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The sex pheromone of the female processionary moth, Thaumeto-
poea pityocampa, is a unique C16 enyne acetate that is biosynthe-
sized from palmitic acid. Three consecutive desaturation reactions
transform this saturated precursor into the triunsaturated fatty
acyl intermediate: formation of (Z)-11-hexadecenoic acid, acety-
lenation to 11-hexadecynoic acid, and final �13 desaturation to
(Z)-13-hexadecen-11-ynoic acid. By using degenerate primers com-
mon to all reported insect desaturases, a single cDNA sequence was
isolated from total RNA of T. pityocampa female pheromone
glands. The full-length transcript of this putative desaturase was
expressed in elo1�/ole1� yeast mutants (both elongase 1 and �9

desaturase-deficient) for functional assays. The construct fully
rescued the �ole1 yeast phenotype, confirming its desaturase
activity. Analysis of the unsaturated products from transformed
yeast extracts demonstrated that the cloned enzyme showed �11

desaturase, �11 acetylenase, and �13 desaturase activities. There-
fore, this single desaturase may account for the three desaturation
steps involved in the sex pheromone biosynthetic pathway of the
processionary moth.

acetylene � cloning � enyne � Thaumetopoea pityocampa � yeast

The ability of cells to modulate the degree of unsaturation of
their membranes is mainly determined by the action of

acyl-CoA desaturases, which catalyze the introduction of unsat-
urations into long-chain fatty acids (1). These enzymes are
crucial in regular lipid metabolism and also contribute to the
cellular response to changes in environmental temperatures (2).
The desaturases expressed in female sex-pheromone glands of
different moth species have evolved to play a key role in the
biosynthesis of sex pheromones, exhibiting an amazing diversity
of substrate and regio- and stereospecifities. Unlike the meta-
bolic �9 acyl-CoA desaturases, pheromone gland desaturases
catalyze the formation of uncommon unsaturated fatty acyl-CoA
esters with variable chain lengths, different locations of unsat-
urations, and either the ordinary Z or the unusual E double bond
geometry (3–10).

Females of the processionary moth Thaumetopoea pityocampa
use a single chemical as a sex pheromone for mate attraction,
(Z)-13-hexadecen-11-ynyl acetate (11). This circumstance is
uncommon among lepidopteran species, which frequently use
blends of compounds as sex pheromones (12). Probably, the
unique structure of T. pityocampa, with a combination of double
and triple bonds, prevents cross-talk between closely related
species and makes unnecessary the fine tuning generally pro-
vided by minor components in other moth species. Three
different desaturation reactions are involved in the biosynthetic
pathway of this semiochemical from palmitic acid. The initial �11

desaturation gives rise to (Z)-11-hexadecenoic acid, which is then
desaturated to 11-hexadecynoic acid. This compound is further
�13 desaturated to give the enynoic immediate pheromone
precursor (Fig. 1), which is finally reduced and acetylated
(13–17).

Cloned desaturases specifically involved in sex pheromone
biosynthesis with unusual regiospecificities include the �14 de-
saturase of Ostrinia species (18), the �10 desaturase of Plano-
tortrix octo (3), and the bifunctional desaturases of Bombyx mori
(9) and Spodoptera littoralis (10, 19). Because of the unique
chemical structure of its sex pheromone, cloning the acyl-CoA
desaturases from T. pityocampa pheromone gland might uncover
new desaturases with activities, like �11 acetylenase and �13

desaturase, so far unreported in the Animal Kingdom. Desatu-
rases able to insert a triple bond (acetylenases) in fatty acid
chains have been up to now characterized in the moss Ceratodon
purpureus (20) and in the plant Crepis alpina (Compositae) (21).
In this article, we report on the cloning and functional expression
of a single multifunctional desaturase from the T. pityocampa
pheromone gland that exhibits all of the required activities to

Author contributions: M.S., B.P. and G.F. designed research; M.S. performed research; B.P.
and F.C. contributed new reagents/analytic tools; M.S., B.P., J.L.A., and G.F. analyzed data;
and G.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Abbreviations: GC/MS, gas chromatography coupled to mass spectrometry; Tpi-PGFAD, T.
pityocampa pheromone gland fatty acid desaturase gene.

Data deposition: The sequence reported in this paper has been deposited in the GenBank
database (accession no. EF150363).

‡To whom correspondence should be addressed. E-mail: gfdqob@cid.csic.es.

© 2007 by The National Academy of Sciences of the USA

Fig. 1. Desaturation reactions involved in the biosynthetic pathway of T.
pityocampa sex pheromone. �11, �11 desaturation or acetylenation; �13, �13

desaturation.
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biosynthesize the sex pheromone chemical backbone from
palmitic acid.

Results
Cloning of the Pheromone Gland Fatty-Acyl Desaturases. Total RNA
was isolated from some 200 pheromone glands of T. pityocampa
females. A 550-bp DNA fragment was amplified by PCR using
degenerate primers common to all insect desaturases, as de-
scribed (22). This fragment encompasses the central conserved
region of the enzyme, including the key His rich domains
essential for the catalytic activity and conserved in all of the fatty
acid desaturases cloned so far (3–5, 23, 24). A total of 10
independent PCR fragments (4 independent RNA preparations)
were cloned and sequenced. All clones encompassed an almost
identical DNA sequence, with �1% divergence, attributable to
PCR errors. Therefore, we concluded that a single transcript
accounts for most, if not all, the desaturase gene expression in
T. pityocampa female pheromone glands.

From the sequence of the central domain, we cloned the

full-length cDNA. This putative desaturase transcript spanned
1,191 bp and encompassed an ORF of 1,041 bp, corresponding
to a protein with 347 aa (Fig. 2). The deduced aa sequence
showed high homology with various known insect �11 desatu-
rases (3–9, 24) (Fig. 2). A phylogenetic analysis indicated a high
amino acid sequence similarity between the putative T. pityo-
campa pheromone gland desaturase and several �10, �11, and
bifunctional desaturases from closely related lepidopteran spe-
cies (Fig. 3). The predicted protein shares several key features
with other known insect desaturases, like the position and length
of the transmembrane stretches relative to the conserved His
boxes and the presence of endoplasmic reticulum membrane
retention signals in the C terminus (Fig. 2). Therefore, sequence
analyses strongly suggested that the isolated clone encompassed
an authentic fatty acid desaturase, which was named Tpi-
PGFAD (T. pityocampa pheromone gland fatty acyl desaturase).

Protein Expression. The putative Tpi-PGFAD gene was cloned
into the pYEXTHS-BN system (25) for expression in a desatu-

Fig. 2. Alignment of the predicted protein isolated from T. pityocampa pheromone glands. The alignment was performed with reported sequences (3–9, 24)
with the Clustal 1.8 program. The transmembrane domains (http://bioinfo4.limbo.ifm.liu.se/tmap/) are shown with black lines above the sequence, and the
endoplasmic reticulum retention signal as proposed by PSORTII tool (www.ExPASy.org) is in bold and underlined (amino acids 289–292). The three His domains
are indicated with a ‘‘His box’’ label.
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rase- and elongase-deficient mutant elo1�/ole1� yeast strain (26)
(strain YMS1). Tpi-PGFAD expression was evaluated in lysates
from YMS1 cells incubated with different concentrations of
copper sulfate by SDS/PAGE and immunoblotting by using a
His6 antibody (25). The analyses revealed copper-dependent
expression of a 40-kDa immunoreactive protein, in agreement
with the expected molecular weight for the recombinant desatu-
rase with the hexahistidine tagTpi-PGFAD expression pattern in
YMS1 cells agreed with the expected regulation of the vector
pCUP1 promoter by Cu2� salts, showing maximal expression at
�2 mM Cu2�, and very low expression in the absence of Cu2�

(Fig. 4).

Functional Assay of Tpi-PGFAD. Unlike the parental strain, YMS1
cells were able to grow in the absence of exogenous unsaturated
fatty acids, but only in the presence of Cu2�. This functional

complementation of the ole1� phenotype by Tpi-PGFAD dem-
onstrates that the cloned sequence truly encompassed a fatty
acid desaturase, and that this enzyme was functional in yeast.

To characterize the desaturase activity, lipid extracts of cop-
per-treated YMS1 cells were base methanolyzed and analyzed by
GC/MS (gas chromatography coupled to mass spectrometry). A
fatty acid methyl ester extract from T. pytiocampa pheromone
glands was also prepared and analyzed to serve as a reference for
comparison purposes. In this last case, GC/MS analysis showed
the presence of the reported biosynthetic intermediates (13),
namely (Z)-11-hexadecenoic acid, 11-hexadecynoic acid and
(Z)-13-hexadecen-11-ynoic acid, in addition to other fatty acids
common to cell membranes (Fig. 5A). YMS1 extracts contained
large amounts of (Z)-11-hexadecenoic acid as well as smaller

Fig. 3. Phylogenetic tree of lepidopteran desaturases including the Tpi-
PGFAD. The computer program MEGA2 (43) was used to reconstruct the tree
from deduced amino acid sequences by using the neighbor-joining method
(44). Numbers along branches indicate bootstrap support from 1,500 repli-
cates. The protein accession numbers are given before the species abbrevia-
tions (Ave, Argyrotaenia velutinana; Bmo, B. mori; Cpa, Choristoneura paral-
lela; Cpo, Cydia pomonella; Cro, Choristoneura rosaceana; Epo, Epiphyas
postvittana; Hze, Helicoverpa zea; Ofu, O. furnacalis; Onu, O. nubilalis; Poc, P.
octo; Sls, S. littoralis; Tni, T. ni; Tpi, T. pityocampa). The tree is rooted on the
tick stearoylCoA desaturase for comparison with previous studies (18, 41).

Fig. 4. Western blot analysis of proteins from pYEXTHS-BN-Tpi-PGFAD
transformed yeast grown in the presence of different CuSO4 concentrations.
Proteins were extracted from cell lysates and separated by SDS/PAGE. Fifteen
micrograms of protein were loaded in each lane. The hexahistidine-tagged
protein was detected by immunoblotting with an anti-His6 antibody. The size
of the molecular mass marker is indicated on the right.

Fig. 5. GC/MS analysis of lipid extracts from yeast transformed with desatu-
rase genes. Methanolyzed lipid extracts from T. pytiocampa pheromone
glands (A) and yeast transformed with either pYEXTHS-BN-Tpi-PGFAD (B and
D) or pYEXTHS-BN-SlsZ/E11 (S. littoralis pheromone gland �11/�10,12 desatu-
rase) (C and E) were analyzed. Traces correspond to the ion current obtained
by extraction of the molecular ions of methyl tetradecanoate (m/z 242),
methyl tetradecenoates (m/z 240), methyl tetradecadienoates (m/z 238),
methyl hexadecanoate (m/z 270), methyl hexadecenoates (m/z 268), methyl
hexadecadienoates (m/z 266), methyl octadecanoate (m/z 298), methyl octa-
decenoates (m/z 298), methyl octadecadienoates (m/z 296), and the diagnostic
ions of methyl 11-hexadecynoate (m/z 96) and methyl (Z)-13-hexadecen-11-
ynoate (m/z 94). The mass spectra of compounds labeled as 11,11–16 in trace
B (retention time 49.7 min) and 11,11,13–16 in trace D (retention time 50.0
min) are shown in Fig. 6 C and E, respectively, and those of their corresponding
synthetic standards are depicted in Fig. 6 D and F. Transformants were grown
in the presence of 2 mM CuSO4 with (D and E) or without (B and C) 0.5 mM
11-hexadecynoic acid. 14, methyl tetradecanoate; E11–14, methyl (E)-11-
tetradecenoate; Z11–14, methyl (Z)-11-tetradecenoate; 16, methyl hexade-
canoate; Z9 –16, methyl (Z)–9 – hexadecenoate; Z11–16, methyl (Z)–11–
hexadecenoate; 11,11–16, methyl 11-hexadecynoate; 11,11,13–16:Me, methyl
(Z)-13-hexadecen-11-ynoate; 18, methyl octadecanoate; Z9–18, methyl (Z)–
9–octadecenoate; Z11–18, methyl (Z)–11–octadecenoate; Z9Z12–18, methyl
(Z,Z)-9,12-octadecadienoate.
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proportions of (Z) and (E)-11-tetradecenoic acid, in an 81:5:14
ratio, respectively (Fig. 5B). The double bond position in C11 was
confirmed with dimethyl disulfide derivatization, which pro-
duced adducts showing the characteristic ions of methyl 11,12-
bis(methylthio) C14 and C16 fatty esters (27) (Fig. 6 A and B).
The presence of low amounts (1.3–2.1%) of methyl 11-
hexadecynoate was also observed in the extracts (Fig. 5B), as
concluded from the identity of both retention times (49.7 min)
and mass spectra (Fig. 6 C and D) between the natural com-
pound and an authentic synthetic standard. This compound was
not produced in cells transformed with the S. littoralis �11

desaturase, which did produce the previously reported (10, 19)
unsaturated intermediates (Fig. 5C).

Incubation of Tpi-PGFAD-expressing YMS1 cells with 11-
hexadecynoic acid (0.5 mM) resulted in the production of low
levels (3–5%) of a triunsaturated C16 fatty acid (Fig. 5D). This
compound was identified as (Z)-13-hexadecen-11-ynoic acid on
the basis of the GC/MS retention time (49.9 min) and mass
spectrum (Fig. 6E) of its methyl ester, which were identical to
those of an authentic synthetic sample (Fig. 6F). The mass
spectrum included fragments at m/z 264 (M•�), 233 (M•�-31,
loss of MeO•) and intense ions at m/z 79 and 94 (see Fig. 6E).
Although the enyne was barely detected in transformants grown
in the absence of added precursor, methyl (Z)-13-hexadecen-
11-ynoate was consistently found in extracts from cells incubated
in the presence of 11-hexadecynoic acid. Yeast strains expressing
the S. littoralis (Fig. 5 C and E) or the Trichoplusia ni (data not
shown) �11desaturase genes inserted in the same vector and
cultured under the same conditions as YMS1 showed no detect-
able production of either 11-hexadecynoic acid or (Z)-13-
hexadecen-11-ynoic acid, demonstrating that the Tpi-PGFAD
gene was absolutely required for yeast to produce these com-
pounds. Therefore, we concluded that the desaturase gene
isolated from T. pityocampa pheromone glands encompasses a
multifunctional enzyme with �11desaturase, �11acetylenase, and
�13desaturase activities.

Discussion
The processionary moth sex pheromone, (Z)-13-hexadecen-11-
ynyl acetate, is biosynthesized from palmitic acid by sequential
�11 desaturation, �11 acetylenation and �13 desaturation, fol-
lowed by final reduction and acetylation (13–17). This biosyn-
thetic pathway suggested that three different desaturases were
involved in the process. The isolation of a single putative
desaturase gene from multiple candidate clones from female T.
pityocampa pheromone glands indicated that all three reactions
could be carried out by a single enzyme. This possibility was
confirmed by functional assays, showing that Tpi-PGFAD was
indeed able to catalyze each one of the desaturation reactions
required for the biosynthesis of T. pityocampa sex pheromone.

Whereas multifunctional desaturases able to introduce double
and triple bonds were unknown in the animal kingdom, some
examples have been reported in plants. The �12 acetylenase of C.
alpina produces a mixture of both (Z,Z) and (Z,E)-9,12-
octadecadienoate from oleate, as well as (Z)-9-octadecen-12-
ynoate from linoleate (21, 28, 29). Likewise, another bifunctional
desaturase/acetylenase enzyme has been reported in the moss C.
purpureus (20, 29). Bifunctional desaturases are not unusual in
insects, as exemplified by the �11/�10,12 desaturases of B. mori (9)
and S. littoralis (19). However, the case of the Tpi-PGFAD is
unique because it exhibits not only dual �11/�13 desaturase
activity, but also acetylenase activity, thus constituting a remark-
able example of evolution of complex enzymatic activities to
generate natural products in the most economical manner for the
cell. Focusing on its �11 desaturase activity, Tpi-PGFAD main
products are (Z)-11-hexadecenoic acid and both (Z)- and (E)-
11-tetradecenoic acids, whereas (Z)-11-octadecenoic acid is
produced in very low amounts (Fig. 5B). These results are similar

to those found with the �11 desaturase of S. littoralis (Fig. 5H),
which produced the C11-monounsaturated hexa- and tetrade-
cenoates, but did not make the corresponding C18 compound

Fig. 6. Mass spectra of selected fatty acid methyl esters. (A) Dimethyl disulfide
adduct of methyl (Z)–11–hexadecenoate. (B) Dimethyl disulfide adduct of methyl
(E)–11–tetradecenoate. (C) Natural methyl 11-hexadecynoate. (D) Synthetic
methyl 11-hexadecynoate standard. (E) Natural methyl (Z)-13-hexadecen-11-
ynoate. (F)Syntheticmethyl (Z)-13-hexadecen-11-ynoatestandard.Thespectraof
C and E correspond to peaks labeled as 11,11–16 and 11,11,13–16 in Fig. 5 B and
D, respectively. The spectra of A and B correspond to the dimethyl disulfide
adducts obtained from the fatty acid methyl ester mixture of Fig. 5B. The mass
spectrum of the dimethyl disulfide derivative of methyl (Z)-11-tetradecenoate
was identical to that of the E isomer and it is not shown. Retention times of
dimethyl disulfide adducts were 31.9 min (methyl (Z)–11–tetradecenoate), 32.15
min (methyl (E)–11–tetradecenoate), and 33.94 min (methyl (Z)–11–hexadeceno-
ate) (see Materials and Methods for chromatographic conditions).
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when expressed in yeast by using the pYEXTHS-BN vector (19).
In contrast, (Z)-11-octadecenoic acid is synthesized by yeast
transformed with either pYEXTHS-BN or the YEpOLEX-
based plasmids containing the T. ni �11 desaturase gene (5, 19).
These differences suggest subtle dissimilarities in the tridimen-
sional structure of the enzyme active sites, which result in
different capabilities for accommodating long acyl substrates.

Besides its �11 desaturase activity, the Tpi-PGFAD showed
also �13 desaturase activity when expressed in yeast. YMS1 cells
produced very small amounts of acetylenic acid precursor,
therefore, exogenous addition of 11-hexadecynoic acid was
necessary for producing the enynoic acid at detectable levels.
Attempts to increase the enyne production by augmenting the
acetylene concentration in the culture medium resulted in cell
growth inhibition. This apparent cytotoxicity is in accordance
with reported antifungal activities of some acetylenic fatty acids
of plant origin (30, 31) and may be explained considering the
reported effects of lipids with acetylenic acyl groups on mem-
brane biophysical properties, such as variations in phase transi-
tion temperatures (32–34). As a result, lipid fluidity of cell
membranes may change beyond a point critical for normal cell
growth and proliferation.

Several �9 desaturases have been cloned from moth phero-
mone glands and functionally expressed in yeast (6, 8, 10, 18, 24).
However, none of the multiple clones from T. pityocampa
pheromone glands analyzed corresponded to a �9 desaturase.
This result is at variance with the occurrence of substantial
amounts of oleic acid in the gland (see Fig. 5A). Oleic acid
production requires �9 desaturase activity; its presence in the
pheromone gland can be explained either by its being imported
from surrounding tissues, or by its accumulation in the larval
stage before moth eclosion.

The coexistence of �11/�13 desaturase and acetylenase activ-
ities in a single multifunctional catalytic site can be rationalized
on the basis of previously obtained mechanistic data. Experi-
ments with mass labeled substrates demonstrated that all of the
three reactions performed by Tpi-PGFAD begin with oxidation
of the carbon atom located nearest the carboxylate end: C11 in
�11 desaturation and acetylenation (35, 36) and C13 in �13

desaturation (37). Because a triple bond is shorter (1.21 Å) than
a single bond (1.55 Å), accommodation of the �11 desaturase
substrates in the enzyme active site sets C11 accessible to the iron
oxidating function, whereas accommodation of 11-hexadecynoic
acid leaves C13 better positioned for initial oxidation. These
structural constraints become evident in molecular models,
which show that C11 in both palmitic and (Z)-11-hexadecenoic
acids, and C13 in 11-hexadecynoic acid are spatially close (Fig.
7). Confirmation of this proposal will require the structural
resolution of fungal or animal membrane-bound desaturases
because the soluble plant desaturase/acetylenase enzymes are
phylogenetically unrelated and, therefore, structural informa-
tion from them cannot be applied to the insect enzymes (38).

Phylogenetic analysis of desaturases in Lepidoptera indicates
that the T. pityocampa pheromone gland desaturase can be
included within a branch containing �10 and �11 desaturases, as
well as the bifunctional �11/�10,12 desaturases of B. mori and S.
littoralis (Fig. 3). This partitioning suggests that this branch
includes desaturases with regiospecificites ranging from �10 to
�13. It would be interesting to clone and determine whether moth
�12 desaturases, such as those involved in the biosynthesis of the
Lymantria dispar (39), Cadra cautella (40), and S. exigua (40) sex
pheromones, cluster also within this group. As more taxa are
added to this branch with the cloning of new desaturase genes,
in silico approaches suggested by Roelofs and Rooney (41) will
probably allow prediction of the detailed function of presumed
desaturase genes.

Materials and Methods
Collection of Insect Tissue, RNA Extraction, and Preparation of Fatty
Acid Methyl Ester Extracts. T. pityocampa female pupae were col-
lected in the field and supplied by the Instituto para la Conservación
de la Naturaleza (ICONA, Madrid, Spain). They were maintained
at 25 � 2°C in a 16-h:8-h light:dark photoperiod. Pheromone glands
were carefully dissected from 1- to 2-day-old virgin female moths
and stored at �80°C. Total RNA was isolated and purified from
pheromone glands by using a total RNAqueous-4PCR Kit (Am-
bion, Valencia, CA) according to the procedures recommended by
the manufacturer. Fatty acid methyl esters were obtained from
freshly dissected glands as reported elsewhere (13).

Cloning and Sequence Analysis of Tpi-PGFAD. Total RNA (5 ng, 20
ng, and 50 ng) was used to amplify the central region of the
desaturase gene. Six degenerate primers described previously
were used in OneStep RT-PCR (Qiagen, Austin, TX) following
the manufacturer’s instructions. The OneStep RT-PCR condi-
tions were as follows: hot start at 50°C; reverse transcription at
50°C for 30 min; PCR activation at 95°C for 15 min, followed by
35 cycles using 94°C for 30 s, 50°C for 30 s (primers 5�-
GGYATYACVGCHGGNGCWCA-3� plus 5�-TGRTART-
TRTGGAABSCYTCNCC-3�), or 45°C for 30 s (primers 5�-
ATCACNGCHGGBGMYCAYMG-3� plus 5�-GGRAA-
SDYRTGRTGRWARTT-3� and 5�-GACCAYMGNHWS-
CAYCA-3� plus 5�-GGRWAVRYRTGRTGRTARTT-3�);
72°C for 1 min. A final step at 72°C for 10 min was performed
to ensure completion of all extension reactions.

Amplification products were analyzed by electrophoresis in
agarose gels. Specific amplification products were excised and
eluted from gels, ligated to pTZ57R/T vector, and cloned into E.
coli DH5� competent cells (Invitrogen, Burlington, ON, Can-
ada) by using an InsT/Aclone PCR Product Cloning Kit (Fer-

Fig. 7. Molecular models of (Z)-11-hexadecenoic acid (A) and superimposed
hexadecanoic and 11-hexadecynoic acids (B). In B, the two structures were
overlayed after minimization of the C1-C10 chain with the Chem3D Ultra 9.0
program. For the sake of clarity, because palmitic and (Z)-11-hexadecenoic
acid structures are almost completely superimposable, the latter is shown out
of the overlayed structures. Carbon and oxygen atoms are depicted in dark
gray and red, respectively. Hydrogens are shown in light gray, except for the
hydrogen atoms removed from C11, C12, C13, and C14, which are colored in
green (pro-(R) in the case of enantiotopic hydrogens). White-labeled C11 and
C12 correspond to hexadecanoic and (Z)-11-hexadecenoic acid; black-labeled
C13 and C14 correspond to 11-hexadecynoic acid.
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mentas, Vilnius, Lithuania) for sequencing in an Applied Bio-
systems 3730 DNA Analyzer.

A single fragment was obtained of �550 bp, which was
homologous to the central region of other insect desaturases.

Based on this sequence information, specific primers were
designed to obtain 3� and 5� ends by rapid amplification of cDNA
ends. For the amplification of the 3� end, we used the OneStep
RT-PCR Kit (Qiagen) using sequence-specific (5�-GCCTG-
GCACATCTGTATACTTCG-3�, 5�-GGACGAGCAGCCAC-
CCGACAT-3�, and 5�-CTTCTTGACTTCGTCG-3�) and oli-
godT (5�-GGCCACGCGTCGACTAGTACTTTTTTTT-
TTTTTTTTT-3�) primers. The amplification of the 5� end was
done by using the 5� rapid amplification of cDNA ends System
for Rapid Amplification of cDNA Ends (Invitrogen) following
the manufacturer’s protocol. A coding sequence of 1,191 bp was
deduced from the three cloning steps, encompassing an ORF of
1,041 bp. By using oligonucleotides designed from 5� and 3� ends
of the predicted sequence (5�-CTTGCCCTGTACGGGTAC-
CGTC-3� and 5�-GTCGCTTATGCCCTATTACCTAT-
CAACC-3�), an amplicon of the expected length and sequence
was obtained from total cDNA from pheromone glands, dem-
onstrating the expression of the predicted mRNA in T.
pityocampa.

Functional Assay. Gene-specific primers (5�-GACTAAGATC-
TATGGCGCCGAACA CACGAGAGAAC-3� and 5�-CATG-
GCGGCCGCGCCCTATTACCTATCAACCGTCG-3�), en-
compassing BglII and NotI restriction sites, respectively, were
designed to amplify the ORF of Tpi-PGFAD using OneStep
RT-PCR (Qiagen). The PCR product was digested, purified by
gel electrophoresis, and ligated to pYEXTHS-BN (25) between
the BamHI and NotI sites. The plasmid was transformed into
DH5� competent cells, amplified, purified, and analyzed by
sequencing.

An elo1�/ole1� (MATa elo1::HIS3 ole1::LEU2 ade2 his3 leu2
ura3) yeast strain was cultured as described (26) and transformed
with the isolated ORF of T. pityocampa inserted in the pY-
EXTHS vector by standard methods (42) to produce the YMS1
yeast strain. Transformed cells were grown on selective medium
plates with 2% glucose, 0.5 mM unsaturated fatty acids (oleate
and palmitoleate), and 0.2 mM adenine sulfate, at 30°C for 48 h.
A single colony from the synthetic dextrose (SD) medium plate
was then inoculated into 2 ml of sterile yeast extract-peptone-
dextrose medium with adenine containing 0.5 mM of CuSO4 and
grown at 30°C for 48 h with shaking at 300 rpm, to confirm the
cell viability without exogenous monounsaturated fatty acids. In
the specified experiments, 0.5 mM 11-hexadecynoic acid was also
present in the liquid medium. Cells were centrifuged, washed,
and extracted with chloroform/methanol (2:1), and the lipid
extracts were methanolyzed. Derivatization with dimethyl disul-
fide was carried out as reported (27). The extracts were analyzed,
at �70 eV, on a Fisons gas chromatograph (8000 series) coupled
to a Fisons MD-800 mass selective detector. The system was
equipped with a nonpolar Hewlett Packard HP-1 capillary
column (30 m � 0.25 mm i.d. � 0.25 �m stationary phase) by
using the following temperature programs: from 80°C to 300°C
at 2°C/min (fatty acid methyl ester analyses); from 80°C to 200°C
at 5°C/min and then to 310°C at 7°C/min and held at 310°C for
15 min (dimethyl disulfide adduct analyses).

Protein Expression. Preparation of protein extracts, SDS/PAGE,
and Western blotting were carried out as reported (19).
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