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A B S T R A C T

The Oriental fruit moth Grapholita molesta is distributed throughout temperate regions and considered to be a 
pest in peach production and other high-value fruit crops in the rose family. Insecticide treatment has led to 
resistance development, but the use of sex pheromones in pest management has shown great promise. We 
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 Δ8 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 Δ8 pheromone components in vivo. 
Heterologous expression of Gmol_CPRQ protein in yeast- or Sf9 insect cells, however, failed to demonstrate the 
expected Δ8 desaturase activity. Instead, Δ9 desaturase activity was observed. Co-expression in the yeast system 
of the electron donor, cytochrome b5, from G. molesta still produced only Δ9 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 Δ8 desaturation.

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 

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 
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 (Hagström 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:OAc), and the minor com
ponents as (E)-8-dodecenyl acetate (E8-12:OAc), (Z)-8-dodecenol (Z8- 
12:OH) and dodecanol (12:OH) (Roelofs et al., 1969; Cardé et al., 1979). 
A female releases an average of 8.5 ng Z8-12:OAc 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 Δ11 and Δ9 positions, are more common (Ando 
et al., 2004; Löfstedt et al., 2016). These pheromone compounds are 
usually biosynthesized by Δ11 desaturation with or without subsequent 
chain-shortening to produce the Δ9 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:OAc) in the Asian corn borer Ostrinia furnacalis 
(Crambidae) is made by a Δ14 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:OAc) is made via Δ10 
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 Δ8 and Δ10 positions (El-Sayed, 2023). In the codling moth Cydia 
pomonella (subfamily Olethreutinae), the doubly unsaturated codlemone 
(E,E)-8,10-dodecanol (E8,E10-12:OH) is made via Δ9 desaturation by a 
bifunctional desaturase that first makes a single E9 double bond and 
then transforms this into the conjugated system (Löfstedt and Bengtsson, 
1988; Lassance et al., 2021). This bifunctional desaturase mechanism is 
fundamentally different to that of the Δ10 desaturase reported in Tor
tricinae moths and and Δ14 desaturase in O. furnacalis, since initially an 
odd-numbered double bond is made. The responsible enzyme does, 
however, belong to the Δ11/10 phylogenetic lineage of desaturases, 
where the Δ10 desaturase also belongs, as well as many other lepidop
teran desaturases involved in sex pheromone biosynthesis (Löfstedt 
et al., 2016), including the bifunctional Δ11 desaturase producing the 
conjugated Δ10,Δ12- pheromone of the silkworm moth Bombyx mori 
(Bombycidae) (Moto et al., 2004). Thus, desaturation in the Z8-12:OAc 
pheromone component of G. molesta could occur in several different 
(possibly not mutually exclusive) ways, including 1) by a Δ10 or Δ12 
desaturase on longer fatty acids followed by chain-shortening, 2) by an 
unknown type of rearrangement of a Δ9 double bond made by a possibly 
bifunctional desaturase, or 3) by a novel Δ8 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 Δ8 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 Δ8 double bond were almost completely absent. However, the 
Gmol_CPRQ enzyme heterologously expressed in yeast or insect cells 
yields products with a Δ9 double bond and not a Δ8 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 

acetates Z8-12:OAc and E8-12:OAc (DMDS (dimethyl-disulfide deriva
tisation) diagnostic ions to determine double bond position were m/z 
320, 217, 103), and dodecenol Z8-12:OH (DMDS diagnostic ions m/z 
278, 175, 103), while dodecanol (12:OH) was not detected. Extracts also 
contained dodecyl-, tetradecyl-, hexadecyl- and octadecyl acetate (12: 
OAc, 14:OAc, 16:OAc and 18:OAc) and octadecanal (18:Ald). No E9-12: 
OAc or Z9-12:OAc 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 (Z9-14:Me (DMDS diagnostic ions m/z 334, 217, 117), 
Z9-16: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:OAc (70 ± 16 % of the total compound labelled), as well 
as into E8-12:OAc, Z8-12:OH and E8-12:OH (Fig. 3a). D3-14:acid was 
incorporated at a lower rate into Z8-12:OAc (6 ± 4 % of the compound 
labelled), plus E8-12:OAc and Z8-12:OH (Fig. 3b), while D3-16:acid was 
only incorporated into Z8-12:OAc (3 ± 1 % of the compound labelled) 
(Fig. 3c). No diagnostic ions for the labels were detected in the control 

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/ 
Z9/8–12:acid, dodecenoic acid.
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with only solvent DMSO applied (Fig. 3d). Label from D5-E9-12:acid and 
D3-Z9-12:acid was only incorporated into corresponding E/Z9-12:OAc, 
respectively, but not into any Δ8 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 Δ11 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 Δ5, Δ6 or Δ14 function. An additional full-length gene groups 
with the Δ11 desaturases (Gmol_KPSQ, no female-biased expression), 
while the rest group with Δ9 desaturases (Gmol_NPVE, Gmol_KPSE, 
Gmol_KSTE, Gmol_GATD and Gmol_NPRE). 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 Δ11/10 lineage as follows: Cpo_CPRQ Δ9 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 Δ10/11 
functional lineage or, alternatively, had an expression level ratio female: 
male >2 for any not in the Δ9 lineages. These choices were made 
because many previously identified pheromone biosynthesis desaturases 
belong to the Δ10/11 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 Δ12-16:Me 
reference compounds. Gmol_KPSQ produced Z9-12:Me, E/Z12-16:Me, 
Δ12-18:Me in very large amounts, an unidentified 12:1-Me eluting 
earlier than Δ8-12:Me, an unidentified 14:1-Me eluting earlier than Δ8- 
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. 6c). The methyl esters E/Z8-12:Me of the obvious pheromone 
precursors were not detected for any of the tested desaturases. Gmo
l_YPHD 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 Z8-12: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- 

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 (9Z)-tetradecenoate; 16:Me, methyl hexadecanoate; Z9-16:Me, methyl (9Z)- 
hexadecenoate; 18:Me, methyl octadecenoate; Z9-18:Me, methyl (9Z)-octadecenoate; 18:2-Me, methyl octadecadienoate; 18:3-Me, methyl octadecatrienoate.
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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:OAc) and dodecenol (E/Z8-12:OH). 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:OAc and E/Z8-12:OH (ion m/z 169). b Incorporation from [12,12,12-2H3] tetradecanoic acid 
(D3-14:acid) detected into three compounds: E/Z8-12:OAc and Z8-12:OH (ion m/z 169). c Incorporation from [16,16,16-2H3] hexadecanoic acid (D3-16:acid) 
detected into one compound: Z8-12:OAc (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 (D5-E9-12:acid) not detected 
into any pheromone components (ion m/z 171), but labelled E9-12:OAc/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:OAc detected, indicated by the compound name above the peak. h Control labelling with DMSO (per
formed simultaneously to g) shows no labelled compounds (ion m/z 169).

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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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 
Z8-12: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:OAc, Z8-12:OAc and Z8-12: 
OH in native ratios, while sibling homozygous knock-out mutants 
showed only traces of Z8-12:OAc residue and instead a most prominent 
amount of the corresponding saturated 12:OAc and 12:OH which were 
negligible in the wild type (Fig. 8c). Expressed as a percentage of the 
total amount (Z8-12:OAc plus 12:OAc), Z8-12:OAc 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 Δ8 desaturase in Lepidoptera, involved in the 
biosynthesis of the major pheromone component Z8-12:OAc 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 Δ11 and Δ9 activities, 
but also some with Δ5, Δ6, Δ10, Δ12 and Δ14 functionalities (Löfstedt 
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:OAc 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 Δ8 desaturation activity in the moth 
pheromone gland.

3.1. Support for Gmol_CPRQ as a critical desaturase involved in 
pheromone biosynthesis, and as a Δ8 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:OAc and Z8-12:OH, thereby confirming Gmol_CPRQ as the key 
desaturase involved in pheromone biosynthesis in vivo. Trace amounts of 
Z8-12:OAc 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 Δ12–16: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 Δ11/10 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:OAc 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 Δ8 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 Δ8, 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 (Löfstedt and 
Bengtsson, 1988; Lassance et al., 2021). No Δ9-12:Me was seen in the 
pheromone gland of G. molesta, and labelled E/Z9-12:Me precursors 

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.
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were not incorporated into Z8-12:OAc in in vivo labelling experiments. 
Grapholita molesta pheromone biosynthesis is thus different from the 
biosynthesis of codlemone in C. pomonella. A hypothesis that a Δ10 or 
Δ12 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, Δ10-14:Me and Δ12-16: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 Δ8 double bond different in 
G. molesta, and potentially in the subfamily Olethreutinae in general, 
from how it is made by a Δ10 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 Δ8 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 Δ8 product 
observed in vivo in G. molesta and Gmol_CPRQ Δ9 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 b5 candidates from 
G. molesta, in yeast. Such co-expression with a cytochrome b5 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 

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 Δ12-18:Me, 
an unidentified 12:1-Me, several unidentified 14:1-Me and an unidentified 16:1-Me. c 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.
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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 
β-oxidation in peroxisomes, to produce for example C12 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 C12 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 Δ11 
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 Δ8 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 (Δ9) 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 

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.
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Fig. 8. Pheromone biosynthesis phenotype and Gmol_CPRQ exon1 genotype of Grapholita molesta CRISPR/Cas9 knock-out mutants. a Sequence alignment of 
Gmol_CPRQ exon 1 wild type sequence (Gmol_CPRQe1) 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_CPRQe1) 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. c 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 (Z)- and (E)-8-dodecenyl acetate E8-12:OAc, Z8-12:OAc and dodecenol Z8-12:OH. Extract from one sibling homozygous knock-out mutant individual 
(solid line) showed only minimal biosynthesis of Z8-12:OAc and no other pheromone components, and instead prominent biosynthesis of compounds that are 
negligible in the wild type: dodecanol acetate 12:OAc and dodecanol 12:OH.
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that Gmol_CPRQ produces Δ9–12: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 C12 
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,Z9-12:OAc) should 
be made by a Δ7 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 Δ8 desaturase

The current study is the first discovery of how a Δ8 monoene is made 
in pheromone biosynthesis in a Tortricid species in the subfamily 
Olethreutinae. Several species in Olethreutinae have C12 pheromone 
components with Δ8 or conjugated Δ8,Δ10 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 Δ8-12:acyl and Δ8, 
Δ10-12: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 Δ9 desaturase in C. pomonella) and the Δ8 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 Δ8-12:acyl and Δ8,Δ10-12: 
acyl components. Lassance et al. (2021) postulates that the Δ8,Δ10-12: 
acyl is generally made by a bifunctional Δ9 desaturase like Cpo_CPRQ in 
C. pomonella, while Δ8-12:acyl is made by a different desaturase. 
Possibly by either a Δ8 desaturase (like the G. molesta homolog) or Δ10 
desaturase distinct from a Δ9 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 Δ8 and Δ9 
function. This is supported by the close phylogenetic relationship be
tween Gmol_CPRQ and Cpo_CPRQ (similarity 84 %) which can produce 
Δ9-12: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 Δ8,Δ10-12:acyl sequentially with Δ8 or Δ10 
desaturases instead of with a bifunctional Δ9 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 Δ9 desaturase and a desaturase producing only Δ8 and/or 
Δ9 monoenes or if the observed switch in activity rests entirely on the 
cellular environment including possible co-factors.

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 Δ8 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 μL 
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 μL 
chloroform:methanol (2:1, v:v) (Merck) at room temperature overnight, 
the solvent evaporated by a gentle stream of N2, 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 μL DMDS (Merck) and 20 μL 5 % I2 in diethyl 
ether (Merck) was incubated at 40 ◦C overnight, then mixed with 50 μL 
5 % aqueous sodium thiosulfate (Merck) and 50 μL 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:OAc 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 × 0.25 mm i.d., 0.25 μm 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 ×
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0.25 mm i.d., 0.25 μm 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-D5)-(E)-9- 
dodecenoic acid (D5-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 μg labelled compound in a volume of 
0.4 μL 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:OH and ions m/z 169 or 171, respectively, to monitor 
label incorporation in experiments with D3 and D5 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) (Simão 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 maximum-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 

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 Δole1/Δelo1 (MATa elo1
HIS3 ole1LEU2 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 μL 1.5 M 
CuSO4 (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 × 106 cells/mL and multiplicity of infection = 1, and 
cultured for a duration of 72 h at 27 ◦C. 8.3–12.5 μL 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 GB100TF-10 
0.78x1.00 × 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 G0 adult first leg was cut off after CO2 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 G0 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 
pDONR221 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.
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