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Evolutionary and structural analyses
uncover a role for solvent interactions
in the diversification of cocoonases

in butterflies
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and A. D. Briscoe'

Department of Ecology and Evolutionary Biology, 2Department of Chemistry, >Department of Sociology,
“Department of Statistics, *Department of Electrical Engineering and Computer Science, and ®Department of
Molecular Biology and Biochemistry, University of California, Irvine, CA 92697, USA

7School of Biological Sciences, Bangor University, Brambell Laboratories, Bangor, Gwynedd, UK

Multi-omic approaches promise to supply the power to detect genes under-
lying disease and fitness-related phenotypes. Optimal use of the resulting
profusion of data requires detailed investigation of individual candidate
genes, a challenging proposition. Here, we combine transcriptomic and geno-
mic data with molecular modelling of candidate enzymes to characterize the
evolutionary history and function of the serine protease cocoonase. Heliconius
butterflies possess the unique ability to feed on pollen; recent work has
identified cocoonase as a candidate gene in pollen digestion. Cocoonase was
first described in moths, where it aids in eclosure from the cocoon and is present
as a single copy gene. In heliconiine butterflies it is duplicated and highly
expressed in the mouthparts of adults. At least six copies of cocoonase are
present in Heliconius melpomene and copy number varies across H. melpomene
sub-populations. Most cocoonase genes are under purifying selection, however
branch-site analyses suggest cocoonase 3 genes may have evolved under episo-
dic diversifying selection. Molecular modelling of cocoonase proteins and
examination of their predicted structures revealed that the active site region
of each type has a similar structure to trypsin, with the same predicted substrate
specificity across types. Variation among heliconiine cocoonases instead lies in
the outward-facing residues involved in solvent interaction. Thus, the neofunc-
tionalization of cocoonase duplicates appears to have resulted from the need for
these serine proteases to operate in diverse biochemical environments.
We suggest that cocoonase may have played a buffering role in feeding during
the diversification of Heliconius across the neotropics by enabling these
butterflies to digest protein from a range of biochemical milieux.

1. Introduction

Adaptive evolution may occur through gene duplication events followed by neo-
functionalization of the derived copy [1]. The serine protease cocoonase was first
described in silkmoths, where it plays a key role in adult eclosion by degrading
the sericin proteins that hold together the cocoon’s silk fibres [2]. Cocoonase
occurs in moths as a single copy gene, but recent work has identified multiple
cocoonase duplication events in the Heliconius melpomene genome, resulting in at
least five duplicates of recent origin [3]. The retention of gene duplicates in butter-
flies that do not spin a silk cocoon, and thus do not require chemical degradation
during eclosion, suggests a novel function for these protease duplications.
Furthermore, these novel proteins could have strong proteolytic properties that
may have commercial value, particularly for degumming in the silk production
industry or other applications requiring protein degradation.

The cocoonase enzyme has been intensively studied in silkmoths, including in
Antheraea polyphemus [4-7], A. peryni [2,5,8,9], A. mylitta [5,10] and Bombyx mori
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Figure 1. Genomic annotations of the cocoonase genes in Heliconius melpomene. Annotations indicate the positions of six duplicate copies of cocoonase located
within the genomic coordinates 550 000675 000 on scaffold Hmel217004, genome assembly version Hmel2 [21]. Each gene is coloured separately and exons are

indicated in grey in the 5 to 3’ direction (arrows).

[11,12]. In silkmoths, cocoonase is secreted directly by modi-
fied maxillary galeae (the proboscis), rather than, or perhaps
in conjunction with [12], the digestive tract [2]. The cocoonase
enzyme is deposited in a dry crystalline form on the surface of
the proboscis by large specialized polyploid cells within the
galeae (zymogen cells). The zymogen proenzyme is exuded
through narrow cuticular ducts that connect to the polyploid
cells to form a duct and valve apparatus linked to a large extra-
cellular storage vacuole [13]. It is then dissolved on the surface
of the proboscis by an alkaline solvent principally composed of
aqueous potassium bicarbonate. Cocoonase has a strong and
somewhat general proteolytic activity and is capable of digest-
ing a wide range of proteins [2,8]. In pupating moths the
enzyme is applied to the inside of the cocoon, degrading sericin
and allowing the adult to escape.

Our characterization here of the heliconiine cocoonases as
trypsin-like proteases of MEROPS family S1 [14] is consistent
with previous studies of cocoonase from Antheraea pernyi
[15]. Serine proteases act by cleaving peptide bonds in their
targets, and play a range of physiological roles including
in digestion, blood coagulation, signal transduction, reproduc-
tion and the immune response. Several categories of serine
protease have been identified based on structure and substrate
specificity (e.g. trypsin-like, chymotrypsin-like, elastase-like),
with specificity driven by the identity of key residues in the
specificity pocket [16,17]. All serine proteases hydrolyse
peptide bonds using a Ser-His-Asp catalytic triad at the
centre of the active site cleft. Binding sites adjacent to this
triad comprise the specificity pocket; this region and adjacent
loops help determine the enzymes’ substrate preferences [17].
Cocoonase is expressed intracellularly as a preproenzyme 260
amino acids in length [18]. The enzyme is activated upon
secretion, which entails removal of the N-terminal signal
peptide [5,19] and the pro-sequence that prevents the enzyme
from becoming prematurely activated. This is probably accom-
plished through autocatalysis [8]; in cocoonases a K or R
residue at the end of the pro-sequence is followed by a

conserved IVGG motif at the N-terminal end of the mature
enzyme, consistent with trypsin-type cleavage. Amino acid
residues forming the catalytic triad of serine proteases
(Ser-His-Asp) have been seen in the cocoonase active site in
moths [20]. Studies investigating cocoonases are limited to a
few silkmoth species, and up until recently there have been
little data from other lepidopteran species.

The cocoonase gene is a single-copy gene in several butterfly
and moth genomes (the silkmoth Bombyx mori, diamond
backed moth Plutella xylostella and monarch butterfly Danaus
plexippus, and the Glanville fritillary Melitaea cinxia [3]).
However, heliconiine butterflies harbour at least five duplicate
copies (figure 1), including recent duplication events unique to
Heliconius butterflies. Smith et al. [3] discovered multiple para-
logues of cocoonase mRNA are upregulated in the proboscis of
heliconiines when compared to two other tissues (antennae
and legs). Further, they saw that these cocoonases are not
expressed in the salivary glands of Heliconius melpomene,
suggesting that, like moths, butterflies directly secrete this
digestive enzyme from the proboscis. This is further supported
by the presence of cocoonase in the saliva of H. melpomene
adults [22]. Unlike moths, adult butterflies express multiple,
sequence-divergent versions of cocoonase in their mouthparts.
This, and the fact that butterflies do not pupate within a silk
cocoon but escape with relative ease from a chrysalis, suggests
that cocoonase may have a different function in butterfly adults
post-emergence. One potential function is the pre-digestion of
pollen granules during feeding. Heliconius butterflies directly
feed on pollen by collecting and digesting pollen on their pro-
boscides, a behaviour that is not seen in other butterflies
[23,24]. Nectar also contains small amounts of amino acids
from dissolved pollen, and thus heliconiine butterflies may
have coopted cocoonase for the digestion of peptides found
in their natural diet, and Heliconius butterflies may use these
specifically for feeding on pollen.

New cocoonase enzymes have potential commercial value
across numerous applications. In the silk industry, degumming
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Figure 2. Comparison of the mRNA expression levels of cocoonases across multiple H. melpomene tissues. Bars are mean plus standard error of log, CPM across four
tissue types (14 individuals): antennae (Ant), head (Head), legs (Leg) and mouthparts (Mou).

of silk by sericin removal is carried out in order to improve the
quality of the fibroin silk fibres [25]. Current industrial methods
for removing sericin involve chemical incubation (e.g. with
alkaline solutions), which also degrades fibroin, reducing silk
quality [8]. Because cocoonase hydrolyses sericin but leaves
the fibroin fibres untouched the enzyme is of great interest to
the silk producing industry. The discovery of duplicate copies
of cocoonase with divergent amino acid sequences might lead
to the discovery of a protease that is more effective at degum-
ming. Proteases are also useful for medical applications;
recent work on the Chinese silkworm cocoonase has shown
that it cleaves fibrin and fibrinogen both in vitro and in an
animal model of thrombosis [15], demonstrating its utility for
studying thrombosis and potentially treating blood clots. As
we show below, the heliconiine cocoonases exhibit substantial
variation in surface properties (particularly hydrophobicity),
potentially facilitating their diffusion into diverse chemical
environments. Such a mixture of enzymes with differing sur-
face characteristics could prove useful in degrading complex
proteinaceous material in the presence of chemical detergents,
a common requirement of enzymatic cleaning agents.

Here, we use multiple sources of -omic data in order to
examine the evolutionary history and functional properties of
the heliconiine cocoonase gene duplications. Specifically, using
new transcriptomic and genomic data, we examine their
expression across additional tissues, reconstruct their phyloge-
netic relationships, and examine rates of gene duplication and
deletion. Because the heliconiine cocoonase duplications have
been retained, and their diversification appears to be ongoing,
we hypothesized that duplicates have undergone neofunctio-
nalization. Our initial hypothesis involved their enzyme
products acting on different substrates. We use comparative
modelling and protein structure analysis to infer functional
(and perhaps adaptive) differences when compared with the
single-copy moth cocoonase. Our modelling data of 30 individ-
ual cocoonases indicate that, contrary to our hypothesis, all the
cocoonase enzymes have trypsin-like specificity, while

significant differences are found among the surface residues
of different cocoonase types, suggesting enzyme adaptation
to different chemical environments.

2. Results and discussion

(a) Heliconiine cocoonases exhibit copy-number
variation

Smith et al. [3] suggested that the diversification of cocoonase
genes through duplication might be linked to the ability of Heli-
conius butterflies to feed on pollen. The annotation of cocoonase
genes from a new H. melpomene genome assembly (Hmel2)
suggests that duplication events have given rise to six gene
duplicates in this species (figure 1). Expression of cocoonase
occurs primarily in the mouthpart tissues (proboscis and
labial palps) of butterflies, where mRNA levels are orders of
magnitude greater than that of other tissues. All six cocoonase
genes are expressed in the mouthparts of H. melpomene to
some degree, with cocoonase 3 and cocoonase 4 being highly
expressed compared with the other 4 gene duplicates
(figure 2). Such high expression levels could be indicative of
an important function for 3 and 4 in the mouthparts tissues.
Cocoonase expression in other H. melpomene tissues is limited
to cocoonase 1 and cocoonase 5b in the antennae, and low-level
expression of 3 and 4 in antennae, head and legs.
Phylogenetic reconstruction of the coding nucleotide
sequences of cocoonase genes in butterflies and moths reveals
multiple duplication events, including in the non-pollen feed-
ing species, H. aoede (electronic supplementary material,
figure S1). Four major clusters were detected, with duplications
of cocoonase 3/4 and 5 clusters being unique to Heliconius [3]
(electronic supplementary material, figure S1). Several dupli-
cation events predate heliconiine divergence and the
evolution of pollen feeding, suggesting that Eueides may use
cocoonases for feeding-related proteolysis if not for pollen
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Table 1. Copy number variation in cocoonase genes across 18 individuals of four Heliconius melpomene (H. m.) subspecies.

H. m. rosina

deletion

duplication duplication

Cocoonase 1
Cocoonase 2
Cocoonase 3
Cocoonase 4
Cocoonase 5a

=N O O o o
- o o o o

O o o o o o

Cocoonase 5b
total samples 4 6

feeding, and this may have facilitated the evolution of pollen
feeding in Heliconius [3]. The rate of synonymous substitutions
between pairs of sequences mirrored this clustering; pairwise
comparisons between cocoonase sequences grouped by cluster
were substantially lower within (mean of 0.3 for heliconiine
cocoonases; electronic supplementary material, table S1) than
between clusters (mean of 1.92; electronic supplementary
material, table S2). Although not every species’s transcriptome
has a representative copy from each cluster, each species has at
least three and as many as six paralogues. Particularly interest-
ing is the cocoonase 3/4 cluster containing copies 3 and 4 that are
of more recent origin, and highly expressed. Copies 5a and b
have a very recent origin, with highly similar nucleotide and
amino acid sequences, suggesting that copy number variation
(CNV) could exist in populations.

In order to examine population structural variation we
analysed 18 H. melpomene re-sequenced genomes across
four different subspecies. CNV was detected for all cocoonase
copies (table 1), but was particularly evident for cocoonase 5a
and 5b. Duplication events were detected for cocoonase 1-3 in
the agalope subspecies, and 5a and 5b in amaryllis and melpomene.
Deletions were seen for cocoonase 3 and 4 in the agalope subspe-
cies, cocoonase 5a in all four subspecies, and 5b in rosina.
Deletions in cocoonases 1 and 2 were not detected in any subspe-
cies. Smaller-scale differences (insertions/deletions) were seen
frequently across all genes (electronic supplementary material,
tables S3 and S4). Thus, cocoonase gene duplications vary in
number across Heliconius populations, varying more when
they are recent, and are probably maintained in populations,
indicating their functional importance.

Clustering of the heliconiine cocoonase protein sequences
resulted in a clear division into subfamilies comprising type
1, type 2, types 3 and 4, and type 5 (electronic supplementary
material, figure S2). These enzymes cluster according to type
rather than by species, consistent with the idea that paralogues
have different functions. Indeed, the majority of branches on
the nucleotide tree demonstrate signals of purifying selection,
suggesting that selection has acted to maintain their function
(electronic supplementary material, table S5). However, a
branch-site REL test [26] revealed two branches with sites
showing enhanced rates of non-synonymous substitutions
that are likely to be due to episodic diversifying selection: the
branch leading to the cocoonase 3 clade (corrected p-value =
0.025) and Eueides isabella cocoonase 2 (corrected p-value =
0.001; Holm-Bonferroni corrected p-value threshold of less
than 0.05; electronic supplementary material, table S5).

H. m. melpomene

deletion

O N O o oo

H. m. amaryllis H. m. aglaope

duplication deletion duplication deletion
0 0 1 0
0 0 1 0
0 0 0 1
1 0 0 0

(b) Heliconiine cocoonase clusters represent functional
subfamilies

In order to compare the sequence diversity among and
between the heliconiine cocoonases and more distant relatives,
two sequence alignments are presented (electronic supple-
mentary material, figures S3 and S4), annotated to indicate
amino acid properties, catalytic residues and functional
sequence regions. The aligned sequences of the outgroup
enzymes with those of representative cocoonases from
Heliconius melpomene, and details of the region including the
specificity pocket are shown in electronic supplementary
material, figures S3 and S5. Electronic supplementary material,
figure S4 shows a similar alignment for every heliconiine
cocoonase. These alignments show a general overview of
sequence elements that are broadly conserved and hence
likely to be functionally essential for this enzyme class, and
those that are more specific to the heliconiine butterflies.
Generally, the cocoonase catalytic triad residues are conserved
in 28 of the 30 cocoonases examined; the exceptions are
E. isabella cocoonase 2, in which the active His is mutated
to Ile, and H. sara cocoonase 3, which is truncated at the
C-terminal end (the full mMRNA was not recovered). Conserva-
tion of the key catalytic residues indicates that almost all of
these enzymes are functional serine proteases.

Our initial hypothesis about the function of cocoonases
in Heliconius butterflies focused on the possibility of diversi-
fication for different substrate preferences following gene
duplication. However, this hypothesis is not supported by
examination of the sequence alignments; all the cocoonases
investigated here share sequence elements that are common
to enzymes with trypsin-like functionality, where the peptide
backbone is cleaved following a positively charged Arg or
Lys residue in the P1’ position. In particular, the Asp residue
at the bottom of the specificity pocket (D189 in trypsin and
D212 in D. plexippus cocoonase) is conserved in all cocoonases.
The presence of a negatively charged residue in this location is
essential for positioning the substrate in trypsin-like enzymes.
Other serine proteases with different substrate cleavage prefer-
ences are characterized by different residues in this critical
position, e.g. Ser for chymotrypsin.

In addition to this critical residue, it has long been recog-
nized that other features also affect serine protease activity
and specificity. For example, preference for Arg versus Lys
is modulated by whether the residue immediately following
the Asp is Ala or Ser [27]; examples of both are found in
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Figure 3. (a) Equilibrated molecular model of the active form of D. plexippus cocoonase, labelled to show the essential features of a trypsin-like serine protease. The
catalytic triad residues H80, D123 and S218 (zymogen numbering) are shown as ball and stick models. The presence of a negatively charged residue (D212) in the
bottom of the specificity pocket (green) indicates that this enzyme, like the other cocoonases, has a preference for a positively Arg or Lys in the position immediately
prior to the cut site. The loops surrounding the pocket (blue) are also functionally important. The three conserved disulfide bonds are shown in yellow. (b,c)
Comparison of H. melpomene cocoonase 1 (c1; light grey) to trypsin (dark grey) and chymotrypsin (lavender).

the set of sequences examined here. Unusually, E. isabella
cocoonase 2 has Tyr in this position, however it is presumed
to be inactive due to mutation of the catalytic His residue. In
trypsin a Tyr residue (Y172) interacts with the specificity
pocket and surface loops to further influence substrate speci-
ficity [28]. This Tyr is conserved in all of the heliconiine
cocoonases, but is replaced with Leu in D. plexippus cocoo-
nase and M. sexta SP54, and with Phe in B. mori cocoonase.
Although some variation does exist among the lepidopteran
cocoonases at this secondary site, overall the heliconiine
cocoonases are extremely consistent in their sequence identity
to trypsin at functional positions. Therefore, the differences in
their functions and hence the reason for their diversification
must lie elsewhere. In order to investigate the potential role
of three-dimensional structural features, molecular models
were calculated for the cocoonases. A similar approach has
been used to perform structural comparisons of clip domains
from immune system serine proteases from M. sexta [29].

() Molecular modelling predicts high structural
homology to trypsin

The molecular models of cocoonase are characterized by a
trypsin-like fold, as illustrated for a representative example
(D. plexippus cocoonase; figure 3a). Functional features
examined include the length, sequence and positioning of the
surface loops [30,31], and the conformation and dynamics
[32] of the backbone around a glycine residue near the entrance
to the specificity pocket (Gly 216 in trypsin) [33]. Figure 3b,c
show the surface loops for a representative cocoonase

(H. melpomene cocoonase 1) in comparison with trypsin and
chymotrypsin. Although there are minor differences in back-
bone position, for both loops the conformation adopted is
clearly that of trypsin. This is true for all of the full-length
cocoonase models examined here.

Strong conservation of sequence and structural properties
in the cocoonase specificity pockets is not limited to the stabi-
lizing Asp residue; examination of the sequence alignments
(electronic supplementary material, figures S3 and S4, detail
in figure S5) reveals significant variation in only three sites in
the specificity pocket itself, one of which is the Ser/ Ala in pos-
ition 188 (trypsinogen numbering). The side chains of the other
residues involved (W215 and D217 in trypsinogen) point out-
wards, away from the substrate-binding pocket. Furthermore,
the conformation about G216, a critical structural residue
involved in regulating substrate binding [33], is similar to
that of trypsin in the cocoonases. Based on the sequence
and structural evidence, the evolution of these enzymes does
not seem to be the result of pressure to produce proteases
with different substrate specificity. Therefore, understanding
the functional origin of cocoonase gene duplication in
pollen-feeding butterflies must focus on other structural and
sequence features.

(d) Diversity of surface residues suggests specialization
for different environments

Within each cocoonase type, sequences from different
species demonstrate a high level of conservation (electronic
supplementary material, figure S6). Figure 4 illustrates the
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Figure 5. PCA of solvation-relevant surface residue properties. Projections of original variables into the PCA space are shown by dotted lines; arrows indicate positive
direction. Original variables include overall mean residue charge (MeanCharge), fraction of residues that are charged (FracCharged), fraction of residues that are polar
(FracPolar) and overall hydrophobicity (Hydrophobicity). Colours indicate protein sequence-based clustering (see electronic supplementary material, figure S2 for clusters).

sequence conservation for all cocoonases, plotted on the struc-
ture of H. melpomene cocoonase 1. Strikingly, the side chains of
most of the highly conserved residues are directed toward the
interior of the protein, while many of the variable residues pro-
ject into the solvent. This pattern suggests that the evolution of
different cocoonase types may have been driven by the need to
diffuse into and remain solvated in different environments,
rather than by differences in substrate specificity.

The observation that cocoonases differ primarily in their
outward-facing residues suggests that functional differences
may alter their surface properties; such an adaptation could
arise, for example, in response to the need to efficiently dif-
fuse through the chemically heterogeneous materials that

comprise pollen grains. The properties most likely to vary
in such a scenario are residue charge, overall hydrophobicity
and whether or not the residue side chain is polar, all of
which influence solvation and ability to diffuse within
relatively polar versus non-polar environments. Principal
component analysis (PCA) of solvation-relevant surface prop-
erties for the protein set (figure 5) shows that the five
sequence-based clusters clearly follow a well-ordered, cir-
cumplex pattern from those whose surfaces are relatively
non-polar and hydrophobic (cocoonase 1) to those with
more moderate levels of hydrophobicity and relatively nega-
tive mean charge (cocoonases 2 and 3), those that are
relatively polar, hydrophilic, and neutral (cocoonase 4), and
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those that are polar and hydrophilic with a relatively positive
mean charge (cocoonase 5). With the exception of cluster 3,
the five clusters are well separated in PCA space, and
there is no indication of clustering by species (as might be
expected if surface characteristics were primarily a response
to species-specific feeding requirements). Taken together,
these results are consistent with the hypothesis that differ-
ences in sequence among cocoonases are primarily driven
by a requirement for diversity in solvation-related proper-
ties, and that this requirement is broadly shared among
pollen-feeding lepidopterans.

3. Concluding remarks

Several of the cocoonase gene duplication events appear to pre-
date the divergence of heliconiine butterflies with most of the
resulting copies being retained, at least certainly in Heliconius
butterflies. The tree topology and selection tests suggest
the neofunctionalization of these genes, with cocoonase 3, a
Heliconius-specific duplication, showing evidence of episodic
diversifying selection. Cocoonase 2 may also have undergone
selection in E. isabella, however this gene is likely to be inactive
due to a mutation in the active site. Overall, this non-pollen
feeding sister group to Heliconius has fewer expressed
or active copies of cocoonase, suggesting the importance of
cocoonase genes specifically within Heliconius butterflies.

Cocoonase is highly expressed in the mouthparts of butter-
flies and the function of this protease in Heliconius is likely to
involve feeding, specifically pollen feeding. Solvent exposed
surface residues tend to have a higher mutation rate than
slower evolving interior residues, which are constrained by
their important roles in structures such as the active site [34].
While surface residues may play a role in substrate and modu-
latory ligand recognition when associated with the active site
and/or specialized regions such as binding pockets [35], we
see no evidence of systematic variation in such residues
among the heliconiine cocoonases. Variation is instead seen
in residues comprising the bulk of the protein surface, which
are more typically implicated in stability and solvation
within particular chemical environments [36,37]. Cocoonase
surface residue diversity may therefore be important for sol-
vation and stability in the heterogeneous mix of chemical
microenvironments comprising pollen grains [38], which is
further increased by biochemical differences in the plants on
which they feed. Heliconius butterflies visit many different
plant species within their home range for nectar and pollen,
and plant diversity varies geographically across Mexico and
Central and South America [39,40]. The duplication, retention
and maintenance of cocoonase genes thus might have a buffer-
ing effect, allowing effective proteolytic activity in diverse
chemical environments, evolving alongside, or perhaps play-
ing a role in, the successful diversification of these butterflies
throughout the neotropics.

Some evidence for pollen-associated specialization exists
within Heliconius, however this may be related more to pollen
collection than digestion. Analyses of pollen load show the
most common feeding plants include Psiguria, Gurania, Lantana
and Psychotria species [40—42]. Some species groups collect
pollen from specific plants; for example, melpomene group
species (H. hecale, H. ismenius, H. melpomene, H. cydno) collect
larger amounts of pollen from Psiguria and smaller amounts
from Lantana species, compared with the erato group (H. erato,

H. sapho, H. sara [40—42]). This is likely to be connected to

pollen grain size, and perhaps proboscis morphology, as melpo-
mene group species prefer large pollen grains, and Psiguria
pollen is larger [43]. However, evolutionary generalization in
terms of chemical environment may exist because butterflies
feed on multiple plant species within an assemblage, regardless
of whether the assemblage has large or small pollen.

The expansion of cocoonase genes is likely to be linked to the
evolution of pollen processing behaviour, which is unique to
Heliconius. Further work is needed to understand the origins
of this very specialized behaviour, and should focus on the
combination of morphological, behavioural and digestive
changes that underlie it. Further, little information exists on
the variation in pollen grain composition of plants on which
Heliconius species feed. Such data would help to elucidate the
environments in which cocoonase is expressed. Here, we
have shown that a combined sequence analysis and molecular
modelling approach can uncover insights into the evolutionary
history and functional diversity of highly duplicated candidate
genes. More widespread use of such structural modelling tech-
niques could help shed light on these and other questions that
hinge on the interplay of evolutionary and structural or
biochemical factors.

4. Material and methods

(a) Heliconius melpomene cocoonase gene annotations
Cocoonase genes were annotated as per Smith et al. [3] using
the recently updated Heliconius melpomene genome assembly
(Hmel2 [21]).

(b) RNA-Seq library preparation and sequencing

RNA was extracted from the head (excluding antennae and
mouthparts) of a male H. aoede collected in La Merced, Peru by
TRIzol extraction (Life Technologies, Grand Island, NY) and
purified using the NucleoSpin RNA II kit (Macherey-Nagel,
Bethlehem, PA). Libraries were prepared using the TruSeq
RNA Preparation kit (Illumina, San Diego, CA) and sequenced
at the Princeton Core Facility on a HiSeq 2000 (Illumina, San
Diego, CA).

(0) Cocoonase tree reconstruction

Cocoonase sequences of four Heliconius species and E. isabella were
identified in transcriptome assemblies from Smith et al. [3] (Dryad
doi:10.5061/dryad.8d724), and in the non-pollen feeding H. aoede
from a de novo transcriptome assembled using Trinity (version
1r2012-06-08 [44]). Sequences were aligned with orthologues from
the genome assemblies of outgroup species: Manduca sexta,
Bombyx mori, Plutella xylostella, Danaus plexippus and Melitaea
cinxia. Tree reconstruction was performed in MEGA v. 5.2.2 [45]
from coding nucleotide sequences using maximum likelihood
with partial deletion (85% site coverage cut-off), the Tamura 3-par-
ameter nucleotide substitution model (gamma distributed with
invariant sites), and 1000 bootstrap replicates. The nucleotide substi-
tution model was selected after testing the fit of 24 different models
in MEGA. The amino acid tree was reconstructed using the same
methods, under the WAG + G + I substitution model.

(d) Branch-site REL tests

The method of Kosakovsky Pond et al. [26] permits the unbiased
identification of branches that have a class of site where dN/
dS > 1, indicating episodic diversifying selection. Briefly, codons
in the alignment were removed if any other sequence was missing
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that codon. Three sequences were excluded entirely due to their
short length. All branches were tested using likelihood ratio tests
against a model in which no branch has sites with dN/dS > 1
(see electronic supplementary material, figure S7 for test tree
topology). The resulting p-values were corrected using the
Holm-Bonferroni methods as implemented in DATAMONKEY [46].

(e) Cocoonase expression levels

Gene expression count data for H. melpomene cocoonases were
obtained by mapping RNA-Seq libraries from Briscoe et al. [47]
(ArrayExpress accession: E-MTAB-1500; six individuals) and
Macias-Munoz et al. [48] (ArrayExpress accessions: E-MTAB-6249
and E-MTAB-6342; eight individuals) to coding nucleotide
sequences using RSEM [49]. Counts were converted to counts
per million (CPM) using the total number of reads in each library.
Libraries included four biological replicates of males and four
females from four tissues: antennae, head, legs (all six) and mouth-
parts (proboscis and labial palps). Mean CPM was plotted on a
log, scale using the package ggplot2 in R [50].

(f) Cocoonase copy number variation in Heliconius
melpomene

Reads for 18 resequenced H. melpomene genomes generated by
Martin et al. [51] (European Nucleotide Archive: ERP002440)
were aligned to the reference genome [21] using bwa [52] for 4 sub-
species (6 H. melpomene melpomene samples, 4 H. melpomene rosina,
4 H. melpomene amaryllis, 4 H. melpomene aglaope). Samroors [53]
was used to index and sort the read mapping results. PINDEL [54]
was used to detect potential gene deletions and tandem dupli-
cations, and results verified manually (electronic supplementary
material, figure S8). Full results are given in electronic supplementary
material, tables S3 and S4.

(g) Comparative modelling and protein structure
analysis

Sequences were aligned using CrustatOMmEGA [55] (gap open
penalty =10.0, gap extension penalty =0.05, hydrophilic
residues = GPSNDQERK, weight matrix = BLOSUM). The
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