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The evolution of sexually dimorphic cuticular hydrocarbons

in blowflies (Diptera: Calliphoridae)

Abstract Cuticular hydrocarbons (CHCs) are organic compounds found on the cuticles of all
insects which can act as close-contact pheromones, while also providing a hydrophobic
barrier to water loss. Given their widespread importance in sexual behaviour and survival,
CHCs have likely contributed heavily to the adaptation and speciation of insects. Despite this,
the patterns and mechanisms of their diversification have been studied in very few taxa. Here,
we perform the first study of CHC diversification in blowflies, focussing on wild populations
of the ecologically diverse genus Chrysomya. We convert CHC profiles into qualitative and
quantitative traits and assess their inter- and intra-specific variation across 10 species. We
also construct a global phylogeny of Chrysomya, onto which CHCs were mapped to explore
the patterns of their diversification. For the first time, we demonstrate that blowflies express
an exceptional diversity of CHCs, which have diversified in a non-phylogenetic and
punctuated manner, are species-specific, and sexually dimorphic. It is likely that both
ecological and sexual selection have shaped these patterns of CHC diversification, and our

study now provides a comprehensive framework for testing such hypotheses.
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Introduction

There are now numerous examples of phenotypic traits that experience divergent ecological
selection while also contributing to non-random mating (Servedio et al. 2011). These so
called “magic” or “dual” traits occur frequently in nature and have the potential to drive
speciation (Chung and Carroll 2015). Despite this, our understanding of how these traits
evolve, and the extent to which they have facilitated speciation, remains poorly understood.
One such example are cuticular hydrocarbons (CHCs) - mixtures of long straight-chained,
olefinic, and methyl-branched hydrocarbons found within the waxy cuticle of all insects.
CHCs are essential to the survival of terrestrial insects, forming a hydrophobic layer that can
adapt to environmental changes to prevent cuticular water loss (Chung and Carroll 2015;
Stinziano et al. 2015; Sprenger et al. 2018). CHCs have also been adapted as close-range
pheromones, facilitating species recognition and sexual attraction in a wide range of insects
(Ferveur 2005; Curtis et al. 2013; Hughes et al. 2015; Ingleby 2015). Thus, CHCs provide a
classic example of a dual trait, as they are a salient target for selection on: 1) their
waterproofing capabilities and 2) their communication function in inter- and intra-specific

interactions (Chung and Carroll 2015).

Given their widespread importance in survival and reproduction, CHCs have likely
contributed to the divergent evolution and speciation of insects (Smadja and Butlin 2009;
Chung and Carroll 2015; Menzel et al. 2017a). However, past studies have mostly been
limited to ants (Martin et al. 2008; van Wilgenburg et al. 2011; Kather and Martin 2015;
Menzel et al. 2017a; Menzel et al. 2017b), wasps and bees (Buellesbach et al. 2013; Van
Oystaeyen et al. 2014; Kather and Martin 2015; Buellesbach et al. 2018), and fruit flies
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(Bartelt et al. 1986; Jallon and David 1987; Alves 2010; Oliveira et al. 2011), with few
studies on groups of species outside of these model taxa (Phasmatodea: Schwander et al.
2013, Orthoptera: Mullen et al. 2007, Diptera: Symonds et al. 2009, Coleoptera: Niogret et al.
2019). Nevertheless, from this work, it is clear that the patterns of CHC diversification vary
greatly between different insect groups. For example, in some taxa CHC diversification
between related species occurs gradually, typically resulting in greater similarity in
substances and concentrations between closely related species compared to distant relatives.
This is most evident in certain flies (Bartelt et al. 1985; Symonds and Wertheim 2005) and
ants (Martin et al. 2008) and may occur when selective pressure on CHCs is relaxed, perhaps
when CHC function is substituted by different compounds or physiological mechanisms (van
Wilgenburg et al. 2011). Conversely however, CHC diversification can also occur
saltationally, where rapid changes between closely related species result in drastic differences
in their CHC substances and concentrations, as appears to be the case in some ants (Menzel et
al. 2017b; Kather et al. 2015), wasps (Buellesbach et al. 2013; Kather et al. 2015), flies
(Symonds et al. 2009), and stick insects (Schwander et al. 2013). In these cases, rapid
diversification of CHC profiles may result from divergent ecological adaptation, as well as
from sexual selection favouring rapid saltational changes in sender and receiver

communication channels.

However, given the overwhelming variability of insect CHCs, the apparent mode of CHC
diversification can be easily confounded by the experimental approach. Specifically,
approaches taken by previous studies have been highly variable, making it difficult to
compare findings within and between taxa. These experimental differences can be primarily
attributed to the choice of data type, and a lack of consideration to intra-specific variation.
Regarding data type, if CHC composition is considered quantitatively (substance
concentration) versus qualitatively (presence or absence of a substance or substance classes),
then conclusions about the mode of CHC diversification can be vastly different. This is well
demonstrated by studies of CHC diversification in Crematogaster ants, where qualitatively,
CHCs appear to evolve under a gradual mode of evolution (van Wilgenburg et al. 2011),
while quantitatively, CHCs appear to evolve rapidly and in a non-phylogenetic manner
(Menzel et al. 2017a). Thus, it is best that studies consider both qualitative and quantitative
variation in CHCs.

Regarding intra-specific variation, CHC expression can differ substantially between wild and

lab-reared populations (Toolson et al. 1990; Mullen et al. 2007; Dapporto et al. 2013),
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between sexes (Buellesbach et al. 2013; Stinziano et al. 2015), and between different life
history stages (Caputo et al. 2005; Roux et al. 2008; Arienti et al. 2010; Kuo et al. 2012;
Butterworth et al. in press). Despite this, many comparative studies have not addressed these
factors, instead working primarily with lab populations, and only considering a single sex or
period of development. If we are to elucidate the broader patterns of CHC diversification, and
more deeply understand their contribution to insect diversification, then a more
comprehensive approach will be needed. Specifically, we propose that much will be gained
from exploring CHC diversification in a wider range of non-model taxa, assessing both
quantitative and qualitative variation, performing studies in wild populations, and carefully

considering differences in expression between sexes and different life stages.

The blowflies (Diptera: Calliphoridae) provide a particularly useful model system for the
comprehensive study of CHC evolution. There are approximately 1,200 described species,
many of which have well documented life histories and have been placed phylogenetically
(Kutty et al. 2010; Marinho et al. 2012; Nelson et al. 2012; Kutty et al. 2019). They are also
ecologically diverse (Ferrar 1987), and carrion-breeding species can be easily captured in the
wild in numbers required for comparative studies. There is also increasing evidence that
CHCs are involved in blowfly survival and reproduction (Goodrich 1970; Trabalon et al.
1992; Stoffolano 1997; Butterworth et al. 2019), and there is substantial species-level
variation in CHC composition (Roux et al. 2008; Pechal et al. 2014; Barbosa et al. 2017),
which is suggestive of divergent evolution. However, no attempt has been made to consider
these findings in a phylogenetic context; so how the evolutionary diversification of CHCs in
blowflies relates to their unique ecologies, and compares with other insects, remains unclear.
Nevertheless, if CHCs have contributed to the speciation of blowflies, we would expect to see
evidence of saltational evolution between species, and sexually dimorphic profile

composition within species.

Within the Australasian region, the blowfly genus Chrysomya is particularly diverse and
represents an untapped model system for evolutionary research (Wells and Kurahashi 1996).
There are nine representative species in Australia, all of which can be found along the eastern
coast of the country, occupying a diverse range of habitats, from temperate rainforests in the
north to dry schlerophyll forests in the colder southern regions (Kitching and Voeten 1977).
They also exhibit varied modes of reproduction (Norris 1959) and show substantial variation
in their mating systems (Butterworth et al. 2019). Given their diverse distributions and

ecologies, they provide an ideal opportunity to investigate the evolutionary diversification of
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CHCs. As such, in the present study we undertake the first comprehensive analysis of CHCs
in blowflies by assessing variation between species and sexes in a phylogenetic context using
wild populations of Chrysomya. The specific aims of our study were to: 1) identify the CHC
substances expressed across all Australian Chrysomya, 2) assess inter-specific variation in
CHCs, 3) assess intra-specific variation in CHCs, 4) generate a new global phylogeny for the
Chrysomya and 5) assess how CHCs have diversified in the context of this phylogeny. By
addressing these aims, we expect to provide new insights into CHC diversification in flies,
and, more broadly, provide a platform for hypotheses concerning the role these complex dual

traits have played in the speciation and evolution of blowflies.

METHODS AND MATERIALS

Insect collection. Nine species of Australian Chrysomya were collected from sites along the
east coast of Australia ranging from Wollongong, NSW to Brisbane, QLD between
December 2016 and April 2018 (Table 1). In addition, a single laboratory strain of Australian
Lucilia cuprina was used as an outgroup. Wild flies were manually netted over carrion bait,
and for each species 10-20 adults of each sex were collected, for a total of 321 individual
flies.

Table 1. Site data for all collected Chrysomya and Lucilia species.

Species Abbreviation Location Latitude Longitude
Ch. rufifacies Ruf Anstead, QLD -27.53 152.85
Kholo, QLD -27.49 152.75
Mount Coot-Tha, QLD -27.28 152.58
Wollongong, NSW -34.43 150.89
Tuggerah, NSW -33.29 151.42
Yarramundi, NSW -33.67 150.68
Ch. incisuralis Inc Anstead, QLD -27.53 152.85
Advancetown, QLD -28.07 153.26
Cowarra, NSW -31.53 152.79
Yarramundi, NSW -33.67 150.68
Wollongong, NSW -34.43 150.89
Ch. nigripes Nig Calamia, NSW -29.85 153.06
Ferodale, NSW -32.71 151.84
Yarramundi, NSW -33.67 150.68
Cedar Creek, QLD -27.33 152.80
Ch. flavifrons Fla Mount Coot-Tha, QLD -27.28 152.58
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Cedar Creek, QLD -27.33 152.80

Ch. varipes Var Advancetown, QLD -28.07 153.26
Mount Coot-Tha, QLD -27.28 152.58
Cedar Creek, QLD -27.33 152.80
Valery, NSW -30.30 152.97
Wollongong, NSW -34.43 150.89
Ch. megacephala Meg Anstead, QLD -27.53 152.85
Mount Coot-Tha, QLD -27.28 152.58
Valery, NSW -30.30 152.97
Tuggerah, NSW -33.29 151.42
Wollongong, NSW -34.43 150.89
Ch. saffranea Saf Anstead, QLD -27.53 152.85
Kholo, QLD -27.49 152.75
Mount Coot-Tha, QLD -27.28 152.58
Valery, NSW -30.30 152.97
Ch. semimetallica Sem Anstead, QLD -27.53 152.85
Mount Coot-Tha, QLD -27.28 152.58
Cedar Creek, QLD -27.33 152.80
Valery, NSW -30.30 152.97
Ch. latifrons Lat Cowarra, NSW -31.53 152.79
Valery, NSW -30.30 152.97
Tuggerah, NSW -33.29 151.42
Wollongong, NSW -34.43 150.89
L. cuprina* Cup ERC, Wollongong, NSW NA NA

*L. cuprina were from a lab population maintained at the University of Wollongong’s Ecological Research
Centre (ERC).

Flies were euthanised at -20°C within 8 h of collection, and any particulate matter adhering to
flies was removed. To confirm morphological species identifications, the DNA barcode
region of CO1 was amplified, and sequenced following the methods of Nelson et al. 2007.
CO1 was extracted, amplified, and sequenced from one individual per species. Sequences
were then compared to the GenBank database via BLASTn and identified based on sequence

similarity.

Chemical analysis. Cuticular hydrocarbons were extracted from 10-20 individual males and
females of each species within 2 h of euthanasia. Flies were immersed in 400 pL n-hexane in
a 1 mL glass vial for 5 min, gently vortexed using an S.E.M. vortex mixer (Adelab Scientific,
Australia), then removed from the solution. Washed flies were inspected following extraction
to ensure that no cuticular damage had occurred, which may have caused internal fluids to
leak. Samples were stored at -40°C for up to 30 days. Prior to analysis, samples were
evaporated with nitrogen and reconstituted in 20 pL of hexane containing an internal standard
(2 ppm pentadecane). A sample (1 pL) of this CHC extract was then injected into a gas
chromatography mass spectrometer (GC-MS; Agilent 7890 GC coupled with an Agilent 7000
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Triple-Quad MS and an Agilent 7693 Autosampler) fitted with an Rxi-5ms column (20 m x
0.18 mm ID; d.f. = 0.18 um) and using helium as the carrier gas at a flow rate of 0.8 mL/min.
The inlet temperature was set to 270°C and injection performed in splitless mode. The
column was held isothermally at 50°C for 1 min, then ramped at a rate of 40°C/min to 180°C,
before ramping at 5°C/min to 300°C. The mass spectrometer was operated at 70 eV with a

source temperature of 280°C and scanning was performed from m/z 40 to 500.

Pre-treatment of data. Peaks were selected between C21 and C40, and only those that
occurred in at least 3 specimens were manually integrated using Masshunter qualitative
analysis B06.00. Retention indices were calculated by comparing peak elution times to those
of a C7-C40 alkane standard. Hydrocarbons were identified by analysis of their mass spectra,
identification of diagnostic ions, and corroboration with published Kovats indices. There
were some compounds in L. cuprina which we were unable to identify (peaks 58-62). We
have taken a conservative approach to the analysis by assuming that these compounds are
synonymous with those found in Chrysomya. However, on this assumption, we have likely
underestimated the divergence of Lucilia CHCs from those in Chrysomya, and further
analysis of Lucilia CHCs will likely reveal a greater number of compounds that are unique to
this genus. Peak areas from all 10 species were aligned by their retention indices using R
package GCalignR (Ottensmann et al. 2018) and manually inspected to assure conformance.
Data were then converted to relative abundances by dividing the area of each peak by the
total peak area, followed by the addition of a small constant (0.01) to remove zeros. For
quantitative comparisons, data were transformed by centered log ratio with the R package
‘Hotelling® (Curran 2018) and auto scaled using the inbuilt R function (R Core Team 2019)
following Hervé et al. (2018). For qualitative comparisons, raw data were instead converted
to a binary matrix, where compound absence was represented by ‘0’ and presence by ‘1°,
followed by transformation into a similarity matrix using the ‘dist.binary’ function (using
Jaccard’s similarity index, whereby double zeros are not considered as similarities) of the R
package ‘ade4’ (Dray and Dufour 2007).

Statistical analysis. To test whether the quantitative differences of CHCs sufficiently
discriminated species, while also accounting for the effect of sex, redundancy discriminant
analysis (RDA) was performed on the entire transformed dataset using the R packages
‘vegan’ (Oksanen et al. 2019) and ‘RV AideMemoire’ (Hervé 2020). To validate the effect of
species and sex on CHC variation, the total percentage of constrained variance explained by

sex and species was estimated by a canonical R® called the ‘bimultivariate redundancy
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statistic’ (Miller and Farr 1971; Peres-Neto et al. 2006; Hervé et al. 2018). For our dataset,
species, sex, and their interaction explained 46% of the total chemical variation, meaning that
54% of the variation could be due to noise, or any uncontrolled factors including diet,
environment, or age. To test whether the constrained variance was explaining a significant
proportion of the compositional data, a permutation F-test based on the canonical R* was
performed (Legendre and Legendre 2012; Herveé et al. 2018). For our dataset, the test was
declared significant (PERMANOVA; Fig301 = 13.77, P < 0.001), which implies that the
chosen factors (species and sex) explained a significant proportion of the total quantitative
chemical variation. As such, to test for the individual effects of the factors, a second
permutation F-test was performed for species, sex, and the species x sex interaction. Then,
pairwise comparisons (with corrections for multiple comparisons) were made using the
function ‘pairwise.factorfit’ from ‘RVAideMemoire’ to specifically assess which species and
sexes differed significantly from each other. Additionally, to test whether qualitative
differences separated species, principal coordinate analysis (PCoA) was conducted on the
similarity matrix (representing binary compositional differences between species) using the
function ‘dbrda’ from ‘RVAideMemoire’ and then species- and sex-differences were

assessed using the function ‘pairwise.factorfit” as described above.

In order to visualize and compare these sex-specific differences within species, principal
component analysis (PCA) was conducted on 10 reduced sets of data, each representing an
individual species. Univariate analysis of variance (ANOVA) was performed on the extracted
PCs for each of the 10 species. In order to determine which PCs represented the greatest
proportion of the total variation, and should be analysed by ANOVA, we used the broken
stick model and screeplot approaches (Jolliffe 2002; Quinn and Keough 2002). In addition,
upon initial observation of the total ion chromatograms, we noticed substantial within-sex
variation for male and female Ch. varipes, male and female Ch. flavifrons, and female Ch.
nigripes. These qualitatively distinct profiles showed intra-sexual differences in CHC
expression (particularly in the chain lengths of expressed CHCs). These distinct profiles most
likely correspond to age-specific differences, which has been confirmed for Ch. varipes
(Butterworth et al. in press). Hereafter, these distinct CHC profiles will be referred to as
‘types’. To consider the effect of type within species, we conducted pairwise comparisons on
the previously extracted PCs using the function ‘pairwise.factorfit’ from ‘RVAideMemoire’
to test which types differed significantly within these species. All PCA and ANOVA analyses
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were performed using R base package (R Core Team 2019), and the R packages ‘Factoextra’
(Kassambra and Mundt 2017), and ‘ggFortify’ (Tang et al. 2016).

Phylogenetic inference. To produce a global phylogenetic tree for the genus Chrysomya,
previously published sequence data for CO1, CO2, ND4, and CAD were retrieved from
GenBank (Nelson et al. 2007, Nelson et al. 2008, Nelson et al. 2012, Singh et al. 2011,
Wallman et al. 2005 and Wells et al. 2001). The final data represented 27 Chrysomya species
and four outgroup taxa (two Lucilia and two Calliphora; taxa list available: Supplementary
Material 1: Table 1). Data were concatenated, and aligned in Geneious Prime version
2019.0.3 (https://www.geneious.com) using the MUSCLE algorithm (Edgar 2004; MUSCLE
parameters: gap opening penalty = —400, gap extension penalty = 0, Clustering Method =
UPGMB, Maximum diagonal length = 24). Aligned data were analysed in PartitionFinder2
(Lanfear et al. 2016), which determines the best partitioning scheme and corresponding
evolutionary model based upon which partition and model produced the highest Akaike
information criterion (AICc) value. This optimum partitioning scheme (Supplementary
Material 1: Table 1), was then used in all subsequent analyses. The final partitioned
alignment was then submitted for both Maximum Likelihood (ML) and Bayesian (BA)
analysis in the online CIPRES platform (Miller et al. 2010). ML analysis was performed in
RAXML version 8.0 (Stamatakis 2014). Since RAXML only allows for a single evolutionary
model to be applied to partitioned analyses, all partitions were analysed under the GTR+G
model (1000 bootstrap iterations). BA analysis was performed in MrBayes version 3.2.6
utilising the BEAGLE library. Models of rate evolution were applied to each partition
individually following the PartionFinder2 calculated ‘best model’ (Supplementary Material 1:
Table 2). Four simultaneous Bayesian analyses were completed utilising four Markov Chain
Monte Carlo (MCMC) chains (three heated, one cold; temperature default = 0.1; all priors at
default settings) run for 20 million generations, sampling every 2000 generations (for a total
of 40000 samples). A consensus tree was then prepared from the resultant trees with the first
25% of all trees discarded as burn-in. A final tree graphic summarising both analyses (ML
and BA) was produced using FigTree wversion 1.4.3 (available from:
http://tree.bio.ed.ac.uk/software/figtree/) and edited in Adobe Illustrator 2019 (available
from: https://www.adobe.com/au/products/illustrator).

Evolutionary change in CHCs. To visually infer evolutionary change in CHC quantities, a
second PCA was performed on the entire transformed dataset. The broken stick model and

screeplot suggested that the first three PCs explained the greatest proportion of the total

This article is protected by copyright. All rights reserved


https://www.geneious.com/
http://tree.bio.ed.ac.uk/software/figtree/
https://www.adobe.com/au/products/illustrator

variation. As such, to visualize the evolution of CHC profiles, we traced the first three
principal components onto a pruned phylogeny using parsimony reconstruction in the trace
character history function of Mesquite V3.6 (Maddison and Maddison 2019). Both sexes
were analysed together in the PCA, but male and female PCs were mapped separately.
Additionally, because three species (Ch. varipes, Ch. flavifrons, and Ch. nigripes) expressed
multiple qualitatively distinct profile types, we only mapped the PCs corresponding to the
most common profile types, under the assumption that these represented the sexually mature
profiles. For Ch. varipes, the sexually mature profile types were known to be male ‘type 2’
and female ‘type 2’ (Butterworth et al. in press). For the other species, the most common
types (assumed to be sexually mature) were male ‘type 2’ and female ‘type 2’ for Ch.
flavifrons and female ‘type 2’ for Ch. nigripes. We made this assumption on the basis that the
response of adult blowflies to cues released from decaying carrion does not peak until
approximately three days after adults emerge from the puparium (Ashworth and Wall 1995),
and thus the majority of flies encountered around carrion tend to be older than three days and
approaching sexual maturity. In support of this, we only caught three immature male and five
immature female Ch. varipes in the wild, compared to >12 mature adults of both sexes.

To assess which specific patterns of character change best described the diversification of
hydrocarbon profiles among Chrysomya, we used the program CoMET (Continuous-
character Model Evaluation and Testing) (Lee et al. 2006) within Mesquite V3.6 (Maddison
and Maddison 2019). Specifically, we evaluated whether CHC proportions and CHC profiles
(represented by PCs) have diverged gradually in line with our proposed phylogenetic tree, or
rapidly and independently of our phylogenetic tree. The COMET program achieves this by
testing nine unique models of character change, which represent all combinations of three
different phylogenetic models with three different rate models (in a 3 x 3 matrix). The
phylogenetic models explain character change as pure-phylogenetic, non-phylogenetic, or
punctuated. Whereas the rate models evaluate three different rates (distance, equal, and free)
at which the character can change on each branch. Overall, COMET estimates the fit of these
nine models to our phylogenetic tree, from which Akaike Criterion (AIC) values are
calculated to determine which model best characterizes the rate and mode of CHC
diversification (Schwander et al. 2013). For detailed model explanations, model

interpretations, and best-model conclusions, see Supplementary Material 1: Table 3.

RESULTS
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Chemical analysis. Flies were collected along the east coast of Australia, with extractions
resulting in 89 compounds among Chrysomya, and an additional three compounds unique to
L. cuprina (peaks 47, 53 and 56) - for a total of 92 unique hydrocarbons (ranging from 21 to
36 carbon atoms in length) across the 10 species. For average peak proportions, retention
times, and compound identifications refer to Supplementary Material 2, and for the entire raw
dataset refer to Supplementary Material 3. Qualitatively, 40/92 CHCs (43%) were found
across all 10 species, and all n-alkanes, ranging from C21 to C31, were expressed by every
species. Further to this, the proportions of substance classes were generally conserved among
species, with monomethylalkanes, n-alkanes, and n-alkenes occurring in the greatest
proportions (Figure 1). Conversely, species varied substantially in the total number of
compounds they expressed, ranging from 62 unique CHCs in Ch. varipes to 83 unique CHCs
in Ch. flavifrons. Furthermore, there was considerable quantitative variation in the
abundances of CHC substances (including the ubiquitous n-alkanes) between species, sexes,

and types (Figure 1).

Inter-specific comparisons. To assess the extent of the inter-specific variation detected, while
accounting for sex, both RDA and PCoA were performed to assess quantitative and
qualitative differences respectively. The RDA revealed that species and sex explained a
significant proportion of overall quantitative chemical variation across the 10 species (Figure
2). Of the constrained variance (the variance explained by species and sex), discriminant
components 1-5 collectively accounted for 76.28% of the variation, and a permutation F-test
suggested that species (PERMANOVA; Fg301 = 21.64, P < 0.001), sex (PERMANOVA,;
F1301 = 7.85, P < 0.001), and the species x sex interaction (PERMANOVA; Fg30; = 6.42, P <
0.001) each individually explained a significant proportion of this variation. Thus, to
determine which species and which sexes differed significantly, pairwise comparisons were
made, which revealed that almost all species separated significantly from their closest
relatives (Pairwise comparison: P < 0.05) (For all pairwise comparisons see supplementary
material 4: Table 1).
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Figure 1. Average proportions of CHC substance classes found among Australian Chrysomya and Lucilia
species. Ruf = Ch. rufifacies, Inc = Ch. incisuralis, Var = Ch. varipes, Fla = Ch. flavifrons, Nig = Ch. nigripes,
Saf = Ch. saffranea, Meg = Ch. megacephala, Lat = Ch. latifrons, Sem = Ch. semimetallica, Cup = L. cuprina.
The vertical order of species follows the same vertical order as the phylogeny (Figure 4), with close relatives
being positioned next to each other. Generated with ggplot2 (Wickham et al. 2019) in R (R Core Team 2019).
Edited with Adobe Illustrator.

This was with two exceptions. Males of Ch. rufifacies were not distinct from Ch. incisuralis
males (Pairwise comparison: P = 0.35) or females (Pairwise comparison: P = 0.62).
Interestingly, however, Ch. rufifacies females were distinct from Ch. incisuralis females
(Pairwise comparison: P < 0.01). Further, Ch. saffranea females were not distinct from Ch.
megacephala males (Pairwise comparison: P = 0.19). Notably, several species that were
distantly related shared quantitatively similar profile types (Pairwise comparison: P > 0.05)
(Figure 2). Regarding qualitative differences between species, the results from pairwise
comparisons of the PCoA closely matched those from the RDA, where all species separated
significantly from their closest relatives, but several distantly related species overlapped
substantially in their qualitative CHC composition (Supplementary Material 4: Table 2).
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Intra-specific comparisons. To investigate and visualize sex- and type-specific differences
within species, PCA, followed by univariate ANOVA (for sex differences) and pairwise
comparisons (for type differences), were performed for reduced datasets which individually
represented each species (Figure 3). Regarding between-sex differences, PCs 1-5 explained
the greatest proportion of total variation in all species. As such, ANOVA was performed on
extracted PCs 1-5 for each species; revealing significant differences in quantitative profile
composition between the sexes (in at least one PC) for eight of 10 species (For PCA-ANOVA
results, refer to Supplementary Material 4: Table 3). For all peak contributions to PCs 1-5 for
each species, refer to Supplementary Material 4: Table 4. However, for Ch. varipes and Ch.
semimetallica, none of the five PCs significantly separated sex, suggesting that CHCs were
not sexually dimorphic in these species (in support of the results from of the RDA analysis
above). Notably, while RDA suggested that Ch. incisuralis, Ch. megacephala, and Ch.
latifrons sexes were not statistically different, PCA-ANOVA revealed differences in at least
one PC in three species, providing evidence that the CHCs contributing to those PCs may be
sexually dimorphic to some degree. To see which peaks may be candidate pheromones based
on differences in relative abundances between the sexes, refer to Supplementary Material 4:
Table 5. For the three species that showed multiple profile types (Ch. varipes, Ch. flavifrons,
and Ch. nigripes), pairwise comparisons revealed that type was statistically significant for
each species (Table 2). Specifically, all male and female types were significantly different
within Ch. flavifrons and Ch. nigripes. However, for Ch. varipes, comparisons between male
type 1 and female type 1, as well as male type 2 and female type 2, were not statistically
significant, suggesting that there is substantial within-sex variation in CHC profiles
corresponding to age, but reinforcing the notion that male and female CHCs are not
substantially sexually dimorphic.

Table 2. Results of pairwise comparisons of PCA output for species that showed multiple CHC profile types,
using the function ‘pairwise.factorfit’ from the ‘RVAideMemoire’ package of R. ‘F1’, ‘F2’, ‘M1’, ‘M2’
correspond to female type 1, female type 2, male type 1 and male type 2 respectively. A) Chrysomya varipes, B)

Chrysomya nigripes and C) Chrysomya flavifrons. Numbers in bold represent significant results.

a) Chrysomya varipes F2 F1 M1
F1 0.003
M2 0.102 0.003
M1 0.008 0.366 0.008
b) Chrysomya nigripes F1 F2
F2 0.001
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M1 0.001 0.001
c) Chrysomya flavifrons F1 F2 M1
F2 0.002 - -
M1 0.002 0.002 -
M2 0.002 0.029 0.002
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Figure 2. Interspecific variation of female and male Chrysomya CHC profiles. All species are separated by

redundancy discriminant components (DF1 and DF2) from the RDA output. Axes show different scales.
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Figure 3. Intra-specific variation of CHC profiles in nine species of Australian Chrysomya and one species of
Australian Lucilia. Axes represent the principal components which most significantly separated the sexes. Plots
follow the same sequential order as the phylogeny (from top to bottom) and represent Ch. rufifacies, Ch.
incisuralis, Ch. flavifrons, Ch. varipes, Ch. nigripes, Ch. megacephala, Ch. saffranea, Ch. semimetallica, Ch.
latifrons, and L. cuprina. Ellipses were calculated based on normal multivariate distributions and represent sexes
and types where present. There is no ellipse for Ch. varipes male type 1, as only three individuals were

collected.

Phylogenetic inference. A global Chrysomya phylogeny was prepared from concatenated
CO1, CO2, ND4, and CAD. The resultant tree (Figure 4) agreed closely with previous
phylogenetic trees produced by Wallman et al. (2005) and Singh et al. (2011). The genus
Chrysomya is resolved as three distinct clades matching those originally designated by Singh
et al. (2011). New inclusions Ch. chloropyga and Ch. inclinata resolved within the most
derived clade (clade 3: Singh et al. 2011), while Ch. saffranea and Ch. phaonis resolved

within clade 2. The basal clade (clade 1) contained no newly included taxa.
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Figure 4: Combined molecular phylogenetic tree of global Chrysomya species in the context of the
Calliphoridae. Topology represents the consensus tree from Maximum Likelihood analysis over 1000 bootstrap
iterations. Node support values are shown for both Maximum Likelihood analysis (bootstrap support, 1000
iterations; in bold font) and Bayesian analysis (posterior probability, 80 million generations; regular font), ‘NA’
indicates nodes that were not resolved in the Bayesian analysis. Branch length scale = 0.08 nucleotide
substitutions per site. Taxa highlighted in red represent Australian species of Chrysomya and Lucilia for which

cuticular hydrocarbon data were obtained.

Evolutionary change in CHCs. To visualize quantitative changes in CHC profiles in the
context of the Chrysomya phylogeny, we traced the first three principal components from the
analysis onto a pruned phylogeny which contained only the focal Australasian representatives
(Figure 5). To see which peaks contributed to the mapped PCs see Supplementary Material 4:
Table 6. Broadly, there appears to be have been rapid CHC diversification among
Chrysomya, with the exception of Ch. rufifacies and Ch. incisuralis, as well as Ch.
megacephala and Ch. saffranea, where diversification appears more gradual. Notably, there
has been substantial diversification in clade 3, particularly comparing the cuticular profiles of
Ch. rufifacies and Ch. incisuralis to Ch. flavifrons, Ch. varipes, and Ch. nigripes. More so,
for the latter three species, substantial divergence has also occurred in CHCs (reflected in all
three PCs); however, the amount and direction of divergence differs between males and
females. High levels of divergence were also observed in clade 1 between sister species Ch.
semimetallica and Ch. latifrons for male PC1 and PC2, as well as female PC1, PC2, and PC3.
Notably, and in line with results from the redundancy discriminant analysis, several species
shared more similar CHC profiles with distant rather than close relatives (i.e., Ch. varipes
with Ch. latifrons, as well as Ch. semimetallica with Ch. megacephala, and Ch. nigripes with
Ch. rufifacies and Ch. incisuralis). Except for clade 2 (Ch. megacephala and Ch. saffranea),
close relatives did not tend to resemble each other more than distant relatives, suggesting that

there has been limited constraint on CHC diversification in Chrysomya.
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Figure 5. Figure 4.5 Character trace of male and female A) PC1, B) PC2 and C) PC3 averages (as represented
by colour) onto a pruned phylogeny of Chrysomya with only Australian taxa represented. Tracing was
performed using the parsimony reconstruction function of Mesquite V3.6 with the principal components
representing the CHC profiles of nine species of Australian Chrysomya and Lucilia cuprina. For species with
multiple profile ‘types’, only one was plotted. For Ch. varipes: male type 2 and female type 2, Ch. nigripes:
female type 2 and Ch. flavifrons: male type 2 and female type 2.”

To further elucidate these patterns of CHC diversification among Chrysomya, we used
CoMET to assess which of nine specific evolutionary models best represents the observed
character change in principal components and CHC proportions (Table 3). This revealed that,
in males, PC1 best fit an equal model of evolution but we were unable to distinguish between
punctuated and pure-phylogenetic models (AIC differences <2; Table 3a), PC2 best fit a non-
phylogenetic/free model (AIC differences >2; Table 3a), and PC3 best fit a distance model
but we could not distinguish between pure-phylogenetic and punctuated (AIC differences <2;
Table 3a). In addition, most male CHC proportions best fit punctuated models of evolution,
except for alkanes (AIC differences <2; Table 3a) and alkynes, which best fit a non-
phylogenetic/free model of evolution that could not be distinguished from a pure-
phylogenetic/distance model (AIC differences <2; Table 3a). In females, PC1 best fit a non-
phylogenetic/distance model but could not be distinguished from a punctuated/equal model
(AIC differences <2; Table 3b) and PC2 best fit distance models of evolution but we could
not distinguish between pure-phylogenetic and non-phylogenetic (AIC differences <2; Table
3b), while PC3 best fit a pure-phylogenetic model of evolution but could not distinguish
between distance and equal models (AIC differences <2; Table 3b). Similar to males, most
female CHC proportions best fit punctuated/equal models of evolution, although not all could
be distinguished from other models (AIC differences <2; Table 3b) with the exception of
alkynes, which best fit a pure-phylogenetic model. To see which peaks contributed
significantly to the mapped PCs, refer to Supplementary Material 4: Table 6.
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Table 3. COMET results for (a) males and (b) females from Mesquite presented as AIC value differences from

focal model. Asterisks represent best model; all other values are relative to the best model. Bold values represent

models that were within 2 units of focal model and could therefore also be considered good fits for the data.

(a) Model for trait change

Male Profiles

Male CHC Proportions (%)

PC1 pPc2 PC3 n-Alkane Alkene Alkadiene Monomethylalkane Dimethylalkane Alkyne
Pure-Phylogenetic/Distance 3.66 10.44 * 3.96 3.9 1.99 5.7 7.03 1.54
Pure-Phylogenetic/Equal 1.40 13.34 4.76 5.22 7.42 3.19 6.62 5.11 7.35
Pure-Phylogenetic/Free 33.89 23.29 33.68 24.35 34.84 26.77 36.22 32.83 21.21
Nonphylogenetic/Distance 2.57 4.81 5.35 3.76 6.92 6.85 4.4 5.28 11.82
Nonphylogenetic/Equal 3.78 10.32 5.07 1.6 7.71 7.1 4,51 2.16 10.04
Nonphylogenetic/Free 18.97 * 17.15 11.42 20.84 20.39 37.07 18.63 *
Punctuated/Distance 3.27 7.72 0.18 * * 0.18 0.68 2.01 3.06
Punctuated/Equal * 9.56 1.53 0.46 1.82 * * * 4,98
Punctuated/Free 19.27 23.72 16.175 16 16 16.18 15.68 18.01 19.06

Female Profiles Female CHC proportions (%)
(b) Model for trait change
PC1 PC2 PC3 n-Alkane Alkene di hylalk: Dimethylalkane Alkyne

Pure-Phylogenetic/Distance 2.05 1.25 * 10.26 8.4 5.71 16.93 2.26 0.68
Pure-Phylogenetic/Equal 2.08 3.75 191 3 5.96 2.62 3.92 4.36 *
Pure-Phylogenetic/Free 32.58 37.23 27.62 35.8 37.6 33.56 37.71 33.25 21.56
Nonphylogenetic/Distance * * 2.99 7.45 5.77 4.28 12.22 1.13 3.59
Nonphylogenetic/Equal 4.79 6.74 3.87 1.75 4.89 2.72 1.64 2.42 2.05
Nonphylogenetic/Free 2.00E+08 16.72 26.69 22.84 21.48 27.22 10.5 23.63 2.00E+08
Punctuated/Distance 2.32 3.92 2.49 6.36 2.37 3.29 10.69 0.16 4.77
Punctuated/Equal 0.60 4.08 2.06 * * * * * 2.69
Punctuated/Free 18.32 19.92 18.49 22.36 18.37 19.29 26.69 16.16 20.77
DISCUSSION

Cuticular hydrocarbons have likely played an important role in insect evolution, yet the
patterns of their diversification have only been studied in a limited number of taxa. The
present study aimed to document the diversification of cuticular hydrocarbons in a genus of
blowflies (Chrysomya); a promising model system for evolutionary research. We quantified
CHCs in Australian representatives of the ecologically diverse blowfly genus Chrysomya,
and in support of several recent studies in other insect taxa, demonstrate that CHC classes are
qualitatively conserved across the genus. However, for the first time, we show that
quantitative CHC composition has evolved in a punctuated and non-phylogenetic manner in
blowflies, and highlight substantial intraspecific variation related to sex and age-specific

differences.

In total, we were able to identify 92 unique compounds across all 10 species; which is similar
to observations in Formica ants, where 100 CHCs were identified across 13 species (Martin

et al. 2008). Broadly, the monomethylalkanes, n-alkenes, and n-alkanes predominated the
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cuticular profiles of most species, which aligns with previous reports of blowfly CHCs (L.
cuprina: Barbosa et al. 2017; Ch. varipes: Butterworth et al. 2018; Ch. rufifacies: Pechal et
al. 2014; and Ch. megacephala: Paula et al. 2016). As expected, different species of
Chrysomya expressed different numbers of compounds. However, while some Teleogryllus
crickets express only 21 different hydrocarbons (Thomas et al. 2011), some Cyphoderris
crickets only 48 hydrocarbons (Steiger et al. 2013), and Drosophila melanogaster up to 59
hydrocarbons (Everaerts et al. 2010), in Chrysomya species we saw up to 83 individual
compounds expressed in individual species, suggesting that CHCs are particularly diverse in
this genus. This diversity may be facilitated by the complex diet of blowflies; which includes
a broad range of proteins and complex fatty acids from various sources including carrion,
dung, and pollen (Brodie et al. 2015). As such, blowflies likely possess an arsenal of
metabolic precursors for CHC synthesis, which may have aided the process of CHC
diversification (Kather and Martin 2015).

Species differences. Of the 92 CHC substances we identified, 42 were present in all species,
in varying concentrations. Most notably, all C21 to C30 n-alkanes were present in every
species. Such widespread qualitative conservation of n-alkanes in Chrysomya agrees with
previous studies throughout Hymenoptera (Kather and Martin 2015) and is intuitive as
alkanes are the most structurally basic CHCs and have no possible isomers. Therefore, if
several species express an alkane with the same chain length, they will all express a
structurally identical compound. However, for compounds such as monomethylalkanes and
n-alkenes, for any given chain length there may be several possible isomers, and thus it is less
likely for identical structures to be found across species. It is plausible that the qualitatively
conserved olefinic and branched CHCs we documented may fulfil crucial roles in survival
and desiccation resistance (Chung and Carroll 2015; Stinziano et al. 2015), particularly those
with longer chain lengths that are expressed in relatively high proportions across all species
(i,e. 2MeC27, C27:1, C27, C29, 11MeC27, 11,13MeC29, 2MeC31). However, the
relationships between CHC class and biological function are still largely unknown (Chung

and Carrol 2015; Sprenger and Menzel 2020) and is an area that requires research attention.

The other 50 CHC substances varied substantially in both presence and concentration
between closely related species. Further, each species separated distinctly based on its CHC
profiles, and in several instances, closely related species shared greater similarity with distant
relatives (Ch. semimetallica, Ch. varipes, and Ch. megacephala). There was also substantial

intraspecific quantitative variation in CHC profiles, which may be the result of environmental
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variability. Nevertheless, each species clustered irrespective of geographic location,
suggesting that selective pressure has led to the maintenance of species-specific CHC
expression within Chrysomya. This holds true globally, as the CHC profiles of Australian Ch.
rufifacies and Ch. megacephala are qualitatively and quantitatively similar to CHC profiles
of conspecifics from other continents (Ch. rufifacies: Pechal et al. 2014; and Ch.
megacephala: Paula et al. 2016). Despite this, it should be noted that we were unable to
reliably distinguish the CHC profiles of some species. The CHC profiles of male Ch.
rufifacies and male Ch. incisuralis, as well as male Ch. megacephala and female Ch.
saffranea were not statistically different. However, the CHCs of females of both species were
significantly different, suggesting that selection may have maintained species-specificity in
female CHCs, but not male CHCs. This sex-specific diversification may be the result of
differential sexual selection on CHC profiles. In all four species (Ch. rufifacies, Ch.
incisuralis, Ch. megacephala, and Ch. saffranea) mating appears to be male-controlled
(personal observation), whereby males will chase, contact, and attempt to mate with females
mid-flight (Butterworth et al. 2019). This chasing behaviour would place selective pressure
on males to be able to rapidly identify conspecifics during flight, a circumstance where
species-specific CHCs in females may be particularly useful. This appears to be the case in
tsetse flies, where males rely almost entirely on the CHC 15,19,23-trimethylheptatriacontane
to identify female mates (Hall and Langley 1989). Sex-specific divergence in CHC profiles
may be expected in species where mating is primarily controlled by one sex, and the benefits
of correctly identifying conspecifics outweigh the cost of hybrid mating. In support of this,
similar findings have been made in Nasonia wasps (Buellesbach et al. 2013) where female-
specific CHC divergence is a result of their use as female-specific sexual signals. Cryptic
female choice should also drive divergence in the male CHC profiles, but we found no
evidence for this in Ch. rufifacies, Ch. incisuralis, Ch. megacephala, or Ch. saffranea.
However, we did find evidence for this in Ch. varipes and Ch. flavifrons, where we know that
mating is female-controlled (Jones et al. 2014; Butterworth et al. 2019). In these species, both
male and female profiles vary greatly between species — which supports the notion that both
males and females may use CHCs in mate recognition and assessment in these species.
Broadly, this highlights that where CHC divergence between species is considered, an
accurate assessment cannot be made without considering both sexes - particularly in species

which may use CHCs in sexual communication or conspecific recognition.
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Sex differences. If sexual selection has acted on the CHC profiles of Chrysomya species, we
might expect to see some degree of sexual dimorphism (either in the presence or
concentrations of CHCs). As expected, for 80% of species, male and female profiles differed
in at least one PC, the exception being Ch. varipes and Ch. semimetallica where no
statistically significant differences were observed. In these two species, selection on CHCs as
sex-specific cues may have been relaxed or replaced by other compounds or signalling
modalities — as appears to be the case in Ch. varipes (Butterworth et al. 2018). Nevertheless,
even in species where sexual dimorphisms were not clear, CHCs may still be important for
conspecific recognition, as is evident in the blowfly Phormia regina (Stoffolano et al. 1997),
or for the recognition of sexual maturity (Butterworth et al. in press). For the eight species
that did show sexually dimorphic CHC profiles, this must either be the result of selection on
sex-specific responses to environmental pressures, or sexual selection on their function in
communication. The former is less likely, as although sexual dimorphisms are commonly the
result of ecological selection (Taylor et al. 2019), there are no distinct differences between
the environments occupied by the sexes of Chrysomya species (personal observation).
Nevertheless, sex specific CHC expression in the absence of clear environmental differences
has been demonstrated in Drosophila (Stinziano et al. 2015) and thus cannot be ruled out in
Chrysomya. The role of environment in sexually dimorphic CHC expression in insects
requires ongoing investigation. Despite this, it is likely that these differences are, at least in
part, the result of sexual selection. Sexual selection has led to the evolution of numerous
sexually dimorphic traits in blowflies, particularly within the Chrysomya. Most of these traits
function in sex- and species-recognition. Prominent examples include the holoptic eyes and
ocular ‘bright zone’ in Chrysomya megacephala males which aids in locating female’s mid-
flight (van Hateren et al. 1989), the foreleg ornamentation of male Ch. varipes (Jones et al.
2014), and the head and wing colour dimorphism of Ch. flavifrons (Butterworth et al. 2019).
Given that such strong selection has occurred in this genus, it is feasible that the sexually
dimorphic CHC profiles observed in the present study have also arisen via sexual selection,
possibly for their function as sex- and species-specific mating signals. Corroborating this,
there is substantial evidence for sexual selection on CHCs in L. cuprina (the species in which
we observed the greatest degree of sexual dimorphism) as cuticular lipids are known to play a
key role in mate recognition and male sexual attraction (Bartell 1969; Emmens, 1981). This
may very well extend to Chrysomya and could be substantiated by conducting similar

behavioural bioassays in species where there are obvious sexual dimorphisms.
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Notably, previous work has found CHC profiles to be sexually dimorphic in lab populations
of Ch. varipes (Butterworth et al. 2018). However, we did not observe this in the wild
populations. This is likely due to the increased environmental variation experienced by flies
across natural populations, which likely drives increased variation in CHC profiles. Similar
changes in the extent of CHC sexual dimorphism have been observed between lab and field
populations of the hemipteran Leptoglossus occidentalis (Dapporto et al. 2013). This finding
reinforces the notion that the extent of sexual dimorphism observed in a laboratory
population may not be reproducible in wild populations, which raises questions about the
biological significance of the initial finding. In support of this, the laboratory population of L.
cuprina used in the present study showed comparatively minor intraspecific CHC variation —
likely due to the aforementioned effect of a standardised laboratory environment. The broader
influence of environmental variation on CHC dimorphism is still unclear, so further
investigation of sex-specific differences between laboratory and wild populations of blowflies

would be worthwhile.

Type differences. In addition to this intra-specific CHC variation, we also documented
substantial intra-sexual CHC variation for three species (Ch. nigripes, Ch. varipes, and Ch.
flavifrons) in the form of multiple qualitatively distinct profile types within the same
populations. These distinct types might correspond to differences in individual diet (Fedina et
al. 2012) or represent intra-sexual CHC polymorphisms (Bagneres et al. 1990; Wurdack
2015; Luo et al. 2019). However, they most likely correspond with age, as it is well known
that blowflies show stark age-specific changes in CHC expression (Trabalon et al. 1992;
Roux et al. 2008; Pechal et al. 2014; Braga et al. 2016; Paula et al. 2016; Bernhardt et al.
2017). In fact, through laboratory rearing we have definitively confirmed age-specific
changes in CHCs for Ch. varipes (Butterworth et al. in press). This being said, in wild
populations of the other six Chrysomya species we were unable to identify qualitatively
distinct profiles, although inspection of PCA plots does reveal some unique clusters (for
example, see Ch. latifrons PCA plot; Figure 3). This may be because in the other six species,
age-specific changes are more subtle, and harder to distinguish from the adult profile type, or
simply that we did not collect sufficient numbers of immature individuals of these species.
Importantly, the age-specific differences we observed are significant in an evolutionary
context. Although it is well established that CHC expression is variable over insect
development, particularly in blowflies, our findings highlight that assessing CHC divergence

using only sexually mature adults may be misleading. For example, in the present study,
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immature Ch. varipes (M1 and F1) showed similar CHC profiles to their close relative (Ch.
nigripes), whereas mature Ch. varipes (M2 and F2) expressed vastly different profiles to Ch.
nigripes. This suggests that the pathways underlying CHC expression in Ch. varipes and Ch.
nigripes are likely to be conserved, and that it is only their regulation that changes during
adult development. Overall, we suggest that future studies should be cautious in drawing
inferences from comparative analyses of CHCs without considering multiple aspects of life
history (where possible), as constraints placed on one life stage may affect the CHC profile of
other stages. While some studies have already comprehensively documented whole species
CHC profiles (from egg to adult) (Roux et al. 2008; Paula et al 2016), to our knowledge none
have done so in an evolutionary context. As such, to fully understand the evolution of CHCs
in insects, further investigation of the adaptive function of these age-specific changes, and
their wider effect on the patterns of CHC diversification will be essential.

Implications for evolution. Our observations mirror what has been found in Crematogaster
ants, where the extent of phylogenetic conservation appears to be greatest when qualitative
traits are considered, whereas quantitative composition diverges rapidly between species
(Menzel et al. 2017b). This suggests that the biosynthetic pathways underpinning CHC
synthesis in Chrysomya are conserved, but that the production and expression of individual
compounds and classes are likely able to be up- or down-regulated, depending on the

selective pressures acting on a given species.

To assess these trends in more detail, COMET analysis of quantitative CHC composition (as
represented by PCs and CHC proportions) was performed. This revealed that the first three
PCs all fit different modes of evolution for males (PC1: punctuated/equal, PC2: non-
phylogenetic/free, PC3: pure-phylogenetic/distance) as well as females (PC1 and PC2: non-
phylogenetic/distance, PC3: pure-phylogenetic/distance). Although we were unable to clearly
differentiate all of these models (AIC differences <2), what is apparent is that each PC
differed in the model of evolution that best explained its divergence, suggesting that the
compounds contributing to those PCs may have evolved under different selective pressures.
This makes sense, as individual CHC substances should experience different selective
pressures depending on their individual structure, physiochemical properties, and consequent
biological function (Chung and Carrol 2015). Importantly, while we could not distinguish
between punctuated and phylogenetic models for male PC1, the equal rate was the best fit in
both cases, which is indicative of speciational change, and potentially saltational evolution
(Schwander et al. 2013). Male PC2, female PC1 and female PC2 all best fit non-phylogenetic
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models — which indicates that these compounds have experienced very rapid divergence
following speciation events, possibly resulting from natural or sexual selection. Lastly, male
PC3 and female PC3 were best represented by pure-phylogenetic models, suggesting that
there has been limited selective pressure and a slow gradual accumulation of changes in the
contributing CHCs. This trend might be expected in compounds that fulfil crucial roles in
survival and are widespread, or rarer compounds such as the alkynes (which contributed
significantly to PC3 in both sexes and were almost exclusively found in the outgroup L.

cuprina).

We also assessed the evolution of CHC proportions and found punctuated models of
evolution to be the best fit in most cases. This supports the above findings, with only alkynes
appearing to have evolved phylogenetically; they are rarely expressed in Chrysomya and
predominantly found in male L. cuprina. For all other CHC proportions, the observed
punctuated evolution may be indicative of sexual selection. Punctuated evolution suggests a
correlation between speciation and saltational changes in CHCs (Schwander et al. 2013). As
such, this suggests that during speciation events in Chrysomya, selective pressure may have
driven saltational changes in the overall proportions of specific compound classes. Such
saltational changes are often characteristic of pheromones involved in mate and species
recognition, presumably due to their role in reinforcing mating isolation (van Wilgenburg
2011). This is because if CHCs facilitated sexual attraction, but changed gradually, then the
likelihood of cross-attraction and hybridization would be high, hampering the process of
reproductive isolation and speciation. We may only expect to observe gradual CHC
divergence between close relatives if selective pressure on CHCs as sexual cues was relaxed.
Notably, we found that punctuated models best explained the divergence of olefinic and
methyl-branched CHC proportions in both sexes. It has been suggested that olefinic and
branched hydrocarbons carry the most information content (due to their structural diversity)
and are thus the CHCs that are most commonly adapted for sexual communication (Chung
and Carroll 2015). The fact that we found the proportions of branched and olefinic
compounds to change rapidly between closely related species, via punctuated evolution, may
suggest that sexual selection has played a key role in their diversification. As further evidence
of this, in each species the branched and olefinic hydrocarbons compounds showed the
greatest differences in relative abundance between the sexes (Supplementary Material 4:
Table 5). There were also sex-specific alkenes expressed in both Ch. nigripes and Ch.

incisuralis, and sex-specific branched hydrocarbons in Ch. saffranea and L. cuprina. When
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considering candidate pheromones, it is also important to consider those peaks which explain
the greatest proportion of sex-specific variation (and contribute most to PCs) (Supplementary
Material 4: Table 4). This is because if certain CHCs reflect mate quality, we would predict
that, according to condition-dependent selection, they should show a high degree of intra-

sexual variability (Delhey and Peters 2008).

Nevertheless, the punctuated diversification may also be the result of ecological adaptation.
The divergence between Ch. varipes and Ch. flavifrons supports this notion and may be the
result of two main ecological considerations. First, Ch. flavifrons is a habitat specialist,
restricted to the rainforests of Northern New South Wales and Queensland (Butterworth et al.
2019), whereas Ch. varipes is a habitat generalist, which is broadly distributed across the
Australian continent (Butterworth et al. 2018). These extreme differences in habitat have
likely led to divergent pressures on CHC expression for desiccation resistance, which may
explain the increased proportions of n-alkenes and n-alkanes in Ch. flavifrons, in contrast to
the greater proportions of monomethylalkanes in Ch. varipes. Further to this, Ch. flavifrons
expresses several shorter chain hydrocarbons (C21 to C23) that are not found in Ch. varipes,
which is expected in a species that inhabits wetter climates (Menzel et al. 2017a). In contrast,
as a habitat generalist, Ch. varipes likely experiences much drier climates, and
correspondingly the cuticle is dominated by longer chain hydrocarbons (C24 to C31).
Second, as Ch. flavifrons is restricted to temperate rainforests, it has a much patchier
distribution than Ch. varipes, meaning that populations likely experience reduced gene flow
(Llorens et al. 2017; De Vriendt et al. 2017), increasing the potential for changes in CHC
expression to rapidly fix in a given population and subsequently increase the extent of CHC
divergence. Similar environmental effects may also explain the rapid divergence between Ch.
semimetallica and Ch. latifrons. These sister species are largely allopatric in Australia, the
former restricted primarily to warmer northern regions of Queensland and the latter restricted
to temperate forests in New South Wales (Kitching 1976; Kitching and Voeten 1977). The
warmer temperatures experienced by Ch. semimetallica may have increased selection for
desiccation resistance, which may explain the increased expression of C29 to C33
hydrocarbons, particularly peak 78 (DiMeC33) which constituted 2-3% of the profile in Ch.

semimetallica but was not detected in the sister species Ch. latifrons.

Conclusion
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CHCs have diversified rapidly in Chrysomya, are sexually dimorphic in several species, and
have likely played an important role in the evolution of the genus. Importantly, we have
shown for the first time that CHCs have diverged in a punctuated and non-phylogenetic
manner in blowflies, possibly due to saltational changes during speciation events. It is likely
that both ecological and sexual selection have shaped these patterns of CHC diversification,
supporting their classification as dual traits, and our study now provides a comprehensive
framework for testing such hypotheses. Future work should aim to investigate the biological
function of CHCs in Chrysomya, as well as a wider variety of blowfly species, particularly
focusing on the role CHCs play in environmental adaptation and sexual behaviour. Much will
be gained from assessing how CHC diversification is affected by population-specific climatic
conditions, as well as performing mate choice assays with reference to the candidate
pheromones we have identified. More broadly, it will be crucial for future studies of CHC
evolution to target multiple stages of development, consider the effect of sex on CHC

divergence, and encompass a much wider variety of insect taxa.
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