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Supplementary Information Text

Detailed Materials and Methods

Sampling, RNA extraction, and sequencing

We bred 15 Heliconius melpomene and 15 H. cydno butterflies in semi-natural conditions from November 2013 to
March 2014 in Gamboa, Panama (9°7.4' N, 79°42.2' W, elevation 60 m). Unmated females were two days old at
sampling and both males and mated females were five days old; females were mated within the first two days after
eclosing. In order to minimize time of day effects in gene expression, all individuals were sampled during the late
morning hours (09:00-12:00 hrs) - the period during which butterflies are the most active in the wild. For each
individual we collected tissues of three sensory tissue types: antenna, legs (all six legs), and mouthparts (including
the proboscis and labial palps). These were submerged in RNAlater and stored for two weeks in a -20 °C freezer at
the Smithsonian Tropical Research Institute before being moved to permanent storage at a -80 °C freezer at the
University of Puerto Rico, Rio Piedras.

For each individual butterfly we extracted RNA separately from each of the three sensory tissue types (see above)
for a total of 90 individual RNA extractions representing three biological groups (5 males, 5 unmated females, and 5
mated females) of two closely related species (15 H. melpomene and 15 H. cydno) (S1 Figure in SI Appendix). RNA
was extracted using a TRIzoltm RNA isolation protocol followed by additional purification using a RNeasy minikit
(Qiagen). RNA quality was assessed using RNA 6000 Pico BioAnalyzer chips (Agilent) (1) and concentrations were
determined using a NanoDrop spectrophotometer (ThermoFisher) (2). Two Illumina libraries, each representing 45
individually barcoded RNA extractions for either H. melpomene or H. cydno, were generated using the Illumina
TruSeqrv RNA sample preparation kit according to the manufacturer's low-throughput protocol. Each library was
sequenced three times on a HiSeg2500 lllumina system for a total of six lllumina sequencing lanes (50bp SR).
Sequencing was performed at the Knapp Center for Biomedical Discoveries at the University of Chicago.

Targeted resequencing and chemosensory gene annotation improvement

We first used CrossMap (3) and manual verification to update the annotation of chemosensory gene models on the
Heliconius melpomene genome v2 Hmel2 genome version (4, 5). For this, we used previously published gene models
for 252 chemosensory genes: a) 33 chemosensory proteins (6), b) 43 olfactory binding proteins (6), ¢) 70 olfactory
receptors (6), d) 73 gustatory receptors (7), and e) 31 ionotropic receptors (8).

We further improved the chemosensory gene models by producing a target RNA resequencing data set for the genes
of interest (S1 Figure in SI Appendix). For a subset of the sampled Heliconius melpomene butterflies (two males, two
unmated females, and two mated females) we pooled equal amounts of RNA extracted from the antenna, legs, and
mouthparts for each individual using a NanoDrop spectrophotometer (ThermoFisher). The pooled samples (N = 6)
were sent to Roche for targeted enrichment of sequencing libraries using the NimbleGen SeqCap protocol (9) followed
by sequencing on the lllumina Hiseq2500 platform (100bp PE), generating a total of 168,344,748 (50 bp) reads. We
then used the targeted capture data to improve the annotation of the chemosensory genes, in particular, the
beginnings and ends of genes, and to find previously unannotated genes in the Hmel2 genome. We used ‘Bowtie’
(10) to create a BAM file and verified the alignment visually using the Integrative Genomics Viewer (11) for accuracy.

Using a genome guided assembly approach, we aligned our reads to 252 chemosensory genes with a high coverage
(237 X) that allowed for a substantial improvement of the chemosensory gene models (S1 Table in SI Appendix). The
combined dataset (NimbleGen SeqCap and RNA-seq data) had more power to identify start and stop codons, missing
exons, and exon/intron boundaries. Overall, we improved the gene models for 115 (45 ORs, 41 GRs, 22 OBPs, and
7 CSPs) chemosensory genes (S1 Table in S| Appendix).

The major change that emerged from our analysis was related to the number of genes characterizing specific
chemosensory gene families. Compared to previous studies (4, 6—8), we reduced the number of Olfactory Receptors
(ORs), Gustatory Receptors (GRs) and Chemosensory Proteins (CSPs), while increasing the gene models for
olfactory binding proteins (OBPs) (S1 Table in Sl Appendix). We detected the erroneous annotation of 6
chemosensory genes in the earlier Heliconius genome version (Hmell): HmCSP33, HmMGR37, HmMGR41, HMOR73,
HmMOR48 and HMORA47. These 6 genes were identical to HmMCSP34, HmMGR38, HMGR40, HMOR43, HMOR?24, and
HmMOR50. We found no evidence to indicate that these genes represent real duplications, rather, they appear to be
the product of erroneous annotation caused by heterozygosity and were discarded from our gene models and

2



analyses (4, 6). We confirmed, as suggested by Vogt et al. (2015), the existence of 8 additional OBPs. Vogt et al.
(2015) also suggested the existence of a 9 OBP named HmelOBP41. Our analyses, however, could not recover a
full gene model for OBP41, indicating that it represents a partial copy. To this point, we did not identify - in either our
NimbleGen SeqCap or RNA-seq datasets - a single sequence corresponding to the OBP41 gene. While superficially
OBP41 appears to be a real partial gene duplication, the lack of evidence for the existence of an associated functional
gene suggests that it is either the result of errors during genome assembly or a pseudogene. For this reason, we
chose to remove OBP41 from downstream analyses, bringing the total number of OBPs from 51 to 50. Our analyses
detected the existence of an additional 29 copies of 23 genes, which we believe likely represent genome assembly
errors. These include 9 CSPs, 1 OBP, 4 IRs, and 9 GRs (S1 Table in SI Appendix). Additionally, our data indicate
that three previously annotated OR genes (HmMOR56, HmMOR58, and HmOR59) (6) are actually splice variants of a
single larger gene. The three splice variants share four smaller exons totaling 411 bp in length and contain one larger
exon, from 790-808 bp, that differs between the three genes. These splice variants were treated as individual genes
in downstream analyses.

Raw data processing and differential expression analyses

The lllumina RNA-seq data was aligned to the Hmel2 genome using ‘Tophat’ (g-value threshold = 0.05; for per-gene
g-values see the ‘g-values.xlsx’ data set) and differential expression analyses were performed with ‘Cufflinks’ (12).
Differential expression analyses were conducted by tissue and biological group as follows. For the tissue-specific
expression analyses, we combined data for all 30 butterflies and compared across tissue types. For species-, sex-,
and life-stage -specific expression analyses, the data were analyzed for each tissue type independently (antennae,
legs, or mouthparts). Species-specific differences were assessed by comparing males, unmated females or mated
females of H. melpomene to their biological equivalents in H. cydno. Here, differences in chemosensory gene
expression between closely related species were hypothesized to reflect differences in mate or host-plant choice.
Sex-specific differences were assessed by comparing males and unmated females. This comparison was established
to identify genes potentially central to both female- and male-choice. Life-stage-specific differences were assessed
by comparing unmated and mated females. Here, differences between unmated and mated females were
hypothesized to reflect a shift in sensory focus from mate searching (unmated females) to host-plant detection for
oviposition (mated female). Expression plots based on FPKM (Fragments Per Kilobase of transcript per Million
mapped reads) values were created using the ‘heatmap.2’ function of the ‘gplots’ package in R (13).

For H. melpomene, we sequenced a total 527,608,789 (50 bp) reads of which 387,543,981 (73.45%) aligned to the
Hmel2 genome (4, 5). For H. cydno we sequenced a total of 455,172,761 reads of which 358,702,600 (78.81%)
aligned to the Hmel2 genome. Despite being a different, albeit closely related, species the H. cydno genes mapped
better to the Hmel2 genome, alleviating concerns about the use of a H. melpomene reference to align and analyze
the H. cydno data. 7,804,978 (1.05%) of the RNA-seq reads aligned to the 252 chemosensory genes.

Admixture and Linkage Disequilibrium (LD) analyses

In order to further narrow down genes underlying species-level recognition, we compared results from our species-
level differential expression analyses to admixture estimates for the sympatric H. melpomene — H. cydno pair from
Panama (14). The admixture values (fd) are based on the ABBA-BABA test (15) which measures an excess of derived
allele sharing between the sympatric non-sister taxa compared to an allopatric population of H. melpomene form
French Guiana. We included H. numata as an outgroup (Figure 3A). Negative fd values indicate low admixture or
sharing of derived alleles between the sympatric Panama populations of H. melpomene and H. cydno whereas
positive fda values indicate high admixture. The fa values were calculated for 100 kb windows with a step size of 20 kb.
For chemosensory genes overlapping windows were averaged. With this approach, we were able to identify
chemosensory genes that were both significantly differentially expressed (over-expressed) and presented low
admixture between the two species. Chemosensory genes at the intercept of these two estimates are likely to be
involved in species-specific processes. Finally, because the color pattern locus optix has been shown to be associated
with mate preference behavior in H. melpomene and H. cydno (16), and linkage between chemosensory and color
pattern genes could facilitate the forming of smell-based prezygotic barriers (17), we tested for the nonrandom
association of chemosensory loci (50 kb around transcription start site) at and around the optix gene (1,000 kb region)
in 50 kb windows. Pairwise comparisons of SNPs within each 50 kb window were averaged to produce a mean rz.
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S1 Figure: Overview of experimental setups. A) Chemosensory gene targeted resequencing
of 6 H. melpomene butterflies representing three biological groups (two unmated females, two mated females, and
two males). For each individual, we extracted RNA from the antenna, legs, and mouthparts separately. RNA
extractions from the three tissues were pooled into one library for each individual (N = 6 libraries). The libraries were
sequenced and the targets were enriched as per the Nimblegene SeqCap-Illumina Hiseq protocol. B) Chemosensory
gene expression: Each biological group contained 5 replicates for both H. melpomene and H. cydno. For each
individual, we extracted RNA from the antenna, legs, and mouthparts separately. We tested for differential expression
of chemosensory genes between species, sexes, and life-stages for each tissue type.

: We sampled a total



S1 Table: Overview of major annotation improvements. For each chemosensory gene category, from left to right:
‘# of genes’ the number of genes remaining after the initial Hmel2 genome annotation; ‘Improved annotation’ the
number of gene models improved at more than 6 base pairs; ‘OBPs in Vogt (2015) (18) the number of OBP genes
first published, which also includes one incorrect annotation (OBP41) listed in the parenthesis; ‘Redundant in Hmel2’
the number of redundant genes (the same gene with a different name) mapped to the same location in the Hmel2
genome; ‘Identical copies in Hmel2' the number of genes with partial or complete copies (likely generated in silico) in
the Hmel2 genome, as well as the copy number for each gene provided in parenthesis; ‘Splice variants’ the number
of splice variants identified and the number of genes in parenthesis.

# of Improved OBPs in Redundant in Identical copies in # Of. splice
X Hmel2 (copy variants (# of
genes annotation Vogt (2015) Hmel2
number) genes)

CSP 33 7 - 1 9(13 copies) 0
OBP 50 22 8(1) 0 1 0
GR 71 41 - 2 9(11 copies) 0
IR 31 0 - 0 4 0
OR 67 45 - 3 0 3(1 gene)
Total 252 115 9 6 23(29) 3(1 gene)



S2 Table: Tissue specific expression of chemosensory genes. For each chemosensory gene category, we
provide the number of genes presenting tissue specific expression for the various sensory tissue types: antennae,
mouthparts, and legs.

CSP GR IR OBP OR Total
g’;g;eessse‘j in all 11 66 23 16 130 147
antenna specific i 2 5 12 26 46
mouthparts specific 3 2 5
leg specific 1 2 3
mixed expression 17 1 3 20 11 52

total 33 71 31 50 67 252



S3 Table: Overview of chemosensory gene (transporters) differential expression patterns. For each tissue type
we indicate transporters (OBPs and CSPs) differentially expressed as a function of sex, species, and life-stage. For
the species category, we highlight genes (in red and blue) showing consistent differential expression patterns
between unmated females, mated females, and males. For the sex and life-stage categories, we highlight genes
showing consistent differential expression patterns in both species (H. cydno and H. melpomene). These highlighted
genes correspond with the genes shown in Figure 2 of the manuscript. Bolded and underlined genes are differentially
expressed, but don’t show consistent expression patterns across sex, life-stage or species. An excel version of this

table is available on the Open Science Repository (DOI 10.17605/0SF.10/2MB38).
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S4 Table: Overview of chemosensory gene (receptors) differential expression patterns. For each tissue type
we indicate receptors (OR, GRs, and IRs) differentially expressed as a function of sex, species, and life-stage. For
the species category, we highlight genes (in red and blue) showing consistent differential expression patterns
between unmated females, mated females, and males. For the sex and life-stage categories, we highlight genes
showing consistent differential expression patterns in both species (H. cydno and H. melpomene). These highlighted
genes correspond with the genes shown in Figure 2 of the manuscript. Note the increase in the number of differentially
expressed genes in the species comparison (particularly for antennae) relative to the sex or life-stage comparisons.
An excel version of this table is available on the Open Science Repository (DOI 10.17605/0OSF.1I0/2MB38).
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S2 Figure: Expression values (FPKM) for ionotropic receptors. The heatplot illustrates gene expression patterns
for ionotropic receptors (IRs). On the y-axis, genes (one per row) are clustered based on expression. On the x-axis,
individuals are identified by tissue, species, sex, and life-stage as indicated in the Figure S1 legend. Measures of
expression are reported in Fragments Per Kilobase of transcript per Million mapped reads (FPKM); the scale for
expression counts is shown under the header of each heatplot. Note how IRs are expressed predominantly in the
antenna.
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S3 Figure: Expression values (FPKM) for olfactory receptors. The heatplot illustrates gene expression patterns
for olfactory receptors (ORs). On the y-axis, genes (one per row) are clustered based on expression. On the x-axis,
individuals are identified by tissue, species, sex, and life-stage as indicated in the Figure S1 legend. Measures of
expression are reported in Fragments Per Kilobase of transcript per Million mapped reads (FPKM); the scale for
expression counts is shown under the header of each heatplot. Note how ORs are expressed predominantly in the
antenna.

10



Gustatory Receptors

FPKM

5 10 50 100 150 200+

FaRRREE R
LR O

SRR R R R RERE R RR R RN

,
Q

SEhBRRE R R R E SRR RS

3333333333333333333333333333333333333333333333333333333333333333333333

||i_

(o5 IO
S99 @@@9 ’\o‘dglgidd

'ﬂf’ 7 '#’W#’ Wﬁw#v WRTWRTWRT W T

S4 Figure: Expression values (FPKM) for gustatory receptors. The heatplot illustrates gene expression patterns
for gustatory receptors (GRs). On the y-axis, genes (one per row) are clustered based on expression. On the x-axis,
individuals are identified by tissue, species, sex, and life-stage as indicated in the Figure S1 legend. Measures of
expression are reported in Fragments Per Kilobase of transcript per Million mapped reads (FPKM); the scale for
expression counts is shown under the header of each heatplot.
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ChemoSensory Proteins
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S5 Figure: Expression values (FPKM) for chemosensory proteins. The heatplot illustrates gene expression
patterns for chemosensory proteins (CSPs). On the y-axis, genes (one per row) are clustered based on expression.
On the x-axis, individuals are identified by tissue, species, sex, and life-stage as indicated in the Figure S1 legend.
Measures of expression are reported in Fragments Per Kilobase of transcript per Million mapped reads (FPKM); the
scale for expression counts is shown under the header of each heatplot. Note that the FPKM scale is different from
Figures S6; S7, and S8 - expression counts are higher for transporters relative to receptors. Generally, CSPs show
a homogeneous expression pattern throughout tissues, with some individual genes showing comparatively higher
expression levels.
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S6 Figure: Expression values (FPKM) for olfactory binding proteins. The heatplot illustrates gene expression
patterns for olfactory binding proteins (OBPs). On the y-axis, genes (one per row) are clustered based on expression.
On the x-axis, individuals are identified by tissue, species, sex, and life-stage as indicated in the Figure S1 legend.
Measures of expression are reported in Fragments Per Kilobase of transcript per Million mapped reads (FPKM); the
scale for expression counts is shown under the header of each heatplot. Note that the FPKM scale is different from
Figures S6; S7, and S8 - expression counts are higher for transporters relative to receptors. Generally, OBPs are
characterized by increased expression levels in the antennae, many of these genes are also found to be expressed
in the legs and labial palps.
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S7 Figure: Linkage disequilibrium (LD) map of chemosensory genes and the color pattern gene optix. On the
y-axis chemosensory genes are annotated. The x-axis indicates the 1,000kb window around optix, the position of
which is noted with a line, analyzed in 50kb windows. Please see S5 table for LD values and gene names.

14



S5 Table: LD analysis statistics (r2 values) for chemosensory genes and the color pattern gene optix. Higher
r2 value cells are colored red and lower rz value cells are colored green. Chemosensory gene names are colored by
family as per the legend in Figure 3 of the manuscript. Admixture values (fd) are also provided in the final column. An
excel version of this table is available on the Open Science Repository (DOI 10.17605/0SF.I0/2MB38).
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