Dev Genes Evol
DOI 10.1007/s00427-013-0463-7

ORIGINAL ARTICLE

Patterns of molecular evolution of the germ line specification
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Abstract In several metazoans including flies of the genus
Drosophila, germ line specification occurs through the inher-
itance of maternally deposited cytoplasmic determinants, col-
lectively called germ plasm. The novel insect gene oskar is at
the top of the Drosophila germ line specification pathway, and
also plays an important role in posterior patterning. A novel
N-terminal domain of oskar (the Long Oskar domain) evolved
in Drosophilids, but the role of this domain in oskar func-
tional evolution is unknown. Trans-species transgenesis ex-
periments have shown that oskar orthologs from different
Drosophila species have functionally diverged, but the under-
lying selective pressures and molecular changes have not been
investigated. As a first step toward understanding how Oskar
function could have evolved, we applied molecular evolution
analysis to oskar sequences from the completely sequenced
genomes of 16 Drosophila species from the Sophophora
subgenus, Drosophila virilis and Drosophila immigrans. We
show that overall, this gene is subject to purifying selection,
but that individual predicted structural and functional domains
are subject to heterogeneous selection pressures. Specifically,
two domains, the Drosophila-specific Long Osk domain and
the region that interacts with the germ plasm protein Lasp, are
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evolving at a faster rate than other regions of oskar. Further,
we provide evidence that positive selection may have acted on
specific sites within these two domains on the D. virilis
branch. Our domain-based analysis suggests that changes in
the Long Osk and Lasp-binding domains are strong candi-
dates for the molecular basis of functional divergence between
the Oskar proteins of D. melanogaster and D. virilis. This
molecular evolutionary analysis thus represents an important
step towards understanding the role of an evolutionarily and
developmentally critical gene in germ plasm evolution and
assembly.

Keywords Drosophila - Positive selection - Oskar - Germ line
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Introduction

The advent of a dedicated germ line is a major evolutionary
transition associated with the origin of multicellularity
(Michod 2005). In all sexually reproducing animals, the spec-
ification of the germ line early in embryogenesis is a critical
developmental event. Two modes of germ line specification
have been identified in metazoans: inheritance of maternally
synthesized cytoplasmic germ line determinants (germ
plasm), and the induction of germ cell fate by signals from
neighboring somatic cells (Extavour and Akam 2003). Phy-
logenetic analyses of these developmental patterns suggest
that the inductive mode may be ancestral in metazoans, with
germ plasm-driven mechanisms having evolved independent-
ly in multiple lineages (Extavour and Akam 2003; Blackstone
and Jasker 2003). In Drosophila melanogaster, germ cells are
specified by the inheritance mode, and germ plasm is assem-
bled during oogenesis by the products of the oskar gene.
Oskar protein physically interacts with and recruits germ
plasm components, including Valois, Lasp, and Vasa proteins
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and nanos mRNA (Ephrussi et al. 1991; Breitwieser et al.
1996; Suyama et al. 2009; Cavey et al. 2005). oskar is neces-
sary and sufficient for germ plasm assembly (Ephrussi and
Lehmann 1992), and because it localizes the posterior deter-
minant nanos, it is also required for posterior body patterning
(Ephrussi et al. 1991).

Surprisingly, in contrast to most other critical metazoan
germ line genes, oskar is not highly conserved across animals.
It is instead a novel gene that evolved in the lineage leading to
insects (Ewen-Campen et al. 2012), and may have facilitated
the evolution of germ plasm in holometabolous insects (those
that undergo true metamorphosis) (Lynch et al. 2011). oskar
orthologs have been identified to date only from flies and
mosquitoes (Diptera, the furthest derived clade of holometab-
olous insects) (Goltsev et al. 2004; Juhn and James 2006; Juhn
et al. 2008), ants and wasps (Hymenoptera, the most basally
branching clade of the Holometabola) (Lynch et al. 2011), and
a basally branching hemimetabolous insect, the cricket
Gryllus bimaculatus (Ewen-Campen et al. 2012). oskar is
absent from the genomes of multiple holometabolous insects
that lack germ plasm, including the silk moth Bombyx mori,
the beetle Tribolium castaneum, and the honeybee Apis
mellifera, indicating that this gene has been secondarily lost
several times in holometabolous evolution (Lynch et al. 2011).

The domain organization of oskar (Fig. 1a) further under-
scores the dynamic evolutionary history of this gene. Three
domains are common to all known oskar orthologs. The first is
a predicted N-terminal RNA-binding LOTUS domain, which
is also present in the highly conserved Tudor domain family
members TdrdS and Tdrd7 (Callebaut and Mornon 2010;
Anantharaman et al. 2010). However, oskar lacks Tudor do-
mains, and is thus not a subclass of Tudor family genes (Lynch
et al. 2011). The second is a C-terminal domain that shares
greatest sequence and physicochemical similarity to SGNH
class hydrolases, an ancient group of lipid-interacting proteins
present in all kingdoms of life (Juhn et al. 2008). Finally, part
of the region between the LOTUS and SGNH domains has
been shown to interact with the actin-binding protein Lasp in
D. melanogaster (Suyama et al. 2009). In contrast to these
three relatively conserved domains, the N-terminal-most do-
main, called Long Osk, is completely absent in mosquito,
hymenopteran, and cricket oskar orthologs, and is thus likely
an innovation that arose at some point after the divergence of
the lineages leading to Drosophila and mosquitoes (approxi-
mately 260 Mya) (Gaunt and Miles 2002).

Even within Drosophilids, oskar has diverged functionally
(Fig. 2). In some cases, oskar function appears highly con-
served. For example, the oskar ortholog from D. immigrans
(immosk), which diverged from the D. melanogaster lineage
30-60 Mya (Remsen and O’Grady 2002; Obbard et al. 2012),
can rescue germ cell and body patterning defects of
D. melanogaster oskar null mutants (Jones and Macdonald
2007). D. melanogaster oskar null flies carrying an immosk
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transgene display pole plasm morphology more similar to that
of D. immigrans than that of D. melanogaster, but this pole
plasm still contains the conserved germ plasm component
Aubergine and is sufficient to form germ cells (Jones and
Macdonald 2007). This indicates that although immosk may
function differently from D. melanogaster oskar with respect
to the specific morphology of the germ plasm that it confers,
immosk-like germ plasm is still sufficient to induce germ cell
formation in D. melanogaster, indicating essential functional
conservation between immosk and D. melanogaster osk with
respect to a role in germ cell formation.

In contrast, oskar from the equally distantly related species
Drosophila virilis (virosk) does not show functional conserva-
tion of its germ plasm role in a D. melanogaster context. In
D. virilis, virosk transcript is localized to the posterior pole of
oocytes and embryos like its homolog in D. melanogaster
(Webster et al. 1994). D. virilis embryos also form posterior
germ plasm and subsequently pole cells (Webster et al. 1994),
suggesting that the germ plasm function of oskar is conserved
in D. virilis, as in D. immigrans. In transgenic D. melanogaster
oskar loss of function mutants carrying a virosk transgene,
Virosk appears to recruit sufficient D. melanogaster nanos
mRNA to rescue posterior patterning in these mutants
(Webster et al. 1994). However, in D. melanogaster, Virosk
is unable to assemble functional germ plasm, and thus unable
to direct germ cell formation (Webster et al. 1994). This
suggests that although Virosk may retain some ability to
interact with D. melanogaster nanos mRNA, its interactions
with other D. melanogaster germ plasm components may be
too divergent to permit assembly of functional pole plasm in a
D. melanogaster context, indicating essential functional diver-
gence. Given that oskar’s role in functional germ plasm as-
sembly appears conserved even in Hymenoptera (Lynch et al.
2011), itis likely that virosk and immosk direct functional germ
plasm assembly in D. virilis and D. immigrans respectively,
via interactions with the germ plasm component orthologs in
these species. In this paper, we focus on the functional diver-
gence within the genus Drosophila that prevent Virosk’s fruit-
ful interaction with D. melanogaster germ plasm gene prod-
ucts, despite the high level of conservation of most other germ
plasm genes (Ewen-Campen et al. 2010).

Although oskar plays an indispensible role in Drosophilid
germ cell specification, the nature of the selective pressures
and molecular changes responsible for its functional diver-
gence within the genus Drosophila are unknown. To gain
insight into the molecular evolution of this novel and critical
gene, we took advantage of the completely sequenced ge-
nomes of 16 Drosophila species from the Sophophora subge-
nus, the D. virilis genome sequence and the sequenced oskar
locus from D. immigrans. The goal of this study is to assess
patterns of change in the oskar nucleotide sequence to evalu-
ate potential variation in the evolutionary rate of distinct
functional protein domains. We test the hypothesis that
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Fig. 1 a Domain organization of
Drosophila Oskar. Amino acid
residues corresponding to the
Drosophila-specific Long Osk
domain (green), conserved
predicted structural domains
(LOTUS: yellow; SGNH
hydrolase: blue), and regions
shown to interact with conserved
germ line specification genes in
D. melanogaster (gray shades) are
indicated. b w value estimates for
oskar predicted structural and
interaction domains from
combined maximum likelihood
analysis based on two different
MSA methods using fixed sites
model E. Valois-interacting
domains were concatenated for
analysis
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Fig. 2 Phylogenetic tree of Drosophila species showing topology used
for PAML analysis, which is essentially consistent with current phyloge-
netic hypotheses (Yang etal. 2012; Kopp 2006). Species where functional
analysis of oskar has been performed (Webster et al. 1994; Jones and
Macdonald 2007) are indicated in bold. D. immigrans oskar shows
functional conservation with respect to germ plasm assembly in

D. melanogaster (black circle), whereas this oskar function has diverged
in D. virilis (white circle). The 18 species analyses used oskar sequences
from all species shown; the seven species analyses used sequences from
those species outlined in gray, and the five species analyses used se-
quences only from the melanogaster subgroup species (yellow box)
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positive selection drives the evolution of Drosophila oskar,
and identify regions that are likely to underlie functional
divergence between D. virilis and D. melanogaster oskar,
providing candidates for future study of the evolutionary
changes that prevent virosk from specifying germ plasm in a
D. melanogaster background.

Methods

Annotated oskar orthologs from D. melanogaster [GenBank
NM 169248.1; FlyBase CG10901-PA], Drosophila simulans
[GenBank XM 002104160.1; FlyBase GD18580-PA], Dro-
sophila sechellia [GenBank XM_002031933.1; FlyBase
GM23770-PA], Drosophila yakuba [GenBank
XM 002096839.1; FlyBase GE25914-PA], Drosophila
erecta [GenBank XM 001980858.1; FlyBase GG13545-
PA], Drosophila ananassae [GenBank XM _001953262.1;
FlyBase GF17692-PA], Drosophila pseudoobscura
[GenBank XM 001359471.2; FlyBase GA10627], Drosoph-
ila persimilis [GenBank XM 002017349.1; FlyBase
GL21554-PA], Drosophila willistoni [GenBank
XM_002070244.1; FlyBase GK11117-PA], and D. virilis
[GenBank XM 002053233.1; FlyBase GJ23790-PA] were
obtained from FlyBase (www.flybase.org). Coding sequence
of D. immigrans oskar was obtained from GenBank
[DQ823084.1]. We also identified oskar orthologs from the
following recently sequenced species whose genomes have
not been annotated: Drosophila eugracilis [genomic scaffold:
GenBank JH402624.1], Drosophila ficusphila [genomic
scaffold: GenBank GL987928.1], Drosophila biarmipes
[genomic scaffold: GenBank JH400370.1], Drosophila
takahashii [genomic scaffold: GenBank JH112313.1],
Drosophila elegans [genomic scaffold: GenBank JH110107.
1], Drosophila rhopaloa [genomic scaffold: GenBank
JH406433.1], Drosophila kikkawai [genomic scaffold:
GenBank JH111367.1], Drosophila bipectinata [genomic
scaffold: GenBank JH401929.1]. Genome sequences for
these species were accessed via the Drosophila Species
Stock Center at https://stockcenter.ucsd.edu/info/welcome.
php. We conducted a tBLASTn search of each Drosophilid
genome with D. melanogaster Oskar protein as the query to
uncover the most similar coding sequence with respect to
amino acid conservation. As oskar is a single-copy gene in
all genomes examined to date, and shares no significant
overall sequence similarity with non-oskar genes (Lynch
et al. 2011), the top tBLASTn hit was considered to be the
ortholog. To extract the coding sequence from genomic scaf-
fold sequences we used the Augustus gene predictor (Keller
et al. 2011), and manually curated the resulting sequences to
mask stop codons and frame shift mutations. Reciprocal
BLAST of the top predicted coding sequences to D.
melanogaster was performed to confirm orthology.
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Nucleotide sequences of all oskar orthologs analysed in this
study are provided in Online Resource 1.

As the results of PAML analyses can be sensitive to the
alignment methods used (Blackburne and Whelan 2013), we
generated multiple sequence alignments using two different
methods, and performed analyses on the results of both
MSAs. The sequences of the 18 Drosophila species were
multiply aligned using MUSCLE implemented in TranslatorX
(Abascal et al. 2010), or using PRANK (Loytynoja and
Goldman 2008). We did not include the D. willistoni sequence
as its predicted length was less than 60 % that of
D. melanogaster oskar (not shown). There is no evidence for
unusual divergence of D. willistoni oskar; this is therefore
likely due to sequencing or annotation error.

Predicted structural and interaction domains were manually
extracted from the whole gene alignment using the known acid
residues corresponding to each domain in D. melanogaster
(Fig. 1) (Breitwieser et al. 1996; Suyama et al. 2009; Anne
2010). Sequences from Valois-interacting regions were
concatenated for analysis. The PRANK alignment was subjected
to GBlocks analysis using the default options (minimum number
of sequences for a conserved position: 10; minimum number of
sequences for a flanking position: 10; maximum number of
contiguous positions: §; minimum length of a block: 5).

We repeated the branch site test for domains that showed a
consistent signature for positive selection using the reported
cDNA sequence of D. virilis oskar (Genbank 1.22556.1) that
was used in the experiments that suggested functional diver-
gence of D. virilis and D. melanogaster oskar with respect to
germ plasm assembly (Webster et al. 1994) (Online Resource
1). We also used Sanger sequencing to confirm the entire
nucleotide sequence of this D. virilis allele (see Online Re-
source 1).

Results and Discussion
The complete oskar coding region is under purifying selection

We obtained oskar coding sequences from the Drosophilid
genome sequences, as well as the sequenced D. immigrans
oskar coding region (Fig. 2; Online Resource 1), and gener-
ated multiple sequence alignments using two different multi-
ple sequence alignment (MSA) tools, the similarity-based
MSA MUSCLE (Edgar 2004) (Online Resource 2,
Figure S1) and the evolutionarily informed MSA PRANK
(Loytynoja and Goldman 2008) (Online Resource 3,
Fig S2). Because the choice of MSA can influence the out-
come of such analyses (Blackburne and Whelan 2013), we
performed evolutionary rate analyses using both MSA out-
puts. We conducted maximum likelihood analyses with
codeml implemented in PAML v4 (Yang 2007) to estimate
non-synonymous (dN) and synonymous (dS) substitution
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rates, and their ratio (w=dN/dS). We then used the Likelihood
Ratio Test to compare the fit of different evolutionary models
to the data (Yang 2007; Yang et al. 2000b).

We first applied the simplest model MO, which sets all
branches and sites to evolve at the same rate, to obtain a single
global w estimate for the entire oskar coding region alignment
(Yang et al. 2000a). The log likelihood for this model was
—4,397.07 using the MUSCLE alignment, and —16,563.12
using the PRANK alignment, with w estimates of 0.32 and
0.16, respectively, indicating overall purifying selection of
full-length oskar.

Distinct oskar domains are evolving at different rates

Next, to estimate w for each domain separately and test if
these domains were under different selective constraints,
we applied different fixed site models (Yang and Swanson
2002). The highest log likelihood was obtained using
model E (MG4), which assumes different w, « (transi-
tion/transversion ratio), 7 (equilibrium codon frequencies),
and s (proportional branch lengths) between oskar do-
mains. Using either the MUSCLE MSA (Online Resource
2, Table S1) or the PRANK MSA (Online Resource 3,
Table S4), the fit of this model was significantly better
than that of model B, which assumes identical k, w, and 7
but different s (P<0.001). This shows that the strength of
selection varies among distinct oskar domains. Estimates
of w were less than 1 for all domains, indicating overall
purifying selection on each domain (Fig. 1b). However,
the SGNH, LOTUS, and Valois-interacting domains are
the most constrained, while the Lasp-binding and Long
Osk domains are evolving approximately four to five and
two to three times faster, respectively, than the former
three domains. This suggests that evolutionary changes
in oskar function may not be due to changes within the
SGNH, LOTUS, or Valois-interacting domains. Moreover,
it is consistent with the relatively poor conservation of the
Lasp-binding region across insects (Lynch et al. 2011) and
the recent evolution of Long Osk in the Drosophila line-
age. As selective pressures on individual oskar domains
are heterogeneous, further analyses were conducted sepa-
rately for each domain.

Evidence for positive selection on specific oskar domains

Given the functional divergence of Drosophila oskar, we
asked whether positive selection might be acting on specific
amino acids of any Oskar domain. To test this hypothesis, we
applied different site models that set the w ratio to vary among
sites (Yang et al. 2000a, 2005). Comparison of models M1
(nearly neutral; assumes two site classes in the sequence with
wp<1 and w;=1) and model M2 (adds site class w, allowing
for positive selection) was not significant for any domain

using either of the MUSCLE (Online Resource 2, Table S2)
or PRANK (Online Resource 3, Table S5) alignments (Ta-
ble 1). Comparison of models M7 (assumes a beta distribution
of w over sites) and M8 (adds an extra site class with a free w
ratio estimated from the data, allowing w values greater than
1) also showed no significant differences for any single
domain for either of the MUSCLE or PRANK alignments
(Table 1).

The results of the analyses thus far show that when using
site models to consider the evolution of Oskar orthologs from
these 18 Drosophila lineages, no specific domain appears to
be under positive selection. However, if a gene evolves under
purifying selection most of the time, but is occasionally sub-
ject to episodes of adaptive change, site models may not yield
a significant dV/dSvalue. Given the inability of D. virilis oskar
to substitute for D. melanogaster oskar, we wished to test the
hypothesis that positive selection might be acting on the
D. virilis branch alone. We therefore assessed differences in
w on that specific branch using branch site models (Zhang
etal. 2005). We used the modified model A, or test 2, because
it is more conservative, yields fewer false positives, and is
better able to distinguish relaxed selective constraint from
positive selection (Zhang et al. 2005). Setting the D. virilis
branch as the foreground branch, we tested whether model
MA (which assumes three site classes, 0>wp<1 between 0 and
1, and w;=1 and w,>1 only for the foreground branch) fit the
data better than the alternative model MAg, (which fixes w, at
1 in foreground branches). Using either of the MUSCLE
(Online Resource 2, Table S3) or PRANK (Online Resource
3, Table S6) alignments, we found that comparisons between
MA and MAg, were not significant for the LOTUS or SGNH
predicted structural domains, or for the Valois interaction
domain (Table 1). Under the MUSCLE MSA analysis of the
Lasp-binding domain, the log likelihood of the MA model
(—2,350.39) was greater than that of the MAg, model
(-2,352.01) (x*=3.24, P=0.07) (Table 1; Online Resource 2,
Table S3), but the difference was not significant. We note here
that PAML documentation recommends the use of a critical
value of x* (3.84 at 5 % and 5.99 at 1 %) to guide against
violation of model assumptions for branch site models (Yang
2007.

In contrast, the PRANK MSA analysis did reveal a
statistically significant signature of positive selection for
the Lasp-binding domain (x*=7.9; P<0.01) on the
D. virilis branch (Table 1; Online Resource 3, Table S6).
The PRANK MSA analysis also identified significant
signatures of positive selection for the Vasa-interacting
domain (x*=5.1; P<0.05) (Table 1; Online Resource 3,
Table S6). This suggests some residues within these do-
mains could be evolving under positive selection and may
contribute to oskar functional evolution. Strikingly, we
found that under both the MUSCLE (x*=14.7; P<0.001)
and PRANK (y*=5.43; P<0.05) MSA analyses, the MA
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Table 1 Likelihood Ratio Test statistics for Oskar predicted structural and interaction domains: 18 species analyses

MUSCLE MSA PRANK MSA
M1 vs M2! M7 vs M8 MA vs MAgy MI vs M2! M7 vs M8 MA vs MAgy
Long Osk 0 (1.0000) 0 (1.0000) 14.7 (0.0001y#** 0 (1.0000) 1.47 (0.4795) 5.43 (0.0198)*
LOTUS 0 (1.0000) 1.44 (0.4858) 1.05 (0.3055) 0 (1.0000) 0.08 (0.9608) 1.05 (0.3055)
Lasp-binding 0.04 (0.9802) 291 (0.2334) 3.24 (0.0719) 0.09 (0.9560) 3.71 (0.1565) 7.9 (0.0049)**
SGNH Hydrolase 0 (1.0000) 5.73 (0.0561) 0 (1.0000) 0 (1.0000) 5.94 (0.0515) 0 (1.0000)
Vasa-interacting 0 (1.0000) 0.35 (0.8395) 0.66 (0.4166) 0 (1.0000) 3.24(0.1979) 5.1 (0.0239)*
Valois-interacting 0 (1.0000) 3.72 (0.1557) 0 (1.0000) 0 (1.0000) 457 (0.1080) 0 (1.0000)

Values in each column correspond to twice the difference of log likelihood of the two nested models, with P values indicated in parentheses

*P<0.05; **P<0.01; ***P<0.0001

model fit the data significantly better than MAg, for the
Long Osk domain (Table 1), suggesting that non-
synonymous changes at some Long Osk codons may
additionally have been subject to positive selection on
the D. virilis branch.

While the branch site analyses indicate positive selec-
tion for Long Osk and Lasp-binding domains, they may
be affected by the large divergence time between
D. immigrans, D. virilis, and D. melanogaster, the three
species for which functional data are available. Highly
divergent sequences could suffer from alignment errors,
which can lead to false positives with the branch site
model (Markova-Raina and Petrov 2011; Anisimova and
Yang 2007). Removing unreliable alignment regions is
expected to increase the accuracy of positive selection
inference, although such filtering may also significantly
decrease the power of the test, as positively selected re-
gions are fast evolving, and those same regions are often
those that are most difficult to align (Privman et al. 2012).
In order to gain insight into whether Oskar sequence
divergence across the 18 Drosophilids may have affected
our inference of positive selection, we repeated the branch
site test for positive selection on the Lasp-binding, Long
Osk and Vasa-interacting domain using a new set of edited
alignments, that we call here “conserved sequence block”
alignments. To make these alignments, we removed poorly
aligned sites in the original full-length Oskar PRANK
alignment using Gblocks (Castresana 2000) and then con-
ducted the branch site test analysis on the remaining
conserved sequence blocks of each domain (Online Re-
source 4, Figure S3). Even with this conservative ap-
proach, we continued to see a significant signature for
positive selection on the D. virilis branch for both the
Lasp-binding (x*=4.21; P<0.05) and Long Osk domains
(x*=4.76; P<0.05) (Table 2; Online Resource 4,
Table S7). Comparisons between MA and MAg, were
not significant for the Vasa-interacting region (P=0.34)
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(Online Resource 4, Table S7). Thus, even with a conser-
vative approach the Long Osk and Lasp-binding domains
are indicated as being under positive selection on the
D. virilis branch in our analysis of 18 Drosophila species.

Candidate sites for functional divergence between D. virilis
and D. melanogaster oskar

To identify candidates for specific sites that could be evolving
under positive selection in our 18 species analysis, we applied
the Bayes Empirical Bayes (BEB) approach to all alignments
that showed a statistically significant signature for adaptive
evolution on the D. virilis branch, namely (1) the MUSCLE
alignment of the Long Osk domain extracted from the original
alignment of full-length Oskar (Online Resource 2,
Figure S1); (2) PRANK alignments of the entire Long Osk,
Lasp-binding, and Vasa-interacting domains extracted from
the original alignment of full-length Oskar (Online Resource
3, Figure S2); and (3) the conserved sequence blocks of the
Long Osk and Lasp-binding domains obtained by trimming
poorly aligned regions from the original full-length PRANK
MSA alignment (Online Resource 4, Figure S3). To be con-
servative we focused only on sites with a BEB posterior
probability of being under positive selection greater than 0.9.

Table 2 Likelihood ratio test statistics for MA vs MAg, model for Long
Osk, Lasp-binding and Vasa-interacting domains aligned with PRANK
MSA

Conserved sequence blocks Seven species alignment

Long Osk 4.76 (0.0291)*
Lasp-binding 4.21 (0.0402)*
Vasa-interacting 0.92 (0.3375)

0 (1.0000)
0 (1.0000)
0.43 (0.5120)

Values in each column correspond to twice the difference of log likeli-
hood of the two nested models, with P values indicated in parentheses

*P<0.05
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Using these criteria, we identified five residues, two in the
Long Osk domain and three in the Lasp-binding domain that
may be evolving under positive selection on the D. virilis
branch.

Analysis of the Long Osk domain extracted from the
MUSCLE MSA of full-length Oskar identified one residue
with signatures of positive selection (D. melanogaster F51
(residue numbers throughout refer to the position in the pri-
mary amino acid sequence of D. melanogaster Long Oskar);
Online Resource 2, Figure S1). In addition, analyses of the
Long Osk domain extracted from the PRANK alignment of
full-length Oskar, and of the conserved sequence blocks of
Oskar, both supported the hypothesis of positive selection at a
second residue (D. melanogaster R65; Online Resource 3,
Figure S2; Online Resource 4, Figure S3).

In the Lasp-binding domain, analysis of this domain extract-
ed from the PRANK MSA of full-length Oskar (Online Re-
source 3, Figure S2) identified two residues (D. melanogaster
E306 and P353) as being under positive selection. These two
residues were also identified as being under positive selection
by analysis of the Vasa-interaction domain extracted from the
full-length PRANK MSA (Online Resource 3). Finally, a third
residue (D. melanogaster Y339) was identified by analysis of

the Lasp-binding domain derived from the conserved sequence
block PRANK MSA (Online Resource 4, Figure S3).

If changes of amino acid identity at these sites contributed
to the functional divergence between D. melanogaster and
D. virilis Oskar, we might expect these residues to have
different physicochemical characteristics in the two species.
Consistent with this idea, we found that at three of the five
candidate sites, one in the Long Osk domain and two in the
Lasp-binding domain, amino acid differences between
D. virilis and D. melanogaster result in changes in one or both
of polarity and acid—base properties (Table 3, Fig. 3). This
supports the hypothesis that changes at these residues may be
linked to the functional divergence between D. melanogaster
and D. virilis Oskar, making these residues promising candi-
dates for future functional verification in vivo.

Analysis of D. melanogaster subgroup species

A second issue related to the high divergence time between
our species of interest is that the saturation of dS in highly
divergent sequences is expected to inflate false positive rates
of likelihood ratio tests for positive selection (Gharib and
Robinson-Rechavi 2013). Determining the optimal analytical

Table 3 Chemical properties of amino acids under positive selection in the branch leading to D. virilis

PP value of positive AA position in D. virilis AA D. melanogaster AA Polarity Acidity
selection D. melanogaster” change change
AA Polarity pH  Hydro AA Polarity pH Hydro
Long Oskar domain—MUSCLE MSA (supported by full-length genomic and Macdonald allele)
0.99 51 K  Polar Basic Philic F Nompolar Phobic 'Y Y
Long Oskar domain—PRANK MSA (supported by analysis of full-length and conserved sequence blocks alignments of genomic allele and full-length
Macdonald allele)
0.92/0.91/0.95¢ 65 R Polar Basic Philic R  Polar Basic Philic N N
Lasp-binding domain—PRANK MSA (supported by full-length alignment)
0.99¢ 353 A Nonpolar Phobic P Nonpolar Phobic N N
0.98/0.95° 306 M Nonpolar Phobic E  Polar Acidic Philic 'Y Y

Lasp-binding domain—PRANK MSA (supported by genomic allele conserved sequence blocks alignment and full-length Macdonald allele)

0.95/0.98 339 H Polar

Basic Philic 'Y

Polar Philic N Y

* Amino acid position refers to the D. melanogaster residue position in the unaligned primary amino acid sequence

°Rows in italics indicate residues under positive selection that have different chemical properties between D. virilis and D. melanogaster. The BEB
posterior probability values from MUSCLE MSA alignment analyses using the genomic D. virilis allele or the Macdonald allele were the same for both
alignments (see Online Resources 2, 8)

¢ Indicates the posterior probability values from three different PRANK MSA analyses for one of two residues in the Long Oskar domain identified as
being under positive selection. BEB values are from analysis of full-length Oskar alignment and conserved sequence blocks alignment with genomic
D. virilis allele, and full-length alignment generated using D. virilis Macdonald allele, respectively (see Online Resources 3, 4, 9)

9 This residue differs between the genomic and Macdonald alleles, and shows signatures of positive selection only under the analysis of a PRANK
alignment using the genomic allele, but not the Macdonald allele (see Online Resources 3, 7)

¢ Indicates the posterior probability values from two different PRANK MSA analyses for the first of three residues in the Lasp-binding domain identified
as being under positive selection. BEB values are from analysis of full-length Oskar alignments generated with the genomic and Macdonald D. virilis
alleles, respectively (see Online Resources 3, 9)

" Indicates the posterior probability values for the second of three residues in the Lasp-binding domain identified by two different PRANK MSA analyses
as being under positive selection (see Online Resources 4, 9). BEB values are from analysis of conserved sequence blocks alignment and full-length
alignment generated using D. virilis allele from Webster et al (1994), respectively
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Fig. 3 Phylogenetic relationships and physicochemical properties of
positively selected oskar residues of 18 Drosophila species. Lefi side
shows phylogenetic relationships between the 18 species whose oskar
sequences were analyzed in this study. Species names in colored text (red/
blue) in tree at left indicate functional conservation of oskar with respect
to potential for germ plasm assembly in D. melanogaster (Webster et al.
1994; Jones and Macdonald 2007). Shaded circles indicate germ plasm
morphology as determined by histology and electron microscopy (black
unipolar; gray distributed; white perinuclear; see Additional File 12 for
details) (Counce 1963; Mahowald 1968). Among the species shown,
functional data on oskar’s germ plasm assembly capabilities in
D. melanogaster, and morphological data on germ plasm morphology,
are only currently available for D. melanogaster, D. immigrans and

design for these studies is challenged, however, by the fact
that the phylogenetic boundaries for points of saturation, and
the extent to which the branch site test is affected by diver-
gence time, are not clear (Gharib and Robinson-Rechavi
2013). Nonetheless, we undertook two additional analyses
as a further step towards gaining some insight into the effect
of divergence on our inferences of positive selection.

First, we assessed the relative rates of evolution of pre-
dicted structural and functional domains using a reduced set
of sequences with relatively low divergence. We generated
MUSCLE alignments of the five species of the D. melanogaster
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D. virilis. Phylogenetic relationships according to topology used for
PAML analysis (Fig. 2), which is consistent with current hypotheses
(Yang et al. 2012; Kopp 2006). Numbers at selected nodes indicated
estimated divergence times in Mya; estimates from (Obbard et al. 2012;
Remsen and O’Grady 2002). Right side shows amino acid identities of
those Oskar residues that appeared positively selected in the branch
leading to D. virilis by each of the analyses performed with two different
MSA, MUSCLE (in the Long Osk domain; leftmost residue) and
PRANK (one in the Long Osk domain and three in the Lasp-binding
and Vasa-interacting domains; remaining four residues). Residues are
shown in the N-terminal to C-terminal order in which they appear in the
indicated protein domains, colored according to the RasMol amino acid
color scheme (Sayle and Milner-White 1995) (see Table 3 for details)

subgroup (Online Resource 5, Figure S4), which are often
considered to be at an appropriate level of divergence for
PAML analyses (Clark et al. 2007; Larracuente et al. 2008),
as they diverged from a last common ancestor only approxi-
mately 3-4 Mya (Tamura et al. 2004). Analyses of only these
sequences should thus avoid the potential problem of saturation
of dS. The global rate of evolution of oskar in these five species
using model MO was 0.25 with a log likelihood of —4,086.41,
indicating overall purifying selection as observed in the analy-
sis of 18 species. Next, we used this alignment to assess rates of
evolution of the component subdomain models using the MG4
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model, and again obtained the same results as those obtained
with the alignment containing 18 species (Fig. 1b). w values for
each domain showed that SGNH was the most conserved
domain, while the Long Osk and Lasp-binding domains were
the two most rapidly evolving (Online Resource 5, Table S8).
However, in contrast to our original 18 species analysis, neither
partition nor site tests detected significant positive selection for
any domain except LOTUS, which was significant with P=
0.04 (Online Resource 5, Table S9, Table S10).

Second, to test for positive selection on the D. virilis
branch, we generated another set of PRANK alignments using
a subset of sequenced Drosophila species comprising those in
D. melanogaster subgroup, plus D. immigrans and D. virilis,
the only two non-melanogaster species for which data on
oskar function are available (Webster et al. 1994; Jones and
Macdonald 2007) (Online Resource 6, Figure S5). These
alignments, like those of the melanogaster subgroup se-
quences, should be less likely than the full 18 species analysis
to suffer from problems with saturated synonymous sites and
inaccurate alignments. We used these seven species align-
ments to assess rates of evolution of the component
subdomain using the MG4 model, and obtained the same
results as those obtained with the alignment containing 18
species (Fig. 1b). w values for each domain showed that
SGNH was the most conserved domain, while the Long Osk
and Lasp-binding domains were the two most rapidly evolv-
ing (Online Resource 6, Table S11). However, branch site test
comparison of MA with MAg, was not significant for any of
the Lasp-binding (x*=0; P=1), Long Osk (x*=0; P=1) or
Vasa-interacting domains (P=0.51) (Table 2; Online Resource
6, Table S12).

Assessment of putative polymorphisms in D. virilis oskar

All analyses described above used the oskar nucleotide se-
quence annotated from the D. virilis genome (Clark et al.
2007) (NCBI accession XM_002053233.1; henceforth desig-
nated “genomic allele”). However, we noticed that the trans-
lation of this sequence differs from the reported D. virilis
oskar cDNA translation (Webster et al. 1994) (NCBI acces-
sion L.22556.1; henceforth designated “Macdonald allele”) by
two amino acids in the Long Osk region (QQ66-67 indel), and
three amino acids in the Lasp-binding region (A341P, H348
indel, P383R) (Online Resource 7, Figure S6). We used Sang-
er sequencing to confirm that the sequence of the Macdonald
allele was identical to that reported in NCBI accession
1.22556.1, except for one residue (A341P) that matched the
genomic allele rather than the Macdonald allele (Online Re-
source 7). Because the Macdonald allele was used for the
transgenic experiments that suggested functional divergence
between D. virilis and D. melanogaster oskar (Webster et al.
1994), we repeated the branch site test for 18 species using the
Macdonald allele sequence, and focused our analysis on those

protein domains and residues that showed a consistent signal
for positive selection. Specifically, these were the Long Oskar
domain aligned with the MUSCLE MSA, and the Long Oskar
and Lasp-binding domains aligned with the PRANK MSA.
We found that the same domains and residues were predicted
to be under positive selection regardless of whether we used
the genomic or Macdonald alleles for analysis. Specifically,
we found a significant signal of positive selection on the Long
Osk domain using the MUSCLE alignment of the Macdonald
allele (x*=8.44; P=0.0037) (Online Resource 8, Table S13).
Within the Long Osk domain, the same residue
(D. melanogaster F51) was identified as being under positive
selection in analyses of both alleles. Similarly, we found a
significant signal of positive selection on the Long Osk do-
main using the PRANK alignment of the Macdonald allele
(x*=5.76; P=0.016) (Online Resource 9, Table S14), and
within this domain, the same residue (D. melanogaster R65)
was identified as being under positive selection in analyses of
both alleles. We also detected a significant signature of posi-
tive selection for the Lasp-binding region (x*=5.5; P=0.019)
on the D. virilis branch using the PRANK alignment and the
Macdonald allele. This analysis identified two residues:
D. melanogaster E306, which was also identified in the anal-
ysis of the full-length PRANK alignment of the genomic allele
(Online Resource 3), and D. melanogaster Y339, which was
also identified in the PRANK analysis of conserved sequence
blocks of the genomic allele (Online Resource 4).

Thus, the minor sequence differences between the Mac-
donald and genomic alleles do not change our detection of
signatures of positive selection on the same domains and
residues of Oskar. The specific residues thus identified differ
as a function of the alignment method used, but not due to the
D. virilis oskar sequence used. The only exception is a single
residue, D. melanogaster P353, which was identified as being
under positive selection in the PRANK analysis of the geno-
mic allele but not of the Macdonald allele. This is likely due to
the fact that this residue is different in the Macdonald allele
(A341P). We therefore cannot conclude that this particular
residue is a candidate for functional divergence between the
two species. Overall, we conclude that while there are a small
number of polymorphisms in sequenced D. virilis oskar al-
leles, our results are generally robust to these minor sequence
differences.

In summary, all analyses clearly support heterogeneous
rates of evolution on distinct Oskar domains, with Long Osk
and Lasp-binding being the fastest evolving. However, we
cannot exclude the possibility that signatures of positive se-
lection on these domains, which were detected only with the
18 species analyses, may be false positives. Alternatively, the
lack of a significant signal for positive selection in the seven
species analysis could be due to the decrease in power that
results from using fewer sequences. In support of the positive
selection result obtained with the 18 species analyses,
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simulations have shown that the branch site model is more
robust to high sequence divergence than might have been
expected (Gharib and Robinson-Rechavi 2013; Studer et al.
2008), and that high dS values may be more of a concern for
false negatives than false positives (Gharib and Robinson-
Rechavi 2013).

Overall, the effects of sequence divergence and dS
saturation are complex and difficult to fully resolve. None-
theless, the consistent pattern of higher rates of evolution
of Long Osk and Lasp-binding domains seen in all anal-
yses of five species, seven species and 18 species align-
ments make changes in these domains strong candidates
for functional divergence between Drosophila Oskar pro-
teins. We further suggest that the specific sites within
these domains exhibiting changes in physicochemical
properties between D. virilis and D. melanogaster are
strong candidates for changes underlying the functional
divergence of Oskar between D. melanogaster and
D. virilis. However, we note that caution is warranted in
the inference of positive selection on these sites along the
D. virilis branch.

The roles of oskar in the evolution of germ plasm morphology

To date the functional characteristics of oskar with respect
to germ plasm assembly have been tested for the orthologs
of only three Drosophila species: D. melanogaster,
D. immigrans (immosk), and D. virilis (virosk). All of these
species possess germ plasm, but the germ plasm morphol-
ogy is distinct in each species (Mahowald 1962, 1968;
Counce 1963). Mapping germ plasm morphology on to a
phylogeny of Drosophilids (Online Resource 10) shows
that germ plasm morphology displays some clade-specific
patterns. We hypothesize that changes in germ plasm
morphology may be the result of evolutionary changes in
oskar function. In support of this hypothesis, as noted
above immosk can assemble a functional germ plasm that
has a D. immigrans morphology in a D. melanogaster
context (Jones and Macdonald 2007). In contrast, virosk
cannot assemble functional germ plasm in a
D. melanogaster context (Webster et al. 1994). This indi-
cates that the characteristics of germ plasm morphology
and the assembly of germ plasm itself are both processes
directed by oskar. At present, oskar orthologs have not
been identified for most species with well-studied germ
plasm morphology (Online Resource 10), and germ plasm
morphology has not been characterized for most of the
species whose oskar sequence has been determined. Fur-
ther studies that fill these knowledge gaps will be useful in
determining the specific changes in oskar that accompa-
nied and/or led to evolutionary changes in germ plasm
morphology and function within Drosophilids.
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Possible significance of the evolution
of the Drosophila-specific Long Oskar domain

The Long Oskar domain was identified by both MUSCLE and
PRANK MSA analyses as possibly being under positive
selection in the lineage leading to D. virilis. Known oskar loss
of function alleles in D. melanogaster do not contain lesions in
the Long Oskar domain, and therefore do not shed light on the
potential functions of the positively selected amino acids
identified in this study. However, evidence from studies of
D. melanogaster suggests that this domain may play a role in
stabilizing assembled germ plasm. During oogenesis, osk
mRNA is synthesized and transported to the posterior pole
ofthe oocyte (Rongo et al. 1995), where it is translated into the
Long Osk and Short Osk isoforms from two alternative start
codons (Markussen et al. 1995). The Long Osk isoform in-
cludes all four protein domains described above, whereas the
Short Osk isoform excludes the Long Oskar domain and thus
consists only of the LOTUS, Lasp-binding and SGNH do-
mains. The two isoforms exhibit distinct molecular affinities
for germ plasm components (Breitwieser et al. 1996; Suyama
et al. 2009; Babu et al. 2004) and localize to distinct subcel-
lular compartments (Vanzo et al. 2007), but both are required
for effective germ plasm assembly. Short Osk alone is able to
assemble enough germ plasm to yield a low frequency of
germ cell formation (Markussen et al. 1995), but cannot
efficiently maintain oskar mRNA or protein at the posterior
pole (Vanzo and Ephrussi 2002). In contrast, Long Osk can
maintain both oskar mRNA and Oskar protein at the posterior
pole, but no germ cells form when only Long Osk is
expressed, suggesting that it cannot efficiently assemble stable
germ plasm. The current model for Osk-mediated germ plasm
assembly in D. melanogaster is thus one in which Long Osk
anchors Short Osk to the posterior oocyte cortex, and Short
Osk in turn localizes multiple germ cell determinants. The fact
that Nasonia vitripennis (Hymenoptera) oskar lacks the Long
Osk domain but nonetheless appears to act as a functional
germ plasm determinant (Lynch et al. 2011), raises the ques-
tion of what the functional significance of the evolution of the
Long Osk domain might be.

One possibility is that the evolution of the Long Oskar
domain was linked to the emergence of additional mRNA
localization mechanisms that increased the stability of oskar
mRNA at the oocyte posterior. This could have been benefi-
cial in improving the stability of germ plasm and increasing
robustness of oskar-directed germ cell specification. Consis-
tent with this hypothesis, although oskar mRNA is localized to
embryonic germ plasm in all studied holometabolous insects,
its localization to the oocyte posterior cortical cytoplasm prior
to germ cell formation is variable, and correlates with the
presence or absence of the Long Oskar domain. In
D. melanogaster, oskar mRNA (as visualized by in situ hy-
bridization) is very tightly localized in a thin crescent
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(Ephrussi et al. 1991), but in D. virilis, comparable gene
expression methods show that only some oskar mRNA is
localized to a small spot at the posterior cortex, while addi-
tional transcripts are localized in a diffuse cloud in an apparent
posterior to anterior gradient (Webster et al. 1994). In holo-
metabolous insects without a Long Osk isoform (the wasp
Nasonia vitripennnis, the ant Messor pergandi (Lynch et al.
2011), and the mosquitoes Aedes aegypti (Juhn and James
2006) and Culex quinquefasciatus (Juhn et al. 2008)), poste-
rior oskar mRNA localization also appears more diffuse than
in D. melanogaster. Finally, the only oskar ortholog identified
to date in a hemimetabolous insect (the cricket Gryllus
bimaculatus) also lacks a Long Oskar domain, and its mRNA
is distributed ubiquitously in oocytes and embryos, showing
no asymmetric localization at all (Ewen-Campen et al. 2012).

Conclusions

While D. melanogaster oskar function has been well charac-
terized at the genetic level, the specific molecular mechanisms
by which it functions remain unknown. Previous comparative
approaches using the entire gene have shown functional di-
vergence of Drosophila oskar (Jones and Macdonald 2007;
Webster et al. 1994) but have not identified the specific
regions or selective pressures involved. Our molecular evolu-
tion analysis shows that the two fastest evolving domains,
Long Osk and Lasp-binding, also show a statistically signif-
icant signature of positive selection on the D. virilis branch in
our analysis of 18 species orthologs. Specific putatively pos-
itively selected sites within these domains also exhibit major
differences in the physicochemical properties of amino acids
between D. melanogaster and D virilis. However, the high
divergence time between D. melanogaster, D. immigrans, and
D. virilis means that we can only cautiously infer positive
selection at these sites. Further polymorphism-based tests of
positive selection will be required to elucidate the selection
pressures involved. Nonetheless, based on their faster rate of
evolution, we suggest that changes in the Long Oskar and
Lasp-binding domains underlie functional differences be-
tween the Oskar proteins. Functional verification of the roles
of these domains and specific sites will be required to evaluate
the contributions of each of these candidates to the evolution
of oskar function. The Long Osk and Lasp-binding domains
are the first candidates for oskar functional evolution identi-
fied using an evolutionary approach, and provide specific
hypotheses that can be tested for functional verification in
future in vivo studies. This analysis thus represents an impor-
tant step towards understanding the role of Oskar in germ
plasm evolution and assembly.
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Additional File 1. Nucleotide sequences of oskar orthologues used for analysis.
Sequence names indicate species name and GenBank accessions for cDNA
sequences; “scaffold” in the sequence name indicates that the sequence was
identified in scaffolds of unannotated Drosophila genomes.

>Drosophila melanogaster NM 169248.1
ATGGCCGCAGTCACAAGTGAATTCCCCAGCAAACCGATCAGTTATACCAGCACCAATAC
TTCCGCCAAAACCTATTATCTTAAGTCCGTGAAAAAGCGGGTGACCACGTGTTTCCAGC
AGTTGCGCGATAAACTCCAGTCATCCGGTTCCTTTCGCAAGAGTTCCTCCAGCTGCCTC
AACCAGATCTTCGTAAGGTCCGATTTCTCCGCATGCGGCGAACGCTTTCGGAAGATCTT
CAAATCGGCGCGAAAAACCGAATTGCCGGAGTTGTGGAAGGTGCCATTGGTGGCCCATG
AACTCACCAGCCGGCAGAGCAGCCAGCAGTTGCAAGTCGTAGCCAGACTCTTCTCGTCC
ACTCAGATTTCCACCAAGGAAATCACCTACAACAGCAACAGCAACACCAGCGAGAACAA
CATGACCATCATCGAGAGCAACTATATATCCGTGCGCGAGGAATATCCCGATATAGATA
GTGAGGTGCGCGCCATATTGCTGAGCCACGCCCAGAATGGAATCACGATATCGAGCATC
AAGAGTGAATATCGAAAACTGACGGGCAATCCATTTCCACTGCACGACAACGTGACGGA
TTTCCTGCTGACCATTCCCAATGTGACCGCTGAGTGCAGCGAGTCCGGTAAGCGGATCT
TCAACCTGAAAGCGAGCCTGAAGAACGGTCACCTCCTGGATATGGTGCTCAACCAGAAA
GAGCGCACCAGCGACTACAGCAGCGGAGCTCCGTCCCTGGAGAACATACCACGAGCACC
TCCACGCTACTGGAAGAATCCCTTCAAACGGAGGGCTCTGTCCCAGCTGAACACCAGCC
CGAGGACCGTGCCCAAGATAACGGATGAAAAGACCAAGGATATCGCCACCAGGCCGGTT
TCGCTGCATCAAATGGCCAATGAGGCAGCGGAGTCGAACTGGTGCTACCAGGATAATTG
GAAGCATCTCAACAATTTCTACCAGCAAGCCAGCGTAAATGCGCCAAAAATGCCAGTAC
CCATCAACATCTACAGCCCCGATGCCCCAGAGGAACCAATCAATTTGGCTCCACCTGGG
CATCAGCCAAGCTGCAGAACCCAAAGCCAGAAAACCGAACCGACTGAAAACCGCCATTT
GGGCATCTTTGTGCATCCATTTAACGGCATGAACATAATGAAGAGACGCCACGAAATGA
CGCCCACGCCAACGATTTTAACCAGTGGAACCTACAACGATTCTCTGCTGACGATTAAC
TCGGATTACGATGCCTATCTGCTGGACTTTCCGCTTATGGGCGATGATTTTATGCTATA
TCTCGCCCGAATGGAGCTAAAATGCCGATTTAGGCGTCACGAACGCGTCCTGCAGTCAG
GACTTTGTGTATCCGGACTGACGATCAATGGCGCCCGAAATCGTTTAAAAAGAGTCCAA
TTACCCGAGGGTACTCAGATCATCGTCAATATCGGATCGGTGGACATTATGCGCGGCAA
GCCTTTGGTTCAGATCGAGCACGATTTTCGGCTACTGATCAAGGAGATGCACAATATGC
GATTGGTGCCGATTCTAACAAATCTTGCACCGCTGGGCAACTATTGTCACGATAAGGTA
TTATGTGACAAAATCTACCGATTCAACAAGTTTATCCGAAGCGAATGCTGTCACCTAAA
GGTCATCGACATACACTCCTGTCTAATCAACGAAAGGGGCGTGGTGCGATTTGATTGCT
TTCAGGCCTCACCACGCCAAGTCACCGGTTCCAAGGAACCCTATCTGTTCTGGAACAAA
ATCGGTCGGCAGCGCGTACTGCAAGTTATTGAAACGAGTCTGGAGTATTAA

>Drosophila ananassae XM 001953262.1

ATGGCCGCAGTCACAAGTGAATTACCCAGAGAGCCGACCACTACCACCAACACCAAGAG
CGATCGCCTGAGGGCAGTGAAAAAACGTGTGACCACGTGTTTGCAGCAGTGGTGCCAGA
AGCTCCAGCAGCCCGCCTCCTTTCGCAAGAGTTCCTCCAGCCGCTTCTACAGGCTCTTC
GTGAAGGCCGACTATACGGCATTTGGCGATAAATTCAAATCCGTTCGCCAATTTCACCG
GATCTTCAAGGCGGGAAGGAAAGGCAAAGAACCGGCGGAGTCGGTCGATGAGCGCCAGC
AGTTGCAATTTGTGGCGAGACTTTTCTCCTCCACCTTGATATCCACGGAGGAGATATAC
GGAAACAGCAGCCGGAAAAGTCAGAGTTTCAACAGCAACAGCATGACCATTATCGAGAG
CAACTATATAGCCGTAAGGGAGGAGAATCCCGATATAGACGCAGAGGTCCGCGCCATTT
TGCTATCCCACGCCCAGAATGGAATTACGATATCGAGTATCAAGAGTGAATATCGGAAA
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CAAACGGGCAACACCTTCCCGCTGCACGACAATGTCACCGACTTCCTGCTCACCATTCC
ATATGTCACCGCCGAATGCAGCGAGACCGGCAAGAGGATCTTCAATATGAAGCCCAACA
AGGACAATCGTCATCTGTACGACATGGTCCTGAATCAAAAGCAGCGCAACGACTTCAGC
AGCGGTCCGCCCTCCACCGTCGACTACAATAGCAAGCCGGTGGGGCAGCGTGGACCGCC
CCGCCACTGGCGGTATCAGTACAAGCGCAGGGCCCAATCCCCGCTGGAAAATCTAAATC
AGATGAAACACCTGAACACCGAAAGGCAAGTCCAGGACAAGGCGATTAACGCCAATTCG
GCTACCCTGCAGAAACTGGCCAAGGCTGCAGGGGAGTCGAATTGGTGCTACCAGGATAA
TTGGAATCATCTCAACAACTTCTACCAACAAAGCAACGTCAATGGACACCAAAATCAAG
TGCCACCCAACATTTACGTCGATACTCCGGATCGGCAGACCCAGGTTACAGATCCAGAG
CAACATTGCCAGAACCCACACCCCAGCCAGAACCAAAACTCTCAACAGGATATATACAA
TAACCAGAACAGAGAACTGTTCGAATTTAAGAGACCTCGTGACCTAACACCCACTCCCA
CCATGACCAGTGCCACCCACAACGATTCGATGCGGACGATCAGCTCCGATTTTGACGCC
TTTCTGCTTGATTTTCCGCTCATGGGCGATGATTTCTTCCTATATCTGGCCCGCATGGA
GCTAAACTGTCGCTTCAAGCGGTACGAGCGGGTCCTGCAGTCAGGACTCTGTGTCTCGG
GACAAACGATCATTGGGGCCAGGAACAGGTTCCGGAAAGTCTATTTGCCGGAGGGTACA
CAGATCATAGTCAACATCGGATCGGTGGACATAATGCGGGGCAAGCCGCTGGTCCAAAT
CGAACACGATTTTCGACTCCTGATCAAGGAGATCCACAGCCGGAGGTGCATCCCGATCT
TAACAAATCTGGCACCTCTGGCTAACTACTGTCACGACAAGGTCCTGTGCGATAAGATC
ACAAAGTTCAATAGGTTTGTTCGCAACGAGGCAAGGAGTCATCTGAAGTTCATCGACAT
TAATTCTTGTCTCATCAACGAGAAGAAAAATGTCCTATTTGATTGTTTTCAAAGTGCAC
CGCGTACCGTCACGGGTTCCAAGGAACCGTATCTGTTTTGGAACAAGATCGGACGGCAA
AGAGTCCTTCAAACAATCGAATCCTGCCTGGAGTACTAA

>Drosophila erecta XM 001980858.1

ATGGCCGCAGTCACAAGTGAATTCCCCAGCAAGCCGATCAGTTGTACCAGCACCAATAC
ATCCGCCAAATCCAATTATCTAAAGTCCGTGAAAAAACGGGTGACCACGTGTTTCCAGC
AGTTGCGCGAAAAACTCCAGGCATCCGGTTCCTTTCGCAAGAGTTCCCCCAGCCGCCTC
TACAAGATCTTCGTAAAGGCCGATTTCGCCGCCTGTGGTGAACGGTTTCAGAGGATCTT
CAAATCGGCGCGAAAGACCCAATCGCCGGAGTTGTGGAAGGTGCCATTGGCCGCCCATG
ACCTCACCAACGGCCGGCAGACCAGCCAGCAGTTGCGAATCGTAGCCAGACTCTTCTCA
TCCACTCAGATTTCCACCAAGGAAATCACCTACAGCACCAGCAACAACAACACCAGCAG
CTATAGCTTCAGGAGCCGGAAAAGCGAGAGCTGCAGGAGCAACATGACCATTATCGAGA
GCAACTATATAGCCGTGCGCGAGGATTATCCCGACATAGATGTCGAGGTGCGCGCCATA
TTGCTGAGCCACGCCCAGAATGGAATCACGATATCGAACATCAAGAGTGAATATCGGAA
ACTGACGGGCAATCCGTTTCCACTGCACGACAACGTGACGGACTTCCTGCTGACCATAC
CCAATGTGACCGCCGAGTGCAGCGAGTCCGGGAAGCGGATCTTCAACCTGAAGGCGAAC
CTGAAGAACCATCACCTCCTGGAGATGGTGCTCAACCAGAAACAGCGCACCGGCAGCAG
CGACTACAGCAGCGGAGCTCCATCCGTGGAGAGCATGCCGCGTGCACCACCACGCTACT
GGAAGAATCCCTTCAAGCGGAGGGCTCTGTCCCAGCTGAACAACCTGAACACCGAGTCC
AAGATTACAGATGAGCAGACCCAGGAGACCTCCACCAGACCGGCTTCGCTGCACCAAAT
GGCCAATGAGGCAGCGGAGTCGAACTGGTGCTACCAGGATAATTGGAAGCATCTCAACA
ACTTCTACCAGCAAGCCAGCGTAAATGCGCCCAAAATGCCAGTACCCATCAATATCTAC
AGCGATGCCCCGGAGGAACGCATCCAAGTGGATGCACCTGGGCATCAGCCCAGCTGCAG
AACCCAAAACCAGAAAACCCAACACCCGACTGAAAACCGCCACTTGGGCATCTTTGTGC
ATCCATTCAGCGATATGAACGTAATGAAGAGACGCCACGAAATGACGCCCACGCCCACG
CCCACGCCTACGACCTTATCGAGTGGAACCTACGCCGATTCCCTGCTGACGATCAACTC
GGATTACGATGCCTATCTGTTGGACTTTCCACTGATGGGCGATGATTTCATGCTGTATC
TCGCCCGAATGGAGCTTAAGTGCCGATTCAGGCGCCACGAGCGAGTCCTTCAATCAGGA
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CTTTGTGCATCCGGACTGACGATCAATGGCGCCCGAAATCGTTTGAGGAGAGTCCAACT
ACCCGAGGGCACCCAGATCATCGTCAATATCGGATCGGTGGACATTATGCGGGGCAAGC
CATTGGTTCAGATCGAGCACGACTTTCGGCTGCTGATCAAGGAGATGCACAGTATGCGT
TATGTGCCGATCCTCACAAATCTGGCGCCGCTGGCAAACTATTGCCACGATAAGGTTTT
GTGTGACAAGGTCCACCGATTCAACAAGTTCATCCGAAGCGAGTGCTGTCACCTGAAGG
TCATCGACATACACTCCTGCCTGATCAACGAACGGGGCGTTGTGCGCTTTGATTGCTTT
CAGAGCTCGCCACGCCAAGTCAGCGGTTCCAAGGAACCCTATCTGTTCTGGAACAAAAT
CGGTCGGCAGCGCGTGCTGCAAGTCATTGAAACGAGTCTGGAGTATTAA

>Drosophila persimilis XM 002017349.1
ATGGCCACGTATAGAAGTGCCCACAGCGAGCCGTACACGAGTAAGAGCAACAGCAACAG
CAACAGCAGCAGCAGTAGTCGCCTGACGGCATTGAGAAAACGCCTGACCACGTGTTTGC
AGCAGTGGTGCCAACATCTCCAGAAGCCGGCTTCCTTCCAAAAGTGCAAAAGTGGCCCC
AACCACCAGTTTTACAAGATCTTTGAGGAGGTATTTGACAGCAAGGTATTTGGCGACAA
GACCAAATATATTCGGCAGTTTAAGAAGATTTTCAAAGGGAACAAGGACTTAGCTAAGA
AAAGTGAGCCAGGGAGGGTAGTGCTAGTGCTAGTGCCCGAGAAACCAGTGGACGACACA
GAGGAGAGCCAGAAGAAACAGCTGCAGCTTGTGGCCAGACTCTTTTCATCCACACTGAT
ATCCGCGAAGGAGGAGATCTCCTGTAGCTACAACAGCAGCAGCATGACTATCATCGACA
GCAATTACATCGAAGTGCGGGAGGAGTACCCGGAGATTGACAGCGAGATACGGTCCATA
CTGCTGGCCAATGCCCAAAGTGGCATCACGATATCGACCATCAAAAATGAATATCGAAA
ATTGACGGGCAATCCGTTTCCGCTGCACGAAAATATCACAGACTTTCTGCTCACCATCC
CCCACGTGACCGCCGAATGCTGCGTGTCCGGGAAGCGAATTTTTAACATGAAGCCACGC
CCGGAGACTCGCCACCTGTACGATATGGTCGTCCATCAGAAGCGAACCAACGACCTGGG
GACCAACGACCATCCGGTGGCTGCACCACCCCCACGCCTCTGGCGCTGTCAGTACAAGC
GTCGGGCCCTGTACTCACTGAACACCAACAACAACAACAACTACAATCTCAACCAGAAT
ATCAATCACATCGAGGAGAAGGTACCGGCTGTTGGTGGCAAAGAAGTCGCCATTGAAGA
CCAGGCGGGTCCACTGCAGCAACTGGCCAGGGCTGCGGCGGAGTCAAACTGGTGCTATC
AGGACAACTGGAATCATCTCAAGAACTGCTATCAGCGAGCTAACATCTTTGCCGATCCT
CCAGAGAAGCCACCGCCGTTGCCGGCCCAAGAAAACCATCTTCGTAATTCCAACAGCCA
GAACCATCGGGATAACCTAAAGAACCAACGGAATTTGCTAGTGAACGAACATCATAGTA
TGCAGCAGGAGTATCAGTATCAGTATCCCACCACCACCCCCACACCCACCACCATATCG
AGTGGGACTCAGCATGACTCCATGTTCACCATCAACTCGGATTACGATGCCTACTTGTT
GGACTTTCCCCTACTGGGAGATGATTTCCTCTTGTATCTGGCTCGGATGGAGCTGAGGT
GTCGTTTCAAGCGGACCGAGAGGGTCCTGCAGTCGGGTCTGTGCGTATCTGGGCAGACT
ATAAGTGGCGCCCGGTCGCGTCTGCATCATTTGCTAGTGAACAAGGGTACGCAAATAAT
TGTCAATATTGGATCCGTGGACATAATGCGGGGCAGACCGATTGTCCAAATCCAACATG
ACTTTCGTCAGTTGGTCAAGGACATGCACAATCGGGGACTGGTCCCGATCCTAACCACA
TTGGCCCCGCTGGCCAATTATTGCCACGACAAAGCGATGTGCGATAAGGTGGTCAAGTT
CAACCAGTTCATTTGGAAAGAGTGCGCCAGTTACCTGAAGGTGATCGATATACACTCGT
GCCTGGTCAACGAAAATGGCGTCGTCCGGTTCGATTGTTTCCAGTACTCATCGCGTAAC
GTGACGGGCTCCAAGGAATCCTATGTGTTCTGGAACAAAATTGGTCGGCAACGTGTCTT
GCAAATGATTGAAGCGAGTCTGGAGTATTGA

>Drosophila pseudoobscura pseudoobscura XM 001359471.2

ATGGCCACGTATAGAAGTGCCCACAGCGAGCCGTACACGAGTAAGAGCAACAGCAACAG
CAACAGCAGCAGCAGTAGTCGCCTGACGGCATTGAGAAAACGCCTGACCACGTGTTTGC
AGCAGTGGTGCCAACATCTCCAGAAGCCGGCTTCCTTCCAAAAGTGCAAAAGTGGCCCC
AACCACCAGTTTTACAAGATCTTTGAGGAGGTATTTGACAGCAAGGTATTTGGCGACAA
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GACCAAATATATTCGGCAGTTTAAGAAGATTTTCAAAGGGAACAAGGACTTAGCTAAGA
AAAGTGAGCCAGGGAGGGTAGTGCTAGTGCTAGTGCCCGAGAAACCAGTGGACGACACA
GAGGAGAGCCAGAAGAAACAGCTGCAGCTTGTGGCCAGACTCTTTTCATCCACACTGAT
ATCCGCGAAGGAGGAGATCTCCTGTAGCTACAACAGCAGCAGCATGACTATCATCGACA
GCAATTACATCGAAGTGCGGGAGGAGTACCCGGAGATTGACAGCGAGATACGGTCCATA
CTGCTGGCCAATGCCCAAAGTGGCATCACGATATCGACCATCAAAAATGAATATCGAAA
ATTGACGGGCAATCCGTTTCCGCTGCACGAAAATATCACAGACTTTCTGCTCACCATCC
CCCACGTGACCGCCGAATGCTGCGTGTCCGGGAAGCGAATTTTTAACATGAAGCCACGC
CCGGAGACTCGCCACCTGTACGATATGGTCGTCCATCAGAAGCGAACCAACGACCTGGG
GACCAACGACCATCCGGTGGCTGCACCACCCCCACGCCTCTGGCGCTGTCAGTACAAGC
GTCGGGCCCTGTACTCACTGAACACCAACAACAACAACAACTACAATCTCAACCAGAAT
ATCAATCACATCGAGGAGAAGGTACCGGCTGTTGGTGGCAAAGAAGTCACCATTGAAGA
CCAGGCGGGTCCACTGCAGCAACTGGCCAGGGCTGCGGCGGAGTCAAACTGGTGCTATC
AGGACAACTGGAATCATCTCAAGAACTGCTATCAGCGAGCTAACATCTTTGCCGATCCT
CCAGAGAAGCCACCGCCGTTGCCGGCCCAAGAAAACCATCTTCGTAATTCCAACAGCCA
GAACCATCGGGATAACCTAAAGAACCAACGGAATTTGCTAGTGAACGAACATCATAGTA
TGCAGCAGGAGTATCAGTATCAGTATCCCACCACCACCCCCACACCCACCACCATATCG
AGTGGGACTCAGCATGACTCCATGTTCACCATTAACTCGGATTACGATGCCTACTTGTT
GGACTTTCCCCTACTGGGAGATGATTTCCTCTTGTATCTGGCTCGGATGGAGCTGAGGT
GTCGTTTCAAGCGGACCGAGAGGGTCCTGCAGTCGGGTCTGTGCGTATCTGGGCAGACT
ATAAGTGGCGCCCGGTCGCGTCTGCATCATTTGCTAGTGAACAAGGGTACGCAAATAAT
TGTCAATATTGGATCCGTGGACATAATGCGGGGCAGACCGATTGTCCAAATCCAACATG
ACTTTCGTCAGTTGGTCAAGGACATGCACAATCGGGGACTGGTCCCGATCCTAACCACA
TTGGCCCCGCTGGCCAATTATTGCCACGACAAAGCGATGTGCGATAAGGTGGTCAAGTT
CAACCAGTTCATTTGGAAAGAGTGCGCCAGTTACCTGAAGGTGATCGATATACACTCGT
GCCTGGTCAACGAAAATGGCGTCGTCCGGTTCGATTGTTTCCAGTACTCATCGCGTAAC
GTGACGGGCTCCAAGGAATCCTATGTGTTCTGGAACAAAATTGGTCGGCAACGTGTCTT
GCAAATGATTGAAGCGAGTCTGGAGTATTGA

>Drosophila sechellia XM 002031933.1

ATGGCCACAGTCACAAGTGAATTCCCCAGCAAACCGATCAGTTATACCAGCACCAATAC
TTCCGCCAAAACCTATTATCTTAAGTCCGTGAAAAAGCGGCTGACCACGTGTTTCCAGC
AGTTGCGCGAAAAACTCCAGCCATTCGGTTCCTTTCGCAAGAGTTCCTCCAACCGCCTC
TACAAGATCTTCGTAAAGTCCGATTTCTCCGCATGCGGTGAACGCTTTCAGAAGATCTT
CAAATCGGCGCGAAAAACCGAATCGCCGGAGTTGTGGAAGGTGCCATTGGTGGCTCATG
AACTCACCAGCCGGCAGAGCAGCCAGCAGTTGCAAATCGTAGCCAGACTCTTCTCGTCC
ACTCAGATTTCCACCAAGGAAATCACCTACAGCAGCAACAACAACACCAGCGAGACCAA
CATGACCATTATCGAGAGCAACTATATATCCGTGCGCGAGGATTATCCCGATATAGATG
CCGAGGTGCGCGCCATATTGCTGAGCCACGCCCAGAATGGAATCACGATATCGAACATC
AAGAGTGAATATCGAAAACTGACGGGCAATCCCTTTCCACTGCACGACAACGTGACGGA
CTTCCTGCTGACCATTCCCAATGTGACCGCCGAGTGCAGCGAGACCGGGAAACGGATCT
TCAACCTGAAAGCGAACCTGAAGAACGGTCACCTCCTGGATATGGTGCTCAACCAGAAA
CAGCGCACCACCAACAGCACCAGCGACTACAGCAGCGGAGCTCCGTCCCTGGAGAACAT
ACCACGAGCACCACCACGCTACTGGAAGAATCCCTTTAAACGGAGGGCTCTGTCCCAGC
TGAACACCAGCCCAAGGACCGTGCCCAAGATAACGAATGAGAGGACCAAGGAGATCGCC
ACCAGACCGGCTTCGCTGCACCAAATGGCCAATGAGGCAGCGGAGTCGAACTGGTGCTA
CCAGGATAATTGGAAGCATCTCAACAATTTCTACCAGCAAGCCAGCGTAAATGCGCCCC
AAATGCCAGTACCCATCAACATCTACAGCGATGCCCCGGAGGAACCAACCCATTTGGCT
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GCACCTGGGCAACAGCCAAGCTGCTGCAGAACCCAGAGCAAGAAAACTGAACCGACTGA
AAACCGCCATTTGGGCATCTTTGTGCATCCATTTAACGACATGAACGTATTGAAGAGAC
GCCACGAAATGACGCCCACGCCCACGATTTTAACCAGTGGAACCTACAACGATTCTCTG
CTGACGATTAACTCGGATTACGATGCCTATCTGCTGGACTTTCCGCTTATGGGCGATGA
TTTTATGCTATATCTCGCCCGAATGGAGCTGAAATGCCGATTTAGGCGGCACGAACGCG
TCCTGCAGTCAGGACTTTGTGTATCCGGACTGACGATCAATGGCGCCCGAAATCGTTTG
AAAAGAGTGCAATTACCCGAGGGTACCCAGATCATCGTCAATATCGGATCGGTGGACAT
TATGCGTGGCAGGCCTTTGGTTCAGATCGAGCACGATTTCCGGCTGCTGATCAAGGAGA
TGCACAATATGCGATTGGTGCCGATTCTCACAAATCTTGCACCGCTGGGCAACTATTGC
CACGACAAGGTATTGTGTGACAAGATCTACCGATTCAACAAGTTTATCCGAAGCGAGTG
CTGTCACCTAAAGGTCATCGACATACACTCATGTCTAGTCAACGAAAGGGGCGTTGTGC
GATTTGATTGTTTTCAGACATCACCACGCCAAGTCACCGGTTCCAAGGAACCCTATCTG
TTCTGGAACAAAATCGGGCGGCAGCGCGTGCTGCAAATTATTGAAACGAGTCTGGAGTA
TTAA

>Drosophila simulans XM 002104160.1
ATGGCCACAGTCACAAGTGAATTCCCCAGCAAACCGATCAGTTATACCAGCACCAATAC
TTCCGCCAAAACCTATTATCTTAAGTCCGTGAAAAAGCGGCTGACCACGTGTTTCCAGC
AGTTGCGCGAAAAACTCCAGCCATTCGGTTCCTTTCGCAAGAGTTCTTCATCCAGCCGC
CTCTACAAGATCTTCGTGAAGTCCGATTTCTCCGCATGCGGTGAACGCTTTCAGAAGAT
CTTCAAATCGGCGCGAAAAACCGAATCGCCGGAGTTGTGGAAGGTGCCATTGGTGGCTC
ATGAACTCACCAGCCGGCAGAGCAGCCAGCAGTTGCACATCGTAGCCAGACTCTTCTCG
TCCACTCAGATTTCCACCAAGGAAATCACCTACAGCAGCAACAGCAACACCAGCGAGAG
CAACATGACCATTATCGAGAGCAACTATATATCCGTGCGCGAGGATTATCCCGATATAG
ATGCCGAGGTGCGCGCCATATTGCTGAGCCACGCCCAGAATGGAATCACGATATCGAAC
ATCAAGAGTGAATATCGAAAACTGACGGGCAATCCATTTCCACTTCACGACAACGTGAC
GGACTTCCTGCTGACCATTCCCAATGTGACCGCCGAGTGCAGCGAGACCGGGAAGCGGA
TCTTCAACCTGAAAGCGAACCTGAAGAACGGTCACCTCCTGGATATGGTGCTCAACCAG
AAACAGCGCACCACCAACAGCACCAGCGACTACAGCAGCGGAGCTCCGTCCCTGGAGAA
CATACCACGAGCACCACCACGCTACTGGAAGAATGCCTTTAAACGGAGGGCTCTGTCCC
AGCTGAACACCAGCCCGAGGACCGTGCCCAAGATAACGGATGAGCAGACTAAGGAGATC
CCCACCAGACCGGCTTCGCTGCATCAAATGGCCAATGAGGCAGCGGAGTCGAACTGGTG
CTACCAGGATAATTGGAAGCATCTCAACAATTTCTACCAGCAAGCCAGCGTAAATGCGC
CCCAAATGCCAGTACCCATCAACATCTACAGCGATGCCCCGGAGGAACCAACCCATTTG
GCTGCACCTGGGCAACAGCCAAGCTGCTGCAGAACCCAGAGCAAGAAACCCGAACCCAC
TGAAAACCGCCATTTGGGCATCTTTGTGCATCCATTTAACGACATGAACGTATTGAAGA
GACGCCACGAAATGACGCCCACGCCCACGATTTTAACCAGTGGAACCTACAACGATTCT
CTGCTGACGATTAACTCGGATTACGATGCCTATCTGCTGGACTTTCCGCTTATGGGCGA
TGATTTTATGCTATATCTCGCCCGAATGGAGCTAAAATGCCGATTTAGGCGGCACGAAC
GCGTCCTGCAGTCAGGACTTTGTGTATCCGGACTGACGATCAATGGCGCCCGAAATCGT
TTGAAAAGAGTGCAATTACCCGAGGGTACCCAGATCATCGTCAATATCGGATCGGTGGA
CATTATGCGTGGCAGGCCTTTGGTTCAGATCGAGCACGATTTCCGGTTGCTGATCAAGG
AGATGCACAATATGCGATTGGTGCCCATTCTCACAAATCTTGCACCGCTGGGCAACTAT
TGCCACGACAAGGTATTGTGTGACAAGATCTACCGATTCAACAAGTTCATCCGAAGCGA
GTGCTGTCACCTAAAGGTCATCGACATACACTCATGTCTAGTCAACGAAAGGGGCGTTG
TGCGATTTGATTGCTTTCAGACCTCACCACGCCAAGTCACCGGTTCCAAGGAACCCTAT
CTGTTCTGGAACAAAATCGGGCGGCAGCGCGTGCTGCAAATTATTGAAACGAGTCTGGA
GTATTAA
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>Drosophila yakuba XM 002096839.1
ATGGCCGCAGTCACAAGTGAATTCCCCAGCAAACCGATCAGTTATACCAGCACCAATAC
TTCTGCCAAAACCTATTATCTTAAGTCCGTGAAAAAGCGGGTGACCACGTGTTTCCAGC
AGCTGCGCGAAAAACTCCAGGCATCCGGTTCCTTTCGCAAGAGCTCTACCAGCCGCCTC
TACAAGATCTTCGTAAAGGCCGATTTCGCCGCCTGCGGTGAACGCTTTCAAAGGATCTT
CAAATCAGCGCGAAAAACCGAATCGCCGGAGTTGTGGAAGGTGCCATTGGCCCATGACC
TCACCACCACCAGCCGGCAGAGCAGCCAGCAGTTGCGAATCGTAGCCAGACTCTTCTCA
TCCACTCAGATTTCCACCAGGGAAATCACCTACACCAACAGCAACAACAGCAGCTATAG
CTTCAGGAGGCGGAAAAGCGAGAGCCACCGGAGCAATATGACCATCATCGAGAGCAACT
ATATAGGCGTGCGCGAGGATTATCCCGATATAGATACCGAGGTGCGCGCCATATTGCTG
AGCCACGCCCAGAATGGAATCACGATATCGAACATCAAGAGTGAATATCGAAAACTGAC
GGGCAATACATTTCCACTGCACGACAACGTGACGGACTTCCTGCTGACCATTCCCAATG
TGACCGCCGAGTGCAGCGAGTCCGGGAAGCGGATCTTCAACCTGAAGGCGAACCTGAAG
AACCGTCACCTCCTGGACATGGTTCTCAACCAGAAGCAGCGCACCGGCACAGCCAACGG
CACCAGCGACTACAGCAGCGGAGCTCAGTCCGTGGAGAACATGCCCCGGGCACCACCAC
GCTACTGGAAGAATTCCTTCAAGCGTAGGGCTCTGTCCCAGCTGAACGACAACCTGAAC
ACCGTGCCCAAGCTTACGGATGAACAGACCAAGGAGAGCGCCACCAGACAACCGGCTTC
GCTGCACCAAATGGCCAATGAGGCAGCGGAGTCGAACTGGTGCTACCAGGATAATTGGA
AGCATCTAAACAACTTCTACCAGCAATCCAGCGTAAATGCGCCCAAAATGCCAGTACCC
GTCAACATCTACAGCGATGCCCCGGAGGAACGAATCCATTTGGATGCACCTGGGCATCA
GCCAAGCTGCAGAACCCAAAACCAGAAAACCCAACAGACGACTGAGAACCGCCACTTGG
GCATCTTTGTGCATCCATTCAACGATATGAACGTAATGAAGAGACGCCACGAAATGACG
CCCACGCCCACGATTTTAACCAGTGGAACCTACAGCGATTCTCTGCTGACGATTAACTC
CGATTACGATGCCTATCTGTTGGACTTTCCGCTTATGGGCGATGATTTTATGCTATATC
TCGCCCGAATGGAGCTAAAGTGCCGATTTAGACGGCACGAGCGAGTCCTTCAGTCAGGA
CTTTGTGTATCCGGACTGACGATCAATGGTGCCCGAAATCGTTTGAAAAGAGTGCAACT
ACCGGAGGGTACGCAGATCATCGTCAATATCGGATCGGTGGACATTATGCGGGGCAAGC
CTTTGGTTCAGATCGAACACGATTTTCGGCTGCTGATCAAGGAAATGCACAATATGCGA
CTTGTGCCGATCCTCACAAATCTGGCACCGCTGGCCAACTATTGCCACGATAAGGTATT
GTGTGATAAGATCCACCGATTCAACAAGTTTATCCGAAGCGAGTGCTGCCACCTAAAAG
TCATCGACATACACTCCTGCCTGATTAACGAACGGGGTGTTGTGCGATTTGATTGTTTT
CAGAGCTCACCACGCCAAGTCAGCGGTTCCAAGGAACCCTATCTTTTCTGGAACAAAAT
CGGTCGGCAGCGCGTGCTGCAAGTTATTGAAACGAGTCTGGAGTATTAA

>Drosophila biarmipes osk (scaffold JH400370.1)

ATGGCCGCAGTTGGAAGTGAATTCCCAAGCGAACCGATCAGTTGTAGGAACACCAACAC
TCCCGCCAAACCCGATCGCCTGAGGTCAGTGAAAAAACGTGTGACCACGTGCTTGCAGC
AGTTGCGCGAAAAACTCCCGGCAGCCGGATCCTTTCGCAAGAGCTCCACCGGLCCGTTTC
TACCAGGTCTTCGTCAGGGCCGACTTTTCCGCCTTTGGGGAGAGGTTTCGGAAGATCTT
TAAGTCGGCGCGAAAAACCGAATCGCCGGAGTTGTGGAAAGTGCCTCTGGCCCATGACG
TCACTGGGCCGAGCAGCCAGCACTTGCAGATCGTAGCCAGACTCTTCTCATCAACTCTG
ATTTCCACCAAGGAGATCTCGTACAGCAACCACAGATATAGCTGCAGGAGCGGGAAAAG
CGAGAGCTACAGCAGCAACATGACCATTATCGAGAGCAACTATATAGCGGTGCGCGAGG
AGCACCCCGATATCGATAAGGAGATTCGCGCCATATTGCTGAGCCACGCCCAGAATGGA
ATCACGATATCGAGCATCAAGAGTGAATATCGGAAACAGACGGGCAACCCCTTTCCACT
GCACGACAACATCACGGACTTCCTGCTGACCATTCCCAACGTGACCGCCGAGTGCAGCG
AGTCGGGCAAGCGGATCTTCAACCTGAAGCCCAGCCTGAAGAACCGCCACCTGCTCGAA
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ATGGTGCTCAACCAGAAGCAGCGCTCCAGCGACTGCAGCAGCGGAGCTCCCTCCGTGGA
GGACCAGCCACGTGCCCCACCACGCTACTGGAAGAATCCCTACAAGCGGCGGGCCCTCT
CCCAGCTGGACAACAACCTGAACACCGTGCCCAAGCTCACGGCTGACCAGACCAAGGCG
GTCGACACCAGGGCGGCTCCGCTGCAGCAACTGGCCAAGGAGGCAGCGGAGTCGAACTG
GTGCTACCAGGATAATTGGAATCACCTGAACAACATTTACCAGCGATCCAGCGTAAGCG
AGCCGCAGATACAGCTGCCGGTGCCCATCAACATCTACAGCGATGCCCCCGAGGAACCG
AACCAGATGAATGTTCCCCAGCACCACCCACTCTGCCATAACCGCAACCAGAATCCGAG
CCAGAACCAGCAGGCCAAACAGGACGCAAACCAGCACCTGGGAATCTTTGTGCAGCCGT
TCAGCGACATGAACGTGCTGAAGAGACGCCAAGAGATGACGCCCACGCCCACGACCCTA
TCGAGTGGCACCTACAACGATTCGATGCTGACGATCAACTCGGACTACGACGCCTACCT
GCTGGACTTTCCGCTGATGGGCGACGACTTCATGCTCTATCTCGCCCGCATGGAGCTCA
AGTGCCGGTTCAGGCGCCACGAGCGAGTCCTGCAGTCGGGCCTCTGCGTGTCCGGACAG
ACGATCAACGGGGCCCGGATGCGGCTGAAGAAGTTCCATCTGCCCGAGGGCACCCAGAT
CATAGTCAACATAGGGTCGGTGGACATATTGAGGGGAAGGCCCCTGGTCCAGATCGAAC
ACGACTTTCGACTGCTGATCAAGGAGATGCACAGCCAGCGATTCGTGCCCATCCTCACG
AACCTGGCGCCGCTGGCCAACTACTGCCACGACAAGGAGCTGTGCGACAAGGTCAACCG
ATTCAACAAGTTCATCCGGAGCGAGGGCAGACACCTCAAGGTGGTGGACATACACTCCT
GTCTGATCAACGAGAGGGGCGTCGTGCGATTCGATTGTTTCCAGCAGGAGCCCTACCTG
TTCTGGAACAAAATCGGGCGACAGCGCGTGCTGCAAATCATCGAATCGAGTCTGGAGTA
CTAA

>Drosophila bipectinata_osk (scaffold JH401929.1)

ATGGCCGCAGTCACAAGTGAATTACCTAGAGAGCCGACAACTACCACCAACACCAAGAG
CGATCGCCTGAGGGCAGTGAAAAAACGTGTGACCACGTGTTTGCAGCAGTGGTGCCAGA
AGCTCCAGCAGCCCGCCTCCTTTCGCAAGAGTTCCTCCAGCCGCTTCTACAGGATCTTC
GTGAAGGCCGATTATACGGCAATTGGCGATAAATTCAAATCCGTTCGCCAATTCCACAA
GATCTTCAAGGCGGGAAGGAAAAAAAGCAAAGAACCGGCGGAGTCGGTCGATGAGCGCC
AGCAGTTGCAGTTTGTGGCGAGACTCTTCTCCTCCACATTAATTTCCACGGAGGAGATT
TACGGTAACGGAAAAACCAGCTACAGCAGCCGGAAAAGTCAGAGTTACAACAGCAACAG
CATGACCATTATTGAGAGCAACTATATAGCCGTAAGGGAGGAGAATCCCGATATAGACG
CAGAGGTGCGCGCCATTTTGCTATCTCATGCCCAGAATGGCATTACGATATCGAGCATC
AAGAGTGAATATCGGAAACAAACGGGCAATACCTTCCCGCTGCACGACAATGTCACCGA
TTTCCTGCTAACCATTCCATATGTCACCGCCGAATGCAGTGAGACCGGCAAGAGGATTT
TCAACATGAAGCCCAACAAGGATAACCGTCATCTGTACGATATGGTCCTTAATCAAAAG
CAGCGCAACGACTGCAGCAGCGGTCCGCCCTCCTCCGTGGAGTACAATAGACCTGTGGG
GCAGCGTGGACCGCCCCGTCACTGGCGGTATCAGTACAAGCGCCGGGCCCAATCCCCGC
TGGAAAACACAAACCAGATCAAACAACTGAACACCGAACAGAATGGTATGGAGAAGCTC
CAGGACAATGTCCAAATCAGAGCGATTAAGACCAATTCGGCTTCCCTGCAGAAACTGGC
CAAGGCTGCAGGGGAGTCGAATTGGTGCTACCAGGATAATTGGAATCATCTCAACAATT
TCTACCAACAAAACAACGTGAATGGACCACAAAATCCAGTGCCACCCAACATTTACATC
GATACTCCGGATCAGCCCACCCAGGTGACAGATCCAGAGCTACTTCATTGCCAGAACCG
AAATCCCAGCCAGAACCAAAACTACCACCAGGATTTATATAATAACCATAACAGAGATA
TGCTTGAATTTAAGAGACCTCGTGACTTAACACCCACTCCCACCACGACCAGTGGCACC
CAAAATGACTCGATGATGACTATCAGCTCCGATTTTGATGCCTTTCTGCTTGATTTTCC
GCTCATGGGCGATGACTTTTTCCTATATCTGGCCCGCATGGAGCTTAACTGCCGCTTCA
AGCGATACGAGCGGGTCCTGCAGTCAGGACTTTGTGTCTCCGGACAGACAATCATCGGT
GCCAGAAACAGGTTTAGGAAAGTTTACTTACCGGAGAATACCCAGATCATAGTCAACAT
CGGATCGGTGGATATAATGCGGGGCAAGCCCCTCGTCCAGATCGAACATGATTTTAGAT
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TGCTAATCAAGGAGATTCACAGCCGGAGATGCATCCCGATCTTAACAAATCTGGCACCT
CTGGCCAACTACTGTCACGATAAGGTCCTGTGCGATAAGATCTCCAAATTTAATAAGTT
TGTACGCAACGAGGCAAGAAGTCATCTGAAGTTTATCGATATTAATTCTTGTCTCATAA
ACGAAAAGAAAAATGTCCTATTTGATTGTTTTCAAAGTGCACCACGTACCGTCACGGGT
TCCAAGGAACCGTATCTCTTTTGGAACAAAATAGGACGGCAACGTGTCCTCCAAACAAT
CGAATCCTGCCTGGAGTATTGA

>Drosophila elegans_osk (scaffold JH110107.1)
ATGGCCGCAGTCAGAAGTGAATTCCCCAGCGAACCGAACAGTAATACCAACACCAATAC
CTCCACCAAAACTGATCGCCTGAGGTCCGTGAAAAATCGGGTGACCACGTGTTTGAAGC
AGTTGTGCGAAAAACTCCAGGCAACTGGATCTTTTCGCAAGAGTTCCTCCAGCCGATTC
TACAAGATCTTCGTGAAGGCTGATTATTCCGGTTTACGGGAGAAATCCAAATTTTTGCG
CCAGTTACAGAAGATCTATAAATCGACGCGAAAAACCGAATCGCCGGAGTTGTGGAAAG
TGCCGTTGGCCCATGACGTCACCGGGCAGAGCAGCCAGCAGTTGCAAATCGTAACCAGA
CTTTTCTCATCCACTCTGATTTCCACCGAGGAAATCACCTACAACACCAACAACAAGAA
CAACAACAGCTGCAAAAGTCGGAAAAGCCATAAAAGCTACAAAAGCAGCATGACCATTA
TCGAGAGCAACTATATAGCTGTGCGCGAGGAGTTTCCCGATATCGACACCGAGGTGCGC
GCCATATTGCTCAGCCACGCCCAGAATGGGATCACGATATCGAACATCAAAAGTGAATA
TCGAAAGCAGACGGGCTGCCAGTTTCCACTGCACGACAACGTGACGGACTTCCTGCTGA
CCATTCCGAACGTGACCGCCGAGTGCAGCGAGTCCGGCAAGAGGATCTTCAACCTGAAG
CCGAACGTGAAGAACCGCCACCTGCTCGACATGGTCCTCAACCAGAAGCAGCGCACCAG
CGACTACAGCAGCGGAGCTCCCTCCGTGGAGGACAAACCTCGTCCGCCACCACGATACT
GGAAGTTCCCCTACAAACGGCGGGCCTTGTCCCAGCTGGAAAACAACCTGAACACCGGT
CCAAAACTGAAGGAACAGGAACACCAGTTCCAGGCGGCCACCACCAAGGCGGCTCCACT
GCAGCAACTGGCCAAGGAGGCAGCGGAGTCGAACTGGTGCTACCAGGACAATTGGAAAC
ATCTCAACAACTTCTACCAGCAATCCAGCGCAAACGAACCGCAGATGCCAGTGCCCATT
AATATATACAGCGATGCTACAGAGGAACGAACTCAGTTTGCTGTTCCCGAGCCGCGACC
ATGCGGCAAGAACCACAACCAGAATAACAAACCAAATGTAAATCAGCAACTGGGATCAT
TTGTGAACCCATTTAATGATATGAATATACTGAAGAGACGCCACGATATGACGCCAACA
CCCACGACTTTATCCAGTGGAACGTATAACGATTCAATGCTGACCATCAGTTCGGATTA
CGATGCCTACCTGCTGGACTTTCCGCTCATGGGCGATGATTTTATGCTATATCTCGCCC
GCATGGAGCTAAAATGCCGATTCAGGCGACACGAGCGTATCCTTCAGTCCGGACTTTGC
GTCTCCGGGCAAACGATCAATGGCGCCCGGCGGCGGTTGAAGAAAGTTCAACTGCCCGC
AGGCACCCAGATCATCGTGAACATCGGCTCCGTGGATATATTGTGCGGAAGGCCTTTGG
TTCAAATCGAACACGATTTCCGGCTGCTGATCAAGGAGATGCATAGCCAGCGATTTGTG
CCCATTCTCACAAATCTGGCCCCGCTGGCCAACTATTGTCATGACAAGACTATGTGTGA
TAAGATCTATCGGTTCAACAAATTCATCCGCAGCGAGTGCTGTCACCTGAAATACATCG
ACATACACTCCTGTCTGATCAACGAAAGGGGCATCGTGCGGTTCGATTGTTTTCAAAGC
TCACCACGCCAAGTCACTGGTTCCAATCAGCCATATCTGTTCTGGAACAAAATCGGGCG
GCAACGTGTGCTGCAAACTATTGAATCAAATCTGGAGTATTGA

>Drosophila eugracilis osk (scaffold JH402624.1)

ATGGCCACAGTCACAAGTGAATTCCCCAGCAAACCGATAAGTTATACGAATACCAATAC
CAATACTTCCACAAAAACCTATTGCCTGAGGTCAGTGAAAAGGCGGGTGACCACGTGTT
TGCAGCAGTTGCGCGAAAAACTTCCGGCAACCGGATCATTTCGCAAGAGTTCCACCAGC
CGTTTTCACAGGTTTTTCATAAAGTCAGATTTTTCCGACTTTAGTGAAAAGCTGCAGAA
GATCTTTAAATCGGCGCGAAAATCTGAATCGCCAGAGTTGCGGAGAGTTCCATTGAGCA
CCCATGACCAGCAGACCAGCGGGCAGAGCAGCCAGCAGTTGCAAATCGTAGCCAGACTT
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TTCTCATCCACATTGATTTCCACCAAAGAAATCACCTTTAACAACCACACTAAAAATAG
CTTTAGCTATAAGTGCAGGAAAAGCGAGGGTTACAGCAGCAATATGACCATCATCGAGG
GCAACTATATAGACGTGCGCGAGGAGAATCCCGATATTGATGCCGAAGTGCGCGCCATA
TTGCTTACCCACGCCCAGAATGGAATCACGATATCGAGCATCAAGAGTGAATATCGCAA
ACTGACGGGCAATCCCTTTCCACTGCACGACAACGTGACGGACTTCCTGCTGACCATTC
CCAATGTGACCGCCGAGTGCAGCGAGACTGGCAAACGGATCTTCAACTTGAAAGCAAAC
CTGAAGAACCGACACCTTCTCGACATGGTGCTCAACCAGAAGCAGAAGCCCAGCGACAA
CAGCAGCGAAGCTCCAACGGTGGAGGATAAATCCCGTGTACCGCCGCGCTACTGGAAGA
ATCCCTACAAGCGTCGTGCACTTTCCCAGCTAGACAACAACCTAAACACCGTTCACAAG
CTAACGGATGACCAGGCCAAGGCAATGTCCATGCATACCAGAGCGGCTCCACTGCAGCA
ATTGGCCAAGGTGGCAGCGGAGTCGAACTGGTGCTACCAGGACAATTGGAAGCATCTCA
ACAATTTCTACCAGCAATCCAGCGTAAACGAGGCCCAGAGGCCTGTTCCCATTAACATC
TACACCGATGCCTTGGAGGATTTGCCAATTCAGTTGGATAATCCCGAGCATCACCCAAA
CTGCAAAAACAACAACCAAAATATCAAACAAAACGTTAACCAGCATCTGGGAAATTTTG
TTAACCCATTAAACGATGTTAACCCATTTAAAAGACGCCAAGATATAACGCCCACACCA
ACAATTTTTACCAGTGGAGGTTCTAGCAATAATTCCCTGATGACCATCAATTCGGATTA
CGATGCCTTTCTACTGGACTTTCCCCTGATGGGCGATGATTTTATGTTATATCTCGCCC
GCATGGAGTTGAAATGTAGATTCAAGAGGCACGAACGTGTCCTTCAGTCAGGACTTTGT
GCATCTGGACAGACGATAAATGGTGCCCGAAATCGGTTGAGGAAAGTCCAACTTCCCGA
GGGCACACAGATTATTGTTAATATAGGATCGGTTGATATAATGAAAGGAAAACCTTTAG
TTCAGATAGAACACGATTTCCGATTGCTGATCAAGGAGATGCATAATCAGAGATATATA
CCGATCCTTACAAATCTAGCACCTTTGGCCAACTATTGCCATGATAAGGTTTTGTGTGA
TAAGATCACGCGATTTAATAAGTTTATAGCAAGTGAAGGCAGGCACCTGAAGGTCATTA
ATATACACTCCTGTTTGATCAACGAAAGGGGCATCGTGAGATTTGATTGTTTTCAAAGG
AACCTTATCTATTCTGGAACAAAATCGGGCGGCAGCGCGTCCTGCAAGTTATTGAATCG
AGTTTGGAGTACTAAGTCGGGTGATTGA

>Drosophila ficusphila osk (scaffold GL987928.1)

ATGGCCGCAGTCAGAAGTGAGTTCCCCAGCAAACCGAACAGTAACACCTATACCAATTC
CAAATTTGATGACCTGAGGTCGGTGAAAAAACGAGTTACCACGTGTTTGAAGAAATTGT
GCGAAAAACTCCAGGCGCCCGGATCTTTCCGCAAGAGTTCCTCCAGCCGATTTCATAAG
ATTTTCGTGAGGGCCGACTATTCCGATTGCTCCAAGTTTGTGCGCCGGTTTCAGAAAAT
CTTTAAATCGGCGCGAAAAACCGAATCGCCGGAGTCCTGGAAAGTGCCGTTGGCTCATG
ACGTCACCAGGCAGAGCAGCATTCATCAGTTGCAAATCGTAGCCAGACTTTTCTCATCC
ACCCAGATTTCCACCGAGGAAATCATCTACAACAACATCAGCTTCAACAGCAGAAAAAG
CCAGAGCCACAGCAGCAACATGACCATTATTGAAAGCAATTATATAGCTGTGCGGGAGG
AGTACCCCGATATTGATGCCGAGGTGCGCGCCATATTGCTGAGCCACGCCCAGAATGGG
ATTACGATATCGAACATCAAGAGTGAATATCGAACACAGACGGGCAACCCCTTTCCAGT
GCAAGAAAACGTGACGGACTTCCTGCTGACCATTCCCAATGTGACCGCCGAGTGCAGTG
AGTCCGGCAAGAGGATCTTCAACCTGAAGCCAAACACGAAGAACCGTCACCTGCTGGAC
TTGGTTCTCAACCAGAAGCAGCGCACCAGCGACACCAGCAGTGGCGCTCCGTCCGTGGA
GAGCCATTCACGTCCACCTCCCTACTACTGGAGGAATTCGTACAAGCGGAAGGCTCTTT
CCCAGCTGGACAGCAACCTGAACATCAGGCCGAAAACGGCGGACTACCAGGCCAAGGAT
ATAGCCACCAAGGCGGCTCCGCTGCCGCAACTGGCCAAGGAGGCAGCGGAGTCGAATTG
GTGCTACCAGGACAATTGGAAACATCTCAACAACTACTACCAGCAATCCAGTGCAAATG
AACCGCAGATTCCAGTGCCCATCAACATCTATACCGATGCAACAGAGGAACCAAACCAA
TTTGCTGTTCCCGAGCACCTGCCACCCTGCAAGAACCACAAGCAGAACACCAAACCAAA
CGATAACCAACATTTGGGCATTTTTATGCGTCCCTATAATGATATGAACGTACTCAAGA
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AACGACGCGATTTGACGCCAACACCCACGACTTTATCCAGCGGAACCTTTAACGATTCG
ATTCTGACGATGAGTTCGGATTACGATGCCTATCTACTGGACTTTCCGCTCATGGGCGA
TGACTTCTTGCTATATCTCGCCCGCATGGAGCTCAACTGTCGATTCAAGCGATACGAGC
GGGTCCTCCAGTCAGGACTTTGCGTCTCCGGGCAAACGATCAATGGCGCCCGGAACCGG
TTGAAGAAAGCAAACCTTCCCGAGGGGACGCAGATCATTGTCAATATTGGTTCTGTGGA
CATAATGAGGGGCAAGCCCTTGGTTCAGATCGAACACGATTTCCGGCTGCTCATCAAGG
AGATGCACAACCGGCGCTTTGTGCCGATCCTGACCAACCTGGCACCGCTGGCGAACTAC
TGCCACGATACGGTCATGTGTGATAAGATGTCCCGATTCAACAAGTTCATCCGCAGCGA
GGGGTGTCATCTGAAGATCATTGACATCCACTCCTGCCTGGTCAACGAAAGGGGCATAG
TGCGATTCGATTGTTTTCAAAGTTCACCACGGCAGGTCACTGGTTCTAAGGAGCCATAT
CTGTTCTGGAACAAAATCGGGCGGCAGCGCGTGCTGCAAACAATCGAAACGAATCTGGA
GTATTAA

>Drosophila kikkawai osk (scaffold JH111367.1)
ATGGCCGCAGTCAGAAGTGAATTCCCCAGCGAGTCGAACAGTAATCCGAGTACCAAAGC
CGACAGTTTGAGGTCGTTGAAAAAACACGTGGCCACGTGTTGGCACAATTTGTGCAAAA
AACTCCAGCAGCCCGCCTCCTTTCGCAAGAGTTCCCATAGCCGTTTCTACAAGATCTTT
TTGAAGGCCGACTGCTCTGCGAGTTTTCCGGAAAAGTCGAAATTTTTACGCCAATTTCA
CCGGATCTTCAAGGCAGGCCGGAAAAGCGAAGGCGGTGGTGAACCGGACCCAGAGCCGG
AGTTGTGGAAAGAAGTGCCGTTGGCCGATGAGCAAAGAAGCCAAGAGCAATTGCAAATC
GTAGCGAGACTATTTTCCTCTACTCTAATCTCCACCAAGGAGGAGGAGATCATCACCAC
AAGCAGGAGTAGCAATTGTAACACCAGCTACACGAGAAGAAAAAGCCAGAGCTACTGCA
GCACCAGCACGATGACCATAATCGAAGGCAACTATAGGGAAGTGCGTGACGAGTATCCC
GACATTGATGCCGAGGTGCGCGCCATATTGCTAAGCCATGCCCAGAATGGAATCACGAT
ATCGAGCATCAAAGATGAATATCGCAAACAGACGGGCAACACCTTTCCTCTGCACGACA
ACGTGACAGACTTTCTGCTTACCATTCCGTATGTGACCGCTGAGTGCAGTCATACTGGC
AAGCGGATCTTCAACCTGAAACCCAACAAGGAGAATAGCCACCTGCTGGAGATGGTACT
TAACCAGAAGCAGCGCAGTGATTACAGCAGCGGAGCACCGTCCATAGAGGACAAATACC
GAATGGGTCCACCGCAGGTGCCGCCACGCTACTGGCGTAACGGATTCAAGCGGCGGGCA
CTGTCTCCGCTGGACAACAACCTCAATGTCAAGGTCAACTCGGAGAAGCCGGCGGATGA
CCAGAGCAAGGCGATCAACACCAGATCGGCAGCGCTGCCGCATATGGCCAAGGCGGCAG
CGGAGTCGAACTGGTGCTACCAGGACAATTGGAATCATCTCAAAAATATCTACCAGCAA
TCCAGTGGGAATGCACCACACATGCATGAGCCCAACCAGATTTATACTGATCCCCCGGA
GCTGTCAAACCACTTGGCTAACCCGGAGCTGATCAAGCCACCCTGCAAGAACCATAACA
GCCCGAATCTCAACCAGATACTCAACCCAAACCTGGACATCTTTAGGCGTCCACGTTCC
TCCTGCGACTTGAAGCGGCGCCACGAGAGAACGCCCACACCCACGACCATGTCCTCTGC
AACTCATAACGATTCGATGCTGACCATAAGCTCGGACTATGATGCCTATCTTCTGGACT
TTCCTCTAATGGGCGATGATCTACTTTTATATCTCGCCCGAATGGAGCTCAAGTGCCGA
TTCAGGCGTTACGAACGGGTCCTGCAGTCGGGACTTTGCGTTTCCGGCCAGACGATCAA
CGCTGCCCGGAATCGGCTGAAGAGGGTCAACCTGCCCGAGGGCACCCAGATAATTGTGA
ACATTGGTTCGGTGGATATACTACGGGGCAAGCCGCTCGTGCAGATCGAGCACGACTTT
CGGCTGCTCATCAAGGAGATGCATAACCGGCGATTTGTCCCGATACTCACCAATCTTGC
CCCGCTGGCAAACTATTGCCACGACAAGGGGCTGTGCGACAAGGTCCTGCGATTTAACA
ACTTTATTCGCTCCGAGGGCAGGAGTCACCTGAAGGTGATTGATATACACTCGTGCCTG
ATCAACGAGCGGGGCGTCGTTCGTTTCGATTGTTTCCAGAACGCTCCCCGCTCTGTGTC
GGGTTCAAAGGAGCCCTATTTGTTCTGGAACAAAATCGGCAGGCAGCGCGTGCTGCAGA
TGATTGAATCGAGTCTGGAGTACTGA
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>Drosophila rhopaloa osk (scaffold JH406433.1)
ATGGCCGCAGTCAGAAGTGAATTCCCCAGCGAACCGTACAGTAATACCAACAACAATAC
CTCCACCAAAACCGATTGCCTGAGGTCCGTGAAAAAACGAGTGACCACGTGTTTGAAGC
AGTTGTGCGAAAAACTCCAGGCACCCGGATCTTTTCGCAAGAGTTCCTCCAGCCGATTC
TACAAGATATTCGTGAAGGCCGATTATTCCGGATTTAGGGAGAAATCGAAATTTGTGCG
CCAATTTCAGAAGATCTTCAAGTCGGCGCGAAAACCCGAGTCGCCGGAGTTGTGGAAAG
TGCCATTGGCCCATGACGTCACTGGGCAGAACAGCCAGCAGTTGCAAATCGTTGCTAGA
CTTTTCTCATCCACTCTGGTTTCCACCGAGGAGATCACCTATCACACCAACATCAACAG
CTACAAGAGCCGGAAAAGTCAGAGCTACGACTGCGACATGACCATTATCGAGAGCAACT
ATATAGCTGTGCGCGAGGAGTATCCCGATATCGACACCGAGGTTCGCGCCATATTGCTC
AGCCACGCCCAGAATGGAATCACGATATCGAACATCAAAAGTGAATATCGAAAACAGAC
GGGCATTCAGTTTCCACTGCACGACAACGTGACGGACTTCCTGTTGACCATTCCGAATG
TGACCGCCGAGTGCAGCGAGTCCGGCAAGCGGATCTTCAACCTGAAGCCAAATGCGAAG
AACCGCCACTTGCTGGACATGGTCCTCAACCAGAAGCAGCGCACCAGCGACTACAGCAG
TGGAACTCCTTCCGTGGAGGACAATCCTCGTCCGCCACCACGCTACTGGAAGTTCCCCT
ACAAACGTCGAGCTATTTCCCAGCTGGACAACAACCTGAACACCAGGCCGAAACTGGAG
GATCACCAGTTCAAGGCGATAACCGCCAAGACGACTCCACTGCACCAATTGGCCAAGGA
GGCAGCGGAGTCGAACTGGTGCTATCAGGACAATTGGAAACATCTCAACAACTTCTACC
AGCAATCCAGCGCAAATGAACCGCAGAGGCCGGTGCCCATCAACATCTACAGCGATCCT
CCGGAGGAGCGGACTCAGTTCGCAGTTCCCGAGCTTCCACCACACTGCAGGAACCCCAA
CCAGAATACCAAACAGAACGTAAACCAGCATTTGGGAATCTTTGTGAATCCATTCAACG
ATATGAATGTACTGAAGAAACGCCACGATATGACCCCCACACCCACGACATTATCCAGT
GGAATCTACAGCGATTCGATACTGACGATCAGTTCGGATTACGATGCCTACCTACTGGA
CTTTCCACTCATGGGCGATGACTTTATGCTATATCTCGCCCGTATGGAGCTCAAATGCC
GATTCAAGCGCCATGAGCGGGTCCTTCAGTCAGGACTCTGCGTCTCCGGACAAACGATC
AATGGCGCCCGGAAGCGGTTGAAGAAAGTCCATCTGACCGAAGGCACCCAAATCATCGT
GAACATTGGATCGGTGGATATATTGTGCGGGAGGCCGTTGGTTCAGATCGAACACGATT
TCCGGCTGCTGATCAAGGAGATGCACAGCCAGCGACTTGTGCCGATCCTCACAAATCTG
GCACCGCTGGCCAACTACTGCCACGATAAGATCCTGTGCGACAAGGTCCATCGGTTCAA
CAAATTCATCCGCAGCGAGGGAAGTCACTTGAAATACATCGACATTCACTCCTGCCTGA
TCAACGAAAGGGGCATTGTGCGATTTGATTGTTTCCAGAGCTCACCCCGCCAAGTCACT
GGCTCCAAGGAGCCATATCTGTTCTGGAACAAAATCGGGCGGCAGCGCGTGCTGCAAGT
TATTGAATCGAGTCTGGAGTACTAG

>Drosophila_ takahashii osk (scaffold JH112313.1)

ATGGCCGCAGTCAGAAGTGAATTCCCAAGCGAACCGATCAGTTATACGAACACCAATAC
TTCCAACAAATCCAATTGCCTGAGGTCCGTGAAAAAACGTGTGACCACGTGTTTGCAGC
AGTTGCGTGAAAAACTACCGGCATCCGGATCTTTTCGCAAGAGTTCCTCCAGCCGTTTT
TACAAGATCTTCGTAAAGGCTGATTTTTCCGCCTTTGGAGAGCGCTTTCAGAAGATCTT
TAAATCGGCGCGAAAAACCGAATCGCCGGAGTTGTGGAAAGTGCCGTTGGCCCATGACG
TCACCGGGCAGAGCGGCCAGCAATTGCAAATCGTAGCCAGACTTTTCTCATCCACGCTG
ATTTCCACCAAGGAAATCCACTGCAACAACAACAGCTACAGCTACAAGAGCAGGAAAAG
CGAGAGCTACAGCAGCAACATGACCATCATCGAGAGCAACTATATAACCGTGCGCGAGG
AATTTCCCGACATCGATGCCGAGGTTCGCGCCATATTGCTGACCCATGCCCAGAATGGA
ATCACGATATCGAACATCAAAAGTGAATATCGCAAACAGACGGGCAACGCATTTCCACT
GCACGACAACATAACGGACTTCCTGCTGACCATTCCCCATGTGACCGCCGAGTGCAGCG
AGTCCGGCAAGCGGATCTTCAACCTCAAGCCGAACCTGAAGAACCGCCACCTGCTGGAG
ATGGTTCTCAACCAGAAACAGCGCGCCAGCGACTACAGCAGCGGAGCTCCGTCCTTGGA
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GGACAAACCCCGAGCACCGCCGCGCTACTGGAAGAATCCCTACAAACGGCGGGCTCTTT
CACAGCTGGACAACAACCTGAACACCGTGCACAAACTAACGGATGAGCAGACCAAGGCG
ATCAACACCAAGGCGGCTCCGCTGCAGCAACTGGCCAAGGAGGCAGCGGAGTCGAACTG
GTGCTACCAGGATAATTGGAATCATCTCAACAACTTCTACCAGCAATCCAGAGTAAATG
AACCACAGATGCCGGTGCCCATCAACATTTACAGCGATGCAACAGAGGAGCCAATCCAG
TTGGATGCTCCCGAGCATCACCCACACTGCCAGAACCACAACGAGAATCAGAATCCGAA
TCAGAATCAGAATACCAAACAGAACGTAAACCAGCACCTGGGCATTTTCGTGCAGCCTT
TCAATGATATGAACATTCTGAAGAGACGCCACGAACTGACGCCCACACCCACGACATTA
TCGAGTGGAACCTACAACGATTCGATGCTGACGATCAATTCGGACTACGATGCCTTCCT
GCTGGACTTTCCCCTCATGGGCGATGATTTTATGCTATATCTCGCCCGCATGGAGCTCA
AGTGTCGTTTCAGGCGCTACGAGCGGATCCTTCAGTCGGGCCTTTGCGTGTCCGGACAG
ACGATCAACGGCGCCCGGAATCGGTTGAAGAAATTCCACCTTCCCGAGGGCACCCAGAT
CATCGTGAATATCGGATCGGTGGATATATTGCGGGGCAGGCCTTTGGTTCAGATCGAAC
ATGATTTCCGGCTGCTGATCAAGGAGATGCACAACCAACGATATGTGCCCATCCTCACG
AATCTAGCACCGCTGGCAAACTATTGCCACGACAAGGATCTGTGCGACAAGGTCAGCCG
ATTCAACAAGTTCATCCGGGCCGAGGGCAGACACCTGAAGGTCGTTGACATACACTCCT
GCCTGATCAACGAAAGTGGCATCGTGCGATTCGATTGCTTTCAGAGCTCACCACGCCAA
GTCACCGGTTCCAGGGAACCATATCTGTTCTGGAACAAAATCGGCCGTCAGCGCGTGCT
TCGAATTATTGAATCGAGTCTGGAGTATTAA

>Drosophila immigrans_DQ823084.1

ATGGCGACATTCAGAAGTGAATTTAACAGCGTGCCGAACACTCACCCCGATCGCCTGAC
GGCTTTCCGAAAAAAGCTAACCACGTGTTTCCATCAGTGGCGCCAGAAACTGCAGCATT
TTAAGCACGACTACTCCACGTTGCGAGCAAAAAGTATTTGCTGGCAGAAATTCAAAAAG
ATTTACACAGCAACAAAGCTGATTAGCCAGGAAGAGGTCGAAGAGCAGCAGCTACAAAT
TGTGGCCACGCTATTTTCATCGACACTGATATCGAAATACACTAGCTCAAAGAATTCCA
GCAGCTGCAACATGACCATCATGGATGATTCGTATATTGGGGTGCGGGACGAGTACCCC
GATATAGATGCTGAAATACGCGCCATATTGCTGGCCAATGCCCAGAAAGGAATCACGAT
ATCGAGCATCAAAAGTGAATATCGAAATATGACGGGCAATGCATTTCCACTGCGCGAGA
ACATCACAGACTTCCTGCTGACCATACCGTACGTCACGGCCGAGTGCTGCATGTCTGGC
AAGCGCATCTTCAACATCAAGCCCACGGAGGACACCCGTCACTTGCACGACATGGTCCT
GAATCAACGGCAGCGTGAAAATGGTAACAACCACAACAGCAACAACCATCACGTCTTGG
ACGCACAGGAACCGCCACGCTTGTGGCGTTCCCAATACAAGCGTCGGTGTCTGCAGAAT
GAGAATTACAATTTCAATCTCAACATCTGCGAGAAACCGCCAGCTGCCAAAATAACGCC
AGTGCAGCACCTGGCCACGGCTGCAATGGCGCCATTTGGTGTCTATCAAGACAACTGGA
AGCATCTGAACAATCAGTATCAGCTCTCACAGTTAGCCACTCAAAACAGCAATCAATTT
TCCTGCATTCGTTCGGATCCTGTACAGCTACAAATAGCACCACATCCGCCAGAACAGCA
ACACCAACAACAACGTCAGCAACAACAGCAGCAAATTGGAGAGTATTCACATAAGCGAC
GTCATGAATTTACGCCTACGCCCACAACACTGTCATGTCCATCGCAACATGACTCCATG
TTTACCATCAACTCGGACTATGATGCATATCTCTTAGATTTTCCGTTGCTGGGCGACGA
TTTCTTCTTGTACTTGGCGCGCATGGAGCTAAAATGTCGCTTCAAGAAGGATGAGAAGG
TGCTACAGTCTGGTCTGTGCATCTCGGGGCAAACCATAAATGCCGCACGACAGCGGGTG
CAGCACGTAGAACTGCAGGAGATGACACAAATCATCGTTAACATCGGTTCCGTCGACAT
AATGCGGGGCAAGCCGCTGGTGCAAATCGAGCATGATTTCCGTCAGCTAATCAAGGAGA
TGCACAATCGCAGATTTGTGCCTGTGCTGACCACGCTAGCACCGCTGGCCAACTATTGC
CACGACAAGCAGACATGCGAGAAAGTGTTGAGATTTAACAAATTTATACGCAACGAGGG
ACGACATCTCACTGTTATTGATATACACACGTGTCTGATTAATGAGAATGGCGTTGTAC
GCTTCGATTGCTTCCAGAAGGGGCCACGTAGTGTGACGGGCTCAGTAGAGCCATATGTA
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TTCTGGAACAAAATCGGACGACAGCGTGTGTTACAGATGATCGAACAAAATTTGGAATA
TCACTGA

>Drosophila virilis L22556.1 (reported cDNA sequence from
Webster et al. (1994))
ATGGCGACATTCAGAAGTGAATTCAACAGCGTGCCGAACACTTACAACCAGCGCCTGAC
GGCATTGAAGAAAAAGCTGACCACGTGTTTTCAGCAGTGGCGACAGCAGCTGCTCAAAC
TTCACCAACAGCAGCAGCAGCCCAAGCAACAGCAACAGCAACAGCAACATCAATCCCAA
CACCAACACCAACAGCAGAAGCAGAAGCAACGTGGCAGTGAACATTTCTACAACATTTT
TGTGCGCGCGGACTGCTCTATTTTGAGCGAAAAAGTTACCTATTTGCGCAAGTTCAAGA
GGATTTTCACAGCGCGCCAGAATTTGGCGAGTGCTCGGACAGCAGCAACAGCGGCATCA
GCCAAACAGCCAGTGCTTGGCAGGTGCATTGGCCAGGAGGAGCAGCAACTGCAAATAGT
GGCAAGCCTCTTCTCATCAACATTGATATCGAAGCACAGCTCCAGTGCAAGTATCACCA
GCTCCAGCATGACCATCATGGACAACACCTATATTGGGGTGCGCGACGAGTACCCCGAT
ATTGATACTGAAATACGCTCCATACTGCTGGCTAATGCCCAGAATGGTATCACGATATC
GAGCATCAAAAAGGAATATCGACAATTGACGGGCACGGCATTTCCGCTGCACGACAACA
TCACGGACTTTCTGCTTACCATACCGCATGTCACGGCAGAGTGCTGCGAGTCTGGGAAG
CGCATCTTTAACATCAAGCCCACCGAGCATACCCGCCATCTGCACGAGATGATACTGCA
GCAGCGACAACGCGACAGTGTGAGCAACCCAATCCAAGCACAGGAGCCGCCACGCTTGT
GGCGCGCCCAGTACAAGCGGCGAATCCCACAGCACTTCAACTTCAATCTAAATACAAGT
GAGAAGCCTCCAGCCGTCAAGATATCCAAACTGCAGCCCCTGGCCACGGCTGCAGCGAT
GTCTAACGATGTCTATCAGGACAACTGGAAACATCTCAACAATCAGTATCAGCTCCCAC
AGCTCAATGCTCCCAAGAACAACATCCACTCGCACATCGCTTCGAATCCTGCACAGTTA
CAGGCAGCACTGCCGGCAGAGCATCATCCATCCAAACACGTGGAGGAATATGCGCACAA
GCGGCGTCATGAATATACGCGCACGCCAACAACGTTGTCGTGTCCATCAACGCAACATG
ACTCCATGTTCACCATCAACTCGGACTATGATGCATATCTATTGGACTTTCCACTGCTG
GGCGATGACTTCTTCTTGTATTTGGCGCGCATGGAGCTGAAATGCCGCTTCAAGAAGTT
CGAAAAGGTGCTGCAGTCTGGTCTGTGCATCTCTGGACAAACCATAAATGCTGCACGGC
AACGGTTGCGCCTGGTGGAGCTGCCCGAGATGACACAAATTATTGTTAACATCGGCTCC
GAGGACATAATGCGCGGCAGGTCGTTGGTGCAGATCGAGCACGATTTCCGTCTGCTAGT
GAAGGAGATGCACAACCGTAGATTTGTGCCAGTGCTGACCACCTTGGCACCGCTGGCCA
ACTGTCGCCACGACAAGCAGACATGCGACAAGGTGTCCCGATTCAACAAGTTTATACGC
AGCGAGGGGCGACATCTGAAAGTGATTGATATACACTCATGTCTGATCAATGAGAATGG
CATCGTTCGATTCGATTGCTTCCAGAACGGGCCACGTAGTGTGACGGGCTCATCTGAGC
CGTATGTATTCTGGAACAAAATCGGACGGCAGCGTGTGCTGCACATGATTGAAGAAAAC
TTGGAGTATTATTAG

>Drosophila virilis XM 002053233.1 (annotated from genome
sequence)
ATGGCGACATTCAGAAGTGAATTCAACAGCGTGCCGAACACTTACAACCAGCGCCTGAC
GGCATTGAAGAAAAAGCTGACCACGTGTTTTCAGCAGTGGCGACAGCAGCTGCTCAAAC
TTCACCAACAGCAGCAGCAGCCCAAGCAACAGCAACAGCAACAGCAACATCAATCCCAA
CACCAACACCAACAGCAACAGCAGAAGCAGAAGCAACGTGGCAGTGAACATTTCTACAA
CATTTTTGTGCGCGCGGACTGCTCTATTTTGAGCGAAAAAGTTACCTATTTGCGCAAGT
TCAAGAGGATTTTCACAGCGCGCCAGAATTTGGCGAGTGCTCGGACAGCAGCAACAGCG
GCATCAGCCAAACAGCCAGTGCTTGGCAGGTGCATTGGCCAGGAGGAGCAGCAACTGCA
AATAGTGGCAAGCCTCTTCTCATCAACATTGATATCGAAGCACAGCTCCAGTGCAAGTA
TCACCAGCTCCAGCATGACCATCATGGACAACACCTATATTGGGGTGCGCGACGAGTAC
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CCCGATATTGATACTGAAATACGCTCCATACTGCTGGCTAATGCCCAGAATGGTATCAC
GATATCGAGCATCAAAAAGGAATATCGACAATTGACGGGCACGGCATTTCCGCTGCACG
ACAACATCACGGACTTTCTGCTTACCATACCGCATGTCACGGCAGAGTGCTGCGAGTCT
GGGAAGCGCATCTTTAACATCAAGCCCACCGAGCATACCCGCCATCTGCACGAGATGAT
ACTGCAGCAGCGACAACGCGACAGTGTGAGCAACCCAATCCAAGCACAGGAGCCGCCAC
GCTTGTGGCGCGCCCAGTACAAGCGGCGAATCCCACAGCACTTCAACTTCAATCTAAAT
ACAAGTGAGAAGCCTCCAGCCGTCAAGATATCCAAACTGCAGCCCCTGGCCACGGCTGC
AGCGATGTCTAACGATGTCTATCAGGACAACTGGAAACATCTCAACAATCAGTATCAGC
TCCCTCAGCTCAATGCTGCCAAGAATAACATCCACTCCATCGCTTCGAATCCTGCACAG
TTACAGGCAGCACTGCCGGCAGAGCATCATCCATCCAAACACGTGGAGGAATATGCGCA
CAAGCGGCGTCATGAATATACGCCCACGCCAACAACGTTGTCGTGTCCATCAACGCAAC
ATGACTCCATGTTCACCATCAACTCGGACTATGATGCATATCTATTGGATTTTCCACTG
CTGGGCGATGACTTCTTCTTGTATTTGGCGCGCATGGAGCTGAAATGCCGCTTCAAGAA
GTTCGAAAAGGTGCTGCAGTCTGGTCTGTGCATCTCTGGACAAACCATAAATGCTGCAC
GGCAACGGTTGCGCCTGGTGGAGCTGCCAGAGATGACACAAATTATTGTTAACATCGGC
TCCGAGGACATAATGCGCGGCAGGTCGTTGGTGCAGATCGAGCACGATTTCCGTCTGCT
AGTGAAGGAGATGCACAACCGTAGATTTGTGCCAGTGCTGACCACCTTGGCACCGCTGG
CCAACTGTCGCCACGACAAGCAGACATGCGACAAGGTGTCCCGATTCAACAAGTTTATA
CGCAGCGAGGGGCGACATCTGAAAGTGATTGATATACACTCATGTCTGATCAATGAGAA
TGGCATCGTTCGATTCGATTGCTTCCAGAACGGGCCACGTAGTGTGACGGGCTCATCTG
AGCCGTATGTATTCTGGAACAAAATCGGACGGCAGCGTGTGCTGCACATGATTGAAGAA
AACTTGGAGTATTATTAG

>Drosophila virilis sequenced (Sanger sequence verified)

ATGGCGACATTCAGAAGTGAATTCAACAGCGTGCCGAACACTTACAACCAGCGCCTGAC
GGCATTGAAGAAAAAGCTGACCACGTGTTTTCAGCAGTGGCGACAGCAGCTGCTCAAAC
TTCACCAACAGCAGCAGCAGCCCAAGCAACAGCAACAGCAACAGCAACATCAATCCCAA
CACCAACACCAACAGCAGAAGCAGAAGCAACGTGGCAGTGAACATTTCTACAACATTTT
TGTGCGCGCGGACTGCTCTATTTTGAGCGAAAAAGTTACCTATTTGCGCAAGTTCAAGA
GGATTTTCACAGCGCGCCAGAATTTGGCGAGTGCTCGGACAGCAGCAACAGCGGCATCA
GCCAAACAGCCAGTGCTTGGCAGGTGCATTGGCCAGGAGGAGCAGCAACTGCAAATAGT
GGCAAGCCTCTTCTCATCAACATTGATATCGAAGCACAGCTCCAGTGCAAGTATCACCA
GCTCCAGCATGACCATCATGGACAACACCTATATTGGGGTGCGCGACGAGTACCCCGAT
ATTGATACTGAAATACGCTCCATACTGCTGGCTAATGCCCAGAATGGTATCACGATATC
GAGCATCAAAAAGGAATATCGACAATTGACGGGCACGGCATTTCCGCTGCACGACAACA
TCACGGACTTTCTGCTTACCATACCGCATGTCACGGCAGAGTGCTGCGAGTCTGGGAAG
CGCATCTTTAACATCAAGCCCACCGAGCATACCCGCCATCTGCACGAGATGATACTGCA
GCAGCGACAACGCGACAGTGTGAGCAACCCAATCCAAGCACAGGAGCCGCCACGCTTGT
GGCGCGCCCAGTACAAGCGGCGAATCCCACAGCACTTCAACTTCAATCTAAATACAAGT
GAGAAGCCTCCAGCCGTCAAGATATCCAAACTGCAGCCCCTGGCCACGGCTGCAGCGAT
GTCTAACGATGTCTATCAGGACAACTGGAAACATCTCAACAATCAGTATCAGCTCCCAC
AGCTCAATGCTCCCAAGAACAACATCCACTCGCACATCGCTTCGAATCCTGCACAGTTA
CAGGCAGCACTGCCGGCAGAGCATCATCCATCCAAACACGTGGAGGAATATGCGCACAA
GCGGCGTCATGAATATACGCCCACGCCAACAACGTTGTCGTGTCCATCAACGCAACATG
ACTCCATGTTCACCATCAACTCGGACTATGATGCATATCTATTGGACTTTCCACTGCTG
GGCGATGACTTCTTCTTGTATTTGGCGCGCATGGAGCTGAAATGCCGCTTCAAGAAGTT
CGAAAAGGTGCTGCAGTCTGGTCTGTGCATCTCTGGACAAACCATAAATGCTGCACGGC
AACGGTTGCGCCTGGTGGAGCTGCCCGAGATGACACAAATTATTGTTAACATCGGCTCC
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GAGGACATAATGCGCGGCAGGTCGTTGGTGCAGATCGAGCACGATTTCCGTCTGCTAGT
GAAGGAGATGCACAACCGTAGATTTGTGCCAGTGCTGACCACCTTGGCACCGCTGGCCA
ACTGTCGCCACGACAAGCAGACATGCGACAAGGTGTCCCGATTCAACAAGTTTATACGC
AGCGAGGGGCGACATCTGAAAGTGATTGATATACACTCATGTCTGATCAATGAGAATGG
CATCGTTCGATTCGATTGCTTCCAGAACGGGCCACGTAGTGTGACGGGCTCATCTGAGC
CGTATGTATTCTGGAACAAAATCGGACGGCAGCGTGTGCTGCACATGATTGAAGAAAAC
TTGGAGTATTAT
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Online Resource 2

This file contains the Oskar amino acid alignment generated with sequences from 18
Drosophilids using the MUSCLE MSA, and the results of multiple PAML analyses of this
alignment. The following elements comprise this Additional File:

Figure S1: Amino acid alignment.

Table S1: Log likelihood values and parameter estimates under partition models of
Oskar domains.

Table S2: Log likelihood values and parameter estimates under site models of Oskar
domains.

Table S3. Log likelihood values and parameter estimates under branch site models of
Oskar domains.
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Figure S1. Amino acid alignment of Oskar generated by MUSCLE MSA used for
PAML analysis. Residue with BEB probability of positive selection =0.99 is
indicated in red.

dper MATYRSAH-SEPYTSKSNSNSNSSSSSRLTALRKRLTTCLOQWCQHL—————————————
dpse MATYRSAH-SEPYTSKSNSNSNSSSSSRLTALRKRLTTCLOQWCQHL—————————————
dimm MATFRSEFNSVPNTH-————————— PDRLTAFRKKLTTCFHQWRQKL—————————————
Dvir MATFRSEFNSVPNTY—————————— NORLTALKKKLTTCFQOWRQQLLKLHQQQQQPKQQ
dana MAAVTSELPREP—————— TTTTNTKSDRLRAVKKRVTTCLOQWCQKL—————————————
dbip MAAVTSELPREP—————— TTTTNTKSDRLRAVKKRVTTCLOQWCQKL—————————————
dkik MAAVRSEFPSE—————— SNSNPSTKADSLRSLKKHVATCWHNLCKKL—————————————
deug MATVTSEFPSKPISYTNTNTNTSTKTYCLRSVKRRVTTCLOQLREKL—————————————
dmel MAAVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRVTTCFQQOLRDKL—————————————
dsec MATVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRLTTCFQQLREKL—————————————
dsim MATVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRLTTCFQQLREKL—————————————
dere MAAVTSEFPSKPISC--TSTNTSAKSNYLKSVKKRVTTCFQQLREKL—————————————
dyak MAAVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRVTTCFQQLREKL—————————————
dfic MAAVRSEFPSKPN----SNTYTNSKFDDLRSVKKRVTTCLKKLCEKL—————————————
dele MAAVRSEFPSEPNSN--TNTNTSTKTDRLRSVKNRVTTCLKQLCEKL—————————————
drho MAAVRSEFPSEPYSN--TNNNTSTKTDCLRSVKKRVTTCLKQLCEKL—————————————
dbia MAAVGSEFPSEPISC--RNTNTPAKPDRLRSVKKRVTTCLOQLREKL—————————————
dtak MAAVRSEFPSEPISY--TNTNTSNKSNCLRSVKKRVTTCLOQLREKL—————————————
dper 000 e OKPASFQKCKSGPNHQFYKIFEEVFDSKV-FGDKTKY IRQFKKIFKGN
dpse 0 e OKPASFQKCKSGPNHQFYKIFEEVFDSKV-FGDKTKY IRQFKKIFKGN
dimm 0 mmmmmm QHFKH-———————mme DYST-LRAKSICWQKFKKIYTAT
Dvir 000Q0HOSOHOHOQQQOKQKQORG--SEHFYNIFVRA-DCSI-LSEKVTYLRKFKRIFTAR
dana 000 @ —mmmmmm———— QQPASFRK-SS--SSRFYRLFVKA-DYTA-FGDKFKSVRQFHRIFKAG
dbip = mmmmmme o QQPASFRK-SS--SSRFYRIFVKA-DYTA-IGDKFKSVRQFHKIFKAG
dkik = mmmmmmm QQPASFRK-SS--HSRFYKIFLKA-DCSASFPEKSKFLRQFHRIFKAG
deug 0 e PATGSFRK-SS—--TSRFHRFFIKS-DFSD-FSEK—————— LOKIFKSA
dmel 0 —mmmm—— 0SSGSFRK-SS--SSCLNQIFVRS-DFSA-CGER-—————- FRKIFKSA
dsec = mmmmmm QPFGSFRK-SS--SNRLYKIFVKS-DFSA-CGER-————- FOKIFKSA
dsim 0 mmmmm OPFGSFRKSSS--SSRLYKIFVKS-DFSA-CGER-—————- FOKIFKSA
dere = —mmmmm OASGSFRK-SS—--PSRLYKIFVKA-DFAA-CGER-————- FQRIFKSA
dyak 00 e OASGSFRK-SS--TSRLYKIFVKA-DFAA-CGER-————- FQRIFKSA
dfic 0 mmmmmm OAPGSFRK-SS--SSRFHKIFVRA-DYSD-CSK---FVRRFQKIFKSA
dele = mmmmm OATGSFRK-SS--SSRFYKIFVKA-DYSG-LREKSKFLRQLQOKIYKST
drho @ e OAPGSFRK-SS--SSRFYKIFVKA-DYSG-FREKSKFVRQFQKIFKSA
dbia 00 mmmmmmm——— PAAGSFRK-SS--TGRFYQVFVRA-DFSA-FGER—————- FRKIFKSA
dtak 0 mmmmmm——— PASGSFRK-SS--SSRFYKIFVKA-DFSA-FGER—————- FOKIFKSA
dper KDLAK--KSEPGRVVLVLVPEKPVDDT-EESQKKQLQLVARLFSSTLISAKEEISCSYN-
dpse KDLAK--KSEPGRVVLVLVPEKPVDDT-EESQKKQLQLVARLFSSTLISAKEEISCSYN-
dimm KLISQ-————m—mmmmmmmmmmm EEVEEQQLQIVATLFSSTLIS-—————— KYTS
Dvir ONLAS————- ARTAATAASAKQPVLGRCIGQEEQQLQIVASLFSSTLISKHS————————
dana RKGKE—————————————— PAESVDER-————— QOLQFVARLFSSTLISTEE--—-IYGN
dbip RKKSK————————————— EPAESVDER-————— QOLQFVARLFSSTLISTEE-——-IYGN
dkik RKSEGGGEPDPEPELWKEVPLAD————— EQRSQEQLQIVARLFSSTLISTKEEEIITTSR
deug RKSES——————— PELRR-VPLSTHDQQOTSGQSSQQOLQIVARLFSSTLISTKE-—-ITFNN
dmel RKTEL-—————— PELWK-VPLVAHELT-SRQOSSQQLQOVVARLFSSTQISTKE---ITYNS
dsec RKTES——————— PELWK-VPLVAHELT-SRQSSQQLQIVARLFSSTQISTKE---ITYSS
dsim RKTES——————— PELWK-VPLVAHELT-SRQSSQQLHIVARLFSSTQISTKE---ITYSS
dere RKTQS——————— PELWK-VPLAAHDLTNGRQTSQQOLRIVARLFSSTQISTKE-—-ITYST
dyak RKTES——————— PELWK-VPLAHDLTTTSRQSSQQLRIVARLFSSTQISTRE-—-ITYTN
dfic RKTES——————— PESWK-VPL-AHDVT-RQSSIHQLQIVARLFSSTQISTEE-—-IIYNN
dele RKTES——————— PELWK-VPL-AHDVT--GQSSQQOLQIVTRLFSSTLISTEE-——ITYNT
drho RKPES——————— PELWK-VPL-AHDVT--GONSQQOLQIVARLFSSTLVSTEE-——ITYHT
dbia RKTES——————— PELWK-VPL-AHDVT--GPSSQHLQIVARLFSSTLISTKE-—-ISYSN
dtak RKTES——————— PELWK-VPL-AHDVT--GQSGQQOLQIVARLFSSTLISTKE-—-IHCNN
dper 000 e SSSMTIIDSNYIEVREEYPEIDSEIRSILLANAQSGITI
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dper
dpse
dimm
Dvir
dana
dbip
dkik
deug
dmel

————————————————————— SSSMTIIDSNYIEVREEYPEIDSEIRSILLANAQSGITI
—————————— SKNSS—------SCNMTIMDDSYIGVRDEYPDIDAEIRAILLANAQKGITI
————————— SSASIT------SSSMTIMDNTYIGVRDEYPDIDTEIRSILLANAQNGITI
—————————— SSRKS-QSF-NSNSMTIIESNYIAVREENPDIDAEVRAILLSHAQNGITI
————— GKTSYSSRKS-QSY-NSNSMTIIESNYIAVREENPDIDAEVRAILLSHAQNGITI
SSN--CNTSYTRRKS-QSYCSTSTMTIIEGNYREVRDEYPDIDAEVRAILLSHAQNGITI
HTK--NSFSYKCRKS-EGY--SSNMTIIEGNYIDVREENPDIDAEVRAILLTHAQNGITI

—————————— NSNTS----—--ENNMTIIESNYISVREEYPDIDSEVRAILLSHAQNGITI
—————————— NNNTS----—--ETNMTIIESNYISVREDYPDIDAEVRAILLSHAQNGITI
—————————— NSNTS------ESNMTIIESNYISVREDYPDIDAEVRAILLSHAQNGITI

SNNNTSSYSFRSRKS-ESC--RSNMTIIESNYIAVREDYPDIDVEVRAILLSHAQNGITI
SNN--SSYSFRRRKS-ESH--RSNMTIIESNYIGVREDYPDIDTEVRAILLSHAQNGITI
——————— ISFNSRKS-QSH--SSNMTIIESNYIAVREEYPDIDAEVRAILLSHAQNGITI
NNK--NNNSCKSRKSHKSY--KSSMTIIESNYIAVREEFPDIDTEVRAILLSHAQNGITI
————— NINSYKSRKS-QSY--DCDMTIIESNYIAVREEYPDIDTEVRAILLSHAQNGITI
————— HRYSCRSGKS-ESY--SSNMTIIESNYIAVREEHPDIDKEIRAILLSHAQNGITI
————— NSYSYKSRKS-ESY--SSNMTIIESNYITVREEFPDIDAEVRAILLTHAQNGITI

STIKNEYRKLTGNPFPLHENITDFLLTIPHVTAECCVSGKRIFNMKPRPETRHLYDMVVH
STIKNEYRKLTGNPFPLHENITDFLLTIPHVTAECCVSGKRIFNMKPRPETRHLYDMVVH
SSIKSEYRNMTGNAFPLRENITDFLLTIPYVTAECCMSGKRIFNIKPTEDTRHLHDMVLN
SSIKKEYRQLTGTAFPLHDNITDFLLTIPHVTAECCESGKRIFNIKPTEHTRHLHEMILQ
SSIKSEYRKQTGNTFPLHDNVTDFLLTIPYVTAECSETGKRIFNMKPNKDNRHLYDMVLN
SSIKSEYRKQTGNTFPLHDNVTDFLLTIPYVTAECSETGKRIFNMKPNKDNRHLYDMVLN
SSIKDEYRKQTGNTFPLHDNVTDFLLTIPYVTAECSHTGKRIFNLKPNKENSHLLEMVLN
SSIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFNLKANLKNRHLLDMVLN
SSIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKASLKNGHLLDMVLN
SNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFNLKANLKNGHLLDMVLN
SNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFNLKANLKNGHLLDMVLN
SNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKANLKNHHLLEMVLN
SNIKSEYRKLTGNTFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKANLKNRHLLDMVLN
SNIKSEYRTQTGNPFPVQENVTDFLLTIPNVTAECSESGKRIFNLKPNTKNRHLLDLVLN
SNIKSEYRKQTGCQFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKPNVKNRHLLDMVLN
SNIKSEYRKQTGIQFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKPNAKNRHLLDMVLN
SSIKSEYRKQTGNPFPLHDNITDFLLTIPNVTAECSESGKRIFNLKPSLKNRHLLEMVLN
SNIKSEYRKQTGNAFPLHDNITDFLLTIPHVTAECSESGKRIFNLKPNLKNRHLLEMVLN

OKRT——————— NDLGTNDHP-V-——————— AAPPPRLWRCQYKRRALYSLNTNNNNNYNL
OKRT——————— NDLGTNDHP-V-——————— AAPPPRLWRCQYKRRALYSLNTNNNNNYNL
ORQRE----NGNNHNSNNHHVLD-—————— AQEPPRLWRSQYKRRCLONENY--——NFNL
ORQR———————— DSVSNPIQ-————————— AQEPPRLWRAQYKRRIPQHFNF————NLNT
OKQR——————— NDFSSGPPSTVDYNSKPVGQRGPPRHWRYQYKRRAQSPLE————— NLNQ
OKQR——————— NDCSSGPPSSVEYN-RPVGQRGPPRHWRYQYKRRAQSPLE————— NTNQ
OKQR——————— SDYSSGAPS-IEDKYRMGPPQVPPRYWRNGFKRRALSPLDN—----NLNV
OKQK—————- PSDNSSEAPT-VEDK-———— SRVPPRYWKNPYKRRALSQLDN--—-NLNT
OKER-————— TSDYSSGAPS-LENI-———- PRAPPRYWKNPFKRRALSQLNT----SPRT
OKQRT--TNSTSDYSSGAPS-LENI-———— PRAPPRYWKNPFKRRALSQLNT----SPRT
OKQRT--TNSTSDYSSGAPS-LENI-———— PRAPPRYWKNAFKRRALSQLNT--—--SPRT
OKQRT----GSSDYSSGAPS-VESM————— PRAPPRYWKNPFKRRALSQLN-———— NLNT
OKQRTGTANGTSDYSSGAQS-VENM————— PRAPPRYWKNSFKRRALSQLND--—-NLNT
OKQR—————— TSDTSSGAPS-VESH--——— SRPPPYYWRNSYKRKALSQLDS--—--NLNI
OKQR-————— TSDYSSGAPS-VEDK-———— PRPPPRYWKFPYKRRALSQLEN-—-—-NLNT
OKQR—————— TSDYSSGTPS-VEDN-———— PRPPPRYWKFPYKRRAISQLDN--—-NLNT
QKQR-————~— SSDCSSGAPS-VEDQ-———~— PRAPPRYWKNPYKRRALSQLDN--—-NLNT
OKQR—————— ASDYSSGAPS-LEDK-———- PRAPPRYWKNPYKRRALSQLDN--—-NLNT
N-——QONINHIE-——————- EKVPAVGGKEVAIEDQ-AGPLQOQLARAAAESNWCYQDNWNH
N-——-QNINHIE-——————- EKVPAVGGKEVTIEDQ-AGPLQOQLARAAAESNWCYQDNWNH
No————— IC———————— EKP————— PAAK-————- ITPVQHLATAAMAPFGVYQDNWKH
S EKP————— PAVK————- ISKLQPLATAAAMSNDVYQDNWKH
M-—-KHLN-TE-——————— RQV————— ODKAINAN-SATLOKLAKAAGESNWCYQDNWNH
I-——-KQLN-TEQNGMEKLQODNV————— QIRAIKTN-SASLOKLAKAAGESNWCYQDNWNH
KVNSEKP-—-AD———————— DQS————— KAIN--TR-SAALPHMAKAAAESNWCYQDNWNH
V-——HKL--TD-——————— DQA-————— KAMSMHTR-AAPLQQLAKVAAESNWCYQDNWKH
V——-PKI--TD-——————— EKT————— KDIA--TR-PVSLHOMANEAAESNWCYQDNWKH
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V———PKI-—TN-——————— ERT————— KEIA--TR-PASLHOMANEAAESNWCYQDNWKH
V——-PKI--TD-——————— EQT————— KEIP--TR-PASLHOMANEAAESNWCYQDNWKH
E-—-—SKI--TD———————— EQT————— QETS--TR-PASLHOMANEAAESNWCYQDNWKH
V——-PKL—=TD-———————— EQT————— KESA--TRQPASLHOMANEAAESNWCYQDNWKH
R-—-PKT——-AD-———————— YQA-————— KDIA--TK-AAPLPQLAKEAAESNWCYQDNWKH
G---PKLKEQE———————— HQF————— QAAT--TK-AAPLQQLAKEAAESNWCYQDNWKH
R-—-PKL—-ED———————— HQF————— KAIT--AK-TTPLHQLAKEAAESNWCYQDNWKH
V———PKL——TA-——————— DQT————— KAVD--TR-AAPLQQLAKEAAESNWCYQDNWNH
V———HKL--TD-——————— EQT————— KAIN--TK-AAPLQQLAKEAAESNWCYQDNWNH
LKNCYQRA-———————————— NIFA-DPPEK-PPPLPA-—-QENHL-—————————— RNS
LKNCYQRA-———————————— NIFA-DPPEK-PPPLPA-—-—-QENHL-—————————— RNS
LNNQYQLSQLATQ-————— NSNQFS-CIRSD-PVQLQI-—--APHPPE——————————— 00
LNNQYQLPQLNAA-—————— KNNIH-SIASN-PAQLQAALPAEHHPS———————————
LNNFYQQSNVNGH--QNQVPPNIYV-DTPDR-QTQVTD-~--PEQH-——C—————————— 0
LNNFYQONNVNGP--QNPVPPNIYI-DTPDQ-PTQVTD-—--PELLH-~Co————————— 0
LKNIYQQSSGNAP--HMHEPNQIYT-DPPEL-SNHLAN-—--PELIKPPC———————— KNH
LNNFYQQSSVNEA--QRPVPINIYT-DALEDLPIQLDN---PEHHPN-C———————— KNN
LNNFYQQASVNAP--KMPVPINIYSPDAPEE-PINLAP-—--PGHQPS-C———————— RTQ
LNNFYQQASVNAP--QMPVPINIYS-DAPEE-PTHLAA---PGQQPSCC———————— RTQ
LNNFYQQASVNAP--QMPVPINIYS-DAPEE-PTHLAA---PGQQPSCC———————— RTQ
LNNFYQQASVNAP--KMPVPINIYS-DAPEE-RIQVDA-—--PGHQPS-C———————— RTQ
LNNFYQQSSVNAP--KMPVPVNIYS-DAPEE-RIHLDA---PGHQPS-C———————— RTQ
LNNYYQQSSANEP--QIPVPINIYT-DATEE-PNQFAV---PEHLPP-C———————— KNH
LNNFYQQSSANEP--QMPVPINIYS-DATEE-RTQFAV-—-PEPRP——C——————— GKNH
LNNFYQQSSANEP--QRPVPINIYS-DPPEE-RTQFAV-—-PELPPH-C———————— RNP

LNNIYQRSSVSEPQIQLPVPINIYS-DAPEE-PNQMNV---PQHHPL-C--HNRNQONPSQ
LNNFYQQSRVNEP--QMPVPINIYS-DATEE-PIQLDA---PEHHPH-CQNHNENQNPNQ

NSQNHRDNLKNQRNLLVNEHHSMQQ-EYQYQY-PTTTPTPTTISS-GTQHDSMFTINSDY
NSQNHRDNLKNQRNLLVNEHHSMQQ-EYQYQY-PTTTPTPTTISS-GTQHDSMFTINSDY

HQOQOQR-QQQQQQIGEYSH-——————— KRRHEF----TPTPTTLSC-PSQHDSMFTINSDY
—————————— KHVEEYAH--——————KRRHEY--—--TPTPTTLSCPSTQHDSMFTINSDY
NPHPS-QNONSQQDIYNNQNRELFEFKRPRDL--—-TPTPTMTS—-ATHNDSMRTISSDF
NRNPS-QNONYHQDLYNNHNRDMLEFKRPRDL----TPTPTTTS--GTQNDSMMTISSDF
NSPNLNQILNPNLDIFRRPRSSCD-LKRRHER-—-—-TPTPTTMSS-ATHNDSMLTISSDY
NONIK-QNVNQHLGNFVNPLNDVNPFKRRQDI-—-—-TPTPTIFTSGGSSNNSLMTINSDY
SQOKTE-PTENRHLGIFVHPFNGMNIMKRRHEM-—-—-TPTPTILTS-GTYNDSLLTINSDY
SKKTE-PTENRHLGIFVHPFNDMNVLKRRHEM-—-—-TPTPTILTS-GTYNDSLLTINSDY
SKKPE-PTENRHLGIFVHPFNDMNVLKRRHEM-—-—-TPTPTILTS-GTYNDSLLTINSDY
NOKTQHPTENRHLGIFVHPFSDMNVMKRRHEMTPTPTPTPTTLSS-GTYADSLLTINSDY
NOKTQQTTENRHLGIFVHPFNDMNVMKRRHEM-——-TPTPTILTS-GTYSDSLLTINSDY
KONTK-PNDNQHLGIFMRPYNDMNVLKKRRDL-—-—-TPTPTTLSS-GTFNDSILTMSSDY
NONNK-PNVNQQLGSFVNPFNDMNILKRRHDM--—-TPTPTTLSS-GTYNDSMLTISSDY
NONTK-QNVNQHLGIFVNPFNDMNVLKKRHDM--—-TPTPTTLSS-GIYSDSILTISSDY
NQQAK-QDANQHLGIFVQPFSDMNVLKRRQEM-——-TPTPTTLSS-GTYNDSMLTINSDY
NONTK-QNVNQHLGIFVQPFNDMNILKRRHEL--—-TPTPTTLSS-GTYNDSMLTINSDY

DAYLLDFPLLGDDFLLYLARMELRCRFKRTERVLQSGLCVSGQTISGARSRLHHLLVNKG
DAYLLDFPLLGDDFLLYLARMELRCRFKRTERVLQSGLCVSGQTISGARSRLHHLLVNKG
DAYLLDFPLLGDDFFLYLARMELKCRFKKDEKVLQSGLCISGQTINAARQRVQHVELQEM
DAYLLDFPLLGDDFFLYLARMELKCRFKKFEKVLQSGLCISGQTINAARQRLRLVELPEM
DAFLLDFPLMGDDFFLYLARMELNCRFKRYERVLQSGLCVSGQTIIGARNRFRKVYLPEG
DAFLLDFPLMGDDFFLYLARMELNCRFKRYERVLQSGLCVSGQTIIGARNRFRKVYLPEN
DAYLLDFPLMGDDLLLYLARMELKCRFRRYERVLQSGLCVSGQTINAARNRLKRVNLPEG
DAFLLDFPLMGDDFMLYLARMELKCRFKRHERVLQSGLCASGQTINGARNRLRKVQLPEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQSGLCASGLTINGARNRLRRVQLPEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEG
DAYLLDFPLMGDDFLLYLARMELNCRFKRYERVLQSGLCVSGQTINGARNRLKKANLPEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERILQSGLCVSGQTINGARRRLKKVQLPAG
DAYLLDFPLMGDDFMLYLARMELKCRFKRHERVLQSGLCVSGQTINGARKRLKKVHLTEG
DAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQSGLCVSGQTINGARMRLKKFHLPEG
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DAFLLDFPLMGDDFMLYLARMELKCRFRRYERILQSGLCVSGQTINGARNRLKKFHLPEG

TQIIVNIGSVDIMRGRPIVQIQHDFRQLVKDMHNRGLVPILTTLAPLANYCHDKAMCDKV
TQIIVNIGSVDIMRGRPIVQIQHDFRQLVKDMHNRGLVPILTTLAPLANYCHDKAMCDKV
TQIIVNIGSVDIMRGKPLVQIEHDFRQLIKEMHNRRFVPVLTTLAPLANYCHDKQTCEKV
TQIIVNIGSEDIMRGRSLVQIEHDFRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKV
TQIIVNIGSVDIMRGKPLVQIEHDFRLLIKEIHSRRCIPILTNLAPLANYCHDKVLCDKI
TQIIVNIGSVDIMRGKPLVQIEHDFRLLIKEIHSRRCIPILTNLAPLANYCHDKVLCDKI
TQIIVNIGSVDILRGKPLVQIEHDFRLLIKEMHNRRFVPILTNLAPLANYCHDKGLCDKV
TQIIVNIGSVDIMKGKPLVQIEHDFRLLIKEMHNQRYIPILTNLAPLANYCHDKVLCDKI
TQIIVNIGSVDIMRGKPLVQIEHDFRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKI
TQIIVNIGSVDIMRGRPLVQIEHDFRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKI
TQIIVNIGSVDIMRGRPLVQIEHDFRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKI
TQIIVNIGSVDIMRGKPLVQIEHDFRLLIKEMHSMRYVPILTNLAPLANYCHDKVLCDKV
TQIIVNIGSVDIMRGKPLVQIEHDFRLLIKEMHNMRLVPILTNLAPLANYCHDKVLCDKI
TQIIVNIGSVDIMRGKPLVQIEHDFRLLIKEMHNRRFVPILTNLAPLANYCHDTVMCDKM
TQIIVNIGSVDILCGRPLVQIEHDFRLLIKEMHSQRFVPILTNLAPLANYCHDKTMCDKI
TQIIVNIGSVDILCGRPLVQIEHDFRLLIKEMHSQRLVPILTNLAPLANYCHDKILCDKV
TQIIVNIGSVDILRGRPLVQIEHDFRLLIKEMHSQRFVPILTNLAPLANYCHDKELCDKV
TQIIVNIGSVDILRGRPLVQIEHDFRLLIKEMHNQRYVPILTNLAPLANYCHDKDLCDKV

VKFNQFIWKECASYLKVIDIHSCLVNENGVVRFDCFQYS---SRNVTGSKESYVFWNKIG
VKFNQFIWKECASYLKVIDIHSCLVNENGVVRFDCFQYS---SRNVTGSKESYVFWNKIG
LRFNKFIRNEGR-HLTVIDIHTCLINENGVVRFDCFQKG---PRSVTGSVEPYVFWNKIG
SRFNKFIRSEGR-HLKVIDIHSCLINENGIVRFDCFQNG---PRSVTGSSEPYVFWNKIG
TKFNRFVRNEARSHLKFIDINSCLINEKKNVLFDCFQSA---PRTVTGSKEPYLFWNKIG
SKFNKFVRNEARSHLKFIDINSCLINEKKNVLFDCFQSA---PRTVTGSKEPYLFWNKIG
LRFNNFIRSEGRSHLKVIDIHSCLINERGVVRFDCFQNA---PRSVSGSKEPYLFWNKIG
TRFNKFIASEGR-HLKVINIHSCLINERGIVRFDCFQRNLIYSGTKSGGSASCKLLNRVW
YRFNKFIRSECC-HLKVIDIHSCLINERGVVRFDCFQAS—---PRQVTGSKEPYLFWNKIG
YRFNKFIRSECC-HLKVIDIHSCLVNERGVVRFDCFQTS---PRQVTGSKEPYLFWNKIG
YRFNKFIRSECC-HLKVIDIHSCLVNERGVVRFDCFQTS---PRQVTGSKEPYLFWNKIG
HRFNKFIRSECC-HLKVIDIHSCLINERGVVRFDCFQSS—---PRQVSGSKEPYLFWNKIG
HRFNKFIRSECC-HLKVIDIHSCLINERGVVRFDCFQSS—---PRQVSGSKEPYLFWNKIG
SRFNKFIRSEGC-HLKIIDIHSCLVNERGIVRFDCFQSS---PRQVTGSKEPYLFWNKIG
YRFNKFIRSECC-HLKYIDIHSCLINERGIVRFDCFQSS—---PRQVTGSNQPYLFWNKIG
HRFNKFIRSEGS-HLKYIDIHSCLINERGIVRFDCFQSS—---PRQVTGSKEPYLFWNKIG
NRFNKFIRSEGR-HLKVVDIHSCLINERGVVRFDCFQ-====————=——— QEPYLFWNKIG
SRFNKFIRAEGR-HLKVVDIHSCLINESGIVRFDCFQSS---PRQVTGSREPYLFWNKIG

RORVLOMIEASLEYX-
RORVLOMIEASLEYX—
RORVLOMIEQNLEYHX
RORVLHMIEENLEYYX
RORVLQTIESCLEYX-
RORVLQTIESCLEYX-
RORVLOMIESSLEYX-
STKSGDX—————————
RORVLQVIETSLEYX-
RORVLQIIETSLEYX-
RORVLQIIETSLEYX—
RORVLQVIETSLEYX-
RORVLQVIETSLEYX-
RORVLQTIETNLEYX—
RORVLQTIESNLEYX~
RORVLQVIESSLEYX-
RORVLQIIESSLEYX-
RORVLRIIESSLEYX—
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Table S1. Log likelihood values and parameter estimates under partition models for Oskar structural and interaction
domains using MUSCLE MSA.

Model np P rs; | rss3 | rsq | rss | rsg K w
Mgene=0 B (different rs) 50 | -25256.89 | 0.46 | 1.06 | 0.710.84 | 0.8 1.58 0.15
Mgene=2 C (different rs and ) 95 | -25247.8410.49 113 |0.73|0.87 | 0.86| 1.63 0.16
Mgene=3 | D (different rs, k°> and w®) | 60 |-25120.72 | 0.53 | 1.03 | 0.89 | 0.95 | 0.98 | k4=1.62 | w;=0.33
Ko= 1.5 (,U2=O.12
K3=1.39 | w3=0.37
K4=1.73 | ws= 0.08
K5=1 57 (JJ5=O.14
Ke=1.89 | we= 0.11
Mgene=4 | E (different rs, k, w and 1) | 105 | -25104.23 | 0.56 | 1.05 | 0.91 | 0.97 | 1.09 | k1=1.67 | w1= 0.34
K2=1 57 ()J2=O.1 1
K3=1.56 | w3=0.45
K4=1.75 | w04=0.09
K5=1 57 Ws= 0.15
Ke=1.98 | we= 0.10

1 np: number parameters

2 |- log likelihood value

3 rs: substitution rate. rs; =1 for all models (not shown). Subscript corresponds to six partitions: (1) Long Osk domain; (2)
LOTUS domain; (3) Lasp-binding domain; (4) SGNH Hydrolase domain; (5) Vasa-interacting domain; and (6) Valois-
interacting domain.

411: equilibrium codon frequencies

5 K. transition/transversion ratio

6 w: dN/dS ratio
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Table S2. Log likelihood and parameter estimates from site models for Oskar
structural and interaction domains using MUSCLE MSA.

| I | k] Parameter estimates
Long Osk
M1 -4367.34 1.78 Po=0.75 p1=0.25 wp=0.23 w=1
M2 4367 34 178 Po=0.75, p1=0._15,p2=_0.1; wo=0.23,
UJ1—1, Wo= 1
M7 -4355.18 1.74 p=1.16, g=2.05
M8 4355 18 173 Po=0.99, p1=0.0£l,1p=1.16, q=2.05;
LOTUS
M1 -1925.78 1.65 Po=0.9, p1=0.1; We=0.07, w¢=1
M2 192578 | 165 | Po=0-9P1=0.07,p2=0.02; 1o=0.07,
UJ1—1, Wo= 1
M7 -1903.99 1.59 p=0.28, q=1.82
M8 -1903.27 1.58 | po=0.97, p1=0.03,p=0.35, q=3.13; w=1
Lasp-binding
M1 -2353.15 1.56 Po=0.5 p1=0.5 Wp=0.16 wq=1
M2 2353 13 157 Po=0.51, p1=_0.0,p2_=0.49; wp=0.1,
w1—1, W= 1.03
M7 -2350.60 1.54 p=0.5, g=1.03
M8 234914 | 1.59 P.=0.6, p+=0.4,0=0.88; 4=2.52,
w=1.10
SGNH Hydrolase
M1 -4916.54 1.95 Po=0.9 p1=0.1 We=0.07 wq=1
M2 491654 | 195 | Po=0:9p:=0.1,p2=0; we=0.1, w=1,
we= 1.03
M7 -4867.25 1.80 p=0.37, q =2.99
M8 _4864.38 1.80 Po=0.994, p1=0.906; p=0.39, q=3.5;
w=1.79
Vasa-interacting
M1 -8424.96 1.84 Po=0.75 p1=0.25 wp=0.09 w¢=1
M2 _8424.95 184 Po=0.75 p1=0.24,p2_=0; wp=0.09, w=1,
w2—34
M7 -8335.16 1.63 p=0.42, q=1.77
M8 -8334.98 163 Po=0.99, p1=0.093; p=0.42, q=1.85;
w=1.65
Valois-interacting
M1 -2559.41 2.37 Po=0.8 p1=0.2 wp=0.06 wq=1
M2 9559 41 237 Po=0.8 p1=0.1_6,p2=0_.04; wo=0.06,
UJ1—1, Wo= 1
M7 -2528.22 2.02 p=0.36, q=2.24
P.=0.99, p1=0.01; p=0.39, q=2.9;
M8 -2526.36 2.03 w=172
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Table S3. Log likelihood and parameter estimates from branch site models for Oskar structural and interaction domains

using MUSCLE MSA.

o values under Model: MA

o values under Model: MAgix

Csl‘latses Proportion | Background | D. virilis ) Proportion | Background | D. virilis I
0 0.65 0.24 0.24 0.64 0.23 0.23
1 0.19 1.00 1.00 0.22 1.00 1.00
Long Osk —_ 0.12 0.24 803.00 | +398.84 0.10 0.23 100 | 436619
2b 0.04 1.00 803.22 0.04 1.00 1.00
0 0.84 0.07 0.07 0.79 0.07 0.07
1 0.08 1.00 1.00 0.08 1.00 1.00
LOTUS 2a 0.07 0.07 3.46 -1923.41 0.11 0.07 1.00 -1923.94
2b 0.01 1.00 3.46 0.01 1.00 1.00
0 0.42 0.15 0.15 0.20 0.15 0.15
Lasp- 1 0.40 1.00 1.00 | 0.19 1.00 1.00 |
binding 2a 0.09 0.15 999.00 2350.39 0.31 0.15 1.00 2352.01
2b 0.09 1.00 999.00 0.30 1.00 1.00
0 0.85 0.06 0.06 0.85 0.06 0.06
SGNH 1 0.10 1.00 1.00 0.10 1.00 1.00
Hydrolase | 2a 0.05 0.06 1.00 -4916.29 0.05 0.06 1.00 -4916.29
2b 0.01 1.00 1.00 0.01 1.00 1.00
0 0.72 0.09 0.09 0.68 0.09 0.09
Vasa- 1 0.23 1.00 1.00 0.22 1.00 1.00
interacting | 2a 0.04 0.09 3.63 -8423.51 0.07 0.09 1.00 -8423.84
2b 0.01 1.00 3.63 0.02 1.00 1.00
0 0.70 0.06 0.06 0.70 0.06 0.06
Valois- 1 0.17 1.00 1.00 0.17 1.00 1.00
interacting | 2a 0.10 0.06 1.00 ~2558.43 0.10 0.06 1.00 -2558.43
2b 0.03 1.00 1.00 0.03 1.00 1.00
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Online Resource 3

This file contains the Oskar amino acid alignment generated with sequences from 18
Drosophilids using the PRANK MSA, and the results of multiple PAML analyses of this
alignment. The following elements comprise this Additional File:

Figure S2: Amino acid alignment.

Table S4: Log likelihood values and parameter estimates under partition models of
Oskar domains.

Table S5: Log likelihood values and parameter estimates under site models of Oskar
domains.

Table S6. Log likelihood values and parameter estimates under branch site models of
Oskar domains.
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Figure S2. Amino acid alignment of Oskar generated by PRANK MSA used for
PAML analysis. Residues with BEB probability of positive selection =0.92
indicated in red, p = 0.98 in blue, and p = 0.99 in green.
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MAAVTSE----FPSKPISYTST--NTSAK-TYYLKSVKKRVTTCFQQLRDKL————————
MATVTSE----FPSKPISYTST--NTSAK-TYYLKSVKKRLTTCFQQLREKL————————
MATVTSE----FPSKPISYTST--NTSAK-TYYLKSVKKRLTTCFQQLREKL————————
MAAVTSE----FPSKPISCTST--NTSAK-SNYLKSVKKRVTTCFQQLREKL————————
MAAVTSE----FPSKPISYTST--NTSAK-TYYLKSVKKRVTTCFQQLREKL————————
MAAVRSE----FPSKPNSNTYT--N--SK-FDDLRSVKKRVTTCLKKLCEKL————————
MAAVRSE----FPSEPNSNTNT--NTSTK-TDRLRSVKNRVTTCLKQLCEKL-———————
MAAVRSE----FPSEPYSNTNN--NTSTK-TDCLRSVKKRVTTCLKQLCEKL————=———
MAAVGSE----FPSEPISCRNT--NTPAK-PDRLRSVKKRVTTCLQQLREKL————————
MAAVRSE----FPSEPISYTNT--NTSNK-SNCLRSVKKRVTTCLQQLREKL————————
MATVTSE----FPSKPISYTNTNTNTSTK-TYCLRSVKRRVTTCLQQLREKL————————
MAAVRSE----FPSE----SNS--NPSTK-ADSLRSLKKHVATCWHNLCKKL————=———
MAAVTSE----LPRE----PTT--TTNTK-SDRLRAVKKRVTTCLQQWCQKL————————
MAAVTSE----LPRE----PTT--TTNTK-SDRLRAVKKRVTTCLQQWCQKL————————
MATYRSAHSEPYTSK----SNS--NSNSSSSSRLTALRKRLTTCLQQWCQHL————————
MATYRSAHSEPYTSK----SNS--NSNSSSSSRLTALRKRLTTCLQQWCQHL————————
MATFRSE--—-Fe————eeu NS--VPNTY-NQRLTALKKKLTTCFQQWRQOLLKLHQQQQ
MATFRSE--—-Fe————eeu NS--VPNTH-PDRLTAFRKKLTTCFHQWRQKL-——————~—
----------------------------- QSSGSFRKS-SSS---CLNQIFVRS-DFSA

----------------------------- QPFGSFRKS-SSN---RLYKIFVKS-DFSA

----------------------------- QPFGSFRKSSSSS---RLYKIFVKS-DFSA

----------------------------- QASGSFRKS-SPS---RLYKIFVKA-DFAA

----------------------------- QASGSFRKS-STS---RLYKIFVKA-DFAA

----------------------------- QAPGSFRKS-SSS---RFHKIFVRA-DYS--
----------------------------- QATGSFRKS-SSS---RFYKIFVKA-DYSG

----------------------------- QAPGSFRKS-SSS---RFYKIFVKA-DYSG

----------------------------- PAAGSFRKS-STG---RFYQVFVRA-DFSA

----------------------------- PASGSFRKS-SSS---RFYKIFVKA-DFSA

----------------------------- PATGSFRKS-STS---RFHRFFIKS-DFSD

----------------------------- QQPASFRKS-SHS---RFYKIFLKA-DCSAS
----------------------------- QQPASFRKS-SSS—---RFYRIFVKA-DYTA

----------------------------- QQPASFRKS-SSS—---RFYRLFVKA-DYTA

----------------------------- QKPASFQKC-KSGPNHQFYKIFEEVFDSKV

----------------------------- QKPASFQKC-KSGPNHQFYKIFEEVFDSKV

QPKQOQQQQQHQSQHOHOQQQOKQKQRGSE-—————————————— HFYNIFVRA-DCSI

----------------------------- Q--—————————————HF--——-KH-DYST

CGE-————- R-————- FRKIFKS————————mmmmmmmmmmo ARK-TEL--———
CGE-————- R-————- FQRKIFKS————————mmmmmmmmmmmo ARK-TES--——-
CGE-————- R-————- FQRKIFKS————————mmmmmmmmmmmo ARK-TES--——-
CGE-————- R-————- FQRIFKS————————mmmmmmmmmmmo ARK-TQS--——-
CGE-————- R-————- FQRIFKS————————mmmmmmmmmmo ARK-TES--——-
--DCSKFVRR-————~— FQRKIFKS————————mmmmmmmmmoo ARK-TES--——-
LREKSKFLRQ--———— LOKIYKS—————mmm e TRK-TES-————
FREKSKFVRQ-————— FQRKIFKS————————mmmmmmmmmmmo ARK-PES--——-
FGER———————————— FRKIFKS————————mmmmmmmmmmmo ARK-TES--——-
FGER———————————— FQRKIFKS————————mmmmmmmmmmo ARK-TES--——-
FSE-————- ) C—— LOKIFKS————mm—mmmm e ARK-SES--——-
FPE-————- KSKFLRQFHRIFKA——————————mm e GRK-SEGGGEPD
IGD--———-— KFKSVRQFHRKIFKA——————————mm e GRKKS—-—————
FGD-————- KFKSVRQFHRIFKA————————— o e GRK-G-—————=—
FGD-————- KTKYIRQFKKIFKGN-————————mmm e KDLAKK-S———————
FGD-————- KTKYIRQFKKIFKGN—————————mm e e KDLAKK-S———————
LSE-————— KVTYLRKFKRIFTARQNLASARTAATAASAKQPVLGRCIG--————=———=
LRA-————— KSICWQKFKKIYTAT——————————mmmmmmmm KLIS———————=———
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--PELWK-—=——=———- VPLVAHEL-T-SRQSS----Q0--QLQVVARLFSSTQIST-KE—
--PELWK-—=—————- VPLVAHEL-T-SRQSS----Q0--QLOQIVARLFSSTQIST-KE--
--PELWK-—==—=———- VPLVAHEL-T-SRQSS----Q--QLHIVARLFSSTQIST-KE--
--PELWK-—=——=———- VPLAAHDL-TNGRQTS----Q--QLRIVARLFSSTQIST-KE—
--PELWK-—=—————- VPLA-HDLTTTSRQSS----Q--QLRIVARLFSSTQIST-RE—
--PESWK-==—————- VPL-AHDV-T--RQSS---TH--QLQIVARLFSSTQIST-EE--
--PELWK-—=—————- VPL-AHDV-T--GQSS----Q0--QLOQIVTRLFSSTLIST-EE--
--PELWK-—=—————- VPL-AHDV-T--GQONS----Q--QLQIVARLFSSTLVST-EE--
--PELWK-—==—=———- VPL-AHDV-T--GPSS----Q--HLQIVARLFSSTLIST-KE--
--PELWK-—=—————- VPL-AHDV-T--GQSG----Q--QLOQIVARLFSSTLIST-KE--
--PELRR-—=—————-— VPLSTHDQ-QTSGQSS----Q0--QLOQIVARLFSSTLIST-KE--
PEPELWKE--—=———- VPLA--DE-Q---RSQ----E--QLQIVARLFSSTLIST-KEEE
—————— K-----——---EPAESVDE-R---======-0Q0--QLQFVARLFSSTLIST-EE--
—————— K------—---EPAESVDE-R---=-=====-0--QLQFVARLFSSTLIST-EE--
—————— E-PGRVVLVLVPEKPVDD-T---EES----QKKQLQLVARLFSSTLISAKEE--
—————— E-PGRVVLVLVPEKPVDD-T---EES----QKKQLQLVARLFSSTLISAKEE--
————————————————————————————— QEE----Q0--QLQIVASLFSSTLIS-==—-—-
————————————————————————————— QEEVEE-Q--QLOQIVATLFSSTLIS-==——-
-IT---Y-NS---NS---NTSE--====————————— NN-MTIIESNYISVREEYPDIDS
-IT---Y-SS--=-NN---NTSE--====————————— TN-MTITESNYISVREDYPDIDA
-IT---Y-SS---NS---NTSE--====————————— SN-MTITESNYISVREDYPDIDA
-IT---YSTS---NN---NTSSYSFRSRKSE-SC--RSN-MTIIESNYIAVREDYPDIDV
-IT---YTNS-=-NN--——- SSYSFRRRKSE-SH--RSN-MTIIESNYIGVREDYPDIDT
-II-—-Y-NN---——— - ——— ISFNSRKSQ-SH--SSN-MTIIESNYIAVREEYPDIDA
-IT---Y-NT---NNKNN----NSCKSRKSHKSY--KSS-MTIIESNYIAVREEFPDIDT
-IT---Y-HT---NI--——=——- NSYKSRKSQ-SY--DCD-MTIIESNYIAVREEYPDIDT
-IS---Y-SN---HR-=-==——- YSCRSGKSE-SY--SSN-MTITESNYIAVREEHPDIDK
-IH---C-NN---NS—==—=——- YSYKSRKSE-SY--SSN-MTITESNYITVREEFPDIDA
-IT---F-NNHTKNS-———=——- FSYKCRKSE-GY--SSN-MTITEGNYIDVREENPDIDA
ITTTSRS-SN---CN-===—=—— TSYTRRKSQ-SYCSTST-MTITIEGNYREVRDEYPDIDA
-I-——-Y-GN---GK--==——- TSYSSRKSQ-SY--NSNSMTITESNYIAVREENPDIDA
“I-===-Y-GN--emmm e e SSRKSQ-SF--NSNSMTIIESNYIAVREENPDIDA
e e et e T SC-SY--NSSSMTIIDSNYIEVREEYPEIDS
e e et e T SC-SY--NSSSMTIIDSNYIEVREEYPEIDS
——————————————————————— KHSSSASI-T----SSSMTIMDNTYIGVRDEYPDIDT
——————————————————————— KYTSSKNS-S----SCNMTIMDDSYIGVRDEYPDIDA
EVRAILLSHAQNGITISSIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIFN

EVRAILLSHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFN
EVRAILLSHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFN
EVRAILLSHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIFN
EVRAILLSHAQNGITISNIKSEYRKLTGNTFPLHDNVTDFLLTIPNVTAECSESGKRIFN
EVRAILLSHAQNGITISNIKSEYRTQTGNPFPVQENVTDFLLTIPNVTAECSESGKRIFN
EVRAILLSHAQNGITISNIKSEYRKQTGCQFPLHDNVTDFLLTIPNVTAECSESGKRIFN
EVRAILLSHAQNGITISNIKSEYRKQTGIQFPLHDNVTDFLLTIPNVTAECSESGKRIFN
ETRATILLSHAQNGITISSIKSEYRKQTGNPFPLHDNITDFLLTIPNVTAECSESGKRIFN
EVRAILLTHAQNGITISNIKSEYRKQTGNAFPLHDNITDFLLTIPHVTAECSESGKRIFN
EVRAILLTHAQNGITISSIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFN
EVRAILLSHAQNGITISSIKDEYRKQTGNTFPLHDNVTDFLLTIPYVTAECSHTGKRIFN
EVRAILLSHAQNGITISSIKSEYRKQTGNTFPLHDNVTDFLLTIPYVTAECSETGKRIFN
EVRAILLSHAQNGITISSIKSEYRKQTGNTFPLHDNVTDFLLTIPYVTAECSETGKRIFN
EIRSILLANAQSGITISTIKNEYRKLTGNPFPLHENITDFLLTIPHVTAECCVSGKRIFN
EIRSILLANAQSGITISTIKNEYRKLTGNPFPLHENITDFLLTIPHVTAECCVSGKRIFN
ETIRSILLANAQNGITISSIKKEYRQLTGTAFPLHDNITDFLLTIPHVTAECCESGKRIFN
ETRATILLANAQKGITISSIKSEYRNMTGNAFPLRENITDFLLTIPYVTAECCMSGKRIFN
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LKASLKNGHLLDMVLNQKER-=-==—-— TSDYSSGAPSLEN-=-=-I—-———- P---RAPPRYWK
LKANLKNGHLLDMVLNQKQRT--TNSTSDYSSGAPSLEN--=T——=—=—— P---RAPPRYWK
LKANLKNGHLLDMVLNQKQRT--TNSTSDYSSGAPSLEN-==T——=—=—— P---RAPPRYWK
LKANLKNHHLLEMVLNQKQRTG----SSDYSSGAPSVES-—-M—-=—=—-— P---RAPPRYWK
LKANLKNRHLLDMVLNQKQRTGTANGTSDYSSGAQSVEN-—--M—-=—=—— P---RAPPRYWK
LKPNTKNRHLLDLVLNQKQRT -=—=——- SDTSSGAPSVES---H-—=—--- S—---RPPPYYWR
LKPNVKNRHLLDMVLNQKQRT - —==——— SDYSSGAPSVED---K-=—=-— P---RPPPRYWK
LKPNAKNRHLLDMVLNQKQRT -==——- SDYSSGTPSVED---N—-=—=—-— P---RPPPRYWK
LKPSLKNRHLLEMVLNQKQRS —==——- SDCSSGAPSVED---Q—-=—=—— P---RAPPRYWK
LKPNLKNRHLLEMVLNQKQRA-——=——— SDYSSGAPSLED---K-=—=-- P---RAPPRYWK
LKANLKNRHLLDMVLNQKQKP-——=——- SDNSSEAPTVED---K-—=—=--— S—---RVPPRYWK
LKPNKENSHLLEMVLNQKQR-—==——— SDYSSGAPSIED---KYRMGPP---QVPPRYWR
MKPNKDNRHLYDMVLNQKQR-==—=——— NDCSSGPPSSVEYN-R—-—=——- PVGOQRGPPRHWR
MKPNKDNRHLYDMVLNQKQR-==—=——— NDFSSGPPSTVDYNSK—-—-—-—-- PVGORGPPRHWR
MKPRPETRHLYDMVVHQKRT -==———— NDLG--—-- TND---H-=——- PVAAP-PPRLWR
MKPRPETRHLYDMVVHQKRT -==———— NDLG----- TND---H-=——- PVAAP-PPRLWR
IKPTEHTRHLHEMILOQROR-—=——=—=—— DSVSNP-=====————————— IQAQEPPRLWR
IKPTEDTRHLHDMVLNQRQR-===—=—=—— ENGNNHNSNNH---H-=—--- VLDAQEPPRLWR
NPFKRRALSQLN—-==—=—=—— Te———- SPRTVP-—=————- KI--TDE-KTKDIA--TR-PV
NPFKRRALSQLN-==——=—— Te———- SPRTVP-——————- KI--TNE-RTKEIA--TR-PA
NAFKRRALSQLN-==—=—=—— Te———- SPRTVP-——————- KI--TDE-QTKEIP--TR-PA
NPFKRRALSQLN-====———————— NLNTES—-====——- KI--TDE-QTQETS--TR-PA
NSFKRRALSQLN=-===—=—— D—=——- NLNTVP-==—=———-— KL--TDE-QTKESA--TRQPA
NSYKRKALSQLD=====—— Se—ee—e NLNIRP-=-=-==——- KT--ADY-QAKDIA--TK-AA
FPYKRRALSQLE-—=—=——-— N-————- NLNTGP-==-==——- KLKEQEH-QFQAAT--TK-AA
FPYKRRAISQLD-—==—=——- Ne————- NLNTRP-=-=—==——- KL--EDH-QFKAIT--AK-TT
NPYKRRALSQLD=—====—— Ne————- NLNTVP-==—=———-— KL--TAD-QTKAVD--TR-AA
NPYKRRALSQLD=-====—— Ne————- NLNTVH-=-==—=——- KL--TDE-QTKAIN--TK-AA
NPYKRRALSQLD=-====—— N-————- NLNTVH-=-===——- KL--TDD-QAKAMSMHTR-AA
NGFKRRALSPLD-==-==—— Ne————- NLN-VKV----NSEKP--ADD-QSKAIN--TR-SA
YOYKRRAQSPLE-—=———— NTNQIKQLNTEQN----GMEKL--QDNVQIRAIK--TN-SA
YOYKRRAQSPLE-—=———- NLNOMKHLNTERQ=-=-=—=====—=—=———— VODKAIN--AN-SA
CQYKRRALYSLNTNNNNNYNLNONINHIEEKVPAVGGKEVA--TED-QA-——=——=———— G
CQYKRRALYSLNTNNNNNYNLNONINHIEEKVPAVGGKEVT--TED-QA-—==—————— G
AQYKRRIP----Q--HFNFNLN-—-—-- TSEKPPAV--—=-KI--S—====————— - ——
SQYKRRCL----QNENYNFNLN-—-—-- ICEKPPAA-——-KI--T-==——m - ———
SLHQMANEAAESNWCYQDNWKHLNNFYQQASVNAPK--MPVPINIYSPDAPEE-PINLAP

SLHOQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQ--MPVPINIYS-DAPEE-PTHLAA
SLHOQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQ--MPVPINIYS-DAPEE-PTHLAA
SLHOQMANEAAESNWCYQDNWKHLNNFYQQASVNAPK--MPVPINIYS-DAPEE-RIQVDA
SLHOQMANEAAESNWCYQDNWKHLNNFYQQSSVNAPK--MPVPVNIYS-DAPEE-RIHLDA
PLPQLAKEAAESNWCYQODNWKHLNNYYQQSSANEPQ--IPVPINIYT-DATEE-PNQFAV
PLOQLAKEAAESNWCYQODNWKHLNNFYQQSSANEPQ--MPVPINIYS-DATEE-RTQFAV
PLHQLAKEAAESNWCYQODNWKHLNNFYQQSSANEPQ--RPVPINIYS-DPPEE-RTQFAV
PLOQLAKEAAESNWCYQODNWNHLNNIYQRSSVSEPQIQLPVPINIYS-DAPEE-PNQMNV
PLOQLAKEAAESNWCYQODNWNHLNNFYQQSRVNEPQ--MPVPINIYS-DATEE-PIQLDA
PLOQLAKVAAESNWCYQODNWKHLNNFYQQSSVNEAQ--RPVPINIYT-DALEDLPIQLDN
ALPHMAKAAAESNWCYQDNWNHLKNIYQQSSGNAPH--MHEPNQIYT-DPPEL-SNHLAN
SLOKLAKAAGESNWCYQDNWNHLNNFYQQONNVNGPQ--NPVPPNIYI-DTPDQ-PTQVTD
TLOKLAKAAGESNWCYQODNWNHLNNFYQQSNVNGHQ--NQVPPNIYV-DTPDR-QTQVTD

PLOQLARAAAESNWCYQODNWNHLKNCYQRA-—==————————— NIFA-DPPEK-PPPLPA
PLOQLARAAAESNWCYQODNWNHLKNCYQRA-—==————————— NIFA-DPPEK-PPPLPA
KLOPLATAAAMSNDVYQDNWKHLNNQYQL - =====—————— e e — — POLNA
PVQHLATAAMAPFGVYQODNWKHLNNQYQL—-======——— e e —— SQLAT
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Dmel PGH--QPS—-CRTQS-—————————— e Q--—-KTE-PTEN--————————=
Dsec PGQ--QPSCCRTQS—-————————————mmmmoo K-——-KTE-PTEN--————————=
Dsim PGQ--QPSCCRTQS——————————— e K-——-KPE-PTEN--————————=
Dere PGH--QPS—-CRTQN-————————oo e Q--—-KTQHPTEN--————————=
Dyak PGH--QPS—CRTQN-————————— oo Q--—-KTQQTTEN--————=———=
Dfic PEH--LPP-CKNHK-————————mm oo Q-——-NTK-PNDN--————=———=
Dele PEP--RPC-GKNHN-—————— oo Q-——-NNK-PNVN-—————=————
Drho PEL--PPH-CRNPN-—————— oo Q-——-NTK-QNVN-——————————
Dbia PQH--HPL-C--HNRNQNPSQN-=-————————e—— Q--—-QAK-QDAN-—————————=
Dtak PEH--HPH-CQNHNENQNPNQN--——————————c—— Q-——-NTK-QNVN-—=———=————
Deug PEH-—-HPN-CKNNN-—————o— oo Q-——-NIK-QNVN--—————————
Dkik PELI-KPP-CKNHN-—————— e S——mm— PNLN-——————————
Dbip PEL-LH=-==CQON=—=— oo oo RNPS———=———————
Dana PEQ--H-——CQON=—=——— oo oo PHPS———————=———
Dper QEN--H-—-LRNSN-—————o—o oo S——mm— ON————mm e
Dpse QEN--H-—-LRNSN-—————— oo S——mm— ON————mm e
DVir A-————————o KNN-———————— IHS-IASNPAQLQAALPAE-—-—HHPS———————————
Dimm Q-————————— NSN-———=——— QFSCIRSDPVQLQIA-——————— PHPPEQQHQQQRQQQ
Dmel -RH--LGIFVHPFNGMNI—-————————m oo MKRRHEM————————————
Dsec -RH--LGIFVHPFNDMNV—-——————— oo LKRRHEM————————————
Dsim -RH--LGIFVHPFNDMNV——————— oo e LKRRHEM-———————————
Dere -RH--LGIFVHPFSDMNV—-———————mmm o MKRRHEMTPTP-—-——————
Dyak -RH--LGIFVHPFNDMNV-—————— oo MKRRHEM————————————
Dfic -QH--LGIFMRPYNDMNV———————mm o e LKKRRDL-———————————
Dele -QQ--LGSFVNPFNDMNI—————————o—m e LKRRHDM-———————————
Drho -QH--LGIFVNPFNDMNV—-—————— oo e e LKKRHDM-———————————
Dbia -QH--LGIFVQPFSDMNV—-———m—— o mmmmmmmmm LKRRQEM-———————————
Dtak -QH--LGIFVQPFNDMNI—-————————m e e LKRRHEL-———————————
Deug -QH--LGNFVNPLNDVNP—=—————— oo FKRRQDI————————————
Dkik -QI--L—————————u NPNLDI--———————— FRRPRSSCDLKRRHER—-———————————
Dbip -QN--Q-————————— NYHQDLYNNHNRDMLEFKRPR————————— DL-———————————
Dana -QN--Q-————————— NSQODIYNNQNRELFEFKRPR————————— DL-———————————
Dper —-————-———mm e HRDN-—————=——— LKNQR-———————— NL----LVNEHHSM
DpSe —————————mm e HRDN-—————=——— LKNQR-———————— NL----LVNEHHSM
Dvir -KHVEE-————————— YAH-——mm e KRRH-———————— EY-———mm -
Dimm QQQIGE-—-———————— YSH-——mmmmommo KRRH-———————— EF-—————
Dmel —-—————————o TPTPTILTS-GT-YNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
DSeC ——————————u TPTPTILTS-GT-YNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
Dsim ——————————o TPTPTILTS-GT-YNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
Dere —-—————————o TPTPTTLSS-GT-YADSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
Dyak —-—————————o TPTPTILTS-GT-YSDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
Dfic —————om———o TPTPTTLSS-GT-FNDSILTMSSDYDAYLLDFPLMGDDFLLYLARMELN
Dele ——————————o TPTPTTLSS-GT-YNDSMLTISSDYDAYLLDFPLMGDDFMLYLARMELK
Drho ——————————= TPTPTTLSS-GI-YSDSILTISSDYDAYLLDFPLMGDDFMLYLARMELK
Dbia —-————————= TPTPTTLSS-GT-YNDSMLTINSDYDAYLLDFPLMGDDFMLYLARMELK
Dtak —-—————————o TPTPTTLSS-GT-YNDSMLTINSDYDAFLLDFPLMGDDFMLYLARMELK
Deug —-———————— TPTPTIFTSGGS-SNNSLMTINSDYDAFLLDFPLMGDDFMLYLARMELK
Dkik —=—————————o TPTPTTMSS-AT-HNDSMLTISSDYDAYLLDFPLMGDDLLLYLARMELK
Dbip —-————————o TPTPT-TTS-GT-QNDSMMTISSDFDAFLLDFPLMGDDFFLYLARMELN
Dana -—--—-—-——————— TPTPT-MTS-AT-HNDSMRTISSDFDAFLLDFPLMGDDFFLYLARMELN

Dper QQEYQYQYPTTTPTPTTISS-GT-QHDSMFTINSDYDAYLLDFPLLGDDFLLYLARMELR
Dpse QQEYQYQYPTTTPTPTTISS-GT-QHDSMFTINSDYDAYLLDFPLLGDDFLLYLARMELR

Dvir
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Dmel
Dsec
Dsim
Dere
Dyak
Dfic
Dele
Drho
Dbia
Dtak
Deug
Dkik
Dbip
Dana
Dper
Dpse
Dvir
Dimm

Dmel
Dsec
Dsim
Dere
Dyak
Dfic
Dele
Drho
Dbia
Dtak
Deug
Dkik
Dbip
Dana
Dper
Dpse
Dvir
Dimm

Dmel
Dsec
Dsim
Dere
Dyak
Dfic
Dele
Drho
Dbia
Dtak
Deug
Dkik
Dbip
Dana
Dper
Dpse
Dvir
Dimm

CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGRPLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGRPLVQIEHD
CRFRRHERVLQOSGLCASGLTINGARNRLRRVQLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFKRYERVLOSGLCVSGQTINGARNRLKKANLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFRRHERILOSGLCVSGQTINGARRRLKKVQLPAGTQIIVNIGSVDILCGRPLVQIEHD
CRFKRHERVLQOSGLCVSGQTINGARKRLKKVHLTEGTQIIVNIGSVDILCGRPLVQIEHD
CRFRRHERVLQOSGLCVSGQTINGARMRLKKFHLPEGTQIIVNIGSVDILRGRPLVQIEHD
CRFRRYERILOSGLCVSGQTINGARNRLKKFHLPEGTQIIVNIGSVDILRGRPLVQIEHD
CRFKRHERVLQOSGLCASGQTINGARNRLRKVQLPEGTQIIVNIGSVDIMKGKPLVQIEHD
CRFRRYERVLQOSGLCVSGQTINAARNRLKRVNLPEGTQIIVNIGSVDILRGKPLVQIEHD
CRFKRYERVLOSGLCVSGQTITIGARNRFRKVYLPENTQIIVNIGSVDIMRGKPLVQIEHD
CRFKRYERVLOSGLCVSGQTITIGARNRFRKVYLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFKRTERVLQOSGLCVSGQTISGARSRLHHLLVNKGTQIIVNIGSVDIMRGRPIVQIQHD
CRFKRTERVLOSGLCVSGQTISGARSRLHHLLVNKGTQIIVNIGSVDIMRGRPIVQIQHD
CRFKKFEKVLOSGLCISGQTINAARQRLRLVELPEMTQIIVNIGSEDIMRGRSLVQIEHD
CRFKKDEKVLQOSGLCISGQTINAARQRVQHVELQEMTQIIVNIGSVDIMRGKPLVQIEHD

FRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECC-HLKVIDIHSCL
FRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECC-HLKVIDIHSCL
FRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECC-HLKVIDIHSCL
FRLLIKEMHSMRYVPILTNLAPLANYCHDKVLCDKVHRFNKFIRSECC-HLKVIDIHSCL
FRLLIKEMHNMRLVPILTNLAPLANYCHDKVLCDKIHRFNKFIRSECC-HLKVIDIHSCL
FRLLIKEMHNRRFVPILTNLAPLANYCHDTVMCDKMSRFNKFIRSEGC-HLKIIDIHSCL
FRLLIKEMHSQRFVPILTNLAPLANYCHDKTMCDKIYRFNKFIRSECC-HLKYIDIHSCL
FRLLIKEMHSQRLVPILTNLAPLANYCHDKILCDKVHRFNKFIRSEGS-HLKYIDIHSCL
FRLLIKEMHSQRFVPILTNLAPLANYCHDKELCDKVNRFNKFIRSEGR-HLKVVDIHSCL
FRLLIKEMHNQRYVPILTNLAPLANYCHDKDLCDKVSRFNKFIRAEGR-HLKVVDIHSCL
FRLLIKEMHNQRYIPILTNLAPLANYCHDKVLCDKITRFNKFIASEGR-HLKVINIHSCL
FRLLIKEMHNRRFVPILTNLAPLANYCHDKGLCDKVLRFNNFIRSEGRSHLKVIDIHSCL
FRLLIKEIHSRRCIPILTNLAPLANYCHDKVLCDKISKFNKFVRNEARSHLKFIDINSCL
FRLLIKEIHSRRCIPILTNLAPLANYCHDKVLCDKITKFNRFVRNEARSHLKFIDINSCL
FROQLVKDMHNRGLVPILTTLAPLANYCHDKAMCDKVVKFNQFIWKECASYLKVIDIHSCL
FROQLVKDMHNRGLVPILTTLAPLANYCHDKAMCDKVVKFNQFIWKECASYLKVIDIHSCL
FRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKVSRFNKFIRSEGR-HLKVIDIHSCL
FROQLIKEMHNRRFVPVLTTLAPLANYCHDKQTCEKVLRFNKFIRNEGR-HLTVIDIHTCL

INERGVVRFDCFQASPRQVTGSKEPYLFWNKIGRQRVLOQVIETSLEY - —-———————————
VNERGVVRFDCFQTSPRQVTGSKEPYLFWNKIGRQRVLOQIIETSLEY - —-———-————————
VNERGVVRFDCFQTSPRQVTGSKEPYLFWNKIGRQRVLQIIETSLEY——-———-————————
INERGVVRFDCFQSSPRQVSGSKEPYLFWNKIGRQRVLOQVIETSLEY - —-———————————
INERGVVRFDCFQSSPRQVSGSKEPYLFWNKIGRQRVLOQVIETSLEY - —-———————————
VNERGIVRFDCFQSSPRQVTGSKEPYLFWNKIGROQRVLOQTIETNLEY - —-———————————
INERGIVRFDCFQSSPRQVTGSNQPYLFWNKIGROQRVLOQTIESNLEY - —-———————————
INERGIVRFDCFQSSPRQVTGSKEPYLFWNKIGRQRVLOQVIESSLEY——-———————————
INERGVVRFDCFQ-==—==——— QEPYLFWNKIGRQRVLQIIESSLEY-————————————
INESGIVRFDCFQSSPRQVTGSREPYLFWNKIGRQRVLRIIESSLEY——=——————————
INERGIVRFDCFQR-=====— = e e e e NLIYSGTKSGGSASCKL
INERGVVRFDCFQNAPRSVSGSKEPYLFWNKIGRQRVLOMIESSLEY - —-———————————
INEKKNVLFDCFQSAPRTVTGSKEPYLFWNKIGRQRVLQTIESCLEY-————————————
INEKKNVLFDCFQSAPRTVTGSKEPYLFWNKIGRQRVLQTIESCLEY-————————————
VNENGVVRFDCFQYSSRNVTGSKESYVFWNKIGROQRVLOMIEASLEY - —-———————————
VNENGVVRFDCFQYSSRNVTGSKESYVFWNKIGROQRVLOMIEASLEY - —-———————————
INENGIVRFDCFQNGPRSVTGSSEPYVFWNKIGRQRVLHMIEENLEY ——=——————————
INENGVVRFDCFQKGPRSVTGSVEPYVFWNKIGROQRVLOMIEQNLEY - ————————————
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DseCc —-=—====—=—====— X
Dsim ——————————- X
Dere —-—=—==—=——====- X
Dyak -—-—-———————- X
Dfic ——————————o X
Dele ——————————- X
Drho - —————————- X
Dbia —-—————————- X
Dtak --—-———————- X
Deug LNRVWSTKSGDX
Dkik ———=——————— X
Dbip --—-——=-————- X
Dana —-=====—=—=—=-- X
Dper —-—-—-———————- X
Dpse —-—==—=—=—=———- X
DVir ——————— e YX
Dimm —--—==—————- HX
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Table S4. Log likelihood values and parameter estimates under partition models for Oskar structural and interaction
domains using PRANK MSA.

Model np' P rs; | rsz | rsg rss rse K w

Mgene=0 B (different rs°) 50 |-24498.390.93|0.50|0.75| 0.84 |0.88| 1.65 0.14

Mgene=2 C (different rs and ) 95 | -24497.7210.88 | 0.510.74| 0.83 |0.90 1.70 0.14

Mgene=3 | D (different rs, k® and w®) | 60 |-24387.97 | 0.96 |0.58 |0.94| 0.98 |1.08| k4=1.56 | w=0.34

K2=1 .60 W= 0.27

K3=1.49 | w3=0.12

Ks= 1.79 | 04=0.08

K5=1.66 | ws=0.12

K6=1 .97 We= 0.10

Mgene=4 | E (different rs, k, w and 1) | 105 | -24380.18 | 0.93 | 0.61 | 0.95| 0.98436 | 1.17 | K1= 1.76 | W1=0.41

Ko= 1.65 | wp=0.28

K3= 1.56 w3= 0.11

Ks= 1.83 | ws= 0.08

Ks= 1.67 Ws= 0.13

Ke= 2.06 | we=0.10

1 np: number parameters

2 |- log likelihood value

3 rs: substitution rate. rs; =1 for all models (not shown). Subscript corresponds to six partitions: (1) Lasp-binding domain
(2) Long Osk domain; (3) LOTUS domain; (4) SGNH Hydrolase domain; (5) Vasa-interacting domain; and (6) Valois-
interacting domain .

411: equilibrium codon frequencies

5 K. transition/transversion ratio

6 w: dN/dS ratio
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Table S5. Log likelihood and parameter estimates from site models for Oskar structural
and interaction domains using PRANK MSA.

| I | x| Parameter estimates
Long Osk

M1 -4195.42 1.73 Po= 0.82 p1= 0.17wo= 0.21 w=1

M2 -4195.42 1.73 Po= 0.82 p1= 0.02 ,p2= 0.15; wo= 0.21, w1=1, wy=1

M7 -4186.96 1.71 p=1.08, q =2.46

M8 -4186.22 1.71 po= 0.93, p1= 0.06,p= 1.41; g= 3.91, w= 1.06

LOTUS

M1 -1925.78 1.65 Po= 0.89 p1= 0.10 wo= 0.07w+=1

M2 -1925.78 1.65 Po= 0.89 p1= 0.10 ,P2= 0; Wo= 0.07, (JL)1=1, wo= 1

M7 -1903.99 1.58 p=0.27,q=1.82

M8 -1904.03 1.58 po= 0.99, p1= 0.00,p= 0.27; q= 1.83, w=4.39

Lasp-binding

M1 -2144 .17 1.71 Po= 0.52 p1= 0.47 wo= 0.14w+=1

M2 -2144.12 1.73 po= 0.53 p1= 0 ,p2= 0.46; wo= 0.14, w1=1, wo=1.04

M7 -2142.52 1.66 p=0.44, q= 0.45

M8 -2140.66 1.72 po= 0.63, p1= 0.36,p= 0.80; q= 2.55, w=1.16
SGNH Hydrolase

M1 -4860.40 1.94 Po= 0.89 p1= 0.10 we= 0.05 w=1

M2 -4860.40 1.94 Po= 0.89 p1= 0.07,p2= 0.03; wo= 0.05, w1=1, wy=1

M7 -4803.77 1.79 p=0.29, q = 2.57

M8 -4800.80 1.80 po= 0.99, p1= 0.005 ; p= 0.31, g= 3.03; w= 1.97
Vasa-interacting

M1 -8190.91 1.93 Po= 0.78 p1= 0.21 wo= 0.08 w+=1

M2 -8190.91 1.93 po= 0.78 p1= 0.20,po= 0.007; wo= 0.08, w1=1, wy=1

M7 -8107.90 1.87 p=0.37,9=1.72

M8 -8106.28 1.73 po= 0.98, p1=0.01; p=0.4, g= 2.01; w= 1.86
Valois-interacting

M1 -2592.65 2.20 Po= 0.84 p1=0.15 wop= 0.06 w=1

M2 -2592.65 2.20 Po= 0.84 p1= 0.11 ,P2= 0.03; Wo= 0.06, U)1=1, wo= 1

M7 -2568.01 2.04 p= 0.36, g= 2.21

M8 -2565.72 | 2.06 Do= 0.98, p1= 0.0 : p= 0.42, q= 3.14: w=1.64
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Table S6. Log likelihood and parameter estimates from branch site models for Oskar structural and interaction domains
using PRANK MSA.

o values under Model: MA

o values under Model: MAgix

Csllatse$ Proportion | Background | D. virilis I Proportion | Background | D. virilis /
0 0.76 0.20 0.20 0.73 0.20 0.20
Long 1 0.15 1 1 -4191.98 0.15 1 1 -4194.7
Osk 2a 0.05 0.2 16.5 0.09 0.20 1
2b 0.01 1 16.5 0.02 1 1
0 0.83 0.07 0.07 0.79 0.07 0.07
1 0.08 1 1 0.08 1 1
LOTUS 2a 0.07 0.07 3.46 -1923.4 0.11 0.07 1 -1923.93
2b 0.00 1 3.46 0.01 1 1
0 0.41 0.13 0.13 0.44 0.13 0.13
Lasp- 1 0.35 1 1 0.39 1 1
binding | 2a 0.12 0.13 3500 | 213920 0.08 0.13 1 -2143.18
2b 0.10 1 35.09 0.07 1 1
0 0.83 0.05 0.05 0.83 0.05 0.05
Hsgr':::s 1 0.09 1 1 0.09 1 1
o 2a 0.06 0.05 1 -4859.96 0.06 0.05 1 -4859.96
2b 0.07 1 1 0.07= 1 1
0 0.76 0.08 0.08 0.72 0.07 0.07
in‘::f:éti 1 0.20 1 1 -8186.49 0.20 1 1 -8189.04
ng 2a 0.02 0.08 13.26 0.05 0.07 1
2b 0.00 1 13.26 0.01 1 1
0 0.74 0.06 0.06 0.74 0.06 0.063
Valois- | 1 0.13 1.00 1 0.13 1 1
'"tf]r;c“ 2a 0.10 0.06 1 -2591.50 0.10 0.06 1 -2591.50
2b 0.018 1.00 1 0.018 1 1
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Online Resource 4

This file contains amino acid alignments of conserved sequence blocks of specific predicted structural and interaction
Oskar domains from 18 Drosophilids using the PRANK MSA, and the results of the PAML analysis of these alignments.
The following elements comprise this Additional File:

Figure S3: Amino acid alignments.

Table S7: Log likelihood values and parameter estimates under branch site models of trimmed alignments of individual
Oskar domains from 18 Drosophilids.
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Figure S3: Conserved sequence blocks of the Long Osk, Lasp-binding, and
Vasa-interacting domains from Oskar sequences of 18 Drosophilids aligned
using the PRANK MSA. Sites with BEB >0.9, indicating sites under positive
selection, are indicated with highlighted in red and marked with an asterisk.

Long Osk domain

Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

0.91

*
MATYRSAYTSKSNS----N-LTALRKRLTTCLQQWCQHLQKPASFQKCKSGQFYKIFEEV
MATYRSAYTSKSNS----N-LTALRKRLTTCLQQWCQHLQKPASFQKCKSGQFYKIFEEV
MATFRSEFNSVPNT----H-LTAFRKKLTTCFHQWRQKLQ=-=-===—==———— HF=———- KH
MATFRSEFNSVPNT----Y-LTALKKKLTTCFQOWRQQLE-====—==———— HFYNIFVRA

MATVTSEFPSKPISYTNTNTLRSVKRRVTTCLQQLREKLPATGSFRKSSTSRFHRFFIKS
MAAVRSEFPSEPISYTNTNTLRSVKKRVTTCLQQOLREKLPASGSFRKSSSSRFYKIFVKA
MAAVGSEFPSEPISCRNTNTLRSVKKRVTTCLQQOLREKLPAAGSFRKSSTGRFYQVFVRA
MAAVTSEFPSKPISYTSTNTLKSVKKRVTTCFQQLRDKLOSSGSFRKSSSSCLNQIFVRS
MATVTSEFPSKPISYTSTNTLKSVKKRLTTCFQQLREKLOQPFGSFRKSSSNRLYKIFVKS
MATVTSEFPSKPISYTSTNTLKSVKKRLTTCFQQLREKLOQPFGSFRKSSSSRLYKIFVKS
MAAVTSEFPSKPISYTSTNTLKSVKKRVTTCFQOLREKLQOASGSFRKSSTSRLYKIFVKA
MAAVTSEFPSKPISCTSTNTLKSVKKRVTTCFQOLREKLOASGSFRKSSPSRLYKIFVKA
MAAVRSEFPSEPYSNTNNNTLRSVKKRVTTCLKQLCEKLQAPGSFRKSSSSRFYKIFVKA
MAAVRSEFPSEPNSNTNTNTLRSVKNRVTTCLKQLCEKLQATGSFRKSSSSRFYKIFVKA
MAAVRSEFPSKPNSNTYTN-LRSVKKRVTTCLKKLCEKLQAPGSFRKSSSSRFHKIFVRA
MAAVRSEFPSESNS----NPLRSLKKHVATCWHNLCKKLQQPASFRKSSHSRFYKIFLKA
MAAVTSELPREPTT----TTLRAVKKRVTTCLQQWCQOKLQOQPASFRKSSSSRFYRLFVKA
MAAVTSELPREPTT----TTLRAVKKRVTTCLQQWCQKLQOQPASFRKSSSSRFYRIFVKA

GDKTKYIRQFKKIFKG--L----KQLQLVARLFSSTLIS
GDKTKYIRQFKKIFKG--L----KQLQLVARLFSSTLIS
RAKSICWQKFKKIYTA--I----QQLQIVATLFSSTLIS
SEKVTYLRKFKRIFTA--I----QQLQIVASLFSSTLIS
SE-=———- KLOKIFKSARPELRRQQLQIVARLFSSTLIS
GE-———-—- RFQKIFKSARPELWKQQLQIVARLFSSTLIS
GE-———-—- RFRKIFKSARPELWKQHLQIVARLFSSTLIS
GE-———-—- RFRKIFKSARPELWKQQLQVVARLFSSTQIS
GE-———-—- RFQKIFKSARPELWKQQLQIVARLFSSTQIS
GE-———-—- RFQKIFKSARPELWKQQLHIVARLFSSTQIS
GE-———-—- RFQRIFKSARPELWKQQLRIVARLFSSTQIS
GE-———-—- RFQRIFKSARPELWKQQLRIVARLFSSTQIS
REKSKFVRQFQKIFKSARPELWKQQLQIVARLFSSTLVS
REKSKFLRQLOKIYKSTRPELWKQQLQIVTRLFSSTLIS
-DCSKFVRRFQKIFKSARPESWKHQLQIVARLFSSTQIS
PEKSKFLRQFHRIFKAGRPELWKEQLQIVARLFSSTLIS
GDKFKSVRQFHRIFKAGRP----QQLQFVARLFSSTLIS
GDKFKSVRQFHKIFKAGRP----QQLQFVARLFSSTLIS
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Lasp-binding domain

Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

0.95
*
IGPLQOLARAAAESNWCYQODNWNHLKNCYQRA-—=———=———— NIFDPPEKLPAQELRNSN
IGPLQQLARAAAESNWCYQODNWNHLKNCYQRA-—=———=———— NIFDPPEKLPAQELRNSN
-TPVQHLATAAMAPFGVYQDNWKHLNNQYONS—====—=—==—— NQFDPVQLHPPEQQQQRQ
-SKLOQPLATAAAMSNDVYQDNWKHLNNQYQKN—-==—=—=——=—— NIHNPAQLLPAEH--—---

MAPLQQLAKVAAESNWCYQDNWKHLNNFYQQSSVNEAQPVPINIYDALEDLDNPECKNNN
IAPLQQLAKEAAESNWCYQDNWNHLNNFYQQSRVNEPQPVPINIYDATEELDAPECQNHN
VAPLQQLAKEAAESNWCYQDNWNHLNNIYQRSSVSEPQPVPINIYDAPEEMNVPQC—--HN
IVSLHOQMANEAAESNWCYQODNWKHLNNFYQQASVNAPKPVPINIYDAPEELAPPGCRTQS
IASLHQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQPVPINIYDAPEELAAPGCRTQS
IASLHQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQPVPINIYDAPEELAAPGCRTQS
SASLHOMANEAAESNWCYQDNWKHLNNFYQQSSVNAPKPVPVNIYDAPEELDAPGCRTQON
TASLHOMANEAAESNWCYQDNWKHLNNFYQQASVNAPKPVPINIYDAPEEVDAPGCRTQON
ITPLHQLAKEAAESNWCYQDNWKHLNNFYQQSSANEPQPVPINIYDPPEEFAVPECRNPN
AAPLQOQLAKEAAESNWCYQDNWKHLNNFYQQSSANEPQPVPINIYDATEEFAVPEGKNHN
IAPLPQLAKEAAESNWCYQDNWKHLNNYYQQSSANEPQPVPINIYDATEEFAVPECKNHK
IAALPHMAKAAAESNWCYQODNWNHLKNIYQQSSGNAPHHEPNQIYDPPELLANPECKNHN
IATLOQKLAKAAGESNWCYQDNWNHLNNFYQQSNVNGHQQVPPNIYDTPDRVTDPECQNPH
IASLQKLAKAAGESNWCYQDNWNHLNNFYQONNVNGPQPVPPNIYDTPDQVTDPECQNRN
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Vasa-interacting domain

Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

IGPLQOLARAAAESNWCYQODNWNHLKNCYQRA-————=————— NIFDPPEKLPAQELRNSN
IGPLQOLARAAAESNWCYQODNWNHLKNCYQRA-——=—————— NIFDPPEKLPAQELRNSN
-TPVQHLATAAMAPFGVYQDNWKHLNNQYONS—=====—==—— NQFDPVQLHPPEQQQQRQ
-SKLOQPLATAAAMSNDVYQDNWKHLNNQYQKN—-==—=—=—=——— NIHNPAQLLPAEH--—---

MAPLQQLAKVAAESNWCYQDNWKHLNNFYQQSSVNEAQPVPINIYDALEDLDNPECKNNN
IAPLQQLAKEAAESNWCYQDNWNHLNNFYQQSRVNEPQPVPINIYDATEELDAPECQNHN
VAPLQQLAKEAAESNWCYQDNWNHLNNIYQRSSVSEPQPVPINIYDAPEEMNVPQC—--HN
IVSLHOQMANEAAESNWCYQODNWKHLNNFYQQASVNAPKPVPINIYDAPEELAPPGCRTQS
IASLHOQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQPVPINIYDAPEELAAPGCRTQS
IASLHQMANEAAESNWCYQODNWKHLNNFYQQASVNAPQPVPINIYDAPEELAAPGCRTQS
SASLHOMANEAAESNWCYQDNWKHLNNFYQQSSVNAPKPVPVNIYDAPEELDAPGCRTQN
TASLHOMANEAAESNWCYQDNWKHLNNFYQQASVNAPKPVPINIYDAPEEVDAPGCRTQON
ITPLHQLAKEAAESNWCYQDNWKHLNNFYQQSSANEPQPVPINIYDPPEEFAVPECRNPN
AAPLOQLAKEAAESNWCYQDNWKHLNNFYQQSSANEPQPVPINIYDATEEFAVPEGKNHN
IAPLPQLAKEAAESNWCYQDNWKHLNNYYQQSSANEPQPVPINIYDATEEFAVPECKNHK
IAALPHMAKAAAESNWCYQODNWNHLKNIYQQSSGNAPHHEPNQIYDPPELLANPECKNHN
IATLOQKLAKAAGESNWCYQDNWNHLNNFYQQSNVNGHQQVPPNIYDTPDRVTDPECQNPH
IASLQKLAKAAGESNWCYQDNWNHLNNFYQONNVNGPQPVPPNIYDTPDQVTDPECQNRN

HRDNLKNQRNNEH-HSMQQEPTTISSHDSMFTINSDYDAYLLDFPLLGDDFLLYLARMEL
HRDNLKNQRNNEH-HSMQQEPTTISSHDSMFTINSDYDAYLLDFPLLGDDFLLYLARMEL
00-—=====- GEYSHKRRHEPTTLSCHDSMFTINSDYDAYLLDFPLLGDDFFLYLARMEL
KH-——————- EEYAHKRRHEPTTLSCHDSMFTINSDYDAYLLDFPLLGDDFFLYLARMEL
HLGNFVNPLNDVNPFKRRQDPTIFTSNNSLMTINSDYDAFLLDFPLMGDDFMLYLARMEL
HLGIFVQPFNDMNILKRRHEPTTLSSNDSMLTINSDYDAFLLDFPLMGDDFMLYLARMEL
HLGIFVQPFSDMNVLKRRQEPTTLSSNDSMLTINSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFVHPFNGMNIMKRRHEPTILTSNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFVHPFNDMNVLKRRHEPTILTSNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFVHPFNDMNVLKRRHEPTILTSNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFVHPFNDMNVMKRRHEPTILTSSDSLLTINSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFVHPFSDMNVMKRRHEPTTLSSADSLLTINSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFVNPFNDMNVLKKRHDPTTLSSSDSILTISSDYDAYLLDFPLMGDDFMLYLARMEL
OLGSFVNPFNDMNILKRRHDPTTLSSNDSMLTISSDYDAYLLDFPLMGDDFMLYLARMEL
HLGIFMRPYNDMNVLKKRRDPTTLSSNDSILTMSSDYDAYLLDFPLMGDDFLLYLARMEL
NLDIFRRPRSSCD-LKRRHEPTTMSSNDSMLTISSDYDAYLLDFPLMGDDLLLYLARMEL
QODIYNNONRELFEFKRPRDPTM-TSNDSMRTISSDFDAFLLDFPLMGDDFFLYLARMEL
HODLYNNHNRDMLEFKRPRDPTT-TSNDSMMTISSDFDAFLLDFPLMGDDFFLYLARMEL

RCRFKRTERVLQSGLCVSGQTISGARSRLHHLLVNKGTQITVNIGSVDIMRGRPIVQIQH
RCRFKRTERVLQSGLCVSGQTISGARSRLHHLLVNKGTQITVNIGSVDIMRGRPIVQIQH
KCRFKKDEKVLQSGLCISGQTINAARQRVQHVELQEMTQITVNIGSVDIMRGKPLVQIEH
KCRFKKFEKVLQSGLCISGQTINAARQRLRLVELPEMTQITVNIGSEDIMRGRSLVQIEH
KCRFKRHERVLQSGLCASGQTINGARNRLRKVQLPEGTQITIVNIGSVDIMKGKPLVQIEH
KCRFRRYERILQSGLCVSGQTINGARNRLKKFHLPEGTQITIVNIGSVDILRGRPLVQIEH
KCRFRRHERVLQSGLCVSGQTINGARMRLKKFHLPEGTQITIVNIGSVDILRGRPLVQIEH
KCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEGTQITIVNIGSVDIMRGKPLVQIEH
KCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEGTQITVNIGSVDIMRGRPLVQIEH
KCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEGTQITIVNIGSVDIMRGRPLVQIEH
KCRFRRHERVLQSGLCVSGLTINGARNRLKRVQLPEGTQITIVNIGSVDIMRGKPLVQIEH
KCRFRRHERVLQSGLCASGLTINGARNRLRRVQLPEGTQITIVNIGSVDIMRGKPLVQIEH
KCRFKRHERVLQSGLCVSGQTINGARKRLKKVHLTEGTQITIVNIGSVDILCGRPLVQIEH
KCRFRRHERILQSGLCVSGQTINGARRRLKKVQLPAGTQITIVNIGSVDILCGRPLVQIEH
NCRFKRYERVLQSGLCVSGQTINGARNRLKKANLPEGTQITVNIGSVDIMRGKPLVQIEH
KCRFRRYERVLQSGLCVSGQTINAARNRLKRVNLPEGTQITIVNIGSVDILRGKPLVQIEH
NCRFKRYERVLQOSGLCVSGQTIIGARNRFRKVYLPEGTQITIVNIGSVDIMRGKPLVQIEH
NCRFKRYERVLQSGLCVSGQTIIGARNRFRKVYLPENTQITVNIGSVDIMRGKPLVQIEH
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Dper
Dpse
Dimm
Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
dim

Dvir
Deug
Dtak
Dbia
Dmel
Dsec
Dsim
Dyak
Dere
Drho
Dele
Dfic
Dkik
Dana
Dbip

DFRQLVKDMHNRGLVPILTTLAPLANYCHDKAMCDKVVKFNQFIWKEYLKVIDIHSCLVN
DFRQLVKDMHNRGLVPILTTLAPLANYCHDKAMCDKVVKFNQFIWKEYLKVIDIHSCLVN
DFRQLIKEMHNRRFVPVLTTLAPLANYCHDKQTCEKVLRFNKFIRNEHLTVIDIHTCLIN
DFRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKVSRFNKFIRSEHLKVIDIHSCLIN
DFRLLIKEMHNQRYIPILTNLAPLANYCHDKVLCDKITRFNKFIASEHLKVINIHSCLIN
DFRLLIKEMHNQRYVPILTNLAPLANYCHDKDLCDKVSRFNKFIRAEHLKVVDIHSCLIN
DFRLLIKEMHSQRFVPILTNLAPLANYCHDKELCDKVNRFNKFIRSEHLKVVDIHSCLIN
DFRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSEHLKVIDIHSCLIN
DFRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSEHLKVIDIHSCLVN
DFRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSEHLKVIDIHSCLVN
DFRLLIKEMHNMRLVPILTNLAPLANYCHDKVLCDKIHRFNKFIRSEHLKVIDIHSCLIN
DFRLLIKEMHSMRYVPILTNLAPLANYCHDKVLCDKVHRFNKFIRSEHLKVIDIHSCLIN
DFRLLIKEMHSQRLVPILTNLAPLANYCHDKILCDKVHRFNKFIRSEHLKYIDIHSCLIN
DFRLLIKEMHSQRFVPILTNLAPLANYCHDKTMCDKIYRFNKFIRSEHLKYIDIHSCLIN
DFRLLIKEMHNRRFVPILTNLAPLANYCHDTVMCDKMSRFNKFIRSEHLKIIDIHSCLVN
DFRLLIKEMHNRRFVPILTNLAPLANYCHDKGLCDKVLRFNNFIRSEHLKVIDIHSCLIN
DFRLLIKEIHSRRCIPILTNLAPLANYCHDKVLCDKITKFNRFVRNEHLKFIDINSCLIN
DFRLLIKEIHSRRCIPILTNLAPLANYCHDKVLCDKISKFNKFVRNEHLKFIDINSCLIN

ENGVVRFDCFQSSRNVTGSKESYVFWNKIGROQRVLOMIEASLEY
ENGVVRFDCFQSSRNVTGSKESYVFWNKIGROQRVLOMIEASLEY
ENGVVRFDCFQGPRSVTGSVEPYVFWNKIGROQRVLOMIEQNLEY
ENGIVRFDCFQGPRSVTGSSEPYVFWNKIGROQRVLHMIEENLEY

ERGIVRFDCFQ-——————- 2 S NLIY
ESGIVRFDCFQ-——————- REPYLFWNKIGRQRVLRIIESSLEY
ERGVVRFDCFQ-——————— QEPYLFWNKIGRQRVLQIIESSLEY

ERGVVRFDCFQSPRQVTGSKEPYLFWNKIGRQRVLQVIETSLEY
ERGVVRFDCFQSPRQVTGSKEPYLFWNKIGRQRVLOQITETSLEY
ERGVVRFDCFQSPRQVTGSKEPYLFWNKIGROQRVLOQITETSLEY
ERGVVRFDCFQSPRQVSGSKEPYLFWNKIGRQRVLQVIETSLEY
ERGVVRFDCFQSPRQVSGSKEPYLFWNKIGRQRVLQVIETSLEY
ERGIVRFDCFQSPRQVTGSKEPYLFWNKIGRQRVLQVIESSLEY
ERGIVRFDCFQSPRQVTGSNQPYLFWNKIGRQRVLOQTIESNLEY
ERGIVRFDCFQSPRQVTGSKEPYLFWNKIGROQRVLOQTIETNLEY
ERGVVRFDCFQAPRSVSGSKEPYLFWNKIGROQRVLOMIESSLEY
EKKNVLFDCFQAPRTVTGSKEPYLFWNKIGROQRVLQTIESCLEY
EKKNVLFDCFQAPRTVTGSKEPYLFWNKIGRQRVLQTIESCLEY
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Table S7. Log likelihood and parameter estimates from branch site models for Oskar predicted structural and interaction
domains from 18 Drosophilids using PRANK MSA using trimmed alignments.

o values under Model: MA

o values under Model: MAgix

Csllatse$ Proportion | Background | D. virilis I Proportion | Background | D. virilis )
0 0.89 0.19 0.19 0.90 0.19 0.19
Long 1 0.06 1 1 0.07 1 1
Osk 2a 0.03 0.19 166.12 -2208.57 0.01 0.19 1 -2210.95
2b 0.002 1 166.12 0.001 1 1
0 0.56 0.14 0.14 0.37 0.14 0.14
Lasp- 1 0.27 1 1 -1438.50 0.17 1 1
binding 2a 0.11 0.14 404.24 ' 0.30 0.14 1 -1440.61
2b 0.05 1 404.24 0.14 1 1
y 0 0.78 0.07 0.079 0.72 0.07 0.07
asa-
. . 1 0.14 1 1 -6820.33 0.13 1 1
'"tf]'s"t' 2a 0.06 0.07 314 0.12 0.07 1 -6820.79
2b 0.01 1 3.14 0.02 1 1
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Online Resource 5

This file contains amino acid alignments of Oskar from the 5 melanogaster subgroup Drosophila species using the
MUSCLE MSA, and the results of multiple PAML analyses of this alignment. The following elements comprise this
Additional File:

Figure S4: Amino acid alignment.
Table S8: Log likelihood values and parameter estimates under partition models of Oskar.

Table S9. Log likelihood values and parameter estimates under site models of Oskar.

Table S10. Likelihood ratio test statistics for predicted structural and functional Oskar domains of melanogaster subgroup
Drosophila species.
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Figure S4: Amino acid alignment of Oskar from melanogaster subgroup species generated by MUSCLE MSA used for
PAML analyses.

Dmel MAAVTSEFPSKPISYTSTNTSAKTYYLKSVKKRVTTCFQQLRDKLOSSGSFRK-SSSSCL
Dsec MATVTSEFPSKPISYTSTNTSAKTYYLKSVKKRLTTCFQQLREKLOQPFGSFRK-SSSNRL
Dsim MATVTSEFPSKPISYTSTNTSAKTYYLKSVKKRLTTCFQQLREKLOQPFGSFRKSSSSSRL
Dere MAAVTSEFPSKPISCTSTNTSAKSNYLKSVKKRVTTCFQQLREKLOASGSFRK-SSPSRL
Dyak MAAVTSEFPSKPISYTSTNTSAKTYYLKSVKKRVTTCFQQLREKLOASGSFRK-SSTSRL
Dmel NQIFVRSDFSACGERFRKIFKSARKTELPELWKVPLVAHELT-SRQSSQQLQVVARLFSS
Dsec YKIFVKSDFSACGERFQKIFKSARKTESPELWKVPLVAHELT-SRQSSQQLOIVARLFSS
Dsim YKIFVKSDFSACGERFQKIFKSARKTESPELWKVPLVAHELT-SRQSSQQLHIVARLFSS
Dere YKIFVKADFAACGERFQRIFKSARKTQSPELWKVPLAAHDLTNGRQTSQQLRIVARLFSS
Dyak YKIFVKADFAACGERFQRIFKSARKTESPELWKVPLAHDLTTTSRQSSQQLRIVARLFSS
Dmel TQISTKEITYNSNSN-—===—=——————— TSENNMTIIESNYISVREEYPDIDSEVRAILL
Dsec TQISTKEITYSSNNN-—-==—==—————— TSETNMTIIESNYISVREDYPDIDAEVRAILL
Dsim TQISTKEITYSSNSN-—===———————— TSESNMTIIESNYISVREDYPDIDAEVRAILL
Dere TQISTKEITYSTSNNNTSSYSFRSRKSESCRSNMTIIESNYIAVREDYPDIDVEVRAILL
Dyak TQISTREITYTNSNN--SSYSFRRRKSESHRSNMTITIESNYIGVREDYPDIDTEVRAILL
Dmel SHAQNGITISSIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKASLKN
Dsec SHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFNLKANLKN
Dsim SHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIFNLKANLKN
Dere SHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKANLKN
Dyak SHAQNGITISNIKSEYRKLTGNTFPLHDNVTDFLLTIPNVTAECSESGKRIFNLKANLKN
Dmel GHLLDMVLNQKERT-—=—=——- SDYSSGAPSLENIPRAPPRYWKNPFKRRALSQLNTSPRTV
Dsec GHLLDMVLNQKQRT--TNSTSDYSSGAPSLENIPRAPPRYWKNPFKRRALSQLNTSPRTV
Dsim GHLLDMVLNQKQRT--TNSTSDYSSGAPSLENIPRAPPRYWKNAFKRRALSQLNTSPRTV
Dere HHLLEMVLNQKQRT----GSSDYSSGAPSVESMPRAPPRYWKNPFKRRALSQLN-NLNTE
Dyak RHLLDMVLNQKQRTGTANGTSDYSSGAQSVENMPRAPPRYWKNSFKRRALSQLNDNLNTV
Dmel PKITDEKTKDIATR-PVSLHOMANEAAESNWCYQDNWKHLNNFYQQASVNAPKMPVPINT
Dsec PKITNERTKEIATR-PASLHOMANEAAESNWCYQDNWKHLNNFYQQASVNAPQMPVPINT
Dsim PKITDEQTKEIPTR-PASLHOMANEAAESNWCYQDNWKHLNNFYQQASVNAPQMPVPINT
Dere SKITDEQTQETSTR-PASLHQOMANEAAESNWCYQDNWKHLNNFYQQOASVNAPKMPVPINI
Dyak PKLTDEQTKESATRQPASLHOMANEAAESNWCYQDNWKHLNNFYQQSSVNAPKMPVPVNI
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Dmel
Dsec
Dsim
Dere
Dyak

Dmel
Dsec
Dsim
Dere
Dyak

Dmel
Dsec
Dsim
Dere
Dyak

Dmel
Dsec
Dsim
Dere
Dyak

Dmel
Dsec
Dsim
Dere
Dyak

YSPDAPEEPINLAPPGHQPS-CRTQSQKTE-PTENRHLGIFVHPFNGMNIMKRRHEM—--
YS-DAPEEPTHLAAPGQQPSCCRTQSKKTE-PTENRHLGIFVHPFNDMNVLKRRHEM—--
YS-DAPEEPTHLAAPGQQPSCCRTQSKKPE-PTENRHLGIFVHPFNDMNVLKRRHEM——--
YS-DAPEERIQVDAPGHQPS-CRTOQNQKTQHPTENRHLGIFVHPFSDMNVMKRRHEMTPT
YS-DAPEERIHLDAPGHQPS-CRTONQKTQQTTENRHLGIFVHPFNDMNVMKRRHEM——--

-TPTPTILTSGTYNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQS
-TPTPTILTSGTYNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQS
-TPTPTILTSGTYNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQS
PTPTPTTLSSGTYADSLLTINSDYDAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQS
-TPTPTILTSGTYSDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELKCRFRRHERVLQS

GLCVSGLTINGARNRLKRVQLPEGTQITVNIGSVDIMRGKPLVQIEHDFRLLIKEMHNMR
GLCVSGLTINGARNRLKRVQLPEGTQITVNIGSVDIMRGRPLVQIEHDFRLLIKEMHNMR
GLCVSGLTINGARNRLKRVQLPEGTQITVNIGSVDIMRGRPLVQIEHDFRLLIKEMHNMR
GLCASGLTINGARNRLRRVQLPEGTQITVNIGSVDIMRGKPLVQIEHDFRLLIKEMHSMR
GLCVSGLTINGARNRLKRVQLPEGTQITVNIGSVDIMRGKPLVQIEHDFRLLIKEMHNMR

LVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECCHLKVIDIHSCLINERGVVRFDCFQ
LVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECCHLKVIDIHSCLVNERGVVRFDCFQ
LVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECCHLKVIDIHSCLVNERGVVRFDCFQ
YVPILTNLAPLANYCHDKVLCDKVHRFNKFIRSECCHLKVIDIHSCLINERGVVRFDCFQ
LVPILTNLAPLANYCHDKVLCDKIHRFNKFIRSECCHLKVIDIHSCLINERGVVRFDCFQ

ASPRQVTGSKEPYLFWNKIGRQRVLQVIETSLEYX
TSPROVTGSKEPYLFWNKIGRQRVLQITETSLEYX
TSPROVTGSKEPYLFWNKIGRQRVLQITETSLEYX
SSPRQVSGSKEPYLFWNKIGRQRVLQVIETSLEYX
SSPRQVSGSKEPYLFWNKIGRQRVLQVIETSLEYX
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Table S8. Log likelihood values and parameter estimates under partition models for Oskar structural and interaction
domains using MUSCLE MSA for 5 species analysis.

Model np' P rs; | rss | rsq | rss | rsg K w

Mgene=4 | E (different rs, K, wand 1) | 28 | -6075.47 | 0.54 | 0.77 | 0.83 | 1.13 | 0.80 | k4= 2.37 | w1= 0.57
Ko= 2.24 Wo= 0.20
K3= 0.97 W3= 0.41
K4= 2.11 (,U4=0.07
Ks= 2.71 Ws= 0.16
Kg= 1.77 We= 0.13

1 np: number parameters
1]: log likelihood value
1 rs: substitution rate. rs1 =1 for all models (not shown). Subscript corresponds to six partitions: (1) Long Osk domain; (2)

LOTUS domain; (3) Lasp-binding domain; (4) SGNH Hydrolase domain (5) Valois-interacting domain and (6); Vasa-
interacting domain

L1712 equilibrium codon frequencies

1 k: transition/transversion ratio

1 w: dN/dS ratio
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Table S9. Log likelihood and parameter estimates from site models for Oskar structural and
interaction domains using MUSCLE MSA for 5 Drosophila species

| I | k] Parameter estimates
Long Osk

M1 -1013.77 | 2.40 Po= 0.43 p1= 0.56 wo= 0 w1=1

M2 -1013.66 | 2.46 po= 0.43 p1= 0.51 ,po= 0.04; wo= 0, w1=1, wo= 2.5

M7 -1013.83 | 242 p=0.007, g = 0.005

M8 -1013.66 | 2.46 po= 0.91, p1= 0.08,p= 0.04; g= 0.04, w= 2.01

LOTUS

M1 -547.81 1.65 po= 0.83 p1= 0.16 wo= 0 w1=1

M2 -544.67 2.01 pPo= 0.95 p1= 0.00,p2= 0.04; wo= 0.07, w1=1, wy=6.12

M7 -547.95 2.07 p= 0.005, q =0.02

M8 -544.67 2.01 po= 0.95, p1= 0.04,p= 8.18; q= 99.0, w=6.13

Lasp-binding

M1 -522.09 0.98 po= 0.66 p1= 0.33 we= 0.19 w1=1

M2 -522.09 0.98 po= 0.66 p1= 0.22 ,po= 0.10; wo= 0.19, w1=1, wo=1

M7 52201 | 097 b= 0.53, q= 0.66

M8 -522.01 0.97 po= 0.99, ps= 0.00001,p= 0.53; = 0.66, w= 1.00
SGNH Hydrolase

M1 -1272.34 | 212 po= 0.94 p1= 0.05 wo= 0.03 w1=1

M2 -1272.03 | 2.16 Po= 0.97 p1= 0.00 ,p2= 0.02; wo= 0.04, w=1, wy=1.87

M7 -1272.78 | 2.14 p=0.04,q=0.48

M8 -1272.04 | 2.16 po= 0.97, p1= 0.02; p=4.42, g= 99.00; w= 1.88
Vasa-interacting

M1 -8190.91 1.93 Po=0.92 p4= 0.07 wo= 0.07 w= 1

M2 -8190.91 1.93 po= 0.92 p1= 0.03,p,= 0.03; wo= 0.07, w1=1, w>=1.01

M7 -2023.08 1.78 p= 0.21,q9=1.24

M8 -2022.84 1.78 po= 0.93, p1= 0.06 ; p= 8.58, q= 99.0; w= 1.02
Valois-interacting

M1 -654.94 2.83 po= 0.86 p1= 0.13 we= 0.06 w¢=1

M2 -654.91 2.87 Po= 0.88 p1= 0, p2= 0.11; wo= 0.07, w1=1, wo=1.21

M7 -655.11 2.82 p=0.13, g= 0.59

M8 -654.91 2.88 po= 0.89, p1=0; p=7.88, g= 99.0; w= 1.22
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Table S10. Likelihood Ratio Test statistics for Oskar structural and interaction
domains: melanogaster subgroup species partitioned analyses, analysis of
alignment generated with MUSCLE MSA

M1 vs M2' | M7 vs M8

Long Osk 0.23 (0.89) | 0.32 (0.85)
LOTUS 6.29* 6.56"
Lasp-binding 0(1) 0(1)

SGNH Hydrolase | 0.61 (0.74) | 1.48 (0.47)

Vasa-interacting 0(1) 0.48 (0.78)

Valois-interacting | 0.05 (.97) | 0.40 (0.82)

Values in each column correspond to twice the difference of log likelihood of the two
nested models, with P values indicated in parentheses. * significant at P < 0.05.
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Online Resource 6

This file contains the Oskar amino acid alignment generated with sequences from seven
Drosophilids (melanogaster subgroup members plus D. virilis and D. immigrans) using
the PRANK MSA, and the results of multiple PAML analyses of these alignments. The
following elements comprise this Additional File:

Figure S5: Amino acid alignments.

Table S11: Log likelihood values and parameter estimates under partition models of
Oskar domains.

Table S12. Log likelihood values and parameter estimates under branch site models of
Oskar domains.
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Figure S5. Amino acid alignment of Oskar from seven Drosophilids (melanogaster
subgroup members plus D. virilis and D. immigrans) aligned using the PRANK MSA.

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611

MATFRSEFNSVPNTHPDR--—-—-———— LTAFRKKLTTCFHOWRQKL ———————————————
MATFRSEFNSVPNTYNQR--——-—-—— LTALKKKLTTCFQQOWRQQLLKLHQQQQQPKQQQQ
MAAVTSEFPSKPISYTSTNTSAKTYYLKSVKKRVTTCFQQLRDKL—————————mm - ——
MATVTSEFPSKPISYTSTNTSAKTYYLKSVKKRLTTCFQQLREKL—————————e— - ——
MATVTSEFPSKPISYTSTNTSAKTYYLKSVKKRLTTCFQQLREKL———————c———— - ——
MAAVTSEFPSKPISYTSTNTSAKTYYLKSVKKRVTTCFQQLREKL—————————e— - ——
MAAVTSEFPSKPISCTSTNTSAKSNYLKSVKKRVTTCFQQLREKL-——————————————

—————————————————————— Q------==-———--HF-----KHDYSTLRAKSICWQKFK
QOQHOSQOHOHOQQOQOQOKQOKQRGSE-=========—=— HFYNIFVRADCSILSEKVTYLRKFK
—————————————————————— OSSGSFRKSSSS-CLNQIFVRSDFS—-----ACGERFR
—————————————————————— OPFGSFRKSSSN-RLYKIFVKSDFS—------ACGERFQ
—————————————————————— OPFGSFRKSSSSSRLYKIFVKSDFS—-----ACGERFQ
—————————————————————— OASGSFRKSSTS-RLYKIFVKADFA----—--ACGERFQ
—————————————————————— OASGSFRKSSPS-RLYKIFVKADFA------ACGERFQ
RKIV-TAT--——m e e e KLIS—===—————————————— QEEVEEQQLQ
RIF-TARQNLASARTAATAASAKQPVLGRCIG-=-======—————————— Q---EEQQLQ
KIFKSAR-=-=—==———— e —— KTELPELWKVPLVAHELT--SRQ---SSQQLQ
KIFKSAR-=-=-==——— e ——— KTESPELWKVPLVAHELT--SRQ---SSQQLQ
KIFKSAR-=-=-===———— e —— KTESPELWKVPLVAHELT--SRQ---SSQQLH
RIFKSAR--===————— KTESPELWKVPLA-HDLTTTSRQ---SSQQLR
RIFKSAR--====————— KTQSPELWKVPLAAHDLT-NGRQ---TSQQLR
IVATLFSSTLIS----KY-TSSKNSSS—======—=———— CNMTIMDDSYIGVRDEYPDID
IVASLFSSTLIS----KH-SSSASITS—-======—=———— SSMTIMDNTYIGVRDEYPDID
VVARLFSSTQISTKEITY-NSNSNTSE-==—==—==———— NNMTITESNYISVREEYPDID
IVARLFSSTQISTKEITY-SSNNNTSE-==—==—=—=———— TNMTITIESNYISVREDYPDID
IVARLFSSTQISTKEITY-SSNSNTSE-==—==—==———— SNMTIIESNYISVREDYPDID

IVARLFSSTQISTREITYTNSNN--SSYSFRRRKSESHRSNMTIIESNYIGVREDYPDID
IVARLFSSTQISTKEITYSTSNNNTSSYSFRSRKSESCRSNMTIIESNYIAVREDYPDID

AEIRAILLANAQKGITISSIKSEYRNMTGNAFPLRENITDFLLTIPYVTAECCMSGKRIF
TETIRSILLANAQNGITISSIKKEYRQLTGTAFPLHDNITDFLLTIPHVTAECCESGKRIF
SEVRAILLSHAQNGITISSIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIF
AEVRAILLSHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIF
AEVRAILLSHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSETGKRIF
TEVRAILLSHAQNGITISNIKSEYRKLTGNTFPLHDNVTDFLLTIPNVTAECSESGKRIF
VEVRAILLSHAQNGITISNIKSEYRKLTGNPFPLHDNVTDFLLTIPNVTAECSESGKRIF

NIKPTEDTRHLHDMVLNQROQRENGNNHNSNNHHVLDAQE-———— PPRLWRSQYKRRCLQON
NIKPTEHTRHLHEMILOQQRQRDSVSNP-—=—=———— IQAQE-=——— PPRLWRAQYKRRIPQ-
NLKASLKNGHLLDMVLNQKERT -=———- SDYSSGAPSLENIPRAPPRYWKNPFKRRALS-

NLKANLKNGHLLDMVLNQKQRT--TNSTSDYSSGAPSLENIPRAPPRYWKNPFKRRALS-
NLKANLKNGHLLDMVLNQKQRT--TNSTSDYSSGAPSLENIPRAPPRYWKNAFKRRALS-
NLKANLKNRHLLDMVLNQKQRTGTANGTSDYSSGAQSVENMPRAPPRYWKNSFKRRALS -

NLKANLKNHHLLEMVLNQKQRTG----SSDYSSGAPSVESMPRAPPRYWKNPFKRRALS-
ENYNFNLNIC-—-——=——- EKPPAAK-ITPVQHLATAAMAPFGVYQDNWKHLNNQYQLSQLA
-HFNFNLNTS-==———- EKPPAVK-ISKLOQPLATAAAMSNDVYQDNWKHLNNQYQLPQLN

-QLNTSPRTVPKITDEKTKDIATR-PVSLHOMANEAAESNWCYQDNWKHLNNFYQQASVN
-QLNTSPRTVPKITNERTKEIATR-PASLHQOMANEAAESNWCYQDNWKHLNNFYQQASVN
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Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

Dimm/1-553
Dvir/1-596
Dmel/1-607
Dsec/1-611
Dsim/1-612
Dyak/1-626
Dere/1-626

-QLNTSPRTVPKITDEQTKEIPTR-PASLHOMANEAAESNWCYQDNWKHLNNFYQQASVN
—-QLNDNLNTVPKLTDEQTKESATRQPASLHOMANEAAESNWCYQDNWKHLNNFYQQSSVN
-QLN-NLNTESKITDEQTQETSTR-PASLHQOMANEAAESNWCYQDNWKHLNNFYQQASVN

TON----SNQFS-CIRSDPVQLQIAP-HPPEQ-QHQQQORQQO-Q0--0Q0QIGEYSH-=——=——
AAK----NNIHS--TASNPAQLQ-AA-LPAEH-H--——=———- P--SKHVEEYAH-——-—-—--
APKMPVPINIYSPDAPEEPINLA-PPGHQPSC-RTQSQKTE-PTENRHLGIFVHPFNGMN
APOMPVPINIYS-DAPEEPTHLA-APGQQPSCCRTQSKKTE-PTENRHLGIFVHPFNDMN
APOMPVPINIYS-DAPEEPTHLA-APGQQPSCCRTQSKKPE-PTENRHLGIFVHPFNDMN
APKMPVPVNIYS-DAPEERIHLD-APGHQPSC-RTONQKTQQTTENRHLGIFVHPFNDMN
APKMPVPINIYS-DAPEERIQVD-APGHQPSC-RTONQKTQHPTENRHLGIFVHPFSDMN

--KRRHEFTPTPT----TLSCPS-QHDSMFTINSDYDAYLLDFPLLGDDFFLYLARMELK
--KRRHEYTPTPT----TLSCPSTQHDSMFTINSDYDAYLLDFPLLGDDFFLYLARMELK
IMKRRHEMTPTPT----ILTSGT-YNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
VLKRRHEMTPTPT----ILTSGT-YNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
VLKRRHEMTPTPT----ILTSGT-YNDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK
VMKRRHEMTPTPT----ILTSGT-YSDSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK

VMKRRHEMTPTPTPTPTTLSSGT-YADSLLTINSDYDAYLLDFPLMGDDFMLYLARMELK

CRFKKDEKVLOSGLCISGQTINAARQRVQOHVELQEMTQIIVNIGSVDIMRGKPLVQIEHD
CRFKKFEKVLOSGLCISGQTINAARQRLRLVELPEMTQIIVNIGSEDIMRGRSLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGRPLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGRPLVQIEHD
CRFRRHERVLQOSGLCVSGLTINGARNRLKRVQLPEGTQIIVNIGSVDIMRGKPLVQIEHD
CRFRRHERVLQOSGLCASGLTINGARNRLRRVQLPEGTQIIVNIGSVDIMRGKPLVQIEHD

FROQLIKEMHNRRFVPVLTTLAPLANYCHDKQTCEKVLRFNKFIRNEGRHLTVIDIHTCLI
FRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKVSRFNKFIRSEGRHLKVIDIHSCLI
FRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECCHLKVIDIHSCLI
FRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECCHLKVIDIHSCLV
FRLLIKEMHNMRLVPILTNLAPLGNYCHDKVLCDKIYRFNKFIRSECCHLKVIDIHSCLV
FRLLIKEMHNMRLVPILTNLAPLANYCHDKVLCDKIHRFNKFIRSECCHLKVIDIHSCLI
FRLLIKEMHSMRYVPILTNLAPLANYCHDKVLCDKVHRFNKFIRSECCHLKVIDIHSCLIT

NENGVVRFDCFQKGPRSVTGSVEPYVFWNKIGRQRVLOMIEQNLEYHX
NENGIVRFDCFQNGPRSVTGSSEPYVFWNKIGRQRVLHMIEENLEYYX
NERGVVRFDCFQASPRQVTGSKEPYLFWNKIGRQRVLQVIETSLEYX-
NERGVVRFDCFQTSPRQVTGSKEPYLFWNKIGRQRVLQITETSLEYX~-
NERGVVRFDCFQTSPRQVTGSKEPYLFWNKIGRQRVLQITETSLEYX~-
NERGVVRFDCFQSSPRQVSGSKEPYLFWNKIGRQRVLQVIETSLEYX-
NERGVVRFDCFQSSPRQVSGSKEPYLFWNKIGRQRVLQVIETSLEYX-
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Table S11. Log likelihood values and parameter estimates under partition models for Oskar predicted structural and
interaction domains from seven Drosophilids (melanogaster subgroup members plus D. virilis and D. immigrans) aligned
using PRANK MSA.

Model np' P rs; | rss | rsq | rss | rsg K w

Mgene=4 | E (different rs, kK, wand 1) | 28 | -10182.10 | 0.54 | 1.11 | 1.06 | 0.89 | 0.85 | k4= 2.00 | w1= 0.31
Ko= 1.45 Wo= 0.15
Kz= 1.68 | wz=0.54
K4=2.12 | w4=0.09
Ks= 1.6 Ws= 0.13
Ke= 1.68 | we= 0.07

1 np: number parameters

1]: log likelihood value

1 rs: substitution rate. rs1 =1 for all models (not shown). Subscript corresponds to six partitions: (1) Long Osk domain; (2)
LOTUS domain; (3) Lasp-binding domain; (4) Valois-interacting domain (5) Vasa-interacting domain; and (6) SGNH
Hydrolase domain;

L1712 equilibrium codon frequencies

1 k: transition/transversion ratio

1 w: dN/dS ratio

Ahuja & Extavour Online Resource 6, Page 4 of 5



Table S12. Log likelihood and parameter estimates from branch site models for Oskar predicted structural and interaction
domains from seven Drosophilids (melanogaster subgroup members plus D. virilis and D. immigrans) using PRANK MSA.

o values under Model: MA

o values under Model: MAgix

Site

Class Proportion | Background | D. virilis I Proportion | Background | D. virilis I
0 0.43 0.097 0.19 0.43 0.09 0.19
1 0.31 1 1 0.31 1 1
Long Osk —_ 0.14 0.097 1 -1774.30 0.14 0.09 1 -1774.30
2b 0.10 1 1 0.10 1 1
0 0.83 0.10 0.10 0.80 0.10 0.10
1 0.10 1.00 1.00 0.09 1.00 1.00
LOTUS 2a 0.05 0.10 3.95 91847 0.08 0.10 1.00 -919.30
2b 0.01 1.00 3.95 0.00 1.00 1.00
0 0.18 0 0 0.18 0.00 0.00
Lasp- 1 0.81 1 1 ) 0.81 1 1 )
binding 2a 0 0 1 948.59 0.00 0.00 1 948.59
2b 0 1 404.24 0.00 1 1
0 0.81 0.02 0.02 0.64 0.02 0.02
SGNH 1 0.081 1.00 1.00 0.06 1.00 1.00
Hydrolase | 2a 0.08 0.02 999.0 -2018.07 0.26 0.02 1.00 -2018.76
2b 0.008 1.00 999.0 0.02 1.00 1.00
0 0.65 0.03 0.038 0.49 0.03 0.03
Vasa- 1 0.23 1 1 0.18 1 1
interacting | 2a 0.08 0.03 999.0 -3354.12 0.23 0.03 1 -3354.34
2b 0.02 1 999.0 0.08 1 1
Valol 0 0.67 0.03 0.03 0.54 0.03 0.03
inteara‘::fi;] 1 0.16 1.00 1.00 -1022.09 0.12 1.00 1.00 1022.14
9 o 0.12 0.03 999.0 0.26 0.03 1.00
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Online Resource 7

Figure S6: Alignment of the amino acid translation of D. virilis alleles used in this study as
follows:

1. Dvir_GENOMIC: annotated from genomic sequence; NCBI accession
XM_002053233.1

2. Dvir_webster: cDNA sequence reported by Webster et al. (1994) (“Macdonald
allele”); NCBI accession L22556.1

3. Dvir_sequenced: cDNA sequence obtained from Macdonald lab and verified by
Sanger sequencing

Residues that are different between the different alleles and/or under positive selection are
indicated as follows:

Outlined: The five sites identified as different between the different alleles:

Blue Outline| Genomic allele differs from Macdonald & sequenced alleles; not under
positive selection

Red Outline| Macdonald allele differs from genomic & sequenced alleles; not under positive
selection

Black Outling| Genomic allele differs from Macdonald & sequenced alleles; under positive
selection based on PRANK analysis of full-length genomic allele (see Online Resource 3)

Blue Shading: The four sites indicated as being under positive selection based on analyses
of PRANK alignments of both genomic and Macdonald alleles:

PETLH=IDE: supported by analyses of
* full length genomic allele (see Online Resource 3)

* conserved sequence block genomic allele (see Online Resource 4)
* full length Macdonald allele (see Online Resource 9)

Medium Blue: supported by analyses of
* conserved sequence block genomic allele (see Online Resource 4)
* full length Macdonald allele (see Online Resource 9)

Light Blue: supported by analyses of
* full length genomic allele (see Online Resource 3)
* full length Macdonald allele (see Online Resource 9)

Pink Shading: The site indicated as being under positive selection based on analyses of
MUSCLE alignments:

Pink: supported by analyses of

* full length genomic allele (see Online Resource 2)
e full length Macdonald allele (see Online Resource 8)
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Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

MATFRSEFNSVPNTYNQRLTALKKKLTTCFQOWRQOLLKLHQOQOQOQOPKOQOOOQOOHOSOH
MATFRSEFNSVPNTYNQRLTALKKKLTTCFQOWRQQOLLKLHQOQOQOQOPKOQOOQOOOHOSQOH
MATFRSEFNSVPNTYNQRLTALKKKLTTCFQOWRQQOLLKLHQOQOQOQOPKOQOOQQOOHOSQOH

R R R b I kS o kS b b Sk kR o S S R S o Sk S L R O

QHQQQ--JKOKQRGSEHFYNIFVJADCSILSEKVTYLRKFKRIFTAROQNLASARTAATAAS
QHQQQ--KOKQRGSEHFYNIFV|JADCSILSEKVTYLRKFKRIFTAROQNLASARTAATAAS
QHQQQQOKOKORGSEHFYNIFVJADCSILSEKVTYLRKFKRIFTAROQNLASARTAATAAS

*kkk* Rk Ik S I o kSR o i S e S S R S S S S R e Rk o o S L

AKQPVLGRCIGQEEQQLOIVASLFSSTLISKHSSSASITSSSMTIMDNTYIGVRDEYPDI
AKQPVLGRCIGQEEQQLOIVASLFSSTLISKHSSSASITSSSMTIMDNTYIGVRDEYPDI
AKQPVLGRCIGQEEQQLOIVASLFSSTLISKHSSSASITSSSMTIMDNTYIGVRDEYPDI

kkhhkkhkkkhkkhkkhkhkhkhkkhhkhkhkkhhkhkhkhkhhkhhkhkhkkhkhkhkhkkhhkhkhkkhkkhkhkkhkkhkkkikkikkkkk*%x*%

DTEIRSILLANAQONGITISSIKKEYROQLTGTAFPLHDNITDFLLTIPHVTAECCESGKRI
DTEIRSILLANAQONGITISSIKKEYROQLTGTAFPLHDNITDFLLTIPHVTAECCESGKRI
DTEIRSILLANAQONGITISSIKKEYROQLTGTAFPLHDNITDFLLTIPHVTAECCESGKRI

R R R b I kS o kS b bk S kS o R S o S kS

FNIKPTEHTRHLHEMILOQRQORDSVSNPIQAQEPPRLWRAQYKRRIPQHFNFNLNTSEKP
FNIKPTEHTRHLHEMILOQRQORDSVSNPIQAQEPPRLWRAQYKRRIPQHFNFNLNTSEKP
FNIKPTEHTRHLHEMILOQORQORDSVSNPIQAQEPPRLWRAQYKRRIPQHFNFNLNTSEKP

kkhkkhkkkhkkhkkhkhkhkhkkhhkhkhkkhhkhkhkhkhhkhhkhkhkkhkhkhkhkkhhkhkhkkhhkhkhkkhkkhkkkhkkikkkkk*%x*%

PAVKISKLQPLATAAAMSNDVYQDNWKHLNNQYQLPQLN‘EKNNIHS IASNPAQLOQAAL
PAVKISKLQPLATAAAMSNDVYQDNWKHLNNQYQLPQLN‘EKNNIHS IASNPAQLOQAAL
PAVKISKLQPLATAAAMSNDVYQDNWKHLNNQYQLPQLN‘EKNNIHS IASNPAQLOQAAL

khkkhkhhhdhhhhdhhhhdhhhdhrdddrddhrhdbrddrhddbdr dhddhddx ddhdxrddrhdrrsk
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118
118
120

178
178
180

238
238
240

298
298
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Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

Dvir webster
Dvir sequenced
Dvir GENOMIC

PAEHHPSKHVEEYAHKRRHEYT

TPTTLSCPSTQHDSMFTINSDYDAYLLDFPLLGDDFF

PAEHHPSKHVEEYAHKRRHEYT,

TPTTLSCPSTQHDSMFTINSDYDAYLLDFPLLGDDFF

PAEHHPSKHVEEYAHKRRHEYT,
hhkkhkkkhkkhkkhkrkhkrkhxkk

([ [x]

TPTTLSCPSTQHDSMFTINSDYDAYLLDFPLLGDDFF
Akhkkhkhhkhkhkhkhkhkhkhkhkhkhkhkhkhkh k&

LYLARMELKCRFKKFEKVLOSGLCISGQTINAARQRLRLVELPEMTQITVNIGSEDIMRG
LYLARMELKCRFKKFEKVLOSGLCISGQTINAARQRLRLVELPEMTQITVNIGSEDIMRG
LYLARMELKCRFKKFEKVLOSGLCISGQTINAARQRLRLVELPEMTQITIVNIGSEDIMRG

kkhkkhkkkkhkkhkkkhkkikkkhkkikk*k

kkhhkkhkkkkhkkhkhkhkhkkhkhkhkhkkhkkhkhkkhkkhkkkhkkikkkkki*k*x

RSLVQIEHDFRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKVSRFNKFIRSEGRHLK
RSLVQIEHDFRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKVSRFNKFIRSEGRHLK
RSLVQIEHDFRLLVKEMHNRRFVPVLTTLAPLANCRHDKQTCDKVSRFNKFIRSEGRHLK

kkhkkhkkkkhkkhkkkhkkikkkhkkikk*k

R S S S o e S o b Sk R R Rk S Sk S o e

VIDIHSCLINENGIVRFDCFQNGPRSVTGSSEPYVFWNKIGRQRVLHMIEENLEYY 594
VIDIHSCLINENGIVRFDCFQONGPRSVTGSSEPYVFWNKIGRQRVLHMIEENLEYY 594
VIDIHSCLINENGIVRFDCFQNGPRSVTGSSEPYVFWNKIGRQRVLHMIEENLEYY 595

kkhkkhkkkkhkkhkkkhkkikkkhkkikk*%
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418
418
419

478
478
479

538
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Online Resource 8

This file contains amino acid alignments of the Long Oskar domain from 18 Drosophilids
including the D. virilis allele from Webster et al. (1994) using the MUSCLE MSA, and
the results of multiple PAML analyses of these alignments. The following elements
comprise this Additional File:

Figure S7: Amino acid alignments.

Table S13. Log likelihood values and parameter estimates under branch site models of
Oskar domains.
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Figure S7. Amino acid alignment of Long Osk using the D. virilis allele from Webster et
al (1994) and the MUSCLE MSA. Positively selected sites with BEB probability = 0.99 is
indicated in red.

Long Osk domain
Dpse MATYRSAH-SEPYTSKSNSNSNSSSSSRLTALRKRLTTCLQQOWCQHL-—-——————————

Dimm MATFRSEFNSVPNTH-----—---- PDRLTAFRKKLTTCFHOWRQKL - === —mmmmm e —
Dvir MATFRSEFNSVPNTY-————————m NQRLTALKKKLTTCFQOWRQQLLKLHQQQQQPKQQ
Dana MAAVTSELPREP------ TTTTNTKSDRLRAVKKRVTTCLOQOWCQOKL ———————m e
Dbip MAAVTSELPREP------ TTTTNTKSDRLRAVKKRVTTCLOOWCOKL —m————m e e
Dkik MAAVRSEFPSE------ SNSNPSTKADSLRSLKKHVATCWHNLCKKL-——m——m—m—mm e

Deug MATVTSEFPSKPISYTNTNTNTSTKTYCLRSVKRRVTTCLQQLREKL--———————————
Dmel MAAVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRVTTCFQQLRDKL--———————————
Dsec MATVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRLTTCFQQLREKL-———-—————————
Dsim MATVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRLTTCFQQLREKL—————————————
Dere MAAVTSEFPSKPISC--TSTNTSAKSNYLKSVKKRVTTCFQQLREKL-———-—————————
Dyak MAAVTSEFPSKPISY--TSTNTSAKTYYLKSVKKRVTTCFQQLREKL—-——-—————————
Dfic MAAVRSEFPSKPN----SNTYTNSKFDDLRSVKKRVTTCLKKLCEKL-————————————
Dele MAAVRSEFPSEPNSN--TNTNTSTKTDRLRSVKNRVTTCLKQLCEKL-—-————e—e————
Drho MAAVRSEFPSEPYSN--TNNNTSTKTDCLRSVKKRVTTCLKQLCEKL-—-——————e————
Dbia MAAVGSEFPSEPISC--RNTNTPAKPDRLRSVKKRVTTCLQQLREKL—————————————
Dtak MAAVRSEFPSEPISY--TNTNTSNKSNCLRSVKKRVTTCLQQLREKL—-——-—————————

Dper —-—-—-—————-—- OKPASFQKCKSGPNHQFYKIFEEVFDSKV-FGDKTKYIRQFKKIFKGNKD
Dpse —-——=——————-— OKPASFQKCKSGPNHQFYKIFEEVFDSKV-FGDKTKYIRQFKKIFKGNKD
Dimm ——-—————————— QOHFKH--====——————————— DYST-LRAKSICWQKFKKIYTATKL
Dvir QQQQQHQSQHQHQQQKQKQRG--SEHFYNIFVRA-DCSI-LSEKVTYLRKFKRIFTARQN
Dana —--—-=-—-———--—- QQPASFRK-SS--SSRFYRLFVKA-DYTA-FGDKFKSVRQFHRIFKAGRK
Dbip ---——-——-- QQPASFRK-SS--SSRFYRIFVKA-DYTA-IGDKFKSVRQFHKIFKAGRK
Dkik —--——-——-——-- QQPASFRK-SS—--HSRFYKIFLKA-DCSASFPEKSKFLRQFHRIFKAGRK
Deug --—-=-————--—- PATGSFRK-SS--TSRFHRFFIKS-DFSD-FSEK-————- LOQKIFKSARK
Dmel --—-————--- OSSGSFRK-SS--SSCLNQIFVRS-DFSA-CGER-—-—-—- FRKIFKSARK
DseC —-——=—————-— QPFGSFRK-SS--SNRLYKIFVKS-DFSA-CGER-—-—-—- FOQKIFKSARK
Dsim —————————-— QOPFGSFRKSSS--SSRLYKIFVKS-DFSA-CGER-—-—-—- FOQKIFKSARK
Dere —-—-———————- QOASGSFRK-SS--PSRLYKIFVKA-DFAA-CGER-—--—-- FORIFKSARK
Dyak --———————- QOASGSFRK-SS--TSRLYKIFVKA-DFAA-CGER-—-—-—- FORIFKSARK
Dfic —-————-———- OAPGSFRK-SS--SSRFHKIFVRA-DYSD-CSK---FVRRFQKIFKSARK
Dele - ———————-—- OATGSFRK-SS--SSRFYKIFVKA-DYSG-LREKSKFLRQLOKIYKSTRK
Drho --—-—————-- OAPGSFRK-SS--SSRFYKIFVKA-DYSG-FREKSKFVRQFQKIFKSARK
Dbia ---——--——-- PAAGSFRK-SS--TGRFYQVFVRA-DFSA-FGER-—-——- FRKIFKSARK
Dtak --—-—————-—- PASGSFRK-SS--SSRFYKIFVKA-DFSA-FGER-—-——- FOQKIFKSARK

Dper LAK--KSEPGRVVLVLVPEKPVDDT-EESQKKQLOLVARLFSSTLISAKEEISCSYN---
Dpse LAK--KSEPGRVVLVLVPEKPVDDT-EESQKKQLOLVARLFSSTLISAKEEISCSYN---

Dimm ISQ---—————————— EEVEEQQLQIVATLFSSTLIS-==———- KYTS--
Dvir LAS----- ARTAATAASAKQPVLGRCIGQEEQQLQIVASLFSSTLISKHS—=====—==——
Dana GKE--—-=--===—=————- PAESVDER-—-——--— QQLQFVARLFSSTLISTEE----IYGN--
Dbip KSK-—-—-——-——————— EPAESVDER-—-———- QQLQFVARLFSSTLISTEE----IYGN--
Dkik SEGGGEPDPEPELWKEVPLAD----- EQRSQEQLQIVARLFSSTLISTKEEEIITTSRSS
Deug SES--—-—---- PELRR-VPLSTHDQQTSGQSSQQLOQIVARLFSSTLISTKE---ITFNNHT
Dmel TEL------- PELWK-VPLVAHELT-SRQSSQQLQVVARLFSSTQISTKE---ITYNS--
Dsec TES—--—-—---- PELWK-VPLVAHELT-SRQSSQQLQIVARLFSSTQISTKE---ITYSS--
Dsim TES------- PELWK-VPLVAHELT-SRQSSQQLHIVARLFSSTQISTKE---ITYSS--
Dere TQS—-—-——--- PELWK-VPLAAHDLTNGRQTSQQLRIVARLFSSTQISTKE---ITYSTSN
Dyak TES------- PELWK-VPLAHDLTTTSRQSSQQLRIVARLFSSTQISTRE---ITYTNSN
Dfic TES------- PESWK-VPL-AHDVT-RQSSIHQLQIVARLFSSTQISTEE---ITIYNN--
Dele TES------- PELWK-VPL-AHDVT--GQSSQQLOQIVTRLFSSTLISTEE---ITYNTNN
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Drho PES-—--—---- PELWK-VPL-AHDVT--GONSQQLQIVARLFSSTLVSTEE---ITYHT--

Dbia TES------- PELWK-VPL-AHDVT--GPSSQHLQIVARLFSSTLISTKE---ISYSN--
Dtak TES--—-———- PELWK-VPL-AHDVT--GQSGQQLQIVARLFSSTLISTKE---IHCNN—
Dper —————mm e sss
DPSE —————mmmmmmm e sss
Dimm -—-—————- SKNSS--——-- SCN
DVir —--—-—-—-- SSASIT-————- sss
Dana -------- SSRKS-QSF-NSNS
Dbip ---GKTSYSSRKS-QSY-NSNS

Dkik N--CNTSYTRRKS-QSYCSTST
Deug K--NSFSYKCRKS-EGY--SSN

Dmel -—-—————- NSNTS--———— ENN
DseCc -—-—————- NNNTS---——— ETN
Dsim —-—————- NSNTS--———— ESN

Dere NNTSSYSFRSRKS-ESC--RSN
Dyak N--SSYSFRRRKS-ESH--RSN

Dfic ----- ISFNSRKS-QSH--SSN
Dele K--NNNSCKSRKSHKSY--KSS
Drho ---NINSYKSRKS-QSY--DCD
Dbia ---HRYSCRSGKS-ESY--SSN
Dtak ---NSYSYKSRKS-ESY--SSN
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Table S13. Log likelihood and parameter estimates from branch site models for Oskar using MUSCLE MSA alignments of
18 Drosophilids including the D. virilis allele sequenced in Webster et al. (1994).

o values under Model: MA

o values under Model: MAgix

CSIIatses Proportion | Background | D. virilis I Proportion | Background | D. virilis /
0 0.64 0.23 0.23 0.44 0.22 0.22
Long Osk 1 0.19 1 1 0.15 1 1
-4352.28 -4356.5
(MUSCLE) | 24 0.12 0.23 547.39 0.30 0.22 1
2b 0.03 1 547.39 0.1 1 1
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Online Resource 9

This file contains amino acid alignments of the Long Oskar and Lasp-binding domains
from 18 Drosophilids including the D. virilis allele from Webster et al. (1994) using the
PRANK MSA, and the results of multiple PAML analyses of these alignments. The
following elements comprise this Additional File:

Figure S8: Amino acid alignments.

Table S14. Log likelihood values and parameter estimates under branch site models of
Oskar domains.
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Figure S6. Amino acid alignment of Long Osk and Lasp binding region using the D.
virilis allele from Webster et al (1994) and the PRANK MSA. Positively selected sites
with BEB probability = 0.95 are indicated in red, BEB = 0.98 in blue.

Long Osk domain

Dper MATYRSAHSEPYTSKSNS—=———-— N----SNSSSSSRLTALRKRLTTCLQOWCQHL ———-
Dpse MATYRSAHSEPYTSKSNS—=———-— N----SNSSSSSRLTALRKRLTTCLQOWCQHL———-
Dimm MATFRSE----FNSVPNT—-————- H----PD-=--- RLTAFRKKLTTCFHQWRQKL———--
Dvir MATFRSE----FNSVPNT—=———- Y--—-NQ-=——- RLTALKKKLTTCFQOWRQQLLKLH
Dmel MAAVTSE----FPSKPISYTST--NTSAKTY-——-- YLKSVKKRVTTCFQQLRDKL—----
Dsec MATVTSE----FPSKPISYTST--NTSAKTY-———- YLKSVKKRLTTCFQQLREKL—----
Dsim MATVTSE----FPSKPISYTST--NTSAKTY-——-- YLKSVKKRLTTCFQQLREKL——---
Dyak MAAVTSE----FPSKPISYTST--NTSAKTY-———- YLKSVKKRVTTCFQQLREKL——---
Dere MAAVTSE----FPSKPISCTST--NTSAKSN—-——-- YLKSVKKRVTTCFQOQLREKL—----
Dtak MAAVRSE----FPSEPISYTNT--NTSNKSN-—-—-- CLRSVKKRVTTCLQQLREKL—----
Dbia MAAVGSE----FPSEPISCRNT--NTPAKPD—-—-—-- RLRSVKKRVTTCLOQQLREKL—-——--
Deug MATVTSE----FPSKPISYTNTNTNTSTKTY-——-- CLRSVKRRVTTCLQQLREKL—----
Drho MAAVRSE----FPSEPYSNTNN--NTSTKTD-—-—-- CLRSVKKRVTTCLKQLCEKL—----
Dele MAAVRSE----FPSEPNSNTNT--NTSTKTD-—-—-- RLRSVKNRVTTCLKQLCEKL—-—---
Dfic MAAVRSE----FPSKPNSNTYT--NS--KFD-—-—-- DLRSVKKRVTTCLKKLCEKL—----
Dkik MAAVRSE----FPSESNS—=———- NPSTKAD-—-—-- SLRSLKKHVATCWHNLCKKL—----
Dana MAAVTSE----LPREPTT——=——-- TTNTKSD——=—-—- RLRAVKKRVTTCLOQOWCQKL———-
Dbip MAAVTSE----LPREPTT—=——-- TTNTKSD——=—-—- RLRAVKKRVTTCLOQOWCQKL———-
Dper = = s seemmmmmmmmmmmmmmmmmmmm e QOKPASFQKCKSG-PNHQFYKIFEEVFDSK
Dpse = = escccmmmmmmmmmmmmmmmmmmee e QOKPASFQKCKSG-PNHQFYKIFEEVFDSK
Dimm = = mmmm e Qe HF————- KH-DYS
Dvir Q0000QPRKOOOOOQOHQSQHOHOQQOKQRKORGSE-—==—=————————— HFYNIFVRA-DCS
Dmel = = = e OSSGSFRKSSSS----CLNQIFVRS-DFS
Dsec @ = essmememmmmmmmmmmmmmmmmmmeeee e QOPFGSFRKSSSN----RLYKIFVKS-DFS
Dsim @ QOPFGSFRKSSSSS—---RLYKIFVKS-DFS
Dyak = = e OASGSFRKSSTS----RLYKIFVKA-DFA
Dere = = scccemmmmmmmmmmmmmmmmemmeee e OASGSFRKSSPS—----RLYKIFVKA-DFA
Dtak = = e PASGSFRKSSSS----RFYKIFVKA-DFS
Dbia ~ = @ PAAGSFRKSSTG----RFYQVFVRA-DFS
Deug = —scecemmmmmmmmmmmmmmmmeme e PATGSFRKSSTS----RFHRFFIKS-DFS
Drho = = = —--mmmmmmmmm OAPGSFRKSSSS----RFYKIFVKA-DYS
Dele = = = - OATGSFRKSSSS----RFYKIFVKA-DYS
Dfic = = = @—eemmm———————— OAPGSFRKSSSS----RFHKIFVRA-DYS
Dkik = = e QQPASFRKSSHS----RFYKIFLKA-DCS
Dana = = e=ssmemeeemmmmmmmmmmmmmmmme e QOQPASFRKSSSS—----RFYRLFVKA-DYT
Dbip @ = = mmmmmm QOQPASFRKSSSS----RFYRIFVKA-DYT
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Dper
Dpse
Dimm
Dvir
Dmel
Dsec
Dsim
Dyak
Dere
Dtak
Dbia
Deug
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
Dimm
Dvir
Dmel
Dsec
Dsim
Dyak
Dere
Dtak
Dbia
Deug
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
Dimm
Dvir
Dmel
Dsec
Dsim
Dyak
Dere
Dtak
Dbia
Deug
Drho
Dele
Dfic
Dkik
Dana
Dbip

V-FGDKTKYIRQFKKIFKG=—=—N-m————mmm e KD-—————— L-———-
V-FGDKTKYIRQFKKIFKG=—=—N-m————mm e KD-—————— L-———-
T-LRAKSICWQKFKKIYTA-———To———mmm e KL-—————— I-———-
I-LSEKVTYLRKFKRIFTA----RQNLASARTAATAASAKQPVLGRC-—————-— I-———-
A-CGE-————- RFRKIFKSARK-T————————————m oo EL-—————- PELWK-
A-CGE-————- RFQKIFKSARK-T————————————mmmomm— ES-—————- PELWK-
A-CGE-————- RFQKIFKSARK-T————————————m e ES——————- PELWK-
A-CGE-————- RFQRIFKSARK-T————————————m e ES-—————- PELWK-
A-CGE-————- RFQRIFKSARK-T————————————m oo o] J— PELWK-
A-FGE-————- RFQKIFKSARK-T————————————m oo ES-—————- PELWK-
A-FGE-————- RFRKIFKSARK-T————————————m oo ES-—————- PELWK-
D-FSE-————— KLOKIFKSARK-S——————————————mooo— ES-—————- PELRR-
G-FREKSKFVRQFQKIFKSARK—-P————————m e ES-—————- PELWK-
G-LREKSKFLRQLOKIYKSTRK-T——————————mm e ES-—————- PELWK-
———-DCSKFVRRFQKIFKSARK-T————————————mm—emm ES-—————- PESWK-
ASFPEKSKFLRQFHRIFKAGRK-S——————————mmmmmm EGGGEPDPEPELWKE
A-FGDKFKSVRQFHRIFKAGRK—-G-———————————— e KE-—————- P-————
A-IGDKFKSVRQFHKIFKAGRKKS——————————mm e KE-—————- P-————
---A-KKSEPGRVVLVLVPEKPVDDTEE-——-— SOK-KQLQLVARLFSSTLISAKEE--—
---A-KKSEPGRVVLVLVPEKPVDDTEE-——-— SOK-KQLQLVARLFSSTLISAKEE--—
P U o EE--——- VEE-QQLQIVATLFSSTLIS-KYT---
SN FEN o EE-———————- QQLQOIVASLFSSTLIS-KHS---
VPLVAH-——————m e ELT--SRQSS-QQLQVVARLFSSTQIS-TKE--—
VPLVAH-————— e mmmmm ELT--SRQSS-QQLQIVARLFSSTQIS-TKE--—
VPLVAH-————— e e ELT--SRQSS-QQLHIVARLFSSTQIS-TKE--—
VPLA-H-——mmmmmmmmmmm DLTTTSRQSS-QQLRIVARLFSSTQIS-TRE--—
VPLAAH-——————m e DLTN-GRQTS-QQLRIVARLFSSTQIS-TKE--—
VPLA-H-—mmmmmmmmmmmm D--V-TGQSG-QQLQIVARLFSSTLIS-TKE--—
VPLA-H-——mmmmmmmmmmm D--V-TGPSS-QHLQIVARLFSSTLIS-TKE--—
VPLSTH-—————————mmmmommo DQQOT-SGQSS-QQLQIVARLFSSTLIS-TKE--—
VPLA-H-—mmmmmmmmmm D--V-TGQONS-QQLQIVARLFSSTLVS-TEE--—
VPLA-H-—mmmmmmmmmmm D--V-TGQSS-QQLQIVTRLFSSTLIS-TEE--—
VPLA-H-——mmmmmmmmmmm D--V-TRQSSTHQLQIVARLFSSTQIS-TEE--—
VPLA-D=———mmmm e EQ--——- RSQ-EQLQIVARLFSSTLIS-TKEEEI
SR\ 5] 7 — DER-QQLQFVARLFSSTLIS-TEE---
SR\ 5] 7 — DER-QQLQFVARLFSSTLIS-TEE-——
Tommemmmcm e mmceeeae SC-SY--NSS
Tommemmmcm e mmceeeae SC-SY--NSS
L Sy SK-NS--SSC
. L Ry SA-SI--TSS
ITY-NSNS-=-NTSE-—-————————ee NN
ITY-SSNN-=-NTSE-—=————————ee TN
ITY-SSNS-=-NTSE-—=————————ee SN
ITYTNSNN-—-——— SSYSFRRRKSE-SH--RSN
ITYSTSNN---NTSSYSFRSRKSE-SC--RSN
IHC-N-NN-—-———— SYSYKSRKSE-SY--SSN
ISY-S-NH-————— RYSCRSGKSE-SY--SSN
ITF-N-NH---TKNSFSYKCRKSE-GY--SSN
ITY-HTNI---N----SYKSRKSQ-SY--DCD
ITY-NTNNKNNN----SCKSRKSHKSY--KSS
IIY---NN---I----SFNSRKSQ-SH--SSN
ITT-SRSS---NCNT-SYTRRKSQ-SYCSTST
I-———- YG-—-N-————= SSRKSQ-SF--NSN
I-———- YG---NGKT-SYSSRKSQ-SY--NSN
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Lasp-binding domain

Dper
Dpse
Dimm
Dvir
Dmel
Dsec
Dsim
Dyak
Dere
Dtak
Dbia
Deug
Drho
Dele
Dfic
Dkik
Dana
Dbip

Dper
Dpse
Dimm
Dvir
Dmel
Dsec
Dsim
Dyak
Dere
Dtak
Dbia
Deug
Drho
Dele
Dfic
Dkik
Dana
Dbip

IE--DQ-AGPLQQLARAAAESNWCYQDNWNHLKNCYQ—-=——=—=—— R-—————- ANIF----A
IE--DQ-AGPLQQLARAAAESNWCYQDNWNHLKNCYQ—-=——=—=—— R-—————- ANIF----A
————— K-ITPVQHLATAAMAPFGVYQDNWKHLNNQYQLSQLATQON-—-----SNQFSCIRS
————— K-ISKLOQPLATAAAMSNDVYQDNWKHLNNQYQLPQLNAPK-—-—--—--NNIHSHIAS
IA--TR-PVSLHQOMANEAAESNWCYQDNWKHLNNFYQQOASVNAPK--MPVPINIY----S
IA--TR-PASLHQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQ--MPVPINIY----S
IP--TR-PASLHQMANEAAESNWCYQDNWKHLNNFYQQASVNAPQ--MPVPINIY----S
SA--TRQPASLHQMANEAAESNWCYQDNWKHLNNFYQQSSVNAPK--MPVPVNIY----S
TS--TR-PASLHQOMANEAAESNWCYQDNWKHLNNFYQQASVNAPK--MPVPINIY----S
IN--TK-AAPLQQLAKEAAESNWCYQDNWNHLNNFYQQSRVNEPQ--MPVPINIY----S
VD--TR-AAPLQQLAKEAAESNWCYQDNWNHLNNIYQRSSVSEPQIQLPVPINIY----S
MSMHTR-AAPLQQLAKVAAESNWCYQDNWKHLNNFYQQSSVNEAQ--RPVPINIY----T
IT--ARK-TTPLHQLAKEAAESNWCYQDNWKHLNNFYQQSSANEPQ--RPVPINIY----S
AT--TK-AAPLQQLAKEAAESNWCYQDNWKHLNNFYQQSSANEPQ--MPVPINIY----S
IA--TK-AAPLPQLAKEAAESNWCYQDNWKHLNNYYQQSSANEPQ--IPVPINIY----T
IN--TR-SAALPHMAKAAAESNWCYQDNWNHLKNIYQQOSSGNAPH--MHEPNQIY—----T
IN--AN-SATLQKLAKAAGESNWCYQDNWNHLNNFYQQOSNVNGHQ--NQVPPNIY-—---V
IK--TN-SASLQKLAKAAGESNWCYQDNWNHLNNFYQONNVNGPQ--NPVPPNIY—-—---1
-DPPEK-P-PPLPA-QE-N-HL-RNSN-===—=—=—— S—---0ON
-DPPEK-P-PPLPA-QE-N-HL-RNSN-===—=—=—— S—---0ON
-DPVQL-QIAPHPP-EQ-Q-H--—=——m—— - —— 0]0)
-NPAQL-Q-AALPA-E-—=——————
PDAPEE-P-INLAPPGH-QPSC-RTQS——==—=—=—=—— OKTE-PT
-DAPEE-P-THLAAPGQ-QPSCCRTQS—======—— KKTE-PT
-DAPEE-P-THLAAPGQ-QPSCCRTQS—======—— KKPE-PT
-DAPEE-R-THLDAPGH-QPSC-RTQN=-====——=—— QOKTQQTT
-DAPEE-R-IQVDAPGH-QPSC-RTQN—-====—=—— OKTQHPT

-DATEE-P-IQLDAPEH-HPHC-QNHNENQNPNQN-QNTK-QN
-DAPEE-P-NQMNVPQH-HPLC---HNRNQONPSQN-QQAK-QD

-DALEDLP-IQLDNPEH-HPNC-KNNN-===—=———— ONIK-ON
-DPPEE-R-TQFAVPEL-PPHC-RNPN-===—=———— ONTK-ON
-DATEE-R-TQFAVPEP-RPCG-KNHN-=-—===———— ONNK-PN
-DATEE-P-NQFAVPEH-LPPC-KNHK-=-—==———— ONTK-PN
-DPPEL-S-NHLANPELIKPPC-KNHN-=-—==—=———— S—---PN
-DTPDR-Q-TQVTDPE--Q-HC-QONPH-=-—=———— PS----0ON
-DTPDQ-P-TQVTDPEL-L-HC-QONRN-=—==———— PS----0ON
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Table S13. Log likelihood and parameter estimates from branch site models for Oskar using PRANK MSA alignments of
18 Drosophilids including the D. virilis allele sequenced in Webster et al. (1994).

o values under Model: MA

o values under Model: MAgix

Csllatse$ Proportion | Background | D. virilis I Proportion | Background | D. virilis /
0 0.74 0.22 0.22 0.75 0.22 0.22
Long 1 0.16 1 1 0.17 1 1
Osk . -4183.89 . -4186.77
(PRANK) 2a 0.07 0.22 89.19 0.05 0.22 1
2b 0.01 1 89.19 0.01 1 1
0 0.45 0.14 0.14 0.35 0.14 0.14
Lasp 1 0.42 1 1 0.33 1 1
-2214.90 -2217.65
(PRANK) 2a 0.06 0.14 40.74 0.15 0.14 1
2b 0.06 1 40.74 0.14 1 1
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. melanogaster

. willistoni

. funebris

i

. immigrans

. hydei

. gibberosa

. americana

CACNCORCRCRCNCNCONORE)

D
D
D
D
D. repleta
D
D
D
D. virilis
D

. busckii

Germ Plasm Morphology: @ unipolar @ perinuclear dispersed

Can assemble germ plasm in D. melanogaster: [JJj Yes ] No
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