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Since the first identification of bombykol, sex pheromones of about 700 moth species have been elucidated. Additionally, field
evaluations of synthetic pheromones and their related compounds have revealed the male attraction of another 1,300 species.
These pheromones and attractants are listed on the web-sites, “Pheromone Database, Part 1. Pheromone components are clas-
sified according to their chemical structures into two major groups (Types I and II) and miscellaneous. Based on our previ-
ous review published in 2004, studies reported during the last two decades are highlighted here to provide information on the
structure characteristics of newly identified pheromones, current techniques for structure determination, new enantioselective
syntheses of methyl-branched pheromones, and the progress of biosynthetic research. Besides the moth sex pheromones, various

pheromones and allomones from many arthropod species have been uncovered. These semiochemicals are being collected in the
“Pheromone Database, Part II.” The chemical diversity provides a wonderland for natural product chemists.
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Introduction

Lepidoptera, the second largest order in Insecta, contains more
than 150,000 species that are classified into a large group of
moths and a small group of butterflies. While female butterflies
do not produce a long-range active chemical, female moths,
even diurnal moths, usually secrete species-specific sex phero-
mones to attract males of the same species and mate with them.
Bombykol, (10E,12Z)-hexadeca-10,12-dien-1-o0l (1), is the first
pheromone compound identified from females of the silk moth
(Bombyx mori) about 60 years ago." After this pioneering identi-
fication, the chemical communication systems of numerous spe-
cies in many insect groups have been extensively studied, and
the chemical structures of various pheromones with a character-
istic role such as mating, trail, and alarm have been determined.
Among them, research on the lepidopteran sex pheromones has
been extensively developed, and the female pheromones of 700
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moth species from around the world have been characterized
to date.? The lepidopteran sex pheromone is one of the most
interesting bioactive natural products investigated in a large
number of species. Because the pheromones can effectively at-
tract male moths, many synthetic pheromones are now used
as lures to monitor insect population in farmlands and forests.
Furthermore, mating disruption has been achieved by permeat-
ing a field with a synthetic pheromone to regulate a pest insect
directly.?

In addition to the identification from female moths, field eval-
uations of synthetic pheromones and their related compounds
have revealed the male attraction of another 1,300 species.
Structures of the known pheromones and attractants are listed
on the web-sites, “The Pherobase”® and “Pheromone Database,
Part I2” which are maintained by El-Sayed and our research
group, respectively. The components are classified according to
their chemical structures into two major groups and miscella-
neous: unsaturated C,,—C,4 fatty alcohols and their derivatives
(Type I), C,,-C,;5 polyenyl hydrocarbons and their epoxides
(Type II), and others including methyl-branched compounds.
In addition to creating this list, we have summarized the phero-
mone research published until 2002, at which time the phero-
mones of about 530 species had been identified.® Since then,
information on another 170 lepidopteran species has increased,
and structure determination techniques have advanced by using
gas chromatography combined with a Fourier transform infra-
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red spectrophotometer (GC/FT-IR) and a mass spectrometer
(GC/MS). A new strategy for the enantioselective syntheses has
been achieved and the knowledge of pheromone biosynthesis
has also deepened. This review deals with the chemical structur-
al features of newly identified pheromones and current phero-
mone studies. Additionally, “Pheromone Database, Part II” is in-
troduced here. It includes many kinds of pheromones and allo-
mones uncovered from a huge number of arthropods, including
insects, spiders, mites, and millipedes, other than moth phero-
mones. The vast number of studies on semiochemicals shows
how strongly they have attracted researchers.

1. Classification of Lepidopteran Sex Pheromones

Taxonomically related moths are expected to produce phero-
mones with structural similarity, but some differences are nec-
essary to establish their reproductive isolation. The chemical
structures of sex pheromones are highly varied, reflecting the
diversity of moth species. In addition to structural variation, the
diversity of lepidopteran sex pheromones is generated by blend-
ing multiple components. Innumerable pheromone blends are
based not only on combinations of different components but
also on variations in the mixing ratio. Figure 1 shows some rep-
resentative sex pheromones. The chemical formulae are sym-
bolized as follows: (1) The numeral before the hyphen gives the
position of the double bond (Z: Z configuration, E: E configu-
ration, A=terminal double bond), triple bond (=), cis-epoxy
ring (epo), trans-epoxy ring (t-epo), or methyl branch (Me). (2)
The numeral before the colon gives the carbon number of the
straight chain. (3) The words after the colon give the functional
groups as follows: alcohol (OH), acetate of alcohol (OAc), al-
dehyde (Ald), ketone (one), ester of carboxylic acid (Ate), and
hydrocarbon (H).

Primary alcohols and their derivatives (mainly acetates and
aldehydes) with a long straight chain (mainly a monoenyl or
dienyl even-numbered chain of C,,-C,3) have been most com-
monly identified such as bombykol (1) and pheromone compo-
nents of the diamond back moth (Plutella xylostella, 2 and 3).”
These chemicals, which are biosynthesized de novo via general
saturated fatty acids and referred to as Type I compounds, com-

prise about 75% of known lepidopteran sex pheromones. The
Type I pheromones have been widely recorded from almost all
of the superfamilies of Ditrysia (Supplemental Fig. S1), whose
females have two distinct genital openings, different from primi-
tive species with one opening. Polyunsaturated hydrocarbons
and their epoxy derivatives with a longer straight chain (C,,-
C,5) comprise a second group, such as the pheromone compo-
nents of the giant looper (Ascotis selenaria, 4 and 5)® and the
fall webworm moth (Hyphantria cunea, 6).” These chemicals,
referred to as Type II compounds, comprise about 15% of the
known lepidopteran pheromones and have been identified only
from some limited groups, such as Geometridae in Geometroi-
dea and Erebidae in Noctuoidea.

The pheromones of the remaining 10% of species consist of
components that belong to neither Type I nor Type II, such as
a 2-hydroxy compound (7) of Eriocrania cicatricella'® and ke-
tone (8) of the peach fruit moth (Carposina sasakii).') Fur-
thermore, several kinds of methyl-branched compounds are
known: the hydrocarbon (9) of the mountain-ash bentwing
(Leucoptera scitella),'>'® epoxide (disparlure, 10) of the gypsy
moth (Lymantria dispar),' acetate (11) of the smaller tea tortrix
(Adoxophyes honmai),'” and secondary alcohol (12) of the rice
moth (Corcyra cephalonica).'®'”) Recently, Léfstedt and Millar
proposed to classify the secondary alcohols with a short chain
(C, and Cy) as Type 0 and methyl-branched compounds as Type
I11.'¥ The Type 0 secondary alcohols have been found from spe-
cies only in the nonditrysian superfamilies Eriocranioidea and
Nepticuloidea. Since heptan-2-ol and nonan-2-ol are sex phero-
mone components of some caddis flies in Trichoptera, the sister
group of Lepidoptera,” the short-chain pheromones of primi-
tive species are categorized as Type 0, meaning an ancestral type
of moth pheromones. On the other hand, Type III compounds
with structural variations have been identified from species in
some more distantly related superfamilies such as Yponomeutoi-
dea and Noctuoidea.>®

Superfamilies that include many species whose pheromones
are already known are as follows: Noctuoidea (186 species), Tor-
tricoidea (171 species), Pyraloidea (100 species), Geometroidea
(54 species), Bombycoidea (34 species), Sesioidea (28 species),

Type | 0
AN NANANANANL A\AVTWANAANAAAY \/\/:\/\/\/\/\ﬁ
7 H o}k ’
E10,212-16:0H L o
(bombykol 1) Z11-16:0Ac (2) Z11-16:Ald (3)
2 Q
el == N AN NV R Y VN PPN
23,7679-19H (4) €po3,26,29-19:H (5) 1\1,23,76,ep09-21:H (6)
Others OH ; ;
(Type 0, lll, efc.) VA /\/\/E/\ﬂ/\/\/\/\ \NAANANANAN/
Z4T20H (7) 27-20:11-one (8) Me5 Me9-17:H (9)

Y\/\/g\/\/\/\/\/
Me2,epo7-18:H
(disparlure, 10)

Me10-12:0Ac (11)

o OH
/\:/\/\/\/\/\O}K */\/k/\/k/\/\

Me6,Me10,Me14-15:2-OH (12)

Fig. 1. Formulas and abbreviations of representative lepidopteran sex pheromones, Type I, Type II, and other compounds.



Vol. 45, No. 4, 191-205 (2020)

Semiochemicals Containing Lepidopteran Sex Pheromones 193

[ superfamiy | [ Famiy | Subfamily
Erebidae ¥ * A ¥ (75+60) Arctiinae ¥ A (33+12) Lithosiini A (5+1)
Nolidae * * (1+1) Lymantriinae * A (26+8) — Synthomini A (3+2)
Noctuidae * * (101+348) —— Plusiinae * (22+27) Herminiinae A (1+9) Arctiini * A (25+9)
Noctuoidea Notodontidae # * (9+1) — Acontiinae * (1+9) Hypeninae A (0+4)

— Chloephorinae * (2+1)
— Sarrothripinae * (0+1)
— Amphipyrinae * (6+24)
— Cucullinae ¥ (3+44)
— Hadeninae ¥ (39+148)
— Noctuinae * (17+81)
— Heliothinae > (11+7)
— Acronictinae ¥ (0+5)
L— Dilobinae * (0+1)

Ophiderinae A (5+9)
Catocalinae A (10+18)

Fig. 2. Taxonomy and pheromone studies of insects in the superfamily of Noctuoidea. The numbers before and after +in parentheses in each group
indicate the total number of species whose female sex pheromone and male attractant have been reported, respectively. Each mark after the group name
indicates that some species within the group produces a pheromone component of Type I (7 with a common functional group, % with a novel functional
group), Type II (A), or others (>¢). (This figure is a significant revision of Fig. 2 in Ref. 6 due to the change in the classification of Noctuoidea).

and Gelechioidea (25 species) (Supplemental Fig. S1).2 Noctu-
oidea is a highly evolved group with more than 70,000 described
species, the largest number in a lepidopteran superfamily. Figure
2 shows the taxonomy of Noctuoidea, pheromone types of the
constituent species, and frequency of pheromone studies. While
this superfamily was classified into several families, such as Arc-
tiidae, Lymantriidae, Noctuidae, Nolidae, and Notodontidae, the
former two families have now been combined with some sub-
families in Noctuidae to make a new family, Erebidae.!”) Namely,
Arctiidae, including H. cunea, and Lymantriidae, including L.
dispar, have been changed to Arctiinae and Lymantriinae, re-
spectively. Subfamilies in Arctiidae have been changed to tribes
in Arctiinae. This figure clearly indicates that species produc-
ing a Type II pheromone are gathered into one family, Erebi-
dae. Previously, Noctuidae was broadly divided into two groups,
Quadrifinae and Trifinae. Four subfamilies (Hermininae, Hy-
peninae, Ophiderinae, and Catocalinae) that were moved to Ere-
bidae from previous Noctuidae belonged to Quadrifinae, and
new Noctuidae includes the Trifinae species, which produce
only Type I pheromones. In Noctuoidea, Type II and methyl-
branched pheromones have been found only from Erebidae spe-
cies. The types of pheromone structures are consistent with the
new taxonomy.

2. Current Identification of Sex Pheromones

2.1.  Structures of new pheromones in Type I

Type I pheromones from 119 species have been studied since
2003.2) Most of them are composed of known pheromone com-
pounds previously identified from other species, but 16 new
compounds (13-28) have been reported from 14 species, as
shown in Table 1-A. In the case of monoenyl components (13-
18), it was shown that female moths could also construct 8-10
(dec-8-enyl), 6-12, 5-16, 13-16, and 6-18 structures. The com-
ponents unsaturated at the 6-position are noteworthy because
a 6-monoenyl compound had not been known for any length
of carbon chain.® As a result, known double-bond positions
were increased to be 5, 7, and 8 for C,, monoenes; 3 and 5 to

11 for C,, monoenes; 3, 5, and 7 to 12 for C;, monoenes; 5 to 7,
9 to 11, and 13 for C,, monoenes; and 2, 6, 7, 11, and 13 for C,g
monoenes (Supplemental Fig. S2). Double bonds of Type I pher-
omones are introduced into saturated fatty acyl intermediates by
desaturases. The desaturase corresponding directly to each dou-
ble-bond position of each carbon chain is not always necessary
because an enzyme for chain shortening or elongation converts
the original structure. For example, the 6-12 structure can be
biosynthesized from a 10-16 acyl compound if 3-oxidation hap-
pens twice. The variety of the double-bond positions, however,
indicates that moths established many different desaturases over
their long history.

In the case of dienyl compounds (19-26), 4,7-10 (deca-4,7-
dienyl), 3,5-14, 9,11-15, 7,10-16, 10,14-16, and 6,11-18 struc-
tures have been newly reported. The second and third structures
of 20-23 have a 1,3-diene system. Among the previously identi-
fied dienes with a C,,, Cy,, or Cj4 chain, the conjugated system
is most frequently found, for example 8,10-, 9,11-, 10,12-, and
11,13-dines in C,, compounds (Supplemental Fig. S3). The dou-
ble bonds of these C,, 1,3-dienes locate at a terminal methyl side
of the C,, chain. On the other hand, the newly identified 3,5-14
acetates (20 and 21) from the species of Cochylidae and Cossi-
dae include them near a functional group. A structurally related
3,5-12 compound is a known pheromone component of another
Cochylidae species. The 9,11-15 aldehydes (22 and 23) produced
by Sphingidae species in Bombycoidea have the conjugated sys-
tem in an unusual C,; chain. The double bonds are located at the
w4- and w6-positions counted from the terminal methyl group.
The positions are the same as those of 10,12-16 compounds such
as bombykol (1).

The new 4,7-10 and 7,10-16 compounds (19 and 24) have a
1,4-diene system. The homoconjugated diene system is not
common, and only 9,12-14, 9,12-18, and 11,14-18 compounds
had been identified before 2003. The 10,14-16 and 6,11-18
compounds (25 and 26) have other uncommon 1,5-diene and
1,6-diene systems, respectively. Only 3,7-14 and 7,11-16 com-
pounds with the 1,5-diene system and 3,8-14, 4,9-14, and 6,11-
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Table 1. Type I and II lepidopteran female pheromones with a new chemical structure discovered since 2003

Dioryctria abietivorella

Dioryctria abietella

Identified compound Insect Publication year of 2000s
Chem. class Structure abbreviation [Superfamily]® Family (Subfamily) Species [Reference]
(A) Typel

Monoene E8-10:0H (13) [Zyg] Limacodidae Monema flavescens 13 [20]
E6-12:0Ac (14) [Gel] Gelechiidae Anthistarcha binocularis 20 [21]
E6-12:0H (15) [Gel] Gelechiidae Anthistarcha binocularis 20 [21]
E5-16:0Ac (16) [Gel] Stathmopodidae Stathmopoda auriferella 13 [22]
Z13-16:0Ac (17) [Pyr] Crambidae (Spilomelinae) Herpetogramma submarginale 15 [23]
E6-18:Ald (18) [Bom] Saturniidae Actias luna 16 [24]

Diene 74,77-10:0Ac (19) [Gel] Batrachedridae Batrachedra amydraula 11 [25], 13 [26]
E3,75-14:0Ac (20) [Tor] Cochylidae Phtheochroa cranaodes 01 [27], 03 [28]
73,E5-14:0Ac (21) [Cos] Cossidae Holcocerus vicarius 15 [29]
E9,Z11-15:Ald (22) [Bom] Sphingidae Dolbina tancrei 13 [30]
79,711-15:Ald (23) [Bom] Sphingidae Dolbina tancrei 13 [30]
77,7210-16:Ald (24) [Cos] Cossidae Chilecomadia valdiviana 16 [31], 17 [32]
E10,E14-16:Ald (25) [Pyr] Crambidae (Spilomelinae) Omphisa anastomosalis 10 [33], 14 [34]
E6,211-18:Ald (26) [Bom] Saturniidae Actias luna 16 [24]

Tetraene E4,E6,211,213-16:Ald (27) [Bom] Saturniidae Callosamia promethea 13 [35]

Dienyne 79,=11,A13-14:Ald (28) [Gel] Elachistidae Stenoma catenifer 08 [36], 09 [37]

(B) Type II

Monoene 76,ep09-19:H (29) [Geo] Geometridae (Ennominae) Ennomos subsignaria 10 [38]

Diene 76,79-22:H (30) [Noc] Erebidae (Arctiinae) Eilema japonica 10 [39]
76,79-21:11-OH (31) [Noc] Erebidae (Lymantriinae) Orgyia detrita 03 [40]
76,79-21:11-one (32) [Noc] Erebidae (Lymantriinae) Orgyia leucostigma 03 [41], 08 [42]

Teia anartoides 05 [43], 05 [44]

Triene 73,76,79-22:H (33) [Noc] Erebidae (Arctiinae) Eilema japonica 10 [39]
E4,76,79-21:H (34) [Noc] Erebidae (Arctiinae) Arctia plantaginis 17 [45]
76,79,7212-18:H (35) [Geo] Geometridae (Geometrinae) Hemithea tritonaria 09 [46], 11 [47]

Pamphlebia rubrolimbraria
76,79,7.12-20:H (36) [Geo] Geometridae (Geometrinae) Maxates versicausa 09 [46], 11 [47]

Tetraene 72,84,76,79-21:H (37) [Noc] Erebidae (Arctiinae) Arctia plantaginis 17 [45]
73,76,79,712-20:H (38) [Geo] Geometridae (Geometrinae) Thalassodes immissaria 09 [46]
73,76,79,719-23:H (39) [Tis] Tischeriidae Tischeria ekebladella 12 [48]

Pentaene 73,26,79,712,715-23:H (40) [Pyr] Pyralidae (Phycitinae) Amyelois transitella 05 [49], 10 [50], 10 [51]

(Pyralinae) Pyralis farinalis 10 [50]

(Epipaschiinae) Orthaga achatina 18 [52]

73,76,79,712,715-25:H (41) [Pyr] Pyralidae (Phycitinae) Amyelois transitella 05 [49]
05 [
12 [
17 [

Dioryctria mendacella

9 Superfamilies are abbreviated as follows; [Bom] Bombycoidea, [Cos] Cossoidea, [Gel] Gelechioidea, [Geo] Geometroidea, [Noc] Noctuoidea, [Pyr]

Pyraloidea, [Tin] Tineoidea, [Tis] Tischerioidea, [Tor] Tortricoidea, and [Zyg] Zygaenoidea.

16 compounds with the 1,6-diene system had been previously
identified. These 1,6-dienes, except for the 3,8-14 compound are
pheromone components of some species in Saturniidae. Inter-
estingly, the 4,6,11,13-16 structure of 27 has been determined
to be the first tetraene system among the Type I compounds.
The tetraene (27) is a pheromone component of Saturniidae, and
its structure corresponds to those of the 6,11-16 and 4,6,11-16
compounds produced by another Saturniidae species. In ad-

dition to the 4,6,11-16 compound, trienyl compounds with a
9,11,13-14, 4,6,10-16, 10,12,14-16, or 9,12,15-18 structure had
been previously known, but no new trienes have been identified
since 2003.

Unique pheromone components including a triple bond had
been previously known, namely a C,4 11-monoynyl compound
from Crambidae species and C,4 13-en-11-ynyl compounds
from Notodontidae species.® Additionally, a C,, 9,13-dien-
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11-ynyl aldehyde (28) has been identified from an Elachis-
tidae species. Even though these compounds are produced by
the species with taxonomically low relation, the triple bond is
located at the same 11-position. Interestingly, a corresponding
9,11,13-trienyl compound had already been determined as a
pheromone component of another Elachistidae species in the
same genus.?

2.2. Structures of new pheromones in Type II

Type II pheromone compounds are 6,9-dienes, 3,6,9-trienes,
and their derivatives, which are expected to be biosynthesized
from dietary linoleic and linolenic acids. Double bonds at the
3-, 6-, and 9-positions have a Z configuration (Supplemental
Table S1-A).9 Type II pheromones from 36 species have been
studied since 2003, and 13 new compounds (29-41) have been
identified from 18 species as shown in Table 1-B. Most of the
known Type II pheromones consist of the compounds with an
odd-number chain, mainly C;y and C,,, such as a new epoxy-
monoene Z6,ep09-19:H (29), and no compounds with a C,,
chain had been identified before that.? As a result of the discov-
ery of Z26,29-22:H (30) and Z3,26,29-22:H (33) from an Arc-
tiinae species in Erebidae, the 6,9-dienes with a C,y—C,, chain
and the 3,6,9-trienes with a C,,—~C,; chain have become recog-
nized as natural pheromone components. Z26,29-21:11-OH (31)
and Z6,29-21:11-one (32) are new pheromone components
found from three Lymantriinae species. One of them also se-
cretes corresponding common Type II compounds, Z6,29-21:H
and Z6,epo9-21:H. Although the biosynthesis of the new com-
pounds from linoleic acid has not been experimentally proven,
the dienyl structure suggests their production by enzymatic oxi-
dation at the allylic 11-position of the 6,9-diene.

A 4,6,9-triene with a C,y chain is a known pheromone com-
ponent of a Geometridae species.” Recently, its homolog and
a 2,4,6,9-tetraene with a C,, chain (34 and 37) were identified
from an Arctiinae species in Erebidae. Additionally, 1,3,6,9- and
3,6,9,11-tetraenes are known Type II components produced by
Arctiinae and Geometridae species (Supplemental Table S1-B).9
These compounds include an extra double bond at an allylic po-
sition of original homoconjugated 6,9-dienes and 3,6,9-trienes
to create the conjugated system that causes a long retention time
in GC analysis with a polar column. As a new pheromone com-
ponent with another structural modification, two 6,9,12-trienes
(35 and 36) and one 3,6,9,12-tetraene (38) were identified from
Geometrinae species in Geometridae. In this family, many
pheromone studies had been conducted with the species in the
subfamilies Ennominae and Larentiinae, but not in Geometri-
nae, which has a lot of species. It was very possible to that new
pheromone components could be found from the Geometrinae
species, and in fact, new structures further unsaturated at the
12-position were determined, indicating the diversity of Type
II pheromones. Furthermore, a 3,6,9,19-tetraene (39) has been
identified from a Tischeriidae species in nonditrysian superfam-
ily Tischerioidea. This is the first pheromone study in this primi-
tive moth group, and the females surprisingly produce a unique

Type II compound further unsaturated at the 19-position.

Besides the evolved species in Erebidae and Geometridae,
the secretion of Z3,726,29-23:H by one Oecophoridae spe-
cies in Gelechioidea and six Crambidae species in Pyraloidea
has been reported (Supplemental Table S1-A).? These Cram-
bidae females also secrete one or two Type I compounds as a
main pheromone component. The Type I component(s) of the
hybrid pheromones are species specific but the Type II compo-
nent is the universal C,; triene. Different hybrid pheromones
have been identified from six species of Pyralidae, another fam-
ily in Pyraloidea. Their Type II components are new pentaenes,
73,76,79,712,715-23:H (40) and 73,76,79,712,715-25:H (41).
Since the volatility of the C,; pentaene is very low, a synthetic
lure for male attraction contains it as a major component. In
some of these species using the hybrid pheromone, the unsatu-
rated hydrocarbons were found by reexamination of their phero-
mone extracts because of the weak attraction activity of the syn-
thetic lures baited only with the Type I components. This kind
of hybrid pheromone has not been found in any other insect
groups. Nor has a hybrid with a Type I and an epoxy compound
been reported.?

New epoxy derivatives have not been reported, except for
Z6,ep09-19:H (29), since 2003. As a C,,—C,; chain compound,
there are 14 epoxymonoenes and 21 epoxydienes derived from
6,9-dienes and 3,6,9-trienes, respectively. Among them, only
four epoxymonoenes and nine epoxydienes have been identi-
fied, suggesting insufficient studies of the Type II pheromones
(Supplemental Table S1-A).Y Geometridae and Erebidae include
a large number of species, and their reproductive isolation is
compensated by the diversity of pheromone structures. Many
new epoxy compounds are expected to be found by further
studies with these species.

2.3. Structures of new pheromones in other groups

Table 2 shows new methyl-branched compounds (42-50) and
unbranched compounds (51-60) that have been characterized
in analytical studies on 14 species since 2003. In the case of
methyl-branched hydrocarbons, 14 compounds had been previ-
ously recorded from several species in Lyonetiidae, Geometri-
dae, and Erebidae, and two compounds (42 and 43) were added.
While pheromone components are usually secreted from a pher-
omone gland, as a close-range courtship component, Mel1-23:H
(42) was identified from female body scales of a Gelechiidae
species in Gelechioidea, which had been known to produce two
Type I pheromone compounds. This is the first identification of
the branched pheromone component from a Gelechioidea spe-
cies. From a Lymantriinae species in Erebidae, Me2,27,E9-18:H
(43) was newly identified. This compound is structurally relat-
ed to Me2,27-18:H, a known pheromone component of some
other species in the same subfamily. The 14 previously recorded
hydrocarbons have a monomethyl or dimethyl structure. The
methyl branches are variously located at a position from 2 to
14, with the exception of the 4-, 6-, 8-, and 12-positions, in a
saturated and monounsaturated C,s—C,; main chain, such as
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Fig. 3. Sex pheromones identified from female lichen moths.

Me5,Me9-17:H (9). Different from them, 42 and 43 have a Cy;
chain and a conjugated diene system, respectively. Furthermore,
Me2,epo7,A17-18:H (44) was identified as a new minor pher-
omone component of the gypsy moth, a well-known Lymant-
riinae species that secrets disparlure (10).

The ester of a novel acid with a Me3,Mel3-15 structure (45)
is a pheromone component of a bagworm moth. A pheromone
gland of female moths is usually placed at a terminal abdominal
segment, but a vermiform apterous female in Psychidae has it
in the dorsal mesothorax. The female stays within a bag and re-
leases pheromone-impregnated scales from the bag to attract a
winged male of the conspecies. The identification of this methyl-
branched ester demonstrates an example of further structural
diversity of the lepidopteran pheromones, because all other es-
ters of a long-chain acid, including newly identified compounds
(52-55), have no branches in the even-numbered chain.? In ad-
dition to two known esters of saturated acids, new isopropyl and
sec-butyl esters of Z5-10 acid (52 and 53) have been identified
from another Psychidae species. Besides these Psychidae phero-
mones, seven esters of unsaturated acids had been previously re-
corded from several species in Zygaenoidea, and a butyl ester of
7,9-10 acid (54) and sec-butyl ester of 7-12 acid (55) were added.
The butyl alcohol and 7-12 acid are new moieties included in
the ester pheromones with a long-chain acid. These unbranched
esters might be considered extraordinary Type I compounds.
Normal Type I compounds are biosynthesized via the step of
converting an acyl intermediate to an alcohol by a fatty acyl re-
ductase. The unsaturated acid moieties in the ester pheromones
are expected to bind to a certain alcohol without being reduced
after being produced in the same manner as the normal Type I
pheromones.

Another ester with a dimethyl structure in a long-chain alco-
hol moiety has been identified from Lymantriinae species. Two
species in this evolved group produce an isobutylate of a prima-
ry alcohol with a Mel0,Mel4-15 structure (46) as a pheromone
component. Thus, the Lymantriinae pheromones are composed
of a variety of compounds, such as Type I and II compounds,
unsaturated ketones, branched hydrocarbons, their epoxy de-
rivatives, and esters of a branched primary alcohol. On the other
hand, a known secondary alcohol with a Me6,Mel0,Mel4-15
structure (12) and the corresponding new 2-ketone (48) were
identified from a Galleriinae species in Pyralidae. In a laboratory
bioassay, the mixture initiated male courtship behavior associ-

ated with ultrasonic production but not long-distance attraction.
Different from many other Phycitiinae species in Pyralidae, Type
I compounds with attraction activity have not been found from
this Galleriinae species.

Two methyl-branched 2-ketones (49 and 50) were found from
a lichen moth, a Lithosiini species in Arctiinae. In this subfam-
ily, pheromone researches had been conducted mainly with the
species in a different Arctiini tribe, not in Lithosiini, which has
a lot of species, until the mid-2000s. While Lithosiini species
whose larvae feed on lichen are not research subjects in applied
entomology, experiments that expect to find new compounds
from this insect group yielded further fruitful results, discov-
ering new methyl-branched secondary alcohol (47) and propyl
esters of unbranched secondary alcohols (57 and 58). These
compounds have a hydroxyl or propyloxy group at an unusual
7- or 8-position. Figure 3 shows structures of the pheromones
identified from five Lithosiini species. Two species utilize Type
II compounds, but each of the other three species produces dif-
ferent compounds with a simple but characteristic structure.
These unique pheromone compounds of the three species have
little commonality with respect to the presence or absence of
a methyl branch, the position of a methyl branch present, and
the type and position of functional groups. Studies with a lim-
ited number of species designate three new chemical groups of
lepidopteran pheromones. It will be interesting to see whether
further studies will find new pheromone components, such as
methyl-branched derivatives of 57 and 58, that connect discon-
tinuity structures in these compounds.

Pheromone studies of Tineidae species are limited, but many
male attractants have been reported.¥ While all of them are
Type I compounds, an acetate of a C,, secondary alcohol (56)
was newly identified. In Ditrysia, Tineidae is the family most
closely taxonomically related to nonditrysian Eriocranioidea,
whose female moths produce Type 0 compound such as Z4-
7:2-OH (7). The acetate (56) has a long chain, as usual with Type
I pheromones, but the acetoxy group is located at the 2-posi-
tion as the hydroxyl group of the Type 0 pheromones. Informa-
tion about pheromones of Carposinidae species is also limited.”
However, in addition to two known unsaturated ketones, Z7-
20:11-one (8) and its analog with a Cy chain, C;3 and C,; ana-
logs (59 and 60), and a monoenyl hydrocarbon (51) were newly
identified from a species in this family. All species in the related
families use only Type I compounds for their mating communi-
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cation, but their production by Carposinidae females and attrac-
tion of the males have not been reported.”’ Some unsaturated
11-ketones have been identified from Lymantriinae, which is
taxonomically far from Carposinidae. The pheromones of Ly-
mantriinae species have a C,; chain and their double bonds are
located at the 6-, 8-, or 9-position, not at the 7-position.®’

3. Current Techniques for Structure
Determination and Synthesis

3.1.  GC/FT-IR analysis

The sex pheromone, a volatile secreted by a female moth, is usu-
ally stored in the pheromone gland and can be easily extracted
with hexane. While the pheromone content is generally very
low, the extract is effectively analyzed using gas chromatogra-
phy combined with an electro-antennogram detector (GC-EAD)
and a mass spectrometer (GC/MS) with high sensitivity. The
GC-EAD analysis indicates the number of pheromone candi-
dates that stimulate a male antenna. The mass spectra of active
components measured by GC/MS suggest the outline of their
chemical structures. In addition to microchemical reactions of
the pheromone extract followed by GC/MS analysis, a compari-
son with the chemical data of authentic synthetic compounds
helps to reveal the precise structure of the natural pheromone.
Although an IR spectrum gives information about the function-
al group and double-bond configuration, IR analysis had rarely
been utilized for pheromone identifications, primarily due to
the difficulty of isolating each pheromone component and the
low sensitivity of the spectrometer. Recently, a new type of GC/
Fourier transform infrared spectrophotometer (GC/FT-IR),

equipped with a zinc selenide disk cooled to around —40°C, was
developed. The disk is turned slowly, and compounds eluting
from a capillary column are fixed on the disk in discrete posi-
tions. The resulting IR spectra, which are similar to the spectra
recorded by the usual KBr or liquid-film methods, are measured
continuously. Furthermore, the increased analytical sensitivity
facilitated the application of GC/FT-IR to pheromone studies of
lepidopteran species, particularly to determine the double-bond
configurations of Type I and II compounds.

GC-EAD and GC/MS analysis indicated that females of the
nettle moth, Monema flavescens (Limacodidae), produced dec-
8-en-1-ol (13) and deca-7,9-dien-1-ol at a ratio of approximately
9:1.2 Based on these results, the structure determination was
completed via GC/FT-IR analysis with the crude extract. The
IR spectra of the monoenyl and dienyl alcohols showed charac-

1

teristic absorptions at 966 and 951 cm™', respectively (Fig. 4-A,
-C), indicating an E configuration for both components. Their
synthetic (Z)-isomers did not show these absorptions (Fig. 4-,
-D), and band chromatograms of the extract confirmed this
configuration (Fig. 4-E). The chromatogram at 3236 cm™' re-
veals the two alcohol components in the extract, and those at
966 and 951 cm™ clarify their E configuration. The absorption
at 951cm™ is weak, but the band chromatogram indicates that
the absorption is derived from the minor alcohol component,
not any impurities. This chromatogram at 951cm™ is particu-
larly useful for distinguishing the geometric isomers of terminal
conjugated dienes, which are difficult to resolve even on highly
polar capillary columns. On the other hand, a Z configuration

of the same 7,9-dienyl alcohol secreted by another nettle moth,

936
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Fig. 4. Infrared spectra obtained by GC/FT-IR of the pheromone components of Monema flavescens, (A) and (C), and synthetic geometric isomers, (B)
and (D), and band chromatograms of pheromone extracts; M. flavescens (E) and Parasa lepida (F).
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Parasa lepida, was confirmed through the absence of this ab-
sorption (Fig. 4-F).2”

GC/FT-IR analysis was also applied to the structure deter-
mination of new Type II compounds. A pheromone extract of
the wood tiger moth, Arctia plantaginis (Erebidae: Arctiinae),
included four pheromone components, A-D, with an unsatu-
rated C,, chain at a ratio of 30:3:5:1.*> Comparing their mass
spectra with those of synthetic standards, Z3,26,29-21:H and
A1,73,26,29-21:H were assigned for Comps. A and C, respec-
tively. Furthermore, Comps. B and D were estimated to be new
pheromone compounds with 4,6,9-trienyl and 2,4,6,9-tetraenyl
structures, respectively. As a next step, the extract was analyzed
using GC/FT-IR. The Z configuration of three double bonds in
Comps. A and C was confirmed by the absorption at around
3010cm™ of C-H stretching at a 1,2-disubstituted double
bond and the absence of absorption at around 970cm™" of the
C-H bending with an E configuration. Additionally, Comp. C
showed absorptions at 1000 and 899 cm™, caused by C-H bend-
ing of geminal hydrogen atoms at the terminal double bond. On
the other hand, Comp. B showed two absorptions at 983 and
951 cm™, which are characteristic for conjugated dienes with an
E,Z configuration and revealed an E configuration at the 4-posi-
tion. Similar absorption at 993 and 941cm™ of Comp. D sug-
gests that it includes an E,Z configuration. A conjugated diene
with a Z,Z configuration is characterized by a C-H stretching
absorption at around 3040 cm™!, but Comp. D showed absorp-
tion at 3021 cm™', indicating the absence of a conjugated dienyl
system with a Z,Z configuration. Therefore, Z and E configura-
tions were assigned for the 2- and 4-positions of Comp. D, re-
spectively. Their Z double bonds at the 6- and 9-positions were
indicated by the fact that there were no absorptions around
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970 cm™; thus, Comps. B and D are identified as E4,76,29-21:H
(34) and 72,E4,76,79-21:H (37), respectively.*?

The sensitivity of the GC/FT-IR is comparable to that of GC/
MS, and IR spectra offer some important information for struc-
ture determination that is difficult to obtain with mass spectra.
In the future, it is expected that GC/FT-IR instruments will be-
come widespread and be routinely used in many analytical stud-
ies on trace natural products, especially insect pheromones.”®

3.2. Synthesis and GC/MS analysis of Type II epoxy pheromone
candidates

Monoepoxides derived from Z6,29-dienes and Z3,26,Z9-trienes
are key components of Type II pheromones. Each epoxide shows
characteristic fragment ions in the mass spectrum, and thus po-
sitional isomers with an epoxy ring at a different position are
easily differentiated by some diagnostic ions.”” Additionally,
the 4,5-epoxide of E4,26,29-19:H (t-epo4,26,29-19:H), the
11,12-expoxide of Z6,29,E11-21:H (Z6,29,t-epol11-21:H), and
the 9,10-epoxide of A1,23,26,29-21:H (A1,23,Z6,ep09-21:H,%
have been identified from Geometridae and Erebidae species.?
Considering the diversity of these insect groups, it seems quite
possible that some species utilize their positional isomers as a
pheromone component. Therefore, to provide a useful tool for
studying the structure of a new component in the future, mono-
epoxy compounds including one more double bond than the
basic Type II epoxy compounds were systematically synthesized,
and their mass spectra were analyzed (Fig. 5).

As the first step, polyunsaturated hydrocarbons with a C,o-
C,; chain were prepared using a Wittig reaction.”® E4,76,Z9-
trienes were obtained via the coupling reaction between a
bis(ylide) prepared from 1,3-dibromopropane and two alde-
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Preparation of epoxy derivatives from E4,Z6,Z9-trienes (A), Z6,29,E11-trienes (B), and A1,23,26,Z9-tetraenes (C), and their diagnostic fragment

ions for the GC/MS analysis. See mass spectra of Suppl. Fig. S4 for the epoxydienes from E4,76,79-21:H, Supplemental Fig. S5 for the epoxydienes from
76,79,E11-21:H, and Supplemental Fig. S6 for the epoxytrienes from A1,73,26,29-21:H.
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hydes, (E)-hex-2-enal and a C,,-C,, alkanal, in one pot. Syn-
thesis of the Z6,29,E11-trienes was started from (Z)-non-3-en-
1-ol. After iodination of the alcohol, an ylide prepared from the
iodide was coupled with a C,,-C,, (E)-alk-2-enal synthesized
from a C4—C,, alkanal to yield the objective trienes. Synthesis
of the Al1,7Z3,76,Z9-tetraenes was started from hex-3-yne-
1,6-diol, which was converted into (Z)-1,6-diiodohex-3-ene
by hydrogenation and iodination. The coupling reaction be-
tween a bis(ylide) prepared from the diiodide and two alde-
hydes, acrolein and a C;,-C,, alkanal, yielded the objective
tetraenes. Treatment of each polyene with a peracid produced
a mixture of monoepoxides as follows: a 3:6:2 mixture of
4,5-epoxide, 6,7-epoxide, and 9,10-epoxide from the E4,76,29-
triene,”” a 1:6:2 mixture of 6,7-epoxide, 9,10-epoxide, and
11,12-epoxide from the Z6,79,E11-triene,*” and a 1:2:2 mix-
ture of 3,4-epoxide, 6,7-epoxide, and 9,10-epoxide from the
A1,73,76,79-tetraene.®) This peracid oxidation of the tetraene
did not yield 1,2-epoxide. Before GC/MS analysis, each epoxide
was isolated by HPLC or MPLC and its structure was confirmed
by NMR.

Comparing the mass spectra of three compounds with the
same unsaturated epoxy structure in a C,y—C,, chain, character-
istic fragment ions reflecting the structure were understood as
shown in Fig. 5.7°%Y A molecular ion (M*) was detectable in all
epoxides (relative intensity: 1-8%), and positional isomers were
also separable by GC. When a female moth secrets a compound
in these groups, the new pheromone components can be easily
identified by examining these diagnostic ions. These monoepox-
ides derived from the polyenes showed an abundant ion at m/z
79, [H(CH=CH);]*, except for E4,ep06,Z9 and 6Z,epo9,E11
compounds which exhibit a base peak at m/z 83 and 69, re-
spectively. The m/z 79 ion is a base peak of E4,Z6,epo9,
epo6,29,E11, Al,ep03,26,Z9, and A1,Z3,ep06,Z9 compounds,
while t-epo4,26,729, 76,29,t-epoll, and A1,Z3,Z6,epo9 com-
pounds show a base peak at m/z 71, M-151 (or 57), and 106,
respectively. Diagnostic ions of the epoxytrienes derived from
the A1,23,76,Z9-tetraenes are compatible with those of the ep-

(A) citronellol

HOM = x’\)\/\/Y = =

oxydienes derived from Z3,26,Z9-trienes. Namely, the following
ions are characteristic in the mass spectra of the epoxydienes:
ions at m/z M-72 of 3,4-epoxides; ions at m/z 97 and 111 of
6,7-epoxides; and ions at m/z 108, 122, M-123, and M-109 of
9,10-epoxides.””

3.3. Enantioselective synthesis of methyl-branched pheromones
Not only lepidopteran insects but also a vast number of arthro-
pod species use methyl-branched compounds for their chemi-
cal communication. Almost all of the branched compounds are
chiral because a tertiary carbon is a stereogenic center, except
for that at the 2- or w2-position. Since optically active synthetic
standards are necessary in order to clarify the absolute config-
uration of natural components, many studies on enantioselec-
tive synthesis have been carried out.*” One of the most impor-
tant methods is the utilization of citronellol and a Roche ester
as starting materials (Fig. 6-A). Citronellol is converted into a
chiral methyl-branched synthon with two different functional
groups at the ends of the Cg4 chain, and the Roche ester is an-
other compact bifunctional synthon. Their both enantiomers are
commercially available. In addition, both enantiomers of pro-
pylene oxide with a high enantiomeric excess (ee), also commer-
cially available, have recently been utilized as chiral sources for
some branched pheromones (Fig. 6-B, -C).

The coupling reaction between the oxide and a Grignard re-
agent formed a chiral 2-hydroxy compound, and its tosylate was
converted into two kinds of methyl-branched building blocks
with an inverse configuration by an Sy2 reaction with appro-
priate alkylating reagents, such as the anion of methyl phenyl
sulfone (PhSO,CH;) and the enolate of dimethyl malonate
[CH (CO,Me),]. The former reagent produced the chiral block
branched at the 2-position, and the latter produced another
chiral block branched at the 3-positon after decarboxylation.
Stereospecific conversion has rarely been used in pheromone
syntheses because of the risk of racemization. However, enanti-
oselective HPLC analysis verified the high enantiomeric purity
(>99% ee) of these blocks, indicating perfect inversion. Com-
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pounds with a 1,5-dimethyl structure were obtained by coupling
these two blocks with a methyl branch at the 2- or 3-position.
Namely, four stereoisomers of Me5,M9-17:H (9) were synthe-
sized with the chiral 2- and 3-methyl blocks including a C; and
C; alkyl chain of the Grignard reagents, respectively (Fig. 6-B).%
In the same manner, four stereoisomers of A1,Me10,Mel14-18:H,
a pheromone of the apple leafminer, were synthesized with other
two blocks including a C; alkyl and Cg alkenyl chain of the Gri-
gnard reagents.*” In order to determine the absolute configu-
ration of Me6,Mel0,Mel3-14:2-one, a new pheromone compo-
nent of a stink bug (Heteroptera), four stereoisomers were also
synthesized by coupling two chiral blocks prepared with differ-
ent Grignard reagents.®”

Enantioselective synthesis using the Sy2 reaction was also ap-
plied to the sex pheromone of the bagworm moth, Me3,Mel3-
15:Ate (45), containing two methyl branches at distant posi-
tions of the acid moiety (Fig. 6-C).* The 2-methyl block was
prepared from propylene oxide via successive reactions with
MeMgBr, tosyl chloride, and PhSO,CH;. The 3-methyl block
was prepared differently, via successive reactions with PhMgBr,
mesyl chloride, CH (CO,Me),, and LiCl for decarboxylation.
The phenyl group is a key structural element because it can be
converted into a carboxyl group by oxidation with RuO, with
moderate yield. This building block is a useful bifunctional chi-
ral synthon including a methyl branch, and it is possible to elon-
gate the carbon chain. The block with a long chain was coupled
with the 2-methyl block, and the produced acid moiety was
esterified with (S)-2-methylpentan-3-ol synthesized from (S)-
valine to yield the ester pheromone (45). The advantage of start-
ing with a chiral propylene oxide is that any type of building
block can be prepared by modifying the Grignard reagent at the
first reaction and the nucleophile of the Sy2 reaction.

Enantioselective synthesis with high flexibility is useful to
supply not only targeted pheromones but also their analogues,
which could possibly be produced by taxonomically related spe-
cies. Furthermore, the structure and activity relationships of a
pheromone can be understood with a series of the analogues.
A simple synthetic route to the pheromone of a lichen moth,
Me5-17:7-OH (47), starting from (S)-propylene oxide was de-
veloped using the Sy2 reaction and the Jacobsen hydrolytic
kinetic resolution of an epoxide intermediate as key steps. Six
analogues with the same configuration as (5R,7R)-47 but with
a different alkyl chain(s) connected to the stereogenic centers
were prepared. Their field tests revealed that males distinguished
the configurations of methyl and hydroxyl groups but were less
able to perceive differences in the lengths of the two alkyl chains
in the pheromone.*¥

4. Pheromone Biosynthesis

Type I compounds are biosynthesized in a pheromone gland via
following steps: (1) de novo synthesis of a saturated fatty acid
skeleton using acetyl-CoA and malonyl-CoA, (2) desaturation
to an unsaturated fatty acyl intermediate, (3) chain shortening
or elongation (if necessary), (4) reduction of the acyl moiety into

a hydroxyl group, and (5) acetylation or oxidation of the alcohol
(if necessary).'® This biosynthetic pathway has been investigated
in many species and understood well on the enzymatic level. In
particular, desaturases are noticeable enzymes because the va-
riety of unsaturated chain skeletons is due to their reaction site
specificity and substrate selectivity. After cloning and functional
expression of a cDNA encoding the All-desaturase of the cab-
bage looper moth,’” many enzymes have been identified from
more than 20 species; i.e., A5-, A6-, A8-, A9-, A10-, All-, and
Al4-desaturases have been characterized. They conserve three
histidine-rich motifs implicated in iron-binding and four pro-
tein transmembrane domains.®® Their phylogenetic analysis
shows groupings that reflect the desaturating positions.'® Fur-
ther structural analysis is required to show the mechanism by
which each desaturase performs desaturation at a particular po-
sition.

On the other hand, polyunsaturated hydrocarbons of Type II
pheromones are biosynthesized from dietary linoleic and lino-
lenic acids via steps such as chain elongation and decarboxyl-
ation in oenocytes, where cuticle hydrocarbons are produced.
The lipophilic polyenes are transported to a pheromone gland
through hemolymph after association with lipophorin and re-
leased outside the gland or converted into epoxyalkenyl compo-
nents. Experiments with several synthetic polyenes with a differ-
ent chain length showed low substrate selectivity of epoxidases
in the gland. The formation of species-specific epoxyalkenyl
pheromones results from the rigid formation of polyunsaturat-
ed precursors and their epoxidation at a fixed position.?® The
1,3,6,9-tetraene with a C,; chain, a precursor of the 9,10-epoxy
pheromone of H. cunea (6), was found in the hemolymph of
the female moth,’” suggesting that not only 6,9-dienes and
3,6,9-trienes but also further-desaturated hydrocarbons were
prepared in the oenocytes. Namely, desaturases for modified
Type II pheromones act outside the pheromone gland, which
plays a role in the epoxidation and release of pheromone com-
ponents.

Whereas biosynthetic studies on Type II pheromones have
been conducted with a limited number of species, three cyto-
chrome P450s have recently been identified as epoxidation en-
zymes; i.e., a 3,4-epoxidase belonged to a CYP340 family from
A. selenaria® and 9.10-epoxidases belonged to a CYP341 fam-
ily from H. cunea® and the mulberry tiger moth (Lemyra im-
parilis).”® The identification of a 6,7-epoxidase is desired. The
sex pheromone of H. cunea is composed of Z3,76,ep09-21:H,
A1,Z3,Z6,epo9-21:H (6), Z26,29-18:Ald, and Z3,76,79-18:Ald.
The structures of the two unsaturated aldehydes demonstrate
their derivatization from linoleic and linolenic acids, origin
materials of the epoxy components. Conversion of the corre-
sponding alcohols into the aldehydes in the pheromone gland
has been experimentally confirmed, indicating another role of
the pheromone gland in which an alcohol dehydrogenase acts.””
The Type I and II pheromones are differentiated by the presence
or absence of a terminal functional group. However, considering
the biosynthetic aspect, these aldehyde components of the H.
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Fig. 7. Biosynthetic pathways for methyl-branched pheromones of Arctiinae moths (A), the gypsy moth (B), the smaller tea tortrix (C), the storage mite

(D), and the lichen moth (E). The pathways of (C) and (E) are putative.

cunea pheromone can be assigned to Type II compounds.

In the case of methyl-branched pheromones, only two studies
have been reported. Experiments with three Homomelina spe-
cies in Arctiinae have shown the biosynthesis of Me2-17:H start-
ing from leucine, which is first converted to isovaleryl-CoA. The
C, chain is extended by a fatty acid synthase into a C,4 chain that
incorporates the C, unit from malonyl-CoA seven times, and
then decarboxylation produces the C,, chain pheromone (Fig.
7-A).>Y Another study with L. dispar has revealed the biosyn-
thesis of Me2,epo7-18:H (10) starting from valine, which is con-
verted to isobutyryl-CoA. The C; chain is extended to C,y, and
Me2,Z7-18:H, a precursor of 10, is formed by desaturation and
decarboxylation (Fig. 7-B).”” These methyl-branched hydrocar-
bons are produced in oenocytes. On the other hand, most of
the compounds with a methyl-branch(es) located other than at
the 2- or w2-position are expected to be propanogenins formed
by the incorporation of C; unit(s) derived from methylmalo-
nyl-CoA in the biosynthesis catalyzed by fatty acid synthases
or polyketide synthases.®?) For example, the skeleton of Mel0-
12:0Ac (11), a minor pheromone component of A. honmai, can
be constructed with one acetyl-CoA, one methylmalonyl-CoA,
and four malonyl-CoAs (Fig. 7-C). This biosynthesis may pro-
ceed in a pheromone gland like other Type I components of this
species; meanwhile, methyl-branched hydrocarbons, such as
Me5,Me9-17:H (9), are expected to be biosynthesized in oeno-
cytes.

Among the new compounds found from lichen moths,
methyl-branched 2-ketones (49 and 50) are interesting, be-
cause several insect and mite species utilize compounds in the
same group as a chemical communication cue, e.g., Me3,Mell-
29:2-one of the German cockroach (Blattella germanica) and
Me4,Me6,Me8-10:2-one of the storage mite (Chortoglyphus ar-
cuatus). The former sex pheromone is biosynthesized from the

corresponding hydrocarbon by selective oxidation at the 2-posi-
tion.”® The latter aggregation pheromone is produced by oxi-
dative decarboxylation of 2,4,6,8-tetramethyldecyl-CoA, which
includes four C; units derived from methylmalonyl-CoA (Fig.
7-D).%”) This pathway of the mite not through a hydrocarbon is
reasonable because of the similarity of two terminal parts in its
short chain. The structures of 49 and 50 with a C,; main chain
also negate the possibility of their biosynthesis via branched
hydrocarbons. If 6-methyl (=13-methyl) and 14-methyl
(=5-methyl) hydrocarbons are precursors of the 2-ketones of
the lichen moth, it would be difficult to make a mixture of only
two 2-ketones. Experimental demonstration of whether the
monomethyl compounds are biosynthesized via the incorpora-
tion of two C; units and oxidative decarboxylation in the phero-
mone gland is a challenge for the future (Fig. 7-E).

5. Database of Arthropod Semiochemicals

The chemical structures of semiochemicals such as pheromones
and allomones acting intra- or interspecies have been elucidated
from a huge number of arthropods, including not only insects
but also some species of spiders, mites, and millipedes. Based on
reviews by Francke and Schulz®® and our group,’” a new data-
base (“Pheromone database, Part II”) is being created to summa-
rize the research results accumulated over time by many chem-
ists and entomologists around the world.” It contains 806 com-
pounds, whose identification and synthesis have been reported
by more than 1,300 publications. These compounds are broadly
divided into three groups: terpenes, methyl-branched nonter-
pene compounds, and others. Furthermore, they are subdivided
as follows: acyclic comp. (123), small-ring comp. (54), large-ring
comp. (14), fused-ring comp. (68), and heterocyclic comp. (16)
for the terpenes (total 275); hydrocarbons (49), primary alcohols
and derivatives (28), secondary alcohols and esters (31), ketones
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(32), acids and derivatives (34), and ring comp. (27) for methyl-
branched nonterpene compounds (total 201); acyclic comp.
(185), aromatic comp. (79), and ring comp. (66) for others (total
330). Figures in parentheses show number of compounds in-
cluded. Different from Part I, the data in Part II were collected
with an emphasis on chemical structures. The compounds are
listed in ascending order of the total carbon numbers and the
main chain length or ring size, which are described for each
compound in the database. Therefore, it is easy to retrieve a spe-
cific compound and its structurally related compounds.
Arthropods most widely utilize terpenes with various chemi-
cal structures as semiochemicals. In addition to the differenc-
es in carbon skeletons, modification with different functional
groups increases their variety. Methyl-branched nonterpene
compounds are relatively simple in structure, but most of them
contain chiral centers. Since determination of their absolute
configuration is an important point, the database distinguishes
between publications by the presence or absence of stereochemi-
cal analysis. The number of acyclic compounds listed in other
groups is also large, even though they do not contain moth Type
I and II pheromones, which are separately organized as “Part
17 Chain skeletons of the other compounds differ significantly
from C, to Cs;. The structures of moth pheromones are charac-
teristic, and insects of other groups rarely secrete the same com-
pounds identified from moths. The database shows that there
are a few exceptions, such as Z9-16:Ald and Z9-18:Ald. These

t*” and sex pheromones

aldehydes are trail pheromones of an an
of some moths in Crambidae and Noctuidae.” The structural di-
versity of semiochemicals that induce a specific behavior to sus-
tain the life and reproduction of species in arthropods provides
a wonderland for natural product chemists. The database will
help us to understand the chemical diversity of the semiochemi-

cals and provide tips for future research.
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