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Establishment and maintenance of parasegmental compartments. A thesis
submitted in conformity with the requiremetns for the degree of Doctor of
Philosophy ©2001 by Sarah Campbell Hughes. Grauduate Department of

Molecular and Medical Genetics. University of Toronto.

Abstract

Embryos of higher metazoans are divided into repeating compartments
early in development. In Drosophila, the earliest boundaries are formed by the
parasegments, which are coincident with the early expression patterns of two
pair-rule genes, fushi-tarazu (ftz) and even-skipped (eve). Expression of ftz
defines the even-numbered parasegments, whereas as eve defines the odd-
numbered parasegments. | used genetic methods to selectively raise or lower
the expression levels of ftzand/or eve, and the effect on the positioning of
parasegment boundaries was determined. | found that the relative levels of itz
and eve, but not their absolute levels, determined where the borders were
positioned. Altered parasegment boundary position produced alternating
parasegments of enlarged and reduced sizes. | found that these boundary
positions display only a modest ability to revert back to normal widths. Later in
development, parasegments enlarged by 30% or more remained enlarged while
parasegments that were narrowed by the same amount were lost. Loss of the
reduced parasegments occured predominantly by delamination from the

epithelial layer followed by cell death.
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CHAPTER 1: INTRODUCTION TO DROSGPHILA DEVELOPMENT AND

COMPARTMENTS



N

A fundamental feature of invertebrate and vertebrate embryos is the
division of the major body axis into serially repeating groups of cells or segments.
This body architecture is very apparent in the external features of invertebrates
such as insects, and in the central nervous system and associated structures of
vertebrates. Many of these groups of cells can be referred to as compartments
and repeated series of such morphological units form the basis of organization,
or certain structures within an embryo. An embryo is divided into a specific
number of similar (but not identical) units that are arranged in a specific order. A
central question of developmental biology is to determine the mechanism(s) by
which this division and organization is achieved.

In this thesis, | investigate the process of metameric (use of repeated units)
development of the early Drosophila embryo through an analysis of the process
of the formation of compartments in the early embryo and the effect of changing
compartment size. First, | present a brief overview of Drosophila development
followed by an in depth discussion of the formation and roles of compartmental
units. This is followed by a description of the genes fushi-tarazu and even-
skipped, which establish parasegmental compartments. | discuss how these
genes are known to regulate each other as well as other compartment-specific
genes. Finally, | present previous examples of the effect of changing

compartment size and the overall objectives of my thesis.



1.1 Overview of early Drosophila development

The life cycle of Drosophila is divided into a number of distinct stages including
embryonic, three larval instars, pupal, and adult (Roberts, 1986). The fertilized
embryo undergoes a series of thirteen rapid and synchronous nuclear divisions
that occur in the absence of cytokinesis (stage 1-3). This period of nuclear
division occurs within the first 2 hours after egg laying (AEL) and is characterized
by alternating rounds of DNA synthesis and mitosis with no pausing in G1 or G2.
During the telophase of division cycles 8 and 9 (approximately one hour after
fertilization at a point when there are approximately 100 nuclei) the nuclei begin
to move to the outer edge of the embryo and line up in the cortical region forming
a syncytial blastoderm (stage 4; Fig. 1.1A). Once the nuclei reach the outer
surface, four more syncytial divisions occur at successively slower rates.
Following the thirteenth division (at ~2.25 h AEL) the cell cycle slows and the
extended S phase of the fourteenth division begins. Cell membranes then begin
to invaginate from the embryo membrane down and around each cortical
nucleus, thus forming individual cells. This process is completed by three hours
after fertilization resulting in formation of a cellular blastoderm (end of stage
5;Turner and Mahowald, 1976; Foe and Alberts, 1983; Fig 1.1B). The cellular
blastoderm establishes a monolayer of about six thousand epithelial cells.
Gastrulation then occurs over a twenty-minute period (stages 6 and 7) during
which the cephalic furrow is formed, and visible segregation of celis into the
presumptive ectoderm, mesoderm, and endoderm occurs (Turner and

Mahowald, 1977; Fig 1-1C-D).



Figure 1.1 A series of scanning electron micrographs depicting the
embryological development of Drosophila. A) A stage 4 syncytial blastoderm
embryo. B) A stage 5 cellular blastoderm embryo; the pole cells are beginning to
form. C) A stage 6 embryo beginning gastrulation; the cephalic furrow has
started to form. D) Stage 7 embryo in which gastrulation is complete. E) Stage
8; germ band elongation. The germ band extends up over the back of the
embryo. F) Stage 10; germ band elongation continues. Also the gnathal and
clypeolabral lobes form. G) Stage 11; end of germ band elongation; shallow
parasegmental grooves are evident and tracheal pits appear. H) Stage 12; the
germ band starts to retract. The germ band moves back towards the anterior of
the embryo. The surface of the embryo is now marked by segmental furrows,
gnathal buds and tracheal pits. |) Stage 13; germ band retraction is complete. At
this stage most of the cells of the organ primordia begin to differentiate. At the
end of this stage dorsal closure begins. J) Stage 14; head involution begins and
dorsal closure continues. K) Stage 15; dorsal closure is complete. L) Stage 16;
Cuticle secretion begins. The segmented structures in the larva are labeled as

T1-T3 and A1-A8. Micrographs obtained from http://bio.purdue.edu.fly/aimain

/images.htm






Gastrulation is followed by germ band elongation (stages 8-11; Fig 1.1E,
F, G). During mid-germ band elongation (4:20 to 5:20 h; stage 10), shallow
grooves marking parasegmental boundaries are formed (Fig. 1.1G). Germ band
elongation is completed by the sixth hour of development (stage 11).

After elongation, the germ band retracts (stage 12) such that it reverses its
movement and the posterior end of the embryo is no longer located behind the
head region (Fig 1.1). The segments are now clearly visible and include the
early head segments, three thoracic, eight abdominal and two caudal segments
(Tumer and Mahowald, 1977; Fig. 1.1H-I). The epithelial ectoderm, neural
ectoderm, and mesoderm are all segmented. Following cellularization, only two
to three rounds of cell division occur within the entire epithelial ectoderm (at
stages 8, 10 and 11; Hartenstein and Campos-Ortega, 1985). Thus, many of the
morphological movements within the embryo occur in the absence of cell

division.

1.2 Compartments in Animal Development

A fertilized embryo develops quickly from a single cell into a mass of
undifferentiated cells. From this stage onward, it will undergo several
morphological processes to produce specific and organized structures. At least
one major body axis can be defined in all multi-ceilular organisms. In Drosophila,
the anterior-posterior and dorsal-ventral axes of an embryo are established first.

Next, cells become allocated to different germ layers: the ectoderm, mesoderm,
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and endoderm. Within the different germ layers, groups of cells can be defined

as an individual unit based on features such as cell-lineage. Such groups of cells
will ultimately acquire specific characteristics dependent upon their location. This
process (see below for further description) has been referred to as
compartmentalization (Garcia-Bellido et al., 1973; Crick and Lawrence, 1975).
Subsequently, embryos undergo dramatic changes in form, a process called
morphogenesis. This includes gastrulation, in which the germ layers will sort
themselves out, forming the main body plan. During this process, cells on the
outside of the embryo may migrate inwards. Concurrent with this process, cell
differentiation is also occurring in which either individual cells, or groups of cells
will become functionally and/or structurally different from one another. All of
these processes are controlled temporaily and spatially by differential gene
expression.

In higher organisms, the division of the early embryo into repeated units or
compartments is a critical component of development. These compartmental
divisions provide the framework upon which further differentiation can occur. ltis
from these compartments that specific body structures including head, abdomen,
and appendages will ultimately form. Failure to correctly establish compartments
will result in aberrant patterning of the embryo including, for example, the loss of

certain structures.

1.2.1 What is a developmental compartment?
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Compartments are found in all multi-cellular organisms and can be defined

by several basic characteristics. Compartments consist of cells that are
descendents of a small group of founder cells, or a polyclone (Crick and
Lawrence, 1975). All cells within a compartment preferentially associate with one
another and have specific genetic or physical boundaries (Garcia-Bellido et al.,
1973; Lewis, 1978). These polyclones retain their boundaries and acquire
developmental fates that are different from cells in neigbouring compartments
(Garcia-Bellido et al., 1973). Cells within a compartment are thought to associate
with one another either through specific mitotic lineage, differential cell adhesion
or both (Crick and Lawrence, 1975; Morata and Lawrence, 1975; Morata and
Lawrence, 1977).

As cells between compartments are proposed to have different adhesive
properties, the boundaries between them are generally very stable and form
straight lines (Morata and Lawrence, 1975; Morata and Lawrence, 1977;
Lawrence, 1997). This allows cells located along the compartment borders to act
as organizing centers, producing signals that guide further patterning of the
compartment or even sub-domains of the compartment therein (Morata and
Lawrence, 1975; Meinhardt, 1983). In Drosophila, there are many examples of
such signals (Martinez Arias et al., 1988; Bejsovec and Martinez Arias, 1991;
Heemskerk and DiNardo, 1994) reviewed in (Blair, 1995 and Lawrence, 1996
#1281). The stability of the compartment borders are also important for long
term patterning. For example, the embryonic anterior/posterior compartment

border and associated structures (imaginal discs) are retained through to



adulthood (Wilkins and Gubb, 1991). These basic principles define

compartments in both invertebrates and vertebrates.

1.2.2 Models of compartment formation

Historically, many ideas have been put forth as to how such compartments
could be established and maintained. One model that has received much
attention is the positional information model, which suggests that cells acquire
fate based upon their position by responding to a gradient of morphogen-like
molecules (Wolpert, 1969; Meinhardt, 1977; Meinhardt, 1983) reviewed in
(Lawrence and Struhl, 1996; Wolpert, 1996). A morphogen is a substance
(chemical or gene activity) that acts over a distance in a concentration-dependent
(or activity-dependent) manner to define muitiple cell fates. Thus, a
morphogenetic gradient expressed from a defined source can control patterning,
polarity and proliferation of cells within a specific field (Lawrence and Struhl,
1996; Wolpert, 1996). This type of system requires that the concentration of the
morphogen is different at either end of the gradient and remains different (but
constant) such that boundaries would be established at either end. Each cell
within the gradient or field must also contain the information necessary to
interpret the positional information or morphogen. This can occur by cells
interpreting the information present in terms of their position within a
morphogenic gradient. Cells can respond to threshold concentrations of
morphogenic information, which results in different levels of activity that correlate

to different concentrations of a morphogen. This threshold level of activity could
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be the amount of a morphogen that is required to bind to a receptor to activate

intracellular signaling, or perhaps the concentration of a transcription factor
required to regulate specific genes. Three basic features of a morphogen were
also predicted. First, the vector or direction of the gradient determined the
polarity of the pattern produced (i.e. the direction that the bristles or cuticle
extensions face; (Lawrence, 1966; Stumpf, 1966). Second, the scalar
concentration of the gradient at different points would provide information to tell
each cell where and what it would be (Lawrence, 1966; Stumpf, 1966). Third, the
slope or steepness of the gradient would determine the size of the developmental
unit (Bohn, 1974; reviewed in Wolpert, 1989; Lawrence and Struhl, 1996;
Wolpert, 1996).

Variations on how molecules pattern at a distance have also been
proposed. For example, the relay model posits that cells obtain specific identity
based upon local interactions with neighbouring cells (Martinez Arias, 1989). As
opposed to a morphogen acting over a distance, short-range signals initiate a
cascade of short-range secondary signals, which then propagate information
across a field (Martinez Arias, 1989). In this way, increasingly complex gene
expression patterns are generated gradually from a sequence of local
interactions.

Many of these hypotheses have been analyzed and tested in Drosophila
and other segmented invertebrates such as Oncopeltus and Rhodnius. These
experiments are discussed briefly in the next section. Similar properties may

also be applied to patterning decisions in other metameric organisms.



11
1.2.3 Examples of compartment use to establish a body plan

The concept of the subdivision of a developing organism into repeated
units has been around since the nineteenth century (reviewed in Ingham and
Martinez Arias, 1992). Early on, these ideas were largely based on outward
morphology; more recently there has been a realization that the developmental
organization of very different organisms has many common features. Well
characterized examples of compartment use include the somites and
rhombomeres in vertebiates and parasegments in early Drosophila melanogaster
embryos (Lumsden, 1990; Lawrence and Morata, 1994). For example, the
hindbrain of the developing vertebrate brain is composed of repeated
rhombomeres, which are organized as separate compartmental units (Lumsden,
1991; Lumsden and Guthrie, 1991; Fig 1.2A). Cells within a specific
rhombomere will mix with each other but not with cells of adjacent rhombomeres.
When cells of adjacent rhombomeres (odd and even numbered) are removed
and then placed adjacent to each other, new boundaries form, suggesting that
differences in cell adhesive properties may be present (Guthrie and Lumsden,
1991). This is further illustrated when cells of the same rhombomere, or tissue
from two odd numbered or two even numbered rhombomeres are combined. (n

this case new boundaries are not formed (Guthrie and Lumsden, 1991).



Figure 1.2: Compartments in mammalian embryos. A) In the mammalian
embryo, compartmental divisions include the somites (purple) and rhombomeres
(pink) of the hindbrain. B) It has recently been determined that odd-numbered
rhombomeres express the Eph receptor tyrosine kinases (Eph) and even-
numbered rhombomeres express the corresponding ligand, ephrin. Bi-directional
signaling occurs between the Eph receptors and ephrins and is thought to play a
role in the establishment and/or maintenance of the rhombomere borders.

Figure adapted from (Lumsden, 1990; Dahmann and Basier, 1999).
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Recently it has been suggested that bi-directional signaling between adjacent

cells that express the Eph-receptor tyrosine kinase, and cells that express their
ephrin ligands, plays a role in restricting cell intermingling and establishing the
rhombomere boundaries (Klein, 1999). Eph receptors and their membrane-
bound ligands, ephrins, are expressed in complementary rhombomeres (Fig
1.2B). Xu et al. determined that injection of ectopic ephrin results in the mosaic
activation of Eph receptor at the boundaries of odd-numbered rhombomeres,
which express the Eph receptor (Xu et al., 1999). On the other hand, injection of
Eph receptor results in mosaic activation of the ligand ephrin, and sorting of cells
to boundaries of even-numbered rhombomeres. Thus, activation of Eph receptor
or ephrin was sufficient to drive cell sorting between adjacent rhombomeres. In
zebrafish animal cap assays, cells isolated from two animal caps that were
initially injected with either full length Eph receptor or ephrin restricts cells from
either animal cap mixing. However, injection of truncated versions of either Eph
receptor or ephrin protein was unable to restrict mixing of cells from the two
animal caps (Mellitzer et al., 1999). These studies demonstrated that bi-
directional Eph receptor-ephrin signalling is sufficient to restrict cell intermingling
between rhombomeres, and that this can occur in the absence of differential
expression of adhesive molecules. It has also been suggested that Eph
receptors and ephrin may regulate the activity of other adhesion molecules
(Zisch et al., 1997). Thus, Eph receptors and ephrin may act in parallel or in
combination with these cell adhesion molecules {o establish the rhombomeres

boundaries.
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Some of the best characterized examples of compartments are in insects

such as the milkweed bug, Oncopeltus fasciatus. The abdomen of Oncopeltus is
ciearly segmented with the boundaries of each segment marked by changes in
cell shape and in larvae by differences in pigmentation (Lawrence, 1973a;
Lawrence, 1973b). As in Drosophila, the ectoderm of Oncopeltus is composed of
a single layer of cells in which the cells of one segment directly abut against the
cells of an adjacent segment (Lawrence and Green, 1975). Experiments on this
organism have helped to establish the properties of a segment as a
compartmental unit and have identified many characteristics that were later found
in Drosophila. For example, clones of differentially pigmented cells made late in
development were never able to cross segment boundaries, whereas clones
made very early were able to freely transgress and even straddle segment
boundaries (Lawrence, 1971; Lawrence, 1973a; Lawrence, 1973b; Lawrence,
1981). Thus, the Oncopeltus segment boundary acts as a lineage restriction and
can be defined as a compartment boundary.

Transplantation experiments also showed that the segment boundary itself
has specific characteristics and can be regenerated by cells distal to the
boundary (Wright and Lawrence, 1981b). For example, when cells taken from
the anterior of one segment and the posterior part of the next segment are
placed together, a boundary is generated at the point of intercalation (Wright and
Lawrence, 1981b). Conversely, if cells are taken from the same position in two
different segments, for example the middle region, and are placed together no

border is formed (Wright and Lawrence, 1981b). It was concluded that the
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segment is a stable structure with specific characteristics that are retained upon

transplantation.

Additionally, experiments in Oncopeltus provide support for the hypothesis
that cell affinity (adhesion) plays a role in maintaining the integrity and linearity of
a segment boundary. When the segment border is destroyed by making an
incision in the surface of the cuticle, and then all cells surrounding the cut are
killed by cauterization, the border can be regenerated by cells that migrate to the
wound area (Wright and Lawrence, 1981a). In this experiment, cells from the
different segments were differentially marked genetically such that the two
populations of cells could be observed. Initially, the migrating cells form a very
uneven junction. Over time however, a straight boundary forms. No cells ever
crossed over this boundary whether it was regenerated at the original position or
at a new position (Wright and Lawrence, 1981a).

Regeneration experiments carried out by Wigglesworth and Locke
(reviewed in Locke, 1967) on another segmented insect Rhodnius, also
demonstrated a link between groups of cells that act as a single deveiopmental
unit (compartment) and segments (Ingham and Martinez Arias, 1992). Epidermal
pieces of larval cuticle were transplanted to either homologous or heterologous
regions of another segment (reviewed in Locke, 1967). Following wound healing,
the resulting patterns of differentiated cells were categorized by changes in the
adult cuticle surface and associated hairs. Homologous transplants were
completely integrated into the new region resulting in normal patterning.

However, heterologous transplants were not integrated and new patterns were
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established (reviewed in Locke, 1967). It was found that all regions of the

Rhodnius segments had position specific properties, including the border itself.
Cells within the border did not interact with other cells and appeared to be a
source or sink of pattern. That is to say, where boundary cells were excised,
new boundaries were regenerated (source), whereas new patterns were
established at the point of transplantation (sink). Therefore, it was suggested
that a gradient of information is present within the segment and is repeated in a
segmental pattern with the border itself being the source of the information.
Further to this, other experiments in Oncopeltus suggested that the
gradient of information was a result of a morphogen that diffused from the
segment border (Lawrence, 1966; Stumpf, 1966) and produced a gradient of
positional information across a compartment (reviewed in Lawrence, 1992).
These initial experiments demonstrated that segmental compartments act as
developmental units and that the borders between compartments have specific

characteristics.

1.2.4 Examples of compartments in Drosophila melanogaster

There are many different examples of compartments in Drosophila. The
initial identification of compartments was in imaginal discs, the tissues set-aside
during embryogenesis that ultimately form structures such as the aduit wing, leg,
head and body tissues. A technique combining mitotic recombination and
specific markers of mutant cells allowed the analysis of imaginal disc cell

lineages in development. One of the markers used, the Minute mutation, causes
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cells to grow and divide more slowly (Morata and Ripoll, 1975). When clones (a

group of cells arising from the same progenitor by mitosis) of Minute™ cells are
made by mitotic recombination in heterozygous Minute animals, the differences
in growth rates between wild type and heterozygous mutant cells allows the
Minute® clones (also marked by the cuticular cell markers multiple wing hairs and
jagged vein) to grow rapidly relative to their heterozygous neighbours. However,
despite this considerable growth advantage these clones never cross the
anterior-posterior compartment borders of wing discs (Garcia-Bellido et al.,
1973).

It was initially suggested that the Drosophila embryo is composed of a
series of segmental primordia and that these divisions are based upon the visible
morphological divisions observed in larvae and aduits (Fig 1.3D,E; Martinez-
Arias and Lawrence, 1985). This type of organization is what is observed in
Oncopeltus and Rhodnius. However, subsequent, clonal analysis established
that, at the cellular blastoderm stage, ectodermal cells are divided into anterior
and posterior polyclones (group of cells descendent from a small group of
founder cells), a subset of which give rise to anterior and posterior sub-
compartments (Fig. 1.3B; Garcia-Bellido et al., 1973; Crick and Lawrence, 1975;
Lawrence, 1981). Additionally, in imaginal disc-related structures such as the
legs and wings, these boundaries end up passing through the middle of the
segments, dividing the appendages in two. The compartment boundaries

therefore did not coincide with segmental boundaries as suggested by the visible
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Figure 1.3: (A) Parasegments are first defined by the expression of eve (in blue)

and ftz (in brown). (B) The expression of en divides the parasegment into
anterior (a) and posterior (p) compartments. The borders of the parasegments
are offset from the segmental boundaries, such that each segment is composed
of the anterior compartment of one parasegment and the posterior compartment
of the adjacent parasegment. (C) Late embryo, (D) larval cuticle (shown in dark-
field) and (E) adult structures are also shown. The registries of embryonic
parasegments with larval and adult segmental structures are illustrated. T1, T2,
and T3 stand for the first, second and third thoracic segments. A1-A8 represents
the eight abdominal segments. Proper establishment of the embryonic
parasegments is required to produce wild type larvae and adults. Figure adapted

from Wolpert, 1999.
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segmental grooves in the larva. Thus, these observations suggested that the
initial compartments do not correspond with segments but are slightly out of
register and were thus called parasegments (Fig. 1.3A,B; Martinez-Arias and
Lawrence, 1985). In Oncopeltus and Rhodnius the existence of parasegmental
compartments is unclear and experiments discussed previously dealt specifically
with the segmental regions (Lawrence, 1973a). Additionally, the developmental
ages at which these experiments were carried out was subsequent to when
segments were already physically visible.

Several lines of evidence support the existence of the parasegmental
compartment. For example, the borders of expression of genes in the bithorax
complex are not delimited by the borders of the morphologically visible
segments, but rather are confined within parasegmental boundaries (Morata and
Kerridge, 1981; Minana and Garcia-Bellido, 1982; Hayes et al., 1984; Struhl,
1984). Additionally, parasegment borders coincide with anterior-posterior
compartment boundaries in both embryonic and adult tissues (Garcia-Bellido et
al., 1973; Vincent and O'Farrell, 1992). Thus, the parasegment itself fulfills the
definition of a compartment. The parasegment appears to be the first and basic
unit of organization within the early Drosophila embryo (Martinez-Arias and
Lawrence, 1985; Lawrence, 1988; Fig 1-3A).

As mentioned above, it was thought initially that segments, which are
visually apparent at stage 11, are the basic unit of organization within the embryo
(Lawrence, 1988). Segments are defined structurally by the positions where

longitudinal muscles attach to the body wall. These attachments cause deep
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indentations within the ectoderm (Martinez-Arias and Lawrence, 1985).
Parasegments are out of register with these later arising segmental
compartments (stage 11) such that each parasegment will contain the posterior
compartment of one segment, and the anterior compartment of the adjacent
segment (Fig 1.3B). Shallow parasegmental grooves are visible in both the
ectoderm and mesoderm at stage 10, before the formation of segmental furrows.
Although parasegments are defined in both the ectoderm and underlying
mesoderm, further division into anterior and posterior sub-compartments occurs
in the ectoderm only (Lawrence, 1988). These parasegmental boundaries are
maintained throughout all remaining developmental stages. Current theories of
Drosophila development focus upon the parasegment as the basic metameric
unit within the embryo.
1.3 A hierarchy of interacting maternal and zygotically active genes
establish parasegments

An early Drosophila embryo consists of a multinucleate syncytium.
However, by two to three hours after fertilization, the embryo is composed of
about 6000 cells. These cells are organized by specific patterns of gene
expression, which ultimately provide each row of cells along the anterior-
posterior axis with a unique identity. in several ethyl methane sulfonate (EMS)
mutagenesis screens, most of the zygotic genes (activated foilowing fertilization)
that affect early embryonic development were identified (Nusslein-Volhard and

Wieschaus, 1980; Jurgens et al., 1984; Nusslein-Volhard et al., 1984; Wiechaus
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et al., 1984). Zygotic embryonic lethal phenotypes were followed by the cuticular

phenotypes of late stage embryos.

The cuticle is a hard exoskeleton that is secreted by the embryo just prior
to hatching (see Fig. 1.1D). Along the ventral surface of the embryo, cuticular
extensions organized in bands of hairs called denticle belts are required for
locomotion. The structure and organization of the denticle belts can be used to
identify specific segments. A second series of EMS screens identified maternal
effect mutations (mutations within the maternal products deposited in the oocyte)
that also affect segmental patterning (Schupbach and Wiechaus, 1986). The
maternally active genes establish the major axes of the embryo (anterior-
posterior, dorsal-ventral, terminal regions), while the zygotically active genes act
to divide these regions into parasegmental units. The hierarchical interactions

between these different classes of genes are described further below.

1.3.1 Maternal contribution to embryonic body plan formation

During oogenesis, associated nurse cells (helper cells) export large
amounts of maternal mMRNA and protein products into the oocyte. A number of
different mRNAs are localized to specific areas of the oocyte such as the anterior
tip (bicoid); posterior pole (nanos) while others are present throughout
(hunchback; Fig. 1.4). Specific localization or degradation elements within the
mRNA, which bind to other matemal gene products or cellular structures (e.g.

actin cytoskeleton), control positioning of the mRNA within the cocyte/embryo



Figure 1.4: The Drosophila body plan is established through a series of
hierarchical gene interactions that divide the embryo into smaller and smaller
regions. Many maternal genes express gradients of proteins. These are
interpreted by the gap genes, which define broad regions along the anterior-
posterior axis of the embryo. Next the majority of the pair-rule genes are
expressed in a periodic pattern, in parts of every other segment, establishing
smaller regions of division. The segment polarity genes subsequently divide the
embryo into finer divisions and are expressed in parts of every segment.
Expression of specific homeotic genes provides different segmental regions with

unique identities.
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(Mlodzik and Gehring, 1987; Macdonald and Struhl, 1988; Dubnau and Struhl,

1996); reviewed in (Cooperstock and Lipshitz, 1997; Bashirullah et al., 1998). As
a result, gradients of maternal protein are produced that act as morphogens
along the anterior-posterior, and dorsal-ventral axes of the embryo. Zygotic
transcription begins by about two hours of development (early syncytial
blastoderm stage). By the cellular blastoderm stage, just one hour later, the
identity of most cells in the ectoderm, with regards to the anterior-posterior and
dorsal-ventral axes has been established (reviewed in St Johnston and Nusslein-

Volhard, 1992)).

1.3.2 Zygotically active segmentation genes establish the body plan

The transition from maternal to zygotic transcriptional control occurs at
about 2.5 hours of development (Edgar and O'Farrell, 1989). The gap genes are
the first set of genes to be activated zygotically by the maternal, anterior-
posterior coordinate genes that act in a concentration-dependent manner. Gap
genes encode transcription factors that act to define large blocks of cells along
the anterior-posterior axis of the embryo (Fig. 1.4). Mutations in gap gene
products result in defects in contiguous sets of segments in the larval cuticle.
Combinatorial activities of gap genes control the activation of the next class in
the gene hierarchy, the pair-rule genes.

Pair-rule genes are transcriptionally activated about thirty minutes after
activation of the gap genes (Edgar and O'Farrell, 1989). Pair-rule gene products,

again mainly transcription factors, further divide the embryo into repeated
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domains, and thus are the first genes to be expressed in a repeated periodic

pattern. Each pair-rule gene is initially expressed in a pattern of seven repetitive
stripes (Nusslein-Volhard and Wieschaus, 1980); Fig. 1.4). Mutations in pair-rule
genes result in defects within alternating segments. The pair-rule genes, often
acting in combination, are required for the reguiation of the segment-polarity
genes.

Segment-polarity genes define sub-domains within each segment
(Nusslein-Voihard and Wieschaus, 1980). Acting at the bottom of the
segmentation hierarchy, segment-polarity genes, as the name implies, are
thought to be involved in establishing the fate of cell types (e.g. determination of
polarity and naked cell fate versus production of denticie hairs) within each
segment (Martinez Arias et al., 1988). Mutations of segment-polarity gene
products result in defects within each segment of the developing embryo.

Many segmentation genes (including the gap genes and pair-rule genes)
are required to activate the homeotic selector genes (Duncan, 1986; Ingham and
Martinez-Arias, 1986; Martinez Arias et al., 1988; Irish et al., 1989; Tremml| and
Bienz, 1989). Homeotic genes are activated after the embryo has been divided
into repeating units (Lewis, 1978; Struhl, 1982). It is the activity of the homeotic
selector genes that uitimately provides each segmental unit of the embryo with a
unique identity (Lewis, 1978; Struhl, 1982; Akam, 1987). The majority of
homeotic genes are organized into two complexes called the Antennapedia
complex (contains genes /abial, postbithorax, Deformed, Sex combs reduced and

Antennapedia) and the bithorax complex (contains genes Ultrabithorax,
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abdominal-A, and Abdominal-B) that are expressed co-linearly with the order of

genes along the chromosomes (Duncan, 1986; Morata, 1993; Lawrence and
Morata, 1994; Simon, 1995; Duncan, 1996). As with most other segmentation
genes, homeotic genes encode transcription factors that regulate the expression
of other genes (reviewed in McGinnis and Krumiauf, 1992)). Thus, segmentation
is controlled by an elaborate hierarchy of gene products, the majority of which
are transcription factors, which act to successively subdivide a homogenous

syncytium into repeating metameres, each with its own unique identity.

1.4 How are parasegments established?

Two pair-rule genes even-skipped (eve) and fushi-tarazu (ftz) are
expressed in patterns that correlate with alternate parasegmental compartments
(Hafen et al., 1984, Carroll and Scott, 1985; Macdonald et al., 1986). ftzis
expressed in the even-numbered parasegments and eve is expressed in the odd-
numbered parasegments. The expression of ftzand eve then resolves
(explained further below) such that there are high levels of expression within cells
at the anterior edge of each parasegment, with low levels in the posterior cells.
This results in a pattern with sharp anterior boundaries of ffzand eve expression.
It was suggested that both the high levels and sharp anterior boundaries of ftz
and eve expression are required to define the alternating parasegmental
boundaries (Lawrence et al., 1987; Lawrence and Johnston, 1989). Thus, in this
model, it is the boundary between ftz expressing and ftz non-expressing cells

and the eve expressing and eve non-expressing cells that will delimit the
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parasegmental boundaries. ftzand eve expression is also coincident with the

expression of other genes within a parasegment, such as the homeaotic genes
(Lawrence et al., 1987; Lawrence and Johnston, 1989). It was proposed that ftz
and eve expression are required to delimit the parasegmental boundaries.

1.4.1 The expression pattern of eve

The importance of the role of eve in segmentation is exemplified by the
fact that in strong eve mutants, embryos lack all segmental divisions and the
larval cuticle is a non-segmented surface, completely covered in denticles
(Nusslein-Volhard et al., 1985). However, eve hypomorphic alleles (expression
levels are lower than wild type) produce larval cuticles in which alternate
segments (the even-numbered abdominal segments) are deleted (Nusslein-
Volhard et al., 1985). Thus, eve is primarily required to establish the odd-
numbered parasegment primordia, but also plays a role in the establishment of
all parasegmental boundaries (Macdonald et al., 1986; Manoukian and Krause,
1992; Fujioka et al., 1995). This is unlike any other pair-rule gene.

Early experiments show that initial eve transcript activation prior to
cellularization appears to be in a concentration gradient with high levels at the
anterior end of the embryo and lower levels posteriorly (Macdonald et al., 1986).
This gradient is maintained until just subsequent to the 13" nuclear division, and
then resolves into seven transverse stripes (Macdonald et al., 1986). The first
eve stripe is located over the cephalic furrow (Macdonaid et al., 1986).

At cellularization, each stripe of eve expression is four cells wide (with a

four cell gap), and then further narrows to approximately three cells wide,
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separated by five cell-wide gaps (reviewed in Harding et al., 1986). After

gastrulation, eve stripes narrow to one to two cells in width and a second set of
weak stripes (the minor stripes) appear in between, resulting in a pattern of
fourteen evenly spaced stripes. These fourteen eve stripes are present for only a
short period following gastrulation (Macdonald et al., 1986). The minor eve
stripes are only one to two cells in width and are located at the anterior edge of
the even-numbered (ftz-dependent) parasegments. The minor eve stripes
appear at about the same time and in the same cells as the initial activation of en
in the ftzdomain (DiNardo et al., 1985; Komberg et al., 1985; Macdonald et al.,
1986, Frasch and Levine, 1987).

eve protein is also expressed in a broad pattern across the trunk region of
the early embryo, which initially suggested that to obtain a pattern of seven
stripes, selective repression of the interstripe regions must occur (Frasch and
Levine, 1987). The boundaries of protein expression are refined as
cellularization occurs. it was later determined that discrete portions of the eve
promoter could activate different subsets of eve stripes, suggesting that this was
important in the specification of boundaries (discussed further below; Howard
and Ingham, 1986; Goto et al., 1989; Harding et al., 1989; Howard and Struhl,
1990; Small et al., 1992; Small et al., 1996; Fujioka et al., 1999).

eve expression within the germband is gradually lost during germband
elongation and by 5 hours of development is completely undetectable
(Macdonald et al., 1986). eve function is required for proper extension of the

germband (lrvine and Wieschaus, 1994). eve is again detected in certain subsets
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of cells within the developing ventral nerve cord between 7 and 10 hours of

development (Carroll and Scott, 1985; Macdonald et al., 1986). For example,
eve is required to determine the identity of specific neurons including the RP2
and a/pCC neurons (Doe et al., 1988). Additionally, eve is thought to be required
for proper development of the hindgut (Gorfinkiel et al., 1999).
1.4.2 Regulation of eve expression

Analysis of the eve promoter region has identified several cis-regulatory
enhancer elements. Separable portions of the eve promoter are able to activate
discrete eve stripes. Individual elements were identified for the early stripes 2
and 3 and a single element for ali 7 of the late (minor) stripes (Goto et al., 1989;
Harding et al., 1989; Small et al., 1992; Smail et al., 1996). Additionally, early
stripe 7 expression can be driven by a region including either the stripe 2 or
stripe 3 elements (Small et al., 1996). Gap genes control the early stripes of eve
expression directly. For example, stripe 2 activation requires both the maternal
gene bicoid (becd) and the gap gene hunchback (hb) for activation while the
anterior and posterior borders of eve are established by the repressive activities
of the gap genes giant and Kruppel, respectively (Stanojevic et al., 1989; Small
etal., 1991; Small et al., 1992; Wu et al., 1998). Stripes 3 and 7 are activated by
ubiquitously distributed factors of the JAK-Stat pathway (Small et al., 1996). The
JAK- tyrosine kinase Hopscotch acts through the STAT protein Marelle to
activate the stripes (Binari and Perrimon, 1994; Small et al., 1996; Yan et al.,
1996). The borders of stripe 3 and 7 are defined by the repressive activities of

Knirps and hb (Stanojevic et al., 1989; Small et al., 1996). hb protein is



responsible for establishing the anterior border of stripe 3 and the posterior
border of stripe 7 whereas Knirps expression defines the posterior border of
stripe 3 and the anterior border of stripe 7 (Small et al., 1996). eve stripes 1 and
5, and stripes 4 and 6 are controlled by two separate elements (Fujioka et al.,
1999). The boundaries of stripe 5 are controlled by the expression of Kruppe/
and giant (Fujioka et al., 1999). The anterior border of stripe 4 and the posterior
border of stripe 6 are controlled by hb, while the intervening boundaries are
established by the repressive activity of knirps (Fujioka et al., 1999). Once
activated by gap genes the expression of eve may be refined by the activity of
other pair-rule genes such as runt (run) and odd-skipped (odd,) which have been
demonstrated to act as repressors of eve expression (Fig. 1.5B; Manoukian and
Krause, 1992; Saulier-Le Drean et al., 1998).

The expression of the later minor eve stripes is controlled by a single
upstream element (the late element), which is regulated by paired (prd), run and
early eve expression (Goto et al., 1989; Harding et al., 1989; Fujioka et al., 1995;
Fujioka et al., 1996a; Fujioka et al., 1996b). It has been proposed that the early
broad stripes of eve act in a concentration-dependent manner to repress the
normal activator prd as well as repressors of the late stripes (run and odd, Fig.
1.5B). These late eve stripe repressors are affected by lower levels of eve, and
thus generate a narrow zone at the edge of each early eve stripe where a late

eve stripe can then be activated (Fujioka et al., 1995). The presence of high
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Figure 1.5: Schematic diagram of the inter-regulation between ftz and eve and

regulation by other pair-rule genes (A) prior to cellularization (stage 5) and (B) at
the beginning of gastrulation (stage 6). Some of the interactions have been
determined directly by kinetic experiments and others are inferred by genetic
interactions. A blunt ended line (in red) indicates a gene that represses another

gene. A solid line arrow (in green) indicates a gene that activates another.
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affinity EVE binding sites within the eve promoter suggests that eve may be able

to autoregulate its own expression (Hoey and Levine, 1288; Jiang et al., 1991).
However, kinetic experiments show that eve autoregulation may be indirect and
occur via inactivation of an eve repressor (Manoukian and Krause, 1992). The
runt and odd genes may play a role in eve repression since the runt and odd
gene products can function as direct repressors of eve activation (Fig. 1.5B;
Manoukian and Krause, 1992; Saulier-Le Drean et al., 1998). In this context,
kinetic experiments refer to those in which a brief pulse of gene expression
(using a heat shock promoter) is induced and the time required for target genes
to respond is measured. If responses occur within approximately 18 minutes of
the heat shock it is indicative of a direct interaction between the genes
(Manoukian and Krause, 1992; Saulier-Le Drean et al., 1998; Nasiadka and
Krause, 1999). A longer interval between heat shock and response would
indicate an indirect interaction between the genes.

It was initially suggested that eve is somehow required for the
maintenance of the fiz expression pattern, but not for initiation or resolution
(Carroll and Scott, 1986; Harding et al., 1986). However, based on subsequent
kinetic and genetic experiments, it appears that eve also plays a role in the
initiation of ftz expression (Manoukian and Krause, 1992; Fujioka et al., 1995).
Prior to cellularization, eve can activate ftztranscription (Fig. 1.58; Manoukian
and Krause, 1992) and it is the early wide stripes of eve that are most important

for ftz activation and function (Fujioka et al., 1995).
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1.4.3 The expression pattern of ftz

Embryos homozygous for ftz die late in embryogenesis and form cuticles
in which only half of the normal number of segments are present (Wakimoto and
Kaufman, 1981; Wakimoto et al., 1984). The resulting mutant cuticles are
described as containing abnormally wide segments with only one set of denticle
bands, which are most similar to that of the most anterior segments, as opposed
to a fusion of the two denticle bands (Hafen et al., 1984; Wakimoto et al., 1984;
Weiner et al., 1984).

Transcription of fizbegins at approximately 2 hours after fertilization,
during the syncytial blastoderm stage (nuclear cycle 12), in two broad bands
within the trunk region that correspond to the regions of the future stripes 1 and 5
(Yu and Pick, 1995). On top of this broad pattern, individual stripes of ftz
transcript appear. ftz stripes do not arise in a {linear fashion (anterior to
posterior), and they also appear to form initially ventrally and then spread
dorsally to circumvent the embryo (Krause et al., 1988; Yu and Pick, 1995). As
the process of cellularization begins (stage 5; marked by the invagination of
nuclear membranes) transcript levels of future stripes 1 and 2 appear as a single
band that then separate (Yu and Pick, 1995). Future stripe 5 and 3 also appear
individually at this point, with future stripes 6 and 7 appearing as a broad band
that subsequently separates. Stripe 4 is the last to appear (Yu and Pick, 1995).
At the same time the expression of transcript in the inter-stripe regions fade to
undetectable leveis (Yu and Pick, 1995). By the completion of celiularization (at

3 hours; stage 6) ftztranscript levels are at their highest level, and each stripe is



37
3 to 4 cells wide, the approximate width of a parasegment (Carroll and Scott,

1985; Yu and Pick, 1995). Expression of ftz transcript coincides with even-
numbered parasegments. During gastrulation (stages 6-7) the anterior edge of
each ftz stripe increases in intensity while the width narrows to 1 to 2 cells (Yu
and Pick, 1995). By the end of germ band extension (stage 8), expression of all
ftz transcripts is lost (Yu and Pick, 1995).

ftz protein is initially present within the embryo between 3 and 5 hours
(stages 5-10) of development (Carroll and Scott, 1985; Krause et al., 1988). The
order and appearance of f{z protein stripes is the same as that of the ftz
transcript (Krause et al., 1988; Karr and Kornberg, 1989; Yu and Pick, 1995).
Loss of transcript in the inter-stripe regions may be due to the short half-life of ftz
transcripts and protein (six to seven minutes) with continued synthesis of ftz
transcripts in the stripe regions only (Edgar et al., 1986a; Edgar et al., 1987).
Instability elements in the fiz transcript have been mapped to a 201-nucleotide
element within the 3’ untranslated region (f{z instability element), and a second
element in the 5’ third of the coding region (Riedl and Jacobs-Lorena, 1996).
Although instability elements have not been functionally mapped in the ftz
protein, there are PEST (P=proline, E=lysine, S=serine, T=threonine) regions,
which are characteristically found in many proteins that are degraded rapidly
(Krause et al., 1988). As ftz acts in combination with other pair-rule genes, rapid
degradation of transcript and protein in the inter-stripe regions may be important
for ensuring that the protein is restricted to only certain cells at particular

developmental stages (Edgar et al., 1986b; Edgar et al., 1987). The importance
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of the “on” and “off”’ states of ftz expression is substantiated by two ftzmissense

mutations ftz’“" and ftZ°" which produce a more stable protein product, relative
to wild type resulting in anti-ffz segmentation defects (retain segments normally
lost in ftzmutant) and homeotic transformations (Kellerman et al., 1990).
Additionally, by placing the ftz transcript under control of the hsp70 promoter,
transcript is expressed throughout the embryo and again an “anti-fiZ" phenotype
is produced (Struhl, 1985).

Similar to eve, ftz protein is expressed once again at later stages in a
subset of nuclei in each segment of the developing central nervous system (6 to
10 hrs AEL) as well as in the hindgut (12-14 hrs AEL; Carroll and Scott, 1985;
Doe et al., 1988; Krause et al., 1988). ftzis required to determine neural identity
in some of the cells in which it is expressed (Doe et al., 1988). For example, ftz
is required for differentiation of the neurons referred to as RP2 neurons (Doe et
al., 1988). The requirement of ftz within the hindgut is unknown at this point
(Krause et al., 1988).

It was initially suggested that FTZ had no effect on eve expression (Carroll
and Scott, 1986; Howard and Ingham, 1986; Ingham et al., 1988; Pankratz and
Jackle, 1990). However, more recent genetic analysis suggests that eve might in
fact be a target of FTZ (Kellerman et ai., 1990; Klingler and Gergen, 1993).
Another study uses Kinetic analysis to show that FTZ does not directly regulate
eve (Nasiadka and Krause, 1999). Thus, FTZ likely has no direct effect on eve

expression. Rather, FTZ may indirectly affect eve by activating odd early (prior
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to cellularization), leading to the repression of eve (Saulier-Le Drean et al., 1998;

Nasiadka and Krause, 1999).

1.4.4 Regulation of ftz expression

The 6.1 kb upstream promoter region of the ftzgene contains three
functional regions, the upstream enhancer, the zebra element, and the
neurogenic element, that are required for the various expression patterns
observed. ftztranscription requires cooperative activity between the zebra and
upstream elements (Hiromi et al., 1985). Sequences within the upstream
enhancer are required for ftz autoregulation as well as interaction with various
gap gene proteins, which act as activators and repressors (Hiromi et al., 1985;
Hiromi and Gehring, 1987). The neurogenic element is required for the late
stage neuronal expression of fiz (Hiromi et al., 1985). The zebra element is
composed of a mixture of activator and repressor binding sites that in
combination are primarily responsible for the 7-stripe expression pattern of ftz
(Dearolf et al., 1989a; Dearolf et al., 1989b).

Aithough the exact combination of genes that regulate ftz expression is
unknown, several pair-rule, gap, and maternal genes are known to affect ftz
expression. These genes include Kruppel, knirps, hunchback (hb), giant, caudal,
hairy (h), run, odd, and eve (Carroll and Scott, 1986; DiNardo and O'Farrell,
1987; Carroll and Vavra, 1989; Dearolf et al., 1989a; Saulier-Le Drean et al.,
1998). For example, expression of the maternal gene caudal is required for

proper ftz expression in the posterior end of the embryo. In the absence of
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caudal, expression of ftz stripes 5, 6, and 7 are greatly reduced or absent

(Macdonald and Struhl, 1986). The ftz promoter contains binding sites (fDE1; 32
base pairs in length) for h protein and H acts as a repressor of ftz transcription
(Hooper et al., 1989; Tsai and Gergen, 1995). Products of several gap genes
such as Kruppel, knirps and hb regulate expression of h and therefore these gap
genes may act indirectly on ftzthrough A (Carroli et al., 1988b).

In general, h transcripts are initially expressed throughout the syncytial
blastoderm (Ingham et al., 1985). Transcripts are then localized into a periodic
pattern in a pattern that partially overlaps ftz transcripts (Ingham et al., 1985). A
is predominantly expressed in the odd-numbered parasegments and overlaps the
anterior parasegment boundaries by one cell (Fig. 1.5B). In A mutant embryos
the expression of ftzis greatly expanded (Carroll and Scott, 1985; Howard and
Ingham, 1986), and ectopic expression of h completely eliminates ftz expression
(Carroll and Scott, 1986; Howard and Ingham, 1986; Ish-Horowicz and Pinchin,
1987; Parkhurst and Ish-Horowicz, 1991).

The expression of another pair-rule gene, run, also affects ftz expression.
Initially, run is expressed in seven stripes that overlap odd-numbered
parasegments by one cell and the anterior half of the even-numbered
parasegments (Kania et al., 1990). The expression of run is comptementary to
that of hA. In run mutants, ftz stripes initiate but then decay rapidly. Thus, run
may be acting as an activator of ftztranscription (Ingham and Gergen, 1988).
This suggests that run may be acting on ftz indirectly through its ability to repress

h. The effects of run on ftz have been shown to act primarily through the same
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binding element (fDE1), as does h protein (Tsai and Gergen, 1995). Prior to

cellularization run is able to activate ftz expression most likely indirectly through
the repression of eve (Fig. 1.5A; Manoukian and Krause, 1993).

In an eve mutant, fiz expression is initiated in an essentially wild type
pattern, but by gastrulation (3 hours AEL) expression of ftzis lost (Harding et al.,
1986). Prior to the completion of cellularization, eve directly activates both ftz
and run expression (Fig. 1.5A; Manoukian and Krause, 1992). However, during
gastrulation intermediate levels of eve now directly repress the expression of ftz
and run (Fig. 1.5B; Manoukian and Krause, 1992). Thus, the expression of the
pair-rule genes h and run are predominantly required for the refinement of fiz
expression, but not for direct initiation as expression of fizin any of these
mutants is lost only after cellularization (Yu and Pick, 1995). Additionally, the
expression of eve also plays a role in the refinement of fiz stripes, but it is not
essential.

Using kinetic experiments it has alsc been demonstrated that ftzand odd
proteins are able to directly activate one another’s expression prior to the end of
cellularization. This may be important for the initiation of ftz expression (Fig.
1.5A; Saulier-Le Drean et al., 1998; Nasiadka and Krause, 1999). During
gastrulation, odd switches activities from an activator to a repressor of ftz
expression. This results in further refinement of the ftz stripes within the even-

numbered parasegments (Fig. 1.5B; Saulier-Le Drean et al., 1998).

1.4.5 FTZ and EVE establish where parasegmental boundaries are positioned
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Within the early embryo, the positions of parasegmental boundaries are

colinear with the anterior boundaries of ftzand eve expression (Lawrence et al.,
1987; Lawrence and Johnston, 1989). ftzand eve are both expressed during the
syncytial blastoderm stage in alternating broad stripes that have the appearance
of bell-shaped gradients (Frasch and Levine, 1987; Ingham and Martinez Arias,
1992; Fig. 1.6A). ftzand eve are expressed in alternating parasegments, such
that eve expression establishes the odd-numbered parasegments, while ftz
expression establishes the even-numbered parasegments (Fig. 1.6; Lawrence et
al., 1987; Lawrence and Johnston, 1989). The expression patterns of ftz and eve
are complementary and at this stage there is overlap at the edges of each
expression domain. Where the two expression domains overlap correspond to
the positions where parasegmental boundaries will later be formed (Fig. 1.6A).
By gastrulation the stripes of ftz and eve have narrowed to sharp stripes, of two
to three cells in width, which have very distinct anterior boundaries and less
distinct posterior boundaries (Fig. 1.6B; Hafen et al., 1984, Carroll and Scott,
1985; Macdonald et al., 1986). The boundaries of the parasegments correspond
to the anterior stripe boundaries of ftzand eve expression (Lawrence et al., 1987;
Lawrence and Johnston, 1989). This prompted the theory that it is these sharp
anterior stripe boundaries and the high levels of fiz and eve expression that
determine where and when parasegment borders are established.

ftz and eve are transcription factors that activate parasegment-specific

genes, including numerous segment-polarity and homeotic genes
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Figure 1.6: eve and ftzare expressed in alternating parasegments. eve

expression establishes the odd-numbered parasegments and ftz establishes the
even-numbered parasegments. The vertical dashed lines mark the
parasegmental boundaries. A) In the syncytial blastoderm ftzand eve are
expressed in bell-shaped gradients. ftzand eve are expressed in
complementary patterns with overlap at the edges of each expression pattern.
B) By gastrulation, cells have been formed and the expression of ftzand eve has
been refined. ftzand eve are now expressed most highly in the anterior-most
cells of each parasegment, while the expression in the more posterior cells is
gradually lost. Resolution of fizand eve out of the posterior-most cells allows
expression of the segment-polarity gene wingless (wg). Retention of fizand eve
expression in the anterior-most cells allows activation of the segment-polarity

gene engrailed (en).
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(Ingham and Martinez-Arias, 1986; Lawrence et al., 1987; Carroll et al., 1988a;

Ingham et al., 1988; Irish et al., 1989; Peifer and Bejsovec, 1992). Expression of
the segment polarity gene engrailed (en) in the anterior cell of each parasegment
(Fig. 1.6B) is dependent upon the expression of ftzand eve as well as other pair-
rule genes such as odd and prd (Carroll and Scott, 1986; Harding et al., 1986;
Howard and Ingham, 1986; Macdonald et al., 1986; Lawrence et al., 1987;
Carroll et al., 1988a; Ingham et al., 1988). Within thirty minutes of establishment
of the periodic pattern of ftzand eve during celiularization, en protein is
detectable (DiNardo et al., 1985; Fjose et al., 1985; Kornberg et al., 1985). The
en protein (EN) is later required to establish the posterior sub-compartment of
each parasegment (Morata and Lawrence, 1975; Kornberg et al., 1985). ENis a
homeodomain-containing protein that is required to activate the expression of
hedgehog (hh) in en-expressing cells (Heemskerk and DiNardo, 1994). hh
encodes a secreted signaling molecule (morphogen) which is a novel, self-
processing cholesterol anchored protein that mediates many patterning
processes in vertebrates and invertebrates (Hammerschmidt et al., 1997).

A second segment polarity gene, wingless (wg) is expressed in the most
posterior cells of each parasegment (Fig. 1.6B), partly as a result of negative
regulation by fizand eve (Baker, 1987; Ingham et al., 1988). wg encodes a
signaling molecule and is a member of the large family of WNT proteins
(Rijsewijk et al., 1987). WG acts as a morphogen and is required embryonically
to establish cell fate and polarity within the parasegment (Cabrera et al., 1987;

DiNardo et al., 1988; Martinez Arias et al., 1988; Bejsovec and Martinez Arias,
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1991; Ingham and Martinez Arias, 1992; Noordermeer et al., 1992; Peifer and

Bejsovec, 1992; Vincent and O'Farrell, 1992; Struhl and Basler, 1993; Zecca et
al., 1996).

wg and en/hh expressing cells are juxtaposed on either side of the
parasegmental boundary (Fig. 1.6B) and as such provide markers for boundary
position. It has been shown that between 4 and 5.5 hours of development,
reciprocal signaling between the wg and en/hh expressing cells is required for
stabilization of their expression and thus consolidation and maintenance of the
parasegmental borders (DiNardo et al., 1988; Martinez Arias et al., 1988; Poole
and Kornberg, 1988; Bejsovec and Martinez Arias, 1991; Heemskerk et al., 1991;
Lee et al., 1992; Vincent and O'Farrell, 1992; Ingham, 1993). Through the
remainder of embryogenesis, wg and en/hh expression become independent of
one another and each gene acts to determine specific cell fates within the
parasegment (Dougan and DiNardo, 1992; Bejsovec and Wieschaus, 1993;
Gritzan et al., 1999).

Initial expression of the homeotic genes, which provide each parasegment
with a unique identity, is also coincident with parasegmental boundaries
(Duncan, 1986; Ingham and Martinez-Arias, 1986; Carroll et al., 1988a; Muller
and Bienz, 1992). Gap genes provide region specific pattern, while pair-rule
genes provide parasegment specific pattern. For example, fiz protein is a direct
transcriptional activator of the homeotic gene Ultrabithorax (Ubx) in parasegment
6, the main domain of Ubx function (Muller and Bienz, 1992). Within the Ubx

promoter there are ftz DNA binding sites that are adjacent to or overlap with hb
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binding sites. HB, a gap protein, is a repressor of Ubx activity. It is proposed

that competition between FTZ and HB for these binding sites, or overcoming the
repressive effects of HB are the likely mechanisms that results in the formation of
the sharp anterior boundary of Ubx expression in parasegment 6 (Muller and
Bienz, 1992).

The expression of Ubx is also coincident with parasegment borders as
defined by expression of ftz-lacZ in parasegment 6 and eve-lacZ in parasegment
5 (Lawrence, 1988). ftzis also required for the activation of other homeotic
genes in the Antennapedia and bithorax complexes (such as Sex combs reduced
and Antennapedia) in the proper pattern and parasegment (Ingham and
Martinez-Arias, 1986). Thus, ftzand eve expression not only determine where
parasegmental boundaries are formed, but also activate gene whose products
are required to maintain parasegmental boundaries. Through the subsequent
activation of specific homeotic genes, ftzand eve also provide parasegments

with their specific identities.

1.4.6 Previously proposed mechanisms for how ftz and eve establish en and wg
expression

It was suggested initially that a gradient of FTZ or EVE, within a stripe,
highest at the anterior and lower at the posterior, might be interpreted directly by
en (Ingham et al., 1988; Lawrence and Johnston, 1989). In this model, the peak
in expression at the anterior edge, means that en would be activated above a

certain threshold of eve or ftz expression (Ingham et al., 1988; Lawrence and
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Johnston, 1989). Recent evidence suggests that, at least for ftz, this does not

occur as the ftz stripe is not a gradient. Rather, each cell contains similar
amounts of FTZ except at the posterior edge of the stripe where expression is
dropping off (Krause et al., 1988; Lawrence and Pick, 1998). |t was also
demonstrated that ftz expression could be lowered by EVE and en expression
would still initiate in the correct cells (Manoukian and Krause, 1992).
Additionally, when the number of copies of the ftz gene are artificially increased
from one to four, antibody staining shows an overall increase in the amount of
FTZ within all cells in the stripe. If a threshold effect were occurring, en
activation should now occur earlier and in broader stripes (Lawrence and Pick,
1998). This was not observed, suggesting that, after cellularization, FTZ activity
does not depend on its expression being in a gradient. However, there is
evidence that eve may function by a different mechanism to activate en and that
there does appear to be a gradient of EVE within each stripe (Frasch et al., 1988;
Warrior and Levine, 1990).

In an alternative model, EVE activates en indirectly within the ftz-
dependent parasegment, perhaps through direct repression of odd (Fig. 1.7;
Manoukian and Krause, 1992). EVE represses both fizand odd directly,
however odd is more sensitive to lower levels of EVE than ftz. odd and ftz
expression are completely overlapping at the anterior edge at syncytial
blastoderm, but odd expression disappears from the anterior cells of the even-
numbered parasegment during gastrulation (Manoukian and Krause, 1992;

Fujioka et al., 1995); Fig. 1.7). This loss of odd expression begins in the stripes
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Figure 1.7: A schematic of the expression patterns of several pair-rule
genes at gastrulation that are involved in the regulation of the segment-polarity
genes en and wg. Two parasegments are illustrated; a eve —dependent odd-
numbered parasegment and a fiz-dependent even-numbered parasegment.
Some of the interactions have been determined directly by kinetic experiments
and others are inferred by genetic interactions. A blunt ended line (in red)
indicates a gene that represses another gene. A solid line (in green) arrow

indicates a gene that activates another.
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at the anterior of the embryo just before the en stripes appear. In eve null

embryos, the expression of ftzand odd remain completely overlapping and en
fails to be activated (DiNardo and O'Farrell, 1987). In embryos null for both eve
and odd, expression of en re-appears within the ftz-dependent parasegments
(DiNardo and O'Farrell, 1987). Although en expression is not quite the same as
wild type (en stripes are wider and not equivalently spaced), the reappearance of
en expression suggests that eve and odd play a role in the establishment of the
correct width and placement of the even-numbered (ftz-dependent) en stripes
(DiNardo and O'Farrell, 1987). FTZ is able to directly activate en expression,
most likely once odd is repressed by EVE (Nasiadka and Krause, 1999).
Additionally during gastrulation, eve is expressed weakly in the ftz-dependent
parasegments (Harding et al., 1986; Macdonald et al., 1986). It is proposed that
this low level of EVE in the ftz-dependent parasegment is also sufficient to
repress odd but not ftz (Fig. 1.7; Manoukian and Krause, 1992). However, there
are some inconsistencies with this hypothesis. The repression of some odd
stripes occurs at cellular blastoderm, which is prior to when the late minor eve
stripes appear (Fujioka et al., 1995). Thus, Fujioka et al., conclude that the minor
eve stripes are not required for eve reguiation in the fizdomain (Fujioka et al.,
1995). They suggest that the posterior trailing edges of the early eve stripes in
the eve-dependent parasegments are sufficient for mediating the effects on ftz
and odd (Fujioka et al., 1995). However, other studies suggest that the late
minor eve stripes are also likely to contribute to the level of expression and

maintenance of the odd-numbered en stripes (Manoukian and Krause, 1992). It
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appears that eve will interact with different combinations of pair-rule genes as
well as in a concentration dependent manner (Manoukian and Krause, 1992;
Fujioka et al., 1995). Thus, EVE activates the even-numbered (ftz-dependent)
en stripes indirectly by repressing odd.

The odd-numbered en stripes are most likely activated by a combination
of eve and another pair-rule gene, prd (Fig 1.7). These en stripes initiate at the
posterior edges of the early prd stripes where they overlap with the anterior
edges of the early eve stripes (Scott and O'Farrell, 1986; DiNardo and O'Farrell,
1987; Ingham et al., 1988). prdis initially expressed in seven stripes that overlap
the even-numbered parasegments (Kilchherr et al., 1986; Ingham et al., 1988;
Baumgartner and Noll, 1990). The broad stripes lose expression in the middle of
each parasegment resulting in fourteen stripes that overlap each parasegment
boundary (Frigerio et al., 1986; Kilchherr et al., 1986; Ingham et al., 1988;
Baumgartner and Noll, 1990). These stripes of en are missing in either eve or
prd mutants (DiNardo and O'Farrell, 1987; Ingham et al., 1988). Conversely,
ectopic expression of prd results in the posterior expansion of odd-numbered en
stripes (Morrissey et al., 1991). Thus, initial activation of odd-numbered en
stripes requires both eve and prd.

Restriction of the anterior boundaries of these en stripes in the odd-
numbered parasegment may be controlled, in par, by the late expression of run.
Initially, run expression in seven stripes overlaps the posterior halif of each eve
stripe and the anterior half of each ftz stripe (Fig. 1.7; Kania et al., 1990). By

gastrulation run expression is expressed in 14 stripes in the posterior portion of
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each parasegment (Manoukian and Krause, 1992). RUN can directly repress

odd-numbered en stripes (Fig. 1.7; Manoukian and Krause, 1992). In turn, run is
repressed by lower concentrations of EVE than is prd which allows the activation
of en in cells that express prd but not run (Fig. 1.7). en stripes are of normal size
but have slightly altered spacing in run mutants. The odd-numbered (eve-
dependent) en stripes are expanded, but are then subsequently repressed in the
middle thus producing fourteen stripes (Manoukian and Krause, 1992). The
even-numbered (ftz-dependent) en stripes are lost (Manoukian and Krause,
1992). Thus, it has been suggested that the even-numbered en stripes in run
mutants are ectopic en stripes activated by eve and not by ftz (Manoukian and
Krause, 1992).

Other genes that may be acting on the en stripes are the products of the
genes sloppy-paired (sip) and odd (Fig. 1.7; Fujioka et al., 1995; Saulier-Le
Drean et al., 1998). sipis also repressed by EVE in a concentration-dependent
manner. sip is repressed at lower concentrations of EVE than is prd and thus
may act in a similar manner to run on en expression, in that SLP may be
repressing the anterior boundary of the en stripes. Like RUN, ectopic SLP
abolishes all en expression (Cadigan et al., 1994). ODD stripes in even-
numbered parasegments, as well as the later arising ODD stripes in the odd-
numbered parasegments, repress the expression of en both directly and
indirectly (Fig. 1.7; Saulier-Le Drean et al., 1998). ODD acts indirectly on en by
repressing the en activators ftz, prd, eve and sip (Fig. 1.7; Saulier-Le Drean et

al., 1998). ODD also directly represses en expression (Saulier-Le Drean et al.,
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1998). This repression of enis removed when EVE directly represses odd, thus

allowing the activation of en by FTZ or PRD.

FTZ and EVE repress the activity of wg, such that wg is only expressed in
a single row of cells at the posterior edge of each parasegment after FTZ and
EVE have resolved out of these cells (Ingham et al., 1988; Fig. 1.6B and Fig.
1.7). In ftzor eve mutants wg is activated ectopically, in effect filling in the
regions between stripes where ftz or eve are missing (Ingham et al., 1988).

In the absence of prd, or odd-paired (opa; expressed ubiquitously in the
embryo) wg expression is lost in alternating segments (Fig. 1.7; Ingham et al.,
1988). Thus, prd and opa may be required to activate the expression of wg in
the cells that first lose ftzand eve expression. The activity of slp is also required
for the activation of wg expression in all parasegments (Cadigan et al., 1994).
Ectopic expression of s/p results in a nearly ubiquitous expression of wg
(Cadigan et al., 1994). The expression of wg is repressed directly by odd in all
parasegments (Saulier-Le Drean et al., 1998). odd also represses the
expression of prd and sip, which normally activate wg (Fig. 1.7; Saulier-Le Drean
et al., 1998). This is consistent with the fact that in odd mutant embryos, wg
stripes are expanded (Mullen and DiNardo, 1995).

In summary, the correct expression of en within the anterior most cell of
each parasegment and wg in the most posterior cell are dependent upon ftz and
eve as well as the combinatorial activities of several other pair-rule genes. Inter-
regulation between eve, run, odd and sip denote the anterior and posterior

boundaries of en stripes, while ftz, eve, and prd are involved in activation. Inter-
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regulation between odd and sip restricts the widening of wg stripes when the
stripes of fizand eve narrow, while prd and opa may also be involved in wg

activation.

1.5 What happens when compartment size is altered during
embryogenesis?

An interesting property of compartments is that they appear capable of
sensing and modulating their size in response to improper specification. In
Drosophila embryos, an experiment that addressed the effects of changing
parasegment compartment size used genetic manipulation of the maternal gene
bicoid (bcd). bcd establishes the primary anterior-posterior patterning and acts in
a concentration-dependent manner (Frohnhofer and Nusslein-Volhard, 1986;
Nusslein-Volhard et al., 1987; Berleth et al., 1988; Driever and Nusslein-Volhard,
1988a). When the number of copies of the bed gene are increased or
decreased, corresponding shifts in the anterior-posterior fate map occur. For
example, an anterior morphological marker, the cephalic furrow, is normally
located at 65% egg length just behind the region that forms the head. When one
copy of the bcd gene is removed, the cephalic furrow shifts anteriorly by 16%
(Driever and Nusslein-Volhard, 1988a). Conversely, increasing the number of
copies of the gene to three or four shifts the cephalic furrow posteriorly by 6%
and 9%, respectively (Driever and Nusslein-Volhard, 1988a). Because of the
increase in size of the anterior parasegments, some of the posterior

compartment sizes are correspondingly reduced. This was shown by observing
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the expression of eve (Driever and Nusslein-Volhard, 1988a). Thus, a link was

established between the number of copies of the bcd gene, changes in the size
of the expression domains of various segmentation genes, and changes in
parasegment size (Struhl, 1989; Cohen and Jurgens, 1990; Eldon and Pirrotta,
1991; Kraut and Levine, 1991). Nevertheless, despite these early changes in
parasegment size, wild type larvae and aduits were obtained (Frohnhofer and
Nusslein-Volhard, 1986; Berleth et al., 1988; Driever and Nusslein-Volhard,
1988a). Therefore, it was concliuded that the altered parasegments must be
capable of sensing and correcting their size later in development.

Subsequent studies showed that many of the embryos in which bcd copy
number was manipulated did not survive. One study, for example, examined the
effects of mothers carrying seven copies of the bcd gene (Busturia and
Lawrence, 1994). This appears to be the maximum number of copies of the bcd
gene that can be introduced. As expected, the head regions were gr