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ABSTRACT

The evolutionary transition to parasitism in the family Calliphoridae serves as a compelling model to
study the genetic and molecular basis of ecological adaptations. In this study, we sequenced and anno-
tated the genomes of Chrysomya megacephala, Chrysomya putoria, and Lucilia eximia to provide a founda-
tion to investigate the evolution of coding and non-coding sequences within the family Calliphoridae.
Combining these new resources with publicly available genomes from 11 representatives of the family,
we focused on two species with distinct parasitic strategies, Cochliomyia hominivorax -a flesh-eating par-
asite-, and Protophormia azurea —a blood-feeding parasite- to identify unique and shared genomic fea-
tures associated with the evolution of the parasitic lifestyle. Comparative analyses of conserved non-
exonic elements revealed 44 genes inferred to convergently evolve at an accelerated evolutionary rate,
41 % of which associate with development, highlighting their potential role in larval feeding specializa-
tion. Analyses of coding regions identified genes, including those linked to olfaction, taste, chitin and cuti-
cle formation, inferred to evolve at accelerated rates in both Co. hominivorax and P. azurea. This study
advances our understanding of aspects of the evolution of genomic regions of members of the family
under natural selection and their potential contribution to parasitism.

© 2025 Australian Society for Parasitology. Published by Elsevier Ltd. All rights are reserved, including

those for text and data mining, Al training, and similar technologies.

1. Introduction

Symbiosis, the intimate association between organisms, is a
major driver of evolutionary and ecological processes (Matthews
et al,, 2019). These interactions range from mutualism, where both
partners benefit, to parasitism, where one organism gains at the
expense of its host’s fitness (Price, 1980; Ewald, 1987). Parasitism,
in particular, has long been considered as a major source of lineage
diversification (Price, 1980; Karvonen and Seehausen, 2012).
Unlike free-living organisms, parasites face distinct selective pres-
sures that allow them to live either in or on another organism.

Large-scale comparative analysis of animal lineages suggests
that the diversification rates are often similar between parasitic
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and free-living sister groups. However, arthropods, especially
mites and flies, stand out as groups in which parasitism has been
repeatedly associated with elevated diversification rates
(Weinstein and Kuris, 2016). This pattern suggests that the transi-
tion to a parasitic lifestyle may have played a key role in the evo-
lutionary success of several arthropod clades, including flies.

The remarkable diversity of fly species is tied to their adaptive
radiation to a wide range of functional and trophic niches
(Wiegmann et al., 2011). Within Diptera, the calyptrate superfam-
ily Oestroidea is particularly successful in exploring diverse food
sources (Wiegmann et al., 1993). This radiation has been associ-
ated with the variety of feeding habits these flies have acquired
throughout their evolution (Stevens et al., 2006; Stevens and
Wallman, 2006). One of the models explaining this phenomenon
is the evolutionary transition from a saprophagous to a parasitic
lifestyle (Zumpt, 1965; Stevens et al., 2006). A remarkable case is
the family Calliphoridae, also known as blowflies. These flies are
able to feed on a wide range of vertebrate or invertebrate hosts,
consuming either flesh or blood (Stevens and Wallman, 2006;
McDonagh and Stevens, 2011; Marinho et al., 2012; Nasser et al.,
2021).
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Parasitism has evolved independently multiple times within the
family Calliphoridae (Stevens et al., 2006). Blowflies exhibit a spe-
cialized form of parasitism known as myiasis, in which their larvae
develop on or within a vertebrate host (Zumpt, 1965). One of the
most studied species in this group is Cochliomyia hominivorax, an
obligate parasite of humans and other mammals in the Americas
(Wyss, 2000). Females oviposit in open wounds, and larvae feed
on living tissue, worsening the wounds and causing both cuta-
neous (Pezzi et al., 2021) and traumatic injuries (Hall et al.,
2016). Another obligate parasitic blowfly of vertebrates is Protocal-
liphora azurea, an ectoparasite of wild birds in Europe and Asia.
Females lay their eggs in nests and larvae feed on the blood of nest-
lings (Matyukhin and Krivosheina, 2008), causing several detri-
mental effects to their host brood (Puchala, 2004).

Despite their ecological, veterinary and sanitary importance
(Stevens and Wallman, 2006), the genetic basis of parasitism in
the family Calliphoridae remains poorly studied. However, this
family, characterized by recent shifts in feeding habits, serves as
a key model to investigate the genetic bases and evolution of
trophic specialization among arthropods.

Phenotypic changes, whether convergent or not, can arise from
mutations in coding sequences or from changes in the expression
levels of orthologous genes. Variation in coding sequences can
impact gene function, and the ratio of synonymous to non-
synonymous mutations can provide evidence of selective pressures
acting on these regions (Nielsen, 2005; Yang, 2007). Additionally,
mutations in non-coding regions of the genome, whether proximal
or distal to a target of selection, can influence gene expression dif-
ferences and, consequently, affect phenotypic traits.

The regulation of gene expression is a complex process, involv-
ing both cis and trans factors. Cis elements include physically con-
nected non-coding regions, such as promoters, enhancers, and
repressors, which serve as binding sites for transcription factors
that modulate gene expression levels. Trans elements, act more dif-
fusely to regulate gene transcription, either in a direct form (as a
transcription factor) or in an indirect form (e.g., proteins that inter-
act with transcription factors, hindering their binding) (Signor and
Nuzhdin, 2018; Hill et al., 2021). Studying the evolution of these
non-coding regions is challenging, as synonymous and non-
synonymous distinctions do not apply. Furthermore, high-quality,
contiguous genome assemblies are necessary to identify and com-
pare potentially homologous regions among species.

Previous studies of evolutionary patterns in the transcriptomes
of members of family Calliphoridae have revealed genes associated
with foraging and feeding habits, with marked variation both in
expression profiles and nucleotide sequence divergence among
distinct species (Cardoso et al., 2016; Cardoso et al., 2025b). Recent
advances in methods and an increasing number of genomes avail-
able for members of the family Calliphoridae now allow new anal-
yses within this family.

Here, we aimed to advance the understanding of the evolution
of vertebrate parasitism within the Calliphoridae by focusing on
two distinct parasitic strategies: those of Co. hominivorax and P.
azurea. We sought to identify evolutionary patterns that could
reflect the genetic basis of these adaptations, exploring how
genetic variation at both functional and regulatory levels con-
tributes to ecological transitions within this family.

To allow the study within a broader phylogenetic framework,
we sequenced the genomes of three species —Chrysomya mega-
cephala, Chrysomya putoria, and Lucilia eximia— and combined them
with 11 other publicly available blowfly genomes. The newly
sequenced genomes belong to facultative parasites, commonly
associated with decaying organic matter, with occasional cases of
myiasis in vertebrates. Larvae of Ch. megacephala and Ch. putoria
feed on necrotic tissues in carcasses or wounds (Zumpt, 1965;
Amendt et al., 2010; Gaedke and Mouga, 2017), while Lucilia eximia
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exhibits greater dietary flexibility, feeding on both fresh and necro-
tic tissues in wounds (Moretti and Thyssen, 2006; Mufioz-Garcia
et al, 2016) or exclusively on necrotic tissues in carcasses
(Gaedke and Mouga, 2017). These three species were thus selected
to explore the transition between saprophagy and parasitism and
to enhance the resolution of evolutionary analyses by including
representative genomes from across a spectrum of feeding habits
and parasitic tendencies.

Given the complexity linked to phenotypic changes driven by
variations in both coding and non-coding sequences, we used
high-quality genomic data sets to explore the selective pressures
shaping these regions, offering a solid framework to investigate
the genetic basis of parasitism in the family Calliphoridae. Specifi-
cally, we hypothesize that parasitism in blowflies involves conver-
gent genomic adaptations in both coding and regulatory regions,
particularly in pathways linked to host-seeking and interaction.
By contrasting parasitic and non-parasitic blowflies, we aim to dis-
entangle lineage-specific changes from convergent patterns, test-
ing whether molecular convergence underlies the repeated
evolution of parasitism.

2. Materials and methods
2.1. Fly rearing

We collected adults of L. eximia, Ch. putoria and Ch. megacephala
using Van Someren-Rydon traps baited with chicken liver in Sdo
José do Rio Preto (Sdo Paulo State), Taubaté (Sdo Paulo State),
and Capao do Ledo (Rio Grande do Sul State), Brazil, under the per-
mit #67867-3 from the Sistema de Autorizagdo e Informagdo em Bio-
diversidade (SISBio). We identified specimens following blowfly
taxonomic keys (Kosmann et al., 2013; Whitworth, 2014).

In the laboratory, we maintained adults of all three species at
25 + 2 °C, 60 % relative humidity, and a 12:12 h light:dark cycle.
We provided fresh bovine ground meat (~7% fat) to 12-to-15-
day-old females for egg-laying. We reared larvae on fresh bovine
ground meat at 25 + 2 °C until the third instar, then we transferred
them to sawdust at the same temperature until adult emergence.

We kept laboratory populations of Ch. putoria and Ch. mega-
cephala under random mating conditions. We isolated third-
generation females and reared their offspring separately for DNA
extraction and whole-genome sequencing. Due to challenges in
maintaining L. eximia under laboratory conditions, we reared the
offspring from field-collected females for genomic sampling. We
starved adults for two days, flash-froze them in liquid nitrogen
and stored the samples at —80 °C.

For RNA sequencing, we froze living individuals under the same
conditions. Our samples represent all life stages: eggs (n = 50), first
(n=10),second (n = 5) and third instar larvae (n=2), pupae (n=1),
adult virgin females (n = 1), adult gravid females (n = 1), and adult
males (n = 1).

2.2. Isolation of nucleic acids and sequencing

We shipped samples of Ch. megacephala, Ch. putoria, and L. exi-
mia on dry ice to Dovetail Genomics® (Scotts Valley, CA, USA) for
genome sequencing. Dovetail personnel performed all following
procedures. DNA was individually extracted from three males of
Ch. megacephala, two males of Ch. putoria, and two males of L. exi-
mia with the QIAGEN Blood & Cell Culture DNA Kit (QIAGEN, Hil-
den, Germany), and quantified with the Qubit 2.0 Fluorometer
(Life Technologies, Carlsbad, CA, USA). Samples were pooled to
reach the required DNA amount before sequencing. PacBio
SMRTbell libraries (~20 kb) were prepared with the SMRTbell
Express Template Prep Kit 2.0 (PacBio, Menlo Park, CA, USA), fol-



Mariano-Martins, D.L. Ferreira, V. A. S. d. Cunha et al.

lowing the manufacturer’s recommended protocol. Libraries were
then bound to the Sequel Il polymerase using the Sequel II Binding
Kit 2.0 (PacBio), and sequenced on PacBio Sequel Il system using
8M SMRT cells.

We used RNA-seq as coding sequence evidence for genome
annotation. We extracted total RNA from each developmental
stage of Ch. putoria and Ch. megacephala using TRIzol™ (Life Tech-
nologies, Carlsbad, CA, USA) and from L. eximia using the RNeasy®
Mini Kit (QIAGEN, Hilden, Germany). We isolated RNA from each
life stage sample separately, pooled samples in equimolar amounts
and shipped them on dry ice to GenOne® (Rio de Janeiro, R], Brazil)
for sequencing. Additionally, we sequenced a second RNA pool for
Ch. putoria at NGS Solu¢des Gendmicas® (SP, Brazil). RNA libraries
were prepared using NEBNext® Ultra™ II RNA Library Prep Kit for
[llumina (New England Biolabs Inc., [pswich, MA, USA). All samples
were sequenced on Illumina® (San Diego, CA, USA) NovaSeq6000
platform with paired-end reads (PE reads 2 x 150 bp).

2.3. Genome assembly and annotation

PacBio CCS (Circular Consensus Sequencing) sequences were
assembled using hifiasm v0.15.4-r347 (Cheng et al., 2021). Contigs
were assigned to their respective taxonomic units with blastn from
BLAST v.2.11 (Altschul et al., 1990), using the nucleotide and taxo-
nomic databases from the National Center for Biotechnology Infor-
mation (NCBI). Non-arthropod scaffolds were filtered using
BlobTools v1.1 (Laetsch and Blaxter, 2017) and redundant hap-
lotigs and overlapping contigs were removed with purge_dups
v.1.2.5. We evaluated the final assemblies using QUAST v5.0.2
(Gurevich et al., 2013) and BUSCO v5.3.2 (Simdo et al., 2015) with
the Diptera OrthoDB v10 database.

We evaluated RNA-seq read quality using FastQC v0.11.9
(Andrews, 2010) and summarized the results with MultiQC v1.14
(Ewels et al., 2016). We trimmed low-quality bases and adapters
with Trimmomatic v0.39 (Bolger et al., 2014), and rechecked read
quality after processing. We generated de novo transcriptome
assemblies with Trinity v2.15.1 (Haas et al.,, 2013), using these
reads in combination with RNA-seq data from previous projects
(BioProject PRJNA1159025). We excluded Ch. putoria from this step
due to the lack of prior RNA-seq data for this species. We then eval-
uated transcriptome completeness with BUSCO v5.4.4 (Simdo et al.,
2015) using Diptera OrthoDB v10 database.

We identified mitochondrial genomes using blastn from BLAST,
v.2.11 (Altschul et al., 1990) and removed them from the final
assemblies. For Ch. megacephala and Ch. putoria, we used publicly
available  mitochondrial  sequences  (NC_019633.1 and
AF352790.1, respectively) as references. For L. eximia, we used
the mitochondrial genome of L. cuprina (NC_019573.1) as a proxy
due to the lack of a species-specific reference. We annotated mito-
chondrial genomes using MITOS2 (Bernt et al., 2013) web server
with default parameters and the genetic code for invertebrates.

To identify and analyze repetitive genomic regions, we built
custom repeat libraries with RepeatModeler v2.0.4 (Flynn et al.,
2020). For long terminal repeat (LTR) elements, we employed
LTRharvest (Ellinghaus et al., 2008), implemented within Genome-
Tools v1.6.0 (Gremme et al., 2013) and LTRretriever v2.9.0 (Ou and
Jiang, 2018). We merged outputs from RepeatModeler and LTRre-
triever, reduced redundancy using vsearch v2.22.1 (Rognes et al,,
2016), and used the consolidated repeat libraries to soft-mask
the genomes with RepeatMasker v4.1.2 (Smit et al., 2013).

We aligned RNA-seq reads to the genomes of each species using
STAR v2.7.10a (Dobin et al., 2013), and used the resulting sorted
BAM files for structural annotation and gene prediction with
BRAKERS3, version 3.0.3 (Gabriel et al., 2023). We performed a sec-
ond round of annotation using the hints file from the first round.
We evaluated the final gene predictions completeness using
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BUSCO v5.4.4 (Simao et al., 2015) with the Diptera OrthoDB v10
database, and functionally annotated the predicted genes with
EnTAP v0.10.8 (Hart et al., 2020) using SwissProt and RefSeq Inver-
tebrate databases. We supplemented the Invertebrate database
with annotated proteins from L. cuprina (GCF_022045245.1) and
Co. hominivorax (Tandonnet et al., 2022) genomes.

2.4. Phylogenetic analysis

We inferred a phylogeny of the 14 species of Calliphoridae as no
existing tree included our target species. We used BUSCO v5.4.4
(Simdo et al, 2015) to analyze genome- or transcriptome-
predicted proteomes, depending on data availability (Supplemen-
tary Material 1 and 2).

We obtained high-quality blowfly genomes from public reposi-
tories or requested from authors (Supplementary Material 1). We
selected genomes based on quality metrics from QUAST v5.0.2
(Gurevich et al., 2013) and BUSCO v5.4.4 (Simdo et al., 2015).
Specifically, we prioritized genomes with more than 90 % of their
total length assembled into scaffolds exceeding 50 kb (Supplemen-
tary Material 1).

For the transcriptomes (Supplementary Material 2), we pre-
dicted proteins using TransDecoder v5.7.0 (Haas, 2024), and
reduced redundancy using CDHIT v.4.8.1 (Li and Godzik, 2006) by
applying a 0.97 sequence identity threshold.

We filtered BUSCO results to retain only complete, single-copy
orthologs with an e-value threshold of < 1e'%. We aligned
orthogroups present in at least 11 species (>75 % occupancy) using
MAFFT v7.505 (Katoh and Standley, 2013). We then inferred phy-
logenetic trees with IQ-TREE v2.2.2.6 (Minh et al., 2020), applying
1000 ultrafast bootstraps (Hoang et al., 2018), and using the model
finder algorithm to estimate the best substitution model
(Kalyaanamoorthy et al., 2017). We rooted the resulting tree at
the split between the subfamily Chrysomyinae and
(Calliphorinae + Luciliinae) using FigTree v1.4.4 (https://tree.bio.
ed.ac.uk/software/figtree/), producing a topology (Supplementary
Material 3A) that was congruent with recent phylogenetic studies
of the Calliphoridae (Yan et al., 2021). Finally, we pruned the tree
to retain only species with available genomic sequences (including
Ch. megacephala, Ch. putoria and L. eximia) for further analyses
using the R packages phytools (Revell, 2011) and ape (Paradis and
Schliep, 2019).

2.5. Analysis of the evolution of coding sequences

We extracted coding sequences from the genomes of 10 blowfly
species (Supplementary Material 3B). Using AGAT v1.2.1 (Dainat, n.
d.), we removed isoforms and retained only the longest transcript
for each gene. We inferred orthogroups with OrthoFinder v2.5.4
(Emms and Kelly, 2019) and aligned orthogroups with at least four
species using MAFFT v7.520 (Katoh and Standley, 2013).

To remove paralogous sequences, we processed the alignments
with PhyloPyPruner v.1.2.4 (https://pypi.org/project/phylopy-
pruner/) in MI mode, retaining monophyletic subtrees from the
phylogenetic tree inferred for each alignment. We applied the --
jackknife option with a minimum occupancy threshold of five taxa,
yielding 11,347 final orthogroups.

We selected orthogroups containing sequences from Co.
hominivorax (n = 9462) or P. azurea (n = 8926) for molecular evolu-
tion analyses. We performed codon-wise multiple alignments for
each orthogroup using TranslatorX v1.1 (Abascal et al., 2010),
and conducted molecular evolution tests with CodeML (Yang,
1997, 2007) under ETE3 v3.1.3 (Huerta-Cepas et al., 2016), using
the phylogeny described in the 2.4 Phylogenetic analysis section.

We analyzed each orthogroup with Co. hominivorax or P. azurea
as the foreground branch and tested three models: MO (single syn-
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onymous to non-synonymous substitution ratio - dy/ds or ® -
across the tree), b_neut (Mforeground fixed at 1 and packground
allowed to vary), and b_free (both ® values may vary). We first
tested b_free against MO to evaluate whether a two-® model pro-
vided a better fit. When this null hypothesis was rejected, we com-
pared b_free against b_neut to detect deviations from neutrality.
We used likelihood ratio tests (LTR) for model comparisons, and
rejected the null hypothesis at p-value < 0.05 after false discovery
rate (FDR) correction.

We assigned Gene Ontology (GO) terms to Co. hominivorax’s and
P. azurea’s genes using EnTAP v0.10.8 (Hart et al., 2020). For each
species, we identified GO terms associated with genes evolving at
higher or lower rates relative to the genome-wide o distribution.
We compared GO terms associated with at least 30 genes to the
genome-wide ® using Mann-Whitney U tests (p-value < 0.05 after
FDR correction). Additionally, we identified enriched GO terms
among genes whose evolutionary patterns fit the b_free model,
indicating that they are evolving at a different rate in the parasitic
lineages compared with the other species in the phylogeny. We
conducted GO enrichment analyses using GOATOOLS v1.4.12
(Klopfenstein et al., 2018), with a GO.obo file downloaded on July
13, 2024.

2.6. Analysis of the evolution of non-coding sequence

We used soft-masked versions of 10 blowfly genomes (Supple-
mentary Material 3B), prepared as described in the 2.3 Genome
assembly and annotation section. We generated a whole-genome
alignment (WGA) using ProgressiveCactus (Armstrong et al.,
2020; Paten et al., 2011) with the soft-masked genomes. We
selected assemblies with an L50 value of 3 (Belardia pandia, Ca.
vomitoria, Co. hominivorax, L. cuprina and P. azurea) as reference
genomes to guide the WGA, as this value corresponds to a six-
chromosome haploid assembly, consistent with the characteristic
2n = 12 karyotype of blowflies (Ullerich and Schottke, 2006). We
converted the final HAL output into MAF files using Co. hominivorax
as reference.

We predicted conserved regions within the WGA using PHAST
v1.6 (Hubisz et al., 2011). We divided the WGA into 1 Mb segments
and estimated neutral (non-conserved) and conserved evolution
models for each segment using phyloFit and phastCons. We aver-
aged the resulting models using phyloBoot and then generated
genome-wide models with phastCons. Simultaneously, we
extracted conserved regions into a BED file using the —-most-
conserved parameter. We refined the dataset with bedtools
v2.30.0 (Quinlan and Hall, 2010) by collapsing regions separated
by < 5 bp, excluding sequences shorter than 250 bp, and retaining
only regions that did not overlap with annotated exons, hereon
referred as conserved non-exonic elements (CNEEs) (Sackton and
Clark, 2019).

We extracted the sequences for each CNEE in each species from
the WGA, compiling them into multi-species FASTA files. We
removed sequences shorter than half or longer than twice the
length of the Co. hominivorax reference sequence, and retained only
alignments containing all species and lacked duplicate taxa. We
aligned each CNEE using MAFFT v7.505 (Katoh and Standley,
2013) and assessed accelerated evolutionary rates with PhyloAcc
v2.2.0 (Hu et al.,, 2019), testing the branches of obligate parasites
(Co. hominivorax and P. azurea) against the rest of the phylogeny.

We analyzed the subset of accelerated CNEEs for enrichment of
transcription factor binding motifs using AME. We used a Droso-
phila motif database and compared CNEEs to random DNA
sequences with nucleotide frequencies estimated from the input
set using Fisher’s exact test. We further analyzed the enriched
motifs using GOMo to associate them with genes and GO terms,
using Drosophila annotations as a reference. Both AME and GOMo
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software tools are available online in The MEME Suite v5.5.4
(Bailey et al., 2009).

We determined the physical association between CNEEs and
genes using the closest function from bedtools v2.30.0 (Quinlan
and Hall, 2010), which identifies genes whose transcription start
site lies nearest to each CNEE. Finally, we investigated the function
of these genes based on orthology to D. melanogaster, as available
on FlyBase v. FB2023_05 (accessed September 26, 2023).

3. Results
3.1. Genomes for Ch. megacephala, Ch. putoria and L. eximia

Here, we describe the sequencing, assembly and annotation of
the genomes of three species of blowflies: Ch. megacephala, Ch.
putoria, and L. eximia. The nuclear genome assembly of Ch. mega-
cephala was the largest, with a total length of 671,207,201 bp
across 759 contigs, with an N50 greater than 2 Mb (Table 1). The
Ch. putoria genome measured 587,066,816 bp across 652 contigs,
while L. eximia had 579,241,898 bp across 369 contigs, both with
N50 values exceeding 4.2 Mb (Table 1). Sequencing achieved aver-
age coverage depths of 59x for Ch. megacephala and Ch. putoria, and
64x for L. eximia. The GC content was consistent across species,
with Ch. megacephala at 29.14 %, Ch. putoria at 28.98 %, and L. exi-
mia at 29.30 %. Mapping the RNA-seq data to the respective gen-
omes resulted in 63.97 % uniquely mapped reads for Ch.
megacephala, 45.49 % for Ch. putoria, and 65.11 % for L. eximia.

We characterized repetitive elements in the novel and in pub-
licly available Calliphoridae genomes using RepeatModeler and
RepeatMasker. Across species, repeat content (e.g., retroelements,
DNA transposons, low complexity regions) represented 44-68 %
of the genome (Supplementary Material 4). Most repeats consisted
of unclassified elements and Class I Transposons — LTRs (Long Ter-
minal Repeats), LINEs (Long Interspersed Nuclear Elements) and
SINEs (Short Interspersed Nuclear Elements). The proportions of
repeat classes were consistent among species, except for the LTR
content in Ch. putoria’s genome (21.31 %, compared to an average
of 5.63 % in other genomes) and for the DNA transposon content,
which varied greatly among all genomes (Supplementary Material
4).

Using a structural annotation pipeline, we predicted a varied
number of genes and proteins for the three new genomes:
28,718 in Ch. megacephala; 27,312 in L. eximia; and 20,414 in Ch.
putoria. Functional annotation yielded fewer annotated proteins
than predicted genes in all three species. The mitochondrial gen-
ome annotation revealed the same content as in any other animal
lineage (Boore, 1999), comprising 37 genes: 13 protein-coding
genes; 22 transfer RNAs; and two ribosomal RNAs.

We assessed genome completeness with BUSCO (Diptera odb10
database), which showed high completeness for all three species
(Table 2; Fig. 1). Overall, the L. eximia genome contained 98.9 %
of all curated dipteran orthologs, slightly exceeding Ch. putoria
(98.6 %) and Ch. megacephala (97.7 %; Table 2; Fig. 1). The L. eximia
genome, derived from F; individuals, exhibited 33.7 % of duplicated
orthologs, likely reflecting a higher level of heterozygosity.

3.2. Chemoreceptor, cuticle and endopeptidase genes evolve faster
than the genome average

We excluded three Co. hominivorax and two P. azurea sequences
from the analysis due to poor alignments. Among the remaining
genes, 734 Co. hominivorax genes best fit the b_free model, rejecting
both MO and b_neut null hypotheses. Of these, 136 genes showed a
higher ® value than the background, and 598 showed lower values.
Additional 12 genes fit the b_neut model better than MO0, but did
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Table 1
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Summary statistics for genome assemblies of Chrysomya megacephala, Chrysomya putoria, and Lucilia eximia. The table lists species, genome length (bp), number of scaffolds, N50
(bp), L50, number of predicted genes, number of predicted proteins, and number of annotated proteins.

Species Length (bp) Number of N50 (bp) L50 Number of predicted Number of predicted Number of annotated
scaffolds genes proteins proteins
Ch. megacephala 647,336,116 758 2,157,473 87 28,718 29,156 18,516
Ch. putoria 587,066,816 652 4,322,519 45 20,414 21,303 16,843
L. eximia 579,241,898 369 4,214,109 42 27,312 28,884 21,835
Table 2

Benchmarking Universal Single-Copy Orthologs (BUSCO) evaluation of genome assemblies and proteome predictions for Chrysomya megacephala, Chrysomya putoria, and Lucilia
eximia. The table reports BUSCO results for genome assemblies and proteome predictions, including counts of single-copy, duplicated, fragmented, and missing orthologs. BUSCOs

were done using Siptera OrthoDB v10 database.

Species BUSCO (genome assembly) BUSCO (proteome prediction)

Single-copy Duplicated Fragmented Missing Single-copy Duplicated Fragmented Missing
Ch. megacephala 84.4 % 11.2 % 0.2 % 42% 78.4 % 185 % 0.9 % 22%
Ch. putoria 933 % 53% 03% 1.1% 83.7% 14 % 0.9 % 14 %
L. eximia 65.2 % 33.7% 03 % 08 % 56.5 % 415 % 09 % 1.1%
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Fig. 1. Phylogenetic relationships and genome completeness in blowflies. (A) Phylogenetic tree of Calliphoridae species with high-quality genome assemblies. Species with
genomes newly sequenced in this study are highlighted in bold. (B, C) Proportion of Benchmarking Universal Single-Copy Orthologs (BUSCO) identified in each category for
each genome assessed using (B) the whole genome sequence or (C) the genome-predicted proteomes.

not reject b_neut. For 8713 genes, neither null hypothesis (MO0 nor
b_neut) was rejected. In P. azurea, 848 genes best fit the b_free
model (655 with higher o value than the background and 193 with
lower), 38 fit the b_neut model and 8037 fit MO (Supplementary
Material 5 and 6).

We found mean o values for all tested genes (genome ®) of
0.073 for Co. hominivorax and 0.082 for P. azurea. We compared
genome-wide distribution of ® values of each species (ie., all
tested orthologs) with subsets of genes assigned to specific GO
terms. In Co. hominivorax, genes associated with 1074 GO terms
displayed higher or lower ® values than the genome-wide average,
while in P. azurea, we observed this pattern in genes associated

with 762 GO terms (Supplementary Material 7 and 8 and Fig. 3).
In both species, genes related to taste and olfactory perception,
cuticle and chitin formation, and endopeptidase activities evolved
the fastest. On the other hand, genes predominantly related to DNA
and RNA-involved processes, especially transcription and splicing,
evolved the slowest.

3.3. Developmental genes have different evolutionary rates in
parasites

To better characterize the pathways involving genes with evi-
dence of evolutionary shifts in the parasitic species compared to
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the phylogeny (i.e., genes best fit to the b_free model), we per-
formed a GO enrichment analysis. For each species, we divided
these genes into two groups based on whether their ® values were
above or below the genome-wide means. Enrichment analysis
revealed 59 and 322 enriched GO terms for above- and below-
average genes in Co. hominivorax, and 2 and 144 terms for P. azurea
(Supplementary Material 9). Genes with below-average ® values
showed enrichment for functions related to nervous system and
eye development, reproduction and nucleic acid metabolism. In
Co. hominivorax, above-average ® genes showed enrichment for
terms related to wing and epithelium development, synaptic sig-
naling and memory.

Finally, we intersected genes under the b_free model to identify
those common to both parasites. This comparison revealed 145
common genes (Supplementary Material 10), which showed
enrichment for 96 GO terms, mainly related to development and
metabolism, particularly nucleic acid metabolism (Supplementary
Material 11).

3.4. Accelerated evolution of non-coding elements neighbouring
developmental genes

We identified 20,785 CNEEs, of which 273 showed evidence of
accelerated evolutionary rates. Among these, 53 sequences evolved
faster parallelly in both Co. hominivorax and P. azurea compared to
the other species (Supplementary Material 12). Additionally, 197
sequences showed evidence of acceleration only in Co. hominivorax
and 23 exclusively in P. azurea (Fig. 2).

The mean substitution rate of all these elements for accelerated
branches was ~1.03, compared to ~0.19 for conserved branches.
Focusing on the 53 sequences with parallel acceleration, the mean
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accelerated and conserved rates were ~0.74 and ~0.18, respec-
tively (Fig. 2).

Based on the positions of the CNEEs mapped onto the Co.
hominivorax genome, we identified the closest gene for nearly all
sequences, except one located on a scaffold without annotated
genes (Fig. 2). The distances between CNEE and their nearest genes
vary greatly, ranging from 14 bp (Co. hominivorax-accelerated
CNEE closest to the gene CG5958; Supplementary Material 12) to
249 kb (Co. hominivorax-accelerated CNEE closest to the gene tur-
tle; Supplementary Material 12), with a mean distance of approxi-
mately 23.7 kb.

We found that the 53 sequences with parallel acceleration were
enriched for seven transcription factor binding motifs (Table 3). In
Drosophila, these motifs are located in the promoter regions of
genes enriched for 161 GO terms, which are mostly related to
development-associated processes, such as organ morphogenesis,
hormone regulation, the control of cell death (Supplementary
Material 13).

4. Discussion

The evolutionary transition to parasitism in the family Cal-
liphoridae represents a model to understand how natural selection
operates on genomes. In this study, we characterized patterns of
selection acting on both coding and non-coding sequences, some
of which may be related to vertebrate parasitism in the Calliphori-
dae. To address this objective, we sequenced, assembled and anno-
tated the genomes of Ch. megacephala, Ch. putoria and L. eximia, and
integrated these new genomic resources with publicly available
data. This approach allowed us to investigate selection patterns
in coding and non-coding regions across calliphorids, with a partic-

Substitution rate

Fig. 2. Substitution rates in conserved non-exonic elements (CNEEs) in parasitic blowfly species. (A) Barplot of substitution rates for 15 most accelerated (CNEEs) in parasites.
CNEE is represented by its nearest gene. (B) Density plot of substitution rates for 53 CNEEs that exhibit parallel acceleration in the target branches (Cochliomyia hominivorax
and Protocalliphora azurea) compared to the conserved branches (remaining lineages in the phylogeny). Dashed lines indicate the mean substitution rates for accelerated
(blue) and conserved (red) branches. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Gene ontology (GO) categories associated with genes showing deviations in evolutionary rates. GO categories containing genes with significantly higher or lower
nonsynonymous-to-synonymous substitution rate ratios (dn/ds) compared to the genome-wide mean in (A) Cochliomyia hominivorax e (B) Protocalliphora azurea. Only the
GOs with the largest deviations from the genome-wide median are displayed.
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Table 3

Enriched transcription factor binding motifs among the parallelly accelerated
conserved non-exonic elements (CNEEs). The table lists motif code, consensus
sequence, and adjusted p-values for each transcriptor factor binding motif.

Motif code Consensus sequence Adjusted p-value
FBgn0005694 CAACWACW 2.80E-08
FBgn0005694_2 RCAACAACAAC 3.78E-07
FBgn0038787_2 KTTGTTGTTGTWRTN 4.24E-07
FBgn0005694_3 KGTTGTTGTTGTWRT 1.66E-06
FBgn0004870 TATWAWTRTT 1.66E-05
FBgn0038787 MCAACAACAAVMS 2.58E-04
FBgn0035160 WSRRCAGACAV 1.40E-03

ular emphasis on Co. hominivorax and P. azurea, which have distinct
parasitic strategies.

The three newly sequenced genomes improve the representa-
tion of calliphorids in genomic databases, which previously con-
tained only 16 species, representing less than 1 % of the family’s
estimated diversity (Parmar et al., 2024). A previous study high-
lighted the value of genome sequences as important resources
for elucidating the evolutionary adaptations of calyptrate flies
(Wiegmann and Richards, 2018). Here, we expand that knowledge
and identify genomic features with evidence of natural selection
and potential links to parasitism - a paradigmatic life-history trait
in the Calliphoridae.

The application of long read sequencing has greatly improved
the contiguity and completeness of blowfly genomes, reducing
the number of contigs from hundreds of thousands in earlier stud-
ies (Vicoso and Bachtrog, 2015; Andere et al., 2016, 2020) to just a
few hundred scaffolds in more recent work (Meng et al., 2020;
Davis et al., 2021; Tandonnet et al., 2022; see Supplementary
Material 1 for a complete list). By providing these three high-
quality genomes, the present study not only expands genomic
resources for phylogenetic and population studies but also pro-
vides a robust comparative framework for investigating
parasitism-associated traits. Increasing taxon sampling is critical
for improving parameter estimation and reducing phylogenetic
artifacts, particularly in studies of selection and evolutionary tran-
sitions (Anisimova et al., 2001, 2002; Jordan and Goldman, 2012;
Jeffares et al., 2015).

With this more robust framework, we explored evolutionary
trends in two important vertebrate parasites: Co. hominivorax
and P. azurea. Analyses of coding regions revealed gene groups
associated with specific GO terms that evolve at rates distinct from
the genome-wide average in these species. Both parasites showed
remarkably consistent patterns: genes associated with olfaction
and taste, chitin and cuticle formation, and serine endopeptidase
activity evolved the most rapidly, whereas genes involved in the
regulation of nucleic acid metabolism, mainly RNA, evolved the
most slowly (Fig. 3), emphasizing shared selective pressures.

Chemoreceptors are key components of the arthropod sensory
systems and are essential for their ability to respond to environ-
mental cues (Robertson, 2019). For instance, Co. hominivorax
females locate hosts by detecting volatiles emitted by bacteria in
wounds (Chaudhury et al., 2010), highlighting the importance of
chemoreceptors in host-seeking behaviors. Differences in
chemoreceptor repertoires have also been observed between sub-
species of L. cuprina, one being an obligate parasite and the other
saprophagous, which may contribute to the different behavior dis-
played by each subspecies (Kapoor et al., 2025). Although func-
tional validation remains pending, we hypothesize that the
transition to a parasitic lifestyle requires adaptation to new chem-
ical signals, potentially explaining the higher-than-average evolu-
tionary rates observed in genes related to olfaction and taste.

Rapid evolution of cuticle-associated genes can be interpreted
as adaptation to multiple host-related challenges. Chitin, the main
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component of the insect cuticle, provides protection against vari-
ous environmental stressors, and acts as mediator of immune
defense and desiccation resistance (Andersen, 2010; Mallick and
Eleftherianos, 2024). In parasitic blowflies, larvae must withstand
both mechanical constraints of penetrating host tissues and
immune defenses mounted by the vertebrate host, as observed in
myiasis-causing lineages (Hall and Wall, 1995), while also coping
with insecticides used in population control (Balabanidou et al.,
2018). Moreover, studies on organophosphate insecticide resis-
tance in Co. hominivorax have implicated cuticle remodeling in tol-
erance to chemical exposure (Tandonnet et al., 2020), supporting
the idea that cuticular genes are hotspots for rapid adaptation
under strong selective pressures. These parallels reinforce the
interpretation that selection on cuticular pathways is a key feature
of the parasitic lifestyle.

The enrichment of serine proteases among fast-evolving genes
suggests selection on digestive efficiency or on interactions with
host tissues and immunity. These enzymes, members of a multi-
functional protease family, participate in cell signaling, digestion
and nutrition, protein turnover in proteasomes, signal peptide
removal, and immunity (Page and Di Cera, 2008), all of which are
relevant to a parasitic lifestyle. Serine proteases are known viru-
lence factors in diverse parasites, including nematodes, ticks and
mosquitoes, where they facilitate host tissue degradation and
immune evasion (Miyoshi et al. 2007; Saboia-Vahia et al., 2014;
Yang et al., 2015). In blowflies, larval feeding involves proteolytic
breakdown of host tissue (Giglioti et al., 2016), a process that must
balance efficient digestion with evasion of antimicrobial host
responses. Accelerated evolution in these enzymes may therefore
reflect fine-tuning of protease activity to optimize nutrient acqui-
sition while minimizing host detection. This pattern parallels find-
ings in blood-feeding arthropods, where diversification of salivary
proteases contributes to host exploitation. On the other hand,
slowly evolving genes, such as those involved in transcription
and splicing, align with the high conservation of these essential
cellular processes (Anantharaman et al., 2002). These findings are
expected given the critical roles these genes play in cellular
function.

After analyzing patterns within each parasite genome, we iden-
tified genes evolving at different rates in parasites compared to
non-parasitic species (i.e., genes best fit to the b_free model).
Although several genes exhibited contrasting evolutionary pat-
terns, none showed evidence of positive selection (absence of
® > 1) in either Co. hominivorax or P. azurea. We classified these
genes as below- or above-average » (slow- or fast-evolving genes,
respectively) and performed GO enrichment analysis.

We identified some slow-evolving genes linked to nucleic acid
metabolism, reinforcing the general pattern of evolutionary con-
servation observed across each genome. Additionally, we found
developmental genes with signs of rapid evolution, while others
with more conserved functions evolved more slowly. These results
suggest that ecological pressures, such as parasitism, drive fast-
evolving changes in developmental processes, whereas core func-
tions remain constrained to maintain proper physiological func-
tioning. Blowflies display contrasting feeding habits during the
larval stage (Hall and Wall, 1995; Stevens, 2003; Cardoso et al.,
2025a), with development and survival strongly influenced by
the conditions of different substrates. The larvae’s ability, or lack
thereof, to thrive under these contrasting conditions is a key factor
shaping species-specific behavior, revealing the reciprocal rela-
tionship among nutrition, metabolism, and development
(Cardoso et al., 2025b). Therefore, it is plausible that evolution
co-opted genes controlling development to support new lifestyles,
such as parasitism, within Calliphoridae.

Even though the overlap of genes showing shifts in evolutionary
rates across the two parasitic species was limited, GO enrichment
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analysis revealed that most of these genes are involved in nucleic
acid metabolism. This highlights a key finding: while both para-
sites share general trends, with genes performing similar functions
showing accelerated evolutionary rates, the specific genes
responding to selection differ between the two species. The differ-
ences are not entirely unexpected for two main reasons. First, the
last common ancestor of P. azurea and Co. hominivorax lived nearly
10 million years ago, during a rapid radiation that began following
the Cretaceous-Paleogene mass extinction (Wiegmann et al., 2011;
Cerretti et al., 2017). Second, the two species parasitize different
hosts and tissues (Wyss, 2000; Puchala, 2004; Matyukhin and
Krivosheina, 2008; Hall et al., 2016; Pezzi et al., 2021). Therefore,
both temporal divergence and ecological specialization likely
drove the distinct genomic trajectories in these species.

We also investigated the evolution of non-coding regions,
focusing on CNEEs, given their potential role as regulators of gene
expression. Although direct functional validations were beyond the
scope of this study, we identified transcription factor binding
motifs within CNEEs, providing in silico evidence of their regulatory
roles. Our analysis of promoter motifs indicates that, in D. melano-
gaster, genes with promoter regions containing these motifs are
enriched for development-related GO terms, a pattern we also
observed in the vertebrate-parasitizing calliphorids.

Accelerated CNEEs frequently occur in proximity to genes anno-
tated for developmental functions, supporting the hypothesis that
regulatory modifications have contributed to changes in develop-
mental programs linked to trophic specialization. We identified
53 CNEEs with accelerated evolutionary rates in both Co. hominivo-
rax and P. azurea. Among the 44 genes located closest to these 53
CNEEs (some CNEEs are near the same gene), 18 (41 %) relate to
development. Although these genes are not the same as those
identified in the coding region analysis, they are involved in similar
developmental processes, reflecting parallel targets of evolutionary
change at both coding and regulatory levels. This is consistent with
evolutionary scenarios proposed for other insects, where modifica-
tions in developmental timing and growth regulation are critical
for ecological specialization (Rebeiz and Tsiantis, 2017). In blow-
flies, larvae represent the main trophic stage, and shifts from
saprophagy to parasitism likely required fine-scale tuning of devel-
opmental processes to synchronize growth with host availability
(Stevens, 2003). Such regulatory reprogramming echoes findings
in birds, where accelerated non-coding elements were tied to flight
loss (Sackton and Clark, 2019), illustrating a general principle that
regulatory evolution underlies key life-history transitions.

As observed for coding regions, chemosensory genes also
appear as targets of accelerated evolution at the regulatory level.
We found accelerated CNEEs near genes involved in chemorecep-
tion, including Odorant receptor 24a, Odorant receptor 63a, and Gus-
tatory receptor 63a (Gr63a), indicating that both coding and
regulatory changes may contribute to sensory adaptation. As previ-
ously discussed, chemoreceptors such as these are likely key fac-
tors in the transition to parasitic lifestyles. A remarkable example
is the Gr63a, a CO, receptor essential for host identification in Aedes
aegypti mosquitoes (McMeniman et al., 2014; Kumar et al., 2021).
In Co. hominivorax, we identified an accelerated CNEE near this
locus, which is expressed in the antennae (Hickner et al., 2020)
and shows transcript levels nearly 18 times higher than in its con-
generic saprophagous counterpart, Co. macellaria (Cardoso et al.,
2025b).

Chemosensory gene families are among the most dynamic in
insects, with documented expansions in Drosophila species adapt-
ing to new diets (McBride and Arguello, 2007) and in mosquitoes
adapting to blood-feeding (Rinker et al., 2013). Host-seeking in
obligate parasites such as Co. hominivorax depends on detecting
volatiles emitted from wounds or decaying tissue (Chaudhury
et al.,, 2010), a sensory challenge distinct from saprophagous rela-

International Journal for Parasitology xxx (xXxx) XxXx

tives. The presence of accelerated CNEEs near the CO, receptor
gene Gr63a in Co. hominivorax suggests regulatory adaptation, con-
sistent with studies showing that CO, perception is a critical cue in
host location for hematophagous mosquitoes (McMeniman et al.,
2014). Together, these findings indicate that chemosensory evolu-
tion in blowflies parallels adaptive processes observed in other
parasitic and hematophagous insects. The differences in gene
expression previously reported further suggest a role of Gr63a in
regulating host-seeking behavior and in driving behavioral diver-
gence between the two species, making it an excellent candidate
for future functional screenings.

The full regulatory potential of these CNEEs may be underesti-
mated. Regulatory regions often interact with multiple targets over
varying distances (Jeziorska et al., 2009; Long et al., 2016), and
trans-acting elements from distant genomic regions frequently
modulate the expression of many genes (Signor and Nuzhdin,
2018; Hill et al., 2021). Consequently, our approach probably cap-
tured only a subset of the genes influenced by the identified CNEEs,
reflecting limitations of current tools and methodologies.

Despite these constraints, our findings highlight the evolu-
tionary dynamics shaping parasitic calliphorid genomes, reveal-
ing both species-specific adaptations and broader convergent
patterns. While divergence between Co. hominivorax and P.
azurea is expected due to their distinct ecological niches and evo-
lutionary trajectories, the identification of shared functional cat-
egories, such as sensory perception, developmental processes
and exoskeleton formation, suggest a potential genomic toolkit
repeatedly co-opted during the evolution of parasitism in these
lineages.

The observed pattern of convergence at the functional level
combined with divergence at the gene level is expected under
models where ecological pressures select for similar phenotypic
outcomes but permit distinct molecular solutions. Such a mosaic
of convergent and lineage-specific signatures has been described
in bats and whales evolving echolocation (Parker et al., 2013). In
Calliphoridae, Co. hominivorax and P. azurea share a parasitic life-
history trait but differ markedly in host use and ontogenetic stage
of parasitism. These ecological differences may channel adaptation
through alternative molecular routes while maintaining conver-
gence in functional categories such as sensory perception and
development.

Recent comparative analyses of behavioral phenotypes and
transcriptomic profiles in blowflies (Cardoso et al., 2025b) rein-
force this view: while oviposition preferences and larval survival
assays revealed behavioral differences aligned with feeding habits,
gene expression and coding sequence analyses showed that dis-
tinct sets of genes underlie parasitism in each lineage. Together,
these findings support a scenario where functional convergence
in vertebrate parasitism emerges from heterogeneous molecular
and behavioral pathways, highlighting the complexity of adaptive
evolution in this group.

Our findings suggest that similar ecological pressures have dri-
ven parallel adaptations at functional level, even when the specific
genetic targets differ, offering promising candidates for future
experimental studies. To move from genomic correlations to causal
inference, we propose targeted experiments. Comparative RNA-seq
of larval tissues and sensory organs across parasitic and sapropha-
gous species would test expression shifts predicted by accelerated
regulatory elements. Chromatin accessibility assays such as ATAC-
seq and targeted ChIP-seq for transcription factors would help con-
nect CNEEs to active regulatory function, following approaches
applied in model insects (Ling et al., 2023). Functional tests includ-
ing enhancer-reporter assays and gene perturbation by RNAi or
CRISPR would directly assess phenotypic impacts on host-seeking
behavior, oviposition preference and larval survival, bringing
Calliphoridae genomics closer to mechanistic causality.
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