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a b s t r a c t

Sex pheromones produced by female moths of the Lasiocampidae family include conjugated 5,7-
dodecadiene components with various oxygenated terminal groups. Here we describe the molecular
cloning, heterologous expression and functional characterization of desaturases associated with the
biosynthesis of these unusual chemicals. By homology-based PCR screening we characterized five cDNAs
from the female moth pheromone gland that were related to other moth desaturases, and investigated
their role in the production of the (Z)-5-dodecenol and (Z5,E7)-dodecadienol, major pheromone
constituents of the pine caterpillar moth, Dendrolimus punctatus. Functional expression of two desaturase
cDNAs belonging to the D11-subfamily, Dpu-D111-APSQ and Dpu-D112-LPAE, showed that they catalysed
the formation of unsaturated fatty acyls (UFAs) that can be chain-shortened by b-oxidation and subse-
quently reduced to the alcohol components. A first (Z)-11-desaturation step is performed by Dpu-D112-
LPAE on stearic acid that leads to (Z)-11-octadecenoic acyl, which is subsequently chain shortened to the
(Z)-5-dodecenoic acyl precursor. The Dpu-D111-APSQ desaturase had the unusual property of producing
D8 mono-UFA of various chain lengths, but not when transformed yeast were grown in presence of (Z)-9-
hexadecenoic acyl, in which case the biosynthetic intermediate (Z9,E11)-hexadecadienoic UFA was
produced. In addition to a typical Z9 activity, a third transcript, Dpu-D9-KPSE produced E9 mono-UFAs of
various chain lengths. When provided with the (Z)-7-tetradecenoic acyl, it formed the (Z7,E9)-tetrade-
cadienoic UFA, another biosynthetic intermediate that can be chain-shortened to (Z5,E7)-dodecadienoic
acyl. Both Dpu-D111-APSQ and Dpu-D9-KPSE thus exhibited desaturase activities consistent with the
biosynthesis of the dienoic precursor. The combined action of three desaturases in generating a dienoic
sex-pheromone component emphasizes the diversity and complexity of chemical reactions that can be
catalysed by pheromone biosynthetic fatty-acyl-CoA desaturases in moths.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Mate finding in moths is typically mediated by the long-range
attraction of males towards multi-component female sex-phero-
mones (Wyatt, 2003). Presumably, this fine-tuned communication
system has evolved through the diversification of female emitted
compounds and subsequent coordinated changes in the male
olfactory system (Phelan, 1997; Cardé and Haynes, 2004).
Liénard).

All rights reserved.
Pheromone biosynthesis is accounted for by a few key enzymes
including b-oxidases and fatty-acyl desaturases prior to subsequent
modifications of the carboxyl end by reductases, acetyl transferases
and/or oxidases (Tamaki, 1985; Bjostad et al., 1987; Blomquist et al.,
2005). Desaturases catalyse the insertion of double bonds into
fatty-acyl chains, at a position determined by the enzyme speci-
ficity, and account for most of the structural variation found among
pheromone precursors (Bjostad and Roelofs, 1983; Roelofs and
Bjostad, 1984; Percy-Cunningham and MacDonald, 1987; Jurenka
and Roelofs, 1993; reviewed in Tillman et al., 1999).

Desaturases that serve a role in moth reproduction constitute
a dynamically evolving gene family whose extant members likely
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originated from an ancestral desaturase prior to the divergence of
the dipteran and lepidopteran lineages (Knipple et al., 2002). Extant
moth D9-desaturases can act either as metabolic desaturases (Liu
et al., 1999) or be involved in the production of D9 unsaturated
fatty acids (UFAs) used for pheromone production (e.g., Hao et al.,
2001, 2002; Rosenfield et al., 2001). D11-Desaturases evolved
following the divergence of flies and moths (Liénard et al., 2008)
and serve exclusively in pheromone production (e.g., Knipple et al.,
1998, 2002; Liu et al., 1999, 2004; Rosenfield et al., 2001; Jeong
et al., 2003; Moto et al., 2004). The use of heterologous expres-
sion systems has proven to be a remarkable tool to study the
desaturase functionalities and has demonstrated that in contrast to
D9-desaturases, members of the D11-desaturase subfamily display
a broad substrate-, stereo- and regio-specificity including Z10, Z11,
Z/E11, E11, D11/10,12 and D11/D11,13 desaturase activities (e.g.,
Roelofs and Rooney, 2003; Moto et al., 2004; Serra et al., 2007).
Considerable innovations in the moth pheromonal system are thus
likely accounted for by the evolution of a limited number of desa-
turase genes (Knipple et al., 1998; Liu et al., 2002a,b, 2004; Hao
et al., 2001, 2002; Rosenfield et al., 2001; Roelofs et al., 2002;
Moto et al., 2004; Rodríguez et al., 2004; Serra et al., 2006, 2007;
Matou�sková et al., 2007; Park et al., 2008; Liénard et al., 2008).

Conjugated dienes are typically formed by the immediate action
of a bifunctional desaturase with isomerization around the first
double bond or by two stepwise desaturation steps (Blomquist
et al., 2005). Desaturases of the first type have been described in
Bombyx mori (Bjostad and Roelofs, 1984; Yamaoka et al., 1984; Ando
et al., 1988; Moto et al., 2004), Cydia pomonella (Löfstedt and
Bengtsson, 1988), Manduca sexta (Fang et al., 1995; Matou�sková
et al., 2007) and Spodoptera littoralis (Martinez et al., 1990;
Navarro et al., 1997; Rodríguez et al., 2002; Serra et al., 2006). In
contrast, pheromone components found inThysanoplusia intermixta
(Ono et al., 2002), Epiphyas postvittana (Foster and Roelofs,1990; Liu
et al., 2002a) and Lampronia capitella (Liénard et al., 2008) are
formed after two sequential desaturation steps. Biochemical studies
supported that dienyl compounds found among the Lasiocampidae
family are also likely to be synthesized by sequential desaturation
(Zhao et al., 2004).Most Lasiocampidae species use sex pheromones
with conjugated dodecadiene derivatives with double bond posi-
tions fixed at the 5th and 7th carbons, i.e., a D5,D7-12:X chemical
theme (e.g., Underhill et al.,1980; Ando et al.,1982; Zhao et al.,1993;
Klun et al., 2000; Rotundo et al., 2004; Haynes et al., 2007; Kong
et al., 2007 and references therein). The sex-pheromone compo-
nents of Dendrolimus punctatus consist of the (Z5,E7)-dodecadienol
and the mono-unsaturated (Z)-5-dodecenol (Zhao et al., 1993). In
vivo labelling experiments demonstrated that a first D11-desatu-
ration takes place on C18 to form the Z11-18:acyl (Zhao et al., 2004).
Labelled Z11-18:acyl was incorporated into Z5- and Z5,E7-12:acyl
and the corresponding alcohols, indicating that the Z5-12:OH is
likely formed by D11-desaturation followed by three cycles of
b-oxidation and subsequent reduction (Zhao et al., 2004). Which of
the three potential mono-unsaturated substrates, i.e., Z9-16:acyl,
Z7-14:acyl or Z5-12:acyl, is actually the substrate for the second
desaturation producing the E double bond could not be conclusively
evidenced in vivo. Therefore, it remained unknownwhether one or
several desaturases with different specificity with respect to chain
length of the substrate and geometry of the products are actually
implicated in pheromone production in this species.

In the present study, we further investigate the pheromone
biosynthesis in D. punctatus and demonstrate that the production
of Z5,E7-12:acyl may occur from two alternative biosynthetic
routes involving either E11-desaturation of the Z9-16:acyl or
E9-desaturation of the Z7-14:acyl, respectively, to produce the Z9,
E11-16:acyl or Z7,E9-14:acyl, which can be subsequently chain-
shortened and reduced to the Z5,E7-12:OH.
2. Materials and methods

2.1. Insect collection

Last larval instars and newly formed cocoons of D. punctatus
were collected from pine trees in the vicinity of Yingshan (Hubei,
China). Pupae were gently removed from their cocoons and sexed.
Females were kept in a climate chamber under a reversed 17:7
light:dark cycle at 25 � 1 �C until emergence.

2.2. Total RNA extraction and cDNA synthesis

The intersegmental PG membrane located between the 8th and
the 9th abdominal segments was carefully dissected with ethanol-
rinsed micro-scissors and separated from its internal fat bodies
(FB). PG or FB tissues were immersed in RNAlater reagent (Qiagen)
and stored at �20 �C. Total RNA was isolated using the RNeasy
Isolation kit (Qiagen AB, Solna, Sweden) including a cleaning step
with DNAse in order to remove any genomic DNA. First-strand
cDNA was synthesized by using 1 mg of total RNA and a reverse
transcriptase (Stratascript) (Stratagene, AH Diagnostics, Skärhol-
men, Sweden).

2.3. Characterization of desaturase-encoding cDNAs

PG cDNA from 10 newly emerged females (day 0) was used as
template in PCR amplifications using two different pairs of
degenerated primers designed based on the conserved TAGAHR
and GEGFH histidine-rich motifs of desaturases (Rosenfield et al.,
2001; Roelofs et al., 2002). PCR reactions were performed in
a PCR GeneAmp 9700 Thermo Cycler (Applied Biosystems, Stock-
holm, Sweden) using the AmpliTaq Gold chemistry (Applied Bio-
systems) and the following cycling conditions: 95 �C for 5 min
followed by 35 cycles at 94 �C for 30 s, 50 �C for 30 s and 72 �C for
1 min 30 s followed by a final extension step at 72 �C for 40 min.
Specific PCR amplification products (w560 bp) were ligated into
the pGEM�-T Easy vector system (Promega Biotech AB, Nacka,
Sweden) and transformed into Escherichia coli DH5a cells (Invi-
trogen AB, Lidingö, Sweden). Plasmid DNAs were purified and
positive clones were subjected to sequencing using universal M13
primers and the Big Dye Terminator cycle sequencing kit v1.1
(Applied Biosystems) followed by sequence analysis on a capillary
ABI 3100 sequencer instrument (Applied Biosystems). 50- and 30-
cDNA ends of each isolated desaturase cDNA were obtained using
the RACE SMART� Kit (Clontech, In vitro Sweden AB, Stockholm,
Sweden). Gene-specific primers (Table S1) were designed at the
extremity of the 50- and 30-untranslated regions (UTRs) and used
for PCR amplification of full-length cDNA and subsequent verifi-
cation of the integrity of the isolated desaturase cDNAs. All desa-
turase cDNA sequences have been deposited in the GenBank
database under the accession numbers EU152399eEU152405.

2.4. Sequence and phylogenetic analyses

DNA sequences were analysed using the Sequencher V.3.0
software (Gene Codes Corporation, MI, USA), the Bioedit software
(Version 5.0.9; Hall, 1999) and public non-redundant databases of
both Blastn and Blastx searches (Altschul et al., 1997). Multiple
sequence alignments were run using the Clustal W algorithm
(Higgins et al., 1994) and edited in BOXSHADE (http://www.ch.
embnet.org/index.html). Kyte and Doolitlle Hydropathy plots
were obtained using Bioedit. Publicly available lepidopteran
desaturase sequences were retrieved from the GenBank
database (http://www.ncbi.nlm.nih.gov) and from the SilkDB
genomic resource database (http://silkworm.genomics.org.cn).
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The Neighbour-joining tree was built in MEGA v4 (JTT model, 1500
replicates, pariwise comparisons) as well as the calculations of
evolutionary distances (Tamura et al., 2007).

2.5. Monitoring of desaturase expression levels by quantitative PCR

Total PG or FB RNAswere isolated from two biological samples of
10 D. punctatus females dissected 24 h before emergence (day �1)
and at 0, 2 and 4 days post-emergence. cDNA sets from each pair of
biological replicates were synthesized as described under Section
2.2 and balanced in equal concentrations. Twenty-five-microliter
qPCR reactions were run on an Mx3000P v4.01 (Stratagene) using
20 ng cDNA as template with 200 nM GSPs (Table S2), 50 nM Rox
Dye and the Platinum SYBR green qPCR SuperMix-UDG (Invi-
trogen). Primer sets were designed in the AlleleID software
(PREMIER Biosoft International) with the following criteria: primers
18e23 base pairs in length, annealing temperature 60 � 1 �C and
a 75e125 nt amplicon. Each primer set was initially validated by
calculating standard curves from serial dilutions of template cDNA
(500 ng/ml to 0.4 ng/ml) and primers with amplification efficiencies
(E) between 95 and 100% were used. qPCR amplification products
from initial runs were checked on 2% agarose gels to verify the
correct amplicon sizes and the absence of primer dimers. As a final
validation, qPCR products were sequenced to ensure that the
expected products were amplified. No-template controls were also
run in parallel. Experiments with duplicated 25-ml reactions were
replicated three times. Cycling conditions were as follows: 50 �C
for 2 min, 95 �C for 2 min, 45 cycles of 95 �C for 30s, 60 �C for
1 min, 72 �C for 1 min, followed by a dissociation curve analysis:
95 �C for 1 min, 60 �C for 30s and a gradual heating to 95 �C at
0.01 �C/s. Baseline cycle and threshold values were calculated
automatically using default settings. Expression levels were
normalized to the housekeeping gene (16S RNA) in the Mx3000
program (Stratagene) using the (1 þ E)�DDCt algorithm (Livak and
Schmittgen, 2001). Log fold changes in expressionwithin the gland
were subjected to a one-way ANOVA. The groups were compared
using the RyaneEinoteGabrieleWeilsh (REGW) procedure in the
SPSS 16.0 package.

2.6. Heterologous expression in Saccharomyces cerevisiae

For the construction of yeast expression vectors containing the
selected biosynthetic gene candidates, i.e., either the Dpu-D111-
APSQ, Dpu-D112-LPAE or Dpu-D9-KPSE genes, specific primers
encompassing suitable restriction sites (Table S3) were designed for
amplifying the open reading frames (ORFs) in combinationwith the
Advantage� 2 PCR enzyme system (Clontech) and PG cDNA as
template. PCR products were ligated and transformed as described
and plasmid DNAs were purified using standard protocols. Subse-
quently, the cloned fragments were released by restriction enzyme
digestion and agarose gel purified. Each linearized ORF was ligated
into the pYEX-CHT vector (Patel et al., 2003). Prior to subcloning
Dpu-D112-LPAE-ORF into the unique EcoR1 site, the EcoR1-linear-
ized pYEX-CHT vector was dephosphorylated in presence of calf
intestine alkaline phosphatase (CIAP). After verification by
sequencing the final DNA constructions, designated as pYEX-CHT
vector only (control), pYEX-CHT-Dpu-D111-APSQ, pYEX-CHT-Dpu-
D112-LPAE and pYEX-CHT-Dpu-D9-KPSE were each used for trans-
formation into an elongase- (elo1) and desaturase-deficient (ole1)
strain of S. cerevisiae (MATa elo1::HIS3 ole1::LEU2 ade2 his3 leu2
ura3) (Schneiter et al., 2000). For selection of uracil and leucine
prototrophs, the transformed yeast was allowed to grow on the
selective medium containing 0.7% YNB (w/o aa, with Ammonium
sulfate) and a complete drop-out medium lacking uracil and
leucine (ForMedium� LTD, Norwich, England), 2% glucose, 1%
tergitol (type Nonidet NP-40, SigmaeAldrich Sweden AB, Stock-
holm, Sweden), 0.01% adenine (Sigma) and containing 0.5 mM oleic
acid (Sigma) as extra fatty acid source. After 4 days at 30 �C, indi-
vidual colonies were selected and inoculated in 10 ml selective
medium at 30 �C and 300 rpm for 48 h. Yeast cultures were diluted
to an OD600 of 0.4 in 10 ml fresh selective medium containing 2mM
CuSO4 without or with supplementation with a biosynthetic
intermediate, i.e., Z9-16:Acid, E9-16:Me (D11-APSQ and D11-LPAE),
Z8-14:Me (D11-APSQ), Z7-14:Me or E7-14:Me (D9-KPSE). All
biosynthetic intermediates were prepared at a concentration of
500 mM in 96% Ethanol and added to reach a final concentration of
0.5 mM in the culture medium. After 48 h Cu2þ-induction, yeast
cells were harvested and washed with sterile water two times.
Yeast lipids were extracted from cell pellets at room temperature
for 1 h in 500 ml chloroform:methanol (2:1, v:v) prior evaporation
under a gentle stream of N2 (Knipple et al., 1998; Moto et al., 2004).
The dry yeast residues were subjected to base methanolysis to
convert all fatty-acyl moieties into the corresponding methyl esters
as described (Liénard et al., 2008) and recovered in n-hexane prior
to GCeMS analysis. Dimethyl-disulfide (DMDS) adducts were
prepared as described in Buser et al. (1983) in order to localize
double bond positions in monoenes, whereas the 4-methyl-1,2,4-
triazoline-3,5-dione (MTAD) adducts were prepared as described in
Marques et al. (2004) to localize double bond positions in conju-
gated dienes prior to GCeMS analysis.

2.7. GCeMS analyses

For the analysis of yeast fatty acid methyl esters (FAMEs) the GC
(Hewlett Packard HP 5890II GC system) was coupled to a mass
selective detector (MS) (HP 5972) and equipped with a polar
INNOWax column (100% polyethylene glycol, 30 m � 0.25 mm �
0.25 mm, Agilent technologies). The GCeMS was operated in elec-
tron impact mode (70 eV) and the injector was configured in
splitless mode at 240 �C with helium used as carrier gas (velocity:
30 cm/s). The oven temperature was maintained for 2 min at 70 �C
and raised at a rate of 5 �C/min up to 225 �C, then increased at a rate
of 25 �C/min up to 240 �C, then hold at 240 �C for 15 min.

DMDS and MTAD analyses were performed using the GC (HP
6890 GC system) equipped with a non-polar HP5-MS column (5%-
Phenyl-methylpolysiloxane, 30 m � 0.25 mm � 0.25 mm, Agilent
technologies) and coupled to a mass selective detector (HP 5973).
The injector was configured in splitless mode and heliumwas used
as carrier gas (velocity: 30 cm/s). For DMDS analyses, the oven
temperature was maintained at 80 �C for 2 min followed by an
increase at a rate of 10 �C/min to 180 �C, a rate of 3 �C/min to 260 �C
and a final increase to 280 �C at a rate of 20 �C/min, held for 10 min.
GCeMS analyses of MTAD adducts were performed as described in
Marques et al. (2004).

2.8. FAME preparation

The Z9-16:Acid and E9-16:Me were purchased from Sigma and
Larodan (Fine Chemicals AB, Sweden), respectively. The E7-14:Me
was prepared from the corresponding E7-14:OH. The alcohol was
dissolved in dimethylformamide (DMF) with pyridinium dichro-
mate added as oxidant and the mixture was stirred overnight at
room temperature. The acid product was extracted by diethyl ether
and washed by distilled water. After drying over anhydrous sodium
sulfate, the acid product was concentrated to dryness and used to
prepare the methyl ester by acid-catalysed esterification. Briefly,
the neat compound was dissolved in 0.5 M HCl/MeOH for 1 h at
80 �C. The reaction was subsequently neutralized by addition of
0.5 M KOH/MeOH and the methyl ester was recovered in hexane,
washed with water and dried over anhydrous sodium sulfate.



M.A. Liénard et al. / Insect Biochemistry and Molecular Biology 40 (2010) 440e452 443
The Z8-14:Me was synthesized by acid-catalysed esterification of
its acid form.

The D9,D11-hexadecadienoate methyl esters (D9,D11-16:Me)
used as standards were prepared from a mixture of the Z9,E11-
hexadecadienol and the corresponding E9,Z11-, Z9,Z11- and E9,E11-
isomers. In order to synthesize the corresponding methyl esters,
the mixture was oxidized at 0 �C using Jones reagent (Berglund
et al., 1993) followed by acid-catalysed esterification of the result-
ing acids. The Z7-14:Me was also synthesized following the Jones
reagent’s procedure prior to acid-catalysed esterification.

2.9. Intron pattern of D11-desaturases

GenomicDNAwas isolated fromabdominal tissueof aD.punctatus
female according to the instructions provided in the DNeasy kit
(Qiagen) and used as template in PCR reactions using gene-
specific primers (Table S4) encompassing the presumed positions
of the introns contained in D11-desaturase genes (Rosenfield
et al., 2001). Specific PCR products were ligated, cloned and
sequenced as described above. The non-intronic gDNA regions of
each D11-desaturase were also amplified and sequenced to verify
the absence of supplementary introns (GenBank accession
numbers FJ466457eFJ466458). Orthologous genes from the
SilkDB database were retrieved using the Dpu D11-desaturase
sequences as query and analysed for intron positions.
Fig. 1. Phylogeny of desaturase genes of lepidopteran insects. The Neighbour-joining
tree was constructed using full-length aa sequences and the JTT algorithm (MEGA 4.0.).
Numbers along branches indicate bootstrap support from 1500 replicates. Sequences
are named according to the abbreviated species name, a desaturase catalytic activity
(when assayed) and a four-amino-acid signature motif (SM) (Knipple et al., 2002). The
accession numbers are indicated in parentheses. The desaturase genes involved in
pheromone biosynthesis in D. punctatus (given the names Dpu Z/E11-LPAE, Dpu Z/E11-
APSQ and Dpu Z/E9-KPSE) are indicated next to a black arrow. The tree was rooted on
the D9-desaturase C16 > C18 functional class. The abbreviated species names corre-
spond to: Ave, Argyrotaenia velutinana; Bmo, Bombyx mori; Cpa, Choristoneura paral-
lela; Cro, Choristoneura rosaceana; Dpl, Danaus plexippus; Dpu, Dendrolimus punctatus;
Epo, Epiphyas postvittana; Has, Helicoverpa assulta; Her, Heliconius erato; Hze, Heli-
coverpa zea; Lca, Lampronia capitella; Mbr, Mamestra brassicae; Mse, Manduca sexta;
Ofu, Ostrinia furnacalis; Onu, Ostrinia nubilalis; Poc, Planotortrix octo; Sli, Spodoptera
littoralis; Tni, Trichoplusia ni and Tpi, Thaumetopoea pityocampa.
3. Results

3.1. Screening for pheromone gland acyl-CoA desaturase cDNAs

D. punctatus PG tissue was screened using two distinct degen-
erated primer sets (Rosenfield et al., 2001; Roelofs et al., 2002) to
amplify desaturase-encoding cDNA transcripts. In combination
with RACE protocols, full-length cDNAs were obtained representing
five putative desaturase genes that were designated as Dpu-D111-
APSQ, Dpu-D112-LPAE, Dpu-D9-KPSE, Dpu-D9-NPVE and Dpu-D9-
GATD respectively, in accordance with computational analyses and
a desaturase-specific nomenclature (Knipple et al., 2002). All five
primary proteins displayed high sequence similarities with distinct
classes of insect desaturases, with whom they share common
ancestry as indicated by a phylogenetic reconstruction (Fig. 1). One
of these full-length cDNA transcripts, Dpu-D111-APSQ spanned
1204 bp and encompassed an ORF of 963 bp encoding a protein of
321 aa residues. A second full-length desaturase transcript, Dpu-
D112-LPAE spanned 1670 bp and encoded an ORF of 1038 bp and
346 aa residues. Its deduced amino-acid sequence showed 53%
sequence similarity to Dpu-D111-APSQ and both transcripts dis-
played close phylogenetic relationships to previously reported
moth D11-desaturases (Fig. 1). The three other transcripts were
highly similar to previously reported D9-desaturases. The Dpu-D9-
KPSE protein was a 353-aa residue long polypeptide that showed
high sequence similarity to the moth D9 C16 > C18 group. The
protein was encoded by three alternative transcripts that spanned
1695 bp, 1774 bp or 1837 bp, respectively and differed only in the 30

UTR region due to distinct putative polyadenylation signals. The
fourth desaturase transcript, Dpu-D9-NPVE spanned 1542 bp and
encompassed an ORF of 1062 bp encoding a protein of 354 aa
residues. Its deduced aa sequence displayed 64% similarity to Dpu-
D9-KPSE and clustered with gene members of the D9 C18 > C16

group (Fig. 1). The fifth transcript, Dpu-D9-GATD, spanned 1999 bp
comprising a 1113-bp long ORF encoding a proteinwith 371 aa. The
latter sequence displayed 52% similarity to Dpu-D9-KPSE, 49% to
Dpu-D9-NPVE and 71% with an unusual desaturase (GenBank
accession no. AAQ12887) that introduced D9-unsaturations in acyl
chains ranging from C14 to C26 in Choristoneura parallela (Liu et al.,
2004). All proteins also displayed the structural motifs of
membrane-bound desaturase proteins, including three conserved
histidine-rich regions and two long stretches of hydrophobic
amino-acid residues presumably spanning the endoplasmic retic-
ulum membrane (Stuckey et al., 1990; Shanklin et al., 1994; Tocher
et al., 1998; Michaelson et al., 1998; Shanklin and Cahoon, 1998;
Martin et al., 2002) and were therefore concluded as representing
typical fatty-acyl-CoA desaturases.

3.2. Monitoring of desaturase mRNA expression levels

Expression levels of all five transcripts were determined in PG
and FB tissues of D. punctatus females at different ages by
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quantitative real-time PCR (qPCR). The transcripts of the candidate
biosynthetic desaturases Dpu-D111-APSQ and Dpu-D112-LPAE were
expressed at high levels in the PG, with average log fold changes
over age (LFCall-days) of 5.4e11.4 compared to expression in the FB,
respectively (Fig. 2A). In contrast, the transcripts for the three D9-
desaturase candidates were found expressed at relatively similar
levels in the PG and FB tissues, with differences in LFCall-days
ranging on average from 1.06 to 2.23 (Fig. 2A). The relative
expression of each desaturase transcript within the PG was deter-
mined relative to the housekeeping gene (Fig. 2B). This confirmed
that Dpu-D111-APSQ and Dpu-D112-LPAE are highly expressed
transcripts in the gland (LFCall-days 5.6 and 15.73, respectively).
Although expressed similarly in both PG and FB over the life course
of the insect, Dpu-D9-KPSE PG expression levels averaged those
of Dpu-D111-APSQ (Fig. 2B). Interestingly, whereas the latter
Dpu-D111-APSQ gene is significantly upregulated prior to eclosion
(LFCday 1 ¼ 9.55), its expression decreased over time in mature
females (LFCday 4 ¼ 4.39) and the opposite patternwas observed for
Dpu-D9-KPSE (LFCday 1 ¼ 6.72 to LFCday 4 ¼ 10.35). As evidenced in
other moth species (e.g., Rosenfield et al., 2001; Jeong et al., 2003),
the very low abundance of both Dpu-D9-NPVE and Dpu-D9-GATD
transcripts in the PG suggested that they are unlikely to be involved
in sex-pheromone biosynthesis. All together qPCR analysis
demonstrated that both Dpu-D111-APSQ and Dpu-D112-LPAE tran-
scripts are in addition to Dpu-D9-KPSE highly expressed in the
gland, thereby representing the three most likely desaturase
candidates associated with pheromone production in this species.
Fig. 2. Differential and temporal expression patterns of desaturase transcripts isolated from
females one day prior eclosion (day �1) and 0, 2 or 4 days post-emergence. The mean rela
values (�SEM, n ¼ 6). (A) Log fold change relative to the expression of the 16S RNA (normal
the housekeeping gene (16S RNA); different letters indicate a significant difference at the 0
3.3. Heterologous expression in yeast

To investigate the enzyme activity and substrate specificity, the
Dpu-D111-APSQ, Dpu-D112-LPAE or Dpu-D9-KPSE ORFs were
subcloned into the copper-inducible pYEX-CHT expression vector
(Patel et al., 2003) and transformed into the elo1 ole1 S. cerevisiae
strain (Schneiter et al., 2000). DMDS analyses of FAMEs from Cu2þ-
induced yeast transformed with the pYEX-CHT-only vector did not
evidence the presence of unsaturated fatty acyls except from the
supplemented Z9-18:Me (Fig. 3A). Cu2þ-induced yeast transformed
with Dpu-D111-APSQ did not produced any biosynthetic D11-
monoenes as evidenced by the absence of products at m/z 245
(Fig. 3B), in contrast to Dpu-D112-LPAE, which produced large
amounts of D11-monoenoic acids, in particular the Z11-16:Me and
Z11-18:Me in a 1.5:1 ratio (Fig. 3C). All Dpu-D112-LPAE DMDS
adducts exhibited a diagnostic ion at m/z 245 in addition to the
complementary ions at m/z 117 and 362 [Mþ] for DMDS adducts of
Z11-16:Me and ions at m/z 145 and 390 [Mþ] for DMDS adducts of
Z11-18:Me. The geometrical configuration of the Z11-18:Me was
obtained by comparing its retention time with authentic synthetic
standards’ DMDS adducts from both Z and E11-18:Me. In addition,
minor monoenes were detected whose DMDS adducts corre-
sponded to the D11-12:Me (m/z 306 [Mþ], 245 and 61), and to Z and
E11-14:Me (m/z 334 [Mþ], 245 and 89).

GCeMS analyses of FAMEs evidenced that Dpu-D9-KPSE
produced a series of D9-monoenes. All its DMDS adducts exhibited
the diagnostic ion atm/z 217 and were identified as Z and E9-12:Me
D. punctatus PG cDNA and monitored by qPCR. RNAs were extracted from the PG of
tive log2 fold change expression scores were calculated from raw cycle threshold (Ct)
izer) and calibrated to expression in FB. (B) Log fold change in PG expressed relative to
.05 level in expression level between genes for a given age class (REGW post-hoc test).



Fig. 3. GCeMS analysis of DMDS derivatives from methanolyzed Cu2þ-induced yeast
extracts transformed with (A) control pYEX-CHT vector, (B) pYEX-CHT-Dpu-D111-APSQ
(C) pYEX-CHT-Dpu-D112-LPAE and (D) pYEX-CHT-Dpu-D9-KPSE. The chromatogram
traces represent the ion currents obtained by selection of the characteristic ion of D11-
DMDS adducts at m/z 245 or D9-DMDS adducts at m/z 217. The asterisk (*) in (A)
indicates the exogenous Z9-18:Me precursor provided to the deficient yeast prior to
copper induction.
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(m/z 306 [Mþ], 217, 89), Z and E9-14:Me (m/z 334 [Mþ], 217, 117), Z
and E9-16:Me (m/z 362 [Mþ], 217, 145) and Z9-18:Me (m/z 390
[Mþ], 217, 173) (Fig. 3D). Interestingly, the Dpu-D111-APSQ enzyme
did produce a series of mono-unsaturated products whose DMDS
adducts exhibited the characteristic ion at m/z 203. These mono-
enes were identified as D8-12:Me, D8-14:Me and D8-16:Me (Fig. 4).
In order to check whether the latter enzymewas able to use the Z8-
14:Me as substrate to produce 7,9-14:dienoic acyl precursors,
which could in turn lead to the 5,7-12:dienoic pheromone inter-
mediates, we supplemented yeast transformed with Dpu-D111-
APSQ with the Z8-14:Me precursor. GCeMS analyses of yeast lipid
extracts did not reveal the production of any C14 dienoic acids after
supplementation (data not shown), which therefore excluded the
second unsaturation step to occur through a 1,4-dehydrogenation
mechanism.

When supplemented with the Z9-16:Acid, yeast cells trans-
formed with Dpu-D111-APSQ did not produce the D8-unsaturated
FAMEs, but produced significant amount of di-unsaturated 9,11-C16
methyl esters (Fig. 5A, B), which exhibited an abundant molecular
ion at m/z 266 (Fig. 5E). GCeMS analyses of MTAD derivatives
confirmed these components to be 9,11-hexadecadienoates, which
exhibited the characteristic ions at m/z 379 [Mþ], m/z 322 and m/z
222 (base peak). The isomers were identified as the Z9,E11-16:Me
and E9,E11-16:Me by comparing their retention times and mass
spectra with those of the corresponding D9,D11-16:Me synthetic
standards (Fig. 5D).When supplemented with E9-16:Me, yeast cells
transformed with Dpu-D111-APSQ produced all four 9,11-16:Me
isomers. In contrast, when supplemented with the Z9-16:Me, yeast
extracts of Dpu-D112-LPAE contained no 9,11-16:Me (Fig. 5C), but
contained small amounts of E9,Z11- and E9,E11-16:Me when sup-
plemented with E9-16:Me (data not shown).

Another potential mono-unsaturated biosynthetic intermediate
found in glands of D. punctatus is the Z7-14:acyl (Zhao et al., 2004).
When supplementing Z7-14:Me to yeast transformed with the
Dpu-D9-KPSE, the Z/E9-desaturase was able to catalyse the
production of minor amounts of the Z7,E9-14:Acid (Fig. 6A, B),
which exhibited an abundant molecular ion at m/z 238 (Fig. 6E).
When supplemented with the E7-14:Me, the enzyme produced
both E7,Z9-14:Acid and E7,E9-14:Acid (Fig. 6C, D). The D7,D9 double
bond positions were confirmed by MTAD derivatization (Fig. 6F)
and the geometrical configurations were rationalized by compar-
ison with the elution order of D9,D11-16:Me.

Overall functional expression conclusively demonstrated that
the three Dpu-D111-APSQ, Dpu-D112-LPAE and Dpu-D9-KPSE
encode functional enzymes exhibiting a combination of specific
desaturase activities consistent with the biosynthesis of all main
sex-pheromone fatty-acyl precursors in D. punctatus.

3.4. Acyl-CoA D11-desaturases: divergence in primary
structures and intron patterns

When reconstructing the phylogeny of Lepidopteran desa-
turases, both Dpu-D111-APSQ and Dpu-D112-LPAE transcripts
appeared to represent two duplicate genes of the D11-desaturase
subfamily (Fig. 1). Their primary structure possessed all structural
features of typical eukaryotic membrane-spanning desaturases
including the four hydrophobic transmembrane regions and the
three hydrophilic HIS-containing motifs as illustrated in Fig. 7A, B
(Stuckey et al., 1990; Shanklin et al., 1994; Knipple et al., 1998;
Rosenfield et al., 2001; Jeong et al., 2003). The two polypeptide
chains are overall relatively conserved (53%, uncorrected
p-distance ¼ 0.444) and both are functional desaturase proteins
notwithstanding that they evolved distinct substrate specificities
(Figs. 3e5). The proportion of sites at which the two genes differ is
higher in the transmembrane regions (TM1eTM4) (uncorrected
p-distance ¼ 0.551) than in their cytoplasmic regions (uncorrected
p-distance ¼ 0.407) (Fig. 7A, B), which suggests that non-synony-
mous substitutionsmay be afforded in the TM regions as long as the
overall hydrophobic structure is maintained. In contrast, there
should be more selective pressure operating on certain cytoplasmic
domains that have been predicted to form the active channel
interacting with fatty acid substrates (Sperling et al., 2003).

Dpu-D111-APSQ and Dpu-D112-LPAE gene structures were
characterized and compared with D11-homologous genes from
B. mori. Four D11-homologous sequences were found in the silk-
worm database in addition to the gene corresponding to the unique
D11-10,12-KATQ desaturase implied in B. mori pheromone
biosynthesis (Moto et al., 2004). Both D. punctatus D11-desaturases
were evidenced to have a close ortholog in B. mori, i.e., Dpu-D111-
APSQ corresponded to Bmo-APSQ whereas Dpu-D112-LPAE was
most similar in sequence with the functional Bmo-KATQ (Fig. 1).
Both D. punctatus D11 genes thus likely evolved following



Fig. 4. GCeMS analysis of D8-mono-unsaturated intermediates produced by functional expression of the Dpu-D111-APSQ desaturase gene. Chromatogram traces represent DMDS
adducts of methanolyzed yeast extracts of (A) the control pYEX-CHT vector and (B) the pYEX-CHT-Dpu-D111-APSQ and were obtained by selection of the characteristic ion of
D8-DMDS adducts at m/z 203. The asterisk (*) refers to the exogenous Z9-18:Me precursor. (C) Mass spectra and molecular fragmentation of DMDS adducts of D8-12:Me, D8-14:Me
and D8-16:Me.
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a relatively ancient duplication event that took place prior to the
divergence of the Bombycidae and Lasiocampidae families.

While lepidopteran D9-desaturases have been shown to display
a three-intron gene structure (i.e., Introns IeIII) (Fig. 7C), D11-
desaturase genes usually lack intron II (Rosenfield et al., 2001;
Knipple et al., 2002), which has presumably been lost subsequent
to the duplication between D9- and D11-desaturases. Accordingly,
all predicted B. mori D11-desaturase genes as well as the Dpu-D112-
LPAE were found to display a typical two-intron (I and III) pattern
(Fig. 7C). Two variants of the Dpu-D111-APSQ Intron III presumably
representing the two allelic versions of the gene were cloned that
were identical except by a 224-bp long supplementary portion.
Although Intron I is typically conserved among desaturase genes
in moths but also flies (Dallerac et al., 2000), several sets of primers
targeting the boundaries of the expected Dpu-D111-APSQ intron I
led to a PCR amplicon matching the size of its corresponding cDNA,
which suggested that Dpu-D111-APSQ may have lost this intron.

4. Discussion

Pheromone biosynthetic desaturases with specific substrate
affinities, chain-length preferences and Z or E stereospecificities
contribute significantly to the diversity of chemicals used as moth
mating signals (e.g., Bjostad and Roelofs, 1984; Tillman et al., 1999;



Fig. 5. GCeMS analysis of conjugated fatty acid intermediates from methanolyzed
Cu2þ-induced yeast transformed with D. punctatus D11-desaturase genes and supple-
mented with Z9-16:Acid. FAME extracts from yeasts transformed with (A) pYEX-CHT
only, (B) pYEX-CHT-Dpu-D111-APSQ and (C) pYEX-CHT-Dpu-D112-LPAE. The chro-
matogram traces are obtained by selection of the characteristic ions of methyl hex-
adecadienoates atm/z 266, 234, 192 and 150. Asterisks (*) refer to the exogenous Z9-18:
Me and the biosynthetic intermediate Z9-16:Acid. (D) GCeMS chromatogram of the
isomers of 9,11-16:Me synthetic standards. (E) Mass spectrum of the Z9,E11-16:Me.
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Knipple et al., 1998, 2002; Rosenfield et al., 2001; Liu et al., 1999,
2002a,b, 2004; Hao et al., 2002; Roelofs et al., 2002; Jeong et al.,
2003; Moto et al., 2004; Matou�sková et al., 2007; Serra et al.,
2006, 2007, Liénard et al., 2008). We demonstrated that the
biosynthesis of pheromone components used in D. punctatus is
likely the result of the combined action of three distinct desaturases
(Fig. 8). Phylogenetic analysis indicated that the three desaturase
transcripts, namely Dpu-D111-APSQ, Dpu-D112-LPAE and Dpu-D9-
KPSE are related to moth desaturases belonging to the D11- or the
D9 C16 > C18 subfamilies, respectively (Fig. 1) and are expressed at
high levels in the PG tissue (Fig. 2). In silico and tissue distribution
approaches are however not conclusive without the final demon-
stration that the transcripts encode functional proteins with
activities consistent with pheromone production in the species
investigated. Cloning of each candidate desaturase ORF in the
pYEX-CHT vector and subsequent heterologous expression in S.
cerevisiae conclusively evidenced that the PG transcript with
highest expression, Dpu-D112-LPAE (Fig. 2) produces the biosyn-
thetic intermediate Z11-18:acyl (Fig. 3), which is in accordancewith
an earlier in vivo biochemical study (Zhao et al., 2004). Deuterium
labelling previously showed that this precursor is subsequently
chain-shortened to the Z5-12:acyl precursor by three cycles of
b-oxidation and finally reduced to form the Z5-12:OH (Zhao et al.,
2004).

The pathway leading to the Z5,E7-12:OH could not be tackled in
the earlier in vivo studies and we demonstrate that among moths
for which functional studies of pheromone biosynthesis are avail-
able to date, D. punctatus is a complex case (Fig. 8). In vivo labelling
showed that the Z11-18:acyl leads to the Z9-16:acyl through chain-
shortening (Zhao et al., 2004) and we here conclusively demon-
strate that the Z9-16:acyl is then used as substrate by a second
D11-enzyme, Dpu-D111-APSQ that catalyses an E11-desaturation
reaction to form the Z9,E11-16:acyl precursor (Fig. 5). We also show
that Dpu-D9-KPSE can introduce an E9-desaturation in the chain-
shortened Z7-14:acyl to produce the Z7,E9-14:acyl (Fig. 6). Both Z9,
E11-16 and Z7,E9-14:acyls can in turn lead to the Z5,E7-12:acyl
through b-oxidation and be reduced to the corresponding alcohol.
In Dendrolimus spp. females, the peak of calling activity is typically
observed between day 1 and day 2 following eclosion (Zhao et al.,
2004; Rotundo et al., 2004; Kong et al., 2007), which coincides
with the time-window of expression of the three active desa-
turases. Whereas Dpu-D111-APSQ is upregulated before eclosion,
the gene expression noticeably decreases after emergence (Fig. 2),
which interestingly coincides with the upregulation of the Dpu-D9-
KPSE. All together Dpu-D112-LPAE leads to the production of the
Z11-18:acyl whereas both Dpu-D111-APSQ and Dpu-D9-KPSE
provide two alternative routes towards key di-unsaturated inter-
mediate precursors of the female sex pheromone of D. punctatus
(Fig. 8). Future work involving in vivo knockdown studies could be
attempted to decipher if either enzyme is prevalent in forming the
Z5,E7-12:acyl precursor. The RNAi approach has generated satis-
factory data in the P50 strain of B. mori (Ohnishi et al., 2006) but it
however failed in other strains of B. mori as well as in other moth
species (Matsumoto S., personal communication).

Similarly to Dpu-D9-KPSE, the involvement of a moth D9 C16 >

C18 desaturase in the production of a di-unsaturated pheromone
precursor was demonstrated in S. littoralis (Rodríguez et al., 2004)
but remains a rare circumstance in moth pheromone biosynthesis.
Hence, moth pheromone desaturases of the D9 C16 > C18 func-
tional class are usually restricted to the production of Z9-mono-
enes of C16 and C18 plus minor amounts of C14:D9 (Rosenfield et al.,
2001; Jeong et al., 2003; Liu et al., 2004). Orthologous dipteran D9
C16 > C18 desaturases have been shown to serve a role in the
production of cuticular pheromones in male and female flies
(Coyne et al., 1999; Dallerac et al., 2000; Ferveur, 2005). Whereas
the Drosophila melanogaster desat1 displays a typical C16 > C18
substrate preference, its paralog desat2 has evolved a high affinity
for myristic acid and produces only minor amounts of C16:D9 and
C18:D9 (Dallerac et al., 2000). This suggests that the substrate
preference of contemporary moth D9-desaturases may also be
highly derived from their ancestral activity and it is conceivable
that they may have evolved unusual activities such as observed in



Fig. 6. GCeMS analysis of conjugated fatty acid intermediates frommethanolyzed Cu2þ-induced yeast transformed with Dpu-D9-KPSE. FAME extracts from yeasts transformed with
(A and C) pYEX-CHT only, (B and D) pYEX-CHT-Dpu-D9-KPSE supplemented with either Z or E7-14:Me. The chromatogram traces represent the total ion current (TIC) chro-
matograms. Asterisks (*) refer to the exogenous Z9-18:Me and the biosynthetic intermediate Z7-14:Me or E7-14:Me. (E) Mass spectrum of the Z7,E9-14:Me. (F) Mass spectrum of D7,
D9-14:Me MTAD derivatives.
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D. punctatus. Desaturases involved in the formation of UFAs have
been characterized in other insect lineages and include a D9-
desaturase (C18:D9 > C16:D9) from the house cricket Acheta
domesticus (Orthoptera) (Riddervold et al., 2002) and from the
white-tailed bumblebee Bombus lucorum (Hymenoptera)
(Matou�sková et al., 2008) as well as a D12-desaturase involved in
the production of linoleic acid in A. domesticus and the flour beetle,
Tribolium castaneum (Coleoptera) (Zhou et al., 2008).

All species in the Lasiocampidae family for which a sex pher-
omone has been identified to date use derivatives of the Z5-12 and



Fig. 7. Amino-acid sequence alignment and intron patterns of the two functional acyl-CoA D11-desaturases from D. punctatus. (A) Black, grey and white backgrounds indicate aa
identities, conservative and non-conservative substitutions, respectively. Boxed regions indicate the hydrophobic transmembrane domains (TM1eTM4) and the four-amino-acid
signature motif (SM). HIS refers to Histidine-rich domains and a, b and 3 represent hydrophobic motifs (Knipple et al., 2002). (B) Hydropathy plots of the Dpu-D111-APSQ and Dpu-
D112-LPAE proteins. (C) D11-Desaturase genes from D. punctatus and B. mori. Intron positions are located between the last amino acid specified by the three codons on the 50 side of
a splice junction and the first amino acid on the 30 side of a splice junction. Intron positions are conserved among all D11-desaturase genes, except in Dpu-D111-APSQ. The B. mori
functional D11,D10/12-desaturase is referred to as Bmo-D11-KATQ. (k)bp, (kilo)base pair.

M.A. Liénard et al. / Insect Biochemistry and Molecular Biology 40 (2010) 440e452 449
D5,D7-12:acyls. This includes species of the Dendrolimus genus
(e.g., Zhao et al., 1993; Klun et al., 2000; Kong et al., 2007 and
references therein), the Malacosoma genus (Kochansky et al., 1996;
Schmidt et al., 2003; Rotundo et al., 2004) and the Gastropacha
genus (Bestmann et al., 1993). Since closely related species share
common evolutionary histories, common pheromone components
likely derive from the sharing of similar biosynthetic pathways
(reviewed in Cardé and Haynes, 2004). Placed in a phylogenetic
context, we rationalize that other Lasiocampidae species may use
orthologous desaturases to produce their pheromone precursors.
For instance, GCeMS analyses of yeast lipid extracts indicated that
the Dpu-D9-KPSE is capable of producing E9-16:acyl (Fig. 5) and
when supplemented with the latter substrate Dpu-D111-APSQ
forms the E9,Z11-16:acyl. Similarly, Dpu-D9-KPSE exhibits
a significant activity on the chain-shortened E7-14:acyl that leads
to E7,Z9-14:acyl (Fig. 6). Orthologous desaturases of other lasio-
campids could also produce E,Z isomers, which would lead to the
main E5,Z7-12:acyl precursor in Dendrolimus houi, providing that
the appropriate number of b-oxidation cycles subsequently occur
in the gland (Zhao et al., 1993; Kong et al., 2001, 2007) but also in
Malacosoma neustrium and Malacosoma americanum (Kochansky
et al., 1996; Rotundo et al., 2004). The stereochemical mecha-
nism catalysing the formation of E,E-isomers in experiments
where Z-precursors were supplemented (and vice versa) remains
to be investigated. Similarly to Dpu-D111-APSQ, the Z5,Z7-12:Ald
used in Malacosoma disstria (Schmidt et al., 2003) could be
produced from an orthologous D111-APSQ desaturase that would
also produce Z,Z isomers.



Fig. 8. Proposed biosynthetic pathway towards the female sex pheromone of
D. punctatus. Dpu-D112-LPAE leads to the production of the Z11-18:Acid whereas both
Dpu-D111-APSQ and Dpu-D9-KPSE are involved in the introduction of E double bonds
that form key di-unsaturated intermediate pheromone precursors.
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Phylogenetic analysis indicates that Dpu-D111-APSQ belongs to
the Lepidoptera-specific D11-desaturase lineage but in addition to
the expected D11-desaturase activity it also displays an unusual
D8-desaturase activity. In contrast to Dendrolimus superans sibiricus
where the minor E6-12:OH/Ald pheromone components (Klun
et al., 2000) are likely the result of a similar D8-activity followed
by b-oxidation and subsequent reduction/oxidation, no D8-mono-
enes were detected in the gland in D. punctatus (Zhao et al., 2004).
In vitro, no D8 UFAs were observed when the enzyme was
supplemented with Z9-16:acyl but in this latter case, the enzyme
catalysed the production of 9,11-16:dienes. These observations
could be explained by a down-regulation or inhibition of the D8-
activity in presence of Z9-16:acyl. A similar mechanism has been
postulated in S. littoralis where a D9-desaturase could produce the
Z9-14:Acid from 14:Acid but not when supplemented with E11-14:
Acid, in which case it instead produced a 9,11-14:diene (Rodríguez
et al., 2004).

Our results also demonstrate the involvement of two different
D11-desaturases involved in pheromone production in one moth
species. Extensive gene duplications took place in the course of
evolution of the D11-subfamily as supported by multiple D11-
desaturase gene copies in B. mori (Fig. 7), C. pomonella (Knipple
et al., 2002), Choristoneura spp. (Hao et al., 2002; Liu et al., 2004),
M. sexta (Matou�sková et al., 2007) and Plodia interpunctella (Tsfadia
et al., 2008). Classical evolutionary models predict that duplicated
genes may be lost over time or remain in the genome as pseudo-
genes, whereas when providing an evolutionary advantage they
may evolve new functions (neofunctionalization) or partition the
ancestral gene’s functions (subfunctionalization) (Hughes, 1994;
Lynch and Conery, 2000; Lynch and Force, 2000; Otto and Yong,
2002). Moth desaturases have also been predicted to evolve
under a birth-and-death evolutionary pattern (Roelofs and Rooney,
2003; Nei and Rooney, 2005). All together, this supports that the
two D. punctatus D11-desaturase genes represent a novel case of
evolution by subfunctionalization in the moth pheromone
biosynthetic machinery.

Acknowledgements

We would like to acknowledge E. Jirle for technical assistance,
the Yingshan Forestry bureau (Hubei, China) for assistance during
insect collection, R. Schneiter for providing the ole1 elo1 yeast
strain, I. Macreadie for providing the pYEX-CHT vector, E. Heden-
ström and F. Andersson for preparing some of the methyl esters
used in the study. The authors are thankful to C.Z. Wang and his
research group for their hospitality at the CAS institute of Zoology
(Beijing) and three anonymous referees for their constructive
comments. This study was financially supported by the VR project
no. 621-2007-5659 and VR/SIDA Swedish Research Links projects
no. 348-2005-6251.

Appendix. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ibmb.2010.04.003.

References

Altschul, S.F., Madden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W., Lipman, D.J.,
1997. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res. 25, 3389e3402.

Ando, T., Vu, H.M., Yoshida, S., Takahashi, N., Tatsuki, S., Katagiri, K., Yamane, A.,
Ikeda, T., 1982. (5Z,7E)-5,7-dodecadien-1-ol: female sex pheromone of the pine
moth Dendrolimus spectabilis Butler. Agric. Biol. Chem. 46, 709e715.

Ando, T., Hase, T., Arima, R., Uchiyama, M., 1988. Biosynthetic pathway of bombykol,
the sex pheromone of the female silkworm moth. Agric. Biol. Chem. 52,
473e478.

Berglund, P., Holmquist, M., Hedenström, E., Hult, K., Högberg, H.-E., 1993.
2-Methylalkanoic acids resolved by esterification catalysed by lipase from
Candida rugosa: alcohol chain length and enantioselectivity. Tetrahedron
Asymmetry 4, 1869e1878.

Bestmann, H.J., Attygalle, A., Garbe, W., Kern, F., Martichonok, V., Schäfer, D.,
Vostrowsky, O., Hasenfus, I., 1993. Chemical structure and final steps of
biosynthesis of the female sex pheromone of Gastropacha quercifolia (Lepi-
doptera: Lasiocampidae). Insect Biochem. Mol. Biol. 23, 791e799.

Bjostad, L.B., Roelofs, W.L., 1983. Sex pheromone biosynthesis in Trichoplusia ni: key
steps involve delta-11 desaturation and chain-shortening. Science 220, 1387e
1389.

Bjostad, L.B., Roelofs, W.L., 1984. Sex pheromone biosynthetic precursors in Bombyx
mori. Insect Biochem. 14, 275e278.

Bjostad, L.B., Wolf, W., Roelofs, W.L., 1987. Pheromone biosynthesis in lepidop-
terans: desaturation and chain-shortening. In: Blomquist, G.J., Prestwich, G.D.
(Eds.), Pheromone Biochemistry. Academic Press, New York, pp. 77e120.

Blomquist, G.J., Jurenka, R.A., Schal, C., Tittiger, C., 2005. Biochemistry and molecular
biology of pheromone production. In: Gilbert, L.I., Iatrou, K., Gill, S. (Eds.),
Comprehensive Molecular Insect Science. Elsevier Academic San Francisco,
Gilbert, pp. 705e751.

Buser, H.-R., Arn, H., Guerin, P., Rauscher, S., 1983. Determination of double bond
position in mono-unsaturated acetates by mass spectrometry of dimethyl
disulfide adducts. Anal. Chem. 55, 818e822.

Cardé, R.T., Haynes, K.F., 2004. Structure of the pheromone communication channel
in moths. In: Cardé, R.T., Millar, J.G. (Eds.), Advances in Insect Chemical Ecology.
Cambridge University Press, pp. 283e332.

Coyne, J.A., Wicker-Thomas, C., Jallon, J.-M., 1999. A gene responsible for a cuticular
hydrocarbon polymorphism in Drosophila melanogaster. Genet. Res. 73,
189e203.

Dallerac, R., Labeur, C., Jallon, J.-M., Knipple, D.C., Roelofs, W.L., Wicker-Thomas, C.,
2000. A delta9 desaturase gene with a different substrate specificity is
responsible for the cuticular diene hydrocarbon polymorphism in Drosophila
melanogaster. Proc. Natl. Acad. Sci. U.S.A. 97, 9449e9454.

Fang, N., Teal, P.E.A., Doolittle, R.E., Tumlinson, J.H., 1995. Biosynthesis of conjugated
olefinic systems in the sex pheromone gland of female tobacco hornworm
moths Manduca sexta (L.). Insect Biochem. Mol. Biol. 25, 39e48.

Ferveur, J.-F., 2005. Cuticular hydrocarbons: their evolution and roles in Drosophila
pheromonal communication. Behav. Genet. 35, 279e295.

Foster, S.P., Roelofs, W.L., 1990. Biosynthesis of a monoene and a conjugated diene
sex pheromone component of the lightbrown apple moth by D11 desaturation.
Experientia 46, 269e273.

http://dx.doi.org/10.1016/j.ibmb.2010.04.003


M.A. Liénard et al. / Insect Biochemistry and Molecular Biology 40 (2010) 440e452 451
Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95e98.

Hao, G., Liu, W., O'Connor, M., Roelofs, W.L., 2001. Acyl-CoA Z9- and Z10-desaturase
genes from a New Zealand leafroller moth species, Planotortrix octo. Insect
Biochem. Mol. Biol. 32, 961e966.

Hao, G., O'Connor, M., Liu, W., Roelofs, W.L., 2002. Characterization of Z/E11- and Z9-
desaturases from the obliquebanded leafroller moth, Choristoneura rosaceana. J.
Insect Sci. 2, 26.

Haynes, K., McLaughlin, J., Stamper, S., Rucker, C., Webster, F., Czokajlo, D., Kirsch, P.,
2007. Pheromone trap for the eastern tent caterpilar moth. Environ. Entomol.
36, 1199e1205.

Higgins, D.J., Thompson, J.D., Gibson, T.J., 1994. CLUSTAL W: improving the sensi-
tivity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22,
4673e4680.

Hughes, A.L., 1994. The evolution of functionally novel proteins after gene dupli-
cations. Proc. R. Soc. Lond. B 256, 119e124.

Jeong, S.E., Rosenfield, C.-L., Herrick-Marsella, P., You, K.M., Knipple,D.C., 2003.Multiple
acyl-CoA desaturase-encoding transcripts in pheromone glands of Helicoverpa
assulta, the oriental tobacco budworm. Insect Biochem. Mol. Biol. 33, 609e622.

Jurenka, R.A., Roelofs, W.L., 1993. Biosynthesis and endocrine regulation of fatty acid
derived pheromones in moths. In: Stanley-Samuelson, D.W., Nelson, D.R. (Eds.),
Insect Lipids: Chemistry, Biochemistry and Biology. University of Nebraska
Press, Lincoln, Nebraska, pp. 353e388.

Klun, J.A., Baranchikov, Y.N., Mastro, V.C., Hijji, Y., Nicholson, J., Ragenovich, I.,
Vshivkova, T.A., 2000. A sex attractant for the Siberian moth Dendrolimus
superans sibiricus (Lepidoptera: Lasiocampidae). J. Entomol. Sci. 35, 158e166.

Knipple, D.C., Rosenfield, C.-L., Miller, S.J., Liu, W., Tang, J., Ma, P.W.K., Roelofs, W.L.,
1998. Cloning and functional expression of a cDNA encoding a pheromone
gland-specific acyl-CoA D11 desaturase of the cabbage looper moth, Trichoplusia
ni. Proc. Natl. Acad. Sci. U.S.A. 95, 15287e15292.

Knipple, D.C., Rosenfield, C.-L., Nielsen, R., You, K.M., Jeong, S.E., 2002. Evolution of
the integral membrane desaturase gene family in moths and flies. Genetics 162,
1737e1752.

Kochansky, J., Hill, A., Neal, J.W.J., Bentz, J.-A., Roelofs, W.L., 1996. The pheromone of
the eastern tent caterpillar, Malacosoma americanum (F.) (Lepidoptera: Lasio-
campidae). J. Chem. Ecol. 22, 2251e2261.

Kong, X.-B., Zhao, C.-H., Wei, G., 2001. Identification of sex pheromones of four
economically important species in the genus Dendrolimus. Chin. Sci. Bull. 46,
2077e2082.

Kong, X.B., Zhang, Z., Zhao, C.-H., Wang, H.B., 2007. Female sex pheromone of the
Yunnan pine caterpillar moth Dendrolimus houi: first (E,Z)-isomers in phero-
mone components of Dendrolimus spp. J. Chem. Ecol. 33, 1316e1327.

Liénard, M.A., Strandh, M., Hedenström, E., Johansson, T., Löfstedt, C., 2008. Key
biosynthetic gene subfamily recruited for pheromone production prior to the
extensive radiation of Lepidoptera. BMC Evol. Biol. 8, 270.

Liu, W., Ma, P.W.K., Marsella-Herrick, P., Rosenfield, C.-L., Knipple, D.C., Roelofs, W.L.,
1999. Cloning and functional expression of a cDNA encoding a metabolic acyl-
CoA D9-desaturase of the cabbage looper moth, Trichoplusia ni. Insect Biochem.
Mol. Biol. 29, 435e443.

Liu, W., Jiao, H., Murray, N.C., O’Connor, M., Roelofs, W.L., 2002a. Gene characterized
for membrane desaturase that produces (E)-11 isomers of mono- and diunsa-
turated fatty acids. Proc. Natl. Acad. Sci. U.S.A. 99, 620e624.

Liu, W., Jiao, H., O'Connor, M., Roelofs, W.L., 2002b. Moth desaturase characterized
that produces both Z and E isomers of D11-tetradecenoic acids. Insect Biochem.
Mol. Biol. 32, 1489e1495.

Liu, W., Rooney, A.P., Xue, B., Roelofs, W.L., 2004. Desaturases from the spotted
fireworm moth (Choristoneura parallela) shed light on the evolutionary origins
of novel moth sex pheromone desaturases. Gene 342, 303e311.

Livak, K., Schmittgen, T., 2001. Analysis of relative gene expression data using real-
time quantitative PCR and the 2�DDCt method. Methods 25, 402e408.

Löfstedt, C., Bengtsson, M., 1988. Sex pheromone biosynthesis of (E,E)-8,10-dodec-
adienol in codling moth Cydia pomonella involves E9 desaturation. J. Chem. Ecol.
14, 903e915.

Lynch, M., Conery, J.S., 2000. The evolutionary fate and consequences of duplicate
genes. Science 290, 1151e1155.

Lynch, M., Force, A.G., 2000. The probability of duplicate gene preservation by
subfunctionalization. Genetics 154, 459e473.

Marques, F.A., Millar, J.G., McElfresh, S., 2004. Efficient method to locate double
bond positions in conjugated trienes. J. Chromatogr. A 1048, 59e65.

Martin, C.E., Oh, C.-S., Kandasamy, P., Chellapa, R., Vemula, M., 2002. Yeast desa-
turases. Biochem. Soc. Trans. 30, 1080e1082.

Martinez, T., Fabriás, G., Camps, F., 1990. Sex pheromone biosynthesis pathway in
Spodoptera littoralis and its activation by a neurohormone. J. Biol. Chem. 265,
1381e1387.

Matou�sková, P., Pichová, I., Svato�s, A., 2007. Functional characterization of a desa-
turase from the tobacco hornworm moth (Manduca sexta) with bifunctional Z11
and 10,12-desaturase activity. Insect Biochem. Mol. Biol. 37, 601e610.

Matou�sková, P., Luxová, A., Matou�sková, J., Jiro�s, P., Svato�s, A., Valterová, I.,
Pichova, I., 2008. A D9 desaturase from Bombus lucorum males: investigation of
the biosynthetic pathway of marking pheromones. ChemBioChem 9,
2534e2541.

Michaelson, L.V., Napier, J.A., Lewis, M., Griffiths, G., Lazarus, C., Stobart, A.K., 1998.
Functional identification of a fatty acid delta 5 desaturase gene from Caeno-
rhabditis elegans. FEBS Lett. 439, 215e218.
Moto, K., Suzuki, M.G., Hull, J.J., Kurata, R., Takahashi, S., Yamamoto, M., Okano, K.,
Imai, K., Ando, T., Matsumoto, S., 2004. Involvement of a bifunctional fatty-acyl
desaturase in the biosynthesis of the silkmoth, Bombyx mori, sex pheromone.
Proc. Natl. Acad. Sci. U.S.A. 101, 8631e8636.

Navarro, I., Mas, E., Fabriàs, G., Camps, F., 1997. Identification and biosynthesis of (E,
E)-10,12-tetradecadienyl acetate in Spodoptera littoralis female sex pheromone
gland. Bioorg. Med. Chem. Lett. 5, 1267e1274.

Nei, M., Rooney, A.P., 2005. Concerted and birth-and-death evolution of multigene
families. Annu. Rev. Genet. 39, 121e152.

Ono, A., Imai, T., Inomata, S., Watanabe, A., Ando, T., 2002. Biosynthetic pathway for
production of a conjugated dienyl sex pheromone of a plusiinae moth, Thysa-
noplusia intermixta. Insect Biochem. Mol. Biol. 32, 701e708.

Ohnishi, A., Hull, J.J., Matsumoto, S., 2006. Targeted disruption of genes in the
Bombyx mori sex pheromone biosynthetic pathway. Proc. Natl. Acad. Sci. U.S.A.
103, 4398e4403.

Otto, S.P., Yong, P., 2002. The evolution of gene duplicates. Adv. Genet. 46, 451e483.
Park, H.Y., Kim, M.S., Paek, A., Jeong, S.E., Knipple, D.C., 2008. An abundant acyl-CoA

(D9) desaturase transcript in pheromone glands of the cabbage moth,Mamestra
brassicae, encodes a catalytically inactive protein. Insect Biochem. Mol. Biol. 38,
581e595.

Patel, O., Fernley, R., Macreadie, I., 2003. Saccharomyces cerevisiae expression
vectors with thrombin-cleavable N- and C-terminal 6�(His) tags. Biotechnol.
Lett. 25, 331e334.

Percy-Cunningham, J.E., MacDonald, J.A., 1987. Biology and ultrastructure of sex
pheromone producing glands. In: Blomquist, G.J., Prestwich, G.D. (Eds.), Pher-
omone Biochemistry. Academic Press, New York, pp. 27e76.

Phelan, P.L., 1997. Evolution of mate-signaling in moths: phylogenetic consider-
ations and predictions from the asymmetric tracking hypothesis. In: Choe, J.C.,
Crespi, B.J. (Eds.), The Evolution of Mating Systems in Insects and Arachnids.
University Press, Cambridge, pp. 240e256.

Riddervold, M.H., Tittiger, C., Blomquist, G.J., Borgeson, C.E., 2002. Biochemical and
molecular characterization of house cricket (Acheta domesticus, Orthoptera:
Gryllidae) D9 desaturase. Insect Biochem. Mol. Biol. 32, 1731e1740.

Rodríguez, S., Clapés, P., Camps, F., Fabriàs, G., 2002. Stereospecificity of an enzy-
matic monoene 1,4-dehydrogenation reaction: conversion of (Z)-11-tetradece-
noic acid into (E,E)-10,12, tetradecadienoic acid. J. Org. Chem. 67, 2228e2233.

Rodríguez, S., Hao, G., Liu, W., Piña, B., Rooney, A.P., Camps, F., Roelofs, W.L.,
Fabriàs, G., 2004. Expression and evolution of D9 and D11 desaturase genes in
the moth Spodoptera littoralis. Insect Biochem. Mol. Biol. 34, 1315e1328.

Roelofs, W., Bjostad, L., 1984. Biosynthesis of Lepidopteran pheromones. Bioorg.
Chem. 12, 279e298.

Roelofs, W.L., Rooney, A.P., 2003. Molecular genetics and evolution of pheromone
biosynthesis in Lepidoptera. Proc. Natl. Acad. Sci. U.S.A. 5, 9179e9184.

Roelofs, W.L., Liu, W., Hao, G., Jiao, H., Rooney, A.P., Linn, C.E., 2002. Evolution of
moth sex pheromones via ancestral genes. Proc. Natl. Acad. Sci. U.S.A. 99,
13621e13626.

Rosenfield, C.-L., You, K.M., Herrick-Marsella, P., Roelofs, W.L., Knipple, D.C., 2001.
Structural and functional conservation and divergence among acyl-CoA desa-
turases of two noctuid species, the corn earworm, Helicoverpa zea, and the
cabbage looper, Trichoplusia ni. Insect Biochem. Mol. Biol. 31, 949e964.

Rotundo, G., Germinara, G.S., de Cristofaro, A., 2004. Chemical, electrophysiological,
and behavioral investigations on the sex pheromone of lackey moth, Mala-
cosoma neustrium. J. Chem. Ecol. 30, 2057e2069.

Schmidt, B., Roland, J., Wakarchuk, D., 2003. Evaluation of synthetic pheromones for
monitoring forest tent caterpillar (Lepidoptera: Lasiocampidae) populations.
Environ. Entomol. 32, 214e219.

Schneiter, R., Tatzer, V., Gogg, G., Leitner, E., Kohlwein, S.D., 2000. Elo1-dependent
carboxy-terminal elongation of C14:1Delta(9) to C16:1Delta(11) fatty acids in
Saccharomyces cerevisiae. J. Bacteriol. 182, 3655e3660.

Serra, M., Piña, B., Bujons, J., Camps, F., Fabriàs, G., 2006. Biosynthesis of 10,12-
dienoic fatty acids by a bifunctional D11 desaturase in Spodoptera littoralis.
Insect Biochem. Mol. Biol. 36, 634e641.

Serra, M., Piña, B., Abad, J.L., Camps, F., Fabriàs, G., 2007. A multifunctional desa-
turase involved in the biosynthesis of the processionary moth sex pheromone.
Proc. Natl. Acad. Sci. U.S.A. 104, 16444e16449.

Shanklin, J., Whittle, E., Fox, B.G., 1994. Eight histidine residues are catalytically
essential in a membrane-associated iron enzyme, stearoyl-CoA desaturase, and
are conserved in alkane hydroxylase and xylene monooxygenase. Biochemistry
33, 12787e12794.

Shanklin, J., Cahoon, E.B., 1998. Desaturation and related modifications of fatty
acids. Annu. Rev. Plant Physiol. 49, 611e641.

Sperling, P., Ternes, P., Zank, T.K., Heinz, E., 2003. The evolution of desaturases.
Prostaglandins Leukot. Essent. Fatty Acids 68, 73e95.

Stuckey, J.E., McDonough, V.M., Martin, C.E., 1990. The OLE1 gene of Saccharomyces
cerevisiae encodes the D9 fatty acid desaturase and can be functionally replaced
by the rat stearoyl-CoA desaturase gene. J. Biol. Chem. 265, 20144e20149.

Tamaki, Y., 1985. Sex pheromones. In: Comprehensive Insect Physiology,
Biochemistry and Pharmacology, vol. 9. Pergamon Press, Oxford, pp. 145e191.

Tamura, K., Nei, M., Kumar, S., 2007. MEGA4: molecular evolutionary genetics
analysis software version 4.0. Mol. Biol. Evol. 24, 1596e1599.

Tillman, J.A., Seybold, S.J., Jurenka, R.A., Blomquist, G.J., 1999. Insect pheromones e
an overview of biosynthesis and endocrine regulation. Insect Biochem. Mol.
Biol. 29, 481e514.

Tocher, D.R., Leaver, M.J., Hodgson, P.A., 1998. Recent advances in the biochemistry
and molecular biology of fatty acyl desaturases. Prog. Lipid Res. 37, 73e117.



M.A. Liénard et al. / Insect Biochemistry and Molecular Biology 40 (2010) 440e452452
Tsfadia, O., Azrielli, A., Falach, L., Zada, A., Roelofs, W., Rafaeli, A., 2008. Pheromone
biosynthetic pathways: PBAN-regulated rate-limiting steps and differential
expression of desaturase genes in moth species. Insect Biochem. Mol. Biol. 38,
552e567.

Underhill, E.W., Chisholm, M.D., Steck, W., 1980. (E)-5,(Z)-7-dodecadienal, a sex
pheromone component of the western tent caterpillar,Malacosoma californicum
(Lepidoptera, Lasiocampidae). Can. Entomol. 112, 629e631.

Wyatt, T.D., 2003. Pheromones and Animal Behaviour. Communication by Smell
and Taste. Cambridge University Press, p. 391.

Yamaoka, R., Taniguchi, Y., Hayashiya, K., 1984. Bombykol biosynthesis from
deuterium-labelled (Z)-11-hexadecenoic acid. Experientia 40, 80e81.
Zhao, C.-H., Li, Q., Guo, X.-Y., Wang, X.-Y., 1993. New components of sex pheromone
in the pine caterpillar moth, Dendrolimus punctatus: identification of chemical
structures and field tests. Acta Entomol. Sin. 36, 247e250.

Zhao, C.-H., Adlof, R.O., Löfstedt, C., 2004. Sex pheromone biosynthesis in the pine
caterpillar moth, Dendrolimus punctatus (Lepidoptera: Lasiocampidae): path-
ways leading to Z5-monoene and 5,7-conjugated diene components. Insect
Biochem. Mol. Biol. 34, 261e271.

Zhou, X.-R., Horne, I., Damcevski, K., Haritos, V., Green, A., Singh, S., 2008.
Isolation and functional characterization of two independently-evolved
fatty acid D12-desaturase genes from insects. Insect Mol. Biol. 17,
667e676.


	Elucidation of the sex-pheromone biosynthesis producing 5,7-dodecadienes in Dendrolimus punctatus (Lepidoptera: Lasiocampid ...
	Introduction
	Materials and methods
	Insect collection
	Total RNA extraction and cDNA synthesis
	Characterization of desaturase-encoding cDNAs
	Sequence and phylogenetic analyses
	Monitoring of desaturase expression levels by quantitative PCR
	Heterologous expression in Saccharomyces cerevisiae
	GC-MS analyses
	FAME preparation
	Intron pattern of &Delta;11-desaturases

	Results
	Screening for pheromone gland acyl-CoA desaturase cDNAs
	Monitoring of desaturase mRNA expression levels
	Heterologous expression in yeast
	Acyl-CoA &Delta;11-desaturases: divergence in primary structures and intron patterns

	Discussion
	Acknowledgements
	Supplementary material
	References


