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Abstract 28 

Terpenes, a group of structurally diverse compounds, are the biggest class of 29 

secondary metabolites. While the biosynthesis of terpenes by enzymes known as terpene 30 

synthases (TPSs) has been described in plants and microorganisms, few TPSs have been 31 

identified in insects, despite the presence of terpenes in multiple insect species. Indeed, in 32 

many insect species, it remains unclear whether terpenes are sequestered from plants or 33 

biosynthesised de novo. No homologs of plant TPSs have been found in insect genomes, 34 

though insect TPSs with an independent evolutionary origin have been found in Hemiptera 35 

and Coleoptera. In the butterfly Heliconius melpomene, the monoterpene (E)-β-ocimene acts 36 

as an anti-aphrodisiac pheromone, where it is transferred during mating from males to 37 

females to avoid re-mating by deterring males. To date only one insect monoterpene 38 

synthase has been described, in Ips pini (Coleoptera), and is a multifunctional TPS and 39 

isoprenyl diphosphate synthase (IDS). Here, we combine linkage mapping and expression 40 

studies to identify candidate genes involved in the biosynthesis of (E)-β-ocimene. We 41 

confirm that H. melpomene has two enzymes that exhibit TPS activity, and one of these, 42 

HMEL037106g1 is able to synthesise (E)-β-ocimene in vitro. Unlike the enzyme in Ips pini, 43 

these enzymes only exhibit residual IDS activity, suggesting they are more specialised TPSs, 44 

akin to those found in plants. Phylogenetic analysis shows that these enzymes are unrelated 45 

to previously described plant and insect TPSs. The distinct evolutionary origin of TPSs in 46 

Lepidoptera suggests that they have evolved multiple times in insects.  47 

Significance statement 48 

Terpenes are a diverse class of natural compounds, used by both plants and animals 49 

for a variety of functions, including chemical communication. In insects it is often unclear 50 

whether they are synthesised de novo or sequestered from plants. Some plants and insects 51 

have converged to use the same compounds. For instance, (E)-β-ocimene is a common 52 

component of floral scent and is also used by the butterfly Heliconius melpomene as an anti-53 

aphrodisiac pheromone. We describe two novel terpene synthases, one of which synthesises 54 

(E)-β-ocimene in H. melpomene, unrelated not only to plant enzymes but also other recently 55 

identified insect terpene synthases. This provides the first evidence that the ability to 56 

synthesise terpenes has arisen multiple times independently within the insects.  57 
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Introduction  58 

Plants and insects sometimes use the same compounds for communication (1, 2). 59 

This may be adaptive if these chemicals exploit pre-existing sensory traits in the intended 60 

receiver. For example, sexually deceptive orchids mimic the scent of females of the 61 

pollinator species to attract males for pollination (3). Similarly, insects may use plant-like 62 

volatiles to exploit the sensory systems of other insects whose sensory systems have evolved 63 

for plant-finding (2, 4, 5). Phenotypic convergences such as these may involve different 64 

molecular mechanisms, including independent evolution at different loci, or may be due to 65 

the exchange of genes through horizontal gene transfer (6), and the concept has been 66 

studied across a range of organisms and phenotypes. However, we know little about the 67 

genetic basis of convergence in chemical signals.  68 

One example of chemical convergence between plants and insects is the use of β-69 

ocimene, a very common plant volatile, important in pollinator attraction due to its 70 

abundance and ubiquity in floral scents (7). This compound is also found in the genitals of 71 

male Heliconius butterflies (8–10). In Heliconius melpomene, (E)-β-ocimene acts as an anti-72 

aphrodisiac pheromone, transferred from males to females during mating to repel further 73 

courtship from subsequent males (8). β-Ocimene is also found in large amounts in the 74 

flowers on which adult H. melpomene feed, and elicits a strong antennal response in both 75 

males and females (11, 12). This compound, therefore, appears to be carrying out two 76 

context-dependent functions, attraction to plants and repulsion from mated females.  77 

Although β-ocimene synthases have been described in plants, none have been found 78 

in animals (7). It has previously been shown that H. melpomene is able to synthesise (E)-β-79 

ocimene de novo (8). β-Ocimene is a monoterpene, a member of the largest and most 80 

structurally diverse class of natural products, the terpenes (13). Terpenes are formed from 81 

two precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), 82 

which are themselves produced by either the universal mevalonate pathway or the 83 

methylerythritol phosphate pathway, the latter of which is absent in animals (14, 15). 84 

Varying numbers of IPP units are then added to DMAPP to form isoprenyl diphosphates of 85 

different chain lengths by isoprenyl diphosphate synthases (IDSs) (16, 17) (Fig. 1). These 86 

isoprenyl diphosphates are the precursors for the production of terpenes by terpene 87 

synthases (TPSs), with the length of the isoprenyl diphosphate determining the type of 88 
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terpene that is made (18, 19). For example, DMAPP and one unit of IPP are converted by the 89 

IDS geranyl pyrophosphate synthase (GPPS) to form geranyl pyrophosphate (GPP), which can 90 

be converted by TPSs to monoterpenes, such as β-ocimene (Fig. 1). DMAPP and two units of 91 

IPP are converted by the IDS farnesyl diphosphate synthase (FPPS) into farnesyl diphosphate 92 

(FPP), which can be converted by TPSs to sesquiterpenes (20) (Fig. 1). Finally, DMAPP and 93 

three units of IPP are converted by the IDS geranylgeranyl diphosphate synthase (GGPPS) 94 

into geranylgeranyl diphosphate (GGPP), which can be converted by TPSs to diterpenes (Fig. 95 

1).   96 

 97 

Figure 1: Pathway of terpene biosynthesis. Isopentenyl diphosphate (IPP) and 98 

dimethylallyl diphosphate (DMAPP) are first formed from the mevalonate pathway. IPP and 99 

DMAPP are the substrates for isoprenyl disphosphate synthases which produce isoprenyl 100 

diphosphates of varying lengths, depending on the number of IPP units added. Isoprenyl 101 

diphosphates are themselves the substrates used by terpene synthases to make terpenes of 102 

various sizes, for example, monoterpene synthases produce monoterpenes, such as ocimene, 103 

from geranyl pyrophosphate (GPP). For illustration, (E,E)-α-farnesene is used as a 104 

representative sesquiterpene, and phytol as a diterpene.  105 
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Both the mevalonate pathway, which forms IPP and DMAPP, and IDSs are ubiquitous 106 

in nature. In insects, the production of juvenile hormones is reliant on this pathway via FPP 107 

(21). In contrast, TPSs are more limited in their distribution. Until recently they had only 108 

been described in plants and fungi in the eukaryotic domain, suggesting that insects 109 

sequestered terpenes from their diet and were unable to synthesise these compounds de 110 

novo (15). In the last decade, insect TPS genes, which are not homologous to plant TPSs, 111 

have been discovered in Hemiptera and Coleoptera, and were shown to be involved in the 112 

production of aggregation and sex pheromones (1, 22–26). The enzymes found in Hemiptera 113 

are involved in the production of pheromone precursor sesquiterpenes from FPP, although 114 

the enzymes catalysing the terminal pheromone biosynthesis steps are unknown (25, 26). 115 

Sesquiterpene synthases have also been described in Phyllotreta striolata (Coleoptera) (24). 116 

The only monoterpene synthase described to date is that of Ips pini (Coleoptera), which 117 

produces a pheromone precursor from GPP (22, 23). These TPS genes have evolved from 118 

IDS-like genes, most closely related to FPPSs (1, 24). The TPS of Ips pini also retains IDS 119 

function, acting as both a GPPS and TPS in vitro. It is unclear whether the evolution of TPS 120 

activity occurred only once in insects, as the most recent phylogenetic evidence suggests, or 121 

has occurred independently in different lineages (1, 26). 122 

Here, we identify the genes involved in the biosynthesis of (E)-β-ocimene in the 123 

butterfly Heliconius melpomene and analyse the evolution of terpene synthesis in Heliconius 124 

and other insects. To determine candidate TPS genes, we identified pathway orthologs in H. 125 

melpomene and carried out a genetic mapping study between H. melpomene and H. cydno, a 126 

closely-related species that does not produce (E)-β-ocimene. We identified a genomic region 127 

associated with the production of (E)-β-ocimene and searched for candidates within this 128 

region. We then identified genes with upregulated expression in the genitals of male H. 129 

melpomene, where (E)-β-ocimene is produced. We confirmed the TPS function of our 130 

candidate genes by expression in E. coli followed by enzymatic assays.  131 

Results 132 

Expansion of IDSs in genome of H. melpomene 133 

We identified candidates potentially involved in terpene synthesis by searching in the 134 

genome of H. melpomene for enzymes in the mevalonate pathway and isoprenyl 135 
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diphosphate synthases (IDSs) using well-annotated Drosophila melanogaster orthologs 136 

(Table S1)(21, 27, 28). We identified reciprocal best blast hits for all enzymes, except for 137 

acetoacetyl-CoA thiolase (Fig. 2). There was a clear one to one relationship for all enzymes, 138 

except for the IDSs which showed evidence for gene duplication. Of these, Heliconius 139 

contains two putatuive farnesyl diphosphate synthases (FPPSs), four putative copies of 140 

decaprenyl pyrophosphate synthase (DPPS) subunit two, and six putative geranylgeranyl 141 

pyrophosphate synthases (GGPPSs) (Fig. 2).  142 

The biggest expansion found was that of the GGPPSs, which are IDSs that catalyse the 143 

addition of IPP to FPP to form GGPP. One of these, HMEL015484g1, shows 83% amino acid 144 

sequence similarity to the GGPPS of the moth Choristoneura fumiferana, which has 145 

previously been characterised in vitro to catalyse the production of GGPP from FPP and IPP 146 

(29). HMEL015484g1 is also the best reciprocal blast hit with the GGPPS of D. melanogaster 147 

(Fig. 2). The other five annotated GGPPSs show less than 50% similarity to the moth GGPPS, 148 

such that their function is less clear.   149 
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 150 

Figure 2: Proposed biosynthetic pathway in H. melpomene. Reciprocal best blast hits 151 

are highlighted in bold. IDSs are in red and their products, IDs, in blue. The first two exons of 152 

HMEL007429g2 and the last exon of HMEL007429g3 are expressed as a single transcript (for 153 

transcript sequence see Table S1). 154 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


QTL for (E)-β-ocimene production on chromosome 6 155 

In order to determine which of the genes identified above could be important for (E)-156 

β-ocimene production in H. melpomene we took advantage of the fact that a closely related 157 

species, H. cydno, does not produce (E)-β-ocimene (Fig. 3A). These two species can hybridise 158 

and, although the F1 females are sterile, F1 males can be used to generate backcross 159 

hybrids. We bred interspecific F1 hybrid males and backcrossed these with virgin females of 160 

both species to generate a set of backcross mapping families. The (E)-β-ocimene phenotype 161 

segregated in families backcrossed to H. cydno and so we focused on these families (Figure 162 

S1). Using quantitative trait locus (QTL) mapping with 114 individuals we detected a single 163 

significant peak on chromosome six associated with (E)-β-ocimene quantity (Fig. 3B). The 164 

QTL peak was at 36.4 cM, and the associated confidence interval spans 16.7-45.5 cM, 165 

corresponding to a 6.89Mb region containing hundreds of genes. The percentage of 166 

phenotypic variance explained by the peak marker is 16.4%, suggesting additional loci 167 

and/or environmental factor also contribute to the phenotype (Figure S2).   168 
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  169 

Figure 3: QTL for (E)-β-ocimene production. A) The two species used in the crosses, H. 170 

melpomene which produces (E)-β-ocimene, and H. cydno which does not. B) Genome-wide 171 

scan for QTL underlying (E)-β-ocimene production.  C) QTL on chromosome 6 for (E)-β-172 

ocimene production. Confidence intervals (CI) as well as the positions of candidate genes 173 

(subunit 1 of decaprenyl diphosphate synthase (PDSS1) and the GGPPS cluster) in the region 174 

are marked. Black lines above x-axis represent the position of genetic markers and horizontal 175 

line shows genome wide significance threshold (alpha=0.05, LOD=2.97). 176 

 177 
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Patterns of gene expression identify HMEL037106g1 and HMEL037108g1 178 

as candidates  179 

To identify candidate genes for (E)-β-ocimene production we searched within the 180 

confidence interval of the QTL peak. We found that subunit 1 of DPPS, as well as all six 181 

GGPPSs were found in this region (Fig. 3C). We then compared the expression levels of the 182 

seven genes found within the QTL using published RNA sequencing (RNA-seq) data (30). We 183 

first analysed data from H. melpomene male and female abdomens and heads, mapped to 184 

the H. melpomene reference genome. Since (E)-β-ocimene is found in male abdomens in H. 185 

melpomene, we hypothesised that its synthase would be highly expressed in this sex and 186 

tissue. Only one gene showed male abdomen-biased expression: HMEL037106g1 (Fig. 4A, 187 

Table S3, sex*tissue, t=-4.35, p<0.01). All other genes did not show a significant bias in this 188 

direction (Fig.4A, Table S3).  189 

We next compared gene expression between H. cydno and H. melpomene abdomens. 190 

If HMEL037106g1 is synthesising (E)-β-ocimene, we expect its expression to be higher in H. 191 

melpomene male abdomens than in H. cydno, given that H. cydno does not produce the 192 

compound. We generated a reference-guided assembly of H. cydno by aligning an existing H. 193 

cydno Illumina trio assembly (31), to the H. melpomene reference, followed by automated 194 

gene annotation (see SI Materials and Methods). We then manually identified H. cydno 195 

orthologs for our seven candidate genes and checked for differential expression between 196 

species and sexes. HMEL037106g1 and HMEL037108g1 were the only genes showing greater 197 

male-biased expression in H. melpomene abdomens than in H. cydno abdomens (Fig. 4B, 198 

Table S4, HMEL037106g1, species*sex, t=3.15, p=<0.05; HMEL037108g1, species*sex, 199 

t=3.44, p<0.05). No other genes showed a significant bias in this direction (Fig. S3, Table S4). 200 

In summary, HMEL037106g1 and to a lesser extent HMEL037108g1 are primary candidate 201 

genes from within the QTL region. 202 
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 203 

Figure 4: Gene expression analysis of candidate genes. A) Expression of genes in H. 204 

melpomene heads and abdomens of males and females. HMEL037106g1 (highlighted) shows 205 

male abdomen-biased expression. B) Expression of genes in H. melpomene and H. cydno 206 

abdomens of males and females (expression of other genes in Fig. S3). Both HMEL037106g1 207 

and HMEL037108g1 (highlighted) show greater male-biased expression in H. melpomene 208 

than H. cydno. Full model statistics in Table S3 and S4. N=5 for each boxplot. Gene expression 209 

is given in log2 of normalised counts (using the TMM (trimmed mean of M values) 210 

transformation).  211 

  212 
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Functional experiments demonstrate the TPS activity of HMEL037106g1 213 

and HMEL037108g1 214 

We cloned HMEL037106g1 and HMEL037108g1 into plasmids and were able to 215 

generate heterologous expression of both proteins in Escherichia coli. We then conducted 216 

enzymatic assays with the expressed proteins using precursors from different points in the 217 

pathway to characterise their enzymatic function (Fig. 1, 5).  218 

Firstly, we carried out assays with DMAPP and IPP, the two building blocks at the 219 

beginning of the terpene synthesis pathway to test for both IDS and TPS activity, as was seen 220 

in Ips pini (Fig. 1). HMEL037106g1 produced trace amounts of (E)-β-ocimene, linalool, 221 

another monoterpene, and nerolidol, a sesquiterpene, in this assay. This presumably occurs 222 

via the production of GPP and FPP, therefore HMEL037106g1 exhibits residual GPS and FPPS 223 

activity, as well as monoterpene synthase and sesquiterpene synthase activity to convert the 224 

GPP and FPP to (E)-β-ocimene, linalool, and nerolidol (Fig. 5A, Table S6). HMEL037108g1 225 

produced trace amounts of linalool (Fig 5C) and nerolidol from DMAPP and IPP. Again, this 226 

demonstrates residual GPS and FPPS activity to form the GPP and FPP, and then both 227 

monoterpene and sesquiterpene synthase activity to convert these to linalool and nerolidol 228 

(Fig. 5A, Table S7).  229 

We then carried out assays with GPP and IPP, as well as GPP alone to test for 230 

monoterpene synthase activity (Fig. 1). HMEL037106g1 showed monoterpene synthase 231 

activity, producing (E)-β-ocimene when provided with either GPP and IPP, or GPP alone (Fig. 232 

5A, Table S6). Small amounts of (Z)-β-ocimene were also produced in treatments where (E)-233 

β-ocimene was produced in large quantities (Table S6). In contrast to HMEL037106g1, 234 

HMEL037108g1 only produced (E)-β-ocimene in very small amounts from GPP (Table S9). 235 

Instead, linalool was produced in large amounts from GPP, suggesting that this enzyme is 236 

also acting as a monoterpene synthase but is responsible for production of linalool rather 237 

than (E)-β-ocimene (Fig. 5A, Table S7). HMEL037106g1 also produced linalool, albeit in much 238 

smaller quantities (Fig. 5A, Table S6).  239 

Finally, we carried out assays with FPP and IPP to test for sesquiterpene synthase 240 

activity (Fig. 1). Although HMEL037106g1 exhibited small amounts of sesquiterpene 241 

synthase activity through the trace production of nerolidol from DMAPP and IPP (Table S6), 242 
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when provided with FPP alone, sesquiterpene synthase activity was not demonstrated, 243 

suggesting it is not the primary enzyme function (Fig. 5A, Table S6). In contrast, 244 

HMEL037108g1 did exhibit sesquiterpene synthase activity, producing large amounts of 245 

nerolidol when FPP was provided as a precursor (Fig. 5C, Table S7).  246 

Due to the linalool detected in treatments where (E)-β-ocimene was produced by 247 

HMEL037106g1, we tested whether linalool could be a metabolic intermediate between GPP 248 

and (E)-β-ocimene. However, HMEL037106g1 did not produce (E)-β-ocimene from linalool 249 

(Fig. S5, Table S8). The two stereoisomers of linalool, (S)-linalool and (R)-linalool, have 250 

different olfactory properties. We confirmed the stereochemistry of linalool produced by 251 

both enzymes and found that whilst HMEL037106g1 produced mainly (S)-linalool, 252 

HMEL037108g1 produced a racemic mixture (Fig. S6).  253 

In summary, HMEL037106g1 is a monoterpene synthase, catalysing the conversion of 254 

GPP to (E)-β-ocimene (Fig. 5C, Table S9). HMEL037108g1 is a bifunctional monoterpene and 255 

sesquiterpene synthase catalysing the conversion of GPP to linalool as well as FPP to 256 

nerolidol (Fig. 5C, Table S9).  257 

  258 
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 259 

Figure 5: Functional characterisation of TPS activity of HMEL037106g1 and 260 

HMEL037108g1 from H. melpomene. A) Total ion chromatograms of enzyme products in the 261 

presence of different precursor compounds. HMEL037106g1 produces high amounts of (E)-β-262 

ocimene in the presence of GPP, with trace amounts found in the treatment with DMAPP + 263 

IPP, and none with FPP. HMEL037108g1 produces large amounts of linalool with GPP, and 264 

nerolidol with FPP. 1, (E)-β-Ocimene; 2, Linalool; 3, Geraniol; 4, Nerolidol; IS, internal 265 

standard. Abundance is scaled to the highest peak of all treatments per enzyme. 266 

Quantification of peaks in Table S6 and S7. B) Confirmation of identity of (E)-β-ocimene by 267 

comparison of mass spectra of (E)-β-ocimene produced in experiments and a standard. C) 268 

Pathway of how (E)-β-ocimene and linalool are formed from GPP. 269 
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Functional experiments demonstrate the residual IDS activity of 270 

HMEL037106g1 and HMEL037108g1 271 

While the production of terpenes can be tested by direct GC/MS analysis of the 272 

products of each experiment, this method will not detect isoprenyl diphosphates, potentially 273 

missing IDS activity if it is present. In order to test for IDS activity, we repeated the above 274 

experiments with DMAPP and IPP, GPP and IPP, and FPP and IPP, followed by treatment with 275 

alkaline phosphatase to hydrolyse the isoprenyl diphosphate products to their respective 276 

alcohols. These alcohols can then be detected by GC/MS analysis.  277 

No further IDS activity was detected in either enzyme, apart from the residual IDS 278 

activity already determined above due to the trace amounts of terpenes produced from 279 

DMAPP and IPP. When either enzyme is provided with GPP, geraniol is produced, and when 280 

provided with FPP, large amounts of farnesol is produced, as expected from the 281 

dephosphorylation of the provided precursors, and this is seen in control conditions as well 282 

(Fig. S7, S8, Table S10, S11). As expected from the previous experiments, (E)-β-ocimene is 283 

also produced when HMEL037106g1 is provided with GPP, and linalool and nerolidol are 284 

produced when HMEL037108g1 is provided with GPP and FPP, respectively. Geranylgeraniol 285 

is not produced in any treatments, demonstrating that neither HMEL037106g1 nor 286 

HMEL037108g1 is a GGPPS, as suggested by their annotation (Fig. S7, S8, Table S10, S11). In 287 

summary, both HMEL037106g1 and HMEL037108g1 only exhibit residual IDS activity.  288 

Evolutionary history of gene family containing Heliconius TPSs 289 

Lineage-specific expansions of gene families are often correlated with functional 290 

diversification and the origin of novel biological functions (32). We therefore carried out a 291 

phylogenetic analysis of GGPPS in Lepidoptera to investigate whether gene duplication could 292 

have played a role in the evolution of the TPSs HMEL037106g1 and HMEL037108g1. 293 

Orthologs of the H. melpomene GGPPSs were identified in H. cydno, Heliconius erato, 294 

Bicyclus anynana, Danaus plexippus, Papilo polytes, Pieris napi, Manduca sexta, Bombyx 295 

mori and Plutella xylostella (33). Expansions of the GGPPS group of enzymes can be seen in 296 

Heliconius and in Bicyclus, both groups in which terpenes form part of the pheromone blend 297 

(34) (Fig. S9).  298 
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To focus on the Heliconius-specific duplications, we made a phylogeny using the DNA 299 

sequence of transcripts from H. melpomene, H. cydno and H. erato. Heliconius melpomene 300 

and H. cydno belong to the same clade within Heliconius, with an estimated divergence time 301 

around 1.5 million years ago (35). Heliconius erato is more distantly related, belonging to a 302 

different Heliconius clade which diverged from the H. melpomene/H. cydno group around 10 303 

million years ago (36). Whilst (E)-β-ocimene is not found in the genitals of H. cydno, it is 304 

found in the genitals of H. erato, at around one tenth the amount of H. melpomene (37). We 305 

hypothesised that duplications between the H. melpomene and H. erato clades may have 306 

resulted in subfunctionalisation and a more efficient H. melpomene enzyme facilitating 307 

increased (E)-β-ocimene production. We found that both losses and gene duplications have 308 

occurred between the H. melpomene and H. erato clades, whilst gene copy number is 309 

conserved between closely-related H. melpomene and H. cydno (Fig. S10). The exact 310 

orthology between the H. erato and H. melpomene/H. cydno genes is unclear, but what is 311 

clear is that H. melpomene/H. cydno have more genes in this family than H. erato (Fig. S10), 312 

and that both clades have more genes than the ancestral lepidopteran state of one copy.  313 

We also found evidence for the formation of pseudogenes following gene 314 

duplication. The amino acid sequences from translations of two genes in H. melpomene, 315 

HMEL22305g1 and HMEL037104g1, do not contain complete functional protein domains. 316 

This is also seen for Herato0606.241 in H. erato. Furthermore, more recent pseudogene 317 

formation could be seen in the H. cydno ortholog of HMEL22306g3, which contained 318 

multiple stop codons, despite exhibiting transcription (Fig. S3).   319 

In order to determine the number of evolutionary origins of insect and plant TPSs we 320 

carried out a broader phylogenetic analysis, including other known insect and plant IDS and 321 

TPS proteins. Similar to the other insect TPSs described, Heliconius TPSs are not found within 322 

the same clade as plant ocimene synthases, representing an independent origin of ocimene 323 

synthesis in Heliconius and plants. Furthermore, the Heliconius TPSs do not group with 324 

known insect TPS enzymes in Hemiptera and Coleoptera (Fig. 6). Instead, the Heliconius TPS 325 

enzymes group with GPP and GGPP synthases, rather than FPP synthases. The TPS enzymes 326 

of Heliconius are therefore of an independent evolutionary origin to other insect TPSs.  327 

Comparison of the amino acid alignment of known insect TPSs with the H. 328 

melpomene enzymes (Fig. S11) demonstrated that residues previously identified as 329 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


conserved in insect TPSs (25), were not found in the H. melpomene TPSs. No residues were 330 

shared between all insect TPSs (including H. melpomene TPS), which were not also shared 331 

with the H. melpomene GGPPS. This further indicates independent convergent evolution of 332 

TPS function in H. melpomene. 333 

 334 

Figure 6: Phylogram of GGPPS, FPPS, and TPS proteins of animals, fungi, and plants. 335 

The phylogeny was constructed by FastTree using the JTT (Jones-Taylor-Thornton) model of 336 

amino acid evolution. Local support values are illustrated. The tree was rooted with the 337 

ocimene synthase of Citrus unshiu. Full species names in Table S12.  338 

 339 

 340 
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Discussion 341 

Both plants and animals use terpenes as chemical signals, however, the terpene 342 

synthases that make them have been identified in only a few insect species. Ocimene is a 343 

common monoterpene and we have identified the first ocimene synthase in animals. We 344 

identify a region of the genome responsible for differences in ocimene production and 345 

discover a novel gene family within this region. We confirm ocimene synthase activity for 346 

one of these enzymes (HMEL037106g1), and terpene synthase activity in a closely related 347 

enzyme (HMEL037108g1). Neither of these genes are homologous to known plant TPSs and 348 

represent a novel TPS family in Heliconius. Furthermore, they are also very different from 349 

previously described insect TPSs. While the TPS enzymes of Hemiptera and Coleoptera are 350 

more closely related to FPPSs (1, 24, 25), the H. melpomene TPSs are more closely related to 351 

GGPPSs. We do not find shared amino acid changes with other insect TPSs, strongly 352 

suggesting that TPS activity in Lepidoptera has arisen independently. Overall, the origin of 353 

the (E)-β-ocimene synthase activity in H. melpomene represents an excellent example of 354 

chemical convergence via the independent evolution of new gene function. 355 

Male Heliconius melpomene transfer ocimene to the female during mating. Within 356 

this context the biological function of HMEL037106g1 is clear, making the anti-aphrodisiac 357 

compound (E)-β-ocimene. However, the in vivo role of HMEL037108g1 is less clear. It is 358 

found within the QTL interval and also shows higher expression in H. melpomene males 359 

relative to H. cydno. This enzyme acts as a multifunctional linalool/nerolidol synthase, which 360 

have previously been described in plants (38, 39). However, neither linalool or nerolidol are 361 

found in high amounts in the male abdomen (40). This apparent discrepancy may be due to 362 

the location or timing of expression in vivo (24). Another hypothesis is that in vivo GPP reacts 363 

with another substrate in the active site of HMEL037108g1, or that once linalool is produced 364 

it is metabolically channelled to another enzyme for further modification in vivo (41).This 365 

could also explain the lack of stereoselectivity in linalool formation. Further experiments will 366 

be required to determine if the other enzymes of this family not tested here exhibit TPS 367 

activity also.  368 

Although we describe the first ocimene synthase in animals, ocimene synthases are 369 

likely to be found in other groups. Both Bombus terrestris and Apis mellifera use ocimene as 370 

a recruitment and larval pheromone, respectively (42, 43). While the biosynthetic pathway is 371 
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not known in these groups, a similar pathway to that proposed here has been suggested in 372 

A. mellifera (44). However, the existing data suggest that the loci responsible for ocimene 373 

synthesis are also likely to be independently evolved. Unlike H. melpomene, only one GGPPS 374 

is found in the Apis genome, whilst there are six FPPS genes, the result of lineage-specific 375 

duplications (45). Although this needs to be confirmed by functional studies, based on the 376 

genomic patterns, we predict that convergence between Lepidoptera and Hymenoptera in 377 

the synthesis of ocimene also has an independent evolutionary origin.  378 

Our findings also highlight the role that gene duplication plays in the evolution of 379 

new gene functions. Gene duplication is thought to be important for the evolution of new 380 

functions, as one gene copy can evolve a new function by a process called 381 

neofunctionalization (46), often resulting in large gene families with related but different 382 

functions. These families follow a birth-and-death model of evolution, expanding and 383 

contracting through gene duplication, formation of pseudogenes, and gene deletion (47, 48). 384 

Plant TPSs follow these dynamics, making up a large family formed of seven subfamilies, 385 

with lineage-specific expansions (49, 50). Gene duplication followed by neofunctionalization 386 

has resulted in closely-related enzymes which can produce different compounds, in some 387 

cases due to subcellular localisation (51). 388 

Our data show a similar pattern of gene family diversification and suggest that gene 389 

duplication has facilitated the evolution of terpene synthesis in Heliconius. We uncover a 390 

lineage-specific expansion of GGPPSs in Heliconius. This novel gene expansion includes a 391 

number of pseudogenes, as well as two loci that possess TPS activity. A family of TPS genes 392 

has also been discovered in Phyllotreta striolata, where gene duplication is thought to have 393 

enabled functional diversification (24). Gene duplication can also facilitate enzyme 394 

specialisation by a process called subfunctionalization. In this case, an ancestrally 395 

multifunctional enzyme duplicates, resulting in two daughter copies which split the ancestral 396 

functions, and can result in optimisation of these two functions (46). Subfunctionalization 397 

might explain why neither Heliconius TPS shows significant IDS activity. In contrast to the 398 

multifunctional TPS/IDS enzyme from I. pini (22, 23), other insects have separate enzymes 399 

with IDS and TPS activity (24–26). One hypothesis is that an IDS enzyme initially gained TPS 400 

activity followed by gene duplication and subfunctionalization with enzymes specialised for 401 

different enzymatic steps. HMEL037106g1 is the first specialised monoterpene synthase 402 

described in animals.  403 
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We have identified a novel family of TPSs in Heliconius butterflies which is unrelated 404 

both to plant TPSs and to the few examples of previously described insect TPSs. We confirm 405 

that terpene synthesis has multiple independent origins in insects, which are themselves 406 

independent from the evolution of terpene synthesis in plants. Despite their independent 407 

evolution, insect TPSs show significant structural similarities, having evolved from IDS-like 408 

proteins. To understand how this diversity has arisen we need to identify the functional 409 

amino acid changes and relate structure to function, a nascent area of research for this 410 

group of enzymes (52). 411 

Materials and Methods 412 

Analysis of biosynthetic pathway in H. melpomene 413 

To identify genes involved in terpene biosynthesis we searched the H. melpomene 414 

genome (v2.5) on LepBase (33, 53) for genes in the mevalonate pathway and IDSs. 415 

Drosophila melanogaster protein sequences were obtained from FlyBase and used in BLAST 416 

searches (blastp) against all annotated proteins in the H. melpomene genome (Table S1) (45, 417 

54). We used the BLAST interface on LepBase with default parameters (-evalue 1.0e-10 -418 

num_alignments 25) (33, 55). We then searched these candidate orthologs against the 419 

annotated proteins of D. melanogaster using the BLAST interface on FlyBase to identify 420 

reciprocal best blast hits. We included in our results other hits with an e-value smaller than 421 

1e-80. 422 

Crossing for quantitative trait linkage mapping 423 

To map the genetic basis of ocimene production we crossed H. melpomene, which 424 

produces (E)-β-ocimene, to H. cydno, a closely related species which does not. We crossed 425 

these two species to produce F1 offspring and backcross hybrids in both directions. Female 426 

F1s are sterile and so we mated male F1s to H. cydno and H. melpomene virgin stock females 427 

to create backcross families. Families created by backcrossing to H. melpomene had a 428 

phenotype similar to pure H. melpomene, suggesting the H. melpomene phenotype is 429 

dominant. While we used 265 individuals to create the linkage map, we focused on 430 

backcross families in the direction of H. cydno, where the (E)-β-ocimene phenotype 431 

segregates for the QTL mapping (Figure S1). We phenotyped and genotyped 114 individuals 432 
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from 15 backcross families in the direction of H. cydno. Bodies were stored in dimethyl 433 

sulfoxide (DMSO) and stored at −20∘C for later DNA extraction.  434 

Genotyping and linkage map construction 435 

DNA extraction was carried out using Qiagen DNeasy kits (Qiagen). As previously 436 

described, individuals were genotyped either by RAD-sequencing (56–58), or low-coverage 437 

whole genome sequencing using Nextera-based libraries (57, 59). A secondary purification 438 

using magnetic SpeedBeads™ (Sigma) was performed prior to Nextera-based library 439 

preparation. Libraries were prepared following a method based on Nextera DNA Library Prep 440 

(Illumina, Inc.) with purified Tn5 transposase (59). PCR extension with an i7-index primer 441 

(N701–N783) and the N501 i5-index primer was performed to barcode the samples. Library 442 

purification and size selection was done using the same beads as above. Pooled libraries 443 

were sequenced by BGI (China) using HiSeq X Ten (Illumina). 444 

Linkage mapping was conducted following (Byers et al., 2019), using standard Lep-445 

MAP3(LM3) pipeline (60). Briefly, fastq files were mapped to the H. melpomene reference 446 

genome using BWA MEM (61). Sorted bams were then created using SAMtools and 447 

genotype likelihoods constructed (62). The pedigree of individuals was checked and 448 

corrected using IBD (identity-by-descent) and the sex checked using coverage on the Z 449 

chromosomes by SAMtools depth. A random subset of 25% of markers were used for 450 

subsequent steps. Linkage groups and marker orders were constructed based on the H. 451 

melpomene genome and checked with grandparental data.  452 

The map constructed contained 447,820 markers. We reduced markers by a factor of 453 

five evenly across the genome resulting in 89,564 markers with no missing data to facilitate 454 

computation. We log-transformed amounts of ocimene produced to conform more closely 455 

to normality. Statistical analysis was carried out using R/qtl (Broman et al. 2003). We carried 456 

out standard interval mapping using the scanone function with a non-parametric model, an 457 

extension of the Kruskal-Wallis test statistic. The analysis method for this model is similar to 458 

Haley-Knott regression (Haley and Knott 1992). We used permutation testing with 1000 459 

permutations to determine the genome-wide LOD significance threshold. To obtain 460 

confidence intervals for QTL peaks we used the function bayesint. Phenotype data, pedigree, 461 

linkage map and R script is available from OSF 462 

(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f). Sequencing data 463 
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used for the linkage maps is available from ENA project ERP018627 (57). GC/MS data is 464 

available from Dryad Data Repository (XXXX). 465 

Phenotyping of (E)-β-ocimene production 466 

Chemical extractions were carried out on genital tissue of mature (7-14 days post-467 

eclosion) male individuals of H. melpomene, H. cydno, and hybrids (for details of butterfly 468 

stocks please see SI Material and Methods). Genitals were removed using forceps and 469 

soaked, immediately after dissection, in 200μl of dichloromethane containing 200 ng of 2-470 

tetradecyl acetate (internal standard) in 2ml glass vials with polytetrafluoroethylene-coated 471 

caps (Agilent, Santa Clara, California). After one hour, the solvent was transferred to a new 472 

vial and stored at −20 ∘C until analysis by gas chromatography-mass spectrometry (GC-MS). 473 

For details of GC-MS analysis please see SI Materials and Methods.  474 

RNA sequencing analysis 475 

Gene expression analyses were performed using already published RNA-seq data 476 

from heads and abdomens of H. melpomene and H. cydno from GenBank BioProject 477 

PRJNA283415 (30). Although it would be possible to map the H.cydno RNA-seq reads to H. 478 

melpomene due to high genome sequence similarity, that might lead to biases associated 479 

with reads carrying H. cydno specific alleles. To accurately quantify gene expression in H. 480 

cydno we generated an assembly and annotation of the H. cydno genome using sequencing 481 

data available from ENA study ERP009507 (56). We then manually identified the H. cydno 482 

orthologs of our seven candidate genes (Table S2) and curated the annotation to make it 483 

compatible with RNA-seq analysis software (for details of the assembly and annotation 484 

please see SI Materials and Methods). We performed quality control and low quality base 485 

and adapter trimming on the RNA-seq data using TrimGalore! (63). We then mapped the 486 

reads to the H.melpomene genome v2.5 (64) and our newly assembled H.cydno genome 487 

using STAR (65). featureCounts (66) was used to produce read counts that were normalised 488 

by library size with TMM (trimmed mean of M values) normalisation (67) using the edgeR 489 

package in R (68). To test for differences in expression of our candidate genes, we used the 490 

voom function from the limma package in R (69), which fits a linear model for each gene by 491 

modelling the mean-variance relationship with precision weights.  492 
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To test for male abdomen-biased expression within H. melpomene we included two 493 

fixed effects, sex and tissue, as well as including individual as a random effect (expression ~ 494 

sex + tissue + sex*tissue + (1|individual)). We were looking for genes with a significant 495 

interaction between sex and tissue, showing higher expression in male abdomens. To test 496 

for differences in expression between H. melpomene and H. cydno abdomens we included 497 

two fixed effects, sex and species, as well as an interaction term (expression ~ sex + species + 498 

species*tissue). We were interested in finding differences in the extent of sex-bias between 499 

species, again detected by a significant interaction term with higher expression in H. 500 

melpomene male abdomens.  501 

P-values were corrected for multiple testing using the Benjamini-Hochberg 502 

procedure for all genes in the genome-wide count matrix (17902 for H. melpomene). For the 503 

interspecific comparison we identified genome wide orthologs from the annotation and 504 

produced a gene count matrix including both species. The ortholog list was limited to genes 505 

that had only one ortholog in each species (11571 genes). Scripts are available from OSF 506 

(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f).  507 

In vitro expression and enzymatic assays 508 

For more details of the expression and enzymatic assays please see SI Materials and 509 

Methods. Briefly, cDNA libraries were synthesised from RNA extracted from male abdominal 510 

tissue of H. melpomene. Genes of interest were amplified by PCR with gene-specific primers 511 

(Table S5), purified, sequenced for confirmation, ligated into expression plasmids, and 512 

transformed into competent Escherichia coli cells. Cell cultures were grown to an OD600 of 513 

0.5 were induced with 1mM IPTG and cultivated for a further two hours before collection by 514 

centrifugation. Cells were resuspended in assay buffer and sonicated.   515 

TPS and IDS activity was assayed using the soluble fraction of the cell lysate. We 516 

added either DMPP and IPP, GPP and IPP, FPP and IPP, or GPP alone. We also tested for 517 

enzymatic activity with (R)-linalool and (S)-linalool. For TPS activity assays, reactions were 518 

immediately stopped on ice and extracted with hexane. For IDS activity assays, reaction 519 

mixtures were incubated with alkaline phosphatase to hydrolyse the pyrophosphates before 520 

hexane extraction. Prior to analysis by GC-MS, an internal standard was added and samples 521 

concentrated. Products were compared to control experiments without protein expression. 522 
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For details of GC-MS analysis please see SI Materials and Methods. GC/MS data is available 523 

from Dryad Data Repository (XXXX). 524 

Phylogenetic analysis 525 

To identify orthologs of the GGPPS in other Lepidoptera we searched protein 526 

sequences from H. melpomene version 2.5 (56, 64) against the genomes of H. erato 527 

demophoon (v1), Bicyclus anynana (v1x2), Danaus plexippus (v3), Papilo polytes (ppol1), 528 

Pieris napi (pnv1x1), Manduca sexta (msex1), Bombyx mori (asm15162v1), and Plutella 529 

xylostella (pacbiov1), using the BLAST interface (tblastn) on LepBase (33, 55). We also 530 

included the previously identified orthologs from the H. cydno genome (Table S2). To check 531 

that the predicted orthologs contained functional protein domains we used the NCBI 532 

conserved domain search with default parameters (70). We deleted any proteins found 533 

without complete functional domains, including a gene from H. erato, Herato0606.241. We 534 

also did not include the H. cydno ortholog of HMEL22306g3 in the protein tree, as despite 535 

showing transcription (Fig. S3), there were multiple stop codons within the coding region. 536 

To focus on the Heliconius-specific duplications, we downloaded the transcript 537 

sequences for the H. melpomene and H. erato proteins from LepBase and exported 538 

transcripts for predicted genes in Apollo for H. cydno. (Table S2). We used gene 539 

Herato0606.245 (GGPPS, shows high similarity to the GGPPS of the moth Choristoneura 540 

fumiferana) to root the tree.  541 

To investigate the evolutionary relationship of the Heliconius GGPPS we carried out a 542 

broader phylogenetic analysis with other known insect and plant IDS and TPS proteins. 543 

Protein sequences for these additional enzymes were downloaded from Uniprot (71). 544 

Heliconius protein sequences were obtained as described above. We used an ocimene 545 

synthase enzyme from Citrus unshiu to root the tree.  546 

We aligned amino acid or DNA sequences using Clustal Omega on the EMBL-EBI 547 

interface (72). Alignments were visualised using BoxShade (https://embnet.vital-548 

it.ch/software/BOX_form.html). Phylogenies were inferred using FastTree, a tool for creating 549 

approximately-maximum-likelihood phylogenetic trees, with default parameters (73, 74). 550 

These phylogenies were plotted using the package ape and evobiR in R version 3.5.2. (75–551 

77). To ensure correct placement of support values when re-rooting trees we checked 552 
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phylogenies using Dendroscope (78, 79). Phylogenies and R code are available from OSF 553 

(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f). 554 

Data availability 555 

The H. cydno assembly is available from OSF 556 

(https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f) and was assembled 557 

using previously published sequencing data available from ENA study ERP009507 (56). 558 

Sequencing data used to make linkage maps is available from ENA study ERP018627 (57). 559 

RNA sequencing data of H. cydno and H. melpomene heads and abdomens was obtained 560 

from GenBank BioProject PRJNA283415 (30). Raw data and scripts used for analysis are 561 

available from OSF (https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f). 562 

GC/MS data is available from Dryad Data Repository (XXXX).   563 

Acknowledgements 564 

We thank the team at the insectaries in Panama, including Oscar Paneso, for help 565 

rearing butterflies. We thank Marek Kučka and Yingguang Frank Chan for providing the Tn5 566 

enzyme used for the preparation of sequencing libraries. KD and AO were supported by the 567 

Natural Research Council Doctoral Training Partnership (grant number (grant NE/L002507/1) 568 

and KD additionally by a Smithsonian Tropical Research Institute Short Term Fellowship. 569 

KJRPB, IAW, RMM and CDJ were supported by the European Research Council (grant 339873 570 

SpeciationGenetics). RMM was also supported by a Deutsche Forschungsgemeinschaft 571 

Emmy Noether fellowship (grant GZ:ME4845/1-1). AP was supported by a Natural Research 572 

Council studentship (PFZE/063) and a Smithsonian Tropical Research Institute Short Term 573 

Fellowship. JWD was funded by a Herchel Smith Postdoctoral Research Fellowship and a 574 

Smithsonian Tropical Research Institute Fellowship. WOM was supported by the 575 

Smithsonian Tropical Research Institute and National Science Foundation (grant DEB 576 

1257689). SS thanks the Deutsche Forschungsgemeinschaft (grant Schu984/12-1) supporting 577 

DS.  578 

  579 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f
https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f
https://osf.io/3z9tg/?view_only=63ba7c0767a84d8eb907fbf599df062f
https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


References 580 

1.  F. Beran, T. G. Köllner, J. Gershenzon, D. Tholl, Chemical convergence between plants 581 

and insects: biosynthetic origins and functions of common secondary metabolites. New 582 

Phytol. 223, 52–67 (2019). 583 

2.  F. P. Schiestl, The evolution of floral scent and insect chemical communication. Ecol. 584 

Lett. 13, 643–656 (2010). 585 

3.  M. Ayasse, J. Stökl, W. Francke, Chemical ecology and pollinator-driven speciation in 586 

sexually deceptive orchids. Phytochemistry 72, 1667–1677 (2011). 587 

4.  T. C. Baker, “Origin of courtship and sex pheromones of the oriental fruit moth and a 588 

discussion of the role of phytochemicals in the evolution of lepidopteran male scents.” 589 

in Phytochemical Ecology: Allelochemicals, Mycotoxins, and Insect Pheromones and 590 

Allomones, Institute of Botany, Academia Sinica Monograph Series 9., C. H. Chou, G. R. 591 

Waller, Eds. (1989), pp. 401–418. 592 

5.  W. E. Conner, V. K. Iyengar, “Male pheromones in moths: Reproductive isolation, sexy 593 

sons, and good genes” in Pheromone Communication in Moths: Evolution, Behavior, 594 

and Application, J. D. Allison, R. T. Carde, Eds. (University of California Press, 2019), pp. 595 

191–208. 596 

6.  D. L. Stern, The genetic causes of convergent evolution. Nat. Rev. Genet. 14, 751–764 597 

(2013). 598 

7.  G. Farré-Armengol, I. Filella, J. Llusià, J. Peñuelas, β-Ocimene, a Key Floral and Foliar 599 

Volatile Involved in Multiple Interactions between Plants and Other Organisms. 600 

Molecules 22, 1148 (2017). 601 

8.  S. Schulz, C. Estrada, S. Yildizham, M. Boppré, L. E. Gilbert, An antiaphrodisiac in 602 

Heliconius melpomene butterflies. J. Chem. Ecol. 34, 82–93 (2008). 603 

9.  C. Estrada, S. Schulz, S. Yildizhan, L. E. Gilbert, Sexual selection drives the evolution of 604 

antiaphrodisiac pheromones in butterflies. Evol. Int. J. Org. Evol. 65, 2843–2854 (2011). 605 

10.  R. M. Merrill, et al., The diversification of Heliconius butterflies: what have we learned 606 

in 150 years? J. Evol. Biol. 28, 1417–1438 (2015). 607 

11.  S. Andersson, H. E. M. Dobson, Antennal responses to floral scents in the butterfly 608 

Heliconius melpomene. J. Chem. Ecol. 29, 2319–2330 (2003). 609 

12.  S. Andersson, L. A. Nilsson, I. Groth, G. Bergström, Floral scents in butterfly-pollinated 610 

plants: possible convergence in chemical composition. Bot. J. Linn. Soc. 140, 129–153 611 

(2002). 612 

13.  J. Gershenzon, N. Dudareva, The function of terpene natural products in the natural 613 

world. Nat. Chem. Biol. 3, 408–414 (2007). 614 

14.  W. Eisenreich, A. Bacher, D. Arigoni, F. Rohdich, Biosynthesis of isoprenoids via the non-615 

mevalonate pathway. Cell. Mol. Life Sci. CMLS 61, 1401–1426 (2004). 616 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


15.  X. Chen, et al., Terpene synthase genes in eukaryotes beyond plants and fungi: 617 

Occurrence in social amoebae. Proc. Natl. Acad. Sci. U. S. A. 113, 12132–12137 (2016). 618 

16.  B. A. Kellogg, C. D. Poulter, Chain elongation in the isoprenoid biosynthetic pathway. 619 

Curr. Opin. Chem. Biol. 1, 570–578 (1997). 620 

17.  K. C. Wang, S. Ohnuma, Isoprenyl diphosphate synthases. Biochim. Biophys. Acta 1529, 621 

33–48 (2000). 622 

18.  J. Bohlmann, G. Meyer-Gauen, R. Croteau, Plant terpenoid synthases: Molecular 623 

biology and phylogenetic analysis. Proc. Natl. Acad. Sci. 95, 4126–4133 (1998). 624 

19.  D. W. Christianson, Structural biology and chemistry of the terpenoid cyclases. Chem. 625 

Rev. 106, 3412–3442 (2006). 626 

20.  J. Degenhardt, T. G. Köllner, J. Gershenzon, Monoterpene and sesquiterpene synthases 627 

and the origin of terpene skeletal diversity in plants. Phytochemistry 70, 1621–1637 628 

(2009). 629 

21.  X. Bellés, D. Martín, M.-D. Piulachs, The mevalonate pathway and the synthesis of 630 

juvenile hormone in insects. Annu. Rev. Entomol. 50, 181–199 (2005). 631 

22.  A. B. Gilg, J. C. Bearfield, C. Tittiger, W. H. Welch, G. J. Blomquist, Isolation and 632 

functional expression of an animal geranyl diphosphate synthase and its role in bark 633 

beetle pheromone biosynthesis. Proc. Natl. Acad. Sci. 102, 9760–9765 (2005). 634 

23.  A. B. Gilg, C. Tittiger, G. J. Blomquist, Unique animal prenyltransferase with 635 

monoterpene synthase activity. Naturwissenschaften 96, 731–735 (2009). 636 

24.  F. Beran, et al., Novel family of terpene synthases evolved from trans-isoprenyl 637 

diphosphate synthases in a flea beetle. Proc. Natl. Acad. Sci. 113, 2922–2927 (2016). 638 

25.  J. Lancaster, et al., De novo formation of an aggregation pheromone precursor by an 639 

isoprenyl diphosphate synthase-related terpene synthase in the harlequin bug. Proc. 640 

Natl. Acad. Sci. U. S. A. 115, E8634–E8641 (2018). 641 

26.  J. Lancaster, et al., An IDS-type sesquiterpene synthase produces the pheromone 642 

precursor (Z)-α-Bisabolene in Nezara viridula. J. Chem. Ecol. 45, 187–197 (2019). 643 

27.  F. G. Noriega, et al., Comparative genomics of insect juvenile hormone biosynthesis. 644 

Insect Biochem. Mol. Biol. 36, 366–374 (2006). 645 

28.  C. Lai, R. McMahon, C. Young, T. F. C. Mackay, C. H. Langley, quemao, a Drosophila 646 

bristle locus, encodes geranylgeranyl pyrophosphate Synthase. Genetics 149, 1051–647 

1061 (1998). 648 

29.  A. Barbar, et al., Cloning, expression and characterization of an insect geranylgeranyl 649 

diphosphate synthase from Choristoneura fumiferana. Insect Biochem. Mol. Biol. 43, 650 

947–958 (2013). 651 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


30.  J. R. Walters, T. J. Hardcastle, C. D. Jiggins, Sex chromosome dosage compensation in 652 

Heliconius butterflies: Global yet still incomplete? Genome Biol. Evol. 7, 2545–2559 653 

(2015). 654 

31.  M. Malinsky, J. T. Simpson, R. Durbin, trio-sga: facilitating de novo assembly of highly 655 

heterozygous genomes with parent-child trios. bioRxiv, 051516 (2016). 656 

32.  O. Lespinet, Y. I. Wolf, E. V. Koonin, L. Aravind, The Role of Lineage-Specific Gene Family 657 

Expansion in the Evolution of Eukaryotes. Genome Res. 12, 1048–1059 (2002). 658 

33.  R. J. Challis, S. Kumar, K. K. K. Dasmahapatra, C. D. Jiggins, M. Blaxter, Lepbase: the 659 

Lepidopteran genome database. bioRxiv, 056994 (2016). 660 

34.  P. M. B. Bacquet, et al., Selection on male sex pheromone composition contributes to 661 

butterfly reproductive isolation. Proc. R. Soc. Lond. B Biol. Sci. 282, 20142734 (2015). 662 

35.  M. Beltrán, et al., Phylogenetic discordance at the species boundary: comparative gene 663 

genealogies among rapidly radiating Heliconius butterflies. Mol. Biol. Evol. 19, 2176–664 

2190 (2002). 665 

36.  K. M. Kozak, et al., Multilocus species trees show the recent adaptive radiation of the 666 

mimetic Heliconius butterflies. Syst. Biol. 64, 505–524 (2015). 667 

37.  K. Darragh, et al., Species specificity and intraspecific variation in the chemical profiles 668 

of Heliconius butterflies across a large geographic range. bioRxiv, 573469 (2019). 669 

38.  B.-Q. Zhu, et al., Identification of a plastid-localized bifunctional nerolidol/linalool 670 

synthase in relation to linalool biosynthesis in young grape berries. Int. J. Mol. Sci. 15, 671 

21992–22010 (2014). 672 

39.  J.-L. Magnard, et al., Linalool and linalool nerolidol synthases in roses, several genes for 673 

little scent. Plant Physiol. Biochem. 127, 74–87 (2018). 674 

40.  K. Darragh, et al., Male pheromone composition depends on larval but not adult diet in 675 

Heliconius melpomene. Ecol. Entomol. 44, 397–405 (2019). 676 

41.  L. Poshyvailo, E. von Lieres, S. Kondrat, Does metabolite channeling accelerate enzyme-677 

catalyzed cascade reactions? PLoS ONE 12 (2017). 678 

42.  A. M. Granero, et al., Chemical compounds of the foraging recruitment pheromone in 679 

bumblebees. Naturwissenschaften 92, 371–374 (2005). 680 

43.  A. Maisonnasse, J.-C. Lenoir, D. Beslay, D. Crauser, Y. L. Conte, E-β-Ocimene, a Volatile 681 

Brood Pheromone Involved in Social Regulation in the Honey Bee Colony (Apis 682 

mellifera). PLOS ONE 5, e13531 (2010). 683 

44.  X. J. He, et al., Starving honey bee (Apis mellifera) larvae signal pheromonally to worker 684 

bees. Sci. Rep. 6, 22359 (2016). 685 

45.  D. Cheng, et al., Genome-wide comparison of genes involved in the biosynthesis, 686 

metabolism, and signaling of juvenile hormone between silkworm and other insects. 687 

Genet. Mol. Biol. 37, 444–459 (2014). 688 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


46.  G. C. Conant, K. H. Wolfe, Turning a hobby into a job: how duplicated genes find new 689 

functions. Nat. Rev. Genet. 9, 938–950 (2008). 690 

47.  W. L. Roelofs, A. P. Rooney, Molecular genetics and evolution of pheromone 691 

biosynthesis in Lepidoptera. Proc. Natl. Acad. Sci. U. S. A. 100, 9179–9184 (2003). 692 

48.  M. Nei, A. P. Rooney, Concerted and birth-and-death evolution of multigene families. 693 

Annu. Rev. Genet. 39, 121–152 (2005). 694 

49.  D. Tholl, Terpene synthases and the regulation, diversity and biological roles of terpene 695 

metabolism. Curr. Opin. Plant Biol. 9, 297–304 (2006). 696 

50.  F. Chen, D. Tholl, J. Bohlmann, E. Pichersky, The family of terpene synthases in plants: a 697 

mid-size family of genes for specialized metabolism that is highly diversified throughout 698 

the kingdom. Plant J. Cell Mol. Biol. 66, 212–229 (2011). 699 

51.  D. A. Nagegowda, M. Gutensohn, C. G. Wilkerson, N. Dudareva, Two nearly identical 700 

terpene synthases catalyze the formation of nerolidol and linalool in snapdragon 701 

flowers. Plant J. 55, 224–239 (2008). 702 

52.  I. I. Abdallah, W. J. Quax, A glimpse into the biosynthesis of terpenoids. KnE Life Sci., 703 

81–98 (2017). 704 

53.  A. Pinharanda, et al., Sexually dimorphic gene expression and transcriptome evolution 705 

provide mixed evidence for a fast-Z effect in Heliconius. J. Evol. Biol. 32, 194–204 706 

(2019). 707 

54.  J. Thurmond, et al., FlyBase 2.0: the next generation. Nucleic Acids Res. 47, D759–D765 708 

(2019). 709 

55.  A. Priyam, et al., Sequenceserver: a modern graphical user interface for custom BLAST 710 

databases. bioRxiv, 033142 (2015). 711 

56.  J. W. Davey, et al., No evidence for maintenance of a sympatric Heliconius species 712 

barrier by chromosomal inversions. Evol. Lett. 1, 138–154 (2017). 713 

57.  K. J. R. P. Byers, et al., A major locus controls a biologically active pheromone 714 

component in Heliconius melpomene. bioRxiv, 739037 (2019). 715 

58.  R. M. Merrill, et al., Genetic dissection of assortative mating behavior. PLOS Biol. 17, 716 

e2005902 (2019). 717 

59.  S. Picelli, et al., Tn5 transposase and tagmentation procedures for massively scaled 718 

sequencing projects. Genome Res. 24, 2033–2040 (2014). 719 

60.  P. Rastas, Lep-MAP3: robust linkage mapping even for low-coverage whole genome 720 

sequencing data. Bioinforma. Oxf. Engl. 33, 3726–3732 (2017). 721 

61.  H. Li, Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. 722 

ArXiv13033997 Q-Bio (2013) (July 2, 2019). 723 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


62.  H. Li, et al., The Sequence Alignment/Map format and SAMtools. Bioinforma. Oxf. Engl. 724 

25, 2078–2079 (2009). 725 

63.  M. Martin, Cutadapt removes adapter sequences from high-throughput sequencing 726 

reads. EMBnet.journal 17, 10–12 (2011). 727 

64.  J. W. Davey, et al., Major improvements to the Heliconius melpomene genome 728 

assembly used to confirm 10 chromosome fusion events in 6 million years of butterfly 729 

evolution. G3 Genes Genomes Genet. 6, 695–708 (2016). 730 

65.  A. Dobin, et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–21 731 

(2013). 732 

66.  Y. Liao, G. K. Smyth, W. Shi, featureCounts: an efficient general purpose program for 733 

assigning sequence reads to genomic features. Bioinforma. Oxf. Engl. 30, 923–930 734 

(2014). 735 

67.  M. D. Robinson, A. Oshlack, A scaling normalization method for differential expression 736 

analysis of RNA-seq data. Genome Biol. 11, R25 (2010). 737 

68.  M. D. Robinson, D. J. McCarthy, G. K. Smyth, edgeR: a Bioconductor package for 738 

differential expression analysis of digital gene expression data. Bioinformatics 26, 139–739 

140 (2010). 740 

69.  C. W. Law, Y. Chen, W. Shi, G. K. Smyth, Voom: precision weights unlock linear model 741 

analysis tools for RNA-seq read counts. Genome Biol. 15, R29 (2014). 742 

70.  A. Marchler-Bauer, et al., CDD: NCBI’s conserved domain database. Nucleic Acids Res. 743 

43, D222-226 (2015). 744 

71.  The UniProt Consortium, UniProt: a worldwide hub of protein knowledge. Nucleic Acids 745 

Res. 47, D506–D515 (2019). 746 

72.  F. Madeira, et al., The EMBL-EBI search and sequence analysis tools APIs in 2019. 747 

Nucleic Acids Res. (2019) https:/doi.org/10.1093/nar/gkz268 (June 11, 2019). 748 

73.  M. N. Price, P. S. Dehal, A. P. Arkin, FastTree: Computing large minimum evolution trees 749 

with profiles instead of a distance matrix. Mol. Biol. Evol. 26, 1641–1650 (2009). 750 

74.  M. N. Price, P. S. Dehal, A. P. Arkin, FastTree 2 – Approximately maximum-likelihood 751 

trees for large alignments. PLOS ONE 5, e9490 (2010). 752 

75.  H. B. and R. H. Adams, evobiR: Comparative and Population Genetic Analyses (2015) 753 

(July 30, 2019). 754 

76.  E. Paradis, K. Schliep, ape 5.0: an environment for modern phylogenetics and 755 

evolutionary analyses in R. Bioinformatics (2018) 756 

https:/doi.org/10.1093/bioinformatics/bty633 (November 26, 2018). 757 

77.  R Core Team, R: A language and environment for statistical computing. (R Foundation 758 

for Statistical Computing, 2018). 759 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/


78.  D. H. Huson, C. Scornavacca, Dendroscope 3: An Interactive Tool for Rooted 760 

Phylogenetic Trees and Networks. Syst. Biol. 61, 1061–1067 (2012). 761 

79.  L. Czech, J. Huerta-Cepas, A. Stamatakis, A critical review on the use of support values 762 

in tree viewers and bioinformatics toolkits. Mol. Biol. Evol. 34, 1535–1542 (2017). 763 

 764 

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 23, 2019. ; https://doi.org/10.1101/779678doi: bioRxiv preprint 

https://doi.org/10.1101/779678
http://creativecommons.org/licenses/by-nc/4.0/

	A novel terpene synthase produces an anti-aphrodisiac pheromone in the butterfly Heliconius melpomene
	Author contributions
	Abstract
	Significance statement
	Introduction
	Results
	Expansion of IDSs in genome of H. melpomene
	QTL for (E)-β-ocimene production on chromosome 6
	Patterns of gene expression identify HMEL037106g1 and HMEL037108g1 as candidates
	Functional experiments demonstrate the TPS activity of HMEL037106g1 and HMEL037108g1
	Functional experiments demonstrate the residual IDS activity of HMEL037106g1 and HMEL037108g1
	Evolutionary history of gene family containing Heliconius TPSs

	Discussion
	Materials and Methods
	Analysis of biosynthetic pathway in H. melpomene
	Crossing for quantitative trait linkage mapping
	Genotyping and linkage map construction
	Phenotyping of (E)-β-ocimene production
	RNA sequencing analysis
	In vitro expression and enzymatic assays
	Phylogenetic analysis

	Data availability
	Acknowledgements
	References


