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Abstract

The Calyptratae, one of the most species-rich fly clades, only originated and diversified after the Cretaceous—Palacogene extinc-
tion event and yet exhibit high species diversity and a diverse array of life history strategies including predation, phytophagy, sapro-
phagy, haematophagy and parasitism. We present the first phylogenomic analysis of calyptrate relationships. The analysis is based
on 40 species representing all calyptrate families and on nucleotide and amino acid data for 1456 single-copy protein-coding genes
obtained from shotgun sequencing of transcriptomes. Topologies are overall well resolved, robust and largely congruent across
trees obtained with different approaches (maximum parsimony, maximum likelihood, coalescent-based species tree, four-cluster
likelihood mapping). Many nodes have 100% bootstrap and jackknife support, but the true support varies by more than one order
of magnitude [Bremer support from 3 to 3427; random addition concatenation analysis (RADICAL) gene concatenation size from
10 to 1456]. Analyses of a Dayhoff-6 recoded amino acid dataset also support the robustness of many clades. The backbone topol-
ogy Hippoboscoidea+(Fanniidae+(Muscidae+((Anthomyiidaec—Scathophagidae)+Oestroidea))) is strongly supported and most fam-
ilies are monophyletic (exceptions: Anthomyiidae and Calliphoridae). The monotypic Ulurumyiidae is either alone or together with
Mesembrinellidae as the sister group to the rest of Oestroidea. The Sarcophagidae are sister to Mystacinobiidae+Oestridae. Polleni-
inae emerge as sister group to Tachinidae and the monophyly of the clade Calliphorinae+Luciliinae is well supported, but the phy-
logenomic data cannot confidently place the remaining blowfly subfamilies (Helicoboscinae, Ameniinae, Chrysomyinae).
Compared to hypotheses from the Sanger sequencing era, many clades within the muscoid grade are congruent but now have much
higher support. Within much of Oestroidea, Sanger era and phylogenomic data struggle equally with regard to finding well-sup-
ported hypotheses.
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Introduction

The Cretaceous—Palacogene (K—Pg) extinction event
disrupted plant and animal communities across the
planet and led to the collapse of many ecosystems
(Macleod et al., 1997; Nichols and Johnson, 2008).
This may have provided an opportunity for a massive
“maggot-based” evolutionary radiation that was con-
ceivably initiated by a cyclorrhaphan fly with a novel
mechanism for puparial escape (Grimaldi and Engel,
2005). The resulting radiation yielded Schizophora,
which today account for more than a third (> 55 000)
of the described species diversity of Diptera (Pape
et al.,, 2011). Within this large assemblage of schizo-
phoran flies, Calyptratae diversified into a very spe-
cies-rich clade that contains approximately 22 000
named extant species. Calyptrates include many well-
known taxa such as the tsetse flies (Glossinidae),
houseflies (Muscidae), fleshflies (Sarcophagidae), bot-
flies (Oestridae) and blowflies (Calliphoridae). They
span a remarkable range of feeding and breeding
strategies that include saprophagy (including copro-
phagy), phytophagy, haematophagy, parasitism (in-
cluding parasitoids), and predation on vertebrates as
well as invertebrate host associations. Calyptrate flies
have successfully adapted to breed on or in a wide
range of substrates including non-angiosperm tracheo-
phytes (horsetails, ferns, gymnosperms), angiosperms
(dicots, monocots), decaying organic matter, mammal
dung, vertebrate and invertebrate carrion, necrotic tis-
sues and wounds of living vertebrates, vertebrate
blood, arthropods (terrestrial isopods, myriapods,
scorpions, spiders, insects), earthworms, and live and
dead snails. Estimates of the origin and timeline for
this radiation suffer from large confidence intervals
because of the remarkable paucity of calyptrate fossils
(Wiegmann et al., 2011; Ding et al., 2015; Cerretti
et al., 2017). von Tschirnhaus and Hoffeins (2009)
report that many non-calyptrate schizophoran families
have been found in Baltic amber as inclusions of mid-
Eocene age and speculate that calyptrate flies, which
are generally larger than their acalyptrate relatives,
were “powerful and quick enough to escape the sticky
resin” (p. 174). However, this cannot be the sole expla-
nation as copal is known to harbour a large number
of relatively large calyptrates (O’Hara et al., 2013).
Instead, it is conceivable that calyptrates only origi-
nated or diversified significantly later.

Molecular studies of calyptrate phylogenetic rela-
tionships have used both multi-gene (Vossbrinck and
Friedman, 1989; Bernasconi et al., 2000b; Nirmala
et al., 2001; Song et al., 2008; Kutty et al., 2010) and
mitogenomic approaches (Ding et al., 2015; Junqueira
et al., 2016; Zhang et al., 2016). The most comprehen-
sive molecular phylogenetic analysis was carried out
by Kutty et al. (2010), who presented a hypothesis

based on 275 exemplar species representing all major
recognized families and utilized four mitochondrial
and four nuclear markers. Although many higher-level
relationships were resolved with moderate to high sup-
port, the non-monophyly of certain families
(Anthomyiidae, Rhinophoridae, Tachinidae) and rela-
tionships specifically between families of the Oestroi-
dea (e.g. position of Oestridae and Mesembrinellidae)
conflicted with morphology-based hypotheses. Some of
the hypotheses also differed depending on whether the
data were analysed with maximum parsimony (MP) or
maximum likelthood (ML). More recently, Zhang
et al. (2016) explored mitochondrial genomes for
reconstructing calyptrate relationships but the data
were again unable to robustly resolve many deeper
splits within the oestroid radiation.

Yet, a robust phylogeny for the calyptrate radiation
is crucial for reconstructing the evolution of the diverse
natural history of this group. Here we attempt to
obtain such a robust phylogenetic hypothesis using phy-
logenomics, given that increasing the number of genetic
markers has successfully resolved many higher-level
relationships in a diverse array of arthropod lineages
(Del’Ampio et al., 2014; Misof et al., 2014; Peters
et al., 2017; Pauli et al., 2018; Kutty et al., 2018) . We
use a phylogenomic approach because calyptrate molec-
ular phylogenetics face a suite of challenges that are
commonly encountered in efforts to resolve higher-level
evolutionary relationships (e.g. Moulton and Wieg-
mann, 2007; Su et al.,, 2008; Winterton et al., 2010;
Wiegmann et al.,, 2011; Toéthova et al,, 2013; Zhao
et al., 2013; Young et al., 2016): many long-recognized
higher-level taxa (often assigned family rank) are well
supported based on all data sources and tree optimality
criteria, while the interrelationships between many of
these clades are not recovered consistently or only with
low support. The precise reasons for such problems are
not fully understood and probably differ between taxa
and datasets. However, in the case of calyptrates it is
likely that lack of resolution is at least partially related
to multiple episodes of rapid radiation and diversifica-
tion, when increased speciation rates, coupled with low
extinction rates, allowed many new lineages to survive
and spread (Cerretti et al., 2017).

Here, we test to what extent transcriptomic data, in
particular a set of nuclear single-copy protein-coding
genes obtained from transcriptomes, can help to
resolve the higher-level relationships within Calyp-
tratae. The dataset comprises 40 exemplar species rep-
resenting 14 recognized families and 1456 nuclear
single-copy protein-coding genes, which is here anal-
ysed using a wide variety of methods to explore the
inherent signal within the data. As such, we carry out
MP and ML analyses of the nucleotide and amino
acid data and explore the use of species tree techniques
(ASTRAL: Mirarab and Warnow, 2015). We also
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recode the amino acids using Dayhoff-6 groups (Day-
hoff et al., 1978; Embley et al., 2003; Hrdy et al.,
2004; Susko and Roger, 2007) in order to explore
whether amino acid heterogeneity may affect the
results of phylogenetic analyses. Lastly, we use random
addition concatenation analysis (Narechania et al.,
2012) to investigate the relative strength of support for
the nodes on our relationship hypothesis. Such mea-
sures of relative support become increasingly impor-
tant in phylogenomic analyses because conventional
support values (e.g. bootstraps) are maximized for a
large number of nodes with different levels of support.

Calyptratac are a compelling testing ground for
exploring the power of phylogenomics because the
monophyly of this group has been established beyond
doubt based on morphological characters (Griffiths,
1972; Hennig, 1973; Hackman and Vaisanen, 1985;
McAlpine, 1989; Michelsen, 1991; Lambkin et al.,
2013) and molecular data (Wiegmann et al., 2011).
Yet, our understanding of relationships among the
constituent (sub)families ranges from well-established
to completely unclear (Pape, 1986, 1992, 2001, 2006;
McAlpine, 1989; Verves, 1989; Michelsen, 1991; Rog-
nes, 1997; Bernasconi et al., 2000a,b; Gleeson et al.,
2000; Pape and Arnaud, 2001; Carvalho and Couri,
2002; Stireman, 2002; Stevens, 2003; Nihei and Car-
valho, 2004, 2007; Savage and Wheeler, 2004; Savage
et al., 2004; Dittmar et al., 2006; Kutty et al., 2007;
Petersen et al., 2007; Schuehli et al., 2007; Marinho
et al., 2012, 2017; Cerretti et al., 2014b; Winkler et al.,
2015; Buenaventura and Pape, 2017; Buenaventura
et al.,, 2017). As illustrated by the large number of
studies, this is not due to a lack of effort.

Currently, the best understood relationships are
within Hippoboscoidea and the muscoid grade. The
monophyly of the superfamily Hippoboscoidea is well
established and supported by both morphological (Grif-
fiths, 1972; Hennig, 1973) and molecular data (Dittmar
et al., 2006; Petersen et al., 2007). Glossinidae are con-
sidered the sister group to Hippoboscidae (louse flies
and bat flies) (Petersen et al., 2007). Streblidae have
been suggested to be paraphyletic (Dittmar et al., 2000,
2015), and for reasons of nomenclatural priority the
bat-fly clade is now best treated as a subfamily (Nyc-
teribiinae). Molecular data confirmed the non-mono-
phyly of the muscoid grade (Kutty et al., 2008) and
placed monophyletic Oestroidea within this grade. This
position has since been repeatedly corroborated (Kutty
et al., 2010; Lambkin et al., 2013; Ding et al., 2015).
Within the muscoid grade, the monophyly of three fami-
lies (Fanniidae, Muscidae and Scathophagidae) has
been confirmed based on both morphological and
molecular evidence (Dominguez and Roig-Junent, 2008;
Kutty et al.,, 2008; Michelsen and Pape, 2017).
Anthomyiidae, however, emerge as paraphyletic in
molecular studies (Kutty et al., 2008, 2010) although

morphology supports monophyly (Michelsen, 1991,
1996). Based on molecular data (Kutty et al., 2008),
Fanniidae are considered the sister group to the remain-
ing non-hippoboscoid calyptrates, and Muscidae are
sister to a clade comprising Oestroidea+(Anthomyiidae—
Scathophagidae). Relationships between the recognized
muscid subfamilies (Achanthipterinae, Atherigoninae,
Azeliinae, Cyrtoneurininae, Coenosiinae, Muscinae,
Mydaeinae, Phaoniinae, Muscidae) were investigated by
Kutty et al. (2014) and Haseyama et al. (2015), with
both studies supporting the monophyly of many
subfamilies while rejecting the traditional tribal classifi-
cation. The two subfamilies of Scathophagidae
(Scathophaginae; Delininae) are considered mono-
phyletic based on morphological characters (Gorodkov,
1986; Vockeroth, 1989) and DNA sequence data (Ber-
nasconi et al., 2000a; Kutty et al., 2007), although
Kutty et al. (2008) did not recover the monophyly of
these subfamilies.

Family-level relationships within the monophyletic
Oestroidea remain controversial. Depending on genetic
markers and taxon sampling, conflicting hypotheses
emerge. Within Oestroidea, the monophyly of Sar-
cophagidae and the three recognized subfamilies Mil-
togramminae, Paramacronychiinaec and Sarcophaginae
are well corroborated based on morphology (Pape,
1992, 1996) and have been confirmed by molecular
data (Kutty et al., 2010). However, the relationships
between subfamilies remain controversial (Piwczynski
et al., 2017). Based on morphology, the monophyly of
the family Oestridae, which contains exclusively mam-
mal parasites, is well supported (Wood, 1986; Pape,
1992, 2001). Monophyly has also been recently con-
firmed by Zhang et al. (2016) based on mitogenomic
data, although relationships within the family were not
conclusively resolved. The monophyly of Rhinophori-
dae finds its most convincing morphological support
from features of the first instar larva (Crosskey, 1977;
Pape, 1986, 1998; Pape and Arnaud, 2001; Cerretti
et al., 2014a). Molecular sequence data provide grow-
ing support for the monophyly of Rhinophoridae, but
the taxon sample in all published analyses remains
poor (Kutty et al., 2010; Cerretti et al., 2017).

There is strong evidence based on morphology and
molecular sequence data that the calliphorids (blow-
flies) are not monophyletic (Rognes, 1997; Kutty et al.,
2010; Nelson et al., 2012; Singh and Wells, 2013; Cer-
retti et al., 2017) and one of the major tasks in calyp-
trate systematics is re-defining the (sub)family-level
units. The currently recognized subfamilies are Ameni-
inae, Aphyssurinae, Bengaliinac, Auchmeromyinae,
Calliphorinae, Chrysomyinae, Luciliinae, Helicobosci-
nae, Melanomyinae, Phumosiinae, Polleniinae and
Toxotarsinae (Hennig, 1973; Rognes, 1991, 1997; Nor-
ris, 1999). Numerous DNA-based analyses have
aimed at resolving the calliphorid assemblage, but



4 S. N. Kutty et al. | Cladistics 0 (2019) 1-18

well-supported relationship hypotheses are elusive [see
Nelson et al. (2012, table 1) for a compilation of
DNA-based studies of calliphorid systematics]. For
example, the placement of a monophyletic Rhiniinae/
Rhiniidae remains unsettled, with Singh and Wells
(2013) recovering support for a sister group relation-
ship between Rhiniinae and traditional calliphorid sub-
families using one mitochondrial (COI) and three
nuclear genes (CPS, EF1-a, 28S), while Cerretti et al.
(2017) found Rhiniidae to be the sister group to Ben-
galiinae based on one mitochondrial (16S) and two
nuclear genes (28S, CAD). However, all analyses sug-
gest that Rhiniinae should be given family rank (see
also Kutty et al., 2010; Marinho et al., 2017). Simi-
larly, Mesembrinellidae were until recently generally
considered to be a subfamily of Calliphoridae (Hennig,
1973; Pape, 1992; Rognes, 1997), but both morpholog-
ical and molecular evidence supports the view of
Guimaraes (1977) that this lineage warrants the rank
of full family (Kutty et al., 2010; Singh and Wells,
2013; Cerretti et al., 2017; Marinho et al., 2017). Mar-
inho et al. (2017) addressed the internal relationships
within Mesembrinellidae based on molecular markers,
but the most probable sister group could not be identi-
fied due to the limited outgroup sampling.

The monophyly of the family Tachinidae is strongly
supported by morphological characters (Wood, 1987,
Pape, 1992; Tschorsnig and Richter, 1998; Cerretti
et al., 2014b), and all known species are arthropod
(and largely insect) parasitoids (Stireman et al., 2006).
Although Kutty et al. (2010) did not recover a mono-
phyletic Tachinidae, other molecular studies have con-
firmed the monophyly and placed the -calliphorid
subfamily Polleniinae as its sister group (Winkler
et al., 2015; Cerretti et al., 2017). In contrast, the
monophyly of the subfamilies Tachininae, Exoristinae,
Phasiinae and Dexiinae is still contentious and has
been extensively discussed in the literature (Herting,
1957, 1984; O’Hara, 1985; Tschorsnig, 1985; Wood,
1987; Tschorsnig and Richter, 1998; Stireman, 2002;
Tachi and Shima, 2010; Cerretti et al., 2014b; Winkler
et al., 2015).

The calyptrates also include two monospecific, fam-
ily-ranked taxa. The first is the apterous bat-associated
New Zealand endemic Mystacinobia zelandica (Mysta-
cinobiidae), which has been placed within Oestroidea
based on both morphological and molecular evidence
(Griffiths, 1982; McAlpine, 1989; Rognes, 1997,
Gleeson et al., 2000; Kutty et al., 2010). Kutty et al.
(2010) found molecular support for Mystacinobia as
the sister group to “McAlpine’s fly” (Ulurumyiidae),
while Mystacinobia emerged as the sister group to the
Anthomyiidae—Scathophagidae clade in the analysis of
Cerretti et al. (2017). Similarly, the position of Ulu-
rumyia macalpinei (“McAlpine’s fly”, Ulurumyiidae) is
unclear. Based on morphological traits, this family was

initially considered to be closely related to Anthomyi-
idae or Calliphoridae (Ferrar, 1979), but detailed mor-
phological studies exclude it from any of the
established calyptrate families and strongly support a
position at or near the base of Oestroidea (Michelsen
and Pape, 2017). Mystacinobia and Ulurumyia emerged
as weakly supported sister taxa in the molecular analy-
sis of Kutty et al. (2010), but they were widely sepa-
rated by both molecular and morphological data in
the analyses of Cerretti et al. (2017).

Materials and methods
Taxon sampling and transcriptome sequencing

Our taxon sample comprises 40 calyptrate species
representing all 14 widely recognized families of Calyp-
tratae (Table 1). RNA extractions for 18 species were
carried out at the National University of Singapore
(NUS) (see NUS in Table 1; Tables S1 and S2), using
a modified version of the Trizol RNA extraction pro-
tocol (Invitrogen, ThermoFisher Scientific, Waltham,
MA, USA). RNA libraries (insert size 500 bp) were
prepared by AlTbiotech Pte Ltd (Singapore) using the
Illumina TruSeq Stranded mRNA Library Prep Kit.
Eight libraries were multiplexed and paired-end
sequencing of 100/150/250 bp was carried out on Illu-
mina Hiseq 2000/2500 sequencing platform facilities at
the Genome Institute of Singapore (GIS) or Singapore
Centre for Environmental Life Sciences Engineering
(SCELSE), Singapore. RNA extractions for seven of
the species were carried out at North Carolina State
University, Raleigh (see NCSU in Table 1; Tables Sl
and S2). RNA was extracted using the Qiagen
RNAEasy Kit (Valencia, CA, USA). Transcript
libraries obtained at NCSU were developed using the
NEBNext (New England Biosciences, Ipswich, MA,
USA) Ultra RNA Library Prep Kit for Illumina, fol-
lowing the manufacturer’s guidelines. RNA was bound
to Agencourt AMPure XP Beads (Beckman Coulter,
Inc., Brea, CA, USA) on a magnetic plate and the
sample underwent a series of washes. A reverse tran-
scription reaction was performed, followed by PCR
enrichment, yielding a size-selected non-directional
cDNA library to be sequenced as paired-end reads on
an Illumina system (Illumina, San Diego, CA, USA).
Inserts were 300 bp long if sequenced on an Illumina
MiSeq and 125 bp long if sequenced on an Illumina
HiSeq 2500. Data for ten species were obtained from
the 1KITE (1000 Insect Transcriptome Evolution) pro-
ject (see 1KITE in Table 1; Tables S1 and S2). Extrac-
tion of RNA, construction of paired-end libraries and
sequencing are described in detail in Peters et al.
(2017) and Pauli et al. (2018). Finally, we included
transcriptome data for one exemplar calyptrate species
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from the NCBI Sequence Read Archive (see SRA in
Table 1 and Table S3) and for one from the Tran-
scriptome Shotgun Assembly Sequence Database (see
TSA in Table 1 and Table S3).

Assemblies and orthology prediction

De novo assemblies of paired-end transcriptomes
generated at NUS were carried out in CLC Genomics
Workbench 7.5.1 (https://www.qiagenbioinformatics.c
om/) [initially trimmed (limit: 0.001); de novo option
parameters (word size = 50, bubble size = 50-150,
identity fraction = 1, length fraction = 1)]. All assem-
bled contigs were checked for contaminant sequences
through a VecScreen contamination screen by the
National Center for Biotechnology Information. A
cross-contamination check across libraries was carried
out whenever possible for assembled transcripts
sequenced in the same lane via an all-versus-all search
using blast [BLAST 2.2.28+ (Camacho et al., 2009);
contigs that shared high sequence similarity (blastn
parameters = length > 200 bp, identity > 98%, mis-
matches < 4) were excluded from further analysis]. For
NCSU species assemblies obtained with Trinity v.2.2
(Grabherr et al., 2011), read quality was assessed using
FastQC (Andrews, 2010) to ensure that per-base
sequence quality was above 15, and all adapter
sequences were removed as shown in “Overrepresented
sequences” and “Adapter content”. If these metrics
failed, Trimmomatic (Bolger et al., 2014) was used for
one to three iterations with minimum quality set to 15
and a 4 bp sliding window size. The minimum length
of filtered reads was set to 25 as Trinity uses 25-mers
during assembly (Grabherr et al., 2011). All raw reads
obtained from samples from 1KITE were quality-con-
trolled, trimmed, assembled using SOAPdenovo-Trans
3lkmer (v.1.02) (Xie et al., 2014), and screened for
possible contaminant sequences (which were then
removed) as described by Peters et al. (2017) (see
Table S4 for the amount of removed contaminants
from the assembled transcriptomes of each species).
Both the raw reads and the assembled transcriptomes
from 1KITE are archived at the National Center for
Biotechnology Information (NCBI) under the
Umbrella BioProject ID PRINA183205 (‘The 1KITE
project: evolution of insects’).

Orthology prediction, post-processing and dataset
preparation followed the methods outlined in Kutty
et al. (2018). Orthology prediction was carried out
using Orthograph v.0.5.8 (Petersen et al., 2017) based
on an orthologous reference set with 3288 single-copy
protein-encoding genes comprising clusters of ortholo-
gous sequences of the following five reference species
for which official gene sets (OGS) are available:
Anopheles gambiae, Tribolium destructor, Mayetiola
destructor, Drosophila melanogaster and Bombyx mori

(see Table S5). Clusters of orthologous sequences were
based on OrthoDB5 (Waterhouse et al., 2011) with
hierarchy split set to be between Hymenoptera and
remaining Holometabola; details are described in
Kutty et al. (2018). Candidate orthologues of all spe-
cies were accepted when the reciprocal best BLAST hit
criterion was fulfilled against any of the five reference
species of the orthologue set; all other settings were
left as default. Results were summarized using custom
perl scripts, and internal stop codons as well as
Selenocysteine, if any, were replaced with “X” to avoid
problems in downstream analyses (treated as “NNN”
at the nucleotide level; see Kutty et al., 2018). The
amino acid sequences were aligned using MAFFT
v.7.123b (Katoh and Standley, 2013) with the L-INS-i
algorithm. Multiple sequence alignments (MSAs) were
then scrutinized for outliers. Alignment refinement and
final removal of outlier sequences was carried out as
described by Peters et al. (2017) on the amino acid
and nucleotide levels. Additionally, we removed all
sequences from all reference species included in the
orthologue set except for those from D. melanogaster.
Corresponding nucleotide sequence alignments for all
single-copy genes were generated with Pal2Nal
(Suyama et al., 2006) in a slightly modified version
(see Misof et al., 2014) using the refined amino acid
MSAs as blueprints. Sections that were classified as
randomly or ambiguously aligned by Aliscore v.2.0
(Misof and Misof, 2009; Kiick et al., 2010) at the
amino acid level (parameters: maximal number of pair-
wise comparisons, option -e¢ for gappy alignments
derived from RNAseq data and otherwise defaults)
were removed with ALICUT v.2.3 (https://www.zf
mk.de/en/research/research-centres-and-groups/utilities).
The corresponding regions in the nucleotide alignments
were removed using a custom perl script. Before final
concatenation in FASconCAT-G (Kiick and Longo,
2014), the leading and trailing gaps in each MSA were
recoded as “X” for the amino acids and “N” for
nucleotides. All the above steps utilized custom perl
scripts used in Misof et al. (2014) and available from
http://software.zfmk.de/The-1KITE-project_evolution-
of-insects.zip.

To improve the information content (IC) of our
dataset, we applied MARE v.0.1.2-rc (Misof et al.,
2013) to the supermatrix at the amino acid level with a
taxon weighting (1) = 3 (otherwise defaults) to retain
all species in the dataset. All phylogenomic analyses
were carried out on this MARE reduced and opti-
mized dataset containing 1456 gene partitions. A cor-
responding optimized nucleotide dataset was generated
with custom made perl scripts as MARE is applicable
for amino acid datasets only. An AliStat analysis
(v.1.7: https://github.com/thomaskf/AliStat) was car-
ried out on the amino acid dataset to determine the
missing data per site as used in Misof et al. (2014).
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Phylogenomic analyses

The amino acid and nucleotide datasets were anal-
ysed using MP and ML. Parsimony analyses were car-
ried out in TNT v.1.5 (Goloboff and Catalano, 2016)
(new technology search, level 10, hits 20, gaps coded
as missing data). Node support was assessed by jack-
knife (JK) resampling (1000 replicates at 36% dele-
tion). To assess the influence of codon positions on
the results, additional parsimony analyses were carried
out for (1) a nucleotide dataset from which the 3rd
codon positions were excluded and (2) a nucleotide
dataset with only the 2nd codon positions included.
Saturation tests of the nucleotide positions (3rd posi-
tion) were carried out in DAMBE (Xia, 2017) (transi-
tions and transversions vs. divergence, genetic
distance = GTR distances, minimum number of shared
sites = default; Fig. SI1). A random addition concate-
nation analysis (RADICAL) (Narechania et al., 2012)
was carried out on the amino acid dataset (10 random-
izations of 10 step loci additions) until all 1456 genes
were concatenated. For RADICAL, PAUP (Swofford,
2000) was used for the parsimony tree reconstructions.
The resultant parsimony trees were then compared to
the topology obtained via analysis of the reference
amino acid dataset. The AUC value (area under the
curve) was calculated by the software based on the fre-
quency that a node in the amino acid most parsimo-
nious tree (MPT) appeared in the set of parsimony
trees for each concatenation size (minimum number of
randomly concatenated loci required for a node to
always appear in the resulting trees). Bremer support
values (Bremer, 1994) were determined in TNT v.1.6
for the MPT from the amino acid dataset based on
constraint tree searches (three times).

For the ML analyses, data partitioning and model
testing (models: see Table S6) were carried out in
PartitionFinder 2.1.1 (Lanfear et al., 2014, 2017;
Stamatakis, 2014) wusing the rcluster algorithm
(rcluster-percent = 10, rclustermax = 1000, branch-
lengths = linked, analysis = raxml, model selec-
tion = AICc). The amino acid dataset with merged data
partitions was then analysed in RAxML-HPC v.8.2.9
XSEDE (Stamatakis, 2014) on the CIPRES computer
cluster (Cyberinfrastructure for Phylogenetic Research;
San Diego Supercomputing Center) (Miller et al.,
2010). The search for the best scoring ML tree (20 multi-
ple inferences) was carried out under the best partition-
ing scheme and best model+GAMMA. Multiple non-
parametric bootstrap replicates were carried out and
convergence was ensured a posteriori based on the
default extended majority rule (MRE)-based criterion
(Pattengale et al., 2010) at 252 replicates. A multi-
coalescent species tree analysis was carried out in
ASTRAL v.5.5.6 (Mirarab and Warnow, 2015) using
gene trees (one tree search per gene) estimated by ML

searches conducted in RAxXxML v.8.2.8 (Stamatakis,
2014) and otherwise defaults and additionally assessed
branch support values for the tree were inferred by
ASTRAL (Sayyari and Mirarab, 2016).

An  additional  recoded  datamatrix = named
“aminoacid_recoded” was generated in which each
amino acid in the original alignment was recoded to a
six-state Dayhoff group using the “pgrecodeseq” com-
mand in the PHYLOGEARS v.2.0 tool package (Tan-
abe, 2008). This dataset was analysed using parsimony
in TNT v.1.5 (Goloboff and Catalano, 2016) with the
same parameters used as in the original dataset. For the
likelihood analysis, the aminoacid_recoded dataset was
analysed under the multistate option using the multi-
state data model GAMMA with GTR (-m MULTI-
GAMMA -K GTR). The datasets were evaluated to
test if they have evolved under globally stationary,
reversible and homogeneous (SRH) conditions (Jermiin
et al., 2004). To test for possible compositional hetero-
geneity of amino acid matrices, we used SymTest
v.2.0.47 (Jermiin and Ott, 2017, https://github.com/
ottmi/symtest), which uses matched-pairs tests of homo-
geneity (for details see Misof et al., 2014). Tests were
applied on (1) the amino acid supermatrix, and (2) the
“aminoacid_recoded” matrix. Heatmaps were generated
based on the p-values obtained from Bowker’s matched-
pairs test of symmetry (Bowker, 1948) in order to deter-
mine which sequence pairs matched SRH conditions.

Lastly, four-cluster likelihood mapping (FcLM)
(Strimmer and von Haeseler, 1997) was used to assess
the phylogenetic support and to identify potentially
confounding signal for an important tree node: the sis-
ter-group relationship between Cuterebra austeni and
Mystacinobia zelandica as inferred in the best tree.
Four taxonomic groups were thus defined (see
Table S7 for specific information about hypothesis and
which species were part of which group). For testing,
an optimized dataset was generated, including only
those partitions of the supermatrix that contained
sequences of at least one species from the four taxa
specified for testing the respective hypothesis. The
PTHREADS implementation of RAxML v.8.2.10
(Stamatakis, 2014) (option: -f q -Y groupfile -q parti-
tionfile) was used to infer the support for each quartet
using the partitioning scheme and substitution models
inferred for the supermatrix at the amino acid level.
Results were mapped into two-dimensional simplex
graphs with a custom-made Perl script. Confounding
signal can arise for a variety of reasons: (1) heteroge-
neous composition of amino acid sequences along the
tree (i.e. among-lineage heterogeneity), (2) non-station-
ary substitution processes, and (3) non-random distri-
bution of missing data on our phylogenetic inferences.
To assess the possible impact of confounding signal, a
permutation approach was implemented as suggested
by Misof etal. (2014). It aims at -eliminating
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phylogenetic but keeping confounding signal. These
tests were performed using FcLM, which was con-
ducted using the same partitioning scheme as before,
but using the LG substitution matrix across all parti-
tions for permutations I, II, and III. Permutation tests
were done for the one hypothesis and with the identi-
cal taxonomic groups as described above, using
RAXxML v.8.2.10.

Results

The concatenated supermatrix yielded 2732 single-
copy protein-coding genes (alignment length: 755 910
sites at the amino acid level) after orthology predic-
tion, alignment, alignment refinement, outlier check
and outlier removal, and identification and deletion of
ambiguously aligned sections from the MSAs. The
coverage of the data matrix in terms of gene occur-
rence was 0.63 (IC = 0.40) and the coverage of the
matrix by site was 0.59 (Ca completeness score, AliS-
tat). The final MARE-optimized dataset comprised
1456 genes (alignment of 444 058 amino acid sites) for
41 species including the outgroup, with the gene occur-
rence coverage improved to 0.86 (IC = 0.60); the cov-
erage according to sites increased to 0.75 (Fig. S2).

The MPT with node support based on the amino acid
dataset and rooted with D. melanogaster is presented in
Fig. 1. The nodes also provide the results of the RADI-
CAL analysis (concatenation size and AUC values).
The MP and ML trees are very similar (compare Figs 1
and 2) and the phylogram (Fig. 2) illustrates that the
branch lengths of many poorly supported nodes within
Oestroidea are particularly short. The underlying sup-
port for those branches with full jackknife support var-
ies by more than one order of magnitude when it is
assessed via Bremer supports or RADICAL. Hippo-
boscidae are placed as the sister group to the remaining
calyptrates, with the subfamilies Ornithomyinae and
Nycteribiinae (here including Streblidae) being repre-
sented by one species respectively (Ortholfersia
macleayi, Penicillidia dufourii). Fannia canicularis (Fan-
niidae) is placed at the base of the muscoid grade. Mus-
cidae are monophyletic, as are the subfamilies Muscinae
and Coenosiinae, while Mydaeinae are paraphyletic
with regard to Phaoniinae. Muscidae are the sister
group to (Anthomyiidae—Scathophagidae)+Oestroidea.
A monophyletic Scathophagidae is nested within para-
phyletic Anthomyiidae. The superfamily Oestroidea is
monophyletic and nested within the muscoid grade as
the sister group to the Anthomyiidae—Scathophagidae
clade. Within Oestroidea, the families Sarcophagidae,
Tachinidae and Rhinophoridae are well supported,
while the monophyly of Oestridae, Rhiniidae, Mesem-
brinellidae, Mystacinobiidae and Ulurumyiidae could
not be tested (represented by one species each).

Oestridae are placed as the sister group to Mystacinobi-
idae, with this clade being recovered as the sister group
to Sarcophagidae with high support in both MP and
ML analyses. Within Tachinidae, a monophyletic
Tachininae is recovered as the sister group to Exoristi-
nae. Euthera bicolor (probably Dexiinae, see below) is
the sister group to Phasiinae. As expected, calliphorids
are paraphyletic. Pollenia (Polleniinae) is strongly sup-
ported as the sister group to the tachinids, and strong
support is also obtained for a clade consisting of the
macrolarviparous Helicoboscinae and Ameniinae
together with Rhinophoridae. Stomorhina subapicalis
(Rhiinidae) is nested in a calliphorid clade as the
strongly supported sister group to Verticia nigra (Ben-
galiinae). The calliphorids Calliphora vomitoria (Cal-
liphorinae) and Lucilia sericata (Luciliinae) are strongly
supported sister taxa, but the ‘backbone’ of the cal-
liphorid assemblage is otherwise poorly supported.

Conflicts or instability in relationships between the
various analyses are primarily observed in Oestroidea
(see Table 2; nodes A-I on Fig. 1). Mesembrinella bel-
lardiana (Mesembrinellidae) and Ulurumyia macalpinei
(Ulurumyiidae) are sister groups on the MP
tree (MP_JK = 70), while Ulurumyia macalpinei is
recovered as sister to the remaining Oestroidea
(ML_BS =88) on the ML tree. The aminoacid_re-
coded dataset recovered the latter relationship with
parsimony but again with low support (MP_JK = 53).
Also, while Amenia sp. (Ameniinae) is sister to the rhi-
nophorids on the MP tree (MP_JK = 88), it is sister to
Eurychaeta muscaria (Helicoboscinae) in the ML tree
(ML_boot = 83). A moderately well-supported sister-
group relationship between these two species is recov-
ered based on the aminoacid recoded dataset
(MP_JK =91, ML_boot = 88) (see Fig. S7 for rela-
tionships from the aminoacid_recoded dataset). Chry-
somya megacephala (Chrysomyinae) is recovered as the
sister group to the Bengaliinae+Rhiniidae clade in both
analyses, but with low support (MP_JK = 57, ML -
boot = 67). Also, the sister-group relationship between
Calliphorinae+Luciliinae and Chrysomyinae+(Bengali-
inae+Rhiinidae) as well as the sister-group relationship
between this group and the clade encompassing Heli-
coboscinae, Ameniinae and Rhinophoridae is weakly
supported in both analyses (MP_JK =57, ML_-
boot = 71). Phasiinae (Tachinidae) are recovered
as monophyletic but with very low support
(MP_JK = 50; ML_boot = 52), but support values
improved when the aminoacid_recoded dataset was
analysed (MP_JK = 78; ML_boot = 85). Finally, the
sister-group relationship between the muscids Phaonia
angelicae (Phaoniinae) and Mydaea urbana (Mydaei-
nae) is not robust (MP_JK =69, ML_BS = 55),
although Mydaeinac monophyly is supported by the
analysis of  the aminoacid recoded  dataset
(MP_JK =99, ML_BS = 80).
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Fig. 1. Most parsimonious tree (MPT) inferred from the amino acid dataset with support values from both maximum parsimony (MP) and maxi-
mum likelihood (ML) analyses mapped above nodes (MP jackknife/ML bootstrap) and RADICAL support values presented below nodes. A-I
indicate relationships that are unstable (refer to Table 2). The two relationships that are in conflict with the ML topology are illustrated in boxes.

Parsimony trees based on amino acids and nucleo- are excluded (see Table 2). There are two conflicting
tides are mostly congruent (Fig. S3) when either 3rd nodes between the topologies based on amino acids
codon positions or both Ist and 3rd codon positions and those based on the 2nd codon positions (within
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Fig. 2. Phylogram from ML analysis denoting a rapid radiation
within the calyptrates. The particularly short branch lengths within
the Oestroidea contribute to the difficulty in inferring relationships
within this clade. Only nodes and support values for two relation-
ships that are in conflict with the MP topology are highlighted (ar-
rowed).

Tachinidae and the position of Ulurumyia). The coa-
lescent-based species tree analysis (Fig. S3) is overall
similar to the MP and ML trees and all nodes that are
in conflict with concatenation-based topologies are
weakly supported (Fig. S4). Heatmaps generated with
SymTest for both the amino acid and the
aminoacid_recoded datasets show reduced heterogene-
ity across lineages with the recoded matrix (Fig. S5).
FcLM analyses and permutation tests on the sister-
group relationship between Oestridae and Mystacino-
bia zelandica (see Fig. S6 and Table S7) confirmed
strong signal for T3 topology (similar to Fig. 1) and
minimal signal for the alternativee T1 topology. The
permutations tests designed to identify confounding
signal recovered < 30% support for the T3 topology
and hence confirm that this novel relationship was not
driven by confounding signal.

Discussion

We present the first phylogenomic hypothesis for
Calyptratae based on transcriptome data. Most nodes
obtained in the parsimony-, likelihood- and coalescent-
based analyses are well supported and congruent. The
trees based on amino acid data are overall also very
similar to the trees based on nucleotide data. Not sur-
prisingly, the highest level of congruence is observed
for the tree based on 2nd codon positions (36 congru-
ent nodes), although the tree based on all codon posi-
tions fares only marginally worse (31 congruent nodes).

High jackknife and bootstrap support and the need for
additional support measures in phylogenomics

Overall we find that our phylogenomic analysis
based on a fairly small number of taxa provides good
resolution and high support for many of the higher-
level relationships within Calyptratae for which the
previous multi-gene datasets from the Sanger era failed
to provide high support. On the MPT, 30 out of 39
nodes have support values of 100, five nodes have sup-
port values in the range 60-99, and only four nodes
have values < 60. Not surprisingly, the support values
are even higher on the likelihood tree where 31 of the
39 nodes have support values of 100, six nodes have
support values of 65-99, and two nodes have support
values of < 60. Of course, support values of 100%
have to be interpreted in phylogenomic analyses as
high support values can be achieved based on large
numbers of characters and systematic biases in the
dataset (Yeates et al., 2016). We therefore analysed
our dataset using multiple strategies because some of
these biases will be restricted to DNA or amino acid
data. For example, we assessed the concatenation size
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Comparison of node supports across different datasets and analysis strategies. (AA_MP = amino acid dataset+parsimony, AA_ML = amino acid
dataset+maximum likelihood, NT_MP = nucleotide datasettmaximum parsimony, NT 12 MP = reduced nucleotide dataset with codon position 1
and 2 only+maximum parsimony, NT_2 _MP = reduced nucleotide dataset codon with position 2 only+maximum parsimony, ASTRAL = coalescent-
based species tree analysis, AA_recoded_MP = amino acid recoded+MP, AA_recoded_ML = amino acid recoded+ML). Nodes with support < 100 on
the amino acid parsimony tree (see nodes A-I on Fig. 1) and the corresponding supports on trees from the other analyses are shown.

Node support

Node on Fig. 1

AA_MP AA_ML

NT_MP NT_I2.MP NT_2_MP ASTRAL AA_recodedMP AA_recodedML

100 30 30 29 29 28 28 28 28
80-99 1. A 99 100 100 100 93 n.a 94 97
2. B 88 n.a n.a n.a <50 n.a n.a n.a
60-79 1. Cc 79 78 n.a 76 70 100 n.a n.a
2. D 70 n.a 100 68 n.a 98 n.a n.a
3. E 69 55 n.a 88 80 n.a n.a n.a
<60 1. F 56 68 n.a n.a 92 n.a 63 80
2. G 57 71 n.a n.a 98 n.a 69 85
3. H 57 67 n.a n.a 97 n.a 60 70
4. I 50 52 n.a n.a n.a 99 78 85
o Jackknife value = 100 ® Jaccknife value <100 amino acid level. We therefore also analysed our data at
10 000 both levels and also used Dayhoff-6 recoding to explore
. . if our findings are influenced by compositional biases at
b 4 the amino acid level. Regardless of coding, both data-
1000 .—‘ o sets exhibit among-lineage compositional heterogeneity,
t but the heterogeneity was remarkably reduced usin
o * * * g y y g
§ *0 o recoding based on the Dayhoff-6 matrix. (Fig. S5).
b 100 ¢ ¢ However, we find that topology and support values are
£ ‘ very similar to those that are obtained with datasets
,% °. that had higher levels of among-lineage compositional
10 ‘ heterogeneity. Indeed, most of the highly supported
nodes in one analysis are also recovered with strong sup-
¢ port in all other analyses and vice versa (Fig. S7). There
1 ‘ ‘ are only two exceptions. The recoded data recover a
10 100 1000

No. of concatenated loci (RADICAL)

Fig. 3. True support for nodes with full jackknife values (100) varies
by more than one order of magnitude when assessed with RADICAL
or Bremer. Higher Bremer support values are observed for nodes that
are recovered from a smaller number of concatenated loci.

or the number of loci required to confidently recover a
node as carried out in the RADICAL analysis as a
measure for relative support. This revealed that full
jackknife support (100%) requires 20-510 (1-35%) of
the 1456 genes. Similarly, Bremer support values for
nodes with full jackknife support also vary by more
than one order of magnitude (123-3427; Fig. 3 and
Table S8). This highlights the need for using clade
support measures in phylogenomic analyses that are
more sensitive than jackknife/bootstrap support values
(Brower, 2018). Another relative support measure
could be obtained by using higher deletion proportions
during jackknife analyses (Farris et al., 1996).

One major source of error in phylogenomic analyses
can be compositional heterogeneity at the nucleotide or

monophyletic Mydaeinae with moderate to high sup-
port. Similarly, the anthomyiid Eustalomyia is recovered
as the sister group to the scathophagids when recoding
is used, although support is low. Additionally, the
strongly supported sister-group relationship between
Oestridae and Mystacinobiidae was affected in the like-
lihood analysis, where node support dropped from 100
to < 80. However, this relationship hypothesis remains
favoured given the signal identified in the FcLM analy-
sis. The quartet permutation tests also revealed that
confounding signal coming from model violation due to
among-lineage heterogeneity and missing data distribu-
tion can be excluded. Congruence between MP topolo-
gies of the full nucleotide dataset and datasets excluding
3rd codon position also reveals that long-branch attrac-
tion artefacts are not influencing relationships.

Phylogenomics in calyptrates: the success stories

The impact of improved gene sampling is evident
when the calyptrate relationships from this study are
compared to two previously published higher-level
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calyptrate phylogenetic studies: the eight-gene parsi-
mony analysis of 275 species by Kutty et al. (2010)
and the three-gene likelihood analysis by Cerretti et al.
(2017) (Fig. 4) based on 89 species. The trees obtained
in both analyses suffered from poor node support in
several areas of the topologies. For example, some
families were not recovered as monophyletic in Kutty
et al. (2010), including Tachinidae and Rhinophoridae,
both of which are now strongly supported based on
our phylogenomic dataset comprising 1456 molecular
loci. Oestroidea were not monophyletic in Cerretti
et al. (2017) due to the placement of Mystacinobia as
sister to the Anthomyiidac-Scathophagidac clade.
However, with increased phylogenomic gene sampling,
this superfamily is now monophyletic with strong sup-
port. We also find that many relationships that previ-
ously only had moderate to high support based on
Sanger data now have full support (= 100) in the phy-
logenomic analysis (Fig. 4). For example, in Kutty
et al. (2010) the calyptrate backbone relationships
between Hippoboscoidea, the families of the muscoid
grade and the Oestroidea previously had node sup-
ports < 80, but these relationships are now highly sup-
ported. Node support for the monophyly of
Sarcophagidae and Tachinidae ranged from < 50 to
100 in studies based on Sanger data, but again these
families now have increased or full support. Within
Muscidae, all subfamily relationships have higher node
support (Fig. 3), except for the relationships within the
Phaoniinae + Mydaeinae clade, which still cannot be
resolved with confidence. There are two prominent
cases where well-supported nodes in Kutty et al.
(2010; BS = 88, 100) are now contradicted by the phy-
logenomic tree. These are Mystacinobia+Ulurumyia
and Bengaliinae+Chrysomyinae, which are now placed
differently with moderately to high support.

The relationships among the non-oestroid calyptrate
families are congruent with the previous molecular
hypotheses by Kutty et al. (2010). Scathophagidae are
nested within a paraphyletic Anthomyiidae, which con-
flicts with morphological evidence that recovers
Anthomyiidae to be monophyletic (Michelsen, 1991,
1996; Michelsen and Pape, 2017). Within the mono-
phyletic Muscidae, the monophyly of the subfamilies
Azeliinae, Muscinae and Coenosiinae is corroborated
and a close relationship between Mydaeinae and
Phaoniinae is in agreement with the findings in Kutty
et al. (2014) and Haseyama et al. (2015).

Phylogenomics in calyptrates: partial successes and
failures

The relationships within the main oestroid lineages
remain the main challenge in calyptrate phylogenetics.
Ulurumyia (as McAlpine’s fly) and Mystacinobia were
sister taxa in Kutty et al.’s (2010) study, and together

they were sister to Sarcophagidae, although with such
low support that both species could only be assigned
with confidence to the oestroid clade. Our study now
reduces the number of supported relationship hypothe-
ses to two. Ulurumyia is either the sister group to
Mesembrinellidae or to a clade consisting of Mesem-
brinellidae plus the remaining Oestroidea, with the lat-
ter placement having support from morphology
(Michelsen and Pape, 2017). Another major step
towards understanding the relationships within Oes-
troidea is finding strong support for a sister-group
relationship between Mystacinobia and Oestridae. It is
interesting to note that both taxa are mammal-asso-
ciated. Various mammals serve as hosts of Oestridae,
and larvae of different species develop under the skin,
in the nasal passages or in the digestive tract. Larvae
of Cuterebra austeni, the species of Oestridae included
in this study, are subcutaneous parasites of woodrats
(Baird, 1997). Mpystacinobia is associated with bat
guano with adults being phoretic on the bats (Hol-
loway, 1976).

Mesembrinellidae used to be treated as a calliphorid
subfamily but they are here again confirmed as a sepa-
rate lineage from the other calliphorids. Junqueira
et al. (2016) found support for a sister-group relation-
ship between Mesembrinellidae and Tachinidae, while
Marinho et al. (2017) were in favour of a sister-group
relationship to a clade consisting of Pollenia and Sar-
cophagidae, in both cases with poor support and with-
out the inclusion of Ulurumyia. Cerretti et al. (2017)
found strong molecular and modest morphological
support for Mesembrinellidae being sister to Ulu-
rumyia. Both taxa are macrolarviparous, but their nat-
ural breeding habits have remained elusive. Our study
is the first to provide strong support for a placement
of Mesembrinellidae as the sister group of Oestroidea;
either Mesembrinellidae+Ulurumyiidae form the sister
clade to the remaining Oestroidea, or Mesembrinelli-
dae are the sister group to all Oestroidea excluding
Ulurumyiidae. Ulurumyiidae are restricted to Aus-
tralia, and Mesembrinellidae are restricted to the
Neotropics, suggesting a biogeographical signal of a
transantarctic dispersal event at or near the base of
Oestroidea.

Within the monophyletic Tachinidae our study
includes species from three or four subfamilies depend-
ing on which position of Euthera is accepted (this
genus has been classified in both Dexiinae and Phasi-
inae and is sometimes even hypothesized to be the sis-
ter group of Dexiinaet+Phasiinae: Cerretti et al.,
2014b). Molecular data appear to support inclusion in
Dexiinae (Winkler et al., 2015; Blaschke et al., 2018),
which is in agreement with the present study. How-
ever, while the monophyly of Phasiinae is recovered
here, support is low. Subfamily classification in the
Tachinidae is still controversial, particularly given the
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Fig. 4. Phylogenomic topology compared with multi-gene-studies: Kutty et al.’s (2010) parsimony topology (left) and Cerretti et al.’s (2017) like-
lihood topology (right). The phylogenomic topology confirms all but three supported nodes from previous studies (see red boxes) but increases

support for many poorly supported nodes (see arrows).

potential non-monophyly of the Dexiinae and Tachini-
nae (Cerretti et al., 2014b). The relationships obtained
in the present study are congruent with Cerretti et al.
(2014b), Winkler et al. (2015) and Blaschke et al.
(2018) in showing a sister-group relationship between
the Dexiinae—Phasiinae clade and the Tachininae—
Exoristinae clade. Polleniinae are recovered as the sis-
ter taxon to Tachinidae, which is consistent with other
recent molecular analyses that included both groups
(Winkler et al., 2015; Zhang et al., 2016), except for
Marinho et al. (2017) where these taxa are not closely
related. Larvae of both Polleniinae and Tachinidae are
parasitic but on disparate taxa: earthworms are the
hosts for polleniines while tachinids attack a range of
arthropod hosts (mainly insects).

Calliphoridae, the remaining stumbling block

Overall, the phylogenomic data help in resolving and
supporting some relationships within Oestroidea, but
many challenges remain. Several relationships are
poorly supported although consistently recovered
across a range of different analyses. Other poorly

supported nodes are unstable and topologies change
between analyses. It is apparent that the 1456 single-
copy protein-encoding genes analysed in this study do
not contain sufficient signal for resolving the phyloge-
netic position of these taxa. The main challenge is the
relationships of the subfamilies of Calliphoridae (other
than Polleniinae), some of which have never been anal-
ysed based on molecular data. A number of these sub-
families have previously been accorded family rank,
but this helps little with resolving the relationships
between them. RADICAL reveals that the nodes per-
taining to these (sub)families are particularly unstable
and emerge only with support when almost all genes
are concatenated. This is likely to be partially due to
the short branch lengths within the Oestroidea (Fig. 2).

The Rhiniidae, formerly a calliphorid subfamily that
was raised to family level by Kutty et al. (2010), may
be the sister group to Bengaliinae. This hypothesis
matches the results of Cerretti et al. (2017), and the
Chrysomyinae+Bengaliinac+Rhiniidae clade is also
congruent with the findings of Singh and Wells (2013),
although support values were very low in both studies.
Calliphora and Lucilia, representing the subfamilies
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Calliphorinae and Luciliinae, are strongly supported as
sister groups, but the node joining this clade to the
Chrysomyinae+Bengaliinae+Rhiniidae clade is again
poorly supported. A clade comprising Helicoboscinae,
Ameniinae and Rhinophoridae receives high support.
An association between Helicoboscinae and a rhino-
phorid species was recovered previously (Kutty et al.,
2010), but Ameniinae were not included. Species of
Helicoboscinae and Ameniinae are macrolarviparous
and breed in dead/dying or living snails, respectively
(see Cerretti et al., 2017 for references), while the
Rhinophoridae are exclusively parasitoids of woodlice
(Cerretti et al., 2014a). Based on the natural history
data, the ML topology in which Ameniinae and Heli-
coboscinae are sister taxa is more compelling. The
node subtending these snail- and woodlouse-associated
taxa with the other calliphorid subfamilies and the
Rhiniidae is poorly supported. The relationships
between these calliphorid lineages, and the monophyly
of the group overall, are awaiting better supported res-
olution.

Conclusions

We overall obtain a well-supported phylogeny based
on transcriptome data. The main outstanding chal-
lenges are the following: identifying the basal split
within the Oestroidea, identifying well-supported taxo-
nomic units to replace the traditional “Calliphoridae”,
and obtaining a well-supported phylogeny at the sub-
family level free from systematic bias. Our results are
not unusual in the sense that many phylogenomic
studies based on sparse taxon sampling resolve some
but not all higher-level relationships (Johnson et al.,
2013; Bond et al., 2014). Increasing the taxon density
within “problematic” clades and including data from
additional character systems (e.g. morphology, physi-
ology, genome architecture) is the next logical step for
addressing the questions that remain. With broader
taxon and gene coverage, and perhaps other meta-
characters not based on primary sequence data, we
will hopefully be able to illuminate evolutionary pat-
terns regarding morphology, geographical ancestry
and the remarkably diverse life histories across this
group of flies. In this sense, by increasing the number
of relationships that are now well understood,
although it highlights which questions require more
attention, our study sets the stage for future work.
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