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Preface
To decide a project for PhD thesis is not that easy, and it was particularly difficult for me as my lab has varied interest. There were people working on different aspects of silkworm biology like transgenesis, baculoviruses, genetic mapping, genomics and sex determination. In the initial few months I worked under Sriramana on baculovirus induced apoptosis and could learn cell culture techniques, apoptosis assay etc. It was great to learn firsthand science from a person like Sriramana who is very sincere and a hard taskmaster. I was a novice and it was very difficult to please Ramana as he will always have a doubt and question regarding the experiment, protocol and result but in due course I learnt how to be vigilant about minutest of the experimental factors which proved very useful later when I started to work independently. After this initial training I had to decide a project for my Ph.D dissertation.  Around same time our lab in collaboration with Dr. Dinkar Salunke, NII published a paper on A. mylitta lysozyme and I had the option to carry forward the work which basically involved protein engineering and biochemical assays. Looking at different aspects of the project, literature and structures of hundreds of lysozyme I realized that this is not what I wanted to do and I opted for gloverin which was an unexplored molecule at that time.  Gloverin, is an antimicrobial protein (AMP) like lysozyme and kills bacteria but they are found only in Lepidopteran insects. Just about that time silkworm cDNA library was sequenced and a data base search showed two clones for gloverins one each from wing disc and embryonic library. Our initial impression was that both were same clones and sequence differences may be there because these are single pass sequences. Dr. Toru Shimada sent us both gloverin clones and we sequenced the two plasmids again to find that sequence differences were genuine. Thus we found out that there are at least two gloverin genes and later this number grew to four when genome sequence became available.  

Our first aim was to purify the protein and check its antibacterial activity. The main challenge was its purification since the protein could not have been expressed in bacteria and its smaller size 14kDa would have made purification from insect cells with just a His-tag tricky. I learnt that it would be better if the protein is purified as GST fusion however; no GST-tag baculoviruses based expression vector was commercially available. Hence, I decided to redesign the expression vector so that the gene could be expressed as GST fusion in insect cells. This project involved lot many tricky clonings which took almost four month to design the pFastBac vector but in the hindsight I felt happy that I could learn all the tricks of the game named cloning. But then in next one month I could purify the protein from sf9 cells by infecting with recombinant baculoviruses. Getting recombinant virus expressing gloverin1 did not take much time as I got the clone in first attempt but the same was not the case with gloverin2. For the reasons unknown or unexplainable transposition of gloverin2 clone in the DH10-Bac E.coli cells remained elusive for months and it was only in my 18th attempt that I could get the recombinant virus. But after that I could purify the protein with ease and finished the antibacterial activity assay etc. 

In the mean time I kept working on the regulation of two gloverin genes. My senior, Satish had many cDNA libraries from different tissues and stages of the B. mori which he gave me to look at the expression profile of the two gloverin genes. Expression dynamics of the two gloverins in different tissues of the silkworm revealed very different expression profiles and the most striking difference was seen in embryonic stages. We found that gloverin2 expresses in embryos but not gloverin1. Expression of AMPs in embryonic stages was not reported and thus we focused on the regulation of embryonic regulation of gloverin genes. To be sure that expression of gloverin2 in embryos was not an isolated case we also checked expression of known AMPs attacin and hemolin and later when genome sequence became available we also included gloverin 3 and 4. To our surprise we found that embryonic expression of AMPs was common to all the AMPs we tested in this study except for gloverin1. Phylogenetic analysis suggested that embryonically expressing paralogues gloverins2-4 have evolved from ancestral gene gloverin1 thus indicating a clear gain of function phenotype in gloverins2-4. Later on we found that embryonic expression of gloverin1 was regulated by a Chorion Factor2 (CF2) binding silencer element present in the 5th intron. We could also show that during first duplication event intron5 of gloverin1 was lost which resulted in the embryonic expression of daughter gene gloverin2. 

The embryonic cDNA library that I used was isolated from a sex limited stock of silkworm where male and female embryos can be distinguished as early as 40 hours post oviposition. Upon RT-PCR it was found that expression of all AMPs was stronger in males than in females. Later this male biased expression of AMP genes was found also found in other tissues and stages of unchallenged silkworm. However, upon bacterial challenge the pattern of sex bias was completely changed as in challenged larvae AMP expression was found to be stronger in female than in males. Thus it was confirmed that expression of AMP genes is sexually dimorphic. 

Initial investigation regarding male biased basal expression of AMPs was focused around the concept of dosage compensation. Silkworms have ZW system of sex determination where expression of Z-linked genes is more in homogametic males (ZZ) compared to that in heterogametic females (ZW) due to lack of dosage compensation. Other colleagues in the lab had prepared a genetic map of Z-chromosome of B.mori and we thought that using those markers we should be able to map these genes on Z-chromosome. Muthu and I tried different mapping populations but could never find any polymorphism with whatever sequence information we had at that time. I also tried to see polymorphism in the introns of gloverin genes but that was not to be. Later when genome sequence became available it became very clear that gloverin genes do not have any microsatellite markers and that may explain the absence of polymorphism in our mapping population. Although the concept of dosage compensation was very attractive, I also tried to think beyond this concept.  One way of testing this was to look for expression of AMP genes in organisms where dosage compensation works. Drosophila is one such insect. Since Drosophila has XY type sex determination system and dosage compensation in heterogametic male is achieved by enhancing the expression of genes in males hence expression of AMP genes should not show sex bias. However, we found that expression of Drosophila AMPs was also male biased in unchallenged flies and female biased in challenged flies. Genome analysis of Drosophila revealed that none of the AMPs or the immune pathway genes is present on the sex chromosomes. Later we also checked immune response in other insects and all of them showed, qualitatively, the same pattern of sex biased expression of AMPs.  This suggested that sex biased immune expression may be universal phenomenon and in that case the mechanism regulating it should also be conserved. At this stage I switched over to Drosophila system to dissect the molecular pathway of sexually dimorphic immune response for the simple reason that Drosophila is genetically far more amenable compared to other insect systems. Dr. L.S.Shashidhara helped with Drosophila tsnasgenesis and several LacZ reporter constructs under different antibacterial gene promoters were generated. Drosophila results were shared with Prof. Piere Couble who later sent GFP reporter lines from the lab of Dr Bruno Lemaitre. Later with the help of Drosophila scientists from different parts of the world we could establish the molecular mechanism of both female biased acute phase response and male biased basal immune response.  

Our initial hypothesis was that there could be a sex specific factor which might control sex biased expression of AMPs. Later it turned out that there was no such factor. Using combinatorial differential modulation of signaling pathway which leads to stronger activation of AMP genes in females compared to males. We could also identify the molecule, Rel proteins, which control differential induction of AMP genes in males and females. Rel proteins (NFkB) are important molecule which control many developmental and cellular pathways and are also implicated in many pathophysiological conditions. This study shows that when faced with microbial infection these proteins are strongly upregulated in females than males. It’s not only that this is the first study where a molecular dissection of sex biased phenotype has been explained in holistic manner. The real significance of this study is that it breaks many myths regarding sex biased phenotypes. The current wisdom is that sex biased phenotypes result because corresponding genes are regulated differently in the two sexes at promoter level. Here we have very clearly shown that there could be a sex biased phenotype even in the absence of a sex specific factor. We also show, for the first time, that post-translational changes like phosphorylation could be different in males and females. Overall, this study establishes that the kinetics of signal transduction can be differently regulated in the two sexes of the same species. We further showed that stronger immunity helps females to live not only healthier but also longer compared to their male counterparts. 

Molecular dissection of Rel activation showed that these proteins are differently regulated at different stages of signaling in the two sexes. One such stage is autoregulation of Rel proteins. Autoregulation of mammalian Rel proteins is known but not of Drosophila Rel proteins. Here we show autoregulation of Drosophila Rel proteins Dorsal, DIF and Relish. our genetic data strongly suggested utoregulation of dorsal gene but biochemical evidence remained elusive for a long time. I could get dorsal binding with kB motif of Drosomycin promoter but not with autoregulatory kB motif. Once I tried EMSA with MgCl2, as it has the property to increase DNA-protein interaction, and got the gel-shift with autoregulatory kB motif. Thus supporting my earlier doubt that may be dorsal binding to its own promoter was weaker and later on I showed that weak binding led to weak activation of dorsal gene. This prompted the study that how binding of same dorsal protein to two different kB motifs leads to differential activation of downstream genes. I needed something more than just biochemical evidence to prove weaker auto-activation of dorsal gene. At this stage Archana Tomar who is a skilled computer programmer was asked to take up the responsibility of biophysical analysis of DNA protein interaction. Although neither me nor Archana had any experience in molecular simulation but we chipped in and sat together for long hours to find out what to do and how to do? We did initial simulations for 100ns which looked very promising and then gradually increased it to 2ns. We got our analysis checked by Dr. Thomas Bishop, University of Illinois. Using both biochemical and biophysical (Molecular simulation) approaches it was found that binding of dorsal depends on the dimension of major groove DNA. If the major groove is bigger then dorsal-kB DNA interaction is stronger which leads to stronger activation of downstream genes compared to a kB motif which has smaller major groove.

When Paul Ehrilch was asked about what is needed to do science? He said four Gs- Geschick, Geduld, Geld und Gluck – skill, patience, money and luck needed in science. My PhD experience is not different from his views. There were moments when research looked scary to marginal to confident but it is the patience that has paid. I started PhD with little knowledge of techniques but during the course of it I learnt many new skills. Money is very important for resources and facilities and CDFD has been generous in providing both resources and creating facilities. Those which were lacking have been provided by different scientists. When I look back I realize that most of the resources have been begged or burrowed and in that sense I find myself lucky that people whom I asked for help never said no. This has strengthened my belief in the scientific courtesy of sharing resources. During the course of PhD work I realized that it’s very important to have alternate hypothesis because in my case it is the alternate hypothesis that was found to be true and not the primary hypothesis. 
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Insect immunity is characterized by inducible expression of a battery of antimicrobial proteins (AMPs) and the constitutive melanization-encapsulation response (humoral immunity) as well as phagocytosis by hemocytes (cellular immunity). AMPs are insects’ main arsenal against invading microbes as insects lack adaptive immunity capable of producing antibodies. Over the past several years, significant advances have been made in the field of innate immunity of insects. Studying the regulatory networks that control and coordinate immune pathway is one of the prime goals. The present study is aimed at understanding evolution and regulation of immune pathway genes in insects Bombyx mori (a Lepidopteran model) and Drosophila melanogaster (a Dipteran model). Accordingly the thesis has been divided into two parts.

I. First part deals with the evolution of gloverin family of antibacterial genes in the domesticated silkworm Bombyx mori.

II. Second part deals with the differential regulation of signaling molecules in males and females which ultimately leads to sex biased expression of AMP genes in Drosophila.

PART-I                                                            
Introduction

Gene duplication is the main source of evolution of gene and gene families. Gene families which are important hallmarks in the evolution of eukaryotic genomes are formed due to repeated duplication of a single gene. Different genes have different propensities to undergo duplications and form gene families e.g. conserved genes have higher propensity to undergo duplication and to form gene families. An important question in biology is how duplicated genes evolve and retained in the genome. Processes leading to gene duplication are homologous recombination, transposition or chromosomal duplications. Among various changes that take place during gene duplication are genomic deletions, insertions and in some cases even loss/gain of intron. 

 Currently there are three models to explain gene evolution: (i) Neofunctionalization (NF), (ii) Subfunctionalization (SF) and (iii) Subneofunctionalization (SNF) (6). However none of these models accommodate role of intron dynamics. In neofunctionalization, one paralog carries out the ancestral function and the other paralog acquires a new function due to amino acid changes.  In a typical SF model the two genes become specialized in different tissues or developmental stages. A fundamental assumption of the SF model is that each ancestral gene had at least two functions that could subsequently be partitioned between two daughter genes. SNF is an extension of SF where duplicate genes undergo subfunctionalization, and in turn may gain functions not present in the ancestral gene. However both SF and SNF models depend on changes in ORF and/or promoter elements. 

Different models of gene evolution reflect the high degree of evolutionary plasticity. The evolutionary process of functional divergence between the duplicated genes is the focus of this study. In this study Anti Microbial Peptide/Protein (AMP) genes has been used as a model to study evolution of functional divergence in the paralogs.  AMP genes exist as conserved gene families and usually have large number of paralogs. Gloverin family of antibacterial genes was used as model to understand the role of genome dynamics in gene evolution and functional divergence. 
Results
Here we report evolution of functional divergence in gloverin paralogs in the silkworm, Bombyx mori. We found that ancestral AMP Bmglv1 did not express and has no role in embryonic development. On the other hand its daughter gene Bmglv2 expresses in embryo and has consequently gained a function in embryonic development. We show that ability of Bmglv2 to express in embryonic stages (a gain of function over ancestral copy Bmglv1) was linked to loss of an intron located in the 3’UTR of the ancestral copy Bmglv1. We found that regulation by intronV of Bmglv1 was dominant over the native promoter. However regulation by intronV could only be exerted in adult gonads and embryonic stages and not in other tissues. This indicated developmental control of Bmglv1 gene. Characterization of the stage specific regulatory element in the intronV led to identification of CF2, a zinc-finger transcription factor, as suppressor of Bmglv1 expression in embryo and adult gonads. We show this regulation was lost when, either CF2 binding element in the intronV was deleted or CF2 protein was depleted. 

The role of intron loss in this study is explained by subfunctionalization model. In SF the regulatory elements with unique functions are partitioned in paralogs such that each ancestral regulatory element is retained in at least one of the two daughter genes. We show that the promoter element conferring embryonic expression is retained in all daughter genes (Bmglv2-4) while intronV is absent in all of them. As intronV regulation is dominant over Bmglv1 promoter hence loss of intronV regulation in Bmglv2-4 leads to promoter activation in embryonic stages. Thus, current work illustrates spatial subfunctionalization (embryonic expression) as a consequence of regulatory subfunctionalization (intron loss). Further, post-duplication Bmglv2 has not lost the original antibacterial activity but has gained novel function (embryonic development) solely because of its ability to express in the embryo. Since regulatory SF has led to gain of a new function hence we call it as subneofunctionalization. 

Evolution of duplicate gene by Subneofunctionalization (SNF) by loss/gain of cis-regulatory elements in the promoters of duplicated genes is associated with gain of function is known but this is the first report of SNF due to intron loss. Role of Bmglv2 in 
embryo development suggests that AMPs may carry out different functions as well and in this light AMP gene paralogs may not be redundant copies with redundant functions but may have evolved new and novel functions. 

Conclusion
In the study reported here we have explored the effect of genome dynamics on the evolution of gloverin family of AMP genes. Our analysis suggests that Bmglv1 is the ancestral gloverin and other silkworm gloverins evolved in due course of time as a result of three gene duplication events. One notable feature of the first gene duplication was a gain of function phenotype associated with intron loss that changed the expression pattern of duplicated gene Bmglv2.

Our study suggests role of 3’UTR introns as cis-regulators in gene evolution and thus adds another dimension to genome plasticity. The fact that intron loss achieved embryonic expression for derived gloverin paralogs, a property which appears to be feature of all AMP genes except for Bmglv1, suggests that this intron loss might have experienced positive selection. To the best of our knowledge this is the first report where positive selection for intron loss in an AMP gene has been functionally validated. Our study suggests that intron loss or gain may not be a passive/random feature of genome dynamics but a result of evolutionary pressure. 
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PART - II

Introduction

Sexual dimorphism is the existence of systematic physical difference between individuals of different sex. Examples include size, colour, and the presence or absence of parts of the body used in courtship displays or fights, such as ornamental feathers, antlers etc. A sex difference is a distinction of biological and/or physiological characteristics typically associated with either males or females of a species in general. Sexual dimorphism is widely seen for a vast number of characters in animals and plants. The females of many species are cryptically coloured in contrast to the males. Some cases of sexual dimorphism are manifested in the development of such characters, which are, evidently, detrimental to their owners decreasing their viability: e.g., decorations, bright coloration and long tail feathers of many bird males. Development of such characters could not be explained in terms of natural selection. For their explanation, in 1871, Darwin advanced the theory of sexual selection, which related sexual dimorphism with sexual selection (1). Darwin's observation was that the species in which males and females are more similar were more often monogamous while species which showed strong sexual dimorphism (e.g. brightly coloration) are more often polygynous i.e. several females mate with one male (and other males do not breed at all). We observed that activation of immune response in insects is different in the two sexes. In the current study the molecular basis of female biased immune response in Drosophila was studied.
Results

We report that, in insects, immune pathway genes are controlled in sex dependent manner leading to sex biased expression of antimicrobial protein (AMPs) genes. We 
studied the molecules and the chain of events, including autoregulation of rel genes that modulate differential regulation of Rel proteins in the two sexes leading to sex biased expression of AMP genes. We have explained how sex dependent differential regulation of Rel proteins leads to stronger immune response in females upon challenge although basal immune response is male biased. This reversal of sex bias in AMP expression from male biasness (unchallenged insects) to female biasness (in immunized insects) was very puzzling and we have been able to show that this reversal is due to differential regulation of Rel proteins in the two sexes at different levels. We demonstrate that Rel proteins can regulate stronger AMP response in females upon challenge and this is achieved at following levels, (i) sex biased expression of Rel proteins itself, (ii) differential regulation of phosphorylation of Cactus in the two sexes, (iii) female biased expression of dNTF2 (nuclear importer of Rel proteins) and (iv) auto regulation of Rel family genes by Rel proteins. Due to this concerted regulation there is more Rel protein in female than that in male after immune challenge.  This has led to a surprising finding that expression and regulation of Rel proteins is differently regulated in the two sexes. This also helped us to explain that how tradeoff between two systems can create different degree of selection pressure in the two sexes and accordingly drive evolution of genes in sex biased manner.

Conclusion 

Immune response is an emergency response for clearing the invading pathogen. All the organisms living in a region experience the same hostile environment. So one would expect that males and females of the same species would be prone to the same infections and also that the probability of infection by pathogen(s) would be equal for both the sexes. So, if pathogens were/are common and if the probability of infection was/is the same for both the sexes then why should have female evolved a better and stronger system of pathogen resistance than the male? In other words if diversity of pathogens and probability of getting infected by those pathogens is considered as selection pressure for the evolution of immune system then this selection pressure was same for males and females of the same species of insect. Hence one would expect that immune system to be equally strong or 
equally weak in both the sexes. But we have shown that immune response is twice stronger in female insects compared to their male counterparts. This suggests that evolution of immune response and their sex dependent control has followed independent course. Immune response has evolved because of pathogens that the insects encountered during the course of evolution. But we propose that sex dependent control of immune system has evolved to streamline the homeostasis between different physiologies in such a way that reproductive fitness is maximized. This streamlining of the energy needs would have led to the tradeoff between different systems. Now these requirements are also different for two sexes because their investment in reproduction is different. Egg production is more energy intensive than sperm production hence female has to invest more for her reproductive fitness than the male. 

Content in chapters
Chapter 1 is an introduction to the relevant topics and background information about the various concepts pertaining to this study.

Chapter 2 lists the reagents used and detailed descriptions of methods used in this study.

Chapter 3 describes the mechanism by which gloverin gene family has evolved and also the embryonic regulation of gloverin1 expression by intronV. 

Chapter 4 gives the brief description of immune signaling pathway and in the results section we have explained how various components of the pathway are modulated differently in the two sexes leading to sex biased immune response in challenged flies.

Chapter 5 deals with the autoregulation of dorsal gene. The main research focus of this work is structural functional analysis of role of DNA structure on gene regulation by Drosophila Rel protein, Dorsal.

The following manuscripts have been published or will be communicated for publication based on the results presented in this thesis.

Mrinal N and Nagaraju J. Intron loss is associated with gain of function in the evolution of gloverin family of antibacterial genes in Bombyx mori. J. Biol. Chem. (In Press). 

Mrinal N and Nagaraju J. Acute phase response in Drosophila is female biased and is mediated by Rel proteins. (Revised and Resubmitted to PLoS Biology).

Mrinal N and Nagaraju J. Mechanism and evolution of sex biased immunity in insects. (Manuscript submitted).

Mrinal N, Tomar A. and Nagaraju J. Sequence dependent κB DNA geometry and dorsal autoregulation. (Manuscript under preparation)
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1. Introduction
1.1 Immunity

According to phenomenology immunity can be defined as “resistance to or protection against a disease”. This definition explains the broad phenomena of immune response without going into details of specific immunological mechanisms. But very importantly it introduces two terms (i) Host and (ii) disease. When we say resistance to we mean resistance to the host and the second term disease which is nothing but manifestation of abnormal body physiology. If there is a disease there has to be a causative agent for it. If the causative agent is bacteria, disease is called as bacterial disease and if the causative agent is virus then it is called a viral disease. So in reality the definition of immunity can be extended as “Resistance to the host against a disease causing agent”. This can be further refined as “Host’s response to infection of a disease causing agent”. e.g. AIDS is the disease  for which human is the host while HIV is the causative agent. Similarly when we say insect immunity it means that insect is the host for some disease causing agent. 

The idea that insects can get diseased goes back to the time of Aristotle as he described a pest of honeybees. Clearly this record is centuries older than the science of microbiology. But the genesis of modern insect immunity can be traced back to the times of Luis Pasteur. Pasteur was motivated by the losses caused to the silk industry due to diseases of silkworm caused by microbes. In 1920s there was considerable interest in insect immunity as a part of general question in basic immunology. A second surge in this field started in 1950s with the discovery that certain immunity can be induced in insects which was comparable to sort of constitutive immunity. The most recent period of research on insect immunity began in 1980s with the first isolation and purification of an induced antibacterial protein (Hultmark et al, 1984).

The most formidable challenge in the field of insect immunity is the shear diversity in insects. Insects outnumber the rest of the terrestrial animals by several orders of magnitude, for example are the species of vertebrates (fish, amphibians, reptiles, birds and mammals together) only as many as the coleopteran family Curculionidae. However, one has to take into consideration that in the vertebrate classes most species are described, which is not the case for insects. With more than one million recorded spp of insects represent the largest class within the animal kingdom occupying mostly all habitats and feeding on nearly all food sources. As per estimation, there could be as high as thirty million insect species. 

Some insects can appear in gargantuan numbers as in locust swarms, consisting of many billion individuals that eat several tons of plant material each day. These swarms have been reported since historic times and were one of the punishments for Pharaoh not letting Moses and his people leave Egypt “and there remained not any green thing in the trees, or in the herbs of the field, through all the land of Egypt” (Exodus, 10:15). Another important torment for humans caused by the act of insects is plague, which is spread by fleas and in medieval times made such impact on humanity that it caused the ever-growing world population to temporally decrease. Today, the plague is feared, but very rare. This is however, not the case for the vector- borne (insect-transmitted) disease malaria that is spread by mosquitoes and ends a human life every 20 second. In contrast, insects also may have a direct beneficial impact on human life by producing honey and silk. In all these cases, their impact is linked to the fact that they are so numerous.

How have the insects become so successful? Could their rapid development and massive production of progeny suffice as explanations, or are there other things that contribute to the success? A short-lived species could be expected to invest more in reproductive fitness than in life prolonging traits. However, many insects do live for long periods of time. In the Palaearctic and Nearctic regions, hibernation is necessary and lasts over several months. For some species, like the currently reproducing 17-year cicada (Boyce, 2004), the life prolonging traits are undoubtedly crucial. One of the important traits that make the insects survive for long enough periods of time to produce their progeny is their defence system against invading microbes. This suggests immense success of insects during the course of evolution and is indicative of (i) their adaptability to changes in environment and (ii) their ability to fight infections/pathogens. Because of this diversity in their habitat and shorter lifespan, insects experience diverse immunological challenges accordingly their immune response is uniquely diverse.In the last three decades, since the inducible immune response against bacteria was first discovered in Samia cynthia pupae by Boman and co-workers (1974), the field of insect immunity has expanded tremendously including also anti-fungal response in insects (Boman, 1995, Boman and Hultmark, 1987; Hoffman, 2003). Moreover, this knowledge has been integrated with the innate immune response in mammals and today there are a number of interesting reviews comparing the innate immune responses in mammals and insects (Boman, 2003).

Insects are primitive to mammals as the two lineages diverged 580 Myrs ago accordingly insects have an immune system that is primitive when compared to mammals. Insects’ immune system comprise only of innate arm of immunity (non-antibody mediated) (Lemaitre, 2004). On the other hand jawed animals have an additional arm of immunity called as adaptive immunity (antibody mediated). Innate immunity that provides protection against large number of microbes in a manner that is independent of prior exposure to the invading pathogen has remained conserved throughout the evolution.

Innate immune response which is the first line of defense depends on the release of AMPs (humoral / cell free immunity) and/or phagocytosis by hemocytes (cellular immunity). From physiological point of view, the two responses are complementary and also simultaneous and synergistic. Although a similar humoral immunity is present in mammals as well but the cellular immunity of mammals is very different from that of mammals. In mammals the cellular immunity comprises of lymphocytes and their subtypes e.g. T-cells, TH-cells, eosinophils and neutrophils etc. insect cellular immunity can be compared to mammalian macrophages although there are distinct differences between the two.

1.2 The Injury Reaction 

The humoral or cellular arm of immunity comes into picture only when the first line of defense, the epithelial barrier, is breached. This breach initiates a complex interaction of signals at the site of injury. The first immune model to get activated is the phenoloxidase pathway with local synthesis of phenoloxidase at the site of injury immediately after injury. Phenoloxidases are widely distributed enzymes which are highly active (Boman, 1995; Ashida, 1990) hence stored as an inactive precursor, prophenoloxidase. The injury reaction activates a serine protease cascade that leads to cleavage of pro-part and releasing the phenoloxidase. The end product of this reaction is a melanin, a dark insoluble material deposited at the site of injury and around the invading pathogen in nodules. It has two effects (i) it renders the pH of surrounding hemolymph acidic that kills the microbes and (ii) melanin helps in nodule formation which creates a physical barrier for microbe entry at the site of injury.

The first prophenoloxidase to be purified by Ashida et al was from B.mori (1983, 1990). It is activated by PPAE a serine protease but activation of PPAE is preceded by a serine enzyme (Ashida, 1990). It was also confirmed that bacterial peptidoglycan but not LPS leads to activation of PPAE (Satoh et al, 1999). Active PPAE removes a 5kD peptide from each subunit of 80kD dimeric prophenoloxidase. Activated phenoloxidase binds strongly to various substrates and during the reaction it is found as aggregates of progressively higher molecular weight entity.

1.3 Cellular immunity

Cellular immunity follows the melanization reaction but precedes humoral response which is much slower. Infact cellular immune response is activated almost immediately upon microbial infection. Other than this the difference between cellular and humoral immunity id rather artificial for following reasons.

(i) Hemocytes which constitute the cellular immunity also release humoral immune factors including AMPs.

(ii) Although infection initiates plethora of reactions but are co-ordinated and integrated into a single theme of “Host Defense”.

As mentioned above hemocytes which are the main weapons of cellular immunity are circulating cells in the hemolymph. These cells are formed in haemopoietic organs, present in the second and third abdominal segments on either side of the heart. In some insects haemopoietic organs could be like amorphous clumps of cells irregularly distributed along the dorsal vessel. The hemocytic response is conferred on by different types of hemocytes althought he criteria for classification is loose still following types of hemocytes are generally agreed upon to exist.

(i) Prohemocytes (PRs) – they are like stem cells for all types of hemocytes.

(ii) Plasmatocytes (PLs) – large in size , capable of phagocytosis, involved in clearing the infection. They are also involved in incapsulation of clumps of invading pathogens.

(iii) Granulocytes (GRs) – main players in incapsulation reaction. They have granules inside which could be both structured and structureless hence the name granulocytes.

(iv) Spherulocytes – they are round in shape, have no immune function but supposed to be involved in silk formation, melanization and secretion of some hemolymph proteins.

(v) Oenocytes – they have no immune capability but are capable of recognizing the nonself from self and contribute to the final stages of cuticle formation.

1.3.1 Defense mechanisms of cellular immunity

Immune cells contribute to microbial clearance in following ways 

(i) Phagocytosis – GRs and PLs are responsible for phagocytosis of invading microbes which is internalization of foreign particles. Secondly, phagocytosed microbes are killed possibly by peroxidation, melanization and lysozymes. Even ROS (Reactive Oxygen species) are supposed to play role in microbial killing in these cells.

(ii) Nodule formation – nodules are aggregates of hemocytes that entraps invading pathogens/microbes. This is more effective in clearing large doses of microbes. GRs and PLs have precise roles in nodule formation. GRs are thought to entrap the microbes while PLs help in aggregation. 

(i) Encapsulation – when nodules are too big to be phagocytosed they may be encapsulated. Encapsulation is sequesterization of these organisms or clumps 
with multilayered aggregates of hemocytes. This involves release of cogulum which probably helps in forming layers of cells. This was first discovered by Metchnikolf in 1892.

(ii) Humoral encapsulation – certain dipterans with few hemocytes can form capsules without involving hemocytes and this phenomenon is called humoral encapsulation. This is extremely fast reaction and can kill bacteria, fungi and nematodes.

1.3.2 How is hemocyte response triggered upon infection?

It is natural to expect a biochemical signal to initiate cellular response upon microbail invasion. In mammals the prostaglandins are shown to trigger the cellular host defense (Boman, 1995; Boman and Hultmark, 1987). By using chemical inhibitors of eicosanoid biosynthesis pathways it was shown that eicosanoids mediate cellular immune response in insects. 

In one such experiment Dexamethasone which is inhibitor of phospholipaseA2 was used, which could block cellular response to infection. Dexamethasone inhibits the activity of phospholipaseA2 which in turn inhibits eicosanoid biosynthesis as substrate is not available. In an “End product removal experiment” arachidonic acid was used to rescue the dexamethasone’s inhibitory effect. This confirmed the central role of phospholipaseA2 as the biochemical signal for the activation of cellular immunity. In experiments with other inhibitors it was also shown that products of cyclooxygenase and lipoxygenase pathways are involved in mediating cellular responses in insects.

1.4 Humoral immunity

Humoral immunity is activated by bacteria which escape both melanization and hemocute action. Such microbes keep growing in the hemolymph. There they come in contact with ‘fat body’ a loose mass of amorphous tissues which is functionally equivalent to mammalian liver. The interaction between microbial surface antigens with fat body cells leads to activation of AMPs which are later released into the hemolymph, thus killing the microbes in the hemolymph (Boman et al, 1995). Different AMPs have different mode of actions based on which they can be classified as Bactericidal or bacteriostatic. Defensins and cecropins are bactericidal AMPs while attacins and gloverins are bacteriosatic AMPs. Lysozyme, which exists in many different forms, can act as either bacteriostatic or bactericidal or both (Boman et al, 1995).

While melanization and cellular immune responses are almost instantaneous, Humoral immune response is the slowest and perhaps the last defense tool of insect against microbes but it is the most potent one as well. Further, cellular immune response and melanization is dependent on the identification of nonself i.e. they can discern self and nonself but can’t classify the type of nonself/microbe that has entered. In other words cellular immune response remains same whether the invading microbe is a bacteria, virus or fungi. In this respect humoral immune response is different from cellular immune response as it can discern between types of pathogens/microbes and induces response specific for that class of microbe. In other words the immune pathway activated upon fungal infection is different from that of Gram-ve bacteria with very little of overlap between the expression of microbe specific AMPs e.g. Drosomycin is specific for fungal infection while diptericin is induced upon Gram-negative bacterial infection and for Gram-positive bacteria the activated AMP is Defensin. This specificity is because the induction of humoral immune response depends on the interaction of PAMPs (Pathogen Associated Molecular Patterns) of microbes with PRRs (Pattern Recognition Receptors) present on the cell surface of the host. Since these PAMPs are specific for different classes of microbes hence the induction of humoral response is also specific for that class of microbe. It has been shown that fungal or Gram-positive bacterial infection is mediated by toll pathway while IMD pathway is activated incase of Gram-negative infection. There is very little overlap between the two pathways. When a mixture of Gram+ve and Gram-ve bacteria is used then both pathways get simultaneously induced. These two immune pathways will be discussed in greater detail in chapter4 of this thesis.
1.4.1 How AMPs kill bacteria?

There are different models to explain the mode of action of these AMPs. There is no concrete model to explain the mode of action of antibacterial activity of these AMPs.  The most accepted model is based on the association of AMPs with bacterial ammbranes and was named ‘Carpet like mechanism’ (Pouny, 1993; Gazit, 1995; Shai, 1995). There are atleast four steps involved in this model which are as follows.in this model the AMPS bind parallel to the surface to of the membrane, cover the surface of the membrane and don’t penetrate directly into the hydrophobic core. This conclusion is based on the (a) NMR studies with magainin, (b) ATR-FTIR with cecropin (Gazit et al 1996), (c) fluorescence studies using the emission sensitive probe NBD which shows that the NBD probe is located on the surface of the membrane and (d) the susceptibility of AMPs to rapid proteolysis when bound to zwitterionic vesicles.

Once on the surface of the bacterial membrane they remain in monomeric form and start to self associate only when a threshold concentration of AMPs has been reached. This property of AMPs has been shown by FRET experiments. This also helps them to form channels in the bacterial membrane. The major steps of this model can be summarized as below- 

(i) preferential binding of peptide monomers to the negatively charged phospholipids.

(ii) Laying of anphipathic A-helcal monomers on the surface of the membrane such that the positive charges of the basic residues interact with the negatively charged phospholipids head groups or water molecules.

(iii) Rotation of the molecule leading to reorientation of the hydrophobic residues toward the hydrophobic core of the membrane.

(iv) Disintegration of the membrane by disrupting the lipid packing in the bilayer structure.

An initial step before the collapse of the membrane packing may include transient holes in the membrane. These holes may enable the passage of low molecular weight molecules prior to complete membrane lysis. 

1.4.2 How AMPs selectively lyse bacterial cells but not host cells?

Electrostatic forces are crucial for peptide binding to membranes as has been demonstrated in the binding experiments and in the ability of the peptides to permeate efficiently only acidicaly charged phospholipids vesicles. The preferential binding to these basic antibacterial polypeptides to –vely charged phospholipids may explain their ability to bind and lyse bacteria that contain acidicly charged surface and cancer cells which express negatively charged phospholipids on their outer leaflets but not normal cells (Fig.1.1). Normal cells mainly express zwitterionic phospholipids on their outer leaflet. This difference in the electrostatic behaviour of bacterial and eukaryotic cell gives them the ability to selectively kill the bacteria and they don’t affect the host cells.
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Fig. 1.1 Differential action of AMPs on bacterial and eukaryotic cells.
1.4.3 Classes of AMPs

There are many different types of AMPs. They are also classified on different parameters but the most acceptable classification is the one based on the structure of AMPs. 

1.4.3.1 Cecropins – first inducible AMPs to be isolated and fully characterized. It was discovered in the blood of bacteria challenged pupae of Hyalophora cecropia (Saturnideae, Lepidoptera). Cecropins from Diptera are more homogenous than that from Lepidoptera. To date 21 cecropins have been isolated from seven insect species and two from mammals. They are 30-40 amino acids long peptides lacking cysteine residues hence no disulfide binds are present. They undergo post translational modification during which their C-terminal is amidated. 

Insect cecropins have a strongly basic N-terminal region and a long hydrophobic stretch at the C-terminal half. 2D-NMR studies demonstrated that the molecule folds into two helical regions joined by an Ala-Gly-Pro hinge. The N-terminal region is nearly perfect amphipathic α-helix with equally large hydrophilic regions. The C-terminal region is more hydrophobic in nature. 

Cecropins kill both Gram-positive and Gram-negative bacteria. They are produced in the fatbody and released into the hemolymph. All cecropins are synthesized as large precursor 62-64 aa long peptides of which 23-26 aa at the N-terminal region (prepro region and signal peptide) are chopped off during processing. The signal peptide consists of the first 21 aa. Other amino acids in the N-terminal region are alanine and glutamic acid dipeptides which form the cleavage site and are cleaved by a diaminopeptidase.

The N-terminal α-helix is the most important for the antibacterial activity of cecropins. In different studies involving site directed mutagenesis have shown the importance of leucine at position 4 (Andreu et al, 1985) and isoleucine. When these amino acids were replaced by helix breaker praline the antibacterial activity of the protein was completely lost. Similarly it was also shown that amidation of C-terminal end and tryptophane at position 2 are important for full biological activity if the protein (Andreu et al., 1983). 

The D-enantioform of cecropin A has nearly the same activity as the natural L-form. Recently enantio (containing all D-amino acids linked by normal peptide bonds), retro (containing all L-amino acids linked by normal peptide bonds but in reverse sequence) and retro-enantio (containing all D-amino acids linked by normal peptide bonds but in reverse sequence) isomers of hybrid analogs have been prepared. It was found that most of the bacterial strains are sensitive to these peptides irrespective of their configuration (Merrifield et al, 1995).

1.4.3.2 Insect Defensins 

The first defensins were isolated independently by Natori et al. from the dipteran Sarcophaga (Matsuyama and Natori, 1988) and by Lambart et al (1989) from Phormia terranovoe. Lambart proposed the name insect defensin because of sequence similarities with mammalian defensins. Mammalian defensins are AMP and cytotoxic peptides, which contain six-cysteines and were originally detected in neutrophils. Insect defensins are present in all insects except for Lepidoptera and also in non-insect arthropods like scorpions (Cociancich et al, 1994). Till date no defensin has been isolated from any Lepidoptera insect. These molecules are active against Gram+ve bacteria.

20 defensins have been characterized till date and all are cationic peptides composed of 34-43 aa residues with the exception of 51 residue royalisin initially isolated from the royal jelly (Fujiwara et al, 1990) and recently found in the hemolymph of the honey bee (Casteels et al, 1989). They all contain a characteristic motif of six-cysteins. The 3-D structure of defensin (Phasmia) has been solved and it has an N-terminal loop and an a-helix (15-23 aa) followed by a twisted  two stranded antiparallel B-sheets including an unusual 3aa turn connecting the two strands. This sis stabilized by two disulfide bonds connecting the A-helix to B-sheet forming a characteristic motif called as Cysteine stabilized AB-motif (Cornet et al, 1995). This motif is a common organization in several protein families.

Defensins disrupt the permeability barrier of the cytoplasmic membrane of M.luteus resulting in loss of cytoplasmic K+, partial depolarization of the inner membrane, a decrease in cytoplasmic ATP and inhibition of respiration. The decrease in the membrane potential below the threshold limit of 110mV causes permeability changes that can reflect the formation of channels in the cytoplasmic membrane by defensin oligomers. This model is supported by patch-clamp experiments that show that insect defensins form channels in giant liposomes (Cocianich et al, 1993).

Insect defensins are structurally related to charybdotoxin a 37aa K+ channel blocker synthesized in scorpion venom glands. sapecinB has been shown to inhibit part of the voltage pulse induced K+ currents of rat cerebellum purkinje cells. It is proposed that this phenomena reflects the Ca++ activated K+ channel inhibition. SapecinB therefore can act as both K+ channel blocker and AMP (Shimada et al. 1994).

1.4.3.3 Proline Rich AMPs

These are group of AMPs which have unusually high number of proline residues and are active against Gram-ve bacteria. They have been isolated from Hymenoptera, Diptera and Hemitpera. All are secreted as precursor protein and are processed upon activation.  Following AMPs in this class have been characterized.

(i) Apidaecin – Apaedacin was the first proline rich AMP to be ever isolated (from honey bee) (Casteels et al, 1989). They exist in 16 isoforms and thus constitute the largest family of proline rich class. Usually they are 16-20 aa long and contain conserved PRPPHPRI/L motif. 

(ii) Drosocin – It has characteristic P-R-P repeats, carries N-acetylgalactosamine-galactose disaccharide which is essential for its activity and was isolated first from Drosophila hence the name Drosocin. (Charlet et al, 1996).

(iii) Melalnikowin – It was isolated from Palomena (Chernysh et al 1995).
1.4.3.4 Glycine Rich AMPs.

While all the AMPs mentioned till now are small peptides with antibacterial activity, glycine rich AMPs are large proteins with antibacterial activity. They have 16-18% glycine residues. Following AMPs of this class have been characterized. 

(i) Attacins – attacins are inducible bacteriostatic AMPs first characterized in immune blood of lepidopteran Hyalophora (Hultmark et al, 1984). Recently Bombyx and Drosophila attacin cDNAs have been sequenced (Sujiyama et al 1995; Asling et al, 1995). They are active against limited no. of Gram-ve bacteria. In E.coli they inhibit the synthesis of outer membrane protein (OMP) by interfering with the transcription of this gene (Carlsson et al, 1991). 

(ii) Sarcotoxin II – With a size of 30kD, this is the latgest known inducible AMP (Ando and Natori, 1988) from Sarcophaga. Their C-terminal is amidated. Glycines are represented in the large central and C-terminal regions extending over 250 residues with a short 15 residue proline rich region. (Asling et al, 1995) have proposed that sarcotoxin has evolved from an attacin like precursor by the addition of two novel domains the N-terminal praline rich region and an extension of glycine rich domain. These polypeptides have a relatively narrow antibacterial spectrum and a low specific activity. Their effect is limited to growing bacteria and they also inhibit cell wall synthesis.

(iii) Diptericin – inducible 9kD AMP initially isolated from Phasmia (Dimareq et al, 1988) then from Drosophila (Wicker et al, 1990). These consist of a long (>60aa) central and C-terminal glycine rich domains and a short N-terminal praline rich region. It carries two O-glycosylation on threonine residues, 10th amino acid in the proline rich region and residue 54 in the central domain. Treatment of Diptericin with O-glycosidase selectively removes the substitution leading to loss of antibacterial activity suggesting that this post-translational modification is important for the biological activity (Bulet et al, 1995).

(iv) Hymenoptaecin – it kills both Gram+ and Gram-ve bacteria, consists of 93aa. Its antibacterial effect against E.coli is due to sequential permeabilization of outer membrane (OM) first and then Inner membrane (IM) (Casteels et al 1993). It has a 17aa long signal peptide followed by a prosequence of similar size which is separated by an R-R doublet from the mature peptide.

(v) Holotricin2 – it is 72aa long and was isolated from Holotrichia diompholia’s immunized hemolymph. It shows similarity with coleoptericin which was isolated from Holotrichia diomphalia (Lee et al, 1994). Both are cationic and kill Gram-ve bacteria.

(vi) Gloverin – firstly isolated from Hyalophora gloveri (Axen et al, 1997) hence the name gloverin. They are active against Gram-ve bacteria and like attacin thay also inhibit the synthesis of OMP and thus kill the bacteria. This is present only in lepidopteran insects and is the focus of current study.

Objectives of the proposed study.

The specific goals of the proposed study are as follows.

(i) molecular characterization of antibacterial activity of gloverin proteins of Bombyx mori.

(ii) molecular evolution of gloverin family of antibacterial genes.

(iii) mechanism of sex biased immune response in insects.

(iv)  autoregulation of Drosophila Rel genes. 
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2.  Material and Methods
2.3 Commonly used solutions/medium

30% acrylamide solutions: Dissolved 29.5g of acrylamide and 0.8g of N,N’-methylene bisacrylamide in 60ml of milli-Q water, warmed the solution to 37ºC to dissolve the chemicals, volume was madeupto 100ml and stored at 4ºC in an amber coloured bottle.

DAPI: A 10mg/ml stock of 5-bromo-4-chloro-indolyl phosphate (DAPI) was constituted in DMF and stored at -20ºC.

DEPC treated water: Water for RNA isolation was treated with 1% DEPC, left overnight and subsequently autocleaved to remove excess DEPC.

DNase-free Rnase A: 20mg/ml stock was made in sterile double distilled water, boiled for 20min to inactivate the trace amounts of contaminating DNase, aliquated and frozen.

Chloroform : Isoamyl Alcohol: 24:1 (v/v) of chloroform and isoamyl alcohol.

IPTG: A 200mh/ml stock of isopropyl β-D-thiogalactoside in sterile double distilled water.

6X Agarose loading dye: 0.25% bromophenol blue and 0.25% xylene cyanol in 30% glycerol.

10X PBS: Dissolved 80g of NaCl, 2g KCl, 14.4g Na2HPO4 and 2.4g KH2PO4 in 1L of milli-Q water, autocleaved and stored at room temperature. 1X PBS was obtained by diluting 10X PBS.

SDS-PAGE Sample buffer (1X): 50mM Tris-HCl pH 7.5, 3% SDS, 10% glycerol, 4mM EDTA, 10% β-mercaptoethanol and 0.01% bromophenol blue. Usually 4X stock were made and frozen at -20ºC.

10X TBE: 108g of Tris base and 55g of Boric acid were dissolved in 800ml DDW. 20ml 0.5M EDTA (ph 8.0) was added in it and final volume was made to 1L with DDW. 1X TBE was obtained by diluting it.

TBS: 20mM Tris.HCl pH 8.0, 150mM NaCl 
1X TE: 10mM Tris.HCl, 1mM EDTA (pH 8.0)
Tris-saturated Phenol: Phenol need to be equilibrated to pH 8.0 for DNA purification since DNA partitions into the organic phase at acidic pH. Melted phenol was mixed with equal volumes of 0.5M Tris.HCl pH 8.0 and 0.1% hydroxyquinoline, stirred and allowed to phase separate at room temperature. Following this, the upper aqueous phase was removed and equal volumes of 0.1M Tris.HCl pH 8.0 was mixed with the phenolic layer and again left for phase separation. This step was repeated until pH of aqueous solution reached 8.0. Once the phenol was equilibrated and the final aqueous phase had been removed, it was stored in light-tight bottles at 4ºC after mixing with 0.1 volume of 0.1M tris.HCl pH 8.0.

X-Gal: 20mg/ml stock of 5-bromo-4-chloro-3-indolyl-βD-galactoside in dimethyl formamide.

Ponceau S: A 10X stock of Ponceau S was made containing 2% Ponceau S, 30% trichloroacetic acid and 30% sulfosalissylic acid in water. 

2.2  Silkworm strains:
B.mori strains Pure Mysore and Nistari were collected from the sericulture station in Hindupur, Andhra Pradesh, India, Wild silkmoths Antheraea assama and A.mylitta larvae were collected from the forests of Assam and Bihar (India), respectively. 

2.3  Drosophila stocks:

W1118 flies were used as a standard wild-type strain. The lines Tl10b, dl1, cact1 were obtained from the Bloomington Stock Center. dll is a loss-of-function (amorphic) mutation (Nusslein-Volhard, 1979). In this mutant, the dl protein is absent in embryonic extracts (Roth et al., 1991), as well as in bacteria-challenged adult extracts (Reichhart et al., 1993). Tl10b is a dominant gain-of-function ventralizing alleles of Tl caused by a single amino acid change (Schneider et al., 1991) and produces strongly ventralized embryos. All the stocks were maintained and the experiments were performed at 25°C unless otherwise stated. All flies were reared in laboratory on standard cornmeal-agar medium at 25°C. For injections third instar wandering larvae were used. Tl10b, dl1, cact1 stocks were provided by L.S.Shashidhara, CCMB, Hyderabad. RelishE20, imd, Dredd, Drosomycin::GFP and Diptericin::GFP stocks were kindly provided by Bruno Lemaitre (CNRS, Yvette, France). Neal Silvermann provided Ird5 mutant. 

2.4  Bacterial strains:
E. coli (K12 strain) a Gram negative and Lactobacillus plantarum (MTCC 1325) a Gram positive bacteria were used for infecting the insects.  E.coli and L. plantarum were precultured in antibiotic free LB and MRS media respectively.

E coli DH5α: [Genotype: F- recA1 endA1 hsdR17 (rk- mk-) (lacZYA-argF) U169  (φ80lacZδ M15) supE44 thi-1 gyrA96 relA] This strain was used for all routine transformations, plasmid isolations, selection of recombinant plasmids, etc.

E. coli BL21 DE3:   [E. coli B F-, ompT, hsdS (rB-, mB-), gal, dcm.]. This strain was used for protein expression and purification studies.

2.5  Routine Fly technique:

Fly stock were grown on standard corn meal with sugar and agar (Ashburner, 1989) and maintained at 25(C unless specified otherwise. The wild type strain used was Canton-S and other fly strains in this work and their sources are listed in the section ‘List of fly stock used’. Detailed information on all the line is available at the Flybase: http://flybase.bio.indiana.edu/

Recombinant chromosomes and combination of GAL4 drivers, UAS lines, different mutations and/or markers were made by standard genetic techniques. FM7a was as a first chromosome balancer, CyO as a second chromosome balancer and TM2 and TM6B as the third chromosome balancer. In a standard fly cross, males and virgin females were crossed with the ratio of around 1:3 (male : female). Finally five to ten females were used. 

2.6  Generation of transgenic fly line:
2.6.1 Embryo collection:
Egg laying plates were prepared by boiling 30g of sugar, 25g of agar and 17g of yeast in 1L of water. After it was cooled down to 55(C, propionic acid (5ml/l), ortho-phosphoric acid (1ml/l) and p-methyl benzoate (5ml of 5% solution in 1L) were added. The medium was poured into petriplates and allowed to set overnight. A layer of yeast paste was coated just before using these plates for egg collection. The plates were then taped to the bottom of the cylinder chamber used for egg collection. Desired genotype w1118 flies were kept inside this egg collection chamber. The plates were changed every after 40-60min and eggs were collected from these plates. Collected eggs were washed with tap water and decorionated in 3% sodium hypochlorite solution (4-6min) rinsed thoroughly in water and used for aligned on the coverslip with the help of glue and used for microinjection.

2.6.2 Preparation of DNA for injection:

DNA, prepared from Quigen column, was diluted in injection buffer [5mM KCl, 0.1mM phosphate buffer, pH6.8 (0.05mM K2HPO4, 0.05% mM KH2PO4)] to a final concentration of 400ng/(l and used for injection. The DNA mix was injected into the poleplasm of 0-1h old embryos (of genotype w1118) by standard techniques. pCaSpeR vector used for making transgenic fly contains wild type copy of eye colour gene, white+ and the w1118 fly used for making transgenic fly had mutant eye colour gene (eye colour white). Recombinant was selected on the basis of eye colour. The flies derived from injected embryos were crossed to w1118 flies and the progeny of this cross were scored for the presence of eye colour marker. Progeny with eye colour pale yellow to dark red were considered as transgenic flies. 

2.6.3 Transgenesis: 

For transgenesis different promoters were PCR amplified, digested with cloned into BamHI and XhoI site of pCaSpeR-hs43-β-Gal plasmid. Different constructs were injected in w1118 flies and red eyed transgenic flies were balanced by crossing with pin/Cy; TM2/Tb double balancer line. 

2.7  Infection experiments:
Male and female B.mori larvae were challenged by injecting 20µl of bacterial culture (grown for 16-20 hours) into the thorax. For calculating bacterial load the hemolymph was collected by making an incision in the hind foot pad of the 5th instar larvae. 100 microlitre of the hemolymph from five males and females each was plated on plane LB plates and incubated overnight or till the bacterial CFU could be seen. Bacterial CFUs of different sizes colours were observed on the plate. For ivoking immune response in Drosophila, male and female Drosophila larvae were challenged by pricking with sharpened needles dipped in bacterial pellet. For immune response assay E. coli (a Gram negative) and Lactobacillus plantarum (a Gram positive) bacteria or a mixture of both was used. 

2.8  RNA isolation and Quantitative RT-PCR:
RNA was isolated from bacteria-challenged and sterile PBS injected larvae 24 hr post-injection. Total RNA was isolated from male and female Drosophila larvae (30 each) separately using Trizol reagent (Invitrogen) and dissolved in 50µl of RNase-free water. B.mori larvae were dissected as per standard procedure to collect fat body, midgut, silk gland, ovary and testis. Ovary and testis were also dissected from adults. Total RNA was isolated from these tissues using Trizol reagent (Invitrogen) and dissolved in RNase-free water. In all cases 1µg of RNA was used in 20µl of RT reaction by using SuperscriptII (Invitrogen) and oligo(dT) primers. The first strand cDNA (0.5µl) was used as template per 10 µl PCR reaction for the quantitative RT-PCR. Fluorescence Real-time PCR was carried out/performed with double-stranded DNA dye SYBR green (Perkin Elmer) on an ABI PRISM 7700 system (PE Applied Biosystems) to quantify gene expression. PCR specificity was confirmed by the molecular weight of the PCR product and ∆Ct analysis. All samples were analyzed in duplicate and were normalized against rp49. Primer sequences are available on request.
2.9  Antibodies:

Antibodies against Dorsal (mouse monoclonal), cactus (mouse monoclonal), were procured from DSHB. Actin (mouse monoclonal) and β-tubulin (mouse monoclonal) were from Upstate. Secondary antibodies for western blotting and immunofluorescence were from Amersham life sciences.

2.10  (-Galactosidase assay:

Male and female 3rd instar wandering larvae were separately collected and fat body was dissected out. Equal weight of fat body from male and female were used for (-Gal activity measurement. Each experiment was done in triplicates.

2.11  Western blotting:

The protein lysates were prepared from fat body of unchallenged and challenged male and female 3rd instar wandering larvae by crushing in lysis buffer (2X Laemmli solution) followed by mild sonication for two minutes. 20 µg of fat body extract was loaded on a 12% SDS-polyacrylamide gel. Following SDS-PAGE, proteins were blotted on HybondP nitrocellulose membranes (Amersham). The blots were developed using the ECL kit (Amersham) and X-ray film to detect the signal. 

2.12  RNase protection assay:
The radiolabeled antisense strand was synthesized using T7 RNA polymerase (NEB) in an in vitro transcription reaction. 5µg of RNA sample was hybridized with in vitro transcribed antisense RNA probe (3x105cpm) at 45ºC overnight. RNA samples were dissolved in 25 µl of 75% formamide/0.5 M NaCl/10 mM Tris HCl, pH 7.5. RNase A (100 µg/ml) was added to the reaction mix along with 200 µl of 200 mM NaCl/5 mM EDTA and incubation was done for 1h at 37ºC. After the RNase incubation, proteinase K (250µg/ml) digestion was done followed by phenol-chloroform extraction and ethanol precipitation and finally subjected to denaturing (8M urea) Polyacrylamide gel electrophoresis.
2.13  Quantitation of nucleic acid: 

The nucleic acid concentration was determined by measuring the absorbance at 260 nm (Maniatis et al., 1982). Empirical relationship of 50 μg double strandard DNA, 33 μg of single strandard DNA (as in primers for PCR) and 40μg of single strandard RNA was taken to be equal to 1.0 OD260. Purity of the preparation was estimated using ratio of absorbance at 260 nm to 280 nm. A ratio of 1.6-1.8 was considered good for DNA preparations and 1.6-2.0 was considered good for RNA preparations.

2.14  Restriction digestion:

Restriction digestion of DNA was carried out with 1-5 units /μg of DNA in 25 to 100 μl of reaction volumes, using the buffers and incubation conditions recommended by the suppliers. The reactions were stopped by raising the reaction temperature to 85/65°C for 10-15 minutes or subjected to phenol:chloroform extraction.

2.15  Agarose gel electrophoresis:

DNA and RNA samples were mixed with appropriate amounts of 6X loading dye (0.25% bromophenol, 0.25% xyelene cyanol and 30% glycerol) and were resolved, using 0.8-2% agarose gels made in 1X TBE buffer. Sample was loaded and the gel was run at 5V/cm (calculating the distance between the two electrodes, not the length of the gel). Nucleic acids were visualized by adding 0.25 μg/ml ethidium bromide in the agarose gel and 0.5 μg/ml in the running buffer (1XTBE).

2.16  Gel elution of DNA from agarose gel:

DNA fragment, resolved on agarose gel was purified using QIAquick Gel Extraction kit from Qiagen as per the manufacturer’s instructions. DNA fragments obtained after gel purification of PCR products or restriction digestion were ligated using T4 DNA ligase at 20˚C for 8hours to overnight in ligation buffer (50mM Tris-HCl pH 7.6, 10mM MgCl2, 10mM DTT and 5mM ATP). A molar ratio of vector to insert of 1:3 was generally used. When using the pMOS blue vectors for cloning PCR products, the protocol suggested in the product literature was followed. 
2.17  Kinase reaction for primers:

As 5’ ends of primers used for PCR were not phosphorylated, amplified products had to be kinased before these could be used for ligation with dephosphorylated vector. About 10 units of T4 PNK were used for phosphorylation of approx 500 ng DNA in T4 PNK buffer (50mM Tris-HCl, pH 7.7, 10mM MgCl2, 5mM DTT, 0.1mM spermidine hydrochloride, 0.1 mM EDTA) containing 10mM ATP pH 7.0 in a total volume of 30 μl. Samples were incubated at 37°C for 40 minutes and reaction was stopped by heating at 65°C for 15 minutes. Vector and ligase were added to the same mix and the ligation reaction was set.

2.18  Dephosphorylation of the vector DNA:

50 ng of Digested and purified vector DNA was incubated with 1 unit of SAP (Shrimp Alkaline Phosphatase) along with 1X SAP buffer (0.5M tris HCl, 50mM MgCl2 pH 8.5) in a 20μl reaction volume at 37°C for 10 minutes. The reaction was stopped by heating the reaction mix at 65°C for 15 minutes.

2.19  Competent cell preparation:

The competent cells were prepared according to Hanahan (1985) with minor modifications. A single colony of E.coli DH5α or BL21 was inoculated in 5ml of LB and incubated overnight at 37˚C in shaking water bath. 1ml of this culture was taken to inoculate 100 ml of LB (1:100 dilution) medium and incubated at 37ο C with vigorous shaking till optical density at 600nm reached 0.5. The culture was chilled on ice for 15 min and the cells were pelleted by centrifugation at 2000 rpm for 12-15 min at 4οC. The supernatant was drained thoroughly and cells were resuspended in 0.33 volume of RF1 (100mM RbCl, 50mM MnCl2, 30mM Potassium acetate, 10mm cAcL2, 15% Glycerol). After chilling on ice for 15min, cells were pelleted as before, resuspended in 0.08 volume of RF2 (10mM RbCl, 75mM CaCl2, 15% glycerol, 10mM MOPS pH6.8) and left on ice for another 15 minutes. Aliquots (200μl) of these cells were flash frozen in liquid nitrogen and stored at (70 ο C till needed.

2.20  Transformation:

The frozen competent cells were thawed on ice slowly just before use. Transforming DNA in a volume less than 10 μl was mixed with competent cells and incubated on ice for 15 minutes. The cells were subjected to heat shock for 90 seconds at 42 ο C, followed by rapid chilling on ice for 5 minutes. An aliquote of 800μl of LB medium was added to the cells and the cells were incubated for an hour at 37οC with gentle shaking. When supercoiled DNA was used for transformation, 50-100μl mix was plated and for a ligated mix, the entire mix was pelleted at 4000 rpm for 2 minutes, the supernatant was discarded, pellet was suspended in 100 μl of LB medium and plated on an LB plate containing required antibiotic and color development reagents (IPTG 10mM and X-Gal 20mg/ml). The plates were incubated overnight at 37οC and recombinants were picked up. The efficiency of transformation was routinely above 106 colonies per μgm of super coiled DNA used.

2.21  Plasmid isolation:

Small-scale preparation of plasmid DNA was done by alkaline lysis method as described by Sambrook et al (1989) with slight modificatios. 5ml of LB medium containing 100(g od ampicillin was inoculated with a single colony of E. coli DH5( bearing the plasmid of interest and incubated overnight at 37˚C with shaking at 200 rpm. Bacterial pellet from 3ml of overnight grown culture was resuspended in 100(l of ice-cold solution 1 (50mM glucose, 25mM Tris.HCl pH 8.0, 10mM EDTA pH 8.0) by vortexing. 200(l of freshly prepared solution II (0.2N NaOH, 1% SDS) was added and the contents mixed by inverting the tube 4-6 times. Then 150(l of ice cold solution III (3M potassium-5M acetate) was added and mixed by inverting the tube 4-6 times. The tube was incubated in ice for 5min. and centrifuged at 13,000rpm for 10min at room temperature. The clear supernatant containing the plasmid DNA was collected into a fresh 1.5ml microfuge tube leaving the cellular debris behind and precipitated with two volumes of absolute ethanol for 5min at room temperature. The precipitated plasmid DNA was pelleted by centrifugation at 13,000 rpm for 30min at room temperature, washed with 70% ethanol, air dried and dissolved in 25(l of autocleaved DDW or TE containing 20(g/ml DNase free pancreatic RNase A. The plasmid DNA was quantitated and 1-2(g DNA was checked on a 0.8% agarose gel. It was stored at -20(C. The typical yield for a high copy plasmid from 3ml culture was about 12-16 (g and the DNA was suitable for routine procedures such as restriction digestion.

Transfection grade or sequencing grade plasmid was prepared using QIAGEN-tip20 (miniprep) and QIAGEN-tip 100 (midiprep) columns or using SNAP midiprep kit, Invitrogen, according to manufacturer’s instructions. The protocol involves alkaline lysis followed by column purification of DNA that yields high purity plasmids with relatively low levels of impurities. 

2.22  Protein expression and purification:

The gene of interest was cloned in pFASTBac vector and sequenced for confirmation of correct reading frame. The culture was grown and samples were collected at 12hr, 24hr, 48hr, 72 hr; cells were pelleted and re-suspended in 120μl of SDS-PAGE sample buffer. SDS-PAGE analysis was done using infected and uninfected samples to determine optimum expression time. Optimum condition for induction of Gloverin protein expression was standardized which were 25˚C  and cells collection after 72-96h post viral infection. 


Purification was done as the instructions given in the manual. Briefly induced cells were collected and lysate was made with lysis buffer. It was sonicated for a brief and passed through the sepharose beads, preequilibrated with buffer. After that column was washed for overnight at 4˚C. Protein was eluted from the column with elution buffer containing 5mM maltose. 

2.23  Cell lysate preparation:
Adherent cells were washed twice with ice cold PBS, cells were pelleted at 1K for 1–2 minutes and PBS was removed completely. Cell lysis Buffer (TritonX100 1%, Sodium deoxycholate 1%, SDS, 0.1%, NaCl 150mM, Tris-HCl (pH 7.2) 10mM, Sodium orthovanadate 1mM, inhibitors (added just before use), PMSF g/ml) was added to the flask/dish (g/ml, Leupeptin 2 (1μl, Apoprotenin 2 (1ml/100mm dish or 150cm2 flask or 0.5 ml per 60mm dish/ 75cm2 flask and it was incubated on ice for 20 minutes to lyse the cells properly. Cells were scraped using a rubber policeman and transferred to the eppendorf tube, whenever required, the cells were sonicated for 5 seconds. The cells were spun at 14,000xg for 5 min and the supernatant was transferred to a fresh tube.   
2.24  Protein estimation:

Quantitation of protein was done using Bradford’s reagent obtained from Bio-Rad. Double distilled water was added to equal volumes of protein samples of unknown concentration to make up the final volume to 200μl. 50μl of reagent was added and mixed well. The colour was quantified using an ELISA reader recording the OD at 590 nm. The concentration of proteins was calculated using a standard curve generated using the same protocol and reagents but with known concentrations of Bovine Serum Albumin (BSA).

2.25  SDS Polyacrylamide Gel Electrophoresis:

SDS polyacrylamide gel electrophoresis was carried out by the method described by Laemmli (1970) using a discontinuous buffer system. A solution containing 29% acrylamide and 1% N, N’- methyl bis acrylamide (w/v) was used. The resolving gel had 10% or 8% acrylamide and the stacking gel had 4.5% acrylamide. The gel and the buffers contain 0.1 % SDS. The gels were polymerized using TEMED (10μl for 15ml gel mixture) and 50μl of 20% APS. The gels were cast on a vertical mighty small protein gel apparatus (Hoefer, CA, USA). Prior to loading, the protein samples were heated in a boiling water bath for 5-10 minutes in SDS protein loading dye (50 (mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, and 0.01% bromophenol blue and 5%  mercaptoethanol). Electrophoresis was carried out in a constant current mode at 20mA till the samples crossed the stacking gel and then at 40mA through the resolving gel.

2.26  Coomassie brilliant blue staining:

The gels were stained with 0.2% Coomassie brilliant blue R250 in methanol:Acetic acid:water (45:10: 45 v/v). The gels were de-stained with the same solution without dye for 6 hours on the rocking platform with 2-3 changes.

2.27  Immunobloting:

The protein samples, resolved on the SDS-PAGE were transferred to the nitrocellulose membrane by semi-dry graphite method as described in Amersham semi-dry protein transfer apparatus instruction manual. The gel containing the protein, the C Extra Nitro cellulose membrane and 6 sheets of Whatmann 3M paper cut to the size of gel were soaked in transfer buffer (39mM Glycine, 48mM Tris, 0.037% SDS and 20% methanol) and arranged as follows: 3 pieces of soaked paper were placed on the anode plate. The membrane was placed over it. The gel was aligned on the membrane and 3 more pieces of blotting paper were placed over it. Care was taken to remove air bubbles from the 3M sheets as they interfere with the transfer. The transfer was performed for 2 hrs using a current of 0.8-mA/cm2. The efficiency of transfer was subsequently checked by staining the membrane with Ponceau stain.

The membrane containing transferred protein was incubated with TBS containing 3%BSA for 1 hour. This procedure, called blocking, is used to block the free spaces on the membrane with a neutral protein - BSA. The blot was rinsed once with TBS, incubated with the recommended dilution of primary antibody in TBS containing 1%BSA for 1-2 hours. The blot was washed with TBST (0.1% Tween-20) for 30 minutes with 3 changes. The blot was incubated with either 1:10,000 dilution (HRP tagged) or 1:1000 dilution (ALP tagged) of secondary antibody in TBS with 1% BSA for 45 minutes –1 hour. It was then washed with TBST for 30-60 minutes with 4-5 changes of solution on a rocking platform. 

For ECL method (HRP tagged Secondary antibody), the blot was removed from the wash solution and placed within a polythene cover; developing solution mix (Roche) was spread on it using a pipette and incubated for one minute. Excess solution was removed from the blot and the blot within the polythene was exposed to an x-ray film that was subsequently developed. In the chromogenic method (ALP tagged Sec Ab), the blot was placed in ALP buffer containing NBT/BCIP (substrates for Alkaline Phosphatase) and kept on a rocker till clear bands appeared on the blot. The blot was rinsed with TBST and dried using blotting paper.

2.28  Immunodepletion:  

For immunodepletion firstly Protein A–Sepharose beads were incubated in 500 µl of buffer A, containing 100 mM NaCl and IgG, for 30 min at 4°C followed by three washing steps. Next, beads were incubated in 500 µl of buffer A supplemented either with antibody for target protein or mock antibody for 30 min at 4°C. Beads were again washed three times in buffer A without NaCl and incubated with embryonic extract and protease inhibitor cocktail (Sigma-Aldrich) for 1h at 4°C. The mixture was centrifuged, the supernatant collected and used immediately for in vitro translation.

2.29  In vitro transcription and translation:

In vitro transcription was done essentially as mentioned in Suzuki et al. For in vitro translation different expression constructs were incubated with embryonic extracts prepared from Drosophila or silkworm embryos. Embryos were collected, dechorionated by bleaching, washed 3-5 times with 0.1% Triton X-100 and transferred to hypotonic buffer at 4ºC. Embryos were further washed in 3–5 volumes of cold hypotonic buffer [10 mM Hepes-KOH pH 7.4, 15 mM KCl, 1.5mM Mg(OAc)2, 2 mM DTT] on ice. Next embryos were dounce homogenized and homogenate was centrifuged for 15 min at 15,000 rpm at 4°C. The supernatant was transferred to a fresh microfuge tube and centrifuged again under the same conditions to remove any residual debris. Extracts were centrifuged through Sephadex G-25 Superfine columns prepared in buffer A (30mM Hepes-KOH pH 7.4, 100mM KOAc, 2mM Mg(OAc)2, 2mM DTT, protease inhibitor cocktail). The column was transferred to a fresh collection tube to which a volume of cold buffer A equal to the extract volume was added, and the column was centrifuged for 3 min at 200g at 4°C. This eluate was collected into a fresh tube for use in in vitro assays. For in vitro translation, protocol was followed as mentioned in Gebauer et al (26). Entire protocol was first standardized with CantonS Drosophila embryonic extracts (data not shown) and then the standardized protocol was used for experiments with B.mori embryonic extracts. B.mori embryos were collected 40 and 56h AEL and pooled. 

2.30  EMSA: 

Embryos were collected at 25°C. In order to obtain large amounts of material, staged embryos were kept at 4°C and then pooled. Embryos were dechorionated in sodium hypochlorite and then rinsed in NaCl-Triton X-100 and H20. Embryonic nuclear extracts was prepared by homogenizing embryos (40h AEL) in extraction buffer (20 mM Hepes (pH 7.9), 5 mM MgCl2, 0.1 mM EGTA, 12.5% sucrose, 25% glycerol, 0.5 mM DTT, 0.5 mM PMSF and protease inhibitor cocktail) using a Dounce homogenizer, followed by centrifugation at 3300g for 20 min at 4 °C. The precipitated nuclei were suspended in 1ml of the extraction buffer. 100 ng of double-stranded oligo was labeled with 3 (l of [(-32P] ATP and 1 (l of polynucleotide kinase in 1(l PNK buffer (New England BioLabs) for 1 hr at 37°C. The labeled DNA was purified on a G50 column. presence of a protease inhibitor cocktail (Sigma Aldrich). DNA binding reactions were done in 5 mM Tris-HCl, pH 7.9; 12 mM HEPES; 50 mM KCl; 3 mM EDTA; 1 mM DTT; 5 mg/ml BSA; 10% glycerol; 0.1 mg/mi poly(dI-dC). 0-4 h embryo nuclear extract were preincubated in this buffer in the presence/absence of 40-fold excess of unlabelled oligonucleotide at room temperature for 15 min. Afterwards, 50-100 pg of the labeled oligonucleotide was added to the reaction mix, which was then incubated for another 15 min at 25°C.The binding reaction was analysed by electrophoresis on native 6% polyacrylamide gels.

2.31  Transfection:

Transfection into Drosophila S2 cells was done using lipofectamine plus reagent, according to manufacturer’s instructions. Transfection was done when cells were about 50% confluent. 1.0μg –2.0μg DNA was for 35mm dish. Plasmid DNA was pre-complexed with the 4μl of lipofectamine plus reagent in the presence of 50μl of incomplete DMEM medium and incubated for 15 minutes. In another tube 3μl of lipofectamine was diluted with 50μl of medium and mixed incubated for 15 minutes at room temperature. Bothof them were together and incubated at room temperature for 30min. Mean while the growth medium of adherent cells were removed and washed with incomplete DMEM medium. The volume of DNA lipid complex were made 1ml with incomplete DMEM and poured on cells, preveousle washed with incomplete DMEM and kept at 37˚C in CO2 incubator for 4 hours. After 4 hours, the mix was replaced with growth medium.

2.32  Luciferase assay:

Drosophila immunocompetent Schneider (S2) cells were maintained at 25(C in Schneider’s Insect Media (GibcoBrl/Invitrogen) supplemented with 10%heat-inactivated fetal bovine serum (GibcoBrl/Invitrogen). For transfections, cells were seeded in 6-well plates at a density of 1x106cells/ml. A day after, transfections were carried out using Fugene transfection reagent (Roche) and plasmids were not removed. 12 hours post transfection, 50 (g of LPS (Sigma) or 50 (g peptidoglycan (PGN)  (Sigma) was added per well, and the cells were harvested 12 hr later. Cell extracts were made with lysis buffer (Promega), and Luciferase activity was measured according to the manufacturer’s instructions (Promega) on a luminometer. For Luciferase assay, 100(l of the reaction mix/cell extract was added to 500(l of the Luciferase reagent at room temperature. Luminometer was programmed to perform a 2 second measurement delay followed by a 10-second measurement.

2.33  Chromatin Immunoprecipitation:

The protocol followed for ChIP was essentially as mentioned in http://www.flychip.org.uk/protocols/chip/purification_chromatin.php with following modifications. Instead of Staphylococcus aureus cells, Protein A beads and silkworm embryo were used. Fluorescence Real-time PCR was done with double-stranded DNA dye SYBR green (Perkin Elmer) on an ABI PRISM 7700 system (PE Applied Biosystems) to quantify the enrichment of cf2-binding element in ChIP. PCR specificity was confirmed by the molecular size of the PCR product and ∆Ct analysis. Reactions were done in duplicates and compared with input DNA.
2.34  Phylogenetic analysis: 

Best-fit model was tested using Model Test as implemented in HyPhy.  GTR+G model was selected by both Hierchical Model Testing and Akilike Information Criteria (AKI score= 13034.9) and ( = 2.00475. Using these parameters, a neighbour joining tree was constructed.

2.35  Antibacterial and pre-pro processing assay:
 Antibacterial activity of BmGlv1 and BmGlv2 was determined by incubating approximately 105–106 cells/ml of E. coli with 5mM of either BmGlv1 or BmGlv2 in 1 X PBS (pH 7.1) and 1, 2, 4 and 6 h post incubation, the O.D. of the respective cultures was taken and a graph was plotted. Each experiment was repeated minimum three times. Antibacterial activity of BmGlv1 and BmGlv2 was also quantified by counting the number of surviving bacteria after 6 h of incubation in the presence of BmGlv1 or BmGlv2 (cfu/ml) on antibiotic free LB agar plates. In control experiment bacteria were incubated with equivalent amount of PBS. 

Bacterial challenge activates different proteases which in turn cleave the N-terminal pre-pro part and release mature AMPs. Hence, fat body extracts from E. coli challenged 5thinstar larvae were prepared 3, 6, 9 and 12 hpi and pooled. Later, purified GST-Glv1 and GST-Glv2 proteins were incubated with the pooled fat body extract for 2h and then complete reaction mixture was separated on SDS PAGE gel followed by western blotting with Anti-GST antibody. Release of GST specific band was an indication of processing of the AMP.
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Chapter 3

Summary

Gene duplication is a characteristic feature of eukaryotic genomes, but the role of gene duplication in the evolution of antibacterial gene gfamily is not known.  Here evolution of gloverin family of antibacterial genes (Bmglv1, Bmglv2, Bmglv3 and Bmglv4) in the silkworm, Bombyx mori was studied. Here we report two significant genomic events, an intron loss and a 12bp deletion in the exon that took place during Bmglv1 to Bmglv2 duplication. The loss of the spliceosomal intron (intronV of Bmglv1) doesn’t alter the ORF instead it silences Bmglv1 gene in embryonic stages. Using different biochemical techniques CF2, a zinc finger protein, was identified as the molecule that effects intronV mediated repression of Bmglv1 promoter. Loss of intronV in derived genes resulted in their embryonic expression thereby, suggesting that change in cis regulation due to intron loss led to gain of function. This is an example of gene evolution by subfunctionalization. Another gain of function phenotype associated with gloverin proteins is evolution of N-terminal pre-processing in gloverins.  We found that “in-frame” deletion of 12 nucleotides in Bmglv1 led to loss of amino acids IHDF resulting in the generation of a prepro-processing site in BmGlv2. As a result, the N-terminal pro-part of BmGlv2, but not of BmGlv1, gets processed in an infection-dependent manner.
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3.1 Introduction

3.1.1 Antibacterial gene families


Bacterial infection induces plethora of AMPs which are broadly classified under different categories according to their physical or chemical properties. Initially it was assumed that immune response in the insects is aspecific, i.e. a microbial infection indifferently induces the expression of all AMP genes, till Lemaitre et. al. (1996) showed that humoral AMP response in Drosophila is not aspecific but capable of discriminating between various classes of microbes (Lemaitre et al, 1996, 2004). It has been reported that AMP expression is robust and systemic in case of bacterial infection than that in case of sterile injection also called as septic injury. Seven distinct inducible AMPs have been characterized in insects (Drosophila). They are structurally diverse and like their mammalian counterparts they are small in size and cationic. Predominantly they target the cell membrane of the microbe. Since the innate immune response is nonspecific hence these AMPs can’t distinguish between different microbes other than Gram-positive, Gram-negative or fungi. So upon infection with Gram-negative, bacteria all the AMPs which are active against Gram-positive bacteria are induced (e.g. Drosomycin) while infection with Gram-negative bacteria induces AMPs like Drosocin and attacin that kill Gram-negative bacteria. There are few AMPs like cecropin which show cross reactivity against both classes of bacteria and they are inducedupon infection with Gram-positive and Gram-negative bacteria both. Insects can precisely make this distinction because the surface receptors of different classes of microbes are different and they activate distinct signaling pathways e.g. Toll pathway is activated upon infection of Gram+ bacteria and Fungus while Imd pathway is activated by Gram- bacteria (for more details see section 4.1, Chapter 4). It is assumed that their combined activity largely contributes to blocking the growth of invading microbes. 
3.1.2 Gene family evolution

Gene duplication is the main source of evolution of gene and gene families (Ohno 1970). Gene families which are important hallmark in the evolution of eukaryotic genomes are formed due to repeated duplication of a single gene. Different genes have different propensities to undergo duplications and form gene families e.g. conserved genes have higher propensity to undergo duplication and thus form gene families (Davis and Petrov 2004). An important question in biology is how duplicated genes evolve and retained in the genome (Ohno, 1970); Hughes, 1994; Zhang, 2003). Processes leading to gene duplication are homologous recombination, transposition or chromosomal duplications (Zhang 2003). Among various changes that take place during gene duplication are genomic deletions, insertions and in some cases even loss/gain of intron (Roy and Gilbert 2006; Orgel and Crick 1980; Lynch and Conery 2003). 

3.1.3 Intron gain and loss in gene evolution

Intron gain/loss is a characteristic feature of eukaryotic genome dynamics. Different eukaryotes have different intron density e.g. humans have 6.8 introns per gene while yeast has only 0.04 introns/gene (ref). Such a wide divergence in intron density for both orthologous and homologous genes suggests that during the course of evolution introns have been both gained and lost. Extensive intron loss has been found in nematodes (Cho et al, 2004) and plasmodium (Roy and Hartl, 2006). However, contrasting results suggesting prevalence of intron gain over intron loss were obtained for fungi (Nielsen et al,  2004) and more distantly related eukaryotic clades (Fedorov et al,  2002; Rogozin et al,  2003; Babenko et al,  2004; Roy and Gilbert 2005c; Yoshihama et al,  2006). Coulombe-Huntington and Majewski did not detect any cases of intron gain, against total 63cases of intron losses in humans and concluded that modern introns are evolutionarily inert and hence being lost within mammalian lineages. 

Clearly there is no consensus regarding contribution and role of intron dynamics to genome evolution.  Currently there are three models to explain gene evolution (i) Neofunctionalization (ohno et al) (ii) subfunctionalization (Force et al, 1999; Lynch et al, 2001; Lynch and Conery, 2003) and (iii) subneofunctionalization (SNF) (He and Zhang2005). However none of these models accommodate role of intron dynamics. In neofunctionalization, one paralog carries out the ancestral function and the other paralog 
acquires a new function due to amino acid changes.  In a typical subfunctionalization model the two genes become specialized in different tissues or developmental stages (Market CL, 1964; Ferris and Whitt, 1979). A fundamental assumption of the SF model is that each ancestral gene had at least two functions that could subsequently be partitioned between two daughter genes. SNF is an extension of SF where duplicate genes undergo subfunctionalization, and in turn may gain functions not present in the ancestral gene. However both SF and SNF model depend on changes in ORF and/or promoter elements. 

Different models of gene evolution like NF, SF, SNF and subfunction co-option reflect the high degree of evolutionary plasticity. Functional divergence between duplicates is considered must for the retention of the duplicate copy as an entirely redundant duplicate copy can’t be maintained in the genome. The evolutionary process of functional divergence between the duplicated genes is the focus of study. In this study we have used Anti Microbial peptide/protein (AMP) genes as a model to study evolution of functional divergence in the paralogs.  

 Anti Microbial peptide/proteins (AMPs) are insects’ main arsenal against invading microbes as insects lack adaptive immunity capable of producing antibodies (Hoffmann 2003). Only known function of AMPs is to kill invading microbes. However, AMP genes exist as conserved gene families and usually have large number of paralogues. If all paralogues have redundant function then as per Ohno’ model these paralogs should die by incorporating deleterious mutations. But, AMP genes are retained and many of them are conserved even in humans. The question remains whether AMPs have remained functionally redundant or they also have undergone functional divergence during the course of evolution? 

There are many AMPs which are found in most of the insects, but there are few which are not found in all insects. After extensive database search we found that Gloverin is one search antibacterial protein as it has been reported till date only from lepidopteran insects. Hemolin is another AMP which is reported only from Lepidopteran insects. At this stage we considered gloverin to be present only in Lepidopteran insects and started working on it with an aim to understand the evolution of AMPs in insects. 

This prompted us to look for Lepidoptera specific AMPs in Bombyx mori with a broader aim to understand the evolution of immune system in insects. B.mori is the only lepidopteran insect for which whole genome sequence and EST database are available. An analysis of B.mori genome and EST sequence revealed the presence of AMPs like cecropins, moricins, attacins, lebocin, enbocin, hemolin and gloverins. Our analysis, based on sequence information available currently, suggests that like hemolin, gloverins are also restricted to lepidopteran insects.

Objectives 

We used Gloverin family of antibacterial genes as a model to understand role of genome dynamics in gene evolution and functional divergence. Here we report evolution of functional divergence in gloverin paralogs in Bombyx mori. We found that ancestral AMP Bmglv1 didn’t express in embryo while its daughter gene Bmglv2 expresses in embryo and has consequently gained a function in embryonic development. We show that this gain of function was linked to loss of an intron which has regulatory role. Characterization of the regulatory element in the intron led to identification of CF2II, a zinc-finger transcription factor, mediated negative regulation of ancestral gene Bmglv1 in the embryo. SNF by loss/gain of cis-regulatory elements in the promoter of duplicated genes is known (He and Zhang) but this is the first report of SNF due to intron loss. Our study suggests that AMP paralogs may not be redundant copies with redundant functions but may have evolved new and novel functions. 
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3.2 Results

3.2.1 Gloverin is a Lepidoptera specific AMP

Gloverin is an antibacterial protein and belongs to the superfamily of Glycine rich antibacterial proteins. Attacin is the first antibacterial protein of this family (Hultmark et al, 1983) which binds to LPS to stop bacterial growth by inhibiting outer membrane protein synthesis (Carlsson et al, 1991). The characteristic feature of AMPs of this superfamily is unusually high representation of Glycine residues. Till date gloverin has been reported from Helicoverpa armigera (Mackintosh et al, 1998), Hyalophora gloveri (Axen et al, 1997), and Trichoplusia ni. (Lundstorm et al, 2002) and all of them are active against Gram-ve bacteria but not against Gram+ve bacteria. Based on these studies Gloverin is characterized as a basic, heat stable protein which has affinity for LPS.  Upon interaction with LPS gloverins undergo conformational change and shut the synthesis of outer membrane proteins (OMP2) of bacteria E.coli (Axen et al, 1997; Carlsson et al, 1991). This results in increasesed permeability of the OM ultimately leading to the killing of the bacteria. 

3.2.2 Gene structure and physical map of Bombyx gloverins

We have identified four gloverin genes (named as Bmglv1, Bmglv2, Bmglv3 and Bmglv4) in the silkworm B.mori. The gene structures of silkworm gloverins revealed Bmglv1 as the largest gloverin (Fig.3.1A). Gene structure of Bmglv4 could not be predicted reliably due to presence of repetitive elements in the scaffold corresponding to exon1. Phylogenetic analysis based on ORFs of the four gloverins suggested Bmglv1 as the ancestral gene (Fig.3.1B).  Clearly, Bmglv1 is orthologous to other gloverins as it shares common ancestor with Manduca sexta and Trichopusia ni gloverins. Presence of intronV is the one major difference between Bmglv1 and the other three silkworm gloverins (Fig.3.1A). However, intronV of Bmglv1 was lost during first duplication as a result of which the derived gene Bmglv2 has only five exons. In subsequent duplication events, lengths of different exons largely remained conserved (Fig.3.1B). While Bmglv1, Bmglv3 and Bmglv4
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Fig. 3.1 Location, organization and evolution of Bombyx gloverins. 

A. Bmglv1 has 6 exons while other paralogs have only5. During first duplication event loss of intronV led to fusion of Exon5 and 6 resulting in smaller Bmglv2 gene. Intron loss doesn’t change ORF. Start codon (green arrow head) lies in the 2nd exon in all paralogs. B. Phylogenetic analysis suggests Bmglv1 as the ancestral gloverin of B. mori. AttacinB and AttacinD of Drosophila were used as outgroup. Bm= B.mori, Dm= D.melanogaster, Ms= Manduca Sexta, Tn= Trichoplusia ni. C. Chromosomal location of four Bombyx gloverins as determined by physical mapping. Arrows (in black) indicate the sequence of duplication while numbers 1, 2,and 3 indicate first, second and third duplication events respectively.
were physically mapped to chromosome 28, Bmglv2 was mapped to chromosome 17 (Fig.3.1C) (K. Mita personal communication). Bmglv1 and Bmglv4 are present as tandemly duplicated genes on positive strand at 38.6( 45.0cM, Bmglv2 and Bmglv3 are present on the complementary strand at 0cM ( 16.4cM on chromosome 17 and at 22.8 ( 37.3cM on chromosome 28, respectively.

3.2.3. Expression profile of silkworm gloverins in embryonic stages

Bmglv1 is not expressed in embryo unlike other AMP genes. Induction of expression of AMP genes in larval and adult tissues, mainly fat body and mid gut, upon immune challenge is an established fact (Hoffmann, 2000). However we observed basal expression of Bmglv2-4 in embryonic stages (Fig. 3.2A). Other than Bmglv2-4, attacin and hemolin genes are also expressed in all embryonic stages. Significantly Bmglv1 did not express in embryos (Fig. 3.2A). A more interesting developmental regulation of AMP expression was observed in gonads as we found that Bmglv1 is expressed in larval but not in adult gonads while hemolin and other gloverins expressed in adult but not in larval gonads (Fig. 3.2B).  Clearly, downregulation of Bmglv1 starts in adult gonads and complete repression is achieved in embryonic stages while upon hatching its expression is again restored. It also suggested that embryonic expression may be a general feature of AMPs. The study raised two questions: (i) What is the significance of embryonic expression of AMPs in general, and (ii) How suppression of Bmglv1 is achieved in embryonic stages? 
3.2.4 Embryonic gain of function in Bmglv2
Embryos are naturally protected against microbial infection due to the presence of chorion layer.  Hence, embryos are not prone to infection nor has any natural infection been reported in insect embryos. If threat of microbial infection is low/absent in embryos then, why should AMPs express in embryonic stages?To test this hypothesis we knocked down embryonically expressing gloverin paralog Bmglv2 and compared the effect of its knockdown with that of Bmglv1 knockdown. While, RNAi of Bmglv2 led to reduced hatching, knockdown of Bmglv1, which does not express in embryo, had no such effect (Fig.3.2C, 3.2D). Thus, indicating a role for Bmglv2 in embryonic development which indicates a gain of function in Bmglv2 with respect to Bmglv1.
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Fig. 3.2 Expression dynamics of gloverin and other AMP genes of B.mori. 

A. All AMPs express in embryonic stages except for Bmglv1. [Nos. at the top indicate hours AEL, hat = hatched larvae]. B. Bmglv1 (arrowhead) expression is downregulated in adult gonads with respect to its expression in larval gonads. Contrary to Bmglv1 downregulation, hemolin is upregulated in adult gonads while its expression was not seen in larval gonads. Attacin expression did not change appreciably. [m= (HindIII marker, T= testes, O= Ovary]. C. Knockdown of Bmglv2 by RNAi leads to ~30% reduction in embryo hatching (p=0.001) while knockdown of Bmglv1 has no effect on hatching. Data shown here is an average of 5 independent experiments. D. RT-PCR was done with embryonic RNA (40 h AEL) to show inhibition of Bmglv2 upon RNAi (lane 3). Lane 4 shows enhanced expression of Bmglv2 (with respect to lane 2) where larvae were injected with ie-1 dsRNA followed by E.coli infection thus confirming that ie-1 dsRNA injection does not target Bmglv2 transcript. [Lane 1= without RT control; Lane 2 = non-target ie-1 dsRNA control; Lane 3 =Bmglv2dsRNA; Lane 4 = ie-1 dsRNA + Bacterial injection]. Beta actin = loading control. Numbers above the Figure represent respective lanes. 

3.2.5 Bmglv1 promoter is functional in embryo

Since Bmglv2 and Bmglv1 genes were quite distinct in their embryonic expression pattern, we examined the differences between the two genes to gain insight into their embryonic regulation (Fig. 3.2A). One possibility was that during duplication process certain promoter elements might have been deleted/gained leading to expression of Bmglv2 in embryo. Comparative analysis of gloverin promoters revealed binding sites of all essential transcription factors which regulate AMP genes like Rel, and GATA and we did not find any striking difference between the two promoters. Hence, we resorted to functional characterization of Bmglv1 promoter to check whether it was functional in embryonic stages or not. Bmglv1::gst plasmid (Fig. 3.3A), where gst was driven by Bmglv1 promoter, was incubated with embryonic extract for in vitro translation experiment. Synthesis of GST from Bmglv1::gst plasmid was indicative of the fact that Bmglv1 promoter was capable of expressing in embryonic stages similar to that of Bmglv2 (Fig.3.3B). BmA3-Actin promoter (A3-actin promoter of B.mori) construct was used as reaction control (Fig. 3.3B Lane2) and Polyhedrin promoter was used as negative control as it requires Baculoviral proteins for its induction (Fig. 3.3B Lane1). Since both the promoters were functional during embryonic stages, we looked for differences between the two gene structures and presence of intronV in Bmglv1, was one big difference (Fig. 3.1B).  As loss of intronV and gain of embryonic expression took place during 1st duplication we investigated whether the two events were linked. To ascertain embryo specific regulatory role, if any, of intronV of Bmglv1 we constructed gst reporter plasmids under the control of native Bmglv1 promoter. IntronV along with flanking incubated with Bombyx embryonic extracts, for in vitro translation. GST synthesis was observed in the reaction where control plasmid was used and no GST was detected in the reaction performed with the plasmid that harboured intronV thus, suggesting that intronV has   inhibitory action on GST synthesis (Fig. 3.3C).

3.2.6 Identification of repressor element in intronV of Bmglv1
To characterize the regulatory motif in 279bp long IntronV of Bmglv1 EMSA was done. The fragment corresponding to the last 40bp of the intron which has a putative CF2 binding site showed reproducible binding in EMSA. Supershift with Drosophila CF2
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Fig. 3.3 Characterization of repressor function of intronV. 

A. Cartoon diagram shows organization of expression plasmids used to study the interaction between promoter and intronV. Upper panel shows plasmid with intronV while the lower panel shows plasmid without intronV. In both constructs Ex5-InV-Ex6 or Ex5-Ex6 cassette was cloned downstream to the gst ORF.  B. In vitro synthesis of GST from plasmid driven by Bmglv1 (lane 2) and Bmglv2 promoters (lane 3) suggests that Bmglv1 promoter is functional in the embryo. Constitutively active A3-actin promoter (lane 4) was used as positive control while AcNPV polyhedrin (Polh) promoter (lane 1) which requires viral factors for expression was used as negative control.  C. In vitro translation product is synthesized with Bmglv1::gst- ex5-ex6 template lacking intronV but not with Bmglv1::gst- ex5-inV-ex6 template thus suggesting inhibitory role of intronV. Beta-tubulin was used as control (lower panel). 
antibody confirmed binding in EMSA. Supershift with Drosophila CF2 antibody confirmed that the retarded complex contained CF2 protein (Fig. 3.4 A). The CF2 complex could be retarded with nuclear extracts from adult ovary, testes expression is not seen in the tissues where CF2 is expressed (Fig. 3.2A, 3.4A and 3.4B). ChIP was performed to test the interaction of CF2 with intronV in vivo.  The enrichment of intronV was seen with embryonic but not with fat-body extract (Fig. 3.5A and B). These results point out the presence of a CF2 mediated active regulatory element in the intronV of Bmglv1. 
3.2.7 Binding of CF2 to IntronV of Bmglv1 represses the native promoter.

 The physical interaction between CF2 and intronV (Fig. 3.5A) suggested that CF2 might be important for intron mediated suppression of Bmglv1 gene (Fig. 3.3C). To establish that CF2 was required for intronV mediated repression of Bmglv1 we performed in vitro translation with CF2 depleted embryonic extracts. Bmglv1::Gst-Bmglv1(ORF)-In5 plasmid was  subjected to in vitro translation with wholesome and CF2 depleted embryonic extracts. Western blot of in vitro translation products suggested that CF2 depletion was must for the expression of Bmglv1 promoter in embryonic stages (Fig. 3.6A).  Synthesis of GST-BmGlv1 fusion protein in the CF2 depleted extract indicated that native Bmglv1 promoter was functional in embryo, and also that CF2 was required for Bmglv1 reppression (Fig. 3.6A). To prove that CF2 mediated repression was only through the CF2 binding motif present near the 3’ end of intronV, we deleted this motif in the plasmid Bmglv1::Gst-Bmglv1(ORF)-In5. Thus generated plasmid (named Bmglv1::Gst-Bmglv1(ORF)-In5Δcf2) was subjected to in vitro translation with wholesome and CF2 depleted embryonic extracts. Deletion of CF2 motif from the intron completely relieved CF2 mediated repression of the construct as evident from the synthesis of GST-BmGlv1 protein even in the presence of CF2 protein (Fig. 3.6B and C). These results establish that CF2 recruitment to intronV was essential for Bmglv1 suppression and also suggest that CF2 mediated intronic regulation was dominant over native Bmglv1 promoter.
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Fig. 3.4 Characterization of repressor element in the 5th intron of Bmglv1. 

A. Nuclear extracts from different developmental stages of silkworm were used for retardation with CF2 specific probe to check tissue specific expression of CF2 protein. Expression profile of CF2 and that of Bmglv1 are inversely correlated (compare with Fig. 2A, 2B). Lane 1– cold competition; 2– non-homologous mutant competition; 3– Adult testes; 4- Adult ovary; 5– homologous mutant CF2 probe; 6- Mid Gut; 7- Fat Body; 8- Larval Ovary; 9- Larval Testes; 10– Free probe; 11- Embryo 40 h AEL; 12- Embryo 60 h AEL; 13- Embryo 96 h AEL; 14- Drosophila ovary; 15- Drosophila embryo.  B. Supershift with Drosophila CF2 antibody was done to check the specificity of the complex retarded with CF2 oligo. Lane 1- Drosophila Embryo; Lane 2- silkworm Embryo 40h AEL; Lane 3- non-homologous competition; Lane 4- CF2-antibody + Silkworm Embryo 40h AEL; Lane 5- CF2-antibody + Drosophila embryo extract; Lane 6- CF2-antibody + cold competition; Lane 7- CF2-antibody + non-homologous competition; Lane 8- embryonic extract from Df(2L)γ27 stock which lacks CF2 locus; 9- Free probe.  
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Fig. 3.5 Characterization of repressor element in the 5th intron of Bmglv1. 

A. ChIP with CF2 monoclonal antibody suggests in vivo interaction of CF2 with Bmglv1-intronV. Larval fat body where CF2 is not expressed was used as negative control. B. Real-Time PCR was done to quantify the enrichment of Bmglv1-intronV in ChIP performed with embryonic extract and shows only 32% enrichment with respect to input. Weak enrichment of intronV upon ChIP with respect to control is probably because Drosophila anti-CF2 monoclonal antibody has been used to precipitate silkworm CF2 protein with which the antibody may not interact with the same efficiency. Error bars represent standard deviation of three independent experiments.

3.2.8 Cf2 blocks transcription of Bmglv1
We have shown that CF2 binding to intronV was required for suppression of GST-BmGlv1 fusion protein synthesis (Fig.3.6A-C) which could be due to either suppression of transcription or of translation. If intronV acted like a cis-regulatory element then transcription will blocked, and if the regulation was at the RNA level then transcript will be formed but not the translation product. To elucidate cis regulation by CF2, in vitro transcription of Bmglv1::Gst-In5cf2 and Bmglv1::Gst-In5Δcf2 plasmids was performed in CF2 depleted and control extracts. RNA synthesis was checked by RNase protection assay (Fig. 3.7). Due to deletion of cf2 motif, transcript formed from Bmglv1::Gst-Bmglv1(ORF)-In5Δcf2 template is shorter by 53 nucleotides compared to transcript synthesized from Bmglv1::Gst-Bmglv1(ORF)-In5 template. When Bmglv1::Gst-In5cf2 plasmid was used as template in the reaction where complete embryonic extract was used, no RNA could be protected indicating absence of transcript in this reaction (Fig. 3.7 lane 3). Protection of gst-Bmglv1-inV specific transcript in lane 2 indicates transcription of Bmglv1::Gst-Bmglv1(ORF)-In5 template with CF2 depleted extract (Fig. 3.7). Synthesis of RNA was not affected by presence or absence of CF2 protein when Bmglv1::Gst-in5(CF2 template which lacks CF2 binding motif was used (Fig. 3.7, lower band). Since CF2 bound to the intronV represses transcription from Bmglv1 promoter thus confirming that intronV acts like a cis-regulatory repressor element.

This also explains that due to transcriptional repressor action of intronV, mediated by CF2, Bmglv1 transcript is not expressed in tissues where CF2 is expressed.  On the other hand Bmglv2-4 genes are independent of CF2 regulation as they lack intronV. As loss of intronV was responsible for paradigm shift in embryonic regulation of gloverin paralogs hence we believe that this intron loss was a critical event in the evolution of gloverin family of genes in Bombyx mori.
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Fig. 3.6. CF2 represses Bmglv1 expression. 
A. Immunodepletion of CF2 leads to synthesis of GST-Glv1 fusion protein in the presence of complete intronV (lane1).  In the mock treated reaction, fusion protein is not synthesized when cf2 binding motif is intact (lane 2). B.  Deletion of the cf2 binding motif makes Bmglv1::gst-glv1InV-Δcf2 plasmid independent of CF2 regulation thus suggesting that repressor function of CF2 is mediated by its binding to the intronV.  BmA3-actin::GFP control plasmid was also added in the same reaction as reaction control in all experiments. Clearly, GFP synthesis is not affected by presence or absence of CF2. C. Immunodelpetion of CF2 has inverse effect on expression of Bmglv1 promoter and proves that CF2 inhibits Bmglv1 promoter in concentration dependent manner. Lane 1- Mock treatment where CF2 antibody was not added; Lane 2- CF2 and PBS in 40:60 ratio; Lane 3- CF2 and PBS in 60:40 ratio.
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Fig. 3.7 RNase protection assay confirms trnacriptional inhibition of Bmglv1 promoter by intronV.

RNase protection assay suggests that binding of CF2 to Bmglv1-intronV-cf2 plasmid represses transcription in the presence of CF2 (lane 3) but not when CF2 is depleted out (lane 2) or in mock control (C, lane 1). Bmglv1::gst-glv1InV-Δcf2 plasmid was added as reaction control and its transcription is not affected by CF2 presence/absence (lower band).  Upper panel shows the diagrammatic representation of the expected sizes of transcripts protected from RNase digestion (RNase protection). M represents the two MseI sites which are 53 bases apart and encompass the functional CF2 binding motif. Restriction digestion with MseI deletes these 53 bases and thus generating a 288 bp long glv1InV-Δcf2 transcript while the glv1InV-cf2 transcript is 341 bp long. Numbers below the Figures indicate respective lanes.

3.2.9 The genomic deletion




First duplication was also associated with a 12 bp genomic deletion as well. Deletions in exons have direct effect on the nature and function of the duplicated gene as it leads to change in ORF like truncation of the resulting protein. Comparative analysis of silkworm gloverins revealed an in frame deletion of 12bp in the exon3 of Bmglv1 (Fig. 3.8A). These nucleotides code for amino acids I, H, D and F. ClustalW alignment of all known gloverins suggests that presence of IHDF was unique feature of BmGlv1 as this sequence motif was not present in other reported gloverin orthologs or paralogs (Fig. 3.8B). RHPRDVTWD sequence motif, which has the signal processing motif, is conserved in all gloverins except for BmGlv1which has an insertion of amino acids IHDF between D and V. This insertion might have potentially split/abrogated the processing site (Fig. 3.8B). Hence we set out to study the functional consequences of the presence/absence of IHDF residues close to the pre-pro processing site in BmGlv1.

BmGlv1 is not processed upon immune challenge. AMPs in general are synthesized with an N-terminal pre-pro region, which keeps them in an inactive state (Boman, 1995; Boman and Hultmark, 1998). These pre-pro regions usually contain signal sequence which probably helps in their secretion. All the reported gloverins are known to have a precursor region which has a cleavage site between arginine and aspartate in the sequence RHPRDVTWD (Fig. 3.8B).  However, presence of amino acids IHDF between aspartate and valine of the cleavage recognition sequence has changed the sequence motif next to the cleavage site in BmGlv1. To elucidate the functional consequences of presence of IHDF, recombinant AcNPV expressing Bmglv1 and Bmglv2 genes containing 6XHis-GST tag at N-terminal was expressed in Sf9 cells. Purified GST-BmGlv1 and GST- BmGlv2 proteins were incubated with fat body extracts prepared from bacteria challenged and unchallenged larvae. The fat body extracts prepared from bacteria challenged larvae are rich in proteases which are either absent or inactive in the extracts prepared from unchallenged larvae. These proteases process AMPs by cleaving the N-terminal pre-pro part.  We designed an assay to test the processing of GST-BmGlv1 and GST-BmGlv2 proteins. GST specific band, being upstream to AMP, will only be released if pre-pro part of the fused AMP is processed.
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Fig. 3.8 Pre-proprocessing of BmGlv1. 

A. Exon3 of ancestral Bmglv1 has unique 12 nucleotides coding for amino acids IHDF (shown in red) but the same is deleted in exon3 of Bmglv2. B. Multiple alignment of gloverins, known till date, reveals that IHDF motif, next to pre-pro cleavage site (downward arrow), is unique to BmGlv1. Otherwise BmGlv1 and BmGlv2 proteins are 92% similar. C. To check pre-pro-processing GST-BmGlv1 and GST-BmGlv2 both were incubated with fat body extract prepared from unchallenged (U) (lanes 1and 4) and E.coli challenged (C)  5th instar larvae (lanes 2 and 3). Release of GST band in lane 2 indicates processing of GST-BmGlv2 into GST and BmGlv2 upon immune challenge while absence of GST band in lane 2 indicates lack of processing of BmGlv1. No processing of either of the proteins is seen with extract prepared from unchallenged fat body.

No GST specific band was released from either of the proteins when incubated with fat-body extracts prepared from unchallenged larvae (Fig. 3.8C, lanes 1 and 4). However GST band was released from BmGlv2 but not BmGlv1 upon incubation with fat body extracts prepared from challenged larvae. Thus release of GST band in lane 3 indicates N-terminal processing of BmGlv2 and not of BmGlv1 (Fig. 3.8C).  These results demonstrate that insertion of IHDF has abrogated the processing site in BmGlv1. However, lack of N- terminal processing had no effect on antibacterial activity of BmGlv1 as confirmed by Zone inhibition and bacterial clearance assay. In fact BmGlv1 has stronger antibacterial activity than BmGlv2 (0.05µM) and cleared bacteria faster than BmGlv2 (0.1µM) (Fig. 3.9A and B) implying that lack of processing is not critical for antibacterial activity of BmGlv1.
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Fig. 3.9 Processing of BmGlv1 is not must for its antibacterial activity.
A. Lack of pre-pro processing does not affect antibacterial activity of BmGlv1 as seen in Bacterial clearance assay. Shown here is the result of one representative experiment of the three such experiments done under identical conditions. B. The bar diagram shows number of bacteria surviving (no. of CFU x 106/ml) after 6h of treatment with equivalent concentrations of BmGlv1, BmGlv2 or PBS (control). Post-treatment the bacterial culture was pelleted   down, washed once with PBS and then dissolved in 200µl of sterile plain LB broth. 100 µl of the soup was plated on antibiotic free LB-Agar plates and incubated overnight after which no. of colonies were counted. Five replicates of each experiment were done and p-value calculated.

3.3 Discussion
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In the study reported here we have explored the effect of genome dynamics on the evolution of gloverin family of AMP genes. Our analysis suggests that Bmglv1 is the ancestral Bombyx gloverin and other Bombyx gloverins evolved in due course of time as a result of at least three gene duplication events. 
One significant finding of this study is the functional characterization of a regulatory element in the intron of Bmglv1 gene. Introns have been shown to affect the expression of different genes at different levels like mRNA export, stability, and translation efficiency (Bourden et al, 2001; Le Hir et al, 2003; Nott et al, 2003). But role of introns in the regulation of AMP genes is not reported. Here we have reported a CF2 dependent intronic regulation of an AMP gene. In Drosophila the CF2 protein exists in two isoforms CF2I and CF2II. The 113 amino acid long Zn finger domain of CF2 consists of five to seven contiguous zinc fingers of the C2H2 type (Shea et al, 1990; Hsu et al, 1992, 1996; Gogos et al, 1996). The zinc finger motif of CF2 resembles zinc finger domains of the developmentally regulated Drosophila transcription factors Kruppel and hunchback. CF2 is basically a transcriptional activator and possesses transcription activation domain consisting of 17 glutamines interspersed with 7 acidic residues (Mitchell and Tijan, 1989). However current study demonstrates that CF2 can act as a repressor as well. This also suggests that action of CF2 as activator or repressor is context dependent. This is the first report where CF2 has been shown to bind to an intron element and repress the transcription of the native gene. CF2 bound to intronV may lead to looping back of the DNA which in turn can silence the promoter (Fig. 3.10). Involvement of other factors in this, CF2 dependent and intronV mediated, promoter silencing cannot be ruled out. 

Introns, noncoding sequences interrupting protein-coding genes, are the hallmark of eukaryotic genes organization (Derr, 1998). During duplication process an intron can be lost or gained (Lynch and Conery, 2003; Roy and Gilbert, 2005, 2006). The most common mechanism of intron loss is the gene conversion of original gene by Reverse transcription of spliced RNA (Bourden et al, 2001; Le Hir et al, 2003; Nott et al, 2003). However, this mode of intron loss is most often restricted to 3’ introns leading to 3’ bias in intron loss (Mourier and Jeffares, 2003; Sakurai et al, 2002; Bernstein et al, 1983). Fifth intron of Bmglv1 splits the 3’ UTR of Bmglv1, implying that loss of intron5 would not have affected BmGlv1 protein. Although loss of intron5 didn’t alter the gene product but it changed developmental regulation of Bmglv2 which acquired new function in embryonic development. Hence we surmise that loss of intron5 of Bmglv1 as a result of evolutionary pressure to achieve embryonic expression and not as a random loss being a 3’intron. 


Selective loss of 3’introns is a passive feature of gene evolution or an active feature is not clearly understood i.e. is it that 3’ introns are lost because their loss is inconsequential for the gene? Fifth intron of Bmglv1 splits the 3’ UTR, implying that loss of intronV would not have affected BmGlv1 protein hence this intron loss could have been inconsequential from evolution point of view. We show that, although loss of intronV did not alter the gene product but it changed developmental regulation of Bmglv2 resulting in acquisition of new function in embryonic development. However this gain of function, in the derived gene Bmglv2, in embryonic development was due to its ability to express in the embryonic stages. We have shown that the embryonic regulation of promoters of both the ancestral and the derived gene is same still the ancestral Bmglv1 does not express in the embryo due to repression by intronV in embryonic stages. As intronV regulation is dominant over Bmglv1 promoter hence only way to achieve embryonic expression was by losing intronV. Thus, Bmglv1 would have experienced strong pressure to lose intronV which was eventually lost during the first duplication process. In other words loss of intronV of Bmglv1 was positively selected to achieve embryonic expression and it was not lost randomly for being a 3’UTR intron. Our study suggests that loss of 3’intron may be associated with distinct phenotype and hence not all intron losses would be inconsequential.

Significance of embryonic expression of AMPs is not clear. Our knowledge regarding embryonic regulation of AMPs has just started to accumulate. There are very few reports on the role of AMPs in embryonic development. Recently hemolin expression has been shown to be important for embryonic diapause and development 
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Fig.3.10. Model to explain evolution of gloverin gene family by subneofunctionalization.

Our results suggest presence of two regulatory elements (i) promoter (R1) and (ii) intronV (R2) in ancestral gloverin (Bmglv1). We have shown that promoter regulation is same for both the ancestral (Bmglv1) and the duplicated copy (Bmglv2) still expression of Bmglv1 was not observed in embryonic stages due to inhibition of Bmglv1 transcription in these tissues by CF2.  However this CF2 mediated repression was mediated by intronV which is present only in Bmglv1, the ancestral copy.  Thus we identify intronV as the second regulator (R2) and also show that R2 is dominant over R1 in embryonic stages. During first duplication, intronV (R2), was lost resulting in embryonic expression of daughter gene Bmglv2. Interestingly, embryonically expressing paralogue Bmglv2 also controls embryonic development, a feature not observed in Bmglv1, suggesting gain of function for Bmglv2 (neofunctionalization). Loss of R2 is an example of regulatory subfunctionalization which led to neofunctionalization of Bmglv2 so the changes during first duplication event can be summed up as subneofunctionalization. 

(Lee et al, 2002; Battencourt et al, 2002). Embryonic diapause is a developmental and physiological state of Lepidopteran insects. A diapausing embryo, where most of the physiological processes are suppressed, is considered to be under stress and expression of hemolin in such embryos is considered as part of stress response. We speculate that other AMPs like gloverins might be doing similar function in embryo. In another study constitutive basal expression of cecropin A1 gene in Drosophila embryo has been shown (Tingvall et al, 2001). Interestingly, Drosophila embryos do not undergo diapause thus indicating that embryonic expression of AMPs is not necessarily a stress response. This is also evident from the embryonic expression pattern of cecropinA. In larvae and adult, AMPs expression is detected in fatbody, hemocytes and midgut surprisingly their expression was not detected in embryonic fat body or hemocytes instead it was detected in embryonic yolk and epidermis (Tingvall et al, 2001). Further, GATA factor serpent is needed for expression of AMPs in embryonic yolk but not in embryonic epidermis (Tingvall et al, 2001). Evidently embryonic regulation of AMPs appears to be far more complex than is presently thought. Here we have shown negative regulation of ancestral gloverin by embryonic protein CF2which is expressed in yolk, and also controls oogenesis (Mantova and Hsu, 1998).

 During the course of evolution there have been episodes of extensive intron loss and gain due to selective forces that affect the rate of intron dynamics (Carmel et al, 2007a, 2007b; Jeffares et al, 2006). For evolutionarily conserved genes intron insertion supposedly had adaptive effect like increasing stability of RNA, whereas intron loss was found to be deleterious (Carmel et al, 2007a; Le Hir et al, 2003; Nott et al, 2003). This apparent functional importance of introns could be in part due to their effects on gene regulation. Our study demonstrates the role of intron as cis-regulators in gene evolution and thus adds another dimension to genome plasticity. Our study suggests that intron loss or gain may not be a passive/random feature of genome dynamics but a result of selection pressure. 
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Chapter 4

Summary

In this chapter, the molecular mechanism leading to sexually dimorphic acute phase response is explained. Stronger activation of antimicrobial protein (AMP) genes in females upon immune challenge is due to stronger activation of Rel proteins (Dorsal, DIF and Rel) in the females compared to that in the males.  This sex differential activation of Rel proteins results because the signaling pathway is modulated differently in the two sexes at following levels (i) phosphorylation of Cactus, (ii) nuclear translocation of Rel proteins, and (iii) auto regulation of Dorsal, DIF and Rel. All the three steps are critical for regulation of Rel proteins and are strongly favoured in females resulting in stronger immune response in females. This study provides the first evidence about a post-translational change (phosphorylation) to be different in the two sexes. Another important conclusion that has emerged from this study is the finding that kinetics of signaling is different in males and females.

4.1. Introduction

4.1.1 Infection and immunity: An Ancient Issue
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The origins of immunity go back to the earliest competition for limited resources. The development of multicellularity led to coevolution of microbes as symbionts and endosymbionts but this also imposed a requirement for a system capable of recognizing and responding to pathogenic microbes. The resulting host defense mechanisms that arose early in metazoan evolution have persisted, during the course of evolution. Since evolution conserves both functional molecules and signaling pathways, it is not surprising that animal genera as widely separated as Homo and Drosophila share the basic signaling events to fight microbial infections. Even plants use similar mechanisms to fight infection (Yang et al. 1997), suggesting the conservation and ancient origin of the immune system.

Host–pathogen interactions are multi-step processes that involve several factors in both partners. In microbes, this complex process involves adhesion to the host surface and eventually leads to colonization and persistence, which provokes tissue damage and disease; these steps involve at least two sets of so-called virulence genes. The first subset of genes comprises those involved in the regulation of the adhesion process, which involves binding of microbial ligands to host receptors (Wilson et al, 2002). This molecular interaction is highly specific and has been shown to define the host range of several pathogens (Lecuit and Cossart, 2002). The target cells or organs are defined by the expression pattern of the receptors and their accessibility to the pathogen. The second subset of genes is mostly involved in adaptation and survival of the microbe within the host’s hostile environment. In the host, defense mechanisms are activated following infection and eventually permit clearance of the microbe. 

While the microbes have coevolved in host specific manner and hence there may not necessarily be an evolutionary link to suggest evolution of infection or infectious agents. On the contrary the immune response of different hosts show striking similarity, which has helped to link evolution of the immune system. A clear shift in evolution of immune system is observed with the appearance of the jawed animals. All the animals predating jawed animals mount only innate immune response upon infection while all jawed animals mount both innate and adaptive immunity.  Being at the top of evolutionary ladder Humans have the most complex immune system. Surprisingly the basic features of innate immune response of the humans show strong similarity to that of insects and this has made insects an ideal system for studying innate immunity.
4.1.2 The Conserved Pathway of Innate Immunity

The similarities between human and Drosophila signaling cascades are outlined in figure 1. Both are initiated by the stimulation of a membrane-bound receptor (Toll, TLRs, PGRPs), through the binding of an extracellular ligand. The extracellular domains of these proteins consist of LRRs, a 24-amino-acid Leucin rich motifs found on many proteins known to be involved in protein-protein interactions. The cytoplasmic domains bear striking similarity to that of mammalian IL-1RI.

Receptor stimulation results in the activation of a cascade of protein phosphorylation, through interleukin-1 receptor–associated kinase, in the case of humans, and through Pelle, in the case of insects. Upon receptor activation IkB (human) or Cactus (fly) is phosphorylated and degraded. This leads to translocation of transcription-factors, NFkB in humans and Dif, Dorsal, and Relish in the fly to the nucleus, where it activates the downstream AMP genes. Drosophila and humans use this conserved Rel pathway for similar responses in the rapid response to infection, but they also employ the pathway for quite different physiological functions. Drosophila uses a dorsal pathway to establish the dorsal/ventral axis in the embryo. Given the complexity and diversity of mammalian Rel cascades, as well as their conservation in the experimentally more tractable fly, it is likely that Drosophila will continue to provide insights into the regulation of these pathways and their immunoregulatory functions.
4.1.3 Drosophila : A suitable model system for Innate Immunity

In the past few years, several genetically amenable organisms have been used as models for the analysis of host–pathogen interactions. Among them, the fruit fly Drosophila melanogaster has been useful in elucidating immune signaling pathways and mechanisms. The conservation of innate immune pathway has led to an exchange of results and ideas. The discovery of TLRs was a turning point in the study of the mammalian immune system and opened numerous avenues of research (Medzhitov et al, 1997). This discovery also validated the fruit fly as a model for analysing immune-response pathways. One advantage of the Drosophila model is that it allows fundamental questions in immunity to be addressed, without the added complexity of an adaptive immune system.

4.1.4 Why Drosophila is used as model for cell signaling studies?

The real advantage of Drosophila as a model system for studying immunity is the ease with which robust experiments can be carried out e.g. for infection experiments 200–250 flies can be infected in an hour. An experiment at this magnitude is not possible in vertebrate models. Furthermore, comparing the strategies that different species have developed to fight microbial infection is essential if we want to fully understand the immune system and not become confused by its intrinsic complexity.
The strength of the Drosophila model also comes from the combination of molecular, genetic, and, increasingly, genomic techniques available about Drosophila. Isolation of mutant flies with specific defects in the immune response and identification of the affected gene is rapid. It is also possible to identify new genes by their expression patterns e.g. PCR-based differential display, a technique originally developed to identify differentially expressed genes in oncogenically transformed cells (Liang and Pardee 1992), has proved to be a powerful means of isolating both antimicrobial peptide genes (A° sling et al 1995) and regulatory genes (Dushay et al, 1996). Discovering the function of a cloned gene can be challenging, but in Drosophila the methods for generating mutations are well established. e.g. chemical mutagenesis (EMS feeding), P-elements mutagenesis  where P-elements are mobilized to hop locally into the gene itself—or close enough to generate mutation through imprecise excision. Proof that mutant phenotypes result specifically from changes in the gene of interest can be obtained by restoring the wild-type phenotype. This approach followed by genomic approaches has led to the identification of vertebrate homologues of drosophila genes. E.g. Medzhitov et al. (1997) reported the cloning of a conserved human homologue of Toll, hToll by comparing motifs of Drosophila toll in humans (Fig. 4.1).
4.1.5 Overview of Drosophila genetics
Drosophila melanogaster has a relatively small genome that is carried by three autosomal chromosomes (designated 2, 3, and 4) and two sex chromosomes (X and Y). The genome of D. melanogaster has two key features that simplify the creation of genetic crosses and facilitate the mapping of genes within it: (1) balancer chromosomes exist for each chromosome except the 4th, and (2) a plethora of phenotypic markers. Balancer chromosomes are lethal when homozygous and contain multiple inversions that prevent viable crossover products from forming between wild-type chromosomes and their balancers. Chromosome 4 does not have a balancer since its small size and high heterochromatin content virtually prohibit homologous recombination from occurring. Phenotypic markers associated with visible fruit fly characteristics such as the eye, body, wing, and bristles, are also plentiful within the Drosophila genome. Balancer chromosomes are constructed to contain some of these visible markers and, as a result, they allow geneticists to follow the segregation of the balancer or its normal homolog by looking for the presence or absence of the marker itself. A number of genetic crosses were created to map the locations of tranposons within the Drosophila genome. The transposons, called P-elements, were engineered to contain regulatory DNA sequences as well as a mini w+ gene. The mini w+ gene puts pigment in the eye of otherwise white-eyed mutants (which carry the mutation w1118).
In Drosophila, as in many other organisms, mutations can be generated using chemical or physical agents. If chemical agents generate point mutations, ionizing radiations usually generate deletions of various sizes that constitute a good tool to be used to define a physical area in which the mutation is located. Transposon-mediated mutagenesis has also been greatly emphasized because it allows the generation of different types of mutants (disruption or deregulation of gene expression). Moreover, P element tansposons can be remobilized, inducing small deletions by imprecise excision. Directed mutations can also be generated using homologous recombination (Rong and Golic, 2000) genotypes of interest to be identified. Synthetic P-elements are extensively used as a vector for transgenesis (Rubin and Spradling, 1982) and constitute a powerful 
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Fig. 4.1 parallels between human and Drosophila immune pathways.
tool for gene expression management. Interestingly, mutations are easily tractable through generations using modified chromosomes, known as balancer chromosomes, which prevent meiotic recombination. These chromosomes are associated with phenotypic markers that allow The yeast UAS–GAL4 system is fully functional in Drosophila when carried as transgenes (Brand and Perrimon, 1993), and therefore it has been largely used as an inducible system to express the gene of interest in a spatio-temporal manner (Duffy, 2002). It involves binding of the GAL4 transcriptional activator to UAS sequences, inducing gene expression downstream of these sequences. The generation of such individuals can be easily achieved by crossing transgenic individuals carrying a UAS-transgene with transgenic individuals expressing a GAL4 driver. Depending on the promoter sequence driving the expression of the GAL4 gene, the transgene can therefore be expressed in any tissue or cell type and at any time.

 
Similarly, the UAS–GAL4 system can be used to drive expression of dsRNA that induces degradation of the mRNA of the target gene, which has a role in promoting gene silencing (Kennerdell and Carthew, 2000). In contrast to mammals, dsRNA does not provoke general protein synthesis blockage in Drosophila. It is therefore possible to clone large fragments of coding sequence as inverted repeats in a UAS expression vector to silence the expression of a specific target gene (Kennerdell and Carthew, 2000). Even though RNA interference (RNAi) only generates hypomorphic mutants, it allows the study of genes that, when mutated, are associatedwith lethal phenotypes. It also permits the contribution of genemutations in the pleiotropic phenotype to be identified in restricted cell types. The study of early lethal mutations can also be achieved by generating clones of cells that are homozygous for a mutation in an overall heterozygous individual. These clones can be obtained by forcing mitotic crossing-over that is mediated by expressing a site-specific recombinase (e.g. FLP–FRT system (Xu and Rubin, 1993).

Finally, the Drosophila genome sequence (Adams, 2000) and its annotation is under constant refinement (Celniker et al, 2002). The Genome Annotation Database (http://flybase.net/annot/) contains information about all the genes annotated, including their description, expression profile and mutant availability. To date, the Drosophila genome is probably one of the most fully annotated eukaryotic genomes to be found in a database. The availability of these data has allowed the construction of DNA chips, allowing genome-wide analysis of different processes and a protein interaction map of the Drosophila proteome to be produced (Giot et al, 2003).
4.1.6 The immune system of Drosophila
Semisaturating screens carried out by Christiane Nüsslein-Volhard’s group (in Tübingen,Germany), as well as by Trudy Schüpbach and Eric Wieschaus (in Princeton, United States), identified numerous maternal-effect mutations that disrupt embryonic polarity. 12 of genes identified in this screen are involved in establishing dorsoventral polarity (Anderson and Nüsslein-Volhard’s, 1984; Anderson et al, 1985). Among these, numerous mutations in the Toll (which means ‘cool’ in German) locus was found and studied in detail by Kathryn V. Anderson, ultimately leading to cloning of Toll gene in 1988 (in Berkeley,United States) which was also  shown to encode a transmembrane receptor (Hashimoto et al. 1988). The molecular characterization of the other dorsoventral patterning genes, led to identification of components of toll signalling pathway viz. pelle, Myd88 and Serpin-27A. these genes have role in mounting immune response upon microbial challenge apart from their role in dorsoventral patterning (Hashimoto, 2003; Ligoxygakis, 2003; Kambris et al, 2003; Charatsi et al, 2003). The toll pathway is also used at later developmental stages, including morphogenetic movement, muscle attachment (Belvin and Anderson, 1996) and haemocyte (blood cell) proliferation (Qiu, et al, 1998). During oogenesis, a molecular cue localized on the ventral side of follicle cells initiates a proteolytic cascade in the perivitelline space outside the fertilized embryo, which is mediated by the proteases Gastrulation defective, Snake and Easter. The activity of Easter is inhibited by the serine-protease inhibitor, Serpin-27A. This cascade results in the ventral processing of Spätzle in a graded manner. The cleaved form of Spätzle then functions as a ligand for Toll. Localized activation of Toll leads to the activation of an intracellular pathway that involves the adaptors Tube and Myd88 and the kinase Pelle. The result of this activation is the phosphorylation and degradation of the IκB orthologue Cactus.Cactus interacts with and inhibits the transcription factor Dorsal. Degradation of Cactus allows Dorsal to enter the nucleus, where it regulates the genes that organize dorsoventral patterning, such as twist and snail.  
4.1.7 The Rel Cascade in Drosophila immune response

Evidence of a Rel protein signaling cascade in Drosophila was first discovered in screens for maternally expressed genes involved in embryonic dorsal/ventral polarity (Anderson and Nusslien-Volhard, 1984). Surprisingly the same mechanism is followed for evoking immune response as well. Microbial infection activates Spatzle which then binds to Toll activates a signal-transduction cascade leading to expression of antimicrobial peptides (AMPs).  Lemaitre et al. (1996) have shown that components of the Dorsal- Rel protein-signaling cascade—spatzle, Toll, tube, pelle, and cactus—also act in the immune response, preferentially activating Drosomycin. Ip et al. (1993) identified Dif (Dorsal related immunity factor), a second Drosophila Rel protein of toll pathway, and found that it was expressed not in the embryo but in the larval fat body.  Now it is proved that Dorsal is dispensable for immune response but not DIF. Later it was shown that 18-Wheeler, a receptor whose structure is similar to that of Toll, regulates Dif nuclear entry which is required for the full induction of attacin expression (Williams et al. 1997). Although septic injury stimulates responses to both bacteria and fungi, mutants in the Toll cascade are unable to mount a robust antifungal response, whereas mutants in 18-Wheeler are unable to mount a robust antibacterial response. Indeed, as has been shown by Ferrandon et al. (1997), flies subjected to natural infection with fungi, rather than to septic injury, mount a surprisingly specific antifungal response. Thus, it is evident that insects do not mount a simple all-or-none response to infection. Different elicitors activate different signaling cascades which results in specific responses. 

Today, the Toll and IMD signaling, which modulate the expression of a complex transcriptional programme in response to different pathogens, has emerged as the main pathways of innate immune-response in animals (FIG. 4.2). This model was tested rapidly as new factors that regulate Drosophila immune responses were identified. After imd, the next gene identified to control antibacterial responses was Rel. Dushay et al (1996) and Hendengren et al (1999) demonstrated that a deletion of the Relish gene (third Drosophila NF-kB-like protein) produces phenotypes similar to imd mutation. Subsequently, several successful forward genetic screens identified other mutations that render flies susceptible to Gram-negative bacterial infections (Wu and Anderson 1998, Leulier et al 2000, Rutschmann, S. et al 2000, Elrod-Erickson, M et al 2000, Lu et al 2001, Vidal, S. et al. 2001, Choe et al 2002). Interestingly, none of these mutations affect any detectable functions of the Toll pathway. Genetic epistasis studies and molecular analysis of gene function revealed that imd-Relish signaling pathway is distinct from the Toll-DIF pathway (Leulier et al 2000, Rutschmann, S. et al 2000, Vidal, S. et al. 2001, Silverman, N. et al. 2000, Stöven et al 2000, Georgel et al 2001, Leulier et al 2002, Naitza, S. et al. 2002) (FIG. 4.2).

Objectives 
While studying expression profile of gloverin genes we noticed sex biased expression of AMPs (Fig.3.2B). This prompted us to study the mechanism of significance of sexually dimorphic immune response. In this chapter we report the sex differential molecular interplay that leads to sexually dimorphic immune response in Drosophila.
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Fig. 4.2 Imd and toll signaling pathway (Adapted from Lemaitre, 2004)
4.2 Results
4.2.1 Anti microbial protein genes are expressed in sex biased fashion.

Immune system of insects is simple and considered primitive due to complete lack of sophisticated system of antibody mediated adaptive immunity [Brennan and Anderson, 2004; Hoffmann, 2003]. But this simple innate immune system is strong enough to ward off opportunistic infections. The innate immune system of insects consists primarily of AMP mediated humoral immunity and hemocyte mediated cellular immunity [Hoffmann, 2003].  Here we show that Drosophila AMPs (cecropin, diptericin and drosomycin) are expressed in a sex-biased manner. Basal expression of AMPs (before immune challenge) is 3-4 fold stronger in males (Fig.4.3a, Table1) but, surprisingly, after challenge it becomes female biased by ~2 fold (Fig.4.3b-c). This established the male biased expression of AMP genes before challenge and its female biased expression after challenge at the transcript level. Next we investigated whether the same is true at the protein level as well? We used transgenic Drosophila expressing GFP under Diptericin and Drosomycin promoter. Few hour post challenge GFP expression could be seen. We found that GFP expression in Drs::GFP and Dpt::GFP lines was female biased (Fig. 4.4a-c). This proved the differential expression of AMP genes both at the transcript and the protein level in the two sexes.

This suggested that sex biased AMP expression could be a general phenomena and we set out to study the mechanism of sex biased AMP expression. It is evident that this sexual dimorphism is situation based. Under normal physiological state we see male biased basal immunity while the active immune system during acute phase response is female biased. We specifically asked how male biased basal expression of AMPs becomes female biased upon challenge. In Drosophila, we tried to find out the control element(s) in AMP gene promoters which can be regulated in sex specific/differential manner. We investigated two hypotheses (i) activation of AMP genes is uncoupled from their sex biased regulation i.e. activation of AMP genes is controlled by Rel proteins (Hoffmann, 2003) while their sex biased expression is controlled by other regulatory protein(s) (ii) but, there was
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Fig. 4.3  Sex biased expression of AMPs.

(a) RT-PCR shows male biased expression of Drosomycin (Drs), Diptericin (Dpt) and Cecropin (Cec) in unchallenged larvae. Rp49 was used as control.

(b) RNase protection assay shows more expression of AMPs in challenged female than male larvae.  Rp49 was used as loading control. 

(c) Real-Time PCR, shows ~2 fold higher expression of AMPs in challenged female larvae. The graph shows the fold difference between male and female normalized against rp49 expression.
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Fig. 4.4     Female biased expression of AMPs in vivo.

(a) Expression of GFP under Drosomycin (I and I’) and Diptericin (II and II’) 6 hours post infection. Stronger GFP expression is seen in female larvae. White arrow shows position of testis.
(b) Expression of drs: GFP in challenged male and female adults.
(c) GFP expression was compared in drosomycin:: GFP male and female larvae three hours post infection, which was comparatively high in female fatbody (yellow arrow). Testis is indicated by white arrow. This picture shows that high GFP intensity in female fat body is not due to difference in mass of Fat body with respect to male but due to more expression of GFP in female than in male.
Table1. Sex biased expression of immune pathway genes in unchallenged Drosophila females and males.
	Genes 
	Sex bias
	Relative bias

	GNBP
	Male 
	2.0

	Imd 
	Male 
	2.1

	Dorsal ,rel, dif 
	Male 
	1.5 - 2.0

	PGRP-LC
	Male 
	1.5

	Toll 
	Female 
	1.75

	Cactus 
	Female 
	2.2

	dNTF2r
	Male 
	1.8

	dNTF2
	Female 
	3.0


Three controls were used for Real Time PCR. Rp49 was used as sex unbiased control, QTC gene was used as male biased positive control gene while Nedd was used as positive control for female biased genes.

an equal probability that activation and sex biased control, both, was coupled in Rel proteins i.e. Rel proteins which control activation also account for sex dependent expression of these genes.

We performed in silico analysis for common regulatory sites in AMP gene promoters which could be regulated in sex specific/differential manner (www.cbrc.jp/research/db/TFSEARCH.html). One such interesting binding element was SRY binding motif.  To convince us further we analyzed promoters of AMP genes of rat, mouse and chicken and found these motifs conserved there as well. Rodents are known to possess SRY protein in male specific manner. Although SRY like protein is not reported from insects (Tiersch et al, 1991), we wondered if conserved SRY binding motif could act as a cryptic binding site for some transcription factor which in turn could be expressed/modulated in sex dependent manner in insects. Sex dependent control of other predicted binding elements was not known hence we focused at SRY binding sites.

4.2.2 Sex biased expression of AMPs is not affected by sex chromosomes
Different AMPs show different levels of expression in different tissues but we found that male biased expression was a feature that was true for all AMPs. On an average expression of AMPs in unchallenged males was 3fold higher than in healthy females and upon challenge this biasness was partly overcome (1.5 – 2.0 fold). It indicates that regulation of AMP expression is different in males and females. There exists a possibility for male biased expression of Z-linked genes due to lack of dosage compensation in Lepidoptera. But we found that these genes are not situated on Z-chromosome (data not shown). We have shown that immune response is sex biased in Drosophila as well (Fig.4.3) where (i) XY type sex determination works and (ii) dosage compensation is an established feature.

Thus sex biased expression of immune genes due to dosage compensation was ruled out. We have found that different AMPs of Drosophila like deptericin, drosomycin and cecropin are also expressed sex differentially but are not present on sex chromosomes (Ranz et al, 2003). This suggests that sex chromosomes may not have a direct role in the sex biased regulation of AMPs in insects, although their indirect influence can’t be negated. 
Previous studies have shown deficiency of male biased genes and over representation of female biased genes on the X-chromosome of Drosophila (Jin et al. 2001; Ranz et al, 2003) indicating further that male biased immune response could be independent of role of sex chromosomes. Since the pattern of sex biased expression of AMPs was the same for gonads (which are the most sexually dimorphic and controlled by sex chromosomes) as well as tissues like fatbody, midgut and silkgland (which are not so different in the two sexes) it can be assumed that immune system is not directly controlled by sex chromosomes.  

4.2.3 kB binding motif determines sex biased expression of AMP genes

We generated transgenic flies for promoter deletion constructs with LacZ reporter. Our control cecropin promoter (cecP1::lacZ) was 550 bp long and included (B and four SRY binding motifs upstream of (B motif (Fig. 4.5a). Second promoter construct (CecP2::lacZ) excluded region upstream of (B binding motif (Fig. 4.5a) while the third construct excluded (B motif as well (cecP3::lacZ) (Fig. 4.5a). We found that LacZ expression was female biased upon challenge in the first two constructs while in the third construct there was no induction of LacZ (Fig. 4.5b). This suggested that SRY like binding motif and other motifs upstream of kB site may not have a deciding role in regulating the female biased expression of AMPs in challenged Drosophila. This, possibly, indicated a role of (B motif in sex dependent regulation of immune genes which was our second hypothesis and further study was done to validate the hypothesis.

We analyzed LacZ expression in different cecropin promoter transgenic lines in Rel and Dorsal (dl) mutant background. CecP1::lacZ and CecP2::lacZ lines in dl background showed female biased induction of LacZ upon immune challenge (data not shown). No sex bias in LacZ expression in any of the three cecropin promoter transgenic lines in a Rel mutant background was observed (Fig. 4.5c) understandably so, as Rel controls cecropin expression. No induction was observed in either male or female of CecP3::lacZ line (which lacks kB motif) in dl mutant background (Fig. 4.5a-c). This indicated that binding of Relish protein at kB site is essential for induction of LacZ in both female and male but leads to ~2 fold higher inductions in female compared to male. Thus proving that sex biased activation of cecropin gene is controlled by Rel.

4.2.4 Relish regulates female biased expression of diptericin 

We further examined the role of Relish protein in sex biased regulation of AMP genes in two Diptericin::lacZ reporter transgenic lines where DptP1::lacZ line has a full length promoter while DptP2::lacZ line lacked (B motif and other upstream elements (Fig. 4.6a-b). DptP1::lacZ line showed more induction of LacZ in female than male, upon challenge, similar to CecP1::lacZ lines, while no induction was seen in DptP2::lacZ line as it lacked Rel binding (B motif (Fig. 4.6c). No female biased induction of LacZ was seen in DptP1::lacZ line in Rel mutant background but it did show more induction of LacZ in females than in males in the dl mutant background (Fig. 4.6c). This again confirmed that female biased induction of Imd pathway AMP genes is regulated by Relish.

4.2.5 Dorsal and DIF regulate sex biased expression of drosomycin 

The above results elucidated the role of Relish in female biased induction of IMD pathway AMP genes cecropin and diptericin. Next we studied whether drosomycin a Toll pathway gene can also be regulated in a similar manner. We found that Drosomycin:: LacZ reporter with full length promoter, expressed 2.2 fold more lacZ in females compared to males. This line remained fully inducible in Rel mutant background (Fig. 4.7). In dl mutant background sex biased LacZ expression was weak in early larvae.  In the adult stage Drs::LacZ expression was female biased even in mutant dl background (Fig. 4.7). Drosomycin, a Dif regulated gene, is redundantly controlled by dorsal in larval stage while it is controlled entirely by Dif in the adult stage  (Manfruelli et al, 1999; Rutschmann et al, 2000) consequently we see strong sex biased LacZ staining in adult but not in early larvae in dl background. This proves that sex biased expression of Toll pathway gene drosomycin is regulated by the (B binding proteins Dorsal and DIF.

Genetic epistasis studies were also done with upstream regulator molecules tl, Myd88, imd, dredd, kenny and ird5 mutants. In these mutant backgrounds induction of reporter genes was not observed which proved that female biased expression of AMP 
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Fig. 4.5  Determination of regulatory element conferring sex dependent regulation of AMP genes.

(a) Full length control promoter CecP1::lacZ. This has 4 SRY binding sites upstream of functional kB site.  CecP2::lacZ lacks SRY binding elements but retains the kB site.

 In CecP3::lacZ all the 4 SRY binding sites along with kB motif has been deleted. (All the constructs retain complete 5’ UTR)

(b)  In wild type flies LacZ expression is ~2 fold more in female than male in both CecP1 and CecP2 lines. Female biased expression of LacZ in CecP2 line proves that region upstream of kB motif have no role in sex biased expression of AMPs. 

(c) In Rel mutant background neither induction nor sex biasness is seen.
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Fig 4.6  Diptericin regulation is sex biased and is controlled by Relish binding kB motif in its promoter.

(a) Diptericin full length promoter (DptP1::lacZ) and a mininal DptP2::lacZ promoter without kB site. 

(b) DptP1::lacZ expression remains female biased.

(c) DptP1::lacZ expression is female biased in W1118 and Dl mutant line but in Rel mutant line neither induction nor sex bias expression is seen. This suggests that induction and sex dependent regulation is coupled in Rel protein.
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Fig. 4.7  Sex biased expression of Drosomycin is controlled by toll pathway effeector molecule Dorsal.

Sex biased expression of DrsP::lacZ is controlled by dorsal. These results support our second hypothesis that induction as well as sex dependent regulation of AMP genes is coupled in Rel family of proteins.

genes is regulated at the level of Rel proteins activation (Supplementary Fig. 4.1).
This established that the Rel family proteins in general regulate female biased expression of AMP genes of both Toll and Imd pathway. This also validates our second hypothesis that induction of AMPs as well as their sex biased regulation is coupled in Rel family of transcription factors. So, there may not be a sex specific factor (activator/repressor) controlling the sex biased expression of immune genes as mentioned in our hypothesis one. The immediate question was how Rel proteins regulate sex biased AMP expression?

4.2.6 Differential regulation of Rel proteins in male and female sexes

The genetic study implicated the role of Rel proteins in sex biased regulation of AMP genes. Hence, we pursued regulation of Rel proteins to understand the mechanism by which they control female biased expression of immune genes. In insects there are three Rel proteins Dorsal, Dif and Relish. We found that in non-challenged state all of them are expressed in a male biased manner (Table. 1). We also found that Cactus the negative regulator of Rel proteins is expressed two fold more in females than in males (Table. 1). It implies that females have less Rel and more Cactus while males have less Cactus and more Rel proteins in unchallenged healthy flies. This gave some clue about a possible sex dependent regulation of immune genes by Rel proteins. Next, we analysed the levels of Dorsal and Cactus proteins in male and female Drosophila larvae.

The western blot analysis confirmed the sex dependent expression of Dorsal protein. We found that before challenge Dorsal is expressed in male biased manner while after challenge more expression was seen in the female compared to that of male  (Fig. 4.8a, middle panel).
4.2.7 Phosphorylation of Cactus is more proficient in females than males

 A comparison of Cactus in unchallenged male and female Drosophila larvae showed more of unphosphorylated Cactus in female (Fig. 4.8a) while the phosphorylated form was more in male. But in challenged larvae the phosphorylated Cactus population is at 38% in female against 16% in male while the unphosphorylated population is relatively more in male (84%) than in female (62%) (Fig. 4.8a, b). This quantification is based on the J-image program of NCBI.  Further, higher level of Dorsal corresponds directly with amount of phosphorylated Cactus which is high in challenged female (Fig. 4.8a-middle panel). This proves that similar challenge leads to differential phosphorylation status of Cactus in the two sexes and leads to stronger activation of Dorsal in female.
4.2.8 Female biased induction of Relish is not observed in ird5 and dredd mutants

Phosphorylation of Cactus leads to its degradation by polyubiquitination and allows nuclear localization of Rel family proteins. Can differential phosphorylation of Cactus lead to differential regulation of Rel proteins in the two sexes? To answer this we looked at the Rel level in challenged ird5 mutant males and females. Ird5 codes for IKK which phosphorylates Cactus and in ird5 mutant there is no bacteria induced AMP response as phosphorylation of Cactus is impaired. In challenged ird5 and dredd mutant flies, higher amount of Rel was found in males than in females unlike wild type challenged flies where greater amount of Rel was seen in females than males (Fig. 4.9a). We have already shown that amount of phosphorylated Cactus is different in the two sexes (Fig. 4.8a.). Here we have shown that if phosphorylation of Cactus by its kinases is blocked, then the Rel proteins remain more in male even after challenge (Fig. 4.9a). This proves that differential phosphorylation of Cactus (Fig. 4.9a, b), in males and females, is a critical step resulting in differential activation of Dorsal family proteins in the two sexes.


We also analyzed the AMP transcripts in challenged dredd and ird5 mutant larvae and found that diptericin expression remained male biased in these mutants while in control diptericin expression was female biased (Fig. 4.9b). In challenged Rel mutant larvae also diptericin expression was male biased (Fig. 4.9c). Expression of drosomycin in dl mutant larvae was not inducible and remained male biased (Fig. 4.9d). If phosphorylation of Cactus is not allowed then immune response doesn’t show induction and remains male biased (Fig. 4.9a-c). Similarly if Rel is mutated then also immune response remains male biased (Fig. 4.9b). These evidences suggest that functional Rel proteins are the molecules critical for female biased immune response in challenged insects and also that their sex biased activation is dependent on the phosphorylation of Cactus, the negative regulator of these proteins.
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Fig. 4.8 Sex dependent differential activation of Dorsal and Cactus.

(a) In challenged (C) larvae phospho-Cactus is more in female. In unchallenged (U) larvae more Phospho-Cactus is seen in male than female while unphosphorylated form is more in female. Middle panel shows strong activation of total Dorsal in challenged female. 

(b) Densitometric analysis using ImageJ software shows 38% phospho and 62% native Cactus in challenged female while the same in challenged male is 16% and 84% respectively. The peak on left side shows the amount of Phospho-Cactus while the peak on the right side shows native Cactus. The bar represents the ratio of phosphorylated to unphosphorylated Cactus. Red arrow corresponds to the phospho-Cactus while black arrow corresponds to the native-Cactus.
4.2.9 Nuclear transporter of Rel proteins DNTF2 is more abundant in female than male

Next we investigated the downstream molecule for their role in female biased activation of Dorsal and like proteins. One such molecule is DNTF2 (Drosophila Nuclear Transport Factor-2) which acts as the specific importer of Dorsal [Bhattacharya and Steward, 2002]. DNTF2 in association with Nup88 transports Dorsal to the nucleus. We found that Dntf2 which is crucial for nuclear import of Rel proteins is expressed in a female biased manner (Table1) (Fig. 4.10a) implying that Dorsal could be differentially regulated in males and females at the nuclear import level as well (Fig. 4.10b). Interestingly Dntf-2r, the duplicated copy of Dntf2 is expressed in male biased manner and is under positive evolutionary selection [Betran and Long, 2003].

4.2.10 Sex differential regulation of Rel target genes.

Post-infection, higher concentration of nuclear Rel proteins in females compared to males is functionally significant or not was examined?  Firstly we tested whether different concentrations of nuclear rel protein leads to differential activation of rel target genes or not. To ascertain sex differential binding, if any, of dorsal, ChIP was performed on dl and drosomycin promoters and the results suggest strong enrichment of dl (Fig. 4.10c) and drosomycin promoters (Fig. 4.10d) in females with respect to males. Thus, ChIP and EMSA results confirm differential activation of Rel genes in the two sexes (Fig. 4.10, 4.11). Initially we had shown sex differential activation of Rel target genes (Fig.4.3a-c). These results also suggested that rel proteins regulate expression of respective rel genes. Since autoregulation of Drosophila Rel genes is not reported hence we did in vitro reporter assay to confirm sex differential autoregulation of Rel genes. Luciferase reporter gene was cloned downstream to dorsal, rel and dif promoters (chapter5). In vitro coupled transcription and translation of β-Gal plasmids with extracts from immune challenged male and female larvae showed more luciferase activity in female extracts than male extracts which proves that rel genes are regulated differently in the two sexes (Fig. 4.12).This provides the mechanism for female biased immune response in Drosophila and most probably in other insects as well.
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Fig. 4.9 Sex differential regulation of Imd pathway effector molecule Relish.

(a) In ird5 and dredd mutant as Cactus is not phosphorylated Rel remains male biased while in challenged wild type Drosophila higher amount of Rel is found in female. This suggests that phosphoryation of Cactus regulates sex differential activation of Dorsal. 

(b) Diptericin expression is female biased in challenged wild type flies while in ird5 and dredd mutant expression remains male biased.

(c) Male biased Diptericin expression in challenged rel and dredd mutant larvae.

(d) Drosomycin doesn’t show induction in challenged dl1 mutant early larvae and expression remains male biased.
4.2.11 Expressing relish gene under sex-unbiased hsp83 promoter does not lead to equal expression of Relish protein in the two sexes, in vivo.

Our data suggest that differential regulation of Rel proteins, in vivo, in the two sexes leads to sex biased expression of AMPs and when Rel expression is made equivalent in both the sexes, in vitro, expression of AMP gene also was found to be equal in the two sexes. Contrary, it implies that if amount of Rel proteins in the two sexes is made equal, in vivo, then expression of AMPs should also become equal in both males and females. To achieve equal expression of Rel proteins, in vivo, we used a transgenic approach where relish gene was driven by hsp83 promoter which expresses equally in both males and females.  In vivo, induction of Relish protein in both transgenic line upon heat shock and bacterial infection still remained stronger in female than male (Fig. 4.10a). However, expression of Relish upon coupled in vitro transcription and translation did not show any strong bias in either of the sexes (Fig. 4.12a, lane 1 and 2) thus suggesting that hsp83 promoter is expressed equally in both males and females. Next β-Gal expression upon bacterial infection (in Dpt::lacZ line) and heat shock (in Dpt::lacZ;Hsp83::rel line) was compared which revealed stronger expression of β- Gal in female compared to males although Relish expression was almost equal in both the sexes (Fig. 4.12b). 
In hsp83::rel transgenic line induction of rel is under the control of heat shock and thus completely independent of bacterial regulated imd activation. Since heat shock directly produces Relish proteins in hsp83::rel transgenic line hence sex differential expression/modulation of/by imd pathway intermediates will not affect sex biased induction of Relish proteins. However, in order to activate AMP genes, Relish protein synthesized upon heat shock in the transgenic line will have to be translocated to the nucleus. We have shown that nuclear importer DNTF2 is expressed more in female (Fig. 4.10a) hence there was a possibility that nuclear import of Relish could be different in the two sexes. A comparison of nuclear Relish in the two sexes revealed its higher concentration in female compared to male even though total Relish was equal in both sexes (Fig. 4.10c). Different concentration of nuclear Relish in male or female provides the evidence, though indirect, that nuclear import of Relish is favoured in females (Fig. 4.12a-c) similar to that of dorsal (Fig. 4.10b). Furthermore, ChIP was done with anti-relish antibody which showed stronger enrichment of diptericin promoter in female compared to that in male in both W1118 line (upon bacterial infection) and Hsp83::rel /rel-/- line (upon heat shock) (Fig. 4.12d). ChIP result confirms different concentration of Relish in the two sexes which in turn leads to sex biased induction of β-Gal (Fig. 4.12b-d). Regulation of native relish promoter is different from that of hsp83 promoter but, concentration of nuclear relish in W1118 and transgenic line remains female biased in both conditions thus, emphasizing that it’s not the sex biased control of native rel genes that leads to female biased expression of AMPs. 
To test sex biased nuclear import of Relish protein, hsp83::luciferase plasmid was incubated with cell lysate prepared from heat shock treated hsp83::rel flies for a coupled in vitro transcription and translation reaction. Western blot clearly shows more Relsih protein in the female than in the male although expression of luciferase reporter does not show sex biased synthesis of luciferase (Fig. 4.13a). Equal synthesis of Luciferase indicates that concentration of hsp83 protein is equal in lysates of both male and female in other words hsp83 induction upon heat shock is equal in both sexes (Fig. 4.13a). Thus, it strongly suggests that nuclear import of Rel proteins is a critical step that leads to their stronger accumulation in females than in males. These results further support our hypothesis that it is the kinetics of the signal transduction which leads to differential induction of rel proteins in the two sexes in vivo and not sex biased expression of Rel genes, per se.
4.2.12 Sex biased nuclear import of Rel proteins leads to sex biased autoregulation of rel genes

Next step in Rel activation is autoregulation of Dorsal, Dif and Relish. To test role of autoregulation in sex biased expression of AMP genes, coupled in vitro transcription and translation experiment was done with rel::rel plasmid construct which was incubated with cellular extract prepared from bacteria challenged W1118 and mutant rel flies. Later the reaction product was probed with anti-Relish antibody which shows
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Fig 4.10 Nuclear import of Rel proteins is female biased. 

a. dNTF2, which is nuclear transporter of Dorsal is expressed more in female as suggested by RNase protection assay. Rp49 is the loading control. 

b. greater expression of dNTF2 in the female leads to increased localization of Dorsal in the nucleus of fat body of the female than male, 1hour post infection, as seen in the western blot.

c. More enrichment of Drosomycin promoter with Dorsal antibody in ChIP assay can explain stronger induction of drosomycin in females than in males. Difference in enrichment is more pronounced in adults.

d. Stronger enrichment of dorsal promoter in ChIP is seen with fat-body from bacteria challenged females. Dorsal enrichment (measured as band area in arbitrary units (AU)), for respective lanes, was quantified by ImageJ programme of NCBI and graph plotted. This also suggests physical interaction of Dorsal with its own promoter, in vivo i.e. autoregulation.


Fig. 4.11 Female biased nuclear localization of Rel proteins shown by EMSA.

 EMSA also confirms more localization of Dorsal, DIF and Rel in nucleus of bacteria challenged female Drosophila. Dorsal and DIF bind to drosomycin promoter in stage specific manner hence for Dorsal assay nuclear extract used for was prepared from challenged early larvae while for DIF assay it was prepared from five day old adult flies. In all the three assays, same mutant oligo was used. (h.c.- homologous cold competition)
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Fig. 4.12 Kinetics of nuclear translocation of Rel proteins is different in two sexes. 

a. Induction of Relish protein in hsp83::relish line is female biased both upon heat shock and bacterial challenge.

b. Synthesis of b-Gal in hsp83::relish line is female biased (upper band) although total concentration of Relish in these lines is equal in both males and females (lower band).

c. Concentration of total relish in the two sexes is same while nuclear relish is more abundant in female which suggests that nuclear import of Relish is differently regulated in males and females.

d. ChIP was performed on diptericin promoter which shows more enrichment in female than in male both upon heat shock and bacterial infection. Input shows equal amplification in both sexes.

stronger induction of relish protein with W1118 lysate and not with mutant rel lysate (Fig. 4.13b). To prove role of Rel autoregulation in vitro coupled transcription and translation experiment was carried out. In one experiment equal amount of purified Relish protein was added to the male and female lysates prepared from mutant rel flies while in the control no Relish protein was added. Western blot of reaction products showed Rel specific band in the reaction where purified Rel protein was added but not in the reaction where Relish protein was not added (Fig. 4.13c). Interestingly, amount of Rel protein synthesized in both male and female mutant rel samples was equal. This suggests that if equal amount of rel protein is present in male and female, in vivo, then expression of AMP genes will also be equal in both sexes (Fig. 4.13c). These in vitro experiments suggest that autoregulation of rel genes is sex biased (Fig. 4.13b,c). 

Next, time course of Relish activation in females and males of bacteria challenged wild type Drosophila was monitored which showed stronger concentration of Rel proteins in females than right from the earliest time point (Fig. 4.13d). We believe that expression bias in the two sexes is maintained over a long period of time, probably, because the initial input is different in the two sexes (Fig. 4.13b). Thus our study provides differential kinetics of immune signaling in the two sexes as the mechanism that leads to sex biased expression of AMPs during the course of acute phase response (Fig. 4.13a-d; Fig. 4.3, 4.4).
4.2.13 More nuclear localization of Rel proteins in females is a result of concerted events

In a systematic genetic study we found that female biased expression of immune genes is regulated at the level of induction of Rel proteins. Whenever Rel induction was impaired by using imd, toll, ird5 mutants we see neither induction of Rel proteins nor female biased expression of AMPs. Our results suggest sex dependent differential regulation of Rel proteins as the factor causing sex biased induction of AMP genes. Differential activation of rel proteins in the two sexes depends on three events identified in this study (i) phosphorylation (degradation) of Cactus (ii) nuclear translocation of Rel, and (iii) autoregulation of Rel genes.  Concerted regulation of at least these three events leads to sex biased immune response. 
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Fig. 4.13 Sex biased autoregulation of Rel

a. In vitro coupled transcription and translation leads to equal expression of reporter Luciferase protein although the amount of Rel protein in the extract is different in the two sexes which suggests that hsp83 promoter is not sex biased but nuclear rel is always more in female. 

 b. Here, in vitro transcriptions and translation was done with cellular extract prepared from hsp83::rel male and female flies in the presence of plasmid rel::rel and hsp83::rel. more synthesis of relish protein from rel::rel plasmid compared to hsp83::rel plasmid confirms autoregulation of relish gene. it is to be noted that rel induction is stronger in female compared to male. 

c. Rel mutant is defective in autoregulation however when purified Relish protein is added to the reaction mix for in vitro transcription and translation synthesis of relish protein from rel::rel plasmid is restored. In this experiment no sex biased synthesis of relish is seen unlike that in Fig. 7a because equal amount of Relish protein was added in the reaction mix which leads to equal synthesis of relish protein in the two sexes. 
 d.  Time course of induction of Relish upon bacterial challenge shows female biased expression of relish at different time points. This suggests that during the course of acute phase response sex differential expression of AMPs is continuously maintained.
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Fig. 4.14 Equal expression of AMPs in male and female can be achieved if equal amount of rel protein is present in the two sexes.

a. Here in vitro transcription and translation was done with cell extracts prepared from immune challenged rel mutant and wild type Drosophila. The wild type cell extract was subjected to immunodepletion with anti-Relish antibody which removes all relish proteins from the cell extract. Later equal amount of purified relish protein was added in the extracts from rel mutant as well as relish depleted wild type extract. Synthesis of B-Gal in all the samples shows almost equal amount in male as well as female samples. This suggests that if amount of nuclear relish protein is equal in the two sexes then induction of rel target genes will also be equal. This also proves that female biased expression of AMP genes is because of higher concentration of Rel proteins in females than males. 

b. Western blot shows female biased induction of Rel and LacZ in the fat body extracts of bacteria challenged male and female Drosophila larvae (3rd instar).

To test the hypothesis that differential induction of Rel proteins in the two sexes upon activation leads to differential expression of downstream AMP genes we adopted in vitro approach where dpt::lacZ reporter plasmid was subjected to coupled in vitro transcription and translation.  The dpt::lacZ plasmid was incubated with cellular extracts prepared from bacteria challenged male and female larvae of mutant rel and W1118 Drosophila. However, the cellular extract prepared from bacteria challenged W1118 flies were subjected to immunodepletion with anti-relish antibody. Thus, if there is different amount of relish protein in the male and female then immunodepletion completely removes relish molecules from the cell extract. Next, we added equal amount of purified Relish protein to all the extracts so that the amount of functional Relish protein in both the sexes was similar. No difference in the expression β-Gal was observed in males and females of either of the two stocks tested, thus suggesting that if the amount of Rel protein is same in both the sexes then induction of downstream AMP 
gene is also equal in them (fig. 4.14a). However, bacteria challenged W1118 flies not subjected to immunodepletion with anti- Relish antibody shows stronger expression of Relish as well as β-Gal upon coupled in vitro transcription and translation reaction (Fig. 4.14b). Thus, indicating that it is the difference in the concentration of Rel proteins in the two sexes that leads to sex biased induction of rel and AMP genes.


4.3 Discussion
Immune response is an emergency response for clearing the invading pathogen. All the organisms living in a region experience the same hostile environment. So one would expect that males and females of the same species would be prone to the same infections and also that the probability of infection by pathogen(s) would be equal for both the sexes. If pathogens were common and if the probability of infection was the same for both the sexes then, why should have females evolved a better and stronger system of pathogen resistance? In other words if diversity of pathogens and probability of getting infected by those pathogens is considered as selection pressure for the evolution of immune system then this selection pressure was same for males and females of the same insect species. Hence one would expect immune system to be equally strong or equally weak in both the sexes. But we have shown that immune response is twice stronger in female insects compared to their male counterparts. 

Here we have explained how sex dependent differential regulation of Rel proteins leads to stronger immune response in females upon challenge although basal immune response is male biased. This reversal of sex bias in AMP expression from male biasness (unchallenged insects) to female biasness (in immunized insects) was very puzzling and we have showed that this reversal is due to differential regulation of Rel proteins in the two sexes at different levels. We propose that Rel proteins can regulate stronger AMP response in females upon challenge and this is achieved at following stages, (i) sex biased expression of Rel proteins itself, (ii) differential regulation of phosphorylation of Cactus in the two sexes, and (iii) female biased expression of dNTF2. Due to this concerted regulation there is more Rel protein in female than that in male after immune challenge.  

Immune response has evolved to remove pathogens that the insects encountered during the course of evolution. We propose that sex dependent control of immune system has evolved to streamline the homeostasis between different physiologies in such a way have led to the tradeoff between different systems. These requirements are different for the two sexes as egg production is more energy intensive than sperm production hence female has to invest more for her reproductive fitness than the male. 

We found that female pays more in this tradeoff because of stronger immune response compared to male. Here we have identified the molecule (Rel proteins) and its sex differential regulation that causes stronger immune response in females upon challenge. Further, mere activation of Rel proteins without injury or infection also leads to activation of AMP genes and we have shown that activation of AMP genes is always associated with reduction in egg laying (Fig. 4.15a). In Rel and dl mutant flies, where there is no immune response, the reproductive output doesn’t change appreciably after infection. Role of Rel proteins in immune response is well established but we show that activation of these proteins negatively affects the reproductive output (Fig. 4.15a). This suggests that common link between activation of immune response and reduced oviposition is the active Rel family of proteins. This establishes Rel proteins as the molecular link for the tradeoff between immune response and reproductive fitness. 

Since activation of Rel molecules negatively affects the egg production then it would mean that by keeping the Rel molecules inactive egg production can be safeguarded. In the cell Rel proteins are kept inactive by its negative regulator Cactus. By expressing more of Cactus female could ensure tighter regulation of Rel proteins for sake of reproductive fitness. Hence stronger expression of Cactus would have experienced stronger evolutionary selection pressure, in the female than in the male. This could have led to the female biased expression of Cactus. In a previous study it was shown that when Dorsal:Cactus ratio is changed there is a direct effect on the egg laying. When Dorsal was more than Cactus egg laying was reduced where as when Cactus was more than Dorsal egg laying was restored (Govind et al, 1993). We believe that when Dorsal:Cactus ratio was high it would have resulted in induction of immune system. We have also found that reproductive fitness cost is more for female than the male (data not shown).  At the same time induction of immunity also increases the fitness of the host e.g. extended life-span (Fig. 4.15b) (DeVeale, et al, 2004). Thus 
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Fig.4.15 Effect of differential induction of immune response in males and females

a. Egg laying in wild type and different mutants has been compared in challenged and unchallenged flies. Egg laying in challenged flies was compared with respect to that in unchallenged fly (considered as 100%) in each case.

b. Males have weaker immunity and this makes them more susceptible to infection. The white arrow shows the bacterial infection in male and female larvae 6hpi. Note bigger infection in male than that in the female. Female survives the infection while the male succumbs to it. Thus immune response increases life span of the female. The red arrow points to the testes where there is no GFP expression.

challenged female would increase her life expectancy by mounting a stronger immune response. This would need stronger activation of Rel proteins in the female which will require rapid degradation of Cactus and facilitate transport of Rel protein to the nucleus. 
A female biased immune response could have been guaranteed by female biased expression of Rel proteins (Table1). Although basal expression of Rel is male biased, during infection its level rapidly rises in the female due to modulation by the immune pathway intermediates. Both the upstream inhibitor (Cactus) and the downstream receptor (DNTF2) are expressed more in the female so is the immune response. This suggests that sex biased expression of a molecule (male biased Rel) and the system to which it belongs (female biased immunity) may have experienced different selection pressure in the two sexes. 

Chapter 5

Summary

Infection induced activation of immunity genes in Drosophila is mediated by REL proteins Dorsal, Dif, and Relish. Homo/Hetero dimers of these Rel proteins asymmetrically bind to consensus decameric DNA sequence (GGGRNWTTCC) called as kB motif. Functional variants of kB motif are known. In this chapter the role of kB-DNA geometry on Dorsal regulation is explained. Our analysis suggests that the binding of Dorsal to cognate kB motif depends on the major groove topology of kB DNA. If the DNA has larger major groove then Dorsal binds more strongly to such kB-motifs and if kB-DNA major groove width is less then Dorsal binding is weak. Further, strong binding directly correlated with stronger enhancer activity. Thus we show that kB-geometry is sequence dependent and modulates expression of dl target genes. The study also revealed that DNA structure is determined by highly conserved nucleotide T6 thus T6modulates kB-promoter activity even though it does not take part in DNA protein interaction. In summary we show that in DNA binding motif there are two types of conserved nucleotides, those which take part in DNA protein interaction and the others which do not bind to Protein but modulate DNA protein binding by modulating the DNA geometry. 

5.1 Introduction

Insects, which lack adaptive immune response, respond to bacterial infection by rapid synthesis of a battery of antimicrobial proteins/peptides (AMPs) (for review, see Hoffmann et al, 1993; Hultmark 1993; Cociancich et al, 1994). Drosophila has eight of such genes which include four cecropins (Kylsten et al, 1990), diptericin (Reichhart et al, 1992), defensin (Dimarcq et al, 1994) drosocin (Charlet et al, 1996), drosomycin (Ferrandon et al, 1998) and Metchnikowin (Levashina et al, 1998). Remarkably, promoters of all these genes contain kB motif, a decameric sequence, which is the binding site for the vertebrate transcription factor NFKB (Reichhart et al, 1992; Engstrom et al, 1993). Drosophila Rel family of DNA binding proteins (Dorsal (dl), Relish and Dorsal related immunity Factor (DIF)) belong to mammalian NF-xB family (Ghosh et al, 1990). Homo/Hetero dimers of Drosophila Rel proteins asymmetrically bind to consensus decameric DNA sequence (GGGRNWTTCC) called as kB motif. Functional variants of kB motif are known e.g. CD28 responsive element in IL2 promoter has a nonameric c-Rel binding site (AGAAATTCC). Dif and Dorsal exist as homodimers bound to negative regulator cactus (cact) in the cytoplasm (Wu & Anderson 1998; Geisler et al, 1992), while cytoplasmic Relish contains six C-terminal ankyrin repeats similar to cact (Dushay et al, 1996). Upon activation, cact is degraded and free Rel proteins are translocated to the nucleus. While Rel and Dif have a role as activators of immune genes (Ip et al, 1993; Hedengren et al, 1999), Dorsal (dl) acts both as an activator and a suppressor. 

dl is a sequence-specific DNA binding protein (Roth et al, 1989, Rushlow & Warrior 1992, Steward 1987). It contains an N-terminal Rel homology domain (RHD), which is responsible for DNA binding, dimerization and regulated nuclear import, and a C-terminal domain (CTD) that contains activation and repression motifs. It activates or represses target genes by interacting directly with specific binding sites in their regulatory regions (Ip and Levine 1992). The consensus sequence of the dl binding site, GGG (AT)4-5Cl-3, was deduced from several studies and is very similar to the consensus sequence of the most studied member of the family, NF-kB (Kawakami et al, 1988, Lenardo & Baltimore 1989, Rushlow & Warrior 1992). A number of dl target genes like twi, sna, and rho have been identified (Ip et al. 1992a, Ip et al, 1992b, Jiang et al, 1991, Pan et al, 1991, Thisse et al, 1991). Usually dl binding sites are found in vicinity of other transcription factors binding sites, implying role of short-range interactions for spatiotemporal expression patterns of target genes. dl also represses transcription of zygotic genes like zerknullt (zen) (Rushlow et al, 1987) and decapentaplegic (dpp) (St Johnston & Gilbart 1987). 

The ability to both activate and repress transcription is a property shared by many developmentally important transcription factors (Diamond et al, 1990). The factors that determine whether dl acts as an activator or as a repressor of transcription are yet to be identified. There are at least two models to explain ability of dl to activate or repress the target genes (Govind & Steward, 1991). According to one model, dl recognizes two classes of sites which have different allosteric effects on the protein and that can result in either transcriptional activation or repression. e.g. kB binding sites in twi (dl as activator) is less symmetrical compared to that in zen (dl as repressor) (Thisse et al, 1991). However this has also been proposed that dl is by default an activator and works as a repressor only in specific promoter contexts (Jiang et al, 1992; Pan & Corey 1992). Sequence differences in dl binding sites of different dl target genes are found. It is believed that the affinity of dl binding sites to different amounts of dl sets the threshold response of the target genes (Jiang et al, 1993). The dl binding site in the zen promoter is 5 to 10 times stronger than those in the twi promoter, and these affinities correlate with the differential responses of the zen and twi promoters to the dl gradient (Jiang et al, 1991; Thisse et al, 1991). 

Here, we investigated significance of an atypical kB motif (AGAAAAACA) in dl autoregulation. AGAAAAACA motif is a weak enhancer and differs from a closely related but strong kB-motif, AGAAATTCC. We wanted to know if difference in enhancer activity could be accounted for by these nucleotide changes. T/A at 7th position does not affect enhancer activity even though it is involved in interaction with dl. However, A/T at the 6th position regulates enhancer activity (T6 shows stronger enhancer activity than A6) although it has no direct role in kB–dl interaction. We show that presence of T/A at 7th 
position has no effect on enhancer activity because this mutation does not change kB geometry while kB-motif takes two different conformation with A6 and T6 consequently 
they have different enhancer activities. These findings demonstrate that DNA sequence controls DNA geometry which in turn can modulate gene expression. Furthermore, we discuss how a weak kB-motif in dl promoter is critical for maintaining high cactus to Dorsal ratio which is important for normal embryonic development. 

Objective
In the previous chapter we showed that autoregulation of Rel genes contributes to female biased AMP expression. But the mechanism of autoregulation of Drosophila Rel proteins is not known. Hence, we set out to study the mechanism of Rel autoregulation with special reference to Dorsal autoregulation. While studying dorsal autoregulation we identified a novel and atypical dl binding element in dorsal promoter. Our functional analysis showed that this autoregulatory dorsal motif is a weak enahancer. We have characterized this atypical autoregulatory dl binding motif using genetic, biochemical and biophysical approaches which revealed the role DNA topology in DNA protein interaction.
5.2 Material and Methods
5.2.1 Plasmid constructs
Enhancers were PCR amplified from Drosophila genomic DNA with a 5’ primer containing a KpnI site and a 3’ primer containing an XhoI site and cloned into pGL3 Basic vector. Cloned inserts were verified by restriction digestion and sequencing. P3 is the full-length 1.25kb promoter with three kB-motifs. P2 promoter is 1kb long and encompasses the first two kB-motifs. P1 promoter is 550bp long with the first dl binding site. The 2nd kB site in the P2 construct is flanked by NsiI recognition sequence on either side and was used to delete kB2 motif to generate plasmid P2ΔkB2. Similarly the kB motif of P1 promoter was deleted by digesting with EarI enzyme to generate the plasmid P1ΔkB1. All the plasmids were purified using Qiagen columns. 

5.2.2 Luciferase assay

Drosophila immunocompetent Schneider (S2) cells were maintained at 25(C in Schneider’s Insect Media (GibcoBrl/Invitrogen) supplemented with 10%heat-inactivated fetal bovine serum (GibcoBrl/Invitrogen). For transfections, cells were seeded in 6-well plates at a density of 1x106cells/ml. A day after, transfections were carried out using Fugene transfection reagent (Roche) and plasmids were not removed. 12 hours post transfection, 50 (g of LPS (Sigma) or 50 (g peptidoglycan (PGN)  (Sigma) was added per well, and the cells were harvested 12 hr later. Cell extracts were made with lysis buffer (Promega), and Luciferase activity was measured according to the manufacturer’s instructions (Promega) on a luminometer. For Luciferase assay, 100(l of the reaction mix/cell extract was added to 500(l of the Luciferase reagent at room temperature. Luminometer was programmed to perform a 2 second measurement delay followed by a 10-second measurement.

5.2.3 Coupled In vitro transcription and translation 

In vitro translation was done with 1µg of different luciferase constructs by adding embryonic extracts or cytoplasmic extracts prepared from LPS and PGN treated S2 cells. Additional supplements added in the reaction were Rnase inhibitor, Mg++, ATP and amino acid mix. After adding all the components, the reaction was carried out for minimum 2 hours.  Reactions done in a 250(l volume were more consistent than those done in 50(l final volume. This was followed by western analysis or Luciferase assay. 
5.2.5 Preparation of nuclear extracts and EMSA 

Embryos were collected at 25°C. In order to obtain large amounts of material, staged embryos were kept at 4°C and then pooled. Embryos were dechorionated in sodium hypochlorite and then rinsed in NaCl-Triton X-100 and H20. Embryonic nuclear extracts was prepared by homogenizing embryos (40h AEL) in extraction buffer (20 mM Hepes (pH 7.9), 5 mM MgCl2, 0.1 mM EGTA, 12.5% sucrose, 25% glycerol, 0.5 mM DTT, 0.5 mM PMSF and protease inhibitor cocktail) using a Dounce homogenizer, followed by centrifugation at 3300g for 20 min at 4 °C. The precipitated nuclei were suspended in 1ml of the extraction buffer. 100 ng of double-stranded oligo was labeled with 3 (l of [(-32P] ATP and 1 (l of polynucleotide kinase in 1(l PNK buffer (New England BioLabs) for 1 hr at 37°C. The labeled DNA was purified on a G50 column. presence of a protease inhibitor cocktail (Sigma Aldrich). DNA binding reactions were done in 5 mM Tris-HCl, pH 7.9; 12 mM HEPES; 50 mM KCl; 3 mM EDTA; 1 mM DTT; 5 mg/ml BSA; 10% glycerol; 0.1 mg/mi poly(dI-dC). 0-4 h embryo nuclear extract were preincubated in this buffer in the presence/absence of 40-fold excess of unlabelled oligonucleotide at room temperature for 15 min. Afterwards, 50-100 pg of the labeled oligonucleotide was added to the reaction mix, which was then incubated for another 15 min at 25°C.The binding reaction was analysed by electrophoresis on native 6% polyacrylamide gels. (For probe and primer information see supplementary information)

5.2.6 DNA and Protein modeling and Molecular simulation

The protein-DNA system was modeled on chicken c-Rel (1GJI) template using default parameters of Modeller 9v2 (Marti-Renom et al, 2000). To model the DNA in the protein-DNA complex the DNA atoms were defined as 'HETATM' and the residues as 'BLK' (Modeller 9v2) in the template. These residues are restrained more or less as rigid bodies to the conformation of the equivalent residues in the template. The DNA structure was mutated by keeping the orientation of the structure with reference to the first base pair, by using the frame_mol utility of X3DNA package (Lu et al, 2003). Further, using the rebuild facility the coordinates of the atoms were re-generated and the nitrogenous base coordinates were manually replaced in the structure, keeping the phosphate backbone constant. DNA structure generated after mutation was aligned with template DNA and no significant distortion in the backbone was found (RMSD, 0.0008) 

The resulting structure was then subjected to 2000 steps of initial minimization to remove bad contacts and reduce the strain in the system. The complex was then immersed in the center of a box of radius 10Å filled with TIP3P water. In order to obtain the proper geometry for each water molecule, all oxygens were held fixed and 1000 steps of energy minimization of the bond and angle energies was performed. All atoms were then relaxed, and the entire system was equilibrated at 300K for 30ps. Water molecules closer than 1.8Å to the protein-DNA system were removed. The resulting system was further subjected to 5ps equilibration during which the protein-DNA backbone of the system was put into constrains. To achieve electro-neutrality for the system, 30 Na+ and 15 Cl- were added by removing 45 water molecules, located more than 9Å apart from each other and 5Å apart from the protein or DNA atoms. The system was further equilibrated for 15ps without any constraints. This system contained 1,180,85 atoms, and was finally subjected to molecular dynamics simulation for 2ns. Constant temperature was maintained at 300K using Langevin dynamics with a damping coefficient of 1 ps–1. Short-range nonbonded terms were evaluated every step using a 10Å cutoff for van der Waals interactions. An integrated time-step of 1fs (DCDfreq 500) was used. The system was simulated with periodic boundary conditions and full electrostatics computed using the Particle Mesh Ewald (PME) method with a 120 × 125 × 108 point grid. All simulations were performed using the molecular dynamics program NAMD2 (Philips et al, 2005) and CHARMM22 force field. The resulting trajectories were analyzed by VMD (Humphrey, 1996). The conformational changes of the DNA during dynamics were evaluated using the X3DNA program. 
All simulations were run on Sun Grid Engine running the Red Hat Enterprise operating system for AMD architecture. (See the flow chart on next page). Complete programme is provided in the CD attached to this thesis.















5.3 Results
5.3.1 General organization of Rel promoters
We are interested in understanding the molecular basis of sex-differential activation of immune response in insects. Microbial infection leads to differential activation of immune pathways in the two sexes such that females have higher levels of nuclear Rel proteins than males. We showed that this sex differential activation of Rel proteins is modulated at different levels including their autoregulation (chapter4). In the present study we report the molecular mechanism underlying autoregulation of dl. 

In silico analysis of 1.5kB sequence upstream to respective transcription start sites of the three Rel genes suggested the presence of putative binding sites for transcription factors like dfd, hb, ftz, BrCZ etc. but none of these are known to regulate immune response. We also noticed that the three Rel promoters lacked TATA elements. However, one interesting prediction was presence of kB motifs, which is known to be immune responsive, in all three rel gene promoters (Supplementary Fig.S5.1-S5.3). While, rel and DIF promoters have canonical kB motifs, the same was not true for dl. 

 There are many reports emphasizing regulation of dl target genes however regulation of dl as such has not been the subject of intense research. In one study, existence and importance of Rel-GATA module in the promoters of immune responsive genes including antimicrobial genes (AMP) was shown (Senger et al, 2005). They found that presence of GATA site within 50bp around the kB site, including their orientation, was crucial for activation of AMP genes by Rel proteins upon immune challenge. GATA proteins (i) impart tissue specificity and (ii) modulate expression of AMP genes upon microbial infection. The same Rel GATA module was also found in the promoters of dl target genes Zen, rent, Ady and fas3 which are expressed during embryonic stages. However we did not find any Rel-GATA module in the vicinity of kB motif in the Rel gene promoters. In fact, no putative GATA binding site was found in any of the three Rel promoters. Thus, absence of Rel-GATA module is one major difference between regulation of Rel genes and that of Rel target genes. GATA motifs are not present in rel promoters but modulation of these promoters by proteins other than GATA cannot be ruled out. One interesting candidate could be AP-1 transcription factors as clusters of AP-1 binding sites are present in close vicinity of kB motifs in dl promoter (Fig. S5.3). AP-1 elements have not been shown to have a role in activation of Rel genes, but it’s possible that during embryonic development these factors may be important for tight regulation of dl along the D/V axis. 
5.3.2 dl gene is autoregulated
dl, which is a maternally expressed gene product, plays important role in dorso-ventral patterning of the early embryo and also regulates  expression of antibacterial gene drosomycin. dll mutant is a loss-of-function (amorphic) mutation and shows Dorsalized embryo phenotype  (Nusslein-Volhard, 1979). Interestingly, in comparison to wild type amount of dl in embryonic extracts prepared from dl1 mutant was extremely low which, possibly, implicated role dl auto-regulation (Fig. 5.1a). We used Firefly Luciferase reporter system for studying Dorsal auto-regulation. in vitro translation of dl::luciferase plasmid led to synthesis of Luciferase with wild type embryonic extract but not with the embryonic extract prepared from dl1 mutant (Fig.5.1b). Lack of Luciferase induction in dl1 mutant also suggested that dl might regulate its own expression. dl autoregulation was confirmed by immunodepletion experiment as dl-depleted extract from w1118 embryos failed to synthesize Luciferase (Fig. 5.1c). To identify dl regulatory element in dl promoter different dl::luciferase deletion constructs were generated (Fig.5.1d). Induction of Luciferase upon immune challenge was observed with full length promoter (P3) and deletion construct P2 but not with P1 which suggested that dl binding motif was present in P2 promoter (Fig.5.1e).
5.3.3 Identification of regulatory kB motif in Dorsal promoter
Different kB-motif deletion constructs were generated to characterize dl responsive element in P2 (Fig.5.2a). P2 has two putative kB like motifs. The first kB motif (kB1) was too close to the transcription start site (19 base pair upstream) to have 
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Fig. 5.1  dl is autoregulated.

(a) dl expression is deregulated in dl1 mutant flies as seen in the western blot (b) The western blot showing lack of Luciferase synthesis in dl1 mutant (arrow) upon in vitro translation of Dorsal::luciferase plasmid suggested auto-regulation of dl. (c) Immunodepletion of dl (3rd lane) in embryonic extract fails to synthesize luciferase but has no effect on GFP synthesis from Actin::GFP plasmid and thus confirms dl autoregulation. (d) Cartoon showing different dl promoter constructs harbouring putative kB-motifs.  (e) Luciferase induction upon PGN stimulation was seen with P3 and P2 plasmids however deletion of kB3 did not affect luciferase induction which suggested that kB2 motif was the regulatory motif.
an enhancer activity. Lack of reporter induction upon peptidoglycan (PGN) +LPS treatment with P1 or P1(kB1 proved that kB1 had no enhancer activity (Fig.2B). Even the basal Luciferase expression seen with P1 was lost upon deletion of kB1 thus suggesting that kB1 region might harbour basal promoter (Fig. 5.2a). However, no dl specific complex could be retarded with kB1 element as probe in gel shift (data not shown). Next we tested enhancer function, if any, of kB2 motif by deleting it in P2 promoter (Fig.5.2a). Lack of Luciferase expression with P2(kB2 construct suggested that kB2 motif might act as dl responsive element (Fig.5.2b). 

kB2 motif AGAAAAATA is quite different from the consensus GGGRYYYYCG sequence hence ability of dl protein to interact physically with AGAAAAATA motif was checked by gel shift assay and the specificity of the interaction was confirmed by supershift with dl-antibody (Fig. 5.2c). Enrichment of kB2 motif in ChIP with dl-antibody in embryonic extract implied in vivo interaction of dl with kB2 motif (Fig.5.2d). No enrichment of any of the three kB sites of dl promoter in ChIP with dl1 embryos emphasizes lack of autoregulation in dl1 mutant and suggests that low levels of dl in dl1 mutant is probably due to inability to induce its own expression (Fig.5.1a-c). These results demonstrate that kB2 is the functional dl binding motif in dl promoter and has been referred to as autoregulatory kB motif in the paper. 

5.3.4 Autoregulatory kB motif of is a weak dl binding motif

We also investigated if dl is autoregulated during immune response as well. Semi-confluent S2 cells were immune challenged with PGN+LPS followed by ChIP with dl-antibody (Fig. 5.3a). 60% more enrichment of drosomycin promoter compared to dl promoter was achieved in ChIP reaction (Fig. 5.3b). 
Identification of a noncanonical kB motif for dl autoregulation was intriguing and we wanted to check if lower enrichment of dl-DNA complex in ChIP compared to corresponding enrichment of dl at drosomycin promoter, a known dl target gene with a canonical kB-motif, was due to noncanonical nature of AGAAAAACA motif (Fig. 5.2d, 5.3a). Lesser enrichment of kB2 motif implied that dl interaction with kB2 motif was weak. Hence, 
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Fig. 5.2   Identification of dl binding motif in Dorsal promoter.
(a) Cartoon shows different kB-motif deleted reporter constructs. (b) No Luciferase induction was seen with P2(kB2 plasmid which proved that the kB2-motif was responsible for dl autoregulation. Lack of Luciferase expression with P2(kB1 which has intact kB2-motif but lacks kB1, could be due to loss of basal promoter activity. (c) Physical interaction of dl with kB-2 motif of dl promoter was checked by EMSA. Lanes,1- free probe, 2- cold homologous competition, 3- supershift with dl-antibody, 4- PGN+LPS treated S2 cells nuclear extract, 5- embryonic extract, 6- nonspecific competition. (d) ChIP confirms in vivo interaction of dl with kB2-motif (AGAAAAACA) of dl promoter.
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Fig. 5.3 kB2-motif of dl is a weak enhancer.

(a and b) 60% less enrichment of dl-kB2 in ChIP suggests weak interaction of dl with autoregulatory kB motif of Dorsal promoter (AGAAAAACA) compared to drs promoter (GGGAAATTCC). No bands are seen for either of the loci in dl1 mutant suggesting that this mutant is defective in DNA binding. 

Neither of the two promoters amplified in dl1 mutant upon ChIP which signified lack of target gene induction in dl1 mutant due to its inability to bind their promoters. we studied dl-kB DNA interaction to gain understanding of weak binding of dl to autoregulatory kB motif.
5.3.5 Dorsal – DNA interaction

dl binds to DNA via its Rel homology domain (RHD) which is a conserved DNA binding domain of Rel family of proteins. Since crystal structure of Rel proteins of Drosophila or other insect is not known hence we searched for a similar RHD domain from other organisms. RHD of chicken c-Rel (PDB code-1GJI) showed 48% homology with RHD of Dorsal (Fig.5.4). Apart from that DNA binding residues of dl and chicken c-Rel are fully conserved hence chicken c-Rel was selected as template for modeling dl-RHD (Fig. 5.5a-b). Interestingly the nonameric DNA binding motif of chicken cRel-DNA complex (AGAAATTCC) resembles autoregulatory-kB sequence (AGAAAAACA) thus implying that most likely DNA–protein interactions were also conserved. The DNA protein complex predicted in the modeled structure was validated by EMSA which suggested that dl can interact with both AGAAATTCC and AGAAAAACA motifs (Fig.5.5c). Model also revealed interaction of dl with major groove of kB-motif (Fig. 5.5b) which was experimentally tested in competition experiments with major groove and minor groove binding drugs (data not shown). Enhancer activity of AGAAATTCC motif was functionally tested by replacing autoregulatory-kB motif with AGAAATTCC motif in the P2 dl::luciferase reporter. We found that AGAAATTCC kB-motif strongly induced Luciferase expression than autoregulatory kB motif (Fig.5.5d). Since the two constructs differed only in the kB-motifs sequence hence we hypothesized that expression difference could be due to difference in dl interaction with the two kB-motifs. In other words we tested if kB-sequence variation affected promoter activity.
5.3.6 AGAAATTCC and AGAAAAACA kB motifs have distinct structures

Closely related kB-sequence motifs AGAAAAACA and AGAAATTCC differ at positions 6, 7 and 9. While the 6th and 7th nucleotide in c-Rel kB motif is ‘T’, the corresponding sequence in autoregulatory kB motif is ‘A’. We adopted biophysical approach to understand interaction of dl with AGAAAAACA, and AGAAATTCC motifs. 
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Fig. 5.4 Conservation of REL homology domain of Dorsal.
Rel homology domain (RHD) of dl and chicken c-Rel (1GJI) are 48% similar. Conserved DNA binding residues of the two proteins are highlighted in cyan background.
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Fig.5.5 Modeling of Rel homology domain of Dorsal.

(a) Model of RHD of Dorsal homodimer bound to AGAAATTCC kB-DNA of 1GJI. (b) Dorsal monomers asymmetrically bind to kB-DNA as seen in this side view. (c) EMSA was done to ascertain binding of dl to 1GJI kB-motif AGAAATTCC. Lanes,1- cold competition, 2- AGAAATTCC probe, 3- non-homologous competition. (d) Stronger Luciferase activity is seen with AGAAATTCC kB motif (1GJI) than with kB-2 motif AGAAAAACA (dl promoter).

Crystal structure of AGAAATTCC DNA was used as template for generating the structure of AGAAAAACA motif. To generate structure of DNA representing desired mutation, the crystallized DNA base pair was replaced with the new base pair. While replacing base the original base nitrogen atom bonded to the sugar and the two base carbon atoms bonded to this nitrogen were aligned with the corresponding atoms of the new base so that the sugar base bond and phosphate backbone remain unchanged. Thus, T6 and T7 of c-Rel kB-motif were replaced by A while C9 was replaced by A using programmes in X3DNA package (Lu & Olson 2003). Thus generated Dorsal-DNA complex was subjected to Molecular Dynamics simulations to see the effect of nucleotide change on the DNA structure. A comparison of the simulated structure of AGAAAAACA with crystal structure of AGAAATTCC revealed differences in their topology. AGAAAAACA motif has wider minor and narrower major grooves compared to AGAAATTCC DNA (Fig.5.6a-b, 5.7). Sharp reduction in major groove was seen at 5th base (Fig. 5.7). We set out to study if structural differences could affect dl-interaction and promoter activity.
5.3.7 Major groove geometry of kB-motif is sequence dependent


We hypothesized that nucleotides of a DNA motif which form direct contact with proteins should be conserved while other nucleotides in the same motif might not experience the same selection pressure which would lead to sequence variation in the motif e.g. different kB-motifs. kB motifs show dyad arrangement with a hinge region at the centre. From the sequence alignment it is apparent that the second half of the dyad (TTCC) is more conserved (except for GMCSF and dl) than the first half (Fig. 5.8a).  dl homodimer asymmetrically binds to kB-motif such that one monomer binds to each half of the dyad (Fig. 5.5b).The autoregulatory kB-motif shows variations in the second half of the dyad (T6T7/A6A7) (Fig. 5.8a). To understand the effect of sequence variation on DNA structure, A1G2A3A4A5T6T7C8C9 was mutated to A1G2A3A4A5A6T7C8C9 and A1G2A3A4A5T6A7C8C9 and their geometries were compared (Fig. 5.8b-c). While T7(A7 mutation did not change kB structure with respect to AGAAATTCC motif, the T6(A6 mutation significantly reduced major groove towards 5’ end of AGAAAAACA motif (Fig. 5.9a). This suggests that T6 is more critical for kB-geometry than T7. Since none of the single mutations resulted in DNA structure similar to AGAAAAACA hence we conclude 
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Fig. 5.6  AGAAATTCC and AGAAAAACA motifs have different structures.

(a) AGAAAAACA (orange) motif has contracted major groove (green arrow) due to differences in DNA structure (white bracket) compared to AGAAATTCC (cyan). First major groove is almost similar (yellow arrow) in both. (b) Space filling model of dl kB-2 shows contracted major (bracket) and expanded minor groove (double arrow-head). 
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Fig. 5.7 Geometry of kB DNA motif

Major groove of AGAAAAACA motif shows sharp contraction at A5 (upper panel) and increased minor groove at every base (middle panel). RMSD graph shows stable Dorsal kB-motif geometry during the 2 nano second simulation (lower panel). 
that unique geometry of AGAAAAACA motif is due to presence of ‘A’ at 6th and 7th positions (Fig. 5.9a).
5.3.8 Role of kB DNA geometry in Dorsal binding

Both AGAAATTCC and AGAAAAACA motifs have five continuous A-T base pairs still they have different geometries which suggests that A-T and T-A pairs are not equal so far as DNA geometry is concerned. Answer to this paradox lies in the geometry of kB motif. Four to six consecutive (dA): (dT) tract imparts typical geometry to the DNA (Nelson et al, 1987, Mack et al, 2001).  dA:dT tract is usually rigid and straight and has narrow minor groove. Although both AGAAAAACT and AGAAATTCC kB motifs qualify to be termed as dA:dT tract, there is a difference as autoregulatory kB motif has all ‘A’s on one strand. How this sequence arrangement can make a difference to DNA curvature was studied. We compared roll, propeller and opening parameters for different kB-motifs as they are known to regulate DNA structure. Roll is the rotation of adjacent bases about their long axes and is probably the most significant factor controlling DNA curvature. Positive roll bends the DNA towards major groove while negative roll bends towards minor groove. From Fig. 5.9b it is evident that A5T6T7 motif has very low negative roll which will bend the minor groove leading to widening of the major groove. In contrast A5A6A7 (dl) has significantly high positive roll at A5 (Fig. 5.9b) which may explain the sharp dip in the major groove at the same position (Fig. 5.9a). Due to low negative roll A5T6T7 has small openings of base pairs while A5A6A7 has high openings probably, on account of high positive roll (Fig. 5.9c). Overall effect of high roll and opening is reflected in increased hydrogen bond distances between O4-N6 of A-T base pair for A5A6A7 and A5A6T7 (Fig. 5.10a). O4-N6 hydrogen bond faces the major groove of the DNA and thus controls DNA bending. A5T6T7 and A5T6A7 which have very similar DNA geometry also have similar O4-N6 and N1-N3 hydrogen bonds (Fig.5.10b). On the other hand A5T6T7 and A5A6T7 have increased O4-N6 hydrogen bond (Fig. 5.10b) which leads to narrowing of the major groove (Fig. 5.9a). Thus, these results explain why dl-kB motif has narrow major grooves and also highlight the role of sequence dependent kB geometry on dl-kB interaction.
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                                                                   (c)
Fig  5.8 kB-DNA structure depends on its sequence.

(a)  Alignment of different kB motifs shows conservation at 3’end. (b) The graph suggests that (T6( A6) and (T7 (A7) mutants differ from each other at 2nd and 6th positions (arrow).  T6 mutation increases major groove at 6th base (green arrow) while T7 mutation increases major groove at 2nd base (red arrow). (c) RMSD graphs showing stable simulation dynamics of A6 and A7 motifs. 

5.3.9 Dorsal interacts differently with different kB-motifs

Dl interacts with G2, A3, A7, C8 and A9 nucleotides of kB-DNA via hydrogen bonds. Residues R15, E21 and K174 of monomer I and R15, R17, E21 and K174 of monomer II take part in DNA-protein interaction. We showed that A5A6A7, A5T6A7 and A5A6T7 have different conformations (Fig. 5.11a). We found that interaction of K174 with the lower major groove is altered with dl-kB motif (A5A6A7) (Fig. 5.11b). Promoter activities of these kB-single mutants were tested by Luciferase assay which indicated strong correlation between kB-geometry and promoter activity. AGAAATA7CC and AGAAATT7CC motifs have similar geometries thus suggesting that T7/A7 does not affect DNA structure and both have comparable promoter activity. However, T6(A6 mutation (AGAAAT6ACC) leads to narrowing of major groove towards 5’end and also reduced promoter activity (Fig. 5.9a, 5.11a). dl-kB motif which has the smallest major groove geometry is the weakest of the four (Fig. 5.12a). Since 6th nucleotide is not involved in DNA-protein interaction hence once would expect that A6(T6 mutation will not affect promoter activity. However we found that T6 motif has stronger activity than A6 motif (Fig. 5.12a). How is it that the nucleotide that does not take part in DNA protein interaction still influences promoter activity and is highly conserved?
We postulated that dl mediated regulation depends on structure of kB motif. Two kB-motifs which differ in sequence composition but still have same structure may have similar promoter activity. However, kB-motifs which have different structures will have different promoter activity. EMSA with these kB-motifs revealed formation of different dl-complexes (Fig. 5.12b). dl forms a larger kB-dl complex with AGAAAAACA motif compared to AGAAATACA, AGAAAATCC or AGAAATTCC motifs. dl-DNA complexes formed with AGAAATACA or AGAAAATCC were similar to AGAAATTCC-dl complex although AGAAAATCC shows slightly higher gel-shift (Fig. 5.12b). Formation of large complex with dl-kB motif indicates interaction of other protein(s) to dl-kB complex. Weak enhancer activity of dl-promoter could be due to assembly of this large complex on dl-promoter and suggests possible modulation of dl-expression by co-regulator. However the co-regulator binds only to dl-AGAAAAACA complex and not others (Fig. 5.12b). 
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                               (b)                                                                                    (c)
Fig. 5.9 T6 controls major groove geometry to kB DNA.


(a) Major grooves of AGAAATTCC and AGAAAAACA motifs differ at 5th position of nonameric kB-motif. Having T or A at position7 does not change DNA geometry with respect to AGAAATTCC. However T6(A6 mutation reduces the major groove width at 2nd, 3rd and 7th base position (lower panel). (b) We measured base-pair Roll at 5th, 6th and 7th positions in the four kB-motifs. Roll parameters for single mutations (AAT and ATA) are not much different from (ATT) while double mutation (AAA) significantly significantly increases negative Roll at 7th and positive Roll at 5th and 6th positions. (C) This signifies that interaction of dl and its co-regulator takes when dl is bound to kB-motif of dl-promoter and not with other motifs. Change in Opening angles of A6-T6 base pair is same in AAT single and AAA double mutant while opening angle drastically increases at 5th base position in double mutant AAA.
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Fig. 5.10 O6---N4 hydrogen bond of A6-T6 pair controls major groove geometry. 
(a) ATA7 mutation has no effect on A-T hydrogen bond and is same as in ATT. N1--N3 hydrogen bond remains unchanged in all cases. However both (AA6T) and AAA have increased O6--N4 hydrogen bond distances for the 6thA thus suggesting that major groove geometry of kB-motif depends on T6. (b) O6---N4 hydrogen bond faces the major groove and thus controls major groove geometry.
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Fig.5.11 Functional significance of different geometries of kB motifs. 

(a) Comparison of DNA geometries of dl, A6 and A7 kB-motifs. (b) Narrowing of the 2nd major groove in dl-kB motif affects interaction of K174 (arrow) of the second monomer with DNA increases negative Roll at 7th and positive Roll at 5th and 6th positions. 

                    [image: image83.jpg]RLU.

60
50
40
30
20
10

[

Luciferase Induction

=ATT
=AAT
=ATA
HAAA




                                          (a)

[image: image84.jpg]AGAAATACC
AGAAAATCC AGAAARACA
——

10 1112 13 14 15





                                                                                     (b)

Fig. 5.12 kB-motif structure can decide enhancer activity of Dorsal.

(a) Least induction of Luciferase with dl-kB (AAA) implies that it is a weak kB-motif. T7(A7 mutation does not affect promoter activity much while T6(A6 mutation significantly reduces luciferase expression. (b) Different kB-motifs form different complexes as seen in gel shift. dl kB-motif AGAAAAACA forms a large complex (lane12-15) which is also supershifted high than others (lanes 5, 7, 10). T7(A7 mutation does not affect DNA geometry and dl forms a complex (lane 4) similar to AGAAATTCC motif (lane 3). A6 motif forms slightly large complex with respect to AGAAATTCC (lanes 7-9). Lanes, 1- free probe, 2 & 6- mutant oligo, 11- cold competition (mutated bases are indicated at the top by star at the corresponding base position).
5.4 Discussion
Transcription factors bind to cognate DNA in a sequence specific manner and any change in nucleotide within the binding motif can affect DNA-protein interaction. The DNA binding motif of Rel family of transcription factors is conserved (GGGRRRYYCC). However we have shown that dl binds to its own promoter at a sequence motif which shows little similarity to typical kB-motif. Reporter assay suggested that atypical kB-motif of dl promoter is weakly induced by dl. We were interested to know whether weak expression of dl had any physiological significance. dl plays critical role in embryonic development. It has been shown that if dl level is in excess of cact (dl/cact = 1.5 or above) then embryo is pushed towards ventralization. On the other hand, even three fold higher level of cact results in wild type embryos (Govind & Steward, 1993). This emphasizes the need for more of cact and less of dl but the mechanism that maintains differential levels of the two proteins is not known and hence cact regulation was pursued. 

While studying expression profiles of different immune pathway genes we found that cact, the cytoplasmic inhibitor of dl (Roth et al, 1991), is also induced upon immune challenge (Fig. 5.13a). Luciferase assay suggested that infection inducible cact promoter was three fold stronger than dl promoter (Fig. 5.13b). Next we carried out in vitro translation to compare cact and dl expression in embryonic extracts and found that cact promoter was stronger than dl promoter (Fig. 5.13c).  ChIP with dl antibody resulted in stronger enrichment of cact than dl in wild type w1118 flies, thus indicating that, in vivo, dl interaction with cact promoter is relatively stronger than dl promoter. However in cact1 mutant flies dl enrichment was stronger than cact enrichment (Fig. 5.14a-b).  Further, we tested whether dl forms two different complexes on dl and cact promoters and found that dl forms smaller complex with cact-kB as compared to dl-kB motif (Fig. 5.14c). These results support our model that weak expression of dl is due to modulation by co-regulator which shows specific requirement for dl-kB motif in its promoter. 
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                 (a)                                      (b)                                                            (c)

Fig. 5.13 Differential activation of dl and cact promoters by dl.

(a) Stronger induction of cact than Dorsal is seen in immune-challenged larvae. rp49 is the loading control. (b) Stronger Luciferase induction (upon immune activation in S2 cells) of cact promoter suggests that transactivation by dl is stronger than autoregulation during immune response. (c) Different amounts of luciferase, with cact and dl promoter constructs, upon in vitro translation in embryonic extracts confirms stronger activation of cact promoter. Actin-GFP used as reaction control shows similar synthesis of GFP (lanes 1 and 3, lower band). Middle lane is the empty vector control.
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Fig. 5.14 Dorsal’s affinity for cact promoter is stronger than that for dl promoter.

(a) ChIP suggests stronger enrichment of cact than Dorsal in wild type Drosophila. More enrichment of dl than cact is seen in cact mutant where dl is constitutively nuclear. (b) Quantitative estimation of Dorsal enrichment seen in (a). (c) dl forms small complex with cact kB-motif and has higher affinity compared to dl kB-motif with which it forms a large complex. The two oligos in lanes 3 and 4 were labeled to the same extent and incubated with embryonic extracts under similar conditions for sake of binding affinity comparison. cact kB-motif has 3-5 times more affinity for dl than dl kB-motif. In lanes 3 and 4 firstly embryonic extract was incubated with dl-oligo and after 30 min cact oligo was added so that both complexes could be resolved. If both oligos are added simultaneously then dl-kB specific complex is not formed due to high affinity of dl for cact kB (Lane 2). In lane 5 only dl-kB complex is formed as cact oligo is not added. Cact promoter is stronger than dl promoter and forms smaller complex xompared to dl as expected and shown in Fig.5.12.b. Lane1- cold competition.
A noncanonical kB motif may be critical for regulation of dl during embryonic development in at least two ways. Firstly, it ensures weak expression of dl relative to cact (Fig. 5.13c). Our biochemical and biophysical analysis offers explanation for weak enhancer activity of autoregulatory kB-motif of dl promoter. Based on the current study we propose a model for differential induction of cact and dl genes by dl. The key to achieve differential regulation of cact and dl lies in having kB-motifs which are differentially activated by dl. Interaction of dl with autoregulatory kB-motif is such that it facilitates binding of additional coregulator which in turn reduces dl expression. However, this coregulator does not interact with dl bound to cact promoter consequently cact induction is stronger than dl induction. We surmise that presence of a weak kB-motif in the dl promoter appears to be part of a developmental paradigm than a matter of chance as higher level of cact will ensure rapid restoration of basal cellular state once the upstream signal ceases to exist.

The signal-centric model assumes that activation, amplification, regulation and inhibition of Dorsal pathway, all depend on the presence or absence of the signal. Autoregulation of dl along with positive regulation of cact establishes a regulatory loop. Dorsal regulation can be categorized into two loops (i) the outer and bigger loop called signal dependent amplification loop, and (ii) a smaller inner loop called as the regulatory loop (Fig.5.15). This regulatory loop is dependent on the amplification loop for activation but otherwise forms an autonomous loop where both effector and negative regulator are positively regulated by dl. At the same time differential activation of the two genes maintains the greater amount of negative regulator cact which is essential for normal development. 

Autoregulation is, possibly, the most effective way of positive regulation. It is tempting to propose that autoregulatory kB-motif may be important for the morphogen like action of dl (Roth et al, 1989). dl is transcription factor and orchestrates many roles in Drosophila like embryonic development; immune response etc. We have shown that Dorsal regulates its own expression as well expression of its negative regulator. This kind of regulatory loop saves energy for the cell. Still it was 
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Fig.5.15 Model of Dorsal autoregulation.

Activation and termination of dl is signal dependent which forms a signal amplification loop. dl regulates its own expression as well as expression of cactus and thus establishes both positive and negative regulation, which we call as “Dorsal Regulatory Loop”. Dorsal Regulatory Loop operates such that it maintains higher concentration of cact due to stronger activation of cactus promoter than that of dl.
puzzling to find that autoregulation of Dorsal is weaker than transactivation of its inhibitor cact. This question is pertinent in the light of our finding that DIF autoregulation is stronger than dl autoregulation although both belong to the same pathway and both are negatively regulated by cact (data not shown). We believe that the difference lies in the objective that the two molecules are meant to achieve. While dl is more important for embryonic development, DIF is more important for immune response. Immune response is an emergency response and warrants quick and strong induction of AMP genes which is primarily done by DIF and partially by dl. On the other hand dl is critical for embryonic development. Embryonic development is result of a complex interplay of multitude of signals and molecules. Both dl and cact decide dorso-ventral patterning of the Embryo. However, only functional copies of Dorsal and cact is not sufficient to rescue embryonic development. Embryonic development depends on dl/cact ratio as well. Normal embryonic development of Drosophila needs lesser amount of dl with respect to cact. Here we have shown weak autoregulation of dl as the possible mechanism that keeps dl level lower than cact level in the embryo. Current study suggests DNA-protein interaction depends on the geometry of DNA which in turn depends on the nucleotide sequence. We propose that different nucleotides in a DNA motif play two different functional roles. There are few which are important for DNA-protein interaction while there could be others which may be responsible for imparting ‘the geometry’ to the DNA motif. A protein may not interact with the DNA lacking proper geometry even if DNA binding nucleotides are conserved. Hence, mutations affecting nucleotides that regulate DNA geometry but are not involved in interaction with protein have more severe consequences on DNA-protein interaction than those which are involved in interaction with protein. 

· Adams, M.D. S.E. Celniker R.A. Holt C.A. Evans J.D. Gocayne P.G. Amanatides S.E. Scherer P.W. Li R.A. Hoskins R.F. Galle et al. 2000. The genome sequence of Drosophila melanogaster. Science 287: 2185-2195.

· Anderson, K.V., G. Jurgens, and C. Nusslein-Volhard. 1985. Establishment of dorsal-ventral polarity in the Drosophila embryo: genetic studies on the role of the Toll gene product. Cell 42: 779-789.

· Ando, K. and S. Natori. 1988. Molecular cloning, sequencing, and characterization of cDNA for sarcotoxin IIA, an inducible antibacterial protein of Sarcophaga peregrina (flesh fly). Biochemistry 27: 1715-1721.

· Andreu, D., R.B. Merrifield, H. Steiner, and H.G. Boman. 1983. Solid-phase synthesis of cecropin A and related peptides. Proc Natl Acad Sci U S A 80: 6475-6479.

· Andreu, D., R.B. Merrifield, H. Steiner, and H.G. Boman. 1985. N-terminal analogues of cecropin A: synthesis, antibacterial activity, and conformational properties. Biochemistry 24: 1683-1688.

· Ashida, M. 1990. The prophenoloxidase cascade in insect immunity. Res Immunol 141: 908-910.

· Ashida, M., Y. Ishizaki, and H. Iwahana. 1983. Activation of pro-phenoloxidase by bacterial cell walls or beta-1,3-glucans in plasma of the silkworm, Bombyx mori. Biochem Biophys Res Commun 113: 562-568.

· Asling, B., M.S. Dushay, and D. Hultmark. 1995. Identification of early genes in the Drosophila immune response by PCR-based differential display: the Attacin A gene and the evolution of attacin-like proteins. Insect Biochem Mol Biol 25: 511-518.

· Axen, A., A. Carlsson, A. Engstrom, and H. Bennich. 1997. Gloverin, an antibacterial protein from the immune hemolymph of Hyalophora pupae. Eur J Biochem 247: 614-619. 

· Babenko VN, Rogozin IB, Mekhedov SL, Koonin EV (2004) Prevalence of intron gain over intron loss in the evolution of paralogous gene families. Nucleic Acids Res 32: 3724-3733. 

· Bakula, M. 1969 The persistence of a microbial flora during postembryogenesis of Drosophila melanogaster. J Invertbr Pathol 14, 365-374. 

· Belvin, M.P. and K.V. Anderson. 1996. A conserved signaling pathway: the Drosophila toll-dorsal pathway. Annu Rev Cell Dev Biol 12: 393-416.

· Bernstein, L.B., S.M. Mount, and A.M. Weiner. 1983. Pseudogenes for human small nuclear RNA U3 appear to arise by integration of self-primed reverse transcripts of the RNA into new chromosomal sites. Cell 32: 461-472.

· Betran, E., and Long, M. 2003 Dntf-2r, a young Drosophila retroposed gene with specific male expression under positive Darwinian selection. Genetics 164: 977-988. 

· Bettencourt, R., O. Terenius, and I. Faye. 2002. Hemolin gene silencing by ds-RNA injected into Cecropia pupae is lethal to next generation embryos. Insect Mol Biol 11: 267-271.

· Bhattacharya, A., and Steward, R. 2002 The Drosophila homolog of NTF-2, the nuclear transport factor-2, is essential for immune response. EMBO rep 3: 378-383. 

· Boman HG, Hultmark D (1987) Cell-free immunity in insects. Annu Rev Microbiol 41:103-126.
· Boman, H.G. 1995. Peptide antibiotics and their role in innate immunity. Annu Rev Immunol 13: 61-92.
· Boman, H.G. 2003. Antibacterial peptides: basic facts and emerging concepts. J Intern Med 254: 197-215.

· Boman, H.G. and D. Hultmark. 1987. Cell-free immunity in insects. Annu Rev Microbiol 41: 103-126.

· Boman, H.G., I. Nilsson-Faye, K. Paul, and T. Rasmuson, Jr. 1974. Insect immunity. I. Characteristics of an inducible cell-free antibacterial reaction in hemolymph of Samia cynthia pupae. Infect Immun 10: 136-145.

· Bourdon, V., A. Harvey, and D.M. Lonsdale. 2001. Introns and their positions affect the translational activity of mRNA in plant cells. EMBO Rep 2: 394-398.

· Brand, A.H. and N. Perrimon. 1993. Targeted gene expression as a means of altering cell fates and generating dominant phenotypes. Development 118: 401-415.

· Brummel, T., Ching, A., Seroude, L., Simon, A.F. & Benzer, S. 2004 Drosophila lifespan enhancement by exogenous bacteria. Proc Natl Acad Sci U S A 101, 12974-12979. 

· Carlsson, A., Engstrom, P., Palva, E.T. and H. Bennich. 1991 Attacin, an antibacterial protein from Hyalophora cecropia, inhibits synthesis of outer membrane proteins in Escherichia coli by interfering with omp gene transcription. Infect Immun 5, 3040-3045. 

· Carmel, L., I.B. Rogozin, Y.I. Wolf, and E.V. Koonin. 2007. Evolutionarily conserved genes preferentially accumulate introns. Genome Res 17: 1045-1050.

· Carmel, L., Y.I. Wolf, I.B. Rogozin, and E.V. Koonin. 2007. Three distinct modes of intron dynamics in the evolution of eukaryotes. Genome Res 17: 1034-1044.
· Casteels, P., C. Ampe, F. Jacobs, M. Vaeck, and P. Tempst. 1989. Apidaecins: antibacterial peptides from honeybees. EMBO J 8: 2387-2391.

· Casteels-Josson, K., T. Capaci, P. Casteels, and P. Tempst. 1993. Apidaecin multipeptide precursor structure: a putative mechanism for amplification of the insect antibacterial response. EMBO J 12: 1569-1578.

· Celniker, S.E., D.A. Wheeler, B. Kronmiller, J.W. Carlson, A. Halpern, S. Patel, M. Adams, M. Champe, S.P. Dugan, E. Frise et al. 2002. Finishing a whole-genome shotgun: release 3 of the Drosophila melanogaster euchromatic genome sequence. Genome Biol 3: RESEARCH0079. 

· Charatsi, I., S. Luschnig, S. Bartoszewski, C. Nusslein-Volhard, and B. Moussian. 2003. Krapfen/dMyd88 is required for the establishment of dorsoventral pattern in the Drosophila embryo. Mech Dev 120: 219-226.

· Charlet, M., Lagueux, M., Reichhart, J.M., Hoffmann, D., Braun, A., and Meister, M. 1996. Cloning of the gene encoding the antibacterial peptide drosocin involved in Drosophila immunity. Expression studies during the immune response. Eur J Biochem 241: 699-706.

· Cho S, Jin SW, Cohen A, Ellis RE (2004) A phylogeny of Caenorhabditis reveals frequent loss of introns during nematode evolution. Genome Res 14: 1207–1220.
· Choe, K.M., T. Werner, S. Stoven, D. Hultmark, and K.V. Anderson. 2002. Requirement for a peptidoglycan recognition protein (PGRP) in Relish activation and antibacterial immune responses in Drosophila. Science 296: 359-362.

· Cociancich, S., A. Dupont, G. Hegy, R. Lanot, F. Holder, C. Hetru, J.A. Hoffmann, and P. Bulet. 1994. Novel inducible antibacterial peptides from a hemipteran insect, the sap-sucking bug Pyrrhocoris apterus. Biochem J 300 ( Pt 2): 567-575.
· Cociancich, S., A. Ghazi, C. Hetru, J.A. Hoffmann, and L. Letellier. 1993. Insect defensin, an inducible antibacterial peptide, forms voltage-dependent channels in Micrococcus luteus. J Biol Chem 268: 19239-19245.

· Cociancich, S., Bulet, P., Hetru, C., and Hoffmann, J.A. 1994. The inducible antibacterial peptides of insects. Parasitol Today 10: 132-139.

· Coulombe-Huntington J, Majewski J (2007) Characterization of intron loss events in mammals. Genome Res 17:23-32. 

· Davis JC, Petrov DA (2004) Preferential duplication of conserved proteins in eukaryotic genomes. PLoS Biol 2: E55.

· Derr, L.K. 1998. The involvement of cellular recombination and repair genes in RNA-mediated recombination in Saccharomyces cerevisiae. Genetics 148: 937-945.

· DeVeale, B., Brummel, T., and Seroude, L. 2004 Immunity and aging: the enemy within? Aging Cell 3: 195- 208. 

· Diamond, M.I., Miner, J.N., Yoshinaga, S.K., and Yamamoto, K.R. 1990. Transcription factor interactions: selectors of positive or negative regulation from a single DNA element. Science 249: 1266-1272.

· Dimarcq, J.L., E. Keppi, B. Dunbar, J. Lambert, J.M. Reichhart, D. Hoffmann, S.M. Rankine, J.E. Fothergill, and J.A. Hoffmann. 1988. Insect immunity. Purification and characterization of a family of novel inducible antibacterial proteins from immunized larvae of the dipteran Phormia terranovae and complete amino-acid sequence of the predominant member, diptericin A. Eur J Biochem 171: 17-22.

· Dimarcq, J.L., Hoffmann, D., Meister, M., Bulet, P., Lanot, R., Reichhart, J.M., and Hoffmann, J.A. 1994. Characterization and transcriptional profiles of a Drosophila gene encoding an insect defensin. A study in insect immunity. Eur J Biochem 221: 201-209.
· Duffy, J.B. 2002. GAL4 system in Drosophila: a fly geneticist's Swiss army knife. Genesis 34: 1-15.

· Dushay, M.S., Asling, B., and Hultmark, D. 1996. Origins of immunity: Relish, a compound Rel-like gene in the antibacterial defense of Drosophila. Proc Natl Acad Sci U S A 93: 10343-10347.

· Elrod-Erickson, M., S. Mishra, and D. Schneider. 2000. Interactions between the cellular and humoral immune responses in Drosophila. Curr Biol 10: 781-784.

· Engstrom, Y., Kadalayil, L., Sun, S.C., Samakovlis, C., Hultmark, D., and Faye, I. 1993. kappa B-like motifs regulate the induction of immune genes in Drosophila. J Mol Biol 232: 327-333.

· Fedorov A, Merican AF, Gilbert W (2002) Large-scale comparison of intron positions among animal, plant, and fungal genes. Proc Natl Acad Sci USA 99: 16128-16133. 

· Fenn, K. & Blaxter, M. 2006 Wolbachia genomes: revealing the biology of parasitism and mutualism. Trends Parasitol 22, 60-65.

· Ferrandon, D., Jung, A.C., Criqui, M., Lemaitre, B., Uttenweiler-Joseph, S., Michaut, L., Reichhart, J. and Hoffmann, J.A. 1998. A drosomycin-GFP reporter transgene reveals a local immune response in Drosophila that is not dependent on the Toll pathway. EMBO J 17: 1217-1227

· Ferris SD, Whitt GS (1979) Evolution of the differential regulation of duplicate genes after polyploidization. J Mol Evol 12: 267-317. 

· Fink, G.R. 1987. Pseudogenes in yeast? Cell 49: 5-6.

· Force A et al (2005) The origin of subfunctions and modular gene regulation. Genetics 170: 433–446.
· Gebauer, F., D.F. Corona, T. Preiss, P.B. Becker, and M.W. Hentze. 1999. Translational control of dosage compensation in Drosophila by Sex-lethal: cooperative silencing via the 5' and 3' UTRs of msl-2 mRNA is independent of the poly(A) tail. EMBO J 18: 6146-6154.

· Geisler, R., Bergmann, A., Hiromi, Y., and Nusslein-Volhard, C. 1992. cactus, a gene involved in dorsoventral pattern formation of Drosophila, is related to the I kappa B gene family of vertebrates. Cell 71: 613-621.

· Georgel, P., S. Naitza, C. Kappler, D. Ferrandon, D. Zachary, C. Swimmer, C. Kopczynski, G. Duyk, J.M. Reichhart, and J.A. Hoffmann. 2001. Drosophila immune deficiency (IMD) is a death domain protein that activates antibacterial defense and can promote apoptosis. Dev Cell 1: 503-514.

· Ghosh, S., Gifford, A.M., Riviere, L.R., Tempst, P., Nolan, G.P., and Baltimore, D. 1990. Cloning of the p50 DNA binding subunit of NF-kappa B: homology to rel and dorsal. Cell 62: 1019-1029.

· Giot, L., J.S. Bader, C. Brouwer, A. Chaudhuri, B. Kuang, Y. Li, Y.L. Hao, C.E. Ooi, B. Godwin, E. Vitols et al. 2003. A protein interaction map of Drosophila melanogaster. Science 302: 1727-1736.

· Gogos, J.A., J. Jin, H. Wan, M. Kokkinidis, and F.C. Kafatos. 1996. Recognition of diverse sequences by class I zinc fingers: asymmetries and indirect effects on specificity in the interaction between CF2II and A+T-rich elements. Proc Natl Acad Sci U S A 93: 2159-2164.

· Govind, S. and Steward, R. 1991. Dorsoventral pattern formation in Drosophila: signal transduction and nuclear targeting. Trends Genet 7: 119-125.

· Govind, S., Brennan, L., and Steward, R. 1993. Homeostatic balance between dorsal and cactus proteins in the Drosophila embryo. Development 117: 135–148.

· Hashimoto, C., D.R. Kim, L.A. Weiss, J.W. Miller, and D. Morisato. 2003. Spatial regulation of developmental signaling by a serpin. Dev Cell 5: 945-950.

· Hashimoto, C., K.L. Hudson, and K.V. Anderson. 1988. The Toll gene of Drosophila, required for dorsal-ventral embryonic polarity, appears to encode a transmembrane protein. Cell 52: 269-279.

· He  X, and Zhang J. 2005 Rapid subfunctionalization accompanied by prolonged and substantial neofunctionalization in duplicate gene evolution. Genetics 169: 1157–1164. 

· Hedengren, M., Åsling, B., Dushay, M.S., Ando, I., Ekengren, S., Wihlborg, M. and Hultmark, D. 1999. Relish, a central factor in the control of humoral, but not cellular immunity in Drosophila. Mol. Cell 4: 827-837 
· Hoffmann, J.A. 2003. The immune response of Drosophila. Nature 426: 33-38.

· Hoffmann, J.A., Hetru, C., and Reichhart, J.M. 1993. The humoral antibacterial response of Drosophila. FEBS Lett 325: 63-66.

· Hsu, T., C. Bagni, J.D. Sutherland, and F.C. Kafatos. 1996. The transcriptional factor CF2 is a mediator of EGF-R-activated dorsoventral patterning in Drosophila oogenesis. Genes Dev 10: 1411-1421.

· Hsu, T., J.A. Gogos, S.A. Kirsh, and F.C. Kafatos. 1992. Multiple zinc finger forms resulting from developmentally regulated alternative splicing of a transcription factor gene. Science 257: 1946-1950.
· Huang, D.B., Chen, Y.Q., Ruetsche, M., Phelps, C.B., and Ghosh, G. 2001. X-ray crystal structure of proto-oncogene product c-Rel bound to the CD28 response element of IL-2. Structure 9: 669-678.

· Hughes A. L. 1994 The evolution of functionally novel proteins after gene duplication. Proc R Soc Lond Ser B Biol Sci 256: 119–124.

· Hultmark, D. 1993. Immune reactions in Drosophila and other insects: a model for innate immunity. Trends Genet 9: 178-183.

· Hultmark, D., A. Engstrom, K. Andersson, H. Steiner, H. Bennich, and H.G. Boman. 1983. Insect immunity. Attacins, a family of antibacterial proteins from Hyalophora cecropia. EMBO J 2: 571-576.

· Humphrey, W., Dalke, A., and Schulten, K. 1996. VMD: visual molecular dynamics. J Mol Graph 14: 33-38, 27-38.

· Ip, Y.T., and Levine, M. 1992. The role of the dorsal morphogen gradient in Drosophila embryogenesis. Semin Dev Biol 3: 15-23.

· Ip, Y.T., M. Reach, Y. Engstrom, L. Kadalayil, H. Cai, S. Gonzalez-Crespo, K. Tatei, and M. Levine. 1993. Dif, a dorsal-related gene that mediates an immune response in Drosophila. Cell 75: 753-763.

· Ip, Y.T., Park, R.E., Kosman, D., Bier, E., and Levine, M. 1992. The dorsal gradient morphogen regulates stripes of rhomboid expression in the presumptive neuroectoderm of the Drosophila embryo. Genes Dev 6: 1728-1739.

· Ip, Y.T., Park, R.E., Kosman, D., Yazdanbakhsh, K., and Levine, M. 1992. dorsal-twist interactions establish snail expression in the presumptive mesoderm of the Drosophila embryo. Genes Dev 6: 1518-1530.

· Ip, Y.T., Reach, M., Engstrom, Y., Kadalayil, L., Cai, H., Gonzalez-Crespo, S., Tatei, K. and Levine, M. 1993. Dif, a dorsal-related gene that mediates an immune response in Drosophila. Cell 75: 753-763.

· Jeffares, D.C., T. Mourier, and D. Penny. 2006. The biology of intron gain and loss. Trends Genet 22: 16-22.

· Jiang, J. and Levine, M. 1993. Binding affinities and cooperative interactions with bHLH activators delimit threshold responses to the dorsal gradient morphogen. Cell 72: 741-752.

· Jiang, J., Ip, Y.T., Kosman, D., and Levine, M. 1991. The dorsal morphogen gradient regulates the mesoderm determinant twist in early Drosophila embryos. Genes Dev 5: 1881−1891.

· Jiang, J., Rushlow, C. A., Zhou, Q., Small., S. and Levine, M. 1992. Individual Dorsal morphogen binding sites mediate activation and repression in the Drosophila embryo. EMBO J 11: 3147-3154.

· Jin, W., Riley, R.M., Wolfinger, R.D., White, K.P., Passador-Gurgel, G. et al. 2001 The contributions of sex, genotype and age to transcriptional variance in Drosophila melanogaster.  Nat. Genet. 29: 389-395
· Kambris, Z., H. Bilak, R. D'Alessandro, M. Belvin, J.L. Imler, and M. Capovilla. 2003. DmMyD88 controls dorsoventral patterning of the Drosophila embryo. EMBO Rep 4: 64-69.

· Kanginakudru, S., C. Royer, S.V. Edupalli, A. Jalabert, B. Mauchamp, S.V. Prasad, G. Chavancy, P. Couble, and J. Nagaraju. 2007. Targeting ie-1 gene by RNAi induces baculoviral resistance in lepidopteran cell lines and in transgenic silkworms. Insect Mol Biol 16: 635-644.
· Kawakami, K., Scheidereit, C., and Roeder, R.G. 1988. Identification and purification of a human immunoglobulin-enhancerbinding protein (NF-kB) that activates transcription from a human immunodeficiency virus type 1 promoter in vitro. Proc Natl Acad Sci USA 85: 4700-4704.

· Kennerdell, J.R. and R.W. Carthew. 2000. Heritable gene silencing in Drosophila using double-stranded RNA. Nat Biotechnol 18: 896-898.

· Kylsten, P., Samakovlis, C., and Hultmark, D. 1990. The cecropin locus in Drosophila; a compact gene cluster involved in the response to infection. EMBO J 9: 217-224.

· Lambert, J., E. Keppi, J.L. Dimarcq, C. Wicker, J.M. Reichhart, B. Dunbar, P. Lepage, A. Van Dorsselaer, J. Hoffmann, J. Fothergill et al. 1989. Insect immunity: isolation from immune blood of the dipteran Phormia terranovae of two insect antibacterial peptides with sequence homology to rabbit lung macrophage bactericidal peptides. Proc Natl Acad Sci U S A 86: 262-266.

· Lanoix, J., J. Ouwendijk, C.C. Lin, A. Stark, H.D. Love, J. Ostermann, and T. Nilsson. 1999. GTP hydrolysis by arf-1 mediates sorting and concentration of Golgi resident enzymes into functional COP I vesicles. EMBO J 18: 4935-4948.

· Larizza, A., W. Makalowski, G. Pesole, and C. Saccone. 2002. Evolutionary dynamics of mammalian mRNA untranslated regions by comparative analysis of orthologous human, artiodactyl and rodent gene pairs. Comput Chem 26: 479-490.

· Le Hir, H., A. Nott, and M.J. Moore. 2003. How introns influence and enhance eukaryotic gene expression. Trends Biochem Sci 28: 215-220.

· Lecuit, M. and P. Cossart. 2002. Genetically-modified-animal models for human infections: the Listeria paradigm. Trends Mol Med 8: 537-542.

· Lee, K.Y., F.M. Horodyski, A.P. Valaitis, and D.L. Denlinger. 2002. Molecular characterization of the insect immune protein hemolin and its high induction during embryonic diapause in the gypsy moth, Lymantria dispar. Insect Biochem Mol Biol 32: 1457-1467.

· Lee, S.Y., H.J. Moon, S. Kurata, T. Kurama, S. Natori, and B.L. Lee. 1994. Purification and molecular cloning of cDNA for an inducible antibacterial protein of larvae of a coleopteran insect, Holotrichia diomphalia. J Biochem 115: 82-86.

· Lemaitre, B. 2004. The road to Toll. Nat Rev Immunol 4: 521-527.

· Lemaitre, B., E. Nicolas, L. Michaut, J.M. Reichhart, and J.A. Hoffmann. 1996. The dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults. Cell 86: 973-983.

· Lenardo, M.J., and Baltimore, D 1989. NF-kappaB: a pleiotropic mediator of inducible and tissue-specific gene control. Cell 58: 227-229.

· Leulier, F., A. Rodriguez, R.S. Khush, J.M. Abrams, and B. Lemaitre. 2000. The Drosophila caspase Dredd is required to resist gram-negative bacterial infection. EMBO Rep 1: 353-358.

· Leulier, F., S. Vidal, K. Saigo, R. Ueda, and B. Lemaitre. 2002. Inducible expression of double-stranded RNA reveals a role for dFADD in the regulation of the antibacterial response in Drosophila adults. Curr Biol 12: 996-1000.

· Levashina, E.A., Ohresser, S., Lemaitre, B. and Imler, J.L. 1998. Two distinct pathways can control expression of the gene encoding the Drosophila antimicrobial peptide Metchnikowin. J. Mol. Biol. 278: 515-527. 
· Lewin, R. 1983. How mammalian RNA returns to its genome. Science 219: 1052-1054.

· Liang, P. and A.B. Pardee. 1992. Differential display of eukaryotic messenger RNA by means of the polymerase chain reaction. Science 257: 967-971.

· Ligoxygakis, P., S. Roth, and J.M. Reichhart. 2003. A serpin regulates dorsal-ventral axis formation in the Drosophila embryo. Curr Biol 13: 2097-2102.

· Llopart, A., J.M. Comeron, F.G. Brunet, D. Lachaise, and M. Long. 2002. Intron presence-absence polymorphism in Drosophila driven by positive Darwinian selection. Proc Natl Acad Sci U S A 99: 8121-8126.

· Logsdon JM Jr. 1998  The recent origins of spliceosomal introns revisited. Curr Opin Genet Dev 8:637-648.

· Long, M. and C.H. Langley. 1993. Natural selection and the origin of jingwei, a chimeric processed functional gene in Drosophila. Science 260: 91-95.

· Lu, X.J. and Olson, W.K. 2003. 3DNA: a software package for the analysis, rebuilding and visualization of three-dimensional nucleic acid structures. Nucleic Acids Res 31: 5108-5121.

· Lu, Y., L.P. Wu, and K.V. Anderson. 2001. The antibacterial arm of the drosophila innate immune response requires an IkappaB kinase. Genes Dev 15: 104-110.

· Lundstrom, A., G. Liu, D. Kang, K. Berzins, and H. Steiner. 2002. Trichoplusia ni gloverin, an inducible immune gene encoding an antibacterial insect protein. Insect Biochem Mol Biol 32: 795-801.

· Lynch M, Conery JS (2000) The evolutionary fate and consequences of duplicate genes. Science 290: 1151–1155.

· Lynch M, Conery JS (2003) The origins of genome complexity. Science 302: 1401–1404.
· Lynch M, O'Hely M, Walsh B, Force A (2001) The probability of preservation of a newly arisen gene duplicate. Genetics 159:1789-1804.

· Lynch, M. and J.S. Conery. 2003. The origins of genome complexity. Science 302: 1401-1404.

· Mack, D.R., Chiu, T.K., and Dickerson, R.E. 2001. Intrinsic bending and deformability at the T-A step of CCTTTAAAGG: a comparative analysis of T-A and A-T steps within A-tracts. J Mol Biol 312: 1037–1049.

· Mackintosh, J.A., A.A. Gooley, P.H. Karuso, A.J. Beattie, D.R. Jardine, and D.A. Veal. 1998. A gloverin-like antibacterial protein is synthesized in Helicoverpa armigera following bacterial challenge. Dev Comp Immunol 22: 387-399.

· Manfruelli, P., Reichhart, J.M., Steward, R., Hoffmann, J.A., and Lemaitre, B. 1999 A mosaic analysis in Drosophila fat body cells of the control of antimicrobial peptide genes by the Rel proteins Dorsal and DIF.  EMBO J.: 18, 3380- 3391.

· Mantrova, E.Y. and T. Hsu. 1998. Down-regulation of transcription factor CF2 by Drosophila Ras/MAP kinase signaling in oogenesis: cytoplasmic retention and degradation. Genes Dev 12: 1166-1175.

· Marti-Renom, M.A., Stuart, A.C., Fiser, A., Sanchez, R., Melo, F., and Sali, A. 2000. Comparative protein structure modeling of genes and genomes. Annu Rev Biophys Biomol Struct 29: 291-325.

· Matsuyama, K. and S. Natori. 1988. Molecular cloning of cDNA for sapecin and unique expression of the sapecin gene during the development of Sarcophaga peregrina. J Biol Chem 263: 17117-17121.
· Medzhitov, R., P. Preston-Hurlburt, and C.A. Janeway, Jr. 1997. A human homologue of the Drosophila Toll protein signals activation of adaptive immunity. Nature 388: 394-397.

· Merrifield, R.B., P. Juvvadi, D. Andreu, J. Ubach, A. Boman, and H.G. Boman. 1995. Retro and retroenantio analogs of cecropin-melittin hybrids. Proc Natl Acad Sci U S A 92: 3449-3453.

· Mignone, F., C. Gissi, S. Liuni, and G. Pesole. 2002. Untranslated regions of mRNAs. Genome Biol 3: REVIEWS0004.

· Mita, K., M. Kasahara, S. Sasaki, Y. Nagayasu, T. Yamada, H. Kanamori, N. Namiki, M. Kitagawa, H. Yamashita, Y. Yasukochi et al. 2004. The genome sequence of silkworm, Bombyx mori. DNA Res 11: 27-35.

· Mita, K., M. Morimyo, K. Okano, Y. Koike, J. Nohata, H. Kawasaki, K. Kadono-Okuda, K. Yamamoto, M.G. Suzuki, T. Shimada et al. 2003. The construction of an EST database for Bombyx mori and its application. Proc Natl Acad Sci U S A 100: 14121-14126.

· Mitchell, P.J. and R. Tjian. 1989. Transcriptional regulation in mammalian cells by sequence-specific DNA binding proteins. Science 245: 371-378. 

· Mourier, T. and D.C. Jeffares. 2003. Eukaryotic intron loss. Science 300: 1393.

· Naitza, S., C. Rosse, C. Kappler, P. Georgel, M. Belvin, D. Gubb, J. Camonis, J.A. Hoffmann, and J.M. Reichhart. 2002. The Drosophila immune defense against gram-negative infection requires the death protein dFADD. Immunity 17: 575-581.

· Nelson, H.C., Finch, J.T., Luisi, B.F., and Klug, A. 1987. The structure of an oligo(dA).oligo(dT) tract and its biological implications. Nature 330: 221-226.

· Nielsen CB, Friedman B, Birren B, Burge CB, and Galagan JE (2004) Patterns of intron gain and loss in fungi. PLoS Biol 2: e422.

· Nott, A., S.H. Meislin, and M.J. Moore. 2003. A quantitative analysis of intron effects on mammalian gene expression. RNA 9: 607-617.

· Ohno, S. 1970 Evolution by Gene Duplication. Springer-Verlag, New York
· Orgel, L.E, Crick, F.H. 1980 Selfish DNA: the ultimate parasite. Nature 284: 604-607.

· Pan, D., and Courey, A.J. 1992. The same dorsal binding site mediates both activation and repression in a context-dependent manner. EMBO J 11: 1837-1842.

· Pan, D.J., Huang, J.D., and Courey, A.J. 1991. Functional analysis of the Drosophila twist promoter reveals a dorsal-binding ventral activator region. Genes Dev 5: 1892-1901.

· Pesole, G., F. Mignone, C. Gissi, G. Grillo, F. Licciulli, and S. Liuni. 2001. Structural and functional features of eukaryotic mRNA untranslated regions. Gene 276: 73-81.

· Phillips, J.C., Braun, R., Wang, W., Gumbart, J., Tajkhorshid, E., Villa, E., Chipot, C., Skeel, R.D., Kale, L., and Schulten, K. 2005. Scalable molecular dynamics with NAMD. J Comput Chem 26: 1781-1802.

· Ptashne, M. and A. Gann. 2001. Transcription initiation: imposing specificity by localization. Essays Biochem 37: 1-15. 

· Qiu, P., P.C. Pan, and S. Govind. 1998. A role for the Drosophila Toll/Cactus pathway in larval hematopoiesis. Development 125: 1909-1920.
· Ranz, J.M., Castillo-Davis, C.I., Meiklejohn, C.D., and Hartl, D.L. 2003 Sex-dependent gene expression and evolution of the Drosophila transcriptome. Science 300: 1742-1745
· Reichhart, J.M., Meister, M., Dimarcq, J.L., Zachary, D., Hoffmann, D., Ruiz, C., Richards, G., and Hoffmann, J.A. 1992. Insect immunity: developmental and inducible activity of the Drosophila diptericin promoter. EMBO J 11: 1469-1477.

· Rodríguez-Trelles F, Tarro R, Ayala FJ (2006) Origin and Evolution of Spliceosomal Introns. Annu Rev Genet 40: 47-76.
· Rogozin IB, Wolf YI, Sorokin AV, Mirkin BG, Koonin EV  (2003) Remarkable interkingdom conservation of intron positions and massive, lineage-specific intron loss and gain in eukaryotic evolution. Curr Biol 13: 1512-1517

· Rong, Y.S. and K.G. Golic. 2000. Gene targeting by homologous recombination in Drosophila. Science 288: 2013-2018.

· Roth, S., Hiromi, Y., Godt, D., and Nusslein-Volhard, C. 1991. cactus, a maternal gene required for proper formation of the dorsoventral morphogen gradient in Drosophila embryos. Development 112: 371-388.

· Roth, S., Stein, D., and Nusslein-Volhard, C. 1989. A gradient of nuclear localization of the dorsal protein determines dorsoventral pattern in the Drosophila embryo. Cell 59: 1189-1202.

· Roy SW, Gilbert W (2005) Rates of intron loss and gain: Implications for early eukaryotic evolution. Proc Natl Acad SciUSA 102: 5773–5778.

· Roy SW, Gilbert W (2006) The evolution of spliceosomal introns: Patterns, puzzles and progress. Nat Rev Genet 7: 211–221.




· Roy SW, Hartl DL (2006) Very little intron loss/gain in Plasmodium: Intron loss/gain mutation rates and intron number. Genome Res 16: 750–756.

· Rubin, G.M. and A.C. Spradling. 1982. Genetic transformation of Drosophila with transposable element vectors. Science 218: 348-353.

· Rushlow, C. and Warrior, R. 1992. The rel family of proteins. Bioessays 14: 89-95.

· Rushlow, C., Doyle, H., Hoey, T., and Levine, M. 1987. Molecular characterization of the zerknullt region of the Antennapedia gene complex in Drosophila. Genes Dev 1: 1268-1279.

· Rutschmann, S., A.C. Jung, R. Zhou, N. Silverman, J.A. Hoffmann, and D. Ferrandon. 2000. Role of Drosophila IKK gamma in a toll-independent antibacterial immune response. Nat Immunol 1: 342-347.

· Sakurai H, Susumu I, Tomino S (1995) In Vitro transcription and translation protocols. ed Martin JT (Humana press Inc, New Jersey) pp 233-244.

· Sakurai, A., S. Fujimori, H. Kochiwa, S. Kitamura-Abe, T. Washio, R. Saito, P. Carninci, Y. Hayashizaki, and M. Tomita. 2002. On biased distribution of introns in various eukaryotes. Gene 300: 89-95.

· Satoh, D., A. Horii, M. Ochiai, and M. Ashida. 1999. Prophenoloxidase-activating enzyme of the silkworm, Bombyx mori. Purification, characterization, and cDNA cloning. J Biol Chem 274: 7441-7453.

· Schneider, D.S., K.L. Hudson, T.Y. Lin, and K.V. Anderson. 1991. Dominant and recessive mutations define functional domains of Toll, a transmembrane protein required for dorsal-ventral polarity in the Drosophila embryo. Genes Dev 5: 797-807.
· Senger, K., Armstrong, G.W., Rowell, W.J., Kwan, J.M., Markstein, M., and Levine, M. 2004. Immunity regulatory DNAs share common organizational features in Drosophila. Mol Cell 13: 19-32.

· Shea, M.J., D.L. King, M.J. Conboy, B.D. Mariani, and F.C. Kafatos. 1990. Proteins that bind to Drosophila chorion cis-regulatory elements: a new C2H2 zinc finger protein and a C2C2 steroid receptor-like component. Genes Dev 4: 1128-1140.

· Silverman, N., R. Zhou, S. Stoven, N. Pandey, D. Hultmark, and T. Maniatis. 2000. A Drosophila IkappaB kinase complex required for Relish cleavage and antibacterial immunity. Genes Dev 14: 2461-2471.

· St Johnston, R.D. and Gelbart, W.M. 1987. Decapentaplegic transcripts are localized along the dorsal-ventral axis of the Drosophila embryo. EMBO J 6: 2785-2791.

· Steward, R. 1987. Dorsal, an embryonic polarity gene in Drosophila, is homologous to the vertebrate proto-oncogene c-rel Science 238: 692-694.

· Stoven, S., I. Ando, L. Kadalayil, Y. Engstrom, and D. Hultmark. 2000. Activation of the Drosophila NF-kappaB factor Relish by rapid endoproteolytic cleavage. EMBO Rep 1: 347-352.

· Sugiyama, M., H. Kuniyoshi, E. Kotani, K. Taniai, K. Kadono-Okuda, Y. Kato, M. Yamamoto, M. Shimabukuro, S. Chowdhury, J. Xu et al. 1995. Characterization of a Bombyx mori cDNA encoding a novel member of the attacin family of insect antibacterial proteins. Insect Biochem Mol Biol 25: 385-392.

· Sun, S.C., I. Lindstrom, H.G. Boman, I. Faye, and O. Schmidt. 1990. Hemolin: an insect-immune protein belonging to the immunoglobulin superfamily. Science 250: 1729-1732.

· Suzuki, Y., M. Tsuda, S. Takiya, S. Hirose, E. Suzuki, M. Kameda, and O. Ninaki. 1986. Tissue-specific transcription enhancement of the fibroin gene characterized by cell-free systems. Proc Natl Acad Sci U S A 83: 9522-9526.

· Thisse, C., Perrin-Schmitt, F., Stoetzel, C., and Thisse, B. 1991. Sequence-specific transactivation of the Drosophila twist gene by the dorsal gene product. Cell 65: 1191-1201.

· Tiersch, T.R., Mitchell, M.J., and Wachtel, S.S. 1991 Studies on the phylogenetic conservation of the SRY gene. Hum. Genet. 87: 571- 573.
· Tingvall, T.O., E. Roos, and Y. Engstrom. 2001. The GATA factor Serpent is required for the onset of the humoral immune response in Drosophila embryos. Proc Natl Acad Sci U S A 98: 3884-3888.

· Venter JC et al (2001) The sequence of the human genome. Science 291:1304-1351.
· Vidal, S., R.S. Khush, F. Leulier, P. Tzou, M. Nakamura, and B. Lemaitre. 2001. Mutations in the Drosophila dTAK1 gene reveal a conserved function for MAPKKKs in the control of rel/NF-kappaB-dependent innate immune responses. Genes Dev 15: 1900-1912.
· Weiner AM, Deininger PL, Efstratiadis A (1986) Nonviral retroposons: genes, pseudogenes, and transposable elements generated by the reverse flow of genetic information. Annu Rev Biochem 55: 631–661.

· Wicker, C., J.M. Reichhart, D. Hoffmann, D. Hultmark, C. Samakovlis, and J.A. Hoffmann. 1990. Insect immunity. Characterization of a Drosophila cDNA encoding a novel member of the diptericin family of immune peptides. J Biol Chem 265: 22493-22498.

· Wilkie, G.S., K.S. Dickson, and N.K. Gray. 2003. Regulation of mRNA translation by 5'- and 3'-UTR-binding factors. Trends Biochem Sci 28: 182-188.

· Williams, M.J., A. Rodriguez, D.A. Kimbrell, and E.D. Eldon. 1997. The 18-wheeler mutation reveals complex antibacterial gene regulation in Drosophila host defense. EMBO J 16: 6120-6130. 

· Wilson, J.W., M.J. Schurr, C.L. LeBlanc, R. Ramamurthy, K.L. Buchanan, and C.A. Nickerson. 2002. Mechanisms of bacterial pathogenicity. Postgrad Med J 78: 216-224.

· Wu, L.P. and Anderson, K.V. 1998. Regulated nuclear import of Rel proteins in the Drosophila immune response. Nature 392: 93-97.

· Xia, Q., Z. Zhou, C. Lu, D. Cheng, F. Dai, B. Li, P. Zhao, X. Zha, T. Cheng, C. Chai et al. 2004. A draft sequence for the genome of the domesticated silkworm (Bombyx mori). Science 306: 1937-1940.

· Xu, T. and G.M. Rubin. 1993. Analysis of genetic mosaics in developing and adult Drosophila tissues. Development 117: 1223-1237.

· Yang, Y., J. Shah, and D.F. Klessig. 1997. Signal perception and transduction in plant defense responses. Genes Dev 11: 1621-1639.

· Yoshihama M, Nakao A, Nguyen HD, Kenmochi N (2006) Analysis of ribosomal protein gene structures: implications for intron evolution. PLoS Genet 2: e25.

· Zhang Z, Harrison PM, Liu Y, Gerstein M (2003) Millions of years of evolution preserved: A comprehensive catalog of the processed pseudogenes in the human genome. Genome Res 13: 2541–2558. 



  Male Biased genes    Female Biased genes 
Fig. S4.1 summary of genetic epistasis studies on regulation of female biased immune response.

 This schematic diagram shows the effect of bacterial infection on sex biased activation of AMP genes in wild type and various mutant backgrounds. Clearly when the Rel proteins become female biased, AMP genes also become female biased in wild type challenged flies. With any of upstream mutants like tl, imd, ird5, dredd, there is no activation of Rel proteins and their basal expression remains male biased. In these mutants AMP genes are also not induced and their basal expression remains male biased. This suggests that induction of Rel proteins is must for female biased induction of AMP genes.

Supplementary Figure S5.1
GTTTAGCTATTTTCCGCGTTGTTTCAAAATCGAAAATCCATATATGCACATATGTATTTG
TTCCGTTTTAAGCCATATTTATATGCACACAGTTCAAAACTTTTATCGACAAGTGTTTAA
AGCTTTTAAGTCGCGCTCGCTCGCACACGCATATTTAGTGCGCTGAACCGAAAAGCTTTT
ATCCAAAATATACAAACACGTGCGAGGCTCATTCAGTGATCTGTTTCGTTCTATACAGTC
CATCGGTATCCGACAATCAGTGCAGTTCGAATTTTCCACCAGGAAAATTTCGCAAAAGCC
AACAAAAGAAGTCACAATAAGGTATGCTGCTAGTGAAAATTGGCTAACAAAAATCCATAA
AAAATACATAATTGACCTTCAAAGAAATTTGAATAGGCGTTCTTAAGACACGTTTGCTTT
TATCAAGCCAAGAAAACGAATTTTCCTTTGTCCGCATAAAGAGCTAATTTTGTAGCCTGC
CTATTAATAACTCTAGTCTAGACGCAGACTAGTGGTTGCAAAGTCAAGACCCCGATTTGT
TTATGTTTTTCCTGCTAATTGATTATCAATATAAACAAACTCATCGTCAACTGATAAGGT
GTAAAAGCATTTACACACACACACCCACACACCTTGGCATGGTAACAAGAGTAAGAGAGG
AACGGCGAAGTGAGAAGATTGATTAACACATCAAAAAGTGCAAAGGGATCGTAAATACAT
ACATATATACTCTAAGTGCAGCCTGGCAACAGATCAGCTGTTTCTGCGTGAGTGTGCGTG
TGTGTGTGCGCGGGTCCAGTGGGAGTGGAAACCGACTGAATTGCAAATTAGTTCAGTGGC
GCATGCTTATGTAGTTTTTTTTTATCATTTAGCACAAGTGTCTTAGGATAAAAGAACATT
CCGGTGTTTTAAATTTTCCAACCATGTTGCGACGTTCTATAGGATCCATTTCGGTCTTGG
CTTCCCGGAATTACGCCGGAAAGTCTAACTTCAGGTGTGTATGCTCATAAGAAAGTGAAT
CGGGTCCGAAATAAAACGTAATATCATACGAAGAAAAACAAAGCGTGCGCTAGAGATGAG
TGCGTGACGAAAGTGAATTAAGGGAAAAGCCAATGGAAAGCGTAAAAATATATTATTAAT
AATACTAATATTCGGTACTTGCATTGCATAATTATTATTATTTTATAACACAGTTATAAG
TTGTTACGCCGGTTCTCATTATAAATTTGTATTAAAATTCCTTATATCTTTATATTTATA
TAAGTGTTGTATTATTTATATTAATATTTTGTATTATATACCTTTATATCTTTTTGTCGA
AATAGGTTAAATTATATTTATAAAAATTAATCAAGAATAATGGGAACAAACAATCGCGTA
CGCTTCCATCCCTAGATTTGTAGAACATCTGATTGGGGCGTTGCCACCCAACTCGTTTTA
TCTGCCGGTGGCAGCTCTGCCTTGTTTTTATTTTAGTGTGCGCGGTGTGTTGAAATCAGG

Fig. S5.1 The sequence underlined shows the functional Rel binding site in Rel promoter. 
Supplementary Figure S5.2

kB-motif in DIF promoter
TGTATGGCTAAAAGCACAATCGCAACTAAAATCCTTCTACAGTGATCCCTAGCCATAAAG
AGCAAGAAATTTTAAAATAATAGAATAAAAGTGTGGATTACAATTGTAAATTTGATAATA
ACATGTTCAAAAAGTTATACAAATTGTCGTACTATATTTTCATCTATATCTAAATATTCA
TATTTGCTCAATAAATTGCTAAATAAATAAATATCTGTTTTCCTAACTTAAAATTTCTCA
AACCCCAGAGCTGAAATAGTTTAGTTTATTTTTGCACGTCCTGAGGTATTCTTGGCTTTG
TTGCAATCCTATATAGATGTAAATTGCGGCCGGGAAATTTGCTCCCAAAATGCATTTTGT
CCGCAGACGAGCCCACGCTACATGAAAACTGTGTTTTTAGTTCGAAATTTTCGTGGGCTA
GCAGAAATAAATTATACTATTTTCATTCATGCACAACAATAATGAAATATTTCCACCCGA
TTGGCAATGTTAACTGCAAATATTTTTCCCCTACGTGTTTGGTCTGCACTTGTGTTTATT
TCAATGACTAAAATCTGTCTATGGAACAGAAGCCAAAAATTGAGTTAATAACTCAGTTCG
ACCTTAGACGTTGGCGAATCTTTTTTCGGTCTCATTTGGGAATTTTGTTGGCGTGAATTA
GCAACGTTGTATGGATTTTATAATTTACATTTGCCGAGGGTCGAACTCGTTTCAGGTCTG
TCAATTCCTGGGAAAATCAATAAAAACATTCAGCTGTCATACCTATATTAGATAAATAGA
TCTATTGTTATGCATCTGGCTAATAGTTGTCGATTTTTTTCGGCTTCTCATTCCAGAATG
GCGAATGATTCACATAAAGAAAAACTTTTCCTCCTATCTGATCTTATAATAAACCTTTGA
TCTTGATTTGTCCAGAAACCTGTGCACTATTTTAAACGAATTTTTAATGAGAAAAGAGTT
CATGTGAAATAACATCTTAGGTATTTTGAATTTTTATGATATTTCCAAACCATTCATAAC
AATAAATTTTCATTCCCAGCAAAAAGTACACATTTTTTTGTAAGGGAATCAATGTTTACT
TATAGCCGAAAATCGAAATTGGAACACCTGCAGAGCGTTATAAAAATCTCAACACTTTTC
CAAATCCACTTAAAAATCTATAACCATTTTTTCTGCTCGATGGCGTCATAGGAACGCACT
TGAACACAAATACATTAGAGAGAACGAAACATTGAGTACGCACAACGGAAATGAAAATAA
ATAAAGGAAAAGTGAAGCAGTTTCGAAAATAAAAACAGATATTGGCACCCTCCGTCAGTT
GCGATCAGCAACCATCATATCAGCAGCGGTAACTTTTTATCACGTATACGTATCACGTAT
ACGTATCAAGTATACGAACCGAATGCATGCGATCGCAGAGAGCGAACAGCTGAGAATGGA
GCCTGAGCTATCGAAGCCATTCCGAAGCTCTCTTGCAGCCGAGTGTGAAGCGAACCGCTC

Fig. S2 The sequence underlined shows the functional kB-motif in DIF promoter.
Supplementary Figure S5.3

ACCAGGTGGCATGACCTTCGTGCCAGTGTGGTTTTGATAACGATTTACGATAATGGCGGA

AAGTCCTTTTTTATGCATATGTACGTAGTATTGGGAAGAACTTAAGCATGTGGATTTTGT

GTCACCGACCATCCAACTTTAATTAATATTATTTTTATTCTTATTTACTTATAAATTTTT

CACAGTAATAAAATAGGAACATTTAGTACTTATTTGTAATTTTGTCATGAAATTATAAAA

ATACTACCTGGTTCTTTCGCATGTATTTCAAACTGATAATATTTCGTTTTCCAAATAATG

TGACAATTATATTTTCTATTCATCGTTCATATTTAATAATTTGGTTTAATTAGCTGAAAA

ACCCAAAACATAAAAATCCTTATCTAACGTGCGACCACTTTTTAAGCGATGTATTCAATT

ATCAACTGTACTGACCCCCATTTCCCCAGAAGGTGAATCAGCAATATTATCAAATTCCGC

GTAACAAGCCGTCTTGAATGTCAGAGGTCCTCCGCCCGGAAAGTGAAAGCTGCTCCGGAA

TGCTGAGCACGAAGCAAGTGAGTCACGGCATTGAGACTCTGCCGCAGTGGAAATTAATGC

CACAACAAATGCCGGCGCAGGATATTATCCTTTTTCCAGGAATCGTACGCTGATTCAGAC

CCCCCAACCGCATGGGTGGGAGTGGGGTCTTAAATGGATAGCTCGCAGCCACACACACAG

ATAGTTAGTGCTCACCGTGCTGTTTCATTCATAAAAGCTGAAAAAGCTTTTCGGAGGCAG

TCGCTCGTGGAGATGAGTCACATGTGAAAGACACTGAGATAAATGACGGAAGTTATTTTT
TCCATTTATATTTTACTTTTCGTAAATATGCATATATAGTTGGAATATTCGGCTATTTAA

ACGAATCTCACATTGAAAATCGAATTCTTGATGATTGGTTACCATACAGTTGAATTCTCA

ATATTTAAGAAAAACAAAATATTTATATTTTCCGATTCCTTTGGGATGCTCCTAATAAAA

AGATATGCATTTTCAATTAATTAGGTATTCCTTCAATATAATACGTGTTATAGATTTAAA

AGGTGACACATTTTAAAAGCTTTTGAAAGAAACAACTGGCCTGCATTCCTACTAATCGGT

ATCAGTCAGATAAAAACATTTATATTATATGTATGTATATATTGTTTCGCCTTTATGCAA

TCATCGCGTATTCCTCGAAACTCGGATTTGTGGAAGATGTGGACATCTGTAAGCTATAAG

TCGCAAGTGGAAAACTTCAATCGTACGTGACTCAGCACATGCTGATCTCGCACTCTTCGC

CAAGCTAGGCTCTTCGGATTGTCTCTCTTCTGAGCTTAAGTCGAGACTGCAAAGAGCAGA

GCTTGGGGCCGACTACTTAACTCCGTTGAAAGCTTCGCGATCTGCAAGTTTTGCGGTATT

TTTCAGTGGCGCATACGGTATTGAAAGTTTGGCTCGCCTGTTTCTTCTTGGTGGGCAGTT
Fig. S5.3 The functional kB-motif of dl promoter is shown in blue while the sequences shown in red represent putative AP-1 bindng site in the dl promoter. 
Primer list
For the synthesis of probe used in RNase protection assay and Real Time PCR.
Glv1-3’utrF: ATTATCGGCCGTCTGGTGTA

Glv1-3’utrR: AGGCTTACGAGGCAAGAATG 
For cloning of intronV.
Exon5 F: GCGTGTGGGATCTTGGTAAG

Exon6 R: AGGCTTACGAGGCAAGAATG 
Primers used for RT-PCR.
Glv1F: CGCGGATCC atgtattccaaggtgttgttatccg
Glv1R: AGAGGTACCggccgataatggtgttgacaat
Glv2F: CGCGGTACCatgaattcaaatctgttttatatcttcg
Glv2RGlv2R: AGAGGATCCaccaatcatggcggatctct
Glv3F: TTACGGCACCAGGGTCTTAG

Glv3R: CCGGATCTCTGCTTGAAGAC
Glv4F: AAACGATGATGGGCTTTTTG
Glv4R: ATCCCACACTCCTGAACCTG

HemolinF: ccgttaattccggagacaag
HemolinR: cttaggcgtgtcgccatta
AttacinF: atgtccaagagtgtagcgttgttg

AttacinR: ggctcccacgaagatctgta
Primers used for cloning RNAi target sequences.
Glv1RNAiF: CGCGGATCCagtgccgcttagacaagcat
Glv1RNAiR: AGAGGTACCtgaatgttggtgatttaaagagga
Glv2RNAiF: CGCGGATCCtcaacacttaaacaataatcttttgc
Glv2RNAiR: AGAGGTACCccgtcataacaaagcacgag

ie-1 RNAi F: CCAAACGACTATGACGCAAATT

ie-1 RNAi R: TTGTTAAATTGGCCCACCAC
Probes used in EMSA. (sequence in italics shows putative core binding site)
Intron5-CF2 oligo: AGTAAATATATATATTTAAA (2X)  

Intron5-CF2 mutant oligo: AGTAAATAAATAAATTTAAA
The following primers were used for ChIP assay: 

DlChip3F- TCGTTTTCCAAATAATGTGA, 
DlChip3R- GGACCTCTGACATTCAAGAC,
 DlChip2F- TGGAATATTCGGCTATTTAAACG,
 DlChip2R-TTGAAAATGCATATCTTTTTATTAGGA,
 DlChip1F- ATCGTACGTGACTCAGCACA,
 DlChip1R- TAACTGCCCACCAAGAAG.

Oligos used in EMSA (sequence shown in italics represent the putative dl binding site)
Dl  - TTTA (AGAAAAACA)2AAAT

mutant  oligo – TTTA(ACTAAAATT) 2AAAT

A6 mutant oligo - TTTA (AGAAAATCC)2 AAAT

A7 mutant oligo - TTTA (AGAAATACC)2AAAT

1GJI oligo - TTTA (AGAAATTCC)2AAAT
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The minimized and equilibrated system is subjected to Molecular Dynamics Simulation of 2ns





The system is electro-neutralized by adding 30 NA+ and 15 Cl- ions, and  


removing 45 water molecules, located more than 9 Å apart from each 


other and 5 Å apart from the protein DNA atoms. The resulting system is 


equilibrated for 15ps.





The protein DNA backbone of the system is fixed and the system is 


equilibrated for 5ps.





Water molecules closer than 1.8 Å of the protein-DNA system removed.


 The system is equilibrated for 30ps at 300K.
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EQUILIBRATION























Minimized structure is immersed in the center of a box of radius 10 Å filled with water. The system is further subjected to 1000 steps of energy 


minimization by keeping the oxygen atoms fixed and using Particle Mesh 


Ewald (PME) method
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Initial minimization of 2000 steps at 300K





MINIMIZATION





Modeled structure is subjected to molecular simulation by NAMD2





Homology modeling of Dorsal protein taking mutated 1GJI as a template with Modeller 9v2





Mutate DNA structure of 1GJI with X3DNA 





Molecular modeling and simulation protocol
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