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Abstract. In this study, we use low-coverage shotgun sequencing of genomic DNA,
commonly referred to as genome skimming, to investigate the phylogenetic relationships
of the fungus gnat genus Allodia Winnertz (Mycetophilidae, Mycetophilinae, Exechiini).
Nineteen specimens, representing 16 in-group and three outgroup taxa, were success-
fully sequenced and molecular markers of both mitochondrial and nuclear origin were
retrieved. The phylogenetic analyses of 13 protein-coding mitochondrial genes, two
ribosomal mitochondrial genes and the nuclear ribosomal 18S and 28S strongly support
the monophyly of its two subgenera Allodia s.s. and Brachycampta. Complete mito-
chondrial genomes of 15 species were assembled, which enables further comparisons
with the mitochondrial genomes of other Diptera. Overall, the methodology used in this
study proved successful and promising for other dipteran groups. In addition to the phy-
logenetic reconstruction, the morphological characters previously used to separate the
two subgenera were evaluated and re-examined. Together with the composite structure
of the male genitalia, we consider details of the scutal bristles appropriate for separating
the two groups. Based on the achieved results, we reinstate Brachycampta stat. rev. as

a separate genus.

Introduction

High throughput sequencing (HTS) is increasingly being
used in insect phylogenetic studies, especially through
reduced-representation techniques such as target capture or
transcriptomics (Misof et al., 2014; Young et al., 2016; Peters
et al., 2017). Reduced-representation techniques provide only
a snapshot or specifically subsampled representation of the
genome instead of the entire genome and the retrieved genomic
information is thus reduced. However, the amount of informa-
tion represented is a larger part of the genome than in traditional
marker-based approaches. One of these reduced-representation
methods is genome skimming. Genome skimming equals ran-
dom sequencing of genomic DNA at low coverage (Straub
et al., 2012). Even though the coverage of the genome is
low, repetitive parts of the genome with high copy numbers

Correspondence:  Trude Magnussen, Natural History Museum,
University of Oslo, P.O. Box 1172 Blindern, NO-0318 Oslo, Norway.
E-mail: trude.magnussen @nhm.uio.no

will have higher coverage. Therefore, organellar DNA such
as the mitochondrial genome (mitogenome) and genes from
the nuclear ribosomal DNA cluster (18S and 28S) will have
high coverage and recovery rates in skims of animal genomes
(Grandjean et al., 2017; Ren et al., 2017; Trevisan et al., 2019).
Genome skimming has been used to reconstruct phylogenies in
several insect taxa (Ren et al., 2017; Zhang et al., 2019) and
has been used for DNA barcoding and DNA sequencing of bulk
samples for biodiversity studies (Papadopoulou er al., 2015;
Coissac et al., 2016; Linard et al., 2016).

Genome skimming is considered a relatively simple method in
terms of bioinformatics and has the advantages that no a priori
knowledge of the investigated genomes, genomic resources or
optimization steps are required (Lemmon & Lemmon, 2013;
Knyshov et al., 2021). In addition, the method demands less
laboratory work and the quality requirements of the samples are
lower than for many other HT'S methods, such as whole-genome
sequencing, transcriptomics or target-capture methods. On the
other hand, genome skimming is most efficient for sequencing
organellar DNA, which might not be suitable for resolving deep
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phylogenies. Nevertheless, mitogenomic data have been used
in higher-level systematics in Diptera (Cameron et al., 2006;
Zhang et al., 2016; Zhang et al., 2019), and also recently in
Mycetophilidae (Wang et al., 2021).

The fungus gnat tribe Exechiini (Diptera: Mycetophili-
dae: Mycetophilinae) contains approximately 700 described
species in 20 genera (Sevéik & Kjerandsen, 2012; Burdikova
et al., 2019). Members of the tribe are known from all conti-
nents except Antarctica and its highest species diversity is in the
Holarctic region, although they are understudied in tropical and
subtropical areas. The tribe is estimated to have originated in
the Paleogene, with a rapid radiation during the Eocene (Rindal
et al., 2007; Burdikovd et al., 2019; Kasprak et al., 2019). This
young age has proven to be a challenge in trying to reconstruct
the intergeneric phylogeny of the tribe (Kjerandsen, 2006;
Rindal & S¢li, 2006; Rindal et al., 2007; Burdikova et al., 2019;
Camier & Nel, 2020). The recent radiation may also explain
the overall uniform morphology within the tribe as several
genera can only be diagnosed by subtle differences in charac-
ters (Rindal & Sgli, 2006). As a result, the outline of the male
genitalia is not only used in the identification of species, but
often also hold the most defining characters of some genera.
Undoubtedly, Tuomikoski (1966) has given the most compre-
hensive and detailed presentation of the systematics within the
tribe Exechiini. He clearly accounted for the many ambiguities
linked to the conception of its included genera, a debate that has
been going on ever since.

Allodia Winnertz contains 96 described species in two sub-
genera; Allodia s.s. and Brachycampta Winnertz. The genus is
distributed in the Holarctic (Zaitzev, 1983, 1984), the Afrotrop-
ical (Matile, 1978; Magnussen et al., 2018), the Oriental
(Senior-White, 1922; Edwards, 1928; Magnussen et al., 2019)
and the Oceanian regions (Colless, 1966). The majority of the
species, however, has been described from the Holarctic region.
The larva of Allodia have been found in fruiting bodies of agaric
fungi, mainly in the orders Boletales and Russulales; several
species in subgenus Brachycampta are mainly or exclusively
associated with the order Pezizales (Jakovlev, 2012). Although
many rearing records exist for the genus (Chandler, 1993;
Seviik, 2010; Jakovlev, 201 1), the biology of the larval stages
of most species is unknown. Based on commonly applied col-
lecting methods, like interception traps and sweep netting, Allo-
dia s.s. is very common and abundant in boreal forests with
bimodal flight periods in spring and autumn, while Brachy-
campta appears sporadic and rare (personal observation). Indi-
viduals of Allodia s.s. tend to congregate in shady and humid
places, often several species together and in large numbers.
Species of Brachycampta, however, are usually collected in low
numbers.

Winnertz (1864) originally described Allodia and Brachy-
campta as separate genera. He included five species in Allodia
and eight species in Brachycampta. Of these, one species is
retained in each of the two subgenera, while the others have been
regarded as invalid, synonymized or ascribed to other genera.
Johannsen (1909) merged the two subgenera, and this practice
was followed by Coquillett (1911), and later by Edwards (1925)
who also included Synplasta Skuse and Brevicornu Marshall.

Tuomikoski (1966), in his review of Exechiini, maintained the
sub-generic status of Allodia and Brachycampta, but reinstated
Brevicornu as a separate genus. This view has been followed by
subsequent authors, including the most recent revisions of the
subgenera by Zaitzev (1983, 1984). In the most recent molecular
phylogenetic study of Exechiini (Burdikova et al., 2019) Allodia
and Brachycampta exhibit a sister-group relationship with high
support, but only two species from each subgenus were included.

Members of Allodia and Brachycampta are small to
medium-sized with slender body and long legs; they are
very similar in general appearance, and are typical represen-
tatives of Exechiini (Fig. 1). Typical characters to separate
them from most other genera in the tribe include the following:
wings with point of furcation of posterior before level of point
of furcation of anterior fork; branches of both forks without
setulae; wing with subcostal vein ending in vein radial vein
(R1); thorax with a bare anepisternum and scutum with bristles,
but not evenly clothed by setae (for a full key to genera, see
e.g. Sgli et al. (2000)) Characters to distinguish between the
two subgenera exist in the chaetotaxy of mesonotum, wing
venation and abdominal coloration. However, these characters
are imprecisely defined and do not necessarily apply to all
species of the two subgenera. Johannsen (1909) claimed that
the characters given by Winnertz (1864), for example, the
outline of the anal vein and the position of the cubital fork,
were far from adequate to separate between the North American
species, and he consequently combined the two. Later, the most
conspicuous and consistent morphological differences between
the two subgenera were found in the structures of the male ter-
minalia, as first pointed out by Tuomikoski (1966). In general,
the shaping of the various elements that constitute the male
terminalia is more consistent and comparable across species in
Allodia s.s., than in Brachycampta, where the outline of one or
more elements sometimes may be highly divergent. Based on
the morphological differences, Kjerandsen (2007) in a study
of the A. (B.) barbata-group, suggested that the two subgenera
should be regarded as separate genera, but before doing so, he
called for a rigorous test of their reciprocal monophyly.

In this study, we will test the utility of genome skimming
for obtaining molecular markers for phylogenetic reconstruc-
tion of the Exechiini genus Allodia. We use genome skimming
to target the complete mitogenomes and the nuclear ribosomal
markers 18S and 288, representing both more rapidly evolving
mitochondrial markers and more slowly evolving nuclear mark-
ers. In addition, we will re-examine and evaluate morphological
characters used in previous attempts to delimit and define the
subgenera.

Materials and methods
Taxon sampling and DNA extraction

We initially extracted genomic DNA from 43 specimens, rep-
resenting 25 species, including one from each of the genera Allo-
diopsis Tuomikoski, Brevicornu, Cordyla Meigen and Pseudex-
echia Tuomikoski as outgroup taxa. The choice of outgroup taxa
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Fig. 1. General morphology of the two subgenera, represented by (A) Allodia lugens (Wiedemann); (B) Allodia Brachycampta barbata Lundstrom.

Photo: Karsten Sund (NHM, Oslo).

is based on previous hypotheses on phylogenetic relationships
between the Exechiini genera. Brevicornu and Cordyla were
included in the analyses because they originally were merged
with Allodia by Edwards (1925), and share several morpho-
logical features with Allodia. Tuomikoski (1966) considered
Allodia to have a close relationship to Pseudexechia and Allo-
diopsis, we, therefore, also included them as outgroups. Too
late for our study, Burdikovd et al. (2019) hypothesized a pre-
viously unrecognized sister-group relationship between Allo-
dia and Anatella Winnertz. We did include two specimens of
Anatella lenis Dziedzicki in the DNA extractions, but the mea-
sured DNA concentration was too low to proceed with these
samples (see Table S1).

All specimens were collected between 2010 and 2017 from
various localities in Norway; some were pinned, but most
specimens were stored in ethanol (>70%). The full list of
specimens and localities is given in Table S1. For each specimen
thorax, legs and head were used for DNA extraction, while the
abdomen including the terminalia was kept as voucher in the
collection at the Natural History Museum in Oslo (NHMO),
stored in micro vials with glycerol (Col. Numbers: NHMO
442461 — 442498). The ethanol-preserved specimens were
incubated in a heating chamber for 20 min, 50°C, to remove
excess ethanol, before DNA extraction. DNA was extracted
using the tissue DNA protocol of the E.Z.N.A Tissue DNA Kkit,
following the manufacturer’s protocol with minor modifications
to optimize the DNA yield and concentration: in the first step, a
pestle was used to crush the exoskeleton effectively, the lysis
was done overnight and the elution once with 60 pL Elution
Buffer. The DNA concentration was measured using Qubit
Spectrophotometer (ThermoFisherScientific) and subsequently
checked for fragmentation of the product on a 2% agarose
gel to ensure a high quality and a minimum concentration

(>10 ng) of genomic DNA. The specimens stored in ethanol
worked better with regard to DNA quality (i.e. concentration and
fragmentation), compared to the pinned specimens.

To reduce costs, the limit was set to approximately 20 taxa
altogether, as we were sequencing all on one lane. Based on
the measurements of DNA concentration and evaluation of the
fragmentation, we therefore chose 20 samples for subsequent
sequencing, one sample per species (highlighted in Table S1).
The selected samples represented 16 in-group species; nine of
the species from Allodia s.s., seven species from Brachycampta
and four outgroup species. Our main purpose when choosing
in-group taxa was to cover as many morphologically distinct
groups as possible, primarily assessed by variation in their male
terminalia. Due to greater variation inside the group, this was
easier to accomplish for Brachycampta than for Allodia s.s.
From Brachycampta, it was important for us to include A. (B.)
czernyi (Landrock) and A. (B.) alternans (Zetterstedt), as they
are morphologically similar to Allodia s.s. One of the included
species represents an undescribed species, and is referred to with
the interim name Allodia JKJ-spA.

Morphology

For some specimens, the terminalia were temporarily slide
mounted as described in Magnussen et al. (2018) and pho-
tographed using Zeiss Axio imager M2, fitted with the cam-
era Axiocam 506 colour. The photos were stacked with Zerene
Stacker version 1.04 (ZereneSystems LL.C), and edited in Adobe
Photoshop and assembled using Adobe Illustrator. In addition,
scanning electron microscope (SEM) images were taken of
pinned, noncoated, specimens, in a Hitachi S-3600N SEM at the
Geo Lab at the Natural History Museum, University of Oslo.
The instrument was operated at low vacuum (20 Pa), 15.0 kV
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accelerating voltage and 70% beam current. To obtain detailed
images of the specimen’s surface, the backscattered detector in
3D mode was used.

Library construction and sequencing

The library preparation and sequencing were performed at
the Norwegian Sequencing Centre (NSC). Library preparations
were performed with the Nextera DNA Flex Library Preparation
Kit (Illumina), with 5—12 cycles of amplification depending on
the amount of input DNA of each sample. The samples were
subsequently sequenced paired-end on one lane with Illumina
HiSeq 4000, with a desired insert size of 350 bp and read length
of 150 bp.

Sequence assembly, target gene search and annotation

The paired end libraries were first assembled denovo
using St. Petersburg genome assembler (SPAdes) (Banke-
vich et al., 2012), with k-mer sizes 21, 33 and 55. The reads
were corrected by BayesHammer (Nikolenko et al, 2013)
included in SPAdes. The quality of each assembly was sub-
sequently evaluated with Quast (Gurevich ef al., 2013). The
Basic Local Alignment Search Tool version 2.8.1 (BLAST+)
(Altschul et al., 1990) was used locally to screen for the whole
mitogenome, specific mitochondrial genes and the nuclear
ribosomal genes (18S and 28S) using ‘tblastn’ and ‘blastn’
in combination with different bait sequences as queries. The
~650bp barcoding region of cytochrome oxidase subunit 1
(cox1) was used to find long contigs representing the com-
plete or parts of the mitogenome. The DNA barcodes used
as queries are available through the publicly available dataset
‘Allodia Phylogeny Queries’ (DS-ALPHYL) in Barcode of
Life Datasystems (BOLD) (Ratnasingham & Hebert, 2007). As
queries for the nuclear ribosomal genes, we used the partial 18S
sequence from Allodia sp. (GenBank: DQ787912.1, in Rindal
et al. (2007)), and for 28S, we used the partial 28S of Allodia
sp. (GenBank: EU219584.1, in Rindal et al. (2009)).

Using short sequences, such as cox1, did not work to obtain
long contigs of the mitogenome. Therefore, we tested using
complete mitochondrial sequences from other dipterans as
queries, namely; Tipula cockerelliana (GenBank: KT970065.1,
in Zhang et al. (2016)) and Arachnocampa flava (GenBank:
NC_016204.1, in Beckenbach (2012)). Using the complete
mitochondrial references aided in getting some longer contigs
in the blast searches, but the mitogenomes were still broken
into short fragments (~1000 bp). In most cases, only short and
incomplete sequences were also retrieved for 18S and 28S.

An alternative strategy was therefore implemented, which
consisted of a reference-based method with a nucleotide
sequence as a seed in MITObim version 1.8 (Hahn et al., 2012).
First, the raw reads were trimmed with Trim Galore! V.0.3.3
(Krueger, 2013), using the ‘paired’ option and other options as
default. Due to the high copy number for both the mitogenome
and the rRNA cluster, the method was used for both the

mitochondrial genes/genomes and the nuclear ribosomal
genes. MITObim was run with the parameter ‘quick’ and the
‘pair’ option, other settings were left unchanged. Initially, the
mitogenome of all 20 species was attempted to be reconstructed
with MITObim using the barcode queries as a reference.
This resulted in most cases in short sequences (~4000bp),
because the iteration process ended before the complete circular
mitogenome sequence was assembled. Still, the sequences were
longer than what was retrieved with BLAST+ using the SPAdes
assemblies. To be able to assemble longer and almost complete
mitogenomes we therefore used Arachnocampa flava (Acc.no
NC_016204.1) as a reference for the assembly of A. JKJ-spA.
Then, A. JKJ-spA was used as a reference for the rest of the
species, which resulted in longer mitochondrial sequences and
several complete mitogenomes.

The mitochondrial sequences obtained through the two
approaches were annotated using MITOS web server (Bernt
et al., 2013), using default settings and the invertebrate genetic
code. The short sequences were challenging to annotate, and
often contained incomplete genes. If the genes annotated with
MITOS were of approximate expected length, each sequence
was blasted against NCBI to verify the identity. The nuclear
18S were annotated with RNAmmer 1.2 Server (Lagesen
et al., 2007), and the partial 28S were not annotated, but
checked with manual BLAST searches.

Coverage plots and alignments of the assemblies from MITO-
bim were inspected with the software TABLET v 1.17.08.17
(Milne et al., 2013). Most of the complete mitogenomes had
areas of low quality in the assembly, where the coverage dropped
and contained ambiguous characters. These regions were likely
due to long stretches of repetitive bases. The low-quality regions
were reassembled with a few iterations and compared against the
initial sequence. For those species where we could not obtain the
complete or almost complete mitogenome with any of the meth-
ods, we assembled separate genes or regions using MITObim
with a few iterations, in order to get a complete set of mitochon-
drial genes.

Genes and alignment

Even though we could not determine the complete
mitogenome for all our species, sequence information of
all 13 protein-coding mitochondrial genes, two ribosomal mito-
chondrial genes and two nuclear rRNA genes 18S and partial
28S could still be retrieved, except for mitochondrial genes
of Cordyla sp., which turned out to be difficult to assemble
probably due to poor quality of the retrieved sequence data. All
alignments are available in the Figshare database (https://doi
.org/10.6084/m9.figshare.16565994).

Each gene was aligned separately using MAFFT version
7.300 (Katoh & Standley, 2013) with max iterations set to
1000, using the ‘globalpair’ and ‘reorder’ options for the input
file. In several of the species, the gene NADH dehydrogenase
subunit 5 (nad5) was split into two parts (~500 and ~1000 bp
long) given the MITOS annotation. In this case, both parts
were aligned together with the complete nad5 sequences of
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the other species, and the parts were subsequently merged
into one sequence based on the alignment. The reason for
the splitting was a low-quality region with a stretch of T’s of
different length introducing shifts in the reading frame. After
alignment, ambiguous regions (i.e. containing gaps or poorly
aligned) in nad5 (amino acid), 125, 16S, 18S and 28S were
removed with Gblocks version 0.91b (Castresana, 2000) using
the following parameters: minimum length of a block after gap
cleaning set to 10, no gap positions were allowed in the final
alignment, all segments with contiguous nonconserved positions
bigger than eight were rejected, minimum number of sequences
for a flank position were set to 85%. The alignments were
concatenated into five different datasets using FASconCAT-G
(Kiick & Longo, 2014) and the following criteria:

1 Only mitochondrial protein-coding genes (nucleotide data).

2 Only mitochondrial protein-coding genes (amino acid data).

3 All mitochondrial protein-coding and rRNA genes
(nucleotide data).

4 Only nuclear genes, 18S and partial 28S (nucleotide data).

5 All mitochondrial and nuclear genes used above combined
(nucleotide data).

Phylogenetic analyses

ModelFinder (Kalyaanamoorthy et al., 2017) was used to
find the best fitting substitution model for each of the sepa-
rate gene alignments for RaxML analyses (Table S2). Phylo-
genetic analyses of the datasets were conducted with maxi-
mum likelihood (ML) using RAXxML and ultrafast bootstrap was
done in IQ-TREE multicore version 1.6.8 for Linux (Nguyen
et al., 2015). Each analysis was set up with 1000 initial parsi-
mony trees, 15 trees were maintained during the ML tree search
and the ultrafast bootstrap replicates were set to 1000 iterations.
Each dataset was analysed with each partition (i.e. gene) allowed
to have its own evolutionary rate, using the ‘-spp’ option.

Bayesian analyses were carried out on dataset 5 using
BEAST?2 v2.6.5 (Bouckaert et al., 2019). The protein-coding
genes were partitioned by codon position (1 + 2 + 3), the mito-
chondrial rRNA were treated as one partition and the nuclear
data as one. The substitution models were selected automatically
using the add-on package bModelTest (Bouckaert & Drum-
mond, 2017) in BEAST?2 for each of the five partitions, using the
‘namedExtend’ set of substitution models. The analysis was run
with linked trees and linked clock models, while the site mod-
els were unlinked. We applied a birth death model and selected
a strict, log normal clock with the offset set to 16 million years
with a soft maximum boundary, covering the Eocene. This age is
based on the fossil of an Allodia sp. found in Miocene Ethiopian
amber, which to our knowledge represent the youngest fossil of
the genus (Bouju et al., 2021). The MCMC chain was set to 20
million iterations and with a 10% burn-in. The log files were
inspected in Tracer v1.7.2 (Rambaut er al., 2018) to confirm
convergence and inspect the effective sample size (ESS). The
ESS values were at least 200 for all relevant parameters, with the
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posterior, prior and likelihood all above 1400. A maximum cred-
ibility consensus tree was obtained using TreeAnnotator v2.6.4
(Bouckaert et al., 2019) with a 25% burn-in. The phylogenetic
trees from the RaxML and Bayesian analyses were visualized
and edited in FigTree version 1.4.3 (Rambaut, 2009) and Adobe
[lustrator. All tree files are available in the Figshare database
(https://doi.org/10.6084/m9.figshare.16565997).

Results and discussion
Sequencing results and assembly

The number of obtained paired-end reads for the 20 speci-
mens varied from 20313314 to 42434 194 reads (Table S3),
the average read number per specimen was 31981 741, which
gave ~4.8 gb per specimen. We were able to assemble complete
mitogenomes (i.e. with all genes present) for 15 of the included
species. For better readability, we refer to Allodia and Brachy-
campta as genera throughout this section, representing the taxa
as newly revised by our work (see below).

Of the complete mitogenomes, nine were from Allodia s.s.
[A. JKJ-spA, Allodia anglofennica Edwards, Allodia zaitzevi
Kurina, Allodia tuomikoskii Hackman, Allodia pyxidiiformis
Zaitzev, Allodia truncata Edwards, Allodia lundstroemi Lund-
stroemi, Allodia lugens (Wiedemann), Allodia ornaticollis
(Meigen)], five from Brachycampta (Brachycampta angulata
Lundstrom, Brachycampta protenta LaStovka and Matile,
Brachycampta  foliifera (Strobl), Brachycampta neglecta
Edwards and Brachycampta czernyi (Landrock)) and one
outgroup species (Brevicornu bipartitum). For the remaining
species Brachycampta alternans (Zetterstedt), Brachycampta
barbata (Lundstrom), Allodiopsis domestica and Pseudexechia
tuomikoskii, the mitogenome had to be assembled in several
pieces and all mitochondrial genes used for the phylogenetic
inference could be obtained. Only for one outgroup species
(Cordyla sp.), we were unable to retrieve most of the mitochon-
drial genes, and therefore, excluded this species from further
analyses involving the mitochondrial genes. The nuclear ribo-
somal genes 18S (~2017bp) and partial 28S (~954 bp) were
successfully assembled with MITObim for all of the 20 species.
The coverage of 18S and 28S were approximately four times
higher than for the mitogenome assemblies. All mitogenomes
and genes obtained, with GenBank accession numbers, are
listed in Table S3.

Consequently, we were able to base our following analyses
on a total of 17 genes, which together comprised 16072
positions in the alignment after trimming. Of these, 3772 were
parsimony informative. Hence, substantially more data could be
used than in traditional Sanger sequencing studies that include
relatively few loci (Rindal et al., 2007; Burdikova et al., 2019).
Compared to genome skimming, RADseq and target-capture
usually provide a more even representation of the genome,
which at present mostly recovers sequence data present in
high-copy numbers within the genome. However, bioinformatic
methods are being developed to increase the value of low
coverage genome data by retrieving more genes, including
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single-copy ones, and hence increasing the representation of the
genome (Tan et al., 2021). In addition, it is worth pointing out
that methods like target-capture or RADseq are tailored towards
conservative parts of the genomes to reduce the amount of allelic
dropouts due to substitutions (Cerca et al., 2021; Lemmon &
Lemmon, 2013) and hence also are a biased representation of the
genome. As mentioned in the introduction, a strong advantage of
genome skimming is that it does not require a priori knowledge
of the investigated genomes, while target-capture or RADseq,
for example, require some prior information about the genome
(Lemmon & Lemmon, 2013). While this can be circumvented
by using information from other species in case this is lacking
for the targeted species, this has some caveats the more distantly
related the other species is to the targeted species. The chance
of substitutions in the target of the capture or the restriction
site increases with genetic distance and hence the chance of
allelic dropout (Cerca et al., 2021; Lemmon & Lemmon, 2013).
This results in increased level of missing data. In contrast,
genome skimming, similar to whole-genome sequencing, has a
much lower chance of being affected by substitutions and allelic
dropout (Lemmon & Lemmon, 2013).

In our analyses, we have a low percentage of missing data
[4.3% in the complete dataset (Dataset 5)] and only in one
of the outgroup species (Cordyla sp.), we had problems with
assembly of several mitochondrial genes. However, in this
case, this is not related to the more distant relationship of this
outgroup species to the ingroup species, but due to the poor
quality of the retrieved sequence data. An additional factor,
which can affect the recovery of genes in genome skimming
is the genome size. Naturally, when the genome size increases
one has to generate more sequencing reads to obtain the same
level of coverage than for a smaller genome. However, in
genome skimming each individual sample (and hence genome)
is in principal targeted with the same number of reads, but
as can be seen in our result the actual difference can be
two-fold ranging from about 20 to 40 million reads because
the samples were pooled prior to sequencing. Furthermore,
when the nuclear genome size increases the proportion of
the mitochondrial genome to the whole-genome becomes also
smaller and accordingly the sequencing output will have less
reads of the mitochondrial genome. All of these can reduce
the number of genes recovered by genome skimming, but this
can easily be amended by increasing the sequencing depth and
hence increase the coverage, while for the other methods just
sequencing more will not solve the underlying problem of allelic
dropout.

Mitochondrial genomes

The gene order was identical for all species for which we
obtained the complete mitogenome (see Fig. 2), except for a
missing trnV between the small ribosomal RNA subunit (rrnS)
and large ribosomal RNA subunit (rrnl) in A. truncata and B.
protenta. The gene order found corresponds to a typical ancestral
insect gene order (Cameron, 2014) and to the results in Wang
et al. (2021) for Mycetophilidae. The mitochondrial genes are

of approximately the same length in the studied species, with
the largest length differences observed between in-group and
outgroup species. The control region (AT-rich region) of the
species was difficult to assemble due to repetitive regions; this
area was therefore excluded from the mitogenome sequences
and subsequent analyses.

Phylogenetic inference

Dataset 1, based on the nucleotide sequences of all the
mitochondrial protein-coding genes consisted of 11 686 posi-
tions and of these 3286 were parsimony informative. Dataset
2, containing the amino acid sequences of all the mitochon-
drial protein-coding genes, had in total 3639 sites, of which
583 were parsimony informative. Dataset 3, containing the
nucleotide sequences of all 15 mitochondrial protein-coding
and rRNA genes, which comprised 13 101 positions with 3613
parsimony-informative ones. Dataset 4, of the nuclear ribosomal
genes 18S and partial 28S, consisted of 2971 positions in total,
of which 124 were parsimony informative. Dataset 5 included
all 17 genes mentioned above with a total of 16 072 positions,
of which 3772 sites were parsimony informative.

The results of the phylogenetic analyses of all five datasets
support the monophyly of the two subgenera Allodia and
Brachycampta as well as of the genus Allodia with maximal
bootstrap support of 99—100 for all three clades in all RaxML
analyses (Fig. 3, Figs S1-S4). In addition, in the Bayesian
analysis these three clades have strong support with a posterior
probability of 1. The RaxML and Bayesian analyses of dataset 5
(with all genes included) are congruent and with the exception of
A. lugens and A. truncata, which switched place in the Bayesian
analysis (Fig. 3, Fig S5). Within each subgenus, incongruences
among the datasets occur, and several nodes, especially in
Allodia have low branch support. Within Brachycampta, there
are only minor incongruences between the different datasets
and several phylogenetic relationships are strongly supported.
In general, the resolution is better in the datasets containing
mitochondrial data, with longer branches and higher bootstrap
support. In dataset 4, with only nuclear data, the branches
are shorter and the internal topology of both Allodia and
Brachycampta is largely unresolved. The topological conflict
between the analyses of the mitochondrial data (Figs S1-S3)
and the nuclear ribosomal data (Fig S4) is therefore most likely
due to differences in resolution, leading to branches with low
statistical support.

The resolution of the mitochondrial data in our analyses sug-
gests that it is applicable also at the genus and to a certain degree
at the species level. Furthermore, by combining and comparing
the mitochondrial data with the nuclear markers, as discussed
in Caravas & Friedrich (2013), we could independently eval-
uate the results given by the mitogenome analyses alone. Our
results also indicate that the phylogenetic signal of the nuclear
ribosomal genes seems well suited for genus-level relationships,
but these genes did not give adequate resolution to resolve
between-species relationships (i.e. with regard to branch lengths
or support). To resolve the species-level relationships, we would
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Fig. 2. A diagram showing the mitochondrial gene order of Allodia JKJ-spA. The inner-circle represents the light strand, and the outer circle the heavy
strand. The transferRNA genes are indicated by the abbreviation letter of the amino acid. The gene sizes are approximately proportional to the nucleotide
length of the genes. Abbreviations: ATP synthase subunit 6 (=atp6) and 8 (=atp8); control region (=CR); cytochrome oxidase b (=cob); cytochrome
oxidase ¢ subunit 1 (=cox1), 2 (=cox2) and 3 (=cox3); NADH dehydrogenase subunit 1 (=nadl), 2, (=nad2), 3 (=nad3), 4 (=nad4), 4L (=nad4L), 5
(=nad5) and 6 (=nad6); small ribosomal RNA subunit (rrnS) and large ribosomal RNA subunit (rrnL).

need to include data from more species and also include samples
from other biogeographic regions.

Our study aimed to solve the phylogenetic relationship
between the two subgenera, and not the intraspecific relation-
ships. Accordingly, we will only briefly discuss the internal
topology of the two clades in the following two sections.

The internal topology of Brachycampta

The resolution within Brachycampta is higher than what is
observed within Allodia and the phylogenetic relationships are
largely supported (Fig. 3) also in the other datasets, with some
exceptions. Likewise, the analysis of the amino acid data results
in a much better resolution (i.e. longer branches) in Brachy-
campta compared to Allodia, where the topology has no support

(Fig S2). Several species pairs in Brachycampta exhibit strong
affinity in the analyses, and are revealed as sister groups with
high statistical support in all but the nuclear dataset (Fig S4).
These species pairs also correspondingly show a high degree
of morphological similarity in the shape and structure of the
male gonostyle. The clade consisting of B. protenta, B. foliifera,
B. angulata and B. barbata is recovered as monophyletic in the
analyses of all datasets, although in dataset 4, the branches are
very short, and without support (Fig S4). Within the clade, the
species pairs of B. protenta and B. foliifera, and B. angulata
and B. barbata are recovered in all analyses, except in dataset
4. These relationships are supported by morphology. Brachy-
campta protenta and B. foliifera both have a very large median
lobe of the gonostyle, while the dorsal lobe only forms a very
narrow comb-like structure (Fig. 4). Brachycampta angulata and
B. barbata both have highly reduced and slender dorsal and

© 2021 The Authors. Systematic Entomology published by John Wiley & Sons Ltd on behalf of Royal Entomological Society. doi: 10.1111/syen.12529
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Fig. 3. Maximum likelihood analysis of dataset 5; all genes included. Brach support refers to Bootstrap support values above 85, together with the
posterior probabilities above 0.90 from the Bayesian analysis of the dataset. The topology of the Maximum likelihood analysis and the Bayesian analysis
of the dataset is congruent with the exception of the placement of Allodia lugens (Wiedemann) and Allodia truncata Edwards, indicated by an asterisk.

median lobes of the gonostyle (Fig. 4). Moreover, B. neglecta
has a stable position as a sister to the latter clade B. protenta,
B. foliifera, B. angulata and B. barbata with strong nodal sup-
port (>89) in all analyses. The two species B. alternans and B.
czernyi are either placed as sister species to each other (Figs S1,
S3 and Fig. 3) or as distinct nodes (Figs S2 and S4) branching out
basally within Brachycampta. The three species B. alternans,
B. neglecta and, in particular, B. czernyi are morphologically
more similar to Allodia than any other of the included Brachy-
campta species, as they all have simple outlines of the male
gonostyli.

The internal topology of Allodia

In contrast to Brachycampta, the relationships in subgenus
Allodia s.s. vary between datasets, and the support of the differ-
ent clades is correspondingly low. In fact, none of the internal
nodes in Allodia are present in all the analyses of the differ-
ent datasets. A similar pattern is found in the morphological

characters, probably caused by the more restrained outline of
the composite male terminalia (see Fig. 4). The relationships
between the species are completely incongruent between the
nuclear and mitochondrial data (Figs S1-S4), but also among
the different analyses of the mitochondrial data. Moreover, the
inclusion of mitochondrial rRNA in the analyses (Fig S3), has a
large influence on the topology within Allodia. The differences
occur, in particular, with respect to the positions of A. trun-
cata, A. lugens, A. tuomikoskii and A. pyxidiiformis. As already
mentioned, A. truncata and A. lugens also have a different place-
ment in the Bayesian analysis of the dataset 5, compared to the
RaxML topology (Fig S5). The group consisting of A. anglofen-
nica, A. JKJ-spA, A. lundstroemi and A. truncata shows up in
datasets 1 and 3 (Figs S1 and S3), with relatively high statis-
tical support (i.e. bootstrap > 90). The position of A. lugens is
very unstable, either it groups together with A. anglofennica,
A. JKJ-spA, A. lundstroemi and A. truncata (Figs S1, S2 and
S4), or together with A. tuomikoskii and A. pyxidiiformis, but
neither of these positions have strong bootstrap support. There
is also a tendency for A. zaitzevi and A. ornaticollis to group
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Fig. 4. The male gonostylus from the inner side of all the species included in the study.
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Fig. 5. Scutum, dorsal view, showing the position of bristles in Allodia and Brachycampta. (A) Allodia pyxidiiformis Zaitzev, 1983; (B) Brachycampta

alternans (Zetterstedt, 1838).

together (Figs S1, S2 and Fig. 3), but with variable statistical
support. Morphologically these species are not very similar, and
A. zaitzevi has much more in common with A. pyxidiiformis, as
also pointed out in the original description by Kurina (1997). In
the analysis of dataset 4, with 18S and 28S, these two species
do show a strong phylogenetic relationship, together with A.
tuomikoskii (Fig S4).

Morphological characters

The original characters used by Winnertz (1864) to describe
Allodia and Brachycampta as separate genera were the outline
of the anal vein and the position of the posterior fork in relation
to the base of the R-M crossvein. Nevertheless, as already
commented on by Johannsen (1909), a large degree of variation
exists. At the time of Winnertz (1864), the notion of the genera
included in the tribe Exechiini was very different from today, and
most species described at that time have later been transferred
to other genera. It is illustrative that of the 13 species originally
included in Allodia and Brachycampta by Winnertz (1864), 11
have been ascribed to other genera.

Edwards (1925), in his concept of Allodia, also included Brevi-
cornu and Cordyla, and mainly used the chaetotaxy to separate
between the different species groups. Edwards was the first to
use the presence/absence of discal bristles at the anterior part of
scutum to separate the lugens- and grata-group (roughly corre-
sponding to the subgenera Allodia and Brachycampta, respec-
tively). We have found this particular character to be important

to separate the two genera, due to its overall consistency in both
groups. Edwards also illustrated the genital structures of species
in Allodia s.1., and used the characters of the male genitalia and
coloration to identify the species. The convergent pattern in the
outline of the genitalia within each of the two groups, however,
has not been used as diagnostic character. The clearest differ-
ences can be seen in the individual lobes of the male gonostyle
(see Fig. 4), but differences can also be found in the shape of the
genital capsule and the hypandrial lobe, particularly in Brachy-
campta. In Brachycampta, with large interspecific variation, it
may be difficult to see a common pattern (Fig. 4), while in Allo-
dia, such a pattern is much more evident (Fig. 4).

A careful study of the microstructure of the large bristles on
the notum, revealed an interesting and seemingly consistent
variation between the two subgenera (Fig. 5). In Allodia, these
bristles have an apical split, one tip longer than the other
(Fig. 6B—D); in Brachycampta, the bristles are pointy (Fig. 6E,
F), more or less clear-cut, or with somewhat splintery tips
(Fig. 6G). The microstructure of the two long bristles on the
scutellum display the same variation (Fig. 6B, E). This character
has been confirmed for all 12 Allodia and 15 Brachycampta
species studied: A. anglofennica, Allodia embla Hackman, 1971,
A. JKJ-spA, Allodia laccariae Sasakawa and Ishizaki, 2003,
A. lugens, A. lundstroemi, A. ornaticollis, A. pyxidiiformis, Allo-
dia septentrionalis Hackman, 1971, A. truncata, A. tuomikoskii,
A. zaitzevi, Brachycampta adunca Zaitzev, 1992, B. alternans,
B. angulata, B. barbata, B. czernyi, B. foliifera, Brachycampta
grata (Meigen, 1830), Brachycampta huggerti Kjerandsen,
2007, B. neglecta, Brachycampta penicillata (Lundstrom,
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Fig. 6. Microstructure of bristles on scutum. Scanning electron microscope images of setae on scutum and scutellum of in the two genera Allodia
and Brachycampta. (A) Notum of Allodia pyxidiiformis Zaitzev, 1983; (B) Scutellum of Allodia pyxidiiformis; (C) Detail, scutellar bristles of Allodia
pyxidiiformis; (D) Scutellar bristles of Allodia lugens (Wiedemann, 1817); (E) Scutellum of Brachycampta foliifera (Strobl, 1910); (F) Detail scutellar
bristle of Brachycampta foliifera; (G) Tip of setae in Brachycampta adunca Zaitzev, 1992.

1912), Brachycampta pistillata (Lundstrom, 1911), B. protenta,
Brachycampta rindeni Kjerandsen, 2007, Brachycampta
subspillata  Sev&ik, 1999 and Brachycampta triangularis
(Strobl, 1895).

Taxonomy

Based on the results of our molecular phylogenetic anal-
yses, in combination with the evaluation and re-examination
of morphological characters, we find it justified to raise the
subgenus Brachycampta to the genus level and consequently

redefine Allodia to comprise the current species of the subgenus
Allodia s.s. only.

Allodia Winnertz, 1864

(Figs 5A, 6B-D)

Allodia Winnertz, 1864: 826.

Type species: Mycetophila ornaticollis Winnertz, 1864,
by designation of Johannsen, 1909: 104. [Misidentifica-
tion = lugens Wiedemann (1817)].

= Parallodia Plassmann, 1969

Amended diagnosis. The genus differs from Brachycampta in
having the anterior half of scutum devoid of strong discal bris-
tles, or with very short bristles only; smaller flat-lying setae may
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be present (Fig. 5A). Furthermore, the bristles on scutum and
scutellum have an apical split, one tip distinctly longer than the
other (Fig. 6B—D). The male terminalia of the genus are rather
homogenous and the gonostyli are uniformly shaped. Typical
for the gonostylus is a prominent, heavily sclerotized dorsal
lobe, a more flattened, often sub-triangular median lobe and a
club-shaped ventral lobe (Fig. 4). The hypandrial lobe of the
species in this genus is also rather uniformly shaped, elongated
and sclerotized. Additional characters, helpful for identification,
but not completely reliable, are the pale abdominal markings,
which, when present, are broader towards the hind margins of
the tergites; moreover, the base of the posterior fork is usually
located after or opposite the base of the R-M crossvein.

Brachycampta Winnertz, 1864 stat. rev.
(Figs 5B, 6E-QG)
Brachycampta Winnertz, 1864: 833.

Type species: Mycetophila alternans, Winnertz, 1864,
by designation of Coquillett, 1910: 515. [Misidentifica-
tion = grata (Meigen, 1830)] (Further details about any
possible uncertainties on the designated type species is given
by Tuomikoski (1966)).

Diagnosis. The genus differs from Allodia by the presence of
well-developed discal bristles on the anterior part of scutum, in
addition to smaller flat-lying setae, the bristles can be arranged
in two or three rows (Fig. 5B). The apices of the bristles on
scutum and scutellum are pointed (Fig. 6E, F), or somewhat
splintery (Fig. 6G), but never with splits of different lengths. The
male terminalia of the genus is highly variable, with diversely
shaped gonostyli, often with a less intricate dorsal lobe and
more elaborate medial and ventral lobes (Fig. 4). The hypandrial
lobe is prominent and has a complex outline that often varies
between species and can be of diagnostic importance. Additional
characters, helpful for identification, but not completely reliable
are the pale abdominal markings, which, when present are
broader towards the anterior margin of the tergites; moreover, the
base of the posterior fork is usually located before or opposite
the base of the R-M crossvein.

Conclusion

In summary, genome skimming was successfully applied to
retrieve molecular markers to construct the phylogeny of a
Mycetophilid genus. The methodology used is promising for
resolving deeper relationships within the tribe Exechiini, which
to date has been challenging due to the young age of the radia-
tion. The genome skimming approach also seems promising for
studies focusing on resolving problems at shallow phylogenetic
levels in Diptera in general, and we believe that the method is a
transition from Sanger sequencing to HTS that is within reach
also for scientists without strong background in bioinformatics.

As accounted for, the perception of Allodia and Brachycampta
has varied through time, originally described as two separate
genera (Winnertz, 1864), but as a consequence of inadequacies
in their suggested diagnoses Johannsen (1911) suggested to treat
them as subgenera of Allodia s.s. This practice was followed by

most subsequent authors, including Tuomikoski (1966) in his
highly acknowledged and foresighted analysis of the Exechiini,
above all because of the lack of good synapomorphies to
separate the two taxa. Despite the absence of good diagnostic
morphological characters to separate the two subgenera, most
workers have been conscious of distinct dissimilarities in the
outline of their male genitalia, as well as in different behaviour
and biology. Nevertheless, despite strong indications for the con-
trary (Kjerandsen, 2007), the two have still been treated as one
genus by most workers. As the results of our phylogenetic analy-
ses strongly support the monophyly of both Allodia and Brachy-
campta, and moreover, we are able to present morphological
characters to diagnose and separate them, we find it justified
to treat Allodia and Brachycampta as separate genera. Further-
more, we argue that distinguishing two genera will make it eas-
ier to recognize their diversity and facilitate future taxonomic
studies.

Supporting Information

Additional supporting information may be found online in
the Supporting Information section at the end of the article.

Figure S1. Maximum likelihood analysis of Dataset 1, mito-
chondrial protein coding genes (nucleotide data). Bootstrap
support values above 85 are listed next to the branches.

Figure S2. Maximum likelihood analysis of Dataset 2, mito-
chondrial protein coding genes (amino acid data). Bootstrap
support values above 85 are listed next to the branches.

Figure S3. Maximum likelihood analysis of Dataset 3, all
mitochondrial protein-coding and rRNA genes (nucleotide
data). Bootstrap support values above 85 are listed next to
the branches.

Figure S4. Maximum likelihood analysis of Dataset 4,
only nyclear genes, 18S and partial 28S (nucleotide data).
Bootstrap support values above 85 are listed next to the
branches.

Figure S5. Bayesian analysis of Dataset 5, mitochondrial and
nuclear genes (nucleotide data). Posterior probabilities above
0.95 are listed next to the branches.

Table S1. Full list of specimens with DNA extracts, id. infor-
mation, DNA concentration, storage medium and collection
data. The sequenced specimens highlighted. Abbreviation:
NHMO = Natural History Museum, University of Oslo.

Table S2. Alignment information and substitution models.
Substitution models listed for each gene alignment esti-
mated with ModelFinder (Kalyaanamoorthy et al., 2017)
in IQ-TREE (Nguyen et al., 2015). The best fit model
is found for nucleotide- and amino acid data accord-
ing to the Bayesian Information Criterion (BIC) score.
The information in parentheses represents the number of
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positions before Gblocks version 0.91b (Castresana, 2000).
Abbreviations: ASC = ascertainment bias correction
model (Lewis 2001), F = Empirical base frequencies,
GTR = General time reversible (Tavare 1986), G = discrete
Gamma model (Yang 1994), I = allowing for a proportion of
invariable sites, K3Pu = three substitution types model and
unequal base freq (Kimura 1981), mtART = Mitochondrial
Arthropoda (Abascal et al. 2007), mtMAM = Mitochondrial
Mammalia (Yang et al. 1998), mtlnv = Mitochondrial
Inverterbrate (Vinh et al. 2017), mtZOA = Mitochondrial
Metazoa (Rota-Stabelli et al. 2009), R = FreeRate model
(Yang 1995; Soubrier et al. 2012), TIM = Transition model,
AC = GT, AT = CG and unequal base freq, TIM2 = AC = AT,
CG = GT and unequal base freq, TIM3 = AC=CG, AT = GT
and unequal base freq, TN = Unequal transition/transversion
rates and unequal purine/pyrimidine rates (Tamura and Nei
1993). TPM3u = AC=CG, AG = CT, AT = GT and unequal
base freq, TVM = Transversion model, AG = CT and
unequal base freq.

Table S3. Library statistics and assembly information. The
GenBank accession numbers are listed for each of the
mitogenomes/parts of the mitogenomes, 18S and 28S.
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