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Abstract
Neotropical Heliconius butterflies are well known for their intricate behaviors and multiple instances of incipient 
speciation. Chemosensing plays a fundamental role in the life history of these groups of butterflies and in the estab
lishment of reproductive isolation. However, chemical communication involves synergistic sensory and accessory 
functions, and it remains challenging to investigate the molecular mechanisms underlying behavioral differences. 
Here, we examine the gene expression profiles and genomic divergence of three sensory tissues (antennae, legs, 
and mouthparts) between sexes (females and males) and life stages (different adult stages) in two hybridizing butter
flies, Heliconius melpomene and Heliconius cydno. By integrating comparative transcriptomic and population genom
ic approaches, we found evidence of widespread gene expression divergence, supporting a crucial role of sensory 
tissues in the establishment of species barriers. We also show that sensory diversification increases in a manner con
sistent with evolutionary divergence based on comparison with the more distantly related species Heliconius char
ithonia. The findings of our study strongly support the unique chemosensory function of antennae in all three 
species, the importance of the Z chromosome in interspecific divergence, and the nonnegligible role of nonchemo
sensory genes in the divergence of chemosensory tissues. Collectively, our results provide a genome-wide illustration 
of diversification in the chemosensory system under incomplete reproductive isolation, revealing strong molecular 
separation in the early stage of speciation. Here, we provide a unique perspective and relevant view of the genetic 
architecture (sensory and accessory functions) of chemosensing beyond the classic chemosensory gene families, lead
ing to a better understanding of the magnitude and complexity of molecular changes in sensory tissues that contrib
ute to the establishment of reproductive isolation and speciation.
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Introduction
The process of speciation involves divergence in morph
ology and physiology that influences reproductive isola
tion. Examples that have radically advanced our 
understanding of the genomic architecture of speciation 
include the beak sizes of Darwin’s finches (Grant and 
Grant 2006; Lamichhaney, et al. 2015), the body shapes 
of sticklebacks (Conte and Schluter 2013; Bay, et al. 

2017), and the wing patterns in Heliconius butterflies 
(Jiggins, et al. 2001; Kronforst, et al. 2006). Similarly, major 
advances have been made in the identification of the so- 
called “speciation genes”, such as those that influence hy
brid sterility in Drosophila and mice (Ting, et al. 1998; 
Barbash, et al. 2003; Mihola, et al. 2009; Phadnis and Orr 
2009). Perhaps one of the most important advances has 
been provided by the burgeoning evidence that speciation 
with gene flow is not only theoretically possible (Gavrilets 
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2004; van Doorn, et al. 2009) but potentially common across 
the tree of life and results in substantial evidence of hybrid
ization in nature (Mallet 2005; Rieseberg 2009; Edelman and 
Mallet 2021). To understand the mechanisms driving speci
ation under incomplete reproductive isolation, we need to 
test specific hypotheses about the genetic architecture (i.e., 
types of genes and genetic changes) that influences repro
ductive isolation and patterns of genomic divergence in 
the early stages of speciation (Lawniczak, et al. 2010; 
Ellegren, et al. 2012; Staubach, et al. 2012; Li, et al. 2015; 
Martin, et al. 2019; Kautt, et al. 2020; Yamasaki, et al. 
2020; Van Belleghem, et al. 2021).

The vast diversity (Seixas, et al. 2021), varying degrees of 
divergence, and rampant hybridization (Edelman, et al. 
2019) observed among Heliconius butterflies make this 
genus a powerful system for addressing questions about 
speciation associated with gene flow (Heliconius Genome 
Consortium 2012; Kronforst, et al. 2013; Martin, et al. 
2013, 2019 Nadeau, et al. 2013; Edelman, et al. 2019). 
Heliconius warning colors are considered one of the best ex
amples of an adaptive radiation (Mallet and Dasmahapatra 
2012; Supple, et al. 2015; Merot, et al. 2017). In addition, 
Heliconius species show pronounced physiological and be
havioral features related to their sensory ecology, such as al
kaloid sequestration from host plants, pupal mating and 
adult mating, diversification of pheromone compounds, 
and communal roosting (Merrill, et al. 2015; Jiggins 2017). 
Several studies have investigated the genes underlying 
such traits, such as those involved in chemosensation, vi
sion, and mate preference, between Heliconius sister species 
(Schulz, et al. 2008; Briscoe, et al. 2013; van Schooten, et al. 
2016, 2020; Darragh, et al. 2017, 2020, 2021; Byers, et al. 2020, 
2021). While the importance of chemical ecology in the di
versification of Heliconius butterflies seems evident from 
these studies, the role of chemical communication systems 
in Heliconius speciation remains largely unresolved. For ex
ample, the molecular architecture of chemical sensing in 
Heliconius has been investigated in only five gene families, 
including those encoding gustatory receptors, olfactory 
receptors, ionotropic receptors, olfactory binding pro
teins and chemosensory proteins, which represent less 
than 1% of the transcriptome (Heliconius Genome 
Consortium 2012; Briscoe, et al. 2013; van Schooten, 
et al. 2016, 2020). However, while these studies explored 
different aspects of chemosensory gene family evolution 
in Heliconius, a pattern of low genetic admixture during 
speciation has been confidently shown for only 13 genes 
(van Schooten, et al. 2020). For all of these reasons, given 
the synergy of sensory and accessory functions in chemo
sensing, a comprehensive view of whole-transcriptome 
diversification is needed to disentangle how this com
plexity contributes to the evolution of the chemosensory 
system and speciation.

Here, we investigated the evolution of chemosensing 
during the stage of speciation with incomplete reproduct
ive isolation by exploring the total mRNA differences in 
sensory tissue in the hybridizing species pair Heliconius 
melpomene and Heliconius cydno, which began to diverge 

approximately 1.4 million years ago (Mya) and have al
ready partially undergone prezygotic and postzygotic iso
lation. For example, these two species differ in host plant 
use, wing pattern, and habitat, and although they hybridize 
occasionally, F1 females are sterile and subject to Haldane’s 
rule, while F1 males can back-cross with either species 
(Jiggins et al. 2001; Merrill, et al. 2011). Thus, this implies 
some level of genomic divergence at the level of the 
non-coding DNA. By integrating genome-wide and 
transcriptome-wide analyses, we detected the expression 
of 11,479 genes on average in each sensory tissue, approxi
mately 87 of which belonged to chemosensory gene fam
ilies. In particular, the Heliconius antennae showed 
markedly different gene expression profiles among the che
mosensory organs, suggesting their distinct functions in 
chemosensing. Furthermore, we identified a greater degree 
of differential expression between life stages (different adult 
stages) than between sexes (females and males) in the che
mosensory tissues of both species. To examine the robust
ness of these results, we collected specimens of the more 
distantly related butterfly species Heliconius charithonia, 
which diverged from the melpomene-cydno clade more 
than 10 Mya, and performed gene expression analyses. 
With these additional data, we confirmed (a) the unique
ness of the antenna tissue type and (b) the expected in
crease in the level of overall gene expression divergence 
when compared to H. melpomene and H. cydno. Overall, 
these results suggest that nonchemosensory genes play an 
indispensable role in shaping unique sensing functions 
and establishing life-stage differentiation. To further investi
gate the importance of the chemosensory organs in speci
ation, we explored the correlation between genome-wide 
genetic divergence (Martin, et al. 2019) and the expression 
of genes involved in chemosensing and found that the Z 
chromosome is a putative hotspot of low admixture, har
boring a number of nonintrogressed genes that are differen
tially expressed in sensory tissues, based on comparisons of 
the two species. Beyond the Z chromosome, we demon
strated linkage disequilibrium (LD) between low-admixture 
genes in sensory tissues and color pattern-related molecules, 
which have been associated with mate preference and 
shown to be involved in speciation and adaptation 
(Jiggins, et al. 2017; Westerman, et al. 2018; Merrill, et al. 
2019; Rossi, et al. 2020). In conclusion, we attempted to 
link classic chemosensory and novel genes in the expression 
networks of chemosensory tissues to better characterize 
their interactions. These results reinforce the existence of 
pronounced genome-wide divergence in the chemosensory 
system between these two butterflies with incomplete re
productive isolation and indicate a nonnegligible role of 
genes beyond the chemosensory gene families in both che
mosensing and speciation.

Results
Transcriptome-wide Phylogeny and Clustering
The sister species H. melpomene and H. cydno show distinct 
ecological, morphological, and physiological characteristics. 
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They are known to hybridize, and genetic admixture has 
been shown to occur via the backcrossing of fertile F1 males 
(Naisbit, et al. 2002; Kronforst, et al. 2013; Martin, et al. 2013; 
Jiggins 2017). Both H. melpomene and H. cydno are polytypic 
species, and their geographic color pattern morphs form 
Müllerian mimicry rings with morphs of H. erato and H. sa
pho/H. eleuchia, respectively (Kronforst and Papa 2015) (fig. 
1A). In contrast to H. melpomene, which is widely distribu
ted in Central and South America, H. cydno is mainly found 
in Central America, where we focused on a sympatric spe
cies pair, H. melpomene rosina and H. cydno chioneus, and 
obtained RNA-seq datasets for these species from a previous 
study (van Schooten, et al. 2020). We conducted compara
tive transcriptome analyses of sensory tissues, including an
tennae, legs, and mouthparts (fig. 1A and B, and 
supplementary tables S1–S2, Supplementary Material on
line). To ensure the effectiveness of the gene expression ana
lyses, we first estimated the alignment rates of RNA-seq 
reads from all samples, and the results showed that reads 
from all tissues were properly mapped to the reference gen
ome of H. melpomene (Davey, et al. 2016), with an average 
alignment rate of 96.7% for H. melpomene samples and 
96.9% for H. cydno samples (supplementary table S1, 
Supplementary Material online). The average mapping rates 
of different tissues were comparable, showing no significant 
differences (Scheffe’s test, P > 0.05). As all the butterflies 
used in this study were reared under seminatural conditions 
in Panama, we first examined their genetic background by 
constructing a whole-transcriptome phylogeny, which 
yielded a well-resolved tree with two distinct clades for 
H. m. rosina and H. c. chioneus, where tissue samples from 
the same individuals were clustered as subgroups (fig. 1C). 
Principal component analysis (PCA) further indicated that 
all the gene expression profiles of different sensory tissues 
clustered according to species and tissue type (fig. 1D). 
Interestingly, the leg and mouthpart gene clusters of each 
species partially overlapped, indicating functional correl
ation between legs and mouthparts in contrast to antennae, 
which resulted in insufficient resolution to separate leg and 
mouthpart tissues. This supports the antennae as the pri
mary sensory organs, as previously reported (Gadenne, 
et al. 2016; Elgar, et al. 2018), and indicates their primary 
role related to olfaction, while the roles of the legs and 
mouthparts are more likely related to gustation. We de
tected the expression of approximately 11,479 genes on 
average in each sensory tissue, accounting for over 50% of 
the total 21,661 annotated genes in the H. melpomene gen
ome obtained from Lepbase (http://lepbase.org/). However, 
among the total expressed genes, only approximately 87 
chemosensory genes (CSGs; belonging to five gene families, 
including those encoding olfactory binding proteins, 
chemosensory proteins, olfactory receptors, gustatory 
receptors, and ionotropic receptors) were expressed in 
each tissue on average (supplementary fig. S1 and 
supplementary table S2, Supplementary Material online). 
Notably, chemosensory tissues differed in the numbers of 
expressed CSGs in the two species. The expressed CSGs ac
counted for 1.06% of the antenna-expressed genes on 

average, which was significantly higher than the corre
sponding percentages in the legs (0.60% on average, P < 
0.01) and mouthparts (0.60% on average, P < 0.01), includ
ing genes from five chemosensory gene families 
(supplementary table S2, Supplementary Material online). 
From the perspective of interspecific comparisons, 259 
more total genes and 13 more CSGs were expressed in 
the chemosensory organs of H. melpomene than in those 
of H. cydno (supplementary table S2, Supplementary 
Material online). Taken together, our results suggest both 
tissue-specific (3.06%, 1.60%, and 1.08% of the total 21,661 
annotated genes in the antennae, legs, and mouthparts of 
H. cydno and 2.59%, 1.55%, and 1.08% in the antennae, 
legs, and mouthparts of H. melpomene, respectively) and 
species-specific (5.84% in H. cydno and 3.91% in H. melpom
ene) patterns of gene expression in the Heliconius chemo
sensory system, where sensory and accessory functions 
jointly play an integral role in the viability and overall func
tions of chemosensory organs.

Interspecific Differential Expression and Genetic 
Divergence in Chemosensing
To investigate the interspecific divergence in chemosensing 
at both the genome and transcriptome levels, we first com
pared the in-depth transcription profiles of antenna, leg, 
and mouthpart tissues (fig. 2). Similar to the PCA results, 
the gene expression patterns in the antenna tissues were 
very different from those in the other tissues in both species. 
Interestingly, the clustering of gene expression patterns 
showed that the antenna expression patterns of the two 
species were more similar to each other than to the expres
sion patterns of the other tissue types within the same spe
cies. In contrast, the leg and mouthpart tissues showed 
more similar gene expression patterns to each other within 
each species than to the pattern in the same tissue in the 
other species. Although two antenna samples were not clus
tered with the other antenna samples, they remained as 
outgroups in the topology of leg and mouthpart samples, 
which were similar to the other antenna samples in both 
species (fig. 2). These findings suggest extensive functional 
divergence between antennae and other chemosensory or
gans and functional convergence of the antennae in H. cy
dno and H. melpomene (fig. 2).

To further characterize the chemosensory system, we 
identified 484, 340, and 462 unigenes showing significantly 
different expression patterns between species in antenna, 
leg, and mouthpart tissues, respectively (supplementary 
fig. S2, Supplementary Material online, FDR-adjusted P < 
0.05). Echoing the PCA results, the antennae yielded the 
most tissue-specific differentially expressed genes (DEGs) 
among the investigated chemosensory tissues in both spe
cies, including 664 genes in H. cydno and 561 genes in H. 
melpomene (supplementary fig. S2, Supplementary 
Material online). A total of 423 genes showed upregulated 
expression in the antenna tissues of both species and were 
associated with a variety of sensory-related GO terms, such 
as odorant binding, olfactory receptor activity, and sensory 
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perception of smell (supplementary fig. S3 and 
supplementary table S3, Supplementary Material online). 
The leg and mouthpart tissues showed far fewer DEGs 
than the antenna tissues in both species (supplementary 
fig. S2, Supplementary Material online). The major signa
tures of the leg-specific genes were enriched for the GO 
terms related to ion channel activity and ion transmem
brane transporter activity (supplementary fig. S4 and 
supplementary table S4, Supplementary Material online), 
whereas the signatures of the mouthpart genes were main
ly related to metabolic processes and catalytic activities 
(supplementary fig. S5 and supplementary table S5, 
Supplementary Material online).

Moreover, we cross-validated the interspecific diversifi
cation of gene expression in sensory tissues by comparing 
the transcription profiles of antennae between the distant
ly related species H. melopmene and H. charithonia and be
tween H. cydno and H. charithonia, which diverged 
approximately 12 Mya (fig. 3A and supplementary table 
S1, Supplementary Material online; Kozak, et al. 2015; 
Catalan, et al. 2019). We again observed different gene ex
pression profiles between the leg and antenna tissues of H. 
charithonia based on the PCA results, further suggesting 
the uniqueness of antenna tissues (supplementary fig. S6, 
Supplementary Material online). Then, we found a large 
number of DEGs between the antenna tissues of H. 

FIG. 1. The geographic distribution, transcriptome-wide phylogeny, and genetic structure of the Heliconius species pair analyzed in this study. (A) 
The geographic distributions of H. melpomene and H. cydno, with the analyzed sympatric species pair highlighted in red. H. melpomene is widely 
distributed in Central and South America, whereas H. cydno is mainly found in Central America. (B) Diagram of the body structure of a Heliconius 
butterfly with the antennae, legs, and mouthparts labeled, respectively. (C ) A neighbor-joining phylogeny was constructed for all the transcrip
tome samples used in this study, showing that different tissue samples from the same individual clustered as a subgroup. (D) Principal compo
nent analysis (PCA) of all sequenced chemosensory tissues based on their overall gene expression profiles. Solid circles represent the 95% 
confidence interval regions. Hc and Hm refer to H. cydno and H. melpomene, whereas A, L and M refer to antennae, legs, and mouthparts, 
respectively.
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melopmene and H. cydno, 60.9% and 54.3% of which over
lapped with DEGs between the antenna tissues of H. me
lopmene and H. charithonia and those of H. cydno and H. 
charithonia, respectively, implying that the DEGs identified 
in antennae were consistently present across the different 
periods of Heliconius speciation (fig. 3B–D). Given the evi
dence that conserved protein-coding genes with diverse 
regulatory elements contribute to the diversification of 
Heliconius wing patterns (Van Belleghem, et al. 2017), we 
hypothesized that cis-regulatory evolution may also play 
an important role in driving gene expression divergence 
in sensory tissues, that is that the different proportions 
of DEGs between H. melpomene and H. charithonia and be
tween H. cydno and H. charithonia may be due to diver
gence in non-coding regulatory DNA elements. We also 
considered the top 10% of upregulated DEGs identified 
in antenna tissues between H. cyndo and H. melpomene, 
and we found that 69.4% and 40.8% of these DEGs were 
differentially expressed between H. melopmene and H. 
charithonia and between H. cydno and H. charithonia, re
spectively (fig. 3B–D and supplementary tables S6 and 
S7, Supplementary Material online), supporting consistent 
expression differentiation in antennae among Heliconius 
butterflies. These DEGs included an odorant binding 
gene, OBP15, that was differentially expressed in each com
parison of pooled antennae of different Heliconius butter
flies (fig. 3B–D). We thus speculated that OBP15 may play 
an indispensable role in the interspecific diversification of 
Heliconius butterflies. Notably, the greatest differences in 
the gene expression patterns of the antennae between H. 
melpomene and H. cydno were found in 5-day-old females 
relative to 2-day-old females and males (fig. 3E–M). The 
DEGs identified between H. cydno and H. melpomene in 
pooled and 5-day-old female antennae were enriched for 

GO terms involved in odorant binding, primary active 
transmembrane transporter activity, and ATPase activity 
(supplementary fig. S7, Supplementary Material online). 
Therefore, our results demonstrated that the antennal tis
sue showed a strong pattern of differential expression rela
tive to that in other chemosensory tissues, indicating the 
unique role of this organ in Heliconius chemosensing. 
Additionally, our findings indicated that the older female 
stage is a critical period showing interspecific diversifica
tion at the gene expression level, which may be driven 
by host-plant searching and oviposition.

Only a few CSGs were differentially expressed between 
females at different adult stages and between adult fe
males and males in all the chemosensory tissues of both 
species (supplementary figs. S8 and S9, Supplementary 
Material online). In the comparisons of females at different 
adult stages, more genes with upregulated expression were 
identified in the antennae and legs of 5-day-old H. cydno, 
whereas more genes with upregulated expression were de
tected in the mouthparts of 2-day-old H. melpomene 
(supplementary fig. S8 and supplementary tables S8 and 
S9, Supplementary Material online). In the comparisons 
between sexes, all the H. cydno chemosensory tissues 
showed a higher proportion of genes with upregulated ex
pression than those of H. melpomene in females 
(supplementary fig. S9 and supplementary tables S10 
and S11, Supplementary Material online). In summary, 
we found greater differentiation between life stages (an 
average of ∼349 DEGs across H. cydno tissues and 294 in 
H. melpomene) than between sexes (an average of ∼80 
DEGs across H. cydno tissues and 135 in H. melpomene) 
in both Heliconius species. These findings suggest that 
many nonchemosensory genes likely play an important 
role in sex and life-stage differentiation.

FIG. 2. Differential gene expression patterns in chemosensory tissues of H. cydno and H. melpomene. (A) Overall gene expression profiles of each 
sample. The columns represent individual samples, and the rows represent individual genes. We transformed the FPKM values of genes into Z 
scores. Genes that were not expressed in any replicate were removed. Samples with similar expression patterns are clustered closely. The an
tennal expression patterns of H. cydno and H. melpomene were more similar regardless of sample stage and sex. Replicates of data from legs 
and mouthparts are clustered by species. Max, 4; Min, −4. The max or min (positive or negative) value indicates that the raw score is above 
or below the mean average, respectively. (B) Correlation heatmaps of RNA-seq samples in all biological replicates of chemosensory tissues. 
Each box indicates an individual sample. Replicates from the same tissues are clustered closely. The clustering tree shows that the leg and mouth
part tissues are more closely correlated, while the antennae are unique. Max, 1; Min, −0.2. The max or min value represents the correlation 
coefficient. Hc and Hm refer to H. cydno and H. melpomene, whereas A, L, and M refer to antennae, legs, and mouthparts, respectively.
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FIG. 3. Convergent differential gene expression pattern in antennae between Heliconius butterflies. The phylogenetic relationships of the three 
species are illustrated schematically in (A). Volcano plots showing differentially expressed genes (DEGs) between species in pooled antennae 
(B)–(D), 2-day-old female antennae (E)–(G), 5-day-old female antennae (H )–(J ) and male antennae (K)–(M ). In (C ), (F ), (I ), and (L), numbers 
in brackets indicate the exact number of overlap with those DEGs between H. cydno and H. melpomene and the total number of DEGs between 
H. cydno and H. melpomene, respectively. In (D), (G), (J ), and (M ), numbers in brackets indicate the exact number of overlapping DEGs between 
H. cydno and H. melpomene and the total number of DEGs between H. cydno and H. melpomene, respectively. Blue +, top 10% of upregulated 
genes in H. cydno identified in the comparison of H. cydno and H. melpomene; light sea-green circles, upregulated genes in H. cydno identified in 
the comparison of H. cydno and H. melpomene; red +, top 10% of upregulated genes in H. melpomene identified in the comparison of H. cydno 
and H. melpomene; orange circles, upregulated genes in H. melpomene identified in the comparison of H. cydno and H. melpomene; pale green 
dots, upregulated genes in H. charithonia identified in the comparison of H. charithonia and H. melpomene; purple dots, upregulated genes in H. 
melpomene identified in the comparison of H. charithonia and H. melpomene; light sky-blue dots, upregulated genes in H. charithonia identified 
in the comparison of H. charithonia and H. cydno; light yellow dots, upregulated genes in H. cydno identified in the comparison of H. charithonia 
and H. cydno.
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Genomic Admixture of Chemosensory Tissue Genes
The abovementioned patterns of differential expression 
could be a consequence of regulatory changes in the focal 
genes. Therefore, these DEGs may not necessarily exhibit 
low genetic admixture or directly contribute to reproduct
ive isolation. To test this hypothesis, we examined the level 
of genetic admixture related to chemosensing between the 
hybridizing species pair, and our results showed that the 
DEGs between species exhibited low admixture, which dif
fered significantly from the findings at the genome level 
(supplementary table S12, Supplementary Material on
line), suggesting that many DEGs directly functionally con
tribute to reproductive isolation or ultimately act as 
genetic barriers due to genetic drift. For the whole-genome 
except the Z chromosome, 8.4% of the total 21,661 anno
tated genes showed a signature of low admixture, whereas 
over 63% of genes on the Z chromosome were categorized 
as nonintrogressed genes (fig. 4A and B), similar to the 
findings of previous studies on divergence and admixture 
of the Z chromosome in Heliconius (Van Belleghem, 
et al. 2018; Martin, et al. 2019). We noted that the DEGs 
identified in chemosensory tissues exhibited similar trends 
and were particularly enriched on the Z chromosome (fig. 
4A). There were more nonintrogressed than introgressed 
genes on the Z chromosome (720 of 2,412 total nonintro
gressed genes), many of which were differentially ex
pressed (59 of 226 genome-wide nonintrogressed DEGs). 
Among these genes, species-specific DEGs accounted for 
the largest proportion, and many of them were shared 
by all the chemosensory tissues, suggesting that the Z 
chromosome plays an important role in determining 
gene expression levels related to chemosensory diversifica
tion (fig. 4C). However, the DEGs identified between spe
cies, stages, and sexes as well as the nonintrogressed 
genes were largely nonchemosensory genes. We found 
that the nonintrogressed genes on the Z chromosome 
were enriched for GO terms related to the regulation of 
gene expression as well as multiple metabolic and biosyn
thetic processes, suggesting their possible roles in regulat
ing the expression of downstream genes on the Z 
chromosome or autosomes, indirectly promoting diversifi
cation (fig. 4D). Taken together, our results showed con
cordant patterns of interspecific genetic divergence and 
differential expression enriched on the Z chromosome in 
particular, indicating a disproportionately large role of 
the Z chromosome in modulating changes in chemosen
sing that may impact premating isolation.

Linkage Disequilibrium Related to Chemosensing
To further understand the role of chemosensing-related 
genes in speciation, we also investigated the possible link
age between these genes or their regulatory elements and 
other genetic loci that contribute to reproductive isolation 
and are subject to divergent selection. Previous studies 
have revealed that wing patterns and mate preference 
may facilitate assortative mating behavior in incipient 
Heliconius species (Jiggins, et al. 2001; Kronforst and Papa 

2015) and have identified associated genetic loci, such as 
the wing-pattern loci B/D, including the optix gene; Yb, in
cluding the cortex gene; Ac, including WntA; and K, includ
ing aristaless (Jiggins, et al. 2017; Westerman, et al. 2018) 
(fig. 5A). Additionally, three genome-wide quantitative 
trait loci (QTLs) have been associated with mate prefer
ence between H. melpomene and H. cydno (Merrill, et al. 
2019; Rossi, et al. 2020). These findings enabled us to inves
tigate the LD between genes related to chemosensing, 
wing patterns, and mate preference. Although a previous 
study (van Schooten, et al. 2020) reported that no CSGs 
located close to the wing-pattern genes showed signatures 
of differential expression or divergence and that the total 
CSGs did not show elevated LD with optix, we identified 
several nonchemosensory genes with signatures of differ
ential expression or nonintrogression located near wing- 
pattern genes and mate preference QTLs (fig. 5B and 
supplementary figs. S10–S14, Supplementary Material on
line). We noted an overall nonrandom excess of interspe
cifically nonintrogressed genes in the peak region of the 
mate preference QTL on chromosome 18, which is located 
near the optix gene (fig. 5B, and supplementary table S13, 
Supplementary Material online). Coincidently, this peak 
region showed elevated LD with genome-wide nonintro
gressed genes (fig. 5C and D). We also found that some 
genes expressed in chemosensory tissues were located in 
this region and showed patterns of differential expression 
between sexes (four genes), life stages (12 genes, including 
the CSG OBP42), and species (13 genes, including the CSG 
OBP40). However, we did not observe similar patterns 
among other mate preference and wing-pattern loci, and 
we consistently observed weak LD with genome-wide non
introgressed genes in H. cydno, likely because of the fewer 
H. cydno single-nucleotide polymorphisms (SNPs) mapped 
to the H. melpomene reference genome. Nevertheless, our 
findings reveal that nonchemosensory genes in chemosen
sory tissues can be linked to wing patterns and mate pref
erence, indicating that chemosensing, wing patterns, and 
mate preference may synergistically contribute to repro
ductive isolation.

Integration of Chemosensory and Nonchemosensory 
Genes
The abovementioned results demonstrate that in chemo
sensory tissues, nonchemosensory genes show some of the 
greatest interspecific differences in expression and the low
est genetic admixture relative to chemosensory-related 
gene families. In regard to the functional importance of 
chemosensation in speciation, our a priori hypothesis 
was that nonchemosensory DEGs would show higher con
nectivity and a stronger correlation with CSGs than with 
other, nonchemosensory non-DEGs. To test this hypoth
esis, we constructed gene coexpression (GC) networks 
for H. c. chioneus and H. m. rosina chemosensory tissues 
and explored the integration and relationships between 
chemosensory and nonchemosensory genes (fig. 6 and 
supplementary fig. S15, Supplementary Material online). 
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FIG. 4. Transcriptome-wide admixture pattern in chemosensory tissues of H. cydno and H. melpomene. (A) The admixture pattern of DEGs be
tween H. cydno and H. melpomene. The admixture pattern between H. cydno and H. melpomene was plotted according to the admixture levels 
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circle represents the enrichment fold-change.
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Comparisons of the network topologies of the two species 
revealed similar topological characteristics, with three ma
jor clusters, suggesting general conservation of the GC 

network in Heliconius chemosensory tissues (fig. 6A, D
and supplementary fig. S15, Supplementary Material on
line). We found that CSGs were clustered with many other 
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FIG. 5. Genomic divergence and differential expression in chemosensory tissues associated with divergent mate preference and color patterns. 
(A) The diagram includes the wing-pattern loci and their associated wing patterns in H. melpomene and H. cydno. (B) Nonintrogressed and DEGs 
at the mate preference QTL and the color pattern gene optix on chromosome 18, including the QTL peak region and the nearby 
1.5-log-odds-ratio candidate region. Gray points indicate non-DEGs. Green, purple, and blue points indicate DEGs. Points above the horizontal 
dotted line are introgressed genes ( fd > 0), while the others are nonintrogressed genes ( fd ≤ 0). Vertical dashed lines indicate nonintrogressed 
DEGs. Linkage disequilibrium (LD) map of genome-wide nonintrogressed genes and the focal region containing the mate preference QTL and 
optix in H. melpomene (C ) and H. cydno (D). Nonintrogressed genes are ordered according to their fd values. The x-axis indicates the 2.75 Mb 
region corresponding to the physical positions shown in (B). The LD values (r2) were calculated in 50 kb windows.
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genes, which led us to speculate that the three major clus
ters exhibit a cascade of amplified regulatory effects. 
Notably, most hub genes in the three major clusters were 
nonchemosensory genes (supplementary table S14, 
Supplementary Material online), suggesting that these 
genes could be regulators of downstream chemosensory 
and other genes in the network clusters. The CSGs showed 
a strong correlation with nonchemosensory DEGs in both 
species and formed major clusters with dense connections. 
However, the nonintrogressed, nonchemosensory genes 
were generally distributed across the three major clusters 
and were not densely connected with the CSGs (fig. 6B, E
and supplementary fig. S15, Supplementary Material on
line). Based on previous evidence indicating OBP20 involve
ment in speciation and suggesting that its divergence was 
driven by gene regulatory elements (van Schooten, et al. 
2020), we investigated OPB20’s connectivity in the GC 

networks of the two species and found that OBP20 showed 
very high connectivity with CSGs and nonchemosensory 
genes as a hub gene (410 adjacent nodes in H. melpomene 
and 441 in H. cydno) (fig. 6C, F, supplementary fig. S15 and 
supplementary table S15, Supplementary Material online). 
Collectively, our findings highlight the importance of not 
only CSGs (i.e., OBP20) but also nonchemosensory DEGs 
in the incipient stages of Heliconius speciation.

Discussion
Chemosensing is a fundamental function in multicellular 
organisms, as it allows the recognition of chemical signals 
and the expression of specific behaviors (Yan, et al. 2020). 
Chemical communication is essential to butterfly life his
tory activities such as foraging, mate preference, and ovi
position (Jiggins 2017). From a broader perspective, 
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FIG. 6. Weighted gene coexpression (GC) networks of chemosensory genes (CSGs) and DEGs. The main networks were constructed for H. mel
pomene (A) and H. cydno (D) chemosensory tissues, showing three clusters interacting with each other, indicated by solid circles. The filtered 
networks included CSGs, DEGs and their primary network partners in H. melpomene (B) and H. cydno (E), where DEGs interact closely and ex
tensively with CSGs from two directions. OBP20 and its primary network partners are illustrated in H. melpomene (C ) and H. cydno (F ). Red dots, 
genes differentially expressed in antennae, legs or mouthparts between species; blue dots, CSGs; pink dot, OBP20; yellow dots, CSGs with dif
ferential expression between species; gray dots, genes involved in networks. Red edges, interactions involving DEGs; blue edges, interactions in
volving CSGs; yellow edges, interactions involving CSGs and DEGs; gray edges, interactions with other genes.
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chemosensory organs are sites of expression for both CSGs 
and nonCSGs, which are subject to selection as a whole. 
Both types of genes are necessary to generate distinct sen
sory organs (i.e., antennae, legs, and mouthparts) with spe
cific structures and molecular characteristics suited to 
their unique functions. In this study, we used Heliconius 
butterflies, including both partially and completely repro
ductively isolated species, to obtain molecular evidence of 
the distinctive features of antennae relative to other che
mosensory organs, implying a unique functional role of 
these organs in chemosensing. As the main chemosensory 
organs, Heliconius antennae contribute to multiple life ac
tivities, acting either synergistically with other organs or in
dependently. For example, the female antennae, proboscis, 
and forelegs contribute to host plant recognition during 
oviposition (Benson, et al. 1975), whereas the antennae 
alone can detect complex floral scents involving multiple 
compounds that can serve as cues in foraging or mating 
(Andersson and Dobson 2003; Estrada and Gilbert 2010); 
these functions correspond to antenna-enriched GO 
terms such as odorant binding, olfactory receptor activity, 
and sensory perception of smell. In addition, insect anten
nae may assume more complex roles, such as auditory, 
wind-sensing, gravity-sensing, and circadian oscillator 
functions, as reported for Drosophila antennae (Tanoue, 
et al. 2004; Todi, et al. 2004; Kamikouchi, et al. 2009; 
Fuller, et al. 2014). Consistent with the expected functions 
of antennae in insects, our data suggest a unique molecular 
architecture relative to those of the other chemosensory 
organs and possibly a far more important role in repro
ductive isolation. Additional experiments will be needed 
to functionally investigate the strongest candidate genes 
for these functions using CRISPR/Cas9 to determine the 
corresponding behavioral phenotype. However, this type 
of experiment is still not easy to perform due to the mosaic 
nature of CRISPR/Cas9 effects and the difficulty of screen
ing F0 mutants in real time. Another possibility is the gen
eration of a stable F2 mutant line, but this approach 
presents its own challenges, which currently limits the 
comprehensive understanding of the roles of candidate 
CSGs. Finally, these chemosensory phenotypes cannot be 
validated using silkworms or Drosophila because of their 
quite different life histories compared to those of 
Heliconius butterflies.

Our results provide transcriptomic and genetic perspec
tives on the consequences of reproductive isolation for 
gene expression in sensory tissues. A previously noted 
(Van Belleghem, et al. 2018; Martin, et al. 2019) role of 
sex chromosomes in speciation with incomplete repro
ductive isolation emerged from our findings. However, 
by mapping the DEGs to the patterns of admixture, we ob
served that the Z chromosome showed clear signatures of 
both genetic divergence (normal distribution, P [percent
age of nonintrogressed genes on the Z chromosome] < 
0.01) and functional differentiation (normal distribution, 
P [percentage of DEGs among nonintrogressed genes on 
the Z chromosome] < 0.01). The enriched GO terms of 
the nonintrogressed genes on the Z chromosome can be 

used to not only investigate the functional categories in 
which interspecific divergence directly occurs but also 
help understand how genetic divergence promotes expres
sion differences through regulation. As mentioned above, 
the nonintrogressed genes on the Z chromosome enriched 
in the regulation of gene expression GO terms may serve as 
candidates involved in bridging interspecific divergence 
and functional differentiation through regulation. 
Divergence in the gene expression of such Z-linked regula
tors can impact the expression of genes on other chromo
somes and generate profound changes in spatiotemporal 
complexity across tissues and life stages. Our study 
supports the role of sex chromosomes in speciation and 
further demonstrates their link to chemosensory differen
tiation. The confirmation of the above hypothesis regard
ing the Z chromosome and the patterns identified based 
on our data in additional tissues (i.e., head, thorax, and 
wings) deserve further investigation to better understand 
functional differentiation at the genome-wide level during 
the stages of speciation with incomplete reproductive 
isolation.

Network analysis further suggested the important roles 
of nonchemosensory genes with differential expression 
patterns in both species. Interestingly, these genes seem 
to function as connecting hubs in complex networks, as 
they show relatively high connectivity, whereas the other 
nonCSGs and CSGs are located at the network periphery. 
Therefore, these nonchemosensory hub genes likely show 
pleiotropic biological interactions and possibly present 
greater potential to promote reproductive isolation. Our 
study demonstrates the great complexity underlying che
mosensation in Heliconius butterflies and highlights a 
group of genes involved in chemosensation whose roles re
mained unrecognized until now. Such interactions be
tween chemosensory and nonchemosensory genes 
provide a more complete view of the molecular mechan
ism underlying chemosensation and a better understand
ing of the routes of evolutionary adaptations underlying 
changes in chemical communication during the stages of 
speciation with incomplete reproductive isolation. Such 
integrative research enables us to investigate the roles of 
chemosensory organs in a holistic manner, which will ul
timately lay the foundation for an in-depth understanding 
of the functions of different sensory tissues.

Materials and Methods
Data Collection
We reared H. charithonia individuals under seminatural 
conditions in Gamboa, Panama. Females were collected 
2 days or 5 days after emergence, while males were 
sampled at 5 days of age. The antennae, forelegs, and hind
legs of each individual were dissected for RNA extraction 
using the TRIzol RNA isolation protocol, and additional 
purification steps were performed using the RNeasy mini 
kit (Qiagen). The Illumina libraries were constructed using 
the Illumina TruSeq RNA sample preparation kit and 
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sequenced on a NextSeq 500 system. We obtained the 
RNA-seq dataset for H. melpomene and H. cydno from 
the National Center for Biotechnology Information 
(NCBI) Sequence Read Archive (SRA) repository with 
BioProject accession number PRJNA577441 (van 
Schooten, et al. 2020). Briefly, H. melpomene and H. cydno 
individuals were also reared under seminatural conditions 
in Gamboa, Panama. Females were collected 2 days or 5 
days after emergence, while males were sampled at 5 
days of age. The antennae, legs, and mouthparts of each in
dividual were dissected for RNA extraction. Detailed sam
ple information and sequencing statistics are provided in 
supplementary table S1, Supplementary Material online.

Phylogenetic Analysis
Raw RNA-seq reads were first trimmed using Seqtk v1.3 
(https://github.com/lh3/seqtk) to filter out low-quality 
bases, and the qualified reads were aligned to the reference 
genome of H. melpomene v2 (Davey, et al. 2016) obtained 
from Lepbase (http://lepbase.org/) using STAR v2.7.6a 
(Dobin, et al. 2013) with the default parameters. We per
formed a statistical comparison of filtered and trimmed 
RNA-seq alignment rates between identical tissues from 
different species and found no significant differences be
tween H. cydno and H. melpomene (Scheffe’s test, P > 
0.05). Genotype calling was performed using Genome 
Analysis Toolkit (GATK) following a best-practice work
flow (McKenna, et al. 2010). Briefly, after removing PCR du
plicates, we used HaplotypeCaller in GATK v4.1.2.0 to call 
genotypes for all sequenced samples, combined GVCF files 
using CombineGVCFs, and performed joint variant calling 
using GenotypeGVCFs (McKenna, et al. 2010). We then re
tained SNPs with quality > 30 and constructed a phylogen
etic tree of all sequenced samples based on the genetic 
distance matrix described previously (Xia, et al. 2009; 
Xiang, et al. 2018). Briefly, we used a simple model to cal
culate pairwise genetic distances for each locus, where 0 
represented different homozygous genotypes, 0.5 repre
sented heterozygous genotypes, and 1 represented identi
cal genotypes. We performed 100 bootstrap replicates by 
randomly selecting SNPs with 10 M replacements. The 
neighbor-joining phylogeny was inferred on the basis of 
the obtained distance matrix using MEGA X (Kumar, 
et al. 2018).

Differential Gene Expression Analysis and Functional 
Enrichment
We used the well-annotated chemosensory gene set (van 
Schooten, et al. 2020) to improve the gene set of H. mel
pomene v2 (Davey, et al. 2016) and used RSEM v1.3.3 (Li 
and Dewey 2011) to determine gene expression profiles 
based on the fragments per kilobase of transcript per mil
lion mapped reads (FPKM) method. To efficiently detect 
the expression pattern of specific isoforms in different tissues, 
we treated each isoform as an independent unit, which also 
reflects the total differential expression levels of the focal 
gene loci between species. We used the built-in R function 

“prcomp” (https://www.rdocumentation.org/packages/ 
stats/versions/3.6.2/topics/prcomp) to normalize the gene 
expression data and performed PCA based on the expression 
profile. The expression profiles based on overall FPKM values 
were generated with the “pheatmap” package in R (https:// 
CRAN.R-project.org/package=pheatmap). The correlation 
coefficients of all samples were calculated using the R func
tions “cormat” (https://www.rdocumentation.org/packages/ 
plsRglm/versions/1.3.0/topics/CorMat) and “pheatmap” 
(https://CRAN.R-project.org/package=pheatmap).

Genes that were expressed in all replicates were identi
fied as reliably expressed genes. We applied t-tests to com
pare the patterns of genome-wide differential expression 
between different samples. For species-specific expression 
analyses, we performed comparisons across tissue types. 
For life-stage-specific and sex-specific expression analyses, 
comparisons were conducted within species for each tissue 
type. We compared the antenna, leg and mouthpart tissues 
in a pairwise manner to determine tissue-specific expression 
within species. On the basis of the overall distribution, we 
identified significant DEGs between species with a cutoff 
of an FDR-adjusted P < 0.05. A cutoff of P < 0.05 was used 
to filter significant DEGs within species in a specific tissue.

Functional enrichment was examined based on GO ana
lysis and further mapping to the identified GO terms using 
the OMICSHARE cloud platform (https://www.omicshare. 
com/tools/Home/Soft/gogseasenior). We identified sig
nificantly enriched pathways with a cutoff of an 
FDR-adjusted P < 0.05 and processed significantly DEGs 
for functional enrichment analysis. Enriched ontology 
terms were categorized by class.

Detecting Gene Flow Between H. c. chioneus and 
H. m. rosina
To reveal the roles of the significant DEGs identified in che
mosensory tissues in speciation, our further analyses fo
cused on characterizing their admixture patterns in the 
genome. We analyzed genome-wide introgression using 
H. m. melpomene, H. c. chioneus and H. m. rosina as in
groups and H. numata as an outgroup. Among these focal 
species, H. c. chioneus and H. m. rosina are sympatric spe
cies from Panama, while H. m. melpomene is an allopatric 
race of H. m. rosina from French Guiana. We performed a 
modified f-statistic ( fd) analysis (Martin, et al. 2015, 2019) 
to estimate genome-wide admixture and then integrated 
Patterson’s D-statistic (Durand, et al. 2011) and fd 

(Martin, et al. 2015, 2019) to identify potential nonintro
gressed loci across the genome, both of which measure 
an excess of derived allele sharing between the sympatric 
species H. c. chioneus and H. m. rosina compared to allopat
ric H. m. melpomene. Both the fd and D-statistics were cal
culated for 20 kb sliding windows across the whole 
genome with a 5 kb step size. We averaged the overlapping 
windows for each gene and identified introgressed genes 
according to cutoffs of fd > 0 and D-statistic > 0. We con
sidered the remaining genes to be nonintrogressed genes.
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Linkage Disequilibrium Analysis
To investigate the roles of nonintrogressed genes in speci
ation, we calculated LD between nonintrogressed genes 
and three QTLs, including the optix color pattern locus 
(Merrill, et al. 2019), that were previously reported to be as
sociated with preference behavior and contributed to spe
cies differences between H. c. chioneus and H. m. rosina. 
Additionally, we calculated LD between nonintrogressed 
genes and other known color pattern loci, including the 
WntA, cortex and aristaless genes (Kronforst and Papa 
2015; Jiggins, et al. 2017; Westerman, et al. 2018), which 
were maintained or accumulated divergence during 
Heliconius speciation. We randomly selected 10 SNPs of 
each nonintrogressed gene (or all SNPs if there were fewer 
than 10 SNPs) and 100 SNPs near the focal region (1 Mb). 
We performed LD analysis using PLINK v1.9 (Purcell, et al. 
2007) for pairwise comparisons of these SNPs. The r2 values 
in each 50 kb window were averaged to obtain the mean r2.

To exclude the random effect of reduced recombination, we 
randomly selected 20,000 SNPs at the genome-wide level, 
divided them into 10 groups, and then calculated LD within 
each group. The LD between nonintrogressed genes and 
regions located near optix was significantly higher than that 
at the genome-wide level (supplementary table S13, 
Supplementary Material online). To estimate the possible effect 
of reduced recombination toward the chromosome end, we 
further calculated LD between nonintrogressed genes and cor
responding regions on chromosomes 1, 12, and 19, which have 
a length similar to that of chromosome 18. The LD between 
nonintrogressed genes and regions on chromosome 18 was sig
nificantly higher than that between nonintrogressed genes and 
regions on chromosomes 1 and 12. The average LD between 
nonintrogressed genes and regions on chromosome 18 was 
also higher than that between nonintrogressed genes and re
gions on chromosome 19, but the difference was not significant 
(supplementary table S13, Supplementary Material online). 
Our results suggested an overall nonrandom association of gen
omic divergence and differential expression in chemosensory 
tissues with optix in H. melpomene.

Network Analysis
Gene expression data of H. melpomene and H. cydno were 
used for coexpression network analysis. GC networks were 
constructed using the weighted correlation network ana
lysis (WGCNA) R package (Langfelder and Horvath 
2008). We used the PickSoftThreshold function to select 
an appropriate soft threshold (signed R2 threshold > 
0.85) to construct the network. We referred to genes as 
nodes, and the edges between nodes were determined 
based on pairwise correlations between gene expression 
values. We used Cytoscape v3.8.2 (Su, et al. 2014) to visu
alize and modify the network association data.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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