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Abstract Given the limited availability of resources in nature, sexual attractive-
ness may trade off with immunocompetence, as the immunocompetence handicap hy-
pothesis (ICHH) posits. In invertebrates, a direct link between trade-offs through hor-
monal/molecular effectors in sexual signals and immunity has not been found so far.
Here, we assessed how variation in sexual signals affected parasite infection in two sex
pheromone selected lines of the moth Chloridea virescens: an attractive line with a low ra-
tio of 16:Ald/Z11-16:Ald and an unattractive line with a high ratio. When infecting these
lines with an apicomplexan parasite, we found that the attractive Low line was signifi-
cantly more susceptible to the parasite infection than the unattractive High line. Since the
ratio difference between these two lines is determined by a delta-11-desturase, we hypoth-
esized that this desaturase may have a dual role, i.e., in the quality of the sexual signal
as well as an involvement in immune response, comparable to testosterone in vertebrates.
However, when we used CRISPR/cas9 to knockout delta-11-desturase in the attractive
Low line, we found that the pheromonal phenotype did change to that of the High line, but
the infection susceptibility did not. Notably, when checking the genomic location of delta-
11-desaturase in the C. virescens, we found that mucin is adjacent to delta-11-desaturase.
When comparing the mucin sequences in both lines, we found four nonsynonymous SNPs
in the coding sequence, as well as intronic variation between the two lines. These dif-
ferences suggest that genetic hitchhiking may explain the variation in susceptibility to
parasitic infection.

Key words Chloridea virescens; delta-11-desaturase; ICHH; parasite susceptibility; sex
pheromone

Introduction

Sexual selection is a fundamental evolutionary process
that influences the development of various ornamental
traits and reproductive behaviors in animals (Andersson,
1994). These sexual traits and behaviors typically play a
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pivotal role in enabling individuals to evaluate and choose
potential mates, and become more prevalent in a popula-
tion when the benefits of these traits, i.e., an individual’s
reproductive success, are outweighed by their costs of
survival and lifespan (Willson, 1990; Hare & Simmons,
2019). Zahavi (1975) proposed the idea that characters
developing through mate preference confer handicaps on
selected individuals in terms of their survival. This con-
cept is widely known as the handicap principle, which
posits that secondary sexual traits, such as the colorful
tail of the male peacock, act as handicaps that are costly to
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produce and maintain (Zahavi, 1975; Grafen, 1990; Penn
& Szamado, 2020), at least if these traits are honest sig-
nals that indicate an individual’s quality or fitness (John-
stone, 1995; Roulin, 2016).

Due to limited availability of resources for animals in
nature, allocating resources to the development and main-
tenance of sexual traits can lead to reduced resources
available for other functions, such as survival (Stearns,
1989; Jacot et al., 2004). One proximate mechanism, sug-
gested by Folstad & Karter (1992), explains the costs
of ornamentation. They propose that males carry exag-
gerated ornaments at the expense of their resistance to
parasites, leading to a negative correlation between or-
nament and immune function. This trade-off is often re-
ferred to as the immunocompetence handicap hypothesis
(ICHH) (Folstad & Karter, 1992; Roberts et al., 2004).
While there is growing evidence for ICHH in vertebrates,
only a handful studies have explored the ICHH hypothe-
sis in insects, such as in crickets, beetles, flies and dam-
selflies (Ryder & Siva-Jothy, 2000; Rantala et al., 2003b;
McKean & Nunney, 2008; Cotter et al., 2011; Galicia
et al., 2014). As far as we know, so far a direct link be-
tween trade-offs through hormonal or molecular effectors
in sexual signals and immunity has not yet been found
in moths (Rantala et al., 2003a, 2012; Lawniczak et al.,
2007; Gonzalez-Tokman et al., 2012).

The tobacco budworm Chloridea (Heliothis) virescens
(Lepidoptera: Noctuidae) is a major pest in North and
South America. Much is known about its reproductive bi-
ology (Groot et al., 2006; Gould et al., 2010; Gao ef al.,
2020b). Females emit species-specific sex pheromone
signals to attract males. Z11-16:Ald is their major sex
pheromone component and Z9-14:Ald is the critical sec-
ondary sex pheromone component. Previously, we found
that attractiveness in C. virescens females is linked to
the ratio of 16:Ald/Z11-16:Ald (Groot et al., 2014, 2019;
van Wijk ef al., 2017). Females from the Low line pro-
duce the unsaturated sex pheromone components (Z11-
16:Ald and Z9-14:Ald) in high amounts, resulting in a
low ratio of 16:Ald/Z11-16:Ald, while females from the
High line produce the saturated counterparts (16:Ald and
14:Ald), resulting in a high ratio of 16:Ald/Z11-16:Ald
(Groot et al., 2019). In the field, females of the Low line
attracted many males, while females of the High line did
not attract any males (van Wijk ef al., 2017). Through ge-
netic analysis, we found that this difference is due to a
stop codon in the first exon of delta-11-desaturase, re-
sulting in a functional knockout of this desaturase (Groot
et al., 2019). These two lines of C. virescens thus form
the perfect starting point to test the ICHH hypothesis in
moths.

Ophryocystis elektroscirrha (OE) is a well-known par-
asitic protozoan that infects monarch butterflies Danaus
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plexippus (McLaughlin & Myers, 1970). The transmis-
sion of the OE parasite is predominantly vertical, as fe-
males scatter spores on their eggs or host plants dur-
ing oviposition, which are subsequently ingested by lar-
vae (Altizer et al., 2000). Recently, we found an OE-like
parasite on the cotton bollworm Helicoverpa armigera,
a closely related species of C. virescens (Gao et al.,
2020a). Since larvae of this and other moth species also
eat their eggshell, vertical transmission in this species
likely occurs as well. Interestingly, OE-like parasites
from H. armigera can cross-infect C. virescens in the
laboratory (Gao et al., 2020a). OE and OE-like par-
asites infection can negatively affect host fitness, re-
ducing eclosion, longevity, fecundity, mating success
and flight ability (Bradley & Altizer, 2005; Gao et al.,
2020a).

In this study, we determined whether the two lines
differ in their susceptibility in OE-like infection. We
also assessed the effects of OE-like infections on sex-
ual attraction by checking female calling behavior and
sex pheromone composition. Since we consistently found
that the attractive Low line was more susceptible to para-
sitic infections compared to the unattractive High line, we
subsequently hypothesized that delta-11-desaturase has a
pleiotropic effect in the quality of the sexual signal and
in immune function. To test this hypothesis, we knocked
out the delta-11-desaturase gene in the attractive Low
line, using CRISPR/cas9, after which we conducted sim-
ilar infection experiments. We confirmed that knocking
out delta-11-desaturase changed the pheromone compo-
sition in the expected direction, but we did not find a
change in susceptibility to parasite infection. In check-
ing the genomic region of delta-11-desature, we found
the mucin gene adjacent to delta-11-desaturase, which
is known to be involved in immune responses, in which
we found consistent sequence differences between the
Low and High lines. These results suggest that genetic
hitchhiking may be responsible for the difference in
susceptibility.

Materials and methods
Insects

The two selection lines (named Low and High line)
of C. virescens were generated and reared at the Insti-
tute for Biodiversity and Ecosystem Dynamics, Univer-
sity of Amsterdam under controlled conditions in a cli-
mate chamber (25 °C; 60% RH, 14 h light: 10 h dark)
(see Groot et al., 2019 for more details). Larvae were fed
individually on an artificial pinto bean diet until pupa-
tion. Pupae were checked daily and newly emerged adult
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moths were sexed and separated into a plastic cup with
10% sucrose solution.

OE-like parasite infection

To acquire infected moths, we followed our previous
infection protocol, as described in details in Gao et al.
(2020a) and summarized briefly here. Third instar larvae
were starved for 1-5 h, after which they were fed 1 uL of
spore suspension on a piece of 1 cm? artificial diet. After
consumption of the diet, the larvae were transferred indi-
vidually to normal diet until pupation. The spore suspen-
sion was prepared by collecting OE-like spores from the
abdomens of 1-3 infected adult moths. The spore doses
were quantified by counting the number of spores in 1
uL of spore suspension under the microscope. To deter-
mine the effect of OE-like infection in the Low and High
lines, we conducted infection experiments with multiple
spore doses, as follows: 13/uL, Low line: n = 48, High
line: n = 46; 55/uL, Low line: n = 45, High line: n = 53;
122/puL, Low line: n = 27, High line: n = 30; 144/uL,
Low line: » = 100, High line: n = 80; 153/uL, Low line:
n = 26, High line: n = 28. Upon eclosion, the abdomen
of adults was sampled, using a 2.5 cm diameter transpar-
ent tape, which was checked for OE-like parasite spores
under the microscope.

Female calling behavior

To evaluate the effect of OE-like infection on female
calling behavior, virgin females from Low and High line
were observed over five consecutive nights. Upon eclo-
sion, all adult moths were sexed, and placed individually
into transparent plastic beakers (473 mL) covered with
nylon gauze. Based on checking infection status, females
were categorically separated into three groups: control
(moths that were never treated with OE-like spores),
treated (moths that had been treated with OE-like spores
as larvae, but the adults were not infected) and infected
(moths that had been treated with OE-like spores as lar-
vae and the adults were infected). All the moths were sup-
plied with 10% sucrose solution. Female calling behavior
was observed under red light at 30 min intervals through-
out scotophase. Observations were conducted in the same
climatic conditions in which the insects were reared.

Female pheromone analysis

To determine the effect of OE-like infection on female
sex pheromone composition, the glands of 5-d-old fe-

males from Low and High line in control (Low line, n
= 26; High line, n = 31), treated (Low line, n = 31; High
line, n = 35) and infected (Low line, » = 16; High line,
n = 10) groups were dissected during the peak time of
calling during scotophase. The details of extraction have
been described in Groot et al. (2010), and summarized
here: pheromone glands were immersed approximately
30 min in conical vials containing a solution of 50 uL
hexane and 200 ng of pentadecane as internal standard.
All pheromone samples were analyzed in a HP7890 Gas
Chromatograph (GC) with a 7683 automatic injector. The
peaks of sex pheromone were identified and integrated
manually compared their retention time to a synthetic
pheromone blend of C. virescens.

Creating a C. virescens lab population homozygous for
the attractive Low line allele

To determine whether delta-11-desaturase is respon-
sible for differences in susceptibility for OE-like infec-
tion, we knocked out this gene in the attractive Low line.
To ensure that the High allele with the stop codon in
delta-11-desaturase was absent, we first established a lab
population homozygous for the attractive Low line al-
lele as follows. DNA was extracted from complete adult
legs by adding 100 pL of stirred 10% Chelex (Sigma-
Aldrich Chelex) and 5 uL of proteinase K (Thermo sci-
entific). 8 uL of PCR mastermix was added for every 2
uL of template DNA. The mastermix consisted of 4.82
uL of Milli-Q purified water, 1 uL of 10x DreamTaq
buffer (Thermo Scientific), 1 uL of dNTPs, 0.5 uL of
BSA (New England Biolabs), 0.3 umol/L of each primer
(D11 exon 3F & D11 exon 4R; see Table S2), and 0.08
uL of DreamTaq DNA-polymerase (5 U/uL; Thermo
Scientific). DNA was amplified through PCR in a Bio-
RadT100TM Thermal Cycler following the program: 94
°C for 2 min, 35 cycles (45 s at 94 °C, 45 s at 57.3 °C,
1 min at 72 °C). The PCR products and the genotypes
were then analyzed through 1.5 % agarose gel. A total of
24 pairs of homozygous Low line moths were established
and used to setup for CRISPR injection.

Knockout of delta-11-desaturase in the Low line through
CRISPR-cas9

To knock out delta-11-desaturase, we used CRISPR-
cas9 as follows. Three RNA guides were designed against
exon three of the delta-11-desaturase, using the Inter-
grated DNA Technologies (IDT) custom Alt-R CRISPR-
Cas9 gRNA design tool and the Low line genomic
DNA sequence as a target (see Table S2). Lyophilized
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tractRNA and crRNAs were dissolved in a nuclease free
bufferina I : 1 ratio. An annealing step was then carried
out at 94 °C for 2 min, after which the crRNA:tracrRNA
duplex was left to cool for 2 min at room temperature.
Aliquots of sgRNAs targeting the delta-11-desaturase
were mixed with Cas9 and an HvSC-BF (or ‘scarlet’) re-
porter sgRNA. The final solution for embryo injection
consisted of four sgRNAs (200 pmol) and IDT Alt-R
Cas9 (100 pmol).

Embryo injection occurred between 0.5 and 1 h after
oviposition using a FemtoJet (Eppendorf) injector. Har-
vard Apparatus 1.0 mm (OD) capillaries were used for
needle pulling. A total of 1271 freshly laid eggs were col-
lected and injected, from which only 24 larvae survived,
which was likely due to the inexperience of the egg injec-
tor. These larvae were reared to adulthood and genotyped.
To screen the mutant individuals, we took one foreleg of
newly hatched adults for DNA extraction and genotyp-
ing, as described above. PCR amplification followed the
program: 94 °C for 2 min, 35 cycles (45 s at 94 °C, 45 s at
56.8 °C, 1 min at 72 °C) with a pair of specific primers:
scrnl (see Table S2). PCR products were assessed on
low-melting agarose gels. From the 11 GO individuals
that were sequenced by Macrogen EZ-seq (Amsterdam,
Netherlands), one individual carried the mutation, with
an 18 bp deletion and two 1 bp insertions.

To obtain a homozygous CRISPR line, the GO mu-
tant adult was crossed to wild type homozygous Low line
adults. G1 heterozygote males and females were crossed
to obtain G2 homozygote mutants. The G1 and G2 adults
were genotyped as described above, whereby the leg was
collected as soon as the moths emerged. The offspring of
the homozygous and heterozygous G2 females were used
for the OE-like infection experiment.

Phenotyping the CRISPR lines

To determine whether the knockout of delta-11-
desaturase was successful, we analyzed the sex
pheromone composition in the G2 CRISPRed females, as
described above. Pheromone glands were extracted from
3- to 4-d-old virgin, homozygous CRISPR females (n =
25) and heterozygous CRISPR females (n = 21). To de-
termine the effect of OE-like parasite on the CRISPRed
moths, we conducted OE-like infection experiments as
described above. This time we used a spore solution of
113 spores/L and larvae of Low line (n = 49), High line
(n = 18), CRISPR homozygotes (» = 20) and CRISPR
heterozygotes (n = 39) were infected at the same time to
be able to compare all different lines.

Do sexual attraction and immunity trade-off? 293

Genomic sequence variation adjacent to
delta-11-desaturase

As the knockout of delta-11-desaturase did not result
in lower susceptibility of OE-like infections, we com-
pared the genomic sequences between the Low and High
lines adjacent to delta-11-desature. As we found mucin
in close vicinity to delta-11-desaturase, and this gene
is known to have anti-pathogenic effects/involved in im-
mune responses (Syed et al., 2008; Shangguan et al.,
2018), our first analysis was focused on assessing se-
quence variation in this gene. For this analysis, we ex-
tracted genomic DNA from Low and High line individu-
als, using the CTAB protocol as described in Gao et al.
(2020a). Primers were designed using Primer3 software.
To sequence the mucin gene, four pairs of primers were
used (see Table S2), and PCR amplification were as fol-
lows: 98 °C for 30 s, 34 cycles (20 s at 98 °C, 20 s at 61
°C, 260 s at 72 °C). The PCR products were examined on
a 1.5% agarose gel. The sequences of 7 Low and 6 High
individuals were checked and aligned using CodonCode
Aligner. The 3D structure of the mucin protein was run in
AlphaFold software.

Data analysis

All statistical analyses were performed in R, version
4.0.2 (2020). The difference of OE-like infection rate be-
tween Low and High line was compared, using PROP
test. Differences in percentages of females calling over
five consecutive nights between the control, infected, and
treated groups were analyzed using Fisher’s exact test.
To evaluate the effect of OE-like infection on female sex
pheromone in Low and High line, the relative amounts of
the compounds in the pheromone blend between control,
infected and treated females were compared by a multi-
variate analysis of variance (MANOVA), while the total
amounts of pheromone and each compound between con-
trol, infected and treated females was compared with a
one-way ANOVA, followed by Tukey-Kramer HSD test
for multiple comparisons (package: multcomp). The ra-
tio of 16:Ald and Z11-16:Ald in the female pheromone
between Low line, and High line, CRISPR homozygote
and CRISPR heterozygote was log10(x + 1)-transformed
to normalize the data, and then compared with one-way
ANOVA, followed by Tukey-Kramer HSD test for mul-
tiple comparisons. Differences in OE-like infection be-
tween Low line, High line, CRISPR heterozygote and
CRISPR homozygote moths was analyzed using chi-
square tests.
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Fig. 1 Infection rate of OE-like parasite between Low and
High line of C. virescens. Total number of larvae treated with
OE-like spores (13/uL, Low line: n = 48, High line: n = 46;
55/uL, Low line: n = 45, High line: n = 53; 122/uL, Low line:
n = 27, High line: n = 30; 144/uL, Low line: n = 100, High
line: n = 80; 153/uL, Low line: n = 26, High line: n = 28). Sig-
nificant differences are indicated by asterisks (P < 0.05); NS:
not significant.

Results
OE-like infection rate

The attractive Low line of C. virescens showed a con-
sistently higher infection rate compared to the unattrac-
tive High line (spore does: 55/uL, x° = 4.34, df = 1,
P = 0.037; 122/uL, x° = 5.14, df = 1, P = 0.023;
144/uL, x° = 21.87, df = 1, P < 0.001; 153/uL, x?
= 4.12, df = 1, P = 0.042), except when treated with
low spore does (13/uL, x? = 0.094, df = 1, P = 0.759)
(Fig. 1).

Effect of OE-like infection on female calling behavior

In both Low and High line, OE-like infection did not
affect the percentage of females calling over five con-
secutive nights in control, infected and treated groups
(Fig. 2). However, in the treated group, Low line females
called significantly more on the second night compared
to the High line (Fisher’s exact test, P = 0.036), and close
to significantly more on the third (Fisher’s exact test, P =
0.055) and forth night (Fisher’s exact test, P = 0.069).
Female calling was not significantly different on the first
(Fisher’s exact test, P = 0.206) or fifth night (Fisher’s ex-
act test, P = 0.14) (Fig. S1).

Effect of OE-like infection on female pheromone signal

In the attractive Low line, OE-like infections affected
the relative amount of the major pheromone compo-
nent Z11-16:Ald, which was significantly lower in treated
(Tukey’s post hoc test: P = 0.035) and infected females
(Tukey’s post hoc test: P = 0.038) compared to control
females. The amount of Z9-14:Ald was higher in treated
females than in control females (Tukey’s post hoc test: P
= 0.008). The relative amount of Z11-16:0H was higher
in infected females than in control females (Tukey’s post
hoc test: P = 0.011). In addition, the total amount of
pheromone was significantly lower in treated females
compared to control females (Tukey’s post hoc test: P =
0.024) (Fig. 3A).

In the unattractive High line, OE-like infections af-
fected the relative amount of the major pheromone com-
pound 16:Ald, which was significantly lower in treated
females compared to control females (Tukey’s post hoc
test: P = 0.031), while the amount of Z7-16:Ald was
higher in treated females than in control females (Tukey’s
post hoc test: P = 0.038). However, the total amount of
pheromone in the Low line did not differ between con-
trol, treated and infected females (ANOVA, P = 0.34)
(Fig. 30).

Knocking out the deltal 1-desaturase gene in Low line

When we examined the sex pheromone composition
in the CRISPRed females, we found that the CRISPR
homozygote females had a significantly higher ratio of
16:Ald/Z11-16:Ald compared to the CRISPR heterozy-
gote females, as expected (Tukey’s post hoc test: P <
0.001). The ratio of 16:Ald/Z11-16:Ald of the homozy-
gous CRISPR females was similar to the ratio in the
unattractive High line (Tukey’s post hoc test: P = 0.409),
while the ratio of 16:Ald/Z11-16:Ald in the heterozygous
CRISPR females was significantly lower than the ratio of
the attractive Low line (Tukey’s post hoc test: P < 0.001)
(Fig. 4).

When assessing the OE-like infection, we found that
both the CRISPR homozygotes (75%) and the CRISPR
heterozygotes (61.5%) exhibited a similarly high infec-
tion rate, comparable to that of the attractive Low line
(57.1%), in contrast to the lower infection rate observed
in the unattractive High line (11.1%) (Fig. 4)

Differences in the mucin gene

In checking the mucin gene adjacent to delta-11-
desaturase, we found that this gene consists of three
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Fig. 2 Calling behavior of virgin C. virescens females throughout the scotophase over five consecutive nights in control, infected and
treated groups, in (A) Low line females; (B) High line females. The number of females observed over five consecutive nights is given

in Table S1.

exons and two introns, with a coding sequence (cds) of
1380 bp and 460 amino acids long. When comparing the
amino acid sequences of mucin between Low and High
line, within the cds we found four consistent nonsynony-
mous amino acid mutations at codons 150, 297, 299, and
313, which were located in the second exon (see Fig. 5A,
B). Additionally, we found sequence length variation in
the first intron between the Low and High line sequences,
with the Low line having an intron of 6235 bp and the
High line having an intron of 10 023 bp. When predicting
the 3D structures of mucin using AlphaFold, we found
differences in protein structure between Low and High
line, as highlighted in Fig. 5C.

Discussion

Here we examined how parasitic infection affected the
sexual signals and behaviors, as well as susceptibility
to infection between two different selected lines of C.
virescens that differ in sexual attraction, which is due to a
mutation in delta-11-desaturase (Groot et al., 2019). We
found that the attractive Low line consistently showed a
higher OE-like infection rate compared to the unattrac-
tive High line. We also found that OE-like infections had
different effects on the calling behavior, sex pheromone,
or immunocompetence in the attractive and unattractive
lines. Below we discuss our results in relation to trade-

offs between sexual attractiveness and parasite suscepti-
bility.

Since we found that attractive Low line moths were
consistently more susceptible to parasitic infection than
unattractive High line moths, our results imply a trade-off
between maintaining and expressing an attractive sexual
signals and parasite susceptibility. This finding is in line
with the prediction of the ICHH hypothesis that states
that investment in reproductive traits, such as sexual at-
traction, trades off with resistance to parasitic challenges.
Empirical evidence supporting the ICHH hypothesis has
been found before in other insects, including crickets,
beetles, flies, and damselflies (Ryder & Siva-Jothy, 2000;
Rantala ef al., 2003a; McKean & Nunney, 2008; Cot-
ter et al., 2011; Gonzalez-Tokman et al., 2012; Galicia
et al., 2014), but so far not in Lepidoptera, as far as we
are aware.

In vertebrates, there is more supporting evidence for
the ICHH hypothesis, and testosterone has been found to
play a dual role by contributing to the development of sec-
ondary sexual traits, but also suppressing immune func-
tion (Folstad & Karter, 1992; Hasselquist et al., 1999).
In invertebrates, a few studies have suggested that juve-
nile hormone may serve roles analogous to testosterone in
vertebrates, affecting resource allocation for sexual traits
and immune function (Rantala et al., 2003a; Flatt et al.,
2005; Gilbert et al., 2016). For instance, when injecting
male mealworm beetles Tenebrio molitor with juvenile
hormone, this resulted in an increase in the attractiveness
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Fig. 3 Pheromone composition of C. virescens females within control, infected and treated group. Relative amounts of pheromone (A)
in the Low line, (C) in the High line. Inserts: total amount of pheromone. Principal component analysis (PCA) of female pheromone
blends (B) in the Low line, (D) in the High line. Significant differences are indicated by different letters (P < 0.05); NS: not significant.

of male pheromones while concomitantly suppressing en-
capsulation and phenoloxidase activity (Rantala et al.,
2003a).

Since we previously found significant differences in
sex pheromone composition within C. virescens that
could be selected for, resulting in an attractive Low line
and an unattractive High line without any other appar-
ent fitness effects (Groot ef al., 2014, 2019), we were
in the unique position to compare parasite susceptibil-
ity between these two lines. Although investment of sex-
ual signals helps individuals attract mates and increase
the chances of reproductive success, the costs of sexual
signals can be significant. Several studies have shown
that developing and maintaining attractive sexual signals
can negatively affect overall fitness by reducing their

longevity (e.g., time and energy of foraging) or survival
rate (e.g., more vulnerable to physical damages or in-
juries, and predators or parasites) (Olson & Owens, 1998;
Scharf et al., 2013). In moths, several studies suggest that
sex pheromone production and/or emission can be costly
in terms of quality and quantity (Harari et al., 2011; Fos-
ter & Anderson, 2015; Gao et al., 2021). As we found that
the attractive Low line consistently showed a higher OE-
like infection rate compared to the unattractive High line,
our results also indicate that there is a trade-off between
sexual attraction and immune function.

In this study, we found that OE-like parasite infec-
tions did not affect the calling behavior or the sex
pheromone composition in both the attractive Low line
and the unattractive High line, compared to treated or
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Fig. 4 (A) Sequence of the CRISPR/Cas9 induced mutation in the Low line C. virescens deltal I-desaturase gene. Sequence mod-
ifications are highlighted in red (frame shift) and yellow (stop codon), resulting amino acid changes are shown in gray. (B) Female
pheromone ratio of 16:Ald to Z11-16:Ald and (C) OE-like infection rates (%) in Low line, CRISPR heterozygous, High line, and

CRISPR-homozygous moths.

control females. However, we would like to point out
that our experiments were conducted under ideal lab-
oratory conditions, where optimal food resources were
supplied for both larvae and adults, which might com-
pensate for the parasitic challenge. Several studies have
shown the benefits of optimal nutrition for immune func-
tion for insects (Cotter et al., 2011; Singer et al., 2014;
Henry et al., 2018; Ponton et al., 2023), for example,
fruit flies Drosophila melanogaster raised under nutrient-
rich diet exhibited enhanced resistance to bacterial in-
fections compared to those reared under resource-limited
conditions (Unckless et al., 2015). In nature, it is more
likely that limited resources and suboptimal conditions
are available (Schmid-Hempel, 2005), which may am-

plify the effects of infections (Cotter & Al Shareefi,
2022).

As we previously found a stop codon in delfa-11-
desaturase to underlie the sex pheromone differences
(Groot et al., 2019), we tested whether this gene could
play a dual role by knocking out this gene using
CRISPR/Cas9. In our loss-of-function studies, we did
find that knocking out delta-11-desaturase in the attrac-
tive Low line converted the sex pheromone to that of
the unattractive High line, but we did not find a change
in parasite susceptibility. Thus, delta-11-desaturase does
not appear to play a role in immunocompetence.

Interestingly, however, we found mucin to be adja-
cent to delta-11-desaturase in the C. virescens genome.
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Fig. 5 (A) A-lignment of delta-11-desaturase (red) and mucin (blue). (B) Mucin amino acid sequences between Low and High line.

(C) Predicted 3D structures of mucin in Low and High line.

Mucins, as glycoproteins, are involved in a range of bio-
logical functions, including immune defense, where they
play a pivotal role in pathogen recognition and immune
system activation (Syed et al., 2008; Shangguan et al.,
2018). When comparing the sequence of this gene be-
tween the Low and High line, we identified four non-
synonymous amino acid substitutions within the second
exon, as well as intron-size differences. The genetic vari-
ations we observed in the mucin gene between the Low
and High lines suggest that the difference in parasite sus-
ceptibility between the attractive Low and the unattractive
High line may be due to genetic hitchhiking (Hedrick,
1982; Barton, 2000). Possibly, the close distance between
mucin and delta-11-desaturase resulted in the consistent
differences in the parasite susceptibility that we observed
between the Low and High line.

In conclusion, our study provides empirical support
for the ICHH hypothesis, as we found a trade-off be-
tween sexual attractiveness and parasite susceptibility.
The mechanism underlying this trade-off is not clear yet,
but we can reject the hypothesis that delta-11-desaturase

has a dual function in sex pheromone production and par-
asite resistance. Whether and how the genomically adja-
cent mucin is involved in parasite resistance remains to
be further investigated.
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