Preface

Chemistry becomes particularly interesting when reaching out to other disci-
plines and this has been documented impressively over the last few decades by
many cooperative efforts with biology. One of these fields which is now over
forty years old is what most chemists know as pheromone research, started in
1959 by Butenandt with the identification of the first pheromone, bombykol.
But pheromones are only part of the larger area of inter-individual chemical
communication in general. This means of transportation of information is not
used to a great extent by human beings, but vastly exploited by other living or-
ganisms. The research on these subject is part of Chemical Ecology, a discipline
which tries to understand why secondary metabolites are produced by a certain
organism and what their effects and functions are in an ecological perspective.
This field goes beyond the normally anthropocentric view of traditional natural
product research with its focus on application for human welfare.

To understand a given chemical communication system normally one needs
a close and fruitful cooperation between chemists and biologists, making this
field particularly interesting for many scientists. Chemists are involved in this
research by identifying the compounds which provoke behavioral or physio-
logical changes in the receiver, synthesizing them or their analogs, often in
enantiomerically pure form, to prove a structure and to provide material for
biological testing, working on the biosynthesis, and doing research on the
large biomolecules which are needed for formation or processing of the ex-
ogenous signal molecules.

The terminology used in this research area is not well established in the
chemical community; while the term pheromone is widely known, semioche-
mical is not. Nevertheless, chemicals used in the communication between
individuals are correctly called semiochemicals; recently the equivalent term
infochemicals was introduced. These compounds can be further divided into
pheromones, compounds used in communication between individuals of the
same species, while allelochemicals serve interspecific communication. Most
pheromones are releasers, i.e. they provoke a behavioral change in the receiv-
er. More rare are primers, which provoke physiological changes. Allelochemi-
cals can be divided into kairomones, which are advantageous for the receiver,
while the emitter benefits from allomones. Synomones are advantageous for
both the emitter and the receiver.
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Many different functions of pheromones have been found since Butenandt.
Aggregation pheromones attract both sexes to a special location, while sex
pheromones are offered by one sex only to attract or arouse the other one. Trail
pheromones used by ants mark food trails and alarm pheromones change the
state of alertness of conspecifics. These are only some of the functions phero-
mones can have, and similar different functions can be found in allelochemi-
cals as well.

This two volume book tries to give an overview from a chemical perspec-
tive about the progress made during the last decade in semiochemical re-
search. Synthesis, a key field of organic chemistry, is covered in many chapters,
but the most innovative work is presented concisely in the first chapter by
K. Mori, the focus of which is on the synthesis of pheromones, which is mostly
target oriented and only rarely used to invent new methodology. Most work
has been done on insect pheromones, which is reflected by the selected syn-
thesis and the number of chapters devoted to insects in this book. This chap-
ter is followed by a review on the lepidopteran pheromones by T. Ando et al. This
order is the best investigated so far, primarily because of the great economic
importance of moths and butterflies. Some species are ideally suited to serve as
model organisms in studies going beyond the identification of pheromones to
signal perception (see the chapter by Leal) and biosynthesis (see the chapter
by Jurenka).

Pheromone identification is still difficult because the structure of unique
compounds present in small amounts in mixtures of similar molecules has to
be elucidated. This topic will be discussed in detail by Ando as well as by
others, showing nicely the recent progress in analytical techniques. The fol-
lowing chapter by R. Jurenka deals with insect pheromone biosynthesis with
special emphasis on lepidopteran pheromones and also covers genetic
aspects. The subsequent chapter by C. Keeling et al. describes the hymenop-
teran semiochemicals (bees and ants), describing pheromones and alleloche-
micals. The hymenoptera add a certain flavor to the scene, because now the
complexity of social insects with their many interactions comes into play, as
well as the multi-level (multi-trophic) signals used by parasitoids.

The first volume ends with a chapter by G. Pohnert on chemical defence in
the marine environment. Defense compounds, which can be regarded as allo-
mones, are often, but not always, more complex than other semiochemicals
and may have unique modes of action. The biological mechanisms are not
always easy to unravel, which is shown by some of examples. The reader may
be tempted to compare the chemical complexity with that of terrestrial insect
defence, which can be found in the second volume chapter by D. Daloze and
J.-C. Braekman. Insects thus do not only produce interesting pheromones, but
also complex allelochemicals for their own protection.

The second volume starts with biochemistry and new insights into phero-
mone perception and transport by W. Leal. These findings show that specifi-
city is not only achieved by uniquenss of compounds or blends, but also by the
perceiving receptors and transport molecules. The following chapters on bugs
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and beetles by J. Millar and W. Francke and K. Dettner also cover methods used
for identification besides target-oriented synthetic approaches and discussion
on the application of pheromones in insect control. The book will close with
two chapters on highly complex and relatively simple organisms, namely
mammals and bacteria. B. Burger points out the difficulty in working with
behaviorally complex animals for establishing biological activity of certain
compounds or mixtures. Furthermore, complexity can also be found in exo-
crine secretions of mammals which poses specific problems to the analytical
chemist. P. Williams et al. explore chemical communication in bacteria. Micro-
biologists often use different terminology than zoologists, but from my point
of view quorum-sensing-factors are still pheromones or at least semiochemi-
cals. This exciting new field shows extensive progress and facilitates the
application of biotechnological methods more easily than in more complex
animals.

Hopefully the reader will get an overview of the recent work in the field
after reading the chapters. Nevertheless, many exciting subjects have not been
included, especially when recent reviews exist, as is the case for semiochemi-
stry of arachnids (spiders and mites) or cockroaches. Further interesting sub-
jects are pheromones of fish, reptiles, amphibians, algae, fungi, yeast, insect-
plant interactions, etc. The research described here lays the foundation for
further progress in the future, which will definitely benefit from the techno-
logical advances seen during the last years in chemistry and biology. A better
understanding of the role and function of secondary metabolites may hope-
fully be obtained.

Braunschweig, August 2004 Stefan Schulz
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List of Abbreviations
BINAL 1,1-Bi-2-naphthol

Cy Cyclohexyl

DHP 3,4-Dihydro-2H-pyran

DNB 3,5-Dinitrobenzoyl

dppp 1,3-Bis(diphenylphosphino)propane

EDC 1-[3-(N,N-Dimethylamino)propyl-3-ethylcarbodiimide hydrochloride
imid or Im Imidazole

KAPA Potassium 3-aminopropylamide

MPLC Medium pressure liquid chromatography

Ms Methanesulfonyl

NMO N-Methylmorpholine N-oxide

PPL Pig pancreatic lipase

Red-Al Sodium bis(2-methoxyethoxy)aluminum hydride
Sia 3-Methyl-2-butyl

TBS tert-Butyldimethylsilyl

THEX 2,3-Dimethyl-2-butyl

TPAP Tetra-n-propylammonium perruthenate

1

Introduction

The purpose of synthesis in pheromone science is (1) to establish the proposed
structure including absolute configuration and (2) to provide samples in amounts
sufficient for biological studies and practical pest control.

Pheromones are often low molecular weight organic compounds of diverse
structural types. Double-bonds and stereogenic centers in pheromone mole-
cules further enrich their diversities by rendering stereoisomerism possible.
Accordingly, pheromone synthesis must deal with the common problems of
organic synthesis: carbon-carbon bond formation, functional group trans-
formation, and diastereo- and/or enantioselective preparation of the desired
stereoisomer. In this chapter, modern solutions for these problems are illus-
trated with 61 examples of pheromone synthesis. You can see that many new
reactions such as Sonogashira, Stille-Kosugi, or Miyaura-Suzuki couplings,
asymmetric dihydroxylation and ring-closing olefin metathesis are cleverly
employed in preparing pheromones. Among almost 900 synthetic literatures of
interest in the period of 1990 to early 2003, 63 examples are selected. The choice
was made rather arbitrary according to my own taste. I intend, however, to show
you almost all of the important and modern aspects of organic synthesis as
applied to pheromone science.

Pheromone synthesis was thoroughly reviewed in the past. In 1989, synthetic
methods useful in preparing optically active pheromones were reviewed by
Mori [1]. More comprehensive reviews are also available [2, 3]. The present
chapter follows the style adopted in Mori’s encyclopedic review [3] to classify
the pheromones according to the compound types. In comparison to 1229
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references listed in [3], only 101 references are listed in this chapter.I apologize
to those whose syntheses have not been reviewed here. Today, however, elec-
tronic information service has developed remarkably so as to make any liter-
ature search possible. Those who want to carry out pheromone synthesis must
carefully search the existing information to avoid duplication with others.
There are three reviews emphasizing the importance of synthesis in phero-
mone science [4],in semiochemicals research [5],and in chemical ecology [6].
Stereochemistry-pheromone activity relationships are also discussed in the
above three reviews, and more thoroughly in three other reviews [7-9].

2
General Methods

Four new or improved methods useful in the synthesis of aliphatic insect
pheromones were reported. w-Bromo-1-alkanols are important building
blocks in pheromone synthesis. Chong found that o,c0-diols gave good yield
of w-bromo-1-alkanols when heated with hydrobromic acid and toluene at
reflux (Scheme 1) [10].

1.2 eq 48% HBr

HO(CH,),OH HO(CH,),,Br
toluene, reflux
9-72 h n = 5-12
Scheme 1 (79-94%)

Alkylation of 1-alkynes with alkyl halides was carefully examined by Chong
[11]. Alkynes could be alkylated easily in the absence of HMPA by treatment
with n-butyllithium followed by n-alkyl iodide in THEF. In the case of bromides,
a catalytic amount of tetra(n-butyl)ammonium iodide or sodium iodide should
be added (Scheme 2).

Three new methods for the conversion of alkynes to (Z)-alkenes were re-
ported, although Lindlar semi-hydrogenation still remains as the most conve-
nient method. Copper (I) hydride reagent could reduce alkynes to (Z)-alkenes
as shown in Scheme 3 [12]. Yoon employed nickel boride prepared on borohy-
dride exchange resin for selective hydrogenation of alkynes to (Z)-alkenes
(Scheme 4) [13].

n-BuLi, THF
RC=CH n-CpHzn+4C=CR
n-CHonsql, reflux, 2 -8 h
(75 — 99%)
n-BulLi, THF
RC=CH n-CnH2n+1CECR

n-CHon+4Br, Nal, reflux, 12 - 60 h
Scheme 2 (52 — 95%)
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0.50 eq (PhsPCuH)s He  H
RC=CR' R C R
5 eq Hzo, 06H6' 80°C
05-4h
Scheme 3 (42-96%)

H,, NiB-borohydride exchange resin

. (Amberlite IRA-400) H, H
RC=CR Cc=C!
MeOH, -15 ~ 20°C R R’
05-3h
Scheme 4 (94 — 98%)

E. Sato developed titanium (II)-based cis-reduction of alkynes as shown in
Scheme 5 [14], and the method was applied to the synthesis of pheromones by
Kitching (Scheme 6) [15]. This titanium (II)-based reaction gives pure (Z)-alkenes.
Kitching summarized the contemporary methods for the synthesis of skipped
polyynes and their reduction to skipped polyenes [15].

RC=CR' —
-PrMgBr W —
Ti(Oi-Pr), Ti"0i-Pr), ——
(2 eq)
. H,0 .
RCsCR' <~— R\E/R Ryc=c®
L O Ti (OF-Pr) H H
Scheme 5 Ti(Oi-Pr), 2
1) 5 eq Ti(Oi-Pr),
13 eq i-PrMgBr
P VN NP
X7 OTHP OTHP
2) H,O
Scheme 6 (42%)

Various enzymes, especially esterases and lipases, are employed in the enan-
tioselective syntheses of pheromones [16, 17]. Examples will be given later.

3
Synthesis of Alkane Pheromones

Scheme 7 summarizes the synthesis of (7R,11S)-7,11-dimethylheptadecane (1),
the female sex pheromone of the spring hemlock looper (Lambdina athasaria)
by Mori [18]. Enantiopure alkanes are usually synthesized by coupling enantio-
pure building blocks derived from natural products or compounds prepared by
asymmetric synthesis. Even among hydrocarbons, chirality is very important
for pheromone activity, and in this particular case meso-1 was bioactive, while
neither (7R,11R)-1 nor (7S,115)-1 showed bioactivity.
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= 1) DHP, TsOH, Et,0 w

2) L1A|H4, Etzo n'05H 11 MgBr

HU\/\C%MQ THPO._~_OTs
3) TsCl, CsHsN Li;CuCly, THF
(80%) (90%)
= 1) TsOH, MeOH -
H 2) TsCl, CsHgN i
THPO. _~_~_ "~~~ gve PhSOg/\/\/\/\/
3) Nal, Me,CO A
4) MeSO,Ph
n-BuLi, THF, HMPA
i (74%)
Similarly
o N = Ao
CO,Me
B

1) Na-Hg, Na;HPO,4

n-BuLi, THF, HMPA EtOH
B 2) purification
(80%) (33%)
\/‘\/\/\\/\/i\/\/\/ = \/\/\,/l\/\)\/\/\/
Scheme 7 (TR,118)-1
4

Synthesis of Olefinic Pheromones

Recent trend in the synthesis of olefinic pheromones is the use of transition
metal-catalyzed cross coupling reaction for carbon-carbon bond formation.
Scheme 8 summarizes a synthesis of the termite trail marker pheromone,
(32,6Z)-3,6-dodecadien-1-ol (2) by Oehlschlager [19]. The key-step is the pal-
ladium-catalyzed cross-coupling of allylic chloride A and alkenylalane B.

Scheme 9 shows Svato§’s synthesis of (8Z,10E)-tetradeca-8,10-dienal (3), the
female pheromone of the horse-chestnut leafminer (Caneraria ohridella) [20].
Palladium-catalyzed coupling of A with 1-pentyne was the key-step.

Synthesis of (10E,12Z)- and (10Z,12Z)-10,12-hexadecadienal (4 and 5) by
Oehlschlager is summarized in Scheme 10 [21]. These two aldehydes 4 and 5 are
the female sex pheromone components of melonworm (Diaphania hyalinata).

Palladium-catalyzed coupling of the borane derived from A with 1-bromo-
1-pentyne to give B as well as the coupling of iodoalkene C with alkyne D were
the two key-steps.

Two new syntheses of bombykol (6), the female sex pheromone of the silk-
worm moth (Bombyx mori), were reported [22,23]. Scheme 11 shows Negishi’s
synthesis of 6 based on organoborane chemistry [22], and Uenishi’s synthesis
of 6 based on palladium and nickel catalyses is summarized in Scheme 12 [23].
Both syntheses afforded bombykol of >98% purity.
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n-BuLi, THF (n-Bu)sSnLi
Me(CH,),C=CH Me(CH,),C=CCO,Me
CICO,Me CuBr-Me,S, THF
(97%) (91%)
(n-Buysn_ H 1) DIBALH, THF (n-Bu)ssn_
Me(CHy)4 CO,Me 2) NCS, Me,S, CH,Cl, Me(CHo)4
(78%) A
1) Thex,BH
OTHP  n-Buli, THF, I, OTHP THF
//\/ ey —
~ (92%) |/v 2) AcOH
(56%)
t-BuLi, EL,AICI A, Pd(PPhs),
P e Y ————— AT TOTHP
[ OTHP THF, ELO to 0 THF. E40
B (51%, 2 steps)
(n-Bu)3Sn>=\m TsOH ﬂm
— Me(CHy)4 OH
Me(CH,)4 OTHP MeOH, THF 2
Scheme 8 (T7%)
1) DIBALH, hexane q
HC=C(CH,);0t-Bu _—~(CHy)7OtBu
2) Iy, THF '
(85%) A
1)
BH
n-PrC=CH, Pd(PPhj), ___(CHy);0t-Bu ,
Pz
n-BuNH,, Cul, benzene P // 2) AcOH
(88%) T 3) Hy05, pH 10
(69%)
| FeCI3, Etzo
npr == (CH,),0t-Bu g (CH,),0Ac
ACzO
(83%)
1) NaOH, MeOH
. t/:/(CHZ)GCHO
2) PDC, CH,Cl,
(71%) 3 (EZ97%)

Scheme 9
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n-BuLi, THF 1) KAPA, THF
Me(CH,);C=CH Me(CH,);C=CCH,OH
(CH,0), 2) TBSCI, DMF
(93%) (78%)
1) Sia,BH, NaOMe n-pr
TBSOy Z TBSOM
. 2)n-PrC=CBr, Pd(PPhs), o
A (87%) B
1) (Me,CHCMe;,),BH nPrA/\&/)OTBS 1) (n-Bu)sNF P/W\HCHO
- n-Pr
2) AcOH ® 2) CrO52CgHsN 4 8
(92%) CH,Cl,
TBSOM// (78%)
9
1) (n-Pr),CuLi — D _ -
Hoson RO =g n-Pr XX, , 0788
2) 1, c Pd(PPhs),, Cul 9
(75%)
1) (Me,CHCMe,),BH —— 1) TBAF e~
2) AcOH n-pr ©OTBS 5)Cr0,2CoHN. PT KCHO
(94%) CH,Cl, 5
(72%)
Scheme 10
1 eq SiayBH H,  (CH)eOTMS [ pre=clj
HC=C(CH,)OTMS ————— Cc=C_ —_—
THF Sia,B H THF
H.  (CH2)sOTMS H,  (CHy)OTMS
C=C. Teqly C=C_
Sia,B] H —— Sia,B] H —_—
C=Cn-Pr C=Cn-Pr
-
H (CH2)OTMS H (CH,)OTMS
n-Pry ‘C:C:CZH ! eq NaOH nPr_  C=C{
BN C=C, H 659
I”"  'BSia, 1" BSia, (65%)
H
1) Sia,BH
o 2) i-PrCO,H H H
nPr—C=C_ H ) 2 c=c’  H
= Chp,OTMS 3) LA P’ Je=C
(CHy)g ) LiAIH, H (CH3)OH
4) Hs0 Bombykol (6)
(69%) y

Scheme 11 (>98% pure)
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(EtO),P(O)CH,CO,Et 1) DIBALH, CH,Cl,

TBSO(CH,)sCHO

TBSO(CHy)y O

NaH, THF 2) (COCI),, DMSO
(83%) EtsN, CH,Cl,
(67%)
CBry, PhgP (n-Bu);SnH
TBSO(CHy)y - CHO TBSO(CHZ)Q/\/\/Br
2/ CH,Cl, Br cat. Pd(PPhs),
(88%) (85%)
“ 1) n-PrMgCl, cat. NiClx(dppp) H H
TBSO(CH)y ™ > THF o O M

Br H ~(CH,)gOH

Bombykol (6)
(> 98% pure)

2) TBAF, THF
(78%, 2 steps)
Scheme 12

A new group of allenic hydrocarbons was isolated from five Australian me-
lonthine scrab beetles (Antitrogus consanguineus), and synthesized by Kitching
as shown in Scheme 13 [24]. This synthesis allowed the assignment of (R)-ab-
solute configuration to the natural 9,10-pentacosadiene (7, 89% ee) in A. con-
sanguineus [24]. Similarly, (R)-configuration was assigned to natural 9,10-tri-

cosadiene (86% ee) [24].

1) n-BuLi, THF KH
Me(CH,),C=CH Me(CH,),C=C(CH,)sMe
2) Me(CH,)gBr, HMPA HoN(CH3)3NH>
(97%) (79%)
1) n-BuLi, THF OH TPAP
Me(CH,);3C=CH /\ CH,),Me
2) Me(CHy);,CHO Me(CHy) Z NMO
(51%) 2/13 (82%)
(0] (S)-Me CBS reagent OH
(2.5eq) wWH
= (CH2)7Me = (CH2)7Me
=z =
Me(CHa)3 5 eq BH3-SMe; Me(CH,)15
(70%)
A (S)-B (80% ee)
OA
1) (n-Bu)3SnH, AIBN, 90°C o TBAF, DMSO
2) Ac,0, CsHgN (GHalrie heat
C2U, Lshg Me(CH Sn(n-B ca
(14%, 2 steps) (CH2hs (n-Bu)s (T7%)

(S)-Me CBS reagent:

Ho  _ WH b Pho,
Me(CH;)13 (CHy);Me o
(R)-7 .o
(72% ee) N B
Scheme 13 Me
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Scheme 14 illustrates Linstrumelle’s synthesis of (9Z,11E)-9,11,13-tetradeca-
trienyl acetate (8), the pheromone of the pyralid moth, Stenoma cecropia [25].
The key steps were palladium and copper-catalyzed Sonogashira couplings
(A+B and C+D). Another noteworthy feature in this synthesis was the use of
activated zinc dust in aqueous methanol for the reduction of the triple bonds
of E to give two double bonds of 8.

C,:>:<2] AcO(CH,)sC=CH
B ™S D
TMSC=CH NP
Pd(PPhg)g, Cul Cl PdCI,(PhCN),
A piperidine, benzene c Cul, piperidine
(76%) (T1%)
(CH,)sO0AC (CHp)sOAC
~F AgNQ3, KCN /%/
= &
T™S EtOH, H,0
(76%) E
Zn dust -
B — e \/‘\/=\
(CH,)s0Ac
MeOH, H20
(67%) 8
(95% purity)
Scheme 14

Kitching employed the titanium (II)-based cis-reduction of alkynes in their
synthesis of (3E,82,11Z)-3,8,11-tetradecatrienyl acetate (9), the pheromone of
the moth Scrobipalpuloides absoluta as shown in Scheme 15 [15].

1) n-BulLi, THF
EtBr, DMPU HC=C(CH2);0THP
HCECCHZOTHP —_— EtCECCHQBF
2) Bry, PhsP Cul, Nal, KzCOg
CH,Cl, (41%) DMF (54%)

1) 5 eq Ti(Oi-Pr)y4
15 eq i-PrMgBr, Et,0 OTHP
EtC=CCH,C=C(CH,);0THP NN AN
2) H;0 (42%)

1) PhsP, Bry, CH,Cly HC=C(CH;),OTHP

NN HNA
2) Cul, Nal (69%) n-BuLi, THF, HMPA
(43%)
OTHP
— — // 4-Na Hrly \/=\/=\/\/\/\/OTHP
Et,0
(quant.)
e i Y Y VS T i
2) ACQO, C5H5N
(67%) 9

Scheme 15
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In 1992, nitrate esters 10 and 11 were identified as the female sex pheromone
of the cotton leaf perforator (Bucculatrix thurberiella) [26]. Synthesis of (Z)-9-
tetradecenyl nitrate (10) and (Z)-8-tridecenyl nitrate (11) is shown in Scheme 16
[26]. A 100:2 blend of 10 and 11 is highly attractive for male B. thurberiella.

HNO3, ACzO
n-BuC=C(CH,),OH n-BuC=C(CH,),ONO,
0°C
(quant.)
H,, Lindlar Pd H H
pet. ether, 0 °C n-Bu (CH5),ONO,
10 n=8
1M1 n=7
Scheme 16 (>98% pure)

5
Synthesis of Epoxy Pheromones

5.1
Synthesis of (7R,8S)-Disparlure

(7R,8S)-(+)-Disparlure (12) is the female sex pheromone of the gypsy moth
(Lymantria dispar). Advent of Sharpless asymmetric dihydroxylation (AD) al-
lowed several new syntheses of 12 possible. Sharpless synthesized 12 as shown
in Scheme 17 [27]. Scheme 18 summarizes Ko’s synthesis of 12 employing AD-
mix-« [28]. He extended the carbon chain of A by Payne rearrangement followed
by alkylation of an alkynide anion with the resulting epoxide to give B. Keinan
developed another AD-based synthesis of 12 as shown in Scheme 19 [29]. Mit-
sunobu inversion of A to give B was the key step, and the diol C could be purified
by recrystallization.

Two additional syntheses of 12 employed organostannane and organobo-
rane chemistry. Marshall’s synthesis of 12 was based on chiral organostannane
A as shown in Scheme 20 [30], while Oehlschlager’s one was based on chiral
organoborane A (Scheme 21) [31].

The key-step of Mori’s synthesis of 12 was pig pancreatic lipase (PPL)-cat-
alyzed asymmetric hydrolysis of meso-diacetate A to give B (Scheme 22) [32].
Purification of B (90.8% ee) afforded pure C, which was converted to 12.

Recently, an improved method for the preparation of C by lipase-catalyzed
asymmetric acetylation of (+)-C was reported [33].

A new analytical method [34] for the enantiomeric purity of epoxide phero-
mones as well as a new method [35] for stereochemical inversion of saturated
epoxides were reported by Oliver.



Pheromone Synthesis 11

1) AD-mix-a®
COoEt MeSO,NH
AN MoC(OED, | £BuOH, H,0
HO™ ~(CHo)gMe EtCO,H, heat 2) recryst'n
! CHo)gMe :
(90%) (CHa)o 3) TBSCI
(86%)
0
1) DIBALH o
0 2) -BuPPhsBr, n-Buli 1) MsCl, EtgN
‘ 3) Hy, Pd-C S 2) TBAF
TBSO" (CHy)gMe (78%) TBSO™ (CHzlgMe (75%)

AD-mix-a® (1 kg)

=(DHQ)PHAL 5504
+ K208202(OH)4 0.52 g
O>/\, + K3Fe(CN)6 700 g
+ KQCO3 294 g

Disparlure
[(7TR8S)-12] \/m

HO,,
N=N H
(DHQ):PHAL = DHQO—(  )—ODHQ DHQ= -~ OMe
|
N
Scheme 17 Dihydroquinine
1) TBSCI OH
“ 2) AD-mix-o® H 1) SOClp, EtsN
Me(CHa)g™ > “OH Me(CHa)s™ > “OTBS
MeSO,NH;, OH 2) RuCls, NalOy4
t+-BuOH, H,0 (99%)
(92%)
1) TBAF
o/302 2) i-PrCH,C=ClLi OH
R BFg-Eto0 R Hy, Pd-C
Me(CHp)g™ [~ ~OTBS Me(CHg)QN —
o) 3) H3(fé;°/) OH (95%)
A (60% B
1) MeC(OMe)3
PPTS
HO.,, 2) AcBr -
(o
N 3) Ko.CO3, MeOH
Ho (78%) .
Disparlure

Scheme 18 [(7R,85)-12]
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1) DIBALH H 1) Hy, Pd-C
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1) MeC(OEt)3, PPTS
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HO™ 3) KOH, THF, MeOH
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= (DHQD),PHAL 5.52g NN
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Scheme 19 Dihydroquinidine
1) (n-Bu)3SnLi
cho THF /\)CJJ\
X
Me(CH,);” 2 o o Me(CHyy S Sn(o-Bu)g
{  'NCN=NCN )
THF
1) (S)-BINAL |
LiAlHa, THF o OTBS TBSOTS (n-Bu)sSn  OTB
Me(CH,)y” > >Sn(n-Bu
2) TBSOTF, CHCl, (CH2)7 (n-Bu)s (42%)  Me(CHa)
(i-Pr),NEt A
S 1) Hy, Rh-ALO
2: “AI2M3
o HOG 2) TsCl, CsHsN
BFsEt0, CHoCl,  TRSON N 3) TBAF, THF
(73%) 5 (65%)

Disparlure
Scheme 20

anti/ syn=>95:5
(ca. 90% ee)

[(7TR,85)12]
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1) Et,0, -95°C

2)
LiN
2 pcy,B

2™ + lIpc,BOMe
Cl

X

1) Me(CHz)gCHO

3) BF3-Et,0 A Cl 2) NaOH, H,0,
e
- Hae 5% _H 2
Me(CHz)s™ Y Me(CH
Cl (®1%) Vel 2) NaBO3, H,0
(290-95% de, ee) (67%)
3) recryst'n.
H Q H 1) TSCl, KOH, Etzo W
e o
Me(CH2)9>_</\OH ; ‘.
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(>99.5% de, ee) he"gg‘;’ Et;0 Disparlure
(65%) [(7R.8S)}-12]
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Scheme 21
1) TBDPSCI, DMAP
PPL, (i'Pr)ZO Eth, CH2C|2
o COAC phosphate buffer pH 7 \“COAC 2) K,CO3, MeOH
o,
Ohc 0°C, 45 h OH  3) DNBCI, C4HN
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meso-A B
4) K,CO3, MeOH
(90.8% ee) 525%)
OH 1) TsCl, CsHsN 1) TBAF, THF
O?)'C o,
~_-OTBDPS ) [Me,CH(CH,)s},CuLi "\_OTBDPS ) TsC|, DMAP
Et,0 EtsN, CH,CI
c 2 3N, CRoUl
(ca. 100% ee) (74%) (83%)
[Me(CH,)gl,Culi
W Y
L _ots Et,0 .
(68%) Disparlure

Lipase PS-C (Amano)

o OH o[ oH
OTBDPS  CH,=CHOAG, Et,0 " OTBDPS

C (49%)
(99.5% ee)

Scheme 22

[(7R,8S)12] (ca. 100% ee)

o OAc
OTBDPS

C' (48%)
(98.1% ee)
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5.2
Synthesis of Olefinic Epoxy Pheromones

(62,98,10R)-9,10-Epoxyhenicos-6-ene (13) is the female sex pheromone of
moths such as ruby tiger moth (Phragmatobia fuliginosa), fruit-piercing moth
(Oraesia excavata), and painted apple moth (Teia anartoides). Scheme 23 sum-
marizes Shi’s synthesis of 13 based on Sharpless asymmetric dihydroxylation
(AD) [36]. Mori synthesized 13 employing lipase to prepare A (Scheme 24) [37].
Alkylation of the acetylide anion C was possible neither with tosylate nor with
iodide, but triflate B could alkylate C to give D.

LiAlH, AD-mix-g®
Me(CHg)1o~ ~_OH

Me(CHs)1gC=CCH-0H

(98%) MeSO,NHy, +-BuOH, H,0

(90%)
OH NaH o
Me(CHa)10 OH Me(CHa)10
Tslm
OH THF OTs
(63%) A
AD-mix-g®
MeSONH OH 1) KoCO3, MeOH
Me(CH2)10~_~ Cl Me(CHb2)10 Cl
ST LBUOH, H0 ! 2) NaH, TsIm
oo o

Me(CHo);C=CH HO\(—:—‘VV KoCO3
A
n-BuLi, BF5Et,0 MeOH

TsO" (CHa)1oMe

THF (60%)
(70%)
== Hy, Pd-CaCOj _
0 0
(CH2)10Me (80%)
Scheme 23 (6Z,9S,10R)-13

Posticlure [(62,9Z,118,12S)-11,12-epoxy-6,9-henicosadiene, 14] is the female
sex pheromone of the tussock moth, Orgyia postica. Wakamura’s first synthe-
sis of 14 was achieved by employing Sharpless asymmetric epoxidation, and the
final product was of 59% ee [38]. Mori prepared 14 of high purity as shown in
Scheme 25 basing on asymmetric dihydroxylation (AD) [39]. Kumar also pub-
lished an AD-based synthesis of 14 [40], which was more lengthy and less effi-
cient than Mori’s [39].

Leucomalure [15, a mixture of (3Z,6R*,75*,9R*,105*)- and (3Z,6R*,75%,95%,
10R*)-cis-6,7-cis-9,10-diepoxy-3-henicosene] is the female sex pheromone of
the Satin moth (Leucoma salicis) [41].Its racemic and diastereomeric mixture
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LiC=C(CHg)4Me

o OH n-BuLi, THF o OT§ Cc
OTBDPS Tf,0 OTBDPS THF, HMPA
(74%)
A B

1) Hp, Pd/CaCO4-Pb%*

O/\/\ cyclohexane C/\/\/ TsCl
OTBDPS 2) TBAF, THF CsHsN

(99%) (77%)
[Me(CHy)g]oCulLi m\
(80%)
Scheme 24 (6Z9S,10R)-13
. OH
 com AD-mix-o® = _Gogme _HBr AcOH
Me(CHy)g ™~ ° Me(CH2)8/\i/ then MeOH
MeSOzNHp, +BuOH, Hz0 OH flaves
(71%) (recryst'n.)
OH com KoCOs3 © o DIBALH
2Me - COMe
Me(CHg)s/\r MeOH Me(CHa)g toluene
Br (71%) (85%)
(recryst'n.)
<9 cho Me(CHp)s~ > “P*PhgBr~
Me(CHo)g™ > NaHMDS, THF
(70%)
2 H
NAWAY N VN
o
Posticlure [(11S,125)-14]
Scheme 25 (9Z/9E =93 :7,99.9% ee)

was prepared by epoxidation of (62,92)-6,9-henicosadien-3-yne followed by
semi-hydrogenation of the triple bond [41]. Separation of the epoxidation
products of (3Z,6R,7S,9Z)- or (3Z,6S,7R,92)-6,7-epoxy-3,9-henicosadiene by
HPLC on a chiral stationary phase enabled Ando to prepare four stereoisomers
of 15 [42]. After the synthesis of the two diastereoisomers of (+)-leucomalure
[43], Mori synthesized all of the four possible stereoisomers of 15 as shown in
Scheme 26 [44]. Bioassay of these four isomers against the Satin moth in Hun-
gary will clarify the stereochemistry of the bioactive enantiomer of 15.
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1) n-BuLi
L 2) Th,0 M(CH2)10M9
Pl =
TBDPSO.__~—~_OH 3 Me(CHz)0G=CL TBDPSO
THF, HMPA
(7T7%)

H,, Pd/CaCO4-Pb*

y
K

m—CPBA, CH20|2

TBORER 5 s
(CHz)1gMe

cyclohexane then MPLC separation
(98%)
e} o e} Q
DPSO._ A A +  TBDPSO. A~ A\
TBDPSO (CHg)ioMe (CHa)roMe
A (23%) B (58%)
1) n-BulLi
TBAF, THF 45 o o 2) THO
A I e W
(81%) (CHz)1oMe 4, EtC=CLi
THF, HMPA
(48%)

H,, Pd/CaCO;-Pb?*

cyclohexane E

(97%) Leucomalure
[(32,6S,7R,95,10R)-15]

Similarly

Q 0

|- e —— A/;\/A\
Et (CH3)1pMe

(32,6S,7R.9R,105)-15

O
(CH2)10M"-‘
(3Z,6R,7S,9R,10S)-15
TBDPSO\/L\/
ﬁ\/&/i
(CHz)10Me
Scheme 26 (32,6R,75,95,10R)-15

6
Synthesis of Non-Isoprenoidal Pheromone Alcohols and their Esters

Scheme 27 summarizes Yamamoto’s synthesis of lardolure (16), the aggregation
pheromone of the acarid mite, Lardoglyphus konoi [45]. The key-step was the
transformation of acetal A to hemiacetal B.

(25,125)-2,12-Diacetoxytridecane (17) is a component of the female pher-
omone of pea midges (Contarinia pisi). Kitching synthesized 17 as shown in
Scheme 28 by employing Jacobsen’s hydrolytic kinetic resolution of terminal
epoxides with a (salen)Co(OAc) complex, (S,S)-B [46]. By this reaction bis-
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to”
E OH Phl(QAc),

Q: Q( 1) (i-Bu)zAl s, O I3, hv
: : 2 TfO rPr NEt cyclohexane
o TsOH & ) 2 ( )2 7Y o)
B
o) o]
f»,_,.(ioj_...\\ (n-Bu)SnH br"doJ'"‘“ DIBALH /\/k/'\/k/L
TN AIBN, THF P toluene MO OH
SR (quant.) i (92%)
1) TsCl, DMAP
2) Me,CuLi OH  (g59) OCH
(56%) Lardolure [(1R,3R.5R,7R)-16]
Scheme 27
/\/MgBr, Et,©
CH m-CPBA
BT(CszyBI’ /\\/( 2)?\/~.\.\‘~:\
THF, rt. 2d K2CO3, CH,Cl,
(75%) 7 (61%)
Hln
—N HzO N_
d /[\ j@*f—Bu
t+Bu t-Bu
o o (S,S)-B (1.0% eq) o, o
D (CHo )~ <] U (CH2) A&
0.6 eq H,O
A C (19%)
OH OH
® V\/(CHZ)?\/\/OH #: HO\/I\/(CHz)?\/‘\/OH
D (45%) E (9%)
NGBH4 C:)H OH ACzo ?AC OAc
c A CH A A (CHa)y
EtOH CsHsN
849% o (25,128)17
Scheme 28 (84%) (98%)

epoxide A afforded C, D, and E. Bis-epoxide C was converted to 17. Kitching
used Jacobsen’s kinetic resolution to synthesize six other pheromones.

Four different syntheses were reported for the enantiomers of 1-methyl-2-
cyclohexen-1-ol,a component of the aggregation pheromone of Dendroctonus
pseudotsugae [47-50].
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7
Synthesis of Non-Isoprenoidal Pheromone Ketones, Acids and Esters

Several female sex pheromones of pine bast scales were identified and synthe-
sized. Scheme 29 summarizes Mori’s synthesis of the pheromone [(R)-18] of
the Israeli pine bast scale (Matsucoccus josephi) [51]. Enzymatically prepared

o 1) PivCl, CgHsN

(0]

CHuCly ) (COCI),, DMSO
HO\/L\/OTBDPS PIVO\A/OH
A 2) HF, TBAF EtsN, CH,Cl,
THF, H0 (>98% ee) (69%)
(88%)
o) 0 1) 10 eq MegAl
JA\ Ph3sP=C(Me)CO,Et \/L\/I\ 6 eq H,0
PivO. PivO Pz
CHO THF COzEt  CH,Cly, —40°C
(82%) B 2) TBSCI, imid.
DMF
(81%)
OTBS oTBS 1) (Et0)oP(O)CH,CO,EL
Pivov'\‘/xrcozﬂ 1) DIBALH o CHO n-BuLi, THF
2) (COCl)o, DMSO 2) SiO2 chromatog.
c EtsN, CHoClo (72%)
(84%)
OTBS OTBS
1) DIBALH
E1O,C7 XX SN X COoEt : MsO. N N X —
2) n-BuLi, Ms,0
THF
(98%)
1) LiBHEtg, THF
2) TBAF, THF qoNe «_ 1) KeCOs, MeOH, THF Q o
X A
3) DNBCI, CsHsN /\)\KY\/ 2) (COCI),, DMSO N -
4) recryst'n. Et3N, CHxClp
(30%) (96%) (R)-18
O2N o (96.6% ee)
DNB = Q&_
Scheme 29 OoN

building block A (cf. Scheme 22) served as the starting material, and the con-
version of B to C with wet trimethylaluminum was the key-step. Synthesis of the
pheromone [(3S,7R)-19] of the maritime pine scale (Matsucoccus feytaudi) as
well as that [(6R,10R)-20] of the Japanese pine scale (Matsucoccus matsumurae)
from the same starting material A were shown in Scheme 30 [52, 53].

Mori later developed a shorter synthesis of these pheromones by employing
a Weinreb amide A (Scheme 31) as the common intermediate [54]. The prod-
ucts 18-20, however, were less enantiomerically pure than those previously syn-
thesized from the epoxy alcohol A of Schemes 29 and 30.
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1) MesAl, pentane
9 CHoCl, o K2COs3
HO\AOTBDPS TsO OTBDPS oo
A 2) TsCl, CsHsN MeOH
(62%) (85%)
/YMgBr OH 1) DHP, PPTS, CHuCl,
o) 2) TBAF, THF
\>\‘/\OTBDPS pp—— /Y\/H/\OTBDPS 2 (COCa, DMSO
B (93%) Etsr\(légo/H)20|2
0
OTHP OTHP
oHo PhaP=C(Me)COEt T
CeHe
OH

(GOCl),, DMSO Q
X AN
EtsN, CH.Clo
(88%)

(3S,7R)-19
\(Y\MgBr OH o
B MOTBDPS —— \KY\)H/Y\/
CuBr, THF
(93%)
matsuone
Scheme 30 [(6R,10R)-20]

HNMe(OMe) HCI
-, EDC-HCI, DMAP
1o L |
MeO,C co

ZH
(-Pr)sNEt, CH,Cl,

R

X AN
— (0]
R)-18 (909
NS (R)-18 (90% ee)
/\/k/‘\ Me A/'\/ AW/
A _N. BrMg X
IOCIJ OMe . (90%)
A f/hg

(3S,7R)-19 80% ee)

/\)\)\’(\/'\/L
0]

Matsuone [(6R,10R)-20]
(90% ee)

fé’g%j

Scheme 31
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Scheme 32 summarizes Matteson’s synthesis of serricornin [(4S,6S,75)-21],
the female sex pheromone of the cigarette beetle (Lasioderma serricorne) via
boronic esters [55]. Due to the highly stereoselective nature of boronic ester
chemistry, this synthesis of 21 was quite efficient.

BB B
__ BB 2 AcOH Mg
7 — ’ or |
Br Br (70% from A) Br THF
A B 3 (80% from B)

\)L C o_.Cy THF “CY  LiCH.CI
mger + B l
gBr o

(95%) THF
Cy (95%)
Q]\A «Cy 1) LICHCIy, THF \CV 1) LICHCl,
l 2) MeMgBr, THF 2) EtMgBr
(96%) (88%)
CY/,,‘ Cy
o.__0
o)
8 Hs0, 050, Nalo, ¢
H NaOH dioxan, Hz0 \/k/\ﬁ\/
: Et,0 : (91%) :
(89%) Serricornin

Cy = <:>_ [(45,65,75)-21]
Scheme 32

A myxobacterium Stigmatella aurantiaca uses stigmolone (22) as its fruiting
body inducing pheromone. Both the enantiomers of 22 were synthesized by
Mori [56] and also by Enders [57], and found to be equally bioactive. Scheme 33
shows Mori’s synthesis, and Scheme 34 summarizes that of Enders. Since both
(R)- and (S)-22 were bioactive, (+)-22 was synthesized in a very efficient man-
ner by Kulinkovich (Scheme 35) [58].

Lurlenic acid (23) is the sex pheromone produced by the female gametes of
the green flagellate Chlamydomonas allensworthii to attract the male gametes.
Mori’s synthesis of 23 is summarized in Scheme 36 [59]. The aglycone part C
was prepared by coupling A with B.

Sitophilate [1-ethylpropyl (2S,3R)-2-methyl-3-hydroxypentanoate, 24] is
the male-produced aggregation pheromone of the granary weevil (Sitophilus
granarius). Its racemate is also bioactive. Almeida synthesized (+)-24 by dia-
stereoselective hydrogenation of the Baylis-Hillman adduct A to B as shown in
Scheme 37 [60]. This high diastereoselectivity could be observed only with TBS-
protected ester A to give pure B.
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X OH ) heat x Z 73)CrOs, Me,CO
9 4) KoCOg3, Mel, Me,CO
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TSOH, CGHG )\A
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O IO
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A y Y\/Y\(
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S OH
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Scheme 35
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OH ) 12eqDHP QTHP 1) SEMCI, (-Pr),NEt QTHP
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2) NaCIOz, NaH2P04,
DMSO, MeCN, H,0
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OSEM 3) CH,N,, Et,0
4) 9 eq CsF, HMPA
5) ACZO, C5H5N
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HN=C(NMe,),

AcO O MeCN
N N N CO,Me D+ ACM
AcO

OAc F  2)NaOH, MeOH
3) AcOH
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Scheme 36



Pheromone Synthesis 23

OH

DABCO, MeCN TBSCI, imidazole
EtCHO + X COMe CO,Me
ultrasound DMF, 12 h
rt 8 days (78%)
(43%)
QTBS Hy, 5% Pd-C gres 1) LIOH, MeOH, H,0
CO,Me CO,Me
EtOAc 2) 3-pentanol, DCC
(82%) DMAP, CH,Cl,
A B (67%)
(syn only)
OTBS HF, MeCN OH
co { co {
\)\r 2 (800/0) \)\‘/ 2
Scheme 37 (£)-24

8
Synthesis of Hemiacetals and Lactones as Pheromones

Hemiacetal 25 [(3R,4S,1"E)-3,4-bis(1’-butenyl)tetrahydro-2-furanol] is the male
pheromone of the spined citrus bug (Biprorulus bibax). Scheme 38 summa-
rizes Mori’s synthesis of 25 [61]. Claisen rearrangement (A—B) and lipase-
catalyzed asymmetric acetylation [meso-C—(5S,6R)-D] were the two key steps
of the synthesis. Further purification of D was executed at the stage of its crys-
talline derivative E. In this particular case, the unnatural (35,4R,1’E)-25 was
as active as the natural (3R,4S,1"E)-25. Accordingly, a more efficient synthe-
sis of (£)-25 was achieved by the rearrangement of F, avoiding the use of toxic
HMPA [62].

Enantiomerically pure japonilure [(4R,5Z)-5-tetradecen-4-olide, 26] is com-
mercially important to attract the Japanese beetle (Popillia japonica), because
only pure (4R,5Z)-26 is bioactive, while (+)-26 is totally inactive. Synthesis of
(4R,52)-26 via enzymatic resolution of racemic intermediates was first reported
by Sugai [63],and then further studied by Fukusaki [64] to establish the process
as summarized in Scheme 39. Lipase PS (Amano) from Pseudomonas sp. and
lipase OF (Meito) from Candida cylindracea were shown to be the enzymes
of choice.

(R)-5-Hexadecanolide (27) is the pheromone produced by the queens of the
oriental hornet (Vespa orientalis). Yamamoto synthesized (R)-27 by employing
an interesting asymmetric process (A—B) followed by a multi-step conversion
of B to (R)-27 via C (Scheme 40) [65].

Scheme 41 summarizes Couladouros’s synthesis of the oviposition attractant
pheromone of the Southern house mosquito (Culex pipiens fatigans), (5R,6S)-6-
acetoxy-5-hexadecanolide (28) [66]. The key-steps are: (i) E-selective Schlosser
olefination (A—B), asymmetric dihydroxylation (B—C), and lactonization of
carbonate C to the desired 6-lactone with inversion at C-5.
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1) EtMgBr, THF, EtCHO
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2) TsOH, MeOH
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Advent of ring-closing olefin metathesis reaction has influenced the syn-
thetic strategy of pheromones very much. For example, the racemate of a
macrolide pheromone such as (5Z,135)-5-tetradecen-13-olide (29) (aggrega-
tion pheromone of the flat grain beetle, Cryptolestes pusillus) could readily be
synthesized as shown in Scheme 42 [67]. Unfortunately, (+)-29 prepared by this
method was a mixture of cis, trans-isomers (Z/E=69:31). (S)-5-Hexadecanolide
(27) was also synthesized by means of ring-closing olefin metathesis as shown
in Scheme 43 [68].

(4R,9Z)-9-Octadecen-4-olide (30) is the female pheromone of the currant
stem girdler (currant sawfly, Janus integer). Both the enantiomers of 30 were
synthesized as summarized in Scheme 44 [69]. Lipase-catalyzed asymmetric
acetylation of (£)-A was the key-step to give unreacted (R)-A and acetylated
(5)-B.

Z Clu. Ru_y3/_<

DCC | CI"
+ | o
(88%) CH,CI
on HOZCJ) o 2t

(71%)
+)-29
Scheme 42 (Z/E 69:31)
1) lpc B OH \)O]\
fihab - N
Me(CHz)1oCHO Me(CHy)rg™ > X
2) NaOH, H202 929 Et;N
(74%) (92% ee) (80%)
PCy
Cl,, 1 273 o)
j\/ C|/'R|“_/Ph i
¢} PCy 0 | H,, Pd-C y ;_\)j
Me(CHy)ig” > X CHaCl Me(CHa)1g (quant) Me(CHy)g
(86%) (S)-27

Scheme 43
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o Lipase AH-S
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MeOH
TBSCI H, ,OTBS  n-BuLi, CICO,Me
(R-A /\
imid, DMF ~ TBDPSO(CHz)s™ "y THF
(94%) (94%)

H, ,OTBS Ha, PtO, H, ,0TBS

TBDF’SO(CHz)s/\ hexane TBDPSO(CHz)sA/\COZMe

CO,Me (89%)

1) TBAF, THF
2) KOH, PCC
MeOH, H,0 H@ MS 4A H\&
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Scheme 44 (S)-30

9
Synthesis of Isoprenoids as Pheromones

9.1
Synthesis of Isoprenoidal Hydrocarbons as Pheromones

Scheme 45 summarizes Mori’s synthesis of the male-produced sex pheromone
[(1R,3R,7S)-3-methyl-a-himachalene (31)] of the sandfly (Lutzomyia longipalpis)
in Jacobina, Brazil [70]. This sandfly is the vector of Leishmania chagasi, the caus-
ative protozoan parasite of visceral leishmaniasis in South America. The key-steps
of the synthesis of 31 were the asymmetric methylation of A to give C via B and
the intramolecular Diels-Alder reaction of D to give E.
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The same sandfly Lutzomyia longipalpis in Lapinha, Brazil, produces (S)-9-
methylgermacrene-B (32) as the male-produced sex pheromone, which was also
synthesized by Mori as shown in Scheme 46 [71]. The key-step of this synthesis
was the intramolecular cyclization of A to give B.

The aggregation pheromone of the broad-horned flour beetle (Gnatocerus
cornutus) was reported to be (1R,4R,55)-(+)-acoradiene (33) by Tebayashi et al.
[72]. Scheme 47 shows Mori’s synthesis of (1R,4R,5S)-33 [73]. The key-step was
the ring-closing olefin metathesis of A to give B. An X-ray analysis of C con-
firmed the structure shown. The product (1R,4R,5S)-33, however, was different

Scheme 45
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from the natural pheromone [73]. Mori subsequently synthesized (15,4R,5R)-
(+)-a-acoradiene (33) as shown in Scheme 48 [74]. The natural pheromone was
identical with (1S,4R,5R)-33.

9.2
Synthesis of Isoprenoidal Alcohols as Pheromones

A number of new and asymmetric syntheses of (S)-(-)-ipsenol (34) and (S)-(+)-
ipsdienol (35), the pheromone of Ips bark beetles, were reported. Scheme 49
summarizes the synthesis of ipsenol by Riedeker and Steiner [75], which en-
abled them to prepare 56 g of (S)-34. They employed chiral auxiliary B derived
from p-glucose.

Brown’s synthesis of 34 and 35 utilized B-2’-isoprenyldi-Il-isopinocam-
pheylborane B as a reagent for asymmetric isoprenylation of aldehydes as shown
in Scheme 50 [76].
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Scheme 51 summarizes Mikami’s synthesis of (R)-35, employing the car-

bonyl-ene reaction of isoprene (A) with glyoxylate (B) to give C as catalyzed by
a modified binaphthol-titanium complex [77].

By using allylation reaction of aldehydes with chiral allylic boronate A in
Scheme 52, Lebreton synthesized (R)-35 and (S)-34 via (R)-B and (S)-C, re-

spectively [78].
Ree
O Br
OO o

o R)-6-Br-BINOL-TiBr,] OH
\/K + HJJ\ \)J\/'\
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As shown in Scheme 53, L-proline-catalyzed asymmetric aldol reaction be-
tween 3-methylbutanal and acetone was used by List for the synthesis of (S)-34
[79].

Scheme 54 summarizes Font’s synthesis of (+)-grandisol (36), the male pher-
omone of the cotton boll weevil (Anthonomus grandis) [80]. The key-step is
the double [2+2] photocycloaddition of ethylene to bis(c,B-butenolide) A to
give B, which yielded C after glycol cleavage. The recently identified pheromone
of the oleander scale (Aspidiotus nerii) possesses a structure similar to that of
grandisol (Scheme 54), and its synthesis was reported by Ducrot [81] and also
by Guerrero [82, 83].

9.3
Synthesis of Isoprenoidal Aldehydes and Ketones as Pheromones

Mori reported an improved synthesis of (35,4R,6E,10Z)-faranal (37), the trail
pheromone of the Pharaoh’s ant (Monomorium pharaonis) [84]. As summarized
in Scheme 55, the key-reaction was the coupling of iododiene A with iodide E.
The geometrically pure A was prepared by the zirconocene-mediated carbo-
alumination reaction, and E was prepared from B by the asymmetric cleavage
of its epoxy ring to give C (77% ee), which could be purified via its crystalline
3,5-dinitrobenzoate D.

Scheme 56 summarizes Mori’s synthesis of (S)-vesperal (38), the female sex
pheromone of the longhorn beetle (Vesperus xatarti) [85]. (R)-Limonene yielded
(8)-38 by utilizing organoselenium chemistry.

(8)-3,7-Dimethyl-2-oxo-6-octene-1,3-diol (39) was recently identified as the
aggregation pheromone of the Colorado potato beetle (Leptinotarsa decem-
lineata), and synthesized by Oliver et al., starting from (S)-linalool [86]. An
improved synthesis of (S)-39 by Mori is shown in Scheme 57 [87]. Enzymatic
acetylation of (£)-2,3-epoxynerol (A) with vinyl acetate and lipase PS gave B
together with C. The acetate B was converted to a multi-gram quantity of (5)-39
according to Oliver [86].

9-Isopropyl-4,6-dimethyltricyclo[4.4.0>°]dec-3-en-2-one (40) with unknown
absolute configuration was isolated as a putative male pheromone of a Brazil-
ian predatory stink bug (Tynacantha marginata), and its enantiomers were
synthesized by Kuwahara as shown in Scheme 58 [88]. The triene A gave B and
Cby an intramolecular Diels-Alder reaction, and they could be converted to the
enantiomers of 40.
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10
Synthesis of Oxygen Heterocycles (Excluding Epoxides, Hemiacetals,
Lactones and Acetals) as Pheromones

(2R,4R)-Supellapyrone (41) is the female sex pheromone of the brown banded
cockroach (Supella longipalpa). Scheme 59 summarizes Mori’s synthesis of 41
[89]. Enzymatic desymmetrization of meso-B to give (2R,4S)-C and Reformatsky-
type cyclization of D to furnish E were the key steps.

Scheme 60 shows Oppolzer’s synthesis of (25,3R,1°S,2’S)-serricorole (42), the
female-produced sex pheromone components of the cigarette beetle (Lasio-
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derma serricorne) [90]. Two building blocks A and B were prepared enantios-
electively, and coupled together to give C. Cyclization of D to give TBS-protected
42 was effected with titanium tetrachloride in a good yield, while the use of
lithium hexamethyldisilazide for this cyclization gave the product in a poor
yield [91].

(2S,3R,1’R)-Stegobinone (43) is the female sex pheromone of the drugstore
beetle (Stegobium paniceum). The pure pheromone is crystalline. Due to the
easy epimerization at C-1’, it was difficult to synthesize crystalline 43. The first
synthesis of crystalline 43 was achieved by Matteson as shown in Scheme 61
[92]. They employed highly stereoselective organoborane chemistry to secure
43. The building blocks A and B were coupled to give C, which afforded 43 via
D,EandF.
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The second synthesis of crystalline 43 was reported by Mori as summarized
in Scheme 62 [93]. The building block (4R,5S)-A was prepared by an enzymatic
process, while another building block C was synthesized via Sharpless asym-
metric epoxidation. Coupling of A with C gave D, which was cyclized under Op-
polzer’s conditions to give crystalline E. When E was oxidized with Dess-Mar-
tin periodinane or tetra(n-propyl)ammonium perruthenate or Jones chromic
acid, crystalline 43 was obtained. Swern oxidation or oxidation with 2,2,6,6-
tetramethylpiperidin-1-oxyl of E afforded only oily materials. Accordingly, ox-
idation of E to 43 must be executed extremely carefully. A synthesis of oily 43
was reported by Gil [94].
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Hoﬁ
dil. HCI o\
o BOHNa* \‘7/\

EtOAc Et,0

TfOB{
\ﬁﬁ :é CH.Cl, VlY :lé I-Pr)gNEt

(39.7% overall)

}B\O : ? 0
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\ —_—
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2) CF3CO2H, CHCl3
(36.7% from B)

o

TPAP, NMO 0
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Scheme 61 mp 51.5-52.5°C
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(31%) (quant) Stegobinone
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1

Synthesis of Acetals as Pheromones

(1S,5R)-Frontalin (44) is the aggregation pheromone of the southern pine
beetle (Dendroctonus frontalis). A number of novel enantioselective syntheses
of 44 were published by employing various different asymmetric reactions.
Scheme 63 summarizes Sonderquist’s synthesis of 44 by means of Miyaura-
Suzuki coupling (A—B) and Sharpless asymmetric dihydroxylation (B—C)
[95]. Unfortunately in this case, the final product 44 was of only 35% ee.
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MeO Sn 1) n-BuLi, pentane CH,=CHCH,Br
Li,CuCN[C(OMey=CH,],
4 2) CuCN, THF (60%)

OMe HO(CH,),0OH o 0 1) 9-BBN, pentane
N TsOH NN 2) Me3NO, CH,Cl,
(90%) (91%)
CH,=CBrMe  ®s
/\ I\ AD-mix-ot
o)<o_/_ A Pd(PPhs)s, NaOH M
5 THF, H,0 MeSO,NH,
(84%) £BuOH, H,0
A B (72%)
Ol O\ TsOH 5
\'oH CH,C
OH HZO 2 0 * cf. Scheme 17
(80%) )
c Frontalin
[(1S,5R)-44]
Scheme 63 (35% ee)

By using bacterial epoxide hydrolase of Rhodococcus equi IFO 3730, Faber
synthesized 44 as shown in Scheme 64 [96]. The enzymatic step (A—B), how-
ever, proceeded in a low yield.

Q NaOH, Ho0 0 Me3S*OI-, NaH
M)k M

CO,Et then Hz0O* DMSO, THF
(78%) (29%)
Rhodococcus equi OH
/\/\/Ro IFO 3730 (lyophilized cells) 4 op FdCl CuCk
= tris-buffer (pH 8) A DME
(=)-A (18%) (S)-B
(94% ee)

OH _
o}

(89%, 2 steps)
Frontalin
[(15,5R)-44]
Scheme 64 (94% ee)
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Scheme 65 summarizes Mori’s synthesis of 44 [97]. Reduction of keto ester
A with baker’s yeast gave hydroxy ester B of about 98% ee. Methylation of the
dianion derived from B diastereoselectively gave C, which was converted to 44.
This process enabled the preparation of about 10 g of (15,5R)-44.

CEO baker's yeast O\\\OH 2.25eq LDA
COLEt sucr(%zg/,orzo "”COQEt 1.45T finMel
A (1R25)-B (87%)
(97.7% ee)
~OH Jones CrO, 0 m-CPBA, NaHCO3
Ck"CozEt acetone 'COEt CH.Clo
(87%) (59%)
(1R,25)-C
O 1) LiAHg Et,O \O'X( PCC, NaOAc
O
g 2) Me,C(OMe), Ho/\/\>\/ MS 3A, CHoClp
"COZEt acetone, TsOH (70%)

(77%, 2 steps)

QA( MeMgBr OH 9)( PCC, NaOAc
OHC A~ X0 A0

Et,0 MS 3A, CH.Cl,
(84%) (97%)
o 93( TsOH \Té%/
)J\/\>’\/O Et,0, H,0 o]
(81%) Frontalin
[(1S,5R)-44]
Scheme 65 (89% ee)

Langlois synthesized (1S,5R)-44 by employing [3+2] cycloaddition between
methyl methacrylate and camphor-derived oxazoline N-oxide (A) as the key-
step (Scheme 66) [98].

Grubbs applied his ring-closing olefin metathesis reaction to the synthesis
of (15,5R)-44 as shown in Scheme 67 [99]. The key-step was the cyclization of
A to give C. The unreacted anti-isomer B could be recovered and equilibrated
to a mixture of A and B.
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(1R,5S,7R)-3,4-Dehydro-exo-brevicomin (45) was isolated from the urine of
the male mouse (Mus musculus) as a pheromone component. Two new synthe-
ses of this pheromone were reported in 1999. Maignan synthesized 45 employ-
ing asymmetric heterocycloaddition induced by a chiral sulfoxide (A+B—C) as
the key-step (Scheme 68) [100].

Scheme 69 summarizes Mori’s synthesis of 45, in which was employed Sharp-
less asymmetric dihydroxylation (A—B) as the key-step [101].

o LDA, THF o Jones CrO; o
oS S S
LI s g S
(61%) OH (95%) o}
(Ss)-A
1) TBSOTH, 2,6-lutidine
1) LDA, THF CH,Clp
E{CHO (57%) g 2) Pyly, CsHsN
- \\‘
2) Recryst'n from pToI.l.\f 3) TBAF, THF
(I-Pr),0 (22%) <" OH (63%, 3,steps)
(Ss,R)
s 1) CH,Cl,
\\
p-Tol heat, 5 d (65%)
Ny (SsrA + (R)B
2) chromatog.
(Ry-B
I o
S S OH
PTO T Lsptal |+ el T
oo T oo 7,
OHOh O~ “Sp-Tol
(Ss,2S,R)-C _ (Ss,2R,R)-C
(44%) 70 : 30 (21%)
1
TSOH Sp-Tol AIBN, (n-Bu)sSnH
0
CH,Cl, p-TolS—+ CgHe, heat, 2 days
(90%) 0 (72%)
= $p-Tol AIBN, (n-Bu)3SnH o
O—LnH CgHg, heat, 4 days o—4\H

(42%)
3,4-Dehydro-exo-brevicomin
[(1R,5S,7R)-45]
Scheme 68 (>98% ee)
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o TMSCI
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—
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Scheme 69
12
Conclusion

It is now clear that pure pheromones can be synthesized in quantity. The prob-
lem is how to prepare them simply and efficiently. New synthetic methodologies
are always welcome to improve the existing syntheses. Organoborane reactions
and organotransition metal chemistry contributed much to improve the effi-
ciency of carbon-carbon bond formation, while asymmetric epoxidations and
dihydroxylations as well as enzymatic reactions greatly improved the enantio-
meric purity of synthetic pheromones.
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By synthesizing pure enantiomers of pheromones, various stereochemistry-
pheromone activity relationships could be clarified. For example, in the case of
sulcatol (6-methyl-5-hepten-2-ol), both the enantiomers are necessary for bio-
activity. For other relationships, please refer to [4-9].
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Abstract As a consequence of the diversity of Lepidoptera, including 150,000 described
species, interesting species-specific sex pheromone systems are exhibited in this insect group.
The quite varied pheromones, which have been identified from female moths of nearly 530
species from around the world, are classified into groups of Type I (75%), Type II (15%), and
miscellaneous (10%), according to their chemical structures. Additionally, many pheromones
produced by male moths and butterflies have been known. While new sex pheromones from
about 70 lepidopteran species have been reported in the last five years utilizing GC-EAD,
GC-MS, LC,and NMR, our information about the pheromones is still rudimentary, and these
kinds of semiochemicals remain an exciting research target for natural product chemistry.
In addition to the overview of their chemical structures, this chapter deals with current meth-
ods for their identification. Furthermore, an actual application of the synthetic pheromones
for pest control is briefly introduced.
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List of Abbreviations
DMDS  Dimethyl disulfide

EAG Electroantennogram
EI Electron impact ionization
FID Flame ionization detector

GC-EAD Gas chromatography combined with an EAG detector
GC-MS  Gas chromatography combined with mass spectrometry
HPLC  High performance liquid chromatography

KI Kovats retention index

LC-MS  Liquid chromatography combined with mass spectrometry
MPLC  Medium pressure liquid chromatography

MTAD  4-Methyl-1,2,4-triazoline-3,5-dione

RID Refractive index detector
SPME  Solid phase micro-extraction
TIC Total ion chromatogram

1

Introduction

Lepidoptera is the second largest insect group and includes nearly 150,000
described species, which have evolved over 100 million years since the Mesozoic
era. For the birth of a new species, it must be isolated from other species by
some factor to prevent inter-species crossing. The sex pheromone, which is
secreted by the adult (usually by a female moth and sometimes by a male moth
or butterfly) for the benefit of a specific partner, plays an important role in
reproductive isolation. Therefore, it is no wonder that the chemical structures
of the species-specific pheromones exhibit considerable differences.

As a consequence of the large number of pest species which comprise this or-
der, enormous efforts have been expended, especially since the identification of
bombykol from the silkworm female moth (Bombyx mori) in the late 1950s [1],
on studies of lepidopteran sex pheromones. Namely, in addition to the early
studies done with harmful pests such as the cabbage looper (Trichoplusia ni) [2]
and the gypsy moth (Lymantria dispar) [3], the chemical structures of female
sex pheromones with a long-range attractive activity have been determined for
nearly 530 moth species from across the world to date. Furthermore, field eval-
uations of the identified sex pheromones and related compounds have revealed
attractants of males for another 1250 moth species. Additionally, many male sex
pheromones produced by moths and butterflies have been reported. Consider-
ing the species diversity within the Lepidoptera, it should be mentioned that our
information is still rudimentary. Other natural products, however, have not been
investigated on so many different species as the lepidopteran sex pheromone
have. In the last 5 years, new pheromones from about 70 lepidopteran species
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and attractants for another 30 species have been reported. Despite the plethora
of research, these semiochemicals remain an exciting research target for organic
chemistry, chemical ecology, and applied entomology. The structures of the
known pheromones and attractants are listed in books [4], and recently on
inter-net web sites, “Pherolist” and “The pherobase”, which are complied and
maintained by Arn et al. [5], and by A. M. El-Sayed [6], respectively. The Chem-
ical Ecology Laboratory of Tokyo University of Agriculture and Technology also
proposes a similar list in addition to other information such as Japanese com-
mon names of insects and their distribution in Japan [7]. This chapter summa-
rizes characteristics of the chemical structures of lepidopteran sex pheromones,
recent research into their identification, and their application to pest control.

2
Structural Diversity of Pheromone Components

2.1
Taxonomy of Moths and Overview of Their Female Sex Pheromones

The Lepidoptera are currently divided into about 120 families in 46 superfam-
ilies [8] as mainly indicated in Fig. 1, in which the more highly evolved groups
occupy the upper branches. Except for minor species in Micropterigoidea, Eri-
ocranioidea, Nepticuloidea and another ten primitive superfamilies, nearly
99% of the species belong to Ditrysia possessing two separated genital open-
ings, copulatory orifice and ovipore. Ditrysia includes two superfamilies of but-
terflies, Hesperioidea and Papilionoidea, and about 31 superfamilies of moths.
For each superfamily of moths, the total number of species whose female sex
pheromones or male attractants are reported has been counted and listed in
Fig. 1. Since Gelechioidea, Tortricoidea, Pyraloidea, and Noctuoidea comprise
major groups and include many harmful pest insects, their pheromones have
been extensively studied.

Among the diverse pheromones, primary alcohols and their derivatives
(mainly acetates and aldehydes) with a long straight chain (C,,-C,4) have most
commonly been detected in lepidopteran insects. The chemicals in this most pre-
dominant group (Type I compounds, 3 and % shown in Fig. 1) comprise about
75% of the known pheromones and were recorded widely from almost all the
superfamilies of Ditrysia. For example, the following notorious pest insects are
classified into the above superfamilies and their pheromones consist of Type I
compounds; the potato tuberworm (Phthorimaea operculella, Gelechiidae) in
Gelechioidea, the smaller tea tortrix (Adoxophyes honmai, Tortricidae: Tor-
tricinae) and the codling moth (Cydia pomonella, Tortricidae: Olethreutinae)
in Tortricoidea, the rice stem borer (Chilo suppressalis, Pyralidae: Crambinae)
and the European corn borer (Ostrinia nubilalis, Pyralidae: Pyraustinae) in
Pyraloidea, T. ni (Noctuidae: Plusiinae) and the tobacco budworm moth (He-
liothis virescens, Noctuidae: Heliothinae) in Noctuoidea. For the former three
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[Form]  [Subramiy ]

Noctuoidea ¥ % A X (156+372) —» See Fig. 2
Geometroidea * A X (38+76)
Drepanoidea ¥ (0+7)

butterfly — Phycitinae ¥ (30+10)
Calliduloidea (0+0) — Pyralinae ¥ (0+4)
Bombycoidea ¥ % (22+11) |— Galleriinae % (1+0)
Lasiocampoidea ¥ (9+1) |- Pyraustinae ¥ % (26+24)
| Pyraloidea ¥rk A (75+54) — Pyralidae_{_ Evergestiinae % (0+4)
|- Thyridoidea ¥ (0+2) I— Crambinae ¥ A (16+8)
Copromorphoidea X (3+0) |— Scopariinae % (0+4)
| others @ % (1+2) L Schoenobiinae ¥ (3+0)
|— Pterophoroidea ¥ (1+21) Cochylidae ® ¥ (4+18)
|— Tortricoidea ¥ 3% (153+360) £ Tortricidae _—_ ~pidanotinae & (0+3)
— Cossoidea % (3+4) FOR(149+342) L (5 01hreutinae % (52+226)
l— Sesioidea ¥ (12+88) I— Sparganothinae ? ¥ (8+4)
L Zygaenoidea X (6+19) '— Tortricinae ¥ 3 (89+109)
Gelechioidea ¥ (16+132) Gelechiidae 5 (12+56)
Yponomeutoidea ¥ 3 (17+39) Cosmopterigidae % (1+13)
Gracillarioidea ¥ % (12+28) Coleophoridae ¥ (0+40)
Ditrysia Tineoidea ¥ ¥ (5+19) Lecithoceridae ¥ (0+1)
Tischerioidea (0+0) Oecophoridae 3 (2+19)
Incurvarioidea % (0+2) Xyloryctidae ¢ (0+1)
Nepticuloidea ¢ (1+2) Elachistidae ¥ (1+2)

Hepialoidea (0+0)
Eriocranioidea ¥ (3+1)
Micropterigoidea (0+0)

Fig.1 Taxonomy and pheromone studies of lepidopteran insects. The more highly evolved
superfamily of moths is arranged at the upper position. The numbers before and after + in
parenthesis of each group indicates the total number of species whose female sex pheromone
and male attractant have been reported respectively. Each mark after the group name indi-
cates that some species within the group produces a pheromone component of Type I (3¥)
with a common functional group, * with a novel functional group), Type II (A), or others
(3%). Male sex pheromones of moths and butterflies (Hesperioidea and Papilionoidea) are
excluded. a: Galacticoidea (0+0), Choreutoidea ¥ (1+1), Schreckensteinoidea vr(0+1), Eper-
meinioidea (0+0), Alucitoidea (0+0); b: groups included in Tortricinae in the classification
by Kristensen [8]

superfamilies, further information about their families and subfamilies is shown
in Fig. 1. Only a few compounds not belonging to Type I have been identified
from these insect groups. In contrast, Type I compounds are not always found
as a major class in the females of the Noctuoidea. The Noctuoidea superfamily
is subdivided into five families; i.e., Noctuidae, Lymantriidae and so on. Noctu-
idae, which is the largest family in Lepidoptera, can be further subclassified into
about 15 subfamilies. While this taxonomy is still open to dispute, pheromone
components identified from the species in Trifinae, which appear to be more
highly evolved than the species in Quadrifinae, are composed of Type I chemi-
cals as shown in Fig. 2.

Polyunsaturated hydrocarbons and the epoxy derivatives with a longer
straight chain (C,,-C,;) comprise a second major group [9], the Type II phero-
mones (A in Fig. 1). They lack a functional group at the terminal position,
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[ Superfamily | [ Family | Subfamily <Trifinae>

— Dilobinae ¥ (0+1)

|- Acronictinae ¥ (0+5)
|— Heliothinae Y (11+5)
|I— Noctuinae ¥ (16+74)

Arctiidae ¥ A ¥ (23+10) - Hadeninae ¥ (21+66)
Nolidae ¥ (0+1) Cuculliinae ¥ (2+61)
Lymantriidae % A3 (20+9) <Quadrifinae> - Amphipyrinae ¥ (19+67)
Noctuidae ¥k A3%(106+351) Catocalinae A (10+10) I— Sarrothripinae % (0+1)
Noctuoidea Notodontidae stk (9+1) Ophiderinae A 3 (4+13) | chioepharinae # (2+1)
Hypeninae A (0+4) [~ Acontiinae ¥ (1+8)

Herminiinae A X (1+9) “ Plusiinae ¥ (19+26)

Fig.2 Taxonomy and pheromone studies of insects in the superfamily of Noctuoidea. The
numbers before and after + in parenthesis of each group indicates 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 phero-
mone component of Type I (¥ with a common functional group, * with a novel functional
group), Type II (A), or others (3%¢)

represent about 15% of the known lepidopteran pheromones, and have been
identified from insects in highly evolved groups such as Geometroidea and
Noctuoidea (Fig. 1). Geometridae, in the superfamily of Geometroidea, is sec-
ond only to the Noctuidae in terms of numbers. In the Noctuoidea, the Type II
pheromones are produced by some groups which scarcely secrete Type I phero-
mones; i.e., Lymantriidae, Arctiidae, and Quadrifinae in Noctuidae (Fig. 2).
Other pheromone components that exhibit structural features different com-
pared to those of Types I and II have been mainly reported from those insects
in micro-lepidopteran groups and Noctuoidea (Fig. 1). Especially, structural
variety of the pheromones is noteworthy in Lymantriidae.

The variation of the chemical structures in both Type I and Type II com-
pounds results from differences in both biosynthetic enzyme systems and their
starting material. This topic, however, has been judiciously described in the
chapter by R. Jurenka. While the grouping employed in this chapter is based on
biosynthetic origin, some chemicals were involuntarily classified considering
their functional groups more sizably than the origin. Incidentally, taxonomic
information is important for insect pheromone research. In this chapter, the
family name (with the common suffix -idae) is associated with the species
name. For those species whose family name is not listed in Figs. 1 and 2, the
superfamily name (with the common suffix -oidea) is associated. The subfam-
ily name (with the common suffix -inae) is also described for the species in Tor-
tricidae, Pyralidae, and Noctuidae.

2.2
Type | Compounds with a Common Functional Group

Typical Type I pheromone components (5¢) that exhibit a common functional
group (hydroxyl, acetoxyl, or formyl group) at the terminal position are shown
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Table 1 Type I lepidopteran female pheromones

(A) Compounds with a common functional group (¥¢)
Formulae and abbreviations of representative compounds

AN NAANNANLH vv—"—vvv\cﬁ v\/=vvv\/\ﬂH

E10,212-16:0H (bombykol) 77-12:0Ac Z11-16:Ald

(B) Compounds with a novel functional group (%)

Compound class Super-family Identified component Insect species Year
Formula and abbreviation Family [Ref.] *
Acetylenic derivative Pyraloidea
— Pyralidae =11-16:Ald Desmia funeralis 02 [49]
N 0& Noctuoidae
Notodontidae =11,Z13-16:0Ac Thaumetopoea pityocampa 81 [45]
=11,Z13-16:0Ac T jordana 93 [46]
T, wilkinsoni 93 [46]
=11,213-16:0H T, jordana 93 [46]
=11,213-16:Ald T jordana 93 [46]
Nitrate ester Gracillarioidea
— Bucculatrigidae ~ 29-14:0NO, Bucculatrix thurberiella 92 [50]
WV N oo, 78-13:0NO,
79-14:0NO,
Ester with miscellaneous acid Bombycoidea
Saturniidae Z5-10:0isoVal Nudaurelia cytherea 73 [51]
\/\/=\/\/\°i* Noctuoidae
75-10:OisoVal Lymantriidae 77-18:0Me2-But Euproctis similis 94 [52]
— Z7-18:0isoVal E. similes 94 [52]
(o] Z7-18:0But E. similes 94 [52]
Z7-18:0Me2-But Z7-18:0isoBut E. similes 94 [52]
77,713,216,219-22:0isoBut *  E. chrysorrhoea 91 [53]
711,714,217-20:OisoBut E. pulverea 01 [54]
711,214,217-20:0Me4-Val *  E. pulverea 01 [54]

2 Publication year and [reference].
b Related to Type II compounds based on an aspect of their predicted biosynthetic pathway.
Abbreviations: OisoBut=isobutyryl ester, and OMe4-Val-4-methylvaleryl ester.

in Table 1(A); i.e., (10E,12Z)-10,12-hexadecadien-1-ol (E10Z12-16:0H, bom-
bykol) identified from B. mori (Bombycoidea: Bombycidae), (Z)-7-dodecenyl
acetate (Z7-12:0Ac) initially identified from T. ni [2] and subsequently found
in another 25 species, as well as (Z)-11-hexadecenal (Z11-16:Ald) initially iden-
tified from H. virescens [10] and currently known to be present in another 40
species. Chemicals in this class are characterized by a C,;,—-C,4 straight chain
and 0-3 double-bonds. Since the chemical structures are simple, Type I com-
pounds are rarely named but usually abbreviated as follows; Z=(Z)-double
bond, E=(E)-double bond, the number before the hyphen=position of the
double bond, number after the hyphen=the carbon number of the straight
chain, OAc=acetate, OH=alcohol, and Ald=aldehyde. Some saturated com-
pounds, which can act as a synergist for the unsaturated component, have also
been identified.
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The straight chain is dominantly formed with even-numbered carbons
because the Type I compounds are derived de novo via general saturated fatty
acids such as palmitic acid (16:Acid) and stearic acid (18:Acid). However, ex-
ceptions do exist as pheromone components with an odd number chain have
been determined from six species: E4,27-13:0Ac and E4,27,Z10-13:0Ac from
P operculella,[11],E4-13:0Ac from the tomato pinworm (Keiferia lycopersicella,
Gelechiidae) [12], E3-13:0Ac from the tobacco stem borer (Scrobipalpa heliopa,
Gelechiidae) [13],Z8-13:0Ac and Z10-15:0Ac from the sugarcane stalk borer
(Chilo auricilius, Pyralidae: Crambinae) [14], E8,Z10-15:0Ac and E9-15:0Ac
from the cranberry fruitworm (Acrobasis vaccinii, Pyralidae: Phycitinae) [15],
and Z11-17:0Ac from the cabbage armyworm (Mamestra brassicae, Noctuidae:
Hadeninae) [16].

Figure 3A shows the location of the double-bond relative to a functional
group of the Type I monoenyl components. The unsaturation is observed at
more than 40% of the possible positions. Double bonds at odd-numbered po-
sitions are more predominant than those at even-numbered positions, and an
unsaturation at the 11-position occurs in all even-numbered chain skeletons.
Compounds monounsaturated at the 4- or 6-positions have not been identified,
although an odd-numbered chain component, E4-13:0Ac, has been identified.
Currently, it is a rare occurrence to find a component unsaturated at a new
position, as double bonds at the 10-position in a C,, chain and the 3-position

(A) Chain Double bond position, counting from the functional group
length 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Cc-10 v oy - - - - - - ==
c-12 v v G S
C-14 , v v \ 2 v v v - " .
c-16 ; v v y -
c-18 v | M v

B) chain Double bond position (), counting from the terminal methyl group
length 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
c-10 - — = = = - — + v Y
c-12 - "’ - ' X v v —
C-14 - —— - v v vy oy
6 - = * v .
c-18 v v v v

Fig.3A,B Double-bond positions of monoenyl components in Type I pheromones; A count-
ing from the functional group; B counting from the terminal methyl group. See text for
components with an odd numbered chain (C,3, C;5, and C;,)
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in a C4 chain were recognized in the last decade for the following pheromones:
E10-12:0Ac from the spotted tentiform leafminer (Phyllonorycter blancardella,
Tineoidea: Gracillariidae) [17], Z3-14:0Ac from the carpenterworm moth (Hol-
cocerus insularis, Cossoidea: Cossidae) [18], and E3-14:0Ac from the South
American potato tuber moth (Symmetrischema tangolias, Gelechioidea: Gelechi-
idae) [19].In the future, however, it is clear that compounds containing a dou-
ble bond at either the 4- or 6-positions will be discovered as a real pheromone
component, because E4-12:0Ac and Z6-14:0Ac have been shown to function
as an attractant in some species. Indeed, the 10-12 and 3-14 compounds had
been recognized as a sex attractant of some species prior to their detection in
the female moths.

Although these monoenyl compounds are produced by a desaturation of a
saturated fatty acyl intermediate in the pheromone gland, each double-bond po-
sition does not directly indicate occurrence of the corresponding biosynthetic
step. As confirmed by experiments with labeled precursors in Plusiinae species
[20,21],7-dodecenyl (7-12),9-tetradecenyl (9-14),and 11-hexadecenyl (11-16)
compounds, which include the double bond at the same @5-position counted
from the terminal methyl group, are derived from an 11-16 acyl compound (see
Fig. 6). This monoenyl intermediate is produced by All-deasturation of
16:Acid, and shortened into C 4, C,,, and further C,, compounds by a -oxida-
tion reaction. Given this, it is possible that 5-12, 7-14, and 9-16 compounds
with a double bond at the same w7-position are formed via A9-desaturation of
16:Acid or Al1l-desaturation of 18:Acid. Figure 3B shows the double-bond po-
sitions of the monoenyl components counted from the terminal methyl group.
Even though several double bonds at the same w-position are introduced
by a common desaturation enzyme, this figure also indicates the necessity of
many enzymes with a different target position. The double bond of the mono-
enyl compounds tends to be located to the side of the terminal methyl group,
and compounds unsaturated at @8- or w10-position have not been found. With
respect to configuration of the double bonds, (Z)-isomers have been more fre-
quently identified than (E)-isomers, although females of some species secrete
both isomers. In this case, their mixing ratio is an important factor for male
attraction.

In addition to the monoenyl components, a number of dienyl and trienyl
Type I compounds with an even-numbered carbon chain skeleton have been
identified as follows: 1,3-diene with a C,, chain, 1,3- and 1,7-dienes with a C,,
chain, 1,3-, 1,4-, 1,5-, and 1,6-dienes with a C,, or C,; chain, and 1,3-, 1,4-, 1,
11-,and 1,12-dienes with a C5 chain. Figure 4 shows double-bond positions of
these polyenyl compounds. Among them, variation of the double-bond posi-
tions in the compounds with a conjugated 1,3-diene system is remarkable.
Some polyenes have the unsaturation at 4-, 6-, @8-, and w10-positions. These
variations, not observed in the monoenyl compounds, strongly indicate that
insects evolved multiple desaturases possessing differing restricted target sites
and substrate specificity. The number of possible combinations involving two
or three double bonds is enormous, as new pheromone components with a
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Double bond position, counting from the functional group

Chain
length 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Coo v — — 4 — — 4+ — —
E vy
¥ v - _
Cip v —i :F - v
r v
\ Y Vv w N
c — v ¥ W - 4+ - -
14
\ v } ;
—v ¥
c ) 3 '
16 | v——
| ) Vf V
vﬁﬁ—;:v
‘ A
Cig —
v ‘ o
A A Y

Fig.4 Double-bond positions of dienyl and trienyl components in Type I pheromones. See
text for components with an odd numbered chain (C; and C,5)

polyene system at novel positions are routinely discovered. The following six
compounds containing new unsaturated positions have been reported since
1995: E3,Z25-12:0Ac from the Brazilian apple leafroller (Phtheochroa cranaodes,
Tortricoidea: Cochylidae) [22], E3,Z27-14:0Ac from S. tangolias [19], E3,Z28-
14:0Ac and E3,7Z8,Z211-14:0Ac from the tomato leafminer (Scrobipalpuloides
absoluta, Gelechiidae) [23-26],E4,26-16:0Ac from the persimmon fruit moth
(Stathmopoda masinissa, Gelechioidea: Oecophoridae) [27], and E11,E14-18:
Ald from the tea cluster (Andraca bipunctata, Bombycidae) [28].In addition to
Type II pheromone components, Z9,212-18:Ald and Z9,212,Z15-18:Ald have
been identified from the castor semilooper (Achaea janata, Noctuidae: Cato-
calinae) [29], the saltmarsh caterpillar moth (Estigmene acrea, Arctiidae) [30],
and the fall webworm moth (Hyphantria cunea, Arctiidae) [31, 32]. These un-
saturated skeletons are most likely derived from dietary linolic and linolenic
acids.

2.3
Common Structures of Type | Compounds in Some Insect Groups

It is expected that taxonomically related species which have developed from a
common ancestor also exhibit similarity at the pheromone level. An interesting
typical representative can be observed in the family Tortricidae. This family in-
cludes a multitude of agricultural pest insects such as leaf-rollers and fruit-bor-
ers, whose sex pheromones have been exhaustively investigated [33]. Among the
four subfamilies in Tortricidae, Tortricinae and Olethreutinae are the major two,
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and the pheromone components have been reported from 89 species in Tortric-
inae including A. honmai and the redbanded leafroller (Argyrotaenia velutinana)
and 52 species in Olethreutinae including C. pomonella and the Oriental fruit
moth (Grapholita molesta). The Tortricinae species usually secret C,, compo-
nents that are generally unsaturated at the 11-position. The 11-tetradecenyl
(11-14) compounds have been identified from 66 Tortricinae species, whereas
C,, components have been found from only 7 species in this group. In addition,
field tests using the synthetic 11-14 compounds attracted another 72 Tortricinae
species. This 11-14 structure provides a clear distinction between the Tortrici-
nae pheromones and the Olethreutinae pheromones, while the 11-14 compounds
compose pheromones of 30 species in the 7 families besides Tortricidae; i.e.,
Yponomeutidae (Yponomeutoidea), Cochylidae, Pyralidae, Noctuidae, and so
on. In contrast, the Olethreutinae species usually secret C,, chain components,
mainly unsaturated at the 8- or 9-position. These 8- and 9-dodecenyl (8-12 and
9-12) compounds have been identified from 26 Olethreutinae species, whereas
C,, components have been found from only 10 species in this group. In field tests
with the synthetic 8-12 compounds, another 60 Olethreutinae species were
attracted. The 8-12 compounds are quite specific to Olethreutinae and have yet
to be found in other families. On the dienyl derivatives, 11,13-14 and 8,10-12
compounds have exclusively been identified from three Tortricinae species and
14 Olethreutinae species, respectively. While some Tortricinae species produce
aldehyde components, Olethreutinae pheromones are always composed of alco-
hols or acetates except for E8,E10-12:Ald of Cydia trasias [34].

In clearwing moths in Sesiidae (Sesioidea) which exhibit wasp-mimicry
diurnally fly, the males are not captured by a light-trap but attracted by female
pheromones. Following research with peachtree borers (Synanthedon exitiosa
and S. pictipes) [35], sex pheromones of another 12 Sesiidae species have been
identified, these being composed of 3,13- and 2,13-octadecadienyl (3,13-18 and
2,13-18) compounds. These dienyl structures have also been assigned for the
pheromones of three species in Tineidae (Tineoidea) and Cossidae (Cossoidea);
any other components of the Sesiidae pheromones, however, are not known ex-
cept for Z13-18:0Ac, a minor pheromone component of the currant borer
(Synanthedon tipuliformis) [36]. Field trials with synthetic lures found new
attraction of many Sesiidae species [37]. In particular, attraction of 76 species
by 3,13-18 compounds has been reported.

Identification of 9,12-tetradecadienyl (9,12-14) compounds began with stud-
ies on two cosmopolitan pests of stored products, the almond moth (Cadra
cautella, Pyralidae: Phycitinae) and the Indian meal moth (Plodia interpunctella,
Phycitinae) [38,39]. This 9,12-14 structure has been reported from another 13
Pyralidae (only in Phycitinae) species and 11 Noctuidae species (9 species in
Amphipyrinae, and 1 species each in Hadeninae and Plusiinae). These two
families, however, are not closely related. Most likely, the females classified in
distant groups happened to produce the same chemical in the train of their
perpetual evolution of modifying the original systems for pheromone biosyn-
thesis. The 5,7-dodecadienyl (5,7-12) structure is a carbon skeleton common
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to pheromone components of eight Lasiocampidae (Lasiocampoidea) species
such as the pine moth (Dendrolimus spectabilis) [40], indicating that the con-
jugated dienyl system is peculiar to this family. The same dienyl structure, how-
ever, has recently been found in addition to monoenyl 7-12 compounds, in two
Noctuidae species (Thysanopluia intermixta and T. orichalcea, Plusiinae) [41]
(see Fig. 6). Biosynthetic experiments with T. intermixta revealed that the
5,7-dienyl structure was produced by A5-desaturation of the 7-12 acyl interme-
diate [42].Instead of the 7-12 compounds, 5-12 compounds have been identi-
fied from Lasiocampidae species such as D. punctatus [43] and Gastropacha
quercifolia [44], suggesting that dienyl structure of the Lasiocampidae phero-
mone might be produced via a 5-12 acyl or analogous intermediate in a manner
different to the Plusiinae species.

24
Type | Compounds with Unique Structures

Some lepidopteran species produce unique compounds (%) shown in Table 1B,
which have been classified into the Type I grouping because their structures are
analogous to the common components in this class. From the processionary
moth (Thaumetopoea pityocampa, Notodontidae) and two other species in the
same genus, 13-en-11-ynyl compounds (=11, Z13-16:0H and its derivatives)
have been identified [45, 46]. Since the corresponding (Z,Z)-11,13-dienes are
known as pheromone components of three Thaumetopoea species [46,47], the
triple bond at the 11-position was expected to be introduced by further desat-
uration of the double bond. This assumption has been confirmed by experi-
ments with deuterium-labeled precursors [48]. Recently,a monoynyl compound
(=11-16:Ald) has been identified form the grape leaffolder (Desmia funeralis,
Pyralidae: Pyraustinae), a species simultaneously secretes monoenyl and dienyl
analogs (Z11-16:Ald and Z11,Z13-16:Ald) [49]. Other acetylene compounds
have yet to be identified from female moths; consequently it would be valuable
to discover pheromone components with a triple bond introduced at a position
other than the 11-position.

Although almost all of the esters with a long chain alcohol are acetates, some
other esters are exceptionally produced by certain female moths. Nitrate esters
are quite singularly known as the pheromone of a lone micro-lepidopteran
species in Bucculatrigidae (Gracillarioidea) [50]. Furthermore, they were the
first naturally occurring nitrate esters identified. Esters with a C,~Cy acid have
been identified from one Saturniidae (Bombycoidea) species [51] and three Ly-
mantriidae species [52]. The monoenyl 7-18 chain skeleton of the Lymantriidae
pheromone is worthy of note, because 7-18 compounds with a common func-
tional group have not been found (see Fig. 3). The polyenyl 7,13,16,19-22 and
11,14,17-20 compounds containing an isobutyryl (isoBut) or 4-methylvaleryl
(Me4-Val) ester function [53, 54], which are produced by Lymantriidae species
and might be derived from linolenic acid via chain elongation, are closely cor-
related to the Type II pheromones based on their biosynthetic origin.



62 T.Ando et al.

25
Structures of Pheromones in Type I

Hill et al. identified the first pheromone component of the Type II group, cis-
9,10-epoxy-(Z,Z)-3,6-henicosadiene (Z3,Z6,ep09-21:H), from E. acrea (Arcti-
idae) in 1981 [30]. Since then, the compounds presented in Table 2 have been
found from 65 species, although almost always within the families of Geometri-
dae (30 species), Noctuidae (12 species), Lymantriidae (7 species), and Arctiidae
(16 species) (A in Fig. 1) [4-7, 9]. Exceptionally, Z3,26,Z29-23:H has identified
from one Pyralidae species, the tomato fruit borer (Neoleucinodes elegantalis,
Crambinae) [55].In this chapter, these Type II chemicals are abbreviated sim-
ilarly to those of Type I; ‘epo’ and ‘H’ representing the cis-epoxy ring and the
absence of a terminal functional group, respectively. A majority of the Type II
compounds are dienes and trienes, which are biosynthesized from linolic and
linolenic acids [20], respectively, and their monoepoxy derivatives. Therefore,
the double bonds with the Z configuration and cis-epoxy ring are fixed at the
3-,6-,and 9-positions.

Interestingly, the N. elegantalis female also secretes a Type I compound
(E11-16:0H) like other Pyralidae species [55]. Only this species constructs a
unique hybrid pheromone system that is composed of the Type I component
biosynthesized de novo via a saturated fatty acid and the Type II component
derived from dietary linolenic acid. It is noteworthy that no combination of a
compound in the de novo type and an epoxy compound has been reported.
Although E. acrea and H. cunea produce epoxy Type II components in addition
to C;g polyunsaturated aldehydes that are classified as Type I, according to the
terminal functional group [30-32,56], aldehydes are the most likely compounds
from dietary acids, as already mentioned above. No epoxy derivatives of a Type
I compound that includes an epoxy ring and a terminal functional group as
a hybrid compound of Types I and II (such as E10,epo12-16:0H and epo7-
12:0Ac) have been found in a pheromone gland. Epoxy pheromones have been
identified from highly evolved species, indicating that the epoxydase is a rela-
tively new enzyme in the evolution of pheromone biosynthesis.

Table 2A shows the frequency with which each compound has been identi-
fied from the species in the above families. All known pheromones are C,,~C,;
straight chain compounds. While odd-numbered compounds are dominant,
some C,g and C,;, pheromone components are known. Since it has been reported
that one Geometridae species was specifically attracted by a lure containing
73,76,29-22:H [57], some natural C,, pheromone components will undoubtedly
be identified from female moths someday. This table highlights the tendency
of pheromones from Geometridae species to be shorter in length than those
of Arctiidae species. Surveying the chemical groups, many pheromones are
constructed with trienes and their monoepoxides rather than dienes and their
monoepoxides. The 9,10-epoxides have been most frequently found in insects
among the epoxydienes, in particular at this point in time, all the known
Arctiidae pheromones are 9,10-epoxides.
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Table 2 Type II lepidopteran female pheromones (A)

(A) Trienes, dienes, and their monoepoxy derivatives
Formulae and abbreviations of representative compounds

73,76-21:H Z26,ep09-18:H 23,26,29-17:H €p03,26,29-19:H
Number of lepidopteran species whose sex pheromones were found to be the indicated component
Chain Diene Epoxymonoene Triene Epoxydiene
length 76,29 enoh 79 76,epo9 73,726,729 ep03,26,29 Z73.,epo6,Z9 73,76,epo9
17 no no G(6) G(6) no no
18 1o no G(1) G(2) 1o G(1) G(6)
19 G(2) G(2) no G(10) G@3) G(4) L(1)
20 G(1), A(1) no no G(1), N(6) no no N(1),AQ2)
21 G(1),N(2),AG) no N(1), A1) G(1),N(10), L(1), A(10) 1o N(1), L(1) N(3), A(12)
22 no no no no no no no
23 no no no P(1),AQ2) no no no
Total  G(4),N(2),A4) G(2) N(1), G(1), A(1)  P(1), G(20), N(16), G(9) G(5), N(1), L(1) - G(6), N(4),
L), A(12) L(1), A(14)
P: Pyralidae, G: Geometridae, N: Noctuidae, L: Lymantriidae, A: Arctiidae .
(B) Further modified compounds *
Compound class Super-family Identified component Insect species Year
Formula and abbreviation Family [Ref] 4
Polyene unsaturated at 1-, 4-, or 11-position Geometroidea
N Geometridae 1,23,76,729-19:-H Operophtera brumata 82 [58, 59]
YV TNV O. bruceata 87 [60]
1,23,26,79-19:-H 1,23,76,79-21:H Epirrita autumnata 95 [61]
73,76,79,711-19:H Alsophila pometaria 84 [65]
73,726,79,E11-19:H A. pometaria 84 [65]
E4,26,29-19:H Bupalus piniaria 98 [9]
Noctuoidae
Arctiidae 1,723,726,79-21:H Arctia villica 84 [62]
Pareuchaetes pseudoinsulata 93 [63]
Utetheisa ornatrix 82 [64]
Epoxytriene Noctuoidae
Arctiidae 1,Z3,Z6,ep09-20:H Hyphantria cunea 89 [56]
V= 1,73,26,ep09-21:H H. cunea 89 [56]
1,73,76,epo9-21:H
trans-Epoxide Geometroidea
W:% Geometridae t-epo4,7.6,79-19:H B. piniaria 98 [9]
Noctuoidae
76,29,t-epol1-21:H Lymantriidae 76,79 t-epol1-21:H Orgyia postica 01 [66]
(posticlure) (118,125)
Diepoxy derivative Noctuoidae
Lymantriidae Z3,epo6,epo9-21:H Leucoma salicis 97 [68]
\/R/B\/S\/\/\/\/\/\ €p03,ep06,29-21:H Perina nuda 02 [70]
(3R.4S,65,7R)
Z3,epo6,epo9-21:H (3S.4R,6S,7R)

(leucomalure)

2 Keto derivatives such as ket3,726,29-19:H and Z6,ket9-21:H are listed in Table 3.
b Publication year and [reference].
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In spite of the large number of species in the above families, the structural
diversity of the compounds listed in Table 2A is quite limited. Some females
have modified these compounds with additional desaturation and/or epoxi-
dation steps as shown in Table 2B. The C,, tetraene with an extra double bond
at the terminal position (1,Z23,26,Z9-19:H) is a well-known compound which
was identified from the winter moth (Operophtera brumata) during the first
study on Geometridae pheromones [58,59]. This tetraene is also a pheromone
component of another Operophtera species [60],and a longer chain derivative
(1,Z3,26,29-21:H) has been found in one Geometridae species [61] and three
Arctiidae species [62-64]. Other polyenes unsaturated at the 11-positon of a
3,6,9-triene and the 4-position of a 6,9-diene have been reported from
Geometridae species, including 73,26,29,E11-19:H [65], Z3,26,29,Z11-19:H
[65], and E4,Z6,Z29-19:H [9]. These additional double bonds are conjugated
with the original polyene system, and an E configuration is noteworthily intro-
duced. With the epoxidation of these polyenes, novel components are created
such as 9,10-epoxides derived from 1,Z3,Z6,Z9-tetraenes (1,Z3,26,ep09-20:H
and 1,Z3,Z6,epo9-21:H) [56] and a 4,5-epoxide derived from E4,Z6,Z9-diene
(t-ep04,26,29-19:H) [9]. The 4,5-epoxide has a trans-epoxy ring. Another phero-
mone compound with a trans-epoxy ring, 26,29,t-epol11-21:H from the tussock
moth in Lymantriidae [66,67], could be biosynthesized from the corresponding
triene (Z26,Z29,E11-21:H). This intermediate, however, has not been found in
insects. On the other hand, extra epoxidation of epoxydienes produces di-
epoxy derivatives such as the 6,7-9,10-diepoxide (Z3,ep06,epo9-21:H) [68] and
3,4-6,7-diepoxide (epo3,ep06,29-21:H) [69, 70] of Lymantriidae species. The
latter diepoxide is a minor component and has been shown to have an im-
portant synergistic effect on the attractive activity of the major component
(Z3,ep06,29-21:H). Any 3,4-9,10-diepoxides and triepoxy derivatives have so
far eluded identification.

The epoxy compounds include chiral centers and the absolute configuration
used to be defined by biological evaluation of both enantiomers prepared via
chiral synthesis or resolution. A substantial supply of optically pure samples is
essential for pheromone research and the current notable syntheses are re-
viewed in the chapter by K. Mori in this volume. Recently, with the development
of chiral chromatographic techniques, some epoxy pheromones have directly
been defined by GC or HPLC. The kinds of available chiral columns and their
resolution capabilities are described later. Table 3 shows the absolute configu-
ration of some natural pheromones as analyzed by chiral chromatography and
the attractive activity of synthetic epoxides in the field [67,71-76]. Interestingly,
males were not always effectively attracted by the synthetic epoxide despite
exhibiting the same configuration as produced by the corresponding females.
This insufficient coincidence as evidenced by the case of the Japanese giant
looper (Ascotis selenaria cretacea) and the fruit-piercing moth (Oraesia exca-
vata) indicates that determination of the stereochemistry of natural pheromones
cannot be accomplished only by field evaluation. Combining the data from ten
other species, which were tentatively determined by field tests of synthetic epox-
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Table3 Stereochemistry of natural pheromones containing an epoxy ring (main components)
and field attractancy of the synthetic racemate

Stereochemistry of the epoxy ring (main component)

Species Main pheromonal Natural Method for Field attraction [Reference]
component configuration chiral analysis
Optimum isomer ¢ Racemate
Ascotis selenaria cretacea ©  epo3,26,29-19:H racemate GC/ HPLC® 3R A4S weak [71]
Biston robustum © €p06,29-19:H 6S,7R HPLC" 6S,7R + 6R,75 (9:1) none [72]
Semiothisa clathrata © €p03,26,29-17:H 3RAS GC* 3R.A4S none [73]
Colotois pennaria © 73,ep06,29-19:H 6R,7S GC' 6R7S weak [74]
Erannis defoliaria © Z3,ep06,29-19:H 68,7R GC’ 6S,7R same [74]
Hemerophila atrilineata©  73,76,ep09-18:H 9S,10R HPLC "/ 98,10R same [75]
Oraesia excavata Z26,ep09-21:H 9S8,10R HPLC" racemate best [76]
Orgyia postica 76,79 t-epoll-21:H 118,128 HPLC* 115,128 same [67]

2 Optimum configuration of the main component to attract male moths in the field.

b Activity of racemate in a field test, comparison to lure baited with the optimum isomer.
¢ Geometridae.

4 Noctuidae: Ophiderinae.

¢ Lymantriidae.

f Chiraldex A-PH column.

8 Chiralpak AS column.

b Chiralpak AD column.

! Custom-made column with a 1:1 mixture modified cyclodextrin and OV-1701.

J Chiralcel OJ-R.

ides, the overview of their stereochemistry indicates that the S,R configuration
has been assigned for the epoxy ring more frequently than the R,S configuration
and that no 9,10-epoxides with 9R,10S configuration have been found. The fe-
male of A. s. cretacea exceptionally produce a racemic pheromone, while the male
is attracted more by an optically pure sample with a 3R,4S configuration [71].

2.6
Structures of Other Female Pheromones

Miscellaneous pheromone components, which are classified as neither Type I
nor II, are listed in Table 4. Secondary alcohols with a C; or C, chain have been
identified from some primitive species; i.e., saturated and monoenyl alcohols
from three species in Eriocraniidae (Eriocranioidea) [77, 78] and dienyl alco-
hols from one species in Nepticulidae (Nepticuloidea) [79]. Their hydroxyl
group is always located at the 2-position, and this is illustrated in the table with
the abbreviation 2-OH in place of the OH which was used for the Type I phero-
mones. Furthermore, esters between a long chain acid and a rather small alcohol
have been characterized from species in Tineoidea and Zygaenoidea. Phero-
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Table 4 Lepidopteran female pheromones of other groups (3%)

Compound class Super-family  Identified comp. Insect species Year
Formula and abbreviation Family [Ref.]“
Secondary alcohol Ereiocranioidea
H Eriocraniidae Z4-7:2-OH (R) Eriocrania cicatricella 95 [77]
\/AX 7:2-OH (R) E. cicatricella 95[77]
24-7:2-OH 76-9:2-OH (8) E. sangii 96 (78]
E. semipurpurella 96 [78]
Nepticuloidea
Nepticulidae 76,8-9:2-0OH (S) Stigmella malella 95 [79]
F6,8-9:2-0H (5) S. malella 95 [79]
Ester of a long chain acid Tineoidea
Psychidae (R)-1-Methylbutyl 10:Ate Thyridopteryx 83 [80]
/\/\/\/\ﬁ& ephemeraeformis
Qiketicus kirbyi 94 [81]
1-Methylbutyl 10:Ate Isopropyl 8:Ate Megalophanes viciella 00 [82]
Zygaenoidea
/\/\/\/\ﬁ Limacodidae Isobutyl E7,9-10:Ate Darna bradleyi 00 [83]
v/ W Methyl E7,9-10:Ate D. bradleyi 00 [83]
(E)-2-Hexenyl E7,9-10:Ate D. trima 00 [83]
Isobutyl E7,9-10:Ate (S)-2-Methylbutyl E7,9-10:Ate ~ D. trima 00 [83]
Zygaenidae (S)-sec-Butyl Z7-14:Ate Harrisina brillians 82 [84]
Theresimima ampellophaga 98 [85]
Unsaturated ketone Copromorphoidea
Carposinidae 77 ket11-19:H Carposina niponensis 77 [86]
/\/\/\_/\ﬁ/\/\/\/ (=ket9,Z12-19:H) Heterocrossa rubophaga 00 [87]
= 77 ket11-20:H C. niponensis 77 [86]
77 ketl1-19:H
Geometroidea ket3,26,29-19:H° Peribatodes rhomboidaria 85 [88]
Geometridae
Noctuoidea Z76.ketl1-21:H Orgyia pseudotsugata 75 [89]
Lymantriidae O. thyellina 99 [90]
O. postica 01 [91]
1,26,ket11-21:H O. pseudotsugata 78 [92]
Z6,E8 ket11-21:H O. pseudotsugata 97 [93]
Z6.ket9-21:H* O. thyellina 99 [90]
76,79 ket11-21:H 0. leucostigma 03 [94]
Epoxyalkane Noctuoidea
Lymantriidae Me2,epo7-18:H (7R,8S) Lymantria dispar 70 [3]
Y\/\/gv\/\/v\/ L fumida 9 [53]
L. monacha 75 [96]
Me2,epo7-18:H epo7-18:H (7R,85) L. monacha 01 [97]
(disparlure) Me2,epo7-20:H L. xylina 99 [98]
Methyl-branched hydrocarbon Yponomeutoidea
Lyonetiidae Me5,Me9-17:H (55,95) Leucoptera malifoliella 87 [99]
\/\)\/\)\/\/\/\/ Me5,Me9-16:H L. malifoliella 87 [99]
Perileucoptera coffeella 88 [100]
Me5,Me9-17:H Me5,Me9-15:H P. coffeella 88 [100]
Me5,Me9-18:H L. malifoliella 90 [101]
/\/\/\/\/\/\/k/\/ 1,Me14-18:H (S) L. clerkella 84 [102]
7 1,Mel0.Me14-18:H L. prunifoliella 97 [103]

1,Mel14-18:H

2 Publication year and [reference].
b Related to Type II compounds based on an aspect of their predicted biosynthetic pathway.
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Table 4 (continued)
Compound class Super-family Identified comp. Insect species Year
Formula and abbreviation Family [Ref.] ¢
Geometroidea

Geometridae Me2 Me5-17:H (R), (S) Lambdina fiscellaria 91 [104]

Me5.Mell-17:H (5R,115) L. fiscellaria 91 [104]

Me7-17:H (S) L. athasaria 94 [105]

L. fiscellaria 93 [106])

L. pellucidaria 98 [107}

Me7.Mell-17:H (meso) L. athasaria 94 [105]

L. pellucidaria 98 [107]

Me3.Mel3-17:H (35,13R) Nepytia freemani 93 [108]

Noctuoidea

Noctuidae Z6Mel13-21:H Scoliopteryx libatrix 00 |109]

Lymantriidae Me2,27-18:H Lymantria fumida 99 [95]

L. lucescens 02 {110]

L. monacha 01 197]

L. serva 02 [110]

Arctiidae Me2-17:H Holomelina aurantiaca 71 [111]

H. ferruginosa etc. 71 [111]

Pyrrharctia isabella 71 [111]

Methyl-branched alkenyl acetate Tortricoidae

Tortricidae Mel0-12:0Ac Adoxophyes honmai 79 [129]

monal components of three Psychidae species in the former superfamily are
esters of Cg or C,, saturated acids [80-82] and those of two Limacodidae and
two Zygaenidae species in the latter superfamily are esters of C,, or C,, unsat-
urated acids [83-85]. The abbreviations in Table 4 are made with respect to the
acid moiety. Unsaturated ketones with a C,,-C,; chain have been identified
from two species in Carposinidae (Copromorphoidea) [86, 87], one species in
Geometridae [88], and five species in Lymantriidae [89-94]. Their chemical
structures have been abbreviated corresponding to the Type II pheromones
without a terminal functional group, and supplying ‘ket’ to indicate the position
of the carbonyl group. Among the known eight unsaturated ketones, six com-
pounds possess the carbonyl group at the 11-position. Double-bond positions
in the other two compounds (ket3,26,Z29-19:H and Z6,ket9-21:H) suggest a
relationship with the Type II pheromones. The dienyl 3-ketone and monoenyl
9-ketone seem to be biosynthesized by an opening of the epoxy ring of
ep03,26,29-19:H and Z6,epo9-21:H, respectively, with successive oxidation of
the produced alcohol. Similar speculation is possible for the biosynthesis of
76,29,ket11-21:H from Z6,29,t-epo11-21:H, which is identified from the species
in Orgyia in Lymantriidae and classified into the Type II pheromone.

Some lepidopteran species secret methyl-branched chemicals for their sex-
ual communication. These have been abbreviated with ‘Me’ to indicate the
position of the methyl group. Disparlure (Me2,epo7-18:H) is a well-known
pheromone identified from Lymantria dispar [3] and two other species in the
same genus, L. fumida [95] and L. monacha [96]. L. monacha also secrets an
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unbranched derivative (epo7-18:H) [97], and a C,, analog (Me2,epo7-20:H)
has recently been found in females of another related species, L. xylina [98].In
addition to the epoxides, six methyl-branched hydrocarbons with a C;5-Cj;
main chain have been identified from four micro-lepidopteran species in
Lyonetiidae (Yponomeutoidea) [99-103]. These Lyonetiidae pheromones pos-
sess one methyl group at the common 5-position, because the 14-position of
1,Mel4-18:H and 1,Mel0,Me14-18:H is represented as the 5-positon counting
from the opposite terminal methyl group. Furthermore, other hydrocarbons have
been discovered form macro-lepidopteran species in the rather evolved families,
such as Geometridae [104-108], Noctuidae [109], Lymantriidae [95,97,110],and
Arctiidae [111]. Me2,Z7-18:H, a pheromone component of Lymantria spp.,is also
a biosynthetic precursor of disparlure [112].In Arctiidae, Me2-17:H was iden-
tified from female moths of four Holomelina spp. (H. fragilis, H. immaculata,
H. lamae, and H. nigricans) in addition to two species listed in Table 4 [111].

2.7
Male Sex Pheromones

Males of many lepidopteran species, both moths and butterflies, produce sex
pheromones in scent-organs located on the abdomen, thorax, legs, and wings.
The organs vary from simple scales to complex eversible structures and have
many descriptive terms such as androconial scales, scent fans, costal hairs,
brushes, hair-pencils, and coremata [113]. As summarized in the review of Birch
etal. [113], their chemical structures are quite different from that of the female
pheromones, as shown in Fig. 5, and their species-specificity is low. Among
moths, benzaldehyde, benzyl alcohol, and 2-phenyl ethanol have been identi-
fied from several Noctuidae species, and danaidal (1a) and hydroxydanaidal
(1b) have been found in the coremata of several Arctiidae species. While no fe-
male pheromones of Hepialidae species in Hepialoidea, a primitive group in
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Fig.5 Representative sex pheromones produced by male moths and butterflies



Lepidopteran Sex Pheromones 69

Lepidoptera (see Fig. 1), have been reported, novel dihydropyrans (2a-c) and
bicyclic acetals (3a-c and 4a—c) have been identified from the males of Hepi-
alus hecta in this family [114]. Three of them, 2a, 3a, and 4a, are major com-
ponents in its hindleg extract, and compounds 2c and 3b have been identified
from the males of two other Hepialidae species, H. californicus [115] and En-
doclita excrescens [116], respectively. In addition to these sex-specific com-
pounds, one polyunsaturated hydrocarbon (Z3,26,29-21:H), which is classified
as a Type II female pheromone, has been found in an abdominal tip extract of
the males of Anticarsia gemmatalis (Noctuidae: Catocalinae) [117]. The finding
is noteworthy, because the females of this species produce a sex pheromone
composed of Z3,76,29-21:H and Z3,76,29-20:H, and the males are effectively
attracted to their 3:5 mixture [118]. The effect of the hydrocarbon on the
females has not been examined, but a single dose of Z3,26,Z29-21:H at a rela-
tively high release rate attracted the males, indicating an unknown male-male
interaction.

The male pheromones stimulate male-searching behaviors of females, such
as walking and close-range attraction, and/or evoke acceptance by females
[113]. Experimental confirmation of these functions, however, is more difficult
than of those of female pheromones with a long-range attractive activity, and
the structure determinations of male pheromones have been sometimes re-
ported without details of their biological activities. In the case of E. excrescens,
field observations of mating behavior confirmed a female flight straight toward
amale in a swing-like pendulum flight (calling by the male) and indicated that
the female was attracted to the male by visual cues from a long distance and by
the male scent from a short distance in the final encounter [119]. As an excep-
tional instance, a sticky trap baited with a mixture of tetrahydropyran (5) and
vanillin, male pheromone components of Tirathaba mundella (Pyralidae: Gal-
leriinae), captured the females released in a screen cage, suggesting the activity
for long-range female attraction [120]. Since female antennae response to male
pheromones as well as male antennae are stimulated by female pheromones,
the GC-EAD technique (see below) is also useful for the analysis of male
pheromones [120, 121].

From the hair-pencils of butterflies in Danainae and Ithomiinae (Papilion-
oidea: Nymphalidae), a wider variety of pyrrolizines (1a-d, and 6a-d) have
been identified than from Arctiidae moths. These compounds are biosynthe-
sized from pyrrolizidine alkaloids, which are included in host plants fed by the
larvae and protect them from the attacks of other herbivores [122]. In addition
to novel lactones (7, 8a, and 8b) derived from an acid part of the alkaloids,
many volatiles of more than 100 compounds (aromatics, terpenoids, hydro-
carbons, and others) constitute scent bouquets of the male butterflies [123].
For example, the hair-pencil of Idea leuconoe (Danainae) which is distributed
in South-East Asia contained 16 compounds (6b, 8a, 8b, 9, and others), and
a mixture of the major volatiles applied to a butterfly dummy elicited an ab-
domen-curling acceptance posture in the females as a crude extract of the
male hair-pencils did [124]. A chiral GC analysis revealed the absolute config-
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uration of the lactone components utilizing authentic samples synthesized by
asymmetric dihydroxylation or hydrogenation. The B-lactones (8a and 8b) of
I. leuconoe have an S,S configuration, which, interestingly, suggests their bio-
synthetic origins, while the natural 6-lactone 9 is a mixture of all enantiomers
[125]. Recently, a new macrocyclic sesquiterpene (niaviolide, 10) and its 10,11-
monoepoxide were identified from Amauris niavius living in African forests
[126]. These male pheromones possess a unique 13-membered macrolide ring,
originating from an o,-oxidation pattern of the sesquiterpene backbone.

2.8
Reproductive Isolation by Sex Pheromones

Contrary to the structure similarity of the pheromones secreted by taxonomical
related moths, some differences are necessary for their sexual communication
systems to play an important role in their reproductive isolation. In addition to
further modifications of the various structures, diversity of the lepidopteran sex
pheromones is generated by blending multiple components. Innumerable
pheromone blends are based not only on combinations of different components
but also on variations in the mixing ratio. A pioneer study with Adoxophyes spp.
(Tortricidae: Tortricinae) had already proposed this concept in the early 1970s.
While the smaller tea tortrix (A. honmai) and the Japanese summerfruit tortrix
(A. orana fasciata) had been considered to be variant strains with different host
preferences in the same species, Tamaki et al. found that females of the former
pest insect in the tea garden secreted Z9-14:0Ac and Z11-14:0Ac in a ratio of
7:4 but females of the latter defoliator of apple trees secreted them in a ratio of
13:4 [127, 128]. Furthermore, two other components (E11-14:0Ac and Mel0-
12:0Ac) were subsequently identified from the former species [129].

Since then, many researches have revealed the reproductive isolation by sex
pheromones of sibling species such as Ostrinia spp. (Pyralidae: Pyraustinae).
In this genus, 20 species are reported in the world including the European corn
borer (O. nubilalis), which is known to be polymorphic with respect to a ratio
of the pheromone components (Z11-14:0Ac + E11-14:0Ac); i.e., 97:3 of the Z-
strain and 4:96 of the E-strain [130, 131]. In addition to the Asian corn borer
(O. furnacalis) emanating the positional isomers (Z12-14:0Ac + E12-14:0Ac,
1:1-3:2) [132,133], another six Ostrinia spp. are distributed throughout Japan,
these being differentiated by morphological data, mitochondrial gene analysis,
and host plants. Recently, sex pheromones of all of them have been identified
as follows; O. latipennis (E11-14:0H) [134], O. palustralis (Z11-14:0Ac + E11-
14:0Ac, 1:99) [135], O. orientalis (Z11-14:0Ac + E11-14:0Ac) [134], O. scapulalis
(Z11-14:0Ac + E11-14:0Ac, 97:3) [136], O. zaguliaevi (Z11-14:0Ac + E11-
14:0Ac + Z9-14:0Ac, 50:5:45) [137],and O. zealis (Z11-14:0Ac + E11-14:0Ac +
79-14:0Ac, 8:22:70) [138]. This important factor for their reproductive isolation
proposes one cue toward understanding their evolutional relationships. While
the 12-monoenyl components produced only in O. furnacalis suggest the oc-
currence of a specific desaturation enzyme specific to this species, two genes
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of a All-desaturase for the 11-monoenes and of a Al4-desaturase for the
12-monoenes have recently been characterized from both O. furnacalis and
O. nubilalis, indicating that the two enzymes of these species utilize different
transcriptional mechanisms [139].

Another example of the diversity is observed among the insects in Plusiinae,
which is a well assembled subfamily in Noctuidae and includes 400 species
across the world. After the identification of pheromone components from
Trichoplusia ni, sex pheromones of 19 species and sex attractants of 24 species
have been reported in Plusiinae [4-7,140-146]. Many of them are composed of
Z7-12:0Ac as a common component which is further blended with other mi-
nor components. Whereas some species produce more than ten components,
only two or three compounds are essential for male attraction. Based on the
chemical structures of these primary components, Plusiinae pheromones have
been classified into the following 8 groups (A-H, Fig. 6); A: 7-12 compounds
only, B: 7-12 and 5-10 compounds, C: 7-12 and 9-14 compounds, D: 7-12 and
5-12 compounds, E: 7-12 and 9-12 compounds, F: 7-12 and 5,7-12 compounds,
G:5-10 and 7-10 compounds, and H: 5-12 and 7-14 compounds. The compo-
nents in groups A-C are biosynthesized via Al1-desaturation of 16:Acid, while
another desaturase is necessary for the biosynthesis of components in the
other groups. If we hypothesize that a primitive species of Plusiinae utilized
Z7-12:0Ac for its sexual communication, it is conceivable that the f-oxidation
enzyme of a newly evolved species gained an ability to produce Z5-10:0Ac and
Z9-14:0Ac. After that, in addition to the All-desaturase for the compounds
unsaturated at the w5-position, another desaturase was created to produce
compounds unsaturated at the 03- or @7-position during the long history of
this subfamily.
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16:Acid 16:Acid 16:Acid
* ‘/Ag-desaturation ‘4 1-desaturation / A13-desaturation
9-16 11-16 13-16
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Fig.6 Classification of Plusiinae pheromones based on their biosynthetic pathways. Species
of each group inhabiting Japanare as follows, A: Trichoplusia ni [2] and Autographa gamma
[140], B: Anadevidia peponis and Ctenoplusia albostriata [141], C: Macdunnoughia confusa
[141], D: Autographa nigrisigna [142] and Macdunnoughia purissima [141] E: Chrysodeixis
eriosoma [143] and Crenoplusia agnata [144], F: Thysanopluia intermixta and Thysanopluia
orichalcea [41], G: Diachrysia chrysitis [145], and H: Plusia festucae [146]
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3
Current Techniques for Structure Determination

3.1
Collection of Pheromones and Evaluation of Their Activity

The sex pheromone glands of female moths are commonly found as modified
intersegmental membranes between the 8th and 9th abdominal segments
[147]. After removing the glands, the female pheromones are usually extracted
with a limited amount of a non-polar solvent, such as n-hexane or n-pentane,
for several minutes to hold down the contamination with lipids and unknown
materials. The collection of pheromones actually emitted from calling females,
however, has been one of the key issues in the dynamic research of semio-
chemicals. The airborne, volatile pheromones have been trapped on Porapak
Q, Tenax, activated carbon, glass wool, glass beads, or glass capillary tubes [148,
149]. These methods have the advantage of allowing continuous collection of
pheromones; however, they have not been widely applied for the identification
of lepidopteran pheromones because of the weak absorption of the lipophilic
volatiles, which are released by female moths at a quite low level.

Recently, in addition to these collection methods, a technique for SPME of
airborne volatiles has been developed [149] and used for the collection of lep-
idopteran female pheromones as follows: Z10-14:0Ac and others of Phyllono-
rycter sylvella (Gracillariidae) [150], E10-12:0Ac and others of P. blancardella
[17], Z8-14:0Ac and others of P. heegerella [151], Z11-16:0Ac and others of
Sesamia nonagrioides (Noctuidae) [152], and E3,Z5-12:0Ac of Phtheochroa
cranaodes (Tortricidae) [153]. The pheromones of the former three leafminer
species have been newly identified after collection using a SPME fiber that was
placed a few mm from the protruded abdominal gland of the calling female for
2-3 h. For the collection of the S. nonagrioides pheromone, the entire fiber sur-
face was gently rubbed on the tegument of the glandular area for 5 min.

In addition to the observation of male responses in a flask or a wind tunnel,
the activity of female pheromone components with a long-range attraction
activity can be detected using an electrophysiological technique. The EAG, a
recording of the potential changes measured between the base and tip of an in-
sect antenna as a result of chemical stimulation [154], has played an important
role as a bioassay system [155]. The EAG measurements begun with the an-
tennae of male moths are now widely used for a proof of the detection of a
chemical signal by antennae of female moths and other insects. One of the
advantages of the system is that the EAG recording is easily accomplished with
an antenna of an unconditioned insect in a bright room. Because the activities
of several compounds can be successively measured after short intervals, all
active components in a pheromone blend are detected by one injection into
GC-EAD equipped with a capillary column [156]. Recently, the capability of the
amplifier has increased so much that sensitivity of the EAD against a pher-
omone component is higher than that of FID, as shown in Fig. 7. On the GC-
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Fig.7A-C GC-EAD measurements of synthetic Type II pheromones [Z6,ep09-18:H (I) and
73,26,ep09-18:H (II)] and a homologue [Z3,Z6,epo9-19:H (III)] by a male antenna of Hemero-
phila artilineata (Geometridae): A I (10 ng), II (1 ng),and III (100 ng); BI (10 ng), I (0.1 ng),
and III (10 ng); CI (10 ng), I1 (0.01 ng),and III (1 ng). GC is equipped with a DB-23 column
(0.25 mm ID X 30 m), the end of which is divided into two lines to detect simultaneously by
FID and EAD, with a column temperature program of 50 °C for 2 min, 10 °C/min up to 160 °C
and then 4 °C/min up to 220 °C

EAD analysis with synthetic compounds, the male antenna of a Geometridae
species, Hemerophila artilineata, was stimulated even by 0.01 ng of the main sex
pheromone (Z3,Z6,ep09-18:H) of this species [75], which was scarcely detected
by FID. When researching species that have a very low pheromone content, the
chromatographic behaviors of EAG-active components provide valuable infor-
mation for the structure elucidation. Actually, without using spectral methods,
a new pheromonal compound (E8,Z10-14:Ald) of a leaftminer moth, Cameraria
ohridella (Gracillariidae), was identified in pg quantities by the GC-EAD tech-
nique [157]. Figure 7 also indicates that the minor component (Z6,epo9-18:H)
was reproducibly detected by three different antennae and that a C,o homologous
compound (Z3,Z6,epo9-19:H) was detected by the antenna, but its activity was
100 times weaker than that of the real pheromone component.

3.2
GC-MS Analysis

3.2.1
Identification of Type | Components Without Derivatization

The extract, which is prepared with pheromoneglands severed exclusively from
abdomens, can be directly analyzed by GC-MSwithout any purification. EI at
70 eV is widely used for this analysis, and are liable spectrum is recorded with
a sample at least at a level of several ng. The gland of a large insect such as a
Noctuidae species contains around 10-100 ng of the sex pheromone [21], and,
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thus, the injection of an extra ctincluding pheromone equivalent to one female
is sufficient to measure the fullmass spectrum of a main component and, fur-
ther, to obtain some information on minor components. Although a quantita-
tive correlation between the size of a female moth and its pheromone titer is not
always observed, the pheromone content in micro-lepidopteran species, such as
leafminer moths in the superfamilies of Gracillarioidea and Yponomeutoidea,
is very limited, sometimes lower than a 1-pg order [25, 158, 159].In this case, it
is necessary to have a large number of females for the analysis.

Since the molecular ions (M*) of C,,—C,3 monoenyl compounds in Type I are
hardly detected by EI, their occurrence in the extract is examined by system-
atic analysis of the GC-MS data using mass chromatograms for the fragment
ions at the highest m/z values; i.e., [M-H,O]* for alcohols (m/z 138, 166, 194,
222, and 250) andaldehydes (m/z 136, 164, 192, 220, and 248) and [M-AcOH]*
for acetates (m/z 138, 166, 194, 222, and 250) with a C,,~C,5 even-numbered
chain.While the alcohols and acetates with the same chain length show the
same fragment ion, the ion at m/z 61differentiates these functional derivatives.
Dienyl and trienyl compounds with a C,;,—-C,4 chain are easily recognized by the
mass chromatograms of their M*; i.e., m/z 154, 182,210,238, and 266 for dienyl
alcohols, m/z 152,180, 208, 236, and 264 for dienyl aldehydes and m/z 196, 224,
252,280, and 308 for dienyl acetates with an even-numbered chain.

The positional isomers of monoenyl compounds show similar EI-mass spec-
tra, but the spectra can differentiate the relative intensities of some fragment
ions [160]. While these subtle differences are not rationally explained, it is pos-
sible to estimate the double-bond position of a natural pheromone by calcu-
lating the similarity of the spectra published for a series of synthetic monoenyl
compounds [146, 161]. Recently, direct determination by the spectra has been
attempted operating chemical ionizationion-trap mass spectrometry [162]. A
cetonitrile used as a reagent gas creates [C;H,N]*. This reagent ion reacts with
carbon-carbon double bonds and generates fragmentions that are character-
istic of the double-bond position under the condition that no ions below m/z
50 are present in the trap during the reaction period.

Type I compounds with a conjugated diene system are distinguishable from
unconjugated ones by their high abundances of M* and long retention times
(Rts) on a polarcapillary GC column. The conjugated dienes unsaturated at
a side of theterminal methyl group [@wnw(n+2)-diene,n=1-5] show charac-
teristic fragment ions, [CH,CH=CHCH=CHC,_H,, ,]* and [CH,=CHCH=
CHC,_,H,, ]*, reflecting the position of unsaturations [163]. Namely, the po-
sitional isomers of hexadecadienyl compounds are distinguished with the
following fragmentions; m/z 67 and 54 of 13,15-16 compounds (w1,w3-dienes),
m/z 81 and 68 of 12,14-16 compounds (@2,w4-diene), m/z 95 and 82 of
11,13-16 compounds (w3,w5-diene), m/z 109 and 96 of 10,12-16 compounds
(4,06-diene), and m/z 123 and 110 of 9,11-16 compounds (@5,w7-diene).
These diagnosticions, particularly the characteristic base peaks at m/z 67
(w1,m3-dienes), 81 (w2,w4-diene),and 95 (w3,w5-diene), have been observed
to be unrelated to the chain length and functional group, as shown in Table 5.
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Table 5 Base peaks in the EI-mass spectra of Type I compounds including a conjugated
diene system [163, 164]*

Compounds Base peak (m/z)
3,5-diene® 4,6-dienc® 5,7-diene ¢  6,8-diene - w3,w5-diene ¢ w2,w4-diene ©  w1,w3-diene °
w4,w6-diene 4
Alcohol 67 79 79 p 95 (B) 81 (C) 67 (D)
Acetate 79 79 79 67 95 (B) 81 (C) 67 (D)
Aldehyde — 84 (A) 79 or 80 67 95 (B) 81 (C) 67 (D)

2 The following structures (A-D) are proposals for the formation of these base peaks.

A 84 . (B) 95 (© 8t (D) 67
H

b C¢ dienyl compounds.

¢ C,gsand Cy, dienyl compounds. C,¢ 5,7-dienal: m/z 79 (78%) and 80 (100%), C,, 5,7-dienal:
m/z 79 (100%) and 80 (79%).

4 Cy46,8-,7,9-,8,10-,and 10,12-dienyl compounds, C, 7,9- and 8,10-dienyl compounds, and
C,, 6,8-dienyl compounds.

¢ Cy4 11,13+, 12,14-, and 13,15-dienyl compounds, C,4 9,11-, 10,12-, and 11,13-dienyl com-
pounds, and Cy, 7,9-, 8,10-, and 9,11-dienyl compounds.

On the other hand, the mass spectra of the conjugated dienes unsaturated at a
side of the functional group are too similar to differentiate each positional iso-
mer by the spectral patterns. 4,6-Dienal, however, shows a characteristic base
peakat m/z 84, while the base peaks of the corresponding alcohol and acetate
have been recorded at m/z 79 (Table 5). The ion at m/z 84 is expected to have
a stable 2,3-dihydropyranyl structure ([CsHgO]*), which might be formed by
a cyclization and hydrogen rearrangement after cleavage of the bond between
the 5- and 6-positions [164]. On the basis of this notable base peak, a 4,6-16
structure was recently assigned for a pheromone component of Stathmopoda
masinissa [27]. A homologous ion at m/z 98 ([C¢H,,0]") is diagnostic for 5,7-di-
enal.

3.2.2
Identification of Type | Components by Derivatization

When a sufficient amount of sample is available (ca. 1 pg), monoenyl compounds
can be analyzed by micro-ozonolysis with and without a solvent [146, 165].
Ozonides, directly injected into GC-MS, are reductively decomposed into two
aldehydes by heat. Besides this chemical reaction, the double-bond position is
easily and high-sensitively confirmed by making an adduct with DMDS, which
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gives rise to M* and two characteristic fragment ions produced by cleavage of
the bond between the sulfur-substituted carbons on the EI-MS analysis [165,
166], as illustrated with the mass spectrum of DMDS adduct of Z7-12:0Ac in
Fig. 8A. The fragment ion sat m/z 117 ([CsH,,SMe]*), 143 (M-AcOH-117), and
203 (M-117) reveal the original double bond at the 7-position. Figure 9 shows
a TIC and mass chromatograms monitoring M* and the above fragment ions
to analyze the DMDS adducts of monoene acetates in the gland extract of
Anadevidia peponis [141]. This measurement revealed the existence of DMDS
adducts derived from Z5-10:0Ac (I with ions at m/z 117,175, and 292 [M*]),
Z5-12:0Ac(II with ions at m/z 145,175,and 320 [M*]), Z7-12:0Ac (III with ions
at m/z 117, 203, and 320 [M*]), 11-12:0Ac (IV with ions at m/z 259 and 320
[M*]),Z9-14:0Ac (V with ions at m/z 117,231,and 348 [M*]),and Z11-16:0Ac
(VI with ions at m/z 117, 259, and 376 [M™]). Peak areas of I-VI in the TIC
indicate a mixingratio of 5:1:10:0.5:0.4:0.1, which is almost the same as the
analytical data of an extract untreated with DMDS.
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Fig.8A,B Derivatization of Type I pheromones: A Z7-12:0Ac with dimethyl disulfide (DMDS)
and mass spectra of the DMDS adduct; B E5,Z7-12:0Ac with 4-methyl-1,2,4-triazoline-3,5-
dione (MTAD) and mass spectra of the MTAD adduct
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Fig.9A,B  GC-MS analysis of the pheromone extract of Anadevidia peponis (Noctuidae, 1 FE)
treated with DMDS; A TIC; B mass chromatograms [141]. The mass chromatograms, which
are multiplied by indicated factors, monitor the M* of DMDS adducts derived from C,, to
C,s monoenyl acetates (m/z 292,320, 348, and 376) and some diagnostic fragment ions (m/z
89,117,145,173,175,203,231,and 259) to determine their double-bond position. Peaks I-VI
indicate the DMDS adducts of the following components in the pheromone gland; Z5-10:0Ac
(I), Z5-12:0Ac (II), Z7-12:0Ac (III), 11-12:0Ac (IV), Z9-14:0Ac (V), and Z11-16:0Ac (VI)

In the case of dienyl compounds, derivatization with DMDS leads to either
linear or cyclic polythioethers, depending on the number of methylene groups
separating the two double bonds [165, 167]. When the two double bonds are not
conjugated, some fragment ions reflecting the original positions of the double
bonds are observed in the mass spectra of the DMDS adducts. The double-bond
positions of new natural pheromones, 3,7-diene of Symmetrischema tangolias
[19] and 11,14-diene of Andraca bipunctata [28],have been identified by GC-MS
analysis of their adducts. The 3,8,11-trienyl structure of Scrobipalpuloides ab-
soluta has also been successfully determined by the DMDS derivatization [24].
However, the intensities of the diagnostic ions are sometimes lower and the
spectra are more complicated than those of monoenyl compounds. This deri-
vatization proceeds without stereoselectivity and produces multiple diastereo-
meric adducts which cause less sensitivity. Diimide reduction of a polyene pro-
ceeds without selectivity for the position and configuration of double bonds
and yields a mixture of monoenyl compounds under a restricted condition. All
unsaturated positions of polyenyl pheromones, 3,8,11-triene of S. absoluta [23]
and 11,14,17-triene of Euproctis pulverea [54], have been determined by GC-MS
analysis of the partially reduced products after derivatization with DMDS or
ozonolysis.

For the components with a conjugated diene system, derivatization with
MTAD is useful to determine the unsaturated positions [168]. Adducts of the di-
enophile MTAD, which is formed with conjugated dienes via Diels-Alder cyclo-
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addition, give mass spectra including abundant fragmentions that are diagnostic
for the unsaturated positions in the parent compounds, as illustrated with a mass
spectrum of the MTAD adduct of E5,Z7-12:0Ac in Fig. 8B. Fragment ions at m/z
222 and 280 reveal the original 5,7-diene system. By GC-MS analysis of the
MTAD adduct of a pheromone component secreted by Hemileuca eglanterina
(Bombycoidea: Saturniidae), the 10,12-dienyl structure was revealed [169].

3.2.3
Identification of Type Il Components

GC-MS is a useful tool to elucidate chemical structures for the Type II phero-
mones as well [9]. On the EI measurement, every component produces M* and
some diagnostic fragmentions listed in Fig. 10. Polyenes are easily recognized
by their high abundance of ions, for example, at m/z 81 (base peak, [C,H;(CH=
CH),]*) and 110 for Z6,Z9-dienes and m/z 79 (basepeak, [H(CH=CH);]*), 108,
and M-56 for Z3,Z6,Z9-trienes. These two monoepoxides derived from Z6,Z9-
dienes show similar mass spectra but are distinguishable by comparing the
intensities of several ions, which are produced by fragmentations around the
epoxy ring [170]. The three monoepoxides derived from Z3,26,Z9-trienes show
rather different spectra because a homoconjugated diene system remained in
the 3,4-epoxy-6,9-dienes and 9,10-epoxy-3,6-dienes. These two positional iso-
mers show a base peak at m/z 79 and other characteristic fragment ions (m/z

C
111 M-125 M-125
—
= R \/&/a/}%/\/\/\R
D -H »
M-69 M-139

24 M-87

Fig. 10A-D Diagnostic fragment ions for the GC-MS analysis of Type II pheromones: A 76,Z9-
dienes and Z3,Z6,Z9-trienes; B monoepoxy derivatives of Z3,Z6-dienes; C monoepoxy de-
rivatives of Z3,26,Z9-trienes; D diepoxy derivatives of Z3,26,Z9-trienes
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M-72 for the 3,4-epoxides and m/z 108 for the 9,10-epoxides), which include the
diene part. 6,7-Epoxy-3,9-dienes show a basepeak at m/z 67 and different di-
agnostic ions produced by fragmentation around the epoxy ring [171]. Each
diepoxide derived from Z3,Z6,Z9-trienes loses the homoconjugated diene sys-
tem; as a result, characteristic ions with high abundance have not been detected
for each positional isomer. However, some diagnostic ions whose formation is
easily interpreted by the fragmentation, such as cleavage a to the epoxy ring,
are useful for the structure determination [69].

The origins of the above diagnostic ions, which have been estimated by com-
paring the mass spectra of a series of synthetic compounds with a different
chain length [170, 171], contribute to the analysis of natural pheromones. More-
over, the validity of this estimation is confirmed by comparing the spectra of
differently unsaturated homologues. Figure 11 shows the mass spectra of four
9,10-epoxides with a different number of double bonds. Epoxides with a satu-
rated chain produce two highly abundant ions after cleavage o to the epoxy
ring, for example, fragment ions at m/z 155 and 197 of epo9-21:H. The same
fragmentations are expected for epoxides with an unsaturated chain to produce
homologous ions, such as at m/z 153 of Z6,epo9-21:H, 151 of Z3,Z6,epo9-21:H,
and 149 of 1,Z23,Z6,epo9-21:H, in addition to their common ion at m/z 197.
These ions have actually been detected, but their intensities decrease according
to the increment of the unsaturation degree. On the contrary, the cleavage of the
epoxy ring is probably accelerated by homoconjugation with a double bond,
and characteristic ions, such as m/z 124 and 183 of Z6,epo9-21:H, are remark-
ably detected. The intensities of the corresponding ions at m/z 126 and 183 of
epo9-21:H are very small, indicating the nonexistence of a double bond. Dou-
ble bonds in Z3,Z6,ep09-21:H and 1,Z3,Z6,epo9-21:H cause the ions produced
by the epoxy ring cleavage (m/z 122 and 183 of Z3,Z6,epo9-21:H and m/z 120
and 183 of 1,Z3,Z6,ep09-21:H) to be distinct, but their relative intensity is still
small because of the strong base peaks (m/z 79 and 106). The base peak at m/z
106([H(CH=CH)H]") of1,Z3,Z6,epo9-21:H is a counter part of them/z 197 ion,
which is produced by the cleavage o to the epoxy ring. The homologous ions
at m/z 108 of Z3,7Z6,epo9-21:H and 110 of Z6,epo9-21:H are diagnostic, but the
intensity of the m/z 112 ion of epo9-21:H is worthless for determining the
structure.

On a capillary GC analysis, the separation of positional isomers of epoxy
compounds is generally well accomplished by a high polar column, such as
DB-23, rather than by a low polar column, such as DB-1. For the positional
isomers, a different elution order depending on the kinds of column has not
been reported. In the case of two mono epoxides derived from Z6,Z9-dienes,
6,7-epoxides elute slightly faster than 9,10-epoxides [72, 170], but the separa-
tion is insufficient even on the high polar column. Three monoepoxides de-
rived from Z3,Z6,Z9-trienes elute in the order of 6,7-, 3,4-, and 9,10-epoxides
[9]. The former two isomers are sufficiently separated on the high polar column,
while the elution of the latter two isomers overlaps [71]. For each positional
isomer of diepoxides derived from the Z3,76,Z9-trienes, two diastereomeric
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Fig. 11A-D Mass spectra of C,, 9,10-epoxy compounds unsaturated with a different degree
(0-3): A epo9-21:H; B Z6,epo9-21:H; C Z3,Z6,epo9-21:H; D 1,23,726,epo9-21:H

configurations are possible and the diastereomers of each positional isomer are
separable on a GC column. The isomers with a configuration orienting two
epoxy rings to the opposite face [(S,R",R",S")-isomers, i.e., 3,4-6,7-diepoxides
with a 35,4R,6R,7S configuration, 6,7-9,10-diepoxides with a 6S,7R,9R,10S
configuration, 3,4-9,10-diepoxides with a 35,4R,9R,10S configuration, and their
antipodes] elute faster than the isomers with a configuration orienting two
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epoxy rings to the same face [(S,R",S",R")-isomers]. The high polar column
demonstrates higher ability for the separation of the diastereomers than the
low polar column. Nevertheless, 3,4-6,7-diepoxides and 6,7-9,10-diepoxides
with the S%R",R",S" configuration showed almost the same Rts, and it was dif-
ficult to separate all six isomers of the diepoxide on GC [69].In all cases of Type
IT epoxy pheromones, GC analysis was insufficient to determine which isomer
is present in a pheromone gland. Mass spectral data, particularly information
on the diagnostic ions, are necessary for determining the structure.

To accomplish unambiguously the structure determination of epoxymono-
enes, DMDS derivatization has been applied [72]. The DMDS adducts of
6,7-epoxides show M* and fragmentions at m/z 187 ([CoH,OSMe]*) and M-187
indicating the original double bond at the 9-position and m/z 99 ([C¢H,,0]*)
indicating the 6,7-epoxy ring. On the other hand, the adducts of 9,10-epoxides
show M* and fragment ions at m/z 131 ([C¢H;,SMe]*) and M-131 indicating
the original double bond at the 6-position and m/z M-219 ([M-CoH,,(SMe),]*)
indicating the 9,10-epoxy ring. The structure of the main component of the
Biston robustum pheromone (ep06,Z29-19:H) was confirmed by this derivati-
zation [72].In addition to this direct derivatization,a double-bond position of
the epoxymonoenes can be determined by GC-MS analysis of DMDS adducts
of the hydroxyl derivatives produced by their LiAIH, reduction [70]. Whereas
areasonable DMDS derivatization of epoxydienes was not accomplished, epoxy-
dienes can be partially reduced with diimide, and the produced epoxymonoenes
have been used for this derivatization. The structure of the main component of
the Perina nuda pheromone (Z3,ep06,29-21:H) was confirmed by the DMDS
experiment after successive reduction with diimide and LiAlH, [70]. The three
diepoxymonoenes can also be converted into the corresponding DMDS ad-
ducts, which show characteristic ions from the fragmentation between the two
thiomethyl groups reflecting the position of an original double bond [69].

3.24
Identification of Methyl-Branched Components

By cleavage at the branched position, monomethylalkanes (R,~-CHCH;-R,) give
characteristic secondary fragment ions, [R,~-CHCH;]* (or [R,~-CHCH,]*) and
[R,~CHCH;]*(or [R,~CHCH,]"). Although the relative intensity of their M* and
these diagnostic ions are rather small under the usual EI measurement, they
are valuable for the structure determination. Dimethylalkanes (R,~CHCH;-
(CH,),-~CHCHj;-R,;) are also expected to predominantly produce similar sec-
ondary ions. The mass spectra of some pheromone components with two
methyl groups identified from Lyonetiidae and Geometridae species [105-107]
indicate selective cleavages at the branched positions to produce the fragment
ions shown in Table 6. In addition to the secondary ions such as [R,~-CHCH;]*
at m/z A (or [R,~-CHCH,]*at m/z A-1) and [R,-~-CHCH,-(CH,),-~-CHCH;]* at m/z
M-R, (or [R,~-CHCH;-(CH,),-CHCH,]* at m/z M-R,-1), primary ions composed
of their counter parts, such as [(CH,),~-CHCH;-R,]" at m/z M-A and [R,]*, are
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Table 6 Diagnostic fragment ions for some dimethyl-branched pheromone components

Fragment ion (m/z)

R; R, n MR A MR, B
RZ
______ Me5Me9-17H  CHy  CgHyip 3 211 85 155 141
(Ry) Me5Mell-17H  CHy, CH;; 5 211 85 183 13

Me7Mell-17H  CeHis  CeH,; 5 183 113 183 113

M =268, A= R;-CHCHj3, B =R,-CHCHj.

also informative. Since many branched hydrocarbons have been identified from
insect cuticle [172] and silk lipids of a spiderweb [173], several dimethylalkanes
with a different number of methylene units between methyl groups (n=0-7)
have been synthesized, and analysis of their mass spectra has indicated the ef-
fect of the methylene units on the fragmentation, particularly the ratio between
[R,-CHCH;]* and [R;-CHCH,]"* [174]. EI-MS analysis of methyl-branched
compounds synthesized more systematically will more obviously generalize
this fragment pattern, which will be helpful for the structure determination of
a new pheromone component in this class.

Elution patterns from capillary GC for many methyl-branched alkenes have
been reported [172,173], and their KI values have been predicted from the chem-
ical structures [175, 176]. The elution order of monomethylalkanes can be esti-
mated by the KI value reported for several positional isomers with a C;; back-
bone; namely, the highest KI value of Me3-31:H decreases when the branched
methyl moves to the middle of the chain. Moreover, the KI values of polymethy-
lalkanes are interestingly calculated by a semi-empirical topological index (I5r)
on the basis of the chain length, the number of methyl groups, and their positions
[176]. Namely, I;y=%(C;+9;), where C; is the value attributed to each carbonatom
(i) in the molecule and §; is the sum of the logarithms of the values for each
adjacent carbon atom (logC,+logC,+logC;+logC,; the values of C; for primary,
secondary, tertiary, and quaternary carbon atoms are 1.0, 0.9, 0.8,and 0.7, re-
spectively). For the alkane with two methyl groups at the n,-position and n,-po-
sition, the optimum Igy(Igr(opy) @and K1 values are calculated as follows:

IET(Opt) = IET_ 1/3 (nl + l) + (n2+8)

KI = -39.5251+123.1610 Ly opy

Using these equations, the KI values for four known pheromone components
are estimated to be 1807.7 for Me2,Me5-17:H, 1790.6 for Me5,Me9-17:H,1788.6
for Me5,Mel1-17:H, and 1783.5 for Me7, Mel1-17:H. These positional iso-
mers separately elute from a capillary GC column in a coincidental order with
these KI values [105, 106], indicating the usefulness of Iy, for the pheromone
research.
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3.3
LC and LC-MS Analysis

3.3.1
Separation with a chiral Columns

While lepidopteran sex pheromones are volatile and GC is commonly used for
their analysis and separation, HPLC is suitable for the quantitative analysis of
pheromone components with a conjugated diene system, such as bombykol.
The UV detector can selectively record them with high sensitivity. Further-
more, HPLC showed its effectiveness as a purification tool on a biosynthetic
experiment with a radiolabeled compound [177]. For the measurement of
radioactivity incorporated into the pheromone by liquid scintillation counting,
a purification method ensuring perfect recovery is necessary. Both normal-
phase and reversed-phase conditions are available for the HPLC of usual lipo-
philic pheromone components with a C,;,-C,; chain. Particularly, separation
depending on the chain length and the number of double bonds (sometimes, the
configuration of the double bonds [164]) can be achieved by the latter chro-
matography. By end absorption around UV 210 nm, ca. 1 pg of monoenyl ac-
etates and aldehydes in the Type I class and homoconjugated dienyl compounds
in the Type II class can be detected. An RID records every type of compound,
also at the level of 1 pg. Figure 12 shows the chromatograms of Type II phero-
mone components produced by an Arctiidae species, Spilosoma imparilis [178],
indicating that all of the five components are easily separated by an ODS col-
umn. After this separation, the epoxy components were used for a subsequent
analysis with a chiral column to determine their absolute configuration.

LC is also useful for the preparation of Type II pheromones. Monoepoxy
compounds in this class have been systematically synthesized by the oxidation
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Fig. 12A-C Separation of Type II pheromone components by HPLC with an ODS column
(4.6 mm ID X 25 cm): A a crude pheromone extract of Spilosoma imparilis (Arctiidae, 2 FE)
including 1,Z3,Z6,epo9-21:H (I), Z3,Z6,epo9-21:H (II), Z3,Z6,epo9-23:H (III), Z6,epo9-23:H
(IV), and Z3,26,29-21:H (V) detected by UV 215 nm; B a mixture of synthetic standards
(ca. 1 pg each of II-V) detected by RID; C the same synthetic mixture detected by UV 215 nm.
The solvent system is 3.5% water in MeOH (1.0 ml/min)
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of (Z3,26,29)-trienes and (Z6,29)-dienes with 3-chloroperoxybenzoic acid. This
epoxidation proceeds without regio-selectivity and mixtures of three epoxy-
dienes and two epoxymonoenes are produced from the trienes and dienes,
respectively. When the epoxydiene mixture is injected into a Lobar column
of MPLC, the positional isomers separately elute in the order of 6,7-, 9,10-,
and 3,4-epoxydienes [179]. This MPLC separation is better than that of HPLC
with an ODS column, which performs the elution in a different order of 9,10-,
3,4-, and 6,7-epoxydienes (see Fig. 13). In contrast, two positional isomers of
the epoxymonoenes are barely separated by repeated MPLC [170], but the re-
versed-phase HPLC accomplishes their separation more sufficiently. The 9,10-
epoxymonoene elutes faster than the 6,7-epoxymonoene on the reversed-
phase HPLC in the opposite order to the normal-phase MPLC. LC is also
useful for the preparation of diepoxy pheromones derived from the (Z3,76,29)-
trienes [69].

Currently, LC-MS is widely used for the analysis of polar compounds, such
as medicinal metabolites and bioactive peptides, since the interface has been
improved and several new ionization methods have been developed. The sen-
sitivity and reproducibility are sufficient for a daily quantitative analysis. The
usefulness of the LC-MS has been demonstrated for studies on Type II pher-
omones using a time-of-flight MS with electrospray ionization (ESI) [180].
Each epoxydiene derived from the (Z3,26,29)-triene shows three ion series of
[M+NH,]*, [M+H]*, and [M-OH]* with high resolution and good sensitivity,
indicating its molecular formula. In addition to these, characteristic fragment

73,76,ep09-18:H

©p03,26,29-18:H 23,26,ep09-18:H
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Fig. 13A,B LC-MS analysis (mass chromatograms) of Type II pheromones: A a mixture
including monoepoxy derivatives (I-III) of Z3,26,29-18:H (500 ng each); B a pheromone
extract of the Hemerophila artilineata (10 FE) [180]. Their [M+NH,]" at m/z 282, [M+H]* at
m/z 265, and [M-OH]* at m/z 247 were monitored, as were the diagnostic fragment ions at
m/z 207 (M-57) and 193 (M-71) for epo3,Z6,29-18:H (I) and 141 (M-123) and 123 for Z3,Z6,
epo9-18:H (III). No diagnostic ions for Z3,ep06,Z29-18:H (II) were detected. The LC/ESI-
TOF-MS analysis was conducted using an ODS-2 column (2.1 mm ID X 150 cm) eluted with
a 10 min linear gradient of 20-5% water in MeOH (0.2 ml/min)
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ions at m/z M-57 and M-71 for the 3,4-epoxides and at m/z M-123 and 123 for
the 9,10-epoxides have been detected, while the 6,7-epoxides do not produce
fragment ions that reflect their structures. Monitoring these diagnostic ions on
the LC-MS analysis of a gland extract, the structure of a main pheromone com-
ponent of Hemerophila artilineata was confirmed, as shown in Fig. 13 [180].

3.3.2
Enantiomeric Separation with Chiral Columns

A chiral GC column is able to separate enantiomers of epoxy pheromones in the
Type II class, but the applications are very limited as follows; a custom-made
column packed with a $-cyclodextrin derivative as a liquid phase for the stereo-
chemical identification of natural 3,4- and 6,7-epoxydienes [73, 74] and a
commercialized column of an a-cyclodextrin type (Chiraldex A-PH) for the
3,4-epoxydiene [71] (See Table 3). The resolution abilities of chiral HPLC
columns have been examined in detail, as shown in Table 7 and Fig. 14 [75, 76,
179]. The Chiralpak AD column operated under a normal-phase condition sep-
arates well two enantiomers of 9,10-epoxydienes, 6,7-epoxymonoenes and
9,10-epoxymonoenes. Another normal-phase column, the Chiralpak AS column,
is suitable for the resolution of the 3,4-epoxydienes. The Chiralcel OJ-R column
operated under a reversed-phase condition sufficiently accomplishes enan-
tiomeric separation of the 6,7-epoxydienes and 6,7-epoxymonoenes.

The stereochemistry of each enantiomer separated by the chiral HPLC has
been studied after methanolysis of the epoxy ring. Examining the 'H NMR data
of esters of the produced methoxyalcohols with (S)- and (R)-a-methoxy-a-(tri-
fluoromethyl) phenylacetic acid by a modified Mosher’s method [181], it has
been indicated that the earlier eluting parent epoxides are (3S,4R)-, (6S,7R)-,
and (9R,10S)-isomers (Table 7) [75, 76, 179]. The above three chiral HPLC
columns show different resolution abilities but a different elution order is not
observed. The resolution profile by the reversed-phase OJ-R column has been
generalized with molecular shapes of the epoxy compounds considering the

Luw o JULJL

30 35 30 35 20 25 20 25 20 25
Rt (mln) Rt (min) mln)

Fig. 14A-C Chromatography of the racemic monoepoxy derivatives (I-III) of Z3,26,29-
18: on chiral HPLC columns: A Chiralpak AD; B Chiralpak AS; C Chiralcel OJ-R. The sol-
vent system for the former two normal-phase columns is 0.1% 2-propanol in n-hexane
(0.45 ml/min), and that of the third column is 15% water in MeOH (0.45 ml/min). Homo-
conjugated dienes, ep03,26,29-18:H (I) and Z3,Z6,epo9-18:H (III), were detected by UV
(215 nm), and Z3,ep06,29-18:H (II) was detected by RID. The earlier eluting isomers have
a3S,4R, 6S,7R, or 9R,10S configuration
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Table 7 Enantiomeric separation of monoepoxides derived from Z3,Z6,Z9-trienes and
76,29-dienes with aC,,—-C,; straight chain on chiral HPLC columns [75, 76, 179]

Compound Separation factor (o) Configuration
of the earlier
Normal-phase? Reversed-phase® eluting isomer
Chiralpak AD® Chiralpak AS¢  Chiralcel OJ-R¢
Epoxydiene
3,4-Epoxide 1.03-1.08 1.08-1.11 1.07-1.10 (+)-3S,4R
6,7-Epoxide 1.08-1.09 1.00 1.17-1.26 (+)-6S,7R
9,10-Epoxide  1.11-1.12 1.00-1.06 1.03-1.08¢ (+)-9R,108
Epoxymonoene
6,7-Epoxide 1.17-1.21 1.00 1.10-1.28 (-)-6S,7R
9,10-Epoxide  1.14-1.18 1.00 1.00-1.02 (-)-9R,10S

2 Solvent: 0.1% 2-propanol in n-hexane.

b Solvent: 15% water in MeOH for C,,-C,, compounds,and 10% water in MeOH for C,y—C,;
compounds.

¢ Column: 0.46 cm IDX50 cm.

4 Column: 0.46 cmIDx15 cm.

¢ Values for C,,~C,, compounds. Enantiomers of C,,-C,; compounds are not separable.

lengths of two chains connected to the epoxy ring [75]. Figure 15 shows the
stereoisomers of the C;,—C,; epoxymonoenes and epoxydienes eluted faster
than their antipodes, in addition to those of cis-epoxides with a saturated C,,
chain (epoxyicosanes). The shorter-Rt isomers of 3,4-, 6,7-, and 9,10-epoxy-
icosanes with an S,R configuration have small alkyl groups on the left side and
large alkyl groups on the right side in this figure, where the epoxy oxygen atom
is set upward and behind the plane of this paper. It has been speculated that the
enantiomer of a di-substituted epoxyalkene with this configuration regularly

(3S,4R)-Epoxides

(6S,7R)-Epoxides

9,10-Epoxides

9S,10R)
VAN /\/\/2\/\/\/\/\/\/\ PYYW S 2
small large small large small large
9R,10S
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Q 0 (9R,10S) 0
AN A R UGN
small large small large small large

R= H=n-CgHy3 (Cy7 — Cpa) R'= H-n-C3H; (Ci7— Cy)

Fig.15 Stereoisomers of cis-epoxides, which elute faster from a Chiralcel OJ-R column than
their enantiomers [75]
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elutes faster from the OJ-R column. The (S,R)-isomers of 3,4- and 6,7-epoxy-
dienes with a C,;, to Cy; chain, which also possess this configuration, invariably
have shorter Rts. In the case of 9,10-epoxydienes, double bonds have an influ-
ence on the elution order, and the (R,S)-isomers with a C,4 to C,, chain elute
faster than the antipodes, as in the case of the C,; chain compounds. Two homo-
conjugated double bonds prevent folding of the unsaturated Cq chain, which
might be larger than a saturated Cq to C,, chain.

Utilizing the Chiralpak AD column, the absolute configurations of the
cis-epoxy rings in the natural epoxydienes [71,75] and epoxymonoenes [72,76]
secreted by Geometridae and Noctuidae species were determined, as shown
in Table 3. Additionally, the stereochemistry of a cis-epoxy ring in dispar-
lure (Me2,epo7-18:H of Lymantria dispar) [112], two cis-epoxy rings in a di-
epoxy pheromone component (epo3,ep0o6,29-21:H of Perina nuda) [70], and
a trans-epoxy ring in posticlure (26,29,t-epol11-21:H of Orgyia postica) [67]
were defined by the same column. Besides analysis with a UV detector or RID,
quantitative GC analyses of the chiral HPLC eluants have confirmed some
assignments of the stereochemistry [67, 70, 72, 76].

3.4
NMR Analysis

'"H NMR measurements of natural pheromones produced by lepidopteran
insects have been rarely achieved because of their quantitative restriction and
inapplicability to samples with impurities, which are rather easily overcome in
GC-MS measurements. Configuration of the double bond and epoxy ring in
Types I and II pheromones, however, cannot be determined by the mass spec-
tra. The coupling constant between two olefinic protons with an E configuration
(~15 Hz) is bigger than the coupling constant in those with a Z configuration
(~10 Hz), and the constant between two protons on a cis-epoxy ring (~5 Hz) is
bigger than that on a trans-epoxy ring (~2.5 Hz). The Z-double bond of the
Thaumetopoea pityocampa pheromone (=11,Z13-16:0Ac) [45] and the trans-
epoxy ring of the Orgyia postica pheromone (Z6,29,t-epol1-21:H, posticlure)
[66, 67] were determined by FT-NMR analysis of the natural products. The
pheromone titers of these species are rather high, and about 10 pg of the com-
ponents was used for the NMR analysis. Because the quantity is rather few, the
'H NMR spectra of the T. pityocampa pheromone at 250 MHz was recorded
with a 60-pl microcell in the early 1980s. The current measurement of posti-
clure at 600 MHz has been accomplished with a usual 5-mm OD tube using a
field gradient system and the 'H signal correlations in the COSY spectrum,
which clarify the peaks due to contaminated impurities, have revealed the novel
structure.

Signals of two olefinic protons on a C=C bond, which are isolated from the
other double bond and the functional group in a long chain, appear at almost
the same chemical shift, and their coupling constant is not clear because of f
ailing the first-order approximation. Instead of that, the chemical shift values
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of olefinic and allylic protons indicate the double-bond configuration; i.e., "H
at ~5.35 and ~2.0 ppm for the Z-double bond, and 'H at ~5.4 and ~1.95 ppm
for the E-double bond. Additionally, allylic carbon signals differentiate the con-
figuration; i.e., '>C at ~27 ppm for the Z-double bond and *C at ~32.5 ppm for
the E-double bond. Although *C NMR is not available for the identification of
natural pheromones produced by moths, this spectrometer is useful for the
structure confirmation of synthetic pheromones. Some carbons of geometrical
and positional isomers, which are located in a slightly different environment,
afford sufficient separation of their signals. The *C signal assignments of dienyl
and trienyl Type I pheromones [182,183] and typical Type II compounds [170,
171] were completed by 2D-NMR techniques.

Accumulated *C NMR data support the proposal that the chemical shift for
an olefinic carbon of monoenyl compounds can be calculated with ethylene as
a reference [184]. A similar method was applied to the polyenyl Type I compo-
nents with a conjugated system to estimate >C chemical shift parameters. Using
1,3-butadien for the base values (C! 117.6 and C* 137.8 ppm), the chemical shift
values of the outer carbon and the inner carbon of 1,4-dialkyl conjugated dienes
with the E,E configuration were separately calculated using different substituent
parameters and the correction factors for other geometrical isomers with Z,E,
E,Z,and Z,Z configurations [182]. Based on the data of (E)-1,3,5-hexatriene (C!
117.7,C*136.9,and C° 133.7 ppm), the substituent parameters of three carbons
in 1,6-dialkyl conjugated trienes were estimated [183]. >°C NMR measurements
of the conjugated polyenyl compounds can be expected to give some clues as
to their unsaturated positions, geometry, and purity.

4
Applications of Synthetic Pheromones for Pest Control

Female pheromones strongly attract male moths in a field; as a result, their use
as a monitoring tool has been developed in integrated pest management (IPM)
programs. The synthetic pheromone (0.1-1 mg) is usually immersed in a small
rubber septum (8 mm OD), and a trap baited with this lure can effectively catch
males for at least one month. Mass trapping of insects is one concept of the
direct application for the control of pest species. Besides the potential for
protecting stored products, there has been no success with attempts to dimin-
ish outdoor populations of lepidopteran insects, probably because of the mul-
tiple-coupling ability of surviving males. On the other hand, disruption of the
chemical communication between female and male moths has been achieved
by permeating a field with a synthetic pheromone [185]. After the registrations
of ‘Nomate PBW; consisting of Z7,211-16:0Ac and Z7,E11-16:0Ac, for the con-
trol of the pink bollworm moth (Pectinophora gossypiella, Gelechiidae) in the
USA (1976) and ‘Hamaki-con, containing Z11-14:0Ac, for the simultaneous
control of several leafroller species in Tortricidae in Japan (1983), other dis-
ruptants have been developed for more than 20 lepidopteran species. The use
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of a reservoir-type formulation, such as ‘Hamaki-con, is supplanting the use of
sprays, such as ‘Nomate PBW. Mostly, the reservoir-type formulation makes use
of a polyethylene tube (20 cm long), which encloses ca. 100 mg of the synthetic
pheromone and releases it gradually over two to three months. The polyethyl-
ene dispensers are settled in a field at a density of 50-500 tubes ha™!.
Different from the use of ordinal insecticides, this disruption method has
high target selectivity and, as would be desired, ensures the survival of natural
enemies. The sex pheromone, which shows no toxicity to mammals, is an ideal
insect-behavior regulator (IBR). Table 8 shows the application areas of main
mating disruptants for lepidopteran insects. In addition to the use of the syn-
thetic pheromone of P. gossypiella in large cotton fields, many disruptants are

Table 8 Utilization of representative mating disruptans in the world?®

Crop Pest insect species Disruptant Country Applied field (ha)
(common name) (mixing ratio) _
1977 2002
Cotton Pectinophora 77,211-16:0Ac USA 30,000 40,000
gossypiella + Z7,E11-16:0Ac Egypt 328,000 -
(pink bollworm (1:1) Israel 8,000 5,000
moth) (gossyplure) Brazil - 5,000
Apple Cydia pomonella E8,E10-12:0H USA 13,200 63,000
and pear  (codling moth) (codlelure) Italy 6,800 14,000
South Africa 5,200 13,000
Peach and Grapholita molesta 78-12:0Ac USA 7,200 24,000
nectarine (Oriental fruit moth) + others Australia 1,200 3,000
Italy - 11,000
Grape® Lobesia botrana E7,79-12:0Ac EU 25,000 73,000
(European grape-
vine moth)
Japanese  Synanthedon hector 73,713-18:0Ac Japan 4,000 3,800
plum (cherry treeborer) + E3,Z13-18:0Ac
(1:1)
Tomato  Keiferia lycopersicella  E4-13:0Ac Mexico 3,200 10,000
(tomato pinworm
moth)
Tea Adoxophyes honmai Z11-14:0Ac Japan 400 500

(smaller tea tortix)
Homona magnanima
(Oriental tea tortrix)

Forest Lymantria dispar Me2,epo7-18:H  USA 10,000 150,000
(gypsy moth) (disparlure)

2 Information supplied from Shin-Etsu Chemical Co.Ltd. in Japan.
® Including European grape moth (Eupoecilla ambiguella, Z9-12:0Ac + 12:0Ac).
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being used on about 500,000 ha worldwide in order to prevent damage from
pests to fruits, vegetables, rice, and tea. Most of them are chemicals of the Type
I pheromones. As an exception, the epoxy pheromone of L. dispar (disparlure)
has been widely applied in forests in the USA. While disruptants, including
Type II pheromones, have not been commercially available, an interesting
disruption by an epoxyalkenyl pheromone was reported for A. s. cretacea [186].
Mating of the tethered females is completely inhibited in a field permeated with
a mixture of the epoxydienes derived from Z3,26,29-19:H, although the female
moths produce only one epoxydiene (ep03,26,29-19:H). Preparation of the
mixture via the unselective epoxidation of the triene is much easier than the
selective synthesis of one positional isomer, indicating a possible application
of the Type II chemicals for actual pest control. Generally, a synthetic material
that mimics a natural pheromone blend is an optimal lure for male attraction.
For the mating disruption, it is unclear whether or not the natural pheromone
blend is the best. The best disruptants have been selected after many trials and
errors.

While details of the mechanism of mating disruption are not clear, it is ex-
pected that males are meaninglessly excited by the permeated pheromone and
that females are masked by a higher level of the synthetic pheromone or by a
modification of the natural mixing ratio. In a tea garden and an apple orchard,
‘Hamaki-con’ including only one chemical (Z11-14:0Ac) effectively suppressed
the mating of several leaf-roller moths, which universally secrete this compo-
nent. Particularly, it targets A. honmai, a harmful defoliator of tea leaves whose
pheromone is a mixture of Z9,14:0Ac, Z11-14:0Ac, E11-14:0Ac, and Mel0-
12:0Ac in a ratio of 63:31:4:2 [129]. The responses of A. honmai males have been
examined in a wind tunnel containing a lure baited with the synthetic pheromone
at the center and disruptants at the upwind end [187]. The orientation of male
moths to the lure was strongly inhibited by permeation with Z11-14:0Ac alone
as well as with all four components in a natural mixing ratio; however, different
patterns of movement were observed. Every male in the tunnel with the four
components moved to the upwind side, but most of the males in the tunnel with
the single component stayed on the downwind side, where they were released.
This result indicates that the permeation of Z11-14:0Ac alone prevents upwind
flights of the males even though the synthetic lure is present in the tunnel.

Sexual communication is one of the most essential actions of insects for
the reproduction of the next generation. When males do not respond to the
sex pheromone, they miss a chance to reproduce. Therefore, it is presumed
that it is not easy to alter a communication system and that insects rarely de-
velop resistance to a mating disruptant, as shown by the case of P. gossypiella,
which has been controlled by a disruption method for more than 20 years
without any resistance. However, in the mid-1990s, a resistant population was
recognized for A. honmai at a tea garden in Japan. The area had been treated
with ‘Hamaki-con’ every year since the early 1980s. Recently, this problem was
resolved by the introduction of a dispenser that included the four-component
blend [188].
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Abstract Pheromones are utilized by many insects in a complex chemical communication
system. This review will look at the biosynthesis of sex and aggregation pheromones in the
model insects, moths, flies, cockroaches, and beetles. The biosynthetic pathways involve
altered pathways of normal metabolism of fatty acids and isoprenoids. Endocrine regulation
of the biosynthetic pathways will also be reviewed for the model insects. A neuropeptide
named pheromone biosynthesis activating neuropeptide regulates sex pheromone biosyn-
thesis in moths. Juvenile hormone regulates pheromone production in the beetles and cock-
roaches, while 20-hydroxyecdysone regulates pheromone production in the flies.

Keywords Pheromone - Biosynthetic pathways - Hormonal regulation - PBAN -
Juvenile hormone - Ecdysone
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List of Abbreviations

Abbreviations for pheromone molecules follows the following format: example (Z)-7-do-
decen-1-yl acetate is shortened to Z7-12:0Ac where Z denotes the double bond configura-
tion, 7 the double bond position, 12 the number of carbons in the chain; OAc indicates the
functional group as an acetate ester.

Ald  Aldehyde

CoA CoenzymeA

D Deuterium

epo  Epoxide

H Hydrocarbon

HMG 3-Hydroxy-3-methyl-glutaryl

JH Juvenile hormone

Me  Methyl group

OAc  Acetate ester

OH  Alcohol

one  Ketone

PBAN Pheromone biosynthesis activating neuropeptide

PGN PBAN-encoding gene neuropeptides

SEG  Subesophageal ganglion

yne  Triple bond

1
Introduction

Pheromones are utilized by a variety of organisms for chemical communication.
Amongst the insects, several different types of pheromones are recognized
based on behaviors produced by the compounds. The most common behavioral
traits mediated by pheromones include attraction of the conspecific sex for
mating (sex pheromones), aggregating both sexes to a specific site for feeding
and/or mating (aggregation pheromones), and marking sites or forming trails
(marking pheromones). In addition, social insects utilize a variety of phero-
mones to regulate colony and caste behaviors (see elsewhere in this book). The
first sex pheromone identified was (E,Z)-10,12-hexadecadien-1-ol, bombykol,
from the silkworm moth, Bombyx mori [1]. Since then pheromone components
from well over three thousand insect species have been determined with the
majority concentrating on sex pheromones from economically important pests
[2]. This review will highlight our current knowledge about how these phero-
mone components are biosynthesized, concentrating on sex and aggregation
pheromones from moths, beetles, flies, and cockroaches. Due to my area of spe-
cialty more attention will be paid to moth pheromone production. Current
ideas on the hormonal regulation of pheromone production will also be dis-
cussed.

The types of structures identified as pheromones will not be discussed in
this review but can be found in the other chapters of this book. However, the
type of structures utilized will give clues as to how these compounds are biosyn-
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thesized. In addition the volatility of the compound will indicate how it will be
utilized as a pheromone [3]. Most sex pheromones of moths are straight chain
compounds with 12, 14, and 16 carbons and a functional group consisting of
alcohols, aldehydes, and acetate esters [2]. Double bond location is critical with
specific blends consisting of one or more double bonds of (Z) and (E) isomers.
Another major group of moth sex pheromones include hydrocarbons and their
epoxides. Structures are discussed in detail elsewhere in this book. Many of
the pheromones from flies are also hydrocarbons of 21 carbons and longer, and
due to decreased volatility function as short range or contact pheromones. A
number of coleopteran pheromones are isoprenoid in origin [4]. In addition to
isoprenoids, the pheromones from coleopterans also consist of components
derived from fatty acids and amino acids. Many species of cockroaches utilize
both volatile and cuticular contact pheromones [5]. However, few chemical
structures have been identified and the biosynthesis of only the hydrocarbon-
derived contact pheromone of the German cockroach has been determined [6].

A question that was posed early on in determining biosynthetic pathways of
the pheromones was the origin of the precursors. There was some indication
that plant derived compounds could be ingested and modified by the insect
into a pheromone. We now know that in some cases this occurs [7], but for the
most part pheromones are biosynthesized de novo by the insect [8]. For most
of the pheromones studied to date it is apparent that biosynthetic pathways of
‘normal’ metabolism have been altered to produce specific pheromone com-
ponents. Several enzymes in these biosynthetic pathways have been modified
to produce species specific pheromone components.

2
Site of Pheromone Biosynthesis

The site of pheromone production is varied amongst the insects just as there
are variable structures in the different orders. Several reviews are available
detailing the ultrastructure of these glands [9-11]. Evidence that pheromone
biosynthesis occurs in these cells and tissues requires that the isolated tissue be
shown to incorporate labeled precursors into pheromone components. In the
more studied model insects this criteria has been met.

In moths the pheromone gland is usually located as modified epidermal cells
between the 8th and 9th abdominal segments [11]. It has been well established
that these cells are the site of synthesis for oxygenated pheromone components
in a variety of moths [12-14]. Although a large number of moths utilize a gland
located between the 8th and 9th segments, exceptions occur. In Theresimima am-
pelophaga (Zygaenidae) the gland is located on the dorsal part of abdominal seg-
ments 3 to 5 [15], although it has yet to be demonstrated that the pheromone is
biosynthesized de novo in this gland. The site of synthesis of hydrocarbon sex
pheromones involves another group of cells called oenocytes that are usually
associated with epidermal cells throughout the abdomen. Oenocytes are the cells
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that produce hydrocarbons in insects [16]. Once hydrocarbons are produced they
are transported by lipophorin throughout the body and hydrocarbon sex phero-
mones are picked up by pheromone gland cells for release [17].

The site of pheromone biosynthesis in the Coleoptera is varied but is usually
located in the abdomen [8].In some cases a defined gland is present; an exam-
ple of which is the production of aggregation pheromone in the male nitidulid
beetle, Carpophilus freemani [18]. In this insect the gland, which is probably
formed from modified oenocyte cells, is connected through ducts to the tracheal
system where the pheromone is released. The site of synthesis of monoterpenoid
pheromones in the bark beetles is the midgut [19]. Here the midgut cells are
involved in both digestion of food and biosynthesis of pheromone. The phero-
mone is secreted into the gut lumen where it is released along with the frass.

The site of pheromone production in flies and cockroaches that utilize
hydrocarbons is similar to that of the moths. Oenocyte cells produce the hy-
drocarbon pheromone which is transported by lipophorin in the hemolymph
to epidermal cells throughout the body for release from the cuticular surface
in general [20, 21].

3
Biosynthetic Pathways

3.1
Pheromone Biosynthesis in Moths

About 20 years ago the biosynthetic pathway for the major sex pheromone
component of the cabbage looper moth was elucidated (Fig. 1) [22]. Since the
majority of the moth sex pheromones have a straight-chain carbon backbone
with an even number of carbons, it was surmised that these compounds are
biosynthesized through modified fatty acid biosynthetic pathways. Several key
enzymes involved in production of the Type I oxygenated compounds are fatty
acid synthesis enzymes to produce the carbon chain. Modification of the chain
includes introduction of a double bond by a desaturase and shorter chain
lengths are produced by specific f-oxidation enzymes. The oxygenated func-
tional groups are modified by oxidases, reductases, and acetyltransferases. Each
of these enzymes are key in producing the specific pheromone blend of com-
pounds used by each species.

3.1.1
Fatty Acid Biosynthesis

The key enzymes involved in the biosynthetic pathways of the Type I com-
pounds are the fatty acid synthesis enzymes acetyl-CoA carboxylase and fatty
acid synthetase. These enzymes are similar to those that produce the normal
fatty acids used by all organisms. The resulting products are palmitic (16 car-
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Fatty Acid

synthase
Acetyl CoA + 8 Malonyl CoA ——— Stearoyl CoA 18C

Acetyl CoA + 7 Malonyl CoA———— Palmitoyl CoA 16C

desaturase
18— 18:1
-2¢) reductase oxidase aldehyde
16— 16:1\ /’
-] -2 acyl alcohol
U acety/\‘
-2¢] -2¢) transferase
12 12:1 acetate ester
18:CoA — 21T, 711-18:CoA
desaturase L-2¢
16:CoA —41T_, 711-16:CoA Z9-16:CoA
desaturase 1 -2¢ -2
Z9-14:CoA Z7-14:CoA
J -2c J -2c
Z7-12:CoA Z5-12:CoA

acetate ester

Fig.1 General biosynthetic pathways for the production of alcohol, aldehyde, and acetate
ester pheromone components in female moths. Top: production of saturated fatty acids.
Middle: production of monounsaturated fatty acids and limited chain shortening produces
intermediate compounds that can be reduced to an alcohol. Aldehyde and acetate ester phero-
mones are produced by an oxidase and acetyl-transferase, respectively. Bottom: biosynthetic
pathway for the production of the acetate ester pheromone components in the cabbage looper
moth, Trichoplusia ni. The CoA derivatives are reduced and acetylated to form the acetate
esters. Additional pheromone components include 12:0Ac and 11-12:0Ac

bons) and stearic acids (18 carbons), with stearic acid the main product [23-26].
These even numbered carbon chains are modified by either a desaturase or
chain shortening enzymes in either order.

3.1.2
Chain Shortening Enzymes

Specific chain length fatty acids could be produced in two ways. One is through
the action of a thioester hydrolase that interacts with fatty acid synthetase to
produce fatty acids shorter in length. Aphids produce myristic acid (14 car-
bons) and a specific thioester hydrolase releases the fatty acid from fatty acid
synthetase after 6 additions of malonyl-CoA. If the hydrolase is not present
then the fatty acid synthetase produces stearic acid [27]. A specific thioester
hydrolase was ruled out in the biosynthesis of moth sex pheromones because
labeling studies showed that longer chain length fatty acids were incorporated
into shorter chain length pheromone components [22, 28].
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The chain shortening pathway has not been characterized in detail at the
enzymatic level in insects. It presumably is similar to the characterized pathway
as it occurs in vertebrates. These enzymes are a partial f-oxidation pathway
located in peroxisomes [29]. The key enzymes involved are an acyl-CoA oxi-
dase (a multifunctional protein containing enoyl-CoA hydratase and 3-hy-
droxyacyl-CoA dehydrogenase activities) and a 3-oxoacyl-CoA thiolase [30].
These enzymes act in concert to chain shorten acyl-CoAs by removing an
acetyl group. A considerable amount of evidence in a number of moths has
accumulated to indicate that limited chain shortening occurs in a variety of
pheromone biosynthetic pathways.

Evidence for the limited chain shortening enzymes has utilized stable iso-
tope labeled precursors and analysis by mass spectrometry. The use of stable
isotopes allowed researchers to unequivocally demonstrate that the labeled
atoms did not migrate from the precursor and that the label is present in the
pheromone product. Positioning the label on the terminal methyl carbon
makes it difficult for any type of rearrangement to occur. By applying deu-
terium-labeled longer chain fatty acids like (16,16,16)-?H;-hexadecanoic acid
to pheromone glands and monitoring for incorporation into pheromone it can
be determined that the deuteriums end up in a pheromone component with
fewer carbons (14 or 12) [12,13, 31].

In addition to the labeling studies an in vitro enzyme assay was utilized to
demonstrate substrate preferences in a study using cabbage looper moths, T. ni
[25]. A mutant strain of cabbage loopers was isolated that produced a greatly
increased amount of Z9-14:0Ac [32], whereas normal cabbage loopers have
the major pheromone component as Z7-12:0Ac [33]. Increased amounts of
Z9-14:0Ac indicates that perhaps chain shortening was affected in the mutant
cabbage loopers (Fig. 1). To determine substrate specificity of chain shortening
enzymes for both normal and mutant cabbage loopers an in vitro enzyme
assay was developed utilizing deuterium labeled acyl-CoA derivatives and NAD
as a cofactor [25]. The products were monitored by GC/MS and in all cases the
deuteriums were located on the methyl side of the double bond and could not
be lost due to chain shortening. The results indicate that pheromone glands
from normal cabbage loopers preferred to chain shorten Z11-16:CoA to Z7-
12:CoA. In addition, other substrates were chain shortened to a lesser extent.
Chain lengths less than 12 carbons were not observed if monoene fatty-acyl
CoAs were used as substrates. This indicates that limited chain shortening
stopped when the chain length became 12 carbons. If Z9-14:CoA was utilized
the only product formed was Z7-12:CoA. It appeared that at most only two
rounds of chain shortening occurred. This is what happens in the normal
biosynthesis of the pheromone components. Chain shortening of Z11-18:CoA
would need three rounds of chain shortening to produce Z5-12:CoA. To achieve
this Z11-18:CoA would be chain-shortened to Z9-16:CoA or Z7-14:CoA and
these products would then be chain shortened again by 2 or 1 round(s), re-
spectively. Pheromone glands from the mutant cabbage looper apparently have
the ability to chain shorten by only one round. Therefore Z11-16:CoA was chain
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shortened to Z9-14:CoA. This is the reason why the mutant had higher levels
of Z9-14:0Ac. Z7-12:0Ac was also produced but at lower levels because Z9-
14:CoA was the starting substrate for one round of chain shortening.
Interestingly chain shortening has been implicated in the alteration of pher-
omone ratios in several other species [13]. An example is the turnip moth,
Agrotis segetum, where two populations with differing pheromone ratios were
found in Sweden and Zimbabwe. The Swedish population has a ratio of Z9-
14:0Ac/Z7-12:0Ac/Z5-10:0Ac of 29/59/12 whereas the Zimbabwean popula-
tion has a ratio of 2/20/78. By conducting labeling studies it was determined
that chain shortening enzymes could be affected to produce the alteration
in pheromone ratios [34]. Apparently the Swedish population has a reduced
ability to chain shorten, although a change in reductase activity can not be
ruled out. These studies indicate that alteration in chain shortening enzymes
can have a major effect on pheromone blends. In fact, the combination of
desaturases and chain shortening enzymes can produce many of the possible
intermediates that can be converted to identified pheromones (Fig. 2).

3.1.3
Desaturases

A variety of desaturases have been described that are involved in the biosyn-
thesis of female moth sex pheromones. The desaturases identified so far include
enzymes that act on saturated and monounsaturated substrates. The desaturases
that utilize saturated substrates are A5 [35],A9 [36],A10 [37],A11 [22],and A14
[38] The action of these desaturases along with chain shortening can account
for the majority of double bond positions in the various chain-length mono-
unsaturated pheromones so far identified. Figure 2 illustrates the large number
of monounsaturated compounds that can be generated through a combination
of desaturation and chain shortening. Addition of various functional groups,
acetate esters, alcohols, and aldehydes increases the potential number of phero-
mone components. Notice that some of the intermediate compounds could be
produced in two different ways. Therefore, although the desaturation and chain-
shortening steps occur in a wide variety of moths, the order in which they
occur and the type of desaturase must still be determined experimentally.
Some pheromone components are dienes and these can be produced by ei-
ther the action of two desaturases or one desaturase and isomerization around
the double bond. Some dienes with a 6,9-double bond configuration are pro-
duced using linoleic acid. Desaturases that utilize monounsaturated acyl-CoA
substrates include A5 [39], A9 [36,40],Al11 [41], A12 [42],and A13 [43]. These
can act sequentially to produce the diene [41, 42] or conjugated dienes could
be produced by the action of one desaturase followed by isomerization [44-47].
A unique enyne pheromone component, Z13-hexadecen-11-ynyl acetate,
found in Thaumetopoea pityocampa was found to be produced by the sequen-
tial action of a A13 desaturase and a All acetylenase to form ynell-16:acid
[43]. The dienyl intermediate Z13,ynel1-16:acid was formed by the action of
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Fig.2 Action of desaturases and limited chain shortening can produce a variety of mono-
unsaturated acyl-CoA precursors that can be modified to form unsaturated pheromone
compounds. The arrow pointing down indicates limited chain shortening by two carbons.
Modification of all 16-,14-,12-,and 10-carbon acyl-CoA derivatives on the carbonyl carbon
can account for the majority of monounsaturated acetate esters, aldehydes, and alcohols
identified as sex pheromones
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a A13 desaturase [43]. A closely related species, Thaumetopoea processionea,
uses the diene Z11,Z13-16:0Ac produced by the sequential action of a A11 and
A13 desaturase [48]. The two species differ in that T. processionea lacks the A11
acetylenase and that a specific reductase is present in T. pityocampa [48].

Biosynthesis of triene pheromone components with a triene double bond
system that is n-3 (3,6,9-) are probably produced from linolenic acid [49].
Moths in the families Geometridae, Arctiidae, and Noctuidae apparently utilize
linoleic and linolenic acid as precursors for their pheromones that must be
obtained in the diet, since moths can not synthesize these fatty acids [50]. Most
of the Type II pheromones are produced by chain elongation and decarboxy-
lation to form hydrocarbons [51]. Oxygen is added to one of the double bonds
in the polyunsaturated hydrocarbon to produce an epoxide [49].

A variety of desaturases have been identified at the gene level with the first
gene encoding a All desaturase being identified in the cabbage looper, T. ni
[52]. Due to the homologous nature of the sequences a number of desaturase
genes have been cloned [53, 54]. To demonstrate functionality the cloned genes
are expressed in a strain of yeast lacking an endogenous desaturase. This strain
of yeast will not grow in media lacking added unsaturated fatty acids but will
grow if a functional desaturase is inserted into the yeast genome. After growth,
the fatty acids are analyzed to determine double bond positions and thus the
desaturase can be characterized regarding double bond insertion and chain-
length specificity.

Several desaturase encoding cDNAs from pheromone glands have been iden-
tified and expressed into yeast cells. Interestingly additional desaturases have
been identified in the glands than are required for pheromone production. A
desaturase that is found in most glands is the A9 desaturase which is compa-
rable to the metabolic desaturase found in the fat body [53]. The desaturases
that have been cloned and expressed so far in addition to the A9 desaturase
include a Z10-desaturase from Planotortrix octo [55], a A14 desaturase from
Ostrinia furnicalis [56],and several Al1-desaturases. The A11 desaturases from
T. ni [52] and H. zea [57] produce primarily Z11-16:acid. A single Al1-desat-
urase was characterized from A. velutinana that produces both Z11- and
E11-14:acid [58]. This desaturase is unique in that it produces both isomers
and uses 14:acid as a substrate. The characterization of this desaturase also
helps answer the question of whether or not two desaturases are involved in
producing the Z and E isomers. A study on the Al1 desaturase of Spodoptera
littoralis, using stable isotopes on carbons 11 and 12 suggested that a single
enzyme can produce both Z and E isomers [59]. However, desaturases will be
found that are Z and E specific as was the case with another unique Al1-de-
saturase from Epiphyas postvittana. It was shown that this desaturase not only
produced E11-14:acid and E11-16:acid from saturated precursors, but also
E9,E11-14:acid from a E9-14:acid precursor (produced by chain-shortening
El1-16:acid) [60].

Identification of desaturases in Ostrinia nubilalis and Ostrinia furnicalis
produced the surprise finding that A11- and A14-desaturases are found in both
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moths [56]. O. nubilalis uses the pheromone components Z11- and E11-
14:0Ac, which are produced in a pathway using a Al11-desaturase. O. furnicalis
uses the pheromone components Z12- and E12-14:0Ac, which are formed by
a Al4-desaturase producing Z14- and E14-16:acid followed by chain shorten-
ing. The genes encoding both desaturases were functionally expressed in yeast
cells where it was determined that the A11-desaturase produced both Z11- and
El11-14:acid and the Al4-desaturase produced both Z14- and E14-16:acids.
Although both genes are thought to be transcribed it is unknown whether the
enzyme is translated and if so is the enzyme functional. However, this finding
has implications in describing the speciation of these two moths [61].

3.1.4
Functional Group Modifications

Once a specific chain length pheromone intermediate that has the appropriate
double bonds is produced, the carbonyl carbon is modified to form a functional
group. The majority of oxygenated pheromone components are acetate esters
(or other esters), alcohols, and aldehydes. Production of these components
requires the reduction of a fatty-acyl precursor to an alcohol which is thought
to be a two step reaction requiring a fatty acid reductase and an aldehyde re-
ductase [62]. Thus alcohol formation goes through an aldehyde intermediate.
Therefore, aldehydes could be produced by direct reduction of fatty acids. An-
other route for aldehyde formation is oxidation of alcohols. A cuticular oxidase
has been characterized from pheromone glands of H. zea and Manduca sexta
that produce aldehydes as pheromones [63, 64]. In those insects that utilize
both an alcohol and an aldehyde as part of their pheromone, it is unclear how
the production of both components occurs.

A fatty-acyl reductase was recently identified from the pheromone glands
of B. mori [65]. This enzyme was characterized by first isolating a cDNA clone
encoding the enzyme and then expressing the gene in yeast cells. It was shown
that the transformed yeast cells supplemented with specific fatty acids produced
the corresponding alcohol. The enzyme could reduce several fatty acids but
E10,Z12-16:acid was preferred, indicating substrate specificity for the direct pre-
cursor of the sex pheromone bombykol. An aldehyde intermediate could not
be detected suggesting direct conversion of the acid or CoA-derivative to the
alcohol. The identification of this reductase [65] will help identify additional
moth reductases and will help explain how species specific sex pheromones are
produced, especially in those insects that utilize both alcohols and aldehydes
as sex pheromone components.

Production of acetate ester pheromone components utilizes an enzyme
called acetyl-CoA:fatty alcohol acetyltransferase that converts a fatty alcohol to
an acetate ester. Therefore, alcohols could be utilized as substrates for both
aldehyde and acetate ester formation. In some tortricids an in vitro enzyme
assay was utilized to demonstrate specificity of the acetyltransferase for the
Z isomer of 11-14:0H [66]. This specificity contributes to the final ratio of
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pheromone components. These results indicate that the family Tortricidae has
members that have an acetyltransferase that is specific for the Z isomer of
monounsaturated fatty alcohols. In contrast, several studies have shown no
substrate preference for the acetyltransferase in other moths [66-69].

3.1.5
Production of Specific Pheromone Blends

It is most unusual for female moths to utilize just one compound as the phero-
mone. Rather a blend of compounds produced in precise ratios make up the
species-specific pheromone. The production of this precise blend of chemical
components is regulated in the biosynthetic pathway. The inherent specificities
found within key enzymes in the pathway and combinations of enzymes is
what is responsible for producing species specific ratios [13, 31].

An excellent example illustrating this point is the cabbage looper moth that
utilizes a biosynthetic pathway as shown in Fig. 1. The key enzymes are the Al11
desaturase which prefers 16:CoA with the major product being Z11-16:CoA
and the minor product Z11-18:CoA [52]. To produce shorter chain length in-
termediates the products of the A1l desaturase are chain shortened through
limited f3-oxidation. Although a variety of substrates can be chain shortened,
Z11-16:CoA was preferred producing Z7-12:CoA [25]. The pheromone is an
acetate ester produced by reduction of Z7-12:CoA to an alcohol followed by the
action of an acetyl-transferase. The minor components are produced in lower
amounts due to the substrate specificities of the A1l desaturase and chain-
shortening enzymes. Another example is A. velutinana that utilizes a blend of
seven acetate esters produced in a biosynthetic pathway similar to the one just
described. The key enzymes are the A1l desaturase that produces both Z and
E isomers of 11-14:CoA in about a 6/1 ratio [58]. However, to make the final ra-
tio of Z11- to E11-14:0Ac of 92/8 a selective increase in the Z isomer occurs
within the biosynthetic pathway. The key enzyme here is the acetyl-transferase
because it has specificity for the Z isomer [66]. Therefore, selective acetylation
of Z11-14:0H and production of >60% Z11-14:CoA indicates that these en-
zymes have the inherent specificity to produce the 92:8 ratio of the major
pheromone components Z11- and E11-14:0Ac. The last example to illustrate
how pheromone blends are produced is the European corn borer, O. nubilalis.
Two strains are known in which one produces a ratio of Z/E of about 97/3 (Z
strain) and the other produces an opposite ratio of Z/E of about 1/99 (E strain).
The Al1 desaturase from both strains produced a product with about 30/70
Z/E [56,70]. Labeled acids applied to glands in vivo were selectively incorpo-
rated into the correct pheromone ratio indicating that the reductase shows
specificity [69]. Therefore, the final pheromone ratios produced by females
of the European corn borer are made through the action of a A11 desaturase
that can produce both Z and E isomers. The final acetate ester ratio is strain
dependent and is produced through the specificity found in the reductase
system.
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The above three examples illustrate how a species-specific pheromone
blend is produced by the concerted action of desaturases, chain shortening
enzymes, a reductase, and an acetyltransferase. The specificity inherent in
certain enzymes in the pathway produces the final blend of pheromone com-
ponents.

3.1.6
Hydrocarbon Pheromones

Several families of moths utilize hydrocarbons or epoxides of hydrocarbons as
their sex pheromone. Oenocyte cells produce hydrocarbons that are trans-
ported through the hemolymph by lipophorin [71]. In a study using arctiid
moths it was shown that sex pheromone hydrocarbons are transported on the
same lipophorin particle as the hydrocarbons destined for the cuticular surface
[17]. Therefore, specific uptake of the sex pheromone hydrocarbon occurred in
pheromone glands [17]. Similar findings have been found with other moths
[72-74]. The mechanism behind this specific uptake of one hydrocarbon from
a potential pool of other hydrocarbons is unknown.

Most moth sex pheromones that are straight chain hydrocarbons also usu-
ally have an odd number of carbons. Most of these are polyunsaturated with
double bonds in the 3,6,9- or 6,9-positions, indicating that they are derived
from linolenic or linoleic acid, respectively [49, 51]. Linolenic and linoleic acid
cannot be biosynthesized by moths so they must be obtained from the diet [75].
A few even chain-length hydrocarbon sex pheromones have been identified
that also have 3,6,9- or 6,9-double bond configurations [49], indicating they too
are derived from linolenic or linoleic acids; however, it is not known how these
even chain hydrocarbons are formed.

A major class of sex pheromones that are derived from hydrocarbons are the
monoepoxides of the polyene hydrocarbons [49]. These compounds usually
have double bonds and the epoxy group in the 3,6,9-positions or 6,9-positions,
again indicating they are biosynthesized from linolenic or linoleic acids, re-
spectively. Although the production of hydrocarbon occurs in oenocytes the
epoxidation step takes place in the pheromone gland. This has been demon-
strated in several studies utilizing deuterium labeled precursors. In a study on
the Japanese giant looper, Ascotis selenaria cretacea, that uses 6,9,epo3-19:H as
a sex pheromone component, deuterium labeled hydrocarbon precursor, D3-
3,6,9-19:H, was topically applied to pheromone glands and found to be con-
verted to the epoxide, indicating that epoxidation takes place in pheromone
glands [76]. By using a variety of polyene precursors it was also determined
that the monooxygenase regiospecifically attacked the n-3 double bond regard-
less of chain length or degree of unsaturation. This indicates that the epoxida-
tion enzyme is regiospecific in this insect [76].

A study using the gypsy moth, Lymantria dispar, illustrates the overall path-
ways involved in production of epoxide pheromone components (Fig. 3) [77].
This insect uses disparlure, Me2,epo7-18:H, as a pheromone component. In-
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Gypsy moth, Lymantria dispar

fatty acid A12
synthase desaturase
Valine — — Isobuturyl CoA + 8 Malonyl CoA —— Me18-19:CoA ———— Me18-Z212-19:CoA

decarboxylation epoxidation
Me18-Z212-19:CoA —— > Me2-Z7-18:H —————— Me2-7,8epox-18:H

Housefly, Musca domestica

fatty acid A9
synthase desaturase
Acetyl CoA + 8 Malonyl COA ———  18:CoA —— Z9-18:CoA

acyl-CoA
ase decarboxylation

elong.
Z9-18:CoA + 3 Malonyl CoA - —» — Z15-24:CoA——— Z9-23:H

Fruitfly, Drosophila melanogaster

fatty acid A9 acyl-CoA
synthase desaturase elongase
Acetyl CoA + 7 Malonyl CoA 16:CoA Z9-16:CoA + 2 Malonyl CoA ——— Z13-20:CoA
A9 acyl- CoA

desaturase elongas decarboxylation
Z13-20:CoA —— Z9,Z213-20:CoA + 4 Malonyl CoA—> 217,221-28:CoA —— Z7,211-2T:H

Cockroach, Blattella germanica
methyl-branched

fatty acid
nthas
Acetyl CoA + 6 Malonyl CoA + 2 Methylmalonyl CoAy—> Me8,Me16-18:CoA
acyl-CoA
elongase decarboxylation

Me8,Me16-18:CoA + 6 Malonyl CoA —— Me20,Me28-30:CoA ———— Me3,Me11-29:H

Me3,Me11-29:H ——— OH2-Me3,Me11-29:H ———— Me3,Me11-29:2-one

Fig.3 Proposed biosynthetic pathways for the production of the sex pheromone components
in the indicated insects. Common mechanisms include fatty acid synthesis, desaturation,
chain elongation, and decarboxylation

cubation of isolated abdominal epidermal tissue with deuterium labeled valine
resulted in incorporation into Me2,Z7-18:H. This indicates that the oenocyte
cells associated with the epidermal tissues biosynthesize Me2,27-18:H using
the carbons of valine to initiate the chain. The double bond is probably intro-
duced by a A12 desaturase as determined by using specific deuterium labeled
intermediates. Hemolymph transport of Me2,Z7-18:H is indicated by the find-
ing of the alkene in the hemolymph [72]. Demonstration that Me2,Z7-18:H
is converted to the epoxide in the pheromone gland was shown by using the
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deuterium labeled hydrocarbon and incubation with isolated pheromone glands.
Disparlure is a stereoisomer that has the 7R,8S or (+) configuration and chiral
chromatography indicated that only the (+)-isomer was produced by the phero-
mone glands [77].

3.2
Hydrocarbon Pheromone Production in Flies and Cockroaches

3.2.1
Pheromone Biosynthesis in Diptera

One of the sex pheromone components of the housefly, Musca domestica, is
Z9-21:H that is found on the cuticular surface of the fly. This compound is
formed by the elongation of Z9-18:CoA using malonyl-CoA and NADPH to
Z15-24:CoA which is decarboxylated to form Z9-21:Hc (Fig. 3) [78-80]. Other
pheromone components include an epoxide and ketone that are produced from
Z9-21:Hc by a cytochrome P450 [81,82] and methyl-branched alkanes that are
produced by the substitution of methylmalonyl-CoA in place of malonyl-CoA
at specific points during chain elongation [83, 84]. A novel microsomal fatty
acid synthase is involved in production of methyl-branched alkanes in most
insects [85-87]. This fatty acid synthase is different from the ubiquitous solu-
ble fatty acid synthase that produces saturated straight chain fatty acids in that
it is found in the microsomes and prefers methylmalonyl-CoA. The amino acids
valine and isoleucine can provide the carbon skeletons for methylmalonyl-CoA
as well as propionate [83].

Hydrocarbon formation involves the removal of one carbon from an acyl-
CoA to produce a one carbon shorter hydrocarbon. The mechanism behind
this transformation is controversial. It has been suggested that it is either a
decarbonylation or a decarboxylation reaction. The decarbonylation reaction
involves reduction to an aldehyde intermediate and then decarbonylation to
the hydrocarbon and releasing carbon monoxide without the requirement of
oxygen or other cofactors [88,89].In contrast, other work has shown that acyl-
CoA is reduced to an aldehyde intermediate and then decarboxylated to the
hydrocarbon, releasing carbon dioxide [90]. This reaction requires oxygen and
NADPH and is apparently catalyzed by a cytochrome P450 [91]. Whether or
not a decarbonylation reaction or a decarboxylation reaction produces hy-
drocarbons in insects awaits further research on the specific enzymes in-
volved.

Drosophila melanogaster is another dipteran where pheromone biosynthe-
sis has been studied [92]. Adult sexually mature female D. melanogaster utilizes
primarily Z7,Z11-27:H as a contact sex pheromone. The biosynthesis of this
compound follows the biosynthesis of other hydrocarbon-derived pheromones
(Fig. 3). It is biosynthesized in oenocytes [93], transported through the hemo-
lymph by lipophorin [94],and deposited on the cuticle surface. Biosynthesis in
the oenocytes follows a similar pathway [95] as that described for the house fly
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except that a A9 desaturase produces Z9-16:CoA. A A9 desaturase has been iden-
tified in D. melanogaster that prefers 16:CoA as a substrate [96]. The Z9-16:CoA
is elongated to Z13-20:CoA where it is acted on by another A9 desaturase to
produce Z9,213-20:CoA which is further elongated to 28 carbons followed by
decarboxylation to produce Z7,Z211-27:H. The identification of the second A9
desaturase awaits the functional expression and characterization of the remain-
ing desaturases found in Drosophila [92].

3.2.2
Pheromone Biosynthesis in Cockroaches

The only cockroach pheromone that has received extensive investigation into its
biosynthesis is the contact sex pheromone of Blattella germanica. A volatile sex
pheromone is utilized for long range attraction while the contact sex pheromone
produces a typical male mating response [97]. The contact sex pheromone con-
sists of Me3,Mel1-29:2-one and its two derivatives, an alcohol, OH29-Me3,
Mel1-29:2-one and an aldehyde, Ald29-Me3,Mel1-29:2-one. Biosynthetic
studies have shown that the ketone is produced from Me3,Me11-29:H found
on the cuticular surface of males and females (Fig. 3) [6]. Radiolabeled Me3,
Mel1-29:H was converted to the ketone through an alcohol intermediate when
applied to the cuticular surface of females. Hydroxylation and oxidation at
carbon 29 would produce OH29- and Ald29-Me3,Mel11-29:2-one.

33
Pheromone Biosynthesis in Beetles

Coleoptera comprise the largest order of insects and accordingly pheromone
structures and biochemical pathways are diverse [98, 99]. Beetle pheromone
biosynthesis involves fatty acid, amino acid, or isoprenoid types of pathways.
In some cases dietary host compounds can be converted to pheromones, but it
is becoming apparent that most beetle pheromones are synthesized de novo.

3.3.1
Isoprenoid Pheromones from Bark Beetles

Bark beetles primarily utilize isoprenoid derived pheromones [100, 101] and
have been the most studied regarding their biosynthesis [8, 98]. Earlier work
indicated that the isoprenoid pheromones could be produced by the beetle
altering host derived isoprenoids; however more recent work indicates that for
the most part bark beetles are producing pheromones de novo. The production
of isoprenoids follows a pathway outlined in Fig. 4 which is similar to the iso-
prenoid pathway as it occurs in cholesterol synthesis in mammals. Insects
cannot synthesize cholesterol but can synthesize farnesyl pyrophosphate. In-
sects apparently do not have the ability to cyclize the longer chain isoprenoid
compounds into steroids. The key enzymes in the early steps of the isoprenoid
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Bark beetle, Ips pini

HMG-CoA HMG-CoA

Synthase Reductase
Acetyl-CoA + Acetoacetyl-CoA —————HMG-CoA ——— Mevalonate

Geranyl
Diphosphate

Isopentenyl Synthase — Geranyl
-

Mevalonate - — _>Diphosphate Diphosphate

——> —> Ipsdienol

. O-PP

Bark beetle, Dendroctonus spp.

Geranyl

. — — — 6-methyl-6-hepten-2-one ——— Frontalin
Diphosphate

Fig.4 Proposed biosynthetic pathways for the production of ipsdienol in I. pini and frontalin
in D. spp. Both pathways utilize an isoprenoid biosynthetic pathway to produce geranyl di-
phosphate

pathway are HMG-CoA synthase and HMG-CoA reductase leading to forma-
tion of mevalonate. A key enzyme in the last part of the pathway is geranyl di-
phosphate synthase. Another pathway to formation of isoprenoid compounds
involves the utilization of pyruvate and glyceraldehyde 3-phosphate to form 1-
deoxy-xylulose 5-phosphate that is then converted to isopentenyl diphosphate
[102]. These early non-mevalonate steps in the formation of isoprenoids has so
far been found in bacteria and plants but not in insects.

Evidence for de novo synthesis of pheromone components was obtained by
showing that labeled acetate and mevalonate were incorporated into ipsdienol
by male Ips pini [103, 104]. Similarly, labeled acetate and other labeled inter-
mediates were shown to be incorporated into frontalin in a number of Dendro-
ctonus species [105]. Possible precursors to frontalin include 6-methyl-6-hep-
ten-2-one, which was incorporated into frontalin by D. ruffipennis [106]. The
precursor 6-methyl-6-hepten-2-one also was shown to be converted to bre-
vicomin in the bark beetle, Dendroctonus ponderosae [107]. In addition, the
expression patterns of HMG-CoA reductase and HMG-CoA synthase are tightly
correlated with frontalin production in Dendroctonus jeffreyi [108, 109]. A
geranyl diphosphate synthase cDNA from I. pini was also isolated, functionally
expressed, and modeled [110]. These data indicate that the de novo isoprenoid
biosynthetic pathway is present in bark beetles. A variety of other monoterpene
alcohols such as myrcenol, pityol, and sulcitol are probably synthesized through
similar pathways [111]
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3.3.2
Fatty Acid-Derived and Other Pheromones

Beetles also utilize pheromones that are modified through fatty acid biosyn-
thetic pathways. Examples include Tenebrio molitor that produces 4-methyl-1-
nonanol from propionyl-, malonyl-, and methylmalonyl- precursors [112]. This
is an example of carbon being shunted away from fatty-acyl elongation before
long fatty acids are completed. An example of a beetle producing longer chain
length methyl-branched pheromone components are the Carpophilus nitidulid
beetles [113]. The branched hydrocarbons have 10-12 carbons with conjugated
double bonds and methyl and ethyl branches and are of polyketide origin [114].
They are biosynthesized using propionate and butyrate to make the methyl and
ethyl branches [114, 115]. The desaturated nature of these hydrocarbons is not
due to fatty acyl desaturases, but to the inactivity of enoyl-ACP reductase dur-
ing biosynthesis so that the enoyl-ACP intermediate formed during elongation
is not reduced [115]. The enzymes involved in polyketide pheromone biosyn-
thesis is unknown, but it will be interesting to determine if these enzymes are
similar to the polyketide synthases found in bacteria and plants [116] or are
they similar to the normal fatty acid biosynthetic enzymes.

Macrolide aggregation pheromones produced by male cucujid beetles are
derived from fatty acids. Feeding experiments with labeled oleic, linoleic, and
palmitic acids indicate incorporation into the macrolide pheromone component
[117]. The biosynthesis of another group of beetle pheromones, the lactones, in-
volves fatty acid biosynthetic pathways. Japonilure and buibuilactone biosyn-
thesized by the female scarab, Anomala japonica, involves A9 desaturation of 16
and 18 carbon fatty acids to produce Z9-16:CoA and Z9-18:CoA, hydroxylation
at carbon 8 followed by two rounds of limited chain shortening and cyclization
to the lactone [118]. The hydroxylation step appears to be stereospecific [118].

Although not of fatty acid origin another group of scarab beetles utilizes
amino acid derivatives as pheromones [119]. The large black chafer, Holotrichia
parallela, uses L-isoleucine methyl ester [120] and the cranberry white grub,
Phyllophaga anxia, uses both L-isoleucine and r-valine methyl esters [121].
More recently L-isoleucine methyl ester, N-formyl L-isoleucine methyl ester, and
N-acetyl L-isoleucine methyl ester were identified in the scarab beetle Phyllo-
phaga elenans [122]. These pheromone components are obviously derived from
the amino acids isoleucine and valine.

3.4
Pheromone Biosynthesis in Other Insects

Moths, beetles, flies, and cockroaches have received the most attention regard-
ing pheromone biosynthesis because their members contain prominent pest
species and in addition are typically easy to rear in the laboratory. However
several other insects have been investigated regarding pheromone biosynthe-
sis, most notably the bees and butterflies.
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Workers and queens of the common honey bee, Apis mellifera, produce vari-
ous fatty acids in their mandibular glands. The queen mandibular pheromone
consists primarily of OH9-E2-10:acid and 9-keto-E2-10:acids while the workers
primarily have OH10-E2-10:acid and the corresponding diacid. Labeling studies
using deuterium labeled precursors indicated that 18:acid served as the best sub-
strate to produce the shorter chain acids indicating chain shortening reactions
were involved in the biosynthetic pathway [123, 124]. The difference between
queens and workers is that the hydroxylation of the 18:acid occurs preferentially
on the w carbon in workers and on the ®-1 carbon in queens. Chain shortening
of the hydroxylated 18:acid to 8 or 10 carbons and subsequent hydroxy group
oxidation produces the caste specific mandibular components [123-125].

Some male arctiid moths produce their courtship pheromone from dietary
pyrrolizidine alkaloids acquired during feeding by the larvae [126]. Conversion
of monocrotaline to hydroxydanaidal by males is accomplished by aromatiza-
tion, ester hydrolysis and oxidation of an alcohol to the aldehyde [7]. In the case
of Utetheisa ornatirx the stereo-configuration at C7 of the dietary alkaloid is
the same as the pheromone released (R). In contrast, another arctiid, Creatono-
tos transiens, can convert a dietary precursor alkaloid with the (S) configuration
at C7 (heliotrine) to (R)-hydroxydanaidal. The biosynthesis occurs by first
oxidation-reduction at C7 to convert the stereochemistry and then proceeds
through aromatization, hydrolysis, and oxidation [7].

4
Endocrine Regulation of Pheromone Production

In 1965 Barth proposed that the neuroendocrine control of pheromone pro-
duction would occur in insects that were long-lived as adults and exhibited
multiple reproductive cycles [127]. Cockroaches, beetles, and flies exhibit this
type of life cycle and we now know that juvenile hormone (JH) and ecdysone
are important regulators of pheromone production in these insects. Moths, on
the other hand, typically are shorter lived as adults and exhibit continuous egg
development. However, moths regulate pheromone production in order to pro-
duce the periodicity of pheromone release. Pheromone production in moths is
primarily regulated by the neuropeptide pheromone biosynthesis activating
neuropeptide (PBAN). Schal et al. [128] have proposed a revision of Barth’s
hypothesis taking into account the more current knowledge on the actual mech-
anisms of pheromone regulation in these insects.

4.1
PBAN Regulation in Moths

Most female moths release sex pheromones in a typical calling behavior in
which the pheromone gland is extruded to release pheromone during a partic-
ular time of the photoperiod. In most cases pheromone biosynthesis coincides
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with calling behavior and the synchronization of these events is achieved by
neuro-endocrine mechanisms present in the female that in turn are influenced
by various environmental and physiological events such as temperature, photo-
period, host plants, mating, hormones, neurohormones, and neuromodulators.
We now know that the main neuro-endocrine mechanism that regulates phero-
mone production in moths is pheromone biosynthesis activating neuropeptide
(PBAN) [14,129].

In the moth, Helicoverpa zea, PBAN was found in the subesophageal ganglion
[130]. By dissection of brain-subesophageal ganglion complexes and purifica-
tion through HPLC a peptide was sequenced [131]. Active fractions were iden-
tified based on induction of pheromone biosynthesis in head-ligated female
moths during the photophase. The first PBAN identified had 33 amino acids
with a C-terminal amidation and the core sequence FXPRLamide is required
for activity, which places PBAN in a family of peptides with the C-terminal
FXPRLamide motif (Table 1). The first member of this family to be identified
was called leucopyrokinin based on its ability to stimulate hindgut contraction
in the cockroach, Leucophaea maderae [132]. Subsequently it was found that
peptides belonging to this family had other physiological roles. The peptide that
induces melanization in lepidopteran larvae belongs to the PBAN/pyrokinin
family [133]. The induction of embryonic diapause in B. mori is also mediated
by PBAN-like peptides [134]. In addition it was determined that the white
shrimp, Penaeus vannamei, has two peptides that can induce myotropic activ-
ity [135]. These results demonstrate the ubiquity and multifunctional nature
of this family of peptides.

It was determined that the minimal peptide sequence required to stimulate
pheromone biosynthesis was the C-terminal 5 amino acids, FXPRLamide, and
that the carboxy terminus needs to be amidated [148, 149]. This sequence was
also established as the minimal sequence required for myotropic activity in
cockroaches [150] and induction of embryonic diapause in B. mori [151]. Cross-
reactivity of peptides containing the FXPRLamide motif was also established
for myotropic, diapause induction, and pheromone biosynthesis [152-154].
Therefore, the common C-terminal FXPRLamide defines this family of peptides.
A partial listing of peptides identified to date is shown in Table 1.

Although structure activity studies established FXPRLamide as the mini-
mal sequence for activity, considerably higher concentrations of the shortened
peptides were required to stimulate pheromone biosynthesis to the same level
as PBAN [148, 155]. Studies using pheromonotropic analogs also indicated that
the FXPRLamide motif was required for activity [156,157]. Nachman et. al. [156]
demonstrated significant pheromonotropic activity with a conformationally
constrained cyclic pyrokinin/PBAN analog, cyclo-[NTSFTPRL] octapeptide
that retains a B-turn. NMR studies performed on the full PBAN sequence
showed a type I f-turn conformation that encompassed the C-terminal region
[158]. A lack of interaction between the C-terminal turn and the rest of the
peptide molecule indicated that the C-terminal turn indeed represented the
important conformation recognized by the PBAN receptor. Taking into account
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Table1 A partial listing of the PBAN family of peptides and the species where identified. The
FXPRLamide motif is shown in bold. X=S, T, G, or V. Peptides are grouped together based on
the primary function for which they were first identified

Function and Species Peptide sequence
PBAN
Helicoverpa zea LSDDMPATPADQEMYRQDPEQIDSRTKYFSPRLamide® [131]
Bombyx mori LSEDMPATPADQEMYQPDPEEMESRTRYFSPRLamide* [136]
Pheromonotropic peptides
Bombyx mori o IIFTPKLamide® [137]
Helicoverpa zea PGN-7 VIFTPKLamide® [138]
Bombyx mori B SVAKPQTHESLEFIPRLamide® [137]
Helicoverpa zea PGN-18 SLAYDDKSFENVEFTPRLamide® [138]
Pseudaletia separata B KLSYDDKVFENVEFTPRLamide® [139]
Bombyx mori y TMSFSPRLamide® [137]
Helicoverpa zea PGN-8 TMNFSPRLamide® [138]
Diapause Hormone
Bombyx mori TDMKDESDRGAHSERGALCFGPRLamide*  [134]
Helicoverpa zea PGN-24 NDVKDGAASGAHSDRLGLWFGPRLamide® [138]
Pyrokinins
Leucophaea maderae pETSFTPRLamide* [132]
Locusta migratoria (I) pEDSGDGWPQQPFVPRLamide? [140]
In) pESVPTFTPRLamide? [141]
Myotropins
Periplaneta americana PK1 HTAGFIPRLamide? [142]
PK2 SPPFAPRLamide? [142]
PK3 LVPFRPRLamide® [143]
PK4 DHLPHDVYSPRLamide?* [143]
PK5 GGGGSGETSGMWFGPRLamide? [143]
PK6 SESEVPGMWFGPRLamide? [144]
Drosophila melanogaster CAP2b-3 TGPSASSGLWFGPRLamide® [145]
PK-2  SVPFKPRLamide® [145]
ETH-1 DDSSPGFFLKITKNVPRLamide® [146]
hugy  pELQSNGIPAYRVRTPRLamide® [147]
Penaeus vannamei DFAFSPRLamide? [135]
(Crustacea) ADFAFNPRLamide? [135]

2 Identified from the amino acid sequence of a purified peptide.
® Deduced from the cloned gene sequence.
PGN=PBAN-encoding gene neuropeptide.

the cross-reactivity of these peptides in the different physiological functions,
the peptide family share the binding requirements identified by this rigid, well-
defined backbone structure. However, the requirement of the full sequence for
full activity suggests that other parts of the PBAN sequence may be involved in
the interaction with the receptor and that selective binding capabilities must
occur [159].
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Some of these questions can now be addressed in a more direct manner with
the identification of a PBAN-receptor from pheromone glands of H. zea [160].
The receptor was identified based on sequence similarities with several G-pro-
tein coupled receptors (GPCR) identified from D. melanogaster [161,162]. The
receptor cDNA from pheromone glands was expressed in insect cells and func-
tional activity tested using a calcium influx assay [160]. It was determined that
the full length PBAN plus some shorter peptides had the highest affinity for the
receptor. Leucopyrokinin was almost as effective as PBAN, which confirms that
the FXPRLamide motif is essential for binding to the receptor. The ability to test
peptides directly on the PBAN-receptor will help determine structural motifs
required for binding activity.

PBAN binding to a receptor results in signal transduction events to stimu-
late the pheromone biosynthetic pathway (Fig. 5). Receptor activation results
in the influx of extracellular calcium and has been demonstrated in a number
of moths [163-168]. The increase in cytosolic calcium can directly stimulate
pheromone biosynthesis in some moths [165-168] or it will stimulate the pro-
duction of cAMP [169, 170]. So far cAMP has only been implicated in signal

PBAN receptor

G
ALY

cytosol
Caz?*-calmodulin cAMP ATP
_ Helicoverpa zea
/ Acetyl-CoA
Bombyx mori i Acetyl-CoA
inases
16-CoA carboxylase
A11 desaturase phosphatases Malonyl-CoA
A10,12 desaturase Fatty Acid
E10,212-16-CoA Synthetase
16-CoA
reductase ¢ A11 desaturase
E10,212-16:0H
0.212-16:0 Z11-16:CoA
reductase
oxidase
Z11-16:Ald

Fig.5 Proposed signal transduction mechanisms that stimulate the pheromone biosynthetic
pathway in Helicoverpa zea and Bombyx mori.It is proposed that PBAN binds to a G protein-
coupled receptor present in the cell membrane that upon PBAN binding will induce a recep-
tor-activated calcium channel to open causing an influx of extracellular calcium. This calcium
binds to calmodulin and in the case of B. mori will directly stimulate a phosphatase that will
dephosphorylate and activate a reductase in the biosynthetic pathway. In H. zea the calcium-
calmodulin will activate adenylate cyclase to produce cAMP that will then act through kinases
and/or phosphatases to stimulate acetyl-CoA carboxylase in the biosynthetic pathway
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transduction in the heliothine moths [171]. The calcium channel is thought to
be a receptor-activated calcium channel since voltage-gated calcium channel
blockers did not inhibit PBAN stimulation [163]. Increase in calcium as a re-
sult of the pharmacological action of ionophores duplicated the action of PBAN
on cAMP synthesis [172, 173].

Calcium is probably binding to calmodulin to form a complex that activates
downstream events. A calmodulin was identified from pheromone glands of
B. mori [174]. The calcium/calmodulin complex will then directly or indirectly
activate a phosphoprotein phosphatase that will in turn activate an acyl-CoA
reductase in the biosynthetic pathway [168]. Specific inhibitors of calcineurin
(phosphoprotein phosphatase 2B) reduced the amount of pheromone when iso-
lated glands were challenged with a pheromonotropic peptide [166]. Two genes
encoding calcineurin heterosubunits were identified from the pheromone gland
of B. mori and were found to be homologous to the catalytic subunit and reg-
ulatory subunits of other animal calcineurins [175]. The calcineurin complex
will apparently dephosphorylate an acyl-CoA reductase which catalyzes the
formation of bombykol in B. mori.

Several studies were undertaken to determine how PBAN affects the phero-
mone biosynthetic pathway. It appears that several different enzymes can be
affected depending on the species of moth. Demonstration of the affected en-
zyme primarily relies on the following of labeled precursors and intermediates
into pheromone in the absence and presence of PBAN. Studies of this nature
have so far indicated that PBAN does not affect desaturase activity [43, 176].
PBAN has been shown to stimulate the reductase that converts an acyl-CoA to
an alcohol precursor in several moths [36,176-181]. However, in several other
moths it was demonstrated that PBAN controls pheromone biosynthesis by
regulating a step during or prior to fatty acid biosynthesis [26, 42, 163, 182-
184]. Acetyl-CoA carboxylase is a rate limiting enzyme in fatty acid biosyn-
thesis and it remains to be determined if this enzyme is indeed up regulated in
response to PBAN. In one study using the moth Sesamia nonagrioides it was
shown that the acetyltransferase enzyme may be regulated by PBAN [185].
There appears to be no particular pattern as to which enzyme within the phero-
mone biosynthetic pathway will be regulated by PBAN. However, in the ma-
jority of moths studied it is either the reductase or fatty acid synthesis that is
stimulated.

As already mentioned, several families of moths utilize hydrocarbons and/or
their epoxides as sex pheromones. It is thought that PBAN does not regulate the
production of hydrocarbon sex pheromones as demonstrated in Scoliopteryx
libatrix [73]. However, PBAN is probably regulating the production of epoxide
sex pheromones. This was demonstrated in Ascotis selenaria cretacea where de-
capitation resulted in pheromone decline and it could be restored by injecting
PBAN [76].1In addition, it was shown that a deuterium labeled precursor of the
pheromone applied to the pheromone gland was converted to the epoxide only
in PBAN injected females [76]. Decapitation also decreases the epoxide phero-
mone titer in the gypsy moth, Lymantria dispar, and injection of PBAN can
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restore pheromone production [186]. However, decapitation did not decrease
the levels of the hydrocarbon precursor in the gypsy moth (Jurenka, unpub-
lished). These findings indicate that PBAN may regulate the epoxidation step
in those moths that utilize epoxide pheromones but not the production of the
alkene precursor.

PBAN is produced by three groups of neurons present in the subesophageal
ganglion (SEG). The gene encoding PBAN has been identified and this infor-
mation has been used to conduct in situ hybridization studies that show the SEG
neurons as containing the mRNA encoding for PBAN. PBAN-like immunore-
activity has also been localized to these same neurons in the SEG [187-189].
The three groups of neurons project to the corpus cardiacum, which is the main
brain neurohemal organ for releasing neuropeptides into circulation [187,190].
In addition, two pairs of maxillary neurons within the SEG send projections
into the paired ventral nerve cord and travel its entire length to terminate in the
terminal abdominal ganglion. Arborizations arising from these paired projec-
tions were found in each segmental ganglion [190]. Thoracic and abdominal
segmental ganglia also have neurons that contain PBAN-like activity and these
neurons can release peptides into the hemolymph [188-190]. Although in situ
hybridization studies indicate that the segmental ganglia do not express the
same gene as does the SEG [191-194].

The gene encoding PBAN was first characterized from H. zea and B. mori
[134, 137,138, 195]. The cDNA was found to encode the 33 amino acid PBAN
plus four additional peptides with a common C-terminal FXPRL sequence mo-
tif, including that of the diapause hormone of B. mori (Fig. 6). Three additional
peptides with the common C-termini and sequence homology to those of H. zea
and B. mori have been deduced from cDNA isolated from pheromone glands
of several other moths [194, 196-200]. Studies conducted to find the post-trans-
lational processed peptides indicated that PBAN was found to a greater extent
in the mandibular and maxillary clusters than in the labial cluster of neurons

PGN-24

H- zea MFNQTQLFVFLAVFTTSSVLGNN|NDVKDGAAS-GAHSDRLGLWFGPRL|GKRSLRISTEDNRQAFFKLLEAADALKYYYDQLPYEMQADEPETRVTKK
B' mor[ MYKTNIVENVLALAIFSIFFASC|TDMKD-ESDRGAHSERGALWFGPRL|GKRSMKPSTEDNRQTFLRLLEAADALKFYYDQLPYERQADE PETKVTKK

Diapause Hormone

PGN-7 PGN-18 PBAN PGN-8

VIFTPKL|GR|SLAYDDKSFENVEFTPRI|GRR|LSDDMPATPADQEMYRQDPEQIDSRTKYFSPRL|GR| TMNFSPRIYGRELSYDMMPNKIRVVRSTNKTRST
IIFTPKL|GRISVAKP-QTHESLEFTPRI GRR|LSEDMPATPADQEMYQPDPEEMESRTRY FSPRL|GRITMSFSPRY GRELSYD-YPTKYRVARSVNKTMDN

o § PBAN Y

Fig.6 Sequence alignment of the deduced amino acid sequence from the identified cDNA
encoding PBAN and related peptides from Helicoverpa zea and Bombyx mori. The putatively
expressed peptides are shown in boxes. The conserved amino acids are underlined in the
B. mori sequence. Putative proteolytic posttranslational processing sites are shown in bold
with glycine contributing the C-terminal amide. Sequences of PBAN-like peptides are also
shown in Table 1. GenBank accession numbers: H. zea - P11159 and B. mori - BAA05971
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in the SEG [201]. The other neuropeptides were found in all clusters. In addi-
tion, MALDI-MS data indicated that some larger peptide fragments were found
suggesting alternative processing of the precursor protein [201].

Several factors can mediate the action of PBAN. The production of phero-
mone can be mediated by the action of other hormones. Juvenile hormones
play an important role in reproductive development of many moth species.
Although JH probably does not regulate pheromone biosynthesis directly it has
been shown to be involved in the release of PBAN in some migratory moths
[202-205]. In addition, JH has been shown to prime the pheromone glands in
pharate adults of the non-migratory moth H. armigera [206]. JH II, in an in
vitro assay, primed pheromone glands of pharate adults to respond to PBAN
and induced earlier pheromone production by intact newly emerged females
[206]. This induction could be mediated by JH up-regulation of a putative
PBAN-receptor in pharate adults [207].

The role of the nervous system in pheromone biosynthesis in moths is not
clearly understood. Christensen and co-workers [208-211] proposed that the
neurotransmitter octopamine may be involved as an intermediate messenger
during the stimulation of sex pheromone production in H. virescens. These
workers suggested that octopamine was involved in the regulation of phero-
mone production and that PBAN’s role lies in the stimulation of octopamine
release at nerve endings. However, contradicting results concerning octopa-
mine-stimulated pheromone production were reported in the same species as
well as other moth species [163, 172,212-214].

Studies, using octopamine and related biogenic amines, suggested that octo-
pamine may play an important role as neuromodulator of the PBAN-induced
pheromonotropic response in H. armigera [215-217]. Octopamine and several
octopaminergic analogs inhibited pheromone production in studies using both
in vitro and in vivo bioassays [215-218]. Active inhibition of pheromone bio-
synthesis during the photophase could be a role for octopamine acting as an
endogenous inhibitory factor [216]. The role of the ventral nerve cord in phero-
mone production still requires clarification. It has been suggested, in some
moth species (Spodoptera littoralis), that both humoral and neural regulation
occurs [219, 220].

Another factor that can affect pheromone biosynthesis in female moths is
mating. In moths, mating results in a decrease in pheromone titers for at least
one night, or for an extended period of time. The cause of pheromonostasis
following mating is usually attributed to the passage of factors, including
sperm, from the male to the female during mating. A pheromonostatic peptide
has been identified from male moths but its activity has not been confirmed
[221,222]. However, recently a truncated form of the pheromonostatic peptide
was shown to inhibit pheromone production in H. armigera [223]. In addition
the sex peptide and a duplex-derived peptide from D. melanogaster have been
shown to inhibit pheromone biosynthesis in the moth H. armigera [224, 225].
These findings indicate that factors transferred from the male to the female
during mating can influence pheromone production in post-mated females.
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4.2
Juvenile Hormone Regulation in Beetles

It appears that, in beetles, pheromone production is regulated by JH III, despite
the variations in biosynthetic pathways. JH apparently regulates pheromone
production in beetles that utilize both fatty acid and isoprenoid biosynthetic
pathways [8,98]. Environmental and physiological factors will in turn regulate
production of JH. The endocrine regulation of pheromone production in the
beetles has been best studied with regard to the bark beetles.

Bark beetles primarily produce aggregation pheromones in response to
feeding on a new host tree [101]. However, unfed beetles could be induced to
produce pheromone by treatment with JH III or a JH analog [104, 226, 227].
Feeding on a new host tree will elevate JH titers by stimulating activity of the
corpus allatum, the endocrine gland that produces JH [104]. The resulting in-
creased JH hemolymph titer will trigger pheromone biosynthesis that occurs
in the midgut cells [19]. The action of JH at target tissues is to stimulate the pro-
duction of enzymes involved in the biosynthetic pathways.

The elevation of enzyme levels following the increase in JH levels after feed-
ing or by treatment has been observed for key enzymes in the isoprenoid
biosynthetic pathway. In Ips paraconfusus, L. pini, and D. jeffreyi JH-treated
male beetles had increased HMG-CoA reductase mRNA levels compared to
controls [98, 109, 228]. The response was dose- and time-dependent and re-
sulted in increased pheromone production. These findings indicate that JH
controls the up-regulation of HMG-CoA reductase, a key enzyme in the iso-
prenoid biosynthetic pathway. mRNA levels of other enzymes in the pathway
are also affected by JH treatment including HMG-CoA synthase [108] and ger-
anyl diphosphate synthase [98, 110]. Enzymes further along in the pathway
can also be elevated due to JH treatment. For example, male-specific myrcene
synthase activity was increased in . pini beetles treated with JH [229]. Genomic
approaches to understanding the regulation of enzymes in the biosynthesis
of bark beetle pheromones will yield insights into the regulatory function of
JH [98].

43
Juvenile Hormone Regulation in Cockroaches

Most female cockroaches exhibit reproductive cycles of egg development,
embryogenesis and egg laying. Juvenile hormone is the primary hormone
responsible for egg development and thus there is a correlation between egg
development and hemolymph JH titers or production by the corpora allata. In
addition the sex pheromone gland undergoes corresponding cyclic matura-
tional changes in the gland in relation to the ovarian cycle [128]. Several cock-
roaches utilize volatile sex pheromones; however, little is known about the
biosynthesis of these compounds and thus little is known about the hormonal
regulation of pheromone biosynthesis. In contrast more information is available
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unloaded to be used directly as a pheromone or modified with the addition of oxygen and
then released as a pheromone

on the hormonal regulation of the biosynthesis of the contact sex pheromone
of the German cockroach, B. germanica [128].

Production of the contact sex pheromone, Me3,Me11-29:2-one, produced
by female B. germanica is regulated by JH. A correlation between the amount
and biosynthesis (as measured by incorporation of radiolabeled propionate)
of pheromone on the cuticular surface and active vitellogenesis indicated reg-
ulation by JH [230, 231]. Reduction of JH titer by allatectomy reduced phero-
mone amounts whereas treatment with JH III or JH analogs stimulated phero-
mone production [6, 230]. The step that is thought to be under JH regulation
is the hydroxylation of Me3,Me11-29:H because this conversion occurs in only
females [6]. Contact pheromone production in B. germanica is also regulated
through the production of its precursor, Me3,Me11-29:H, which is thought to
be in part regulated by food intake [230].

The biosynthesis of Me3,Me11-29:H takes place in oenocyte cells, released
into the hemolymph and transported by lipophorin to peripheral tissues
(Fig. 7) [71, 231, 232]. Direct evidence for oenocytes biosynthesizing hydro-
carbon has come recently with the dissociation of oenocytes from epidermal
cells and in vitro incubation with labeled propionate [233]. Differential uptake
of some hydrocarbons in different tissues has also been documented although
the exact mechanism behind the differential placement of hydrocarbons is un-
known [20, 128,230, 232,234]. Although the biosynthesis of hydrocarbons may
not be under direct endocrine regulation supply of precursor hydrocarbon that
is converted to the sex pheromone is a requirement.

4.4
20-Hydroxyecdysone Regulation in Diptera

The Diptera regulate ovarian development in a different manner than do cock-
roaches and beetles. Whereas in most insects JH directly stimulates the fat body
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to produce vitellogenin and the ovaries to undergo oogenesis, in the Diptera
JH primarily plays a role in making the ovaries and fat body competent for
further development. The hormone that stimulates egg development directly
is 20-hydroxyecdysone which is produced by the follicle cells of the ovary.
In the housefly, M. domestica, sex pheromone production is correlated with
egg development. It has been well established that 20-hydroxyecdysone is the
main hormone for stimulation of the 23 carbon sex pheromones of the house-
fly [235].

The evidence for 20-hydroxyecdysone stimulating sex pheromone produc-
tion in the housefly comes from both direct and indirect studies. A correlation
was found between ovarian development and sex pheromone production in
female flies [236,237]. Surgical removal of ovaries immediately after adult emer-
gence resulted in no sex pheromone production, whereas allatectomized (which
removes the source of JH production) females produced the same amount of
pheromone as did normal females [238,239]. Additionally, ovariectomized fe-
males that received ovary implants produced sex pheromone [238]. These data
demonstrate that 20-hydroxyecdysone and not JH regulates pheromone pro-
duction in the housefly [111].

Additional evidence came from the finding that sex pheromone production
could be stimulated in male houseflies that do not normally produce detectable
sex pheromone components. Male houseflies were found to have longer chain
alkenes, Z9-27:H, but did not have Z9-23:H. Implantation of ovaries into male
houseflies resulted in a change in hydrocarbon biosynthesis such that the
longer chain alkenes were not made but rather they produced the shorter chain
length Z9-23:H [240]. Likewise, injection of 20-hydroxyecdysone into males
induced sex pheromone production in a dose-dependent manner. These stud-
ies demonstrated that males possess the biosynthetic capability to produce sex
pheromone, but normally do not produce the 20-hydroxyecdysone necessary
to induce sex pheromone production. Males became an excellent model in
which to study the hormonal regulation of pheromone biosynthesis in the
housefly.

Since it was established that 20-hydroxyecdysone regulates sex pheromone
and that a switch was taking place from producing longer chain-length hydro-
carbons to producing the shorter chain-length sex pheromones, a question be-
came how this switch occurred. The shorter chain-length hydrocarbons could
be produced by an alteration in the decarboxylation reactions such that
79-24:CoA is preferred or that the fatty acyl-CoA elongation system is altered
such that chain elongation stops at Z9-24:CoA. It was determined that the
reduction of various chain length acyl-CoAs to alkenes was not different
in females of all ages examined or males treated with 20-hydroxyecdysone
[91,241]. However a correlation was observed with females actively producing
79-23:H and the chain elongation system. This was shown by comparing the
activity obtained from microsomes prepared from sexually mature females
to immature females and males. The microsomes from sexually mature fe-
males did not elongate Z9-18:CoA past Z9-24:CoA, but microsomes from im-



124 R.Jurenka

mature females and males elongated Z9-18:CoA and Z9-24:CoA to Z9-28:CoA
[241, 242]. These results indicate that 20-hydroxyecdysone is regulating the
fatty acyl-CoA elongases. Further research will determine the exact mechanism
behind this regulation, but it could be that a new elongation system is induced
by 20-hydroxyecdysone.

As with the other insects studied that utilize hydrocarbon sex pheromones,
once Z9-23:H is produced by oenocyte cells it is released into the hemolymph.
Lipophorin is the transport protein that will move the hydrocarbon to cuticu-
lar tissue [21]. It was found that about 24 h were required once Z9-23:H was
induced to actual deposition on the cuticular surface [237]. As is the case with
other insects selective partitioning of the sex pheromone was observed with
relatively larger proportions of Z9-23:H being found on the cuticular surface
than in other tissues [21].

5
Conclusions

Pheromone biosynthesis has been primarily studied in several model insects
that include moths, flies, and cockroaches. A considerable amount of informa-
tion is now known about how these insects biosynthesize and regulate phero-
mone production. As additional pheromones are identified [243] work will be
carried out on their biosynthesis. Current and future work will also concentrate
on the molecular mechanisms behind the enzymes involved in biosynthetic
pathways and also on the signal transduction pathways involved in the endo-
crine regulation. Additional information will provide valuable insights into
these pathways especially with regard to receptor identification [160]. Another
area of research that will provide valuable information is the specific uptake of
hydrocarbons by pheromone glands and other tissues and how these phero-
mone components can be transported to the cuticular surface [128]. Work on
pheromone and odorant binding proteins may help solve this problem [244].
The future should also bring research on pheromone production that will pro-
duce practical applications to insect pest population management.
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Abstract Hymenoptera is a very large and diverse insect order that includes the majority of
both the social and the parasitic insects. With such diversity comes a variety and complexity
of semiochemicals that reflect the varied biology of members of this order. This chapter
reviews the chemical identification of pheromones and semiochemicals in the order Hy-
menoptera since 1990. For this review, the species in Hymenoptera have been classified as
solitary, parasitic, or social. The chemical diversity of semiochemicals in Hymenoptera and
future trends in pheromone identification are also discussed.

Keywords Hymenoptera - Symphyta - Apocrita - Pheromone - Semiochemical

List of Abbreviations

CLG Cephalic labial gland
CW  Cuticular wash

DG  Dufour’s gland

HE  Head extract

HG  Hindgut (rectal bladder)
JH Juvenile hormone
MG  Mandibular gland
NG  Nasonov gland

PG  Poison gland

PPyG Postpygidial gland
PvG  Pavan gland

PyG Pygidial gland

Q- Queen

SA Sting apparatus

VG  Venom gland

VQ-  Virgin queen

W- Worker
1
Introduction

Hymenoptera is one of the most diverse insect orders. With an estimated 300,000
species [1], it includes ants, bees, wasps, and sawflies. They occupy many eco-
logical niches as herbivores, predators, or parasitoids. Although most species in
Hymenoptera are solitary, they also include most of the described species of so-
cial insects. With such biological diversity comes rich semiochemical diversity.
Pheromones have been identified in Hymenoptera that change the behavior (re-
leaser pheromones) or physiology (primer pheromones) of the recipient. Other
semiochemicals have been identified that mediate communication between
other species. Although pheromones and other semiochemicals have been iden-
tified in only a small fraction of the described species, they have interesting
chemistry and biology.

Members of Hymenoptera have significant economic importance. Most well
known is the crucial role bees play in pollination of agricultural crops, with
honey bees alone contributing an estimated pollination value of US$15 billion
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per year in the United States [2]. In addition, some parasitoids are important
allies in the biological control of other insect pests, whereas other species are sig-
nificant agricultural, forestry, structural, or household pests in their own right.
As hymenopteran semiochemicals are better understood, they can be utilized
for integrated pest management as well as the management of economically
important beneficial insects.

Because of the complexity of insect extracts and the likelihood of multiple,
synergistic components, a bioassay-guided approach to the isolation and iden-
tification of pheromone components is the most productive method for iden-
tifying new pheromones. The search for a new pheromone begins with the
observation of a behavior or physiology that implicates the presence of a chem-
ical cue. The chemical cue must then be isolated from other cues (i.e., visual,
auditory, and tactile) by preparing an extract, wash, or headspace sample of the
releasing organism and then its biological activity confirmed with a bioassay.
The active chemical component(s) must then be found by isolating activity
to specific glands or through chemical separations while still maintaining the
activity of a complete extract in a bioassay. The importance of a robust and
effective bioassay to guide isolation cannot be overemphasized. A powerful tech-
nique that can sometimes be used is gas chromatography-electroantenno-
graphic detection (GC-EAD), allowing simultaneous separation and electro-
physiological recording of an insect’s response to a complex mixture. Chemical
identification usually involves gas chromatography-mass spectral analysis with
comparison to synthetic samples and then bioassay of the synthetic com-
pounds. The many bioassay and chemical methods used to isolate and identify
pheromone components, including GC-EAD, are well described by Millar and
Haynes [3].

This chapter reviews the literature of semiochemical (mostly pheromone)
identification in Hymenoptera published since 1990. For this review, we sep-
arate the order Hymenoptera into the following three, somewhat overlapping,
classes to reflect their differences in biology and semiochemistry: solitary, par-
asitic, and social (Table 1). Although there is considerable literature on the
semiochemical activity of specific glandular extracts and the chemical com-
position of specific glands, only those chemicals with demonstrated phero-
monal (or semiochemical) activity will be specifically discussed here. The
earlier literature of pheromones in social hymenoptera has previously been re-
viewed [4-6]. There have been more recent reviews of pheromones in social
hymenoptera [7-10], parasitic wasps [11,12], sawflies and seed wasps [13, 14],
and mating pheromones across Hymenoptera [15].
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Table 1 Classification in the order Hymenoptera [1,11, 16]

SYMPHYTA APOCRITA (ACULEATA) APOCRITA
(sawflies and horntails) (Ants, bees, and wasps) (PARASITICA)
(Sol.)
CEPHOIDEA APOIDEA (APIFORMES) CERAPHRONOIDEA
Cephidae (Para., Sol., Soc.) (Para.)
MEGALODONTOIDAE Andrenidae Ceraphronidae
Megalodontidae Anthophoridae Megaspilidae
Pamphiliidae Apidae CHALCIDOIDEA
ORUSSOIDEA Colletidae (Para.)
Orussidae Ctenoplectridae Agaonidae
SIRICOIDEA Fideliidae Aphelinidae
Anaxyelidae Halictidae Chalcididae
Siricidae Megachilidae Elasmidae
Xiphydriidae Melittidae Encyrtidae
TENTHREDINOIDEA Oxaeidae Eucharitidae
Argidae Stenotritidae Eulophidae
Blasticotomidae APOIDEA (SPHECIFORMES) Eupelmidae
Cimbicidae (Para., Sol., Soc.) Eurytomidae
Diprionidae Ampulicidae Leucospidae
Pergidae Astatidae Mymaridae
Tenthredinidae Crabronidae Ormyridae
XYELOIDEA Heterogynaidae Perilampidae
Xyelidae Mellinidae Pteromalidae
Nyssonidae Rotoitidae
Pemphredonidae Signiphoridae
Philanthidae Tanaostigmatidae
Sphecidae Tetracampidae
CHRYSIDOIDEA Torymidae
(Para., Sol., Soc.) Trichogrammatidae
Bethylidae CYNIPOIDEA (Para.)
Chrysididae Austrocynipidae
Dryinidae Charipidae
Embolemidae Cynipidae
Plumariidae Eucoilidae
Sclerogibbidae Figitidae
Scolebythidae Ibaliidae
VESPOIDEA (Sol., Soc.) Liopteridae
Bradynobaenidae EVANIOIDEA (Para.)
Formicidae Evaniidae
Masaridae Gasteruptiidae
Mutillidae ICHNEUMONOIDEA
Pompilidae (Para.)
Rhopalosomatidae Braconidae
Sapygidae Ichneumonidae
Scoliidae MEGALYROIDEA
Sierolomorphidae (Para.)
Tiphiidae Megalyridae

Vespidae (Soc.)
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Table 1 (continued)

SYMPHYTA APOCRITA (ACULEATA) APOCRITA
(sawflies and horntails) (Ants, bees, and wasps) (PARASITICA)
(Sol.)

MYMAROMMATOIDEA
(Para.)
Mymarommatidae
PLATYGASTROIDEA
(Para.)
Platygastridae
Scelionidae
PROCTOTRUPOIDEA
(Para., Soc.)
Austroniidae
Diapriidae
Heloridae
Monomachidae
Pelecinidae
Peradeniidae
Proctotrupidae
Renyxidae
Roproniidae
Vanhorniidae
STEPHANOIDEA (Para.)
Stephanidae
TRIGONALYOIDEA
(Para.)
Trigonalyidae

Extinct families excluded.
Abbreviations: Sol., solitary; Para., parasitic; Soc., social.

2
Solitary Hymenoptera

2.1
Introduction

All of the suborder Symphyta and many species in the superfamily Aculeata in
the suborder Apocrita are solitary insects. Although not requiring the complex
semiochemistry of parasitic or social insects, solitary insects employ phero-
mones for mating, territorial marking, and host marking. Unfortunately, very
few of these have been chemically identified. The pheromones of sawflies and
seed wasps were extensively reviewed in 1999 [14]. The semiochemicals recently
identified in solitary hymenoptera, discussed below, are summarized in Table 2
and Fig. 1.
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Table2 Recently identified pheromones of solitary hymenoptera. Numbers in bold refer to
chemical structures shown in Fig. 1. See Table 5 for abbreviations

Taxon Source Function Chemical Name(s) Ref.
SYMPHYTA
Diprionidae
Diprion CW Virgin female- Propanoate of (25,3R,7R)- [36]
jingyuanensis produced male 3,7-dimethyltridecan-2-ol 3
attractant
Diprion CwW Virgin female- Propanoate of (25,3R,9S)- [18]
nipponica produced male 3,9-dimethylundecan-2-ol 2
Diprion pini cw Virgin female- Acetate & propanoate [37,38]
produced of (2S,3R,7R)-3,7-
male attractant dimethyltridecan-2-ol 3
Macrodiprion ~ CW Virgin female- Acetate of (2S,3R,7R,9S)- [25]
nemoralis produced 3,7,9-trimethyltri-
male attractant decan-2-ol 4
Microdiprion ~ CW Virgin female- Propanoate of 3,7, 11-tri- [26]
pallipes produced methyltridecan-2-ol 5
male attractant
Neodiprion ? Previously iden- Acetate & propanoate [39]
dailingensis tified compounds  of (28,3S,75)-3,7-dimethyl-
from other pentadecan-2-ol 1
Neodiprion spp.
attractive to males
Neodiprion ? Virgin female- Acetate & propanoate of [27,40,41]
sertifer produced male (28,3S,78)-3,7-dimethyl-
attractant pentadecan-2-ol 1. Depend-
ing on the population, the
(2S,3R,7R)-isomer of the
acetate can be benign,
inhibitory, or necessary.
Cephidae
Cephus Cw Produced & 9-Acetyloxynonanal 6 [31,32]
cinctus attractive to both
sexes equally
Janus integer CW Produced onlyin  (9Z)-Octadec-9- [33]
females and en-4-olide 7
antennally active
only in males
APOIDEA
Colletidae
Colletes HE Attraction of males (3S)-(+)-Linalool 8 [35]
cunicularius to virgin females
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Fig.1 Structures of recently identified pheromones of solitary hymenoptera

2.2
Symphyta

2.2.1
Diprionidae

2.2.1.1
Introduction

With the exception of the conifer sawflies (Symphyta:Diprionidae) the phero-
mone chemistry of the solitary hymenoptera is sparse. Conifer sawflies consist
of more than 100 species and some are considered severe pests of pine trees. The
early pheromone studies suggested that pine sawflies utilized one or more
stereoisomers of female-produced 3,7-dimethylpentadecan-2-ol 1 as a sex pher-
omone, either as the free alcohol or the acetate or propanoate esters (Fig. 1)
[13].TUPAC nomenclature does not facilitate the identification of these alcohols
and their esters, in that alcohols are named with the longest continuous carbon
chain bearing the alcohol, whereas in the derivative ester the alkyl group num-
bering begins at the ester oxygen. The propanoate ester of 3,7-dimethylpenta-
decan-2-ol thus becomes 1,2,6-trimethyltetradecyl propanoate. For the purposes
of this review we will refer to these as acetates or propanoates of the corre-
sponding alcohol.

The importance of the three stereogenic centers became evident as two of
the stereoisomers [(25,3S,7S) and (2S,3R,7R)] were recognized early as sex
pheromones and that other enantiomers and diastereoisomers were often found
to be inhibitory to the attractive response. Recently, the sawfly pheromone field
has undergone a major advance with the recognition that several sawfly species
synthesize and utilize sex pheromones of different structural types than the
3,7-dimethylpentadecan-2-ols. Shorter and longer chain lengths (undecan-2-
ols 2 and tridecan-2-ols 3) and an additional methyl group in position 9 or 11
(4 and 5) characterize these new pheromone discoveries (Fig. 1). With an ad-
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ditional stereogenic methyl substituent, the complexity of the possible chiral
isomers increases to 16 stereoisomers for a given skeleton. This makes posi-
tive identification even more difficult and the synthesis of chirally-pure mate-
rials for comparison and bioassay very challenging. A considerable amount of
effort has been focused on synthetic methodology to effectively produce the
stereoisomers in high chiral purity.

2.2.1.2
Synthesis

Various synthetic methodologies have been employed recently to establish
the stereochemistry of the multiple asymmetric centers. The enantioselective
synthesis of (2R,3R,7S)-3,7-dimethylpentadecan-2-ol from commercial (-)-iso-
pulegol via a crystalline intermediate has been reported [17]. Commercially
available methyl (2R)- and (2S)-3-hydroxy-2-methylpropanoate were utilized
to fashion the chiral centers for the propanoate of (25,3R,9S)-3,9-dimethyl-
undecan-2-ol 2, the sex pheromone for Diprion nipponica [18]. Asymmetric
1,3-dipolar cycloaddition with a chiral camphorsultam led to a 9:1 diastereo-
meric mixture of trans-3,4-disubstituted tetrahydrothiophene amides to be
utilized as the threo-3-methylalkanol unit of acetate of (2S,3R,7R,9S)-3,7,9-tri-
methyltridecan-2-ol 4, the sex pheromone of Macrodiprion nemoralis [19]. As
in previous studies, many synthetic procedures utilize stereoselective lipase ki-
netic resolutions to isolate and purify intermediates [20]. Coupling of racemic
[21] and chiral cis-3,4-dimethyl-y-butyrolactones with racemic as well as each
of the four stereoisomers of 1-lithio-2,4-dimethyloctane gave the 16 stereo-
isomers of 3,7,9-trimethyltridecan-2-ol [22]. The chiral methyl groups in the
octane portion were established by alkylation of amide enolates of pseu-
doephedrine enantiomers. In an analogous fashion, the 16 stereoisomers of
3,7,11-trimethyltridecan-2-ols were generated from the butyrolactone and
1-lithio-2,6-dimethyloctanes. The latter were obtained by lipase-catalyzed ki-
netic separation of the chiral alcohols derived from optically pure citronellal
enantiomers [23]. Syntheses of (25,3S,7S,11R)- and (2S,3R,7R,11R)- diastereo-
isomers of 3,7,11-trimethyltridecan-2-ols and their esters were achieved through
coupling of a (2R)-2-methylpropanoic acid derivative with a lipase-resolved
2,6-dimethylheptane-1,7-diol [24].

2.2.1.3
Pheromone Identification

Since the last review [14], the female-produced sex pheromones of Diprion nip-
ponica, Macrodiprion nemoralis, and Microdiprion pallipes have been investi-
gated and clarification of the active components has been made. GCMS of the
GC-EAD-active material in virgin female extracts of D. nipponica have sug-
gested that the propanoate ester of (2S5,3R,9S5)-3,9-dimethylundecan-2-ol 2 is
the sex pheromone. Field tests with synthetic material confirmed its activity,
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but also indicated that the propanoates of (2S,3R,9R)-3,9-dimethylundecan-2-
ol, (28,3R,8S)-3,8-dimethylundecan-2-ol,and (25,3R,7S)-3,7-dimethylundecan-
2-ol could attract male sawflies as pheromone mimics [18]. The structure of
the female Macrodiprion nemoralis sex pheromone has been identified as the
acetate of (25,3R,7R,9S)-3,7,9-trimethyltridecan-2-ol 4 by chiral GC compari-
son and field testing of synthetic material [25].In Microdiprion pallipes, at least
one stereoisomer of the propanoate of 3,7,11-trimethyltridecan-2-ol 5 attracts
males [26]. The pheromones identified during the last decade are tabulated in
Table 2.

Most diprionid species appear to rely principally on one substance for
sexual attraction [14] and very often the female appears to produce a single
major compound. Whether biosynthesis is species specific has been difficult to
establish given the sub-nanogram quantities of potential trace components.
Correspondingly, the specificity of the male antennal response has been equally
difficult to assess by electroantennography until very recently with access to
adequate libraries of synthetic test materials of very high stereochemical purity.
As noted below, some evidence of diastereomeric involvement has surfaced in
the extensive field trapping studies of Neodiprion sertifer. Further investigations
will likely reveal that sawfly sex pheromone communication is more complex
than a reliance on a single compound for each species.

2.2.1.4
Field and Population Studies

The field response of the European pine sawfly, Neodiprion sertifer, to the acetate
of (25,35,75)-3,7-dimethylpentadecan-2-ol 1 and the effect of the (25,3R,7R)-iso-
mer was studied from Japan in the east to Canada in the west. The addition of the
(2S,3R,7R)-isomer was benign in Japan, inhibitory in Europe with the inclusion
of as little as 1%, and its presence essential in Siberia. These findings will allow
for the development of a more efficient N. sertifer monitoring scheme without
having to determine the stereochemistry produced in each population [27].

In Kentucky, the acetate of (25,35,7S)-3,7-dimethylpentadecan-2-ol 1 was
used to assess the population density and flight activity of the European pine
sawfly, N. sertifer,amongst the loblolly pine sawfly, N. taedae linearis, and the
redheaded pine sawfly, N. lecontei. [28]. The results indicated that, although
present, N. sertifer was a minor participant in sawfly populations.

Release rates of acetate esters of (28,3S,7S)-3,7-dimethylpentadecan-2-ol1
and (2S,3R,7R)-3,7-dimethyltridecan-2-ol 3 from polyethylene and cotton dis-
pensers have been measured at different temperatures and loadings. Adjustment
of the initial pheromone load on polyethylene for expected temperatures
should permit the formulation of a constant release rate during the entire flight
period. Successful field trapping trials for N. sertifer were carried out in Swe-
den, the Czech Republic, Italy, and Greece [29].

Haplodiploidy in N. sertifer leads to male production from unfertilized eggs,
which seriously complicates the issue of mating disruption with the acetate of
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3,7-dimethylpentadecan-2-ol. Recently, a three-year mating disruption study in
isolated pine stands in Northern Italy has resulted in a significant reduction of
the sawfly population in treated stands. Nearly half of the egg clusters resulted
in only male cocoons and the number of males caught within the treated areas
was significantly lower than in control areas [30] providing encouraging results
for potential mating disruption in sawflies.

2.2.2
Cephidae

Volatile collection from male and female wheat stem sawflies, Cephus cinctus, re-
vealed 13 GC-EAD materials active to both male and female antennae. Amongst
the Cy-C,¢ aldehydes and Cy4-C,, acids, were phenylacetic acid, 13-acetyloxy-
tridecanal and 9-acetyloxynonanal 6, which elicited the strongest GC-EAD
response [31]. The latter produced “consistent although fairly subtle” attraction
to both males and females in field traps at the 3-1000 pg range [32]. The acetyl-
oxyaldehydes present in volatile collections were absent in cuticular extracts,
and their presence and resulting activity appear to be formed from the air
oxidation of (92)-alk-9-en-1,00-diyl diacetates, with males being the predom-
inant producers [31]. Placing several males together in a collection tube also
triggered wing-fanning and release of phenylacetic acid.

Volatiles and cuticular extracts from both sexes of the currant stem girdler,
Janus integer, were analyzed by GC-EAD using antenna of both sexes. A female
specific compound, (92)-octadec-9-en-4-olide 7, was identified as active only
on male antennas [33]. Separation by chiral GC has shown that only one enan-
tiomer is produced in females. The synthesis of both enantiomers has recently
been described [34] and the field testing results are forthcoming.

223
Other Symphyta

Studies done before the scope of this review have chemically identified
pheromones in a few species of Tenthredinidae and Pamphiliidae [14]. There
have been no studies to show whether pheromones are used in the remaining
families in Symphyta.

23
Apocrita

In recent years, there is only one example of a pheromone in solitary Apocrita
being chemically identified. Chiral GC and chiral GC-EAD provided identifi-
cation of (3S5)-(+)-linalool 8 >99.9% e.e. as a mandibular gland mate attractant
in both males and females of Colletes cunicularius. Male contact with a scented
source could be initiated with ~5 ng per lure (3S)-(+)-linalool, which may act
as both a sex attractant and a food attractant [35].
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3
Parasitic Hymenoptera

3.1
Introduction

Parasitic hymenoptera are a large and very diverse group of species, accounting
for 80% of all parasitic insect species [11]. Almost 75% of all Apocrita Hymen-
optera are parasitoids at the larval stage [1] and have representatives in all
super-families (Table 1). These insects have significant ecological and economic
importance in regulating host populations, many of which are, or otherwise
would be, pest species to humans. Parasitic hymenoptera use pheromones for
sexual attraction, spacing (to avoid excessive competition for a limited resource),
and alarm much like the solitary hymenoptera. In addition, their interactions
with their host require a greater repertoire of semiochemicals.

Unlike parasitoids of other insect orders that have host-seeking larvae, most
parasitic hymenoptera lay their eggs on, in, or very close to a host individual
[11]. This requires the adult female to find a suitable host, often with the aid of
chemical cues from host frass, pheromones, plant volatiles emitted upon host
feeding or egg-deposition, silk, honeydew and other secretions. She may then
chemically mark the host following oviposition to reduce superparasitism by
herself or intra- and inter-specific insects [11].

Tetratrophic interactions between a host plant, a phytophagous pest (primary
host), a hymenopteran parasitoid or symbiont (secondary host) and a hymen-
opteran hyperparasitoid (which parasitizes the secondary host) are of consid-
erable importance, because hyperparasitism can significantly reduce populations
of economically beneficial parasitoids [11]. Hyperparasitoids use host-marking
(=spacing) pheromones, sex pheromones [12], and host-detection cues [42],
but they also show additional chemically mediated interactions with the other
partners. These include detection of the primary host’s secretions by the hy-
perparasitoid [43], detection of plant volatiles by the hyperparasitoid [44],and
detection of the hyperparasitoid’s secretions by the primary host [45] or by the
secondary host. The latter causes the secondary host to avoid locations where
the hyperparasitoid is foraging [46].

Parasitic hymenoptera hold promise in integrated pest management schemes,
because they parasitize many economically important insect pests in a species-
and stage-selective manner. The pheromones and kairomones of the parasitic
hymenoptera have been studied for a long time, and there are many examples
where there is evidence of chemical mediation of parasitoid behavior. This
review emphasizes work done since the last major reviews [11, 12, 42] and,
where it is available, on the primary bioassay-guided chemical identification of
the semiochemical (Fig. 2 and Tables 3 and 4).



144 C.I.Keeling et al.

o _ o]
_ s I |
\/\/m/\)J\H 8 17 n . H

9 10 n=11-17,19, 21, 23, & 25 1
o o}
o 0" "R
)\/\M\ i
N N e T U U N ; POy
,
12 n=7,13;9 14 15n=6-9; R=CyHqs CgHqg 16
POV IS SS NS S S |
N .
OCH
17 18 o 19 °
CHO .
d = S~"~ocH r& o
20 22

L. “o:m m%

30R= CH3 or 02H5

H
/\/S\S/\/ /S‘S/ /\/NCS /S\S’S\ A e~ OR /\/z);

R=Ac, 32, H, 33 34 35 36 37 R=Ac, 38 H,39 40
9 OH

Fig.2 Structures of recently identified semiochemicals of parasitic hymenoptera

3.2
Sex Pheromones

Parasitic hymenoptera utilize sex pheromones at two levels: long-range (>2 cm)
for attraction and short-range (contact) for species recognition and courtship.
The long-range sex attractants have practical implications for monitoring para-
sitoid populations in the field and, in turn, in assessing the impact of para-
sitoids on their hosts. Courtship involves a well-defined sequence of behaviors,
which may include antennation of the substrate, trail-following, wing-fanning,
and mounting. The short-range pheromones, spread by antennal contact during
courtship, are thought to be involved in species recognition and in the induc-
tion of female receptivity.
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Several long-range attractant sex pheromones have been identified (Table 3)
or evidence for such a pheromone has been obtained in the past 13 years. The
parasitoid Ascogaster reticulatus produces (9Z)-hexadec-9-enal 9 in a tibial gland
[47]. The pheromone is spread by the females much like a trail on the substrate,
and the males follow the mark to the source by close antennal contact with the
substrate [48]. EAG studies have revealed that the males respond much more
strongly to (9Z)-hexadec-9-enal than the females and that the response to the

Table 3 Recently identified sex pheromones of parasitic hymenoptera. Numbers in bold
refer to chemical structures shown in Fig. 2

Taxon Host Detection Chemical Name(s)  Ref.
Mode
CHALCIDOIDEA
Eurytomidae
Eurytoma Almond Olfaction (62,92)-Tricosa- [54]
amygdali 6,9-diene 13 &
(6Z,9Z)-pentacosa-
6,9-diene 14
CYNIPOIDEA
Charipidae
Alloxysta Aphidius Olfaction 6-Methylhept- [60]
victrix uzbekistanikus 5-en-2-one 16
ICHNEUMONOIDEA
Braconidae
Ascogaster Adoxophyes sp. Short-range  (9Z)-Hexadec- [47-49]
reticulates olfaction 9-enal 9
& substrate
contact
Cardiochiles Heliothis virescens  Olfaction (7Z,15Z)-Hentria- [66]
nigriceps conta-7,15-diene
17 & (72,13Z)-
heptacosa-7,13-
diene 18
Macrocentrus Ostrinia nubilalis  Olfaction (42)-Tridec-4-enal  [50,51, 53]
grandii 11 & (35,5R,6S)-

3,5-dimethyl-

6-(methylethyl)-

3,4,5,6-tetrahydro-

pyran-2-one 12
Ichneumonidae

Eriborus Ostrinia nubilalis  Olfaction Polar comp. & [58]
terebrans hydrocarbons
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(Z)-isomer is much stronger than the response to the (E)-isomer (which is
not pheromonally active) [49]. The parasitoid Macrocentrus grandii produces a
series of homologous long-chain (9Z,13Z)-alka-9,13-dienes 10, which oxidize to
a series of homologous aldehydes. One of these aldehydes, (4Z)-tridec-4-enal 11,
is active as a sex attractant in wind tunnel bioassays [50]. It is not clear whether
the oxidation is spontaneous or enzyme-mediated. A second synergistic com-
ponent of the sex attractant of M. grandii was identified as the lactone (35,5R,65)-
3,5-dimethyl-6-(methylethyl)-3,4,5,6-tetrahydropyran-2-one 12 [51]. The relative
stereochemistry was determined by NMR from the material isolated from female
M. grandii. The absolute stereochemistry was then determined by synthesis of
both enantiomers via the meso precursor (2S,4R)-2,4-dimethylpenta-1,5-diol
[52]. The (3R,55,6R)-enantiomer was neither active by itself, nor inhibitory or
synergistic with the natural (35,5R,6S)-enantiomer or the aldehyde 11 [53].

Male almond seed wasps, Eurytoma amygdali (Eurytomidae), display wing
raising and attraction to virgin female extracts as well as SPME fibers exposed
to the volatiles of virgin females [54]. Two attractive alkadienes, (62,92)-tri-
cosa-6,9-diene 13 and (6Z,9Z)-pentacosa-6,9-diene 14, were subsequently iden-
tified using silver nitrate-impregnated silica gel chromatography.

Some progress has been made in the identification of the sex pheromone of
the aphid parasitoids Aphidius rhopalosiphi and Praon volucre.In A. rhopalosiphi,
methanol and dichloromethane extracts of females were found to be attractive
to males and to cause wing-fanning as well as mounting behavior [55]. In
P.volucre,hexane extracts of females caused both wing-fanning and mounting
of males. In field trials with these species, live virgin females only caught con-
specific males, suggesting that the attractants in these two species are different
[55]. More recently, P. volucre was studied in more detail by GC-EAD and by a
coupled GC-behavioral assay. These studies clearly revealed three behaviorally
active minor peaks in a complex GC trace of air-entrapped volatiles from the
insects. The most strongly behaviorally active peak also gave a distinct EAD
signal. This latter peak was estimated to be produced by the females in the
order of pg per hour [56]. This result underscores one of the difficulties with
the identification of parasitic hymenopteran pheromones: the insects produce
very complex, multi-purpose signals, which may consist of only trace amounts
of very powerful attractants.

Indication of a sex attractant has also been obtained for the noctuid pupal
parasitoid Diapetimorpha introita (Ichneumonidae). Antennae from D. introita
males gave EAG responses to diethyl ether extracts of female head, thorax or
abdomen. Antennae from females did not respond to this chemical signal and
male extracts elicited no activity. This suggested the presence of an extractable
female-produced pheromone, to which the males respond. While live females
were able to attract males, extracts were not active. This may be due to very low
levels of biologically active material in the extracts [57].

Synergy between polar and nonpolar components is indicated for sex at-
traction in the larval parasitoid Eriborus terebrans (Ichneumonidae) [58]. Males
show several behaviors when exposed to a polar component with chemical
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properties of a functionalized carboxylic acid from females. These behaviors
increased when a hydrocarbon fraction, which is inactive alone, was added.

Close-range signals are important for the initiation of male courtship be-
havior. Because this signal is involved in sex recognition, comparison of male
and female extracts can be used to tentatively identify potential candidate
compounds. In Diglyphus isaea Walker, evidence was obtained that (a) hexane-
soluble female-specific compound(s) is (are) involved in close-range sex recog-
nition [59]. Comparison of male and female extracts pinpointed a series of
unusual esters of octanoic and decanoic acids with saturated C,,-C,5 11-alco-
hols 15 [59]. The chirality at C-11 has not been determined and the racemic
ester standards used for identification were not tested for biological activity.

In Alloxysta victrix, 6-methylhept-5-en-2-one 16, which is produced by both
males and females, was identified as potentially attractive to the males and
slightly repellent to the females in Y-tube olfactometer assays [60]. In this study,
the activity was also dependent on prior exposure of the insects to the com-
pound. Naive insects responded more strongly than previously exposed ones.
This underscores a second difficulty in the bioassay-guided identification of
parasitoid hymenopteran pheromones: the responses are very dependent on
the context and on prior exposure. Learning has been demonstrated in several
species of parasitic hymenoptera [61-65].

The next stage after initial attraction is recognition and initiation of court-
ship. Pheromones have also been shown to be involved in this stage [12]. In
Cardiochiles nigriceps (Braconidae), only the females contain a series of C,;-C;;
(Z,Z)-alkadienes with double bond positions of 5 or 6 for the first double bond
and 13, 14, or 15 for the second [66]. The alkadienes did not elicit long-range
attraction of males, but they elicited wing-fanning, antennation and mounting
at close range. The most abundant female alkadiene, (7Z,15Z)-hentriaconta-
7,15-diene 17, elicited the male behaviors. The third most abundant diene,
(7Z,13Z)-heptacosa-7,13-diene 18 elicited male antennation when synergized
by male monoenes (see below) [66].

Contact sex pheromones appear to be transferred during courtship. Male
hymenopteran parasitoids have pheromonal glands on the distal antennal seg-
ments. These glands have been identified in multiple species by ultrastructural
studies [67-69]. When males stroke female’s antennae during courtship using
their own antennae, chemical cues (which increase female receptivity) are trans-
ferred. Preliminary evidence for this transfer of chemicals comes from exper-
iments in which increasing portions of antennal segments have been removed
or in which the glandular ducts were occluded with glue [67]. Again, either
learning or priming appears to be important in this context. Previously exposed
females require much less stroking than naive females [67]. One contact sex
pheromone has been identified in C. nigriceps by comparison of male and
female cuticular hydrocarbons and bioassay. The male-derived series of mono-
enes synergized with the female-produced (7Z,13Z)-heptacosa-7,13-diene (see
above) in eliciting antennation [66]. The particular monoene responsible for
the synergy was not identified, although (12Z)-heptacos-12-ene and (13Z)-hep-
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tacos-13-ene stand out as the most abundant monoenes in male cuticular
hydrocarbon extracts.

3.3
Host Marking, Spacing (Epideictic), and Defense Compounds

Host marking pheromones are important in many species of parasitic hymen-
optera, because they ensure that a female parasitoid focuses on non-parasitized
hosts. This, in turn, ensures a more effective use of limited host resources.
Marking pheromones can be internal (injected into the host at the time of
oviposition) or external (applied to the host during inspection and/or ovipo-
sition). The internal markers can be detected by sensory hairs on the parasitoid
ovipositor [11]. The internal markers often also delay the development of the
host.

Venoms from the female are often used as internal markers. Venoms contain
components that can cause paralysis, reduce growth rates, and other specific
metabolic effects within the host. For example, the two major venom proteins
from the parasitoid Aphidius ervi (Braconidae) have recently been identified as
being responsible for detrimental effects on the reproductive tract of the host
aphid, Acythosiphon pisum [70]. Recently, juvenile hormone (JH) III 19 and JH II
20 were identified as the compounds used by the hyperparasitoid Dendrocerus
carpenteri (Megaspilidae) females as both a marking pheromone, which deters
oviposition by other females, and as a primer allomone, which delays pupation
and adult emergence of the host parasitoid Aphidius uzbekistanicus [71,72].

The existence of volatile spacing cues has been demonstrated in a number of
species. Recently, 6-methylhept-5-en-2-one 16 was shown to be slightly repellent
in Y-tube olfactometer assays to Alloxysta victrix (see above). The same com-
pound appears to be involved in defense (see below).

Defensive substances are often general irritants that can be used in a variety
of contexts. For example, the alloxystine wasps (Cynipoidea), all hyperpara-
sitoids of other hymenopteran parasitoids, produce a large number of com-
pounds in their cephalic (mainly mandibular) glands. These compounds include
m/p-xylol, 6-methylhept-5-en-2-one 16, various iridoids 21 and trans-dihydro-
nepetalactone 22 [46, 73].

3.4
Host Kairomones

Parasitic hymenoptera often eavesdrop on the pheromone communication of
their host species. The type of host pheromone recognized depends on the host
stage parasitized. Phoretic egg parasitoids are often attracted by the host sex
pheromone, while species that parasitize later stages (larval, pupal) often do not
respond to host sex pheromone components [11,42]. Larval parasitoids often rec-
ognize volatiles from the damaged host plant and/or host larval frass volatiles.
Parasitoids of forest beetles respond to the beetle aggregation pheromones [42].
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The attraction of several egg parasitoids to their host sex pheromone has been
studied in the past 13 years (Table 4). Both males and females of the phoretic egg
parasitoid, Telenomus euproctidis (Scelionidae), are strongly attracted to the
host’s (Tussock moth, Euproctis taiwana) sex pheromone. Both components
of the sex pheromone, (92)-16-methylheptadec-9-en-1-yl isobutyrate 23 and
16-methylheptadec-1-yl isobutyrate 24 were required for field trapping of the
parasitoids [74]. Differences in local strains of the parasitoids were also observed,
where parasitoids of Euproctis pseudoconspersa responded to racemic 10,14-di-
methylpentadecyl isobutyrate 25, but not to the E. taiwana component 23 [75].
Aphid parasitoids Aphidius ervi, Aphidius rhopalosiphi, and Praon volucre re-
sponded to (4a$,7S,7aR)-nepetalactone 26 and (1R,4aS,7S,7aR)-nepetalactol 27,
both components of the sex pheromone of many aphid species in the subfamily
Aphidinae [76, 77]. The parasitoids A. ervi and P. volucre responded only to the
(7S)-enantiomer of nepetalactone; the (7R)-enantiomer was neither attractive
nor antagonistic [78]. The parasitoid Trichogramma evanescens, which parasitizes
eggs of stored-product pests Ephestia spp.and Plodia interpunctella, is attracted
to the main sex pheromone component of the host, (9Z,12E)-tetradeca-9,12-di-
enyl acetate 28. The acetate 28 attracted and arrested female parasitoids that have
had previous oviposition experience [64]. Two species of parasitoids of sawfly
eggs responded to the sex pheromones of their hosts Diprion pini and Neodiprion
sertifer. In a four arm airflow olfactometer, Chrysonotomyia ruforum females
responded to the (28,35,75)- but not the (2S,3R,7R)-configuration of the acetate
of 3,7-dimethylpentadecan-2-ol 29. Dipriocampe diprioni females responded
to the acetate and propanoate of (25,3R,7R)-3,7-dimethyltridecan-2-ol 30 [79].
Trichogramma chilonis (Trichogrammatidae), an egg parasitoid, was attracted to
the sex pheromone of the diamondback moth, Plutella xylostella [80]. Strongest
responses were seen to the complete blend ((11Z)-hexadec-11-enal 31, (112)-
hexadec-11-en-1-yl acetate 32 and the alcohol 33 1:1:0.01), but the parasitoids
were also attracted to the acetate alone and to a mixture of acetate and aldehyde.
They were not attracted to the alcohol 33 component alone [80].

An example of a larval parasitoid that responds to the host sex pheromone
is seen with Cotesia plutellae (Braconidae), also a parasitoid of the diamondback
moth. These insects were attracted equally to the pheromone blend (31, 32, 33,
see above), the acetate 32, or aldehyde 31 components [80]. This larval para-
sitoid, however, was also strongly attracted to host frass volatiles, in particular,
dipropyl disulfide 34, dimethyl disulfide 35, allyl isothiocyanate 36, and di-
methyl trisulfide 37. In contrast, the egg parasitoid Trichogramma chilonis was
only weakly attracted to 36.In both, T. chilonis and C. plutellae, plant volatiles,
in particular (3Z)-hex-3-en-1-yl acetate 38, significantly enhanced attraction by
the pheromone [80].

Several other examples of host plant recognition by hymenopteran para-
sitoids have been described recently. Six species of aphid parasitoids, Aphidius
ervi, Trioxys sp., Praon sp., Aphelinus flavus, Lysiphlebus fabarum, and Aphid-
ius rophalosiphi were most strongly attracted to their host aphid in combination
with the damaged host plant [62]. For A. rhopalosiphi, three wheat volatiles were
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identified as attractants: (3Z)-hex-3-en-1-yl acetate 38, (3Z)-hex-3-en-1-ol 39,
and (2E)-hex-2-enal 40. A decomposition product of aphid honeydew, indole
3-acetaldehyde 41, was also identified as attractive [62]. Similarly, the larval par-
asitoid Microplitis crocipes (Braconidae) was attracted to green leaf volatiles:
hexanal, (2E)-hex-2-enal 40, (2E)-hex-2-en-1-0l 42 and its acetate, (3Z)-hex-3-
en-1-ol 39 and its acetate, propanoate and butyrate [81]. M. crocipes was shown
to exhibit EAG responses to 29 cotton plant volatiles, with $-ocimene 43 being
the most effective of the monoterpenes tested [82]. The larval parasitoid of var-
ious lepidopteran pests (Spodoptera spp., Heliothis spp.), Cotesia marginiventris,
was also attracted to the (32)-hex-3-enal, the alcohol 39, and the acetate 38 [61].
In addition, analytical and preparative GC were used to isolate corn plant
volatiles active in long-range attraction (as determined in a flight tunnel bio-
assay). Spectroscopic identification of active peaks revealed that linalool 44,
(3E)-4,8-dimethylnona-1,3,7-triene 45, indole 46, a-trans-bergamotene 47,
(E)-p-farnesene 48, (E)-nerolidol 49, and (3E,7E)-4,8,12-trimethyltrideca-1,3,7,11-
tetraene 50 are attractive to C. marginiventris [61]. The larval parasitoid Digly-
phus isaea attacks the American serpentine leaf miner (Liriomyza trifolii).
Olfactometric studies revealed that strongest parasitoid attraction occurred to
mined bean leaves. Leaf extracts and volatiles were collected, but no specific
compounds were identified as being responsible for the attraction [83]. Recently,
analysis of volatiles from whitefly-damaged bean plants has revealed increased
levels of (3Z)-hex-3-en-1-ol 39, (3E)-4,8-dimethylnona-1,3,7-triene 45, and oc-
tan-3-one 51. All three compounds were found to attract the whitefly parasitoid
Encarsia formosa [84]. Analysis of sawfly-damaged and jasmonic acid-treated
pine twigs revealed that more (E)-B-farnesene 48 was consistently released.
Both sawfly-damaged and jasmonic acid-treated pine twigs were attractive to
the sawfly egg parasitoid Chrysonotomyia ruforum [85].

Egg-deposition also can induce the host plant to emit volatiles that attract
egg parasitoids. For example, egg deposition by the elm leaf beetle (Xantho-
galeruca luteola) causes its host plant, the field elm (Ulmus minor), to release
a blend of mostly terpenoids that attract the egg parasitoid Oomyzus galleru-
cae (Eulophidae) [86]. Although the specific compounds that initiate the volatile
emission and that attract the egg parasitoid are unknown, the host plant
response can be induced with jasmonic acid.

One recent study addressed the response of a parasitoid to the host’s spacing
pheromone. Aphidius rhopalosiphi did not respond to the spacing pheromone
of one host, the cherry-oat aphid Rhopalosiphum padi, which consists of
6-methylhept-5-en-2-one 16, 6-methylhept-5-en-2-ol, tridecan-2-one and methyl
salicylate. These compounds did not attract or repel the parasitoid. Because the
aphid spacing pheromone can potentially be used to cause aphids to disperse,
the failure of the parasitoid to respond to the spacing pheromone makes si-
multaneous use of the spacing pheromone and the parasitoid possible in aphid
management [87].

Alarm signals produced by stressed hosts also attract parasitoids. For exam-
ple, stressed aphids (Aphidius sp.) were attractive to female parasitoids of two
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species: A. uzbekistanicus and A. volucre. The cornicle secretions, produced by
the aphids under stress, contain (E)-p-farnesene 48, which was found to be
weakly active in a Y-tube olfactometer. However, live stressed aphids were more
attractive than (E)-P-farnesene alone, suggesting the existence of other attrac-
tive compounds [88].

3.5
Multi-Level Interactions

Kairomones also play a role in hyperparasitism and multi-trophic interactions.
For example, Euneura augarus (Pteromalidae), a hyperparasitoid of conifer
lachnid parasitoids, utilizes volatile compounds released by the conifers for
both attraction to a host site and for host acceptance [44]. Recent studies sug-
gest that detection of the damaged host plant by a parasitoid is specific for
damage induced by its herbivorous host. Thus, corn seedlings damaged and
treated with N-(17-hydroxylinolenoyl)-L-glutamine (volicitin, a saliva compound
from Spodoptera exigua) were significantly more attractive to the parasitoid
Cotesia marginiventris than buffer-treated control plants. The blend of volatiles
released was significantly different between the volicitin and buffer-treated
plants and the total amount of volatiles, in particular indole 46, (3E)-4,8-
dimethylnona-1,3,7-triene 45, and (E)-p-farnesene 48, was much higher in the
volicitin treated plants [89]. This type of tritrophic interaction was clearly de-
monstrated to be host-specific in the case of Cardiochiles nigriceps,a parasitoid
of Heliothis virescens. Plants (tobacco, cotton, or corn) infested with H. virescens
emitted a different blend of volatiles than plants infested with H. zea. The plants
infested with H. virescens attracted significantly more C. nigriceps females than
plants infested with H. zea [90].

Detection of the hyperparasitoid by the primary parasitoid has also been re-
cently described. The parasitoid Aphidius uzbekistanikus detects trans-fused
iridoids 21 produced by females of the hyperparasitoid A. victrix as part of their
defensive cephalic gland secretion. The iridoids cause avoidance behavior in
A. uzbekistanikus [46].

4
Social Hymenoptera

4.1
Introduction

Most social insects are found in the order Hymenoptera. Sociality in insects is
defined by the presence of one or more of the following traits: (1) individuals
of the same species cooperate in caring for the young; (2) there is a reproduc-
tive division of labor, with usually sterile individuals working on behalf of fe-
cund individuals; and (3) there is an overlap of at least two generations in life
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stages capable of contributing to colony labor, so that offspring assist parents
during some period of their life [4]. The number of these traits a species pos-
sess defines the level of sociality. Eusocial insects exhibit all three traits, whereas
presocial insects exhibit some but not all of these traits. Most of the social
hymenoptera are found in the Aculeata (Table 1). Some species of bees (Apoidea),
wasps (Vespidae), and all ants (Formicidae) are eusocial. Presocial hymenoptera
are represented in several families. Although only a small fraction of the hymen-
opteran species are social, the increased complexity of communication requires
an abundance of semiochemicals that have intrigued (and frustrated) chemical
ecologists for decades [4]. As a result, pheromones from social hymenoptera
account for most of the chemical identifications in this order (for overview,
see [7]).

Most social hymenoptera have a reproductively dominant female - the
queen. Thus, chemical cues can originate from the queen, workers, brood, and
males. These different members of the colony may coordinately regulate the
behavior or physiology of other colony members, making for an interesting and
complex communication system. The particular response to a pheromone can
be classified into one of the following twelve functional categories [6] but will
be grouped by source in the discussion below:

. Alarm

. Simple attraction

. Recruitment, as to a new food source or nest site

. Grooming

. Trophallaxis (exchange of oral and anal liquid)

. Exchange of solid food particles

. Group effect: either facilitating or inhibiting a given activity

. Recognition of both nestmates and members of particular castes, includ-
ing discrimination of injured and dead individuals
9. Caste determination, either by inhibition or by stimulation

10. Control of competing reproductives

11. Territorial and home range signals and nest markers

12. Sexual communication, including species recognition, sex recognition, syn-

chronization of sexual activity,and assessment during sexual competition

O NN O W

Although many chemicals have been identified, much research is still needed
to identify the semiochemicals involved in the many semiochemical-mediated
responses observed in social hymenoptera. The chemical communication in
wasps [9] and ants [8] has recently been reviewed. The semiochemicals recently
identified in social hymenoptera are summarized in Table 5 and Fig. 3, and
some examples are discussed in detail below.
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4.2
Queen Pheromones

The queen is usually reproductively dominant within the colony and uses chem-
ical cues as both primer and releaser pheromones to suppress the production
or fecundity of other sexuals, inhibit reproduction by worker castes, modulate
reproductive behaviors (e.g., inhibit swarming and orient swarms), attract
males, regulate worker tasks and worker ontogeny, and produce host repellents
in slave-making species. Considering the importance of queen semiochemicals
in social hymenoptera, few queen pheromones have been chemically identified.
The queens of most social hymenopteran colonies are attractive to workers,
allowing them to be properly tended as well as to facilitate the dissemination
of other pheromone cues. However, the retinue pheromone has been chemically
identified in very few species. In the 1980s, queen pheromone components were
identified in the fire ant, Solenopsis invicta [91, 92], and in the Pharaol’s ant,
Monomorium pharaonis [93].

Although the first component of the honey bee (Apis mellifera) retinue
pheromone, (2E)-9-oxodec-2-enoic acid 52, was identified from queen man-
dibular glands more than 40 years ago [94, 95], this retinue pheromone has
been better understood only recently. In 1988, a total of five synergistic com-
ponents were identified from queen mandibular glands, adding (2E)-9-hy-
droxydec-2-enoic acid (71:29 (R)-(-):(S)-(+)) 53, methyl 4-hydroxybenzoate
54, and 4-hydroxy-3-methoxyphenylethanol 55, dubbed queen mandibular
pheromone (QMP) [96]. However, this was not the complete pheromone; ad-
ditional retinue activity originates from the head [97]. However, identifying
additional components was difficult because head extracts also contain highly
attractive QMP. Fortunately, the retinue response to QMP is a heritable trait,
allowing the selective breeding of workers that respond poorly to synthetic
QMP while still responding strongly to their queen [98]. By using these work-
ers in a retinue bioassay, four additional active components have recently
been identified, methyl oleate 56, (2E)-3-(4-hydroxy-3-methoxy)-prop-2-en-
1-0l 57, hexadecan-1-o0l 58, and linolenic acid 59 [99]. Thus, retinue attraction
is attributed to at least nine synergistic components now called queen retinue
pheromone (QRP). Although the potential these nine components have to
elicit other responses in the colony has only begun to be studied [100], syn-
thetic QMP has already been found to elicit many other responses (Table 5).
Chemicals with multiple pheromonal roles are common in social insects
[101].

In bumblebees, the queen is thought to modulate the onset of worker re-
production by regulating JH biosynthesis in workers [102]. The cuticle wash or
whole body extract of Bombus terrestris bumblebee queens inhibits JH biosyn-
thesis in workers. However, no specific gland extract, or synthetic compound
identified from the mandibular gland, have proven effective [103]. Analogously,
the queen of the ponerine ant Pachycondyla apicalis regulates the switch from
trophic to reproductive worker-laid eggs [104].
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Although many queen-produced pheromones are actively being studied in
ants, particularly in the fire ant (Solenopsis invicta) [10, 105-110], chemical
identifications remain elusive. However, there have been a few recent advances
in ants. The queen of the slave-making species Polyergus rufescens produces de-
cyl butanoate 60 that repels host workers when upsurping a colony [111]. Males
of Formica lugubris are attracted to alate queens by undecane 61, tridecane 62
and (4Z)-tridec-4-ene 63 [112].

4.3
Worker Pheromones

Within Hymenoptera, pheromones produced by workers in social colonies
are the best studied across many genera, principally in ants [6], with those
eliciting trail following most extensively studied. The distinct behavior and
the relative ease of the bioassay have resulted in chemical identifications in
many species [113,114]. Those that have been recently identified are listed in
Table 5.In addition, several alarm and recruitment signals have recently been
identified. Many of the compounds recently identified in ants have previously
been reported as trail or alarm pheromones in other ant species. For example,
methyl 4-methylpyrrole-2-carboxylate 64, 3-ethyl-2,5-dimethylpyrazine 65,
(9Z)-hexadec-9-enal 66, 4-methylheptan-3-ol 67, and methyl 6-methylsalicy-
late 68 have been identified as trail pheromone components, and heptan-2-one
69, 4-methylheptan-3-one 70, formic acid 71, undecane 61, 4-methylheptan-3-
ol 67, methyl 6-methylsalicylate 68, and citronellal 72 have been identified
as alarm pheromone components [6]. The use of the same chemicals across
genera, with some used for very different functions, is an interesting phe-
nomenon.

Workers are often cited as the source of nestmate or kin recognition cues
(e.g., [115]). Many GC analysis studies have shown that the cuticular hydro-
carbon profiles are different between nestmates and non-nestmates. However,
only recently have specific hydrocarbons, 7-methylnonacosane 73, 11-methyl-
nonacosane 74, (11Z)-nonacos-11-ene 75, (11Z)-hentriacont-11-ene 76, and
(9Z)-nonacos-9-ene 77, been shown to mediate nestmate recognition in the
paper wasp, Polistes dominulus [116].

Many interesting worker-produced pheromones have recently been docu-
mented but have not been chemically identified. For example, in ants of the
genus Diacamma, which lack a queen caste, wingless reproductive workers
use a sex pheromone to attract mates [117]. Workers may also influence the
physiology of other members of the colony, such as in the honey bee, where
older foragers influence the ontogeny of age-related division of labor in
younger workers [118]. Foraging bees, such as bumblebees [119], also appear
to chemically mark flowers they have visited to temporarily prevent con-
specifics from visiting a flower depleted of its nectar. Much research remains
to be completed in order to fully understand worker pheromones in social
hymenoptera.
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4.4
Brood Pheromones

Although the immature members of most social hymenopteran colonies likely
produce pheromones that modulate the behavior or physiology of their nest-
mates, only in the honey bee have these chemical cues begun to be identified.
A blend of methyl and ethyl palmitate, stearate, oleate, linoleate, and linolenate
56, 78-84a,and 90 first shown to attract the parasitic Varroa mite [120], also has
been shown to have several pheromonal effects within the colony. These effects
include inhibiting the ovarian development of workers [121, 122], increasing
the number of pollen foragers while decreasing workers’ response threshold to
sucrose [123], and delaying the onset of worker foraging by suppressing the
worker juvenile hormone (JH) hemolymph titer [124]. Some of these esters,
particularly from brood destined to become queens, also change the behavior
and physiology of the bees that care for the brood (Table 5). The recent iden-
tification of many of these esters in adult queens suggests that the queen and
brood may use the same semiochemicals to coordinately modulate the behav-
ior and physiology of colony members [99].

An example of an uncharacterized chemical cue from ant brood occurs in the
obligatory slave-making ant, Polyergus breviceps. Pupae of this species are cared
for by their enslaved host worker, while pupae of other species are consumed [125].

4.5
Male Pheromones

Although not studied extensively, males of social hymenoptera certainly pro-
duce pheromones. Male ants produce aggregation pheromones that attract both
sexes to mating areas [6] as well as cause virgin alates to disperse from their col-
ony [6]. However, these have not been chemically elucidated.

Bumblebee males mark objects on their flight paths with secretions from the
labial glands [126, 127]. Although these marks can be attractive to both males
and virgin queens, and are chemically well characterized in several species, the
specific components responsible for attraction remain unknown.

4.6
Chemical Mimicry

Social hymenoptera must contend with other organisms chemically mimick-
ing a semiochemical to gain advantage. Chemical mimicry may result from the
organism biosynthesizing the compounds themselves or simply acquiring the
chemical odor of the host colony once inside. The many interactions are well
reviewed [4, 6,128] and include mimicry by hymenoptera of the same or dif-
ferent species, other arthropods, and even orchids.

In the honey bee, two related examples have recently been examined. Egg-
laying workers within a colony partially mimic the queen’s attractive secretions
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[129]. In the two sympatric races of honey bee in South Africa, queen-mimick-
ing workers of Apis mellifera capensis invade queenright A. m. scutellata colo-
nies and become a reproductive parasite. These pseudoqueens are not removed
by workers or suppressed by the resident queen, and lay eggs that are acceptable
to the colony [130]. Interestingly, these pseudoqueens may also fight to the death
with the resident queen as multiple virgin queens do in a typical colony [131].

An example from ants is the acceptance of the caterpillar of the parasitic
butterfly Maculinea rebeli by its host Myrmica schencki [132]. The caterpillar
chemically mimics ant larvae and, in its final instar, drops from its food plant
and waits for a foraging ant worker to bring it to the brood chambers of the
host colony [133].

Flowers of some orchids mimic both the appearance and sex pheromone of
virgin females of certain species of bees or wasps. This sexual deception results
in pollination by male hymenoptera that would not normally visit flowers.
Japanese honey bee drones (Apis cerana japonica) cluster on the oriental orchid
(Cymbidium pumilum) while on their mating flights [134]. By comparing volatile
profiles of orchids and the female hymenoptera they mimic, or by GC-EAD and
GC-MS analysis of orchid volatiles, several compounds have been identified
that may mediate this attraction for the solitary bee Andrena nigroaenea [135,
136] and the scoliid wasp Campsoscolia ciliata [135].

5
Chemical Diversity and Biochemistry

As can be seen in the tables and figures, the diversity of semiochemicals in
Hymenoptera is outstanding. The large variation in polarity, volatility, func-
tional groups, and stereochemistry mirrors the variety of situations that hy-
menoptera use semiochemicals. To date, no carbohydrate or proteinaceous
semiochemical has been identified in Hymenoptera, although proteins have
been implicated in the queen fire ant, Solenopsis invicta [109] and in the par-
asitoid Aphidius ervi (see above). There are many instances where identical
compounds are used in different species for very different purposes. Many
pheromones consist of multi-component blends. In some cases, strong synergy
is seen between components, a situation that challenges our goal to fully un-
derstand a chemical cue.

The repertoire of chemicals that can be used for communication is limited
by the biosynthetic ability of the insect. Compared to other insect orders,
pheromone biosynthesis in Hymenoptera has received little study [191]. How-
ever, the biosynthetic origins of chemically diverse hymenopteran semio-
chemicals likely include aromatic, fatty acid, and terpenoid pathways as well as
simple modifications of host-derived precursors. Notable recent studies include
the biosynthesis of the fatty acid components (2E)-9-oxodec-2-enoic acid 52
and (2E)-9-hydroxydec-2-enoic acid of the honey bee queen mandibular pher-
omone from octadecanoic acid [192, 193], and the aliphatic alcohol and ester
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marking pheromones of bumblebee males from hexadecanoic acid [194]. Pher-
omone biosynthesis in Hymenoptera will likely prove to be a productive area
of study in the future.

6
Looking to the Future

In preparing this review, it became clear just how much remains chemically
unknown about the semiochemicals of hymenoptera. The use of semiochem-
icals has been postulated in most hymenoptera studied and the behavioral or
physiological effect of extracts or washes have been examined in many species.
In addition, there are many exhaustive reports of the chemical identification of
the constituents of a particular gland or extract postulated to be involved in
pheromone communication. However, for all these investigations, very few at-
tempt to assign a biological activity to particular chemicals through biological
testing. Since many pheromones are multi-component blends of synergistic
components, with the possibility of originating from more than one glandular
source, it is most worthwhile to use a bioassay-guided approach to isolate
and identify the chemical(s) responsible. The synergy between chemists using
modern, highly sensitive, analytical techniques and biologists conducting ro-
bust and sensitive bioassays is necessary to make progress in this area.

Although the traditional methods of semiochemical discovery and identifi-
cation should not be neglected [195], the recent advances in molecular biology
provide opportunities to study semiochemicals in different, and often more
powerful, ways. For example, rather than examining general ovarian develop-
ment in worker honey bees exposed to queen pheromone, the expression of
specific genes involved in ovarian development might be monitored. Although
a hymenopteran pheromone has not yet been chemically identified with such
techniques, these techniques are being used to study the effects of previously
identified pheromones. For example, cDNA microarrays have been used to
identify genes involved in queen pheromone-mediated changes in the behavior
and physiology of worker honey bees [145,196,197]. At the time of this writing,
sequencing of the honey bee genome nears completion. In addition to being the
most economically important beneficial insect, this eusocial hymenopterid is
a perfect model organism to study the molecular biology, biochemistry, and
genomics of semiochemicals in Hymenoptera, and the genome will lay the
groundwork for such studies.

With adequate resources and effort, the tools are available to chemically iden-
tify many more semiochemicals in Hymenoptera. Much is still to be understood
about the chemically-mediated communication in this large and diverse insect
order. In addition, because many hymenoptera are significant beneficial or pest
insects, and the use of semiochemicals in the management and monitoring of
insects is becoming standard, the identification of additional semiochemicals
in Hymenoptera is an economically worthwhile endeavor.
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Abstract The diverse habitats of the marine environment and the adaptation required to live
either in the open water or attached to a substrate resulted in various defense strategies. This
review covers different ways how organisms from the plankton can maintain a chemical
defense as well as the dynamic chemical defense strategies of benthic organisms. It opens
with a detailed discussion of recent studies of chemical defenses among organisms floating
in the open water. These defenses include the production of toxins by harmful algal blooms
as well as the rapid production of defensive metabolites from non-toxic precursors upon cell
disruption. A comprehensive account of recent advances in the field of dynamic chemical
defense strategies of benthic organisms is then presented. It includes the known examples
of activated defense based on the enzymatic transformation of storage metabolites as well
as induced chemical defense strategies. These strategies depend on the recognition of sig-
nals from an herbivore or pathogen, followed by the up-regulation of the biosynthesis of
metabolites involved in the chemical defense.

Keywords Marine chemical defense - Activated defense - Induced defense - Plankton -
Chemical ecology

List of Abbreviations

DMS  Dimethylsulfide

DMSP Dimethylsulfoniopropionate
DSP  Diarrhetic shellfish poisoning
PSP Paralytic shellfish poisoning
PUFA Polyunsaturated fatty acid

1
Introduction

The ocean is a rich source of natural products, and their structural variety has
inspired numerous chemists and chemical ecologists. Comprehensive reviews
exist on the structure and occurrence, biosynthesis, and biological activity of
marine natural products (see, e.g., [1-5]). An excellent book published in 2001
that deals exclusively with marine chemical ecology highlights different aspects
of chemical communication and chemical defense [6]. It would be impossible to
cover all aspects of chemical defense in this environment, and thus this contri-
bution will focus on a few selected aspects that have been under intense research
and discussion in recent years.

One major objective of this review is to summarize findings from the grow-
ing field of chemical defense of pelagic organisms (living in or frequenting the
open ocean). This topic is stimulating controversial but fruitful discussion about
methods for elucidating chemical defensive principles and modeling their mode
of action.

From the large body of literature about chemical defense in the benthic
environment (benthos: the bottom of the sea and the littoral zones), only a few
aspects can be highlighted here. The selection of examples from the benthos
will focus on dynamic defense reactions including fast wound-activated and
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induced defense strategies. This field is well established in the terrestrial envi-
ronment, while the investigation of these processes in marine organisms is just
beginning.

Other work in this field like the well investigated effects of whole organism
or tissue extracts against potential herbivores or pathogens will not be covered
here but are reviewed elsewhere (see, e.g., [6]). Several studies have addressed
the biosynthesis of defensive compounds by questioning precursors or mech-
anistic aspects of biosynthesis but rarely has the regulation of product forma-
tion been a focus (for reviews on the biosynthesis of marine natural products
see, e.g., [3,7]). Our knowledge of the production, storage, and transformation
of microbial metabolites is also advanced but will not be reviewed here. Ques-
tions include, for example, the role of symbiotic associations in the defense of
sponges or the effects of secondary metabolites on the structure of microbial
communities (e.g., [8-10]).

2
Chemical Defense of Plankton

Plankton comprises the free-floating organisms that live in the open water.
Global CO, fixation resulting from primary production is shared equally bet-
ween terrestrial contributions and organisms from the sea [11, 12]. Of the ma-
rine organisms that are able to perform photosynthesis, those belonging to the
plankton (phytoplankton) are by far the most important. Diatoms and small
flagellates dominate this group. Other algal taxa, such as coccoliths and larger
dinoflagellates, can contribute significantly to primary production as well.
All these phototrophic unicellular organisms are at the bottom of the marine
food chain and serve as a major food source for herbivores such as crustaceans,
ciliates, and protozoan feeders. These heterotrophic organisms represent the
base for higher trophic levels, including planktivorous and piscivorous fish
(Fig. 1) [13].

Although the environment in the open ocean or the coastal waters appears
homogenous, thousands of different species can co-exist in a cubic meter of the
water column. The apparent contradiction between species-richness and lim-
ited factors for competitive exclusions resulted early on in the formulation of
the “paradox of the plankton” [14]. The diversity can be explained at least par-
tially by oscillating resource limitations [15]. In addition, pelagic evolution is
seen to be ruled by the development of different defense strategies. This “watery
arms race” [16] includes the protection of cells by remarkably strong silicified
cell walls as found in diatoms [17], by the formation of large colonies that can-
not be absorbed by the comparably small herbivores, and by the generation of
voluminous gelatinous cell walls [18]. Besides these mechanical strategies, the
defense of phytoplankton can also be accomplished by noxious chemicals. In
contrast to the benthic environment (where species interactions can often be
followed by observation, and laboratory bioassays are well established), little is
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Fig.1 Generalized pelagic food web [13]. The old view of a simple food chain (vertical line
in this figure) with phytoplankton (mainly diatoms) at the base, herbivorous mesozoo-
plankton (mainly copepods) at the second trophic level, and planktivorous fish has been
extended to a pelagic food web including nanoplankton (<20 pm), picoplankton (<2 pm),
and their protozoan feeders (lower left). Herbivorous tunicates and jellyfish as primary
carnivores also play a role, as do mixotrophic flagellates. The main pathway of energy flow
depends on the nutrient scenarios [13]. DOC=dissolved organic carbon, HNF=heterotrophic
nanoflagellates. From [13] with permission of Kluwer Academic Press

known about the chemical ecology of plankton. This is partly due to the fact
that interactions are very complex and occur among numerous microscopically
small species. Accordingly, appropriate bioassays reflecting the situation of
pelagic life forms in their environment are difficult to design. Moreover, the
methodological limitations that are encountered during elucidation of the
nature of dilute signal molecules in the free water hamper the understanding
of chemically mediated dynamics in the plankton. Even after structure eluci-
dation, isolation, or synthesis of the active metabolites, it is difficult to conduct
ecologically realistic bioassays on their effects in the ecosystem. The compounds
are often held in the cells and not released into the water. Bioassays reflecting
this situation would make use of artificial diets coated or loaded with specific
toxins, yet they are not a routine procedure in plankton ecology. Lacking
appropriate methods, bioassays based on the direct administration of com-
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pounds to the water are the main source of direct information about the toxi-
city, feeding deterrent properties, and allelopathic potential of chemicals. Most
current studies give thus only indirect evidence for the involvement of signal
molecules in the plankton obtained after monitoring population dynamics in
the field or in the laboratory.

The following sections summarize our sparse knowledge about chemical
defense in plankton and outlines the role that defensive metabolites can play in
this ecosystem.

2.1
Constitutive Chemical Defense of Phytoplankton

2.1.1
Toxic Marine Phytoplankton

Harmful algal blooms, namely mass occurrences of phytoplankton species that
produce compounds toxic to fish and other top-consumers such as human
beings, are increasing in frequency worldwide [19,20]. These blooms can have
dramatic impacts on ecosystems by causing massive fish kills. After accumu-
lating in, for example, shellfish, these compounds are also frequently poisoning
marine mammals or humans [21,22]. Harmful algal blooms can thus have sub-
stantial economic impact by forcing fisheries to shut down or by discouraging
tourism. Due to these sometimes dramatic effects of algal toxins, numerous
studies have been performed on the structure and toxicity of bioactive metabo-
lites from cyanobacteria [19], dinoflagellates, and other phytoplankton species
[21]. In addition, several pharmacologically interesting properties of harmful
algal bloom toxins have encouraged an intense search for new lead-structures
and led to the discovery of numerous interesting metabolites. Although these
toxins have drastic effects on higher consumers, there is little evidence to
suggest they poison herbivorous zooplankton and thus contribute directly to
reduced grazing pressure [20, 23]. Ingested toxins might interfere with diges-
tive processes or cause an enhanced energy expenditure of algal consumers due
to requirement for detoxification [24], but often these organisms are unaffected
by the toxins. Since some zooplankton species can accumulate toxins from phy-
toplankton primary consumers, they might even serve as vector for these me-
tabolites to higher trophic levels [25-27]. Thus, in many cases the ecological
reasons for phytoplankton toxicity are not clear.

Discussion about the action of toxins is ongoing. Post-ingestion toxic effects
can reduce the population or fitness of herbivores, but only the whole algal com-
munity is protected, not the single individuals or species. The single individual
would only benefit from a defensive mechanism that is based on the release or
exposure of feeding deterrent metabolites. Once these are detected by the her-
bivores, behavioral changes can be induced, including cessation of feeding or a
selection for non-toxin producers. Only this strategy provides direct advantages
without requiring food uptake by the consumers.
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Due to the lack of bioassays that mimic the situation of toxin-containing food
particles, most of the work has been performed on herbivores that feed on
diets of phytoplankton species with different degrees of toxicity. This has led
to multiple variant parameters, not allowing the direct comparison of effects
due to the varying toxin contents. In a few cases, these studies have the advan-
tage of being able to directly compare different clones of one species with vari-
able toxicities but otherwise comparable biochemical composition. There, the
effect of the toxins can be determined without overlaying effects due to dif-
ferent nutritional quality of the food.

2.1.1.1
Paralytic Shellfish Poisoning Producers

Some dinoflagellates of the genus Alexandrium produce neurotoxic compounds
known as paralytic shellfish poisoning (PSP) toxins. Because these toxins can
contaminate filter-feeding shellfish they may threaten public health and create
economic problems for fisheries. PSP-toxins include at least a dozen saxitoxins,
neosaxitoxins, and gonyautoxins (Scheme 1).

saxitoxin: Ry, Ry, R3=H (1)
neosaxitoxin: Ry = OH; Ry, Rz = H (2)
gonyautoxins: Ry = H or OH;

Ry, Rz =H or OSO3 (3, 4)

Scheme 1 Paralytic shellfish poisoning toxins

These heat-stable Na* channel blockers inhibit nerve conduction and cause
relaxation of smooth muscles and paralysis in mammals. In contrast, their effect
on herbivores feeding directly on these dinoflagellates appears to be highly
species dependant. Certain copepods have been observed to ingest high rates
of toxic Alexandrium spp. with no apparent physiological effects [24, 28]. Al-
though toxic effects are not fatal for the herbivores the feeding process can
be influenced by PSP-toxins. If offered a choice between toxic and non-toxic
Alexandrium spp. that are virtually identical in respects other than the toxin
levels, copepods can perform discriminatory feeding on the non-toxic strain
based on chemosensoric recognition [29]. Rejection or avoidance of certain
toxic dinoflagellates including Alexandrium spp has also been observed in
other studies [30,31] PSP toxins can disable coordinated feeding by copepods
as well, thereby reducing food uptake. That these effects can strongly depend
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on the species and history of the copepod was demonstrated by Colin and Dam.
They compared the response of copepods from different geographic locations,
one of which had most likely never been exposed to toxic blooms, while the
other had regularly encountered toxin containing Alexandrium [32,33]. Toxic
Alexandrium spp. reduced the feeding rates of grazers from populations na-
tive to Alexandrium blooms but not those of grazers from populations that are
regularly exposed to the blooms. The authors conclude that a resistance to the
toxins might have evolved in the previously exposed copepods, while direct
toxicity causes the reduced food uptake in the native species.

2.1.1.2
Polyether-Toxin Producers

Polyether polyketides are an unusual class of complex metabolites from dino-
flagellates (Scheme 2). These all-trans-fused linear ring systems exhibit inter-
esting structures with specific pharmacological activity. Brevetoxins like 5 or
6 were the first members of this structure class to be discovered [34, 35]. Breve-
toxins are lipid-soluble neurotoxins that exert their biological effects by, e.g.,
binding to the sodium channels of neurons, keeping them open and thereby
causing depolarization of the cell membrane.

The toxic or feeding deterrent effects of polyether toxins towards herbivores
have not been directly investigated with pure compounds. Nevertheless, indi-
rect evidence exists that these polyketides can directly influence interactions
between dinoflagellates and their consumers. In a comparative study Huntley
et al. found that copepods rejected four out of fourteen dinoflagellate species
tested. Among them, the brevetoxin (5, 6)-producing Gymnodinium brevis and
the yessotoxin (7)-producing Protoceratium reticulatum [30, 36]. If taken up,
G. brevis caused elevated heart rates and loss of motor control in the herbivores.
Ingestion of P. reticulatum initiated regurgitation of the gut content. This rejec-
tion is obviously based on the recognition of chemical cues, since it was also
induced by aqueous extracts of the rejected dinoflagellate species [30, 36].

Additionally, G. brevis can have deleterious effects on subsequent generations
of herbivores. Copepod development was severely impaired when G. brevis-con-
taining diets were administered. Feeding on these diets by adults resulted in off-
spring with impaired development past the first feeding stage [37]. Whether or
not this effect is due to the Na* channel activator brevetoxins (5) and (6) has not
been addressed.

Food uptake of the copepod Eurytemora affinis was not reduced in the pres-
ence of bloom-forming Prymnesium patelliferum, known to produce the re-
markably complex prymnesins 1 (8) and 2 (9). However, mortality of copepods
was high when elevated concentrations of P. patelliferum were present. Since the
effect was related not to ingestion rates but to the number of cells of the alga in
the assay volume, toxic exudates were concluded to be the cause [38]. This toxi-
city is again highly specific for different isolates, since toxin-level in P. patelliferum
varies in relation to geographic origin and growth conditions [39].
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Scheme 2 Polyether toxins form red tide dinoflagellates
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2.1.1.3
Studies with Purified Metabolites

Surprisingly few studies have been performed with purified toxins. When
added externally to the water, toxins of various origins were tested on the cope-
pod Tigriopus californicus. The protein phosphatase inhibitor okadaic acid
(17) from red tide dinoflagellates [22] and the neuronal depolarizing agent do-
moic acid (10) from diatoms [40, 41] had different effects on the herbivores
(Scheme 3). Micromolar concentrations of okadaic acid (17) acted both as toxin

COOH

domoic acid (10)

Scheme 3 The diatom-toxin domoic acid

and feeding deterrent. Comparable concentrations of domoic acid (10) were
not effective as feeding deterrent yet were toxic to the copepods [42]. In the
same setup, the apo-fucoxanthinoids 11-14, isolated from the diatom Phaeo-
dactylum tricornutum [43,44], acted solely as feeding deterrents but exhibited
no direct toxicity (Scheme 4). Since structurally unrelated metabolites caused
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Scheme 4 Structures of apo-fucoxanthinoids isolated from the diatom Phaeodactylum tri-
cornutum. 11 apo-10’-fucoxanthinal, 12 apo-12’-fucoxanthinal, 13 apo-12-fucoxanthinal,
14 apo-13’-fucoxanthinone

comparable behavioral changes, this comparison illustrates the ability of cope-
pods to perceive different chemical signals from their environment.

The observed toxicity seems to depend strongly on the form of toxin expo-
sure. In contrast to the findings obtained with dissolved toxins, no feeding re-
sponses or toxicity in copepods were observed when the diatom-toxin domoic
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acid (10) was administered with particulate matter [45]. More indirect infor-
mation about the influence of 10 was obtained by comparison of different
species of the diatom Pseudo-nitzschia which were administered to krill. Dif-
ferent feeding responses were observed in the presence of the nontoxic P. pun-
gens compared to the domoic acid-producing Pseudo-nitzschia multiseries.
However, no direct toxic effects to the herbivores were observed. The krill spe-
cies Euphausia pacifica responded to the presence of non-toxin-producing
P. pungens with constant feeding rates, while domoic-acid-producing P. multi-
series resulted in an alternating feeding/non-feeding pattern. For the first 6 h
interval, E. pacifica ingested as many toxic P. multiseries as non-toxic P. pungens,
but for the next 6 h interval they stopped feeding. This alternating food up-
take was continued for 24 h. The influence of the toxin itself is not clear, since
no assays with administered toxins in neutral particulate matter were per-
formed [46].

In summary, evidence of how phytoplankton toxins function as direct chem-
ical defense against grazers is still contradictory and the ecological functions
of these toxins are still poorly understood. The highly variable findings among
studies with different herbivores indicate that adaptations against toxic com-
pounds might have evolved in specific cases and that thus no general effects of
toxins can be deducted from single studies.

2.2
Allelopathic Effects of Algal Toxins

Other roles for noxious metabolites produced by certain phytoplankton species
include mediation of allelopathic interactions [47]. Allelopathy covers bio-
chemical interactions among different primary producers or between primary
producers and microorganisms. These can provide an advantage for the producer
in the competition among different photoautotrophs for resources. Although not
directly involved in chemical defense, allelopathic metabolites can affect the
dominance and succession of species in phytoplankton; therefore they are cru-
cial for understanding plankton composition. In contrast to the fresh water
environment, the location of many studies on the role of allelopathic interactions,
which have identified active compounds [47], only few studies have addressed
this topic in the marine environment.

Incubation of five microalgal species with micromolar concentrations of the
diarrhetic shellfish poisoning (DSP) toxins okadaic acid (17) and dinophysis-
toxin 1 (DTX-1 (17a)) inhibited the growth of four non-toxin-producing species
at micromolar concentrations. In contrast, the producer of 17 and 17a, the
dinoflagellate Exuviaella lima (or Prorocentrum lima), was not affected even at
elevated concentrations [48]. Despite the fact that the concentrations used were
very high compared to the nanomolar toxin level in stationary E. lima cultures
[49], the different effects on producers and non-producers suggests that toxins
may play an allelopathic role and raises questions regarding strategies for
avoiding autotoxicity [48].
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In E. lima the storage form of the toxins is the hydrophilic trisulfated DTX-4
(15) [50,51], which can be transformed within minutes into the okadaic acid diol
ester (16) by culture filtrates of E. lima or intact E. lima cells (Scheme 5). Both
compounds are less active than okadaic acid (17) itself, which is slowly released
by esterases acting on okadaic acid diol ester (16) after prolonged incubation
[52].In independent experiments, culture medium of E. lima added to a dinofla-
gellate assemblage proved to be an active growth inhibitor for all species. This
effect could not be attributed exclusively to okadaic acid (17), because active frac-
tions obtained by HPLC did not contain any of the okadaic precursors 15, 16 or
okadaic acid (17) itself [49]. The nature of the signal will have to be verified by
bioassay-guided structure elucidation of the unknown active principles.

Interestingly, okadaic acid diol ester (16) in the culture medium is oxida-
tively transformed into the more hydrophilic metabolites 18-20 by intact cells
of the diatom Thalassiosira weissflogii [52, 53]. This transformation is specu-
lated to change the toxic metabolite with allelopathic activity into a less toxic
transport form that can be better excreted by the diatom.

o}
Ry=H,R,=-CHz_~__~
MO N OH 0SO:H  OH
0S0OzH
fast hydrolysis OHos0,H
l by E. lima DTX-4 (15)
Ry=H Ry = -CHy o _~ okadaic acid-
f\A/\OH diolester (16)
slower hydrolysis oxidative transformation
by E. lima by Thalassiosira weissflogii
Ri=H,Ry= -CHy_~ _~
R: = H, R, = H; okadaic acid (17) r\/Y\OH 18
OH
Ry =CHjs, R; =H, DTX-1 (17a) (0]

R;=H, R, =-CH 19
1 2 ZWOH
Ri=H,Ry= —CHzﬁ 20

HO

Scheme5 Release of okadaic acid (17) from less toxic precursors by E. lima (left). Oxidative
transformation of okadaic acid diol ester (16) by the diatom Thalassiosira weissflogii (right)
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2.3
Activated Chemical Defense in Phytoplankton

In contrast to the above-mentioned toxins that have adverse effects on human
health, several more subtle ways of maintaining a defense against grazers are
known from phytoplankton [18,54]. These defense strategies rely not on heav-
ily toxic metabolites but rather on a dynamic realization of the chemical de-
fense, according to which defensive compounds are produced from storage
forms upon cell disruption. This strategy was initially identified in higher plants
and can be seen as a wound-activated defense. Pre-formed metabolites are
rapidly transformed into more toxic or highly reactive defensive principles
after tissue disruption [55]. Activated defense has to fulfill three criteria defined
by Paul and Van Alstyne [56]:

1. A less potent stored metabolite is transformed into a more potent one

2. The process takes place within seconds or few minutes

3. One or a few enzymes usually mediate the conversion; slight structural
changes in the metabolites can markedly enhance potency of chemical de-
fenses

In higher plants mechanisms of this type of defensive reactions are investigated
in detail. Most plants rely on a compartmentalization of the storage forms of
aggressive metabolites and enzymes, releasing the defensive metabolites after
tissue disruption. This strategy diminishes the potential risk of self-toxicity and
allows the use of labile, aggressive metabolites that cannot be stored in the
tissue. In plankton this strategy may also be a way to overcome the limitations
through dilution effects of defensive metabolites, since the compounds in
question are only released locally around feeding herbivores. In contrast to the
reliance of higher plants on pre-toxins, the examples hitherto known from
phytoplankton represent cases in which metabolites that play important roles
as primary metabolites during normal cell growth are transformed to defen-
sive principles after cell disruption.

2.3.1
B-Dimethylsufoniopropionate and its Lyase Products
as a Grazing-Activated Defense of Phytoplankton

A dynamic defense model that seems to be widespread among marine algae
involves the cleavage of B-dimethylsufoniopropionate (DMSP) (21) by the en-
zyme DMSP-lyase resulting in dimethylsulfide (DMS) (22) and acrylate (23)
(Scheme 6).

DMSP (21) is produced by many marine micro- and macroalgae and is es-
pecially prominent in dinoflagellates and haptophytes. The nontoxic DMSP (21)
fulfills multiple cellular functions including cryoprotection, the involvement as
osmolyte in osmoregulation and as a methyl donor in transmethylation reac-
tions [18].
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CH; DMSP-lyase

st = H,C”
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Scheme 6 The DMSP-lyase reaction

Lysis of ingested prey cells initiates mixing of algal DMSP (21) and the enzyme
DMSP-lyase. The release of the volatile DMS (22) into the medium signals the
occurrence of this activity. If the unicellular haptophyte alga Emiliania huxleyi
was fed to the protozoan predator Oxyrrhis marina, DMS-release resulting
from the lyase reaction could be directly correlated with food uptake. During
the experiment, DMS (22) was not detected until E. huxleyi cells were ingested,
indicating that potentially harmful acrylate apparently forms inside predator
food vacuoles after uptake of the unicellular algae.

Using this correlation between DMS (22)-production and feeding on DMSP-
lyase rich algae Wolfe et al. demonstrated in an elegant series of experiments
the involvement of the lyase reaction in a wound-activated chemical defense
[57]. Selection of five E. huxleyi strains all containing comparable amounts of
DMSP (21), but exhibiting different DMSP-lyase activity allowed one to com-
pare the response of the grazers to this attribute. Since it was not possible to
distinguish visually between the E. huxleyi cells of varying DMSP-lyase content
DMS, production was used to detect grazing on high-activity strains. Feeding
correlated directly with DMS-production when DMSP-lyase rich strains were
administered to O. marina. When mixed diets were administered, food uptake
remained constant during the assay period, but the onset of DMS-release was
observed after the low-producing algae had been selectively consumed, offering
direct proof that predators prefer to feed on DMSP-lyase poor strains. Even
grazers that tolerate high activity strains avoided them when offered a choice
of prey.In addition to direct protection the effect on grazer specificity can shift
grazing pressure to other prey species, thereby reducing the competition for nu-
trients. E. huxleyi cells need not be fully ingested to deter predators, since their
recognition after contact can already lead to avoidance behavior. Nano- to mi-
cromolar concentrations of DMSP (21) can reduce feeding in different protists,
acting as a non-toxic chemical defense signal that could indicate the potential
toxicity of DMSP-rich strains [58]. The DMSP-lyase reaction can thus function
directly as a grazing-activated chemical defense of the individual cells without
the need of ingestion since its presence is perceived by chemical cues [59].

In addition to their role in chemical defense, DMSP-lyase products may
also function as chemical cue in more complex trophic cascades. In the natural
environment DMS-production is related to zooplankton herbivory [60] and can
thus act as an indicator for the availability of food for planktivorous birds. In-
deed, some Antarctic Procellariiform seabirds can detect DMS (22) and are
highly attracted to the cue, as was shown with DMS-scented oil slicks on the
ocean surface [61]. The odors released during zooplankton grazing (DMS) as
well as those of zooplankton itself (e.g., trimethylamine and pyrazines) are
attractive to birds [62], thus assisting vertebrate search behavior.
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23.2
Oxylipins in the Chemical Defense of Diatoms

Diatoms are the major bloom-forming algae in temperate waters and belong to
the most important primary producers [12]. They provide the bulk of food for
herbivores and only few toxic species of diatoms are known. Among the sec-
ondary metabolites of diatoms only domoic acid (10) is toxic to consumers
located higher in the food chain [40]. In consequence, these algae have been tra-
ditionally regarded as beneficial to the growth and survival of marine organ-
isms. In recent years evidence that certain diatom diets have an insidious effect
on copepod reproduction has accumulated, calling this view into question.
Because copepods usually dominate the zooplankton in diatom-rich regions,
the interaction between these herbivores and diatoms is of special interest. In
the early 1990s key experiments showed that some diatom species are harmful
to copepods not through direct toxicity or by reducing feeding rates but rather
through indirect effects on herbivores. After administering the diatom Thalas-
siosira rotula to the copepod Calanus helgolandicus Poulet et al. observed that
this diatom has evolved an unusual antipredation strategy: it reduces copepod
population levels by inhibiting their reproductive success [63]. When adult fe-
males were fed the diatom, both total egg production and hatching success were
significantly lower than when fed a dinoflagellate control diet. This effect must
be due to a chemical defense, since embryonic development was also arrested
when eggs of copepods fed with a neutral diet were exposed to diatom but not
dinoflagellate extracts. Subsequently several other diatom species were identi-
fied which negatively affected copepod egg-hatching success and/or fecundity;
others were discovered which did not exhibit any adverse effect ([64, 65], re-
viewed in [66]). In field studies Miralto et al. showed that the hatching success
of copepods feeding on a diatom-dominated bloom was very low. They identi-
fied 2,4-decadienal (24) and 2,4,7-decatrienal (27) as metabolites that could be
responsible for this observed effect [67]. Administered in high (micromolar)
concentrations to the water, these compounds arrested cell division of freshly
spawned copepod eggs but had no negative effect on the feeding copepods
themselves. Both, 24 and 27 from diatoms thus elicited effects comparable to
those observed in the field. Since this study relied on the addition of micro-
molar amounts of purified compounds to the water, an ecological implication
cannot be directly deduced. The identification of two T. rotula strains that are
genetically closely related and morphologically nearly identical but different in
their ability to produce the unsaturated aldehydes allowed a comparative lab-
oratory study to be performed. While the aldehyde-producing T. rotula strain
inhibited egg hatching, the related non-producing strain lacked this ability
further demonstrating the involvement of these compounds in the indirect
chemical defense [68].

Detailed investigation of T. rotula and other diatom species revealed that
2,4-decadienal (24) and 2,4,7-decatrienal (27) represent only members of a
structurally diverse class of o,p,y,0-unsaturated aldehydes found in several
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diatom species (Scheme 7) [68-73]. In a structure activity test with synthetic
compounds, Adolph et al. showed that a general requirement for biological
activity is the existence of a a,3-unsaturated aldehyde group, and that besides
30, the entire structurally diverse class of unsaturated aldehydes from diatoms
exhibited activity in sea urchin egg cleavage assays. Saturated volatile aldehy-
des, also detected in diatoms, were essentially inactive [74].

N N H,C R
R R=n-pentyl, 24 2 27 HoC 29
R = n-propyl, 25

Ox AR R=etyl 26 R= B 23 R= pc 0N 3

Scheme 7 «,B,y,6-unsaturated aldehydes from diatoms

Interestingly, quantification experiments focused on the unsaturated alde-
hydes from T. rotula and other diatoms showed that intact cells did not contain
any of the metabolites 24-30. These compounds are only released within sec-
onds after mechanical damage which could happen during the grazing process.
Elevated amounts of these compounds can thus be locally present during graz-
ing and targeted efficiently against the herbivores [69]. Investigation of the
biosynthesis of these aldehydes revealed how this grazing-activated defense is
regulated by the unicellular algae. The biosynthesis of these aldehydes in di-
atoms (reviewed in [54]) depends on a lipoxygenase-mediated oxidation of
fatty acids followed by a subsequent cleavage of intermediate hydroperoxides
by hydroperoxide lyase activity (Scheme 8) [69, 70]. This transformation has
been investigated in detail with the diatom Gomphonema parvulum. This alga
transforms eicosapentaenoic acid (32) via the intermediate 9-hydroperoxye-
icosapentaenoic acid (35) into the 9-oxo acid 30 and the hydrocarbon hormo-
sirene (36) as a second fragment [70]. Interestingly, 36 was previously reported
as a brown algal pheromone [75]. The availability of free precursor fatty acids,
such as eicosapentaenoic and arachidonic acid for decatrienal (27) and deca-
dienal (24) and hexadecatrienoic acid for octadienal (25) [76, 77], controls the
production of these aldehydes. Intact diatom cells do not contain detectable
amounts of free polyunsaturated fatty acids (PUFAs), these lipoxygenase sub-
strates are released after cell damage by a phospholipase A, [77]. Cellular re-
sources are therefore invested in the production of phospholipids that can
be fast and efficiently transformed into a multi-enzyme-dependent reaction
whenever required.

Interestingly, the release of PUFAs without subsequent action of a lipoxyge-
nase can act as a wound-activated defense diatom in rich fresh water biofilms.
This reaction could be directly associated with a chemical defense against the
grazer Thamnocephalus platyurus [78].

The role of antiproliferative effects of an activated defense reducing the next
generation of herbivores compared with the straightforward action of toxins
or feeding deterrent metabolites in the evolutionary arms race is still under dis-
cussion. The proposed mechanism suggests natural selection at the group level,
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which might not be powerful enough to result in an adaptation. Further stud-
ies in the field will be required to proof the concept.

The above findings would challenge the classical view of marine food web
energy flow from diatoms to fish by means of copepods if this defense would
be an universal feature of diatoms. In field experiments monitoring diatom
abundance (but not food uptake) and hatching success of copepods, only a few
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diatom-rich situations resulted in hatching failure [79]. These observations cor-
relate well with the fact that only a small fraction of investigated diatom species
is capable of producing the antiproliferative aldehydes (Wichard and Pohnert,
unpublished results). One way to verify the existence diatoms’ activated defense
strategy might be to directly correlate results from chemical analysis and field
observations. A detailed re-investigation in field experiments should follow the
food uptake of copepods and the potential toxicity of the consumed diatoms.
With data on the reproductive success of copepods, diatom effects on herbivores
could be evaluated.

The effects of decadienal (24) as well as of diatom extracts are not restricted
to the reduction of copepod success. Low, micromolar concentrations of this
compound also inhibits fertilization, embryogenesis, and hatching success in
polychaetes and echinoderms. Crude diatom extracts as well as purified alde-
hydes inhibited these processes in a dose-dependent manner [80].

24
Chemical Defense of Other Plankton Species

Only a few studies on defined chemical defense metabolites from non-phyto-
plankton organisms that spend their entire life history in the water column have
been reported to date [81].

One example for a chemically defended zooplankton species is the Antarctic
pteropod Clione antarctica. This shell-less pelagic mollusk offers a potentially rich
source of nutrients to planktivorous predators. Nonetheless fish do not prey on
this organism, due to its efficient chemical defense. In a bioassay-guided structure
elucidation, pteroenone 37 could be isolated and characterized as the main de-
fensive principle of C. antarctica [82,83].1f embedded in alginate, this compound
is a feeding-deterrent in nanomolar concentrations. This unusual metabolite is
likely to be produced by C. antarctica itself and not accumulated from its food,
since its major food sources did not contain any detectable quantities of 37.

In addition to protecting the pteropod, pteroenone 37 can also serve inverte-
brates as an indirect chemical defense (Fig. 2). The amphipod Hyperiella dilatata
gains protection by carrying the pteropod Clione antarctica on its back. That
this carrying behavior provides efficient protection is clear, since in all cases

sy

pteroenone (37)

Fig. 2 Left: scanning electron micrograph showing the amphipod H. dilatata carrying the
chemically defended pteropod C. limacina. Magnification is about 50% [84]. With permission
of the Nature publishing group. Right: pteroenone (37), the defensive principle of C. limacina
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investigated in the laboratory, amphipods that were not carrying pteropods
were readily eaten by fish, whereas almost all of those carrying pteropods were
rejected. Although fish violently ejected the carrying individuals from their
mouths, the amphipod-pteropod pairs were usually not separated and both
organisms survived [84].

2.4.1
Chemical Defense of Invertebrate Meroplankton

Meroplankton comprise organisms that spend only part of their life in the
plankton. Primarily eggs and larvae of benthic or actively swimming adults ful-
fill this criterion, and the study of their chemical defense is often supported by
the knowledge of defensive metabolites of their adult life stages.

A comparative study of the saponin-content [85] of the starfish Acanthaster
planci in different developmental stages showed that comparable amounts
of the same chemical type of saponins like 38 are contained in eggs, ovaries,
larvae and adults (Scheme 9). As the chemical analysis predicts, the eggs and
larvae of A. planci were not eaten by fish. The predators were able to select
against the larvae prior to ingestion. Saponin-rich extracts that were supplied
to planktivorous fish with gelatinous food particles had a similarly inhibiting
effect on food uptake since the predators discriminated against food particles
containing saponins [86].

HOHC o
3
WA
HO OH
Scheme 9 The major saponin from the sea star Acanthaster planci

The defensive furanocembranes from the adult soft coral Sinularia poly-
dactyla are also found in the eggs and larvae of their offspring. HPLC-com-
parison of extracts from offspring with those from adults showed that pukalide
(39) and 11B-acetoxypukalide (40) (Scheme 10) [87, 88] are contained in both
the blastula and planula of the soft coral [89]. Feeding assays with the larvae
and their extracts showed that fish rejected the larvae due to chemical factors -
most likely the pukalides. The pukalide-concentrations in the extracts of
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Scheme 10 Pukalides from the soft coral Sinularia polydactyla

rejected larvae were similar to those required to induce rejection of artificial
food [90].

Cowart et al. have shown that the marine polychaete larvae Streblospio
benedicti and Capitella sp. contain halogenated metabolites like 41-43 that are
also found in adults (Scheme 11) [91]. The concentrations of halocarbons in
S. benedicti increased with the developmental stage, which was interpreted as
aresult of the continuous biosynthesis of the metabolites during development.
This might be seen as a strategy to reduce potential autotoxicity during sensi-
tive developmental transitions. Allocation of potential defense compounds to
offspring varied as a function of species: surprisingly pre-release larvae of
Capitella sp. contained higher concentration of total halogenated metabolites
compared post-release larvae, although the pre-release larvae are still protected
by the adults [91].

OH OH OH
Br\©/ Br Br. Br Br. Br
HO
M 42 43

Scheme 11 Halogenated aromatic metabolites involved in the chemical defense of the poly-
chaete Capitella sp.

Larvae of the tunicate Trididemnum solidum are most likely protected by
didemnins like 44-46, cyclic depsipeptides that were initially identified from
adults of this species [92]. The larvae are highly unpalatable to the wrasse
Thalassoma bifasciatum, which rejected the larvae while readily consuming krill
eyes that served as larval mimics. Coating one krill eye with the lipid soluble com-
pounds from a single T. solidum larva rendered it as unpalatable as the larvae
themselves. Reduced feeding was also observed when didemnin B (45) and nor-
didemnin B (46) were administered to reef fishes in the field (Scheme 12) [92].

A remarkable indirect strategy for chemical defense is found in embryos of
the shrimp Palaemon macrodactylus, which are resistant to infection by the
pathogenic fungus Lagenidium callinectes, a known pathogen of many crus-
taceans. This resistance is caused by bacteria on the surface of the embryos
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Scheme 13 Istatin produced by symbiotic bacteria defends crustacean embryos from a path-
ogenic fungus

which produce and release the antifungal compound 2,3-indolinedione, also
known as isatin (47) (Scheme 13) [93].

Besides these few reports on toxic, feeding-repellent, and allelopathic prop-
erties of metabolites from pelagic organisms, we know little about chemical
factors that can influence the complex species interaction in plankton. This is
partly due to the fact that concentrations of secondary metabolites available in
the water column are in most natural situations very low, hampering the iden-
tification of signal compounds. In addition, transferring laboratory results to
field situations is often problematic. Major points of controversy are the use of
appropriate concentrations and the selection of adequate predators in bioassays.
Mainly the complex situation with numerous coexisting species in a small
volume hampers the appropriate selection of target organisms and does not
facilitate definition of a specific ecological role of the secondary metabolites.
Plankton-released compounds face considerable dilution, so production and
excretion needs to be sufficient to overcome this limitation. Also, surface-asso-
ciated metabolites and wound-activated production of secondary metabolites
seem to play an important role in the species interaction in this environment.

3
Chemical Defense in the Benthos

In contrast to our sparse knowledge about the action of chemicals as defense
in plankton, the identified metabolites with defined defensive activities from
benthic organisms are numerous. Nearly every habitat from the Antarctic [94]
to coral reefs [95] has been extensively investigated - often motivated by the



Chemical Defense Strategies of Marine Organisms 199

interesting structural and pharmacological properties of marine natural prod-
ucts. In fact, most of the 14,500 marine natural products listed in the database
marinLit [96] are derived from benthic organisms. Given this enormous amount
of information any review on marine chemical defense in this habitat has to se-
lect a few topics. This chapter will primarily focus on dynamic chemical defense
strategies in the benthos with special attention paid to algal chemical defense.

3.1
Chemical Defense Strategies of Macroalgae

The chemical defense of macroalgae has been extensively studied. Defense prin-
ciples range from simple acidification of the tissue (pH<1) maintained by stored
sulfuric acid in vacuoles of Desmarestia munda [97] to complex polyketides
[98]. Several review articles on different aspects of algal/herbivore and algal/
pathogen interactions provide a comprehensive treatment of many processes
and compounds involved (e.g., [54,95,99-105]). During recent years a field has
emerged dealing with dynamic chemical defenses of algae, signal recognition,
and hormonal regulation of defensive reactions that will be reviewed here.

It is common knowledge in chemical ecology and plant physiology that
higher plants do not rely exclusively on static chemical defensive mechanisms,
namely, a chemical defense based on pre-formed or continuously released me-
tabolites. Strategies that avoid the need for such constitutive defense compounds
are known from plants (see, e.g., [55, 106, 107]), but our understanding of com-
parable processes in the aquatic is still at the beginning. Since algae have
emerged as a variety of independent lineages early in the evolution of eukary-
otes, it is of particular interest if their basic mechanisms for pathogen recog-
nition and defense resemble those of terrestrial plants and animals or if these
essential cell functions have arisen independently in the different lineages.

3.1.1
Activated Chemical Defense in Macroalgae

3.1.1.1
The Wound-Activated Transformation of Halimedatetraacetate

In 1992, Paul and Van Alstyne reported on the processes that occur after tissue
disruption in different species of the calcified green seaweed Halimeda [56].
After wounding, these algae transform their major secondary metabolite, the
bis-enoylacetate diterpene halimedatetraacetate (48), into halimedatrial (50)
and epihalimedatrial (51). The structural relationship between the educt and
the reaction products suggests that the transformation occurs by a combina-
tion of solvolysis and hydrolysis reactions as indicated in Scheme 14 [108].
The wound response occurs within minutes after the actual damage sug-
gesting the enzymatic transformation of the tetraacetate 48 as a likely mecha-
nism of activation. A similar reaction does not occur with purified halimedate-
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Scheme 14 The wound-activated transformation of halimedatetraacetate (48) to halimedatrial
(50) and the unstable epihalimedatrial (51) increases the defensive potential of Halimeda spp.

traacetate (48) or during chemical transformations of 48. Extracts from injured
algae contained higher amounts of halimedatrial (50) and were more deterrent
toward natural populations of herbivorous fishes than extracts from algae in
which the formation of halimedatrial (50) was inhibited.

The ability to respond so rapidly should be advantageous when herbivore-
grazing is intense but extremely variable over short periods of time. The “de-
fense on demand” could thus result in high levels of the defensive metabolites
halimedatrial (50) and the unstable epihalimedatrial (51) only in the presence
of actively feeding herbivores. Since grazing was also reduced significantly more
by purified halimedatrial (50) than by halimedatetraacetate (48) this reaction
fulfills all three criteria defined for a wound-activated defense (see above).

The transformation of halimedatetraacetate (48) remained the only reported
example of an activated defense in the field of macroalgal ecology for nearly a
decade.

In addition to this transformation, other structural relationships between
metabolites from green algae of the family of Udoteaceae are likely to result from
biotransformations of stored precursors. It has been concluded that udoteatrial
(52) can arise out of the transformation of udoteal (53) (Scheme 15),and other

OAc
Scheme 15 Udoteatrial (53) is assumed to be formed from udoteal (52)
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deacetylated aldehydic metabolites exhibit a direct relationship to the corre-
sponding bis-enoylacetates [109].

3.1.1.2
The Wound-Reaction of Caulerpa spp

A fast dynamic reaction after wounding which is based on the deacetylation of
functionalized terpenes is also observed in Caulerpa taxifolia. This invasive
alga originates in the tropics and has spread rapidly after its accidental intro-
duction into the Mediterranean. It is now also found on the Pacific coast of
North and Central America [110-112]. The success of the alga, which outcom-
petes the natural seagrass assemblages, is attributed to,among other factors, its
efficient chemical defense. C. taxifolia is not accepted as a food source by most
Mediterranean herbivores. This was considered to be mainly caused by the ac-
tivity of its major secondary metabolite caulerpenyne (54). This sesquiterpene
is found in concentrations up to 1.3% of the wet weight in the tissue of this alga
[113].Besides caulerpenyne (54), several related metabolites bearing a 1,4-bis-
enoylester unit, or structural elements formally derived from this motive after
deacetylation, rearrangement, or transesterification, have been identified from
Caulerpales (Scheme 16) [114-120].

caulerpenyne (54) Acyl = saturated and
unsaturated C14 to C18

fatty acids

\
/ \ ]
~~7  Ac0” H

furocaulerpenyne (56) taxifolial a (57)

Scheme 16 Caulerpenyne (54) and caulerpenyne-related products from Caulerpa spp.

An investigation of the wound reaction of Caulerpa spp. showed that the alde-
hyde 55 found as minor component in algal extracts is indeed an intermediate
in a wound-activated transformation of 54. This sesquiterpene is degraded
within seconds after tissue disruption to form the reactive aldehydes 55 and
59-64 that were characterized after trapping reactions (Scheme 17) [121].

By use of model substrates and inhibitor studies, an esterase that is reactive
in unbuffered sea water as well as in the disrupted algal tissue from C. taxifolia
was identified which mediates cleavage of the acetyl residues of caulerpenyne
(54) [121]. After complete deacetylation, oxytoxin 2 (64) appears as an unstable
end-product. Due to the lack of an appropriate assay procedure for labile metabo-
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Scheme 17 Caulerpenyne-transformation by wounded Caulerpa spp.

lites, the involvement of the release of these reactive aldehydes in a wound-acti-
vated chemical defense has not been directly proven. Comparison of invasive and
non-invasive Caulerpa spp. in the Mediterranean revealed that all investigated
species contain comparable amounts of caulerpenyne (54) and can perform the
fast esterase-mediated transformation to reactive down-stream products [122].
This wound-activated reaction is thus not the key for the success of the invasive
species but a common feature of the chemically well-protected Caulerpa spp.

The 1,4-bis-aldehyde 64 has previously been identified together with oxy-
toxin 1 (55) from the herbivorous sacoglossan Oxynoe olivacea, which is spe-
cialized on Caulerpa spp. [123].

Production of these aldehydes from algal-derived caulerpenyne (54) was
thought to be carried out by the mollusk [123, 124], but since the alga has been
found to perform this transformation, re-investigation of the biosynthesis of
this metabolite in mollusks is advised. The impressive ability of mollusks to ex-
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ploit and transform chemicals from their diet for defense purposes is reviewed
elsewhere (see, e.g., [7,125,126]).

3.1.1.3
DMSP-Lyase in the Activated Defense of Macroalgae

Remarkably, macroalgae use an activated defense strategy initially identified
from phytoplankton [127]. Dimethylsulfide (DMS) 22-release was observed
during sea urchin grazing on different macro algae containing dimethylsulfo-
niopropionate (DMSP) 21, suggesting a comparable reaction to that observed
after phytoplankton cell damage (Scheme 6). A DMSP-lyase dependent reaction
results in the release of DMS (22) and acrylate (23) around the feeding sites.In
choice assays it was observed that DMS-containing diets were avoided in favor
of the untreated control. Algae with high internal DMSP-content were avoided
if offered together with others of low DMSP-content. Results from monitoring
the DMS release during the feeding process demonstrated that the products of
activation are actually generated during consumption of the algae and also that
post-ingestive processes can cause the release of the volatile sulfide [127].

3.1.1.4
A Survey of Activated Defenses in Seaweeds

That these few examples of activated defenses do not reflect unique strategies
of selected algal species was demonstrated by Cetrulo and Hay [128].In a broad
survey they addressed the hypothesis that activated defense strategies are more
widely distributed among algae than had been expected, judging from the few
reports in the literature. To test the frequency of potentially activated defenses
in seaweeds, these authors incorporated pairs of algal extracts from 42 different
species into artificial food. Direct solvent extraction of intact tissue was used
to avoid enzymatic reactions that could occur during wounding. The other set
of samples was prepared from ground tissue of the same algae, whose cellu-
lar compartmentalization had been disrupted and wound-activated reactions
were allowed for 30 s before extraction. These diets were offered fish and sea
urchins in feeding assays. Extracts from seven out of 42 species resulted in feed-
ing patterns consistent with an activated defense. In four cases the artificial food
containing the extract of wounded algae was preferred. The reduced defensive
potential of the extract-loaded artificial food might also be explained with an
activated defense: Highly reactive products that cannot be transferred without
degradation into the artificial diet could be released after tissue disruption.

Extracts of the 42 species before and after wounding were also compared
using thin-layer chromatography. The highly dynamic character of algal wound-
reactions was confirmed, since 70% of the extracts differed before and after
wounding of the tissue.

The existence of only a few well-understood examples of activated defenses
of seaweeds seems thus to be due more to a restricted methodological approach
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by marine chemical ecologists focusing on constitutive chemical defense than
to a limited distribution of this strategy among algae.

3.1.2
Induced Chemical Defense of Macroalgae

Predator-induced morphological defenses have long been recognized in several
marine taxa, including seaweeds [129-131]. In contrast, descriptions of induced
chemical defenses are comparably rare. The induced host-herbivore interaction
relies on the recognition of the attacker by the host as a first step. This is followed
by the increased production of defensive metabolites which is often regulated
by hormones. Recognition may involve the perception of signals from either
the attacker (so-called exogenous elicitors) or of endogenous signals, such as
degradation products from the host cell wall itself. A combination of endoge-
nous and exogenous factors can also be active in selected signaling processes.
While we have a detailed understanding of these events in higher plants, little
is known about induced defense in algae. Some examples of pathogen recog-
nition have been identified in algae, but only few signals have been isolated. The
field of algal hormones is still completely open.

3.1.2.1
Brown Algae

3.1.2.1.1
Polyphenol-Based Defense in Fucus jspp.

The first report on a grazing-induced chemical defense of algae was reported for
Fucus distichus [132]. Van Alstyne damaged the seaweed manually by clipping
tissue from the branches and found in response an up-regulation of phenolics
within two weeks after damage. Herbivorous snails initially had a preference for
clipped E distichus; however, over a two-week period snails shifted their pref-
erence to uninjured algae [132].

The plant hormone methyl jasmonate, which can act as a chemical cue to
induce defensive reactions in terrestrial plants [133], was suggested as a puta-
tive signal involved in the regulation of phlorotannin production in Fucus spp.
After brief exposure of Fucus vesiculosus to exogenous methyl jasmonate (71)
(Scheme 19),an increase in the mean polyphenolic content of up to 158% of the
control was recorded [134]. This result raises several questions: Are there spe-
cific oxylipin-signaling pathways in marine brown algae? Is methyl jasmonate
(71) a true signal that plays a role in the natural environment? No published
studies are known which demonstrate the presence of methyl jasmonate (71)
or jasmonic acid in this division. Can other oxylipin-mediated signaling cas-
cades be active as well? The activity of methyl jasmonate (71) used for the
induction of F. vesiculosus might be a result of structural similarities to the true
signal.
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3.1.2.1.2
Induced Chemical Defense of Ascophyllum nodosum

All above examples demonstrate that algae are able to respond to mechanical
damage of their tissue or the feeding of a herbivore. The question arose if also
recognition of a chemical signal from herbivores can elicit defensive responses,
as it is known from higher plants. The first proof that seaweeds have indeed
evolved a mechanism to sense and respond to chemical signals indicating the
presence of actively feeding herbivores was offered by Toth and Pavia [135].
While the phlorotannin-level of the brown seaweed Ascophyllum nodosum was
unaffected by mechanical damage, a significant increase in compounds of this
class was recorded when signals from feeding flat periwinkles were present.
In bioassays flat periwinkles were offered a choice between artificial diets
containing seaweed material from the induction experiments and untreated
material. A preference was observed for the food containing seaweed material
from control experiments compared to the diet that previously received the cues
from the feeding herbivores, indicating the involvement of the newly formed
metabolites in the chemical defense [135]. Comparison of the phlorotannin-
content after feeding by different herbivores revealed that this up-regulation is
a specific process. In contrast to the feeding of flat periwinkles, herbivory by the
isopod Idotea granulosa does not result in the up-regulation of phlorotannins
in A. nodosum and does not lead to increased resistance [136].

3.1.2.1.3
Grazer Induced Up-Regulation of the Terpenoid Level in Brown Algae

That terpenoid metabolites can also be up-regulated in response to herbivory
was demonstrated with the brown alga Dictyota menstrualis. The generalist
amphipod Amphithoe longimana induced increased concentrations of the
defensive diterpenes 65-67 in this alga, making it less palatable (Scheme 18).

Compared to undamaged controls, amphipod-damaged seaweeds had up to
34% higher contents of the diterpenes dictyol E (65), dictyodial (66), and pachy-
dictyol A (67) of which 65 deters feeding by the amphipods [137]. Remarkably
this study not only relies on laboratory experiments but provides field data. In
their natural environment previously heavily attacked algae were less suscepti-
ble to herbivory compared to those that had a record of low grazing.

HO

HO OH

dictyol E (65) dictyodial (66) pachydictyol (67)

Scheme 18 Grazing-induced diterpenes from Dictyota menstrualis
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In the brown seaweed Sargassum muticum, induced defenses are found
to be tissue specific. Young tissue, which is responsible for future growth, is
dynamically defended against the amphipod A. longimana. Comparison of the
antifeedant properties of the algae with dried, ground and subsequently recon-
stituted tissue in an agar matrix showed that this is due to undefined chemicals.
In contrast, older tissue at the base of the alga, which link the other parts of the
alga to the substrate, is defended constitutively by virtue of its toughness rather
than via deterrent chemistry [138].

3.1.2.1.4
The Induced Oxidative Burst in Brown Algae

All the above examples demonstrate that complex secondary metabolites can
be produced de novo upon recognition of attackers. That also direct release of
very simple but aggressive metabolites can defend algae was recently observed
during the investigation of certain red and brown algae. Sporophytes of the
brown alga Laminaria digitata react upon cell wall degradation by increased
production of O3 and H,0, [139]. This release of reactive oxygen species has
first been found in higher plants and is termed oxidative burst [105, 139]. The
production of these aggressive defensive principles in L. digitata is initiated
upon perception of cell wall oligosaccharides as endogenous elicitors and not
through simple mechanical damage [139, 140].

The search for the inducing signals led to oligosaccharides that were identi-
fied based on principle biochemical considerations. Alginate, the major brown
algal cell wall polysaccharide consists of linear anionic copolymers of man-
nuronic acid and of its C; epimer guluronic acid. Upon hydrolysis oligoalginates
result of which only a fraction is recognized by L. digitata (Scheme 19). The
homo-oligomeric guluronates (68) elicited this defense reaction, while homo-
oligomeres from mannuronic acid or heterooligomer saccharides exhibited
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Scheme 19 Elicitors of brown algal and red algal defense
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reduced activity. These endogenous elicitors result from the depolymerization
of the alginate from L. digitata by alginate-degrading enzymes that are found in
different attackers, such as marine mollusks as well as bacteria associated with
the algae. Inhibitor studies suggest that protein kinases, a phospholipase A, as
well as potassium, calcium, and anion channels, are involved in the response,
which features some conserved steps with the oxidative burst that is found in
higher plants [140].

In a broad survey 45 species of brown algae were tested for their ability to
respond with an oxidative burst to oligoalginates [141]. A total of 15 investi-
gated species reacted with a rapid strong oxidative burst, all of them belonging
to an alginate-rich group with complex thallus morphology. This reaction is
thus widely distributed among brown algae of different taxa.

That the oxidative burst is directly involved in the chemical defense of these
algae is clear. This reaction can be inhibited by diphenyleneiodonium, a suicide
inhibitor of NADPH-oxidase which suppresses both the production of reactive
oxygen species and the natural resistance to epiphytic bacteria. In addition a
role in the defense against endophytes was indicated, since pre-treatment with
oligomeric guluronates resulted in decreased infection of L. digitata with the
pathogen Laminariocolax tomentosoides [141].

3.1.2.2
Red Algae

3.1.2.2.1
The Oxidative Burst in Gracilaria conferta

Gracilaria conferta, a red alga of commercial interest due to its agar content,
suffers a tip bleaching disease after bacterial infection. The symptom rather in-
dicates a hypersensitive response of the alga than successful bacterial infection.

In hypersensitive responses, the defense of the host is so intense that it not
only suppresses pathogens but causes damages to host tissue as well. Host cells
that are close to an intruding pathogen die and their decompatimentation is
followed by accumulation of toxic defense agents that contribute to the death
of the pathogen. Unraveling the signal events involved in the hypersensitive
reaction of the red alga gave the first evidence that algae are able to recognize
oligosaccharides as endogenous elicitors. In a series of experiments on G. con-
ferta,Weinberger et al. found that the alga responds with an oxidative burst and
with rapid increase of respiration and halogenating activity when agar, agarose,
or agarose-degradation products are added to the medium [142]. In structure-
activity tests, oligoagar elicitors had the highest activity. The molecular size of
the elicitors is of major importance for the recognition. Those fragments with
6 to 8 disaccharide repeating units were the most active (69) (Scheme 19) [143].
Infective bacteria contain agar-degrading enzymes, accordingly the products
released during the infection process serve as elicitors. This reaction is also
triggered by undefined bacterially excreted peptides as exogenous elicitors,
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indicating that the alga has developed a way to recognize various molecular sig-
nals. These allow it to respond to the maceration of its cell wall as well as to the
presence of certain epiphytic organisms [144]. The H,0, released by G. conferta
not only caused the elimination of epiphytic agar-decaying bacteria [145] but
also induced the hypersensitive response damaging healthy algae. This reaction
was identified as the cause for the tip-bleaching disease often observed after
bacterial infections.

3.1.2.2.2
The Interaction of Chondrus crispus with the Endophyte Acrochaete operculata

One of the best understood examples of an induced defense in a host-pathogen
interaction is the system of the red alga Chondrus crispus and the endophytic
green alga Acrochaete operculata. C. crispus is of commercial interest due to its
cell wall saccharide carrageenan which serves the food industry as raw mater-
ial. During a certain, sporophytic developmental phase of the host only the
pathogen green alga is able to invade the tissue of C. crispus. After settling and
germination the spores of the pathogen form vegetative filaments that com-
pletely invade the host, resulting in severe tissue damage. In contrast, the inter-
nal tissue of gametophytes (another developmental phase of C. crispus) is not
infected, and the alga can co-exist with the pathogen over years [146, 147]. The
early defense reaction of resistant gametophytes of C. crispus is to release mi-
cromolar concentrations of H,0, into the surrounding medium, amounts suf-
ficient to kill penetrating pathogens. In strong contrast to the reactions described
above, this H,0,-production is not sensitive to diphenyliodonium inhibition and
does not feature other key characteristics of an oxidative burst [148]. Also the
signals involved differ from those identified in other algal/pathogen interactions.
H,0,-production of the gametophytes is not triggered by alginates or carra-
geenanes but initiated by L-asparagine. This amino acid is released by the green
algal pathogen and is rapidly transformed by an amino acid oxidase from C. cris-
pus to give the corresponding keto-acid, ammonium, and the defensive princi-
ple H,0, (Fig. 3). L-Asparagine represents a specific signal in the host pathogen
interaction, since neither D-asparagine, L-glutamine, nor other proteinogenous
amino acids were accepted as substrates of the amino acid oxidase.

The content of extracellular asparagine in cultures of A. operculata has been
found to strongly depend on signals from the host. In accordance with the ob-
servation that only gametophytes produced elevated amounts of H,0, in the
presence of the pathogen, increased asparagine release was found only when
cell wall fragments of C. crispus were added to the green alga. These cell wall
fragments can result from the carrageenolytic activity of A. operculata, which
is able to break down the host cell wall polysaccharides. The gametophyte cell
wall k-carrageenans are cleaved to k-oligocarrageenans, which are responsible
for the induction of L-asparagine-release by the pathogen (70) (Scheme 19)
[149]. The corresponding A-oligocarrageenans from the sporophytes did not
trigger comparable L-asparagine-release from A. operculata.
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k-oligo-
carrageenan

HOOC,

oxidase

K-carrageenase

Fig.3 Model for the involvement of k-carrageenan and asparagine in the interaction of
C. crispus and A. operculata. After penetration of the green algal endophyte, the carrageenans
of the red algal tissue are broken down (1). The resulting oligocarrageenans trigger the
release of asparagine from the pathogen (2). This amino acid is then converted to H,0, and
a-ketosuccinamid by an aminoacid oxidase from the red algal host (3). This oxidant causes
cell death of the pathogen (4). From [148] with permission of Wiley VCH

The interaction of the host and the pathogen thus involves a complex com-
munication (Fig. 3). After successful penetration of the outer cell layers of
resistant, gametophytic C. crispus, filaments of the pathogen will reach the
inner tissue of the host and macerate its k-carrageenan cell wall, releasing
k-oligocarrageenans. These trigger the release of the signal L-asparagine
from the pathogen which finally serves as a substrate for the production of
the defensive principle H,0, [148]. The induced signal of the attacker thus
serves directly as a substrate for the production of a chemical defense meta-
bolite.

This initial defensive reaction is not the only aspect of the interplay of
C. crispus and A. operculata. Besides the release of asparagine, the pathogen
responds with the de novo synthesis of proteins and altered virulence after
oligocarrageenan-treatment [149]. The gametophytes do not rely on the
aminoacid oxidase as their only line of defense. A second diphenyleneiodo-
nium-sensitive release of H,0, featuring the properties of an oxidative burst
occurs in the gametophytes after attack of A. operculata. This is followed by
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stimulation of protein biosynthesis and increased resistance to infection [149].
Interestingly, algal polysaccharide carrageenans are also used commercially
to elicit defense responses in higher plants. Defensive gene expression of
sesquiterpene cyclases, chitinases, and proteinase inhibitors as well as up-reg-
ulation of signaling pathways mediated by ethylene, jasmonic acid, and sali-
cylic acids are observed after treatment of tobacco with sulfated A-carrageenan
[150,151].

Like higher plants, macroalgae rely heavily on the use of activated and in-
duced defenses. Some of the immune traits of algae are conserved in other eu-
karyotic lineages. For example, initial reactions to pathogens with an oxidative
burst are strikingly similar to those found in higher plants, suggesting that the
underlying biochemical machinery arose early in evolution. On the other hand
most of the later responses to pathogens or herbivory make clear that distinct
mechanisms lacking parallels in other lineages originate from algae. The search
for signals and hormonal regulation will reveal more about the development of
communication mechanisms in this field.

3.1.3
Associational Defense

A species’ susceptibility to consumers is not necessarily determined by the de-
terrent capabilities of the organism itself, but can be influenced by metabolites
produced from associated organisms. This concept is well understood for
host-epibiont associations that alter the fate of the host with respect to herbi-
vore susceptibility or resistance to pathogens [152, 153]. Often the chemical
reasons for these interactions have not been addressed. The association of host
seaweeds with symbiotic bacteria might also influence their resistance. That
this could be due to the production of secondary metabolites by a symbiont
was suggested by Kubanek et al. [98]. Pathogenic fungi can be fended off by a
22-membered cyclic lactone,lobophorolide (72) of the brown alga Lobophora
variegata (Scheme 20).

Lobophorolide (72) is an exceptional metabolite of brown algae in many ways.
Most seaweed secondary metabolites that possess antimicrobial or antifeedant
activities have been isolated at concentrations of 0.1-10% of algal dry weight. In
contrast, the amount of (72) reached only around 1.2x107%% of the dry mass.
Nevertheless it exhibited potent activity at and below this concentration. The iso-
lation of a polycyclic polyketide from a brown alga is surprising, since this class
of secondary metabolites has not been previously known to occur in marine
macrophytes [98]. Lobophorolide (72) has striking structural similarities with
tolytoxin (73), since both products share the cyclic lactone structure. The carbon
skeleton is also the basis for the 44-membered lactone swinholide (75). While
tolytoxin (73) was isolated from terrestrial cyanobacteria [154], swinholide (75)
can be extracted from marine sponges of the genus Theonella [155]. Because
of the presence of large populations of cyanobacteria in Theonella spp., swin-
holide (75) has been assumed to be a cyanobacterial product. However, sepa-
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Scheme 20 Lobophorolide (72) from the brown alga Lobophora variegata, and structurally
similar natural products from cyanobacteria and the sponge Theonella swinhoei

ration of sponge, cyanobacterial and eubacterial cells of Theonella swinhoei
provided (75) only in the eubacterial fraction [156]. The structural similarities
of lobophorolide (72) to cyanobacterial, and eubacterial metabolites suggest
that this unusual polyketide could be the product of a microbial symbiont
rather than the alga itself. This is supported by the fact that ephiphytic bacte-
ria were found on L. variegate surfaces [98].
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3.2
Dynamic Defense Reactions in Other Phyla

3.2.1
Activated Defense

The only known example of an activated defense in sponges arises from inves-
tigations of the defensive chemistry of Aplysina aerophoba. A wound-activated
transformation of stored pro-toxins was found after disruption of compart-
mentalization of this sponge [157, 158].

Upon tissue disruption, the isoxazoline alkaloids 76 and 78 are converted to
aeroplysinin-1 (79), which subsequently provides the dienone (80) (Scheme 21).

OH
CONH, 80

Scheme 21 Wound-activated bioconversion of brominated isoxazoline alkaloids by the
sponge Aplysina aerophoba

Neither 79 nor 80 are detected in the intact tissue of the sponge implying that
substrates and enzymes for the conversion are stored in different cellular com-
partments or different cell types. When isofistularin-3 (76) is the substrate, 77
is detected as a second cleavage product of this reaction. This wound-activated
bioconversion is paralleled by a marked increase of biological activity of the
products 79 and 80 compared to the isoxazolines. In feeding assays the aqueous
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extracts containing 79 and 80 as major constituents were significantly more
deterrent towards the wrasse Thalassoma bifasciatum than the methanolic ex-
tracts high in isoxazolines. As in other wound-activated defense reactions, this
transformation occurs soon after wounding: an almost complete turnover of
78 was observed within 50 s while about 50% of the starting material was re-
covered even after 2 min in the case of 76. The enzymatic activity responsible for
the conversion has also been detected in Caribbean Aplysina sponges [158], but
no indication for the existence of a wound-activated defense was found in a re-
investigation with living specimens of two species from the Caribbean. In both
short (150 s) and long (120 min) time-course experiments, no conversion to aero-
plysinin-1 (79) or dibromocyclohexadienone (80) was found indicating that the
wound-activated defense is not a universal feature of Aplysina sponges [159].

Marine hydroids are commonly defended from predation by nematocysts
that are capable of penetrating the tissue of predators, and injecting proteina-
ceous venom. However, lipophilic secondary metabolites also protect many
hydroid species. The hydroid Tridentata marginata is chemically defended by
tridentatols A-D (85-88), of which tridentatol A (85) is a potent deterrent to fish
predation (Scheme 22) [160].

SCH3 SCH;j
SCH;3
N/ SCHs SCH3 N\( HN s
; S
f SCH3
81 0OSO;3Na 82 OSO;Na 83 0OSO;3Na 84 0OsO;Na
wounding of wounding of wounding of wounding of
l T. marginata l T. marginata l T. marginata i T. marginata
SCH3 SCH;3
SCH;3
N/ SCH,4 SCH3 N:( HN" s
E E “N SCH3 NS 7
85 OH 86 OH 87 OH 88 OH

Scheme 22 Wound-activated tridentatol-release by the hydroid Tridentata marginata

A re-examination of the defensive chemistry of T. marginata revealed that the
tridentatols (85-88) represent the transformation products of less active sulfate
ester storage forms (81-84) [161]. Crushing the tissue as an attacking predator
would do results in the rapid conversion of the sulfate esters within seconds
after wounding. This suggests that this reaction plays a role in a wound-activated
defense.
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3.2.2
Induced Defense in Corals

A recent example demonstrates that corals rely on induced biosynthesis of
terpenes as a dynamic defense strategy as well. The induction of terpenoid sec-
ondary metabolites was observed in the sea whip Pseudopterogorgia elisabethae
[162]. Levels of pseudopterosins 89-92, a group of diterpene glycosides with
anti-inflammatory and analgesic properties (Scheme 23) [163-165], are increased
in response predation by the mollusk Cyphoma gibbosum. First bioassays indi-
cate that these natural products are involved in the chemical defense.

pseudopterosin A (8

pseudopterosin B (90) Ri=Ac;R; =R3=H
9
®

9): Ry =R,=R3=H

pseudopterosin C
pseudopterosin D

)Rz—AC R1 R3=H
) R2—H R3=AC

Scheme 23 Inducible pseudopterosins in the sea whip Pseudopterogorgia elisabethae

While mechanical damage only resulted in a statistically non-significant up-
regulation of the diterpene content of P. elisabethae, feeding by the mollusk
greatly elevated pseudopterosin concentrations. That this observed change
diterpene-content is due to a specific signal in the predator-prey interaction be-
came obvious in fish feeding assays. The four-eyed butterfly fish Chaetodon
capistratus did not induce significant up-regulation of 89-92.

4
Summary and Future Directions

During the last decade evidence has accumulated that chemical defense can play
an important role influencing the composition of pelagic communities. This
view is stimulating the development of new concepts that allow researchers to
evaluate the contribution of chemical communication in this ecosystem. Both
chemical and ecological approaches suffer from the fact that the situation in the
intact ecosystem can be complex, with numerous species coexisting in a small
volume of water. Approaches to unraveling certain aspects of this complex in-
teraction will require method development of chemists and ecologists working
in close association. These investigations should not only focus on constitutive
defenses, since also dynamic chemical defense strategies are important for
pelagic organisms. They allow to overcome both the problem of dilution of
secondary metabolites and the risk of autotoxicity.
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These dynamic strategies also play important roles in the chemical defense
of benthic organisms. Only in recent years have marine scientists started to
apply methods that allow these defensive strategies to be monitored. This opens
the field for the identification of signals that play a role in species-species
interactions in the marine environment and for the elucidation of hormones
responsible for regulating the production of secondary metabolites.
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FXPRLamide 115

GC, chiral 85
GC-EAD 72

GC-MS 73
Geometridae 62
Gnatocerus cornutus 28
Gonyautoxins 184
G-protein coupled receptors (GPCR)
Gracilaria conferta 207
Grandisol 35
Guluronates 207
Gypsy moth 10

Hair pencils 68
Halimedatetraacetate 199
Hatching success 194
Helicoverpa zea 115
Hemiacetals 23
Hepialidae 68

Herbivores 181,191,201
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Subject Index

HMG-CoA 112

Honey bees 114, 134, 167, 170
Hormones 204

HPLC 83

-, chiral 85

Hydrocarbon pheromones 108
Hydroids 213
Hydroperoxide lyase 193
20-Hydroxyecdysone 97,122
Hyperparasitism 143
Hypersensitive responses 207

Immune traits 210

Inhibitor studies 201

Insect-behavior regulator 89

Integrated pest management (IPM)
88,135

Invasive species 202

Ionization-trap mass spectrometry
74

Ips spp. 31,121

Ipsenol 31

Isatin 198

Isoprenoidal alcohols 31

Isoprenoids 1,27,111

Janus integer 26, 142
Japonilure 23
Juvenile hormone 97,114,121, 148

Kairomones 148
KI values 82

Lactones 23

Lambdina athasaria 4
Lardoglyphus konoi 16
Lardolure 16
Lasiocampidae 61
Lasioderma serricorne 39
LC-MS 84
Leishmaniasis 27
Leucoma salicis 14
Leucomalure 14

Lipase 10, 14,26
Lipophorin 100
Lipoxygenase 193
Liriomyza trifolii 153
Lobophorolide 210
Lurlenic acid 20
Lutzomyia longipalpis 27
Lymantria dispar 10, 52,108, 109

Lymantriidae 62
Lyonetiidae 81

Macroalgae, activated chemical defense

199
-, induced chemical defense 204
Macrocentrus grandii 146
Macrodiprion nemoralis 140
Male attractants 52,54
Marine chemical defense 180
Mass trapping 88

Mating disruption/disruptants 52,89

Matsucoccus feytaudi 18
Meroplankton 196
Mesozooplankton 182
Methyl jasmonate 204
1-Methyl-2-cyclohexen-1-ol 17
Micro-lepidopteran species 74
Microplitis crocipes 153
Mimicry, chemical 169
Miyaura-Suzuki coupling 2,42
Mollusks 195

Monitoring 88

Monomorium pharaonis 35,167
Moths 52,98

-, pheromone biosynthesis 100
MPLC 84

MS, time-of-flight 84

MTAD adduct 78

Mus musculus 46

Musca domestica 109,110
Myristic acid 101

Myrmica schencki 170

Neodiprion setifer 141
Neosaxitoxins 184
Nepticulidae 65
Nitrate esters 61
NMR analysis 87
Noctuidae 62
Nymphalidae 69

Oenocytes 99

Okadaic acid 187,188
Oleander scale 35
Oligoagar elicitors 207
Oligoalginates 207
Oligocarrageenans 209
Oligosaccharides 206
Oomyzus gallerucae 153
Oraesia excavata 14
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Subject Index

Organoborane reactions 1
Orgyria postica 14
Ostrinia spp. 70
Oxidative burst 206
Oxygen heterocycles 38
Oxylipins 192
Oxytoxin 1 202
Ozonides 75

Ozonolysis 75

Pachycondyla apicalis 167

Palladium-catalyzed cross-coupling 5

Pamphiliidae 142

Paralytic shellfish poisoning 184

Parasitoids 143

Pathogen 208

PBAN 97,114

Pelagic organisms 180

9,10-Pentacosadiene 8

Pest control 51

Pheromone acetals 1

Pheromone acids, non-isoprenoidal
18

Pheromone alcohols, non-isoprenoidal
16

Pheromone biosynthesis activating
neuropeptide (PBAN) 97,114

Pheromone epoxides 1

Pheromone esters, non-isoprenoidal
18

Pheromone gland 99

Pheromone ketones, non-isoprenoidal
18

Pheromone synthesis 1

Phlorotannin 205

Phytoplankton 181

Plankton 180

Plusiinae 71

Polistes dominulus 168

Polyergus breviceps 169

Polyether polyketides 185

Polyketides 185,210

Posticlure 14

Praon volucre 146

Pre-toxins 190

Primary production, CO, 181

Prymnesins 185

Pseudopterogorgia elisabethae 214

Pseudopterosins 214

Pteroenone 195

Pukalide 196

Pyralidae 60
Pyrokinin 115
Pyrrolizidine alkaloids 69

Quadrifinae 54
Queen pheromones 167

Reproductive isolation 70
Reservoir-type formulation 89
Resistant population 90
Rhodococcus equi IFO 3730 43

Ring-closing olefin metathesis 1, 26, 28,

44

Saponins 196

Sawflies 134

Saxitoxins 184

Scent bouquets 69
Scrobipalpuloides absoluta 9
Seabirds 191

Seaweeds, activated defense 203
-, amphipod-damaged 205
Semi-empirical topological index 82
Semiochemicals, hymenopteran 133
Serricornin 20

Serricorole 38

Sesamia nonagrioides 118
Sesiidae 60

Sesquiterpenes, macrocyclic 70
Sex pheromones, lepidopteran 51
Sexual communication 90
Sinularia polydactyla 196
Sitophilate 20

Sitophilus granarius 20

Social insects 154

Sodium channel blockers 184
Solenopsis invicta 167,170
Sonogashira coupling 2,9
Spilosoma imparilis 83

SPME 72

Sponges 213

Spring hemlock looper (Lambdina
athasaria) 4

Stegobinone 39

Stegobium paniceum 39
Stenoma cecropia 9

Stigmatella aurantiaca 20
Stigmolone 20

Stille-Kosugi coupling 2

Supella longipalpa 38
Supellapyrone 38



Subject Index

239

Swern oxidation 40
Swinholide 210
Symphyta 134,137

Teia anartoides 14
Telenomus euproctidis 149
Tenebrio molitor 113
Tenthredinidae 142

Termite trail marker pheromone 5

Thalassiosira weissflogii 189
Thaumetopoea pityocampa 87
Theresimima ampelophaga 99
Thioester hydrolase 101
Torticidae 59

Toxins 180

Trichogramma chilonis 149
Trichoplusia ni 52
Tridentatol A 213

Trididemnum solidum 197
Trienyl compounds 58
Trifinae 54

Tunicates 197
Tynacantha marginata 35

Udoteal 200

Vespa orientalis 23
Vesperus xatarti 35
Vitellogenin 123
Volatility 99

Worker pheromones 168
Wound response 199

Wound-activated defense 190

Zooplankton herbivory 191



