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Chapter 3

Abstract

Sexual signals are key components in mate finding and mate choice,
and play an important role in speciation. Sexual signalling by sex
pheromones is widely studied in moths, where females emit species-
specific multi-component pheromone blends to attract males over
long distances. The nature of the enzymes involved in the variation
of acetate ester (acetate) levels, which occur in many moth
pheromone blends, has been a long-standing gap in our
understanding. Previous genetic analyses had identified two major
quantitative trait loci (QTL) affecting acetate amounts in Heliothis
(Cloridea) subflexa. Genome sequencing identified a cluster of three
carboxylesterases mapping to one of the QTLs. If one or more of
these esterases hydrolyzed pheromone acetates, blocking enzyme
activity would be expected to increase acetate levels. Contrary to this
expectation, two different knockouts of the esterase CXE21, a
naturally-occurring  transposable element insertion and a
CRISPR/Cas9-induced frameshift, exhibited lower acetate levels. To
place our findings in an evolutionary context, we then explored
variation in the esterase cluster in 16 species of Lepidoptera with
completely sequenced genomes. To our knowledge, this is the first
report of a single gene that increases acetate levels in moth sex
pheromones. These findings pave the way for further biochemical
and molecular research into the role of esterases in the evolution of
sex pheromone communication in moths.
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An esterase affects pheromone components

Introduction

For species that reproduce sexually, it is essential to find a suitable
mate. Sexual communication allows individuals to not only
recognize conspecifics and avoid hybridization with individuals from
different species, but also to discriminate between more and less
attractive individuals. Therefore, studying the evolution of sexual
signals used is crucial for the understanding of species evolution
(Coyne and Orr, 2004). However, the genetic basis of variation in
sexual signals is still incompletely understood. For example, sex
pheromones are widely used for mate choice in many different
animal species, but so far only a few genes that affect chemical
signaling have been identified in Drosophilia (review in Jallon and
Wicker-Thomas 2003; Ferveur 2005) or in moths (Lassance et al.
2010).

Moth sex pheromones are an exemplary model to investigate
the evolution of sexual communication. In moths, females emit a
volatile multicomponent sex pheromone blend that attracts
conspecific males from a distance (Ando et al., 2004). By now, the
sex pheromone blend of over 2000 moth species has been
characterized (see Pherobase.com). Compounds may be shared
among the blends of different species, (EI-Sayed 2021), and species-
specificity stems from presence or absence of different compounds
as well as shifts in their ratios (Ando et al., 2004; Tillman et al., 1999).

In general, moth sex pheromone blends consist of long carbon
chains of different lengths, with possibly one or more double bonds
and a terminal alcohol, aldehyde, or acetate ester functional group
(reviewed by (Jurenka, 2017, 2004; Tillman et al., 1999). In the 1970s
and 1980s, some of the key enzymes involved in sex pheromone
production were identified through detailed biochemical studies
(reviewed by (Jurenka, 2004, Rafaeli and Jurenka, 2003; Tillman et
al., 1999). As these enzymes are members of large protein families,
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the identification of specific genes responsible for species-specific
pheromone blends has been challenging.

Surprisingly, even though acetate esters (hereafter, acetates)
are present in numerous species' sex pheromone blends, the genes
responsible for acetate synthesis from precursor alcohols remain
unknown (Ding and Lofstedt, 2015; Groot et al., 2013). Biochemical
studies have shown that acetates can be synthesized from alcohols
by acetyl transferases (Jurenka and Roelofs, 1989; Morse and
Meighen, 1987a) or hydrolyzed back to alcohols by acetate
esterases. Acetate hydrolysis activity has been found in moth sex
pheromone glands since the 1980s (Morse and Meighen, 19873,
1984; Teal and Tumlinson, 1987).

Carboxylesterases have been investigated extensively for their
possible function in acetate hydrolysis of pheromone and non-
pheromone esters, especially in degrading pheromones in male
antennae after detection (Ferkovich et al, 1980; Ishida and Leal,
2005; Merlin et al., 2007b; Prestwich et al., 1989; Vogt, 2005). Wang
et al. (2020) discovered two carboxylesterase genes expressed in
the Antheraea pernyi pheromone gland, and hypothesized a potential
role in the degradation of the two major sex pheromone components
of this species, i.e. E6,211-16:0Ac and E4,79-14:0Ac. Moreover, we
also recently detected two carboxylesterases involved in acetate
degradation in the two closely related moth species Heliothis
subflexa and H. virescens (de Fouchier et al., 2022).

The two moth species of the genus Heliothis were recently
renamed Chloridea, (Pogue, 2013) but since the sex pheromone
variation in these two species has been extensively studied, we
retain the older name here for continuity. In summary, in H. subflexa
acetates are present in the female sex pheromone blend and attract
conspecific males, while acetates are absent in the sex pheromone
blend of H. virescens females and repel H. virescens males,
decreasing the chance of cross-attraction and species hybridization
(Groot et al., 2007, 2006; Vickers, 2002; Vickers and Baker, 1997).
Previously, two main quantitative trait loci (QTLs) involved in acetate
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variation were discovered by backcrossing hybrids of H. virescens
and H. subflexa (Groot et al., 20093, 2004b; Sheck et al., 2006). After
introgression one of these QTLs from H. virescens (on Chromosome
20) into the genomic background of H. subflexa, we identified two
carboxylesterase genes within the introgressed region and studied
their involvement in acetate degradation (de Fouchier et al., under
revision). In the second QTL (on Chromosome 28), we identified
three carboxylesterase genes in tandem. Here we describe their role
in influencing the amounts of acetates in H. subflexa. Both a
naturally-occuring insertion of a transposable element in one of the
esterase genes, and experimental CRISPR/Cas9 mutagenesis of the
same gene, affected the amounts of acetates in the pheromone
gland of H. subflexa. A phylogenetic analysis based on 16 species of
Lepidoptera provides further insight into the evolution of this
carboxylesterase cluster.

Results

A cluster of esterases expressed in the
pheromone gland

Sequencing of already published cDNA library from female
pheromone glands revealed expression of three orthologous
carboxylesterases in H. virescens (Vogel et al., 2010) and H. subflexa
(de Fouchier et al., under revision). We named two of these (CXES5,
CXE16) after apparently orthologous esterases previously described
from the antenna of Spodoptera littoralis (N. Durand et al., 2010). The
third (CXE21) was arbitrarily named to continue the numbering
series, but whether an ortholog exists in S. littoralis is unknown. All
three are represented by ESTs from a cDNA library of the female
pheromone gland of H. virescens (Vogel et al, 2010); GenBank
Accession GR967905.1 for CXE5, GT067762.1, GR969506.1,
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GR959306.1, and GR969507.1 for CXE16, and GR970796.1 for
CXE21). Genome sequencing showed that the three esterases
appear in a tandem array on Chromosome 28, flanked by three other
genes (not esterases) conserved across Lepidoptera (H. virescens
GenBank Accession No. ON500499, Supplementary Figure S1A; H.
subflexa GenBank Accession No. ON603978). Orthologous clusters
were found in other Lepidoptera (see below).

Structure of the HsubTED retrotransposon

In exon 8 of an allele of CXE21 described above (GenBank Accession
ON603978), we found a long terminal repeat (LTR) retrotransposon
in H. subflexa. We named it HsubTED due to its similarity to the TED
retrotransposon from Trichoplusia ni (Friesen and Nissen,
1990)(GenBank Accession NC_038512); it is also similar to Lydia
from Lymantria dispar (Pfeifer et al., 2000) (GenBank Accession
AF177773). The length of HSubTED is 8963 bp (basepairs), including
identical 226 bp long terminal repeats on either side of the three
open reading frames (ORFs) (Supplementary Figure S1B). The
orientation of HsubTED and its three ORFs is opposite to the
orientation of the esterases. There is a four-base target site
duplication (tsd) GAGT flanking each LTR. The identity of the LTRs
suggests a relatively recent insertion event, because paired LTRs are
identical when the retrotransposon is inserted into the genome
(Boeke and Stoye, 1997), and random point mutations tend to
accumulate at different positions in the two LTRs over time after
insertion (SanMiguel et al,, 1998). Also consistent with a recent
insertion is the absence of any other inactivating mutations in the
coding sequence of the inserted allele of CXE21.

The presence of HsubTED in exon 8 of an allele of CXE21
produced an mRNA encoding a truncated protein of 388 amino acids
(GenBank Accession ON500499), not the entire 558 residue protein
encoded by the wild-type allele (GenBank Accession ON603979).
Since the missing ~170 residues at the carboxy terminus contain the
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glutamate serving as the third residue in the catalytic triad, the
truncated protein is expected to lack any hydrolytic activity.

To determine the effect of the HsubTED insert on the female
sex pheromone composition, we used the LTRs to design PCR
primers to screen for the presence or absence of HsubTED in this
location (Supplementary Figure S1C). Two primers (FTA and R2A)
within exon 8 flanking the insertion point produced a 138 bp product
from the wild-type allele. When a third primer (R2B) positioned within
the left LTR was added to the mix, a 189 bp product was generated
if HSubTED was present or a 170 bp product when the F1B primer
within the other LTR was added. We screened individuals of our H.
subflexa colony with these primers and set up single-pair matings to
generate progeny homozygous for the insertion, homozygous for the
wild-type allele, and heterozygous offspring.

Effects on the pheromone blend

Assuming that the carboxylesterase CXE21 hydrolyzes acetates in
the pheromone gland, we expected that the knockout would reduce
hydrolysis and increase acetate levels. However, we observed
reduced acetate levels instead, which was thus opposite to our
expectation. Females with both CXE21 alleles having HsubTED
inserted, i.e. a double knockout CXE21 -/-, had lower acetate levels
than individuals with only one or no CXE21 alleles with HsubTED
inserted (Figure 1A, Games-Howell test, P =0.02 when comparing
CXE21+/- and CXE21 -/- and P =5*10~* when comparing CXE21+/+
and CXE21 -/-). None of the other sex pheromone compounds or the
total amount of pheromone showed differences between the double
knockout and the two other genotypes (Figure 2). Thus, the HsubTED
insertion in CXE21 affected only the acetate levels in the sex
pheromone blend of H. subflexa.
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One possible explanation of this opposite-to-expected result is
that new transcripts originating from the LTRs could extend into a
neighboring esterase in the cluster, affecting its expression in some
way. Such transcripts have been documented for the LTR of TED,
inserted into a baculovirus genome, extending into adjacent viral
genes (Friesen and Miller, 1987). Rather than searching for such
transcripts, we knocked out CXE21 using CRISPR/Cas9 starting
from the wild-type allele lacking HsubTED. Guide RNAs were
designed targetting two locations in exon 8, so that the exon 8
screening primers could also be used to screen the deletions caused
by the Cas9 enzyme (Supplementary Figure S1C). Knockout mutants
were recovered and used to set up crosses generating the three
genotypes: homozygous wild-type, homozygous CRISPR/Cas9
knockout, and heterozygous.
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Figure I: Effect of CXE2] knockouts on the relative percentage of
acetates.

Relative percentage of the sum of the three acetates in H. subflexa females A)
with the HsubTED transposable element insertion, B) from the CRISPR/Cas9
experiment. CXE2T +/+ are individuals with two functional copies of the CXE2T
gene, CXEZT +/- individuals carry one functional copy, and CXE21 -/~ females
have no functional copies. The horizontal black bar represents the mean.
Different letters above the violin plots indicate statistical differences, based on a
Welch one-way ANOVA, followed by a Games-Howell post-hoc test.
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Figure 2: Effect of CXE2l knockouts on various pheromone
componeni's in H subﬂexa.

the total amount of pheromone produced, B) Z9-16:Ald, C) Z11-16:Ald and D) Z11-
16.0H. In blue are the data from females with or without the HsubTED
transposable element insertion. In yellow are the data from females of the
CRISPR/Cas9 experiment. CXE2T +/+ are individuals with two functional copies
of the CXE21 gene, CXE21 +/- individuals carry one functional copy, and CXE21 -
/- females have no functional copies. The horizontal black bar represents the
mean. The black bar with a star indicates a statistical difference based on the
results from two-way Anova, with the genotype and the type of knockout used as
explanatory variables followed by a Turkey post-hoc test.

Surprisingly, we observed the same results for the new
knockouts: homozygous females with two non-functional copies of
CXE21 had significantly lower acetate levels compared to the two
other genotypes (Figure 1B, Games-Howell test, P =2*10~* when
comparing CXE21+/- and CXE21 -/- and P =7*10~* when comparing
CXE21+/+ and CXE21 -/-). Thus, regardless of how CXE21 was
inactivated in exon 8, acetate levels decreased when both copies of
CXE21 were knocked out. Furthermore, in these experiments there
were no significant differences between the three genotypes in the
total amount of pheromone (Figure 2A), or in the two minor sex
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pheromone components to which male H. subflexa respond, Z9-
16:Ald (Figure 2B) or Z11-16:0H; (Figure 2D). However, the major sex
pheromone component, Z11-16:Ald, was significantly different
between heterozygous females and homozygous females with two
functional copies of CXE21 (Figure 2C, Tukey test, P = 0.03).

Finally, we compared both datasets to investigate possible
differences between the two knockout methods (HsubTED insert
and CRISPR/Cas9). No significant differences in the total amount of
pheromone or Z9-16:Ald were found. However, we did observe an
experimental effect on the acetate levels, and on Z11-16:Ald and
Z11-16:0H, two pheromone components that affect male behavior.
No significant interaction effect was found between the knockout
methods and the genotypes.

Evolution of the esterase cluster in
Lepidoptera

To better understand the evolutionary history of the gene cluster
represented by three carboxylesterases in H. subflexa, we searched
for orthologous clusters in other Lepidoptera species. These could
be identified with confidence because they were flanked by single-
copy conserved genes (not esterases) with clear orthologs in
Lepidoptera. All esterase genes in orthologous clusters that we
identified from whole-genome sequencing projects possessed the
catalytic triad and appeared to encode functional carboxylesterases.
Furthermore, within each cluster, genes could be distinguished by
the motif surrounding the catalytic serine. Both HsSCXE5 and
HsCXE21 have a GCSAG motif, while HSCXE16 has a GYSAG motif.
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Figure 3: The chromosome 28 esterase cluster in Lepidoptera
Relatedness between the species studied is based on Kawahara and Mitter
phylogenies (Kawahara et al, 2019; Mitter et al, 2017). In light purple are
superfamily Bombycoidae (Bombyx mori and B. mandarina), in pink are
Noctuoidea (Heliothis subflexa, H. virescens, Helicoverpa armigera, Spodoptera
frugiperda, S. litura and Trichoplusia ni), in dark blue are Pyraloidae (Ostrinia
furnacalis), in light blue the superfamily Papilionoidea (Pieris rapae, Zerene
cesonia, Danaus plexippus, Maniola hyperantus, Bicyclus anynana and Pararge
aegeria), and in green Yponomeutoidea (Plutella xylostella). Species with a star
are known to contain acetates in their sex pheromone blend. The black rectangles
represent two of the flanking genes, while the grey rectangles represent the
esterases. The letters written in the grey rectangles are the motifs around the
catalytic serine; colored letters show changes in this motif.
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Similar three-gene clusters were found in the following
Noctuoidea: Helicoverpa armigera, Spodoptera frugiperda, S. litura
and Trichoplusia ni (Figure 3). By comparison, more variation was
found in the Papilionoidea, where not all species had the same
number of esterases (from one to three esterases were present),
while species with the same number of esterases never had the
exact same motif around the catalytic serine. Furthermore, both
Bombycoidae species, Bombyx mori and B. mandarina, as well as the
Papilionoidea Danaus plexippus and the one Yponomeutoidea,
Plutella xylostella, had only one esterase flanked by the single-copy
conserved genes. For all the species with only one esterase, the
GCSAG motif was found, suggesting that it is the ancestral form, and
that esterases with the GYSAG motif diverged after gene duplication.

Discussion

A counterintuitive effect of a putative
esterase

Our results clearly show that the absence of two enzymatically active
copies of CXE21 significantly changed the acetate levels in the
pheromone gland of H. subflexa females, while none of the other
pheromone components were affected by the CXE21 double
knockout. Importantly, these results were obtained using two
different  knockout methods, one a naturally-occuring
retrotransposon and the other an experimental disruption of the
gene. The two comparisons were conducted at different times with
about one year in between, therefore differences in overall
pheromone amounts is likely due to temporal variation which we
have also observed in other studies of this laboratory colony over
several years. However, the qualitative result is the same, and
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opposite to typical expectations of knocking out an active
carboxylesterase.

Because esterases typically hydrolyze acetates, yielding
alcohols and acetic acid, we expected acetates to accumulate when
CXE21 was not functional, and thus to find higher acetate levels
when this gene was knocked out. However, our results were
opposite to this expectation, as the acetate levels were lower when
the HsubTED transposable element was inserted and when the gene
was knocked out using CRISPR. This begs the question of how
acetate levels can be lower when CXE21 cannot hydrolyze them. One
possibility could be that CXE21 possesses some acetyltransferase
activity. Another possibility could be that CXE21 has negative
interactions with other enzymes (other esterases or acetyl-
transferase). We discuss these two possible explanations below
(Figure 4).

H1: Possible acetyltransferase activity

The first explanation of our finding is that CXE21 behaves like an
acetyltransferase. In this case, it would esterify alcohols into
acetates instead of hydrolyzing acetates into alcohols. Itis important
to note that both reactions are reversible, but that hydrolysis is
favored in an aqueous environment (Bornscheuer and Kazlauskas,
2005). Since sex pheromone biosynthesis occurs in sex pheromone
glands, and reactions may occur in the gland membrane (Teal and
Tumlinson 1987), a suitable non-aqueous environment may be
available for the exclusion of water that would otherwise drive
hydrolysis. However, CXE21 would need to be expressed in a
heterologous system to confirm possible acetyltransferase activity.
A previous attempt with 34 different candidates from the moth
Agrotis segetum failed to yield any detectable acetyltransferase
activity (Ding and Lofstedt, 2015).

In a recent study with Dalotia rove beetles, silencing of the
esterase TG-aEst using systemic RNA interference caused the loss
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of three fatty acid esters of ethanol or isopropanol from the
defensive gland, suggestive of acyltransferase activity (Briickner et
al,, 20217). Moreover, diverse esterases from the bacterial hormone-
sensitive lipase family have been described to have promiscuous
acyltransferase activity (Mdller et al., 2020).

Interestingly, the acetyl-transferase activity of some bacterial
carboxylesterases was due to a single nucleotide substitution
(Mdiller et al., 2021): A mutation in one of the three amino acids
forming the motif adjacent to the catalytic triad switched the activity
of an esterase without promiscuous acetyltransferase activity to an
enzyme  with  acetyltransferase activity. Conversely, the
acetyltransferase activity was lost after mutation of one of these
three-amino acids. Thus, a possible acetyltransferase activity of an
esterase like CXE21 is not completely without precedent.

Even if CXE21 possesses some acetyltransferase activity, it
cannot be responsible for all of the enzymatic activity observed, for
example in pheromone gland extracts of Choristoneura fumiferana
(Morse and Meighen, 1984) or Trichoplusia ni (Jurenka and Roelofs,
1989). Both studies provided evidence of an acetyltransferase
activity that utilizes acetyl-CoA and fatty alcohols of different chain
lengths. The enzyme or enzymes responsible for this activity have
not yet been identified, despite strenuous efforts (Ding and Lofstedt,
2015).

H2: Negative interactions with other enzymes

Another possible explanation of our opposite-to-expected result is
that mutations in CXE21 have negative interactions with its two
neighbors (CXE5 and CXE16) or other esterases hydrolyzing
acetates in the pheromone gland. The inactivation of a gene can
sometimes lead to an increase in expression of its paralogs. This can
happen 1) when the transcription factors of the deleted gene repress
the expression of its paralog, or 2) when the transcriptional
regulation network is modified due to the expression of the paralogs
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being regulated by products of the same biosynthetic pathway (Diss
et al,, 2014). If other esterases are upregulated in the absence of
CXE21 expression, more acetates in total could be hydrolyzed
resulting in lower acetate levels (Figure 4).

Yet another possibility is a negative interaction with an
acetyltransferase. It is conceivable that the 388-residue protein
produced from the gene with the HsubTED insertion, or the 415-
residue protein produced from the delta28 mutation (GenBank
Accession ON641837) or the 414-residue protein produced from the
delta31 mutation (GenBank Accession ON641838), could bind to
some of the alcohol precursors and prevent their access by the
active acetyltransfererase(s), reducing the synthesis of the acetates.

H1: Possible H2: Negative interactions with other enzymes

EICIERNE NI A) with other esterases | B) with an acetyl-transferase(s)

activity Acetyl transferase Acetyl transferase

Acetyl transferase lf\ ><

OAc OH
OAc OH W N %

Esterase

U Esterase
_,_

Esterase CXE21

Figure 4: Schematic representation of the fwo-hypo‘l’hesis
deve]oped in the discussion

To explain the opposite-to-expected result that a knock-out of CXE21 leads to
lower acetate levels in the sex pheromone on H. subflexa, two-hypothesis are
proposed in the discussion and schematized here.
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Conserved esterase cluster in Lepidoptera

By investigating homologous esterase clusters in Lepidoptera
species with fully sequenced genomes, we found that species from
three different superfamilies had only one esterase, with a GCSAG
motif surrounding the catalytic serine, which is probably the
ancestral enzyme. All species with two or more esterases had the
ancestral motif as well as at least one derived motif. All investigated
Noctoidea had three esterases in tandem, two with a GCSAG motif
and one with a GYSAG motif, pointing to two duplication events in
this superfamily.

After duplication, genes may accumulate mutations, resulting
in pseudogenization, subfunctionalization or neofunctionalization.
The latter usually results in function close to the ancestral gene
(Conant and Wolfe, 2008; Zhang, 2003). Interestingly, in the yeast
Saccharomyces cerevisiae, a duplicated alcohol dehydrogenase was
found to convert ethanol to acetaldehyde, while the reverse reaction
was performed by the ancestral enzyme (Thomson et al., 2005).
Heterologous expression of all esterases in the cluster would be
required to determine which might be prone to acetyltransferase
activity.

Although all Noctoidea examined have three esterases in the
Chromosome 28 cluster, H. virescens and Helicoverpa armigera
females do not produce any acetates. A QTL mapping to
Chromosome 20 affected acetate variation between H. subflexa and
H. virescens (Groot et al, 2009a; Sheck et al, 2006) and
carboxylesterases and lipases mapping to Chromosome 20 region
vary in expression level among the two species (de Fouchier et al.,
under revision). Thus, other mechanisms, like expression or
repression of the esterase cluster in interaction with trans-acting
effects on carboxylesterases on another chromosome, are possibly
involved in generating species-specific pheromone blends.
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Conclusion

To conclude, we found a decrease in levels of acetates in the
pheromone blend of H. subflexa females when the gene encoding
the carboxylesterase CXE21 is mutated by natural or experimental
methods. An increase in acetates would have been expected if the
wild-type CXE21 hydrolyzes them, as do similar esterases expressed
in the moth antenna. The results do not have a simple explanation,
nevertheless, CXE21 is the first gene identified in a lepidopteran
species that affects the amounts of a very common constituent of
moth pheromones, namely acetates. Metabolism of acetates in the
female pheromone gland is likely more complicated than
biosynthesis by a single acetyltransferase enzyme and degradation
by a single carboxylesterase. These results thus pave the way to new
biochemical and molecular studies on the role of esterases in moth
sex pheromone biosynthesis and evolution.

Materials and Methods

Insect rearing

The laboratory population of H. subflexa, originally collected in 2006
in the field in North Carolina, has been reared at the University of
Amsterdam since 2011. As lepidoptera are very sensitive to
inbreeding, occasional exchange happened among H. subflexa
populations at North Carolina State University, the University of
Amsterdam, and the Max Planck Institute for Chemical Ecology in
Jena. Moreover, single pair matings were used to maintain genetic
diversity.
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Eggs collected from single pair matings were kept in Petri
dishes (@ 85 mm) with artificial wheat germ/soy flour-based diet
(BioServ Inc., Newark, DE, USA) at room temperature. To avoid
cannibalism, L3 larvae were isolated in individual 37-mL cups filled
with the same artificial diet. From that stage on until their death,
individuals were kept in climate chambers with 14h:10h light-dark
cycle, at 25°C and 60% relative humidity. After emerging, adults were
sexed and supplied with cotton soaked in sugar water (10% sucrose).
Pairs of males and females, from distinct families, were placed in
375 mL paper cups that contained cotton soaked in sugar water. The
cup was then covered with gauze and to stimulate oviposition, a
freshly cut gooseberry fruit was placed on top of it. Once the eggs
turned black or began to hatch, the gauze, the eggs, and larvae on it,
were transferred to Petri dishes as described above.

Pheno’typing

To assess changes in pheromone blend composition, pheromone
gland extractions from individual females were conducted. We used
the same protocol as described in detail in (Lievers and Groot, 2016),
which is summarized here. Pheromone gland extractions were
performed on 3-4 days old virgin females and in the 4™ hour of
scotophase, as this is the peak of pheromone production in H.
subflexa (Heath et al, 1991). Female abdomens were held with
forceps to extrude their pheromone gland, which was cut with
microdissection scissors and soaked in a glass vial with 50 pL
hexane containing 200 ng pentadecane as an internal standard.
After 30 minutes, the gland was removed from the vial and the
extracts were stored at -20°C until analysis.

For pheromone analysis, the volume of each extract was first
concentrated to approximately 2 pL under a gentle stream of
nitrogen. To avoid evaporation 1 pL of octane was added to each
sample before being injected into a splitless inlet of a 7890A GC
(Agilent Technologies, Santa Clara, CA, USA). Integration of the area
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under the pheromone peaks of the 11 pheromone components
present in H. subflexa pheromone blend (14:Ald, Z7-14:Ald; 16:Ald,
Z7-16:Ald, Z9-16:Ald, Z11-16:Ald, Z7-16:0Ac, Z9-16:0Ac, Z11-16:0Ac,
Z9-16:0H and Z11-16:0H) was performed using Agilent
ChemStation software (version B.04.03). As separation of Z7-16:Ald
and Z9-16:Ald peaks was difficult, they were integrated as one peak
(referred to Z9-16:Ald).

For every pheromone sample, the absolute amount (in ng) of
each pheromone compound was calculated relative to a 200 ng
pentadecane internal standard. As the ratios of the components in
too low titers cannot be reliably measured in the chromatogram,
samples containing < 50 ng were excluded. To correct for individual
variation in the amount of pheromone produced which is highly
variable (Groot et al,, 2005; Heath et al, 1991); we calculated the
relative percentage of the sum of the three acetates (Z7-16:0Ac, Z9-
16:0Ac, Z11-16:0Ac) by dividing their absolute amounts by the total
amount of pheromone produced as done in Groot et al. (2013). The
amount of the sum of the three acetates was also analyzed, which
gave similar results (see Supplementary Figure S3B).

cDNA libraries

To reveal the three esterases cluster we used cDNA previously
collected from H. virescens (Vogel) and H. subflexa (de Fouchier et
al.,, under revision). as summarized below. For H. virescens, RNA
from the pheromone glands of 32 females was extracted using
Ambion™ TRIzol™ Reagent (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and RNeasy MinEluteClean up Kit (Qiagen).
The construction of the cDNA library was generated using a
combination of the SMART cDNA library construction kit (Clontech)
and the Trimmer Direct cDNA normalization kit (Evrogen). For H.
subflexa, RNA from the pheromone glands of 10 females was
extracted using Ambion™ TRIzol™ Reagent (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) and Direct-zol™ RNA MiniPrep Kit

113



Chapter 3

(Zymo Research, Irvine, California, USA) and sequenced using
lllumina HiSeq2500 by BaseClear (Leiden, The Netherlands). To
assemble the pheromone gland transcriptome, multiple filtration
steps were performed as described in detail in de Fouchier et al.
(2022). The quality of the transcriptome was than assess using
BUSCO66 and Transrate67.

CXE21 loss-of function analysis

To explore the role of CXE21 in pheromone biosynthesis, we
performed the following loss-of-function studies.

a. Transposab]e element knockout:

To detect the presence of the transposable element insert HsubTED,
we designed PCR primers flanking the insertion site. To differentiate
the three genotypes, three primers were used simultaneously,
HsubTED-F1A (5-ACCGAATAGCTCCGATCTCA-3'), HsubTED-F1B
(5-AGGGCTAAATCAGGGTTGCT-3"), and HsubTED-R2A  (5-
CATACAGCTTGCCAAGTCCA-3"). Alleles without the insert in CXE21
produced a 138-bp amplicon, alleles carrying the HsubTED insert
within CXE21 produced a 170-bp amplicon. Alternatively, when
HsubTED-R2B  (5-CTCAGCTAGCCAGCCAGTTC-3") was used
instead of HsubTED-F1B, alleles carrying the HsubTED insert within
CXE21 produced a 189-bp amplicon (Supplementary Figure S2).

b. CRISPR/Cas9 knockout protocol:

To verify that the HsubTED insert effectively knocks out CXE21 and
is responsible for the phenotypic change in the pheromone blend
(Supplementary Figure S1), we conducted CRISPR/Cas9 knockout
experiment as follows. First, for this experiment only H. subflexa
eggs that were not carrying HsubTED transposable element insert
were used. The IDT system for CRISPR/Cas9 was used (Integrated
DNA Technologies) and gene-specific guide RNAs were designed
(HsCXE21-T7: 5-TAACGAGTCCACTGACAAGC-3', HsCXE21-T6: 5
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AGAAAGGCGTACCTTGGAGA-3', Fig 3). Gene-specific crRNAs were
annealed with tracrRNAs and incubated with Cas9 enzyme to form
ribonucleoproteins. Before injection into the eggs, the two scRNAs
were dissolved in 1 nmol of tracrRNA to get a final concentration of
50 puM, and later 200 pmol of this scRNA+tracrRNA mix was
combined with 100 pmol of IDT Alt-R Cas9. This solution was then
loaded in handmade glass needles and using a Femtojet, 30min-1h
old eggs were micro-injected. The gauze with the injected embryos
was housed in Petri-dishes at lab temperature (20°C) and examined
daily. Newly hatched neonates were segregated in individual cups
with wheat germ/soy flour-based diet (BioServ Inc., Newark, DE,
USA).

CRISPR/Cas9 knockout rearing and

screening for mutations

To identify possible mutations in CXE21, adults were genotyped as
explained below. Cloning and sequencing of the mutants was
performed at the Max Planck Institute for Chemical Ecology and
highlighted a deletion of either 28 or 31bp. After two generations, a
subset of females from the different genotype were used for
pheromone extraction. To avoid inbreeding, half of CXE21+/-
females were crossed with CXE21+/+ H. subflexa male from the
main rearing and the other-half were paired with either CXE21+/+ or
CXE21+/- males to obtain double mutants. This procedure was
repeated every generation until a decent samples size was reached.

Genotyping

For both knockout methods, distinction between the genotypes was
made through PCR amplification following Thermo Fisher Phire Hot
start Il 3-step protocol with 33-35 cycles of 30s (10s for each step)
and an annealing temperature of 60 degrees. The reactions were
performed in 10 pl with 2 pl of DNA, 2 ul PCR Buffer, 2 yl of T mM
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dNTP’s, 2 uM of reverse and forward primers and 0.7 ul of Phire hot
start Il polymerase. PCR products were analyzed by electrophoresis
on 2 % agarose gels in TAE buffer (40 mM Tris-acetate, 2 mM EDTA),
and the resulting bands were visualized with midori green. DNA
extractions were conducted on newly emerged adults by soaking
one foreleg in 30 ul of 10% Chelex and 2.5 pl of Proteinase K during
three hours at 56 degrees, then 8 min at 98 degrees and lastly
freezing the mixture before use (Adapted protocol from Biorad).

Data analysis

To estimate differences in pheromone blend composition, statistical
analyses were done using R Studio version 1.0.136 with R version R
3.6.1 (R Core Team, 2019). In a first step, as two different methods
were used to knock out CXE21 (HsubTED insert and CRISPR
method), we analyzed both datasets separately. Homogeneity of the
means were tested using a one-way ANOVA. When the assumption
of homogeneity of variances was violated, a Welch test (function
‘oneway.test”, package “stats”) was performed. If this assumption
was satisfied but the residuals were not normally distributed, a
Kruskal-Wallis test (function “kruskal.test”, package “dplyr") was
used. To test for homogeneity of variances, we used Bartlett's test
(function "bartlett.test”, package “stats”). To evaluate if the residuals
were normally distributed, we used a Shapiro test (function
“shapiro.test”, package “stats”). If Ho was rejected, to compare which
specific genotypes differed, a Tukey test was performed when both
ANOVA assumptions (homogeneity of the variance and normal
distribution of the residuals) were respected, while a Games-Howell
post-hoc test was performed when these assumptions were violated.

In a second step, datasets of both experiments were combined
to be analyzed together, using a two-way ANOVA, with the genotype
and the type of knockout used as explanatory variables. As no
interaction effect was found between the two variables, this was
removed from the model. In case the residuals were not normally
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distributed, log or box-cox transformation was used (function
“bcPower”, package “car”), after which Tukey’'s post-hoc tests were
performed (function “glht”, package “multcomp”).

First, we investigated if the three genotypes (CXE21+/+,
CXE21+/-, CXE21-/-) showed differences in the relative percentage
of the sum of the three acetates, as calculated in Groot et al. (2010).
Then, we compared the total amount of pheromone produced.

Secondly, to normalize and break data interdependency (see
Groot et al. 2010), the sum of the three acetates and other sex
pheromone component that have been shown to be important for
male attraction (i.e: Z9-16:Ald, Z11-16:Ald and Z11-16:0H) were log-
contrasted by the amount of Z9-14:Ald. We chose Z9-14:Ald as the
divisor, because this compound does not alter male response
behavior (Heath et al., 1990) and was present in equivalent quantities
in the different genotypes (Supplementary Figure S3A).

CXE cluster in Lepidoptera

To investigate the evolutionary history of the three esterase clusters
found in H. subflexa and H. virescens, we searched for the presence
of similar clusters in other Lepidoptera species. Only species with full
genome assembly were used, which amounted to a total of 16
genomes. The flanking gene sequences Hs-NRK-pep and Hv-
HDphosphohydrolase-Pep (sequences in Supplementary Table 1)
were blasted against the Lepidoptera clade. For each species, the
top hit of both flanked sequences was then observed in the gene
viewer tool of NHBI. The number of esterases and the motif around
the catalytic serine was noted.
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Appendix

nicotinamide HD-phospho-
riboside kinase 1 CXE16 CXES CXE21  hydrolase
—
46.2 kb
spaetzle-6
LTRb OREC ORF B ORF A LTRa,
P
< ¢ < =4
8963 bp
il 138 bp R2A
C =
[ | 1
exon 8 tsd exon 8
F1A 189 bp K28 tsd
LTRE SSSSSSSSSSSSSSSSSSSSSSS] / exon 8
exon 8 / e ESSSSSS  LTRa ]
tsd. E—— 170 bp, —
FiB R2A

Supplementary Figure Sl: Occurrence and detection of HsubTED
in fﬁe Chromosome 28 esterase cluster.

A) Schematic depiction of the esterase cluster in H. virescens (GenBank
Accession ON500499). The gene nicotinamide riboside kinase 1 occurs within
an intron of spaetzle-6. H. subflexa has the same orientation of flanking genes
and esterases (GenBank Accession ON603978). B) Structure of LTR
retrotransposon HsubTED. The three ORFs (open reading frames) are shown, as
well as the two identical LTRs (long terminal repeats), GenBank Accession
ON603978). C) PCR strategy for detecting the presence of HsubTED in exon 8 of
CXE21. tsd = 4 bp target site duplication in exon 8
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F1A
ACCGAATAGCTCCGATCTCA--> HsCXE21-T7+PAM
TAACGAGTCCACT
TACCGAATAGCTCCGATCTCATTCATACTCCCGCGTAACGAGTCCACT wt
TACCGAATAGCTCCGATCTCATTCATACTCCCGCGTAACGAGTCCACT A28
TACCGAATAGCTCCGATCTCATTCATACTCCCGCGTAACGAGTCCACT A31
Yy R I A P 1 .S F I I, P R N E S T

HSCXEZI—T7HPAM HsCXE21-T6+PAM

GACAAGCTGG AGAAAGGCGTACCTTGGAGATGG

GACAAGCTGGCGACACTCAGAAAGGCGTACCTTGGAGATGGACGGCTG wt

CTTGGAGATGGACGGCTG A28
sssssssssssssrsssssssszsssess st AGATGGACGGCTG A31

D K ILi A T 1. R K A Y L G D G R L

R2A
<--TGGACTTGGCAAGCTGTATG
CAGAACAGTACTGCCGGTGCTGATGGACTTGGCAAGCTGTATGG wt
CAGAACAGTACTGCCGGTGCTGATGGACTTGGCAAGCTGTATGG A28
CAGAACAGTACTGCCGGTGCTGATGGACTTGGCAAGCTGTATGG A31l
Q NS TAGADGLGI KTLYG

Supplementary Figure 52: The two CRISPR/Cas9-induced
deletions in exon 8 of H. subflexa CXE2I.

Screening primers HsubTED-F1A and HsubTED-R2A are the same as in
Supplementary Figure S1. Also shown are the two targets T/ and T6.
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A) Z9-14:Ald B) Total acetate esters
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Supplementary Figure S3: Effect of CXE2l knockouts on the
amount of acetates and Z9-14:Ald

A) 79-14:Ald amount, B) Sum of the three acetate amounts log contrasted by Z9-
14:Ald. In blue are the data collected using HsubTED transposable element
insertion, and in yellow are the data from the CRISPR experiment. CXE21 +/+ are
individuals with two functional copies of CXE21 gene, CXE21 +/- individuals carry
one functional copy, and CXE21 -/- have no functional copies. The horizontal
black bar represents the mean. The black bar with a star indicates a statistical
difference based on the results from one-way Anova followed by a Turkey or
Games-Howell post-hoc test to compare the genotype of both experiment
separately as well as a two-way Anova, with the genotype and the type of
knockout used as explanatory variables.
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