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ABSTRACT
THE DEVELOPMENT OF A REX-INDUCED SPIRAL EXCHANGE TECHNIQUE

FOR MAPPING THE RIBOSOMAL DNA OF D. MELANOGASTER AND FURTHER
INVESTIGATIONS OF THE GENETIC PROPERTIES OF REX.

By

Peter G. Crawley

As a means of studying heterochromatin in D. melanogaster, we have chosen to
examine the genetic properties of a particular heterochromatic element, Rex (Ribosomal
exchange), and to use Rex as a tool to further investigate the structure and properties of
the ribosomal RNA (rDNA) genes. The three central accomplishments of this study are:
1. The development of a Rex-induced spiral mapping technique that greatly improves the
efficiency of mapping molecular variants in rDNA arrays.

2. The estimation of total and active gene copy number in twenty one recombinant
nucleolus organizer (NO) and the demonstration of the absence of a correlation between
either of these parameters with the ability of an array to function as a site for Rex-induce
spiral exchange.

3. The demonstration that Rex can induce changes in repeat copy number in rDNA arrays.
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Chapter 1

INTRODUCTION

Background Information

The impetus for the research presented in this study is guided by a desire to learn more
about a poorly understood chromosomal domain called heterochromatin. Perhaps the most salient
feature of heterochromatin is its ubiquity. It is present, to varying degrees, in every eukaryotic
organism that has been examined to date (Brown, 1966). In addition, in many organisms,
heterochromatin occupies a substantial fraction of the genome (Brutlag et al, 1977). In the fruit
fly, Drosophila melanogaster, for instance, heterochromatin comprises approximately forty
percent of the total nuclear genetic material (Peacock and Appels, 1980). Yet, for a number of
reasons, many of which are presented below, heterochromatin has been regarded as structurally
simple and functionally inert; in other words, 'junk' DNA. The results of studies in the past twenty
years, however, indicate that heterochromatin exhibits an enormous variety of functions and that
although the molecular composition is simple, the overall structure is much more complex.

In order to reveal more about heterochromatin in general, we have chosen to examine, in
detail, the genetic properties of one heterochromatic 'element’ (the term ‘element’ will be used
throughout the text to differentiate heterochromatic sequences with defined functions from
euchromatic genes) called Rex, for Ribosomal exchange, and to use Rex as a genetic tool to
examine the structure and properties of a large heterochromatic repeated array, the ribosomal DNA
(rDNA) array. Specifically, we have used Rex to construct a type of map of rDNA arrays that
defines the relative positions of a class of molecular variants that can be identified among the
repeating units of an array. The original intent of this research was not only to develop a more
rapid means of generating maps of rDNA arrays using mapping principles that had already been

developed in our laboratory, but to use the new, 'quick mapping' protocol to address other
1
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questions about the rDNA. One question that was particularly intriguing to me was how copy

number of the repeating units in an rDNA array is maintained. This question could, in theory, be
addressed using a 'quick mapping' strategy. Because an increase in mapping efficiency would
allow us to examine a large number of arrays, we could start by mapping a particular array, then
introduce conditions that caused changes in copy number in that array, and finally map those
arrays that showed an increase in copy number. By comparing the before and after maps, we
hoped to address the underlying mechanism controlling these changes. However, because of the
difficulties in actually developing the quick mapping system, 1 was unable to put the system to use
in the way it was originally intended. Consequently, the bulk of my thesis involves the
development of the mapping procedure itself. The remainder involves further genetic studies of the
properties of Rex, including evidence that Rex itself can cause increases in copy number of the
repeating units of single rDNA arrays.

The thesis is divided into four chapters. The first chapter serves as a general introduction
to heterochromatin, the structure and function of the rDNA array in D. melanogaster, and some of
the basic properties of Rex. In addition, the three major areas of investigation are introduced.
These are: 1. development of the spiral mapping technique and the use of the technique to map one
rDNA array, 2. genetic attempts to more precisely define a ‘target' region for Rex-induced rDNA
exchange and 3. examination of the role of Rex, if any, in the maintenance of copy number in
rDNA arrays. Each of these three topics is then covered in detail in chapters two, three and four,
respectively.

Heterochromatin

The study of heterochromatin began nearly 70 years ago, in 1928, when a German

cytologist, E. Heitz, used a dye that stained nucleic acids to examine different stages of the cell

cycle. Heitz observed two cytologically distinct chromosomal domains (Heitz, 1929). One region,




3
which Heitz named heterochromatin, remained darkly staining throughout the entire cell cycle. A

second region, the euchromatin, stained darkly only during mitosis, when the chromosomes were in
a highly compact state. During interphase, the euchromatin did not stain as darkly. This suggested
to Heitz that the darkly staining heterochromatin was always in a compact mitotic state. Because it
was, and still is, believed that chromosomal function is paused during mitosis, Heitz reasoned that
the permanently compact, darkly staining heterochromatin was inert nuclear material. A more
modern term for inert DNA is ‘junk' DNA and the idea that heterochromatin is primarily ‘junk' has
remained a prevalent notion among geneticists today even in the face of a large body of evidence
suggesting otherwise.

Heitz's initial hypothesis has enjoyed such staying power because a number of important
observations have been interpreted as further indicators of the inert nature of heterochromatin.
First, a number of model organisms, most notably fruit flies and corn, are much less sensitive to
homozygous deletions of heterochromatin than they are to deletions of regions of euchromatin of
comparable physical size (Hilliker, 1976) . This observation implies that there are few necessary
genes in heterochromatin. Second, when euchromatic genes are brought in close proximity to
heterochromatin by chromosomal rearrangements, they are transcriptionally inactivated ( Muller,

1930, for reviews see Spofford, 1976; Henikoff, 1990). For instance, in D. melanogaster, when

a gene responsible for normal eye pigmentation, the white gene, w, is translocated near
heterochromatin, the eye develops with a mottled or variegated pattern of pigmentation. This
phenomenon, known as position effect vanegation (PEV), is caused by the inactivation of the
translocated gene in a cell-lineage dependent manner during development. During the development
of the eye, for instance, those cells in which inactivation of the translocated white gene has
occurred give rise to daughter cells that also have an inactive white gene. Conversely, cells in

which the gene remains active, producing red pigment, give rise to daughter cells that also produce
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red pigment. The result is an eye that is composed of patches of white and normally pigmented,

red sectors. Because heterochromatin does not provide a hospitable environment for the normal
transcription of these euchromatic genes, it has been argued that it does not provide a hospitable
environment for the transcription of any genes (Miklos, 1985; Smith, 1976). Third, a large
fraction (60-80%) of heterochromatin is comprised of highly repetitive short sequences called
satellite sequences (Peacock et al., 1976). The position of particular satellite sequences does not
appear to be well conserved between closely related species (Peacock et al., 1976), implying that
the actual sequence of the satellite DNAs is dispensable. Finally, heterochromatin exhibits a much
reduced frequency of homologous meiotic recombination compared to euchromatin. For instance,

homologous recombination within the heterochromatin of the X-chromosome of D. melanogaster

occurs at a frequency about 103 times lower than recombination in X euchromatin (Williams and
Robbins, 1992). This observation has been used as supporting evidence for the junk DNA'
hypothesis (John and Miklos, 1989). The argument is that recombination provides a means for
creating genetic diversity upon which the forces of evolution can then act. A region that has no
evolutionary consequence would not need to recombine. Junk recombining with junk is still, after
all, just junk.

Yet, even in the face of what appears on the surface to be strong evidence against an
important functional role, the fact remains that heterochromatin is everywhere. How, then, can we
reconcile these contradictory observations? In recent years, a closer examination of
heterochromatin and its properties, suggests that heterochromatin is actually far from inert. In D.
melanogaster, for instance, fifty-four functional heterochromatic elements have been discovered
(Wakimoto, 1989; Gatti, 1994). A brief description of some of these elements will illustrate the
functional diversity of heterochromatic elements and serve as a means of addressing some of the

errors in the junk’' DNA hypothesis.
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Although it is clear that the distribution of heterochromatic elements is relatively sparse in

comparison to genes in the euchromatin, it is also clear that the structure and nature of
heterochromatic genetic elements is very different from euchromatic genes. Many of them show
complex interactions with euchromatic counterparts. For instance, Responder (Rsp) is a
heterochromatic element that is located immediately adjacent to the centromere of chromosome two
in D. melanogaster (Ganetzky, 1977). Segregation distorter (SD) is a euchromatic gene, located
near the heterochromatic/euchromatic breakpoint on the second chromosome, that interacts with
Rsp. There are two types of Rsp alleles that have been identified based on their interactions with

SD, Rsp sensitive and Rsp insensitive alleles. In flies carrying a SD bearing chromosome and an
SD bearing homologue, SD-bearing chromosomes are recovered in 99% of the progeny if the
SD* homologue also bears a Rsp sensitive allele. The SD gene product interacts with the Rsp

sensitive site on the SD* homologue in such a way as to poison those sperm that carry the sensitive
site (for review see Lyttle, 1991). Rsp is by no means unique in showing interactions with
euchromatin. Duplications of a heterochromatic segment called ABO can rescue the embryo from
the lethal effects associated with a euchromatic maternal effect recessive mutation called abnormal
oocyte, or abo (Tomkiel et al., 1992). Interactions of the heterochromatic crystal element with the
euchromatic Stellate locus have dramatic effects on spermatogenesis (Palumbo et al., 1994). To
some extent, euchromatic genes, readily exposed by deficiencies, are simply easier to find than
heterochromatic genes.

Studies of the regulation of a number of heterochromatic genes have dramatically shown
that transcriptional inactivation of euchromatic genes juxtaposed with heterochromatic sequences is
not caused by an inherent transcriptional inertness. When some heterochromatic genes are moved
from their heterochromatic environment to euchromatic regions, their regulation is also disrupted in

a variegated manner. For example, the heterochromatic /ight gene is one of the genes responsible
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for pigment deposition in the eye. When light is placed in a euchromatic environment, either by

chromosomal rearrangements or by P-¢lement transposition, the eye takes on a mottled appearance
analogous to PEV of the white gene (Wakimoto, 1990). In fact, /ight requires surrounding
heterochromatin for correct temporal and spatial regulation. This suggests that there are at least
two distinct nuclear environments and that genes or elements evolve expression mechanisms for
their own particular environments (Henikoff, 1990).

The Y-chromosome fertility factors are a group of five elements necessary for fertility in
the D. melanogaster male and provide an example of how simple sequence DNA can be
functionally complex. The fertility factors are comprised of megabase-length simple sequence
repeats that are transcriptionally active in the developing speﬁnatocyte (Bonoccorsi et al., 1990).
A complex of proteins binds the actively transcribed fertility factors to form enormous Y-
chromosome loops. The function of the loops is still unknown. It has been hypothesized, however,
that, when transcribed, the fertility factors may serve as a structural framework necessary for
normal sperm development (Bonaccorsi et al, 1990). Another example of simple sequences with
critical functions has come from studies attempting to define the sequences that make up a D.
melanogaster centromere. Recent evidence suggests that satellite sequences surrounding a
complex 'island' of single copy material known as Bora Bora in the basal heterochromatin of the X-
chromosome is responsible for sister chromatid adhesion and play a role in ensuring proper
segregation of sister chromatids during mitosis (Karpen and Murphy, 1995).

Although there is very little recombination occurring within heterochromatic sequences,
this does not necessarily imply that homologous heterochromatic sequences never interact. In fact,
for two heterochromatic gene arrays, the histone genes and the ribosomal DNA genes, there is
evidence that homologous regions must interact. Current evidence suggests that these two

multigenic arrays have evolved a mechanism for homogenizing the repeat units within an array.




7
The evidence for some sort of homogenizing force comes indirectly from observations that there is

as much or more sequence variation between the repeat units of closely related species as there is
between distantly related species, implying that once a variant arises within an array of a
population, it can either spread quickly throughout the population or be removed from the array.
The homogenization of arrays, called concerted evolution, suggests that, at least for these two
heterochromatic elements, a means of homologous ‘communication’ does exist.

Our understanding of the structure and function of heterochromatin is extraordinarily
primitive. However, it has become increasing clear in recent years that Heitz's initial cytological
description of heterochromatin as inert genetic material does not accurately reflect either the
complex functional components of heterochromatin or the intricacies of its molecular structure.
Instead, current evidence strongly suggests that the eukaryotic genome can be subdivided into two
separate subgenomes with very different structures and properties. The two most widely studied
genetic differences between the two regions, suppression of recombination in the heterochromatin
and position effect variegation, may be reflections of different evolutionary demands and different
regulatory strategies of the two subgenomes. The molecular organization of the two types of
chromatin is also very different. The euchromatin is comprised of relatively densely packaged
unique coding sequences while heterochromatin is made up mainly of moderately and highly
repetitive sequences with relatively few unique coding sequences. In D. melanogaster, the middle
repetitive sequences residing in the heterochromatin are (retro)transposable elements that appear to
be quiescent (Franz and Kunz, 1981; Glatzer, 1979; Jamrich and Miller, 1984; Kidd and Glover,
1981; Long and Dawid, 1979). The proteins associated with the two classes of chromatin also
differ. In 1989, Wustmann et al. identified a novel protein, based on it's ability to suppress
position effect variegation, now referred to as HP1, for heterochromatic-specific chromosomal

protein 1. HP1 is the first cloned gene whose product was shown to bind specifically to
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heterochromatin (for review see Eisenberg, 1991). Since then, a large number of proteins have

been isolated because of their ability to suppress or enhance position effect variegation. Many of
these proteins have also been shown to bind specifically to heterochromatin. Currently, these
proteins are thought to function to generate and maintain the heterochromatic state.

Finally, the two regions are cytologically separable. In addition to the differential staining
that is seen during interphase, heterochromatin exhibits a number of cytological differences relative
to euchromatin. In many insect species, certain cell types undergo multiple rounds of DNA
replication without cellular division, producing giant polytene chromosomes. For instance, in the
larval salivary glands of D. melanogaster, the heterochromatin is the only chromosomal region not
to be over-replicated. Furthermore, the heterochromatin in polytenized cells is associated in a
centralized region called the chromocenter. Heterochromatin is also late-replicating and shows
tight adhesion of sister chromatids in neuroblast mitotic spreads. Together, the cytological ,
genetic and molecular differences describe two very different nuclear domains.

Despite our improving knowledge of heterochromatin and its properties, there are many
fundamental questions about heterochromatin that remain unresolved. What defines a
heterochromatic gene? Is some sort of repetitive structure required for heterochromatic function?
How are heterochromatic elements expressed? In an attempt to more clearly define the structure
and function of heterochromatin as a whole, we have chosen to examine the genetic properties of a
particular heterochromatic element, Rex. and to use Rex as a genetic tool to examine the structure
of a complex multigenic heterochromatic array, the ribosomal DNA array, in a manner that has not
been possible for other large repeated arrays. In order to fully understand how we use Rex to
examine the structure of the rDNA, it is necessary to understand both the structure of a single

rDNA repeat unit and the basic genetics of Rex.



The ribosomal DNA of D. melanogaster

The rDNA of D. melanogaster is organized as two large (3-4 Mb) multigenic arrays.
One array is in the basal heterochromatin of the X chromosome. The other is on the short arm of
the entirely heterochromatic Y chromosome. Each wild-type array contains between 200-250
copies of the same transcriptional unit. Each repeat encodes two of the major RNA species, the 18
and 28S, and two of the minor species, the 5.8 and 2S that go into forming a mature ribosome.
Between each of the repeating units there is a nontranscribed intergenic spacer (IGS) comprised
mainly of a 240 bp repeating unit that is about 80% homologous to the functional promotor region.
This promotor-like repeat is responsible for ensuring X:Y pairing in males (Mckee, 1993). The
IGS can vary in length from 2-20 kb depending on the number of 240bp promotor-like repeats.
The structure of the rDNA array and of a single repeat is shown in Figure 1. Cytologically these
arrays can be seen in the nucleus as the site of ribosome assembly and are referred to as the
nucleolus organizers (Schwarzacher and Wachtler, 1993). Genetically, complete or partial
deletions of rDNA arrays are defined as bobbed (bb) alleles. Flies that have approximately a
quarter (100) of the wild type copy number are phenotypically "bobbed" (bb). They are
developmentally retarded, have thin shortened bristles and exhibit abdominal etching. Each of the
three terms used to describe the ribosomal arrays, the rDNA, the nucleolus organizer (NO), and the
bb gene, are molecular, cytological and genetic definitions of the same locus.

Many (up to 70%) of the 28S subunit rRNA coding region are interrupted by one of two
classes of retrotransposable elements called R1 and R2, although the number of repeats varies
greatly from strain to strain. (Lyckegaard and Clark, 1991) . The R1 and R2 elements are not
related, although both are families of non-LTR retrotransposons. The insertion sites of the two
inserts are located 74 bp apart (Eickbush, 1995). The full length R1 insertion contains two open

reading frames, ORF1 and ORF2. The second ORF contains a region that shares homology with
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the general consensus sequence for reverse transcriptase. The R2 insertion sequence also encodes
a putative reverse transcriptase. There is no direct evidence, however that either of these elements
is capable of transposition.

In Figure 1, the structure of the rDNA in D. melanogaster is shown. At the top of the
figure, a schematic diagram of the mitotic X-chromosome is shown. Euchromatin is depicted as a
white box and heterochromatin as a black box. The centromere is represented by the circle at the
right most end of the chromosome. The rDNA array occupies the central one third of the basal
heterochromatin. The first magnified view illustrates two important aspects of the array. First, the
transcribed portion of each repeat, shown as triangles, is uniform in length, but the nontranscribed,
intergenic spacer (IGS) region is variable in length. As detailed later in this study, it is IGS length
variation that is used as a molecular landmark in constructing maps of arrays. Second, the repeats
are not tandemly arranged (Swanson and Robbins, 1989). The consequences of this nontandem
structure will become evident during the discussion of Rex in the following section. In this single
heterochromatic region, three different functional elements have been identified: 1) the rDNA is
the site of ribosome assembly and provides a number of the structural components of the ribosome,
2) it is the X and Y chromosome pairing site in Drosophila males and 3) Rex itself maps to within
this region.
Rex

Rex is a heterochromatic element that can cause recombination between rDNA arrays
(Robbins, 1983). The recombination that Rex mediates is unusual for a number of reasons. First,
there is normally very little measurable recombination between homologous heterochromatic
sequences, including ribosomal arrays. Rex-induced exchange in the I DNA, however, occurs at
frequencies approximately 100-fold higher than spontaneous homologous exchange. Second, the

exchange mediated by Rex is mitotic. The exchange occurs very early (sometimes prior to the first
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round of DNA synthesis) in the fertilized egg; furthermore, Rex acts maternally. That is, the piece

of DNA upon which Rex resides need not be present in the zygote in order to see it's effects.
Instead, Rex-bearing females presumably dump the Rex product into the developing oocyte and the
product then functions to generate the exchange events. Finally, the types of chromosomes used to
detect Rex-induced exchange are a class of structurally unusual chromosomes that we call target
chromosomes. The common feature of all target chromosomes is that each possesses two rDNA
arrays separated by the entire length of an X-chromosome.

Figure 2a shows a cross typical of those used to detect Rex-induced exchange, the types of
exchanges that Rex can generate, and the results of each of two types of exchange events. In this
scheme, only sex chromosomes are followed. The female fly has two X- chromosomes, only one of
which is Rex-bearing. Both maternal X-chromosomes, however, are 'marked' with a recessive
mutant allele, yellow (y), that affects the color of the fly body. The male fly carries a normal Y-

chromosome and an X-chromosome that is a target for Rex-induced exchange. In this example, the

target chromosome carries a wild-type y* allele. Flies bearing this allele will have dark brown
bodies. The target also carries a dominant mutant allele called Bar (B) that affects the shape of
the fly's eye. The rationale behind choosing these particular markers for the target chromosome
will become obvious when the scheme for detecting one class of Rex-induced events is discussed in
Figure 2b.

The Rex mother will occasionally produce an egg in which a mitotic exchange occurs
immediately following fertilization. Rex causes two types of exchanges, depending upon how the
arrays pair. Pairing of the arrays in a spiral configuration, as shown on the left hand side of Figure
2a, when followed by exchange Will result in two products; an acentric ring chromosome that is
lost during subsequent divisions because it lacks a centromere and a mini-fragment chromosome.

The overall consequence of the spiral exchange is to delete all material between exchange points.
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Figure 1 - The structure of the ribosomal DNA in D. melanogaster

A schematic diagram of a mitotic X-chromosome is shown at the top of the figure. The positions
of a number of relevant genetic markers used during the course of this study are shown.
Heterochromatin other than the ribosomal array is shown as a black box. The centromere is
shown as a circle at the base of the chromosome. The rDNA occupies the central third of the
basal heterochromatin. Euchromatin is shown as a white rectangle. The first expanded view of
the array shows that the repeating units are comprised of both an intergenic spacer (rectangular
sections) and coding regions (triangles). The intergenic spacer (IGS) separates each coding region
and is composed mostly of varying numbers of a 340bp repeating sequence. The repeating units
are not tandemly arranged. The final blow-up shows the structure of an individual repeat unit (see
text for details). The 28S subunit is sometimes interrupted by one or both of two different types

of insertion sequences, Type I and Type II inserts.
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Because the Bar allele is between the two exchange points it ends up on the acentric ring

chromosome and is lost. The y™* allele, located at the very tip of the X-chromosome, is outside the
two arrays. It ends up on the fragment chromosome and is expressed in flies that bear it, thereby
affecting their phenotype. Pairing of the two arrays in a hairpin orientation, followed by exchange,
will invert all material between the exchange points. If the target chromosome is inverted to begin
with, as shown on the right hand side of Figure 2a, then a hairpin exchange will result in a
reinversion back to a chromosome with normal orientation. As previously mentioned, hairpin
events are much more difficult to detect since no material is lost. A means of identifying
chromosomes that have undergone Rex-induced hairpin exchange will be discussed in some detail
in the third chapter where hairpin exchange mapping is used in an attempt to further characterize
the target site of Rex.

Because Rex-induced spiral exchange can result in offspring with a unique phenotype,
spiral exchange can be used as a means of detecting Rex. Figure 2b diagrams a Punnett square
from the mating described above. Normal disjunction in the female will produce an X-chromosome
bearing a y allele. Gametes arising from nondisjunction will be either diplo-X, carrying two
maternal yellow-bearing X-chromosomes, or nullo. Sperm will carry a Y-chromosome or the target
X-chromosome. Flies that receive the target from the male will occasionally undergo a Rex-
induced spiral exchange. As a consequence of the exchange, flies that would normally develop into
females bearing a single maternal X-chromosome and the target chromosome, are converted to
phenotypically unique males that bear the maternal X-chromosome and the fragment chromosome.
(In flies, sex is determined by the ratio of X-chromosomes to autosomes, not by the presence of a
Y-chromosome, as it is in mammals. Flies that have a single X-chromosome and two of each Bar-
eyed.autosome have the normal 1:2 male sex chromosome to autosome ratio). Because the Y-

chromosome is required for fertility in males, the X/fragment males are viable but infertile.
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Figure 2 - Rex-induced Exchange in the rDNA of D. melanogaster
2a. The two types of Rex-induced exchange, spiral exchange and hairpin exchanges, and the
products of each of these exchanges are shown. A female fly homozygous for yellow, y, ( a body-

color mutant) and heterozygous for Rex is mated with a male that carries a marked target X-

chromosome. A y* marker lies outside the two blocks of rDNA that define the target. An
additional dominant marker, B, lies between the two separated blocks of IDNA. A Rex-induced
hairpin exchange will result in inverting all material between the exchange points. A Rex-induced
spiral exchange event will delete the B marker between the two rDNA blocks and will produce a fly
with a unique phenotype.

2b. A fly resulting from a spiral exchange will be easily detectable, as shown in this Punnett

square. This fly will carry one of the two maternal X-chromosomes but will have a small fragment
chromosome that bears only the y* marker from his father. This fly, has a normally shaped eye,
but y* body color, and is easily distinguishable from all other progeny. If the exchange occurs

after the first mitotic round of DNA replication in the zygote, a gynandromorph will result (see

text).
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Phenotypically, they are unique. They are y* males with normally shaped eyes. This result is
shown in the top box that stems from the box with target-bearing females. The only other y* males

that can come from this mating are the result of nondisjunction; these males, however, are y* and

The box below shows a fly that is generated from a spiral exchange that occurs after the
first round of DNA replication in the zygote. After the first round of replication, there are two
target chromosomes upon which Rex can potentially induce exchange. If exchange occurs in one of
these and not the other, half the cells of the fly will bear the fragment and half will not. The
consequence of this event is a gynandromorph, a fly that is comprised of half male and half female
tissue. Whether the exchange occurs before the first round of replication, producing an entirely
male fly, or after the first round of replication, producing a gynander, the result is easily detected
and provides a simple assay for Rex activity.

Our current working hypothesis is that Rex is an active version of one of the normally
quiescent retrotransposable-like elements that reside in the IDNA. The evidence for this hypothesis
is indirect. First, Rex itself is located within an rDNA array (Rasooly and Robbins, 1989).
Second, Rex increases levels of exchange between arrays. Finally, both genetic and molecular data
indicate that the Rex-induced exchanges are sometimes accompanied by deletions at the site of
exchange (Rasooly and Robbins, 1989; and this work). Apparently, Rex is acting to generate
breaks in the rDNA and these breaks are occasionally resolved by recombination. Thus, Rex may
generate breaks in rDNA by producing a transposase that is packaged in the maturing oocyte. The
transposase can presumably make cuts in rDNA arrays even before S phase of the first mitotic
division of the developing embryo. Eickbush and Xiong (1988) have shown that the R2 homolog
of the silkmoth B. mori, encodes an endonuclease activity that can generate cuts at a specific site
within the 28S subunit region of the rDNA array. The Rex phenotype may be due to

recombinational repair of cuts generated by just such an element. That is, when two rDNA arrays
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are present on the same patemnally-derived chromosome, a break in one or both of these arrays
could initiate repair by recombination. If one of the arrays has two breaks, a piece may be deleted
during the exchange, thus yielding a deletion that maps to the exchange site. More recent
cytological evidence suggests that many more breaks in the rDNA are occurring than can be
repaired in the rapidly dividing early embryo. When fertilized eggs from Rex-bearing mothers are
allowed to develop for fifteen minutes, fixed, stained with DAPI, and viewed with fluorescence
microscopy, up to 60% of the embryos show severe chromosomal damage (Robbins and
Pimpinelli, 1995). This implies that in Rex matings we recover only the small minority of damaged
eggs that escape death by recombination repair (Robbins, 1995).

High levels of mitotic recombination between rDNA clusters is not unique to the Rex
system. In the budding yeast, Sacchromyces cerevisiae, mutants lacking either DNA
topoisomerase I or II show highly elevated levels of mitotic IDNA recombination (Christman et al,
1989). Topoisomerase I and II are also required for the stability of chromosomal rDNA clusters
in yeast (Kim and Wang, 1990). Ina S. cerevisiae strain deleted for TOP1 and temperature
sensitive for TOP2, most of the IDNA exists as extrachromosomal elements. Kim and Wang
suggest that the rDNA topology changes in the double mutants and leads to a shift in the
equilibrium of an excision/integration rDNA recombination pathway. Topoisomerase I is a
component of the nucleolus organizer of Drosophila (Fleisman et al., 1984). Recently, Williams et
al. (personal communication) have suggested that the presence of increased numbers of
topoisomerase I DNA binding sites relative to euchromatin may be a distinguishing characteristic
of all heterochromatic sequences. A second mutation in yeast, rrm3, stimulates recombination in
rDNA and in a second repeated gene, the copper chelatin genes, without affecting a variety of other

repeated sequences (Keil and McWilliams, 1993).
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In S. cerevisiae, a cis-acting sequence, called HOT1, comprised of an rRNA transcription

initiation site and an RNA polymerase 1 enhancer, can stimulate recombination (Keil and Roeder,
1984). When the HOT1 sequence is inserted at a variety of chromosomal sites, recombination
levels in the vicinity of the transposed HOT1 element are elevated.

Curiously, there are many different types of insertion elements that reside within nuclear,
mitochondrial and chloroplast rDNA from a wide variety of organisms that share the ability to
make breaks in rDNA. A class of mitochondrial IDNA group-1 introns of fungi encode putative
site-specific endonucleases (Carbone et al., 1995). A murine retrotransposon, B2, has recently
been shown to ‘hop’ into 18S rDNA in mice (Oberhaumer, 1992). Interestingly, a group-1 intron
from Physarum polycephalum, that encodes a IDNA-specific endonuclease that generates double-
strand breaks in a conserved region of the rDNA, has recently been cloned into S.cerevisiae
(Muscarella and Vogt, 1993). The expression of the endonuclease using the GAL10 inducible
promoter caused a lethal phenotype as a result of double strand breaks in rDNA. It would be

interesting to see if the expression of this gene in D. melanogaster would lead to Rex-like events.

Areas of investigation

This study focuses on three areas: 1. development of a 'quick’ system for mapping rDNA
arrays using Rex-generated spiral exchanges; 2. determination of whether the frequency of Rex-
induced spiral exchange correlates with the total number of rDNA repeats or the total number of
actively transcribed rDNA repeats; and 3. showing that Rex can induce heritable changes in the
copy number of single, paternally-derived rDNA arrays.

Chapter 2 describes the methodology used to develop a system that allows us to rapidly
map the positions of molecular variants in rDNA arrays. Briefly, this system relies on using Rex to

induce spiral exchange chromosomes in a novel target chromosome. That target is itself a product
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of Rex-induced hairpin exchanges, and allows us to replace the proximal array with any array that

we wish to map. In addition, this new target yields fragment chromosomes that can be recovered
as viable and fertile male offspring. The details of the construction of the novel target, the matings
designed to allow recovery of fragment exchange chromosomes and the methods used in generating
a map from these fragment chromosomes are presented.

Chapter 3 details experiments designed to further define the nature of the Rex target.
Previous studies have shown that rDNA is sufficient to generate exchanges (Swanson, Ph.D.
thesis;) and that nearly all of Rex-induced exchange is in the rDNA. Whether or not there are
specific sites or specific regions within an array that are sensitive to Rex is not known. By
constructing a family of target chromosomes that differed in the amount and composition of rDNA
in one of the two target chromosome arrays, we looked for correlations between the frequency of
spiral exchange in these new chromosomes and the amount of total and active repeat units within
the differing arrays. Using maximum likelihood methods we compared hypotheses based on no
correlation between our measured parameters and an hypothesis based on a linear correlation. Our
results indicate that there is no correlation between either the total number of repeats or the number
of active repeats in an array and the spiral exchange frequency. This suggests that there are in fact
regions within arrays that respond better to Rex than do other regions and it is not simply a
quantitative effect.

Chapter 4 examines another phenotype of Rex. We know that Rex can cause inter-array
exchange events, but could Rex also be generating breaks that are resolved by intra-array
recombination? The intra-array events would normally escape detection because, unlike the inter-
array events that generate spiral exchanges, there is no obvious phenotypic consequence of
exchange occurring within an array. One possible result of an intra-array event is an alteration in

gene copy number due to resolution of breaks either by recombination or by some other, as yet
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unidentified, mechanism. Ribosomal gene copy number alterations in the rDNA of Drosophila, a

phenomenon known as magnification, are known to occur under a variety of conditions. To test

whether Rex was capable of magnifying an rDNA array, we looked for changes<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>