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Sex pheromones are the hallmark
of reproductive behavior in moths.
Mature females perform the task of mate
signaling and release bouquets of odors
that attract conspecific males at long
range. The pheromone chemistry follows
a relatively minimal design but still the
combinatorial action of a handful of spe-
cialized pheromone production enzymes
has resulted in remarkably diverse sexual
signals that subtly vary in structure and
in number and ratio of components. In
a recent article,' we showed that a single
reductase gene (pgFAR) enables the con-
version of key biosynthetic fatty-acyl
precursors into fatty alcohols, the imme-
diate precursors of the multi-compo-
nent pheromone in small ermine moths
(Lepidoptera: Yponomeutidae). In the
light of the widespread usage of multi-
component pheromone blends across
Lepidoptera, it is likely that the pgFAR
biochemical flexibility is a regular feature
of the moth pheromone machinery and
polyvalent reductase genes are emerging
as pivots to promote phenotypic transi-
tions in moth mating signals. In addi-
tion, the small ermine moth pgFAR
nevertheless contributes to regulating
the ratio among components. Here we
show that the pgFAR substrate specificity
is actually counterbalancing the inherent
chain-length preference of an upstream
desaturase with All-activity and that
the enzymes together modulate the final
blend ratio between the Z11-16:0OH,
Z11-14:OH and E11-14:OH compounds
before the final acetylation.
Moth  mate-recognition depends on

a sophisticated pheromone-based
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communication system that allows males
to locate calling females over long dis-
tances.”® The need for a tight coordination
between female signalers and recipient
males poses selection against variation
in sex pheromone composition.>*> The
strong stabilizing forces acting to main-
tain recognition have however not pre-
cluded pheromone signals from evolving,
as witnessed by - the remarkable diver-
sity of more or less species-specific moth
pheromones.® To warrant species-specific
interactions, moth sex pheromones typi-
cally consist of mixtures of unsaturated
(i.e., 1 to 3 double bonds) long-chain fatty
alcohols and/or acetates and aldehydes
produced de novo from ubiquitous fatty
acids.” How phenotypic transitions in the
emitted signals are initiated is intrigu-
ing and has raised curiosity about the
genetic bases of pheromone production.®
Pheromone biosynthesis involves a small
cassette of specialized enzymes including
the action of fatty-acyl-CoA desaturases
and B-oxidases followed by modifications
of the carboxyl group by fatty-acyl-CoA
reductases, alcohol oxidases and acetyl
transferases.”” Gene candidate approaches
combined with the use of in vitro heter-
ologous expression systems'®!" have been
successful in enhancing our knowledge
about a gene family of fatty-acyl-CoA
desaturases. These enzymes exhibit a wide
range of desaturase activities (e.g., A6, A8,
A9, All, A11-12, Al1-13, Al4), which
enhance structural diversity in moth
pheromones.'*'* However, the regulatory
mechanisms by which the blend com-
position is precisely determined are far
from being decoded and not all biosyn-
thetic genes controlling moth pheromone



production are yet characterized although

recent transcriptomic advances have
targeted some potential missing candi-
dates.>1°
gene subfamily of fatty-acyl reductases
(pgFARs) has been pinpointed that is

specifically active in moth pheromone
1,17,18

Recently, a Lepidoptera-specific

production and which provides new
insights into the evolutionary mechanisms
that shaped the lepidopteran mate com-

munication signals.
Evolution of Polyvalent pgFARs

The insect reductase gene family appears
to be particularly diverse. In the silk-
moth Bombyx mori genome 22 paralogs
have been identified that cluster into ten
well-supported clades,! but the func-
tion of most homologous FAR genes is
still unknown. A single gene subfamily
appears Lepidoptera-specific’® and com-
prises all moth pgFARs identified to date,
which encode pheromone gland-specific
enzymes functioning as a requisite com-
ponent of the moth pheromone. reduc-
tion system.""”'® Four B. mori pgFAR-like
orthologues exist,’ which suggest “that
several rounds of duplication events
occurred in the active clade although a
single pgFAR is required to produce the
Bombykol sex pheromone."” In contrast to
the silkmoth, many lepidopteran species
including the small ermine moths" rely on
complex mixtures. Our recent functional
investigation of the reduction step enlight-
ens that only one pgFAR gene is active
in multicomponent pheromone produc-
tion in the small ermine moths, but this
reductase enzyme displays a broad reduc-
tive profile that is adapted to the species-
specific pheromone composition. Besides,
the highly flexible reductase is also capable
of processing some rare unsaturated pher-
omone precursor structures, not found
in Yponomeuta spp. These findings sug-
gest that rapidly diversifying desaturation
mechanisms" are more likely to cause
quick changes in sex pheromone composi-
tion if downstream biosynthetic enzymes
are preadapted to process the structural
novelties. Taking into account our find-
ings from Yponomeuta spp. together with
the widespread use of multi-component
pheromones in the Lepidoptera, we pro-
pose that the biochemical flexibility of the

reduction system may be a widespread and
ancient feature of the biosynthetic moth
machinery. This preadaptation could
have served as a pivot towards a diversi-
fication in the signal in the lepidopteran
mate communication system, to the extent
that changes occur upstream in the phero-
mone machinery. Comparative studies
including other lepidopteran species are
awaited to determine whether subclasses
exist within the pgFAR subfamily and to
improve the phylogenetic resolution with
respect to affinities for a certain substrate
chain-length (e.g., C14, C16 or C18) and/
or variable structures (e.g., mono versus
diunsaturated compounds), as previously
observed in moth pheromone desaturases.®
Likewise, it will be interesting to see if
pgFAR-like duplicates exist in moth spe-
cies other than B. mori as well as in butter-
flies and to assess their potential functions
in vitro, taking advantage of the fact that
we now have developed functional tools
for this class of enzymes.

Polygenic Nature of Sex
Pheromone Ratio Determination

Because the reduction stage is a requisite
step at the interface between fatty-acyl
precursors and all derived oxygenated
pheromone molecules, it is interesting to
uncover the functional basis for selectiv-
ity and substrate specificity of pgFARs,
yet the underlying genetic determinants
have just been discovered. Rare examples
are known where single genes (including
the reductase system) exclusively con-
trol the ratio between components in the
pheromone blend.’®? Still, in many moth
species such as Yponomeuta spp., the
combined activity of several biosynthetic
enzymes is postulated to be required to
achieve the desired proportions.>”?!

The small ermine moth pgFAR exhib-
its an inherent preference for Z11-14 and
E11-14:acyl substrates compared to Z11-
16:acyl. This plays a role in regulating
the final proportions between the phero-
mone components. Hence we showed that
when supplying all three All-unsaturated
substrates in a ratio biased towards the
Z11-16:acyl, i.e., as found in pheromone
gland precursors of the orchard ermine
moth, Yponomeuta padellus, the outcome
of pgFAR conversion matched the final
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blend proportions. In Figure 1 we show
that the bias toward the Z11-16:acyl pre-
cursor in the gland results from the action
of a All-desaturase with a chain-length
preference for C16 acyl. We characterized
the corresponding desaturase transcript
from cDNA of adult female pheromone
gland tissues and subsequently cloned
and expressed its encoded protein in a
desaturase- and elongase-deficient (ole!
elol) strain of the yeast Saccharomyces cere-
visiae following previously established in
vitro techniques.!™™ We found that the
enzyme displays a All-desaturase activity
resulting in the preferential production of
Z11-16:acyl compared to Z11- and El1-
14:acyls (Fig. 1). The succeeding action
of the pgFAR, which exhibits a chain-
length preference for Cl4-acyls, balances
the desaturase effects and adjusts the
ratio between all All-alcohol precursors
in proportions matching the final blend
observed in females. The activity of both
A1l and pgFAR proteins thus regulates
the proportions of All-pheromone pre-
cursors. in this species. In order to gain a
complete understanding of the proximate
genetic mechanisms driving the evolution
of multi-component signals in moths, the
next challenge will be to unravel the poten-
tial role of acetyl transferase gene products
in adjusting the relative conversion of
alcohols and acetates in sister Yponomeuta
species but also in other moths.?* Further
research in this direction will provide
openings to co-express all genetic compo-
nents of the biosynthetic machinery and
produce sex pheromones in vitro, which
we envision as an alternative strategy to
produce synthetic sex pheromones.
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Figure 1. Pheromone biosynthesis in Yoonomeuta padellus (Lepidoptera: Yponomeutidae). (A) An Yponomeuta moth on hawthorn (Crataegus sp.,
Rosaceae). (B) Pheromone biosynthetic pathway towards the A11-unsaturated components in the Yponomeuta genus. (C) GC-MS analysis of A11-
monounsaturated fatty-acyl intermediates produced by functional expression of the Ypa-Al1-desaturase in the YEpOLEX expression vector and the
ole 1 elo 1 strain of the yeast Saccharomyces cerevisiae following a procedure as previously described." The chromatogram trace represents dimethyl
disulfide adducts (DMDS) from methanolyzed yeast extracts. In vitro, the A11-desaturase catalyses the introduction of a double bond at the eleventh
carbon atom (characteristic ion at m/z 245) in several natural yeast fatty acids from C14 to C22. The Z11-14, E11-14 and Z11-16 acyls are produced in

a 1.1:0.8:100 ratio, respectively. (D) The dot areas are proportional (%) to the Al1-desaturase and pgFAR substrate preferences and to the final ratio
between components. The reverse chain-length preference of the A11-desaturase and pgFAR for acyl substrates with 14 or 16 carbon atoms allows

adjusting the final blend ratio.
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