
1 
 

Cis-regulatory evolution integrated the Bric-à-brac transcription factors into a 1 

novel fruit fly gene regulatory network  2 

 3 

Running Header: CRE evolution confers a new function to a pre-existing 4 

transcription factor. 5 

  6 

 7 

Maxwell J. Roeske1,#, Eric M. Camino1,#, Sumant Grover1, Mark Rebeiz2, and Thomas 8 

M. Williams1,3,*  9 

 10 

1Department of Biology, University of Dayton, 300 College Park, Dayton, OH 45469, 11 

USA  12 

2Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260 13 

3Center for Tissue Regeneration and Engineering at Dayton, University of Dayton, 300 14 

College Park, Dayton, OH 45469, USA 15 

#These authors contributed equally to this work 16 

*Correspondence: twilliams2@udayton.edu 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 9, 2017. ; https://doi.org/10.1101/200360doi: bioRxiv preprint 

https://doi.org/10.1101/200360
http://creativecommons.org/licenses/by/4.0/


2 
 

Abstract (150 words) 25 

Gene expression evolution through gene regulatory network (GRN) changes has gained 26 

appreciation as a driver of morphological evolution. However, understanding how GRNs 27 

evolve is hampered by finding relevant cis-regulatory element (CRE) mutations, and 28 

interpreting the protein-DNA interactions they alter. We investigated evolutionary 29 

changes in the duplicated Bric-à-brac (Bab) transcription factors and a key Bab target 30 

gene in a GRN underlying the novel dimorphic pigmentation of D. melanogaster and its 31 

relatives. It has remained uncertain how Bab was integrated within the pigmentation 32 

GRN. Here we show that Bab gained a role in sculpting sex-specific pigmentation 33 

through the evolution of binding sites in a CRE of the pigment-promoting yellow gene 34 

and without any noteworthy changes to Bab protein coding sequences. This work 35 

demonstrates how a new trait can evolve by incorporating existing transcription factors 36 

into a GRN through CRE evolution, an evolutionary path likely to predominate newly 37 

evolved functions of transcription factors. 38 
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Introduction 48 

 Transcription factors play central roles in the development and evolution of 49 

animal traits by binding to cis-regulatory elements to spatially- and temporally-regulate 50 

patterns of gene expression (Davidson, 2006; Levine, 2010). Collectively, the complex 51 

web of connections between transcription factors and CREs form vast gene regulatory 52 

networks (GRN) that govern a tissue’s development. As transcription factor genes are 53 

generally much older than the traits they impact, a central question of evolutionary 54 

developmental biology is the relative role that gene duplication, protein coding and CRE 55 

sequence evolution play in the evolution of GRNs for novel traits (Carroll, 2008; Stern 56 

and Orgogozo, 2008). Answers to this question require studies of recently evolved traits 57 

for which the derived and ancestral states of genes and gene components can be 58 

inferred through manipulative studies of GRN function (Rebeiz and Williams, 2011). 59 

 One such experimentally tractable trait is the rapidly evolving pigmentation 60 

patterns that adorn the abdominal cuticle of Drosophila melanogaster and its close 61 

relatives (Rebeiz and Williams, 2017). The melanic pigmentation of the dorsal cuticle 62 

tergites covering the A5 and A6 abdominal segments of males has been inferred to be a 63 

novelty that evolved in the D. melanogaster lineage after it diverged from an ancestral 64 

monomorphically pigmented lineage within the Sophophora subgenus (Jeong et al., 65 

2006). The GRN controlling this trait ultimately instructs the expression of terminal 66 

enzyme genes that are required for pigment formation.  One enzyme, encoded by the 67 

yellow gene is activated through a CRE known as the “body element” (Camino et al., 68 

2015; Wittkopp et al., 2002) that possesses at least two binding sites for the Hox factor 69 

Abd-B (Jeong et al., 2006). In D. melanogaster females, yellow expression is repressed 70 
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in the A5 and A6 segments through its regulation by the tandem duplicate bab1 and 71 

bab2 genes (Figure 1A) (Jeong et al., 2006), collectively referred to as Bab. Both 72 

paralogs encode proteins that possess a conserved BTB domain that functions in 73 

homodimerization and heterodimerization, as well as pipsqueak (psq) and AT-hook 74 

domains that together confer in vitro DNA-binding capability (Lours et al., 2003). Though 75 

the Bab proteins are suspected to function as transcription factors, no direct targets of 76 

regulation are known (Jeong et al., 2006).  77 

In the lineage of D. melanogaster, Bab expression is suspected to have evolved 78 

from a monomorphic pan-abdominal pattern to a sexually dimorphic expression pattern 79 

in which both paralogs are female-limited, and absent from males during the latter half 80 

of pupal development when enzymes of the pigmentation GRN are deployed (Kopp et 81 

al., 2000; Salomone et al., 2013). This dimorphic pattern of Bab expression required 82 

changes to two CREs controlling Bab’s abdominal epidermis expression (Williams et al., 83 

2008). Though this dimorphic pattern of regulation allows yellow to be expressed in the 84 

epidermis underlying the pigmented male A5 and A6 segment tergites, several 85 

questions remain unanswered pertaining to how and when Bab was incorporated into 86 

the sexually dimorphic pigmentation GRN. Specifically, is yellow a direct target of Bab 87 

repression, and was it a target of regulation prior to the evolution of the dimorphic trait 88 

(Gompel and Carroll, 2003)? Moreover, to what extent did gene duplication, protein 89 

coding sequence, and CRE evolution contribute to this derived trait?  90 

 In this study we sought to characterize the derived functions of Bab1 and Bab2 in 91 

the D. melanogaster pigmentation GRN and determine the extent to which this derived 92 

pigmentation function additionally required evolutionary changes to Bab protein coding 93 
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sequences and the 5’ cis-regulatory region of yellow that contains its abdominal CRE. 94 

We found that Bab1 and Bab2 bind directly to the yellow body CRE to a region required 95 

for male-limited enhancer activity. Moreover, the capability of Bab paralogs to function 96 

in this repressive manner appears to result not from protein-coding changes, but instead 97 

through the evolution of these binding sites which arose contemporaneously with the 98 

derived pattern of dimorphic Bab expression. Thus, the origin of the male-specific 99 

pigmentation of D. melanogaster is an example where evolutionarily conserved 100 

transcription factors gained a new function through their integration into a GRN by CRE 101 

evolution. 102 

  103 

Results  104 

Bab1 suppress yellow expression through cis-regulatory element encodings   105 

 We sought to characterize how Bab1 exerts its influence on a minimal 0.6kb 106 

body element CRE (yBE0.6) (Camino et al., 2015) (Figure 1B) that drives male-limited 107 

GFP reporter transgene expression in the dorsal epidermis of the A5 and A6 abdominal 108 

segments (Figure 1C and 1D). This reporter transgene activity matches the spatial, sex-109 

limited, and temporal pattern of abdominal expression of yellow (Camino et al., 2015). 110 

We designed a set of 10 mutant yBE0.6 CREs (Figure S1) to localize regions 111 

responsible for this element’s sex-limited activity. In each mutant yBE0.6, we introduced 112 

a block of ~70-85 base pairs in which every other base pair possessed non-113 

complementary transversion mutations and compared its activity to the wild type CRE in 114 

transgenic D. melanogaster (Camino et al., 2015). While 8 of 10 “scanning mutant” 115 

CREs showed wild type reporter repression in the female abdomen (Figure S2), we 116 
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observed increased expression in the A5 and A6 segments of the SM4 and SM10 117 

mutants (Figure 1E and 1F). Moreover, the increased expression was more pronounced 118 

when the SM4 and SM10 mutations were combined in the same reporter (Figure 1G). 119 

These results identified two CRE sub-regions that are required to suppress yellow 120 

expression in the posterior female abdomen, likely through the recruitment of a 121 

transcriptional repressor protein. 122 

 We speculated that the sequences altered by the SM4 and SM10 mutations 123 

normally function to respond either directly or indirectly to the repressive Bab proteins. 124 

When Bab1 was ectopically expressed in the dorsal midline of the male abdomen by the 125 

GAL4/UAS system (Brand and Perrimon, 1993; Calleja et al., 2000), yBE0.6 reporter 126 

expression was largely suppressed (Figure 1H and 1I). However, a yBE0.6 CRE 127 

containing the SM4 and SM10 mutations, was unresponsive to ectopic Bab 1 128 

expression (Figure 1J). These data reveal that the SM4 and SM10 CRE regions encode 129 

inputs that respond to regulation by Bab proteins.  130 

 131 

Bab1 directly interacts with multiple yellow CRE binding sites    132 

Bab proteins may suppress the yBE0.6 CRE activity through two major routes: indirect 133 

or direct regulation. Bab may indirectly regulate the yBE0.6 CRE by controlling the 134 

expression of a transcription factor that interacts with binding sites in the SM4 and 135 

SM10 regions. On the other hand, Bab may directly interact with binding sites in the 136 

yBE0.6 CRE, acting as a transcriptional repressor. To distinguish between these 137 

mechanisms, we performed gel shift assays to see whether Bab specifically interacts 138 

with sequences within the SM4 and SM10 regions in vitro. Previously it was shown that 139 
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the DNA-binding domain (DBD) of Bab1 and Bab2 bound to similar DNA sequences 140 

(Lours et al., 2003), therefore we chose to perform our experiments with the Bab1 DBD.  141 

The SM4 region is 70 base pairs (bp) in length (Figure 2A), which we divided into 142 

three overlapping sub element regions that were tested for binding by serial two-fold 143 

dilutions of a GST fusion protein possessing the Bab1 DNA binding domain (Bab1 DBD, 144 

Figure 2B). Of the three regions, only the third probe was substantially bound by the 145 

Bab1 DBD (Figure 2C-2E). This binding was DNA-sequence specific, as a scanning 146 

mutant probe version failed to similarly shift (Figure 2F). Thus, it seems likely that this 147 

25 base pair segment possesses a site or sites capable of Bab1 DNA-binding.  148 

 A previous study showed that the Bab1 DBD preferably bound A/T rich 149 

sequences, specifically those with TAA or TA repeats (Lours et al., 2003). Within region 150 

3 are several TA motifs, several of which are part of TAA motifs (Figure 2A). We created 151 

a TA>GA mutant probe that removed each TA motif. This probe was not noticeably 152 

bound by the Bab1 DBD indicating that some or all of these motifs are necessary 153 

features of a Bab1 binding site or sites (Figure 2G). To further localize the sequences 154 

necessary for the Bab1 binding, we created four mutant probes within the region (sub1-155 

sub4). We found that three of these mutant probes were still bound and shifted by the 156 

Bab1 DBD (Figure 2H-2K). However, the sub2 probe that spanned 9 base-pairs and 157 

disrupted two of the TA motifs was not noticeably shifted (Figure 2I). Collectively, this 158 

set of gel shift assays supports a direct Bab1 binding mechanism to suppress this CRE 159 

sequence (Figure 2A, red sequence; Figure S1). 160 

 We performed a similar set of gel shift assays to localize Bab1 binding within the 161 

85 bp SM10 region (Figure 3). We tested three overlapping sub element regions for an 162 
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interaction with the Bab1 DBD (Figure 3C-3E), and observed mobility shifts for the first 163 

and third regions (Figure 3C and 3E). A scanning mutant version of the third region was 164 

bound, albeit to a lesser extent, by Bab1 (Figure 3G), indicating that this in vitro binding 165 

was not sequence-specific or that the mutant probe created a weak Bab-binding site. 166 

Therefore, we focused our attention on the first region for which a scan mutant probe 167 

was not noticeably bound by the Bab1 DBD (Figure 3F). We next analyzed four small 168 

mutant versions (sub1-sub4) of the first region (Figure 3H-3K). While each mutant probe 169 

appeared to be bound to a lesser extent than the wild type probe, the sub3 mutant 170 

probe showed little-to-no binding (Figure 3J). These results suggest the presence of at 171 

least one addition Bab binding site in the SM10 region. Collectively, our results support 172 

a direct model of regulation in which Bab1 functions as a DNA-binding transcription 173 

factor that interacts with at least two sites within the yBE0.6 CRE and thereby represses 174 

the expression of this CRE in the female abdomen where Bab1 is highly expressed. 175 

 176 

The biochemical activity of Bab predates its duplication event 177 

 While the bab genes have been shown to be sufficient to suppress D. 178 

melanogaster tergite pigmentation when ectopically expressed (Couderc et al., 2002; 179 

Kopp et al., 2000), the individual necessities of bab1 and bab2 paralogous genes have 180 

not been fully resolved. We created two short hairpin/miRNA (shmiR) transgenic lines 181 

that can conditionally and specifically target sequences unique to bab1 (Table S1) and 182 

separately two lines targeting bab2 (Table S2) for RNA-interference (RNAi). These 183 

shmiR transgenes are under the cis-regulatory control of Upstream Activating 184 

Sequences (UAS), and thus expression can be induced by the GAL4 transcription factor 185 
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(Haley et al., 2008). Using a GAL4 insertion into the pannier (pnr) gene, we drove 186 

hairpins specific to a negative control gene (targeting the mCherry reporter gene) and to 187 

either or both bab1 and bab2 along the dorsal midline of the body. Relative to the 188 

control (Figure 4A), the bab1 shmiR transgene containing the siRNA id #3 sequence 189 

(Table S1) led to a conspicuous increase in the dorsal medial pigmentation of the 190 

female A5 and A6 tergites (Figure 4B), whereas the transgene including the siRNA id #4 191 

sequence (Table S1) resulted in a phenotype not noticeably different from that of the 192 

negative control (Figure 4C). For bab2, the individual ectopic expression of the shmiR 193 

transgenes containing either the siRNA id #12 or #16 sequences (Table S2) resulted in 194 

ectopic dorsal medial tergite pigmentation in females (Figure 4D and 4E). Hence, these 195 

results demonstrate that suppression of tergite pigmentation in D. melanogaster 196 

females requires individual contributions from both bab1 and bab2. 197 

 The RNAi knockdown of bab1 and bab2 each increased pigmentation, 198 

suggesting that we would obtain a more expressive phenotype if both paralogs’ 199 

expression were suppressed. To test this prediction, we created “chained” shmiRs 200 

(Haley et al., 2010) to co-express the effective bab1 shmiR (Id #3) separately with each 201 

bab2 shmiR (Id #12 and #16). We found that these chained shmiR transgenes, when 202 

ectopically expressed in the dorsal midline resulted in more expansive ectopic 203 

pigmentation phenotypes (Figure 4F and 4G). Notably, for one chained combination, 204 

ectopic pigmentation included the A4 tergites of males and females (Figure 4F, red 205 

arrowheads). These results show that the individual and combined contributions of bab1 206 

and bab2 paralog expression are necessary to fully suppress tergite pigmentation. 207 
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 Not surprisingly, the RNAi phenotypes were most extreme in the female 208 

abdomen as the pupal male abdomen lacks significant bab1 and bab2 expression 209 

(Salomone et al., 2013). Previous studies have shown that both bab1 and bab2 are 210 

sufficient to suppress male tergite pigmentation when ectopically expressed (Couderc et 211 

al., 2002; Kopp et al., 2000). However, direct comparisons of the individual paralogs 212 

were hampered by the positional effects associated with random insertion of bab 213 

paralog open reading frame (ORF) transgenes into different genomic sites. Here, we 214 

created transgenes with the D. melanogaster bab1 and bab2 ORFs under UAS 215 

regulation that were integrated site-specifically into the attP40 site on the 2nd 216 

chromosome. In the absence of a GAL4 driver, leaky expression of these transgenes 217 

resulted in reduced pigmentation of the male A5 and A6 tergites, and a near complete 218 

loss of melanic pigmentation on the female A6 tergite (Figure 5A and 5B). When we 219 

drove ectopic expression of these ORFs in the dorsal midline by the pnr-GAL4 220 

chromosome, we failed to recover viable adult males which possessed the UAS-bab1 221 

ORF transgene, indicating that the ectopic-expression phenotype was lethal. While we 222 

obtained fewer than expected offspring with ectopic expression of the bab2 ORF than 223 

expected for independent assortment (Figure S3), some adults were identified. For 224 

these specimens, tergite pigmentation was eliminated in the dorsal midline of males, 225 

and a split tergite phenotype was seen for both males and females (Figure 5C). These 226 

outcomes show that bab1 and bab2 have a strong pigment-suppressing capability, 227 

though in the genetic background tested, bab1 ectopic expression was lethal.  228 

The lethality encountered in the ectopic-expression assays likely stems from 229 

expressing the bab ORFs in the spatial and temporal pattern of the pnr gene (Calleja et 230 
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al., 2000) which drives strong expression from embryonic stages through pupal 231 

development. In order to better visualize the specific effects of bab ORF expression on 232 

tergite pigmentation, we utilized the y-GAL4 transgene (Hart, 2013) to drive expression 233 

in the abdominal epidermis pattern of the yellow gene which begins around 70 hours 234 

after puparium formation (hAPF) (Figure S4) based on a 100 hour period of pupal 235 

development (Rogers and Williams, 2011). Expression of the bab1 and bab2 ORFs 236 

driven by the y-GAL4 chromosome eliminated both lethality and tergite developmental 237 

defects, resulting in male adults which entirely lacked melanic pigmentation on the A5 238 

and A6 tergites (Figure 5F and 5G). Thus, by these ectopic expression assays, we find 239 

that not only are the Bab paralogs sufficient to suppress pigmentation when ectopically 240 

expressed, but that their suppressive capabilities are similar. 241 

 242 

Bab1 ectopic-expression phenotypes require DNA-binding capability 243 

 The Bab1 and Bab2 proteins possess a conserved domain that includes both 244 

pipsqueak (psq) and AT-Hook motifs that function as an in vitro DNA-binding domain or 245 

DBD (Lours et al., 2003), supporting the notion that these paralogs function as 246 

transcription factors in vivo. However, bona fide direct targets of either Bab1 or Bab2 247 

have yet to be discovered. Previously, it was shown that the Bab1 DBD failed to bind 248 

DNA in vitro when possessing non-synonymous mutations in the pipsqueak (psq) motif 249 

converting Alanine and Isoleucine amino acids to Glycine and Proline respectively 250 

(AI576GP), or when non-synonymous mutations altered a stretch of Arginine, Glycine, 251 

and Arginine amino acids in the AT-Hook motif respectively to Aspartic acid, Glycine, 252 

and Aspartic acid (RGR627DGD) (Lours et al., 2003). To test whether this compromised 253 
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ability to bind DNA in vitro has in vivo significance, we created a bab1 ORF transgene 254 

that possesses both the psq and AT-Hook mutations (called bab1 DNA binding mutant 255 

or bab1 DBM, Figure S5) and incorporated this transgene into the same genomic site as 256 

our other UAS transgenes. We found that leaky expression of the bab1 DBM was 257 

insufficient to suppress tergite pigmentation (Figure 5D). Moreover, ectopic expression 258 

of the Bab1 DBM by the pnr-GAL4 driver resulted in detectable accumulation of nuclear 259 

protein (Figure S6) which did not induce lethality or a pigmentation phenotype (Figure 260 

5E). Similarly, expression of the Bab1 DBM in the y-GAL4 pattern resulted in males with 261 

the wild type melanic tergites (Figure 5H). Collectively, these results lend further support 262 

to a model in which DNA binding is required for the D. melanogaster Bab paralogs to 263 

repress tergite pigmentation.  264 

 265 

Functional equivalence of Bab paralogs for the suppression of tergite 266 

pigmentation 267 

 The currently favored model for the origin of the D. melanogaster sexually 268 

dimorphic tergite pigmentation posits that it evolved from an ancestor that expressed 269 

Bab in a sexually monomorphic manner, and for which melanic pigmentation in males 270 

and females was limited (Jeong et al., 2006; Kopp et al., 2000; Salomone et al., 2013). 271 

Moreover, CRE evolution has prominently factored into the origin of this dimorphic 272 

pigmentation trait, as changes in CREs of bab have been previously identified (Williams 273 

et al., 2008). The possibility that Bab protein coding sequence evolution has additionally 274 

contributed has largely remained untested. To investigate whether the Bab1 and Bab2 275 

proteins have functionally evolved, we created UAS-regulated transgenes possessing 276 
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the D. willistoni bab1 and D. mojavensis bab2 ORFs (Figure S5). These orthologous 277 

protein coding sequences come from fruit fly species presumed to possess the 278 

ancestral sexually monomorphic patterns of pigmentation and Bab expression. As seen 279 

for the D. melanogaster ORF transgenes, leaky expression from the attP2 genomic site 280 

of transgene insertion resulted in a similar reduction in male A5 and A6 and female A6 281 

tergite pigmentation (Figure S7A, D. willistoni bab1; and S7C, D. mojavensis bab2). 282 

Pigmentation was dramatically suppressed when these orthologous proteins were 283 

ectopically expressed in the dorsal medial midline pattern of pnr-GAL4, (Figure S7B, D. 284 

willistoni bab1; and S7D, D. mojavensis bab2) and y-GAL4 (Figure 5I, D. willistoni bab1; 285 

and 5J, D. mojavensis bab2). These results suggest that the ability of the Bab1 and 286 

Bab2 proteins to regulate dimorphic pigmentation did not require noteworthy changes in 287 

their protein coding sequences.  288 

 The origin of the Bab1 and Bab2 paralogs likely resulted from a duplication event 289 

that occurred in the evolutionary history of the Dipteran order (Figure 1A). This scenario 290 

is supported by the findings that all species of fruit flies with sequenced genomes and 291 

the Tsetse fly Glossina morsitans possess bab1 and bab2 paralogs, whereas basally 292 

branching Dipteran species such as Anopheles (A.) gambiae and Aedes aegypti only 293 

possess a single paralog. Moreover, the genomes of the flour beetle Tribolium 294 

castaneum and the moth Bombyx mori, from orders closely related to Diptera, each 295 

possess a single bab gene. We were curious as to whether the pigmentation and gene 296 

regulatory functions of the derived bab paralogs were present in the pre-duplication bab 297 

gene. To test this hypothesis, we created a UAS-regulated ORF transgene for the A. 298 

gambiae bab gene to use as a surrogate for the pre-duplication ancestral bab gene. We 299 
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found that like all other bab orthologs tested in this study, leaky expression of the A. 300 

gambiae bab gene resulted in reduced pigmentation in the male A5 and A6 tergites 301 

(Figure S7E). Moreover, forced ectopic expression driven by pnr-GAL4 and y-GAL4 302 

both resulted in more extensive repression of tergite pigmentation (Figure S7F and 5K). 303 

These outcomes are consistent with the interpretation that the general functional 304 

capability of these proteins was ancient and has been generally conserved during the 305 

100 million years or more since the gene duplication event occurred.  306 

We sought to determine whether the functional equivalence of the distantly 307 

related Bab orthologs can also be seen at the level of target gene regulation. Here, we 308 

focused on the capability of the orthologs to repress the expression of the Enhanced 309 

Green Fluorescent Protein (EGFP) reporter transgene expression driven by the 310 

sequence 5’ of yellow exon 1 that contains the wing element and body element CREs 311 

(Figure 6A) from the dimorphic species D. melanogaster (Figure 6B-6G) and D. 312 

malerkotliana (Figure 6H-6M). Orthologs were ectopically expressed in the pupal 313 

abdomens of D. melanogaster under the control of the y-GAL4 transgene and the 314 

intensity of EGFP expression in the A5 and A6 segment epidermis relative to that for 315 

specimens ectopically expressing the Bab1 DBM was measured (Figure 6B and 6H). 316 

We observed the Drosophila and Anopheles orthologs were similarly capable of 317 

repressing reporter transgenes regulated by the yellow regulatory regions of both 318 

dimorphic species. Thus, it can be concluded that the functional equivalency of distantly 319 

related Bab orthologs extends to the ability to regulate a derived target gene in a 320 

Drosophila lineage.   321 

 322 
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The gain of direct Bab regulation required CRE evolution for yellow  323 

 The male-specific pigmentation of the A5 and A6 tergites is thought to be a 324 

derived state in the lineage of D. melanogaster after it diverged from monomorphic 325 

lineages such as that of the willistoni and possibly the obscura species groups (Figure 326 

8B). This may have occurred by two distinct possible routes. First, the regulation of 327 

yellow expression by Bab might predate the dimorphic pattern of tergite pigmentation, 328 

and thus, when Bab expression evolved dimorphism, the yellow gene became restricted 329 

to males. Alternately, the regulation of yellow by Bab may have originated 330 

contemporaneously with the evolution of dimorphic Bab expression. We compared the 331 

D. melanogaster Bab-binding sites from the SM4 and SM10 regions to the orthologous 332 

gene regions from species descending from either a dimorphic or monomorphic 333 

pigmented ancestor (Figure 8A).  This analysis revealed a comparable degree of 334 

sequence conservation to the derived binding sites for the Hox transcription factor Abd-335 

B that were previously shown to be a key event in the evolution of male-limited yellow 336 

expression (Jeong et al., 2006). However, there is abundant sequence divergence 337 

among species that descend from the dimorphic lineage (Figure 8A, node 1), and a 338 

near complete absence of sequence conservation with species possessing the 339 

ancestral monomorphic trait. Thus, it is possible that an ancestral regulatory linkage 340 

between Bab and yellow is obscured by the turnover and displacement (Hare et al., 341 

2008; Ludwig et al., 2000; Swanson et al., 2011) of Bab-binding sites to other regions of 342 

the body element. 343 

To infer the antiquity of Bab-repression at yellow, we compared the capabilities of 344 

the D. melanogaster Bab orthologs to affect the CRE activities of yellow 5’ regulatory 345 
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regions (containing both the wing and body elements) from dimorphic species (D. 346 

melanogaster and D. malerkotliana) and ancestrally monomorphic species (D. 347 

pseudoobscura and D. willistoni) (Figure 7). For regulatory sequences derived from 348 

dimorphic species, reporter expression in A5 and A6 segments was strikingly reduced in 349 

the presence of either ectopic Bab1 or Bab2 compared to the Bab1 DBM control (Figure 350 

7A-A’’ and 7B-B’’). In contrast, the regulatory sequences from monomorphic species 351 

showed modest and no apparent reduction of D. pseudoobscura and D. willistoni CREs, 352 

respectively. Two additional observations can be made. One being the even greater 353 

level of regulatory-activity repression for the D. malerkotliana yellow regulatory region 354 

(33%±1% in the presence of ectopic Bab1 or Bab2) than for D. melanogaster (56%±1% 355 

and 53%±1% respectively in the presence of ectopic Bab1 and Bab2). Second, the 356 

regulatory activity of the D. pseudoobscura was modestly repressed in the presence of 357 

Bab (85%±2% and 71%±2% respectively in the presence of ectopic Bab1 and Bab2).  358 

While A5 and A6 yellow expression is largely governed by the body element in 359 

males, the wing element does direct a more moderate level of expression throughout 360 

the abdomen and in posterior stripes for each segment. To see whether the wing 361 

element might also respond to Bab expression and thus harbor Bab-binding sites, we 362 

compared the levels of expression for the reporter transgenes in the A3 segment in 363 

which expression is driven exclusively by the wing element (Figure S8). While the D. 364 

melanogaster wing element showed a slight reduction in activity when in the presence 365 

of ectopic Bab1 or Bab2 compared to the Bab1 DBM control, no apparent reduction in 366 

activity was observed for the transgenes with either the D. malerkotliana, D. 367 

pseudoobscura, or D. willistoni yellow regulatory sequences (Figure S8). Collectively, 368 
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these results suggest that the direct Bab regulation of yellow evolved specifically within 369 

the dimorphic body element, coincident with the evolution of the dimorphic pigmentation 370 

trait.     371 

 372 

Discussion 373 

Here, we investigated the functions and evolution of the paralogous D. melanogaster 374 

Bab1 and Bab2 proteins that perform a key regulatory role in a GRN controlling a male-375 

specific pigmentation trait. Though these two paralogs descend from an ancient 376 

duplication event (Figure 1A), our results show that their ability to function in D. 377 

melanogaster pigmentation required little-to-no alteration in the functional capability of 378 

the Bab proteins. Rather, our data point to the evolution of binding sites in a CRE of a 379 

key pigmentation gene yellow to which these proteins bind through their DNA binding 380 

domains (Figure 8A). These conclusions are supported by multiple lines of evidence: (1) 381 

identification of regions in the yellow body CRE that mediate sexual dimorphism, (2) in 382 

vitro binding of Bab proteins to these sequence, (3) the ability of pre-duplicate Bab 383 

proteins to suppress the yellow body CRE of dimorphic species, and (4) the relative 384 

inability of these proteins to exert similar effects on CREs of species whose lineages 385 

predate the evolution of this trait.  These findings represent the first-documented direct 386 

target sites of the Bab proteins, sites which arose coincident with the evolution of 387 

sexually dimorphic Bab expression patterns in the abdomen (Figure 8B). Thus, our 388 

results provide a clear example in which multiple tiers of a complex GRN evolved to 389 

produce a Hox-regulated trait while preserving the genetic toolkit of regulatory and 390 

differentiation genes.  391 
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The evolution of the Bab paralogs 392 

 The D. melanogaster bab locus provides an interesting example in which the 393 

protein-coding and regulatory divergence of duplicated genes can be compared. The 394 

phylogenetic distribution of bab paralogs supports an estimated timing of the duplication 395 

event to around 125 million years since the common ancestor of the fruit fly, Tsetse fly, 396 

and Hessian fly split from the lineage of the sandfly and mosquitoes (Figure 1A) 397 

(Wiegmann et al., 2011). Duplicate genes may sub-functionalize, neo-functionalize, or 398 

be lost through pseudogenization (Lynch and Conery, 2000). Since this duplication 399 

event, both bab paralogs have been maintained in the genomes of distantly related fruit 400 

fly species (Clark et al., 2007; Richards et al., 2005), and in species from related 401 

families whose genomes have been sequenced (Giraldo-Calderon et al., 2015; 402 

Kriventseva et al., 2015).  Here, we showed that both D. melanogaster bab paralogs 403 

and orthologs from other fruit fly and a mosquito species can similarly impact the 404 

development of melanic tergite pigmentation when ectopically expressed in D. 405 

melanogaster (Figure 5), and each gene can induce a similar split tergite phenotype 406 

(Figure 5 and S7). These outcomes suggest for at least these two phenotypes that their 407 

protein coding regions are functionally equivalent.  408 

In contrast to the conserved protein functionality that we observed for the Bab 409 

paralogs, some divergent patterns of expression have been found for the paralogs in D. 410 

melanogaster, consistent with a role for neo- or sub-functionalization (Couderc et al., 411 

2002). Yet, the majority of bab paralog expression patterns appear to be common to 412 

both paralogs (Couderc et al., 2002; Rogers et al., 2013; Salomone et al., 2013), 413 

including the pupal abdominal epidermis, for which expression is governed by two 414 
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shared CREs (Williams et al., 2008). It has been found that heterozygous bab null 415 

females have a more male-like pattern of tergite pigmentation compared to wild type 416 

females, and the homozygous null pigmentation phenotype is more or less equivalent to 417 

that of males.  (Rogers et al., 2013). Here we showed that the RNA-i reduction of 418 

expression for either bab1 or bab2 resulted in more male-like pigmentation pattern on 419 

the female abdomen, and RNA-i for both paralogs simultaneously resulted in a more 420 

pronounced male-like phenotype (Figure 4). While qualitative differences through CRE 421 

functional divergence must have occurred to drive the divergent paralog expression in 422 

some tissues, the need for a higher overall quantity of expressed Bab protein seems to 423 

be key for Bab’s role in the GRN generating the derived dimorphic pattern of abdomen 424 

pigmentation.  425 

  426 

Bab and its history in a pigmentation gene regulatory network 427 

 The stark dimorphism between the melanic pigmentation of D. melanogaster 428 

male and female abdominal tergites represents a trait whose origin has now been 429 

resolved to the level of its GRN connections. Dimorphic pigmentation is thought to have 430 

derived from a monomorphic ancestral state in the lineage of D. melanogaster after it 431 

diverged from that for D. willistoni and perhaps even as recently as the D. 432 

pseudoobscura split in the Sophophora subgenus (Jeong et al., 2006; Salomone et al., 433 

2013). Assuming this scenario is generally correct, then when and how did Bab become 434 

a part of this GRN? One plausible explanation is that Bab regulated the expression of 435 

pigmentation genes prior to the emergence of this dimorphic trait. Perhaps as a part of 436 

an antecedent dimorphic GRN. One study provided data consistent with this scenario, 437 
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showing that Bab2 expression often, but not always, displayed an anti-correlation to 438 

where melanic pigmentation developed on fruit fly tergites, including non-Sophophora 439 

species (Gompel and Carroll, 2003). If Bab had an ancient role in regulating the 440 

expression of pigmentation genes such as yellow, then dimorphic pigmentation could 441 

have evolved by re-deploying a conserved Bab-responsive CRE in the abdomen.  442 

 However, various data are difficult to reconcile with this re-deployment model. 443 

First, the melanic species D. virilis expresses Bab1 and Bab2 throughout the male and 444 

female abdomens suggesting an inability of Bab to suppress pigmentation genes such 445 

as yellow in this species (Salomone et al., 2013). Furthermore, the regulation of yellow 446 

by Bab in D. melanogaster is limited to the body element CRE in which we found Bab 447 

binding sites. This is significant as clearly identifiable orthologs to the D. melanogaster 448 

body element remains difficult to identify in more distantly related fruit fly species hailing 449 

from monomorphically pigmented lineages (Figure 8A), though the wing element and its 450 

activity has remained comparatively well-conserved. Thus, there is no evidence for an 451 

ancient linkage between Bab and an antecedent of the yellow body element. While an 452 

ancestral bab-yellow linkage may exist for a yet unidentified trait, the activation of yellow 453 

in the well-studied male-specific spot that adorns the wings of D. biarmipes is bab-454 

independent (Arnoult et al., 2013; Gompel et al., 2005). Finally, the D. melanogaster 455 

body element possess derived binding sites for both Bab and the Hox factor Abd-B 456 

(Figure 8A) (Jeong et al., 2006). Thus, the co-option of either Bab or Abd-B would be 457 

insufficient to account for the origin of this dimorphic trait.  458 

 Based upon the available data, it seems much more likely that Bab was 459 

integrated into an antecedent GRN to play a key role in differentiating the expression 460 
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outcomes between males and females. This integration involved the remodeling of 461 

existing CREs controlling Bab expression in the abdominal epidermis (Rogers et al., 462 

2013; Williams et al., 2008), and the acquisition of yellow as a direct target of regulation 463 

through the formation of binding sites in the emergent body element (Figure 8). At this 464 

point it is unclear whether dimorphic Bab expression preceded the evolution of Bab 465 

sites in the yellow body element CRE or if the Bab sites evolved first. One hint to this 466 

puzzle may lie in D. pseudoobscura, a species whose yellow body element CRE is 467 

mildly Bab-responsive (Figure 7 and S8), but for which Bab expression retains its 468 

ancestral monomorphic expression. This might suggest that the capability to respond 469 

(albeit weakly) to Bab evolved first, followed by the evolution of dimorphic Bab 470 

expression patterns. Further, the evolutionary connections identified here represent a 471 

subset of the connections downstream of Bab. While the yellow body CRE contains 472 

separable activating and repressing inputs, the gene tan, which is co-expressed with 473 

yellow appears to have a very different encoding for dimorphism (Camino et al., 2015). 474 

Extensive mutagenesis of the tan MSE failed to find any mutations that relaxed 475 

dimorphic expression, suggesting that activating and repressing inputs are overlapping, 476 

or closely situated in this CREs DNA sequence. Future studies of this GRN will 477 

illuminate how the network downstream of Bab was elaborated.  478 

 479 

The incorporation of old transcription factors into new networks 480 

We suggest that the increased complexity of the dimorphic pigmentation GRN 481 

through the integration of the Bab transcription factors by CRE evolution will exemplify a 482 

common mechanism whereby increasingly sophisticated GRNs have come about to 483 
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regulate traits throughout the animal kingdom. The vast majority of transcription factor 484 

binding specificities remain conserved over long evolutionary periods (Nitta et al., 2015), 485 

and many of these factors are functionally equivalent between distantly related taxa. 486 

The exceptions to this trend may represent rare examples of transcription factor 487 

diversification that occurred in the distant past, and thus are limited to a vanishingly 488 

small number of traits, or may represent examples of developmental systems drift in 489 

which the molecular mechanisms change, but the outcome remains the same. Studying 490 

more recent trait divergence allows one to more clearly discern phenotypically relevant 491 

evolutionary changes from those involving systems drift. Tests of regulatory sequence 492 

divergence are particularly hampered by drift, as sequence divergence is rapid and 493 

CREs from distantly related taxa often work poorly in heterologous transgenic 494 

environments. Thus, further comparisons of genetically tractable traits that arose over 495 

similarly recent timescales, in which protein coding and cis-regulatory divergence can 496 

be directly compared in vivo are required to unveil the nature of this broader trend.  497 

 498 

Materials and Methods 499 

Fly Stocks and Genetic Crosses 500 

All fly stocks were cultured at 22oC using a sugar food medium (Salomone et al., 501 

2013). The yBE0.6, yBE0.6 SM4, yBE0.6 SM10, and SM4+10 reporter transgenes 502 

utilized in GAL4/UAS experiments were each inserted into the attP40 site (Camino et 503 

al., 2015; Markstein et al., 2008). GAL4 expression was driven in the pattern of the 504 

pannier (pnr) gene using the pnr-GAL4 chromosome (Calleja et al., 2000) and the pupal 505 

abdominal epidermis pattern (Jeong et al., 2006; Wittkopp et al., 2002) of  the yellow 506 
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gene using the y-GAL4 transgene (Hart, 2013). The pnr-GAL4 (BDSC ID#3039) and y-507 

GAL4 (BDSC ID#44267) fly stocks were obtained from the Bloomington Drosophila 508 

Stock Center. A UAS-mCherry dsRNA line (BDSC ID#35785) was used as a negative 509 

control in the RNA-interference experiments. The reporter transgenes containing 510 

orthologous sequences 5’ of the yellow first exon adjacent to a minimal hsp70 promoter 511 

and the coding sequence of the EGFP-NLS reporter protein were integrated into the 512 

attP2 site on the D. melanogaster 3rd chromosome and whose construction was 513 

previously described (Camino et al., 2015; Groth et al., 2004). 514 

 515 

Recombinant Protein Production and Gel Shift Assays 516 

 The protein coding sequence for amino acids 490-672 of the D. melanogaster 517 

Bab1protein was cloned into the BamHI and NotI sites of the pGEX4T-1 vector in order 518 

to express an N-terminal GST-fusion protein that has the AT-Hook and psq domains 519 

and that possesses DNA binding capability (Lours et al., 2003). This vector was 520 

transformed into the BL21 DE3 E. coli strain (New England Biolabs) and recombinant 521 

protein was purified by a standard protocol (Williams et al., 1995) with slight 522 

modifications. In brief, an overnight bacterial culture was grown at 37oC in LB media 523 

with 200 μg/ml Ampicillin. This culture was added to 225 ml of a rich LB media (2% 524 

Tryptone, 1% Yeast Extract, and 1% sodium chloride) and grown at 37oC. After 1 hour 525 

of growth, protein expression was induced by adding IPTG to a final concentration of 526 

0.5mM, and cultured for an additional 3 hours. Bacteria were then pelleted by 527 

centrifugation, media decanted, and bacterial pellets frozen at -74oC. Bacteria pellets 528 

were thawed on ice and resuspended in ice cold STE buffer containing protease 529 
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inhibitors (Thermo Scientific). After a 15 minute incubation on ice, DTT was added to 5 530 

mM and Sarkosyl to 1.5%. The bacterial suspension was subjected to 4 rounds of 531 

sonication on ice at 33 amps for 1 minute each round with, and a 1 minute rest between 532 

rounds. 1 ml of glutathione agarose (Thermo Scientific) was then added to the 533 

suspension and allowed to mix for 15 minutes with nutation at 4oC. The glutathione-534 

agarose was then washed 7 times with ice cold PBS. GST-Bab1 DNA-binding domain 535 

(DBD) fusion protein was eluted from the glutathione-agarose by seven 1.5 ml aliquots 536 

of protein elution buffer (75 mM Hepes pH 7.4, 150 mM NaCl, 20 mM reduced 537 

glutathione, 5 mM DTT, and 0.1% Triton X-100). Collected aliquots were combined and 538 

concentrated using Vivaspin 20 spin columns with a 100,000 MWCO (Sartorious). The 539 

purified GST-Bab1 DBD protein was snap frozen using a dry ice ethanol bath, and 540 

stored in aliquots at -74oC. 541 

 Reverse complementary oligonucleotides were synthesized (Integrated DNA 542 

Technologies) that contain wild type or mutant yBE0.6 sequences (Tables S3 and S4). 543 

Gel shift assays were done as previously described (Camino et al., 2015; Rogers et al., 544 

2013). In brief, all oligonucleotides were biotin-labeled on their 3’ end using the DNA 3’ 545 

End Biotinylation Kit (Thermo Scientific) using the manufacture’s protocol. Biotin-labeled 546 

complementary oligonucleotides were annealed to form double stranded probes, and 547 

labeling efficiency was evaluated by the manufacturer’s quantitative Dot Blot assay. 548 

Binding reactions included 25 fmol of probe and GST-Bab1 DBD protein in General 549 

Footprint Buffer (working concentration of 50 mM HEPES pH 7.9, 100 mM KCl, 1 mM 550 

DTT, 12.5 mM MgCl2, 0.05 mM EDTA, and 17% glycerol). For each probe, separate 551 

binding reactions were done that included 4,000 ng, 2,000 ng, 1,000 ng, 500 ng, and 0 552 
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ng of the GST-Bab1 DBD protein. Binding reactions were carried out for 30 minutes at 553 

room temperature and then size separated by electrophoresis through a 5% non-554 

denaturing polyacrylamide gel for 60 minutes at 200 V. Following electrophoresis, the 555 

samples were transferred and cross linked to a Hybond-N+ membrane (GE Healthcare 556 

Amersham) for chemiluminescent detection using the Chemiluminescent Nucleic Acid 557 

Detection Module and manufacture’s protocol (Thermo Scientific). Chemiluminescent 558 

images were recorded using a BioChemi gel documentation system (UVP).   559 

 560 

bab1 and bab2 shmiR expressing transgenes 561 

 The open reading frame (ORFs) for D. melanogaster bab1 and bab2 were 562 

obtained from NCBI accession numbers NM_206229 and NM_079155.3 respectively. 563 

From these, nucleotide guide sequences were designed using the Designer of Small 564 

Interfering RNA (DSIR) algorithm (Vert et al., 2006) that is accessible at: 565 

http://biodev.extra.cea.fr/DSIR/DSIR.html. For bab1, the eleven rows of output were 566 

included in Table S1. For bab2, there were 54 rows of output, sorted by descending 567 

Corrected Score, and the top 19 rows of output presented in Table S2. To make sure 568 

shmiRs lack the same seed residues (nucleotides 2-8) as those present in known 569 

miRNAs, we searched candidate guide sequences against a miRNA database 570 

(http://mirbase.org/search.shtml). Search sequences were set to “Mature miRNAs, E-571 

value cutoff of “10”, Maximum hits of 100, and results were shown for “fly”.  572 

 Previously it was shown that a shmiR can induce phenotypes in transgenic flies 573 

when the guide shares at least 16-21 base pairs of contiguous sequence to the target 574 

gene (Haley et al., 2010). Thus we sought the highest scoring “Guide” sequences for 575 
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which for which fewer than 16 contiguous bases match a heterologous exon sequence 576 

in the D. melanogaster genome. Guide sequences were evaluated in a BLAST search 577 

of the D. melanogaster genome (http://flybase.org/blast/) with the word size set to 7. 578 

The genomic position of the BLAST hits were identified using the GBrowse feature. An 579 

RNAi transgene targeting bab1 was created by the Transgenic RNAi Project (TRiP) at 580 

Harvard Medical School that included the sequence identified here as siRNA_id 1 581 

(Table S1) that we have found to be ineffective at suppressing bab1 expression. Thus, 582 

this guide sequence was excluded from further consideration here. For bab1 we elected 583 

to create shmiRs with the siRNA 3 and siRNA 4 sequences which each have  a 21 base 584 

pair match to a sequence in the bab1 1st exon. For bab2 we elected to create shmiRs 585 

with the siRNA 16 and siRNA 12 sequences, each which have a 21 base sequence that 586 

matches a sequence in the 2nd exon of bab2. The bab1 and bab2 shmiRs were 587 

designed to possess two essential mismatches to maintain a miR-1 stem-loop structure 588 

(Haley et al., 2010), and oligonucleotides were designed for annealing that have NheI 589 

and EcoRI overhangs for cloning into the pattB-NE3 vector (Table S5). The annealed 590 

oligonucleotides were cloned into the NheI and EcoRI sites of the pattB-NE3 vector, and 591 

successful cloning was verified by Sanger sequencing using the pUASTR1 primer (5’ 592 

CCCATTCATCAGTTCCATAGGTTG 3’). pattB-NE3 vectors containing an shmiR guide 593 

sequence were site-specifically integrated into the D. melanogaster attP2 landing site 594 

(Groth et al., 2004) by standard protocol (Best Gene Inc.).   595 

 596 

Chaining shmiRs to target bab1 and bab2 597 
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 shmiR chains were created in two steps. First the bab1_3 shmiR was removed 598 

from the pattB-NE3 vector by HindIII and BamHI digestion and the excised piece was 599 

subcloned into the pHB vector (Haley et al., 2010, 2008). The shmiR piece was then 600 

amplified from the pHB vector using the M13F and M13R primers. This PCR product 601 

was digested with KpnI and SpeI restriction endonucleases and then cloned into the 602 

KpnI and XbaI sites of the pattB-NE3 vectors containing the bab2 siRNA 16 and the 603 

vector containing the bab2 siRNA 12 sequence. For each vector, the presence of the 604 

tandem shmiR sequences was verified by Sanger sequencing in separate reactions with 605 

the PUASTR1 (5’ CCCATTCATCAGTTCCATAGGTTG 3’) and PUASTF1 (5’ 606 

ACCAGCAACCAAGTAAATCAACTG3’) primers. These chained shmiR transgenes 607 

were injection into D. melanogaster embryos for site-specific integration into the attP2 608 

site on the 3rd chromosome to make transgenic stocks (Groth et al., 2004). 609 

 610 

bab open reading frame transgenes 611 

 The ORFs for D. melanogaster bab1 and bab2, D. willistoni bab1 (GK16863-PA), 612 

D. mojavensis bab2 (GI12710), and Anopheles (A.) gambiae bab (AGAP006018-RA) 613 

were customized for gene synthesis by GenScript Incorporated. We added a Syn21 614 

translational enhancer (Pfeiffer et al., 2012) 5’ of each ORF’s initiator ATG, and an 615 

additional nonsense codon was added just 3’ of the endogenous one. The ORFs were 616 

flanked by a 5’ EcoRI site and a 3’ NotI site. The A. gambiae ORF had the coding 617 

sequence for the V5 epitope tag added after the initiator codon. The DNA sequences 618 

were modified with synonymous substitutions as needed in order to optimize for gene 619 

synthesis.  The synthesized sequences can be found in Figure S5. After synthesis, the 620 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 9, 2017. ; https://doi.org/10.1101/200360doi: bioRxiv preprint 

https://doi.org/10.1101/200360
http://creativecommons.org/licenses/by/4.0/


28 
 

ORFs were removed from the pUC57 vector backbone and subcloned into the EcoRI 621 

and NotI sites of a pUAST vector modified to possess an attB site (called pUMA) for 622 

site-specific transgene integration. All ORFs are under the regulatory control of the 623 

vector’s upstream activating sequences (UAS sites) to allow for conditional ORF 624 

expression by the GAL4/UAS system (Brand and Perrimon, 1993). 625 

 A bab1 DNA-binding mutant (DBM) ORF was created that possesses non-626 

synonymous mutations in the Pipsqueak and AT-Hook motifs that results in a protein 627 

lacking it’s in vitro DNA-binding capability (Lours et al., 2003). The coding sequence for 628 

the bab1 Pipsqueak and AT-Hook motifs are flanked by AscI and BamHI restriction 629 

endonuclease sites. We designed a coding sequence within this sequence that includes 630 

mutations altering codons with these two protein domains (Figure S5). After synthesis, 631 

this mutant sequence was removed from the pUC57 vector by BamHI and AscI 632 

digestion. The liberated fragment was swapped into the place of the wild type sequence 633 

in the pUC57 bab1 ORF vector. The full length bab1 DBM ORF was then removed from 634 

the pUC57 vector by EcoRI and NotI digestion and subcloned into the pUMA vector. All 635 

ORF transgenes were site-specifically integrated into the D. melanogaster attP40 site 636 

(Markstein et al., 2008) on the 2nd chromosome.  637 

 638 

Imaging and analysis of abdomens 639 

Images of the adult D. melanogaster abdomen pigmentation patterns were taken 640 

with an Olympus SZX16 Zoom Stereoscope equipped with an Olympus DP72 digital 641 

camera. Specimens were prepared from 2-5 day old adults. The expression patterns of 642 

EGFP-NLS reporter transgenes were recorded as projection images by an Olympus 643 
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Fluoview FV 1000 confocal microscope and software. The regulatory activities of the 644 

yellow 5’ sequences were imaged at ~85 hAPF, a time point when endogenous yellow 645 

expression occurs in the abdominal epidermis (Camino et al., 2015; Jeong et al., 2006). 646 

Representative images were selected from the replicate specimens for display in figures 647 

presenting reporter transgene expressions. All images underwent the same 648 

modifications as the control specimens using Photoshop CS3 (Adobe).  649 

Quantitative comparisons of the levels of EGFP-NLS reporter expression were 650 

performed similar to that previously described for another CRE (Camino et al., 2015; 651 

Rogers et al., 2013; Rogers and Williams, 2011; Williams et al., 2008). In brief, for each 652 

reporter transgene in a genetic background ectopically expressing a Bab protein, EGFP 653 

expression was imaged from five independent replicate specimens at developmental 654 

stage of ~85 hours after puparium formation (hAPF) for D. melanogaster grown at 25oC. 655 

Imaging was done with confocal microscope settings optimized so that few pixels were 656 

saturated when EGFP-NLS expression was driven in a control background ectopically 657 

expressing the DNA-binding mutant form of Bab1 (Bab1 DBM) under the regulation of 658 

the y-GAL4 chromosome. For each confocal image, a pixel value statistic was 659 

determined for the dorsal epidermis of the A4 and A5 segments and separately the A3 660 

segment using the Image J program (Abràmoff et al., 2004). In Figure 7, the mean pixel 661 

values were converted into a % regulatory activity with its standard error of the mean 662 

(SEM). The activities were normalized to the activity in the background expressing the 663 

Bab1-DBM which were considered to be 100%. All pixel values of replicate specimens 664 

are presented in Figure S8. 665 

 666 
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Figures 900 

 901 

Figure 1. The tandem duplicated bab genes perform a derived role in repressing a 902 
CRE controlling male-specific expression of the gene yellow. (A) An ancestral bab 903 
gene was duplicated into the paralogous bab1 and bab2 genes in a Dipteran lineage 904 
that includes Drosophila fruit flies. The time scale indicates approximate divergence 905 

times in millions of years ago. (B) Male-specific expression of yellow in the abdominal 906 

epidermis is under the control of the yBE0.6 CRE that possesses two binding sites for 907 
Abd-B that are shown as yellow rectangles. Blue bars delimit the SM4 and SM10 908 

regions required to suppress CRE activity in females. (C and D) The yBE0.6 EGFP 909 
reporter transgene is elevated in the male A5 and A6 abdomen segments (C) but is only 910 
barely detected females (D). (E-G) Ectopic reporter expression occurs in the female 911 
abdomen when either the SM4, SM10, or both regions are mutated. (H) The pnr-GAL4 912 

driver activates dorsal midline expression of the UAS-EGFP gene, demarcating its 913 
domain of misexpression. (I) Dorsal midline expression of the yBE0.6 CRE is lost when 914 
bab1 is ectopically expressed by pnr-GAL4. (J) When the SM4 and SM10 regions are 915 

mutated, the yBE0.6 CRE can activate reporter expression in midline regions in spite of 916 
ectopically expressed bab1. 917 
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 918 

Figure 2. The yBE0.6 possesses a binding site for Bab in the SM4 region. (A) The 919 
wild type DNA sequence of the SM4 region is shown, which was subdivided into three 920 
smaller regions annotated below that were used as double stranded probes in gel shift 921 

assays with the GST-Bab1 DNA-binding Domain (Bab1-DBD). Red text delimits the 922 
inferred Bab-binding site. (B) Each probe was tested in gel shift assay reactions for 923 

binding with 5 different amounts of Bab1-DBD. These were from left to right: 0, 500, 924 
1,000, 2,000, and 4,000 ng. (C-E) Gel shift assays using wild type probe sequences. (F-925 
K) Gel shift assays using mutant probe sequences. Lower case blue letters indicate 926 
probe mutations that did not noticeably alter protein binding. Probe base pairs in lower 927 
case red letters are changes that altered protein binding. Blue and red arrowheads 928 
respectively indicate the location of shifted probe and where the quantity of shifted 929 

probe was noticeably reduced. 930 
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 931 

Figure 3. The yBE0.6 possesses a binding site for Bab in the SM10 region. (A) The 932 
wild type DNA sequence of the SM10 region is shown, which was subdivided into three 933 
smaller regions annotated below that were used as double stranded probes in gel shift 934 
assays with the GST-Bab1 DNA-binding Domain (Bab1-DBD). Red text delimits the 935 

inferred Bab-binding site. (B) Each probe was tested in gel shift assay reactions for 936 

binding with 5 different amounts of Bab1-DBD. These were from left to right: 0, 500, 937 

1,000, 2,000, and 4,000 ng. (C-E). Gel shift assays using wild type probe sequences. 938 
(F-K) Gel shift assays using mutant probe sequences. Lower case purple letters 939 
indicate probe mutations that did not noticeably alter protein binding. Probe base pairs 940 
in lower case red letters are changes that altered protein binding. Purple and red 941 
arrowheads respectively indicate the location of shifted probe and where the quantity of 942 

shifted probe was noticeably reduced. Asterisks indicate a situation where binding was 943 
non-specific as both the wild type and mutant probes were bound by the Bab1-DBD.   944 
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 945 

Figure 4. RNA-interference reveals a necessity for both bab1 and bab2 in 946 
suppressing female tergite pigmentation. (A-G) Double stranded (ds) RNA 947 

transgenes with UAS binding sites were expressed in the dorsal midline abdomen 948 
region driven by GAL4 that was expressed in the midline pattern of the pnr gene. (A) 949 
Expression of a negative control dsRNA that targets a gene (mCherry) that does not 950 

naturally exist in the D. melanogaster genome resulted in no apparent pigmentation 951 

phenotype from RNA-interference (RNA-i). (B and C) Two different dsRNAs specific to 952 
bab1 and to (F and G) bab2 were tested for pigmentation phenotypes from RNA-i. (F 953 
and G) Simultaneous RNA-i for bab1 and bab2 was accomplished by expressing 954 

“chained” transgenes. Red arrowheads indicate tergite regions where RNA-i caused the 955 

development of ectopic pigmentation.   956 
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 957 

Figure 5. Bab1 and Bab2 are sufficient to suppress tergite pigmentation as DNA-958 

binding transcription factors. (A-K) Ectopic expression assays for the protein coding 959 
sequence of D. melanogaster bab1, bab2, and a DNA-binding compromised version of 960 
bab1 (bab1-DBM). (A, B, and D) Leaky expression of transgenes from the attP40 961 

transgene insertion site. (C and E) Ectopic expression of protein coding sequences in 962 
the dorsal midline of male and female abdomens driven by pnr-GAL4. (F-K) Ectopic 963 
expression of protein coding sequences in the male abdomen under the control of the y-964 

GAL4 transgene. Red arrowheads indicate tergite regions with conspicuously reduced 965 

tergite pigmentation. 966 

 967 

 968 

 969 

 970 
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 971 

Figure 6. The Bab paralogs can suppress the male-specific activity of the 972 
regulatory region containing the wing element and body element CREs. (A) 5’ of 973 
yellow exon 1 resides the wing element and body element CREs, and the position of the 974 

D. melanogaster yBE0.6 is shown below the to-scale representation of the partial locus. 975 

(B-G) Comparison of the levels of EGFP-reporter expression in the male A5 and A6 976 
segments driven by the Wing Body Element of D. melanogaster. (H-M) Comparison of 977 

the levels of EGFP-reporter expression in the male A5 and A6 segments driven by the 978 
Wing Body Element of D. malerkotliana. The levels of EGFP expression are 979 

represented as the % of the mean ± SEM for samples in which the Bab1-DBM was 980 

expressed. (B and H) Robust EGFP reporter expression in samples ectopically 981 
expressing the Bab1-DBM protein in the y-GAL4 pattern. (C and I) Ectopic expression 982 
of Bab1 in the y-GAL4 pattern reduced A5 and A6 expression compared to the control. 983 
(D and J) Ectopic expression of Bab2 in the y-GAL4 pattern reduced A5 and A6 984 
expression compared to the control. (E and K) Ectopic expression of D. willistoni Bab1 985 
in the y-GAL4 pattern reduced A5 and A6 expression compared to the control. (F and L) 986 

Ectopic expression of D. mojavensis Bab2 in the y-GAL4 pattern reduced A5 and A6 987 
expression compared to the control. (G and M) Ectopic expression of A. gambiae Bab in 988 

the y-GAL4 pattern reduced A5 and A6 expression compared to the control.   989 
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 990 

Figure 7. The evolved repression by Bab for cis-regulatory regions 5’ of yellow. 991 

(A-A’’) Comparison of the levels of EGFP-reporter expression in the male A5 and A6 992 
segments driven by the Wing Body Element of D. melanogaster. (B-B’’) Comparison of 993 

the levels of EGFP-reporter expression in the male A5 and A6 segments driven by the 994 
Wing Body Element of D. malerkotliana. (C-C’’) Comparison of the levels of EGFP-995 

reporter expression in the male A5 and A6 segments driven by the Wing Body Element 996 
of D. pseudoobscura. (D-D’’) Comparison of the levels of EGFP-reporter expression in 997 
the male A5 and A6 segments driven by the 5’ non-coding region of D. willistoni yellow. 998 

For each comparison, the level of EGFP expression are expressed as the percentage of 999 
the mean ± SEM for samples in which the Bab1-DBM was expressed. (A-D) Ectopic 1000 
expression of the Bab1-DBM in the y-GAL4 pattern. (A’-D’) Ectopic expression of Bab1 1001 

in the y-GAL4 pattern. (A’’-D’’) Ectopic expression of Bab2 in the y-GAL4 pattern. 1002 

 1003 
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 1004 

Figure 8. The evolution of male-specific pigmentation required the gain of a 1005 
regulatory linkage between Bab and the newly evolved body element CRE 1006 
controlling yellow expression. (A) An alignment of the Bab-bound sequences in the 1007 

SM4 (site 1) and SM10 (site 2) regions and for the two previously identified binding sites 1008 
for Abd-B in the yBE0.6 CRE (Jeong et al. 2006). “Node 1” on the phylogeny indicates 1009 
the most recent common ancestor suspected to have possessed the derived male-1010 

specific pattern of pigmentation. Time scale shown is in millions of years ago. Bold 1011 
capital letters indicate the bases bound by the transcription factor in the D. 1012 
melanogaster CRE, and those which are conserved in the orthologous regions for 1013 

related species. (B) Model for the derivation of a dimorphic pigmentation trait where 1014 
dimorphic pigmentation required the evolution of a dimorphic Bab expression and the 1015 
gain of a regulatory linkage between Bab and yellow through gains of binding sites in 1016 

the body element CRE. 1017 

 1018 

 1019 

 1020 

 1021 
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Supplementary Figures 1022 

                                   BE2.5 Fwd 1023 
yBE0.6             1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1024 
SM1                1   GGCGCGCCaT tTtGtTtCcA gGcTgTcGcA gGaGtGaAcG tGcTaAcGgT  1025 
SM2                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1026 
SM3                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1027 
SM4                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1028 
SM5                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1029 
SM6                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1030 
SM7                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1031 
SM8                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1032 
SM9                1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1033 
SM10               1   GGCGCGCCCT GTGGGTGCAA TGATTTAGAA TGCGGGCAAG GGATCAAGTT  1034 
                                                                  1035 
 1036 
yBE0.6            51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1037 
SM1               51   tAcCaAaTgC gAcGcAcAcA gAtCcTgGCA TAAATGATAT AGAGTCCAAA  1038 
SM2               51   GAACCACTTC TAAGAAAAcA gAtCcTgGaA gAcAgGcTcT cGcGgCaAcA  1039 
SM3               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1040 
SM4               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1041 
SM5               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1042 
SM6               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1043 
SM7               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1044 
SM8               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1045 
SM9               51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1046 
SM10              51   GAACCACTTC TAAGAAAAAA TAGCATTGCA TAAATGATAT AGAGTCCAAA  1047 
                                                                  1048 
 1049 
yBE0.6           101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1050 
SM1              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1051 
SM2              101   cAaTcCcCcA cTgCcAgAtC cGgAcTtGgT cCcTgAtCTT TGAAATTGTT  1052 
SM3              101   AACTACACAA ATTCAATAGC AGTAATGGgT cCcTgAtCgT gGcAcTgGgT  1053 
SM4              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1054 
SM5              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1055 
SM6              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1056 
SM7              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1057 
SM8              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1058 
SM9              101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1059 
SM10             101   AACTACACAA ATTCAATAGC AGTAATGGTT ACATTAGCTT TGAAATTGTT  1060 
                                                                  1061 
 1062 
yBE0.6           151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1063 
SM1              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1064 
SM2              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1065 
SM3              151   gTgAtAaAgC aGcAtAcAgA cGcTgAcAgT gAcAaGtCcT gCgTgAcTTT  1066 
SM4              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCcT gCgTgAcTgT  1067 
SM5              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1068 
SM6              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1069 
SM7              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1070 
SM8              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1071 
SM9              151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1072 
SM10             151   TTTAGACATC CGAAGAAATA AGATTAAATT TAAACGGCAT TCTTTAATTT  1073 
                                                                  1074 
                                                            Bab1 bound region 1075 
yBE0.6           201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1076 
SM1              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1077 
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SM2              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1078 
SM3              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1079 
SM4              201   tTcTgTgAcT cTgTgGcGcG tTgTgCaTgA gTgAcAtTtT cGcTgAgTtA  1080 
SM5              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTtA  1081 
SM6              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1082 
SM7              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1083 
SM8              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1084 
SM9              201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1085 
SM10             201   GTATTTTAAT ATTTTGAGAG GTTTTCCTTA TTTAAAGTGT AGATTATTGA  1086 
                                                                  1087 
 1088 
yBE0.6           251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1089 
SM1              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1090 
SM2              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1091 
SM3              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1092 
SM4              251   tGcTgAcTGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1093 
SM5              251   tGcTgAcTtC cAcCaAaTgT cTaTtCtGcG tTCGTAAAAa GgAgTgTgAa  1094 
SM6              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1095 
SM7              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1096 
SM8              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1097 
SM9              251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1098 
SM10             251   GGATTAATGC AAACCACTTT ATCTGCGGAG GTCGTAAAAC GTATTTTTAC  1099 
                                                                  1100 
  1101 
yBE0.6           301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1102 
SM1              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1103 
SM2              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1104 
SM3              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1105 
SM4              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1106 
SM5              301   CaAgTgGaAg GgTgAgTcTG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1107 
SM6              301   CCATTTGCcT gTTTATTATG aGgGgGtCgG tTgGgAgTcC gTgAaTgAcG  1108 
SM7              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1109 
SM8              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1110 
SM9              301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1111 
SM10             301   CCATTTGCAT GTTTATTATG CGTGTGGCTG GTTGTATTAC TTTACTTAAG  1112 
                                                                  1113 
yBE0.6           351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1114 
SM1              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1115 
SM2              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1116 
SM3              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1117 
SM4              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1118 
SM5              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1119 
SM6              351   gTgTtCcAgT gTgTaTgTcG aAcGaAtGTG CATTTGGGCC AAGAGATATA  1120 
SM7              351   TTTTGCAATT TTTTCTTTaG aAcGaAtGgG aAgTgGtGaC cAtAtAgAgA  1121 
SM8              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1122 
SM9              351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1123 
SM10             351   TTTTGCAATT TTTTCTTTAG CAAGCAGGTG CATTTGGGCC AAGAGATATA  1124 
                                                                  1125 
  1126 
yBE0.6           401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1127 
SM1              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1128 
SM2              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1129 
SM3              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1130 
SM4              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1131 
SM5              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1132 
SM6              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1133 
SM7              401   gGaGcTaGaT gTaGtTgCtA cTgTgtcAaA gTgAaTgGCG GCGATGGTCA  1134 
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SM8              401   TGCGATCGCT TTCGGTTCGA ATTTTTAAaA gTgAaTgGaG tCtAgGtTaA  1135 
SM9              401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1136 
SM10             401   TGCGATCGCT TTCGGTTCGA ATTTTTAACA TTTACTTGCG GCGATGGTCA  1137 
                                                                  1138 
 1139 
yBE0.6           451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1140 
SM1              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1141 
SM2              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1142 
SM3              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1143 
SM4              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1144 
SM5              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1145 
SM6              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1146 
SM7              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1147 
SM8              451   gTcGcGaAgT cCaCcCgTcG tGaAaCaCaA cCcTaCcGgT tAgTgTaAGG  1148 
SM9              451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGgT tAgTgTaAtG  1149 
SM10             451   TTAGAGCATT ACCCACTTAG GGCACCCCCA ACATCCAGTT GATTTTCAGG  1150 
                                                                  1151 
  1152 
yBE0.6           501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1153 
SM1              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1154 
SM2              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1155 
SM3              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1156 
SM4              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1157 
SM5              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1158 
SM6              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1159 
SM7              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1160 
SM8              501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTTC  1161 
SM9              501   tAaCcCcAgA gTgTcAcTcA aAtCgAtTtG cAgTcCaTcA cAtCtCgTgC  1162 
SM10             501   GACCACAATA TTTTAAATAA CAGCTAGTGG AATTACCTAA AAGCGCTTgC  1163 
                                                                  1164 
                              Bab1 bound region 1165 
yBE0.6           551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1166 
SM1              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1167 
SM2              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1168 
SM3              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1169 
SM4              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1170 
SM5              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1171 
SM6              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1172 
SM7              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1173 
SM8              551   GTCCCTTTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1174 
SM9              551   tTaCaTgTTG AAATTTTATG TAACACTCAA TTATATTTAT GTATATGTAT  1175 
SM10             551   tTaCaTgTgG cAcTgTgAgG gAcCcCgCcA gTcTcTgTcT tTcTcTtTcT  1176 
                                                                  1177 
                                        1178 
yBE0.6           601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1179 
SM1              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1180 
SM2              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1181 
SM3              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1182 
SM4              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1183 
SM5              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1184 
SM6              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1185 
SM7              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1186 
SM8              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1187 
SM9              601   GCTCAAAATC ACCTGCCAAT AACCCTGCAG G  1188 
SM10             601   tCgCcAcAgC cCaTtCaAcT cAaCCTGCAG G  1189 
                                   BE3.5 Rvs 1190 
                                              1191 
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 1192 

Figure S1. Sequence alignment of the yBE0.6 with scanning mutant versions. 1193 
Purple background with white letters indicate the AscI (GGCGCGCC) and SbfI 1194 
(CCTGCAGG) restriction enzymes sites that were appended to primers for cloning CRE 1195 
versions into matching sites in the S3aG reporter transgene vector. Maroon background 1196 

and white letters indicate sequences that comprise scanning mutations. The lower case 1197 
nucleotide letters indicate the non-complementary transversions. The yellow 1198 
background with black letters indicates the Abd-B sites identified in Jeong et al. (2006) 1199 
which were not mutated in this study. The blue background with white letters indicate 1200 
the Bab-bound sequences identified in this study. The gray background with bolded 1201 

black letters indicate the regions to which the BE2.5 Fwd and BE3.5 Rvs primers 1202 
(reverse complement of that highlighted) were designed to initially amplify the wild type 1203 

CRE sequence. 1204 
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 1224 

Figure S2. Scanning mutagenesis across the entire yBE0.6 CRE identifies 1225 
sequences that normally function to repress CRE activity in the female abdomen. 1226 

(A) Name and location of yBE0.6 scanning mutations. Scanning mutations for which 1227 
CRE activity in the female abdomen was not noticeably altered are indicated as gray 1228 
rectangle and those for which ectopic activity occurred are shown as light blue 1229 

rectangles. The two vertical yellow lines on the illustration of the wild type CRE indicate 1230 
the position of previously identified Abd-B binding sites that were not mutated in this 1231 
study. (B-M) The EGFP reporter gene expression pattern in the female abdomen at ~85 1232 
hours after puparium formation driven by the non-muntant (yBE0.6) and scan mutant 1233 

CRE sequences. (M) Scanning mutations 4 and 10 were combined together. Light blue 1234 

arrowheads indicate abdomen segments with conspicuous ectopic EGFP expression. 1235 

 1236 
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 1237 

Figure S3. Lethality from ectopic expression of orthologous bab open reading 1238 
frame transgenes in the pnr pattern. UAS-bab open reading frame transgenes are 1239 

located in the attP40 site on the D. melanogaster 2nd chromosome. Male flies were 1240 

crossed to females heterozygous for the 3rd chromosome where the GAL4 gene is 1241 
inserted into the pnr locus and the TM3 balancer. Fewer offspring were obtained that 1242 
possessed an ectopic bab expressing genotype than expected by chance, indicating 1243 

lethality due to bab expression in the spatial and temporal pattern of the pnr gene. 1244 

 1245 
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 1255 

Figure S4. The temporal and spatial domains of activity for GAL4 drivers in D. 1256 
melanogaster pupa. (A) Dorsal midline expression of the UAS-GFP transgene under 1257 
the control of the pnr-GAL4 driver at ~40-50 hours after puparium formation (hAPF). (B) 1258 

Dorsal midline expression of the UAS-GFP transgene under the control of the pnr-GAL4 1259 

driver at ~80-88 hAPF. (C) The UAS-GFP transgene is not expressed at ~40-50 hAPF 1260 
when under the regulatory control of the y-GAL4 driver. (D) The pan-abdomen 1261 

expression of the UAS-GFP transgene under the control of the y-GAL4 driver at ~80-88 1262 

hAPF. The highest level expression occurs in the A5 and A6 segments due to the 1263 
activity of the body element CRE which is included in the y-GAL4 transgene. All 1264 

specimens shown are males. 1265 
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D. melanogaster bab1 ORF 1271 

gaattcaacttaaaaaaaaaaatcaaaatggcgtcggcgcaggcggagacgaatgtcggc 1272 
                            M  A  S  A  Q  A  E  T  N  V  G  1273 
ttggcgtccgaacagggaccagtggctcagaggcagcgcaaagggacgggatcgggcgcc 1274 
 L  A  S  E  Q  G  P  V  A  Q  R  Q  R  K  G  T  G  S  G  A  1275 
gattcgcccaagagtaacagaagctcgcccactcagcaggaggagaagcgtatcaaaagc 1276 
 D  S  P  K  S  N  R  S  S  P  T  Q  Q  E  E  K  R  I  K  S  1277 
gaggatcgcacttcaccaactggcggggccaaggacgaggacaaggagagtcaaggtcat 1278 
 E  D  R  T  S  P  T  G  G  A  K  D  E  D  K  E  S  Q  G  H  1279 
gctgtagccggagggggaggatcttcgcccgtcagttcgccacagggcaggagttcttcg 1280 
 A  V  A  G  G  G  G  S  S  P  V  S  S  P  Q  G  R  S  S  S  1281 
gtagcctcgcccagttccagctcccagcaattctgcctgcgctggaacaactatcagacg 1282 
 V  A  S  P  S  S  S  S  Q  Q  F  C  L  R  W  N  N  Y  Q  T  1283 
aacctgaccaccatctttgaccagctgctccagaacgagtgcttcgtggacgtgaccttg 1284 
 N  L  T  T  I  F  D  Q  L  L  Q  N  E  C  F  V  D  V  T  L  1285 
gcatgcgatggtcggtccatgaaggcccacaagatggtcctgtccgcctgctcgccctac 1286 
 A  C  D  G  R  S  M  K  A  H  K  M  V  L  S  A  C  S  P  Y  1287 
ttccaaacacttctggccgaaacgccctgccagcatcccattgtgatcatgcgggacgta 1288 
 F  Q  T  L  L  A  E  T  P  C  Q  H  P  I  V  I  M  R  D  V  1289 
aattggtcggatctcaaggccattgtggagttcatgtatcgcggcgagatcaacgtgagc 1290 
 N  W  S  D  L  K  A  I  V  E  F  M  Y  R  G  E  I  N  V  S  1291 
caggaccagataggtcctctgctcaggatagctgagatgttgaaagtgcgtggtctggcg 1292 
 Q  D  Q  I  G  P  L  L  R  I  A  E  M  L  K  V  R  G  L  A  1293 
gatgtgacccatatggaggcggccacggcagcagcggctgccgcttcgtcggagagaatg 1294 
 D  V  T  H  M  E  A  A  T  A  A  A  A  A  A  S  S  E  R  M  1295 
ccctcctcgcccaaggagagcacttcaacttccagaactgaacacgacagggaacgggag 1296 
 P  S  S  P  K  E  S  T  S  T  S  R  T  E  H  D  R  E  R  E  1297 
gccgaggagctgctggccttcatgcagcccgagaagaagctacgcacttcggactgggac 1298 
 A  E  E  L  L  A  F  M  Q  P  E  K  K  L  R  T  S  D  W  D  1299 
cccgctgagctgaggctctccccactggagcggcagcagggcaggaatgtaagaaagcgc 1300 
 P  A  E  L  R  L  S  P  L  E  R  Q  Q  G  R  N  V  R  K  R  1301 
cggtggccatcggcggacacaatattcaatccacccgcaccacccagtccactgagcagc 1302 
 R  W  P  S  A  D  T  I  F  N  P  P  A  P  P  S  P  L  S  S  1303 
ctgattgcggccgaaaggatggagctggagcaaaaggaaagagagagacagagggactgt 1304 
 L  I  A  A  E  R  M  E  L  E  Q  K  E  R  E  R  Q  R  D  C  1305 
tcgctgatgacacccccacccaaaccaccaatgagcagtggctccacagtgggagccacg 1306 
 S  L  M  T  P  P  P  K  P  P  M  S  S  G  S  T  V  G  A  T  1307 
aggcgcctggagaccgccatccacgccctggacatgccatcgccggctgccacgccagga 1308 
 R  R  L  E  T  A  I  H  A  L  D  M  P  S  P  A  A  T  P  G  1309 
cctctgtcccgatcgtcgagacctcactcgcagagcccccagcagcagcaggcacagcag 1310 
 P  L  S  R  S  S  R  P  H  S  Q  S  P  Q  Q  Q  Q  A  Q  Q  1311 
cagggtcagcttcctttgcccctgcccctgcatccgcaccatcacgcatcacccgcccca 1312 
 Q  G  Q  L  P  L  P  L  P  L  H  P  H  H  H  A  S  P  A  P  1313 
catccctcccagaccgccggatcagcccaccacccggcatcgcctgctggagattcccgt 1314 
 H  P  S  Q  T  A  G  S  A  H  H  P  A  S  P  A  G  D  S  R  1315 
tttcccctcggcccagcagccgccatggccgctgccagggaactgagtggcctgggacca 1316 
 F  P  L  G  P  A  A  A  M  A  A  A  R  E  L  S  G  L  G  P  1317 
ggtccgtccgccgagccacgccttccgcctccaccgccgcaccaccatggcggtggtgga 1318 
 G  P  S  A  E  P  R  L  P  P  P  P  P  H  H  H  G  G  G  G  1319 
gtgggcggcgggggagttggaggaggaggtgcaggcggagtgggttcaggcgggggatcc 1320 
 V  G  G  G  G  V  G  G  G  G  A  G  G  V  G  S  G  G  G  S  1321 
tcgctcgccgatgacttggagatcaagccagggatcgccgagatgatccgagaggaagaa 1322 
 S  L  A  D  D  L  E  I  K  P  G  I  A  E  M  I  R  E  E  E  1323 
agggccaaaatgatggagaactcgcacgcctggatgggcgccaccggatcaacgctggca 1324 
 R  A  K  M  M  E  N  S  H  A  W  M  G  A  T  G  S  T  L  A  1325 
gcagacagctaccagtaccagctgcagtccatgtggcaaaagtgctggaacaccaaccag 1326 
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 A  D  S  Y  Q  Y  Q  L  Q  S  M  W  Q  K  C  W  N  T  N  Q  1327 
aatctgatgcatcacatgcgcttccgcgagcgaggtcctctgaagtcgtggcgacccgag 1328 
 N  L  M  H  H  M  R  F  R  E  R  G  P  L  K  S  W  R  P  E  1329 
accatggcggaggccattttcagtgtgctaaaggagggtctatcgctatctcaggccgcc 1330 
 T  M  A  E  A  I  F  S  V  L  K  E  G  L  S  L  S  Q  A  A  1331 
cgcaagtacgacatcccgtatccaacattcgtgctctatgcgaacagggtgcacaatatg 1332 
 R  K  Y  D  I  P  Y  P  T  F  V  L  Y  A  N  R  V  H  N  M  1333 
ctgggaccatccattgacggcgggcccgatttgcggcccaaggggcgtggcaggccgcag 1334 
 L  G  P  S  I  D  G  G  P  D  L  R  P  K  G  R  G  R  P  Q  1335 
cgaatccttctgggcatctggcccgacgagcacattaagggcgtcatcaagacggtggtc 1336 
 R  I  L  L  G  I  W  P  D  E  H  I  K  G  V  I  K  T  V  V  1337 
tttcgcgacaccaaggacatcaaggacgagagcctggccgctcacatgccaccctacggt 1338 
 F  R  D  T  K  D  I  K  D  E  S  L  A  A  H  M  P  P  Y  G  1339 
cgacattcgcccgcgtttcccttgcaggacctccctctcagctatcccggagccagtggc 1340 
 R  H  S  P  A  F  P  L  Q  D  L  P  L  S  Y  P  G  A  S  G  1341 
gccctggcaggcgcgcccagctccatggcctgtccgaatggcagtggaccgcagaccgga 1342 
 A  L  A  G  A  P  S  S  M  A  C  P  N  G  S  G  P  Q  T  G  1343 
gtgggcgtggccggagagcagcatatgtcacaggaaacggccgccgcggtggccgccgtg 1344 
 V  G  V  A  G  E  Q  H  M  S  Q  E  T  A  A  A  V  A  A  V  1345 
gcgcacaacatccgccagcagatgcaaatggcagcggttccgcccggcttattcaatctg 1346 
 A  H  N  I  R  Q  Q  M  Q  M  A  A  V  P  P  G  L  F  N  L  1347 
ccgcctcatccgggagtgggcggtggagtgggcaacgttcccggcgcagctggaggcagg 1348 
 P  P  H  P  G  V  G  G  G  V  G  N  V  P  G  A  A  G  G  R  1349 
gccagcatatcgccggccctgagcagtggctccggaccaaggcacgctccctcgccctgc 1350 
 A  S  I  S  P  A  L  S  S  G  S  G  P  R  H  A  P  S  P  C  1351 
ggtcccgccggcctcctgccgaacctgccgcccagcatggccgtcgctctgcaccaccag 1352 
 G  P  A  G  L  L  P  N  L  P  P  S  M  A  V  A  L  H  H  Q  1353 
cagcaacagcaggcggcgcaccaccacatgcagcagctgcacctgcagcagcaacaggcc 1354 
 Q  Q  Q  Q  A  A  H  H  H  M  Q  Q  L  H  L  Q  Q  Q  Q  A  1355 
cacttgcaccaccatcagcagcaacagcaacagcagcagcagcagcaccatcagggcggc 1356 
 H  L  H  H  H  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  H  H  Q  G  G  1357 
catcaggtggcccacaagtccggtttcggtgccagctccagttcctcagcctcctcgtcg 1358 
 H  Q  V  A  H  K  S  G  F  G  A  S  S  S  S  S  A  S  S  S  1359 
tcaatgggccagcaccatgcgcccaaggccaagagcagtccgttgcgcagcgaaacgcct 1360 
 S  M  G  Q  H  H  A  P  K  A  K  S  S  P  L  R  S  E  T  P  1361 
cggctgcactccccgctcggcgatcttggcctggacatggccagctacaagcgcgagttc 1362 
 R  L  H  S  P  L  G  D  L  G  L  D  M  A  S  Y  K  R  E  F  1363 
tcgcccagccgcctcttcgccgaggatctggccgagctggtgggcgccagtgtctcatct 1364 
 S  P  S  R  L  F  A  E  D  L  A  E  L  V  G  A  S  V  S  S  1365 
tcctcatcatcggcggcggcagcgacggctcctccggaaagatcggcaggagcagcttcc 1366 
 S  S  S  S  A  A  A  A  T  A  P  P  E  R  S  A  G  A  A  S  1367 
gcagccacaggcgcggatgcacccagttcctcgagcagtggaggcatcaaggtggaaccc 1368 
 A  A  T  G  A  D  A  P  S  S  S  S  S  G  G  I  K  V  E  P  1369 
Attaccaccactagcgagtaataggcggccgc 1370 
 I  T  T  T  S  E  -  -  -  -   1371 
 1372 
 1373 

D. melanogaster bab1 DNA-binding mutant ORF 1374 
gaattcaacttaaaaaaaaaaatcaaaatggcgtcggcgcaggcggagacgaatgtcggc 1375 
                            M  A  S  A  Q  A  E  T  N  V  G  1376 
ttggcgtccgaacagggaccagtggctcagaggcagcgcaaagggacgggatcgggcgcc 1377 
 L  A  S  E  Q  G  P  V  A  Q  R  Q  R  K  G  T  G  S  G  A  1378 
gattcgcccaagagtaacagaagctcgcccactcagcaggaggagaagcgtatcaaaagc 1379 
 D  S  P  K  S  N  R  S  S  P  T  Q  Q  E  E  K  R  I  K  S  1380 
gaggatcgcacttcaccaactggcggggccaaggacgaggacaaggagagtcaaggtcat 1381 
 E  D  R  T  S  P  T  G  G  A  K  D  E  D  K  E  S  Q  G  H  1382 
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gctgtagccggagggggaggatcttcgcccgtcagttcgccacagggcaggagttcttcg 1383 
 A  V  A  G  G  G  G  S  S  P  V  S  S  P  Q  G  R  S  S  S  1384 
gtagcctcgcccagttccagctcccagcaattctgcctgcgctggaacaactatcagacg 1385 
 V  A  S  P  S  S  S  S  Q  Q  F  C  L  R  W  N  N  Y  Q  T  1386 
aacctgaccaccatctttgaccagctgctccagaacgagtgcttcgtggacgtgaccttg 1387 
 N  L  T  T  I  F  D  Q  L  L  Q  N  E  C  F  V  D  V  T  L  1388 
gcatgcgatggtcggtccatgaaggcccacaagatggtcctgtccgcctgctcgccctac 1389 
 A  C  D  G  R  S  M  K  A  H  K  M  V  L  S  A  C  S  P  Y  1390 
ttccaaacacttctggccgaaacgccctgccagcatcccattgtgatcatgcgggacgta 1391 
 F  Q  T  L  L  A  E  T  P  C  Q  H  P  I  V  I  M  R  D  V  1392 
aattggtcggatctcaaggccattgtggagttcatgtatcgcggcgagatcaacgtgagc 1393 
 N  W  S  D  L  K  A  I  V  E  F  M  Y  R  G  E  I  N  V  S  1394 
caggaccagataggtcctctgctcaggatagctgagatgttgaaagtgcgtggtctggcg 1395 
 Q  D  Q  I  G  P  L  L  R  I  A  E  M  L  K  V  R  G  L  A  1396 
gatgtgacccatatggaggcggccacggcagcagcggctgccgcttcgtcggagagaatg 1397 
 D  V  T  H  M  E  A  A  T  A  A  A  A  A  A  S  S  E  R  M  1398 
ccctcctcgcccaaggagagcacttcaacttccagaactgaacacgacagggaacgggag 1399 
 P  S  S  P  K  E  S  T  S  T  S  R  T  E  H  D  R  E  R  E  1400 
gccgaggagctgctggccttcatgcagcccgagaagaagctacgcacttcggactgggac 1401 
 A  E  E  L  L  A  F  M  Q  P  E  K  K  L  R  T  S  D  W  D  1402 
cccgctgagctgaggctctccccactggagcggcagcagggcaggaatgtaagaaagcgc 1403 
 P  A  E  L  R  L  S  P  L  E  R  Q  Q  G  R  N  V  R  K  R  1404 
cggtggccatcggcggacacaatattcaatccacccgcaccacccagtccactgagcagc 1405 
 R  W  P  S  A  D  T  I  F  N  P  P  A  P  P  S  P  L  S  S  1406 
ctgattgcggccgaaaggatggagctggagcaaaaggaaagagagagacagagggactgt 1407 
 L  I  A  A  E  R  M  E  L  E  Q  K  E  R  E  R  Q  R  D  C  1408 
tcgctgatgacacccccacccaaaccaccaatgagcagtggctccacagtgggagccacg 1409 
 S  L  M  T  P  P  P  K  P  P  M  S  S  G  S  T  V  G  A  T  1410 
aggcgcctggagaccgccatccacgccctggacatgccatcgccggctgccacgccagga 1411 
 R  R  L  E  T  A  I  H  A  L  D  M  P  S  P  A  A  T  P  G  1412 
cctctgtcccgatcgtcgagacctcactcgcagagcccccagcagcagcaggcacagcag 1413 
 P  L  S  R  S  S  R  P  H  S  Q  S  P  Q  Q  Q  Q  A  Q  Q  1414 
cagggtcagcttcctttgcccctgcccctgcatccgcaccatcacgcatcacccgcccca 1415 
 Q  G  Q  L  P  L  P  L  P  L  H  P  H  H  H  A  S  P  A  P  1416 
catccctcccagaccgccggatcagcccaccacccggcatcgcctgctggagattcccgt 1417 
 H  P  S  Q  T  A  G  S  A  H  H  P  A  S  P  A  G  D  S  R  1418 
tttcccctcggcccagcagccgccatggccgctgccagggaactgagtggcctgggacca 1419 
 F  P  L  G  P  A  A  A  M  A  A  A  R  E  L  S  G  L  G  P  1420 
ggtccgtccgccgagccacgccttccgcctccaccgccgcaccaccatggcggtggtgga 1421 
 G  P  S  A  E  P  R  L  P  P  P  P  P  H  H  H  G  G  G  G  1422 
gtgggcggcgggggagttggaggaggaggtgcaggcggagtgggttcaggcgggggatcc 1423 
 V  G  G  G  G  V  G  G  G  G  A  G  G  V  G  S  G  G  G  S  1424 
tcgctcgccgatgacttggagatcaagccagggatcgccgagatgatccgagaggaagaa 1425 
 S  L  A  D  D  L  E  I  K  P  G  I  A  E  M  I  R  E  E  E  1426 
agggccaaaatgatggagaactcgcacgcctggatgggcgccaccggatcaacgctggca 1427 
 R  A  K  M  M  E  N  S  H  A  W  M  G  A  T  G  S  T  L  A  1428 
gcagacagctaccagtaccagctgcagtccatgtggcaaaagtgctggaacaccaaccag 1429 
 A  D  S  Y  Q  Y  Q  L  Q  S  M  W  Q  K  C  W  N  T  N  Q  1430 
aatctgatgcatcacatgcgcttccgcgagcgaggtcctctgaagtcgtggcgacccgag 1431 
 N  L  M  H  H  M  R  F  R  E  R  G  P  L  K  S  W  R  P  E  1432 
accatggcggaggGcCCtttcagtgtgctaaaggagggtctatcgctatctcaggccgcc 1433 
 T  M  A  E  G  P  F  S  V  L  K  E  G  L  S  L  S  Q  A  A  1434 
cgcaagtacgacatcccgtatccaacattcgtgctctatgcgaacagggtgcacaatatg 1435 
 R  K  Y  D  I  P  Y  P  T  F  V  L  Y  A  N  R  V  H  N  M  1436 
ctgggaccatccattgacggcgggcccgatttgcggcccaaggggGAtggcGACccgcag 1437 
 L  G  P  S  I  D  G  G  P  D  L  R  P  K  G  D  G  D  P  Q  1438 
cgaatccttctgggcatctggcccgacgagcacattaagggcgtcatcaagacggtggtc 1439 
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 R  I  L  L  G  I  W  P  D  E  H  I  K  G  V  I  K  T  V  V  1440 
tttcgcgacaccaaggacatcaaggacgagagcctggccgctcacatgccaccctacggt 1441 
 F  R  D  T  K  D  I  K  D  E  S  L  A  A  H  M  P  P  Y  G  1442 
cgacattcgcccgcgtttcccttgcaggacctccctctcagctatcccggagccagtggc 1443 
 R  H  S  P  A  F  P  L  Q  D  L  P  L  S  Y  P  G  A  S  G  1444 
gccctggcaggcgcgcccagctccatggcctgtccgaatggcagtggaccgcagaccgga 1445 
 A  L  A  G  A  P  S  S  M  A  C  P  N  G  S  G  P  Q  T  G  1446 
gtgggcgtggccggagagcagcatatgtcacaggaaacggccgccgcggtggccgccgtg 1447 
 V  G  V  A  G  E  Q  H  M  S  Q  E  T  A  A  A  V  A  A  V  1448 
gcgcacaacatccgccagcagatgcaaatggcagcggttccgcccggcttattcaatctg 1449 
 A  H  N  I  R  Q  Q  M  Q  M  A  A  V  P  P  G  L  F  N  L  1450 
ccgcctcatccgggagtgggcggtggagtgggcaacgttcccggcgcagctggaggcagg 1451 
 P  P  H  P  G  V  G  G  G  V  G  N  V  P  G  A  A  G  G  R  1452 
gccagcatatcgccggccctgagcagtggctccggaccaaggcacgctccctcgccctgc 1453 
 A  S  I  S  P  A  L  S  S  G  S  G  P  R  H  A  P  S  P  C  1454 
ggtcccgccggcctcctgccgaacctgccgcccagcatggccgtcgctctgcaccaccag 1455 
 G  P  A  G  L  L  P  N  L  P  P  S  M  A  V  A  L  H  H  Q  1456 
cagcaacagcaggcggcgcaccaccacatgcagcagctgcacctgcagcagcaacaggcc 1457 
 Q  Q  Q  Q  A  A  H  H  H  M  Q  Q  L  H  L  Q  Q  Q  Q  A  1458 
cacttgcaccaccatcagcagcaacagcaacagcagcagcagcagcaccatcagggcggc 1459 
 H  L  H  H  H  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  H  H  Q  G  G  1460 
catcaggtggcccacaagtccggtttcggtgccagctccagttcctcagcctcctcgtcg 1461 
 H  Q  V  A  H  K  S  G  F  G  A  S  S  S  S  S  A  S  S  S  1462 
tcaatgggccagcaccatgcgcccaaggccaagagcagtccgttgcgcagcgaaacgcct 1463 
 S  M  G  Q  H  H  A  P  K  A  K  S  S  P  L  R  S  E  T  P  1464 
cggctgcactccccgctcggcgatcttggcctggacatggccagctacaagcgcgagttc 1465 
 R  L  H  S  P  L  G  D  L  G  L  D  M  A  S  Y  K  R  E  F  1466 
tcgcccagccgcctcttcgccgaggatctggccgagctggtgggcgccagtgtctcatct 1467 
 S  P  S  R  L  F  A  E  D  L  A  E  L  V  G  A  S  V  S  S  1468 
tcctcatcatcggcggcggcagcgacggctcctccggaaagatcggcaggagcagcttcc 1469 
 S  S  S  S  A  A  A  A  T  A  P  P  E  R  S  A  G  A  A  S  1470 
gcagccacaggcgcggatgcacccagttcctcgagcagtggaggcatcaaggtggaaccc 1471 
 A  A  T  G  A  D  A  P  S  S  S  S  S  G  G  I  K  V  E  P  1472 
attaccaccactagcgagtaataggcggccgc 1473 
 I  T  T  T  S  E  -  -  -  -            1474 
 1475 
 1476 

D. melanogaster bab2 ORF 1477 

gaattcaacttaaaaaaaaaaatcaaaatggacatgaccaaacagattgtggactttgaa 1478 
                            M  D  M  T  K  Q  I  V  D  F  E  1479 
ataaagtcggaactgatcggcgaaatcgatcagttcgaggcgagtgactacacaatggct 1480 
 I  K  S  E  L  I  G  E  I  D  Q  F  E  A  S  D  Y  T  M  A  1481 
ccaccggaagagcctaagatggtggaagagtccccccagttgggtcatctagaggaccag 1482 
 P  P  E  E  P  K  M  V  E  E  S  P  Q  L  G  H  L  E  D  Q  1483 
aacagaaagtattcacccgaaagggaggttgaacccactctgcaggatccaagtgaggtg 1484 
 N  R  K  Y  S  P  E  R  E  V  E  P  T  L  Q  D  P  S  E  V  1485 
gttgatcaaatgcaaaaagatacggagagcgttggagaagtcaagtcacccgagaaggat 1486 
 V  D  Q  M  Q  K  D  T  E  S  V  G  E  V  K  S  P  E  K  D  1487 
gtggaaacggagctggtgaagtccaaggcgagtccgatgaacgaccaagctttgactccc 1488 
 V  E  T  E  L  V  K  S  K  A  S  P  M  N  D  Q  A  L  T  P  1489 
ccaccacgacctctgacctccagtgaagtggtgggtctccgggatcccgaacataccgag 1490 
 P  P  R  P  L  T  S  S  E  V  V  G  L  R  D  P  E  H  T  E  1491 
ctgcgcatgtgcctggaggccaagaagtcgcgctccctaccagtttccccacagcctcaa 1492 
 L  R  M  C  L  E  A  K  K  S  R  S  L  P  V  S  P  Q  P  Q  1493 
ccaaatcttaagctagccggatcggcgctctttgagttcggtcagagatcctctcccgtg 1494 
 P  N  L  K  L  A  G  S  A  L  F  E  F  G  Q  R  S  S  P  V  1495 
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gagaccaagatcaaaaccaatccagagacaaaaccgccgaggcgcaaaatagttcctccc 1496 
 E  T  K  I  K  T  N  P  E  T  K  P  P  R  R  K  I  V  P  P  1497 
agcggcgaggggcagcagttctgcctgaggtggaacaactatcagtctaacctgaccaat 1498 
 S  G  E  G  Q  Q  F  C  L  R  W  N  N  Y  Q  S  N  L  T  N  1499 
gtctttgacgaactccttcagagcgagtccttcgtggacgtgaccttgtcctgcgaaggc 1500 
 V  F  D  E  L  L  Q  S  E  S  F  V  D  V  T  L  S  C  E  G  1501 
cactcgatcaaggcacacaagatggtgctatccgcctgctcaccctacttccaggccctg 1502 
 H  S  I  K  A  H  K  M  V  L  S  A  C  S  P  Y  F  Q  A  L  1503 
ttctacgacaatccctgccagcaccccatcatcatcatgcgggacgtcagctggtccgac 1504 
 F  Y  D  N  P  C  Q  H  P  I  I  I  M  R  D  V  S  W  S  D  1505 
ctgaaggccctggtggagttcatgtacaagggggagatcaacgtctgccaggatcagata 1506 
 L  K  A  L  V  E  F  M  Y  K  G  E  I  N  V  C  Q  D  Q  I  1507 
aaccccctgctcaaagtggccgaaaccctgaagatcaggggtctggcggaggtcagtgcg 1508 
 N  P  L  L  K  V  A  E  T  L  K  I  R  G  L  A  E  V  S  A  1509 
ggcaggggcgagggaggcgcctccgcacttcccatgtccgccttcgacgatgaggacgag 1510 
 G  R  G  E  G  G  A  S  A  L  P  M  S  A  F  D  D  E  D  E  1511 
gaggaggaactggcctcggccactgcaattctgcagcaggacggtgatgccgatcccgat 1512 
 E  E  E  L  A  S  A  T  A  I  L  Q  Q  D  G  D  A  D  P  D  1513 
gaggagatgaaggccaagaggcccagactgctgcccgagggagtcttggacttgaatcag 1514 
 E  E  M  K  A  K  R  P  R  L  L  P  E  G  V  L  D  L  N  Q  1515 
cgacaaaggaagcggtccagggatggcagctacgccactccaagtccatcccttcagggc 1516 
 R  Q  R  K  R  S  R  D  G  S  Y  A  T  P  S  P  S  L  Q  G  1517 
ggagagtccgagatctcggagaggggctcatccggcactccgggacagagccagagccaa 1518 
 G  E  S  E  I  S  E  R  G  S  S  G  T  P  G  Q  S  Q  S  Q  1519 
cccctggccatgaccacctccaccattgtgcgcaatcccttcgcctcccccaatcctcag 1520 
 P  L  A  M  T  T  S  T  I  V  R  N  P  F  A  S  P  N  P  Q  1521 
accttggagggcaggaacagcgccatgaatgcagtagcaaaccagaggaaatcaccagca 1522 
 T  L  E  G  R  N  S  A  M  N  A  V  A  N  Q  R  K  S  P  A  1523 
ccaacagcgacaggtcacagcaatgggaacagcggcgccgccatgcactccccacccggg 1524 
 P  T  A  T  G  H  S  N  G  N  S  G  A  A  M  H  S  P  P  G  1525 
ggcgtggccgtccagtccgcccttccgccccacatggccgccatcgtgccgccacccccc 1526 
 G  V  A  V  Q  S  A  L  P  P  H  M  A  A  I  V  P  P  P  P  1527 
tccgccatgcaccatcatgcccagcaactggccgcccagcaccagctggcccactcgcac 1528 
 S  A  M  H  H  H  A  Q  Q  L  A  A  Q  H  Q  L  A  H  S  H  1529 
gccatggccagcgccttggcagccgcagccgccggagctggcgcagcgggagcgggcgga 1530 
 A  M  A  S  A  L  A  A  A  A  A  G  A  G  A  A  G  A  G  G  1531 
gcaggatctggcagtggatcgggcgccagtgctccgactggaggaacaggagtggcggga 1532 
 A  G  S  G  S  G  S  G  A  S  A  P  T  G  G  T  G  V  A  G  1533 
agtggagccggcgcggcggtgggatcccatcacgatgacatggagatcaagccagaaatc 1534 
 S  G  A  G  A  A  V  G  S  H  H  D  D  M  E  I  K  P  E  I  1535 
gccgagatgatacgcgaagaagagagggccaagatgatcgagagtggaggccacggtgga 1536 
 A  E  M  I  R  E  E  E  R  A  K  M  I  E  S  G  G  H  G  G  1537 
tggatgggagcggcagctgcggcaactggagcagcttctgtggcggcagatagctaccag 1538 
 W  M  G  A  A  A  A  A  T  G  A  A  S  V  A  A  D  S  Y  Q  1539 
taccagctacagtccatgtggcagaagtgctggaacaccaatcagcagaacctggtgcag 1540 
 Y  Q  L  Q  S  M  W  Q  K  C  W  N  T  N  Q  Q  N  L  V  Q  1541 
cagctcagattccgcgagcgcggcccattgaagtcctggcgacccgaggccatggccgag 1542 
 Q  L  R  F  R  E  R  G  P  L  K  S  W  R  P  E  A  M  A  E  1543 
gccattttcagtgtcctgaaggaggggctctccctgtcacaggctgcccgcaagttcgac 1544 
 A  I  F  S  V  L  K  E  G  L  S  L  S  Q  A  A  R  K  F  D  1545 
ataccctatcccaccttcgtcctgtacgccaatcgggtgcacaacatgctgggaccctcg 1546 
 I  P  Y  P  T  F  V  L  Y  A  N  R  V  H  N  M  L  G  P  S  1547 
ctggatggcggagctgatccgcggccaaaggcacgcggtcgtccccagaggatcctgctg 1548 
 L  D  G  G  A  D  P  R  P  K  A  R  G  R  P  Q  R  I  L  L  1549 
ggcatgtggccggaggagctcatccgtagcgtcattaaggccgtggtgttccgggactat 1550 
 G  M  W  P  E  E  L  I  R  S  V  I  K  A  V  V  F  R  D  Y  1551 
cgcgagattaaggaggacatgagcgcccatcagtacgccaatggacagggtcatggtacc 1552 
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 R  E  I  K  E  D  M  S  A  H  Q  Y  A  N  G  Q  G  H  G  T  1553 
tatatcggaggaggaaccaccacgaatggctaccacagtgctgccgcagccaagctggcg 1554 
 Y  I  G  G  G  T  T  T  N  G  Y  H  S  A  A  A  A  K  L  A  1555 
gctcagaacgctgcactggctccgccggacgcaggaagtccgctgagctccatgacggaa 1556 
 A  Q  N  A  A  L  A  P  P  D  A  G  S  P  L  S  S  M  T  E  1557 
acccttcgccgccagatcctctcgcagcagcagcaacatcagcagcaccaccagcagcag 1558 
 T  L  R  R  Q  I  L  S  Q  Q  Q  Q  H  Q  Q  H  H  Q  Q  Q  1559 
gcacaccatcagcaacagccctcgcaccaccagcaacagtcgccccacgcccagtccatg 1560 
 A  H  H  Q  Q  Q  P  S  H  H  Q  Q  Q  S  P  H  A  Q  S  M  1561 
aacatgtacaagtccccggcctatctgcagcgatccgagatcgaagatcaagtatccgca 1562 
 N  M  Y  K  S  P  A  Y  L  Q  R  S  E  I  E  D  Q  V  S  A  1563 
gcggcggccgtggcagcggcggcggccaagcaccagcagcagcagggtgagcgaaggggt 1564 
 A  A  A  V  A  A  A  A  A  K  H  Q  Q  Q  Q  G  E  R  R  G  1565 
tcggagaacctgcccgacctcagtgccctgggcctgatgggtctgcccggcctgaatgtg 1566 
 S  E  N  L  P  D  L  S  A  L  G  L  M  G  L  P  G  L  N  V  1567 
atgccctcacggggatcgggtggaggaagtggtggcgcagcgccgaatagtgccgcctcc 1568 
 M  P  S  R  G  S  G  G  G  S  G  G  A  A  P  N  S  A  A  S  1569 
tatgcccgcgagttatcccgcgaaagggaacgcgatcgggagcgcgaaagggagcgggag 1570 
 Y  A  R  E  L  S  R  E  R  E  R  D  R  E  R  E  R  E  R  E  1571 
ctgtcccgccagtatggcagccagtcgcggggatcgagctccggttccggaagcgccaag 1572 
 L  S  R  Q  Y  G  S  Q  S  R  G  S  S  S  G  S  G  S  A  K  1573 
tccctgaccgccagccaaagaccaggagccgcctcgccgtactccgccgcccactatgcc 1574 
 S  L  T  A  S  Q  R  P  G  A  A  S  P  Y  S  A  A  H  Y  A  1575 
aaacatcaggcgagtgcctacaacaagaggtttctcgagagcctgcccgccggcattgac 1576 
 K  H  Q  A  S  A  Y  N  K  R  F  L  E  S  L  P  A  G  I  D  1577 
ttggaggccttcgccaacggactgctccagaagtcggtgaacaagagtccgcgcttcgag 1578 
 L  E  A  F  A  N  G  L  L  Q  K  S  V  N  K  S  P  R  F  E  1579 
gacttcttcccgggacccggccaggacatgagtgaactgtttgccaatccggacgcgagt 1580 
 D  F  F  P  G  P  G  Q  D  M  S  E  L  F  A  N  P  D  A  S  1581 
gcagctgccgcggcggcggcctacgcgcctcctggcgccatccgcgaatcgcctctgatg 1582 
 A  A  A  A  A  A  A  Y  A  P  P  G  A  I  R  E  S  P  L  M  1583 
aagatcaagctggagcagcagcatgccaccgaactgccgcacgaggattgataggcggcc 1584 
 K  I  K  L  E  Q  Q  H  A  T  E  L  P  H  E  D  -  -  -  - 1585 
Gc 1586 
 1587 
 1588 
A. gambiae bab ORF 1589 

gaattcaacttaaaaaaaaaaatcaaaatgggcaagccaatcccgaaccccctgctgggc 1590 
                            M  G  K  P  I  P  N  P  L  L  G  1591 
ctggactccacaccaagcgatacacccccgccgagcgccacctccgtgagccacccatcg 1592 
 L  D  S  T  P  S  D  T  P  P  P  S  A  T  S  V  S  H  P  S  1593 
cccgccagttcgcaccatgatcccaacgatccaaatgcccccccgcgcgatcccgtggat 1594 
 P  A  S  S  H  H  D  P  N  D  P  N  A  P  P  R  D  P  V  D  1595 
cgcagtggcacaggaaccccgggccccagcgatcacccaacaggcggacacctgggccac 1596 
 R  S  G  T  G  T  P  G  P  S  D  H  P  T  G  G  H  L  G  H  1597 
catcagccaccgtcctcgtcgagtagctcctcgagctcgagttccagctcgtcgacaagc 1598 
 H  Q  P  P  S  S  S  S  S  S  S  S  S  S  S  S  S  S  T  S  1599 
tcctcgctgtcctcgctgagtctgaagcgctccctggaggagcccctgacgaccgccaag 1600 
 S  S  L  S  S  L  S  L  K  R  S  L  E  E  P  L  T  T  A  K  1601 
ccatcgccgccctgcagccccctgaccatggaccaccatcatcagcataaggccgcccgc 1602 
 P  S  P  P  C  S  P  L  T  M  D  H  H  H  Q  H  K  A  A  R  1603 
cagtcgcgcgccgcctcgcccgccggacgcagtacgcagcagcaggcctcgccaagtgcc 1604 
 Q  S  R  A  A  S  P  A  G  R  S  T  Q  Q  Q  A  S  P  S  A  1605 
cccggcaccggcggatcgagtagcggaggcggcggaggaggccagcagttctgcctgcgc 1606 
 P  G  T  G  G  S  S  S  G  G  G  G  G  G  Q  Q  F  C  L  R  1607 
tggaataactaccagaccaatctgaccagcgtgttcgaccagctgctgcagagcgagtcg 1608 
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 W  N  N  Y  Q  T  N  L  T  S  V  F  D  Q  L  L  Q  S  E  S  1609 
ttcgtggatgtgaccctggcctgcgatggccagagcatgaaggcccataagatggtgctg 1610 
 F  V  D  V  T  L  A  C  D  G  Q  S  M  K  A  H  K  M  V  L  1611 
agcgcctgctcgccgtacttccagacgctgtttttcgataacccgtgccagcatcccatt 1612 
 S  A  C  S  P  Y  F  Q  T  L  F  F  D  N  P  C  Q  H  P  I  1613 
gtgatcatgcgcgacgtgtcgtgggccgagctgaaggccatcgtggagttcatgtacaag 1614 
 V  I  M  R  D  V  S  W  A  E  L  K  A  I  V  E  F  M  Y  K  1615 
ggcgagatcaatgtgtcgcaggatcagatcggccccctgctgaaggtggccgagatgctg 1616 
 G  E  I  N  V  S  Q  D  Q  I  G  P  L  L  K  V  A  E  M  L  1617 
aagatccgcggcctggccgatgtgagcggagacgccggagagccaacaggaagccgcgcc 1618 
 K  I  R  G  L  A  D  V  S  G  D  A  G  E  P  T  G  S  R  A  1619 
gagcgcgaggccgccggaagccgcggccccgaggagctggatcgcgaggagcatggcaag 1620 
 E  R  E  A  A  G  S  R  G  P  E  E  L  D  R  E  E  H  G  K  1621 
ctgctgaaccccctggccatcgtgggatcgagcctgctggccaatggagccgccagcgcc 1622 
 L  L  N  P  L  A  I  V  G  S  S  L  L  A  N  G  A  A  S  A  1623 
gccatggccggaggcaacggcagtaacagcaccgccacaagcggctccgccgccgtgcag 1624 
 A  M  A  G  G  N  G  S  N  S  T  A  T  S  G  S  A  A  V  Q  1625 
gccgccgccgccgccgccgccgccaagaagcagcgcgccggacgcgatcgcgacacaacc 1626 
 A  A  A  A  A  A  A  A  K  K  Q  R  A  G  R  D  R  D  T  T  1627 
aaggagcaccgcatggatgcccgcctgtcggagtttgcccgcgacctgagccgcgccgat 1628 
 K  E  H  R  M  D  A  R  L  S  E  F  A  R  D  L  S  R  A  D  1629 
ccccacatctcgagccgcgatatcagcagtgtggccgccgccgccgccgccgccgccgcc 1630 
 P  H  I  S  S  R  D  I  S  S  V  A  A  A  A  A  A  A  A  A  1631 
gccgccgccggcctggccgtgggagagtggcccctgggagccgccggcctggaggccgcc 1632 
 A  A  A  G  L  A  V  G  E  W  P  L  G  A  A  G  L  E  A  A  1633 
gccgccgccgccgtgcaggcctcgacacccaagtccgcccgcaagcgccgctggccctcg 1634 
 A  A  A  A  V  Q  A  S  T  P  K  S  A  R  K  R  R  W  P  S  1635 
ggagagcgctcgagcattggatcgccagccgacagcaccccggaccagctggaggtgcca 1636 
 G  E  R  S  S  I  G  S  P  A  D  S  T  P  D  Q  L  E  V  P  1637 
tcgccgatcccacccacaccgagtagcctggcccagtcgagcggaggaggcggaggcggc 1638 
 S  P  I  P  P  T  P  S  S  L  A  Q  S  S  G  G  G  G  G  G  1639 
ggcggcggaggcggaggcggcacaggaagtggcggcggcggaggcggcagctcgaatccg 1640 
 G  G  G  G  G  G  G  T  G  S  G  G  G  G  G  G  S  S  N  P  1641 
ctggcctcctttccgctgccacccgccctggacaccgccgccatggccatgagtagcctg 1642 
 L  A  S  F  P  L  P  P  A  L  D  T  A  A  M  A  M  S  S  L  1643 
tccagttcgatcgccaatcacccagacgacatggagatcaagccgggaattgccgagatg 1644 
 S  S  S  I  A  N  H  P  D  D  M  E  I  K  P  G  I  A  E  M  1645 
atccgcgaggaggagcgcagcatgtggcagaagtgctggaacagccagaacctgatccac 1646 
 I  R  E  E  E  R  S  M  W  Q  K  C  W  N  S  Q  N  L  I  H  1647 
catctgcgctttcgcgagcgcggacccctgaagtcgtggcgcccggagacaatggccgag 1648 
 H  L  R  F  R  E  R  G  P  L  K  S  W  R  P  E  T  M  A  E  1649 
gccatcttcagcgtgctgaaggagggactgtcgctgagccaggccgcccgcaagtatgac 1650 
 A  I  F  S  V  L  K  E  G  L  S  L  S  Q  A  A  R  K  Y  D  1651 
atcccatatcccaccttcgtgctgtacgccaaccgcgtgcataacatgctgggccccagc 1652 
 I  P  Y  P  T  F  V  L  Y  A  N  R  V  H  N  M  L  G  P  S  1653 
atcgatggaggcaccgacctgcgccccaagggccgcggacgcccccagcgcattctgctg 1654 
 I  D  G  G  T  D  L  R  P  K  G  R  G  R  P  Q  R  I  L  L  1655 
ggcatctggcccgacgatcacatcaagggagtgatcaagtccgtggtgttccgcgatgcc 1656 
 G  I  W  P  D  D  H  I  K  G  V  I  K  S  V  V  F  R  D  A  1657 
aaggacatgaaggaggagccgatgatgtatggacgccacagtccgttccccttccaggat 1658 
 K  D  M  K  E  E  P  M  M  Y  G  R  H  S  P  F  P  F  Q  D  1659 
aacccgctgagctacggaccaaccgccccaaatggccagctgccctcggtggccacaggc 1660 
 N  P  L  S  Y  G  P  T  A  P  N  G  Q  L  P  S  V  A  T  G  1661 
accaacgtgcccgatggcatgagccaggacgccctgaccgccgccacagtggccgccgtg 1662 
 T  N  V  P  D  G  M  S  Q  D  A  L  T  A  A  T  V  A  A  V  1663 
cgccagcagatgtgcaacatggtggccgccgcccagcaccacccagatgccgccaacctg 1664 
 R  Q  Q  M  C  N  M  V  A  A  A  Q  H  H  P  D  A  A  N  L  1665 
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gtggccgccgccggatttaacctgccatcccactgcggcacccccccgaatctgtcgatg 1666 
 V  A  A  A  G  F  N  L  P  S  H  C  G  T  P  P  N  L  S  M  1667 
cacccagccgccgccgccgccgccgccgccgccgccgccgcctcgaatgcctcggccgcc 1668 
 H  P  A  A  A  A  A  A  A  A  A  A  A  A  S  N  A  S  A  A  1669 
ggaggcccgtccggaggaggaggcggaggaggctcgagcggcgccattccgctgccgaag 1670 
 G  G  P  S  G  G  G  G  G  G  G  S  S  G  A  I  P  L  P  K  1671 
atgggatcgccagccgtgccgtccacgggccacggaaacaataacggcggaagtggcgcc 1672 
 M  G  S  P  A  V  P  S  T  G  H  G  N  N  N  G  G  S  G  A  1673 
ggcattcagatgccacgcctgggaagccccgccggatcgagcggcctggccaaggagcat 1674 
 G  I  Q  M  P  R  L  G  S  P  A  G  S  S  G  L  A  K  E  H  1675 
gagctgcagcatcacggcggaggaggaggaggaggcggcggcctgggaggcggatcgggc 1676 
 E  L  Q  H  H  G  G  G  G  G  G  G  G  G  L  G  G  G  S  G  1677 
ggaggaatgagccgcgccaccccccccggcgcccgcgatcgcgccatgaccgcccgctcc 1678 
 G  G  M  S  R  A  T  P  P  G  A  R  D  R  A  M  T  A  R  S  1679 
aatctggccgccggagagaccggacgcagcagttcgagcgccggctcgatccaccgctcc 1680 
 N  L  A  A  G  E  T  G  R  S  S  S  S  A  G  S  I  H  R  S  1681 
agcccgagctcctcggccggctcgagtctgaatcaccagcatcccgcccacctgtcccac 1682 
 S  P  S  S  S  A  G  S  S  L  N  H  Q  H  P  A  H  L  S  H  1683 
ccacaccatcagcagcagcatcaccatcagcatcatcaccagccgcaccatggacatgcc 1684 
 P  H  H  Q  Q  Q  H  H  H  Q  H  H  H  Q  P  H  H  G  H  A  1685 
catcacctgccacatcacaaccccctgagtcatctggtgggatcgggaggagccagcggc 1686 
 H  H  L  P  H  H  N  P  L  S  H  L  V  G  S  G  G  A  S  G  1687 
gccctgagcatcaccaagctgggctcccccggaagtgcccacgatctgcgcatctcgaat 1688 
 A  L  S  I  T  K  L  G  S  P  G  S  A  H  D  L  R  I  S  N  1689 
agtcccgacgagagtccactggccagcccaattggactggccatggagccagccgtgaat 1690 
 S  P  D  E  S  P  L  A  S  P  I  G  L  A  M  E  P  A  V  N  1691 
ctggccctgggcgccggaggaacccagcccggccccgaggatgtgcgcctgcatgtgccc 1692 
 L  A  L  G  A  G  G  T  Q  P  G  P  E  D  V  R  L  H  V  P  1693 
ccgccatacggctcgaagccgcccagccgcggcggaggagcccccagcaccggatacacg 1694 
 P  P  Y  G  S  K  P  P  S  R  G  G  G  A  P  S  T  G  Y  T  1695 
agcaactcgagtccgccccgcccagagcatctgttccaggatcaggacattgccgccctg 1696 
 S  N  S  S  P  P  R  P  E  H  L  F  Q  D  Q  D  I  A  A  L  1697 
gtggccaccacgcgcgccgcctgcccccccagccgcgtgcccgattacaaggacaccgcc 1698 
 V  A  T  T  R  A  A  C  P  P  S  R  V  P  D  Y  K  D  T  A  1699 
gtgcgcccgacagccagcatcaaggtggagcccctgacagagtgccgcggagactaatag 1700 
 V  R  P  T  A  S  I  K  V  E  P  L  T  E  C  R  G  D  -  -  1701 
gcggccgc 1702 
 -  -    1703 
 1704 

D. mojavensis bab2 ORF 1705 

gaattcaacttaaaaaaaaaaatcaaaatggacatgacaaaggacattatggacttcgag 1706 
                            M  D  M  T  K  D  I  M  D  F  E  1707 
cgcaagagcctggatagttcgtgcggagagcagttcgagccgtcggattacacaatggtg 1708 
 R  K  S  L  D  S  S  C  G  E  Q  F  E  P  S  D  Y  T  M  V  1709 
aatgccgagctggccaagcaggccgcccagaccgcccaggccgtggatcaggtggagctg 1710 
 N  A  E  L  A  K  Q  A  A  Q  T  A  Q  A  V  D  Q  V  E  L  1711 
gacctgccactggagctggccaagaaggaggagccggaggcccagcccgagcccatgcag 1712 
 D  L  P  L  E  L  A  K  K  E  E  P  E  A  Q  P  E  P  M  Q  1713 
cagctgaaggaggagaatcgcgccgtggccgccgagaagcccgccatgctgaatgagcag 1714 
 Q  L  K  E  E  N  R  A  V  A  A  E  K  P  A  M  L  N  E  Q  1715 
gccctgacccccccaccgcgccccctgaccagcagcgaggtggtgggccactccgagcca 1716 
 A  L  T  P  P  P  R  P  L  T  S  S  E  V  V  G  H  S  E  P  1717 
tcggacccggagctgcagattcagctgaccgccaagaagtcgcgcagcctgccggtgtcg 1718 
 S  D  P  E  L  Q  I  Q  L  T  A  K  K  S  R  S  L  P  V  S  1719 
ccacagccactggtggcccataatctggccgccatcggactgtttgagttcggaaagacg 1720 
 P  Q  P  L  V  A  H  N  L  A  A  I  G  L  F  E  F  G  K  T  1721 
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gtggagacacccgagctgaagcccaagatgaatcacaagctgctgcccccggtgaacgtg 1722 
 V  E  T  P  E  L  K  P  K  M  N  H  K  L  L  P  P  V  N  V  1723 
ggcgtggccccacgcaaggtggcccccagcgccggcggaggcgacaatcagcagttctgc 1724 
 G  V  A  P  R  K  V  A  P  S  A  G  G  G  D  N  Q  Q  F  C  1725 
ctgcgctggaataactaccagagcaacctgaccaacgtgttcgacgagctgctgcagaac 1726 
 L  R  W  N  N  Y  Q  S  N  L  T  N  V  F  D  E  L  L  Q  N  1727 
gagtcctttgtggacgtgaccctggcctgcgatggccagagcattaaggcccacaagatg 1728 
 E  S  F  V  D  V  T  L  A  C  D  G  Q  S  I  K  A  H  K  M  1729 
gtgctgtcggcctgctccccctacttccaggccctgttctacgataacccgtgccagcac 1730 
 V  L  S  A  C  S  P  Y  F  Q  A  L  F  Y  D  N  P  C  Q  H  1731 
cccattatcatcatgcgcgatgtgaactggtgcgacctgaaggccctggtggagttcatg 1732 
 P  I  I  I  M  R  D  V  N  W  C  D  L  K  A  L  V  E  F  M  1733 
tacaagggagagatcaacgtgtgccaggaccagattaatcccctgctgaaggtggccgag 1734 
 Y  K  G  E  I  N  V  C  Q  D  Q  I  N  P  L  L  K  V  A  E  1735 
accctgaagattcgcggcctggccgaggtgggcgcctcgtccaccgccgccggcctgggc 1736 
 T  L  K  I  R  G  L  A  E  V  G  A  S  S  T  A  A  G  L  G  1737 
gccgccagcatgctgcccgagcagcgcatgagcgtgtatgacgatgaggaggatgaggac 1738 
 A  A  S  M  L  P  E  Q  R  M  S  V  Y  D  D  E  E  D  E  D  1739 
gagctggccgccgccgccgccctgctgaacgatgaggatgaggatgagctgctgaagcca 1740 
 E  L  A  A  A  A  A  L  L  N  D  E  D  E  D  E  L  L  K  P  1741 
aagcgcgcccgcctgctggccaagctgcgcgccgccgagaccgccctggatctgaaccag 1742 
 K  R  A  R  L  L  A  K  L  R  A  A  E  T  A  L  D  L  N  Q  1743 
cgccagcgcaagcgctcccgcgatggcagctacgccaccccctcgccactgcgcagcgag 1744 
 R  Q  R  K  R  S  R  D  G  S  Y  A  T  P  S  P  L  R  S  E  1745 
tcgccgagttcgcagctgccactggccatgacgaccagcaccattgtgcgcaatcccttt 1746 
 S  P  S  S  Q  L  P  L  A  M  T  T  S  T  I  V  R  N  P  F  1747 
gccagccccaatccccagaccctgccagcctcgagtggaagttcgtccaacagtaacagc 1748 
 A  S  P  N  P  Q  T  L  P  A  S  S  G  S  S  S  N  S  N  S  1749 
aataacagctcgtgcaacaactcgtccagcaacagttccagcaccgccacagccgccgcc 1750 
 N  N  S  S  C  N  N  S  S  S  N  S  S  S  T  A  T  A  A  A  1751 
cagccgaccgccacaaactgcagcagctccagtagcgccggcgtgccaagcaacggaagt 1752 
 Q  P  T  A  T  N  C  S  S  S  S  S  A  G  V  P  S  N  G  S  1753 
agctcggccgcctatcgcagtccacccccaccgcccccccccccgtcgtccgcccatagc 1754 
 S  S  A  A  Y  R  S  P  P  P  P  P  P  P  P  S  S  A  H  S  1755 
aatggatcgagcgccgccggactgagctcgcccacaggaaacaagagctccgccgccgcc 1756 
 N  G  S  S  A  A  G  L  S  S  P  T  G  N  K  S  S  A  A  A  1757 
gccgccgcccagagccagctgccaccccatatggccgccgccgtggccgccgccgcccat 1758 
 A  A  A  Q  S  Q  L  P  P  H  M  A  A  A  V  A  A  A  A  H  1759 
cacgcctccgccaatgtgccgcccccaccaccaggagccgccgcctcgatgcaccatcac 1760 
 H  A  S  A  N  V  P  P  P  P  P  G  A  A  A  S  M  H  H  H  1761 
gccgccgccgccgccgcccagcagctggccgcccagcaccagctggcccacagccatgcc 1762 
 A  A  A  A  A  A  Q  Q  L  A  A  Q  H  Q  L  A  H  S  H  A  1763 
gccatggccagcgtgctgggcgcctcgctggccgccgccgccgccggaggcgccgccgcc 1764 
 A  M  A  S  V  L  G  A  S  L  A  A  A  A  A  G  G  A  A  A  1765 
cccggctccgccgccggcgccggaaatgccccaagctcggtgggaggacaccatgacgat 1766 
 P  G  S  A  A  G  A  G  N  A  P  S  S  V  G  G  H  H  D  D  1767 
atggagatcaagcccgagattgccgagatgattcgcgaggaggagcgcgccaagatgatc 1768 
 M  E  I  K  P  E  I  A  E  M  I  R  E  E  E  R  A  K  M  I  1769 
gagaccagcggccatgcctggatgggcgccccagccacaggagcctcggtggccgccgac 1770 
 E  T  S  G  H  A  W  M  G  A  P  A  T  G  A  S  V  A  A  D  1771 
agctaccagtaccagctgcagagcatgtggcagaagtgctggaataccaaccagcagaac 1772 
 S  Y  Q  Y  Q  L  Q  S  M  W  Q  K  C  W  N  T  N  Q  Q  N  1773 
ctggtgcagcagctgcgctttcgcgagcgcggaccactgaagtcgtggcgccccgaggcc 1774 
 L  V  Q  Q  L  R  F  R  E  R  G  P  L  K  S  W  R  P  E  A  1775 
atggccgaggccatcttttcggtgctgaaggagggactgagtctgagccaggccgcccgc 1776 
 M  A  E  A  I  F  S  V  L  K  E  G  L  S  L  S  Q  A  A  R  1777 
aagtacgacatcccataccccacctttgtgctgtatgccaaccgcgtgcataatatgctg 1778 
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 K  Y  D  I  P  Y  P  T  F  V  L  Y  A  N  R  V  H  N  M  L  1779 
ggcccaagcctggatggaggatcggatccacgccccaaggcccgcggacgcccccagcgc 1780 
 G  P  S  L  D  G  G  S  D  P  R  P  K  A  R  G  R  P  Q  R  1781 
atcctgctgggaatgtggccagatgagctgattcgctcggtgatcaaggccgtggtgttc 1782 
 I  L  L  G  M  W  P  D  E  L  I  R  S  V  I  K  A  V  V  F  1783 
cgcgattaccgcgagattaaggaggatatcaacgcccatccctatgccaacggccagccc 1784 
 R  D  Y  R  E  I  K  E  D  I  N  A  H  P  Y  A  N  G  Q  P  1785 
cacggagcccattacggctccaatagtgccgccgccgccaacggataccacagcgccaca 1786 
 H  G  A  H  Y  G  S  N  S  A  A  A  A  N  G  Y  H  S  A  T  1787 
gtgaagatggccccgcccgatgccagcaacccgctgagtaccatgacggagaccctgcgc 1788 
 V  K  M  A  P  P  D  A  S  N  P  L  S  T  M  T  E  T  L  R  1789 
cgccagatcctgagccagcagcagcagcagcagcagcagcagcagcagcagcagcaccag 1790 
 R  Q  I  L  S  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  H  Q  1791 
cagcatcagcagcagagtccgcatatgcagtcgatgaatatgtacaagagtccagcctat 1792 
 Q  H  Q  Q  Q  S  P  H  M  Q  S  M  N  M  Y  K  S  P  A  Y  1793 
ctgcagcgctcggagattgaggaccaggtgtcggccgccgccgccgtggccgccgccaag 1794 
 L  Q  R  S  E  I  E  D  Q  V  S  A  A  A  A  V  A  A  A  K  1795 
catcagcagaatgagcgccgcggcagcgagaatctgccggatctgtcggccctgggactg 1796 
 H  Q  Q  N  E  R  R  G  S  E  N  L  P  D  L  S  A  L  G  L  1797 
atcggcctgcccggactgaatgtgatgccgacccagcagcagcccggcggacaccagcgc 1798 
 I  G  L  P  G  L  N  V  M  P  T  Q  Q  Q  P  G  G  H  Q  R  1799 
ggaggccccggctcgggcggagccgccgccggcggactgcatcccaacgccgccagctat 1800 
 G  G  P  G  S  G  G  A  A  A  G  G  L  H  P  N  A  A  S  Y  1801 
gcccgcgagctgagccgcgagcgcgagcgcgagcgcgagcgcgagcgcgagatgtcccgc 1802 
 A  R  E  L  S  R  E  R  E  R  E  R  E  R  E  R  E  M  S  R  1803 
gatcgcgagctgaaggaggccatgcacgcccgccagtacggaaaccagtcgcgcggctcc 1804 
 D  R  E  L  K  E  A  M  H  A  R  Q  Y  G  N  Q  S  R  G  S  1805 
aatagctccgccggcagcaagagtgccgcctcgagccgccccggcgccgccgccagcccg 1806 
 N  S  S  A  G  S  K  S  A  A  S  S  R  P  G  A  A  A  S  P  1807 
tactcggcccactacgccaagcatgccaaggagcacccatcgtacgcctataacaagcgc 1808 
 Y  S  A  H  Y  A  K  H  A  K  E  H  P  S  Y  A  Y  N  K  R  1809 
ttcctggagtcgctgcccgccggaatcgacttcgaggccattgccaacggcctgctgcag 1810 
 F  L  E  S  L  P  A  G  I  D  F  E  A  I  A  N  G  L  L  Q  1811 
aagagcgtgaataagtccccgcgctttgaggacttcttccccggacaggatatgagtgag 1812 
 K  S  V  N  K  S  P  R  F  E  D  F  F  P  G  Q  D  M  S  E  1813 
ctgtttggctccgccgatgccagtgccggatccggcgccggcagtgccgccgccgccgcc 1814 
 L  F  G  S  A  D  A  S  A  G  S  G  A  G  S  A  A  A  A  A  1815 
gccgccgccgccgccgccgccgcctacgccccacccggcatgcgcgagtcgccactgatg 1816 
 A  A  A  A  A  A  A  A  Y  A  P  P  G  M  R  E  S  P  L  M  1817 
aagattaagctggagcagcagcaggccgccgagctgccacacgaggattagtgagcggcc 1818 
 K  I  K  L  E  Q  Q  Q  A  A  E  L  P  H  E  D  -  -  -  -  1819 
gc 1820 
  1821 
  1822 

D. willistoni bab1 ORF 1823 

gaattcaacttaaaaaaaaaaatcaaaatggccaccctggagagcacgagtcagcgcaac 1824 
                            M  A  T  L  E  S  T  S  Q  R  N  1825 
gaccgcagcgagaccgagacgggaaatgagacaaatgtggagcaggcccagagcgcccag 1826 
 D  R  S  E  T  E  T  G  N  E  T  N  V  E  Q  A  Q  S  A  Q  1827 
cgccagcgcagtggaggcggcggatccaacggcggaggaggaggaggcggaattacgccc 1828 
 R  Q  R  S  G  G  G  G  S  N  G  G  G  G  G  G  G  I  T  P  1829 
accaagagccagcccgattccccgagcaacaagaccgaggatcagaagagcgagtcgacg 1830 
 T  K  S  Q  P  D  S  P  S  N  K  T  E  D  Q  K  S  E  S  T  1831 
cccgagcagcgccgcagcccaggaggcgtgcgcggagccgatggagccggctcgagtccc 1832 
 P  E  Q  R  R  S  P  G  G  V  R  G  A  D  G  A  G  S  S  P  1833 
gtggcctccccgcccgcccgcagcagttcggccgccagtcccaatagcaactccgcccag 1834 
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 V  A  S  P  P  A  R  S  S  S  A  A  S  P  N  S  N  S  A  Q  1835 
cagttctgcctgcgctggaacaattaccagacaaatctgaccacaatcttcgatcagctg 1836 
 Q  F  C  L  R  W  N  N  Y  Q  T  N  L  T  T  I  F  D  Q  L  1837 
ctgcagaacgagtgcttcgtggacgtgacgctggcctgcgacggccgctccctgaaggcc 1838 
 L  Q  N  E  C  F  V  D  V  T  L  A  C  D  G  R  S  L  K  A  1839 
cacaagatggtgctgtcggcctgcagcccgtacttccagaccctgctggccgagacccca 1840 
 H  K  M  V  L  S  A  C  S  P  Y  F  Q  T  L  L  A  E  T  P  1841 
tgccagcatcccatcgtgattatgcgcgatgtgaactggtgcgatctgaaggccatcgtg 1842 
 C  Q  H  P  I  V  I  M  R  D  V  N  W  C  D  L  K  A  I  V  1843 
gagttcatgtaccgcggagagatcaacgtgtcccaggaccagattggacccctgctgcgc 1844 
 E  F  M  Y  R  G  E  I  N  V  S  Q  D  Q  I  G  P  L  L  R  1845 
attgccgagatgctgaaggtgcgcggactggccgatgtgacccatatggaggccgccgcc 1846 
 I  A  E  M  L  K  V  R  G  L  A  D  V  T  H  M  E  A  A  A  1847 
acggccgccgccgccgccgccgccgccgccgccgtggccacagcctcggcctccagcaca 1848 
 T  A  A  A  A  A  A  A  A  A  A  V  A  T  A  S  A  S  S  T  1849 
accagtgagcagcagcaggtgtcgagccccaaggagacccagcgcgaggccgccgagcgc 1850 
 T  S  E  Q  Q  Q  V  S  S  P  K  E  T  Q  R  E  A  A  E  R  1851 
gaggccgccgaggagctgctggcctttatgcagccggagaagaagctgcgcctgggagcc 1852 
 E  A  A  E  E  L  L  A  F  M  Q  P  E  K  K  L  R  L  G  A  1853 
acagattggggcgattacggaggcggaggcgagctgcgcctgtcccccctggagcgcccg 1854 
 T  D  W  G  D  Y  G  G  G  G  E  L  R  L  S  P  L  E  R  P  1855 
caggtggcccgcaacgtgcgcaagcgccgctggcccagtgccgatacacccatgccgatc 1856 
 Q  V  A  R  N  V  R  K  R  R  W  P  S  A  D  T  P  M  P  I  1857 
ttcaatcccccgtccagtagccccctgtcgagcctgatcgccgccgagcgcctggagcag 1858 
 F  N  P  P  S  S  S  P  L  S  S  L  I  A  A  E  R  L  E  Q  1859 
gagcagaaggagcgcgagcgccagcgcgactgcagtctgatgaccccgccaccgaagccg 1860 
 E  Q  K  E  R  E  R  Q  R  D  C  S  L  M  T  P  P  P  K  P  1861 
tcgggcgccacgaccccacgccgcctgacggagatccatggactggatatgcccagcccc 1862 
 S  G  A  T  T  P  R  R  L  T  E  I  H  G  L  D  M  P  S  P  1863 
gccacgaccccggcccccgccattggactgggccgcagcgcccgcaccctggccccctcc 1864 
 A  T  T  P  A  P  A  I  G  L  G  R  S  A  R  T  L  A  P  S  1865 
ccgcagcagcagcatcagcagcagcagcagcagcagcagcagcagcagcagcagcagcag 1866 
 P  Q  Q  Q  H  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  1867 
cagcagcagcagcagctgcagcatagcctgcactcgcatagtcattcgctgcatcacccg 1868 
 Q  Q  Q  Q  Q  L  Q  H  S  L  H  S  H  S  H  S  L  H  H  P  1869 
cccccacccccgccacatcccagctcccatccacccccacaccatagccagctgggccat 1870 
 P  P  P  P  P  H  P  S  S  H  P  P  P  H  H  S  Q  L  G  H  1871 
agcagtccggcctcgtcccagagtggcgcctcggccgccgtgcaccaggccgcctcctcc 1872 
 S  S  P  A  S  S  Q  S  G  A  S  A  A  V  H  Q  A  A  S  S  1873 
gccgccagtagcccagccggaggcgatggacgcttcccactgggcccagccgccgccatg 1874 
 A  A  S  S  P  A  G  G  D  G  R  F  P  L  G  P  A  A  A  M  1875 
gccgccgccgccatggagctgagcgccctgggcccaccgacagagccccgcctgccaccc 1876 
 A  A  A  A  M  E  L  S  A  L  G  P  P  T  E  P  R  L  P  P  1877 
ccaccgccccaccatcagggcggatcgaccgccagtagctccctggccgatgacatggag 1878 
 P  P  P  H  H  Q  G  G  S  T  A  S  S  S  L  A  D  D  M  E  1879 
attaagccaggaattgccgagatgattcgcgaggaggagcgcgccaagatgatggagaat 1880 
 I  K  P  G  I  A  E  M  I  R  E  E  E  R  A  K  M  M  E  N  1881 
agccacgcctggatgggcgccaccggcagcacactggccgccgacagttatcagtatcag 1882 
 S  H  A  W  M  G  A  T  G  S  T  L  A  A  D  S  Y  Q  Y  Q  1883 
ctgcagagtatgtggcagaagtgctggaacaccaatcagaacctgatgcaccatatgcgc 1884 
 L  Q  S  M  W  Q  K  C  W  N  T  N  Q  N  L  M  H  H  M  R  1885 
tttcgcgagcgcggcccgctgaagtcgtggcgcccagagacaatggccgaggccatcttt 1886 
 F  R  E  R  G  P  L  K  S  W  R  P  E  T  M  A  E  A  I  F  1887 
agcgtgctgaaggagggcctgtcgctgagccaggccgcccgcaagtatgatattccctac 1888 
 S  V  L  K  E  G  L  S  L  S  Q  A  A  R  K  Y  D  I  P  Y  1889 
ccgacattcgtgctgtacgccaaccgcgtgcacaatatgctgggaccatccattgacggc 1890 
 P  T  F  V  L  Y  A  N  R  V  H  N  M  L  G  P  S  I  D  G  1891 
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ggccccgatctgcgcccaaagggccgcggacgcccgcagcgcatcctgctgggaatctgg 1892 
 G  P  D  L  R  P  K  G  R  G  R  P  Q  R  I  L  L  G  I  W  1893 
ccggacgagcacatcaagggcgtgattaagacggtggtgttccgcgatgccacaaaggag 1894 
 P  D  E  H  I  K  G  V  I  K  T  V  V  F  R  D  A  T  K  E  1895 
ctgaaggacgattccgccctgggcctgggaggccatatgcccccgtacggacgccatagc 1896 
 L  K  D  D  S  A  L  G  L  G  G  H  M  P  P  Y  G  R  H  S  1897 
gatatgtcgctgtcgtatccaggagccgccagcgccgccgccctggcctgcagcaatggc 1898 
 D  M  S  L  S  Y  P  G  A  A  S  A  A  A  L  A  C  S  N  G  1899 
atgggcggaggcggcgccggagtgggagtgggcgtgggcggaggcccctccgtggtggga 1900 
 M  G  G  G  G  A  G  V  G  V  G  V  G  G  G  P  S  V  V  G  1901 
ggaccgggccccgatcagggccagatgagtcaggagaccgccgccgccgtggccgccgtg 1902 
 G  P  G  P  D  Q  G  Q  M  S  Q  E  T  A  A  A  V  A  A  V  1903 
gcccacaatatccgccagcagatgcagatggccgccgccgtgcagcagcagcaccagcac 1904 
 A  H  N  I  R  Q  Q  M  Q  M  A  A  A  V  Q  Q  Q  H  Q  H  1905 
ggagaggccggccccccgcccggactgttcaatctgcccccgcacctggccggaagtggc 1906 
 G  E  A  G  P  P  P  G  L  F  N  L  P  P  H  L  A  G  S  G  1907 
ccggtgctgggccgcggcagcagtatcagcccggccctgtcctcgggaagtggcccccgc 1908 
 P  V  L  G  R  G  S  S  I  S  P  A  L  S  S  G  S  G  P  R  1909 
cacgccccgcccagtagtccctgcggcccagccggcctgatgcccaacctgccgcccagc 1910 
 H  A  P  P  S  S  P  C  G  P  A  G  L  M  P  N  L  P  P  S  1911 
atggccgtggccctgcaccgcggcgatcccgccgccgcccaggccctgatctcgcatcag 1912 
 M  A  V  A  L  H  R  G  D  P  A  A  A  Q  A  L  I  S  H  Q  1913 
cagcagcagcagcagcagcagcagcagcagcagcatcagcaccacctgcagcagctgcag 1914 
 Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  H  Q  H  H  L  Q  Q  L  Q  1915 
cagcagcatcaccaggccctgcagcagcagcagcagcagcagcagcagcagcagcagcag 1916 
 Q  Q  H  H  Q  A  L  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  Q  1917 
cagcaccagcaggccgccgcccaccatggcctgacccacaagagctccggcttcggagcc 1918 
 Q  H  Q  Q  A  A  A  H  H  G  L  T  H  K  S  S  G  F  G  A  1919 
agcagtatgccagccgccaacgtggccagttcgtccagtagtcagcagcagcagcagcag 1920 
 S  S  M  P  A  A  N  V  A  S  S  S  S  S  Q  Q  Q  Q  Q  Q  1921 
cagcagttccatcagcagctggataagccaaagaccaagggctccccgatgcgcagtgag 1922 
 Q  Q  F  H  Q  Q  L  D  K  P  K  T  K  G  S  P  M  R  S  E  1923 
accccacgcctgcattcgcccctgaccgatctgggcctggagatgagctcctacaagcgc 1924 
 T  P  R  L  H  S  P  L  T  D  L  G  L  E  M  S  S  Y  K  R  1925 
gattatagcccatcgcgcctgttcgccgatgacctggccgagctggtgggagccggaggc 1926 
 D  Y  S  P  S  R  L  F  A  D  D  L  A  E  L  V  G  A  G  G  1927 
ggcggagccgcctccgtgtcctcgagcagcagtgccacaaccacagccgccgccgccgcc 1928 
 G  G  A  A  S  V  S  S  S  S  S  A  T  T  T  A  A  A  A  A  1929 
gccgccgccgccgccgccgccgccgccgccgccgccgtggccgccgccacaagtggcaca 1930 
 A  A  A  A  A  A  A  A  A  A  A  A  V  A  A  A  T  S  G  T  1931 
tccggctccggaggagacgccagtggaatcaaggtggagcccattacgacaacatcggga 1932 
 S  G  S  G  G  D  A  S  G  I  K  V  E  P  I  T  T  T  S  G  1933 
gagtagtaggcggccgc 1934 
 E  -  -  -  -     1935 

 1936 

Figure S5. The DNA and translated protein sequences for the bab open reading 1937 

frames. 1938 

 1939 

 1940 

 1941 

 1942 
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 1943 

Figure S6. Ectopic expression of the Bab1-DNA binding mutant protein. (A) Little-1944 

to-no endogenous Bab1 protein can be detected in the dorsal abdominal epidermis of 1945 
D. melanogaster male pupa. (B) In contrast, nuclear-localized expression of the Bab1 1946 

DNA-binding mutant protein can be observed when the UAS-transgene was ectopically 1947 
expressed under the control of the pnr-GAL4 driver. (A’ and B’) Zoomed in view of the 1948 

expression within the regions outlined by dashed red boxes in panels A and B. Samples 1949 

shown are at a pupal developmental stage of ~88 hours after puparium formation. 1950 

 1951 

 1952 

 1953 

 1954 

 1955 

 1956 

 1957 

 1958 

 1959 

 1960 
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 1961 

Figure S7. Orthologous Bab proteins are sufficient to suppress tergite 1962 

pigmentation in D. melanogaster. (A, C, and E) Leaky expression of transgenes from 1963 
the attP40 transgene insertion site results in suppression of tergite pigmentation. (B, D, 1964 
and F) Ectopic expression of protein coding sequences in the dorsal midline of male 1965 
and female abdomens under control of the pnr-GAL4 driver causes a reduction in 1966 

pigmentation and a split tergite phenotype. Red arrowheads indicate tergite regions with 1967 

notably reduced tergite pigmentation. 1968 

 1969 

 1970 

 1971 

 1972 

 1973 

 1974 

 1975 

 1976 

 1977 

 1978 

 1979 

 1980 

 1981 
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 1982 

Figure S8. Orthologous regulatory regions 5’ of the yellow gene differ in their 1983 
responsiveness to bab. Scatter plots of the pixel intensity statistics obtained for the 1984 
EGFP reporter expression occurring in the dorsal abdominal epidermis of the A5 and A6 1985 
segments and the A3 segment. For each condition (a reporter transgene with 1986 
expression driven by a yellow CRE and an ectopically expressed bab open reading 1987 

frame), expression was measured for 5 replicate male specimens for which the mean is 1988 
shown as a horizontal black bar. All specimens used were at the developmental stage 1989 

of ~85 hours after puparium formation for growth at 25oC.  1990 
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Table S1. Design of Small Interfering RNA output for the bab1 ORF. 1991 

siRNA 
id 

Position SS Sequence (Passenger) AS Sequence (Guide) Corrected 
Score 

1 560 GGAUAGCUGAGAUGUUGAAAG UUCAACAUCUCAGCUAUCCUG 99.7 

2 1442 CCGAUGACUUGGAGAUCAAGC UUGAUCUCCAAGUCAUCGGCG 85.7 

3 278 GGAACAACUAUCAGACGAACC UUCGUCUGAUAGUUGUUCCAG 97.6 

4 162 GAGUCAAGGUCAUGCUGUAGC UACAGCAUGACCUUGACUCUC 95.2 

5 1483 CGAGAGGAAGAAAGGGUAAGU UUACCCUUUCUUCCUCUCGGA 81.8 

6 150 CGAGGACAAGGAGAGUCAAGG UUGACUCUCCUUGUCCUCGUC 94.6 

7 1473 CGAGAUGAUCCGAGAGGAAGA UUCCUCUCGGAUCAUCUCGGC 78.9 

8 219 GGGCAGGAGUUCUUCGGUAGC UACCGAAGAACUCCUGCCCUG 89.5 

9 359 GCGAUGGUCGGUCCAUGAAGG UUCAUGGACCGACCAUCGCAU 88.2 

10 664 CCCAAGGAGAGCACUUCAACU UUGAAGUGCUCUCCUUGGGCG 84.7 

11 368 GGUCCAUGAAGGCCCACAAGA UUGUGGGCCUUCAUGGACCGA 87.5 

 1992 
 1993 

 1994 

 1995 

 1996 

 1997 

 1998 

 1999 

 2000 

 2001 

 2002 

 2003 

 2004 

 2005 

 2006 

 2007 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted October 9, 2017. ; https://doi.org/10.1101/200360doi: bioRxiv preprint 

https://doi.org/10.1101/200360
http://creativecommons.org/licenses/by/4.0/


71 
 

Table S2. Design of Small Interfering RNA output for the bab2 ORF. 2008 

siRNA 

_id 

Position SS Sequence (Passenger) AS Sequence (Guide) Corrected 

Score 

6 16 GAUUGUGGACUUUGAAAUAAA UAUUUCAAAGUCCACAAUCUG 98.1 

12 279 CGGAGCUGGUGAAGUCCAAGG UUGGACUUCACCAGCUCCGUU 94.5 

20 51 GCGAAAUCGAUCAGUUCGAGG UCGAACUGAUCGAUUUCGCCG 94.4 

18 155 AGAAAGUACUCACCCGAAAGG UUUCGGGUGAGUACUUUCUGU 93.6 

19 202 AAGUGAGGUGGUUGAUCAAAU UUGAUCAACCACCUCACUUGG 92.5 

23 241 CGUUGGAGAAGUCAAGUCACC UGACUUGACUUCUCCAACGCU 92.3 

42 1 GGACAUGACCAAACAGAUUGU AAUCUGUUUGGUCAUGUCCAU 91.7 

43 14 CAGAUUGUGGACUUUGAAAUA UUUCAAAGUCCACAAUCUGUU 91.6 

45 63 AGUUCGAGGCGAGUGACUACA UAGUCACUCGCCUCGAACUGA 91.4 

40 154 CAGAAAGUACUCACCCGAAAG UUCGGGUGAGUACUUUCUGUU 90.7 

49 13 ACAGAUUGUGGACUUUGAAAU UUCAAAGUCCACAAUCUGUUU 90.7 

28 306 CGAUGAACGACCAAGCUUUGA AAAGCUUGGUCGUUCAUCGGA 90.6 

46 140 CUAGAGGACCAGAACAGAAAG UUCUGUUCUGGUCCUCUAGAU 90.4 

13 625 GACCAAUGUCUUUGACGAACU UUCGUCAAAGACAUUGGUCAG 90.3 

55 12 AACAGAUUGUGGACUUUGAAA UCAAAGUCCACAAUCUGUUUG 90.3 

38 297 AGGCGAGUCCGAUGAACGACC UCGUUCAUCGGACUCGCCUUG 89.8 

27 443 CAGCCUCAACCAAAUCUUAAG UAAGAUUUGGUUGAGGCUGUG 89.6 

10 822 UGGUGGAGUUCAUGUACAAGG UUGUACAUGAACUCCACCAGG 88.9 

4 1099 GGACUUGAAUCAGCGACAAAG UUGUCGCUGAUUCAAGUCCAA 88.8 

 2009 

 2010 

 2011 

 2012 

 2013 

 2014 

 2015 

 2016 

 2017 

 2018 
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Table S3. Oligonucleotides used to make Scan Mutant 4 region gel shift probes. 2019 
Probe Sequence (5’ to 3’) Oligo Name 

SM4 Region 1 
ATTCTTTAATTTGTATTTTAATATT yBE 4i1 Top 

AATATTAAAATACAAATTAAAGAAT yBE 4i1 Bottom 

SM4 Region 2 
ATATTTTGAGAGGTTTTCCTTATTTAAAGT yBE 4i2 Top 

ACTTTAAATAAGGAAAACCTCTCAAAATAT yBE 4i2 Bottom 

SM4 Region 3 
AAAGTGTAGATTATTGAGGATTAAT yBE 4i3 Top 

ATTAATCCTCAATAATCTACACTTT yBE 4i3 Bottom 

SM4 Region 3 
Scan Mutant 

cAcGgGgAtAgTcTgGcGtAgTcAg y4i3 T Scrm 

cTgAcTaCgCcAgAcTaTcCcCgTg y4i3 B Scrm 

Region 3 
TA>GA 

AAAGTGgAGATgATTGAGGATgAAT yBE 4i3 TA>GA Top 

ATTcATCCTCAATcATCTcCACTTT yBE 4i3 TA>GA Bottom 

SM4 Region 3 
sub1 

gggCgggCgATTATTGAGGATTAAT y4i3 sub1 T 

ATTAATCCTCAATAATcGgggGccc y4i3 sub1 B 

SM4 Region 3 
sub2 

AAAGTgggCgggCgTGAGGATTAAT y4i3 sub2 T 

ATTAATCCTCAcGcccGcccACTTT y4i3 sub2 B 

SM4 Region 3 
sub3 

AAAGTGTAGAgggCgggCgATTAAT y4i3 sub3 T 

ATTAATcGcccGcccTCTACACTTT y4i3 sub3 B 

SM4 Region 3 
sub4 

AAAGTGTAGATTATTGgggCgggCg y4i3 sub4 T 

cGcccGcccCAATAATCTACACTTT y4i3 sub4 B 

 2020 

 2021 

 2022 

 2023 

 2024 

 2025 

 2026 

 2027 

 2028 

 2029 

 2030 

 2031 

 2032 

 2033 

 2034 
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Table S4. Oligonucleotides used to make Scan Mutant 10 region gel shift probes. 2035 
Probe Sequence (5’ to 3’) Oligo Name 

SM10 Region 1 
TCGTCCCTTTTGAAATTTTATGTAACACTC yBE 10i1 Top  

GAGTGTTACATAAAATTTCAAAAGGGACGA  yBE 10i1 Bottom  

SM10 Region 2 
CACTCAATTATATTTATGTATATGTATGCT  yBE 10i2 Top  

AGCATACATATACATAAATATAATTGAGTG  yBE 10i2 Bottom  

SM10 Region 3 
ATGCTCAAAATCACCTGCCAATAACCCTGCAGG  yBE 10i3 Top  

CCTGCAGGGTTATTGGCAGGTGATTTTGAGCAT  yBE 10i3 Bottom  

SM10 Region 1 
Scan Mutant 

gCtTaCaTgTgGcAcTgTgAgGgAcCcCgC  y10i1 T Scrm  

GcGgGgTcCcTcAcAgTgCcAcAtGtAaGc  y10i1 B Scrm  

SM10 Region 3 
Scan Mutant 

cTtCgCcAcAgCcCaTtCaAcTcAaCaTtCcGt  y10i3 T Scrm  

aCgGaAtGtTgAgTtGaAtGgGcTgTgGcGaAg  y10i3 B Scrm  

SM10 Region 1 
sub1 

gggCgggCgggCAAATTTTATGTAACACTC y10i1 sub1 T 

GAGTGTTACATAAAATTTGcccGcccGccc y10i1 sub1 B 

SM10 Region 1 
sub2 

TCGTCCgggCgggCgggCTATGTAACACTC  y10i1 sub2 T  

GAGTGTTACATAGcccGcccGcccGGACGA  y10i1 sub2 B  

SM10 Region 1 
sub3 

TCGTCCCTTTTGgggCgggCgggCACACTC  y10i1 sub3 T  

GAGTGTGcccGcccGcccCAAAAGGGACGA  y10i1 sub3 B  

SM10 Region 1 
sub4 

TCGTCCCTTTTGAAATTTgggCgggCgggC  y10i1 sub4 T  

GcccGcccGcccAAATTTCAAAAGGGACGA  y10i1 sub4 B  

 2036 
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 2038 
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 2040 
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 2042 
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 2044 
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Table S5. Oligonucleotides for cloning bab1 and bab2 shRNAs into NheI and 2051 

EcoRI sites of pattB-NE3 vector. 2052 
siRNA name 
and sequence 

Oligo  
name 

Oligo Sequence (5’ – 3’) 

 
bab1 siRNA 3 
TTCGTCTGATAGTTGTTCCAG 

b1_3 Top 
 
b1_3 
Bottom 

ctagcagtCTGGAACAACAATCAGACGTAtagttatattcaagcataTTCGTCT
GATAGTTGTTCCAGgcg 
 
aattcgcCTGGAACAACTATCAGACGAAtatgcttgaatataactaTACGTCTG
ATTGTTGTTCCAGactg 

 
bab1 siRNA 4 
TACAGCATGACCTTGACTCTC 

b1_4 
Top 
 
b1_4 
bottom 

ctagcagtGAGAGTCAAGCTCATGCTGAAtagttatattcaagcataTACAGCA
TGACCTTGACTCTCgcg 
 
aattcgcGAGAGTCAAGGTCATGCTGTAtatgcttgaatataactaTTCAGCAT
GAGCTTGACTCTCactg 

 
bab2 siRNA 16  
TATTTCAAAGTCCACAATCTG 

b2_16 
Top 
 
b2_16 
Bottom 

ctagcagtCAGATTGTGGTCTTTGAAAAAtagttatattcaagcataTATTTCAA
AGTCCACAATCTGgcg 
 
aattcgcCAGATTGTGGACTTTGAAATAtatgcttgaatataactaTTTTTCAAA
GACCACAATCTGactg 

 
bab2 siRNA 12  
TTGGACTTCACCAGCTCCGTT 

b2_12 
Top 
 
b2_12 
Bottom 

ctagcagtAACGGAGCTGCTGAAGTCCTAtagttatattcaagcataTTGGACT
TCACCAGCTCCGTTgcg 
 
aattcgcAACGGAGCTGGTGAAGTCCAAtatgcttgaatataactaTAGGACT
TCAGCAGCTCCGTTactg 

 
bab2 siRNA 20   
TCGAACTGATCGATTTCGCC
G 

b2_20 
Top 
 
b2_20 
Bottom 

ctagcagtCGGCGAAATCCATCAGTTCCAtagttatattcaagcataTCGAACT
GATCGATTTCGCCGgcg 
 
aattcgcCGGCGAAATCGATCAGTTCGAtatgcttgaatataactaTGGAACT
GATGGATTTCGCCGactg 

 2053 
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