
RESEARCH Open Access

Stage- and sex-specific transcriptome
analyses reveal distinctive sensory gene
expression patterns in a butterfly
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Abstract

Background: Animal behavior is largely driven by the information that animals are able to extract and process
from their environment. However, the function and organization of sensory systems often change throughout
ontogeny, particularly in animals that undergo indirect development. As an initial step toward investigating these
ontogenetic changes at the molecular level, we characterized the sensory gene repertoire and examined the
expression profiles of genes linked to vision and chemosensation in two life stages of an insect that goes through
metamorphosis, the butterfly Bicyclus anynana.

Results: Using RNA-seq, we compared gene expression in the heads of late fifth instar larvae and newly eclosed
adults that were reared under identical conditions. Over 50 % of all expressed genes were differentially expressed
between the two developmental stages, with 4,036 genes upregulated in larval heads and 4,348 genes upregulated
in adult heads. In larvae, upregulated vision-related genes were biased toward those involved with eye
development, while phototransduction genes dominated the vision genes that were upregulated in adults.
Moreover, the majority of the chemosensory genes we identified in the B. anynana genome were differentially
expressed between larvae and adults, several of which share homology with genes linked to pheromone detection,
host plant recognition, and foraging in other species of Lepidoptera.

Conclusions: These results revealed promising candidates for furthering our understanding of sensory processing
and behavior in the disparate developmental stages of butterflies and other animals that undergo metamorphosis.
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Background
The environment is teeming with information, and
the ability to perceive and process this information
is critical in shaping the behavior of all animals. Of
the various sensory modalities, vision and chemo-
reception play integral roles in survival and
reproduction, including the detection of food sources
[1], predator avoidance [2], and locating potential
mates [3]. Moreover, both senses are known to drive

assortative mating and speciation processes. Visual
cues, such as ornaments [4], coloration [5], and
courtship displays [6], influence mate choice behav-
iors and sexual selection in a diverse range of spe-
cies. Similarly, chemical signals, such as pheromones
and cuticular hydrocarbons, have been found to be
involved with prezygotic isolation in a wide variety
of taxa, ranging from insects [7–9] and annelids [10]
to mammals [11–13].
Despite the significant roles that visual and chemical

cues play in animal behavior and sexual selection, con-
siderable morphological differences often exist for the
sensory structures that detect these cues throughout

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence: daernst@uark.edu
Department of Biological Sciences, University of Arkansas, 72701 Fayetteville,
AR, USA

Ernst and Westerman BMC Genomics          (2021) 22:584 
https://doi.org/10.1186/s12864-021-07819-4

http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-021-07819-4&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:daernst@uark.edu


ontogeny. This is particularly apparent in animals that
undergo metamorphosis from larva to adult life stages,
such as holometabolous insects [14], crustaceans [15],
and many fishes [16]. For instance, in butterflies, the vis-
ual organs of the larval stage typically consist of up to
six stemmata per eye, each with a lens and seven photo-
receptors that form a tiered rhabdom [17], compared to
the much more complex adult compound eyes, which
consist of hundreds of tightly packed ommatidia, each
containing a facet lens and rhabdom composed of nine
photoreceptors [18]. These differences are likely in part
due to the different ecological niches that each stage fills;
larvae typically reside and forage on host plants until pu-
pation, while adults adopt an aerial lifestyle and are
mainly focused on finding a mate and reproducing [14].
Although differences in sensory organ morphology

and the behavior of animals that undergo metamor-
phosis are often readily apparent throughout ontogeny,
we still have much to learn about the functional and
organizational differences in the sensory systems of pre-
and post-metamorphosis life stages, especially at the mo-
lecular level. Perhaps one of the most promising taxa in
which to dissect these differences is the exceptionally di-
verse Insecta, which is estimated to consist of 5.5 million
species [19]. Indeed, much of what we know about the
molecular mechanisms underlying vision and chemosen-
sation has been derived from work on insects, including
the common fruit fly, Drosophila melanogaster (see [20]
and [21] for review).
Phototransduction in insects is accomplished in the

eye through absorption of light by a visual pigment
(rhodopsin), which triggers an enzymatic cascade that
ultimately leads to depolarization of photoreceptor cells
[20]. The perception of different wavelengths of light is
dependent upon opsin structure, with peak sensitivities
spanning the visible light spectrum and beyond [22]. By
contrast, chemosensation in insects occurs at the olfac-
tory sensilla (the sensory structures involved with smell)
typically found on head structures, such as the maxillary
palps and antennae, and the gustatory sensilla (the sen-
sory structures involved with taste), which are found
throughout the insect body, including on the mouth-
parts, wings, and legs [23, 24]. Odorants are bound by
odorant binding proteins (OBPs) or chemosensory pro-
teins (CSPs) and transported through the sensillar lymph
to membrane-bound receptors located on the dendrites
of olfactory sensory neurons (OSNs) or gustatory sen-
sory neurons (GSNs) [25, 26].
There are three main types of chemoreceptors on

chemosensory neurons that are involved with the de-
tection of chemical stimuli from the external environ-
ment in insects: odorant receptors (ORs), gustatory
receptors (GRs), and ionotropic receptors (IRs). ORs
are the foundation of olfaction and are known to

selectively detect a diversity of volatile compounds
[27–29]. In combination with a co-receptor (Orco)
and sensory neuron membrane proteins (SNMPs),
some ORs have also been found to be involved with
the detection of sex pheromones [30, 31]. Insect GRs
belong to the same superfamily as ORs [32] but are
primarily involved with tasting bitter compounds [33–
35], sugars [36–38], and CO2 [39, 40]. Finally, IRs,
which are primitive chemoreceptor proteins that
evolved from ionotropic glutamate receptors (iGluRs),
are known to be involved with both olfaction and
gustation, primarily sensing amines, acids, salt, and
pheromones [24, 41–43].
Recent work in adult Lepidoptera has focused on elu-

cidating the underpinnings of phototransduction [44]
and chemoreception [24, 31, 45, 46], providing a founda-
tion for investigating how sensory systems vary through-
out development in an insect order known for its
metamorphosis. The squinting bush brown butterfly,
Bicyclus anynana, is an ideal model to address this issue,
as it has rapidly become a fruitful model system for
studying development, evolution, and phenotypic plasti-
city [47–50]. Of particular interest, these butterflies rely
heavily on visual and chemical cues for mate choice;
mates are selected based on the quality of ultraviolet-
reflective eyespot pupils and male-specific pheromones
[4, 51, 52]. In addition, previous work has identified dif-
ferences in the visual systems of male and female adults
of different seasonal phenotypes, including differences in
eye size, facet lens area, facet number per eye, and opsin
and eye development gene expression [53, 54]. Import-
antly, numerous molecular resources are available for
this species, including expressed sequence tags [55],
transcriptomes [54], and a reference genome assembly
[56], making B. anynana amenable to genetic and gen-
omic studies.
Here, we characterized the sensory gene repertoire in

B. anynana, comprising genes known to be linked to vi-
sion and chemosensation. Specifically, we first identified
vision genes in the B. anynana genome involved with
phototransduction, eye pigmentation, and eye develop-
ment, as well as six distinct families of chemosensory
genes, consisting of OBPs, CSPs, ORs, IRs, GRs, and
SNMPs. We also identified developmental genes that
have possibly been co-opted to function as sensory or
neural processing genes, such as those known to be in-
volved with wing patterning in B. anynana and other
butterflies, which are hypothesized to potentially drive
speciation and assortative mating by linking wing pat-
tern traits to preference for those traits [57–59]. We
then compared the expression patterns of these sensory
and developmental genes in the heads of two life stages:
late fifth instar larvae and newly eclosed adult butterflies
(Fig. 1).
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We predicted that genes directly involved with visual
processes (e.g., phototransduction) would be upregulated
in the adult phenotype, given the much greater level of
complexity of adult compound eyes compared to the
relative simplicity of larval stemmata. In addition, we hy-
pothesized that larvae might not express the ultraviolet-
sensitive opsin that is critical to eyespot quality evalu-
ation during mate choice in adults. For chemosensory
genes, we predicted that genes involved with pheromone
and fruit detection would be upregulated in adults, as
this stage participates in numerous reproductive behav-
iors and must locate a food source (i.e., ripe or rotting
fruit) separate from the host plant. By contrast, we hy-
pothesized that chemosensory genes linked to host plant
recognition and foraging behavior would be upregulated
in larvae, given that feeding is the dominant behavior
during this stage of development. Furthermore, if genes
associated with wing patterning in butterflies are also
important for behavioral aspects of assortative mating,
we predicted that they would be upregulated in the
brains of adults. Finally, we aimed to identify candidate
visual and chemosensory genes in the adult and larval
phenotypes for future investigation into the sensory
ecology of these disparate life stages.

Results
Sequencing generated over 387 million high quality
single-end (SE) reads (Additional file 1: Table S1).
Adapter trimming removed 87,301 reads (0.02 % of
the raw sequenced reads) prior to downstream ana-
lysis. Approximately 340 million (88 %) of the
remaining trimmed reads mapped to the B. anynana
genome (v1.2; [56]; http://ensembl.lepbase.org/index.
html). Of the 22,642 predicted protein-coding genes
in the reference genome, 15,735 (70 %) were over-
lapped by at least 10 reads across all libraries and
used as the expression set for downstream analyses.

This gene set corresponded to approximately 12.2 ±
2.3 SD million reads per sample that were used for
differential expression analysis (Table S1). Principal
components analysis revealed that developmental
stage explained 75 % of the variation observed (Add-
itional file 1: Fig. S1). Blast2GO analysis resulted in
the functional annotation of 13,498 (60 %) genes in
the B. anynana genome, with a total of 40,857 gene
ontology (GO) terms assigned to genes in the
assembly.

Adult vs. larval heads
A total of 8,384 (53 % of genes in the expression set)
genes were differentially expressed between larva and
adult stage heads, with 4,348 upregulated in adult heads
and 4,036 upregulated in larva heads (FDR < 0.05; Fig. 2;
Additional file 2: Table S2). GO enrichment analyses of
these upregulated genes found that 255 GO terms were
enriched in the heads of adults (Additional file 2: Table
S3). When reduced to the most specific terms (i.e., par-
ent functions with a significant child GO term were re-
moved to reduce redundancy), 63 enriched GO terms
remained, with the top three terms being oxidation-
reduction process (FDR = 1.53 × 10− 18), proton trans-
membrane transporter activity (FDR = 4.12 × 10− 10), and
potassium ion transmembrane transport (FDR = 1.26 ×
10− 9) (Table 1; see Additional file 2: Table S4 and Add-
itional file 1: Figs. S2-S4 for full results). By contrast, 212
GO terms were enriched in the heads of larvae (Add-
itional file 2: Table S5). A total of 49 GO terms
remained after reduction, with the top three terms being
nucleolus (FDR = 4.15 × 10− 11), mRNA splicing, via spli-
ceosome (FDR = 4.26 × 10− 11), and protein folding
(FDR = 1.17 × 10− 10) (Table 2; see Additional file 2:
Table S6 and Additional file 1: Figs. S5-S7 for full
results).

Fig. 1 Developmental stages of B. anynana. (A) Late fifth instar larva. (B) Newly eclosed adult. Scale bars are approximate
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Fig. 2 Volcano plot of the false discovery rate (-log10FDR) and expression ratio (log2FC) for each gene in B. anynana adult heads relative to larval
heads. Differentially expressed vision, chemosensory, and wing patterning gene homologs are highlighted in blue, red, and orange, respectively.
Positive log2FC values indicate higher expression in adults, while negative log2FC values indicate higher expression in larvae. DEGs = Differentially
Expressed Genes. This plot was created with ggplot2 v3.3.2 [60] in R v3.6.2 [61]

Table 1 Top 10 most specific GO terms enriched in adult heads. GO = Gene Ontology, BP = Biological Process, MF =Molecular
Function, FDR = False Discovery Rate

GO ID GO Name GO Category FDR

GO:0055114 oxidation-reduction process BP 1.53 × 10− 18

GO:0015078 proton transmembrane transporter activity MF 4.12 × 10− 10

GO:0071805 potassium ion transmembrane transport BP 1.26 × 10− 9

GO:0005506 iron ion binding MF 1.26 × 10− 9

GO:0020037 heme binding MF 4.01 × 10− 9

GO:0005549 odorant binding MF 5.83 × 10− 8

GO:0016705 oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen MF 1.54 × 10− 7

GO:0042302 structural constituent of cuticle MF 5.50 × 10− 7

GO:0004930 G protein-coupled receptor activity MF 5.65 × 10− 7

GO:0005249 voltage-gated potassium channel activity MF 5.05 × 10− 6
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Sex-specific differences within each stage
A comparison between male and female adult heads re-
vealed 27 differentially expressed genes, 10 of which
were upregulated in male adults, while 17 were upregu-
lated in female adults (FDR < 0.05; Fig. 3A; Additional
file 2: Table S7). By contrast, 37 genes were differentially
expressed between male and female larval heads, with
nine upregulated in male larvae and 28 upregulated
in female larvae (FDR < 0.05; Fig. 3B; Additional file
2: Table S8). GO enrichment analyses found no

significantly enriched GO terms for the adult or larva
differentially expressed gene sets. Furthermore, none
of the vision, chemosensory, or wing patterning/devel-
opment genes identified in the reference genome (see
below) were differentially expressed between the sexes
of larvae or adults. There were three genes in com-
mon between the two stage-specific differentially
expressed gene sets, including Putative 115 kDa protein in
type-1 retrotransposable element R1DM-like protein
(BANY.1.2.g05985) and two copies of neuralized-like

Table 2 Top 10 most specific GO terms enriched in larval heads. GO = Gene Ontology, BP = Biological Process, MF =Molecular
Function, CC = Cellular Component, FDR = False Discovery Rate

GO ID GO Name GO Category FDR

GO:0005730 nucleolus CC 4.15 × 10− 11

GO:0000398 mRNA splicing, via spliceosome BP 4.26 × 10− 11

GO:0006457 protein folding BP 1.17 × 10− 10

GO:0003735 structural constituent of ribosome MF 1.17 × 10− 10

GO:0005840 ribosome CC 2.23 × 10− 9

GO:0006364 rRNA processing BP 6.27 × 10− 9

GO:0007275 multicellular organism development BP 3.24 × 10− 8

GO:0003743 translation initiation factor activity MF 5.98 × 10− 8

GO:0005681 spliceosomal complex CC 1.57 × 10− 7

GO:0051082 unfolded protein binding MF 4.09 × 10− 7

Fig. 3 Expression heatmaps of differentially expressed genes for sex-specific comparisons within each developmental stage. (A) Male adults vs.
female adults. (B) Male larvae vs. female larvae. Counts were normalized by variance stabilizing transformation, with warmer colors indicating
higher expression. Rows denote individual genes, and columns denote samples, both of which are clustered by gene expression. Family indicates
the family from which the sample was derived, and Sex indicates the sex of the sample. Heatmaps were created with pheatmap v1.0.12 [62] in R
v3.6.2 [61]
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protein 4 (BANY.1.2.g11289 and BANY.1.2.g11290), all of
which were upregulated in female larvae and adults.

Vision genes
Blast hits for 252 of the 274 queried vision genes (92 %)
resulted in the identification of 1,555 putative homologs
in the B. anynana genome (Additional file 2: Table S9).
Of these homologs, 429 were associated with photo-
transduction, 76 with eye pigment, and 1,050 with eye
development. To identify the top homolog candidates
for each of the queried vision genes, we collected the
best blast hit, resulting in a set of 252 B. anynana vision
genes, 250 of which were within the head expression set
(Additional file 2: Table S10). Of these top homologs,
165 (65 %) were differentially expressed between larval
and adult heads (FDR < 0.05), with 88 (57 phototrans-
duction genes, 10 eye pigment genes, and 21 eye devel-
opment genes) upregulated in adults and 77 (13
phototransduction genes, 5 eye pigment genes, and 59
eye development genes) upregulated in larvae (Figs. 2
and 4). Only genes associated with phototransduction
were significantly enriched in the full differentially
expressed gene set (phototransduction, FDR = 1.12 ×
10− 5; eye pigment, FDR = 0.13; eye development, FDR =
0.26). Out of the 252 identified vision gene homologs,

only five phototransduction genes showed evidence of
sex-/stage-specific expression, with the expression of
nan_trpv being absent in male larvae and Cib2, pterop-
sin, santa_maria, and unclassified not showing expres-
sion in female larvae (Fig. 5; Additional file 2: Table
S11).
A total of seven opsins (including three visual opsins:

UVRh, BRh, and LWRh) were identified in the expres-
sion set. While all seven opsins were expressed in both
developmental stages, each was significantly upregulated
in adults relative to larvae (UVRh, log2FC = 8.72, FDR =
1.99 × 10− 191; BRh, log2FC = 7.84, FDR = 1.58 × 10− 68;
LWRh, log2FC = 9.37, FDR < 2.22 × 10− 308; Rh7, log2FC =
1.15, FDR = 5.84 × 10− 4; pteropsin, log2FC = 3.65, FDR =
2.84 × 10− 4; unclassified, log2FC = 14.71, FDR = 1.19 ×
10− 52; RGR-like, log2FC = 4.96, FDR = 6.07 × 10− 10; Fig. 6;
Additional file 2: Table S10).
In addition to the Heliconius melpomene and D.

melanogaster vision homologs we identified, manual
searches of the Blast2GO functional annotation iden-
tified an additional 23 vision-related genes, including
numerous genes putatively associated with photo-
transduction and eye development (Additional file 2:
Table S12). Of these genes, 14 were differentially
expressed between larval and adult heads, with seven

Fig. 4 Expression heatmaps for differentially expressed top vision homologs in B. anynana. (A) Phototransduction genes. (B) Eye pigment genes.
(C) Eye development genes. Counts were normalized by variance stabilizing transformation, with warmer colors indicating higher expression.
Rows denote individual genes, and columns denote samples, both of which are clustered by gene expression. Family indicates the family from
which the sample was derived, Sex indicates the sex of the sample, and Stage indicates the developmental stage of the sample. Heatmaps were
created with pheatmap v1.0.12 [62] in R v3.6.2 [61]
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Fig. 5 (See legend on next page.)
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upregulated in adults and seven upregulated in larvae
(Additional file 1: Fig. S8).

Chemosensory genes
Odorant binding proteins
Blast hits for 28 of the 273 queried OBP genes resulted
in the identification of 48 putative homologs in the B.
anynana genome (Additional file 2: Table S13). We
retained only those containing pfam01395 or
smart00708 domains, which resulted in a set of 19 B.
anynana OBP genes, 17 being in the head expression set
(Additional file 2: Table S14). Of these homologs, 13
(76 %) were differentially expressed (FDR < 0.05), 12 of
which were upregulated in adults and one of which was
upregulated in larvae (Fig. 7A). OBPs were not signifi-
cantly enriched in the full differentially expressed gene
set (FDR = 0.10). Five OBPs showed stage-/sex-specific
expression, including a homolog of Hmel-OBP12
(BANY.1.2.g14367) that was only expressed in the adult
stage, and Dple-OBP19 (BANY.1.2.g20356), which was
expressed in female but not male adults (Fig. 8;

Additional file 2: Table S11). Three other OBPs exhib-
ited sex-specific expression in larvae, with HmelPBP_C
(BANY.1.2.g06880) and Dple-PBP-D (BANY.1.2.g06881)
showing male-specific expression and Hmel-OBP22
(BANY.1.2.g19953) showing female-specific expression.

Chemosensory proteins
Blast hits for 18 of the 34 queried CSP genes and one
gene identified in our manual search resulted in the
identification of 27 putative homologs in the B. anynana
genome (Additional file 2: Table S15). Twenty-four of
these candidate CSP genes contained the pfam03392 do-
main, 22 of which were in the head expression set (Add-
itional file 2: Table S16). Of these homologs, 19 (86 %)
were differentially expressed (FDR < 0.05), with 11 up-
regulated in adults and eight upregulated in larvae
(Fig. 7B). CSPs were significantly enriched in the full dif-
ferentially expressed gene set (FDR = 3.56 × 10− 3). While
there was evidence that all CSPs in the expression set
were expressed in both life stages, HmCSP11

(See figure on previous page.)
Fig. 5 Presence/absence of expression maps for the top vision homologs in B. anynana. Rows denote individual genes, and columns denote
sample group. Genes that were expressed are indicated in black, while red indicates genes that were not expressed. Genes colored in grey were
identified in the B. anynana genome but were not present in the head expression set (i.e., not expressed in any group). Category indicates the
gene family to which each gene belongs. Expression maps were created with pheatmap v1.0.12 [62] in R v3.6.2 [61]

Fig. 6 Log transformed normalized counts of visual opsin genes in larvae and adults. All opsins were expressed in both sexes of both stages.
Horizontal lines within the boxes denote the median. The upper and lower bounds of the boxes indicate the 25th and 75th percentiles, and
whiskers extend to the largest count value≤ 1.5 × the interquartile range. Y-axes are best fit for each gene. Boxplots were created using ggplot2
v3.3.2 [60] in R v3.6.2 [61]
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(BANY.1.2.g12993) was not expressed in female larvae
(Fig. 8; Additional file 2: Table S11).

Odorant receptors
Blast hits for 38 of the 70 OR genes and four genes
found via a manual search resulted in the identification
of 50 putative homologs in the B. anynana genome
(Additional file 2: Table S17). In total, 43 of these were
retained as B. anynana OR genes by confirmation of the
presence of either the pfam02949 or pfam08395 protein

domain (Additional file 2: Table S18). Of these homo-
logs, 38 were in the head expression set, 31 (82 %) of
which were differentially expressed between larvae and
adults (FDR < 0.05). These differentially expressed genes
consisted of 30 that were upregulated in adults and one
that was upregulated in larvae (Fig. 7C). Additionally,
ORs were significantly enriched in the full differentially
expressed gene set (FDR = 1.19 × 10− 3). Thirteen ORs
were found to exhibit stage-specific expression, all of
which were expressed only in adults (Fig. 8; Additional

Fig. 7 Expression heatmaps for differentially expressed top chemosensory homologs in B. anynana. (A) Odorant binding proteins. (B)
Chemosensory proteins. (C) Odorant receptors. (D) Ionotropic receptors. (E) Gustatory receptors. (F) Sensory neuron membrane proteins. Counts
were normalized by variance stabilizing transformation, with warmer colors indicating higher expression. Rows denote individual genes, and
columns denote samples, both of which are clustered by gene expression. Family indicates the family from which the sample was derived, Sex
indicates the sex of the sample, and Stage indicates the developmental stage of the sample. Heatmaps were created with pheatmap v1.0.12 [62]
in R v3.6.2 [61]
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Fig. 8 (See legend on next page.)
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file 2: Table S11). Moreover, 10 ORs showed sex-specific
expression in larvae, with six only expressed in male
heads (HmOr13, HmOr19, HmOr36, HmOr42, HmOr54,
and HmOr61) and 4 only expressed in female heads
(HmOr27, HmOr51, HmOr57, and HmOr70).

Ionotropic receptors
We mapped 24 of the 31 B. anynana IR sequences from
[63] to genes in the reference genome, 19 of which were
within the head expression set (Additional file 2: Table
S19). Of these homologs, 12 (63 %) were differentially
expressed (FDR < 0.05), all of which were upregulated in
adults (Fig. 7D). However, IRs were not significantly
enriched in the full differentially expressed gene set
(FDR = 0.34). Three IRs were found to only be expressed
in adult heads: BanyIR31a, BanyIR1.2, and BanyIR40a
(Fig. 8; Additional file 2: Table S11). In addition, four
IRs were expressed in a sex-specific fashion in larvae,
with three only expressed in male larvae (BanyIR21a,
BanyIR76b, and BanyIR7d.2) and one only expressed in
female larvae (BanyIR87a).

Gustatory receptors
Blast hits for 24 of the 73 GR genes resulted in the iden-
tification of 39 putative homologs in the B. anynana
genome (Additional file 2: Table S20). We retained only
those that contained the pfam08395 domain, resulting in
a set of 27 B. anynana GR genes, 16 of which were in
the head expression set (Additional file 2: Table S21). Of
these homologs, six (38 %) were differentially expressed
(FDR < 0.05), all of which were upregulated in adults
(Fig. 7E). GRs were not significantly enriched in the full
differentially expressed gene set (FDR = 0.94). Four GRs,
consisting of homologs of HmGr2, HmGr5, and
HmGr19, showed adult-specific expression (Fig. 8; Add-
itional file 2: Table S11). Furthermore, one HmGr12
homolog (BANY.1.2.g06465) showed male-specific ex-
pression in adults, and six GRs showed sex-specific ex-
pression in larvae, with four exhibiting male-specific
expression (HmGr27, HmGr44, HmGr52, and HmGr68)
and two exhibiting female-specific expression (HmGr57
and HmGr73).

Sensory neuron membrane proteins
We identified 16 putative SNMP homologs, consisting of
blast hits for nine of the 33 SNMP query genes

(Additional file 2: Table S22). Filtering these putative ho-
mologs for genes that contained the pfam01130 domain
and were annotated as SNMP genes in the functional
annotation resulted in a set of six B. anynana SNMP
genes (Additional file 2: Table S23). All of these were
within the head expression set, with three (50 %) being
differentially expressed between larvae and adults, each
of which were upregulated in adults (Fig. 7F). SNMPs,
however, were not significantly enriched in the full dif-
ferentially expressed gene set (FDR = 0.81). Two SNMP
homologs showed sex-specific expression in larvae, with
SexiSNMP3 (BANY.1.2.g07849) exhibiting male-specific
expression and HarmSNMP3 (BANY.1.2.g07846) exhibit-
ing female-specific expression (Fig. 8; Additional file 2:
Table S11).

Developmental and wing patterning genes
A total of 52 genes associated with wing patterning in
butterflies were found in the head expression set of lar-
val and adult B. anynana (Additional file 2: Table S24;
see [64] and [65] for butterfly wing patterning genes).
These genes include homologs for al, antp, ap, BarH-1,
CD63, Ci, Dll, dpp, dsx, EcR, en, Hh, inv, N, optix, ptc,
sal, wg, and several Wnt genes. Of these, 30 (58 %) were
differentially expressed between larvae and adults (FDR <
0.05), including homologs for al, BarH-1, CD63, Ci, Dll,
dpp, en, Hh, inv, N, ptc, sal, wg, Wnt, and WntA (Figs. 2
and 9). Copies of two genes known to be involved with
eyespot development in B. anynana, CD63
(BANY.1.2.g25497) and Ci (BANY.1.2.g11922), were
found to exhibit expression specific to adult and larval
heads, respectively (Additional file 2: Table S11). Add-
itionally, a copy of BarH-1 (BANY.1.2.g16347) exhibited
larva-specific expression, while a Wnt-5 homolog
(BANY.1.2.g04762) was expressed in all groups except fe-
male larvae.

Discussion
Our analysis of the gene expression profiles of larval and
adult B. anynana heads revealed considerable differences
between the two developmental stages, with > 50 % of all
expressed genes showing differential expression. Fur-
thermore, we identified numerous genes involved with
vision and chemosensation and elucidated how the ex-
pression of these genes, as well as the expression of
known wing patterning genes, differs in the head

(See figure on previous page.)
Fig. 8 Presence/absence of expression maps for the top chemosensory homologs in B. anynana. Rows denote individual genes, and columns
denote sample group. Genes that were expressed are indicated in black, while red indicates genes that were not expressed. Genes colored in
grey were identified in the B. anynana genome but were not present in the head expression set (i.e., not expressed in any group). Category
indicates the gene family to which each gene belongs. OBP = odorant binding protein, CSP = chemosensory protein, OR = odorant receptor, IR =
ionotropic receptor, GR = gustatory receptor, SNMP = sensory neuron membrane protein. Expression maps were created with pheatmap v1.0.12
[62] in R v3.6.2 [61]
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Fig. 9 Expression heatmap of differentially expressed genes linked to wing patterning. Counts were normalized by variance stabilizing
transformation, with warmer colors indicating higher expression. Rows denote individual genes, and columns denote samples, both of which are
clustered by gene expression. Family indicates the family from which the sample was derived, Sex indicates the sex of the sample, and Stage
indicates the developmental stage of the sample. This heatmap was created with pheatmap v1.0.12 [62] in R v3.6.2 [61]
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throughout ontogeny and between the sexes. More than
250 B. anynana genes putatively linked to vision-related
processes were discovered to be expressed in the head,
including genes associated with phototransduction as
well as eye pigmentation and development. A total of
143 homologs associated with chemosensation were
identified, comprising odorant binding proteins, chemo-
sensory proteins, odorant receptors, ionotropic recep-
tors, gustatory receptors, and sensory neuron membrane
proteins. In addition, we found 52 genes previously de-
scribed as butterfly wing patterning genes that were
expressed in larval and/or adult heads, including a WntA
homolog, a gene known to play a significant role in wing
pattern development across a diversity of nymphalid
species [66, 67]. To our knowledge, this study is the first
attempt to characterize the sensory gene repertoire of
Bicyclus butterflies and provides a promising resource
for investigating differences in the sensory biology of lar-
vae and adult butterflies.

Overall expression differences between larval and adult
heads
In larval heads, upregulated genes were linked to de-
velopmental processes, including multicellular organ-
ism development and the Wnt signaling pathway
(Table 2 and Additional file 2: Table S6). Wnt signal-
ing is known to be involved with cell differentiation
and proliferation in animals [68, 69]. In butterflies,
Wnt genes have been found to be involved with wing
patterning [67, 70] and are expressed in various B.
anynana tissues during embryogenesis, with Wnt7
and Wnt11 both expressed in head tissues [71]. In
the current study, we found that numerous Wnt
genes are expressed in the heads of fifth instar larvae
and adults, including Wnt-1, Wnt-5, Wnt-6, Wnt-10,
Wnt-11, and WntA homologs, most of which were
upregulated in larval heads.
In addition to developmental processes, genes upregu-

lated in larval heads were also enriched for processes
linked to gene expression and protein metabolism. Up-
regulation of genes involved with these functional cat-
egories is possibly in part due to the physiological
changes taking place in larval head tissues in preparation
for pupation and metamorphosis. As with other holome-
tabolous insects, the larval tissues and organs of butter-
flies undergo degeneration via autophagy and
subsequent remodeling during metamorphosis (see [72]
for review). Moreover, in Manduca sexta, metamorphic
cell death is associated with a marked drop in protein
synthesis [73]. Therefore, the enrichment of GO terms
involved with gene expression and protein metabolism
might be indicative of a similar decrease in protein syn-
thesis in B. anynana.

In adult heads, chemoreception processes were
enriched, with associated GO terms including detection
of chemical stimulus involved in sensory perception of
smell, olfactory receptor activity, and odorant binding.
These results are consistent with elevated chemosensory
gene expression in the adult stage of other Lepidoptera
[74] and suggest a greater investment in the chemosen-
sory system of adult B. anynana. Indeed, the adult stage
partakes in numerous behaviors that larvae do not, in-
cluding courtship/copulation, oviposition, and foraging
for fruit. Furthermore, B. anynana adult females are
known to cue in on pheromones produced by males for
mate choice [51, 52, 75], and chemical cues appear to
play just as important of a role as visual cues in mate
choice for this species. Finally, the ability of flight per-
mits these butterflies to perform these behaviors in a
greatly expanded three-dimensional space compared to
the larval stage, possibly requiring adults to maintain a
more sensitive and sophisticated chemosensory system.

Insights into larval and adult phototransduction
A large number of vision-related genes were expressed
in B. anynana heads, most of which were differentially
expressed between adults and larvae. These results have
implications for furthering our understanding of the dif-
ferences in the visual capabilities and phototransduction
signaling cascade for different life stages of lepidopterans
and other holometabolous insects.
The primary visual organs of larval and adult butter-

flies have disparate morphologies, with larvae possessing
two simple eyes consisting of up to six stemmata and
adults having two compound eyes consisting of hun-
dreds of ommatidia [76]. Therefore, it is likely that at
least some of the observed patterns in vision-related
gene expression in larval and adult heads are due to sub-
stantial differences in structure and cell composition.
Moreover, during metamorphosis in holometabolous in-
sects, the larval stemmata migrate to the adult optic lobe
and continue to function as extraretinal photoreceptors
[17, 76, 77]. Consequently, the presence of both adult
and larval visual structures in B. anynana adults might
account for a portion of the upregulation observed in vi-
sion genes.
Interestingly, the differentially expressed vision genes

upregulated in adult heads were dominated by photo-
transduction genes (65 %), while differentially expressed
genes upregulated in larval heads were largely associated
with eye development (77 %). A greater emphasis on
phototransduction in adults is perhaps not surprising, as
a significant proportion of the adult head consists of eye
tissue, and optic lobes have been found to comprise
nearly 75 % of the butterfly brain [78–80]. In compari-
son, the stemmata of larvae occupy a considerably
smaller proportion of the larval head. The upregulation
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of genes involved with eye development in late fifth in-
star larvae suggests that compound eye developmental
processes have initiated just prior to pupation.
Several phototransduction genes were upregulated in

larvae relative to adults, including a copy of norpA,
wunen2, and the innexins ogre, inx2, and inx3. norpA en-
codes the protein phospholipase C (PLC), which is in-
volved with diacylglycerol (DAG) production in the
Drosophila phototransduction cascade [81, 82]. More-
over, Macias-Muñoz et al. (2019) hypothesized that
wunen plays a similar role in Lepidoptera phototrans-
duction as lazaro in Drosophila, which is involved in
DAG level regulation [83]. Lepidoptera have three copies
of wunen, and while wunen2 was upregulated in larval B.
anynana, the other two (wunen and wunen3) were up-
regulated in adults. The observed stage-biased expres-
sion of specific norpA and wunen copies suggests
potential differences in DAG regulation throughout
development.
Finally, ogre, inx2, and inx3 form gap junction chan-

nels, all of which are critical to visual transmission. Spe-
cifically, ogre and inx3 are necessary for visual synaptic
transmission in retinal pigment cells in the compound
eyes of Drosophila, while inx2 plays an essential role in
laminar glial cells [84]. The fact that these genes are up-
regulated in larvae suggests the possibility that gap junc-
tions might be either more integral to larval
phototransduction or present in greater density in larval
eyes. Future functional work should explore this possibility.
Intriguingly, none of the identified vision-related

genes, including the visual opsins, were differentially
expressed between male and female larvae or male and
female adults, a result consistent with previous studies
with B. anynana [53, 54]. It is also interesting to note
that all visual opsins were expressed in larval and adult
heads, suggesting that both developmental stages might
be capable of perceiving similar wavelengths of light. Fu-
ture electrophysiological and behavioral studies should
explore the spectral sensitivity and behavioral responses
of larval and adult B. anynana to different light
wavelengths.
From the current study, it is not possible to determine

which of these genes are expressed in the eyes, brain,
and/or other head structures. Numerous studies have lo-
calized phototransduction genes in nonvisual tissues,
such as the central nervous system [85, 86]. Therefore,
future work should investigate tissue-specific expression
and determine the expression patterns of these genes in
the eyes. While significant efforts have been made to ex-
plore butterfly vision in a number of species, usually fo-
cusing on opsins, the results of the current study
provide a new set of candidate vision genes for B. any-
nana and will help to expand our understanding of lepi-
dopteran adult, as well as larval, vision.

Insights into larval and adult chemosensation
In the current study, we identified a total of 143 chemo-
sensory genes, most of which showed differential expres-
sion between larval and adult B. anynana heads.
Notably, we discovered numerous OBPs, CSPs, ORs, IRs,
GRs, and SNMPs with stage-/sex-specific expression or
that displayed differential expression between the devel-
opmental stages. Many of these genes share homology
with chemosensory genes associated with pheromone
detection, host plant recognition, and foraging in other
species of Lepidoptera. Because the functions and speci-
ficity of chemosensory genes in B. anynana are largely
unknown, these genes serve as promising targets for fur-
ther investigation to expand our understanding of chem-
ically mediated behaviors in this species.
A number of the chemosensory genes identified are

candidates for pheromone binding and reception. The
gene BANY.1.2.g22938 was upregulated in adult heads
and is homologous to Hmel-OBP13 (alternative name =
HmOBP20; [87]), which was recently found to possibly
be involved with species-specific recognition of phero-
mones in Heliconius butterflies [88]. In addition to the
two genes (BANY.1.2.g06880 and BANY.1.2.g06881)
sharing sequence homology with H. melpomene and
Danaus plexippus pheromone binding proteins
(HmelPBP_C and Dple-PBP-D, respectively),
BANY.1.2.g22938 might also be involved with phero-
mone detection in B. anynana. Moreover, two putative
pheromone receptor homologs (HmOr3 and HmOr30;
[87, 89, 90]) were upregulated in adult heads, suggesting
that they might also be involved with chemical-mediated
mate choice behaviors. Finally, a homolog of Dple-
OBP19 (BANY.1.2.g20356) was expressed in female but
not male adult heads, indicating a putative role in male
sex pheromone (MSP) detection [75].
In addition to the OBP and OR repertoire, we identi-

fied two homologs of SNMP1 (both MsexSNMP1 homo-
logs) that were upregulated in adult heads. SNMP1 a
protein that forms a complex with pheromone-detecting
ORs and an odorant receptor co-receptor (Orco;
HmOR2; identified in the current study as
BANY.1.2.g12855 in B. anynana) in insects [30, 31].
SNMP1 is involved with pheromone detection in both
D. melanogaster [30, 91] and numerous lepidopteran
species [31, 92–95], and it may also play a role in phero-
mone detection in B. anynana.
Several genes were identified as putatively involved

with host plant recognition and/or foraging behavior. A
homolog of Eobl-GOBP2 (BANY.1.2.g06879), a gene in-
volved with the detection of plant volatiles in the moth
Ectropis obliqua [96], was upregulated in adult heads. In
addition, a homolog of HmOR49 (BANY.1.2.g06204), a
putative citral receptor [87, 97], was upregulated in adult
heads. Citral is a plant volatile that is present in plant

Ernst and Westerman BMC Genomics          (2021) 22:584 Page 14 of 22



species such as lemongrass and orange [98] and serves
as a food attractant for Bombyx mori larvae [99] and an
oviposition deterrent in the light brown apple moth, Epi-
phyas postvittana [100]. Moreover, electroantennogra-
phy (EAG) recordings indicated that citral evokes a
response in B. anynana antennae (Murphy, Joshi, and
Westerman, unpublished data). Homologs for two GRs
(HmGr9 and HmGr57) that are characterized as puta-
tively being involved with host plant identification via
recognition of the plant alkaloid synephrine in H. mel-
pomene [24, 88] were also expressed in B. anynana
heads. These genes might also be involved with host
plant recognition in B. anynana. Alternatively, they
might be involved with detection of B. anynana’s adult
food source, ripe/rotting fruit, as synephrine, like citral,
is present in citrus fruits [101].
Two IRs upregulated in adult B. anynana, BanyIR1.2

and BanyIR75d, are putatively involved with host plant
searching behavior, as IR1.2 and IR75d are upregulated
in antennae of mated females of the moth Helicoverpa
armigera [63]. In B. anynana, the expression of
BanyIR1.2 was specific to adults, consistent with a pos-
sible function in oviposition-related behaviors in this
species.
Our results also illuminate genes that play potentially

important roles in larval chemoreception. One OBP (a
homolog for Dple-OBP2), eight CSPs (homologs for
HmCSP3, HmCSP7, HmCSP13, HmCSP14, HmCSP16,
and HmCSP17), and one OR (a HmOr18 homolog) were
upregulated in larval heads relative to adult heads. Previ-
ous studies of OBP and CSP gene expression in larvae
and adult H. armigera discovered six OBP and four CSP
genes that are exclusively expressed in larvae antennae
and mouthparts, suggesting that OBP and CSP genes
may play a role in larval foraging [102]. Moreover, nu-
merous ORs in the moth Spodoptera littoralis were
found to be tuned to plant volatiles and are involved
with larval foraging behavior [103, 104]. Thus, it is pos-
sible that the chemosensory genes upregulated in B. any-
nana larvae might play important roles in mediating
larval foraging behavior.

Expression of wing patterning genes
Wing patterning genes have been hypothesized to
underlie assortative mating behaviors and ultimately spe-
ciation in Lepidoptera through associations with prefer-
ence for the traits they influence [58, 59]. This might
occur in two ways: (1) both the trait and preference are
controlled by the same gene; or (2) the genes controlling
the trait and preference for that trait are separate but
maintained in high linkage disequilibrium (i.e., inherited
together) [57, 105, 106]. Empirical evidence for either of
these hypotheses, or for the genetic basis of assortative
mate preference more broadly, is relatively slim.

However, numerous wing patterning genes are known to
influence sensory organ and neural processes in other
insect species, providing a promising set of candidate
genes for exploration. For instance, optix, an eye devel-
opment gene in Drosophila [107], has been co-opted to
control red pigmentation in the wings of Heliconius
butterflies [108]. Furthermore, engrailed (en), a gene in-
volved with neurogenesis [109], axonal targeting [110],
and neuronal cell fate determination [111], is also linked
to butterfly eyespot development in Bicyclus [112]. Here,
we found that numerous genes known to be involved
with wing patterning in butterflies were expressed in B.
anynana heads, possibly in the brain, eyes, or both tis-
sues. If these genes, particularly those involved with eye-
spot development in B. anynana, are linked to
preferences for eyespot traits, they might play a role in
the great amount of diversity we see in this taxon (80 +
species, with many species living in sympatry) [113, 114].
We propose that these wing patterning genes should be
investigated as potential drivers of assortative mate pref-
erence and speciation in Bicyclus butterflies.

Lack of differential expression of sensory and wing
patterning genes between the sexes
It is interesting to note that none of the vision, chemo-
sensory, or wing patterning genes we identified here
were differentially expressed between the sexes of either
stage. This suggests that developmental stage is likely a
larger factor than sex for the expression of these genes
in the head. Alternatively, it is also possible that any ef-
fects of sex on vision, chemosensory, or wing patterning
genes were either too small or too tissue specific to be
detected in our data set. For instance, the number of
replicates for the sex comparisons was relatively small
(Adults: n = 3 males, n = 3 females; Larvae: n = 4 males,
n = 2 females); increasing the number of replicates would
better capture the biological variability attributed to sex
and result in greater power to detect differentially
expressed genes. Furthermore, it is possible that increas-
ing tissue specificity (e.g., sequencing the brain neuropils
and various sensory tissues separately) might reveal sex-
specific gene expression patterns that are obscured when
sequencing the whole head.

Conclusions
In this study, we identified the sensory gene repertoire
of the butterfly B. anynana and characterized the ex-
pression of these genes in larval and adult heads. While
visual and chemosensory genes have been explored in
many adult Lepidoptera, few studies have investigated
the expression of such genes in their larval stages. Our
results provide an initial step in elucidating the differ-
ences in sensory processing throughout development in
butterflies. Moreover, we identified numerous candidate
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genes for host plant recognition, foraging, and mate
choice, including both chemosensory and wing pattern-
ing genes expressed in B. anynana heads. Future studies
should explore the functions of these candidate genes
and determine their tissue specificity.

Methods
Animals
Bicyclus anynana, a nymphalid butterfly native to sub-
tropical Africa, has been maintained in laboratory col-
onies since 1988. All animals used in this study are
descendants of an original population established in Lei-
den, Netherlands from 80 gravid females that were col-
lected in Malawi [47]. The population at the University
of Arkansas was established via the transfer of ~ 1,000
eggs from a population in Singapore to Fayetteville, AR,
USA in spring, 2017. Animals were reared in a climate-
controlled, USDA-APHIS approved (Permit # P526P-17-
00343) greenhouse facility, which was maintained at
approximately 27°C, 70 % relative humidity to induce the
wet season phenotype in this species [47]. All experi-
ments were conducted between January and March 2019
(sunrise range: 7:06–7:19 am, sunset range: 5:40–7:36
pm) under a 13:11 h light:dark photoperiod. In addition
to natural light, the greenhouse was illuminated with full
spectrum (including ultraviolet wavelengths) fluorescent
lights (lights on: 7:00 am, off: 8:00 pm).

Experimental design and tissue collection
Four unique families were created by pairing one
three-day-old virgin male and one three-day-old virgin
female together in a small mesh cage (31.8 cm ×
31.8 cm × 31.8 cm) at 8:00 am for at least three
hours to ensure that copulation occurred. After visual
confirmation that the pair had copulated, the female
was removed from the mating cage and isolated in a
new large mesh cage (39.9 cm × 39.9 cm × 59.9 cm)
containing a corn plant (Zea mays) on which to lay
eggs and a slice of moistened banana for food. Each
female was then given seven days to lay fertilized eggs
on the provided corn plant, after which the egg-laden
corn plant was transferred to a new small mesh cage
(31.8 cm × 31.8 cm × 31.8 cm).
Upon hatching, larvae were reared in their family-

specific cages under identical conditions and were fed
corn plants ad libitum. To ensure that all four families
experienced the same environmental conditions within
the greenhouse and to control for any potential unfore-
seen confounding variables associated with cage location,
the physical position of each cage was alternated daily.
Upon the morning of reaching the late fifth instar stage,
which was determined by the stark change in color from
tan/brown to green (Fig. 1A), a subset of the larvae from
each family was sacrificed by decapitation with RNase-

free scissors (n = 6 larvae total). This stage was chosen to
ensure that all larvae were as close as possible in devel-
opment and because it is the final developmental stage
prior to pupation. A second subset from each family was
allowed to pupate, and newly eclosed adults (Fig. 1B)
were sacrificed by decapitation on the morning of emer-
gence (n = 6 adults total). All decapitations were con-
ducted between 9:30 am–12:00 pm, and heads were
immediately transferred into RNase-free, low binding 1.5
ml microcentrifuge tubes (Biotix, San Diego, CA, USA),
flash-frozen in liquid nitrogen, and transported to the
lab for storage at -80°C until they were processed (Add-
itional file 1: Table S25).

RNA extraction, library preparation, and sequencing
Each frozen head was immersed in pre-chilled
RNAlater-ICE (Ambion; Austin, TX, USA) and incu-
bated at -20°C for approximately 16 h prior to tissue
processing. After this incubation period, heads were
transferred to a dissecting dish filled with RNAlater-
ICE, and all residual thoracic tissue was carefully re-
moved with forceps under a dissecting microscope
(Zeiss Stemi 508; Jena, Germany), leaving only head
tissue. Individual isolated heads (which included an-
tennae and mouthparts) were then disrupted in lysis
buffer with an RNase-free, disposable pestle, and
small (< 200 nucleotides) and large RNA (> 200 nucle-
otides) were extracted in separate fractions using the
NucleoSpin® miRNA Kit (Macherey-Nagel; Düren,
Germany) following the manufacturer’s recommended
protocols. RNA purity, concentration, and integrity
for each sample were subsequently determined using
a NanoDrop 2000 (Thermo Fisher Scientific; Wal-
tham, MA, USA) and TapeStation 2200 (Agilent;
Santa Clara, CA, USA).
After confirmation of RNA quality and quantity, a

cDNA library for each head was prepared using 500
ng of large RNA as input for the KAPA mRNA
HyperPrep Kit (KAPA Biosystems; Wilmington, MA,
USA) combined with the KAPA Unique Dual-Indexed
Adapter Kit (KAPA Biosystems; Wilmington, MA,
USA). The quality of each cDNA library was subse-
quently verified using a TapeStation 2200 (Agilent;
Santa Clara, CA, USA). All libraries (n = 12) were
then shipped on dry ice to the University of Chicago
Genomics Facility for secondary quality assessment on
a 5300 Fragment Analyzer (Agilent; Santa Clara, CA,
USA), and 50 base pair (bp) single-end (SE) sequen-
cing was performed on a single lane of a HiSeq 4000
(Illumina; San Diego, CA, USA).

Animal sexing
All adults were sexed based on apparent sexually di-
morphic features, specifically the presence/absence of
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androconia (the male-specific pheromone organ). Be-
cause larvae do not display any obvious sexual di-
morphism, we extracted DNA from individuals using
the KAPA Express Extract Kit (KAPA Biosystems;
Wilmington, MA, USA) and amplified a female-
specific W-chromosome microsatellite ([115]; Gen-
bank accession no.: AY785080) using the primers
from [116]. PCR products were then visualized by gel
electrophoresis, and females were identified by the
presence of a band at ~ 185 bp, while males lacked
this band (Additional file 1: Fig. S9).

Functional annotation
Blast2GO v5.2.5 [117] was used to conduct a de novo
functional annotation of all genes in the most current B.
anynana reference genome (v1.2; [56]; http://ensembl.
lepbase.org/index.html). First, we used BLASTX v2.6.0+
[118] to search the NCBI ‘nr’ protein database (www.
ncbi.nlm.nih.gov) and collected the top 10 hits with an
E-value < 10− 3. These results were then uploaded into
Blast2GO, and further functional classification was per-
formed using the InterProScan [119] function within
Blast2GO. Finally, the “Mapping” and “Annotation” steps
in Blast2GO were performed using the default parame-
ters, and the resulting functional annotation table was
exported.

Differential gene expression analysis
Prior to expression quantification, the quality of the raw
reads was assessed using FastQC v0.11.8 (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/), and Illu-
mina adapter sequences were trimmed using Trimmo-
matic v0.38 [120]. Trimmed reads were then aligned to the
B. anynana reference genome (v1.2) using STAR v2.7.1a
[121] with the default parameters and the “--twopassMode
Basic” option. Reads were quantified using the ‘htseq-
count’ script from the HTSeq v0.11.2 Python package
[122]. Differential gene expression analysis was conducted
using the DESeq2 v1.24.0 package [123] in R v3.6.2 [61].
We conducted two separate differential expression

analyses. First, the generalized linear model:

y � familyþ sexþ stage

was fit to each gene using a negative binomial distribu-
tion, where y denotes the response variable (expression),
family denotes the family to which each individual be-
longs (family 1–4), sex denotes the sex of each animal
(male or female), and stage denotes the life stage of each
individual (larva or adult). Using this design enabled us
to contrast the effect of stage while controlling for differ-
ences in expression associated with lineage and sex. Sec-
ond, the generalized linear model:

y � group

was used, where group denotes a grouping variable
that combines sex and stage (i.e., male larva, female
larva, male adult, and female adult). This design permit-
ted us to contrast the effect of sex for each stage (i.e.,
male larva vs. female larva and male adult vs. female
adult). We note the suboptimal number of replicates
(n = 2) for female larvae in the male vs. female larvae
analysis; however, we opted to perform this analysis in
an attempt to identify any sensory genes that show sub-
stantial differential expression between the sexes of this
stage. Additionally, because a transcriptome-wide com-
parison between the sexes of caterpillars has never been
conducted (to our knowledge), this analysis will also
provide preliminary insights into sex-biased gene expres-
sion in lepidopteran larvae.
For both analyses, genes with a total read alignment

count < 10 were filtered and not included in the differen-
tial expression analysis. Gene expression was calculated
as the binary log of the expression fold change (log2FC),
and the apeglm method was used for log2FC shrinkage
to obtain the most accurate estimates of effect size
[124]. Finally, genes with a false discovery rate (FDR;
[125]) < 0.05 were retained for downstream analysis.

Gene ontology enrichment analyses
For further characterization, the Fisher’s Exact Test
function in Blast2GO was used to test for GO term en-
richment. The set of differentially expressed genes iden-
tified for the first analysis (y ~ family + sex + stage model)
was split into genes that showed increased expression in
adults (log2FC > 0) and those that showed increased ex-
pression in larvae (log2FC < 0), and each subset was
tested separately. For the second analysis (y ~ group
model), the differentially expressed gene sets were not
split due to the small number of genes in each set. The
reference set used for all GO enrichment analyses con-
sisted of all genes in the expression set, and only GO
terms with an FDR < 0.05 were considered significantly
enriched. The list of enriched GO terms for each ana-
lysis was then reduced to the most specific terms for
visualization. Additionally, the reduced lists of enriched
GO terms were processed using REVIGO (http://revigo.
irb.hr/; [126]), which further eliminated redundancy and
organized GO terms into treemaps consisting of related
superclusters.

Identification of visual genes
To identify genes involved with vision (i.e., phototrans-
duction, eye pigment, and eye development) in B. any-
nana, we first collected the coding sequences (CDS) of
74 putative H. melpomene phototransduction genes from
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[44] and the protein sequences of 200 D. melanogaster
phototransduction, eye pigment, and eye development
genes compiled by [54]. We then used BLASTX and
BLASTP (BLAST v2.2.30+; [118]) to query these se-
quences against the B. anynana reference genome pro-
teins in Lepbase (http://blast.lepbase.org/) and identify
homologs. Homologs were determined based on hits
with an E-value < 1 × 10− 10, and the top candidate for
each query gene was identified as the hit with the lowest
E-value. In cases where numerous hits had identical E-
values, ties were broken by selecting the hit with the
highest bit score. Finally, to identify additional putative
vision genes, we manually searched the Blast2GO anno-
tation descriptions, best blast hits, and GO annotations
for terms linked to vision, including: “eye,” “ommatidia,”
“ommatidium,” “opsin,” “photoreceptor,” “phototrans-
duction,” “retina,” and “visual”. Fisher’s exact tests were
conducted to test if the identified vision-related genes
were enriched in the differentially expressed gene set,
with all expressed genes as the reference set.
To explore stage-/sex-specific expression, we investi-

gated the normalized counts for individuals in each
group (i.e., male larva, female larva, male adult, and fe-
male adult). Non-zero counts for any individual(s) within
a group for a given gene were considered evidence for
expression, while zero counts for all individuals in a
group were considered evidence that a given gene was
not expressed (note: it is possible that these genes are
actually lowly expressed but at levels below the detection
threshold for the sequencing depth of the current study).

Identification of chemosensory genes
To identify genes involved with chemosensation in B.
anynana, we collected 273 lepidopteran and D. melano-
gaster OBP protein sequences from [45], 34 H. melpom-
ene CSP protein sequences from [87], 70 H. melpomene
OR protein sequences from [87], 31 B. anynana IR se-
quences from [63], 73 H. melpomene GR protein se-
quences from [24], and 33 lepidopteran SNMP
sequences from [31]. These sequences were then queried
against the B. anynana reference genome with BLASTX
or BLASTP in Lepbase (http://blast.lepbase.org/) to
identify putative homologs. With the exception of the
previously identified IR sequences in B. anynana, all hits
with an E-value < 1 × 10− 10 were further screened for
conserved protein domains specific to each gene family
using CD-Search [127]. Specifically, sequences with hits
for the following domains were retained: OBPs, either
pfam01395 (PBP/GOBP family) or smart00708 (Insect
pheromone/odorant binding protein domains); CSPs,
pfam03392 (Insect pheromone-binding family, A10/OS-
D); ORs, either pfam02949 (7tm Odorant receptor) or
pfam08395 (7tm Chemosensory receptor); GRs,
pfam08395 (7tm Chemosensory receptor); and SNMPs,

pfam01130 (CD36 family). Because the CD36 superfam-
ily common to SNMPs consists of three different protein
families, only one of which includes SNMPs [128], we
filtered the final putative SNMP sequences by only
retaining those that were also annotated as SNMPs in
our functional annotation.
In addition, we performed a manual search of the

Blast2GO functional annotation to identify any add-
itional putative OBP, CSP, OR, IR, GR, and SNMP
genes. Specifically, we searched the Blast2GO descrip-
tions and best blast hits for key terms, including:
“odorant binding protein,” “pheromone binding pro-
tein,” “chemosensory protein,” “ejaculatory bulb-
specific protein 3,” “odorant receptor,” “olfactory re-
ceptor,” “gustatory receptor,” and “sensory neuron
membrane protein” and subjected any putative che-
mosensory genes to the conserved protein domain fil-
tration described above. Fisher’s exact tests were used
to test if the identified chemosensory gene categories
were enriched in the differentially expressed gene set,
with all expressed genes composing the reference set.
P-values resulting from these six tests, along with the
p-values resulting from the vision gene enrichment
tests, were corrected for multiple comparisons (FDR)
[125]. Finally, sex-/stage-specific gene expression was
determined as previously described for the vision
genes.

Identification of wing patterning genes
To further explore the expression of genes that might be
relevant to sensory processing and signaling during mate
choice, we manually searched our de novo functional an-
notation for genes known to be involved with wing pat-
terning, many of which have been hypothesized to also
be involved in mate preference as well as other behav-
iors. These genes included several known B. anynana
wing patterning genes, such as those coding the proteins
Antennapedia (antp) [129, 130], apterous (ap) [131],
CD63 antigen (CD63) [132], Cubitus interruptus (Ci)
[133], decapentaplegic (dpp) [134], Distal-less (Dll)
[135], doublesex (dsx) [116], Ecdysone Receptor (EcR)
[136], Engrailed (en) [137], hedgehog (Hh) [129], In-
vected (inv) [137], Notch (N) [138], patched (ptc) [138],
Spalt (sal) [137], Ultrabithorax (Ubx) [130, 133], and
wingless (wg) [132], as well as genes known to be critical
for wing patterning in Heliconius and other butterflies,
including aristaless [139], BarH-1 [140], cortex [141],
optix [108], and Wnt [67, 70].
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