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Abstract

Background Lucilia cuprina and L. sericata (family Calliphoridae) are globally significant ectoparasites of sheep.
Current literature suggests that only one of these blowfly subspecies, L. cuprina dorsalis, is a primary parasite causing
myiasis (flystrike) in sheep in Australia. These species and subspecies are difficult to distinguish using morphological
features. Hence, being able to accurately identify blowflies is critical for diagnosis and for understanding their relation-
ships with their hosts and environment.

Methods In this study, adult blowflies (5 pools of 17 flies; n=285) were collected from five locations in different states
[New South Wales (NSW), Queensland (QLD), Tasmania (TAS), Victoria (VIC) and Western Australia (WA)] of Australia
and their mitochondrial (mt) genomes were assembled.

Results Fach mt genome assembled was ~ 15 kb in size and encoded 13 protein-coding genes, 2 ribosomal RNAs,
22 transfer RNAs and a control region. The Lucilia species mt genomes were conserved in structure, and the genes

retained the same order and direction. The overall nucleotide composition was heavily biased towards As

and Ts—77.7% of the whole genomes. Pairwise nucleotide diversity suggested divergence between Lucilia cuprina
cupring, L. c. dorsalis and L. sericata. Comparative analyses of these mt genomes with published data demonstrated

that the blowflies collected from sheep farm in TAS clustered within a clade with L. sericata. The flies collected

from an urban location in QLD were more closely related to L. sericata and represented the subspecies L. c. cupring,
whereas the flies collected from sheep farms in NSW, VIC and WA represented the subspecies L. ¢. dorsalis.

Conclusions Phylogenetic analyses of the mt genomes representing Lucilia from the five geographic locations

in Australia supported the previously demonstrated paraphyly of L. cuprina with respect to L. sericata and revealed
that L. ¢. cuprina is distinct from L. ¢. dorsalis and that L. ¢. cuprina is more closely related to L. sericata than L. ¢. dorsalis.
The mt genomes reported here provide an important molecular resource to develop tools for species- and subspe-
cies-level identification of Lucilia from different geographical regions across Australia.
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Background

In Australasia, blowflies of the genus Lucilia (Insecta,
Diptera, Calliphoridae) are recognised as facultative
ectoparasites of domesticated sheep but can severely
affect various domestic and wild animals [1-3]. The
Australian sheep blowfly, Lucilia cuprina (Wiedemann,
1830), causes cutaneous myiasis—a serious skin dis-
ease of sheep [4—6]. This disease results in an estimated
loss of $324 million per annum to the Australian wool
industry alone [7]. The common green bottle fly, Lucilia
sericata (Meigen, 1826), is another closely related blow-
fly that does not cause myiasis in sheep in Australia, as
it does not infest live animals as L. cuprina does [8].
However, L. sericata is the primary initiator of myiasis
in sheep in Europe and is also a saprophagous species
in other parts of the world [9-12]. Although both spe-
cies are considered to have a cosmopolitan distribution
[13, 14], L. cuprina is typically found more frequently
in temperate subtropical areas and L. sericata is more
prevalent in cool to temperate climes [3]. Phylogenetic
studies conducted using mitochondrial (mt) gene and
whole mt genome data sets have demonstrated that L.
cuprina is paraphyletic with respect to L. sericata [15-
17]. Populations of these two species were phylogeneti-
cally distinct, except for L. cuprina from Hawaii [15].
L. cuprina and L. sericata can hybridise, with hybrids
displaying L. cuprina-like morphology [8]. A previous
study using a combination of complementary nuclear—
28S subunit ribosomal RNA (28S rRNA) and mt
cytochrome ¢ oxidase subunits I and II (cox! and cox2)
demonstrated that these hybrids possessed L. sericata-
type mt DNA and L. cuprina-type nuclear DNA [15].
Such hybrid flies have also been reported in other parts
of the world, such as Asia [18], Australia [9, 17], North
America [16] and South Africa [19].

Two distinct subspecies of L. cuprina have been
described: Lucilia cuprina cuprina (Wiedemann, 1830)
and Lucilia cuprina dorsalis (Robineau-Desvoidy, 1830)
[8, 20, 21]. Lucilia c. cuprina has been identified in Aus-
tralia, China, Fiji, Hawaii, India, Indonesia, Japan, Java,
Malaysia, North America, South America and Timor,
whereas L. c. dorsalis is distributed throughout Africa,
Australia, India and New Zealand [8, 20, 22]. These two
species as well as their subspecies are morphologically
very similar and can be very challenging to identify and
distinguish. Lucilia c. cuprina and L. c. dorsalis inter-
breed in Eastern parts of Australia [20] and produce

hybrids that have overlapping morphological features
complicating identification.

The purpose of this study was to gain important
insights into systematic relationships of Lucilia spe-
cies from different states of Australia using mt genomic
data sets. In this study, a molecular approach was used
to identify and characterise species and subspecies of
Lucilia employing mt DNA with the aim of establishing
high-quality genomic resources for these parasites. Little
is known about the current distribution and genetics of
these species/subspecies in Australia, which has resulted
in significant bottlenecks in efforts to characterise and
control these pests. Our work on the mt genomes of
Lucilia species provides data that can be used to develop
fast and reliable molecular tools that could identify and
differentiate between individuals from wild populations
of Lucilia across Australia.

Methods

Fly collection, DNA extraction and sequencing

Blowflies were collected from five Australian states,
namely four mainland states, New South Wales (NSW),
Queensland (QLD), Victoria (VIC) and Western Australia
(WA), and one island state, Tasmania (TAS) (see Table 1),
and were stored in RNAlater (Thermo Fisher Scientific).
Flies from five unique locations were identified as L. cup-
rina dorsalis, L. cuprina cuprina or L. sericata based on
morphological characteristics [9, 23—25]. Total genomic
DNA (gDNA) was extracted from the head of each blow-
fly (n=85) using the established approach [26, 27]. DNA
quality was assessed using a 1% agarose gel and DNA
quantity was measured using a Qubit Fluorometer (Inv-
itrogen). Five genomic DNA samples, each containing
equal amounts of DNA from 17 individual flies from each
of the five locations in Australia, were prepared. Librar-
ies were constructed for each of these five samples using

Table 1 Australian regions and Lucilia species/subspecies from
which isolates were derived for mitochondrial (mt) genome
sequencing

Sample Location Latitude Longitude
Lucilia cuprina dorsalis ~ Carwarp, VIC 36.7167°S  142.1997°E
Lucilia cuprina dorsalis ~ McMahons Reef, NSW  34.6595°S  148.4504°E
Lucilia cuprina dorsalis ~ Mount Romance, WA 34.7685°S  117.1358°E
Lucilia cuprina cuprina  Brisbane, QLD 27.4698°S  153.0251°E
Lucilia sericata Campbell Town, TAS 41.9287°S  41.9287°S




Kapoor et al. Parasites & Vectors (2023) 16:279

NEBNext® Ultra™ II DNA Library Prep Kit for Illumina
and paired-end sequenced using 2 X 150 cycles on an Illu-
mina NovaSeq 6000 platform. Thus, DNA sequence data
obtained from each library represented each of the five
geographic locations.

Mt genome assembly and annotation

The consensus mt genomes representing Lucilia from
each of the five geographic locations in Australia were
assembled (Table 1). To do this, the Trimmomatic
v.0.39 program [28] was used to remove adapters, con-
taminants, low-quality (Phred scores<30) and short
(<50 bp) sequencing reads. Read quality post-filtering
was evaluated using the FastQC program v.0.11.9 [29],
and remaining high-quality sequencing reads were used
to perform a de novo assembly using NOVOPlasty v.4.2
[30]. The assembled mt genomes were annotated using
the MITOS2 [31] web server with default parameters
and the invertebrate mitochondrial genetic code (5) and
transfer RNA (tRNA) genes were further annotated using
the software ARWEN [32]. The protein-coding genes
(PCGs) for each mt genome were conceptually trans-
lated based on invertebrate mitochondrial genetic code
(5) and manually curated to ensure each PCG encoded
a functional protein. The mt genomes were visual-
ised using the Geneious Prime v.2019.2.3 software [33].
The mt genomes of individual Lucilia samples from the
five individual geographic locations were drawn using
OrganellarGenomeDRAW (OGDRAW) v.1.3.1 [34].
The nucleotide composition and nucleotide similar-
ity percentages were determined using Geneious Prime
v.2019.2.3 software [33]. The nucleotide composition
skewness was calculated using the following formula:
AT skew=(A—-T)/(A+T) and GC skew=(G-C)/(G+C)
[35].

Genetic analyses

Quality-filtered FASTQ reads for each sample were
mapped to the L. c¢. dorsalis mt reference genome (Gen-
Bank accession number: MW255536; VIC Australia)
using Bowtie2 v2.4.5 [36]. Nucleotide polymorphisms
were predicted and extracted using Annotate and Pre-
dict: Find Variations/SNPs function in Geneious Prime
v.2019.2.3 software [33]. The minimum coverage and
minimum variant allelic frequency was set to 5 and 0.25,
respectively. Nucleotide variation was assessed within
and among samples. The single-nucleotide polymor-
phisms (SNPs) with allelic frequency >99% within the 17
flies for each sample were used for calculating Nucleo-
tide diversity () for each PCG in a pairwise comparison
using DNASP 6.12.03 [37]. Evolutionary rates including
synonymous, non-synonymous substitution rates and

Page 3 of 13

their ratio for each species of each PCG alignment were
calculated using KaKsCalculator 2.0 [38, 39].

Relationships among Lucilia species/subspecies
A phylogeny was constructed using cytochrome ¢ oxi-
dase subunit I (coxI) sequence data for Lucilia species
available in GenBank (NCBI; Additional file 1: Table S1).
The blue blowfly Calliphora vicina (WA, Australia;
JX913740; [17]) was used as an outgroup in the analy-
sis. Nucleotide sequences were aligned using MAFFT
v7.450 [40]. Substitution model selection for the cox1I
data set was carried out using jModeltest v2.1.10 [41, 42]
and the best-fitting model was chosen using the Akaike
Information Criterion. Aligned sequences were then sub-
jected to phylogenetic analysis using Bayesian inference
(BI) employing Monte Carlo Markov chain analysis in
the program MrBayes v.3.2.6 [43]. Posterior probabilities
(pp) were calculated using the GTR+1+G model, gen-
erating 10,000,000 trees and sampling every 200th tree
until potential scale reduction factors for each param-
eter approached one. The final 75% of trees were used
to construct a majority rule tree. Maximum likelihood
(ML) analysis was performed using IQ-Tree v.1.6.12 [44]
as implemented in the W-1Q-Tree web server [45]. The
model of substitution was automatically selected, and an
ultrafast bootstrap with 10,000 iterations was performed
to investigate nodal support across the topology [46—48].
The phylogenetic tree was visualised and annotated using
FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).
To investigate the relationship of the five Lucilia sam-
ples and the dipteran species (Additional file 2: Table S2)
available on GenBank (www.ncbi.nlm.nih.gov), a phylo-
genetic tree was constructed based on the combined mt
gene set (13 PCGs)+2 ribosomal RNAs (rRNAs). The
phylogenetic positions of the sequenced Lucilia species
whole mt genomes among other species of dipteran flies
were examined (Additional file 2: Table S2). The nucle-
otide sequences of 13 PCGs and 2 rRNAs were aligned
separately with MAFFT v 7.450 [40]. The buffalo fly,
Haematobia irritans irritans (Muscidae), was used as
the outgroup. After alignment, all 13 PCGs and 2 rRNAs
were concatenated using Geneious Prime v.2019.2.3 [33].
Subsequently, PartitionFinder v 2.1.1 [49] was run prior
to phylogenetic analysis to select the best-fit partitioning
schemes and substitution models based on the Bayesian
information criterion (BIC). Partitioning for the concat-
enated alignment was done based on the genes. Phyloge-
netic analysis was conducted using the program MrBayes
v.3.2.6 [43]. Posterior probabilities (pp) were calculated
using the GTR+1+4 G model, generating 10,000,000 trees
and sampling every 200th tree until potential scale reduc-
tion factors for each parameter approached one. The ini-
tial 25% of sample trees were discarded as burn-in, and
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the others were used to construct a majority rule tree.
ML analysis was performed using 1Q-Tree 1.6.12 [44],
as implemented in the W-IQ-Tree web server [45], using
10,000 UFBoot iterations [47, 48]. Estimation of substi-
tution models was carried out employing ModelFinder
within W-IQ-TREE [46]. The phylogenetic tree was visu-
alised and annotated using FigTree v1.4.4 (http://tree.bio.
ed.ac.uk/software/figtree/).

Results

Mt genome structure, organisation and composition

The five mt genomes representing Lucilia from distinct
locations in Australia were circular and 15,941 bp (L. ¢
dorsalis; NSW), 15,941 bp (L. c. dorsalis; VIC), 15,944 bp
(L. ¢. dorsalis; WA), 15,952 bp (L. c. cuprina; QLD) and
15,946 bp (L. sericata; TAS) in length/size (see Table 2).
The L. cuprina mt genomes included here are in the size
range of previously published mt genomes: L. cuprina
strain DI213.5 (GenBank accession number: JX913753)
15,226 bp, L. cuprina strain DI213.2 (JX913750)
15,310 bp, L. cuprina strain DI190.5 (JX913748)
15,946 bp and L. cuprina strain DI190.1 (JX913744)
15,952 bp [17]). The lengths of previously sequenced
L. sericata mt genomes are as follows: L. sericata
strain DI257 (JX913757) 15,380 bp, L. sericata strain
DI245 (JX913756) 15,214 bp, L. sericata strain DI220
(JX913755) 15,300 bp, L. sericata strain DI246 (JX913754)
15,243 bp [17], L. sericata (NPY120886) 15,938 bp [50]
and L. sericata (AJ422212) 15,945 bp [51]. Based on the
predicted annotation, each complete mt genome charac-
terised herein included 37 genes consisting of 13 PCGs,
2 rRNAs [small (rrnS) and large (rrnL)], 22 tRNAs and
a control region (Additional file 3: Table S3, Fig. 1). The
gene organisation for the five Lucilia mt genomes is
identical. These genomes are presumably homologous
without any genome rearrangements. The longest gene
was nads5, with a length of 1719 bp—1725 bp, and the
shortest was the atp8 gene, with a consistent length of
only 165 bp. The total length of all the genes in these mt
sequences represents approximately 92% of the length

Table 2 Size and skewness of the mitochondrial (mt) genomes
of five Lucilia species/subspecies in Australia

Species/sub species Size bp) A+T%  Al-skew  GC-skew
Lucilia cuprina dorsalis (WA) 15,944 7770 0.016 —0.165
Lucilia cuprina dorsalis (NSW) 15,941 7770 0.016 —0.165
Lucilia cuprina dorsalis (VIC) 15,941 7770 0016 —0.165
Lucilia cuprina cuprina (QLD) 15,952 77.60 0.015 - 0.166
Lucilia sericata (TAS) 15,946 77.70 0.015 —-0.169
Average 159448  77.68 0.016 —0.166
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of the mt genomes (equivalent to 14,708 bp—14,715 bp:
PCGs=11,160 bp—11,166 bp; rRNAs=2080 bp;
tRNAs=1468-1469 bp), and the non-coding regions
were 1231-1243 bp. The start codon for most of the
PCGs was ATG or ATT (Additional file 3: Table S3). For
the cox2 and nad5 genes, incomplete stop codons were
found. The most commonly observed codon was TAA as
the termination codon with most initiation codons also
being AT-rich.

The base composition of the mt sequences of all the
species/subspecies was similar, with an average AT con-
tent of 77.7% (Table 2). The average AT skew was 0.016,
and GC skew was —0.166 (Table 2). The frequency of
nucleotide A was higher than that of T and the frequency
of nucleotide C was higher than that of G. Pairwise com-
parison of the mt genomes revealed sequence identities
of 97.8-99.9% (Table 3). The number of nucleotide dif-
ferences among the five mt genomes of Lucilia species/
subspecies ranged between 12 and 354 nucleotides. The
minimum nucleotide differences (n=12) were between L.
¢. dorsalis from NSW and VIC and the maximum nucleo-
tide differences (n=354) were between L. c. dorsalis from
VIC and L. ¢. cuprina from QLD, respectively (Table 3).

The mt genomes are accessible in GenBank under the
accession numbers MW255536-MW255540 with the
NCBI BioProject accession number PRINA419080.

Genetic analyses

The nucleotide polymorphisms within each of the five
DNA samples were recorded with respect to the L. c.
dorsalis mt reference genome from VIC (GenBank acces-
sion number: MW¥255536). The number of SNPs with
allelic frequency>99% in L. sericata (TAS) and L. c.
cuprina (QLD) were 198 and 78, respectively. The num-
ber of SNPs with allelic frequency<99% in L. sericata
(TAS), L. c. cuprina (QLD) and L. ¢ dorsalis from NSW
and WA were 26, 202, 2 and 3, respectively. There were
143 species-specific nucleotide polymorphisms in L.
sericata (Fig. 1, Additional file 4: Table S4), with most of
these markers found in the nad5 (n=27) gene followed
by coxl (n=26) and nadl (n=17) gene (Additional file 4:
Table S4). A total of 23 nucleotide polymorphisms were
identified in the L. c. cuprina genome, which can be used
to identify these blowflies from other Lucilia species
(Fig. 1, Additional file 5: Table S5). These markers were
present in the coxl, nadl, nad2, nad4, nad5 and nadé6
genes and the non-coding region.

Pairwise nucleotide diversity (i) analysis showed
high nucleotide diversities (7: 0.015-0.036) for all the
PCGs between L. c¢. cuprina (QLD) and L. c. dorsa-
lis (VIC, NSW and WA) samples and suggested a close
relationship between L. c. dorsalis samples (VIC, NSW
and WA). Pairwise nucleotide diversity comparison
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Lucilia cuprina dorsalis (NSW, VIC and WA)
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Fig. 1 Linear maps of the circular mitochondrial (mt) genomes of Lucilia species/subspecies reported herein. The name of Lucilia species with their
collection region is indicated above plots of gene order. Large bars situated on the mt genome maps indicate the position of protein-coding
genes and ribosomal RNA genes. Dark blue bars with annotated labels demarcate the positions of transfer RNA genes. Features of mt genomes are
colour coded as indicated at the bottom of the figure. Protein-coding genes are colour coded to mt complexes and the other features are coloured
by type. Colours of protein-coding, ribosomal RNA and transfer RNA genes are as follows: pink, cytochrome ¢ oxidase (cox genes); dark green, ATP
synthase (atp genes); yellow, NADH dehydrogenase (nad genes); light green, cytochrome b gene (cob); red, ribosomal RNAs and dark blue, transfer
RNAs. For protein-coding and ribosomal RNA genes, those sitting above the black line are on the positive strand, and those below the line are

on the negative strand. Standard nomenclature was applied for protein-coding genes and ribosomal RNA genes, whereas for transfer RNA genes,
single-letter abbreviations were used. The number of species-specific single nucleotide polymorphisms (SNPs) present in the genes were marked

cytochrome c oxidase

in brown text. Detailed annotations of the mt genomes are provided in Additional file 3: Table S3

Table 3 Nucleotide similarity percentages (number of nucleotide differences) among the five mitochondrial (mt) genomes of

Australian Lucilia species/subspecies

Lucilia cuprina Lucilia cuprina dorsalis - Lucilia cuprina Lucilia cuprina Lucilia sericata (TAS)
dorsalis (WA) (NSW) dorsalis (VIC) cuprina (QLD)

Lucilia cuprina dorsalis (WA) 99.9 (27) 99.91 (20) 97.83 (352) 97.89 (347)

Lucilia cuprina dorsalis (NSW) 99.9 (27) 99.93 (12) 97.84 (352) 97.91 (345)

Lucilia cuprina dorsalis (VIC) 99.91 (20) 99.93 (12) 97.83 (354) 97.89 (349)

Lucilia cuprina cuprina (QLD) 97.83 (352) 97.84 (352) 97.83 (354) 99.21 (133)

Lucilia sericata (TAS) 97.89 (347) 97.91 (345) 97.89 (349) 99.21 (133)

for L. c¢. cuprina (QLD) and L. c. dorsalis (VIC, NSW
and WA) showed that genetic differentiation was low-
est for nadl (m=0.014) and highest for cob (7=0.036),
coxl (1=0.027), nad5 (1=0.027) and nadé6 (r=0.026),
respectively. Pairwise comparison of nucleotide diver-
sity (1: 0.010-0.036) also showed differentiation between
L. sericata (TAS) and L. c. dorsalis (VIC, NSW and
WA) populations (Fig. 2A). The gene atp8 showed no

nucleotide diversity (7=0) between L. sericata and L.
c. dorsalis samples. The nucleotide diversity was high-
est for genes cob (1=0.036), coxl (r=0.026) and nad6
(m=0.026), respectively. The pairwise comparison
between L. ¢. cuprina and L. sericata showed low nucleo-
tide diversities (7: 0.002—0.017) for all the 13 PCGs. No
nucleotide diversity was seen (r=0) between the L. c.
dorsalis pairwise comparisons. All the nonsynonymous
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Fig. 2 Analyses of protein-coding genes in Lucilia species/subspecies. A Nucleotide diversity (m) of individual protein-coding genes for pairs
of Lucilia species/subspecies in this study. B Rates of nonsynonymous substitutions to the rate of synonymous substitutions (Ka/Ks) of individual

protein-coding genes for pairs of Lucilia species/subspecies

to synonymous substitution (Ka/Ks) ratios were found
to be < 1, suggestive of purifying selection acting on all
PCGs within this group (Fig. 2B). Among all 13 PCGs,
the average Ka/Ks of nad6 is the highest (0.09) for the
pairwise comparison of L. c. cuprina and L. sericata, fol-
lowed by atp8, nad4 and nad4! (Ka/Ks: 0.04 for atp8, 0.03
for nad4 and nad4i). Overall, the cox2 gene showed a rel-
atively low value of Ka/Ks ratios (0.001) for all the pair-
wise comparisons.

Phylogenetic analysis

Bayesian inference (BI) and maximum likelihood (ML)
analysis of the coxI data set revealed that all L. sericata
samples collected from different locations around the
world [JX913754 (Canberra, ACT, Australia), JX913755
(QLD, Australia), JX913756 (WA, Australia), JX913757
(Utah, USA), FJ650553 (USA), KT272854 (USA),
AJ417712 (UK), AJ417713 (New Zealand), AJ422214
(UK), AJ417715 (WA, Australia), AJ417717 (Zimbabwe),
MH673343 (China), LC387326 (China) and NC_009733
(UK)] clustered together in a single clade with the newly
sequenced L. sericata (MW255540) collected from
TAS, Australia (Fig. 3, Additional file 6: Figure S6). One
node supporting L. sericata sequences from the USA
(JX913757, FJ650553 and KT272854) and JX913754
(Canberra, ACT, Australia) was inferred. Lucilia cup-
rina formed two distinct clades in the phylogenetic tree.
The L. c¢. dorsalis sequenced from VIC (MW255536),
NSW (MW255537) and WA (MW255539) clustered in a
separate clade with other L. cuprina sequences [JX913745
(Melbourne, Australia), JX913746 (Melbourne, Aus-
tralia), JX913747 (Melbourne, Australia), JX913749
(QLD, Australia), AJ417708 (Senegal, Dakar), AJ417710

(QLD, Australia), KT272779 (Brazil), FR719165 (Kenya),
FR719167 (South Africa) and AJ417711 (Uganda)]. Inter-
estingly, L. ¢. cuprina (QLD) (MW255538) formed a clade
with the L. cuprina flies collected from QLD, Australia
(JX913750, JX913751, JX913752, and JX913753), Hawaii,
USA (AJ417704, AJ417705, DQ453495 and DQ453496),
California, the USA (FJ650543), Malaysia (J]N869987),
China (0Q519770), South Africa (FR719164) and Taipei
City, Taiwan (AY097335) and shared a common ancestor
with L. sericata (Fig. 3, Additional file 6: Fig. S6). Luci-
lia illustris sequences (KT272845; USA, NC_028056 and
KM657110; UK and MT584139; Denmark) clustered
within the clade with Lucilia caesar (NC_028057 and
KM657112; UK) sequences. Lucilia bazini (AY346450;
Taiwan [52]) grouped together with Lucilia papuensis
(MH540746 and NC_053672) and Lucilia shenyangensis
(NC_059913) from China with strong nodal support.
Phylogenetic analysis of PCGs and rRNA genes based
on BI and ML methods produced the same topology
and showed stronger support for species and subspe-
cies level relationships, with L. sericata and L. cuprina,
separating to form species groupings with strong nodal
support (Fig. 4). Lucilia c. dorsalis clade members col-
lected from different locations in Australia [Melbourne,
Australia  (JX913744-JX913748), QLD, Australia
(JX913749) and newly sequenced specimens from NSW,
Australia (MW255537), VIC, Australia (MW255536)
and WA, Australia (MW255539)] grouped together
with L. cuprina from Brazil (KT272779). Flies col-
lected from TAS (MW255540) clustered together with
the L. sericata clade containing specimens from ACT,
Australia (JX913754), the USA (JX913757, CM027232
and KT272854), UK (AJ422212), QLD, Australia



Kapoor et al. Parasites & Vectors (2023) 16:279

Page 7 of 13

lliphora vicina WA Austr%ha JX913740

a Ugg 53492

gféfif::’a Clavia USA
ucill;

fﬁ%g/’g, fy ) ;V@H%graﬁgﬁg&gsy

DQ45348

UL
I3 porohyAna isglate Po) Myy265920 South K
clje porbhying Selate i Nili368920 South Korea

o
=

L
i
Lucilia illustris isglate DM820 Denmark MT584139
‘\_q' 65 f @7}52 /s%g solate %7%8% C 6
4“—‘ ko r il lstns 150 ate 1?’3&9 U%ng\/lﬁg;iqg
: e s
— . gﬁcijﬁa phlz)bénggﬂiso_lalésh(;EA ’\?qirba? gm—gtoue
K cilia shenyangensis |r§ % .
cilia voucher 9111 hina NC_053672
: Hie e bR B0 ER e
* fie e s e
tie e el okl e
Hica i sian D133 SEB ARSI YT
oy % L‘l‘/_l;_ a IS0l ate,Honoﬂ%u/\ﬂ 9%8 }i!aww?‘i’ivzgsﬁ\ §§t17704
. ucjlia cuprina cuprina ustralia
[uicilia cupring solate GA_USA AEG] USA F650543
Lucilja cuprina Eap ot 5 Hawaii l?SA I%QA 3496
Lucilja rina Chin: 519770
Lucilia cuprina hybrid South Africa FR719&164
0.99 Lucilia rina r’\% lotype 2 ngau USA DQ453495
1 B G oI A nae 1994 Hawali USA AM17705,
I
ézc;l_;;a cugnlnatlsgrgtg N'ﬂf—mlc Nanigvei'séal&’vd aiwan A‘#OQ;S:%S
11 rali
Lgccljlligasss?'lcg% ggraiﬂ Dfstzls EVEAEAAJS%?’E%JJ 991%775%5?
8 sericala strai Awstral
ucilia sericata isolate Perth 1995 stralia AJ417715
1 Lucilja sericata isolate Hilerod 1994 Ul KJ4 7712
064 Lucilja sericata | olﬁ% rare 1994 Zimbabwe AJ417717
[LGlB SEAEES Sitai %7 o USA Jxo13
—EOSS iLIL‘l_/I:aS ricata (raln Bl % (%P ustralia ]Xg?§754
= LLl1A SSreata RESIS SR SAAOST USA FJ650553
. L—os FLiiA Sreata 1SOIEte BIPPR I Qlen Zealand AJ1TTI3

G
ilia sericat: ite CF5 China MH 43

el SeTCaE ISO12lE Lanatond. 904 UR Al 7714

uci| a isolate St % 1994 | D:

+ Lucilia cuprina strain D
F + Lucilia cuprina strain B

o)
===
DD D

4 Lucilia cuprina strain
0E1 Lucjlia cuprina dorsali W Australia MW25
e
o tﬂcl_?l_la cu‘;)%vla solagleaflbzwns\g\lé] ﬁg&tl%lmzustraﬁa AJ417710
el Gibrine SLE?: Australia X913749

ia cuprina str i I21732
Lucilja cuprina solate Lu5 Ken:

0.02

a
Lucilia cuprina isglate Toror 1¥Q4U anda AJ417711
riéiig fhting U8R DOISI9eg 9

Fig. 3 A summary of the molecular phylogeny of the Lucilia species/subspecies based on the cytochrome c oxidase subunit | (cox1) gene
sequences. The phylogenetic tree was created using Bayesian inference (Bl) implemented in MrBayes v.3.2.6. The numbers above the branches
represent the posterior probabilities. Each specimen is labelled with the species name, location and GenBank accession number. Mitochondrial

(mt) genomes sequenced in this study are colour coded: Lucilia cuprina cuprina (QLD) in pink, Lucilia sericata (TAS) in green, Lucilia cuprina dorsalis
(NSW) in brown, Lucilia cuprina dorsalis (VIC) in purple and Lucilia cuprina dorsalis (WA) in blue. The Lucilia cuprina cuprina, Lucilia sericata and Lucilia
cuprina dorsalis clades are highlighted in orange, cyan and yellow colour, respectively. The phylogram provided is presented to scale (scale bar=0.02
estimated number of substitutions per site) with the species Calliphora vicina used as the outgroup

(JX913755) and WA, Australia (JX913756) (Fig. 4). The
subspecies L. c¢. cuprina collected from QLD, Australia
(JX913750—JX913753 and MW255538) formed a sis-
ter-lineage to the L. sericata clade. Lucilia c. cuprina
specimens from QLD shared a common ancestor and
were more closely related to L. sericata. There was also
good support for the sister grouping of Calliphorinae
(NC_029215; China [53], MK893470; South Korea [54],
NC_019639; France [17] and NC_028411; China [55]),
Chrysomyinae (AJ426041; India [51], NC_025338;
China, AF352790; Brazil [56], JX913740; Australia
[17], MW592365; China, AF260826; Brazil [57]) with
Luciliinae. The members of Sarcophagidae family (Sar-
cophaga impatiens [17], S. kanoi [58], S. tubersosa [59]
and S. brevicornis [60]) grouped together with strong
posterior probabilities and ML bootstrap values. Simi-
larly, the members of the Tachinidae (Exorista japonica
[61], E. sorbillans [62] and Rutilia goerlingiana [17])
and Oestridae (Dermatobia hominis [63], Hypoderma
sinense and H. lineatum [64]) families formed group-
ings with good nodal support. The molecular phylogeny
based on the coxI gene (Fig. 3, Additional file 6: Figure
S6) and 13 PCGs and 2 rRNA genes (Fig. 4) confirmed
the paraphyly between L. cuprina and L. sericata.

Discussion

Lucilia cuprina is an economically important pest for
the sheep industry in Australia. It is difficult to accu-
rately identify Lucilia species and subspecies that para-
sitise sheep and differentiate them from those that do
not affect sheep based on morphological characteristics,
such as the colour of the frontocyopeal membrane and
the fore femur, position and number of hairs on the pos-
terior slope of humeral callus and number of paraverti-
cal setulae in the central occipital area [23-25]. A further
challenge is when these morphological features are not
always available/accurate because of damage/degradation
during collection and/or intraspecific phenotypic varia-
tion. Mt genomes can provide molecular markers for the
accurate identification of poorly understood species and
subspecies [65].

Blowflies were collected from single sites across
five Australian states, identified using morphological
characteristics and sequenced to assemble their com-
plete mt genomes. A total of five Lucilia mt genomes
were characterised, pairwise nucleotide diversities
and the Ka/Ks ratios were calculated, and phyloge-
netic trees were constructed to examine the phyloge-
netic position of these Lucilia species/subspecies with
respect to other Calliphoridae. All five mt genomes of
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Lucilia characterised in this study are in the size range
of previously published mt genomes, with the L. cup-
rina mt genome size between 14,943 and 15,952 bp
[17, 66] and the L. sericata mt genome size between
15,092 and 15,961 bp [17, 51, 66, 67]. The L. sericata
genome reported here is longer (i.e. 15,946 bp) than
the previously sequenced genome for L. sericata [17,
51, 66] and contains additional nucleotides (1-732 bp)
in the non-coding regions but is shorter than L. seri-
cata mt genome sequenced from North Carolina,
USA [67]. The length of the nad5 gene in the newly
sequenced L. sericata in this study was 1725 bp,
which is similar to the length of the nad5 gene in L.
sericata strain DI257 (GenBank accession number:
JX913757), DI245 (JX913756), DI246 (JX913754) and
DI220 (JX913755) [17] from Australia but 6 bp longer
than the nad5 gene (1719 bp) in L. sericata (AJ422212)
collected from Somerset, UK [51]. In Lucilia species/
subspecies, the cox1 gene begins with a non-canonical
start codon TCG (serine) [51, 68]. Most of the insects
lack canonical (ATN) start codons at the beginning of
the coxI gene, leading to the proposal of non-canonical

start codons for the coxl gene [69]. For the cox2 and
nad5 genes, incomplete stop codons were found,
which has also been reported previously for members
of the Calliphoridae [17, 68], and it is assumed that the
termination codon is completed by polyadenylation
[68, 70].

In the mt genomes, the gene order was identical to that
of other Lucilia species sequenced to date [16, 17, 70] and
is the same as that first identified in the fly Drosophila
yakuba [71]. This mt genome arrangement is highly con-
served in a wide range of different organisms with some
exceptions within the class Insecta, indicating an ances-
tral gene order for this group [72]. The overall nucleo-
tide composition was heavily A+T biased, accounting
for 77.7% of the whole mt genome. This is typical of
members of the Calliphoridae [9, 15, 73-75], including
blowflies [15, 76, 77]. One of the possible biological rea-
sons for an AT bias is due to energy efficacy trade-offs
[78]. The synthesis of A and T nucleotides consumes
less energy and nitrogen than G and C nucleotides [78].
The average AT skew for all five whole mt genomes was
positive (0.016) and the GC skew was negative (— 0.166)
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indicating the bias against the use of Gs which is char-
acteristic of the metazoan mt genome [79]. The AT and
GC skews calculated for the whole mt genomes of Luci-
lia species followed the same pattern of bias as previously
shown for dipteran species such as Chrysomya chloro-
pyga (AF352790, AT skew: 0.020; GC skew: — 0.170) [73],
Cochliomyia hominivorax (AF260826, AT skew: 0.034;
GC skew: — 0.207) [68], Bactrocera oleae (AY210702
and AY210703, AT skew: 0.088; GC skew: — 0.280) [80],
Ceratitis capitata (AJ242872, AT skew: 0.021; GC skew:
— 0.185), Drosophila melanogaster (U37541, AT skew:
0.017; GC skew: — 0.150) [81], D. yakuba (X03240, AT
skew: 0.005; GC skew: — 0.136) [82], Anopheles gambiae
(L20934, AT skew: 0.032; GC skew: — 0.154) [83], Anoph-
eles quadrimaculatus (L04272, AT skew: 0.041; GC skew:
— 0.181) [84] and E. sorbillans (HQ322500, AT skew:
0.021; GC skew: — 0.171) [62].

The sequencing of mt genomes in the present study pro-
vided additional species-specific molecular markers to dif-
ferentiate among L. ¢. dorsalis, L. c. cuprina and L. sericata;
143 and 23 species-specific markers were characterised for
identifying L. sericata and L. c. cuprina, respectively. The
mt genes cox1, cox2, rruS, nad4 and nad4l had been used
previously for identifying members of the Calliphoridae [2,
9, 15, 16, 18, 19, 85] but a short gene sequence may not
be sufficient to differentiate two species with > 95% boot-
strap output [16]. Complete mt genomes provide many
genetic markers that can be used to discriminate between
Lucilia species/subspecies. To estimate the variation in
13 PCGs, nucleotide diversity was calculated. Nucleotide
diversity was identified between different Lucilia species.
The mean percentage of divergence between the L. cup-
rina and L. sericata clade was highest for cob (m=2.10)
followed by cox1 (r=1.63) [17], which is similar to results
presented here, where nucleotide diversity for coxI was
0.026 between L. cuprina and L. sericata. Previously, a
nucleotide diversity of 7=0.020+0.003 had been observed
among nine haplotypes amongst 24 coxI sequences of L.
cuprina and L. sericata from South Africa [19]. Lucilia ser-
icata and L. cuprina were clearly differentiated (by 2.8%)
from each other based on the coxI gene sequence [18]. The
pairwise comparison of nucleotide diversity based on 13
PCGs provides a better differentiation between these sister
species than using a single gene.

The Ka/Ks ratio, which is used to detect selective pres-
sure and molecular adaptation [39], was implemented
to estimate the evolutionary rate in Lucilia species. A
higher Ka/Ks ratio indicates that the gene has evolved
at a faster rate than the other PCGs. The gene nad6 (in
pairwise comparison of L. sericata with other species/
subspecies sequenced in this study) overall exhibited the
highest rate of Ka/Ks ratio, which can be a result of posi-
tive selection. The gene cox2 had the smallest Ka/Ks ratio,
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which indicates a strong purifying selection [77, 86]. In a
similar study, the evolutionary pressure among 13 PCGs
of 34 species within the Calliphoridae was investigated
and showed that Ka/Ks ratio was highest for azp8 (0.280)
followed by nad5 (0.228) and lowest for cox1 (0.075) and
cox2 (0.090) genes, respectively [87]. The Ka/Ks ratio for
the 13 PCGs of mt genomes in flesh flies (Diptera: Sar-
cophagidae) exhibited the highest rate (0.26) for the gene
atp8 indicating positive or relaxed selection and showed
the lowest Ka/Ks ratio (0.06) for the coxI gene show-
ing strong purifying selection [56]. The coxl barcoding
gene has been widely used worldwide for many differ-
ent taxonomic groups including Lucilia [15, 19, 85, 88].
A comparison of the coxI gene in our sequenced Lucilia
species with the cox! sequences in the GenBank data-
base provided insights into the evolutionary relationship
between these flies but this information was limited to a
few informative sites.

The phylogenetic relationship between L. cuprina and
L. sericata has been analysed in the past because of their
economic and welfare significance in sheep husbandry
[2, 9, 15, 17, 18, 24, 89]. Phylogenetic analyses (Fig. 3,
Additional file 6: Fig. S6 and Fig. 4) based on the cox1
gene, 13 PCGs and 2 rRNAs [small (rrnS) and large
(rrnL)] indicated that L. cuprina flies were paraphyletic
to L. sericata with good posterior probability support
and bootstrap values. This is consistent with previously
demonstrated paraphyly of L. cuprina with respect to L.
sericata [9, 15-19, 21, 24, 85]. The L. sericata collected
from a sheep farm in TAS, Australia, grouped with the
other specimens of L. sericata that had been previ-
ously shown to group together in the L. sericata clade
[15-17, 51]. Based on the phylogenetic trees, L. seri-
cata from Australia and the UK grouped together in a
clade and had similar mt DNA sequences, although clear
differences are reported in their ability to cause myia-
sis in sheep [10, 21]; L. sericata is the primary cause of
flystrike in Europe and a saprophagous species in other
parts of the world [9-12], whereas it plays a secondary
role in flystrike in Australia [90]. This is consistent with
the hypothesis that parasitism arose relatively recently
and independently in geographically isolated popula-
tions of Lucilia blowflies [21, 91].

In the present study, the L. c. dorsalis flies collected
from sheep farms in NSW, VIC and WA (Australia)
clustered with the L. cuprina sequences obtained from
GenBank (AJ417708, AJ417711, AJ417710, ER719165,
FR719167, KT272779 and JX913744 to JX913749), which
had been previously suggested to belong to the subspe-
cies L. c. dorsalis [15, 17]. The flies which were collected
from urban area of Brisbane, QLD (Australia) and identi-
fied as L. ¢. cuprina formed a clade with previously pro-
posed subspecies L. c¢. cuprina (JX913750-JX913753,
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FJ650543, OQ519770, FR719164, IN869987, DQ453495,
DQ453496, AJ417704, AJ417705 and AY097335) and
formed a sister clade to L. sericata. The results of our
phylogenetic analysis indicate that L. c¢. cuprina is a
hybrid of L. c. dorsalis and L. sericata. The presence of
L. c. cuprina in QLD was previously reported and it has
been proposed that these flies hybridise with L. c. dor-
salis in eastern Australia and are not known to inter-
breed elsewhere [17, 20]. Originally, L. c. cuprina was
reported from Hawaii [3, 15, 21] and its presence has
been reported in southeast Asia [18], South Africa [19],
North America [16] and Australia [17]. Lucilia c. cup-
rina has a synanthropic behaviour, like L. sericata, and is
concentrated in urban areas [2, 9, 17, 21, 92]. The other
taxon, which is not closely related to L. sericata, is L. c.
dorsalis. 1t is found predominantly on sheep farms and is
recognised as a primary initiator of flystrike [9, 17, 20].
The present results are consistent with previous studies,
showing that L. cuprina from QLD is closely related to L.
sericata and likely represents the subspecies L. c. cuprina
[9, 17]. Lucilia from QLD was identified as L. c. cuprina
based on the mt genome analysis [17], and another study
proposed that a blowfly specimen from Townsville, QLD,
appeared to be L. c. dorsalis [18] based on an analysis
of coxI sequence data [18]. In addition, it has been pro-
posed that the L. cuprina from WA are L. c. dorsalis, and
those from NSW and QLD represent L. c. cuprina [9]. A
phylogenetic analysis including more specimens of L. c.
cuprina flies from all Australian states and other parts
of the world would be beneficial to determine the geo-
graphic distribution of these subspecies, given the ten-
dency of the species to interbreed.

The classification of Lucilia species to subspecies is
somewhat debatable [17, 19, 21]. The results of the phy-
logenetic analyses of mt DNA sequence data have indi-
cated that L. c. cuprina is genetically closer to L. sericata
than L. c. dorsalis [2, 9, 21]. However, the concept of two
separate subspecies is not supported because the blow-
flies that were morphologically consistent with L. c. cup-
rina were not monophyletic in previous studies [2, 21].
Similarly, Nelson et al. [17] concluded that the two L.
cuprina sister clades did not represent the two subspe-
cies (L. c. cuprina and L. c. dorsalis) as the five flies col-
lected in their study were collected at the same time and
location (Petrie Terrace, Brisbane, QLD) and were mor-
phologically consistent with L. ¢. dorsalis (JX913749 and
JX913750-JX913753). Tourle et al. [19] proposed that
the flies that are closely related to L. sericata contained
nuclear pseudogenes (NUMTs); however, the hypoth-
esis was dismissed because of the absence of false stop
codons in the cox sequences. A plausible explanation for
the paraphyly of L. cuprina with respect to L. sericata is
that there has been a hybridisation event between these
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two species prior to the last common ancestor of the
“modern” L. sericata populations [17, 21, 88].

Mitochondrial DNA provides useful genetic mark-
ers or barcodes [93-95]. However, relying solely on mt
DNA data for species delimitation, population genet-
ics analyses and estimating the evolutionary history of
species has some limitations [94-96]. Given that mt
DNA constitutes merely a fraction (<%1) of the overall
genetic material of eukaryotic cells [97], it may be insuf-
ficient for distinguishing among closely related species.
This is particularly true when dealing with morpho-
logically very similar taxa, in that relationships derived
from the mt DNA data can sometimes be incongru-
ent with those based on nuclear genomic data sets [88,
95, 98-100]. Thus, although mt DNA markers can be
used as identifiers of species and subspecies [17, 68, 73],
their application is constrained when addressing com-
plex evolutionary questions, including cross-species
hybridisation and introgression, where their utility may
be limited [19, 88]. Therefore, future work should employ
nuclear genomic data sets for detailed analyses, in order
to achieve a sound understanding of the evolutionary
relationships of Lucilia taxa and evolutionary processes
[101].

Conclusions

This study provides important insights into systematic
relationships of Lucilia species from different states of
Australia using mt genomic data sets and underpins the
identification and distinction of Lucilia species and sub-
species in the absence of reliable morphological features.

Pairwise nucleotide diversity suggests divergence
among L. ¢. cuprina, L. c. dorsalis and L. sericata. Phylo-
genetic analyses reveal that L. c¢. cuprina collected from
an urban location in QLD is distinct from L. ¢. dorsalis
collected from sheep farms in NSW, VIC and WA and
that L. ¢. cuprina is more closely related to L. sericata col-
lected from TAS than L. c. dorsalis. In our study, the phy-
logenetic relationships were established solely through
the analysis of mt genomes and do not reflect phyloge-
netic patterns observed using nuclear data.

The species-specific genetic markers are an accurate
reflection of the particular genetic signatures of the spe-
cies/subspecies and could aid in identifying and analys-
ing Lucilia species population structure particularly in
regions where their habitats overlap. Downstream anal-
yses utilising nuclear genomic data sets will provide a
deeper understanding of Lucilia species and subspecies.

Abbreviations

mt Mitochondrial
NSW New South Wales
QLD Queensland
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TAS Tasmania

VIC Victoria

WA Western Australia

kb Kilobase

bp Base pairs

PCGs Protein-coding genes
rRNA Ribosomal RNA

tRNA Transfer RNA

SNPs Single nucleotide polymorphisms
Bl Bayesian inference
ML Maximum likelihood

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513071-023-05902-1.

Additional file 1: Table S1. Collection details and cox! gene sequences
for Lucilia species/subspecies used in the present study.

Additional file 2: Table S2. Collection details and mitochondrial (mt)
genomic sequences for dipterans used in the present study.

Additional file 3: Table S3. Mitochondrial (mt) genome architecture of
Lucilia species/subspecies collected from different locations in Australia.

Additional file 4: Table S4. Species-specific nucleotide polymorphisms in
Lucilia sericata (TAS).

Additional file 5: Table S5. Species-specific nucleotide polymorphisms in
Lucilia cuprina cuprina (QLD).

Additional file 6: Figure S6.Molecular phylogeny of the Lucilia species/
subspecies based on the cytochrome ¢ oxidase subunit | (coxT) gene
sequences using maximum likelihood (ML) method. Each specimen is
labelled with the species name, location and GenBank accession number.
Mitochondrial (mt) genomes sequenced in this study are colour coded:
Lucilia cuprina cuprina (QLD) in pink, L. sericata (TAS) in green, L. cuprina
dorsalis (NSW) in brown, L. cuprina dorsalis (VIC) in purple and L. cuprina
dorsalis (WA) in blue. The L. cuprina cuprina, L. sericata and L. cuprina dorsa-
lis clades are highlighted in orange, cyan and yellow colour, respectively.
The phylogram provided is presented to scale (scale bar=0.02 estimated
number of substitutions per site) with the species Calliphora vicina used as
the outgroup.

Acknowledgements

The authors would like to acknowledge Australian Wool Innovation (AWI) for
assistance with obtaining blowfly samples. The authors thank Dr Peter James
and Dr Geoff Brown for providing the L. c. cuprina samples (QLD) and the
sheep growers who provided other samples used in this study.

Author contributions

SK, CAA and TP planned the experimental design. SK and YTY extracted the
genomic DNA. SK analysed the data and interpreted the results with major
contributions in computational analysis from CAA and NDY. Drafting of the
manuscript was performed by SK with editing assistance from NDY, PB, RBG,
VMB, TP and CAA. VMB, CAA and TP secured funding. All authors read and
approved the final manuscript.

Funding

Funding from Australian Wool Innovation (AWI ON-00624; to VMB, CAA and TP)
is gratefully acknowledged. AWI is grateful for its funding, which is primarily
provided by Australian woolgrowers through a wool levy and by the Austral-
ian Government which provides a matching contribution for eligible R&D
activities.

Availability of data and materials

The datasets supporting the conclusions of this article are included within the
article and its Additional files. Any additional data are available from the cor-
responding author upon request. The mt genomes are deposited on GenBank
(accession numbers MW255536-MW255540) with the NCBI BioProject acces-
sion number PRINA419080.

Page 11 of 13

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests

The authors declare that they have no known competing financial interests
or personal relationships that could have appeared to influence the work
reported in this paper.

Author details

'Bio21 Molecular Science and Biotechnology Institute, The University of Mel-
bourne, Parkville, VIC 3010, Australia. “Department of Veterinary Biosciences,
Faculty of Science, Melbourne Veterinary School, The University of Melbourne,
Building 400, Parkville, VIC 3010, Australia.

Received: 10 May 2023 Accepted: 27 July 2023
Published online: 13 August 2023

References

1. Zumpt F. Myiasis in man and animals in the old world. A textbook for
physicians, veterinarians and zoologists. London: Butterworth; 1965.

2. Stevens JR, Wall R. Genetic variation in populations of the blowflies Luci-
lia cuprina and Lucilia sericata (Diptera: Calliphoridae). Random ampli-
fied polymorphic DNA analysis and mitochondrial DNA sequences.
Biochem Syst Ecol. 1997;25:81-97.

3. Stevens JR, Wall R.The evolution of ectoparasitism in the genus Lucilia
(Diptera: Calliphoridae). Int J Parasitol. 1997,27:51-9.

4. Mackerras IM, Fuller ME. A survey of the Australian sheep blowflies. J
CSIR. 1937;10:261-70.

5. Gleeson DM, Sarre S. Mitochondrial DNA variability and geographic
origin of the sheep blowfly, Lucilia cuprina (Diptera: Calliphoridae). New
Zealand Bull Entomol Res. 1997,87:265-72.

6. Anstead CA, Korhonen PK, Young ND, Hall RS, Jex AR, Murali SC, et al.
Lucilia cuprina genome unlocks parasitic fly biology to underpin future
interventions. Nat Commun. 2015;6:7344.

7. Shephard R, Ware JW, Blomfield B, Niethe G. Priority list of endemic
diseases for the red meat industry-2022 update. Project BAHE.0327.
Meat and Livestock Australia Limited. 2022.

8. Waterhouse DF, Paramonovo SJ. The status of the two species of Lucilia
(Diptera, Calliphoridae) attacking sheep in Austhalia. Aust J Biol Sci.
1950;3:310-36.

9. Wallman JF, Leys R, Hogendoorn K. Molecular systematics of Australian
carrion-breeding blowflies (Diptera: Calliphoridae) based on mitochon-
drial DNA. Invertebr Syst. 2005;19:1-15.

10. Avrias-Robledo G, Wall R, Szpila K, Shpeley D, Whitworth T, Stark T, et al.
Ecological and geographical speciation in Lucilia bufonivora: the evolu-
tion of amphibian obligate parasitism. IJPPAW. 2019;10:218-30.

11. Diakova AV, Schepetov DM, Oyun NY, Shatalkin Al, Galinskaya TV.
Assessing genetic and morphological variation in populations of
Eastern European Lucilia sericata (Diptera: Calliphoridae). Eur J Entomol.
2018;115:192-7.

12. Wall R, French NP, Morgan KL. Blowfly species composition in sheep
myiasis in Britain. Med Vet Entomol. 1992;6:177-8.

13. Niederegger S, Szpila K, Mall G. Muscle attachment site (MAS) patterns
for species determination in European species of Lucilia (Diptera: Cal-
liphoridae). Parasitol Res. 2015;114:851-9.

14. Greenberg B. Flies and disease Biology and disease transmission, vol. Il.
Princeton: Princeton University Press; 1973.

15. Stevens JR, Wall R, Wells JD. Paraphyly in Hawaiian hybrid blowfly popu-
lations and the evolutionary history of anthropophilic species. Insect
Mol Biol. 2002;11:141-8.

16.  DeBry RW, Timm AE, Dahlem GA, Stamper T. mtDNA-based identifi-
cation of Lucilia cuprina (Wiedemann) and Lucilia sericata (Meigen)


https://doi.org/10.1186/s13071-023-05902-1
https://doi.org/10.1186/s13071-023-05902-1

Kapoor et al. Parasites & Vectors

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.
36.

37.

38.

(2023) 16:279

(Diptera: Calliphoridae) in the continental United States. Forensic Sci Int.
2010;202:102-9.

Nelson LA, Lambkin CL, Batterham P, Wallman JF, Dowton M, Whiting
MF, et al. Beyond barcoding: a mitochondrial genomics approach to
molecular phylogenetics and diagnostics of blowflies (Diptera: Cal-
liphoridae). Gene. 2012;511:131-42.

Harvey ML, Gaudieri S, Villet MH, Dadour IR. A global study of forensi-
cally significant calliphorids: implications for identification. Forensic Sci
Int. 2008;177:66-76.

Tourle R, Downie DA, Villet MH. Flies in the ointment: a morphologi-

cal and molecular comparison of Lucilia cuprina and Lucilia sericata
(Diptera: Calliphoridae) in South Africa. Med Vet Entomol. 2009;23:6-14.
Norris KR. Evidence for the multiple exotic origin of Australian popula-
tions of the sheep blowfly, Lucilia cuprina (Wiedemann) (Diptera,
Calliphoridae). Aust J Zool. 1990;38:635-48.

Stevens JR, Wall R. Species, sub-species and hybrid populations of the
blowflies Lucilia cuprina and Lucilia sericata (Diptera: Calliphoridae). Proc
Biol Sci. 1996,263:1335-41.

Bishop DM. Subspecies of the Australian green blowfly (Lucilia cuprina)
recorded in New Zealand. N Z Vet J. 1995;43:164-5.

Holloway BA. Morphological characters to identify adult Lucilia sericata
(Meigen, 1826) and L. cuprina (Wiedemann, 1830) (Diptera: Calliphori-
dae). N Z J Zool. 1991;18:413-20.

Williams KA, Villet MH. Morphological identification of Lucilia sericata,
Lucilia cuprina and their hybrids (Diptera, Calliphoridae). ZooKeys.
2014;420:69-85.

Marshall SA, Whitworth T, Roscoe L. Blow flies (Diptera: Calliphoridae)
of eastern Canada with a key to Calliphoridae subfamilies and genera of
eastern North America, and a key to the eastern Canadian species of
Calliphorinae, Luciliinae and Chrysomyiinae. Can J Arthropod Identif.
2011;11:1-93.

Green MR, Sambrook J. Isolation of high-molecular-weight DNA using
organic solvents. Cold Spring Harb Protoc. 2017. https://doi.org/10.
1101/pdb.prot093450.

Stevens JR, Wall R. The use of random amplified polymorphic DNA
(RAPD) analysis for studies of genetic variation in populations of the
blowfly Lucilia sericata (Diptera: Calliphoridae) in southern England. Bull
Entomol Res. 1995;85:549-55.

Bolger AM, Lohse M, Usadel B. Timmomatic: a flexible trimmer for
lllumina sequence data. Bioinformatics. 2014;30:2114-20.

Andrews S. FastQC: a quality control tool for high throughput sequence
data [Internet]. 2010. http://www.bioinformatics.babraham.ac.uk/proje
cts/fastqc. Accessed 4 Aug 2020.

Dierckxsens N, Mardulyn P, Smits G. NOVOPIasty: de novo assembly

of organelle genomes from whole genome data. Nucleic Acids Res.
2017;45:e18-e18.

Donath A, Jihling F, Al-Arab M, Bernhart SH, Reinhardt F, Stadler

PF, et al. Improved annotation of protein-coding genes bounda-

ries in metazoan mitochondrial genomes. Nucleic Acids Res.
2019;47:10543-52.

Laslett D, Canbéck B. ARWEN: a program to detect tRNA genes in
metazoan mitochondrial nucleotide sequences. Bioinformatics.
2008;24:172-5.

Kearse M, Moir R, Wilson A, Stones-Havas S, Cheung M, Sturrock S, et al.
Geneijous Basic: an integrated and extendable desktop software plat-
form for the organization and analysis of sequence data. Bioinformatics.
2012;28:1647-9.

Greiner S, Lehwark P, Bock R. OrganellarGenomeDRAW (OGDRAW) ver-
sion 1.3.1: expanded toolkit for the graphical visualization of organellar
genomes. Nucleic Acids Res. 2019;47:W59-64.

Irwin DM, Kocher TD, Wilson AC. Evolution of the cytochrome b gene of
mammals. J Mol Evol. 1991,32:128-44.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2.
Nat Methods. 2012;9:357-9.

Rozas J, Ferrer-Mata A, Sdénchez-DelBarrio JC, Guirao-Rico S, Librado P,
Ramos-Onsins SE, et al. DnaSP 6: DNA sequence polymorphism analysis
of large data sets. Mol Biol Evol. 2017;34:3299-302.

Wang D, Zhang Y, Zhang Z, Zhu J, Yu J. KaKs_Calculator 2.0: a toolkit
incorporating gamma-series methods and sliding window strategies.
Genom Proteom Bioinform. 2010;8:77-80.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 12 of 13

Hurst LD. The Ka/Ks ratio: diagnosing the form of sequence evolution.
Trends Genet. 2002;18:486-486.

Katoh K, Misawa K, Kuma Ki, Miyata T. MAFFT: a novel method for rapid
multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res 2002;30:3059-3066.

Posada D. jModelTest: phylogenetic model averaging. Mol Biol Evol.
2008;25:1253-6.

Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models,
new heuristics and parallel computing. Nat Methods. 2012;9:772-772.
Huelsenbeck JP, Ronquist F. MRBAYES: Bayesian inference of phyloge-
netic trees. Bioinformatics. 2001;17:754-5.

Nguyen LT, Schmidt HA, Von Haeseler A, Minh BQ. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood
phylogenies. Mol Biol Evol. 2015;32:268-74.

Trifinopoulos J, Nguyen LT, Von Haeseler A, Minh BQ. W-IQ-TREE: a fast
online phylogenetic tool for maximum likelihood analysis. Nucleic
Acids Res. 2016;44:W232-5.

Kalyaanamoorthy S, Minh BQ, Wong TK, Von Haeseler A, Jermiin LS.
ModelFinder: fast model selection for accurate phylogenetic estimates.
Nat Methods. 2017;14:587-9.

Hoang DT, Chernomor O, Von Haeseler A, Minh BQ, Vinh LS. UFBoot2:
improving the ultrafast bootstrap approximation. Mol Biol Evol.
2018;35:518-22.

Minh BQ, Nguyen MA, Von Haeseler A. Ultrafast approximation for
phylogenetic bootstrap. Mol Biol Evol. 2013;30:1188-95.

Lanfear R, Frandsen PB, Wright AM, Senfeld T, Calcott B. PartitionFinder
2: new methods for selecting partitioned models of evolution for
molecular and morphological phylogenetic analyses. Mol Biol Evol.
2017,34:772-3.

Palevich N, Carvalho L, Maclean P. The complete mitochondrial genome
of the New Zealand parasitic blowfly Lucilia sericata (Insecta: Diptera:
Calliphoridae). Mitochondrial DNA Part B. 2021;6:1267-9.

Stevens JR, West H, Wall R. Mitochondrial genomes of the sheep blow-
fly, Lucilia sericata, and the secondary blowfly, Chrysomya megacephala.
Med Vet Entomol. 2008;22:89-91.

Chen WY, Hung TH, Shiao SF. Molecular identification of forensically
important blow fly species (Diptera: Calliphoridae) in Taiwan. J Med
Entomol. 2004;41:47-57.

Chen', Shi X, Li D, Chen B, Zhang P, Wu N, et al. The complete nucleo-
tide sequence of the mitochondrial genome of Calliphora chinghaiensis
(Diptera: Calliphoridae). Mitochondrial DNA Part B. 2016;1:397-8.
Karagozlu MZ, Kim JI, Park SH, Shin SE, Kim CB. The complete mito-
chondrial genome of a blowfly Calliphora nigribarbis (Vollenhoven,
1863) (Insecta: Diptera: Calliphoridae). Mitochondrial DNA Part B.
2019;4:2318-9.

Ren L, Guo Q, Yan W, Guo Y, Ding Y. The complete mitochondria
genome of Calliphora vomitoria (Diptera: Calliphoridae). Mitochondrial
DNA Part B. 2016;1:378-9.

Yan L, Xu W, Zhang D, Li J. Comparative analysis of the mitochondrial
genomes of flesh flies and their evolutionary implication. Int J Biol
Macromol. 2021;174:385-91.

Lessinger AC, Azeredo-Espin AM. Evolution and structural organisation
of mitochondrial DNA control region of myiasis-causing flies. Med Vet
Entomol. 2000;14:71-80.

SheY,Wang C, Wang W, Zeng Q, Mao W, Gu X, et al. The whole
mitochondrial genome of Sarcophaga kanoi (Diptera: Sarcophagidae).
Mitochondrial DNA Part B. 2020;5:2648-9.

Kai X, Shiwen W, Shang Y, Ren L, Guo Y. The complete mitochondrial
genome of Sarcophaga tuberosa (Diptera: Sarcophagidae). Mitochon-
drial DNA Part B. 2019;4:2757-8.

Zhang C, Shiwen W, Shang Y, Shen X, Guo Y. The complete mitochon-
drial genome of Sarcophaga brevicornis (Diptera: Sarcophagidae).
Mitochondrial DNA Part B. 2019;4:2762-3.

Seo BY, Cho J, Lee GS, Park J, Park J. The complete mitochondrial
genome of Exorista japonica (Townsend, 1909) (Diptera: Tachinidae).
Mitochondrial DNA Part B. 2019;4:2244-5.

Shao YJ, Hu XQ, Peng GD, Wang RX, Gao RN, Lin C, et al. Structure

and evolution of the mitochondrial genome of Exorista sorbillans:

the Tachinidae (Diptera: Calyptratae) perspective. Mol Biol Rep.
2012;39:11023-30.


https://doi.org/10.1101/pdb.prot093450
https://doi.org/10.1101/pdb.prot093450
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc

Kapoor et al. Parasites & Vectors

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

(2023) 16:279

Azeredo-Espin A, Junqueira A, Lessinger A, Lyra M, Torres T, da Silva

F, et al. The complete mitochondrial genome of the human botfly
Dermatobia hominis (Diptera: Oestridae). 2004. Unpublished poster, ESA
Annual Meeting and Exhibition.

Weigl S, Traversa D, Testini G, Dantas-Torres F, Parisi A, Colwell DD, et al.
Analysis of a mitochondrial noncoding region for the identification of
the most diffused Hypoderma species (Diptera, Oestridae). Vet Parasitol.
2010;173:317-23.

Boore JL. Animal mitochondrial genomes. Nucleic Acids Res.
1999;27:1767-80.

Junqueira ACM, Azeredo-Espin AML, Paulo DF, Marinho MAT, Tomsho
LP, Drautz-Moses DI, et al. Large-scale mitogenomics enables insights
into Schizophora (Diptera) radiation and population diversity. Sci Rep.
2016;6:1-13.

Davis RJ, Belikoff EJ, Dickey AN, Scholl EH, Benoit JB, Scott MJ. Genome
and transcriptome sequencing of the green bottle fly, Lucilia sericata,
reveals underlying factors of sheep flystrike and maggot debridement
therapy. Genomics. 2021;113:3978-88.

Lessinger A, Martins Junqueira A, Lemos T, Kemper E, Da Silva F, Vet-
tore A, et al. The mitochondrial genome of the primary screwworm

fly Cochliomyia hominivorax (Diptera: Calliphoridae). Insect Mol Biol.
2000;9:521-9.

Cameron S. How to sequence and annotate insect mitochondrial
genomes for systematic and comparative genomics research. Syst
Entomol. 2014;39:400-11.

Schoofs KR, Krzeminska Ahmadzai U, Goodwin W. Analysis of the com-
plete mitochondrial genomes of two forensically important blowfly
species: Lucilia caesar and Lucilia illustris. Mitochondrial DNA Part B.
2018;3:1114-6.

Clary DO, Wolstenholme DR. The mitochondrial DNA molecule of Dros-
ophila yakuba: nucleotide sequence, gene organization, and genetic
code. J Mol Evol. 1985;22:252-71.

Cameron SL. Insect mitochondrial genomics: implications for evolution
and phylogeny. Annu Rev Entomol. 2014;59:95-117.

Junqueira ACM, Lessinger AC, Torres TT, da Silva FR, Vettore AL, Arruda P,
et al. The mitochondrial genome of the blowfly Chrysomya chloropyga
(Diptera: Calliphoridae). Gene. 2004;339:7-15.

Chen T, Li X, Wang Y. The complete mitochondrial genome of Lucilia
shenyangensis (Diptera: Calliphoridae). Mitochondrial DNA Part B.
2021;6:2299-301.

Negrisolo E, Babbucci M, Patarnello T. The mitochondrial genome of the
ascalaphid owlfly Libelloides macaronius and comparative evolutionary
mitochondriomics of neuropterid insects. BMC Genom. 2011;12:1-26.
Yan L, Pape T, Elgar MA, Gao Y, Zhang D. Evolutionary history of stomach
bot flies in the light of mitogenomics. Syst Entomol. 2019;44:797-809.
Li XY, Yan LP, Pape T, Gao YY, Zhang D. Evolutionary insights into bot
flies (Insecta: Diptera: Oestridae) from comparative analysis of the
mitochondrial genomes. Int J Biol Macromol. 2020;149:371-80.

Chen WH, Lu G, Bork P, Hu S, Lercher MJ. Energy efficiency trade-

offs drive nucleotide usage in transcribed regions. Nat Commun.
2016;7:1-10.

Saccone C, De Giorgi C, Gissi C, Pesole G, Reyes A. Evolutionary genom-
ics in Metazoa: the mitochondrial DNA as a model system. Gene.
1999;238:195-209.

Nardi F, Carapelli A, Dallai R, Frati F. The mitochondrial genome of the
olive fly Bactrocera oleae: two haplotypes from distant geographical
locations. Insect Mol Biol. 2003;12:605-11.

Lewis DL, Farr CL, Kaguni LS. Drosophila melanogaster mitochondrial
DNA: completion of the nucleotide sequence and evolutionary com-
parisons. Insect Mol Biol. 1995;4:263-78.

Clary DO, Wolstenholme DR. Drosophila mitochondrial DNA: conserved
sequences in the A + T-rich region and supporting evidence for a
secondary structure model of the small ribosomal RNA. J Mol Evol.
1987,;25:116-25.

Beard CB, Hamm DM, Collins FH. The mitochondrial genome of the
mosquito Anopheles gambiae: DNA sequence, genome organization,
and comparisons with mitochondrial sequences of other insects. Insect
Mol Biol. 1993;2:103-24.

Mitchell SE, Cockburn AF, Seawright JA. The mitochondrial genome of
Anopheles quadrimaculatus species A: complete nucleotide sequence
and gene organization. Genome. 1993;36:1058-73.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Page 13 of 13

Wells JD, Wall R, Stevens JR. Phylogenetic analysis of forensically
important Lucilia flies based on cytochrome oxidase | sequence: a
cautionary tale for forensic species determination. Int J Legal Med.
2007;121:229-33.

Watanabe KI, Bessho Y, Kawasaki M, Hori H. Mitochondrial genes are
found on minicircle DNA molecules in the mesozoan animal Dicyema. J
Mol Biol. 1999;286:645-50.

Shang Y, Ren L, Zhang X, Li Y, Zhang C, Guo Y. Characterization and
comparative analysis of mitochondrial genomes among the Calliphori-
dae (Insecta: Diptera: Oestroidea) and phylogenetic implications. Front
Genet. 2022;13:799203-799203.

McDonagh LM, Stevens JR. The molecular systematics of blowflies and
screwworm flies (Diptera: Calliphoridae) using 285 rRNA, COX1 and
EF-1a: insights into the evolution of dipteran parasitism. Parasitology.
2011;138:1760-77.

Lihou K, Wall R. Sheep blowfly strike: the cost of control in relation to
risk. Animal. 2019;13:2373-8.

Kotze AC, James PJ. Control of sheep flystrike: what's been tried in the
past and where to from here. Aust Vet J. 2022;100:1-19.

Stevens JR. The evolution of myiasis in blowflies (Calliphoridae). Int J
Parasitol. 2003;33:1105-13.

Lane J, Jubb T, Shephard R, Webb-Ware J, Fordyce G. Priority list of
endemic diseases for the red meat industries. Project B. AHE. 0010.
Meat and Livestock Australia. 2015.

Harrison RG. Animal mitochondrial DNA as a genetic marker in popula-
tion and evolutionary biology. Trends Ecol Evol. 1989;4:6-11.

Dong Z,Wang Y, Li C, Li L, Men X. Mitochondrial DNA as a molecular
marker in insect ecology: current status and future prospects. Ann
Entomol Soc Am. 2021;114:470-6.

Rubinoff D, Cameron S, Will K. A genomic perspective on the short-
comings of mitochondrial DNA for “barcoding”identification. J Hered.
2006;97:581-94.

Galtier N, Nabholz B, Glémin S, Hurst G. Mitochondrial DNA as a marker
of molecular diversity: a reappraisal. Mol Ecol. 2009;18:4541-50.
Habbane M, Montoya J, Rhouda T, Sbaoui Y, Radallah D, Emperador S.
Human mitochondrial DNA: particularities and diseases. Biomedicines.
2021;9:1364.

Armstrong K, Ball S. DNA barcodes for biosecurity: invasive species
identification. Philos Trans R Soc Lond B Biol Sci. 2005;360:1813-23.
Hajibabaei M, Janzen DH, Burns JM, Hallwachs W, Hebert PD. DNA
barcodes distinguish species of tropical Lepidoptera. Proc Natl Acad Sci
USA. 2006;103:968-71.

Zhang DX, Hewitt GM. Nuclear DNA analyses in genetic studies of pop-
ulations: practice, problems and prospects. Mol Ecol. 2003;12:563-84.
Tay WT, Gordon KHJ. Going global-genomic insights into insect inva-
sions. Curr Opin Insect Sci. 2019;31:123-30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Learn more biomedcentral.com/submissions

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.




	Mitochondrial genomic investigation reveals a clear association between species and genotypes of Lucilia and geographic origin in Australia
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Fly collection, DNA extraction and sequencing
	Mt genome assembly and annotation
	Genetic analyses
	Relationships among Lucilia speciessubspecies

	Results
	Mt genome structure, organisation and composition
	Genetic analyses
	Phylogenetic analysis

	Discussion
	Conclusions
	Anchor 19
	Acknowledgements
	References


