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Summary 

de novo genes are derived from ancestral non-coding sequences, and typically show 

strongly testis biased expression. Sequence variation in cis-acting regulatory regions 

presumably generates sites that are recognised by testis-specific transcriptional 

regulators, such as tMAC. The causative mutations in de novo gene evolution can be 

identified by comparing naturally expressing and non-expressing alleles of not-yet-fixed 

de novo genes. Promoters of expressed and non-expressed alleles differ by the 

presence of SNPs and/or indels. 

In the first part of my thesis, I have investigated the molecular mechanisms of testis-

specific expressed de novo genes_090 & 074. For gene_090, reporters showed that a 

7bp deletion just upstream of the TSS is necessary and sufficient to convert a natural 

non-expressing allele into an expressing allele. Further constructs indicate the deletion 

in expressed allele does not create any binding site for regulatory proteins per se but the 

mutation of the two base pairs flanking the deletion site suggests that the sequence 

created by the deletion is critical, as well as the spacing of other flanking sequences are 

important for expression. Expression of 074 has evolved independently at least twice. Two 

expressing alleles do not share any SNPs or indels not also found in at least one non-

expressing allele, yet both are able to drive expression of a reporter gene. Intriguingly, 

for both 090 and 074, the reporter mRNA is translationally repressed, and only translated 

in late spermatids, reminiscent of many more ancient testis-specific transcripts. 

In the second part of my thesis, I have discovered the de novo motif of 15bp for Topi C-

terminal protein. The discovered motif was characterised by EMSA and in silico analysis 

observed the occurrence of discovered motif in promoter regions of aly dependent 

genes. Altogether, these results indeed support the motif being real. 
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Spermatogenesis is a very specialised and dynamic process by which a male animal 

developmentally regulates the production of sperm from diploid germline stem cells. 

Spermatogenesis is the paradigmatic system to study gene expression regulation 

because of the disciplined transcriptional program in the testis of the particular organism. 

For our studies we have selected Drosophila spermatogenesis as a model system and 

its genetics allow us to do the various manipulations in the Drosophila genome. 

 

1.1. Drosophila Spermatogenesis 

Spermatogenesis occurs in the male’s gonads and it is the process of sperm production 

which involves meiotic as well as mitotic cellular division. It is an essential process in 

almost all of the organisms and it needs to be tightly regulated throughout the process 

for mature sperm production. Spermatogenesis contributes to the maintenance of the 

species by producing a sperm which further fuses with the ovum and gives rise to a 

whole new organism through intense cellular divisions and extensive morphological 

changes. 

 

1.1.1. Germline proliferation centre 

In Drosophila, a testis is a structurally blunt ended, coiled tube, and place where sperm 

production occurs throughout the life of a fly (Demarco et al. 2014). At the apical tip of 

the testis is the hub, a group of post-mitotic somatic cells which are responsible for the 

maintenance of the germline and stem cells through cellular signaling (Sinden et al. 

2012, Singh et al. 2010). The hub secretes the ligand Unpaired (Upd) which activates a 

JAK-STAT signaling pathway in the adjacent stem cells (Figure 1.1) (Sinden et al. 2012, 

Kiger et al. 2001). On average each mitotic division of germline cells (GSC) produces 

one GSC and one spermatogonium (Tulina and Matunis 2001). Similarly, each cyst stem 

cell (CySC) (formerly known as cyst progenitor cell) division gives rise to CySC and cyst 

cell (Voog, D’Alterio, and Jones 2008). Two post mitotic cyst cells surround each 

spermatogonium and nourish it, analogous to the Sertoli cells in mammals (White-

Cooper 2010).  

 

1.1.2. Mitosis 

Both GSC and CySC divide asymmetrically and produce gonialblasts and cyst cells 

respectively that form developmental unit, called a cyst. In each cyst four rounds of 

synchronous mitotic division happen developing in 2, 4, 8, and 16 cell syncytia of 
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spermatogonial cells. Mitotic divisions are kept limited to four by secretion of two 

signaling molecules (Gbb and Dpp are required for maintenance of male GSCs) by cyst 

cell and hub cells and activate a Bone morphogenetic protein (BMP) family signalling by 

regulating the expression of two genes bag of marbles (bam) and benign gonial cell 

neoplasm (bgcn) (Kawase et al. 2004). Further these two genes bam and bgcn control 

the proliferation of amplifying germ cells and play a central role in switching the program 

from mitosis to meiosis (Ohlstein et al. 2000, Zhao et al. 2013). Cytokinesis in 

spermatogonial mitosis and during subsequent meiotic divisions, ceases incompletely, 

and the contractile rings convert into cytoplasmic bridges called canal bridges. The 

sharing of cytoplasm through these ring canals plays a vital role in synchronizing the cell 

cycle and differentiation of cyst cells (Spradling et al. 2011). 

 

1.1.3. Spermatocytes 

Premeiotic S-phase occurs early in the primary spermatocytes and then developing 

primary spermatocytes begin an extended G2 phase consisting of rapid growth and 

transcription which lasts approximately 3.5 days during which the volume of cells 

increase by approximately 25 times and because transcription is primarily shut off after 

this point (Olivieri and Olivieri 1965) huge number of genes must be transcribed so their 

mRNAs are present for later stages of spermatogenesis. RNAs needed to generate 

proteins which are not required until sperm individualisation need to be transcribed and 

stored. This process should be tightly regulated to guarantee that everything is prepared 

before the cell enters the meiotic divisions. This coordinated regulation is controlled in-

part by the meiotic arrest genes (see the section 1.4.1). 

 

1.1.4. Meiosis 

Meiosis involves two linked cell divisions with no intervening S phase. In meiosis-I the 

homologous chromosome are segregated and then sister chromatids are segregated in 

meiosis-II resulting in cysts of 64 haploid round spermatids (White-Cooper 2010). The 

successive progression of the meiotic cell cycle is partly controlled by some of the core 

cell cycle machinery. For example, the G2/M transition in mitosis and this phase in male 

meiosis-I is regulated by CDC2 kinase (Sigrist et al. 1995) and Cyclin B is also needed 

for the G2/M transition in both mitosis and meiosis. The CDC2/Cyclin B complex needed 

for G2/M transition is activated by cdc25 phosphatase homologue string in mitosis but in 

a meiosis specific homologue is required, twine (Alphey et al. 1992, Courtot et al. 1992, 

White-Cooper et al. 1998, White-Cooper, Alphey, and Glover 1993). The meiotic G2/M 
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transition also requires boule which is a homologue of human Deleted in Azoospermia 

(DAZ, r in sperm production) (Eberhart, Maines, and Wasserman 1996). Activity of boule 

is required for efficient translation of twine mRNA and this was tested by making deficient 

for boule and twine. Expression of twine reduced dramatically in boule mutant 

background and this reduction occurred at protein level, not at mRNA or accumulation 

(Maines and Wasserman 1999).  

Drosophila male meiosis is different from female meiosis due to lack of the formation of 
a synaptonemal complex, thus there is no meiotic recombination in male germline 

(Hawley 2002). The synaptonemal complex (SC) is a highly conserved meiotic structure 

and five SC proteins have been identified: C(3)G, C(2)M, CONA, ORD, and  Corolla. The 

SC is required for meiotic recombination in Drosophila and absence of these protein 

leads to reduced crossing over and chromosomal nondisjunction (Hemmer and 

Blumenstiel 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

UPD, JAK-STAT singling 

bag of marbles, benign gonial cell 
neoplasm, string 

CDC2 kinase, cyclin B, twine, boule 

schuy, CG31858, fuzzy onions, janus B, don jaun, 
gonadal, Tpl(94D), Mst77F, Mst35Ba, Mst35Bb, 

aly, comr, topi, mip40, achi/vis, caf1 /p55, tomb, wuc, can, 
sa, mia, male sterile (3)K81, magn, kmg 

Figure 1.1:- Drosophila spermatogenesis and genes required/expressed at various 
stages for progression of spermatogenesis (Adapted from Sartain et al., 2011). 
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Immediately after meiosis the mitochondria aggregate and fuse forming a phase-dark 
mass on the side of the nucleus called the Nebenkern. This stage is generally known as 

the “onion stage” because in cross section the concentric rings of mitochondrial 

membrane look like an onion slice. 

 

1.1.5. Spermiogenesis 

Spermiogenesis is a process of maturation of spermatids to sperms. Spermiogenesis 
can progress independently of meiotic cell cycle progression. Specifically, in mutants in 

which the meiotic divisions are blocked (e.g., twine) spermatid differentiation occurs 

relatively normally (except of course the cells are 4N rather than 1N and have 4 basal 

bodies so 4 axonemes, and males show sterile phenotype) (Alphey et al. 1992). Round 

spermatids in the cyst are interconnected, so that they differentiate in synchrony. The 

major morphological changes of spermatid differentiation include the Nebenkern 

dissociating into one major and one minor mitochondrial derivative. During the elongation 

of each spermatid, the nuclei cluster at the head ends of the spermatids, and are oriented 

towards the basal region of the testis. Flagellar elongation occurs at the tail end of the 

spermatid and these growing tails push up the testis towards the apical region (Fabian 

and Brill 2012). 

 

1.1.5.1. Nuclear reshaping and chromatin condensation 

During the late stages of elongation, the spherical nuclear mass undertakes a dramatical 

morphological transformation to become a thin needle like structure only 9μm in length 

and 0.3μm in width. This process is partly mediated by microtubule dynamics which help 

remodel the nucleus through a canoe-shape intermediate (Demarco et al. 2014, 

Kanippayoor, Alpern, and Moehring 2013, Phillips 1970, Farkas et al. 2003, Awe and 

Renkawitz-Pohl 2010). In mature sperm, chromatin is highly condensed and 

transcriptionally silent. In Drosophila, the sperm nuclear volume decreases to 200 times 

less than that of somatic cell nucleus. Like mammals, Drosophila have two protamine-

like genes (Mst35Ba and Mst35Bb) which represent the chromosomal proteins in mature 

spermatozoa (Jayaramaiah Raja and Renkawitz-Pohl 2005) and lately a single 

Drosophila transition protein, Tpl(94D) has been identified (Rathke et al. 2007). In 

nucleus, the chromatin reorganises and histones get replaced by transition protein (Tpl) 

and then by protamines and Mst77F (Fabian and Brill 2012). During this transition from 

histone to protamine, histone undergo various modifications (acetylation, ubiquitination), 

other proteins become sumoylated, transient DNA breaks occur in DNA strands and 

proteasome activity increases. Histone modifications facilitate access of chromatin 
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remodelling proteins and enzymes. After histone removal, Tpl(94D) is incorporated and 

together with DNA breaks, may facilitate chromatin unwinding and assembly of 

protamine and Mst77 on the condensing DNA (Fabian and Brill 2012).  

1.1.5.2. Sperm individualisation 

The final step of spermiogenesis is the individualisation of the 64 spermatozoa within a 

cyst. The individualisation complex (IC) is formed with 64 actin-rich cones and migrate 

from the sperm head along the length of the spermatids (Noguchi and Miller 2003, 

Fabrizio et al. 1998). At this stage, most of the cytoplasm gets extruded from the cell and 

cytoplasmic connection between the germline cells within a cyst are lost and remodelling 

of membrane occurs with all excess material filling a waste bag. This process is 

facilitated by apoptosis-like process involving elevated caspase activity (Arama, Agapite, 

and Steller 2003). After this step the mature sperm coils and move eventually to the 

seminal vesicle, becoming individual motile sperm stored until copulation (White-Cooper 

2010). 

 

1.2. The significance of transcription regulation 

One of the most intriguing and studied questions in biology is the one related to 

transference of biological information starting from DNA in multicellular organisms: how 

is it possible that a single cell with a genome has the potential to develop different 

tissues, organs and systems? Now we know how this information flows through different 

biochemical processes, starting from DNA to DNA (replication), from DNA to RNA 

(transcription) and from RNA to proteins (translation). The first evidence of gene 

regulation was brought to light by Jacob and Monad and they demonstrated that the 

protein synthesis, starting from RNA transcription, was mediated by a special type of 

biomolecules that they further called repressors and these repressors could regulate the 

gene expression by binding to the specific short DNA sequences (called operators) 

located in close proximity of the genes (Jacob and Monod 1961). This finding opened up 

the new research field in molecular biology called transcriptional regulation and shed 

light on the understanding of gene expression regulation showing (at that time) that gene 

expression was facilitated by a group of proteins (repressors) and short DNA sequences 

(operators).   

Later, it was found that there was another class of regulatory protein, the activator, in 

contrast to repressors, they can positively regulate the gene expression (Busby and 

Ebright 1999, Ma 2011, Zubay, Schwartz, and Beckwith 1970) Now both are commonly 
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known as Transcription factors (TFs). Earlier, most experiments were performed in 

bacteria, the scientist discovered that the DNA sequences where TFs bind, were located 

upstream of the gene, a region known as a promoter. 

However, although the information flux looks very simple, we should consider that animal 

genomes develop complex cellular states that give rise to different tissues and in 

Drosophila it gives rise to tissues like, brain, muscles, gut, fat body, antenna etc, with 

specialised function and this makes us set another question: how cell differentiation is 

coordinated to give rise to different tissues. Chintapalli et al. showed that 67% of all the 

protein coding genes in the genome are expressed in each tissue (Chintapalli, Wang, 

and Dow 2007).  

A simple answer could be, the gene repertoire; but once again this makes us set more 

questions like how these genes are regulated?: are all the genes active at the same 

time? Now we know that the differential gene expression during the development is what 

gives rise to different types of tissues, cell lines, organs, and homeostasis and the 

dysregulation of gene expression could be associated with the diseases (Mathelier, Shi, 

and Wasserman 2015). For example, in cancers, loss of gene expression occurs by 

transcription silencing introduced by promoter hyper-methylation of CpG islands. In 

colorectal cancer, colon tumours compared with neighbouring normal-appearing colonic 

mucosa showed about 600 to 800 heavily methylated CpG islands in promoters of genes 

in the tumour whereas these CpG islands were not methylated in neighbouring mucosa 

(Illingworth et al. 2010, Wei et al. 2016). 

The answers to these questions could be: a combination of several factors including 

proteins, RNAs or the DNA itself are responsible for the gene expression regulation. 

Each step of gene regulation is regulated by various factors and even regulated at 

different compartments of the cell. One of these steps, called epigenetics, involve 

chemical modification on DNA or proteins associated with DNA (e.g. histones) that does 

not alter the sequence of DNA but alters the gene expression or DNA accessibility. Some 

famous examples are DNA methylation and acetylation, sumoylation, methylation, and 

phosphorylation to histone-tails, and this then modifies the 3D structure of the chromatin 

(Wagner et al. 2014, Rossetto, Avvakumov, and Côté 2012, Zhu and Wani 2010, Biterge 

and Schneider 2014, Sabari et al. 2017, Zhao, Zhang, and Li 2018). 

In this thesis I will focus on the transcriptional regulation especially by TFs and the cis 

and trans regulatory elements, but the reader must not forget that there are other layers 

of gene expression regulation like mRNA translation and post-translational modification. 
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To synopsise, cells can sense the external as well as internal stimuli which could affect 

the gene expression to adapt to various changes. At molecular level, gene expression is 

regulated by different elements, two of them, the TFs and cis-regulatory elements drive 

the expression of a particular gene at transcriptional level. The changes in expression 

goes from activation or inactivation of a gene, to complex processes as cell differentiation 

(e.g. spermatogenesis) or organogenesis. 

 

1.3. An overview of DNA transcription 

Transcription is well-defined as the process which involves the RNA synthesis from a 

DNA template, the product, mRNA will be later used as a template by the ribosome to 

synthesise the protein. In any living organism (from bacteria to metazoan), the 

transcription has been carried out by a special protein complex called RNA-polymerase 

(RNAP) which is recruited to short sequences located in the promoter. In eukaryotes 

specific motifs, such as TATA box, work in unison with other elements to recruit RNA 

polymerase. The promoters are capable of initiating the transcription of associated genes 

in all cells, using ubiquitously expressed activators are called constitutive promoters. 

Regulated promoters need the help of TFs or other proteins to recruit or stabilize subunits 

of the RNAP and turn on or off the expression of a gene (Qin et al. 2010). 

Although the first ever studied cis-regulatory elements (CREs) were the promoters, other 

classes of regulatory elements discovered were called enhancers. These regions can 

distantly activate gene expression (Banerji, Rusconi, and Schaffner 1981) by contrast to 

the promoters that would do it locally. Enhancers can be found upstream, downstream, 

within the introns, or even relatively far away from the genes they regulate. 

This discovery also revealed other cis-regulatory elements acting distantly in 

deactivating the gene expression (silencers) or other sequences capable of avoiding the 

enhancer activity (insulator). Silencers are CREs that can bind transcription regulation 

factors (proteins) called repressors, thereby preventing transcription of a gene.  

However, we shall not forget that the interactions of these elements are dependent on 

the accessibility for the regulatory proteins to these cis-regulatory elements, see table 1 

for a summary of the regulatory elements responsible for the transcriptional initiation 

(Lenhard, Sandelin, and Carninci 2012). 
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Elements Description Class 
RNA-polymerase 
(RNAP) 

Complex of proteins that transcribe the DNA 
to RNA Protein 

Transcription 
Factor (TF) 

DNA-binding proteins regulators of gene 
expression Protein 

Transcription 
Start Sites (TSS) First nucleotide transcribed by the RNAP DNA 

Cis-regulatory 
Module (CRM) 

A DNA region with a high concentration of 
binding sites for distinct TFs DNA 

Transcription 
Factor Binding 
Site (TFBS) 

A short DNA sequences bound by a TFs DNA 

Enhancer Distal regulatory (activation) region DNA 

Silencer Distal regulatory (repression) region DNA 

Insulator 
Boundary between distinct chromatin 
regions. prevent CRMs from one side of the 
insulator from interacting with TSSs on the 
other side.  

DNA 

Table 1:- Classification of transcriptional regulatory elements 

 

1.3.1. Generalities of chromatin structure and histone modifications 

The genome needs to be efficiently packed into a small volume in order to fit into the 

nucleus of a cell. In eukaryotic cells, the large-scale 3D organization of the genome 

consists of the so-called chromosome territories, the specific region of the nucleus 

occupied by a chromosome. At intermediate scale, the DNA is folded and form 

Topological-associated domains (0.5-1Mb) and within them, the DNA can form smaller 

loops (hundreds of kilobases) (Bonev and Cavalli 2016, Rao et al. 2014, Stevens et al. 

2017). A topological associated domain (TAD) is a self-reacting genomic region, 

meaning that DNA sequences within a TAD physically interacts with each other more 

frequently that with sequences outside the TAD. Mammalian TAD boundaries are 

enriched in CCCTC-binding factor (CTCF) sites and TADs are formed by dynamic 

cohesion-driven loop extrusion and CTCF sites (Williamson et al. 2019). Some studies 

showed that deletion or inversion of CTCF sits at TAD boundaries can promote TAD 

boundary talk and rewire enhancer-promoter contacts (Guo et al. 2015, Narendra et al. 

2015). To study the CTCF mediated function of TADs in developmental gene regulation, 

Williamson et al., studied the sonic hedgehog (Shh) regulatory domain- a locus for long 

range regulation (Williamson et al. 2019). The SHH morphogen controls the growth and 

patterning of brain, neural tube and limbs. Shh expression regulated by tissue-specific 
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enhancers located within the gene, and upstream in a large gene desert and within 

neighbouring genes. Shh and its cis-regulatory elements are all contained within a well 

characterised ~960kb TAD and loss of CTCF sites at the Shh TAD boundaries disrupts 

chromatin architecture (Williamson et al. 2016). Insulator binding proteins (IBPs) are key 

players in ensuring the specificity of gene regulation in flies and mammals (Gambetta 

and Furlong 2018). Of known IBPs, only CTCF site is conserved in both flies and 

mammals. The CTCF is thought to exert this insulator activity by creating chromatin loops 

between bound CTCF sites, which prevents physical and regulatory contacts between 

chromosomal regions that are within loop with those that are outside (Narendra et al. 

2015). The presence and orientation of CTCF sites is important for the functionality of 

these elements (Guo et al. 2015). The CTCF binds to many sites in Drosophila genome  

and is important in regulation of Hox genes (Gerasimova et al. 2007). Gambetta et al., 

showed that CTCF is essential for the viability of adult Drosophila but importantly, not for 

embryogenesis or developmental progression (Gambetta and Furlong 2018). The CTCF 

plays an essential role in the body segment-specific regulation of a particular Hox gene, 

Abdominal-B (Gambetta and Furlong 2018). 

At minute scale, the DNA is wrapped (147bp) in structures called nucleosomes which 

consist of an octamer of proteins called histones (two units of each H3, H2A, H2B, and 

H4). The histones comprise domains of specific amino acid residues which can be 

reversibly and covalently modified, by adding or removing compounds. (e.g., methyl, 

phosphate, and acetyl groups) by special type of enzymes such as kinase, phosphatase 

or methylase/demethylase (Tsankova et al. 2007). Many amino acid residues can be 

modified in the same tail, these modifications are designated as histone marks and have 

a specific notation. For example, if the lysine at position 24 of the histone 3 is methylated, 

this is represented as H3K24me. The histone marks can be recognised by chromatin 

remodelling proteins, which can further introduce the local changes in the DNA, for 

example the nucleosome compaction, consequently the DNA can be open 

(decompacted) and easily accessible to the various regulatory proteins like TFs or 

RNAP, or the DNA can be closed (compacted), silencing the gene expression (Plass et 

al. 2013). The histone marks are generally associated with the transcriptional states 

(active or inactive genes) or cis-regulatory elements (Lawrence, Daujat, and Schneider 

2016). For example, H3k27ac is mainly linked with active promoters and distal regulatory 

elements, H3k4me3 and H3K36me3 are associated with the transcribed chromatin, 

H3K36me3 is found along the gene body of transcribed genes. By contrast to these 

active marks, H3K9me3, H3K27me3, and H4K20me3 are usually related to gene 

repression (Barski et al. 2007). 
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Overall, the gene expression regulated by the chromatin structure, the various histone 

marks and DNA methylation are known as epigenomic regulation of gene expression. 

The transcription regulation by these very factors is a result of the local DNA structure 

and covalent modifications on DNA and these are the key players that limit or ease the 

recruitment of regulatory protein molecules. 

 

1.3.2. Transcription Factors 

The transcription factors (TFs) basically are the regulatory proteins responsible for 
activation or deactivation of the gene expression. The main particularity of these TFs are 

that they recognize very short DNA sequences, known as Transcription Factor Binding 

Sites (TFBS), varying in length from 6-20 base pairs (bp). The TF binding to regulatory 

sequences like promoters or enhancers is a fundamental step in initiation of transcription 

and alteration of transcriptional rates (Nikolov and Burley 1997, Busby and Ebright 1999, 

Zenkin and Yuzenkova 2015, Hillen et al. 2017). Typically, TFs are mainly categorized 

as activators of repressors. However, some TFs can act as both activators and 

repressors depending on the condition (Lee, Minchin, and Busby 2012). To provide a 

specific example, nuclear receptors (NRs) are ligand-dependent TFs that regulate the 

gene expression programs in response to small molecules (Huang, Chandra, and 

Rastinejad 2010). NR transactivation domains (also known as activating domain, AF) 

have capability to alter the transcription in a context-dependent manner by recruiting 

various types of multi-protein co-regulatory complexes, often known as co-activators and 

co-repressors (Huang, Chandra, and Rastinejad 2010). For example, the AF1 and AF2 

terminal regions of human glucocorticoid receptor alpha (hGRα) can link receptor to 

different complexes depending on the cellular signal. In the presence of glucocorticoids, 

both AF domains interact with transcription-activating factors including basal TFs, co-

activators and chromatin modulators. On the other hand, when bound to different gene 

regulatory regions, these same AFs can, in response to glucocorticoid signals, recruit 

transcription repression complexes including histone deacetylases (HDACs), chromatin 

remodelers and down regulate the transcriptional activity of target genes (Huang, 

Chandra, and Rastinejad 2010). 

The feature that differentiates a TF from other regulatory elements, is the capability to 

bind DNA through a DNA-binding domain (DBD) whereas the other regulatory elements 

lack the DBD are typically considered as co-factors. The DBDs can recognize major or 

minor groove of DNA and further create short-term weak interaction between the amino 

acids of DBDs and nucleotide of the TFBSs. For example, the cell cycle in mammals is 

controlled by E2F family of transcription factors. With the related dimerization partner 
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(DP) proteins, E2Fs bind to DNA as heterodimers, whereas E2Fs, E2F7 and E2F8 

contain DBDs and act as repressors. The E2F transcription factor family is divided into 

two subfamilies: E2Fs 1-3 are transcription activators and E2Fs 4-8 are repressors. E2F 

proteins 1-6 bind to DNA as heterodimer with DP proteins and recently discovered 

members of the family E2F7 and E2F8 are “atypical” because they possess two distinct 

DNA-binding subdomains (Morgunova et al. 2015). 

Each TF typically recognizes a collection of similar DNA sequences and using in silico 

analysis, we can deduce the consensus sequence of binding (i.e. a representation of the 

collection of sequences bound by query TF) for a huge number of TFs (Khan et al. 2018, 

Wasserman and Sandelin 2004, Wingender et al. 1996, Fornes et al. 2019). For 

Drosophila, Redfly is a commonly used database for identification of TFBS for known 

TFs (Gallo et al. 2011). The identification of TFBSs is a complex task either at 

computational and experimental level, and it is not completely understood how these 

TFs recognize their binding sites in the genome. Numerous models have proposed that 

TF spent a lot of time on DNA searching for their binding sites and by four different modes 

of motion: (i) 3D diffusion (i.e. the TF moves freely in the nucleus), (ii) 1D sliding (i.e. the 

TF moves through short regions of DNA), (iii) intersegmental transfer (i.e. the TF moves 

from one DNA segment to another that are not linearly close) and (iv) hopping (i.e., the 

TF make short ‘jump’ away from the DNA) (Schmidt et al. 2014, Bauer and Metzler 2012). 

With these movements TFs can scan hundreds or thousands of nucleotide in very little 

time and few studies suggest that TFs bind to bona fide binding sites that are located in 

the regions with a similar GC-content to the consensus binding sequence (Slattery et al. 

2014, Dror, Rohs, and Mandel-Gutfreund 2016). It is widely known that within TFBSs not 

all the nucleotides contribute with the same strength for the TF binding, usually the 

strongest nucleotide contributors are the most conserved position in the consensus, 

however many studies showed that the flanking sites are determinants of strong or weak 

TF binding specificity (Schöne et al. 2016). For example, the glucocorticoid receptor 

(GR), a member of the steroid hormone receptor family, binds as homodimer to genomic 

response elements, which have particular sequence (Schöne et al. 2016). The 

nucleotides flanking the core-binding site, differ depending on the strength of GR-

dependent activation of nearby genes (Schöne et al. 2016). Schöne et al. also found that 

these flanking nucleotides change the 3-D structure of the DNA binding site, the DNA-

binding domain of GR and the quaternary structure of the dimeric complex (Schöne et 

al. 2016). Genes regulated by strong promoters yeild more mRNAs and therefore more 

product protein than genes regulated by weak promoters. This is useful because some 

proteins are required in abundance whilst others are required in low quantities. 
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1.4. Gene expression during Drosophila spermatogenesis 

Developing spermatogonia can dedifferentiate and re-gain stem cell properties and 

contribute to the stem cell population. Differentiation of spermatogonia into primary 

spermatocyte can be called as a dramatic stage in Drosophila germline cells because 

during this transition primary spermatocytes activate a specialized transcriptional 

programme. Comparative gene expression analysis in different adult fly tissues revealed 

that in genome ~50% of the genes are expressed in testes and 8% of the detected 

transcripts in adults are testis- specific, while a further 5% are testis-enriched (Andrews 

et al. 2000, Chintapalli, Wang, and Dow 2007). 

To analyse the specific stages of spermatogenesis when many of these transcripts are 

expressed, a large scale RNA in situ hybridisation project analysed 553 transcripts and 

529 transcripts were found to be transcribed in primary spermatocytes, persisted in 

spermatid cytoplasm and were degraded at different stages in elongation (Barreau et al. 

2008). Genes expressed in spermatocytes, for example, male sterile (3)K81 (encodes a 

telomere capping protein) show high levels of expression and exclusively expressed in 

primary spermatocytes but it shows an effect after fertilization (Gao et al. 2011). In male 

germ line, K81 replaces HipHop in spermatid nuclei (Dubruille et al. 2010) and at 

fertilisation, K81 transmits to the zygote, where it protects paternal telomeres and 

prevent end-to-end fusion of different chromosomes during the first division. If this 

process fails then the chromosomes in the male pronucleus end up fused, and thus not 

able to do mitosis properly after fertilisation. Although K81 is required for telomere 

protection at fertilisation, it is not required during spermatogenesis (Dubruille et al. 2010, 

Gao et al. 2011). In addition to above, genes such as schuy and CG31858 show low 

levels of expression in mitotic phase followed by an increase in expression during the 

meiotic phase and high levels of expression in the post meiotic phase (Vibranovski et al. 

2009, Barreau et al. 2008). 

Newly discovered segregating as well as fixed de novo genes (discussed in section 
1.5.4) are mostly expressed in late spermatogonia and early spermatocytes and 

spermatids express least de novo genes (Witt et al. 2019). The high proportion of de 

novo genes expressed in spermatocytes suggest that these genes could play vital roles 

in spermatogenesis (Witt et al. 2019). 
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1.4.1. Activation of specialized transcriptional programme in primary 
spermatocytes 

The spermatogonia undergoes four mitotic divisions before differentiating to primary 
spermatocytes. For terminal differentiation, primary spermatocytes exhibit high levels of 

transcription. Different male sterile mutants have been identified at relatively few different 

arrest points during spermatogenesis. General classes are– no stem cells, 

spermatogonia over proliferation, spermatocyte arrest, and no individualisation 

(Wakimoto, Lindsley, and Herrera 2004). These points include a group of genes that, 

when mutated, cause arrest at the end of primary spermatocyte development (Figure 
1.2). These genes are widely known as meiotic arrest genes because mutants arrest at 

the G2-M transition of meiosis-I (Lin et al. 1996). Meiotic arrest genes are essential for 

meiotic cell cycle progression as well as the onset of spermatid differentiation into mature 

spermatocytes. Initially meiotic arrest genes were subdivided into two classes (White-

Cooper et al. 1998) but some of the more recently identified mutants do not fit into either 

category - Nxt1, mediator, magellan, Mi-2, thoc5 (Lu, Kim, and Fuller 2013, Boube et al. 

2014, Caporilli et al. 2013, Murawska et al. 2008, Kunert et al. 2009). The aly class 

genes, among which always early (aly) and cookie monster (comr) (Table 2), regulate 

the transcription of few genes required for entry into meiosis (boule, twine, Cyclin B) also, 

many other genes required for the differentiation of functional sperm (fuzzy onions, janus 

B, don jaun, gonadal). Other class, the can class genes cannonball (can),meiosis I arrest 

(mia), and spermatocyte arrest (sa) (Table 2) regulate meiotic cell cycle indirectly by 

regulating a factor that controls translation of twine but are required for transcription of 

genes important in spermiogenesis (White-Cooper et al. 1998). 

Lin et al. 1996 (Lin et al. 1996) found out that in can, mia and sa mutants the 
chromosomes in the arrested cells are partially condensed (like prophase I). In addition 

to above, in aly mutant spermatocytes, the chromatin morphologically was found to be 

disrupted and chromosomes were fuzzy (Lin et al. 1996). White-Cooper et al. 1998 

(White-Cooper et al. 1998) found out that genes required for the functioning of primary 

spermatocytes were expressed in mutants of meiotic arrest genes suggesting mutant 

arrest genes are not responsible for global activation of the transcription in primary 

spermatocytes. 
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Genes required for spermiogenesis were reduced in expression in all meiotic arrest 
mutants, although more dramatically in aly mutants than in can, mia or sa and suggest 

that meiotic arrest genes are important for gene expression regulation in primary 

spermatocytes (White-Cooper et al. 1998, Doggett et al. 2011). More than 1000 genes 

are downregulated in aly-class mutant whilst a restricted set of genes are affected in 

can-class mutants (Doggett et al. 2011, Caporilli et al. 2013, Chen et al. 2005, Laktionov 

et al. 2014, Hiller et al. 2004)  

 

 

Figure 1.2:- Wild type and meiotic arrest mutant testes (can class- sa) of Drosophila 
(Figure adapted from White-Cooper et al. 2010). 
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Gene 
symbol 

Gene full 
name 

Classification Molecular Function 

can cannonball can-class (Hiller, Lin et al. 

2001) 

TAF5 

mia meiosis-I 

arrest 

can-class (Hiller, Chen et al. 

2004) 

TAF6 

sa spermatocyte 

arrest 

can-class (White-Cooper et al. 

1998) 

TAF8 

nht no hitter can-class (Hiller, Chen et al. 

2004) 

TAF4 

rye ryan express can-class (Hiller, Chen et al. 

2004), (Metcalf and 

Wassarman 2007) 

TAF12 

mip40 Myb 

interacting 

protein, 

40kDa 

can-class (Beall, Lewis et al. 

2007) 

Component of dREAM 

complex, regulating 

transcription of cell 

cycle and 

developmental genes  

aly always early aly-class (White-Cooper, Leroy 

et al. 2000) 

lin-9 homologue, 

regulation of 

transcription of testis 

genes  

comr cookie 

monster 

aly-class (Jiang and White-
Cooper 2003) 

DNA binding 

tomb tombola aly-class (Jiang, Benson et al. 
2007) 

DNA binding 

topi matotopetli aly-class (Perezgasga et al. 

2004) 

DNA binding 

achi-vis achintya and 

vismay 

aly-class (Ayyar, Jiang et al. 

2003), (Wang and Mann 2003) 

DNA binding 
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caf1/p55 Chromatin 

assembly 

factor 1, p55 

subunit 

aly-class (Wen, Quan, and Xi 
2012) 

WD repeat domain 
protein homologous to 

human Rb associated 

proteins (RbAp48, 

RbAp46). Component 

of dREAM complex, 

regulating transcription 

of cell cycle and 

developmental genes  

wuc wake-up-call No mutant alleles (Doggett et 

al. 2011)  

Unknown 

Table 2:- Drosophila Meiotic arrest loci, identity, classification, and molecular function. 

 

Five other meiotic arrest genes were identified and characterised, which cannot be 

classified as either aly or can class. Wake-up-call (Wuc) was identified by yeast-2-hybrid 

screen and it shows physical interaction with Aly (Jiang et al. 2007). Wuc is highly 

expressed in primary spermatocytes and associated with chromatin. However, unlike 

testis-specific TATA binding protein-associated factors (tTAF) or testis-specific meiotic 

arrest complex (tMAC) mutants, loss of wuc does not perturb the expression of meiotic 

cycle genes or spermatids differentiation (Doggett et al. 2011). Another study revealed 

that disruption of a component of the THO complex, THOC5, led to meiotic arrest 

phenotype. This complex is known for exportation of mRNAs from nucleus to cytoplasm. 

Loss of thoc5 does not abolish the mRNAs export or affect the meiotic cell cycle genes 

or spermatid differentiation genes (Moon et al. 2011). A study identified Nxt1 also a 

component of mRNA transport machinery, required for accumulation of mRNAs (Caporilli 

et al. 2013). The dependence of these mRNAs on Nxt1 has a distinct mode compared 

to tTAF or tMAC-dependent genes (Caporilli et al. 2013). Additionally, during 

characterization of a meiotic arrest mutant magellan (magn),  the Magn protein has been 

shown to regulate the spermatocyte chromatin structure, meiotic cell cycle, and 

spermiogenesis. In spermatocytes, Ubi-p63E acts in protein degradation-independent 

manner and it appears that the level of free ubiquitin is critical for normal 

spermatogenesis progression (Lu, Kim, and Fuller 2013). Lastly, a study identified a 

novel meiotic arrest gene kumgnag (kmg), which is a Zn-finger containing protein. The 

expression of kmg is turned on in early spermatocytes, independent of tTAF or tMAC. 

Kmg is required for maintenance of germline identity by suppressing the expression of 
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hundreds of somatic cell genes whose expression is normally found in somatic cells. 

Kmg also acts with chromatin remodeler dMi-2 and restrict the tMAC component Aly from 

helping to fire transcription of somatic genes by repression of cryptic promoters (Kim et 

al. 2017). 

 

1.4.2.  cannonball (can)-class 

Currently all the characterized can-class genes encode proteins known as tTAFs. TAFs 

and TATA binding protein (TBP) form a complex called Transcription Factor II D (TFIID) 

which is a critical component of basal transcriptional machinery that further recruits and 

assists RNA polymerase II (RNApol II). To prepare for transcription, a complete set of 

transcription factors and RNA polymerase need to be assembled at the core promoter 

(He et al. 2013, Lenhard, Sandelin A Fau - Carninci, and Carninci , Lenhard, Sandelin, 

and Carninci 2012). TFIID initiates the assembly of a transcription complex and other 

general transcription factors stabilizes DNA-TFIID complex and allow recruitment of 

RNApol II in association with other general transcription factors (Hendrix et al. 2008, El-

Sharnouby, Redhouse, and White 2013, Jiang et al. 2018, Kurshakova et al. , Li et al. 

2009) 

From the cloning experiment of can, it was found out it encodes for a testis specific 

paralogue of TAF and dTAF5 (dTAFII80) (Hiller et al. 2001). Since, mia, sa, rye, and nht 

also encode tissue specific TAFs, this led to a hypothesis about the presence of testis 

specific TFIID complex. mia encodes TAF6; TATA Binding Protein (TBP) associated 

Factor 6 (TAF6) is one of the several factors that bind TBP and is involved in forming 

Transcription Factor IID (TFIID). It is also a component of histone acetyl transferase 

(SAGA). sa encodes a TAF8; TBP Associated Factor 8 and also possess bromodomain. 

rye encodes for a TFIID; Transcription initiation factor TFIID subunit A (TAF12) and nht 

encodes TAF4; TBP Associated Factor 4 (TAF4) is one the several TAFs that bind TBP 

and is involved in forming Transcription Factor IID (TFIID) complex. The testis specific 

TAFs (tTAFs) which are encoded by can-class meiotic arrest loci later complexes with a 

TAF1-2 (TAF1-2 is a testis-specific splice isoform of TAF1) (Chen et al. 2005, Metcalf 

and Wassarman 2007). TAF1 is Bromodomain containing TFIID-like subfamily, the 

largest subunit of TFIID complex and initiates the assembly of the transcription 

machinery. 

Many TAFs are histone modifiers implicating a role in regulating transcription through 

altering the chromatin confirmation and allowing transcriptional machinery to access it 

(Grant, Schieltz et al. 1998, Ogryzko, Kotani et al. 1998, (Denslow and Wade 2007). 

TAFs are ubiquitously expressed and are known to form complexes with the repressive 
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polycomb group (PcG) proteins in Drosophila embryos (Saurin, Shao et al. 2001) and 

tTAFs have been exhibited to co-localize with PcG proteins (Polycomb, Polyhomeotic 

and dRING proteins) in Drosophila spermatocytes (Chen, Hiller et al. 2005). tTAFs have 

been hypothesized to allow the transcription of target genes by counteracting the 

repression caused by PcG proteins, perhaps by causing the dissociation of Polycomb 

repressive complex I (PRC 1) from cis-regulatory sequences. tTAFs are found 

concentrated with the nucleolus of primary spermatocytes (Chen Hiller et al. 2005). 

Contrary studies using Chromatin Immunoprecipitation (ChIP) showed that there was no 

enhancement of Polycomb at promoters of tTAF dependent genes in tTAF mutant 

compared to wild type (El-Sharnouby, Redhouse, and White 2013). The absence of 

Polycomb at tTAF-dependent spermatogenesis genes argues against a model where 

Polycomb displacement is the mechanism of gene activation during spermatogenesis 

(El-Sharnouby, Redhouse, and White 2013). 

 

1.4.3. always early (aly)-class 

aly was cloned, and found to be homologous to C. elegans lin-9 (White-Cooper et al. 

2000). A second Drosophila homologue of lin-9 is present in the genome- Mip130. 

Mip130 was purified as component of a complex containing Drosophila Myb (Myb 

interacting protein 130) (Beall et al. 2002). Alternative purification strategies revealed 

related complexes - dREAM and MMB, which contain Myb, CAF1, Mip120, and Mip40 

in addition to mip130. Under different conditions, this complex has been re-purified and 

revealed the presence of more subunits of this complex, it is known as the Myb-MuvB 

(MMB) or dREAM complex (Korenjak et al. 2004), (Lewis et al. 2004). Additional subunits 

of this complex contain Rbf (homolog of Retinoblastoma (Rb), E2F2, Dp and dLin52. 

dREAM/MMB complex is related Drosophila tMAC, as it contains two of the same 

components, Mip40 and Caf1. A further two proteins, Mip120 and Mip130 show 

significant sequence similarity to tMAC proteins Tomb and Aly respectively. The dREAM 

complex comprises multiple DNA binding proteins known to act as both activators and 

repressors of transcription. Components Myb, E2F/DP and Mip120 have site specific 

DNA binding ability and Mip130 contains an A-T hook domain which is predicted to be 

capable of binding to AT-rich DNA sequences. 

In addition to MMB complex, tMAC a testis specific meiotic arrest complex was identified 

using combination of different chromatographic techniques including affinity 

chromatography, ion exchange chromatography, and gel filtration chromatography 

(Beall et al. 2007). During this study, the only MMB subunits found were Mip40 and 

Caf1/p55, in addition to other testis specific proteins Aly, Comr, Topi and Tomb (Beall et 
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al. 2007).  When comr was cloned, it was found that Comr contains a winged helix 

putative DNA binding domain (Perezgasga et al. 2004).  topi was cloned based on its 

direct interaction with comr protein, and contains multiple Zn-finger motifs and putative 

DNA binding site (Perezgasga et al. 2004). When tomb was cloned through a screening 

of aly protein binding partners, it was found to contain a CXC predicted DNA binding 

domain, and is paralogous to the dREAM component Mip120 (Jiang et al. 2007).  

Another aly-class meiotic arrest locus identified using genetics was achi+vis gene 
duplication locus, encode Achi and Vis proteins. Achi and Vis are almost identical 

proteins related to human transforming growth-interacting factor (TGIF) (Ayyar et al. 

2003, Wang and Mann 2003). Achi /Vis proteins co-immunoprecipitated with Aly and 

Comr from testis extracts but do not co-purify with Mip40 (Perezgasga et al. 2004), 

suggesting that Aly and Comr are in at least two different complexes, one with Mip40 

(Laktionov et al. 2018), but lacking Achi/Vis, other containing Achi/Vis. The following 

table represents homologous complexes in other organisms compared to a tMAC 

complex of Drosophila. 

 

H. Sapiens 

DREAM/LINC 

C. elegans 

MuvB/DRM 
(vulva 

development) 

D. melanogaster 

dREAM/Myb-MuvB 

D. melanogaster 

tMAC 

RBL2/p130 (testis) Lin-35 RBF1 or RBF2 (testis)   

E2F4 or E2F5 (testis) Efl-1 E2F2 (testis)   

DP1 (testis) Dpl-1 DP (testis)   

RBBP4 (testis) Lin-53 Caf/p55 (testis) Caf1/p55 (testis) 

LIN9 (testis) Lin-9 Mip130(testis) Aly (testis) 

LIN37 (testis) Lin-37 Mip40(testis) Mip40 (testis) 

LIN52 (testis) Lin-52 dLin52(testis)  Wuc (testis) 

LIN54 (testis) Lin-54 Mip120 (testis) Tomb (testis) 

MYB-B/MYBL2 
(testis)   Myb (testis)   

      Comr (testis) 

      Topi (testis) 

      Achi/Vis (testis) 

Table 3:- Comparison of homologous complexes in different organisms compared to 
Drosophila testis specific complex-tMAC (Table adapted from White-Cooper et al. 2010).  
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Yeast 2-hybrid studies carried out by Dogget., et al. found out CG12442 interacts with 
Aly and later this gene named as a wake-up-call (wuc) (Doggett et al. 2011). In addition 

to Aly, Wuc also interacts with Comr and Topi and it was shown by pair-wise yeast 2-

hybrid experiments (Doggett et al. 2011).  

Furthermore, comr (aly class gene) plays a vital role to promote transcription and allow 

primary spermatocytes to initiate meiosis and later spermatid differentiation. (Jiang and 

White-Cooper 2003). comr gene encodes for a nuclear acidic protein with predicted DNA 

binding domain (Jiang and White-Cooper 2003). The expression level of comr changes 

during the development of spermatocytes. In early spermatocytes, comr has a high level 

of mRNA expression but as spermatocytes grow, the levels of comr decreases and in 

primary spermatocytes it is undetectable (Jiang and White-Cooper 2003). Expression of 

comr is independent of either aly or can classes. 

 

1.4.4. Model of aly-class meiotic arrest gene function 

It is supposed that the Achi/Vis, Topi and Tomb proteins bind to specific promoter 

sequences of testis specific genes. The Achi/Vis, Topi and Tomb proteins are not 

required for nuclear localisation of Aly or Comr but are required for localisation to 

chromatin (Laktionov et al. 2014). A proposed model suggests that Achi/Vis, Topi and 

Tomb bind to specific promoter regions and then recruit Aly and Comr to form a complex 

(Figure 1.3). In comr mutant Aly protein stays in the cytoplasm, and when aly is mutant 

Comr protein stays in the cytoplasm therefore it is likely that these two proteins need to 

interact directly or indirectly to maintain each other’s nuclear localisation (Figure 1.3). 

 

 
Figure 1.3:- Model of assembly of aly-class meiotic arrest proteins at target 
promoters (taken from Jiang, Benson et al. 2007).  
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A large set of genes are dependent on the aly-class meiotic arrest genes for their 
transcription. Microarray has identified possibly 1200 transcripts are dependent on aly-

class in primary spermatocytes (Barreau et al. 2008, Jiang and White-Cooper 2003, 

White-Cooper et al. 2000, Hiller et al. 2001). aly-class meiotic arrest genes regulate the 

genes whose product are likely to function in late in spermatogenesis. 

 

1.4.5. Testis meiotic arrest complex (tMAC) 

tMAC is a testis-specific paralog of MMB (Beall et al. 2007). This complex was named 

as tMAC complex, because aly, comr, topi, and mip40 mutants all show the same testis 

phenotype, i.e an arrest at the primary spermatocyte stage of development. These 

components work together in a complex and promote differentiation and meiotic cell 

cycle progression. Other proteins might interact with tMAC to help in the regulation of 

testis-specific transcripts. Both the tMAC (Figure 1.4) and MMB contain proteins, which 

are similar to each other in domain architecture except Mip40 and Caf/p55: Aly (tMAC) 

or Mip130 (MMB) and Tomb (tMAC) or Mip120( MMB). The tMAC and MMB contain 

multiple site-specific DNA-binding proteins- Topi and Tomb in tMAC and Myb, E2F2/DP, 

Mip120, Mip130 in MMB.  

 

 
 

In gonads, components of the RNA polymerase II transcription machinery are crucial for 

developmentally regulated gene expression in testis. Testis specific TATA binding 

protein-associated factors (TAFs) are encoded by the can class genes- can, sa, mia nht, 

and rye genes (Hiller et al. 2001). These TAFs creates a testis specific TFIID (tTFIID) 

complex that drives gene expression of developmentally essential genes in 

spermatocytes (Figure 1.4). The mip40-null allele is also in the can class, suggesting 

tMAC might be interacting with tTFIID at many of promoters and all the genes that require 

tTAFs for expression also require tMAC (Beall et al. 2007).  Contrary data by HW-C 

Figure 1.4:- Model of assembly of tMAC and tTFIID complex at target promoter. 



 29 

(unpublished data) showed that the allele of mip40 in Beall et al. 2007 is not null but it is 

still a can class. 

 

1.4.6. Testis-specific promoter 

Testis-specific genes are activated only in testes and kept silent in other tissues of the 

fly. There is relatively little known about the promoter elements conferring testis 

specificity. Testis-specific β-tubulin isoform β2tubulin (βTub85D) was the first to be 

studied. Astoundingly, a fragment comprising of only 53 bp of promoter region, plus the 

first 71 bp of the 5’UTR was enough to confer testis-specific expression on reporter gene. 

Within promoter, motif of 14 bp, β2UE1 was identified to be critical for testis-specific 

expression (Michiels et al. 1989). The β2UE1 motif sequence cannot be considered as 

signature sequence because this was found upstream of several testis-specific 

transcriptional start sites (TSS) although this sequence is not present in most of other 

testis promoters, so cannot be considered a signature sequence for testis-specific 

expression (Nurminsky et al. 1998, Yang, Porter, and Rawls 1995). These short 

promoters most probably contain a landing site for the transcriptional machinery, tTAFs, 

and tMAC (as discussed above).  

 

Another study identified a core promoter sequences of 190 genes specifically expressed 

in testis that have a 10 bp A/T-rich motif that is identical to the translational control 

element (TCE). Mutation of TCE reduced the transcription of reporter gene indicating 

that the TCE is important but not essential for activation of transcription. Moreover, the 

TCE regulates transcription both dependently and independently of testis specific TFIID 

(tTFIID) (Katzenberger et al. 2012). Testis-specific control elements are so small and 

may be important in allowing new gene duplicates to be expressed in testes. For 

example, Sdic, a testis-specific gene evolved from duplication and fusion of the two 

genes AnnX (encoding annexin X) and Cdic (cytoplasmic dynein)  (Ranz et al. 2003). 

The fusion joins AnnX exon 4 with Cdic intron 3, which brings together three putative 

promoter elements for testes-specific expression of Sdic: the distal conserved element 

(DCE) and testes-specific elements (TSE) are derived from AnnX, and the proximal 

conserved elements (PCE) from Cdic intron 3. Sdic transcription initiates within the PCE, 

and translation in initiated within the sequence derived from Cdic intron 3 (Ranz et al. 

2003).  

 

1.4.7. Translational delay 

Extensive cell growth, a high level of mRNA, and protein synthesis are the characteristics 

of the prolonged primary spermatocyte developmental stage. During this stage of 
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development, all the studied genes expressed exclusively at this stage have short and 

strong regulatory regions (Blümer et al. 2002, Katzenberger et al. 2012). In Drosophila, 

sperm morphogenesis takes 3.5 days and dormant mRNAs need to be recruited for 

translation at distinct times in order to coordinate the expression of certain proteins with 

respect to the changing requirements of the cell during sperm assembly (Blümer et al. 

2002). Consequently, many mRNAs are translationally repressed and get activated for 

translation during spermatid morphogenesis. Hence, translational control is a vital 

characteristic of spermatogenesis. Several genes for example, Mst(3)CGP, dhod, janus 

B and don juan (dj) encode translationally repressed mRNAs. Mst(3)CGP has been an 

extensively studied gene and has 12 bp sequence motif in the 5’UTR called TCE 

(translational control element). The TCE is important for translational repression of the 

Mst(3)CGP mRNA in meiotic stages. Onset of translation is delayed until fully elongated 

spermatid stage and secondary polyadenylation aids the activation of translation (Kuhn 

et al. 1991). Sequence similarities to the TCE were found in a number of translationally 

controlled mRNAs and suggest that transcripts of the many genes are regulated by the 

same regulatory element (Blümer et al. 2002). The TCE-like motif containing regions do 

not always participate in the translation repression as well, such as dj that utilizes a 

distinctive translational repression elements. The TCE can act as translational repression 

or activation element in testis specific genes (Blümer et al. 2002). 

 

1.5. Origin of de novo genes 

Recent advances in high throughput transcriptome analyses has been helping scientists 
to study gene expression regulation in depth. Such advancement addressed many 

scientific mysteries and changed the way of thinking of researchers about central dogma 

of life and opened many new adventurous journeys in science. Finding of the de novo 

genes is one of the examples of previously unexpected phenomena being discovered 

through the application of high-throughput sequencing and bioinformatics. Most new 

genes are derived from various different mechanisms like gene duplication, retroposition, 

genomic rearrangement whereas de novo genes are derived from the ancestral non-

genic sequence (Hughes 2005, Betrán, Thornton, and Long 2002, Long et al. 2013). The 

process that govern de novo gene birth are not well understood. The first evidence for 

de novo genes derived from studies of protein-coding genes specific to the 

D.melanogastor and D. yakuba lineages respectively (Levine et al. 2006, Begun et al. 

2006, Begun et al. 2007). Reinhardt et al, 2013 proposed two possible models explaining 

the origin of de novo genes. New protein coding gene evolved from the noncoding 
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sequence. For a non-genic sequence to become a protein-coding gene, it must have to 

evolve transcriptionally as well as with protein coding potential (Reinhardt et al. 2013).  

 

1.5.1. Proposed models suggesting the origin of de novo genes 

De novo genes are defined as having emerged from non-coding DNA sequence must 

be transcribed and acquire an ORF before becoming translated (Kaessmann 2010). The 

transcription first model suggest that protein-coding de novo genes may first exist as 

RNA gene intermediates. The case of bifunctional RNAs, which are both translated and 

function as RNA genes, shows that such a mechanism is plausible. In the ORF-first 

model, Proto-open reading frames acquire mutations such as, point mutation, insertion 

or deletion that causes abolishment of frame disruptions and thus generation of a long 

ORF (Kaessmann 2010). Transcriptional activation of these ORFs happens through the 

acquisition of promoter located in the 5’ flanking region. After acquisition of both an ORF 

and transcriptional activation of the de novo gene is able to produce a protein product, 

which potentially has a function, and thus a fitness effect. Selection can then act on the 

activity of the gene and it is possible for such a gene to become essential for viability or 

fertility (Kaessmann 2010). For birth of a de novo protein coding gene to happen, a non-

coding sequence must both transcribe and acquire an ORF before being translated. 

These events can happen in theory in either order, and these is an evidence supporting 

both an “ORF” first and a “transcription first” model (Schlötterer 2015). Analysis of de 

novo genes that are segregating in D. melanogaster with respect to their expression 

found that sequences that are transcribed have similar coding potential to the 

orthologous sequences from lines lacking evidence of transcription (Zhao et al. 2014), 

supporting the notion that many ORFs, at least, exist prior to being transcribed. 

 

1.5.2. Structural features of de novo genes 

Normally a gene has different types of features like promoter, regulatory sequences, 
open reading frames, several  exons, number of alternative transcripts, and the absence 

of satellite sequences (repetitive DNA sequences). Likely, de novo genes also contain 

these features which are given below: 

a) Transcript length:- In de novo genes, the transcript are usually shorter in length (~801 
bp) when compared with the other annotated genes (~1557 bp) (Palmieri 2014, Zhao et 

al. 2014, Neme and Tautz 2013). 
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b) No of Exons:- Usually, old genes possess greater number of exons in their body (2.37) 
whereas de novo genes tend to have fewer exons (1.47) than old genes (Neme and 

Tautz 2013, Palmieri, Kosiol, and Schlötterer 2014). 

c) Microsatellites:- De novo genes are enriched in microsatellite sequences (Toll-Riera 

et al. 2008, Palmieri 2014, Wj 2007). 

d)  Expression levels:- The expression level of de novo genes (7.78 FPKM) is usually 

lower than male-specific annotated genes (66.54 FPKM), studied by RNA sequencing 

using testes (Donoghue et al. 2011, Palmieri, Kosiol, and Schlötterer 2014, Zhao et al. 

2014).                                                 

f)  Tissue specificity:- The de novo genes expression is more tissue specific than old 

genes (Donoghue et al. 2011, Toll-Riera et al. 2008, Levine et al. 2006).                                       

g)  Chromosomal location:- In most cases, de novo genes are enriched on the sex 

chromosome i.e. X-chromosome but in Drosophila de novo genes are enriched on 

chromosome 2 and 3 (Zhao et al. 2014, Levine et al. 2006, Palmieri, Kosiol, and 

Schlötterer 2014). 

 

1.5.3. de novo genes in other organisms 

A combination of phylogenetic, genomic/transcriptomic analyses revealed evidence of 
lineage-or species-specific de novo transcripts associated with non-genic orthologous 

sequences in sister species (Zhao et al., 2014). In addition to Drosophila, de novo genes 

were also found in humans (e.g. XLOC_196865), mouse (e.g. 8030423J24Rik), and 

yeast (e.g. YPR126C), C. elegans (K09F5.4) (Zhou et al. 2008, Knowles and McLysaght 

2009, Xiao et al. 2009, Cai et al. 2008, Carvunis et al. 2012, Heinen et al. 2009, Zhang 

et al. 2019) etc. Bioinformatics analysis found out 634 human-specific genes (1,029 

transcripts), 780 chimpanzee-specific genes (1,307 transcripts). Taken together, the total 

number of candidate de novo genes was 1414 (2336 transcripts) (Ruiz-Orera et al. 

2015). The transcripts of de novo genes in human and chimpanzee are enriched in testis 

(93.8-94.5%) (Ruiz-Orera et al. 2015). Ruiz-Orera et al, 2015 also found de novo genes 

were underrepresented in other organs like the brain, liver, and heart when compared to 

other transcripts.  
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1.5.4. de novo gene expression in Drosophila testis 

Zhao et al, 2014 used Illumina paired-end RNA sequencing to characterize the 

transcriptome of six highly inbred lines established by the DGRP (Drosophila Genetic 

Reference Panel, lines RAL-304, RAL-307, RAL357, RAL360, RAL-399 and RAL-517) 

D. melanogaster strains. A total 142 segregating and 106 fixed testis specific de novo 

genes were found to be expressed in Drosophila testis (Zhao et al. 2014). 

 
Segregating de novo genes:- These genes were not annotated in the reference 

annotation, were not expressed in other tissues, and orthologous regions were also not 

transcribed in closely related Drosophila species (D. simulans and D. yakuba). Thus 

these represent testis-specifically expressed de novo genes with both the derived, 

expressing, alleles and the ancestral, non-expressing alleles, still segregating in the wild 

D. melanogaster population.  

 
Fixed de novo genes:- These genes are unannotated male-specific expressed in all six 

DGRP strain and in reference strain (D. simulans) but not in outgroup strain (D. yakuba 

strains- Tai18E2 and CY28) thus it represents testis-specifically expressed de novo 

genes are fixed in the wild D. melanogaster population 

To identify segregating de novo genes, the authors used the RNA-sequencing data from 

each strain were used for de novo transcriptome assembly and a reference sequence 

guided transcriptome assembly (Zhao et al. 2014). These two approaches are 

complementary, and as expected, were highly concordant. The authors used the 

assemblies to determine which of the well-supported transcripts were not annotated in 

the reference sequence or supported by Drosophila modENCODE data and thus, were 

potentially segregating de novo genes. To increase the likelihood that candidate 

transcripts corresponds to de novo genes, authors used several criteria. 1) Putative de 

novo transcripts were required to map to an intergenic regions. 2) Candidate transcripts 

were required to be located at least 500 bp away from known gene. 3) Minimum 

transcripts size was 200 bp and the minimum expression required was FPKM>2 (FPKM: 

fragments per kilobase of exon per million fragments mapped). 4) Splice junctions were 

required to be covered by at least 20 reads. 5) Intron and exon size > 50bp. 6) No 

BLASTP hit for the candidate gene in the NCBI nr (nonredundant) protein database 

(Zhao et al. 2014). The authors repeated this analysis on testes from three inbred strains 

of D. simulans and two D. yakuba and used these outgroup data and the parsimony 

criterion to determine whether polymorphic D. melanogaster transcripts was described 

as a de novo gene rather than a loss of expression. Zhao et al., also used D. simulans  

whole female and male RNA-seq population data from 59 isofemale strains to check if 
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de novo genes is expressed in other tissues of outgroups and reduce the possibility of a 

shift of ancestral gene expression confounding the inference of gene gain. All main 

conclusions from these analysis remain if minimum FPKM estimate for expression is 

FPKM>1 (Zhao et al. 2014). 

RNA sequencing suggests that each de novo gene is expressed in some Drosophila 

lines but is not expressed in other lines. This suggests that their expression must depend 

on factors that are present in testis. Zhao, L. et al.,  also found that de novo genes were 

significantly shorter in length and simpler than annotated genes and male-biased genes 

(genes express at higher levels in male than female). 57% genes had a single exon 

compared to annotated genes as well as male-biased genes 94% (134) of de novo genes 

had a minimum open reading frame (ORF) of at least 150 bp and had coding potential. 

In putative protein-coding genes the average 5’ and 3’ untranslated region (5’ UTR and 

3’ UTR) lengths were-248 bp and 364 bp respectively. These were slightly shorter than 

the average lengths for annotated D. melanogaster genes (5’UTR~282 bp and 3’ 

UTR~503 bp) but were slightly longer than the averages for annotated male-biased 

genes (5’UTR~239 bp and 3’ UTR~392 bp). For comparative analysis, male biased 

genes were used because de novo genes tend to be specifically expressed in tissue 

associated with male reproduction and suggest that sexual or gametic selection may be 

involved (Zhao et al. 2014).  

In Drosophila, de novo gene expression is mainly influenced by variation in the cis-acting 

regions i.e., de novo gene expression is due to single nucleotide change present in 5’ 

flanking regions of expressing chromosome (Zhao et al. 2014). Potential regulatory 

elements in segregating de novo genes share four common 8- and 10-bp consensus 

motifs in 5’ UTR and these motifs are mostly found in multiple-exon genes. Male 

annotated genes share at least one of these motifs and suggests that de novo genes 

share regulatory elements with known male-biased genes. This suggests that de novo 

gene expression is mainly influenced by cis-acting variants in the regions corresponding 

to the 5’ flanking regions. A single nucleotide change or insertion or deletion in the 

noncoding region of gene i.e. promoter could regulate the gene expression but this was 

not tested whether the SNPs had any functional significance (Zhao et al. 2014). Zhao et 

al, also found, different single-nucleotide polymorphisms among flanking regions of 

expressing alleles and non-expressing alleles (about 500bp upstream of the TSSs of the 

polymorphic de novo genes).  

 

To determine the overall patterns of gene loss and gain, authors compared segregating 

and fixed gene gains and losses in the D. melanogaster lineage. There were many more 

gene gains than gene losses (both segregating and fixed). Zhao et al, also found that 
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substantial number of segregating de novo gene losses and observed no population 

genetic evidence that losses result from directional selection. These de novo genes may 

often spread under selection, while gene loss may occur because of drift associated with 

loss of ancestral gene function (Zhao et al. 2014). 

 

A majority of the de novo genes found are segregating de novo genes and this is the key 

feature that made them so useful for our research. Studying these genes could help us 

understand the mechanism of gene expression regulation during spermatogenesis. It 

would also tell us the role of tMAC in gene expression regulation of these de novo genes. 

In our lab, we have selected previously uncharacterized alleles of 72 segregating de 

novo genes which are present on 3rd chromosome and we chose these genes because 

tMAC component- aly is present on 3rd chromosome and it would allow us to understand 

the role of tMAC in gene expression regulation using genetic tools. We have analysed 

the expression of these 72 de novo genes in phenotypically normal and aly meiotic arrest 

mutant testes. For each gene we determined whether the allele present on an aly2 

mutant chromosome (aly is present on 3rd chromosome) was expressed, and, if 

expression was detected, whether that expression was dependent on, or independent 

on aly. We found out that 25/63 of the de novo genes are tMAC dependent for their 

expression (for example-Gene 3L_061) and 9 are expressed in the absence of tMAC (for 

example Gene 3L_062). In our lab, we have tested gene_068 which has few SNPs 

encompassing the TSS. We designed and cloned synthetic DNA fragments in reporter 

constructs with combination of SNP. The reporter constructs showed that no SNPs play 

a role in gene expression regulation. 
 

For my thesis, we chose two segregating de novo genes, gene_074 and gene_090. 

Bioinformatics analysis of these two genes (074 and 090) found that expressed allele 

and non-expressed allele of each gene possess variation in their promoter region for 

example insertion, deletion, and single nucleotide polymorphisms (SNPs). This suggests 

that presence of SNPs or indels in the promoter region of these genes could be critical 

for turning ON and OFF gene expression. 

gene_3L_090: - gene_090 is present on the left arm of 3rd chromosome of Drosophila 

and expressed in RAL307, 360, 399, 517 lines but is not expressed in RAL304 and 357 

(Zhao et al. 2014). RNAseq data from modENCODE project shows that gene_090 is only 

expressed in gonads but not in other developmental stages of Drosophila (Figure 1.5). 
Interestingly, allele of gene_090 from fully sequenced aly2 chromosome and only 

expresses in the presence of aly suggesting that gene_090 expression is tMAC 

dependent (HW-C unpublished data). This gene contains several polymorphisms near 

the transcription start site (TSS) which correlate with its expression. 
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gene_3L_074: - gene 074 can be found on the 3L chromosome of Drosophila and 

expressed in RAL517 (Zhao et al. 2014) and allele from fully sequenced aly2 

chromosome but not expressed in other lines-RAL304, 307, 357, 360, and 399 (Zhao et 

al. 2014). Gene_074 show expression in gonads and accessory gland but not in other 

developmental stages of Drosophila (Figure 1.6). Now, gene_074 is annotated as 

noncoding RNA called CR45408 (Figure 1.6). Gene 074 possesses few SNPs 

compared to 090 gene and there is no correlation between the polymorphism and its 

expression. Allele of gene_074 expresses from fully sequenced aly2 chromosome 

expresses independent of aly, suggesting gene_074 expresses independent of tMAC 

(HW-C unpublished data). 
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1.6. Experimental strategies 

In this thesis I wanted to determine the molecular mechanism that drives the expression 

of two de novo genes (gene_074 and gene_090) in Drosophila testis and identification 

and characterization of binding site of C-terminal of Topi protein by SELEX-sequencing. 

To address these questions, two distinct experimental strategies were used. 

 

1.6.1. Functional analysis of promoter of de novo genes 

The following figure is an example of expressing and non-expressing alleles showing 

different promoter regions with respect to the presence of SNP, insertion, and deletion 

in the promoter regions. Given that, if the allele is expressed in the presence of SNP (T) 

and insertion or deletion, suggests that presence of SNP (T) is required for the 

expression of the allele (Figure 1.7A&C). If non-expressing allele gives expression when 

insertion is replaced with deletion, then deletion is important for expression (Figure  
1.7B&D). If both C and D versions (Figure 1.7A&C) express then additional sequences 

could be important for expression. 

 

 

 

 

 

 

 

 

 

Studying these two genes would help us identify what region/s of the promoter sequence 

is/are required for allelic expression. Also, if de novo genes are regulated by testis 

specific complex-tMAC then it would be helpful to identify the differential binding of the 

Figure 1.7:- Promoter regions of the expressing and non-expressing alleles. 

Expressed  

Non-expressed  

If expresses, T 
is important 

If expresses, 
deletion is important 
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tMAC to the promoters of expressing and non-expressing alleles. To analyse the 

functional aspect of the promoter of these two genes, we would design the individual 

synthetic DNA fragments for each gene carrying combinations of different SNPs, 

insertions and deletions from expressing and non-expressing allele. We would clone 

these designed fragments into multiple cloning site present in vector pCaSpeR-AUG-

βGal-attB. Later, these constructs would be injected into attP40 flies which has 

recombined for site specific recombination and transgenic lines would be generated. This 

vector lacks the minimal promoter and has LacZ gene downstream of the MCS and to 

analyse these cloned promoter regions we score the beta-galactosidase activity by 

staining. Its expression will tell us if cloned fragments are capable for driving the 

expression in testes. Furthermore, to study the mRNA levels of reporter gene, we will 

use the qRT-PCR and in situ hybridization, and X-gal staining. Also, we will study the 

role of tMAC complex (in the background of different components of this complex) in 

regulation of gene expression and if these genes are regulated by tMAC, then we will 

address the differential binding of tMAC to the proximal promoter region of both genes 

and this will tell us how tMAC complex regulates the gene expression. 

 

1.6.2. de novo motif discovery for protein Topi C-terminal by SELEX 

Recent advancement in technology enabled the scientists to pursue how and where 

transcription factors bind in genome and how they regulate the gene expression of target 

genes. One such cutting edge technology, Systematic evolution of ligands by exponential 

enrichment (SELEX) allow researchers to determine the binding sites of TFs in the 

genome of an organism. Common approach of SELEX involve interaction of random 

DNA oligonucleotides and protein of interest and then purification of protein-DNA 

complex either by EMSA or immunoprecipitation of protein using suitable antibody 

against the protein of interest.  

Then, elution of DNA molecules from the protein and amplification of the eluted DNA 
molecules. Rounds of selection of aptamers is user dependent and after all successive 

rounds of selection, DNA would be sequenced using High-throughput DNA sequencing 

and discovery of de novo motifs (Figure 1.8). To study tMAC-DNA interaction, we will 

adopt SELEX technique. To produce proteins of interest, subunits of tMAC complex with 

predicted DNA binding domain will be cloned into expression vector and would be 

expressed. In addition to above, we will design a 20bp long ssDNA library with a pair of 

constant regions suitable for use as PCR primer target sites flanking the variable insert 

and convert into dsDNA library using Klenow fragment. For each round of SELEX, we 

will prepare the protein-Ni-NTA agarose beads complex and allow it to bind to newly 
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synthesised dsDNA library. Bound DNA would be eluted and amplified by Emulsion 

PCR. Emulsion PCR would allow us to amplify individual DNA molecules with fewer 

biases than found in conventional PCR (Figure 1.8).  

 

 

 

 

 

 

 

Figure 1.8:- Our approach for SELEX-sequencing. Design and synthesis of dsDNA 
library and quality check by Tape-station. Incubation of synthesised dsDNA library 
with protein bound to Ni-NTA-agarose beads. Elution of Protein-DNA complex and 
amplification of  eluted DNA by emulsion PCR, sequencing by Mi-sequencing and 
motif discovery. 
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1.7. Aims of this thesis 

In the following chapters I will present: 

1. The molecular mechanisms underlying evolution of testis-specific expression of    

    de novo genes in Drosophila 

- designing of synthetic DNA fragments of gene_074 and gene_090 

- generation of transgenic lines for de novo genes 

- functional analysis of promoter regions of gene_074 and gene_090 

- expression analysis of reporter gene in testes from transgenic lines 

- addressing the mechanism of gene expression regulation 

2. Over-expression and characterization of tMAC subunits 

- cloning of tMAC subunits 

 -  over-expression of tMAC subunits 

 - characterization and purification of expressed proteins 

3. tMAC-DNA binding analysis by SELEX 

 - design of ssDNA library and synthesis of dsDNA library 

 - characterization of synthesized library 

 - identification of DNA binding site for Topi C-term 

 - characterization of DNA binding site by EMSA 
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Chapter 2. Materials & Methods 
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2.1. Molecular biology methods 
 

2.1.1 Genomic DNA extraction 

Individual flies for PCR were smashed well in 50µl squishing buffer (10mM Tris pH8.2, 

1mM EDTA, 25mM NaCl, 0.2µg/ml Proteinase K make up to 100ml with H2O) and 

incubated at room temperature for 30 minutes. The proteinase reaction was then 

inactivated by incubating samples at 950C for 3 minutes. Samples were centrifuged at 

13,000rpm for 5 minutes and clear solution of genomic DNA was transferred to new 

Eppendorf tube and stored at -200C until needed. 

 

2.1.2 Polymerase Chain Reaction (PCR) 

All PCR reactions were performed using Thermus aquaticus (Taq) DNA polymerase and 
carried out in a Biometra T3 thermocycler. Each PCR reaction consisted of a standard 

mix: 

1.0µl gDNA template (1ng) 

0.4µl dNTPs (10mM each) 

0.5µl 5’primer (10pM) 

0.5µl 3’primer (10pM) 

2.0µl 10X buffer 

0.2µl Taq DNA polymerase  

15.4µl H2O 

20.0µl total volume 

 
2.1.3 RNA extraction and cDNA synthesis 

Wild type testes were dissected in 1x testis buffer (183mM KCL, 47mM NaCl, 10mM Tris 

pH 6.9) and immediately moved to lysis buffer provided by RNAqueous®-Micro Kit (Life 

Technologies) and stored at -80 until needed. Total RNA extraction was performed as 

per manufacturer’s instructions until elution step and RNA was eluted in 2x6.5µl of elution 

buffer. cDNA was synthesised  by the Superscript III first strand synthesis system (Life 

Technologies). For 20µl reaction, total extracted RNA from a pair of testis was incubated 

with 1µl of oligodT (50µM), 1µl of dNTPs (10mM) and reaction mix was incubated at 650C 

for 5min. After incubation, the reaction mix was cooled down by incubating on ice for at 

least 2 minutes. For first strand synthesis, the reaction mix was incubated with 4µL of 5X 

First strand buffer (50mM Tris-HCL-pH 8.3, 75mM KCL, and 3mM MgCl2), 1µl of 40 
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Units of RNaseOutTM, 1µl of 0.1M DTT, and 1µl of 200Units of Superscript III RT (Life 

technologies) at 500C for 1 hour. The reaction was stopped by incubating at 700C for 15 

min, and further reaction was diluted to 60µl by adding 40µl of dH2O and stored at -200C. 

Gene specific primers were used to amplify the cDNA (see Appendix 1 ) and correct size 

of each amplicons were confirmed by 0.8-1.5% (according to the products) agarose gel 

electrophoresis. Amplified products were purified by using Gel extraction kit from Qiagen 

(Cat No. /ID: 28704) as per manufacturer’s instruction. 

 

2.1.4. Designing and molecular cloning of synthetic DNA fragments of de 
novo genes 
 

2.1.4.1 Designing of synthetic DNA fragments for gene_074 and gene_090 

In order to analyze the promoter sequences of both the genes, we designed the different 

DNA fragment carrying a combination of SNPs, insertion, and deletion from both 

expressing and non-expressing alleles of both genes.  

For gene_074:- Total three fragments were designed:- 

074_ref- It has a reference genomic sequence of Drosophila. 

074_aly- It consists the sequence of allele of gene_074 from the aly2 chromosome (stock 
HWC1) with SNP upstream of the TSS. 

074_517- It has the sequence from the highly inbred line of Drosophila RAL_517 with 
SNP at upstream and downstream of the TSS. 

For gene_090:- For gene_090, total 17 different fragments were designed. All constructs 

has the sequences from -302bp to +133bp relative to the reference genome:- 

090_A- It has the sequence from -302bp to +133bp from one of the expressed alleles.  

090_B- It has the sequence from -302bp to +133bp from one of the non-expressed 

alleles.  

090_C- It has the sequence from -302bp to +133bp with the SNPs derived from the 
expressed alleles but both insertions found in the non-expressed alleles.  

090_D-It has the sequence from -302bp to +133bp with the SNPs derived from the non-

expressed alleles but both deletions found in the expressed alleles. 
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090_E- It has the sequence from -302bp to +133bp with the SNPs, and the first deletion 
derived from the expressed alleles but the second insertion found in the non-expressed 

alleles. 

090_F- It has the sequence from -302 to +133 with the SNPs, and the second deletion 

derived from the expressed alleles but the first insertion found in the non-expressed 

alleles. 

090_G- It has the sequence from -302 to +133 with both deletions from the expressed 

alleles. All the SNPs are from the expressed alleles except for the single SNP that is in 

the potential tce. ie has a single base pair change compared to the expressed sequence 

version. 

090_H- It has the sequence from non-expressed allele first deletion is from expressed 

allele and SNPs and second insertion are from non-expressed allele. 

090_I- It has the Sequence from expressed allele, with insertion at indel site 1 of 

CTACATA (sequence from upstream) 

090_J- It has the sequence from non-expressed allele, with insertion at indel site 1 of 
CTACATA (sequence from upstream) 

090_K- Sequence from expressed allele, with insertion at indel site 1 of CTTTTGC 

(sequence from downstream) 

090_L- Sequence from non-expressed allele, with insertion at indel site 1 of CTTTTGC 

(sequence from downstream) 

090_M- Sequence from expressed allele, with insertion at indel site 1 of TAGAGAT 

(randomization of the current insertion sequence) 

090_N- Sequence from expressed allele, with insertion at indel site 1 of CCATTAT 

(inversion of the current insertion sequence) 

090_O- Sequence from expressed allele, with deletion at indel site 1 but insertion of 
ATAATGG (insertion sequence for indel1), inserted 20 bp upstream of current site (2 

DNA helix turns). 

090_P- Sequence from expressed allele, with deletion at indel site 1 but insertion of 

ATAATGG (insertion sequence for indel1), inserted 15 bp upstream of current site (1.5 

DNA helix turns). 

090_Q- It has the sequence from the expressed allele with two bases are altered from 

“AC” to “CA” at indel-I site. 
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2.1.4.2. Insertion of the attB site into pCaSpeR-AUG-bGal 

attB and attP site specific recombination system is been extensively used to incorporate 

DNA fragment of interest in the genome and φc31 recombinase enzyme is responsible 

for this recombination. To achieve this, DNA fragment of interest should possess attB 

site and recipient genome attP site. In our case, we adopted attB site and attP40 site 

specific recombination system. For retrieval and generation of attB site, 1µg of pUAST 

vector was treated in the presence of 1X reaction Buffer H (#R008A, 10mM Tris-HCl (pH 

7.3), 300mM NaCl, 0.1mM EDTA, 1mM DTT, 0.15% Triton X-100, 0.5mg/ml BSA, 50% 

glycerol) and 1ul (10U) of Pst 1 restriction enzyme (R6111) for 2hr at 370C and reaction 

was stopped by incubating the reaction mixture at 800C for 20 minutes. Further, the 

digested fragment was subjected to purification using agarose gel electrophoresis and 

Qiagen Gel Extraction Kit (Cat No. /ID: 28704) and amplified using primer flanking Pst 1 

site (Primer-attB+Pst1) (See Appendix 1). The amplified product was purified by gel 

extraction kit as above mentioned and sequenced.  

 

2.1.4.3. Molecular cloning using Gibson assembly 

Gibson assembly is a method of molecular cloning  which allow us to join multiple DNA 

fragments using single reaction (Gibson et al. 2009). This assembly is made up of few 

components specifically exonuclease, DNA polymerase, and DNA ligase. For cloning of 

the attB site, in 20µl reaction, 1µg of pCaSpeR-AUG-βGal vector was digested by 1µl 

(10U) of Pst 1 restriction enzyme using buffer above mentioned for 2hrs at 370C. Cloning 

of the attB site was done by using Gibson assembly. For this purpose 1:4 ratio of vector 

DNA to PCR fragment(attB site) was used and 20µl of the reaction mixture with 50ng of 

purified vector, attB site PCR fragment, 2X of Gibson Assembly Master Mix, and volume 

adjusted by deionized water incubated at 500C for 15 minutes.  5µl of the reaction mixture 

was used for transformation into 50µl of DH5α cells (NEBC2987H), tapped gently and 

kept on ice for 2 minutes. Transformed cells were spread onto Ampicillin containing Agar 

Petri dish and allowed to grow for 14-16hrs at 370C. The Colony PCR was performed by 

carefully selecting a single colony and PCR was carried out by using primer flanking the 

insert to confirm the insert. The amplified product was sent off for the sequencing and 

respective colony was used for the maxi preparation of plasmid. 

 

2.1.4.4.  Cloning of de novo genes DNA fragment 

The individual fragment was diluted with deionized water and used for the cloning 

purpose. Total 50 ng of pCaSpeR-AUG-βGal-attB plasmid was digested with EcoRI and 

BamHI restriction enzymes to excise the djl∆52 fragment from the plasmid (the 
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procedure is given above). Cloning of each fragment was performed using Gibson 

assembly and the procedure is given above. Each insert was confirmed by colony PCR  

with a primer pair flanking the multiple cloning site. Positive clones were verified by 

sequencing. 

 

2.1.5. Molecular cloning of tMAC components 

2µg of pET28a (+) vector was digested by 2µl of NdeI (20,000U/ml) and HindIII 
(20,000U/ml) each in 1X Cut Smart buffer (10X stock, from NEB) and final volume of 

20µl was made with dH2O. The reaction was mixed with gentle pipetting and incubated 

at 370C for 2 hours. Reaction was stopped by heat inactivation at 700C for 20 min and 

digested vector was resolved onto 0.8% agarose gel. The digested vector band was 

excised form the gel and purified by Gel extraction kit from Qiagen (Cat No. /ID: 28704). 

For dephosphorylation of 5’ ends of vector, 20µl reaction was set up with vector, 1X 

Antarctic Phosphatase reaction buffer (stock 10X), 1µl (5units) of Antarctic Phosphatase 

and final volume was made by dH2O. The reaction was mixed by gentle pipetting and 

incubated at 370C for 30min. The reaction was stopped by heat-inactivation at 800C for 

2 min and cooled down on ice for ligation. Cloning of Full length Comr, Topi, Tomb, 

Achi/vis, Kruppel as well as DBD of all the proteins (except Kruppel) was performed by 

T4 DNA ligase or Gibson assembly in pET21a vector. Cloning of Topi C-term and 

Achi/vis FL was performed using Gibson assembly. For Gibson assembly cloning, 20µl 

reaction was set up with 1:4 vector (50ng) to inset molar ratio, 10µl of Gibson Assembly 

Master Mix (2X) and final volume was made up with dH2O. The reaction was mixed with 

gentle pipetting and incubated at 500C for 15 min. 5µl of ligation mix was transformed 

into 50µl DH5alpha bacteria, mixed by tapping the tube, placed it on dry water bath at 

420C for 30 sec, and immediately placed on ice for 2 min. Later, 300µl of SOC outgrowth 

medium (previously incubated at 370C) was added to the bacterial tube and incubated 

at 370C for 1hr with vigorous shaking at 250rpm. Incubated bacteria was plated onto 

Ampicillin containing agar plate and incubated at 370C for overnight. T4 DNA ligation 

was performed for the rest of the fragments. For each insert, 20µl reaction was set up 

with 1:3 molar ratios (50ng vector) of digested vector to insert, 1X T4 DNA ligase buffer, 

1µl of T4 DNA ligase and final volume was made up with dH2O. The reaction mixed by 

gentle pipetting and incubated at room temperature for 2 hour. The reaction was stopped 

by heat-inactivation at 650C for 10 minutes. 5µl ligation mix was transformed into 

DH5alpha bacteria, incubated at 370C for overnight. On the next day, colony PCR was 

carried out using T7 (promoter and terminator) primer set to check insertion of desired 

fragments and sequences were confirmed by Sanger sequencing. 
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2.1.6. ssDNA library design 

A Hand-mixed ssDNA library of 20nt with primers flanking both ends was ordered from 

Integrative DNA technology (IDT). Primer sequences Selex_F 5’-GGTATTG 

AGGGTCGCATC-3’-N20-Selex_R 5’-AGAGGAGAGTTAGAGCCATC-3’ was adopted 

from Murphy, M.B., et al, 2003. The library was reconstituted in RNase/DNase free water 

to 100µM concentration. 

 

2.1.7. dsDNA library synthesis and purification 

For a 50µl reaction, 5µl of 100µM ssDNA template, 7.5µl of 100µM reverse primer, 4µl 
of 2.5mM dNTPs, 5µl of 10X Klenow buffer, and 26.5µl of sterile ddH2O was denatured 

in boiling water for 5 minutes and slowly cooled down at room temperature. 2µl of Klenow 

enzymes (5U/µl, New England Biolabs) was added to the reaction and incubated at 370C 

for 20 min. Klenow enzyme was inactivated by incubating the reaction mix at 750C for 10 

minutes. Newly synthesised dsDNA library loaded to Microcon YM-30 (Millipore) and 

spun at 5000g for 15 minutes and to recover the concentrate column was inverted and 

spun at 1000g for 2 minutes. Filtered and concentrated dsDNA library was detected by 

2% agarose gel and quantify by Qubit (Invitrogen). 

 

2.1.8. Systematic evolution of ligands by exponential enrichment (SELEX) 

For preparation of protein-beads complex (see section 2.3), 0.2ml Ni-NTA beads with 

50% slurry was added to the 1ml topi C-term supernatant and rotated for 1hr at 40C. 

Beads were briefly spun down at 1000rpm and supernatant was removed. Then beads 

were washed 3X10min with 1ml of binding buffer (50mM Na2HPO4-NaH2PO4, 150mM 

NaCl pH7.8) by gentle mixing. Beads were pelleted down by short spin and supernatant 

was stored from each wash. Later, the beads were rinsed with wash buffer (20mM 

sodium phosphate, 500mM NaCl pH 6.0) and washed once for 10 minutes and beads 

bound protein complex was stored at 40C. 1% of beads was heated to 1000C and ran 

onto SDS-PAGE using 1X SDS running buffer. Another 1% beads were used to check 

the protein concentration. Protein bound beads were eluted by 20 µl of imidazole elution 

buffer (20mM sodium phosphate, 500mM NaCl, and 500mM imidazole pH 6.0) and the 

protein concentration was checked by Bradford reagent at 595nm. For the first round of 

SELEX, 100pM beads bound protein was incubated with 1nM dsDNA library in 1ml of 

binding buffer (20mM sodium phosphate, 500mM NaCl pH-7.8) and incubated at room 

temperature with rotation for 30 minutes. Later, beads were washed 3 times with 0.1% 

PBS-T by inverting and the beads were then collected by brief spin at 1000rpm. The 
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protein-DNA complex was eluted from Ni-NTA beads with 20µl of SELEX elution buffer 

(20mM Tris pH 7.5, 500mM imidazole) and transferred into PCR tube. Eluted DNA was 

amplified by Emulsion PCR and the amplified product was used for next round of SELEX. 

For rounds two and three of SELEX, 75pM of beads bound to protein was used and 

incubated with 1nM of DNA in 1ml of binding buffer.  

 

2.1.9. Emulsion PCR 

 

2.1.9.1. Water-in-oil preparation 

Water-in-oil emulsion for PCR was prepared according to (Shao et al. 2011). The oil 

phase, prepared freshly each day, was composed of 4.5% Span 80, 0.4% Tween 80, 

and 0.05% Triton X-100 in mineral oil. The aqueous phase of water-in-oil emulsion was 

PCR mixture. Water-in-oil emulsion was prepared by adding 100µl of ice-cooled PCR 

reaction mixture gradually (in 10 aliquots of 10µl over 2 minutes) to 200µl of oil phase in 

2ml round-bottom eppendorf tube whilst the mixture was continuously stirred at 1500 

rpm for 5min before PCR cycling.   

 

2.1.9.2. PCR 

100µl of conventional PCR mixture was prepared as below: 3.2ul of each primer (10µM 

stock), 50µl of One Taq 2X Master Mix, 1ng of dsDNA template, and final volume was 

adjusted by dH2O. PCR amplification was performed on Chromo4 instrument (MJR). 

PCR procedures were carried out under the following cycling conditions: 940C for 2min, 

35 cycles of 940C for 30sec, 560C for 30sec, and 720C for 30sec.  

 

2.1.9.3. Recovery of the reaction mixture 

The water-in-oil emulsions from the PCR tube were pooled in 2ml tube and spun at 

9000g for 5 min. The oil phase was removed and two volumes of water-saturated ether 

were added to the intact concentrate left at the bottom of the vial. The mixture was then 

vortexed, centrifuged briefly, and ether phase was removed. The aqueous phase was 

washed two times with ether and dried at room temperature for 30 min. The recovered 

product was quantified using a Qubit (Invitrogen) 
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2.1.10. Electrophoretic mobility shift assay (EMSA) 

Single stranded positive and negative unlabelled probes (19bp each) were designed 

based on the results from Mi-sequencing and de novo motif discovery using MEME suite. 

An equimolar concentrations of each ssDNA probe was mixed with its complementary 

ssDNA, incubated at 950C for 5 minutes and slowly cooled down at room temperature 

for 60 minutes. EMSA reactions were set up as follow (25µl): 4.5µl of %X DNA binding 

buffer (50mM Tris-HCl, pH7.5, 125mM NaCl, 2.5mM EDTA, 15mM MgCl2, 5% glycerol, 

2.5mg/ml BSA, 0.25% NP-40, 0.05mM DTT), 10µl of purified Topi C-terminal protein 

(100pM), 4µl dsDNA unlabelled probes (positive and negative, 1nM), and the final 

volume was made up by dH2O. The reactions were incubated at room temperature for 

60 min. To assess the binding, reactions were fractionated by 1.5% agarose in 0.5X TBE 

(10X TBE: 1M Tris base, Boric acid, and 0.02M EDTA). The gel was stained with 

ethidium bromide (100µg/ml) for 15 minutes at room temperature and visualised with 

UV-transilluminator. 

 

2.2. Insect methods 
 

2.2.1. Maintenance of Drosophila stocks 

All D. melanogaster stocks were maintained at 250C on a standard artificial media made 
up of cornmeal, sucrose, yeast, and agar medium. Standard genetic techniques were 

used in manipulating the Drosophila genotypes. Stocks of flies used were- w1118, w+; 

if/cyo,  yw;nos-φ31;attp40, aly2 rede/TM6C, aly5 red/TM6C. 

 

2.2.2. Preparation of fruit juice agar plates 

3g agar was added to 100ml of H2O and boiled while 3g sucrose was dissolved in 30ml 

cranberry juice and boiled. When both had cooled they were mixed and 2ml nipagin (10% 

nipagin in 95% ethanol) added. This solution was then poured into small plastic cups and 

when set stored at 40C. 

 

2.2.3. Collection of Drosophila embryos 

Flies of  the desired genotype were placed in empty plastic bottle with fruit juice agar 

plate sealed to the opening of the bottle (with smear of yeast paste). Flies were kept at 

250C. After each 45 minutes embryos were collected and used for microinjection. 



 52 

2.2.4. Germline transformation of Drosophila embryos 

To successfully integrate a transgene into Drosophila germline, a construct containing 

the transgene must be injected into blastoderm embryos (aged from 45-90 minutes). For 

dechorionation, double sided sticky tape was placed on a glass slide and thin copper 

wire was placed onto other side of the tape. yw;nos-φ31;attp40 embryos were collected 

and placed on the other side of tape with copper wire. Another slide was with double 

sided tape placed onto embryo containing slide and pressed against each other and 

separated, exposing dechorionated embryos. Embryos were then transferred onto a 

glass coverslip coated in 3M magic tape glue dissolved in heptane and aligned with 

anterior-posterior axis in parallel and orientated in the same direction. The embryos were 

briefly desiccated for 5-15 minutes and covered with 10s Voltalef oil (Sigma).  

Femtotip II needles were loaded with 2µl of the relevant construct (~100ng/construct) 
and embryos were injected into the posterior end using an Eppendorf Transjector 5246 

and micromanipulator connected to a Nikon microscope.  

Injected embryos were left to recover under 10s Voltalef oil on fruit juice agar plates with 
yeast at 180C. Surviving larvae were recovered and cultured at 250C on standard diet. 

 

2.2.5. X-gal staining 

Testes were dissected in testis buffer and transferred to 24 well culture dish. Testes were 
fixed using 1% glutaraldehyde (made in 1xPBS) for 15 min and rinsed with 1X X-gal 

buffer (Stock solution 5X X-gal buffer- 90ml of 0.2M Na2HPO4, 35ml of 0.2M NaH2PO4, 

2.5ml of 1M MgCl2, 75ml of 5M NaCl and make up the volume of 500ml with dH2O) and 

kept in this buffer for at least 30 min. Staining solution was prepared using 1X X-gal 

buffer, 50mM K4Fe(CN)6, 50mM K3Fe(CN)6, and 20% of X-gal (in DMF), vortexed and 

kept at 370C. Later, testes were incubated with this staining solution at 370C overnight 

(sometimes need to keep longer till colour develops). Stained testes were washed in 1X 

X-gal buffer and mounted in 85% glycerol.  

 

2.3. Protein methods 
 

2.3.1. Protein expression and validation by SDS-PAGE 

For protein over expression, each construct was transformed into BL-21dm (E.coli) 

expression bacteria and allowed to grow on to LB Kanamycin agar plates overnight at 

370C. A single colony was picked and incubated in 5ml of LB broth with 50µg/ml of 
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Kanamycin for overnight at 370C. Next day, 1ml of culture from 5ml of culture  was 

incubated in 100ml of LB broth with 50µg/ml Kanamycin till O.D reached to 0.4-0.6 at 

590nm. For protein induction, these cultures were incubated with 0.5mM or 1mM IPTG 

for 3hrs at 250C with shaking at 230 rpm. Cells were collected by centrifuging at 5000rpm 

for 10 min at 40C. The cell pellet was suspended in 4ml of binding buffer (20mM sodium 

phosphate, 500mM NaCl pH-7.8) with 1mg/ml lysozyme and 1X Protease inhibitor 

cocktail (Roche) and incubated on ice for 30 min. Later, the mixture was incubated on 

shaker for 10 minutes at 40C. Mixture was incubated with 1% of Triton-X 100, 5µg/ml of 

DNase and RNase for another 10 minutes on shaker at 40C. Lysed cells were spun at 

15,000rpm for 30 minutes at 40C. The supernatant was collected in new vials and both 

pellet and supernatant were stored at -800C. Protein over expression was checked on 

10-12% Acrylamide-bis Acrylamide gel in 1X SDS running buffer. For Topi FL, cultures 

were incubated for 4hrs at the same conditioned as mentioned above and protein over 

expression was checked on 10% Acrylamide-bis Acrylamide gel. 

 

2.3.2. Purification of His-tagged protein 

Recovered supernatant from earlier stage was mixed with 1ml of Ni-NTA agarose beads 

(Qiagen) and rotated for 1hour at 40C to allow the His-tagged protein to bind to the beads. 

Later, samples were loaded onto the column and washed 3 times with wash buffer 

(20mM sodium phosphate, 500mM NaCl pH-6.3). Protein was eluted from column in 

4x500µl fractions in elution buffer (20mM sodium phosphate, 500mM NaCl pH-5). 

Samples were analysed for quantity and purity by SDS-PAGE. 

 

2.4. Cell biology methods 

 

2.4.1. Synthesis of DIG-Labelled RNA antisense probe 

100-200 ng PCR product of the LacZ gene as used as template in a 20μl reaction with 

2μl 10X DIG RNA labelling mix (Roche), 2μl 10X transcription buffer and 2μl RNA 

polymerase T7 (20U/μl) (Roche). The reactions were incubated at 370C for 2 hours and 

the probes were then hydrolysed in 80μl DEPC treated 200mM carbonate buffer (40mM 

NaHCO3, 60mM Na2CO3) for 30 minutes per 1kb of length. This was neutralised by the 

addition of 100μl of DEPC treated 200mM sodium acetate and the probes precipitated 

with 2.5 volumes of ethanol at -200C for about 1 hour. The samples were then centrifuged 

at 40C for 30 minutes at 13000rpm, the pellet washed with 70% ethanol and air dried. 

Probes were resuspended in 200μl DEPC treated H2O and stored at –800C.  
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2.4.2. Dissection and fixation of testes 

Testes were dissected from young males (0-1 days old) in testis buffer (183mM KCl, 

47mM NaCl, 10mM Tris pH6.9) using a dissecting microscope and fixed for 30 minutes 

in 4% paraformaldehyde in HEPES buffer (100mM HEPES pH6.9, 2mM MgSO4, 1mM 

EGTA). Then washed 3 X 5 minutes in PBST (PBS + 0.1% Tween 20). Testes were 

treated with proteinase K (50μg/ml) for 5 minutes and the digestion was stopped with 

2mg/ml glycine for 2 minutes, followed by 2X5 minutes washes in PBST. Testes were 

re-fixed in 4% paraformaldehyde in HEPES for 20 minutes. They were then washed 

3X10 minutes in PBST and 1X10 minutes in 1:1 PBST: hybridisation buffer (HB: 50% 

formamide, 5X SSC, 100μg/ml sonicated salmon sperm DNA, 50μg/ml heparin, 0.1% 

Tween 20 and adjusted to pH 4.5 with citric acid).  

 

2.4.3. RNA probe hybridisation 

Testes were pre-hybridised for at least 1 hour at 650C in hybridisation buffer. RNA probes 

were denatured by heating at 800C for 10 minutes, cooled on ice for a few minutes and 

added to the samples for overnight hybridisation at 650C. The following hybridisation 

washes were carried out in a water bath as listed in Table 2.1.  

Wash buffer Duration of each wash Number of washes Temperature 

Hybridisation buffer 20-30 minutes At least 6 changes 650C 

4:1 HB:PBST 15 minutes Once Room temperature 

3:2 HB:PBST 15 minutes Once Room temperature 

2:3 HB:PBST 15 minutes Once Room temperature 

1:4 HB:PBST 15 minutes Once Room temperature 

PBST 15 minutes Twice Room temperature 

Table 4:-Post hybridisation washes for RNA in-situ 
 

Testes were then incubated overnight at 40C in a 1:2000 dilution of pre-absorbed alkaline 

phosphatase conjugated anti-digoxigenin antibody in PBST (antibody preabsorbed 

against fixed ovaries). Samples were washed 4 X 10 minutes in PBST and then 3 X 5 

minutes in a high pH buffer (HP: 100mM NaCl, 50mM MgCl2, 100mM Tris pH9.5, 0.1% 

Tween 20). The colouration reaction added to the testes consisted of 4.5μl of Nitro blue 

tetrazolium chloride (NBT) (Roche) and 3.5μl of X- phosphate/5-Bromo-4-chloro-3-

indolyl-phosphate (BCIP) (Roche) in 992μl of HP buffer (to give a final concentration of 
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0.175 mg/ml of BCIP and 0.45mg/ml of NBT per 1ml). The reaction was left to develop 

in the dark, and on average took between 20 minutes to 2 hours to develop. The 

reactions were terminated by 3 X 5 minutes washes in PBST.  

 

2.4.4. Mounting of testes 

The samples were dehydrated through a series of ethanol washes (30% ethanol in water, 

50%, 70%, 90% and 100% ethanol). Each wash was carried out twice. After the 

dehydration steps, samples were transferred to glass blocks and incubated in 1:1 

ethanol:methylsalicylate for 15 minutes followed by incubation in 100% methylsalicylate. 

The methylsalicylate was replaced with Gary’s Magic Medium (GMM) (1.6g/ml Canada 

balsam in methylsalicylate). Testes were then mounted on glass slides in GMM. Slides 

were analysed using Normaski Differential Interference Contrast (DIC) microscopy using 

an Olympus BX50 microscope.  

 

2.5. Bioinformatics techniques 

Multiple sequence alignments were carried out by online tool Muscle MSA 

(http:///www.ebi.ac.uk/Tools/msa/). The phylogenetic trees were drawn using MEGA 

software with Maximum likelihood statistical test and Bootstrap phylogeny test with 1000 

replications. For SELEX-sequencing, sequencing reads were processed using online 

tool Galaxy (https://usegalaxy.org/). MEME suite v5.4.1(http://meme-suite.org/) was 

used for de novo motif search using default parameter with discriminative search mode 

and motif comparisons were carried out using online tool TOMTOM with default parameter 

(http://meme-suite.org/tools/tomtom). FIMO from MEME suite was used to find the 

occurrence of the motifs with default parameter and p-value was adjusted (http://meme-

suite.org/tools/fimo). 
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Molecular and functional analysis of the promoter of 
gene_090 

 

3.1. Abstract 

Understanding the origin of new genes in the genome is primary goal of evolutionary 
biology. Studying the recently evolved de novo genes and how they gain expression can 

be informative at elucidating the molecular mechanisms that give rise to gene 

expression. This chapter depicts the molecular and functional analysis of the promoter 

of gene_090 in D. melanogaster (Zhao et al. 2014). A gene_090 is interesting to study 

because promoter region of expressed and non-expressed allele of this gene is 

contrasted by several single nucleotide polymorphisms (SNPs) and indels. A series of 

constructs revealed that 7bp indel is necessary and sufficient to convert natural non-

expressing allele into an expressing allele. 

 

3.2. The molecular properties and evolution of gene_090 

The sequence alignment of expressed and non-expressed allele of gene_090 show 12 

SNPs upstream as well as downstream of the transcription start site (Figure 3.2.1). This 

gene also has two indels, the first 7 bp just upstream of TSS and the second 5 bp 

downstream of TSS (Figure 3.2.1). Zhao et al. established that transcripts with >2 FPKM 

were considered as de novo transcripts (explained in section 1.5.4) and gene_090 was 

found to be expressed in RAL- 307 (3.97 FPKM), 360 (3.34 FPKM), 399 (5.92 FPKM), 

and 517 (12.74 FPKM) lines but was not expressed in RAL-304 (0.03 FPKM), 357 (0.00 

FPKM) lines. An allele of gene_090 from aly chromosome was tested in our lab and was 

found to be expressed (HW-C unpublished data).  

 

A study identified a core promoter sequences of 190 genes specifically expressed in 

testis that have a 10 bp A/T-rich motif that is identical to the translational control element 

(TCE). Mutation of TCE reduced the transcription of reporter gene indicating that the 

TCE is important but not essential for activation of transcription (Katzenberger et al. 

2012). Intriguingly, gene_090 has a predicted translational control element (TCE) 

(Katzenberger et al. 2012) which possibly also regulates the transcription of the gene 

(Figure 3.2.1). A phylogenetic tree was created using promoter regions of gene_090 and 

promoter of aly gene as outgroup (Figure 3.2.2). Expressed and non-expressed alleles 

of gene_090 are clustered separately with 72% bootstrap value and share unknown 
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common ancestor. This suggest that expression of gene_090 could be evolved once 

during the course of evolution (Figure 3.2.2). 
 
 

 

 

alyrevcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
360revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
517revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
307revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
399revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
304revcomp1      TTGGGTCCCAATCCATAGGTGCACTGGAAGTATTTAATAATCTTCGCATATAACTAATAT 
357revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCATATAACTAATAT 
refrevcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCATATAACTAATAT  
                 ****************** ***************** ***********************   
 
alyrevcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
360revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
517revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
307revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
399revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
304revcomp1      ATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
357revcomp1      ATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
refrevcomp1      ATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT  
                 ********** *************************************************   
 
alyrevcomp1      TAAGAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
360revcomp1      TAAGAAAATCAGTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
517revcomp1      TAACAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
307revcomp1      TAAGAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
399revcomp1      TAAGAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
304revcomp1      TAAGACAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGGATAGTACTACATA 
357revcomp1      TAAGACAATCATATGA-TTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATA 
refrevcomp1      TAAGACAATCATATGA-TTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATA  
                 *** * *****  *** ****** ************** ******* *************   
 
alyrevcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
360revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
517revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
307revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
399revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
304revcomp1      ATAATGGCTTTTGCATTTTGAGTAACATACATAAATAAAAATGCTAATATGCTGAGCTAT 
357revcomp1      ATAATGGCTTTTGCATTTTGAGTAACATACATAAATAAAAATGCTAATATGCTGAGCTAT 
refrevcomp1      ATAATGGCTTTTGCATTTTGAGTAACATACATAAATAAAAATGCTAATATGCTGAGCTAT  
                        ***************************** ************** *** ****   
 
alyrevcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
360revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
517revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
307revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
399revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
304revcomp1      CTATTATATATTTGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
357revcomp1      CTATTATATATATGTGTTACCATTTAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
refrevcomp1      CTATTATATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTAGAAA  
                 *      **** *******  *** *************************** *******   

 

alyrevcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
360revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
517revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
307revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
399revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCATATAACTAATAT 
304revcomp1      TTGGGTCCCAATCCATAGGTGCACTGGAAGTATTTAATAATCTTCGCATATAACTAATAT 
357revcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCATATAACTAATAT 
refrevcomp1      TTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCATATAACTAATAT  
                 ****************** ***************** ***********************   
 
alyrevcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
360revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
517revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
307revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
399revcomp1      ATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
304revcomp1      ATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
357revcomp1      ATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT 
refrevcomp1      ATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTAT  
                 ********** *************************************************   
 
alyrevcomp1      TAAGAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
360revcomp1      TAAGAAAATCAGTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
517revcomp1      TAACAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
307revcomp1      TAAGAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
399revcomp1      TAAGAAAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATA 
304revcomp1      TAAGACAATCATTTGATTTTTTTTTGTTTCAGATACATTAAAAATGGATAGTACTACATA 
357revcomp1      TAAGACAATCATATGA-TTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATA 
refrevcomp1      TAAGACAATCATATGA-TTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATA  
                 *** * *****  *** ****** ************** ******* *************   
 
alyrevcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
360revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
517revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
307revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
399revcomp1      -------CTTTTGCATTTTGAGTAACATACATAAATCAAAATGCTAATATGTTGATCTAT 
304revcomp1      ATAATGGCTTTTGCATTTTGAGTAACATACATAAATAAAAATGCTAATATGCTGAGCTAT 
357revcomp1      ATAATGGCTTTTGCATTTTGAGTAACATACATAAATAAAAATGCTAATATGCTGAGCTAT 
refrevcomp1      ATAATGGCTTTTGCATTTTGAGTAACATACATAAATAAAAATGCTAATATGCTGAGCTAT  
                        ***************************** ************** *** ****   
 
alyrevcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
360revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
517revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
307revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
399revcomp1      C-----CATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
304revcomp1      CTATTATATATTTGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
357revcomp1      CTATTATATATATGTGTTACCATTTAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAA 
refrevcomp1      CTATTATATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTAGAAA  
                 *      **** *******  *** *************************** *******   

 

Figure 3.2.1- Expression profile and sequence alignment of de novo  gene_090. A) 
Sequence alignment of expressing and non-expressing allele of gene_090. 
Gene_090 is expressed in RAL-307, 360, 399 and 517 lines (shown in red box) but 
not expressed in RAL- 304 and 357 lines (shown in blue box). aly represents the 
sequence of allele of gene_090 from aly chromosome which is also expressed 
(shown by red box), ref represents the reference genome sequence. Reverse 
complementary sequences were used for the alignment. SNPs and indels are 
highlighted by green colour. Rounded rectangular box highlights the TCE site. TSS 
shown in cyan colour and transcription progress by yellow arrow.  
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3.3. Cloning of attB site into reporter construct for site specific 
recombination in the genome 
For genomic integration, pCaSpeR-AUG-β-Gal vector (Thummel, Boulet, and Lipshitz 

1988) was modified by introducing the attB site. attB site was excised from pUAST attB 

plasmid using Pst1 restriction enzyme (Figure 3.3A&B) and excised attB site was 

amplified using primer set flanking Pst 1 restriction enzyme site (see appendix 1). The 

amplified product was checked by agarose gel and ~300bp long product was observed 

(Figure 3.3C), purified by Gel purification kit (QIAGEN), and sequenced by Sanger 

sequencing. The sequenced attB site was used for cloning into vector pCaSpeR-AUG-

β-Gal-djlΔ52. A detailed map of this vector is given below showing the main features in 

Figure 3.2.2:- A phylogenetic tree for gene_090. A phylogenetic tree showing 
expressed alleles are shown by red box and non-expressed alleles are shown by blue 
box cluster separately. The promoter is promoter of aly gene used as outgroup. The 
number represents the bootstrap values (%). The tree was generated using maximum 
likelihood statistical test with 1000 bootstrap iterations. The tree is drawn to scale, 
with branch lengths measured in the number of substitution per site. Branches 
corresponding to partitions reproduced in less than 50% bootstrap replicates are 
collapsed. The percentage of replicate trees in which the associated taxa clustered 
together in the bootstrap test (1000 replicates) are shown next to the branches. Scale 
represents the distance as percent divergence. 
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Figure 3.4.1.  For attB site cloning into vector pCaSpeR-AUG-β-Gal, vector was digested 

with Pst 1 enzyme and attB site was cloned into the vector by Gibson assembly (Figure 
3.3E). Colony PCR was performed to confirm the clone and corresponding colonies was 

picked for Mini plasmid preparation (Figure 3.3F). The cloned attB site was confirmed 

by Sanger sequencing. The attB site cloned vector was used for cloning of de novo 

gene’s fragment. Detailed design and cloning of synthetic DNA of gene_090  is described 

in the material and methods chapter. 

 

 

Figure 3.3:- Schematic representation showing generation of attB site and cloning 
into pCaSpeR-AUG-bGal vector. A) pUAST-attB plasmid with attB site, B) Excised 
attB site by Pst1 digestion, C) attB site amplification and gel electrophoresis of attB 
flanking Pst 1 site D) pCaSpeR-AUG-bGal digestion with Pst1 enzyme and E) 
Cloning of attB site in pCaSpeR-AUG-bGal vector. F) Colony PCR results confirm 
the insertion of attB site in vector. 
 

A) B) 

C) 

D) E) 

F) 

PCR with primer set 
flanking Pst 1 site 
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3.4. Features of pCaSpeR-AUG-bGal-attB reporter construct 

All synthetic DNA fragments for gene_090 were cloned into pCaSpeR-AUG-bGal-attB 

reporter construct (Figure 3.4.1 & 3.4.2). This vector lacks a minimal promoter and has 

a start codon to express reporter gene. All synthetic DNA fragments of gene_090 were 

cloned between EcoRI and BamHI restriction sites. MCSs were created by digestion of 

vector with EcoRI and BamHI to excise the djl fragment and insertion of polylinker but 

Gibson assembly cloning converted the BamHI site to a KpnI site. 

 
 

 

 

 

 

 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.1:- Schematic representation of pCaSpeR-AUG-bGal-attB vector. Main 
features of this reporter construct are white gene (green) as a selection marker, 
multiple cloning sites (MCS) (purple) (it was created by removing the djl fragment and 
inserting polylinker) for cloning, 5’ UTR from adh gene, LacZ gene coding sequence 
(red), 3’ UTR from SV40 virus, and attB site (black) for site specific recombination in 
the genome, ori (yellow), ampicillin resistant etc. Size of the vector is about 12.5kb. 
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3.5. Reporter constructs comprising an expressed or non-expressed 
allele promoter recapitulate the endogenous expression pattern of 
gene_090 

To investigate the mechanism that determines whether a specific de novo gene allele is 

expressed or not expressed, we tested the promoter region in reporter constructs. Based 

on previous reporter constructs this was likely to contain the genomic sequences of the 

target gene required for expression in testis (Thummel, Boulet, and Lipshitz 1988, White-

Cooper 2012). Previously in our lab, it was discovered that expressed and non-

expressed allele of gene_090 differs by 12 SNPs and two indels (Figure 3.2.1). Also, 

phylogeny analysis of expressed and non-expressed allele of gene_090 showed that 

expression of gene_090 could be evolved once (Figure 3.2.2). To test the promoter 

region of gene_090, a region comprising -302bp upstream of the transcription start site 

(TSS) and +133bp downstream of the TSS (with respect to D. melanogaster reference 

genome sequence) was selected (Figure 3.2.1).  

Two constructs were initially designed; 090_A contains the DNA sequence from an 

expressed allele of the gene while 090_B contains the sequence from a non-expressing 

allele of the gene (Figure 3.5A&B). This experiment allowed me to test whether the 

region selected does indeed contain the sequences required for testis expression. It also 

allowed me to test whether the differences between the alleles in this region are 

responsible for the expression or non-expression.  

Transgenic flies were generated by injecting the embryos from yw;nos-φ31;attp40 flies 

with the vector and then the vector was inserted at the specific attP40 site via phi-C31 

mediated recombination on the second chromosome. Then, transgenic flies were 

recovered by selecting for the w+ marker. 

 

Figure 3.4.2:- Basic properties of pCaSpeR-AUG-bGal-attB reporter vector. 
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Importantly, beta-galactosidase activity staining on the testes from the transgenic line 

revealed that empty vector was not capable for driving expression of the reporter gene, 

hence showed no staining for the beta-galactosidase (Figure 3.5E). It established that 

Figure 3.5:-Schematic representation of promoter sequences of gene_090 and X-gal 
staining in transgenic D. melanogaster testes . A) Expressed allele sequence with 
SNPs (in red) and indels i.e., deletion (as a bracket). B) Non-expressed allele 
sequence with SNPs (in blue) and indels i.e., insertions (as triangle). Differential 
interference contrast microscope images of whole testes. C) Testes of flies carrying 
the 090_A reporter construct of gene_090 showed beta-galactosidase activity 
staining throughout the testes except in germline stem cells  (GSC) (arrow) D) 
Transgenic testes from 090_B construct showed no beta-galactosidase activity. E) 
Transgenic testes for empty vector showed no beta-galactosidase activity as wild type 
testes. F) Beta-galactosidase staining on testes from wild type flies w1118. n=5 pairs 
of testis. 
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vector itself has no influence on reporter gene expression. Beta-galactosidase activity 

staining on the testes from the transgenic lines revealed that 090_A is robustly expressed 

in otherwise wild type testes and showed staining in the post meiotic cells of 

spermatogenesis such as spermatids but there was no obvious staining in germline stem 

cells, spermatogonia, spermatocytes, and somatic tissue (Figure3.5C). An interesting 

observation from beta-galactosidase activity staining was that the reporter gene was 

translated in spermatids suggesting translational delay. In contrast, 090_B transgenic 

testes lacked any beta-galactosidase activity (Figure3.5D), and resembled testes from 

flies with an empty vector as well as w1118 flies (Figure3.5E&F). This reveals that -302bp 

to +132bp fragment indeed contain sequences capable of driving expression in the male 

germline. In addition, this shows that the difference between the expressing and non-

expressing alleles can be attributed to sequence differences with this short yet important 

DNA sequence. 

In light of these results, I hypothesized that it might be SNPs or indels (i.e., deletion or 

insertion as shown in figure 3.5A&B) which are important for expression. To address this 

hypothesis, a series of additional constructs were designed to test whether the SNPs or 

the indels, or both are responsible for the difference between expression and non-

expression. In addition to the above, a previously characterised 10 bp sequence motif 

that regulates the translation in Drosophila testes known as the translation control 

element (TCE) also regulate the transcription in Drosophila testes (Katzenberger, R.J., 

et al., 2012). Gene_090 has a predicted TCE just downstream of TSS (Figure 3.2.1) and 

it would be interesting to check if it acts as a transcriptional regulator site. To test this 

hypothesis, a construct was designed with the non-expressed allele version of the TCE 

sequence, in an otherwise expressed allele background. 

 

3.6. Reporter construct with mutation of predicted TCE show beta-
galactosidase activity staining in testes 

Intriguingly, bioinformatics analysis on sequences of expressed and non- expressed 
allele sequences predicted a TCE just downstream of the TSS. This TCE is also of 

interest because it differs between expressed and non-expressed allele and also a 

transcriptional regulator site (Figure 3.2.1) (Katzenberger et al. 2012). To determine the 

potential role of the predicted TCE, a construct was designed that contains the sequence 

from the expressed allele of gene_090 with single SNP which makes the sequence in 

the expressed allele a much better match to the TCE consensus than the non-expressed 

allele (Figure 3.6A). The published TCE consensus sequence is CTCAAAATTT 



 65 

(Katzenberger et al. 2012) whereas expressed allele has consensus of ATCAAAATGC 

and non-expressed allele has consensus of ATAAAAATGC (Figure 3.2.1). 

 

Transgenic testes of this construct showed the strong beta-galactosidase activity staining 

in spermatids towards the more basal region of the testis but primary spermatocytes 

towards the tip of the testis and GSC were not stained (Figure 3.6B). This result 

suggests that predicted TCE does not act transcriptional control site. Beta-galactosidase 

activity staining was a bit weaker, suggesting that TCE maybe enhance translation of 

reporter gene in testis. This promoter sequence in this construct behave the same as 

promoter sequence cloned into construct 090_A (Figure 3.5A). 

 

3.7. Only indels are important for expression of gene_090 not SNPs 

It was established that promoter sequences of expressed and non-expressed allele of 
gene_090 showed expression and no expression respectively. The region flanking the 

TSS used in reporter constructs 090_A and 090_B differs by 12 SNPs and two indels. 

Now, I wanted to test if SNPs or indels or both are important for the expression of 

090_G 
pCaSpeR-AUG-β-gal 

B 

-302bp +133bp 

A) 090_G 
Predicted TCE? 

Figure 3.6- Representation of construct design of 090_G and beta-galactosidase 
staining activity in transgenic testes. A) Construct 090_G showing sequence from 
expressed allele with SNPs (shown by red colour), deletion (shown as bracket), 
predicted TCE (shown in blue colour), and TSS (shown as an arrow). B) X-gal staining 
on transgenic testes for construct 090_G showing beta-galactosidase activity staining 
in spermatids towards the more basal region of the testis but primary spermatocytes 
towards the tip of the testis were not stained. n=5 pairs of testis. 
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gene_090. In order to address this question, I designed two constructs, the first construct 

090_C comprises the sequence from the expressed allele but both the indels i.e., 

insertions from non-expressed allele (Figure 3.7A). The second construct 090_D has 

the sequence from non-expressed allele but both the indels i.e., deletions (7 bp and 5 

bp each) from the expressed allele (Figure 3.7B).  

 

 

Testes from flies with the construct 090_C with SNPs from expressed allele and indels 

(insertions) from non-expressed allele showed no X-gal staining (Figure 3.7C) at all 

whereas the second construct 090_D with SNPs from non-expressed allele and indels 

(deletions) from the expressed allele showed strong in spermatids but no evident staining 

in GSC, spermatogonia, spermatocytes, and somatic tissues (Figure 3.7D). These 

results suggest that SNPs are not important but indels i.e. deletions are important for 

expression of reporter gene. 

Figure 3.7:- Construct design and beta-galactosidase activity staining on transgenic 
lines- 090_C & 090_D. A) Schematic design of construct 090_C with SNPs are 
highlighted in red colour and both the indels i.e., insertion are shown by triangles. B) 
090_D construct design showing SNPs in blue colour and both indels i.e., deletions 
showed by brackets. C) There was no beta-galactosidase activity staining in testes 
for transgenic flies for 090_C. D) Testis from the transgenic lines for 090_D showed 
strong expression. n=5 pairs of testis 

-302bp +133bp 

A) 090_C 

+133bp -302bp 

B) 090_D 

090_C 
pCaSpeR-AUG-β-gal 

C 

090_D 
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3.8. 7bp Indel-I i.e. deletion is necessary for expression of gene_090 

Earlier results showed that indels are important for expression of reporter gene in testis. 

Now, I wanted to check if both indels are important or whether the transcriptional activity 

could be attributed to just one of the indels. To test the necessity of the indels, I designed 

two more constructs. The first construct 090_E contain all the SNPs and indel-II 

(deletion) from expressed allele and indel-I (insertion) from non-expressed allele (Figure 
3.8A). The second construct 090_F comprises of a sequence with all the SNPs and the 

indel-I (deletion) from expressed allele and the indel-II (insertion) non-expressed allele 

(Figure 3.8B). Transgenic testes for construct 090_E showed no beta-galactosidase 

staining (Figure 3.8C) indistinguishable from the negative control (Figure 3.5E) whereas 

construct 090_F showed beta-galactosidase staining in testes (Figure 3.8D) as robust 

as construct 090_A (Figure 3.5C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pCaSpeR-AUG-β-gal 

+133bp -302bp 

A) 090_E 

+133bp -302bp 

B) 090_F 

  

Figure 3.8- Schematic representation of construct designing and X-gal staining for 
beta-galactosidase activity in transgenic testes for 090_E & 090_F. A) Construct 
090_E has SNPs from expressing allele showed in red colour, indel-I (insertion) by a 
triangle, and indel-II (deletion) by a bracket. B) Construct 090_F has SNPs from 
expressed allele highlighted in red colour, indel-I (deletion) shown as a bracket, and 
indel-II (insertion) shown as a triangle. C) Beta-galactosidase activity staining on 
transgenic testes from transgenic line for 090_E has no staining at all. D) Beta-
galactosidase activity staining on testes from transgenic line for 090_F showed robust 
expression in testis. n=5 pairs of testis. 
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3.9. 7bp Indel-I i.e., deletion is necessary and sufficient to convert a 
natural non-expressing allele into an expressing allele 

Having established that the 7bp deletion at the indel-I site is necessary for expression, 

now I wanted to test if this 7bp indel-I is sufficient for expression in testes. To test this 

hypothesis, I designed a construct with indel-I (deletion) from the expressed allele and 

SNPs and indel-II from the non-expressed allele (Figure 3.9A). Testes from transgenic 

flies were dissected and used for the x-gal staining. Excitingly, transgenic testes showed 

strong beta-galactosidase staining in post meiotic cells of spermatogenesis in testes 

(Figure 3.9B) and revealed that 7bp indel-I (deletion) is also sufficient for expression in 

testes.  

 

 

 

 

 

 

 

 

 

 

 

 

Altogether, these results suggest that this specific 7 bp deletion is necessary and 

sufficient to convert a naturally occurring non-expressing allele into an expressing allele. 

 

3.10. What is the mechanism of regulation? 

Based on the results so far, I proposed three models that could be possible mechanisms 

of expression regulation of gene_090 in Drosophila testes.  

+133bp -302bp 

A) 090_H 

B 

090_H 
pCaSpeR-AUG-β-gal 

Figure 3.9:- Representation of 090_H construct design and X-gal staining in testes. 
A) The construct 090_H is composed of SNPs (by blue colour) and indel-I (by bracket), 
and indel-II. B) Beta-galactosidase activity staining on testes from transgenic lines for 
090_H showing solid staining in testes.  
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The first model suggests that in non-expressing allele 7bp insertion (ATAATGG) (shown 
in blue box in figure 3.9A) just upstream of TSS cause disruption of regulatory protein 

binding site and hence gives no expression (Figure 3.10A). Deletion of this 7bp in an 

expressing allele possibly creates a new binding site by bringing flanking sites 

[ATA()CTT] together and allows regulatory protein to bind to the promoter and drives 

gene expression in testes (Figure 3.10B). The second model suggests there might be 

more than one protein involved in expression regulation and these two proteins bind to 

sites flanking the 7bp deletion (Figure 3.10C&D) and regulate the gene_090 expression. 

The third possible model suggests that 7bp insertion in non-expressing allele is a 

repressor binding site, which allows repressor molecule to bind to this site and thus 

prevent the gene expression (Figure 3.10E&F). 

 

3.11. 7 bp deletion in expressing allele do not create a new 
binding site for any regulatory protein/proteins  

It was established that indel-I i.e., deletion is necessary and sufficient for expression of 

gene_090. Now I wanted to address 1) if indel-I i.e., deletion is making any new binding 

site in expressed allele background. 2) If Indel-I i.e., insertion disrupts this binding site in 

non-expressed allele background. To test this hypothesis, I created several constructs 

carrying sequences from immediately upstream and downstream of indel-I in expressing 

and non-expressing allele background. With these constructs, we could understand if 

the flanking sites of indel-I are creating any new binding site with deletion. Using 7 bp 

sequence from upstream as well as downstream would allow us to keep the sequences 

length same as non-expressing allele. 

 

3.11.1. 7 bp duplication of the sequence from upstream of the indel-I site do 
not create a new binding site 

In construct 090_I, 7 bp sequence (CTACATA) is inserted immediately upstream of 

indel-I at indel-I site in expressed allele background (Figure 3.11.1B) whereas 090_J 

has the same insertion (CTACATA) at the indel site-I but in non-expressed allele 

background (Figure 3.11.1D). Transgenic flies for these constructs were generated and 

testes were stained for beta-galactosidase activity. Interestingly, both the constructs 

090_I and 090_J showed no beta-galactosidase activity in testes (Figure 3.11.1F&H), 

thus suggesting insertion of 7bp sequence from upstream of indel-I at indel-I site is not 

potentially creating any new binding site for regulatory protein/proteins for gene 

expression regulation.  
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Staining of these transgenic tests resemble the staining of empty vector (shown in Figure 

3.5E). In addition to these results, I also wanted to test whether insertion of 7bp sequence 

(CTTTTGC) from downstream of the indel-I at indel-I creates any new binding site. 

+133bp 

+133bp -302bp 

D) 090_J 

CTACATACTACATACTTTTGC  

Figure 3.11.1:- Schematic representation of 090_I & 090_J constructs designing and 
X-gal staining for beta-galactosidase activity. A&B) Construct 090_A and design of 
090_I involves expressed allele sequence with SNPs (shown in red colour) and 
insertion of 7bp at indel-I site (shown by inverted arrow and sequence yellow colour), 
and indel-II shown as a bracket. B&D) Construct 090_B and design of construct 
090_J has non-expressed allele sequence with SNPs (in blue colour), insertion of 
7bp at indel-I site (shown by inverted arrow and sequence yellow colour), and indel-
II shown as a triangle. E) Beta-galactosidase activity staining on transgenic testes for 
construct 090_A, and F) for construct 090_I, G) for construct 090_B, and H) for 
construct 090_J. n=5 pairs of testis. 
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3.11.2. 7 bp duplication of the sequence from downstream of the indel-I site 
also do not create a new binding site 

To investigate if insertion of sequence immediately downstream of indel-I at indel-I site 
create a binding site or not, I designed two construct and the first construct 090_K contain 

insertion of 7 bp sequence from downstream of indel-I at indel-I site in expressed allele 

background (Figure 3.11.2B). The second construct 090_L  contain insertion of 7bp 

sequence from downstream of indel-I at indel-I site in non-expressed allele background 

(Figure 3.11.2D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11.2:- Representation of 090_K & 090_L constructs design and x-gal staining 
on testes from transgenic lines. A&B) Construct 090_A and construct design for 090_K 
with SNPs (in red colour), insertion at indel-I site (shown by inverted arrow and sequence 
with yellow colour), and indel-II (shown as a bracket). B&D) Construct 090_B and design 
of construct 090_L has SNPs (blue colour), insertion at indel-I site (shown by inverted 
arrow and sequence with yellow colour), and indel-II (shown as a triangle). E&F) Showing 
the beta-galactosidase activity staining on testes from transgenic lines for construct 
090_A and 090_K respectively and G&H) for construct 090_B and 090_L respectively. 
n=5 pairs of testis. 
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X-gal staining on transgenic testes for these both constructs showed no beta-
galactosidase activity staining (Figure 3.11.2F&H), hence suggesting that duplication of 

sequence from downstream of indel-I at indel-I site does not create a binding site for 

regulatory protein/s. Now it was proven that 7bp insertion of sequence from upstream or 

downstream of indel-I at indel-I site does not create any binding site or any site created 

longer than the region tested with these short duplications and suggests that model_2 

(Figure 3. 10C&D) is possible mechanism of gene regulation in which more than one 

protein is involved in gene expression regulation of gene_090. Furthermore, I wanted to 

test if there is a repressor binding site being made at indel-I (insertion) site and for that I 

devised two constructs with scramble and inverted version of indel-I (insertion) from non-

expressed allele in expressed allele background.  

 

3.12. Scramble and inverted version of indel-I i.e., insertion also 
do not create a new binding site 

To test these hypothesizes, two construct were designed and both constructs contain 

sequence from expressed allele but indel-I (insertion) is from non-expressed. For 

construct 090_M, indel-I (insertion) was scrambled (TAGAGAT) and inserted at indel-I 

site (Figure 3.12A) and for construct 090_N indel-I (insertion) was inverted (CCATTAT) 

and inserted at indel-I site (Figure 3.12B).  
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A) 090_M Scrambled 

TAGAGAT  

+133bp -302bp 

B) 090_N Inversion 
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090_M 
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090_N 
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Figure 3.12:- Construction of 090_M and 090_N construct and x-gal staining on transgenic 
testes. A) Construct 090_M has expressed allele sequence with SNPs (shown by red 
colour), scrambled indel-I at indel-I site (shown by a triangle), and indel-II (as a bracket). B) 
Construct 090_N with SNPs (shown by red colour), inverted version of indel-I (shown by 
triangle), and indel-II (as a bracket). C&D) Beta-galactosidase activity staining on testes 
from transgenic lines for construct 090_M and 090_N respectively. n=5 pairs of testis.  
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Testes from transgenic lines for these both constructs showed no beta-galactosidase 
activity staining (Figure 3.12C&D). These results are consistent with the possible 

mechanism of gene expression regulation could be model-2 (Figure 3. 10C&D) and 

suggest that the insertion does not generate a sequence that recruits a repressor.  

Overall these results suggest that we are not creating any binding site with the deletion 

but that the regions flanking insertion could be important for expression. With an insertion 

at indel-I, a potential binding site for regulatory proteins could disrupt therefore no 

expression. Altogether this suggests that model-2 is most probable mechanism of gene 

expression where two proteins might bind to the flanking sites of the indel-I i.e., deletion. 

Based on these results, I designed two more constructs to check if the indel-I (insertion) 

is a repressor binding site or not. 

 

3.13. Alteration of indel-I i.e., insertion position in promoter region 
does give expression in primary spermatocytes 

To address if moving the indel-I (insertion) from its original position could alter the 

expression or not, I designed two constructs. First construct 090_O contain sequence 

from expressed allele but the sequence of indel-I (insertion) moved 20 bp (two DNA  helix 

turn) upstream of its original position (Figure 3.13A). Second construct 090_P contain 

the same sequence as construct 090_O but the indel-I (insertion) is moved 15 bp (1.5 

DNA helix turn) upstream of its original position (Figure 3.13B). The notion of two 

different constructs with 1.5 and 2 DNA helix turn was to allow enough space to be 

available for regulatory proteins to bind at indel-I site. 

Transgenic lines were generated for these two constructs and testes were stained for 

beta-galactosidase activity. Interestingly, beta-galactosidase activity staining revealed 

that construct 090_O is expressed in primary spermatocytes (Figure 3.13C) whereas 

other constructs were expressed in later stage of spermatogenesis and showed staining 

in late spermatids (Figure 3.5C). On the other hand, transgenic testes for 090_P showed 

no staining at all (Figure 3.13D). These results suggest that insertion of indel-I i.e., 

insertion at 20 bp upstream of its original position altered the transcription of reporter 

gene and suggest it could be transcribed in spermatocytes or premeiotic stages of 

spermatogenesis. 15 bp upstream insertion lacked any beta-galactosidase activity, and 

resembled the testes from flies with empty vector inserted (Figure 3.5E). 
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3.14. Mutation of nucleotides flanking the deletion site in expressed 
allele give no expression in Drosophila testes 

A deletion in the expressed allele allows flanking sites to come together and gives the 

expression. Here I wanted to test if switching the adjoining base pairs of deletion are 

implicated expression in testes. To address this hypothesis we devised a construct with 

two nucleotides are switched around deletion site in expressed allele background 

(Figure 3.14B). Transgenic flies were generated for this construct and testes for this 

transgene were subjected to beta-galactosidase activity staining. There was no visible 

beta-galactosidase activity staining observed in testes (Figure 3.14D) and testes 

resembled the negative controls (Figure 3.5E). Thus it shows that a site created by 

deletion and adjoining nucleotides of the flanking sites of deletion are important for 

driving expression in Drosophila testes. It also shows that specificity of the sequence 

around deletion in expressed allele is important for expression. 

 

+133bp -302bp 

A) 090_O 

+133bp -302bp 

B) 090_P 

090_O 
pCaSpeR-AUG-β-gal 

090_P 
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C D 

Figure 3.13:- Design of construct 090_O and 090_P and beta-galactosidase activity 
staining. A) Design of construct 090_O with expressed allele sequence showing 20bp 
upstream insertion of indel-I (shown by triangle), SNPs (shown by red colour), and indel-
II (as a bracket). B) Construct 090_P has expressed allele background with SNPs (shown 
by red colour), 15bp upstream insertion of indel-I, and indel-II (as a bracket). C&D) 
Showing beta-galactosidase activity staining of the testes from transgenic lines for 
construct 090_O and 090_P respectively. n=5 pairs of testis. 
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3.15. Summary 

Gene_090 is shown to be very interesting gene to study with small stretch of DNA has 

the potential to gain the expression in testes. SNPs present in promoter region of this 

gene has no effect on its expression whereas indel-I (deletion) created in expressed 

allele plays a vital role in gene expression regulation. 7 bp deletion in expressed allele is 

necessary as well as sufficient to convert naturally occurring non-expressing allele into 

expressing allele. Our results suggest that deletion in the expressed allele does not 

create any binding site for repressor protein per se but the mutation of the two base pairs 

of the flanking sites of the deletion suggest that the sequence created by the deletion is 

critical, as well as the spacing of other flanking sequences are important for expression. 

Our results also shows that 20 bp insertion of indel-I (insertion) from its original site in 

expressed allele background gives expression in primary spermatocytes. 

  

-302bp +133bp 

A) 090_A 

  CTACATA           CTTTTGC  

-302bp +133bp 

B) 090_Q 

  CTACATC           ATTTTGC  

Figure 3.14:- Switching the flanking nucleotide of deletion does not give expression. 
A) Construct 090_A showing the flanking bases of deletion (highlighted by green “C” 
and yellow “A” colour). B) Construct 090_Q design showing SNPs by red colour and 
indels from the expressed allele by brackets and two nucleotide switched shown by 
green “C” and yellow “A” colour. C&D) Beta-galactosidase activity staining on 
construct 090_A and 090_Q respectively. n=5 pairs of testis.  
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Molecular analysis of mutations leading to expression 
of gene_074 

 

4.1. Abstract 

De novo genes are new in populations and studying these genes would be interesting to 
understand the biology behind the evolution and gene expression regulation. One such 

interesting gene_074 (Zhao et al. 2014) has nucleotide polymorphisms in the promoter 

region which does not correlate with its expression. However, this gene is interesting to 

study because two expressing alleles differ by few SNPs and one indel whereas 

expressing allele and non-expressing allele cannot be differentiated by SNPs or indels 

(Figure 4.2.1). This gene is also important to study because its expression is 

independent of tMAC complex (HW-C unpublished data). To understand the mechanism 

of gene expression regulation of gene_074, we designed several constructs and these 

constructs revealed that SNPs or indels are not important for the expression and 

additional upstream or downstream sequences from the TSS might be important for the 

expression. 

 

4.2. The molecular properties and evolution of gene_074 

Gene_074 is segregating de novo gene whose expression is not fixed in the population 

yet. This gene is expressed in line RAL-517 (159.80 FPKM) but not in other lines RAL-

304 (0.26 FPKM), 307 (0.00 FPKM), 357 (0.00 FPKM), 360 (0.00 FPKM), 399 (0.09 

FPKM), and the allele on the aly1 chromosome. Expressing allele RAL-517 and non-

expressing alleles of gene_074 differ by only 1 SNP (Figure 4.2.1). In addition to above, 

two different expressing allele 074_517 and 074_aly1 can be differentiated by presence 

of 3 SNPs and 1 indel (Figure 4.2.1).  

A phylogenetic tree was generated using promoter regions of the gene_074 and 

promoter of aly gene as outgroup showed that both expressing alleles 074_517 and 

074_aly1 fall in different clusters. Three non-expressing alleles 074_399, 307, and ref 

clusters together with bootstrap value- 57%. Another group of non-expressing alleles 

074_360 and 304 cluster together with bootstrap value-66% and this cluster could be 

sharing common ancestor with 074_517 allele with 57% bootstrap value. The 

phylogenetic tress suggest that gene_074 could be evolved twice (Figure 4.2.2). 
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4.3. Cloning of synthetic DNA of gene_074 in reporter vector 
pCaSpeR-AUG-βGal-attB 

Detailed design of synthetic DNA fragments of gene_074 and cloning into pCaSpeR-
AUG-βGal-attB is explained in the materials and methods chapter. All the synthetic DNA 

fragments were cloned into reporter vector pCaSpeR-AUG-βGal-attB and a set of 

primers flanking the multiple cloning site were used to confirm the cloning of insert 

(Figure 4.3A). Colony PCR was performed using these set of primers and clones were 

confirmed based on the observed product size (500bp) (Figure 4.3B). Confirmed clones 

Figure 4.2.2:- A phylogenetic tree for gene_074. A phylogenetic analysis showing 
expressed alleles are shown by red box and non-expressed alleles are shown by blue 
box. The promoter is promoter of aly gene used as outgroup. The number represents 
the bootstrap values (%). The tree was generated using maximum likelihood statistical 
test with 1000 bootstrap iterations. Branches corresponding to partitions reproduced 
in less than 50% bootstrap replicates are collapsed. The percentage of replicate trees 
in which the associated taxa clustered together in the bootstrap test (1000 replicates) 
are shown next to the branches. The tree is drawn to scale, with branch lengths 
measured in the number of substitution per site. Scale represents distance as percent 
divergence. 
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for all the fragments 074_ref3, 517, and aly1 were sequenced by Sanger sequencing 

(Eurofins Genomics).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

The sequences from sequencing results for all the constructs were correct and while 
analysing the sequences it was found that one clone had a sequence similar to allele 

517 but had an extra insertion downstream of TSS and we called that allele 517A2 

(Figure 4.3C). Later all these constructs were used for the embryo injection and 

generation of transgenic flies for these constructs. Testes from these transgenic flies 

were dissected out and used for beta-galactosidase activity staining. 

A) B) 

C) 

Figure 4.3:- Gene_074 synthetic DNA fragments cloning in pCaSpeR-AUG-βGal-
attB. A) Reporter vector showing cloning site and primer design used for colony PCR. 
B) Colony PCR to confirm the cloning of the synthetic DNA fragments in reporter 
vector (approximate size of products is 500bp each). C) The sequencing results for 
074_ref, 517, and aly1. Also, we found that there was a colony for allele 074_517 with 
extra insertion downstream of the TSS (highlighted in green colour). 



 82 

4.4. Reporter construct comprising of the promoter sequence from 
non-expressed allele establishes the endogenous expression of 
gene_074 

To understand the molecular mechanism required for allele specific expression of de 

novo gene_074, we examined the promoter regions in a reporter construct. In our lab, it 

was established that expression of gene_074 does not correlate with SNPs or indels 

(Figure 4.2.1). Also, phylogenetic analysis of gene_074 showed that this gene could be 

evolved at least twice. To test the promoter regions of gene_074, we selected the region 

comprising -200bp upstream of the TSS and +98bp downstream of the TSS (with respect 

to D. melanogaster reference genome sequence) (Figure 4.4A). Initially, one construct 

was designed 074_ref contains DNA sequence from non-expressing allele (i.e., genomic 

reference sequence) of gene_074. This experiment allowed me to established that 

reference genomic sequence is not capable of driving the gene expression in testes. 

Transgenic flies were generated by injecting vector into embryos of yw;nos-φ31;attp40 

flies and later this vector was inserted at attP40 site via phi-C31 mediated recombination 

on the second chromosome. Transgenic flies were recovered by selecting for the w+ 

marker.  

 

 

 

 

 

 

 

 

 

 

    

 

A) 074_ref 

074_ref 
pCaSpeR-AUG-β-gal 

B 

Figure 4.4:- The non-expressing allele of gene_074 gives no expression in testes. A) 
Construct design for 074_ref showing several SNPs compared to other alleles 
(yellow-A, purple-T orange-C) upstream of TSS and indel (deletion) downstream of 
TSS (shown as a bracket). B) Beta-galactosidase activity staining on transgenic testis 
for this construct show no staining at all. n=pairs of testis. 

-200bp +98bp 
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Beta-galactosidase activity staining on the testes from the transgenic line revealed that 
construct 074_ref was not capable for driving expression of reporter gene (Figure 4.4B). 
Now it was established that reference genomic sequence of gene_074 lacks the 

capability to drive gene expression in testes. 

 

4.5. RAL-517, an expressing allele of gene_074 gives expression 
in testes 

It was established that the non-expressed allele of gene_074 gives no expression in 
testes. Now, I want to test if expressing allele of gene_074 can give expression in testes. 

To test this hypothesis we designed a construct 074_517 with sequence with SNPs and 

indel from expressing line RAL-517 (the only line that expresses gene_074) of gene_074 

(Figure 4.5B). Transgenic flies were generated for this transgene and testes were 

dissected for beta-galactosidase activity staining. Beta-galactosidase activity staining 

revealed that promoter sequence can drive expression in testes and showed the staining 

in late spermatids and waste bag of the testes. There was no obvious staining in pre-

meiotic stages of spermatogenesis (Figure 4.5D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5:- Another expressing allele of gene_074_517 gives expression in testes. A) Design 
of Construct 074_ref (SNPs are highlighted in colour and indel by a bracket) B) Construct 
074_517 comprised of SNPs compared to 074_ref (highlighted in colours yellow-A, orange-C, 
purple-T green-G) and indel (insertion) shown as a triangle. C) Beta-galactosidase staining on 
transgenic testes from 074_ref and D) 074_517 construct showed weak staining in early and 
late spermatids, and waste bag shown by an arrow. n=5 pairs of testis. 

A) 074_ref 

-200bp +98bp 

B) 074_517 

-200bp +98bp 
074_517 

pCaSpeR-AUG-β-gal 
D 

074_ref 
pCaSpeR-AUG-β-gal 

C 
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4.6. Allele of gene_074 from aly chromosome can drive an expression 
of reporter gene in testes 

The allele from aly chromosome and non-expressing allele of gene_074 (074_ref) differ 

by 3 SNPs (Figure 4.6A&C) whereas the allele from aly chromosome and only 

expressing allele of gene_074 (517) differ by 3 SNP immediate upstream of the TSS and 

1 Indel downstream of the TSS (Figure 4.6B&C). These two expressing alleles and other 

non-expressing allele differ by 1 SNP and 1 indel. Here, I wanted to test whether the 

chosen promoter region of a allele of gene_074 from aly chromosome is capable of 

driving the expression of reporter gene in testis. To test this allele, we created one more 

construct with sequence of allele of gene_074 from aly chromosome (Figure 4.6C). 

 

 

 

 

 

     

 

 

 

 

 

 

 

 

 

Testes from this transgene were dissected and subjected to beta-galactosidase activity 

staining. Beta-galactosidase activity staining discovered that the allele from aly 

chromosome is capable for driving the expression of the reporter gene in early and late 

C) 074_aly1 

-200bp +98bp 

B) 074_517 

-200bp +98bp 

A) 074_ref 

-200bp +98bp 

Figure 4.6:- Expressing allele of gene_074 from aly chromosome gives expression in 
testes. A&B) Design of construct 074_ref and construct 074_517. C) Construct 074_aly1 
contain SNPs (highlighted in colours yellow-A, purple-T, green-G, and orange-C) and indel 
(deletion) shown by a bracket. D&E) Beta-galactosidase staining on transgenic testes from 
074_ref and 074_517. F) 074_aly1 construct shows strong staining in early and late 
spermatids but no obvious staining in other cells of spermatogenesis. n=5 pairs of testis. 

074_aly1 
pCaSpeR-AUG-β-gal 

F 

074_517 
pCaSpeR-AUG-β-gal 
E 

074_ref 
pCaSpeR-AUG-β-gal 
D 
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spermatogenesis whereas there was no visible staining observed in germ stem cells 

(GSCs), spermatogonia, and spermatocytes (Figure 4.6F). Thus, it demonstrates that 

point mutation (in allele from aly chromosome) just upstream of the TSS has no effect 

on reporter gene expression in testes. Also, the indel i.e., insertion downstream of the 

TSS (in allele from aly chromosome) has no effect on gene expression. 

 

4.7. Additional insertion in allele 517 is also capable of driving 
the expression in testes 

Now it was established that allele 517 and allele from aly chromosome of gene_074 are 

capable of driving the expression of reporter gene in testes. Here I want to test whether the 

additional insertion caused by sequencing error in allele 517 (later we called this allele as 

517A2) of gene_074 is expressed (Figure 4.3C & 4.7B). Testes from transgenic flies for 

517A2 construct were dissected and beta-galactosidase activity staining was performed. 

Beta-galactosidase activity staining showed that an extra insertion downstream of the TSS 

in allele 517 does not alter the expression of reporter gene and staining was observed in 

spermatids (Figure 4.7C). There was no visible staining observed in GSCs, spermatogonia, 

spermatocytes (Figure 4.7D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7:- Additional insertion in expressing allele of gene_074_517A2 gives 
expression in testes. A) Design of construct 074_517 showing SNPs and indel. B) 
Construct 074_517A2 comprised of SNPs (highlighted in colours yellow-A and green-
G) and two indels (insertions) shown as a triangle. C) Beta-galactosidase staining on 
transgenic testes from 074_517 construct, and D) 074_517A2 construct shows strong 
staining in spermatids. n=5 pairs of testis. 
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-200bp +98bp 

B) 074_517A2 
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Altogether these results suggest that tested SNPs or indel are not important for the 
expression of gene_074 in testes. A combination of different SNPs from expressing and non-

expressing alleles could help us understand the mechanism of gene expression regulation. 

 

4.8. Summary 

Alignment of the promoter sequences of expressed and non-expressed allele of 

gene_074 show that no individual SNPs or indels correlate with its expression in testes. 

Constructs tested in this chapter show that SNPs or indels are not important for 

expression of gene_074 in testes. An additional insertion in 517 allele has no effect on 

expression of reporter gene. Two expressing alleles 074_517 and aly1 differ by one SNP 

which does not affect expression of gene_074 in Drosophila testes. 
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Recombinant expression and characterisation of 
subunits of testis-specific meiotic arrest complex 

(tMAC) 

 

5.1. Abstract 

During progression of Drosophila spermatogenesis, a large set of genes are expressed 

in primary spermatocytes regulated by testis-specific meiotic arrest complex (tMAC) 

along with testis-specific transcription factor II D (tTFIID)(discussed in Introduction 

section). tMAC is a major transcription complex and yet where it binds in the genome is 

not well-known (Laktionov et al. 2014). tMAC has four proteins with predicted DNA 

binding domains and these proteins are Topi, Comr, Tomb, and Achi/Vis. Identifying the 

binding sites for these proteins and the whole complex in the genome would tell us about 

how it regulates the gene expression for successful advancement of a vital process of 

Drosophila. In this chapter, I will present the cloning and recombinant protein expression 

of the full length as well as the DNA binding domain only coding sequences for these 

four genes. Expressed proteins will be subjected to SELEX for de novo discovery of 

binding site for the respective protein. For each gene we will have two constructs, the 

first with full length sequence of gene and the second with DNA binding domain 

sequence. These two different constructs for each gene would help us to find out the 

binding site of a given protein. 

 

5.2. Topi (matotopetli) 

The topi gene encodes a 814 amino acid multiple Zn-finger predicted protein with a 
predicted molecular weight of 92 kDa (Perezgasga et al. 2004) (Figure 5.1). The 

translated Topi protein contains 10 C2H2 Zn fingers  and 1 C2HC finger (Figure 5.1) 
predicted by the PFAM and prosite protein domain analysis tools (El-Gebali et al. 2019, 

Sigrist et al. 2013). The predicted Zn fingers are clustered in the central region of the 

protein (amino acids 230-650), with the first two fingers being separated from the 

remaining nine by a 64 amino acid spacer (Perezgasga et al. 2004). Zn fingers in Topi 

protein are conserved in Drosophila melanogaster orthologue Drosophila pseudoobscura 

(Perezgasga et al. 2004). The last 5 Zn fingers in C-terminal end of Topi protein are more 

conserved than N-terminal ones and it was the first protein to be cloned and expressed 

therefore we chose C-terminal end of Topi for SELEX analysis (explained in Chapter 6) 
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5.2.1. RT-PCR amplification of Topi and sub-cloning to expression vectors 

In-order to express C-terminal (C-term), N-terminal (N-term), and full length (FL) of Topi 

proteins for biochemical characterisation and Protein-DNA interaction analysis by 

SELEX, 1-2μg/μl of protein must be generated (1-2μg/μl of protein is enough for SELEX). 

The size of the coding sequence of Topi FL gene is 2445bp, Topi N-terminal is 1473bp, 

and Topi C-terminal is 969bp. To generate the amplicons for these genes, a pair of testis 

from wild type flies were dissected and total RNA was extracted. RNA was then 

converted into cDNA (see Material and Methods) and the nucleotide sequences of the 

coding regions of Drosophila Topi FL, C-term, N-term were amplified from cDNA. For 

Topi FL, N-term, and C-term the forward primers used were designed to create a NdeI 

site incorporating a start codon and reverse primers used were designed to create a 

HindIII site with stop codon (Figure 5.1). 
 

 

 

A table of primers is shown in Appendix, the amplified PCR products were all 
approximately ~2.5kb, ~1.5kb, and ~970bp, which are in accordance with the length of 

the topi FL, topi N-term, and topi C-term coding regions respectively. All the PCR 

products were purified and digested with respective restriction enzymes allowing for 

cloning into appropriate expression vector pET28a(+) (see Material and methods chapter 

for detailed cloning procedure). The resulting constructs were transformed into DH5 

alpha cells, as described in Material and Methods. A number of colonies were picked for 

C-term N-term 

CDS ATG  TAA  

Figure 5.1:- Schematic representation of Zn-Finger domains in Topi and primer 
design for Topi FL, C-term, and N-term of topi. A) Presentation of Topi FL protein 
sequence with predicted 11 Zn-finger spread across the protein and 10 C2H2 fingers 
and 1 C2HC finger are highlighted by purple and black boxes respectively. B) Topi FL 
CDS showed by orange box and primer set for Topi FL are represented by green and 
blue arrow. For N-term of topi, sense primer is showed by green and antisense is 
showed by purple arrow. For C-term of topi, sense primer is showed by red and 
antisense is showed by blue arrow. Start and stop codon are shown by green and red 
alphabets. 

A 

B 
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colony PCR and PCR was carried out to check the presence of each gene insert (Figure 
5.2). Positive recombinant clones were checked by sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2. Recombinant over-expression of Topi FL, C-term, and N-term in E.coli 

The sequence confirmed expression constructs for Topi FL, C-term, and N-term were 

used to transform the E. coli expression host, BL-21(DE3) (see Material and Methods).  

Initial expression trials for Topi FL, N-term, and C-term were conducted on a small scale 

(100ml cultures) in order to evaluate the degree of induction and solubility of each protein 

when expressed as a recombinant protein in E. coli. All three recombinant proteins were 

expressed by addition of 0.5mM and 1mM IPTG and allowed cells to grow for 3hours at 

250C with rotation with 180rpm. For Topi FL, no protein induction was observed (data 

not shown). Further to standardise the induction, Topi FL was incubated for 4 hours at 

250C with rotation of 180rpm (see Material and Methods). After incubation, bacterial cells 

were harvested and lysed as explained in Material and Methods, and equal concentration 

of samples were taken from the total lysate and separated and analysed by SDS-PAGE 

(see Material and Methods).  For Topi FL, C-term, and N-term, bands of expected sizes 

(93, 37, and 56kDa respectively) (Figure 5.3) corresponding to (His)6-tagged versions of 

Figure 5.2:- Gel electrophoresis of colony PCR products were amplified using vector 
specific primers. A) A Panel represents to topi FL colony PCR and three colonies 
were positive with approximately 2500bp long PCR product. B) A panel representing 
C-terminal of topi and six colonies were positive with about 970bp PCR product. C) 
This panel showing colony PCR for N-terminal of topi and seven colonies were 
positive with about 1500bp long PCR product. 
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the proteins of interest, were present in the total lysate of BL-21 cells. For each case, 

expression construct was induced with 1mM IPTG at 250C for 3 hours for C-term and N-

term and Topi FL was incubated for 4 hours. Cells were harvested and lysed with 

standard lysis buffer and fractionated by centrifugation (see Material and Methods). Each 

fraction for the respective protein was separated on SDS-PAGE and enough soluble 

expression was observed by visualising the enriched band of expected size for 

respective protein (Figure 5.4A,B&C). 
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Figure 5.3:- IPTG induced over expression of His-tagged Topi FL, C-term, and N-term 
in E.coli. Coomassie stained gels showing  A) Topi FL induction at 0, 1, 2, 3, and 4hrs 
using 0.5mM and 1mM IPTG. ~93kDa band was observed in gel (Marker NEB P). B) 
Topi C-term over-expression was carried out at 0, 1, 2, 3hrs using 0.5mM and 1mM 
IPTG and band of 37kDA was observed. C) N-term of Topi over-expression was 
carried out at 0, 1, 2, 3hrs using 0.5mM and 1mM IPTG and  the band of 56kDa was 
observed in gel. 
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5.3. Comr (Cookie monster) 

comr gene encodes a 600 amino acids Winged helix DNA-binding domain superfamily 

protein with a molecular weight of 68.4 kDa (Jiang and White-Cooper 2003) (Figure 5.5). 
PFAM and prosite domain analysis tools predicted Comr protein contains HSF type DNA 

binding domain (amino acids 113-209) (Figure 5.5). 

 

5.3.1. Cloning of Comr FL and DBD, and recombinant over-expression of  
each protein in E. coli expression host 

For generation of PCR products, nucleotide sequences for Comr FL and Comr DBD was 

amplified from cDNA using suitable primer set (Figure 5.5) (see primer list). The 

expected PCR product for Comr FL is 1800bp long and Comr DBD is 360bp. The PCR 

products generated for respective genes were purified and digested with respective 

restriction enzymes and cloned into expression vector pET28a(+). Cloned inserts were 

confirmed by selecting number of colonies for each gene and performed colony PCR 

using T7 primer set (see primer list) (Figure 5.6) followed by sequencing.  

 

 

 

 

 

 

 

 

The sequence confirmed expression vectors for Comr FL and DBD were transformed 

into E. coli expression host BL-21(DE3). For protein induction, single colony for each 

vector was incubated in 100ml of LB plus Kanamycin and protein expression was 

induced by addition of 0.5mM and 1mM IPTG and cells were allowed to grow for 3hrs at 

250C with rotation at 250rpm. Cells were harvested by centrifugation at 5000rpm and 

from whole cell lysate, equal concentration of proteins were used for SDS-PAGE and  

protein expression was confirmed (Figure5.7). The expected size of bands for full length 

Comr protein (70kDa) and Comr DBD (12kDa) were observed in both induced conditions 

CDS ATG  TAA  

Figure 5.5:- Schematic representation of Comr full length protein as well as DNA 
binding domain and primer design for Comr FL and Comr DBD. Comr FL protein is 
made up of 600 amino acids and DBD comprises amino acid sequence from 113-209 
(shown by blue box). Primer set for Comr FL are shown by blue arrows and primer 
set for Comr DBD are shown by purple colour. Start and stop codon are shown by 
green and red letters. 



 95 

(Figure 5.7A&B). In-order to check the solubility of each protein, each expression vector 

was induced using 1mM IPTG  and incubated at 250C for 3hrs with rotation at 180rpm 

and harvested cells were lysed using the standard lysis buffer (see Material and 

Methods). An equal concentration of protein from supernatant and pellet fraction was 

taken and solubility of each protein was confirmed by SDS-PAGE analysis (Figure 
5.8A&B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Gel electrophoresis of colony PCR products were amplified using vector 
specific primers(T7 promoter) for Comr FL and Comr DBD. A) A panel represents to 
Comr FL colony PCR and eight colonies were positive with approximately ~1800bp 
long PCR product. Bottom panel showing colony PCR for Comr DBD and seven 
colonies were positive with about ~360bp long PCR product. 
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Figure 5.7:- IPTG induced over-expression analysis of His-tagged proteins Comr FL 
and Comr DBD. Coomassie stained gels showing A) Over-expression was carried out 
for 0 (uninduced), 1, 2, 3hrs using 0.5mM and 1mM IPTG and band of ~70kDa was 
observed (Marker NEB P7718). B) Comr DBD carried out for 0, 1, 2, 3hrs using 0.5mM 
and 1mM IPTG and band of ~12kDa was observed for Comr DBD (Marker NEB P7719). 

Figure 5.8:- Fractionation of Comr FL and Comr DBD proteins. A) Soluble fraction 
had enough amount of Comr FL compare to pellet and band of 70kDa  was observed 
(Marker NEB P7718). B) Soluble fraction of Comr DBD had enough protein and band 
of about 12kDa was observed (Marker NEB P7719). 
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5.4. Tomb (Tombola) 

The tomb gene encodes a 243 amino acids tesmin/TSO1 family protein with a molecular 

weight of 26.18kDa (Jiang et al. 2007). Tomb protein contains a CXC DNA binding domain 

(amino acids 1-63) predicted by prosite and PFAM domain analysis tools (Figure 5.9).  

 

5.4.1. Tomb FL and DBD cloning and protein expression in E. coli 

cDNA was amplified using appropriate primer sets for Tomb FL and Tomb DBD and the 

resulting PCR product was purified. Purified PCR products for each gene were digested 

with respective restriction enzymes and cloned into the expression vector pET28a(+). To 

confirm the cloning, a number of colonies for each product were picked and colony PCR 

was performed using T7 primer set and positive colonies were sequenced and inserts 

were confirmed (Figure 5.10).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CDS ATG  TAA  

Figure 5.9:- Representation of Tomb protein sequence and primer design. Tomb FL 
protein is 243 amino acids long and has DBD (orange block) domain comprises 
sequence from 1-63 amino acids. Primers for full length protein were designed and 
shown by blue arrows and primers for DBD are shown by forward primer as a blue 
arrow and reverse primer as a purple arrow. 

Figure 5.10 Colony PCR products were amplified using vector specific primers (T7 
promoter) for Tomb FL and Tomb DBD. Left hand panel represents to Tomb FL colony 
PCR and one colony was positive with approximately ~750bp long PCR product. Right 
hand panel showing colony PCR for Tomb DBD and four colonies were positive with 
about ~300bp long PCR product. 
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The sequence confirmed expression vector for each gene were selected for protein 
induction and transformed in BL-21(DE3) and incubated overnight at 370C. For Tomb FL 

and Tomb DBD protein induction, a single colony for each region was incubated in 100ml 

of LB plus Kanamycin and protein expression was induced by addition of 0.5mM and 

1mM of IPTG. Cells were allowed to grow for 3hrs at 250C with rotation at 180rpm and 

after incubation cells were harvest by centrifugation at 5000 rpm. Whole cell lysate was 

used for analysis by taking equal concentration for each protein and protein induction 

was confirmed by observing the expected band size of His-tagged version of protein 

Tomb FL and Tomb DBD (11kDA) in SDS-PAGE analysis (Figure 5.11 & 5.12A). For 

Tomb FL, no protein induction was observed (Figure 5.11). To test the solubility of Tomb 

DBD, Tomb DBD expression vector was induced using 1mM IPTG for 3hrs at 250C with 

rotation at 180rpm and cells were harvested and lysed with standard buffer (see 

Materials and Methods). Equal concentration of protein was taken from samples 

(supernatant and pellet) and separated by SDS-PAGE and the significant amount of His-

tagged version of Tomb DBD protein was observed with expected band size ~11kDa 

(Figure 5.12B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.11:- His-tagged Tomb FL protein expression induction. 0.5mM or 1mM IPTG 
was used to induced the expression of Tomb FL protein for 3hrs and 0hr was 
uninduced cell lysate. There was no visible over-expression band was observed in 
both conditions 0.5mM or 1mM IPTG. Expected size of band was ~27kDa. 
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5.5. Achi/Vis (Achintya/Vismay) 

The achi gene encodes three different transcripts and these transcripts translate into 

three proteins, one is 426 amino acids protein (achi-PA) and other two variants (achi-PC 

& achi-PD) encode 555 amino acids proteins. The size difference between these protein 

variants is because of an additional protein coding exon in achi-PC and achi-PD. Variant 

achi-PA and achi-PC are highly expressed in Drosophila testes, hence using the full 

length version which include this additional exon for our experiments. vis gene encode 

two different 424 (vis-PA) and 524 (vis-PB) amino acids proteins. Like achi, the 

difference in size of these two variants is due to an additional protein coding exon 

in vis-PB, thus using the full length version which includes this exon for 

experiments. The two genes are highly similar (93% at nucleotide level and 97% 

at protein level) (Ayyar et al. 2003). 

Homeo domain in Achi protein spans amino acids 91-154 (Figure 5.13) and in Vis 

protein, homeo domain spans 89-152 (Figure 5.14). Homeo domain binds DNA through 

a helix-turn-helix (HTH) structure of protein (Figure 5.15). 

Figure 5.12:- His-tagged Tomb DBD induction and fractionation. A) Coomassie  
stained gel showing Tomb DBD induction using 0.5mM or 1mM IPTG for 0 
(uninduced), 1, 2 ,3hr and expected band of ~11kDa was observed. B) Upon 
fractionation of his-tagged Tomb DBD protein, expect band of 11kDa was observed 
in supernatant as well as in pellet.  
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5.5.1. Vis B, Achi DBD, and Vis DBD cloning and over-expression of proteins in 
E. coli  

For cloning, cDNA was amplified using appropriate primer sets for Vis B, Achi DBD, and 

Vis DBD and PCR products were purified. Nucleotide sequence length for Vis B is 

1575bp, Achi and Vis DBD 470bp each. Purified PCR products for each gene were 

digested with respective restriction enzymes and cloned into restriction digested 

expression vector pET28a(+) (see Material and Methods). Cloned vectors transformed 

into DH5aplha cells and allowed to grow overnight at 370C. A number of colonies were 

selected and colony PCR performed using T7 primer set and the expected band size 

were observed (Figure 5.16). The clones were confirmed by sequencing and the 

sequence confirmed expression vectors were selected for protein expression analysis. 

For expression of proteins, expression vectors for Vis B, Achi DBD, and Vis DBD were 

transformed in BL-21(DE3) and allowed to grow on Kanamycin agar plates overnight at 

Figure 5.13:- Schematic representation of Achi protein sequence, DBD, and set of 
primers. The Achi-A is 426 amino acids protein and  Achi-C&D are 555 amino acids 
proteins. The DBD in all the three variants comprise the sequence from 91-154 amino 
acids. Primers for full length protein are shown by blue colour whereas for DBD are 
shown by purple colour. 

Achi-A (CDS) ATG  TAA  
Achi-C (CDS) 
Achi-D (CDS) 

TAA  
TAA  

ATG  
ATG  

Vis-B (CDS) ATG  TAA  

Figure 5.14:- Schematic representation of Vis protein sequence, DBD, and set of 
primers. The Vis-A is 424 amino acids protein and Vis-B is 524 amino acids protein. 
The DBD in both variants comprise sequence from 89-152 amino acids. Primers for full 
length protein are shown by blue colour whereas for DBD are shown by purple colour. 

TAA  Vis-A (CDS) ATG  
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370C(see Material and Methods). Single colony for each expression vector was picked 

and incubated in 100ml of LB plus Kanamycin and protein expression was induced by 

addition of 0.5mM or 1mM IPTG and cells were allowed to grow for 3hrs at 250C with 

rotation at 180rpm. After incubation, cells were harvested and total lysate was used for 

protein expression analysis. An equal concentrations of each sample was taken and 

separated by SDS-PAGE and expected bands of  were observed for over-expression of 

Vis B (60kDa), Achi DBD (14kDa), and Vis DBD (1kDa) (Figure 5.17A, 5.18A, 5.19A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.15:- Protein sequence alignment between Achi and Vis showing the homeo 
domain. Homeo domain is highlighted in red alphabet. Homeo domain in all three 
variants of achi spans from 91-154 and in both the variants of vis spans from 89-152 
amino acids. 
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To test the solubility of proteins, expression vectors for Vis B, Achi DBD, and Vis DBD 
were induced using 1mM IPTG at 250C for 3hrs with rotation of 180rpm. After incubation, 

cells were harvested and lysed with standard buffer and fractionated by centrifugation 

(see Material and Methods). An equal concentration of each protein were taken from 

samples and separated by SDS-PAGE. The enough amount of protein was enriched in 

supernatant fraction for Vis B (Figure 5.17B) and for Achi DBD (Figure 5.18B) and Vis 

DBD (Figure 5.19B) proteins were enriched in both fractions, supernatant and pellet. 

 

 

 

 

 

 

 

 

 

 

 

Vis (B) 
FL 

 1 kB  
Ladder  1      2      3        4 

~1575bp 

Colonies 

Achi DBD(~470bp)         Vis DBD(~470bp) 

100 kB  
Ladder  1      2      3        4      1       2      3       4            

Colonies 

Figure 5.16:- Colony PCR products were amplified using vector specific primers (T7 
promoter) for Vis(B) FL, Achi DBD, and Vis DBD. Top panel represents to Vis(B) FL colony 
PCR and four colonies were positive with approximately ~1575bp long PCR product. 
Bottom panel showing colony PCR for Achi DBD and Vis DBD and four colonies were 
positive with about ~470bp long PCR product for each construct. 

2.0 
1.5 
1.0 
0.5 
0.4 

0.8 
0.7 
0.6 
0.5 
0.4 

Figure 5.17:- Vis (B) FL induction and fractionation. A) Vis (B) FL protein induction using 
0.5mM or 1mM IPTG for 3hrs and expected band of size ~60kDa was observed in both 
induced conditions. B) Fractionation of Vis (B) FL shows significant amount of protein in 
soluble fraction. 
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Figure 5.18:- His tagged-Achi DBD induction and fractionation. A) Achi DBD induction 
was carried out using 0.5mM and 1mM IPTG for 3hrs and in both conditions (0.5mM 
and 1mM IPTG) showed the successful induction of protein of interest and confirm by 
the expected size of band ~14kDa B) Achi DBD protein was significantly enriched in 
soluble fraction of fractionation. 

Figure 5.19:- His-tagged Vis DBD protein induction and fractionation. A) Vis DBD 
protein was induced by 0.5mM and 1mM of IPTG and successful induction of protein 
was confirmed by expected size of band~ 11kDa. B) Vis DBD was significantly enriched 
in soluble fraction (supernatant) as well as non-soluble fraction.  
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5.6. Kr (Kruppel) 

The kr gene encodes a 502 amino acid multiple Zn finger protein with molecular weight 

of 54.72kDa (Li et al. 2008) (Figure 5.20). The translated Kruppel protein contains 5 Zn 

fingers clustered in the central region of the protein (amino acids 222-354) (Figure 520). 
Binding site for Kruppel protein in the genome is known (Li et al. 2008) and this protein 

will be used as a positive control for our SELEX experiments. 

 

      

 

 

 
 

 

5.6.1. Kruppel FL cloning and protein expression in host E. coli 

In-order to express Kruppel protein for biochemical characterisation and protein-DNA 

interaction analysis by SELEX, substantial amount of protein must be produced. Set of 

primers were designed for Kruppel FL nucleotide sequence (Figure 5.20), the cDNA was 

amplified using these primers, and PCR product was purified. Purified PCR product was 

subjected to restriction digestion using appropriate restriction enzymes and cloned in 

restriction digested expression vector pET28a(+). Cloned insert was confirmed by 

selecting a number of colonies and performed colony PCR (Figure 5.21). Colony PCR 

confirmed the positive clones and expected band size was observed (Figure 5.21) and 

cloned sequence of positive clones were sequenced. Sequence confirmed expression 

vector for Kruppel FL was used for protein expression host E. coli. Expression vector 

was transformed into BL-21(DE3) and allowed to grow on Kanamycin containing LB agar 

plates for overnight (see Material and Methods). A single colony was picked and 

incubated in 100ml of LB broth with Kanamycin and protein was induced with 0.5mM or 

1mM IPTG. Cells were allowed to grow for 3hrs at 250C with rotation at 180rpm (see 

Material and Methods). After incubation, cells were harvested by centrifugation and total 

lysate was used for SDS-PAGE analysis. An equal concentration of samples were taken 

and separated by SDS-PAGE and expected band size for induced Kruppel protein was 

CDS ATG  TAA  

Figure 5.20:-  Protein sequence representation for Kruppel and primer design. Kruppel 
is made up of 502 amino acids and has 5 Zn-fingers (highlighted in purple colour). 
Primers for amplification of CDS were designed and are shown by blue arrows. 
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observed (56kDa) (Figure 5.22A). To test the solubility of Kruppel FL protein, the 

expression vector for Kruppel FL was induced by 1mM IPTG and incubated for 3hrs at 

250C with rotation at 180rpm. After incubation, cells were harvested and lysed with 

standard lysis buffer (see Material and Methods), and then fractionated by centrifugation. 

Equal concentration of protein fractions (supernatant and pellet) were taken from the 

sample and separated by SDS-PAGE. Gel electrophoretic analysis showed that Kruppel 

FL protein was significantly enriched in supernatant fraction compared to pellet fraction 

and expected band size for His-tagged version of protein was observed (56kDa) (Figure 
5.22B). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

~1500bp 

Figure 5.21:- cDNA PCR amplification of Kruppel and colony PCR. To confirm the 
insert, colony PCR was carried out and expected PCR product was observed for 
corresponding colonies. 

  1kb  
Marker       1          2           3           4           5           6           7 

Colonies 

3.0 
2.0 
1.5 
1.0 
0.5 

Figure 5.22:- His-tagged Kruppel FL protein induction using IPTG and soluble 
fractionation. A) Significant amount of Kruppel FL expression was observed in both 
conditions 0.5mM and 1mM IPTG and expected size of band was observed ~56kDa. 
B) Kruppel FL protein was present in soluble fraction and expected size of band was 
observed for respective protein ~56kDa.  

A B 
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5.7. Summary 

In-order to study the protein-DNA interaction, recombinant protein of interest must be 

generated. In this chapter, I had cloned, expressed and fractionated the full length as 

well as DBD version of four subunits of tMAC complex. C-terminal end of Topi was the 

first protein to be cloned and expressed amongst other tMAC subunits, and for in vitro 

protein-DNA interaction analysis, I will be using well conserved Zn-finger in C-terminal 

end of Topi and dsDNA library. 
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Chapter 6. Results 
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Identification and characterisation of DNA binding site 
for protein Topi C-terminal using bead-based SELEX-

Sequencing 

 

6.1. Abstract 

Transcription factors are responsible for gene expression regulation and discovering their 

binding sites in the genome of a particular organism is an important question for 

molecular biologists. To date, various technologies are available to detect the binding 

sites for the given transcription factors and Systematic evolution of ligands by exponential 

enrichment (SELEX) (Oliphant, Brandl, and Struhl 1989, Tuerk and Gold 1990) is one of 

the technologies which allows to identify the in vitro binding site preferred by the 

transcription factor. A version of SELEX, Bead-based SELEX is a robust method for rapid 

selection of aptamers (1-6 rounds of selection) and applicable to most targets (small 

molecules, peptides, protein, and cells) ( reviewed in Ozer, Pagano, and Lis 2014). 

In this chapter I will present the study of Topi C-terminal (Topi C-term) and its preferred 
binding sites. The relative molecular weight of His-tagged Topi-C-term is about 37kDa 

and it has a total of 5 predicted Zn-finger domains. His-tagged Topi C-term protein was 

allowed to bind to agarose Ni-NTA beads and this complex was incubated with random 

dsDNA library. Then the protein bound DNA was eluted, amplified and was subjected to 

the next round of selection. A total of three rounds of selections were performed and DNA 

from these rounds was subjected to Mi-sequencing along with random dsDNA library. 

Using motif discovery tools, a 15 bp long de novo motifs were discovered from a total of 

three rounds of SELEX and 7 positive and 3 negative oligos designed based on the 

discovered motif were tested against the protein Topi C-term. Electrophoretic mobility 

shift assay suggested that all the 7 positive oligos have affinity towards Topi C-term 

whereas negative oligos showed no affinity for Topi C-term. 

 

6.2. Characterisation of newly synthesised dsDNA library 

In-order to study in vitro protein-DNA interaction by SELEX, a dsDNA library must be 

synthesised and checked for its integrity. The precise design of random fragment library 

is very important in-order to avoid nucleotide biases. A total of 58 bp hand mixed ssDNA 

library along with 20 bp random DNA flanking 18 & 20 bp primers (Integrated DNA 

Technologies) (Murphy et al. 2003) was successfully converted into dsDNA library by Klenow 
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fragment-I. The synthesised dsDNA library was purified by Microcon YM-30 (Millipore) 

centrifugal filters (Merck) and was checked on 2% agarose gel (Figure 6.1A). Further to 

check the integrity and concentration of the dsDNA library, it was subjected to Tape-

station and single band of expected size-58bp for dsDNA library was observed on virtual 

gel (Figure 6.1B) and graphical representation also showed the single peak of 58bp 

(Figure 6.1C). The concentration of dsDNA library was 333ng/µl. 
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Figure 6.1:- Tape-station analysis of newly synthesised dsDNA library. A) Post-
synthesis and post-purification of dsDNA library was checked on agarose gel 
electrophoresis and single band of 58bp was observed in each well of the gel. B) 
Virtual gel electrophoresis generated by Tape-station machine showing the size of 
dsDNA library. C)Tap-station analysis shows that synthesised dsDNA library is the 
correct size and it is 58bp long. Middle peak represents the length of the library and 
left and right peaks are lower and upper range of the marker (Agilent High Sensitivity 
D1000 Ladder) respectively. 
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6.3. Recombinant protein Topi C-term affinity purification by Ni-
NTA agarose beads 

For protein expression of Topi C-term, the expression vector was incubated for 3hr in LB 

with Kanamycin and protein was induced by addition of 1mM IPTG (Chapter 5, Figure 
5.3B). Cells were harvested and fractionated and enriched protein was observed in 

supernatant fraction (Chapter 5, Figure 5.4C). 

For SELEX, protein-beads complex was prepared and the purity of recombinant His-

tagged Topi C-term was confirmed. 1ml of supernatant from fractionation step was 

incubated with 200µl of Ni-NTA agarose beads and protein allowed to bind to beads for 

1hr at 40C with rotation. Later, beads were washed three times with wash buffer and 

stored at 40C until further analysis. 20µl of beads were taken for small scale purification 

and it was eluted in 20µl of elution buffer. Purity of protein was confirmed by SDS-PAGE 

(Figure 6.2) and expected size of His-tagged version of Topi C-term was observed 

(~37kDa). The concertation of purified Topi C-term was checked by Bradford reagent 

and it was 0.3µg/µl. A total of 6 µg of protein yielded from 20µl beads and it was enough 

for SELEX (for SELEX  in 1ml reaction volume, 100pM i.e., 3.7ug of protein was needed). 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6.2:- Ni-NTA agarose beads purification of Topi C-term. His-tagged version of 
Topi C-term was affinity purified from 1ml of supernatant and showed the expected 
size of band ~37kDa was observed (shown by an arrow). 
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6.4. SELEX-sequencing discovered de novo DNA binding domain 
for protein Top C-term 

A total of three rounds of SELEX were carried out and for the first round, 100pmol of 

beads bound to Topi C-term was incubated with 1nM of dsDNA library for 30min at room 

temperature. After washes, protein-DNA complex was eluted with elution buffer and 

eluted complex was subjected to Emulsion PCR to amplify the eluted DNA (see Material 

and Methods). After completion of PCR, the concentration of amplified DNA was 

checked using Qubit by Invitrogen and this newly amplified DNA was used for next round 

of SELEX. For subsequent rounds of SELEX, 50pmol of beads bound Topi C-term was 

incubated with 0.5nM of amplified DNA from earlier round. For Nanopore sequencing, 

120bp long libraries were prepared by adding adapter sequences to amplified DNA 

(according to manufactures protocol NEXTflexTM Rapid DNA-Sequencing Kit ) from 

dsDNA library and all the three rounds. The generated libraries were subjected to Next-

generation sequencer (Nanopore sequencer) and sequenced from both ends of the 

libraries. Total number of reads 16000, 30121, 30920, 28447 were obtained from dsDNA 

library, round1, round2, and round3 respectively. During trimming of the primer 

sequences, it was found that reads from round-2 and round-3 were contaminated and 

the contaminated reads were eliminated and only correct reads were taken for analysis. 

The BLAST search results found that the contaminated reads were from bacteria and 

human, and it could have happened during library preparation. After trimming, for round-

2 and round-3 total 520, 157 reads were retrieved. Trimmed reads from three rounds 

were uploaded to MEME suite v5.0.1 for motif discovery and dsDNA library was used as 

a background model (automatically generated by MEME tool).  

A motif is an approximate sequence pattern that occurs repeatedly in a group of related 

sequences. MEME represents motifs as position-dependent letter-probability matrices 

that describe the probability of each possible letter at each position in the pattern. For 

motif discovery, Discriminative search mode was used and other parameters were 

default. The MEME (Bailey et al. 2015) discover motifs that are enriched in first 

(sequence reads from SELEX as primary) set relative to the second (dsDNA library as 

control) set. In Discriminative mode, tool first calculate a position-specific prior from two 

sets for sequences (primary and control). MEME then searches the first set of sequences 

for motifs using the position-specific prior to inform the search and finds the best motif 

width. The MEME (Bailey et al. 2015) de novo motif discovery is an objective function 

based on the statistical significance of the log likelihood ratio (LLR) of the events of the 

motif. The E-value of the discovered motif is an estimate of the number of the motifs 

(with the same width and number of events) that would have equal or higher log 

likelihood ratio if the input sequences had been generated by random according to the 
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background model (generated using control set of sequences where each position is 

independent and letters are chosen according to the background letter frequencies).  

The MEME usually finds most statistically significant (low E-value) motifs first and It is 

unusual to consider a motif with an E-value larger than 0.05 significant (Bailey et al. 

2015). MEME suite discovered one statistically significant motif from first round of 

SELEX with E-value-7.3e-003 (Figure 6.3A). Four different statistically significant motifs 

were discovered from second round of SELEX with E-value-8.1e-290, 2.4e-026, 1.1e-

016, and 9.2e-003 respectively (Figure 6.3B) and one  motif was discovered from third 

round of SELEX with E-value-1.6e-012 (Figure 6.3C). The overall height of each stack 

(as in each base at particular position) indicates the sequence conservation at that 

position (measured in bits), whereas the height of nucleotide symbols within the stack 

reflects the relative frequency of the nucleotides at that position. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Round-3 

Round-1 

Round-2_1 

Round-2_2 

Round-2_3 

Round-2_4 

E-value-1.6e-012 

E-value- 7.3e-003 

E-value- 8.1e-290 

E-value- 2.4e-026 

E-value- 1.1e-016 

E-value- 9.2e-003 

Figure 6.3:- De novo motif discovery for Topi C-term by SELEX-sequencing. Total three 
rounds of SELEX were performed and 6 different motifs were discovered by MEME suite 
online tool. A) Motif discovered from first round of SELEX with E-value 7.3e-003.B) Total 
four motifs were found from second round SELEX with E-value 8.1e-290, 2.4e-026, 1.1e-
016, and 9.2e-003 respectively. C) From round third, one motif was discovered with E-value 
1.6e-012. Motifs shown here are statistically significant with E-value lower than 0.05. 
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6.4. Motif comparison found similarities between round 2 and 3 
motifs 

Motif comparison tells us the similarities between two independent motifs and this could 

be useful to validate the consistency of the motifs discovered from various rounds of oligo 

selection. Here, I  wanted to test the significant similarity between two newly discovered 

motif by MEME from round 2 and 3 using TOMTOM by MEME suite using default 

parameters (Grant, Bailey, and Noble 2011).  

 

 

 

 

 

 

 

 

 

 

Tomtom is an algorithm for motif comparison that positions the target motif in a given 

query motif or in a given database according to the estimated statistical significance of 

the match between query and the target motifs. Position weigh matrix (PWM) for the motif 

2_4 from the round 2 and round 3 were fed in to Tomtom online tool and algorithm assigns 

as E-value of 1.16e-12 for this match between two motifs (Figure 6.4). Alignment between 

these two motifs (motif 2_4 and motif_3) increases our confidence in motif_3 being real. 

 

6.5. Motif_3 from round-3 occurs in genes expressed in primary 
spermatocytes dependent and independent of aly  

FIMO is an online tool that enables to search for given motif in the genome of a specified 
organism or sequence. Here, I wanted to search for the motif_3 in promoter sequences 

of genes expressed in primary spermatocytes dependent and independent of aly. Over 

1000 genes are 16x or more under-expressed in testes mutant for the TMAC subunit, 

E-value-1.16e-12 

Figure 6.4:- Motif Comparison by TOMTOM between SELEX round 2_4 and round 
3. Tomtom algorithm assigns an E-value of 1.16e-12 to this particular match. 

Round-3 (reverse 
complement) 

Round-2_4 
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aly, compared to control (Doggett et al. 2011). I chose motif_3 because it shows good 

match with motif 2_4 from the round 2, hence suggest that motif_3 could be real (Figure 
6.4). Testis-specific promoters are typically short: 200bp, or even less, of 5’ genomic 

flanking sequence is usually sufficient to confer testis-specific (White-Cooper 2010). The 

region flanking the annotated (TSS ± 250bp) for genes dependent and independent of 

aly were downloaded from Flybase database and identifiers for each sequence were 

modified according to FIMO requirements. Overall, FIMO identified 85 sites matching 

motif_3 identified by SELEX in promoter regions of genes in aly mutant background and 

21 in wild types using p-value-<0.0001. With p-value-<0.001, a total of 838 potential 

binding sites were found in promoter regions of aly dependent genes and 180 in aly 

independent genes. Further with the p-value-<0.01, a total of 8860 candidate binding 

sites were found in promoter regions of aly dependent genes and total 2179 potential 

binding sites were found in promoter regions of aly independent genes (Figure 6.5). The 

FIMO analysis suggested that there are higher number of potential binding sites for Topi 

C-term in the promoter regions of aly dependent genes compared to aly independent 

genes. This increases our confidence in discovered motif being real. 

 

 

 

 

 

 

 

 

 

 

 

6.6. Motif_3 aligns with the predicted motif for C-terminal end of Topi 

Topi FL protein has predicted 11 Zn fingers spread across the length of the protein 

sequence. The C-terminal end of the protein has total 5 Zn-fingers and N-terminal end 

has 6 Zn-fingers. Here, I wanted to test all the discovered motifs for Topi C-term with the 

predicted motif for Topi. For that, the PWM for Topi FL protein was generated by feeding 

the protein sequence to online tool (http://zf.princeton.edu/).  

Figure 6.5.:- Occurrence of motif_3 in promoter regions of aly dependent and aly 
independent genes. Graph represents the motif occurrence using default parameters 
(p-value-0.0001) and lower p-value for search (p-value 0.001, 0.01).  
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The PWM for motif_1, motif_2_1, 2_2, 2_3, 2_4, and  motif_3 and PWM generated by 
the online tool for Topi FL protein were fed to Tomtom and algorithm assign an E-value 

of 8.29e-02, 7.19e-01, 6.44e-01, 3.49e-02, 5.36e-02, and 6.92e-02 respectively for 

generated alignments (Figure 6.6 A-F). 

 

6.7. Characterisation of motif_3 by Electrophoretic mobility shift 
assay(EMSA) 

SELEX sequencing discovered motifs for C-terminal end of protein Topi. The motif_2_4 

and motif_3 share similarities and based on these two discovered motifs, we designed 

15 bp  long, 7 different non-labelled probes and 3 negative probes, and 4 additional 

bases were added on both sides of the probes in order to allow protein to bind to the 

probes. Positive probes were designed based on motif 2_4 and motif_3 with different 

combinations and a nucleotide which is highly conserved (with higher bit score) at given 

position in motif was kept the same in the probe sequence. Negative probes have the 

similar AT:GC ratio as the positive probes considering these probes would not have any 

affinity towards C-terminal end of protein Topi. To generate dsDNA probes to use in in 

vitro binding assays two single stranded complementary oligonucleotides were 

synthesised. Equimolar ssDNA probes were mixed with its complementary ssDNA 

probes and renatured by incubating at 950C for 5 min cooled down slowly. Each dsDNA 

positive and negative probe was allowed to bind to purified Topi C-term (Figure 6.7) and 

whole complex was resolved on 2% agarose gel in 0.5xTBE buffer.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7:- Ni-NTA beads purification of Topi C-term. Topi C-term protein was 
purified by Ni-NTA agarose beads with standard buffer provided by Qiagen. 
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A shifted band produced by non-labelled positive dsDNA probes bound by C-term Topi 
could be directly visualized on UV transilluminator after EMSA-agarose gel electrophoresis 

(Figure 6.8). Positive dsDNA probes appeared to be bound by C-term of Topi and 

protein-DNA complex and unbound dsDNA probes can be visualize in gel whereas none 

of the negative dsDNA probes were bound by C-term of Topi (Figure 6.8). Also, in the 

absence of protein in reaction, free probes appeared to be mobilizing in gel at the same 

rate as unbound probes were observed in protein-DNA reaction (Figure 6.8). 
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6.8. Summary 

SELEX-sequencing is a robust in vitro method for selection of oligos against specific 

ligand molecule of interest. Our results suggest that three rounds of selection of SELEX 

discovered the putative binding site for C-terminal end of Topi. Discovered motif_3 

aligned with the C-terminal end of the predicted motif of Topi FL protein. EMSA results 

suggest that designed positive probes show affinity towards purified protein C-terminal of 

Topi whereas negative probes show no affinity whatsoever. Discovered motif was also 

compared with other know Zn finger proteins and good alignment was observed for tested 

proteins. Topi paralogue Kruppel also showed the alignment with the discovered motif for 

Topi C-term (data not shown). These all various analyses raises our confidence in the 

motif_3 being real. 
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7.1. Functional analysis of promoter region of de novo genes 

Drosophila spermatogenesis is a unique process characterized by cellular differentiation 

encompassing three main phases namely (i) mitosis, producing more spermatogonial 

cells, (ii) meiosis, production of genetically diverse haploid cells and (iii) spermiogenesis, 

involving maturation of spermatids to sperms that comprises nuclear restructuring and 

chromatin packing (amongst many other morphological changes). Spermatogenesis has 

become a paradigmatic system to study gene expression regulation because of the 

specialised transcriptional event occur during the transition of spermatogonia to 

spermatocyte (White-Cooper 2010, Gan et al. 2010, Ayyar et al. 2003, Jiang et al. 2018, 

Jiang and White-Cooper 2003).  

An increasing number of reports have shown the expression of de novo genes in various 

organisms and making it interesting to study the gene expression regulation of these de 

novo genes (Begun et al. 2007, Cai et al. 2008, Carvunis et al. 2012, Knowles and 

McLysaght 2009, Neme and Tautz 2013, Reinhardt et al. 2013, Ruiz-Orera et al. 2015, 

Schlötterer 2015, Witt et al. 2019, Xiao et al. 2009, Zhao et al. 2014, Gubala et al. 2017). 

de novo genes evolve from previously non-genic regions. It is an important evolutionary 

question to address what mutations are implicated in this process. Analysis of the 

sequences can tell us what changes have occurred, but only a detailed molecular 

analysis can determine which of the changes are causative to the gain of gene 

expression. This is the first study to discover the molecular mechanism of  the promoter 

region of de novo genes in Drosophila. Our findings provide an unprecedented 

perspective on molecular evolution of two testis-specifically expressed de novo genes. 

In Drosophila, de novo genes are evolved from non-coding DNA sequences and genes 

I studied are still segregating. It is not clear if they will become fixed or if they will be lost 

from the population (Zhao et al. 2014). de novo genes are known to be expressed at low 

levels especially in testis of various organisms for example fruit flies, humans, 

chimpanzee, rodents (Zhao et al. 2014, Knowles and McLysaght 2009, Ruiz-Orera et al. 

2015). 

 

7.1.1. Origin and spread of de novo genes 

In general, origin of de novo genes and how they are spreading in the population is not 

very well known. Although, experimental identification of de novo genes depends on 

comparison between the species of the interest and a closely-related sibling species and 

this comparison yields orthologous DNA sequences. For example, de novo gene 

Polymorphic derived intron-containing (Poldi) was found in Mus musculus  and other 

very closely related species that has occurred in the last 2.5-3.5 million years (Heinen et 
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al. 2009). Poldi  is expressed in testis, at the round spermatid stage, and knocking out 

of the genomic region leads to a reduction in male fertility, indicating that gene has 

attained a biological function. Comparison of the Poldi genomic region between species 

in which the gene is expressed and those in which there is no expression shown a small 

number of derived sequence changes in the promoter and just the downstream of the 

TSS that correlates with the expression/non-expression status. For example, expressing 

strains have an 11 bp deletion relative to non-expressing status at 390 bp. 

 

7.1.2. cis-acting regulation of de novo genes 

In Drosophila, approximately one-third of the de novo genes are expressed in at least 

one strain and can be identified by the presence of SNP within 500bp upstream of the 

TSS that correlates with a difference in gene expression (Zhao et al. 2014). This supports 

the idea that single nucleotide change can be responsible for initiation of transcription 

within an intergenic sequence. Furthermore, in Drosophila, many segregating de novo 

genes are dependent on the cis-acting regulatory elements for their expression (Zhao et 

al. 2014). Moreover, these studies also found four common 8- and 10-bp consensus 

motifs in -100bp to +50bp region and 23% annotated male biased genes also share 

these motifs and suggest segregating de novo genes is mainly influenced by cis-acting 

elements and it was tested directly by looking at heterozygotes with one expressing allele 

and one non-expressing allele. The authors determined that in almost all the cases the 

expressed allele was expressed, and the non-expressed was silent in these 

heterozygotes, therefore the genetic control of the allele expression had to be cis-acting 

(Zhao et al. 2014). If expression of the allele was driven by the trans-acting factors, then 

both parental allele would express in heterozygotes and a gene whose expression was 

affected by cis and trans variants would express both parental alleles in the F1. 

 

7.1.3. 7 bp Indel-I is necessary and sufficient to drive gene_090 expression 
in testis 

Gene_090 is a segregating de novo gene and is only expressed in Drosophila testis 

(Zhao et al. 2014, Witt et al. 2019). The expressed allele and non-expressed allele differ 

by 6 SNPs and 2 indels. In chapter 3, I have demonstrated that the various reporter 

constructs made with the promoter region of gene_090 is capable of regulating the 

transcription and protein is expressed in post-meiosis. 

Our studies have established that difference between expressed and non-expressed 

allele of gene_090 can be attributed to sequence differences with this short yet important 
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DNA sequence. Our results show that presence of the SNPs in promoter region of the 

gene_090 are not important to gain expression in testis. It would be interesting to study 

the promoter regions of the other segregating de novo genes by designing and testing 

the synthetic DNA constructs in reporter construct. The cis-regulation of testis-specific 

transcription is little known phenomena. A few studies on several genes indicate that 

short genomic region encompassing the TSS are sufficient to gain testis-specific 

transcription and combined activities of regulatory elements within these genomic 

regions provide testis specificity and regulate transcription level (White-Cooper 2010). 

For example, genomic region comprising from -53 to +172 bp of the beta 2 tubulin gene 

is sufficient to drive the expression in testis (Michiels et al. 1989, Santel et al. 2000). 

Also, the beta2UE1 element at -45 bp is crucial for testis-specific transcription and for 

high level of transcription, two elements beta2UE2 at -29 bp and beta2DE1 at +60 bp 

are necessary.  

Bioinformatic analyses on 190 genes expressed in testis identified a 10 bp A/T-rich motif 

that is identical to the TCE (Katzenberger et al. 2012). This study showed that TCE can 

be important for getting high levels of transcription, but that it alone is not responsible for 

getting the testis expression. Our findings are consistent with earlier studies and suggest 

that TCE site in the expressed allele does not act as TCE and poses more questions 

about transcriptional regulation of de novo genes. In the light of unusually short 

transcriptional regulatory elements, gene expression might be regulated by cell type-

specific TFIID subunits (Katzenberger et al. 2012).  

Through analysing the promoter region of gene_090 in LacZ reporter construct, we have 

showed that the expression of gene_090 is regulated by the regions upstream of the 

TSS. The activating deletion found in series of experiments suggest that new promoters 

in de novo genes could emerge by creating new binding site for regulatory proteins. As 

a future perspective, it would be interesting to find the regulatory proteins involved in 

regulation of de novo genes and it will help address the mechanism of de novo gene 

expression regulation. The potential regulatory proteins could be discovered  using DNA 

pull-down assay followed by mass spectrometry in which biotin labelled DNA probe 

would be incubated with cell lysate. Then, the protein-DNA complex would be purified 

using anti-biotin antibody and protein would be detected by western blot or identified by 

mass spectrometry. A recent report has shown the requirement of the minimal promoter 

to drive the expression of lac operon in E. coli (Yona, Alm, and Gore 2018). In this study, 

authors designed 40 random sequences of 103 bp long as the same length of wild type 

(WT) lac intergenic region and it was replaced with these random sequences. To comply 

with the GC content of the E. coli genome (50.8%), random sequences with GC content 

(lower than 45.6% or higher than 56%) were omitted. Also, authors excluded the random 
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sequences with homo-nucleotide stretches longer than five to avoid issues with 

sequencing. The authors showed that a single nucleotide change in computationally 

generated random sequences (the same way experimental were generated) could 

produce the same expression levels as wild type lac promoter. In conclusion, this study 

suggest that minimal mutation in the random sequences could turn these random 

sequences into functional promoters (Yona, Alm, and Gore 2018). This study was 

performed in E. coli, it may not be the same case in complex eukaryotes. Comparative 

genomic studies in eukaryotes provide evidence for the evolutionary dynamics of TF 

binding, highlighting the possibility for rapid and flexible TFBS gain and loss between 

closely related species on time scale of as little as few million years (Villar et al, 2014). 

On the other hand, there are examples of rapid evolution of TFBSs across and within 

population requiring shorter timescales i.e., 10,000-100,000 years (Zheng et al 2011, 

Contente et al, 2002). 

Our results also suggest that more than one protein is involved in expression of 

gene_090. Based on these results we proposed a model representing gene expression 

regulation of gene_090. In expressed allele, a 7 bp deletion brings flanking sites together, 

thus allow regulatory proteins to bind to this site and drive the gene expression in testis 

(Figure 7.1A&B). Further constructs were consistent with proposed model and 

suggested that flanking sites of the deletion are also required for expression, hence 

suggest that more than one protein could be required for gene regulation. Additional 

constructs showed that adjoining nucleotides of the deletion flanking sites are important 

for expression too (Figure 7.1C),  we conclude that the site bound by one or other of the 

proteins extends to the region in the middle of the indel. Our hypothesis about creating 

regulatory protein binding site in the expressed allele suggests that the sequence 

specificity is also important to drive expression.  

The reporter gene is translated in spermatids suggesting that gene has been transcribed 

in earlier stages of the spermatogenesis. This hypothesis of transcription can be tested 

by reporter gene mRNA in situ hybridisation and this study would help us understand 

expression pattern. Also, in our lab we have showed that gene_090 requires tMAC for 

its expression (unpublished data) and studying the expression pattern of gene_090 in 

tMAC mutant background would help us understand the role of tMAC in de novo gene 

expression regulation. The role of tMAC would be understood by SELEX-seq or ChIP-

seq using each DBD containing protein and identify the tMAC binding sites in the 

promoter region of gene_090. 
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Gene regulation might be modulated by cell-specific TFIID and a distinct transcription 

initiation complex characterize mRNAs that will be subjected to translational repression 

(Blümer et al. 2002). In Drosophila, translational repression elements (TREs) (Blümer et 

Model _2 

A) 

Protein-A Protein-B 

ATAATAATGGCTT 

No Expression 

-302bp +133bp 

Non-expressed allele 

Protein-A Protein-B 

ATACTT 

Expression 

-302bp +133bp 

B) Expressed allele 

Figure 7.1:- Proposed model representing the mechanism of gene expression of 
gene_090. A) In non-expressed allele, indel-I (insertion highlighted in red colour 
alphabets) prevents regulatory protein binding to indel-I site, thus gives no expression 
whereas B) in expressed allele, deletion of indel-I allow flanking sites to come together 
and regulatory proteins drives the expression. C) When we have a expressed allele 
sequence with two bases switched at flanking sites of the indel-I gives no expression in 
testis. Flanking sites of the deletion are important for  expression and it suggest that 
more than one protein is involved in gene expression regulation. 

C) 

Protein-A Protein-B 

ATCATT 

No Expression 

-302bp +133bp 

090_Q 
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al. 2002) are usually located in the 5’UTR and only found in testis-specifically expressed 

genes. The reporter construct used in our studies has 5’ UTR from adh gene and other 

constructs that have adh 5’ UTR does not cause translational repression. For example, 

the pCaSpeR-AUG-bGal-djlΔ52 construct has a 5’ UTR form adh gene, but is translated 

in primary spermatocytes. This suggests that there is no translation repression of 

reporter gene in Drosophila testis. 

 

7.1.4. Gene_074 expression is not associated with SNPs or indels 

As explained in chapter 4, expression of gene_074 does not correlate with any SNPs or 

indels. The expressed allele 517 differs by 1 SNP relative to the non-expressed allele 

tested and the most likely candidate is the “G” very close to the TSS which is not found 

in any other alleles. The allele on the aly chromosome differs from the non-expressed 

allele by 8 SNPs and 2 indels. One SNP just upstream of TSS and indels are also in the 

517 allele, however this is also in other non-expressed alleles, so this is unlikely to be 

causative on its own for expression. However, allele of gene_074 from fully sequenced 

aly chromosome and another expressing allele of gene_074 517 differ by 3 SNPs and 1 

indels. It is interesting that there is no single SNP or indel that differentiates expressing 

from non-expressing alleles. This suggests that the expression may have evolved 

independently in these two alleles.  

In our lab we have found that the aly allele of 074 expresses independently of tMAC. but 

since the 517 allele has evolved separately, and different SNPs are implicated, we don’t 

know yet if that version of the promoter is similarly independent of tMAC for expression. 

However, it would be interesting to see the RNA expression and localisation of reporter 

gene in wild type and aly mutant background. We can also check whether other 

components of tMAC complex play any role in the regulation of gene expression. In 

addition to above, RAL-357 and allele from aly chromosome only differ by 1 SNP and 

share common unknown ancestor. Testing this one SNP could tell us about the 

expression/no-expression status of these two alleles. RAL 399 is another closely related 

allele to the allele from aly chromosome and these two alleles differ by 3 SNPs and 2 

indels. With combinations of SNPs and indels we can design few more constructs to 

check the difference between these two alleles and it also will tell us about evolution of 

gene_074 

Evidently, reporter gene is translated in spermatids and suggests reporter gene mRNA 
must be generated in earlier stages of the spermatogenesis like many other testis 

specific genes (White-Cooper 2010). RNA in situ hybridisation against the reporter gene 

would tell us the mRNA localisation in spermatogenic cells. Also, studying the 
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transcription of reporter gene in tMAC mutants would help us understand the role of 

tMAC in gene expression regulation. We can also test these construct in other tMAC 

components, tTAFs, and other meiotic arrest mutants. Also comparison of the aly allele 

and the 517 allele would be interesting as they may have different mechanism of 

regulation or they could be transcribed in somewhat different patterns. 

 

7.2. Recombinant expression of proteins: Topi, Comr, Tomb, and 
Achi/Vis 

In primary spermatocytes, tMAC is a transcriptional complex which regulates the 

expression of more than 1000 genes (White-Cooper 2010, Jiang and White-Cooper 

2003). To date, this complex has a total of eight components and four of them have 

predicted DNA binding domain (Doggett et al. 2011, Jiang et al. 2007, Perezgasga et al. 

2004, Laktionov et al. 2014). How tMAC complex regulates gene expression in testis is 

not well known. It would be intriguing and biologically important to address the 

mechanism of gene expression manifested by this very complex. 

For expression of recombinant proteins, E. coli has always been the preferred microbial 

cell factory. E. coli is a suitable host for expressing the eukaryotic proteins. Large-scale 

production of protein trials have shown that <15% of non-bacterial proteins can be 

expressed in E. coli in a soluble fraction (Braun and LaBaer 2003). Recombinantly 

expressed full length version of these four subunits of the tMAC complex would be used 

for in vitro identification of their respective binding sites. I also have managed to clone 

and express DNA binding domains (DBDs) of all four proteins and these would be useful 

to improve the stringency of our analysis by allowing us to compare between two motifs 

derived from full length and DBD versions of protein of interest. In the future with help of 

protein modelling we will deduce the relevant sites in protein with affinity for DNA and 

we will use these DBDs by making the mutants for relevant interacting amino acids in 

given protein and retest the motif discovered with given wild type protein. This would tell 

us the authenticity of discovered motif for protein of interest as well as it would tell us if 

mutation in DBD of given protein allow tMAC complex to form at target promoter and 

regulate gene expression. We can also understand the role of tMAC in gene expression 

by generating the targeted mutants that would retain the ability to form the whole complex 

but would lack the ability to interact with target DNA regions. In more ambitious plans, 

we also can express all the components of the tMAC complex and assemble these 

components in in vitro. This approach has already been used and it would be useful for 

our study to analyse in vitro tMAC-DNA interaction using single-particle cryo-electron 

microscopy. For example, in recent study, human TFIID, PoI lI, and TFIIH along with 
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other transcription factor associated with TFIID were immunoprecipitated and 

recombinantly expressed and purified from E. coli. These components were assembled 

with target DNA sequence in processed assembly buffer. After processing and 

incubation, this in vitro assembled complex was analysed by Cryo-EM and acquired data 

was processed and three-dimensional protein-DNA complex was generated (Louder et 

al. 2016). 

For protein Achi/Vis, motif identification was carried out via bacterial one-hybrid system 
(Noyes et al. 2008). For this study, authors mainly focused on TFs which are expressed in 

early anterior-posterior patterning in Drosophila. This network involves TFs of  the five 

most highly represented DNA-binding domain families; C2H2 zinc fingers, homeodomain, 

bHLH, bZIP and winged helix, and other less well-represented domains. 80% of the 

sequence-specific TFs utilize one of the DNA-binding domains represented in this group 

(Adryan and Teichmann 2006) and some of these TFs, such as Kruppel, have very well-

defined DNA-binding specificities (Noyes et al. 2008). 

In silico analysis by FIMO failed to find the Achi/Vis motif in tMAC target genes with p-
value <0.0001. But there were 9516 motif occurrences with a p-value <0.01 and 762 

motif occurrences with a p-value < 0.001 discovered. This analysis suggests that motif-

3 was enriched in testis-specific promoters if we lower the p-value. By performing the 

SELEX using Achi/Vis protein we are not only going to verify the published motif, but it 

also gives an opportunity to identify significantly lower affinity sites, which are likely to be 

biologically relevant. SELEX coupled with other TFBS finding methods like EMSA,  would 

allow us to select aptamers against full length as well DBD versions of protein of interest 

and will help us to look at different binding affinities. Weak binding matches to the 

consensus found during our analysis might be biologically important because as I 

explained earlier tMAC complex has multiple predicted DNA binding proteins and 

bioinformatics has failed to find any consensus sequence. This suggests that tMAC 

complex might bind to promoters of target genes without sequence preferences, thus 

sequences with weak matches to the consensus suggests to be biologically very 

important. 

  

7.3. de novo motif discovery for C-terminal end of Topi 

Many studies have showed that primary TF-DNA binding sites evolve slowly, and is 

conserved between species (Bohmann et al. 1987, Wei et al. 2010, Amoutzias et al. 

2006). Many differences in the TF repertoire between invertebrates and vertebrates exist 

because of the expansion of some gene families, such as C2H2 zinc finger factors and 
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nuclear receptor in vertebrates (Charoensawan, Wilson, and Teichmann 2010). At 

present, DNA binding sites of many TFs can be found in many TF-related databases 

such as TRANSFAC, TFDB, JASPAR, MAPPER, RedFly etc, (Khan et al. 2018, Fornes 

et al. 2019, Gallo et al. 2011, Wingender et al. 1996).  Binding specificities for TFs across 

various taxa has been determined with different methods like, ChIP (Chromatin 

Immunoprecipitation), SELEX, EMSA, One-hybrid system, DNase I footprinting,  and protein 

binding microarrays. 

In chapter 5 I have explained the recombinant expression and purification of Topi C-term 
and in chapter 6 I have explained the use of SELEX to identify the de novo motif for Topi 

C-term protein. To date, many studies have shown the selection of aptamers against the 

agarose or magnetic Ni-NTA beads bound target molecule. A study showed the selection 

of aptamers against the TTF1 (a member of NK homeodomain transcription factors) 

target protein by SELEX (Murphy et al. 2003) in which his-tagged protein of interest was 

allowed to bind to magnetic beads and random library of aptamers was allowed to bind 

to beads-protein complex. Our results shown that use of Ni-NTA agarose beads to 

immobilize the protein of interest during the selection. The use of His-tag for 

immobilization of protein of interest promotes the proper orientation of proteins on a bead 

surface, and concurrently  provides a purification step, hence reduces the chance of 

selection of contaminants (Murphy et al. 2003). 

In this study, we adopted SELEX coupled with high throughput sequencing. This strategy 

was mainly featured with the following technical improvements. Firstly, we designed the 

non-labelled hand-mixed ssDNA oligos. Secondly, this strategy introduced a use of Ni-

NTA agarose beads to immobilize the protein. Thirdly, we adopted emulsion PCR (Shao 

et al. 2011) to amplify the DNA from each round. Fourthly, we used non-labelled positive 

and negative oligos to characterize the identified motif by electrophoretic mobility shift 

assay (EMSA). The use of hand-mixed ssDNA oligos allowed us to minimize the biases 

during the synthesis of oligos. Hand-mixing of bases allows to customize the base ratios 

during synthesis, which includes non-equimolar ratios. In addition, during the library 

synthesis base ratios are adjusted to balance the slight coupling variations in each base. 

His-tagged C-term of Topi was immobilized on Ni-NTA agarose beads and purity was 

checked by SDS-PAGE. SELEX selection were monitored by PCR amplification and 

quantification of amplified product. Emulsion PCR allowed to amplify the DNA from each 

round without accumulating biased PCR products. In emulsion PCR complex, millions of 

cell-like compartments are separated from each other without exchange of any 

macromolecules or PCR products. A study demonstrated that emulsion PCR is useful in 

SELEX experiments for unbiased PCR amplification (Schütze et al. 2011). Currently for 

SELEX experiments most diverse libraries with high variability in nucleic acid pool are 
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p-value 7.74e-01 

SELEX-3 

Kr 

Figure 7.2:- Motif comparison between Kr and Topi C-term SELEX-3. TOMTOM 
assigns p-value 7.74e-01 for this alignment. 

used. The emulsion PCR allows to amplify these libraries reduces the by-product or 

biased products accumulation in reaction and maintains the complexity of libraries. A 

total three rounds of SELEX selection coupled with emulsion PCR allowed us to identify 

the motif for Topi C-term.  

Motif derived from the round-2 and -3 showed good alignment during our motif 

comparison analysis using TOMTOM online tool and it suggests that Topi C-term could 

have relatively strong DNA sequence affinity. PWM for full length Topi protein was 

generated using online Zn finger prediction tool (Persikov et al. 2014). A motif from 

round-3 also showed good alignment with the PWM for full length Topi. I have analysed 

the occurrence of this motif-3 with FIMO in a set of 1016 tMAC target gene promoters 

(500 bp flanking TSSs, downloaded from Flybase), and found 85 occurrences with a p-

value <0.0001 (838 at p<0.001). Only 21 occurrences were found in a control gene test 

(testis-expressed, tMAC-independent) at p<0.0001. This raises our confidence in the 

motif being real, however a strong match is still only present in ~6% of target genes 

(some genes have multiple sites). When we performed the motif enrichment analysis, 

we discovered that motif-3 was not enriched at any locus in the given set of sequences 

but it was dispersed across the sequences. 

I also found that Topi C-term motif shares somewhat similar binding site with quite closely 

related Zn finger protein Kruppel (Figure 7.2). Kruppel is well characterised Zn C2H2 

transcription factor with known binding site in Drosophila genome. Repeating the SELEX 

with full length, N, C-term of Topi protein, and other components of tMAC and Kruppel 

protein can be a good positive control. 
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In silico analysis showed that predicted Topi binding site was observed in promoter 
regions of gene_090 and _074. A motif-3 characterisation results with Topi C-term 

showed affinity towards both positive as well as negative probes, thus suggests Topi C-

term has quite strong affinity for given set of DNA sequences.  

Our hypothesis is that tMAC has multiple loose binding sites in promoter region of target 

gene and it could be possible because of the presence of four different protein with 

predicted DNA binding domains. The combined effect of DNA binding ability of these 

four protein contributes and gives the activity, so each individual subunit does not need 

to bind tightly in promoter of target gene (or low affinity binding sites). This hypothesis 

could be tested by performing the SELEX using all the proteins with predicted DNA 

binding domain. One could also use EMSA to validate the discovered motifs for the tMAC 

subunits. We can also perform the EMSA using non-labelled probes and resolve the 

protein-DNA complex in SDS-PAGE gel to get more resolution of complex. Repeating 

the EMSA using labelled probes against Topi C-term would enhance the resolution of 

the analysis and competitive analysis using different positive probes would tell us about 

strong and weak affinity towards the given probes. 

 

7.4. Concluding remarks 

The first part this thesis has addressed the molecular mechanisms underlying evolution 

of testis-specific expression of de novo genes. I have identified four distinct outcomes of 

gene expression regulation of gene_090. Firstly a 7 bp deletion in the promoter region 

of gene_090 is necessary and sufficient to drive the expression in testis; Secondly 

flanking sites of the 7bp deletion also important for the expression of gene_090; Thirdly 

adjoining nucleotide of the flanking site creates the binding site for regulatory proteins; 

fourthly the sequence between the flanking sites is also important for expression of 

gene_090. The proposed model_2 is possible mode of gene expression of gene_090. 

For gene_074, no SNPs or indels were identified to a play role in its regulation.  

The second part of this thesis has expressed tMAC subunits, identified and characterised 

the binding site for Topi C-terminal end. I have identified the 15bp de novo motif for C-

terminal end of Topi protein. The occurrence of the discovered motif-3 in the promoter 

regions of the aly dependent (and independent gene_074) genes and electrophoretic 

mobility shift analysis of designed oligos using Topi C-term suggest it is genuine.  
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Appendix 1- Primers 

Table 5:- List of primers 

 

Primer 
Name Sequence (5’-3’) Refences 

Pst1+attB 
For 

CTGCAGGTCGACGATGTAGGTCACGG N.A 

Pst1+attB 
Rev 

CTGCAGGTCGACATGCCCGCCGTGAC N.A 

Pst1+attB 
For 

CCAAGCTTGCATGCCTGCAGGTCGACGATGTAGGTCA
CGG 

N.A 

Pst1+attB 
Rev 

TAACTTGCACTTTACTGCAGGTCGACATGCCCGCCGTG
AC 

N.A 

pCaSpeR 
b-gal For 

ACTTCAAATACCCTTGGATCG N.A 

pCaSpeR 
b-gal Rev 

CTTGTTGGTCAAAGTAAAC N.A 

SELEX 
For 

GGTATTGAGGGTCGCATC (Murphy et 
al. 2003) 

SELEX 
Rev 

AGAGGAGAGTTAGAGCCATC (Murphy et 
al. 2003) 

Topi FL 
NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGAAAGTCA
AAGTTTCGGGTGAATATACG 

N.A 

Topi FL 
HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCTTTACAAATA
GGTATCCGAAAATATCGGCTT 

N.A 

Topi N-
term NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGAAAGTCA
AAGTTTCGGGTGAATATACGC 

N.A 

Topi N-
term 

HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCT 
TTAGTTGAGATGCTTCTCCTCGCTGTGCGC 

N.A 

Topi C-
term NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGAAAAAGA
AGCGCGAAAAGGAAACGCGC 

N.A 

Topi C-
term 

HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCT 
TTACAAATAGGTATCCGAAAATATCGGCTT 

N.A 

Comr FL 
NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGTCGGGG
AACCAAGACACTTTGGGCCAG 

N.A 

Comr FL 
HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCTTCAACGAGG
ATTTCGCTTGGAGTTGCGTAG 

N.A 
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Comr 
DBD NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATG 
CATCCTCTACTCCATTATGCA 

N.A 

Comr 
DBD 

HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCT 
TCATCCGCCGTTCCCGGGCTTGA 

N.A 

Tomb FL 
NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGCCATCGC
CCAAGAAAAGAAGTGTGGATA  

N.A 

Tomb FL 
HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCTTTAATAATAA
TCCTTGGCTGTACTCGCATA 

N.A 

Tomb 
DBD NdeI 

AGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGCCAT
CGCCCAAGAAAAGAAGTGTGGAT 

N.A 

Tomb 
DBD 

HindIII 

AGCAGCGGCCTGGTGCCGCGCGGCAGCCATGATGCC
CGCCTTGGCAGCTTA 

N.A 

Achi/Vis 
FL NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGATCTCGC
CGGAACAAGAAGAGGTCAACA 

N.A 

Achi/Vis 
FL HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCTCTAGTCTCC
CATGTAAACGAAATCGTCATC 

N.A 

Achi/Vis 
DBD NdeI 

AGCGGCCTGGTGCCGCGCGGCAGCCATATGTCGGACT
CAAGTTTGGACCAGGATTCTCT 

N.A 

Achi/Vis 
DBD 

HindIII 

TGGTGGTGCTCGAGTGCGGCCGCAAGCTCTACAGAGG
ATCGTTGCCCTCGCGCCTGA 

N.A 

T7 
Promoter  

CCTATAGTGAGTCGTATTA N.A 

T7 Term  CCGCTGAGCAATAACTAGC N.A 

LacZ 635 
F 

CCGCGAGGTGCGGATTGAAA N.A 

LacZ 635 
T3R 

GCAACGAATTAACCCTCACTAAAGGGTACCCATCGCGT
GGGCGTAT 

N.A 

LacZ 670 
F 

CAACCCGTGGTCGGCTTACG N.A 

LacZ 670 
T3R 

GCAACGAATTAACCCTCACTAAAGGGCGTTAGGGTCAA
TGCGGG 

N.A 

LacZ 788 
F 

ACCGATCGCCCTTCCCAACA N.A 

LacZ 788 
T3R 

GCAACGAATTAACCCTCACTAAAGGGATTTCGGCGCTC
CACAG 

N.A 
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Appendix 2- Construct design for gene_090 and gene_074    

Table 6:- List of synthetic DNA constructs for gene_090 and gene_074  

 

Construct 
Name Sequence 5’-3’ Reference 

090_A 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAAATCAAAAT

GCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATCCATCTGA
GCCGTGTCTTGCCGC 

(Zhao et al. 2014) 

090_B 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTCCTTCTTGGCTTCTGTG

TAGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCA

TATAACTAATATATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGACAATCA

TATGATTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATAATAATGGCTTTTGCATTTTGAGTAACATACATAA

ATAAAAATGCTAATATGCTGAGCTATCTATTATATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTA
GAAATCCATCTGAGCCGTGTCTTGCCGC 

(Zhao et al. 2014) 

090_C 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATAATAATGGCTTTTGCATTTTGAGTAACATACATAA

N.A 
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ATCAAAATGCTAATATGTTGATCTATCTATTACATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTA

GAAATCCATCTGAGCCGTGTCTTGCCGC 

090_D 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTCCTTCTTGGCTTCTGTG

TAGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCA

TATAACTAATATATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGACAATCA
TATGATTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAAATAAAAA

TGCTAATATGCTGAGCTATCTATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTAGAAATCCATCT

GAGCCGTGTCTTGCCGC 

N.A 

090_E 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT
TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATAATAATGGCTTTTGCATTTTGAGTAACATACATAA

ATCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAAT

CCATCTGAGCCGTGTCTTGCCGC 

N.A 

090_F 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT
ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAAATCAAAAT

GCTAATATGTTGATCTATCTATTACATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAATCCA

TCTGAGCCGTGTCTTGCCGC 

N.A 

090_G GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT
N.A 
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ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAAATAAAAAT

GCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAAATCCATCTG

AGCCGTGTCTTGCCGC 

090_H 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTCCTTCTTGGCTTCTGTG
TAGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCA

TATAACTAATATATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGACAATCA

TATGATTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAAATAAAAA

TGCTAATATGCTGAGCTATCTATTATATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTAGAAATC

CATCTGAGCCGTGTCTTGCCGC 

N.A 

090_I 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT
AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATACTACATACTTTTGCATTTTGAGTAACATACATAAA

TCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATCC

ATCTGAGCCGTGTCTTGCCGC 

N.A 

090_J 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTCCTTCTTGGCTTCTGTG
TAGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCA

TATAACTAATATATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGACAATCA

TATGATTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATACTACATACTTTTGCATTTTGAGTAACATACATAA

ATAAAAATGCTAATATGCTGAGCTATCTATTATATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTA

GAAATCCATCTGAGCCGTGTCTTGCCGC 

N.A 
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090_K 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATACTTTTGCCTTTTGCATTTTGAGTAACATACATAAA
TCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATCC

ATCTGAGCCGTGTCTTGCCGC 

N.A 

090_L 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTCCTTCTTGGCTTCTGTG

TAGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAATAATCTTCGCA

TATAACTAATATATCTTTATCTATATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGACAATCA

TATGATTTTTTGTGTTTCAGATACATCAAAAATGCATAGTACTACATACTTTTGCCTTTTGCATTTTGAGTAACATACATAA
ATAAAAATGCTAATATGCTGAGCTATCTATTATATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACAAGTA

GAAATCCATCTGAGCCGTGTCTTGCCGC 

N.A 

090_M 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATATAGAGATCTTTTGCATTTTGAGTAACATACATAA
ATCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATC

CATCTGAGCCGTGTCTTGCCGC 

N.A 

090_N 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT
TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATACCATTATCTTTTGCATTTTGAGTAACATACATAAA

N.A 
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TCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATCC

ATCTGAGCCGTGTCTTGCCGC 

090_O 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT
TTGATTTTTTTTTGTTTCAGATACATTAATAATGGAAAATGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAA

ATCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATC

CATCTGAGCCGTGTCTTGCCGC 

N.A 

090_P 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT

ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT
TTGATTTTTTTTTGTTTCAGATACATTAAAAATATAATGGGCATAGTACTACATACTTTTGCATTTTGAGTAACATACATAA

ATCAAAATGCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATC

CATCTGAGCCGTGTCTTGCCGC 

N.A 

090_Q 

GGGTATTCCGCAGACACTTGCCCAAATGTTCGCCACTTGTGTTTGGGTCCATTGTTTTGGGTTCTTCTTGGCTTCTGTGT

AGTGGAAAACTGCATCGGCATCAACCATTCTTTGGGTCCCAATCCATAGATGCACTGGAAGTATTTAGTAATCTTCGCAT
ATAACTAATATATCTTTATCTTTATAGTTTATAGTTCAATACTTGGATTGGATGTTACTTATAAGCTTTATTAAGAAAATCAT

TTGATTTTTTTTTGTTTCAGATACATTAAAAATGCATAGTACTACATCATTTTGCATTTTGAGTAACATACATAAATCAAAAT

GCTAATATGTTGATCTATCCATATATGTGTTAAAATTAAGTAAAAGATTTTCTTCGCTGTGTACATGTAGAATCCATCTGA

GCCGTGTCTTGCCGC 

N.A 

074_ref AGGGCGTGAAATTGTTTAAAGTACAGTAAAGTTTGCGTGCAAAACTTTTTCCAGCACCGCATTGCGCTGAAAGATCGTT

GCGTAAAAGTTTAAAACATTCTCTGTCCGGTTAGAGCACTCGATTCTTATCGAGCATGGCCAAACGTTTGGCAAATTGTC
N.A 
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GCCATAAATAATAAATATTAACAAAAGCCGGCGACATCATTGTGCCGTGCCAAATTGCCAGCATTTTTTTTTTATTTTACC

CGACTGGCGGCAAATTACATTTATTTTTTCTTTGTCATAATTGCGGATGTTAAGCCAAAT 

074_517 

AGGGCGTGAAATTGTTTAAAGTACAGTAAAGTTTGCGTGGAAAACTTTTTCCAGCACCGCGTTGCGCTGAAAGATCGTT

GCGTAAAAGTTTAAAACATTCTCTGCCCGGTTAGAGCACTCGATTCTTATCGAGCATGGCCAAACGTTTGGCAAATTGT

CGCCATAAATAATAAATATTAACAAAAGCCGGCGACATCAGTGTGCCGTGCCAAATTGCCAGCATTTTTTTTTTTATTTTA
CCCGACTGGCGGCAAATTACATTTATTTTTTCTTTGTC ATAATTGCGGATGTTAAGCCAAAT 

(Zhao et al. 2014) 

074_aly1 

AGGGCGTGAAATTGTTTAAAGTACAGTAAAGTTTGCGTGGAAAACTTTTTCCAGCACCGCATTGCGCTGAAAGATCGTT

GCGTAAAAGTTTAAAACATTCTGTGCCCGGTTAGAGCACTCGATTCTTATCGAGCATGGCCAAACGTTTGGCAAATTGT

CGCCATAAATAATAAATATTAACAAAAGCCGGCGACATCATTGTGCCGTGCCAAATTGCCAGCATTTTTTTTTTATTTTAC

CCGACTGGCGGCAAATTACATTTATTTTTTCTTTGTC ATAATTGCGGATGTTAAGCCAAAT 

N.A 

074_517A2 

AGGGCGTGAAATTGTTTAAAGTACAGTAAAGTTTGCGTGGAAAACTTTTTCCAGCACCGCGTTGCGCTGAAAGATCGTT
GCGTAAAAGTTTAAAACATTCTCTGCCCGGTTAGAGCACTCGATTCTTATCGAGCATGGCCAAACGTTTGGCAAATTGT

CGCCATAAATAATAAATATTAACAAAAGCCGGCGACATCAGTGTGCCGTGCCAAATTGCCAGCATTTTTTTTTTTTATTTT

ACCCGACTGGCGGCAAATTACATTTATTTTTTCTTTGTC ATAATTGCGGATGTTAAGCCAAAT 

N.A 

 


