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Abstract 
 

	  
Lamarck believed that traits acquired during an organism’s lifetime could be 
passed onto the next generation. Although this idea of the inheritance of 
acquired characters was discarded due to lack of experimental evidence, 
Conrad H. Waddington realized its significance. In 1953, he showed that 
Drosophila melanogaster (wild-type) flies that were heat-shocked produced a 
Crossveinless (cve; disrupted posterior crossveins) trait. Through repeated 
selection of this trait with heat-shock, he not only increased its frequency in 
the population, but also found individuals, from the untreated stock, showed 
the phenotype. It is this apparent inheritance of an acquired character that is 
so important to evolutionary theory. Despite the long history of this 
experiment, little is known about the underlying molecular mechanism for 
Genetic Assimilation. The main aim of this work was to examine Genetic 
Assimilation at the molecular level. Revisiting the experiment indicated that 
the there is much that remains unclear. We have shown that (a) production of 
cve is strain specific, with the white-eyed lines being vulnerable and the wild-
type not. Microarray analysis used to compare RNA expression in the wing 
discs from both the strains appeared to validate the strain specific nature of 
the trait. (b) Though the frequency of the cve allele increased in every 
generation, there was a price that crossveinless flies had to pay, in the form of 
reduced fitness. (c) Assimilation of cve was found to be heritable but, unlike 
Waddington’s classic work, it did not tend towards fixation; appearing more 
like a transient, low penetrance effect. Based on the results from whole-
genome re-sequencing on Assimilated cve flies, we propose a model for the 
production of crossveinless. Single nucleotide variants unique to the 
assimilated line were found to be spread across three major chromosomes, X, 
2 and 3. Cve appears to be a result of widespread heterochromatization of the 
genome that leads to position effects, which then alter the function of key 
epigenetic and developmental processes. The results, therefore, not only 
indicate a polygenic basis for crossveinless but also imply that this stress 
induced trait affects the fly on a broader scale than it was understood before.  
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Chapter 1 

  Introduction and Scope  

 

1.1 The scientific problem 

The inheritance of an acquired character, by the process of genetic assimilation was one 
of the cornerstone experiments in the history of developmental genetics. Conrad. H. 
Waddington (1905-1975) proposed that development would evolve to become robust 
against environmental disturbances through selection acting on the developmental 
system, a process he called “genetic assimilation” (Waddington C.H., 1953a,b). More 
precisely, he defined genetic assimilation as a process by which a phenocopy (an 
environmentally induced phenotypic character), triggered initially in response to an 
environmental influence, becomes, through repeated selection, incorporated into the 
genetic makeup of the organism so that it is formed even in the absence of the 
environmental stimulus which had at first been necessary. 

 
 By experimenting with a simple phenocopy, such as the “crossveinless” (cve; 
Drosophila flies with a disrupted posterior crossvein in their wings), Waddington 
concluded that repeated selection of the trait, under heat-shocking conditions, the 
population reaches a point where individuals no longer need the initial stimulating 
factor (heat-shock) to express the unique phenocopy (Waddington C.H., 1953). 
Although this was ground breaking work, no further work has been done to examine 
the underlying molecular basis for Genetic Assimilation. Additionally, the plausibility 
and implication for genetic assimilation in a natural adaptation needs to be re-
examined. In the past scientists, such as Waddington and J.M. Rendel, have argued the 
importance of genetic assimilation in a natural scenario (Eshel I., 1998). To them it was a 
channel that provides beneficial variations to the population under stress. Under 
conditions of immediate stress, such as heat-shock, crossveinless bears no adaptive 
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advantage to the fly. To understand the selection of an insignificant trait, and its 
eventual assimilation in natural conditions seems impractical.  
 
This chapter will provide a detailed background on the crossveinless phenocopy used 
in Waddington’s classic experiment (Waddington C.H., 1953); the basic premise behind 
the phenomenon of Genetic Assimilation – the way key signalling cascades interact 
during the development of wing veins. 

 
 

1.2 The Crossveinless Phenocopy: a review of literature 

1.2.1 Background 

One of the founding experiments in the field of Evolution and Development was carried 
out by Waddington (Waddington C.H., 1953). The basic premise of his experiment was 
the incorporation of an acquired character into the genetic makeup of an organism. In 
his experiment, Waddington heat-shocked flies to trigger a low frequency of 
crossveinless phenocopy (posterior crossvein defect in the adult wing; figure 1.1). By 
selecting those flies that displayed the trait, he bred them and heat-shocked the 
progeny. Waddington demonstrated that the trait was selectable. After four rounds of 
selection the cve phenotype occurred in the majority of flies, and by fourteen rounds 
cve occurred without heat-shock. This is the crux of this experiment; continued heat-
shock and selection led to the apparent inheritance of an acquired characteristic, 
crossveinless. This finding, taken at face value, is inconsistent with Mendelian 
inheritance. Waddington named this process ‘Genetic Assimilation’ and it is an 
important concept in evolution as it may provide a mechanism for the production of 
variation in a population when the environment changes; variation that can be selected, 
leading to rapid evolution.  
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Figure 1.1 Posterior crossvein defects in the wings of Drosophila. Adapted from Waddington C.H., 1953. 

 
 
1.2.2 The dynamics of developmental change in biology 

1.2.2.1 Canalization, the concept of a definite end result 
 

 

Figure 1.2. Canalization and the assimilation of stress induced phenotypic variants. Cartoon A is 
analogous to a trait fixed over generations and cartoon B is equivalent to a phenotypic deviant. 
Canalization in the form of a threshold barrier (shown as horizontal bars) buffers the fixed trait from all 
phenotypic variations that arise spontaneously, during the development of an organism. During stress, 
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this barrier is compromised and lowered, allowing phenotypic deviants to manifest. According to 
Waddington, repeated selection of such variants under stress could ultimately fix some of these variants 
in the genetic make up of the organism; in other words become genetically assimilated. 

 

 

Canalization, a term also first coined by Waddington (Waddington C.H., 1942), refers to 
the development buffering machinery by which variability is minimized, and an 
invariant phenotype produced. This threshold may, however, be occasionally reduced 
(Figure 1.2) by environmental stress. Selection of the variants that arise due to stress 
over generations leads to fixation: defined by Waddington as being Genetically 
Assimilated. Canalization ensures that, under normal favorable conditions, phenotypic 
deviants do not cross the threshold barrier and become expressed. This barrier is kept 
high under normal environmental conditions. It has been shown that single-gene 
knockouts leads to increased phenotypic variability among the mutant’s offspring 
(Steiner U.K. and Buskirk V.J., 2009). This has been interpreted as an intrinsic ability of 
genes to buffer variation, known as Capacitance. A genetic buffer or capacitor (for e.g. 
Hsp90) is a gene that maintains the system’s robustness towards phenotypic variations. 
There is a threshold up to which a buffer, such as Hsp90, maintains capacitance, and 
can build up mutations without producing any phenotypic change (Rutherford S. L. et 
al., 2007). During a sudden change in the environment, however, the functioning of the 
buffer can become impaired. This allows the expression of hidden accumulated 
variations because it becomes easier for the polymorphisms to overwhelm the barrier 
imposed by the impaired buffer; the upper limit for the expression of these traits is 
lowered. If a character being expressed from a particular polymorphism or variation 
helps the organism adapt to the stress, it may be selected. This is followed by an 
increase in the frequency of that particular polymorphism in subsequent generations, 
culminating in the fixation of the trait in the organism. 
  
An explanation for the selection and fixation of a phenocopy could be that, on resuming 
normal conditions, the particular trait is either beyond the capacity of the buffer (by 
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mere frequency) or a well canalized developmental pathway is maintaining it. The 
buffer perhaps sets a new threshold in which it suppresses any variations sprouting 
from this newly assimilated trait (Waddington C.H., 1953; Steiner U.K. and Buskirk V.J., 
2009; Amzallag N.G., 2000; Queitsch C., Sangster et al. 2002; Rutherford S.L. et al., 1998, 
2007; Sangster T.A. et al., 2007; Salathia N. and Queitsch C., 2007; Milton C.C. et al., 
2006). This idea is consistent with the fact that canalization evolves under stabilizing 
selection, and, during an environmental stress, an already canalized population is 
decanalized temporarily, exposing the population to a new phenotypic optimum; a 
scenario similar to genetic assimilation (Siegal M.L. and Bergman A., 2002). 
 
To grasp what alters the ultimate fate of a developmental path, it is important to 
understand some key concepts closely related to canalization. A detailed insight to 
these concepts is beyond the scope of this review, however, a brief description is 
essential in shaping the background.  
 
The indifference of a phenotype towards system change is Developmental Robustness. 
Robustness can have two origins: genetic and epigenetic. The former refers to 
insensitivity towards mutations, and latter refers to tolerance of developmental 
processes towards environmental disturbances. The probability of producing a broad 
range of phenotypes, even with an inbred, isogenic state, and a tightly controlled 
environment, is called Developmental Noise or an intangible variation. The capacity to 
evolve, at the population or species level, via processes of random mutation and 
selection is called Biological Evolvability. Evolvability at the population level is called 
extrinsic evolvability. It depends on gene frequencies, selective pressures, and is clearly 
a quantitative phenomenon. Evolvability at the level of individuals is called intrinsic 
evolvability. A crucial component of intrinsic evolvability is Phenotypic Modularity. It 
refers to the ability of traits expressed by individuals to change independent of one 
another. But it depends on the interaction between genetic buffers and diverse genetic 
backgrounds. Noise increases the possibility for phenotypic fluctuation, and hence the 
evolvability of a trait.  
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There exists a correlation between the level of phenotypic noise, phenotypic likeliness to 
deviate (plasticity), and evolvability. The higher the fluctuation, and the more the noise, 
the faster the evolution. This is called the fluctuation-response relationship, which is 
usually coupled during development. There are situations, however, where fluctuation 
and response are not linked, especially when there is a conflict of fitness between 
benefits of plasticity and costs of noise (Kaneko K., 2010). It is generally believed that 
changes shielded by genetic buffers might not necessarily be deleterious. There are 
conditions where, during an induced stress, a buffered change, considered lethal, might 
be so selectively advantageous? that it outweighs the associated fitness cost and is 
further selected and fixed. Usually adaptations are of two kinds: ones that are small, 
slow, and quantitative and need to take the fitness cost into consideration. The others 
are large, qualitative, and independent of fitness cost; phenotypic optimum peak shifts 
from previously adapted optimal phenotypes to distant phenotypic optima in the new 
environment, in effect sidestepping low fitness intermediates (Rutherford S. et al., 2007; 
Kaneko K., 2009; Whitelaw N.C. et al., 2010). In contrast, fixation of the crossveinless 
trait in Waddington’s experiment implies that the character, in spite of not having an 
adaptive value, circumvents the threshold barrier and gets assimilated. 

 

1.2.2.2 The Waddington Experiment 
The following is a simplified flowchart of Waddington’s classic genetic assimilation 
experiment. For the experiment, Waddington selected pupae of the Edinburgh strain-
S/W5, because they had a higher tendency to show posterior crossvein defects. 
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Figure 1.3.  A simplified flowchart outlining Waddington’s classic genetic assimilation experiment. 

 

During the experiment, the virginity of the female flies was not ensured. As the 
selection lines kept on progressing, by generation 16, it was discovered that 
approximately 1-2 % of flies from untreated pupae, in the upward selection line, 
showed the posterior crossveins defect without the stimulating heat-shock. At this 
point, according to Waddington, the particular phenocopy had become incorporated 
into the genotype. Carrying out pair matings between assimilated lines, and between 
assimilated and normals (non-cve), a series of new lines were generated. Later two 
selection lines, one showing higher percentage of the phenocopy, called the “high” 
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lines, and the other with lower percentage of the effect, called the “low” line, were 
obtained. Although Waddington felt that selection in the presence of heat-shock 
produced crossveinless, he questioned this hypothesis by two arguments. First, if the 
trait were polygenic, many new mutations would be required to produce a trait such as 
crossveinless. Secondly, the number of flies in each generation was so huge that novel 
mutations could not have been concentrated in fairly small number of generations. For 
the latter to happen mutations should then occur in many individuals. Waddington also 
did not associate any adaptive advantage to the crossveinless phenocopy in response to 
the heat-shock. In 1956, Waddington performed a similar experiment where he exposed 

developing Drosophila embryos (21/2 to 31/2 hours after egg laying) to ether vapor. As a 

consequence, a drastic change in morphology, in the form of a second thorax or a 
bithorax-like phenocopy, developed. Following this, two selection lines, as in his 
previous experiment, were developed. After 20 generations of continued selection, flies 
showed the phenocopy in the absence of the extreme ether vapor (Waddington C.H., 
1956). From the results obtained in this experiment, Waddington drew confirmation of 
his classic experiment of 1953.  
 
Salient features of Waddington’s Canalization and Genetic Assimilation - 

• Canalization explains the invariability and stability seen among wild extant 
phenotypes. 

• Environmental canalization may give out genetic canalization as a byproduct. 

• Canalization depends on the phenotype optimum and hence is interspersed with 
periodic decanalization events, if exposed to shifting environments. 

• Strong stabilizing selective pressure ensures that key developmental traits are 
well canalized. 

• The assimilated trait may or may not be adaptive in nature. 

• Induced epigenetic states leading to phenotypic variation may be inherited. 

• Perhaps, epigenetic influences make induced traits independent of the variation-
stimulating environment.  

• Epigenetic variants are reversible; so little is lost via phenotypic variant selection 
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• Epigenetic variants might hold the adaptation during selection, till genetic 
changes take place 

• The quantitative increase in the frequency of the new allele in the population 
engenders conditions for genetic changes to take place.  

 

1.2.3   The Drosophila wing: development of the imaginal disc  

The wing imaginal disc develops into the adult wing in Drosophila. The entire 
developmental process involves a series of metamorphoses ultimately leading to the 
formation of the adult wing. Three axes shape the wing disc to produce its eventual 
destiny. Genes such as engrailed and hedgehog, which flank the decapentaplegic stripe, 
form the anterior-posterior axis. Genes such as distal-less and aristaless develop the 
proximal-distal axis of the wing (Figure 1.4). The embryonic ectoderm grows by 
invagination at the junction of the dorso-ventral stripe, maintained by the expression of 
wingless (wg) and the anterior-posterior stripe, maintained by dpp (decapentaplegic) 
expression. Cells expressing the homeobox protein, Aristaless, also invaginate with the 
imaginal disc cells. These cells later form the distal part of the wing. During the wing 
imaginal disc differentiation, the first known markers are the nuclear proteins, Distal-
less and Vestigial. These proteins are crucial for pattern formation along the proximal-
distal axis. Studies have shown that cells of the wing disc expressing vestigial (vg) start 
separating from those expressing distal-less (Dll). Genes like escargot (esg) and snail (sna) 
play an equally important role in the primary specification of the wing disc. Mutants 
lacking the expression of these factors (esg and sna) fail to demonstrate apical 
contraction of wing primordial cells. Formation of the wing from the wing disc 
comprises two steps: the initial stage, where a combined signal of Dpp and Wg 
stimulate the expression of vg, esg and sna, and a secondary stage where the wing 
primordium starts an unalterable and self-governing journey to meet its ultimate fate 
(Cohen S.M. et al., 1993; Campbell G. et al., 1993; Fuse N. et al., 1996). 
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Figure 1.4. Compartment boundaries and signaling foci in the developing fly (Drosophila) wing 
adapted from Keicker C., 2005. (a) The wing is subdivided anterior-posteriorily by a cell lineage 
restriction boundary that expresses the morphogen DPP (orange). The posterior compartment expresses 
Hedgehog (HH, green), the expression of HH depend on the expression of Engrailed (En). (b) Dorsal 
compartment of the wing disc expresses the Notch modulator Fringe (pale blue) under the control of the 
transcription factor Apterous (AP), which results in activation of the notch ligands Delta (DL) and Serrate 
(SER) at the dorsal ventral compartment boundary (dark blue). Following the establishment of the 
boundary, the morphogen wingless (WG) is expressed which regulates the patterning of the wing 
margin. 

 

Imaginal Discs are clusters of undifferentiated cells in the insect larvae, which 
eventually become a portion of the outside of the adult insect during pupa 
transformation. Each disc everts and elongates, with the main portion of the disc 
becoming the distal part of whichever appendage, wing, leg, antenna, etc., it is forming. 
The larval cells are not involved in the formation of adult organs. Imaginal disc mutants 
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might still have a normal viable larval life (Krasnow M.A., Weaver M., 2008). Genetic 
complementation and mapping experiments show that larval development is 
independent of adult tissues resulting from imaginal disc determination. Two mutants 
were produced to provide substantial proofs for the same; a discless mutant that has no 
imaginal discs, and a small disc mutant that was small and devoid of the ability to 
differentiate. Such mutants have normal development, but die soon after the last larval 
stage or during pupal development. Usually, imaginal disc development reaches its 
peak at the third instar stage with discs doubling in size, and differentiating. Genetic 
complementation and mapping analyses have revealed that the development of 
imaginal discs is genetically controlled. Mutants have been mapped to a single site on 
the third chromosome.  

There is a strong indication that Drosophila development proceeds along two 
independent paths; the larval pathway and the imaginal pathway (Shearn A. and 
Garen.A., 1974). Imaginal discs are formed by two neighboring epithelia: a columnar 
layer, called the Disc Proper (DP), and a squamous layer, called the Peripodial 
Epithelium (PE), which has a smaller role in the completion of the adult structure. These 
two layers form a bag-like double epithelium. At some stage in metamorphosis the 
imaginal discs are completely remodeled in an evagination process. Evagination 
constitutes two important stages: Elongation, in which the columnar epithelium 
lengthens and shifts shape; and eversion, where contraction of the PE is believed to 
direct the appendages through the larval epidermis. Before the folding commences, the 
presumptive wing is a plane bilayer epithelium and the future dorso-ventral surfaces 
are next to each other, in the same plane, divided by the wing margin. Later, the wing 
margin moves so that the wing surfaces become apposed on converse sides of the disc 
proper (DP). Nevertheless the PE stays stretched out over the DP as these developments 
take place; the expansion of PE envelops the presumptive wings. As the wing margin 
reaches the border of the disc, the disc folds 90˚ from its original plane (Campbell G. et 
al., 1993). The next phase of evagination is withdrawal of the peripodial layer, in which 
the disc moves through the pupal epidermis. Opening of a gap in the stalk region 
causes the PE to move quickly above the DP after a wave of retraction process. PE loses 
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its epithelial form in the course of this progression, and by the time the retraction has 
reached its end and the PE has passed on top of the wing margin, the cells are circular 
and isolated. In this period much of the squamous layer has fragmented, however there 
are a few patches of PE left, bound to the thorax. The retraction process is usually quick: 
an hour or two. Following this swift process, the wing discs and thorax expand; the 
columnar epithelium is devoid of the initial folds (Aldaz S. et al., 2010).   

 

1.2.3.1 Wing discs prior to the time of eclosion 

A few distinct cellular changes occur in the epidermis of the wing just before the pupae 
ecloses at about 24 hours. Just before eclosion, wings are generally darker in color and 
similar to the wing discs at 87 hour after pupariation. Once free of the pupal case, the 
eclosed fly starts walking to find a suitable spot to expand its wings. Despite these 
changes, wings continue to maintain their pupal morphology, held against the 
abdomen, which is still elongated like that of the pupae. In the interim, the wing blade 
epidermal cells are disintegrating, cell membranes are ruptured, and the cytoplasm is 
losing its order. The cuticle continues to be highly folded. After finding an appropriate 
site, wing expansion occurs for about 15 minutes. The abdomen starts to throb and the 
wings are stroked using the hind legs. Expanded wings are shorter and broader, and 
the cuticle loses trichome (hair) and folds. The dorsal and ventral sides of the wing have 
already come nearer and the cuticle thickness lessens in order to increase the wing area. 
Two hours following eclosion, the dorsal and ventral surfaces stay separated, but 
gradually are more closely apposed. Interestingly, the epithelial cells are maintained, 
during the course of wing metamorphosis, accompanying wing veins in the form of 
thin rows of cells. These cells form cell junctions in the form of cellular processes 
between the opposing dorso-ventral ridges of each vein in the wing (Johnson S.A. and 
Milner M.J., 1987). 

 
1.2.3.2 Wing veins: development and its structural importance 
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1.2.3.2.1 The development of wing veins and the organization of signal transduction 
during vein development 
 
The pattern and development of vein cells depends on the cooperation between many 
interdependent signaling pathways. Three such pathways have been well studied: the 
MAPK signaling mediated by Drosophila EGF-Receptor; BMP-like signaling mediated 
by the ligands Decapentaplegic (DPP) and Glass Bottom Boat (GBB); and Notch 
signaling. The first two are specifically involved in vein formation, whereas the Notch 
pathway is more concerned with the proper definition of veins in the wings once they 
are formed (Conley C.A et al., 2000). The rationale for describing the afore-said 
molecular pathways controlling Drosophila wing venation is that, one would expect cve 
alleles to affect some of these mechanisms in producing the crossveinless trait in the 
Waddington experiment. 
 
There are three major kinds of cell-to-cell communications that act during the latter 
stages of pupal development. These include: (1) lateral inhibitory signal(s) produced by 
presumptive vein cells, which restrict vein formation to the center vein proficient areas, 
(2) dorsal to ventral signal(s) required by the ventral vein cells to sustain their vein 
distinctiveness, (3) vein continuity signal(s) favoring vein growth down the vein 
extension axis (Raftery L.A., 2012). 

 
a. EGFR signaling 

 
The role of EGFR pathway in the developmental stages of an organism, 
especially in intercellular communication and cell fate specification, has been 
well documented in various works (Shilo B.Z., 2005). The binding of the ligand 
(epidermal growth factor) to the EGFR triggers a signal that eventually 
influences factors within the nucleus to regulate gene expression. The generic 
ras/Raf/MEK/MAPK cascade relays the signal; MAPK following 
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phosphorylation enters the nucleus to phosphorylate specific transcriptional co 
repressors   (e.g. Groucho) (Figure 1.4). 

 
From the various mechanisms affecting wing vein formation it is apparent that 
wing vein formation is generally repressed (Hasson P. et al., 2006). Signaling 
cascades like EGFR and Notch influence the activity of several transcriptional 
factors (for e.g. enhancer of split complex (E(spl), brinker etc.). Groucho (Gro), a 
global transcriptional co-repressor, associates with these transcriptional factors 
to mediate their inhibitory activity (Chen and Courey A.J., 2000); repression of 
wing vein formation seems to be one of the end results. It is natural that in 
order to prove their role in the formation of wing veins, the signaling cascades 
mentioned so far must overwhelm or attenuate such repressors. MAPK 
(Mitogen Activated Protein Kinase) after entering the nucleus phosphorylates 
gro. Gro seems to have several sites that can be phosphorylated by MAPK 
(Hasson P. et al., 2006). Recent work (Hasson P. et al., 2005) implies that it is this 
modification that attenuates gro’s natural repression of wing vein formation 
and allows the EGFR pathway to stimulate formation of vein cells. Gro is a 
phosphoprotein with two consensus sites for phosphorylation. In EGFR 
stimulated cells, substituting these sites with other amino acids (alanine or 
aspartic acid) has been shown to either over-potentiate or weaken its activity as 
a co-repressor. This not only proves that Gro is directly phosphorylated by 
MAPK, but also that the activity of Gro is weakened upon its phosphorylation 
by MAPK. Attenuation of gro-mediated repression seems to be a mechanism by 
which receptor tyrosine kinase (RTK) pathways, such as EGFR, stimulate 
various developmental processes. In wing vein formation, EGFR, by blocking 
the activity of Gro, overrules the antivein activity mediated by Notch signaling 
(Notch refines the wing veins into narrow, definite stripes once the wing veins 
are formed (Conley C.A et al., 2000)). Gro integrates signaling from both EGFR 
and Notch. The weakening of Gro’s co-repressing activity via MAPK 
phosphorylation leads to the dissociation of gro from its associate, E(spl) (a 
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nuclear target of the Notch signaling cascade (Hasson.P. et al., 2006)); thereby 
encouraging wing vein formation via EGFR signaling. 

The Rhomboid EGFR duo -Rhomboid (rho) is one of the earliest genes to be 
expressed in an array of intersecting rows of cells in the wing imaginal discs. 
Rho is strictly restricted to veins, on both dorsal and ventral surfaces, in 
developing wings where the pupal cuticle separates from the underlying tissue 
(Sturtevent M.A. et al., 1993). The expression of rho on both divided 

presumptive wing surfaces is consistent with the finding that rho mutants (rho-ve) 

show disruption in vein formation during the third larval instar, before the 
wing disc eversion and the apposition of dorsal and ventral surfaces (Garcia-
Bellido.A., 1977). Evidence for the interaction between Rhomboid and EGFR in 
vein differentiation, comes from studies of mutant alleles. A mixture of gain-of-
function alleles of rho and Egfr enhances the formation of extra veins; combining 
loss of function alleles of these genes produces loss of vein phenotypes. From 
this two key inferences can be made: firstly, MAPK acts downstream of EGFR 
pathway transducing signals to the nucleus. Secondly, ectopic expression of rho 
can induce the activation of MAPK, raised an interesting doubt that does rho act 
upstream of EGFR? This uncertainty was resolved by the two observations; 
firstly, the vein phenotype, due to rho misexpression, was completely contained 
by the co-expression of double negative Egfr (DN-Egfr) despite having factors 
(vein (vn) or star (S)) that normally strengthen rho’s activity. Secondly, there 
seems to be no synergistic interaction between ectopic rho expression and the 
ligand-independent activated form of EGFR, which implies that rho requires the 
integrity of the extracellular domain of EGFR to activate it. Although several 
ligands activate EGFR during different developmental states in the developing 
wing, Vn seems to be the ligand involved in cell proliferation during early 
larval stages and promoting vein versus intervein cell fates in the later stages 
(Guichard A. et al., 1999).  

Investigating the molecular interactions between rho and EGFR revealed that 
rho hyperactivates EGFR. In the wing discs, ligands like Spitz (Spi) and receptor 
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tyrosine kinases like EGFR, are ubiquitously expressed, and the manner in 
which Rho interacts with EGFR ensures that, at the critical time, wing vein 
formation is restricted to specific locations. Two models have been presented to 
explain the amplification of Spi-EGFR signaling by Rho. In the first model, Rho 
increases the likelihood of Spi-EGFR interactions by enhancing cell-cell 
adhesion between corresponding cells. In the second model, rho acts directly by 
influencing, at various levels, a ligand-receptor interaction in the signal 
transduction pathway. It either increases the affinity of EGFR for Spi, increasing 
the catalytic rate of EGFR upon engaging with the ligand or, by increasing the 
interaction between EGFR and downstream effectors vital for Ras activation, 
such as proteins containing SH2 (Src homologue 2) domains (Sturtevent M.A. et 
al., 1993).  

 

b. BMP /DPP signaling 
 

The BMP-like signaling mediated by ligands such as DPP (Decapentaplegic) and 
Glass Bottom Boat (GBB) are not considered stimulators of wing veins during the 
development of an adult fly. Nonetheless they play a significant role in vein 
specification. In contrast to EGFR signaling, DPP signaling is initiated in the later 
stages of pupal development. Conditions for the formation of longitudinal veins 
and crossveins in a developing wing are not the same. This presents a problem 
for the simple reason that investigations involving molecular markers have 
shown that definitive crossveins (CVs) are not formed until long after the 
longitudinal veins (LVs) have been specified. This means that crossveins must be 
formed within a region that has been previously identified as an intervein. They 
are also formed at a time when the longitudinal veins are being given their 
definitive shape via Notch signaling. So formation of crossveins must adopt 
mechanisms that override both intervein specification and the aforesaid 
inhibition of veins via Notch. BMP-like signaling plays an important role in the 
formation of crossveins from within the intervein territory. Initially, DPP has 
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been found being expressed in the fourth longitudinal vein at late third instar; 
nonetheless it is lost from the compartment boundary and is expressed along the 
veins (Conley C.A et al., 2000). 
 
There are three receptors for BMP-like signaling: Thickveins, Saxophone and 
Punt. Signals transduced through these receptors are required for setting the 
dorso-ventral polarity in the developing fly. Despite the similarity in the 
structures of the receptors, Thickveins (Tkv) and Saxophone (Sax), the DPP vein 
signals are largely mediated by Tkv. Cells lacking Tkv do not form veins. 
Conversely, the removal of Sax does not appear to effect the formation of veins. 
Studies evaluating the role of inhibitors of DPP signaling, have found that Sog 
encodes a chordin-like molecule that inhibits BMP-like signaling by sequestering 
ligands, thereby blocking the formation of LV and CV formation. Cells lacking 
tolkin (a protease that cleaves Sog and Chordin to inactivate them) failed to form 
crossveins and tips of longitudinal veins (Conley C.A et al., 2000). 
Simultaneously, similarity between these phenotypes and those caused by the 
factor crossveinless 2 (cv-2) was observed (reviewed in Garcia-Bellido, 1992). The 
loss of cv-2 function has been shown to remove posterior crossveins, anterior 
crossveins, and the ends of longitudinal veins. Structural investigations of cv-2 
protein have revealed five cysteine rich domains similar to those known to bind 
BMP-like ligands, giving a clear indication that cv-2 is required for the 
maintenance of BMP-like signaling in the developing crossveins (Conley C.A et 
al., 2000).  

 
c. Notch signaling 
The Notch (N) signaling pathway is a highly conserved cell signaling system 
present in animals, which control multiple cell differentiation processes. Due to 
its power to alter cell fate decisions, the N cell-signaling pathway ensures that 
equipotent cells do not attain the same end, thereby giving rise to cellular 
diversity. The N pathway involves the binding of one of the two ligands, Serrate 
or Delta, to the extracellular domain, which in turn triggers a succession of 
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proteolytic cleavage events starting with that of the extracellular domain, 
catalyzed by a metalloprotease TACE (Tumor Necrosis Factor Alpha Converting 
Enzyme), then followed by the cleavage of the remaining notch protein catalyzed 
by γ-Secretase. The latter, referred to as the Notch intracellular domain (NICD), 
once cleaved, migrates to the nucleus to influence gene expression. In the 
nucleus, the NICD associates with the DNA binding transcription factor 
Suppressor of Hairless (Su(H)). It is this complex which brings about the 
regulation of target gene expression (Artavanis-Tsakonas S., 1999). However, this 
regulation is not direct. The association of this complex with either 
transcriptional activators or repressors in turn influences it. Enhancer of Split 
Complex (E(spl)) is one of the key targets of the Su(H):NICD complex, which 
downstream, acts as repressors of wing vein formation (Hasson P. et al., 2006). 
As mentioned earlier, activated E(spl), via N cascade, joins with gro in repressing 
wing vein signals. However, mechanisms have evolved to supersede these 
silencers. The MAPK signaling mediated by EGFR stimulates vein formation, 
whereas the Notch signaling inhibits and refines vein formation. As in EGFR, the 
notch pathway is also active from the earliest stages of vein formation, at mid-
late instar (Conley C.A. et al., 2000; figure 1.6). 
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Figure 1.5.  An overview of major signaling pathways mediating the formation of wing veins in an adult 
Drosophila. Adapted from Hasson P. et al., 2006; Conley C.A. et al., 2000. Superscript ‘p’ indicates 
phosphorylation.  

 
 

1.2.3.2.2 The timing of vein formation 
 
The adult wings of a Drosophila are made up of a bilayer of cells intimately apposed at 
their basal face. The wings exhibit a distinct array of five longitudinal (L1- L5) and two 
transverse veins or cross veins (ACV and PCV). Veins are cuticular sclerotizations 
containing hemolymph lacunae between the dorsal and ventral wing surfaces. Veins 
carry trachea (but crossveins lack tracheae and nerves, and they prevent rips from 
spreading across the membrane (Wootton R.J., 1992)). In addition to this, they are also 
important components of the insect’s flight mechanics. 
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Figure 1.6. Veins of the Drosophila wing adapted from www.commons.wikimedia.org. The image shows 
five distinct longitudinal veins, L1-L5 and two intersecting veins, ACV and PCV. 

 
 
Longitudinal veins form prior to crossveins during pupal development. Longitudinal 
veins are first seen four to eight hours after pupariation (a.p.). Initially, longitudinal 
veins are not as distinct as they are in a developed wing. They are seen as broad regions 
and are also incomplete which are called proveins. Interestingly, L3 and L4 proveins are 
fused into a single provein. During wing development the wing inflates. At this time 
the fused provein mentioned above is lost (8 to 16 hours a.p.). The wing inflation 
separates the dorsal and ventral surfaces. Later, when the dorsal and the ventral 
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surfaces reappose, at approximately 16-26 hours a.p., the definitive longitudinal veins 
are visible. At this juncture, the activity of the EGFR signaling pathway mediated via 
MAPK remains high. After 30 hours a.p. it decreases and resurfaces in the intervein 
regions; the latter pointing the formation of crossveins. The anterior crossvein (ACV) 
and the posterior crossvein (PCV) are not formed at the same time. Staining with Anti-
Delta (DI) and Anti-DSRF (Drosophila Serum Response Factor) identifies a provein-like 
structure, extending between the site where the veins L3 an L4 fuse. This is the ACV, 
detected at about 5 to 6 hours a.p. Morphologically, ACV and PCV first become visible 
at 19 to 22 hours a.p. By 23 to 26 hours a.p. the crossveins are further refined to give 
them their distinct form (Conley.C.A. et al., 2000 and references therein). 
 
Although the EGFR-MAPK pathway stimulates the vein formation, it is not amongst 
the first cascades activated during vein differentiation. In the wing, a gene called torpedo 
(top), encodes the Drosophila Epidermal Growth Factor (EGF) receptor tyrosine kinase 
homologue (DER) that stimulates a conserved signaling pathway. This pathway in turn 
activates the Ras-Raf-Mek-MAPK cascade via the activation of EGFR. Torpedo seems to 
be upstream of EGFR activation, and plays an important role in the formation of vein 
cells. Genetic analyses have inferred that a special transmembrane protein called Veinlet 
(also known as Rhomboid) regulates DER signaling as mentioned above (Roch.F.et al., 
1998 and references therein). Rhomboid is believed to be the earliest expressed gene in 
wing vein primordia. Temperature shift experiments suggest that rho and EGFR are 
required from 0 to 24 hour after pupariation (Guichard A. et al., 1999). The formation of 
cells in the intervein region is mediated by the gene blistered, which encodes for the 
Drosophila homologue of the mammalian Serum Response Factor (SRF). In the mid third 
instar imaginal wing discs (80-100 hours AEL), there is an increase in the level of 
blistered expression, except in the boundary of the wing and three upright stripes which 
match up to veins. In these striped regions blistered expression appears to weaken. 
veinlet is expressed at the same time in development, in stripes parallel to gaps in 
blistered expression, and future veins (L3, L4 and L5) arise from these gaps. So the 
waning of blistered in the striped regions seems to be an outcome of corresponding 
expression of veinlet at the future vein region (Roch F.et al., 1998 and references therein). 
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This is supported by observations that, firstly, veinlet arbitrates the development of 
wing veins by cooperating with the components of the EGFR signaling pathway 
(Sturtevent.M.A. et al., 1993; Guichard.A. et al., 1999), and secondly, the Ras pathway 
(which acts downstream of EGFR signaling) is crucial for the continued down-
regulation of blistered transcription in presumptive vein cells; over expression of Ras 
pathway members via the UAS/Gal4 system limits the transcription of blistered. In the 
late third instar larva-prepupae (100 to 120 hours AEL), a further gap in blistered 
expression is seen, which points towards the appearance of the L2 vein. Alteration in 
the blistered expression in the wing hinge region is consistent with the formation of 
proximal vein trunks and interveins. Near 24 to 30 hours a.p, all interveins are obvious. 
Stripes of vein, devoid of blistered expression, are 6 to 8 cells wide, in contrast to 3 to 5 
cells wide in adult wings (Roch.F.et al., 1998 and references therein). Genetic 
experiments evaluating the role of genes, blistered, torpedo and veinlet have informed a 
model to show the interplay between the three during different stages of wing vein 
development. During larval development, Ras pathway, downstream EGFR, represses 
blistered expression and activates veinlet in regions destined to be veins (Rho acts 
upstream and through EGFR (Guichard A. et al., 1999)). During pupal development, the 
expression of veinlet and blistered is mutually exclusive; the two repress each other at the 
transcriptional level. This intriguing system ensures that there is absolute distinction 
between regions of the wing designated as veins and interveins (Roch.F.et al., 1998 and 
references therein). Downstream of the BMP-like DPP signaling, a phosphorylated, 
activated form of Mothers Against Dpp (Mad), plays a vital role in the developing 
crossveins. An antiserum specific to the activated Mad, Anti-p-Mad was detected, in the 
later pupal stages (19 to 21 hours a.p.), at the future sites of crossveins, in the tips of 
longitudinal veins and along L2. This staining usually preceded the reduction of Anti-
DSRF staining in the CV’s, clearly insinuating that Mad is activated before the 
suppression of blistered expression mediated by EGFR. Between 24 and 36 hours a.p., 
Mad is detected throughout the wing, along all longitudinal veins, but it is stronger in 
the crossveins. To verify that Mad acts downstream of BMP-like signaling, cells were 
over expressed with the natural inhibitor of BMP-like signaling in pupal wings, Sog (the 
UAS/Gal4 system was used). On staining with Anti-p-Mad, pupal wings did not show 
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any Mad in the posterior crossveins, reduced staining in anterior crossveins. However, 
there was not a significant reduction in the longitudinal veins. Thus Mad activated 
locally via DPP signaling, is required, mainly to reinforce vein formation. The results 
also imply that the localized expression of DPP and GBB does not account for the initial 
activation of Mad. Perhaps other BMP-like ligands locally activate Mad, especially 
when DPP signaling is yet to be activated (Conley C.A. et al., 2000 and references 
therein). 
 
1.2.3.2.3 Structural importance of wing veins 
 
The mechanics of insect flight differs from that of the birds because insects do not have 
an extensive array of musculature in their wings, unlike flying vertebrates. In insects, 
the muscles are restricted to the wing base. Although there are several other elements 
important to insect aerodynamics, this section aims to focus on the arrangement of 
veins, especially the crossveins. Unlike other flying animals, when an insect is in flight, 
it must generate both thrust and lift so as to maintain a constant speed and a desired 
altitude. In order to generate forces such as aerodynamic (force extended on a body by 
the air) and inertial force (force opposite in direction to an accelerating force), insect 
wings undergo significant bending and twisting (Combes S.A. and Daniel T.L., 2003 
and references therein). These alterations (i.e. bending and twisting) during flight 
ensure that the wing receives minimum damage and stress.  
 
Insect muscles only extend to the wing axilla, and therefore the flight control rests with 
a more rigid part of the wing, veins. Wing veins serve two important purposes; it 
reduces the net moment of inertia, hence less energy required and stress experienced 
while flapping the wings. Secondly, it makes the wing tip more flexible to help the 
insect cope with excessive inertial forces and sudden impacts from counterparts 
(Wootton.R.J., 1992). To be deemed suitable for flight, the wing must have an optimal 
degree of camber, flexural stiffness, and corrugation (Newman D.J.S. and Wootton R.J., 
1986; Combes S.A. and Daniel T.L., 2003 and references therein). The degree of camber 
refers to the convex curvature along the anterior-posterior axis of the wing. The specific 
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arrangement of both longitudinal and transverse veins in a wing ensures that there is 
appropriate curvature either spanwise or chordwise during a flight, and that they are 
accordingly well modulated (Marcus J.M., 2001). 
 
Flexural stiffness is the measure of the net resistance of the wing towards bending. This 
feature is important to prevent wings from suffering extreme stress and load when 
flying. Crossveins are one of the most important elements in a wing that determine the 
flexural stiffness. In a wing, the flexural stiffness in the span-wise direction and in the 
chord-wise direction are anisotropic in nature; in other words when the slant-wise 
direction is strengthened from bending, the chord-wise direction is allowed to deform 
and vice versa (Marcus J.M., 2001).  
 
Lastly, corrugation refers to the distinct dorsal or ventral bulging of the vein. In the wild 
type state, dorsal corrugation is found in the longitudinal veins L3.L5 and in the distal 
end of L4, whereas ventral corrugation is seen in L2 and the proximal regions of L4 
(Roch F. et al., 1998). This pleating arrangement, or projection, extending from the 
leading edge to the trailing edge of a wing, along with the struts in the wing in the form 
of crossveins, allows a higher flexural stiffness (Dudley R., 2002). Crossveins take the 
tension and compression, which the longitudinal veins experience due to the external 
bending forces. So without functional crossveins chord-wise folding of the wings along 
the longitudinal veins occurs, due to local buckling, eventually leading to the wing 
failing (Newman D.J.S. and Wootton R.J., 1986). 
 
 
1.2.4 Motivation and Hypothesis: why repeat a 60-year-old work? 

While the Waddington experiment is a key experiment in Evolutionary Biology, the 
mechanism by which it works is, as yet, unknown. Recently it has been postulated that 
heat-shock protein 90 (HSP90) may provide a mechanism (Queitsch, Sangster et al. 
2002) as it seems to be able to maintain the activity of proteins even when they are 
mutant, thus providing a store of variation ready to appear when conditions become 
stressful and HSP90 function is titrated away. While this is an attractive theory, it is yet 
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to be proven that HSP90 is responsible for Genetic Assimilation. In the present study, 
treating Drosophila prepupae (both wild strain and the white eyed mutant) with 
Geldanamycin (which is a potent inhibitor of HSP90) did not generate crossveinless 
flies (see chapter 3 for specifics).  

This inability to provide an explanation for the assimilation of crossveinless raises the 
possibility that epigenetics might play a role. Studies have shown that an environmental 
stimulus can produce heritable chromatin modifications in the germ line (Jablonka E., 
1989). As a result these chromatin variations may also alter the frequency and 
distributions of classical mutations in a population. Therefore, epigenetic changes in the 
structure of chromatin could cause a type of Lamarckian inheritance (like the 
inheritance of crossveinless in the Waddington experiment). 

In the recent past it has been appreciated that Genetic Assimilation might provide a 
mechanism by which environmental effects might be inherited in the genome. It might 
provide the bridge between plasticity and fixation. Given recent developments in the 
epigenetic detection technologies it seemed timely to revisit the Waddington 
experiment and to determine if epigenetic changes were responsible for genetic 
assimilation, an answer to which was an essential component and prime objective of 
this research work. 

 

1.2.5 Concepts that impact the study 

There have been several works that have investigated the role of genetic buffers in 
curbing the expression of phenotypic deviants, and their (genetic buffers) inhibition 
during an overwhelming environmental stress. In most of these cases Waddington’s 
classic experiment (Waddington C.H., 1953) has been repeated to examine various 
factors, most importantly HSP90, to observe its impact on the genetic assimilation, 
canalization and developmental plasticity (Queitsch, Sangster et al. 2002; Rutherford. S. 
L. et al., 1998, 2007; Sangster T.A. et al., 2007; Salathia N. and Queitsch  C., 2007; Milton 
C. C. et al., 2006). The core essence of all these works has been that perturbation of the 
genetic buffer with the likes of HSP90, via environmental stress or molecular inhibitors, 
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(e.g. Geldanamycin) brings down the otherwise higher threshold barrier, thus 
increasing the likelihood for morphological novelty in the qualitative traits of 
Drosophila. This happens due to the expression of hidden genetic variations. As these 
variations are selected over generations, there comes a point where the initial 
stimulating stress (environmental or chemical) is no longer required for the expression 
of the novel trait. The acquired trait (in Waddington’s terms) gets genetically 
assimilated in the genotype. Despite this, no clear insight has been provided into what 
makes genetic assimilation heritable.  

 

1.2.5.1 Strain specific nature of crossveinless, even with common predisposing factors 

According to Waddington, if his classic experiment was to be repeated for the selection 
of the crossveinless trait, the same result, with an alternate genetic foundation, might be 
produced, despite having used a different stock (Waddington C.H., 1953). Repetition of 
Waddington’s experiment in its true essence with inbred laboratory wild strains of 
Drosophila melanogaster gave negative results - no crossveinless flies were observed 
following eclosion (Standard optimization of the heat-shocking conditions, from earlier 
works (Milkman R.D., 1962, 1960a), also gave negative results). Indeed pupae never 
survived under Waddington’s standard heat-shocking conditions (heating 24 hour old 
pupae at 40˚C for 4 to 6 hours). Interestingly, the same experiment with a slight 
alteration in the duration of exposure to heat (45 min instead of 4 to 6 hours), when 
tried on white-eyed mutants of the wild strain, gave flies with distinct posterior 
crossvein defects (Chapter 3 for details). This finding therefore provokes an intriguing 
question; what accounts for this inequality between the two strains although they have 
all the predisposing factors like heating conditions, alteration in the genetic components 
that stimulate wing vein formation? An answer to this might come from the manner in 
which wing vein formation is naturally repressed as part of the normal regulation of 
wing vein development. 
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1.2.5.2  The inheritance of crossveinless 

Epigenetic mechanisms are held accountable, in making a trait heritable, when copies of 
the same gene between two individuals of a species behave differently. The formation 
and permanence of specific histone-DNA interaction via replication is vital to the 
inheritance of chromatin. Epigenetic mechanisms influence the transcription of the 
eukaryotic gene at more than a few levels. For instance, DNA methylation could either 
modify both the trans-acting factor interaction and histone interaction, with the DNA, 
or it could directly alter the trans-acting factors. Expression of numerous genes is 
influenced by their chromosomal position. Homologous genes are expressed differently 
within the same cell, depending on where exactly they are placed within a 
chromosome. This position-based discrepancy arises from either the change in the 
amount of normal histones or the posttranslational modification of histones (e.g. 
acetylation). In addition to this, proteins that communicate with nucleosomal arrays, 
but not the naked DNA, also mediate the said position based effect (e.g. Chromodomain 
proteins). This nucleosomal positioning ensures that crucial cis-acting elements are in 
an accessible configuration. Transcription factors and DNA sequence can, on their own, 
direct the appropriate placing of nucleosomes around the promoter or enhancer 
sections (Wolffe A.P., 1994). 
 
For a specific chromatin state to be duplicated all through replication, the fate of the 
nucleoprotein complex is of utmost importance. It has been intriguingly seen that 
during replication, histones are momentarily removed from the DNA, and rejoined later 
in the same spot. So it is apparent that a distinctly modified histone somehow 
propagates its unique state even after getting dislocated during replication. But it 
should be realized that pre-existing protein arrangements only assemble half of the 
nascent DNA into chromatin. How is an expansive chromatin state perpetuated? Partial 
assemblage of the protein complex attracts chromatin-modifying enzymes (e.g. histone 
deacetylases (HDAC)). These enzymes carry out the remaining modification for the 
whole length of the DNA. So newly created DNA is immediately wrapped by histones, 
derived both from already present nucleosomes and from the ones synthesized later. At 
this stage it is essential to learn that during the reassembly of histone proteins, with the 
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nascent DNA, H3 and H4 incorporated first, followed by H2A, H2B and H1. Thus H3 
and H4 form the core histones. The modification of these core histones influences the 
accessibility of transcription factors, even when the octamer is held (Wolffe A.P., 1994). 
So it is quite possible that the deacetylation of the N-terminals of H3 and H4, which is 
mediated by Rpd3, which is in turn engaged by Gro to the nascent DNA, precludes 
transcription factors that are usually needed for triggering crossvein differentiation 
(Winkler C.J. et al., 2010).  
 
An alternate mechanism by which the inheritance of crossveinlessness could be 
explained is Position Effect Variegation. Position Effect Variegation (PEV) is, by 
definition, a variegated phenotype that results from a change in the position of gene 
from one point in a chromosome to other (Weller K. and Wakimoto B., 1995). PEV leads 
to chromatin silencing and this silencing can spread to varied lengths in different cells 
(Girton J.R., 2008). Any change in chromatin structure from euchromatin to 
heterochromatin leads to gene silencing, as suggested by studies on chromosomal 
rearrangements and P element insertions (Spofford J.B. and DeSalle R., 1991). Although 
most of the physical changes in chromatin structure that causes changes in gene 
expression, is accounted by the covalent modification of histones; lately it has been 
appreciated that sometimes gene regulation at the nucleosomal level goes beyond 
changes to the histone tails. 
 
There are set number of repeated sequences in the Drosophila genome that can bind to 
and heterochromatize a fixed length of chromatin (Girton J.R., 2008). The amount of 
chromatin that stays heterochromatic depends on the active balance between the 
number of heterochromatic factors and the number of chromatin sites available for 
binding (Csink A.K. et al., 2002). Heterochromatin has the ability to spread along the 
chromosome. Spreading occurs when a chromosomal rearrangement places a 
euchromatic domain next to a heterochromatic domain. Euchromatic genes 
repositioned next to heterochromatin exhibit gene silencing (Wakimoto H., 1995). Genes 
usually involved in the establishment, maintenance or functioning of the chromatin 
structure are called, modifier genes. Two models have been postulated for the 
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mechanism by which heterochromatin spreads: First, is based on the idea that 
heterochromatin-promoting factors are present in limited amounts and spreading 
continues till the factors are completely exhausted (Locke et al., 1988). The second 
notion called the “Boundary Model”, proposes that discrete sites promotes initiation 
and termination of heterochromatin (Tartof et al., 1984).  
 
It has been suggested that following DNA replication, there seems to exist a 
competition between the proteins, regulating gene expression (gene expression 
promoting and silencing factors; figure 1.7), to rejoin with newly formed DNA 
molecules. It is this competition that perhaps decides the ultimate outcome of a gene 
expression (for e.g. crossvein vs. crossveinless fate). With reference to the mechanism by 
which these specific chromatin conditions replicate, imprinting seems to be more 
widely accepted. 
 

 
 
Figure 1.7. Chromatin remodeling and crossveinless. A hypothetical model illustrating two possible 
chromatin states that might give rise to either a crossveinless phenotype or a normal wing phenotype. If 
one considers a competition between active and inactive chromatin components, while reassembling the 
nascent DNA, it is possible that engagement of chromatin modifying enzymes, render a silent chromatin 
state; producing a crossveinless like situation (a model for the assimilation of crossveinless has been 
proposed in section 8.2.1, chapter 8). 
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After DNA replication, nucleosomes separate out into daughter DNA molecules. These 
nucleoprotein composites, as mentioned earlier, guide the assembly of remaining DNA 
into chromatin (by the retaining chromatin modifying enzymes). There are instances 
where the chromatin modifying (such as Polycomb or HP1) or histone protein 
modifying enzymes (such as Rpd3) are perpetuated from the parent to the progeny. 
Following replication these proteins are segregated to the daughter duplexes. By the 
property of direct or indirect cooperativity additional proteins are added to the 
remaining part of the nascent DNA. This allows the continuance of long range of 
chromatin organization (Wolffe A.P., 1994). 
 
 

1.5 Thesis Overview 
The work is presented in self-contained chapters. Chapter 2 describes the general 
materials and methods common to much of the work; Chapter 3 explains how 
production of crossveinless, via the Waddington experiment, is strain specific in nature; 
Chapter 4 discusses how the heat stress and the resultant phenocopy affect flies in the 
selection experiment; Chapter 5 elaborates on inferences drawn from true breeding 
crossveinless lines; Chapter 6 describes how Microarrays were used to analyze RNA 
expression from wing discs of heat-shocked and non-heat-shocked pupae; Chapter 7 
investigates the assimilation of crossveinless at the genome level via whole genome re-
sequencing; and Chapter 8 summarizes the findings by proposing a model that might 
explain the assimilation of crossveinless in the Waddington experiment. 
 

 

	  



Chapter 2 

General Materials and Methods 

 

This chapter describes materials and methods common to much of the work 
covered in this thesis; more specific approaches can be found within the 
chapter to which they are unique. 

 

2.1 Approvals and permits 

As per New Zealand law, research on Drosophila spp. is largely excused from 
requiring any ethical consent (as long it is from the approved countries) and 
therefore none was mandatory for the present work. 

Regulations of import, nonetheless, are very strict and well defined. 
Authorization for the importation of Drosophila melanogaster was given in the 
form of a Biosecurity Authority/ Clearance Certificate (BACC). Imports were 
transported under the following permit: HSNO Approval: GMC001092. 

Imported flies were cultured, maintained, and experimented under the 
guidelines of the HSNO Act of 1996. According to this regulation, 
invertebrate work should be performed in a Physical Containment, level 2 
conditions as outlined in MPI (Ministry for Primary Industries) Registration 
Standards 154.02.08, which is in turn according to the AS/NZS Standard 9002 
(1994): Quality Systems- Model for quality assurance in production, assurance 
in production, installation and servicing  (Published by Standards New 
Zealand), the AS/NZS Standard 2243.3 (2002): Safety in Laboratories; Part 12: 
Invertebrate Containment facilities, and the IATA Dangerous Goods 
Regulations. 

 

2.2 Fly Stocks 
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Two strains of Drosophila melanogaster (figure 2.1 below) were used in the 
current thesis: the wild-type Canton-S flies from Bloomington Drosophila stock 

center at Indiana University (BDSC) and the local laboratory white-eyed W1118 

stock. 

 

 

Figure 2.1. The wild-type Canton-S flies from Bloomington Drosophila stock center (left) and 

the local laboratory white-eyed W1118 stock (right). 

 

2.3 Basic method of culturing Drosophila 

2.3.1 Fly food 

An undefined cornmeal porridge media was used for general culture and 
maintenance of flies in the laboratory. Ingredients of the media (table 2.1 
below) are mixed and boiled for cooking and sterilization.  
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Ingredients Amount  

Agar 27g 

Cornmeal (organic, fine ground)  200g 

Sugar 140g 

Yeast 50g 

Propionic acid 20mL 

Nipagen (10% w/v in ethanol) 15mL 

Distilled water 3L 

 

Table 2.1. Ingredients of the Undefined Media for fly culture (for roughly 40 fly bottles (25mL 
of food in each fly bottle)). 

 

2.3.2 Fly incubation 

Fly lines were maintained at 25°C in a P Selecta HOTCOLD-C (2101502) 
incubator. For the proper maintenance of stocks, the standard method of 
periodic mass transfer of adults to fresh food was followed (Ashburner M., 
1989). The number of flies during each transfer was kept between 50 and 100. 
This made sure that there was adequate food for the adults but more 
importantly there wasn’t any competition among larvae (distinct juvenile 
form many animals undergo before their metamorphosis into adults; 
Ashburner M., 1989) for food. Larval overcrowding and subsequent 
competition for food and space for pupation affects the population’s general 
well being. Hence, if there were too many larvae, a handful were scooped out 
with a paintbrush and relocated to a fresh pot. Live cultures were turned 
every 14-25 days. Frequent sub-culturing maintains the general health of flies 
by avoiding chances of contamination from mites and molds.  
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2.4 Waddington experiment setup  

The Waddington experiment requires an extremely simple setup. However 
the two key physical requirements are as follows: 

2.4.1 A platform to heat-shock prepupae 

As per the general methodology adopted in Waddington’s selection 
experiment (see chapter 3 and 4 for details), the vials containing the prepupae 
were heat-shocked in a programmable water bath (Contherm Scientific Ltd., 
350-380 Series of high Temperature Digital Water Bath) was used for the heat-
shock treatment. The water bath was carefully calibrated before setting it to 
the desired temperature for heat-shock. 

2.4.2 A method to score and classify heat-shocked flies 

When the flies eclosed, they had to be scored as either those that showed the 
expected trait (crossveinless) or those that did not (non-crossveinless). 
However before the flies could be counted, they had to be in a position where 
they could be easily handled. This was achieved by anesthetizing flies under 
light CO2 using a BOC gas, fitted regulator (set to ~5000 kPa (kilo Pascal)), 
flow meter (adjusted to ~7 l/min) and a Porvair filtration fly pad.  Once the 
flies were anesthetized (usually within 5 seconds of exposure to CO2), they 
were physically handled with a pair of sharp tweezers and a fine, soft 
paintbrush (size 3, flattened tip).  Lastly, to observe flies, a cold light 
stereomicroscope (Leica L2; Leica Microsystems) was used. 

Basic tabulation and statistical methods were used to score and classify flies 
(cve and non-cve). Contents of the table used in every generation included: 
the total number of pupae collected over several time points (usually 12-15), 
number of cve males and females scored, number of non-cve males and 
females scored and the total number of flies that died. To calculate the 
percentage of cve in a particular generation, the total number of cve was 
divided by the sum of the total number of cve and the total number of non-
cve i.e. %cve= ncve/(ncve+nnon-cve), where n is the total number.  



Chapter 3 

Strain Specific Nature of Crossveinless 

	  

3.1 Introduction 

A strain is a genetic variant or subtype of a species (Usher G., 1996). In 
general, strains differ not just in being reproductively isolated from the 
species but also in adaptive and physiological behaviors, for example in the 
mean response of a trait to the environment. Such population differences in 
nature usually disappear when organisms are raised under identical 
conditions  (Levins R., 1969; Bervengill K.A., and Smith-Gill S.J., 1983).  

Two laboratory (inbred) strains of Drosphila melanogaster were used in the 
present investigation of the Waddington Experiment:  the wild Drosophila 
Canton-S flies from Bloomington Drosophila stock center and the white-eyed 
mutant w1118 strain (Figure 3.4). w1118  strain has white eyes because of the null 
allele it bears of the white gene (Reiss D., 2005). The white adult has very little 
to no pteridine. Pigments such as isoxanthpterin are present until pupation, 
but are eventually eliminated during the first three days of adult life (Hadorn 
E., and Mitchell H.K., 1951). It has been stated that mutant strains differ not 
only in the mutant genes that produce the obvious external traits but also in 
some minor genes that alter the physiological and adaptive characteristics of 
the organism (Dobhanzsky Th. et al., 1943). These minor variances might be 
the reason behind the two strains differing in their susceptibility to heat-shock 
in the Waddington experiment.  

 

3.1.1 Geldanamycin and the inhibition of Evolutionary Capacitance 

Phenotypic variants are conditionally neutral. In other words, depending on 
their importance, or the favorability of the interacting environment, they are 
either expressed or kept hidden in the population. Capacitors or genetic 
buffers are the regulatory switches that affect the visibility of these cryptic 
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traits in a population. The mechanism by which capacitors affect the 
expression of phenotypic variants is termed Evolutionary Capacitance (Masel 
J., 2006). The concept of evolutionary capacitance seems to be a literal 
adaptation of electrical capacitors. Just as an electric capacitor stores and 
releases charge, evolutionary capacitance relates to the storage and release of 
variation. If biological robustness is the machinery that helps a system 
achieve a definite end result generation after generation, then evolutionary 
capacitance underpins robustness. Capacitance allows living systems to 
accumulate a considerable amount of genetic variation, which is not 
expressed in the phenotype under ideal conditions. It also means that there 
may be situations when biological capacitors might become functionally 
impaired, allowing the otherwise contained variation to appear in the 
phenotype. Phenotypic plasticity is perhaps one of the best examples of 
genetic capacitance.  

 It has been established that Hsp90 acts as a genetic buffer or an evolutionary 
capacitor against a wide variety of cryptic phenotypic variants (Rutherford. S. 
L. et al., 1998). Hsp90 prevents genetic variants from being expressed in a 
population under ideal conditions, buffering genetic variation to produce 
consistent phenotypes.  The function of Hsp90 can be impaired by stress, for 
example heat-shock, causing otherwise inhibited phenotypic deviants to be 
seen in the population. Geldanamycin (GA) is a benzoquinone ansamycin 
antibiotic produced from the bacterium Streptomyces hygroscopicus that is 
known to bind to Hsp90 and inhibit its function (Bedin M. et. al., 2004). 
Geldanamycin, and ansamycin antibiotics in general, competitively bind to 
the ATP-binding site in the N-terminal domain of Hsp90 (figure 3.1 below). 
This disrupts Hsp90’s ATPase activity, which is essential for its chaperone 
activity, and is required for the proper folding and stabilization of hsp90 
client proteins. 
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Figure 3.1.  An illustration showing competitive inhibition of Hsp90 by Geldanamycin  

 

3.1.2 Hsp90 capacitor hypothesis 

By interfacing stress responses, developmental networks and trait thresholds 
(see chapter 1 for specifics), genetic buffers like Hsp90 can moderate the 
expression of heritable variation in metazoan life cycles (for example, 
Drosophila). According to the Hsp90 capacitor hypothesis, capacitors buffer 
stress-sensitive cryptic variation, and in doing so facilitate the rapid evolution 
of novel, adaptive traits in unpredictable environments (Rutherford S.L., 
2003). But it has been argued that the release of such variation could not only 
be non-selectable in nature, but could also be unconditionally deleterious 
(Meiklejohn C.D. and Hartl D.L., 2002; Queitsch C. et al., 2002). In an attempt 
to settle the debate, recent results supporting the Hsp90 capacitor hypothesis 
have demonstrated the heritability, selectability and potential evolvability of 
Hsp90-buffered traits (Rutherford S.L., 2007).  
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As it was apparent from Waddington’s experiment (Waddington C.H., 1953) 
that the heat shock induced posterior crossvein defect was selectable and 
heritable, it seemed appropriate to see if crossveinless was also an Hsp90 
buffered trait. 

 

3.1.3 The Waddington experiment and Drosophila life cycle 

To test the Lamarckian belief that useful traits acquired during an organism’s 
lifetime can be passed on via a mechanism called Genetic Assimilation, 
Waddington devised an experiment using selection for a response to an 
environmental stimulus. Drosophila melanogaster was used due to its ability to 
produce an array of phenocopies in response to definite environmental 
triggers. After trials, Waddington found that the pupae of Drosophila 
melanogaster Edinburgh strain-S/W5, when heat shocked (17-23 hour old pre-
pupae; at 40°C for 4 hours) produced flies that failed to make proper cross-
veins (the crossveinless trait). 

The premise of the experiment involved the generation of two selection lines; 
an “upward selection line”, including flies with disturbances in their posterior 
crossveins, and a  “downward selection line”, with normal crossveins. By 
selecting flies with crossvein defects, Waddington showed an increase in the 
frequency of crossveinless individuals. The exact opposite was seen in the 
downward selection line. Although heat-shock treatment might seem 
primitive, it appears that crossveinless can be only induced under specific 
conditions. This specificity pertains to both developmental time and the 
physical parameters of the heat-shock. In addition to having an optimised 
heat-shock treatment, it is necessary to be familiar with the life cycle of 
Drosophila in order to know when in their development are they most 
vulnerable to crossveinless. 

The total life span of Drosophila melanogaster, which is calculated from the 
moment it is freshly turned (refer to the standard method of cyclic mass 
transfer of adult flies to fresh food (Ashburner M., 1989), is about 30 days at 
25°C. Once turned into bottles with fresh fly food (refer to section 2.3.1, 
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chapter 2 for the specifics), the flies go through their normal life cycle (Figure 
3.2 below).  

 

 

Figure 3.2. Life cycle of Drosophila melanogaster. Adapted from www.immortalhumans.com.  

 

If the sexes were separated for a few days before turning (maintaining female 
virginity is key), mating is almost immediate. A female can store sperm from 
more than one male inside her. The eggs are fertilized as they transition 
though the oviduct on their way to being deposited on the food. Fertilized 
eggs are laid approximately a day after mating, and a female may lay up to 
400 eggs in her lifetime. The shortest developmental time, from an egg to the 
adult, is 7 days. Roughly 24 hours after egg laying (AEL) the smallest of the 
three larval stages, called the first instar (L1), hatch out of the eggs and crawl 
to the food source. Following this, within a span of four days, the larvae go 
through a molting process where they differentiate into second (L2) and third 
instar larvae (L3). Before the eggs hatch the parents must be removed and 
some more dry yeast should be added to the food source. This ensures that 

Drosophila : a resume of its life cycle 

!!(~24!hours!AEL*)!

!!(~24!hours!a1er!L1)!

!!(!~!24!hours!a1er!L2)!

!!(!120!hours!AEL)!

!!(!455!days!!a.p*)!

*AEL= After Egg Laying!
*a.p  = after pupariation!

!!(~24!hours!)!
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before the larvae emerge there is enough food. The feeding continues for 110 
hours after egg laying (AEL), and then the larvae crawl out of the food in 
search of suitable pupation sites. Pupariation starts roughly 120 hours after 
egg laying when the late third instar larvae stop moving and form a pupa. 
This transition is a gradual changeover. As the pupa moves away from the 
food source it becomes less active, finally ceasing all movement and forming a 
white pupal cuticle.  

Drosophila at this is stage (120-123 hours AEL) is called the white prepupa, 
white-eyed puparium or pupal stage P1 (Figure 3.3).  

 

	    

Figure 3.3. Drosophila prepupae at three different stages of pupariation.  

(A) White prepupa with posterior spiracles and the ridges between anterior spiracles white; 
prepupa is still wriggling and cannot be used for heat-shocking.  

(B) White prepupa with white cuticle and completely dormant, ideal for heat-shocking.  

(C) Prepupa with slight tanning of the pupal cuticle and therefore too late for the heat-shock. 

 

It is this stage in Drosophila development that Waddington discovered to be 
the most vulnerable to producing a crossveinless response in the resulting 

A! B! C!
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adult flies via heat-shock treating the pupa. Pupariation to eclosion (the 
emergence of adult flies) takes approximately 5 days. Adult flies become 
fertile 8-10 hours after eclosion. 

 

3.2. Materials and Methods 

3.2.1 Optimizing heat-shocking Conditions 

     In order to get the ideal heat-shocking conditions, three parameters were 
altered:  the heat-shocking duration, the heat-shocking temperature, and the 
age of the pupae before heat -shock. 

3.2.1.1 Duration of the heat-shock 

As mentioned (section 3.1.3), flies were turned five days prior to pupation 
then collected in four sets at 12 time points. Following the collection, pupae 
were incubated for 24 hours at 25°C. They were then heat-shocked at 40°C for 
four different exposure times: 45min, 2hrs, 3hrs, and 4hrs. Pupae were 
collected for 5 days. Flies were scored after 5 days of pupation. 

3.2.1.2 Temperature of the heat-shock 

The second round of optimization involved collecting pupae for 5 days and 
heat-shocking them at four different temperatures: 40°C, 41°C, 41.5°C, and 
42°C respectively for a period of 45 minutes. Flies were scored after 5 days. 

3.2.1.3 Age of the pupae before heat-shock 

The third round of optimization involved varying the time of incubation. This 
involved running the experiments in triplets. The temperature and the 
duration of heat-shock were kept constant at 40°C for 45 min, while the 
incubation period was altered. Pupae were heat-shocked, after three 
incubation times: 23 hrs, 24 hrs and 25 hrs respectively. 

3.2.2 Repeating the Waddington Experiment 

Drosophila Canton-S flies from Bloomington Drosophila stock center, or the 

white-eyed mutant w1118 strain, were turned into sterile disposable culture 

bottles (about 100 flies per pint culture jar) filled with freshly prepared fly 
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medium (see section 2.3; chapter 2 for details). Extra active dry yeast 
(Saccharomyces cerevisiae; Edmond’s Active Yeast) was added to the food 
before turning the flies. Once the white prepupae started forming, 
approximately 1380 prepupae were collected into sterile vials with the fly 
culture. The collection was spread over 12-15 time points in a day, for five-
seven days. Simultaneously, the vials containing the prepupae were heat-
shocked after 24 hours of incubation (at 25°C) at 40°C for 45min. Following 
the heat-shock, the vials were left in the incubator (at 25°C) for a period of 5 
days, for the flies to eclose. Later the flies were scored as either crossveinless 
(cve) or non-crossveinless (non-cve) as per the protocol described in section 
2.4.2 of Chapter 2.  

 

3.2.3 Geldanamycin Treatment 

The aim of this experiment was to investigate the involvement of Hsp90 in the 
production of the crossveinless phenocopy from both the stocks (the wild-
type and the white- eyed strain).  

3.2.3.1 Preparation of Geldanamycin treated Drosophila Media 

Geldanamycin (G3381-1MG; www.sigma-aldrich.com) came in a dried 
powdered form, and before it was added to the fly culture, a suspension had 
to be prepared. The powdered form was dissolved in 100 !L Dimethyl 
Sulfoxide (DMSO; at a concentration of 100 mg/mL) and stored at -20°C until 
used. The fly food used to culture flies with Geldanamycin was a pre-mix 
culture called - Drosophila Instant Medium BLUE (Formula 4-24® Instant 
Medium, Blue ; Rutherford S.L., 1998). The pre-mix lacked yeast, so 1% yeast 
slurry was prepared with distilled water. The fly medium had a distinct blue 
colour, unlike the standard appearance. 

 

3.2.3.2 Procedure 

Four empty sterile disposable fly bottles were used. Two were treated with 
geldanamycin (a suspension of geldanamycin in DMSO) and the remaining 
two were controls with DMSO. 25 mL of the yeast slurry was added to each of 
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the four bottles. Following this, 8.3 !L of geldanamycin solution was added to 
two of the bottles and 8.3 !L of DMSO was added to the remaining two 
bottles. The Drosophila Instant Medium (~10 g) was then added to all four of 
the fly bottles. The medium was allowed to set. After 5 min the flies from both 
the strains were turned into the prepared bottles. The flies were scored after 
10 days. 

Geldanamycin Treatment at Different Concentrations: In addition, flies were 
also exposed to three different concentrations of geldanamycin (e.g. 1x, 0.5x, 
3x). The main purpose of doing this was to check if varying concentrations of 
geldanamycin resulted in any degree of severity, thereby creating a range in 
the production of the trait. 

 
 
3.3 Results and Discussion 
 
Repeating Waddington’s genetic assimilation experiment lead to an 
interesting discovery. Among the two laboratory Drosophila strains that were 
used in the experiment, the wild-type (the wild Canton-S) failed to produce 
disturbed posterior crossveins and the white-eyed strain (the white-eyed 
mutant w1118 strain) succeeded in not only producing but also allowing the trait 
to be selected for in the following generations. How is it that despite having 
common predisposing factors, and being reared under identical conditions, 
the two strains responded differently to the stress response? Clearly, as stated 
earlier, the presence of minor modifier genes does make stains differ from 
each other in terms of their physiological response to stress.  
 

3.3.1 The Waddington Experiment 

The wild Drosophila Canton-S flies, when heat-shocked, never produced 
disturbed posterior crossveins while the white-eyed mutant w1118 strain did, 
allowing the trait to be selected for in the following generations.  

The heat-shock conditions used in the original work (Waddington C.H., 1953) 
proved to be lethal on both strains, and thus parameters were altered to 
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induce the crossveinless trait. Initially, wild strains of Drosophila were used in 
the experiment. Around 1380 pupae were collected for heat-shock from the 
parent generation. Following eclosion, flies were scored for the presence of 
the crossveinless trait. Surprisingly, though the conditions of the original 
experiment (Waddington C.H., 1953) were replicated, not a single 
crossveinless fly was recovered.  

Following rigorous optimization which involved altering the heat-shocking 
parameters (the duration of the heat-shock, the temperature of heat-shock and 
the age of the pupae before the heat-shock (section 3.2.2)), the ideal heat-
shocking conditions were chosen, although the wild-type strain still failed in 
producing crossveinless. White-eyed pupae heat-shocked at temperatures 
greater than 40.5°C, and for durations more than 45min failed to eclose, let 
alone produce the wing defect. Earlier studies on crossveinless (Milkman 
R.D., 1959; 1960) acknowledge that a temperature of 40.5°C ± 0.03 for 45 min 
produced significantly higher posterior crossvein defects.  

As stated earlier, the wildtype failed to produce posterior crossvein defects, 
even with different incubation times. The white-eyed w1118 strain, on the other 
hand, showed that heat-shocking (at 40.5°C for 45 min) 24 hours after 
pupariation produced the best results in terms of percent cve (Figure 3.5 
below; also refer to Appendix I; Tables 20, 21, and 22 for details).   

 

Figure 3.4. Age of pupae and its effect on percent of crossveinless, following heat-shock 
Column graph showing individual percent of cve flies (from w1118 strains) obtained (y-axis) 
from pupae heat-shocked after three different incubation times (x-axis). 
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3.3.3 Geldanamycin Treatment 

To understand the relationship between genetic buffers and stress (heat-shock 
in our case) induced cryptic variants like crossveinless, an alternative 
experiment was set up (section 3.2.3). This involved raising flies in special 
medium containing geldanamycin, a potent inhibitor of hsp90 (Bedin M. et. 
al., 2004). Hsp90 has been shown to act as a genetic buffer against a wide 
variety of cryptic phenotypic variants (Rutherford S.L., 1998) thereby 
preventing them from being expressed in a population. Induced stress, 
however, has been known to impair the function of such buffers, allowing the 
otherwise inhibited phenotypic deviants to be seen in the population. We 
wished to test the idea that the crossveinless phenotype produced in w1118 
strain by heat-shock was caused by buffered genetic variants that would also 
appear with inhibition of hsp90. None of the geldanamycin-treated flies 
(section 3.2.3.2) showed any crossvein defects (see Table 3.1 below), implying 
that the heat-shock induced cve was occurring due to a mechanism not 
involving Hsp90. Though there are no independent evidences to show 
specific inhibition of Hsp90 function, the methodology used in this 
experiment has been adapted from one of the most cited work on 
geldanamycin mediated inhibition of Hsp90, and the eventual loss of its 
capacitance (Rutherford S.L., 1998). 

  

Stock Flies 
Scored 

cve 
wings 

  Curved  
wing-like 

  Normal 
flies  

Died 

    cve 
female 

cve 
male 

  
female 

 
male 

    

Total 270 0 0 54 58 110 49 
             
GA + W 80 0 0 12 18 40 10 
GA + Wt 60 0 0 12 13 25 10 
DMSO + W 48 0 0 1 1 20 26 
DMSO + Wt 30 0 0 2 1 25 3 

 

Table 3.1.  Effect of Geldanamycin on fly stock. Table summarizing the results from 
treating, both wild-type and white-eyed flies with Geldanmycin. 
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However, some of the flies did show a curved (c) wing-like phenotype, where 
wings are curved downward throughout their length and are slightly 
divergent (Otto P.A., 2000), thereby not completely ruling out the well-
established (Rutherford S.L., 2003; 2007) role of Hsp90 as a genetic buffer. It 
must be pointed out that the c-like phenotype is just a cryptic trait that 
manifested in flies treated with geldanamycin, and not a predetermined 
positive control for the experiment. The presence of one or two flies with c-
like phenotype in the DMSO control groups could give the impression that 
the effect might be produced due to the solvent alone, and not as a result of 
geldanamycin mediated hsp90 inhibition. But it has been shown that use of 
DMSO might complicate mutagenicity screens by giving false positive results 
(Brodberg R.K. et al., 1987). To test the possibility that the lack of cve 
phenotypes could be due to inefficient inhibition of hsp90, flies were exposed, 
in the same experimental setup, to three different concentrations of 
geldanamycin (e.g. 1x, 0.5x, 3x; section 3.2.3.3).  No signs of posterior 
crossvein disturbances were observed in the experimental stocks. This 
experiment again indicated that the cve phenotype induced by heat-shock is 
not simply a genetically buffered trait (by hsp90 at least); thereby 
acknowledging that cve is perhaps polygenic in nature. Results from the 
following chapters (Chapter 4,5,6 and 7) would provide stronger evidences 
for the polygenic nature of cve. 

One must appreciate that alleles of the cve complex are believed to have no 
visible effects by themselves, but act in combination. That is to say that any of 
these several combinations could give rise to a similar phenocopy (Milkman 
R.D., 1959, 1960). The term “similar phenocopy” here refers to the fact that, 
upon appropriate heat-shocking, rather than a strict “exactly the same” 
response every time, a gradation in the expression of the character 
(crossveinless) is noticed, ranging from a mere nick in the posterior crossveins 
in some to its complete absence in others (Waddington C.H., 1953). 
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3.4 Concluding Remarks 

Some of the key findings from this chapter are as follows: 

• Repetition of the Waddington experiment: Optimization of the heat-
shocking conditions, one that suited the current study, showed that heat-
shocking 24 hours old pupae (incubated at 25°C) at 40.5°C for 45 min 
produced the best results in terms of percent cve. The standard heat-
shocking conditions (Waddington C.H., 1953), on the other hand, were 
found to be lethal to strains used in the present work. Nonetheless, even 
with appropriate heat-shocking conditions, the white-eyed W118 strain 
showed posterior crossvein defects in their wings, and the wild-type strain 
failed to produce crossveinless. 

• Treating flies with Geldanamycin: Growing flies in media treated with 
Geldanamycin showed that crossveinless is not an Hsp90 buffered trait. 
Perhaps many factors accumulate to produce this stress induced 
phenocopy; something that explains its selectability and its apparent 
assimilation in later generations. 
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Chapter 4 

The Cost of Selection 

 

4.1 Introduction 

Neo-Darwinian natural selection theory indicates that sudden, drastic 
changes in the environment place selective pressure on genetic variants in a 
population (Barbieri F.D., 1989). As time progresses, this pressure sculpts 
individuals to better fit this new environment.  

No matter how drastic and sudden, a change in the environment does not 
bring a change in genetics. Such changes add constraint, by way of increased 
selective pressure, on those few, rare, genetic variants in the population. It is 
the repeated nature of selection, with time, that changes the gene frequency in 
favor of the most suitable individuals. This continues to the point that the 
whole population comprises more of these fitter variants than the older, less 
fit wild stock. Waddington’s Genetic Assimilation theory is perhaps an 
extension to this concept, whereby repeated artificial selection under stress 
leads to an acquired trait becoming fixed in a population. However, when it 
comes to the selection of crossveinless, the repeated selection results in the 
production of less fit individuals in successive generations. One of the key 
points about the Natural Selection theory is that nature only favors what is 
good or beneficial. Crossveinless offers no selective advantage to the heat-
shocked flies. 

The Waddington experiment that was repeated using white-eyed (the w1118 
strains) flies produced the crossveinless trait from the parent generation. The 
F1 generation was split into two selection lines: an Upward Selection Line, 
consisting of only those flies that showed a disturbance in their posterior 
crossvein, and a Downward Selection Line that only took normal flies (refer to 
section 3.1.3, Chapter 3 for specifics). As one would expect, the Upward 
Selection Line displayed an overall increase in the frequency of crossveinless 
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flies in successive generations (owing to positive selection of the trait). On the 
other hand, the Downward Selection Line responded with a consistent but 
non-linear decline in the percentage of crossveinless. This chapter will 
introduce and enlarge observations made on flies with disturbed posterior 
crossveins; especially the manner in which the Waddington experiment 
impacts the population. It seems that Waddington evaluated crossveinless 
(Waddington C.H., 1953) just by what it is good for, but not by the price of 
using it. That is to say, there is an inevitable cost that needs to be paid in order 
to acquire crossveinlessness (cve and the associated phenotypes).  

 

4.2 Materials and Methods 

4.2.1 Setting up and scoring selection lines 

F1 flies were maintained in sterile disposable culture bottles filled with 
freshly prepared fly medium until they started pupating (approximately 120 
hours AEL). Crossveinless F1 flies were maintained as the Upward Selection 
Line and the non-crossveinless F1 flies were maintained separately as the 
Downward Selection Line. Pre-pupal collection was spread over 12-15 time 
points in a day, for five-seven days. Simultaneously, vials containing 
prepupae were heat-shocked after 24 hours of incubation (at 25°C) at 40.5°C 
for 45 min (section 3.2.1 and 3.3.1, chapter 3). Following the heat-shock, the 
vials are left in the incubator (at 25°C) for approximately 5 days, for the flies 
to eclose. As they emerge, the flies were scored as either crossveinless (cve) or 
non-crossveinless (non-cve). Unlike the classic experiment (Waddington C.H., 
1953), special care was taken to ensure the virginity of females before setting 
up future crosses. Flies (both cve and non-cve) were anesthetized (with CO2), 
collected, separated (roughly 4-10 hours after eclosion from pupa) into males 
and females, and stored in yeasted vials until needed. As an added measure, 
female vials were checked after 3-4 days for any signs of larvae. With this rule 
for sexing for virgin collection, females were virgin. Once the flies eclosed 
following heat-shock, they were anesthetized and then scored (as 
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crossveinless or wild-type) according to the protocol elaborated in Chapter 2 
(refer to section 2.4.2). 

 

4.3 Results and Discussion 

4.3.1 The cve polygenic system  

The upward selection line (one line of each per generation; refer to Appendix 
I for details), as expected, showed an increase in the occurrence of the 
crossveinless phenotype. In the initial generations, this increase in the number 
of cve individuals is irregular. Fifteen per cent of flies obtained by heat-
shocking the first batch of pupae, showed the crossveinless response. From 
there, the upward selection line showed an increase in the percentage of cve, 
responding strongly to the heat-shock treatment (see Figure 4.1 below). By 
generation F8 the percentage of crossveinless rose to 94%; in other words, 
almost all of the flies in that generation had posterior crossvein defects. 
However, further heat-shocking and selection did not produce an increase in 
the frequency of the trait as it did in the earlier generations; instead the 
percentage stabilized around 94%. As expected the Downward Selection Line 
displayed a constant decrease in the proportion of crossveinless flies, 
although the decline was not linear (see Figure 4.1 below; also refer to 
Appendix I). The decision to start the downward selection line from 
generation F3 was deliberate. This was to ensure that there was a steady 
penetrance of cve in the population before selecting against it. A similar 
approach was used in the original work (Waddington C.H., 1953). 
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Figure 4.1. Line graph presenting an overall increase in the percentage of crossveinless over 
ten generations in the Upward Selection Line.  

 

Figure 4.2. Line graph indicating a decline in the percentage of crossveinless over eight 
generations in the Downward Selection Line. 
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A reason behind the apparent increase in the frequency of crossveinless, seen 
in the upward selection line, is that the combinations of genes influencing 
crossveinlessness are believed to be polygenic in nature (Milkman R.D., 1960). 
That is to say, there is a ‘cve complex’ that influences the fly’s ability to make 
posterior crossveins, and this complex comprises of a group of common, 
naturally occurring polygenes distributed randomly over the main 
chromosomes of Drosophila. Alleles of this complex act additively in lowering 
the ability to make posterior crossveins in selection lines. Repeatedly selecting 
cve individuals in successive generations improves the probability of having 
these random alleles, and this eventually increases the percentage of cve. 
Also, the alleles of this polygenic system have no visible effects by 
themselves, but do so when they act in combination. Any of these several 
combinations may produce the crossveinless response. This is why there is 
always a range in the expression of the character, instead of just one degree of 
severity all the time (Figure 4.3 below). 
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Figure 4.3. (Top) gradation in the expression of crossveinless (adapted from Waddington C.H., 1953); posterior crossveins following appropriate heat-
shocking are either disturbed with three-fourths missing (bottom-left), completely absent in the wings (bottom-center) or with just a small nick at the point 
where it meets the longitudinal veins (L4 & L5; bottom). The disturbance could be in just one wing (bottom left) or both wings (bottom- right). Black arrows 
indicate the individual disturbed posterior crossvein. 
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The additive nature is evident from early stages of the experiment. Whether 
crossveinless or non-crossveinless, the F1 generation will generally produce 
far more crossveinless individuals in the following generation than the parent 
generation. As stated earlier, this group of common, naturally, occurring 
polygenes are widely distributed on three major chromosomes. It is assumed 
that there are as a minimum five potential loci: one on the X chromosome; one 
on the right arm of the third; one or two on the left arm of the third; one or 
more on the right arm of the second; and one or more on the left arm of the 
second (Milkman R.D., 1960b). This will be discussed in a later chapter 
(Chapter 7). Alternatively, the appearance of a few known mutant 
phenotypes in cve flies in the present study, further cemented the long held 
belief that alleles of these other mutant phenotypes are perhaps part of this 
complex and through random combinations they produce flies with defective 
crossveins. Some of the key mutations that seem to be produced along with 
the crossveinless are: abrupt, gull, detached, giant, bubble, crimp, beadex and 
abnormal abdomen etc. a detailed description of these phenotypes and the 
relationship they share with the crossveinless has been provided in the 
following chapter (see section 5.1.3; Chapter 5 for specifics). 

 

4.3.2 The cost of acquiring Crossveinlessness 

Although the frequency of the crossveinless allele increased in every 
generation, there was a cost that crossveinless flies paid in the form of 
compromised viability. Viability is generally defined as the capability of a 
living being to live, develop, germinate or maintain itself under favorable 
conditions. Nothing of the weakened viability was ever mentioned in 
Waddington’s original work of 1953. But this is not the first time it has been 
observed. Earlier works (Milkman R.D., 1959) have observed compromised 
viability effects like stockier body and wings, signs of frequent sterility among 
both sexes, survival of eggs below 50% and dysfunctional male genitalia. 
Pupal collection in the upward selection line (in the present study) decreased 
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dramatically as one progressed from one generation to the other indicating a 
severe decrease in the numbers of individuals in the population (Figure 4.4 
below). The downward selection line did not exhibit any significant decrease 
in viability (refer to Tables A.12-19, Appendices). 

     

  

 

Figure 4.4. Effect of heat-shock on fly viability. (Top) a line graph showing the drastic 
decline in the number of pupae collected over ten generations. (Bottom) image showing 
overall drop in the number of eggs (white arrows) laid and hatched from generation F1 
(bottom-top) to F2 (bottom), even after 5 days of incubation. Observations were made from 
fly-bottles with equal number of flies (100 each). 
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4.3.3 Deviations from normal development 

During the usual development of Drosophila melanogaster, eggs are laid within 
24 hours of turning. Once the eggs hatch, the three instars of larvae (L1, L2 
and L3) are formed serially in gaps of ~24 hours. Roughly 120 hours after egg 
laying (AEL) L3 larvae begin to roam and look for pupation sites (generally as 
far as possible from food; Figure 4.5 below). Once the top-most part of the fly 
pot, which is as far as the larvae can pupate, gets occupied, remaining 
pupariating larvae occupy the next best spot. Eventually, this gives rise to a 
nearly uniform distribution. 

 

Figure 4.5. Standard pupation displayed by wild-type flies. Pupation sites (white arrow), in 
general, are chosen as far as possible from the food. Observation was made from a fly-bottle 
with 100 flies. 

 

Approximately 5 days after pupariation, adult flies eclose or emerge from 
their pupal cases.  However, the heat-shocked population in the upward 
selection line showed a slight delay in their complete development to 
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adulthood. Firstly, there seemed to be a minor delay in the transformation 
from instar L2 to L3, and also from instar L3 to prepupae. But one of the most 
striking and fairly consistent deviations from the typical development was in 
the stage when L3 larvae roam about in search of appropriate pupation sites. 
Unlike their normal counterparts (Figure 4.5), they pupated either very near 
to the food or literally on the food (Figure 4.6). Pupation behavior is 
important, for it considers the interaction between biotic and abiotic 
influences (Martin and Martin, 2001).  
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Figure 4.6. (left) clear distinction in pupation behavior between cve pupae (on the left) and non-cve pupae (on the right). (center) 
side-view of cve flies pupating quite close to the food and (right) top-view of cve flies pupating on the food. Observations were 
made from two fly-bottles with equal number of flies (100 each). Equal population size was used to eliminate the effects of 
population density on pupation behavior. 
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As mentioned earlier in the section, the flies normally eclose 5 days after the 
start of pupariation. Except in the case of cve flies, where most of the females 
eclosed on the fifth day and the males waited a day or two more to emerge 
out of their pupal cases. Also, in a particular generation females always, and 
by far, outnumbered males in terms of the percentage of crossveinless (Refer 
to Appendix 1 for data). This could mean that cve is either too deleterious to 
males that many don’t make it to adulthood, or they are more robust towards 
acquiring the trait. 

 

 
Figure 4.7. cve Females versus cve Males. A column graph showing the percentage of cve 
females and males collected over ten generations in the upward selection line. 

 

4.3.4 Viability compromised for optimum homeostasis.  

We know that energy is used for two vital requirements in a living system: 
one for maintenance and the other for reproduction (Schrödinger E., 1944). 
Under usual circumstances, the balance between the two is upheld for the 
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perpetuation of life, but why? During favorable times, energy is abundant in 
the system. And this leads to increase in the net Entropy (degree of 
disorderness, S; Reiss H., 1965). To circumvent this, energy is equally 
distributed, thereby minimizing the entropy and achieving homeostasis. On 
the other hand, during unfavorable times like a recurrent heat-shock, the 
usable energy (Gibbs free energy, G) depletes, leading to increase in 
disorderness and decrease in homeostasis. To tackle this situation, the system 
might well take an approach that may seem detrimental initially but it will 
help achieve an overall homeostasis, or one that allows survival, but has 
viability/fitness consequences later. The system tilts the balance in favor of 
maintenance, and thus reproduction is compromised (until favorable 
conditions return). But an extreme measure such as this would ensure that the 
development of the progeny doesn’t suffer during in optimum conditions, 
due to the resultant energy insufficiency. In doing so, homeostasis is attained 
for the time being (see Figure 4.8 below). In the present study, this may 
explain why there is a reduction in the number of eggs that hatch, to 
consistent delays in the development of the larval and pupal stages, to 
pupation sites chosen not far away from the food source, to lesser number of 
adults being fertile. To attain homeostasis and ensure interim survival, the 
system perhaps compromises on fitness.  
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Figure 4.8. Interplay between energy utilization, stress, and homeostasis. An illustration 
that depicts how energy (E), during favorable and unfavorable times, is balanced between 
two vital processes: Maintenance (M) and Reproduction (R), in order to attain homeostasis. 

 

So considering the impacts heat-shock has on the fitness and the development 
of flies, one realizes that crossveinless is much more than the mere disruption 
of crossveins. 

 

4.4 Concluding Remarks 

Repetition of the Waddington experiment showed that: 

• Just like the original experiment, the Upward Selection Line responded 
strongly to the recurrent heat-shock and selection.  

• The Downward Selection Line showed a near linear decline in the 
percent of cve. But cve could not be selected out completely, as the 
decrease in its frequency kept fluctuating (Figure 4.2). This clearly 
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implies that crossveinlessness is affected by a number of random 
variables and not by just a few heat-shocking parameters.  

• Females in the present study expressed the trait far more than the 
males. 
 

Although the classic experiment made the selection of crossveinless look 
something as straightforward as merely heat-shocking pupae at specific 
conditions (Chapter 3), it turns out there is a cost associated with acquiring 
crossveinless. It is understood that crossveinless as a phenotype does not offer 
any benefit to the fly (Waddington C.H., 1953), but it surely seemed to be 
deleterious (in the present study) to the well being of flies in the following 
ways: 

• There was a consistent drop in pupal collection in the Upward 
Selection Line while progressing from one generation to the other. This 
indicated that the selection pressure from heat-shock severely impaired 
fly viability.  

• The heat-shocked population in the upward selection line showed a 
slight delay in their complete development to adulthood. There 
seemed to be a minor delay in the transformation from instar L2 to L3, 
and also from instar L3 to prepupae.  

• Crossveinless flies pupated either very near to the food or literally on 
the food. 

• Among cve flies, females eclosed on the fifth day while the males 
waited a day or more to emerge out of their pupal cases. 
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Chapter 5 

Genetic Assimilation of Crossveinless: 
heritable but non-fixable 

 

5.1 Introduction 

Are environmentally induced or acquired traits passed on to future 
generations? Does inheritance of acquired traits play any role in shaping the 
evolution of organisms? Many before Waddington first put forward the 
possibility for the inheritance of acquired traits. Clues to the idea that learnt 
traits might be passed on can be found as early as the folk tales of antiquity. 
Athenians wondered if an attribute like having lean buttocks was a character 
that could be transmitted to successive generations (Zirkie C., 1946). An early 
formulation of the concept of acquired inheritance was also found in the 
writings of Hippocrates (5th century B.C.). The text described the custom of 
binding macrocephalics to the heads of babies to produce long headedness. It 
was later believed that long headedness became hereditary just like baldness 
or blue eyes, and that the binding was no longer necessary (Zirkie C., 1946). 

Despite criticism from biologists, the belief in the inheritance of acquired 
traits persisted through the eighteenth and early nineteenth century. In 1809, 
the French naturalist Jean-Baptiste Lamarck was the first to link acquired 
inheritance to evolution. He formally published his observations as part of his 
work in Philosophie Zoologique (Lamarck J-B., 1809). By comparing current 
species with fossil forms, he proposed two ideas: the first was called the 
theory of use and disuse: according to this, body parts used more often got 
stronger and those that were not used weakened and slowly disappeared. The 
second notion was the inheritance of acquired characteristics theory, the 
concept that efforts taken during an organism’s lifetime could be passed on. 
His example was the giraffe. He believed that the long neck of the giraffe was 
a result of its ancestors stretching their necks longer and longer while trying 
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to reach the highest branches of the trees. Lamarckism, as this idea came to be 
known, did gain a following for a brief period of time. But the popularity 
eventually faded with Weismann’s classic work on mice (Weismann A., 1891) 
where he cut off the tails of mice for numerous generations and failed to 
notice any kind of acquired effect on the length of the tail. Weismann 
overruled the inheritance of acquired characters on the basis that alterations 
to the soma could not produce the kind of changes to the germ plasm that 
may end in the altered trait being passed on to later generations. Since then, 
despite the emergence of many unorthodox theories and mechanisms (as part 
of the Neo Lamarckism), none have been successful in providing sound proof 
for this body of thought i.e. the theory of acquired inheritance.  

5.1.1 Epigenetics and the temptation to accept acquired inheritance theory 

The work on genetic assimilation that was published by Waddington 
(Waddington C.H., 1953) shocked a scientific community rooted in Neo-
Darwinian theory. Since then, although there has been much research on the 
theory of acquired inheritance, it is still viewed with a degree of skepticism, 
simply because, unlike natural selection, acquired inheritance lacks a sturdy 
explanation. However, one could use non-genetic inheritance mechanisms, 
such as epigenetic modifications, as a suitable reference to substantiate the 
inheritance of acquired traits. The inheritance of traits via epigenetic 
variations has gained considerable attention across disciplines ranging from 
cancer genetics and developmental genetics to animal behavior and 
population genetics. This is the reason why an inexplicable, 
incomprehensible, and so hard to grasp notion like acquired inheritance has 
sought refuge in Epigenetics for approval. But why is it thought that there is a 
connection between epigenetics and inheritance? It is well established that, in 
addition to the inherent information within the sequence of DNA, the 
physical structure of chromatin (which can be altered via chemical 
modifications like methylation and acetylation) can be transmitted from one 
cell generation to the next. Such inheritance, which results from external 
rather than internal (genetic) influences, is termed as epigenetic inheritance. It 
is this inheritance without reliance on the sequence information that connects 
an idea like Lamarckism, or acquired inheritance, to epigenetics.  
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Heritable epigenetic modifications can be random or directed (Jablonka E. 
1989). Random epigenetic modifications describe a state where both the 
triggering stimulus is random and the modified gene is generic. On the other 
hand, in a directed epigenetic variation, a stimulus targets specific genes at a 
critical developmental period. Because directed modifications lead to the 
appearance of environmentally acquired phenocopies, which imitate traits 
produced by mutation, it is generally believed that phenotypes such as 
crossveinless, acquired and assimilated by heat-shock, may be due to directed 
epigenetic modifications occurring in the background.  

As far as the continuation of an epigenetic change is concerned, unless the 
variant appears in the germ line, changes will not be passed on to the 
descendants. This acquisition depends on three core factors: the moment 
when the germ line and the soma separate during development, the 
frequency with which these epigenetic alterations occur in the gametes, and 
the rate at which the acquired trait reverses, which in turn depends on how 
perfectly the trait was copied in the first place. For genetic assimilation to be 
the inheritance of an acquired trait via epigenetic mechanisms, it is necessary 
that the stimulus affects germ line cells, or occurs in them (Skinner M.K., 
2013). It is important that the change in gene expression is stably transmitted 
to the offspring so that the new variation is available for natural selection in 
the following generations. What this does is allow an environmentally 
acquired phenocopy to be maintained (in the form of a new chromatin state) 
in the population in the absence of the initial triggering stress. This 
mechanism seems to be at the heart of theories of acquired inheritance.  

Genetic assimilation of the crossveinless trait is similar because it is a trait that 
is not usually present in the population, but is acquired under stress. The 
ability of a population to inherit and reproduce an acquired trait, without the 
triggering stress, is what Waddington meant by Genetic Assimilation. 
Continued artificial selection in the presence of a stimulating stress eventually 
leads to the acquisition of cve in the genetic framework of the organism. 
Given the nature of genetic assimilation, it is convenient to believe that the 
inheritance of crossveinless probably has an epigenetic rationale. As 
Waddington himself acknowledged (Waddington C.H., 1953), “the process of 
selection for the ability of an animal to react adaptively to its environment, 
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leading to the genetic assimilation of the adaptive character, provides us with 
a way of understanding how acquired characters may become inherited 
without our having to suppose that the external conditions have been 
responsible for calling into being the necessary genetic determinants”. 
Ironically, the phenocopy chosen to substantiate this claim was not ideal 
because crossveinlessness, as mentioned earlier, offers no adaptive advantage 
to the fly. To imagine a scenario where such an insignificant trait would get 
assimilated, and then use it as a basis from which to describe the evolutionary 
significance of genetic assimilation seems over-ambitious. 

Furthermore, no one has commented on the longevity of what appears to be a 
stimulus-independent, true-breeding state. In other words, will the newly 
acquired epigenetic state persist and continue in the prolonged absence of the 
stressful environment?  

5.1.2 Transient transgenerational epigenetics 

 It is well established that sudden changes in environment introduce 
evolutionary constraints that influence key developmental and physiological 
processes like metabolism, energy allocation and growth (Beana-Gonzalez., 
2010). Some of these changes may result in epigenetic reprogramming that 
could either produce short-lived transcriptional states (e.g. due to a 
temperature shock) or long-lived transcriptional states (because of a sustained 
change in environmental temperature (Takeda et al., 2001; Liu et al., 2009; 
Alexandre et al., 2009). Additionally, these epigenetic variations could occur 
just once, or recur in several generations.  

With regard to the possibility of a true-breeding crossveinless strain 
maintaining itself, three attributes that characterize cve could be used to 
argue the opposite: A genome-wide polygenic system with no fixed number 
of combinations to produce crossveinlessness; there is always gradation in the 
expression of crossveinless; and crossveinlessness is perhaps built on an 
unstable Epigenetic-Landscape.  

 

5.1.3 A genome-wide polygenic system with no fixed number of 
combinations to produce crossveinlessness 
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There are multiple genes that influence the fly’s ability to make posterior 
crossveins and these are distributed over the main chromosomes of Drosophila 
melanogaster (Milkman R.D., 1960b). Having said that, it would be an 
exaggeration to say that there are dedicated genes for this response. It is true 
that there are specific experimental parameters along with critical 
developmental time frames within which crossveinless is produced, but the 
conditions are certainly not exclusive just for this response (cve). The fairly 
consistent appearance of alternate phenotypes in the heat-shocked cve lines 
shows the pleiotropic nature of this response (figure 5.1). Earlier works 
(Milkman R.D., 1959) have reported the links between defective crossveins 
and other phenotypes. Many single mutant genes are believed to interfere 
with posterior crossvein formation. So the specific heat-shocking conditions 
under which crossveinless is normally produced, four fly types may be seen 
in the progeny: a fly which is strictly crossveinless; a non-crossveinless 
(normal) fly; a crossveinless fly with alternate phenotypes; and a non-
crossveinless fly with alternate phenotypes (see Figure 5.1 below; Appendix 
Table A.25). 

 

 

This crossveinless (cve) fly looks 
familiar to the Abnormal 
Abdomen (A). The phenotype is 
characterized by incomplete 
tergites and sternites; thin crinkled 
cuticle. Bristles and hairs are 
missing in the abdomen. Although 
it might be lost by reversion to wild 
type.   
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An undefined phenotype with one 
wing smaller than the other. The 
smaller wing showed posterior 
crossvein defects (ventral view). 

 

This crossveinless (cve) fly appears 
similar to the Gull (G) phenotype, 
is marked by large adult wings, 
extended to 45-90° with crossveins 
sometimes broken. Like the 
crossveinless, it cannot be 
maintained in a homozygous state. 

 

The crossveinless (cve) female fly 
on the extreme right has the Giant 
(gt) like phenotype. Larval and 
pupae development, just like the 
crossveinless, takes longer than 
normal (see chapter 5). Females are 
~1.7 times heavier than normal. 

 

In the Notch (N)- like phenotype, 
adult crossveinless (cve) wings 
were incised at tips and along 
edges. Some had thickened veins 
L3 and L5. Trait is maintained in a 
heterozygous state between both 
sexes. 
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This is the Beadex-Reccessive 49K 
(Bxr49k) like crossveinless fly 
displayed minor scalloping of 
posterior wing margin. The trait is 
known to overlap with the wild 
type and is recessive. 

 

 

This crossveinless (cve) fly has a 
distinct eye colour trait called the 
White- Apricot (wa). Primarily 
white-eyed (w) flies with eyes of 
the male yellowish with an orange 
tone; female eyes were yellower 
than male eyes. This phenotype 
was reasonable consistent in the 
heat-shocked population. Color of 
the eyes stayed orange even after 
complete maturity. 

 

 

This heat-shocked fly, in addition 
to the crossveinless trait, has the 
Crimp (Cm) like phenotype. This is 
also a heterozygous trait with adult 
wings ruffled on the rear edges. 
This character overlaps with wild 
type gradually. 

 

 

Figure 5.1. Alternate phenotypes associated with cve. Figure showing various alternate 
phenotypes that were observed in some of the heat-shocked individuals, during the 
Waddington experiment. The figure consists of a picture of the specific phenotypic deviant 
(Otto P.A., 2000) and its description on the right. 
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Alleles of the so-called cve complex are also believed to be additive in nature. 
That is to say that part played by a single gene is small to none. The genes 
don’t act in a specified order; no particular gene is preferred over the other. 
The number of gene loci affecting crossvein-making ability is out of all 
proportions to the crossvein’s morphological importance. It is believed that 
the production of such a bizarre, insignificant response (cve) cannot be 
regulated by a fixed combination of genes that are maintained in a 
homozygous state, but by having a combination of heterozygous genes 
spread on all the major chromosomes of the Drosophila genome (Milkman 
R.D., 1960). As a matter of fact it is the noticeability and additivity of cve that 
encouraged Waddington to choose this phenotype in his experiment 
(Waddington C.H., 1953). The additive nature is really evident from early 
stages of the experiment. The F1 generation will generally produce far more 
crossveinlessness (a less fit cve fly with or without alternate phenotypes) than 
the parent generation. So if a trait were so random, with no fixed regulators 
presiding over its production, how would it breed true without an artificial 
trigger like heat-shock? 

 

5.1.4 Gradation in the expression of Crossveinless 

There is a great deal of variation in the response of the crossveins to heat-
shock. Following appropriate heat-shock, the posterior crossveins are either 
disturbed with a small nick at the point where it meets the longitudinal veins 
(L4 & L5), three-fourths missing, or completely absent in the wings. These 
disturbances, could be either affect one or both wings. The flowchart below 
illustrates the variation associated with the crossveinless trait.  
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Figure 5.2. A simplified flowchart that illustrates the gradation seen in the expression of 
crossveinless in the Waddington experiment. 

 

Although every cve response from a heat-shocked population could look like 
a simple disturbance in the posterior crossvein, it is more complex. A 
disturbed posterior crossvein could result from either incomplete expression 
of crossvein promoting signals or the improper inhibition of intervein region 
promoting signals at the vein/intervein boundary (refer to Chapter 1 for 
specific details). So in each cve fly, if one assumes there is a 50% chance of 
producing posterior crossvein defects from either of the above-said sources. 
Within each of the 50% probability, a crossvein (as mentioned earlier), might 
be either disturbed with a small nick at the point where it meets the 
longitudinal veins (L4 & L5), three-fourth missing, or completely absent in the 
wings (each having a ~25% chance of occurrence). Any of these three 
differences have an equal chance of appearing in the population. 
Furthermore, any of the above-mentioned three defects could be in either one 
wing or in both wings (so that is like a 12.5% probability). Although it has 
been observed that females show more susceptibility to the response, the 
percentage of males showing cve is not negligible. The net probability of 
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crossveinlessness in a population, therefore, comes to approximately 6.25%; 
that is to say each grade of cve only has a 6.25% (rough estimate) chance of 
occurring again in the same generation. So this is the extent to which the trait 
varies in the population, and in doing so, it further validates the fact that 
crossveinless is affected by a combination of many random factors spread out 
in the genome. 

 

5.1.5 Crossveinless is perhaps built on an unstable Epigenetic-Landscape 

5.1.5.1 Robustness trades-off with fragility 

The concept of robustness is straightforward and is a system’s ability to 
maintain function or performance in the face of internal and external 
perturbations (Kitano H., 2007). Homeostasis is a state where an organism 
(living system) steadily maintains all of its physiological processes. In so 
doing it achieves stability or equilibrium with its environment. Initially it 
appears that that homeostasis and robustness are the same. Upon closer 
inspection it is clear that homeostasis deals with the state of the system, and 
robustness maintains the system’s function. Robustness may help a system 
carry out its functions, even when it transits from one steady state to the next 
most optimal steady state or an unstable state (see Figure 5.3 below). For 
example, the HIV-1 virus, despite having an inherent high mutation rate, 
continues to resist therapeutic interventions (Kozal M.J., 2009). So it appears 
that homeostasis and stability are subclasses within a more general class i.e. 
robustness.  
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Figure 5.3. An analogy that illustrates how stability, homeostasis and robustness function in a 
biological system 

 

To understand the line between robustness and stability, and the concept of 
fragility, an analogy can be drawn. For example, the manners in which lattices 
are packed to give a stable crystal structure. A lattice is an array of points, 
spheres or crystals in a regular configuration throughout a given space (Hook 
J.R. and Hall H.E., 2010; Ashcroft N. and Mermin D., 1976). The arrangement 
of points is such that it gives rise to the most stable lattice. So, as shown in the 
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figure, if we start with an array of spheres (the blue layer), the best way to 
arrange them is by packing them as closely as possible so that no more 
spheres will fit into the given area. A second layer of spheres is placed on top 
of the first, so they nestle into either the left or right pointing holes of the layer 
below. Placing the second layer of spheres in any of the holes would produce 
two stable lattices with the only difference being in their overall arrangement.  

Assuming that the lattice created by filling up the left pointing holes 
represents the initial robust-steady state 1, a known perturbation (which the 
system’s robustness is prepared for) may only affect the system slightly so 
that it might drive the steady state1 towards an alternate but yet stable robust 
state 2. State 2, in this case, would be a lattice that has been created by filling 
up the right pointing holes (Figure A). However, disturbances, for which the 
system is least equipped, would create a fragile state (Figure B). A fragile state 
would be one where a few basal layer (blue layer) spheres are missing, and 
addition of secondary or tertiary layers would further weaken the stability of 
the structure. Thus, during unexpected perturbations, fragility of the system 
increases in successive generations (e.g. the additive nature of the 
crossveinless trait).  

Although the machinery by which robustness sustains a system’s function is 
quite sturdy, there are biological trade-offs that link robustness to 
components like fragility, resource demands and system performance. A 
system is only designed to be robust against known and predictable 
disturbances. This allows opportunities for conditions such as phenotypic 
plasticity and expression of cryptic traits to manifest. So, a system that is 
corrected for specific perturbations will be fragile against uncertain ones. Any 
further attempts to enhance robustness against these sudden disturbances 
would not only lead to a proportional increase in fragility, but also increase 
resource demands. This would dramatically degrade system performance. An 
analogy would be to imagine a case where having a full system backup 
would increase robustness against data loss during a component failure, but it 
will demand more resource and will eventually lower the net performance of 
the system (Kitano H., 2007). In other words, by compromising a system’s 
performance, and by adding more resource, a simultaneous increase in 
robustness and decrease in fragility can be achieved. Conversely, one may 
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maximize performance by giving up on robustness against various 
perturbations. This, however, increases the fragility in the system. Therefore, 
it is hard to find a formalism to provide a single, clear-cut definition for 
robustness and its biological trade-offs.   

Nevertheless, understanding robustness allows us to hypothesize as to what 
may be happening in the classic genetic assimilation experiment. Initially, in 
Waddington’s selection experiment, the system (non-heat-shocked flies in this 
case) is not prepared for the unexpected heat-shock at a critical 
developmental time (refer to section 4.2.1, Chapter 4 for experimental details). 
The system fails to maintain its function, leading to the appearance of traits 
like crossveinless. The shock enables these otherwise contained phenotypes to 
overcome the impaired threshold barrier  (refer to section 1.2.2.1, Chapter 1 
for further details). To tackle the stressed state, the system tries to improve the 
overall robustness. All this does is cause a simultaneous increase in the 
fragility towards the heat-shock. This might explain the increase in the 
percent of cve in successive generations - the additive nature of crossveinless. 
Not only does fragility increase, but also an environmental cue of such 
severity depletes the available resources by affecting the net energy allocation 
(see section 4.3.4, Chapter 4 for specifics). As long as the stress is present, 
there is no way that this demand for additional resource could be met, 
eventually worsening the system’s performance. This could explain the 
deleterious effects seen in cve flies, such as compromised viability, sterility, 
and delays in adult development. To maintain interim homeostasis (in this 
case it would be to retain energy for vital processes), the system may give up 
robustness against perturbations. But the status-quo might change once the 
flies assimilate crossveinlessness and are unable to make crossveins even in 
the absence of the triggering heat-shock. 

Fixation of a trait, in a population, is a threshold phenomenon. The biological 
system contains a buffering mechanism that ensures that some traits are 
expressed in the population and some are not. The reason behind such 
discrimination is to eliminate variability and maintain consistency as much as 
possible in future generations. The mechanism that does this was first termed 
by Waddington as Canalization. Until typical conditions are altered (by 
induced stress), canalization sets a threshold barrier high enough to preclude 
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phenotypic deviants from occurring in the population. A trait is stabilized by 
fixation on the grounds that it will be either adaptive or will be at least 
maintained without compromising a population’s fitness. In the case of the 
crossveinless trait produced by the heat-shock, it is not only non-adaptive and 
insignificant, but it impairs the population’s fitness considerably. Almost half 
of the eggs fail to hatch, and the majority that survive are born sterile (see 
section 4.3.2, Chapter 4 for further details).  

5.1.5.2 Waddington’s Epigenetic Landscape 

Waddington was the first to physically illustrate the relationship between 
gene, environment and the resultant phenotype. He called this the Epigenetic-
Landscape. According to this concept, a trait is like a ball that rolls down a 
landscape with ridges and valleys (see Figure 5.4 below). The depth of the 
ridge alters the path taken by the ball, and thereby determines the ultimate 
fate of the phenotype in terms of its manifestation. So, the deeper the groove, 
the more stable the trait is going to be, and thus more consistent in future 
generations. Altering an existing landscape can change the fate of a 
phenotype. According to Waddington, the landscape can be shifted by 
numerous strings (Figure 5.4 below) of interacting proteins to represent 
genetic variation that can be tightened or loosened by stress. 

 

Figure 5.4. Interaction between gene and environment, and its effects on the fate of a 
phenotype in an epigenetic landscape. Adapted from Waddington’s epigenetic landscape 
(Waddington C.H., 1953). 
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The epigenetic-landscape created for crossveinless, as a result of repeated 
artificial selection, does not seem to be robust enough considering the 
diversity of the trait in terms of its morphological appearance, its polygenic 
nature and the extent of damage on the population’s survivorship. When one 
combines the range in the degree of the expression of crossveinlessness with 
the occurrences of alternate phenotypes discussed in the last section (5.1.3), 
one simply amplifies the diversity of cve individuals in a heat-shocked 
population. 

This chapter, in an attempt to test the above-mentioned claims, was aimed at 
the selection and maintenance of true breeding crossveinless flies without the 
external stress induced by heat-shock. 

 

5.2 Materials and Methods 

5.2.1 Setting up and scoring assimilated lines 

True breeding flies (genetically assimilated) observed in the upward selection 
line (see section 4.3.1; Chapter 4 for specifics) were maintained in sterile 
disposable culture bottles filled with freshly prepared fly medium. After 
approximately 5 days, the flies began to eclose. As they emerge, the flies were 
scored as either crossveinless (cve) or non-crossveinless (non-cve). Unlike the 
classic experiment (Waddington C.H., 1953), special care was taken to ensure 
the virginity of females before setting up future crosses. Flies (both cve and 
non-cve) were anesthetized (with CO2), collected, separated (roughly 4-10 
hours after eclosion from pupa) into males and females, and stored in yeasted 
vials until needed. As an added measure, female vials were checked after 3-4 
days for any signs of larvae. With this rule of sexing for virgin collection, 
females were always virgin. Following eclosion, the flies had to be scored as 
either crossveinless or non-crossveinless (according to the protocol in section 
2.4.2, Chapter 2).  
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5.3 Results and Discussion 

5.3.1 Assimilation, perhaps a transient transgenerational effect with low 
penetrance 

 

Generation F4 in the heat-shocked upward selection line (see section 4.3.1, 
Chapter 4 for specifics) started producing cve flies in the untreated 
population, though in small amounts.  Nonetheless, it showed that the 
character had been assimilated by this generation. Assimilated flies shared 
some of the novel characteristics that were noticed in the heat-shocked cve 
flies during the present study such as pupation closer to the food and delays 
in development (see section 4.3.3, Chapter 4 for specifics; also see figure 5.5 
below).  Although one could have started scoring and selecting these true 
breeding flies from F4, it seemed prudent to carry out the collections when 
the numbers improved (i.e. by 2% in F6; see Figure 5.6). Ten generations of 
true breeding flies were raised. But unlike, the original work (Waddington 
C.H., 1953), where after 7 or 8 generations of true breeding assimilated flies, 
Waddington almost reached fixation (~99% cve in most of the lines), percent 
cve in genetically assimilated lines, steadied around 20 and 40%; with F10 
dipping down further to a staggering 10%.  

Approximately 300 assimilated flies were also bred with normal flies for two 
generations to see if the trait behaved differently. The percentage of cve either 
dipped down or stayed the same (between 20-40%); clearly questioning the 
strength of assimilation against selection. The results above suggest that 
genetic assimilation might be a short-lived phenomenon. However, the 
efficient inheritance of crossveinless hints that a plausible epigenetic 
transgenerational effect might be underlying genetic assimilation. 
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Figure 5.5. Genetically Assimilated crossveinless flies. (left and center) genetically 
assimilated pupae from generation F1 and F2 exhibiting localized pupation; pupating closer 
to food. (right) genetically assimilated white eyed cve fly obtained from the untreated stock. 
Black arrow points out the characteristic disturbed posterior crossvein in the fly.  

 

Also, as seen in the heat-shocked generations, females produced more cve 
than males (see Chapter 4, Figure 4.7) to the extent that the last three 
generations of assimilated flies (F8, F9, and F10) did not produce any cve 
males at all (see Figure 5.6 below). Either crossveinless is so deleterious that 
true breeding males never make it to adulthood, or perhaps males are too 
robust to produce the phenotypic deviant.  
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Figure 5.6. (top) line graph explaining the generation and selection of genetically assimilated 
(GA) cve lines (10 generations) from the heat-shocked-upward selection line. (bottom) line 
graph showing the number of crossveinless males and females scored from the true breeding 
selection lines. 

0!

20!

40!

60!

80!

100!

120!

Pe
rc

et
ag

e!

Generation!

Upward Selection Line!

HS %cve!

GA%cve!

0!
10!
20!
30!
40!
50!
60!
70!
80!
90!

100!

P! F1! F2! F3! F4! F5! F6! F7! F8! F9! F10!

N
o.

 o
f fl

ie
s!

Generation!

M (no.)! F(no.)!



Chapter 5: Genetic Assimilation of Crossveinless: heritable but non-fixable 

	  

	   83	  

5.3.2 The ‘magnetizing an iron nail’ analogy 

 In order to generate an explanation for the apparent, brief transmission of 
crossveinlessness, the creation of an ordinary nail-magnet can be used as an 
example. Repetitively rubbing a magnet along an iron nail aligns some of the 
magnetic domains in the nail in a common direction. This will have an effect 
of making the nail into a magnet. The nail will not be a strong magnet but it 
will come away with some magnetic properties. This particular analogy is 
similar to Waddington’s Genetic Assimilation experiment (Waddington C.H., 
1953). In the classic experiment, pupae were repeatedly heats-hocked, in 
every generation, to produce flies (Drosophila) with the crossveinless response. 
After a few generations (F14) of selection (in the upward selection line), some 
of the untreated flies started to show the response. It is at this point, as 
claimed by Waddington that the acquired trait gets incorporated into the 
genetic makeup of the organism, and would be transmitted independently 
into future generations. This is Genetic Assimilation. Just like the nail-magnet, 
constant selection with heat-shock creates a temporary crossveinless-
landscape in the so-called assimilated lines. It is assumed to be temporary 
because the parameter on which this landscape is created does not seem to be 
stable enough. It is hard to imagine the stabilization of a trait that is 
morphologically inconsistent, offers no benefit to the fly whatsoever, and also 
weakens the fitness, at different stages, of the organism’s development. 
Therefore, as the assimilated lines move through a generations without being 
heat-shocked, genetic buffers (see section 1.2.2.1, Chapter 1 for further details) 
via canalization would try to stabilize the most appropriate phenotype; one 
that is both invariant and beneficial to the population. Thus, following a 
couple of generations with an absence of any trigger from the typical heat-
shock, genetically assimilated flies would perhaps undergo a restructuring in 
their epigenetic landscape. They would de-canalize the cve landscape 
followed by the re-canalization of the normal non-cve landscape (see Figure 
5.7 below).  
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Figure 5.7. cve versus non-cve epigenetic landscape. Adapted from Waddington’s epigenetic 
landscape (Waddington C.H., 1957). 

 

This transition makes sense in many ways. Firstly, because there is no more 
pressure from the stressful heat-shock, so there is no extra demand for 
additional resources. This would in turn make sure that there is nothing 
affects the system’s performance. Secondly, there are no fragile perturbations 
(crossveinless response via heat-shock) that would leave the system 
unprepared. Keeping the aforesaid factors in mind, it seems logical to assume 
that the system’s robustness should consequently stop any further 
continuance of this trait (crossveinless). De-canalization would push 
crossveinless out of the homeostasis or equilibrium, and then there might be 
an interim state of fragility or vulnerability towards disturbances. To counter 
this period of disorderliness new thresholds, via re-canalization, are set up. 
This time, since there is no compromise on the system performance via 
external stress, reactivation of system’s robustness fixes the old, but optimum 
trait (i.e. non-cve or proper crossveins) in the future generations. This might 
explain the transient transmission of the crossveinless response followed by a 
reversion to the normal state. 
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5.3.3 Assimilation doesn’t necessarily mean fixation 

Explanations gave possible reasons as to why the assimilation of cve might be 
a transient effect, but one might argue why the trait still continued to express 
itself in the population. The answer to this might come from the fact that 
crossveinless is an additive trait (Milkman R.D., 1960). Selecting cve 
individuals in successive generations ensured the maintenance of cve alleles 
in the population. In other words more and more crossveinless flies in 
following generations. Therefore, selecting true breeding cve flies in every 
generation ensured the maintenance of crossveinless, regardless of a low 
frequency. However, as the assimilated flies were not under the selection 
pressure created by the heat-shock, the genetic buffers that mediate 
canalization (see section 1.2.2.1, Chapter 1 for specifics) were perhaps no 
longer impaired enough. This would follow that the system would make sure 
that a non-adaptive trait such as crossveinless does not get fixed (exemplified 
by the fact that assimilated flies in the present study failed to achieve fixation 
of cve). After all, canalization only prevents phenotypic deviants from getting 
fixed; it does not remove them from the population. The Mutation-Selection 
Balance theory derived by Haldane and Fisher in 1920 offers a conceptual 
backing to the aforesaid claims. According to this theory, a cryptic variant 
that might be deleterious will not necessarily disappear immediately from a 
population. Its frequency in the population might float up and down for a 
while before returning to zero. In a hypothetical large population, with 
additional mutations, the frequency might not return to zero at all. The 
variant will reach equilibrium or a balance between mutation (that is pushing 
the frequency forward) and selection (which is pushing it down). Selection 
fails to eliminate deleterious phenotypic variants because they are frequently 
created anew through recurrent mutation. The mutation-selection balance 
offers a simple model for understanding how variations such as the 
crossveinless might continue in natural populations.  
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Chapter 6 

Microarray Analysis: a snapshot of the cve 
transcriptome  

 

6.1 Introduction 

Gene expression microarrays give a glimpse of all the transcriptional activity 
in a biological sample. Rather than focusing on a single gene, as in the case of 
many traditional molecular biology tools, microarrays allow the investigation 
of differential gene expression in the whole organism, while also assisting in 
the discovery of novel genes and their functional roles. The following section 
(see Figure 6.1) gives an overview of some of the key steps involved in the 
preparation and generation of data from microarrays. 

 

Figure 6.1. A flowchart giving an overview of the steps involved in a microarray experiment. 
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A careful experiment design is crucial to a typical gene expression microarray 
experiment (Kerr M.K., 2001). Experimental design should provide answers to 
questions such as what are the variables that need to be compared and 
measured? How would this comparison help in answering the scientific 
problem? Additionally, a major design question is whether to measure the 
expression levels from each sample on a different microarray (using single-
color or single-channel arrays), or instead to compare relative expression 
levels between a pair of samples on each microarray (two-channel arrays) 
Once the experiment has been planned, the biological samples have to be 
prepared accordingly.  

Once the raw data has been generated, it is important to assess its quality and 
ensure that all samples are comparable for further analysis. Data visualization 
is an essential part of assessing data quality, selecting a normalization 
method, and estimating the net effectiveness of the normalization. 
Normalization of the raw data accounts for any technical or systemic 
variation between arrays within a study (Simon R.M., 2003). Excluding 
technical variation leaves only biological variation; the object of this 
investigation. 

The ultimate goal of microarray experiments is to recognize differentially 
expressing genes, pathways, and processes between groups of samples. There 
are two ways of finding differential expression. The first method examines 
individual genes or transcripts that have statistically significant differences in 
expression between samples (Khatri P., 2005). The second approach discovers 
groups of functionally related genes initially, and later tests if these gene sets 
exhibit differential expression as a group (Slonim D.K., 2009). 

Two laboratory strains were used in the experiment, where one (the wild 
Canton-S flies from Bloomington Drosophila stock center) failed to produce 
disturbed posterior crossveins and the other (the white-eyed mutant w1118 
strain) succeeded in producing the trait in response to heat-shock. So to 
understand this disparity, an experiment was setup. An experiment that 
would compare RNA expression in wing imaginal discs of pupae from both 
wild-type and white-eyed mutants, under normal versus heat-shocked 
conditions. A comparison at the transcriptome level would not only shed 
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light on the strain specific nature of crossveinless but also provide some 
information on the group of differentially expressing genes that might be 
misfiring in producing the stress induced trait.  

 

6.2 Materials and Methods 

Based on the flowchart (Figure 6.1) that outlined the process involved in a 
microarray experiment, the first step is designing and collecting appropriate 
samples (Drosophila imaginal wing discs from four samples). The samples 
were subdivided into four groups. Two groups were from wild strains of 
Drosophila melanogaster (Canton-S flies from Bloomington Drosophila stock 
center) and two from the white-eyed mutant w1118 of Drosophila melanogaster. 
Two of the four groups were heat-shocked and the other two were not. For 
analysis via microarrays, each of the four samples contained three replicates 
(biological). This enabled us to calculate a mean expression from all twelve 
samples. 

6.2.1 Imaginal wing disc dissection 

Imaginal wing discs from Drosophila pupae were used for downstream RNA 
isolation and analysis via Microarrays. But before dissection, pupae from both 
strains were first collected roughly 120 hours after egg laying (AEL). 
Collections were made at several time points (12-15) over five days. Half of 
these gathered pupae were heat-shocked (at 40.5°C for 45 min) after an 
incubation of 24 hours (at 25°C). The other half was not. Then, both heat-
shocked pupae and non-heat-shocked pupae were dissected. Heat-shocked 
pupae were dissected immediately after the heat treatment. In other words, 
there was heat-shock and dissection after each time-point. The heat-shock 
conditions used above were kept identical to those that were used in the 
present repetition of the Waddington experiment (section 3.2.2, Chapter 3).   

Dissection was carried out using a pair of sharp tweezers, on glass slide in 
PBS under a cold-light stereomicroscope (Leica L2; Leica Microsystems). 
When dissecting pupae it is important to be familiar with the morphology of 
imaginal discs in both larval and pupal stages. For instance, in third instar 
larvae the wing discs (Figure 6.2 below) are attached to the trachea laterally. 
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However, in pupae (24 – 48 hours after pupariation (a.p)), wing discs develop 
in special wing pouches. The dissection of third instar larvae was carried out 
on its dorsal side. In contrast, the pupae were dissected on their ventral sides. 
This ensures that the developing wing discs are clearly visible and are 
isolated without any damage.  

 

                            

                             

        

Figure 6.2. Wing imaginal discs at five different stages of development. (top-left) Third 
instar larvae; (top-right) Prepupae (center-left) Pupae 24-30 hours a.p; this is the stage that 
was selected for extracting the discs (center-right) Pupae 36-72 hours a.p; (bottom-left) Pupae, 
87 hours a.p. 

 

Dissection starts by placing the pupae in a drop of ice cold 1x PBS. Once the 
wing discs are separated from the pupae, and frozen by placing them into 

small tubes (Eppendorf 1.5 mL) stored in dry ice (solid CO2). Storage in dry 

ice helps to maintain the integrity of the sample tissue during the entire 
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process of dissection. 50 mg of tissue (24 hr old ≥ 200 pupal wing discs) were 
collected for each sample.  Following dissection, the tissues were stored in 
freezers at -80°C, until further use.   

 

6.2.2 RNA isolation and quantification 

6.2.2.1 Isolation of total RNA from the wing discs of Drosophila melanogaster 

Total RNA was isolated in two stages. First, a crude extraction of RNA using 
the TRIzol® reagent (Invitrogen Life Technologies TRIzol® manual), and 
second a solid-phase purification of RNA using the RNeasy Mini Kit (Qiagen; 
catalogue no. 74104). This method was used due to its ability to extract and 
purify RNA from small amounts of starting material (as was the case in the 
present study) that was high quality enough to be used in sensitive 
downstream applications like cDNA synthesis, Microarrays and Q RT-PCR. 

Tissue Homogenization: Flash-frozen tissues were ground on dry ice prior to 
homogenization. The pulverization was achieved by using a sterile plastic 1 
mL tip with a melted pipetting end. Homogenized tissues were then placed in 
1000 µL (1 mL) of TRIzol (a guanidinium based lysis solution) reagent. The 
homogenized sample was then incubated for 5 min at room temperature 
(R.T.) to permit the complete dissociation of nucleoprotein complexes. It was 
then centrifuged at 12000 g for 10 min at 4°C to pellet insoluble debris such as 
exoskeleton. The supernatant was then transferred to a new sterile tube. 

Solid-phase purification of RNA: The whole extract was passed through the 
RNeasy Mini Kit in accordance with the manufacturer’s instructions. Purified 
RNA was eluted into nuclease free water and immediately stored at -80°C. 

 

6.2.2.2 RNA Quantification 

Following extraction, RNA was checked for quality and quantity. Two 
approaches were used: 

NanoDrop® ND-1000 (Thermo Scientific) is a full spectrum (220-750 nm) 
spectrophotometer that estimates sample quality with high accuracy. RNA 
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samples tested in the present experiment were of high quality, as they had 
both the absorbance ratios (i.e. A260/A280 and A260/A230) greater than 2 
Although spectrophotometric techniques that are based on UV absorbance are 
extremely accurate, they measure anything absorbing at 260 nm; DNA, RNA, 
protein, free nucleotides, or excess salts. The Qubit® 2.0 Fluorometer (Life 
Technologies) uses specific fluorescent dyes that allows specific measurement 
of each target biomolecule (DNA, RNA or protein) in a sample, even in the 
presence of other bio-molecules (Glasel J.A., 1995; Acar E. et al., 2009). After 
quantification, the remaining RNA samples were immediately stored at -80°C 
(refer to e-Appendix; Appendices for individual RNA quality and quantity). 

 

6.2.2.3 RNA integrity 

Agarose gels were used to determine the presence and size of RNA fragments 
(refer to e-Appendix; Appendices for gel image). An appropriate aliquot (2-4 
µg) of RNA was run on a 1% agarose gel using 1 x sodium boric acid (SB) 
buffer. The SB buffer had 0.5 µg/mL of ethidium bromide to allow 
appropriate fluorescence of nucleic acids under UV light. Approximately 1 µL 
of loading dye (25% bromophenol blue (1% solution), 25% Xylene cyanol (1% 
solution), 30% glycerol and 20% MQ water) was added to each of the samples 
before loading. A 1 kb+ ladder (Invitrogen) was run alongside to provide size 
estimation. The gels were run at 100-150V using an EC250-90 (Thermo 
Scientific) power supply for 10-40 minutes. 

 

6.2.3 Analyzing gene expression with Microarrays 

The process of microarray analysis is broken down, below, into three main 
stages: Preparation of RNA samples for microarray analysis, Chip 
hybridization and Array scanning. 

 

6.2.3.1 Preparation of RNA samples for microarray analysis 
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cDNA synthesis: The first step in preparing RNA samples (twelve of them) 
for microarrays is cDNA synthesis (both single and double-stranded) The 
Invitrogen VILO cDNA synthesis kit was used for all cDNA production 
requirements. The VILO kit uses an enzyme mix of SuperScript III reverse 
transcriptase, RNA inhibitors and a helper protein: and a master mix of 
MgCl2, dNTPs, buffer and random primers. RNA (1.5 µg) is added to 4 µL of 
the master mix, 2 µL of the enzyme mix and made up to 20 µL with water. 
The sample was incubated for 25°C for 5 minutes, 42°C for an hour and 85°C 
for 5 minutes as termination. Synthesized cDNA were either put in ice for 
immediate use or they were stored at -20°C for future use. This was to make 
sure that cDNA samples were not subjected to more than one freeze-thaw 
cycle. 

The Ambion MessageAmp™ Premier RNA Amplification Kit was used for 
preparing cDNA samples (250 ng) for downstream microarray analysis. 
cDNA was amplified and later fragmented according to the manufacturer’s 
instructions (Ambion MessageAmp™ Premier RNA Amplification Kit, 
manual).  

 

6.2.3.2  GeneChip® Hybridization and Array Scanning   

Affymetrix Drosophila Genome 2.0 Microarray system was used in the 
current microarray experiment. The process of fragmented RNA binding to 
probesets with identically compliment sequence is called Hybridization. Prior 
to hybridization, a hybridization-mix is prepared for each sample (as per 
manufacturer’s instructions; UnihybTM; www.arrayit.com). This mix comprises 
of: the fragmented (Fc) RNA (10 µg), control B2 oligo (1.7 µL), 20x Eukaryotic 
control mix (5 µL), 1 µL of Herring sperm DNA (10 mg/mL), 1 µL of 
acetylated BSA (50 mg/mL), 1 µL of DMSO, 50 µL of 2x hybridization buffer 
and 22.3 µL of water to make up the volume.  The mix is then denatured at 
99°C for 10 minutes before injecting into the GeneChip. GeneChips were then 
rinsed thoroughly to remove unhybridized FcRNA targets. Afterwards 
targets were stained with Streptavidin-Phycoerytherin (SAPE) and a 
biotinylated anti-SAPE antibody (1 mg/mL; Molecular Probes®; catalogue 
no. 521388; www.lifetechnologies.com ). Following staining, targets were 
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rinsed well to remove unbound targets. Staining and rinsing was carried out 
in the Affymetrix Microarray Suite. Finally, GeneChips were scanned in the 
GeneChip® Fluidics Station 450.  

6.2.4 Affymetrix Array Expression Analysis 

Data obtained from GeneChip® scanning was further scrutinized to identify 
genes that are differentially expressed across all the four samples (in 
triplicates)- white (W), white heat-shocked (Wh), wild-type (Wt), wild-type 
heat-shocked (Wth). CLC Genomics Workbench (CLC Genomics Workbench 
version 6.8.1) was used to analyze the expression data. 

6.2.4.1 Data import and sample grouping 

 Initially, raw data from the array scanner (GCOS; version 4) were extracted in 
.CEL file format. The data can now be imported to the CLC Genomics 
Workbench for analyses. Following data import, the next step is to group the 
four samples (W, Wh, Wt, Wth) in order to draw comparisons between them. 
In the present study, heat-shocked samples were grouped with non heat-
shocked samples. An Experiment Table is set up to achieve sample grouping. 
This table is the central data type when analyzing expression data in CLC 
workbench. It includes the sample groups, expression values from individual 
samples, and later it will also accumulate results from calculations like T-tests 
and annotation tests (refer to e-A.1, Appendices).  

6.2.4.2 Data normalization  

In order to perform meaningful statistical analyses and inferences from the 
data, it was necessary to reduce the background noise (systemic differences 
due to sample preparation and processing), add more evenness, and decrease 
the dependence of variance on mean among replicates of each sample. The 
raw expression values had to be normalized. Raw data was normalized using 
RMA (Robust Multichip Average) express, a Windows standalone GUI 
(graphical user interphase) program that computes gene expression 
summaries for GeneChip® Affymetrix data (Irizarry R.A. et al., 2003). 
Following normalization, the expression values are much more symmetric 
and the variance is not as strong as it was before normalization. All the 
samples (i.e. the original expression values) had an extra column with 
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normalized and transformed expression values (refer to e-A.1, Appendices). It 
is these transformed expression values that is used for the downstream 
statistical analysis.  

6.2.4.3 Statistical analysis using t-test on a Gaussian platform 

The purpose of conducting expression analysis was to find a significant 
difference between the stimuli being tested. Although there were several 
statistical tests to choose from, a T-test analysis based on a Gaussian 
distribution was found ideal for the current expression study because it 
provides an easy way to measure and compare mean between samples when 
there are less than two conditions in an experiment 
(www.clc.com/tutorials/expression_analysis). 

Gaussian distribution compares the mean expression level between 
experimental groups and then evaluates the importance of the difference 
relative to the spread of the data within the groups. As there were more than 
two unpaired groups in the whole experiment, T-test was found more 
appropriate over the one-way analysis of variance (ANOVA). 

Running the T-test produced results in the form of four columns for each of 
the above mentioned sample groups- The Difference, Fold Change, Test-Statistic, 
and the p-value. To identify differential expression in sample groups exposed 
to different conditions, the two most important filters are the fold change and 
the p-value. An additional filter called- Difference, displays the group mean 
difference between groups. The group mean difference, just like the fold 
change, should have an absolute value higher than 2.  

6.2.4.4 Gene annotation tests 

 Annotation tests are key tools in recognizing key patterns among genes in the 
experiment. They not only help in generating important gene lists but also 
give details on key biological processes, pathways and molecular functions 
that might be significant in the experiment. Before running the annotation 
tests, it was necessary to annotate the genes first.  

The specific annotation file (Drosophila_2.cdf) was downloaded and 
imported from the Affymetrix website 
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 (http://www.affymetrix.com/support/technical/annotationfilesmain.affx). 
As far as testing the annotations is concerned, two approaches were used- the 
Hypergeometric Test and the Gene Set Enrichment Analysis (GSEA). 

6.2.4.4.1 Hypergeometric tests on annotations 

In order to extract biological information, this approach computes the extent 
to which annotations in a smaller gene list are over- or under-represented 
relative to those in a larger list. The small list here refers to the list of genes 
statistically filtered (last section) from the larger or total gene list in the whole 
experiment (i.e. 18,952 genes in Drosophila genome). Results are produced in a 
table that consists of six main columns- Category, Description, Full set, In subset, 
expected in subset, and the p-value. Category refers to the identifier; Description 
describes the specific biological process listed; Full Set lists the total number of 
genes participating in the specific biological process; Expected in subset 
estimates the number of genes from the full set that would be likely if the 
subset were a random draw; In Subset shows the actual number of genes 
being differentially expressed from the full set; and p-value provides with the 
probability of the hypergeometric distribution. 

6.2.4.4.2 Gene Set Enrichment Analysis 

 GSEA, unlike the previous one, does not analyze annotations by comparing a 
refined list with differentially expressed genes to the raw, total set of genes in 
the experiment. Instead, it considers a single gene list (as a single experiment). 
The idea is to measure the association between genes and the phenotype of 
interest (for e.g. test statistic for differential expression), and later rank them 
based on this measure of association. Results are produced in a tabular form 
with the following contents- Category (the identifier for the category), 
Description (description belonging to the category; descriptions are extracted 
from the annotations), size (number of features with this category after 
removal of the duplicates) Test statistic (the GSEA test statistic), Lower tail 
(defined as the mass in the permutation based p-value distribution below the 
value of the test statistic), and the Upper tail (defined as the mass in the 
permutation based p-value distribution above the value of the test statistic). 
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6.2.5 Quantitative Reverse Transcriptase - Polymerase Chain Reaction (Q 
RT-PCR) 

Q RT-PCR was used to validate the results obtained from the microarray 
experiment.  

The microarrays were validated on duplicate biological replicates using the 
CFX96 (BioRad) systems, according to manufacturer’s instructions. BioRad 
iTaq SYBR Green Supermix with ROX and SsoFast EVAGreen Supermix with 
Low ROX were used for all instances of Q RT-PCR reaction. 125ng total of 
cDNA was used in each reaction. 

6.2.5.1 Evaluation of suitable reference genes for validation by Q RT-PCR 

In order to successfully validate target genes, it is necessary to have good 
endogenous controls. This was achieved by selecting good, robust reference 
genes. Reference genes control for variations in RNA quantity and quality. 
NormFinder is an algorithm that attempts to find suitable reference genes out 
of a group of candidate reference genes (obtained from the Microarray data). 
It does this by considering information of groupings of samples, such as heat-
shocked vs. normal from both wild-type and white-eyed strain. By calculating 
both inter-group and intra-group variance, and by estimating the stability of 
gene expressions among groups, called the Stability value (Anderson C.L. et 
al., 2004). This value is assigned for all the query genes. The analysis 
produced optimum combination of reference genes (refer to Appendix III; 
Table A.30).  

6.2.5.2 Primer Design 

Designing specific primers for Q RT-PCR is key to a successful reaction and 
the subsequent validation.  

Primers were designed by first retrieving the genomic DNA and mRNA 
sequences from Flybase (http://flybase.org/). Then using Spidey 
(http://www.ncbi.nlm.nih.gov/spidey/), the mRNA sequences were 
mapped back to the genomic DNA. This helped in identifying intron exon 
boundaries. This also expressed which exons were skipped or different in 
alternative transcripts (due to splicing). Exons with splice variants were 
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avoided during primer design, as detecting only one particular splice variant 
could give very different results compared to those obtained in the arrays. 
Following this, the primers were designed using Primer 3 plus 
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/). The 
optimum product size range was set to 80-120bp. 

Once the primers were designed they had to be checked for specificity. 
Beacon designer (http://www.premierbiosoft.com/qpcr/index.html/) was 
used to check for possible primer cross dimers and self-dimers (by looking at 
the ∆G values, which should ideally tend towards 0 and less towards -3). 
Finally, primers were submitted to Primer-Blast  
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) to see if the primer 
pairs were specific to the gene of interest. A full list of tested and validated 
primer sets (both target and reference primer pairs) can be seen in the 
appendices section (see Appendix II; Table A.26 for details). 

6.2.5.3 Testing and validating Q RT-PCR assays 

Primers were first tested to see if they gave an amplified product of the 
expected size range (80-120bp) from cDNA, and that there was no 
amplification from genomic DNA contamination of RNA samples. PCR was 
carried out using a BioRad C1000 Thermal Cycler. All reactions utilized a 
master mix of 0.2 µL Taq DNA polymerase (Roche), 2 µL of 10x PCR buffer- 
Mg (Roche), 3 µL of 50 mM MgCl2, 1 µL each of forward and reverse primers, 
1 µLof 10 mM dNTP mix (Roche), template DNA and water up to 20 µL. The 
standard thermal cycling consisted of 95°C for 1 minute, 95°C for 30 seconds, 
55°C for deviations for different efficiencies of annealing for 30 seconds, 72°C 
for 30 seconds and repetition from step 2-4 for 30-40 cycles terminated with a 
final extension and renaturation of 72°C for 5 minutes. Amplified products 
were then tested under normal PCR for single band production. 

6.2.5.4 Checking the quality of Q RT-PCR assays 

Quality of Q RT-PCR assays were assessed by looking at the efficiencies of 
standard curves. Individual standard curves were created for genes 
(biological triplicates) using a dilution series of cDNA.  Primers with 
efficiencies outside the acceptable range (i.e approximately between 90 and 
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110%) were discarded. Q RT-PCR primer efficiencies have been shown in 
Appendix II; table A.26. 

 

6.3 Results and Discussion 

Data from microarrays were analyzed targeting two important questions: 

1. Which genes mediate crossveinless in flies? 
2. Why do Canton-S flies fail to produce disturbed posterior crossveins 

while w1118 do? 

To assess these questions we compared expression data from heat-shocked 
samples with those from non heat-shocked by grouping (see section 6.2.4.1 for 
details on sample grouping) them as follows: 

6.3.1 W vs. Wh group 

This group compared the non-heat-shocked White eyed strain (w1118) with the 
heat-shocked strain. The raw data (.CEL files obtained from GeneChip® 
Array Scanning) was normalized and transformed using the inbuilt t-test tool 
in CLC Genomics Workbench v.6.5.  Following normalization of raw data, t-
tests were performed to identify significant annotations or gene symbols that 
were differentially over or under-represented in the particular group (Figure 
6.3).  
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Figure 6.3. Differentially expressing genes in the W vs. Wh group. Column graph 
illustrating differentially expressed gene annotations (p<0.05) on X-axis versus their 
respective fold changes (±2) on the Y-axis between W and Wh. 

 

The column graph above (Figure 6.3) was produced after statistically filtering 
significant genes (t-test difference/ fold change with absolute value >2; t-test 
(FDR-corrected) p-value < 0.05) from the raw data (refer to Appendices; e-
Appendix for full data). Out of 2900 gene ontology terms enriched from the 
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hypergeometric tests, a stringent p-value cut-off (p-value < 0.01) filtered 12 
highly significant biological processes in W vs. Wh (figure 6.4). None of the 
main wing vein promoting signals came up in the list. When one includes the 
results from hypergeometric tests and Gene set enrichment analysis, the genes 
that have shown up are those that affect the fly’s general physiology and 
development; perhaps giving clues as to how a trait as insignificant as the cve 
impacts the population’s viability and development as shown in Chapter 4.  

 

Figure 6.4. Hypergeometric tests illustrating the significant biological processes from the 
group, W vs. Wh. The bar graph consists of significant biological processes (p-value <0.01) 
versus the number of expected and observed genes in the sample.  
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Description	   Size	   Test	  

statistic	  

Lower	  

tail	  

locomotion	  involved	  in	  locomotory	  behavior	   13	   -‐3.78	   2.60E-‐03	  

septate	  junction	  assembly	   20	   -‐3.88	   3.50E-‐03	  

mitochondrion	  organization	   14	   -‐4.37	   8.00E-‐04	  

phototaxis	   10	   -‐3.86	   3.40E-‐03	  

axon	  guidance	   132	   -‐3.44	   6.40E-‐03	  

brain	  morphogenesis	   13	   -‐3.78	   2.60E-‐03	  

establishment	  of	  glial	  blood-‐brain	  barrier	   16	   -‐3.38	   9.30E-‐03	  

fatty	  acid	  beta-‐oxidation	   11	   -‐3.46	   6.90E-‐03	  

fatty	  acid	  metabolic	  process	   17	   -‐3.58	   5.90E-‐03	  

protein	  targeting	  to	  mitochondrion	   26	   -‐3.38	   8.70E-‐03	  
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startle	  response	   13	   -‐3.78	   2.60E-‐03	  

phospholipid	  biosynthetic	  process	   16	   -‐3.82	   4.40E-‐03	  

ATP	  synthesis	  coupled	  proton	  transport	   47	   -‐3.86	   3.50E-‐03	  

tRNA	  aminoacylation	  for	  protein	  translation	   35	   -‐5.23	   0	  

regulation	  of	  translation	   24	   -‐3.87	   3.10E-‐03	  

cell	  growth	   11	   -‐3.75	   4.10E-‐03	  

vesicle-‐mediated	  transport	   107	   -‐5.23	   3.00E-‐04	  

cell	  cycle	   125	   -‐4.12	   1.70E-‐03	  

synaptic	  vesicle	  exocytosis	   21	   -‐4.95	   3.00E-‐04	  

spermatocyte	  division	   12	   -‐3.47	   6.60E-‐03	  

synaptic	  vesicle	  priming	   14	   -‐4.84	   3.00E-‐04	  

border	  follicle	  cell	  migration	   61	   -‐4.26	   1.90E-‐03	  

cell	  communication	   23	   -‐3.91	   2.90E-‐03	  
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cell	  adhesion	   139	   -‐3.38	   9.00E-‐03	  

endocytosis	   36	   -‐4.42	   1.40E-‐03	  

defense	  response	  to	  virus	   10	   -‐3.5	   7.20E-‐03	  

calcium-‐dependent	  cell-‐cell	  adhesion	   18	   -‐4.1	   2.60E-‐03	  

spermatogenesis	   77	   -‐3.74	   5.50E-‐03	  

isoprenoid	  biosynthetic	  process	   11	   -‐4.33	   8.00E-‐04	  

regulation	  of	  embryonic	  cell	  shape	   21	   -‐4.68	   2.00E-‐04	  

multicellular	  organismal	  development	   543	   -‐4.92	   2.00E-‐04	  

neurotransmitter	  secretion	   90	   -‐6.54	   0	  

synaptic	  transmission	   43	   -‐5.73	   1.00E-‐04	  

regulation	  of	  cell	  shape	   89	   -‐4.62	   6.00E-‐04	  

mitochondrial	   electron	   transport,	   	   NADH	   to	  

ubiquinone	  

31	   -‐4.11	   1.50E-‐03	  
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germ	  cell	  migration	   30	   -‐3.98	   2.00E-‐03	  

metabolic	  process	   556	   -‐4.46	   3.00E-‐04	  

exocytosis	   22	   -‐5.37	   1.00E-‐04	  

intracellular	  protein	  transport	   90	   -‐4.93	   1.00E-‐04	  

protein	  metabolic	  process	   11	   -‐9.56	   0	  

regulation	  of	  tube	  size,	  	  open	  tracheal	  system	   15	   -‐4.02	   1.50E-‐03	  

glycolysis	   33	   -‐4.43	   1.30E-‐03	  

tricarboxylic	  acid	  cycle	   34	   -‐3.92	   3.40E-‐03	  

cell	  differentiation	   168	   -‐3.4	   8.40E-‐03	  

apposition	   of	   dorsal	   and	   ventral	   imaginal	   disc-‐

derived	  wing	  surfaces	  

18	   -‐3.69	   3.40E-‐03	  

imaginal	  disc-‐derived	  wing	  morphogenesis	   119	   -‐4.3	   1.90E-‐03	  

protein	  transport	   154	   -‐5.88	   0	  
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gastrulation	   22	   -‐4	   2.70E-‐03	  

male	  meiosis	  cytokinesis	   11	   -‐3.77	   4.40E-‐03	  

'de	  novo'	  protein	  folding	   12	   -‐3.74	   3.50E-‐03	  

cytokinesis	   63	   -‐3.56	   7.50E-‐03	  

protein	  phosphorylation	   239	   -‐3.6	   3.80E-‐03	  

protein	  localization	   49	   -‐3.66	   4.20E-‐03	  

positive	   regulation	   of	   NFAT	   protein	   import	   into	  

nucleus	  

18	   -‐3.49	   8.60E-‐03	  

MAPKKK	  cascade	   12	   -‐3.46	   8.60E-‐03	  

open	  tracheal	  system	  development	   105	   -‐3.85	   3.80E-‐03	  

  

Table 6.1. Gene Set Enrichment Analysis on sample group W vs. Wh. The table comprises significant biological processes, with their respective size, test 
statistic and lower tail (p-value < 0.01). 
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6.3.2 Wt vs. Wth group 

This group compared the non-heat-shocked wild-type strain with the heat-
shocked wild-type strain. The raw data was normalized and transformed 
using the inbuilt t-test tool in CLC Genomics Workbench v.6.8.1. Using 
hypergeometric tests and GSEA, differentially expressing genes and 
statistically significant (p- value < 0.01) biological processes were extracted. 
Below is the column graph (figure 6.5) showing significantly over or under 
represented genes from this specific group. 

 

Figure 6.5. Graph illustrating differentially expressed gene annotations (p-values <0.05) on X-
axis versus their respective fold changes (±2) on the Y-axis between Wt and Wth. 

 

The graph above (Figure 6.5) was produced after statistically filtering 
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corrected) p-value < 0.05) from the raw data (refer to Appendices; e-Appendix 
for full data). Out of 2900 gene ontology terms enriched from the 
hypergeometric tests, five biological processes were significantly enriched in 
the group Wt vs. Wth (Figure 6.6).  

 

Figure 6.6. Hypergeometric tests illustrating the significant biological processes from the 
group, Wt vs. Wth. The bar graph consists of significant biological processes (p-value <0.01) 
versus the number of genes (expected and observed) in the sample.  
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6.3.3 FlyMine: data mining tool 

FlyMine is an integrated databank for Drosophila and Anopheles genomics 
(www.FlyMine.org). With FlyMine, sophisticated data mining queries that 
span domains of biological knowledge can be run. Upon submitting the query 
genes or gene/ gene symbols from the W vs. Wh group and the Wt vs. Wth 
group individualy, FlyMine generated an array of data. One of the results 
showed the distribution of these query genes in the Drosophila tissue (Figure 
6.5 below). 
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Figure 6.7.  Tissue distribution of differentially expressing genes from the groups, W vs. Wh and Wt vs. Wth.  The chart shows the number of genes from 
the respective groups for which the levels of mRNA expression are significantly high, according to FlyAtlas AffyCall, for each tissue in the fly.  
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Interestingly, most of the significantly enriched genes/gene symbols (48 of the 
genes from the W vs. Wh group)) that were submitted as a query, were testis 
specific or testis enriched genes (Marygold S.J. et al. and the Flybase 
Consortium, 2013). 

 

Figure 6.8. Chromosomal distribution of differentially expressed genes from the group, W 
vs. Wh. The column graph shows the chromosome (x-axis) versus actual/expected gene 
count  (y-axis) according to FlyAtlas AffyCall. 

 

The other important result generated by FlyMine was the chromosomal 
distribution of candidate genes from the particular group (Figure 6.8). Most of 
the statistically significant genes/gene symbols from the W vs. Wh group 
originated from chromosome 2 (both left and right arm) and 3 (both left and 
right arm); a finding that will be corroborated furthermore in the next chapter 
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(Chapter 7).  In comparison to the query results from the W vs. Wh group, 
most of the significantly enriched genes/gene symbols from the Wt vs. Wth 
group that were submitted as a query, were distributed rather randomly with 
no specific tissue standing out in terms of gene count (Figure 6.7). This agrees 
with the results from t-test (Figure 6.5) and hypergeometric test (figure 6.6) on 
Wt vs. Wth group, where most of the significant genes and biological 
processes were those responding to heat stress. The other important result 
generated by FlyMine was the chromosomal distribution of candidate genes 
from the particular group. Statistically significant genes/gene symbols from 
the Wt vs. Wth group originated mainly from chromosome 3 (both left and 
right arm; Figure 6.9).  

 

Figure 6.9. Chromosomal distribution of differentially expressed genes in Wt vs. Wth 
group. The column graph shows the chromosome (x-axis) versus actual/expected gene count  
(y-axis) according to FlyAtlas AffyCall. 
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The remaining groups, W vs. Wt, W vs. Wth, and Wh vs. Wt, did not show 
enrichment of significant genes other than heat-shock response genes from 
the Hsp70 family (especially, hsp70Aa, hsp70Ba, hsp70Bb, and hsp70Bc). 
Detailed information (data from t-tests) on these groups have been included 
in the appendix section (refer to Appendix III; Tables A.27, A.28 and A.29 for 
specifics). 

 

6.3.4 Validation of microarray data using Q RT-PCR 

Microarray data needs to be validated as an accurate measure of gene 
expression. But only genes from the W vs. Wh group were validated because 
most of the genes from the Wt vs. Wth group (Figure 6.5 and 6.6) were stress 
response and heat-shock (hsp) genes enriched owing to the heat treatment. 
Statistically significant genes from the microarray data (p value <0.01) that 
were enriched in the Hypergeometric tests and GSEA, on W vs. Wh group, 
were further corroborated using Q RT-PCR. From the list of genes/gene 
symbols that were enriched from the microarrays, genes that were found to 
be testis specific or testis enriched (see Figure 6.3 and 6.4 for details) were 
chosen for the validation (refer to e-Appendix; Appendices for standard 
assays and  the raw validation data). Given their presence only in the White-
eyed sample group and not in the wild-type group (Wt vs. Wth), they seemed 
to be suitable candidates.  
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Gene/ 
gene 
symbol 

Biological/molecular function Successful 
Primer 
Designing 

Successful 
Q RT-PCR 
Assay 

Successful 
Validation 

hsp68 Determination of adult life span Yes Yes Yes 

mst84db Spermatogenesis Yes   

trxt Protein folding    

loopin-1 Proteolysis     

ocn Chromatin packaging Yes Yes Yes 

mst77f Chromatin remodeling in sperm 
nuclei 

Yes Yes Yes 

mst35ba Sperm chromatin condensation      

cg9920 ‘de novo’ protein folding Yes Yes Yes 

s-lap1 Aminopeptidase activity Yes Yes Yes 

s-lap7 Proteolysis Yes Yes   

βtub85d Guanyl nucleotide binding Yes Yes  

cg31740 Protein of unknown function Yes Yes  

cg8701 Protein of unknown function Yes Yes   

     

 

Table 6.2. Table shows the genes chosen for validation via Q RT-PCR. The table comprises 
gene names, their biological/molecular function (Marygold S.J. et al. and the Flybase 
Consortium, 2013), the status of individual primer designing, efficiency of individual Q RT-
PCR assays, and if individual genes had been validated successfully. 

 

6.3.4.1 Pitfalls during Q RT-PCR validation 

One of the most important considerations for a successful Q RT-PCR is 
optimal primer design. Being a highly sensitive technique, use of a poorly 
designed primer results in little to no product. Attempts to design primers for 
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some of the gene symbols listed above (Table 6.2) failed for the following 
reasons:  

1. The ∆G values for primer cross dimers or self-dimers were tending 
towards negative 3 or worse smaller than (–)ve 3 (see section 6.2.5.2 for 
details). 

2. Despite relaxing some of the ideal parameters for primer designing (for 
e.g. increasing the maximum self complementarity from 4 to 8; section 
6.2.5.2) to the maximum, they failed to be specific for the gene they 
were designed to amplify (see section 6.2.5.2 for details). 
 

Before the assays were used they had to be tested to see how effective they 
were. Standard curves were generated (see section 6.2.5.4) for all those genes, 
from the table above, for which successful primers had been designed. 
Although the online primer-designing tools (section 6.2.5.2) are stringent in 
creating specific primers, sometimes they fail to produce good assays 
downstream. Despite having designed more than one primer pair for most of 
the genes, some of the primers failed in producing Q PCR assays with optimal 

efficiency (standard curves with, a PCR efficiency between 90 and 110, R2 
close to 1.00, and intercept close to -3.32). A plausible explanation for the 
above drawback could be the presence of alternate splice variants in some of 
the genes in the list. A study (Modrek B., Resch A., and Lee C., 2001) 
suggested that alternative splicing leads to the generation of different mRNA 
isoforms from the same primary transcript. This in turn changes the protein 
product, leading to the resultant diversification of biological functions. 
Despite having strategies that involves the use of primer spanning the specific 
exon-exon junction of the alternative splice form (Yang D. and Le J., 1994), its 
been seen that amplification with such primers might generate false-positive 
results due to the presence of excess primary transcript (William D.M., 1999). 
And this could be why some of the genes in the list above failed either in the 
primer-designing step (in genes with splice variants, the primers were found 
to amplify regions other than the specified part of the gene) or in producing Q 
RT-PCR assays with optimal efficiency. 
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Figure 6.10. Column graphs showing the differentially expressing genes from the W vs. Wh 
group that were validated using Q RT-PCR. The primary y-axis (green and red columns) 
consists of average expression mean values obtained by normalizing real-time gene 
expression values from individual triplicates in the W vs. Wh group. Statistical significance 
was estimated by first measuring the standard deviation and then the standard error mean 
from the individual means. Fold changes (grey column) on the secondary y-axis were 
measured by dividing the individual Wh mean from the W mean. Validated genes (x-axis) 
were statistically significant (p-values * <0.05; ** <0.005; *** <0.0005) with fold changes >2.  

 

 

Five genes were significantly up regulated in Q RT-PCR (figure 6.10; refer to 
e-appendix for statistical data), agreeing with the results obtained from 
Microarray analyses on W vs. Wh group (figure 6.3). For the purpose of 
validating differentially expressing genes, four reference genes were used: 
rpn2 (regulatory particle non-atpase2), actin, rpl32 (ribosomal protein l32), and α-
tubulin (refer to Table A.30, Appendices for details). Genes that were 
successfully validated were as follows: 
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6.3.3.2 hsp68 

Heat-shock protein 68 (secondary identifier, CG5436) is a member of the 
hsp70 family of heat-shock proteins. In Drosophila, hsp68, which is located in 
the chromosome arm 3R, has been associated with molecular functions such 
as response to heat, determination of adult lifespan, response to oxidative 
stress etc. (Marygold S.J. et al. and the Flybase Consortium, 2013). Jun N-
terminal Kinase (JNK) signaling has been known to be a genetic determinant 
of ageing in Drosophila (Wang M.C. et al., 2005). Earlier expression profiling 
experiments (Wang M.C. et al., 2003) have shown that JNK signaling activates 
stress response genes, especially Hsp68 in response to oxidative stress. Two 
traits that were consistently observed during the development of heat-
shocked cve flies in the Waddington experiment were delays in development 
and impaired viability (see Chapter 4 for specifics). The figure below 
compares some of the key traits affected by JNK signaling via Hsp68 to the 
characteristic traits associated with the crossveinless fly.  

 

 

 

Figure 6.11.  Comparison between some of the key traits affected by JNK signaling via Hsp68 
and the characteristic traits associated with the crossveinless fly. 
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6.3.3.3 ocnus 

ocnus (ocn; secondary identifier, cg7929) is a Drosophila melanogaster gene that 
encodes a protein that is known to be plentiful in testis nuclear extracts 
(Parsch J., 2001). Owing to multiple gene duplication events in chromosome 
arm 3R, ocn has been found to share homology with two adjacent genes, 
janusa and janusb; the three genes share two short introns from a common 
ancestor (Parsch J., 2001). Being a novel gene, not much is known about its 
molecular function, however it is understood that it might be involved in 
chromatin packaging in the sperm nuclei (Parsch J., 2001).  

6.3.3.4 s-lap1 

s-lap1 (sperm-leucylaminopeptidase1; secondary identifier, cg6372) gene is 
expressed in Drosophila testis (Dorus S., 2006). Performing phylogenetic 
analysis on Drosophila S-LAPs and granny-smith identified two distinct gene 
clusters: Cluster I includes s-laps 3-8 genes (cg32063, cg32064, cg18369, loopin-i, 
cg13340, and cg4439 respectively) and Cluster II includes s-laps 1 and 2 genes 
(cg6372 and cg32351). Although, this clearly established the presence of 
leucylaminopeptidase activity, the relative contribution of each s-lap 
continues to remain unclear. Recent work (Dorus S., 2011) suggested that s-
laps might play an important role in spermatogenesis. Despite the similarity 
in molecular function, the two s-lap clusters were found to differ in specific 
activities, perhaps indicating that the existence of two distinct clusters might 
account for a functional diversification between individual s-lap genes. 

 6.3.3.5 cg9920 
This gene is referred to in FlyBase (Marygold S.J. et al. and the Flybase 
Consortium, 2013) by the symbol cg9920 (Dmel\CG9920). It is a protein-
coding gene located in chromosome arm 3R of the Drosophila genome. The 
gene is enriched most in the fly testis (Marygold S.J. et al. and the Flybase 
Consortium, 2013). Based on sequence similarity, it is predicted to be 
involved in de novo protein folding. In addition, a recent study (Bai Y., 2007) 
examined a set of 15 retrogenes with similarity to known mitochondrial gene 
function; hsp60b and cg9920 were among the retrogenes list. cg9920 was 
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especially shown to play an important role during the condensation of sperm 
DNA during spermatogenesis. 
 
6.3.3.6 male-specific transcript 77f (mst77f).  
mst77f (secondary identifier, CG3354) is an autosomal gene located in the 
chromosome arm, 3L of the Drosophila genome. The Mst77f locus has been 
recently identified to be a DNA sequence shared by both heterochromatin 
and euchromatin and is specifically transcribed in the male germ line (Gatti 
M. and Pimpinelli S., 1992). Mst77f plays an important role in the chromatin 
reorganization of the complete genome leading to its compaction during 
spermiogenesis (Raja S.J., 2006). During the compaction, there occurs a switch 
from the nucleosomal to the condensed state of the haploid genome in the 
sperm (Loppin B.C., 2005). As far as the functional significance of sperm 
chromatin condensation is concerned, compaction of the sperm nucleus aids 
in the genome stability, sperm’s mobility and proper penetration of the sperm 
into the egg. The transition from nucleosomal state to a condensed state is 
mediated by specialized set of proteins called- transition proteins, initially, 
and later by highly basic protamines to ensure the remodeling of chromatin to 
a highly compressed and transcriptionally repressed state (Raja S.J., 2006). 
Lately it was proposed that, HILS1 (spermatid-specific linker histone H1-like 
protein) might participate in the remodeling of chromatin in mouse and 
humans (Yan W., 2003). In Drosophila, two protein-coding genes that show 
similarity to the mammalian protamines in mediating sperm chromatin 
condensation are: Mst35Ba and Mst35Bb (Adams M.D., 2000; Raja S.J., 2006). 
Now the replacement of nucleosomal histones with protamines, Mst35Ba and 
Mst35Bb, during sperm chromatin condensation, is mediated by a distant 
relative of the histone H1/H5 (linker histone) family called Mst77F (Russel 
S.R.H., 1993 and Kaiser K., 1993); Mst77F shows highest similarity to HILS1 
with respect to the cysteines and basic amino acid content. Although Mst77F 
might have been proposed to have protamine like function, they may be 
completely or partially different from protamines in the nucleus. Null 
mutation for Mst77F (ms(3)nc3 mutants) continued to show chromatin 
compaction with native protamines (Raja S.J., 2006).   
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Although Q RT-PCR has been used as a validation tool for oligonucleotide 
microarray analyses, there are factors that might affect the correlation 
between the two methods. Increased distance between the location of PCR 
primers and microarray probes has been found to decrease the correlation 
between the two methods (Eitienee W., 2004). Correspondence between 
microarray analyses and validation by Q PCR is also affected by the direction 
of regulation. Up regulated genes tend to correlate well compared to down 
regulated genes. Down regulated genes tend to have decreased reaction 
efficiencies due to higher Ct thresholds (Ct ≥ 31), eventually reducing the 
correlation (Morey J.S., 2006). Genes from table 6.2 (for example, mst84db, 
cg31740, cg8701, s-lap7 and βtub85d) that failed to validate were down 
regulated in the microarray dataset (figure 6.3). Therefore an unsuccessful 
validation using Q RT-PCR should not imply that these genes are not being 
differentially expressed in the heat-shocked white-eyed mutants, but just that 
their expression levels were perhaps too low for detection. 

 
6.4  Concluding Remarks 

 
Given the strain specific nature of crossveinless (refer to Chapter 3 for 
specifics), it seemed worth our while to further investigate this difference and 
understand the molecular basis. Microarray analysis on the transcriptome 
from the two strains (white-eyed w1118 and wild-type Canton-S Drosophila) 
aided in the identification and separation of relevant differentially expressed 
genes from randomly varying genes. The analysis was done using criteria 
such as fold change and thresholds of minimum expression levels. Although, 
this is not the first time that a gene expression analysis has been carried out 
on the heatshock response in Drosophila. Most of the candidates differentially 
expressing during such a stress response have been already identified and 
well documented (Lindquist S., 1986; Feder M.E. and Hoffman G.E., 1999). A 
more comprehensive study, using whole genome gene expression arrays 
(Affymetrix Inc., CA, USA), reported a detailed analysis of the full heat stress 
response in Drosophila melanogaster females. The study looked at both up- and 
downregulated genes just before and after an application of heatshock (36°C 
for an hour; Sørensen J.G. et al., 2005). Three heathsock response patterns 
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were observed in three independent clusters and these were named as: Early-
up, Early-downregulated and Late-up. Early-up included genes known to be 
heat responsive and to belong to the group of genes having chaperone 
activity. The genes found to be early-downregulated and late-up by heatshock 
mainly related to metabolism, with many genes in the GO catalytic activity, 
hydrolase activity and peptidase activity. However, analysis of the 
microarray data from the heat-shocked wing discs, in the present study, 
revealed novel candidates in addition to those usually expected. The aim was, 
as mentioned earlier, to see if the external minor differences (for e.g. eye 
color) among the strains could translate to larger physiological and adaptive 
differences during a stress response. 
 
Genes involved in male fertility are potential targets for sexual selection. 
Genes common to both sexes may vary in evolvability for many reasons, 
including physical susceptibility to mutagenesis. It has been shown that heat-
shock genes especially are prone to mutagenesis by insertion of transposable 
elements (TE) (Walser J.C., 2006). TEs are mobile, repetitive DNA sequences 
and a structurally dynamic component of genomes (Walser J.C., 2006 and 
references therein). These mobile elements in the genome may cause the 
evolution of genes and the chromosome in many ways, including insertional 
mutagenesis, deletion, retroposition, replacements, and gene duplication. It 
has been argued that because the DNA in the promoters (i.e., regulatory 
regions) of heat-shock genes is particularly accessible, these genes might be a 
reservoir for many TEs. More than 200 different transposable elements were 
identified in the promoter regions of heat-shock genes in fruit flies (Walser 
J.C., 2006 and references therein); for e.g. hsp68, hsp22, and CG9920 
(validated by Q RT-PCR; section 6.3.3; figure 6.10) were some of the genes 
that were shown to be prone to mutagenesis by P element transposition. This 
clearly explains the enrichment of different stress response genes (for e.g. 
Hsp68) in the microarray dataset from both white-eyed w1118 and wild-type 
Canton-S Drosophila following heat-shock, thereby providing a molecular 
basis for the strain specific nature of crossveinless that was observed during 
the Waddington experiment.  
 
Members of the Drosophila melanogaster heterochromatin protein 1 (HP1) are 
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believed to be involved in transcriptional gene silencing and heterochromatin 
formation and spreading (Hines K.A., 2009). HP1 contain specialized domains 
called- CHROMO (Chromatin Organization Modifier) domains that comprise 
of a conserved region of 60 amino acids, known to be modifiers of 
variegation. (Hines K.A., 2009 and references therein). HP1 members are 
known to alter the structure of chromatin to the condensed morphology of 
heterochromatin, a state of repressed of gene expression. Using the standard 
Gal4-induced RNA interference system, it was shown that a conditional 
depletion of HP1 in transgenic flies lead to lethality in male flies. Depletion of 
HP1 lead to the upregulation of male genes in Drosophila, usually transcribed 
at lower levels (Liu L.P., 2005). In the present study, validation of microarray 
genes clearly showed a significant upregulation of some of the testis 
specific/enriched genes (figure 6.10). Also, gene ontology analysis on the re-
sequenced whole genome data obtained from flies that had assimilated 
crossveinless (see chapter 7), showed a significant enrichment for a close 
associate of HP1, Heterochromatin Protein 1D3 chromoshadow domain (HP 
1D3csd), with de novo amino acid changes. It might be assumed that the 
stress induced crossveinless trait is much more than a mere disturbance to the 
posterior crossveins; it affects the fly on a much broader level, from altered 
developmental patterns to compromised viability.  
 
Studying the pattern of expression of many functional retrocopies and 
functional heterochromatin elements, a forward idea called the- ‘out of the 
testes’ hypothesis (Vinckenbosch N., 2006) has been suggested. According to 
the hypothesis, functional retrogenes or heterochromatin elements despite 
being specifically expressed in the testis may acquire higher and broader 
tissue expression, ultimately leading to newer functions.  
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Chapter 7 

 Whole Genome Re-sequencing: cues to the cve 
complex 

 

7.1 Introduction 

Information on the structure, function, and evolution of genomes relies heavily on 
sequence data. The increasing availability of a range of high-quality reference genome 
sequences for different species allows study of genetic variation on an unparalleled 
scale. Re-sequencing whole genomes, regions, or genes in multiple individuals can 
identify both interspecific and intraspecific variations, identified as high-confidence 
differences in a sequence.  

Given the polygenic nature of the crossveinless trait (Waddington C.H. 1953), and the 
differential expression of testis specific or enriched genes observed during the analysis 
of microarray data (see chapter 6 for details), it is clear that the crossveinless 
phenocopy is more system than a mere wing specific effect. The packaging of DNA in 
the wing discs is different between the Wh and Wth in relation to the phenotype. So 
there might be something in the white genome, which causes, in the event of the heat-
shock, a whole bunch of testis related genes to be expressed. This alteration might lead 
to changes in chromatin organization and eventually leading to the expression of 
crossveinless. To further understand this, and the nature of this phenocopy, an 
investigation of genetically assimilated flies, at the genome level via whole-genome re-
sequencing, was conducted. This chapter will elaborate on the methods used for the 
re-sequencing and the downstream analyses of the re-sequenced data. 

 

7.1.1 The genome sequence of Drosophila melanogaster 
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The fruit-fly is one of the most extensively studied animals in biology and one of the 
earliest model systems for studying developmental genetics; from the first 
observations of the banding patterns of its polytene chromosomes to recent studies on 
RNA and protein gradients inside the developing embryo. Using whole-genome 
shotgun sequencing, almost all of the 120-megabase of the euchromatic portion of the 
Drosophila genome has been sequenced (Adams M.D. et al., 2000). Although there are 
still gaps, the sequence is declared complete, and can be used for downstream 
investigation and understanding of the genome structure. The sequenced Drosophila 
genome contains approximately 13,600 genes. 

 

7.2 Materials and Methods 

7.2.1 Genomic DNA extraction 

Genomic DNA (gDNA) was extracted from three strains of Drosophila melanogaster: 
wild-type strain (the wild-type Canton-S flies from Bloomington Drosophila stock 
center; Wt), white-eyed strain (the local laboratory white-eyed w1118 stock; W), and the 
assimilated line (GA) developed from the white-eyed strain.  Appropriate numbers of 
flies (equivalent to ~50 mg) were ground in liquid nitrogen using a clean mortar and 
pestle. Ground flies were transferred to a sterile 1.5-2 mL micro-centrifuge tube. High 
quality gDNA was extracted using the DNeasy® Blood & Tissue kit 
(http://www.qiagen.com/DNeasy Blood & Tissue kit//) according to the 
manufacturer’s instruction.  

 

7.2.2 DNA Qunatification and Integrity 

NanoDrop® ND-1000 (Thermo Scientific) is a full spectrum (220-750 nm) 
spectrophotometer that estimates sample quality with high accuracy. DNA Samples 
tested in the present experiment were of high quality, as they had both the absorbance 
ratios (A260/A280 and A260/A230) greater than approximately 1.8 
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(www.nanodrop.com). Although spectrophotometric techniques that are based on UV 
absorbance are extremely accurate, they do tend to measure anything and everything 
absorbing at 260nm- DNA, RNA, protein, free nucleotides, or excess salts. The Qubit® 
2.0 Fluorometer (Life Technologies) uses specific fluorescent dyes (Quant-iT assays) 
that tells precisely how much of each biomolecule (DNA, RNA or protein) is in a 
sample, even in the presence of other bio-molecules (Acar E. et al., 2009). The samples 
were QC checked using the following methods (refer to e Appendix): 

• Invitrogen Qubit® Fluorometer 2.0: 

- Quantification: Quant-iT ds DNA HS Assay 

- Contamination check: Quant-iT RNA Assay & Quant-iT Protein Assay 

 

Agarose gels were used to determine the presence and size of DNA and RNA 
fragments. Ran, 2µg of DNA on a 2% agarose gel and 1 x sodium boric acid (SB) 
buffer. The SB buffer had an added final concentration of 0.5 µg/mL ethidium 
bromide to allow appropriate fluorescence of nucleic acids under UV light. 
Approximately 1 µL of loading dye (25% bromophenol blue (1% solution), 25% Xylene 
cyanol (1% solution), 30% glycerol and 20% MQ water) was added to each of the 
samples before loading. A 1kb+ ladder (Invitrogen) was run alongside to provide size 
estimation. The gels were run at 100-150 V using an EC250-90 (Thermo Scientific) 
power supply, for 10-40 minutes. 

 

7.2.3 Illumina MiSeq 2X250 base Pair End (PE) Re-sequencing 

Before sending the samples for re-sequencing, they were checked for optimum 
quality. The samples were electrophoresed on a 1-2% agarose gel with a high 
molecular weight ladder. To be used in the preparation of Illumina TruSeq™ DNA 
libraries, a minimum of a 20 ng/!L was required (refer to e Appendix).  
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7.2.3.1 Data Preprocessing 

Raw sequences produced from the Illumina software comprised sample names with 
suffixes in a compressed format. The sequence data are run through a standard 
pipeline process to check for quality. The output contained the raw uncompressed 
sequences in a folder, as well as a folder of 30 partially processed sequences, and the 
output from three different QC programs. 

Sequences files were named in a specific format: (sample name)_(sample 
number)_L001_(read number)_001.fastq. The compressed output from the three 
samples submitted for the re-sequencing run were named as follows: 

1. Genetically Assimilated (GA) flies: GA_S1_L001_R1_001.fastq.gz 
2. White-eyed (W) flies: W_S2_L001_R1_001.fastq.gz 
3. Wild-type (Wt) flies: Wt_S3_L001_R1_001.fastq.gz 

 

Raw sequence files produced straight from the Miseq run were called fastq sequences. 
Fastq sequences are special file formats that store the output (usually nucleotide 
sequences) from high throughput sequencing (Cock et al., 2009). Being raw data 
generated from the sequencer, they had to be filtered before they could be used in 
downstream re-sequencing analyses.  Each of the Fastq sequences were mapped 
against the PhiX genome. The small and gene dense PhiX genome is usually used as a 
quality control in Illumina sequencing runs (Minoche A.E., 2011).  

Sequences mapping to PhiX were removed from the resultant SAM file, and the fastq 
file was reconstructed using the Sam-Fastq.jar program from the picard suite 
(http://picard.sourceforge.net/). This becomes the input to an adapter removal 
procedure (http://code.google.com/p/eautils/). On completion the output file is 
prefixed with ‘processed’ (for example: processed_GA_S1_L001_R1_001.fastq.gz). 

 

7.2.3.2 Re-sequencing Analysis 
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Whole genome re-sequencing analysis compares genetic variation of a sample to a 
reference genome sequence. The typical workflow involves mapping the reads to the 
reference genome, variant detection, and interpretation of the variants found. The aim 
of this chapter is to describe the tools relevant for the re-sequencing workflows 
downstream from the actual read mapping. 

7.2.3.2.1 Read Mapping 

Read mapping is the first step in re-sequencing analysis. This involves mapping reads 
from the sequence files to the reference genome. Details regarding downloading the 
reference genome and creation of reference genome tracks can be found in the 
following section on Tracks (section 7.2.3.2.2). Once the reference genome tracks were 
available, sequences or sequence lists containing the sequence data were selected. The 
newly created reference genome track was then chosen when prompted for.  

7.2.3.2.2  Tracks 

A track is a fundamental building block for NGS analysis. The idea behind tracks is to 
provide a unified framework for the visualization, comparison and the analysis of 
genomic-scale studies such as whole-genome sequencing. In tracks, all information is 
tied to genomic positions; a reference genome provides a central coordinate system so 
that different datasets can be seen and analyzed together. Different kinds of tracks 
exist; a reference genome sequence, a set of genes, coverage graph, read mapping or 
variants from variant calling. 

Reference genome and annotation tracks: Most of the downstream tools for the 
analysis of re-sequencing data depend heavily on a reference genome. The most recent 
version of the Drosophila genome, Release 5 (Marygold S.J. et al. and the Flybase 
Consortium, 2013), was chosen as the reference. The latest version made amendments 
to the earlier versions (Release 1-4). Release 5 is 139.9 Mega bases (Mb) in size with a 
GC content of 42.3%. There are 15,662 genes and 27,601 proteins across 8 
chromosomes. The long chromosome arms were not purely euchromatin; 4.7Mb 
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extends in to the heterochromatin, which is 1.5Mb further than release 4 (Smith C.D. et 
al., 2007) 

Individual chromosomes from the reference were downloaded into CLC Genomics 
Workbench from NCBI. The download file also included annotations associated with 
the sequence data.  Once the sequence data is downloaded they were converted to a 
reference track. 

Creating Tracks: Once the sequence data is available in track format, it can be used in 
a track list, view of data sets that refer to the same reference in a single view. On 
converting the previously downloaded reference genome data to tracks, three track 
objects are primarily created (see figure 7.1 below); a reference track (Genome) and 
two annotation tracks, one with gene annotations (Gene) and the other with cds 
annotations (CDS). 

 

 

Figure 7.1. Conversion of reference data to tracks. Navigation area after converting reference data to 
tracks. 

 

7.2.3.2.3 Probabilistic Variant Detection 
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The probabilistic variant detection tool implemented in CLC Genomics Workbench 
can detect deviants in data sets from haploid, diploid, and polyploidy organisms with 
extreme sensitivity and specificity. The algorithm used is a combination of a Bayesian 
model and Maximum Likelihood approach to calculate prior and error probabilities 
for the Bayesian model. Parameters are calculated on the mapped reads alone, without 
considering the reference genome sequence. After examining a combination of 
nucleotides from the reads at every position in the genome, the probability for each 
combination of alleles (e.g. homozygous A/A, heterozygous A/G etc.) will be 
determined. This probability is used to determine which of the allele combinations 
(e.g. A/G) is the most likely one for every position. This can be compared with the 
reference allele to determine if it differs from the reference sequence to be identified as 
a variant. 
 
7.2.3.2.4 Filtration, Annotation and Comparison of Variants 
At this point, further filtering and comparison of the variant data was carried out. The 
result of each filtering and refinement step is a track. Like other tracks, they can be 
opened and viewed individually, or added to track lists.  
 
7.2.3.2.4.1 TRIO analysis 
Following Probabilistic Variant Detection, variants from the normal sample 
(processed_W_S2_L001_R1_001 and processed_Wt_S3_L001_R1_001) were subtracted 
from the list of variants called in the assimilated sample 
(processed_GA_S1_L001_R1_001). The TRIO analysis allowed for the comparison of 
assimilated sample against the two control samples. Consequentially, a variant track 
was obtained that contained only those variants that were specific to the assimilated 
sample. For each variant in the sample it is reported if the variant is inherited from 
either the wild-type, white-eyed, or both, or if it is a de novo mutation.  
 
7.2.3.2.4.2 Filtering against control reads 
Merely comparing the variants from the assimilated sample with those from the 
normal sample (as done in the TRIO Analysis) does not always give a fitting result. 
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This could be due either to the fact that there was low coverage, or that the parameters 
used were too stringent to detect minor variations. Instead of filtering one set of 
variants against another set, variants called in the assimilated sample were filtered 
against information contained directly in the mapped reads from the normal sample. 
The filter against control reads tool allows for a more stringent filtration. 
 
7.2.3.2.4.3 Predicting functional consequences 
The tools work by taking a variant track as input, and then predict or classify the 
functional impact of the variant. The sample variant track (Genetically Assimilated) 
following the ‘Filtering Against the Control Reads’ is selected as the input variant 
track for various tools that calculate the functional consequences. Three approaches 
were used to predict functional consequences: 

a. SNPs that cause synonymous and non-synonymous changes: The main 
purpose of the tool is to annotate variants with non-synonymous or amino acid 
changes that give rise to an altered protein product. SNPs can be synonymous, 
meaning they do not change the amino acid but are in the coding region. 
Although synonymous SNPs have been considered to be inconsequential, and 
hence ignored, a recent study (Hunt R., 2009) has conclusively shown that 
synonymous changes are also under evolutionary pressure, and are implicated 
in disease. Synonymous mutations can alter the structure, function and 
expression levels of protein by affecting mRNA splicing, stability and protein 
folding. With reference to the present study, these synonymous changes may 
not only shed light on the molecular basis of crossveinless, but also explain the 
strain specific nature of this phenocopy. For the purpose of annotating, all that 
is required is the input variant track - the annotation track with the coding 
regions (CDS) and the reference genome track (Genome). 

 
b. Splice-site disruption prediction: The primary function of this tool is to analyze 

a variant track, and examine if the variants fall within potential splices sites. If a 
variant falls within two base pairs of an intron-exon boundary, it will be 
annotated as a possible splice site disruption. An mRNA annotation track is 



Chapter 7: Whole Genome Re-sequencing: cues to the cve polygenic system 

	  

	  

	   131	  

chosen for reference. As part of the dialogue all variants that do not fall within 
a splice site can be excluded. 

 
c. GO Enrichment analysis: Once the variants have been compared, filtered, and 

screened for synonymous and non-synonymous changes, it is necessary to 
provide some sort of description for these changes, in terms of candidate genes 
and gene products; in other words provide a Gene Ontology that characterizes 
gene product properties. The ontology describes genes and gene products from 
three angles: biological process, actions or sets of molecular events that pertain 
to the biological function of the gene in living units such as, cells, tissues, 
organs, and organisms; cellular component, specific parts of the cell or its 
extracellular environment in reference to the query genes; molecular function, 
describing the essential activities of a gene product at the molecular level, such 
as binding or catalysis. 

 
Compared to a generalized GO analysis, the GO enrichment tool is a used 
when the aim is to examine candidate variants or their corresponding altered 
genes for a common functional role. The present study seems to be a suitable 
candidate where there is the cve-nonresponsive (the wild-type Canton-S flies 
from Bloomington Drosophila stock center), the cve-susceptible white-eyed 
strain (the local laboratory white-eyed w1118 stock) and the assimilated line 
obtained from heatshocking the white-eyed strain for several generations. 
Ideally, one would expect more or newer variants in the assimilated lines 
compared to the other two. The analysis tool requires a GO association file, 
comprising of gene names and associated Gene Ontology terms. The GO 
association file is downloadable from the Gene Ontology website: 
http://www.geneontology.org/GO.downloads.annotations.shtml//.  
The enrichment tool worked by relating all of the variants in the assimilated 
sample track, with genes in the track named, the Gene track. Next, the 
workbench tries to match gene names from the gene track with the gene names 
in the GO association file. Following this, the workbench tries to find GO terms 
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that are overrepresented in the list. With the help of a hypergeometric test, the 
number of altered genes having GO term X in relation to the number of all 
genes in the GO association file with the same GO term is chosen. The result is 
a table with GO terms and their calculated p-values for the candidate variants. 

 
7.2.3.2.5 GeneMania 
GeneMania, a sequence network prediction tool that finds different genes associated 
with a group of input genes, employs functional association information from a wide 
range of sources. The association information includes physical and genetic 
interaction, co-expression, co-localization and predicted domain similarity. 
Additionally, GeneMania helps realize new members of a pathway and reveal new 
genes that may not be part of the initial gene list submitted as a query.  
GeneMania searches several large, publically accessible, biological datasets (BioGRID, 
PathwayCommons, Pfam) to seek out connected genes. The information is presented 
in the form of six interactions: 

a. Co-expression: Gene expression information. Two genes are joined if their 
expression levels are similar across conditions during a gene expression study. 
Most of this information is collected from the Gene Expression Omnibus. 

 
b. Physical interaction: protein-protein interaction information. Two gene’s 

products are joined if they were found to act during a protein-protein 
interaction study. This information is collected from interaction databases like 
BioGRID and PathwayCommons. 

 
c. Genetic interaction: Genetic interaction information. Two genes are 

functionally associated if the effects of alterations to one gene were modified by 
changes to a second gene. This information is collected from primary studies 
and BioGRID. 

 
d. Shared protein domains: protein domain information. Two gene products are 

joined if they share identical protein domains. This information is collected 
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from domain databases, like InterPro, Sensible and Pfam. 
 

e. Co-localization: Genes expressed within the same tissue, or proteins found 
within the same location. Two genes are joined if they both are expressed 
within the same tissue, or if their gene products are seen within the same 
cellular location. 

 
f. Predicted: Predicting relationship between genes, typically protein 

interactions. Information regarding this comes by mapping familiar interaction 
from another organism via orthology. As an example, two proteins are 
predicted to act if their orthologs are known to act in another organism. 

 
 

7.3 Results and Discussion 
 
7.3.1 Read Mapping and Probabilistic Variant Detection analysis 
Mapping the sequence reads to the Drosophila reference genome created detailed 
statistical reports. The table below summarizes results from the initial mapping of 
sequence reads from all the three re-sequenced samples to the reference Drosophila 
genome. Most of the genome from the samples successfully mapped to the reference 
track (inferred from the percent of reads mapped). This not only proved that the 
samples were of optimum quality, but also allowed them to be used for all the 
downstream analyses.   

 

 Count Percentage 
of reads 

Average 
length 

Number of 
bases 

Percentage of 
bases 

References 7 - 18,632,940.43 130,430,583 - 

(GA)Mapped 
reads 

10,686,122 94.56% 173.16 1,850,432,775 97.32% 
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 Count Percentage of 
reads 

Average 
length 

Number of 
bases 

Percentage of 
bases 

References 7 - 18632940.43 130430583 - 

(W)Mapped reads 12316716 94.54 172.85 2128954760 97.05 

 
 Count Percentage of 

reads 
Average 
length 

Number of 
bases 

Percentage of 
bases 

References 7 - 18632940.43 130430583 - 

(Wt)Mapped reads 13164882 93.72 162.73 2142296581 97.46 

 

Table 7.1. Read mapping statistics on re-sequenced samples.  

 

Figure 7.2. Track list containing read mapping report for samples (W, Wt and GA) from chromosome 
3R (27,905,053 bp). 
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From the reads generated, the Probabilistic Variant Detection analysis on sample from 
the Assimilated flies (processed_GA_S1_L001_R1_001) gave rise to 538,112 variants. 
These variants included both those are common and those only specific to assimilated 
lines. Therefore, they were subjected to additional downstream filtration to strip away 
the known variants. 

The basic array of variants ranged from nucleotide changes at a single position (SNVs) 
to structural chromosomal rearrangements such as insertions, deletions and 
replacements. Deviations that were adjacent were reported as one. For example two 
single nucleotide variants (SNVs) next to each other are reported as one multi-
nucleotide variant (MNV). Likewise, an SNV and a neighboring deletion will be 
reported as a replacement.  

 

7.3.2 TRIO Analysis and Filtering Against Control Reads 

The trio analysis subtracted the variants in the normal samples, white-eyed and the 
wild-type (processed_W_S2_L001_R1_001 and processed_Wt_S3_L001_R1_001) from 
the list of variants called in the assimilated sample (processed_GA_S1_L001_R1_001). 
The variant track contained only those variants identified in the variant sample. So 
starting from 538,112 variants, the number came down to 537,968 variants. For each 
variant in the sample, it was reported if the variant was inherited from the wild-type, 
white-eyed or both, or if it is a de novo mutation.  
 
To further narrow down the list of variants, variant track generated from the Trio 
Analysis, for the assimilated sample, were filtered against information contained 
directly in the mapped sequencing reads from the normal samples (i.e. the 
processed_W_S2_L001_R1_001 and the processed_Wt_S3_L001_R1_001). Filtering 
against control reads, stripped down the number of variants to a striking 20,979 (see 
figure 7.3 below). 
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Figure 7.3. Track list showing the three variant tracks in chromosome 3R from the assimilated sample; (top) variant track from the Probabilistic 
Variant Detection analysis with 82,134/538,112 variants; (middle) variant track from the TRIO Analysis with 82,132/537,968 variants; (bottom) 
variants track after Filtering Against Control Reads with 3,393/20,979 variants. 
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7.3.3 SNPs affecting synonymous and non-synonymous changes 
From a total of 20,979 variants observed in the assimilated sample 
(processed_GA_S1_L001_R1_001), both synonymous (860/20,979) and non-
synonymous changes (391/20,979) were detected in the form of de novo changes in 
the coding region and amino acid changes. The changes were spread across three 
major chromosomes: X, 2L, 2R, 3L and 3R (figure 7.4 below). No de novo changes 
were observed in chromosome 4 and Un. 
 

 
 

Figure 7.4. SNPs causing Synonymous and Non-synonymous changes. The chart 
above illustrates the number of de novo coding region changes and amino-acid 
changes (y-axis) across the genome (x-axis) from the assimilated sample.  
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7.3.4 GO Enrichment Analysis 

The ontology described genes and gene products from three angles:  
1. Cellular Component  
2. Molecular Function 
3. Biological Process 

 
 

7.3.4.1 GO Cellular component 

 

 

Figure 7.5. GO Enrichment analysis illustrating significant cellular components from the assimilated 
sample. 
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cell cortex! cell surface!
integral to membrane! basolateral plasma membrane!
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apical cortex! synapse!
presynaptic active zone!
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The GO analysis enriched specific parts of the cell or its extracellular environment in 
the analyzed resequenced dataset. Six hundred and eighty (680) cellular components 
in total were enriched (refer to Appendices; e-Appendix). Filtering the results using a 
stringent p-value cut-off (p<0.01), 31 cellular components remained. The chart above 
illustrates the 31 components that were significantly enriched in the assimilated  
(processed_GA_S1_L001_R1_001) dataset. Amongst the many cellular components 
enriched, nucleus showed most number of occurrences in the sample. 
 
7.3.4.2 GO Molecular Function 
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Figure 7.6. GO Enrichment analysis illustrating significant molecular functions from the assimilated 
sample. The bar graph consists of molecular functions (y-axis) versus their occurrences in the sample 
versus occurrences expected (x-axis). 

 

From the analyzed resequenced data, the GO analysis enriched essential activities of 
gene products at the molecular level. One thousand eight hundred and twenty one 
(1,821) molecular functions were enriched in total (refer to Appendices; e-Appendix). 
Filtering the results using a stringent p-value cut-off (p<0.01), 49 GO terms remained. 
The chart above illustrates the 49 components that were significantly enriched in the 
assimilated  (processed_GA_S1_L001_R1_001) dataset. Two molecular functions that 
were extremely enriched in the assimilated samples were: Sequence-specific DNA 
binding transcription factor activity and Protein binding (figure 7.6). Structural 
proteins that bind DNA (such as transcription factors, nucleases and chromatin 
modifiers) are well-understood examples of non-specific DNA-protein interactions. 
Within chromosomes, DNA is held in complexes with structural protein. Alteration to 
these proteins might therefore alter processes like chromatin packaging (Devan P.B., 
2006). Modified chromatin states have been shown to be heritable in nature. So the 
inheritance of crossveinless might have a similar overtone. 
 
 

7.3.4.3  GO Biological Process 
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Figure 7.7. GO Enrichment analysis illustrating some of the significant biological processes from the assimilated sample. The column graph 
consists of biological processes (x-axis) versus their occurrences in the sample and occurrences expected (y-axis; refer to e-Appendix for full data). 
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From the analyzed re-sequenced data, the GO analysis enriched actions or sets of 
molecular events that pertain to the biological function of the gene in living units 
such as, cells, tissues, and organs. Three thousand two hundred and eighty (3,280) 
molecular functions were enriched in total. Filtering the results using a stringent 
p-value cut-off (p<0.01), 242 GO terms remained (refer to Appendices; e-
Appendix). The chart above illustrates the some of processes that were 
significantly enriched in the assimilated  (processed_GA_S1_L001_R1_001) dataset 
(refer to appendices for full data). 
 
7.3.5 Splice site disruption 
 
If a variant falls within two base pairs of an intron-exon boundary, it will be 
annotated as a possible splice site disruption. The sample variant track 
(processed_GA_S1_L001_R1_001) that had been subjected to both TRIO analysis 
and Filtration against Control Reads, and latter annotated by Gene Ontology 
terms was used as the input track to look for possible splice site disruption. The 
resultant track found eighteen such sites with a high probability and statistical 
significance (p value < 0.05; see table 7.2 below). 
 
 
 



Chapter 7: Whole Genome Re-sequencing: cues to the cve polygenic system 

 

	  144	  

CHR Region Type Reference 
 

Allele C 
 

P  Gene  

3R 16866701 SNV C G 11 0.97 dhc93AB 

3R 17192484 SNV G T 13 1 mod(mdg4) 

3R 18157367 SNV G C 12 1 cg33721 

3R 19557703 SNV C T 14 0.95 rpn9 

2R 7519446^7519447 Insertion - T 10 0.62 cg9005 

2R 15265624 SNV C G 15 1 cg10062 

2R 15331949 SNV T C 11 1 cg7735 

2R 17278603 SNV T G 11 1 acox57D-d 

2R 17304386 SNV G C 13 1 sdc 

2R 19287882..19287883 MNV CT TC 15 1 cg3520 

2L 2353700 SNV G A 10 1 cg9967, eys 

2L 9518560..9518565 Deletion TAAGTT - 12 1 cg33298 

2L 22309001 SNV G T 10 0.95 cg17018 

3L 3148059..3148060 MNV AT TA 15 1 cg12082 

3L 3148062..3148063 MNV CT AG 15 1 cg12082 

3L 5346777 SNV A C 17 1 lama 

3L 14042122 SNV G T 12 1 blue 

3L 15642677 SNV A G 12 1 eig71Ea 
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Table 7.2. Splice site disruption analysis. The table outlines eighteen genes with denovo splice site 
disruption, the respective chromosome (CHR), the specific chromosomal rearrangement (type), the 
individual coverage (C) and probability (P) for the rearrangement. 

 
 
7.4 Discussion 

7.4.1 Connecting the dots between the Transcriptome and Genome data 

The filtered variant track from the assimilated sample gave a total of 11,285 GO 
terms with gene names obtained from the GO enrichment analysis. As known 
from classic work done on the Genetic Assimilation of crossveinless (Waddington 
C.H., 1953), crossveinless is a polygenic trait (Milkman R.D., 1959; 1960) and 
therefore GO terms that were significant (p<0.01) were spread across three major 
chromosomes (2,3 and X). Three processes were seen consistently, with high 
statistical significance (p<0.01), across the major chromosomes: regulation of 
chromatin silencing, chromatin organization, and lateral inhibition. 
Occasionally these processes were enriched multiple times in the same 
chromosome. As the above-mentioned processes are fundamental, basal processes 
with the potentiality to affect key developmental processes downstream, it seemed 
wise to search through the gene list for the enrichment of key factors that mediate 
or regulate vital developmental processes. The Notch cell signaling pathway 
being, a highly conserved signaling pathway present in most multicellular 
organisms (Artavanis-Tsakonas S. et al., 1999), and a key regulator of many 
developmental processes including Lateral Inhibition (Appel B., 2001), it seemed 
prudent to first look for specific signal relaying members and interactors of Notch 
(see table 7.3).  
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CHR Type Reference Allele C Description 

X Deletion G - 11 Regulation of DNA dependent transcription 

X SNV T G 10 Negative regulation of EGFR signaling pathway 

 

3L Insertion - T 10 Imaginal disc-derived wing vein specification 

3R Insertion - AAGGGGGA 9 Lateral inhibition 

3R Insertion - CCA 18 Long-term memory 

3R SNV G T 14 Determination of adult lifespan 

3R SNV C T 11 Chromatin organization 

3R Replaceme
nt 

C ATA 15 Imaginal disc-derived wing morphogenesis 

3R Insertion - T 15 Lateral inhibition 

2R Replaceme
nt 

A CC 22 Spermatid development 

2R SNV A G 18 Regulation of chromatin silencing 
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2R SNV T G 16 Determination of adult lifespan 

2R Insertion - GACCAACCTA
CC-CAG 

15 Lateral inhibition 

2R SNV G T 10 Spermatid development 

2L SNV G A 10 Chromatin organization 

2L SNV A C 13 Lateral inhibition 

2L SNV C A 12 Lateral inhibiton 

3L SNV A G 12 Chromatin organization 

3L Insertion  - TA 10 Regulation of chromatin silencing 

3L Insertion - TTTCTTGGAA
AT-G 

16 Imaginal disc-derived wing morphogenesis 

3L MNV TTGA CAGT 16 Long-term memory 

3L SNV A G 18 Chromatin organization 

3L SNV G A 10 Imaginal disc-derived wing morphogenesis 

3L SNV T G 13 Lateral inhibition 
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3L SNV A T 12 Regulation of chromatin silencing 

3R Replaceme
nt 

G TT 12 Negative regulation of Notch signaling pathway 

2L Deletion A - 10 Imaginal disc-derived wing vein specification 

X SNV A G 13 Negative regulation of Notch signaling pathway 

X Deletion C - 7 Notch receptor processing 

3R Insertion - AAAAAAAC 18 Imaginal disc-derived wing vein morphogenesis 

3L SNV A T 11 Regulation of chromatin silencing 

3L SNV T A 14 RNA interference 

2R Insertion - AA 13 Notch signaling pathway 

2R SNV C G 14 G-protein coupled receptor signaling pathway 

2R Replaceme
nt 

TG CAT 11 Asymmetric protein localization involved in cell fate 
determination 

2R SNV T C 10 Negative regulation of TGF-β signaling pathway 
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3L SNV T A 13 Chromatin organization 

3L SNV C A 13 regulation of chromatin silencing 

3R SNV T C 17 Chromatin binding 

3L Deletion G A 10 regulation of chromatin silencing 

X Deletion AGCAGA
AGG-
AGAACG
ATC 

- 8 Chromatin organization 

3L SNV G T 12 Regulation of EGFR signaling pathway 

 

Table 7.3. GO analysis on assimilated sample. A refined list of GO terms enriched from the assimilated dataset that directly or indirectly regulate 
key developmental processes like Notch signaling pathway; wing morphogenesis pathways like the epidermal growth factor receptor signaling 
pathway (EGFR) and decapentaplegic pathway; cell fate determination, and determination of adult lifespan. The table outlines significant genes (p 
value <0.01) with de novo changes, the respective chromosome (CHR) they are located in, the specific chromosomal rearrangement (type), the 
individual coverage (C) and probability (P) for the rearrangement. 
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In order to infer a functional relationship between the GO terms from the table 
above, gene names were fed into the network prediction tool; GeneMania. In 
addition to the genes from the table above, statistically significant genes obtained 
by performing t-tests and hypergeometric tests on the Microarray data from the 
sample group - White vs White-heatshocked (W vs. Wh; section6.3.1; Chapter 6), 
were also included in the final list of genes that were submitted in GeneMania.  
The later was done to see if the transcriptome and genome data are linked, given 
the enrichment of key regulatory and developmental processes from the Gene 
Ontology analysis on Whole Genome Sequencing (WGS) data. 

 

GeneMania produced an extensive network from the input data. Six main types of 
networks were produced (see figure 7.8 below): Coexpression (53.49%), Physical 
interactions (18.73%), Co-localization (14.44%), Shared Protein Domains (4.57%), 
Predicted (5.29%), and Genetic interaction (3.47%). 
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Figure 7.8. Gene network prediction on candidate genes using GeneMania. Input genes included 
gene names from both transcriptome and WGS data. Six main types of networks were produced: 
Coexpression ( ), Physical interactions ( ), Co-localization ( ), Shared Protein 
Domains ( ), Predicted ( ) and Genetic interaction ( ). Grey circles indicate novel 
genes and interactions observed in the network that were not submitted in the initial default query. 
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7.4.2 Assimilation of crossveinless via alteration of modifier genes 

 

7.4.2.1 Heterochromatic Spreading by long range nuclear reorganization via de-
novo changes in E(var) genes. 

As mentioned earlier, three processes were seen consistently, with high statistical 
significance (p<0.01), across the major chromosomes: regulation of chromatin 
silencing (any process that affects the rate, extent or location of chromatin 
silencing), chromatin organization (any process that influences the specification, 
formation or maintenance of the physical structure of the chromatin), and lateral 
inhibition (Signaling between cells of equivalent developmental potential that 
results in these cells adopting different developmental fates); and not just once, 
but on several occasions in the same chromosome sometimes. Figure 7.9 (a,b &c) 
below shows how some of the overlapping GO terms with gene names, enriched 
in the WGS dataset, might be interacting to regulate chromatin silencing and 
organization.  
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Figure 7.9 (a). Genes from assimilated sample involved in Heterochromatic spreading and 
chromatin silencing. Gene symbols from the initial query associating to regulate gene expression, 
epigenetic. Black arrows indicate some genes and interactions observed in this network that were 
not submitted in the initial default query. 
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Figure 7.9 (b). Genes from assimilated sample involved in Heterochromatic spreading and 
chromatin silencing. Gene symbols from the initial query concerned with chromatin organization. 
Black arrows indicate some genes and interactions observed in this network that were not 
submitted in the initial default query. 
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 Figure 7.9 (c). Genes from assimilated sample involved in Heterochromatic spreading and 
chromatin silencing. Gene symbols joining to regulate chromatin silencing. Black arrows indicate 
some genes and interactions observed in this network that were not submitted in the initial default 
query. 
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Although the expression of a phenotype is primarily governed by the encoding 
gene, and the surrounding environment (Ridley M., 2003), the position a gene is 
inserted in the genome, is equally important for the expression of the phenotype. 
This effect on gene expression is called, Position Effect (Alberts B., 2002). In 
Drosophila, this effect has been described as Position Effect Variegation (PEV) 
(Weller K. and Wakimoto B., 1995). PEV may lead to the inactivation of the gene 
due to its collocation with the heterochromatin, creating a variegated or graded 
phenotype. PEV is a description of a variegated phenotype that indicates that 
chromatin silencing can spread to varied lengths in different cells (Girton J.H., 
2008). Studies (Spofford and DeSalle, 1991) on chromosomal rearrangements and P 
element insertions have clearly shown that any change in the chromatin structure 
from euchromatin to heterochromatin leads to gene silencing. Although most of 
the physical changes in chromatin structure that cause changes in gene expression 
are accounted for by the covalent modification of histones (Girton J.H., 2008), 
lately it has been appreciated that on some occasions gene regulation at the 
nucleosomal level goes beyond changes to the histone tails. Chromosomal 
rearrangements particularly involving the X, second and third chromosome (as 
seen in the present study) produce PEV phenotypes (Girton J.H., 2008). 

The Drosophila genome contains finite number of repeated sequences that interact 
with the RNAi system to utilize a fixed quantity of heterochromatic factors, which 
in turn bind to and heterochromatize a set length of chromatin (Girton J.H., 2008 
and references therein). The concentration of these factors is quite high in the 
pericentric regions of the chromosome (Pimpinelli et al., 1995). The amount of 
chromatin that stays heterochromatic depends on the active balance between the 
number of heterochromatic factors and the number of chromatin sites available for 
binding (Csink A.K. et al., 2002). Anything that increases the number of factors 
will decrease the pericentric concentration and anything that decreases the 
number of sites or increases the number of factors will increase the pericentric 
concentration Bao X. et al., 2007b). A lower level of heterochromatic factors in the 
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pericentric region means that heterochromatin cannot spread as far as into the 
euchromatin from a breakpoint resulting in localized heterochromatization often 
referred to as Su(var) phenotypes (Spofford J.B., 1967). E(var) phenotypes on the 
other hand, result from rearrangements or mutations that increase the 
concentration of heterochromatic factors in the pericentric regions, leading to 
widespread spreading from breakpoints (Girton J.H., 2008). 

Genes whose products are usually involved in the establishment, maintenance or 
functioning of the heterochromatin structure are called, modifier genes (Sass G.L., 
1998). However, some modifier gene products have been also known to be part of 
an active mechanism that generates euchromatin and resists heterocrhomatization 
(Sass G.L., 1998 and references therein). Two models have been postulated for the 
mechanism behind heterochromatic spreading. First, is based on the idea that 
heterochromatin-promoting factors are present in limited amounts and spreading 
continues till the factors are completely exhausted (Locke et al., 1988). The second 
notion called the “Boundary Model”, proposes that discrete sites promotes 
initiation and termination of heterochromatin (Tartof et al., 1984). For example, 
JIL-1 (a tandem kinase) is required to “mark” euchromatic regions and stop 
heterochromatin from spreading; JIL-1 loss of function alleles act as enhancer of 
variegation. A second mechanism that acts to control heterochromatic spreading is 
the incorporation of the histone variant H3.3 into actively transcribed regions (Sass 
G.L., 1998 and references therein). Lately, Trl/GAGA factor was found to interact 
with “Facilitates Chromatin Transcription” (FACT) system to direct replacement 
of H3.3 (Girton J.H., 2007). The remodeling activity of GAGA-FACT serves as a 
barrier against heterochromatic spreading and silencing. Therefore any 
perturbation to this barrier function may lead to extensive heterochromatic 
silencing, thereby titrating heterochromatic factors from the pericentromeric 
regions developing an E(var) phenotype. Insulators are boundary elements that 
block interactions of enhancers with promoters (Kuhn E.J., 2003). Consequentially, 
this blocks the spreading of one chromatin state into another (Sun and Elgin, 
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1999). The gypsy insulator sequence was originally identified as a gypsy 
retrotransposon insertion that blocked enhancer function at the yellow locus by 
introducing a Su(Hw) (Suppressor of Hairy wing) - binding site (Kuhn E.J., 2003 
and references therein). The Su(Hw) protein binds to BTB/POZ-domain proteins 
(Broad system Tramtrack, B ricabrac/ oxvirus and Zinc finger), CP190 and 
mod(mdg4) (Kuhn E.J., 2003 and references therein) to form a system with 
dTopors at the nuclear periphery. The presence of gypsy insulator sequences at 
endogenous sites in the genome suggests that this may provide means to 
compartmentalize the genome and prevent heterochromatic spreading into active 
euchromatic regions. Consistent with its role in limiting heterochromatic 
spreading, mod (mdg4) was initially identified ad the enhancer of variegation 
E(var)3-93D (Girton J.H., 2008).  

 

Figure 7.10. Track list locating the gene mod(mdg4) from the variant tracks in chromosome 3R from 
samples W, Wt and GA. 
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Figure 7.11. Functional associations made by mod(mdg4) with genes from the default query.  

 

In addition to its role as an enhancer of variegation and its role as a chromatin 
insulator, mod(mdg4) has been known to be an active member of the trithorax 
family of genes, with the ability to alter the expression of homeotic genes (Büchner 
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K., 2000). The network above shows how multifaceted this gene is. Mod(mdg4) 
interacts with stress response genes like Hsps (for e.g. Hsp68, Hsp70As, Hsp70Bs 
etc.), and other protein folding factors like pip and stv. Mod(mdg4) physically 
interacts with betaTub85D, one of the genes found to be significantly expressed in 
the transcriptome data. It also interacts with members of the notch signaling 
pathway (for e.g. DX, MAM, PSQ, Su(H) etc.) . Splice-site prediction analysis 
(table 1) on the variant tracks from the assimilated sample showed a significant 
splice site disruption for mod(mdg4). The table listed a few splice variants for the 
gene: (mod(mdg4), pre-mod(mdg4)-Y, pre-mod(mdg4)-AD, pre-mod(mdg4)-AE, pre-
mod(mdg4)-W, pre-mod(mdg4)-X, pre-mod(mdg4)-V, pre-mod(mdg4)-U). 

Similarly, proper insulator function also depends on the presence of functional 
RNAi-mediated pathways, perhaps to ensure the appropriate sequestration of 
heterochromatic components at centromeric regions. When Argonaute (AGO2) 
RNAi pathway genes are mutated, nuclear architecture is disturbed and insulator 
activity is lowered (Kuhn E.J., 2003 and references therein). 

Because of the well-accepted gradation seen in the character, and its polygenic 
nature, crossveinless may well be some sort of variegation effect that involves 
a long-range heterochromatization and subsequent gene silencing. Most of the 
usual E(var) genes that have been mentioned in the literature occur with statistical 
significance as denovo changes in our analysis.  

 

7.4.2.2 Lateral Inhibition and Cell Fate Determination 

Lateral Inhibition is a situation when cells destined to have similar fates in terms 
of phenotypic expression, end up adopting completely different phenotypes 
(Appel B., 2001). An example is the suppression by cells with a specific fate of the 
adoption of identical fate by encompassing cells. Among cells that have the 
potential to adopt a similar fate, lateral inhibition specifies some cells for a 
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primary or most popular fate, and some for a secondary or different fate (for 
example, vein versus intervein cell fate in a developing Drosophila wing). A cell is 
committed to a particular fate, when the concerned regulatory processes ensure 
that the fate stays committed regardless of the environment. This is termed as, Cell 
Fate Determination. Notch signaling is one of the key regulators of both lateral 
inhibition and cell fate determination. Gene networks depicted below (figure 7.12) 
show how direct and indirect interactors of Notch signaling, that were enriched 
from the WGS dataset via GO analysis, associate in assimilated flies to mediate 
processes like lateral inhibition and cell-fate determination.  
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Figure 7.12. Genes from assimilated sample involved in lateral inhibition and cell fate 
determination. (top) gene symbols from the initial query associating to regulate lateral inhibition. 
(bottom) gene symbols from the initial query joining to regulate cell fate determination. Black 
arrows indicate some genes and interactions observed in this query that were not submitted in the 
initial default query. 
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The GO term (biological process) corresponding to the gene symbol, CG3927, 
based on mutant experimental studies (Marygold S.J. et al. and the Flybase 
Consortium, 2013), is lateral inhibition. However, a recent study (Wang W et al., 
2010) examined the role played by the recently originated kep1 gene family in 
male fertility. During duplication of the kep1 gene locus, seven duplicates with 
novel functions were produced, and CG3927 was one of them. Loss of function of 
the duplicates affected processes like spermatid development and sperm 
individualization; two processes that showed up both in the transcriptome 
(microarray data) and genome (WGS data) with high statistical significance (p 
value<0.01). In addition to its role in Lateral inhibition, the gene stv (starvin) seems 
to be a key developmental gene playing a crucial role in processes like chaperone 
binding, notch signaling, proteolysis, larval survival etc. (Marygold S.J. et al. and 
the Flybase Consortium, 2013; figure 7.13 below). starvin is the Drosophila member 
of the BAG (mammalian BcII-associated athanogene) family of genes that has been 
linked to stress response and survival. Starvin mutant larvae fail to grow and 
crawl after hatching. In several instances larval growth remained arrested in the 
first instar. Also, their ability to uptake food is severely impaired (Coulson M., 
2005). These results seem to corroborate the observations made in the present 
study. Larvae in the upward selection line took a longer time to develop from the 
first instar till the third. Pupation closer to the food source could be due to their 
inability to crawl properly (refer to chapter 4 for specifics). 
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Figure 7.13. Functional associations made by stv with genes from the default query. stv 
physically interacts with Hsps, chromatin modifiers like mod(mdg4) and AGO2; physical 
interaction, coexpression, and colocalization with notch interactors like mam, Su(H), psq , and l(2)gl. 
grey circles indicate new genes not part of the default query. Gene symbols, stwl, mam, l(2)gl, cindr, 
su(h), and cg13472 are direct or indirect interactors of the Notch signaling pathway (Marygold S.J. et 
al. and the Flybase Consortium, 2013). 
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7.4.2.3 Regulation of key developmental processes   

The connections made between the genes from the initial default query related to 
many developmental processes. Two processes that stood out, and seemed 
relevant to the present study, were Imaginal disc-derived wing morphogenesis 
and germ cell development. 

 

7.4.2.3.1 Imaginal disc-derived wing morphogenesis 

The process, in which the anatomical structures of the adult wing are developed 
and organized from the imaginal wing disc, is called- Imaginal disc-derived wing 
morphogenesis (Marygold S.J. et al. and the Flybase Consortium, 2013). Some of 
the key changes that are part of this transformation include: regulation of imaginal 
disc-derived wing size, imaginal disc-derived wing expansion, imaginal disc-
derived wing hair orientation, and imaginal disc-derived wing vein 
morphogenesis and specification. Some of the main signaling pathways that 
regulate the above processes are: Notch signaling pathway, epidermal growth 
factor receptor pathway, decapentaplegic pathway etc. 
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Figure 7.14. Genes from assimilated sample involved in imaginal disc-derived wing 
morphogenesis. Black arrows indicate new genes and interaction observed in this network that 
was not submitted in the initial default query. 
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Some of the genes (for example, N, cv-c, vn, aos, dally and Mad) shown in the 
specific network above have been known to participate in wing vein development 
and differentiation (Marygold S.J. et al. and the Flybase Consortium, 2013). Vein 
(Vn) and Argos (aos) regulate EGFR signaling and play vital roles in specifying 
vein/intervein cell fates in provein territories; Cv-c, Dally and MAD act 
downstream DPP signaling to mediate the final differentiation of veins  (refer to 
section 1.2.3.2, chapter 1 for specifics). However the additional interactors 
enriched earlier in the whole-genome data, and later connected by GeneMania in 
the figure above, suggest that perhaps these specific players might be networking 
with known associates that regulate wing differentiation. And this collectively 
brings about the posterior crossvein defect (i.e. crossveinless).    

 

7.4.2.3.2 Germ cell Development 

Series of well-timed events that lead to the development of a mature gamete from 
an immature germ cell is called, Germ cell development. Germ cell development 
includes both oocyte and spermatid development. Some of the key processes that 
were enriched from the GO enrichment analysis done on the whole genome 
sequence from assimilated flies and hypergeometric tests done on the microarray 
data from the heatshocked flies were: spermatid development, sperm 
individualization and sperm chromatin condensation. 
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Figure 7.15. Genes from assimilated sample involved in germ cell development. Black arrows 
indicate new genes and their interactions observed in this query that were not submitted in the 
initial default query 

 

Genes like Mst77f (validated by Q RT-PCR, chapter 6), mst84db, and psq (as shown 
in the network) have been known to specifically play roles in spermatogenesis. 
Genes like blanks and blw, in addition to their interaction with factors that regulate 
spermatogenesis, control chromatin silencing. 
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7.5 Concluding remarks 

Results from the current selection experiments (repetition of the Waddington 
experiment; see chapter 3, 4 and 5 for specifics) suggested that crossveinless is a 
phenomenon that affects the fly much more than merely causing a wing-vein 
defect. The observed delays in development, compromised viability and the 
occurrences of alternate phenotypes, provided a strong backing for the previously 
believed polygenic basis for crossveinless (Waddington C.H., 1953; Milkman R.D., 
1959; 1960). Analysis of the transcriptome (via Microarray analysis), showed 
differential expression in a few testis specific genes, that are believed to have 
broader functions like, chromatin remodeling, protein folding, and determination 
of adult lifespan (see chapter 6 for further details). Therefore, looking at these 
outcomes, it seemed necessary to examine crossveinlessness at the genome level, 
and by doing so hope to find potential contributors of the so called cve system. 
Whole genomes were re-sequenced and compared from three strains of Drosophila 
melanogaster: wild-type strain (Wt), white-eyed strain (W), and the assimilated line 
(GA) developed from the white-eyed strain.  Variations specific to the assimilated 
sample (those with statistically significant de novo changes) were distributed 
mostly on chromosome arms 2 and 3, and then on chromosome X. This agreed 
with assumptions made, on the location of the cve polygenic system, by earlier 
studies (Milkman R.D., 1959; 1960a,b). Genes enriched by Gene Ontology tests 
included those that mediated processes like chromatin silencing, lateral inhibition, 
and key developmental signaling like the Notch pathway. Therefore, it could be 
implied that chromosomal rearrangements, observed in the re-sequenced genome 
of the assimilated sample, alters the function of both chromatin modifier genes 
like mod(mdg4) and basic developmental genes like Notch. And it is this collective, 
random, and widespread change to the genome that not only produces 
crossveinless initially but also accounts for its assimilation later in the population. 



 

Chapter 8 

Summary and Conclusions: revisiting the 60-year-
old evolutionary paradox 

 

8.1 Summary 

In the recent past, plasticity (the ability of an organism to change its phenotype in 
response to changes in the environment) has been recognized as a positive driving force 
of evolution that sets the stage for neo-Darwinian evolution by increasing the survival 
of those who display a plastic response in a population. This genetic variation can be 
selected upon so that evolution progresses in the direction of the induced plastic 
response (Baldwin J.M., 1896). Waddington’s genetic assimilation is based on the 
premise that environmentally triggered phenocopies (plastic responses) may become 
genetically fixed, and have to no longer depend on the initial external stimulus. 
Although this idea has had varied success through time, it has been also relegated to a 
secondary role by the proponents of neo-Darwinian synthesis. Some of the recurring 
themes that mark the theoretical discussions of genetic assimilation include: (1) 
presence of a plastic response in the beginning to start the process; (2) the possible role 
for epigenetic mechanisms in the process; (3) the limits imposed by costs of plasticity; 
(4) the apparent quickness of the process in comparison to standard evolution. 

 

8.1.1 Waddington’s Crossveinless; from selection to assimilation 

Polygenic responses are either additive or non-additive in nature. In the additive case 
(as with crossveinless), several alleles can substitute one for another so as to produce 
the phenotypic variant. Normally, in the case of an adaptive trait, natural selection 
tends to reduce the possibility of such substitutions to ensure consistency in the 
expression of the trait. To ensure fixation of the most fit allele in a population, the ratio 
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of Additive Gene Variance to Non- Additive Gene Variance is kept be as low as 
possible. In Waddington’s classic (Genetic Assimilation) experiment, heat-shocking at 
the critical time-point disturbs the balance of the above-mentioned ratio. Due to the 
additive nature of the polygenic system, repeated selection with heat-shock results in 
the production of more cve individuals in successive generations. The exponential 
increase in the percentage of crossveinless that was observed during the current 
repetition of the Waddington’s experiment, in chapter 4, exemplifies the additive nature 
of this stress induced environmental phenocopy (section 4.3.1). But this heterozygosity 
and additivity of the cve complex is hardly of any importance when one realizes how 
much of the population’s viability was compromised for a phenotype that offers 
absolutely no adaptive advantage (section 4.3.2). Not only this, chapter 4 also 
demonstrated the extent to which crossveinlessness affected the normal development of 
the fly, from the embryo (egg) to adulthood (section 4.3.3).   

Arguments made by Waddington to support the findings from his experiment 
(Waddington C.H., 1953) leave more questions than answers. Although he admits that 
there might not be any real-life adaptive benefits of expressing the crossveinless trait, he 
certainly does not shy away from imagining a scenario where selection favors an 
insignificant trait, such as cve, to the extent that it ultimately gets genetically 
assimilated in the organism’s genotype. Firstly, to use this phenotype as an example of 
how genetic assimilation might play an important role in evolution is an exaggeration. 
Natural selection acts on a population’s genetic variability to favor those changes that 
offer some sort of selective advantage during stressful times. Otherwise how would you 
distinguish directional progression towards betterment (like Darwinism; Darwin C., 
1859) from the apparent inheritance of cryptic traits like crossveinless (due to targeted 
artificial selection)? Furthermore, to provide a conceptual basis for the assimilation of 
crossveinless, Waddington takes refuge in concepts like Canalization.  
 
As described earlier (section 1.2.2.1, Chapter 1) Canalization, a term first coined by 
Waddington himself, refers to development buffering machinery by which variability is 
minimized and an invariant phenotype produced in every generation. Such ability 
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ensures that phenotypic deviants do not cross the normal threshold barrier and become 
expressed. This barrier is high under normal environmental conditions. During a 
sudden change in the environment, the functioning of this buffer can become impaired. 
This impairment may allow the expression of all those otherwise curbed, hidden 
accumulated variations to be expressed in the population. Forceful artificial selection (as 
in the case of Waddington’s experiment and ours) in the presence of the triggering 
stress increases the frequency of that particular polymorphism in subsequent 
generations. Remarkably, within a few generations the population reaches a point 
where it is no longer dependent on the stress, and freely expresses the cryptic trait. In 
other words, the trait is fixed and incorporated into the genetic makeup of the 
organism. This is what Waddington referred to as Genetic Assimilation.  
 
Two scenarios can be imagined for the assimilation of an acquired trait. On resuming 
normal conditions, the particular trait is beyond the control of genetic buffers (i.e. by 
mere frequency) and a well-canalized developmental pathway with a definite 
epigenetic landscape has stabilized the trait. The system then sets a new threshold in 
which it suppresses any variations sprouting from this newly assimilated trait 
(Waddington C.H., 1953; Steiner U.K. and Buskirk V.J., 2009; Amzallag N.G., 2000; 
Queitsch, Sangster et al. 2002; Rutherford S. L. et al., 1998, 2007; Sangster T.A. et al., 
2007; Salathia N. and Queitsch C., 2007; Milton C. C. et al., 2006). This idea is consistent 
with the fact that Canalization evolves under stabilizing selection, and, during an 
environmental stress, an already canalized population is decanalized temporarily, 
exposing the population to a new phenotypic optimum; a scenario similar to genetic 
assimilation (Siegal M.L. and Bergman A., 2002). Perhaps that is why Waddington goes 
on to say: “the new development may become so canalized that it continues to occur 
even when the conditions return to normal” (Waddington C.H., 1953). But no matter 
how articulate it sounds, it still is not clear why selection would favor the assimilation 
of a trait that is built on such an unstable epigenetic landscape. The fact that 
crossveinless is affected by a wide-spread, random combination of genes, with every 
combination giving rise to a different grade of crossveinless (section 5.1.4, chapter 5), is 
exactly the reason why such a non-adaptive cryptic character would be prevented from 



Chapter 8: Summary and Conclusions: revisiting the 60-year-old evolutionary paradox 

	  

	  

	   174	  

breeding true. Permanent assimilation of crossveinless would make sense only if it was 
a phenotype controlled by specific alleles present in isolated groups, rather than a 
genome-wide polygenic system with no fixed combination to produce the response. 
 
According to Waddington, selection could act in such a manner as to fix an 
environmentally triggered phenotype in the population (genetic assimilation). Ten 
generations of true breeding crossveinless flies were produced from the Upward 
Selection Line (section 5.3.1, in Chapter 5). However, unlike the original experiment 
(Waddington C.H., 1953), crossveinless did not tend towards fixation. Instead, cve 
steadied (20-30%) for a while in the population and then started dipping dramatically 
towards the later generations (~12% by F9), thereby indicating a possible reversion from 
crossveinlessness to wild-type. The results above suggest that genetic assimilation 
might be a short-lived phenomenon with low penetrance.  

 

8.1.2 The Crossveinless Transcriptome: looking beyond the wing defect 

In chapter 3, the ability of one strain to be susceptible to crossveinless and the other 
strain to be robust against it (the heat-shock induced phenocopy) implied that the 
mechanisms underlying crossveinless are strain specific in nature. Within the two 
laboratory Drosophila strains that were used in the experiment, Canton-S flies failed to 
produce disturbed posterior crossveins when heat-shocked, and the white-eyed strain 
(the white- eyed mutant w1118 strain) both produced and allowed the trait to be selected 
for. To further understand the cause for such disparity, we compared RNA expression 
in the wing imaginal discs of heat-shocked pupae between both fly stocks allowing us 
to identify significant changes in gene expression that not only gave reasons for the 
strain specific nature of crossveinless but also gave clues to key biological processes. 
These results imply that crossveinless is far beyond a mere wing defect. In the White vs 
White-heat-shocked group (section 6.3.1; Chapter 6), amongst the expected heat-shock 
genes, for example- hsp68, hsp22, and hsp70 family, testis enriched genes showed a 
significant change (p-value < 0.05 and fold change > 2) in gene expression. Some of 
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these key genes (section 6.3.3, Chapter 6) have been validated via Q RT-PCR. Although 
these genes have been known to be testis specific, most of them are either novel 
retrogenes (like cg9920 and ocnus) or are functional elements of the Drosophila 
heterochromatin (like mst77f and s-lap1) believed to acquire newer functions and 
broader tissue expressions, according to the ‘out of the testes’ hypothesis (Vinckenbosch 
N., 2006). This might be the reason why genes known to be testis specific were 
significantly enriched in the wing imaginal discs of heat-shocked pupae. 

 

8.1.3 The crossveinless genome and the cve complex 

Given the polygenic nature of crossveinless (Waddington C.H., 1953), and the results 
obtained from microarray analysis, it seemed necessary to look for the location and 
contributors of the cve polygenic system. Earlier works (Milkman R.D., 1959; 1960) have 
been of the opinion that the stability of cve is ensured a combination of heterozygous 
genes spread on at least three major chromosomes. The whole genome from three 
strains of Drosophila melanogaster was re-sequenced: wild-type strain (the wild-type 
Canton-S flies from Bloomington Drosophila stock center; Wt), white-eyed strain (the 
local laboratory white-eyed w1118 stock; W), and the assimilated line (GA) developed from 
the white-eyed strain (Illumina MiSeq 2X250 base Pair End (PE) Re-sequencing; chapter 
7). Upon analyzing the genome data, it was interesting to see that significant 
genes (p<0.01) were spread across all the major chromosome arms (2,3 and X). As far as 
key Gene Ontology terms were concerned, three biological processes were seen 
consistently, with high statistical significance (p<0.01), across the major chromosomes: 
regulation of chromatin silencing, chromatin organization and lateral inhibition. The 
three processes mentioned above are basal processes with the capacity to affect key 
developmental processes downstream, thereby further substantiating the polygenic 
basis of cve, and also hinting that this stress induced trait affects the fly on a broader 
scale than it was understood before. Analysis of the cve transcriptome revelaed 
differences in the gene expression between the Canton-S and w1118 that corroborated the 
strain specific nature of cve to some extent (refer to Chapter 6).  But could the 
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underlying genomic variation between the strains alone account for the assimilation of 
the trait? Although this question was not specifically addressed in the current work, it 
can be assumed from the initial resequencing data that the assimilation of cve requires 
more than the inherent differences between the two strains. Most of the single 
nucleotide variants unique to the DNA from the assimilated line were de novo. The 
stringent filtration tools used during the analysis (section 7.3.2; Chapter 7) of the 
resequenced data only identified variants (both homozygous and heterozygous; refer to 
full SNP data in the e-Appendix; Appendices) specific to the assimilated sample.  One 
explanation for the occurrence of almost 20,000 variants in the assimilated sample could 
be that these variants have accumulated from the continued artificial selection of cve 
individuals during the Waddington experiment; after all it has been acknowledged that 
cve is an additive trait, with selection increasing the number of cve alleles in successive 
generations (Milkman R.D., 1959; 1960). Perhaps the expression of cve is dependent on 
the accumulated effect of all these variants and not just a few. 

 

Crossveinless: genetic or epigenetic? 

Given the nature of genetic assimilation, where a trait that is not usually present in the 
population is acquired under stress, and is later inherited without the triggering stress, 
it is convenient to believe that the inheritance of crossveinless probably has an 
epigenetic rationale. As Waddington himself acknowledged (Waddington C.H., 1953), 
“the process of selection for the ability of an animal to react adaptively to its 
environment, leading to the genetic assimilation of the adaptive character, provides us 
with a way of understanding how acquired characters may become inherited without 
our having to suppose that the external conditions have been responsible for calling 
into being the necessary genetic determinants”. Also, it was demonstrated in the 
present experiment that cve did not get fixed in the population (Chapter 5). For a Trait 
to be genetic it is essential that it be both selectable and heritable. 

On the contrary, upon resequencing whole genomes from the wild-type strain, the w1118 
stock, and the assimilated line, it became evident that there are approximately 20,000 
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single nucleotide variants that are unique to assimilated flies (Chapter 7). Looking at 
such underlying variation in the genomic sequence, one might argue against the 
aforesaid claims on genetic assimilation not being a genetic trait. Interestingly, a recent 
study has shown that the underlying DNA polymorphism affects its interactions with 
the histone core, especially the rotational positioning of the nucleosomal DNA (refers to 
the orientation of the DNA relative to its core; Langley S.A., 2014). Sequences affecting 
the rotational positioning can in turn affect the binding of transcriptional factors, 
regulation of gene expression or gene silencing. GO enrichment analysis carried out in 
the present work (refer to section 7.3.4.3, Chapter 7) has identified SNP changes that 
affect key biological processes such as sequence-specific DNA binding transcription 
activity, chromatin silencing and chromatin organization; a corroboration to the above-
mentioned claim. Therefore, though there are genetic differences between the 
assimilated and the normal lines, these variations perhaps affect the physical properties 
of the DNA; eventually the physical attributes of the cve trait.  

 

8.2 Conclusions 
The main aim of the thesis was to repeat the classic Waddington experiment in an 
attempt to identify key molecular mechanisms that underlie crossveinlessness; thereby 
to further understand the obscure phenomenon i.e. acquired inheritance via Genetic 
Assimilation. Despite a handful of work done on the assimilation of crossveinless in the 
past (Waddington C.H., 1953; Milkman R.D., 1956, 1958, 1959, 1960), none have 
commented on the possible mechanisms that might underlie it.  
 
8.2.1 Model for the production of crossveinless 

Our studies of the heat-shock induced crossveinless phenotype at both transcriptomic 
and the genome level allow us to propose a model for the assimilation of crossveinless 
in Waddington’s experiment (see figure 8.1 below). Chromosomal rearrangements in 
the form of insertions, deletions, replacements, SNVs, and MNVs affect chromatin 
modifiers, especially those that are known to cause long-range heterochromatization 
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(for e.g. E(var) genes as shown in section 7.4.2.1, Chapter 7) in the euchromatic portions 
of the genome. Heterochromatic spreading leads to chromatin silencing and chromatin 
organization. A change in nuclear organization could mean changes in gene and gene 
expression that has the potentiality to eventually change the fate of a phenotype. As 
mentioned earlier (see Chapter 6), Waddington was the first to physically illustrate the 
relationship between gene, environment and the resultant phenotype; what he called 
the Epigenetic-landscape. Waddington likened a trait to a ball that rolls down a 
landscape with ridges and valleys. The depth of the ridge alters the path taken by the 
ball, and thereby determines its ultimate fate or phenotype in terms of its manifestation. 
Altering an existing landscape can change the fate of a phenotype. According to 
Waddington, the landscape can be shifted by numerous strings of interacting proteins 
to represent genetic variation that can be tightened or loosened by stress. The 
enrichment of factors known to mediate lateral inhibition, a process by which cells of 
equivalent biological process potential end up in these cells adopting completely 
different fates, seems to provide a molecular validation for Epigenetic Landscape. Once 
alternate fates have been assigned, it seems more than likely that key developmental 
processes will be altered too. Given the pleiotropic nature of Notch signaling pathway 
in regulating Drosophila development by affecting lateral inhibition upstream, it was not 
surprising to see enrichment of Notch interactors that affect cell-cell signaling involved 
in cell commitment, wing disc morphogenesis, germ cell development, enzyme-liked 
receptor protein signaling pathway etc. 

Drosophila Gro or its vertebrate homologue-the Transducin-like /Enhancer of Split 
(TLE), is a global corepressor that, in association with other several transcription factors, 
mediate gene silencing. During wing vein development, Gro associates with 
transcription effectors from all the important signaling cascades (Figure 1.4) to suppress 
vein formation. However, these pathways, for example EGFR signaling pathway, 
stimulate vein growth by structurally attenuating Gro (phosphorylation of Gro). 
Regardless of this, very little is known about the manner in which Gro/TLE proteins 
bring about transcriptional repression at the promoter site. Work in the recent past 
(Patel S.S. et al., 2012)) have postulated a model for Gro mediated repression. According 
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to this model, Gro is tied to specific gene regulatory regions via its associations with 
distinct DNA bound repressors (this is because Gro lacks a DNA binding domain). With 
its ability to oligomerize (Gro bears a conserved paired amphipathic α helix (PAH) 
motif; this mediates the tetramerization of Gro) and its interaction with other histones 
like H1, a nucleation centre is formed which spreads further along the chromatin.  The 
template bound Gro then provides an interface for the enrollment of chromatin 
modifying enzymes, like histone deacytelases to the template. It is believed that this 
expansive protein complex may account for the further employment of corepressor like 
gro (Hartley D.A et al., 1988). Histone deacytelases exist in large multi-protein 
complexes which have the capacity to block transcription once they are bound to the 
template by a diverse collection of DNA binding repressors (e.g. MAD, YY1). Gro seems 
to recruit Rpd3, which is a histone deacytelase, to the specific template by its interaction 
through a GP (glycine/proline) rich domain. Studies demonstrating the cooperation 
between Gro and histone deacetylases, in regulating wing vein patterning, have 
concluded that a moderate over-expression of Gro, which leads to defects in the 
posterior crossvein and few longitudinal veins (vein patterning defects result from Gro 
mediated repression of provein genes), is diminished by either using histone 
deacytelase or by the reduction in Rpd3 gene dosage. From cell studies it is evident that 
Gro recruits Rpd3, which in turn causes the deacetylation of the N-terminals of histones 
H3 and H4. Hence, the activity of Gro and histone deacetylases are tightly linked 
(Winkler C.J. et al., 2010). Interestingly, it has been discovered that the concentration of 
active Gro in the nucleus is crucial for the normal wing patterning. A lot of attention 
(Hong J.W. et al., 2008), has been paid to the effect of alteration in the concentration and 
activity of repressors (e.g. Brinker, E(spl) etc.) that recruit Gro. A number of studies also 
advocate that the level of Gro activity is key to normal development, and is one of the 
significant ways to control repression of patterning genes (Cinnamon E. et al., 2008; 
Nuthall H.N. et al., 2002). 
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Figure 8.1. Gene network created using the functional network prediction tool, GeneMania (refer to 
chapter 7 for specifics). The network shows the connections gro makes with other genes from a list of 
genes that were significantly enriched in the assimilated flies following whole-genome re-sequencing.  

 

Developmental switch for crossveinless during wing development in early pupae: EGFR 
signaling is one of the first signaling pathways that establishes and specifies vein cells 
in the wing. Members of EGFR signaling are primarily expressed in the narrow vein 
stripes (Sturtevant et al., 1994). However, Vein (Vn), which reinforces EGFR signaling 
cascade via MAPK activation in neighbouring vein cells, is expressed in the interveins. 
In the interveins Vn participates in the specification of intervein cells by a low level 
activation of MAPK cascade (Martin-Blanco E., 1999). Although Drosophila EGFR (DER) 
expression is high in veins during the larval stages, it is downregulated in early pupae. 
DER activity promotes the expression of inhibitory ligands such as Argos (Aos), which 
regulate EGFR signaling. In pupae 24-30 hours a.p. these inhibitors (DER) not only 
suppress the expression of DER in veins but also diffuses to the interveins and 
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suppresses DER expression activated at low levels by Vn. This suppression helps in 
properly determining vein/intervein cell fates. Crossveins are usually specified around 
24-30 hour a.p. and DPP expression is key to this differentiation. It has been shown that 
ectopic activation of DER signaling abolishes DPP expression in vein primordial cells 
(Martin-Blanco E., 1999).  

The heat-shock conditions used in the Waddington experiment produce widespread 
effects in the Drosophila genome. Long-range heterochromatization mentioned above 
alters lateral inhibitory signals regulated by notch and notch interactors (for e.g. key 
targets of the Su(H):NICD complex, and act as repressors of wing vein formation in the 
interveins (Hasson P. et al., 2006). Chromatin modifiers along with lateral inhibitors 
perhaps constitute the cve complex. Lateral inhibition is key to specifying 
vein/intervein cell fates. So it could be assumed that altered lateral inhibitory signals 
affect the expression of DER inhibitors like Aos (Vn and Aos were enriched in the whole 
genome dataset from the assimilated sample, refer to Table 7.3, Chapter 7).  As a result, 
DER inhibitors are perhaps unable to reduce the overall level of EGFR signaling in the 
vein stripes and in the intervein region 24-30 hours a.p. Persistent EGFR signal in vein 
territories suppresses DPP signaling (24-30 hours a.p.). This inhibition could correlate 
with the loss of crossveins (the crossveinless trait in this case; Figure 8.1 below). 
Posterior crossvein defects seen in the current study and in the original work 
(Waddington C.H., 1953), could be either due to an inability to express crossveins or 
due to overexpression of interveins in regions destined to specify crossveins.  
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Figure 8.2. (top) Flow chart illustrating a hypothetical model for the assimilation of crossveinless. 
Heterochromatization of the genomes affects signals regulating cell fate determination and lateral 
inhibition. This alteration has an affect on key developmental processes downstream. (bottom) A model 
for a developmental switch for crossveinlessness during wing development in early pupae. Long-range 
heterochromatization (via chromatin modifiers) in the Drosophila genome alters notch-regulated lateral 
inhibitory signals that determine vein/ intervein cell fates during the development of wing veins in early 
pupae.  This perhaps leads to DER inhibitors failing in reducing the overall level of EGFR signaling in the 
vein stripes and interveins 24-30 hours a.p. EGFR signal in vein territories suppresses DPP signaling (24-
30 hours a.p.), required for the specification of crossveins (the crossveinless trait).  
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8.2.2 Future directions 

Resequencing the whole genome of flies from the assimilated line (see Chapter 7 for 
specifics) generated a list of highly enriched, statistically significant genes. Amongst 
them were most of those chromatin modifiers that are known to mediate position effect 
variegation (as mentioned earlier in this section). So, epigenetic changes will not only 
signify the manner in which the wrapping of genes might impact the crossveinless trait 
at the transcriptional level, but also how this particular protein-DNA association might 
be maintained (perhaps via a long range maintenance of chromatin structure) via 
replication. This could be the possible foundation of genetic assimilation. Therefore, any 
research done in the future to further investigate key players from the model proposed 
in the current work, will shed more light on how these members specifically interact to 
produce crossveinless; perhaps by carrying out loss of function studies on pupae 24 
hours a.p., via RNA interference. Also, exploring the evolved norms of reaction in 
Waddington’s selection experiments, over a broader range of heat shock temperatures, 
with alternate foundation stocks would provide further information on how this 
complex trait interacts with the environment. For example it has been demonstrated 
that there exists segregating variance within the Canton-S Drosophila strain (Dierick 
H.A., 2006).   

As an alternate study, random crosses were setup between the strains susceptible 
towards cve (w1118 strains) and the robust wild Canton-s flies (refer to Tables A.23 & A.24, 
Appendices). Interestingly, wild types that eclosed from heat-shocked F1 pupae 
expressed cve in significant numbers. No specific experimentations were carried to 
follow up with the results and understand the genetics. However, generating selection 
lines with these crosses, and by carrying out segregation analysis on them, and by 
crossing wild-type cve lines with other chromosome markers would contribute further 
to how cve is inherited. 

In the present study, we tested whether Hsp90 buffers the expression of cve in normal 
individuals and if its inhibition, via Geldanamycin (refer to Chapter 3), would allow the 
expression of cve. But the absence of cve among flies treated with Geldanamycin gave 
us the indication that Hsp90 might not be buffering this trait. Therefore studies looking 
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at alternate molecular chaperones (for e.g. from the Hsp70 family of proteins; 
Rutherford S.L., 2007) that are known to buffer genetic variation might be useful in 
further understanding how this phenocopy is regulated. 

One of the explanations provided for the transient nature of genetic assimilation, was 
that the epigenetic landscape on which cve is developed is too unstable to enable it to be 
fixed permanently (refer to Chapter 5 for specifics). But the trait still got passed on, 
independent of the heat stress. So a system’s biology approach that aims at evaluating 
these temporary stable landscapes, as in the case of cve, would shed more light on the 
inheritance of cryptic traits. 

 

Although the Darwinian notion (Darwin C., 1859), where nature rejects that is bad and 
selects what is good in order to gradually sculpt life into endless forms, has so far stood 
the test of time, recent studies on the inheritance of acquired characteristics, where 
learnt behaviors get passed on (Heijmans B.T. et al. 2008; Franklin T.B., 2010), have 
questioned Darwin’s idea as the sole explanation for evolution. This in turn has 
encouraged research into alternate models for evolution. Results presented in the 
current thesis has broadened our understanding on the otherwise obscure concept of 
Genetic Assimilation, particularly pertaining to the classic 1953 experiment 
(Waddington C.H., 1953). According to Waddington, assimilation could either prevent 
induction of a nonadaptive phenotype, or remove costs associated with the mechanisms 
required to stimulate a plastic response. Clearly, in the present study, crossveinless was 
accompanied with a definite cost (in the form of compromised fitness) that did not get 
eliminated even after its assimilation. Genetic assimilation, conceptually, would tend to 
decrease plasticity within a range of environmental variables. However, the recurring 
appearances of alternate phenotypes (section 5.1.3, chapter 5) seem to contradict this 
supposition. The present study showed that the assimilation of cve might not be stable. 
But even then the trait continued to express itself in the population. So genetic 
assimilation should, perhaps, be referred to as any change in the reaction norm 
(elevation or slope) following exposure to an environmental stimulus.  Also, if 
assimilation is merely the acquisition of a trait without it being fixed in the population, 
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should one still appreciate the broader implications it might have on the evolution and 
development of organisms?  
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Appendix I (A.I) 
  

 WADDINGTON EXPERIMENT SELECTION DATA 
 
 

 
Table A.1: Upward selection line data from parent (P) generation.  
 
Gen.   Pupae 

collected 
Eclosed    Died 

 Days Time-
points 

 cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

 

P Total  1602 110 78 489 564 335 
         
 I 9:15 am 18 0 1 4 7 6 
 I 10:45 am 4 0 0 3 1 0 
 I 11:30 am 5 1 1 2 1 0 
 I 1:30 pm 40 1 0 5 33 1 
 I 2:30 pm 28 3 1 8 13 3 
 I 3:30 pm 37 3 2 7 12 13 
 I 4:30 pm 38 1 0 12 15 10 
         
 II 5:15 am 63 12 0 15 18 18 
 II 6:00 am 42 1 0 12 20 9 
 II 7:10 am 67 2 1 20 34 10 
 II 8:30 am 48 0 1 16 32 0 
 II 9:30 am 44 1 2 19 22 0 
 II 10:30 am 4 2 0 1 1 0 
         
 II 9:15 am 21 0 1 7 12 1 
 III 10:00 am 8 0 0 2 6 0 
 III 10:45 am 30 1 3 14 11 1 
 III 11:30 am 17 0 3 4 3 7 
 III 12:15 pm 19 0 6 2 2 9 
 III 1:00 pm 18 3 0 11 4 0 
 III 1:45 pm 0 0 0 0 0 0 
 III 2:30 pm 19 0 6 4 4 5 
 III 3:15 pm 12 6 2 2 1 1 
 III 4:00 pm 22 0 0 12 9 1 
 III 4:45 pm 14 2 0 4 5 3 
 III 5:30 pm 22 2 1 3 4 12 
 III 6:15 pm 15 2 0 3 5 5 
 III 7:00 pm 15 0 0 5 10 0 
 III 7:45 pm 28 6 1 16 4 1 
         
 IV 5:15 am 48 6 4 14 20 4 
 IV 6:30 am 54 3 1 20 16 4 
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 IV 7:15 am 32 6 3 1 2 20 
 IV 8:30 am 47 0 3 16 22 8 
 IV 9:15 am 22 5 1 5 3 8 
 IV 10:00 am 12 0 6 3 2 1 
 IV 10:45 am 12 0 1 4 4 3 
 IV 11:30 am 32 2 0 4 3 1 
 IV 12:15 pm 20 4 5 4 2 5 
 IV 1:00 pm 19 0 0 8 9 2 
 IV 1:45 pm 10 1 1 2 4 2 
 IV 2:30 pm 11 1 0 6 3 1 
 IV 3:15 pm 11 0 1 6 4 0 
 IV 4:00 pm 19 1 1 11 4 2 
 IV 4:45 pm 8 0 1 3 4 0 
 IV 5:30 pm 19 0 2 11 5 1 
 IV 6:15 pm 15 0 3 8 2 2 
 IV 7:00 pm 15 2 0 8 4 1 
 IV 7:45 pm 28 0 2 14 2 10 
         
 V 9:15 am 18 0 1 6 6 5 
 V 10:00 am 10 0 1 2 4 3 
 V 10:45 am 16 2 1 4 3 6 
 V 11:30 am 17 1 1 7 4 4 
 V 12:15 pm 12 3 1 2 1 5 
 V 1:00 pm 25 1 2 10 9 3 
 V 1:45 pm 11 1 0 3 3 4 
 V 2:30 pm 11 2 0 2 4 3 
 V 3:15 pm 17 1 2 4 8 2 
 V 4:00 pm 10 0 0 4 4 2 
 V 4:45 pm 7 1 0 1 5 0 
 V 5:30 pm 8 1 0 2 1 4 
 V 6:15 pm 9 0 0 6 5 0 
 V 7:00 pm 7 0 0 0 0 7 
         
 VI 9:15 am 45 0 1 4 10 31 
 VI 10:00 am 38 1 0 10 15 12 
 VI 10:45 am 52 2 0 17 23 10 
 VI 11:30 am 14 2 0 4 5 3 
 VI 12:15 pm 35 0 0 18 10 7 
 VI 1:00 pm 41 2 0 8 22 9 
 VI 1:45 pm 18 0 0 6 9 3 
 VI 2:30 pm 11 0 1 2 1 7 
 VI 3:15 pm 22 4 0 5 8 5 
 VI 4:30 pm 16 6 0 1 0 9 
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Calculation for the percentage of crossveinless (cve) from generation, P: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  188/(188+1053)  = 15.14% 
 
 
Table A.2: Upward selection line data from generation F1.  
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F1 Total   638 102 70 187 197 80 
               
 I 8:30 am 4 0 1 0 0 3 
 I 9:15 am 5 2 0 2 1 0 
 I 10:00 am 5 2 0 0 2 1 
 I 10:45 am 9 0 0 5 4 0 
 I 11:30 am 5 0 0 1 4 0 
 I 12:15 pm 2 0 1 0 0 1 
 I 1:00 pm 2 1 0 0 0 1 
 I 1:45 pm 5 1 2 1 1 0 
 I 2:15 pm 5 1 2 1 0 1 
 I 3:00 pm 4 0 1 0 3 0 
 I 3:45 pm 5 1 2 0 1 1 
               
 II 6:30 am 15 1 0 8 6 0 
 II 8:30 am 19 0 1 5 9 4 
 II 9:15 am 20 2 0 6 12 0 
 II 11:00 am 23 1 0 6 10 6 
 II 11:45 am 26 3 0 19 3 1 
 II 12:15 pm 18 8 0 3 2 3 
 II 1:00 pm 33 11 1 8 10 3 
 II 1:45 pm 29 4 1 13 10 1 
 II 2:15 pm 20 2 2 12 2 2 
 II 3:00 pm 20 1 4 3 4 8 
 II 3:45 pm 26 1 0 6 18 1 
               
 III 8:35 am 17 1 1 8 6 1 
 III 9:15 am 13 2 3 1 3 3 
 III 10:00 am 10 6 2 0 1 1 
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 III 11:00 am 11 1 2 2 4 3 
 III 12:15 pm 18 4 7 1 4 2 
 III 1:00 pm 5 2 0 2 1 0 
 III 1:45 pm 12 1 0 1 3 7 
 III 2:30 pm 10 0 1 6 2 1 
               
 IV 8:30 am 33 2 2 9 12 6 
 IV 9:15 am 25 1 4 10 4 6 
 IV 10:00 am 28 4 2 12 11 1 
 IV 11:00 am 31 10 7 5 8 1 
 IV 12:15 pm 29 1 8 5 13 2 
 IV 1:00 pm 30 12 8 3 2 5 
 IV 1:45 pm 28 8 2 5 12 1 
 IV 3:00 pm 38 5 3 18 9 3 
 
      
Calculation for the percentage of crossveinless (cve) from generation, F1: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  172/(172+384)  = 30.93% 
 
 
Table A.3: Upward selection line data from generation F2 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F2 Total   473 90 66 105 120 99 
               
 I 10:15 am 4 1 0 1 1 1 
 I 11:55 am 3 2 1 0 0 0 
 I 4:45 pm 4 2 0 1 1 0 
 I 5:30 pm 5 0 0 1 3 1 
 I 6:15 pm 2 0 0 1 0 1 
 I 7:00 pm 2 0 0 1 1 0 
 I 8:00 pm 11 1 1 2 3 5 
               
 II 8:45 am 6 0 0 0 0 6 
 II 9:30 am 5 0 2 1 1 1 
 II 10:15 am 10 2 0 3 4 1 
 II 11:30 am 6 0 0 1 4 1 
 II 12:15 pm 2 2 0 0 0 0 
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 II 1:00 pm 9 1 1 2 3 2 
 II 1:45 pm 3 0 0 2 1 0 
 II 2:30 pm 6 1 1 1 1 2 
 II 4:30 pm 10 2 1 2 3 2 
 II 5:30 pm 4 2 0 1 1 0 
 II 6:15 pm 4 0 2 0 2 0 
 II 7:00 pm 3 1 0 0 2 0 
 II 7:45 pm 2 1 0 0 1 0 
               
 III 8:30 am 14 1 0 7 6 0 
 III 9:15 am 9 1 2 3 1 2 
 III 10:00 am 10 3 2 2 3 0 
 III 10:45 am 7 1 0 3 2 1 
 III 11:30 am 6 3 0 1 0 2 
 III 12:15 pm 17 3 6 2 3 3 
 III 1:00 pm 9 0 0 1 7 0 
 III 1:45 pm 9 1 0 3 3 2 
 III 2:30 pm 18 11 2 0 2 3 
 III 4:30 pm 2 0 0 2 0 0 
 III 5:15 pm 5 2 0 2 1 0 
 III 6:00 pm 9 4 1 1 2 1 
               
 IV 8:30 am 8 1 2 3 2 0 
 IV 9:15 am 8 2 0 3 1 2 
 IV 10:00 am 6 0 1 2 3 0 
 IV 10:45 am 6 0 1 1 3 1 
 IV 11:30 am 8 1 1 0 0 6 
 IV 12:15 pm 15 5 4 3 2 1 
 IV 1:00 pm 11 3 0 3 4 1 
 IV 1:45 pm 7 0 0 0 0 7 
 IV 2:30 pm 5 1 0 1 3 0 
 IV 4:30 pm 12 4 1 2 4 1 
 IV 5:15 pm 9 2 0 0 0 7 
 IV 6:00 pm 5 0 1 2 2 0 
               
 V 8:30 am 16 1 3 9 3 7 
 V 10:00 am 9 1 2 2 2 2 
 V 10:45 am 14 2 2 5 5 1 
 V 12:15 pm 13 1 4 0 0 7 
 V 1:00 pm 11 0 0 2 9 0 
 V 1:45 pm 8 1 3 1 3 0 
 V 2:30 pm 8 1 1 2 3 1 
 V 3:45 pm 12 2 0 3 4 3 
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 V 4:30 pm 9 3 4 1 0 1 
 V 5:15 pm 15 2 3 4 1 5 
             
 VI 9:15 am 15 1 5 4 0 5 
 VI 10:00 am 5 1 1 0 2 1 
 VI 10:45 am 7 1 1 3 2 0 
 VI 12:15 pm 15 6 4 2 0 3 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F2: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  156/(156+225)  = 40.94% 
 
 
Table A.4: Upward selection line data from generation F3. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F3 Total    462 132 97 70 80 82 
               
 I 9:00 am 9 0 4 0 0 5 
 I 9:45 am 1 0 0 0 0 1 
 I 11:30 am 4 0 1 1 1 1 
 I 12:15 pm 2 0 0 0 0 2 
 I 1:00 pm 3 0 0 0 3 0 
 I 4:00 pm 5 2 0 0 2 1 
               
 II 9:15 am 11 2 4 2 3 0 
 II 12:15 pm 4 0 1 0 0 3 
 II 1:00 pm 3 1 1 1 0 0 
 II 3:00 pm 3 0 2 1 0 0 
               
 III 8:30 am 14 4 1 3 5 1 
 III 9:15 am 2 0 1 1 0 0 
 III 10:00 am 3 0 0 1 1 1 
 III 10:45 am 12 0 0 0 0 12 
 III 11:30 am 1 1 0 0 0 0 
 III 12:15 pm 11 2 1 0 0 8 
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 III 1:00 pm 10 3 0 5 2 0 
 III 1:45 pm 9 1 3 3 2 0 
 III 2:30 pm 6 1 1 1 1 2 
 III 3:15 pm 4 1 0 2 1 0 
 III 4:00 pm 6 3 2 0 1 0 
 III 4:30 pm 9 3 4 2 0 0 
               
 IV 9:15 am 17 3 7 2 2 3 
 IV 10:00 am 10 4 2 2 2 0 
 IV 10:45 am 12 3 3 1 3 2 
 IV 11:30 am 13 5 0 2 4 2 
 IV 12:15 pm 9 2 4 0 0 3 
 IV 1:00 pm 13 2 1 5 4 1 
 IV 1:45 pm 7 1 2 1 2 1 
 IV 2:30 pm 13 6 3 0 1 3 
 IV 3:15 pm 5 2 0 0 3 0 
 IV 4:00 pm 18 10 2 0 1 5 
               
 V 10:00 am 12 5 2 0 1 4 
 V 10:45 am 6 0 2 2 2 0 
 V 11:30 am 3 3 0 0 0 0 
 V 12:15 pm 5 0 0 4 1 0 
 V 1:00 pm 6 1 3 0 2 0 
 V 2:00 pm 8 2 0 4 2 0 
 V 3:15 pm 11 5 2 3 1 0 
 V 4:30 pm 10 5 4 0 1 0 
               
 VI 11:30 am 17 4 4 1 1 7 
 VI 12:15 pm 15 6 4 1 3 1 
 VI 1:00 pm 9 5 3 0 0 1 
 VI 1:45 pm 13 4 4 3 2 0 
 VI 2:30 pm 6 2 1 1 1 1 
               
 VII 9:30 am 7 0 1 1 4 1 
 VII 11:30 am 3 1 1 0 1 0 
 VII 1:00 pm 11 4 2 4 1 0 
 VII 1:45 pm 8 2 1 0 0 5 
 VII 2:30 pm 11 4 2 1 4 0 
               
 VIII 9:30 am 11 4 2 4 1 0 
 VIII 10:00 am 10 5 1 2 2 0 
 VIII 11:15 am 5 1 0 0 3 1 
 VIII 1:00 pm 8 2 2 0 2 1 
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 VIII 2:30 pm 18 5 6 3 1 3 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F3: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  229/(229+150)  = 60.42% 
 
 
Table A.5: Upward selection line data from generation F4. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F4 Total   399 130 92 25 58 83 
 I 8:30 am 5 2 3 0 0 0 
 I 9:15 am 2 1 0 0 0 1 
 I 10:00 am 3 1 2 0 0 0 
 I 10:45 am 10 0 0 0 0 10 
 I 11:30 am 2 1 0 0 1 0 
 I 12:15 pm 6 5 1 0 0 0 
 I 1:00 pm 2 0 0 1 1 0 
 I 2:30 pm 5 0 0 0 0 5 
               
 II 8:45 am 10 1 3 0 0 6 
 II 10:45 am 3 0 1 0 1 1 
 II 11:30 am 2 0 0 0 1 1 
 II 1:00 pm 9 2 3 1 1 2 
 II 2:30 pm 7 3 2 0 0 2 
               
 III 8:50 am 10 5 2 0 1 2 
 III 11:30 am 5 3 2 0 0 0 
 III 1:00 pm 9 3 0 0 0 1 
               
 IV 9:10 am 14 3 2 2 6 1 
 IV 10:00 am 11 3 3 1 1 3 
 IV 10:45 am 8 3 1 1 3 0 
 IV 11:30 am 7 1 2 0 2 2 
 IV 12:15 pm 4 1 0 3 0 0 
 IV 1:00 pm 10 8 1 0 0 1 
 IV 1:45 pm 7 5 1 0 1 0 
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 IV 2:30 pm 4 0 2 0 0 2 
 IV 3:15 pm 8 1 4 0 0 3 
 IV 4:00 pm 9 3 3 0 0 3 
               
 V 8:00 am 10 2 1 2 5 0 
 V 9:45 am 33 14 2 0 0 11 
 V 10:45 am 18 3 6 3 5 1 
 V 11:30 am 17 9 2 2 3 1 
 V 12:15 pm 14 6 5 1 2 0 
 V 1:00 pm 16 4 2 3 7 0 
 V 1:45 pm 9 5 3 0 1 0 
 V 2:30 pm 17 8 6 0 0 3 
               
 VI 8:30 am 16 3 7 0 4 2 
 VI 9:15 am 8 2 0 0 0 6 
 VI 10:45 am 7 1 3 2 1 0 
 VI 11:30 am 18 5 2 2 6 3 
 VI 12:15 pm 15 5 5 0 2 3 
 VI 1:00 pm 9 2 7 0 0 0 
 VI 1:45 pm 7 2 1 0 1 3 
               
 VII 1:00 pm 13 4 2 1 2 4 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F4: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  222/(222+83)  = 72.78% 
 
 
Table A.6: Upward selection line data from generation F5. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F5 Total    474 158 111 75 82 50 
               
 I 11:30 am 3 2 1 0 0 0 
               
 II 8:30 am 17 11 5 0 1 0 
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 II 9:15 am 7 3 4 0 0 0 
 II 10:45 am 16 4 2 5 4 1 
 II 11:30 am 9 2 0 3 3 1 
 II 12:15 pm 16 5 9 0 0 2 
 II 1:00 pm 9 3 0 0 0 6 
 II 2:30 pm 22 8 5 5 4 0 
               
 III 9:45 am 5 0 2 1 2 0 
 III 10:45 am 4 1 3 0 0 0 
 III 12:15 pm 6 3 3 0 0 0 
               
 IV 9:15 am 5 2 3 0 0 0 
 IV 10:00 am 10 3 3 2 2 0 
 IV 10:45 am 6 2 0 2 2 0 
 IV 11:30 am 8 2 5 0 0 1 
 IV 12:15 pm 4 0 0 1 3 0 
 IV 1:00 pm 12 6 3 0 2 1 
 IV 1:45 pm 6 1 1 2 1 1 
               
 V 8:30 am 21 8 5 4 2 2 
 V 9:15 am 15 4 6 2 3 0 
 V 10:00 am 22 5 4 8 4 1 
 V 10:45 am 14 4 0 7 3 0 
 V 11:30 am 20 10 1 3 6 0 
 V 12:15 pm 16 4 7 1 2 2 
 V 1:00 pm 14 2 2 2 8 0 
 V 1:45 pm 16 5 3 2 4 2 
               
 VI 8:30 am 22 3 0 5 8 6 
 VI 9:15 am 13 3 0 5 4 1 
 VI 10:00 am 12 1 5 1 1 4 
 VI 10:45 am 29 11 10 3 0 5 
 VI 11:30 am 17 5 5 3 1 3 
 VI 12:15 pm 16 6 5 3 2 3 
 VI 1:00 pm 12 6 2 1 2 1 
 VI 1:45 pm 23 9 6 3 2 3 
               
 VII 11:30 am 10 7 0 0 3 0 
 VII 1:30 pm 17 7 1 1 3 4 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F5: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 



 

  Appendices 

	  

	   xi	  

       
          =  269/(269+157)  = 63.14% 
 
 
Table A.7: Upward selection line data from generation F6. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F6 Total   359 131 105 27 46 46 
               
 I 8:30 am 8 4 2 0 0 2 
 I 10:45 am 5 2 2 1 0 0 
 I 12:15 pm 5 0 2 0 0 3 
 I 1:00 pm 2 0 0 2 0 0 
 I 2:45 pm 2 0 1 0 0 1 
               
 II 8:30 am 10 3 3 1 3 0 
 II 10:00 am 7 0 2 1 4 0 
 II 10:45 am 13 3 5 1 0 4 
 II 12:15 pm 8 0 1 0 0 7 
 II 1:00 pm 6 1 0 2 3 0 
 II 1:45 pm 7 3 1 1 2 0 
               
 III 2:30 pm 13 5 3 1 2 2 
 III 3:15 pm 12 0 3 2 6 1 
 III 4:00 pm 10 4 2 0 0 4 
               
 IV 9:30 am 25 5 10 2 5 3 
 IV 11:30 am 18 6 7 1 2 1 
 IV 12:15 pm 9 5 2 0 0 2 
 IV 1:00 pm 8 2 0 2 4 0 
 IV 1:45 pm 6 4 1 1 0 0 
 IV 2:15 pm 18 11 6 0 0 1 
 IV 3:00 pm 16 9 4 0 1 2 
               
 V 9:15 am 12 6 4 0 2 0 
 V 11:30 am 2 2 0 0 0 0 
 V 1:45 pm 16 9 5 1 0 1 
 V 2:30 pm 10 5 2 2 1 0 
 V 3:15 pm 18 7 4 3 2 2 
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 VI 9:15 am 16 6 9 0 0 1 
 VI 10:45 am 13 5 6 0 1 1 
 VI 11:30 am 13 6 2 2 3 0 
 VI 12:15 pm 12 3 3 0 0 6 
 VI 1:45 pm 23 8 8 0 3 1 
 VI 2:30 pm 16 7 5 1 2 1 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F6: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  236/(236+73)  = 76.37% 
 
 
Table A.8: Upward selection line data from generation F7. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F7 Total   182 87 52 9 7 25 
               
 I 8:30 am 9 7 2 0 0 0 
 I 9:15 am 9 7 2 0 0 0 
 I 11:30 am 18 11 4 0 0 2 
 I 12:15 pm 10 2 2 0 0 6 
 I 1:00 pm 4 1 3 0 0 0 
 I 1:45 pm 8 4 2 0 0 2 
 I 2:30 pm 17 9 5 0 0 3 
               
 II 8:30 am 12 7 3 0 1 1 
 II 9:15 am 3 1 2 0 0 0 
 II 10:00 am 19 9 5 2 2 1 
 II 10:45 am 16 8 4 2 1 1 
 II 11:30 am 18 3 7 4 3 1 
 II 1:00 pm 15 6 5 0 0 3 
 II 1:45 pm 8 1 4 0 0 3 
               
 III 11:30 am 8 7 1 0 0 0 
 III 1:45 pm 8 4 1 1 0 2 
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Calculation for the percentage of crossveinless (cve) from generation, F7: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  139/(139+16)  = 89.67% 
 
 
Table A.9: Upward selection line data from generation F8. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F8 Total   183 68 46 2 5 63 
               
 I 9:15 am 6 1 1 0 1 3 
 I 10:00 am 5 1 1 0 0 3 
               
 II 10:00 am 6 1 0 0 0 6 
 II 10:45 am 11 0 0 0 0 11 
 II 11:15 am 7 0 0 0 0 7 
 II 12:45 pm 4 3 0 0 0 1 
 II 1:30 pm 12 5 4 0 1 2 
 II 2:30 pm 8 4 4 0 0 0 
               
 III 9:15 am 9 1 2 0 0 6 
 III 10:00 am 3 2 0 0 0 1 
 III 10:45 am 8 0 4 0 0 4 
 III 11:30 am 12 7 1 0 0 4 
 III 1:00 pm 7 2 2 0 0 3 
               
 IV 9:15 am 3 0 2 0 0 1 
 IV 10:45 am 9 3 6 0 0 0 
 IV 11:30 am 4 1 1 1 1 0 
 IV 1:00 pm 4 4 0 0 0 0 
               
 V 9:00 am 6 2 1 0 0 3 
 V 10:45 am 10 5 1 0 1 3 
 V 11:30 am 13 5 4 1 0 3 
 V 1:00 pm 17 9 7 0 1 0 
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 V 1:45 pm 9 6 2 0 0 1 
 V 2:30 pm 10 6 3 0 0 1 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F8: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  114/(114+7)  = 94.21% 
 
 
Table A.10: Upward selection line data from generation F9. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F9 Total   187 73 38 1 4 71 
               
 I 8:30 am 9 6 3 0 0 0 
 I 9:15 am 12 3 1 0 0 8 
 I 10:00 am 8 5 2 0 0 1 
 I 10:45 am 17 6 3 0 0 8 
 I 11:30 am 5 1 1 0 0 3 
 I 12:15 pm 13 9 3 0 1 0 
 I 1:00 pm 4 2 2 0 0 0 
               
 II 8:30 am 6 3 1 1 0 1 
 II 9:15 am 8 2 4 0 0 2 
 II 11:30 am 11 4 2 0 0 5 
 II 1:45 pm 7 3 3 0 0 1 
 II 3:15 pm 15 4 1 0 1 9 
               
 III 8:30 am 10 2 2 0 1 5 
 III 10:00 am 6 4 1 0 0 1 
 III 11:30 am 4 1 2 0 0 1 
 III 1:00 pm 8 4 0 0 0 4 
 III 1:45 pm 11 4 5 0 1 1 
 III 2:30 pm 3 1 0 0 0 2 
               
 IV 9:00 am 11 5 1 0 0 5 
 IV 10:45 am 9 2 0 0 0 7 
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 IV 11:30 am 7 0 0 0 0 7 
 IV 1:00 pm 3 2 1 0 0 0 
 
 
Calculation for the percentage of crossveinless (cve) from generation, F9: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  111/(111+5)  = 95.68% 
 
 
Table A.11: Upward selection line data from generation F10. Cve females 
collected 5 days a.p and males 6-7 days a.p 
 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F10 Total   183 72 45 2 5 60 
               
 I 8:30 am 8 4 2 0 0 2 
 I 10:45 am 5 2 2 0 0 1 
 I 12:15 pm 10 3 3 0 0 4 
 I 1:00 pm 2 0 0 0 1 1 
 I 2:45 pm 3 2 1 0 0 1 
             0 
 II 8:30 am 5 0 2 0 0 3 
 II 10:00 am 13 5 1 0 2 5 
 II 10:45 am 13 3 0 0 0 10 
 II 12:15 pm 8 0 0 0 0 8 
 II 1:00 pm 6 1 0 0 0 5 
 II 1:45 pm 7 3 1 0 0 3 
               
 III 2:30 pm 7 2 0 0 0 5 
 III 3:15 pm 12 0 3 1 2 6 
 III 4:00 pm 10 5 2 0 0 3 
               
 IV 9:30 am 5 1 4 0 0 0 
 IV 11:30 am 16 8 7 1 0 0 
 IV 12:15 pm 9 5 2 0 0 2 
 IV 1:00 pm 4 3 1 0 0 0 
 IV 1:45 pm 6 5 1 0 0 0 
 IV 2:15 pm 18 11 7 0 0 0 



 

  Appendices 

	  

	   xvi	  

 IV 3:00 pm 16 9 6 0 0 1 
 
Calculation for the percentage of crossveinless (cve) from generation, F10: 
 
%cve = ncve/(ncve+nnon-cve), where n is the total number of flies (cve or non-cve) 
       
          =  117/(117+7)  = 94.35% 
 
 
Table A.12: Downward selection line data from generation F3 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F3 Total   344 69 47 79 92 57 
               
 I 9:15 am 11 1 1 3 5 1 
 I 10:00 am 15 1 1 6 7 0 
               
 II 10:00 am 26 1 0 7 12 6 
 II 10:45 am 11 0 1 0 0 10 
 II 11:15 am 8 1 0 0 0 7 
 II 12:45 pm 14 3 0 6 4 1 
 II 1:30 pm 12 5 4 0 1 2 
 II 2:30 pm 19 4 4 8 3 0 
               
 III 9:15 am 13 1 2 2 2 6 
 III 10:00 am 23 2 0 8 12 1 
 III 10:45 am 8 0 4 0 0 4 
 III 11:30 am 12 7 1 0 0 4 
 III 1:00 pm 17 2 2 8 2 3 
               
 IV 9:15 am 8 0 2 1 4 1 
 IV 10:45 am 11 3 6 1 1 0 
 IV 11:30 am 19 1 1 9 8 0 
 IV 1:00 pm 23 4 0 6 13 0 
               
 V 9:00 am 16 2 1 1 9 3 
 V 10:45 am 11 5 1 1 1 3 
 V 11:30 am 28 5 4 9 7 3 
 V 1:00 pm 17 9 7 0 1 0 
 V 1:45 pm 12 6 2 3 0 1 
 V 2:30 pm 10 6 3 0 0 1 
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Calculation for the percentage of crossveinless (cve) from generation, F3: 
%cve = ncve/(ncve+nnon-cve),  
       
          =  116/(116+171)  = 40.41% 
 
Table A.13: Downward selection line data from generation F4 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F4 Total   300 51 37 65 95 52 
 I 8:30 am 5 0 0 2 3 0 
 I 9:15 am 2 1 0 0 0 1 
 I 10:00 am 3 0 0 1 2 0 
 I 10:45 am 5 3 1 0 1 0 
 I 11:30 am 2 0 0 0 0 2 
 I 12:15 pm 6 0 0 1 5 0 
 I 1:00 pm 2 0 0 1 1 0 
 I 2:30 pm 5 0 0 2 2 1 
               
 II 8:45 am 13 6 1 3 3 0 
 II 10:45 am 3 0 1 0 1 1 
 II 11:30 am 6 4 1 0 0 1 
 II 1:00 pm 9 0 0 2 6 1 
 II 2:30 pm 17 8 2 2 3 2 
               
 III 8:50 am 10 1 0 2 5 2 
 III 11:30 am 5 3 2 0 0 0 
 III 1:00 pm 9 3 0 4 1 1 
               
 IV 9:10 am 6 0 0 1 4 1 
 IV 10:00 am 6 0 0 0 1 5 
 IV 10:45 am 8 0 1 4 3 0 
 IV 11:30 am 7 0 0 3 2 2 
 IV 12:15 pm 4 0 0 3 1 0 
 IV 1:00 pm 10 3 1 1 4 1 
 IV 1:45 pm 7 0 0 5 2 0 
 IV 2:30 pm 4 0 0 2 0 2 
 IV 3:15 pm 8 0 0 5 0 3 
 IV 4:00 pm 9 0 0 1 5 3 
               
 V 8:00 am 10 2 0 2 5 1 
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 V 9:45 am 9 1 2 1 2 3 
 V 10:45 am 7 0 0 1 5 1 
 V 11:30 am 11 0 2 4 5 0 
 V 12:15 pm 3 0 0 1 2 0 
 V 1:00 pm 8 0 4 1 3 0 
 V 1:45 pm 4 0 3 0 1 0 
 V 2:30 pm 12 2 4 3 0 3 
               
 VI 8:30 am 16 6 3 0 4 3 
 VI 9:15 am 13 0 0 1 9 3 
 VI 10:45 am 7 3 1 2 1 0 
 VI 11:30 am 8 0 0 4 1 3 
 VI 12:15 pm 5 0 0 0 2 3 
 VI 1:00 pm 9 2 7 0 0 0 
 VI 1:45 pm 7 3 1 0 0 3 
 
Calculation for the percentage of crossveinless (cve) from generation, F4: 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  88/(88+160)  = 35.48% 
 
 
Table A.14: Downward selection line data from generation F5 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F5 Total   447 97 63 112 136 39 
               
 I 11:30 am 11 2 1 3 5 0 
               
 II 8:30 am 18 9 1 4 0 4 
 II 9:15 am 5 1 2 1 1 0 
 II 10:45 am 16 3 3 5 4 1 
 II 11:30 am 6 0 0 3 3 0 
 II 12:15 pm 16 0 0 5 9 2 
 II 1:00 pm 9 0 0 0 3 6 
 II 2:30 pm 22 5 4 6 5 2 
               
 III 9:45 am 8 0 2 1 5 0 
 III 10:45 am 6 1 3 0 2 0 
 III 12:15 pm 7 0 0 3 4 0 
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 IV 9:15 am 5 0 0 1 4 0 
 IV 10:00 am 11 5 3 3 0 0 
 IV 10:45 am 6 2 0 2 2 0 
 IV 11:30 am 8 2 5 0 0 1 
 IV 12:15 pm 6 0 0 3 3 0 
 IV 1:00 pm 12 2 0 5 4 1 
 IV 1:45 pm 7 1 0 2 2 2 
               
 V 8:30 am 22 8 2 4 6 2 
 V 9:15 am 15 3 2 5 5 0 
 V 10:00 am 21 12 4 2 3 0 
 V 10:45 am 14 2 2 8 2 0 
 V 11:30 am 19 10 1 3 5 0 
 V 12:15 pm 16 4 7 1 2 2 
 V 1:00 pm 14 1 2 3 8 0 
 V 1:45 pm 17 5 4 3 3 2 
               
 VI 8:30 am 22 1 2 8 5 6 
 VI 9:15 am 13 3 1 6 2 1 
 VI 10:00 am 12 1 5 1 1 4 
 VI 10:45 am 24 9 0 5 10 0 
 VI 11:30 am 17 2 2 7 6 0 
 VI 12:15 pm 16 1 3 5 7 0 
 VI 1:00 pm 12 2 2 1 6 1 
 VI 1:45 pm 14 0 0 3 9 2 
 
Calculation for the percentage of crossveinless (cve) from generation, F5: 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  160/(160+248)  = 39.21% 
 
 
Table A.15: Downward selection line data from generation F6 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F6 Total   376 49 43 114 144 26 
               
 I 8:30 am 7 0 0 3 4 0 
 I 10:45 am 5 2 2 1 0 0 
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 I 12:15 pm 3 0 2 0 0 1 
 I 1:00 pm 6 0 0 2 4 0 
 I 2:45 pm 8 0 1 7 0 0 
               
 II 8:30 am 3 0 0 1 2 0 
 II 10:00 am 5 0 0 1 4 0 
 II 10:45 am 13 2 1 1 9 0 
 II 12:15 pm 8 1 1 1 2 3 
 II 1:00 pm 6 0 0 3 3 0 
 II 1:45 pm 17 3 1 5 8 0 
               
 III 2:30 pm 22 1 2 6 9 4 
 III 3:15 pm 12 0 1 3 7 1 
 III 4:00 pm 10 0 0 2 4 4 
               
 IV 9:30 am 25 1 4 6 11 3 
 IV 11:30 am 18 1 1 7 8 1 
 IV 12:15 pm 9 0 0 4 3 2 
 IV 1:00 pm 6 1 0 2 3 0 
 IV 1:45 pm 6 0 0 1 5 0 
 IV 2:15 pm 18 3 1 0 13 1 
 IV 3:00 pm 16 9 4 0 1 2 
               
 V 9:15 am 14 4 2 4 4 0 
 V 11:30 am 21 2 0 8 11 0 
 V 1:45 pm 16 3 5 4 3 1 
 V 2:30 pm 11 1 2 5 3 0 
 V 3:15 pm 18 5 4 7 2 0 
               
 VI 9:15 am 5 1 1 0 2 1 
 VI 10:45 am 7 0 0 5 1 1 
 VI 11:30 am 5 0 2 0 3 0 
 VI 12:15 pm 12 2 1 6 3 0 
 VI 1:45 pm 19 0 0 11 7 1 
 VI 2:30 pm 25 7 5 8 5 0 
 
Calculation for the percentage of crossveinless (cve) from generation, F6: 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  92/(92+258)  = 26.28% 
 
 
Table A.16: Downward selection line data from generation F7 
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Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time 
Points 

  cve 
female 

cve 
male 

non-
cve 
female 

non-
cve 
male 

  

F7 Total   238 13 6 47 43 129 
                
 I 4:00 pm 2 0 0 1 1 0 
 I 4:45 pm 3 0 0 2 1 0 
                
 II 9:15 am 9 1 1 2 5 0 
 II 10:00 am 6 0 0 5 1 0 
 II 10:45 am 10 2 0 2 6 0 
 II 11:30 am 9 1 0 3 3 2 
 II 12:15 pm 4 0 0 2 2 0 
 II 1:00 pm 11 1 0 3 7 0 
 II 1:45 pm 4 1 2 0 0 1 
 II 2:30 pm 8 0 0 6 2 0 
 II 3:15 pm 6 1 0 4 1 0 
 II 4:00 pm 3 0 0 1 2 0 
 II 4:45 pm 4 1 0 0 1 2 
 II 5:30 pm 5 0 0 4 1 0 
 II 6:15 pm 6 1 0 2 3 0 
 II 7:00 pm 5 0 0 1 3 1 
                
 III 9:15 am 4 0 0 2 2 0 
 III 10:00 am 6 0 0 0 0 6 
 III 10:45 am 6 0 0 0 0 6 
 III 11:30 am 8 0 0 0 0 8 
 III 12:15 pm 4 1 0 0 0 3 
 III 1:00 pm 5 0 0 0 0 5 
 III 1:45 pm 6 0 0 0 0 6 
 III 2:30 pm 10 0 0 0 0 10 
 III 3:15 pm 3 0 0 0 0 3 
 III 4:00 pm 3 0 0 0 0 3 
 III 4:45 pm 5 0 0 0 0 5 
 III 5:30 pm 4 0 0 0 0 4 
 III 6:15 pm 7 0 0 0 0 7 
                
 IV 9:15 am 9 2 2 3 2 0 
 IV 10:00 am 6 0 0 0 0 6 
 IV 10:45 am 5 0 0 0 0 5 
 IV 11:30 am 8 0 0 0 0 8 
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 IV 12:15 am 5 0 0 0 0 5 
 IV 1:00 pm 6 0 0 0 0 6 
 IV 1:45 pm 11 0 1 0 0 10 
 IV 2:30 pm 5 0 0 0 0 5 
 IV 3:15 pm 3 0 0 0 0 3 
 IV 4:00 pm 3 1 0 2 0 0 
 IV 4:45 pm 5 0 0 0 0 5 
 IV 5:30 pm 3 0 0 1 0 2 
 IV 6:15 pm 3 0 0 1 0 2 
 
Calculation for the percentage of crossveinless (cve) from generation, F7: 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  19/(19+90)  = 17.43% 
 
 
Table A.17: Downward selection line data from generation F8 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time 
Points 

  cve 
female 

cve 
male 

non-
cve 
female 

non-
cve 
male 

  

F8 Total   169 7 5 52 57 48 
                
 I 9:15 am 0 0 0 0 0 0 
 I 10:00 am 4 1 0 0 0 3 
 I 12:15 pm 3 0 0 0 0 3 
 I 1:00 pm 0 0 0 0 0 0 
 I 1:45 pm 6 0 1 2 3 0 
 I 2:30 pm 3 0 0 1 1 1 
 I 3:15 pm 3 0 0 0 0 3 
 I 4:00 pm 3 1 0 0 0 2 
 I 4:45 pm 4 0 0 0 0 4 
                
 II 7:45 am 7 0 0 3 2 2 
 II 8:30 am 4 0 0 2 2 0 
 II 9:15 am 3 0 0 2 1 0 
 II 10:00 am 3 0 0 1 2 0 
 II 10:45 am 10 0 0 5 3 2 
 II 11:30 am 6 1 0 2 1 2 
 II 12:15 pm 3 1 0 0 0 2 
 II 1:00 pm 6 0 0 2 4 0 
 II 1:45 pm 8 0 0 2 6 0 



 

  Appendices 

	  

	   xxiii	  

 II 2:30 pm 0 0 0 0 0 0 
 II 3:15 pm 8 1 1 1 2 3 
 II 4:00 pm 0 0 0 0 0 0 
 II 4:45 pm 7 0 0 1 4 2 
 II 5:30 pm 5 0 0 3 2 0 
 II 6:15 pm 0 0 0 0 0 0 
                
 III 7:45 am 10 0 0 3 6 1 
 III 8:30 am 8 0 3 2 2 1 
 III 9:15 am 5 0 0 4 1 0 
 III 10:00 am 0 0 0 0 0 0 
 III 10:45 am 7 0 0 3 2 2 
 III 11:30 am 2 0 0 2 0 0 
 III 12:15 am 8 0 0 0 0 8 
 III 1:00 pm 4 0 0 1 3 0 
 III 1:45 pm 7 1 0 0 0 6 
 III 2:30 pm 5 0 0 1 4 0 
 III 3:15 pm 7 0 0 3 3 1 
 III 4:00 pm 10 1 0 6 3 0 
 
Calculation for the percentage of crossveinless (cve) from generation, F8: 
 
%cve = ncve/(ncve+nnon-cve),  
   
          =  12/(12+109)  = 9.91% 
 
 
Table A.18: Downward selection line data from generation F9 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F9 Total   178 8 6 46 87 31 
               
 I 8:30 am 2 0 0 0 0 2 
 I 9:15 am 9 0 0 0 8 1 
 I 10:00 am 8 0 0 1 6 1 
 I 10:45 am 18 1 1 5 11 0 
 I 11:30 am 5 1 1 0 0 3 
 I 12:15 pm 13 0 0 9 4 0 
 I 1:00 pm 4 1 2 0 1 0 
               
 II 8:30 am 8 1 0 1 6 0 
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 II 9:15 am 8 0 0 4 2 2 
 II 11:30 am 10 1 0 1 8 0 
 II 1:45 pm 7 0 0 3 2 2 
 II 3:15 pm 12 0 0 4 8 0 
               
 III 8:30 am 8 0 0 2 5 1 
 III 10:00 am 6 0 0 2 3 1 
 III 11:30 am 4 1 0 1 1 1 
 III 1:00 pm 8 0 0 4 4 0 
 III 1:45 pm 11 0 1 4 5 1 
 III 2:30 pm 3 0 0 1 2 0 
               
 IV 9:00 am 13 2 1 3 5 2 
 IV 10:45 am 9 0 0 0 2 7 
 IV 11:30 am 7 0 0 0 0 7 
 IV 1:00 pm 5 0 0 1 4 0 
 
Calculation for the percentage of crossveinless (cve) from generation, F9: 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  14/(14+133)  = 9.52% 
 
 
Table A.19: Downward selection line data from generation F10 
 
Gen.     Pupae 

collected 
Eclosed       Died 

  Days Time-
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

F10 Total   204 14 9 65 90 26 
               
 I 8:30 am 11 1 1 3 5 1 
 I 10:45 am 3 0 0 0 2 1 
 I 12:15 pm 13 0 0 4 5 4 
 I 1:00 pm 3 0 0 2 1 0 
 I 2:45 pm 7 0 0 3 3 1 
               
 II 8:30 am 4 2 0 1 1 0 
 II 10:00 am 17 0 1 5 10 1 
 II 10:45 am 10 0 0 0 2 8 
 II 12:15 pm 9 6 0 1 0 2 
 II 1:00 pm 6 1 0 0 5 0 
 II 1:45 pm 3 0 0 1 2 0 
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 III 2:30 pm 9 0 0 2 5 2 
 III 3:15 pm 15 2 1 5 6 1 
 III 4:00 pm 8 0 0 3 5 0 
               
 IV 9:30 am 7 0 0 3 4 0 
 IV 11:30 am 18 1 1 9 7 0 
 IV 12:15 pm 8 1 2 3 0 2 
 IV 1:00 pm 12 0 2 2 8 0 
 IV 1:45 pm 8 0 0 1 5 2 
 IV 2:15 pm 14 0 0 8 6 0 
 IV 3:00 pm 19 0 1 9 8 1 
 
Calculation for the percentage of crossveinless (cve) from generation, F10: 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  23/(23+155)  = 12.92% 
 
 
 
Table A.20: table showing collection and scoring of cve flies from pupae 
heat-shocked (at 40°C for 45min) 23 hours a.p 
 
    Pupae 

collected 
Eclosed       Died 

Days    cve 
female 

cve 
male 

Non-
cve 
female 

Non- 
cve 
male 

  

Total Time points. 209 14 6 85 66 38 
             
I 10:00 am 0 0 0 0 0 0 
I 10:45 am 7 4 2 0 0 1 
I 11:30 am 8 0 0 0 0 8 
I 12:15 pm 9 1 0 2 6 0 
I 1:00 pm 13 0 0 6 7 0 
I 1:45 pm 9 2 0 2 1 4 
I 2:30 pm 14 0 0 8 4 2 
I 3:15 pm 15 1 0 9 4 1 
I 4:00 pm 11 0 0 5 3 3 
             
II 10:00 am 5 4 1 0 0 0 
II 10:45 am 0 0 0 0 0 0 
II 11:30 am 0 0 0 0 0 0 
II 12:15 pm 13 0 0 7 6 0 
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II 1:00 pm 12 0 1 3 2 6 
II 1:45 pm 8 0 0 3 5 0 
II 2:30 pm 15 1 0 6 5 3 
II 3:15 pm 30 0 1 16 8 5 
II 4:00 pm 13 1 0 8 3 1 
II 4:45 pm 27 0 1 10 12 4 
 
 
 
Calculation for the percentage of crossveinless (cve): 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  20/(20+151)  = 11.69% 
 
 
Table A.21: table showing collection and scoring of cve flies from pupae 
heat-shocked (at 40°C for 45min) 24 hours a.p 
 
    Pupae 

collected 
Eclosed       Died 

Days    cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

Total Time 
points 

209 28 17 50 60 55 

             
I 10:00 am 7 3 2 0 0 2 
I 10:45 am 11 0 0 4 6 1 
I 11:30 am 6 0 0 5 1 0 
I 12:15 pm 4 0 2 0 0 2 
I 1:00 pm 11 4 2 1 3 1 
I 1:45 pm 9 2 1 0 0 6 
I 2:30 pm 8 7 1 0 0 0 
I 3:15 pm 5 0 0 1 3 1 
I 4:00 pm 15 3 1 5 3 3 
             
II 10:00 am 7 3 2 0 0 2 
II 10:45 am 12 0 0 0 0 12 
II 11:30 am 17 1 3 0 7 6 
II 12:15 pm 13 0 0 7 6 0 
II 1:00 pm 12 4 1 3 2 2 
II 1:45 pm 18 0 0 3 5 10 
II 2:30 pm 16 1 0 6 6 3 
II 3:15 pm 12 0 1 3 8 0 
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II 4:00 pm 12 0 0 8 3 1 
II 4:45 pm 14 0 1 4 7 3 
 
 
Calculation for the percentage of crossveinless (cve): 
 
%cve = ncve/(ncve+nnon-cve),  
       
          =  45/(45+110)  = 29.03% 
 
Table A.22: table showing collection and scoring of cve flies from pupae 
heatshocked (at 40°C for 45min) 25 hours a.p 
 
    Pupae 

collected 
Eclosed       Died 

Days    cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

Total Time 
points 

209 20 8 47 57 82 

             
I 10:00 am 10 2 0 0 4 4 
I 10:45 am 13 4 1 5 2 1 
I 11:30 am 8 0 0 0 0 8 
I 12:15 pm 6 1 0 2 3 0 
I 1:00 pm 16 0 0 6 7 3 
I 1:45 pm 3 2 1 0 0 0 
I 2:30 pm 11 1 1 3 4 2 
I 3:15 pm 10 0 0 0 4 5 
I 4:00 pm 7 0 0 5 2 0 
             
II 10:00 am 10 0 0 0 1 9 
II 10:45 am 19 5 2 2 0 10 
II 11:30 am 12 4 0 0 0 8 
II 12:15 pm 11 0 0 7 0 4 
II 1:00 pm 7 0 1 3 2 1 
II 1:45 pm 4 0 0 3 0 1 
II 2:30 pm 22 1 0 2 6 13 
II 3:15 pm 14 0 1 3 11 0 
II 4:00 pm 16 0 0 4 3 9 
II 4:45 pm 10 0 1 2 8 4 
 
 
Calculation for the percentage of crossveinless (cve): 
 
%cve = ncve/(ncve+nnon-cve),  



 

  Appendices 

	  

	   xxviii	  

       
          =  28/(28+104)  = 21.21% 
 
 
 
 
Table A.23: F1 selection data generated after crossing crossveinless white-
eyed (W) female with normal wild type (Wt) male 
 
    Pupae 

collected 
Eclosed       Died 

Days Time- 
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

Total   151 70 22 29 23 25 
             
I 10:00 am 7 5(Wt) 1(W) 0 0 1 
I 10:45 am 10 9(Wt) 0 1(Wt) 0 0 
I 11:30 am 6 2(W) 1(W) 2(Wt) 1(W) 0 
I 12:15 pm 6 3(Wt) 1(W) 0 1(W) 1 
I 1:00 pm 5 0 2(W) 1(Wt) 2(W) 0 
I 1:45 pm 8 1(Wt) 3(W) 3(Wt) 0 1 
             
II 10:00 am 11 4(Wt) 3(W) 1(Wt) 2(W) 1 
II 10:45 am 9 3(Wt) 3(W) 3(Wt) 0 0 
II 11:30 am 7 2(Wt) 0 2(Wt) 3(W) 0 
II 12:15 pm 18 5(Wt) 0 5(Wt) 6(W) 2 
II 1:00 pm 5 0 1(W) 2(Wt) 2(W) 0 
II 1:45 pm 13 4(Wt) 1(W) 0 0 8 
             
III 10:00 am 22 8(Wt) 3(W) 3(Wt) 5(W) 3 
III 10:45 am 13 4(Wt) 1(W) 6(Wt) 1(W) 1 
III 11:30 am 11 2(Wt) 2(W) 0 0 7 
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 Table A.24: F1 selection data generated after crossing crossveinless white-
eyed (W) male with normal wild type (Wt) female 
 
    Pupae 

collected 
Eclosed       Died 

Days Time- 
points 

  cve 
female 

cve 
male 

Non- 
cve 
female 

Non- 
cve 
male 

  

Total   150 44 43 26 22 15 
             
I 10:00 am 17 7(Wt) 3(Wt) 4(Wt) 2(Wt) 1 
I 10:45 am 8 3(Wt) 5(Wt) 0 0 0 
I 11:30 am 9 2(Wt) 4(Wt) 2(Wt) 1(Wt) 0 
I 12:15 pm 6 3(Wt) 1(Wt) 0 1(Wt) 1 
I 1:00 pm 3 0 3(Wt) 0 0 0 
I 1:45 pm 11 2(Wt) 5(Wt) 2(Wt) 2(Wt) 0 
             
II 10:00 am 4 4(Wt) 0 0 0 0 
II 10:45 am 6 1(Wt) 5(Wt) 0 0 0 
II 11:30 am 5 2(Wt) 0 1(Wt) 2(Wt) 0 
II 12:15 pm 15 3(Wt) 4(wt) 3(Wt) 5(Wt) 0 
II 1:00 pm 13 2(Wt) 1(Wt) 2(Wt) 2(Wt) 6 
II 1:45 pm 10 4(Wt) 1(Wt) 0 1(Wt) 4 
             
III 10:00 am 19 4(Wt) 5(W) 2(Wt) 5(Wt) 3 
III 10:45 am 14 4(Wt) 6(Wt) 3(Wt) 1(Wt) 0 
III 11:30 am 10 3(Wt) 0 7(Wt) 0 0 
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Table A.25: Table showing various alternate phenotypes that were observed 
in some of the heat-shocked individuals, during the Waddington 
experiment.  
 
 
Generation pupae collected A DW G Gt Bxr49k wa cm 

P 1602 0 0 0 0 0 0 0 
F1 638 0 0 1 1 0 0 0 
F2 473 1 3 5 7 4 2 6 
F3 462 2 2 1 0 3 3 1 
F4 399 0 8 11 5 1 4 9 
F5 474 2 6 6 4 9 10 2 
F6 359 3 5 12 7 0 2 13 
F7 182 0 1 5 3 3 6 9 
F8 183 4 0 7 11 3 2 0 
F9 187 3 1 8 5 5 7 2 
F10 183 3 6 4 9 5 0 4 
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Appendix II (A.II) 

  
 OLIGONUCLEOTIDE PRIMER SEQUENCES 

 
 
 
Table A.26: Oligonucleotide primer sequences for Q RT PCR Validation 
 
Primer Sequence (5’-3’) Tm 

(°C) 
Use QPCR 

efficiency  
(%) 

Ocnus F GGCAGGACCATTGTAAGAGGAT 57.23 Q PCR validation  
Ocnus R GGCGACAGAACGATTAGAACAC 57.19 Q PCR validation 104 
βTub85D F GATTCCGTCTTGGATGTGGT 54.56 Q PCR validation  
βTub85D R GAAGCCCTGTTGGAGAAAAGTA 55.69 Q PCR validation 103.8 
Mst77F F AGATAAGACGGGCTGCTGAA 55.73 Q PCR validation  
Mst77F R GCATTTCGTTTGTATTCGACAC 54.54 Q PCR validation 107.9 
CG8701 F GTAAGACCGACTGCGTCAAAG 56.6 Q PCR validation  
CG8701 R AGGAGCTTGGAACATCTAGGC 56.69 Q PCR validation 112.6 
Hsp68 F CACTCTCGTTGGGCATAGAAA 55.27 Q PCR validation  
Hsp68 R TAGGTGGTGAAGGTCTTGGACT 57.8 Q PCR validation 91.2 
S-lap7 F GCATGTCCTGTCCAGTGCT 56.67 Q PCR validation  
S-lap7 R CTTGTCGCCTTCCTTCTGATAG 56.04 Q PCR validation 110.1 
S-lap1 F GCCGTTGCTGGACTTAGATT 55.25 Q PCR validation  
S-lap1 R GGATATTGACCTGAAATGGGATT 53.99 Q PCR validation 103.5 
CG9920 F AACAACATCGTTCTTCCAAAAT 52.58 Q PCR validation  
CG9920 R AAGACTATTCACTTTGAGATTTCA

CTT 
55.81 Q PCR validation 109.5 

Mst84Db F CGTCCTAAGTTATTTCTTTGTTAGG
TT 

56.4 Q PCR validation  

Mst84Db R CATGATGGTTCCGTAAAGTTCTAA 54.91 Q PCR validation 115.4 
CG31740 F GGATTAACTTCAACGTATTTCTTC

A 
54 Q PCR validation  

CG31740 R ATAGGGAACAAAGCAATTTTACA 52.42 Q PCR validation 106.4 
Rpn2 F CACAGAGGAGACGCCAGGTA 57.91 Reference gene  
Rpn2 R GGGAATCGATTGTGCGCTCT 57.81 Reference gene 90 
Actin F GCGTCGGTCAATTCAATCTT 66 Reference gene  
Actin R AAGCTGCAACCTCTTCGTCA 68 Reference gene 94.2 
αTubulin F TGTCGCGTGTGAAACACTTC 68 Reference gene  
αTubulin R AGCAGGCGTTTCCAATCTG 68 Reference gene 103 
Rpl32 F ATGCTAAGCTGTCGCACAATG 69 Reference gene  
Rpl32 R GTTCGATCCGTAACCGATGT 68 Reference gene 92.8 
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Appendix III (A.III) 
 

  
SUPPLEMENTARY DATA FROM MICROARRAY ANALYSIS 

 
 
 
Table A.27: t-test data from the sample group W vs. WT 
 
Gene 
symbol 

Fold 
change 

Test 
statistic 

FDR 
corrected 
p-value  

Biological function 

CG33346 -1.79 -3.94200 0.94259377 Hydrolase activity 
5-HT2 2.15 3.63970 0.94259377 Positive regulation of feeding 

behavior 
CG4757 -2.85 -3.94128 0.94259377 Carboxyl-esterase activity 
CG32850 -1.70 -4.30824 0.94259377 Zinc-ion binding 
     
 
 
 
Table A.28: t-test data from the sample group W vs. Wth 
 
 Gene 
symbol 

 Fold 
change 

 Test 
statistic 

 FDR 
corrected  
p-value 

Biological function 

Gr93b 4.45 9.76850 0.353525518 Sensory perception of taste 
CG8420 -1.64 -2.89235 0.644587685 Extracellular space 
Dll 1.91 7.24523 0.424484694 Unknown 
Hsp70Ba  2.42 7.68264 0.410145323 Heat shock responce 
Dro5 1.54 2.83528 0.647458134 Stress response 
Hsp22  1.34 6.18457 0.347350673 Heat shock response 
Hsp70Bb  3.05 9.89352 0.000585777 Heat shock response 
Sgs7 3.15 15.00654 0.114889 Puparial adhesion 
Hsp70Bc 3.18 9.89456 0.000585537 Heatshock response 
5-HT2 2.27 4.29317 0.573210811 Regulation of feeding behavior 
CG13822 1.77 2.86216 0.644587685 Unknown  
CG10799 1.79 2.98802 0.638206263 Unknown  
CG7442 1.87 13.80868 0.266736563 Transmembrane transport 
CG4757 -3.12 -4.26901 0.573210811 Carboxyl-esterase activity 
Hsp68 1.51 7.98350 0.942593770 Adult lifespan 
Hsp70Aa  1.96 7.43521 0.001747185 Heat shock response 
CG32850 1.63 5.87416 0.004195592 Zinc-ion binding 
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Table A.29: t-test data from the sample group Wt vs. Wh 
 
Gene 
symbol 

 Fold 
change 

 Test 
statistic 

FDR 
corrected  
P-value 

Biological function 

sgg -1.66 -5.14763 0.714037692 Protein binding 
CG7900 2.19 14.23334 0.191554216 Fatty acid amide hydrolase 

activity 
Gr93b  -2.84 -3.31776 0.916844398 Sensory perception of taste 
shn -1.41 -5.93260 0.576456476 Cell proliferation 
CG6639 -1.77 -6.01272 0.561636077 Proteolysis  
tko -1.50 -10.61902 0.259397434 Response to hypoxia 
Hsp70Ba  -2.24 -3.44982 0.026058605 Heat shock response 
CG6044 -1.68 -3.58967 0.872513287 Unknown  
Tektin-C -1.71 -6.13386 0.547219337 Microtubule binding 
CG12466  -2.66 -3.95594 0.82195619 Oxido-reductase activity 
shi -1.47 -17.03381 0.190779838 GTP binding 
CG4210 -3.25 -17.20831 0.190779838 N-acetyltransferase activity 
Hsp22  -4.42 -3.14708 0.034610784 Heat shock response 
Hsp70Bb -3.19 -4.18622 0.013848565 Heat shock response 
CG33346 -1.85 -2.90383 0.943826169 Hydrolase activity 
Sgs7 -4.77 -18.67039 4.84481E-05 Puparial adhesion 
Hsp70Bc -2.49 -4.65328 0.00963778 Heat shock response 
5-HT2 2.42 5.67507 0.621646237 Positive regulation of feeding 

behavior 
Ir76a 2.17 6.71148 0.508616756 Sensory perception 
stv -3.02 -7.37152 0.001804819 Response to stress 
CG32850 -2.08 -9.10484 0.32005685 Zinc-ion binding 
Edem1 -2.07 -10.20678 0.259397434 Unknown  
CG7442 -1.73 -10.46654 0.259397434 Transmembrane transport 
Cpr78E -1.28 -2.82315 0.943826169 Structural component of 

cuticle 
CG4757 -3.27 -8.71015 0.343289768 Carboxyl-esterase activity 
CG15561 -1.68 -5.12302 0.714037692 Nucleic acid binding 
Hsp70Ab -4.54 -3.39095 0.027505818 Heat shock response 
 
 
 
 
Table A.30: Normfinder Analysis to identify potential reference genes for Q 
RT PCR validation. Reference genes were selected from microarray data on 
sample groups: W, Wh, Wt, and Wth. 
 

Gene name Stability value 
Actin 0.012 
Ef1 0.147 
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Alpha-tubulin 0.015 
Rps18 0.098 
gapdh1 0.299 
Rpn2 0.150 
fur1 0.200 
Rpl32 0.093 

 
 
 

Intragroup variation  
Group identifier 1 2 
Actin 0.000 0.000 
Ef1 0.142 0.001 
α-tubulin 0.000 0.001 
Rps18 0.045 0.005 
gapdh1 0.373 0.048 
Rpn2 0.103 0.007 
fur1 0.003 0.177 
Rpl32 0.003 0.018 

  
 
 

Intergroup variation  
Group identifier 1 2 
Actin 0.059 -0.059 
Ef1 0.062 -0.062 
α-tubulin -0.031 0.031 
Rps18 -0.090 0.090 
gapdh1 0.205 -0.205 
Rpn2 0.024 -0.024 
fur1 -0.138 0.138 
Rpl32 -0.091 0.091 

 
 
 
 
Best genes:  
Actin (stability value: 0.012) and Rpl32 (stability value: 0.093) 
 
Best combination of two genes:  
Actin and α-tubulin (combination stability value: 0.010)  
Rpl32 and Rpn2 (combination stability value: 0.10 
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e-Appendix 
 
e-A.I: Total RNA QC Data 
 
e-A.II: Microarray Statistical Data: Full 
 
e-A.III: Q RT-PCR Standard Assay & Validation Data 
 
e-A.IV: Genomic DNA QC Data 
 
e-A.V: WGS analysis Data from assimilated sample 
 
e-A.IV: Thesis PDF 
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