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Abstract

Background: The Drosophilidae family is traditionally divided into two subfamilies: Drosophilinae and Steganinae.
This division is based on morphological characters, and the two subfamilies have been treated as monophyletic in
most of the literature, but some molecular phylogenies have suggested Steganinae to be paraphyletic. To test the
paraphyletic-Steganinae hypothesis, here, we used genomic sequences of eight Drosophilidae (three Steganinae
and five Drosophilinae) and two Ephydridae (outgroup) species and inferred the phylogeny for the group based on

a dataset of 1,028 orthologous genes present in all species (> 1,000,000 bp). This dataset includes three genera that
broke the monophyly of the subfamilies in previous works. To investigate possible biases introduced by small sample
sizes and automatic gene annotation, we used the same methods to infer species trees from a set of 10 manually
annotated genes that are commonly used in phylogenetics.

Results: Most of the 1,028 gene trees depicted Steganinae as paraphyletic with distinct topologies, but the most
common topology depicted it as monophyletic (43.7% of the gene trees). Despite the high levels of gene tree het-
erogeneity observed, species tree inference in ASTRAL, in PhyloNet, and with the concatenation approach strongly
supported the monophyly of both subfamilies for the 1,028-gene dataset. However, when using the concatenation
approach to infer a species tree from the smaller set of 10 genes, we recovered Steganinae as a paraphyletic group.
The pattern of gene tree heterogeneity was asymmetrical and thus could not be explained solely by incomplete line-
age sorting (ILS).

Conclusions: Steganinae was clearly a monophyletic group in the dataset that we analyzed. In addition to ILS, gene
tree discordance was possibly the result of introgression, suggesting complex branching processes during the early
evolution of Drosophilidae with short speciation intervals and gene flow. Our study highlights the importance of
genomic data in elucidating contentious phylogenetic relationships and suggests that phylogenetic inference for
drosophilids based on small molecular datasets should be performed cautiously. Finally, we suggest an approach for
the correction and cleaning of BUSCO-derived genomic datasets that will be useful to other researchers planning to
use this tool for phylogenomic studies.
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Background

The Drosophilidae family is traditionally divided into

two subfamilies, Drosophilinae (~3,500 species) and
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melanogaster, D. pseudoobscura, D. mojavensis and D.
virilis), the Steganinae subfamily remains poorly under-
stood [2]. Scarcity of data about their ecology, develop-
ment, taxonomy and phylogenetic relationships can be
explained by some characteristics of Steganinae: most
species have peculiar life habits (e.g., predatory species
and parasites), are not attracted to the usual fermented
fruit baits, and are hard or impossible to breed in the lab-
oratory [3, 4].

The traditional division of Drosophilidae into two
monophyletic subfamilies was suggested by morphol-
ogy-based studies [5-7] and is widely accepted (e.g., [4,
8-10]). However, no single exclusive diagnostic mor-
phological character distinguishes Drosophilinae from
Steganinae [4, 7, 11]. Furthermore, in contrast to mor-
phology-based studies, molecular phylogenetic studies
have recovered Steganinae both as a paraphyletic [12-15]
and as a monophyletic [16] clade. Related to this, no study
to date has addressed the ancient divergences within the
family using a phylogenomic approach, which is arguably
a powerful tool to tackle these questions [17-20]. There-
fore, the monophyly of Steganinae remains dubious.

In this study, we inferred a phylogenomic hypothesis
for Drosophilidae based on 1,028 orthologous genes
automatically annotated with BUSCO [21]. Our molecu-
lar alignment is approximately 140 times larger than the
longest one previously used to infer deep drosophilid
relationships [15], and we included Drosophilinae and
Steganinae genera that formed paraphyletic clades in
previous works to test the monophyly of the subfami-
lies (e.g., Scaptodrosophila, Chymomyza and Phortica
[15]). We found that, despite strong gene tree heteroge-
neity, all used species tree methods consistently support
the monophyly hypothesis when using the 1,028 genes
dataset. In contrast, we recovered Steganinae as a para-
phyletic group when using the concatenation approach
to infer a species tree from a smaller set of ten manually
annotated genes that are commonly used in phyloge-
netics. This result stresses how previous Drosophilidae
phylogenetic studies based on smaller datasets may have
been biased by gene tree heterogeneity.

Results
Gene tree heterogeneity
We used genomic sequences from ten species. Besides
using the reference genomes of Drosophila melanogaster
and Drosophila virilis, we sequenced and assembled
the genomes of four species and assembled the reads
downloaded from NCBI-SRA of the remaining four (see
“Methods” for details).

The eight Drosophilidae species belong to seven gen-
era: five from the subfamily Drosophilinae (Drosophila
melanogaster, Drosophila virilis, Scaptodrosophila
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lebanonensis, Colocasiomyia xenalocasiae and Chy-
momyza amoena) and three from the subfamily
Steganinae (Phortica variegata, Rhinoleucophenga cf.
bivisualis and Cacoxenus indagator). As an outgroup,
we used two Ephydridae species that had been previ-
ously sequenced, Ephydra hians and Ephydra gracilis.
The Drosophilidae and Ephydridae families are closely
related; both belong to the Ephydroidea superfamily.
Relationships among Ephydroidea families are uncer-
tain, although the monophyly of the superfamily is well
supported [22, 23].

We inferred 1,028 maximum-likelihood trees from
genes annotated from genomic sequences using BUSCO
[21] (see “Methods” for details). Steganinae was recov-
ered as a monophyletic group in 46.7% of the gene trees.
Among these trees, the topology that grouped Cacox-
enus indagator and Phortica variegata, placing Rhino-
leucophenga cf. bivisualis as the first lineage to diverge
within Steganinae, was the most frequent (43.7% of
the total) (Fig. 1, topology A). The two monophyletic-
Steganinae alternative arrangements (Phortica varie-
gata+ Rhinoleucophenga cf. bivisualis and Cacoxenus
indagator+ Rhinoleucophenga cf. bivisualis) were much
less frequent and occurred in similar proportions (1.6%
and 1.4% of the total of gene trees, respectively) (Addi-
tional file 1, Fig. S1, topologies E and F). This pattern
is compatible with statistical noise and/or incomplete
lineage sorting (ILS) in ancient divergences within the
Steganinae subfamily.

However, 53.4% of the gene trees from the phylog-
enomic dataset recovered Steganinae as paraphyletic.
There were 10 different types of paraphyletic-Steganinae
trees that recovered Drosophilinae monophyly (Addi-
tional file 1, Fig. S1, topologies B-D and G-M), with two
of them being far more common than the others (Fig. 1,
topologies B and C). The arrangement placing Rhino-
leucophenga cf. bivisualis as the first lineage to diverge,
followed by a lineage containing both the clade Phor-
tica variegata+ Cacoxenus indagator and Drosophili-
nae, was the most frequent, representing 32.8% of the
total gene trees (Fig. 1, topology B). The second most
frequent topology recovering Steganinae as paraphyl-
etic, representing 13% of the total trees, places Phortica
variegata+ Cacoxenus indagator as the first lineage to
diverge within Drosophilidae, followed by the split of
Rhinoleucophenga cf. bivisualis and the Drosophilinae
clade (Fig. 1, topology C). All the remaining paraphyl-
etic-Steganinae topologies that recovered Drosophili-
nae monophyly occurred at low frequencies, accounting
together for 6.1% of the total number of recovered trees
(Additional file 1, Fig. S1, topologies D and G-M).
Finally, only 1.5% of the total gene trees recovered both
Drosophilinae and Steganinae as paraphyletic.
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Fig. 1 Distribution of gene trees supporting Steganinae monophyly or paraphyly. Pie chart colors relate to the color of the gene tree topologies.
Of the 1,028 gene trees analyzed, 46.7% recovered the Steganinae subfamily as monophyletic and 53.4% recovered it as paraphyletic. Among

the monophyletic-Steganinae trees, the predominant topology (a, in blue) grouped Rhinoleucophenga cf. bivisualis as the sister group of Phortica
variegata + Cacoxenus indagator with a frequency of 43.7% of the total gene trees. Among the paraphyletic-Steganinae trees, two topologies

were recovered with higher frequency, accounting, respectively, for 32.8% (b) and 13% (c) of the total gene trees. All the other possible topologies
occurred at low frequencies, accounting together for 10.5% of the total gene trees. For further information regarding the recovered topologies, see
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To further investigate the main causes of gene tree
heterogeneity, we reduced the analysis to a four-spe-
cies problem (e.g., [24, 25]) by removing species with
undoubtful or nonpivotal phylogenetic positions (see
“Methods”—“Phylogenetic analyses” section). Namely,
we used P variegata (representing the clade Phor-
tica+ Cacoxenus), D. melanogaster (representing the
Drosophilinae subfamily), Rhinoleucophenga cf. bivisua-
lis, and E. hians (representing the outgroup Ephydridae).

Under this four-species approach, the most frequent
gene tree topology recovered Steganinae as monophy-
letic (47.7%; Fig. 2, blue tree). The other two less fre-
quent topologies recovered Steganinae paraphyly with
distinct frequencies. The grouping of Drosophila mela-
nogaster and Phortica variegata was far more common
(36.3% of gene trees; Fig. 2, orange tree) than the cluster-
ing of Drosophila melanogaster and Rhinoleucophenga
¢f. bivisualis (16% of gene trees; Fig. 2, green tree). Note
that similar proportions of the "mismatch topologies”

is a hallmark of ILS (e.g. [26, 27]). Thus, this imbalance
suggests the occurrence of other phenomena, such as
some level of asymmetric introgression among ancestral
drosophilid branches. A possible approach used to test
this hypothesis is to analyze the chromosomal location of
genes (we used the D. melanogaster location because syn-
teny groups known as Muller elements are very well con-
served in Drosophila [28]). The rationale is that gene flow
between closely related species tend to be much reduced
in the X chromosome (Muller element A) [18, 29], lead-
ing to the expectation that a more balanced number of
topologies mismatching the species tree would be found
in the X-linked genes. However, an analysis of the mis-
matched topologies by chromosome failed to disclose
any particularity of the X-linked genes (Fig. 2c).

Species tree inference
The concatenation approach recovered Steganinae as
monophyletic in the phylogenomic dataset but not in a
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Fig. 2 The frequency of gene tree topologies for a four-species
problem. Pie chart colors relate to the color of the gene tree
topologies. The most frequent gene tree (in blue) matched the
species tree inferred based on the full dataset (10 species) and
recovered the Steganinae subfamily as monophyletic. Mismatch
topologies are shown in orange and green. a The species tree and
the mismatch topologies; b frequency of the gene tree topologies
estimated from the phylogenomic dataset. ¢ Distribution of the
gene trees by Muller element (correspondence to D. melanogaster
chromosomes: A-X, B-2L, C-2R, D-3L, D-3R, E-4)

manually annotated set of 10 genes (10-G) commonly
used in phylogenetic studies (Fig. 3—see “Methods” for
further information about the 10-G dataset). However,
the multispecies coalescent (MSC) approach of ASTRAL
[30] recovered Drosophilinae and Steganinae monophyly
for both the phylogenomic and 10-G datasets (Fig. 4).
Therefore, employing the MSC model consistently led to
the same inferred species tree regardless of the size of the
dataset (phylogenomic or 10-G), although the 10-G anal-
ysis showed lower support for deeper nodes, such as for
the Steganinae crown group (local posterior probability
was 0.46 in the 10-G dataset and 1.0 in the phylogenomic
dataset). Of note, the bootstrap value for the paraphyletic
Steganinae was high in the phylogeny based on the 10-G
concatenated dataset (0.95).

Due to the high heterogeneity and unbalance in gene
trees frequency, we were prompted to infer a species
network accounting for both ILS and reticulation nodes
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(e.g., hybridization) in PhyloNet [31]. This analysis recov-
ered the same phylogenetic relationships as the ASTRAL
and phylogenomic concatenation approaches: the mono-
phyly of Steganinae and Drosophilinae. Additionally, it
suggested that introgression events occurred between
the ancestral lineages of Drosophilinae and Phor-
tica+ Cacoxenus (Fig. 4, blue arrow).

Discussion

Drosophilinae and Steganinae subfamilies are consid-
ered monophyletic in most Drosophila reference books
based on morphological data (e.g., [4, 8—10]), but recent
molecular phylogenies have questioned it (e.g. [13—15]).
Two main findings of this study may help to settle this.
First, by using different methods for species tree infer-
ence and analyzing a Drosophilidae phylogenomic data-
set that included species previously recovered as forming
paraphyletic groups, we consistently found both Stegani-
nae and Drosophilidae to be monophyletic. Second, there
was a large amount of gene tree heterogeneity in the early
divergences within the Drosophilidae family, which likely
explains the conflicting results from previous studies,
which were based on a small number of genes.

Of note, our phylogenomic dataset was~140 times
larger than the largest data studied previously [15] in
terms of genomic sampling, and we only included genes
that are present in all species, while previous studies used
alignment matrices with extensive missing data (e.g., [13,
14]), which may have introduced bias [32, 33]. Further-
more, we used genera that were previously recovered as
members of groups that violated the monophyly of both
subfamilies (e.g., Scaptodrosophila, Chymomyza and
Phortica [15]) and added two new Steganinae genomes
(Cacoxenus indagator and Rhinoleucophenga cf. bivisu-
alis) that were not previously studied.

Species tree inference: Drosophilinae and Steganinae
monophyly

For the phylogenomic dataset, all phylogenetic infer-
ence methods recovered the same species tree topol-
ogy (Figs. 3, 4), mostly with high values of node support
(bootstraps and posterior probabilities of 100%). There-
fore, despite considerable gene tree heterogeneity, our
data consistently led to a species tree that supports the
monophyletic status of both Steganinae and Drosophili-
nae subfamilies presented in most Drosophilidae stud-
ies [4, 8—10, 16]. Moreover, it recovered Cacoxenus and
Phortica as sister groups as well as a clade containing
both as a sister lineage of Rhinoleucophenga. This result is
consistent with previous morphology-based Steganinae
phylogenies and the current taxonomic classification of
Steganinae in which Cacoxenus and Phortica are placed
within the subtribe Gitonina of the Gitonini tribe and
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Rhinoleucophenga is placed within the Acletoxenina sub-
tribe of the Gitonini tribe [7, 34]. This relationship within
Steganinae is also supported by mitochondrial data (par-
tial cytochrome c oxidase subunit 1 sequences; ~ 700 base
pairs) that grouped first Phortica and Cacoxenus and
then Gitona, which is thought to be closely related to Rhi-
noleucophenga [13).

For the 10-G dataset, the MSC method recovered the
same species tree topology as the one recovered with
the phylogenomic data (Fig. 4). However, concatenation
resulted in a paraphyletic Steganinae, placing Rhinoleu-
cophenga cf. bivisualis as the first lineage to diverge, fol-
lowed by a lineage containing both the clade Phortica
variegata+ Cacoxenus indagator and the Drosophilinae.
This topology is identical to the second most frequent
gene tree of the phylogenomic dataset (Fig. 1, topology
B). Concatenation has been criticized as an approach to
infer species trees from small datasets that show great
gene tree discordance due to ILS; in these cases, the MSC
framework performs better in recovering the correct spe-
cies tree [35]. Our results support this view. In our 10-G
analysis, the 10 genes had different sizes ranging from
930 bp (eve) to 3,717 bp (ptc); five of them supported
Steganinae paraphyly with the same topology as the one
inferred in the concatenation approach (Fig. 3, left tree).
The other five genes recovered alternative topologies with
just three supporting Steganinae monophyly. This com-
position biased the species tree inference, resulting in a
species tree distinct to the one obtained with the MSC
and phylogenomic data. The same issue probably was
the core of previous disagreements on the monophyly of
Steganinae (see below). Further studies that consider a
broader taxonomic sampling will be needed to better elu-
cidate the early branching pattern of drosophilids and to
confirm the monophyly of both subfamilies.

Gene tree heterogeneity, ILS, and introgression
Comparing the phylogenetic trees inferred with 1,028
different genes, we found considerable heterogeneity in
topologies with three topologies accounting for 89.5% of
the estimated trees. The most frequent recovered Stegan-
inae and Drosophilinae as monophyletic clades, and the
other two recovered Steganinae as paraphyletic. High
gene tree heterogeneity has been observed in many taxa.
In Diptera, the best studied cases were reported in the
Drosophila melanogaster clade [27] and in malaria vec-
tors from the Anopheles genus [18]. This phenomenon
is believed to result mainly from two biological events:
ILS, a process by which ancestral polymorphisms persist
through species divergences, and gene flow across species
boundaries (i.e., introgression) [36—38]. Our results sug-
gest that both processes played a role during the ancient
radiation of Drosophilidae (below).
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ILS is the simplest explanation for gene tree hetero-
geneity in the sense that it is a consequence of evolu-
tionary forces that operate in all populations (mutation
and genetic drift). Since introgression may be reduced
in the sex chromosomes [18, 29, 39], the similar results
obtained in our four species analysis for genes from the
autosomal (Muller elements B-E) and X (Muller ele-
ment A) chromosomes provide indirect support for ILS
(Fig. 2c). Furthermore, ILS effects are stronger when spe-
ciation events occur in short intervals and populations
have large effective population sizes, and further indi-
rect support came from the previous findings that there
were many episodes of rapid radiation along the evolu-
tion of flies [15, 22, 40] and the suggestion that ecologi-
cal speciation was the major process in early drosophilid
divergences due to empty niches [6]. Hence, our results
suggest ILS as a main factor that is responsible for the
incongruence between gene trees and species trees.

However, if a stochastic phenomenon, such as ILS, was
the only source of gene tree heterogeneity, one would
expect that the two “mismatch topologies” recover-
ing Steganinae as paraphyletic (Fig. 1, topologies B and
C) would be equally frequent, as has been observed in
the classical case of Homo-Gorilla-Chimpanzee [26].
However, this was not the case (Fig. 1), suggesting that
another source of discordance may be inflating the num-
ber of gene trees that recover one of the two alterna-
tive topologies. In fact, when estimating a phylogenetic
network that accounts for introgression, we inferred a
reticulation node, suggesting gene flow between ances-
tral lineages of Drosophilinae and Phortica+ Cacoxenus.
Interspecific gene flow has been already reported in many
insect clades and likely played an important role in the
adaptive radiation of recently diverged lineages (e.g., [18,
41-43]) and even of distantly related ones [44]. In dipter-
ans, post-speciation gene flow has also been reported in
the Anopheles gambiae species complex [18] and among
species within the Drosophila genus, such as the cact-
ophilics Drosophila mojavensis and Drosophila arizonae
[43] and the sister species Drosophila pseudobscura and
Drosophila persimilis [45].

In the Anopheles gambiae species complex, interspe-
cific gene flow led to an unresolved relationship among
the species Anopheles arabiensis, Anopheles coluzzi and
An. gambiae for many years [46, 47]. Recently, compel-
ling genomic evidence has shown that a robust species
tree can be reconstructed from a small section of the
X chromosome, which is not prone to introgression
(probably because it carries the genes that maintain
reproductive isolation) [18]. Lack of introgression in
the X chromosome when compared to autosomes has
also been observed among Drosophila species [48], and
these results led us to investigate if the three distinct
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gene tree topologies obtained in our four-species analy-
sis were distributed differently among chromosomes.
We found no evidence of such pattern (Fig. 2c), sug-
gesting that either introgression was not a major factor
in early Drosophilidae evolution and the distinct fre-
quency of topologies may have another explanation or
it occurred without leaving a distinctive pattern among
X and autosomal chromosomes. A third explanation is
that, since the supposed introgression occurred in the
early diversification of Drosophilidae, which was dated
around the K-Pg boundary [15], the signal regard-
ing these events is no longer observable when looking
into the distribution of gene topologies among chro-
mosomes. It will be interesting to revisit this problem
using more taxa and more contiguous genome assem-
blies, which would allow the use of synteny information

(e.g. [27]).

BUSCO as a tool for phylogenomic studies

The most standard approach for phylogenomic stud-
ies in previously unsequenced species involves genome
sequencing, genome annotation and ortholog identifica-
tion. Genome sequencing, of course, cannot be circum-
vented and, as our results exemplify, is inexpensive and
technically easy if one wants only gene sequences (with-
out fully assembled chromosomes), as Illumina sequenc-
ing offers an excellent cost-benefit solution. The last
two steps, in particular genome annotation, are techni-
cally challenging [49, 50] and may be outside the reach
of many labs interested in phylogenetics. By solving these
two steps in a simple way for the end-user, BUSCO has
become a very worthwhile tool for phylogenomic studies
[51], as suggested by our results. The Drosophila genome
contains ~ 13,000 genes, but BUSCO attempts to anno-
tate only a subset of it, which corresponds to the 27,99
single copy ortholog genes conserved among Diptera.
This is reasonable for phylogenomic purposes because
hundreds of genes usually provide enough information to
estimate species trees. Furthermore, the subset used by
BUSCO is enriched in genes that are the most valuable
for phylogenetic inference: single copy orthologs, which
are present in most of the target group species (Dip-
tera in our case), and at least moderately well conserved
sequences. However, we found that it is important to
check and correct BUSCO results (i.e., the gene annota-
tions) for the presence of artifacts, such as paralogs and
CDS starting at frames+ 2 or+ 3. We show that this can
be easily achieved by using standard phylogenetic tools
and simple scripts. Thus, we think that the approaches
described here to improve BUSCO-derived datasets will
be useful to other researchers planning to use BUSCO in
phylogenomic studies.
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Conclusions

Our study corroborates the monophyletic-Steganinae
hypothesis and helps clarify the possible causes of pre-
vious disagreement on the matter: the considerable het-
erogeneity of gene tree topologies. Such heterogeneity
may have been caused primarily by ILS but also by intro-
gression, as recovered by the phylonetwork analysis. To
further investigate the monophyletic status of the sub-
families and the causes and consequences of gene tree
heterogeneity in Drosophilidae, it will be interesting
to invest future efforts in expanding taxon sampling by
including Steganinae genera that represent its diversity of
tribes and subtribes and other genera that are currently
considered to have diverged early in Drosophilinae diver-
sification. Furthermore, future studies would also benefit
from the improvement of contiguity of genomic assem-
blies provided by long read technologies, which would
permit further testing of the introgression hypothesis by
analyses of gene synteny. Finally, we believe that our pro-
tocol for identifying, correcting and removing potential
BUSCO misannotations will be useful in improving the
application of this software as a tool for phylogenomic
studies.

Methods

Species sampling and genome sequencing and assembling
The sources of the sequences for each species are sum-
marized in Table S1 (Additional file 2) and Additional
file 3. D. melanogaster and D. virilis were previously
sequenced with Sanger technology and assembled with
the appropriate assemblers [52, 53]. Phortica variegata,
Scaptodrosophila lebanonensis, Ephydra hians and Ephy-
dra gracilis were sequenced using Illumina technology by
Vicoso and Bachtrog [54], and the raw reads were down-
loaded from NCBI-SRA. We sequenced the remaining
four species (Cacoxenus indagator, Chymomyza amoena,
Colocasiomyia xenalocasiae and Rhinoleucophenga cf.
bivisualis) as follows. DNA was extracted from one indi-
vidual or a pool of male flies preserved in —20 °C etha-
nol using the Puregene DNA kit (Qiagen) following the
manufacturer’s recommendations. Illumina paired-end
DNA-seq libraries with a fragment size of 350 bp were
produced and sequenced at Macrogen (Korea) with
HiSeq 2000. We deposited the sequences in GenBank
under Accession Numbers SRR12717851, SRR12717854,
SRR12717853 and SRR12717852, respectively. All Illu-
mina datasets were assembled with SPADES v. 3.9.0 or
v. 3.11.1 [55]. See Table S2 (Additional file 2) for further
information about the genome assemblies.

After assembling the genomes, we proceeded to auto-
matic and manual ortholog annotation to obtain two
datasets for phylogenetic analyses. These procedures are
detailed in the next sections.
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Automatic gene annotation and identification of orthologs
We ran BUSCO v3 [21] using the default parameters with
the Diptera reference set of orthologs (0db9, downloaded
from https://busco.ezlab.org/ on March 22, 2018; 2,799
genes) to assess the quality of the assembled genomes
(Table S3, Additional file 2) and to obtain a dataset of
genes that are present in the 10 species used in this study.
BUSCO (Dipteran database) searches for a set of 2,799
genes that are well conserved and present in nearly all
Diptera genomes. Although the absence of some genes
from this set in a given genome may be due to true gene
loss, more frequently it indicates assembly problems;
thus, BUSCO can be used to infer assembly quality. In
all Drosophilidae species used here, BUSCO successfully
identified more than 90% of the Dipteran database pro-
teins. In the outgroup species of the Ephydridae family,
the proportion of fragmented and missing proteins was
higher, and the amount of identified proteins was lower:
85.2% for Ephydra hians and 83.7% for Ephydra graci-
lis. Genome coverage for these two species were low
(E. hians: 7.3 x; E. gracilis: 4.1 x), but it was even lower
for Phortica variegata (2.7 x), where the assembly had
a higher BUSCO score (93.3%). To put these BUSCO
scores in context, they frequently are>95% for model
organisms, whereas for nonmodel organisms, this value
was reportedly lower (50-95%), depending on factors
such as genome size, the amount of repetitive elements
and the taxonomic position of a species [56]. Thus, all
genomes had at least a reasonable quality, and eventual
missing genes would not bias the analysis because we
only used genes identified in all 10 genomes (see below).

In addition to genome assemblies, phylogenomic analy-
ses require ortholog identification. Although BUSCO was
originally designed to estimate the completeness of the
genome assemblies, it is also suitable for phylogenomic
purposes [51] because it simultaneously identifies the
orthologs of a conserved set of genes and extracts their
coding sequences from the genome sequences. How-
ever, we noticed that the automatic annotation of the
orthologs made by BUSCO had errors that could bias the
phylogenetic inference. Such problems were detailed and
corrected as described below.

Correction of BUSCO artifacts

From the initial set of 2,799 genes, 1,603 were retrieved
by BUSCO in all 10 genomes. In some genes, the ortholog
present in one species was much smaller or larger than
the others, indicating annotation or orthology problems.
Therefore, we removed the genes with the coefficient of
variation of protein size larger than 10%, resulting in our
initial dataset of 1,100 genes. However, during the initial
phylogenetic analysis, we detected problems in this data-
set. In some cases, we could correct the error, and when
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this was not possible, we removed the affected gene (in
all 10 species) from the analyses (Additional file 4). These
procedures are detailed below.

We initially noticed that some gene trees have one
abnormally long terminal branch, suggesting an anno-
tation problem (e.g., Fig. S2, Additional file 5). We
searched for these trees by examining the distribution of
the total sum of branch lengths (SBL) as a proxy of dis-
crepancy (Fig. S3, Additional file 6). Outlier gene trees
(e.g., SBL>30) were manually inspected, and we found
that many of them were caused by an undesirable fea-
ture in BUSCO annotation: some coding sequences
were extracted with frame+2 or+-3, instead of +1, and
hence could not be properly aligned with the Perl script
translatorx_vLocal.pl [57], which translates them to the
protein assuming a frame of + 1. An in-house awk script
(fix_busco_CDS_frame.txt, Additional file 7) was used
to correct this problem, resulting in a set of 1,110 genes
that had a more homogeneous distribution of SBL (Fig.
S4, Additional file 8). However, some gene trees still
seemed to be outliers, and, by examining more carefully
the trees with SBL > 10, we found that all of them had one
or two species in which a paralog was annotated instead
of the true ortholog. In all cases, this error was caused
by assembly fragmentation: BUSCO missed the true
ortholog because it was broken into two or more scaf-
folds (Fig. S5, Additional file 9).

The two artifacts mentioned above were quite easy
to spot, but we could not exclude the possibility that
less obvious problems might have biased the result. To
address this possibility, we removed from the dataset the
genes with the top 5% highest SBL or the top 5% high-
est root-to-tip variance (Fig. S6, Additional file 10). These
two measures were partially correlated (Fig. S6, Addi-
tional file 10), and we hoped that combining them would
improve the removal of potentially erroneous gene trees.
This led to a final dataset of 1,028 genes. Importantly, the
annotation correction or gene removal was based solely
on the heterogeneity of branch lengths and was com-
pletely blind to the Steganinae monophyly vs. paraphyly
question.

Manual annotation of a 10-gene dataset

As a control, besides using automatic annotation, we
manually annotated a smaller dataset of 10 genes, some
of which were used in previous drosophilid phylogenetic
studies (e.g., [14—16]): Patched (ptc), Even-skipped (eve),
Ebony (eb), Engrailed (en), Dopa-decarboylase (ddc),
Notum (notum), Wingless (wg), Hedgehog (/h), Distal-
less (dll) and Amylase Related (Amyrel). This approach
aimed to address the potential bias introduced by the
automatic ortholog identification and gene annotation
and to emulate the gene sampling from the previously
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mentioned phylogenetic studies, which were based on
small datasets of hand-curated genes. These 10 genes
were annotated as follows. The D. melanogaster protein
sequences were obtained from FlyBase [58] and used in a
local TblastN search [59] against our databases of droso-
philids assembled genomes to identify the scaffold that
contained the gene. This scaffold (or the subregion that
contains the gene) was computationally annotated by
GeneWise [60] and NAP [61], and the output files were
manually curated to obtain the final annotation (i.e.,
identify the intron—exon structure, initial methionine,
stop codons, and the coding sequence). This resulted in
a set of 100 curated coding sequences (CDS) with 10 for
each of the 10 species (a total of 198,030 bp). This dataset
was referred to in this study as 10-G.

Phylogenetic analyses

The procedures used for gene tree and species tree
inference are summarized in Fig. S7 (Additional
file 11). Resources used to align an concatenate sequences
are provided in Additional files 4, 12 and 13.

The Perl script translatorx_vLocal.pl [57] was used
to align nucleotide sequences based on the protein
sequences they encode with the options -p F -g 1 (to
select MAFFT v7.394 as the aligner software and use
GBlocks v0.9 to remove poorly aligned regions, respec-
tively). Then, maximum-likelihood gene trees were
inferred with IQ-TREE 1.6.1 [62] using the best-fit substi-
tution model for each gene [63].

Afterwards, three approaches were used to infer the
Drosophilidae species tree: concatenation, the traditional
multispecies coalescent (MSC) framework that accounts
only for ILS [30], and an MSC framework that accounts
for both ILS and introgression ("reticulation” [31]).

In the concatenation approach, phylogenetic inference
was conducted with IQ-TREE 1.6.1 [62] for both the phy-
logenomic and the 10-G datasets. For the phylogenomic
dataset, we applied a data partitioning scheme by gene
with the best-fit substitution models selected for each
gene independently; for the 10-G dataset, we used the
best partition-scheme and corresponding best-fit mod-
els selected by PartitionFinder in IQ-TREE [63, 64]. For
both datasets, 1,000 bootstrap replicates were obtained
in all analysis. Importantly, phylogenetic inference was
also conducted with the GHOST model [65] in IQ-TREE
to evaluate whether ignoring heterotachy would bias the
results. We report the results based only on nonhetero-
tachy models because they were the same as when we
employed the GHOST mixture model.

In the MSC approach, species trees for both datasets
(phylogenomic and 10-G) were inferred using ASTRAL
5.6.1 [30]. A phylogenetic network that accounted for
introgression was inferred with PhyloNet [31] for the
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phylogenomic dataset. We used the “InferNetwork MPL”
command and set the maximum number of reticulations
allowed as one.

As described in the “Results” section, we found high
levels of gene tree heterogeneity regarding Steganinae
monophyly/paraphyly. To further investigate the pos-
sible sources of this heterogeneity, we made additional
analyses by reducing our phylogenomic dataset to a four-
species problem as follows. The monophyly of Drosophi-
lidae, Drosophilinae and the clade Cacoxenus indagator
plus Phortica variegata was recovered in the majority of
our gene trees. These lineages were also widely regarded
as well established by several studies [4, 7, 14—16, 66].
Thus, we inferred gene trees considering a reduced set
of four species: Rhinoleucophenga cf. bivisualis, Phor-
tica variegata (representing the clade Cacoxenus inda-
gator plus Phortica variegata), Drosophila melanogaster
(representing the Drosophilinae subfamily) and Ephydra
hians (outgroup). There were only three possible topolo-
gies when considering four-species rooted trees. Thus,
we were able to evaluate the frequencies of the two mis-
match gene trees, which should have been equivalent
under the absence of reticulate evolution (i.e., introgres-
sion). To investigate the possibility of a biased support
of gene topologies between different chromosomes, as
already reported in other biological groups [18, 67], we
split the dataset according to the gene location on the
autosomal (Muller elements B—E) and X (Muller element
A) chromosomes in Drosophila melanogaster. Since
chromosomal arm nomenclatures can vary among spe-
cies [68, 69], we adopted the Muller standard nomencla-
ture [70] to identify linkage groups.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/512862-020-01703-7.

Additional file 1: Fig. S1: Topologies obtained from the phylogenomic
dataset and their frequencies. Topologies A, E and F recovered the
Steganinae subfamily as monophyletic and account together for 46.7%
of the total gene trees. The remaining trees recovered the Steganinae as
paraphyletic with distinct topologies. Only 1.5% of the trees recovered the
Drosophilinae subfamily as a paraphyletic.

Additional file 2: Table S1. Sources of the genome assemblies used

for phylogenetic analysis. Table S2: Drosophilidae genome assemblies’
statistics. Table $3. BUSCO results for the 10 species. The total number of
single-copy ortholog genes present in the Diptera database was 2,799.

Additional file 3: Source of sequenced samples.

Additional file 4: BUSCO_cleaning_pipeline.txt: shell pipeline for curat-
ing BUSCO results.

Additional file 5: Fig. S2. Example of a gene tree with abnormally long
terminal branches (sum of branch lengths: 101.1), suggesting a BUSCO
annotation problem. In this case, the gene CG7739 (in D. melanogaster)
was annotated out of frame for Ephydra hians and Phortica variegata,
resulting in a problematic alignment and, consequentially, an inaccurate
gene tree.
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Additional file 6: Fig. S3. Histogram showing the distribution of the total
sum of branch lengths (SBL) for each of the 1,100 genes trees. Phyloge-
netic trees were inferred under the Maximum Likelihood method for each
of the genes annotated by BUSCO, and their total sum of branch lengths
(SBL) was used to identify discrepant trees. We found a bimodal distribu-
tion, and found that abnormally high SBL, such as those in the right peak,
were generated by annotation errors.

Additional file 7: fix_busco_CDS_frame.txt: BUSCO produced some
CDS with frame + 2 or 4 3, which created problems in the following
analysis with translatorX. This awk script corrects the reading frame of all
CDSto+1.

Additional file 8: Fig. S4. Histogram showing the distribution of the
total sum of branch lengths (SBL) of each of the 1,100 genes trees after
fixing sequences with frame shifts. This approach reduced the number of
sequences with abnormally high SBL, but there were still gene trees with
discrepant values.

Additional file 9: Fig. S5. Example of a gene tree with abnormally long
branch lengths (sum of branch lengths: 36.8) due to the misannotation of
Phortica variegata ortholog related to the D. melanogaster's gene CG7432
by BUSCO (a). As showed in b, in this case, BUSCO annotated a paralogous
sequence (arrow), since the orthologous one was scattered in two scaf-
folds (in red).

Additional file 10: Fig. S6. Distribution of the variance and total sum
of branch lengths of gene trees. The dashed lines indicate the 5% cutoff
values established to exclude potentially problematic trees for both
parameters.

Additional file 11: Fig. S7. Summary of the phylogenetic methods used
for gene and species trees inference.

Additional file 12: busco2multifasta.txt: awk script that produces a
multifasta file ready to be aligned based on a BUSCO list of single-copy
orthologs of two or more species.

Additional file 13: supermatrix2.txt: awk script that concatenates align-
ments in MEGA format, preparing the data for a supermatrix analysis.

Abbreviations
ILS: Incomplete lineage sorting; 10-G: 10-Gene dataset; NCBI-SRA: National
Center for Biotechnology Information Sequence Read Archive; K-Pg:

Cretaceous-Paleogene; MSC: Multispecies coalescent; SBL: Total sum of branch
lengths; CDS: Coding sequence; BUSCO: Benchmarking Universal Single-Copy

Orthologs.

Acknowledgements

The authors are deeply indebted to Rosana Tidon and Juliana Miranda for
providing a sample of Rhinoleucophenga cf. bivisualis for genome sequencing.
We also thank to Paul Bee for providing Cacoxenus indagator individuals.

Authors’ contributions
All authors participated in the designing of the study; GRD, EGD, TV and ABC
participated in DNA extraction and genome sequencing and assembling;

GRD, EGD, BM and ABC analyzed the data; GRD wrote the first draft; all authors

reviewed the final draft.

Funding

This work was supported by grants from the Wellcome Trust (207486/2/17/2),

CAPES, CNPq, and FAPERJ to ABC and from the CNPq (409152/2018-8) to
BM. The funding bodies played no role in the design of the study, collection,
analysis, or interpretation of data or writing of the manuscript.

Availability of data and materials

The datasets generated and/or analyzed during the current study are available

in the GitHub repository, https://github.com/GuilhermeRDias/Drosophili
daePhylogenomics.

Ethics approval and consent to participate
Not applicable.

Page 10 of 12

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ information
This work is part of the Ph.D. thesis of GRD, from the Genetics Graduation
Program at the Biology Institute of Federal University of Rio de Janeiro.

Received: 8 May 2020 Accepted: 19 October 2020
Published online: 02 November 2020

References

1.

Brake B, Bachli G. World catalogue of insects in Drosophilidae (Diptera),
vol. 9. Stenstrup: Apollo Books; 2008.

O'Grady PM, DeSalle R. Phylogeny of the Genus Drosophila. Genetics.
2018;209 May:1-25.

Otranto D, Cantacessi C, Testini G, Lia RP. Phortica variegata as an inter-
mediate host of Thelazia callipaeda under natural conditions: evidence
for pathogen transmission by a male arthropod vector. Int J Parasitol.
2006;36:1167-73.

Ashburner M, Golic KG, Hawley RS. Drosophila: a laboratory handbook.
2nd ed. New York: Cold Spring Harbor Laboratory Press; 2005.

OkadaT. A proposal of establishing tribes for the family drosophilidae
with key to tribes and genera (Diptera): taxonomy and systematics.
Zoolog Sci. 1989;6:391-9.

Throckmorton LH. The phylogeny, ecology, and geography of Drosophila.
In: King R, editor. Handbook of genetics, vol. 3. New York: Plenum Press;
1975. p. 421-69.

Grimaldi DA. A phylogenetic, revised classification of genera in the Droso-
philidae (Diptera). Bull Am Mus Nat Hist. 1990;197:1-139.

Powell JR. Progress and prospects in evolutionary biology: the Drosophila
model. New York: Oxford University Press, Inc; 1997.

Markow TA, O'Grady PM. Drosophila: a guide to species identification and
use. San Diego: Elsevier; 2006.

Ferrar P. A guide to the breeding habits and immature stages of diptera
Cyclorrhapha, vol. 8. Leiden/Copenhagen: E.J. Brill/Scandinavian Science
Press; 1987.

. Bachli G, Vilela CR, Escher SA, Saura A. Fauna Entomologica Scandinavica.

The Drosophilidae (Diptera) of Fennoscandia and Denmark, vol. 39.
Leiden: Brill; 2004.

Remsen J, Grady PO. Phylogeny of Drosophilinae (Diptera : Drosophili-
dae), with comments on combined analysis and character support. Mol
Phylogenet Evol. 2002;24:249-64.

Otranto D, Stevens JR, Testini G, Cantacessi C, Maca J. Molecular char-
acterization and phylogenesis of Steganinae (Diptera, Drosophilidae)
inferred by the mitochondrial cytochrome c oxidase subunit 1. Med Vet
Entomol. 2008;22:37-47.

van der Linde K, Houle D, Spicer GS, Steppan SJ. A supermatrix-based
molecular phylogeny of the family Drosophilidae. Genet Res (Camb).
2010;92:25-38.

Russo CAM, Mello B, Fraz&o A, Voloch CM. Phylogenetic analysis and a
time tree for a large drosophilid data set (Diptera : Drosophilidae). Zool J
Linn Soc. 2013;169:765-75.

Yassin A. Phylogenetic classification of the Drosophilidae Rondani
(Diptera): the role of morphology in the postgenomic era. Syst Entomol.
2013;38:349-64.

Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, et al. Phy-
logenomics resolves the timing and pattern of insect evolution. Science
(80-). 2014;346:763-7. https://doi.org/10.1126/science.1257570.
Fontaine MC, Pease JB, Steele A, Waterhouse RM, Neafsey DE, Sharakhov
IV, et al. Extensive introgression in a malaria vector species complex
revealed by phylogenomics. Science (80-). 2015;347:1258522-1258522.
Jarvis ED, Ye C, Liang S, Yan Z, Zepeda ML, Campos PF, et al. A phylogeny
of modern birds. Science. 2014;346:1126-38.


https://github.com/GuilhermeRDias/DrosophilidaePhylogenomics
https://github.com/GuilhermeRDias/DrosophilidaePhylogenomics
https://doi.org/10.1126/science.1257570

Dias et al. BMC Evol Biol

20.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

(2020) 20:141

Peters RS, Krogmann L, Mayer C, Donath A, Gunkel S, Meusemann K,
et al. Evolutionary history of the hymenoptera. Curr Biol. 2017;27:1013-
8. https://doi.org/10.1016/j.cub.2017.01.027.

. Siméao FA, Waterhouse RM, loannidis P, Kriventseva EV, Zdobnov EM.

BUSCO: assessing genome assembly and annotation completeness
with single-copy orthologs. Bioinformatics. 2015;31:3210-2.
Wiegmann BM, Trautwein MD, Winkler IS, Barr NB, Kim J-W, Lambkin
C, et al. Episodic radiations in the fly tree of life. Proc Natl Acad Sci.
2011;108:5690-5. https://doi.org/10.1073/pnas.1012675108.

Li X, Ding S, Cameron SL, Kang Z, Wang Y, Yang D. The first mitochon-
drial genome of the Sepsid fly Nemopoda mamaevi Ozerov, 1997 (Dip-
tera: Sciomyzoidea: Sepsidae), with mitochondrial genome phylogeny
of cyclorrhapha. PLoS ONE. 2015;10:e0123594.

Gopalakrishnan S, Sinding MHS, Ramos-Madrigal J, Niemann J, Sam-
aniego Castruita JA, Vieira FG, et al. Interspecific gene flow shaped the
evolution of the Genus Canis. Curr Biol. 2018;28(3441-3449):e5.

Irisarri I, Singh P, Koblmdller S, Torres-Dowdall J, Henning F, Franchini
P, et al. Phylogenomics uncovers early hybridization and adaptive loci
shaping the radiation of Lake Tanganyika cichlid fishes. Nat Commun.
2018;9:3159. https://doi.org/10.1038/541467-018-05479-9.

Scally A, Dutheil JY, Hillier LW, Jordan GE, Goodhead |, Herrero J, et al.
Insights into hominid evolution from the gorilla genome sequence.
Nature. 2012;483:169-75. https://doi.org/10.1038/nature 10842.
Pollard DA, lyer VN, Moses AM, Eisen MB. Widespread discordance of
gene trees with species tree in drosophila: evidence for incomplete
lineage sorting. PLoS Genet. 2006;2:1634-47.

Bhutkar A, Schaeffer SW, Russo SM, Xu M, Smith TF, Gelbart WM. Chro-
mosomal rearrangement inferred from comparisons of 12 drosophila
genomes. Genetics. 2008;179:1657-80.

Coyne JA, Orr HA. Two rules of speciation. In: Otte D, Endler J, editors.
Speciation and its consequences. Sunderland: Sinauer Associates, Inc;
1989. p. 180-207.

Mirarab S, Reaz R, Bayzid S, Zimmermann T, Swenson MS, Warnow

T. ASTRAL: genome-scale coalescent-based species tree estimation.
Bioinformatics. 2014;30:541-8.

. Wen D, YuY, Zhu J, Nakhleh L. Software for systematics and evolu-

tion inferring phylogenetic networks using PhyloNet. Syst Biol.
2018;67:735-40.

Sanderson MJ. Terraces in phylogenetic tree space. Science.
2011;2014:448-51.

Roure B, Baurain D, Philippe H. Impact of missing data on phylog-
enies inferred from empirical phylogenomic data sets. Mol Biol Evol.
2013;30:197-214.

Bachli G (2020) The database on taxonomy of Drosophilidae. https://
www.taxodros.uzh.ch/

Liu L, Wu S, Yu L. Coalescent methods for estimating species trees from
phylogenomic data. J Syst Evol. 2015;53:380-90.

Tajima F. Evolutionary relationship of DNA sequences in finite popula-
tions. Genetics. 1983;105:437-60.

Pamilo P, Nei M. Relationships between gene trees and species trees.
Mol Biol Evol. 1988;5:568-83. https://doi.org/10.1093/oxfordjournals.
molbev.a040517.

Leaché AD, Harris RB, Rannala B, Yang Z. The influence of gene flow on
species tree estimation: a simulation study. Syst Biol. 2014;63:17-30.
Muirhead CA, Presgraves DC. Hybrid incompatibilities, local adaptation,
and the genomic distribution of natural introgression between spe-
cies. Am Nat. 2016;187:249-61.

Cerretti P, Stireman JO, Pape T, O'Hara JE, Marinho MAT, Rognes K, et al.
First fossil of an oestroid fly (Diptera: Calyptratae: Oestroidea) and the
dating of oestroid divergences. PLoS ONE. 2017;12:1-24.
Dasmahapatra KK, Walters JR, Briscoe AD, Davey JW, Whibley A, Nadeau
NJ, et al. Butterfly genome reveals promiscuous exchange of mimicry
adaptations among species. Nature. 2012;487:94-8. https://doi.
org/10.1038/nature11041.

Weill M, Chandre F, Brengues C, Manguin S, Akogbeto M, Pasteur N,

et al. The kdr mutation occurs in the Mopti form of Anopheles gambiae
s.s. through introgression. Insect Mol Biol. 2000;9:451-5.

Lohse K, Clarke M, Ritchie MG, Etges WJ. Genome-wide tests for intro-
gression between cactophilic Drosophila implicate a role of inversions
during speciation. Evolution (N'Y). 2015;69:1-38.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 11 of 12

Zhang W, Dasmahapatra KK, Mallet J, Moreira GRP, Kronforst MR.
Genome-wide introgression among distantly related Heliconius
butterfly species. Genome Biol. 2016. https://doi.org/10.1186/51305
9-016-0889-0.

Hey J, Nielsen R. Multilocus methods for estimating population

sizes, migration rates and divergence time, with applications to the
divergence of Drosophila pseudoobscura and D. persimilis. Genetics.
2004;167:747-60.

Garcia BA, Caccone A, Mathiopoulos KD, Powell JR. Inversion
monophyly in African anopheline malaria vectors. Genetics.
1996;143:1313-20.

Besansky NJ, Krzywinski J, Lehmann T, Simard F, Kern M, Mukabayire O,
et al. Semipermeable species boundaries between Anopheles gambiae
and Anopheles arabiensis: evidence from multilocus DNA sequence
variation. Proc Natl Acad Sci. 2003;100:10818-23.

Kulathinal RJ, Stevison LS, Noor MAF. The genomics of speciation in
Drosophila: diversity, divergence, and introgression estimated using
low-coverage genome sequencing. PLoS Genet. 2009;5:e1000550.
Nichio BTL, Marchaukoski JN, Raittz RT. New tools in orthology analysis:
a brief review of promising perspectives. Front Genet. 2017;8 Oct:1-12.
Yandell M, Ence D. A beginner’s guide to eukaryotic genome annota-
tion. Nat Rev Genet. 2012;13:329-42. https://doi.org/10.1038/nrg3174.
Waterhouse RM, Seppey M, Simao FA, Manni M, loannidis P, Klioutch-
nikov G, et al. BUSCO applications from quality assessments to gene
prediction and phylogenomics. Mol Biol Evol. 2018;35:543-8.

Hoskins RA, Carlson JW, Wan KH, Park S, Mendez |, Galle SE, et al. The
Release 6 reference sequence of the Drosophila melanogaster genome.
Genome Res. 2015;25:445-58. https://doi.org/10.1101/gr.185579.114.
Clark AG, Eisen MB, Smith DR, Bergman CM, Oliver B, Markow TA, et al.
Evolution of genes and genomes on the Drosophila phylogeny. Nature.
2007;450:203-18. https://doi.org/10.1038/nature06341.

Vicoso B, Bachtrog D. Numerous transitions of sex chromosomes in
Diptera. PLoS Biol. 2015;13:1-22.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS,
et al. SPAdes: a new genome assembly algorithm and its applications
to single-cell sequencing. J Comput Biol. 2012;19:455-77.

Seppey M, Manni M, Zdobnov EM (2019) BUSCO: assessing genome
assembly and annotation completeness. In: Kollmar M (ed) Gene pre-
diction. Methods in molecular biology. Humana, New York, pp 227-45.
https://doi.org/10.1007/978-1-4939-9173-0_14

Abascal F, Zardoya R, Telford MJ. TranslatorX: multiple alignment of
nucleotide sequences guided by amino acid translations. Nucleic Acids
Res. 2010;38:7-13.

Gramates L, Marygold S, dos Santos G, Urbano J-M, Antonazzo G, Mat-
thews B, et al. FlyBase at 25: looking to the future. Nucleic Acids Res.
2017;45(D1):0663-71.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local align-
ment search tool. J Mol Biol. 1990;215:403-10.

Birney E, Durbin R. Using GeneWise in the Drosophila annotation
experiment. Genome Res. 2000;10:547-8.

Huang X, Adams MD, Zhou H, Kerlavage AR. A tool for analysing and
annotating genomic sequences. Genomics. 1997;46:37-45.

Nguyen L, Schmidt HA, Von HA, Minh BQ. IQ-TREE: a fast and effective
stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol Biol Evol. 2014;32:268-74.

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

Chernomor O, von Haeseler A, Minh BQ. Terrace aware data struc-
ture for phylogenomic inference from supermatrices. Syst Biol.
2016;65:997-1008.

Crotty SM, Minh BQ, Bean NG, Holland BR, Tuke J, Jermiin LS, et al.
GHOST: recovering historical signal from heterotachously evolved
sequence alignments. Syst Biol. 2020;69:249-64. https://doi.
org/10.1101/174789.

Russo CA, Takezaki N, Nei M. Molecular phylogeny and divergence
times of drosophilid species. Mol Biol Evol. 1995;12:391-404.

Pease JB, Hahn MW. More accurate phylogenies inferred from low-
recombination regions in the presence of incomplete lineage sorting.
Evolution (N'Y). 2013;67:2376-84.


https://doi.org/10.1016/j.cub.2017.01.027
https://doi.org/10.1073/pnas.1012675108
https://doi.org/10.1038/s41467-018-05479-9
https://doi.org/10.1038/nature10842
https://www.taxodros.uzh.ch/
https://www.taxodros.uzh.ch/
https://doi.org/10.1093/oxfordjournals.molbev.a040517
https://doi.org/10.1093/oxfordjournals.molbev.a040517
https://doi.org/10.1038/nature11041
https://doi.org/10.1038/nature11041
https://doi.org/10.1186/s13059-016-0889-0
https://doi.org/10.1186/s13059-016-0889-0
https://doi.org/10.1038/nrg3174
https://doi.org/10.1101/gr.185579.114
https://doi.org/10.1038/nature06341
https://doi.org/10.1007/978-1-4939-9173-0_14
https://doi.org/10.1101/174789
https://doi.org/10.1101/174789

Dias et al. BMC Evol Biol ~ (2020) 20:141 Page 12 of 12

68. Sturtevant AH, Tan CC. The comparative genetics of Drosophila pseu- Publisher’s Note
doobscura and D. melanogaster. J Genet. 1937;34:415-32.

69. Crew FAE, Lamy R. Linkage groups in Drosophila pseudo-obscura.
With notes on homology and the nature of genic action. J Genet.
1935;30:15-29.

70. Muller HJ. Bearings of the “Drosophila” work on systematics. In: Huxley
J, editor. The new systematics. Oxford: Oxford University Press; 1940. p.
185-268.

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

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

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

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

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	A phylogenomic study of Steganinae fruit flies (Diptera: Drosophilidae): strong gene tree heterogeneity and evidence for monophyly
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Gene tree heterogeneity
	Species tree inference

	Discussion
	Species tree inference: Drosophilinae and Steganinae monophyly
	Gene tree heterogeneity, ILS, and introgression
	BUSCO as a tool for phylogenomic studies

	Conclusions
	Methods
	Species sampling and genome sequencing and assembling
	Automatic gene annotation and identification of orthologs
	Correction of BUSCO artifacts
	Manual annotation of a 10-gene dataset
	Phylogenetic analyses

	Acknowledgements
	References


