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For sexual communication, moths primarily use blends of fatty acid
derivatives containing one or more double bonds in various positions
and configurations, called sex pheromones (SPs). To study the
molecular basis of novel SP component (SPC) acquisition, we used
the tobacco hornworm (Manduca sexta), which uses a blend of
mono-, di-, and uncommon triunsaturated fatty acid (3UFA) derivat-
ives as SP. We identified pheromone-biosynthetic fatty acid desa-
turases (FADs) MsexD3, MsexD5, and MsexD6 abundantly expressed
in the M. sexta female pheromone gland. Their functional character-
ization and in vivo application of FAD substrates indicated that
MsexD3 and MsexD5 biosynthesize 3UFAs via E/Z14 desaturation
from diunsaturated fatty acids produced by previously character-
ized Z11-desaturase/conjugaseMsexD2. Site-directed mutagenesis
of sequentially highly similar MsexD3 and MsexD2 demonstrated
that swapping of a single amino acid in the fatty acyl substrate
binding tunnel introduces E/Z14-desaturase specificity to mutated
MsexD2. Reconstruction of FAD gene phylogeny indicates that
MsexD3 was recruited for biosynthesis of 3UFA SPCs in M. sexta
lineage via gene duplication and neofunctionalization, whereas
MsexD5 representing an alternative 3UFA-producing FAD has been
acquired via activation of a presumably inactive ancestral MsexD5.
Our results demonstrate that a change as small as a single amino acid
substitution in a FAD enzyme might result in the acquisition of new
SP compounds.

fatty acid desaturase | Manduca sexta | sex pheromone biosynthesis |
pheromone evolution | substrate specificity

Sex pheromones (SPs) are a diverse group of chemical com-
pounds that are central to mate-finding behavior in insects (1).

Variation in SP composition between closely related species and
among populations is well documented. Despite this variation, SPs
are presumed to be under strong stabilizing selection, and thus the
genetic mechanisms driving SP diversification represented an
enigma (2). Research on SPs in moths (Insecta: Lepidoptera)
helped establish the hypothesis of asymmetric tracking as a major
driving force in SP diversification. In this scenario, abrupt changes
in female SP composition via a shift in component ratio or the
inclusion or loss of a component result in a distinct SP that attracts
males with more broadly or differentially tuned SP preference (3).
Assortative mating, the preferential mating of females producing a
novel SP with males attracted to this SP, restricts gene flow be-
tween subpopulations with differing SP compositions. This can
ultimately lead to speciation and fixation of novel communication
channels (4). Work in insect models such as wasps (5), fruit flies
(6), and especially moths (7–9) is helping uncover the genetic basis
of SP diversification.
In the majority of moth species, females use species-specific

mixtures of SP components (SPCs) consisting of volatile fatty acid
(FA) derivatives to attract conspecific males at long range. These
SPCs are predominantly long-chain aliphatic (C12–C18) acetates,
alcohols, or aldehydes containing zero to three double bonds of

various configurations at different positions along the carbon back-
bone (10). Pheromone biosynthesis involves modifications of fatty
acyl substrates, such as chain shortening and elongation, reduction,
acetylation, oxidation, and desaturation (11). SP biosynthetic enzymes
[i.e., FA reductases (8), FA chain-shortening enzymes (12, 13), and
particularly FA desaturases (FADs) (7, 9, 14–17)] are the most
commonly discovered traits underlying SP divergence in moths.
Manduca sexta females attract males by releasing an SP containing

in addition to mono- and diunsaturated aldehydes, which are typical
structural themes in SPs of Bombycoidea moths (10), also uncom-
mon conjugated triunsaturated aldehydes. The production of tri-
unsaturated SPCs represents an easily traceable phenotype, thus
making M. sexta a convenient yet unexploited model organism for
unraveling the mechanisms of chemical communication evolution
via novel SPC recruitment. In our previous attempts to decipher the
desaturation pathway leading to triunsaturated SPC FA precursors
(3UFAs), we identified the MsexD2 desaturase, which exhibits
Z11-desaturase and conjugase (1,4-dehydrogenase) activity and
participates in stepwise production of monounsaturated (1UFA)
and diunsaturated (2UFA) SPC precursors. The terminal desa-
turation step resulting in the third conjugated double bond
remained, however, elusive (18, 19).
Here, we isolated and functionally characterized FAD genes

abundantly and specifically expressed in the pheromone gland
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(PG) capable of producing 3UFA pheromone precursors and
demonstrated the biosynthesis of 3UFAs from 2UFAs. We used
site-directed mutagenesis of M. sexta FADs and identified a
minimal structure motif leading to acquisition of new desaturase
specificities. The reconstructed evolutionary relationship of moth
FADs demonstrated that the 3UFA pheromone precursors in
M. sexta were acquired via (i) activation of a presumably inactive
ancestral FAD gene and/or (ii) duplication of an ancestral FAD
gene producing 1UFA and 2UFA SPC precursors followed by
functional diversification of an FAD duplicate.

Results
Identification of FADs Abundant in the Pheromone Gland. To select
candidate FAD genes involved in pheromone biosynthesis, we
performed RNA sequencing of M. sexta female PGs, the site of
pheromone biosynthesis (19), as well as nonpheromone-producing
tissues (female fat body, female labial palps, and larval midgut).
We identified 14 desaturase transcripts, of which 4 were abundant
and enriched in the PG according to normalized expression values
(RPKM, reads per kilobase of transcript per million mapped
reads): MsexD2, a previously characterized Z11-desaturase/con-
jugase involved in sequential biosynthesis of 1UFA and 2UFA
pheromone precursors (18), and three FAD gene products,
MsexD3, MsexD5 and MsexD6 (Fig. 1). According to the RPKM
values, MsexD2 and MsexD3 were among the 100 most abundant
transcripts in M. sexta PG, ranking 12th and 4th, respectively
(Dataset S1). A transcript coding for fatty acyl reductase, a gene
presumably involved in reduction of fatty acyl pheromone precursors
to aldehydic pheromones, was also abundantly expressed (Dataset S1).
The ORF of MsexD3 (GenBank accession no. AM158251)

encodes a 341-aa protein containing conserved structural fea-
tures of membrane FADs, that is, three histidine-rich motifs
involved in coordination of two iron atoms in the enzyme active
site and four transmembrane helices (20, 21). In the M. sexta
Official Gene Set 2.0 (OGS 2.0; www.agripestbase.org/manduca/),
the MsexD2 and MsexD3 genes are tandemly organized in the
genome, located on the same scaffold and separated by 7 kbp
(scaffold00070: 983841–985384 and 993705–995505, respec-
tively). Together with the high sequence identity of MsexD2 and
MsexD3 (91% in the homologous 321-aa region, SI Appendix, Fig.
S1) these data indicate that MsexD2 and MsexD3 emerged via a
recent gene duplication event from an ancestral FAD gene.
Four MsexD5 ORF variants (MsexD5a–MsexD5d) that code

for highly similar proteins sharing at least 92% sequence identity
were amplified from the M. sexta female abdominal tips (ATs)
cDNA libraries (GenBank accession nos. KP890027–KP890030)
(SI Appendix, Fig. S2). These sequences presumably represent
allelic variants of a singleMsexD5 gene, supported by the presence
of a single MsexD5 gene copy in the M. sexta OGS 2.0 (scaffold
00367: 113800–112161). TheMsexD5 consensus sequence shares
moderate protein sequence identity with MsexD2 and MsexD3
(49.8 and 51.7%, respectively) (SI Appendix, Fig. S3).
MsexD6 is the least abundantly expressed PG-specific FAD (Fig.

1). Compared with all predictedM. sexta FADs, theMsexD6 coding

region (GenBank accession no. KP890026) exhibits the highest
protein sequence identity toMsexD2 andMsexD3 (68.0 and 71.5%,
respectively) (SI Appendix, Fig. S3).

Functional Characterization of MsexD3, MsexD5, and MsexD6. We
selected MsexD3, MsexD5a–d, and MsexD6 as promising candidate
FADs producing 3UFA precursors of SPCs based on their abundant
and specific expression in the PG. For functional characterization of
FADs, we initially attempted to express the candidate FADs in the
elo1Δ ole1Δ Saccharomyces cerevisiae strain, which is deficient in the
fatty acid desaturation and medium-chain fatty acyl elongation step
(22), to eliminate interfering yeast FA metabolites. However, only
trace levels of novel unsaturated FAs, detected in the form of FA
methyl esters (FAMEs), were biosynthesized in this expression sys-
tem. Therefore, we characterized FADs in S. cerevisiae strain W303,
which has a single FAD with Z9 specificity and an active FA elon-
gase system. To distinguish the interfering products of natural yeast
FA metabolism from the specific products of M. sexta FADs, we
performed a series of control cultivations of yeast bearing an empty
expression plasmid (Fig. 2 and SI Appendix, Fig. S4).
To test the ability of MsexD3 to produce 3UFAs, we supple-

mented the yeast cultivation medium with the presumed 3UFA
precursor E10,E12-16:2. This resulted in production of a 1:7 mix-
ture of E10,E12,E14-16:3 and E10,E12,Z14-16:3 (Fig. 2D). Mono-
unsaturated FAs were detected as additional specific products of
MsexD3, that is, Z11-16:1, Z11-14:1, and E11-14:1. Z11-16:1, an
FA precursor of a monounsaturated pheromone component, was
produced in a significantly lower (P < 0.05) amount in theMsexD3-
expressing strain compared with the MsexD2-expressing strain
(0.9 ± 0.5% and 10.6 ± 0.2%, respectively) (Fig. 2). In theMsexD3-
expressing strain, additional C16:1 and C16:2 FAs with E/Z13
double bonds were detected. These FAs were biosynthesized not
via direct E/Z13 desaturation but rather by elongation of E/Z11-
14:1, presumably catalyzed by yeast fatty acyl elongase Elo1p (22),
followed by a second round of Z11 desaturation, as demonstrated
by a series of cultivation experiments (SI Appendix, Fig. S4). In con-
trast toMsexD2,MsexD3 did not exhibit conjugase activity; it did not
desaturate the supplemented Z11-16:1 to E10,E12-16:2 or E10,Z12-
16:2 (Fig. 2C). MTAD (4-methyl-1,2,4-triazoline-3,5 dione) deriva-
tization was used to confirm the presence or absence of FAMEs with
conjugated double bonds (SI Appendix, Figs. S4D and S5).
TheMsexD5a–MsexD5d variants also produced E10,E12,E14:16-3

and E10,E12,Z14-16:3 (in an ∼3:1 ratio) from E10,E12-16:2 added
to the cultivation medium, indicating that all MsexD5 variants ex-
hibit E/Z14-desaturase specificity (Fig. 2D and SI Appendix, Fig. S6).
Therefore, a single FAD variant, MsexD5a (hereafter referred to as
MsexD5), was used in subsequent experiments. MsexD5 substrate
specificity was assayed by supplementing the cultivation media of
MsexD5-expressing yeast with Z11-16:1-methyl ester. Although no
E10,E12-16:2 or E10,Z12-16:2 products were detected, we did de-
tect small quantities of Z11,E13-16:2, demonstrating E13 specificity
and lack of conjugase activity in MsexD5 (Fig. 2C and SI Appendix,
Fig. S4). In contrast to MsexD3, MsexD5 did not produce E11-14:1
or Z11-14:1 (Fig. 2A), and Z11-16:1 was detected in the MsexD5-
expressing yeast strain at a level comparable to that in the empty
strain, indicating that MsexD5 lacks Z11-desaturase activity with a
16:0 substrate (Fig. 2B).
MsexD6 did not produce 3UFAs when supplemented with

E10,E12-16:2; however, it produced a substantial amount of Z11-
18:1 (12.3 ± 0.2%), an FA with a hydrocarbon backbone iden-
tical to the M. sexta SPC Z11-18:1-aldehyde (SI Appendix, Fig.
S7). The configuration of the Δ11 double bond was tentatively
identified as Z11 based on the matching retention time of the
MsexD6 product with a minor Δ11-18:1 FAME presumably
resulting from FA elongation of abundant Z9-16:1 in all yeast
strains (SI Appendix, Fig. S7). Additionally, MsexD6 produced
1.3 ± 0.3% Z11-16:1 (Fig. 2B).

Analysis of Isotopically Labeled and Natural FAs in M. sexta Female
AT. To complement the functional characterization of FADs in
the yeast expression system and identify the in vivo substrates

Fig. 1. Heat map indicating transcript abundances of MsexD1-MsexD14
along with abundances of housekeeping genes Msex-RPS3a and Msex-EIF4a.
Transcript abundances are expressed as log2 transformed normalized values
(RPKM) across various tissues obtained from virgin M. sexta females (pher-
omone gland, fat body, and labial palps) and from larvae (salivary glands).
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and products of FADs involved in 3UFA-derived SPC bio-
synthesis, we topically applied metabolic probes in the form of
FAs and FAMEs to female M. sexta PGs. Deuterium-labeled
E10,E12-16,16,16-2H3-16:2 methyl ester (further referred to
as d3-E10,E12-16:2) applied to PGs was incorporated into two
d3-16:3 FAME isomers. Based on the reduction in their retention
times compared with the nondeuterated 3UFA methyl ester stan-
dards [consistent with the inverse isotopic effect (23)], we identified
them as d3-E10,E12,E14-16:3 and d3-E10,E12,Z14-16:3, thus con-
firming the biosynthesis of 3UFAs from E10,E12-16:2 in vivo (SI
Appendix, Figs. S8 and S9).
The identification of E11-14:1 and Z11-14:1 in the MsexD3-

expressing yeast strain was confirmed in vivo by incorporation of
topically applied 1,2-13C2-tetradecanoic acid into 13C2-Z11-14:1
and 13C2-E11-14:1 in the AT. Although they can be biosynthesized
in vivo, Z11-14:1 and E11-14:1 are not naturally present in the
M. sexta AT, likely due to the low abundance of 14:0 available in
AT (SI Appendix, Figs. S9 and S10 and ref. 24).
Additionally, we detected Z11,E13-16:2 in the untreatedM. sexta

AT (SI Appendix, Fig. S11), which had not previously been de-
tected in the FA pool of the M. sexta PG (24) and which we found
to be specifically produced in yeast expressing MsexD5 (Fig. 2).
Together, the functional characterization of isolated FADs in

our yeast expression system combined with the application of
metabolic probes and analysis of FAs indicates that 3UFAs
are biosynthesized in M. sexta AT by either of the two distinct
desaturases MsexD3 or MsexD5, which share E/Z14-desaturase
specificity but differ in their other desaturase products (Fig. 3).

Reconstruction of the Phylogenetic Relationship Between M. sexta
and Other Lepidopteran FADs. We reconstructed a FAD gene
tree using publicly available sequences of predicted or functionally
characterized lepidopteran FADs, 14 FAD genes predicted from
the M. sexta Official Gene Set 2.0 and additional moth FAD se-
quences available from in-house sequencing projects (Fig. 4, Dataset
S2, and SI Appendix, Table S2).
The FAD gene tree exhibits several well-supported clades. The

most sequentially and functionally conserved clades are those of
Z9-FADs, that is, a clade of FADs that prefer palmitic acid over
stearic acid (16:0 > 18:0) that includes the previously characterized
MsexD1 (18), and a FAD clade that prefers stearic acid (18:0 >
16:0) that includes the predicted MsexD4. Both MsexD3 and
MsexD5 cluster within a variable clade of SP-biosynthetic FADs
herein termed “Z11-like,” which encompasses highly functionally
diverse pheromone biosynthetic FADs (25), in addition to numerous
FADs with Z11-desaturase specificity. Of note, the closest putative

MsexD5 ortholog is desat1 from Ascotis selenaria, which is proposed
to be a nonfunctional FAD (26). Putative orthologs of MsexD5 are
predicted also in other moth species that do not possess 3UFA SPCs
(e.g., the pine caterpillar moth Dendrolimus punctatus and the silk-
worm moth Bombyx mori) (Fig. 4).
The closest homolog of MsexD3 is MsexD2, indicating that the

duplication event leading to the tandemly arranged gene pair of
MsexD2 and MsexD3 occurred after separation of the B. mori
and M. sexta lineages. Alternatively, B. mori could have lost the
FAD gene orthologous to MsexD3. The former scenario, which
proposes a more recent gene duplication event, is further sup-
ported by the high sequence identity of MsexD2 and MsexD3.
The phylogenetic reconstruction yielded six additional strongly

supported clades (I–VI, Fig. 4). Typically, FADs from M. sexta
and B. mori that are presumably not involved in SP biosynthesis
are in clades orthologous to moth FADs for which involvement
in SP biosynthesis was implied based on their experimentally
determined desaturase specificity. The tree topology provides
strong support for the hypothesis that biosynthetically inactive
members of the FAD gene family are retained in the moth ge-
nomes and in the course of evolution can be activated and
recruited for novel SPC biosynthesis (11).
Based on these results, we propose that the recruitment of

MsexD3 and MsexD5 genes for SPC biosynthesis occurred after
separation of the M. sexta and B. mori lineages and led to the
acquisition of 3UFA SPC precursors in M. sexta, thus extending

A B C D
Fig. 2. GC/MS analyses of extracts from yeast cells
expressing M. sexta desaturases. Extracts from
yeasts expressing MsexD2, MsexD3, MsexD5, and
MsexD6 were compared with extracts from yeasts
transformed with an empty plasmid. Chromatograms
are displayed as extracted ion chromatograms at
(A) m/z 240, corresponding to the molecular ion
(M+•) of 14:1; (B) m/z 268, corresponding to M+•

of 16:1; (C) m/z 266, corresponding to M+• of 16:2;
and (D) m/z 264, corresponding to M+• of 16:3. The
specific products ofM. sexta FADs were identified as
E11-14:1 (2), Z11-14:1 (3), E11-16:1 (5), Z11-16:1 (6),
Z11,E13-16:2 (11), E10,Z12-16:2 (12), E10,E12-16:2
(14), E10,E12,E14-16:3 (15), and E10,E12,Z14-16:3
(16). Additionally, nonspecific, yeast-produced FAs
were detected in all yeast strains: Z9-14:1 (1), Z9-16:1
(4), traces of Z11-16:1 (6), and unidentified com-
pounds (10) and (13). In yeast expressing MsexD3,
E13-16:1 (7), Z13-16:1 (8), and Z11,E13-16:2 (11)
were identified as products of yeast fatty acid
elongase acting on Z11-14:1 and E11-14:1. Culti-
vation media for yeasts cultivated for analysis of
14:1 were supplemented with 14:0, media were supplemented with Z11-16:1 for analysis of 16:2, and media were supplemented with E10,E12-
16:2 for analysis of 16:3, as described in Materials and Methods. For a detailed analysis of nonspecific products, see SI Appendix, Fig. S4.

A

B

Fig. 3. The reconstructed desaturation pathway of M. sexta SPC precursors
compared with that of B. mori. (A) In M. sexta, the desaturation pathway is
extended by an E/Z14-desaturation step catalyzed by MsexD3 and/or MsexD5,
which leads to 3UFA SPC precursors. Desaturase specificities of MsexD2 and
MsexD6 contribute to additional precursors of minor SPCs. (B) Biosynthesis of the
SPC precursor E10,Z12-16:2 in B. mori (44). Precursors of SPCs essential for trig-
gering the full range of male premating responses are framed in green (27, 45).
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the SP biosynthetic pathway by an additional E/Z-14 desatura-
tion step compared with B. mori (Fig. 3).
We identified 3UFAs also in the AT of the death head moth,

Acherontia atropos (Sphinginae: Acherontiini; SI Appendix, Fig. S12
and SI Appendix, SI Materials and Methods). This finding places
the most parsimonious recruitment of 3UFA-producing FADs in
the common ancestor of the Acherontiini and Sphingiini tribes, the
Sphinginae subfamily (SI Appendix, Fig. S13 and Table S3).

Identification of the Sequence Determinants of E/Z14-Desaturase
Specificity in MsexD3. To identify the domains, structural motifs,
and amino acid residues critical for the distinct specificities of
MsexD2 and MsexD3, we prepared a set of truncated, domain-
swapped and single-amino acid-swapped mutants of MsexD2 and
MsexD3 (Fig. 5A). Mutated FADs were expressed in S. cerevisiae,
and total yeast cell FAs were analyzed. To assess the effect of in-
dividual mutations on the desaturase specificity, we determined the
relative amounts of major pheromone precursors (Z11-16:1, E10,
Z12-16:2, E10,E12-16:2, E10,E12,E14-16:3, and E10,E12,Z14-16:3)
produced by the MsexD2 and MsexD3 mutants.
To test the role of variable N- and C-terminal regions on desaturase

specificity, we prepared a set of truncation mutants. The identification
of 3UFA products in theMsexD3-C20mutant, truncated by 20 amino
acids from the C terminus, indicated the dispensability of this ex-
tension for E/Z14-desaturase specificity. Additional 20 amino acids
truncation (MsexD3-C40) led, however, to complete loss of both
Z11- and Z/E14-desaturase activities, suggesting that the exten-
sive deletion affected the general desaturase activity of MsexD3
(Fig. 5). The truncation of both desaturases by 14 amino acids at
the N terminus (MsexD2-N14, MsexD3-N14) did not change the
spectrum of desaturase products (Fig. 5).
Besides the N- and C-terminal regions, the protein sequence

divergence between MsexD2 and MsexD3 is concentrated in the
hydrophobic region between the first two histidine motifs (HR,
Leu98–Val118) and in the fourth putative transmembrane domain
(TM4, Trp210–Ala231) (SI Appendix, Fig. S1). Therefore, we re-
ciprocally swapped the HR and TM4 regions, resulting in chimeric
FADs (Fig. 5A). The exchange of the HR region did not change the
desaturase product spectrum in the chimeras MsexD2-HR and

MsexD3-HR (Fig. 5). However, the exchange of the MsexD2 TM4
domain with TM4 of MsexD3 (MsexD2-TM4 chimera) led to a
fundamental change in MsexD2-TM4 products compared with
MsexD2; the conjugase and Z11-desaturase specificity was almost
completely abolished (P < 0.05). Notably, traces of E10,E12,E14-
16:3 and E10,E12,Z14-16:3 were detected, indicating a gain of
E/Z14-desaturase specificity in MsexD2-TM4 (Fig. 5). Together,
these results indicate that the exchange of TM4 in MsexD2-TM4 led
to an overall shift in desaturase specificity toward MsexD3. In a re-
ciprocal fashion, MsexD3-TM4 exhibited an increase of Z11-16:1
production (P < 0.05) to a level of Z11-16:1 produced by MsexD2
(Fig. 5B), the acquisition of conjugase activity (Fig. 5C), and loss of
E/Z14 specificity as indicated by loss of 3UFA products (Fig. 5D).
Thus,MsexD3-TM4 displayed the full spectrum ofMsexD2 products.
To determine the contribution of individual amino acid residues

to the observed reciprocal exchange of desaturase specificities in
TM4 mutants, we swapped individual nonconserved amino acids
and generated mutants MsexD2-216, MsexD3-216, MsexD2-219,
MsexD3-219,MsexD2-220,MsexD3-220,MsexD2-223,MsexD3-223,
MsexD2-224, and MsexD3-224. The mutations at amino acid po-
sitions 216, 219, 220, and 223 either led to a decrease in desaturase
activity (P < 0.05) or did not significantly change the overall
desaturase activity (P > 0.05) and did not lead to production of
novel desaturase products (Fig. 5). However, the exchange of al-
anine and isoleucine at residue 224 led to a reciprocal exchange of
desaturase specificities similar to that observed for the TM4 ex-
change (Fig. 5). Notably, MsexD2-224Ile lost conjugase activity
(Fig. 5C) and gained E/Z14-desaturase specificity, as indicated by
production of E10,E12,E14-16:3 and E10,E12,Z14-16:3 (Fig. 5D),
whereas MsexD3-224Ala completely lost the ability to produce
3UFAs (Fig. 5D) but acquired conjugase activity (Fig. 5C).
To control for the influence of different protein expression levels

of MsexD2-224Ile- and MsexD3-224Ala- on specificity changes, we
cloned these mutants in-frame with the N-terminal His6tag and de-
tected their levels in yeast lysates using anti-His6tag antibodies. The
FADs were produced at comparable levels and exhibited also re-
ciprocal exchange of desaturase specificities (SI Appendix, Fig. S14).
Using homology modeling with mammalian FADs as a template

(20, 21) we generated structural models of MsexD2 and MsexD3,

Fig. 4. Phylogenetic tree showing the relationships between
lepidopteran FADs. M. sexta desaturases are highlighted in
red. B. mori desaturases are highlighted in blue. Eight highly
supported clades are colored and named. FADs are named by
the genus and a single letter abbreviation of the source
species name followed by designation of the FAD specificity,
when available, or by “nc” for FADs that have not been
functionally characterized or “nf” for FADs that were func-
tionally assayed but no desaturase activity was detected.
Numbers along branches indicate branch support calculated
by approximate likelihood ratio test (aLRT, minimum of SH-
like and Chi2-based values). For GenBank sequence accession
numbers and full species names, see SI Appendix, Table S2.
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which indicate that the residue 224 is contributing to the formation of
the kink in fatty acyl substrate binding tunnel (SI Appendix, Fig. S15).
Together, these findings provide evidence that a single amino

acid substitution in MsexD2 is sufficient to abolish the original
desaturase specificities and introduce an E/Z14-desaturase speci-
ficity, leading to the production of 3UFA SPC precursors.

Discussion
Using next-generation sequencing of M. sexta female PG and ref-
erence tissues, we identified a set of highly abundant and PG-
enriched FAD transcripts, includingMsexD2, a previously described
FAD involved in biosynthesis of mono- and diunsaturated SPC
precursors (18), and previously unidentified MsexD3, MsexD5, and
MsexD6 FADs. The 3UFA precursor of the essential M. sexta SPC
E10,E12,Z14-16:3-aldehyde (27), along with E10,E12,E14-16:3, was
produced by MsexD3 and MsexD5 in our yeast expression system.
Under the hypothesis that both MsexD3 and MsexD5 are

biosynthetically active in vivo, the biosynthesis of 3UFA pre-
cursors of SPC would be redundantly catalyzed by two evolu-
tionarily distinct enzymes, a feature that has not been previously
described in SP-biosynthetic FADs. The selection pressure
leading to the recruitment of a second, seemingly redundant,
3UFA-biosynthetic FAD might occur, for example, to secure a
sufficiently high production of 3UFA-derived SPCs. However,
our results suggest that MsexD3 plays the principal role in 3UFA
biosynthesis because (i) MsexD3 transcript is more abundant in
the PG compared with MsexD5 and (ii) the 1:7 ratio of E10,E12,
E14-16:3 and E10,E12,Z14-16:3 produced by MsexD3 closely
resembles the ratio of the respective aldehydic components in
the M. sexta SP (approximately 1:10) (27), in contrast to the ratio
of MsexD5 3UFA products (3:1).
The evolutionary events leading to the acquisition ofMsexD5 are

uncovered by the FAD gene family tree, which indicates several
putative orthologs of MsexD5 across moth species. None of the
orthologs exhibits E/Z14-desaturase specificity. Rather, they (i) are
presumably not active in SP biosynthesis, such as desat1 from the
Japanese giant looper Ascotis selenaria (26), (ii) exhibit distinct

desaturase specificity, such as FAD from Dendrolimus punctatus
(28), or (iii) have not been functionally characterized, such as
putative FADs from Grammia incorrupta and Parasemia plantagi-
nis. The reconstructed FAD gene tree suggests that MsexD5 was
acquired by activation of an inactive FAD gene. This is further
supported by the topology of the FAD gene tree containing well-
supported clades I–VI, which typically encompass (in addition to
presumably nonfunctional FADs or FADs not involved in SP
biosynthesis) FADs exhibiting unique desaturase specificities. The
rich FAD multigene family would thus serve as a reservoir from
which novel SP-biosynthetic FADs can be recruited (7, 11).
Our finding of a single amino acid residue 224 that critically in-

fluences desaturase specificity of MsexD2 and MsexD3 is consistent
with results obtained for other FADs from across kingdoms (20, 29–
31), indicating high enzymatic plasticity of FADs, that is, suscepti-
bility to shifts in their enzymatic specificities following a small
number of amino acid substitutions. Homology models of MsexD2
and MsexD3 localizing the amino acid residue 224 (Ala and Ile,
respectively) to position of conserved Thr257 in Z9-FADs, which
contributes to formation of the kink in the FA substrate binding
tunnel (20, 21), suggest that the kink determines the desaturase
substrate specificity by positioning the fatty acyl chain in respect to
the diiron active center (SI Appendix, Fig. S15). Future studies
should show whether this mechanism of desaturase substrate se-
lectivity is shared across FADs from various organisms. Addition-
ally, our results together with the observed influence of one amino
acid substitution on specificity of SP-biosynthetic FA reductases (8)
and SP-receptor (32) in Ostrinia moths suggest an evolutionary
significant effect of a single amino acid substitution in key proteins
involved in pheromone communication on moth speciation.
In summary, we show that two distinct E/Z14-FADs (MsexD3

and MsexD5) are capable of biosynthesis of unique 3UFA SPC
precursors in M. sexta. The E/Z14-desaturase specificity of MsexD3
could have evolved abruptly via a single amino acid mutation in a
gene duplicate of 1UFA- and 2UFA-producing MsexD2. Alterna-
tively, 3UFA SPCs might have been acquired in M. sexta via acti-
vation of presumably inactive ancestral MsexD5. These results
indicate that the presence of inactive FAD genes in moth genomes
and the susceptibility of FAD enzymes to changes of the desaturase
specificity underlie an evolutionary facile recruitment of novel
compounds for the SP communication channel.

Materials and Methods
For detailed descriptions see SI Appendix, SI Materials and Methods.

RNA Isolation. M. sexta females were reared under conditions described by
Große-Wilde et al. (33). Total RNA was extracted from each of the adult and
larval tissue samples.

Illumina Sequencing, Transcriptome Assembly, and Annotation. Tissue-specific
transcriptome sequencing of four different mRNA pools was carried out on
an Illumina HiSeq2000 Genome Analyzer platform. The transcriptome was
annotated using BLAST, Gene Ontology and InterProScan searches using
BLAST2GO PRO v2.6.1 (www.blast2go.de/) as described (34).

Digital Gene Expression Analysis. Digital gene expression analysis was carried
out by using QSeq software (DNAStar Inc.). Biases in the sequence datasets
and different transcript sizes were corrected using the RPKM algorithm.

Sequence Analysis. Desaturase topology was predicted using the web-based pro-
gram TMHMM 2.0 (35). Maximum-likelihood phylogenetic analysis was performed
in theweb-based pipeline Phylogeny.fr (36) using protein sequences of lepidopteran
FADs retrieved from the EMBL database, ManducaBase (www.agripestbase.org),
SilkBase (silkbase.ab.a.u-tokyo.ac.jp), and in-house sequencing projects.

Desaturase Cloning. A cDNA library used for isolation of FADORFswas prepared
from total RNA extracted from ATs, consisting of PG, papillae anales, and in-
tersegmental membranes, of female M. sexta. FAD ORFs were cloned into the
pYES2 (Invitrogen) or pYEXTHS-BN vector. pYEXTHS-BN plasmids encoded FADs
with N-terminal His6tags. Vectors bearing mutated MsexD2 or MsexD3 were
constructed as described in detail in SI Appendix, SI Materials and Methods.

A B C D

Fig. 5. Identification of sequence determinants of MsexD2 and MsexD3 desa-
turase specificities by site-directed mutagenesis. (A) Overview of truncated,
domain-swapped, and single-amino-acid-swapped mutants. Predicted trans-
membrane helices (TM1–TM4), the hydrophobic region (HR), and conserved his-
tidinemotifs (H1–H3) are highlighted, and the amino acid positions of swapped or
truncated regions are marked with numbers. (B) Relative amounts of Z11-16:1
accumulated in yeast strains expressingMsexD2 andMsexD3mutants. (C) Relative
amounts of E10,E12-16:2 and E10,Z12-16:2 accumulated in yeast strains expressing
MsexD2 and MsexD3 mutants cultivated in the presence of Z11-16:1. (D) Relative
amounts of E10,E12,E14-16:3 and E10,E12,Z14-16:3 accumulated in yeast strains
expressing MsexD2 and MsexD3 mutants cultivated in the presence of E10,E12-
16:2. The relative abundances of individual FAMEs were calculated from the peak
areas in GC/MS chromatograms. Bars represent means ± SD of relative FAME
abundances in three cultivation replicates. *Significant difference compared with
the parental wild-type FAD (two-sample t test, P < 0.05, gray and black asterisks
indicate the significant differences for each of the FAME isomers). n.d., FAME not
detected. Empty, control yeast strain transformed with an empty plasmid.
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Functional Expression in Yeast. Yeasts transformedwith pYES2 and pYEXTHS-BN
were cultivated in liquid YNB medium lacking uracil. Heterologous FAD ex-
pression in pYEXTHS-BN transformed yeasts was monitored by Western blotting
using anti-His6tag antibodies (37). Total cellular lipids were transesterified to
FAMEs (18). When indicated, yeast strains were cultivated with FAMEs supple-
mented to a final concentration of 0.25 mM in cultivation medium.

GC/MS Analysis. The FAME extracts were analyzed by GC/MS (MasSpec-
Micromass; EI at 70 eV) using DB-5MS and DB-WAX capillary columns (both
from J&W Scientific). The double-bond positions of the FAMEs were de-
termined by concordance of retention times and mass spectra of FAMEs in
analyzed yeast extracts with that of synthetic UFA standards and by de-
rivatization with MTAD and dimethyldisulfide.

Chemical Synthesis. The synthesis of methyl E10,E12,Z14-hexadecatrienoate was
performed by a single-step Suzuki–Miyaura coupling (38). Methyl Z11,E13-
hexadecadienoate was prepared by a Wittig reaction (39). Methyl E10,E12-
hexadecadienoate was prepared by coupling methyl 11-undecynoate and (E)-iodo
pentene (40). Methyl E10,E12-16,16,16-trideuteriohexadecadienoate was prepared
by coupling methyl 11-undecynoate with (E)-2-((4-iodobut-3-enyl)oxy)tetrahydro-
2H-pyran (41).

Application of Metabolic Probes to M. sexta AT. One microliter of E10,E12-
16,16,16-2H3-16:2-methyl ester (50 μg/μL) or 1,2-13C2-14:0 acid (50 μg/μL; Sigma-
Aldrich) in dimethyl sulfoxide/water/ethanol (7/2/1) was applied topically to
M. sextaATs. ATs were dissected after 24 h, extracted, and analyzed by GC/MS (42).

Homology Modeling. The structures of MsexD2 and MsexD3 were generated
using homology modeling module in YASARA (43) with default parameters.
Structures of mammalian FADs (PDB ID codes 4YMK and 4ZYO) were used
as templates.
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