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ARTICLE INFO ABSTRACT

Keywords: The Oriental fruit moth Grapholita molesta is distributed throughout temperate regions and considered to be a
Lepidoptera pest in peach production and other high-value fruit crops in the rose family. Insecticide treatment has led to
RNA-Seq . resistance development, but the use of sex pheromones in pest management has shown great promise. We
Ig;;g;‘g‘;(g;:; expression investigated the pheromone biosynthesis pathway in G. molesta with the aim of elucidating pheromone evolution

in the Olethreutinae subfamily of moths and harnessing pathway genes in biotechnological production of sex
pheromone for use in pest management. In vivo labelling experiments suggested that an uncommon A8 fatty acyl
desaturase is involved in sex pheromone biosynthesis. CRISPR/Cas9 knock-out of the highly expressed candidate
desaturase gene Gmol CPRQ almost completely blocked the production of A8 pheromone components in vivo.
Heterologous expression of Gmol CPRQ protein in yeast- or Sf9 insect cells, however, failed to demonstrate the
expected A8 desaturase activity. Instead, A9 desaturase activity was observed. Co-expression in the yeast system
of the electron donor, cytochrome b5, from G. molesta still produced only A9 desaturase activity. We suggest that
Gmol CPRQ is intimately involved in pheromone production in vivo, via an unknown reaction mechanism that
may possibly involve another co-factor that is absent in the yeast and Sf9 expression systems, or depend on its
subcellular site of activity. Solving this puzzle will shed further light on pheromone biosynthesis in the family
Tortricidae and will be required for successful biotechnological production of fatty acids and pheromones
requiring A8 desaturation.

Integrated pest management

disruption with sex pheromones, alone or in combination with in-
secticides, has been successfully employed in many countries, including
Australia, Brazil, Canada, China, France, Spain, Italy, and USA (Cardé

1. Introduction

The order Lepidoptera (moths and butterflies) within the insects

contain numerous agricultural pest species. Many economically impor-
tant fruit- and tree pests are found in the family Tortricidae, including
the Oriental fruit moth Grapholita molesta (subfamily Olethreutinae)
(Knight et al., 2019). Grapholita molesta originates from southwest
China, with a current worldwide distribution in temperate regions. It is a
pest on many commercial stone and pome fruits, especially peach. The
larvae cause damage by boring into fruits and shoots (Song et al., 2018),
and can be difficult to control with conventional methods. Resistance to
many classes of insecticides has already been observed (Pree et al., 1998;
Trimble et al., 2001; Kanga et al., 2003). Pest control through mating
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and Minks, 1995; Trimble et al., 2001; Kong et al., 2014). In 2010, 50,
000 ha of peach and apple orchards worldwide were under G. molesta
mating disruption treatment (Witzgall et al., 2010). As biosynthesis
genes can be used in biological and sustainable production of sex
pheromones in “cell factories” and plant factories (Hagstrom et al.,
2013; Ding et al., 2014; Holkenbrink et al., 2020; Wang et al., 2022), we
set out to unravel the biosynthesis of the sex pheromone of this species.
Revealing the biosynthesis pathway and the enzymes involved is also
fundamentally important to understand the evolution of sex pheromone
communication in tortricid moths.
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The major female sex pheromone component of G. molesta has been
identified as (Z)-8-dodecenyl acetate (Z8-12:0Ac), and the minor com-
ponents as (E)-8-dodecenyl acetate (E8-12:0Ac), (Z)-8-dodecenol (Z8-
12:0H) and dodecanol (12:0H) (Roelofs et al., 1969; Cardé et al., 1979).
A female releases an average of 8.5 ng Z8-12:0Ac per hour during
calling (Lacey and Sanders, 1992), and a similar amount can be obtained
from one pheromone gland by liquid extraction (Yang et al., 2002).

Many moth pheromones are such monounsaturated fatty acid de-
rivatives, but longer fatty acid backbones and odd-numbered double
bonds, especially in A11 and A9 positions, are more common (Ando
et al., 2004; Lofstedt et al., 2016). These pheromone compounds are
usually biosynthesized by A11 desaturation with or without subsequent
chain-shortening to produce the A9 homologues. Even-numbered dou-
ble bonds in monounsaturated pheromones in other families are often
made following a similar pattern. For example, (E/Z)-12-tetradecenyl
acetate (E/Z-12-14:0Ac) in the Asian corn borer Ostrinia furnacalis
(Crambidae) is made by a A14 desaturase acting on a 16:acyl substrate
followed by chain-shortening (Zhao et al., 1990; Roelofs et al., 2002). In
the leafrollers Ctenopseustis sp. and Planotortrix sp. (subfamily Tor-
tricinae), (Z)-8-tetradecenyl acetate (Z8-14:0Ac) is made via Al0
desaturation of 16:acyl followed by chain-shortening (Hao et al., 2002;
Albre et al., 2012). In the family Tortricidae several species in the
Olethreutinae subfamily have sex pheromones with double bonds in
both A8 and A10 positions (El-Sayed, 2023). In the codling moth Cydia
pomonella (subfamily Olethreutinae), the doubly unsaturated codlemone
(E,E)-8,10-dodecanol (E8,E10-12:0H) is made via A9 desaturation by a
bifunctional desaturase that first makes a single E9 double bond and
then transforms this into the conjugated system (Lofstedt and Bengtsson,
1988; Lassance et al., 2021). This bifunctional desaturase mechanism is
fundamentally different to that of the A10 desaturase reported in Tor-
tricinae moths and and A14 desaturase in O. furnacalis, since initially an
odd-numbered double bond is made. The responsible enzyme does,
however, belong to the A11/10 phylogenetic lineage of desaturases,
where the A10 desaturase also belongs, as well as many other lepidop-
teran desaturases involved in sex pheromone biosynthesis (Lofstedt
et al., 2016), including the bifunctional A11 desaturase producing the
conjugated A10,A12- pheromone of the silkworm moth Bombyx mori
(Bombycidae) (Moto et al., 2004). Thus, desaturation in the Z8-12:0Ac
pheromone component of G. molesta could occur in several different
(possibly not mutually exclusive) ways, including 1) by a A10 or A12
desaturase on longer fatty acids followed by chain-shortening, 2) by an
unknown type of rearrangement of a A9 double bond made by a possibly
bifunctional desaturase, or 3) by a novel A8 desaturase acting directly
on 12:acyl (Fig. 1).

In this study, we demonstrate that the desaturase Gmol_CPRQ plays a
critical role in introducing the A8 double bond into lauric acid, the
immediate saturated precursor of the G. molesta sex pheromone. In fe-
males homozygous for knockouts of the Gmol CPRQ gene, compounds
with the A8 double bond were almost completely absent. However, the
Gmol_CPRQ enzyme heterologously expressed in yeast or insect cells
yields products with a A9 double bond and not a A8 double bond. This
points to one or more unknown factors which remain to be identified to
allow successful heterologous biosynthesis of the Oriental fruit moth sex
pheromone.

2. Results

2.1. Analysis of pheromone components and precursors in the pheromone
gland

To form a hypothesis for the pheromone biosynthesis pathway, fatty
acids in the pheromone gland were identified, as potential pheromone
precursors. Extracts of female pheromone glands contained compounds
that in GC/MS analysis matched retention times and mass spectra of
pheromone and precursor reference compounds. Previously identified
sex pheromone components of G. molesta were detected: dodecenyl
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Fig. 1. Pathway hypotheses for Grapholita molesta pheromone biosynthesis
investigated in this study, showing possible saturated and unsaturated phero-
mone acyl precursors and chain-shortening and desaturation steps. The
pathway confirmed in this study is shown in solid lines, the rest in dashed lines.
16:acid, hexadecanoic acid; 14:acid, tetradecanoic acid; 12:acid, dodecanoic
acid; E/Z12-16:acid, hexadecenoic acid; E/Z10-14:acid, tetradecenoic acid; E/
79/8-12:acid, dodecenoic acid.

acetates Z8-12:0Ac and E8-12:0Ac (DMDS (dimethyl-disulfide deriva-
tisation) diagnostic ions to determine double bond position were m/z
320, 217, 103), and dodecenol Z8-12:0H (DMDS diagnostic ions m/z
278,175, 103), while dodecanol (12:0H) was not detected. Extracts also
contained dodecyl-, tetradecyl-, hexadecyl- and octadecyl acetate (12:
OAc, 14:0Ac, 16:0Ac and 18:0Ac) and octadecanal (18:Ald). No E9-12:
OAc or Z9-12:0Ac was detected. The pheromone gland total lipids,
transformed into FAMEs, contained methyl-dodecanoate, tetradeca-
noate, hexadecenoate and octadecanoate (12:Me, 14:Me, 16:Me and 18:
Me), monounsaturated methyl tetradecenoate, hexadecenoate and
octadecenoate (Z29-14:Me (DMDS diagnostic ions m/z 334, 217, 117),
79-16:Me (DMDS diagnostic ions m/z 362, 217, 145) and Z9-18:Me
(DMDS diagnostic ions m/z 390, 217, 173)), methyl dodecenoate E8-
12:Me and Z8-12:Me (DMDS diagnostic ions m/z 306, 203, 103), and
methyl octadecadienoate and octadecatrienoate (18:2-Me and 18:3-Me)
(Fig. 2). Trace amounts of E10-14:Me or Z10-14:Me (DMDS diagnostic
ions m/z 334, 231, 103), E12-16:Me or Z12-16:Me (DMDS diagnostic
ions m/z 362, 259, 103) and methyl octadecenoate E14-18:Me or Z14-
18:Me (DMDS diagnostic ions m/z 390, 287, 103) were detected only
by DMDS derivatisation. No E9-12:Me or Z9-12:Me was detected.

2.2. In vivo labelling to reveal sex pheromone biosynthesis desaturation
step

To determine which fatty acid precursor is the substrate for desatu-
ration, and therefore also the specificity of the desaturase enzyme, in
vivo labelling experiments were performed. The incorporation into the
pheromone of deuterium-labelled fatty acids, as potential pheromone
precursors, was monitored. D3-12:acid was incorporated at a very high
rate into Z8-12:0Ac (70 + 16 % of the total compound labelled), as well
as into E8-12:0Ac, Z8-12:0H and E8-12:0H (Fig. 3a). D3-14:acid was
incorporated at a lower rate into Z8-12:0Ac (6 + 4 % of the compound
labelled), plus E8-12:0Ac and Z8-12:0H (Fig. 3b), while D3-16:acid was
only incorporated into Z8-12:0Ac (3 + 1 % of the compound labelled)
(Fig. 3c). No diagnostic ions for the labels were detected in the control
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Fig. 2. Total ion chromatogram of GC/MS analysis of fatty acid composition in female Grapholita molesta pheromone gland extract. Arrows point to compounds
detected, but peak is hard to see at this scale because of low amount. X-axis shows retention time (RT) and y-axis ion abundance. 12:Me, methyl dodecanoate; E/Z8-
12:Me, methyl (8 E/Z)-dodecenoate, 14:Me, methyl tetradecanoate; Z9-14:Me, methyl (92)-tetradecenoate; 16:Me, methyl hexadecanoate; Z9-16:Me, methyl (92)-
hexadecenoate; 18:Me, methyl octadecenoate; Z9-18:Me, methyl (9Z)-octadecenoate; 18:2-Me, methyl octadecadienoate; 18:3-Me, methyl octadecatrienoate.

with only solvent DMSO applied (Fig. 3d). Label from Ds-E9-12:acid and
D3-Z9-12:acid was only incorporated into corresponding E/Z9-12:0Ac,
respectively, but not into any A8 pheromone components (Fig. 3e-h).

2.3. Transcriptome and phylogenetic analyses of candidate desaturases in
sex pheromone biosynthesis

To assess which desaturase genes are expressed in the sex pheromone
glands, we compared transcriptomes of male and female abdomen using
RNA-seq. The raw read count for the female pheromone glands sample
and male abdominal tips sample was 224 million and 273 million reads,
respectively. Transcriptome assembly combining both samples resulted
in a total of 189,318 transcripts with an average length of 906 bp, N50 of
1723 bp and an overall alignment rate of 71 %. When compared to the
1658 total BUSCO groups of the Insecta dataset (odb9), the complete-
ness of the assembly was estimated to be 87.2 % (single-copy 56.2 %,
duplicated 31.1 %, fragmented 10.3 %, missing 2.5 %). Data can be
made available by contact to the authors.

With the Pfam model for fatty acyl desaturases, nine full-length pu-
tative pheromone desaturase genes and two partial genes were found in
the transcriptome assembly (Fig. 4) (nucleotide sequences in Supple-
mentary material). Three of the full-length genes were only expressed in
the female tissue: Gmol CPRQ, Gmol YPHD and Gmol TPVE (Fig. 5). The
first of these genes clusters with lepidopteran All desaturases in a
phylogenetic reconstruction (Fig. 4, bootstrap values in Fig. S1) and
exhibited the highest expression level of the female-biased desaturases.
The other two genes group with lepidopteran desaturases exhibiting
either a A5, A6 or A14 function. An additional full-length gene groups
with the A1l desaturases (Gmol KPSQ, no female-biased expression),
while the rest group with A9 desaturases (Gmol NPVE, Gmol KPSE,
Gmol KSTE, Gmol GATD and GmolNPRE). The similarity of the
Gmol CPRQ peptide sequence to Gmol KPSQ was 77 % (Blosum62 with
threshold 0), and to selected other lepidopteran pheromone biosynthesis
desaturases in the A11/10 lineage as follows: Cpo_CPRQ A9 bifunctional
desaturase (accession KF022093.2 (Lassance et al., 2021)) 84 %, the
Planotortrix octo Z10 desaturase (accession AY017379 (Hao et al.,
2002)) 72 % and the silkworm moth B. mori Z11 desaturase (accession
AAG16901 (Moto et al., 2004)) 67 %.

2.4. Functional characterisation of desaturases by expression in yeast and
insect cells

Putative pheromone biosynthesis desaturase genes were chosen for
functional characterisation when they were full-length and with an
expression level >1 TPM, in addition to either grouping in the A10/11
functional lineage or, alternatively, had an expression level ratio female:
male >2 for any not in the A9 lineages. These choices were made
because many previously identified pheromone biosynthesis desaturases
belong to the A10/11 lineage and exhibit female-biased expression.
Desaturase genes Gmol CPRQ, Gmol KPSQ, Gmol YPHD and Gmol TPVE
were expressed in yeast cells and Gmol CPRQ and Gmol KPSQ addi-
tionally in Sf9 cells.

Results were observed by forming the methyl esters of fatty acyl
compounds isolated from the expression system. In the yeast assays,
Gmol_CPRQ enzyme produced E/Z9-12:Me and Z10-14:Me (Fig. 6a),
judging by both FAME and DMDS-derivatives analyses. It also produced
unidentified 16:1-Me with retention times surpassing that of A12-16:Me
reference compounds. Gmol KPSQ produced Z9-12:Me, E/Z12-16:Me,
A12-18:Me in very large amounts, an unidentified 12:1-Me eluting
earlier than A8-12:Me, an unidentified 14:1-Me eluting earlier than A8-
14:Me, two other 14:1-Me, possibly E/Z12-14:Me, and an 16:1-Me
eluting earlier than Z9-16:Me (Fig. 6b). In addition, along with
Gmol CPRQ we co-expressed two highly expressed cytochrome b5 genes
of G. molesta (nucleotide sequencesin Supplementary material and
protein alignments in Fig. S3), investigating if this could alter the
function of the desaturase. However, the results showed no difference to
the desaturase expressed alone, in the presence of the yeast endogenous
cytochrome b5 (data not shown). The control yeast strain without
desaturase expression showed no production of unsaturated fatty acyls
(Fig. 6¢). The methyl esters E/Z8-12:Me of the obvious pheromone
precursors were not detected for any of the tested desaturases. Gmo-
LYPHD and Gmol_TPVE did not produce any compounds not also found
in the control (results not shown), or were not expressed.

In the Sf9 assays, Gmol_CPRQ produced trace amounts of Z10-14:Me
and E/Z12-16:Me (Fig. 7a upper panel). E/Z9-12:Me was seen both with
Gmol_CPRQ expression and in the control (Fig. 7a lower panel).
Gmol KPSQ produced E/Z12-16:Me, E/Z12-18:Me, and trace amounts
of 7Z8-12:Me, Z8-14:Me, Z10-14:Me, E/Z12-14:Me, and E/Z14-18:Me,
none of which were detected in the control (Fig. 7b). Deuterium-
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Fig. 3. Chromatograms of GC/MS selected ion monitoring (SIM) analyses of female Graholita molesta pheromone gland extracts, showing incorporation from
deuterated fatty acid precursors into pheromone components dodecenol acetate (E/Z8-12:0Ac) and dodecenol (E/Z8-12:0H). The unlabelled portion of a compound
is shown by a dashed line (ion m/z 166), the deuterium-labelled portion by a solid line and indicated by an arrow. Compound names are only showed in the first
panel (all four compound peaks are in all panels, dashed line). X-axis shows retention time (RT) and y-axis ion abundance. a Incorporation from [12,12,12-2H3]
dodecanoic acid (D3-12:acid) detected into four compounds: E/Z8-12:0Ac and E/Z8-12:0H (ion m/z 169). b Incorporation from [12,12,12-?Hs] tetradecanoic acid
(D3-14:acid) detected into three compounds: E/Z8-12:0Ac and Z8-12:0H (ion m/z 169). ¢ Incorporation from [16,16,16-H;] hexadecanoic acid (Ds-16:acid)
detected into one compound: Z8-12:0Ac (ion m/z 169). d Control labelling with DMSO (performed simultaneously to a-c) shows no labelled compounds that
correspond to the observed native pheromone components (ion m/z 169). e Incorporation from [12,12,12,11,11—2H5] dodecenoic acid (Ds-E9-12:acid) not detected
into any pheromone components (ion m/z 171), but labelled E9-12:0Ac/OH detected, indicated by the compound names above the peaks. f Control labelling with
DMSO (performed simultaneously to e) shows no labelled compounds. g Incorporation from [12,12,12—2H3] dodecenoic acid (D3-Z9-12:acid) not detected into any
pheromone components (ion m/z 169), but labelled Z9-12:0Ac detected, indicated by the compound name above the peak. h Control labelling with DMSO (per-
f‘()rmed simultaneously to g) shows no labelled compounds (ion m/z 169).
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Fig. 4. Phylogenetic reconstruction of Grapholita molesta full-length and partial desaturase sequences identified from transcriptome analysis, in relation to chosen
sequences from other lepidopteran species. Desaturase families are named by convention according to four characteristic amino acids in the signature motif (e.g.
KPSE) Knipple et al., 2002. The maximum-likelihood tree was built using amino acid sequences aligned with MAFFT and scoring matrix BLOSUM62, and IQ-TREE.
Grapholita molesta sequences are indicated by a triangle and with their signature motif. Desaturases assayed by heterologous expression in this study are indicated by
red triangles. Published sequences are named by species prefixes (see Table S2) followed by biochemical activity or signature motif and accession number (GenBank,
ncbi.nlm.nih.gov). Nodes where ultrafast bootstrap support values are <90 % are marked by a filled circle. Scale bar represents 0.5 substitutions per amino
acid position.
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Fig. 5. Transcript expression levels (Log TPM) of full-length Grapholita molesta putative desaturase genes involved in sex pheromone biosynthesis, identified from the
transcriptome assembly. Red triangles indicate desaturases assayed by heterologous expression in this study. The naming follows Knipple et al. (2002). * Some of the

lowly expressed genes could not be amplified and confirmed from cDNA.

labelled substrates D3-12:Me, D3-14:Me and D3-16:Me were supplied in
individual assays to investigate which products were the result of direct
action by the desaturase, and which resulted from chain-shortening or
elongation after desaturation. The D3-16:Me label was incorporated into
78-12:Me (Fig. S2), Z10-14:Me, E/Z12-16:Me, and also in the native Sf9
products Z7-14:Me and Z9-16:Me. Incorporation into the 12:Me and 14:
Me unsaturated products suggest chain-shortening from the 16:Me un-
saturated products. D3-14:Me supplementation resulted only in label-
incorporation into the native Z9-14:Me while D3-12:Me gave no
detectable label incorporation (results not shown).

2.5. Functional characterisation of the desaturase Gmol CPRQ in vivo

To investigate the involvement of Gmol_CPRQ, the desaturase with
the highest expression level and a female-biased expression pattern, we
edited the gene for this desaturase in vivo in G. molesta using the CRISPR/
Cas9 technique. Out of 1057 eggs injected with two guide RNAs tar-
geting exon 1 of the Gmol CPRQ gene, 14 heterozygous germline mu-
tants were propagated, containing mutations in the target gene. Five of
these had larger deletion mutations close to the 44 bp sequence between
the PAM sites of the two guide RNAs (examples are mutation allele 42
and allele 75 in Fig. 8a), while nine had smaller indel mutations (an
example is mutation allele 74 in Fig. 8a). All mutations caused a
frameshift and larger deletion mutations also an early stop of mRNA
translation (Fig. 8b). In generation G2, homozygous mutant females
from four different families with three different genotypes (one homo-
zygous for allele 42, one homozygous for allele 74 and two having a
copy each of allele 42 and 75) were analysed for their pheromone pro-
duction. GC/MS analysis of extracts from wild type individuals showed
the expected pheromone components E8-12:0Ac, Z8-12:0Ac and Z8-12:
OH in native ratios, while sibling homozygous knock-out mutants
showed only traces of Z8-12:0Ac residue and instead a most prominent
amount of the corresponding saturated 12:0Ac and 12:0H which were
negligible in the wild type (Fig. 8c). Expressed as a percentage of the
total amount (Z8-12:0Ac plus 12:0Ac), Z8-12:0Ac was 98.8 + 0.8 % in
wild type individuals and 1.7 + 0.5 % in homozygous knock-out mu-
tants. The results were identical among the three different mutant ge-
notypes analysed (data not shown).

3. Discussion

We report a novel A8 desaturase in Lepidoptera, involved in the
biosynthesis of the major pheromone component Z8-12:0Ac in the

Oriental fruit moth G. molesta (Fig. 1). The identification of this new
desaturase adds to a library of previously identified desaturases involved
in moth sex pheromone biosynthesis with mostly A11 and A9 activities,
but also some with A5, A6, A10, A12 and A14 functionalities (Lofstedt
et al., 2016). The involvement of this particular desaturase Gmol CPRQ
in pheromone biosynthesis was confirmed by knock-out of the gene
using CRISPR/Cas9 technology, with a resulting G. molesta strain that
now only produced traces of the Z8-12:0Ac pheromone component.
When expressed in heterologous systems, however, this enzyme showed
different regio-specificity which begs the question of what additional
factor(s) may enable its unique A8 desaturation activity in the moth
pheromone gland.

3.1. Support for Gmol CPRQ as a critical desaturase involved in
pheromone biosynthesis, and as a A8 desaturase acting directly on lauric
acid

Knocking out the desaturase gene Gmol CPRQ almost completely
abolished production of the desaturated pheromone components E/Z8-
12:0Ac and Z78-12:0H, thereby confirming Gmol CPRQ as the key
desaturase involved in pheromone biosynthesis in vivo. Trace amounts of
Z8-12:0Ac seen in the Gmol CPRQ knock-out moth strain are likely a by-
product of Gmol KPSQ and chain-shortening activity, as Sf9 cells
expressing Gmol KPSQ turned labelled palmitic acid into A12-16:Me
and then a small amount of Z8-12:Me.

Gmol CPRQ also exhibited the highest expression level of any of the
female-exclusive expressed desaturases and it clusters phylogenetically
in the so called A11/10 function lineage where many other pheromone
biosynthesis desaturases are located, including its closest characterised
homolog, the pheromone biosynthesis desaturase of C. pomonella
(Cpo_CPRQ) (Fig. 4).

With in vivo labelling experiments, we have shown that 12:acid was
incorporated at a much higher rate (72 %) into Z8-12:0Ac than was 14:
acid (6 %) and 16:acid (1 %), indicating that 12:acid is the favoured
precursor to produce the pheromone component, and therefore that the
desaturase Gmol_CPRQ is a A8 desaturase (Fig. 1).

Our results dismiss the hypothesis that a bifunctional desaturase like
Cpo_CPRQ is involved, acting on 12:acid. In that case, a double bond
would first be made in an adjacent position to A8, then transformed to
an E/Z8 double bond, similar to that seen for E9-12:acid turned into E8,
E10-12:acid (codlemone precursor) in C. pomonella (Lofstedt and
Bengtsson, 1988; Lassance et al., 2021). No A9-12:Me was seen in the
pheromone gland of G. molesta, and labelled E/Z9-12:Me precursors
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Fig. 6. Chromatograms of GC/MS selected ion monitoring (SIM, ion m/z 74) analyses of FAME (fatty acid methyl ester) extracts of Grapholita molesta desaturases in a
yeast expression system. Cultivation supplemented (suppl) with methyl dodecanoate (12:Me), methyl tetradecanoate (14:Me) and methyl octadecenoate (Z9-18:Me).
X-axis shows retention time (RT) and y-axis ion abundance. a Gmol CPRQ produced monounsaturated compounds methyl dodecenoate E/Z9-12:Me, methyl tetra-
decenoate Z10-14:Me and several unidentified methyl hexadecenoate 16:1-Me. b Gmol KPSQ produced Z9-12:Me, E/Z12-16:Me, methyl octadecenoate A12-18:Me,
an unidentified 12:1-Me, several unidentified 14:1-Me and an unidentified 16:1-Me. ¢ The empty vector control yeast strain without desaturase expression showed no
production of unsaturated compounds. The pheromone precursors E/Z8-12:Me were not detected for any of the tested desaturases. 13:Me, methyl tridecanoate; 15:
Me, methyl pentadecanoate; 16:Me, methyl hexadecanoate; 17:Me, methyl heptadecanoate; 18:Me, methyl octadecanoate.

were not incorporated into Z8-12:0Ac in in vivo labelling experiments.
Grapholita molesta pheromone biosynthesis is thus different from the
biosynthesis of codlemone in C. pomonella. A hypothesis that a A10 or
A12 desaturase is involved in biosynthesis, acting on 14:acid and 16:
acid, respectively, is also not supported by the results of the in vivo
labelling experiments, where insignificant incorporation was seen from
these acids compared to from 12:acid. Potential precursors to support
such a hypothesis, A10-14:Me and A12-16:Me, were both found in the
pheromone gland, but these might be side-products of the pheromone
biosynthesis  desaturase = or  other  desaturases, involving
chain-shortening/elongation, rather than intermediates in pheromone
biosynthesis. This makes formation of a A8 double bond different in
G. molesta, and potentially in the subfamily Olethreutinae in general,
from how it is made by a A10 desaturase in the subfamily Tortricinae,
characterised in Ctenopseustis sp. and Planotortrix sp. (Hao et al., 2002;
Albre et al., 2012).

3.2. Heterologous expression assays show incongruous results

The lack of observed A8 desaturase activity in the heterologous
expression assays is likely due to sub-optimal cellular environment in

the expression systems. The type of desaturation produced by the
enzyme in vivo is not always an intrinsic property of the enzyme itself.
This is not a unique observation (Heilmann et al., 2004; Liénard et al.,
2010) and the discrepancy between the large amounts of A8 product
observed in vivo in G. molesta and Gmol CPRQ A9 activity in vitro may
have many different explanations.

To replicate native activity in a heterologous system, a membrane-
bound protein such as the Gmol CPRQ desaturase requires correct
localisation in the endoplasmic reticulum and the presence of necessary
co-factors. Searching for such mechanistic explanations we so far only
scratched the surface, but did not see any change in desaturase activity
when we co-expressed Gmol CPRQ with cytochrome bs candidates from
G. molesta, in yeast. Such co-expression with a cytochrome bs from the
same organism as the desaturase has in other cases resulted in increased
desaturase activity (Dahmen et al., 2013). Cytochrome b5 is a known
co-factor in the desaturation reaction, part of the electron transport
chain. A search for other necessary co-factors in the desaturase reaction
will contribute to better understanding of the enzyme mechanism.

Also necessary to replicate native activity in a heterologous system,
Heilmann et al. (2004) discussed the importance of the lipid type the
substrate is presented to the desaturase on. In their study they switched
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Fig. 7. Chromatograms of GC/MS analyses of FAME (fatty acid methyl ester) extracts that are DMDS (dimethyl-disulfide)-derivatised, from Grapholita molesta
desaturases in an insect cell line Sf9 expression system. Cultivation supplemented with methyl dodecanoate and methyl tetradecanoate. X-axis shows retention time
(RT) and y-axis ion abundance. a Gmol CPRQ produced methyl tetradecenoate Z10-14:Me and methyl hexadecenoate E/Z12-16:Me (upper panel), not seen in the
empty vector control (lower panel). Methyl dodecenoate E9-12:Me is obscured by a large contamination peak. Z9-18:Me and Z11-18:Me are seen as one peak at this
scale. b Gmol KPSQ produced E/Z12-16:Me, methyl octadecenoate E/Z12-18:Me, methyl dodecenoate Z8-12:Me, Z8-14:Me, Z10-14:Me, E/Z12-14:Me and E/Z14-18:
Me (upper panel), all of which were not seen in the empty vector control (lower panel). Z9-18:Me and Z11-18:Me are seen as one peak at this scale.

desaturase specificity by alternate subcellular targeting, changing the
lipid environment. If the substrate is presented on a different head-group
in vitro, this could affect how the substrate fits into the substrate tunnel,
because of different interaction of the head-group with the acyl register
residues and the residues in the external region of the substrate tunnel in
the enzyme. A different fit could result in a different placement of the
acyl-chain in relation to the active site, thereby changing regiospeci-
ficity of the enzyme.

Pheromone gland cells are special in their ability to perform limited
B-oxidation in peroxisomes, to produce for example Ci5 lipids (Roelofs
and Bjostad, 1984). They may have a specialized system of substrate
transport between cytosol and peroxisomes during pheromone biosyn-
thesis, which could affect the different profile of desaturated products
seen in the pheromone gland compared to in heterologous expression.
This might be particularly important for shortened pheromone compo-
nents like C;5 pheromones in tortricids. Both substrate availability and

-competition likely play a role in forming the correct environment to
replicate native specificity of the desaturase. Yeast expression of the A11
desaturase involved in the Masson pine moth Dendrolimus punctatus
(Lasiocampidae) pheromone biosynthesis can exemplify this: when the
pheromone precursor Z9-16:Me was present in the assay, only the diene
pheromone precursor methyl (Z,E)-9,11-hexadecadienoate (and its iso-
mers) was produced, while an assay without the monoene precursor
yielded previously undetected A8 desaturation activity on 12:acyl-, 14:
acyl- and 16:acyl substrates (Liénard et al., 2010). Studies of how
saturated 12:acyl pheromone precursor storage takes place in G. molesta
and other Tortricids, would shed light on possible lack in precursor
availability. In heterologous expression assays with yeast S. cerevisiae,
Sf9, camelina Camelina sativa and tobacco Nicotiana benthamiana,
Cpo_CPRQ from C. pomonella does show native (A9) activity, although
the even-numbered diene pheromone is produced only in the latter three
(Lassance et al., 2021; Xia et al., 2021; Demski et al., 2022). It is possible
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Gmol_ CPRQel ATGCCTCCGGAGTCCAAAAACGTTCCTATCCAGCAAAATTTTAGGAAACCACTAGAATTTCTCCCGAGGAAATATGATGTGGTGTACGAG 90
Allele_42 ATGCCTCCGGAGTCCAAARAACG- === === === === — = —— e ——————— AGGAAATATGATGTGGTGTACGAG 46
Gmol CPRQel T2
Gmol_CPRQel AATGTATTTCTTCACATCGCTGGACATATATCTGCAGCTTACGGCTTATATCTCTGCTTCACTGTGGCTAAATGGCAGACTATCGCCCTT 180
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Fig. 8. Pheromone biosynthesis phenotype and Gmol CPRQ exonl genotype of Grapholita molesta CRISPR/Cas9 knock-out mutants. a Sequence alignment of
Gmol CPRQ exon 1 wild type sequence (Gmol CPRQel) with three different knock-out mutant alleles (line 42 with a 44-nt deletion, line 75 with a 41-nt deletion, and
line 74 with a 5-nt insertion and a 3-nt deletion). Highlighted sequences are the guide crRNA (CRISPR RNA) used (T1 and T2), the numbers on the right is sequence
length. These three mutants each resulted in the pheromone knock-out phenotype displayed in the chromatogram in Fig. 7a b Gmol. CPRQ exon 1 protein sequences of
the wild type (Gmol CPRQel) and the truncated and/or altered sequences of the mutant alleles (line 42 and 75 have stop codons, line 74 has altered sequence). The
highlights show which parts of the exon is still wild type sequence, * shows deletions and numbers on the right is sequence length. ¢ Typical chromatograms of GC/
MS analyses of pheromone compounds in female G. molesta pheromone gland extracts. Extract from one wild type individual (dashed line) showed abundant
biosynthesis of (2)- and (E)-8-dodecenyl acetate E8-12:0Ac, Z8-12:0Ac and dodecenol Z8-12:0H. Extract from one sibling homozygous knock-out mutant individual
(solid line) showed only minimal biosynthesis of Z8-12:0Ac and no other pheromone components, and instead prominent biosynthesis of compounds that are
negligible in the wild type: dodecanol acetate 12:0Ac and dodecanol 12:0H.
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that Gmol CPRQ produces A9-12:Me in the heterologous systems even if
this may not be the native function, because this might be the ancestral
function of the desaturase, and this function is to some degree retained
and still able to work in an environment such as in the yeast cells not
evolved for unusual double-bond production and production of Cis
lipids.

The heterologous assay results from desaturases in G. molesta and
C. pomonella inspires ideas for further research into what could affect
native specificity of these membrane-bound enzymes from Tortricid
moths in heterologous expression systems. In this respect, the study of
pheromone biosynthesis in the European grapevine moth Lobesia
botrana (Tortricidae: Olethreutinae) is also worth mentioning, as in vivo
labelling experiments indicated that the E7 double bond in the phero-
mone component (E,Z)-7,9-dodecadienyl acetate (E7,29-12:0Ac) should
be made by a A7 desaturase, but none of the candidate desaturases
showed this function in heterologous expression assays (Ding et al.,
2021).

Given the potential impact of various lipid environments and po-
tential co-factors, conclusions about protein function derived exclu-
sively from heterologous expression (such as in yeast) has limitations.

3.3. Evolutionary implications of a A8 desaturase

The current study is the first discovery of how a A8 monoene is made
in pheromone biosynthesis in a Tortricid species in the subfamily
Olethreutinae. Several species in Olethreutinae have C;3 pheromone
components with A8 or conjugated A8,A10 double bonds, as seen for
G. molesta and C. pomonella, respectively (Roelofs et al., 1969; Beroza
et al., 1974; McDonough and Moffitt, 1974; Baker and Cardé, 1979;
Roelofs and Brown, 1982), and some have both A8-12:acyl and AS8,
A10-12:acyl components, as seen for several Cydia sp. and Hedya sp.
(Frerot et al., 1979; Roelofs and Brown, 1982; McDonough et al., 1990;
Witzgall et al. 1996, 2001; Bédard et al., 2002). The bifunctional activity
of the A9 desaturase in C. pomonella) and the A8 activity of its homolog
in G. molesta has implications for how we interpret pheromone biosyn-
thesis and evolution of the desaturase gene family in the Olethreutinae
subfamily, especially for those with both A8-12:acyl and A8,A10-12:
acyl components. Lassance et al. (2021) postulates that the A8,A10-12:
acyl is generally made by a bifunctional A9 desaturase like Cpo CPRQ in
C. pomonella, while A8-12:acyl is made by a different desaturase.
Possibly by either a A8 desaturase (like the G. molesta homolog) or A10
desaturase distinct from a A9 bifunctional desaturase and followed by
chain-shortening like in Tortricinae (Hao et al., 2002; Albre et al., 2012).

In heterologous expression assays, the desaturase Gmol CPRQ
showed production of E/Z9-12:Me and not of the expected E/Z8-12:Me
pheromone precursors. The enzyme seems to have an altered activity in
the heterologous expression assays compared to its original activity in
G. molesta, suggesting that just one desaturase has both the A8 and A9
function. This is supported by the close phylogenetic relationship be-
tween Gmol CPRQ and Cpo_CPRQ (similarity 84 %) which can produce
A9-12:Me in vivo.

The desaturase specificity towards different substrates and products
possibly fine-tunes the final pheromone blend ratio, combined with the
specificity of downstream enzymes in the biosynthesis pathway, such as
fatty acyl reductase (Lassance et al., 2010). It could even be that some
tortricids make their A8,A10-12:acyl sequentially with A8 or A10
desaturases instead of with a bifunctional A9 desaturase, but no such
case has been demonstrated so far. To uncover pheromone evolution and
biosynthesis of these types of tortricid pheromone components, engi-
neering the primary sequences of the highly similar Gmol CPRQ and
Cpo_CPRQ can clarify if desaturase functions can be altered between a
bifunctional A9 desaturase and a desaturase producing only A8 and/or
A9 monoenes or if the observed switch in activity rests entirely on the
cellular environment including possible co-factors.
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3.4. Implications of this study

We have demonstrated the key role of Gmol CPRQ in sex pheromone
biosynthesis in the Oriental fruit moth. For Gmol CPRQ to be used in
biotechnological production of pheromones for pest control, metabolic
engineering will obviously be needed to replicate an active A8 function
in microbial “cell factories” or plant systems. Such efforts could also help
us understand the discrepancy between the in vivo function of these
desaturases and their function in heterologous expression. Further in-
vestigations of pheromone biosynthesis in tortricid moths may
contribute answers to these fundamental questions, as well as better
understanding of pheromone evolution in this important group of moths
with many pest species.

4. Materials and methods
4.1. Insect rearing

Grapholita molesta pupae were procured from Andermatt Group AG,
Switzerland. Sexed insects were reared at conditions of 23 °C, 70 %
relative humidity and a light:dark cycle of 17:7 h. Larvae were reared on
a diet based on the Ivaldi-Sender diet described in Dyck (2010). One
portion of the diet contained 780 mL distilled water, 20 g agar powder,
50 g maize flour, 50 g yeast powder, 50 g wheat germ, 4.5 ascorbic acid
in 20 mL distilled water, 2.5 g Wesson salt, 2.5 g vitamin mix, 3 mL
propionic acid, 1 g sorbic acid and 1.8 g benzoic acid and 1.8 g methyl
p-hydroxybenzoate in 20 mL 96 % ethanol. The prepared diet was UV
sterilised for 15 min.

4.2. Insect pheromone gland dissection and gas chromatography/mass
spectrometry analysis of pheromone gland extracts

Time of dissection and number of sex pheromone glands extracted
for pheromone and precursor analysis followed El-Sayed and Trimble
(2002). Pheromone glands of 1- to 4-day old virgin females were
dissected —1 h-1 h into scotophase. Extraction was done by 15 pL
heptane (Merck) per 1-5 glands. The extract was transferred to a new
vial after 15 min for pheromone analysis. For subsequent total lipid and
precursor analysis, the same glands were extracted again with 50 pL
chloroform:methanol (2:1, v:v) (Merck) at room temperature overnight,
the solvent evaporated by a gentle stream of Ny, and the sample sub-
jected to base methanolysis for transformation of lipids into fatty acid
methyl esters (FAMEs) (Bjostad and Roelofs, 1984). Double-bond posi-
tion in monounsaturated compounds were identified using dimethyl
disulfide-derivatisation (DMDS) (Buser et al., 1983). A few microlitres of
sample extracted with 100 pL. DMDS (Merck) and 20 pL 5 % I, in diethyl
ether (Merck) was incubated at 40 °C overnight, then mixed with 50 pL
5 % aqueous sodium thiosulfate (Merck) and 50 pL heptane to recover
the DMDS-adducts. Pheromone and precursor compounds were identi-
fied by gas chromatography/mass spectrometry (GC/MS) using reten-
tion times and mass spectra in comparison with reference compounds.
Reference chemicals E/Z8-12:0Ac were obtained from S. Voerman,
Research Institute for Plant Protection, Plant Research International,
Wageningen University and FAME reference chemicals were from our
own laboratory collection.

Pheromone gland extracts were analysed with an Agilent 5975 mass
detector (Agilent Technologies, Palo Alto, CA, USA) coupled to an Agi-
lent 6890 series gas chromatograph or an Agilent 5977B mass detector
coupled to an Agilent 8890 series gas chromatograph, both fitted with
HP-INNOWax columns (30 m x 0.25 mm i.d., 0.25 pm film thickness;
J&W Scientific, Agilent Technologies, Santa Clara, CA, USA). The GC
inlet was set to 250 °C and the oven program to 80 °C for 1 min, increase
of 10 °C/min to 230 °C, hold for 10 min. Transfer line and MS source
temperature was 280 °C and 230 °C, respectively. DMDS-adducts were
analysed with an Agilent 5975C mass detector coupled to an Agilent
7890A series gas chromatograph fitted with an HP-5MS column (30 m x
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0.25 mm i.d., 0.25 pm film thickness). The GC inlet was set to 260 °C and
the oven program to 80 °C for 2 min, increase of 15 °C/min to 140 °C
followed by 5 °C/min to 260 °C, hold for 15 min. Transfer line and MS
source temperature was same as above. Helium was used as carrier gas.

4.3. In vivo labelling

To monitor the involvement of these potential pheromone precursors
in the pheromone biosynthetic pathway, deuterium-labelled fatty acids
(12,12,12-D3)-dodecanoic acid (D3-12:COOH) (Larodan), (14,14,14-
D3)-tetradecanoic acid (D3-14:COOH) (Larodan), (16,16,16-D3)-hex-
adecanoic acid (D3-16:COOH) (Larodan), (12,12,12,11,11-Ds)-(E)-9-
dodecenoic acid (Ds-E9-12:COOH) and (12,12,12-D3)-(Z)-9-dodecenoic
acid (D3-Z9-12:COOH) (Fredrik Andersson, Mid Sweden University)
were used for in vivo labelling. 16 ug labelled compound in a volume of
0.4 pL. DMSO was topically applied to the extruded female pheromone
gland and abdominal tip 1 h before extraction of the pheromone gland
(five individuals per sample, in triplicate). Pheromone gland extraction
and pheromone and precursor analyses by GC/MS were performed as
described above. Ion m/z 166 was used to monitor unlabelled E/Z8-12:
OAc and E/Z8-12:0H and ions m/z 169 or 171, respectively, to monitor
label incorporation in experiments with D3 and Ds deuterated
compounds.

4.4. RNA-seq, transcriptome and phylogenetic analyses

Pheromone glands from 120 females and abdominal tips from 20
males were dissected as described above and stored immediately at
—80 °C prior to RNA extraction. RNA extraction was done using TRIzol
reagent (Thermo Fisher), and RNA clean-up and concentration was done
using the RNeasy Micro kit (QIAGEN), both following the manufac-
turers’ instructions. The RNA concentration and quality was assessed
using a 2100 Bioanalyzer system (Agilent). Library preparation for both
the female and male sample with Illumina TruSeq poly-A enrichment
and 150 bp paired-end Illumina sequencing, using a NovaSeq6000 sys-
tem with S Prime flowcell, was undertaken by SciLifeLab National Ge-
nomics Infrastructure, Stockholm, Sweden.

FastQC (0.11.5) (bioinformatics.babraham.ac.uk/projects/fastqc/)
was used to assess quality of the reads, and low quality raw reads and
adaptors were removed using Trimmomatic (0.36) (Bolger et al., 2014)
and Prinseq (0.20.4) (Schmieder and Edwards, 2011). Assembly was
done using the Trinity software package (2.8.2) (Grabherr et al., 2011;
Haas et al., 2013), and completeness of the assembly assessed with
BUSCO (3.0.2b) and the Insecta dataset (odb9) (Simao et al., 2015).
TransDecoder (5.0.1) (github.com/TransDecoder/) was used to identify
ORFs and predict protein coding regions, and differential expression
between female and male tissues was estimated with RSEM (1.3.1) (Li
and Dewey, 2011) and Trinity package scripts align and_estima-
te_abundance.pl and abundance_estimates_to_matrix.pl. Matches to the
Pfam domain database (FA_desaturase PF00487) (Mistry et al., 2020)
were found using HMMer (3.2.1) (hmmer.org). A maximume-likelihood
phylogeny of G. molesta and other lepidopteran desaturases was con-
structed using MAFFT alignment with scoring matrix BLOSUM62
threshold 0 (Katoh et al., 2002), and IQ-TREE with ModelFinder and
ultrafast bootstrap (Nguyen et al., 2014; Hoang et al., 2017; Kalyaana-
moorthy et al., 2017). Tree visualisation was done with the R package
ggtree (Yu et al., 2017).

4.5. Heterologous expression in yeast and insect cells

Thermoscript RT-PCR kit (Thermo Fisher Scientific) was used to
synthesize cDNA from the female RNA sample following the manufac-
turer’s protocol. Desaturases were amplified and sequenced as described
below. Genes were cloned into the Gateway pDONR221 vector (Thermo
Fisher Scientific), then into pYEX-CHT (Patel et al., 2003) for yeast
episomal expression or pDEST8 (Thermo Fisher Scientific) for
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expression in Spodoptera frugiperda Sf9 cells (Thermo Fisher Scientific)
(origin pupal ovarian tissue). To verify if co-expression of cytochrome
(cyt) b5 could help the Gmol CPRQ activity in yeast, two cytb5 genes
were assembled to pYEX-CHT vector along with Gmol CPRQ by using
MultiSite Gateway® Pro kit (Thermo Fisher Scientific). Yeast expression
was done in Saccharomyces cerevisiae strain Aolel/Aelol (MATa elol-
HIS3 0le1LEU2 ade2 his3 leu2 ura3) (Schneiter et al., 2000), and uracil
prototrophs cultivated in medium containing 1.92 g/L dropout medium
lacking uracil (Formedium), 6.7 g/L yeast nitrogen base, 0.08 g/L
adenine, 1.5 % tergitol, 100 mM oleic acid, 2 % glucose, 1 mM 12:Me
and 14:Me. Cultivation was done in triplicates at 4 mL scale for 72 h at
30 °C, and heterologous gene expression was induced with 2 pL. 1.5 M
CuSOy4 (final concentration 0.75 mM). Cells were harvested, pelleted and
extracted with 1 mL chloroform:methanol (1:2, v:v) and 1 mL water, and
the chloroform phase subjected to methanolysis and FAME analysis as
described above. Expression in Sf9 cells was done using the Bac-to-Bac
baculovirus expression system (Thermo Fisher Scientific) and bacmid
DH10EMBacY (Geneva Biotech), following manufacturers’ instructions.
Cells were transfected with baculoFECTIN II (OET) and grown in Ex-Cell
420 serum-free medium (Sigma), to generate a virus stock. Viral titer
was determined with the BaculoQUANT all-in-one qPCR kit (OET).
Triplicate 10 mL heterologous expression cultures were started at a
concentration of 2 x 10° cells/mL and multiplicity of infection = 1, and
cultured for a duration of 72 h at 27 °C. 8.3-12.5 pL 100 mM 12:Me, 14:
Me and/or D3-16:Me (in ethanol) was supplemented to the cultures after
24 h, to a final combined concentration of 0.25 mM. 7.5 mL samples
were harvested, pelleted and extracted and analysed as described above.

4.6. Knock-out of the desaturase gene Gmol CPRQ

Two guide crRNAs (CRISPR RNA) were designed using the online
tool from Integrated DNA Technologies, Inc. (IDT) https://eu.idtdna.
com/site/order/designtool/index/CRISPR_CUSTOM/, to target the
first exon of Gmol_CPRQ, with PAM sites 44 bp apart (5-AAC CAC TAG
AAT TTC TCC CG -3’ and 5-AAT GTA TTT CTT CAC ATC GC-3). Exon-
intron structure of the gene was inferred from the genome published
by Cao et al. (2022). Injection solution contained 50 pmol combined
crRNA (IDT) and tracrRNA (Merck) in 1 M TRIS buffer pH 8 and 50 pmol
TrueCut HiFi Cas9 protein (Thermo Fisher). 10-30 min old eggs ovi-
posited on parafilm were injected using capillaries GB10OTF-10
0.78x1.00 x 100 mm with filament (Science Products GmbH) pulled
on a Sutter P-97 pipet puller (Sutter Instrument Company, Novato, CA,
USA) and a FemtoJet 4i microinjector (Eppendorf, Hamburg, Germany),
and kept in plastic cups with moist cotton until hatching. Newly hatched
larvae were transferred to 30 mL medicine cups containing diet and kept
until pupation. One GO adult first leg was cut off after CO, anestheti-
sation, and DNA extracted using InstaGene Matrix (BioRad) following
the manufacturer’s protocol. Possible deletion mutants were screened
by PCR using primers targeting the first exon of Gmol_CPRQ (5-ATG
CCT CCG GAG TCC AA-3' and 5-CAA GGG CGA TAG TCT GC C-3),
followed by 3 % agarose gel electrophoresis. Mutants were crossed to
wild type and G1 eggs and adult legs screened as above to detect mutants
coming from a GO germline mutant parent. G1 mutants were crossed to
each other (both siblings and outcrossing) to obtain G2 offspring ho-
mozygous deletion mutants. Mutant amplicons were sequenced using
the Eurofins Mix2Seq Sanger sequencing service, either by purifying the
amplicon from the gel using the GeneJET Gel Extraction and DNA
Cleanup Micro Kit (Thermo Fisher) or by first cloning it into the Gateway
pPDONR221 vector (Thermo Fisher). Sequences were analysed with
Geneious Prime (2023.0.1). Pheromone glands were extracted and
analysed as described above. Permission to work with genetically
modified G. molesta was granted by The Swedish Board of Agriculture as
per their decision no. 5.5.18-01156,/2024.


http://hmmer.org
https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM/
https://eu.idtdna.com/site/order/designtool/index/CRISPR_CUSTOM/

M.I Dam et al.
CRediT authorship contribution statement

Marie Inger Dam: Writing — review & editing, Writing — original
draft, Project administration, Methodology, Formal analysis, Data
curation, Conceptualization. Bao-Jian Ding: Writing — review & edit-
ing, Writing — original draft, Methodology, Formal analysis, Data cura-
tion. Kristina Brauburger: Writing — review & editing, Methodology.
Hong-Lei Wang: Writing — review & editing, Supervision, Methodology,
Formal analysis, Conceptualization. Daniel Powell: Writing — review &
editing, Formal analysis, Data curation. Astrid T. Groot: Writing — re-
view & editing, Funding acquisition. David G. Heckel: Writing — review
& editing, Supervision, Conceptualization. Christer Lofstedt: Writing —
review & editing, Supervision, Project administration, Funding acqui-
sition, Conceptualization.

Availability of data and material

Data will be made available upon requiest by contact to the authors.

Funding

This project has received funding from Horizon (2020) Framework
Programme (760798), Jorgen Lindstrom Scholarship Fund, Svenska
Forskningsrddet Formas (2021-00933), Novo Nordisk Fonden
(NNF210C0071628), Universiteit van Amsterdam and Max-Planck-
Gesellschaft. Open access funding provided by Lund University.

Competing interest statement

The authors declare the following competing interests: CL is co-
founder of SemioPlant AB. MID, BJD, HLW and CL are inventors on
patent applications WO2016,/207339, W02018/109167 and WO2018/
109163, and BJD and CL on WO/2023/275374, W0O/2021,/123128 and
EP3167070, which describe production of insect pheromones in yeast
and plants.

Acknowledgements

The authors acknowledge support from the National Genomics
Infrastructure in Stockholm funded by Science for Life Laboratory, the
Knut and Alice Wallenberg Foundation and the Swedish Research
Council, and NAISS/Uppsala Multidisciplinary Center for Advanced
Computational Science for assistance with massively parallel sequencing
and access to the UPPMAX computational infrastructure. Thanks to
Tomas Johansson (Lund University) for help with RNA quality control.
Thanks to Zaide Montes Ortiz (Lund University) for help with tran-
scriptome analysis. Thanks to Erling Jirle (Lund University) for handling
GMO permission from The Swedish Board of Agriculture.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ibmb.2025.104307.

Data availability

Data will be made available on request.

References

Albre, J., Liénard, M.A., Sirey, T.M., Schmidt, S., Tooman, L.K., Carraher, C.,
Greenwood, D.R., Lofstedt, C., Newcomb, R.D., 2012. Sex pheromone evolution is
associated with differential regulation of the same desaturase gene in two genera of
leafroller moths. PLoS Genet. 8, €1002489. https://doi.org/10.1371/journal.
pgen.1002489.

Insect Biochemistry and Molecular Biology 180 (2025) 104307

Ando, T., Inomata, S-i, Yamamoto, M., 2004. Lepidopteran sex pheromones. In: Schulz, S.
(Ed.), The Chemistry of Pheromones and Other Semiochemicals I. Springer, Berlin
Heidelberg, Berlin, Heidelberg, pp. 51-96. https://doi.org/10.1007/b95449.

Baker, T., Cardé, R., 1979. Analysis of pheromone-mediated behaviors in male
Grapholitha molesta. the Oriental Fruit Moth (Lepidoptera: Tortricidae) 8. https://
doi.org/10.1093/ee/8.5.956.

Bédard, C., Gries, R., Gries, G., Bennett, R., 2002. Sex pheromone and diel periodicity of
Cydia strobilella (Lepidoptera: Tortricidae) pheromonal communication. Can.
Entomol. 134, 847-850. https://doi.org/10.4039/Ent134847-6.

Beroza, M., Bier], B.A., Moffitt, H.R., 1974. Sex pheromones: (E,E)-8,10-Dodecadien-1-ol
in the codling moth. Science 183, 89-90. https://doi.org/10.1126/
science.183.4120.89.

Bjostad, L.B., Roelofs, W.L., 1984. Sex pheromone biosynthetic precursors in Bombyx
mori. Insect Biochem. 14, 275-278. https://doi.org/10.1016,/0020-1790(84)90060-
X.

Bolger, A.M., Lohse, M., Usadel, B., 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30, 2114-2120. https://doi.org/10.1093/
bioinformatics/btul70.

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, 818-822.

Cao, L.-J., Song, W., Chen, J.-C., Fan, X.-L., Hoffmann, A.A., Wei, S.-J., 2022. Population
genomic signatures of the oriental fruit moth related to the Pleistocene climates.
Commun. Biol. 5, 142. https://doi.org/10.1038/542003-022-03097-2.

Cardé, A.M., Baker, T.C., Cardé, R.T., 1979. Identification of a four-component sex
pheromone of the female oriental fruit moth, Grapholita molesta (Lepidoptera:
Tortricidae). J. Chem. Ecol. 5, 423-427. https://doi.org/10.1007/bf00987927.

Cardé, R.T., Minks, A.K., 1995. Control of moth pests by mating disruption - successes
and constraints. Annu. Rev. Entomol. 40, 559-585. https://doi.org/10.1146/
annurev.en.40.010195.003015.

Dahmen, J.L., Olsen, R., Fahy, D., Wallis, J.G., Browse, J., 2013. Cytochrome b5
coexpression increases Tetrahymena thermophila d6 fatty acid desaturase activity in
Saccharomyces cerevisiae. Eukaryot. Cell 12, 923-931. https://doi.org/10.1128/
ec.00332-12.

Demski, K., Ding, B.-J., Wang, H.-L., Tran, T.N.T., Durrett, T.P., Lager, 1., Lofstedt, C.,
Hofvander, P., 2022. Manufacturing specialized wax esters in plants. Metab. Eng. 72,
391-402. https://doi.org/10.1016/j.ymben.2022.05.005.

Ding, B.-J., Hofvander, P., Wang, H.-L., Durrett, T.P., Stymne, S., Lofstedt, C., 2014.

A plant factory for moth pheromone production. Nat. Commun. 5, 3353. https://doi.
org/10.1038/ncomms4353.

Ding, B.-J., Xia, Y.-H., Wang, H.-L., Andersson, F., Hedenstrom, E., Gross, J., Lofstedt, C.,
2021. Biosynthesis of the sex pheromone component (E,Z)-7,9-Dodecadienyl acetate
in the European grapevine moth, Lobesia botrana, involving A11 desaturation and an
elusive A7 desaturase. J. Chem. Ecol. 47, 248-264. https://doi.org/10.1007/
s10886-021-01252-3.

Dyck, V.A., 2010. Rearing Codling Moth for the Sterile Insect Technique. FAO Plant
Production and Protection and Joint FAO/IAEA Programme of Nuclear Techniques
in Food and Agriculture. FAO, Rome, Italy.

El-Sayed, A.M., 2023. The pherobase: database of pheromones and semiochemicals.
https://www.pherobase.com. (Accessed 19 February 2024).

El-Sayed, A.M., Trimble, R.M., 2002. Relative attractiveness, of natural and synthetic
pheromone of three tortricid tree fruit pests. Environ. Entomol. 31, 960-964.
https://doi.org/10.1603/0046-225x-31.6.960.

Frerot, B., Priesner, E., Gallois, M., 1979. A sex attractant for the green budworm moth,
Hedya nubiferana. Z. Naturforsch. C Biosci. 34, 1248-1252. https://doi.org/
10.1515/znc-1979-1229.

Grabherr, M.G., Haas, B.J., Yassour, M., Levin, J.Z., Thompson, D.A., Amit, 1.,
Adiconis, X., Fan, L., Raychowdhury, R., Zeng, Q.D., Chen, Z.H., Mauceli, E.,
Hacohen, N., Gnirke, A., Rhind, N., di Palma, F., Birren, B.W., Nusbaum, C.,
Lindblad-Toh, K., Friedman, N., Regev, A., 2011. Full-length transcriptome assembly
from RNA-Seq data without a reference genome. Nat. Biotechnol. 29, 644. https://
doi.org/10.1038/nbt.1883. U130.

Haas, B.J., Papanicolaou, A., Yassour, M., Grabherr, M., Blood, P.D., Bowden, J.,
Couger, M.B., Eccles, D., Li, B., Lieber, M., MacManes, M.D., Ott, M., Orvis, J.,
Pochet, N., Strozzi, F., Weeks, N., Westerman, R., William, T., Dewey, C.N.,
Henschel, R., LeDuc, R.D., Friedman, N., Regev, A., 2013. De novo transcript
sequence reconstruction from RNA-seq using the Trinity platform for reference
generation and analysis. Nat. Protoc. 8, 1494-1512. https://doi.org/10.1038/
nprot.2013.084.

Hagstrom, f\,K., Wang, H.-L., Liénard, M.A., Lassance, J.-M., Johansson, T., Lofstedt, C.,
2013. A moth pheromone brewery: production of (Z)-11-hexadecenol by
heterologous co-expression of two biosynthetic genes from a noctuid moth in a yeast
cell factory. Microb. Cell Fact. 12, 125. https://doi.org/10.1186/1475-2859-12-125.

Hao, G., Liu, W., O’Connor, M., Roelofs, W.L., 2002. Acyl-CoA Z9- and Z10-desaturase
genes from a New Zealand leafroller moth species, Planotortrix octo. Insect Biochem.
Mol. Biol. 32, 961-966. https://doi.org/10.1016/50965-1748(01)00176-x.

Heilmann, I., Pidkowich, M.S., Girke, T., Shanklin, J., 2004. Switching desaturase
enzyme specificity by alternate subcellular targeting. Proc. Natl. Acad. Sci.USA. 101,
10266-10271. https://doi.org/10.1073/pnas.0402200101.

Hoang, D.T., Chernomor, O., von Haeseler, A., Minh, B.Q., Vinh, L.S., 2017. UFBoot2:
improving the ultrafast bootstrap approximation. Mol. Biol. Evol. 35, 518-522.
https://doi.org/10.1093/molbev/msx281.

Holkenbrink, C., Ding, B.-J., Wang, H.-L., Dam, M., Petkevicius, K., Kildegaard, K.R.,
Wenning, L., Sinkwitz, C., Lorantfy, B., Koutsoumpeli, E., Franga, L., Pires, M.,
Bernardi, C., Urrutia, W., Mafra-Neto, A., Ferreira, B.S., Raptopoulos, D.,
Konstantopoulou, M., Lofstedt, C., Borodina, I., 2020. Production of moth sex


https://doi.org/10.1016/j.ibmb.2025.104307
https://doi.org/10.1016/j.ibmb.2025.104307
https://doi.org/10.1371/journal.pgen.1002489
https://doi.org/10.1371/journal.pgen.1002489
https://doi.org/10.1007/b95449
https://doi.org/10.1093/ee/8.5.956
https://doi.org/10.1093/ee/8.5.956
https://doi.org/10.4039/Ent134847-6
https://doi.org/10.1126/science.183.4120.89
https://doi.org/10.1126/science.183.4120.89
https://doi.org/10.1016/0020-1790(84)90060-X
https://doi.org/10.1016/0020-1790(84)90060-X
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref8
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref8
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref8
https://doi.org/10.1038/s42003-022-03097-2
https://doi.org/10.1007/bf00987927
https://doi.org/10.1146/annurev.en.40.010195.003015
https://doi.org/10.1146/annurev.en.40.010195.003015
https://doi.org/10.1128/ec.00332-12
https://doi.org/10.1128/ec.00332-12
https://doi.org/10.1016/j.ymben.2022.05.005
https://doi.org/10.1038/ncomms4353
https://doi.org/10.1038/ncomms4353
https://doi.org/10.1007/s10886-021-01252-3
https://doi.org/10.1007/s10886-021-01252-3
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref16
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref16
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref16
https://www.pherobase.com
https://doi.org/10.1603/0046-225x-31.6.960
https://doi.org/10.1515/znc-1979-1229
https://doi.org/10.1515/znc-1979-1229
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1038/nprot.2013.084
https://doi.org/10.1186/1475-2859-12-125
https://doi.org/10.1016/s0965-1748(01)00176-x
https://doi.org/10.1073/pnas.0402200101
https://doi.org/10.1093/molbev/msx281

M.IL Dam et al.

pheromones for pest control by yeast fermentation. Metab. Eng. 62, 312-321.
https://doi.org/10.1016/j.ymben.2020.10.001.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., von Haeseler, A., Jermiin, L.S., 2017.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods
14, 587-589. https://doi.org/10.1038/nmeth.4285.

Kanga, L.H., Pree, D.J., van Lier, J.L., Walker, G.M., 2003. Management of insecticide
resistance in Oriental fruit moth (Grapholita molesta; Lepidoptera: Tortricidae)
populations from Ontario. Pest Manag. Sci. 59, 921-927. https://doi.org/10.1002/
ps.702.

Katoh, K., Misawa, K., Kuma, Ki, Miyata, T., 2002. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic Acids Res. 30,
3059-3066. https://doi.org/10.1093/nar/gkf436.

Knight, A.L., Judd, G.J.R., Gilligan, T., Fuentes-Contreras, E., Walker Wb, L.LI., 2019.
Integrated management of tortricid pests of tree fruit. In: Xu, X., Fountain, M. (Eds.),
Integrated Management of Diseases and Insect Pests of Tree Fruit. Burleigh Dodds
Science Publishing, Cambridge, UK.

Knipple, D.C., Rosenfield, C.-L., Nielsen, R., You, K.M., Jeoing, S.E., 2002. Evolution of
the integral membrane desaturase gene familiy in moths and flies. Genetics 162,
1737-1752.

Kong, W.N., Li, J.,, Fan, R.J., Li, S.C., Ma, R.Y., 2014. Sex-pheromone-mediated mating
disruption technology for the oriental fruit moth, Grapholita molesta (busck)
(Lepidoptera: Tortricidae): overview and prospects. Psyche 2014, 253924. https://
doi.org/10.1155/2014/253924.

Lacey, M.J., Sanders, C.J., 1992. Chemical Composition of Sex Pheromone of Oriental
Fruit Moth and Rates of Release by Individual Female Moths, vol. 18,
pp. 1421-1435. https://doi.org/10.1007/bf00994366.

Lassance, J.-M., Ding, B.-J., Lofstedt, C., 2021. Evolution of the codling moth pheromone
via an ancient gene duplication. BMC Biol. 19, 83. https://doi.org/10.1186/512915-
021-01001-8.

Lassance, J.M., Groot, A.T., Liénard, M.A., Antony, B., Borgwardt, C., Andersson, F.,
Hedenstrom, E., Heckel, D.G., Lofstedt, C., 2010. Allelic variation in a fatty-acyl
reductase gene causes divergence in moth sex pheromones. Nature 466, 486-489.
https://doi.org/10.1038/nature09058.

Li, B., Dewey, C.N., 2011. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinf. 12, 323. https://doi.org/10.1186/
1471-2105-12-323.

Liénard, M.A., Lassance, J.M., Wang, H.-L., Zhao, C.H., Piskur, J., Johansson, T.,
Lofstedt, C., 2010. Elucidation of the sex-pheromone biosynthesis producing 5,7-
dodecadienes in Dendrolimus punctatus (Lepidoptera: lasiocampidae) reveals Delta
11- and Delta 9-desaturases with unusual catalytic properties. Insect Biochem. Mol.
Biol. 40, 440-452. https://doi.org/10.1016/j.ibmb.2010.04.003.

Lofstedt, C., Bengtsson, M., 1988. Sex pheromone biosynthesis of (E,E)-8,10-
dodecadienol in codling moth Cydia pomonella involves E9 desaturation. J. Chem.
Ecol. 14, 903-915.

Lofstedt, C., Wahlberg, N., Millar, J.G., 2016. Evolutionary patterns of pheromone
diversity in Lepidoptera. In: Allison, J.D., Cardé, R. (Eds.), Pheromone
Communication in Moths: Evolution, Behavior and Application. University of
California Press, Berkeley, pp. 43-78.

McDonough, L.M., Eikenbary, R.D., Smith, M.T., Davis, H.G., Smithhisler, C.L.,
Hedger, G.A., Campbell, R.K., Payne, J.A., Reid, W., McVay, J.R., 1990. Sex
pheromone of hickory shuckworm Cydia caryana Development of an effective field
Lure. J. Chem. Ecol. 16, 317-324. https://doi.org/10.1007/BF01021767.

McDonough, L.M., Moffitt, H.R., 1974. Sex pheromone of the codling moth. Science 183,
978. https://doi.org/10.1126/science.183.4128.978.b.

Mistry, J., Chuguransky, S., Williams, L., Qureshi, M., Salazar Gustavo, A.,
Sonnhammer, E.L.L., Tosatto, S.C.E., Paladin, L., Raj, S., Richardson, L.J., Finn, R.D.,
Bateman, A., 2020. Pfam: the protein families database in 2021. Nucleic Acids Res.
49, D412-D419. https://doi.org/10.1093/nar/gkaa913.

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. USA 101, 8631-8636. https://doi.org/10.1073/pnas.0402056101.

Nguyen, L.-T., Schmidt, H.A., von Haeseler, A., Minh, B.Q., 2014. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol.
Biol. Evol. 32, 268-274. https://doi.org/10.1093/molbev/msu300.

13

Insect Biochemistry and Molecular Biology 180 (2025) 104307

Patel, O., Satchell, J., Baell, J., Fernley, R., Coloe, P., Macreadie, 1., 2003. Inhibition
studies of sulfonamide-containing folate analogs in yeast. Microb. Drug Resist. 9,
139-146. https://doi.org/10.1089/107662903765826723.

Pree, D., Whitty, K., Van Driel, L., Walker, G., 1998. Resistance to insecticides in oriental
fruit moth populations (Grapholita molesta) from the Niagara Peninsula of Ontario.
Can. Entomol. 130, 245-256.

Roelofs, W., Bjostad, L., 1984. Biosynthesis of lepidopteran pheromones. Bioorg. Chem.
12, 279-298. https://doi.org/10.1016/0045-2068(84)90011-7.

Roelofs, W.L., Brown, R.L., 1982. Pheromones and evolutionary relationships of
Tortricidae. Annu. Rev. Ecol. Systemat. 13, 395-422. https://doi.org/10.1146/
annurev.es.13.110182.002143.

Roelofs, W.L., Comeau, A., Selle, R., 1969. Sex pheromone of the oriental fruit moth.
Nature 224, 723. https://doi.org/10.1038/224723a0.

Roelofs, W.L., Liu, W., Hao, G., Jiao, H., Rooney, A.P., Linn Jr., C.E., 2002. Evolution of
moth sex pheromones via ancestral genes. Proc. Natl. Acad. Sci. U. S. A. 99,
13621-13626. https://doi.org/10.1073/pnas.152445399.

Schmieder, R., Edwards, R., 2011. Quality control and preprocessing of metagenomic
datasets. Bioinformatics 27, 863-864. https://doi.org/10.1093/bioinformatics/
btr026.

Schneiter, R., Tatzer, V., Gogg, G., Leitner, E., Kohlwein, S.D., 2000. Elo1p-dependent
carboxy-terminal elongation of C14:1Delta(9) to C16:1Delta(11) fatty acids in
Saccharomyces cerevisiae. J. Bacteriol. 182, 3655-3660. https://doi.org/10.1128/
jb.182.13.3655-3660.2000.

Simao, F.A., Waterhouse, R.M., Ioannidis, P., Kriventseva, E.V., Zdobnov, E.M., 2015.
BUSCO: assessing genome assembly and annotation completeness with single-copy
orthologs. Bioinformatics 31, 3210-3212. https://doi.org/10.1093/bioinformatics/
btv351.

Song, W., Cao, L.-J., Li, B.-Y., Gong, Y.-J., Hoffmann, A.A., Wei, S.-J., 2018. Multiple
refugia from penultimate glaciations in East Asia demonstrated by phylogeography
and ecological modelling of an insect pest. BMC Evol. Biol. 18, 1-16.

Trimble, R., Pree, D., Carter, N., 2001. Integrated control of oriental fruit moth
(Lepidoptera: Tortricidae) in peach orchards using insecticide and mating
disruption. J. Econ. Entomol. 94, 476-485.

Wang, H.-L., Ding, B.-J., Dai, J.-Q., Nazarenus, T.J., Borges, R., Mafra-Neto, A.,
Cahoon, E.B., Hofvander, P., Stymne, S., Lofstedt, C., 2022. Insect pest management
with sex pheromone precursors from engineered oilseed plants. Nat. Sustain. https://
doi.org/10.1038/541893-022-00949-x.

Witzgall, P., Bengtsson, M., Rauscher, S., Liblikas, I., Backman, A.-C., Coracini, M.,
Anderson, P., Lofqvist, J., 2001. Identification of further sex pheromone synergists in
the codling moth, Cydia pomonella. Entomol. Exp. Appl. 101, 131-141. https://doi.
org/10.1046/j.1570-7458.2001.00898.x.

Witzgall, P., Chambon, J.-P., Bengtsson, M., Unelius, C.R., Appelgren, M., Makranczy, G.,
Muraleedharan, N., Reed, D.W., Hellrigl, K., Buser, H.-R., Hallberg, E.,

Bergstrom, G., T6th, M., Lofstedt, C., Lofqvist, J., 1996. Sex pheromones and
attractants in the eucosmini and grapholitini (Lepidoptera, Tortricidae).
Chemoecology 7, 13-23. https://doi.org/10.1007/BF01240633.

Witzgall, P., Kirsch, P., Cork, A., 2010. Sex pheromones and their impact on pest
management. J. Chem. Ecol. 36, 80-100.

Xia, Y.-H., Wang, H.-L., Ding, B.-J., Svensson, G.P., Jarl-Sunesson, C., Cahoon, E.B.,
Hofvander, P., Lofstedt, C., 2021. Green chemistry production of codlemone, the sex
pheromone of the codling moth (Cydia pomonella), by metabolic engineering of the
oilseed crop camelina (Camelina sativa). J. Chem. Ecol. 47, 950-967. https://doi.
org/10.1007/5s10886-021-01316-4.

Yang, C.Y., Jung, J.K., Han, K.S., Boo, K.S., Yiem, M.S., 2002. Sex pheromone
composition and monitoring of the oriental fruit moth, Grapholita molesta
(Lepidoptera: Tortricidae) in naju pear orchards. J Asia-Pacif Entomol 5, 201-207.
https://doi.org/10.1016/51226-8615(08)60153-3.

Yu, G., Smith, D.K., Zhu, H., Guan, Y., Lam, T.T.-Y., 2017. GGTREE: an R package for
visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods Ecol. Evol. 8, 28-36. https://doi.org/10.1111/2041-
210X.12628.

Zhao, C., Lofstedt, C., Wang, X., 1990. Sex pheromone biosynthesis in the Asian corn
borer Ostrinia furnacalis (I1): biosynthesis of (E)-and (Z)-12-tetradecenyl acetate
involves A14 desaturation. Arch. Insect Biochem. Physiol. 15, 57-65.


https://doi.org/10.1016/j.ymben.2020.10.001
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1002/ps.702
https://doi.org/10.1002/ps.702
https://doi.org/10.1093/nar/gkf436
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref30
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref30
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref30
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref30
http://refhub.elsevier.com/S0965-1748(25)00051-7/optUARwspvZwX
http://refhub.elsevier.com/S0965-1748(25)00051-7/optUARwspvZwX
http://refhub.elsevier.com/S0965-1748(25)00051-7/optUARwspvZwX
https://doi.org/10.1155/2014/253924
https://doi.org/10.1155/2014/253924
https://doi.org/10.1007/bf00994366
https://doi.org/10.1186/s12915-021-01001-8
https://doi.org/10.1186/s12915-021-01001-8
https://doi.org/10.1038/nature09058
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1186/1471-2105-12-323
https://doi.org/10.1016/j.ibmb.2010.04.003
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref37
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref37
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref37
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref38
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref38
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref38
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref38
https://doi.org/10.1007/BF01021767
https://doi.org/10.1126/science.183.4128.978.b
https://doi.org/10.1093/nar/gkaa913
https://doi.org/10.1073/pnas.0402056101
https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1089/107662903765826723
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref45
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref45
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref45
https://doi.org/10.1016/0045-2068(84)90011-7
https://doi.org/10.1146/annurev.es.13.110182.002143
https://doi.org/10.1146/annurev.es.13.110182.002143
https://doi.org/10.1038/224723a0
https://doi.org/10.1073/pnas.152445399
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1093/bioinformatics/btr026
https://doi.org/10.1128/jb.182.13.3655-3660.2000
https://doi.org/10.1128/jb.182.13.3655-3660.2000
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1093/bioinformatics/btv351
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref53
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref53
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref53
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref54
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref54
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref54
https://doi.org/10.1038/s41893-022-00949-x
https://doi.org/10.1038/s41893-022-00949-x
https://doi.org/10.1046/j.1570-7458.2001.00898.x
https://doi.org/10.1046/j.1570-7458.2001.00898.x
https://doi.org/10.1007/BF01240633
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref58
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref58
https://doi.org/10.1007/s10886-021-01316-4
https://doi.org/10.1007/s10886-021-01316-4
https://doi.org/10.1016/S1226-8615(08)60153-3
https://doi.org/10.1111/2041-210X.12628
https://doi.org/10.1111/2041-210X.12628
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref62
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref62
http://refhub.elsevier.com/S0965-1748(25)00051-7/sref62

	Sex pheromone biosynthesis in the Oriental fruit moth Grapholita molesta involves Δ8 desaturation
	1 Introduction
	2 Results
	2.1 Analysis of pheromone components and precursors in the pheromone gland
	2.2 In vivo labelling to reveal sex pheromone biosynthesis desaturation step
	2.3 Transcriptome and phylogenetic analyses of candidate desaturases in sex pheromone biosynthesis
	2.4 Functional characterisation of desaturases by expression in yeast and insect cells
	2.5 Functional characterisation of the desaturase Gmol_CPRQ in vivo

	3 Discussion
	3.1 Support for Gmol_CPRQ as a critical desaturase involved in pheromone biosynthesis, and as a Δ8 desaturase acting direct ...
	3.2 Heterologous expression assays show incongruous results
	3.3 Evolutionary implications of a Δ8 desaturase
	3.4 Implications of this study

	4 Materials and methods
	4.1 Insect rearing
	4.2 Insect pheromone gland dissection and gas chromatography/mass spectrometry analysis of pheromone gland extracts
	4.3 In vivo labelling
	4.4 RNA-seq, transcriptome and phylogenetic analyses
	4.5 Heterologous expression in yeast and insect cells
	4.6 Knock-out of the desaturase gene Gmol_CPRQ

	CRediT authorship contribution statement
	Availability of data and material
	Funding
	Competing interest statement
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


