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Abstract

Background: In a world of chemical cues, smell and taste are essential senses for survival. Here we focused on
Heliconius, a diverse group of butterflies that exhibit variation in pre- and post-zygotic isolation and chemically-
mediated behaviors across their phylogeny. Our study examined the ionotropic receptors, a recently discovered
class of receptors that are some of the most ancient chemical receptors.

Results: We found more ionotropic receptors in Heliconius (31) than in Bombyx mori (25) or in Danaus plexippus
(27). Sixteen genes in Lepidoptera were not present in Diptera. Only IR7d4 was exclusively found in butterflies and
two expansions of [R60a were exclusive to Heliconius. A genome-wide comparison between 11 Heliconius species
revealed instances of pseudogenization, gene gain, and signatures of positive selection across the phylogeny.
IR60a2b and IR60a2d are unique to the H. melpomene, H. cydno, and H. timareta clade, a group where chemosensing
is likely involved in pre-zygotic isolation. IR60a2b also displayed copy number variations (CNVs) in distinct
populations of H. melpomene and was the only gene significantly higher expressed in legs and mouthparts
than in antennae, which suggests a gustatory function. dN/dS analysis suggests more frequent positive
selection in some intronless /R genes and in particular in the sara/sapho and melpomene/cydno/timareta
clades. IR60al was the only gene with an elevated dN/dS along a major phylogenetic branch associated with
pupal mating. Only /R93a was differentially expressed between sexes.

Conclusions: All together these data make Heliconius butterflies one of the very few insects outside Drosophila where
IRs have been characterized in detail. Our work outlines a dynamic pattern of IR gene evolution throughout
the Heliconius radiation which could be the result of selective pressure to find potential mates or host-plants.
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Background

Animals utilize a variety of cues to make key decisions
over a range of behaviors, including navigating [1, 2],
foraging [3], avoiding predators [4], kin recognition [5],
and mate choice [6, 7]. Among the different signals, all
organisms from bacteria to mammals utilize chemical
cues. Chemosensory receptors (CRs) are the molecular
tools that animals have evolved to distinguish a myriad
of odors and tastes. This complexity in chemical sensing
is manifested by the high degree of inter- and intraspe-
cific variation at CR loci which is partly explained by the
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adaptation of organisms to different environments. Some
of this variation is also due to genetic drift, and the ran-
dom processes of gene duplication and deletion, which
can generate pseudogenes and copy number variations
(CNVs). Thus, given the co-founding effect of selection
and genetic drift, explaining the mechanisms that under-
lie differences in CRs between and within species is not
a simple task. To date, only a few species have been
studied and our understanding of the biochemical basis
of chemo-sensation is limited.

Only with massive parallel sequencing have a variety
of genomic projects begun to investigate the evolution
of chemosensory genes across different levels of taxo-
nomic organization [8-18]. These studies have shown
that chemosensory receptor genes and pseudogenes vary
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enormously among different animal species. For ex-
ample, in tetrapods the olfactory receptor (OR) genes
range from 400 to 2,100 depending on the species, with
20-50 % described as pseudogenes [19]. These receptors
are the most studied chemosensory genes, especially in
mammals where ORs have been estimated to represent
around 3 % of all the genes in the genome and are thus
the largest mammalian gene family known to date [20].
However, compared to mammals, insects display a more
compact and simpler gene repertoire but with similar
chemo-sensing functions [21]. The insect chemosensory
receptors, which have evolved independently from mam-
mals, consist mainly of gustatory receptors (GRs), olfac-
tory receptors (ORs), and ionotropic receptors (IRs).
GRs are involved in tasting sweet and bitter compounds
[22] but also act as CO, sensors [23] and are thought to
be involved in heat avoidance [24]. The expression of
GRs occurs mostly in tissues directly in contact with
food or other objects being tasted. ORs are the starting
point for odor coding and are expressed in olfactory or-
gans such as antennae. IRs are the most primitive class
of receptors and are expressed both in olfactory and
gustatory tissues [16, 25]. Their ability to detect a
wide array of solid and volatile molecules probably
has to do with their ancestral role in the early proto-
stomes [26], and the necessity to cover functions that
during the evolution of chemo-sensation were reas-
signed to GRs and ORs.

The recent discovery and annotation of the ionotropic
receptors in Drosophila [16, 27] has provided the oppor-
tunity to gain novel insight into the genetic and molecu-
lar basis of smell and taste in insects. Unlike mammals,
insects possess IRs, which have most likely evolved from
ionotropic glutamate receptors (iGluRs), a conserved
family of synaptic ligand-gated ion channels [26]. IRs
have been implicated in detection of phagostimulants
[25], pheromones [25], salt [28], volatiles [16, 26, 27]
and also seem to be involved in hearing [29]. IRs have
mostly been studied in Drosophila, in which they form
two groups, the olfaction oriented “antennal” IRs and
the gustatory, mostly intronless, “divergent” IRs [25, 26].
The “antennal” IRs display higher sequence conserva-
tion, lower dN/dS ratios, fewer duplications, and fewer
pseudogenes than the “divergent” intronless IRs. The di-
vergent IR genes, also display a pattern of rapid gain and
loss between species [26]. However, to understand
whether the patterns of evolution in Drosophila IRs are
similar to the patterns in other insects, additional data
are needed across the insect phylogeny. The increasing
availability of insect genomes offers the opportunity to
better understand patterns of chemosensory gene evolu-
tion at a broader scale.

Heliconius butterflies are a group of insects where
chemical cues have likely played a critical role in their
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evolution, adaptation, and speciation [30-32]. Heliconius
butterflies have extraordinary phenotypic diversity and
complex behaviors. Composed of almost 50 species,
which represent a continuum of taxa across the stages of
speciation, Heliconius includes distantly-related species
with identical wing color patterns that are sexually in-
compatible and also closely-related interbreeding species
with different wing color patterns. These incomplete
species boundaries are best represented by H. melpom-
ene, H. cydno, and H. timareta, which are closely related
species that occasionally exchange genes while showing
strong assortative mating [33-35]. It is known that
strong mating preference is partially linked to the same
genes controlling wing color pattern variation [36].
However, chemosensory genes likely play an important
role in pre- and post-zygotic isolation. Indeed, smell and
taste are strongly involved in insect prezygotic isolation
[6, 7], host plant choice [37], and food recognition [38].
Heliconius butterflies, for example, show different de-
grees of host plant specialization, with species that are
generalists and species that are specialists on one or a
few species of Passiflora [39].

Previous studies of chemosensory receptors in Helico-
nius butterflies have revealed an unexpected diversity in
ORs and GRs [34, 37], and suggested a link between the
evolution of GRs and female oviposition behavior [37].
However, to date Heliconius IRs have not yet been exam-
ined. Bombyx mori [16, 40, 41] and Danaus plexippus [1,
16] are the only two representatives of 180,000 species
of Lepidoptera for which the GR, OR and IR genes have
been annotated. Here, we characterize the IR genes in
Heliconius and conduct a comparative analysis with B.
mori and D. plexippus.

Methods

Annotation of ionotropic receptors in H. melpomene and
comparative analysis with Lepidoptera and Diptera

IR gene annotation was performed by TBLASTX [42]
searches of IR and related iGluR genes of Bombyx mori
[26], Drosophila melanogaster [26] and Danaus plexip-
pus [1] against a Trinity [43] assembled RNA-Seq library
of Heliconius melpomene rosina males (n=3) and fe-
males (n=3). The RNA-Seq data is deposited in the
European nucleotide archive (ERP002272) [37]. The
contigs from the Trinity assembly were aligned against
the H. melpomene genome (v1.1) [34] in Mega 6.0 [44]
using MUSCLE [45]. This resulted in almost complete
genes including exon-intron boundaries and a physical
location in the genome. When RNA-Seq data did not re-
cover the whole IR gene, missing parts were identified
by aligning homologues of reference species against the
H. melpomene genome. All genes identified in H. mel-
pomene as IRs were clear homologs of genes identified
by Croset et al. [26] as ionotropic receptors in Danaus
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plexippus and Bombyx mori. For 15 H. melpomene
genes, when using TBLASTX, the closest homolog had
an E-value of 0, while the lowest of the remaining 16
was a Heliconius-specific duplication, IR60a2c, with an
E-value of 1E-97. We used the gene models constructed
from H. melpomene to improve IR annotations in B.
mori (v2.0) and D. plexippus (v3) and discover unanno-
tated genes in those genomes. The H. melpomene IR
genes were aligned against the genomes of D. plexippus
or B. mori, and if applicable the IR sequences of Croset
et al. [26]. As a result of our deep RNA sequencing and
annotation in H. melpomene we were able to improve
the IR gene models significantly in all the three butter-
flies genomes.

H. melpomene IRs were named after their closest homo-
logs described in B. mori or D. plexippus [26]. Gene phy-
logenies were constructed using MAFFT [46] and RAXML
[47] (best of 200 trees, 500 bootstraps). We used the H.
melpomene genome 1.1 [34] to precisely locate each IR
gene across the 21 linkage groups (see Additional file 1).

lonotropic receptor evolution within the genus Heliconius
We assembled 10 Heliconius genomes (H. cydno chio-
neus, H. timareta timareta, H. wallacei flavescens, H.
hecuba, H. doris doris, H. clysonymus tabaconas, H. tele-
siphe sotericus, H. erato petiverana, H. sara magdalena
and H. sapho sapho) using ABySS v1.5.2 [48] (command:
abyss-pe n=5 k=31 c=2) as previously described by
Briscoe et al. [37]. We used TBLASTX and Tophat [49]
to identify the homolgous H. melpomene IRs in each
species. Depending on the species we were able to ob-
tain complete or nearly complete IR gene sequences
(n =282, mean of 97.9 % of bases complete).

Detecting positive selection in IRs across the Heliconius
adaptive radiation

The IRs annotated in the 11 Heliconius species and the
out-group D. plexippus were stripped of their terminal
stop codon and aligned in the correct reading frame
using MEGA 6 [44] with the aligner MUSCLE [45].
Alignments were analyzed in Datamonkey [50] using the
HyPhy branch-site Random Effects Likelihood (REL)
model [51] to test if a branch shows signs of positive di-
versifying selection. In branch-site REL, Q (the dN/dS
ratio) is modeled as three variables, Q; Q, and Qg3
While ©Q; and Q, remain between zero and one, with
Q, bigger than Q, the value of Q3 >1. Q3 is the esti-
mate of positive selection. All Q parameters are esti-
mated by maximum likelihood. The likelihood ratio
test (LRT) test determines if Q3 is bigger than one with
a p-value corrected for multiple testing. The HyPhy
branch-site random effects likelihood method [51] pro-
duces its own neighbor joining trees, and when the
neighbor joining gene tree and the species tree from
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Kozak et al. [52] were not identical, the resulting
branch under positive selection does not exist on the
species tree of Kozak et al. [52] and is shown as a dot-
ted line. In the case of a gene with many duplications,
such as IR60a2 (a, b, ¢, d and e), only the closest copy
to the orthologous gene in the out-group species D.
plexippus was utilized.

Copy number variation in natural populations of H.
melpomene and H. cydno

We tested IR Copy Number Variations (CNVs) by utiliz-
ing twenty previously published whole genome se-
quences [37, 53], from distinct natural population of H.
melpomene and H. cydno. More specifically, we analyzed
four individuals for the following populations: H. mel-
pomene amaryllis, H. melpomene aglaope, H. melpomene
rosina, H. cydno chioneus, and H. melpomene melpom-
ene. We first aligned the Illumina re-sequenced genomes
against the H. melpomene reference genome (v1.1) [34]
and then analyzed the read depth for each IR gene using
CNVnator (100 bp sliding window) [54]. The output of
CNVnator was used to determine candidate variable in-
sertions and deletions. We considered estimated copy
number of >2 as a potential duplication and <0.5 as a
potential deletion. To control for possible artifacts in the
H. melpomene genome assembly (v1.1) we also ran
CNVnator on the raw reads used to create the reference
genome and identified false positives then discarded
those from further analyses.

lonotropic receptor expression in sensory tissues of male

and female individuals of H. melpomene

As mentioned above, we used Illumina RNA-sequencing
data (European nucleotide archive ERP002272) [37], col-
lected from legs, mouthparts and antennae of three
males and three females (two paired-end runs for every
sample and three additional single-end 100 bp run for
one male and one female on a HiSeq 2000 for a total of
730,617,415 reads, ~33900x coverage). Raw data was
trimmed (adapter sequence, distorted 10 bp at beginning
and sliding window:4:20) using Trimmomatic [55] and
assembled using Trinity [43]. A differential expression
analyses was done on the entire transcriptome using
Trinity scripts built around the edgeR package from Bio-
conductor, which uses the trimmed mean of M values
(TMM) normalization method [56—59]. Genes were
called differentially expressed when the FDR <0.05. We
calculated tissue- and sex-specific expression, and used
FPKM value to generate a combined heat map for each
biological replicate as well as for individual specimens.
Because a Trinity assembly is de movo, only genes
expressed high enough can be assembled and analyzed
for expression. IR60ala and IR60a2b were expressed
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sufficiently but IR60a1b and IR60a2 (a, ¢, d and e) were
not and were therefore omitted from analysis.

Results

Annotation of ionotropic receptors in the Heliconius
melpomene genome

Overall, with our annotation (Additional files 1 & 2) we
have generated a complete description of 31 IR genes in
H. melpomene. This is more than B. mori (25) and D.
plexippus (27), but around half the number found in
Drosophila melanogaster (66) and other Diptera [26]
(Table 1, Fig. 1). We also significantly improved the gene
models of most of the previously described ionotropic
receptors genes in B. mori (IR68a, IR7d1, IR7d2, IR7d3,
IR8a, IR2la, IR40a, IR4la, IR75d, IR75p2, IR75q¢l,
IR75q2, IR76b, IR87a, IR93a and IR143a) and D. plexip-
pus (IR8a, IR21a, IR25a, IR31a, IR40a, IR41a, IR60a2,
IR64a, IR68a, IR75pl, IR75p2, IR75ql, IR75q2, IR76b,
IR87a and IR93a). Moreover we identified new putative
IRs in B. mori and in D. plexippus: seven in B. mori
(IR1, IR31a, IR60a2, IR60al, IR75pl, IR75p2pseudo, and
IR85a) (Table 1), and eleven in D. plexippus (IR7d1,
IR7d2, IR7d3, IR7d4, IR60a, IR85a and IR143a) includ-
ing four genes (IR75pl, IR75p2, IR75ql1 and IR75q2)
which were reported as two gene models by Zhan et al.
[1] (Table 1, & Additional file 2).

Our IR gene models in H. melpomene consisted of one
to 19 exons with 14 of 31 genes being intronless and
only four with an elevated number of introns (>15)
(Fig. 2, Additional file 1). The IR gene models were on
average 647 amino acids (AAs) in length with individual
gene models ranging from 546 to 899 AAs. A genomic
location for four of the 31 IRs (IR75d, IR40a, IR8a,
IR7d3) could not be identified and thus these genes were
unmapped. The remaining 27 IRs are located on 24 scaf-
folds, representing 13 chromosomes (Fig. 2, Additional
file 1). From our H. melpomene genomic and transcrip-
tomic dataset we did not find any evidence of possible
pseudogenes or alternative splicing. However, we found
evidence of four recent gene duplication events in the H.
melpomene genome. These genes are IR60ala and
IR60alb on Chromosome 19, and IR60a2a, IR60a2b,
IR60a2¢c, IR60a2d, and IR60a2e on Chromosome 20
(Fig. 2). We also found evidence of older duplications
shared with B. mori and D. plexippus, but not with Dip-
tera; therefore they happened between 100 and 270 MY
ago [60]. These lepidopteran duplications are IR7d1 and
IR7d2 on Chromosome 1, IR75pl and IR75p2 on
Chromosome 14, and IR75¢q1 and IR75g2 on Chromo-
some 15 of the H. melpomene reference genome. While
some IRs map to chromosomes containing major wing
color pattern genes, none of these IR genes are tightly
linked to color pattern loci (Fig. 2).
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Table 1 IR gene diversity in H. melpomene compared to B. mori
or D. plexippus

H. melpomene IR B. mori D. plexippus
HmIR1 discovered unchanged
HmIR7d1 improved discovered
HmIR7d2 improved discovered
HmIR7d3 improved discovered
HmIR7d4 absent discovered
HmIR8a improved improved
HmIR21a improved improved
HmIR25a unchanged improved
HmIR31a discovered improved
HmIR40a improved improved
HmiR41a improved improved
HmIR60a absent discovered
HmIR60ala discovered unchanged
HmIR60a1b absent absent
HmIR60a2a discovered improved
HmIR60a2b absent absent
HmIR60a2c absent absent
HmIR60a2d absent absent
HmIR60a2e absent absent
HmIR64a unchanged improved
HmIR68a improved improved
HmIR75d improved unchanged
HmIR75p1 discovered improved
HmIR75p2 improved & discovered pseudogene  improved
HmIR75q1 improved improved
HmIR75q2 improved improved
HmIR76b improved improved
HmIR85a discovered discovered
HmIR87a improved improved
HmIR93a improved improved
HmIR143a improved discovered

The list of homologous IR genes between the three Lepidoptera genomes is
reported relative to the IRs in H. melpomene. Information is also provided for
each gene if its sequence was either left unchanged, improved, or discovered
in our study when compared to data from Croset et al. [26]

Evolution of ionotropic receptors in Lepidoptera

Our comparative analysis between two butterflies’
(H. melpomene, D. plexippus), a moth’s (B. mori) and a fly’s
(D. melanogaster) genomes allowed us to identify dip-
teran-, lepidopteran-, butterfly-, and Heliconius-specific
IRs (Fig. 1). D. melanogaster demonstrated higher diver-
sity, with 35 more IR genes than H. melpomene, mainly
due to the IR20a clade [25], a large group with no ortholo-
gues in the three Lepidopteran species (Fig. 1, green back-
ground). Ten IR genes were Lepidoptera-specific (yellow
background), namely: [R7d1, IR7d2, IR7d3, IRI143a,
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Fig. 1 Phylogenetic relationships of ionotropic receptors in Lepidoptera and Diptera. Black dots indicate >80 % bootstrap support, grey dots
indicated 60-79 % bootstrap support. Shaded colors represent taxon-specific IR genes: Diptera-specific (green lines), IR20a clade (green shade),
Lepidoptera-specific (vellow), butterfly-specific (orange), and Heliconius-specific (red). While a large number of genes are conserved between
Lepidoptera and Diptera, instances of lepidopteran-, butterfly- and Heliconius-specific IRs emerged from our analysis

J

IR60a2, [R60al, IR75pl, IR75p2, IR75qland IR75q2
(Fig. 1). IR7d4 was found in H. melpomene, and D. plexip-
pus but not in B. mori, thus representing a butterfly-
specific receptor (Fig. 1, orange background). Intriguingly,
we identified two H. melpomene-specific IR gene expan-
sions (IR60al and [R60a2) (Fig. 1, red background).
IR60al has two copies and IR60a2 has five copies which
represent Heliconius-specific expansions.

lonotropic receptor diversity and evolution across the
Heliconius genus

Comparision of 11 Heliconius species allowed us to
study the diversity and evolution of the IRs in this genus
(Fig. 3 & Additional file 3). We identified 28 out of the
31 genes in almost all 11 species. The level of conserva-
tion of these 28 genes is higher than the other two

chemosensory gene families (GRs and ORs) previously
analyzed by Briscoe et al. [37]. Overall, our analysis re-
vealed a strong level of conservation in the IRs, suggest-
ing an ancestral function.

Despite the broad IR gene conservation across Helico-
nius, we identified several examples of gene duplication
and pseudogenization. We found that the two H. mel-
pomene-specific duplications (IR60al and IR60a2, see
Fig. 1) were also duplicated in several other Heliconius
species (Fig. 3). We found IR60ala and IR60alb in all 11
Heliconius species. While IR60a2 had five copies
IR60a2(a, b, ¢, d and e) in H. melpomene, H. cydno, and
H. timareta, only IR60a2 (a, ¢ and e) were found in H.
wallacei and H. telesiphe (Figs. 3 and 4b). All the other
species displayed only one duplication, IR60a2a and
IR60a2c (Fig. 3). The most interesting pattern emerging
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from the data is the presence of the two extra copies
IR60a2b and [R60a2d unique to H. melpomene, H.
¢ydno, and H. timareta clade (Figs. 4 and 5b). Finally,
IR75q1 was the only receptor with pseudogenes, and
showed lower sequence conservation as shown by longer
branch lengths in Fig. 3. Conservation among H. walla-
cei, H. sapho, and H. telesiphe was so low that in some
cases the complete sequence was not traceable in the
genome (Fig. 4b).

Evidence for positive diversifying selection of ionotropic
receptors within Heliconius

Using HyPhy [51] in Datamonkey [50] we found 12 in-
stances of positive diversifying selection (Fig. 4a). A total
of 8 IRs (IR7d1, IR7d4, IR60a2a, IR60ala, IRI143a,
IR68a, IR75d, IR93a) had branches which show signs of
positive selection (Table 2). Out of the 12 instance of
positive diversifying selection, the majority was found in
the H. sapho/sara clade (four out of 12), and the H. mel-
pomene/timareta clade (four out of 12) (Fig. 4a and
Table. 2). Only IR60ala was under positive selection on
a major branch of the phylogeny, during the formation
of the H. erato/sapho/sara clade (Fig. 4a and Table 2).
Interestingly three genes, IR143a, IR60a2a, and IR75d
showed signs of positive selection in H. melpomene and
H. timareta but not in the species H. c¢ydno (Fig. 4a and
Table. 2). This resulted in a gene tree that grouped H.
timareta with its mimic H. melpomene instead of H.
cydno (Fig. 4. green dotted line). Finally, the majority of

the genes (50 %) showing sign of positive selection were
intronless. Only 19 % of genes with introns had at least
one branch with a dN/dS >1.

Copy number variations in H. melpomene subspecies and

H. cydno

We observed significant copy number variation only in
seven out of 20 individuals analyzed (Table 3). Overall,
the percentages of IRs for which CNVs are found in H.
melpomene are similar to ORs (12.9 % vs 18.5 %, Fisher’s
exact test, two-tailed, P=0.57) but lower than GRs
(129 % vs 54.4 %, Fisher’s exact test, two-tailed, P=
0.0001). We found evidence of CNVs for IR75q1, IR64a,
IR60a2b and IR7d4 in H. melpomene, and IR75¢2 and
IR60a2a in H. cydno (Table 3). Population-specific copy
number variation was found in IR60a2b (2 H. m.
aglaope, and 2 H. m. amaryllis), and in IR7d4 (2 H. m.
melpomene) (Table 3). All together these results suggest
the possible existence of individual differences in the
number of IR genes across Heliconius populations.

H. melpomene RNA-Seq expression profile of ionotropic
receptor genes in mouthparts, legs, and antennae of
males and females

Several IR genes showed differential expression between
mouthparts, legs and antennae in males and females of
H. melpomene (Fig. 5, Additional files 4 & 5). A total of
26 out of the 31 genes were expressed in at least one tis-
sue type, but most genes were expressed in both sexes
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majority of the IRs are conserved between the 11 species analyzed we observed Heliconius-specific expansions at /R60al, IR60a2, and the divergent
IR75q1 gene. Colors of each branch represent the number of exons in each specific IR gene
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and all three tissues (Table 4). We did not detect expres-
sion for some Heliconius specific duplications, IR60a2a,
IR60a2c, IR60a2d, IR60a2e and IR60alb, which is likely
due to their expression being below our detection
threshold. The expression profile of the 26 detected IR
genes showed strong similarity between mouthparts and
legs, and a distinct expression pattern in the antennae
(Fig. 5). However, within each tissue type we also ob-
served a sex-specific expression profile (Fig. 5).

From our RNA-Seq data we identified a total of six
genes (IR8a, IR25a, IR41a, IR76b, IR64a and IR75d)
highly expressed across all tissues and sexes. Overall, the
gene expression profile indicated higher expression in
the antennae than in mouthparts and legs (Fig. 5). Six-
teen IRs were significantly more highly expressed in the
antennae (Table 4): antennae > mouthparts and legs
(IR1, IR2la, IR3la, IR68a, IR75d, IR75pl, IR75p2,
IR75q1, IR75¢g2 and IR87a) (Fig. 5, purple shade); anten-
nae > mouthparts (IR41a, IR76b, IR40a) (Fig. 5, red
shade); and antennae > legs (IR64a, IR93a, IR7d1)(Fig. 5,
yellow shade). IR60a2b was the only gene with a gusta-
tory expression profile, being significantly higher
expressed in mouthparts and legs than antennae (Fig. 5,
green shade). No gene showed a significant difference in
expression between legs and mouthparts. Only one gene,
IR93a was differentially expressed between sexes, with
males showing higher expression in the legs and mouth-
parts than females (Table 4, Fig. 6). The remaining genes

had a similar expression between the sexes, at a very low
level (IR7d2, IR7d3, IR7d4, IR60alb, IR60a, IR85a and
IR143a), or a very high level (IR8a, IR25a). The very
high expression for IR8a and IR25a was expected
because they function as co-receptors [27] with IR8a
expression about 8 times higher than /R25a.

Discussion

A complete annotation of ionotropic receptors in
Heliconius melpomene provides novel information on IR
evolution in Lepidoptera

With 31 IRs in Heliconius and a significantly increased
number of IR genes in Danaus and Bombyx, our work sug-
gests that Lepidoptera in general may have more IR genes
than previously recognized (Table 1). Our analyses in-
creased the number of IRs in Danaus and Bombyx [26],
and significantly improved many of their gene models
(Table 1). We revealed instances of taxon-specific IR dupli-
cations in H. melpomene, D. plexippus, B. mori, and D. mel-
anogaster. Drosophila displayed by far the highest number
of IRs and lineage-specific receptors. However, our data
suggested that Lepidoptera have also evolved specific iono-
tropic receptors (Fig. 1, yellow shade). The majority of these
Lepidoptera specific genes, which encompasses four large
sub-families (IR7d, IR60a, IR75p, and IR75q) and a single
IR locus (IR143a), were either described here for the first
time or their annotation significantly improved with our
gene models (see Table 1). We know from Drosophila that
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Fig. 5 H. melpomene IR gene expression heatmap for sensory organs and sexes. Names of IR genes significantly differentially expressed (FDR
<0.05) between mouthparts, legs and antenna are highlighted with different background colors. Most of the differentially expressed genes

NN—=NOVNBRNO
upRhO\—UNQ
QU TV

(5218
©
N

oo~ b

NU1O

[eXho!
— —

o
NwWwoY

—_

Q

o
Q

N
(on

(92
Q

0 7020 2020 20 20 20 2020 20 20 20 70 20 20 70 2020 20 90 00
NOY—= O 0ONONNOW
0 Oo0000—
D Q

display higher expression in antennae than in mouthparts and legs (purple background). Only IR60a2b displayed higher expression in mouthparts
and legs compared to antenna (green background). The remaining mRNAs that are significantly DE were more abundant in antennae than in legs
(vellow background) or mouthparts (red background). Note the similarity in overall expression of legs and mouthparts compared to antennae.
FPKM values are represented with a color gradient from blue to red. Exact FPKM values can be found in Table 4 and Additional file 4. Individual

heatmaps are presented in the Additional file 5

members of the IR7 group are involved in gustation [26],
while expansion in the IR75 sub-family has been associated
with the increased need to discriminate among very closely
related chemicals [16]. However, it is not yet known to what
extent such functions are conserved between Diptera and
Lepidoptera.

On a broader scale, our data is generally in agreement
with patterns observed in Drosophila [26] where “anten-
nal” IRs are more conserved than “divergent” intronless
IRs. In Lepidoptera however, the amount of gain and loss

is less profound than in Drosophila, which have approxi-
mately four times as many “divergent” IRs. This pattern of
diversification between “divergent” and “antennal” IRs is
similar to that observed in Heliconius between GRs and
ORs, with GRs being more diverse than ORs [37].

Candidate IR genes of evolutionary significance across

the Heliconius adaptive radiation

To the best of our knowledge Heliconius is the only
other genus after Drosophila where the evolution of
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Table 2 Branches of gene trees under positive selection as determined using HyPhy branch site random effects likelihood

model [51]

Gene Branch Mean Q () ol 0, [0 [0 P3 LRT p-value  Corrected p-value
IR143a H. timareta*H. melpomene 0.151 0 0963 0 0.035 10000 0.002 11309  0.000 0.008
IR60ala  H. erato*H. telesiphe*H. clysonymus*H. 0.196 0165 0994 0167 0001 3333 0.005 11.042 0.000 0.009

sapho*H. sara

IR60ala  H. sapho*H. sara 0.178 0151 0983 0149 0013 10000 0.004 8.989 0.001 0.027
IR60a2a  H. sapho 0434 0055 0942 0163 0026 22 0032 19785 0000 0.000
IR60a2a  H. sara 0839 0762 0975 0763 0015 199 0010 14949 0000 0.001
IR60a2a  H. timareta*H. melpomene 0.501 0402 0984 0401 0000 5197 0016 36954  0.000 0.000
IR68a H. hecuba 0244 0206 0992 0204 0005 263 0003 8198 0002 0.044
IR75d H. timareta*H. melpomene 0.155 0091 0971 0151 0025 2181 0004 14184  0.000 0.002
IR7d1 H. sara 0498 0463 0973 0462 0025 10000 0002 9936  0.001 0017
IR7d4 H. timareta 0.079 0033 0994 0032 0002 5447 0.004 13677 0.000 0.002
IR93a H. clysonymus 0.131 0079 0991 0080 0005 80 0004 12607 0000 0.004
IR93a H. doris 0287 0 0950 0 0001 8 0049 10858  0.000 0.010

IR gene name and phylogenetic branch showing positive selection is reported in the first two columns. Values obtained from HyPhy for positive selection are shown

only for the IR genes supported by a significant p-value obtained from the likelihood ratio test (LRT) and corrected for multiple testing with the Holm formula

chemosensing has been explored in several species
[37]. The H. melpomene clade displayed the largest IR
repertoire (31) across the 11 Heliconius species ana-
lyzed (Fig. 4b). Only one pseudogene was found,
IR75¢qlin H. wallacei, H. sapho, and H. telesiphe
(Figs. 3 and 4b). However, IR75¢1 is still a potentially
functional gene in other species. The reason why
IR75q1, which is shared between butterflies and
moths, is less conserved than any other IR gene (see
its long branch in Fig. 3) in the Heliconius lineage is
unknown.

Possibly the most intriguing observation that emerged
from our analyses is the repeated gene duplication and
evolution of IR60a, especially for H. melpomene, H.
cydno, and H. timareta, which have two extra copies

IR60a2b and IR60a2d. Interestingly, H. melpomene, H.
cydno, and H. timareta are incompletely reproductively
isolated, but with strong assortative mating. Moreover,
H. melpomene and H. timareta are sometimes near-
perfect mimics of each other [61-63]. It is likely that
these species utilize specialized pheromones to distin-
guish among themselves [32]. The complex mating be-
haviors observed in Heliconius butterflies supports this
interpretation. While the initial approach to females is
strongly influenced by visual cues, close contact during
courtship offers multiple opportunities for volatile and
non-volatile chemical communications to occur. Thus, it
is highly possible that chemical and behavioral cues may
also contribute to prezygotic barriers [64]. The two extra
copies, IR60a2b and IR60a2d, might be used by the

Table 3 Copy Number Variations (CNVs) in populations of H. melpomene and H. cydno

Species Butterfly  Del/dup  Gene Chromosome  Scaffold  Begin  End Begin  End Length  Norm.  P-value
size gene gene CNV CNV CNV RD

H. c. chioneus 553 dup IR75g2 Chr15 190001 51255 62232 41501 62300 20800 2.64 3.87E-08
H. m. amaryllis 11-160 del IR75q1 Chr15 190001 67972 71764 66901 72200 5300 0.44 301E-1
H. m. amaryllis 11-160 del IR64a Chr14 16065 3076 6448 2301 5400 3100 05 3.50E-06
H. m. melpomene 9315 dup IR7d4 Chri4 89318 65125 66960 55501 68600 13100 6.52 0

H. m. melpomene 13435 dup IR7d4 Chr14 89318 65125 66960 55001 68600 13600 3.75 0

H. m. aglaope 09-122 del IR60a2b  Chr20 72055 37488 39341 38201 39400 1200 023 00174
H. m. aglaope 11-569 del IR60a2b  Chr20 72055 37488 39341 38201 39400 1200 0.16  0.0023
H. m. amaryllis 09-216 del IR60a2b  Chr20 72055 37488 39341 37401 39400 2000 0.37 0.0472
H. m. amaryllis 11-160 del IR60a2b  Chr20 72055 37488 39341 38101 39400 1300 02 0.0127
H. ¢. chioneus 553 dup IR60a2a  Chr20 72055 47451 49370 41401 49500 8100 2.15 0

Output of CNVnator is reported here. Butterfly ID, deletion or insertion, IR gene name, chromosomal position, scaffold size, coordinates of the IR gene, coordinates
and length of the CNV, normalization and P-value are shown. Only insertion and deletion variants with a read depth >2 (duplications) and <0.5 (deletions)

are reported
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Table 4 H. melpomene IR gene expression levels between sensory tissues and sexes. Average FPKM values obtained from three
biological replicates are reported for each IR gene. The false discovery rate (FDR) is provided only for the gene that is significantly
differentially expressed. Only for these genes do we reported the direction of the significant comparison and the FDR value. More
detailed information on FPKM values can be found in Additional files 4 & 5

IR FPKM FPKM  FPKM FPKM Tissue FDR antennae  FDR antennae vs. FDR legs vs.  FDR Male vs Female
antenna legs mouthparts average specificity vs. legs mouthparts mouthparts

IR60ala 0.02 0 0.08 0.04

IR7d3 0 0.26 0.01 0.09

IR85a 0.05 041 0.21 0.22

IR7d1 04 0.09 0.17 022 ant>leg 9.86E-03

IR7d4 0.1 0.12 043 0.22

IR7d2 0.17 0.02 0.63 0.27

IR60a 0.79 0.14 0.24 039

IR40a 0.77 047 0 041  ant>mouth 5.28E-03

IR75q2 122 0.03 0.05 043  ant>leg&mouth  141E-12 6.16E-10

IR143a 039 0.08 1.23 0.57

IR21a 22 0.08 0.07 0.78 ant>leg&mouth  2.49E-15 1.75E-08

IR68a 2.57 0.08 0.14 093 ant>leg&mouth  1.13E-04 1.43E-03

IR31a 382 0 0 127  ant>leg&mouth  6.65E-28 441E-28

IR75p1 3 0.06 0 102  ant>leg&mouth  5.87E-09 6.11E-15

IR60a2b  0.26 1.51 202 126 leg&mouth>ant 3.51E-04 1.06E-04

IR75p2  4.06 0.17 0.05 143 ant>leg&mouth  8.98E-04 467E-10

IR1 4.68 0.01 0.02 157  ant>leg&mouth  5.14E-30 2.59E-29

IR87a 5.89 0 0 196 ant>leg&mouth  8.58E-37 4.86E-37

IR75q1 693 0 0.01 231  ant>leg&mouth  5.84E-30 1.79E-30

IR93a 54 0.15 223 259 ant>leg 7.26E-09 M>F, legs FDR =0.032,

mouthparts FDR = 1.67E-05

IR64a 12.44 472 589 768 ant>leg 1.17E-02 8.99E-02

IR75d 14.77 3.16 3.81 724 ant>leg&mouth  9.09E-04 1.28E-04

IR76b 10.77 9 6.86 888 ant>mouth 3.62E-03

IR41a 19.5 846 647 1147  ant>mouth 231E-03

IR25a 75.39 4489 5754 59.28

IR8a 73467 46202 47475 557.15

melpomene/cydno/timareta complex to distinguish not take in consideration instances of population and

chemical cues during mate choice.

Evidence for positive selection of ionotropic receptors
within Heliconius

The ratio of substitution at non-synonymous (dN) ver-
sus synonymous (dS) sites has been widely utilized to
quantify evolutionary pressures on proteins [65]. Despite
limitations and controversies over the model used to
evaluate gene evolution [66, 67], the dN/dS ratio is a
widely used approach to quantify selection pressures act-
ing on protein-coding regions, owing in part to its sim-
plicity and robustness. Our results are based on only
one sequence per species, because dN/dS is not designed
for within population comparison [67]. Our analysis did

species-specific nucleotide variation.

We found the majority of the genes with elevated dN/
dS in the two lineages represented by H. sara and H.
sapho (IR60ala, IR60a2a, and IR7d1) and H. melpomene
and H.timareta (IR143a, IR60a2a, and IR75d) (Fig. 4a).
Interestingly, H. sapho and H. sara are unusual in that
they do not synthesize, but instead sequester most of
their toxic cyanide compounds from their host plants
and therefore specialize on only a few species of Passi-
flora [19]. 1t is therefore possible that these receptors
represent candidate genes for host-plants recognition.
Conversely, H. melpomene and H. timareta are more
generalists, but represent a clade of very young species
which are still not reproductively isolated [16, 17, 31].
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Thus, the three receptors under positive selection in
these two species (IR143a, IR60a2a, and IR75d) might
be part of a toolkit of chemosensory genes that contrib-
utes to the establishment of prezygotic isolation based
on chemical cues. In contrast, we found very few IRs
with elevated dN/dS in the erato clade (H. erato, H. cly-
sonymus, and H. telesiphe), and the Laparus clade (H.
wallacei, H. doris, and H. hecuba). Lastly, only IR60ala
had a significantly elevated dN/dS at an older phylogen-
etic node comprising several distinct clades (Fig. 3 and
Table 2). This phylogenetic node represents the ancestor
of the pupal-maters, a group of butterflies that share a
unique behavior, which consists of males being able to
localize and mate with uneclosed or with freshly
emerged females [68].

Copy number variation in natural populations of H.
melpomene and H. cydno

Copy number variations (CNVs) are now recognized as
important components of genomic diversity, alongside
single nucleotide polymorphisms (SNPs) [69]. However,
few studies have explored CNVs in chemosensory gene
families of non-human populations [70, 71]. To date,
only one study has explored CNVs in chemical receptor
families across a butterfly genome [37]. This study of H.
melpomene found widespread CNVs in GRs and ORs,
with CNVs more frequent among GRs than ORs [37].
Our data suggest a modest number of H. melpomene IR
genes with CNVs, comparable to their ORs [37]. Intri-
guingly, half of the CNVs occur in IR60a2b, one of two
receptors uniquely found in H. melpomene, H. cydno
and H. timareta and the only gene with higher

expression in legs and mouthparts than in antennae
(Figs. 3, 4 and 5). IR60a2b showed reduced read depth
in the populations of H. m. aglaope and H. m. amaryllis
(Table 3). Although these CNVs might be involved in
the evolution of ecologically relevant traits, further work
will be needed to elucidate their functional significance,
if any.

RNA-Seq provides insights into tissue- and sex-specific IR

expression in the sensory organs of H. melpomene

Very little is known about the expression patterns of
ionotropic receptors. In D. melanogaster IR genes are
not only expressed in antennae [16] but also in the label-
lum, legs, pharynx, and anterior wing margin [25], thus
suggesting a more complex function for this receptor
family than previously envisioned. The majority of the
H. melpomene IRs were more highly expressed in anten-
nae compared to mouth parts and legs (Fig. 5, Additional
files 4 & 5). In accordance with previous studies, the two
co-receptors, IR8a and IR25a, have the highest and most
homogeneous expression level across all tissues and sexes
[72, 73]. However, IR8a is expressed ~eight times more
than IR25a, which contrasts with Drosophila, where the
two genes have similar expression levels [16], and with
Aedes aegypti where IR25a is expressed tenfold more
than IR8a [72]. Only in Culex quinquefasciatus is the
expression of IR8a and IR25a similar to that in Helico-
nius [73]. These differences in gene expression at IR25a
and IR8a could be driven by selection for expression
levels of other chemical-specific receptors,for example,
the IR20a clade is mostly expressed together with
IR25a [16, 74], which implies that chemical-specific IRs
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differ significantly between species. In addition to IR8a
and IR25a, we also identified four additional genes
(IR41a, IR76b, IR64a and IR75d) with elevated expres-
sion across tissue types and sexes. All these genes dis-
play a strong sequence homology between Diptera and
Lepidoptera. Although no specific function is known in
Heliconius, studies in Drosophila have shown the in-
volvement of IR41a and IR64a in amino-sensing: spe-
cifically IR41a is sensitive to 1,4-diaminobutane [75],
while IR64a is sensitive to acetate, propionate and bu-
tyrate [76]. Moreover, in D. melanogaster IR76b has
been shown to be co-expressed with other IRs suggest-
ing that it might act as a second type of co-receptor
[16, 74]. The ubiquitous and high expression of IR76b
in H. melpomene seems to support this theory.

Like D. melanogaster [27], our analysis identified sev-
eral genes that are significantly higher expressed in an-
tennae than in legs or mouthparts (Fig. 5, Table 4,
Additional files 4 & 5). This translates into the antennae
differing from legs and mouthparts in their overall ex-
pression profile (Fig. 5). Such clustering likely represents
the different chemosensing functions of these tissues,
with mouthparts and legs being utilized in tasting while
antennae are more attuned for smelling [16, 25]. Only
one gene, IR60a2b, was significantly higher expressed in
legs and mouthparts compared to antennae (Fig. 5,
Table 4, Additional files 4 & 5), suggesting a gustatory
function, possibly related to host plant recognition or
mate choice. Our heat map groups male legs with male
mouthparts and vice versa for females, which suggests a
distinct ability of males and females to perceive com-
pounds (Fig. 5, Additional file 5). However, only IR93a
was differentially expressed between sexes but only in
legs and mouth parts (Table 4, Figs. 5 and 6). Unfortu-
nately nothing is known of the function of these two
promising candidate genes, IR60a2b and IR93a.

Conclusions

Although Heliconius are best known for their stunning
visual signals and vision far into the ultraviolet [77], our
work and the recent study of Briscoe et al. [37] have
shown an elaborate chemosensory system consisting of
~165 chemosensory receptors. Our work characterized
the least studied chemosensory gene family in Lepidop-
tera, the ionotropic receptors (IRs). We identified in-
stances of IR duplication and pseudogenization in
Lepidoptera, butterflies, and within Heliconius. The most
notable butterfly-specific IR gene duplications are of
IR7d4, and of IR60al and IR60a2, which are Heliconius-
specific. Among these Heliconius duplications, IR60a2b
was uniquely found in the incompletely reproductively
isolated species, H. melpomene, H. cydno, and H. timar-
eta, and was the only gene significantly more expressed
in legs and mouthparts than in antennae. Moreover, two

Page 13 of 15

additional genes that should be mentioned for their
unique characteristics are: IR60al, which displayed an
elevated dN/dS in a major phylogenetic branch encom-
passing several species associated with the evolution of
pupal mating, and IR93a that was the only gene with sex
specific expression. Overall our work has generated a list
of Heliconius candidate IR genes of evolutionary signifi-
cance, which could have important implications for their
chemical-mediated behaviors and ecological adaptations
leading to speciation. Unfortunately functional studies of
chemosensory genes are still absent in Lepidoptera, thus
hampering our understanding of the specific roles of
these genes. As we continue to learn more about their
function, our understanding of the link between these
receptors, butterfly behaviors and the evolution of rele-
vant ecological traits will greatly improve.

Availability of supporting data
Raw data for Heliconius cydno (ERS235661), Heliconius
doris (ERS977668), Heliconius hecuba (ERS977683),
Heliconius timareta (ERS977723), H. sara (ERP002444),
H. sapho (ERP002444), Heliconius clysonymus (ERS1061651)
and Heliconius telesiphe (ERS1061652) are available at the
European nucleotide archive.

All H. melpomene IR genes (KU702609-KU702639), and
the intronless genes for the other 10 Heliconius species
(KU756934 - KU757038) are available on genbank.
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