
 

1 
 

CRISPR/Cas9 and FLP-FRT mediated multi-modular engineering of the cis-regulatory 1 

landscape of the bithorax complex of Drosophila melanogaster 2 

 3 

Nikhil Hajirnis1,+, Shubhanshu Pandey1, Rakesh K Mishra1,2,3,* 4 

1 – CSIR – Centre for Cellular and Molecular Biology, Hyderabad, India 5 

2 – AcSIR – Academy of Scientific and Innovative Research, Ghaziabad, India 6 

3 – Tata Institute for Genetics and Society (TIGS), Bangalore, India 7 

+ - Present address – Department of Anatomy and Neurobiology, University of Maryland, 8 
Baltimore, United States of America 9 

 10 

 11 

*For correspondence – mishra@ccmb.res.in 12 

 13 

 14 

Running Title:  Engineering of the regulatory landscape of BX-C 15 

 16 

Key words: bithorax complex, Hox genes, Regulatory Modules, Genome editing, 17 
CRISPR/Cas9, FLP-FRT 18 

  19 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 13, 2022. ; https://doi.org/10.1101/2022.06.12.495802doi: bioRxiv preprint 

mailto:mishra@ccmb.res.in
https://doi.org/10.1101/2022.06.12.495802
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

2 
 

Abstract 20 

 21 

The Homeotic genes or Hox define the anterior-posterior (AP) body axis formation in 22 

bilaterians and are often present on the chromosome in an order which is collinear to their 23 

function across the AP axis. The expression pattern of Hox genes is attributed to the cis-24 

regulatory modules (CRMs) that regulate the genes in a segment-specific manner. In the 25 

bithorax complex (BX-C), one of the two Hox complexes in Drosophila melanogaster, even 26 

the CRMs consisting of enhancers, initiators, insulators, and Polycomb/trithorax response 27 

elements are organized in order that is collinear to their function in the thoracic and abdominal 28 

region. Much of these findings are based on the analysis of hundreds of mutations in the BX-29 

C. However, targeted genomic rearrangements comprising of duplications, inversions, etc., that 30 

can reveal the basis of collinearity and the number of regulatory modules with respect to body 31 

segments have not been reported. In the present study, we generated a series of transgenic lines 32 

with the insertion of FRT near the regulatory domain boundaries, to shuffle the CRMs 33 

associated with the posterior Hox, Abd-B, of the BX-C. Using these FRT lines, we created 34 

several alterations such as deletion, duplication, or inversion of multiple CRMs to comprehend 35 

their peculiar genomic arrangement and numbers in the BX-C. 36 

  37 
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Introduction 38 

 39 

Eukaryotic gene regulation is a complex process facilitated by a combination of cis-regulatory 40 

elements (CREs) and trans-acting factors (TAFs). The fine-tuning of expression of a gene is 41 

performed by several cis-regulatory elements that include initiator elements, enhancers, 42 

repressors, Polycomb/trithorax response elements and promoter targeting sequences (Narlikar 43 

and Ovcharenko 2009; Crocker et al. 2016; Iampietro et al. 2010; Gaston and Jayaraman 2003; Zhou 44 

and Levine 1999; Ringrose and Paro 2004). In Drosophila melanogaster genome, these elements 45 

are often populated in 15-20 Kb regions that regulate the activity of associated genes. Such 46 

regions where several CREs populate together and are responsible for the expression of a gene 47 

in a cell, tissue, or segment-specific manner are called cis-regulatory modules (CRMs) (Ho et 48 

al. 2009; Starr et al. 2011; Bekiaris et al. 2018). Plentiful studies have been dedicated towards 49 

understanding the role of each of these elements individually (Polychronidou and Lohmann 2013; 50 

Kyrchanova et al. 2011; Cléard et al. 2006; Akbari et al. 2008; Narlikar and Ovcharenko 2009). 51 

However, only a handful of them addressed the collective functioning of the CRMs (Lelli et al. 52 

2012; Zinzen et al. 2009; Starr et al. 2011; Hajirnis and Mishra 2021). One such region in the 53 

Drosophila genome that heavily relies on the collective functioning of the CRMs, includes a 54 

set of developmentally important genes, called Hox. These genes code for transcription factors 55 

that bind to the DNA in a sequence-specific manner. The expression pattern of these genes 56 

defines the anterior-posterior body axis of a developing bilaterian embryo (Foronda et al. 2009; 57 

Hajirnis and Mishra 2021). 58 

Homeotic genes or Hox were discovered in Drosophila melanogaster wherein they are present 59 

in a spatially colinear manner on the chromosomes (Lewis 1978). That is, the genes are arranged 60 

in a complex and, the genes that are present at one end of the complex are responsible for the 61 

development of the anterior part of an embryo while the genes present at the other end are 62 
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responsible for the development of the posterior segments. The Drosophila Hox genes are 63 

arranged in two clusters, the Antennapedia complex (ANT-C) and the bithorax complex (BX-64 

C) (Kaufman et al. 1990; Peifer et al. 1987).  65 

The posterior-most Hox gene, Abd-B is regulated by four distinct CRMs, infradbominal-5 66 

(iab5), iab6, iab7, and iab8/9. Notably, in addition to the arrangement of Hox, even the CRMs 67 

of the BX-C genes are spatially arranged in a manner colinear to the A-P body axis that they 68 

determine (Karch et al. 1985; Maeda 2006). Thus, iab5, iab6, iab7 and iab8/9 are responsible for 69 

the development of the four abdominal segments, A5, A6, A7 and A8/9.   70 

In addition to the spatially collinear arrangement of the modules, the numbers of the modules 71 

also corroborate with the number of the segments that they provide identity; the four CRMs 72 

drive the identity of four abdominal segments.  73 

Each of the Abd-B modules is separated by chromatin domain boundaries in the order MCP 74 

that separates iab4 and iab5 (Mihaly et al. 1998), Fab6 separating iab5 and iab6 (Pérez-Lluch et 75 

al. 2008), Fab7 separating iab6 and iab7 (Gyurkovics et al. 1990a), and, Fab8 that separates iab7 76 

and iab8 (Barges et al. 2000). A deletion of several regions of the CRM causes a loss of function 77 

of the associated gene that leads to anteriorization of the respective segment (Celniker et al. 78 

1990). For example, the deletion of iab6 elements leads to a transformation of A6 to A5 (Galloni 79 

et al. 1993). The module that becomes activated in a segment, remains activated even in the 80 

posterior segment (Bowman et al. 2014; Maeda and Karch 2015). Thus, when a posterior module 81 

is not available in case of a deletion, the adjacent anterior module defines the segment identity. 82 

Such flies have two copies of A5 followed by A7 (Mihaly et al. 2006). On the contrary, the 83 

deletion of boundaries, such as Fab7, would lead to the posteriorization of A6 to A7. This is 84 

due to ectopic derepression of posterior module iab7 that prevails over the anterior module 85 
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iab6, and drives the identity of A6. The fly, thus, has A5 followed by two copies of A7 86 

(Gyurkovics et al. 1990b; Mihaly et al. 1998; Iampietro et al. 2010).  87 

Although there are several inversions and a translocation reported for different regions of the 88 

BX-C (Celniker and Lewis 1993; Ho et al. 2009; Hendrickson and Sakonju 1995; Stuttgart and 89 

Herberth 1988; Gligorov et al. 2018), there are no known cases of targeted duplications or 90 

inversions of CRMs concerning their effect on adult segments. Further, many questions 91 

concerning the regulation of the BX-C remain unanswered (Bender 2020). For instance, how 92 

well do the CRMs rely upon each other for the accessibility of the chromatin to the transcription 93 

factors? Is the relative positioning and order of the CRMs important to respond to the upstream 94 

spatial cues? What is the relevance of the defined number of modules in the system and can 95 

the system accommodate additional modules? The sequential opening of the chromatin 96 

represented by the loss of repressive H3K4me3 marks is observed across the BX-C CRMs 97 

through anterior to posterior parasegments. If the order or number of CRMs are altered, would 98 

the sequential opening model maintain its status-quo? 99 

In order to answer such questions, we generated transgenic lines with FRT insertions in targeted 100 

regions across the Abd-B CRMs. these lines could be used to create multiple deletions, 101 

duplications, and inversions for the desired set of CRMs (Fig. 1A). We modified the cis-102 

regulatory landscape of the posterior-most BX-C gene, Abd-B, to generate useful resources that 103 

will help us advance our understanding of the role of cis-regulatory modules in regulating Hox. 104 

Further, our study also features a set of in-vivo systems to comprehend the arrangement and 105 

number of cis-regulatory modules in the BX-C. This system can be repurposed to shuffle the 106 

arrangement and number of regulatory domains in order to understand the functioning of CRMs 107 

in addition to our existing knowledge about the individual regulatory elements.  108 

 109 
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 110 

Results 111 

 112 

Generation of FRT knock-in transgenes 113 

 114 

The BX-C is heavily decorated with binding sites for transcription factors and chromatin 115 

remodelers (Négre et al. 2011). Further, a single nucleotide transition of a repressor binding site 116 

was shown to have an effect on the ectopic derepression of iab5 in A3 leading to a prominent 117 

A3 to A5 homeotic transformation of the segment (Ho et al. 2009). Thus, the BX-C CRMs need 118 

to be tightly regulated and leave narrow margins to make amendments in the genome without 119 

affecting cis- motifs. Therefore, to insert FRT sites without any further perturbation, we utilized 120 

the available data for experimental validations of the BX-C and ChIP data on modENCODE 121 

to connote the Abd-B cis-regulatory landscape into distinct cis-regulatory modules, iab5 122 

through iab8 (Fig 1A). The boundaries separating these domains were also annotated based on 123 

experimental results from previous studies (Iampietro et al. 2008; Mishra and Karch 1999; Postika 124 

et al. 2018; Kyrchanova et al. 2015). Further, regions marking P/TREs distal to the boundaries 125 

were annotated based on earlier experimental validations and previously reported PRE 126 

mapping tool, PRE mapper (Pérez-Lluch et al. 2008; Mishra et al. 2001; Singh and Mishra 2015; 127 

Postika et al. 2021a; Srinivasan and Mishra 2020). The target sites for FRT insertions were selected 128 

such that the FRT lands between a boundary and a CRM without perturbing the boundary-PRE 129 

combination (Fig. 1A, Supplemental Table S1).  130 

The FRT sequences were cloned in different orientations with required homology arms 131 

(Supplemental Table S2) for CRISPR-Cas9 mediated homology-directed repair (Port et al. 132 

2015). The FRTs are inserted between MCP-iab5, Fab6-iab6, iab7-Fab8, and Fab8-iab8 in 133 
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different orientations as shown in Fig 1A. For example, the line MP_F_i5 has FRT inserted 134 

between MCP and iab5 with the direction of FRT towards iab5. Similarly, the i6_F_F6 line 135 

has an insertion of FRT between Fab6 and iab6 with the direction of FRT towards Fab6.  136 

The FRT insertion is validated by amplifying the region using primers eccentric to the FRT 137 

site. Further, the FRT contains an Xba-I restriction digestion site. Thus, the amplified products 138 

for positive transgenes are digested with the endonuclease and render two distinct bands on 139 

agarose gel electrophoresis (Supplemental Fig. S1, Supplemental Table S6). The FRT 140 

insertions are further confirmed by sequencing.  141 

Other than the flies that have FRTs inserted in a single locus, we also generated lines that have 142 

a couple of FRTs inserted in the same as well as opposite orientations. The single FRT lines 143 

can be used as landing platforms for various other transgenic assays and can also be repurposed 144 

to generate targeted deletions and duplications of the CRM-boundary combinations in the locus 145 

(Horn and Handler 2005; Phan et al. 2017; Golic and Lindquist 1989). The double FRT with 146 

the FRTs in the same orientation can be used to generate deletion in -cis or duplication in -147 

trans(Golic et al. 1997). The duplicated line can further be used to generate subsequent modules 148 

of the cis-regulatory landscape by repurposing along with single or double FRTs. On the other 149 

hand, the double-FRT line with the two FRTs in opposite orientation can be used to generate 150 

inversion of the locus to re-arrange the order of the CRMs and boundary (Golic et al. 1997). 151 

Some of the combinations using single FRTs and possibilities of using double FRTs are 152 

mentioned in the following sections. A summary of all the FRT lines and genomic 153 

rearrangements generated in the study is presented in Fig. 1. 154 

 155 

Deletion of iab5-Fab6 reveals the non-autonomous function of CRMs 156 

 157 
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The number of Abd-B CRMs corroborates the number of abdominal segments. Thus, we 158 

rationalized that the deletion of information about the development of one of the segments can 159 

cause an impact on the number of segments formed. Although larger deletions in the region 160 

were shown to affect only the identity of segments but not the number, the exact effect in adults 161 

is not clear. This is especially because many of the larger deletions including abd-A and Abd-162 

B CDS lead to embryonic lethality in homozygous conditions. Thus, removing a combination 163 

of CRM along with boundary will leave the locus with altered modularity characterized by 164 

lesser numbers of CRM-boundary combinations. Towards this, we generated a line that lacks 165 

a ~15.14 kb region spanning iab5 and Fab6 (R6.0 – 3R: 16,872,062..16,887,207). Thus, the 166 

fly is left with three CRMs instead of four in wild-type animals (Fig. 2A).  167 

To obtain the line lacking iab5 and Fab6, we crossed hsFlp; MP_F_i5 (FRT inserted between 168 

MCP and iab5 with the direction of FRT towards iab5) with hsFlp; F6_F_i6 (FRT inserted 169 

between Fab6 and iab6 with the direction of FRT towards iab6), see Fig 2A. Both lines express 170 

Flippase recombinase (FLP) under the influence of heat-shock inducible promoter (hs). The 171 

trans-heterozygous progenies with one allele with an FRT between MCP and iab5 while the 172 

other with an FRT between Fab6 and iab6 were given heat shock at 37oC for 90 min at an 173 

interval of 24 hrs. Heat shocks were given from the late second instar larval stages until the 174 

late pupal stages of Drosophila development. FLP activity was confirmed as described 175 

previously (Pignoni et al. 1997); see methods and supplementary information (Supplemental 176 

Fig. S2) for details. 177 

Once the heat-shocked animals eclosed (G1), they were mated with third chromosome 178 

balancers to prevent genetic recombination of target loci. The progenies from these crosses 179 

(G2) were pooled in batches of 10 and were again crossed with third chromosome balancers. 180 

Once enough activity was observed in the vial, the flies were screened via PCR for the desired 181 
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deletion. The PCR products of flies showing amplification of deletion specific regions were 182 

confirmed via Sanger sequencing (Supplemental Fig. S3). 183 

We observed a striking anteriorization of A5 and A6 into copies of A4 in the deletion mutants 184 

Del_i5-F6. The A5 and A6 in wild-type males are characterized by complete melanization 185 

whereas, the A4 has melanization in the posterior end. The homozygous fly for the deletion of 186 

iab5-Fab6 shows a transformation of A5 to A4 characterized by the loss of melanization. 187 

Moreover, even the A6 was transformed into a copy of A4 characterized by the loss of 188 

melanization and appearance of ventral bristles which are otherwise absent in a wild-type male 189 

(Fig. 2B-C). 190 

Previous studies showed the functioning of CRMs in an autonomous manner wherein the 191 

autonomy is largely maintained by the boundary elements demarcating the modules (Hagstrom 192 

et al. 1996; Maeda and Karch 2015). Deletions in iab6 or iab7 do not affect the functioning of 193 

each other in the associated segments A6 or A7. For instance, the deletion of iab6 regions 194 

would cause A6 to transform into a copy of A5 but does not have an impact on A7 or A8 195 

(Iampietro et al. 2010). On the other hand, the deletion of a boundary would ectopically activate 196 

the posterior CRM. For example, the deletion of Fab6 would lead to the transformation of A5 197 

into a copy of A6. Akin to that, the deletion of Fab7 will transform A6 into A7 (Mihaly et al. 198 

1998). Therefore, we predicted that the deletion of iab5-Fab6 will lead to the transformation of 199 

A5 into a copy of A6, a phenotype largely dominated by the deletion of Fab6.  200 

In contrast to our expectations, we observed both A5 and A6 transforming into copies of A4 in 201 

males and females (Fig 2B-E). Since the deletion of Fab6 does not impact iab6 activity, we 202 

reasoned that the regions in iab5 are responsible for iab6 activation, thereby defying the 203 

autonomy of iab6. Interestingly, Postika et al. reported a similar effect observed due to 204 

deletions of several regions within iab5. Since the deletion we generated encompassed all the 205 
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regions mentioned by Postika et al., we see a similar phenotype with a clean transformation of 206 

A5 and A6 into copies of A4 (Postika et al. 2021b, 2021a). Thus, although the system is left with 207 

modules responsible for the formation of A6 through A8; the activators in anterior CRM, iab5, 208 

are required for the execution of the spatial code in A6 but not in A7 or A8.  209 

 210 

Deletion of iab6-iab7 transforms A6 and A7 into copies of A5 211 

 212 

The transgenic assays and genetic interactions from previous studies have revealed that 213 

boundaries interact with each other (Maeda and Karch 2007; Kyrchanova et al. 2011; Singh and 214 

Mishra 2015). Therefore, we deleted a region spanning iab6 through iab7 thereby juxta 215 

positioning Fab6 next to Fab8 (Fig. 3A). Towards this, we generated a line with two FRTs 216 

inserted in the same orientation in two different loci within Abd-B cis-regulatory landscape. 217 

One of the FRTs was inserted between Fab6 and iab6 with the direction of FRT towards Fab6 218 

(i6_F_F6). The other FRT was knocked-in between iab7 and Fab8 with the orientation of FRT 219 

towards iab7 (F8_F_i7) as shown in Fig. 3A. Although the FRTs were inserted in cis- and a 220 

homozygous fly could have rendered us the required deletion, we are also open to the 221 

possibility of the recombination to have occurred in -trans as indicated in Fig. 3A. 222 

The FLP mediated recombination under the influence of a heat-shock inducible promoter was 223 

carried out as described in the previous section. To molecularly validate the deletion, the 224 

genomic DNA of the putative mutants was isolated and amplified using a combination of 225 

primers specific for the deletion locus upon recombination; an expected juxta positioning of 226 

Fab6 and Fab8. The repositioning would amplify a specific product with the forward primer 227 

for screening FRT between Fab6 and iab6 (F6i6_ScrF) and the reverse primer for screening 228 

FRT between iab7 and Fab8 (i7F8_ScrR). A resultant product of 974 bp confirms the deletion 229 
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event as shown in Supplemental Fig. S4. The endogenous locus at the approximate junction of 230 

Fab6 and iab6 was chosen as a control locus. This region was amplified in the genomic DNA 231 

of a wild-type CS fly but not the deletion mutant (Supplemental Fig. S4C). The amplified 232 

product for deletion mutants was confirmed by sequencing (Supplemental Fig. S4D). The total 233 

length of the deleted region spans 31.374 kb from 3R: 16,887,208 to 3R: 16,918,581  (Genome 234 

assembly R6.0). 235 

We observed a phenotype as was expected with the deletion of the CRMs iab6 and iab7 that 236 

are responsible for determining the identities of A6 and A7. There is a complete loss of function 237 

in the homozygous flies carrying the desired deletion as characterized by the complete 238 

transformation of A6 and A7 into copies of A5 (Fig. 3B-E). Additionally, the males also show 239 

genital rotation of varying degrees and are sterile. The deletion of intermittent boundary Fab7, 240 

and, juxtapositioning of Fab6 and Fa8 do not cause an effect on the functioning of iab5. The 241 

phenotype is also apparent in females wherein a wild-type female has 8-10 narrow groups of 242 

drooping bristles in A7. In the mutant females, A7 is broader, and a complete set of sternites 243 

appear on the ventral surface of the segment (Fig. 3D-E). The juxta positioning of Fab6 and 244 

Fab8 does not seem to have an effect on regulation of Abd-B via iab5. 245 

 246 

Duplication of iab6-iab7 renders phenotype dominated by the posterior module iab7 247 

 248 

The number of CRMs in the BX-C is equivalent to the number of segments that they provide 249 

identity. Hence, it is important to understand the functional correlation of the number of CRMs 250 

and their role in providing identity to respective segments. Towards this, we generated a mutant 251 

line with duplication in iab6 through iab7 such that the modularity is lost. The duplication 252 

spans 31.374 kb (3R: 16,887,208..16,918,581). This arrangement juxtaposes an additional copy 253 
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of iab6 distal to iab7 (Fig. 4A) without a boundary. Using the double FRT line used for 254 

obtaining the deletion of iab6-iab7, we generated a recombinant line with the duplication of 255 

the same region as indicated in Fig. 4A.  256 

To obtain the duplication line, we screened the recombinants from the progenies of flies set for 257 

obtaining the deletion of iab6 through iab7 in the previous section (Supplemental Table S9-258 

S10). The expected recombination of the two loci in -trans is depicted in Fig. 4A with 259 

dichromatic representations of the parent and prospective recombinant alleles. Note that the 260 

duplication allele has three FRTs. One of the FRTs is derived from recombining FRTs between 261 

Fab6-iab6 and iab7-Fab8. The other FRTs are present from the parent allele. This line is a 262 

novel playground to recombine various transgenic animals having FRTs at different loci in the 263 

Abd-B cis-regulatory landscape. The three FRTs can be repurposed differently to alter the 264 

modularity of the locus in varied manners.  265 

For the molecular validation, the genomic DNA of putative recombinants was isolated and 266 

amplified by primers specific to the duplication locus. The forward primer to screen FRT 267 

between iab7 and Fab8 (i7F8_ScrF) and the reverse primer to screen FRT between Fab6 and 268 

iab6 (F6i6_ScrR) amplified a specific 534 bp product indicating the presence of duplication 269 

allele. The endogenous Fab6-iab6 and iab7-Fab8 loci were used as controls. The amplified 270 

products were confirmed using sequencing (Supplemental Fig. S5). 271 

The fly with the duplication of iab6 through iab7 (Dp_i6-i7) has multiple changes in the 272 

arrangement of modules. The fly has two iab6 modules, one flanked by Fab6 and Fab7 as in 273 

wild-type conditions, and the other is juxtaposed next to iab7 without intermittent boundary. 274 

We observe that there is a partial posteriorization of A5 in adult males as suggested by the 275 

decrease in the number of bristles in sternites and partial morphological changes in the dorsal 276 

A5 as indicated by dotted shape in Fig. 4C. Further, the A6 identity is completely transformed 277 
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into a copy of A7 towards the dorsal side. However, on the ventral end, A6 shows a partial 278 

anteriorization as suggested by the presence of a few bristles as well as loss of sclera formation. 279 

There are no apparent changes in the male A7 of the transgenic animals despite two copies of 280 

iab7. A similar effect of A6 to A7 transformation is also evident in females (Fig. 4B-E). 281 

The presence of extra modules was particularly interesting to understand the effect of relative 282 

positioning of iab6 and iab7. We thus expected a mixed gain and loss of function of A6 as well 283 

as A7. We were also open to the possibility of observing a segment with novel features since 284 

the duplicated iab7-iab6 formed a larger module flanked by Fab7. Moreover, the presence of 285 

extra modules would also change the relative positioning of iab5 with respect to the Abd-B 286 

promoter and thus an effect in A5 was also expected. However, a strong A6 to A7 and further 287 

posteriorization of A5 indicate the dual copies of iab7 were dominant over the two copies of 288 

anterior module iab6 as well as the wild-type iab5 irrespective of relative positioning. 289 

 290 

Duplication of iab6-Fab8 alters modularity and renders variable phenotype 291 

 292 

In the previous duplication, the modularity was perturbed due to the absence of a boundary 293 

element between iab7 and iab6. Therefore, to preserve modularity, we duplicated the 34.776 294 

kb (3R: 16,887,208..16,921,983) region from iab6 through Fab8, keeping the modularity 295 

intact. Thus, each CRM is still flanked by a combination of boundary-PRE as shown in Fig. 5. 296 

Further, to keep one of the CRMs as an internal control, we left iab5 intact and duplicated iab6 297 

through Fab8.  298 

To obtain a fly with proposed duplication, we genetically crossed the flies with FRT insertions 299 

between Fab6-iab6 and Fab8-ia8 to obtain a trans-heterozygous line. These flies were in the 300 

background of Flp recombinase expressed under the control of a heat-shock inducible promoter 301 
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as described earlier. A brief schematic of flies used and the duplication upon recombination is 302 

depicted in Fig. 5A. For details, see methods and Supplemental Table S9-S10. 303 

Next, to validate the duplication event molecularly, the genomic DNA of prospective 304 

recombinants was isolated and amplified by primers specific to the duplication locus 305 

(F8i8_ScrF and F6i6_ScrR). The intact loci at Fab6-iab6 and Fab8-iab8 were amplified as 306 

controls. Only the flies possessing the desired duplication showed an amplified product 307 

(Supplemental Fig. S6C). Genomic DNA from CS flies was used as a control. Unlike the 308 

duplication locus that was amplified only in the positive recombinants, the Fab6-iab6 and 309 

Fab8-iab8 loci were amplified in both the duplication and CS genomic DNA. The products 310 

were later confirmed by sequencing (Supplemental Fig. S6C-D). 311 

In the Dp_i6-F8 flies, the combination of CRM-boundary is intact. Thus, we expected a mixed 312 

gain and loss of functions in A6 and A7. Since iab6 and iab7 are regulators of Abd-B, an effect 313 

could also have been obtained in A5 and A8. The extra copies of iab6 and iab7 were modularly 314 

flanked by Fab6 and Fab7 akin to the wild-type scenario. Surprisingly, we observed a variety 315 

of phenotypes with perturbations ranging from disturbances in A1 to a normal-looking fly 316 

similar to wild-type (Fig. 5B-H).  317 

We classified the phenotypes into six different categories as follows: Category A (Cat-A) 318 

mutants show the most extreme phenotypes with all abdominal segments from A1 to A8 319 

severely perturbed. Several flies have disturbances in left-right or dorsal-ventral patterning. 320 

These flies are often sterile (Fig 5C). Cat-B animals showed disturbances in segments A5 to 321 

A8 (Fig. 5D). The rationale for this category is the role of iab6 and iab7 to regulate Abd-B that 322 

defines A5-A8. Any segment perturbed anterior to A5 was not counted in this category, and 323 

instead, was noted in the previous category, A. The Cat-C mutants displayed disturbances in 324 

A6 as well as A7 (Fig. 5E). Since the duplicated iabs are responsible for providing identities 325 
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to A6 and A7, flies having perturbations in only these segments were considered a separate 326 

category. Cat-D mutants had a perturbation in only one of the abdominal segments. Often these 327 

perturbations were restricted to A6 or A7 (Fig. 5F). In the next category, Cat-E mutants display 328 

a slight perturbation of dorsal melanization and often rendered “wavy” segmental boundaries 329 

(Fig. 5G). The Cat-F mutants show a wild-type phenotype with no observable change in the 330 

cuticle or ventral bristle patterning (Fig. 5H). 331 

Both males and females showed the mentioned pattern. However, females were better to 332 

observe via imaging owing to clear demarcations of seven abdominal segments followed by 333 

genitalia. Also, the cuticles of these animals were extremely brittle, and therefore, the abdomen 334 

was directly imaged under the stereomicroscope (Fig. 5B-H; see methods for details). 335 

All the classes of mutants were confirmed to have the same genotype molecularly. Further, the 336 

inbreeding of mutants from all the phenotypes, including Cat-F (normal segments), rendered 337 

progenies with varying phenotypes again. The development of progenies with inconsistent 338 

phenotypes is true for heterozygous and homozygous flies from these categories. Hence, we 339 

selected only category F adults and set up a breeding experiment to check the distribution of 340 

progeny with different phenotypes. 341 

We observed almost half the population for homozygous (45.24%) and heterozygous (41.35%) 342 

progenies were normal (Cat-F). In contrast, the remaining categories had a smaller number of 343 

flies in the population (Fig. 5I). Interestingly, ~25% heterozygous (24.67%) and ~17% 344 

homozygous (16.52%) flies showed phenotypes grouped under category A. The heterozygous 345 

flies showed 1.5 times a greater number of progenies belonging to Cat-A than homozygous 346 

(Fig 5I). Our results suggest that more heterozygous flies tend to be severely affected by the 347 

duplication of CRMs (Supplementary Data).  348 
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Thus although the duplication of iab6-Fab7 perturbs the genomic modularity of the locus 349 

(previous section), the segmental boundaries are intact. However, duplication of modules 350 

keeping genomic modularity intact (Dp_iab6-Fab8) disrupts the segmental boundary in a 351 

manner that requires further investigations to understand the BX-C better. 352 

 353 

The inversion of iab5 through iab7 provides mixed and altered identities of the associated 354 

segments, A5, A6 and A7 355 

 356 

The CRMs of the BX-C are present in a spatially colinear manner. The three CRMs, iab5, iab6 357 

and iab7 regulate Abd-B to provide identities to A5, A6 and A7 respectively. The specific 358 

ordering of the CRMs can be consequential towards co-regulation of the associated gene (Mateo 359 

et al. 2019; Maeda and Karch 2015; Hajirnis and Mishra 2021). One way to test this hypothesis is 360 

to invert the order of these regions. Towards this, we generated a 46.520 kb 361 

(3R:16,872,062..16,918,581) inversion of iab5 through iab7 (Fig 6). 362 

We generated a fly having two FRTs in the opposite orientations inserted between two loci: 363 

MCP-iab5 and iab7-Fab8. The FRT inserted between MCP-iab5 was oriented towards iab5, 364 

while the FRT inserted between iab7 and Fab8 was oriented towards iab7. These flies were 365 

crossed with a third chromosome balancer, and the heterozygous larvae were given heat shock 366 

as described earlier (Supplemental Table S11-S12). The eclosing adults post-heat shock (G0) 367 

were crossed with balancers in anticipation that their gametes had undergone the desired 368 

recombination (Fig. 6A). The progenies (G1) emerging from these crosses were further crossed 369 

with third chromosome balancers. The G1 flies, after three to four days of mating, were 370 

sacrificed for molecular screening. 371 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 13, 2022. ; https://doi.org/10.1101/2022.06.12.495802doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.12.495802
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

17 
 

To molecularly screen for the inversion event, the forward primer for MCP-iab5 locus 372 

(Mi5_ScrF) and the forward primer for iab7-Fab8 locus (i7F8_ScrF) were repurposed. The 373 

forward primer for the iab7-Fab8 locus is now used as a reverse primer for MCP-iab7 374 

recombined locus. Similarly, the recombined locus of iab5-Fab8 was screened by repurposing 375 

the reverse primer to screen FRT at MCP-iab5 (Mi5_ScrR) locus with the reverse primer to 376 

screen FRT at the iab7-Fab8 region (i7F8_ScrR) as explained in Supplemental Fig. S7. A 377 

specific product upon repurposing the primers is obtained only for the flies that had an 378 

inversion event. The endogenous loci of MCP-iab5 and iab7-Fab8 were amplified only in the 379 

CS fly and not in the inversion line. The recombined loci were further confirmed by sequencing 380 

(Supplemental Fig. S7). 381 

An expected outcome of this inversion was a wild-type phenotype for the mutant animal if all 382 

the elements are perfectly exchangeable. The other direct possibility was that the “code” for 383 

segmental identity resides in the order of CRMs, and therefore reversing their order might 384 

reverse the identities of abdominal segments. In this case, we expect a fly that forms A4, 385 

followed by A7, A6 and A5 in the anteroposterior order. However, we noted flies with different 386 

phenotypes for different segments (Fig 6B-E).  387 

We must also consider that the order of CRMs was reversed, and their relative positioning was 388 

also exchanged. For instance, the native position of iab5 now has the presence of iab7 while 389 

iab5 replaces iab7 as it is juxtaposed next to Fab8 (Fig. 6A). On the contrary, the iab6 is in the 390 

same position as before but is present in an opposite orientation. The re-orientation of iab6 also 391 

includes the change in directionality of flanking boundaries Fab6 and Fab7. Notedly the 392 

boundaries function in an orientation-dependent manner (Zhou et al. 1996; Hogga and Karch 2002; 393 

Postika et al. 2018). Therefore, altering the relative positioning of boundaries can also contribute 394 

to the phenotypes obtained. 395 
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The A5 segment of the flies shows partial gain and loss of function. The numbers and density 396 

of ventral bristles decrease, indicating a gain of function to A6 (Fig 6C-D). Occasionally, 397 

several males also show partial loss of melanization in A5, indicating partial transformation 398 

into A4. The mixed gain and loss of function phenotypes indicate a cell-type-specific behavior 399 

of the modules within a particular segment of the mutant animal. The ventral A5 also develops 400 

a sclera similar to A6, indicating slight posteriorization (Fig. 6D). The PREs associated with 401 

the boundaries in the BX-C provide temporal and cell-type-specific regulation of the adjacent 402 

CRMs (Ringrose and Paro 2004). The absence of any major PRE associated with a boundary 403 

near iab5 partly explains the incomplete anterior- and posteriorization upon inversion. 404 

Next, even though iab6 is in the same position relative to wild-type condition, it shows a partial 405 

gain of function transformation into A7 as indicated by narrowing of the dorsal melanization 406 

and sternite in the males (Fig. 6C). The effect is also clearly observed in A6 of the females 407 

wherein the ventral bristles attain the identity of the A7 (Fig. 6D-E). Notedly, although the iab6 408 

remains in the same relative order concerning adjoining boundaries and CRMs, the direction 409 

of the module is opposite. It has been previously shown that the direction of the BX-C 410 

boundaries including Fab6 and Fab7 is crucial to performing the insulator bypass activity 411 

(Zhou et al. 1996; Postika et al. 2018). In the inversion mutant, since both the boundaries are 412 

inverted, iab6 is misregulated. The studies on orientation were done individually on different 413 

elements. The rearrangement in the inversion locus is a complex interplay between many of 414 

them. Therefore, the mutants should be probed deeper, especially for the chromatin 415 

conformations of the CRMs to understand the interaction of different elements upon inversion. 416 

Further, the A7 shows an opposite transformation when compared to A6. A distinct dorsal 417 

melanized segment is present in males in the position of A7, thus indicating anteriorization of 418 

the segment into a copy of A6 (Fig. 6C). However, the segment is not completely transformed 419 

into A6. A similar effect is evident in the A7 of adult females by the appearance of extra bristles 420 
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and broadening of the sclera (Fig. 6E). The male flies also have a genital rotation of varying 421 

degrees and is not consistent. Additionally, homozygous flies with the inversion of iab5 422 

through iab7 are sterile. 423 

As mentioned earlier, an inversion such as this includes multiple disruptions of the regulatory 424 

landscape of the associated gene and although individual elements have been dissected earlier, 425 

the complex interplay of multiple elements is interesting to probe in such scenarios. 426 

 427 

Discussion 428 

 429 

Homeotic genes or Hox code for sequence-specific transcription factors that define the anterior-430 

posterior body axis of a developing bilaterian embryo (Hajirnis and Mishra 2021). The Hox genes 431 

were discovered in Drosophila melanogaster wherein they display a striking property of spatial 432 

collinearity (Lewis 1978). That is, the genes are arranged in a complex and, the genes that are 433 

present at one end of the complex are responsible for the development of the anterior part of 434 

an embryo while the genes present at the other end are responsible for the development of the 435 

posterior regions. The posterior Hox complex in Drosophila melanogaster, the bithorax 436 

complex presents us with a unique opportunity to study the relevance of the higher-order 437 

arrangement of the cis-regulatory modules (CRMs) of the homeotic genes (Maeda 2006). The 438 

three genes of the BX-C: Ubx, abd-A and Abd-B are regulated by nine cis-regulatory modules 439 

abx/bx and bxd/pbx regulating Ubx in posterior T2 through A1, iab2 through iab4 regulating 440 

abd-A in A2 through A4, and, iab5 through iab8 regulating Abd-B in A5 through A8 (Maeda 441 

and Karch 2015). The iabs are arranged in a spatially collinear manner with respect to the 442 

segments that are affected upon mutating them. Also, the numbers of the iabs corroborate with 443 

the number of abdominal segments formed in the fly. In the present study, we generated a set 444 
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of FRT transgenes to alter the cis-regulatory landscape of the posterior-most Hox gene Abd-B. 445 

These lines can be used independently to insert test elements in the fly or can be repurposed to 446 

alter the regulatory landscape in Drosophila. 447 

The role of many of the cis-regulatory elements or modules is known in their native structure 448 

(Iampietro et al. 2010, 2008; Zhou and Levine 1999; Cléard et al. 2006). Notedly, many of the 449 

existing studies regarding genome manipulation of a similar kind are limited by the status-quo 450 

of the targeted manipulations, that is, the alterations lack the flexibility to incorporate novel 451 

features or re-shuffle the existing modules (Li et al. 2015; Guo et al. 2015; Fabre et al. 2017). In 452 

the current study, the use of FLP-FRT at modular junctions makes the system more dynamic 453 

and robust. The alterations in the genome are quickly interchangeable. In fact, in the case of 454 

duplication of iab6-iab7, the fly has three FRTs and thus it can be repurposed to develop a 455 

plethora of downstream combinations of modules. For instance, if the iab7-iab6 fused domain 456 

is behaving like a “super-module”, an additional such module can be introduced in the system 457 

using FLP mediated recombination using the lines we generated. Furthermore, each of the lines 458 

can be followed individually in different directions. For example, it is interesting to probe the 459 

chromatin landscape and chromatin interaction in the fly bearing an inversion of iab5 through 460 

iab7. Previous studies have shown sequential derepression of the BX-C cis-regulatory modules 461 

from anterior to posterior segments; a feature called open for business model of the BX-C 462 

regulation (Bowman et al. 2014; Maeda and Karch 2015). However, one key aspect to probe in the 463 

sequential opening model is the ability of these modules to sense the spatial cue of accessibility 464 

(Kyrchanova et al. 2015). Therefore, in the case of inversion, segment-specific methylation 465 

marks would reveal novel aspects of sequential opening. Moreover, understanding segment-466 

specific interactions of enhancers and promoters via techniques like ORCA and Hi-C will shed 467 

light upon the functioning of these modules in the altered scenario (Mateo et al. 2019). 468 
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In cases such as Dp_iab6-Fab8, where the modularity is intact with respect to the positioning 469 

of CRMs and boundaries but the number of modules has been altered; the variability in 470 

phenotype is interesting to probe. For instance, the variability can arise from the change in 471 

dosages of the non-coding RNAs (ncRNA) generated from the cis-regulatory locus of Abd-B 472 

(Garaulet and Lai 2015; Gummalla et al. 2014). Or, the variability could be caused by ectopic 473 

transvection happening in different cell types in a stochastic manner (Vazquez et al. 2006; 474 

Hendrickson and Sakonju 1995). One way to probe the latter is to investigate the role of epigenetic 475 

modifiers such as PcG and trxG proteins to modulate the phenotypic variability (Singh and 476 

Mishra 2015). Genes like Zeste are known players of transvection (Sipos et al. 1998; Birve et al. 477 

2001). The effects of mutations in such genes can be probed to understand the nature of 478 

variability present in the system. The other possibility pertaining to the differential dosages of 479 

ncRNAs can be probed by in-situ hybridization (Arib et al. 2015). However, the definitive 480 

changes in the ncRNAs corresponding with the adult phenotypes require further investigation. 481 

With the advancement of genomics and gene-editing techniques, many such mutations as 482 

presented in the current study can be generated to understand the evolutionary significance of 483 

the CRMs and Hox arrangement in different organisms. Additionally, comprehending the 484 

epigenomic landscape and DNA looping becomes important to grasp the depths of CRM 485 

functioning in such conditions. 486 

In summary, we generated a set of transgenic flies that can alter the modularity of cis-regulatory 487 

domains in the BX-C of Drosophila melanogaster and open avenues to explore the 488 

fundamental basis of body axis formation. The novel and unanticipated phenotypes obtained 489 

in the study clearly demonstrate that our current understanding of the mechanisms of regulation 490 

of bithorax complex is substantially inadequate. This study also shows the potential of targeted 491 

re-arrangement of the modules to elucidate the role of the genomic landscape of the bithorax 492 

complex. These resources will shed light on important aspects of Hox regulation including but 493 
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not limited to finer details of the order of the CRMs, chromatin conformations, enhancer-494 

promoter interactions, modus operandi of regulatory boundaries, or causal relation between 495 

histone modifications and expression of associated Hox. Genetic interactions of the novel 496 

modules will provide crucial insights underlying their concerted functioning and open a new 497 

paradigm for the business of the bithorax complex.  498 

 499 

Materials and Methods 500 

 501 

Primer designing for FRT insertion 502 

 503 

The primers for targeting Cas9 were obtained after submitting query sequences for different 504 

regions of the BX-C at http://crispor.tefor.net/. Drosophila melanogaster BDGP release 6 505 

(R6.0) was selected as the reference genome, and 20bp crRNA with S. pyogenes Cas9 5’-506 

NGG3’ PAM was curated for obtaining targets. From the list of suitable gRNAs, sequences 507 

with an MIT specificity score of 97 or more (preferably 100), CFD specificity score of 97 or 508 

more (preferably 100) and a Lindel score of 80 or more were selected as preferred guides. Due 509 

care was taken to select primers with the least number of off-targets as indicated in the relevant 510 

column. 511 

Upon successful selection of guides, 1000-1200 bp upstream and downstream region of the cut 512 

site was selected as a query to design primers for amplification and cloning of homology arm 513 

for donor constructs in https://www.ncbi.nlm.nih.gov/tools/primer-blast/. For all the FRT 514 

insertions, the centromeric proximal homology arm to the cut site was denoted as the left 515 

homology arm (LH), while the distal homology arm was denoted as the right homology arm 516 
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(RH). The reverse primer for LH was selected as 20-24 bp immediately centromeric proximal 517 

to the Cas9 cut site (3 bases upstream of PAM). Similarly, the forward primer for RH was 518 

selected as 20-24 bp immediately distal to the cut site. Keeping the LH reverse primer as 519 

constant (constraint), a forward primer was curated on the online tool. 520 

Similarly, keeping forward primer of RH the constraint, a reverse primer for amplifying RH 521 

was curated with the same parameters as stated earlier. Further, to clone the arms with FRTs 522 

in the desired orientation and, in pBSKS via Takara® In-fusion (Cat# 638915), the forward 523 

primer was added with an overhang complementary to 15 bp immediately upstream of EcoRV 524 

digested pBSKS. The reverse primer was also incorporated with a 15 bp o/h homologous to 15 525 

bp immediately downstream of EcoRV digested pBSKS. The reverse primer of LH was 526 

provided with an overhang for 2/3rd the size of the 34 bp minimal FRT sequence:  527 

 5′-GAAGTTCCTATTCtctagaaaGtATAGGAACTTC-3′ 528 

Note that the nucleotides indicated by uppercase alphabets represent binding sites for subunits 529 

of the flippase enzyme (FLP). The lowercase alphabets indicate the asymmetric core of the 530 

FRT site, which gives the site a particular orientation. A similar o/h was also provided on the 531 

forward primer of RH, ensuring that it also has a 15 bps homology to the FRT overhang of LH 532 

reverse primer. The complete list of primers is provided in Supplemental Table S4-S6. 533 

 534 

Fly stocks and culture 535 

 536 

Flies were grown in standard cornmeal yeast extract medium at 25°C unless otherwise 537 

specified. 538 

 539 
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Generation of transgenic lines with FRT insertions at various regions within the Abd-B 540 

cis-regulatory landscape 541 

 542 

All the donor constructs to target FRT were cloned in pBSKS vector with ~1 Kb homology 543 

arms from the region flanking the site of FRT insertion. The arms were amplified with 544 

overhangs for FRT sequences with 15-20 bp homology. The homology arms with FRT 545 

sequences were cloned in EcoRV digested pBSKS vector using standard protocol for Takara® 546 

in-fusion assembly (Cat#102518). All the constructs to express the guideRNA were cloned in 547 

pCFD3 vectors as described earlier.  548 

The donor and guide expressing constructs were co-injected in nos-Cas9 Drosophila embryos 549 

(BDSC#54591) as previously described or outsourced to Centre for Cellular and Molecular 550 

Platforms (C-CAMP), Bangalore, India. The injected G0s and G1 flies were crossed with third 551 

chromosome balancer as single fly crosses. The G1s were screened for the desired transgenes 552 

by using primers that eccentrically flanked the FRT site. The amplified product was digested 553 

using Xba-I to validate the presence of FRT prior to sequencing based confirmation. A detailed 554 

schematics for obtaining the FRT transgenes is shown in Supplemental Table S2-S3 and S7-555 

S8. 556 

 557 

Generation of recombinants by Flp mediated recombination 558 

 559 

The transgenic lines with desired FRTs were crossed and obtained with a cassette containing 560 

Flippase recombinase coding region under the influence of heat-shock inducible promoter 561 

(hsFLP; BDSC#7). The FLP activity was validated using a fly expressing Gal4 under the 562 
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influence of Act5C promoter ubiquitously upon FRT excision (BDSC#4779) combined with 563 

UAS-GFP and hsFlp expressing flies (see supplementary information, Supplemental Fig. S2). 564 

To obtain deletion and duplication, the flies with desired FRTs were crossed to obtain trans-565 

heterozygous fly with respect to the position of FRT. The trans-heterozygous late second instar 566 

larvae are given heat shock at 37°C for 90 mins followed by a daily heat-shock periodically 567 

after every 24 hrs till eclosion. The detailed schematics of the crosses for obtaining deletion 568 

and duplication is shown in Supplemental Table S9-S10. For obtaining inversion, a fly with 569 

two FRTs in -cis is given heat shock as standardized. The schematics of genetic crosses are 570 

provided in Supplemental Table S11-S12. 571 

 572 

Population assay of variable phenotype for Dp_i6-F8 573 

 574 

25 females and 15 males of either Dp_i6-F8 or 25 females of Dp_i6-F8 and 15 males of CS 575 

lines were mated and the number of progenies eclosing counted with different phenotypes. The 576 

distribution of heterozygous and homozygous progenies was recorded. The flies with affected 577 

abdominal segments A1-A8 were counted as category A. The flies with a distortion in A5-A8 578 

were counted in category B. Category C included flies with aberrations in A6-A7. The flies 579 

having a defect in only one segment (often A6 or A7) were grouped as Category D. Category 580 

E mutants had minor defects in segments without perturbing the segmental boundaries, often 581 

characterized as wavy segmental borders. The category F flies appeared normal when 582 

compared to a wild-type fly. The distribution was normalized as the percentage of the total 583 

population for a given category. The detailed counting is presented in Supplementary Data in 584 

form of a workbook. 585 

Cuticle preparations of adult abdominal segments 586 
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Adult abdominal cuticles were prepared as described earlier. Briefly, 2-3 days old adult flies 587 

were dehydrated in 70% ethanol for 24 hrs. The flies are then boiled at 70°C in 10% potassium 588 

hydroxide for 90 mins followed by three washes of autoclaved distilled water. Next, the flies 589 

are washed in autoclaved water for 90 mins at 70°C and transferred to room temperature 70% 590 

ethanol. 591 

 592 

Mounting and imaging of cuticle preparations 593 

 594 

The cuticles are transferred to a watch glass containing 70% ethanol and head-thorax region is 595 

separated from the abdominal segments by a dissection needle. The abdominal segments are 596 

given a sharp cut along the dorsal midline and transferred to a clean glass slide containing P700 597 

halocarbon oil (Sigma #H8898). The cuticle is spread in desired orientation using dissection 598 

needles and covered with cover slip. The cuticles were imaged at 1.0X objective, 35X zoom 599 

on Zeiss AxioZoom V16 stereo microscope. 600 
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Figure legends 810 

 811 

Figure 1.Targeting the cis-regulatory modules of the bithorax complex regulating Abd-B: 812 

(A) The proposed experiment for the current study is to generate modular deletion, duplication  813 
and inversion within the cis-regulatory landscape of Abd-B. Top row shows the normal 814 
arrangement of the CRMs (green solid arrows) of Abd-B, iab5, iab6, iab7 and iab8 demarcated 815 
by the boundaries MCP, Fab6, Fab7 and Fab8 (brown rectangle and pentagon arrows). The 816 
blue arrow depicts iab4 which is a regulator of abd-A. The re-arrangement of the CRMs of 817 

different nature are shown below the wild-type representation. The concomitant expression of 818 

Abd-B driven by the four CRMs in the four abdominal segments of the fly is shown on right. 819 
(B) Top row: Representation of the wild-type locus of Abd-B. Green arrows are regulators of 820 
Abd-B, blue arrow is regulator of abd-A, brown rectangles represent the boundaries and yellow 821 
triangles represent the PREs. Red arrows pointing down indicates the sites proposed for FRT 822 

insertion for which constructs were generated. Bottom rows indicate the nature of transgenes 823 
generated with FRTs (red chevron arrow) in different locations and orientations. (C) The lines 824 

with altered CRMs generated in this study. 825 

Figure 2. Deletion of iab5 and Fab6: (A) Representation of the wild-type Abd-B cis-826 

regulatory landscape and dichromatic representation of flies with endogenous FRT (red 827 

chevron arrow) between MCP-iab5 (MP_F_i5), and, Fab6-iab6 (F6_F_i6). The bottom row 828 
indicates the deletion product formed as a result of recombination indicated by red-dotted line 829 

across the middle rows. (B) Abdominal cuticle preparation of adult male flies two days post 830 
eclosion. The curved segments on the left form the dorsal side of the abdomen, while the 831 
straight lane of bristles towards the right is the ventral sternites. Each dorsal segment has a 832 
distinct pattern of melanisation, as indicated by blue and green arrows. The blue arrows indicate 833 

melanisation in the posterior ends of segments A2-A4 under the influence of abd-A driven by 834 
iab2 through iab4. The green arrows indicate complete melanisation of A5 and A6 influenced 835 
by the levels of Abd-B regulated by iab5 and iab6 in respective segments. Each ventral segment 836 

also has a distinct arrangement of bristles. The A6 does not have any bristles on sternite in the 837 
wild-type fly, as shown by the red arrowhead and dotted shape. (C) The abdominal cuticle of 838 

adult males with deletion of iab5 and Fab6. The males show a strong homeotic transformation 839 

of A5 to A4 characterized by loss of dorsal melanization (curved segments on the right). The 840 
flies also show A6 to A4 transformation characterized by loss of melanization of dorsal 841 
segment and appearance of bristles on ventral sternites (bold red arrow). (D) Abdominal cuticle 842 

preparation adult female flies. The dorsal melanization and the pattern of tergites and sternites 843 

are largely indistinct in females. However, the A6 of the females have a hardened sclera in 844 
wild-type females (dotted shape). Note that A7 of the wild-type flies have fewer bristles that 845 
droop towards the genitalia. The A7 of the fly is also observably smaller than the other 846 
segments of the fly. (E) Abdominal cuticle prep of adult Del_i5-F6 female fly. Note that the 847 
sternites in A5 and A6 are strikingly similar to A4 as indicated by bold arrowheads. The tergites 848 

and melanisation pattern also appears strikingly similar to A4 in A5 and A6. Thus, both males 849 
and females had similar cuticular homeotic transformations in the flies lacking known iab5 and 850 
Fab6 regions.  851 

 852 

Figure 3. Deletion of iab6-iab7: (A) Representation of the wild-type Abd-B cis-regulatory 853 

landscape and dichromatic representation of flies with endogenous FRT (red chevron arrow) 854 

between Fab6-iab6 (i6_F_F6), and, iab7-Fab8 (F8_F_i7). The bottom row indicates the 855 
deletion product formed as a result of recombination indicated by red-dotted line across the 856 
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middle rows. (B-E) Abdominal cuticle preparation of adult flies two days post eclosion. (B)  857 
Abdominal cuticle preparation of wild-type male. (C) The abdominal cuticle of adult males 858 
with deletion of iab6 through iab7. The flies show a strong homeotic transformation of A6 and 859 

A7 to copies of A5. The A6 to A5 transformation is characterised by broadened A6 and sternal 860 

bristles' appearance (bold red arrow). The A7 to A5 transformation is characterised by a distinct 861 
segment with dorsal melanisation similar to A5. The transformed segment also has sternal 862 
bristles similar to A5.  (D) Abdominal cuticle preparation of wild type female. (E) Abdominal 863 
cuticle prep of adult Del_i6-i7 female fly. Note that the sternites in A6 and A7 are strikingly 864 

similar to A5 (bold red arrows). The tergites and melanisation pattern also appears strikingly 865 
similar to A5 in A6 and A7. Thus, both males and females had similar cuticular homeotic 866 

transformations in the flies lacking known iab6 through iab7 regions. 867 

 868 

Figure 4. Duplication of iab6 through iab7: (A) Representation of the wild-type Abd-B cis-869 

regulatory landscape and dichromatic representation of flies with endogenous FRT (red 870 
chevron arrow) between Fab6-iab6 (i6_F_F6), and, iab7-Fab8 (F8_F_i7). The bottom row 871 

indicates the duplication product formed as a result of recombination indicated by red-dotted 872 
line across the middle rows. (B-E) Abdominal cuticle preparation of adult male flies two days 873 

post eclosion. (B)  Abdominal cuticle preparation of wild-type male. (C) The abdominal cuticle 874 

of adult males with duplication of iab6 through iab7. The flies show a strong homeotic 875 
transformation of A6 to a copy of A7. The transformation is characterised by loss of segment 876 
with dorsal melanization.  The A6 also has partial signatures of anteriorization indication by 877 

the appearance of sternal bristles and loss of sclera. (bold red arrow). The A5 of the fly also 878 
shows partial posteriorization indicated by loss of sternal bristles. The partial posteriorization 879 
is also suggested by slight narrowing of dorsal abdomen akin to A6 of a wild-type fly (shown 880 

by the red dotted peripheral structure). (D) Abdominal cuticle preparation of adult female flies. 881 
(E) Abdominal cuticle prep of adult Dp_i6-i7 female fly. The A5 of the fly appears normal. 882 
The A6 shows a clear homeotic transformation into a copy of A7 by the appearance of A7-883 

specific sternal bristles. Note that the sternites in A6 and A7 are strikingly similar (bold red 884 
arrows). The tergites and melanisation patterns of A6 and A7 also appears strikingly similar. 885 

Thus, both males and females had similar cuticular homeotic transformations in the flies 886 

lacking known iab6 through iab7 regions. The A7 of the flies show loss of melanization, 887 
indicating either transformation into A8 or uncharacterised structures. 888 

 889 

Figure 5. Duplication of iab6 through iab7: (A) Representation of the wild-type Abd-B 890 

cis-regulatory landscape and dichromatic representation of flies with endogenous FRT (red 891 

chevron arrow) between Fab6-iab6 (i6_F_F6), and, Fab8-iab8 (F8_F_i8). The bottom row 892 
indicates the duplication product formed as a result of recombination indicated by red-dotted 893 
line across the middle rows. (B-H) Bright-field images of the dorsal abdomen of two-days 894 
post eclosion adult females from different classes of mutants. The images are represented in 895 

grayscale for easier visualization of the segmental pattern. (B) A wild-type CS fly is shown 896 
as a control for patterning defects in the mutants. (C-H) Flies with variable phenotype 897 
classified into different categories depending upon the extent of segmental aberration. See 898 
text for details. (I) A standard histogram plotted for the distribution of 827 heterozygous and 899 
557 homozygous flies for the duplication of iab6 through iab8 with different phenotypes 900 

grouped under categories A-F (see text for details). Blue bars indicate the percentage 901 

distribution of heterozygous flies, and the orange bars represent the percentage distribution 902 
of the homozygous flies. 903 
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 904 

Figure 6. Inversion of iab5 through iab7: (A) Simple representation of flies with endogenous 905 
FRT (red chevron arrow) between MCP and iab5 with the direction of FRT towards iab5 906 

(MP_F_i5). The flies also have another FRT inserted between iab7 and Fab8 with the 907 
direction of FRT towards iab7 (F8B_F_i7). The activity of FLP causes an inversion of iab5 908 
through iab7 as shown in the bottom row. The FRT mediated recombination happens across 909 
the two FRTs in cis- as indicated by curved dotted arrows in the middle rows. (B) Cuticle 910 
preparation of adult male abdomen. (C) The abdominal cuticle of adult males with inversion 911 

of iab5 through iab7. The flies show a strong homeotic transformation of A6 to a copy of A7. 912 

The transformation is characterised by loss of segment with dorsal melanization. The A6 also 913 
has partial signatures of anteriorization indicated by the appearance of sternal bristles and loss 914 
of sclera (bold red arrow). The A5 of the fly also shows partial posteriorization indicated by 915 
loss of sternal bristles. The partial posteriorization is also suggested by slight narrowing of 916 

dorsal abdomen akin to A6 of a wild-type fly (shown by the red dotted peripheral structure). 917 
(D) Abdominal cuticle preparation and mounting of 2 days post eclosion adult female flies. 918 

(E) Abdominal cuticle prep of adult Dp_i6-i7 female fly. The A5 of the fly appears normal. 919 
The A6 shows a clear homeotic transformation into a copy of A7 by the appearance of A7-920 
specific sternal bristles. Note that the sternites in A6 and A7 are strikingly similar (bold red 921 

arrows). The tergites and melanisation patterns of A6 and A7 also appear strikingly similar. 922 
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 924 

Figure 1 925 
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 930 

Figure 2 931 
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Figure 3 935 
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Figure 4 939 
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Figure 5 943 

 944 

 945 

  946 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 13, 2022. ; https://doi.org/10.1101/2022.06.12.495802doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.12.495802
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

41 
 

Figure 6 947 
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