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Abstract--Sex pheromone biosynthesis in the codling moth Cydia pomonella 
(Lepidoptera; Tortricidae) was studied by topical application of deuterated 
fatty acids in DMSO to pheromone glands. The incorporation of deuterium 
label into fatty acids and alcohols in the pheromone gland was monitored by 
gas chromatography with flame ionization detection and mass spectrometry 
in the selected ion monitoring mode. Dodecanol, (E)-9-dodecenol, (E,E)- 
8,10-dodecadienol, tetradecanol, and hexadecanol were found in gland 
extracts. The application of [12,12,12-2H3]dodecanoic acid resulted in labeled 
dodecanol, (E)-9-dodecenol, and (E,E)-8,10-dodecadienol, as well as the 
corresponding labeled acids. No label was incorporated into tetradecanol or 
hexadecanol or any acid with more than 12 carbon atoms. The application of 
labeled tetradecanoic or hexadecanoic acid introduced label not only into the 
12-carbon alcohols, but also into tetradecanol, or tetradecanol and hexadee- 
anol, respectively. The application of (E)-[11,11,12,12,12,-2Hs]9-dodecen - 
oie acid, whose facile synthesis is described, resulted in labeled (E)-9-do- 
deeenol and (E,E)-8,10-dodecadienol. The (E,E)-8,10-dodecadienol so pro- 
duced was characterized by an ion at m/z 186, equivalent to [M] + of a 
dienol labeled with four deuterons. Thus, one deuterium label is lost &-hen 
the labeled (E)-9-monoene is converted to the (E,E)-8,10-diene. We con- 
clude that (E,E)-8,10-dodecadienol is synthesized by chain shortening (t3- 
oxidation) of palmitic acid to dodecanoic acid, followed by an unusual E9 
desaturation and subsequent conversion of this intermediate into the conju- 
gated precursor, which is finally reduced to the pheromone alcohol. The evo- 
lutionary significance of E9 desaturation being responsible for pheromone 
production in an Olethreutinae species is discussed. 
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INTRODUCTION 

Available information concerning pheromones in many lepidopteran families 
indicates that most of the pheromone components can be biosynthetically derived 
from hexadecanoic (palmitic) acid, by chain shortening through/3-oxidation and 
desaturation, involving a A l l-desaturase (Roelofs and Bjostad, 1981, 1984). 
Z11 desaturation of hexadecanoic acid followed by chain shortening and sub- 
sequent reduction and acetylation can produce the whole homologous series 
(Z)-ll-hexadecenyl, (Z)-9-tetradecenyl, (Z)-7-dodecenyl, and (Z)-5-decenyl 
acetate, as was shown in the turnip moth (L6fstedt et al., 1986a). If chain 
shortening precedes desaturation, All-unsaturated 14-carbon compounds and 
their homologous chain shortened A 9-unsaturated 12-carbon compounds can 
be produced. Such compounds are the predominant pheromone components 
within the Tortricidae (Roelofs and Brown, 1982). 

Interestingly, many tortricids within the Olethreutinae subfamily have A 
8- and A 10-unsaturated, or A 8,10 doubly unsaturated pheromone components. 
Analysis of pheromone precursors in two primitive New Zealand tortricids sup- 
ported the idea of A 10 desaturation being responsible for the production of A 
8- and A 10-unsaturated compounds (L6fstedt and Roelofs, 1985). Roelofs and 
Brown (1982) suggested that the ~ 8,10 doubly unsaturated pheromone com- 
ponents could be produced by A 10 desaturation, followed by chain shortening 
and a new A 10 desaturation. Alternatively, they suggested that the production 
of these pheromone components could be accounted for by a A 11-desaturase 
producing 11-tetradecenoate moieties. The A 11-tetradecenoate could then be 
biosynthetically converted into a A 10,12 conjugated system and subsequently 
chain shortened to the A 8,10-12 carbon compounds. Such a pathway was con- 
firmed in the silkworm moth Bombyx mori, which stores large amounts of (Z)- 
l l-hexadecenoate (Zll-16:acyl) (Bjostad and Roelofs, 1984) that are con- 
verted to (E, Z)-10,12-hexadecenoate (E,ZIO, 12-16 : acyl), the immediate fatty 
acid precursor of bombykol (E,Z)-10,12-hexadecadienol (Yamaoka et al., 
1984). 

The major pheromone component of the codling moth was identified as 
(E,E)-8,10-dodecadienol (E,E8,10-12 : OH) (Roelofs et al., 1971). In addition 
to other geometric isomers and the corresponding aldehyde and acetate, the 
codling moth pheromone gland was also found to contain dodecanol (12 : OH), 
tetradecanol (14:OH), hexadecanol (16:OH), and (E)-9-dodecanol (E9- 
12 : OH) (Am et al., 1985; Einhorn et al., 1984). The occurrence of E9-12 : OH 
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led Am et al. (1985) to suggest that (E)-9-dodecenoate (E9-12 : acyl) could be 
a monounsaturated intermediate in biosynthesis of the pheromone. In fact E9- 
12:acyl was the only unusual monounsaturated fatty acyl moiety found by us 
in a preliminary precursor analysis, indicating its potential role in pheromone 
biosynthesis. 

In an earlier study on pheromone biosynthesis in the turnip moth, we 
showed that deuterium-labeled fatty acids, as well as their corresponding ace- 
tates, could be separated from unlabeled analogs by gas chromatography on 
polyethylene glycol-type stationary phases (Lrfstedt et al., 1986a. In the pres- 
ent paper pheromone biosynthesis in the codling moth is investigated by the 
same technique. Deuterium labeled fatty acids are applied topically to the pher- 
omone gland and their incorporation into pheromone alcohols is studied. 

M E T H O D S  A N D  M A T E R I A L S  

Insect Sources and Topical Application of Labeled Fatty Acids to Glands. 
Codling moths for the experiments with saturated fatty acids were obtained as 
pupae from Drs. H. Am and E. Mani, Wfidenswil, Switzerland. Moths for the 
experiment with labeled (E)-9-dodecanoic acid (E9-12: acid) were obtained 
from a culture in our laboratory, initiated from eggs obtained from Dr. R. Bues, 
Avignon, France. The pupae and emerged insects were kept at a 16 : 8 hr light- 
dark cycle. Emerged insects were fed a 5 % sucrose solution. 

Labeled fatty acids in DMSO (4 #g in 0.2/zl) were applied topically to the 
pheromone glands of 2- to 4-day-old Cydia pomonella females as described 
earlier by Bjostad and Roelofs (1983) for other lepidoptera. After the applica- 
tion at the beginning of the dark period, the glands were held everted for 1 hr 
until they were dissected from the ovipositors and extracted for analysis. 

Pheromone Gland Extraction and Methylation. The pheromone glands 
were dissected from the ovipositors with a pair of fine forceps and then extracted 
with 10/~1 of redistilled hexane for analysis of pheromone alcohols in the gland. 
After 10-30 rain, the hexane extract was recovered and 10/zl of a 2 : 1 (v/v) 
mixture of chloroform and methanol was added for total lipid extraction (Folch 
et al., 1957). Under these conditions more than 90% of the acyl moieties were 
contained in the chloroform-methanol extract. Fatty acyl moieties in this extract 
were converted to methyl esters by base-catalyzed methanolysis as described in 
detail by L6fstedt et al. (1986b). The samples usually were analyzed immedi- 
ately on the gas chromatograph or occasionally stored in the freezer at - 2 0 ~  
until analysis. 

Gas Chromatographic Analysis with Flame Ionization Detection and 
Selected Ion Monitoring. Capillary gas chromatography with flame ionization 
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detection (GC-FID) was performed on a Hewlett Packard model 5880 GC 
equipped with a 30-m • 0.25-mm-id DB-wax column (cross-linked polyeth- 
ylene glycol) (J&W Scientific Inc., Rancho Cordova, California). Conditions 
of chromatography were: hydrogen cartier gas velocity 40 cm/sec at 80~ split 
valve opened 1 min after injection; temperature maintained at 80~ for 2 min 
following injection and then programmed at 5~ to 230~ Under these 
conditions omega-labeled (2H3) fatty acid methyl esters and acetates are resolved 
from the corresponding nonlabeled compounds, so that the labeled compounds 
elute slightly earlier (L6fstedt et al., 1986a). Synthetic samples of the deute- 
rium-labeled alcohols [12,12,12-2H3]dodecanol, [14,14,14-2H3]tetradecanol, 
[16,16,16-2H3]hexadecanol, and (E)-[11,11,12,12,12-2Hs]9-dodecenol were 
analyzed together with a series of homologous unlabeled straight-chain alco- 
hols, and their equivalent chain lengths (ECLs) were calculated. ECL values 
of the saturated alcohols were 1197, 1396, and 1597, respectively. ECL of the 
labeled (E)-9-dodecenol was 1236 compared to 1242 for unlabeled. Mass spec- 
trometry with electron impact ionization was performed on a Hewlett Packard 
model 5970B GC-MS system equipped with a 59970B computer system, and 
interfaced with a Hewlett Packard 5890 GC (courtesy of Dr. J. Eyem, Hewlett 
Packard, Sweden). The molecular ion of E,E8, 10-12 : OH amounts to about 
10 % of the base peak in El spectra of this compound and is suitable for sensitive 
and selective analysis by selected ion monitoring (SIM) in the EI mode (L6f- 
stedt and Odham, 1984). An acquisition program was designed to monitor the 
incorporation of (E)- [ll,ll,12,12,12-2Hs]9-dodecanoic acid into E,E8,10- 
12:OH. The ions m/z 181.20, 182.20, 185.20, 186.20, and 187.20 were mon- 
itored, being equal to [M-I] +- , and [M] +. for the native E,E8,10-12 :OH, and 
to [M] +. for the corresponding alcohols with three, four, and five deuterium 
labels, respectively. 

Chemicals. Deuterium-labeled saturated fatty acids were purchased from 
Larodan Fine Chemicals, Malm6, Sweden. The deuterium enrichment of these 
omega-labeled acids was 99%. The acids are abbreviated: [12,12,12- 
2H3]dodecanoic acid, [12-D3] 12 : acid, etc. 

(E)-[11,11,12,12,12-2Hs]9-dodecenoic acid (1) [11,12-Ds]E9-12 : acid) 
was prepared from 1-(2-tetrahydropyranyloxy)-decyne (1.4 g, 6 mmol), n- 
butyllithium (4.4 ml, 1.44 M in hexane) in dry THF and [2Hs]ethyl iodide in 
10 ml freshly distilled DMPU (1,3-dimethyloxohexahydropyrimidine) (Bengts- 
son and Liljefors, 1988). Reduction with sodium in liquid ammonia (Warthen 
and Jacobson, 1973) gave the pure E monoene, which was treated with p-tol- 
uene sulfonic acid in methanol to give the corresponding alcohol. Oxidation 
with pyridinium dichromate (PDC) in dry dimethylformamide (DMF) (Corey 
and Smidt, 1979) gave the final product (0.52 g, 40% overall yield) (Scheme 
1). 



SEX PHEROMONE BIOSYNTHESIS 

B u L i / D M P U  
HC~-C{CH2)zOTh p + CD3CD2I CD3 CD2C-C(CH2)8-OThp 

N a / N H  3 
im 

907 

H MeOHIH + H PDC H 
co co c=c(c. )-OT.  -, co co c=c(c. )-o. - co co c=c(c. )-coo. 

SCHEME 1. 

The product was purified by TLC mesh column chromatography (Taber, 
1982) and argentation liquid chromatography (Houx et al., 1974). An EI mass 
spectrum of the acid was recorded on a Finnigan 4021 mass spectrometer and 
[1H]NMR on a Varian XL-300 spectrometer in CDC13 solutions with Me4Si as 
internal reference: m/z 203 (M +, 2%), 185(2), 143(2), 123(3), 110(4), 97(15), 
87(12), 83(24), 74(42), 69(45), 60(42), 55(78), 43(100), 33(6). [~H]NMR 
(CDC13) (300 MHz); 6 1.30 (m, 8 H, CHzCH2), 1.56-1.67 (m, 2H, 
C HHz--C--COOH), 1.93-1.99 (m, 2H, CH2--C=C), 2.34 (t, 2H, 
CH~--COOH), 5.32-5.46 (m, 2H, CH=CH)  

The deuterium enrichment of the acid was > 95 % according to FAB high- 
resolution mass spectroscopy on a ZAB-HF, VG Analytical, 11-250, mass 
spectrometer: [M-H]-ca~c = 202.185, [M-H]-obs = 202.178. [12,12,12-2H3] - 
Dodecanol, [14,14,14JH3]tetradecanol, [16,16,16-2H3]hexadecanol, and (E)- 
[11,11,12,12,12-2Hs]9-dodecenol were prepared from the corresponding acids 
by reduction with lithium aluminum hydride in dry diethyl ether. 

RESULTS 

In a first set of experiments, sex pheromone glands were incubated with 
[12-D3]12:acid. The glands incorporated the labeled acid into the alcohols 
12 : OH, E9-12 : OH, and E,E8,10-12 : OH (Table 1, Figure 1A), as well as 
into the corresponding fatty acyl moieties 12:acyl, E9-12 :acyl, and E,E8,10- 
12 : acyl (Table 1, Figure 2A). The peaks, indicating 12-D3-1abeled pheromone 
component and pheromone precursor analogs, were all absent in chromato- 
grams of unlabeled glands (Figures 1B, 2B). The relatively low amount of 
labeled methyl dodecanoate (12 : Me) recovered indicates that only a fraction of 
the 4 t~g of topically applied [12-D3] 12 : acid is incorporated into the pheromone 
gland fatty acid metabolism. No labeled 14- and 16-carbon alcohols or acyl 
moieties were produced. 

In a second set of experiments, pheromone glands were incubated with 
[14-D3] 14 : acid and [16-D3] 16 : acid (Table 1). The relative amounts of labeled 
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E,E-8,10-12:OH 

"X 

12:OH 

tl E9-12"OH 

lao 14o 1,5o 16o 17o 
i i i I i i 

12 14 16 18 2 0  

180 i 190~ ~ 

22  2 4  min 

12:OH 

E9-12:OH 

140 150 160 170 
i i i i i i i i 

14 16 18 20  

14:0H 

E,E-8,1042:OH 

180 190 ~ 
i I I 

2 2  2 4  rain 

FIG. 1. Incorporation of deuterium label from topically applied [12,12,12- 
2H3]dodecanoic acid into pheromone components in glands of 8 female Cydia pomo- 
nella, monitored by capillary gas chromatography with flame ionization detection (A) 
and a control of two unlabeled glands (B). Peaks with (*) have the predicted retention 
times of omega-labeled (2H3) analogs of the pheromone components. See text for abbre- 
viations. 
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12:Me I 

* ~'~'lL 14:Me 

J E9-12:Me 

16:Me 

E,E-8,10-12: Me 
, j ,  

130 140 150 160 170 

Z9-16:Me 

Z7-16:Me 

4L 
180 ~ 

12 14 16 18 20 22 min 

12:Me I E9-12:Me 14:Me . . . . . . . .  

16:Me 

Z7-16:Me 

130 140 150 160 170 180 190 C 
I I I I I [ I I I i 

12 14 16 18 20 22 24 min 

FIG. 2. Incorporation of deuterium label from topically applied [12,12,12-2H3] - 
dodecanoic acid into fatty acids in glands of eight female Cydia pomonella, monitored 
by capillary gas chromatography with flame ionization detection (A) and a control of 
two unlabeled glands (B). The first peak (*) in a pair has the predicted retention time of 
the omega-labeled (2H3) analog of the respective fatty acids. See text for abbreviations. 



SEX PHEROMONE BIOSYNTHESIS 911 
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14:0H1 

12:0H I * "~I 

-,'/ 1 
,Jl EO-12:OH [" 

130 140 150 160 170 

I 

180 190 'C 

12 14 16 18 20 22 24 min 

FIG. 3. Incorporation of deuterium label from topically applied [16,16,16-2H3] - 
hexadecanoic acid into alcohols in glands of four female Cydia pomonella, monitored 
by gas chromatography with flame ionization detection. The first peak (*) in a pair has 
the predicted retention time of the omega-labeled (2H3) analog of the respective alcohol. 
See text for abbreviations. 

alcohols and acids produced with the [14-D3] 14 : acid precursor were low, but 
still 4-8% of labeled E ,E8 ,10-12:OH was obtained. This time, the label was 
found also in 14:OH and 14:Me. When glands were incubated with [16- 
D3] 16: COOH, the label was found in all the pheromone gland alcohols, includ- 
ing 16:OH (Figure 3). 

Finally, pheromone glands were incubated with [ 11,12-Ds]E9-12 : acid. 
These incubations produced large relative amounts of E9-12 : OH and E,E8,10- 
12:OH, as well as their corresponding fatty acyl groups (Table 1). No label 
was incorporated into any of the saturated alcohols or acids studied. The incor- 
poration of [11,12-Ds]E9-12:acid into E ,E8,12:OH was further studied by 
mass spectrometric analysis of the products of an incubation. We found that 
incubation of glands with acid labeled with five deuterium atoms produced 
E,E8,10-12:OH labeled with four rather than five deuterons (Figure 4). The 
signal m/z 187 indicating [Ds]E,E8,10-12 : OH was only 13 % of m/z 186, indi- 
cating [D4]E,E8 , 10-12 : OH. The production of E,E8, 10-12 : OH labeled with 
four deuterons should be due to metabolic (as opposed to mass spectrometric) 
loss of one deuterium atom as the mass spectrum of unlabeled E,E8,10-12 : OH 
contained no detectable amounts of [M-I] .4-. 

DISCUSSION 

We conclude that the major pheromone component of the codling moth 
E,E8,10-12 : OH is biosynthesized from palmitic acid by two cycles of/3-oxi- 
dation, followed by E9 desaturation of dodecanoic acid and a subsequent trans- 
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m , z  187 ,20  

1001 / ~  m/z 186.20 

~ 50 t 
lOO 

'~ t m/z 185.20 
2 50 t .E 
> 100 
"~ 1 m/z 182.20 / 

50 t 

1 
1511 1512 1513 15.4 

Time (min) 
FIG. 4. Incorporation of deuterium label from topically applied (E)-[ll, 11,12,12,12- 
2Hs]9-dodecenoic acid into (E,E)-8,10-dodecadienol in glands of seven female Cydia 
pomoneIla, analyzed by selected ion monitoring of ions m/z 181.20, 182.20, 185.20, 
186.20, and 187.20. See text for details. 

formation of the E9 double bond into the conjugated (E,E)-8,10-diene. The 
acid is finally reduced to produce the corresponding alcohol (Figure 5). The 
production of the conjugated diene before the reduction of acid to alcohol is 
supported by the presence of labeled E,E8,10-12 : acyl. 

The fact that the unusual E9 desaturation of dodecanoic acid is a key step 
is supported by the absence of labeled chain-elongation products in the incu- 
bations with [12-D3] 12:acid. An alternative route to the monoene could have 
been A 11 desaturation of tetradecanoic acid, a reaction widely distributed in 
tortricids (Roelofs and Brown, 1982), followed by chain shortening to give E9-  
12 : acyl. However, in this case [12-D 3] 12 : acid should first have been elongated 
to labeled tetradecanoic acid (which we could not detect) and then desaturated 
and chain-shortened to produce the labeled E9-12 and E,E8,10-12 moieties. 

We found that the incorporation of labeled precursors, as well as the amount 
of pheromone components in the glands, were quite variable from one experi- 
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D3 C / ~ / ~ / ' v v ~  COOH 

- 2 C  (8- oxid] 

1 

--2C - -  E9 

(8-oxid) 

D3C ~ C O O H  �9 D 3 C ~ / ' / - . / ~ / ~ / v C O Q H  

red 
D 3 C ~ w v C O O H ~  D3C ~ ~ ~ / ~ . O H  

FIG. 5. Biosynthesis of sex pheromone gland constituents from hexadecanoic acid in 
the codling moth, Cydia pomonella. The proposed reactions involved are chain short- 
ening (B-oxidation), E9 desaturation, conversion of the monoene into a conjugated diene, 
and reduction of the acids to alcohols. 

ment to another (Table 1), even though usually four or more females were 
included in one batch. This problem is not easily overcome by merely increas- 
ing the number of females in each batch, as Bjostad and Roelofs (1986) noticed 
the same phenomenon with as many as 20 glands used for each extraction. For 
this reason, we preferred to estimate the relative, rather than absolute, amounts 
of labeled compounds produced. Ideally, incorporation of each compound 
should have been measured relative to the incorporation of an intemal standard, 
a compound with known metabolic activity, applied simultaneously. 

The similarity of pheromone biosynthesis in the codling moth with that of 
E,Z10,12-16 :OH in the silkworm moth is interesting, as the two species are 
representatives of two quite different lepidopteran families, Tortricidae and 
Lymantriidae, respectively. The loss of one deuteron, when the dienic phero- 
mone precursor in C. pomonella is formed from [ l l ,12-Ds]E9-12:acid,  was 
not investigated in detail, but we suggest that the key steps involve oxidation 
of one of the ot positions surrounding the double bond, followed by a 1,4 elim- 
ination of water (Scheme 2). Such a reaction mechanism accounts also for the 

D ,,~.6,,~, D D , ,D 

CD 3 CD 

SCHEME 2 .  

D 

C D  3 

biosynthesis of bombykol. Yamaoka et al. (1984) report 15 % of [M] + for bom- 
bykol labeled with two deuterons relative to [M] + for the native bombykol when 
(Z)-[11,12-2H2111-hexadecenoic acid is metabolized to bombykol. There is no 
indication of a product with one deuterium label only. This demonstrates that 
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both labeled a toms are retained w h e n  [ 1 1 , 1 2 - 2 H 2 ] Z l l - 1 6 :  acyl is conver ted  to 

b o m b y k o l  in B. mori .  

E9 desatura t ion has not  been  descr ibed  be fo re  in moth  phe romone  biosyn-  

thesis.  Roe lo f s  and Brown  (1982) used  in format ion  avai lable  on phe romone  

product ion  in the Tor t r ic idae  to discuss  t axonomy  and the possible  phy logeny  

o f  this group o f  Lepidoptera .  Our  f inding o f  an E9-desa turase  in C. p o m o n e l l a  

does not  reso lve  the classic  con t roversy  o v e r  the phy logene t ic  relat ionship 

among  different  tor tr icid subfami l ies  or  tr ibes.  H o w e v e r ,  the nove l  e n z y m e  

inferred tells us that there is no c lose  b iosynthet ic  re la t ionship be tween  the pro-  

duct ion o f  A 8 and A 10 monounsa tu ra ted  compounds  by a A 10-desaturase,  

and the produc t ion  o f  A 8,10 doubly  unsaturated compounds  invo lv ing  E9 

desaturat ion.  W h e t h e r  the E9-desa turase  is more  c lose ly  related to the E11- ,  

the Z10- ,  or  the Z11-desa turase  remains  an open  quest ion,  as does  the phylo-  

genet ic  pos i t ion  o f  the Ole threu t inae  re la t ive  to the Tor t r ic inae .  
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