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Abstract

The subgenus Sophophora of Drosophila, which includes D. melanogaster, is an important model
for the study of molecular evolution, comparative genomics, and evolutionary developmental
biology. Numerous phylogenetic studies have examined species relationships in the well-known
melanogaster, obscura, willistoni, and saltans species groups, as well as the relationships among
these clades. In contrast, other species groups of Sophophora have been relatively neglected and
have not been subjected to molecular phylogenetic analysis. Here, we focus on the endemic
African Drosophila fimaand dentissima lineages. We find that both these clades fall within the
broadly defined melanogaster species group, but are otherwise distantly related to each other. The
new phylogeny supports pervasive divergent and convergent evolution of male-specific grasping
structures (sex combs). We discuss the implications of these results for defining the boundaries of
the melanogaster species group, and weigh the relative merits of “splitting” and “lumping”
approaches to the taxonomy of this key model system.
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1.

Introduction

Drosophila taxonomy is all the more complicated for the amount of attention it has attracted
over the last century (O’Grady and DeSalle, 2018). The family Drosophilidae Rondani
contains over 70 genera and well over 4000 described species, >1600 of which are assigned
to the genus Drosophila Fallen (bioinfo.museum.hokudai.ac.jp/db/). It is abundantly clear
that the “genus Drosophila”is in fact paraphyletic with respect to many of the smaller
drosophilid genera. Although establishing a sounder classification based on monophyletic
genera and subgenera could bring some order to this chaos, attempts at revision have been
complicated by the sheer scale of this problem, by limited taxon sampling in molecular
phylogenetic studies, and by the difficulty of resolving basal phylogenetic relationships
(O’Grady, 2010; O’Grady and DeSalle, 2018; O’Grady and Markow, 2009; Remsen and
O’Grady, 2002; van der Linde et al., 2010; Yassin, 2013).

The subgenus Sophophora of Drosophila, which was established by Alfred Sturtevant
(Sturtevant, 1939) and includes the model species D. melanogaster, has long been an island
of stability among the general turmoil of Drosophila systematics (O’Grady and Kidwell,
2002). Recently, however, Sophophora was found to be paraphyletic with respect to the
genus Lordiphosa (Gao et al., 2011), which currently includes 69 described species (Fartyal
etal., 2017; Katoh et al., 2018). The best known species groups of Sophophora are the
melanogaster, obscura, willistoni, and saltans groups (Gao et al., 2003; Gleason et al., 1998;
Lakovaara and Saura, 1982; Lemeunier et al., 1986; O’Grady, 1999; O’Grady et al., 1998;
Robe et al., 2010; Rodriguez-Trelles et al., 1999). Molecular phylogenetic analyses have
shown that the Neotropical willistoni and saltans species groups are more closely related to
Lordiphosathan to the predominantly Old-World melanogaster and obscura species groups
(Gao et al., 2011; Hu and Toda, 2000; Katoh et al., 2000).

Within Sophophora, the melanogaster species group has received by far the most attention.
Its inclusion of the genetic model system D. melanogaster has stimulated wide-ranging work
on the molecular evolution, comparative genomics, and evolutionary developmental biology
of this lineage (Atallah et al., 2012; Barmina and Kopp, 2007; Chen et al., 2010; Chen et al.,
2014; Jeong et al., 2006; Kursel and Malik, 2017; Levine et al., 2012; Levine et al., 2016;
Long et al., 2003; Signor et al., 2016; Tanaka et al., 2009; Tanaka et al., 2011; Williams et
al., 2008; Yassin et al., 2016). The needs of comparative research have in turn provided the
impetus for molecular phylogenetic studies in order to establish a reliable basis for trait
reconstruction. To date, many studies have examined the phylogeny of the melanogaster
species group using overlapping datasets and taxon samples (Barmina and Kopp, 2007;
Catullo and Oakeshott, 2014; Chen et al., 2014; Da Lage et al., 2007; Goto and Kimura,
2001; Kopp, 2006; Kopp and True, 2002; Lewis et al., 2005; Matsuda et al., 2009;
Schawaroch, 2002).
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In addition to the well-studied melanogaster, obscura, willistoni, and saltans species groups,
Sophophora includes several smaller species groups as well as a number of unplaced species
(O’Grady and DeSalle, 2018). In this report, we focus on the dentissima and fima lineages,
both of which are endemic to Africa. The fimagroup occurs in both lowland and montaine
habitats and displays a strong ecological specialization, breeding almost exclusively on
native figs (Burla, 1954; Lachaise and Chassagnard, 2002; Tsacas and Lachaise, 1981). The
dentfssima group is restricted to highland forests; its ecological habits are less clear, but it
appears to use a wider range of food sources (Lachaise and Chassagnard, 2001; Tsacas,
19804, b). Aside from one study that included a single species, D. fima (Pelandakis et al.,
1991), no members of the dentissima and fima lineages have been included in previous
molecular phylogenies. Here, we show that both these lineages cluster within the broadly
defined melanogaster species group. We discuss the implications of this result for
Sophophora taxonomy, as well as for the evolution of male-specific morphological traits and
ecological specialization.

Materials and Methods

2.1. Drosophila specimens and species identification

A live strain of D. fimawas kindly provided by Dr. J. R. David (CNRS, Gif-sur-Yvette,
France). Most of the remaining fima group species were only available as fixed specimens
collected by Dr. D. Lachaise and presented to us by J. R. David. Specimens with IDs starting
with F and those starting with G came from different field collections, but the locations and
dates of these collections are unknown, except that they originated from equatorial West
Africa in the late 1970s or early 1980s. D. /amottei specimen B8 was collected by J. R.
David at Mt. Oku in Cameroon. D. lamotteiH1 and D. matilei specimen H3 were collected
by sweeping by S. R. Prigent in the Oku Kilim forest, Cameroon, at 2200-2400m elevation,
on December 18, 2012. D. microralis specimen H5 was collected by sweeping over fallen
figs by S. R. Prigent in Oku Koh Kesoten, Cameroon, at 2100m elevation, on December 22,
2012.

Front legs from each male individual were dissected, mounted in Hoyers media between two
coverslips, and photographed under brightfield illumination. The terminalia from the same
individual were dissected, mounted, and used for species identification. The rest of each fly
was used for DNA extraction and sequencing.

The fimaand dentissima groups include 23 and 18 formally described species, respectively
(Burla, 1954; Lachaise and Chassagnard, 2001, 2002; Tsacas, 1980a, b; Tsacas and
Lachaise, 1981). Among the samples in hand, 9 species of the fima group and 3 species of
the dentissima group were identified. Species are distinguishable by a combination of
characters, including body coloration, the presence and morphology of male sex combs, and
the shape of the phallic and periphallic organs. In the fima group, species can be partitioned
into those without sex combs, those with simple sex combs, and those with double sex
combs. Most species without sex combs were described by Burla (Burla, 1954), with one
species added later by Lachaise and Chassagnard (Lachaise and Chassagnard, 2002). All the
“sexcombless” species described by Burla (Burla, 1954) have similar periphallic organs, and
their phallic organs have never been described. Their identification is therefore based mostly
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on pigmentation. However, careful examination of male genitalia allowed us to distinguish
several species that were further identified by their color patterns as D. fima Burla, 1954
(dark notum and light pleurites), D. abure Burla, 1954 (entire thorax light yellow-brown),
and D. kulango Burla, 1954 (entire thorax dark brown). The species with sex combs have
received more attention, and the descriptions of their genitalia are more complete. Among
the specimens with simple sex combs, we used male genital characters to identify D. dyula
Burla, 1954, D. petitae Tsacas, 1981, D. microralis Tsacas, 1981 (also characterized by its
blunt oral setae), and an undetermined species showing some similarities to D. sycophaga
Tsacas, 1981. The two described species with double sex combs, D. akaiand D. alladian, are
easily separated and were both found among our samples.

The D. dentissima species group has been revised by Tsacas (Tsacas, 1980a, b), who
established 5 species complexes and described the genitalia of all species known at the time.
Later, three more species were added (Lachaise and Chassagnard, 2001; Tsacas, 1985). The
specimens available to us belong to two species complexes according to their sex comb
structure: the /amottei and matilei complexes. The observation of the genitalia allowed us to
identify D. matilei Tsacas, 1974 (Tsacas, 1974), D. lamottei Tsacas, 1980, and D. anisoctena
Tsacas, 1980. The last two species are closely related and show very similar genitalia, but
can be distinguished by minor differences in the ventral part of the epandrium, the setation
on the surstylus and the anal plate, and the shape of anterior and posterior parameres.

2.2. DNA amplification and sequencing

The “F” and “G” collections have been stored at room temperature in ethanol of unknown
concentration for several decades, and DNA preservation was found to be poor. DNA was
extracted using an affinity resin based protocol (Hi Yield® Genomic DNA Mini Kit, Std-
Laborbedarf Gauting, Germany); several other DNA extraction methods tested on female
specimens from the same collections produced similar results. For most specimens, two
rounds of nested PCR were required to amplify nuclear loci in detectable amounts. PCR was
carried out using DreamTaq polymerase (Thermo Fisher) and the following cycling
conditions: 95° 5’ => (95° 30” => 55° 30” => 72° 80”)x35 => 72° 5’ =>12°; primer
sequences are listed in Table S1. Amplified fragments were gel-purified and sequenced from
both ends using amplification primers. Sequence chromatograms were examined and
trimmed in SnapGene Viewer, then the two end reads were aligned and edited in Geneious
(Kearse et al., 2012). Heterozygous nucleotide positions, if present, were represented by
IUPAC ambiguity codes. All new sequences were deposited in Genbank under accession
numbers listed in Table S2. Homologous sequences from species outside the fimaand
dentissima groups were obtained from Genbank or extracted from whole-genome sequences
using Blast v2.2.23; the relevant accession numbers and sources of genome sequences are
listed in Table S3.

2.3. Sequence analysis

The sequences of each locus were aligned using the MUSCLE algorithm (Edgar, 2004)
implemented in Geneious (Kearse et al., 2012). The alignments were trimmed at the ends,
and poorly aligning intronic regions were removed. A gene tree was reconstructed from each
locus separately using a heuristic maximum likelihood method implemented in PhyML 3.0
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(Guindon et al., 2009; Guindon et al., 2005). All loci produced similar phylogenies with no
strongly supported conflicting nodes (Figure S1). The alignments of all five loci were then
concatenated for combined analysis. Combined Bayesian analysis was carried out in
MrBayes v3.2.6 (Ronquist et al., 2012). Each locus was allowed to follow a different
nucleotide substitution model with empirically estimated parameters. Two parallel runs of
1,500,000 generations, each starting from a different random tree, were carried out, and
convergence was confirmed by comparing tree likelihoods and model parameters between
the two runs. Trees were sampled every 1000 generations and summarized after a 20%
relative burn-in. This analysis was repeated twice, producing identical consensus trees with
posterior probabilities within 1% of each other at all nodes. Samples of probable trees were
extracted from the .tprobs file, and a strict consensus of most probable trees with combined
posterior probabilities of 95% or 99% was constructed from these sets of trees in Geneious.
Consensus trees were then formatted using FigTree v1.3.1 (http://tree.bio.ed.ac.uk/software/
figtree/).

3. Results

We have sequenced partial coding sequences of five nuclear, protein-coding loci: acon, eno,
glyp, Pepck, and Pgm. In a maximum likelihood analysis of each locus separately, the fima
species group was always monophyletic with strong support (Table 1, Figure S1). The
separate analyses identified four clades within the fima group that were observed
reproducibly and usually with strong support: (D. dyula+ D. petitae), (D. microralis + D.
aff. sycophaga), (D. fima+ D. kulango + D. abure), and (D. alladian + D. akai). The
relationships among these clades differed from locus to locus (Figure S1), but the (D. dyula
+ D. petitae) clade was almost always basal within the fima group (Table 1). Despite strong
similarities between the sex combs of the (D. dyula+ D. petitae) and (D. microralis + D. aff.
sycophaga) clades, a sister-group relationship between these clades was not supported by
any of the loci. The fima group as a whole always clustered within the melanogaster species
group (sensu lato) with strong support, although its position within the melanogaster group
varied among loci (Table 1, Figure S1).

The dentissima species group was also placed within the melanogaster species group (sensu
lato), and more specifically within the “Oriental” clade (Kopp, 2006; Kopp and True, 2002),
with strong support in the separate analysis of all five loci (Table 1). A sister-group
relationship between the dentissimaand fima groups was not observed for any of the loci
(Table 1).

Since all loci agreed on the key aspects of the fimaand dentissima group phylogeny, we
concatenated the sequences of all five loci for a combined analysis. In the resulting Bayesian
phylogeny, most relationships are supported with 100% posterior probabilities. The fima
species group is monophyletic and contains all four clades that were identified in the
separate analyses (Table 1), with the (D. dyula+ D. petitae) clade most basal (Figure 1).
This phylogeny provides strong evidence against a sister-group relationship between the (D.
ayula+ D. petitae) and (D. microralis + D. aff. sycophaga) clades. The fima species group is
placed within the melanogaster species group (sensu lato), and more specifically as the sister
lineage to the ananassae subgroup (sometimes considered a species group; see (Da Lage et
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al., 2007)), with 100% posterior probability. The dentissima group is placed within the
Oriental clade, as the sister lineage to the (e/egans + rhopaloa) subgroups, also with 100%
posterior probability (Figure 1). A sister-group relationship between the dentissimaand fima
groups is not observed in any of the 28 Bayesian trees with posterior probabilities of 0.1% or
higher.

We constructed a strict consensus of 16 trees with the cumulative posterior probability of
99%. In this tree, two important phylogenetic relationships are not fully resolved: namely, it
is not certain whether the ananassae or the montium subgroup is the most basal within the
melanogaster species group, and the relationships among several species subgroups within
the Oriental clade are also unclear (Figure S2). These parts of the melanogaster group
phylogeny were also the most difficult to resolve in previous analyses using different
multilocus datasets (Barmina and Kopp, 2007; Chen et al., 2014; Da Lage et al., 2007;
Kopp, 2006; Kopp and True, 2002; Schawaroch, 2002; Wong et al., 2007). However, the
strict consensus tree has 100% support for placing both the fimaand the dentissima groups
within the melanogaster species group (sensu lato), for placing the fima group as sister to the
ananassae subgroup, and for placing the dentissima group as sister to the (elegans +
rhopaloa) subgroups (Figure S2). All these relationships are also observed in the strict
consensus of 28 trees with the cumulative posterior probability of 99.9% (not shown). A
combined analysis of all five loci using maximum likelihood supports the same key
relationships, with approximate likelihood ratio test statistic = 100% for all relevant nodes
(Figure S3). The maximum likelihood analysis also supports the same relationships within
the fima species group as the Bayesian analysis (Figure 1, S3). Taking into account both the
separate and the combined analyses, we can conclude that the fimaand dentissima species
groups are clades within the melanogaster species group (sensu lato), but are distantly
related to each other.

4. Discussion

4.1.

melanogaster species group and the taxonomy of Sophophora

Historically, drosophilists have utilized informal taxonomic ranks between the species and
subgenus levels (lineage, radiation, group, subgroup, species complex) to better illustrate the
continuum of species diversification (O’Grady and DeSalle, 2018). Similar to classical taxa,
each new taxon was defined by morphological characters shared only by all included
species. As stated by Bock and Wheeler (Bock and Wheeler, 1972), each species group was
devised to illustrate a burst of speciation in a particular geographic region, and was supposed
to contain closely related species, of similar morphology, with comparable chromosome
banding patterns, and sometimes able to cross-hybridize under laboratory conditions. The
species groups were originally erected to encompass small numbers of species. When
Sturtevant (Sturtevant, 1942) established the melanogaster species group, it contained only
14 species.

The ananassae and montium lineages were originally classified as subgroups within the
melanogaster species group (Bock, 1980; Bock and Wheeler, 1972; Hsu, 1949; Lemeunier et
al., 1986; Patterson and Stone, 1952; Toda, 1991). As the number of described species
continued to accumulate (reaching nearly 200 species at present), it became clear that this
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group was far larger than other Drosophila species groups, and encompassed exceptional
levels of morphological diversity. In this sense, the meflanogaster group has been moving
steadily away from the original conception of a “species group”. The montium and
ananassae subgroups, now including 94 and 27 species, respectively, were each confirmed to
be monophyletic, and to form the two most basal lineages in the melanogaster species group,
by multiple phylogenetic analyses (Barmina and Kopp, 2007; Chen et al., 2014; Da Lage et
al., 2007; Kopp, 2006; Schawaroch, 2002). Thus, Da Lage et al (Da Lage et al., 2007)
proposed to upgrade the ananassae and montium subgroups to species group status, splitting
the original melanogaster group of Sturtevant (Sturtevant, 1942) into three species groups:
ananassae, montium, and the reduced melanogaster group (sensu stricto) consisting of all the
remaining subgroups (“the Oriental lineage” of Kopp and True (Kopp and True, 2002)). This
classification has been followed by some authors (van der Linde et al., 2010; Yassin, 2013,
2018), but has not been widely adopted (Chen et al., 2014; Levine et al., 2016; McEvey and
Schiffer, 2015; Tanaka et al., 2011; Watada et al., 2011).

The fima species group, proposed by Burla (Burla, 1954) and defined in more detail by
Tsacas and Lachaise (Tsacas and Lachaise, 1981), was considered to be a member of
Sophophora, but its position within the subgenus remained unclear. Burla (1954) noted a
close relationship between the fima group and D. ananassae, but refrained from including D.
ananassae in the fima group. The only phylogenetic study to address this question included a
single representative species (D. fima) and was based on a single locus, 28S rRNA
(Pelandakis et al., 1991). In that study, D. fimawas placed as sister to the ananassae
subgroup, but with low support. The dentissima lineage was originally proposed as a
subgroup within the melanogaster species group by Bock and Wheeler (Bock and Wheeler,
1972), but was later upgraded to species group status by Tsacas (Tsacas, 1980a, b).

Our results clarify the phylogenetic relationships among different groups and subgroups, but
leave several valid taxonomic options. A sister-group relationship between the fima species
group and the ananassae group/subgroup is strongly supported in the combined analysis, as
is the placement of the dentissima lineage within the Oriental clade (the reduced
melanogaster species group sensu Da Lage et al (Da Lage et al., 2007)), and more
specifically as sister to the (efegans + rhopalod) subgroups. Thus, it is highly likely that both
the fimaand the dentissima lineages are contained within the original me/anogaster species
group sensu Sturtevant (Sturtevant, 1942) and Bock and Wheeler (Bock and Wheeler, 1972).

There are two obvious paths to preserving monophyletic species groups, each with its own
advantages and disadvantages. First, if we adopt the taxonomy of Da Lage (Da Lage et al.,
2007) and Yassin (Yassin, 2013, 2018), the ananassae, montium, and fima clades should be
treated as separate species groups. For the dentissima clade, one of the options would be to
include it as a subgroup within the narrowly defined me/anogaster species group sensu Da
Lage et al (Da Lage et al., 2007), along with the melanogaster, eugracilis, takahashii,
ficusphila, elegans, rhopaloa, and favohirta subgroups (Bock, 1980). The advantage of this
approach is that it keeps different species groups within Sophophora at roughly comparable
sizes, and hews closer to the original conception of a species group as encompassing a
modest amount of morphological diversity. The fimaand dentissima lineages are well
defined monophyletic taxa. They include, respectively, 23 and 18 formally described, closely
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related species, all endemic to Africa. In this sense, they fit the historical definition of the
species-group taxonomic rank. Moreover, Burla (Burla, 1954) erected the fimagroup
because its member species were morphologically too different from the diagnostic
definition of the melanogaster group. Later, Tsacas and Lachaise (Tsacas and Lachaise,
1981) showed that the species of the fima group shared an unusual functioning of the male
genitalia. Similarly, Tsacas (Tsacas, 1980b) discriminated the dentissima group from the
melanogaster group based on peculiarities of the male genitalia.

The melanogaster group (sensu lato) already encompasses exceptional levels of
morphological disparity, as discussed by Da Lage et al (Da Lage et al., 2007). Additional
inclusion of the fimaand dentissima lineages would further complicate the efforts to provide
a concise diagnosis of the melanogaster species group. It is important to note that the
subgenus Sophophora, as currently defined, is paraphyletic, as the willistoni and saltans
species groups are more closely related to the Lordiphosa genus than to the melanogaster
and obscura species groups (Gao et al., 2011). Maintaining a robust morphological
definition of the melanogaster species group would probably make it easier to define broader
monophyletic taxa within the overall (Sophophora + Lordiphosa) radiation. Based on our
molecular phylogeny, it would be straightforward to treat the fima, ananassae, montium, and
melanogaster (including dentissima) lineages as separate species groups, especially in light
of the long and well-supported branches at the base of each of these groups. Establishing the
dentissima lineage as a separate species group would pose greater challenges, since that
would necessitate splitting the Oriental lineage sensu Kopp and True (Kopp and True, 2002)
and the melanogaster group sensu stricto (Da Lage et al., 2007) into multiple species groups
— an especially complicated proposition given that some of the relationships among
subgroups within the Oriental lineage are still not entirely clear (Barmina and Kopp, 2007;
Chen et al., 2014; Da Lage et al., 2007; Goto and Kimura, 2001; Kopp, 2006; Kopp and
True, 2002; Schawaroch, 2002).

An alternative, and very different approach woud be to preserve the original taxonomy of
Bock and Wheeler (Bock and Wheeler, 1972), with a broadly inclusive melanogaster species
group sensu Sturtevant (Sturtevant, 1942). In this case, the fima group needs to be
downgraded to subgroup status, and the ananassae, montium, fima, and dentissima clades
are all to be considered species subgroups within the melanogaster group. This approach
results in a rather inwieldy species group consisting of over 230 morphologically diverse
species. This makes the “lumping” approach difficult to justify on purely taxonomic
grounds. However, it has the important advantage of preserving continuity in the non-
taxonomic literature. The melanogaster species group occupies a special place among
Drosophila, in that the vast majority of the literature on this clade is composed of
comparative studies rather than phylogenetic or taxonomic ones. Dozens of publications that
use D. melanogasterand its relatives as models for molecular evolution, comparative
genomics, and evolutionary developmental biology refer to species from the ananassae and
montium clades as members of the melanogaster species group (Atallah et al., 2012;
Barmina and Kopp, 2007; Chen et al., 2010; Chen et al., 2014; Jeong et al., 2006; Kursel and
Malik, 2017; Levine et al., 2012; Levine et al., 2016; Long et al., 2003; Signor et al., 2016;
Tanaka et al., 2009; Tanaka et al., 2011; Williams et al., 2008; Yassin et al., 2016).
Removing these clades from the mefanogaster group can lead to confusion if different
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authors, or same authors writing at different times, include narrower vs wider sets of species
under the name “melanogaster species group”. Precluding such potential confusion is a
strong reason for taxonomic conservatism despite its obvious disadvantages.

We also note that several lineages traditionally included in the melanogaster species group,
for example the denticulataand longissima subgroups (Bock, 1980; Bock and Wheeler,
1972; Toda, 1991), or D. pinnitarsus and its close relatives (Bock, 1976), are yet to be
included in any molecular phylogenies. D. setifemur (syn. D. dispar, (McEvey, 2009)) was
originally described as the type species of the disparspecies group within Sophophora
(Mather, 1955), and considered “not closely related to any other sophophoran species”
(Bock and Parsons, 1978). However, a phylogenetic study has placed D. setifemur within the
melanogaster species group, as sister to the ananassae subgroup (Barmina and Kopp, 2007);
its position relative to the fima clade is yet to be determined. The position of D. ironensis, an
unusual species tentatively assigned to the ananassae subgroup (Bock and Parsons, 1978), is
also unclear; preliminary evidence suggests that it falls outside of the traditionally defined
ananassae subgroup (Kopp, unpublished). Depending on the eventual placement of these and
several other taxa, the taxonomy of the me/anogaster species group (sensu lato) may need to
undergo further revisions, which may be easier to accommodate and cause fewer back-and-
forth changes if the melanogaster group continues to be defined broadly sensu Sturtevant
(Sturtevant, 1942) and Bock and Wheeler (Bock and Wheeler, 1972). On balance, a
conservative approach may be preferable until the full phylogeny of this lineage is
determined.

4.2. Species complexes in the fima clade

Tsacas and Lachaise (Tsacas and Lachaise, 1981) have subdivided the fima species group
into three sets of species (“ensembles’): those with “anterior tarsi of males normal, without
sex combs” (including D. fima, D. abure, and D. kulango), those with “anterior tarsi of
males normal but with two sex combs on the first two segments” (D. alladianand D. akali),
and those with “anterior tarsi of males with a modified second segment carrying a dorsal
extension with a small transverse comb”. This third set of species, which is the largest in the
fima clade, was later named the dyu/a species complex (Burla, 1954; Chassagnard et al.,
1997; Lachaise and Chassagnard, 2002). However, this set of species can be further
subdivided in two according to the aedeagus morphology (Tsacas and Lachaise, 1981). The
species with glabrous aedeagus that rotates for erection (including D. dyulaand D. petitae)
are supposed to be the most derived with respect to genital function. The other species
(including D. microralisand D. aff. sycophaga) have aedeagus that is hairy at the tip and
does not rotate for erection; this is similar to D. fima, which belongs to the “sexcombless”
set of species. In our phylogeny, the “dyu/a species complex” is clearly polyphyletic, as
there is strong evidence that the (D. dyula+ D. petitae) and (D. microralis + D. aff.
sycophaga) clades are distantly related. This separation is consistent with the differences in
male genital traits, namely with the presence or absence of hairs on the tip of the aedeagus
and setation of the epandrium. In contrast, the species without sex combs, and those with
double sex combs, form well-supported monophyletic clades in our analysis, although our
taxon sampling is obviously limited.
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Thus, our results suggest the subdivision of the fima lineage into four species complexes: the
narrowly defined adyw/a complex, which diverges first within the fima clade and is restricted
to the species with glabrous aedeagus; the akas complex, which diverges next and includes
the species with double combs on each of the first two tarsomeres; the fima complex,
including species without sex combs; and the sycophaga complex, consisting of the species
that were previously included in the dyula complex but have hairy tip of the phallus. In light
of the close relationship between the fimaand sycophaga species complexes, the position of
D. inopinata, a species that lacks sex combs but otherwise seems to belong to the sycophaga
complex, deserves examination.

4. 3. Sex comb origin, diversification, and secondary loss

Male sex combs, which develop from modified mechanosensory bristles on the tarsal
segments of front legs, are present in Old World Sophophora (the melanogaster, obscura, and
fima clades) (reviewed in Kopp (Kopp, 2011)) and in some species of the genus Lordjphosa
(Fartyal et al., 2017; Gao et al., 2011; Hu and Toda, 2000; Katoh et al., 2018; Lastovka and
Maca, 1978; Lee, 1959). The subgenus Sopfiophora as established by Sturtevant (Sturtevant,
1939; Sturtevant, 1942) is in fact paraphyletic, since the New World Sophophora (the
willistoni and saltans species groups, which lack sex combs) are more closely related to
Lordiphosathan to Old World Sophophora (Gao et al., 2011). It is not clear whether the
presence of sex combs in some Lordiphosa reflects a single origin of sex combs at the base
of (Sophophora + Lordiphosa) followed by secondary loss in New World Sophophoraand in
most Lordiphosa species, or independent origin of sex combs in Old World Sophophora and
in some species groups within Lordjphosa. The cellular mechanisms of sex comb
development differ between the melanogaster and obscura species groups on the one hand,
and the miki species group of Lordiphosa (Atallah et al., 2012). However, the cell biology of
sex comb development varies just as drastically within the melanogaster species group
(Tanaka et al., 2009), so no firm conclusions can be drawn on this basis. Both in the Old
World Sophophoraand in Lordiphosa, sex comb morphology is highy diverse, showing
many examples of rapid divergence, convergent evolution, and secondary loss (Katoh et al.,
2018; Kopp, 2011; Lemeunier et al., 1986; Tanaka et al., 2011).

Our results show that the fimaand dentissima clades fall within the Old World Sophophora
radiation, so their sex combs clearly share a single origin with those of the melanogaster and
obscura species groups. Unfortunately, no species except D. fima are currently available in
culture, preventing us from investigating sex comb development in the fimaand dentissima
clades. Within the fima clade, our phylogeny (Fig. 1) strongly suggests that species of the
fima species complex (including D. fima, D. abure, D. kulango, and probably other similar
species such as D. abronand D. jroko) have most likely lost sex combs secondarily.
However, vestigial transverse sex combs are in fact present in D. abure (Figure 2), which
may reflect an intermediate stage in the loss of sex combs. Similar transverse sex combs are
found in the ananassae, takahashii, and elegans subgroups, as well as in the Lordiphosa
denticeps species group (Katoh et al., 2018; Kopp, 2011). The robust, obliquely rotated sex
combs of the akar species complex (D. alladianand D. akai) (Figure 2) strongly resemble the
sex combs found in such melanogaster group species as D. biarmipes, D. suzukii, and the
rhopaloa species subgroup in the Oriental clade, and D. bipectinataand D. parabipectinata in
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the ananassae subgroup. We may speculate that these sex combs develop through similar
cellular mechanisms, i.e. by active epithelial rotation (Tanaka et al., 2009). Regardless of the
mechanism, the diversity of sex comb morphologies in the fima clade reinforces the general
pattern of rapid divergence, convergent evolution, and recurrent secondary loss (Kopp,
2011).

Transverse sex combs associated with robust distal outgrowths of the first and especially
second tarsal segments are found in many species of the fima lineage (Lachaise and
Chassagnard, 2002; Tsacas and Lachaise, 1981) (Figure 2). Our analysis suggests that these
species belong to two distantly related clades: the dyu/a species complex, represented by D.
ayulaand D. petitae, and the sycophaga species complex, represented by D. microralis and
D. aff. sycophaga (Figure 1). It is possible that this type of sex comb was present in the last
common ancestor of the fima lineage. Transverse sex combs located distally on the first and
second tarsal segments, although without any tarsal outgrowths, are the primitive condition
for the ananassae subgroup (Matsuda et al., 2009), suggesting that transverse sex combs
were present in the last common ancestor of the (fima + ananassae) lineage, while the tarsal
outgrowths are a fima lineage synapomorphy. Among more distant relatives, however, tarsal
outgrowths at the base of the sex comb are seen in the ficusphila subgroup and in D.
denticulata. Even larger tarsal outgrowths are found in males of some Hawaiian Drosophila
species (Stark and O’Grady, 2009), which are very distantly related to Sophophora. Thus,
male-specific tarsal outgrowths associated with sex combs and other types of modified
bristles represent a yet another example of morphological convergence.

As noted by Tsacas (Tsacas, 1980a, b), different types of sex combs are observed in the
dentissima group. The sex comb of D. matileiis very similar to that of D. ficusphila, despite
the distant relationship between these species. This similarity extends to the presence of a
second sparse row of thinner, pointed teeth located ventrally from the main, densely packed
comb composed of thick blunt teeth (Figure 3). The sex combs of D. lamotteiand D.
anifsoctena are more similar to those of the montium and rhopaloa species subgroups, and
lack the secondary row of teeth. Despite their morphological similarities in adults, the sex
combs of the montium and rhopaloa subgroups develop through very different cellular
mechanisms (Tanaka et al., 2009). Based on the adult morphology, we cannot discern the
mode of sex comb development in D. /amottei and D. anisoctena. However, given their
closer relationship to the rhgpaloa subgroup, we may speculate that their sex combs develop
by active epithelial rotation, as they do in the rfigpaloa subgroup (Tanaka et al., 2009). One
very unusual aspect of leg morphology in D. lamottei and D. anisoctena (and in the rest of
the /amottei species complex sensu Tsacas) is the extreme shortening of the first tarsal
segment in males (Figure 3). Tsacas (Tsacas, 1980a, b) has suggested that this is a derived
trait within the dentissima group; the close relationship between this subgroup and the
(elegans + rhopaloa) lineage, which has tarsal segments of normal length, supports this view,
but more extensive taxon sampling is required to confirm this.

4. 4. Multiple origins of fig-breeding

All 19 fima clade species whose ecological habits are known are associated with figs (Ficus
sp.), breeding in the fig syconia (fruit) at various stages of decay (Lachaise and Chassagnard,
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2002). Different species vary in the degree of their host plant specificity, but most exploit
multiple fig species. Overall, this clade has been recorded from 16 species of Ficus, and
some host species can harbor up to 12 fima-clade species (Lachaise and Chassagnard, 2002).
Their fig specialization appears to be nearly complete, and is likely a synapomorphy of the
fima clade: only D. fimaand D. abron have been raised successfully on artificial media
(Lachaise and Chassagnard, 2002). In the melanogaster species group, D. ficusphila also
“has a special fondness for the fruits belonging to the genus Ficus such asF. carica and'F.
erecta” (Kikkawa and Peng, 1938), but can be easily raised on standard media. Outside
Sophophora, the Afrotropical species of Lissocephala, another drosophilid genus, also
appear to be strict fig specialists (Harry et al., 1996; Lachaise, 1977; Lachaise et al., 1982).
Repeated evolution of fig specialization is perhaps not surprising, given the great abundance
of this resource in many habitats — but interestingly, Oriental and Australasian species of
Lissocephala do not specialize on figs despite the great abundance of Ficus species in those
regions. Overall, the ecological and genetic factors favoring fig specialization over fruit
generalism in Drosophilidae remain unknown.
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Highlights
. melanogaster species group in the largest and most diverse in Drosophila
. fima and dentissima groups cluster within the melanogaster group sensu lato
. we discuss the implications of this result for Drosophila taxonomy
. male sex combs show many examples of convergent evolution
. fig specialization has evolved multiple times in Drosophila
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A. Bayesian phylogeny based on the combined 5-locus dataset. The fima clade is boxed in
pink, and the dentissima clade in light blue. Letters and numbers following species names
indicate specimen IDs (see Materials and Methods and Supplement Table S2). Taxonomic
affiliations of other species are indicated in Supplement Table S3. Numbers at each node
indicate the posterior probabilities of the respective taxon bipartitions.
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Figure 2.
Sex comb diversity in the Drosophila fima clade. The two most proximal tarsal segments

(tal and ta2) of the male front leg are shown for each species. A. D. fima. B. D. kulango. C.
D. abure. Note the vestigial transverse sex comb at the distal tip of ta2 (arrowhead). D. D.
aff. sycophaga. E. D. microralis. F. D. alladian. G. D. akai. H. D. dyula. 1. D. petitae. In D.
aft. sycophaga, D. microralis, D. dyula, and D. petitae, sex combs are located on distal
outgrowths of the tal and ta2 segments (arrowheads in D).

Mol Phylogenet Evol. Author manuscript; available in PMC 2020 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Kopp et al. Page 20

/K

o

/

Figure 3.
Sex comb diversity in the Drosophila dentissima clade. The two most proximal tarsal

segments (tal and ta2) of the male front leg are shown for each species. A. D. famottei. B.

D. anisoctena. Note the extreme shortening of tal (arrowhead) in these two species. C. D.
matilel. In addition to the main sex comb consisting of ~55 teeth on tal and ~30 teeth on ta2,
a sparse longitudinal row of straight bristles is present more ventrally (double arrowheads).
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