annulipes + + 10 1 9 (+) 10 7 5 ? 1 ? 5 ? 13 31 2 4
De. nigrovittata - 2 - 79 — (+) — 5 - =" = — — - = 30* —
B RE
Sc. boninensis (+) (+) 1 4 () () () () () ) + () (H) (+) 2 (+) 3 5
Sc. pallida + + 1 1 44 2 1 ? (+) 2 (+) 1 ? 11 5 ? ?
Sc. elmoi - = - = - = — 1* - ? — - =t 45%  — ?
Sc. polygonia - = - - - = - — ? - ? 1* — - = - -
b JiEil
D. suzukii — ? - 9 — (+) 4* 107 2 (+) 1 (+) 27 38 197 138 4 338
D. kikkawai ? — 44  — 2 - 644 182* 1192 (+) + (+) 11 1 29 49 1924 361
AR
D. simulans + + 2139 813 2722 418 11901 10215 18802 (+) + (+) 9324 12462 17355 4581 7179 11742
D. melanogaster + + 13 (+) 149 1 2664 606 2749 (+) + (+) 34 (+) 73 28 87 2
D. ananassae +  + - =t - - — — - - — — — — 1 4x* ?
D. immigrans ? + 2077 1688 326 535 232 3 (+H) () 14 (+) (+) (+) 37 69 ? ?
D. rubida - = - = - = - - - = — — — - 1% — ?
D. hypocausta - - - = - = — — - = — — — — — 2286* 1451*
D. hydei - - - - - - - - - -t - - - -
D. busckii - = - = - 9 2% =1 - - — —  g* - =1 — —
AR S ? ? 6008 3442 4027 1295 17150 12574 23695 — ? 10030 12926 19066 7356 11779 15178
BE s - FEs 6 8 12 14 11 10 15 15 7 — 8 11 7 15 20 13 14
HEEARTEEL ? ? 15 19 14 19 16 19-20 14-16 1619 14-17 16119 14-15 17-19 15 21 13-19 14-22

(Vo) 7T —, *Fisk,

HRERA, MEESHEES NS T — X

Hi# : ¥Kikkawa and Peng (1938), Wheeler and Takada (1961); ®Okada (1971, 1973); ©Toda (1976); ¥—B, #illi o (1980); ®Toda et al.

(1987).

K2 M ECHETLIERED b D THHEMIC & > TRE S ERERE L W25 v 2 1920 & OPUBEEE

5 RIS REE; b

RBE 79 FaAF HYav Ty Ty NAXINAFY 4 Y NFFOfE FF yYZveTA4F

B A
D. pectinifera — — 27 11 11 2 — 51 24 75
L. boninensis — - — 1 — — — 1 — 1
Sc. boninensis — — — — — 1 — 1 — 1
D. suzukii — — — — — 1 — 1 2 3
D. kikkawai — — 674 3 3 — 53 733 17 750
D. simulans 127 186 588 260 6 — — 1167 297 1464
D. melanogaster — 1 2 1 — — — 4 — 4
D. ananassae — — 1 — — — - 1 — 1
D. hypocausta — — 112 14 1 211 3 341 27 368
H) 127 187 1404 290 21 215 56 2300 367 2667

SPUEAR RS
D. pectinifera — — — — 1 — — 1 — 1
D. kikkawai — — 4 — 35 — — 39 — 39
D. simulans — 42 2 79 3 — — 126 190 316
D. melanogaster — 27 — — — — — 27 — 27
D. hypocausta — 2 2 — 22 — — 26 1 27
B — 71 8 79 61 - — 219 191 410
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BERBCHT, HlcR L. £/, FH-BE
(1991) OARIKCHEST, ¥ 7V v 75—, HK,
BAZHEL, KELRBEZNZNCBT 2 0EHEH
ELTz. 1998 FDHEEME X, RE, BEZBWTZRh
ZFi13-19, 14-22 £ ) OIEN D % H%, 196870 4F
6 19904F F TOMERER D, T T 14-17,
16-21 THYH, EHICHBILEL TWEEVZZIT
b5,

L7» L, MacArthur and Wilson (1967) #SBIfEi€
TMZEDFHIL TS X512, ZOREREDELIE
BOBBCEETCwD. g, »oCESED 1T
B -7z D. immigrans 13T OEARECE BB S
W7z, 1968-72 FEDEERIC L B &, D. immigrans 3k
B CRE S TE (FHEE 49%) Thy, KETHE1
RLD D. simulans (36%) WZVSd 285 (35%) T
Hole B, 19BF B RETELHES IRICHEDL,
1979 W E Tk, ZORMBTIEE A ERES N
otz (1990 Ficix, RE, #BEBTZNTh 371{#
R, 69 HIRDEREE S LT W B). 1998 FE D EREE T U,
D. immigrans IS 52 kSN T, BEREN Z
LI, FNEEEHD S XD ICE U immigrans FEEEIC
B3 % D. wpocausta WPIFEER S I, BBPLORE,
BENZTNTI19.4%, 9.6%% 5D, D. simulans 12K
SHE2MEERIC o T Wiz, D, hypocausta BIET 5
hypocausta HEED Y a v Y awu Ny, WE7T V7 %
FLE, Za—F =7, F—RAFFVT, S70RY

7, BiERFIEICAE L CE D (Hihara and Lin, 1984) ,
INEREE S X BRERTIE LA T2 D7 IV — T D ARE D
JLERICAIE T 2. #@% 40 FH T, KEOKIRIFK 0.7
EERLTED, B8O hypocausta FFEDFED /INE
JFEEE~NDRA &, BRI D D. immigrans O kD
(iag) &, ZOEZOEELb LW, HD 0,
D. immigrans DEROFR L, FH - E (1991) 2
BRI L T3 X 512 D. simulans RFIZIRALTE 2
D. hypocausta & DFEFZ, EEEACHS N HEEL 12
BR»b LAV, WFhIZL T, SHRO/NEFEGER
BT BHE L, PU7RESEMHTICH 25RKINE R T
DT LT BN LETH S .
3.2 BEHEMODZEL

FERRFE DA RHEEE % Ik U 7o BRI 02 b 2 ] % 72
Wiz, KEO=HRAILIO XM, KNOAKFEAL, [R5
DB IO BARK, WNOARFAALTDY a vy a
UNIREEDSIRE DAL R R 3 1TR LTz, HHRE DT
e LT, M, FHEEEE (Shannon © H'), ¥
EE (Pieloud J') %, EHETH % D. simulans
OMPHEE IR L Twd . ZOERPSHSNZ LS
W2, FIEA (1973-79 4E) & D. simulans OFASEEE S %
NFEEL L, FHEOLRRE b RS> 7208, %
D 1990 4 % T D. simulans O IRFED W L, B
FEHBDHEMEL TE T3, 1990 FORETIE, D.
simulans OFXTHREZFHE L 72 4 AT T90-97% 12 b
oTwb. LU, 1998 Fi2ix, D. hypocausta h3 =

R3IIEY Ty FTEHEISNIZY > SNVDLEEE & D, simulans D5 EDZAL

F 1973 1979 1979 1979 1985 1990 1998
A v VII X1 X1I X1 XI-XII XI
R, ZHHAIIZX

TR 80 — — 351 9612 11244 1358
KRRER 5 — — 3 7 7 4
SfERE L HY 1.022 — — 0.267 0.222 0.158 0.737
BIEE Y 0.635 — - 0.243 0.114 0.081 0.531
D. simulans OFIREE (%) 60.0 — — 94.0 95.2 97.1 62.4
RIS, KR AFKET

TRl 1158 641 — 1146 - 4267 719
TR 6 6 — 3 - 6 7
SREE L H 0.826 1.447 — 0.473 - 0.187 1.075
KR L 0.461 0.808 - 0.431 - 0.104 0.552
D. simulans OFYIRAEE (%) 74.5 35.7 — 82.3 - 96.7 58.8
R, FLE LIS 24k

TR ME A — — 160 2126 6274 188 14061
FRTEEL — — 3 4 3 5 7
SREE L H — — 0.636 0.141 0.179 0.402 0.745
YIEE ] — — 0.624 0.102 0.163 0.250 0.383
D. simulans OFIRAEE (%) - — 63.8 97.6 96.0 91.5 80.0
B, W AZKREZ

A — 203 — 2480 - 1075 -
MRS — 4 — 8 - 7 —
SREE L H — 0.773 — 0.718 - 0.494 —
EE — 0.558 — 0.345 — 0.254 —
D. simulans OFIXHHEE (%) - 36.5 - 80.3 — 89.9 —

VH’=—3PlnP, ?]'=H'/InS, 772U, P \3f i DK, S 3.



118 MW E %, M L B ¥ H U OH
A, U728 T, XL 3I AT RTTD.
simulans DRI HEE 23 59-80% & I U, P LR
EWEEN ER L.

INEFGERE DY a v Y a v NI FHEICB W T, 1979
FELAE—E U T D. simulans DREEETH o120, %
DOFXEE XM OFEEREAE & OBRTE D L bEFH L
T &7z, 19794F & 1980 FF D FRE T, :JEB&EFE D D.
melanogaster 35 BT 2,000 &L E, BB T % 500
TR EBEEI N TS . 20D D. melanogaster DI
RUEZ, INEFEREICBWT I A >3 ST DK
BT R bILT Wiz 1975 0 6, IRMEZE KD o 72
1985 F & CORHHE — T 5. NERZTICE S 32
v A INTORBRHEETIE, REICERPREIIRE S
N, ZEONEI A YA INTEZEETLDICEHD
(ST ] PMEHA-RESHTBY, 20 [HTF] 2
D. melanogaster D FEJE TH o7z BEE N E W, FE
B, 1985 FF I E RIS E 7 < I o f 1%, 1998 i
W7z % % T D. melanogaster D EREARIEEL EIK L 72 .
—7%, NERERBOEERE T, ME—EEHRL L on
D. pectinifera T & % . D. pectinifera O 6 % 58 & 1%,
%5 20%TIES DT 5A, EHIM ORI
LCRBEDEMIZR S zwn. ULaL, 1998 FEDER
Tk, KET1.4%, BET6.8%L%YD, KETO
HOREE X CNE TTRIETH S .

WESOBAEEYHICGEET 2BR L LT, £ER
BOZPROERNTH 20, HREORALERTE
s\ (Hardy, 1974) . NERFEESOFEGETH % D.
pectinifera ® FH 0t 8 B 1%, D. simulans (1998 & 1%
61%) % D. hypocausta (19%) & L3 % & FEH WK
W, AR TH 5 D. simulans =° D. hypocausta 1%, 7\
YRFES TEEAM T E L ko T3 . FbkMEAE
TIBDILWEME R D D. pectinifera DIEAFEEIRED B
By, EEEOREDHES» O bIEKICEHETHS.
D. hypocausta DIZA « EHF L, NEREESE DY av
Y a Uy NTHOEBIZ, FicnBEREE & B 2 TGN
By, NEFERBICBI2Yavya v NTORA,
EE, HE LW AR T O A DB, SOk
BARESIERCEETH L. 72, IhE /NGRS
DY a v a v NTHEFICHKD 5 LT CHE
END I EWEpoTh, SRIZEHCECGREZT
HZkd, vavyYauNIHHOEEOETEIHS
T 5 ZTHETHS .

S

SEIO/NEFRFEEORE - FECBIT 2y awYawy
INIDOFEEC DT> T, INEFREZHTTO AT
EECITRS70T, Z2EBILLEHLETET.
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A faunal survey on drosophilid flies by net sweeping was carried out in Ehime Prefecture,
Shikoku, Japan from October 2009 to October 2010. A total of 11,663 individuals of 54 species
belonging to 15 genera were collected by the year-round samplings at two localities, Dogo Park
and Mt. Miyukiji, and occasional ones at another site in Matsuyama. The most abundant
species was Liodrosophila aerea (49%), followed by Drosophila rufa (17%), D. lutescens (9.6%), D.
sternopleuralis (4.09%) and D. bizonata (3.8%). The six dominant species showed more or less
similar patterns in seasonal population fluctuation, being abundant in spring and/or fall with

some variation between the localities. The observed seasonal patterns of drosophilid flies are
discussed in relation to the extraordinary hot weather in the summer of 2010.

1. Introduction

Although the drosophilid fauna of the Japan
Archipelago is better known (in total 307 species;
Toda, 2006-2010) in comparison to other regions of the
world, intensively explored areas are still limited. In
Hokkaido, Momma, Toda and their collaborators
have clarified the basic information on its drosophilid
fauna and seasonality through the serial papers of
“Drosophila survey of Hokkaido” and “Bionomics of
Drosophilidae (Diptera) in Hokkaido”. In addition,
continuous ecological studies of drosophilid species in
Hokkaido have been carried out on daily activity,
migration, food preference, diapause, etc. (Toda, 1973;
Kimura, 1988; Kimura and Toda, 1989; Kimura and
Beppu, 1993). Toda (1984) compared guild structure
between drosophilid communities in Morioka, Iwate
Prefecture and Kiyosumi, Chiba Prefecture. In the
central part of Japan, faunal and ecological surveys
were carried out in Shiga Height, Nagano Prefecture
and Imperial Palace grounds, Tokyo (Beppu, 2000,
2001, 2006). Drosophilid faunas of subtropical islands
were relatively intensively surveyed on the Ogasa-

wara Islands (Watada et al., 2011), and Iriomote-jima

! Department of Biology, Ehime University, Matsu-
yama, Japan

and Kume-jima of the Ryukyu Islands (Hirai et al.,
2000; Kondo and Kimura, 2008).

On the other hand, only few fragmentary informa-
tion has been brought from the western mainland of
Japan on its drosophilid fauna. Watada et al. (2000)
revealed the predominance of two sibling species,
Drosophila simulans and D. albomicans, in domestic
and semi-domestic areas in Ehime Prefecture, using
banana-bait traps; D. albomicans that was originally a
tropical and subtropical species was dominant from
the summer to the fall in the urban area in Mat-
suyama, while D. simulans was the most abundant
from October to December. By banana trap collec-
tions, Hoshina and Watada (2001) studied distribution
of drosophilid flies in natural forests and Japanese
cedar forests at several localities in Ehime, and
showed the predominance of D. immigrans in both
types of the forests. Along with these results, the
two previous studies by banana-bait trapping, in com-
bination, brought faunal records of 28 species belong-
ing to three genera (Drosophila, Scaptodrosophila and
Styloptera) from Ehime Prefecture. It is, however,
very difficult to reveal the entire fauna of drosophilid
flies by banana trap collection, because a number of
drosophilid species are not attracted to banana-bait
traps. In the present study, we collected drosophilid

flies by net sweeping in a semi-natural park and along
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a trail on a small mountain in Matsuyama.

2. Collection localities and methods

Drosophilid flies were collected from October
2009 to October 2010 in Matsuyama (33°N, 132°E), by
net sweeping at two localities (Dogo Park and Mt.
The two
localities are only 1.5 km apart from each other.

Miyukiji) in Matsuyama, Ehime Prefecture.

Dogo Park is a semi-natural woods with a small hill
(71 m in altitude) located in an urban area, and Mt.

Takahiro K. Katoh, Masayoshi Watada

Miyukiji is a small mountain (165 m in altitude), both
being close to a small mountain range. Sweeping
was made with an insect net along trails of nearly the
In addition,

three occasional collections were made at the third

same length (700 m) at both localities.

locality, Matsuyama General Park, with many planted
camellia trees but less weeds. Collections were usu-
ally made four times a month at Dogo Park and Mt.
Miyukiji, but more frequently, eight to 15 times, in
each of several early months of the collection period

(Tables1 and 2). To compare seasonal changes in

Table 1 © Number of drosophilid flies monthly collected at Dogo Park

Year 2009 2010
Drosophilid species/Month Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Total
Steganinae
Portica magna 3 - - - - 1 1 - - - - - - 5
P. okadai 6 - - - - 1 5 - 1 - - - 13
Leucophenga angusta 3 - - - - - - 1 - - 1 10
L. bellula 2 - - - - - - - - - - - 2
L. concilia - - 1 - - - - - - - - - - 1
L. interrupta 10 1 - - - 1 - 3 4 1 1 - 1 22
L. maculata 3 1 - - - 1 - 1 - - - - - 6
L. orientalis 4 1 - - - 7 - - - - - - - 12
L. ornata 1 - - - - - - 1 - - - - - 2
Drosophilinae
Microdrosophila (Mi.) maculata - 1 - - - 1 - - - - - - - 2
Mi. (Mi.) pseudopleurolineata 1 11 3 2 2 31 2 - 3 1 1 64
M. (Oxystyloptera) urashimae - - - 1 - 2 33 4 - - - - - 40
Liodrosophila aerea 193 1110 561 153 371 895 641 616 147 37 - 53 276 5053
Li. castanea - - - - - - - - - 1 - - - 1
Dichaetophora acutissima - 27 18 9 34 67 33 2 2 - - 1 - 193
Mycodrosophila gratiosa 2 3 1 - 1 - 1 1 1 1 - 1 - 12
Paramycodrosophila nakamurai - - - - - - 2 3 2 - - - - 7
Collessia kivishimana - - - - - - - - - 4 - - - 4
Scaptomyza (Parascaptomyza) pallida 2 1 2 - - - 15 38 - - - - - 58
Sc. (Scaptomyza) graminum 3 1 - 1 - 3 2 7 - - - - - 17
Zaprionus (Aprionus) aungsani 1 - - - - - - - - - - - - 1
Scaptodrosophila coracina - - - - - 25 15 5 - - - - 1 46
Sa. subtilis - - - - - 10 7 - - - - - - 17
Sa. sp. 5 11 2 - - - - - - 1 1 - 1 21
Hirtodrosophila mediohispida - - - - - 1 - - - - - - - 1
Drosophila (Sophophora) tukubaensis - - - - - 1 3 - - - - - - 4
D. (S.) oshimai - 1 - - 10 70 3 - - - - - - 84
D. (S.) subpulchrella - 2 1 - - 2 1 - - - - - - 6
D. (S.) suzukii 11 14 8 8 4 36 16 - 1 - - - - 98
D. (S.) lutescens 7 23 29 15 35 156 525 155 55 - - - 2 1002
D. (S.) simulans 1 - - - - - - - - - - - - 1
D. (S.) ficusphila 16 15 - 1 3 - - - - - - 1 39
D. (S.) auraria - - - - 1 9 7 6 47 12 1 - - 83
D. (S.) biauraria - - - - - 1 1 - - - - - - 2
D. (S.) rufa 89 273 93 31 103 211 167 273 87 150 - 3 38 1518
D. (Drosophila) hydei - - - - - 2 - 1 - - - - - 3
D. (D.) brachynephros 6 7 - - 1 1 - - 1 - - - 16
D. (D.) nigromaculata - - - - - - - 1 - - - - - 1
D. (D.) bizonata 35 59 14 3 6 16 3 7 6 21 1 13 12 251
D. (D.) sternopleuralis 7 26 5 2 6 221 99 27 10 1 - 5 29 438
D. (D.) albomicans 12 38 6 - - - - 2 - - 2 60
D. (D.) annulipes - 2 1 2 - - - - - - - 1 - 6
D. (D.) curviceps - 1 3 2 2 85 37 8 2 - - - - 140
D. (D.) immigrans 11 16 4 2 10 38 103 34 1 - - - 219
D. (Dorsilopha) busckii - - - - - 1 1 5 1 1 - - 9
Total number of individuals 484 1646 758 232 576 1842 1693 1269 401 237 5 82 365 9590
Number of species 25 23 16 13 13 30 26 22 16 15 5 9 12 45
Number of collections 13 15 8 5 2 8 4 4 4 4 4 4 4
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population density among six dominant species, the
numbers of their collected individuals were standard-
ized by four times of collection per month (Figs 1 and
2). Most of collected flies were transferred into 709
alcohol and classified under a dissection microscope.
Females of D. lutescens and D. takahashii that were
morphologically indistinguishable were individually
cultured, and males of their F1 progenies were used
for species identification. It was impossible to iden-
tify females of Amiota species that could be neither
distinguished morphologically nor bred in laboratory.
Then, females of Awmiota species were pooled as
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Amiota spp. in Table 2.

3. Results and discussion

3.1 Drosophilid fauna in Ehime

A total of 11,590 individuals of 53 species belong-
ing to 15 genera in 2 subfamilies (9,590 individuals, 45
species, 13 genera at Dogo Park, and 2,000 individuals,
43 species, 14 genera on Mt. Miyukiji) were collected
in the present study (Tables 1-3). As for the genus
Amiota, all individuals of this genus were collected at

the same point of Mt. Miyukiji and included males of

Table 2 © Number of drosophilid flies monthly collected on Mt. Miyukiji

Year 2009 2010
Drosophilid species/Month Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept. Oct. Total
Steganinae
Stegana (Steganina) nigrifrons - - 1 - - - - - - - - . - 1
Amiota furcata - - - - - - - - 1 1 . - _ 9
A. spp. ¥ - - - - - - - 1 1 1 - - - 3
Phortica magna 1 - - - 1 6 2 1 2 1 - - 14
P. okadai 8 1 - - - 1 - - 2 15 1 - 31
P. sp. aff. glabra - - - - - - - - - - 1 1
Leucophenga angusta 3 2 - - - - - 1 . . 15 1 24
L. bellula 2 - 1 - - _ _ _ - _ _ , 3
L. interrupta 23 2 - - - - - - - - - - 29
L. maculata - 2 - - - - - 1 1 1 - - 5
L. orientalis 4 - - - - - 1 - - - - _ 1 6
L. ornata - - - - - - - - 1 1 . _ _ 9
Drosophilinae
Microdrosophila (Mi.) pseudopleurolineata 2 2 - - - - - - - - 2 1 7
Liodrosophila aerea 34 124 163 33 56 10 3 68 10 25 - 21 74 621
Dichaetophora acutissima - 2 9 1 1 - 1 - - - - - 14
Di. delicata 1 - - - - - _ _ - _ _ _ 1
Mycodrosophila gratiosa - - 1 - - - - - 3 76 - - 1 81
My. planipalpis - - - - - - 1 1 - - - 2
My. poecilogastra - - - - - - - 1 - 923 - - - 24
Paramycodrosophila nakamurai - - - - - - - 2 1 2 - - - 5
Collessia kivishimana - - - - - - - - - 9 _ _ _ 9
Scaptomyza (Parascaptomyza) pallida 1 - 4 - - 5 2 - - - - - 20
Sc. (Scaptomyza) graminum 1 - 1 - - - - - - - - . - 2
Scaptodrosophila coracina - 1 - - - - - - _ _ _ _ 9
Sa. subtilis - 2 - - - _ _ _ _ _ 1 _ _ 3
Sa. sp. 1 3 - - - - . . 7 _ _ _ 20
Hirtodrosophila mediohispida - - 1 - - - - - . - _ , 1
Drosophila (Sophophora) oshimai - - - - - - - 1 - _ _ _ - 1
D. (S.) subpulchrella - - 2 - - 1 - - - - - - _ 3
D. (S.) suzukii 19 17 34 7 - 1 - - - - - - 81
D. (S.) lutescens 721 29 - 1 - 1 31 13 3 - - 2 108
D. (S.) takahashii - - - - - - - - - 3 . _ 4
D. (S.) melanogaster 1 - - - - - - - - _ 1
D. (S.) ficusphila 9 1 - - - - . _ _ _ 21
D. (S.) auraria - - - - - - - 1 - 21 - - - 22
D.(S.) rufa 18 26 45 1 5 1 - 5 25 301 3 - 9 489
D. (Drosophila) brachynephros 8 - - - - - - 11 - - . 19
D. (D.) bizonata 61 13 10 - 6 2 1 6 3 66 4 6 8 186
D. (D.) sternopleuralis - 3 7 2 3 1 1 1 6 - - 1 5 30
D. (D.) albomicans 1 2 2 - - - - - - - . - 1 6
D. (D.) annulipes 2 - 2 1 - - - 1 - - - _ 8
D. (D.) curviceps - - - 2 27 _ _ . _ 29
D. (D.) immigrans - 2 11 - - - 1 39 7 2 - - - 62
D. (Dorsilopha) busckii - - - - - - 4 - - - . _ 4
Total number of individuals 215 226 334 51 81 22 19 244 80 565 13 46 104 2000
Number of species 21 18 19 8 9 7 11 18 17 18 6 6 11 43
Number of collections 8 3 8 4 4 3 4 4 4 4 4 4 4
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Figure 1 : Seasonal fluctuation patterns of six dominant
drosophilid species collected from October, 2009 to Octo-
ber, 2010 at Dogo Park.

Table 3 : Number of drosophilid flies collected in Mat-
suyama General Park

Year 2009 2010
Drosophilid species/Month Oct. Apr. May Total

Steganinae
Leucophenga angusta 1 - 1 2
L. maculata 1 - - 1
L. orvientalis 3 - - 3
Drosophilinae
Liodrosophila aerea 13 - 14
Paramycodrosophila nakamurai - - 1 1
Scaptomyza (Parascaptomyza) pallida - 9 -
Drosophila (Sophophora) suzukii - 2 - 2
D. (S.) lutescens - 1 12 13
D. (S.) ficusphila 1 - - 1
D. (S.) rufa 6 - - 6
Drosophila (Drosophila) guangdongensis 1 - - 1
D. (D.) bizonata 13 - 1 14
D. (D.) sternopleuralis - - 2 2
D. (D.) annulipes 1 - - 1
D. (D.) curviceps - 1 1 2
D. (D.) immigrans - - 1 1
Total number of individuals 40 13 20 73
Number of species 9 4 8 16

only A. furcata. Therefore, the remaining female
specimens would be of A. furcata as well. Combining
these results with the previous records by Okada
(1988), Watada et al. (2000) and Hoshina and Watada
(2001), a list of 79 drosophilid species belonging to 16
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Figure 2 © Seasonal fluctuation patterns of six dominant
drosophilid species collected from October, 2009 to Octo-
ber, 2010 on Mt. Miyukiji.

genera so far recorded from Ehime Prefecture is
presented in Table 4. Of them, two are undescribed
new species. Phortica sp. aff. glabra belongs to the P.
foliiseta species complex that is distributed in subtrop-
ical and tropical regions from Taiwan to New Guinea
(Toda, 2006-2010); only one species, P. speculum
(Maca & Lin, 1993), has been recorded from Japan
(Iriomote-jima). Scaptodrosphila sp. is widely dis-
tributed in western Japan (Watada, unpublished data).
A new record from Japan is D. guangdongensis col-
lected in Matsuyama General Park. In addition, the
following seven species were newly recorded from
Shikoku: Stegana nigrifrons, Microdrosophila pseudo-
pleurolineata, Liodrosophila castanea, Dichaetophora
delicata, Mycodrosophila planipalpis, Zaprionus aung-
sani and Hirtodrosophila mediohispida. Drosophila
takahashii, which had been recorded in southern Ehime
(Watada et al., 2000) and Kochi (Okada, 1988), was
collected from Matsuyama for the first time in the
summer of 2010, suggesting that its distribution range
is expanding to north in Shikoku.

Liodrosophila aerea was the most dominant
species, occupying 539 of the total sample collected
at Dogo Park and 319§ on Mt. Miyukiji. Such
extraordinary abundance of this species is a remark-

able characteristic of the samples obtained by net
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Table 4 : Drosophilid species recorded in Ehime Prefecture, Shikoku

Species References’  Species References’
1 Stegana nigrifrons de Meijere, 1911* 41 H. histrioides (Okada & Kurokawa, 1957) 1)
2 Amiota furcata Okada, 1971 42 H. mediohispida (Okada, 1967)*

3 Phortica magna (Okada, 1960) 43 H. omogoensis (Okada, 1956) 1)
4 P. okadai (Miaca, 1977) 44 H. quadrivittata (Okada, 1956) 1)
5 P.sp. aff. glabra*** 45  Drosophila (Sophophora) bifaciata Pomini, 1940 3)
6 Leucophenga actipollinosa Okada, 1987 1) 46 D. (S.) tukubaensis Takamori & Okada, 1983

7 L. angusta Okada, 1956 47 D.(S.) oshimai Choo & Nakamura, 1973

8 L. bellula (Bergroth, 1894) 48 D.(S.) subpulchrella Takamori & Watabe, 2006,

9 L. concilia Okada, 1956 49 D.(S.) suzukii (Matsumura, 1934)

10 L. interrupta Duda, 1924 50 D.(S.) lutescens Okada, 1975

11 L. maculata (Dufour, 1839) 51 D.(S.) takahashii Sturtevant, 1927

12 L. orientalis Lin & Wheeler, 1972 52 D.(S.) melanogaster Meigen, 1830

13 L. ornata Wheeler, 1959 53 D.(S.) simulans Sturtvant, 1919

14 Microdrosophila (Microdrosophila) maculata Okada, 1960 54 D.(S.) ficusphila Kikkawa & Peng, 1938

15 Mi. (Mi.) pseudopleurolineata Okada, 1968* 55 D.(S.) auraria Peng, 1937

16 Mi. (Oxystyloptera) urashimae Okada, 1960 56 D.(S.) biauraria Bock & Wheeler, 1972

17  Liodrosophila aervea Okada, 1956 57 D.(S.) kikkawai Burla, 1954 1)

18 Li. castanea Okada & Chung, 1960* 58 D.(S.) rufa Kikkawa & Peng, 1938

19  Dichaetophora acutissima (Okada, 1956) 59 D.(S.) triauraria Bock & Wheeler, 1972 1)

20 Di. delicata (Nishiharu, 1981)* 60 D. (Drosophila) guangdongensis Toda & Peng, 1989**

21 Di. tenuicauda (Okada, 1956) 1) 61 D.(D.) virilis Sturtevant, 1916 2)

22 Mycodrosophila gratiosa (de Meijere, 1911) 62 D.(D.) tsigana Burla & Gloor, 1952 1)

23 My. palmata Okada, 1956 1) 63 D.(D.) lacertosa Okada, 1956 2)

24 My. planipalpis Kang, Lee & Bahng, 1966* 64 D.(D.) neokadai Kaneko & Takada, 1966 3)

25  My. poecilogastra (Loew, 1874) 65 D.(D.) hydei Sturtvant, 1921

26 My. shikokuana Okada, 1956 1) 66 D.(D.) daruma Okada, 1956 2)

27  Styloptera nishiharui Okada, 1982 3) 67 D.(D.) angularis Okada, 1956 1)

28  Paramycodrosophila nakamurai Okada, 1973 68 D.(D.) brachynephros Okada, 1956

29  Collessia kivishimana (Okada, 1967) 69 D.(D.) nigromaculata Kikkawa & Peng, 1938

30 Scaptomyza (Parascaptomyza) elmoi Takada, 1970 1) 70 D.(D.) unispina Okada, 1956 3)

31 Sc. (Para.) pallida (Zetterstedt, 1847) 71 D.(D.) testacea von Roser, 1840 1)

32 Sc. (Scaptomyza) consimilis Hackman, 1955 1) 72 D.(D.) bizonata Kikkawa & Peng, 1938

33 Sc. (Sc.) graminum (Fallén, 1823) 73 D.(D.) histrio Meigen, 1830 1)

34 Zaprionus (Anaprionus) aungsani Soe Wynn & Toda, 1988* 74 D.(D.) sternopleuralis Okada & Kurokawa, 1957

35 Z.(A.) grandis (Kikkawa & Peng, 1938) 1) 75 D.(D.) albomicans Duda, 1924

36 Scaptodrosophila coracina (Kikkawa & Peng, 1938) 76 D.(D.) annulipes Duda, 1924

37  Sa. subtilis (Kikkawa & Peng, 1938) 77 D.(D.) curviceps Okada & Kurokawa, 1957

38 Sa. throckmortoni (Okada, 1973) 1) 78 D.(D.) immigrans Sturtvant, 1921

39 Sa. sp.*** 79  D. (Dorsilopha) busckii Conquillett, 1901

40  Hirtodrosophila alboralis (Momma & Takada, 1954) 1)

" References: 1) Okada (1988), 2) Watada et al. (2000), 3) Hoshina and Watada (2001); unless noted, the species was recorded in this study.

New records:

sweeping in the surveyed area, compared with sam-
ples from other areas such as the Imperial Palace of
Tokyo (Beppu, 2006) and Iriomote-jima of the Ryukyu
Islands (Hirai et al., 2000), where Li. aerea occupied
only 1.6% and 1.8%, respectively. The second abun-
dant species was D. rufa (17%), followed by D. lutes-
cens (9.6%), D. sternopleuralis (4.0%) and D. bizonata
(3.8%).
similar to those observed in the Imperial Palace
(Beppu, 2006), where D. rufa occupied 149, D. lutes-
cens 8.59%, D. sternopleuralis 6.8% and D. bizonata 4.
3%.

In spite of the five times difference in the total

The relative frequencies of these species are

number of collected individuals between Dogo Park
(9,590) and Mt. Miyukiji (2,000), the total numbers of
species were nearly the same, 45 species in Dogo Park

and 43 species on Mt. Miyukiji. However, the species

*new to Shikoku, **new to Japan, ***new species.

composition was somewhat different between the two
localities, with ten species (Leucophenga concilia,
Microdrosophila maculata, Mi. urashimae, Li. castanea,
Z. aungsani, D. tsukubaensis, D. simulans, D. biaurar-
i, D. hydei and D. nigromaculata) collected only in
Dogo Park and six species (St. nigrifrons, A. furcata,
P.sp. aff. glabra, Di. delicata, My. planipalpis and My.
A part

of these faunal characteristics reflected differences in

poecilogastra) collected only on Mt. Miyukiji.

richness of the subfamily Steganinae and the genus
Mycodrosophila between the two localities: 73 individ-
uals representing nine species of two steganine genera
and 12 individuals of one species of Mycodrosophila
were collected in Dogo Park, whereas 121 individuals
of 11 species of four steganine genera and 107 individ-
uals of three species of Mycodrosophila on Mt. Miyuki-
ji. The richness of these species on Mt. Miyukiji
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should be due to abundance of their food substances
such as leaves, tree sap and fungi there.
3.2 Seasonal chansges

Seasonal changes in the number of individuals
collected per month at Dogo Park and on Mt. Miyukiji
are shown, separately for each of the six dominant
species at each locality, in Figs 1 and 2, respectively.
Liodrosophila aerea, the most dominant species, was
abundant in the spring and the fall, though two times
more in the spring than in the fall, at Dogo Park, but

was abundunt only in the fall on Mt. Miyukiji. Droso-

phila rufa was similar to Li. aerea in the seasonal
fluctuation pattern at Dogo Park, but was quite differ-
ent from it on Mt. Miyukiji showing only one peak in
July. The patterns of D. lutescens and D. bizonata
were also different between the two localities.
Drosophila Ilutescens was abundant in November and
May on Mt. Miyukiji, but had a large peak in April at
Dogo Park. On Mt. Miyukiji, the numbers of col-
lected individuals of D. bizonata and My. gratiosa were
the most abundant in July of 2010. Most individuals
of these species were collected from white fungi that
grew on fallen trees. Drosophila sternopleuralis and
D. tmmigrans showed a peak in March and in May,
respectively, at Dogo Park. Drosophila suzukii occur-
ed from the fall to the winter, being relatively abun-
dant in the fall, on Mt. Miyukiji.

The number of collected flies in August and
September of 2010 was the least among the 13 months
of survey period. According to the records of Mat-
suyama Local Meteorological Observatory, the
monthly mean air temperature of August, 2010 in
Matsuyama was 29.7 °C and the monthly precipitation
was 4.5 mm, being the highest and the third least,
respectively, since the first observation in 1890 there.
The drastic decrease of collected flies in August and
September of 2010 seems to have reflected this
extraordinarily severe condition. Even in usual sum-
mers, the population densities of many drosophilid
species decrease at lowlands of central mainland of
Japan, and some species such as D. oshimai and D.
suzukii are considered to migrate from lowlands to
highlands in summer (Beppu, 2006). Likely, some
species would have escaped from the severe summer
conditions by migrating from the collection localities
to the backyard mountain range.

Usually, banana-bait trapping is not so effective
to collect drosophilid flies in mid winter even in rela-

tively warm areas of central to southern Japan (e.g.,

Toda, 1979; Watada et al., 2000): Toda (1979) collected
drosophilid flies in January at Kariya, Aichi Prefec-
ture by banana-bait trapping and net sweeping, and
obtained 219 individuals by net sweeping and 20 indi-
viduals by trapping. This suggests that net sweeping
is more effective than banana-bait trapping in winter
in the mainland of Japan. In the present study as
well, drosophilid flies collected from January to Feb-
ruary at Dogo Park were more than those in August
and September of 2010 there; many Camellia japonica
trees bloomed from the late January to March at
Dogo Park, and a lot of drosophilid flies were col-
lected from March to May on its fallen flowers.
Most individuals of D. lutescens and D. sternopleuralis
were collected from the fallen flowers in winter at
Dogo Park. On the other hand, only few drosophilid
flies were collected in March and April was on Mt.
Miyukiji, probably due to lack of C. japonica trees
there.

We collected many drosophilid flies at the two
localities of Matsuyama by year-round net sweeping,
with discovery of the following new records: two
species new to science, one to Japan and seven to
Shikoku. In the present study, however, seasonal
population fluctuation patterns were preliminarily
described only for eight dominant species, based on
samples collected by net sweeping conducted in the
not strictly quantitative way. It is necessary to con-
duct sampling in more quantitive ways, for example
by standardizing the number of sweeps per sampling,
and to analyze the reproductive age structure of
populations in order to understand the phenological
properties of drosophilids in a warm-temperate region
of southern Japan. In addition, more extensive sur-
veys in different environments will bring more new
findings of drosophilid faunal components in Ehime

Prefecture.
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/AR aDIau/\NITHEE
FOHFEHEEYF 1O EDER
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2010 F 12 B 22 H=AF, 2011 £ | B 27 B

¥/ aRYavYayNIHINT 2 F avOFENIK, G—uv N ETHREIN, O
BIFRIEY a vy a UNZEEIR BRI TRE (£ 2 epiEINTw S . SE, JWEERFE
IINBIFERRIC B DT 4 4ER, ¥/ a2 b0y a v Y a NI Z2EEL, v F a2V Ik 2H54E0E
fEE, FEWEINBIC RIZTEELTN. ZOFBER, FERIY a vy a @i, 2, £
RETRESE LI, FERIEDY avYauyNTHIIBWLTOREbE 263 2 EBHL
WZihote. Flz, YavYa v NTEOHNEE L FERKEICHBEREED shxrolz. 2Ok
X, YavYaunNTHOREADL Y F 2 VHFEDFGRIRE LBV EERLTNS.

Relationship between mycophagous drosophilid flies and
their parasitic nematodes

Hiroshi Yorozuya®

The prevalence of nematode parasitism in mycophagous drosophilids was studied throughout their active
season over 4 years (2000-2003) in Tomakomai Experimental Forest of Hokkaido University, northern Japan.
In addition, effects of nematode parasitism on the feritility of drosophilid females were examined. A total of
18,177 adult drosophilid flies were collected from 43 fungal species found on the census route. The rate of
nematode parasitism varied yearly, seasonally and among drosophilid species. Parasitized females carried
much fewer eggs than unparasitized ones, revealing a strong deleterious effect of parasitism on the fitness of
flies. The relative abundance of drosophilid species and the rate of parasitism were not significantly correlated,
suggesting that nematode parasitism unlikely promoted the coexistence of drosophilid flies in this community.

1. XUHIC

FAEL, AYMORIEEERRCEL, BEORE
RS CHE RN - MM Eir 5.2 270 L, H£RER
N TIERICEE L BRE 2> Tw5 (Freeland, 1983;
Minchella and Scott, 1991; Dobson and Clawley, 1994;
Marcogliese and Cone, 1997; Jaenike and Perlman,
2002). ¥ Favid, HELFLEKELFEL S BRED
FHELFEETDH 20, HRFH T THEEOEFRES &
VRIS IC S 2 2R 2MEE L 72 HHIE % < v, %
OF/7agyayvauvnNIlberFavOFER
20, EINBOREY, RO, 4 ADRZRTEIOM
FEhLz@EL, HICEMET T2 enfonTn3
(Welch, 1959; Montague and Jaenike, 1985; Jaenike,
1988; Jaenike et al., 1995; Jaenike and Perlman, 2002) .

1) UER3E - AR EERAIR OISR B3 EmSemn
! National Institute of Vegetable and Tea Science,
Makurazaki, Kagoshima, Japan

Elz, 2T 2 VEHFENMERHEESCHEMEICSZ 5
HENZOWTIEIE T AV 4 (Jaenike, 1992; Jaenike
and Perlman, 2002) K&0'3a —v v NOL&HE (Klaren-
berg and Kersten, 1994; Gillis and Hardy, 1997) T
BENTEY, FERNY 97 g v N fER K O HE
MTRELERLZ BSOS R>TWE. DI
&, ¥ F a2 vEHENY a vy a v N HERMEIEE
THROKE S BHIBF TR T 2 LERH L L%
AELTW5,

Fiz, 3—a v BV TEYF 2y OHFERL, &
F /a8y avyYa v NTEOMEEICHEET 5 2 &
P s T3 (Gillis and Hardy, 1997; Hardy and
Gillis, 1998). 2D Z &, > Fav s, EHET 3
Yavya yNTEOMEHEEZIIHL, vavya
UNTREMOBFEFENT LT, YavyauynNT
BOHGFEREEL TWAHREERH 2 Z L 2R L TE
D, ZOHEFED X H =X LIL “disproportionate par-
asitism hypothesis (DPH)” &&2JFoinTw5 (Gil-
lis and Hardy, 1997; Hardy and Gillis, 1998) . A& T
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X, Yorozuya (2009) 23%Rkes U 7o Jb¥EaE K5 /INBCE
BT 2 4 FEOFAEKEEE, b7 2V a3 —
0y NEHIBTORRE L HEL T, 1) FEEOYay
Y avoNxf@i, FE - FREATHOMEEHS i L
ZFOBERIZOWTHEZE TS L, 2) B LUy =
VY a NI EHTORT IR K T2 2L, 3)
HAZ& &80 5 DPH 23Hii§ 5 2 £ 2HM
ElL7z.

2. ¥/ABYIDIYaONIEICTFETDIEY
Fa1ODEFEE

FLARYavYaUNTRHICHFET 2 FE RV T 2
X, Howardula aovonymphium Welch, 1959 8 L O
Howardula sp. T®H % (Jaenike and Perlman, 2002;
Perlman and Jaenike, 2003) . Welch (1959) #SgtakL
Twd &3, 2 Fa2vDOEBETNVT 7y bDC
DFELTED, AHOBEZLTWVWS . X ZXAFHOKE S
X, EAK0.16 mm, BE2H91.5mmBEE CHIRT
BERTEIIEDKRESTH DD, 4 AKHIZE, 1L
FO2mm CEESBHILSmmBEE TH S, s,
FIZERETHEEN0.2mm 25 0.4mmEE TH 5.
Howardula BD X > F a2 2BREBICLVEET L Z &
WBIEE ICREE T H 3 D T, Jaenike and Perlman
(2002) & Perlman and Jaenike (2003) 1%, DNA &
WMIZE-oTHEEREL TW3. HEK» S X, Hito-
drosophila  quadrivittata F& ¥ X° Drosophila  histrio
Meigan, 1830 1Z & 4 3 % Howardula sp. & D.
orvientacea Grimaldi et al., 1992 WC& 43 % H. cf. aor-
onymphium O 2 FEHHE SN TB Y (Jaenike and
Perlman, 2002; Perlman and Jaenike, 2003), Yor-

i

ozuya (2009) 2HRE LIz > F 2w b ZOMWE, b2
WEZFDEL SN THD EBbis (EMEARREREIXTT
bikrolz).
RELIZAADE Y F 2%, T F7 7 %52%
WoTyawya v NNTROENIEAL, IMEERN
THRELHBICR 2. vayyvay N Nayngiick
L, Bl mokerF v BIEEOMAENICE S X
Z 500 fEADFHREZHHET 2. chsDFHRIE, BHED
Yavya UNLERPREPTRED IO F /a2
NIz, FEIVERILM» S % 2 a Ficlii L, RE%
L, HILWEFZHET. 20X, TheDkeyFa
Vi EBEEER S, BETHLF  aBYa Y
VauNT LFEGFRELTDF ) AICHETKEFEL:
AyE %% (Welch, 1959; Jaenike and Perlman,
2002) .

3. FERDZFHRAEE CFRERE

Yorozuya (2009) 1%, HAOILIREGEFMR T OFHA
R ZHE U, L, dbiEE A N SR N
(42°40'N, 141°36'E) @ 9 ~27 ¥ — )V DRFMF T B »
T, FI2kmOFTAE N7 > 27 b ZFEL, 2000 4 H»
52003 FEE Tirbhlz. HEDX XY AT, bT v
X7 F OB S mMUNICHKELIZTXTOF /2,8y
FIZDOWT, ZOFEEIELZEIN, Xy F LDy ay
Ya Nl ENHEEE L CEREI N, 4 FEMO
Yy ADFER, 43FEED* 2 2 (Yorozuya, 2006)
o 18171 HED Y a v ¥ a v Nl RES NI
(E1). Z2053b0—E (£2) BPerFavHEDOHE
ERFND IO ICEREMSE T TR s . 2O
B, vy Favic X 2FEFRL, 2000 HF256.2%, 2001

R 1 AUEERE S/ INEORFEHRNICRE S NTHE L 727 b EOTRTCOF / aXy FooEENYyayYa vl
DEEHREEAEE . 2000~2002 £E1%, F/ A OTEEROFLENIEE % 6 A0 o FEEKROFLENSKDL 5 10 HRK £ T, 2003 FiX
IAKRE T, BREOHZRWTRIFEHITONI: L Y XADFERIC L 5. BESNcyay Y a v N lRiE, »— VR THE
B 80% Ty / — NV THREFS L, BioCIS (Biological Classification and Identification System; http://biokey.museum.
hokudai.ac.jp/Classification/index.jsp) £ [dL¥HEEEY a7 Y a2 N | BT —F X— A & Beppu et al. (1977) %{#-

THEE CRES N, (Yorozuya (2009) » &FFAf % 5T —EP%Z O _#E#)

A 2000 2001 2002 2003 & B
YavYav NIl BREEH MIXBEE BRSO MDNERE O BREEER MIWHEEE BRAEMR MDNMEE BREESL MWEE
Hirtodrosophila sexvittata (Okada) 2195 0.459 3183 0.669 3705  0.543 896  0.495 9979 0.549
Hirtodrosophila trilineata (Chung) 953 0.199 988 0.208 2647 0.388 745 0.412 5333 0.293
Hirtodrosophila histrioides (Okada & 107 99 155 0.033 269 0.039 82 0.045 643 0.035
Kurokawa)

Hirtodrosophila alboralis (Momma & 934 0.195 103 0.022 47 0.007 10 0.006 1094 0.060
Takada)

Drosophila unispina Okada 162 0.034 87 0.018 23 0.003 15 0.008 287 0.016
Drosophila orientacea Grimaldi ef al. 166  0.035 104 0.022 43 0.006 43 0.024 356 0.020
Mycodrosophila takachihonis Okada 45 0.009 40 0.008 45 0.007 0 0.000 130 0.007
Mycodrosophila atrithorax Okada 31 0.006 74 0.016 8§ 0.001 3 0.002 116  0.006
Drosophila histrio Meigan 11 0.002 6 0.001 29 0.004 14 0.008 60 0.003
Z DAh* 146 0.031 19 0.004 13 0.002 1 0.001 179 0.010
Haf 4780 4759 6829 1809 18177

* 4 SR O MR E)S 50 AR LUT OFEEE ST,
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1 DR O—ER & i

L CF~7z. (Yorozuya (2009) & FF] %215 C—#ZE O _LirH)
AL 2000 2001 2002 2003 & i
YavyYawNTil AR G s ArAEE MRS Ak A G IR B4R
H. sexvittata 867  0.054 957 0.049 1330 0.034 621 0.023 3775 0.041
H. trilineata 451 0.047 884  0.053 873 0.021 477 0.025 2685  0.036
H. histrioides 89 0.112 142 0.085 240 0.017 65  0.092 536 0.060
H. alboralis 282 0 9%  0.010 35 0 10 0 423 0.002
D. unispina 136 0.162 65  0.108 16 0.125 15 0.067 232 0.138
D. orientacea 164 0.177 79 0.089 39 0.103 43 0.070 325 0.132
M. takachihonis 25 0 39 0 21 0 0 0 8 0
M. atrithorax 2 0 40 70 30 108 0
D. histrio 11 0.091 6 0 25 0.160 14 0.143 56 0.125
Z Dt 50 0 16 0 12 0 0 0 78 0
&t 2103 0.062 2358 0.051 2598 0.030 1248 0.030 8307  0.044
* AR 50 (R LUT OFRE ST .

RI rFavFEROEIMCHES T 2ERN. £207—% 2HV—L

WIZETVIC X ARE D IBEEHIE, &Y avyavnNzflfkotrFavE

LOFM (16 L1F0) ; BiALHIL, B, EINAB I UHEER ) &

YavYavNTlEOTFEOEMOMEERS ML, ZHIMHEIRE ;R 241

software, R Development Core Team, Viena, Austria %\ Cf#Hr. (Yor-

ozuya (2009) 2 &FFH] %215 CRIFR O LHzi#E)

2 A7 Sum of

SHAZE d.f. squares Mean square F P

R 1 2.14 2.14 53.13  <0.0001

A 4 2.22 0.55 13.80 <0.0001

PEVDEPAES: | 9 5.77 0.64 15.95 <0.0001

FER X H 4 0.44 0.11 2.77  0.026

FERXyawya NI 9 0.75 0.08 2.08  0.028

AXyawyayNiiE 35 1.82 0.05 1.29  0.115

ERXAXyayyausz@E 29 1.20 0.04 1.03  0.417

B 8211
FED35.1%, 2002 4F X 20034 3.0%TH Y (F2), 0.15
ERMOERMAWCER TH-7: (F&3). £/, &F
AR, FEL 6L THICEL, 92510 H Mol
B R EAERL (K1), BB 33 b #al H
BIICER Cholz (R3). 2ok, dhiEics Wom
X rFavOFERT, FRELEE DI, BIIEL
TN T T LW ONTEA T 2FHEEHERT. 25 L 0

6H 7A 8A 9A 10AH

fTeX¥/aRgYavYavNTHIBY by FavHEE
ROFMHEBE, L7 2V 2 TREFFHOFERD
I6%E LW, Biznd b 0% REICE CEL &
D, EOKbO PSR »ITT20%EREICETEL %
LZEEMDH D Z EPHE SN TS (Jaenike, 1992;
Jaenike and Perlman, 2002). UL2»LA4 7 > ¥ Tl, 8
BERHEROFHEH I VOO, BroZHNT T
DIONTRREL R 2EANPD S LREIN TV S
(Gillis and Hardy, 1997) . ZFEROEREEH KE L,
FIZE 5T 8.4%» 5 19.3%ICE TEHT 2 2 L2, 4t
7 AV A OMEEETHES hic &N Tw b (Jaenike,
2002) . Jaenike (2002) 1%, BFERNE R EHR[E L EO
[REROZEF N * /) A FEEOFEERESL Y a vy ay
NZOEERES A ADOEB b7z 5L Twb EERL T

X1 deigE R SN R c B0 2% 2 agya vV
TNT (2ff) T b F ol kB FEROEHLE
. KFEOY RV TN, 2000 ; H, 2001 ; A,
2002 ; @, 2003 /=3 . [Yorozuya (2009) 7> & FFn] % 5%
THIRO_F#zik)

W3 . %72, Yorozuya (2006) %, H/NEHFGERRIC B
WTEHIBIOHEICED F / aDFEREPYa Y Yy
NI DOERHEENEHTL L 2HEL WS, 25
L7z% / a0FERRY a7 Y a UL OEEEEEE D
EEIINEERICED L D ICHET L0 ERIE - &) Lix
WS, F ARy FERENSY a vy a vNTEOE 2
BE, kvFavitioTHFEINTVEYa Yy Yay
NI OFMBHHEENL, 20X /a8y FHRNTHRET 5
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Y a vy a UNTHHNEE SN HERNE £ 2 e
WdH % (Jaenike, 1992; Jaenike and Perlman, 2002) .
Fie, ¥/AyFOBEPKRES, Ny FHOYHEE
REDBERNDHFEROEHCEAG L Twi EBbh 3.
S, BEMOSEDF ) a8y FHSFEE LIy a7
Y a uNTOEEEE ZDEFER, /9 a%RFHT NI
BB FOHFEER, ¥ ay FOREEDOEL - X
EENZBET 27 —F bNZ, £ 0o BERNRFERD
ZENCE DL > T2 T2 2 e EEN S .

4. FavIauNIBLCHEIFBIEFEX

Yorozuya (2009) OfEHFERIE, Yavyav Nz
FMOFEXEDOEDRENCERE Tho7z (F3). F
4 F3 D. unispina Okada, 1956 & D. orientacea ¥ X
O D. histrio Tia <, B 5% T b % H sexvittata
(Okada, 1956) & H. trilineata (Chung, 1960), FEEH
FED H. histrioides (Okada & Kurokawa, 1957) Tl
FREE T, — Mycodrosophila atrithorax Okada, 1986
& M. takachihonis Okada, 1956 1%, &< FESN TV
Iipote (F2). 2ok, fiHiRIcE T 2% L
FUL, HECBW T YavYav Nt v
Fav I EDHFERICRKEREND DD I EDHL NI

7t o7z. Montague and Jaenike (1985) i, D. fes-

tacea TEEED D. neotestacea Grimaldi et al., 1992 & D.

putrida Sturtevant, 1916 1%, D. quinaria FEEED D. fal-

leni Wheeler, 1960 X° D. recens Wheeler, 1960 £ D 3
XU F a2V L BFERNFGH L eIELTWS . &
51X, testacea TERED ¥ a v ¥ a v NTREIX, quinaria
FHODDOIN L, ¥ FavOBEENLIVEVEFZ
SNHDEHLTE o7z 7 2 WCENT 2EABH YD, Z0D
7D EHEHFERDEL BL2OTRROPEFZ TV,
L2 L, Klarenberg and Kersten (1994) & Gillis and
Hardy (1997) &, D. festacea van Roser, 1840 DH#%3F
B3R, quinarviaEEEO Y a v Ya v NI D bR
WEREBL TW3 . 7, Kimura and Toda (1989)

X, ¥y FavOFERL, Fifex  axFIHT S
vavvaunNtfliiEok® / aRkfHTLZYa Y
YavNTEOMTHERES TV ERREL TV
. ZheDlehs, ¥YavdavnNIDF/ IA0E
A 7 — DIt 2 BIF D v F 2 72 k 2 EERIC
WETIMHEI DL, R TET, ok W5%ES
WETHL. iz, ¥y FOKRKE I, FEEIC
BET2HERICRD I 20TEEWrEEbNLE. VA
t 7 % 7 Pleurotus pulmonarius Quel. 2 X X 1) Y \N%
7 Oudemansiella mucida Hounel 1%, Z# DT AN
LFEFoTRELRNRyFTHREL, TZI2OEZHD H.
sexvittata ° H. trilineata 78 ¥ 42 3 % (Yorozuya,
2006) . K&/ axXyFHNOTEEMIZYavYa

i

VNIHRE X 2T 2 v SRS T L, £
F a2 v E A EWIR D TFERRNEFED & D22 7 ik
HGETE 2D, 2O Lick#Ges S RERF /2
Ny F IS EIWXFEE T B H. sexvittata X H. trilineata
DHFEFMEL 22 W REEDSH 2. £z, ZhZThoih
BT, M. atrithorax = M. takachihonis ® X 5 12 & >~
Fagil&lFEINTVYa Ty auNIfFlRNE Z
EB Db »oT Wb, Hirtodrosophila alboralis
(Momma & Takada, 1954) 1%, H. sexvittata = H.
trilineata EFIRRICE 2 7 7 @E XU D LT 5L FED
¥ af@»r oLt T 55 (Kimura and Toda, 1989),
Yorozuya (2009) OFEETIX, FEELDLITH»0.2%
T E ok, ZhoDyavYavNTfid, £
Fav OFECH L TEAELD 200 Lk,
Welch (1959) & Jaenike (1992) & Howardula aor-
onymphium DFFEFEER % 1T\>, D. buskii  Coquillett,
1901 = D. quinaria Loew, 1866 Z&F4&E SN 55, D.
immigrans Sturtevant, 1921 5° D. obscura Fallén, 1823
BHEEINEVWI EEZREL TS,

5. DPH DtRsE

Yorozuya (2009) 1%, Gillis and Hardy (1997) @
i #:Z fit> T DPH (disproportionate parasitism
hypothesis) IZDOWTHIEL, TXRTCOPFEETR Y =
v Y a N REOHENEE & FAERIITIEOFE N »
Z kxR LTz (200045 0 7=0.156, P=0.53; 2001
ML 7=0.378, P=0.13:2002 4 : z=0.111, P=
0.66 ; 2003 7 : z=0.333, P=0.18). % 7z, Fisher’s
combined probability method = Hv>, 4 FREE&EHL 72
T=ZIOWT Y, MHHEE & FERICITIEOHBEN 2
WZEERLE (£2=9.65, P=0.31). %D, JtH
KOF / aQFETIE, DPHIEZRakro/. [
BRICRA Y, Zav b IV RBLUOT AV DY 3y
VauyNIHEICBWTH DPH R RSNahrolk
(Gillis & Hardy 1997; Hardy & Gillis 1998) 2%, % <
v, Ty —BXUA 77 RTIX, DPH 2%
BT 2EREPEONT WS (Gillis & Hardy 1997;
Hardy & Gillis 1998). 2D L5112, ¥>Favick?d
by YT UBIR, Tbbya Y a NI HEE O
SRS 5 2 & CHREFAEET 2XRIE, #HiBuc kv
Bix2X5ThHs. HROHETDPH sk
ol:EHBELT, BB L XD cES T 25 H sex-
vittata & Hi. trilineata 73 56 & b K & %8y F 2K
TBEXRNIYNG r R AL T8 7 &R BHER &
UCHIAT 270 ICHFEEREL ROV ENFEZ S
Nz, EHBOY a v Y a v NZFIHT 2% 3D
PR k- C, 2o FavFERICELD by 75T VR
My a vy a v NTRERMBE DI 2 (EE S 505



vauYa NIy Fay 133

MR E B AREMED D B

6. EYFaVICKDARDRIHELDIR

Yorozuya (2009) 1%, Jaenike (1992) & [&] %k 12,
PHEEN DR L 7200 (R 7 —9 11 2 Z L LURE O B3
B ; Mahowald and Kambysellis, 1980) 2%tz , ¥ =
VYNNI EIZ YT a v ZHFEE NI AR LS
NTWEWRAZATEINBICEND 2008 D NIz, Z
DFER, ¥ v FaviZHFESNI A ADBINEIZ 0 25
LERETHY, FESR TRV AR L IETHET
KEEIE,L->7: (M2). ZOEEZ, ¥ Favic
X 2FENFIZTERBNE A &I T I EERLT
W5, OB T 2R TIE, £ F 2tk %
ARSHTFLLY a7 a INT IR EF L2 25T 8D
TREWZEPRESN TS, BIZIE, testacea TERE
D D. neotestacea & D. putrida 13X > F 27 FHEIZ LD
FIRREBEARFILT 2 b DD, quinaria TEEED D. fal-
leni & D. recens TlE, TEINIZARFEINTHEW
AZDVBIREDOINE2F S, NEALOFIRS L D /NS w»
(Jaenike, 1992; Jaenike and Perlman, 2002). & 512,
T T IR R A YD D. testacea DIEAETEL, FEIC X
DARFAET 52 EZIFEAER W (Gillis & Hardy
1997). L»L, HEATE, ¥ FavHFLEZIEDY 3
TV a NI L THIFEREERAE E 0 &
LT, #INEICRSREELL 2 Tz,

7. £&&H

KT, db¥BEC BT 2HERBEEFEA LIS 2
T, b7 AV AR I —u v S TORE & i L
T, YavyauNTElElB L OFL - EREOEER
DFE, W TO Y a v Y a v N T O HAEEER) R

120

DEWB X UHHEE « > 3 v Y 3 v NTFEHICB T 21~ iFE
EBIRIE DD D Z L RR LT, TR OE N %
ERBERICOWTIE, TR sNEroh, Z0
OB NIZOWTIE, F /A8y FOREIPF 0%
EBOEFH R RS a2y F L OBEENEST 5
AREME TR L7z, S, ¥/ aBHREOZE - FRE
Bz 2 T — Y REZHOKEDOF /a8y F o5
SNBSS, 213, ¥/ a8y FORES, FKELEL
Y avyavNTOEEEEZFOFERL EOEREM
2T, E20o BERNEFEROEEHICEHb > Twdh
EIENTT D EN D 5

@

¥

AWIIE 2 HED 212 DTz D FEZPFEDOED & ILHEEKR
FARBRFE ST HIEEBIR X, —Fi% & 3B Yn
DB TRE RO TWA . LI BILEHLETS
RETHD. EIAWFROFER & 2 - 7o dbmE R
FBE 7 4 —n RRIEEY vy — 8N GEAR O H Ak R
WX UMD R 5 v 7 DERRIC D EL BILEH L LT
5.
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ERESEHEMERANORERIREDET IV
BXUKE (DGGE) EBERDHE S

Y, FE ES?

2010 10 B 19 HZAF, 2011 &£ | B 4 =32

MAEYAEREE T, BEFDORAY 7 ) A SEFE N 7V THERFNL IO IffHbi T 22 HEH
HEEART VESIKE (DGGE) &%, THFEZ OLEMIGE TSRS, WA WA R HABTH
NTWBEYSEREENCBWT, KEOY > V2 (FEEE) LadhEzsRznl Ea% 0
BHBECHHATE20E D, YavYauNNzfHeMRe LTT7 A MLz, ZD/EHE, PCR ¥
IEEEPE TN A 7 AT 53, PCR-DGGE #1%, lRoh7-&E0b & To#MA B2, WK
FEDSEEHID & 2 FFIC PR & N7 BEEE OB DT « ke &) IEARETIEH 2 DD, MRS 4
MEFREHER O D OF L WFiEE LTIMERD 2 2 E83bhro iz,

A test for applying the method of denaturing gradient gel
electrophoresis (DGGE) to analysis of insect community composition

Yao-guang Hu', Masanori J. Toda'?

Applicability of the denaturing gradient gel electrophoresis (DGGE), which has been used to analyze
microbial communities based on metagenomes in environments, to insect communities, as a useful technology for
non-experts to easily identify component species in a large amount of samples to be obtained in various projects
of biodiversity inventory and monitoring, was examined using some drosophilid species as test materials. As a
result, it has been revealed that there are some problems in the process of PCR amplification for applying the
PCR-DGGE method to the comprehensive observation of biodiversity, although it can be used under limited

situations or conditions.

1. XUHIC

AR, HIEKRERBE O E) & AW O KEMESHET T 2
e, EVEEEOA > T2 M) = =SV T D
DBEEDER S GRS N, WAWARID HABTHRT
Wa . Iz, EBENEEYLRERIOR Y YT —2
£ LT, GEO BON: GEO Biodiversity Observation
Network (http://www.earthobservations.org/geobon.
shtml) bV, TN2Hz 2 - ENAY bV —2
& L T® AP-BON: Asia-Pacific Biodiversity Observa-
tion Network (http://sites.google.com/site/
asiapacificbon/) % J-BON: Japanese Biodiversity

1) At¥gE R AARIR B ITSEAT

2) At¥EERFR AT

! Institute of Low Temperature Science, Hokkaido
University, Sapporo, Japan

? Hokkaido University Museum, Hokkaido University,
Sapporo, Japan

Observation Network (http://www.j-bon.org/first_
workshop/jbonws) EIEHZ 5 £ LTnw5.

NS DEYSHEEBREICB VT, BRLVEETH R
DY S R IR, fE L~V OISR E W Icsh#E L <&
ETonchsd. &% (EWMEHEE ottt Ebn
% 21 AL DA Y — b 2RE L TRE S Wt EBREYS
BEMEREIEE (IBOY: International Biodiversity Obser-
vation Year) WZfTbiiz, VERFH: - 7Y 7 ALY
%M —F 8 (DIWPA-IBOY, 2001~2003 ) T
i, BT 2R/ L T (Nakashizuka and Stork,
2002; http://diwpa.ecology.kyoto-u.ac.jp/diwpa iboy/
iboy manuals.html) LEERJEEZR 7 —5 2ERE T 5 2 &
ZHIE L. RWERROMEHEEY) O 2 RSN
X, HYRY TS Y AT ICE 5 I1TITHIER 2 #thr 9
527087 Mo T, 26 DBV A P ARE SN,
s N HETYH Y 7Y v 7 2iT-7 (FH,
2002). LrL%ads, Bonl-g8FEr2BRKEY > 7
Wix, L DY A T, BRSER (ZLEH) vov
TY—b3Nfice 8y, MBOENTH 2L~
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DL AEER T — 5 #EMT 5 Z EVNER I NI EIEF
WEEUS |

RROREBZ, RZY > Z VO ~ )V DRIEIESE
Th5. &Y (BR) HOMHANEA THL R LRI
BIL Cix, SR OERERD Lraws, MY
BECOIr S TOIEFREVZEY, Y7 VORED
Rz 2 &, LY OVOREIRZ S EHETIE L. fl
Z1X, DIWPA-IBOY ® a7 —% A s D—>Th 5]L#E
ERFEINEFRART, 74 b N7y 7 TRES NS
(126) > 7 nicix, BB E EHH 892 FE, 51,742 [
R, B5HE»S 355 #E, 11,633 k& £ Tw/z (Hirao
et al, 2006). 2N H5DOY > 7L, BElF—2020
boTWleENZhOHDOSEOEMRD, LRI
LR E LT CREL TS NIcDTH 528, —fkiz, Z
D & D FEEHM OGS ECHIET 2 2 L IZNET
b3, IOHMEBRT 2701, BROEEEAL
REDOY > I NV%, Bl DI, FEFOSJEFRIS
FBICHES RO THH T 2 - D OF e FHEOMRES L O
BAPTHRTH 5 .

ZDIHODFED—DE LT, WET = N—RiIcE
DwTCaryta—¥ hickEgEshs (%< OEKRER,
HEWEFMDT —F X—=Z2~ADY > 7 BEEDLEY —
WELTERTE ), ZEAT (b2 WIidash) Bk
RYATLADH 5 Lucid  (http://www.lucidcentral.
com/), DELTA: DEscription Language for TAxon-
omy (http://delta-intkey.com/), BioCIS: Biological
Classification and Identification System (Toda et al.,
2004; FH, 2007; http://biokey.museum.hokudai.ac.
jp/Classification/index.jsp). Z #ix, #E3ED —5rilikR
RERERLY, MRS ZAOHHEZRET 22—
P—T VY F)—BRBY -V Th2. &7z, UTICHE
NTL2FHEERRY, 2V —DEEFEERVET Z
Lk, &R () oOFMEBERCEEL, REH
DRENBHFEY — v E D D FLFE 22 TW 5.

Ihe—HED 2 &, 3V a—F HERERE Y A
T AL S, FEARREE, R EOMWEREED AT
Ty, WO AATERE TS 255, E 2
T 285, M L7 EIC & o THET 28049, S5
REMNT2Ear oMk ans. 3, AEHOHHE
TEERBLzaY Ea—yuRy b Th2. ZOHLT
b2, EMEY, SEEFRCE, =2 —I VA y T —
JETADBEDLNS. ZOuRy bOEBRTWEEEL
T, BESLSICABZERwEe sy — Bz, av=E
VOxa—uay—va ifbhsERESEHEZF ¥ v
FIb0DerI—) 2SI IEBTEEI L, FEh
TnZk-fdxhnle -BHnkwle (ANEHOBE,
INMWI RO EHD), FEMROGBEEZHITE
2L EPETONS. BTV DD Y AT L0565
FIh, Ron/-#E TlEdH 528, AE (GEFEHED

) DLEORKRITE 229 T3 (MacLeod, 2007) .

&1, DNAEEESIEHROFHTH L. Zhick
D, SEOEMME R R R LIFRE Ty, HERY)
T—=FR=—A %MW I & THRNES CEOEE%21T
HZENHREE RS> TETWS, MR EoL4YHE%E
DNAGZF~—7—I Lo THAIL &5 w5 EEN
oYz 27 b “The Barcode of Life” (Ratnasingham
and Hebert, 2007; http://www.barcodinglife.com/
views/login.php) BFEELTE Y, Bc > Tk 2
ba > RV 7Y COI BIET DOEAECY] (648 HEFEEXS) 23
B~ — ) —IHEE S 0, BE, A%, BEx LD
WTT— Y OEREBIKBE->Twa. Lrl, 1{EESD
DNA ZHitt L, HENERF~Y—2—%28IEL, 20D
HEF 2 RET 2 D ThiE, FRIZER OREFEED
HTiEkhwn., ZLLOEEGARKEDY » 7V 25
L7:0121%, bo EfERAENIROOND. TDLD
BITEE, FCHAEMARFESTFCSOTREL T
Tz, BEG»6BSNIMED 28 7/ A DNA » 5,
HHER O FEF] B 1 b L 2 i HEE (R T (16S yRNA #E 1B
T) % PCRHEIRL S £ L EBTcvs 2T, [
TE DS PRIEE 70 MR D FEERAH I > 2o BRI AT S A BRI 22 5 C
7. —fRi, BRETICB T 2 MEMERE DO S IRIE
WIZREWZIEDBHIONT VWD, 2D, ZOFKE
EIETESRE BT 2700 HFEE LT, BHEFIRE
HR7 VESyKE (DGGE: denaturing gradient gel
electrophoresis) 50D & 5 K FEBFEFEEINTE 12
(Muyzer et al., 1993) . DGGE #:1%, DNA ZHH
LB VR CESEKBIZTTS 2Lk, FAUES
D 2R DNA WK Th > T HIEHEEFIDE NI L > T
R MBI N E20MT 2 2 L 2FREE T 2 TET
b5, 20X, DGGE %1% FLsg iy 7> O i i 75
HETHY, xRN R LTI TE 3
Te OFERE DR E B F TS 2 eNTE L (A
7, 2000) .

AHF5E T, PCR-DGGE #EWREHICH L THINHT
XL EI %, DNABHROEHRDODL Wy avyay
NIFEETNVEYREE LR L 72, ~— 7 —&EET
ELTIE, TR 2SRRI Hm OB SR S
% BOLD (Barcode of Life Data Systems) DIZH#ERF|
ThHb COI BInTrHW., ZOFEOHEBICEDT
i, ZLOMEGARKREOY > 7 v, HEEST >
FEEE % 3 5 RELEEDOLEN 2 k), —#HDOTFE
BEEULFEMERY Y P oL VDT — 8 25
RIS CERTEL LR b0 LIS .

2. MEIEHE

2.1 mEMH
AHge T, ¥ 3 v Y a7 NTHEE Drosophilinae O
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R1:FRICHW Y 3w Y a vl

No.* Genus Subgenus Species group  Species subgroup  Species
1 Scaptodrosophila coracina coracina
2 Chymomyza procnemis procnemis
3 Drosophila Drosophila virilis virilis
4 Drosophila Drosophila immigrans mmigrans immigrans
5 Drosophila Drosophila Junebris Junebris
6 Drosophila Drosophila repleta hydei hydei
7 Drosophila Sophophora  melanogaster melanogaster yakuba
8 Drosophila Sophophova  melanogaster melanogaster simulans
9 Drosophila Sophophova  melanogaster melanogaster melanogaster
10 Lordiphosa miki stackelbergi

*B3, 4 DOWEIV— > FFITHIG.

FRRMHELZREL, SFSFCHBGOEENLE L S
10 EEHRBME e LTRAR (KD, ZThold, &b
BEHELETIVEY TH 3 Drosophila  melanogaster
Meigen, 1830 (¥4 o ¥ a v ¥ a v NL) L ZOITHEE
TdH 5 Drosophila simulans Sturtevant, 1919 B L *
Drosophila  yakuba Burla, 1954, MLHE#YH SR %
Scaptodrosophila Duda (¥ XY avYav/Ntg) &
Chymomyza Czerny (¥ V) ¥ avwYav/NT|g),
7z, & VIRAERIZ: subgenus Drosophila Fallén (¥ a7
YaunNTHE) OWL OrDRFE L EEEATY
5.
2.2 PCR 754 VvV—Ma&&t
vavYayNIRlo COI Ein T 2R # 7% PCR
WIEEZTS5 O WHERAT 2774 v~—%2FFHL 7.
COl-a (74#V—FR774~—5-ATCGCCTAAACT
TCAGCCAC-3) &, COI B FIckEL, BREED
B tRNA (Tyr) BEFHEBOHERT N E D TERK
L7z. COIb (Y N—=X 7T 4 <v—5-GGATAAAGG
TGGATAIACIGTTCA-3) &, DGGE k%= HHATE %
DNA WiH oBRFE (]9 500 ) #F@E L T, #Bk

LT feow

il

FNENOBUEED 5321245/ LONABE 5502 000

BEY7 / LDNADHH

X 1: %81 .

CR
——— 4

C

I ,*a
v

I0E2EyavYayNL®l 4 FED COI EET
DOHEERF % it L ¢, COlI-a & 354 HiEHfEn 7z & 2
2102, D. melanogaster DL % FHE L U CTHERR L 72
(382). COI #EET D DHERICIIERY 1 b 23% <
HENTBY, TRCOMICHET 2HREGI D77 4
R—ARBRHTAILBTER LoD T, BRIC 3
DIAXy FEER/NRICT S0, 2= N=F X7
VAFRTHLA /v @)% 2 nFTCEALL. E£7z,
DGGE % HH 3 %27: 9O PCRIEIETIX, /N> FD4
HigEx [ L& 572912, COl-a D5 Kimiz GC 7 7
> 7 (5-CGCCCGCCGCGCLCCCGLareeETeceaee
GCCCCCGCCCG-3) =fImLiz.
2.3 BRI

FHEROTHN 2 112RT.
2.3.1 7/ L DNA O &R DNA DR

77 - DNA O, /Vk - &8 (2009) itk s
TWdHEERCTT- 7.

DNA #iH1Z, @D OfAEGLE DY > 7 64T
Vv, ZRZENEBBROEFICH W, —Di%, SO
B 1 EE» S 3% 127 2 A DNA 2HiH L, 2hZh

Ii

DGGE
wER Er-Bri €

ol
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KR 2:COI BETFWF % PCRIIET 27:DICEE LIV NN—ZA 754 ~— (COLb) OEERHI Ly a7y a v Nk 34ED

BRSO A

Primer (COI-b)

5-6 G AT AAAGGTGGAT A

>
a

G T T C A -3

D. melanogaster*
. simulans
yakuba
pseudoobscura
. bifasciata
willistoni
paulistorum
nebulosa
saltans
emerginata
collinella
stackelbergi
clarofinis
magnipectinata
virilis
robusta
sordidula
repleta

hydei
annulipes
immigrans
funebris
maculinotata

. palustris

. gultifera

. poecilogastra

. macromaculata
. alboralis

. quadrivittata
Di. tenuicauda
Di. pseudotenuicauda
Di. acutissima

C. procnemis

S. coracina

L =

SESSSESASESESESASESASASEC R SRS RO RCASASASESESES AS BN
-

BB EESER o HSES0OSEEEEE
coRR=s0o

S

PO QBB e e e e e O e

OO

.
.
.
.
.
.
.

OO .

OO0 -

-

N oNoRoNaNPRONNNAN R
MRS S08EEErepESErrErErEHOO0E S8 aSE e

i R B N Qe i i S S i i i - e et e g B i - S

@ .

R B

 “HE—fE7 L DNA” L7z, 35—, 108D
B R ZE 2z L EE T OFEY, 2o 2Ry
ST oi L7 DNA 2 NBE7 / A DNA” &L
7z.

F72, RET /A DNA X, B DNABEOEWIZ
£ 2 PCRIBIBNDHELZFNL 1201, RER 2718
AR 72508 = ¥l L 7z
2.3.2 PCRigig

W L7 2 ADNA 2R L L, fERRLI 7 Z A
~—%tv b (GC7Z 7> 7+COI-a & COI-b) #HWT
PCR #8§liE %17 > 7. PCR ZiX TaKaRa Ex Taq (Ta-
KaRa) 2w, DIFTOMEK O KIGKRP TiT->72 - 10X
EX Taq buffer 2ul, 0.2mM dNTP iE&¥# 1.6ul, 10pM
K724 ~—0.4ul, 5U/ul EX Taq polymerase 0.2ul,
WK /K 14.9ul. PCR I, 94°CT 3 [ # A
S¥TH, 94°C30F - 56.3°C30# - 72°C 143 % 30 ¥ A
INVEEDIEL, BBICIPCT S MM ERIGE .
"o/ PCREVO—E %, 1.5%7 Fu—RA 7 VT

ERUKEN L7, BRUKEIR, YVvEILFY VLT OYA
FTHREL, NIV AA NI 2—¥— FTUVIBEIIC
£ 0 B OREIEEY) 2 HER L 7z .

2.3.3 DGGE f##r

BHonl: PCREYIZOWT, DCode system (Bio-
Rad) ZHw, AHIZH (2000) fEHFH SN Tw5 Kk
WHE> T, LAF D DGGE e THRERY I D#E VI X %
SEEEIToT. 6% KRV T ZVNVT IR (F7VNV) S
F:IERA=37.5:1) 12, 5%~25%DIEE A TE M
F (100%ZMHHNIE TM IR, 40% KV A7 2 FIZH
) Mz v ELER L, 0.5X TAE & T,

60°C, 150 V EHEE T T 5K, BRIk 217-72. ¥k
BT, YLVEIFYTu~wAf NTREL, PT VA

ANV E 2= —ETUVIREIC L > TN N Z2A[HME
L 21T 7.

2.4 HBR?

EEROME 2K 2 12RT .

EE& 1 O DGGE THABRICOEEL 723> R 27 U 6
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YU INITEIT (1~Ng)

75—

\\\-&>7»:an

DGGE

> Y=UIVR — EILH

1 2 10
: IE A —h—
A v BA (¥—H—B)
U g o
B—f8%'/ LsDNA
1 2 10
% ? f FLONABE T PCR -+ DGGE
U U= _nesow 2.
£ 3DNARET D
87845/ LDNA BE neR oo

X2 : 562 OE.

YL, 228 DNA & L T PCR O HIEiE %
Tolz. Boni-FEREEMOEERY %, ThEi,
DNA ¥—7 >¥%— ABI PRISMTM 377 (Applied
Biosystems) I & > TH#E L, GenBank &S T
W3, b2k Katoh (1999) WE S T2 BEAID
COI HEEFF & ORI %t U 7z

%7z, PCR FH8IEEY = 22 h, [E U DGGE &4
TUWEIL, N FEOFRME 2R L. [, 2
o z2REELEE(A) £ 1 OBR—f7 / A DNA
SRS L7z PCREYWEREG LIHEI(B) %2, Th
Fh~e—h— L TKEIL.

&5, IREY / 2 DNA » & PCR G 2 17 5 B
Z, RO DNABEDOEN X 2HELFANL 2D
W, H—fE7 ) ADNA ZZNETNFEEICKEL X1
PR TRA L7288 DNA(C) LB E 23 7 ICR
HG L7 DNAD) » 5> PCRIEIE 2 1To72. % 7z,
FER 1 OFER 2R T 27012, BCHMREY / A
DNA 2 SHEPCREIEL, ZhoDEMEZRZETN
FEEoHEEE & b 12 DGGE 4317 L 7.

P

J. BREEBE

3.1 S=Bx1

3.1.1 B—%&45 ./ ADNAHISDPCR-DGGE
H—ff7 7 & DNA 7 538 L 7z PCR EY) O DGGE

WEERE2 M3Dr—>1~10ZmR L. 2EKD/NNYR

(a &b) B EsNizv—23 D D. virilis ZERWT,

BV —IZBWT, FNZNHE—THERZ N> R HHER

Entz. e, BNV ROHBMERES LIcE 2> T

BY, AWIZXAITE 2 Lo comEshiz.

3.1.2 B&Y/LADNAHA»SDPCR-DGGE
iz, 10 fES a2 BE& L Tl L7

/ 5DNA #» 5 O PCR-DGGEfE # %, I3 D v —>
No~N; 12" L7z, N, &, PCRIZ# Y] 7 #8 DNA
WREZHNZ-IC, i L72BEG Y / A DNA %=
271 IZFEIR L CT{T 572 PCR-DGGE OfE R TH 2. »
TNOEEICBWTY, 2AKDHEK R NNV EF (c&d

Lo ngnroic.
3.1.3 &%

BFEEOH—f> /. DNA » 5 ®D PCR-DGGE 1%, *
NZENEZZMEICHE R NN REEE L. 2%,
DGGEEIZ ko THEEZHBIT 2 2 L 8AETH % LI
BEnsg. ZOBRICOVWTIE, Bon7& DGGE N
VR ONECHRERD L1 E S, T LT, HELK
FN Y P ENTNERICHE L 7RO DNA Wi AT
BHrEI R, HRETL2VHEND S .

BE&7 /& DNA 225 @D PCR-DGGE T, BABtZ N

5% 12345 67 8910NoN;NyN3N,NsNgN;Ng

25%

H3:5%E11ck2DGGENY F 8y —> . 1~10 38—
fE/ 5 DNA 250 PCREY (HF51%, £1 O No. I
S, Ny HRE&7 2 2 DNA 5 @ PCR EY, N X
&7 7 ADNA % 2778 2 FH R L 72 85 DNA » 5 @ PCR
EY).
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YRR 2ARLLHEEHLELo., ZOERKNE LTI,
(D#BEERE” / A DNA T O DNAEEOERZ= &,
@Q)FEnZThnoED COI BiLF & 77 4 ~—Fl & D
BEOENZ L S, PCREIRICE T 2354 7 ZA05% 2
5hb.
3.2 =&
3.2.1 DGGE N\ ROBRELIEERIIDES
B 1 TS iz DGGE 7 um s, 13Dy R 24
D H LT PCRIC & 2FEIE %217\, DGGE THIEDOH
BMEEHER L. ZORE, ThZho/Ny FANE I
mEIFIFECTHo/7 (M4:v—>1, 2, 3., 3, 4-
10, Ne, No). &7z, ENNY 2680 HL 72 DNA O
BRI, hZhOfED COI #EinT OB DS
EFEFEICE Y (99%LA L) HHEME %R LTz, Drosophila
virilis THHE NI 2EKD NN RD S5, 3ald D. vir-
ilis ® COI BEH & 100%—Z L Twizdhs, 3bix 9 AT
DOIFEIGEOBED >Nz BEY /A DNA » Sk
E N7z N N & D. melanogaster DWLF) £ 100%,
N2 R Ny i& S. coracina DECF & 99%—E L 7z
3.2.2 DGGE ¥v—Ah—D1Em
Mi4eov—rA, Bz 10§ —FfEehEa
DNA 2567z PCR EVIOREMIZH, £5 5 b
10 (11) AO/N> P THEERS AR~ — 7 —I1 i3 %
ShoTz.
3.2.3 B&Y ./ LADNAHISD PCR-DGGE ##r
BM4dDrv—>C, D, NJIEZ, WIFnbiEEY / A
DNA %Zg# £ L7 PCR-DGGE DR TH % H3, FEhx
1 EFBRIC, End 10 (11) ROBEK L/ N> N THREE
SN2 DGGE NNy Ry — v i s otz 72
2L, I0EZhZNDOHE—FEY / . DNA 25 E I

5% 12345 678910N,

25% %Eﬁ 1

N I = I

123,345 678 910N;NyjA B C DNy’

i

BLEIOWCHELTCREALLC LIBEHREL2E TR
GLiDRIENZE, COATEDZL DN R
HEhTtws, 7z, FBR1DON, EEXTN, OA»
N ROBMHERI WIS TR Z 5.

3.2.4 EBE

Z[a| D EER TR E L 72 DGGE £/41%, [@ U DNA 4
TR LT, 20N> FAECE L CIFFICE R
MER LIz, %72, 5E COI #1104z L
TEEILI 7 o4 ~—1F, EBicfiL7z 10z hEh
DHE—FE7 7 A DNA Z#HRLIc T, TOWCHWET
ZDNAKF ZHIETE 2 2 8 bhol. 1L,
D. virilis TIX, X L1z COI WiFr o, Biedat 9
WERZZ 70 W bEIEL .

2 D DGGE ~ — 7 —id¥t (A & B) ZEEL T
VKB L 72y, N NOMRERHE D L khoiz. 2
DOril%, DGGE &£ %##A% T 2 Z L THETE S. N
Y RS CA S R TE 201X, KRS LE D v
Mo EEZ NS, iz, —EO/NY RBEHEWICIER
WL WAIE NS ME Bz, v—>9810%E)
&, FVOENFRBEARE S SRS T H 2T, N
YROSEEEA ESEEIENTEEILH LKL, L
PL, ZRIIHBEEOHAGLRICL > TR D, 45H
ORERD L 5 ISR D> TV BIEE I %
ZMERTIETE 2D, —RICEARENEENT WS H
b oint 7 VGEBT BRI, SNy R
DEZ L AREMED D 2 LTl EE

FHEL, 2 %, BE& Y / ADNAD» 5 © PCR-
DGGE T, H#E L7z 10 L TOMBE LR N> N 2R
TEkhole. TORERKREL T, 7, $BEESGT /
L DNA » & PCRIEIR % 17 5 B © # B DNA | 0

-— e X

EER2

45212k % DGGE /N> R 88— (FEER1 D) . 1~Ny BEER 1 07 v oKy K20 HL
THEEIFE L7 PCREY), CEDIZH—FEY 2 A DNA ZZ N FNEEBICH 2 X5 ICTHEL TRE LR
DNA (C) & 235193510 IRE L 72858 DNA(D) 25 D PCR EY), N, 13EE 1O N, &R UHBERE S/
2 DNA 55 PCR B L7 EY), ALBid~—h—Vv—>r (GHHIZATSIR) .
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DNA BEOREMZEIC L 24 TANEZ o b, EE
W, 0EZ R ZhOH—FEY / A DNA ZIRE N E—
W27 5 k5 WiRE L-#E DNA » o #8iE L 72 PCR 2
VEwkE LIz v—>CTlE, BESARY—LHED
V=D EDBHELDONY R TER (K4,
D Z kX, PCR-DGGE %2 — 04y (BH) #EEY
YINWVCHRAT 2B EERRES D S L REEERL T
w3, DFY, EEOHNHEEICERDH L (HRRDOE
YIREEE) Yo 7 50, PCR-DGGE #: Tl I
IEDQNA T AW pIpo T fERBB/OND L) il
5. WEVBETY, HED 1 %BULERHD 23R
TEREVIEESH B (Muyzer et al., 1993), &
DR IZT NS WA REHFIC Lo TELT B 2 DD
o TWwa (FHIEH, 2000) .

Rz, znEnOED COI it & 77 4 ~—5 &
DOHMEEDE DK S PCRNA TADBEZ SN D . K
®TE, VN=X7F4~— (COI-b) %=ABRICHEL 72
10 f i 38 U 72 Bed CEEF T & o7 (DGGE #%%
HATE2DNAMMARICHIERD S Z 12k b,
COI BIRTFOREFZERDZ WEHIERLICREY S 2 =
Bixmotz). 774 ~— (COLb) BeHpE# L L/
D. melanogaster 3t d HWEENFH LD IX SR E L T,
RN, S. coracina, D. simulans, L. stackelbergi O
BENEPoL (2HHEEN K2, ZheDd b,
D. melanogaster & S. coracina ® 2N > K B3, FEE 1,
218U 2EE Y / ADNA » 5 O PCR-DGGE T
(Nos, N, C, D), ZNLZ B R N> F & LT
Hani., ZoOER»LS, 774 ~—Myl e OFEMH I
PCRMIBICB W CIRHICEE L EL RIZT EHZ D
ns. Fgc, 774 < —fy & OEREIE W b DI
EESERCIEIE T 2HAN D S 2 L iE, MEENSRE L
72 PCR-DGGE I B W T, BEZED—D & L T
ENnTE7 (B, Ishii and Fukui, 2001) .

¥7z, oL FUCEREY /A DNA 28 & Lz
bbb 59, EEL (N,) &FEB2 (N,) O PCR-
DGGE DfESRIWCEN® I & id, 287/ A%z L
L7236, R UEET O PCRIEIETH EMICENH S
TREEEN H S Z EBR LT WS,

4, FLHESBRORE

SEDOFEET, PCR-DGGE % RHEEY >~ 7L
HHT 286, PCRGIEERSTO NS 7 ANETH
22 EMHSMICR ST, ThIE, FEERBEELSS TR
HLUED ET2%0, MEVHEEZSD TEAREMEE
LBIHNEFEOSMETHSL. 74 ~—DfEIX, *F
RETLEYHTIVREFEEOR WY > 7V a ¥ —#E
T ORFERA 2R T NIE, HLEERRRTE 5722
5. Ll, BEEIZ=ZAN—F VT T A v —DFFTITH

MM bIEETH D . Tz, BWFED D. virilis TR L7z
k2w, NZu7bBIELTL SRR bR TE 2
W (X% % 7 A-PCR-DGGE T &, Bl @ v > K,
7, LTRSS NG D). bo LIRAM L RIE I,
$ERI X 57 ) Ao DNA EE OREM 212 & % PCR
NATATH5. D%, PCR-DGGE ¥ T, #LE
(> 7n) OFOMEE (SDNARE) MHE % E
M TE R nEWnS 22 Ths. 61T, —lIC
FERER DS ROV > 7V LT, ZIVETDONY RO
SrHfERE &2 [ B S ¥ 2 DGGE &2 HETE 2\ (E459
W28y FOEZ D ORJREEE PR T & ovn) Ew oY
EbHD.

U LORERERST L L, 257 /2 d % PCR-
DGGE 0 H&EH X, b2EBER NI DR S
L x/nwv. Iz, WEESEERO D 2 HFHICR S
NI FEE DR OENT « HE, 20k, 87/ A
DD & PCR-DGGE TR T & 2 f5RAE D 55 S B
LOMELRRE LR ETH D . FEBIC, MED
5D PCR-DGGE 12 & W52 13 E OBIH 5. —i%
2% DEVIFEMTRIE, HIFHETAZY —=v I &
NIAFEEERRRICL TS Bz, 24 o797
THESNLEHBERZED LK) OTHE050
PCR-DGGEHETRAZ ) —=> 755 2 LICKRER 13 3E
Wikizwhry L, L L, KifFFECcHTE L 71k
7% )RR D 72 D D F LW TFEEOBIFE & v 9 5
TiE, #HAPHELVWEEDLI 2BV THSS.

L# L, DNA HERYIERZ# > 72D 5k s FH 2
5h 3. PCRDGGE #:1d, x% 7/ LAdnsI@ 754
7 —IZ ko THERTED DNA Wi 238ig L, 4o 2
EFHN DB L > THEET 2 LI HETH D5, A
Z 7 Mip SRR T 74~ —1C L > TDNA WA %
BEL CZNhZNOBOGFESE 2R T 2 L vw) kb F
Zend. Zhx) 7Vvy 4 APCR EHAEDE TT
ZIE, SR 57 2 AhDZENZENOTED DNABEE D
HWETE, LML b T & 2 REME2 D
% ; DNA BE 28 (AR N1 4 < A ) 12
PR T 2 MEFSEE S DLETH 205, ZDOHER, BicHE
WETITU T DAY ASEED 1, 2 EOfEk
BB RHEET 20IfELNTEY Bl 21X, Hosoi-
Tanabe and Sako, 2005 ; fARFIZ A, 2008), F 7z, #
EHRFTORABIEE > T3 (EEAREHEFEOHK
BE—ERE 5 OFVE). L L, ZDF5EED PCR IR
HEEZELDT, ZORMBTONS TABEZOND.
9, FifkimL, BELPTFHEINSE (74 v —25%G]
Shiz) L2 HETE R, PCR-DGGE # I FR
WEFE CRAMEDO NNV PRI N5G) 8556250, 20
HFEZidzw, RAE XFu7b) OdInsEn»rD
T4 v —E—HThiE, ThPRS > TS TL
FOMREME D H L. $ERI XY 7 LR/ L CRERRR
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774 <—12k%PCR %2175 DT, ZTOERETOH
ERE DNA EBEMHBE DY > 7)) v VHEELET 208 L
Nz (FifEix, PCR-DGGE % & FEffic, Bt sh
ROCHEBEMEN D B) . FEF, COHEOBEHAbIRES L
bOERSELEB\BRENTHS .

MO HERIZ, BE (V7N X85 0 L REEER
FIgRE LT, WEEDY 2 2a—$KEehv > v 55
ETHAHS. zhn, XKy —r oy —2fliS 2L
W&o THREIC 2 Y, BRIC, MAIREE O IC A X
NBEH T3 (Fz1E, Qin et al., 2010). Zhr4Y
SRR OERN R Fike kb0, 7/ 5 (B
K EHEMDNA Y =5 —) BFOT —F N—R 2 #
L, KRy —27 o —12 L AEFIESE D a 2+ 23
TR D LD, FTEYEEMMENA LA > 7 7
RTA7ADHREELWHEREZEZ 5L, ZHES<
BORRICRERTE 20 TR GNP S 9.

Z D &9 %% DNA HBERCHIEHR % - 7 EYE O [F &
X, fEROFRIEMFELELY, —@BEO b OTIEE
$, BonEAIEHRNT —F R—ACER-INIET 2
BEWFOERENEE2HEEOLOTHS. iz, Z
DOFEAM 2 HLENBTYCTFEEHEL L CHATER
X, BEICENARYHEOT -5 bEohb X517k b %
Y, Il eRoTsy, whid [9TRE
AREY | 2R E A AREM A B L T35 .

LU, BRSO ELEE Ly, i
T TELEYREORERAMICIE, ZDORITOEINZ
LELT, TEEIcHD 2 ADRIERES « Ao Bz
RS NEVWIREDDH L. £72, DNA STIEHEHRZE
HEOHETE, AR IE S v WO EE b H S
GEHUEAR 25 L S>>, DNA ZHiH ¥ 2 Hikb H 223,
AWFFECTE Lz & 5 MM CH o 2K
B 7V OB IZHE S ) L TEREIC & B B8
B ENEL WS OEEHEST 2MAEVHER E 0BG
Az EeE LTy, BRO XS, BRI X 2550
DR S T, BROET I N TE 24056
X, TERDEREIE %26 - 724338 « BT & OPFRNE
Lw., $LT%, RAEOMER, 3 I3HM0SEY
HIZZFDRHZZNTH SbTnIE e o ewn (B,
EVIFHOEIA BN T WL A BIFET) . 20Dz,
FRRBE®REZE>TWw 325 F4EM¥ T (PCR-
DGGE &2 2 ¥ 7 7 AEH G &) b ZRILDIZ#E W
A

S

KR EED DI HT>T, 774 ~v—D&EHIcBEL
THIE % Wiz 2 EE R R T e R R —
BR#Z & oAb E KRR R AT 7e T O B A K
D SRBHOBERLET. /o, FBRE - EHEOHH

ZHALCTFE Y, B bofsHE i LoBERIE
TRV A ARV A | 1731 b7 N 22 9y S 220 o 1177 sk e
T N—T OfEIFFEEZ, NSAE L, BEHIERE A
BELSBEW L 3. EEARYHRERFERE T ek
DFEFFIEESEZ & H BRI A Ik O —E8 % £
ffEL T & & LT, dLiBE KRB e D
IS 1 I SE L ORISR > Tz 72 &, ET2k
HKEERORMEEZT E Lz, 2wzl £7.
AWFFEI, S IERE R RERN A SRR O FEH )
WAL LTRSS T IHEIciTbhl: b D TH
D, EEnLET.
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e
2010 F 11 B 18 AH=AF, 2010 F 12 f 3 H=IE

Y avYauNTOMBEEOERT b 2 HEMFEN R A = AL E2HLI:D, FAiuyvarvYa
7N T DIRIRFREL D & DEHENFWHRFE (CR), BWRHE (CS), HHMZERH (CTL) % AZER
HD5VIFHBZEIC L > TR L. Zh s ORMr» 5 EREOREIMEC b 2 ) »IEHE % fhiH
L, BBOMEKE T A 7a<x V777 4 —lko TN EZ 2, R TCRELBEVBES N
7o, THRMEOES - e i s ) VIRERBBOZN ED X 5 12Bb > Tw 2 DIz DWw»Tikim
95

Cold tolerance and membrane phospholipids in Drosophila

Shin G. Goto!

To clarify biochemical mechanisms underpinning acquisition of cold tolerance, I investigated the fatty acid
compositions of phospholipids in Drosophila melanogaster lines showing rapid (CR), intermediate (CTL), or slow
(CS) recovery from chill coma, which were established by artificial selection or by free recombination without
selection. Compared to CTL, CS showed a low composition of dienoic acids and a small number of double bonds
in the fatty acids. The ratio of unsaturated fatty acids and saturated fatty acids (UFAs/SFAs) was significantly
lower in CS than in CTL. CR had higher monoenoic acid composition and lower dienoic acid composition than
CTL. In addition, the amount of SFAs was lower and therefore the UFAs/SFAs ratio considerably higher in
CR than in CTL. These changes in phospholipid fatty acids probably contributed to losing and maintaining the
homeoviscosity of the cellular membranes in CS and CR, respectively, at low temperatures and therefore

produced their distinct phenotypes in recovery from chill coma.

1. XUHIC

B2ZIADK, —FOFRTRECEI LK ZELTES
L WA BEOR TR 2Zb T Th>Th, 4t
BECHhLREHICE > TREGMICKD 5%, Yay
VauvNTFEDEI L ATEILZMZTWEDRE
23, FEECY YIRS TH LD, ZhICE
HbALEZDLZERHLY., TRETOWE»S, B
FE7 NV a—VDOER, IXOANVAY VXIBEDFH
B, KOBEER Y, DX = XL FL T 2
LIZEk o T [F#Eswwmn] o2 EY EFTtwa Z &
MBHAS T > TETH, ZOFMIT VW E2ITKE 25k
EENTWS (Lee, 2010) . AFTIX, MFEEESD
AN ZALD—DOTh 2 RIEEDENZLICERHL, Z
DALMY a7 Y a INZOMNERDEBIZED LS 12

1) RERHSERFRF LB R
! Graduate School of Science, Osaka City University,
Osaka, Japan

HEEL T A PIZOWTERT 3.

2. EREDBELRE

SRR E O AR E LTE L & b,
SR E DRI TYE - 1B - T ANV F — ORI EIT
G E L TOBREEZES . EREOFEHSIIEEE Y ~
NI2BETHY, IBEIZFICZ )Vt — V2B T 37
Veu) YEETHS (K1A). 7V u) VEET
W7V eu—iz 2 ODRRIE E D VBT A T IVEES
LTBY, VVBIFSISIZZY /=73y, a) v
BRERKEET D, 28— VT I UREAELES )k
VURRBERRA 77 FYNLEY =T 2 (PR), 2
DUBEE L b DR RATZyFYval)y (PC) &
FEE (B 1A) . WAMEIE PCWEERDBE2FEOH, v a
v YavNTRPEEROEEZEL, UV VEEON
0%% PEXE® 5. U VIBEIEEESEYWE T, #K
DR 2 MEANC, BUKEOIEmMEE (BIGREH) %
WENCEZ L CZEE AL (K1B), 20 &HEERN
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&R
1:(A)Y UiREOERAK. C:aVy, E:x¥ /) —1L7
TV, G:ZVkua—n, P:Y VB, PC:KRAT7F VN
aY Y, PE:RAZ7FYVNIY /—NVT S . BRI
Cx:yThobd XEBHFBORIER, yEHEFEEGD
B . FIAIIERGTE XS T H 2%, MBI X B S
LTz . (B)IRE S MHiRE. @ 0RETIIEE
CTHEBRELHE L 508, KRBT CRAEEEEILT
FUFERD, BEMEMET T %, PEBEIIERSMGTCIX

W2 ORI ESFREYA ZRCGHARAEN TS, Z
OIRE_EFIREMEERY, Ehcllariznicy v
NI7BLHAHBREHRICRE T2 2N TE S (WET
YA Z7ETN). SZTHALZLOIX, B2 [HREE
ERoOTWS] w5 2LeThs. mMEMEnbsnre
Z, B WE - AV —DEERTISELT
< Z &N TE% (Hochachka and Somero, 2002) .
Lo UBEIGREICIHERICBERTH Y, REOZEI
FoTZDREBEIRELSELETE. MIBIZART LD
W, REMET Y 2 EREEZIN - TOIRE _HEHE I
MR L, 7 VHE > TREMMET T2 (2
DERBRELZ T, L)), 5% 5 LBEHEELTO
BERER RS> TLE D . Bz 2% 01X, EYWNFESIC
fit 2 2 12 IAKIR T T O TRENE & R T 2 LED B
2. PCERDOEDOMER 2H 2 51X 2D T, &
HIniZkway, PE FEOBIL & & I EHERFHIER &
29 . PE I PCIZHEANTHBEEN/ NS W), &
ELTHERE RS2 ([1A). 2D X5 k) VIREIX
BRI D EEENES LA HE LD (20
BiREL T,2vw)), BIFEELTCLES (K1B). ¢
tbb PE BEROEIZ O OMERIEE 2L, 20
MTOAREHE 522N TE 5. PE, PC LI,
PR X IR O BEE LMK I Lo T2 T 3

(Hochachka and Somero, 2002) .

—HEiEG R WIENER & faMIEN . (saturated
fatty acid), “EfEE& %2 b DIBNGER 2 A1 15 EE
(unsaturated fatty acid) &FE3. RELFIIEIGER I 8
WA > T30 2 (K1A). 2ok, R
fAFIfEB 2o 72 ) Y IRE ek e L CHEE & &
D, VVIRERLNETIL OS5 k3. Zhizk-> UK
BEETICBWTHFEEZZAVIEL DS 5. (KR HE
I U 7z B IR ARIIE S o o3 2 N BRIE T 0 )&
(UFAs/SFAs) NEL %o TWwaEEM% { (Kostal,
2010), IKIE T CHEOWEMEEHERFL LS5 L Tws Z
EDBI PR D .

3. F/OY3DIad/NITDANRER

3.1 AZER

LM E R F R FBEHIERBE R EBE OFRE AN & ARRIEA
BHAKRH DO ¥ 4 0 vay Yaw N Dysophila
melangoaster # £ THE L, NEAZERIC X > CRE
FREL D> © D[R RFRI A S 72 2 R 2 fEBI L, IR ERE 28
fioEDEIRTEHEEY 7 LTW5EDNIZ DWW TR
L7: (Mori and Kimura, 2008) . fA7z 51X Z DR %
EOZT, NBERE T2 L L b, RRICEL &
LZFED XD AT - AP L ADEER
D, WZOWTE->TE7 (Goto et al, 2010; Udaka
et al., 2010) .

FFCDALBEROFFECOWTEAT 2. FHLYH
R U CHERE R ORI L, BRI L CRAET 5.
P 5 HopH 80—120 A%, 0°C 4 IO A b
VAWE ST, T5E, NI HIMERBEICHRD, B
B2 Lnlksd. TO®KBCEET &, NTibik
(RSB S EE L THSOMTY b b33 . 25°Clefs
LTH»oiibdbhs E TCORMERIEL, F10%0
@, TAL10% OEF %= 2k L TR0 L L.
D& S nEERE 2 — 3AEIC T o7z, LR, FRE
5 O FERFE 2SR5 % cold, rapid DR T CR A5,
EEWLRIE % cold, slow DRET CS R & FESR . F72, #
WREfTbroleRfiEza > ba—n (CTL) Rk &
IFf-35 .

ANABRIIC X - T, CR TIRHAREFRE D & 0 [al{8 KiE
WEL LD, CS TIRBEHERREEL kol (K 2). Z
D & EAFRIRPREL D & O [HERERT DR R 25 il{# % 52 1
TWw3ZE%RT. 7z, BLWERA bV ABROER
hRFNIz & 25, CR Wi b BRI » > 7 (Udaka
et al., 2010) .

Tk, INSORMIED LS ) VIEERFRODR
59 .

3.2 RERABLIERY
AKETRIERRZ Cx 1y (x IZEFRORIFE, v i
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&« 4 b . N o
& * H
zﬁ; ) o2 o * 31st
%
m O
Sé 4 b C
E ¥ a ’a * a .b ¢
ﬁ 21 ® ® 42nd/43rd
@ -

0

CR CTL Cs CR CTL CS

20 NBERAZME 2 > b u— VR OMEIRFEE A > O
1EEE . CR © EEFRE > © O [al{E FRF R 23 o 4 % 38R L
7oK, CS @ ARIRHRE 2> & 0 [\ R RT3 W (K 2 247 L
7o &M, CTL: 2 > b o—VRif. BUERM % B R/ E
$al T Tukey REWC U7z, B2 7V 7 7y MK
PICEEREVWSH D Z E2RT (p<0.05). REIE 31
RofEtED, TEIZ 42 H 5 0id 43 IAROEED 7 — 5 2%
3. (Goto et al.,, 2010; Elsevier OFF] % 5 Cizikk)

TEEAORK) RIS, PYES5HOA AD VRE
BRI L, ZORBBEFNRIE 25, FRIEHREIX
C16:0 N VvEF Ui, C16:1 S  b LA v
%), C18:0 (A7 7V k), C18:1 (v 4 V),
C18:2 (V /—nE), C18:3 (V /v ) Th-
7z.

CS %#ft & CTL R DML I I1ZIZ & A EE W
DE SN o Ty, ZHEESE ZOFOIEE (Y~
V) OEGED CS FETHEIEL Ko Twiz (K3).
Z D7, UFAs/SFAs DEbL KL o Tl &5
W, BB O _EEEH (X Bo_HEEE% b
OIERAE%) - n) REELI-E IS, b CSEFET

BIUELS ko Twi: (M4 . ZEFEEHE»SD 2
FIFEMERICE ¢ ) VI » 5 5 B TR Y ~IRE HEF

80
70
60 [ ]
& FHamIEHE
S so0f e (£/1V)
ﬁ *x ns
¥ a0}
0T o FEARNRE B B
o o (¥xV)
20 +
i A fAFORERNEA
10 i
o ns

0

CR CTL CS

3 AEBRIRAME 2> bu— VR0 RGN HE
B, dhfl & M AEIF TR g, CR RIRFRE > © O [EE
REfE S AR 2 5881 U 72 R, CS @ BIRBREL D> & 0 [[l1E
FFMEIAS B IR 28R U 72388, CTL @ 2> b o —L Rk,
HE WA ALY & W IEFE 258 U, Dunnet #0E T CTL & D #E W»
ZRE L. **p<0.01;ns, p=0.05. (Goto et al., 2010;
Elsevier DFF Al % 3 THRik)

L9, ERERETTCIRLD Y VHZERD L3 <k
% . AKBRRE D S O RIEICK O 22 5 CS RMEIE, T
M, (KIEBE T CHENE 2R3 2 A = %
FoTws k72,

CRAEM & CTLRME KT %5 &, CREM T
Cl16:0, C18:2DEI&MNEK<, C16:1, C18:1 D
HE&WEM oz, 2 XD CR R TlXfaffighimg o
HEMEL, ZHEG—DOOMEM®R (£ =) OF
ENREL, Y rOHEEBNELr-T (K3). Kz, fa
FIIEREE DK TIC X » UFAs/SFAs 3FE L < E<L ko
Tw3 (M4). THIFERERET CEORME % R
FTRIWFEEN L. TIEE T COHESOEN, YT
Y OEEDWD T RERT 2D7122 5 .

YavYavuNEIHNPE FROE RO Z &k RWH
LTIELV. PEFEHROBIZMO ) »IFEFAEOMK L 1%
B, Wi sy rOEEEELT LIREHEA
Fn MHOMERERE (T, WEREAcy 7 ML TLZE
W, BERrRBETH- TR ICENRE T2 2 L h
FZD 52, EEE PELoLNTEOEER A5
L, C18:2%2 oS5 VYEEOEEICE T,
—40°C, T, 8—15Ce % %. —/HCI8:1%2=2F>
BEICR T, T, 3%2h*Fh—16CE 10°C, C16:1
B TOREOBEICIZ—30°CL 42.5°5CE % 5% (Lewis et
al, 1989). DT Et»Hd, PEFEDOELZES>Y a v
YaUuNTIZBWTEY T YyDEERETEETCE /T
COEIGERBEMEEL I LIX, BRIEEEZON.

UFAs/SFAs
A 00O N 0 © O
—e

ns ns

IErEkSH R
(REH)

1301
ns

125

120 i

1s | s

—EHEH

110

CR CTL Cs

47 NEFEIRRFE 3 > bu—Rk0 Y~ IRE IR
BT 2 ARG 20t 3 2 ARG 0 #& (UFAs/
SFAs), FElhfesER, “EMESH. Ul & Mo (HpH T~
3. BEREEE, —EEABLTO XS IEHE L. Bl
EeHIR = [16- (FEE 16 DIEIHE%)+18- (R FEH 18 D g
1%)]/100, —EFEEH=2(n MO _EEE&% b ORI
%) n. Dunnet % CTCTL & DE W R HE L 7z, **p<
0.01;ns, p=0.05. (Goto et al., 2010; Elsevier DFFA] % 5
THEHR)
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4. FAMO239IYa39N\ITEBEDETDAR

Ohtsu et al. (1998) X, ¥ u¥a vy a v NTfEH
BT Z AT, BRI, WRAEY a v Y a o
IO 6T RHKEEH, BEHb 2 0IHERSEH T CHE
L, ZOmFEMEL ) CIRERERREE 2T~z 2Ok
B, K5IRT X9, EIRICHW 7V — 71 SRR
B OEEIMEL, B/ Z Y OEEREL, Y0
EMEWT ENbroT. ORRIZ TR CR %
MORREFUTH 2. NAFRIC K - CitFEt: %2 55
LicFfuyavyaunNr, BRERIC X - TiisEdk:
ERE LY awYa oy, BU LS IR
OEAbZERT Z o, [FHNIEHROEGORT, €
JIYOEED LR, I OHEEDET] Xy ay
Y a VNI OINEE DB B W IR ICEE R &E 2
Bl-deFzohsd.

Ohtsu et al. (1998) ¥ EECOMERITINZ T, X 2m
WY a vy a vNTTIEREL 16 ORI OF G
, REHIBDEIEGWMEL B2 e # WS MIT L.
) v HREF ORI NFLNEE T, JMEL K50 T, 2
D & 5 RZALIZEE T CHROMREME 2 DI ERTDH
5. LoL, 205 sIERRER OZLIE A AEIRIC
Lo CMFESEZEELF I 0y avYa v NI TRR
Shemr-otz (4). FVEUWEERA ML A TOHE
REFT 2 EEHBEREOZMBELCTDE2 5, b
ZHEIBZDRDFOF A Ty a v Y g 7N THIERE
BB/ T 29 Z TR INDBERZDIEL I, DI
HERAEESEE D Z LIS T FEME O EEIC IIEEBER L T

80
[ ]
60 | ‘io
S,
t °
o L )
5 ae
® 40 | ° %eo ° TEAF0AE B BR
o= o) o ® L] (BE/xTY)
o @80 % T EaF0AE M R
83 & ~o (PxV)
O A
2 gogaAA t mEmEE
AL =]
et S
0 ,
10 0 10
LT50(°C)

H5:FAfayaryya @Dy a vy a N
(Drosophila subauravia, Drosophila biauraria, Drosophila
triauravia, Drosophila rufa, Drosophila lutescens, Drosophila
takahashii) % 24 FERE OEIRIC & & U BB O P HEBBLEE
(LT50) & Afafifighimg (£ x>, vx») - fufilElGHE
OFEE . EKRICEVWY a vy a3 E, SRR OE
HRELS, £/ 2V OEEBE L, Y OEEBE.
(Ohtsu et al., 1998; Elsevier O] % & Cizdk)

vin

WDTEB I . BIRDE LW DD DOFMIITHTD
5.

5. SERODFE

FRoFr s oy awy gt EERER, 7L
TOhtsu HICEdF A uyvayYauNTBEORET
DEERTIZ, V) VIEEOMHERICHEAER 2 HD 4L
TZOHFREEFRELTWS. LLLIDE I BHET
X, EBICED &S RIEHRP O L DD Y IRE 2K
LTWwW2DhsBbsrs%wv. HPLC & ESIMS (= v
7 Na AT v—AF AVERST) EHAGDEFE
ko7, VUVIBEOS FHEBEREZHSMICT S Z LN
HRETH B DT (Kostal et al., 2003; Overgaard et al.,
2008), ZD XS RFHEEID AN HETH S .
S5, BAEEECEBFILBENTREL ¥ A 1
vawYauNTOREEEN L, BEOIRHEEHEE S 2
WM OEIE E LI B LI ko T, THFEMER
EQ XS WEAT 200 % BEMICHNTHL Z LT,
M FEME DHER 210 5 EHE e X ) = AL ZBH S I L
TWEZN,

%

¥

AW AL EE K AR A — R AL FTse (R
xR BBEEA O EE T HEHORRERESER B T
LAEMREORE BREES D 08-20, 09-22) 12X 5K E
DTFWEMSI NI, £z, KWFROFATICHIZD, Rk
BREEL T2 LD IZEL DB 2 W WK
FIEAf L (JhgE R R HBRERE R B , A%
I T 2 EITIEE 2 W P W HEAK s
RFERFBEHBRBIR R EPE) , TRE SRR % C#H IR Wz
iz i AEL JAEE R E R AR, R
HOMR; & N BEIR 2T FEETEE W5 v
AY F I VAR - FHFERK CRERTAZRF
FER) WCERL BT 5.
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N Dy ayYayNTO—F, Chymomyza costata \ZA6F-ER DGR L HRFICIA L oML,
YavYaunNIROFTIEELL, PIHRTKRIRLELT 2. PIRRIROFFECIIEEPENT, L
WRETCIEARAHED UIFEMTCH 2. BARAHEZED LI KFFonN2DE25 0?2 DERAKIGD
BIREFERS 1 HEERT 2B > Tw 3 ] &5 Biinning (1936) ORFH2SH Y, ZOFEHEZHIEL T
77z C. costata \Z B 1) 2 BEFHHMAZ EBROME L[N T 5. =7 v M LIELBFIX timeless
T, piggyBac EWFEN 2 N T Y ARY YHKROBELBFHBZ N7 ¥ =% N LT, timeless D5RTHIFE

BARHRL v 7270 bR EMESLL 7z

Establishment of transgenic lines in Chymomyza costata

Kimio Shimada®*

A drosophilid fly, Chymomyza costata is living in the cool temperate and subarctic zones of the Northern
Hemisphere. This species enters winter diapause at the larval stage in contrast to most of other drosophilid
species. Short-day photoperiods are effective for the induction of larval diapause. The critical photoperiod of

a wild-type strain collected in Sapporo is about 14 hours.

How is the length of day or night measured? Biinning

(1936) has proposed a hypothesis that the photoperiodic time measurement system involves the circadian clock.

To test this hypothesis, I prepared two transgenic lines of C. costata. In these lines, the expression of a circadian

clock gene, timeless, was enhanced or inhibited with heat shock treatment. The germline transformation was

mediated by a lepidopteran transposon, piggyBuac.

1. XUHIC

~rrZuany)yavyavNt Chymomyza costata
(Zetterstedt, 1838) &, Yav vYav N, n~N¥ Y
YavYaunNTEORRT, JLEEROGIES & e
WAL T 5. IR ALERE b R, FERROET &
LTHIGNAHEY RY 7OV KRY Y A7 THEREI N
Tw3 . BHHIBICER T2y a vy a Nz
OENEHRTHELT 20N LT, 2Oy Y vawy
YavuNzTid 3 (i) SIRTHRIRL, 8% 5.
RREOHHRKIZ, XERKIGIC L > TFEE s, #H
BRIROFHICERTH 5 . A O BRI T WAL

1) At¥gE R AARIR B ITSEAT

! Institute of Low Temperature Science, Hokkaido
University, Sapporo, Japan

* BUERT T004-0032  FLBETIERIX FEFIE 2-4-2-7

* Current address: Atsubetsu-ku, Kaminopporo 2-4-2-7,
Sapporo 004-0032, Japan

(Ati 43 ) EOFEFEHOMMAHEX, 15°CTRE L7z
%6, 14RER{IE2 » % (Rithimaa and Kimura,
1989) . EFHRIGEENE S 221, &< & 2EMA
HY, 747 FDTV7nh v A (Varkaus, b
62 %) BETIX 19K RI304> T & % (Rithimaa and
Kimura, 1989). —7%, MANKIG%Z R & 2 WIERIR R
bHISNTEBY, I, JEERFS/IVETserk
W A2 B 40 4)) TRESNIENZOTFHD o ZIERIC
X o TER S 7z (Rithimaa and Kimura, 1988) .

C. costata 123 % G5 HE O MIRAE F 06 )G
RS OWREOFAEE, RHEONEIKIG% 5 FEY)F
PNCHEBAS 2 7 DICEETH 5 . BT = a D RHE
YEHT D Kostal & & QILFFSEIC & - T, HEAKEZ R
TR &R E ORI B U BB H R HE AT O FEER
RErtm L, BEANKGE RS R WIEKRIERRKETIX, &
sk, B TIER T % period DFEBNRFHEL > Tnw3 2
xR RH U7 (Kostal and Shimada, 2001). & 512,
HRAMIGEZRE R WRFE T, timeless DFIRN4 LT,
SNl Ex2EEIEDT (Pavelka et al., 2003; Steh-
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lik et al., 2008) . 25 L7zZFEIX, HEAKIGL, BCED
5V DR S 25t 2 IR ICBEH R 2380 - T
% &\ Biinning DR EZ R L TWw2 XS IR 2
5.

LU, BEHESEHEEFOLEKIGIZEb > Tws 2
xR, bo ERJNCEFAT 2 01ciE, HEAKIGE RS
2RI T timeless % I FEI S & TRIRME % [0]
B TCHDILENRDS. £z, IEFIOEEKIGERT
R T timeless DFEH % 7 v 7 7 7 b L TIRIRMED
bbb ZEEWEPDOTAHLLERD L. KFETIE, 2
I LIHIDI I N 7 ¥ ARY > HEOEE TR 2
A2 & —%2HWT, timeless DRRFHIFHAT E 2 v 2
7N R R LT FBE RN T S .

2. MBICHE

2.1 BEEFHBXERCEV:-Ya3aoyaINT

FEERICHW Y a v Y a vk, FLRE (BER)
D C. costata & E/NEED RO FHR» & SHES Lizk
RS % RS2 WIERIRRFHE TH 5. FLBRED N 1X
18°C16 BefEIBIHI O & H ST, FERIRARKEIZ 18°C10
MO HEET, £HiZ, RIA4 A4 =R, a—>
SV, EF e EHUIEREMTRREF L 7.
2.0 BILTFHRIBZRANTY—DER

HOBE T 2EHFER D20V v 277 M50
O BEMETFHEZH O Y ¥ —1%, pBac{3xP3-
EGFPafm} (Horn et al., 2000) 2Z& 335 Z ik > T
WL, ZO7F7AIFHROR7 Y —I1%, BHAERHR
DA T 79 ¥ >98N Trichoplusia ni D s 7 ¥ AR
¥ T & % piggyBac \Z, A H N EHE (GFP) O
DNA g% %3, pUCIS ICHIAA IR b DTH S . f
HOLEHE L, EEFHBEZ ORE 2T 5 ~—
A—t L THAEN, ZOFEBIZ, 3xP3 Yot -5 —
WIRDFEA Wb 55T D Pax-6/eyeless BEE T
L2 Elizko TS LS. pBac{3xP3-EGFPafm} 2
W~nvFru—=v 7Y A v 83b Y, HIREED Asc,
Fsel, Bl o k->CHllian 2. ZOEFMICHBD
DNABCY %A T A ENTE S,

timeless BA T %2 MHIFH I 27D DNT F—,
pBac{EGFP-tim} 1%, pBac{3xP3-EGFPafm}® Ascl
YA M2 C. costata D timeless cDNA Z t—b > a vy
2 EHAE, sp70 D T F—F—L ¥ —3 7 —F —
(polyA fHNECSY) DOFICERATHALIZSDTH 5.
% ¥, timeless cDNA (GenBank accession No.
AB073724) DIEFFYIFE S 452-4522 OFHFRAEEL & Witz
B PCR (RT-PCR) #H=WZ k- THIELZ. #Hi2ix C.
costata DREHRBAEE D> S U7 RNA 2wz, 7
74 =0k, timF (5-AAGCGGCCGCATGGA
CTGGTTACTCGCAAC-3) (& » AR %]) & timR

5

FS

(5-AAGCGGCCGCTCAATGATAGTAGGGCACAC-
3) (7 vF AR T, £ b2y I Notl TYJ
Wr S 2R IS T w3, PCREY % Wizard
SV Gel and PCR Clean-Up System (Promega) TigHd
#%, Notl LB L 7-. DX, hsp70 D70 E—F —
E =3I A= =D EFRODPHRFNY ¥—, pP
{CaSpeR-hs} D~V F 7 a—=> 744 + ZHIREED
Not1l TYIWT L, BV /zEBAic _E38d PCREY % T4 Y
=X & BWTCERE L. timeless cDNA OES % &
t? pP{CaSpeR-hs} % DH5a¢ 2 > ¥ 7 > b ¥ WV IZEUA
A, LBEEREEM TEFE L 7. 845l L 72 pP{CaSpeR-
hs}% 7V ) SDS HECTHIH - KL, Zhxgilic
L C, timeless cDNA ZfHAATE hsp70 70 € —5 —
WHY—I A=Y —FTOES% PCR THEIRELZ. 7
7 4 ~—0 5%, hspF (5-AAGGCGCGCCATCC
CAAAACAAACTGGTTA-3) & hspR (5-AAGGCGC
GCCTCCTGACCGTCCATCGCAAT-3) T, &by
iz Ascl T S M AT BfTIMEnTws. 20D
PCR FEY) % Hi ik O Promega @ F v b THEHE L, Ascl
THHE L, [F U < Ascl THLHE & 7z pBac{3xP3-
EGFPafm}ic##E L7z, 29 L THESE & I 7z pBac
{EGFP-tim} % DHb5a 1 BUiA A T #§%E L, Plasmid
Mini Kit (Qiagen) THg#E, R FHPLZ FEICHW
7z.

timeless BILF% /v 77V NT 570D NT 8 —,
pBac{EGFP-timIR} %, pBac{EGFP-tim}® timeless
cDNA #IERACH % Wi\ & RASFCINCE#L 2 72 b D TH
5. £, timeless cDNA (GenBank accession No.
ABO073724) DIEFFLYIFES 883-1214 OFYRMEL %,
DK RNA 2R 12 LT, #EEE PCR & THEL
2. 774 =—0ldHix, timIRF (5-AAGAATTCTC
GGAGACCAAGCTATCACC-3) & timIRR (5-AAGG
CCGGCCGACAATGACGCCTCAAACC-3) T, th
Zi, 5N EcoRI & % Wi Fsel THIWT & 415 L% A8
fFin& i Tw . PCREY % K4, EcoRI THULHE
L, R 2 ) 7 — ¥ o U Cim & KAERLY %
fER L 72, © &1z, pP{CaSpeR-hs}®D hsp70 ® 7 1
=Y =¥ —3 2 —F—DEEF % H| % 12 PCR ik THY
BL7. Yax—%—HD77 4 ~—1% hspF (HiiR)
& hspPR (5-AAGGCCGGCCTATTCAGAGTTCTCT
TCTTG-3) T, #hZih, 5 M Ascl % X Fsel
THUIW s B EFDMfHImEshTnws. ¥—s 2 —%—H
D77 A4 <=3 hspTF (5-AAGGCCGGCCGTCGACT
AAGGCCAAAGAGT-3) & hspTR (5-AAAGATCTT
CCTGACCGTCCATCGCAAT-3) T, #n<h, 5 Hl
2 Fsel & %\ 1% Bglll THIKT & L 2 BeHn s v T
W5, 57D 0OPCREY % Fsel THRE LY F—X¥ T
HAE L 7212, Ascl B X O Bglll THLE L 2. WL %
[FIsE I PR EESRALEE X 7z pBac{3xP3-EGFPafm } I #H
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iA#, DHSa WCHGAA THIEL 72, WEIEL 7o R 7 & —
ZRE 8L Fsel T L, [F UHIFREESR TR L 7z
S NERY EERE L. 25 L TCERS LT pBac
{EGFP-timIR}iZ SURE 2 > Y7 > b 2 WVIZHUAA T
B L, Qlagen O F v b TR, HHLZ SEEICHW
7z
2.3 BEFHEIEZANXIT—DZFEA

B2 AR 2 ¥ —, pBac{EGFP-tim}® 3% \»
X pBac{EGFP-timIR} &, ERBEZEREBTONY ¥ —
(~o¥—~ 27 ¥ —)  phspBac (Handler and Harrell,
1999) X, & b W AEEE G mMKCl, 0.1 mM
NaH,PO,, pH6.8) WL, ~f 7ot~y hzH
W, C. costata DA EA U Tz, SREIFEH O
pBac{EGFP-tim & Y6 & KK It & 2 - 72 FER R R #5612,
/v 2772 s O pBac{ EGFP-timIR } 13 % I G % 7%
JALERE (B oWIHEARIcEA LTz . FIEAR I ETN
% 1 RIS U - R AL RT O R 2 R L 7z . IR
BHN—=2F A (5X18mm) W 7o 7 — 7k
WEHIL, 0%y /—Ni2 1 5E T TRE L%,
FREMSFEOA T —VICEE L. ¥4 708y MZ
HMEImm DA 7 A F v ZY— (GD-1, Narishige)
ZvA4 70y 7F—7— (PC-10, Narishige) T5l
WTIER L7z, EE P2 x> ¥ — (200 ng/uL)
CHEBEBERERFFANRY ¥ — (100 ng/ul) DIREWR 2
ulZ~ A 70Xy PZREL, v =Ealb—%F—
(MN-153, Narishige) ICFE L. ~4 70ty b
EWENT 74 v ERELIEA Y22 8 — (IM-6,
Narishige) IZO 7% &, HHHE DO A T —Y v =t
V—F —ZEEL RS, PIHIEOBKR B 2
FEAW® (10nL) ZEA L. AR OKIRICIX, &
AL & M R I AR TERR R e S A BT B B .
v avya v NTOBEEFHEZ AR, OO
DNA /R DELEF AL 2 L2 X > TER S h
5.
2.4 BEFHEBIEDRIV—Z2T

EBLEFHBZ X7 Y —%2EASNIPIEARIE, Wi
T — T e & 2N Y v — L Ic B LSERE M E T
25°CTHRE L. AL 1 HER, ¥R % 38°CT 30

Rl ~x7uny)yawya v NLiZ B 5EETHEEE 2 5%

SREVLIR L T, EEBRFAEBANY ¥ —2E b Ui
Bz 2 EEL 72 WML 7oy 7 A& (44
Z3cm, BE 10cm) B URKE CEREHCHE
U7z, B L 72 (G0 HAR) Rl % e 1 (@R >
ZHEL KA (GTHAR) 2B/, GO 2HB X
O 3 g 2 SEIRD A A8k Ul 5 6 SRS
THZEL, PR S REEDEEF T 2 [k % 55
Le. S EREME L, TR A A —F
(NSPB500S, Hiuffkas) Z3gficfiivy, ien EREM
FOWYIL R UV 74 VI = LTH YT TAD
VYRR LEER DD TH D . AL AR Bk
TOMEHEEARREAFTL CHBZ BRFRREESG
(homozygous) T»H 2R EMEILL 2.
2.b fRIRZ BT DFRIEMESR

MEN. S M- BE TR Z B B U 2 BIZF O FEH
X, WEEE PCR (RT-PCR) 12 & - TERL L7z cDNA
DOEEH] % fEMT U CHEFR L 72, IRbiET 2 3 dsh i %
38°CT 30 7 FIBLE U 7242, HRXiiRe R & & L Hlin s
43 % 10 EfE%E D, RNeasy (Qiagen) THS RNA ZHhH
L7z. &®RNA 2% LT, ThermoScript RT-
PCR System (Invitrogen) T cDNA Z{EE L7z, 75
A4 ~—IZix, Qt (5-CCAGTGAGCAGAGTGACGAGG
ACTCGAGCTCAAGCTTTTTTTTTTTTTTT-3)
AL, fER L7 cDNA 28812 U T, timeless
DALz BT % PCRIETHIEL:. 774 ~—I2ik
HIRD timF & Qt 8L U Qo (5-CCAGTGAGCAGAG
TGACG-3) Z{HEA L7z, iz EILT timeless D&V
#d DNA g5 % BigDye Terminator v3.1 Cycle Se-
quencing Kit (Applied Biosystems) THEIEL7z. 77
4 < —1Z1% timSF (5-GCAGTCAGTTCCAAGCAGGC
C-3) ZHWw/. EFOHEEICIX, ABI PRISM 3100-
Avant Genetic Analyzer ZF[f L 7z.

3. IEREEE

~rZuny)yawYa Nt C costata ZE S 1z
TEAG TR 2 RO 2 2% E 2K 1 127”7 . pBac
{EGFP-tim} & pBac{EGFP-timIR} Z #4942 7z 9 IZ

N7 G — Ll i (%) i (%) B (%) | G1##iz | M2 R TR
(Kbp) & (%) (%)
pBac{EGFP}** 800 152 128 68 15 1 42
(6.5) (19.0) (16.0) (8.5) (1.875) (0.125)
pBac{EGFP-tim} 954 174 84 1 1 30
(11.5) (18.2) (8.8) 0.1) (0.1)
pBac{EGFP-timIR} 1320 146 78 3 2 16
(8.2) (11.1) (5.9) (0.23) (0.15)

*2010 4 12 HBI{EOTHAEL
**pBac{3xP3-EGFPafm} D
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vt~ 27 ¥ —, pBac{3xP3-EGFPafm} % #JHAR I
HEALZEE, 800 BN & 1652 fHfk (19.0%) D%
His e L7z, Lo LR PE L 7 0 13 68 {1 f4
(8.5%) THotz. PULL-MEME (GO %2 1k
FTOREL TR/ Sz G 1R DS % HOE R AP
THEHZEL T, TIRMHERD & BREMOEEFT 2 Hik % &
BIU 72 E5, 15 EfE (1.875%) OiEifn TR 2 (A 2315
Shl. BSRERERO N5 v AR Y v, pigeyBac R
AAIRT T A NBIRY ¥ —1%, C. costata DERFHH
Bz EMTHoT. FAuyvavyav Nmiclik
3% 3xP3 7uE—% — bAEHN T, FROHOLER
BrEREIEL. LrL, 2ONY)yauyauNT
i, AR LS %, RETHREIEEHRITE 225K
RO T, BEFHBZDOA 7 ) —= > 735 H
TL»TZ2%0w. EROY 7 ABLORA ) —=2 7
TRRESNDHMIEZAE L 5. 15 {HEDE S T M
ZIWHIC KT 2 MR 1T ORE L, Zh e gt
RIEBOVEL T, REEABRRKERELL 2. Z Ok
T, EINBOY R NI DT, HELSNTR
MO DT THo 7.

timeless cDNA OFHFREEEL S w7 & KIEELS % pBac
{3xP3-EGFPafm HZ A A THIME 2 FEER 21T 5 2856,
RO E (18.2, 11.1%) LR EDPMEE (8.8,
5.9%) WK EmEE ol h, fHEaZEK (0.1,
0.23%) 1X1/10x < WA L. Lz RV ¥ —0
DNA A AW KRE L2288, M2 PHL X2 D
ERbNnD. FE, SEESG LM R#1E, pBac
{EGFP-tim} T 1 &ff, pBac{EGFP-timIR} T 2 Rt
SLENTz.

pBac{EGFP-tim} % 7~ L T timeless O & 57 18 1 D
cDNA 28HA 7z, ARG %R S 2 WIERIRRK
DR TIE, 38°C30 7T DENLEEE, timeless mRNA D
FKEMNE oI, M1 RT-PCREV .27 Hu—X L

TESUKBEI LR E2RT . iRz 252 B L 7235
&, 4Kbp fTUTIZ timeless W % £ b % PCR

>tim transgenic

5

M T+ T- N+S+

4Kbp —>

l:~xZuany)yawyavNTOBEETFHEZ S
W B D timeless BAGZ T OiEEHI FEH. XL, %5 PCR
(RT-PCR) EYIDO 7 Hu—XEBEKIKEE. M, 2-Log DNA
Ladder (New England Biolabs), Z&KHIX 4Kbp Z7~73 ; T,
pBac{EGFP-tim}iZ & 2 E{m T 2 26, + 13 BVLEE{E
R, —IXFEBVLE ) N, SERIKIG %2R & 2 WIERIRRHMK © S,
SR I % s 3 AL RE By AR A

FEYIDHER T E 1o, BV L 2o 72 35E R IR 2 R
WMTW, timeless DFRITERTE eholz. F4 0
YavYavNIHERD hsp70 D70 E—F —lF¥ T
JunyVyavYauNTTHEMTho7:.
B Lo TR HI FE R & N Tz timelss mRNA
(cDNA) oOBtFix, K2 2md &5, BIFREELRIC
Bt < JERUIRFHIE DS hsp70 D ¥ — 3 37— —DHLFIC
RoTBY, BIETHEIAZ OFEEE SIHERTE .

HEF

BT Z AN ¥ —DRBEE DT F —I1ZRD
FRpoRME L CIEE £ L7, pBac{3xP3-EGFPafm}
13 Byreuth K% ® E. A. Wimmer KO0 25T, A
BIREERFIRTOBHIES K, o BH L CIHE L
7z. pP{CaSpeR-hs}iZ Howard Hughes Medical Insti-
tute DSEIFEE > 5, phspBac 1 U. S. Department of

CGGCATCTGTATACGAAAACGAGATGGCCAACTGCGACAATATATCGATGGCTTCGGAT

CTAGAGCATATGTATGTCAGTGATGAGGAGGACACACATGAGATACATGAGCAGCGTGT

GCCCTACTATCATTGAGCGGCCGCGGTCTAGAAGGCCTAATTCCAGCTGAGCGCCGGTC
GCTACCATTACCAGTTGGTCTGGTGTCGGGGATCCGTCGACTAAGGCCAAAGAGTCTAA
TTTTTGTTCATCAATGGGTTATAACATATGGGTTATATTATAAGTTTGTTTTAAGTTTT

TGAGACTGATAAGAATGTTTCGATCGAATATTCCATAGAACAACAATAGTATTACCTAA

TTACCAAGTCTTAATTTAGCAAAAATGTTATTGCTTATAGAAAAAATAAATTATTTATT

TGAAATTTAAAAAAAAAAAAAAAA

2 EE B Z R B W ORRIFI S B 72 timeless mRNA (cDNA) OEERS] . fEEEg]

timeless THFRFAIR D b
DEFNC > TV .

. EAEEIFFERIEREE T,

pBac{EGFP-tim}H ® hsp70 ¥ — 3 Z— % —
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2010 F 12 B 17 BH={F, 2010 F 12 B 29 A=

PER7F REy a7y a unNTilBWTEELERGEBEEO—DTHY, F/fuvavday
NITIE, INETRTEESREENTVS. ZASHTE-XTF R IZEEIC L > TiEEZ2 R ITMSR
DWEDPEZY , N7 7 ) 71 L CROWTEEE 2T T b OPLERBICHEOIIEEE 2T~ T b D
DHISNTWS . KR BHIZE) S, PiIELTF Fix, AL ~v TREEOMEYNC T 2 itk
KRELHET LN, BEFVIWTREEIC L > TZ2OSFHEI Y — O BNE R 5 2 L3855
EoTw3, 22T, AETREIERTF R OS5 L PTEEMER A T oI ORb Y 12
OWTEL 5.

Molecular evolution of antimicrobial peptides in Drosophila

Yosuke Seto!, Azusa Koyama®, Koichiro Tamura!

Antimicrobial peptides (AMPs) are essential components for Drosophila innate immune systems against
microorganisms. Seven antimicrobial peptides have been identified in D. melanogaster, in which some AMPs
show strong anti-bacterial activity, but others show anti-fungal activity. Repertoire of AMPs and their expres-
sion patterns are important for individual fly to survive under infection of Gram-negative, Gram-positive bacteria
and fungi. Many molecular evolutionary analyses show different AMP genes have evolved in different manner.
Cecropin and Drosomycin genes, for example, have evolved under frequent gene duplication and deletion event,
so-called birth-and-death evolution, while Metchnikwin and Drosocin genes have kept only one copy in their host
genome through Drosophila evolution. Ecologically, Drosophila is distributed among various environments from
Tropical to Polar Zone, and some species have more resistance to bacteria or fungi than others have. However,
the molecular-based mechanisms which affect a resistance to microorganisms still have not been elucidated

clearly. In this paper, we introduce functions of Drosophila AMPs and their molecular evolution, and then

discuss evolutionary relationship between them.

1. EUHIC

FEX7 7 FEHARMEO T ELBRERTHY, |
KELEM s & BALAMNC o 72 2 [LHPH O 49 5355 D S et
WTh s, SISO KU IIMAEY 2 RN IR A
BV ETHY, YauParyNTREODRHT
W, 757 7 CTERBOWRTHREEEES 2 L THME
MOBAZTWTWS ., LaL, HRCERDWED
fHEICEBART 2 2 LI k- THAEYIBENICRAT S
£, ¥ a vy a UNTHEN TR RERIGHT| S 2
END . SR SR a2 & AR S R I K &

1) EERFFRFERF G TR R EEIR

! Department of Biological Sciences, Graduate School
of Science and Engineering, Tokyo Metropolitan
University, Tokyo, Japan

{aven, RALLMAYIRE—C, MBI X2
B 1EH (phagosytosis) = #f A (encapsulation) 7 &
OMfaMEREIC & > Chyh, B, Rk CcELS
n, BRI NLHE LT T PR bV RIGE Y
VNV BEREC K IHBEHEREBCLoTREINS
(Tzou et al., 2002a; Lemaitre and Hoffmann, 2007) .
DX EHE T T N id, BMEUPHERNIBRAL TE
T BEEESNIHWED Y VXV BETHY, vav
YavnNziZled, oMo REEREICB LT
FEHICEE L RE R L TWD ., EESRITERT
F N OREIE, ENICRAL TS MEOREEIIC L -
THRRDLH, ZRRETIERT T PREET LI LICE-
THEREQREFHESCNZ TV T, VA NVAIZWIZSIE
JRRAE D S EREPHEIL T 5.

WAEVIORBRIZ L 5T, ZROHERTF FOELES
NBEAH=ZZALEZ, F4uyavyayNzr2HnTE
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HICHFHRSN TS, ¥ a vy a VNIENICMED D
BAT B E, N7V 7 OMfEEERSThHB_TF N7
VA VIEHEERT 2RI F R TV D VRBBY N0 E
(PGRP) & EDOZHEMIC & o> T s, Toll ¥ 7
VRS Imd ¥ 7 F ViR e £ OMIlAN Y 7 F v imd
BN L CERTOMRER 7T FOEEZG| &L
3 (Tzou et al., 2002a; Lemaitre and Hoffmann,
2007). Yaw ¥a v Nz ® Toll # &= Imd £ 1%,
HFREIC BV TH ZDHEMORESTFAEL, BH53 5K
FOLL O ERCEECRESN TR, 20X
5m§ﬁﬁfm%b%%$i Z DREEEIC & > TN
WRALCEILMEMORZ, OMEMDOBRAIGES
%1@@?%0)%%’2%@?%5@5@@@\/7 FNRE, @
BALTEIMEY LT, BEEEATLIZEICLS
A SDPER (272275 —) ODREL3IDDI T A
WWHHT A ENTES.

Bz & QBRI S EHEBI 035 D IERSIE & 1
Temniz®, HRGIED A CIEFICSREME» 5 8
CEFEL T NIER SR, 207D, =778 —
THIHPERTF N MEEOBIGEICES DY, 4
DR BRI S % R CIRH IC HE L RE 2 R
LTC&eFHEzohsd., 22T, AETIE, Yyavya
INTORBEREOTTY, FIERTF RICEBHLT,
ZOHTFHEARA ) =X L%, PLEEM L 18FOMEMIC
X9 2 HEHLE L AR e A L OREMEIC O W TR U
5.

2. ¥avIauNIICHFIRENTF RO

S

INETOWTE» S, B OPIR AT T N B85
SHEY), N2 T ) T 25 EMEN SRIESI L
TBY, TNOHEXRTF Ficidw L Dhodi L 72k
BRREER TS, 9, ZL28100 7 2 VBT O
B5TET, ERREFOHERESED Y V7 ETh
Bz, B 2w O A ORI I EERIER T 2
ZETHRRT2ETAVLREIBESNTW S (Matsuzaki,
1999; Shai, 1999). —7, < OFE 7 F FizDnT
1, MARREESH S TR o TE Y, BER BRSEHRE
ENTWw3. iz, e b (Homo sapiens) @ Cath-
elicidin (Wang, 2008) =% A 2 (Bombyx mori) D
Moricin (Hemmi et al.,, 2002) % &, a-~V v 7 A&
DHEMMSID DX, 78 (Sus scrofa) D Protegrin

1 (Fahrner et al.,, 1996) =K >4 7 v = (Tachy-

pleus tridentatus) @ Tachyplesin I (Kawano et al.,
1990) R E -y —MEED AP LKL D, Tz, B
WA ES LB EYETCHELEL TV D
Defensin (Bonmatin et al., 1992; Hoover et al., 2001)
t N 2 (Hydra magnipapillata) ® Hydramacin-1

m b3s, H & WG

(Jung et al., 2009) D& 512, a-~V v 7 AL g~ — b
DHfERFL, THERBY AN T 7 4 REESICE -
T el ENTAERTF EBH SN T WS . Z Ol
Wb, BEHERHICEL < F1E L T v % Diptericin @
ok 7)o ru) vk EREDT S BOEEN
BLEWLIBHMIIMESINTEY (Wicker et al.,
1990), HLE-X7F NEITIX 7 & /BB v ~)v T
PHEFIZEAER SN W, 20X R, PiER
7F R OBEBER O THEIA D =R L EELBbo T3
eI NG .

BHRIZBIIHE 7T FO#EEICEET 2 MR
Hultmark et al. (1980) 2 & > THID THRES N2,
S 3B H © Hyalophora cecropia W % L T, Enter-
obacter cloacae (77 LEMR) 24 Y27 ¥ a i
IRz, AL 7 0BMETH 2 KBH
(Escherichia coli) % #% IR W (Pseudomonas aer-
uginosa) 7 EWZX LT in vitro TEBHERZS| S Z
TESTOY N I7EOFRENFELEEND Z L 2HDT
HiiL7.. 2o, Steineretal. (1981) 2L >T, 20
PLEEM 2R T ¥ > 287 B X Cecropin £ ZAfF T 51
7z, FEIREDREGSEERIC X - T, Hultmark et al. (1983),
Dimarcq et al. (1988) % Lambert et al. (1989) 12 £ > T
Cecropin & X £ 27 F FBRFEES L, ThZ
U Attacin, Diptericin, Defensin & Zff W &5z, &
No AMEOPER7F N, FfuyvavyarvnNc
RO ERERICB W T D ZOFESHEID S,
REZCHEET L ZEDHL L ER ST, Zho 4 M
DOPLE L7 F N OPLEEM X Cecropin DIFE & AR IZ
in vitro fEATH & Attacin & Diptericin 127 7 ABME
2% L C, Defensin 137 7 ABMERE IR L T HIE
WEHEERT 2 L HER S Lz (Wicker et al., 1990;
Dimarcq et al., 1994; Asling et al., 1995). %7z, ¥ =
v Y a v NT R WL NI X D, Cecropin X
MESLEEEIOE L T, BIAWHEEE 2R D 2 & 058
5k o7z (Samakovlis et al., 1990; Ekengren and
Hultmark, 1999). —7F, ¥4 vy avyavNIrs
i, fho BEH Tz R o595 Tw i d - 72 Drosomyecin,
Metchnikowin, Drosocin @ 3 FEIEOHIE L7 F F b [H
EIN, invitro DEBFHEFEERIC L>T,
Drosomycin & Metchnikowin (& B & 8 12 xf L ¢,
Drosocin 1327 AR I L CRWHEEE 2R T
Z EDfEFR s 7z (Bulet et al., 1993; Fehlbaum et al.,
1994; Levashina et al., 1995; Charlet et al., 1996) . Z#
5D ENS, PIHARTF N3 TcHEL w5 b
DO»o, FRERNICHEEL TV bDETHEET S Z
L, iz, JIERTT N OFEIC L > THEEE? Rk
LGN DT LWL M LRSI, Tzouet al.
(2002b) 1%, Toll & & Imd REBED /v 7 77 MIZ &
D, PR 7 F N E2ELE TS B koleFfuyvay
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YavNTEEHRL, TNOIWE0BLRHEANTF R
BET2EAUBHIRRS Ee. 2 OFE, mHFRHE
VPR 7 F R Z, in vivo TH in vitro TIEME %2R
U7z U CmuiEiE 2R T 2 LR S
Jz. 512, 851X, Attacin & Drosocin % H:FH &
2L, RKGHOBRTCBT 2EERPUESINDL S
£, T 2PHERTF FOMABDOEIZ L > THME
YINOEDIEZZAL T 2 2 L b ST, P F
R DOFIR Y — > L EY OBHTED I IZE I fRYE
NHD I EBEROCHHL:., 2o en»s, biHE
OWAE DG & HO 2T 2720121k, EOPiE
N7 F P EFEFODPPRELGE®RZFFO L WS 2 2355 »
5. 2D EMD, BRREMEYHE RTREANDY 2
UV auNTOMGERFET S0, YavYay
NI DOHALBEETED L I L THER 7T NEETO
LX— ) =L CE e 2B T 5 2 E WK E
HihlrThdbeEzons.

3. RENTFRODFEL

3.1 BEFEEICLDIMERTFNEGFDDFEL
20074, YawYau N 128D ) LEGIfR
Ft & N (Drosophila 12 Genomes Consortium, 2007) ,
N REBICBWTHREZELZERTHED LS I
SGAL, TRNENBED L S o TFHEM Y — 2 BRT
DPIZDWTHIFERIZFH N S 7z (Sackton et al.,
2007) . % OFEIR, Toll i< Imd R #E z & AW
VI P IMEERCED 2 EEFIIYa vy Ya v 12
FICBWTHBEERRESNTED, Z0%LBT /A
FIcE— a2 —DHEETELTHEEL TV L DINL,
PGRP % Il Bk (hemocyte) O Ml fE B i B H T %

nimrod (Kurucz et al.,, 2007) 7 &£, #EYOEHK D
ZBETRPERTF N EOT 7 278 —%a—F7F
LBETDHLIET / AP TEB O E—TFAEL, SE#E
EFIBRER L TwE Z e ko7, 72,
EYORB LT =7 7 —DBEEBETFIEY T I NVBRERD
BEFICHAT, Rt (B, 5203 FBFRENCE
ETE2HONL NI L bRERIN. BIZIX, ¥4 0
v avYaunNITRO»S L TEEOPE~R 7T FIC
DWW X, Drosomycin iFF A4 0¥ a vy a v N @R
T® &, Drosocin 1 Sophophora B JE T D HTEAE DS
HEhTws (K1), 2hsnZ s, fECED
LMETFORTY, ERer 72275 —OEETFIEY S
FVEERDOEGTF L IZELR Y, #LAR TEBTFOE
ORI EZBOKLCEIEHBEZONS. ZDOHTY,
PEX7F PRIRBCEERBRFRZERL T30
P, RMBRNZLOBZC I EPERINT VS
(Sackton et al., 2007) .

SERZFRER AR K 5346 L Tw % Cecropin 815 F 13
&7 ) AHIRIREE Ny a v Y ay N 12FEET
THRODP > TWwED, ZOREFAararvyary N
T4 a2 ©— (CecAl, CecA2, CecB, CecC), & 7+ ¥
vavw Yav N=x (D. simulans) T332 ©—, D.
grimshawi T 7 2 E—fFEL, B THZ->T W 5.
%7, INSEEELRTIZYT / A0 WESE (10 kb 2
W) 128 T ARHATHELTEY, £ OHEEICIIR
BEFELTWE2IE—BHFEELTVE. 2O LT
v avya v NTOMEGERE CHERELEETFER ERE
PO THWE xR RBL TWws (Ramos-
Onsins and Aguade, 1998; Quesada et al., 2005; Sack-
ton et al., 2007) . 7z, CecAl BT D _EHi 600 bp D
FEIRIZ X Cecropin & 13# 7D, 4 A DR HEEE R

Attacin

Cecropin

Defensin

Diptericin

Metchnikowin Drosocin Drosomycin
D. melanogaster () O @)
D. simulans O O O
melanogaster subgroup D. i
. sechellia O O O
melanogaster group D. yakuba O O O
D. erecta O O O
D. ananassae O @) O
Sophophora obscura group = D. pseudoobscure O O —_
1 be— D persimilis O O -
Drosophilidae willistoni group D. willistoni O @) —
— repleta group D. mojavensis O

: virilis group D. viris O o -
Drosophila D. grimshawi O — —

Hawaiian Drosophila

H1:47 ) 208fF5ashlzyaryaunNT 12BOLRKBEREVIERR7F OO0, &%y av
PauNIHEDT ) AFFEET BHER7F RiciEAL (O) 2, RoboTuRudbnix~A

FA (=) THRLTHS.
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FICFEILT 2 PLE -7 F K TH % Andropin ODTELEHH
S5pEioTWw%, Andropin iZFf 2y avyauynN
IEHBETOAR DL TED, 22007 Y YHEN
A4 bk > THEINSBEETFHEED, 220N
Vo 7 ARERT 2L, 5N 8D REED Ce-
cropin & #{L L Tw % Z & & &, Andoropin iZ Ce-
cropin DEBIETEBEICEI>TEDL, B2 HHH Y —
CERIERLUIHHPIEAN T T R ThE I ENRBEINT
W5 (Date-Ito et al, 2002). FkicF i oy avysa
v N TRERERF BRI FEAE L T v b Drosomycin b % &
BETHEREERL, 4 0yavyYay N TiE7a
Y—, D.yakuba T3 6 A E—, 75 FA¥avyav
NI (D. ananassae) TI¥ 4 2 €—1FF L, Cecropin
BLT L ARRICEREETFER L REC L > THERL
TERZEDRBINT WS (Jiggins and Kim, 2005;
Sackton et al,, 2007). 2D X312, PiE<LTF K D
bk, EH EREEED KT “birth-and-death evolu-
tion” (Nei et al, 1997) TH2 I EWREBENS. L
»L, ZOMHNRY -V BPERTF FIC Lo THx
% . #l 21X, Cecropin#&fzs T = Drosomycin i&f{n T D
DT RFIERTIC X B &, Cecropin s F I HEEEN OIT
BRI EBEE TEENR I > T s DI L,
Drosomycin IBE T F A @Y a7y a U NTHiFER T
7 A WO BRI EREOERNE I > Twa 2
EWNHH S ko T w3 (Jiggins and Kim, 2005;
Quesada et al., 2005; Sackton et al., 2007). N ET
2, INSERIETF FEEFO I E—[EOPiEE
HEDOFENRL T E— N BITTIEFEOWEYNNT T 2 KL
P OWTHFARSNTETEY, Drosomycin I&, 2
E—HEINT % 2 & THEED Fusarium oxysporum
R Aspergillus fumigatus 1203 2 HiED A B 2
W (Tzou et al., 2002b), F7z, KRR LW ZHWZ
in vitro CTOFBHRFER» S, ThZzhoaE—fHT
PIEE M 2 R TR 2 2 & L SEBICHER S T
W3 (Yang et al., 2006; Tian et al., 2008). 25D 2
EMS, vavya TIOR8 LT, BET
BREC LS THER7F FEEBEFOL /=) —% 2
E—BNZLT 2 2 DY, VBB RBEY N OESE
MR OB > TCEIEHLDLENTED.

SHEAYIC, Metchnikowin ° Drosocin i#{n1 1% Z 11
S5ERFEEOYa Y ayNIDs ) A, B—a ¥ —TCF
FLTEDY, Cecropin ¥ Drosomycin & 13 #7% % 4T
NS — 2 BIRT C EHRBENT WS (Sackton et
al. 2007) .
3.2 MEXRTFRICHHDEREIR

TIEIZ D 2 BIE TR AL TL 28R4 it
NI T 2720, IEOZREE, HALHREHH < 7
DA DS 2 LB o TwD . Bz T, BHEEIC
BWTC, BAIBAL TE PR Z T 2 F T

m b3s, H & WG

& HE 1 FHE A (major histocompatibility complex,
MHC) O fiJR 7 # ¥ 14 b (antigen recognition site,
ARS) %, FEFAFEELE (AN) »PHEZEELE (dS)
HREEICEW. — /AT, MHC ® ARS D40 T
XdS DEMNAN Lh b KR&<, HCMHCHTHTYH
PR BT % ARS 2 DIEOFEIC L - THEILL T
W3 ZEDNHS M ERST WS (Hughes and Nei,
1988) . MHC & [d £% 12, T %L #H @ Defensin ¥ Cath-
elicidin, =Y b VU / @ Gallinacin, ¥ &7 7 1) @ Ter-
micin 2 EOHHE R 7 F RicB W T b, dN/dS Lo fiE
B> & IE O FER (AN/dS> 1) B S Tw 3
(Hughes and Yeager, 1997; Bulmer and Crozier, 2004;
Lynn et al., 2004; Patil et al., 2004; Tennessen, 2008) .
L»L, @ TOPERTF NBRIEDOERIC X - TH#ILL
TWbrbTTEREW, YaryyauyNNZTIZBWTIE,
Drosomycin ¥ Metchikowin, Defensin %z £, % < @
PIER 77 FEGTFCREOEFNIIHRE SN TN
(Clark and Wang, 1997; Lazzaro and Clark, 2003;
Jiggins and Kim, 2005; Obbard et al., 2009) . Z DK
LT, MHC MBI { JERSE & I3 R D, FEOME
VIDRERIC & > TRRR PR TF PELE SN S Z &
, flx 0PI 7F ¥ LHFHOMEYIC T3 5 3R
EROZEDS, FIERTTF FiX, [RWPEARZ by
BHEREL a3, BORIFICEIERNICEES. - filERa s 2
EDEET, ZD»OMALERSHIE~R 77 F Ok
HWRTRKRELIEFALTCELAREEREZ SN TV S
(Sackton et al. 2007) . —77, R AV T 54K
PiEOHERE, ELOWETZENZNOEN D OPIE
TFROUN= ) =T Ll >THEBESN
TEieBbhs.

4. ¥avIau NIDEBREFNFIHERENT
FR

—REN, FA Y a Y a v NTOMENZRENFE
LTz, BRI Z WEHEHEREYE LTWwEH, ZJuya
Y a N OMEINEIRBEBRL -8R E ETEF
L, X7 T V7RI ERLZWEEZAEL TS, 2D
X O REEREDOENPS, JuyavYa v NTiEF
fuyavYavnNT kD bh EEICH L CROIETTE
ERIOZEBRETHLEFEZOND . BB T7AHE
D—FE % 450 U 7 K5 Tl /7 OFED EFFZR % Hilk L T 4
2%, zayavyYa v NTOHBHL PRI
Ptk R L (M2). L2280, ZhiTlczuys
V7Y g UNTTROD S T AHERTF FEEF O
BXEAovavdauynNno iy, o, HEE
WXt L iR W PR I M % 7R 9 Drosomycin & 15 T &
o TnuiwZ E07 /AT —F#F» 6 RBRE L Tn
% (#1). UL, L, Sackton and Clark (2009) X, 7
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070 \
0860 \

—¥—=Dmel
—A—Duir
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030

020
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040 * \
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\ \
|

0.10 \

000 %
fFBEHH

F2: 7 EDEZ B THELIF A oyayYaunNT

EruayvavYauvNNTOEERDE. AERIEIKEYa vy

YavunNzd 1l HEHORKE 2 JEE 7 4 H ED—FfEER

L7zEBERICANTHIE L. XB3FfayawyPa s

(Dmel) O4:fFEEL, ABZ7ayavYa vz (Dvir) O
EFEFEERLT0D.

Rl FAuyavYayNTTRIESNTWLIHENT T
FO—&

PE~7F F F PR BIETO 3 —H
Attacin 77 LR 4
Cecropin 77 At 4
Defensin 77 LG 1
Diptericin 77 NEME 2
Drosocin 77 LElH 1
Drosomycin H A 7
Metchnikowin =NGSE 1

Oy awvYavuNTiZT T AEMED Serratia marces-

cens £ 7 7 NG O Enterococcos faecalis % &G &
¥, THIC & > THREDFE S NEE T 2 R R
Hilicel?, zuvavyayNTikiEFfuayay
Y a NI TIERDD» 5 TR WIHOPE <77 N ik
GFPFEET LI 2RB L. BRIX, 74 ED—
BRI LI s TRENFEINIERETE
A7) —=> T LI 25, RRICHBRIIEX7F KD
AEEMEL H 2 BETF B CRFER) . s OfEEL
5, 70y avYavNTTCRIMEDOHERTF R 2
DI ET, MOWIIEREME 2 S LU RS R TR
5.

YauyauNTORIZK, rayvavYa NP
SNz b, Hirtodrosophila J&=° Mycodrosophila J& D & 5
KHEOAZRNZERMETHoD, NTAED
Scaptomyza JED ¥ a7 ¥ a7 NT D X 5 IZHEELEK
L7zBIR, HHLEPRELREHS QLD EEET 27
E,EFCEHEBEERT I EB S LoT WS
(Throckmorton, 1975). %7z, ¥ a v ¥ a v /NT |3 E
W OEICELEE CILCHEPICERLTEY, Zh
SERMIZBI AMEMMHbLZEICb: 5 L Bbhs.
sayvavuYauyNTiEHuiERromBEIN LD
2, SRERERREERT Y a vy Y a Nz, R

REEZEESNTORWIEX7F RBPEESFEELTY
e FEZoND. [KWHEHIFHDY a vy a vNTfEIC
DWW, ZNSDROPE R T T FHEGB T ORMEEH
R, ZORTERY a7 Y a v N OERBEHEDE
fBicED XS 1IcBbo7Dnr 2N T 52 LT L
D, ¥auPayNIBRED I L TEREICHEL,
EL T EDTFLUNLVCHHT 2 8 TX 2% &
a2, 2001, 7avavyay Ntk F
AayavYavNTDk IS DIHMEYICNT 5
WSR2 22N, Th 2/ oPiE~ 77
N2 DWW THFHEEFEEN 21T, &7z, Tzouet al.
(2002b) B{To72 kS, PIER7F FEELTE RN
owelieFAuyayyawNafifkic, oS
BonlyiEX7F FEETEEAL, ZOEEOME
Mt 3 2IRBIMEOZ LR AN E e EWEITH 5
EEZHNS.
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