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Abstract
Proteasomes are large multisubunit complexes responsible for regulated protein degradation.
Made of a core particle (20S) and regulatory caps (19S), proteasomal proteins are encoded by at
least 33 genes, of which 12 have been shown to have testis-specific isoforms in Drosophila
melanogaster. Pros28.1A (also known as Prosα4T1), a young retroduplicate copy of Pros28.1
(also known as Prosα4), is one of these isoforms. It is present in the D. melanogaster subgroup
and was previously shown to be testis-specific in D. melanogaster. Here, we show its testis-
specific transcription in all D. melanogaster subgroup species. Due to this conserved pattern of
expression in the species harboring this insertion, we initially expected that a regulatory region
common to these species evolved prior to the speciation event. We determined that the region
driving testis expression in D. melanogaster is not far from the coding region (within 272 bp
upstream of the ATG). However, different Transcription Start Sites (TSSs) are used in D.
melanogaster and D. simulans, and a “broad” transcription start site is used in D. yakuba. These
results suggest one of the following scenarios: 1) there is a conserved motif in the 5′ region of the
gene that can be used as an upstream or downstream element or at different distance depending on
the species; 2) different species evolved diverse regulatory sequences for the same pattern of
expression (i.e., “TSS turnover”); or 3) the transcription start site can be broad or narrow
depending on the species. This work reveals the difficulties of studying gene regulation in one
species and extrapolating those findings to close relatives.

Keywords
retrogene; Drosophila; proteasome; testis expression; Pros28.1A; Prosα4T1; regulatory sequence

Introduction
Retroposition is a type of gene duplication that involves the creation of a new gene in a new
genomic position via reverse transcription (RT).1 This reaction is likely catalyzed by reverse
transcriptases of LINE-like transposable elements that mistakenly act on “host” gene
transcripts; the resulting cDNAs are inserted into the genome by a process called Target
Primed Reverse Transcription (TPRT).2, 3 Hallmarks of these new sequences include lack of
introns, presence of poly-A tails and target site duplications. In Drosophila, the last two
features are often lost in ancient retrogenes.4 It has long been known that for these
retroposed copies to become functional genes, they must recruit either a “de novo”
regulatory region, carry regulatory regions from the parental gene, insert in front of a region
with regulatory capabilities or form chimeric genes. 5–7 It has also been suggested that gene
expression can be facilitated by the surrounding chromatin context. 8 However, overall, little
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evidence supports any of these possibilities as a general mechanism by which the regulatory
regions of retrogenes originate in Drosophila.5

Pros28.1, a gene located on the X chromosome of D. melanogaster, encodes the α4 subunit,
a component of the proteasome core particle (CP). With two introns, it encodes a 248 amino
acid-long protein that is expressed ubiquitously in D. melanogaster. 9 This is an expected
pattern of expression, as most protein degradation in the cell is mediated by the proteasome
through the attachment of ubiquitin to targeted proteins.10 While its conservation through
evolution indicates its important housekeeping role in the proteasome, Pros28.1 has also
given rise to two paralogs, both of which are located on autosomes with male-germline
patterns of expression.11 These genes are examples of X-to-autosome duplication in
Drosophila, which can occur to avoid X-chromosome inactivation during spermatogenesis,
to increase the expression levels of X-linked genes or due to sexual antagonism4, 12–14 (also
see discussion in Belote and Zhong 15). Of the two duplicates, Pros28.1B is the older, non-
retroposed copy 11, 16 that has been shown to be transcribed during spermatid elongation 11,
while Pros28.1A, the younger retroposed copy, is expressed primarily in spermatocytes and
during the spermatid elongation stage.11 Pros28.1A is present only in the species of the D.
melanogaster subgroup, suggesting that the retroposition event occurred 13–44 million years
ago (Mya). 17 Pros28.1A was retroposed into the third intron of CG42322, a gene of
unknown function that is conserved across Drosophila. 18

In Drosophila, the proteasome is encoded by 33 genes, of which 12 have been shown to
have testis-specific isoforms.15 These duplicated genes are found primarily in the core
particle (CP). Encoded by 14 genes (7 α and 7 β), the CP is composed of 4 heptameric rings
organized in an α(1–7)β(1–7)β′(1–7)α′(1–7) fashion. Of these 14 genes, 6 have paralogs that
show male-specific expression in Drosophila. The co-expression of these duplicated copies,
along with functional data, supports the existence of a testis-specific proteasome 11, 15, 19, 20

whose function remains unknown. However, these expression data are based entirely on
studies of D. melanogaster, and little information exists regarding the expression profiles in
other species.

Gene regulation has been studied in detail for a number of genes, and a classic view has
emerged. Gene regulation often encompasses a core promoter (located around the TSS)
where transcription factors and RNA polymerase II assemble to initiate transcription, while
other cis-regulatory modules (repressors and/or enhancers) farther away affect gene
expression. 21 Several core promoter sequences have been described: some upstream of the
TSS (e.g., the TATA box), some overlapping the TSS (e.g., the initiator, Inr) and some
downstream of the TSS (e.g., the DPE and MTE).22–25 These motifs are not present in every
promoter region, but they often occur in combination.25 In the case of testis-expressed
genes, the regulatory regions have been shown to be in close vicinity of the TSS. 26–39 The
only well-studied element that drives testis-specific expression is the β2 tubulin 14 bp
element, which is present at identical positions (beginning at −51 bp from the TSS) in D.
melanogaster and D. hydei. 39 This element has been shown to be associated with a 7 bp
quantitative element and an Inr. 39, 40

In this work, we sought to describe the pattern of expression of Pros28.1A in different
species to infer whether the testis-specific function is evolutionary conserved. We also
studied the TSS of Pros28.1A in different species to characterize the potentially
evolutionarily conserved regulatory region and determine its origin. Our data show that the
testis-specific transcription is conserved in representative species of the entire D.
melanogaster subgroup (i.e., D. melanogaster, D. simulans, D. yakuba and D. erecta) with
different (up to 84 bp apart) TSSs in two species analyzed (D. melanogaster and D.
simulans) and a broad TSS in D. yakuba. This difference was unexpected, since full-length
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transcripts usually start in a narrow window close to the TSS. 25 Thus, male-specific
transcription in these species could be mediated by different regulatory sequences or by one
that is common to all species, but that can either drive a broad or narrow start of
transcription depending on the species. Alternately, this region may be capable of acting at
different distances in some species, or as either a downstream regulatory region or upstream
regulatory region. P element transformations using the upstream region of D. melanogaster
Pros28.1A reveal that the testis-specific regulatory region in this species is within 272 bp
upstream of the ATG. Although, not a lot can be inferred at present about its evolutionary
origin, it is likely that transduced sequence at the time of insertion or additional
reorganizations and nucleotide substitutions produced the current sequence and
arrangement. In addition, this region does not resemble any known testis-specific regulatory
sequence.

Results
Pros28.1A expression in different species

Expression of Pros28.1A was previously shown to be male specific in D. melanogaster
pupae and adults, despite the ubiquitous expression of the parental copy.11 Our RT-PCR
results also show the presence of Pros28.1A transcript only in males of D. simulans, D.
yakuba and D. erecta. In addition, the presence of the transcript in males is limited to the
testis, and no transcripts could be detected in the accessory glands or the gonadectomized
body (Figure 1).

Pros28.1A upstream region
An alignment of the Pros28.1A upstream region from all the species in which the gene is
present is shown in Figure 2. This alignment includes regions downloaded from FlyBase for
D. melanogaster (gene CG17268 and upstream region), D. simulans (gene GD20037 and
upstream region), D. sechellia (gene GM23164 and upstream region), D. yakuba (gene
GE25043 and upstream region) and D. erecta (gene GG15180 and upstream region), and
additional sequences obtained in this work (D. mauritiana, D. santomea, and D. teisseri).
This alignment reveals several conserved regions (in blue) that could potentially act as
regulatory sequences in all species given the conservation of the expression pattern in D.
melanogaster, D. simulans, D. yakuba and D. erecta. As shown below, we found different
TSSs in D. melanogaster, D. simulans and D. yakuba that challenged our original
hypothesis.

Transcription start sites (TSSs)
Characterizing the regulatory regions of a gene requires knowledge of the TSS. Usually,
regulatory motifs such as TATA 25 and the β2tubulin promoter (a known male-specific
promoter) 39 are found upstream of the TSS. Therefore we performed 5′ Rapid
Amplification of cDNA End (5′RACE) in D. melanogaster, D. simulans and D. yakuba
using RNA from abdomens (see Materials and Methods), the results of which are shown in
Figure 2. 5′RACE on Pros28.1A RNA from D. melanogaster demonstrated that the TSS is
located 57 bp upstream of the CDS (i.e., the 5′UTR is 57 bp long). This 5′UTR is 1 bp
longer than the annotated version in FlyBase, which is based on a full cDNA from the testis
(AT30052). However, in D. simulans, the Pros28.1A TSS is located 140 bp upstream of the
annotated CDS and 84 bp upstream of the D. melanogaster TSS. While we observed clear
sequencing peaks in the D. melanogaster and D. simulans 5′RACE products, suggesting a
single TSS, clear peaks were not observed in D. yakuba. This result is due to the presence of
at least five different TSSs that are several base pairs (<74 bp) apart (Figure 2), an
arrangement that can be classified as a broad TSS. 41 Those products were characterized
after TA cloning and sequencing of the D. yakuba 5′RACE products.
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As described in the Introduction, sequences surrounding the TSS often conform to a
consensus sequence called the initiator sequence. Two types of initiators have been
described in Drosophila: Inr (TCA(G/T)T(C/T))25 and Inr1 (TCATTCG)42, neither of which
were found in the sequences surrounding the TSSs described in this work.

In contrast to our initial hypothesis, and despite the consistency in the pattern of
transcription of Pros28.1A in D. melanogaster subgroup species, we observed different
TSSs in the species studied. Therefore, we performed BLAST sequence analyses
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) 43 to compare the upstream regions (i.e., upstream
of ATG) of Pros28.1A in D. melanogaster, D. simulans and D. yakuba. We used the default
parameters but set the word size to 7 bp. Supplementary data file 1 and 2 show the results.
These results reveal the following: 1) there are high levels of similarity between the
sequences, as shown in Figure 2; 2) there is no region of similarity between the D.
melanogaster and D. simulans TSS regions; and 3) there are no repeated motifs in either
strand in D. simulans or D. yakuba, apart from some AT-rich short sequences that do not co-
occur with the described TSSs. This result suggests that different but functionally equivalent
regulatory sequences may have evolved in these lineages and highlights the interspersed
nature of TSSs44 in some species. Alternatively, it is possible that a shared motif is present
that could be used at different distances in some species, or that could act as an upstream
motif in some and as a downstream regulatory region in others.

EGFP expression in transformed flies
The sequence 246 bp upstream of D. melanogaster TSS and part of the 5′UTR (26 bp) were
used to drive EGFP expression in transformed flies. Testis expression was observed in nine
independent insertions, five of which are shown in Figure 3. Despite the intensity
differences (possibly due to the position effects, depending on whether the insertion is
homozygous lethal, in which case only heterozygotes were screened, or whether the
insertion is located on the X chromosome35) all transformants showed EGFP expression in
testis when compared to the injected strain (w1118). This pattern of expression is consistent
with the previous observation of Yuan et al. 11, who reported expression of a Pros28.1A-
lacZ reporter gene in primary spermatocytes during the spermatid elongation stage.11 Their
transformant flies harbored ~3.5 kb of upstream sequence and ~2 kb of downstream
sequence from Pros28.1A. However, we found that a much shorter region (272 bp) is
sufficient to drive the same pattern of expression in the testis.

Microarray data in FlyBase (Gauhar et al. 2008.10.3). D. melanogaster life-cycle gene
expression dataset and microarray normalization protocols; FlyBase personal
communication) suggest that Pros28.1A is transcribed in early embryo. However, we did not
observe embryonic (0–5 hours) EGFP expression in our transformant lines or transcript in
our RT-PCR in D. melanogaster (Supplementary figures 1 and 2). This result could be
explained by the microarray data being cross-hybridization with the parental gene. Since the
platform used by Gauhar et al. were spotted amplicons in the coding region of Pros28.1A,
the results could come from cross-hybridization with the parental gene (Pros28.1).

We previously studied the presence of known regulatory motifs or novel cis-regulatory
modules (CRM) in D. melanogaster retrogenes. 45 A short sequence in the coding region of
CG42322 upstream of Pros28.1A was proposed as a potential CRM associated with testes
expression (TA1) because of its overrepresentation in testis-expressed retrogenes. However,
this region was not included in our construct, and yet we were able to drive testis-specific
EGFP expression; thus, we conclude that this motif does not drive testis expression in this
gene, in agreement with what we postulated previously 45, and the TA1 found in coding
region of CG42322 was a false positive.
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Origin of the regulatory region
As described above, the fluorescence observed in transformant flies shows that in D.
melanogaster, 246 bp upstream of the TSS and 26 bp of the 5′UTR is sufficient to drive
expression of Pros28.1A in the male germline. While the particular motif driving expression
of this retrogene in different species is still being explored, we can investigate the origin of
this 272-bp region. As shown in Figure 2 and Supplementary data files 1 and 2, this region is
conserved between the species that contain the Pros28.1A insertion but it is very different
from the 5′UTR or upstream region of the parental gene (see Supplementary data file 3). A
single transcript of the parental gene Pros28.1-RA has been annotated with a 146-bp 5′UTR
(FlyBase annotation). Supplementary data file 3 shows the output of a BLAST 2 sequences
analysis (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 43 using the upstream regions of Pros28.1A
(272 bp) and Pros28.1 (275 bp) from D. melanogaster. We used the BLAST default
parameters but set the word size at 7 bp. No long stretches of similarity or statistically
significant short matches were found. Only 9 short [7–11 bp] matches (Expected value (E-
value) ≥ 1.1) were found in D. melanogaster between these regions of Pros28.1A and
Pros28.1. The E-value represents the number of times you can expect to see the alignment
with the same score or better purely by chance when searching against a database of the
same size. 43 In BLAST 2 sequences searches, the database is the Subject sequence
(http://www.ncbi.nlm.nih.gov/blast/producttable.shtml#blastn). E-values approach P values
when they are small. 46 Therefore, we do not consider a hit significant unless E-value is
smaller than the standard 0.05. This is in agreement with our previously published results 5,
where we looked at sequence similarity between parental and retrogene upstream regions of
all annotated retrogenes and found no conservation, even for retrogenes younger than
Pros28.1A. So far, we have no evidence of sequence similarity upstream of the TSS between
the parental gene and retrogene for any retrogene in Drosophila.

We also looked at the similarity of the upstream region between Pros28.1A (272 bp) and
Pros28.1B (275 bp; another testis-specific member of the gene family; see Introduction).
The results are shown in Supplementary data file 4. Again, no statistically significant
matches were found using BLAST 2 sequences (E-value ≥0.087). 43 Although there were
several matches found between the upstream regions of Pros28.1A and Pros28.1B, none of
the hits between these two sequences occurred in a region conserved between the species
that have the retrogene, precluding us from suggesting the existence of a conserved element
in Pros28.1A that resembles a Pros28.1B element.

To look outside of the gene family, we blasted the 272-bp region of the D. melanogaster
Pros28.1A gene against the whole genomes of all the species in the D. melanogaster group.
No hit with an E-value smaller than 0.17 or a long similarity that could reveal the origin of
this region was found.

Additionally, this region does not seem to belong to the original intron of CG42322. As
revealed in Figure 4, the intron was likely small at the time of insertion, ranging from 57 to
74 bp in all species except in D. grimshawi (see Supplementary data file 5). In addition, little
to no sequence similarity could be found in the intron between the species that have the
insertion (Pros28.1A) and those without (Figure 4). Thus, we infer that the intron present at
the time of insertion, which was likely short, did not give rise to the more than 250-bp
region upstream of the CDS (Figure 2).

According to the phylogenetic distribution, the Pros28.1A duplication event could be 12–44
My old.17 Using sequence divergence information at nonsynonymous sites (see Materials
and Methods), we dated the duplication event to ~ 39.6 Mya. This finding supports the
hypothesis that the duplication is relatively old, and thus there has been plenty of time for
the upstream region of Pros28.1A to diverge from the initial sequence (nucleotide
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substitutions and indels), resulting in sequences that are quite different. Hence, almost no
information remains to make an inference about the origin of this 272-bp sequence.

Discussion
It is often expected that functional regulatory regions will be under purifying selection, and
that orthologous genes maintaining the same pattern of expression will use the same
regulatory regions/conserved motifs in similar way39, 47. However, this scenario is not
supported by our present study.

In this work, we studied the expression of a young (12–44 My old) Drosophila retrogene
(Pros28.1A) in several species and revealed that the pattern of expression has been
conserved for more than 12 My. The gene has a male testis-specific transcription pattern in
all the species studied. As described in the Introduction, the regulatory regions of many
testis-expressed genes lie in close vicinity to the TSS. 26–39 In particular, β2 tubulin, the
well-studied element that drives testis-specific expression and acts as a promoter and
enhancer in both D. melanogaster and D. hydei, is present at identical positions in both
species (i.e., beginning at −51 bp from the TSS 39 18). Thus, we expected to observe
conservation of the Pros28.1A TSS in the species harboring this gene. However, as
described earlier, our 5′ RACE analyses of Pros28.1A in three different species (D.
melanogaster, D. simulans and D. yakuba) revealed significantly different TSSs (84 bp
apart); additionally, a broad TSS was observed in D. yakuba, with multiple TSSs separated
by up to 74 bp. This result is in disagreement with our initial expectation of conserved
locations and sequences of cis-regulatory sequences, given the conserved pattern of
expression of this gene. This finding can be explained in at least three different ways. First,
it is possible that the same regulatory motif is used in all species but acts as downstream
element in some species and as an upstream element in others. To our knowledge, this has
been described before for enhancers but never for elements with promoter properties.
Usually, if a motif is described to be an upstream or downstream promoter motif, it is used
similarly in other species.23, 24, 39

The same regulatory motif could also function at different distances from the TSS in
different species, but the broadening of the TSS in D. yakuba would remain to be explained.
The presence of motifs potentially leading to a broadening of the TSS in this species could
be ocurring.44 In some cases, the transcription of genes with the same regulatory motif(s)
does not start in the same position in different genes or species due to other motifs or
additional cis- and trans-regulatory changes.48 In addition, some species (D. yakuba in this
case) show interspersed TSSs more often than others, and this could even be characteristic
of some species. This change in regulatory region shape is not expected from what has been
observed in mammals, as shape classes between orthologous mouse and human TSSs are
quite conserved 41. In D. melanogaster, a single TSS peak or broad start of transcription
correlates with the type of core promoter motif (i.e., TATA, Inr, DPE and MTE vs. Ohler 1,
DRE, Ohler 6 and Ohler 7) and GC content.49 More data from across species and genes will
be needed to determine the level of purifying selection or evolvability of this peak and broad
TSS in Drosophila, as well as any species-specific characteristic that might be related to the
effective population size of the species. 50

A third possibility is that different independently evolved regulatory regions (also called
“TSS turnover”) drive the expression of Pros28.1A in the same tissue of different species.51,
52 Turnover has been defined as a TSS distance bigger than 100 bp 53, but this is an arbitrary
definition, and motifs driving the expression of Pros28.1A in these species remain to be
explored to determine whether TSS turnover has occurred. However, while this is a
possibility, the low levels of sequence divergence argues against this hypothesis (see Figure
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2). Detailed experimental analyses of the motifs driving the transcription of Pros28.1A in
every species and of TSSs in different Drosophila species (using, for example, comparative
Drosophila CAGE analyses for particular tissues) should help to answer these questions.

The features of the testis-specific regulatory region are also of interest. Manual and
computational screening for the presence of previously described motifs 25, 39, 42 in the
transformed 272-bp region failed to detect any similarity to any known motif responsible for
transcription of Pros28.1A in D. melanogaster (this work and Bai et al. 45). Of this 246 bp,
78 bp encodes part of the third protein-coding exon of CG42322, which is unlikely to harbor
regulatory regions due to functional constraints on the coding sequences. We previously
studied the presence of a novel cis-regulatory module (CRM) in D. melanogaster retrogenes.
45 A short sequence in the coding region of CG42322 farther upstream of Pros28.1A was
proposed as a potential CRM associated with testes expression (TA1) because of its
overrepresentation in testis-expressed retrogenes. Since this region was not included in our
construct we conclude that this motif does not drive testis expression in this gene.
Experiments are underway to characterize the testis-specific regulatory motifs in the
different species.

Here, we attempted to determine the origin of the testis-specific regulatory region of
Pros28.1A. This region could be part of the original CG42322 intron or part of the parental
transcript (5′UTR or upstream region in an aberrantly long parental transcript; see also 5).
With no evidence of sequence similarity between parental and retrogene upstream regions
and the small intron of CG42322, we concluded that neither one made a major contribution
to the evolution of this testis-specific regulatory region. We also considered the possibility
that the region could be a transduced sequence that appeared at the time of insertion. There
are reports suggesting the ability of the LINE element to jump from one template to another,
thus introducing a piece of DNA, such as extra pieces of the LINE element or its flanking
sequences, originally absent in the transcript.54 To determine whether this was the origin of
our 272-bp region, we performed BLAST on this sequence but found only sporadic
insignificant hits against the sequenced genomes. Based on these findings, we conclude that
the Pros28.1A duplication, which we estimate to be ~39.6 My old, is too old to reveal
ancestral similarities. However, the region is too big to be derived only from the 5′ of
ancestral intron (~25 bp) plus the parental 5′UTR (146 bp), suggesting that transduced
sequence at the time of insertion or additional reorganizations and nucleotide substitutions
likely produced the current sequence and arrangement.

Materials and Methods
Strains used

The following isofemale lines were used in this work: D. melanogaster (Besançon; from P.
Gilbert), D. simulans (Florida; from J. Coyne), D. mauritiana (Synthetic; from P. Michalak),
D. santomea (Sto10; from M. Long), D. teisseri (118.2 55), D. yakuba (115 55), and D.
erecta (154.155). The strains were grown in standard corn media at 25°C.

Expression analysis
Transcription of Pros28.1A was studied in both male and female tissues. Tissues were
homogenized in a glass homogenizer and total RNA was extracted using the RNeasy kit
according to the manufacturer′s instructions (Qiagen, Valencia, CA) from ~30 males and
virgin females. Mature males (1–5 days old) were dissected in saline solution to separate the
testes, accessory glands and carcass (gonadectomized body). The tissues were preserved in
RNA-later solution (Applied Biosystems/Ambion, Austin, TX), soaked at 4°C overnight and
then stored at −80°C until processing. RNA was extracted from 20 gonadectomized males,
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100 testes and 100 accessory glands of D. simulans, D. yakuba and D. erecta. RNA was also
extracted from ~100 embryos (0–5 hours old) of D. melanogaster (Besancon strain).

RT-PCR was conducted on total RNA from males, virgin females, gonadectomized males,
testes and accessory glands. Analysis of expression of intronless genes (such as Pros28.1A)
is challenging because genomic contamination can produce a band of the same size as that
of expected from the cDNA. Therefore, we digested possible contaminating DNA from the
total RNA (DNase I amplification grade; Invitrogen, Carlsbad, CA) and ran controls
including DNA-digested total RNA without reverse transcriptase. Single strand
complementary DNA (cDNA) was synthesized using Superscript (Invitrogen, Carlsbad, CA)
and oligo-dT (Promega, Madison, WI). RT-PCR was carried out using specific primers 5′-
GTTCGTGGAGGCAATTGTGTG-3′ and 5′-GTACGCCCAGGAAGCTGTTC-3′ for
amplification of Pros28.1A in D. yakuba and D. erecta, and 5′-
TGCCTGCTAACTAACCCAAAG-3′ and 5′-AACTGGGTTAACCTCGAGAAGG-3′ in D.
simulans and D. melanogaster. The Gapdh2 gene was used as positive control for the RT
reaction, using primers 5′-CAAACGAACATGGGAGCATC-3′ and 5′-
TCAGCCATCAGAGTCGATTC-5′.

DNA samples and sequencing
Sequences of the CG42322 intron that in some species contains Pros28.1A and its flanking
exons were obtained from FlyBase for the available species.18 For species in which this
sequence was not available (D. santomea, D. teisseri, and D. mauritiana), genomic DNA
was extracted from single female flies using the Puregene kit, and Pros28.1A and its
flanking sequence was PCR amplified using the primers
5′TTAGGGTTCGGCTTTCCGTA3′, 5′ACCTGCTATCCTGGGTGATC3′ and
5′CAACGCTATCCTGTGTCGC3′. PCR products were then sequenced directly after
purification (Qiagen kit, Qiagen, Valencia, CA) on an ABI automated DNA sequencer and
fluorescent DyeDeoxy terminator reagents (Applied Biosystems, Foster City, CA).
Sequences were obtained from both strands to confirm every position and contigs were
made using Sequencher 4.5 (Gene Codes Corporation, Ann Arbor, MI). Sequences were
aligned by means of Clustal W.56 New sequences have been submitted to GenBank with
accession numbers GU391592-GU391594.

Transcription start site (TSS) description
The full-length 5′ end sequence of the D. melanogaster, D. simulans and D. yakuba
Pros28.1A transcripts were obtained by 5′ RACE experiments using the First choice RLM-
RACE kit from Ambion (Applied Biosystems/Ambion, Austin, TX). Around 1 μg of total
RNA obtained from male abdominal halves was phosphatase treated to remove the 5′
phosphate of degraded mRNA, rRNA, tRNA, and genomic DNA, leaving the capped
mRNA intact. The capped mRNAs were then treated to remove the cap and ligated to an
adaptor. Single strand cDNA was synthesized from mRNA using reverse transcriptase using
random decamers as primers. PCRs were conducted to amplify the target transcript using the
primer 5′-GCGAGCACAGAATTAATACGACT-3′ provided in the kit specific to the
adapter and the following primers specific to the Pros28.1A of D. melanogaster, D. simulans
and D. yakuba, respectively: 5′-AGGGTCACCTGGTTTTCGAAG-3′, 5′-
GGTCACCGGTTTGTCGAAG-3′, 5′-GACCTGCCCTCGATTTATTAGGATC-3′. Since
one round of PCR usually did not yield any product, these products were further amplified
using the following nested primers: 5′-CAGCACCACACAATTGGCTCCA-3′, specific to
D. melanogaster and D. simulans, and 5′-GTGATCTTGCGCACCGTTCGGTA-3′, specific
to D. yakuba along, with the RACE inner primer 5′-
CGCGGATCCGAATTAATACGACTCACTATAGG-3′ provided in the kit. The products
were then sequenced. While clear sequences indicate single TSS, double peak overlaps
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could indicate more than one TSS. In such cases, the PCR product was cloned into the
TOPO TA cloning kit (Invitrogen, Carlsbad, CA), and 10 colonies with insert were
sequenced to characterize the ends.

Strains and clones for transformation
Genomic DNA extracted from single D. melanogaster fly was used to amplify the 5′
upstream region (i.e., upstream of the CDS) of Pros28.1A, which likely contains the putative
promoter, using the primers 5′-CCGCGGATTACTCACCCTAAAC-3′ and 5′-
ACCGGTCAACAATTTGCTTGTGACAAG-3′. High fidelity Taq polymerase (Finnzymes,
Espoo, Finland) was used to prevent the introduction of sequence changes by PCR
amplification. The PCR product was TA cloned using the TOPO TA cloning kit (Invitrogen,
Carlsbad, CA), digested with SacII (New England Biolabs, Ipswich, MA) and AgeI (New
England Biolabs, Ipswich, MA) and ligated directionally to EGFP vector (U55761;
Clontech, Mountain View, CA) using T4ligase (New England Biolabs, Ipswich, MA). The
ligated plasmid was then transformed into XL-blue super competent cells (Stratagene/
Agilent Technologies, Cedar Creek, TX). After PCR screening and sequencing the plasmid
to confirm the integrity of the insert, the purified plasmid (Qiagen; Valencia, CA) was
digested by AflII (New England Biolabs, Ipswich, MA), blunt ended using Mung Bean
nuclease (New England Biolabs, Ipswich, MA) and digested by SacII (New England
Biolabs, Ipswich, MA). This insert was then ligated into a pCaSpeR4 vector (X81645)
containing a blunt end and a SacII site produced in a similar way. The transformed and
sequenced plasmid was injected into 30-minute-old embryos of the w1118 strain along with
Turbo transposase plasmid to produce insertion of the construct in the genome.57 Injected
individuals were backcrossed to individuals of the opposite sex of the w1118 strain. At least
one individual from the crosses that had individuals with orange eyes were kept to map the P
element insertion and then fix the insertion using balancer chromosomes. Genomic DNA
from these transformed flies was used to amplify a shorter region. High fidelity Taq
polymerase (Finnzymes, Espoo, Finland) was again used to prevent the introduction of
sequence changes in our PCR amplifications. The primers used to make the final shorter
construct used in the analyses were as follows: 5′-CTGCAGTTCGGCTTTCCGTAATTC-3′
in the 5′ region and 5′-CTGCAGTGATGAGTTTGGACAAAC-3′ in the P element,
including the EGFP gene and termination signal. The amplified region included only 246 bp
of the Pros28.1A 5′ upstream region and 26 bp of the 5′UTR upstream of EGFP. This region
was cloned using the TOPO TA cloning kit (Invitrogen, Carlsbad, CA), then digested with
KpnI and XhoI and ligated into the pCaSpeR4 vector (X81645) digested with the same
enzymes. These were then transformed into XL1Blue competent cells (Stratagene/Agilent
Technologies, Cedar Creek, TX). The plasmids were purified and were injected into w1118

embryos by Genetic Services Inc. (Cambridge, MA). Injected individuals were backcrossed
to w1118 strain individuals of the opposite sex. At least one individual from the crosses that
had individuals with orange eyes were kept to map the P element insertion and then fix the
insertion using balancer chromosomes. Expression of EGFP was then screened in the
transformants fixed for the insertion.

Age of the duplication
Age of the duplication was calculated using the method described in Li 58 that assumes that
parental gene and retrogenes are evolving at different but constant rates. MEGA software
was used to calculate the nonsynonymous distances between all sequences using the Pamilo-
Bianchi-Li method (see Supplementary data file 6). Divergence between D. melanogaster/D.
simulans/D. sechellia and D. mauritiana and D. yakuba were used to estimate the rate of
evolution of parental and retrogene separately. Divergence time between D. melanogaster/
D. simulans/D. sechellia and D. mauritiana and D. yakuba was set at 12.8 My.59 The
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average divergence between parental genes and retrogenes was estimated from all possible
comparisons with the available data (see Supplementary data file 3).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RT-PCR results of Pros28.1A and Gapdh2 in D. simulans, D. yakuba and D. erecta are
shown. Negative controls are PCR assays using DNA-digested total RNA where no reverse
transcriptase was added.
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Figure 2.
Alignment of the 5′ putative promoter region of Pros28.1A in D. melanogaster subgroup
species. The beginning of the Pros28.1A coding sequence, which is inserted in the 3rd intron
of CG42322, is light grey, and the 4th exon of CG42322 is pink. Note that CG42322 is
encoded on the opposite strand from Pros28.1A. Blue boxes are conserved regions.
Transcription start sites (TSSs) in each species are shown in different colors: The D.
melanogaster TSS is shown in red, the D. simulans TSS is shown in green and the D.
yakuba multiple TSSs are shown in blue.
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Figure 3.
Overview of the insert of the transformed construct is shown in Panel A. Panel B shows
level of green fluorescence in testes in the control strain (w1118). Panel C shows EGFP
florescence driven by the 272-bp region (246 bp upstream of the gene and 26 of 5′UTR) in
the testis of five different transformants.
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Figure 4.
Alignment of exons 3 and 4 and intron 3 of CG42322 in several Drosophila species. Grey
corresponds to part of the exons. Blue arrows point to the approximate position where
Pros28.1A and likely additional sequence at its 5′ and 3′ end have been inserted (not shown).
See supplementary data file 2 for the complete alignment. D. grimshawi is not shown
because it has an unusually long intron.
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