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ABSTRACT

The analyses of gene duplications by retroposition have revealed an excess of male-biased duplicates
generated from X chromosome to autosomes in flies and mammals. Investigating these genes is of
primary importance in understanding sexual dimorphism and genome evolution. In a particular instance
in Drosophila, X-linked nuclear transport genes (Ntf-2 and ran) have given rise to autosomal retroposed
copies three independent times (along the lineages leading to Drosophila melanogaster, D. ananassae, and
D. grimshawt). Here we explore in further detail the expression and the mode of evolution of these
Drosophila Ntf-2- and ran-derived retrogenes. Five of the six retrogenes show male-biased expression. The
ran-like gene of D. melanogaster and D. simulans has undergone recurrent positive selection. Similarly, in
D. ananassae and D. atripex, the Nif-2 and ran retrogenes show evidence of past positive selection. The data
suggest that strong selection is acting on the origin and evolution of these retrogenes. Avoiding male
meiotic X inactivation, increasing level of expression of X-linked genes in male testes, and/or sexual
antagonism might explain the recurrent duplication of retrogenes from X to autosomes. Interestingly, the
ran-like in D. yakuba has mostly pseudogenized alleles. Disablement of the ran-like gene in D. yakuba
indicates turnover of these duplicates. We discuss the possibility that Dntf-2r and ran-like might be involved

in genomic conflicts during spermatogenesis.

ONVERGENT duplications of two genes involved

in nuclear transport, Nif-2 and ran in different
lineages of Drosophila, have recently been described
(Bar et al. 2007). The Drosophila Ntf-2 (Dntf-2) appears
to have generated retroposed copies—retrogenes
(Bros1us 1991)—three independent times. The retro-
genes are observed in different genomic locations in
different Drosophila species with respect to the six
evolutionarily conserved chromosomal arms of Dro-
sophila (i.e., Muller elements A to F; POWELL 1997): (1)
Dnif-2r located in the 2L chromosomal arm (Muller
element B) of the four species of the Drosophila
melanogaster complex (D. melanogaster, D. simulans, D.
mauritiana, and D sechellia; BETRAN and LoNnG 2003), (2)
an unnamed retrogene in the D. ananassae lineage
(GF23973) located in the chromosomal arm corre-
sponding to Muller element D, and (3) a retrogene in
the lineage leading to D. grimshawi (GH16820) located
in the arm that corresponds to Muller element D. We
call the Dnif-2-derived retrogenes of the D. ananassae
and D. grimshawi lineages Da_Ntf-2r and Dg Nif-2r,
respectively. The ran gene has also given rise to
retrogenes three independent times—along some of
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the same lineages as the Dnif-2-derived retrogenes. It
gave rise to ran-like, which is present in all the species of
the D. melanogaster subgroup and is located in the 3L
arm (Muller element D). D. ananassae and D. grimshawi
also have independently derived ran retrogenes, GI24088
and GHI16204, located in Muller elements B and D,
respectively. We call the ran-derived retrogenes of the
D. ananassae and D. grimshawi lineages Da_ran-like and
Dg _ran-like, respectively.

The parental ran and Nif-2 proteins physically interact
with each other and play a central role in the transport
of proteins into and out of the nucleus (RIBBECK et al.
1998). Both proteins are highly conserved and are
required in all eukaryotes (QuUIMBY et al. 2000). The
presence of duplicates of both genes in several lineages
may have an adaptive explanation, particularly if the
expression of each duplicate overlaps the other. While
the function of the duplicates is not known, all six
independent retrogene events occurred from X-to-
autosome locations—a direction of retroduplication
known to be overrepresented in Drosophila, human,
and mouse genomes (BETRAN et al. 2002; EMERSON et al.
2004). The X-to-autosome duplications may be the
result of positive selection due to pressures relating to
male meiotic X inactivation, sexual antagonism, and/or
X chromosome dosage compensation (see below).

In the case of male meiotic X inactivation (LIFSCHYTZ
and LINDSLEY 1972; HENSE e al. 2007), it is thought to
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be beneficial to have gene copies off the X and onto
autosomes where transcription can occur during X
chromosome inactivation (BETRAN et al. 2002). It has
previously been shown that the D. melanogaster retro-
gene Dntf-2r exhibits a strong testis-biased expression
(BETRAN and LoNG 2003), and the same is true for ran-
like (CHINTAPALLI et al. 2007). In addition, both Dntf-2r
and ran-like represent X-to-autosome movements (Bar
etal. 2007) . Thus, it is possible that the multiple parallel
retropositions to autosomes of Dnif-2 and ran have been
driven by the selective advantage of providing a way of
retaining nuclear transport function in males during
meiotic X inactivation. Male meiotic X inactivation
might be a consequence of the inactivation that un-
synapsed meiotic chromosomes suffer (TURNER et al.
2005; TURNER 2007).

On the other hand, under the standard sexual
antagonistic hypothesis, males and females need the
same gene, but alleles that are good for males might be
bad for females and vice versa (i.e., some homologous
traits are selected in different directions in the different
sexes; CHIPPINDALE ef al. 2001). In this case, if mutations
are partially dominant, it might be beneficial to have the
male-biased genes located on the autosomes, as op-
posed to the X chromosome. The X chromosome
spends two-thirds of its time in females; thus, the female
would be able to outcompete the male for alleles on the
X chromosome (Rice 1984; CHARLESWORTH et al. 1987,
RANZ et al. 2003).

In the case of X chromosome dosage compensation,
it is known that compensation in Drosophila occurs
through hypertranscription of the X chromosome in
males. The need for additional increased X-linked gene
expression in males could be a pressure to duplicate
X-linked genes onto the autosomes (Vicoso and
CHARLESWORTH 2009).

Additionally, the duplicates attaining novel male
testes functions could also explain the multiple dupli-
cation events of the nuclear transport genes Dnif-2 and
ran. For example, it has been proposed that nuclear
transport genes (including Dnif-2r) might play a role
in segregation distortion and/or germline genomic
conflicts involving transposable elements and viruses
(PRESGRAVES 2007; PRESGRAVES and STEPHAN 2007).
Interestingly, there is direct evidence that genes in-
volved in nuclear transport play a role in the young SD
segregation distortion system in spermatogenesis of
D. melanogaster (see review, Kusano et al. 2003). The
main distorter, Sd, is a truncated duplicate form of the
nuclear transport gene RanGAP that (mis)localizes in
the nucleus (KusaNo et al. 2003). Nuclear transport
genes (e.g., RanGAPand six different nucleoporins) and
their duplicates (e.g., Dnif-2r) have been hypothesized to
be involved in segregation distortion in Drosophila
(PRESGRAVES 2007). The arms race between distorters
and suppressors of distortion could lead to the fixation
of duplicate genes with testes expression and to fast

gene evolution of these genes (Kusano et al. 2002; BURT
and TrIVERS 2006; PRESGRAVES 2007). Indeed, RanGAP,
six nucleoporins, and Dntf-2r all have been shown to
have evolved under positive selection (BETRAN and
LoNG 2003; PRESGRAVES 2007; PRESGRAVES and STEPHAN
2007). If this is the case, the selective advantage for the
fixation, longevity, and fast evolution of duplicates like
Dnif-2r will persist as long as segregation distortion con-
flicts involving nuclear transport keep emerging.

Transposable elements and viruses may also impose
genomic conflicts involving nuclear transport since
these elements often need to enter germline nuclei to
replicate (PRESGRAVES and STEPHAN 2007).

Previous work demonstrated that the D. melanogaster
Dnif-2rhas testis-biased expression and is under positive
selection. D. melanogaster ran-likeis similarly testes biased
in expression. Here we explore the mode of evolution
and the pattern of expression of other independently
retroposed copies of Ni¢f-2 and ran. In both D. ananassae
and D. grimshawi, we show that Dntf-2 and ran retrogenes
are, for the most part, strongly male biased in their
transcription. In addition, we reveal that all the retro-
genes are evolving faster than the parental genes and
are largely under positive selection. The ran-like gene is
evolving under recurrent positive selection in several
branches and for particular residues. In the lineages
where ran-like is undergoing positive selection, some of
the inferred selected amino acid changes appear to
disturb specific protein—protein interaction surfaces.
Polymorphism data for ran-like in the D. yakuba lineage
indicate that D. yakuba’s ran-likeis a pseudogene in most
alleles (9 of 10) and is wrongly annotated as functional
in FlyBase. The retrogenes in the D. ananassae lineage,
Da_Nif-2r and Da_ran-like, are also under positive selec-
tion. These data reveal strong selective pressures on the
origin and evolution of Dnif-2 and ran retrogenes.

MATERIALS AND METHODS

Strains used and DNA sequencing: Genomic DNA was
extracted from single flies using a Puregene kit (Qiagen,
Valencia, CA). The ran-like gene was PCR amplified from
genomic DNA from 12 D. melanogaster flies from different
Zimbabwe strains (ZH13, ZH18, ZH19, ZH20, ZH21, ZH23,
ZH26, ZH27,7ZH28,ZH29, ZH32, and ZH40; HOLLOCHER ¢t al.
1997), nine D. simulans flies from different Madagascar strains
(M1, M4, M5, M24, M37, M50, M242, M252, and M258), and
10 D. yakuba strains (Tai6, Tailba, Tailbb, Tail8, Tai2l, Tai26,
Tai27, Tai30, Tai37, and Tai59) from the Tai forest in Ivory
Coast. These strains were kindly provided by the Wu, Aquadro,
Long, and Llopart laboratories. Oligonucleotide primers used
for these reactions are given in the supporting information,
Table S1.

Da_Ntf-2r and Da_Ran-like were PCR amplified from geno-
mic DNA from 10 D. ananassae flies from different strains
(14024-0371.16, 14024-0371.17, 14024-0371.18, 14024-
0371.25, 14024-0371.30, 14024-0371.31, 14024-0371.32,
14024-0371.33, 14024-0371.34, and 14024-0371.35), and four
D. atripex flies from different strains (14024-0361.00, 14024-
0361.01, 14024-0361.02, and 14024-0361.03) obtained from
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the San Diego Stock Center. Oligonucleotide primers used in
these reactions are given in Table S1. Da_Nif-2r sequences of
D. atripex are partial gene sequences (357 bp long).

PCR products were sequenced from both strands using an
automated DNA sequencer and fluorescent BigDye termina-
tors (Applied Biosystems, Foster City, CA). Internal primers
were used in addition to the primers above to complete some
of the sequencing. Heterozygotes were cloned using a TOPO
cloning kit (Invitrogen, Carlsbad, CA), and one insert was
sequenced to resolve haplotypes. Accession numbers for the
sequences obtained are GU338155-GU338215.

Strains that were used for the whole genome sequence
project of D. ananassae and D. grimshawi (CLARK et al. 2007)
were used to study pattern of expression of Dnif-2, ran, and
their retrogenes in these species (see below). These strains
were obtained from the former Tucson Drosophila Stock
Center (currently the San Diego Stock Center).

Sequence analyses: The nucleotide sequences of the Dnif-2
gene in the 12 sequenced Drosophila species (CLARK et al.
2007) were retrieved from FlyBase along with the sequences of
the paralog Dntf-2r in D. melanogaster, D. simulans, and D.
sechellia. These 15 sequences were aligned with each other and
with Dnif-2 retroposed sequences from D. ananassae and D.
grimshawi with Clustal W software (THOMPSON et al. 1994).
Sequences were analyzed initially using the CODEML software
package implemented in PAML 4 (Yanc 2007). The tree
provided is shown in Figure S1. Branch models were employed
to determine selective pressures on the parental and retro-
posed sequences by calculation of K,/Kg ratios for each
branch (YaANG 1998). The one-ratio model sets all branches
to evolve at the same rate. Additional models allowed for the
genes to evolve at different rates, for the branches to evolve at
different rates after duplication, or for the parental gene to
evolve at a different rate after duplication. Models where K,/
Ky is set at one in particular lineages were also compared to
detect purifying selection. These were all a priori hypotheses
that we wanted to test. These models were compared by
calculating two times the log likelihood values and comparing
this value to a x* distribution with degrees of freedom equaling
the difference in number of parameters estimated by each
model.

Next, site models (NSsites) of CODEML software imple-
mented in PAML were used to uncover the possibility of
positive selection acting on a few sites. Site-specific likelihood
models M7 and M8 were applied to the sequences with the
appropriate tree topology (NIELSEN and YANG 1998; YANG et al.
2000). Model M7, which does not allow for sites under positive
selection, was compared to model M8, which does allow for
sites under positive selection. M7 assumes a beta distribution
for o between 0 and 1 over all sites, while M8 adds an
additional site class (w = 1), with ® estimated from the data.
A likelihood ratio test was performed by calculating two times
the log likelihood values and comparing this value to a x*
distribution with two degrees of freedom. Posterior probabil-
ities of codons under positive selection were computed in
model M8 using Bayes empirical Bayes when the LRT was
significant. The tree provided for the site analyses was ((Dntf-
2r_D. simulans, Dntf-2r_D. sechellia), Dnif-2r_D. melanogaster).

The same PAML methods and comparisons were employed
for ran and its retroposed sequences. We used parental and
retrogene sequences that are present in the same species, with
the addition of a ran-like ortholog in D. erecta. The ran-like
ortholog in D. yakuba was not added to the analyses because a
careful look at the annotation and polymorphism data
revealed that it is likely a pseudogene. The tree provided for
the K,/Ks ratio analyses in different branches is shown in
Figure S2. The fact that the ran-like ortholog in D. yakuba is
evolving differently, similar to a pseudogene, prompted us to

investigate if the other ran-likelineages evolve at different rates.
The tree provided for the site-specific analyses was (((ran-like_
D.simulans, ran-like_D.sechellia), ran-like_D.melanogaster), ran-like_
D.erecta).

Sequences of Dnif-2r and ran-like were also analyzed using
the HyPhy package. Dnif-2r sequences and tree topology were
((Dntf-2r_D. simulans, Dnif-2r_D. sechellia), Dntf-2r_D. mela-
nogaster). The ran-like sequences and tree topology were
(((ran-like_D. simulans, ran-like_D. sechellia), ran-like_D. mela-
nogaster) , ran-like_D. erecta). These sequences were uploaded to
the HyPhy package available at http:/www.datamonkey.org
(PonD and FrosT 2005). Random effects likelihood (REL)
and fixed effects likelihood (FEL) analyses were performed in
an attempt to detect positively selected codons in the Dntf-2r
and ran-like phylogenies. A Bayes factor threshold of 50, which
corresponds to very low probablity (P~1/Bayes factor), was
used for the REL analysis, and P < 0.10 for the FEL analysis
(Kosakovsky Ponp and Frost 2005). These codon analyses
are presumed to be more realistic than the PAML site models
because they allow for synonymous rate variation across sites
(Kosakovsky PonD and FrosT 2005).

A McDonald-Kreitman test (McDoNALD and KREITMAN
1991) was performed for the polymorphism data obtained for
ran-likein D. melanogaster and D. simulans. Sequenced products
were aligned using Clustal W (THOMPSON el al. 1994) and
imported into DnaSP 5.0 (LiBrap0O and Rozas 2009) to
perform the test. Lineage-specific McDonald-Kreitman tests
were also performed for ran-like in D. melanogaster and
D. simulans (Arasur 1995; PresGraves 2007). A modified
McDonald-Kreitman test was also used. The latter test removes
synonymous unpreferred changes from the calculations be-
cause they might contribute more to polymorphisms than to
divergence (AkAsHI 1995; SCHLENKE and BEGUN 2003).

D. yakuba ran-like sequences obtained in this work were
aligned with two genes of ran-like of D. yakuba annotated in
FlyBase (GE22850; 3L random and GE19852; 3L) to reveal the
disablements that we detected in 9 of the 10 alleles and all the
genome sequences (see RESULTS and Figure S3). We infer that
the two annotated genes of ran-like of D. yakuba in FlyBase are
likely alleles of the same gene. Both genes are flanked by the
same region but have different disablements that likely
prevented initial assembly.

Standard McDonald-Kreitman tests (McDonNaALD and
KrEITMAN 1991) were also performed for the polymorphism
data obtained for Da_ran-like and Da_Nif-2r in D. ananassae
and D. atripex. Sequenced products were aligned using Clustal
W (THOMPSON et al. 1994) and imported into DnaSP 5.0
(LiBrADO and Rozas 2009) to perform the tests. The lineage-
specific and the modified McDonald-Kreitman tests were not
performed in this case because of the absence of a close
enough outgroup sequence and because of a lack of in-
formation on codon preferences in these species.

The action of recent positive selection can be addressed
using proposed population genetics statistics that test for skew
in the frequency spectrum of alleles when compared to the
neutral model. Tajima’s D (TajiMa 1989) compares 0, (the
average number of nucleotide differences persite between two
random sequences) and 6y (Watterson’s estimate of 6 from
the number of segregating sites; WATTERSON 1975). Differ-
ences between 0, and 0y (Tajima’s D) reveal nonequilibrium
conditions in the history of the gene. Negative significant
values are consistent with recent events of positive selection.
The H statistic, the difference between 0. and 0j; estimates
(FAy and Wu 2000), measures the excess of derived variants at
high frequency. Again, negative significant values of this
statistic are consistent with recent events of positive selection.
Tajima’s Dand Fay and Wu’s Hvalues were tested using neutral
coalescence simulations. They were computed and tested by
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10,000 simulations using DNAsp 5.1 (LiBraDO and Rozas
2009). Recombination rates for all those simulations were
considered zero, to be conservative. When these tests were
applied to the ran-like polymorphism data in D. yakuba,
deletions were manually removed and coded as nucleotide
changes.

Expression analyses: Tissues were homogenized, and total
RNA was prepared as described by the Qiagen protocol
(RNeasy kit, Qiagen). Total RNA was obtained from 30 virgin
gonadectomized females, 30 gonadectomized males, 30 ova-
ries, and 100 testes plus accessory glands of D. ananassae.
Gonadectomized males and females are flies from which we
removed ovaries/testes and accessory glands by dissecting
mature males and females in saline solution. After dissection,
tissues were preserved in RNAlater solution (Applied Biosys-
tems/Ambion, Austin, TX) at —20° after soaking them at 4°
overnight until they were processed. Total RNA was also
obtained from two virgin females and three males from
D. grimshawi.

RT-PCR was conducted on total RNA for Dnif-2, ran, and
the retrogenes derived from these genes in D. ananassae and
D. grimshawi. Gapdh2 and Gapdh were used as internal stand-
ards for the quantitative real-time RT-PCR (qRT-PCR) per-
formed for the retrogenes in D. ananassae and D. grimshawi,
respectively. Analysis of expression of intronless genes (such as
Dntf-2 and ran retrogenes) is challenging because genomic
contamination can produce a band of the same size as that
expected from the cDNA. Therefore, we digested possible
contaminating DNA from the total RNA (DNase I amplifica-
tion grade, Invitrogen) and ran controls including DNA
digested total RNA without reverse transcriptase (RT-).
Single strand complementary DNA (cDNA) was synthesized
using Superscript and oligo-dT (Promega, Madison, WI). RT-
PCRs were carried out using specific oligonucleotide primers
given in Table S1. qRT-PCRs were performed using the ABI
7300 Real Time PCR system and the SYBR Green PCR Core
reagents from Applied Biosystems. Two or three replicates of
RT+ and RT— were performed for every retrogene, normal-
izing gene, and RNA extraction. The primers described above
were used and produced similar amplification plots in the
logarithmic scale that corresponds to similar efficiency
(ScHMITTGEN and Livak 2008). RT-PCR products were run
in gels to control for any spurious amplification. Threshold
cycle numbers (Cry values) were obtained with the default ABI
software parameters. Ct values obtained for the retrogenes
were normalized by subtracting the Cy value of the normaliz-
ing gene (ACt). The mean difference in normalized threshold
cycle number (ACy) in different tissues was tested using
ANOVA analyses. Post hoc Tukey tests were also performed.
Fold changes in the expression were calculated using the
expression 2 44T (SCHMITTGEN and L1vak 2008).

RESULTS AND DISCUSSION

Dntf-2 and ran retrogenes are mostly male biased in
expression: In D. ananassae, RT-PCR results reveal that
both parental genes, Dntf-2 and ran, are transcribed
equally in both males and females across all tested tissue
types (data not shown). The qRT-PCR results for the
Da_Nntf-2r and Da_ran-like retrogenes are shown in
Figure 1, A and B. The average of the retrogene Cr
difference to Gapdh2 (i.e., ACt) and standard error are
shown for each tissue type. Small values of ACt cor-
respond to high values of transcription. An ANOVA com-
paring values for Da_ ran-like expression in different

tissues (Figure 1A) reveals that these values are signif-
icantly different (I(5g) = 317.5; P < 107°). Post hoc
Tukey tests show that all values are statistically signifi-
cantly different from each other (P < 0.05 in all
comparisons). Da_ran-like is highly expressed in testes
and expressed at low or very low levels in gonadecto-
mized male bodies, gonadectomized female bodies, and
ovaries. Testes expression is 60-fold higher than in other
tissues.

An ANOVA comparing values for Da_ Nif-2r expres-
sion in different tissues (Figure 1B) shows that these
values are significantly different (F57 = 77.472; P <
10-*). Post hoc Tukey tests reveal that all values are
statistically significantly different from each other (P <
0.05 in all comparisons), except the comparison be-
tween male and female gonadectomized body (P =
0.9939). Da_ Ntf-2r is highly expressed in testes and
expressed at much lower levels in gonadectomized male
bodies, gonadectomized female bodies, and ovaries.
Expression in testes is 27-fold higher than in other
tissues.

In D. grimshawi RT-PCR results reveal again that the
parental genes Dnif-2 and ran are transcribed equally in
males and in females (data not shown). The retrogene
Dg Nntf-2r is highly expressed in males compared to
females (F7; 4 = 103.96; P = 0.0005; Figure 1C). We do
not know whether this bias is due to testes expression as
we were not able to obtain separate tissues for D.
grimshawi. Unlike Dg Nntf-2r, Dg_ran-like is expressed
higher in females than males (f{; 4) = 43.40; P=0.0028;
Figure 1C).

We conclude that Dnif-2 and ran retrogenes are
typically male biased in expression. The retrogenes are
strongly testes biased in the D. melanogaster lineage
(BETRAN and LoNG 2003; CHINTAPALLI et al. 2007)
and the D. ananassae lineage (Figure 1). Dg Nnif-2r is
male biased in the D. grimshawi lineage (Figure 1),
although it remains unknown whether Dg_Nntf-2r is
testes biased.

Sequence evolution of Dnif-2 and its retrogenes: To
understand the mode of evolution of Dnif-2 and its
retrogenes, we performed sequence analyses using
PAML software as described in MATERIALS AND METHODS.
Results of the branch PAML analyses for Dntf-2 genes
and Dnif-2retrogenes appear in Table S2. The free-ratio
model (data not shown, 1 = —2507.6789, P = 65) was
found to be significantly better (P=1.787 X 10~"%) than
the one-ratio model in revealing rate differences. The
two-ratio model, which estimates one K,/ Kg ratio for
Dnif-2 and one ratio for the Dnif-2 retrogene branches,
was found to fit the data better than the one-ratio model
(P < 1.110 X 107'). A fourratio model was imple-
mented to allow differing rates of evolution for the three
retrogenes and Dnif-2. This model is significantly better
than the two-ratio model (P= 8.390 X 107°), indicating
different rates of evolution among the recurrently re-
cruited retrogenes. The retrogene in the D. melanogaster
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FIGURE 1.—qRT-PCR results for the D. ananassae and D.
grimshawi retrogenes (Da_ran-like, Da_Ntf-2r, Dg_ran-like, and
Dg_ Nif-2r) are shown. The average of the retrogene Cr differ-
ence to the normalizing gene (i.e., ACr) and standard errors
are shown for every tissue type. f, females; m, males.

complex is evolving the fastest (Ky/Ks = 0.5311). That
said, all of the retrogene evolution rates are significantly
higher than the parental rate—3- to 21-fold higher.

The retrogene rates can be explained either by
positive selection acting on the retrogenes or by re-
laxation of constraintin the retrogene lineages. We have
evidence of positive selection acting on Dntf-2r provided
by the McDonald-Kreitman test (BETRAN and LonG
2003) and on Da_Ntf-2r (see below). The results of the
Da_Ntif-2r McDonald—Kreitman test is consistent with a
high K, /Ks ratio (0.3309) estimated in the D. ananassae
lineage. However, no lines are available from D. grimshawi
or close relatives to gather polymorphism data, and we
have no evidence supporting selection in the D. grimshawi
lineage at this point.

A five-ratio model is an extension of the fourratio
model. It allows a branch to evolve under a different K, /
K ratio postduplication. When the five-ratio model was
applied to the retrogene in the D. melanogaster complex,
it did not fit significantly better than the simpler four-
ratio model. Models that considered a different rate for
the parental genes postduplication were significantly
worse at fitting the data than the four-ratio model (data
notshown). Four additional models were constructed to
determine whether the estimated K,/Ks ratio for every
gene was significantly less than one to ascertain whether
purifying selection is acting. All four models were
significantly worse at fitting the data than the four-ratio
model, indicating that all of the K)/Ks values in the
phylogeny are significantly less than one and that
purifying selection is acting in each of the lineages.

Although it has been pointed out that Kg will saturate
at large evolutionary distances (e.g., at distances larger
than the D. melanogastergroup thatincludes D. melanogaster,
D. simulans, D. sechellia, D. yakuba, D. erecta, and D.
ananassae; LARRACUENTE et al. 2008), all of our Dnif-2
retrogenes are younger than the distance represented
by the D. melanogaster group. Dntf-2ris present only in D.
melanogaster, D. simulans, and D. sechellia. Da_Nif-2r is
present only in D. ananassae. Dg_Ntf-2ris present only in
D. grimshawi, whose lineage is estimated to be shorter
than the D. ananassae lineage (CLARK et al. 2007).
However, because the estimates of Dnif-2 Ky/Ks listed
in Table S2 suffer from saturation, we reestimated the
Ki\/Ks ratio for Dntf-2 using only the D. melanogaster
group of species. The PAML K, /Kjg ratio obtained was
0.0188. This Ki/Ks value confirms that the parental
genes have evolved much slower than the retrogenes.

Site models (M7 and M8 and FEL) were also fitted to
the data to test for positive selection acting on particular
sites of Dnif-2r (see MATERIALS AND METHODS). From
these results we did not infer positive selection acting on
any sites of the retroposed Dnif-2 sequences. However,
REL analysis detected two codons [47 (Bayes factor =
52.9636), 87 (Bayes factor = 52.6307)] that are likely
under positive selection. Nucleoporins are known to
interact with amino acid number 47 of the parental
NTF-2 (File S1).

Polymorphism data for part of Da_Nif-2r in the
D. ananassae and D. atripex lineages (Table S3) were
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TABLE 1

McDonald—Kreitman tests for Da_Ntf-2r and Da_ran-like in the D.

ananassae and D. atripex lineages

Da_Ntf-2r Da_ran-like
Fixed Polymorphic Fixed Polymorphic
Replacement 36 2 15 0
Synonymous 27 16 33 21

G\Nillinms correction — 12.991

P =0.0003

Fisher’s exact test
P(two tailed) — 0.0031

used to perform the McDonald—Kreitman and Tajima’s
D and Wu’s H tests. The results of the McDonald-
Kreitman test reveal a statistically significant excess of
replacement substitutions (Table 1) that is usually
interpreted as recurrent positive selection acting on
the protein. Tajima’s D and Fay and Wu’s H tests were
not significant for either sample set (data not shown).
The above result, along with published results for Dnif
2r (BETRAN and LoNc 2003), suggest that most retro-
posed Dnif-2 sequences have been under strong selec-
tive pressures. We discuss the possible functional
consequences of these protein changes in File S2.

Sequence evolution of ran and its retrogenes: To
understand the mode of evolution of ran and its
retrogenes, we performed sequence analyses similar to
the ones performed for Dntf-2and its retrogenes. PAML-
derived log likelihood values and maximum likelihood
estimates of K, /Kg ratios for the branches in ran and ran-
like, as well as the other ran retrogenes, are given in
Table S4. A free-ratio model (data not shown) was fitted
(1 = —4410.17775, P = 69) and compared to the one-
ratio model. The free-ratio model gave a much better fit
(P = 0) to the data due to differing K, /Ks ratios along
the branches of the tree. The one-ratio model was then
compared to a two-ratio model (P = 0), showing a 43-
fold increase in the rate of evolution in the ran
retrogene lineages when compared to the ran branches
(e.g., 0.1793 for retrogene vs. 0.0042 for parental gene).
Next, a four-ratio model was fitted to the data to allow
differing rates of evolution for the branches that
correspond to the three recurrent recruitments of ran
retrogenes. This model shows accelerated evolution of
ran-like in the D. melanogaster subgroup relative to all
other branches in the tree when compared to the two-
ratio model (P = 0). Other retrogene lineages are
evolving much faster than the parental genes as well (9-
10 times faster).

To determine the mode of evolution in the D.
melanogaster subgroup immediately after duplication of
ran, a five-ratio model was generated. Models that
consider a different rate for the parental genes after
duplication were significantly worse at fitting the data
(data not shown), while models that consider a different
rate for the retrogenes after duplication are significantly
better than the previous four-ratio model (P=1.8873 X
107'%). Our five-ratio model shows a marked increase in

the Ky/Ks (0.7023) in ran-like of the D. melanogaster
subgroup. Immediately after duplication of ranin the D.
melanogaster subgroup, purifying selection (Ky/Ks =
0.0249) was acting on the newly retroposed gene, even
though it was still evolving roughly six times faster than
the parental gene. In fact, all ratios in the five-ratio
model, including this last one, are significantly smaller
than one (Table S4). Our conclusions (i.e., that retro-
genes evolve much faster than parental genes) re-
mained unchanged when we reestimated the ran Ky/Ks
ratio using only the species of the D. melanogaster group,
where estimates should have higher accuracy (i.e., Kg
should not be saturated). The ran K, /Ks ratio had a value
of 0.0065 in this calculation, confirming that retrogenes
evolve one to two orders of magnitude faster than the
parental gene (Table S4). Again, either relaxation of
constraint or positive selection could explain the large
increase in evolutionary rate among the ran-likelineages,
although additional analyses (see below) reveal that
selection is more likely.

Site models (M7 vs. M8, REL, and FEL) were applied
to test for positive selection acting on ran-like. The M8
site model allows for positively selected sites, while M7
does not. The likelihood ratio test between site models
M7 and M8 was statistically significant (2A1 = 8.885,
df. = 2; P = 0.0118), which is indicative of positive
selection acting on ran-likebecause it reveals that model
MS fits the data significantly better than model M7. Site
model M8 estimated that 36.4% of sites in the ran-like
alignment experienced positive selection (Ky/Ks = 2.52).
Codons that are most likely under positive selection as
revealed by Bayes empirical Bayes analysis (posterior
probabilities =0.95%) are shown in Table 2. REL anal-
yses using the Hyphy package detected 14 sites (Table 2
and Figure 2) with a Bayes factor >50 (P < 0.02) that
have likely been under positive selection. The more
stringent FEL analyses detected only one codon (131) as
being likely under positive selection (P = 0.0973).

Polymorphism datain D. melanogaster; D. simulans, and
D. yakuba for ran-like were obtained. Table S5 shows
the polymorphism data for D. melanogaster and D. simu-
lans. McDonald-Kreitman and modified McDonald—
Kreitman tests were performed for ran-like using poly-
morphism data for D. simulans and D. melanogaster
(Table 3). Both McDonald-Kreitman tests showed a
significantly higher ratio of replacements per substitu-
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TABLE 2

Comparison of likely positively selected codons identified by
site-specific model M8 BEB and REL analyses in ran-like

TABLE 3

McDonald—Kreitman and modified McDonald—Kreitman tests
for ran-like in the D. melanogaster and D. simulans lineages

Positively selected codons Fixed Polymorphic

Codon M8 BEB probability REL Bayes factor Replacement 47 21

48 N 0911 572.1 Synonymous 12 (2) 14 (5)

49 H 0.955 558.1 G (with Williams correction) = 4.062, P = (0.0438. Values in

58V 0.810 52.2 parentheses correspond to the changes to preferred codons

811 0.748 53.1 used for the modified McDonald—Kreitman test: G (with

92T 0.785 54.2 Williams correction) = 4.028, P = 0.0447.

93 A 0.913 598.3

94 K 0.825 53.1 to have diverged ~400,000 years ago (LLOPART et al.

95 A 0.958 469.5 2002), we conclude that some of the disablements may
131'S 0.939 583.9 perhaps be shared between these species.
140 R 0.960 467.6 Polymorphism data were also obtained in D. ananassae
ggg E gggg sizgg and D. atripex for Da_ran-like (Table S6). The McDonald—
207 Y 0.849 55.3 Kreitman test was performed and revealed a significant-
915 F 0.921 389.1 ly higher ratio of replacements per silent substitution

Codons that had Bayes empirical Bayes (BEB) posterior
probabilities =0.95 or a Bayes factor =50 were included in
the results. Boldface values represent sites identified with sta-
tistical significance by either method. Codon number and
amino acids are relative to D. simulans full-length protein.

tion, as opposed to replacements per silent polymor-
phism. These data support recurrent positive selection
acting on ran-like in D. melanogaster and D. simulans.
Lineage-specific McDonald—Kreitman tests performed
for ran-like in D. melanogaster and ran-like in D. simulans
were not significant (data not shown). Likewise, Tajima’s
Dand Fay and Wu’s H tests were notsignificant, indicating
that the positive selection revealed above was not recent.

D. yakuba polymorphism data were left out of the
McDonald-Kreitman analysis because most ran-like al-
leles (9 of 10) were found to have deletions or insertions
in the coding region (Figure S3). All of the deletions
and insertions result in frameshifts and/or premature
stop codons. The ran-like gene in D. yakuba is likely
incorrectly annotated in FlyBase as two genes (one with
an intron), but they are likely two disabled alleles
(Figure S3). There are five kinds of disabling deletions
and one kind of disabling insertion in our Tai ran-like
data set. Some of the disablements overlap with the ones
observed in the FlyBase sequences. These disablements
are at frequencies that vary from 10 to 30% in our
sample. This observation means that no single disable-
ment has swept through the population under direc-
tional selection in agreement with the nonsignificant
Tajima’s D value (data not shown). We estimate the age
of the alleles (SLATKIN and RanNALA 2000) to be less
than ~1.03 X 10° generations, assuming an effective
population size of 10° If, in addition, we assume two
generations per year in D. yakuba, this estimate leads to
an age of 0.515 MY for the alleles present at 0.30
frequency. Since D. santomea and D. yakuba are estimated

when compared to the ratio of replacements per silent
polymorphism. Fisher’s exact test was applied in this
case because some cells have no observations (Table 1).
This result is compatible with recurrent positive selec-
tion occurring in these lineages. However, Tajima’s D
and Fay and Wu'’s H tests were not significant for either
sample set (data not shown). Taken together, the site-
specific analyses and McDonald—Kreitman tests for ran-
likein D. melanogaster and D. simulans and Da_ran-likein
D. ananassae and D. alripex strongly support the action
of positive selection on ran retrogenes. We discuss the
possible functional consequences of these protein
changes in File S2.

Are X-to-autosome retrogenes convergently dupli-
cated because of their function in genomic conflicts in
Drosophila? A strong selective force, when acting across
separate lineages, can often lead to convergent evolution.
Utp14in mammals is an example of convergent evolution
thatinvolves the recurrent emergence and recruitment of
retrogenes (BRADLEY el al. 2004). In this case, male
meiotic X inactivation was suggested as the selective force
driving the convergent recruitment of UtpI4 retrogenes.

In the present case, two interacting Drosophila nu-
clear transport genes, Dntf-2 and ran, gave rise to three
retrogenes each, in overlapping lineages. All these
retrogenes represent X-to-autosome duplications. We
further show that most of the retroposed genes have a
male-biased transcription and have evolved under re-
current positive selection. We reveal that strong selec-
tion is associated with the origin and evolution of the
duplicates of Dnitf-2 and ran. That said, ran-like appears
to be pseudogenizing in D. yakuba. In further support to
the X-to-autosome bias, we have identified another
independent X-to-autosome retroposed copy of Nif-2
in Anopheles gambiae (data not shown).

In the Introduction, we outlined several selective
hypotheses that could explain the recurrent duplication
of Ntf-2 and ran: male meiotic X inactivation, increasing
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F1GURE 2.—Alignment of ran and Drosophila ran-like proteins highlighting amino acid residues of known function. Arrows point
to sites that have likely been under positive selection in the retrocopies (Table 2).

level of expression of X-linked genes in male testes,
sexual antagonism, and new function (e.g., segregation
distortion or other). In particular, meiotic genomic
conflicts, be they meiotic drive driven or parasite driven,
are a powerful force in shaping genes and genomes as
these conflicts lead to an arms race and rapid evolution
(BurT and TriveRrs 2006). Genes (or their duplicates)
involved in conflicts evolve under recurrent positive
selection (KINGAN et al. 2009) and may become fixed in

the populations fairly quickly (BurT and TR1vERs 2006).
These genes, particularly the duplicates, might be
rendered of no use when the conflicts disappear or
are dealt with in a different way. Indeed, examples exist
of genes responding to strong selective pressures only to
disappear after the pressures on them dissipate. Seminal
fluid proteins have been observed to evolve under
positive selection and have high turnover (BEGUN and
Linprors 2005). In fact, this type of evolutionary
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dynamic characterizes many male-biased genes (ZHANG
et al. 2007), possibly because male-biased genes are
more likely to be engaged in male competition, sexual
antagonism, segregation distortion, and/or parasite-
related conflicts more often than non-male-biased
genes. Very complex situations might emerge in meiotic
drive systems as observed in the case of the Winters sex
ratio genes in D. simulans (KINGAN et al. 2009) where
three genes of a gene family—one of them not even
encoding for a protein anymore—are part of a meiotic
drive system. Each of the Winters sex ratio genes are
under positive selection in one population or another
and are polymorphic for presence-absence of alleles.

In our case, if we hypothesize that nuclear transport is
routinely involved in male germline-based genomic
conflicts—segregation distortion or other—then this
could explain recurrent duplication of Ntf-2 and ran as
well as the fast evolution of the their duplicates. We
postulate that the Nif-2 and ran parental genes are (or
have been) involved in male germline genomic con-
flicts. Different alleles of Nif-2and ranin the population
could act either as drivers or as suppressors of the
conflict system. Alleles that increase in frequency in
males, but are detrimental to females, would often end
up being present at intermediate frequencies (RICE
1984; PATTEN and Haic 2009). Such an antagonism
could promote the emergence of new genes under the
model proposed by ProurLx and Prrirries (2006).
Duplicates of Nif-2 and ran would then help alleviate
the antagonism. At the same time, factors such as the
male meiotic X inactivation, increasing level of expres-
sion of X-linked genes in male testes, and/or sexual
antagonism may determine the location of the dupli-
cated genes (e.g., X to autosome), as described in the
Introduction. The partial loss of function that we infer
(File S2) might have occurred in some lineages (e.g.,
ran-like in D. melanogaster subgroup species) would be
explained by a segregation distortion or genomic
conflict function followed by selective pressure to
differentiate from the parental gene. The complete loss
of ran-like in some lineages would occur if the conflicts
become resolved through an alternative mechanism in
that lineage (postrecruitment of ran-like) or vanish
altogether. The retrogene would then become quickly
pseudogenized or deleted (PETROV et al. 1996).

Finally, a knockout of Dntf-2r (D. melanogaster P-element
insertion line EY05573) shows no obvious male fertility
effects (M. MoTiwaLE and E. BETRAN, unpublished re-
sults), supporting a degree of dispensability of the gene.
Experiments are being carried out to reveal the potential
role of Dnitf-2r and ran-like in segregation distortion in
D. melanogaster using the SD system. Functions related to
conflicts caused by transposable elements or viruses
should also be tested.
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FILE S1
Alignments of Nif-2 and ran proteins and Drosophila retroduplicates highlighting amino acid residues of

known function

A. Alignments of Dntf-2 retrogenes with their parental and with rat Ntf2. Da_Ntf-2r is shown as Dntf-2_Retana in the alingment
and Dg_Ntf-2r is shown as Dntf-2_Retgrim in the alignment.

D.melanogaster
Dntf2_D.sim MSLNEQYEEIGKGE VQQYYAIF DDPANRANVVNFY SATDSFMUFEGHQIQ 50
Dntfz_D.sec MSLNEQYEEIGKGE VQQYYATIF DDPANRANVVNEY SATDSFMIFEGHQIQ 50
Dntf2_ PA D.mel MSLNEQYEDIGKGE VQQYYAIF DDPANRANVVNEY SATDSFMUFEGHQIQ 50
DntfZr_D.mel MSLNLQYEDIGKEEVQQYYAIF DDPANRENVINFYNATDSFMIFEGNQIQ 50
Dntf2r_p.sim MSINEQYEEIGKGE VQQYYATF DDPVNRENVVHEY SATDSFMT GRQIQ 50
Dntf2r_D.sec MSLNEQYEEIGKGE VQOYYAILDDLANRENAVNEY SVTDSFMIEFRGHQIQ 50
Ntf2_R.norvegicus MGDKPIWEQIGSSFIQHYYQLFDN--DRTQLGAIY IDASCLOWHGQQFQ 47
*** ** *x ::*: :* H '* * :*:**'*:*

Dntf2_D.sim GAPKILEKVQ TRVINTRDSQPTFDGGVLINVLG! 159 100
DntfzZ_D.sec GATKILEKVQ TRVINTRDSQPTFDGGYLINVLG! 15 100
Dntf2_ PA D.mel GAPKILERVQ TRVITNTRDSQPTFDGGYLINVLG! P 100
DntfZr_D.mel GAPKILEKVQ ARVITTRDSQPT SDEGGVLIIVLG P 100
Dntf2r_p.sim GAPKILERVQ SIVITTWDSQPTFDGGYLISVLG! P 100
Dntf2Zr_D.sec GAPKILEKVQ SIVIMTWDSQPTFDGGVLIFVLG! P 100
Ntf2_R.norvegicus GRKAATVEKLS QHSTITADDHQPT EDSCIT SMVVG P! 97

* . *:**:'** e **: * kEk*x *. HH *:*:*:'*-**
Dntf2_D.sim F SQVFF LKANAGTEFFVAHDIFRLNTI 130
Dntf2Z_D.sec F SQVFVLEKANAGTEFVAHDIEHINT 130 "“eracﬁng
Dntf2 PA D.nmel F SQVFF LKANAGTEFFVAHDIFRLINTI 130 H N
DntfZr_D.mel F SQIFLLEKPNGGSLFVAHDIEHRINT 130 interface with RanGDP.
Dntf2r_D.sim F SQIFLLEKPNGGSELVAHDIEHRINI 130 Orange — Amino acids
Dntf2r_D.sec FSQIFLLKPNGGSELVAHDIERINI 130 interacting with FXFG
Ntf2_R.norvegicus F HQMF LLEKNINDAWYCTNDME LA 127 repeats of nucleoporins

.* *:*.** . . ::*:*** . . N
D.ananassae
Dntf2_Retana MPLNEHYE PMGQEF VEQYYWIFDNPATRALTATFF SHNDSEM GEQVLGYYKIFERVK 60
DntfZ_D.ana MSLNEQYEDIGKGE VQQYYATFDDPANRANVVNEY SATDSEM GHQIQGAPKILEKVQ 60
Ntf2_R.norvegicus MGDKPIWEQIGSSFIQHYYQLFDN——DRTQLGAIY IDASCL GQQFQGKAAIVERLS 57

FrookE xR : H DATEE KX FoEELL

DntfZ_Retana DCQPTGDGGI LM SVLC 4F SQIFVLKPDTSPNAYYLS 120

Dntf2Z_D.ana DSQPTEDGGYLINVLC AF SQVFVLKANAG--TEFVA 118

Ntf2_R.norvegicus QH SI QDHQPTPDSCIISMVVGH e E‘HQMFLLKNIND——AWVCT 115
Kk AKE K .. Kpky Th Ak xR

DntfZ_Retana HDIERLNIHDTE 132
Dntf2_D.ana HDIERLNIHNSA 130

Ntf2_R.norvegicus NDMERLALHNEG 127

D.grimshawi

Dntf2_Retgrim MATINEBEQYEAVGKGEVQOYYATFDDPANRANVVNEFYSTTDSEM GHQIQGAPKILEKVQ 60
Dnth_D.grim MALNEQYEDIGKGEVQQYYATFDDPANRANVVNFYSATDSEM GHQIQGAPKILEKVQ 60
Ntf2_R.norvegicus MGDKEIWEQIGS SFIQHYYQLFDN--DRTQLGAIY-IDASCL GQQFQGKAAIVEKLS 57
*. :* :* :*. **** ** :* A * * :*: *:*:** . *:**:.
Dntf2_Retgrim IDSQPTEDGGYVLINVLG] SQVFLLKANAGSEFVAHD 120
Dntf2_D.grim SQPTEDGGVLINVLGH SQVFVLKANAGTYYVAHD 120
NtfZ2_R.no rvegicus QDHQPTPDSCITISMVVGQ HQME‘LLKNINDAWVCTND 117
* kkk k.. koK, 1 Kikaok%k

Dntf2_Retgrim IERLNIHENSA 130
Dntf2_D.grim IERLNIENSA 130
Ntf2_R.norvegicus MERLALHNFG 127

LEEE L EE
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B. Alignments of Da_Ran-like (Ran_Retana in the alingment) and Dg_Ran-like (RanRetgrim in the alingment) retrogenes with

their parental and with dog Ran are shown below. Residues that were inferred to be of major functional importance from

published crystallographic results (see text for references) are outlined.

D.grimshawi

Ran_C.familiaris
Ran_H.sapiens
Ran_D.grim
Ran_Retgrim

Ran_C.familiaris
Ran_H.sapiens
Ran_D.grim
Ran_Retgrim

Ran_C.familiaris
Ran_H.sapiens
Ran_D.grim
Ran_Retgrim

Ran_C.familiaris
Ran_H.sapiens
Ran_D.grim
Ran_Retgrinm

D.ananassae

Ran_C.familiaris
Ran_H.sapiens
Ran_D. ana
Ran_Retana

Ran_C.familiaris
Ran_H.sapiens
Ran_D. ana
Ran_Retana

Ran_C.familiaris
Ran_H.sapiens
Ran_D. ana
Ran_Retana

Ran_C.familiaris
Ran_H.sapiens
Ran_D. ana
Ran_Retana

MAAQGEPQVQF KLVLVGDEGTGKTTFVKRHLT GEFEK

MAAQGEPQVQF KLVLVEDEGTGKTT FVKRHLTGEFE

MAQEGQDMPTF KCVLVEDEGTGKTT FVKRHMTGEFH
MAQ---DMPTFKCILVGDEGTGKTTFVKRHLSGEFE

*x Kk L HARATRAARARA LKA KK, AEKAL

FNWDTAGOEKEG] v QCATIMFDVTER]

FNWDTAGOEKEG) vl IORQCATIMFDVTER

FNVWDTAGOE KEG] v TOGQCAVIMEDVTER

FNVDTACOEKE vl TQ[Z0S AVIMEDVTS[R] a)p
********#‘k***********_*.*:*****;E?i**
GNKVDIDSI\_/E‘HEKKNLQYYDIS SNYNF EKPF LW LARKLI GOPN[LEF VAMP
GNKVDIDSI\_IE‘HEKKNLQYYDIS SNYNF ERKPF LWLARKLI GOPN[LEF VAM P
GNK‘VDIDTIEE‘HBKKNLQYYDIS SNYNF EKPF LW LARK LVGOPN[LEF VAMP
GNEVDIKDH] SIVE‘HRKKNLQYYDIS SNYNE EKPF Li LARK LVGOAN[LEF VAM P

rhEEAEX *'k'k'k'k:*;*******************************: *k KrhkrAAAKX

ALAPPEVVMDPALAAQYEHDLEVAQTTALE
ALAPPEVVMDPALAAQYEHDLEVAQTTALE
ALLPPEVEMDRDWQLOIERDLQEAQATALH
ALLPPDVEMDTDWQLOQIERDLQEAQATALH

*k KKk K%k * Kokk. Kk AkAEK

DEDDDL
DEDDDL
DEDEDL

DDDEDL
koke kK

i

216
216
216
213

K]

60
60
60
57

120
120
120
117

180
180
180
177

QCAIIMF
QCAITIMF

—— W —
DT AddERES] e
FNWDT AQOEREG! vy
FNWDTA]OEREG] Yy
FNWDT AdCERFGGHRDIEYY
AEAEAAALALAKX kEAkAAEEX ;**: ‘***:***

GQCAVIMFE
GQCATITIMF

by 8 M N T P T 7

SIVFHRKKNLQYYPIS,
SIVFHREKNLQYYDIS
SIVFHREKKNLQYYDIS
WITFHRQENLQYYDIS

I—ﬂ‘

L
pvTERVE YR
DVTERVIYENY
DVTERVE YNV
DVTERI[ YNV
e o

shEARAEARK cAK KA LAK

ALAPPEVVMDPALAAQYEHDLEVAQTTALE
ALAPPEVVMDPALAAQYEHDLEVAQTTALE
ALLPPEVEMDKDWQLOIERDLQEAQATALE

DEDDD-L
DEDDD-L
DEDED-L

ALLPPEIHMGPELLAQVERDLVEAKATALE

DDDDDDL

z2lé
216
216
217

*k KEkk, K * Kok k FirrkEEX

[A]- Switch |
[A]- Switch I
— Dntf2 interaction

[]-C terminal

Faikek X

[C]- Importin interaction

—RCC1 interaction

D_

FLWL

HR)| O
]
HR)| i
HR i
YR CDEVPIVLC

LrEERER

LVGOPNLEFVAMP
LVGOPLLEFVVMP

FLWL. LIGOPNLEFVAMP
FLWL LIGDPNLEFVAMP

RanGap interaction

120
120
120
120

180
180
180
180

[]-Exportin Cse1p and cargo

Kap60p interaction



4 SI C. Tracy et al.

FILE S2

Functional inferences from the analyses of Dnitf-2 and ran retrogene protein sequences

Heterospecific complexes formed between rat NTF-2 protein and canine Ran protein have been crystallized, and their
mutual interactions determined (BERMAN et al. 2002). Additional analysis and crystal structures reveal the interactions of NTF-2
and Ran with other nuclear transport proteins (BULLOCK et al. 1996; ISGRO and SCHULTEN 2007; MARCHLER-BAUER
et al. 2007; MATSUURA and STEWART 2004; RENAULT et al. 2001; SEEWALD et al. 2002; STEWART et al. 1998;
VETTER et al. 1999). We threaded the protein sequences of the Dnif-2 and ran retrogenes onto the structures of the crystallized
paralogs in an effort to infer structural conflicts that might prohibit known parental protein-protein interactions. These analyses

were performed using PYMOL software (http://www.pymol.org).

NY-2 and ran proteins are well known and conserved proteins (QUIMBY et al. 2000) that physically interact with each other
and play a central role in the transport of proteins to the nucleus (RIBBECK et al. 1998). Ran exists in GDP bound inactive form
and

GTP bound active form. RanGDP predominantly localizes in the cytoplasm and RanGTP in the nucleus. NTF-2 is a dimer
that interacts with nucleoporins and RanGDP during transport to the nucleus (QUIMBY et al. 2000). RanGDP also interacts with
RanGEF in the nucleus during RanGDP to RanGTP conversion (ISGRO and SCHULTEN 2007), with exportins in the nucleus
in order to transport complexes out of the nucleus (KUSANO et al. 2003; MATSUURA and STEWART 2004), with Importin 3
during Importin §8’s return trip to the cytoplasm (ISGRO and SCHULTEN 2007), and with RanGAP in the cytoplasm during
RanGTP hydrolysis to RanGDP (KUSANO ez al. 2002). Together, these proteins maintain a gradient of RanGDP/RanGTP that
is important for protein import and export. Details about the particular residues of NTF-2 and Ran that are known to be involved

in protein-protein interactions are given in Figure 2 and File S1.

We have threaded proteins from Dnif-2, Dntf-2 derived retrogenes, ran, and ran derived retrogenes onto rat NTF-2 and canine
Ran, respectively, to identify possible changes in function in the newly duplicated proteins (see Materials and Methods). We know
that Dntf-2 is a gene under purifying selection in Drosophila (RA/KS =0.0188; see above), but ran is under stronger purifying
selection (FA/AS =0.0065; see above), likely due to the fact that it carries multiple functions, as discussed above. The selection
imposed on Ran relative to DNTF-2 is evident in the alignments of these Drosophila proteins with mammalian orthologs (Figure

2 and File S1).

By threading the Dnif-2 retrogene proteins (and DN'TF-2) from the three Drosophila lineages onto a known NTF-2 crystal
structure, we observed that the amino acids involved in interacting with RanGDP and the FxFG repeats of the nucleoporins are
conserved or have changes that do not seem to structurally exclude binding to RanGDP or to nucleoporins (File S2, panel A).
Even for Da_NTF-2R, the most divergent retrogene protein, the residues important for function are conserved or do not seem to
impose overt structural conflicts, suggesting that the retrogenes of Dntf-2 encode transport competent proteins capable of carrying

RanGDP across the nuclear membrane.

Similar threading of the Drosophila ran retrogene proteins (and Ran) onto the known Ran crystal structure (Figure 2 and File
S1, panel B) showed that the proteins encoded by the retrogenes in D. ananassae and D. grimshawi lineages show little divergence
from their parental genes. Most of the amino acids that are important for function are identical or underwent conservative

changes that do not appear to impose structural conflicts, suggesting similar functions between Ran and its
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retrogenes in these lineages. While Da_ran-like and Dg_ran-like proteins are similar to the parental proteins, this similarity is not
due to a recent origin as the AS is saturated between parental and retrogenes. The AS is 3.3193 for Da_ran-like and is 1.5144 for

Dg_ran-like calculated using PAML. Accordingly, the KA/KS ratios are 0.0408 for Da_ran-like and 0.0348 for Dg_ran-like (Table
S4).

The Ran-like in the D. melanogaster subgroup is more diverged, and our threading analyses indicate that some changes are likely
to abolish some protein-protein interaction interfaces while possibly retaining others (Figure 2). The interface with

DNTTF-2 appears to be present, as most of the interacting amino acids are identical or show conservative changes. We also
posit that Ran-like may still interact with RanGAP, although potentially at a reduced level, as several residues within—and
proximal to—known RanGAP interacting residues have suffered non-conservative mutations (e.g., amino acids 91-94, which are
likely under positive selection, and amino acid 128 which is not suggested to be under positive selection) (Figure 2). Mapping these
mutations onto co-crystal structures of Ran/RanGAP indicate that there are no major steric or charge conflicts. Further,
RanGAP has been shown to produce duplicate genes (e.g., Sd (KUSANO et al. 2003) and to be under positive selection itself
(PRESGRAVES 2007)), and interactions with a changing RanGAP or its duplicates could also explain the observed changes in
Ran-like’s RanGAP interface.

All other parental functional surfaces of Ran-like from the D. melanogaster subgroup seem to be even less conserved than the
RanGAP interface. The analyses below focus on D. melanogaster Ran-like, but similar conclusions apply to the other Ran-like
lineages analyzed. Regarding the interaction with Importin 8, Ran-like proteins have likely reduced overall charge interactions
through partial or complete changes in charge (E113G [disrupts hydrogen bond], K142T [in the basic patch], Y146L, and
Y147I). In addition, one amino acid replacement (QQ145Y) may possibly introduce a steric clash with position 163 (W163Y). The
C-terminal end that is known to stabilize RanGDP (SEEWALD ez al. 2002) may also have diverged. It is known that in the
absence of this end, the RanGAP mediated hydrolysis of RanGTP to RanGDP is accelerated (SEEWALD et al.

2002), and the exchange of GDP to GTP catalyzed by RanGEF is also accelerated (RICHARDS et al. 1995). The C-terminal
end is also required for the efficient binding of Ran to several of the Ran-binding proteins. Such binding is required for proper
function of Ran (RICHARDS et al. 1995), but it is likely lost in Ran-like. RanGEF and exportins may also have a weaker
interaction with Ran-like. Ran-like residues involved in RanGEF interaction have lost charge (partially or completely) or
hydrophobicity (R95S, and VI6N). Residue 95 is likely under positive selection (Table 2 and Figure 2). Ran-like residue 37

involved in exportin interaction has changed dramatically in charge and size (K37M).

The above analysis seems to indicate that the D. melanogaster subgroup ran-like protein has retained DN'TF-2 and RanGAP
interfaces while likely losing, or at least diminishing, all other protein-protein interfaces. The presence of DNTF-2 and RanGAP
interfaces on Ran-like suggests that the Ran-like protein might exist in the RanGDP form and could be carried into the nucleus
by DNTF-2r, where the Ran-like RanGDP could be converted to RanGTP. The Importin B interface on Ran-like, however, is
likely diminished. As a result, Ran-GTP might not be transported out of the nucleus by Importin B, and Importin  might have a
diminished capacity to release cargo upon nuclear entry. Similarly, export of RanG'TP by the exportin complex may possibly be
reduced. Additionally, the loss of Ran-like’s C-terminal residues suggest that hydrolysis of RanGTP to RanGDP might possibly
be accelerated in the presence of RanGAP. Other changes in Ran-like may affect the exchange of GDP to GTP by RanGEF.
The binding of several lesser-known Ran binding proteins may also be affected. All these structural inferences remain to be
experimentally tested. However, from these data it seems that Ran-like cannot completely replace Ran in testes in those D.

melanogaster subgroup species where it is still functional.
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Dntf-2 D.willistoni

Dntf-2r D.melanogaster

Dntf-2r D.simulans

Dntf-2r D.sechellia

Dntf-2 D.melanogaster

Dntf-2 D.simulans

Dntf-2 D.sechellia

Dntf-2 D.yakuba

Dntf-2 D.erecta

Da Dntf-2r D.ananassae

Dntf-2 D.ananassae

Dntf-2 D.psedoobscura

Dntf-2 D.persimilis

Dntf-2 virilis

Dntf-2 D.mojavensis

Dg Dntf-2r D.grimshawi

Dntf-2 D.grimshawi

FIGURE S1.—Tree provided for the PAML branch analyses of Dntf-2 and retrogenes
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Ran D.willistoni

Ran-like D.erecta

Ran-like D.melanogaster

Ran-like D.simulans

Ran-like D.sechellia

Ran D.melanogaster

Ran D.simulans

Ran D.sechellia

Ran D.yakuba

Ran D.erecta

Da Ran-like D.ananassae

Ran D.ananassae

Ran D.pseudoobscura

Ran D.persimilis

Ran D.virilis

Ran D.mojavensis

Dg Ran-like D.grimshawi

Ran D.grimshawi

FIGURE S2.—T'ree provided for the PAML branch analyses of ran and retrogenes
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ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACTGGCGAGTTCGATAGGCGATACATTGCGATCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT
ACATTTATCAAGCGACACCTGACCGGCGAGTTCGAGAGGCGATACATTGCGACCCTGGGT

KA AAAAAAAA AN A A A A AAAKAKA KN dA AKX AAAA KA KA, K,k Ak A A A A hAhkhk K,k % % *hhkhkhkx%

GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG

60
60
60
60
60
59
59
59
60
60
59
60

120
120
120
120
120
119
119
119
120
120
119
120

180
180
180
180
180
179
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GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG
GTGGAGGTCCATCCAATACTCTTCCACACCAACCGAGGAGTGTACCGCTTCTATGTGTGG

R R A A A db i b b b i dh S db db Ib b b b b b i S 4 A S I i b b b S i S dh db A A b b b b b S 2 g AR A I b b b b i S S g g Y

GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA
GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA
GACACTGCCGGTCAGGAGAAGTTCGGTAGCCTACAAGATGGGTATTATGTCCAAGGTCAA
GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA

GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAA-—————
GACAC-————————— == —————— AAGATGGGTATTATGTCCAAGGTCAA
GACAC—-——=—————— === —————— AAGATGGGTATTATGTCCAAGGTCAA
GACAC—-——=—————— === —————— AAGATGGGTATTATGTCCAAGGTCAA

GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA
GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA

GACACTGCCGGTCAGGAGAAGTTCGGTGGCCTACAAGATGGGTATTATGTCCAAGGTCAA
GACACTGCCGGTCAGGAGAAGTTCGGT——===——- AGACGGGTATTATGTCCAAGGTCAA
* * Kk K x Kk ok kok ok ok ok ok ok ok ok ok ok ok ok ok K

TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAAAATTGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG
TGTGCCATAATAATGTTCGACGTGAGCTCGAGAATTACCTACAAGAATGTGGCACGTTGG

179
179
180
180
179
180
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240
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300
300
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R R A i dh db db b b S SR dh db db db b b b b b i dh dh I S ab i b b i S S dh AR dh  db A b b b b S 2 dh A AR I I b b b i i i S g e Y

CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGTGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG
CACCGCGACTTGGTGAGGGTATGCGGCAATATTCCGATTGTTTTGTGTGGAAACAAGGTG

R R A A A db b b b b b i dh S db I D b b b i i dh dh db Sb g i b b b i S dh g db  Ib A b b b b i dh dh dh IR Ib b b b i b i i g g b Y

GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAGGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCTAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC
GATATCAAGCAACGGAAGGTTAGGCCCAGGCGCTTTGACTTTCATCGTAAGAAAAACCTC

R R A A A db b b b b b e dh dh dh db I b b b b b i 2 4 D ab i b b b i S dh g db  db db i b b b i J dh db I D b b i S I SR IR I Y

CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA

CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA

360
360
360
360
354
330
330
330
360
360
359
352
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420
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476
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CACTACATTG-—---- TCCGCCAAGTCAAACTATA----ATATTGAGAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA
CACTGCATTGAAATGTCCGCCAAGTCAAACTATACTTGACATTGATAGTCCCTTCGTCTA
CACTGCATTGAAATGTCCGCCAAGTCAAACTATACTTGACATTGATAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA
CACTACATTGAAATGTCCGCCAAGTCAAACTATA----ACATTGAGAGTCCCTTCGTCTA

Kk kK KAk KkkK R I R A A I b b b b S dh A db g b b 4 k kKA AkAkKk khkk Kk kA Ak AkAk AKX KK

TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGATTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTTAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGGACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGGACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGGACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA
TCTGTTGCGGAAGTTGGTTGATGATCCCAACTTGCAATTGGTCAAGAACCCCGCTCTAAA

R A A A db db b b b b i 2 S db D b b b b i i dh 4 A S ab i b b b i S dh g db db db i b S S 2 SR db  Ib b b b S S e S S g b Y

ACCCCCAGAAGTGGTTTTTACCGACGA AATGGA
ACCCCCAGAAGTGGTTTTTACCGACGA AATGGA
ACCCCCAGAAGTGGTTTTTACCGACGA AATGGA

ACCCCCAGAAGTTGTCTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA
ACCCCCAGATGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA
ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA
ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA
ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA
ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA
ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA

465
446
446
446
480
480
475
468

536
536
536
536
525
506
506
506
540
540
535
528

571
571
571
596
585
566
566
566
600
600
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Tai26 ACTCCCAGAAGTTGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 595

Tai27 ACCCCCAGAAGTGGTTTTTACCGACGAGATGCGCCGTCAAGTGGAACGCGGGTTAATGGA 588
*k kkkkkk kk kk  kokkokokxokokxokk *x Kk Kk kK

Tai2l GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 620

Tai30 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 620

Tailbb GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 620

Tailba GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 645

GE22850 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 634

GE19852 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 615

Tai6 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 615

Tail8 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 615

Taib59 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 649

Tai37 GGCCAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 649

Tai26 GGCAAGCTTCTATCCTCTGCCCACTTATAACGATGATGATGATCTGTAA 644

Tai27 G ATGATGATGATCTGTAA 612
* * % Kk ok Kk ok ok k ok ok ok ok ok ok ok ok ok

FIGURE S3.—Alignment of ran-like disabled sequences from several strains of D. yakuba. See Materials and Methods and Results for more details.

Blue highlights deletions or insertions that change the frame (i.e. deletions that are not multiple of 3 base pairs). Deletions with insertion are marked in and they all change
frame. The first premature stop codon in frame is shown in red.
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TABLE S1

Oligonucleotide primers used in this work

Sequence Type#  Gene Species Purpose
5 CTGGCAGGATAGGTTCAATAC 3’ F ran-like D. melanogaster Genomic PCR
5CAAAGATCATCGTTGCACS’ R ran-like D. melanogaster Genomic PCR
5GCTGGCGGGATAAGTTCS F ran-like D. simulans Genomic PCR
5CCATGGGCACGAAGTAAGS R ran-like D. simulans Genomic PCR
5 ATTACACAAGCCGCTCCS’ F ran-like D. yakuba Genomic PCR
5 ACGCAGAAGGGGAAAAGS’ R ran-like D. yakuba Genomic PCR
5ATGCCTCTCAATCCCCACS’ F Da_Nif-2r D. ananassae Genomic PCR
5TTATTCCGTGTCGTGGATATTCS’ R Da_Nif-2r D. ananassae Genomic PCR
5ATGCCTCTCAATCCCCACS’ F Da_Nif-2r D. atripex Genomic PCR
5TTATTCCGTGTCGTGGATATTCS’ R Da_Nif-2r D. atripex Genomic PCR
5'CAATCTCCTCGTGCAGACGS’ F Da_ran-like D. ananassae Genomic PCR
5CGGAGTGTCCAATTTGTCGS R Da_ran-like D. ananassae Genomic PCR
5CAATCTCCTCGTGCAGACGS F Da_ran-like D. atripex Genomic PCR
5CGGAGTGTCCAATTTGTCGS R Da_ran-like D. atripex Genomic PCR
5'GATATTGGCAAGGGATTCGTCS' F Dnif-2 D. ananassae RT-PCR
5'CGACCAAGAACGTTAATCAGS' R Dnif-2 D. ananassae RT-PCR
5' CCAATGGGCCAGGAATTTGTG 3' F Da_Nif-2r D. ananassae RT-PCR
5GCAGTCTTCCCAGGACACTCS! R Da_Nif-2r D. ananassae RT-PCR
5'CACATTCAAGTGCGTACTCGTCS! F ran D. ananassae RT-PCR
5TGGCAACGAATTCCAGGTTGGS' R ran D. ananassae RT-PCR
5GTGGCAGCGGTGATGGTATTCS' F Da_ran-like D. ananassae RT-PCR
5'CTTGCCGGAAATGTCGTAGS' R Da_ran-like D. ananassae RT-PCR
5SATTGTGACCACAGTCGGTTC 3 F Gapdh2 D. ananassae RT-PCR
5GTCGTACCAAGAGATCAGCTTCACS’ R Gapdh2 D. ananassae RT-PCR
5AGGACATTGGCAAGGGCTTCS! F Dnif-2 D. grimshawi RT-PCR
5TGGGCTGAGAGTCAACTGTGG 3' R Dnif-2 D. grimshawi RT-PCR
5CCGTTGGCAAAGGTTTTGTCCS! F Dg Nif-2r D. grimshawi RT-PCR
5'CAGTTGCGAATAGGAGTGTGGTGS' R Dg Nif-2r D. grimshawi RT-PCR
5'CAAGGACCGCAAGGTCAAAGS! F ran D. grimshawi RT-PCR
5TGCAGCTGCCAGTCTCTGTGS! R ran D. grimshawi RT-PCR
5GCTGTGTGGCAACAAAGTCGS' F Dg_ran-like D. grimshawi RT-PCR
5'CCTCCTGCAAATCTCGTTCGS! R Dg_ran-like D. grimshawi RT-PCR
5GGTGCTGCCCAAAACATCATS’ F Gapdh D. grimshawi RT-PCR
5GCTGAGGAAATCGGTGGAGACS R Gapdh D. grimshawi RT-PCR

#I and R refer to forward and reverse, respectively
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TABLE S2

PAML comparisons for Dnif-2 and Dntf-2 retrogenes

Model 1 b W2 WDnys2r WDt 20_dup W nig2r Wy N2
One-ratio -2570.8689 34 0.0533 0.0533 0.0533 0.0533 0.0533
Two-ratio -2531.7282 35 0.0243 0.2657 0.2657 0.2657 0.2657
Four-ratio -2522.3422 37 0.0247 0.5311 0.5311 0.3309 0.0754
Five-ratio -2522.0333 38 0.0247 0.6235 0.3655 0.3310 0.0754
Four-ratio Wpmr2r = 1 -2524.2914 36 0.0248 1.0000 1.0000 0.3328 0.0758
Four-ratio Wpa_nef2r = 1 -2527.5541 36 0.0239 0.5362 0.5362 1.0000 0.0762

1581

Log likelihood values and estimates of Ka/Ks ratios are shown. p is the number of parameters estimated in the model. Wpyy2 is

Ka/Ks ratio for all Dnif-2 genes. Wpyyz, is the Ka/Ks ratio for the melanogaster subgroup minus the branch immediately

following duplication of Dntf-2r. Wpuy2, aup 1s the Ka/Kg ratio for the branch immediately following duplication in the

melanogaster subgroup. Wp,_vy2, and Wp, vz, the Ka/Ks ratio for the retroposed sequence in D. ananassae and D. grimshawt

respectively.
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TABLE S3

Polymorphism data for Da_Nif-2r in D. ananassae and D. atripex

11111111111111111222222222222222222222233333333333333
1111123445567777888999900122334467778999000122233445566788889900011122222345
370678909082730125146036925437151790149015047001227024647612571203645656789302

D.atr 60 CGTACAACTCCGACACCTTCACGTTCCCCCATTCAGCTGGTCCCCTTTCGGCATGTCGATGACGCCTGCATCAGCTGT
D.atr 0L A CoilAuei .. A A
D.atr 01 B, 03 A CoitAuvi .. Ao
D.atr 02 A T Coi Al A
D.atr 02 B Cov i Ao, Coe e
D.atr 03 B 2 T Coe e
D.ana 16,17,18,25 A, 30,35 .CACAGGA.GTATTCTTAA.T.C..ATTAGTCCTCCACAACAAGTCGGTA.GGGCCTTT.CTACTAGA. .AATTGCT.
D.ana 25 B,33 A .CACAGGA.GTATTCTTAC.T.C.C..TAGTCCTCCACAACAAGTCGGTA.GGGCCTTT.CTACTAGA. . AATTGCT.
D.ana 31 .CACAGGA.GTATTCTTAA.T.C. .ATTAGTCCTCCACAACAAGTCGGTA . GGGCCTTT.CTACTAGATCAATTGCT.
D.ana 32 TCACAGGA . GTATTCTTAA.T.C. .. TTAGTCCTCCACAACTAGTCGGTA.GGGCCTTT.CTACTAGA. . AATTGCT.
D.ana 33 B .CACAGGA.GTATTCTTAC.TTCC. .TTAGTCCTCCACAACAAGTCGGTA . GGGCCTTT.CTACTAGATCAATTGCT.
D.ana 34 .CACAGGACGTATTCTTAC.T.C.C..TAGTCCTCCACAACAAGTCGGTA.GGGCCTTT.CTACTAGA. . AATTGCT.
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TABLE S4

PAML comparisons for »an and ran retrogenes

Model 1 P Woan Woan-iike Wan-iike_dup WDa_ran-iike WDy ran-like
One-ratio -4610.4156 36 0.0571 0.0571 0.0571 0.0571 0.0571
Two-ratio -4492.8616 37 0.0042 0.1793 0.1793 0.1793 0.1793
Four-ratio -4452.4538 39 0.0043 0.3593 0.3593 0.0395 0.0349
Five-ratio -4420.8830 40 0.0044 0.7023 0.0249 0.0408 0.0348
Five-ratio Wyan-tike=1 -4422.9256 39 0.0044 1.0000 0.0250 0.0409 0.0350

Log likelihood values and parameters estimated under differing models of selection. 1 refers to log likelihood values. p is the
number of parameters estimated in the model. W, is Ka/Ks ratio for all ran genes. Wit is the Ka/Kg ratio for the
melanogaster subgroup minus the branch immediately following duplication of ran-like. Wyan-iite_dup 1s the Ka/Ks ratio for the
branch immediately following duplication in the melanogaster subgroup. Wp,_san-iite and Wpg_ran-iite the Ka/Ks ratio for the
retroposed sequence in D. ananassae and D. grimshawt respectively
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TABLE S5

lans
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CGGG .
CGG .

A .

A.AGGGG .

A A
A A

. AA

.GTTCTAA.

AT

.AACAAAAC

cCcG.

AAAT
DAAAT

AGGG G .
.AGGGG
. AGGGG

A .
A
A

.GTTCTAA.
.GTTCTAA
. GTTCTAA

.GAGAGA .
.GAG
. GAG

. G
. G

cTGCCG
CTGCCG
CTGCCG

ZH29
ZH32

ZHA0

AT

.AACAAAAC

cCcG.

CGG .

.GAG A
. G A .

.GAT
. TGAT

AT

. AACAAAAC

CCG .

CGG .

_AAAT

. AA
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TABLE S6

D. ananassae and D. atripex

in

data for Da_ran-like

Polymorphism

8v9
9€9
129
S29|
819
[4%:]
S09|
L6S
166
18|
8.5
€LS
LLS|
V95|
895
A1)
9vs
224
L1S
91§
€1s
208
86V
06Y|
S9Y|
65Y|
€S|

344
i34
[A%4
(1134
144
744
06¢
€9¢
VS¢|
eve
Ie|
9¢ge
8l€
€0¢
162
9C|
6v¢
PAZ4
9ve
|
vee|
681
vl
(413
€St
sel
9l
ozl
Vil
1317
801
S0l

96|

€6

S8

69|

LS|

114

6l

G
G

A CG

G
G
GAGGGGA

CTCAAATTCGGGCCAATCACCAATTGTGTGAGGAAGCGTTTCTTCCACCTCTTGAGGGATGCTTTATC
GAGGGGA

D.atr 00_B, 02

D.atr 00_A

CCTATTTCTCCACCCTTG
CCTATTTCTCCACCCTTG
CCTATTTCTCCACCCTTG
CCTATTTCTCCACCCTTG
CCTATTTCTCCACCCTTG

T

C
C
C
C
C

C
C
C
C
C
C
C

.
T
T
T
T

A

A

GCCCGAAGC

GTCTC
GTCTC
GTCTC
GTCTC
GTCTC
GTCTC
GTCTC

T
T
T

03

D.atr 01

GGGTGCC
GGGTGCC
GGGTGCC

G

D.ana 16, 17, 35
D.ana18 A

TGACG

GCCCGAAGGC

D.ana18 B

ACG
A CG

T
T
T

GAGGGGAAGCCCGAAGGC

GAGGGGA
GAGGGGA

D.ana 25
D.ana 30

GCCCGAAGC

A

G

ACGC

GCCCGAAGC

T
T

GGGTGCC
GGGTGCC

G
G

CcCG
CG
CG
CcCG
CG
C G

A
A
A
A
A
A

CA CTATTTCTCCACCATTGTT

GCCCGAAGGC

GAGGGGA
GAGGGGA

D.ana 31

CTATTTCTCCACCATTGTT

A

C
A CCA

GCCCGAAGCA

A

G
G

D.ana32_ A

D.ana 32 B

CTATTTCTCCACCATTGTT

GTCTCTGAGGGGAAGCCCGAAGC

GTCTC
GTCTC

cccrT
C

G

D.ana 33 A

CCAT CTATTTCTCCACCATTGTT

GAGGGGAAGCCCGAAGGC
GAGGGGAAGCCCGAAGC

C

GGGT
G
G

D.ana 33 B

CTATTTCTCCACCATTGTT

A
A

C
C

C
C

G
G

D.ana 34

CTATTTCTCCACCATTGTT

GTCTCTGAGGGGAAGCCCGAAGC

cCccCT

G
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