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New data, same story: phylogenomics does not support
Syrphoidea (Diptera: Syrphidae, Pipunculidae)
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Abstract. The Syrphoidea (families Pipunculidae and Syrphidae) has been suggested
to be the sister group of the Schizophora, the largest species radiation of true flies. A
major challenge in dipterology is inferring the phylogenetic relationship between Syr-
phoidea and Schizophora in order to understand the evolutionary history of flies. Using
newly sequenced transcriptomic data of Syrphidae, Pipunculidae and closely related
lineages, we were able to fully resolve phylogenetic relationships of Syrphoidea using a
supermatrix approach with more than 1 million amino acid positions derived from 3145
genes, including 19 taxa across nine families. Platypezoidea were inferred as a sister
group to Eumuscomorpha, which was recovered monophyletic. While Syrphidae were
also found to be monophyletic, the superfamily Syrphoidea was not recovered as a mono-
phyletic group, as Pipunculidae were inferred as sister group to Schizophora. Within
Syrphidae, the subfamily Microdontinae was resolved as sister group to the remaining
taxa, Syrphinae and Pipizinae were placed as sister groups, and the monophyly of
Eristalinae was not recovered. Although our results are consistent with previously
established hypotheses on Eumuscomorphan evolution, our approach is new to dipteran
phylogeny, using larger-scale transcriptomic data for the first time for this insect group.

Introduction

Flies (Diptera) have been the focus of many studies due to
their roles as biological control agents, pollinators, plant pests,
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organic matter decomposers or vectors of human and ani-
mal diseases, and their value in postmortem interval estima-
tion in forensic science and model organisms for genetics
(Pape, 2009). During the 20th century, extraordinary advances
were made concerning the inference of phylogenetic rela-
tionships between Diptera (reviewed by Yeates & Wiegmann,
2012), and in the early part of the 21st century major goals
have been accomplished by collaborative projects of dipterol-
ogists (see, e.g., the FLYTREE project, http://wwx.inhs.illinois
.edu/research/flytree/). New molecular tools and morphological
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methods generated a more robust general evolutionary scenario
for Diptera (Wiegmann et al., 2011). For example, there is strong
support and a large number of putative synapomorphies for
Brachycera, Cyclorrhapha, Schizophora, and Calyptratae (e.g.
Hennig, 1971, 1973; Griffiths, 1972; McAlpine, 1989; Woodley,
1989; Sinclair, 1992; Cumming et al., 1995; Yeates & Wieg-
mann, 1999; Collins & Wiegmann, 2002; Wiegmann et al.,
2003, 2011; Yeates et al., 2007 and references therein; Rotheray
& Gilbert, 2008; Lambkin et al., 2013).

However, we are still lacking crucial information to under-
stand the evolution of important morphological characters and
biological strategies, most notably a robust hypothesis regard-
ing the phylogenetic relationships of the major lineages of a
paraphyletic grade that is now commonly referred to as ‘lower
Cyclorrhapha’, previously named ‘Aschiza’ (Griffiths, 1972;
Hennig, 1973; Wada, 1991; Cumming et al., 1995; Collins &
Wiegmann, 2002; Moulton & Wiegmann, 2004; Wiegmann
et al., 2011; Lambkin et al., 2013). The evolution of ‘lower
Cyclorrhapha’ has been considered one of the most challeng-
ing riddles in dipterology regarding family-level relationships.
Schizophora (flies with ptilinal fissure or ptilinum and a full
circumversion of the male genitalia completed within the pupar-
ium) comprise more than half of the family-level diversity in
Diptera (Yeates & Wiegmann, 1999), with some 80 recognized
families (Lambkin et al., 2013), and account for more than a
third of extant fly diversity and 3% of all animal diversity (Wieg-
mann et al., 2011). Moreover, they represent one of the episodic
rapid radiations within Diptera characterized by very low extinc-
tion rates compared with immediately adjacent lineages (Wieg-
mann et al., 2011). Thus, to infer the phylogenetic relationships
between ‘lower Cyclorrhapha’ and Schizophora is a major step
towards understanding the evolutionary history of flies.

‘Lower Cyclorrhapha’ families have traditionally been
grouped into two superfamilies: Syrphoidea and Platypezoidea
(including Opetiidae, Platypezidae, Lonchopteridae, Ironomyi-
idae, and Phoridae) (McAlpine, 1989; Cumming et al., 1995;
Grimaldi & Cumming, 1999; Collins & Wiegmann, 2002; Moul-
ton & Wiegmann, 2004; Yeates & Wiegmann, 2005; Wiegmann
et al., 2011). Syrphoidea comprise only two families: Syrphi-
dae (hoverflies or flower flies) and Pipunculidae (big-headed
flies). The name was originally proposed by Coquillett (1901)
and included other families, i.e. Platypezidae and Conopidae,
but subsequent authors redefined it into the current concept
providing several autapomorphies (Crampton, 1944; Griffiths,
1972; Hennig, 1976; McAlpine, 1989). Syrphoidea have been
considered the sister clade of Schizophora (McAlpine, 1989;
Cumming et al., 1995; Zatwarnicki, 1996; Yeates & Wiegmann,
1999; Yeates et al., 2007; Woodley et al., 2009), together form-
ing the clade Eumuscomorpha with evident synapomorphies
(Wada, 1991; Cumming et al., 1995; Zatwarnicki, 1996; Yeates
& Wiegmann, 1999; Collins & Wiegmann, 2002; Rotheray &
Gilbert, 2008). The sister group relationship between Syphidae
and Pipunculidae has been contradicted by molecular analyses,
resolving the Syrphidae and Pipunculidae into separate lineages,
i.e. suggesting paraphyly of Syrphoidea (Collins & Wiegmann,
2002; Moulton & Wiegmann, 2004; Wiegmann et al., 2011;
Young et al., 2016). In contrast, Skevington & Yeates (2000)

studied the syrphoidean relationships with 12S and 16S rDNA
data and results showed that Syrphoidea are monophyletic,
although the number of included outgroups was limited. More
recently, Tachi (2014) proposed a novel interpretation for the
evolution of the metathorax and established a morphological
synapomorphy for Pipunculidae + Schizophora.

Flower flies (Syrphidae) have traditionally been divided into
three subfamilies based on adult morphological characters,
i.e. Microdontinae, Eristalinae and Syrphinae (Vockeroth &
Thompson, 1987; Thompson & Rotheray, 1998). Pipizinae,
however, have recently been elevated to subfamily level, based
on molecular, morphological and biological data (Mengual
et al., 2015). Recent phylogenetic studies on Syrphidae resolve
Microdontinae as sister group of the remaining flower flies,
with Pipizinae and Syrphinae forming one clade and inferring
Eristalinae as paraphyletic (Skevington & Yeates, 2000; Ståhls
et al., 2003; Mengual et al., 2015; Young et al., 2016).

Based on large-scale transcriptomic data and using the work-
flow recently established for insect phylogenomics in the inter-
national research initiative 1KITE (Misof et al., 2014; Peters
et al., 2017), we explore the phylogenetic relationships of the
‘lower Cyclorrhapha’ with Schizophora and of the subgroups of
Syrphidae in order to resolve two major questions: (i) are Syr-
phoidea monophyletic; and (ii) are our results congruent with
previous studies regarding the classification of syrphid subfam-
ilies? The results of the present study will provide more robust
and stronger evidence to understand the phylogenetic relation-
ships of these groups and might help to shed light on the evolu-
tion of Diptera.

Material and methods

Taxonomic sampling

The taxon sampling was chosen in order to cover as much
taxonomic diversity from the ‘lower Cyclorrhapha’ families as
possible, as well as representatives of all syrphid subfamilies.
A total of 19 taxa were studied in the present analysis, which
are all the representatives of the studied families that were
sequenced de novo within the 1KITE project. We included
Nephrocerus atrapilus Skevington (Pipunculidae), and mem-
bers of the syrphid subfamilies Syrphinae [i.e. Baccha elongata
(Fabricius), Melanostoma scalare (Fabricius), Episyrphus
balteatus (De Geer), Leucozona lucorum (Linnaeus)], Pipiz-
inae [Pipiza noctiluca (Linnaeus)], Eristalinae [Ferdinandea
cuprea (Scopoli), Syritta pipiens (Linnaeus), Merodon equestris
(Fabricius), Eristalis pertinax (Scopoli)] and Microdontinae
[Archimicrodon brachycerus (Knab & Malloch)]. We con-
strained Heteropsilopus ingenuus (Erichson) (Eremoneura:
Empidoidea: Dolichopodidae) as the root in our phylograms,
and used three Platypezoidea species as outgroup taxa based
on the results of Wiegmann et al. (2011), i.e. Lonchoptera
bifurcata (Fallén) (Lonchopteridae), Platypeza anthrax Loew
(Platypezidae) and Megaselia abdita Schmitz (Phoridae). We
also included a few schizophoran taxa, namely Sapromyza
sciomyzina Schiner (Lauxaniidae), Zacompsia fulva Coquillett
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Syrphoidea are not supported by new data 449

(Uliidae), Lenophila dentipes (Guérin-Méneville) (Platystom-
atidae) and Meroplius fasciculatus (Brunetti) (Sepsidae). We
did not include any representative of the Calyptratae as they
have been proven to be a well-supported monophyletic group
within Schizophora (Kutty et al., 2010; Wiegmann et al., 2011;
Lambkin et al., 2013). Information regarding specimen col-
lection, preservation, number of specimens and sexes is listed
in Table 1 and Table S1. Some of the analysed species are
illustrated in Fig. 1. Following Meier (2017), the bibliographic
references of identification methods for the studied taxa are also
given in Table 1 and Table S1.

Specimens were ground alive in RNAlater® stabilization
solution (Invitrogen, Thermo Fisher Scientific, Carlsbad, CA,
U.S.A.) after identification. Thus, no parts of specimens were
kept as morphological vouchers. Nevertheless, the so-called
COI barcodes (the 5′ region of the mitochondrial cytochrome c
oxidase subunit I gen) may be retrieved from the transcriptomes
and might be used as surrogate vouchers for identification
purposes.

Transcriptome sequencing, assembly and contamination check

RNA extraction, NGS library preparation and sequencing
of the prepared libraries on Illumina HiSeq sequencers were
carried out following the protocols given by Peters et al.
(2017). cDNA libraries were paired-end sequenced on Illu-
mina HiSeq2000 sequencing platforms (Illumina Inc., San
Diego, CA, U.S.A.) with read length of 150 bp. Per species, we
collected about 2.5 Gbp of raw sequence data. All raw reads
were quality-controlled, trimmed, assembled and screened for
possible contaminant sequences (which were then removed) as
described by Peters et al. (2017) (see Table 2 for the amount
of removed contaminants from each species dataset). Both the
raw reads and the assembled transcriptomes are archived at
the National Center for Biotechnology Information (NCBI)
under the Umbrella BioProject ID PRJNA183205 (‘The 1KITE
project: evolution of insects’). For a full list of accession
numbers, see Table 3.

Identification of single-copy genes in the sequenced
transcriptomes

An orthologue set was generated from official gene sets
of fully sequenced genomes based on OrthoDB version 7
(Waterhouse et al., 2013). We requested single-copy genes
with the hierarchical level at Mecopterida from the follow-
ing species: Bombyx mori Linnaeus (Lepidoptera: Bombyci-
dae), Danaus plexippus (Linnaeus) (Lepidoptera: Nymphali-
dae), Aedes aegypti (Linnaeus) (Diptera: Culicidae), Drosophila
melanogaster Macquart (Diptera: Drosophilidae) and Glossina
morsitans Westwood (Diptera: Glossinidae). This set of species
will be called ‘reference species’ from here on. For all remain-
ing species, the number of copies was set to unknown (‘?’).
The orthologue set contained 3145 single-copy orthologue
genes (OGs) present in all five reference species. Official
gene sets on amino acid and nucleotide level were adjusted

accounting for only the longest isoform per gene in the ortho-
logue set when isoform information was known; otherwise
the whole set of isoform sequences was used (see detailed
information in Table 4). We then used orthograph (Petersen
et al., 2017) version 0.5.9 (February 2016, https://github.com/
mptrsen/Orthograph/) to build a database of orthologues and
subsequently infer orthologue sequences in our transcriptome
data. We used default settings except for ‘substitute-u-with X’
(activated) and ‘extend-orf’ (see the orthograph manual for
details). The number of orthologues found as well as statistics
on the length of orthologue sequences are given in Table S2.
When summarizing orthograph results, we replaced puta-
tive internal stop-codons and the amino acid Selenocysteine U
with ‘X’ (amino acid level) or ‘NNN’ (nucleotide level) with
a custom-made Perl script. We deposited the orthologue set on
Mendeley (https://doi.org/10.17632/b5bdz64sp2.2).

Alignment of single-copy genes in the sequenced
transcriptomes

The amino acid sequences of each of the 3145 OGs were
aligned using the L-INS-i algorithm of mafft version 7.123
(Katoh & Standley, 2013). We then followed the procedure of
Misof et al. (2014) in order to assess the quality of the amino
acid multiple sequence alignments (MSAs). We performed
alignment refinement of identified outlier sequences, and
then removed final outliers from both amino acid MSAs and
nucleotide sequences. We also removed the reference species
from all amino acid MSAs and nucleotide files accordingly,
and then all columns exclusively containing gaps or ‘X’ in each
MSA. Next, we used a modified version of pal2nal version 14
(Suyama et al., 2006; Misof et al., 2014) in order to generate
the corresponding nucleotide MSAs with the amino acid MSAs
as blueprint.

Downstream analyses

We checked the amino acid MSAs of each OG for ambigu-
ously aligned regions with the software aliscore version 1.2
(Misof & Misof, 2009; Kück et al., 2010; Misof et al., 2014).
We used the –e option for gappy datasets and forced a com-
parison of all sequence pairs. Apart from these options, default
parameters were used. Simultaneously, we annotated protein
domains within the amino acid sequences with the aid of the
Pfam-A database release 28.0 and the program pfamscan.pl
version 1.5, released 2013 (Finn et al., 2014), which makes
use of hmmscan, from the hmmer software package version
3.1b1 (Eddy, 1998). Pfam-A includes information on protein
domains, families and clans. We received coordinates for protein
domains, families, clans and unannotated regions (voids) at the
amino acid and nucleotide levels for each OG. We then merged
information from the domain annotation with information on
ambiguously aligned regions, which we finally removed with
custom-made Perl scripts (Misof et al., 2014). We generated two
corresponding supermatrices (amino acid and nucleotide levels)

© 2018 The Royal Entomological Society, Systematic Entomology, 43, 447–459
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Fig. 1. Legend on next page. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2018 The Royal Entomological Society, Systematic Entomology, 43, 447–459
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Table 1. Sampled species included in this study.

Family Genus Species Author Identification method or reference

Syrphidae Archimicrodon brachycerus (Knab & Malloch, 1912) Direct comparison with material in the Australian
National Insect Collection.

Syrphidae Baccha elongata (Fabricius, 1775) Van Veen (2004)
Syrphidae Episyrphus balteatus (De Geer, 1776) Van Veen (2004)
Syrphidae Eristalis pertinax (Scopoli, 1763) Van Veen (2004)
Syrphidae Ferdinandea cuprea (Scopoli, 1763) Van Veen (2004), Ricarte et al. (2010).
Dolichopodidae Heteropsilopus ingenuus (Erichson, 1842) Direct comparison with material in the Australian

National Insect Collection.
Platystomatidae Lenophila dentipes (Guérin-Méneville, 1843) Direct comparison with material in the Australian

National Insect Collection.
Syrphidae Leucozona lucorum (Linnaeus, 1758) Van Veen (2004)
Lonchopteridae Lonchoptera bifurcata (Fallén, 1810) Klymko & Marshall (2008)
Phoridae Megaselia abdita Schmitz, 1959 Reared from laboratory culture
Syrphidae Melanostoma scalare (Fabricius, 1794) Van Veen (2004)
Syrphidae Merodon equestris (Fabricius, 1794) Van Veen (2004)
Sepsidae Meroplius fasciculatus (Brunetti, 1909) Reared from laboratory culture
Pipunculidae Nephrocerus atrapilus Skevington, 2005 Skevington (2005)
Syrphidae Pipiza noctiluca (Linnaeus, 1758) Vujić et al. (2013)
Platypezidae Platypeza anthrax Loew, 1870 Direct comparison with original descriptions, museum

specimens and known distribution
Lauxaniidae Sapromyza sciomyzina Schiner, 1868 Direct comparison with material in the Australian

National Insect Collection.
Syrphidae Syritta pipiens (Linnaeus, 1758) Lyneborg & Barkemeyer (2005)
Uliidae Zacompsia fulva Coquillett, 1901 Steyskal (1987)

with data blocks based on both protein domains/families/clans
when available and based on gene boundaries for voids. Finally,
we used mare version 0.1.2-rc (Misof et al., 2013) on the amino
acid supermatrix to exclude all data blocks with information
content (IC) of zero from both the amino acid and nucleotide
supermatrix (see Misof et al., 2014). A heat map of the IC per
data block is shown in Fig. S1 before and after removal of
data blocks with IC= 0. Finally, the datasets contain 3800 data
blocks spanning an alignment length of 1 040 563 sites at the
amino acid level and 3 121 689 sites at the nucleotide level. We
refer to these datasets as ‘original datasets’ in the following text.
Additionally, we generated an optimized dataset (also known
as a ‘decisive dataset’; Dell’Ampio et al., 2014; Misof et al.,
2014) which includes only data blocks for which sequences of
all eumuscomorphan taxa and at least one outgroup taxon were
present to avoid a possible bias from nonrandomly distributed
missing data (see Misof et al., 2013; Dell’Ampio et al., 2014).
In order to generate the optimized dataset, 1900 data blocks
were removed from the original dataset. Consequently, 1900

data blocks remained in the optimized data set, comprising a
total of 678 763 amino acid columns.

We computed the species-pairwise amino acid site coverage
for the original dataset and the optimized dataset with alistat
version 1.6 (available on https://github.com/thomaskf/AliStat).
A heat map of the coverage of sequence pairs is shown for both
datasets (Fig. S2).

Optimized partitioning scheme and selection of substitution
models

We used the software partitionfinder version 2.1.1 (Lanfear
et al., 2016) to search for an optimal partitioning scheme and
the best-fitting substitution models for both the original and the
optimized amino acid dataset. We included the following amino
acid substitution models in the search for the best-fitting model:
BLOSUM62 (Henikoff & Henikoff, 1992), DCMUT (Kosiol &
Goldman, 2005), LG (Le & Gascuel, 2008), JTT (Jones et al.,
1992), WAG (Whelan & Goldman, 2001) and LG4X (Le et al.,

Fig. 1. Images of some species analysed in the present study. (a) Heteropsilopus ingenuus, by Simon Grove (Tasmanian Museum & Art Gallery);
(b) Lonchoptera bifurcata, by Steve Marshall (University of Guelph); (c) Platypeza anthrax, by Tom Murray (Groton, MA, USA); (d) Nephrocerus
atrapilus, by Jeff. H. Skevington (Canadian National Collections); (e) Zacompsia fulva, by Graham Montgomery (Ithaca, NY, USA); (f) Megaselia
abdita, by Karl Wotton (University of Exeter); (g) Baccha elongata, by Marion Friedrich (https://arthropodafotos.de); (h) Pipiza noctiluca, by
Marion Friedrich (https://arthropodafotos.de); (i) Eristalis pertinax, by Marion Friedrich (https://arthropodafotos.de); (j) Leucozona lucorum, by
Marion Friedrich (https://arthropodafotos.de); (k) Episyrphus balteatus, by Marion Friedrich (https://arthropodafotos.de); (l) Ferdinandea cuprea, by
Marion Friedrich (https://arthropodafotos.de); (m) Meroplius fasciculatus, by Sepsidnet (sepsidnet-rmbr.nus.edu.sg, version 05/2013); (n) Sapromyza
sciomyzina, by Shaun Winterton (California Department of Food and Agriculture); and (o) Merodon equestris, by Marion Friedrich (https://
arthropodafotos.de). [Colour figure can be viewed at wileyonlinelibrary.com].

© 2018 The Royal Entomological Society, Systematic Entomology, 43, 447–459
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Table 3. National Center for Biotechnology Information (NCBI) accession numbers of the sequenced and assembled transcriptomes.

Library ID Species
NCBI
taxonomy ID

BioProject
accession

BioSample
accession

Experiment
accession

Run
accession

TSA project
accession TSA version

INShkeTBBRAAPEI-57 Archimicrodon
brachycerus

1572511 267912 SAMN03223074 SRX798043 SRR1695319 GCFH00000000 GCFH01000000

INSinlTBCRAAPEI-71 Baccha elongata 226178 267916 SAMN03223078 SRX798047 SRR1695323 GCFG00000000 GCFG01000000
INSnfrTAWRAAPEI-11 Episyrphus balteatus 286459 267940 SAMN03223102 SRX798065 SRR1695341 GCFM00000000 GCFM01000000
INSofmTCQRAAPEI-55 Eristalis pertinax 1572519 267941 SAMN03223103 SRX798066 SRR1695342 GCGL00000000 GCGL01000000
RINSinlTCKRAAPEI-84 Ferdinandea cuprea 226145 267945 SAMN03223107 SRX798069 SRR1695345 GCHQ00000000 GCHQ01000000
INSswpTAIRAAPEI-19 Heteropsilopus ingenuus 188255 267950 SAMN03223112 SRX798074 SRR1695350 GCGO00000000 GCGO01000000
INSobdTCQRAAPEI-33 Lenophila dentipes 1572560 267953 SAMN03223115 SRX798077 SRR1695353 GCFT00000000 GCFT01000000
INSinlTATRAAPEI-37 Leucozona lucorum 414824 267954 SAMN03223116 SRX798078 SRR1695354 GCME00000000 GCME01000000
INSinlTAWRAAPEI-44 Lonchoptera bifurcata 385268 267957 SAMN03223119 SRX798081 SRR1695357 GCMR00000000 GCMR01000000
RINSinlTBGRAAPEI-126 Megaselia abdita 88686 267960 SAMN03223122 SRX798084 SRR1695360 GCMU00000000 GCMU01000000
RINSinlTBKRAAPEI-17 Melanostoma scalare 92598 267962 SAMN03223124 SRX798086 SRR1695362 GCGT00000000 GCGT01000000
RINSinlTDARAAPEI-71 Merodon equestris 511117 267963 SAMN03223125 SRX798087 SRR1695363 GCMV00000000 GCMV01000000
INSytvTAARAAPEI-9 Meroplius fasciculatus 1572525 267964 SAMN03223126 SRX798088 SRR1695364 GCNI00000000 GCNI01000000
INSobdTEHRAAPEI-44 Nephrocerus atrapilus 1572530 267971 SAMN03223133 SRX798095 SRR1695371 GCGE00000000 GCGE01000000
INSinlTAKRAAPEI-21 Pipiza noctiluca 1162231 267984 SAMN03223147 SRX798105 SRR1695381 GCMW00000000 GCMW01000000
RINSinlTBORAAPEI-22 Platypeza anthrax 1572536 267985 SAMN03223148 SRX798106 SRR1695382 GCGU00000000 GCGU01000000
INSerlTATRABPEI-16 Sapromyza sciomyzina 1572539 267992 SAMN03223155 SRX798113 SRR1695389 GCEW00000000 GCEW01000000
RINSinlTDHRAAPEI-93 Syritta pipiens 34682 268001 SAMN03223164 SRX798121 SRR1695397 GCND00000000 GCND01000000
RINSinlTCRRAAPEI-37 Zacompsia fulva 1572576 268007 SAMN03223170 SRX798127 SRR1695403 GCNH00000000 GCNH01000000

TSA, Transcriptome shotgun assembly.

Table 4. Official gene sets (OGS) used for the orthologue set and the reciprocal search within orthograph.

Order Family Species OGS version Filename
Adjusted number of
genes included Download location Download date

Diptera Culicidae Aedes aegypti AAEGY1.3 Corresp-Aedes-CDS.fa 16 957 Vectorbase March 2015
Diptera Culicidae Aedes aegypti AAEGY1.3 Corresp-Aedes-pep.fa 16 957 Vectorbase March 2015
Diptera Drosophilidae Drosophila melanogaster DMELA5.51 Corresp-dmel-CDS.fa 13 969 Flybase March 2015
Diptera Drosophilidae Drosophila melanogaster DMELA5.51 Corresp-dmel-pep.fa 13 969 ftp://cegg.unige.ch/OrthoDB7/ March 2015
Diptera Glossinidae Glossina morsitans GMORS1.1 Corresp-Glossina-CDS.fa 12 406 Vectorbase March 2015
Diptera Glossinidae Glossina morsitans GMORS1.1 Corresp-Glossina-pep.fa 12 406 Vectorbase March 2015
Lepidoptera Bombycidae Bombyx mori BMORI2.0 Corresp-bmori-CDS.fa 14 623 SilkDB March 2015
Lepidoptera Bombycidae Bombyx mori BMORI2.0 Corresp-bmori-pep.fa 14 623 SilkDB March 2015
Lepidoptera Nymphalidae Danaus plexippus DPLEX 2.0 Corresp-Danaus-CDS.fa 15 129 Monarchbase March 2015
Lepidoptera Nymphalidae Danaus plexippus DPLEX 2.0 Corresp-Danaus-pep.fa 15 129 Monarchbase March 2015

For amino acid level, available peptide files and for nucleotide level, respective CDS files (coding sequences) were downloaded and adjusted.

2012). This was done to avoid substitution models that are
specific for HIV, chloroplasts and mitochondria. We included
parameters of among-site variation (+G) and parameters of
amino acid frequency estimation (+F). We used log-likelihood
scores from raxml version 8.2.7 (Stamatakis, 2014) with the
corrected Akaike information criterion (Hurvich & Tsai, 1989)
to let partitionfinder combine data blocks and to select the
best-fitting model for each final partition. Maximum likelihood
(ML) trees were used as starting trees for the search of the
best log-likelihood scores. Branch lengths were set to ‘linked’.
We used the heuristic rcluster search algorithm (Lanfear et al.,
2014) and used the overall subset scaling parameters, base
frequencies and alpha parameter of the gamma distribution
as clustering parameters (-weights 1,1,0,1). The parameter
rcluster-max was set to 10 595 and rcluster-percent was set to
100 for a highly exhaustive analysis. For the original nucleotide
dataset, we modelled within each partition the first, second and
third codon positions separately from each other to account
for different rates of heterogeneity among codon positions. We
exclusively applied the substitution model GTR+G, as other

nucleotide models are not available in examl. We deposited
the supermatrices of the original amino acid dataset, optimized
amino acid dataset and original nucleotide dataset alongside the
respective partitioning schemes on Mendeley (https://doi.org/10
.17632/b5bdz64sp2.2).

Phylogenetic tree inference

We inferred phylogenetic trees with a partitioned analy-
ses approach as implemented in the software examl version
3.0.17 (Kozlov et al., 2015) on the original amino acid and
corresponding nucleotide dataset, and on the optimized amino
acid dataset. We performed 50 tree searches for each dataset,
with 25 maximum parsimony starting trees and 25 random
starting trees. Bootstrap support was derived from 50 slow,
nonparametric bootstrap replicates. We checked for bootstrap
convergence a posteriori according to the bootstopping crite-
rion (Pattengale et al., 2010) implemented in raxml version
8.2.7 (weighted Robinson Fould distance building an extended

© 2018 The Royal Entomological Society, Systematic Entomology, 43, 447–459

 13653113, 2018, 3, D
ow

nloaded from
 https://resjournals.onlinelibrary.w

iley.com
/doi/10.1111/syen.12283 by U

niversite L
ibre D

e B
ruxelles, W

iley O
nline L

ibrary on [13/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

ftp://cegg.unige.ch/OrthoDB7
https://doi.org/10.17632/b5bdz64sp2.2
https://doi.org/10.17632/b5bdz64sp2.2


454 T. Pauli et al.

Fig. 2. Best scoring Maximum Likelihood tree based on the original amino-acid dataset (1,040,563 amino-acid sites with 3,184 partitions). Bootstrap
support values are depicted at the nodes. [Colour figure can be viewed at wileyonlinelibrary.com].

majority-rule (MRE) consensus tree; autoMRE, threshold 0.03,
with 1000 permutations; Stamatakis, 2014). Subsequently,
bootstrap support was mapped onto the best ML tree. The tree
was drawn with the software figtree version 1.4.2 (Rambaut,
2009) and rooted with H. ingenuus. We graphically edited the
tree with photoshop cs5 version 12.1.

Results

Phylogenetic relationships

All inferred ML trees show a bootstrap support of 100% for all
clades (Fig. 2). Results were fully congruent between analyses
of the original amino acid dataset (spanning an alignment
length of 1 040 563 sites with 3184 partitions; Fig. 2) and
the optimized amino acid dataset (alignment length 678 763
sites, 1500 partitions; Fig. S3). The inferred phylogeny based
on the original nucleotide sequence dataset (alignment length
3 121 689 sites; 9552 partitions, Fig. S4) differed from the amino
acid datasets in the placement of L. bifurcata (Lonchopteridae),
which was resolved as sister group of the remaining taxa,
besides the root (H. ingenuus, Dolichopodidae). For additional
information on intermediate steps, see ‘Extended results’ in the
Supplementary Information File S1.

Members of Platypezoidea were resolved as a clade that
is sister group to the monophyletic Eumuscomorpha in both
topologies based on amino acid datasets (Fig. 2 and Fig. S3).
Within Eumuscomorpha, schizophoran families were grouped
together. Monophyly of Syrphoidea was not recovered with
any of our datasets, as Pipunculidae were resolved as the sis-
ter group of Schizophora. Within flower flies, A. brachycerus

was placed as the sister group of the remaining studied syr-
phids, and Pipiza noctiluca and Syrphinae were found to be
sister groups. However, M. scalare and B. elongata (mem-
bers of the tribe Bacchini, Syrphinae) were not recovered
together. The monophyly of Eristalinae was not recovered in the
present analysis, as members of the eristaline tribes Merodon-
tini (M. equestris), Milesiini (S. pipiens), Eristalini (E. perti-
nax) and Rhingiini (F. cuprea) were not placed in a common
clade.

Discussion

The present results are highly concordant with previous molecu-
lar studies (Collins & Wiegmann, 2002; Moulton & Wiegmann,
2004; Wiegmann et al., 2011; Young et al., 2016), and sup-
port the interpretation of the metathorax evolution suggested by
Tachi (2014) based on the identity of metapleural elements.

The outgroup topology differs between phylograms inferred
from amino acid (Fig. 2 and Fig. S3) and nucleotide datasets
(Fig. S4). A possible explanation for this might be the hetero-
geneity of the third codon position, the overparametrization of
the used nucleotide model (i.e. GTR), or the underparametriza-
tion of the selected amino acid models. We chose the more con-
servative analysis based on the amino acid dataset to display
our results as the monophyly of Platypezoidea is consistent with
other studies (Wiegmann et al., 2011).

These results indicate that a reinterpretation of the morpholog-
ical autapomorphies of Syrphoidea is necessary. Among those
morphological autapomorphies suggested by previous authors
were: acrostichal and dorsocentral setae differentiated (Grimaldi
& Cumming, 1999), frons without macrosetae, sixth and seventh

© 2018 The Royal Entomological Society, Systematic Entomology, 43, 447–459
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abdominal segments asymmetrically developed on the left side
with reduced terga, eighth sternum enlarged and asymmetrical
(Griffiths, 1972), hypopygium strongly deflexed under right side
of the abdomen and directed anteriorly (Griffiths, 1972; Cum-
ming et al., 1995; Zatwarnicki, 1996), puparium more or less
globose and with a peculiar operculum and cleavage lines, wing
with apices of veins R4+ 5 and M joined or nearly so (McAlpine,
1989), and larvae with antennae and maxillary organs at the apex
of a pair of fleshy projections arising from the apicodorsal mar-
gin of the oral pocket (Rotheray & Gilbert, 2008).

The phylogenetic placement of Syrphidae as the sister group
of Pipunculidae + Schizophora may have implications for
our interpretation of the evolution of embryonic develop-
ment in Diptera, as suggested by Wiegmann et al. (2011). In
schizophoran flies such as house flies, blow flies, and vinegar
flies (Muscidae, Calliphoridae, and Drosophilidae), the bicoid
gene is expressed in an anterior-to-posterior gradient and estab-
lishes anteroposterior (AP) polarity of the embryo (Johnston &
Nüsslein-Volhard, 1992; Sommer & Tautz, 1991; Schröder &
Sander, 1993). Stauber et al. (1999, 2000) showed that bicoid
is also present in nonschizophoran cyclorrhaphan flies, i.e.
M. abdita (Phoridae), and Lemke et al. (2008) reported the
occurrence of bicoid in two additional nonschizophoran cyclor-
rhaphan families, Lonchopteridae and Platypezidae. AP polarity
of the E. balteatus (Syrphidae) embryo appears to be determined
by two distinct factors at the anterior pole, but not bicoid (Lemke
& Schmidt-Ott, 2009). Episyrphus has some ancestral traits
of early embryonic development not present in other cyclor-
rhaphan flies, i.e. an anterodorsal serosa anlage (mid-dorsal in
Drosophila) (Rafiqi et al., 2008), a strong influence of caudal
on the anteroposterior axis, the lack of bicoid to establish the AP
polarity in the embryo (as in the beetle Tribolium), and hunch-
back expression in the serosa anlage, which has been reported
for noncyclorrhaphan insects but is absent in Drosophila, Musca
and Megaselia (Lemke & Schmidt-Ott, 2009). The current body
of evidence is not sufficient to make precise statements regard-
ing the evolution of embryonic development, and embryos from
additional syrphid species are necessary to better understand
the establishment of the AP polarity, as only the embryo of E.
balteatus has been studied. But based on the current limited data,
the most likely scenario is that syrphids may have undergone loss
of several typical cyclorrhaphan developmental features or that
there is a reversal of an ancestral mode of development in Episyr-
phus (Wiegmann et al., 2011). In a similar rationale, Lemke
et al. (2009) speculated that Episyrphus retained the ancestral
cyclorrhaphan mechanism of AP axis specification.

Flower fly subfamilies were resolved in agreement with previ-
ous studies. The placement of Microdontinae, represented by A.
brachycerus, as sister group of all remaining syrphids (Fig. 2)
was originally suggested by Thompson (1969) using morphol-
ogy and a Hennigian argumentation. This phylogenetic place-
ment of microdontines was later recovered with only molecu-
lar data or with molecular and morphological data combined
(Skevington & Yeates, 2000; Ståhls et al., 2003; Mengual et al.,
2015; Young et al., 2016). The ecological specializations of
the microdontines, i.e. adults are not associated with flowers
and larvae are predators or parasitoids of ant brood (Reemer,

2013; Pérez-Lachaud et al., 2014), made Thompson (1969) and
Speight (1987, 2016) consider them as a different family, not a
subfamily. However, we agree with Reemer & Ståhls (2013) and
Young et al. (2016) that this remains a subjective decision.

Monophyly of Eristalinae was not recovered in our analy-
ses, which is in agreement with previous studies (Skevington &
Yeates, 2000; Ståhls et al., 2003; Hippa & Ståhls, 2005; Men-
gual et al., 2015; Young et al., 2016). The current concept of
this subfamily includes nine tribes (i.e. Brachyopini, Callicerini,
Cerioidini, Eristalini, Merodontini, Milesiini, Rhingiini, Seri-
comyiini and Volucellini) and several larval feeding modes, such
as saprophagy, mycophagy, phytophagy and predation (Thomp-
son, 1972; Thompson & Rotheray, 1998; Rotheray & Gilbert,
1999). The subfamily and its tribes are mostly characterized
by adult morphological traits, and some larval characters are
useful to distinguish tribes. Our results agree with those of
Young et al. (2016), who also recovered members of Merodon-
tini placed as a sister group of remaining syrphids exclusive
of Microdontinae, but they disagree in the placement of the
tribe Eristalini. Using anchored hybrid enrichment techniques
and 343 molecular nuclear loci (the matrix comprises a total
of 217 702 nt columns), Young et al. (2016) obtained a fully
resolved tree with only one node having less than 70% bootstrap
support. That clade comprised two branches, the first with a sin-
gle member of Eristalini, Helophilus fasciatus Walker, and the
second with members of tribes Milesiini, Callicerini, Brachy-
opini and Rhingiini plus Pipizinae + Syrphinae (Young et al.,
2016; Fig. 1). In our study, Eristalini (represented by E. perti-
nax) and Milesiini (represented by S. pipiens) form a maximally
resolved clade, leaving F. cuprea (Rhingiini) as sister group to
Pipizinae + Syrphinae (Fig. 2).

As expected, members of Pipizinae and Syrphinae were
grouped into one clade, suggesting a common predatory ances-
tor. Both subfamilies have predaceous larvae that feed on
soft-bodied arthropods, mostly aphids (Hemiptera: Aphididae),
but syrphine larvae also feed on scale insects, psyllids, white
flies, thrips and larvae of other insects (Rotheray, 1993; Rojo
et al., 2003), and recently a pipizine species was found associ-
ated with ants (Downes et al., 2017), but there are still many
larvae where the biology is unknown. Interestingly, a few sec-
ondarily phytophagous species (leaf miners, stem borers and
pollen feeders) are found among Syrphini (Nishida et al., 2002;
Weng & Rotheray, 2008; Reemer & Rotheray, 2009: Zuijen &
Nishida, 2011, Dumbardon-Martial, 2016). Monophyly of Syr-
phinae has been recovered by almost all previous phylogenetic
studies based on molecular and/or morphological data (Rotheray
& Gilbert, 1999; Skevington & Yeates, 2000; Ståhls et al., 2003;
Hippa & Ståhls, 2005; Mengual et al., 2015; Young et al., 2016),
but the current classification of tribes within this subfamily is not
supported (Rotheray & Gilbert, 1999; Ståhls et al., 2003; Men-
gual, 2015; Mengual et al., 2008, 2012, 2015; Miranda et al.,
2016; Young et al., 2016). Our dataset was not designed to evalu-
ate the monophyly or relationships among Syrphinae tribes and,
consequently, we should not evaluate our results regarding them.
But it is interesting to point out that the tribe Bacchini was recov-
ered as nonmonophyletic, since M. scalare and B, elongata, both
members of Bacchini, do not group in a clade. Our results agree

© 2018 The Royal Entomological Society, Systematic Entomology, 43, 447–459
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with those of Mengual et al. (2008) and Young et al. (2016) on
the need for a revision of the tribal classification of Syrphinae
that may shed light on the evolution of the larval feeding modes
within this subfamily.

The present results are not novel, as the nonmonophyly of
Syrphoidea has been suggested before, but it is the first time
that transcriptomic data have been used to infer the phyloge-
netic relationship between Syrphidae and Pipunculidae. More-
over, our results on the relationships among syrphid subfam-
ilies support the conclusions from previous studies. We have
created a large dataset with de novo transcriptomes but the evi-
dence is the same. The transcriptomic dataset presented here can
help in the design of new bait kits for anchored hybrid enrich-
ment of forthcoming projects on these dipteran families (for an
approach as described by Mayer et al., 2016). Future research on
the taxa targeted in this study should have two clear objectives:
(i) the phylogenetic relationships and monophyly of Platype-
zoidea families; and (ii) the study of synapomorphies for Pipun-
culidae + Schizophora. In the same line, future studies on the
systematics of flower flies should target phylogenetic relation-
ships of genera of Microdontinae, a new subfamilial division
in that all the eristaline clades are recognized, and the defini-
tion of groupings within Syrphinae. Systematics work of this
type can be extremely fruitful, providing fundamental insights
into the embryological development of Cyclorrhapha, the evo-
lution of larval feeding modes in Syrphidae, and the evolution
of functional and morphological traits of these ecologically and
economically important groups.

Author contributions

The study was conceived by XM, RSP and TP. Material for
transcriptome sequencing was provided by DKY, KMB, RSP,
XM, KM, and was processed by SL and XZ. BM, AD, LP and
KM handled transcriptome data, performed the contamination
check and cleaning and were responsible for deposition of all
data at NCBI. The orthologue set was compiled by AV and KM.
All further analyses were performed by TP, TOB, KM, CM, RSP
and AK. All authors read, commented on and approved the final
manuscript.

Supporting Information

Additional Supporting Information may be found in the online
version of this article under the DOI reference:
10.1111/syen.12283

File S1. Extended Results.

Figure S1. MARE heatmaps of A) the original supermatrix
before removal of data blocks with an IC = 0 and B) of
the amino acid supermatrix after removal of data blocks
with IC = 0. The heatmap shows species in rows and data
block partitions in columns. Information content is coded in
shades of blue with dark blue representing high information
content, light blue representing low information content
and red representing no information content. Missing data

blocks are colored in white. A) Overall information content:
46.3%, matrix saturation 83%, 4,888 partitions. B) Overall
information content: 59.5%, matrix saturation 86.5%, 3,800
partitions.

Figure S2. Heat map showing species-pairwise amino acid
site coverage (AliStat results of species-pairwise comparison
of all 19 species) for the supermatrix of A) the original
dataset, B) the optimized dataset. Low shared site coverage
in shades of red and high shared site coverage in shades of
green. The completeness score for the entire alignment (Ca)
is (A) Ca = 0.653416, (B) Ca = 0.742787.

Figure S3. Best scoring Maximum Likelihood tree based on
the optimized amino-acid dataset (678,763 amino-acid sites
with 1,500 partitions). Bootstrap support for all branches is
100.

Figure S4. Best scoring Maximum Likelihood tree based on
the nucleotide dataset (3,121,689 nucleotide sites with 9,552
partitions). Bootstrap support for all branches is 100.

Table S1. Sampled species and material included in this
study.

Table S2. Statistics of ortholog prediction with Orthograph.
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