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Abstract

Bombyliidae is a very species-rich and widespread family of parasitoid flies with more than 250 genera classified into 17 extant
subfamilies. However, little is known about their evolutionary history or how their present-day diversity was shaped. Transcrip-
tomes of 15 species and anchored hybrid enrichment (AHE) sequence captures of 86 species, representing 94 bee fly species and
14 subfamilies, were used to reconstruct the phylogeny of Bombyliidae. We integrated data from transcriptomes across each of
the main lineages in our AHE tree to build a data set with more genes (550 loci versus 216 loci) and higher support levels. Our
overall results show strong congruence with the current classification of the family, with 11 out of 14 included subfamilies recov-
ered as monophyletic. Heterotropinae and Mythicomyiinae are successive sister groups to the remainder of the family. We exam-
ined the evolution of key morphological characters through our phylogenetic hypotheses and show that neither the “sand
chamber subfamilies” nor the “Tomophthalmae” are monophyletic in our phylogenomic analyses. Based on our results, we rein-
state two tribes at the subfamily level (Phthiriinae stat. rev. and Ecliminae stat. rev.) and we include the genus Sericosoma Mac-
quart (previously incertae sedis) in the subfamily Oniromyiinae, bringing the total number of bee fly subfamilies to 19. Our
dating analyses indicate a Jurassic origin of the family (165–194 Ma), with the sand chamber evolving early in bee fly evolution,
in the late Jurassic or mid-Cretaceous (100–165 Ma). We hypothesize that the angiosperm radiation and the hothouse climate
established during the late Cretaceous accelerated the diversification of bee flies, by providing an expanded range of resources
for the parasitoid larvae and nectarivorous adults.
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Introduction

Bombyliidae (bee flies) is one of the most species-
rich families in lower Brachycera (Diptera), comprising
17 subfamilies, over 250 genera and over 5000
described species (Yeates, 1994; Evenhuis and Great-
head, 1999; Yamaguchi et al., 2017). Although bee flies
are divided into many subfamilies, over half of the
generic and specific diversity is contained within two
subfamilies: Anthracinae and Bombyliinae. Species of
Bombyliidae display wide morphological diversity,
ranging from the tiny, delicate, humpbacked black spe-
cies of Geron Meigen, to bright, hairy, stout species of
Sisyromyia White, and to elegant, elongate, yellow and
black species of Systropus Wiedemann which are con-
vincing sphecid wasp mimics. They range in size from
approximately 2.5 mm wingspan in the genus Glabel-
lula Bezzi, up to 65 mm wingspans in the genera Palir-
ika Lambkin and Yeates and Comptosia Macquart
(Yeates, 1994; Lambkin et al., 2003). Adult bee flies
feed on nectar and pollen and are important pollina-
tors (Armstrong, 1979; Heard et al., 1990). They play
an important role in ecological communities and may
have contributed to the diversification of some modern
angiosperms (De Jager and Ellis, 2017). However,
many questions about their evolutionary history
remain unresolved, and the drivers that shaped their
extant diversity are not settled.
Tachinidae and Bombyliidae are distantly related

families in the Diptera Tree of Life (Wiegmann et al.,
2011), but also the two largest parasitoid fly families.
Their larvae are almost exclusively parasitoids, feeding
on the immatures of a wide range of almost exclusively
insect hosts including Orthoptera, Neuroptera, Coleop-
tera, Diptera, Lepidoptera and Hymenoptera (Yeates
and Greathead, 1997; Stireman et al., 2006). All
known Tachinidae are exclusively endoparasitoids with
high host specificity driven by female host selection.
Tachinidae is one of the largest families in Diptera
and has approximately 10 000 described species (Pape
et al., 2011), with speciation potentially driven by host
specialization (Smith et al., 2007; Stireman et al.,
2019). Bee flies, however, are mostly ectoparasitic and
have broad host ranges, attacking multiple species at
the level of host tribe or subfamily. While most adult
females scatter eggs in suitable habitats, their planidia
(first-instar larvae) make direct contact with the host.
Because of this more indiscriminate behaviour of the
adult females in some taxa, bombyliid larvae may be
less host specific than tachinid larvae, resulting in
lower species diversity than in Tachinidae (Yeates and
Greathead, 1997). However, cryptic diversity has been
found in some bee fly genera, where it may be driven
by mate recognition systems (Yeates and Lambkin,
1998), suggesting that the current species diversity of
Bombyliidae is underestimated. While significant

progress has recently been made in understanding the
relationships of Tachinidae (Cerretti et al., 2014; Win-
kler et al., 2015; Stireman et al., 2019), our knowledge
of relationships in Bombyliidae has lagged behind. A
study of the relationships of bee flies using two molec-
ular markers (Trautwein et al., 2011) showed little con-
cordance with the morphological phylogeny of
Bombyliidae (Yeates, 1994).
Although bombyliids have long been considered a

member of the superfamily Asiloidea, and sister to all
the remaining asiloid families (Woodley, 1989; Yeates,
2002; Wiegmann et al., 2011), an alternate hypothesis
suggests Bombyliidae is sister to the remaining
Asiloidea + Eremoneura (Woodley et al., 2009; Traut-
wein et al., 2010; Sinclair et al., 2013). Some authors
have treated the subfamily Mythicomyiinae as a sepa-
rate family (e.g. Evenhuis and Greathead, 1999; Even-
huis, 2002). However, Mythicomyiinae falls within
Bombyliidae in the most recent molecular studies, with
a strongly supported monophyletic Bombyliidae that
includes Mythicomyiinae, i.e. [Heterotropinae +
(Mythicomyiinae + remaining Bombyliidae)] (Traut-
wein et al., 2010), and [(Heterotropinae + Mythicomyi-
inae) + remaining Bombyliidae] (Shin et al., 2018).
Furthermore, the position of Mythicomyiinae is also
supported as sister to the remaining Bombyliidae in
morphological analyses (Yeates, 1994).
The great morphological diversity of Bombyliidae

has always proved a challenge for phylogenetic recon-
structions of the family based on morphology, and the
relationships between bee fly subfamilies have not been
resolved robustly or in a consistent manner across
studies. In pioneering research, Becker (1913) indicated
that Anthracinae was the earliest branch of the family,
Usiinae and Aphoebantinae (now Aphoebantini of
Anthracinae) were the most recently diverged subfami-
lies, and his tree also suggested that eight subfamilies
were paraphyletic. Because of Becker’s mistaken use of
labile wing venation characters to divide the family
into two large groups, this scheme was rejected by two
modern phylogenetic studies (e.g. M€uhlenberg, 1971;
Yeates, 1994). Bezzi (1924) uprooted Becker’s classifi-
cation based on two different characters: the form of
the hind eye margin in combination with the form of
the postcranium. He proposed “Homeophthalmae” for
the subfamilies with a simple hind eye margin and flat
postcranium, and placed those subfamilies with an
indentation on the hind margin of the eye and with a
concave postcranium in “Tomophthalmae”. He con-
sidered both groups to have originated from flies with
simple hind eye margin and flat postcranium, and that
Bombyliinae (“Homeophthalmae”) diverged earlier
than Anthracinae (“Tomophthalmae”). These two
names (“Homeophthalmae” and “Tomophthalmae”)
proposed by Bezzi are not family-group names because
they do not include a type genus (see Sabrosky, 1999).
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However, these names are commonly encountered
when reviewing the history of Bombyliidae systematics
over the past century. We therefore introduce them as
we discuss previous classifications here, but exclude
them from our figures to avoid confusion.
From the early 1970s to early 1990s, the subfamily

classification of Bombyliidae was debated (e.g.
M€uhlenberg, 1971; Hull, 1973; Bowden, 1974; Hall,
1976; Theodor, 1983; Zaitsev, 1992), and disagree-
ments persisted. M€uhlenberg (1971) provided the first
cladistic analysis of the Bombyliidae with 48 characters
from female genitalia and eight characters from the
head and wings. M€uhlenberg’s data matrix was reanal-
ysed by Yeates (1994), showing that it did not support
the monophyly of the “Tomophthalmae” or
“Homeophthalmae”. The most comprehensive

taxonomic work on world Bombyliidae (Hull, 1973)
introduced tribes into the classification to reduce the
number of subfamilies, however, these were not widely
accepted. The diagram of relationships proposed by
Hull (1973) is similar to the classification by Becker
(1913), and provided little additional insight. Zaitsev
(1992) attempted to divide the Bombyliidae into fami-
lies (Mythicomyiidae, Systropodidae, Phthiriidae, Usi-
idae and remaining Bombyliidae), revisiting the
previous idea of Rohdendorf (1974). His work did not
use a formal cladistic analytical method and was con-
sidered to be preliminary at that time. Zaitzev’s
hypothesis divided “Homeophthalmae” into small
families without an assessment of their relationships.
Recent overall phylogenetic studies were based on

morphological characters (Yeates, 1994) and molecular
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Fig. 1. Previous bombyliid phylogenies. (a) Morphological phylogeny by Yeates (1994); (b) Molecular phylogeny by Trautwein et al. (2011).
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data (Trautwein et al., 2011), respectively. Yeates (1994)
analyzed 154 characters from 63 Bombyliidae and 24
outgroup taxa, which: (i) reconstructed the phylogenetic
relationships with 15 recognized subfamilies; (ii) recov-
ered a monophyletic “Tomophthalmae” (with the apo-
morphic state of two occipital foramina) and a
paraphyletic Homeophthalmae (with the plesiomorphic
state of one occipital foramen); and (iii) supported as
monophyletic the “sand chamber subfamilies” (“Psam-
mophoridae” in M€uhlenberg (1971)) (Fig. 1A). Traut-
wein et al. (2011) analyzed two nuclear gene fragments,
protein-coding CAD (carbamoyl phosphate synthetase-
aspartate transcarbamoylase-dihydroorotase) and ribo-
somal 28S, for 49 Bombyliidae and four outgroup taxa.
Support was recovered for the monophyly of eight sub-
families and evidence was lacking to support the mono-
phyly of “Tomophthalmae” or the “sand chamber
subfamilies”. Many backbone nodes were not strongly
supported in their molecular phylogenetic hypotheses,
demonstrating the complexity of bombyliid phylogenet-
ics (Fig. 1B).
The sand chamber is arguably the most significant

morphological character in bee fly evolution, and
involves complex and integrated modifications of the
tergites and sternites of female terminal abdominal
segments eight, nine and ten. Morphological phyloge-
nies have proposed that the sand chamber evolved
once, but has been lost multiple times (M€uhlenberg,
1970; Yeates, 1994). Female bee flies that possess a
sand chamber (for example Bombyliinae, Anthracinae)
are commonly seen dabbing sandy soil with the apex
of their abdomen while they manipulate sand into
their sand chamber with strong hair brushes on the
posterior margin of tergite 8, and the acanthophorite
spines on tergite 10; the sand is later used for coating
their eggs. Females then flick the eggs into oviposition
sites (e.g. bee nesting holes, burrows of tiger beetle lar-
vae) while hovering. A recent study showed that the
sand chamber can be lost in lineages that oviposit on
the floor of a closed forest, where sand is not readily
available (Li and Yeates, 2019). The adaptive signifi-
cance of the sand coated eggs is unclear; it may be to
reduce evaporation from the egg, or it may be to add
weight to the egg so that it can be projected more
firmly and accurately by the female.
To date, 85 species of fossil Bombyliidae belonging

to 56 genera have been described, representing 10 sub-
families (Evenhuis, 2014; Myskowiak et al., 2016;
Evenhuis, 2017; Ye et al., 2019). Most described bom-
byliid fossils are from the Cenozoic, especially the
Miocene, Oligocene and Eocene, although more Meso-
zoic fossils have been described recently from mid-Cre-
taceous Burmese amber (Grimaldi, 2016; Ye et al.,
2019). The oldest known bee fly fossil is from the Mid-
dle Jurassic (Mythicomyiinae: Palaeoplatypygus zait-
zevi Kovalev; Kalugina and Kovalev, 1985), the

earliest record of a developed sand chamber is from
the mid-Cretaceous (Ye et al., 2019), and the oldest
bee flies with a concave postcranium are described
from the Eocene (Cythereinae: Paleolomatia menatensis
Nel, 2008; and Lomatiinae: Comptosia pria Wedmann
and Yeates, 2008). The origin of the Bombyliidae was
estimated at around 170 Ma in the context of a phy-
logeny of all Diptera (Wiegmann et al., 2011), and the
non-mythicomyiine lineage diverged 140–190 Ma
(mean = 165 Ma) (Lamas and Nihei, 2007).
Here, we use phylogenomic data from hundreds of

nuclear and mitochondrial genes to gain robust
insights into the relationships of the Bombyliidae. We
sequenced 18 transcriptomes and generated anchored
hybrid enrichment (AHE) exome capture data for a
further 95 terminals, including 94 bee fly species and
12 representatives of outgroup families. We generated
matrices of 216 and 550 loci from these aligned
sequence data (33 056 amino acid residues: 216AA;
99 174 nucleotides: 216NT; 131 672 amino acid resi-
dues: 550AA; 395 031 nucleotides: 550NT). Our sam-
pled taxa represent 14 of 17 bombyliid subfamilies and
76% of the tribes. Three small subfamilies are missing
from our analysis. Oligodraninae contains a single
Palaearctic genus with three described species (Even-
huis, 1991). Xenoprosopinae is represented by South
African Xenonoprosopa paradoxa Hesse, known from a
single female specimen (Hesse, 1956; Hull, 1973;
Yeates, 1994). Phthiraxiinae contains one species from
Western Australia known from two specimens, and
was recently described and subsequently raised to sub-
family status (Li and Yeates, 2017; Yamaguchi et al.,
2017). Our aim is to reconstruct the phylogeny of
Bombyliidae, to test the monophyly of the included
subfamilies, to reconstruct the relationships between
the subfamilies, estimate the divergence times of major
bee flies lineages, and trace the contributions of key
innovations on their patterns of diversification.

Material and methods

Taxon sampling

Transcriptomes of 17 species and partial exomes based on
Anchored Hybrid Enrichment (AHE) from 94 species were generated
for the present study. Additionally, data for one outgroup taxon,
Hilarimorpha sp.1 (Hilarimorphidae; Gillung et al., 2018) and one
ingroup taxon, Bombylius major Linnaeus (Bombyliidae; Misof
et al., 2014) were obtained from NCBI (Appendix S1).

Data included for ingroup Bombyliidae comprised 15 transcrip-
tomes and AHE data for 86 species with the aim of representing as
many subfamilies and tribes as possible. In total, 94 species of bee
flies belonging to 76 genera were sequenced, representing 14 out of
17 subfamilies, and 29 out of 37 tribes. We sequenced the transcrip-
tome and AHE data for two separate individuals of seven bee fly
species (Geron flavocciput Evenhuis, Comptosia australensis (Schiner),
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Thevenetimyia longipalpus (Hardy), Bombylius major, Mandella sp.1,
Meomyia vetusta (Walker), and Anthrax maculatus Macquart) to test
for potential bias in the data collection and bioinformatics analyses
strategy applied to these two different data sources. The classifica-
tion we used was mainly based on the morphological phylogeny of
Yeates (1994), with some new tribes established by more recent stud-
ies (Li and Yeates, 2017; Li and Yeates, 2019). The classification of
Mythicomyiinae was based on the world catalog (Evenhuis, 2002)
with subfamilies herein treated as tribes.

Transcriptomes of three species and AHE data from nine species
in the lower Brachycera representing 12 families were used as out-
group taxa: Rhagionidae, Xylophagidae, Stratiomyidae, Tabanidae,
Nemestrinidae, Hilarimorphidae, Asilidae, Mydidae, Apioceridae,
Evocoidae, Therevidae and Scenopinidae.

After collection, specimens were initially preserved in 95% ethanol
or RNAlater in the field, and then transferred to �80 °C for long-
term storage (Appendix S1) at the Australian National Insect Collec-
tion (Canberra, Australia). Specimen collection and identification
information are presented in Appendix S1.

RNA extraction, library preparation, and Illumina
sequencing

New transcriptome data were generated at the Beijing Genomics
Institute (BGI) in cooperation with the Australian National Insect
Collection (TransANIC) and the 1KITE (https://1kite.org/) projects.
For data from TransANIC, specimens were either preserved in RNA-
later or shock-frozen in liquid nitrogen at the Australian National
Insect Collection (ANIC). Depending on size, whole specimens or tho-
racic muscle tissue were sent to the Beijing Genomic Institute (BGI,
China) for processing. Total RNA was extracted with TRIzol reagents
(Invitrogen, Grand Island, NY, USA), and mRNA selected with Dyn-
abeads mRNA Purification Kit (Invitrogen). The mRNA was sheared
with RNA fragmentation reagents (Invitrogen), before cDNA libraries
were built with Illumina TruSeq kits. The cDNA libraries of 11 dis-
tantly related species were equimolarly pooled for 150-bp paired-end
sequencing on a HiSeq 4000. These pools included other flies, beetles
and moths that are not part of this study.

For samples sequenced via the 1KITE (1000 Insect Transcriptome
Evolution) project, RNA extraction, paired-end library building, and
sequencing were performed as described in Misof et al. (2014), Peters
et al. (2017) and Pauli et al. (2018). In short, samples were preserved
in RNAlater and vouchers or partial vouchers were preserved where
possible. RNA was extracted using TRIzol reagents (Invitrogen),
concentrations were recorded with an Agilent 2100 Bioanalyzer
(Santa Clara, CA, USA). RNA was separated with Dynabeads
mRNA Purification Kit (Invitrogen) and sheared at 72 °C with the
RNA fragmentation reagent (Ambion, Austin, Texas, USA). Super-
ScriptTMII Reverse Transcriptase (Invitrogen) and random N6 primer
(IDT) were used to transcribe RNA fragments into first-strand
cDNA, and RNase H (Invitrogen) and DNA polymerase I (New
England BioLabs, Ipswich, MA, USA) were used to synthesize the
second-strand cDNA. End-repair, adapter ligation, and size selection
were then performed on the double-stranded cDNA. Fragment size
and concentration of the cDNA was recorded again with an Agilent
2100 Bioanalyzer and an ABI StepOnePlus Real-Time PCR machine,
then sequenced using Illumina HiSeq 2000 technology (San Diego,
CA, USA).

DNA extraction, library preparation, and Illumina
sequencing

Total DNA was extracted from thoracic muscle tissue (or whole
bodies of specimens smaller than 3 mm long) using the Qiagen
DNeasy Blood & Tissue Kit (Valencia, CA, USA), following the

manufacturer’s protocol for tissue, eluting with 50 lL of nuclease-
free water. The remaining legs, head and wings were preserved in
95% ethanol as vouchers.

The DNA was fragmented by sonication with a Bioruptor Pico
(Diagenode, Denville, NJ, USA), using 50 lL of the DNA extrac-
tions in 0.1 mL tubes (Cat. No. C30010015), targeting a modal frag-
ment size of 350 base pairs. Libraries were built using the NEBNext
Ultra II DNA Library Prep Kit (NEB #E7645L) with NEBNext
Multiplex Oligos for Illumina (96 Index Primers) (NEB #E6609L),
with two-sided size selection around a mode of 480 base pairs. Tar-
get enrichment through hybridization followed the Agilent SureS-
electXT Target Enrichment Protocol (Version C2), with a
modification at the end whereby the clean, target-enriched DNA sus-
pension was incubated at 95 °C for 5 min, then immediately put
onto the magnetic separator to take off the enriched supernatant.
The probe set used was the published AHE Diptera Probe set
(Young et al., 2016: Supplementary Information) and targeted 559
loci.

Enriched libraries were amplified using Phusion Hot Start II
High-Fidelity DNA Polymerase (F549L) (Thermo Fisher Scientific,
Waltham, MA, USA). PCR cycling consisted of an initial denaturing
step at 98 °C for 30 s, followed by eight cycles of denaturing at
98 °C for 10 s, annealing at 60 °C for 30 s, elongation at 72 °C for
30 s, and a final elongation step at 72 °C for 10 min.

The 96 enriched and multiplexed libraries were sequenced using
150-bp paired-end reads on a single mid-output Nextseq 500 flow
cell at the Biomolecular Resource Facility of the John Curtin School
of Medical Research at the Australian National University (Can-
berra, ACT).

Sequence assembly and orthology prediction

For transANIC data, raw reads were pre-processed with SOAP-
nuke (v1.5.6; https://doi.org/10.1093/gigascience/gix120) and assem-
bled with SOAPdenovo-Trans (v1.02; https://doi.org/10.1093/bioinf
ormatics/btu077). Prior to orthology prediction, cross-sample con-
taminants due to index misspecification, for instance, were identified
with an all-by-all reciprocal BLAST search with blastn, evalue
0.0000000001, and a custom decision-making script (Teasdale et al.,
in preparation) that flags potential sample cross-contaminants based
on p-ident over 98.5% and relative coverage, then removed.

For transcriptome data provided by 1KITE, raw reads were qual-
ity checked, assembled with SOAPdenovo-Trans-31kmer v1.01 (Xie
et al., 2014) and cleaned from potential contaminants as described
by Peters et al. (2017).

Trinity v2.2 (Grabherr et al., 2011) was used for de novo assembly
of raw transcriptome sequence data, and the Tadpole assembler
(Bushnell et al., 2017) in BBmap v35.85 (Bushnell, 2014) was used
for assembly of AHE data.

Orthograph v0.5.8 (Petersen et al., 2017) was used to infer the
orthology of assembled sequence contigs. The ortholog reference set
of (Pauli et al., 2018) 3145 orthologous sequences of single-copy pro-
tein-coding genes were generated from OrthoDB7 (Waterhouse
et al., 2013) for five species: Aedes aegypti (Diptera, Culicidae), Dro-
sophila melanogaster (Diptera, Drosophilidae), Glossina morsitans
(Diptera, Glossinidae), Bombyx mori (Lepidoptera, Bombycidae) and
Danaus plexippus (Lepidoptera, Nymphalidae).

For AHE data, 559 loci were targeted by the AHE Diptera probe
set. However, 228 of these loci could not be detected from all five
OrthoDB reference species. These sequences were identified using an
all-by-all tblastx search (Teasdale et al., 2016).

After selection of potential orthologous sequences using Blast,
custom bash scripts were used to map reads using BBmap v35.85
(Bushnell, 2014), call variants using GATK v4.1.1.0 (McKenna
et al., 2010) and produce a final consensus sequence for each taxon
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(Teasdale et al., 2016). All sequences with > 3% ambiguous sites or
< 20% length of the alignment were removed from the final data set
(Teasdale et al., 2016).

After orthology prediction, cross-sample contaminant check was
performed with an all-by-all reciprocal BLAST search with blastn,
evalue 0.0000000001, and a custom decision-making script (Teasdale
et al., in preparation) that flags potential sample cross-contaminants
based on p-ident over 98.5% and relative coverage. However, if
potential contaminants were between species from the same tribe, we
did not remove the sequences from either taxon. Contigs not match-
ing Diptera or other insects were identified by an external contami-
nant check using NCBI BLAST, and were removed. The number of
loci obtained for each terminal following the cleaning steps described
above is presented in Appendix S1.

Data set construction

Nucleotide sequences were initially aligned using MAFFT v7.215
(Katoh and Standley, 2013) with the L-INS-i algorithm. Paralogs
were then removed by a visual examination of the alignment, high-
lighting discrepancies to the majority rule consensus sequence using
Aliview v1.22 (Larsson, 2014). The cleaned nucleotide sequences
were re-aligned with MACSE v2 (Ranwez et al., 2018) to generate
nucleotide alignments in reading frame and corresponding amino
acid alignments. We used Aliscore v2.2 (Misof and Misof, 2009;
K€uck et al., 2010) to identify random similarity within alignments in
the amino acid alignments, and Alicut to score amino acid align-
ments and remove problematic alignment sections from both amino
acid and nucleotide alignments. Degen1 v1.4 (Regier et al., 2010;
Zwick et al., 2012) was used to eliminate synonymous change in
nucleotide alignments while retaining as much sequence information
as possible. Only the fully degenerated nucleotide alignments were
used for the subsequent steps, because the original nucleotide
sequences have many fast-evolving sites that tend to introduce com-
positional biases, which interfere with phylogenetic signals in deep-
level phylogenetics (Regier et al., 2010; Zwick et al., 2012).

Individual loci were concatenated using AMAS (Borowiec, 2016).
MARE v0.1.2-rc (Meyer et al., 2011) was used with default weighting
of information content (default = 3) to exclude genes with low infor-
mation content. Two reduced data sets containing 368 loci (368AA
and 368NT) were generated by selection of genes with more than 50%
taxon coverage. A preliminary tree was generated in IQ-TREE with
1000 ultrafast bootstrap (UFBS) replicates (Minh et al., 2013; Hoang
et al., 2018). Nine subgroups were defined based on the topology.

Two more inclusive data sets containing 916 loci (916AA and
916NT) were generated by including the 368 loci with more than
50% taxon coverage and adding 548 additional loci present in all
nine subgroups, but with overall coverage less than 50%.

Several phylogenomic studies indicate that selecting loci with mod-
erate evolutionary rates may provide better phylogenetic resolution
for deep nodes (e.g. Klopfstein et al., 2017; Kuang et al., 2018). We
therefore calculated uncorrected distances (p-distance) as a proxy
measure of substitution rate variation across the 916AA data set
constructed above (Teasdale et al., 2016; python script available at:
https://github.com/lteasdale/p-distance_script.py). Twenty percent of
the fastest and 20% of the slowest genes were excluded, and two
data sets were constructed with 550 loci (131 672 amino acid resi-
dues: 550AA; 395 031 nucleotides: 550NT) (Appendix S2). Loci with
more than 50% taxon coverage were reselected, and two 216 loci
data sets were generated (33 056 amino acid residues: 216AA;
99 174 nucleotides: 216NT).

For both NT data sets (216NT and 550NT), synonymous changes
were eliminated with Degen1 v1.4 (Regier et al., 2010; Zwick et al.,
2012).

AliStat v1.3 (Misof et al., 2014) (available from: http://doi.org/10.
4225/08/59309da8368e1) was used to inspect the data sets and

generate heat maps of the distribution of missing data for data sets
with different numbers of loci (Appendix S3). We used SymTest ver-
sion 2.0.47 (https://github.com/ottmi/symtest) (Jermiin et al., 2004;
Ababneh et al., 2006) to perform pairwise sequence comparisons
with Bowker’s matched-pairs test of symmetry (Bowker, 1948). Heat
maps based on the inferred P-values, using default window and step
sizes were generated for the four data sets (Appendix S3).

Phylogenetic analysis

Phylogenomic analyses were performed using the maximum likeli-
hood (ML) method, and maximum parsimony (MP) method. ML
analyses were carried out with IQ-TREE v1.7.0b12 (Nguyen et al.,
2015) with a concatenation approach used for tree estimation on all
four data sets.

A supermatrix approach was used for the two amino acid data
sets (216AA and 550AA). We used a single LG model for amino
acids (Le and Gascuel, 2008) including four matrices, each corre-
sponding to one discrete gamma rate category (+Γ4 option; Le et al.,
2012), and empirical amino acid frequencies estimated from the data
(+F option). To compare the impact of partitioning, data partition-
ing and model testing were carried out in ModelFinder
(Kalyaanamoorthy et al., 2017) implemented in IQ-TREE, using the
rcluster algorithm (rcluster-percent = 10) to find the best partition
scheme by possibly merging partitions (MF + MERGE), and the
Bayesian information criterion (BIC). Two nucleotide data sets
(216NT and 550NT) were partitioned by genes respectively, and a
best-fitting substitution model for each partition was identified using
ModelFinder implemented in IQ-TREE (MFP). For all ML analy-
ses, to identify an optimal tree, 1000 separate ML searches were per-
formed, and node support was calculated with 1000 non-parametric
bootstrap (BS) replicates in IQ-TREE. After selection of the best
topology (highest likelihood score), all BS values were mapped onto
the best topology. BS values from different analyses were also
mapped onto the selected topology to compare the supports from
different analyses.

All AA and NT data sets were analysed using MP, carried 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 jackknife (JK) resampling (1000 replicates at 36% dele-
tion).

Exploration of node support

As concatenation analyses can return well-supported trees even
when the level of gene incongruence is high (e.g. Jeffroy et al., 2006;
Kumar et al., 2011), Quartet Sampling (Pease et al., 2018) was used
to test the topology and provide more comprehensive and specific
information on branch support.

Quartet sampling of internal node scores included a set of three
scores: Quartet Concordance (QC: the more concordant the closer to
1, discordance increases as the score approaches �1), Quartet Differ-
ential (QD: the more equal the frequencies of discordant topologies
the closer to 1, 0 indicates only one other discordant topology was
found), and Quartet Informativeness (QI: 1 for all replicates infor-
mative, 0 for no replicates informative) (Pease et al., 2018).

Divergence time estimation

BEAST v2.4.5 (Bouckaert et al., 2014) was used through the
CIPRES science gateway v3.3 (Miller et al., 2010) to estimate node
ages. We included Hilarimorpha sp.1 (Hilarimorphidae) as the only
outgroup, and removed AHE data for the seven species with both
AHE and transcriptome sequences. In order to reduce the nucleotide
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alignment to a computationally feasible matrix, MARE was per-
formed on the 216AA data set using the default settings and main-
taining all the selected taxa. The overall information content was
increased from 0.417 to 0.520, with 85 genes retained for 95 taxa.

The data set was partitioned by gene, with tree and clock models
linked across partitions. GTR + G was selected as the substitution
model. We applied an uncorrelated relaxed molecular clock model
(Drummond et al., 2006) and a lognormal prior. The node dating
approach with a birth-death tree prior (Kendall, 1948) was used,
with the oldest fossil within a specific clade set as the minimum age
via monophyly constraints (Heath et al., 2014). The Jurassic species
Palaeoplatypygus zaitzevi was treated as stem Mythicomyiinae, while
the two Cretaceous species of Microburmyia Grimaldi and Cumming
were included within crown Bombyliidae exclusive of Heterotropinae
and Mythicomyiinae. A total of 11 nodes were calibrated using fos-
sils, more detailed information is provided in Appendix S6. Ages of
fossils were obtained from the Fossilworks database (http://www.fos
silworks.org/).

Four independent analyses with 200 million generations each were
performed in BEAST. We evaluated the convergence and mixing of
the MCMC chains in Tracer v1.6, to ensure the multiple runs con-
verged on the same distribution and ascertained that effective sample
sizes (ESS) exceeded 150. Generated tree files were combined and
resampled with a frequency of 100 000 in LogCombiner (BEAST
package) and a burn-in of 30%. The subsampled trees were used to
summarize the maximum clade credibility tree by TreeAnnotator
(BEAST package), with median heights as node heights.

Ancestral states reconstruction

We used Bayesian Binary MCMC (BBM) method implemented in
RASP (Yu et al., 2015) to reconstruct the possible ancestral states of
three characters in Bombyliidae on the phylogenetic tree generated
by 550 AA data set. We used characters from Yeates (1994) as fol-
lows: For the sand chamber, taxa were coded as sand chamber
absent (state 0) or present (state 1). For postcranium, taxa were
coded as flat or slightly tumid (state 0), moderately produced (state
1), or cup-shaped (state 2). For eye hind margin, taxa were coded as
complete (state 0) or with an indentation (state 1). The maximum
number of areas was set to 1, and fixed JC + G (Jukes-Can-
tor + Gamma) was used in the analyses. The state was sampled
every 100 generations with the total MCMC chains run simultane-
ously for 5 000 000 generations.

Diversification analyses

The time tree was trimmed to one individual per genus for the
diversification analyses. Lineage through time (LTT) plots were used
from the R package ape v3.4 (Paradis, 2012) to visualize the tempo-
ral pattern of lineage diversification. The mean age of the subfamily
and higher-level divergence events were mapped as a histogram.

BAMM v2.5.0 (Rabosky et al., 2014) was used to analyze diversi-
fication rates through time and estimate rate shifts on the tree. The
function “setBAMMpriors” in the R package BAMMtools v2.1.6
(Rabosky et al., 2014) was used to generate the priors, and the rele-
vant sampling fractions of different clades were incorporated with
the “sampleProbsFilename” argument (Appendix S7). The total
number of species of each clade was based on the catalogue of Bom-
byliidae (Evenhuis and Greathead, 1999) and the catalogue of
Mythicomyiidae (Evenhuis, 2002). We performed four independent
Markov chains for 100 000 000 generations, and sampled every
10 000 generations. The coda v0.19-3 package (Plummer et al., 2013)
was used to plot the log-likelihood trace and assess the MCMC con-
vergence. All parameters had effective sample sizes over 8000. The
function “plotRateThroughTime” was used to plot the diversification

rate. The distinct shift configurations and their posterior probabili-
ties were estimated, and the 95% probability shift scheme was sum-
marized with the function “credibleShiftSet”.

Data availability

Newly generated AHE and transcriptome data included herein is
available from the NCBI SRA repository (Bioprojects
PRJNA596828 for AHE data, PRJNA597068 for TransANIC tran-
scriptomes). Accession numbers for the published data used here are
provided in Appendix S1.

Results

Data sets construction and information content

Four data sets were generated for phylogenetic esti-
mation. Initially a reduced nucleotide matrix including
368 loci with more than 50% coverage among taxa was
selected to generate the preliminary tree. The prelimi-
nary tree was generated by IQ-TREE with 1000 ultra-
fast bootstrap (UFBS) replicates (Minh et al., 2013;
Hoang et al., 2018) to check the topology, and nine sub-
groups appearing on the tree were subsequently defined
for selection of further loci. We considered all the out-
group taxa as one subgroup, used strongly supported
monophyletic families as natural subgroups, and aimed
to have at least one transcriptome per subgroup when-
ever possible. Clades having only a few terminals were
included in their most closely related larger subgroup.
To expand this data set, we added loci that were present
in at least one member of all nine subgroups, 916 loci
were eventually selected.
We calculated uncorrected distances (p-distance) as

a proxy measure of substitution rate variation across
the 916AA data sets constructed above (ranging from
0.0036 to 0.4797, average of 0.1704; Appendix S2).
Twenty percent of the fastest and 20% of the slowest
genes were excluded, and the final two data sets were
constructed with 550 loci (131 672 amino acid resi-
dues: 550AA; 395 031 nucleotides: 550NT). Loci with
more than 50% taxa coverage were selected, and two
216 loci data sets were generated (33 056 amino acid
residues: 216AA; 99 174 nucleotides: 216NT). In the
final data sets, the proportion of total missing data in
the 216 loci data sets was 39.55%, and in the 550 loci
data sets was 72.60%.
Partitioning analyses on 216AA_MF + MERGE

yielded 13 partitions, details of the partitioning and
model selection results of 216AA_MF + MERGE,
550NT, and 216NT data sets are listed in Appendix S8.

Phylogenetic trees

Maximum likelihood (ML) trees generated from the
four data sets yielded similar topologies, with 58.2%
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of the nodes receiving significant support (BS ≥ 90)
across all approaches, while 18.2% of the nodes
received high support (95> BS ≥ 70) (Appendix S4).
The topology resulting from analyses of the 550AA
data set was selected for Figs 2–4. The topologies gen-
erated by the two 550 loci data sets (550AA and
550NT) were consistent except for the position of two
ingroup terminal taxa (Paracosmus sp.1 and Pantosto-
mus sp.1). The 550AA data set has higher support val-
ues on a larger number of nodes than other data sets,
including higher QC values for most of the nodes.
The topology generated by 216AA_MF + MERGE

was the same as 216AA_LG except for the position of
two pairs of ingroup terminal taxa (Pieza minuta
(Greene) and Mythicomyia sp.1, and Paracosmus sp.1
and Pantostomus sp.1, respectively). The
216AA_MF + MERGE topology did not show
increased BS support, which may be because short
genes were not informative enough to satisfy the
model search using the traditional partitioning
method. BS values from all other analyses were
mapped on the selected topology (Fig. 2).
The monophyly of Bombyliidae was strongly sup-

ported by all five ML trees (ML BS = 100(550AA)/98
(550NT)/100(216AA_LG)/98(216NT)/100
(216AA_MF + MERGE); Quartet Sampling scores
(QS)) = 0.56(Quartet Concordance, QC)/0(Quartet
Differential, QD)/0.93(Quartet Informativeness, QI)),
and 11 out of 17 recognized subfamilies were recov-
ered as monophyletic (Fig. 2, Table 1). Three subfami-
lies (Heterotropinae, Oniromyiinae, and Crocidiinae)
were only represented by a single taxon and, therefore,
their monophyly was not tested here. The former two
subfamilies each contain a single genus, however, Cro-
cidiinae contains two tribes (Crocidiini and Desmato-
myiini) with six and two genera, respectively (Lamas
and Couri, 2004). Two tribes (Phthiriini and Eclimini)
that had previously been included in established sub-
families (Usiinae and Bombyliinae, respectively), did
not form monophyletic groups with the remaining
members of their subfamilies. Therefore, we reinstated
these two tribes as subfamilies: Phthiriinae stat. rev.
and Ecliminae stat. rev. The incertae sedis genus Seri-
cosoma Macquart was highly supported to be the sister
group to Oniromyia Bezzi, representing the mono-
generic subfamily Oniromyiinae, in all the analyses
(BS = 97/95/89/94/88; QS = 0.55/0.57/0.9), so we move

Sericosoma to the subfamily Oniromyiinae. Cythere-
inae and Bombyliinae are polyphyletic in our analyses,
both forming three separate lineages.

Sections I and III. Sections I and III of the tree (see
Fig. 2) were generally highly supported in all five tree
reconstructions. Section I included the early branching
lineages of Heterotropinae, Mythicomyiinae, and
((Usiinae + Crocidiinae) + Ecliminae stat. rev.),
paraphyletic with respect to the remaining
Bombyliidae, and section III was a monophyletic
lineage of Lordotinae + (Bombyliinae + ((Neosardus +
Antoniinae) + Anthracinae)).

Section II. The remaining parts of the tree have
been marked as section II on Fig. 2. Within this
section, four clades were recovered in all analyses: (i) a
strongly supported monophyletic Toxophorinae
(BS = 85/90/87/91/88, QS = 0.97/0.8/0.99) (labelled
clade A); (ii) a well-supported clade of (Enica
Macquart + Mariobezziinae) + Phthiriinae stat. rev.
(BS = 84/90/84/92/99; QS = 0.42/0.5/0.69) (labelled
clade B); (iii) a clade of Oniromyiinae + (Marmasoma
White + (Zentamyia Li and Yeates + Robertsmyia Li
and Yeates)) (BS = 33/68/63/75/66; QS = 0.01/0.96/
0.84) (labelled clade C); (iv) a clade of (Pantarbes
Osten Sacken + Conophorus Meigen) + (Tomomyzi-
nae + Lomatiinae) (BS = 60/63/63/65/63; QS = 0.01/
0.84/0.78) (labelled clade D). Although the monophyly
of the four clades was supported by all of the
analyses, the relationships between them and their
relationship with section III were not resolved with
strong support (Table 1).
Both 550 loci data sets (550AA and 550NT) recov-

ered the relationships within Sections II and III as
(clade A + clade B) + (clade C + (clade D + III))
(Fig. 2), however, the two 216 loci data sets (216AA
and 216NT) generated contradictory relationships with
week support (Appendix S3).

Ancestral character state reconstruction

Ancestral character state reconstruction using Baye-
sian Binary MCMC (BBM) analyses traced the evolu-
tion of the sand chamber, the shape of the
postcranium and the shape of hind eye margin. Ances-
tral Bombyliidae were estimated to lack the sand

Fig. 2. Phylogenetic tree of Bombyliidae. Topology generated based on the 550AA data set with LG + Γ4 + F model. Squares around the nodes
are ML bootstrap (BS) values from different analyses, upper left: 550AA, upper right: 550NT_Degen, lower left: 216AA, lower right 216NT_Degen;
nodes without squares indicate BS = 100 in all four analyses; black indicates BS ≥ 95, grey indicates 95> BS ≥ 70, and white indicates BS < 70. Cir-
cles on nodes are Quartet Concordance (QC) scores for internal branches: dark green indicates QC > 0.2, light green indicates 0.2 ≥ QC > 0, light
orange indicates 0 ≥ QC ≥ – 0.05, and dark orange indicates QC < – 0.05. Quartet Sampling Internal Node Scores presented when QC ≤ 0, three
numbers are: Quartet Concordance (QC), Quartet Differential (QD), and Quartet Informativeness (QI). Internal nodes supported by MP analysis of
four data sets, jackknife values (> 90) in all four data sets are marked with an asterisk (*). Taxa name in bold indicates transcriptome data.
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chamber, and have the postcranium flat or slightly
tumid, and a complete hind margin of the eye as
found in their nearest relatives (Fig. 3).
Analysis of the sand chamber suggests a complicated

evolutionary history. There are two possible optimiza-
tions of the evolution of the sand chamber in the early
branching lineages of Bombyliidae: (i) a chamber origi-
nated after the split of Mythicomyiinae with a poste-
rior probability (pp) of 0.5752, and was lost in Usiinae
and the common ancestor of clade A + clade B
(0.9050), but was re-gained in the clade of
Enica + Mariobezziinae within clade B (pp = 0.9981);
or (ii) the chamber evolved once after the split of
Mythicomyiinae (pp = 0.5752), and was lost separately
in Usiinae, Toxophorinae, and Phthiriinae stat. rev. In
both scenarios, the sand chamber was present in the
common ancestor of clade C + (clade D + section III),
and was lost three times independently in Zentamyia,
Lordotinae, and Eristalopsis Evenhuis (Fig. 3). If we
consider the cost of evolving the sand chamber as
much higher than its loss, then the sand chamber is
more likely to have evolved once after the divergence
of Mythicomyiinae, and was then lost six times in the
present tree, in Usiinae, Toxophorinae, Phthiriinae
stat. rev., Zentamyia, Lordotinae, and Eristalopsis
(Fig. 3). Therefore, both “sand chamber subfamilies”
(“Psammophoridae” sensu M€uhlenberg, 1971) and
“sand chamber-less subfamilies” are not monophyletic.
The cup-shaped postcranium (state 2) evolves twice

separately in the clade of Tomomyzinae + Lomatiinae
(pp = 0.9995) and the clade of (Neosardus + Antoni-
inae) + Anthracinae (pp = 0.9813) (Fig. 3). However,
a moderately produced postcranium (state 1) evolves
four times in our analysis, appearing independently in
Enica + Mariobezziinae (pp = 0.9978), Oniromyiinae
(pp = 0.9978), Pantarbes, and Neosardus (pp = 0.9995)
(Fig. 3). Our results indicate that the “Homeophthal-
mae” (postcranium flat or slightly tumid), found to be
paraphyletic by Yeates (1994) is polyphyletic, and
“Tomophthalmae” (postcranium produced), found by
Yeates (1994) to be monophyletic, is also polyphyletic.
Analysis of the indentation that occurs on the hind

eye margin of some bee flies suggests that the inden-
tation evolves separately in Lomatiinae (pp = 0.9995)
and in the clade of (Neosardus + Antoniinae) +
Anthracinae (Fig. 3). There are two possible, equally
parsimonious, reconstructions for the indentation on
the hind eye margin in the latter clade: (i) it evolved
once in a common ancestor (pp = 0.4586), and was

lost in Neosardus (pp = 0.9999); or (ii) the common
ancestor possessed a complete hind eye margin
(pp = 0.5414), and the indentation evolved separately
in Antoniinae (pp = 0.9999) and Anthracinae
(pp = 1). If we consider the cost of evolving the
indentation on the hind eye margin is higher than its
loss, then the indentation is more likely to have
evolved twice in Lomatiinae and the clade of
(Neosardus + Antoniinae) + Anthracinae, and was lost
once in Neosardus.

Divergence time estimation

A reduced data set of 95 taxa and 85 genes was used
to estimate the divergence times of bee fly subfamilies
(Fig. 4). Our results indicated the origin of Bombyli-
idae in the Jurassic at 174 Ma [95% highest posterior
density (HPD) = 194–165 Ma], with Mythicomyiinae
diverging at approximately 166 Ma (95% HPD = 165–
168 Ma). The crown clade of remaining Bombyliidae
originated approximately 104 Ma (95% HPD = 110–
100 Ma). The crown clades of the three most species-
rich subfamilies, Anthracinae, Bombyliinae and
Lomatiinae, all originated approximately 69–66 Ma,
around the Cretaceous–Paleogene (K-Pg) boundary.
The 95% HPD for each node is given in

Appendix S6, and the numbered nodes of the topology
are presented in Appendix S5. All nodes of the tree
were very well supported with posterior probabilities
(PP) equal to 1 (Appendix S6).

Diversification dynamics

Based on the samples included in the BEAST analy-
ses, we observed an increase in diversification during
the late Cretaceous (100–66 Ma), a time when most of
the subfamilies originated and the majority of higher-
level diversification occurred in the Bombyliidae
(Fig. 5A).
The BAMM analyses with non-random species sam-

pling fractions incorporated for different clades indi-
cates a dramatic increase of species diversification rate
starting in the late Cretaceous (Fig. 5B). Diversifica-
tion rate-shift analyses proposed seven configurations
with highest possibilities, suggesting the diversification
rate increased in the clade of Bombyliidae + ((Nerosar-
dus + Antoniinae) + Anthracinae), approximately
81 Ma (95% HPD = 92–71 Ma) (Fig. 6).

Fig. 3. Ancestral character reconstruction of Bombyliidae. Topology generated by the 550AA data set with LG + Γ4+F model. Squares around
distal branches are three pairs of character states: red indicates sand chamber absent, yellow indicates sand chamber present; green indicates
postcranium flat or slightly tumid, blue indicates postcranium produced. Circles around the nodes are pie charts of ancestral character states
obtained by Bayesian Binary MCMC (BBM) analysis. Bigger circles mark the nodes with possible ancestral states lower than 1, and with the
posterior probability (pp) around them. Three characters (sand chamber, postcranium, and eye margin) around distal branches are listed from
left to right; around nodes are listed upper left, upper right, and lower.
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Discussion

Impacts on the classification of Bombyliidae

Bee fly phylogeny has long been challenging to eluci-
date due to their ancient origins, their species richness
and their extreme morphological disparity. Our phy-
logenomic data has largely resolved the backbone of
the bee fly tree of life, as well as its timing and diversi-
fication. We consider the phylogenetic implications
and re-evaluate the classification and status of several
taxonomic groups as follows.

Ecliminae stat. rev.. The subfamily Ecliminae was
first established by Hall (1969) and was moved to
Bombyliinae (as tribe Eclimini) by Hull (1973).
However, Bowden (1985), Greathead (1988), and
Evenhuis (1991) all considered Ecliminae as a separate
subfamily, until Yeates (1994) supported Hull (1973)
by including Eclimini as a tribe of Bombyliinae based
on phylogenetic analysis of morphological characters.
While eclimine genera Thevenetimyia Bigot and
Marmasoma were sampled in an earlier molecular
phylogeny (Trautwein et al., 2011), they did not form
a monophyletic clade. In the recent morphological
phylogeny of Bombyliinae, Li and Yeates (2019)
moved Marmasoma from Eclimini to its own tribe
Marmasomini.
Our phylogenomic analyses recovered a polyphyletic

Bombyliinae, with eclimine genera Lepidophora West-
wood and Thevenetimyia forming a monophyletic
group distant from the other four lineages containing
bombyliine genera. The eclimine lineage was strongly
supported as sister group to Usiinae + Crocidiinae in
all our analyses. Therefore, we reinstate the Ecliminae
(excluding Marmasomini) to its former taxonomic
rank as a subfamily.

Phthiriinae stat. rev.. Usiinae and Phthiriinae are
two subfamilies of small flies, many species of which
are similar in appearance (Hull, 1973; Evenhuis, 1990).
Yeates (1994) united them into one subfamily, Usiinae,
based on the results of his morphological phylogeny.
However, that classification was not followed by the
world catalogue (Evenhuis and Greathead, 1999).
A weak sister-group relationship between Usiini and

Phthiriini was proposed by Trautwein et al. (2011),
although only one Phthiria Meigen was included to
represent Phthiriini. Moreover, Phthiria was identified

as a rogue taxon and was removed from the final tree.
The monophyly of Usiini + Phthiriini was further sup-
ported by morphological evidence by Li and Yeates
(2017) with the description of a new tribe, Phthiraxini,
for the Usiinae.
The sister-group relationship between Usiini and

Phthiriini was not supported in our study. The mono-
phyly of Phthiriini was strongly supported by all the
analyses, forming a strongly supported monophyletic
clade with Enica + Mariobezziinae. Therefore, we rein-
state the Phthiriinae to its former taxonomic rank as a
subfamily.

A polyphyletic Bombyliinae. Hull (1973) expanded
the concept of the subfamily Bombyliinae, including
such divergent subfamilies as Cythereinae, Crocidiinae,
Ecliminae, Corsomyzinae and Mariobezziinae of
previous authors as tribes. Subsequent workers
struggled to reconcile this broad concept with
character data (Bowden, 1975, 1985; Evenhuis, 1991;
Yeates, 1994). Even though half of Hull’s accreted
groups had already been excluded, 20 years later
Yeates (1994) still described Bombyliinae as “a
heterogeneous assemblage”. Li and Yeates (2019)
reconstructed the phylogeny of the Bombyliinae
globally using morphological data, and divided the
subfamily into nine tribes based on morphological
characters. The subfamily Bombyliinae appears as five
separate lineages on our phylogenomic trees. One we
have discussed above, Ecliminae stat. rev.
The remaining Bombyliinae form three separate

clades, however, these are largely consistent with the
tribal classification: Marmasoma (Marmaso-
mini) + (Zentamyia + Robertsmyia) (Dischistini) form-
ing one clade, Conophorus (Conophorini) another, and
the remaining Bombyliinae (Bombyliini + Acroph-
thalmydini) a third monophyletic lineage. While Zen-
tamyia was placed within Bombyliini in the world
phylogeny (Li and Yeates, 2019), the close relationship
between Zentamyia and some Dischistini genera was
also detected in the Australian generic phylogeny (Li
and Yeates, 2018). Acrophthalmydini is nested within
the Australian clade of Bombyliini in our analyses,
rather than sister to it, as in Li and Yeates (2019).
Divergence time results also suggest that the diver-
gence between the South American genus Acroph-
thalmyda Bigot and the Australian genera may have
occurred in response to the separation of southern
South America, Antarctica and Australia (52–35 Ma).

Fig. 4. Estimated divergence times among lineages of Bombyliidae under the fossilized birth-death process, in BEAST 2. Topology generated by
85AA genes retained for 95 taxa, and 11 fossil calibrations. Scale is in Ma. Bars depict the 95% highest posterior probability density of each esti-
mate. Pale blue node diamonds on chronogram represent minimum age constraints for those lineages. Mean ages and ranges are provided in
Supplementary 6 and refer to nodes indicated in Appendix S5. Red line shows global temperature after Scotese (2016).
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Our molecular topology implies a monophyletic
“Bombyliinae sensu stricto” including only Bombyliini
and Acrophthalmydini. However, three tribes of Bom-
byliinae were not sampled in the present study, and
three of the tribes included herein were only repre-
sented by a single genus each. Therefore, it is prema-
ture to revise the status of bombyliine tribes other
than Ecliminae, or to redefine the concept of the world
Bombyliinae, based on current evidence.

Tribal level relationships of Toxophorinae. The
subfamily Toxophorinae is a well-supported
monophyletic group including three tribes:
Toxophorini, Gerontini, and Systropodini (Bowden,
1980; Yeates, 1994). Yeates (1994) proposed a sister
relationship between Gerontini and Systropodini, which
was supported by their rounded head and reduced
sperm pump. However, Li and Yeates (2019) suggested
Toxophorini and Systropodini were sister to each other
based on the absence of occipital apodemes, narrowed

squama, slender and elongate abdomen, and the long
projection on the posterolateral corner of the male
epandrium. The tribal level phylogeny was not resolved
by Trautwein et al. (2011). Our phylogeny infers the
relationship of Toxophorini + (Gerontini + Systropo-
dini), supporting the hypothesis proposed by Yeates
(1994), and also consistent with the single evolution of
the endoparasitic larval stage in the clade
Gerontini + Systropodini (Yeates and Greathead,
1997).

Sections I and III. Our analyses strongly support the
topology of the early branching lineages of
Bombyliidae as Heterotropinae + (Mythicomyiinae
+ (((Usiinae + Crocidiinae) + Ecliminae stat. rev.) +
remaining Bombyliidae)). The topology of section I is
consistent with the phylogenetic hypotheses presented
in Trautwein et al. (2011), except that study proposed
that Usiinae and Crocidiinae formed a grade between
Mythicomyiinae and the remaining Bombyliidae, while

Table 1
QS scores and BS values of the backbone nodes

Relationships

QS scores BS values

qc qd qi 550AA 550NT 216AA 216NT

Bombyliidae 0.56 0.00 0.93 100 98 100 98
Mythicomyiinae 0.97 0.00 0.99 100 100 100 100
Ecliminae 0.76 0.00 0.79 62 68 63 76
Toxophorinae 0.97 0.80 0.99 85 90 87 91
Mariobezziinae 1.00 NA 1.00 100 100 100 100
Phthiriinae 0.86 0.13 0.97 99 100 99 100
Oniromyiinae 0.55 0.57 0.90 87 95 89 94
Bombyliinae (Dischistini) 0.12 0.47 0.84 58 56 47 64
Bombyliinae (Conophorini) 1.00 NA 1.00 100 100 100 100
Tomomyzinae 0.74 0.67 0.64 58 52 58 57
Lomatiinae 0.90 0.00 0.80 99 96 98 96
Lordotinae 1.00 NA 1.00 100 100 100 100
Bombyliinae (Bombyliini + Acrophthalmydini) 0.71 0.94 0.93 98 94 98 95
Neosardus 1.00 NA 1.00 100 100 100 100
Antoniinae 0.96 0.00 1.00 100 100 100 100
Anthracinae 0.06 0.61 0.84 80 75 66 54
Mythicomyiinae + remaining Bombyliidae 0.66 0.61 0.91 100 98 99 97
remaining Bombyliidae 0.82 0.25 0.89 99 97 99 96
Usiinae + Crocidiinae 0.94 0.67 0.92 97 99 97 97
Ecliminae + (Usiinae + Crocidiinae) 0.01 0.82 0.73 88 77 74 82
section II + section III -0.01 0.85 0.77 90 76 65 77
calde A + clade B -0.10 0.74 0.81 70 57 42 22
Enica + Mariobezziinae 0.30 0.22 0.91 85 94 77 93
clade B 0.73 0.62 0.95 98 95 98 95
calde C 0.01 0.96 0.84 33 68 63 75
clade D 0.01 0.84 0.78 60 63 63 65
Pantarbes + Conophorini 0.79 0.12 0.90 100 100 99 100
Tomomyzinae + Lomatiinae 0.46 0.82 0.76 67 64 70 70
clade C + (clade D + section III) 0.16 0.96 0.85 37 45 42 21
clade D + section III -0.02 0.86 0.85 15 23 4 5
Section III 0.16 0.97 0.84 76 91 61 89
Bombyliinae + ((Neosardus + Antoniinae) + Anthracinae) -0.01 0.86 0.84 92 93 92 94
(Neosardus + Antoniinae) + Anthracinae 0.33 0.83 0.87 95 99 95 99
Neosardus + Antoniinae -0.01 0.89 0.83 68 53 60 38

14 X. Li et al. / Cladistics 0 (2020) 1–22



our analyses propose a monophyletic clade of
Ecliminae stat. rev. + (Usiinae + Crocidiinae) as sister
to the remaining Bombyliidae.
Section III was well-supported in our analyses and

the topology was consistent across all five analyses.
Section III consists of a monophyletic lineage of Lor-
dotinae + (Bombyliinae (Bombyliini, Acrophthalmy-
dini) + ((Neosardus + Antoniinae) + Anthracinae)).
Some regions of section III are similar to the topology
of Trautwein et al. (2011), which proposed an unre-
solved clade including Neosardus, Bombyliini, Antoni-
inae and Anthracinae.
Five of the six tribes of Anthracinae were sampled in

our study, and we recovered a relationship of Aph-
oebantini + ((Xeramoebini + Anthracini) + (Villini + -
Exoprosopini)), with Pachyanthrax Franc�ois nested in
the Exoprosopini rather than the Villini. Our topology
was similar to previous phylogenetic results using mor-
phological data (Lambkin et al., 2003), but placed Pseu-
dopenthes Roberts and Atrichochira Hesse within the
Exoprosopini, unlike the combined molecular and mor-
phological study where these two genera were separated

from the remaining Exoprosopini by Villini (Lambkin
and Yeates, 2003).
Endoparasitic larvae have been recorded from gen-

era of Villini (Villa Lioy, Poecilanthrax Osten Sacken,
and Exechohypopion Evenhuis; Yeates and Greathead,
1997) and Anthracini (Thraxan Yeates and Lambkin;
Li et al., 2019). Our understanding of the distribution
of endoparasitism in the Anthracinae is in its infancy,
as is our knowledge of the relationships between the
included tribes and genera.

The evolution of key morphological characters

The sand chamber of the female terminalia and the
shape of the postcranium are the two most important
characters supporting the backbone of the morpholog-
ical phylogeny of the family (Yeates, 1994). In addi-
tion, the shape of the hind margin of the eye, together
with the shape of the postcranium, were used to define
the “Tomophthalmae” and “Homeophthalmae” (Bezzi,
1924). Our molecular analysis shows that their evolu-
tion was not as simplistic as previously assumed, and

Fig. 5. Diversification dynamics of bee flies. A. Proportional lineages through time (LTT) plot based on the mean values for bee flies and distri-
bution of subfamily and higher-level clade ages for bee flies. B. Global pattern of bee fly species diversification rate based on BAMM analyses.
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character reconstructions suggest that all of these key
traits exhibit complex patterns of evolution across the
phylogeny.

The evolution of the sand chamber. Sand chamber
evolution is correlated with unusual oviposition
behaviour: females brush sand into their sand
chamber, and subsequently eggs are coated and
protected by sand grains before the female oviposits
while hovering. This complex structure involves
modification of the tergites and sternites of several
terminal segments of the female genitalia including
sternite 8, tergite 8, and a fused tergite 9 + 10.
The bombyliid sand chamber most likely evolved

once before the mid-Cretaceous, on the branch
between the Mythicomyiinae and the remaining Bom-
byliidae, but was lost six times independently in the
Usiinae, Toxophorinae, Phthiriinae stat. rev., Lordoti-
nae, Zentamyia and Eristalopsis (Fig. 3).

The evolution of the postcranium. The postcranium
was considered to be flat or slightly tumid in the
outgroup, and evolved to form well-developed
posteriorly directed lobes through the intermediate
state of moderate posterior extensions (Yeates, 1994).
The development of the postcranium caused the
occipital foramen to retreat into a deep cup-shaped
depression.
The cup-shaped postcranium has evolved twice, in

the clade Tomomyzinae + Lomatiinae and the clade of
(Neosardus + Antoniinae) + Anthracinae. A moder-
ately produced postcranium may have evolved a mini-
mum of four times, in Enica + Mariobezziinae,
Oniromyiinae, Pantarbes, and Neosardus (Fig. 3).

The evolution of the hind eye margin. Indentation of
the hind eye margin most likely evolved twice,
separately, in Lomatiinae and the clade of
(Neosardus + Antoniinae) + Anthracinae) (Fig. 3), and
been lost in Neosardus and Prorostomatini, although
the latter was not sampled in the present analyses.
These complex homoplasious changes result in major
differences between the morphological interpretation
of Bombyliidae phylogeny and our phylogenomic one.

Divergence and diversification dynamics of bee flies

Based on our phylogenetic results, bee flies are
divided into 14 monophyletic subfamilies and two
broadly polyphyletic subfamilies, Bombyliinae and
Cythereinae, each split into at least three clades.

Although diverse at the subfamily level, over half of the
bee fly generic and specific diversity is constrained to
two subfamilies: Anthracinae and Bombyliinae. Within
the phylogenetic framework, we show the radiation of
angiosperms and historical warm climates might have
shaped the present-day diversity of bee flies.

Divergence times of bee flies. The origin of bee flies
was estimated by Wiegmann et al. (2003) at
approximately 162–90 Ma in the Jurassic-Cretaceous,
and by Wiegmann et al. (2011) at approximately
170 Ma. Our estimate of an origin of Bombyliidae
between 165–194 Ma is consistent with the hypotheses
that the family originated during the radiation of the
lower Brachycera, associated with the recovery
following the Jurassic extinction event. This period
was marked by a gradual cooling and drying of
terrestrial habitats, driving larvae to evolve
mechanisms to resist desiccation such as parasitism
(Wiegmann et al., 2011; Lambkin et al., 2013).
Additionally, estimates of internal dates are also
consistent with previous studies. For example, the split
between Megapalpus Macquart and Corsomyza
Wiedemann in the Mariobezzinae, estimated at
approximately 35 Ma here, is consistent with the
estimate of De Jager and Ellis (2017) based on a COI
molecular clock. Moreover, the origin of Systropus is
estimated at approximately 35 Ma here, which is later
than the origin of the crown group of its mimicry
model, Sphecidae, estimated by Peters et al. (2017) at
approximately 83 Ma.

Origin of bee fly subfamilies with angiosperms radiation
during a hot geological period. The origin of bee fly
subfamilies and the divergence of higher clades mostly
occurred during the late Cretaceous (100–66 Ma)
(Fig. 5A), one of the most remarkable global hothouse
periods in geological history (Scotese, 2016). These
flower-visiting flies with long proboscides for nectar
feeding, radiated in conjunction with the angiosperms
(Barba-Montoya et al., 2018).
Our analyses sampled 94 species across the family,

including 14 out of 17 subfamilies, accounting for
82.3% of the higher lineages. Therefore, the LTT plot
and histogram of the higher-level diversification of bee
flies provide sufficient evidence to demonstrate the
increased diversification rate (Fig. 5A). A similar
increased level of diversification during this hot geo-
logical period has been detected in spiders (Shao and
Li, 2018), ants (Moreau et al., 2006), and more

Fig. 6. Set of distinct diversification rate-shift configurations sampled by BAMM during simulation of the posterior probabilities. The seven
most commonly sampled configurations are shown. Warm colors indicate high diversification rates and cold colors indicate low diversification
rates. Grey dots indicate diversification rate shifts. Larger dots indicate larger diversification rate shifts. The sampling frequency of each diversifi-
cation scheme is shown above each plot.
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importantly, in fellow pollinators, the bees (Danforth
et al., 2013).

Diversification dynamics of bee flies. The
diversification rate-shift analyses indicate that
Bombyliidae did not diversify at a constant rate
throughout their history. BAMM suggested a
remarkable increase in the species diversification rate
during the late Cretaceous hothouse period (Scotese,
2016) (Fig. 5B), most likely because of a rate shift in
the clade of Bombyliidae + ((Neosardus + Antoni-
inae) + Anthracinae) (Fig. 6). This clade includes two
of the most species-rich subfamilies of bee flies,
Bombyliinae sensu stricto and Anthracinae, both of
which originated near the K-Pg boundary. The prior
evolution of parasitic larvae may have allowed the
rapid radiation of these subfamilies following the K-Pg
impact, as that adaptation provided resistance to
desiccation in the drier terrestrial environments
(Wiegmann et al., 2011; Lambkin et al., 2013).
The subfamily Anthracinae includes over 2000

described species, and is the single largest subfamily of
Bombyliidae. Larvae of four anthracine genera: Poe-
cilanthrax Osten Sacken, Villa Lioy, Exechohypopion
Evenhuis, and Thraxan Yeates and Lambkin, are
endoparasitoids (Yeates and Greathead, 1997; Li
et al., 2019). It is possible that diversity in this large
endoparasitoid lineage is driven by high host specificity
as the parasitoid species are probably highly adapted
to the internal environment of their host.
Bombyliinae sensu stricto comprises the second most

diverse bee fly subfamily in terms of genera and spe-
cies. Most of the species diversity is contained in three
genera: Bombylius Linnaeus, Systoechus and Anas-
toechus Osten Sacken, but the causes of such species
richness are unknown. We might surmise that this sub-
family of active pollinators co-evolved with the angios-
perms during the late Cretaceous taking advantage of
the hothouse conditions that both groups are well
adapted to.
The bee fly sand chamber evolved prior to these

major diversification events. Climate shifts, in conjunc-
tion with major changes in host insect and symbiotic
plant communities, offered the opportunity for bee
flies to exploit these resources with morphological
adaptations already present in their populations. How-
ever, the evolution of head and eye shape occurred
multiple times separately during the major diversifica-
tion period. These convergences might be explained by
the adaption to the new environments.

Conclusion

We generated the first phylogenomic data set and
reconstructed evolutionary relationships in the second

largest parasitic dipteran family, Bombyliidae. In total,
94 bee fly species from 76 genera were analyzed, repre-
senting 14 out of 17 subfamilies. Data sets with 216
and 550 homologous genes were used with different
analytical methods to yield a hypothesis of Bombyli-
idae evolutionary history.
The monophyly of 11 out of 14 sampled subfamilies

was recovered, and two tribes were reinstated as sub-
families: Phthiriinae stat. rev. and Ecliminae stat. rev.,
which bringing the total number of bee fly subfamilies
to 19. The incertae sedis genus Sericosoma was placed
in the subfamily Oniromyiinae. A modified key to the
subfamilies of Bombyliidae is presented in
Appendix S9. The relationships within Bombyliidae
are largely resolved, with low support at a minority of
nodes.
Both “sand chamber subfamilies” and “Tomophthal-

mae” are polyphyletic in our phylogenetic hypotheses.
Our phylogeny suggests a single origin of the sand
chamber before the mid-Cretaceous, but with indepen-
dent losses of this feature in multiple lineages. The
cup-shaped postcranium evolved twice independently,
in the Tomomyzinae + Lomatiinae and (Neosar-
dus + Antoniinae) + Anthracinae. Endoparasitoidism
is found in two distantly related lineages of the tree,
and evolved at least twice, once in the ancestor of the
clade Gerontini + Systropodini, and at least once in
the Anthracinae (Yeates and Greathead, 1997).
Higher-level relationships within Bombyliidae are

largely resolved in our analyses, while several phyloge-
netic questions require future study. The relationships
within section II need to be more firmly resolved, and
two polyphyletic subfamilies, Cythereinae and Bom-
byliinae, need redefinition. These challenges may be
addressed with denser taxon sampling, especially
focused on Cythereinae, Bombyliinae (except Bombyli-
ini and Acrophthalmydini), and Mariobezziinae. The
position of Oligodraninae, Xenoprosopinae, and
Phthiraxinae need to be considered in light of molecu-
lar data when available, and the monophyly of Cro-
cidiinae remains to be tested. The tribes that should be
focused on as the highest priorities for inclusion in
future analyses are Hallidiini, Adelidiini, Nothoschis-
tini, Peringueyimyiini and Prorostomatini. For the
branching of the backbone of section II that experi-
enced rapid diversification, denser taxon sampling may
resolve the conflicting phylogenetic signal in our data
matrices and improve the resolution of the tree.
Divergence time reconstruction indicated a Jurassic

origin for Bombyliidae, and most of the higher-level
diversification occurred during the late Cretaceous, per-
haps caused by the diversification of plant and other
insect lineages which created an increased diversity of
adult food and larval host niches. In this study, phyloge-
nomic data demonstrate their great power to resolve the
evolutionary history of an ancient and diverse family.
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