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Drosophila melanogaster cuticular pheromones consist of unsat-
urated hydrocarbons with at least one double bond in position 7:
7 tricosene (T) in males and 7,11 heptacosadiene (HD) in females.
However, in many African populations like the Tai strain, females
possess low levels of 7,11 HD and high levels of its positional
isomer 5,9 HD. We have previously isolated a desaturase gene,
desat1, from the Canton-S strain (CS), a 7,11 HD-2-rich morph of D.
melanogaster. This desaturase is located in 87C, a locus that has
been involved in the difference between 7,11 HD and 5,9 HD
morphs. Therefore, we have searched for different desaturase
isoforms in both strains. We first cloned desat1 in the Tai strain and
report here functional expression of desat7 in CS and Tai. In both
strains, the Desat1 enzymes have the same A9 specificity and
preferentially use palmitate as a substrate, leading to the synthesis
of w7 fatty acids. Also found was a desaturase sequence, named
desat2, with a homologous catalytic domain and a markedly
different N-terminal domain compared with desat?. In CS genome,
it lies 3.8 kb upstream of desat? and is not transcribed in either sex.
In the Tai strain, it is expressed only in females and acts preferen-
tially on myristate, leading to the synthesis of w5 fatty acids. We
suggest, therefore, that desat2 might play a control role in the
biosynthesis of 5,9 HD hydrocarbons in Tai females and could
explain the dienic hydrocarbon polymorphism in D. melanogaster.

acyl-Coa desaturase | pheromone biosynthesis

nsaturated fatty acids are structural components of mem-

brane lipids. In animals, fatty acids are desaturated by a
membrane-bound enzyme complex involving cytochrome b5,
cytochrome b5 reductase, and a desaturase (1-3). Desaturases
catalyze the introduction of a double bond into the hydrocarbon
chain of a fatty acyl-CoA, at a position determined by the
enzyme specificity. A low number of animal desaturases have
been both molecularly and functionally characterized by heter-
ologous expression in yeast or in Arabidopsis: A9 and A6 desatu-
rases from rat (4, 5), A6 desaturase from mouse (6), w3, A6, and
A5 desaturases from Caenorhabditis elegans (7-9), and Al1 and
A9 desaturases from the moth Trichoplusia ni (10, 11).

In the Drosophila melanogaster subgroup, flies use double
bonds in cuticular hydrocarbons among other structural param-
eters to signal sex or species (12, 13). Males have high levels of
monoenes, whereas females are rich in dienes, for example
7-tricosene (7T) and 7,11 heptacosadiene (7,11 HD) in the
Canton-S strain (CS) (14).

Studies in D. melanogaster strongly suggest that the biosyn-
thesis of male monoenes and female dienes follows the same
elongation-decarboxylation mechanism characterized in Musca
domestica (15, 16) and shares early steps up to vaccenic acid, a
common precursor (refs. 17 and 18; Fig. 1). The involvement of
a desaturase with a A9 specificity to introduce the common

double bond has also been hypothesized (18). We have previ-
ously isolated a CS D. melanogaster desaturase gene, desatl,
expressed in both males and females, and localized in 87C (19).
We report here the functional characterization of the CS desat!
gene by heterologous expression in yeast and show that it does
encode a A9 desaturase acting preferentially on palmitate, thus
leading to w7 fatty acids. (The location of a double bond in a fatty
acid is described by A and w positions: the position corresponds
to the double bond position relative to the carboxyl end of fatty
acids and the w position relative to the methyl end.)

In D. melanogaster, there is a marked geographical polymor-
phism with female dienes. For example, females of populations
from sub-Saharan Africa, which includes the Tai strain, possess
about 1/10 the amount of 7,11 HD relative to females from the
rest of the world but exhibit much larger amounts of its positional
isomer, 5,9 HD (20, 21). This double bond position polymor-
phism is sex specific in the African strains, and the hydrocarbon
difference has been mapped to a single locus at 87C,D, which is
close to that of the desat gene (22). In the biosynthesis of
polyunsaturated fatty acids of many animals, the double bond
closer to the methyl end is often introduced first (3). Thus it
seemed reasonable to search for isoforms of the enzyme intro-
ducing the first double bond; for example 5,9 HD-rich Tai flies
might have a A9 desaturase isoform able to produce w5 hydro-
carbons rather than w7 as in 7,11 HD-rich CS flies. We have first
cloned the desat! ORF from the Tai strain and found that it is
expressed in both sexes and encodes a A9 desaturase with the
same specificity and preference for palmitate as in the CS strain.
We then screened a CS genomic library with desat! and found
a second putative desaturase gene, named desat2, located 3.7 kb
upstream of the desat! gene. In contrast to desatl, which is
expressed in both males and females of CS and Tai strains, desat2
is expressed in Tai females and not in males. When expressed in
yeast, desat2 encodes also a A9 desaturase, but with a different
substrate specificity. This desaturase preferentially acts on my-
ristate, therefore leading to the synthesis of w5 hydrocarbons.

Materials and Methods

Drosophila Stocks and Strains. Two strains of D. melanogaster were
used: CS, an old standard laboratory strain from Ohio, charac-

Abbreviations: T, tricosene; HD, heptacosadiene; CS, Canton-S; RT-PCR, reverse transcrip-
tion-PCR.
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Fig. 1.
(arrows in dotted lines).

terized by a high 7,11 HD phenotype, and Tai, a stock composed
of a mixture of isofemale lines collected in Tai, Ivory Coast, in
1980, and characterized by a high 5,9 HD phenotype (20).

Flies were reared at 25°C on standard yeast/cornmeal /agar
medium with a 12:12-h light/dark cycle. For RNA extraction,
flies were sexed within 1 hr after emergence and were kept
separately in rearing bottles between 0 and 5 days.

CS Genomic-DNA Library Screen. A partial desat] cDNA containing
the beginning of the cDNA and the complete desat! ORF was
labeled by random hexamer priming by using [—32 P]dATP
(Stratagene). The probe was used to screen randomly sheared
Drosophila CS DNA cloned into Charon-4 A (23). Plaque lifts on
nitrocellulose (Schleicher & Schuell) were hybridized overnight
in hybridization buffer containing 5 X SSC, 5 X Denhardt’s
solution (0.02% polyvinylpyrrolidone /0.02% Ficoll/0.02%
BSA), 50% formamide, and 0.5% SDS, at 42°C. The filters were
washed twice at room temperature for 10 min in 2 X SSC/0.1%
SDS buffer. Positive clones were isolated. EcoRI fragments were
subcloned into Bluescript SK and partially sequenced by the
dideoxy chain termination method (24).

RNA Extraction and Reverse Transcription—-PCR (RT-PCR) Analysis.
Total RNA was isolated from CS or Tai Drosophila by the lithium
chloride /urea method. Poly(A+) RNA and cDNA were pre-
pared as previously described (19). A putative desat2 gene ORF
was determined by the WEBGENE program (http://www.itba.
mi.cnr.it/webgene /) from one EcoRI fragment, which resulted
from the screen on CS genomic DNA.

Two pairs of specific oligodeoxynucleotides complementary to
the 21-nt terminal sequences of desatl or desat2 ORF were syn-
thesized. The direct primer corresponded to the initiator ATG
codon and the six following codons of desatl or desat2 ORF, and
the reverse primer to the seven last codons of desat! or desat2 ORF
including the stop codon. BamHI and Sacl restriction sites were
added at the 5’ end of the direct and reverse primers, respectively.
These primers were designed as follows: (ds1 was an abbreviation
of desat] and ds2 of desat2) ds1-dir 5'-GGGGGATCCATGCCGC-
CCAACGCCCAAGCC-3', dsl-rev 5'-GGGGAGCTCCTAT-
TCGCTTTTTTTGTG(T/A)GT-3', ds2-dir 5'-GGGGGATC-
CATGGCGCCCTACTCAAGGATA-3" and ds2-rev 5'-GGG-
GAGCTCTCATCTACTTTTATCCACAAG-3'. The locations of
these primers are described in Fig. 4.

c¢DNA (500 ng) was amplified in a Taq polymerase (Appligene,
Strasbourg, France) buffer supplemented to a final concentra-
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Summary of biosynthetic pathways in D. melanogaster for producing hydrocarbons. The specificity of the female-specific desaturase is not known

tion of 1.5 mM MgCI2/0.2 mM dNTPs/0.2 uM of each primer
in a final 50-ul volume. The mixtures were amplified in a thermal
cycler (MJ Research, Cambridge, MA) for 40 cycles (92°C, 30 s;
55°C, 1 min; 72°C, 1 min) preceded by a 2-min denaturation step
at 92°C and followed by a 5-min elongation step at 72°C.

Molecular Cloning. The resulting CS or Tai desat! and desat2 PCR
fragments were digested by the BamHI and Sacl restriction
enzymes and were subcloned in a Bluescript SK—, which was also
cut by BamHI and Sacl. Several clones were sequenced to
determine the putative mutations introduced by Taq polymerase
during RT-PCR. A clone without mutations resulting from each
RT-PCR amplification was then restricted by BamHI and Sacl
and ligated to the digested BamHI-Sacl derivative vector of
YEP352/0LE4.8, which was used for the functional assay of the
rat A9 desaturase (4) and the T.ni A9 and A1l desaturases (10,
11). The plasmid constructions contain chimeric ORFs that start
with the 27 first codons of the yeast A9 desaturase ORF followed
by an in-frame four-codon linker and a complete Drosophila
desaturase ORF. Each chimeric ORF is flanked by the promoter
and terminator sequences of the OLE1 gene of yeast A9 desatu-
rase. The resulting constructions were named YEPcsdesatl,
YEPtaidesatl, and YEPtaidesat2.

Yeast Transformation and Growth. The YEPcsdesatl, YEPtaid-
esatl, and YEPtaidesat2 constructs were transformed in the A9

M 1 2 3 4 5 6

Fig. 2. Products of RT-PCR reactions from mixed male-female CS RNA (lanes
1and 2) and male or female Tai RNA (males, lanes 3 and 4; females, lanes 5, and
6). desat1 primers (lanes 1, 3 and 5) or desat2 primers (lanes 2, 4, and 6) were
used. Molecular weight standards (M) were included.
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desaturase deficient Saccharomyces cerevisiae strain L8-14C
[Mat o, 0lel A::LEU2, leu2-2, leu2-112, trp1-1,ura3-52, his4] (4),
by using a standard method (alkali-cation yeast transformation
kit, Bio 101, Vista, CA). Transformed yeasts were plated onto
complete synthetic dextrose medium containing 1% tergitol, 0.5
mM oleic acid, and 0.5 mM palmitoleic acid and lacking uracil.
To test genetic complementation of the mutant yeast strain,
transformed yeasts were plated onto complete yeast ex-
tract/peptone/dextrose medium lacking unsaturated fatty
acids.

Fatty Acid Analysis. Transformants were grown to ~1.107 cells /ml
at 30°C in yeast extract/peptone/dextrose medium (1% bacto-
yeast extract/2% bacto-peptone/2% glucose), washed with
water, and extracted with chloroform/methanol (2:1). Yeast
total fatty acids were analyzed by GC/MS of methyl esters by
using a nonpolar BP1 column (Scientific Glass Engineering,
Ringwood, Victoria, Australia), and the double bond positions
of the monounsaturated methyl esters were determined by MS
of their dimethyldisulfide adducts (25, 26).

Results

Cloning of desat1 in Tai Strain and Heterologous Expression of CS and
Tai desat1 in Yeast. desat] primers were designed from the CS
sequence to amplify the complete Tai desaturase ORF by
RT-PCR. Amplifications were performed on either male or
female Tai DNA, and all produced a single band of 1.1 kb as in
CS strain (Fig. 2). Tai desat] amplification products were
subcloned in Bluescript SK, and several clones corresponding to
each amplification were sequenced. Only one ORF was ob-
tained, which encodes a polypeptide of 383 amino acids (Fig. 3).
At the nucleic acid level, Tai desat! ORF sequence shows only
four substitutions leading to three amino acid replacements in
comparison with the CS desat! ORF sequence (19). These amino
acid changes occurred as follows: C to S in position 44, A to V
in position 77, and L to F in position 81.

To study the function of the CS and Tai desatl genes, both
ORFs were first subcloned in the expression derivative vector of
YEP352/0LE4.8. Resulting plasmids were used to transform a
A9 desaturase-deficient yeast strain. Yeasts transformed with
either plasmid were able to grow on a medium lacking unsat-

*

Desatl MPPNAQAGAQSISDSLIAAASAAADAGQSPTKLQEDSTGVLFESDVETTD 50
Desat2 MAPYSRIVHQDKSSR-—— - ————————mmme ETGVLFEDDAQTVD 29
* *
Desatl GGLVKDITVMKKAEKRRLKLVWRNIIVFGYFHLAALYGAYLMVTSAKWQT 100
Desat2 SDLTTDRFOLKRAEKRRLPLVWRNIILFALVHLAALYGLHSIFTRAKLAT 79
*
Desat1 CILAYFLYVISGLGITAGAHRLWAHRSYKAKWPLRVILVIFNTIAFQDAA 150
Desat2 TLFAAGLYIIGMLGVTAGA{RLWAHRTYKAKWPLRLLLVIFNTIAFQDAV 129
Desatl YHWARD{RVHHKYSETDADPHNATRGFFFSHVGWLLCKKHPEVKAKGKGV 200
Desat2 YHWARDHRVHHKYSETDADPHNATRGFFFSHVGWLLCKKHPDIKEKGRGL 179
Desat1l DLSDLRADPILMFQKKYYMILMPIACFIIPTVVPMYAWGESFMNAWFVAT 250
Desat2 DLSDLRADPILMFQRKHYYILMPLACFVLPTVIPMVYWNETLASSWFVAT 229
Desatl MFRWCFILNVTWLVNSAAHKFGGRPYDKFINPSENISVAILAFGEGW{NY 300
Desat?2 MFRWCFQLNMTWLVNSAAHKFGNRPYDKTMNPTQNAFVSAFTFGEGW NY D79
Desatl HHJFPWDYKTAEFGKYSLNFTTAFIDFFAKIGWAYDLKTVSTDIIKKRVK 350
Desat?2 HHAFPWDYKTAEWGCYSLNITTAFIDLFAKIGWAYDLKTVAPDVIQRRVL 329
Desatl RTGDGTHATWGWGDVDQPKEEIEDAVITHKKSE 383
Desat? RTGDGSHELWGWGDKDLTAEDARNVLLVDK-SR 361

Fig.3. The two amino acid sequences of D. melanogaster desaturases (Tai strain). Sequences show 65.0% identity. The three histidine domains are boxed, and
the putative transmembrane domains are indicated by underlines. * shows the amino acid modifications between CS and Tai Desat sequences. Identical and

homologous amino acids are indicated with : and ., respectively. desat? and desat2 cDNA sequences from Tai have been introduced in European Molecular

Biology Laboratory (accession nos.: AJ245747 and AJ271415).
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Fig. 4. Identification of monounsaturated fatty acid resulting from the Tai desat? and desat2 gene expression in yeast fatty acid methyl esters of yeast
transformed with Yeptaidesat1 (A) and Yeptaidesat2 (B) were analyzed by GC/MS. The common peaks were identified as A9 C14:1 (peak 1), C14:0 (peak 2), A9
C16:1 (peak 3), C16:0 (peak 4), A9 C18:1 (peak 5), and C18:0 (peak 6). Mass spectrum of the DMDS adducts of 0.9 monounsaturated fatty acid methyl esters were
represented: A9-14 Me:DMDS (C), A9-16 Me:DMDS (D), and A9-18 Me:DMDS (E). These mass spectra exhibit the characteristic A9 unsaturated fragments ions

atm/z 217 and 185.

urated fatty acids, indicating that both desaturases were func- by both transformants in a ratio higher than 2-3:1. Data are
tional in yeast, produced monounsaturated fatty acids, and could ~ shown only for Tai desat1, but similar ones were obtained for CS
complement the A9 desaturase mutation of the mutant yeast. (Fig. 44). The A9 position of the double bond in all monoun-
The fatty acid compositions of the transformants as deter-  saturated fatty acids was determined by the dimethyl disulfide
mined by the GC/MS analysis of fatty acid methyl esters are  derivatization and the analysis of the resulting products (Fig. 4
shown in Fig. 3. The CS and Taidesat] desaturases have the same D and E). A9 C14:1 fatty acids were also observed but in very low
specificity, with predominantly C16:1 and C18:1 being produced = amounts (less than 1% of the total fatty acid content).

9452 | www.pnas.org Dallerac et al.
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Genomic organization of the desat locus in CS strain. Two hybridization-positive EcoRI fragments were obtained after hybridization of a CS genomic

library with desat? probe. The number of * show the intensity of the hybridization signal with the desat? probe. EcoRI and Hindlll restriction sites are noted E
and H, respectively. Putative desat2 ORF and desat! complete cDNA are in bold. The intron sizes of desat! and putative desat2 genes are noted under their
representations. Primers used for RT-PCR are indicated by small arrows. Dotted line indicates the position of the putative desat? promoter.

Genomic Organization of the desat Locus in CS. To characterize
further the desaturase locus, a CS genomic library was hybridized
at high stringency with a CS desat] cDNA. One positive phage
was obtained, and its insert liberated two fragments with similar
sizes around 9 kb when cut with EcoRI. Both fragments were
subcloned in a Bluescript SK—. Both gave a hybridization signal
with the desatl probe but differed in their HindIII restriction
profile because one fragment had no HindIII site. The second
EcoRI fragment produced three fragments when cut with Hin-
dIII: two with a positive hybridization signal, one 4.5-kb HindIII
subfragment, and one 1.3-kb EcoRI-HindIII subfragment (Fig.
5). These subfragments were sequenced.

The 4.5-kb HindIII subfragment sequence revealed a region
showing homology with desat! and contained another putative
desaturase sequence that was named desat2. The putative ORF
of desat2 was identified with the WEBGENE program, which
suggested that this gene would be functional, if expressed, and
would have three introns of 66 pb, 118 pb, and 72 pb. However,
no promoter could be found.

The 1.3-kb hybridization-positive EcoRI-HindIIl sequence
contained the 140 first nucleotides of the CS desat] cDNA
followed by the beginning of an intron (155 nucleotides) and then
an EcoRI site (Fig. 5).

The other 9-kb EcoRI fragment began with the end of an
intron (3.65 kb) and was followed by the complete CS desat!
sequence (Fig. 5). Therefore, desat! has a 3.8-kb-long intron just
before the first coding AUG. Three other introns have been
described already in the CS desat1 gene, with 700 pb, 61 pb, and
61 pb, respectively (19).

The desat2 stop codon was separated from the first nucleotide
of the CS desat] cDNA by 3.7 kb. A putative promoter of desatl
gene was localized 2.5 kb upstream of the beginning of desatl
cDNA in the 4.5-kb HindIII subfragment.

The genomic organization of the desat locus was confirmed by
the genomic sequences from the isogenic strain y2, cn bw sp
resulting from the Drosophila sequencing project (accession no.
AC 17132). The desatl and putative desat2 genes were present in
these sequences but have not yet been molecularly characterized.
According to the databases, the desat locus is localized in region
87B-C on polytene chromosomes.

Dallerac et al.

The desat2 Gene Is Expressed Only in Adult Tai Females. To deter-
mine whether this new potential gene desat2 could be transcribed
in the two D. melanogaster strains, RT-PCR was performed with
desat2 primers with either mixed male—female CS cDNA and Tai
cDNA from either males and females (Fig. 2).

An amplification was obtained only with Tai female cDNA
and yielded a single amplification fragment. The female Tai
desat2 ORF is shorter than the Tai desat/ ORF: 1.08 kb instead
of 1.15 kb. It encodes a 361-aa protein (instead of 383). The
alignment of Desatl and Desat2 reveals 65% identity and 81%
similarity between the two proteins. The Tai desat2 protein
shows a markedly modified N-terminal end including a deletion
of 21 amino acids in its N-terminal region in comparison to the
desatl protein (Fig. 3). But the Tai desat2 ORF shows only one
modification compared with CS desat2 ORF: a serine instead of
a glycine in position 30.

The functional expression of Tai desat2 was performed as
described for desatl. The desat2 ORF was subcloned in the
expression derivative vector of YEP352/0LE4.8, and the
resulting plasmid was used to transform an ole A9 desaturase-
deficient yeast strain. The yeast desaturase deficiency was
again complemented. The fatty acid produced by the cultures
transformed with desat2 was analyzed by GC/MS (Fig. 4B). A
A9 specificity was characterized, but the major unsaturated
acid produced had 14 carbons, and only trace amounts of A9
C16:1 and A9 C18:1 fatty acids were found. Thus desat2
encodes a A9 desaturase preferring myristic acid as a substrate.

Discussion

Research has been conducted to determine why Tai female flies
have large quantities of the unusual 5,9-heptacosadiene on their
cuticle, rather than the more common 7,11-heptacosadiene
found in CS female flies. Characterization of two desaturase
genes, desat] and desat2, has provided an answer because of the
specific expression and unusual unsaturated product of the latter
gene.

The desaturase 1 ORFs are similar in both Tai and CS strains
of the D. melanogaster species, with only four nucleotide substi-
tutions resulting in three amino acid modifications in the N-
terminal region. These amino acid replacements in the Tai

PNAS | August 15,2000 | vol.97 | no.17 | 9453
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protein do not result in any marked functional change. In both
strains, the encoded enzymes have a A9 specificity and the same
preference for palmitic acid as a substrate. Thus Desatl can
produce the unsaturated acid precursors for w7 hydrocarbons in
flies of the CS and Tai strains.

The other desaturase gene, desat2, is expressed only in adult
females of the Tai strain. The encoded peptide sequences of
desatl and desat2 show 65% identity. Desat2 shows the same
putative transmembrane regions as Desatl but is smaller (361
amino acids instead of 383) because of a shorter N-terminal
region. The specificity of Desat2 is different from that of Desat1,
as it produces myristoleic acid (A9 C14:1) when expressed in the
same desaturase-deficient yeast and very little palmitoleic and
oleic acids. In comparison, Desat1 preferentially produces palmi-
toleic acid (A9 C16:1) and the cabbage looper moth, Trichoplusia
ni, A9 desaturase preferentially produces oleic acid (A9 C18:1)
(10). These three desaturases share the same A9 regio-specificity
but differ in their substrate specificities. If one compares Desat1
with Desat2 in the cytosolic region localized between the two
transmembrane domains, all amino acids but one are identical or
have conservative substitutions. This region contains two of
three conserved histidine motifs shown to be essential for
catalysis (27). It is interesting to note that the region between the
second transmembrane domain and the third histidine motif (at
298-302 in Desatl) differs significantly between the two se-
quences, and we suggest that the specificity for substrate chain
length could be determined by this region.
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In the Tai, strain desat2 is expressed but in a sex-specific way.
This suggests that this gene might be regulated by the female sex
determination cascade (28, 29). Finally, the correlation between
the expression of desat2 and the abundance of 5,9 dienes, which
is null in both sexes of the CS strain but high in females of the
Tai strain, strongly suggests an involvement of desat2 in the
biosynthesis of these dienes. The desat2 gene seems able to
explain much of the 7,11 HD /5,9 HD polymorphism. Moreover,
it is located in the same chromosomal region where female
polymorphism has actually been mapped (22).

The presence of desat2 in the genomic sequence of CS strain,
where it is not expressed, is intriguing. The CS desat2 sequence
is very similar to the Tai one. However, the presence of a
defective promoter in CS strain and a functional one only in Tai
females might explain why desat2 is transcribed only in Tai
females.
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