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Butterfly brains change in morphology 
and in gene splicing patterns after brief 
pheromone exposure
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Abstract 

How insect brains differ between the sexes and respond to sex-specific pheromones is still not well understood. Here 
we briefly exposed female Bicyclus anynana butterflies to wild type and modified male sex pheromone blends, previ-
ously shown to modify females’ sexual preferences, and examined how their brains were modified at the morphologi-
cal and molecular levels 3 days later. First, we 3D-reconstructed male and female brains of this species and explored 
changes in the size of the 67 glomeruli present in the olfactory lobe. Then we showed that one glomerulus changed 
in volume after a blend exposure, potentially implicating it in sex pheromone perception. Finally, we found that a few 
genes were differentially expressed but many more were differentially spliced between male and female naïve brains, 
and between naive and pheromone blend-exposed brains. These code for primarily calcium-binding channel proteins 
and RNA-binding proteins, respectively. A learned preference for changed levels in a single pheromone component 
was linked to different protein isoforms involved in synaptic transmission. Our work shows that naïve male and female 
brains differ primarily in gene splicing patterns and that a brief, 3-min, exposure to pheromones produces slight 
changes in brain volume and large changes in the splicing of genes involved in neural development, which correlate 
with changes in sexual preferences in females.

Keywords  Plasticity, Olfactory learning, Immunostaining, Brain, Transcriptomics, Sex pheromone, Butterfly, Glomeruli

Background
Odour learning in insects can impact sex pheromone 
preferences and the evolution of populations and spe-
cies. For instance, individuals of several species can 
learn to prefer new odours via exposure to those blends 
[1, 2]. If these odours are novel sex pheromone blends, 

populations that evolve a preference for these blends can 
potentially undergo rapid reproductive isolation and spe-
ciation [3–5]. It is, thus, interesting to investigate how 
pheromone odour learning might take place at the mech-
anistic level.

Odour learning is a plastic behavioural response that 
affects all levels of the olfactory circuitry. It can be meas-
ured and examined using different physiological and 
molecular tools. For instance, mechanisms of chemosen-
sory learning have been explored with electrophysiology 
experiments at the periphery and in the central nerv-
ous system, via the measurement of neuronal activities 
(e.g. [6–11]). In addition, these mechanisms have been 
explored at the molecular level in the insect peripheral 
sensory structures, such as antennae and legs, via moni-
toring of molecular changes after an odour exposure 
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(e.g. [12, 13]). However, the molecular actors of olfactory 
learning in the insect’s central nervous system remain 
underexplored.

The antennal lobes (ALs) and the mushroom bodies 
(MBs) are the main brain structures involved in olfac-
tory learning [14, 15]. The AL is the primary olfactory-
processing centre where olfactory sensory neurons 
(OSNs) from the antennae connect with projection neu-
rons (PNs) to create globular neuropils called glomeruli. 
From these glomeruli, PNs connect to the MB, which are 
critical in olfactory learning and memory in many spe-
cies [16–19]. Odours are represented in distinct glomer-
uli working as a functional unit, with OSNs expressing 
the same receptor type converging to one or two glo-
meruli [4, 20]. Generally, the size of a single glomerulus 
is assumed to reflect the number of sensory axons ter-
minating in this structure and the size and shape of the 
AL, comprising all glomeruli, can be affected by odour 
exposure, sex, and other factors [2, 21–27]. Because of 
these properties, these neuropiles are good candidates to 
explore for plasticity in odour sensitivity at the molecular 
and morphological levels in males and females.

In most insects, olfactory behaviours, neuronal cir-
cuitry, and learning abilities are sexually dimorphic and 
reflect sex-specific adaptations to chemical environ-
ments. The olfactory systems of females and males are 
finely tuned towards their different ecological roles and 
reproductive strategies, often related to the female loca-
tion of host odours for oviposition and foraging and the 
male detection of female sex pheromones [26]. Structural 
and mechanistical differences include antennal morphol-
ogy (e.g. male moths’ elaborate feathery antennae [28]), 
morphology and size of the glomeruli (e.g. the large mac-
roglomerular complex of male moths [26]), tuning of the 
sensory neurons and expression of sensory-related genes 
(e.g. biased expression of ORs (olfactory receptors) and 
OBPs (olfactory binding proteins) in Drosophila [29] or 
honeybees [30]). Females and males also differ in their 
capabilities for olfactory memory and learning. These dif-
ferences are often reflected in the sexual dimorphism of 
the MB size caused by changes in Kenyon cell numbers 
(e.g. in orchid bees [31]; in mosquitoes [32]). While sex-
ual dimorphism in brain anatomy and structures is well 
documented, the molecular differences in the olfactory 
system between males and female insects require more 
examination.

To explore molecular and morphological mechanisms 
of olfactory preference development we used Bicyclus 
anynana butterflies as our model species. Lepidop-
terans use olfaction and olfactory learning in forag-
ing and sexual selection processes (e.g. [33–37]), and 
olfactory learning has previously been demonstrated 
in B. anynana. Caterpillars can learn novel food odour 

preferences [34, 37], and adult females of the species 
alter their male sex pheromone (MSP) preferences after 
a short exposure to new blends [35]. For example, naive 
females are normally attracted to the wildtype (Wt) 
MSP blend, but they can learn to prefer novel blends 
after a short exposure to them. The Wt MSP com-
prises 3 components (named MSP1, 2, and 3; [38, 39]). 
Females exposed, upon emergence, to males having 
lower amounts of MSP1 and absence of MSP2 (called 
New Blend 1, NB1) lose this preference and accept 
mating with both NB1 and Wt males indiscriminately. 
Females exposed to blends with increased amounts of 
MSP2 (called NB2), later prefer these males over Wt 
males [35] (Fig.  1A). Although no sex-specific sensory 
genes were previously identified being differentially 
expressed in the heads of naïve butterflies [40], three 
OBPs and one OR were recently found upregulated in 
female brains compared to males immediately after 
both sexes were visually trained, which is unexpected 
[41]. Molecular details of how direct odour-learning 
becomes encoded and retained in the brain, however, 
are unknown.

Here we explore molecular and morphological corre-
lates of pheromone olfactory learning in naïve females 
and in females of the same age after exposure to vari-
ous pheromone blends. We also examine how male and 
female naïve brains differ from each other at the mor-
phological and molecular levels. We hypothesised that 
brief pheromone blend exposures, as described in Dion 
et al. [35] (Fig. 1A), would alter the volumes of specific 
glomeruli of the AL responding to specific MSP com-
ponents, and alter gene expression and/or splicing in 
the female brain a few days after the exposure event. 
We repeated the odour exposure experiments of Dion 
et al. [35] (Fig. 1A), dissected the brains of the butter-
flies on the second day (48 h after the exposure), instead 
of submitting them to mate choice assays, and then 
either imaged the brains or subjected them to RNA 
sequencing. We compared (1) naive male and female 
brains to identify sex-specific differences in individuals 
kept completely isolated from any environmental cue 
for 2  days; (2) naive and Wt-exposed female brains to 
discover processes triggered by environmental stimuli 
and specifically by Wt MSP exposure; (3) Wt-blend ver-
sus new blend (NB)-exposed female brains; as well as 
(4) NB1 versus NB2-exposed female brains, to identify 
mechanisms associated with detailed perceptions of 
specific MSP component change. We hypothesised that 
genes specifically related to changes in MSP2 would 
be up- or downregulated in treatments with higher 
amounts of these components relative to other treat-
ments (e.g. higher in NB2 versus Wt and NB1; higher in 
Wt versus NB1).
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Results
B. anynana brain morphology is similar to that of other 
lepidopterans
To better visualise the brain’s finer structures, and to per-
form 3D volumetric reconstructions, we stained brains 
with an anti-synapsin antibody. The overall layout and 
morphology of the brain of B. anynana is similar to that 
of other Lepidoptera (e.g. [42–46]) (Fig.  1B). The large 
optic lobes surround the central complex, and two pairs 
of ALs and MBs are present on the front and the back 
of the central complex, respectively. B. anynana ALs are 

located at the anterior part of the brain tissue (~ 10 μm 
from the anterior of the whole brain) and span about 
88 μm in depth. They are distinguishable by their spheri-
cal shape on either side of the oesophageal foramen, and 
contain “berry-like” subunits called glomeruli, arranged 
around the central fibrous neuropil (CFN) (Figs.  1B & 
2A).

We identified an average of 67 and 68 glomeruli mak-
ing up the AL in naïve females and males, respectively 
(Fig.  2A & B; Additional File 1, Fig.  1; Additional. File 
2). This number varied from 64 to 69 across individuals, 
but the glomeruli count did not vary significantly across 

Fig. 1  Experimental procedures and brain structure identification. A Naive females and those exposed to different pheromone blends (Treatment, 
left) were previously shown to have different preferences for the blends in a mate choice assay. The blend composition shows amounts of the three 
male sex pheromones (MSP1, 2 and 3) used for exposure (Exposure blend, middle). Naive females were isolated and not exposed until mate choice 
on day 2. Female preferences (right) are shown as significant increases in choice percentage from random (50%) for the Wt or new blend (NB1 
and NB2) perfumed male. Asterisks illustrate significant preferences at p value < 0.05 ‘*’, p < 0.001 ‘**”, and p < 1E–4 ‘***’ (from [35]). B 3D reconstruction 
of the midbrain structures shown on the animal right side from an (i) anterior, (ii) posterior, and (iii) top (upper side is anterior, lower side is posterior) 
views. Aotu = anterior optic tubercle; AL = antennal lobe; PB = Protocerebral bridge; MB-lb = mushroom body lobe; MB-Ca = mushroom body calyx; 
MB-pe = mushroom body pedunculus

(See figure on next page.)
Fig. 2  Glomeruli number and volumes in the different treatments. A Characterized and measured individual B. anynana glomeruli in the antennal 
lobes. Glomeruli are colour-coded based on their spatial position within the AL, (i) anterior to posterior, (ii) posterior to anterior, (iii) sliced image 
of an AL through the X–Y plane with the central fibrous neuropil labelled. A = anterior, L = lateral, V = ventral, D = dorsal, AM = Antero-Medial, 
AL = Antero-Lateral, AC = Antero-Central, AD = Antero-Dorsal, PL = Postero-Lateral, PV = Postero-Ventral, PM = Postero-Medial, PC = Postero-Central, 
PD = Postero-Dorsal, CFN = Central Fibrous Neuropil) (glomeruli positions and identification are detailed in Additional File 1, Additional Fig. 1 & Result 
1; Additional File 2, Table 1). B Each treatment AL had similar number of glomeruli. Large dots are averages; error bars are 95% confidence intervals 
and small dots are each data point (n = 7 in each treatment). C Glomerulus PD2 is significantly bigger in Wt-exposed compared to NB1-exposed 
females. PD2 sizes are equivalent in other comparisons. Large dots are averages, error bars are 95% confidence intervals, small dots are each data 
point (n = 7 in each treatment) and ** means 0.001 < adjusted p < 0.01 (WtvsNB1 Adjp = 0.008)
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Fig. 2  (See legend on previous page.)
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treatments and sexes (Additional File 1; Fig. 2). The glo-
meruli were categorised according to the region of the 
AL they are located in (A, anterior; P, posterior; D, dorsal; 
V, ventral; L, lateral; M, medial; C, central) and assigned 
a unique number to differentiate them from neighbour-
ing glomeruli in the same region (Fig. 2A; Additional File 
2, Table  1; Additional File 1, Additional Fig.  1 & Result 
1). Fifty five glomeruli were successfully identified across 
all individuals (n = 35) while 13 glomeruli (A2, A4, A10, 
AC3, AD2, AD4, AM3, D4, D6, D7, L6, L13, V10) could 
not be identified in at least one individual across our 
samples, but were still present in more than half of the 
individuals sampled (Additional File 2, Table  3). Glo-
merulus PD8 was present in all male individuals sampled, 
absent in all naive females, and found in 24% of exposed 
female brains only.

Glomeruli were of the same size in naïve males and females
To test for sex-specific differences in the AL, we com-
pared the sizes of glomeruli of naive males and naive 
females. Both sexes had similar total AL volume (♀: 
x̄ = 1.14 × 106μm3, ♂: x̄ = 1.25 × 106μm3; t10 = 0.556, 
P = 0.59) and similar total volume of all glomeruli (♀: 
x̄ = 7.76 × 106μm3, ♂: x̄ = 9.23 × 106μm3; t11 = 0.432, 
P = 0.674) (Fig. 2B, Additional File 2, Table 2). All glomer-
uli for both females and males were similar in volume (all 
adjusted p values > 0.05; Additional File 2, Table 4 and 5).

Exposure to Wt blend did not significantly affect the size 
of glomeruli
We tested whether exposure to the Wt male pheromone 
blend affected the growth of brain neuropiles in females, 
and compared the volumes of all glomeruli between naïve 
females and Wt-exposed females after immunostaining. 
We found that no glomeruli changed significantly after 
exposure (all adjusted p values > 0.05; Additional File 2, 
Table 5).

One of the new pheromone blends affected the size 
of a specific glomeruli in female brains
Next, we tested whether exposure to new pheromone 
blends altered the size of specific female glomeruli. We 
compared the volume of glomeruli of naive and exposed 
females after immunostaining and found that females 
exposed to NB1 blend (reduced blend) had a significantly 
smaller PD2 glomerulus compared to those exposed 
to Wt blend. This glomerulus was also smaller in NB1-
exposed relative to NB2-exposed individuals, but this 
difference was not significant (Fig. 2C; Additional File 2, 
Table 5).

The number of OR genes, expressed at low levels 
in the brain, approximates the number of glomeruli
Because the number of glomeruli closely approxi-
mates the number or ORs normally expressed in cells 
of the peripheral nervous system, such as the anten-
nal tips [47], we examined the number of transcripts 
for chemical receptors and olfactory-related proteins 
that are expressed in the brain using our transcriptome 
sequences. We counted 55 olfactory receptors genes 
(similar to [40]), the OR co-receptor ORCO, and three 
joint olfactory and gustatory receptors (OGR). We also 
found 41 gustatory receptors (GR), 14 olfactory bind-
ing proteins (OBP) including one pheromone-specific 
(PBP), 41 ionotropic receptors (IR), six sensory neuron 
membrane proteins (SNMP), one chemosensory protein 
(CSP), and 20 members of the ejaculatory bulb protein 
3 (EBP3) family. We also identified ten pickpocket (ppk) 
proteins and five transient receptor potential channels 
(trp) (Additional File 3, Table 5). Most of these proteins 
(about 70%) are expressed at very low levels in the brains, 
with less than ten cumulative read counts over all librar-
ies. It is interesting to note, however, that we identified 55 
ORs and that only 55 glomeruli were consistently identi-
fied across all individuals, suggesting a close association 
or specificity between ORs and glomeruli number.

Sex pheromone exposure affected gene splicing more 
than gene expression
We generated RNAseq libraries from the butterfly brains 
to evaluate the impact of sex and pheromone blend 
exposure on gene expression and alternative splicing. 
Specifically, we assessed changes in total gene expres-
sion levels, types of alternative splicing events (e.g. exon 
skipping, intron retention), and variation in splicing pat-
terns. We identified differentially express genes (DEGs), 
which showed significant differences in expression levels 
between treatments (when the log2 fold change in expres-
sion between conditions is statistically significant at 
adjusted p < 0.05). We also identified differentially spliced 
genes (DSGs), which exhibited significant changes in 
the relative inclusion or exclusion of specific splice junc-
tions between treatments (at FDR < 0.05). A gene is DS 
when the percent spliced in index (ΔPSI, the proportion 
of transcripts from a gene that include a specific exon or 
splice junction) differs significantly between conditions. 
The PCA done on a random sample of 500 gene counts 
and the hierarchical clustering analysis showed low levels 
of clustering according to treatment or sex, with a small 
variance across samples (cumulative 38%), suggesting 
that brain exposure to pheromones and butterfly sex do 
not correlate with large shifts in gene expression (Addi-
tional File 1, Additional Fig. 2A). Three outliers belonging 
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to naive males, NB1-exposed and NB2-exposed females 
deviated significantly from the cluster on the PCA and 
were removed from the dataset before further differen-
tial expression analysis. The unsupervised clustering of 
normalised gene expression data for all samples showed 
only partial grouping suggesting that overall gene expres-
sion patterns are not strongly shaped by sex or treat-
ment. Several gene clusters showed consistent expression 
across subsets of samples, suggesting shared transcrip-
tional responses across sexes and treatments. We also 
built heatmaps based on gene expression at adjusted 
p value < 0.1 because we found less than 30 DEGs at 
adjusted p < 0.05 in each comparison (see results below). 
A limited number of DEGs were identified at adjusted 
p < 0.1 (139 in total), but the heatmaps effectively separate 
the sample groups, showing that the genes still capture 
the transcriptional difference between the treatments 
(Additional File 1, Additional Fig. 2B).

Clustering based on normalised PSI values showed 
stronger structure than based on gene counts. In naive 
individuals, partial grouping by sex was observed, con-
sistent with sex-biased splicing. In naive versus WT-
exposed females, treatment-specific clustering emerged, 
though not complete. Samples from all exposed female 
treatments remained largely intermixed suggesting that 
exposure effects on splicing remain low across individu-
als (Additional File 1, Additional Fig. 3). In all compari-
sons, the DEGs were a different set of genes than the 
DSGs. No gene was both DE and DS (Fig. 3A–E).

There were large differences in the number of DEG and 
DSGs. A small number of 18 to 29 genes were identified 
as DEGs (Padj < 0.05) between treatments. The high-
est number of DEGs was found in the naive versus Wt-
exposed comparisons (Fig. 4A; Additional File 3, Table 2; 
Additional File 4). No enrichment was found in any of 
the DEG clusters based on gene ontology. In contrast, 
an average of 55,470 alternative splicing events were 
detected in a total of 1937 genes across libraries, includ-
ing an average of 857 DS variants across all comparisons 
(FDR < 0.05, IJC and SJC > 20), with most differences also 
being found between the naive versus Wt-exposed com-
parison (1048 significant splice variants, Fig. 4A). Over-
all, a higher proportion of retained intron sites (~ 31% on 
average), followed by spliced exon sites (average ~ 26%), 
were detected relative to the other types of splicing 
events (Fig. 4B; Additional File 3, Table 3).

Naive male and female brains had similar gene expression 
but different splicing patterns
To examine sex-specific gene expression and splicing in 
B. anynana brains, we compared data from naïve male 
and naive female brains. We found a small number of 
nine downregulated and nine upregulated genes in female 

brains compared to males, but a much larger number, and 
distinct set of 394 DSG each showing at least one splic-
ing event that occurs in significantly different proportions 
between the sexes (Fig.  3A). Among the DEGs, 15 were 
uncharacterized or non-annotated proteins. The remain-
ing identified DEGs were mostly involved in membrane 
building and structural constitution of the cuticle, or cellu-
lar signalling and homeostasis (Additional File 4, Table 2). 
The GO analysis revealed that the DSGs were primarily 
involved in calcium binding and organ morphogenesis, 
mostly at the cell periphery and cell projections (Additional 
File 1, Additional Fig. 2D; Additional File 3, Table 4). The 
potassium voltage-gated channel Shaker and the zinc finger 
protein DZIP1 are examples of such genes with high sig-
nificant absolute ΔPSI (0.43 and 0.35 respectively; Fig. 3A). 
Interestingly, genes from the sex-determination pathway, 
such as doublesex, transformer, sex-lethal, and fruitless did 
not show sex-biased expression of alternative transcripts in 
the naive butterfly brains.

Exposure to Wt males induced the upregulation of several 
sensory‑related genes in female brains
To test whether females exposed to Wt male sex phero-
mones changed their gene expression and splicing patterns 
relative to naive females of the same age, we performed 
DEGs and DSGs analyses. In Wt-exposed females, 13 
genes were downregulated, and 16 genes upregulated, 
compared to naives. The upregulated set contained sen-
sory-related genes such as both copies of the ejaculatory 
bulb-specific protein 3 (EBP3) (also known as chemosen-
sory protein (CSP)), insect odourant-binding protein A10 
[48, 49], or lipoid-binding proteins [50], the olfactory neu-
ron axon outgrowth protein alaserpin (SPI, serine protease 
inhibitor), and the eye-specific gene calphotin (Cpn), all 
between 2.5 and 4 times upregulated in exposed females 
(Fig.  3B; Additional File 4, Table  3). Exposure to the Wt 
blend induced 474 significant DS events (at p < 0.05), with 
an overrepresentation of genes involved in RNA binding, 
microtubule binding, and mitochondrial inner membrane 
functions (Additional File 1, Additional Fig. 3H; Additional 
File 3, Table 4). An example of a DSG of a binding protein, 
with some of the largest values of inclusion level differences 
between the two treatments, include the ubiquitin-protein 
ligase Hakai, affecting RNA splicing and methylation in 
fruit flies (A5SS, ΔPSI = − 0.78, fdr = 1.6749e − 10; Fig. 2E).

Exposure to new blends affected the expression of cellular 
growth and developmental genes, and the splicing pattern 
of RNA‑binding genes
To identify genes affected by the sex pheromone com-
ponents, we identified those commonly up- and down-
regulated in the Wt versus NB comparisons, and between 
NB1 and NB2. Twenty-seven genes were DE in the Wt 
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Fig. 3  Sex and exposure to new pheromone blends affected gene expression and splicing patterns in butterflies’ brains. A–E show the gene 
expression differences (log2FC) of DEGs (padj < 0.05), and inclusion level differences (ΔPSI) of DSGs (for FDR < 0.05) in the M versus N; N versus Wt; 
Wt versus NB1, Wt versus NB2, and NB1 versus NB2 comparisons. Labelled are examples of genes of interest, involved in olfaction, neurogenesis, 
metabolism, and development. Five libraries per treatment were sequenced
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vs NB1 comparison (30% were not annotated or charac-
terised (NAC)), twenty-one were DE in the Wt vs NB2 
comparison (37% NAC), and nineteen genes were DE in 
the NB1 vs NB2 comparison (67% NAC) (Fig. 3C, D & E; 
Additional File 4, Tables 4, 5 & 6). The annotated DEGs 
were mostly involved in DNA biosynthetic processes and 
catalytic activities. For instance, the cell growth control 
and development protein phosphatase PP2A and the 
cell proliferation kinesin-like protein Klp61F were both 
upregulated in NB2-exposed brains compared to Wt 
(Fig.  3D), while a chromatin remodelling mod(mdg4)-
like gene was downregulated in NB2 compared to NB1 
exposed brains (Fig. 3E). We found no gene that was both 
upregulated in NB2 (versus Wt, and versus NB1) and 
downregulated in NB1 (versus Wt). Similarly, no gene 
was downregulated in NB2 (versus Wt and NB1) and 
upregulated in NB1 (versus Wt).

Most of the differences observed across treatments 
were in differential gene splicing. DSGs involved in mito-
chondrial inner membrane and RNA binding were over-
represented in the Wt versus NB1 and in NB1 versus 
NB2 comparisons. For example, the gene with the highest 

value of inclusion level difference (PSI of 89%) in NB1 
(compared to Wt) is the regulator of GPCR (G Protein 
Coupled receptor) signal transduction arrestin (Arr), also 
having different splice variants in the other treatment 
groups (Fig. 3B). Other genes with high inclusion found 
DS after exposure to new blends function in neurogene-
sis (e.g. the neurite growth and transcription factor Zinc-
finger protein DZIP [51]) (Additional File 4).

To identify splicing events specifically affected by 
MSP2 levels, we compared the three exposed treatments 
with each other. We selected splice variants that have a 
significantly higher ΔPSI (greater exon inclusion) in NB2 
(where MSP2 levels were increased) compared to Wt 
and NB1, and in Wt compared to NB1 (where MSP2 is 
absent). We found two genes annotated as synaptosomal-
Associated Protein 25 (SNAP25) and tropomyosin (TM). 
The percent splice indexes for these genes are lower than 
10% in most comparisons (Fig.  4D; Additional File 3, 
Table  6). Similarly, we selected splice variants that have 
a significantly lower ΔPSI (reduced exon inclusion) in Wt 
and NB1 (where MSP2 levels were decreased) compared 
to NB2, and in NB1 (where MSP2 is absent) compared 

Fig. 4  There are more significant changes in splicing events than changes in gene expression between treatments. A Number of DEG and DSG 
identified in the different comparisons. B Proportions of significant splicing types found in the different comparisons (at FDR < 0.05, IJC 
and SJC > 20). C Sashimi plots showing HAKAI A5SS isoforms in a Wt and Naïve sample. D PSI of genes associated with an increase and a decrease 
in exposed MSP2 levels (in blue and green, respectively). Five libraries per treatment were sequenced
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to Wt. We found 11 genes, among which, synaptotag-
min (SYT), alpha-mannosidase (MAN2A2), a glutamate-
gated chloride channel (GluCl), and an uncharacterized 
ion transporter (Bany_10885) have the highest ΔPSI (dif-
ferences in inclusion levels) (above 20%) (Figs. 3C,D, E & 
4D; Additional File 3, Table  6). To get an additional list 
of candidate genes showing interesting trends in splice 
variant proportions in response to exposure to different 
MSP2 pheromone levels, and evaluate whether splicing 
changes were consistent across treatments, we identified 
DSGs in at least two of the three comparisons. Significant 
correlations of ΔPSI values across treatments for these 
genes (WtvsNB2 versus WtvsNB1: R = 0.44, p = 0.03; 
NB1vsNB2 versus WtvsNB1: R = 0.84, p = 1.5e − 7; 
NB1vsNB2 versus WtvsNB2: R = 0.85, p = 5.3e − 8; Addi-
tional File 1 Additional Fig. 3E, F, G) suggest that splicing 
changes co-vary in exposed females with MSP2 changes. 
The identified genes (listed in Additional File 3, Table 7) 
are mainly involved in intracellular transport, gene regu-
lation, protein processing, and ion transport across key 
cellular compartments.

Discussion
In previous work, we showed that a brief, 3-min exposure 
of naive female butterflies to male sex pheromone blends, 
which differ in the quantity of at least one or two known 
pheromone components, led to changes in female pref-
erences for the male blends, 2  days after the exposure 
treatment. Here we show that these brief pheromone 
exposures affected the size of at least one antennal lobe 
glomeruli, altered the expression level of a handful of 
genes, and affected the splicing of hundreds of genes in 
the brains of females. We also show that antennal lobe 
size is not sexually dimorphic and that male and female 
brains differ little in gene expression but markedly in 
splicing patterns.

Naive male and female brains have similar morphologies 
upon emergence
The number of glomeruli, total AL volume, and the vol-
ume of all glomeruli were similar in the two sexes, which 
is consistent with previous studies in the Monarch Dan-
aus plexippus and the Neotropical butterfly Godyris 
zavaleta. These studies have identified 65–70 and 67 glo-
meruli on average respectively in the two species, with no 
sex-specific differences in total AL volume [44, 52]. Naive 
B. anynana males had, however, one glomerulus that was 
absent in most females, which is possibly responding to 
still unknown olfactory cues used primarily by males 
of the species. This glomerulus is likely not involved in 
sex pheromone perception [38, 53], because it is mostly 
absent in females. The lack of sexually dimorphic glo-
meruli volume suggests that pheromone detection in 

the species may not be restricted to one sex, and be use-
ful to males for social aggregation or competition for a 
mate. Functional differences between the sexes may also 
occur at the level of receptor expression in the peripheral 
organs, in neural tuning, sensitivity or central processing, 
rather than in glomerular volume. Sex-specific differ-
ences in olfactory coding remain an open question and 
need to be further explored in both central and periph-
eral structures.

Naïve brains were sexual dimorphic primarily in gene 
splicing
Naive brains exhibited few sex-specific differences in 
gene expression, with the few DEGs identified being 
involved in cuticle development. A previous study found 
many more sex-biased genes using whole butterflies’ 
heads at emergence [40], suggesting that early sex differ-
ences are affected by peripheral tissues and/or decline as 
the brains matures. Sex differences in gene expression in 
butterflies [40, 54] and D. melanogaster brains were also 
previously shown to be low, with flies’ male heads being 
closer to female heads than to other male tissues [55, 
56]. In insects, sex-biased gene expression was found in 
reproductive tissues (e.g. in Drosophila [56, 57]); while 
in heads, sex-biased gene expression occurs primarily in 
non-nervous tissue [58, 59]. Cuticle genes being primar-
ily DE in the male and female brains of B. anynana sup-
port these findings.

Alternative splicing, however, appears to be an impor-
tant mechanism governing sex differences in the brains 
of young butterflies. In both invertebrate and vertebrate 
species, such as fruit flies, fishes, bats and humans, the 
sexes show large differences in gene splicing [56, 60–65], 
and brains/heads usually show some of the highest tran-
scriptional diversity (along with gonads) across all tis-
sues. Generally, sex-specific spliced genes are thought 
to derive from the sex differentiation pathway, crucial 
to neurological development. In insects, these genes 
include the sex-specific isoforms of doublesex (dsx) and 
fruitless (fru) [66, 67], which are known to impact sexual 
behaviours and sex-specific morphologies across species 
[68–71]. In our study, it was surprising that none of the 
well-known sex differentiation pathway genes were DS 
(or DE) between naive male and female brains, unlike 
hundreds of other genes. It is possible that sex-specific 
expression or variants of these genes might be affecting 
brains at earlier stages of development, as it is the case 
for dsx in our butterfly species [41] and fru in Drosophila 
larval nervous system development [72]. Alternatively, 
the recent discovery that B. anynana uses a unique pri-
mary sex determination signal [73], distinct from that 
used in Drosophila or Bombyx mori, could have led to yet 
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unexplored diversification of the sex-determination path-
way in this species.

Gene ontology analysis for the set of DSGs indicated 
that male and female brains differed in signalling pro-
cesses involved in neurogenesis and happening mostly 
at axons or dendrites. Calcium ion binding proteins, 
which function in signal transduction and regulate many 
aspects of the cell’s functioning, homeostasis, neuron 
excitation, and synaptic transmission were overrepre-
sented in the set of DSGs [74, 75]. DSGs involved in 
brain morphogenesis and located at the cell projection 
and periphery were also overrepresented, but these func-
tions were not reflected by sex-specific size changes in 
the antennal lobe. Cellular or connection growth might 
still be happening in other parts of the brain at this stage. 
An interesting candidate DSG with a high PSI was Shaker 
(Sh), a potassium voltage-gated channel known to be 
expressed as multiple splice variants that encode proteins 
with distinct structural features in the Drosophila brain 
[76–78]. The response of cation channel splice variants to 
the same ligand can be very different, e.g. it can lead to 
opposite responses to an insecticide [79], but the func-
tions of Sh variants are unknown. Drosophila brain Sh 
expression affects male sex discrimination [80], visual 
motion detection, and photoreceptor sensitivity [81, 82], 
so the different variants expressed in male and female B. 
anynana brains should be examined in future in connec-
tion to similar behavioural essays.

Glomeruli volume did not correlate with female exposure 
to specific MSP blends
Odour-exposure experiments associated with a sucrose 
reward in honey bees lead to an increase in the odour-
ant-specific glomeruli volume, associated with a stronger 
response of the glomeruli to the odour and increased 
appetitive behaviour in individuals [7, 83]. In our experi-
ment, however, we found little support for the role of 
altered glomeruli volume in mediating female prefer-
ence change for a new sex pheromone blend. We found 
one glomerulus (PD2) decreasing in size when females 
were exposed to a pheromone blend lacking MSP2; how-
ever, naïve females did not show similar size reductions 
despite also lacking MSP2 exposure. In general, changes 
in specific MSP did not lead to consistent and specific 
glomeruli size changes, and thus this experiment did not 
help us identify the glomeruli tuned to the specific MSP 
components. It is possible that MSP quantity and ratio 
changes between Wt, NB1, and NB2 males might have 
been too minor to impact glomeruli volume, our sample 
size may have been too small for enough statistical power 
(only 7 brains were measured per treatment), or our sam-
pling time, 2 days after the exposure, might have been too 
soon to detect potential size differences.

Despite the lack of differences in glomeruli size, we 
clearly detected molecular changes in the brain after 
exposure to new blends, some connected to brain growth 
and development. The DEGs and DSGs identified were 
involved in gene expression regulation (RNA binding, 
transcription factors) and neuronal tissue development 
and maturation. At this stage, changes might be taking 
place in the number of synaptic connections, or in other 
olfactory neuropiles like the mushroom bodies (2, [84]. 
For instance, DEG Klp61F impacts axons and dendrite 
microtubule growth [85, 86], and DEG mod(mdg4) affects 
synaptic plasticity in the Drosophila brain [87]. DSG 
arrestin regulates the signalling of G coupled receptors, 
impacting the development of the olfactory transduction 
machinery. An arrestin-related protein called mKast is 
also expressed in pupal and adult honeybee Kenyon cells 
in the MB, key to olfactory learning and memory. The 
protein is thought to affect cell fate, but its exact function 
is still unknown [88–92]. Arrestin is also upregulated 
in the eyes of B. anynana males trained to prefer visual 
cues from female wings [41], suggesting that the gene 
responds to learning regardless of the type of sensory 
cue involved. Here, the short 3-min exposure to the male 
blends could have created cellular growth or differentia-
tion of new neurons in the females’ sensory and memory 
structures 2 days later, but the precise mechanism behind 
this plasticity needs to be determined.

Expression differences in an odorant binding protein may be 
associated with MSP3 learning
The OBP homologue EBP3, an odourant-binding protein 
(OBP), could be involved in the butterfly olfactory per-
ception and learning process of MSP3. Two EBP3 cop-
ies were upregulated in the brains of females exposed 
to Wt blends relative to naive individuals. Because these 
two EBP3 genes were not differentially expressed in 
the other comparisons, these OBPs could be binding to 
MSP3 specifically, as this pheromone is present in similar 
amounts in Wt, NB1 and NB2 males (Fig. 1A). EBP3 car-
ries semiochemicals with different proposed roles and is 
known to bind to several pheromone components from 
fruit flies and moths (e.g. [93–96]), and to react to plant 
volatiles in pest flies [97] and psyllids, where its upregu-
lation is correlated with increased preference for phyto-
chemicals [98]. A previous study [41] showed that the 
two EBP3 were upregulated in the brains of B. anynana 
females exposed to a male with modified wing ornaments 
compared to exposed males, supporting the gene role in 
female sensory perception. Similar changes in the level 
of these proteins also happen in other insect species: in 
D. melanogaster, a mushroom body-expressed EBP3 was 
recently associated with long term memory formation 
[99], two EBP3s are overexpressed in host odour-exposed 
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mosquitoes [100], and other OBPs were previously 
shown to be differentially regulated in the brains of bees 
after olfactory learning [101]. Here, the two genes are rel-
evant candidates for MSP perception and blend prefer-
ence memory formation in exposed females. Functional 
analyses for these genes are needed in B. anynana, with 
perhaps a focus on mushroom bodies, to elucidate their 
role in odour memory formation.

A few additional differences in gene expression 
between naive and Wt-exposed females could have 
affected olfactory perception and growth of sensory 
structures. For example, two Wt-female upregulated 
genes, calphotin and alaserpin (SERA or antichymot-
rypsin-2, a serine protease inhibitor) indicate the growth 
of visual and/or olfactory organs. Calphotin functions 
in rhabdomere development [102–104] and alaserpin 
functions in antennal neuron extension [105]. The new 
sensory experience of these Wt pheromone-exposed 
females may have facilitated the expansion of associated 
sensory organs needed by females to navigate their new 
environment.

There is little support for changes in gene expression 
correlating with changes in female preference for new 
sex pheromone blends. This is because no gene com-
monly changed in expression in the three training blend 
comparisons that differed in MSP2 levels. MSP quantity 
and ratio changes between the three treatments might be 
too minor to impact gene expression, or it may impact 
gene expression at different time points. Most impor-
tantly, small gene expression changes in the mushroom 
bodies, the main centres for learning in insects [23, 106, 
107], might not have been detected in our whole-brain 
transcriptomics analysis and may require a single-cell 
sequencing approach.

Gene splicing is different between pheromone exposure 
treatments
In response to early exposure to new sex pheromone 
blends, a much larger number of genes were differentially 
spliced, relative to differentially expressed, and genes 
were exclusively differentially spliced or up- and down-
regulated in the different treatments. Similar results, of 
non-overlapping gene sets that are either DS or DE, have 
been described in aphid polyphenic morphs or in butter-
fly wings from different seasonal forms, including B. any-
nana [108–110].

We found that DSGs with RNA and microtubule bind-
ing functions were overrepresented in the Naive vs Wt, 
and NB1 vs NB2 comparisons. This suggests a role for 
the splice variants in the formation of neuronal networks 
that involve substantial RNA processing and cytoskeletal 
modifications. Drosophila and mammalian nervous sys-
tems are also known to use alternative splicing at high 

frequency for mechanisms like cell differentiation and 
morphogenesis [62, 111–113].

We noted a higher proportion of IR events, where 
unspliced introns remain in mature mRNA, relative to 
other types of splicing events. IRs have been shown to 
affect RNA binding proteins and contribute to the plas-
ticity of the transcriptome and regulation of gene expres-
sion during cell development, cell differentiation, and in 
response to cellular stress [114, 115]. In mammals, IR 
affects the synaptic plasticity of neuronal cells and can be 
triggered by a short stimulation, allowing a fast neuronal 
plastic response to a stimulus [116–118]. The precise 
role of the IR variants and how they affect pheromone 
perception and learning in butterflies remains to be 
investigated.

A learned preference for new blends was linked to vari-
ants of proteins involved in synaptic transmission. Levels 
of expression of these proteins affect learning and mem-
ory in other species. For instance, synaptic glutamate-
gated chloride channels regulate fast inhibitory synaptic 
transmission and have six known variants (across insects) 
with different spatial and developmental expression pat-
terns, and response strength to the substrates (neuro-
transmitter and insecticides) [119–121]. These channel 
proteins are necessary for plant volatile olfactory mem-
ory retention in honeybees [122, 123]. Synaptotagmin 
and SNAP25 interact to promote neurotransmission 
and synaptic growth in Drosophila [124, 125]. SYT are 
calcium sensors with multiple variants [126], where the 
syt-1 variant affects long-term synapse potentiation and 
promotes learning in mice [127]. SYT is also upregulated 
in the eyes of B. anynana trained with visual cues [41], 
suggesting its involvement in neuronal learning processes 
across different types of sensory modalities. SNAP25 is 
part of the attachment protein receptor complex respon-
sible for exocytosis at synapses in insects [128–130]. Bee 
olfactory learning reduces SNAP25 expression levels 
[131], and the protein is involved in memory consolida-
tion in rats [132] and humans [133–135]. However, the 
roles of specific variants of these proteins in butterflies 
remain to be tested.

Conclusions
We showed extensive sexual dimorphism in gene splic-
ing in male and female B. anynana butterfly brains and 
showed that a short exposure of a female butterfly brain 
to various male pheromone blends alters the size of a 
glomeruli in the antennal lobe and changes additional 
splicing patterns in the brain. Specific changes in one 
pheromone component affected the splicing of genes 
involved in synaptic transmission. Functional experi-
ments will need to be performed in some of the genes 
identified in this study to probe how and which of these 
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changes mediate pheromone odour learning that ulti-
mately impact female mate choice.

Methods
Insect rearing and odour treatments
Insect production and odour treatments were the same 
as in [35]. Individuals were reared at 27 °C, 80% humid-
ity and 12:12  h light:dark photoperiod. Caterpillars and 
butterflies were fed unlimited Zea mays corn leaves and 
mash banana, respectively. Sexes were separated at the 
pupal stage, with each pupa placed individually in a plas-
tic box and, upon emergence, in plastic cages. Males used 
for exposure were kept in groups in age-specific cages. 
After blend manipulation, males were allowed to rest for 
30 min, and then manually exposed to the females. Males 
were all aged 4 to 6 days old and all animals were virgins. 
Females within 3 h of emergence were exposed to males 
for 3 min, and then isolated in cups for 2 days (~ 48 h). 
This protocol was used previously to identify changes in 
female behaviour. The treatments (male sex pheromone 
blends used for female exposure) and female responses 
were as follows (Fig. 1A) [35]:

•	 Naive females (N) and naïve males (M) were kept 
isolated in individual boxes until dissection on day 
2. They were not fed or used for behavioural experi-
ments. Naive females have significant preferences 
for the Wt blend when tested against NB1 or NB2 in 
choice assays.

•	 Wt-exposed females (Wt) were manually exposed 
upon emergence to males carrying the Wt blend, 
then they were placed in individual containers and 
dissected 2  days later. These females have a strong 
preference for the Wt males when tested against NB1 
males, but they randomly choose between Wt and 
NB2 males.

•	 NB1- and NB2-exposed females (NB1 and NB2) were 
manually exposed upon emergence to males carrying 
the respective reduced and increased blends, placed 
in individual containers, and dissected 2  days later. 
NB1-exposed females choose randomly between the 
two males. NB2-exposed females significantly prefer 
NB2 males.

Immunohistochemistry
Brains were dissected, fixed, and stained following prior 
protocols [136, 137] with minor modifications. Briefly, 
the head was submerged in HEPES-buffered saline (HBS; 
150 mM NaCl; 5 mM KCl; 5 mM CaCl2; 25 mM sucrose; 
10 mM HEPES; pH 7.4) and fixed for 22–24 h under agi-
tation at room temperature in zinc-formaldehyde solu-
tion (ZnFa; 0.25% [18.4  mM] ZnCl2; 0.788% [135  mM] 

NaCl; 1.2% [35  mM] sucrose; 4% formaldehyde). The 
brains were then dissected in HBS and washed 3 times 
in HBS before further staining. Samples were then 
submerged in 80% methanol/20% dimethyl sulfoxide 
(DMSO) for 2 h under agitation and subsequently stored 
in 100% methanol in − 20  °C till further processing. To 
prepare these samples for staining, they were brought to 
room temperature and rehydrated in decreasing metha-
nol concentrations (90%, 70%, 50%, 30%, 0% in 0.1 M Tris 
buffer, pH 7.4, 10 min each). Subsequently, they were pre-
incubated for 1.5 h at room temperature in a mixture of 
5% bovine serum albumin (BSA; Sigma Aldrich, St. Louis, 
Missouri, USA) and 0.1  M phosphate-buffered saline 
(PBS; pH 7.4 containing 1% DMSO and 0.005% NaN3) 
(PBSd). They were then stained with synapsin antibod-
ies (anti-SYNORF1 obtained from the Developmental 
Studies Hybridoma Bank DSHB, product 3C11; https://​
dshb.​biolo​gy.​uiowa.​edu/) at a 1:30 dilution in PBSd-BSA 
for 3.5  days at 4  °C and washed thereafter with PBSd 
(3 × 1.5  h). Alexa Fluor 488 (AF 488) conjugated goat 
anti-mouse IgG antibody (Thermofisher Scientific) was 
added in a 1:100 PBSd-BSA ratio for 2.5 days at 4 °C. The 
brains were then dehydrated in increasing glycerol con-
centrations (4% for 2 h, 15%, 50%, and 80% for 1 h each) 
in 0.1 M Tris buffer with DMSO to 1%. After which they 
were submerged into 100% ethanol in a drop of 80% glyc-
erol. The ethanol was agitated for 20 min and refreshed 
twice (30  min each) without agitation. Clearing of the 
brain tissues was done by dripping methyl salicylate into 
brains immersed in 100% ethanol and waiting for the 
brains to sink before refreshing the methyl salicylate once 
(30 min incubations).

Confocal imaging
The cleared brains were mounted in methyl salicy-
late onto glass slides with a depression of 0.6–0.8  mm 
(Marienfeld Superior, Germany) and the coverslip sealed 
with clear nail polish. All imaging was done using the 
Olympus FV3000 confocal laser-scanning microscope 
with either the 4 × or 10 × dry objective lens and an aper-
ture of 120  μm. A 488-nm laser line was used to excite 
the dye (AF 488). For each whole brain sample, we visu-
ally identified the different brain structures (Fig.  1B) 
and took a stack of images from either the left or right 
Antennal Lobe (AL) selected at random using the × 10 air 
objective with the following image settings: a mechanical 
z-step of 2 μm and an x–y resolution of 1024 × 1024 pix-
els. An additional zoom factor of × 4.21 was applied for 
optimal z sampling. Finally, a 1.52 × correction factor was 
applied to the voxel size in the z-dimension to correct for 
the artefactual shortening caused by the × 10 air objective 
[44].

https://dshb.biology.uiowa.edu/
https://dshb.biology.uiowa.edu/
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Imaging for the whole brain required stacking two 
images stitched side by side taken with an overlap of 10%. 
We used the × 4 objective with a mechanical z-step of 
2 μm and an x–y resolution of 512 × 512 pixels. Stacking 
and stitching were done in FIJI [138].

Glomerular identification and volumetric reconstructions
We used naïve individuals to first identify each glomer-
ulus based on their location, size and shape within each 
AL sample by comparing the confocal stacks directly at 
different depths throughout the brain. Several easily dis-
tinguishable glomeruli were used as landmarks paving 
the way for identification of the other glomeruli in the 
region (Fig.  2A; Additional File 2, Table  1; Additional 
file 1, Additional Fig. 1, Additional Result 1). We followed 
the nomenclature used in several other studies including 
Solari, Corda [139] and Stocker, Lienhard [140], for nam-
ing of the glomerulus in B. anynana.

After identification, each glomerulus was reconstructed 
in Imaris 9.9.0 (Oxford Instruments Group) based on the 
stack of confocal images taken. We manually delineated 
individual glomerulus using the Imaris Add New Surface 
module by outlining with the Draw function the bounda-
ries of each. We performed the outline on every alternate 
image slice within one stack for each respective glomeru-
lus. Then a surface rendering of the glomeruli was done 
with the Create Surface function to obtain a 3D model, 
allowing us to visualise the spatial position of each glo-
merulus within the antennal lobe. The colours of the 
glomeruli were assigned using the Colour tab and glo-
meruli belonging to the same region were coded in the 
same colour (Fig. 2A; Additional File 1, Additional Fig. 1; 
Additional File 2, Table  1). We subsequently obtained 
the volume of each glomerulus using the Statistic tab. 
We also obtained, in a similar fashion, the volume of the 
whole AL (consisting of the volume of all glomeruli subu-
nits and the central fibrous neuropil) (Fig. 2A; Additional 
File 2, Table 2). A reference key detailing the process of 
glomerulus identification based on the relative positions 
to the landmark glomeruli is available in Additional File 
1, Additional Fig.  1, Additional Result 1 and Additional 
File 2, Table 1.

Glomeruli number and volume statistical analysis
Glomeruli counts were compared between naïve males 
and naïve females using a T-test, between naïve females 
and Wt-exposed females using a Wilcoxon-Mann–Whit-
ney test, and we used a Kruskall-Wallis test followed by 
a pairwise Wilcoxon test with Holm correction to assess 
differences in counts across exposure treatments. Nor-
mality and homoscedasticity were tested a priori with 
Shapiro and Levene tests.

Volume comparisons were performed with a two-
tailed Student’s t test unless otherwise stated, followed 
by a Benjamini–Hochberg FDR correction. To account 
for the individual variation in body size of each sample, 
we normalised (a) the absolute volume of the whole AL 
to the volume of the midbrain for comparisons of total 
AL volume and (b) the volume of each glomerulus to 
total glomerular volume (total AL volume excluding the 
CFN; Fig. 2A) for comparisons between naive males and 
females. We also normalised the absolute volume of each 
glomerulus to the volume of the whole AL for compari-
sons between females exposed to different MSP blends. 
If the relative volumes were found to deviate from nor-
mality through Shapiro Wilk’s test, non-parametric 
Mann–Whitney U test was used instead for comparison. 
Sample size was seven brains in each treatment group. 
All statistical analyses were done using R Statistical Soft-
ware v4.0.1 [141] and Rmisc (Hope, 2022), coin (Hothorn 
et al., 2008), car (Fox & Weisberg, 2019), and rcompanion 
(Mangiafico & Salvatore, 2023) packages.

RNA extraction, sequencing, and assembly building
Two days after exposure and isolation, butterflies were 
flash frozen in liquid nitrogen, their brains dissected fol-
lowing Toh, Dion [136] and stored in RNALater (Invit-
rogen, ThermoFischer Scientific, no. 7020). Five brains 
were pooled per replicate, and five replicates were made 
for each of the five treatments. RNA extraction was per-
formed using phenol and chloroform. The samples and 
RNA extractions were randomised to minimise batch 
effects. The 25 samples were sent to NovogeneAIT 
Genomics, Singapore, for library preparation using the 
NEBNext® Ultra™ Directional RNA Library Prep Kit and 
RNA sequencing was done with 150-bp paired end reads 
using the Illumina NovaSeq6000 platform.

The initial quality control of the sequencing files was 
performed with FastQC v.0.11.9 (https://​www.​bioin​
forma​tics.​babra​ham.​ac.​uk/​proje​cts/​fastqc), followed by 
adaptor trimming and cleaning of low-quality raw reads 
with Trimmomatics v0.39 [142]. The bbsplit script from 
the bbmap toolbox [143] was used to filter-out the bacte-
rial sequences from the dataset by aligning the reads to a 
concatenation of bacterial genomes downloaded from the 
National Center for Biotechnology Information (NCBI) 
in June 2018. We identified and removed ribosomal RNA 
sequences by aligning the reads to the eukaryotic rRNA 
database available in sortmeRNA [144]. We obtained the 
gene and transcript count matrices by aligning the clean 
reads to the B. anynana genome V2 [145] in Hisat2 [146, 
147]. Resulting.bam files for each library were aligned to 
the.gff3 B. anynana genome with stringtie and the abun-
dance tables were compiled with the python prepDE.py 
script [146]. On average, 86.49% of clean reads mapped 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
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to the genome (Additional File 3, Table 1). For local blast 
purposes, we used stringtie to build a brain assembly by 
converting the libraries’.bam to.gtf files that were merged 
into the assembly file and converted to a fasta file with 
the gffread utility [146, 148, 149].

Gene expression analysis
All analysis were done in R v4.1.3 [141] implemented in 
RStudio v2022.07.01 [150]. To capture overall variance 
structure in the dataset and detect outliers, unbiased 
principal component analysis (PCA) plots were built on 
normalised gene counts using ggplot2 [151] using a ran-
dom sample of 500 genes. Three libraries (one M, one 
NB1 and one NB2) were excluded from the DE analysis as 
they were considered outliers based on the PCA (Addi-
tional File1, Additional Fig.  2A). We built the heatmaps 
based on normalised counts using a random set of 500 
genes following the DESeq2 package protocol [152]. We 
identified differentially expressed genes (DEGs) from the 
gene count matrix using the DESeq2 package [152]. By 
incorporating the SmartSVA algorithm [153], we did not 
detect any surrogate variable, indicating no significant 
hidden batch effects in the dataset. A PCA and the heat-
maps for each treatment group comparisons were also 
generated using DEGs with adjusted p values < 0.1 to pro-
vide sufficient features for pattern visualisation, because 
we found less than 30 DEG at adjusted p value < 0.05 
overall (see Results).

Expression changes in naïve individuals and after Wt-
exposure compared to naives were analysed with a Wald 
test. Changes across exposure treatments (Wt versus 
NB1 versus NB2) were tested both by direct treatment 
pair comparisons, and by applying a likelihood ratio test 
followed by pairwise comparisons using the ‘contrast’ 
command. We compared naive males and naive females, 
naive females and Wt-exposed females, Wt-exposed 
females and NB1-exposed females, Wt-exposed females 
and NB2-exposed female, and finally NB1- and NB2-
exposed females. All genes with less than 10 reads in total 
over all libraries and with adjusted p values above 0.05 
were filtered out.

Alternative splicing analysis
rMATS v4.1.2 [154–156] was used to assess the alterna-
tive splicing events in each treatment, and provide the 
relative abundance of splicing isoforms by quantifying 
Percent Spliced In (ΔPSI) for specific splicing events. 
Five types of alternative splicing events were consid-
ered: skipped exon (SE), alternative 5’ splice site (A5SS), 
alternative 3’ splice site (A3SS), mutually exclusive exon 
(MXE), and retained intron (RI). We compared the treat-
ments by assessing the differences in inclusion level 
(ΔPSI). rMATS provides adjusted p values after using a 

Bayesian hierarchical model that accounts for biological 
variability across replicates, followed by multiple gene 
comparison correction within comparisons [150–152]. 
These corrections were done within each analysis and not 
across the entire experiment. Using R [141], the pack-
age reshape [157], and adapted methods from Tian and 
Monteiro [110], we selected the differentially spliced 
genes (DSG) with at least one differentially spliced site 
between treatments, a false discovery rate (adjusted p 
value) below 0.05 and a total junction count (for inclu-
sion and skipping junctions) above 20. We excluded low 
abundance splicing events likely to be splicing mistakes 
(|PSI|< 50) [110]. If a DSG had multiple spliced sites, we 
used the splicing event with the maximum absolute value 
of inclusion level difference between the treatments to 
represent the differential splicing level of the gene. We 
built the heatmaps based on total splicing events and 
spliced genes without treatment comparison using nor-
malised PSI values obtained from the rMATS’ ‘statoff’ 
function, and ran the additional filtering, processing, and 
figure building steps in R. Heatmaps were built with the 
Pheatmap and Rcolorbrewer packages (Neuwirth, 2022; 
Kolde, 2025). Percent splicing type, gene number, and 
ΔPSI correlations plots were built using packages ggplot2 
[151], ggpubr [158], and wesanderson [159]. To visualize 
the gene junctions, we indexed the bam files using sam-
tools [160], aligned the sequences with the genome (V2), 
and built the sashimi plots in the Integrative Genomics 
Viewer (IGV v2.17.3; [161]).

Functional annotation
Gene descriptions were retrieved from the Bicyclus any-
nana genome annotation [145] and completed by locally 
blasting the assembly genes against the insecta (taxid: 
50,557) NCBI non-redundant (nr) protein database 
(built using the BLAST + command line tool suite [162]) 
in diamond v.2.0.8.146 [163, 164]. The alignment was 
imported in Blast2go v6.0.3 to get the GO annotations 
[165]. Protein function prediction was done in parallel 
using InterProScan in Blast2go [166] and the eggNOG-
mapper online tool (eggnog-mapper.embl.de [167, 168]). 
GO enrichment analyses were done with the R package 
clusterprofiler [169].
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