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Running head: Short testis regulatory regions in Drosophila retrogenes 

 

Abbreviations: TSS, transcription start site; β2-UE1, β2-tubulin gene upstream element 1.
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ABSTRACT 

 Retrogenes are functional processed copies of genes that originate via the 

retrotranscription of a mRNA intermediate and often exhibit testis-specific expression. 

Although this expression pattern appears to be favored by selection, the origin of such 

expression bias remains unexplained. Here, we study the regulation of two young testis-

specific Drosophila retrogenes, Dntf-2r and Pros28.1A, using genetic transformation 

and the EGFP reporter gene in D. melanogaster. We show that two different short (<24 

bp) regions upstream of the transcription start sites (TSSs) act as testis-specific 

regulatory motifs in these genes. The Dntf-2r regulatory region is similar to the known 

β2 tubulin 14 bp testis motif (β2-UE1). Comparative sequence analyses reveal that this 

motif was already present before the Dntf-2r insertion and was likely driving the 

transcription of a non-coding RNA. We also show that the β2-UE1 occurs in the 

regulatory regions of other testis-specific retrogenes, and is functional in either 

orientation. In contrast, the Pros28.1A testes regulatory region in D. melanogaster 

appears to be novel. Only Pros28.1B, an older paralog of the Pros28.1 gene family, 

seems to carry a similar regulatory sequence. It is unclear how the Pros28.1A regulatory 

region was acquired in D. melanogaster, but it might have evolved de novo from within 

a region that may have been pre-primed for testes expression. We conclude that 

relocation is critical for the evolutionary origin of male germline-specific cis-regulatory 

regions of retrogenes because expression depends on either the site of the retrogene 

insertion or on sequence changes close to the TSS thereafter. As a consequence we infer 
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that positive selection will play a role in the evolution of these regulatory regions and 

can often act from the moment of the retrocopy insertion.
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INTRODUCTION 

Retrogenes are functional processed copies of genes (Brosius 1999) which 

originate when an mRNA is reverse transcribed and reinserted into the genome. At 

the time of insertion retrogenes are devoid of introns, have a poly-A tail and are 

flanked by short direct repeats. However, the last two features are quickly lost and not 

found in old Drosophila retrogenes (Betran, et al. 2002). Although the chromosome 

of origin of the polymorphic retrocopies appears to fit random expectations in 

Drosophila (Schrider, et al. 2011), flies exhibit an excess of retrogenes that have 

originated from genes on the X chromosome and are inserted in autosomes (Betran, et 

al. 2002; Dai, et al. 2006; Bai, et al. 2007; Meisel, et al. 2009; Vibranovski, Zhang, et 

al. 2009; Han and Hahn 2012). In addition, most retrogenes exhibit testis-specific 

expression while parental genes are broadly expressed (Betran, et al. 2002; Bai, et al. 

2007; Vibranovski, Lopes, et al. 2009; Han and Hahn 2012). Similar patterns have 

also been observed in placental mammal and marsupial genomes (Emerson, et al. 

2004; Potrzebowski, et al. 2008). The insertion and the expression patterns do not 

correspond to the retropositional biases across the genome and have, therefore, been 

attributed to the action of selection (Emerson, et al. 2004; Vinckenbosch, et al. 2006; 

Schrider, et al. 2011; Schrider, et al. 2013).  

 

At the time of retroposition, all retroposed copies lack the regulatory regions 

(enhancer and promoter regions) of their parental genes. Thus, to be preserved in the 

genome, most retrocopies that will eventually become functional genes will either be 

inserted downstream of an existing regulatory region or quickly evolve one de novo. 
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It is often assumed that the insertion of a retrocopy between an existing gene and its 

regulatory region would perturb the gene’s regulation and be deleterious. However, in 

the case of an insertion into a duplicated region where there might be redundancy, the 

insertion has a higher chance of evolving into a new gene (Long and Langley 1993; 

Wang, et al. 2000). The insertion site may exert particular effects on the transcription 

of the newly inserted gene. Initial transcription may occur if the insertion is close to 

transcribed genes or, in the case of testis-expressed retrogenes, in regions that are 

enriched with testis-expressed genes, i.e., testis neighborhoods (Kalmykova, et al. 

2005; Vinckenbosch, et al. 2006; Bai, et al. 2008; Dorus, et al. 2008). Either 

transcriptional facilitation or co-regulation has been proposed as mechanisms to 

explain this effect (Loppin, et al. 2005; Vinckenbosch, et al. 2006). Transcriptional 

facilitation could occur if the retrocopy is inserted in an actively transcribed open 

chromatin region. This mechanism would increase the probability of starting 

transcription of the new gene using a cryptic promoter. On the other hand, gene co-

regulation could take place through the sharing of enhancers (Lemos, et al. 2008) that 

can act long or short range and affect more than one gene (Loppin, et al. 2005; 

Vinckenbosch, et al. 2006). However, in this case, the evolution of a core promoter 

region in the retrocopy might be needed for the proper start of transcription. 

 

In this study, we experimentally characterize the regulatory regions of two 

relatively young retrogenes, Dntf-2r (CG10174) and Pros28.1A (CG17268), and their 

evolutionary origin. We show that a short (i.e., 14 bp) cis-regulatory region similar to 

the β2-UE1 of the β2-tubulin gene (CG9359; (Michiels, et al. 1989) is needed for the 
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testis-specific expression of Dntf-2r in D. melanogaster. We also determine that the 

motif was present before Dntf-2r insertion, it is found upstream of other testis-

specific retrogenes and either orientation (+ or -) can drive testis-specific expression. 

A novel regulatory region that includes 23 bp upstream of the TSS is needed to drive 

testis-specific expression of Pros28.1A in D. melanogaster. Only Pros28.1B, another 

testis-specific gene of the same gene family, seems to share part of this region. 

Pros28.1B is an older DNA mediated duplication of Pros28.1 and it is, at this point, 

unclear how its regulatory region was acquired.  These case studies illustrate that the 

evolutionary origin of male germline-specific cis-regulatory regions depends on 

relocating a coding region to a new context where regulatory regions for testis 

expression either already exist or can evolve close to the TSS.  

 

RESULTS  

 

Dntf-2r is expressed from a β2-UE1-like element 

Dntf-2r originated less than 12 Mya (Betran and Long 2003) and is present in 

four species of Drosophila: D. melanogaster, D. simulans, D. sechellia and D. 

mauritiana (Betran and Long 2003). It shows testis- or male-biased expression in all 

species where it is present (Betran and Long 2003; Chintapalli, et al. 2007); 

Supplementary Results). To identify the regulatory region that drives the testis-

specific expression of Dntf-2r in D. melanogaster, clones carrying the region 

upstream of the previously described TSS (Betran and Long 2003), its 5’UTR and 

Dntf-2r coding region fused to EGFP (Enhanced Green Fluorescent Protein) as a 
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reporter gene were transformed in Drosophila (see Materials and Methods). The 

longest construct contained 151 bp upstream of the TSS including 25 bp of the 

5’UTR of the gene bicoid stability factor (bsf) located upstream of Dntf-2r in a head-

to-head orientation (Figure 1A). The transformed flies expressed the green 

fluorescent fusion protein (Figure 1A and Supplementary Fig. 4A) in a pattern that 

mimics the Dntf-2r RNA in situ profile (Figure 1B) suggesting that this construct 

harbors the complete testis-specific regulatory region of Dntf-2r. Subsequently, we 

generated constructs carrying -101 bp, -77 bp, -50 bp, and -4 bp upstream of the TSS. 

Of those, only the -101 bp and -77 bp constructs show testis-specific green 

fluorescence (Figure 1A and Supplementary Fig. 4A-C). The others did not show 

fluorescence (i.e., the observed fluorescence was comparable to the autofluorescence 

of the white mutant control, w1118; Supplementary Fig. 4D-E). Independent insertion 

lines show similar results for each construct (Supplementary Fig. 4A-E) indicating 

that the constructs themselves, and not the region where the constructs are inserted, 

are responsible for the observations. Green fluorescence is also observed in the male 

gonads of the second instar larvae of the -151 bp lines (Supplementary Fig. 4F). No 

consistent fluorescence is observed in other tissues like the gut and ovaries for this 

line (Supplementary Fig. 4G) when compared to the control (w1118), thus confirming 

the testis-specific expression of the construct. We conclude that a 27-bp region (i.e., 

the region between -77 bp and -50 bp shaded in yellow in Figure 2A) is needed to 

drive the expression of the Dntf-2r-EGFP fusion gene in testis.  
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We observed differences in the intensity of the green fluorescence between -

151 and -101 and -77, which we could not properly quantify. Specifically, flies 

containing the -151 bp construct appear to fluoresce stronger in testis than the flies 

carrying the shorter fluorescing constructs -101 bp and -77 bp, but in the same 

pattern. Interestingly, we found two potential BEAF-32 insulator binding sites at -

135–-129 bp and -115–-109 bp. These two BEAF-32 insulator sequences appear to be 

used at least during embryogenesis (FlyBase and (Negre, et al. 2010) and, consistent 

with the previously described cases, might prevent co-expression of head-to-head 

genes (Yang, et al. 2012). These insulator sequences are absent in the shorter 

constructs and it is unclear if or how the lack of these sequences can actually affect 

the levels of expression of the genes and our constructs in testis. Therefore, we 

concluded that a 27-bp region (i.e., the region between -77 bp and -50 bp shaded in 

yellow in Figure 2A) is needed to drive the expression of the Dntf-2r-EGFP fusion 

gene in testis, although other upstream regions may also influence the expression 

level.  

  

 The 27-bp region contains a β2-UE1-like sequence and the upstream region of 

Dntf-2r also harbors a sequence (Figure 2A) that is identical to the 7-bp motif with 

quantitative effects described in the testis-specific β2 tubulin gene (GGATATT; 

(Michiels, et al. 1989). Those motifs are found in D. simulans, D. sechellia and D. 

mauritiana but have positional difference compared to D. melanogaster 

(Supplementary Fig. 3). We infer from the sequence conservation that these elements 

are most likely functional in the other species as well. 
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The β2-UE1-like element was present before the insertion of Dntf-2r 

To address the evolutionary origin of the β2-UE1-like element of Dntf-2r, we 

compared the region before and after the insertion of the retrogene and attempted to 

reconstruct the ancestral state of this genomic location using maximum parsimony. 

The multiple alignment of the orthologous sequences revealed that the motifs 

upstream of Dntf-2r are highly conserved even in species that do not have the 

retrogene (Figure 2B). We inferred with confidence that the motif with quantitative 

effects (GGATATT) was present at the time of insertion and that the β2-UE1-like 

region was at least partially present (Figure 2B).  

 

Indirect evidence supports that this region was functional before the insertion 

of Dntf-2r drove testis expression. First, we find that the β2-UE1-like and the motif 

with quantitative effects are partly and completely conserved, respectively, in D. 

yakuba, D. teissieri and D. erecta, where Dntf-2r is absent (Figure 2). In addition, the 

BEAF-32 binding sites are also conserved in those species (Data not shown). This 

supports a head-to-head arrangement of bsf with another gene even before the 

insertion of Dntf-2r. Recently, a non-coding RNA gene (let-7-C; CR43344) has been 

annotated in D. melanogaster downstream of Dntf-2r. This non-coding RNA shows a 

male-biased pattern of expression similar to Dntf-2r according to modENCODE data 

(Marygold, et al. 2013) and its location is conserved in D. yakuba, D. teissieri and D. 

erecta (Data not shown), indicating that the regulatory regions of Dntf-2r likely 

predated its origin. 
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To verify that this region is functional in species where Dntf-2r does not exist 

(i.e., species most likely carrying the ancestral configuration of this genomic region), 

we fused and transformed a construct containing the 14 bp orthologous region (see 

green highlight in Figure 2B) from D. yakuba and the rest of the region from D. 

melanogaster in front of EGFP and checked if it drives testis-specific expression (See 

Materials and Methods). As proposed above, we observed testis-specific fluorescence 

in most of the independent transformants containing the construct (Supplementary 

Fig. 5) and concluded that the region is capable of driving testis-specific expression at 

a discernible level (Figure 1C) when compared to constructs lacking the D. yakuba 

β2-UE1-like region (Supplementary Fig. 4D-E). All the evidence indicates that the 

region contained a testis-specific regulatory element before the insertion of Dntf-2r.  

 

Pros28.1A is expressed from a novel testis-specific cis-regulatory element 

 Pros28.1A is estimated to be ~39 My old (Sorourian and Betran 2010). 

Previous work (Sorourian and Betran 2010) revealed that transgenic flies carrying 

246 bp upstream of the TSS, the 5’UTR of Pros28.1A, and EGFP as a reporter gene 

show a pattern of expression that recapitulates the known testis expression pattern of 

the gene. Here, in an effort to elucidate in more detail the testis-specific regulatory 

region of this gene, 5 additional constructs were made. The constructs contained  -189 

bp, -80 bp, -46 bp, -23 bp and 0 bp upstream of the Pros28.1A TSS (Figure 3A). Only 

the flies transformed with the construct lacking any upstream region lacked EGFP 

expression in the testis (Figure 3 and Supp. Fig 6). So, we used site directed 
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mutagenesis to completely change the 23-bp region immediately upstream of 

Pros28.1A TSS of D. melanogaster to make another construct (See Supplementary 

Materials and Methods and Figure 3A). This construct carrying a different 23 bp 

region lacked EGFP expression in the testis (Figure 3 and Supp. Fig 6). The 

transformants showing the testis-specific expression pattern in adult testis showed 

expression in larval male gonads (Supplementary Fig 6A-D and 6G), but not in other 

tissues (Supplementary Fig. 6H). In addition, we observe a lower level of expression 

as the constructs are shortened (Figure 3A and Supplementary Fig 6A-D). However, 

we have not quantified this effect. The decrease in expression level could potentially 

be explained by the presence of motif/s with quantitative effects upstream of the 

testis-specific element as proposed for the β2 tubulin gene (Michiels, et al. 1989) or 

the loss of unknown insulator elements in shorter constructs as we have inferred for 

Dntf-2r in this work (see above). We concluded that information contained within the 

23 bp upstream of Pros28.1A TSS (i.e., 5’GAAAAATTCATATTGTTTCAAGT3’; 

Figure 3B) is needed for testis-specific expression of Pros28.1A in D. melanogaster. 

 

The 23 bp upstream of Pros28.1A TSS included in the shortest fluorescent 

construct (Figure 3B; bold highlight) does not appear to be entirely conserved among 

species that carry this retrogene but there are at least 5 bp (i.e., GAAAA) conserved. 

In addition, we could not find any of the promoter elements previously described in 

this region, including the β2-tubulin testis-specific promoter (Michiels, et al. 1989; 

Ohler, et al. 2002; Fitzgerald, et al. 2006). Thus, we infer that the 23 bp region 

contains a novel testis-specific cis-regulatory element. 
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Interestingly, there are 13 bp of this 23 bp region that show the highest 

similarity between Pros28.1A and Pros28.1B upstream region (i.e., 

5’CATATTGTTTCAA3’ Pros28.1A vs. 5’CATATTGTTTTAA3’ Pros28.1B; 

(Sorourian and Betran 2010). The expression of both genes (Pros28.1A and 

Pros28.1B) is testis specific and sensitive to mutations in meiotic arrest genes (see 

below and (Mikhaylova, et al. 2006), and this shared sequence might potentially be 

responsible for the similar regulation of these two genes. However, as with 

Pros28.1A, the upstream region of Pros28.1B does not appear to be more conserved 

among species than other adjacent non-coding regions (Data not shown). This may 

indicate that the 23bp regulatory region of Pros28.1B has changed in other lineages or 

recently originated in the common ancestor of D. melanogaster, D. simulans, D. 

sechellia and D. mauriatiana. It remains possible that the few bp that are conserved 

between all species that have Pros28.1A (Figure 3B) are part of the motif/s needed for 

testis-specific expression in D. melanogaster and that the D. melanogaster regulatory 

region evolved from within a region that was pre-primed for testes expression.  

 

The β2-UE1 motif occurs in the upstream region of other testis-specific 

retrogenes  

We studied whether the 14-bp β2-UE1 motif of the β2 tubulin gene 

(5’ATCGTAGTAGCCTA3’) and the 13-bp conserved portion between Pros28.1A 

and Pros28.1B (5’CATATTGTTT(C/T)AA3’), also occur in upstream regions of 

other genes. A preliminary BLAST analysis of both motifs found only the 14-bp β2-
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UE1 motif in several testis-specific genes. We generated a position-specific scoring 

matrix (PSSM; Supplementary Fig. 7 and Supplementary Table 1) from the BLAST 

hits alignment, which we gave to GLAM2SCAN as an input matrix to scan the 

upstream region of all D. melanogaster genes (see Materials and Methods for more 

details). We found that 120 upstream regions of the 1,245 testis-specific genes (10%) 

and 476 upstream regions 13,253 non-testis-specific genes (i.e., 4%) contained a copy 

of the β2-UE1 motif indicating that testis-specific genes are significantly enriched for 

this motif (P=2.91x10-19; Fisher’s exact test). Remarkably, 60 of the 476 non-testis-

specific genes containing a copy of the β2-UE1 motif upstream of their TSS are 

actually testis-biased (i.e., genes that are non-testis-specific under our definition [see 

Materials and Methods], but whose level of transcription in testis was 10-fold higher 

than the average in the whole fly). Out of the 120 testis-specific genes, 13 are known 

testis-specific retrogenes (Betran, et al. 2002; Dai, et al. 2006; Bai, et al. 2007). 

 

Interestingly, 54 β2-UE1-like motifs follow the same strand orientations as the 

testis-specific gene, yet there are 61 in the opposite strand. This observation prompted 

us to generate a construct that carries the upstream region and 5’UTR of the β2-

tubulin gene but where the 14-bp β2-UE1 motif has been flipped (i.e., inverted; 

Figure 1D). Ten independent transformants were examined and showed fluorescence 

specifically in testis (Supplementary Fig. 8) demonstrating that the β2-UE1 motif 

works in both orientations and could potentially work bidirectionally. 
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Transcription of Dntf-2r and Pros28.1A is sensitive to mutations in meiotic arrest 

genes 

 

It has been suggested that the β2-UE1-like promoter of the testis-biased gene Sdic is 

bound by the regulatory protein Modulo and it has been shown that transcription of Sdic is 

sensitive to mutations in meiotic arrest genes (e.g., rye) and modulo (mod; (Mikhaylova, et 

al. 2006). The β2 tubulin gene transcription is also affected by mutations in meiotic arrest 

genes (Mikhaylova, et al. 2006). We analyzed the transcription of Dntf-2r in wild-type 

(Oregon-R), rye (a meiotic arrest gene), and mod mutant strains by QRT-PCR (see Materials 

and Methods). Significant differences (F(2,6)=5.6551; P=0.0416) were observed among the 

mean difference for the normalized threshold cycle number (ΔCT; Supplementary Fig. 9) 

between strains. Post-hoc Tukey tests revealed a significant difference between Oregon-R 

and rye mutant strain (P=0.0464) and the same trend, although not significant (P=0.0867), 

was observed after a posteriori testing between Oregon-R and mod mutant strains. Fold-

down changes in the expression were calculated using the expression 2-
ΔΔ

C
T (Schmittgen and 

Livak 2008). Dntf-2r fold changes are similar in both mutant comparisons with Oregon-R: 

1.8109  for mod and 2.0280 for rye. Although many genes can be affected in meiotic arrest 

mutants because spermatogenesis does not occur (White-Cooper 2010), our observation is 

consistent with what has been observed for genes that harbor the β2-UE1-like promoter. 

 

We also analyzed the transcription of Pros28.1A in a wild-type strain 

(Oregon-R), and rye and mod mutant strains by QRT-PCR (see Materials and 

Methods). Significant differences (F(2,6)110127; P=0.0098) were observed among the 
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mean difference for the normalized threshold cycle number (ΔCT; Supplementary Fig. 

9) between strains. Post-hoc Tukey tests revealed a significant difference between 

Oregon-R and the rye mutant strain (P=0.0181), and between the mod and rye 

mutants (P=0.0138). No differences were observed between Oregon-R and the mod 

mutant strain (P=0.9674). Fold-down regulatory changes in the expression were 

similar in both comparisons with the rye mutant strain: 5.2659 times lower expression 

compared to Oregon-R and 5.8411 times lower compared to mod mutant strain. We 

conclude that Pros28.1A is a testis-biased gene whose expression is sensitive to 

mutations in meiotic arrest genes, but not to mutations in the protein modulo. This is 

similar to the sensitivity observed for Pros28.1B transcription (a different Pros28.1 

duplicate that also has spermatogenesis-specific expression; (Yuan, et al. 1996). 

Pros28.1B transcription was affected in the rye mutant strain, but only slightly 

affected in mod mutants (Mikhaylova, et al. 2006). Again, although many genes can 

be affected in meiotic arrest mutants because spermatogenesis does not occur (White-

Cooper 2010), our observation is consistent with a similar regulatory mechanism used 

for these two Pros28.1 duplicates as the effects that we tested are consistent between 

these genes. 

 

DISCUSSION 

 

Nature and origin of regulatory regions of retrogenes 

Retrogenes lack regulatory regions at the time of insertion and only retrogenes 

that either insert downstream of an existing cis-regulatory region and promoter, or 
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quickly evolve a regulatory region de novo will be retained over the course of 

evolution. In this study, we report one example for each of these evolutionary 

scenarios.  

 

Dntf-2r is transcribed from a preexisting testis regulatory region upstream 

from the insertion site. The regulatory region has 64% identity with the β2UE1 

promoter of the β2-tubulin gene in D. melanogaster and also contains the 7-bp motif 

with quantitative effects of the β2-tubulin gene (Michiels, et al. 1989). These motifs 

were most likely present before the insertion of Dntf-2r and functional in all the 

species where Dntf-2r is present. We hypothesize that the β2UE1 promoter was 

initially driving testis-specific transcription of a non-coding RNA (let-7-C), still 

present downstream of Dntf-2r. Because the regulatory region of Dntf-2r does not 

seem to have duplicated, it is difficult to explain why the insertion of Dntf-2r does not 

affect the regulation of let-7-C. Importantly though, Dntf-2r insertion would have 

likely been expressed in testis upon insertion and, therefore, selection would have 

potentially acted from the very beginning to increase the frequency of this retrogene 

in the population until all individuals would have carried this gene. 

 

On the other hand, the lack of sizeable conservation (only 5 bp seem to be 

conserved in all species that contain the gene) of the regulatory sequence of 

Pros28.1.A in different species is in agreement with the observation that TSS of 

Pros28.1A varies among species despite the conserved testis-specific expression 

pattern (Sorourian and Betran 2010). The order of events that eventually led to testis-
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expression upon insertion of Pros28.1A is unclear. Our data support the current 

existence of a new motif in D. melanogaster and, potentially, in some close related 

species that carry this testis-specific gene but not in others in favor of a constantly 

evolving testis-specific regulatory region. 

 

Consistent with the results of various transgenic experiments for many testis-

specific genes (See (White-Cooper 2010) for a review), we find that very short cis-

regulatory regions are required for the expression of Dntf-2r and Pros28.1A in male 

germline but also infer the existence of boundary elements and motif with 

quantitative effects around these regions. In addition, we reveal that relocation is 

critical for the evolutionary origin of male germline-specific cis-regulation of 

retrogenes because this pattern of expression depends on losing the initially 

broad/housekeeping expression of the parental genes (Bai, et al. 2007) and gaining 

short and testis-specific expression from either the site of retrogene insertion or from 

sequence changes close to the TSS thereafter. 

 

The observed effect of mutations in meiotic arrest genes in the expression of 

Dntf-2r and Pros28.1A is consistent with the effect found in other genes carrying 

similar regulatory motifs (Mikhaylova, et al. 2006) and with a newly proposed 

regulatory complex involving Ntx1 in Drosophila that couples nuclear export of 

intronless genes with the testis meiotic arrest complex and regulates the transcription 

of those genes specifically during spermatogenesis (Caporilli, et al. 2013). 
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Is there low specificity and/or high turnover of regulatory regions of 

testis-specific genes? 

We observe that the known β2UE1-like regulatory sequences used by several 

testis-specific genes in D. melanogaster (Figure 2A) actually have low identity to 

each other even when gaps are allowed in the alignment. We also found that the 

regulatory region of Pros28.1A shows low conservation, most likely revealing a 

turnover of the regulatory regions in Drosophila testis genes. This reveals low 

specificity of the transcription factors binding those sites or the presence of related, 

but divergent, regulatory complexes and high turnover of the regulatory regions. 

 

 Why should there be low specificity and/or high turnover of regulatory 

regions of testis-specific genes? It is known that some of the general transcription 

factors (i.e., TATA-binding protein associated factors also known as TBP-associated 

factors or TAFs) have testis-specific isoforms (i.e., tTAFs; (Sassone-Corsi 2002; 

Hiller, et al. 2004) that contribute to the regulated deployment of testis-specific genes. 

Recently, it has been observed that the testis-specific TAFs duplicates and mod 

evolve under positive selection (Haerty, et al. 2007; Li, et al. 2009), and that a new 

testis-specific copy of a transcriptional cofactor has originated through duplication 

modifying Drosophila testis expression (i.e., a duplicate of the ortholog of human 

Rcd-1; (Quezada-Diaz, et al. 2010; Chen, et al. 2012). While the high turnover of 

regulatory regions (i.e., same regulation despite the lack of sequence conservation) 

compared to protein-coding regions might be a general feature of regulatory regions 

(Ludwig, et al. 2000; Hare, et al. 2008), rapid evolution under positive selection of 
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the testis-specific TAFs and mod and new regulatory gene acquisitions reveal that 

there are particular selective pressures in this tissue that likely drive an even faster 

evolutionary turnover of regulatory regions. Many genes have been observed to 

evolve under positive selection in testis probably as a response to male-male 

competition, sexual antagonism, segregation distortion, and/or parasite-related 

conflicts (Zhang, et al. 2004; Haerty, et al. 2007; Presgraves 2007; Presgraves and 

Stephan 2007). These selective pressures might also act on regulatory regions because 

the gain or loss of testis expression (i.e., gain or loss of a cis-regulatory region) of 

newly duplicated genes (Kaessmann 2010) or of antisense RNAs to regulate parasites 

in testis (Lankenau, et al. 1994) will be under strong selection. We predict that the 

evolutionary pattern observed in Drosophila male germline gene regulation should 

hold in other lineages. 

 

 

MATERIALS AND METHODS 

 

  Drosophila stocks and fly handling  

 Several wild-type strains were used to PCR amplify the regulatory region of 

Dntf-2r in different species. D. simulans from Florida (provided by J. Coyne), D. 

sechellia (provided by J. Coyne), D. mauritiana (163.1; (Lemeunier and Ashburner 

1976), D. teisseri (118.2; (Lemeunier and Ashburner 1976), D. yakuba (115; 

(Lemeunier and Ashburner 1976), D. erecta (154.1; (Lemeunier and Ashburner 1976) 

and D. eugracilis (14026-0451-07; UC San Diego Drosophila Stock Center). 
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QRT-PCR 

Tissues were homogenized and total RNA was prepared from whole males of 

three strains (Taf12LKG00946 [rye], and mod07570 mutant strains and Oregon R) for 

comparison. The QIAGEN RNeasy mini kit (QIAGEN, Valencia, CA) and protocol 

was used for RNA extractions. Quantitative real-time RT-PCR (QRT-PCR) was 

conducted for the retrogenes using oligoprimers 

5´AGCCACGAAGAGGGATCCTC3´and 5’TTGTCCAGCAGTACTACGCC3’ for 

Dntf-2r and 5’AACTGGGTTACCTGCAGAAGG3’ and 

5’TGCCTGCTAACTAACCCAAAC3´ for Pros18.1A. Gapdh2 was used as a 

normalizer in the QRT-PCR. The oligoprimers used were 

5’TCAGCCATCACAGTCGATTC3’ and 5’CAAACGAACATGGGAGCATC3’. 

QRT-PCRs were performed using the ABI 7300 Real Time PCR system and the 

SYBR Green PCR Core reagents from Applied Biosystems (Applied Biosystems, 

Foster City, CA). Three replicates of RT+ and RT- were performed for every 

retrogene, normalizing gene, and RNA extraction. The primers described above 

produced similar amplification plots in the logarithmic scale that correspond to 

similar efficiency (Schmittgen and Livak 2008). QRT-PCR products were run in gels 

to control for any spurious amplification. Threshold cycle numbers (CT values) were 

obtained with the default ABI software parameters. CT values obtained for the 

retrogenes were normalized by subtracting the CT value of the normalizing gene 

(ΔCT). The mean difference for the normalized threshold cycle number (ΔCT) in 

different tissues was tested using ANOVA. Post-hoc Tukey tests were also 
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performed. Changes in the expression were calculated using the expression 2-
ΔΔ

CT 

(Schmittgen and Livak 2008). 

 

 5’ RACE 

RNA ligase-mediated rapid amplification of cDNA ends (RLM-RACE) was 

performed to identify the TSS for Dntf-2r in D. simulans using the First choice RLM-

RACE kit from Ambion (Applied Biosystems/Ambion, Austin, TX). One µg of RNA 

extracted from adult males was used for 5’ RACE in D. simulans; Figure 2). The 

gene-specific outer primer 5’ CCGTTGGGCTTCAGCAAAAAGAT 3’ and inner 

primer  5’CATCGCATTTTAGTCTTCCAAGGACG 3’ were used along with the 

5’RACE outer and inner primers provided by the manufacturer, respectively. 

 

 DNA samples and sequencing 

To obtain divergence data for the regulatory region of Dntf-2r, DNA was 

extracted from a single fly using the Puregene DNA purification system from 

QIAGEN (QIAGEN, Valencia, CA). The region was amplified by PCR from 

genomic DNA using oligoprimers 5'TGCAGGGCGCATTGTTCAG3' and 

5'CATACGCCTGCCAATACGAGT3' to amplify Dntf-2r in strains of D. simulans, 

D. sechellia, and D. mauritiana. PCR products were sequenced directly after 

purification (QIAGEN PCR purification kit; QIAGEN, Valencia, CA) on an ABI 

automated DNA sequencer using fluorescent DyeDeoxy terminator reagents (Applied 

Biosystems, Foster City, CA).  
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 Preparation of the constructs, transformation and imaging 

 

Dntf-2r, Pros28.1A and flipped β2-UE1 constructs 

The complete Dntf-2r coding region and variable lengths of the upstream 

regions were amplified from genomic DNA and cloned into the plasmid pEGFP1 

(U55761; Clontech, Mountain View, CA) to put the Dntf-2r in frame with the EGFP 

gene and generate a fluorescent fusion protein. The regions of these clones containing 

different lengths of the putative regulatory region, 5’UTR of Dntf-2r, Dntf-2r - EGFP 

fused coding regions and the SV40 polyadenylation site were further cloned into the 

P element Drosophila transformation vector – pCaSpeR 4 (X81645) and used for fly 

transformation.  

 

The 14 bp β2-UE1-like sequence of D. melanogaster was replaced by the 

orthologous 14 bp of D. yakuba to understand if this sequence drives testis-specific 

expression. The region of Dntf-2r was amplified using the forward primer 

5’CACCGACCGGCTAGCGGCGACACAAACGAGAGGATATTTG3’ that added 

the D. yakuba sequence (bold) to the D. melanogaster region and the reverse primer 

5´TTTAGTTCAAGTATATACGGGGTA3’. The PCR product was cloned with 

topoisomerase-catalyzed reaction using pENTRYTM Directional TOPO cloning kit 

(pENTR/D-TOPO Cloning Kit, Invitrogen catalog # K240020, Invitrogen, Carlsbad, 

CA). The forward primer added the necessary recombination site to the PCR product 

for directional cloning into the entry clone using the Gateway system. Colonies where 

screened by colony PCR using primers flanking the gene followed by sequencing of 
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the positive clones. Miniprep for a good clone was performed, making this clone our 

master Entry clone for recombination into the UASt-GFP destination vector. To 

perform the recombination into the destination vector we used the Gateway LR 

Clonase Enzyme Mix (Invitrogen, Carlsbad, CA). Transformation was performed 

using Library Efficiency DH5alpha competent cells and the colonies where then 

sequenced by PCR to find positive clones. One good clone was chosen after 

sequencing and sent for transformation.  

 

Another construct was made that included the described regulatory regions of 

the β2-tubulin gene and its 5’UTR (Michiels, et al. 1989) but in which the β2-UE1 

element was flipped. This region was introduced upstream of EGFP in the pCaSpeR 4 

transformation vector and used for fly transformation.  

 

PCR primers were designed to amplify an increasingly shorter upstream 

region of Pros28.1A from a previous Pros28.1A –EGFP pCaSpeR 4 transformation 

vector (Sorourian and Betran 2010). The products containing different lengths of the 

Pros28.1A putative regulatory region, 5’UTR of Pros28.1A in front of EGFP and the 

SV40 polyadenylation site were cloned in the pCaSpeR 4 transformation vector and 

used for fly transformation. 

 

These clones were sent for transformation into w1118 flies to Genetic Services 

Inc. (Cambridge, MA). Several independent transformants were obtained for every 
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construct (See Results). More details about the primers designed and cloning 

procedures are given as Supplementary Materials and Methods. 

 

Imaging 

Tissues from transformant flies were dissected in Ringer solution and images 

were taken using an Olympus BX51TRF florescent microscope setting the UV 

exposure time manually at a level established by examining the control strain (w1118; 

provided by Genetic Services Inc., Cambridge, MA). Controlling the time allowed us 

to fine tune for any autoflorescence in the original white mutant stock and enabled us 

to compare the level of green fluorescence across preparations and lines. 

 

In situ hybridization 

In situ hybridization of whole testis of young males of the Besançon strain 

was performed to detect the transcript of Dntf-2r following the protocol described by 

Morris et al. (Morris, et al. 2009) with some changes. We used single-stranded DNA 

probes instead of RNA probes. To denature the probe, it was heated at 100ºC for 10 

minutes. The prehybridization and hybridization steps were carried out at 45ºC. The 

overnight incubation at 4ºC was done with 0.1% BSA in PBST and the anti-

digoxygenin antibody. After the color development, the reactions were stopped with 

PBST washes (four times for 10 minutes each). After the four washes, all the PBST 

was removed and 30% glycerol in PBST was added for 30 minutes, followed by 50% 

glycerol, and, finally, 70% glycerol was added.  
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The probe labeling was performed using DIG-High Prime DNA Labeling and 

Detection Starter Kit I (Roche, Indianapolis, IN). A sense oligoprimer 

(5’CTTTTTTTCGGATCGGAAACTCAATCGTACCCCGTATATACTTGAACTA

AAATGTCTCTGAATCTGCAGT3’) allowed us to label the complementary DNA 

strand using the random priming procedure. This procedure was designed to detect 

the Dntf-2r transcript specifically as the oligo corresponds to a 5’UTR region that is 

different from the four transcripts of the parental gene, Dntf-2-RA, Dntf-2-RB, Dntf-2-

RC and Dntf-2-RE. 

 

Motif discovery 

We downloaded the expression profile for the whole D. melanogaster gene set 

from Chintapalli and collaborators (Chintapalli, et al. 2007), available from FlyAtlas 

(http://www.flyatlas.org). We considered a gene to be transcribed testis-specifically 

when it was only up-regulated in testis and downregulated not in any other tissue (as 

in (Chintapalli, et al. 2007). A total of 1,245 genes were selected as testis-specific, 

including Dntf-2r, Pros28.1A and Pros28.1B. The region 300-bp upstream of the TSS 

of every gene in the D. melanogaster genome was downloaded from dmel_r.5.24. A 

sequence containing the β2UE1 of the β2 tubulin gene 

(AAATCGTAGTAGCCTATT) and a 13 bp testis-specific putative motif of 

Pros28.1A (see below) were BLASTed against these sequences. GLAM2 (Frith, et al. 

2008) was used to build a Position Scoring Matrix (PSSM) from the BLAST hits, 

which was later given to the program GLAM2SCAN in order to scan the whole 

genome and find copies of the motifs. We used the top 26,000 motif matches found 
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by GLAM2SCAN in the genome to be sure we included as many potential motif 

matches as possible in our analyses. Those matches have a score value of 6.21 or 

higher. Matches located in upstream sequences of testis-specific genes (positive 

motifs) were used to build another PSSM that is used in the next iteration. This 

procedure allowed us to refine the PSSM and test for enrichment of the motif in 

testis-specific genes given an arbitrary score. The process continued for five 

iterations, i.e., until motif enrichment in testis-specific genes compared to non-testis-

specific genes was no longer observed.  

 

SUPPLEMENTARY MATERIAL 

Supplementary Materials and Methods, Supplementary Results, a Supplementary 

Table and 8 Supplementary Figures and Supplementary Figure Legends are available 

for this publication. 
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FIGURE LEGENDS  

 

Figure 1. A. Dntf-2r-EGFP fusion constructs used for transformation in D. 

melanogaster. The drawn line depicts the regions included in every construct. It is 

drawn proportional to the region and its length varies from -151 to -4 bp upstream of 

the TSS. The white box depicts 5’UTR and coding region (CDS) of Dntf-2r (not 

drawn to scale). +1 denotes the start of transcription (i.e., TSS) of the gene fusion. 

Green box depicts EGFP coding region (not drawn to scale). Fluorescence results due 

to the testis-specific expression of the fusion protein are summarized. See 

Supplementary Fig. 4 for fluorescent pictures of all independent insertions. All 

constructs except the last two show strong fluorescence only in testis revealing that a 

testis-specific element is located between -78 and -51 bp from the TSS. B. In situ 

results revealing the transcription in testis of Dntf-2r are shown and coincide with the 

observed expression of the fusion protein. C. The construct including D. yakuba β2-

UE1-like region (Figure 2) is outlined and the fluorescence results summarized. See 

Supplementary Fig. 5 for fluorescent pictures of all independent insertions. D. The 

construct including β2-UE1 flipped and the β2-tubulin region (Figure 2) is outlined 

and the fluorescence results summarized. See Supplementary Fig. 8 for fluorescent 

pictures of all independent insertions. 

 

Figure 2. A. Percent identity of the upstream region of several testis-specific genes to 

the known 14-bp β2UE1 motif and the 7-bp motif with quantitative effect of the β2 

tubulin gene. Identical bases are shown in bold. Negative numbers show the location 
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of both elements as distance to the transcription start site. For example β2UE1 motif 

of the β2 tubulin gene in D. melanogaster spans the base pairs from -51 to -38 and the 

7-bp motif with quantitative effects in the same gene and species spans the base pairs 

from -32 to -26. This information is consolidated from our study and work of others 

(Michiels, et al. 1989; Lankenau, et al. 1994; Yang, et al. 1995; Nurminsky, et al. 

1998). Yellow highlighted region shows the sequence required for testis-specific 

expression of Dntf-2r in D. melanogaster.  B. Dntf-2r upstream region in the species 

where the gene is present and the same region in species where the gene is absent. 

Similar sequences were observed in the syntenic region in distantly related species 

suggesting that a testis-specific regulatory region existed before Dntf-2r insertion. 

The nucleotide state at the ancestral node was inferred when the same nucleotide was 

observed in species where Dntf-2r is present and in species where Dntf-2r is absent 

and not inferred (?) otherwise. We highlight in green the region used from D. yakuba 

to make a construct to show the current regulatory potential of the 14 bp in this 

species. 

 

Figure 3. A. Constructs carrying the Pros28.1A upstream region and 5’UTR in front 

of EGFP used for transformation in D. melanogaster and a summary of their level of 

fluorescence are shown. Line depicts the region included in the construct and its 

length varies from 189 to 0 bp (not drawn to scale). White box depicts 5’UTR of 

Pros28.1A  (not drawn to scale). +1 denotes the start of transcription of the gene. 

Green box depicts EGFP coding region (not drawn to scale). Zigzag line denotes the 

23 bp region that was mutagenized. Lack of EGFP expression in the shortest 
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construct and the mutagenic construct of a 23-bp region is observed revealing that the 

regulatory regions needed for testis expression includes the regions between -23 and 0 

bp. B. Alignment of the upstream region of Pros28.1A of D. melanogaster with the 

same region in other species that contain the gene. Yellow highlighted region (49 bp) 

shows the sequence that was included in the 23 bp construct in front of EGFP and it 

also depicts how much of the 5’UTR was included in all the constructs (Figure 3 A). 

The 23-bp region required for testis-specific expression is shown in bold and the D. 

melanogaster transcript is shown in italics. 
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A.	  

B.	  

Ancestral	  

Retroduplica1on	  

β2-‐UE1	  	  
(14	  bp)	  

Quan4ta4ve	  element	  	  
(7	  bp)	  

β2	  tubulin	  	  
D.	  melanogaster  ATC-G--TAGTA-GCCTATT--------TGTGAACATT (-51|-38/-32|-26) 
D.	  hydei       ATC-G--CAGTA-GTCTAAC--------TAGGGATATT (-51|-38/-32|-26)  

             
Sdic	  
D.	  melanogaster	   	  ATC-G--TAGTGTGCCTTTG--------GGGGAA-ATT (-68|-54/-48|-43) 

     (86%)         (86%) 
Dn8-‐2r	  	  
D.	  mauri:ana    ATCAG--CT-TA-GCGGTGACACAAACGAGAGGATATT 
D.	  simulans    ATCAG--CT-TA-GCGGTGACACAAACGAGAGGATATT (-58|-45/-31|-25) 
D.	  sechellia   ATCAG--CT-TA-GCGGTGACACAAACGACAGGATATT 
D.	  melanogaster	  	  	  	  	  	  	  	  	  GTATCAG--CT-TA-GCGGTGACACAAACGAGAGGATATT (-75|-62/-48|-42) 

     (64%)        (100%) 
Dihydroorotate	  dehydrogenase	  
D.	  melanogaster   GCC-G--TAGTA-A-CTATATATCGCATGAGTTTTCCT (-50|-38) 

     (71%)   
microcopia	  
D.	  hydei   TTC-GTCTAGTA-GGTCAT----------TTGAATTCA (-24|-9/-5|+2) 

     (71%)         (57%) 

Dn8-‐2r	  present	  
D.	  mauri:ana    GTATCAGCT-TA-GCGGTGACACAAACGAGAGGATATT 
D.	  simulans    GTATCAGCT-TA-GCGGTGACACAAACGAGAGGATATT 
D.	  sechellia   GTATCAGCT-TA-GCGGTGACACAAACGACAGGATATT 
D.	  melanogaster	   	  GTATCAGCT-TA-GCGGTGACACAAACGAGAGGATATT 

Dn8-‐2r	  absent              	  	  
D.	  yakuba 	   	  GTGACCGGC-TA-GCGGCGACACAAGCCAAGGGATATT 
D.	  teissieri 	   	  GTGACCCGGCTA-GCGGCGACACAAGCCAAGGGATATT	  
D.	  erecta 	   	  AATCTAGCC-CA-GCGGATACACAAACCGAGGGATATT 

D.	  eugracilis 	   	  CTTTTTGTC-AG-TAATCGATTTTACAGGCCCAGTGTG  

Ancestral	  inferred  GT??CAGC?-TA-GCGG?GACACAAAC?A??GGATATT 

Figure 2 
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