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ABSTRACT—Cuticular hydrocarbons and morphological features were compared among 80 Formica
japonica colonies collected in Japan. Although a few morphological differences were found in workers
among the colonies, four different types of cuticular hydrocarbon composition were observed. This was
supported by a principal component analysis. We further compared the cuticuiar hydrocarbons among a
total of approximately 400 F. japonica colonies, and categorized the hydrocarbon components into four
types based on the result of discriminant analyses for the first 80 colonies. Type 1 was observed in colonies
mainly collected in southern Honshu, Shikoku, and Kyushu. Types 2, 3, and 4 were from colonies with pri-
mary collections in Southern Honshu, central and Pacific coast northern Honshu, and the Sea of Japan
coasts of northern Honshu and Hokkaido, respectively. The ocecurrence of four distinet types of CHC com-
position suggests that the colonies that produce them are separate species.
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INTRODUCTION

Formica (Serviformica) japonica Motschoulsky, 1868, is
distributed in the Russian Far East, Mongoelia, China, Korea,
Japan, and the mountains of Taiwan. It is one of the most
commen ant species in Japan. It builds both monogynous
and polygynous colonies that usually consist of a queen(s)
and hundreds to thousands of workers and broods. The
workers are usually solitary foragers. Their nestmate recog-
nition is based on chemical signals that are believed to be
cuticular hydrocarbon (CHC) blends (Yamaoka, 1990). The
blends are shared by the colony members but differ among
coloniss. In the monogynous colony, the queen unifies the
CHC blends of individual workers but the mechanism is still
unknown (Yamaoka and Kubo, 1990).

In a citrus garden in Kainan City, Wakayama Prefec-
ture, Japan, we sometimes observed that hundreds of F.
japonica workers covered the ground and foraged simulta-
neously. The foraging style appeared different from that of
the F. japonica workers we usually observed in Kyoto. The
nest of the Wakayama garden colony was wider but more
shallow, and contained dozens of inseminated queens. Mor-
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phological features of the workers were almost identical to
those of F. japonica in Kyoto, but the cuticular hydrocarbon
components apparently differed. We therefore suspected
that we were observing more than one species.

In general, a chemotaxcnomical approach including
cuticular hydrocarbon comparison is valuable for identifica-
tion of sibling or cryptic species (Howard, 1993). The use-
fulness of the cuticular hydrocarbon comparison as the
taxonomical criterion was also confirmed in a recent chemo-
taxonomical study on the termite genus Reticulitermes in
eastern Asia (Takematsu and Yamaoka, 1399). In this study
we compared both CHC components and morphological
features among F. japonica colonies collected throughout all
of the prefecture of Japan (except for Okinawa, where this
species is absent), and discuss the possibility that F. japon-
ica includes several sibling species.

MATERIALS AND METHODS

From 1992 to 2001, we collected Formica japonica workers
from all Japanese prefectures except Okinawa. At least 10 workers
from each of 3 colonies, but many more if possible, were collected
to check intracolonial and intercolonial variation of both morpholog-
ical features and CHC in each district. We also collected F. hayashi
workers because it is currently in the same subgenus and is sym-
patric in distribution with F. faponica (Terayama and Hashimoto,
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1996).

Individual live workers were anesthetized by cooling in a refrig-
erator and immersion in 500 pl of hexane for 5 min. The extract was
concentrated and chromatographed on approximately 500 mg of sil-
ica gel (230400 mesh, Merck), and packed in a disposable Pas-
teur pipette (7 mm dia.}. The hydrocarbons were eluted with 3 ml
of hexane, then analyzed by gas chromatography (GC) and gas
chromatography-mass spectrometry {(GC-MS}.

For identification of the pesition ¢f the double bonds in unsat-
urated hydrocarbons, the separated hydrecarhons were further
chromatographed on approximately 500 mg of silica gel, 230-400

mesh, and impregnated with 10% silver nitrate. Then they were
successively eluted with 3 ml each of hexane, 1%, 2%, 5%, 10%,
15%, and 30% ether-in-hexane to separate unsaturated hydrocar-
bons from saturated ones. The unsaturated hydrocarbons were
delivertized by dimethyl disuiphide (DMDS) to estimate the position
of unsaturated G-C bonds {Dunkelblum et al., 1985)

GC analyses were performed on a Hewlett Packard HP6830
GC equipped with a flame ionization detector. An apolar capillary
cofumn (HP-1, Hewlett Packard, 15 m length, 0.25 mm dia., and
0.25 um film thickness) was used for the analyses. Helium was
used as a carrier gas, and the column head pressure was 60 kPa.

Table 1. Comparison of four CHC patterns in Formica japonica

Peak No. Hydrocafgon ECL Suspected compounds Content”?
groups Type 1 Type 2 Type 3 Type 4
1 c23 22.66 7-tricosene *
2 22.73 9-tricosene * *
3 23.00 n-tricosane * * *
4 MeC23 23.40 11-methyltricosane *
5 23.43 9-methyltricosane *
6 23.43  7-methyltricosane *
7 23.55  5-methyltricesane * "
8 C24 24.00 n-tetracosane * *
9 C25 24 .66 7-pentacosene
10 2473  9-pentacosene * * *
11 25.00 n-pentacosansg * + *
12 MeC25 2540  13-methylpentacosane } + . +
13 11-methylpentacosane
14 2543 9-methylpentacosane +
15 25.54 5-methylpentacosane * *
16 2573 3-methylpentacosane * +
17 diMeC25 25.68 9,x-dimethylpentacosane * +
18 2573 dimethylpentacosane *
5,X-dimethylpentacosane . .
19 2582 1513 e
3,X-dimethylpentacosane
20 2612 o) vip i
21 c26 25.74 9-hexacosene *
22 26.00 n-hexacosane * * * *
23 MeC26 26.39 13-methylhexacosane *
24 12-methylhexacosane *
25 10-methylhexacosane *
26 ca27 26.68  7-heptacosene * *
27 26.73 9-heptacosene + ++++ + +
28 27.00 n-heptacosane + + +
29 MeC27 27.38 13-methyiheptacosane .
30 11-methylheptacosane } i * *
31 27.41 9-methylheptacosane *
32 27.52 5-methylheptacosane
33 diMeC27 27.65 11,15-dimethylheptacosane
34 27.65 9, X-dimethylheptacosane + +
35 27.78 5,X-dimethylheptacosane +
36 riMeC27 2811 trimethylheptacosane
37 c28 27.75 9-octacosene *
28 28.00 n-octacosane * * +
30 meC28 28.33 14-methyloctacosane * *
40 28.35 12-methyloctacosane +
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Table 1. {Continued)
Hydrocarbon Content*

Peak No. ygroups*‘ ECL Suspected compounds Type 1 Type 2 Type 3 Type 4
M diMeC28 28.67 10,14-dimethyloctacosane +
42 C29 28.63 7-nonacosene *

43 28.72 9-nonacoseng * ++ +

44 29.00 n-nohacosane + + + +

45 MeC29 29.37 15-methylnonacosane * + +

48 20.37 13-methylnonacosane ++ * + +

47 29.37 11-methylnonacosane ++ * + +

48 29.41 9-methylnonacosane * + +

49 diMeC29 29.62 11,X-dimethylnonacosane +

50 29.68 9, X-dimethylnonacosane + ++
51 29.76 5,X-dimethylnonacosane + +

52 29.98  dimethylnonacosane *

53 triMeC29 30.03 trimethylnonacosane +

54 C30 29.74 9-triacontene *

55 30.00 n-triacontane *

56 MeC30 30.36 14-methyltriacontane * *

57 30.36 12-methyltriacontane *

58 diMeC30 30.61 10,X-dimethyitriacontane * +

59 C31 30.76 9-hentriacontene *

60 31.00 n-hetriacontane * * *

61 MeC31 31.36 15-methylhentriacontane }

62 13-methyihentriacontane ++ + +
63 11-methythentriacontane

64 31.40 9-methylhentriacontane + +

65 diMeC31 31.63 13, X-dimethythentriacontane ++

66 31.63 11,X-dimethylhentriacontane ++ +

67 31.66 9,X-dimethylhentriacontane ++
68 31.88 5,X-dimethythentriacontane +

89 32.03 3,X-dimethylhentriacontane +

70 MeC32 32.31 methyldotriacontane * *

71 diMeC32 32.61 10,X-dimethyldotriacontane *

72 C33 32.75 Y-tritriacontene *

73 33.00 n-tritriacontane *

74 MeC33 33.33 17-methyltritriacontane + +

75 33.33 15-methyltritriacontane + +
7% 33.34 13-methyltritriacontane + * +
77 33.35 11-methyltritriacontane + * +
78 33.37  9-methyliritriacontane +
79 diMeC33 33.56 15,17-dimethyltritriacontane

80 33.56 13, X-dimethyltritriacontane

&1 33.56 11,X-dimethyltritriacontane

82 33.72 dimethyitritriacontane +
83 MeC35 35.39 17-methytpentatriacontane *

84 35.39 15-methyipentatriacontane *

85 35.40 13-methyipentatriacontane *

86 diMeC35 3571 dimethylpentatriacontane +

51 29.76 5,X-dimethylnonacosane + +
52 29.98 dimethylnonacosane *

53 triMeC29 30.03 trimethylnonacosane +

* Carbon number in the longest carbon chain is noted after the large capital C. For methylalkanes, the number of methyl
branches is shown as “(mono)Me,” “diMe,” and “triMe” before the capital “C".

*2 Contents by percentage: *<1%, +<10%, ++<20%, +++<30%, and ++++<40%

Type 1, 2, 3, and 4 workers were collected in Tsuno {Miyazaki Prefecture), Kyoto {Kyoto Prefecture), Nasu {Tochigi

Prefecture), and Hakodate (Hokkaido Prefecture), respectively.
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Fig. 1. Gas chromatogram of CHC blends of Formica japonica workers collected in Tsuno (Miyazaki Pref.} {a), Kyoto (Kyoto Pref.) {b), Nasu
(Gunma Pref.) (c), Hakodate (Hokkaido Pref.) (d}, and of Formica hayashi workers (e)
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Injection was made directly onto the capillary column through the
cool on-column injector at 53°C and the injector temperature was
programmed at oven temperature plus 3°C thereafter. The termper-
ature program of column oven temperature was 50°C for 5 min,
50°C to 310°C at 15°C/min, and then held at the final temperature
for 5 min.

GC-MS analyses were achieved with an HP6890 gas chro-
matograph interfaced to a JEOL JMS SX-102A double focusing
mass spectrometer at El mode with 70 eV, and operated with an
HP Model 715/64 computer. GC was operated in the same condi-
tion as above, but the coiumn head pressure was 18 kPa.

Nei's distance (Ferguson, 1980} was calculated as an index of
the similarity of CHC blends for individual workers from a total of 40
colonies. Nei's distance ¢ was defined as ¢ = |a-b|/(a-b) where a
and b are vectors. Each vector presents the CHC blend of individ-
ual workers that is composed of 86 elemenis. The elements are the
area size for selected FID peaks with amounts greater than 0.1%
of the total amount of the CHC's. For a larger value of ¢, similarity
is considered to increase, and vice versa.

A total of 53 hydrocarbon components with relative content
that was more than 1% of the total amount in each colony were
selected for multivariate analysis. The data were processed by clus-
ter analysis {CA) and principal component analysis (PCA) and were
submitted to discriminant analysis (DA} using Mahalanobis dis-
tance. All these multivariant analyses were performed with the
“Black-Box package” for data analyses in Acki, 2001.

RESULTS

Identification of CHC components

CHC compounds of F. japonica consisted of alkenes, n-
alkanes and various methylalkanes with 23-37 carbons. At
least four different types of CHC pattern were confirmed
among F. japonica colonies (Fig. 1a—d, Table 1).

The CHC components of the workers collected in
Tsuno {Miyazaki Prefecture) were with 23-37 carbons. Alk-
enes contained 7-alkenes and 9-alkenes, and methylal-
kanes consisted of mono-, di-, and trimethylalkanes (Fig.
1a) (hereafter, named Type 1). Those of the workers col-
lected in Kyoto (Kyoto) were, however, with 23-33 carbons.
The alkenes were all 9-alkenes, and methylalkanes were
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minor components (Fig. 1b) (Type 2). The CHC components
of the workers in Nasu (Tochigi) were with 23-35 carbons,
of which methylalkanes were mono- and dimethylalkanes
(Fig. 1c) (Type 3). Those of the workers in Hakodate (Hok-
kaido) were also with 23—-35 carbons, but the methylalkanes
contained trimethylalkanes in addition to mono- and dimeth-
ylalkanes (Fig. 1d) (Type 4).

In contrast, the CHC patterns of F. hayashi were all
identical among the colonies collected in Hakodate (Hok-
kaido), Hachinche (Aomori), Hanamaki (lwate}, Mito (Ibar-
aki), Suwa (Naganc), Kyoto (Kyoto), Nakamura (Kouchi},
Fukuoka (Fukucka), and Qsumi (Kagoshima). The CHC
consisted of alkadiene, alkene, and n-alkanes with 25-33
carbons (Fig. 1e).

Intra- and intercolonial variation of the CHC blends

Resemblance of the CHC blends was evaluated as
Nei's distance among 10 nestmate workers each from colo-
nies of Miyazaki, Kyoto, Tochigi and Hokkaido Prefectures
(all sites had different CHC types). Nei's distance was cal-
culated between all the pairs of the 10 nestmate workers of
each colony (45 pairs ). Averageststandard error (s.e) were
0.983+0.003, 0.950+0.026, 0.984+0,010, and 0.977+0.015
in the colonies collected in Miyazaki, Kyoto, Tochigi, and
Hokkaido, respectively (Table 2). In the same manner, Nei's
distance was calculated between all the pairs of workers
from different colonies (100 pairs between 2 colonies}). The
average distance was always smaller between the colonies
with different CHC types than between the colonies with the
same CHC types, but the latter was smaller than that among
nestmate workers (test, P<0.001, Table 2).

Cluster analysis (CA) (Ward's technique) was con-
ducted on CHC data obtained from a total of 80 F.japonica
colonies that were pairs of sympatric colonies collected from
40 different localities (Fig. 2). It suggests the existence of
four principal clusters (Type 1, 2, 3, and 4) within the 80 F.
japonica colonies. Colonies of Type 1 were collected in

Table 2. Resemblance of the cuticular hydrocarbon components within and among colonies with differ-

ent CHC types
Nei's distance {averagetstandard error)
Type 1 Type 2 Type 3 Type 4
Type 1 0.983+0.003 0.444+0.189"* 0.647+0.103** 0.55610.068**

(0.917+0.015)*"

0.950+0.026"

ok + x
Type 2 0.90010.02gy- 051040219 0.36920.191
0.98410.010° "
Type 3 (062810 014y~ 0-666:0.09
Tvoe 4 0.97740.015*
yp (0.936+0.024)"*

* Nei's distance was calculated between all pairs of 10 nestmate workers in each colony, and the

distances of a total of 45 pairs were averaged.

** Nei's distance was calculated between all pairs of 10 workers from different colonies, and the dis-
tances of a total of 100 pairs between two colonies were averaged.
*** Nei's distance was calculated between all pairs of five workers each from five different sympatric
colonies, and the distances of a total of 125 pairs were averaged.
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Fig. 2. Dendrogram from the cluster analyses of the originaf CHC blends
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Mivazaki {Miyazaki), Sakurajima (Kagoshima), Nagasaki
(Nagasaki), Kumamoto (Kumamoto}, Matsuyama (Ehime},
Hakata (Fukuoka), Takeda (Oita}, Toyama (Toyama},
Okaya (Nagano), and Kainan (Wakayamay); those of Type 2
in Shimonoseki (Yamaguchi), Hircshima (Hiroshima),
Kurashiki (Okayama), Souja (Okayama), Takamatsu
(Kagawa), Tokushima (Tokushima), Sasayama (Hyogo),
Kyoto (Kyoto), Kashiwara (Nara), and Maibara (Shiga);
those of Type 3 in Kofu (Yamanashi), Higashimatsuyama
(Saitama), Tama (Tokyo), Narita (Chiba), Tsukuba (Ibaraki),
Mito (lbaraki), Fukushima (Fukushima), Sendai (Miyagi),
Hachinohe (Aomori), and Morioka (lwate); and those of
Type 4 in Niigata, Murakami (Niigata), Hakodate, Muroran,
Rumoi, Wakkanai, Souya, Yakishiri, Nemuro, and Obihiro
(Hokkaido}).

Principal component analysis (PCA) was also con-
ducted on CHC data obtained from the 80 cclonies. The

first, second, and third principal components accounted for
36%, 34%, and 24% of the total cumulative variance,
respectively. Analysis of these three principal components
shows that the colonies can be classified into four groups
(Fig. 3). A plot of the first and second principal components,
which accounted for 70% of the total cumulative variance,
shows that both Type 2 and Type 4 colonies are well sepa-
rated from both Type 1 and Type 3. In contrast, in a plot of
the first and third principal components, Type 1 and Type 2
colonies are well separated from Type 3 and 4 colonies,
whereas that of the second and third principal components
of Type 3 and Type 4 colonies are well separated from Type
1 and Type 2. _

As a second step, stepwise discriminant analysis (DA)
using Mahalancbis distance was conducted on the CHC
data from 80 colonies to determine which variables separate
the four groups. The calibration consisted of the group mean

Table 3. Regression coefficient and partial F value for each hydrocarbon component as a signifi-

cant variable for discrimination of four types by Mahalanobis distance

Regression coefficient Partial
Hydrocarbon components P value
Type 1 Type2 Type3d Typed4 Fvalue
X002 —10561 29 —8559 -5037 65.017 0.008
X004 -169 —380 —4018 -1631 46.636 0.058
X006 -5833 448 -946 ~-7174 87.013 0.001
X008 -13418 766 —-10787 -—-11162 200.4 0.000
X002 14151 2114 —-855 28938 251.27 0.000
X010 2158 -1140 1779 -3977 73.756 0.003
X012 5330 -214 -7138 813 75.973 0.003
X016 -930 511 2143 22786 93.418 0.001
X017 ~14863 303 12580 26595 120.09 0.000
X018 757 -502 —-4599 —-B582 164.79 0.000
X019 3140 232 -11738 -14124 163.76 0.000
X024 —1535 —505 -2112 3081 33.452 0.258
X028 —7272 84 —-706 —-6477 127.46 0.000
X029 21424 —2282 9307 —3075 311.08 0.000
X031 34660 —-2549 20959 -944  439.13 0.000
X032 4290 —-397 10870 1050 101.76 0.000
X037 ~-40701 3283 29529 3601 1198.3 0.000
X039 —38351 2337 27825 —693 1332.4 0.000
X040 —-29623 537 -31106 —16140 518.75 0.000
X044 -32054 2074 -30192 1717 685.08 0.000
X045 -11397 -7 23280 —61469 811.82 0.000
X046 —-22195 —871 2184 53021 1422 0.000
X048 13658 —927 7655 12391 118.17 0.000
X049 - 3866 ~1376 2426 30714 323.78 0.000
conhstant 253770 4981.9 188460 384320

Mahalanobis distances were 165 between Types 1 and 2, 118 between Types 1 and 3, 185
between Types 1 and 4, 138 between Types 2 and 3, 192 between Types 2 and 4, and 186

hetween Types 3 and 4.



ueder Ul spus|q OH9 10 sodA] 1oy Jo uolngusiq b “Bid

al} Buowe sisylom ay) jo sainjes) [eoiBojoydiow asay; Ul
- sagueleyp wedubis ou alem alayl (001 X MH/S) Xepul
adess pue {001 X TH/MH) Xepul aeydas ‘yiBusy a4s punod
-Wwed (18) yibus| adeos euusiue ‘(MH) Uipim peay ‘(TH)
uibust pesy Buunseaw AQ AbBcjoydiow [eulaxe Ul sadug
-1alIp puly 0 sadA)] IN0) Y] JO SIONIOM POUILLEXS OA
saines) ealbojoydiow jo uosuedwo)

-opjedwAs alam sadfy noy eyl ‘saimpaend
[ei8ASS U] "OpIEMMOH PUB NYSUGH ulayuol Jo 1seod ueder o
Bag a8yl uc s| uonnguisip (sejpso pal) + adAl nysuoy we
-yuou (2119Bd) [BISEOS PUB [BIIUSD Ul pUNOY a8 {$9)2410 an|q)
selu0j00 € adA] seBaleym ‘NYSUOH UIBUINos Ul painguisip
alem {seouo ¥orlq) sawwojeo g adAl 'nuysnAy pue ‘mojIys
‘NYSUCH W8YINos Ul painguisip Ajulew aiam (Se0110 ajiym)

seluojoo | adA] "DHM 10 sadAl USIOYIN N0 SYI UM SDILO
-102 8u Jo uonnguisip ayl smoys ¥ Bi4 "yQq uo psseq sdnoib
oy ol uedep Ul peyo|os alem eyl seiuojod eouodef
‘4 00 Aelewixosdde jo swiened DHO peHISSEID op
uedep
ul 5,9H9D Jo sadA) Jnoj yum saluojod jJo uoninglLysia

‘€ 9|1qel
Ul UMoys ale senjea 4 [eiued pue sjusplye0d uolssaibay
‘sdnotb auy 10ipaid 0} siojeuiulosip JueoublS SB uasoyd
slem stusuodwo2 UogieoQIpAl $E Jo [BI0} B ‘Y JO |nsal
B Sy 'C 9|gel ul peAeidsip ele seouBlsp 9sBy] pelels
-Uab aiem suOnRIGIRD U} YDIUm LU0 S19S BIEP 83U} IO} PalE|
-noeo alam sdnoif snouea oY) usemisq SIJUBISID SIGOUE
-[BYBIA "XMIEW UOle|eLl00 pajood pasisAul 8y} pue XLjew

€91} eaiodef "4 Ul UonBLBA DHD



-N{BAUE 10§ AISIBAIUN BLIURL O BIOY *S "I(] 'S9IU0a0 Boodef o eyl
jo uonoajjoo ayy ul diay Jiey) Jo} AISISAIUN SIBM| JO BIMWIYSOA N
I pue ‘uoneziuebiQ yoressay [einynouby |[euoieN auyl jo ebiyg
‘W "1q ‘seousiog [eolbojoiqo.By o sInpisuf [BUIOHEN SU 1O 1BIIH ' A
1] ALSUBAIUN BMEZBUEY JO BIEMBYYO "M Qg ‘Ausiaaiun emebey
10 O "4 Q ‘uoiBay welsepn Bul 1o} 18luan yaeasay feinynouby
[euoeN B8Yl J0 0leS 'O "Ig ‘Ausieaun yonbBewe, 10 nsjewsye |
‘A A ‘uonelg wswuedxg einynouby  Binoseld Buiysobey
ay} jo youelg wnsQ oyl jo ebeusng "H IQ UBYL 8pA

SINIWIDATTIMONADV

‘spoyiaw |eaibojoyie pus
{eoifio|oos Aq sdnouB inoy auy usamiaq sielreq saonposdat
jo ucpealesqo (g pue ‘seanonpoaidss o1 oioads sainies)
[eaibojoydiow ayl jo uosuedwos (g ‘senbiuyoe) Jenos|ow
Bursn sdnoib unoy ayy Buowe ssurmsip onausb syl Jo uosI
-redwoo (| :xeuod Bumoljo) ayy ul } Aessaosu ale sslpnls
Jayuny ‘sissyiodAy Jno 188} 01 'saloads uyum spusuodwos
OHD 8UYl Ul UOBUEBA JB3IS U2ns mOus 12yl suodes ou aue
‘alay} ssneoaq Bupgsesslul 1S S| uouswousyd ay ‘lersmoy
‘uolyeleA Jldedseliul 0] OnNp 2B SIJUSIBNIP 8U JI USAJ
‘padojaasp U moy upepsoun st i ‘0s §| ‘uopeeds omedeled
Jo ouiedojje Jo ynsas B oq Aew sedA] DHO USLa)Ip JNo)
sy} Buowe uonesedss |eoydeificen "ssipads juspuadapul
aie sdnoif inoj ayi Jeyl asodoid em ‘Bowode! 4 uj
‘uosedwo? [eoibojoydiow pajelep
Jayuny 1o} N2 B 0SB pue ‘LONEDIHIUSPI 1O} JSi0RIBYD B|qB
-njeA e aq 0} sieadde paspul JHD 8Y) 'SESED ISOW U] "puno}
M3} alam sasualeyip |edibojoydiow yoiym ul ‘salpads on
~dAio 10 Buiaqis Ajluspl pue Asselo 0} sueaLw Jansqg e 1ubnos
saipnIs asay) jo Aue (0861 ‘e je eljedsg) sdsem oiseled
pPuB (6661 ‘BYOBWEA pUB NSIEWSME] ‘8REL ‘f& 18 AlareH
ILE61 YE jo grey) sapuwuel (1661 ‘UCSIIED PUB SUIABT (1661
‘Rensiipy pue uospeD) suiow (L6l ‘Aexoo ‘geel ‘1B 19
uap|og)) $3)199q UM Pasn Usaq aaeY sayoeoldde [eoILLICUO
-XejoWayod Y4ong 'seinads 109sul Jo UONBIIIUSRI pue uoneul
-wposIp Jo} sadAjousyd se suopisodwos DHD 10 UdISUsSWIp
mau e sapinoid SIUL "ucnBleA Dloadsenul sl S eleu)
eyl pue ‘jgae) sseloads e usiapp Aessusb ale suomsod
-Wwiod DHY 10asul jeuy pajedipul (£661) piemoH "paynsnl aq
sse|oyuasau Aew eouodef 4 ul sdnolb ounsip BuiziuBooas
uoissnosip Jno ‘sdnoub aney sy Buowe siaxiom Ul paziuBbo
-03J alam saduslapip [eaibojoydiow Jouw may ubnouyy
(9661 ‘clowiyseH pue ewedess] Cwwod ‘siad ‘yop
-uoy|) seloads om] Jo UoikeaUIBP B} Ul paynsel yoiym ‘poded
-wo2 Anjeses sem ABojoydiow Jisy) ‘UeIS B SB SIUL UM
‘PAALESCO 2laM Sedusseapip Jeugey wbys ‘eowode! 4 yuim
uoxe] alues ay; ul paoeid Alswlo) sem jysedey 4 ybBnoyyy
‘(LeglL 'semnoQ 1861 ‘Msiesld pue usuielesdep) Eonu
-104 10} anJ} osfe 8| siy) sepeds Buigis 9say) 10 9sNBISg
‘paquasep Jaguwinu uaung syl uey) Jejeslf yonw aq pnoys
sol0eds B JUBIXS JO Jaquinu [entoe ayl ‘alojauayl (1661
‘Vejles €861 ‘Q'BORBEL ‘PIEM ‘1861 ‘ABDIfEH ‘8861 ‘B 19
pueisol) (/261 ‘181zoin) ABojoyie 1o/pue ‘ABojolq ‘siequuinu
SLOSOLWOIYD Ul S32USISHIP 8U1 Ag 10 ‘'sajewl pue susanb g
‘aanonpoides syl 0) aoeds sainjes) [eaiBojpoudiows syp ul

saoualalIp sy} Ag pejeiedos usyo ale selads Bulgis esey]
‘(0661 ‘UOS|IAA PUR JSIQOPIIQH ‘8861 ‘UoSIIp) peisebbns
AlBuois s1 uonejos| aaonpoudal YBnouyye ‘spel) [ea1uoieue
Aseulplo jo suestl Aq psjeledas Ajpsey ese suonendod yue
-I9YIp JO SIHIOM Blaym Sased Auew ale alay) ‘sjue u|
'sedAl OHD
jusiayip Jo sealonpoldel usemieq sinoooc Buiposigssols
yons JI eas 0] Alesseoau s) ‘sadAl HHOD wWsIap Usamlaq
sellepunog e Alepadse ‘yoieosal pajiglep Jayung "puno)
wop(as aq pinom sadAl HHD pUgAY ‘uoneLlieA onedsiaul
0] 9Np 8JB SBOUBISIP BUl § ‘ISBIU0D U] "AlleouiedwAs 1sou
gadAl HHD JUBIaPIp Yim SOIU0|02 siaum sade|d SUL Ul puno)
ag pinoys HHD Jo sadAl pugAy ‘uonelea oloedselul o]
anp ale sjuauodwod JHD JO Saoudlayp aw | sadAl DHD
sy} Buowe spus|q HHO Jo sadAl pugiy punoj 184 10U ARy
9M 'seinosjeld 1yonBewe ) pue ‘ewelio] ‘erebiy ‘ouebey
Buipnjoul ‘eaJe peisaas Ul Ajjeouiedwis panguisip ale sadA)
AHD JuSKBYIP yum sawopa ‘¢ B4 ul umoys sy "seads
Bujiqis aq Aew suoneindnd Jnoy eyy teyl pue ‘suonendnd
{eoydeibosli 0} puodsenod sedAy HHO inoj assy Jo seu
-0]02 Jeyi sieadde }] ‘suoinguisip aieledes ‘saluolo0 By) Ag
paje|esed a1e spualq DHD ‘sewuc|oo eaodel 4 u| (1 "Big)
OPIEXYOH PUE NYsSUOH Weyuocu o 1seco ueder jo B9g 8U) 18
¥ 8dAl pue ‘nYsUCH WIBYUOU |BISECI-OI0Ed PUE [BIJUBD Ul
¢ adAl ‘nysuoH wauincs Ul g adAl ‘nuysnAy pue ‘nyoyIyYs
‘NYSUCH UJBYINos Ul panguisip AJUlBW Sajuojod Ul PRAISSqo
sem | adA] eyl pajeoipul Y U paseq sauo|oo eawodef 4
o ucneonisse|d (¢ e1qel) sdnof Inoj 8yl JO UORUILLLIOSID
J0} SlUeUOdLIOD DHY T2 PeuluIalep SaUBsIp SIqouBeyey
Buisn sasAjeue uoneuwIoSIp asimdels ‘Aljusnbesqng “Ajean
-gadsal ‘| adA] pue ‘¥ edA] ‘z edA] pezusiorieyo susuod
-wo2 |edipuud pug pue ‘pug 9s| ayl sdnolf snoj ysigeise
0] SN pamo||e OS|e SI] "80UBUEA [BIO} 8} JO %6 paluosal
-das yey; slusuoduwios [ediound ¢ 0] se|qeLRA £G 8UY) pacnpal
vod (2 ‘Bid) sdnoub jediound inoy jo 8auisIXa oy} palsab
-6ns s91U0J00 (8 10 SPUBIQ DHD BUl UC SasA[RUE 18]1SN{7D)
(L ojgeL Uy pue ‘g g
‘| sadA ) ueder inoyBnouy) paioe)od suswinads soodel o
ul Juasaid alom uosodwiod HH0 ul sadAy 1ouisIp Jnoy ()
punoy am ‘Isasmoy ‘Apms siyl u| onads AuojoD aie sonel
pusiq Jiaylr pue ayiwads sawads ale suopsodwod DHD
jue sy} “a7 (066 BjOBUIRA ‘G661 |90 pue 193l JSPUBA
'E66 | PIEMOH) SIUE Ul HH7) 9y} UC SaIpn}s snoiasad Uiim jus)
-8ISU0D ale SYNSaJ 9say] 'salucior sumedwis Buowe usae
pelaylp soiel pus|q S INQ UCWLWIOD sJem sjuaucdwod
DOHD 83 (2) pue ‘(g eiqel) seuocdwod DHO 8yl (B paule;
-U0D 1Byl SPUSIq [BIIIUSP] ISOWE PAJEYS SISnIom 8)eullsau
(1) ) pajesnsal eaodel 4 Ul DHD 8yl Jo uosuedwon

NOISSNOSIa

‘oBoAH ‘senialoy urwnY
pue ainfeN JO Wnesniy aul pue ‘egmyns] ‘@susiog juawuol
-1AUg-016Yy Jo alnIsu| feuolieN Byl ul palsodap ale eojucdef
‘4 10 sedAl Inoy By} J0 suswmads JaysnoA PeUNCW 8L |

(*daud ul ‘exoeWRA pUB CUNY Bwehela] ) sedA)

1B j2 ouny ‘1 PoLl



CHC variation in F. japonica 1165

able advice on statistical analyses, and Mr. 8. Glushkoff for
improvement of this manuscript.

REFERENCES

Aoki S (2001) Black-Box —data analysis on the WWW—,_ http://
aoki2.si.gunma-u.ac.jp/BlackBox/BlackBox.html

Cartson DA, Milstrey SK (1991) Alkanes of four related moth spe-
cies, Helicoverpa and Heliothis. Arch Insec Biochem 16: 1654—
175

Crosland MW.J, Crozier RH, Imai HT (1988) Evidence for several
sibling biological species centered on Myrmecia pilosula (F.
Smith} (Hymenoptera: Formicidae). J Aust Entomol Soc 27:
13-14

Crozier RH (1977) Evolutionary genetics of the Hymenoptera. Ann
Rev Entomol 22: 263-288

Douwes P (1981) Intraspecific and interspecific variation in workers
of the Formica rufa group (Hymenoptera: Formicidaeg) in Swe-
den. Entomol Scand, Suppl 15; 213-223

Dunkelblum E, Tan 8H, Silk PJ (1985} Double-bond jocation in
monosaturated fatty acids by dimethyl disulfide derivatization
and mass spectrometry: application to analysis of fatty acids in
pheromone glands of four Lepidoptera. J Chem Ecol 11: 265—
277

Espelie KE, Wenzel JW, Chang G {1990) Surface lipids of social
wasp Polistes metricus Say and its nest and nest pedicel and
their relation to nestmate recognition. J Chem Ecol 16: 2229
2241

Ferguson A (1980) Biochemical Systematics and Evolution. Blackie,
GB-Glasgow /London

Golden KL, Meinke LJ, Stanley-Samuelson DW (1992) Cuticular
hydrocarbon discrimination of Diabrotica (Coleoptera: Chry-
somelidae) sibling species. Ann Entomol Soc Am 85: 561-570

Halliday RB (1981) Heterozygosity and genetic distance in sibling
species on the meat ant (fridomyrmex purpureus group). Evolu-
tion 35; 234-242

Haverty MI, Page M, Nelson LJ, Blomquist GJ (1988) Cuticular
hydrocarbons of dampwood termites, Zootermopsis: Intra- and
intercolony variation and potential as taxonomic characters. J
Chem Ecol 6: 24412450

Howard RW (1993) Cuticular hydrocarbons and chemical communi-
cation. In “Insect Lipids. Chemistry, Biochimistry and Biology”
Eds by DW Satnley-Samuelson and DR Nelson, University of
Nebraska Press, Lincoln pp179-226

Hélidobiler B, Wilson EQ (1990} The Ants. pp732, Belknap Press of
Harvard University Press, Cambridge

Kaibh M, Brandl R, Bagine RKN {1991) Cuticular hydrocarbons
among the eight species of the Drosophila melanogaster sub-
group. Evolution 41: 284-302

Lavine BK, Carlson DA (1991) Taxonomy based on chemical consti-
tution: differentiation of New World from Old World Helicoverpa
moths. Microchem J 43: 35—-41

Locky KH(1991) Insect hydrocarben classes: implications for
chemotaxonomy. Insect Biochem 21: 21-97

Motschoulsky, V. de. (1866} Catalogue des insectes regus du
Japon. Bulletin de la Société Impériale des Naturalistes de
Moscou 39: 163-200

Seifert B (1991) Lasius platythorax n. sp., a widespread sibling spe-
cies of Lasius niger (Hymenoptera: Formicidae) Entomol Gen
16: 069-081

Takemalsu Y, Yamaoka R (1999) Cuticular hydrocarbons of Reticu-
fitermes (Isoptera: Rhinotermitidae) in Japan and neighbouring
countries as chemotaxonomic characters. Appl Entomol Zool
34:179-188

Terayama M, Hashimoto T (1996) Taxonomic studies of the Japa-
nese Formicidae, Part 1. Introduction to this series and descrip-
tions of four new species of the genera Hypoponera, Formica,
and Acropyga. Nature Hum Activ 1; 1-8

Vander Meer RK, Morel L (1998) Nestmate recognition in ants. In
“Pheromone Communication in Social Insects” Eds by RK
Vander Meer, MD Breed, ML, Winslon and KE Expelie, West-
view Press, Oxford, pp79-103

Vepsdladinen K, Pisarski B (1981) The taxonomy of the Formica rufa
group; chaos before order. In “Biosystematics of social insects”
Eds by PE Howse and JL Clément, Academic Press, New
York, pp 27-35

Ward P3 (1980a) A systematic revision of the Rhytidoponera
impressa group (Hymenoptera: Formicidae) in Australia and
New Guinea. Aust J Zool 28; 475498

Ward PS (1980b) Genetic variation and population differentiation in
the Rhytidoponera impressa group, a species complex of pon-
erine ants (Hymenoptera: Formicidae). Evolution 34:; 1060—
1076

Ward PS (1983) Genelic relatedness and colony organization in a
species complex of ponerine ants. |. Phenotypic and genotypic
composition of colonies. Behavi Ecol Sociobiol 12: 285299

Wilson EQ (1988) The current status of ant taxonomy. In “Advances
in Myrmecology” Ed by JC Trager, E J Brill, New York pp 3-10

Yamaoka R (1990) Chemical approach to understanding interac-
tions among organisms. Physiol Ecol Jpn 27: 31-52

Yamaoka R, Kubo H (1990) |dentity of cuticular hydrocarbon profile
among workers of the ant which is maintained by the presence
of the queen would be the nestmate recognition chemical cue.
In “Social insects and the environment” Eds by GK Veeresh, B
Mallik and CA Viraktamath, Oxford & IBH Publ Co Pvt Ltd, New
Delhi, pp 406—407

(Received January 21, 2002 / Accetped July 20, 2002)



