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To Birgitta and the Royal Shakespeare Company who have kept me
almost sane. To my mother who, as well as so. many other things,
helped feed my caterpillars.

‘For more than 25 years I have looked at the little fly Drosophila and
each time I am delighted anew. When I see it under moderate
magnification of a binocular microscope I marvel at the clear-cut form
of the head with giant red eyes, the antennae, and elaborate mouth
parts; at the arch of the sturdy thorax bearing a pair of beautifully
iridescent, transparent wings and three pairs of legs; at the design of
the simple abdomen composed of a series of ringlike segments. A
shining, waxed armor of chitin covers the whole body of the insect. In
some regions this armor is bare; in other regions there arise short or
long outgrowths, strong and wide at the base and gently tapering to a
fine point. These are the bristles. Narrow grooves, as in fluted columns*
with a slightly baroque twist, extend along their lengths.’ [1]

‘To live and not to know why the cranes fly, why children ate born,
why the stars are in the sky. Either you know why you're alive or it’s
all nonsense, it’s all dust in the wind.’ [2]
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Preface

There are several thousand people whose working lives centre around
the little fruitfly Drosophila melanogaster. In recent years the empha-
sis of their studies has shifted from inheritance to development. In
the hands of a small number of particularly imaginative scientists,
traditional genetics, experimental embryology and new molecular tech-
niques have been combined to build a picture of developmental mech-
anisms. This picture is new and exciting — although it is far from
complete it represents the beginnings of a real understanding of how
one animal is designed and built. This book, which is written for
students and other interested persons, rather than for specialists, aims
to give a glimpse of that picture.

The sum of useful information on Drosophila would not fit into a
hundred books of this size; even now the molecular analysis of new
genes is being reported at the rate of one a week and rising. Naturally, I
have been selective, favouring subjects that seem important to me.
Inevitably, few experts, if any, will approve of my selection. Also, there
are a good many opinions in this book and I have tried not to obscure
them by prevarication. Many will be superseded or destroyed by new
experiments and ifs and buts put in now will be powerless to preserve
them then.

One problem for the reader, and the writer, is that often in order to
understand something, you need to understand other things and these
cannot always have been described previously. What I've tried to do is
explain things in an epigenetic order so that explanations are built on
each other. It should therefore be possible to read the book through
from the beginning and acquire understanding piece upon piece. This
means that the book may not be easy to dip into, at least for the
novice. By keeping it short, I hope the reader will be able to soldier
through it without giving up.

* This bookis concerned with molecular outcomes but not with mol-
ecular techniques; information on cloning methods, cDNA libraries,
expression vectors, northern blots, in situ hybridisation and the like is
available in textbooks. However, I hope it can be understood without
this technical knowledge. Other methods are described in outline; in
order not to break up the storyline they have been placed in boxes near
where they are most needed. The same applies to various pieces of
explanation and pontification which are also boxed. Where possible,
the figures have a constant orientation, anterior is to the left and
ventral downwards.
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The book is not completely referenced, as the text would have been
too broken up; it should not be quoted as a reference for matters of
fact. The reader can get into the primary and secondary literature by
the lists of experimental papers and reviews; these references have
been chosen to give convenient and timely access to the literature and
not to acknowledge particular authors. The primary sources of the
figures are also given. Generally, I have not tried to apportion credit to
the scientists who have made the discoveries — this is becoming
increasingly intricate and hazardous and hinders communication. There
are, however, six historical short stories which give the background to
some of the key discoveries. The figures do not have long legends; they
need to be studied in conjunction with the text.

Harvey Shoolman of Blackwell Scientific Publications suggested I
write a book modelled in spirit on Mark Ptashne’s A Genetic Switch.
Both of them helped me: Mark at the beginning when I was wondering
whether to try it and Harvey was always there to advise and encourage
whenever I felt like dropping it. Paul Johnston and Denise Cooper kept
the coracle afloat in the lab and Mark Bretscher, as he has for 4 years
now, took on responsibilities alone that I should have shared with him.
Barbara Cross, drawing on years of practice, decoded my pencilled
scripts. Pat Simpson criticised and improved Chapter 7. Gines Morata
gave several days to help me revise Chapter 5 and parts of the histories.
Gary Struhl read the entire manuscript, gave much valued advice and
helped me extirpate some of the nonsense. Adelaide Carpenter scruti-
nised and honed the whole text with great care. I regret I cannot blame
these, my generous friends, for the mistakes that remain.

" Rachael Stock edited the text and mollified an anxious author.
Edward Wates designed the book, Denys Ovenden drew the original
fly pictures and David Gardner spent months patiently transforming
my scruffy sketches into figures. Michael Ashburner, Michael Bate,
Michael and Susan Berridge, Mariann Bienz, Bonnie, Frankie, Katie and
Maggie Bolt, Peter Bryant, Henry Disney, Jim George, Iva Greenwald,
Thomas Gutjahr, Ernst Hafen, Anna Haraldson, Jonathan Hodgkin,
Herbert Jickle, the late Ivor Lawrence, Tony Lees, Ruth Lehmann,
Michael Levine, Ben Lewin, Ed and Pam Lewis, Bill McGinnis, Juan
Modolell, Janni Nusslein-Volhard, Gerry Rubin, Ernesto Sanchez-
Herrero, Klaus Sander, Matthew Scott, Schutt, the late Sydney Smith,
Juliet Stevenson, Andrew Tomlinson, Eric Wieschaus, Michael Wilcox,
V.B. Wigglesworth and Lewis Wolpert helped in different ways.

Birgitta Haraldson has made a home for me.

Thanks to them all.

P.A.L.
Great Wilbraham
May 1991

x PREFACE



Introduction

‘At first I could see nothing, the hot air escaping from the
chamber causing the candle flame to flicker, but presently, as
my eyes grew accustomed to the light, details of the room
within emerged slowly from the mist, strange animals, statues
and gold — everywhere the glint of gold.” [3]

While unfamiliar things excite curiosity, the everyday miracles of
animal and plant development are taken for granted. We enjoy the way
seeds transform into flowering plants and caterpillars become butterflies,
but generally we accept and do not investigate. There have always been
a few scientists who have been interested but until recently they have
been regarded as a bit eccentric. Nevertheless, the quest to understand
development is fascinating, resembling the search for and discovery of
Tutankhamun’s tomb, as well as the gradual unpicking of its golden
inventory. Hidden in the coded hieroglyphics of the DNA sequence are
not only the instructions to make the organism but also an immemorial
evolutionary history.

Developmental biology is now in the ascendant and every year
hundreds of scientists either become developmental biologists or, at
least, so describe themselves. There are several reasons for this. Firstly,
there is the ability to purify and sequence the DNA from specific
genes, many of which are concerned with building the animal rather
than making it work. These advances have transformed embryology; it
used to be rather a soft, almost whimsical, science in which lecturers
showed slides of beautiful embryos and the horrible malformations
they induced by grafting experiments. Now, modern developmental
biologists are tough and hard-nosed, they deal in gels, sequences and
computers; some do not even look at embryos. Secondly, there is the
conviction that one of the great mysteries of life is beginning to crack
open and, ‘Since things in motion sooner catch the eye than what not
stirs’ [4], scientists want to be right there as the secrets are discovered.
Thirdly, although there has been overall progress in understanding, it
is the advances made on convenient organisms that have really im-
pressed, particularly the fruitfly and the nematode.

The advantages of the fruitfly as experimental material are many.
Briefly, . there are the thousands of man and woman years already
invested in studying the genetics and cytogenetics of Drosophila which
have led to a map of the genes that is far superior to that of any other
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complex organism. The accuracy of this map has depended on the
enormous banded chromosomes that are found only in the salivary
glands of flies. Fruitflies breed fast, the life cycle is 10—14 days, and
hundreds can be kept in tubes or small milk bottles. They have but
three major chromosomes, which only undergo recombination in the
female germ cells, not the male. As in any science, progress is not due
entirely or even mainly to the chosen systems, important though they
are; it is the imagination of a few outstanding people that has been
crucial, and some of these are pictured in the short histories at the
back of this book.

It has long been an article of faith amongst biologists that under-
standing gained by studying one system is likely to apply to others and
often this has proved to be the case. When I was a student there was
a growing subject in insect biochemistry; it was suspected by some
that insects might do things very differently — they might not have
a Krebs cycle, for instance. Of course it has turned out that insect
and mammalian biochemistry are fundamentally similar. Even so, we
cannot be certain that this universalist principle will apply at higher
levels of organisation. We cannot be certain that the developmental
biology of humans will be furthered by studies on fruitflies but we do
believe it. More than that, we believe that we can make more rapid
progress on vertebrates by working in parallel on smaller animals such
as flies and worms. This viewpoint has already earned support as
homeoboxes (discovered in flies) have proved a means to isolate
mammalian designer genes. Now, it is possible to combine the many
advantages of vertebrates, for example in tissue culture systems, with
the genetic knowledge of simpler organisms.

One of the first things it would be good to decide, when you
approach a vast problem like animal development, is what level of
understanding you are looking for. This has usually been an unattainable
luxury as any kind of information has been sought after. But now there
is room for aims and strategy. Do we most want to know how key
molecules interact — the minute changes to the structure of a regulatory
protein as it binds to DNA? Is it sufficient to list the molecules
involved and the outcome of their interactions? Better, perhaps, to see
development at the cellular level, to understand the way cells change
shape and move as they construct organs? Maybe a geneticist’s per-
spective is more illuminating; when and where are particular genes
used and what is the function of their protein products?

In my opinion, the heart of development is the step by step allocation
of cells to more and more precisely determined fates. These allocations
have to occur in the right part of the embryo. This key process can be
broken down into two questions: How are the cells chosen by position?
What happens inside a cell when it becomes allocated to a specific fate;
that is what are the molecular and genetic changes? A good deal of
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progress has been made in answering these questions, answers that
structure this book.

In what follows, I present an up-to-date but simplified picture of fly
development. The field is developing so fast that much of that picture
is liable to change; therefore I have tried to avoid ephemera and, where
possible, to use well-established material. Workers on flies have gone
further than others and gained a deeper understanding of animal design
and it is this understanding, as well as the excitement that goes with
it, that I wish to convey.
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1 The mother and the egg

ARLY DEVELOPMENT is briefly described; the for-

mation of the first layer of cells and its elaboration into
more layers by gastrulation, neurogenesis and formation of the
gut. Much of the embryo is then divided into parasegments. The
mother deposits RNA species representing approximately 80%
of all genes into the egg; some of the remainder belong to a
special class of controlling genes that would wreak havoc if
their products were released freely into the egg.

Which came first, the chicken or the egg? This traditional question is
related to the ones that have been at the centre of the oldest and
grandest debate in embryology: to what extent does the egg contain a
miniature and complete version of the fully developed embryo (the
embryo being ‘preformed’)? Is it more correct to think of the embryo as
being progressively elaborated from relatively simple beginnings, (that
is by ‘epigenesis’)? It seems to me that although the latter view prevails,
the argument rumbles on and still energises much research. Genetics
is a method of logic and, when harnessed to modern molecular tech-
niques, has gained in power — it is probably the best way to approach
these key questions.

The transition of the generations, the start of the making of a fly,
occurs as the mother begins to build the egg. The egg includes storage
material, proteinaceous yolk, vesicles of lipid, mitochondria and ribo-
somes, but it is not known how much spatially organised information
it contains. Some kind of positional information is needed to make the
pattern of the fly, that is to so organise the cells that they make all the
body parts in their proper places; this information must interact with
the genetic information carried in the nuclei of the egg and the sperm.
It is this faculty, the process of pattern formation, that makes a fly a fly
or a hippopotamus a hippopotamus.

If the information to build the fly is already deployed in the newly
laid egg, then the genes that encode that information must be expressed
and utilised while the egg is being constructed, during oogenesis. Such
genes will have a ‘maternal effect/, meaning that the development of
the embryo will depend on the genetic status, the genotype of the
mother. Thus, if a key gene is missing in the mother, the embryo will
develop with an abnormal pattern, that is a mutant phenotype, regard-
less of whether or not the father provides that gene in the sperm. If,
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alternativelly, the mother merely provides numerous ingredients (such
as myosins and tubullins), the information that specifies the pattern of
the embryo (such as transcription factors which turn other genes on
and off) must be brought into action after fertilisation,'In this case, the
genotype of the fertilised egg, the zygote; with -its contributions from
both parents, will be the prime determinant ‘of the embryonic
development.

How many gene products needed for pattern foriniation are' placed in
the egg by the moitlesrr; how many are only made in the zygote? The
most direct way to build an answer to this-fundiamental question is to

Box 1.1 Genetic nomenclature

In Drosapitildg, genetic loci are given names according to the mutant pheno-
type. For example, the famous (the second discovered) mutant was witites’ of
w” for short, witited? is recessive, and has therefore a small letter [yes, even
at the beginning of a sentemeg). It is viable-and fertile when homozygous.
Sometimes, different genes with simifar or identical phenotypes are given
related names; for example a family of matermall-effect lethals were cleverly
named after royal households that became barren and then extinct and were
therefore reminiseent of the phenatype of the embryo (tudor, vasm, waleis).

When the mutant is dominant,- it is given a capital letter (such as
Uhmalhithbrax, Ub); but dominance is a capricious feature as it can have
various causes. If the mutation metely eliminates functional product from
one chromosomme, dominance will depend on the dose sensitivity of the
phenotype and how hard we look. Ubx is only dominant because in hetero-
zygous flies one can see that the haltere is slightly swollen — this gives
little hint that the true recessive phenotype is an embryonic lethal. This
type of dominance is due to 'haplo insufficiency’ — the inability of one
wildtype dose of the gefie to give a completely normal wildtype phenotype.
Dominanee can alse be eaused when the gene is so altered that it either
produees too mueh nermal produet, puts preduet in the wiong place, 6f
produces a damagingly altered preduet that inkerferes with the funetien of
the notmal gene on the other chromosome. These latier types of dominant
fautations are ealled 'gain-of flunedion’ mutations.

In this book, we are often concerned with the normal, the “wildtype’
function of the gene and its product. Consider the zygotic, lethal fiushi
tarazy, fiz'AAs a zygotic lethal, the phenotype of the mutation depends only
on the genotype of the zygote, as distinct from the matetmal-effect lethals
mentioned above, where the phenotype of the embryo is determimed by the
mother’s genotype. To make it clear whether we are discussing mutant
phenotype or wildtype product I use the following terminollogy: fizz or fitz*
means the wildtype gene, as in 'fiz product’ and 'activation of fizz*’. In this
book, an unadorned fiz rarely means the mutant, it just refers to the gene. 1
refer to null mutations as fizz,, for example in a chromosome deficient for
the gene, as in 'fiz— phenotype’.

For more informatiom, see Lindsley and. Grell {1968} (details p. 22).
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take genes of interest, one by one, and find out when they function.
Sometimes the answers are black or white, sometimes grey. To explain, I
take four examples.

The first example is the bicoid gene; mutant embryos die with a
grossly disturbed pattern. Everything depends on the mother's genotype,
homozygous bicoid= females always lay eggs which produce dead
embryos even if the male provides bicoid™* sperm (for genetic no-
menclature see Box L.1). Clearly, all the gene product needed for
development is normally deposited in the egg by the mothet; it is a
true matetrnal-effect gene.

The second example, extra sex comtls (or esc); this gene was initially
defined by a weak mutation that ggjives viable and fertile flies when
homozygous and is recognised because the second and third thoracic
legs (T2 and T3; see Box 1.2) are transformed in both sexes towards the
pattern of the T1 leg; this is conspicuous in the male because extra sex
combs develop, a fairly slight phenotype. However, mothers homozygous
for a strong allele (esc~), when mated to esc~ males, produce only
embryos that die; these embryos show a complete transformation of all
the body segments. In the wildtype, each segment is different, but in
these lethal embryos all segments develop alike. Look at Figure 1.1 for
the intempretetidon; at the top of the figure, the mother has esc* gene
product (shown in red) all over but, importantly, in her germ cells, in
the eggs. The male is normal, he has sex comb bristles on the T1 leg
only. In the next, the F1 generation, the gene product is. present in the
egg in sufficient amounts to sponsor development of a normal larva,
even though that larva lacks the esc gene and can make no gene
product of its own. These larvae generate (almost) normal flies — the
tales have sex comb teeth on all three pairs of legs. However the F1
females have no gene product and they produce eggs with none. If
these eggs are fertilised by esc~ sperm they form mutant embryos. But,
if one is fertilised by an esc™ sperm the embeyo develops normally.
Clearly the esc gene product is a constituent of the normal oocyte, and
enough can be provided by either the mother or the father.

Box 1.2 Naming the parts

Because eggs vary in size and pattern themselves in proportion, the position
on an egg (in the anteropostetior axisj is conventionally given as per cent
Egg Length where 100% Egg Length is the anterior tip of the egg and 0% Egg
Length the posterior.

The main segmented part of the body comes from a central region of
approximately 68—12% Egg Length, and.because the blastoderm is a mono-
layer of cells, a two-dimensional map of the normal fate of the cells of the
blastoderm can be drawn out (see Figure 1.5). These maps do not tell you
about the internal states of the cells (whether they are commitied to make
some structure or not), only how the primotdia are disposed.
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Figure B1.1 The
registration of
parasegments and
segments. There are 14
main parasegments in the
trunk of the embryo, plus
head (H) and tail regions.
The 14 parasegments form
the three head segments
C1-C3, the three thoracic
segments T1-T3 and the
eight abdominal segments
Al-AR.

The main trunk of the embryo is divided into 14 parasegments (PS 1—14})
and this includes ectoderm and the two mesoderms, while the endoderm
comes 'from two regions outside the segmented zone. Foregut and hindgut,
which are both named ectoderm, also come from outside the boundaries of
the segmented zone.

Parasegments (1-14) and segments (CI1-C3, T1-T3, Al-AB) in the
larva and adult are offset as shown in Figure Bl.1, but this only applies to
the epidermis and, possibly, the nervous system. For example, the mesodermal
cells of parasegment 4 form-most or all the muscle set associated with the
wing dise and the second leg (T2), as well as a specific partt of the smooth
musecle that wraps around the gut. See Chapters 4 and 5.

4 CHAPTER 1



Figure 1.1 The materral
effect of extrar sex ccombs
(esc). Even though the F1
eggs may have no esc gene,
they inherit sufficient
product findicated in- red) *
from their mother. They
pass no product to their
offspring (F2) which
develop with all their body
segments transformed -
towards the pattern of
parasegment 13.

i

The third-example, Noicth-,, is a mutation named for its slight
dominant phenotype; little notches are taken out from the wing edge
in Notath *//Nateih ~ flies. Embryos that are homazygous for Natedh— are
very badly damaged and never develop to hatchiing, even if theie mothers
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Figure 1.2 Normal
development depends on
the embryo having
enough gene prodiuct
from the Notcth (N) gene
(shown in red). Normally,
this comes from both the
egg and the sperm. NT/
N= oocytes in the mother
are made by mitotic
fecommbination (see Box
4.1).

carry two doses of the Notaihi* gene. So Notalir is a zygotic lethal
mutation. However, if the mother’s germ cells are genetically Notath~
(see Box 4.1, p. 85) the Nointh— embryos have an even stronger pheno-
type. In other words, Noteli~ embryos are partially restored when the
mother's germ cells contain the Noicth gene — it follows that the
mother must deposit some Noteth gene product in the egg, that there is
maternal 'rescue’ — but not enough to allow the eggs to hatch. The
relative contributions of egg and sperm can be assessed in experiiments
summmatised in Figure 1.2. In column II, an egg contains some maternal
contribution of gene product, but it is insufficient because if it is
fertilised by Nowlir~ sperm, development is defective. However a wild-
type sperm, plus the matetnal contribution, gives enough (column I).
Even three doses of Nowth ™ in the sperm.cannot alone sponsor complete
development; in this case the egg derives from Nowth7Xblstch ~ germ
cells and contains™no Noigth product (column 1V). Comparison of the
embryos suggests that thiee doses of Notlh™ in the sperm provides
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somewhat more gene product than does one dose of Notch® in the
oocyte..

The fourth example is engrailed (en), a gene required for segmen-
tation in the embryo. When the phenotypes of engrailed ~/engrailed™
embryos that have come from engrailed*/engrailed™ or engrailed™/
engrailed™ oocytes are compared, no difference is detected. We can
conclude that the product of the engrailed gene is not deposited in the
egg and the gene is only used in the zygote.

There is another way of looking for maternally derived gene products
in the egg: once the gene has been cloned (see Box 1.5, p. 16) a DNA
probe for messenger RNA can be prepared and the message looked for
in RNA extracted from unfertilised eggs. Although this method is not a
test for function it is direct and provides a valuable independent check.
For example, as might be expected from the genetic experiments, the
bicoid gene is transcribed in the mother but not in the zygote, engrailed
is transcribed in the zygote but not in the oocyte, while esc and Notch
are transcribed in both.

We now have information from both genetic and molecular exper-
iments about “a sufficient sample of genes and it is clear that about
80% of gene products are present in the egg (see Box 1.3). You might
think this suggests that the mother has virtually preformed the embryo
in the egg, but not so. The missing 20% includes a crucially important
group — gene products that must be present only in a specific subset of
cellsin the developing embryo. Some of these genes design the embryo, in
the sense that the distribution of their products directs the cells to
particular fates.

The evidence that there are (at least) two separate groups of genes
with respect to expression in the oocyte is quite good. The majority
class of genes is needed for building the egg as well as the later stages;
these genes will have maternal effects. If they are removed from some
germ cells by mitotic recombination or if entirely mutant germ cells
are made by transplanting pole cells (p. 35), the embryos are likely to
develop poorly or be damaged, or even be non-existent. The minority
class of genes is not transcribed during oogenesis and, naturally, their
removal from germ cells will be inconsequential. As we have seen, the
engrailed gene is an example of this minority class. Experiments to be
described in Chapter 4 show that this gene is crucial in the allocation
of cells to a specific fate. The gene product must not therefore be let
loose in the egg — for it could diffuse into the wrong cells and these
would be misallocated. It may even be that there is a special mechanism
during oogenesis to ensure that genes like engrailed are switched off.

The genetic analysis gives a picture of an egg that is too simple;
although the mother does not preform the embryo in any detail, she
does lay down molecules which pattern the main axes of the body —
these are described in Chapter 2. .
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Box 1.3 Classification and numbers of geies

Most genes are identified by mutations and classified according to the type
of mutation. For example a female sterile is a mutation in which females,
but not males, are sterile and the gene is often required for some aspect of
oogenesis. A zygotic lethal is one in which the wildtype function is required
in the zygote. Strictly, it should be sufficient for the wildtype gene to be
provided from the father only; to prove this involves making mothets with
germ cells that lack the wildtype gene, by mitotic recombination of pole
cell transplants (Box 2.2, p. 35). A pupal lethal is a mutation that, when
homozygous, results in death duting the pupal period.

Maternal rescue always complicates analysis: if the maternal contribution
is removed, a pupal lethal mutation may now die in the embryo or a viable
female sterile (esc, p. 5) may become an embryonic lethal. So when
estimates of the number of zygotic lethals are made, say in a defined region
of a chromosome, and then these estimates scaled up to give an estimate
of the total number of zygotic lethal genes in the genome, it should be
rememibeted that they yield only approxiimations.

There are other causes of inaccuracy: different mutations in the same
gene can have different characteristics. One mutation may be an embryonic
lethal, another a viable and this means that estimates of the numlbers of
genes can go down as well as up. Take the mutation Ellipse;, a dominant
mutation affecting development of the adult eye that was discovered long
ago (see Figure 8.5). Dominant but homozygous lethal, it is cleatly a gain-of-
function phenotype and one might assume its wildtype role to be special to
the eye. Another gene faibi: litlde ball was discovered in a zygotic lethal
sereen. Still another, torpedin, was found in a screen for female stekiles; it is
a recessive mutation affecting the shape of the follicle and alse is a maternal-
effect lethal altering the development of the embryo (p. 44). All these
mutations have turned out to be alleles of one and the same gene, §6 what
was thiee genes has become one. The gene eneodes a moleeule homelogous
to the receptor for the epidermal grewth facter of vertebrates.

The view that genes can be classified according to the type of mutation
therefore must be treated with caution, even suspicion. Since it is known
that many genes have complex patterns of expression both in time and
space and multiple elements of conttol, both 5’ and 3’ to the coding region,
it is not so surprising that mutations can altet the patterns of expression in
a myriad of ways — and produce a fragmented image of the gene and, also,
make estimates of the numiber of genes very tricky.

A mutation that intetferes with a process usually tells you the gene is
necessary for that process — iit dieesmaet tedll yaw the gane its suffftdeentftartthe
process, nor that the gene is exclusively involved in that process — it could
be essential for other functions, too. This is particulatly relevant with
mutations affecting eatly embtyogenesis; the genes may be needed for
events later on, but the only requirement for the gene that is conspicuous is
the first —once something has gone badly wrong early on, any later roles of
the gene become difficult to detect.
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The blastoderm and the pole cells

The Drosophila egg is, for the first 2 hours, a syncytium — meaning
“that nuclei divide and migrate in a common cytoplasm. This fact is
often pointed out to emphasise how different Drosophila is from most
other embryos in which the egg cleaves into two and then four complete
cells and so on. It is not clear whether this difference is superficial or
fundamental; however it is certain that early pattern formation in
Drosophila takes advantage of the possibility of free diffusion of proteins
within the egg, something that is not feasible in many other embryos.

In Drosophila, the zygotic nuclei divide very rapidly (every 9 minutes
or so) and synchronously for the first seven divisions until, after about
1 hour from egg laying, there are 128 nuclei in the central region of the
egg. Most of the nuclei, each with a surrounding islet of cytoplasm,
migrate outwards as they continue to divide. Some are left behind;
these become the yolk nuclei which divide once, out of schedule with
the rest, and are not believed to contribute to the embryo proper. After
nine divisions the other nuclei are mostly out near the egg surface and
about 15 of these find their way into the posterior pole of the egg. Soon
these nuclei become separated into pole cells, which begin protein
synthesis early and divide on their own schedule about twice more.
The individual behaviour of the pole cells and yolk nuclei illustrates
the first cellular differentiation in the Drosophila embryo.

Why do the pole cells become different from the remainder? The
simple answer is that, at the posterior pole, the egg cytoplasm is
differentiated before fertilisation and the nuclei that go there respond
to this difference. Polar plasm can be transplanted to the anterior pole,
and when nuclei enter it there, they form functional germ cells. The
polar plasm is sensitive to ultraviolet rays — embryos can be sterilised
by irradiating the posterior pole. It includes granules containing RNA,
and there is evidence that the RNA is important: the wavelengths of
the ultraviolet rays that most easily produce sterility are those absorbed
by RNA. Also, if sterilised embryos are irradiated with visible light,
fertility can be restored, a process called photoreactivation that occurs
only with nucleic acids. It has not been proved that the polar granules
themselves are determinative in the sense that their contents instruct
the polar nuclei to behave differently — although most believe they
are. ‘

As is often the case, understanding comes from studying mutations
and the corresponding genes. Mutations in several genes cause a lack of
normal polar granules and pole cells; as would be expected these are
maternal-effect mutations and their products are constituents of the
granules themselves. An example is the oskar gene; the oskar RNA is
present in polar granules and is necessary for the formation of pole
cells. Another example is the vasa gene. The vasa RNA is distributed
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evenly in the egg, but the protein is transcribed during oogenesis and
much, but not all, finds its way to the posterior pole where it is
concentrated. The protein is known, from its sequence, to belong to a
family of RNA-binding proteins and is likely therefore to be a key
constituent of the polar granules. Females homozygous for mutations
in the vasa gene produce eggs that lack polar granules and pole cells.

As the pole cells are forming, the remaining nuclei continue to
divide in close, but not perfect, synchrony, until they have been through
13 division cycles in all. As they divide, they move out towards the egg
surface. What is the pattern of migration? Very different modes of
movement can be imagined; at one extreme there could be a precisely
oriented first division giving two nuclei, one on the left and one on the
right. Each would then divide in a regimented fashion, the left nucleus
giving rise to all nuclei that populate the left hand side of the body and
the right nucleus to those of the right hand side. The two populations
would meet along the midline. At the other extreme, the first cleavage
plane could be random and the nuclei could mix up as they divide so
that the descendants of the first two, if they were different colours, like
salt and pepper, would give a salt and pepper patteen. Fortunately there
is a method to label the nuclei, although not always at the first division,
and the pattern of migration is known. The method is to make gy-
nandromotphs (filies that are part male, part female) and to map the
positioning. of the male and ~female territories [see Box 1.4). In

Box 1.4 Genetic mosaics — gymandromorphs

In Drosapifitdz the sex of a cell is determined by its own genotype: one X
chromosome for male, two for female. There are several ways of making X
chromosomes unstable so that one is lost, occasionally, during mitosis. In a
female embryo, loss of an X chromosome from one nucleus or cell will
cause that cell to generate a male clone. This chromosome loss may occur
at the beginnimg, at the first mitosis of the zygote, and lead to a mosaic
individual with male and female halves. If the lost X chromosomme carries a
dominant allele that colours the cuticle (such as yellyw) ) and the retained
chromosofme its recessive countetpart (yellow=) then the result will be a
particolouied fly with brown female cuticle and yellow male parts (see
Figure 1.3). When loss of the chromesorme oceurs latet than the blastoderm
stage, the ifcipient male eells die because they have problems with dos-
age eompensation (the meehanisi wheteby gefie expression on the one X
chremoseme of males is ineieased felative te the tweo chromosormes of
females so that beth sexes have the same ameunt of gene produets). When
less of the X ehremesome oe6urs very late if development, perduranece (see
p. 83) of seme gene products is sufficient and again small male patehes
survive.

For more information, see Zalokar et al. {1980) and Zalokar and Erk (1976} (details
p. 23).
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Figure 1.3 Gynandro-
morphs show that division
patterns in the nuclei of
the young embryo are
irregular. As the nuclei
divide (male red, female
black) they mix only a
little. There is no standard
pattern and this causes the
larvae and adults to
develop with diversely
positioned patches of male
and female tissue.

Figure 1.3 we see that gynandromorphs are mixtutes of male {shown in
red) and female nuclei. In the top row of eggs, a male nucleus is formed
at the first division and in the second row of eggs, at the second
division.

The gynandromorphs show that the first plane of cleavage is random
but the nuclei do not mix up completely as they dividke; there is not a
salt and pepper pattern, instead there are large male and female ter-.
ritories, but the border between them is wiggly and variable: some
cases are illustrated in Figure 1.3. It follows from the variability that
there can be no programmatic allocation of cell fate based on a regi-
mented nucleatr lineage; instead fate must be assigned to the cells by
another mechanism and at a later stage.

Another way of assessing the state of the nuclei is to ask if they are
hetetrogeneous — for example, do the nuclei from differemt regions
have diffierent potentialls? If a few nuclei are taken from the central

. region of a late blastoderm stage and injected into very young embryos

of a different genotype, mosaic embryos and flies result. Some of these
mosaics are as much as halff derived from the transplanted nuclei;
occasionally the whole fly is of the donor genotype. These results
suggest that all the late blastoderm nuclei are equivalent, or at least
unrestricted in which parts they can make (but, remermbbet, they have
been removed from their normal environment and transplanted into a
new one; a trauma that can- produce changes in the nuclei being
tested).

Once the nuclei have migrated out to the periphery of the egg, they
form a monolayer of cells, the blastoderm (stage 5; Figure 1.4). During
stage 5, the plasma membrane extends centripetally into the egg and
between the nuclei as they become ellipsoidal, eventually cutting in
under them to leave, for a time, channels between the nascent cells
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and the yolk. Thus, for the whole of the blastoderm period, large
molecules such as proteins can pass from one nucleus to the next. So
much happens during this long stage (stage 5; Figure 1.4)it is important to
subdivide it; this is done by watching the ingrowing membranes.
These membranes can be easily seen (see Figure 3.9, p. 70) even in the
living embryo and in this way the blastoderm stage, which lasts about
50 ‘minutes, can be divided into three stages of approximately equal
duration (5(1)—5(3)).

The early stages of the blastoderm are called syncytial and the late
stages are termed ‘cellular’ blastoderm. In descriptions, no precise dis-
tinction is drawn between the two, which is as well, for the cellular
blastoderm does not really exist! During the prolonged interphase
many things both seen and unseen occur, as the initially homogeneous
blastoderm becomes divided up into diverse cell groups, each with a-
defined role. The result is a ground plan of the embryo, laid out in a
two-dimensional cell sheet. As gastrulation occurs (stage 6) the channels

.pinch off and the cells become separate entities — although it is not
known when an unbroken membrane seals the cell off, electrically,
from its neighbours. Even after gastrulation, there is evidence from
scanning electron microscope pictures that some cells are connected to
the yolk and therefore, via the yolk, to each other.

Gastrulation

Gastrulation is a universal and, therefore, important step in animal
development. It occurs when a ventral subset of the cells of the blastula
roll in together (or dive in one by one) to create a two-layered embryo
(stage 6; Figures 1.4 and 1.5). These two epithelia have been traditionally
called germ layers, and have become fundamentally distinct. The inner
layer is called the mesoderm and the cells in it acquire a distinct
potential or ‘fate’. Their fate is to form most of the internal organs,
such as muscles. The outer germ layer is called the ectoderm, whose
cells will make the epidermis and the central and peripheral nervous
systems. The concept of a germ layer is built on two separate ideas that
are intertwined: the first is concrete; the naming of the cell layer that
you see forming itself in the embryo. The second is abstract; the idea
that the cells in that layer become allocated to a more specific (and
more constrained) fate than before the layer was created. For example,

Figure 1.4 (opposite) Early development — the stages from 1 to 13. As in nearly all
figures in this book, anterior is to left, and ventral down. Ectoderm in white; central
nervous system, brown; mesoderm, red; visceral mesoderm, pink; and endoderm, grey.
13A shows a horizontal section through stage 13. The arrows indicate features that help
staging embryos.
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Figure 1.5 Early
development — fate
map and tramsverse
sections. The fate map
shows the disposition of
cells on the blastoderm
that will, in the normal
course of events,
generate the parts
indicated. Colouts as
for Figure 1.4. In stage 9
and 10 (the extended
germ band) the section
euts aeross the body
twice because the
embryo curls back on
itself — see Figure 1.4,

in vertebrates, mesoderm cells are considered to be capable of forming
muscle, but constitutionally unable to become netve cells. These two
different ideas have often been confounded, and cause and effect have
become confused.

I think that genetic criteria should be used to define germ layers
and this is beginning to become possible. In Drosophil: the presumptive
mesodermal cells express the twistt and snail genes (pp. 65—6), lose the
product of the engrailed gene (p. 88) and express the genes of the
bithorax complex {Chapter 5) in a pattern that is differemnt from that in
the ectoderm. These genes have a controlling role and they and others
might determine the special behaviour of the cells in each germ layer.

Molecular and genetic criteria may well lead to a revision of the
nurbber of germ layers. An example: the visceral mesoderm has been
traditionally included under the general heading of mesoderm. However,
it is distinct from the other, the somatic mesoderm. It makes different
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kinds of cells, the pattern of expression of bithorax complex system of
genes within it is unique (p. 126) and it may well have its own control
genes. Perhaps, it should be a germ layer in its own right. Similar
arguments can be made about the central nervous system.

Mapping of gene expression should help locate the primordia of the
germ layers. For example, the cells of the mesoderm invaginate because
they have already differentiated from the surrounding cells, as indicated
by expression of the twist gene. Also, mapping gene expression will
help to delineate the boundaries between germ layers, which should
achieve resolution at the level of single cells. In Figures 1.4 and 1.5
these different ‘germ layers’ are shown in various shades: white for
epidermis, brown for central nervous system, red for somatic mesoderm,
pink for visceral mesoderm, and grey for endoderm.

As the mesoderm cells roll into the furrow, the mass of cells along
the ventral midline elongates and pushes around the posterior tip of
the egg; as this occurs cells shuffle a little, like a massed crowd
entering a narrower walkway, and some neighbours are exchanged. As
cells move in ventrally and migrate along posteriorly, most cells move
down from the dorsal surface leaving behind a sparse group that never
divide again and do not make any part of the embryo itself (Figure 1.5,
the serosa).

The extending mass of cells along the ventral midline of the embryo
forms the ‘germ band’, a stage that all insects go through, even though
they may get there in different ways. The germ band consists of the
main trunk of the future embryo, the part that will become segmented.
Inside there is the mesoderm and outside the ectoderm. Before the
completion of germ band extension, cells that will form the central
nervous system (neuroblasts) dive in individually and these form an
intervening layer which can be easily seen in longitudinal and cross
sections (brown, Figures 1.4 and 1.5). Meanwhile, two rings of cells,
one at the front and one at the back, are beginning to grow inside to
form pockets. These are the two rudiments of the midgut, which
constitute the endoderm (grey, Figures 1.4 and 1.5); they carry behind
them tubes of ectoderm which form the foregut and the hindgut.

After the 13th nuclear cleavage, that is during the whole of stages
5—7, there are no cell divisions, but once gastrulation is completed all
the cells in the first of 25 different domains divide. The first five
groups divide in fixed positions and in a fixed order in the head and
tail, a process which continues until most of the cells of the embryo
have divided once. The individual behaviour of these domains, which

-are arranged in a bilateral and consistent pattern, implies that the cells
in one domain are different from those in another. However, even
though the division pattern is consistently found in all individuals, it
may not be that important. It is possible to tamper with the division
patterns: a gene called string has been cloned (see Box 1.5), linked to a
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Box 1.5 How Drosopililia genes are cloned

This book is not — could not be — a cloning manual, so I only summarise
the principles of cloning. When Morgan chose the fruitfly to work on in
1909, he could not have been aware just how judicious a choice it was. The
problem with cloning genes is not usually one of making copies of bits of
the DN/A and growing those copies up in pure form, but rather in identifying
which bit is the gene you want, and being sute about it.

It is instructive to consider how the bithorax complex (BX-C, p. 111D} was
cloned. First there was the cytogenetics. Drosogihidis's polytene chremosomes
allow the mapping of genes. A nucleic acid probe, labelled with blotin, is"
applied to spreads of the giant salivary gland chromosomes and the probe
attaches to only the corresponding matching sequence, wherever it is in
the genome. This matvellous method allows the precise localisation of
the gene of Intefest to the nearest band (Figure B1.2). Although bands
vaty in size, this can usually place the gene to within 50-1100 kilobases of
DNA. Drosephilda has about 200 megabases of DNIA, eaeh of the five main
chromosome arms being about 40 megabases.

Figure B1.2 The localisation of the gene near wihitte to a particular chromosome band.
Biotin-labelled probe binds to the complementiary DNIA sequence at the only place in the
genome where it can be found — on region 3C of the first chromosome. Rarely, if ever,
have the five chromosome arms arranged themselves so well as in this squash; evidence
that at least one scientist is in league with the devil.
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Starting with a cloned piece of a transfer RNA that hybridised to bands
called 87E1-2, experimenters made use of a fly stock carrying an inversion (a
piece of chromosome that is fortuitously cut out by X-rays and reinserts
the wrong way round)) that took DNIA from 87E1-2 and dropped it into the
bithorax complex at 89E1-2. They ‘walked’ — that is stepped along the
strand of DNIA by finding overlapping sequences — off the end of the
inversion straight into the BX-C. Then they went back to wildtype DNA
and walked in both directions, collecting overlapping pieces grown up in a
lambda phage library,wmntil they had 2 large chunk of candimbons DN
extending both sides of theit point of entry. They showed they had cloned
the right region by analysing (by restriction maps) a large numibet of BX-C
mutations collected by geneticists and finding that some of them made
mutwallly consistent alterations in the DNA map.

Another instructive example is the cloning of the segment polarity gene
witngdésss (p. 101). This was first cloned by 'transposon tagging’. Transposons
are naturally occurring elements of DNIA which are equipped to move about
the genome of Drosepiiildg, inserting into the chromosomes. They can be
mobilised by design and the most useful of these is the P element. If they
insert into a vulnetable area of a gene they catise a mutation in that gene. A
viable allele of wingjhsss, wg”, was crossed to chromosomes in which P
elements had inserted and a new mutation, wg®’, found that gave a wiingless
futant phenotype in flies that were wg® fwgd!. Labelled peobes for the P
element were hybridised directly to polytene chromosomes of wg®fwug*
flies and a new insert near to the knewn site of the winglésss gene was
feund. 1t was likely that the insert was responsible for the mutation in the
winglesss gene and this was nicely confirmed: oceasionally wg® reverted
giving rise to winglesss* flies. Every time this happened the reverted flies
were feund te have last the P element insert near to the site of the wiingless
gefie. The next-step was to find the P element in a DNA library made frem
wa??! flies; phage-centaining P elements were isolated and appropriate
DNA frem them was hybridised back te the pelytene ehromosomes. Some
were feund that were frem the wingesss site and meie adjacent segyences
were epllected By walking.

Because P elements can cause a mutant phenotype if inserted quite far
from the gene, there is a real problem in determining which function
(identified by finding RNA transcripts homologous to the cloned DNA)
represents the gene. One can get help from the genetics — for example, if
the gene is a matemal-effect gene .one can expect that transcription will
occur in the ovary, but proof is still necessaty. Two methods are used: the
best is to take the piece of DNA including the transcript of interest from the
wildiype, and insert it into a P element vectot, and transform flies (p. 219).
If you have, most or all of the gene, the transformed element will rescue,
partially or completelly, mutations in the gene. If the gene and its controlling
elements are very large this experiment may not be pessible. Another
approach is to make antisense RNA from the transeript sequenee and injeet
that into eggs. In theoky, and sometimes in practise, the RNA will bind to
the wildtype RNA in the egg, interfere with its funetien and a mutant
phenotype will resuilt. Bits of DNA represeniting the Kriippell and the wiingless
gefies were identified in this way.

wiiigjésss was also cloned inadvertentlly. It is often important to look in
the fly library for homologues to genes cloned from other animals. This may
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allow genetic analysis that would be impossible or difficult in humans or
other mammells. The inttl! oncogene from vertebrates had been cloned for
some years when a search was made in a fly library for homologous sequences.
The gene pulled out by this method tutned out to be wwingless.
Homologies are very useful in cloning and need not represent the entire
gene — for example the homeobox sequence (pp. 110 and 216) has been
preeminently useful in collecting Drosapifilda genes of interest. In the case of
engrailkel! {p. 207) the gene was cloned both by walking and by homeobox
hormology.
For more information, see Sambrook, J., Fritsch, E.F. and Maniatiis, T. (1989) Midlacular

Cloning: A Laboratoryy Manuall. 2nd edn. Cold Spring Harbor Laboratory Press, New
York. See also Ashburner (1989) {details p. 22).

heat shock promoter (see Box 2.3, p. 56) and transformed into flies (see
Transforming flies, p. 219) — the result is an embryo in which cell
division can be induced simply by giving a heat shock. If such -an
embryo is heat shocked once during the interphase after blastoderm,
the string gene is ubiquitously expressed and induces a symchronous
cell division (the 14th cleavage)} which replaces the intricately patterned
one. In spite of this, the outcome is a normal fly.

The last germ layer to make its appearance is the visceral mesoderm
(pink, Figure 1.4). It arises as a layer on the inside of the mesoderm
and wraps around the gut; it is not clear exactly which blastoderm
cells generate it, nor whether it shares progenitors with the somatic
mesodermm.

Segxmentation

Although mapping of gene expression shows that the ground plan of
the parasegments {see p. 91) is laid down at about gastrulation, one
cannot see segmentation until the germ band has extended. By that
stage, the epidermis displays evenly spaced grooves, which demarcate
the parasegments (stage 10; Figure 1.4, see Figure 4.4, p. 90) and, inside,
the mesoderm is arranged in a series of bulges. The grooves i the
epidermis define 14 parasegments and these partially correspond to the
three mouth part (G1-@&3), three thoracic (T1-T3) and eight abdominal
segments (AIl-A%). The terminollogy is devilishly confusing and the
reason is simply that parts of the adult were named by segments long
before it was realised that the epidermis of the embryo is built on a
parasegmental register. The whole business is important, but the reader
need not get into a muddle, parasegments and segments do not ofien
need to be correlated and when they do there is always Figure 1.6 and
Figure Bl.1 to refer to — generally 1 will use parasegments in the
embryo and segments in the aduilt.
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Figure 1.6 The origin and fate of parasegment 6 (red).

Figure 1.6 traces the origin and development of parasegment 6. In
the late blastoderm, parasegment 6 is defined as the cells lying between
the anterior bounds of two particular stripes of protein made by the
fusitii tarazu and even-sifijypeel! genes {Chapter 4). By the extended germ
band stage, parasegment 6 includes both ectoderm and mesoderm and
is demarcated by grooves (below). The cells of parasegment 6 will
generate, in the larval epidermis, the posterior compartment of the
third thoracic segment (T3p), and the anterior compartment of the first
abdominal segment (Ala). The mesoderm cells of parasegment 6 form
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the muscles that span Al. Still looking at Figure 1.6, the larva is shown
with parasegment 6 in red and the nearby segment boundaties by two
dashed lines. Note that the anterior boundary of parasegment 6 runs
through a thoracic sensillum known as Keilin's organ (Ko). In most of
the abdomen the segment borders run just behind the anterior rows of
denticles, as shown for the A1/A2 border.

The cells which will make the epidermis, and from which the
neuroblasts have segregated, divide two or three times between the
blastoderm stage and when they secrete the cuticle at about 14 hours
of development. Most of these cells will divide no more; instead they
become increasingly polyploid during larval growth and form exclusively
larval structures. Small groups of cells remain diploid; these are destined
to construct the adult. These cells are selected from all the embryonic
cells but are not identified in the blastoderm, meaning they are not
chosen until after embryonic cell divisions have occurred and that the
descendant of a single blastoderm cell can contribute to parts of both
larval and adult epidermis. In the abdomen there are segmentally re-
peated groups of histoblast cells {@ppreximately 10 in each group)
which will replace the moribund larval epidermis in the, pupa but do
not divide until then. Inside the thorax and genital regions (Figure 1.7)
small groups of cells can be identified in the newly hatched larva as the
imaginal discs (@pproximately 40 cells in each one). They grow
throughout the larval life and form folded sacs of epithelia that are
continuous with the polyploid larval cells. Some of the epithelium is

]
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Figure 1.7 The origin of the adult cells (red).
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stretched thin, has been called the peripodial membrane and has been
traditionally considered to be different from the remaining columnar
epithelium. However, it is easier, and probably more correct, not to
make this distinction and to think of the disc as a simple sac-like
extension of the epithelial sheet, all cells in the epithelium having the
potential to make adult cuticle.

The somatic mesoderm forms an uneven epithelium on the under-
side of the epidermis and, ventrally, it lies in contact with the neuro-
blasts. How the muscles, fat body and heart arise is poorly understood,
but they are segmented structures, implying that the cells of the meso-
derm are not equivalent but are also divided into segmental sets, each
set being different from the next. Larval muscles arise in a very precise

Figure 1.8 The source of the adult muscles. In amongst

me larval muscles and associated with specific nerves are

rows of small cells that will divide to construct the adult

muscles — they express the twiitt gene. O ——

21 THE MOTHER AND THE EGG



pattern, individual muscles being first detectable as single large founder
cells to which other mesoderm cells fuse. As in the case of the ectoderm,
it seems certain that specific cells are kept back to form the adult;
although these are hard to find in the young larva, they turn up later on
inside the imaginal discs as ‘adepithelial cells’ and these make the
adult muscles. As antibodies to gene products become available they
can be used to pick out classes of cells that otherwise melt into the
crowd. For the precursors of the adult abdominal muscles, the anti-
twist antibody has proved very useful. The twist gene is involved in
the specification of embryonic mesoderm and is later expressed in
small sets of cells that are associated with particular larval muscles.
These cells proliferate during the larval period and form little chains or
groups of cells associated with nerve bundles or trachea (Figure 1.8).
Later each group forms a specific muscle in the adult.

Pattern formation in the embryo, both in the ectoderm and meso-
derm, results in the accurate deployment of groups of cells, each being
placed correctly and each being given a specific morphogenetic task.
The next chapters describe experiments that begin to explain how this
is achieved.

Further reading
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2. The first coordinates

HE MOTHER SETS UP four independent systems in

the egg: (1) the anteroposterior gradient of bicoid protein
which derives from RNA that is localised at the anterior pole;
(2) a posterior system which is necessary for the formation of
the abdomen, whose effective agent is the nanos gene; (3) a
terminal system which is responsible for defining the head and
tail of the embryo and depends on localised activation of a
receptor protein (torso) at the ends of the egg; (4) a dorsoventral
system that depends on activation of a receptor protein (Toll)
along the ventral midline of the egg.

This chapter is concerned with analysis of the first steps of develop-
ment, which means that we start with the mother’s contribution to
the egg. The egg is an asymmetric structure and this is defined during
oogenesis. First, the germ cell divides to produce 16 cells: that are
incompletely separated from each other; cytoplasmic channels link
them all together. One of the most posterior cells becomes the oocyte
and stays diploid and the others become the polyploid nurse cells; they
synthesise material which is pumped into the growing oocyte at what
will be the anterior end of the embryo. The little group of 16 cells is
encapsulated in a bag of about 1000 small follicle cells that derive not
from the germ cells but from the mesoderm of the mother. The oocyte
sits in the chamber such that the future posterior end of the embryo
leads outwards and the more convex surface of the egg becomes the
ventral part of the embryo.

The shape of the egg only correlates with the axes of the embryo, it
does not itself determine the axes — for ingenious experimentalists
can cause the making of a head where the tail normally appears or
dorsal where it should be ventral. Sander showed that the dorsoventral
and anteroposterior axes are not fixed at the same times and respond
differently to experiments (Figure 2.1). He concluded that the two axes
are determined by independent systems and that they work in different
ways. The dorsoventral and anteroposterior systems also have different
jobs to do. In the anteroposterior axis there is a head and a tail and a
series of reiterated elements or segments, while in the dorsoventral
axis there is a single succession of cells of different types and no
reiteration (p. 14). We shall therefore look at the two systems in turn.
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Figure 2.1 Sander’s
experiments on the
determination of the main
body axes.

The anteroposterrior gradient (see The morphogenetic gradient, p. 204)

Although Sander worked mainly with a leaf-hopper called Euscelis and
not Drosophilln his experiments are important, and, in essence, they
probably apply to Drosoptiilln as well. He found a way of ligating the
leaf-hopper egg in halff such that both halves could develtsy; he attached a
razor blade to a machine that lowered it very steadily and so. slowly
that it did not cut, but deformed the egg until it was effectively
divided. Bach hallf formed its own separate blastodermn and went oA to
develop independently. If this was dene late in development after
gastrulation (see p. 18) eaeh half made the parts it weuld nermally
make — shewing that the eperation did net itsellf preduce a zene
unable to develep near the eut. However when the eperation was dene
earlier, the anterior and the pesterior halves produced a few enlarged
anterior segments and pesterior segments respectively — the middle
segments were missing. The earlier the egg was eut, the bigger the
missing ‘'gap’ of middle seaiments.

As shown in Figure 2.1, ligating the egg at stage 5 produces two
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half-embryos whose parts together add up to the whole pattern. Ligating
the egg earlier, at stage 2, results in a large gap in the pattern that
corresponds approximately to parasegments 7—12. What happens is not
the death of the cells that should make the middle of the embryo, but
their incorrect specification — the whole ground plan of the embryo
alters and cells that would have made one part of the body now make
another. Sander suggested a nice explanation: he proposed that there
are anterior and posterior factors localised at the poles of the egg, and
during early development these normally produce graded influences
that spread from the poles and interact in the middle of the egg — an
interaction that is prohibited by the ligature. ‘The simplest model to
account for the results assumes some kind of morphogenetic gradient
to which nuclei or cells react differently according to local level.’ [5]

He also did some other eloquent experiments. At the posterior
pole of the leaf-hopper egg, there is a mysterious blob (black dot in
Figure 2.2) which actually contains symbiotic organisms that are being
handed on from mother to offspring. This blob provides a marker for
posterior pole cytoplasm and Sander was able to move it and its associ-
ated posterior cytoplasm around in the egg. If it is transposed up to the
middle of the egg and the egg cut behind it, a whole embryo develops
in the anterior fragment and extra segments form in the posterior
fragment (Figure 2.21). The posterior polar cytoplasm does not always
lead to a complete embryo in the anterior fragment, sometimes its
influence is only sufficient to raise the level of the pattern partially
(Figure 2.21). This shows that the posterior cytoplasm is not a simple
determinant for the most posterior segments but can have a quantitative
effect, pushing cells near to it in a more and more posterior direction.
In Figure 2.21I the ligature is placed anterior to the transplanted polar
material; the polarity of the partial embryo that then forms can be
completely, or partially, reversed. It is effects like these that led Sander
to his gradient model, which we can now restate as follows: there are,
in the newly laid egg, two centres, one at each pole; which produce
spreading influences that interact in a graded fashion along the egg
axis. The relative amounts of these two influences at each point deter-
mine the local pattern — in other words, the scalars of the gradients
determine the segment type and the slopes determine the order and
polarity of the segments. Note that the model is a general one; it does
not specify the detailed mechanism. The gradients might be concen-
tration gradients of molecules, and the concentration landscape with
its local scalars and vectors could prefigure the pattern of differentiated
cells and their polarity. Molecules whose local concentration deter-
mines the local pattern of differentiation in this way have been called
morphogens. Detailed models of this type have been developed to
explain pattern formation within the insect segment; they are discussed
in Chapter 6.
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Figure 2.2 Evidence for an anteroposterior gradient —
experiments on Eusceliss. The body pattern of the embryo
is indicated by the sequence and size of numbers 1-®, and
the gradient interpretations shown on the same scale.

Similar egg-cutting experiments have been done with Drasophila
and, just as in the leaf-hopper, when the body parts made by the
anterior and posterior fragments are added up, there is a gap in the
middle segments when the cut is made early, but net when it is made
late. Comparable transplantations of cytoplasma have been done in
Drosophilks, but first some geneties.

Genes and the anteropostetior pattern

Amongst the products of the screen for maternal segmentation genes
{p. 201) was the bicoid gene. Look at Figure 2.3: embryos
developing from mothets that lack the gene are normal in the posterior
pattern, have disrupted anterior abdominal segments and no proper
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Figure 2.3 Dosage and transplantation experiments with bicaiil demonstrate that the
bicoitt! protein acts as a morphogen.
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head and thorax. In place of the head there is an extra telson (shown in
black) and spiracles, structures normally found at the posterior end of
the embryo. Cytoplasm from bicoid* eggs can be injected into bicoid™~
hosts and this can rescue the mutant phenotype to various degrees
(Figure 2.3). The more doses of bicoid™ there are in the mother, the
more complete the rescue; moreover the more anterior the source of
the cytoplasm, the more effective it is. These observations are remi-
niscent of Sander’s experiments; they show that bicoid activity can
have quantitative effects.

Further, there is a quantitative relationship between the number of
bicoid* genes in the mother and the pattern of the embryo. As the
dose increases, the embryo gains anterior pattern at the expense of
posterior. Figure 2.3 shows this in two ways; first, there is the shifting
of an early feature in the pattern, the head fold (red), which moves
further and further back with increasing numbers of bicoid™ genes. It
is normally at 65% Egg Length (see Box 1.2), but when the mother has
only one dose of bicoid™*, the size of the head is reduced and the head
fold moves anteriorly to 73% Egg Length. As doses of bicoid™ in the
mother are increased one by one to 6, the position of the head moves
back stepwise to 56% Egg Length. Second, the ground plan of the
embryo, in the anteroposterior axis,-is illustrated by the layout of the
fushi tarazu stripes (p. 96). As the doses of bicoid* are increased, so
these stripes become more and more crowded into the posterior region
of the egg. Finally, as shown in Figure 2.3, if anterior cytoplasm from
bicoid* eggs is placed in the middle of bicoid~ embryos, then head
(red) and thoracic structures can develop there — suggesting that the
bicoid product itself is the patterning agent, and is homologous to the
anterior influence described by Sander; in short it is a morphogen. The
effect of these transplantations appears to spread from the site of the
operation and set up new and abnormal patterns that display unusual
polarity.

The bicoid gene has been cloned and sequenced (it has a special
group of 180 base pairs called a homeobox, p. 110); one of the first
questions to ask about it is, where is the maternal RNA? — remember
it is a maternal-effect mutation. There are two ways of finding out
where RNA is, and both methods are types of hybridisation in situ.
First, radiolabelled probes can be hybridised to sections; they bind to
homologous RNA sequences wherever they are. The sections can be
dipped in emulsion and the sources of radioactivity localised. In the
second method, the probe is labelled with a chemical (digoxigenin) that
can be revealed by a coloured stain. Using these methods the bicoid
RNA was traced to the nurse cells (where it becomes localised within
them) and to the oocyte, where it is found exactly where it should be — at
the anterior pole of the egg. The bicoid RNA is shown in red in
Figure 2.4.
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Figure 2.4 The localisation

of bicaiit! RNA in the

follicle and of the egg of

wildtype and various —

mutants.

How does the RNA get to the correct destination and what holds it
in the right place? It is thought that a particular sequence in the
messenger RNA is recognised by a binding protein and this protein is
itselif anchored in the egg cytoplasm near the membtane. If a truncated
bicoid gene is transformed inte flies (Transforming flies, p. 219), it can
ptoduce a message that fails to localites; using various deletions it is
therefore possible to find which part of the messenget RNA is necessary
for localisation. The answer for the bicoid gene is all or part of the 3’
untranslated region — most likely this forms a three-dimensional
structure which presents a particular shape of sequence that is ree-
ognised by the binding protein. So far thiee genes that are necessary for
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localisation of the RNA have been identified; swalllow, exuyperantia
and staufém (see Figure 2.4 for their effiects on the bicoid RNA). It is
not yet clear what these genes do. Embryos from stauffh ~ mothets are
defective at both ends; indeed, the stauffm protein is concentrated at
both ends of the. egg and may associate with bicoid and oskatr RNA.

The identification of bicoid is important because it is the first
morphogen to be discovered and it plays a crucial part in the patterning
of the egg. Antibodies (see Box 2.1) against the bicoid protein show it is
absent from eggs when they are laid but soon appears, close to the
RNA which encodes it. By the time pole cells are being formed it is
present in a concentration gradient that extends from 100% to about
30% Egg Length, far beyond the RNA source from which it presumably
spreads by diffusion. The protein has a short halff life, probably less
than half an hour — cateamwiise ciee egggwonil it jjusst £l lupp witth ppoatein
and the gradient would be obliterated.

The gradient landscape of concentration prefigures and determines
the pattern of the embryo. This is shown by varying the amount and

Box 2.1 Antibodies

Antibodies are being used more and more in developmental genetics. A
specific antibody against the whole or part of a protein is valuable because
it can be used to locate a gene product in the cell or in the embryo.
The antibody is made by mass producing all or part of the protein in
bacteria, usually using a hybrid gene in which DNA from the gene of
interest is spliced into the faeZ gene of E. colii (which eneodes the protein
fBegalaciosidase). This results in the production of a hybrid protein which is
putified and injected into a mamemal stch as a rabbit. The rabbit prodiices
diverse antibodies some of which are againist the gene produet of interest,
and these ean be purified.

There are various ways of locating antibodies in embiyos but one of the
most common is as follows: you have an antibody against a protein of
interest, such as the biceiill gene product, that was raised in (say) a rabbit.
You wash fixed embryos in a low concentration of the antibody and the
antibody binds to the biceil! protein in the embiyo. After washing away the
unbound excess you then treat with a secondary antibody that recognises all
rabbit antibodies, and this antibody is chemically linked to biotim, or is
fluorescent. The secondaty antibody binds to the rabbit anti-bicoid antibody
and can be seen either by locating biotin with a colouted stain, or by
looking for fluorescenee.

For embryos there is the problem of getting fixatives, antibodies and
other reagents into the embtyo, past the highly impermeable vitelline mem-
brane. This problem has been overcome; octane and heptane punch small
holes in the vitelline mermbrane and let in the reagents.

Antibody stainings for proteins give higher resolution than the in situ
methods for RNAs and it is also very useful since two antigens can be
mapped in one embryo with different dyes, allowing the expression pattern
of one gene to be compared directly with another.
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Detailled maps like this are helpful but have to be treated with cautiwm;
it is often assumed that where the gene is expressed it must be doing
something of importance to development and this can be incorrect. For
example, the tra-2 gene is completely dispensable in the body (not the germ
cells) of males, yet there are abundant transcripts there, seveniésss is expressed
in many cells of the eye in a complicated pattern yet it appears to be
required only in the R7 cell and to be irrelevant elsewhere (p. 189). By
contrast, genes are sometimes required where present antibodies and staining
methods fail to detect product — coxar thheyyents, Astisdimikgues Hawe i nproned),
the band of Kriippel! expression has broadened significantly!

The pattern of gene expression may evolve considerably and it is no easy
matter to divine when the pattern matters. This is discussed with respect to
the fiz and eve stripes {p. 96). The results and discussion of many recent
papers, including my own, depend on the tacit assumption that when and
how the patterns of different gene products appear, elaborate, intensify and
then decay, in both wildtype and mutant stocks, is of intrinsic interest and
important to the developmental proeess. Bit, in reality the pattetn may be
only read momentwiily and only in part. A good example may be the
patatiedd gene product which undeigoes complex changes in distribution as
it first builds and then decays. These complex patteths may not be as
important as they first seem — a heat shocked paichiedd construet which
gives ubiquitous and even expression of the gene ean reseue ppatdhed=
mutamits. But, many current papers and PAD theses would be much thinner
it the oppertunity to desciibe changing pattefns of gene expression were
denied!

For more information, see Harlow, E. and Lane, D. (1988) Antitibdidies: A Ludoovatary
Manuad], Cold Spring Harbor Laboratory Press, New York.

distribution of the bicoid RNA in the mother and consequently the
scalar value of the protein gradient. Once again genetics is used to do
this. Look again at Figure 2.3I1. The maximum concentrations and
shapes of decline of differemt bicoid protein gradients are estimated
by direct measurements on the eggs and these are compared with
the observed positions of the head folds. They show a reasonably good
fit — Atthowgdh moat aas ggeet aas Hrgguree 22331 Issigggests, witeare thieeffi thiaas
been exaggerated so that the principle is understood.

The discovery of the bicoid gradient leads us on, for the next
question is 'how is the bicoid concentration interpreted to give pattern?’
This question is approached on p. 51 —before that we have to finish
building our picture of the unfertilised egg.

Posterior pattern

There are about nine maternal-effect mutations in which the posterior
part of the body pattern is defectiie:; they lack the abdominal segments
altogether and look extremely dwarfish (see Figure 2.6). Two examples
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are oskarr (osk) (the dwatff in The Tin Drum)) and names (nos) (@ mutant
version of the Spanish for dwarf). It wias at first thought that one of
these genes would be like bicoid, that is it would produce a morphogen
gradient with a high posterior limit that declines antetiotly, as suggested
by Sander's experiments. But, as we shall see, this did not turn out to
be quite right.

When there is a family of genes with similar mutant phenotypes it
is important to determine if there is one gene that is primaty, meaning
that it does something to the embiyo, that it acts on a process or has
an effect on subordinate genes that have a function at a later stage. The
other genes in the family may be auxiliaty, necessaty for the function
of the primary gene but not specific for it; they may be needed for
other, different processes as well. The subordinate genes which function
later are called 'downstreamn’ to emphasise that their action is controlled
by, or dependent on, the eatlier action of the active 'upstream’ gene.

So, which is the primary gene in the posterior group? As with
bicoid, rescue experiments were done, but now cytoplasm was taken
from the nurse cells and injected into names~ mutant eggs. Rescue of
the mutant phenotype shows that the cytoplasm of the nurse cell
contains the 'posterior activity’. This posterior activity was found to be
present in the nurse cells of all but one of the mutants —iimydhyiing thaat
these mutations do not remove the activity itselff but intetfere with its
translocation to the posterior pole of the egg or with its packaging or
function. Howevet, nanes~ nutse cells lack all postetior activity and it
was concluded that the nanes gene product is the posteriot factor. Even
synthetic names RNA will rescue eggs mutant for all known posterior
group genes, hates is thetefore the prirnafy geme; but also the logic of
these experiments means that it is formally the last gene in the pathway,
the most ‘dovmstream’.

The nanes gene has been cloned and indeed the RNA is tightly
localised to the extreme posterior pole of the egg (Figure 2.5). One
imagines it is translated like the bicoid! RNA and a comcemtration
gradient of protein spreads out from the localised RNA. The wildtype

SO — |

Figure 2.5 The namas RNA is tightly localised to the

posterior pole of the egg.
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function of names is not equivalent to that of bicoid however: the
embryo does not appear to respond point by point to the local concen-
tration of nanes protein. Although transplantation of namos RNA into
the anterior end of the egg can induce posterior structures there, it
works by intetfering with the translation of bicoid RNA. The impression
given is that names is permissive, it allows posterior pattern, but is not
determinative, as bicoid is.

To understand how names works we must meet another gene,
called hunciiitackk. The huncififackk gene has primartily a zygotic role
and mutants have a lethal phenotype much like bicoid-,, lacking anterior
parts. There is also some humetiitackk RNA provided by the mothet, and
this is at first distributed evenly. Strangely, this hunctiitackk maternal
RNA is dispensable — Humnchback- ggerm cedlbs wititdh coartidin mo ggeree
product {see Box 2.2} can form normal embryos when the eggs are
fertilised by humoifitackk* sperm. For normal development, Humdhback
protein must be in a gradient, high anterior and low posteniosy; this is
achieved in two ways: first, the ubiquitous maternal RNA is translated
only at the anterior end of the egg, and second, the zygotic RNA is
made only at the anterior end.

If humctitiackk RNA is translated in sufficient amounts in the posterior
region of the egg —féaresanylle, aashmpprenswhan the hunchback ggere
is driven by a heat shock promoter — thee hunchback preatdin disstppts
abdominal development and the deformed embryos resemble manos~
ones. The explanation is as simple as it is unexpected: the role of the
nanas gene must be to disable hunnifitackk maternal RNA at the posterior
end of the egg. The proof follows logically: if the only role of the manos
gene is to stop the humelifackk matetnal RNA from being translated in
the posterior halff of the egg, embiyos without maternal Himdhback
RNA should not need the names gene either. Consequently, eggs lacking
the maternal contributions of both the hunniiiackk and nanes genes
should develop normally when fertilised by hunntilackk * sperm. They
do. The experiments are explained in Figure 2.6. In A, the wildtype
situation, the namnes gene product clears the humctiilackk RNA from the
posterior region allowing abdomen development there. In B, without

Box 2.2 Genetic mosaics — pole cell tiansplantation

This is easy to understand but tricky to do. The purpose is to study embryos
that lack all product of the gene of interest and for many genes this can be
difficult, since the mother deposits gene product into the embryo and even
homozygous mutant zygotes have some product. Also, the mutation will
often be lethal, so homazygous mutant mothers cannot be made. The
solution is to have a normal fly with germ cells that are homezygous for a
mutant in the gene of interest and this is done by transplantimg pole cells
between embryos. Female embryos that carry a particular dominant female
sterile mutatiom, and therefore can make no competent pole cells of their
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Figure B2.1 Pole cell
transplantation can be used
to make germ cells that
lack a particular gene; eggs
deriving from those cells
will have no gene product.

own, are used as surrogate mothers and embtyos homozygous for the lethal
in question are used as donots. Pole cells are taken up intact into a micro-
pipette from one donor and put into the postetior pole of the hosts. These
pole cells then grow up into germ cells in the ovary of the surrogate. Her
own pole cells fail to develop and consequently all the eggs she lays derive
from the transplanted pole cells (Figure B2.1). Success will normally be
limited to one in 16 of transfers, for there must be a female donor and a
female host, and, usually, only one in four of the donors will be homozygous
for the mutant of interest.

These experiments can be used to assess the matermal contribution of a
wildtype gene to the egg (p. 6) and to ask whetther mutamt phenotype
depends on germ cells or soma — in these surrogate mothers only the germ
cells are mutant, the follicle cells derive from her soma, which is not altered
by the experiment.

For more information, see Roberts (1985] (details p. 22).
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the nanos gene product, hunchback RNA is translated into protein and
prohibits abdomen development. In C, the hunchback gene is removed
from the germ cells, there is no hunchback maternal RNA, nanos
becomes redundant, and the embryos form perfect flies. In D, the
nanos function is swamped by expressing hunchback under a heat
shock promoter and hunchback protein is made at the posterior end,
inhibiting the development of abdomen.

There is a little army of genes that are necessary to ensure nanos
RNA works; that the oocyte and nurse cells are made correctly (e.g.
egalitarian), that the RNA is localised to the posterior pole (Bicaudal-
D), packaged properly when it gets there (oskar, staufen, valois, vasa)
and is deployed correctly (pumilio). As would be expected, mutations
in these genes are maternal-effect, it being the mother’s role to construct
the egg in all its parts. Of course, the observation that these genes are
upstream of nanos, does not mean that their only or main role is
concerned with nanos localisation or proper function, it only means
that the nanos gene cannot do its job unless they have done theirs.

1t seems perverse that the fly should have a specific genetic system
to clear up the unwanted expression of another gene. Would it not be
simpler to switch off hunchback in the mother? This result illustrates
a general principle and delivers a chastening lesson; the principle is
that evolution works on what is there, it tinkers, it does not look at
the whole system and devise a logical or economical solution. The
lesson tells us that trying to understand embryos by using logic and
theory is risky or impossible. It is better to do experiments and find out
through those. The next part of our story is a good example of this,
because none of the theoreticians predicted a special group of maternal-
effect genes concerned with making the extreme anterior and posterior
ends of the embryo.

The terminal system

These new genes are maternal-effect; homozygous mutant mothers lay
eggs in which embryos develop with missing anterior and posterior
extremities, that is the acron at the head end and the telson at the tail.
There is a group of genes each having a similar mutant phenotype. The
torso gene has been well studied; it has been cloned, its sequence
suggests a tyrosine kinase receptor and it appears on the plasma mem-
brane of the egg during the cleavage stage, where it is distributed
evenly. One would guess that a receptor would bind a ligand, and the
ligand might be present only where activated receptor might be wanted —
at the ends of the eggs. There are dominant mutants of torso in which
the embryos have enlarged terminal regions and little in between; it
seems very likely that, in these, the receptor protein is altered in such
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Box 2.3 Epistasis and the order of gene action

Epistasis is a nice old word for the order, the hierarchy in gene action and it
is* a very useful thimg, as is evident all through this book. Which gene
functions before anothet? Which gene is required only for the proper dispo-
sition of another gene, which gene really determines the phenotype?

Epistasis means that one cannot see the mutant phenotype of one gene
in the presence of mutations in another gene: consider two mutations in
genes affecting one process, like the development of eye pigment.. One
makes the eyes white (rather than the wildtype red coloun), the othet makes
the eyes brown. In the double mutant wititec browm the eyes are found to be
white in phenotype. wiitee is therefore epistatic to browm and the impli-
cation is that the wiliiec gene has a more predominant role than the Hxown
gene. Genes In the long pathway leading to sex determinatiom can be
ordered in this way. No mattet what the mutations are in whatever genes,
whether dominant of recessive, when they are combined with the mutation
douliiésex¥™, then all the flies develop as mmales. The reason is that the
doulbéssex gene is at the end of the pathway, it is an exeeutive switch, the
other genes are involved in setting-up that switeh.

a way that, even in the absence of the ligand, it is constitutionally
active. The various genes of the terminal system are collected and
ordered in a pathway of action by epistasis studies (see Box 2.3). Genes
encoding for, or modifying, a ligand should have mutant phenotypes
similar to torso~ mutants but be upstream of the torso gene. When the
tyrosine kinase receptor binds a ligand, this must be transduced into
the cell; there will be genes involved here and in receipt of the signal
ingiid;, the cell, these will be downstream of the torso gene. Consider an
example, trunlk, a matermal-effect gene which we want to place in the
pathway. The argument uses double mutants, females which are trunik~
and also carry a dominant allele of torso. If trumlk acts upstream of
torso, the double mutant will still show the dominant torso phenotype
becatise this dominant allele is expected to be independent of functions
normally before it; while if it is downstream it will show the ttrurk=,
that is the torso~ phenotype because the dominant allele could not
produce its final effect on pattern without the later functions in the
pathway. The trunlk gene proved to be upstream, as did ttocsdlike,
another maternal-effect gene.

Now, most genes, that determine pattern are germ cell dependent;
which means that when the ovary of the mothet is a genetic mosaic,
the germ cells being of one genotype (say, mutant) and the mesoderm
follicle of another (wildtype), the eggs make embryos that correlate
with the genotype of the germ cells not of the follicle cells (see p. 25).
The torsolitez gene is an exception; meosaics show that its place of
action is in the follicle cells that surround the egg. The current model
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is that torsolike is involved in making ligand (by the most anterior and
most posterior follicle cells) that binds to the torso receptor in those
regions and initiates the downstream responses at the poles of the
embryo.

The evidence that torsolike is required only in the poles of the
follicular epithelium is convincing. fragile chorion is a gene that is
required inthe follicle cells to make the chorion properly; in its
absence the chorion is flimsy. The locus for fragile chorion is on the
same chromosome arm as torsolike so it can act as a cell marker for
clones of torsolike™ made by mitotic recombination (Box 4.1, p. 82).
So fragile chorion~ torsolike™ clones can be made in the follicular
epithelium as it grows and produce patches of defective chorion in an
otherwise normal egg shell. If these flimsy patches of chorion occur
away from the poles the embryo develops normally; if a patch is at the
anterior pole, then the embryo lacks the head part, the acron,; if it is at
the posterior pole then the embryo lacks the tail part, the telson.
Clearly, the torsolike gene acts in the follicle and it acts locally, being
required only in the terminal regions of the follicle to specify the
corresponding terminal regions of the embryo.

Figure 2.7 summarises the present model of the sequence of events
in the terminal system. Follow the red arrows for the genetic pathway.
During oogenesis the 16 cells coming from a germ cell become sur-
rounded by follicle cells that derive from the mesoderm of the mother.
Some cells of the follicle leave the surrounding epithelium and migrate
inside to the anterior pole of the oocyte; these, as well as two cells at
the posterior pole of the egg, have special properties (pink). These cells
may release a ligand for the torso receptor and this is then stored
locally, possibly in the vitelline membrane (red). Later, after the egg is
laid, development begins, the torso receptor is deployed in the cell
membrane and the ligand is released. This ligand is thought to diffuse
‘through the perivitelline fluid that fills the space between the egg
plasma membrane and the vitelline membrane and bind to the torso
receptor at the poles of the egg, leading to a gradient of activation in
the embryo.

In summary, the anteroposterior pattern of the newly laid egg
depends on three systems that work in different ways. Two (the anterior,
bicoid, and the posterior, nanos systems) rely on the localisation of
specific RNA at the poles of the egg, while the third (the terminal,
torso system) depends on localised effects within the follicle. This
picture is summarised diagrammatically in Figure 2.8. In A the three
RNAs are shown, in B the protein levels. First, the nanos gene product
inactivates the hunchback RNA in the posterior half of the egg and
this leads to a distribution of hunchback protein — high anterior,
absent posterior and a graded zone in between. The hunchback gradient
steepens and sharpens as zygotic hunchback RNA is translated in the
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Figure 2.7 The terminal system — a model. Local gene expression in the follicle cells
results in localised activation of the torso receptor in the egg. Only some of the genes in
the pathway are known.

anterior region. In C you see graded activation of the torso receptor.
Double mutants show that these three systems are largely independent
and the triple mutant bicoid~ names= torso~ lacks all pattern —
suggesting that there are no other maternal systems needed to lay
down the anteroposteriot scaffold upon which the embryo is built.

41 THE FIRST COORDINATES



Figure 2.8 The
anteroposterior patterning
of the egg is determined by
three independent systems.
RNAs from the bicwiill and
panes genes are localised
at the anterioe and
posterior ends of the egg.
These are translated into
proteifis on egg laying. The
toiaso receptor is
ubiquitous, but is only
activated at the poles.

The dorsoventral system

When Sander divided the early egg across and added together the parts
of the embryo made by both the anterior and posterior fragments,
pieces of pattern were missing. By contrast, dividing the egg in the long
axis led to partial duplication of the embtyo, and sometimes complete
twins (see Figure 2.1). Both the anteroposteriot and the dorsoventral
system responded differently and independently and he concluded that
they were distinct.

The genetic analysis carried out by Nussleim-Volhatd and colleagues
has confirmed this, for they have found a family of maternal genes
whose wildtype role is to make the dorsoventral pattern of the embryo,
but not the anteroposterior. The story is incomplete, but there is an
extraordinarily long chain of events that begins in the oocyte, goes out
to the surrounding follicle, returns across the perivitelline space and
then, entering the cell, results eventually in a protein gradient in the
dorsoventral axis of the embryo.

We begin at the beginning with the genes which, as far as we know
now, initiate the chain of events. The pathway is summarised in Figure
2.9; start in the oocyte and follow the red arrows. Genes have been
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Figure 2.9 The dorsoventral system — sammodidl. Ittiis enwiisagred ttet thhe @actus grovedin ()
binds to the dorsall protein {d). In the ventral region of the egg, activation of the Toll
receptor leads to their dissociation; the free dorsall protein can then enter the embryonic
nuclei.

identified, for example cornichom, gurkem and fs()KK0), which are
required in the oocyte for the proper development of the surrounding
follicle cells. Mutations in the three genes mentioned above produce
odd follicles and embryos that are defective in the dorsoventral axis.
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Commonly, both the chorion pattern and embryos are coordinately
dorsalised or ventralised; in a dorsalised embryo the cuticle and amino-
serosa are extended and the ventral cuticle and mesoderm are reduced
or eliminated (Figure 3.8). As with Sander’s experimental results and
many other maternal-effect phenotypes, the change of pattern is not
brought about by the death of some cells but by an abnormal specification
of all the cells.

At least one of the functions of the genes needed in the oocyte is
probably to send a signal to the follicle, because in the follicle there is
a gene (torpedo) that encodes a receptor required for the dorsoventral
axis of the embryo. The torpedo protein is partially homologous to a
growth factor receptor ({the EGF receptor) of vertebrates and has an
extracellular portion that might bind to a ligand from the oocyte. It is
not known whether the ligand is locally produced in the oocyte, but
once the ligand binds to the torpedo receptor, its presence will be
signalled into the follicle cells. The next step seems to be the production
in the follicle of a localised factor that will, somehow, go back to egg.
The nudel, pipe and windbeutel genes are required to produce this
factor from the follicle and the receptor protein of the Toll gene
receives the signal in the oocyte.

The Toll gene presents an interesting paradox. It is necessary for
dorsoventral polarity and in its absence the embryo is strongly dorsalised.
It is not only necessary for the embryonic axis but cytoplasmic transfer
shows that it can define it. In experiments reminiscent of those done
with the bicoid gene (p. 29), wildtype cytoplasm was transplanted
into a Toll~ egg. If this cytoplasm is injected dorsally it can lead to a
reversed embryonic axis; the ventral part of the embryo forms in what
was, anatomically, the dorsal side of the egg. The paradox is that the
Toll protein is normally distributed uniformly all over the egg, which
would not seem to fit with these local effects. However there is a
plausible explanation: it is likely that, in wildtype eggs, the ligand is
produced locally and is rapidly bound and mopped up by Toll receptors
nearby. In Toll~ embryos, there is no receptor, so the ligand might be
free to diffuse all through the perivitelline space and become evenly
distributed. When, following transfer of Toll* cytoplasm, the Toll
receptor appears locally on the egg membrane, it could be immediately
activated at that site to define the ventral region of the embryo.

The local activation of the Toll receptor in the fertilised egg is
thought to depend on some signal that has been made during oogenesis,
deposited somewhere — perhaps on the vitelline membrane — and
later transferred across to the most ventral part of the embryo. This
transfer probably involves amplification, for other genes have been
identified as maternal-effect dorsalising mutations. Two of these genes
(snake and easter) encode secreted serine proteases similar to those
found in the amplification cascade of blood clotting and these act
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within the perivitelline fluid that lies between the egg cell and the
vitelline membrane — tHiks s Heean rited by proosean Hyy tieandtaritngjjisst
perivitelline fluid from easter™ eggs to the perivitelline space in easter~
eggs and completely rescuing the mutant.

So we now have an activated receptor along the ventral part of the
egg and this is transformed into a gradient of the dorsal protein. Dorsal
is a key downstream gene and was singled out amongst the genes with
dorsalising mutations by several criteria. As changes in the distribution
of dorsal protein are made, so changes in the fate map result. Cyto-
plasmic transfer shows there is more effective dorsal product in the
ventral part of the egg, and genetic experiments on epistasis (Boxes 2.3
and 2.4) place dorsal downstream of all other genes in the pathway

Box 2,4 Molecular epistasis

Now that there are probes, either RNA or antibodies, for gene products,
gene order can be determimed with the help of these. Consider fusthi ttaiazu
(ftz) as an example, which is expressed in seven stripes {p. 96). All maternal-
effect mutations that are involved in establishing the anteropostetiot pattern
(such as bicwitlt {p. 29)) affect the fiz stripes, as do mutations in the gap
genes, such as Kriippel~.. Even mutants in some other striped genes, such as
haityy |, alter the stripes, so it must be that all these genes act upstream of
the fiz gene. Biit mutants in segment polarity genes, such as winglésss,, do
not affect fiz expression, indeed in fiz~ embtyos they are altered. This
places the fizz gene downstream of some pair fule genes, such as hainy and
upstream of segment polarity genes, stich as winglésss. It doesn’t tell you the
rmechanismm of interaction between the genes, if any: simply the pesition in
gome temporal of funetional hieratehy. It ean be useful, partieulaly in the
negative aspeet. If fizz expression is completely normal in engreilket,, that
fules eut any role of the engrailkell gene in fizz regulation.

There are other ways of finding out the same thimg: for example, a
dominant gain-of-fiunction mutation can be useful. Take Toll” as an example.
Toll® is a constitutively active form of the Toll receptor protein (p. 44)
which ventralises the embryo. If Toll” is combined with dorsal~ (Gwhich
dorsalises the embiyo) the result is a dorsalised embityo. One can conclude
that dovsall is downstream of Toll], that dorsall is neater to the final outcome
in determiniimg venttal rather than dorsal pattern.

Translocation of gene products between mutant embryos can also help
order gene function. For example, if gene a is upstream of gene b, cytoplasm
from b* embryos may rescue a~ embryos, bt a* cytoplasm will not rescue
b~ embryos. Similarly, translocation of perivitelline fluid helped sort out
where in location and whete in the hierarchy the gene products of the serine
proteases easieir and snalee act in the dorsoventtal pathway (see above).

Heat shock constructs (Box 3.2, p. 56) can also be useful: flies transformed
with a downstream gene under heat shock control will produce phenotypes
even in mutants for upstream genes.
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shown in Figure 2.9. The dorsal protein has been studied and there is a
gradient in the dorsoventral axis, almost as expected. The unexpected
observation is that the gradient forms from an even distribution of
dorsal protein, with more protein being taken up into the nuclei along
the ventral part and less and less so dorsally. So the gradient is of
protein concentration in the nuclei. This is confirmed when the nuclei
divide between cleavage cycles 10—13, for, in each of these cycles, the
protein is released when the nuclear membranes break down and,
temporarily, no gradient is visible. There is some evidence from the
sequence homology that dorsal protein acts as a transcription factor,
which means that the concentration in the nuclei is what counts.
In another mutation, cactus™, with a ventralised mutant phenotype,
the dorsal protein becomes concentrated in the nuclei all around the
dorsoventral axis. One hypothesis is that the cactus protein binds to
the dorsal protein and prevents it entering the nuclei — then, in
wildtype embryos, the cactus protein is altered in the ventral part of
the egg and lets go of the dorsal protein — all as the indirect result of
the activation of the Toll receptor protein.

The present model of this complex chain of events is summarised
in Figure 2.9. The end product of all this is a gradient of dorsal protein
and it seems clear that dorsal acts as a morphogen, meaning that the
local concentration of dorsal (in this case, in the nuclei) determines the
pattern of differentiation at each point on the dorsoventral axis. See
Figure 3.8 (p. 67) for the distribution of dorsal protein in the nuclei of
various mutants and the way that distribution correlates with the
dorsoventral pattern of the larva.

In this chapter, we have sketched out the way the maternal systems
lay down foundations building the fly. As the embryo begins to develop,
zygotically encoded genes use these foundations to produce a more
elaborate framework. This is explained in Chapter 3.

Further reading
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3 Patterning the embryo

HE FOUR MATERNAL SYSTEMS that establish

positional information in the egg are interpreted by zygotic
genes. Each of the gradients or graded zones of activated receptors
is read out as several narrower bands of zygotic gene products;
thus, orthogonal gradients of a few molecules become elaborated
into a tartan pattern of many molecules. Initially, the stripes of
the tartan pattern have graded and often overlapping boundaries.
Local subsets of these gradients and overlaps act to position
each stripe of the final patterning genes.

Elaboration: the first zygotic genes

Four maternal systems provide positional information along the egg
axes. First, at both poles of the egg there is activated torso receptor; it
is most active at the poles and grades in towards the centre of the egg.
Second, in the anteroposterior axis there is a single gradient in the
concentration of bicoid protein. Third, there is a posterior zone that is
cleared of maternal hunchback protein by the graded activity of the
nanos gene product. Fourth, along the ventral axis there is a peak of
activated Toll receptor and the highest level of a concentration gradient
of dorsal protein in the nuclei. )

There appears to be a common strategy that is used again and again
in pattern formation. In Chapter 2 we saw how the mother establishes,
in the very young embryo, systems of positional information which
consist of concentration gradients, or graded zones of activated receptor
molecules. It is becoming clear that these maternal gradients are used
to locate the transcription of zygotic genes (Box 1.3, p. 8) all of which
appear to be transcription factors. Each of these genes is activated in
only a subpart of the gradient; thus a broad gradient becomes inter-
preted as a number of narrower bands of gene expression. These genes
are not expressed in the mother’s germ cells so theré is no maternal
contribution to phenotype. They have mutant phenotypes which remove
rather large chunks of the embryo, giving gaps of several segments or
large parts of the terminal regions. For the anteroposterior axis, the
genes were recognised as a family by Niisslein-Volhard and Wieschaus
and called gap genes (The segmentation genes, p. 201). The bands of
gap gene expression have graded edges which may overlap with adjacent
bands. The graded parts of the bands and the overlaps are used to
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activate other genes even more precisely in narrower stripes, which
define the position and polarity of the parasegments.

Eventually this process culminates in the allocation of sets of
individual cells to specific developmental fates.

The anteroposterior system — interpreting the bicoid gradient

There is a zygotic mutation that produces embryos resembling those
produced by bicoid™ mothers; this is hunchback™. As we have seen
(p. 35), hunchback protein is produced from both maternal and zygotic
RNA; it is made in two bands, a broad anterior one and a narrow
posterior one; I will ignore the posterior band here.

The anteriorly located band of hunchback protein appears first at
late cleavage as a gentle gradient that steepens and intensifies during
the blastoderm stage, becoming strongest before gastrulation; at that
stage it fills most of the anterior half of the egg, from about 100% to
55% Egg Length. The zygotic contribution to the anterior band is
completely dependent on the bicoid gene; bicoid~ embryos lack it.
The bicoid gene is not restricted to controlling hunchback; it specifies
some parts of the head, parts that are unaffected in embryos that lack
all hunchback gene product. For this reason, bicoid is thought to
regulate additional genes that are responsible for anterior pattern.

bicoid, hunchback and the molecular vernier

There is strong molecular evidence for a direct interaction between the
bicoid protein and the hunchback promoter. As this is a paradigm
example and probably will be echoed in many other cases to be analysed
in the future, we shall dwell on it. The purpose of the molecular
interaction is to read the gradient like a vernier scale — to transform a
gradual ‘change in concentration over a long distance into a sharper
response of a gene that occurs at a particular concentration threshold.
In this case, a concentration gradient of bicoid spread over about 70%
of the long axis of the egg is interpreted at about 55% Egg Length by
the activation of hunchback anterior to that level. Again, the result is
not an absolutely sharp cut off, but a gradient. One can estimate the
steepness of the bicoid gradient as, and when, it functions by looking
at the changes in the pattern of hunchback expression: as the doses of
bicoid™ are increased in the mother, so the zone of hunchback expression
is extended. For each doubling of the dose of maternal bicoid* (one to
two, two to four) the boundary of hunchback expression moves about
10% Egg Length — suggesting that normally the concentration of
bicoid protein halves over that distance. By the late blastoderm (stage
5(3)) the distance over which hunchback protein concentration appears
to drop from maximal to undetectable is about 5—10% Egg Length, so

’
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it follows that, ultimatelly, a two-fold difference in concentration of
bicoid protein is enough to switch hunciilackk from fully on to fully
off.

The bicoid protein contains a homeodomain (see The discovery of
the homeobox, p. 216) and this implies that it is a transcription factor
and binds to specific DNA sequences: one might expect it to bind
directly to the humctiifackk DNA. One approach to this is to study the
interaction, monitoring the effect on a reporter gene, such as cat. cat
encodes an enzyme whose activity can be measured with a coloured
dye. The entire promoter region of the hunctiifackk gene is joined to the
cat gene and then either injected into embryos or transfected into
insect cells in culture. Whethet the humclifackk promoter responds to
the bicoid protein can then be determined by comparing the amount of
CAT activity in bicoid™ as against bicoid= embryos, or by cotransfecting
the cells with DNA constructs producing bicoid protein. In both cases,
the expression of cat is massively enhanced by the bicoid protein.

Another related method is to define enhancer sequences in vive by

Box 3.1 Reporier genes

Often, one may not have an antibody against a gene product and yet wish to
know when and where the gene is transcribed. In sitiz hybridisations can be
done but these may be laborious and the procedure involves chewing up the
cells with proteases — thus spoiling the matetial and making it difficult, of
impossible, to map gene expression at single cell resolution. The reporter
gene helps get around this problem and was first developed for fusliii rigtaztt
(ftz). Attached to the 5' end of the coding sequence of fiz is a 6.1 kilebase
fragment and this and the coding sequence is known to be sufficient to give
tescue of fiz~ flies — it fidlbamesthiad itt mmikght diteanat the enpiveassan off dive fiiz
gene in a pattern that is close of identical to the wildiype ene. This 6.1
kilobase piece is now linked to the reperier, a laeZ gefie from E. eoli;, and
the whole transformed into flies in a P elefment veetor. The result is an
embryo that expresses stripes of fSgadlaiosidase in the same patiern as ft.
As Bwdlastesidase ean be stained fof, both direstly and by using antibedies
(p: 32) enie ean easily study the iz pattern (flies have little p-galactesidase
of their ewn).

There are some possible artefacts which can be problematiic. For example
the pattern of expression may be influenced by sequences that are near the
site of insertion and nothiing to do with fizz —even the vector sequences can
cause tissue-specific expression. The [Bgdlastosidase has a relatively long
half-life in flies and therefore may still show long after the gene itsellf has
been switched off; this is a feature that can be useful, particulatly with
genes expressed in the embryo — the later fate of cells expressing a gene is
often of interest {see p. 97).

For more information, see Hiromi, Y., Kuroiwa, A. and Gehrimg, W.J. (1985) Celll 43:
603-@l13.
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hitching up different amounts of the DNA that flanks the responding
gene itselff to a permissive promoter, which itself does not define the
level or pattern of expression. This is then attached to a reporter gene,
usually IacZ (see Box 3.1), and used to determine which parts of the
flanking sequence are required for a particular response. The hybrid
gene is transformed into flies and the f3gghlaniosidase reporter protein
looked for. Several different constructs with the hunciifackk promoter
are illustrated in Figure 3.1. A 747 base pair sequence {shown in the
second row of Figure 3.1) gives an almost completely normal expression
of lacZ. The experiments show that a group of 263 base pairs are
themselves indispensable and indeed are sufficient alone to give a good
response. Using this construct, the response to changing amounts of
bicoid protein can be followed in vive and this is shown in Figure 3.2.
If the number of doses of bicoid™ is increased in the mothet, the
concentration of bicoid protein is increased in proportion throughout
the embryo and the boundary of lacZ expression shifts more posteriorly.
Returning to Figure 3.1, you can see that even part of the 263 base pair
region is sufficient to respond to bicoid); two of these 123 base pair
subsequences, if arranged in tandem, are more sensitive than one, and
the'postetior boupdary of expression is shifted. If a smaller fragment of

——

Figure 3.1 Locating the promoter regions of the hunciitfackk gene. The constructs
illustrated are transferred into flies and are expressed as shown in the eggs.
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Figure 3.2 The Humuditack
promoter responds to the
concentration of Hicoid
protein. A 263 base pair
fragment of the Huadithack
promoter will drive
expression of the reporter
gene, lacZ (brown).
Transcription is dependent
on the amount of Hiicoid
protein. As the nurber of
doses of the bicoitl! gene in
the mother increases, so
the expression of beth (-
galactosidase (brown) and
hundiisekk protein (red)
spreads moxe pesteriorly.

— —— —
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———
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=
———————— —_—
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82 base pairs is used, there is no response. Howevet, if four copies of
this fragment are put end to end, a concentration-dependent response
to the bicoid protein is found. This and other experiments suggest that
cooperative interactions between proteins and the DNA may help
increase the sensitivity to the concentration of bicoid and the precision
of the response. The impression is that the response can be finely
and simply adjusted by varying the numbet and binding affinities
of the elements. The following rule applies in many cases: affinity
of the site for the binding protein determines the threshold of response,
while the number of elements determines the amplitude of the
response.
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In order to localise where the bicoid protein binds to the DNA,
footprinting experiments are done. The footprint depends on the DNA
to which protein is bound being protected, meaning that it is relatively
insensitive to attack by enzymes. Consequently, naked DNA gets cut
more easily, more quickly, than the DNA protected by protein. Salutions
with and without the bicoid protein are bound to DNA which is then
partially cut with enzymes in vitte and the fragments run side by side
on a sequencing gel. The protected sequences can then be seen, because
the bands which represent cuts made in the protected parts of the
sequence are much weaker or even eliminated in the DNA treated
with bicoid protein when compared to the DNA that has no hicoid
protein added. Figure 3.3 shows some DNA sequence that is considerably
protected by the bicoid protein from the enzyme DNasel. The central

Figure 3.3 The bicaiil protein associates with a particular
part of the humncttiiackk promoter, the result is a “footprint’.
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two columns of bands are from DNA digested in the presence of the
bicoid protein (+])andl sthowlld e compared wiidh tihe A peent @nes ((H
in which the bicoid protein is absent. Note the reduction in band
intensity over the area marked A2. The outer columns are used to
locate the sequence. Just below the footprint, two bands in the central
columns are augmented — such changes are commonplace near foot-
prints and are thought to be due to the bound protein bending the
DNA and exposing some sites to increased enzyme attack. The footprint
shown, A2, is located in the 123 base pair fragment shown in Figure
3.1. 1t seems likely, therefore, that the binding site is an important one
although it does not work alone. Using this method five binding sites
are found in the hunciitagkk promoter and they include a common
or 'consensus’ sequence that is repeated (exactly, or almost exactly) in =
all five sites. This consensus sequence is TCTAATCCC.

It is no easy matter to find out whether the footprinted regions
actually function in the fly in the way envisaged and no such assumption
can be made. One probable reason is that the effect of binding a protein
such as bicoid to a site will vary, depending on whether other protein
molecules are also bound nearby and these might well be missing
in vitre. Further, there may be other proteins which compete with
bicoid in vive, or indeed might form a heterodimer with bicoid); the
combined effeci being not activating but repressing. The footprint test
is indiscriminate; it may deteet binding sites with a meaninglessly low
affiity — sites that bind bicoid protein can be found even in DNA
from the bacteriophage lambda — aardlssome Kiindloffflineeioandlasssayiss
required. The best test is to mutate only the sequenee of the footprinted

Box 3.2 Heat shock promoters

An important part of the tool kit of a Drosepifilda worker is the ability to
place genes undet the control of unusual promotetrs. One of the most often
used of these is the promotet from the hsp-7 heat shock gene. The promoter is
normally nearly inactive, but can be stimulated to drive expression of the
gene assembled at its 3’ end by briefly heating the embryos or flies to 36°C
or 37°C for about 30 minuies. This results in univetsal expression of the
gene. For developmental genes, which are normally carefully regulated and
are only expressed in particular times and places, this can be a useful
trick — the consequences of ectopic expression can tell more about the
funetion of the gene — although it is often lethal.

To make these constructs the hsp7® promoter is spliced to the coding
region {often from cDNA) of the gene of interest, given a suitable 3’ tail and
transformed into flies with a P element vector.

For more information, see Lis, J.T., Simon, J.A. and Sutton, C.A. {1983) Celll 35:
403-4110.
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site in the promoter, use that to drive a reporter gene in the fly, and to
find an altered response to the regulatory gene product; this has not yet
been done for the footprint A2. In spite of these technical problems,
the bicoid—hunchback interaction is a key example of a general phenom-
enon and it is worthwhile to work out, if possible, exactly how the
concentration dependence is achieved.

The hunchback gradient and the other gap genes

The gap genes are a group of genes recognised initially by their mutant
phenotype: mutant embryos develop with large chunks of the body
pattern deleted; the remaining pieces of the pattern may be inappropri-
ately positioned and have reversed polarity. One cannot conclude that
the damaged area identifies where the gene acts, because much of the
damage can be the indirect consequence of the initial malfunction.
Apart from hunchback, these genes do not show maternal effects (and,
in the case of hunchback, the maternal contribution is dispensable,
see p. 35). Studies of molecular epistasis (see Box 2.4, p. 45) show they
are downstream of the maternal coordinate genes (bicoid, nanos). The
family of gap genes is growing, but the core examples so far studied are
hunchback,/Kriippe], knirps, giant, tailless and huckebein. All these
genes are expressed in early development, starting during late cleavage
and continuing beyond the blastoderm stage. All are expressed in single
or double domains in the anteroposterior axis, the domains being fairly
broad. All have molecular structures that suggest DNA binding proteins,
zinc fingers being the motif in all but the giant protein which has
another type of DNA binding domain called a leucine zipper.

The pattern of gap gene expression is shown in Figure 3.4 where the
current estimates of expression are displayed on the anteroposterior
axis of the egg. Remember, as the quality of antibodies improves, the
apparent widths of the bands tend to increase. Also the patterns are
dynamic and the time when they are interpreted, that is when they act,
is uncertain.

The wildtype role of the gap genes is understood in outline but
many details remain to be worked out. They do two different things; at
an early stage they regulate each other, later they define the positions
of the pair rule genes. We will consider these in turn..

Gap genes: control and mutual interactions

We have seen that the protein gradient of the hunchback gap gene is
positioned by the bicoid morphogen. In its turn, the hunchback gradient
itself acts as a morphogen to deploy other gap genes, even though some
of the gap genes also respond directly to bicoid. The model is that the
hunchback gradient is read at at least four thresholds: first, above a
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Figure 3.4 The
approximate pattern of
gap gene expression at
the blastoderm (stage
5(2)). The stripes in the
embryo indicate the
anterior borders of the
odd-numbered
parasegments and are
made by eevensikipped
(Chapter 4).

e e s e e e o o i e e,

high value, at about 60% Egg Length, the Kruppel gene is repressed,
below it the gene is activated — this threshold positions the anterior
margin of the Kruppel stripe. The posteriot margin of the Krippel
stripe is fixed by a second and lower thieshold, at about 35% Egg
Length, below which Kritppel is repressed. The third and fourth thres-
holds, at about 45% and 30%, respectively, position the anterior margins
of the kmiffis and the more posterior of the two giant stripes — abeve
these thresholds the genes are repressed, below them they are activated.
The posterior margins of the kairs and giant steipes are proebably
positioned by the tailless gradient (p. 84)) for in tailless— embryos the
two stripes lose their posterior beunds and the twe proteins spread
towards the baek 6f the egg. Leek at row B in Figure 3.5. 1n the absenee
of the nanoes and torse genes, the huntiiekk gradient is abnermal and
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Figure 3.5 The hunctitiackk moephogen: these experiments suggest that different
concentrations of hunclitfagkk protein locate the expression Kitippsdl, kniigyss and giamd.
The concentration of the different proteins is indieated by the depth of colout. The shifts
induced by inereasing hunciiisckk protein coneentration (arrows) are semewhat
exaggerated.

59 PATTERNING THE EMBRYO



does not reach low levels anywhere. This is true of hunchback ~ zygotes
(upper row in B), when all the hunchback product derives from the
mother and the protein is evenly distributed. The small gap at the egg
tip where Kriippel is not expressed is due to bicoid itself or to other
gene products dependant on bicoid. When the hunchback gene is added
back to the zygote (lower row in B), the concentration of hunchback
in the anterior end increases and the anterior edge of the Kriippel
domain is pushed backwards — evidence that hunchback protein is the
key agent responsible for repressing transcription of the Kriippel gene.
Now look at row C in Figure 3.5. Eggs from mothers which lack the
bicoid and the torso genes have neither the primary anteroposterior
gradient nor the terminal system. In bicoid ~ eggs, no zygotic hunchback
is activated, so the amount of hunchback protein initially in the
embryo depends only on the number of copies of the hunchback gene
present in the mother. The hunchback product will be cleared from
the back part of the egg by the posterior system (nanos) establishing a
hunchback gradient illustrated in the first column of Figure 3.5. What
isfound is that the bicoid ~ torso~ embryois divided into two domains; in
the anterior part hunchback is found and Kriippel is induced, in the
posterior part hunchback is missing and giant is induced. If the number of
maternal doses of hunchback is increased from one to four, the dividing
line between the two domains is shifted toward the posterior (Figure .
3.5, row C), indicating that the effective agent is indeed the hunchback .
protein concentration. This shift also suggests that the hunchback .
gradient must be read early, when it is shallow — when 1 and 4 doses,
would put the threshold in different places, as observed. A
This hypothesis can be tested more simply by making eggs in
which the hunchback protein is absent or evenly distributed at different
concentrations (Figure 3.5, rows D and E). First, embryos are made that .
lack all hunchback protein; the maternal contribution must be elimin-
ated and this is done by removing hunchback* from the mother’s
germ cells (pole cell transplants, see Box 2.2, p. 35). These cells are also
bicoid~, so there will be no zygoti¢ hunchback. They are also torso~,
so there should be no difference at the poles of the egg. In the complete
absence of hunchback protein, giant is expressed strongly, and Kriippel
-is not activated at all (Figure 3.5, row D).
~ If there were no polarity in the egg, the outcome in the larva should
_be an even field.of unoriented cuticle. In fact, the larvae have two
patches of denticles, the anterior one always being large and the posterior
small; they are polarised. The polarity is due to the posterior system,
represented by the nanos gene. As would be expected, in the absence of
all three systenis (bicoid ™ torso™ nanos~) the larvae have no detectable
polarity (Figure 3.5, row D).
An even and low level of hunchback protein is sufficient to activate
the Kriippel gene but still allow knirps expression. A combination that

60 CHAPTER 3



is' normally found in the abdomen and leads to the formation of
abdominal denticles (Figure 3.5, row E). If the concentration of hunch-
back is raised further, the knirps gene is switched off and, later on, the
epidermis forms an even field of thoracic denticles (Figure 3.5, row E).
The difference between abdomen and thorax is controlled by the bithorax
"complex of genes (see Chapter 5); raising the level of hunchback protein
can turn abdomen into thorax, a transformation doubtlessly achieved
by the direct or indirect effect of hunchback on the bithorax complex.

All these experiments are consistent with the model outlined above
that the hunchback gradient is interpreted during late cleavage and
at least at four different levels. Above a certain threshold, giant is
repressed, above a higher one knirps is repressed and two separate
thresholds fix the anterior and posterior bounds of the Kriippel stripe.
The Kriippel band is fairly broad, which implies that, at the critical
time, the hunchback gradient rises only gently between the lower and
the upper thresholds. By blastoderm the hunchback concentration falls
off sharply at about 55% Egg Length which, if it were interpreted then,
would bring the bands of expression of the three gap genes closer
together than is observed. Also, localised expression of gap genes can
already be detected before the blastoderm stage.

The situation with giant is complicated because, in the wildtype,
there are two separate peaks of expression (see Figure 3.4); it is the
posterior peak that is repressed by hunchback protein while the anterior
peak normally coincides with a high hunchback concentration. The
_two peaks are therefore controlled quite differently. Indeed, the anterior
giant peak is eliminated in bicoid~ embryos but only slightly altered
in bicoid* hunchback™ embryos, suggesting that the anterior peak is
independent of hunchback and under the direct control of the bicoid
morphogen. Under this hypothesis, the bicoid gradient would be inter-
preted at at least two levels; a high level would determine giant
expression, while a lower level would position the hunchback gradient.

To return briefly to the Kriippel stripe, whose position is mainly
determined by the hunchback gradient: it is noticeable that the Kriippel
stripe is flanked by the two giant stripes; this might suggest that it is
squeezed between them. Indeed, if giant is ubiquitously expressed (by
placing the gene under heat shock control) the Kriippel stripe is severely
repressed. I point this out to emphasise that control of gap gene ex-
pression is more complicated than implied so far and that a robust
system is achieved by several partially redundant inechanisms. There
may even be some direct répression of Kriippel by high concentrations
of bicoid. All these layers of control may help stabilise the embryo, but
tend to destabilise the mind of the embryologist. Experimental results
can bring us back to earth, and the results shown in Figure 3.5 suggest
that a fruitful experimental approach is to simplify the system as much
as possible, so that interactions can be studied in relative isolation.
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Box 3.3 'Blue jumps' of ‘enhancer traps’

An ingenious way of using the reporter gene has been developed. If the lacZ
gene is hitched up to a weak promoter, that construct becomes sensitive to
nearby regulative elements —so the pattern of gene expression, the pattern
of blue patches after staining for (3ggdlaniosidase activity, is determined by
enhancers belonging to genes neatby. For example, if the construet inserts
into the engrailksl! gene, the Bgpdlatiosidase is found in all the eells in the
stripes expressing the engrailhd! protein. If the construct is placed in a
transposing vector it can be jumped around the genome and stocks showing
interesting patterns of blue patches isolated. These stocks are not fai:; more
than half of the strains give particular patterns of blue staining — eell- and
organ-speeific enhaneers are very common in the genome. The stoeks can
be used themselves — for example to mark partieular eell types. They are
alse usefiil as a means to clofie the neatby gene that directs this pattern of
expression. Genomiie elones eontaining the plasmid ean be seleeted, labelled,
hybridised to chromosomes, used to iselate hemologous eDNAS, perform
northerns and start walks. The segment pelarity pene eubiitiss ibeniuPilS
was receftly elened in this way and the blue jumping method is enjeying
eonsiderable pepularity at the mement.

For-more information, see O'Kane, CJ. and Gehrimg, W. (1987) Proc. Natt]. Aeari. Sci.

84: 9123-P127. See also Wilson, C., Pearson, R.K., Bellen, H.J., O’Kane, C.J., Gross-
niklaus, U. and Gehrimg, W.J. (1990} Gerrss Dew. 3: 1311-1313.

Not all gap genes are regulated by the anteroposterior system; some
have their expression positioned by the terminal genes, a link that
should be considered before we progress.

The terminal system

Soon after fertilisation, the torso receptor becomes activated at both
poles. Although the torso receptor itselff is distributed evenly, the
distribution of activated receptor is unfkaywiy; it is unlikely to have a
sharp border because activation has depended on the diffusion across
the perivitelline fluid of some kind of signal. The activated orso
receptor may form gradienits at each pole of the egg. The boundaries of
these gradients probably become broader as they are transferred inside
by signal transduetion, the sighal acting on a zygetic gene. The anteriof
gradient must everlap with the bieoid gradient.

There are a number of arguments for torso being both activated and
read as a gradient. Perhaps the best comes from using a weak dominant
mutation that produces some constitutionally activated torso product
(torso™). The effect of the mutation can be varied by choice, because it
is termperatuie sensitive. The experiment (Figure 3.6) shows that the
pattern at the posterior end of the l4rva depends on the amount of
activated torso receptor. trumlk— mothers make eggs with no activated
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torso product and the embryos lack the terminal regions. This can be
seen in the anteroposterior fate map as displayed by the fusihii tarazu
stripes, where stripe number 7 is missing. As the activity of the torso
protein is increased step by step by raising the temperatune, the pattern
is added back progressively, more central more medial elements ap-
pearing first, terminal ones last. This shows that higher and higher
amounts of activated torso protein specify more and more terminal
structures.

Embryos developing from torso~ mothets lack the terminal regions,
the acron and telsam; by contrast a strong torso dominant, that is a
gain-of-flumction mutation, forms an embryo consisting entirely of ter-
minal regions, with no body segments forming at all. By analogy with
the anteroposterior system, one would expect a zygotic ‘gap’ gene or
genes to respond to the torso gradients. One candidate gene is tiailless,
tailless— embryos are similar to torso~ ones in that they lack parts of
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Figure 3.6 The torso mprphogen. Columns II and III show the observed results, column [
is an interpretation (the distribution of activated torso receptor (red) cannot be seen
directly). The dominant mutation torsa™* has no effect at 17°C but at 29°C produces
nearly enough active receptor to give normal development at the posterior pole of the
larva.
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the head and parts posterior to A7. These mutants have pieces missing
because allocation of cells has been altered, not because the cells that
would have made the missing parts have died. Thus the trunk region of
the body expands and the surviving terminal segments are larger.

tailless™ partially suppresses the torso-dominant phenotype in
double mutants (showing that the tailless-gene is downstream of, and
dependent on, the torso gene, p. 38). If tailless were the only gap gene
dependent on torso, then the phenotypes of tailless™ and torso~ would
be identic¢al but they are not — the phenotype of tailless™ is less
extreme than torso™. For example, tailless~ embryos have some anterior
and posterior midgut but torso™ embryos do not. Another gap gene,
huckeébein, has been identified and huckebein~ tailless~ double mutants
do look like torso~ embryos. Moreover, the torso-dominant mutant is
allmpst completely’ suppressed in embryos carrying both huckebein™
and tailless™. -

The model is quite simple: there are two terminal gradients of
activated torso receptor, one at each end of the embryo; these are
interpreted in a concentration-dependent manner such that, at the
highest concentrations at the poles, huckebein is activated to specify
the anterior and posterior midgut. At a lower concentration, the tailless
gene is activated. There are some problems; it is not clear how the
steps are actually achieved and there is a missing link between the
activation of the torso receptor and the transcription of the two gap
genes. It is probable that activated torso receptor -phosphorylates a
ubiquitous maternal gene product (lethal (1) polehole, a homologue of
the vertebrate oncogene, raf), which is itself a serine/threonine kinase,
and this phosphorylates the product of a missing gene, presumably a
transcription factor. By analogy with the other systems one might
expect this transcription factor, which is as yet unidentified, to be
graded and act directly on the downstream genes, tailless and huckebein.

The tailless gene product is a zinc finger protein of the steroid
receptor type; it forms a gradient that overlaps anteriorly with the
hunchback domain and posteriorly with the giant domain. Posteriorly
it reaches up to the end of the knirps gradient. It seems likely that,
as with the other gap genes, it acts on even more tightly localised
transcription factors downstream.

The dorsoventral system

In Chapter 2 we left this system as a gradient. of the dorsal protein
most concentrated in the nuclei along the ventral midline. It seems
likely that the dorsal protein is a transcription factor and, as in other
systems, it seems likely that the concentration gradient is interpreted
by promoter elements of downstream genes which are expressed ex-
clusively in the zygote. Again, the gradient of a single protein becomes
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Figure 3.7 Expression of
twiktt at the beginning of
gastrulation (stage 6), as
shown by an antibody
against twiitt protein. The
ventral nuclei stain

overlapping stripes of several proteins, some also encoding transcription
factors of diverse kinds. Information on this system is coming in at a
bewildering speed and the story becomes more complicated. One present
problem is that, although some of the downstteam genes have been
found, it is unknown whethet these respond directly to dorsal, or
whether there are more levels of ifiterpretation.

It is probably best to start with what is observed. The twistt gene
product is expressed at late stage 5 in a ventral band of cells that will
form the mesoderm. In twisit— embryos the process of gastrulation
begins but soon goes wrong. The twisl: protein sequence indicates a
helix-lloop-ttediix motiff and the protein is localised to nuelei; it is
presumably another transcription factor. Initially, the boundaries of
twisl: expression are not shatp (Figure 3.7) but, by gastrulation, the
borders become more defitiite and it is the twist-expressing cells that
roll in. The twisl: gene remains active in the mesoderm cells until they
begin to differentiate and so may be required to specify mesoderm.
Anether mutation, snail-, has a phenotype related to twisir— but com-
pletely fails to gastrulate. The shaill gene is alse expressed iA the
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developing mesoderm; it encodes a zinc finger protein. snail may occupy
a similar position in the hierarchy to gap genes (which also have zinc
finger motifs) in that it is immediately downstream to the morphogen
(dorsal).

Next to the cells that roll in during gastrulation and express twist
and snail are those that express single-minded. The single-minded
protein is found in nuclei on each side in a single row of cells where
mesoderm meets ectoderm — it is later found in the midline neuroblasts
(p. 15) and in some glial cells of the central nervous system. The
midline neuroblasts and a thin strip of ventral epidermal pattern are
defective in single-minded~ embryos, suggesting that single-minded is
essential in a subset of cells to specify the identity; the cell type (see
Chapter 5). In snail~ and twist~ embryos the expression of single-
minded changes; now cells much nearer the midline contain single-
minded protein, confirming that the former two mutations cause ventral
cells to adopt a more dorsal fate, so that cells that would make mesoderm
in the wildtype now make mesectoderm instead.

Another gene that is expressed in a longitudinal band at a character-
istic level in the dorsoventral axis is zerkniillt (a homeobox gene); the
expression pattern is first broad and spread over about 40% of the
dorsal blastoderm, but narrows and sharpens to a dorsal strip about five
cells wide at stage 6, and this is equivalent to the presumptive serosa.
It may be that the gene is involved in specifying the identity of serosa
cells, for in zerkniillt~ embryos the serosa is missing.

The decapentaplegic gene is expressed also in the most dorsal
blastoderm, at first overlapping -with zerkniillt, but later becoming:
most strongly expressed in the cells adjacent to the serosa. decapenta-
plegic is not a transcription factor but instead encodes a protein hom-
ologous to the bone morphogenesis proteins of vertebrates (TGFf
family). The protein is secreted and small pieces of about 100 amino
acids are chopped off from the C-terminal ends of the molecules. These
pieces could diffuse and signal to cells nearby. Unlike nearly all other
genes, decapentaplegic is haplolethal, which means that 1 dose of the
wildtype gene is insufficient to support normal development. This
suggests that the exact amount of gene product is important and that
decapentaplegic could be a morphogen of a kind different from bicoid,
hunchback or dorsal. Transcription factors cannot be directly used as
morphogens in multicellular systems because they cannot pass from
cell to cell; some intermediary mechanism that might involve inter-
cellular signals and receptors may be needed. decapentaplegic could be
one such signal. o

It is clear that these downstream genes are expressed in a pattern
that is dependent on the local concentration of dorsal protein in the
nuclei. As with bicoid, if the shape and levels of the dorsal gradient are
changed by genetic manipulations, there is a corresponding response by
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the downstream genes, and coordinately of the cell differemtiation to
mesoderm, nerve cells, ventral and dorsal epidermis. Figure 3.8 gives
examples of different distributions of the dorsal protein in the nuclei of
late cleavage stage embryos and shows the outcome in terms of the
distribution of zerkaullft and twistt proteins, as well as the larval pattern.
The gradient diagrams are imaginary, but illustrate how different levels
in the concentration of dorsal protein correspond to different allocations
of cell fate. Understanding the downstream genes such as twit;, smail,

Figure 3.8 The dorsall morphogen. Different upstream mutations alter the distribution of
the dorsall protein which 2thanges the distribution of the downstream genes, zzadkmnullt
and twitst in the blastoderm stage and, latex, the larval cuticle patteen. The interpretation
offered is shown on the right, whete the local concentration of dosall in the auclei is
equivalent to the positional value and determines the fate of the cells. The middle row is
wildtype: the diagonal line in the gradient diagrams represents the allocation of cells to
mesoderm (most dovsall protein in nucleii), denticles, and dorsal cuticle (least doesail in
nucleii).
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zerkniillt and ‘decapentaplegic, finding out how they function and
identifying other genes that are involved is a big task for the future.

Elaboration in the anteroposterior axis: the functions of gap genes

In the elaboration that begins with the maternal bicoid gradient and
ends with the complete map of the embryonic pattern, the gap genes
play an intermediary role. There are three separate aspects of pattern
formation that are dependent on the gap genes; all three aspects are
linked, but it is clear that the gap genes-act indirectly on other genes to
achieve them. These three aspects are: first, the polarity of the body,
polarity that is shown in the proper sequence of body parts — a
sequence that can be reversed in the absence of a gap gene. Second,
there is the proper spacing of the parasegment primordia; segments can
fuse or be widely spaced or missing in gap gene mutants. Third, there
is the differentiation of the body parts, for example into thoracic or
abdominal patterns, and these are specified in the wrong places in gap
gene mutants.

Gap gene products can be removed by mutations or expressed
ectopically, that is when the genes are placed under control of a heat
shock promoter. Observations on gap gene expression patterns (with
antibodies) and on cuticle phenotypes of larvae lead to the idea that the
gap genes act together to determine the local pattern. For example,
Kriippel and knirps proteins form -offset but overlapping bell-shaped
gradients in which, from anterior to posterior, the ratio of Kriippel to
knirps first rises and then falls (see Figure 3.4). These ratios are inter-
preted coordinately such that the polarity, spacing of parasegments and
segmental type are appropriate. If the Kriippel gene is removed, we are
left with a single symmetric peak of knirps which, in a background of
high giant, is interpreted as a mirror symmetric pattern of posterior
abdomen segments. When Kriippel is expressed universally, the sym-
metric peak of knirps is now formed in an even background of Kriippel
and a mirror image pattern of central abdominal segments results. In
the absence of knirps, a large area of the posterior embryo is directed
by a mix of Kriippel and hunchback proteins. This combination specifies
anterior abdomen and thorax; only one or two very large segments may
be laid down. Such primordia’ ‘regulate’ towards the normal size as
excess cells die (p. 152) and the end result is the dwarfish phenotype
seen before in nanos™ and oskar™ larvae. These results make sense of
the wildtypé pattern because they show that the overlapping stripes
(for example of Kriippel and knirps) specify the type of segments that
will form and their polarity; it is possible that the bell-shaped curves of
concentration made by these stripes may be interpreted as morphogen
gradients. They appear to be used to position the next family of genes,
the pair rule genes.
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The pair rule genes

Mutations in pair rule genes affect every alternate segment and the
effect is to eliminate a specific part of the cuticle pattern. The major
role of pair rule genes is to allocate cells to the 14 parasegments, but
they also have minor roles in the head. Two pair rule genes have an
immediate function in cell allocation: fushi tarazu (ftz) and even-
skipped (eve). Larvae mutant for the former (I am told that fushi tarazu
means ‘few segments’ in Japanese!) die and lack parts of the abdominal
segments of Al, A3, A5, etc., while larvae homozygous for weak alleles
of even-skipped miss their even-numbered segmental bands. How the
mutant phenotypes come about is still mysterious; some, at least,
result from death of the cells making part of the pattern. Attention has
shifted from that problem to trying to understand the expression patterns
of the genes themselves, which is nearer to their wildtype function.

There are a number of pair rule genes, some well studied like hairy
and paired, and others known mainly from their mutant phenotypes.
To some extent, they can be arranged in a hierarchy by molecular
epistasis (Box 2.4, p. 45). For example hairy and eve have an early role
and have been called primary pair rule genes, meaning that in hairy~
and eve~ embryos the secondary pair rule genes such as ftz and paired
show altered patterns of expression (while, in ftz~ and paired ~ embryos,
the hairy and eve patterns of expression are normal).

The pair rule genes are expressed in stripes in every other segment.
Figure 3.9 shows how the eve pattern of seven clearly defined stripes
develops. Initially, eve is expressed at a low level and is seen in all the
nuclei; later there is a single broad stripe located anteriorly and this
can be detected before the nuclei have finished dividing (stage 4). This
stripe narrows and intensifies and becomes stripe number 1. while the
others appear more or less together as broad, fuzzy stripes. These
gradually narrow, intensify and become asymmetric. As shown in
Figure 4.6, p. 98, the anterior margins of the stripes correspond to the
anterior boundaries of the odd-numbered parasegments 1—13. Starting
a little later, the ftz stripes appear and their anterior boundaries eventu-
ally delimit the anterior boundaries of the even-numbered parasegments
2—14 (see Chapter 4). The striping pattern is not only there to make
pretty pictures, the stripes are crucial to function — so how are they
positioned?

The positioning of a stripe

The stripes of eve are so regular that they suggest some kind of spatial
oscillation, a system of chemical waves. For some time, models of this
kind were favoured by the theoreticians. But experiment shows that
the stripes form one by one and not as waves. It seems that each stripe
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Figure 3.9 The pattern of activation of the eve gene in embryos at defined stages (see
Figure 1.4).

is directed by largely separate pieces of upstream regulatory DNA and
these enhancers can be cut out by restriction enzymes and placed in
front of a basal promoter and a reporter gene, lacZ, and transformed
into flies. When this is done with different small parts of the hairy
upstream region, the Rggdlaniosidase is synthesised exactly in the pos-
ition of differemt stripes. Figure 3.10 illustrates examples in which the
three stripes 1, 6 and 7 can be individually made. To demonstrate that
the stripes produced really correspond to the endogenous haiiry stripes,
the (Begdlaaiosidase and the hairy antigen were stained in different
colours. Related experiments have been done with eve and it is clear
that in both genes local regions of the promoter drive individual stripes.

When you have a transgenic fly expressing a single stripe of
Regdtaaiosidase, it can then be used to find out which of the upstream
genes are responsible for positioning that stripe. This approach has
been used with the second eve stripe. Why study a construct like this
rather than just look at the second eve stripe itself? Because it is the
only way to identify the second stripe in a pattern which may be
changed overall with loss, fusion or displacement of stripes. In this
case, a properly positioned stripe can be formed if only about 700 base
pairs are linked to the lacZ gene by a suitable promoter.

The second eve stripe is dependent on the bicoid gradient as well as
the three gap genes humctifackk, Kriippel and the anterior- stripe of
giant: bicoid and humciiidackk are permissives; in humciiidackk~ embryos
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Figure 3.10 The stripes of expression of the haiiry gene can be formed one by one. Small
pieces of the hairy promoter are used to drive facZ (brown} in transformed flies.

no stripe develops. Furthet, in Kriippel~ embryos the stripe 2 expands
posteriotly; in giant=, stripe 2 expands antetiotly (Figure 3.11C and D).
Both these observations make sense because in the wildtype (Figure
3.11A), the eve stripe 2 (fred) nestles between the twin peaks of giamnt
and Kriippel. The model is that eve can be activated only where there
is sufficient hunciitlackk protein. Both Kriippel and giant proteins are
repressive —the rising concentration of giant on the anterior and the
rising concentration of Kriippel on the posterior define the limits of
the eve stripe, so that stripe 2 is squeezed into the valley between the
two peaks. Compared with the borders of the two flanking gap
genes, which are graded over 5-10 cell diametets, the stripe 2 of eve is
sharp — it fades from maximum to minimum over only about two
cells. This continues with the trend noted before — relatively poorly
localised gradients are interpreted to give more precisely localised ones.
The process is very sensitive to local concentration. For example, iff
there is only one dose of the Kriippel™* gene, the Kriippel peak rises up
more gently, allowing the eve stripe 2 to broaden posteriotly, and to
increase in width from five or six to seven or eight cells (Figure
3.11B). There is no cartain cutcome of this; some embryos go on and
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Figure 3.11 The second
eve stripe (solid red). The
huncittbesk (grey) and
bicoii! proteins are
permissive, gianit (brown)
and Kruppsd! (pink) proteins
are repressive.
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give normal flies — developmental systems are impressively robust;
minor variations in earlier steps are often corrected later on.

Notice that the anterior and posterior limits of eve stripe 2 can be
viewed as being fixed independently by exactly the same kind of mol-
ecular vernier used to switch on hunctifackk above a particular threshold.
For- the anterior edge, it is the graded concentration of giant that is
important, while for the posterior edge, it is the concentration gradient
of Kriippel.

The next experiment is to take the 700 base pairs of DNA which
are necessaty to position the stripe 2 correctly, treat the DNA with
bicoid], hunatitackk, giant and Kriippel proteins and look for footprints
{p. 55). Binding sites for all the proteins are found; they are arranged
in clusters and, frequently, activating sites (bicoid, hunciiackk ) overlap
with repressing sites [Knipel, giiant). Tin 1 guke B3 112 e activating sittes
for bicoid and hunctfifackk are shown in black and grey and the sites for
repressing proteins giant and Kriippel in brown and pink, respectively.
The sites are often adjacent or overlapping; this gives scope for prattaim-
protein interactions. The general idea is that protein interactions serve
to sharpen up the response to differing protein concentrations so that
small changes in concentration can lead to an on/off switch of eve
transcription.

One can get some measure of the value of specific binding sites as
switches by assays carried out in Drosophidtz cells in culture. The
binding sites to be tested are linked to a cat reporter gene via a

Figure 3.12 eve stripe number 2 — the controlling element in the promoter and its
binding sites. The sites were mapped by footprints made by the complete proteins
transcribed from the Kriippell (Kr), giamt (gt), humcitfackk {hb) and bicsitd [bed)) genes in
E. aoli.
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promoter (p. 52). Plasmids containing this construct are transfected
into the cultured cells together with different doses of other plasmids
expressing the protein that bind to the sites (e.g. bicoid)). Using promoter
sequences that drive the second eve stripe, experiments of this type
have shown that two or more activating proteins are far better than
one, suggesting that thete may be cooperative effiects. When plasmids
that express both humcififackk and bicoid proteins are placed in the
same cells, the CAT level is enhanced much more than with either
protein alone. But when Kriippel protein is added to an effective mix of
hunctifackk and bicoid, it quashes the CAT activity, exactly as en-
visaged for the second eve stripe in the embryo. The giant protein is an
even more effective repressor of cat transcription than Kriippel, and
this is expected because it has to work, in vive, anteriot to the eve
second stripe, where the activating proteins bicoid and humeiiitackk are
at higher concentrations. The mechanism of repression is likely to be
competition for the same sites, of for different sites that are so close
that there is not room for the two counteracting proteins to bind at
onee. It is thought that, in the presence of sufficient concentrations of

Box 3.4 Multiputpose genes

The geneticists’ and embryologists’ approach to a gene has traditionally had
one common feature — both are looking for a main function of the gene
and have, by and large, disregarded the possibility that a gene could have
several distinct roles. Molecular biology has suggested otherwise. For example
Kriippel! and fizz have their main early roles in defining zones and parasegiment
boundaries in the young embryo. However antibodies against these two
proteins suggest later functiiss; they becomme expressed in specific subsets
of neurones and, in fiz mutants lacking latet functions, these particular
neurones are defective. The control elements are special, suggesting that
evolution has tacked o extra jobs: of coutse, it is diffiewlt to be sure which
is the oldest and primaary function. As more and more genes are cloned,
their expression pattern and flanking eontrol regions analysed, this pieture
of multipuipose genes is widenimg. Transcription factors that are used for
speeifie early developmental events seem to tufh up later in the eentral
fefveus systern, presumably te eontribute to the diversity of eell identities
thefe. Likewise selector genes, sueh as Ubx, have garnered moke and mere
toles as inseets have evelved and this makes it very haid te see simple
patteins and make useful generalisations. For genes whese funetien is mere
mysterious, like the secreted protein winglesss, it is eenfusing to see eomplex
expression paterns, beth in time and spaee. The gene enly eneedes ene
ptotein but its purpeses ceuld be widely divergent, as may well be the ease
when it is aetivated as a segment pelarity gene in the early embiye (p. 101),
in an induetive rele in the viseeral mesedern of the gut later en er aleng the
derseventral eompartment beundary in the wing imaginal dise, even later.
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giant and/or Kriippel proteins, bicoid and/or hunchback proteins might
be excluded from the sites.

A further test is to delete or alter only selected binding sites, hitch
the otherwise undamaged promoter up to IacZ and see the effects on
the stripe in vivo. Again the results confirm the significance of these
sites; for example, deletion of three giant binding sites results in
anterior broadening of the stripe — exactly as expected from the model.

Although only some details are known, the model in the mind
incorporates aspects from other eukaryotic promoters (different proteins
binding to the same or overlapping sites, producing activation or re-
pression, competition and cooperative interactions between the proteins;
all leading to the switching on or off of genes).

Together, all these experiments give a picture of activation of one
stripe and they are sufficiently strong to make one feel hopeful that the
process is understood in principle. While most of the results fit the
‘central dogma’ of the fly embryo (maternal genes define axes and
regulate zygotic gap genes that define domains; gap gene proteins
control pair rule genes that allocate cells), the evidence for a direct role
for the bicoid protein on the eve stripe 2 promoter, as well as the
important interactions between gap genes, indicate many exceptions to
this simple linear hierarchy (see also Box 3.4).

The process we have described generates a symmetric stripe of eve
protein by the middle of the blastoderm period (stage 5(2), see Plate
4.1), but I believe the stripe is not yet ready to act and to allocate cells.
That probably occurs when the stripe sharpens anteriorly, a step dis-
cussed in the next chapter.
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4 Cell lineage and cell allocation

E XPERIMENTS ON CELL LINEAGE show that each
cell of the ectoderm and (probably) mesoderm is unequivo-
cally allocated to a segmental unit, a parasegment. This is
achieved by the pair rule genes, particularly fushi tarazu and
even-skipped, which together allocate the cells to parasegments.
engrailed subdivides the ectoderm of each parasegment into
posterior and anterior compartments.

Further elaboration: the allocation of individual cells

Zefore we can go beyond the stripes of pair rule gene expression and see
how they allocate cells, we have to digress and describe the states to
which cells are allocated. And this means going into older experiments
of a different kind, which asked the question, ‘how do the cells of the
embryo generate the cells of the adult?’ A priori, there are many
possible answers to this question all of which must lie between two
extremes. At one extreme there would be no defined pattern of cell
descent; cells would just dividé and create a jumble of more cells and
these cells would be used in clumps to make the adult organs with no
regard to their ancestry. At the other extreme, the entire cell lineage
could be invariant; cells could divide in a fixed and programmed
pattern to generate a lineage tree and organs could arise predictably and
rigidly from specific sets of related cells.

This latter extreme is (almost) exactly what happens in the small
nematode Caenorhabditis elegans; the entire cell lineage of the wildtype
worm can be, and has been, written down in the form of a branching
tree. However, the nematode is exceptional; the cell lineage of other
animals, including flies and humans, is much more indeterminate.
Thompson thought that animals are made seamlessly; he wrote ‘the
living body is one integral and indivisible whole in which we cannot
find, when we come to look for it, any strict dividing liné even between
the head and the body, the muscle and the tendon, the sinew and the
bone.” [6] To find out how far this is true for flies we need an objective
method that will put an indelible mark on an embryonic cell, a mark
that will be displayed by all its descendants in the adult. In Drosophila,
such marking methods are available and have shown Thompson’s state-
ment is not true of development — even though it may be true of
anatomy. Insect bodies are made piecemeal. The pieces, which consist
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of many cells, meet at boundaries that are fixed in position. These
domains are so well integrated that the boundaries cannot be seen
without special methods — there is some resemblance to a jigsaw
puzzle, in that the boundaries of the interdigitating pieces may not
correspond to features in the picture printed on them.

In Drosophila, the methods used to mark cells are genetic (see
Boxes 4.1 and 4.2). If a single cell is labelled early in development it
will generate a clone of marked cells. If this clone colonises two organs
it is clear that, at the time of marking, the cell cannot have been
‘determined’ between the two organs; it cannot have belonged to a
primordium of one organ rather than the other. However, once the
founder cells of an organ have been established, then clones descending
from a founder cell will be confined to that organ. If the organ exists as
a precise population of cells with a defined boundary, then the clone of
cells may run up to and along that boundary.

If single cells are marked early during cleavage (see gynandro-
morphs, p. 11) they can colonise several different organs and germ layers.
These large clones prove that cleaving nuclei are undetermined, meaning
that their developmental fate is not restricted by any intrinsic constraint.
Cells do not divide during the blastoderm stage, so the next moment
cells can be genetically marked is at the first division after blastoderm
(see p. 11). It so happens that in Drosophila, most larval cells do not
divide much if at all, so a clone that is induced at that time marks only
a few larval cells. This is true of the larval ectoderm, mesoderm
and endoderm. For this reason, to find limitations in developmental
potential, one must look at adult organs — for these derive from
embryonic cells that have divided many times. What is found is sur-
prising and illuminating and is summarised in Figure 4.1. In A, a
nucleus is marked during cleavage and its descendants can colonise
large and variable regions of the adult. In B, a nucleus is hit by X-rays
during the blastoderm stage. When the cell divides with the next
mitosis, which occurs in stage 9, a marked daughter cell is formed in
the epidermis. That cell, even if it grows relatively rapidly (is Minute™*,
see Box 4.1), only colonises one precisely defined part of each segment,
either the anterior or the posterior part, but never both. It follows that
cells must have been allocated in the embryo to make either an
anterior or a posterior part of each segment. These parts are called
‘compartments’. The experiment illustrated in Figure 4.1 also shows
that the founding cells for compartments are allocated some time after
the beginning of blastoderm and before the epidermal cells enter a
second post-blastoderm mitosis.

The experiment also shows that cells marked at blastoderm can
generate clones in parts of both the wing and the second (T2) leg,
although they are confined, in both appendages, either to the anterior
or to the posterior compartment. When clones are produced later in the
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Figure 4.1 Early induced clones cross compartment boundaries, later ones do not.

embryo they are confined to either wing or leg. Two campartments
have become four compartments. Much later, the wing primordium
itselff becomes subdivided into two groups of cells that will make
dorsal and ventral compartments which meet precisely at the perimeter
of the adult wing,. It follows that compartments can form progressively —
although the mechanisms used in each successive step are probably
not the same. These results also establish that in the young embryo
the wing and the leg of the adult have a common origin; most likely,
there is a combined primordium in“the ventral region of the young
embryo and, later, the wing cells migrate dorsally.

Using similar methods, but with different cell markers, it has been
shown that clones do not cross between the mesoderm and the ectoderm
of the same segment, and, within the mesoderm, are probably confined
to sets, that is compartments, of muscles (p. 93).

A compartment is an area of the developing or mature fly that is
constructed by all the descendants of a founding set of cells. When the
smaller clones are studied it becomes clear that the way a compartment is
made varies from individual to individual (the clones differ in position,
size and shape), but together the founding group of clones, the ‘polyclone’,
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make a region that is the same in all individuals (the boundary line
respected by the clones is always the same). We can see this most
clearly in the wing. In Figure 4.2, the top four wings show examples of
conventionally marked clones made by irradiating embryos and young
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Figure 4.2 The
construction of
compartments in the wing.
Red and pink clones are PSR
normal and gratuiitously I, _— I
marked. Brown clones are [

marked and Myfinee,
Photogtaph shows a
Mirnwieg* clone in the
anterioe compartment. It
respects the compariment
boundary precisely.
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larvae (see engrailed: the life history of a gene, p. 207). None of the
clones cross the anteroposteriot compartment boundary but they vary
in size and shape. In spite of all this variation within the group of cells
that make the wing compartment, togethe¢ they always comstruct
exactly the same portion of the wing. Large Minutec* clones make the
compartments unmissable, they often fill the entire compartment,
colonising both dersal and ventral wing surfaces (brown clones, Figure
4.2). The photograph in Figure 4.2 shows part of a wing with an
anterior Minutee* clone filling the anterior compartiment,

The cell lineage studies lead to the conclusion that the embryo,
before the second division following the blastoderm stage, is divided
into stripes of determined cells. These defined groups of cells will
generate the anterior or posterior compartments of the adult and, almost
certainly, the anteriok and posterior compartments of the larva. It is
important to emphasise that, for the progenitots of at least the adult
epidermis, the lineage studies tell us that all the cells are allocated;
there are no sets of intermediate cells whose descendants can colonise
different compartments.

Box 4.1 Genetic mosaics — mitotic recombination

Embryologists have always wanted to know the cell lineage of an organ. For
example, do all the cells that make the heart descend from one or more
founding cells? As the heart grows, does each cell divide a similar number of
times at fixed intetwalk? Does the heart share progenitot cells with other
organs and, if so, which? Questions like these can be approached by making
marked clones of cells in the developing embiyo, and the best method is
mitotic recombination.

The principle of mitotic recombination is that X-rays induce chromosome
breaks that result in exchange of parts between homologous chromatids.
This occurs only rarely so that a picture of cell lineage is usuwally built up
piecemeal by looking at clones found in a large numiber of individuals. Take
the wing as an examplbe; since it is made by epidermal cells, a cuticle
marker gene is needed. There is a mutation rmuliglele wing haitss [mwr)y); it
is viable and fertile but has, on the wing and elsewhete, distinet cuticular
haifs. We cross i~ with mwih* flies and, as the F1 mwhwh'Anwh=
embryos of a particular age group grow up, they are irradiated en massee with
1000 tads and the sutviving adults searched for clones of mwh~ gells (which
are seen as patches of cells with extra haits, Figure B4.1).

A great deal of information can be gained by studying clones. The later
the irradiatiom, the higher the frequency and the smaller the size of the
clones (because the numlber of cells in the primordium of the wing, the
target size, is increasimg) so we can work out the average frequency of
divisions and the mean growth rate of the organ. By labelling sister cells
(“twin spots’' see Figure B4.1B) we can compare the number of divisions
followed by sister cells. Does the clone include both cuticle sutface and
bristles? If it does it must be that single cells are still able to give fise to
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Figure B4.1 Mitotic recombination — the principle and some modifications. A, the
principle. In an embryo heterozygous for a mutant that alters the cuticle there will be a
paternally and a maternally derived chromosome, one carrying the mutation and one
not. X-irradiiation causes breaks and can result in exchange between the two
chromatids as shown. After mitosis and chromosome segregation a cell can be formed
that is homozygous for the mutation, this cell will found a clone of marked cells that
will make a marked patch on the adult. Normally, each cell in the wing secretes a single
hair, but in the mutant bustwy (bst) each cell forms many hairs.

B [over], modifications, {i) Twin spot: If there are two marker mutations arranged as
shown, irradiiation can give two sister clones, one from each daughter cell, (ii) Miimute
technique: Coupling the marker mutant with a Minuteé* allele as shown can generate a
marked clone that is wildtype, having lost the deleterious Minutee~ allele. This clone
will grow at the wildtype rate in a slow growing host. Minutes* clones often fill, or nearly
fill, compartments, (iii) Domimant female sterile: females carrying an allele of some
dominant female steriles do not make eggs. Mitotic recombination can cause the loss of
the allele and the establishment of a competent cell in the female germ line. This cell
produces a batch of eggs, all belonging to a clone and if the mutant of interest (m=) is
arranged as shown, the eggs will be homozygous for that mutant. {iv) niragenic
recombinatiomn: if two differently located mutations in the wiiice gene are arranged in
trans the eye is white but mitotic recombination between the two mutations can
regenerate the wildtype wititee* gene that will make pigment. Such events are rare but
can be useful {see Chapter 8 and Figure 8.4 and Plaie 8.1).



Figure B4.1 (continued)
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Figure B4.1 (camtinued) C, when clones are induced early they make larger patches on
the adult than when they are produced late.

both cell types. Later in the development, clones may mark either bristles
or wing surface but not both, showing that separate sets of cells now make
these structures. Rememibet, in these experiments, cells are marked one
division after the irradiation, because the mutant cell is only formed after
chromosotne segregation.

Is there any limit to the potential contribution of a clone; can it make
any part of the pattern within the compass of its growth? To answer this
question the technique has been modified so that the marked clone grows
much more than the othet, unemanked, cells (Figure B4.1B). This 'Minute
technique’ led to the discovery of competition (p. 148) and compartments
{see The segmentation genes, p. 201).

Clones can be generated in the germ cells of females so that the marked
cells can form a clonal group of eggs. For example, females heterozygous for
a dominant female sterile can be irradiated as larvae. This can generate a
clone of germ cells that are homozygous for the wildtype allele of the
dominant sterile and are therefore competent to form norrmal eggs. Such
females, after irradlation, do lay clonal groups of fertile eggs.

All the methods listed above can be modified in an important way; the
marker mutant can be linked to a mutation of intetest. Thus eggs homozygous
for Noiokhr~ can be made by making females that are Notbltchidamimant
fenadde steniltz and irradiating them as larvae. The clones of viable eggs
produced will have developed in the absence of the Nuitth gene and, when
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fertilised with Netohk~ sperm, will make mutant embryos — the phenotype
of these embryos can be compared with normal Notokh~/Nuehh~ embryos
as an assay for a maternal contribution from the Netath gene (see p. 6,
Figure 1.2).

Another example is the bithorax complex (see p. 111). Embryos were
made as shown in Figure 5.2 and irradiated to find out where the wildtype
gene Ubx'™ is required. Note the advantage of this: Ubx= is a lethal allele,
Ubx-/Ubibx~ embryos die when they have made a highly aberrant cuticle
and fail to hatch. Nevertheless, one wants to know where the Ubx gene is
requited in the adult and what happens when the gene is remowved from
adult cells. This can only be discovered piecemeal by removing the gene
from areas bit by bit. When Ubx™ Is removed from any patt of the antenna
or the first leg they develop petfectly normally without it. When the gene is
removed from the T3a eompartment the eells lacking it are transformed so
they now make pattern appropriate to T2a. Thus one can build up, en a map
of the adult, a picture of where Ubx™ acts and what it does — something
that eannet be defie witheut making mesaies.

There is one caveat: if clones are normal in an organ it cannot always be
concluded that the wildtype gene is not required in that organ. The mutant
clone may be rescued by wildtype cells nearby or elsewhere. Also, there is
the possibility that the wildtype allele may have made enough product to
perform its function even after the gene itselff has been remowved by mitotic
recombination. If this does happen the function is' said to perdure. Perdurance
is usually short, but for mapping where genes are required it Is wise to
irradiate young embiyos and therefore give the mutant clone a long time to
grow and dilute out wildtype gene product.

Box 4.2 Genetic mosaics — cell markers

Mitotic recombination depends on having good cell markers. They should
be easy to score, so that wildtype and mutant cells can be distinguished one
by one. They should be autonomous, meaning that all cells carrying the
marker genotype should express the phenotype and no others — wiidhiin ezath
cell, genotype should determine phenotype. Nonautonomy does occur — in
mosaics made with some wildtype genes the product spreads and rescues
the phenotype of nearby mutant cells: such mutations are not used as cell
markess. Good cell markers should be gratuitous, meaning they should
mark cells but not affect or damage them in any other way. They should, as
we have just seen, have a short perdurance, so that small elones can be
studied. Most markers affect the euticle, such as mulliglde wing hails (see
Figure B4.1, Box 4.1) or yellovy; thete are many that change the eye eolout,
sueh as wiitec and these may be scoreable in beth the pigment eells and the
photoreeeptor cells of the eye,

The X-ray induced recombination must occur between the centromere
and the marker of interest. This is illustrated in a particular case in Figure B4.2,
featuring the cell marker pawm (pwm). When breakage and rejoining occurs
at position 1, clones of cells are matked with pawn and these will also
be engrailbed~ (en~)) and MimneZRjc.t. At position 2, unmanked pawm™
engrailhe?~ Mimie¢Zyct clones will be generated and, at position 3,
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Figure B4.2 Making
marked engrailkzt clones
that are also Nfimute

Figure B4.3 A sdif** clone
in some wing muscles. The
clone has colonised the
dorsal muscles which
includes muscle numbers
53 and 54, but not 51.

Mimute¢Z}c,", but otherwise wildtype clones will be made. In the three
examples the sister cells from the exchange will be Minmute¢Z}c ~ / Mitinutie(2)c~
and will die.

In recent years the arrival of transposable elements that carry wildtype
genes has proved useful; elements carrying whiteé* have been moved around
the genome and this allows most mutants that affect eye development to be
looked at as wititee™ clones in a witites* background.

Markers for cells that are inside the body — in the central nervous
system or other organs — are not so well represented. There are mutants
which lack enzymes and these can be used if stained histochemiically or
with antibodies. A temperatune-sensitive form of the succinate dehydro-
genase protein is found in flies homozygous for the sdii** mutation. These
flies fail to develop at 25°C but breed normally at 20°C. When heterozygotes
are irradiated and the flies stained for succinate dehydrogenase, clones of
sdii*s cells can be easily seen in most internal organs. An example is shown
in Figure B4.3 which is a dissection of the wing hinge region showing some
muselles (if you wish to see these muscles in theit settimg, compare with
Figure 4.5). The clone is Minutes/Mimttente* in a Minuiee™ /Wintterz~ back-
ground; it grows exeessively, filling the detsal set of T2 muscles which do
not stain for sueeinate dehydrogenase. Outside the elene the genotype of the
auseles is seinTsdhrh™ and they stain dark blue.

For more information, see Roberts (1985} (details p. 22).
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The link with genetics

The idea of a compartment is ‘central to thinking about making a fly
and this is mainly because it provides a link of understanding between
the genes that are responsible for design of organs and the groups of
cells that construct those organs. The history of the engrailed gene is
described on p. 207, but here we can state that engrailed is expressed
and required in all the cells of all posterior compartments. Like many
statements it can be essentially true, even if there are some exceptions —
for biology is full of minor variations and subroutines. The statement
rests on a number of experiments but the most decisive is that which
demonstrates requirement. To test for requirement one removes the
wildtype allele of the gene from a cell and its descendent clone. If there
is no effect on pattern one concludes that the gene is not needed in the
region occupied by the clone. The plan of the experiment for engrailed
is shown in Figure 4.3. Look at A: in the wildtype wing the compart-
ment boundary is precisely positioned. There is a weak allele called
engrailed’, which is caused by a large insert into the regulatory region,
3’ to the protein coding region of the gene. Wings homozygous for
engrailed’ have no precisely defined compartment boundary. In B we
see this is due to the effects of the mutation on posterior cells — for
although anterior clones of engrailed’ cells are completely normal,
posterior cells make abnormal patterns and even cross the line where
the border should be. Strong engrailed alleles that are lethal to the
whole animal can nevertheless be studied in cell clones (Figure 4.3C).
Such anterior engrailed" clones are again completely normal while
posterior clones make defective patterns and cross over into anterior
territory. Sometimes the posterior clone becomes almost completely
segregated into the anterior compartment and now respects an irregular
line near to where the compartment boundary should be, but from the
anterior side (arrow). The results on the wing are clear cut; removal of
the wildtype engrailed allele from all anterior cells has no effect,
removal from any posterior cells changes those cells and only those.
These changes are partial — the posterior cells acquire only some
anterior properties — for example they make sensory structures that
are normally found only in the anterior wing but they are not arranged
in the normal anterior pattern.

These experiments show that the engrailed gene is responsible for
the miscibility of posterior cells during growth. These mixing properties,
or ‘affinities’ of cells, are important but little understood. In normal
growth of the wing the cells divide and intermingle a little with their
neighbours, but do not let go of their sister cells. This means that, over
time, a clone remains coherent but the boundary becomes jagged. The
cells behave differently across the compartment border where the degree
of intermingling during growth is reduced; cells of anterior type and of
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posterior type hold on more strongly to cells of their own class and, in
effect, minimise the contact with cells of the other. The result is a
relatively straight line between the tweo, like the intetface between oil
and water, and this is maintained even when cells on one side of the
compartment boundary divide more rapidly than those on the other.
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Howevert, if the posterior cells are mutant for engrailed, they now
acquire anterior adhesive properties and, if they are near the compart-
ment border, they can cross over into anterior territory, displacing
anterior cells as they do so (Figure 4.3B and C). When a posterior clone
carrying a strong mutant allele of engrailed is made away from the
compartment border, it acquires anteriot-like affinities. This results in
the boundary around the clone being minimised more forcefully and,
eventually, a narrowing ring pinches out the clone cleanly so that it
separates from the epithelium as a discrete vesicle (Figure 4.3D). All
these experiments serve to illustrate that anterior and posterior cells
are intrinsically different, a difference depending on the engrailed gene.

Marking embryonic cells in legs, the proboscis and elsewhere,
suggested that the embryo consists of a chain of alternating anterior
and posterior compartments and when the engrailed gene was cloned
{see engrailed!: the life history of a gene, p. 207) and antibodies made,
this picture in the mind became realised under the microscope. Figure
4.4 shows an embryo at stage 11 stained with a monoclonal antibody
against a small part of the engrailed protein. The parasegments (see
below) are demarcated by surface grooves and are numbered; the en-
grailed protein is found in epidermal nuclei in the anterior portion of
each parasegment. Underlying those nuclei one can see that the central
nervous system also contains stripes of neuroblasts containing the
engrailed protein. Estimates from gynandromotphs and clone fre-
quencies had led to the expectation that the posterior compartments

Figure 4.4 Expression of the engrailkzi gene in an embryo at stage 11. Numbers indicate
the parasegments; e, epidermis; n, neuroblasts, m, mesoderm.
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‘would be less than half the size of the anterior ones, and this is
reflected in the cells labelling with engrailed being about one-third to
one-quarter of the segment width. All the evidence from cell lineage,
engrailed requirement and engrailed expression agrees very nicely and
points to the epidermis of the embryo as being divided up into cells of
two types arranged in alternating stripes.

Segments and parasegments

There used to be no certain way of demarcating a segment in arthropods
and there were many disputes about the segmental provenance of a
particular organ, or the position of a segment boundary. The most
reliable criterion was the connections made between muscles and cu-
ticle — many muscles attach near to the segment boundary — but the
resolution is low. The evidence that the segment boundary is a com-
partment boundary and delineates an interface between two different
sets of cells came from cell marking and grafting experiments on a bug,
Oncopeltus. The modern way to define a segment of the ectoderm is as
a pair of compartments, one anterior and one posterior.

Traditionally, the segment has been considered the unit of con-
struction, but tradition is not evidence. Indeed it now seems that the
parasegment, not the segment, is the developmental unit of importance
in the embryo. Parasegments are defined early in development, and
each is a precise set of cells. They are out of phase with segments; in
the presumptive epidermis a segment is one pair of compartments
anterior and posterior, a parasegment is the alternate and overlapping
pair, posterior and anterior. Parasegments extend into the mesoderm
(see Figure 1.6). The main body of evidence that parasegments are first
and foremost in insect design comes from the function and expression
of selector genes (see Chapter 5), but the argument has other components.
For example, the first anatomical signs of metamerisation in the insect
embryo are little grooves that appear after the germ band has extended
(see Figures 1.4 (p. 12) and 4.4). These grooves are at the boundaries
between parasegments. Also, the chain of parasegments seems to con-
tain 14 complete ones — in the central nervous system the chain starts
with a posterior compartment and ends with an anterior one. If the
chain had been made of 14 segments it would have begun with an
anterior and ended with a posterior compartment. The strength of this
argument is weakened when, later on in development, it seems as if
more compartments are added to either end of the chain.

More persuasive, that is less subjective, is the evidence (pp. 97, 101)
that the first allocation of embryonic cells is to parasegments and that
these are only subsequently divided up with the help of the engrailed
gene into anterior and posterior compartments. In other words, para-
segments and compartments definitely exist as entities in the embryo’s
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'internal description” while segments, as developmental units of design
in the embryo, may only exist in the mind of the scientist (Box 4.3).

Box 4.3 External and Intetnal description

‘Inside every animal there is an internal description of that animal’, Brenner
said. Some- of the hairs in his eyebrows were 3 inches long. 'We do not yet
know what the namess are. What does the organism name to itsalff? We
cannot say that an organism has, for example, a name for a finger. There’s
no guarantee that in making a hand, the explanation can be couched in the
terms we use for making a glove.'[7]

'What is a mouse? ... it may be the only way to give an answer to this
is to specify an algorithm for how you could build a mouse. In the way the
mouse builds itself. And you must be careful not just to give a description of
the mouse as it exists ... in biology, programmatic explanations will be
algorithmic explanations. You will have to say, Next switch on gene group
number fifty-eight. And then one has a whole lot-of molecular biology —
what is gene group fifty-eigit and what does it do.[8]

There are two images of a fly; one is that of the anatomist who gives names
to parts. These parts will be allocated names on various bases including
anthropomotphisen; for example the heart is named as such because it is an
organ defined by structure and function. The eye is more tricky; do we
mean only the part of the eye that is on the surface or do we ineclude the
lamina of the brain which underlies it? And where, exactly, does the eye
end and the head begin?

The other image of a fly is derived from an attempt to see how the fly is
constructed; it is an atlas of names based on developmental anatomy rather
than the anatomical outcome. Consider the midgut — this is the middle
part of the gut and is given one name by the traditional anatomist. However,
the midgut develops by the fusion of two primotdia that come from two
parts of the embryo that could not be mote remote, so the antetior and
posterior midgut might deserve different names. The reason for attempting
to move towards a developmental nomenclature is simply that it is more
objective and exact. When developmental criteria are used, organs can be
better defined because, usually, they ate precisely delimited. This has long
been recognised as a worthwhille aim and developmental critetia have been
preferred, when available, to others. An example is the ageless dispute abotit
whether the ralpighian tubules 'belong’ to the hindgut of the midgut. This
is now being solved by embryolegical and genetie evidence which plaees the
malpighian primordial cells in the ectodermal hindgut.

There is a danger of disputes like this seeming old fashioned and sterile
and they are, so long as the aim is unclear. If the aim is to understand the
'internal description’ of the fly, that is to provide a picture of the way
structure and pattern are encoded in the genetic information, the way three
dimensions arise out of one, then it is worthwhile.
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Segmentation of the mesoderm

Cell lineage studies can be done on the mesoderm, just as on the
ectoderm; the ideas and approach are the same, the methods are some-
what different. Succinic dehydrogenase is an enzyme that can be detected
‘with a blue stain. Cells of a mutant called succinate dehydrogenase®
(sdh®) lack this enzyme and, in clones of cells, will show up as white
patches on a blue background. As with the ectoderm, the embryonic
mesoderm cells divide only once or twice before the larval muscles are
formed, so little has been learned from mitotic recombination of larval
‘mesoderm. However, adult muscles do derive from founder cells that
undergo many divisions and large clones of sdh'* muscles can be induced.
When Minute* clones are made by irradiating blastoderm embryos, the
clones always remain confined to single segments in the thorax, filling
precisely defined sets of muscles. If thoracic clones are initiated by
irradiation of young larvae, the muscle precursors are apparently con-
fined to particular imaginal discs or to the neighbourhood of the spiracle.
Mitotic recombination clones and nuclear transplantation have been
combined to make Figure 4.5 which classifies the adult muscles of the
thorax according to their origin. Parasegments 3—5 contribute to these
muscles. There are three main sets that correspond to the segments,
grey for T1, red for T2 and brown for T3. Although the muscles can be
divided into dorsal and ventral sets (the dorsal sets are shown in lighter
colour), there is no evidence for anterior and posterior compartments.
This brings the mesodermal parasegments into simple registration
with the ectodermal segments; for example, I believe the somatic
mesoderm cells of parasegment 4 entirely or largely form the adult
muscles that belong to the single T2 set shown in Figure 4.5, as well as
a larval set of T2 muscles. Likewise, parasegment 5 forms the T3 set of
muscles. Support for this picture comes from the patterns of expression
of selector genes (e.g. Ubx, p. 121) but there may be exceptions.

In the young embryo the dorsal and ventral subsets of muscles in
each segment come from a single pool of cells, but soon these precursors
become separated from each other and from the two spiracular muscles.
Note that the muscles 80 and 81 link the thorax and abdomen and
illustrate that the origin of a muscle cannot be deduced from its
attachment sites — for although they attach to both T3 and Al, they
originate only from Al. Other examples of this are given by muscle
numbers 48 and 66, both of which span between wing and leg cuticle;
the former comes from the dorsal wing set of muscles while the latter
comes from the ventral leg set. A

Isolated mesodermal cells are capable of fusing indiscriminately; if
genetically marked (sdh*) muscle precursors from the T2 wing disc are
released into the blood of a sdh* host, they will contribute to many
muscle fibres, including those in the abdomen. This clearly does not
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Figure 4.5 The muscles of the adult thorax, coloured according to origin. The scutellar
pulsatile organ {SPO) is part of the heart muscullar system.

occur to any extent normally or the segregation of muscles into different
compartments by lineage would not have been observed. Presumably,
even in the embryo (for the irradiation experiments and nucleat trans-
plant experiments mark embryonic cells) the mesodermal cells are
tethered to each other in loose sheets and are not free to wander off.
Later on, the sets of mesoderm cells become sequestered in discs and
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near spiracles. How determined are individual mesodermal cells? The
experiments described above pull the answer to this question in opposite
directions: lineage and selector gene expression would indicate that
mesodermal cells in different parasegments are intrinsically different,
while the experiments on selectivity of fusion suggest they are not.
The answer may be found by studying muscle development: it seems
that each muscle is initiated by a specific founder cell and, probably,
these become identified by which parasegment they belong to and their
position within it. Later, mesodermal cells from a general pool fuse
with the growing founder cell and it may be that these cells are naive,
acquiring their genetic state from the cytoplasm they enter. There is
circumstantial evidence for this model: to form a specific muscle,
single cells expressing the hemeodomain protein S59 fuse with a few
other mesodermal cells that do not express S59. As the cytoplasms
fuse, antibody staining shows that the new nuclei begin to bind the
S59 protein which at first diminishes in the nucleus of the founding
cell, but soon recovers and then all the nuclei stain strongly. If the S59
protein is indeed playing a role in the identity of the muscle (as would
seem very likely) then-the nuclei that join the original founder acquire
its identity.

How are the cells allocated to parasegments?

Chapters 2 and 3 outlined how a gradient of bicoid protein becomes
transformed, step by step, into the striped expression of the pair rule
genes. One role of these stripes is to allocate cells to parasegments.

I shall consider cell allocation mainly in the anteroposterior axis,
because the situation in the dorsoventral axis is less clear. By the
blastoderm stage, in both axes, there are many stripes of cells expressing
transcription factors. In the case of the pair rule genes the stripes are
carefully positioned, but still have graded edges. When you look at
Plate 4.1 you see a pattern that changes steadily over time, you see the
brown ftz stripes and the grey eve stripes emerging as strong features
out of a more-even field of expression. These stripes get stronger and
stronger as they narrow and clear interstripes appear. The stripes become
asymmetric, developing sharp, intense anterior boundaries but still
having hazier, indefinite posterior borders. It is. very beautiful, for I
know of no better system to watch the process of pattern formation
actually happening. (There are other examples in nature, such as the
acquisition of colour in a butterfly’s wing as the scales mature, but
there you see the preexisting pattern developing like a photographic
print, you do not see the pattern itself forming.)

As you look at those pictures an important question emerges: when
does the pattern matter; are there one or more times when it is utilised
to produce the next steps in the formation of the ‘final pattern2 The
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expression of many genes has now been described, and it is strange this
question is rarely asked, for many of the patterns seen are ephemeral
and may only be steps on the way to an effective pattern, or decaying
relics of it. In the case of ftz and eve the assumption has usually been
made that the stripes are effective when they are about equal in width
‘to the interstripes. Under this model, at a critical time all cells expressing
ftz would be allocated to even-numbered parasegments and those ex-
_pressing eve to odd-numbered -parasegments. This is an attractively
simple hypothesis but unfortunately for it, the stripes are never exactly
reciprocal — they still overlap and have fuzzy boundaries at a time
when gaps appear between them (Plate 4.1). Yet the data on cell lineage
(p. 79) make it clear that parasegments must be exactly defined with
no cells left unallocated. So how can 6ne try to determine when a
changing pattern of gene expression counts? In the case of ftz and eve it
is my guess that the right time is likely to be when products of these
genes reach their highest concentrations in some of the cells. At
the .same time, the anterior margins become stabilised and sharp and
these are tantamount to the parasegment borders (see below). Both
these events occur at, or near, the beginning of gastrulation, at stage 6
(Figure 1.4, p. 12) and, probably, it is from this time that cells are
progressively allocated first to parasegments and then to anterior and
posterior compartments.

The regulation of the eve gene can be divided into two phases, each
depending on a different part of the eve upstream region. Each eve
stripe is first placed in the embryo rather.independently by regulatory
regions which respond to concentration gradients of gap gene proteins.
The subsequent sharpening of the eve stripes is a special pchess that
depends on a particular 5’ piece of DNA, a ‘late’ element placed within
about 800 base pairs upstream of the gene. This is shown by placing
that element upstream of the reporter gene lacZ and producing sharp-
stripes of p-galactosidase with definite and _é»table anterior margins. The
formation of these sharp margins depends on other genes including the
hairy gene and even eve itself. In hairy~ embryos the later sharpening
does not occur. In eve™ embryos the stripes do not sharpen properly, so
it follows that there is an autoregulatory feedback loop: one might
expect eve binding sites to be found in the late element. It is not clear
what makes the anterior cells especially liable to become locked into
this autoregulatory loop, but it may be hairy since it is coexpressed in
the anterior part of the eve stripes.

It is clear that the anterior margins of eve and ftz stripes are an
important and stable feature of the stripes because they can be mapped
relative to engrailed expression. The mapping is not straightforward,
because it is necessary to have both engrailed and the two pair rule
genes strongly expressed at the same time and, normally, the ftz and
eve stripes are fading while the engrailed stripes are coming up. Also,
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the ftz protein only has a half life of about 5 minutes, so it is difficult
to be certain that there is a stable anterior margin and, if so, exactly
where it is. Both these problems are solved by using hybrid genes
which are transformed into flies in which sufficient 5’ region of the ftz
or eve DNA drives expression of lacZ; the lacZ gene is expressed in
exactly those cells which transcribe the ftz or eve coding regions in the
same fly. The advantage of the p-galactosidase is that it persists for a
few hours; it shows that there is a sharp and stable anterior margin and
marks the cells delineated by it. These anterior margins are. then
compared cell by cell with the expression of engrailed. When you do
this it becomes clear that the anterior margins of the ftz and eve stripes
coincide exactly with the anterior margins of the engrailed stripes and
are, therefore, the parasegment borders (Figure 4.6). This cell-by-cell
coincidence can best be explained if the anterior boundaries of the ftz
and eve stripes are actually responsible for activating the engrailed
gene in the border cells. These same boundaries therefore delimit the
parasegments by allocating cells to one or the other. Each parasegment
consists of just those cells that lie between the anterior border of the
one stripe and the anterior border of the next. Thus, the cells of
parasegment 6 can be identified in the embryo as those that lie between
the sharp anterior edge of the third ftz stripe and the sharp anterior
edge of the fourth eve stripe (Plate 4.1 and Figure 4.6). Within those,
the engrailed gene subdivides the cells of the parasegment into posterior
and anterior subsets. The pattern of engrailed expression takes time to
develop and is not definitive until some time after the parasegment
boundaries are drawn. Only then are the segment boundaries delineated
and the compartments founded.

How is it known that the ftz gene directs the engrailed gene rather
than vice versa? The answer depends on molecular epistasis (see Box
2.4, p. 45) — in ftz~ embryos, engrailed protein is absent in the even-
numbered parasegments, while in engrailed™ embryos, ftz expression
is normal (Figure 4.7). )

While, topologically, this model makes sense, it is not clear what
the mechanics of it are. How does engrailed come on with respect to
ftz and why is it only in the anterior one-third to one-quarter of the
segment? The answer to this question is not known — but it is import-
ant to know. Important bécause, although both ftz and engrailed are
homeobox-containing transcription factors, ftz will soon disappear while
engrailed will remain on in the posterior cells and their descendants
right through to the adult. This means that engrailed i$ the first gene
known whose distribution amounts to a permanent chart of the body
plan of the animal — at the cellular level. engrailed begins to come on
at the end of the blastoderm period, in some parasegments before
others, and is active in all its 14 stripes in the gastrulating embryo.
Since the border of the parasegment as defined by ftz and eve is wiggly,
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Figure 4.6 The maturation
of the ftz (red) and eve
(grey) stripes and the
allocation of
compartments. The
parasegment boundaries
are delineated by the
anteriot boundaries of the
stripes; later the
anteriormost cells begin to
express engrailkt! (central
blaek dot).
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Figure 4.7 Molecular epistasis: engrailkz! expression depends on ftz expression; fitz
expression is independent of engrailkel! and puired.

and since the expression of engrailed follows that border so exactly, it
is likely engrailed depends on the fiz and eve proteins directly. Indeed,
thete are fiz and eve binding sites in the engrailed promoter and
experiments in vitit@ support this idea. This hypothesis predicts that iff
fiz were expressed in the wrong cells, and at a high level, engrailed
could also be activated. And this is so: some cells in embryos carrying
the fiz gene under heat shock control do get locked into fiz expression
and these cells do switch on angrailed.

Why do only the anterior subsets of the cells expressing fiz and eve
come to express engrailed? One theory might be that there is more fitz
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or eve near the anterior boundary, there is a gradient within the stripe,
and a threshold concentration exists, above which engrailed would be
activated. If this were the case, increasing the total amount of ftz
product should broaden the engrailed stripe and experiments suggest
this does not occur. Another possibility is a combinatorial one; maybe
there is a different gene whose expression pattern overlaps only partly
with the ftz or eve stripe and this gene has a sharp posterior border.
Cells would turn on engrailed if they lay between the sharp anterior
border of ftz or eve and the sharp posterior border of this gene. A
possible candidate (for the eve stripes) is the homeobox gene paired:
paired” embryos lack the odd-numbered engrailed stripes (Figure 4.7)
and the paired pattern of expression is consistent with this; the stripes
of paired protein overlap only partially with the eve stripes, extending
about one or two cells posterior to the anterior margins of the eve
stripes. It will be necessary to look at the pattern of engrailed expression
vis-d-vis both eve and paired to see if the model holds up at cellular
resolution.

There are several combinatorial models in the literature; a recent
one points to the possible role of repression — perhaps a gene might be
expressed in only the posterior part of the ftz stripes and prohibit
engrailed expression there. A candidate gene has been identified; it is
called odd-skipped, encodes a zinc finger protein and is expressed in
about the right region, overlapping the posterior regions of the ftz
stripes. It has not yet been studied at cellular resolution.

Still another hypothesis takes us more into the unknown; perhaps
gradient fields of positional information (see Chapter 6) are demarcated
by the nascent parasegment boundaries. Here, high levels of the ftz and
eve proteins might fix the anterior boundaries of engrailed expression
while the posterior boundaries of the engrailed stripes could be deter-
mined later and depend on a threshold response at a particular gradient
value. Under this hypothesis the parasegment borders would exist
before the segment boundaries. There are a number of problems with
this rather woolly perspective, but they will have to be faced: at some
unknown point in development the gradients of positional information
are established and must eventually take over the patterning of the
segment. Some support for this hypothesis comes from locust embryos,
where engrailed is activated progressively, first in cells at the paraseg-
ment borders and then backwards from them. Such an observation
seems more in key with a gradient model than a digital and combi-
natorial one — but the argument is weak. It is be important to find out
exactly how engrailed is switched on in the right cells.

I have not discussed the other pair rule genes whose function is
required for the process of cell allocation to parasegments (an example
is runt). The reason is that, apart from their position in the hierarchy,
there is not enough known about them. Some have been cloned and
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some not and for the moment they do not easily fit into the story. It is
not as if the reader is short of genes to think about! There will be
others that did not appear in the screen of Niisslein-Volhard and
Wieschaus. These may play key roles in the process, but their products
might not need to be localised to particular cells. In these cases it may
well be that the gene product is deposited by the mother in the egg and
is sufficient to sponsor development past the process of segmentation.
Only removal of these genes from the germ cells can reveal that they
do function in segmentation.

Segment polarity genes

Many of the pair rule genes are transcription factors and control the
expression of other genes, including the class of ‘segment polarity
genes’. Segment polarity genes are defined by their mutant pheno-
type — they are lethals which change the pattern, and often the polarity,
of every segment. There is accumulating evidence that their wildtype
role is to pattern the segment, or at least to provide the necessary
cellular machinery — such as intercellular junctions — so that patterning
can occur.

When segment polarity genes come into play the parasegment borders
are already delineated by ftz and eve and the engrailed gene is becoming
activated. The segment polarity genes are needed from then on: the
parasegment border has to become established as a long-lived feature
with specific cellular properties. The activation of the engrailed gene
has to mature from a provisional pattern into a definitive one: eventually,
after several steps, those cells expressing engrailed become locked into
an autoregulatory feedback loop.

In the wildtype ventral abdomen each segment is divided into an
anterior region of denticles and a posterior region which is naked. The
posterior compartment lies almost entirely in the naked region but
includes the most anterior row of denticles (see Figure 1.6, p. 19). The
denticles are oriented (Figure 4.8), showing that the cells are polarised
(see Chapter 6). Mutations in the segment polarity genes transform this
pattern; the biggest class of mutant phenotypes is epitomised by wing-
less™. In wingless™ embryos, the whole of the ventral abdomen is
covered by denticles which still show weak polarity — the normal
polarity is found in the anterior half and a reversed one in the posterior
(Figure 4.8). It is as if the whole segment now differentiates at one local
level in the normal pattern. There is no naked cuticle, there is no
posterior compartment and, when the pattern is mature, there is no
expression of engrailed. This pattern would seem to be a kind of
default state, for a number of genes give a similar mutant phenotype:
examples are armadillo, gooseberry and hedgehog. There is a grow-
ing list of genes which also give the same phenotype when mutant,
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Figure 4.8 The segmental pattern in the ventral cuticle of the newly hatched larva. A,
two denticle bands of the wildtype abdominal segments (A4 and A5). B, equivalent
region of a wiinghsss™ larva. Compare with Figure 1.6.

but only when the maternal contribution is remowed (dishevelled,
porcupiiee, fiused).

If the winglkss gene is expressed everywhete, under heat shock
control, the result is a naked embryo with no denticles at all. The new
pattern does not correspond to one level in the segiment, because half
the segment expresses engrailed and half does not. One particular
segtent polarity mutation gives exactly this phenotype, the gene is
appropriately called maked.
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Two other mutations give an apparently unrelated phenotype: there
is a double band of denticles, the posterior half being oriented in
reverse. There are two stripes of engrailed and correspondingly two
segment boundaries. These genes are called patched and costal (2).

Understanding segment polarity genes is proving difficult. Some of
these genes have been cloned and one, armadillo, encodes a protein
that in vertebrates is required to make cell junctions. wingless makes
a cysteine-rich protein that is secreted and is taken up by nearby cells,
it is homologous to the vertebrate oncogene, int-1. The protein seems
to become associated with extracellular material but it is not known
whether it is processed and whether there is a receptor for it. Initially
wingless is expressed in a row of cells exactly adjacent and anterior to
the engrailed-expressing cells; both engrailed and wingless therefore
define the parasegment border and both are needed, directly or indirectly,
for the expression of the other. In wingless™ embryos, engrailed ex-
pression begins normally (in accord with the idea that it is fixed by the
pair rule genes) but fades away..Likewise in engrailed” embryos, wing-
less expression is initiated as usual but decays. In both patched™ and
naked~ the wingless and engrailed patterns are altered; changes do not
affect the parasegment border, for example in naked™, the engrailed
stripe spreads out from that border.

Broadly, there are two extreme ways of depicting the wildtype
functions of these genes. First, they could be there to label the cells of
the developing segment, particularly the anterior compartment. A
number of these models have the advantage of being definite; according
to one the embryonic segment is divided into just four discontinuous
cell states. The disadvantage of these models is that they have been
‘carpentered’ to fit the available data and have little predictive power.
Second, is the view that these genes are necessary to establish the
segmental gradient of positional information — a concept that owes its
existence to experiments on the cuticular polarity and pattern of other
insects. The segmental pattern, within each compartment, is seen as
the outcome of a continuum of cell states that elicits a common
polarity (Chapter 6). The disadvantage of this model is that is un-
comfortably vague. It suggests that a secreted molecule such as wingless
might be a.graded morphogen, and other molecules receptors, kinases,
proteases, etc. Those other segment polarity genes that have been
cloned so far (patched, a transmembrane protein; fused, a serine/
threonine kinase) are not inconsistent with this perspective.

Pattern formation in the early embryo takes advantage of the free
diffusion of proteins between nuclei, but after gastrulation this cannot
happen because cell membranes have been completed. If segment po-
larity genes generate mechanisms to channel information across cell
membranes they should be useful more generally. Indeed, several of
them have mutant phenotypes that cause malformations in the adult
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and several show intriguing patterns of expression in the imaginal
discs. Some have closely related homologues in vertebrates. All reasons
why segment polarity genes deserve further study.

Further reading
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5 Selector genes

A S THE CELLS ARE ALLOCATED to parasegments,
they are also determined as to which parts of the pattern
they will produce — antennae or legs, thorax or abdomen. This
is done by selector genes, such as those of the bithorax complex,
which also define cell affinities. The pattern of muscles depends
on selector genes as well as interactions with the epidermis and
nervous system.

Diversification of pattern: the selector genes

In normal development many cell types are stable. Once the posterior
compartment of the wing has been founded as a small group of cells in
the embryo, those cells keep their state of determination and give rise
only to posterior wing cells in the adult. Even if the wing imaginal disc
is taken from the larva and allowed to grow and grow in culture for
years, the cells remember their state — with only very rare lapses
(called ‘transdetermination’). Such a stable property is important in a
system in which a few cells are allocated to specific states (compart-
ments) early on and these must give rise without error to blocks of
pattern. It is achieved by a two-step process. First, there is a special
class of ‘selector’ genes which must be activated in the right cells.
Second, these genes must be kept locked on throughout the subsequent
cell divisions, a process which itself depends on a complex genetic
system (e.g. esc, Polycomb). Selector genes have a controlling role in
the sense that they direct the development of the compartment so that
the piece of the body pattern constructed is different from that made
by another compartment: even though they form homologous modules,
the cells allocated to T2a and T3a make different patterns in the
cuticle of the larva and adult. It is therefore important that these genes
should be switched on where they are wanted and, equally important,
switched off where they are not wanted. This concept of selector genes
arose out of the discovery of the compartments in the wing and the
phenotype of certain mutations in the bithorax complex (BX-C) in
which the regions affected coincide exactly with the compartments
(see The history of the bithorax complex, p. 211).

Figure 5.1 illustrates this; it shows the phenotype of three mutations
in the regulatory region of the Ultrabithorax (Ubx) gene, mutations
which cause the misexpression of the Ubx protein. The Ubx gene is
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Figure 5.1 Regulatory
mutations in the Wbx
gene. In the wildtype (BX-
C*), T2 produces a wing
and T3 a balancing organ
or haltere. In Hitthorax
mutations the anterior
compartment of T3 is
transformed into an
afiterior wing
compartment. The
pesihihtrex mutation
transforins posterior T3 t6

wing while Halleiee mikmie,

a gam-of fumetion
futation, transforms T2
inte an extra haltere.
Transfermed regiens are
shewn i fed. When
bittisaae and posebaithorax
mutatiens are cembined
the result is a feur-winged
fly in whieh T3 i§
transformed completely
inte an extra T2

one of the three genes of the bithorax complex (p. 111). In the wildtype
embryo, the Ubx gene is expressed in parasegments 5 and 6 and these
give rise to T2p, T3a and T3p of the thorax and Ala of the abdomen.
Two mutations (bithorax and posifithboax)) transform anterior and
posterior halves of the haltere into corresponding regions of the wing
(see Plate 5.1). Crucially, the areas transformed are coextensive with
the compartments as defined by cell lineage. Another mutation, called
Halene miimdc, causes ectopic expression of the Ubx protein in T2 and
at a high level, transforming the wing into an extra haltere.

When Ubx! mutant cells are made in the haltere by mitotic re-
combination, and the cells marked appropriately (Figure 5.2), it is
found that every cell in the haltere that loses Ubx™ becomes trans-
formed to wing, showing that the requirement for the Ubx gene in the
haltere is completely cell autonomous. The part of the wing formed by
the Ubx” clone is appropriate for the position of the clone — thus if
the clone includes an anterodoksal part of the haltere up to the dorso-
ventral compartment boundaty, then the piece of wing makes the
triple row bristles that belong to that part of the dorsal compartment
(Figure 5.2). It is as if there were a common ground plan of pattern,
such as a system of coordinates, that exists in both the wing and the
haltete, in which position is read by the cells in the same way in both
organs, but the interpretation depends on the presence of a gene (Ubx)
which selects differentiation as haltere rather than wing. Although the
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Plate 4.1 These photographs show the expression of fitz
(brown) and eve (grey) in the cells of the embryo from
stages 5(2) to 8(1) — stages are described in Figure 1.4.
(a) stage 5(1)-582)}; (b) stage 5(2); (c) stage 5(3); (d) stage 6;
(e) stage 8(1). The stripes of ftz and eve expression narrow
from the posterior margin and sharpen anteriorly as they
intensify.



Plate 5.1 Four-winged fly, produced by combining bittinvexx and posthitithiarax mutations
{see Figure 5.1).



Plate 7.1 Two butterflies; although they look so dissimillar they are two females of
Papiliiv phanmeass that differ only in one gene.



fa)

Plate 8.1 An example of a
witiieé* clone shown in a
section of the eye.

b
Plate 7.2 Expression of the scutte gene (dark blue stain) in twe wing dises. The light blue
colour identifies the bristle mother eell.



Figure 5.2 The Ubx gene
acts cell-autonomously,
The chromosomes of
irradiiated larvae are shown
at top, two examples of
clones below. Ubx-~ clones
transform the cells in the
haltere so that they make
wing structures.

transformation is not complete, a similar picture emerges from the
engrailed” clones — here the pattern suggests an underlying mirror
image ground plan; clones made on the posterior wing margin make
bristles normally found on the anterior margin (see Figure 4.3, p. 89).

In another respect, the Ubx” clones are reminiscent of the engrailed=~
clones: they tend to sort out from the surrounding haltere cells. Some-
times the clones are completely pinched out into a vesicle, so that
every one of the Ubx~ 'wing’ cells is included in the vesicle. Again
this shows that selector genes are responsible, not only for the pattern
differemtiated by the cells, but also for their mixing properties, their
affimnities.

engrailed is an almost perfect example of a selector gene, for the
gene is expressed and required in all posterior compartments. As we
have seen, removal of the gene from the whole compartment or from
parts of it results in a transformation towards the pattern of another
compartment. But the transformation is not complete, as would be
expected from the simple model that the only determining difference
between anterior and posterior compartments is the engrailed gene.
There are at least two plausible explanations: there may be other
selector genes, in addition to engrailed, that are responsible for the
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difference between anterior and posterior compartments or, less likely,
perhaps the removal of engrailed gene function is not complete because
the mutations used are not nulls.

The idealised selector gene has the following properties: it is active
in a compartment or a specific set of compartments and is responsible
in a cell autonomous fashion for the pattern formed. It is also responsible
for the specific cell affinities that ensure that cells from different
compartments do not mix. The selector gene is turned on in the
founding polyclone when it is designated and remains activated and
required until the end of development in all the cells of the compart-
ments. It is permanently inactivated in cells where it must be switched
off, so that the combination of active and inactive selector genes in a
cell fixes its state of determination. Selector genes have been identified
that qualify to varying extents when compared to this ideal, and many
of these contain a homeobox.

The homeobox

For history of the homeobox see p. 216. The homeobox was the first of
the DNA binding motifs to be identified in Drosophila and has proved
extremely useful, particularly in defining new genes in Drosophila and,
much further afield, in many other animals including mammals. The
homeobox in the DNA encodes a homeodomain in the protein. The
homeodomain is some 60 amino acids; there are probably over 100
different homeodomain proteins in the fly and the genes have been
classified into families according to amino acid sequences. There are
four amino acids that are conserved in all the sequences so far analysed
from animals and overall the conservation is impressive (one homeobox
in the frog Xenopus has its homologue in Drosophila and of the 60
amino acids, 55 are identical). The sequence encodes four main «-
helices linked by turns. The third of these helices fits into the major
groove of the DNA, the ‘recognition helix’, and several amino acids on
one face of this helix contact the bases of the DNA. The structure has
been studied and this has helped identify those amino acids that make
particular contacts; not all of these lie inside the third helix. When
sequences from different genes are compared, these contacting amino
acids are rather variable and may well determine which binding sites
the protein seeks out. If one of these amino acids is altered, so are the
in vitro binding properties of the domain.

Antibodies against homeodomain proteins show that the proteins
are localised in the nucleus and in vitro studies with the homeodomain
from engrailed protein (for example) show that it is capable of sequence-
specific binding to DNA. Homeodomain proteins, as we have seen
with bicoid, make footprints on the DNA; and, in suitable systems, act
as transcription factors.
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The bithorax complex

The bithorax complex (BX-C) is at once the most perplexing and il-
luminating genetic system yet discovered in Drosophila. The picture
of the BX-C has changed over the years (see The history of the bithorax
complex, p. 211) but I try here to present an up-to-date but simplified
story.

The BX-C is concerned with directing the pattern of a particular
region of the body, extending in the embryo from parasegment 5 to 14.
It consists of three homeobox genes, each producing a number of
protein products as a result of variable patterns of RNA splicing. The
three genes are called Ultrabithorax (Ubx), abdominal-A (abd-A) and
Abdominal-B (Abd-B). The genes are expressed in the epidermis, central
nervous system, somatic mesoderm and visceral mesoderm (not in the
endoderm), but are best understood in the epidermis, so we will start
there. Look at the left column in Figure 5.3A. First, consider the larva
that lacks all three genes: now parasegments 5—13 all develop the
same way, each parasegment differentiating into the pattern of para-
segment 4. This means that there is a chain of reiterated compartments in
the epidermis: T1lp/T2a, Tlp/T2a repeated 10 times. Now, add the
Ubx gene: the result is a larva that contains one parasegment 4, one 5
(T2p/T3a) and eight of parasegment 6. Add the abd-A gene: the result
is a larva which has the pattern 4, 5, 6, 7, 8 plus five of parasegment 9
(see Figure 5.3). Three important points emerge from this; the first that
the Ubx gene and the abd-A gene work in particular domains — Ubx
from parasegment 5 back and abd-A from parasegment 7 back. The
second, that when the Ubx gene functions on its own, it changes part
of a chain of parasegment 4s into a chain of parasegment 6s, showing
that the genes of the BX-C govern parasegmental (not segmental)
states. The third is that there is a combinatorial effect: the abd-A gene
product adds to the Ubx function and both contribute to make the
parasegment 7, 8 and 9 patterns.

These three principles also apply to the Abd-B gene. Its domain is
in the posterior part of the embryo from parasegment 10 backwards
and it modifies the combined effect of the Ubx and abd-A genes. The
effects of Abd-B are varied, being very weak in parasegment 10 and
strongest in parasegment 14, where it predominates. In each para-
segment the contribution of each of the three genes is different; for
example, slight variations in the role of the Ubx and abd-A genes are
responsible for the slight differences between parasegments 7, 8 and 9.

If genes are removed one can see the same principles. For example,
in the absence of the Ubx gene (Ubx~ abd-A* Abd-B™) (Figure 5.3),
the two parasegments 5 and 6 become converted to parasegment 4.
However, parasegments 7—14 now lack the Ubx gene product and this
has effects on the pattern of the cuticle — for example, some cuticular
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structures characteristic of the thorax are now found in the abdomen.
The role of the Ubx gene is slight further back, thus parasegment 14
appears to be completely unaffected in Ubx™ larvae and parasegments
12 and 13 are almost wildtype. Note that the abnormal patterns in the
main part of the abdomen can be regarded as the outcome of an
unusual combination of gene products, ‘nonsense code words’, that
are not found anywhere in the body of a wildtype embryo. For the
parasegments 7—9, the nonsense code word consists of the presence of
the abd-A protein and the absence of Ubx. In Figure 5.3 abnormal
patterns that arise from nonsense code words are indicated by red italic
letters and numbers. See if you have understood the ground rules by
predicting the pattern for larvae that are Ubx~ abd-A* Abd-B~, and
checking your answer with Figure 5.3.

Comparable results are obtained in the adult — for example, if
clones of Ubx™ are made in the embryo in the anteriormost compart-
ment of parasegment 5 of the leg (which is T2p — see Box 1.2, p. 4)
then the cells are transformed to Tlp (which is parasegment 4). Ubx~
clones in abdominal compartments posterior to Ala develop almost
normally because they are abd-A* and now depend largely on that
gene; however, clones of abd-A~ in abdominal compartments A2a—
Ada (parasegments 7—9) are transformed towards Ala (parasegment 6,
Figure 5.3). If abdominal clones lack both Ubx™ and abd-A™* they
do not appear in the anterior abdomen of the adult. The reason is
presumably that the mutant cells are converted from abdominal cells
into the thoracic ones of parasegment 4 — and fail to form an imaginal
disc all on their own. A clone of Abd-B~ cells in the dorsal epidermis
of A6a (parasegment 11) will be transformed towards A4a (parasegment
9).

Perhaps because the spatial regulation of BX-C genes is so complex,
dominant gain-of-function mutations are frequent; these cause ad-
ventitious expression of gene product and can be very informative.
Two examples: if the Ubx gene is expressed in parasegment 4, the
wing is transformed to a haltere (the Contrabithorax mutation). If
Abd-B is misexpressed anteriorly, the A4 abdominal segment develops
characteristics of A5 (the Mcp mutation). These types of mutations
illustrate that selector genes direct the fate of cells and must, in the
wildtype, be properly confined.

Figure 5.3 (opposite) The three genes of the bithorax complex work in combination in
the wildtype. A, when genes are removed, one by one or in pairs, the parasegments are
transformed as shown. Parasegment numbers are shown at the top — when the
parasegments are incorrectly patterned the digits are shown in red italics. Below, the
segmental numbers refer to the bands of denticles only. B, adult clone of cells that is
abd-A~, the clone is located in the A3 segment and the cells are transformed and make
bristles as in Al.
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The function of these genes can be removed, by mutation, and
added back by heat shock constructs in which, for example, the Ubx*
coding sequence (from a ¢cDNA) is placed under the control of a heat
shock promoter (see Box 3.2, p. 56) and transformed into flies (p. 219).
If the Ubx gene is expressed at a high level everywhere, as a result of a
series of heat shocks {and this can be monitored by antibody against
the Ubx proteins), there is no effect on pattern in the domain where
the endogenous Ubx gene is operating (parasegments 6—14). In parts of
the body not under control of the BX-C, that is anterior to parasegment
5, ubiquitous Ubx expression transforms all those parts to parasegment
6 so that a cuticular pattern similar to T3p/Ala appears in all the seg-
ments of the head. These are simplifying results, because they tell us
that two complicating features of Ubx expression may be overlooked
for the moment at least.

First, in normal embryos the level of Ubx protein varies a great
deal, making a complex pattern in each parasegment; it was natural to
ascribe a function to this. However, the universal and evenly distributed
expression of Ubx at high level after heat shock produces a normal
cuticle pattern in the abdomen, at least in the epidermis. One exception
to this delightfully simplifying story: in parasegment 5, Ubx levels are
very low in most cells; after heat shock this parasegment differentiates
as parasegment 6, suggesting that in this case the level of Ubx protein
might be important — although several other explanations are equally
plausible. If it is the level that counts it is an exception to the general
rule that selector genes act as bistable switches.

Second, there are several forms of the Ubx protein that are the
result of complex RNA splicing permutations; however it seems as if
each one of these (made in different heat shock constructs which are
each based on one cDNA) is equivalent in its effects on the cuticle
pattern; consequently, in general, there is no need to posit different
roles for the different types of transcripts in the epidermis. In other
tissues there is some evidence that the alternatively spliced products
do different things.

The combinatorial interactions between the three BX-C genes take
various forms and include trans interactions that affect transcription.
For example, in the wildtype embryo, the Abd-B gene suppresses Ubx
transcription in parasegment 13. This repression is evaded by using the
heat shock construct and one can artificially introduce Ubx protein
into parasegment 13. Surprisingly, these larvae are quite normal, the
high level of Ubx protein has no effect on the pattern. This phenomenon
has been called ‘phenotypic suppression’ to emphasise that Abd-B
products will effectively silence the Ubx protein; there must be post-
translational events and interactions. Although the mechanism is not
known, there are several possibilities; perhaps Ubx and Abd-B protein
both bind to the same or overlapping sites on the genes they regulate
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and Abd-B has a higher affinity for those sites. It would follow that,
where both proteins were present, only Abd-B would bind and affect
the transcription of these downstream genes. Observations on genes
of both the BX-C and the Antennapedia complex (p. 128) suggest
that complete or partial phenotypic suppression is commonplace and
follows a general rule. The rule is that gene products (apart from
Deformed), normally expressed in anterior parts, are phenotypically
suppressed by proteins expressed more posteriorly. For example, the
effect of high levels of Antennapedia protein on pattern is completely
silenced by 1 dose of Ubx™. Thus, in the wildtype, how much a gene
influences the final pattern depends on which other genes are co-
expressed in the same cells, in the same parasegment.

These mechanisms give the combinatorial code some properties of
a hierarchy. They suggest that minor changes in pattern, by which I
mean both gradual evolution through time and slight differences in the
pattern of neighbouring segments, might result from changes in the
binding sites of the downstream genes that give one selector gene more
weight than another.

The bithorax complex has been cloned (see Box 4.1, p. 82, and The
history of the bithorax complex, p. 211) and proved to be complex
indeed. It is large (more than 300 kilobases) and has long introns
and regulatory regions. The molecular map is shown in Figure 5.4.
Each of the three genes is separate and the order given is that on the
chromosome, with Ubx being the gene nearest to the centromere. The
three transcripts are shown in black; the direction of transcription is
the same for all three, from a 5’ start on the right to a 3’ exon on the
left. Each 3’ exon contains a homeobox (H) and this portion is always
common to the different splicing variants of the protein. Mutations
that disrupt the transcript are null alleles and some are shown in black
below. The regulatory regions, shown in red above, are approximately
defined by the location of regulatory mutations (named in red). In the
case of Ubx, there is a large regulatory region in the intron. In the case
of the Abd-B gene, there are two different forms of the protein, a longer
m form which comes from a short transcript and a shorter r form that
is made from a long transcript. These two forms have different patterns
of expression and requirement. Both share the same homeodomain, but
Abd-B,r is expressed only in parasegment 14 and posterior to it, and
Abd-B,m, probably, in parasegments 10—13.

Many of the regulatory mutations (shown in red) produce either
loss of the protein in part of its domain or gain-of-function expression
in new domains (and, frequently, they do both these things). This
illustrates that most elements in the long control regions ensure the
proper spatial expression of the BX-C genes. It is noticeable from the
map in Figure 5.4 that the order of the regions most affected by the
regulatory mutations is the same order as the parts of the body. For
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example, Cbx (on the extreme left) affects parasegment 4; bxd, para-
segment 6; iab-2, parasegment 7; iab-4, parasegment 9; iab-6MX!,
parasegments 10—12; and Abd-B,r~ (on the extreme right) affects para-
segment 14.

Many studies of the pattern of expression of different selector genes
have been published and some of them yield a confusing picture —
confusing that is if you prefer the simple view that each selector gene
is active in a specific set of parasegments. The facts are that while
many selector genes do show parasegment-specific expression there are
exceptions, particularly at the later stages. The borders of expression
are unstable and have different limits in the dorsal and ventral parts of
the embryo. The reason for this may be that the control of selector
gene expression is subject to many influences, not least the trans
effects of other selector genes and these may complicate the original
pattern. Ideally, one should look at the expression of a selector gene in
the complete absence of all the others and determine its primary
domain; then the others could be added one by one to see how they
affect that primary pattern. One example: in the ectoderm, abd-A is
expressed from parasegment 7 (a sharp boundary exactly at the para-
segment border) back to a posterior boundary within the anterior com-
partment of A8 (within parasegment 13). In the absence of the Abd-B
gene, early expression of abd-A now extends back exactly to the
posterior border of parasegment 13, showing that the posterior boundary
of abd-A expression in the wildtype is not fixed by intrinsic properties
of the gene, but rather by regulatory interactions within the BX-C.
Later, in Abd-B~ embryos, the abd-A gene becomes activated in para-
segment 14 and beyond, possibly due to new trans effects. However,
the Ubx gene has a different intrinsic pattern; in the absence of both
the abd-A and Abd-B genes, it is expressed in parasegments 5—13 but
does not spread further back. More studies of this type will be needed
to sort out the role of intrinsic and extrinsic factors in the spatial
regulation of selector genes.

The bithorax complex has been around a very long time: the abd-A
gene has been isolated from the locust and antibodies made against it.
The expression pattern is much the same, even though locusts are such
different insects from Drosophila. The anterior limit of expression is at
the border between Ala and Alp, that is at the anterior border of
parasegment 7 (exactly as in Drosophila), not only showing the con-
servation of domain but signalling the existence of compartments and
parasegments in the locust. Comparison of the same gene in different
species can also be made at the level of DNA sequence, and this can.be
very informative (see Box 5.1).

Molecular biology has not yet helped us to understand how a single
protein present in a cell can change it from making part of one pattern
(e.g. a wing) to making part of another (a haltere). We only know that
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Box 5.1 Comparing genes and DNA seqiiences between species

It is very hard to find out, when one looks at, say, the 6.1 kilobases of
sequence upstream of the fiz coding region or the 70 kilobases of intron in
the Ubx gene, which bits are for what, which bits of the sequence have a
function, which are merely spacers. One usefiil approach is to cut it up with
restriction enzymes and place the pieces in front of a minimal promoter and
reportet gene and transform flies. Anothet is to study mutations at the
molecular level and see where sequence changes have phenotypic eonse-
quences. Another is to do footprint studies (p. 55) and identify consensus
sequences — ofe can then tise these corsensus sequences te pinpeint
potential binding sites elsewhete in the genome.

Still another is to compare homologous genes from different species of
Drosopffildg, or even other-flies or insects. This approach works because
insignificant sequences tend to drift and change length, while ones that bind
regulatoty proteins are consetved. I believe this is a very valuable method,
and that it will be increasingly used. For example, the fizz gene of Itnssphila
melénoggaterer and D. hydééi has been compated. The D. hydédi gene can be
excised and transformed into D. melanogasierer and it wotks reasonably well,
showing that the basie elements of control are conseived between the two
species. In D. hyd#éi the whole fizz gene is inverted as if it has been ctit otit
and replaced. Compatison of the regulatory regions, both 5' and 3’ of the
gene, reveals small, highly eonserved regions intefspersed in a background
of seguenee that beats little resemblance between the speeies. The lengths
of these spaeers also vary. Seme of the conserved boxes eontain sequences
that homeodormain proteins reeognise, the eonservation indieating that the
seguenees are funetionally important. Seme sueh sites are net eenserved,
suggesting they may net be utilised.

Regulatory proteins that bind to the upstream element of fiz have been
identified, an example is the tramirackk gene product. Two of the potential
sites for this protein, recognised by a.consensus sequence, are not conserved,
and this makes one wonder about the importance of those particular sites.
Comparison between species is a valuable way to identify regulatory elements
which can then be tested by asking them to drive Bgidlnctosidase expression
in transformed flies. 1t is an ’elegant way to evade creating an endless series
of deletion consteucts, whete mainly luck dictates how precisely the elements
can be defined.f7]

This strategy can be also used at a more basic level. Consider segmentation
in the locust which, unlike Drosepifilda, occurs serlally with new segments
being added one by one at the postetiot tip of the embtyo. It is already
known (from an engrailkel! antibody that recognises engtailket! protein in
many animalls) that there are antetiot and posterior compariments in the
locust as in Drosepiiiida. Analysis of the abdiA4 gene in both species shows
that the selector gene recognises the same antetiot parasegmental limit in
both. We now need to know whether there are fizz and eve homologues in
the locust — arke thhey iwslkved! ith dtgtin gRatasgamand lisidiers? THe azsweats
will be illuminating in several ways; first, they will tell us whether the fiz
and eve genes have a similar funetion in the loeust — if they do the
evidenee will be independent and eorroborate (of not!) the view of the rele
of pair fule genes in Droseiilda. Second, they will indicate how far findings
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can be generalised from Drosepghilda to other insects and beyond. This latter
is important because, at the moment, we do not know whethet the genetic
logic being untavelled in Drosepffilda is fundamental and general — or
whether, at this level, every group has solved the problem of cellular
allocation differently.

For more information, see Maier, D., Preiss, A. and Powell, J.R. (1990} EMBO ). 9:
3957-3865.

Ubx is necessary and sufficient to orchestrate the differences between
the two patterns. Since the Ubx protein is a transcription factor with a
homeodomain, the expectation is that it must work through other
genes, the so-called 'downstream genes of Ubx'. Some believe these
will be a special class of regulatory genes that are specific to Ubx and
lie between the Ubx master gene itselff and these executive genes
which either regulate or make such everyday things as cuticle proteins.
1 prefer the idea that there is no special class, but that the different
patterns come about through Ubx and the other selector genes con-
trolling a common set of regulatory genes. An example of the latter
might be the scute gene, scut is an important agent in the determi-
nation of bristle pattern and is required all over the body (Chapter 7).
scutee must be differemtly used in the three legs because the bristle
patterns differ so much, fior example between T2p and Tip —aalififfsracee
dependent on Ubx.

Could the wing and haltere depend on completely or largely distinct
sets of executive genes? This looks unlikely: here are thtee arguments.
One, two-dimensional gels suggest that wing and haltere imaginal
discs have virtually all proteins in common. Two, 70 years of muta-
genesis, both natural and conttrived, have not produced mutations that
affect, for example, cuticle structure in parasegment 6 but not para-
segment 4. If there were classes of genes that responded specifically to
the direction of Ubx, then one would expect such mutant flies. Three,
when the Ubx and Amtenmeppditia proteins are coexpressed in the same
cells by placing them both under heat shock control, the ctuticle pattern
produced is entirely due to Ubx. This phenotypic suppression of
Antermappditia is very likely due to Ubx winning the competition to
regulate the same set of genes — for, if Ubx and Amtenneppditia each
had its own set of subordinates, the result would surely be some mixed
cuticle pattern.

Bithorax complex — the neurectoderm

One of the reasons for the complexity of the control regions of the
BX-C must be the pattern of expression and function in the different
germ layers. As in the epidermis, the pattern in the central nervous
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Figure 5.5 The BX-C and the

system is complex; some cells express Ubx strongly and seme almost
undetectablly, even though they are in the same parasegmental domain.
We have just seen that this is true of the epidermis also, but there this
complex pattern can be obliterated by heat shock expression of Ubx —
appatently without any consequence. So the complex pattern within
parasegments of the central nervous system inay not be impertant
either; it is difficult to be sure because the anatomy of the central
nervous system is not as well known as that of the epidermis and
cuticle. In the complete absence of Ubx"™, the central nervous system
is transformed in exactly the same direction as the epidermis.

In the epidermis, when the Ubx gene is removed from a small clone
of cells, they transform autonomously. There is a particular need for
mosaic experiments of this kind in the central nervous system because
any change in the internal organs could be due to indirect effects —ftar
example, sensory neurones coming in from the periphery may be directly
transformed by mutations in the BX-C and these could then influence
the interneurones to which they connect. To find out if there is a
direct effect on the central nervous system itself, that is a local require-
ment for Ubx™, one must remove the Ubx gene from the central
nervous system only. Such experiments have not been done. Never-
theless the way the central nervous system derives from within the
epidermis, the homeotic transformations when the BX-C is removed
and the behaviour of sensory axons in genetic mosaics, all accord with
the idea that the BX-C works in the central nervous system as it does
in the epidermis, by acting directly on the cells of parasegments 5 and
6, and having a reduced role in the domains of abd-A4 and Abd-B
further back.

Figure 5.5 illustrates the effect of removing parts of the BX-C on the
central nervous system. In the embryonic central nervous system, one

embryonic central nervous system.
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sees dark bands in the thoracic parasegments 3, 4 and 5 which are
absent from the abdomen. In Ubx~ embryos (where, in the epidermis,
parasegments 5 and 6 are transformed to 4) there is an extra band at the
position of parasegment 6 due, presumably, to the transformation of
that parasegment to parasegment 4. In BX-C~ embryos, just as in the
epidermis, all the 14 parasegments are transformed to the thoracic type
and display characteristic bands.

The bithorax complex and engrailed — the somatic mesoderm

The requirement for BX-C genes in the somatic mesoderm is much
more uncertain. The expression pattern is simpler than in the epidermis
and central nervous system. In the embryo, Ubx is expressed in para-
segments 6—12 at an even level, while abd-A and Abd-B are expressed
in overlapping sets of parasegments (7—12 and, probably, 10—14, re-
spectively) (see Figure 5.8). Cell lineage studies on the mesoderm,
made both by nuclear transplantation and by mitotic recombination,
indicate that at least the parasegments of the thorax are lineage units;
meaning that once allocated in the embryo, mesodermal cells colonise
only one parasegment. A working hypothesis is that all the meso-
dermal parasegments are compartments from when they are established
at about the stage of gastrulation, that cells within them give descend-
ants only within a prescribed muscle set and that these cells express a
specific combination of selector genes. For example, in the embryonic
somatic mesoderm, parasegment 5 expresses no Ubx while parasegment
6 does; coordinately, in the larva, T3 muscles have no Ubx antigen,
while Al muscles do. All A2 muscles have a higher level of Ubx
antigens than their homologues in Al, consistent with the hypothesis
that the two muscle sets develop independently and that the muscle
parasegments are compartments. Thus, as in the ectoderm, there are
reasons to believe that the mesodermal parasegments are important
entities in terms of design.

How are the mesodermal parasegments founded? It seems likely
that the parasegment boundaries are drawn by ftz and eve: their sharp
anterior boundaries compart both ectoderm and mesoderm at the time
of gastrulation and are collinear with the borders recognised by selector
genes such as abd-A. However, the mesodermal parasegments are
apparently not subdivided into anterior and posterior compartments.
There are three arguments for this; two depend on the expectation that
engrailed would work in the mesoderm as it does in the ectoderm.
First, analysis of the cell lineage of the thoracic muscles revealed no
anteroposterior subdivision within the segment (see Figure 4.5, p. 94).
Second, although the engrailed gene is initially activated along the
parasegment border in the mesoderm, it soon fades away. Third, there
is evidence that engrailed* is dispensable in the mesoderm. This evi-
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Figure 5.6 Where is the
engrailkell gene required?
Mosaic flies that consist of
a mixture of wildtype cells
and cells homozygous for a
lethal allele of egrailed
(engrailk., shown in red)
are made by tramsplanting
nuclei (see Box 5.2).

dence consists of making adults that have mainly wildtype ectoderm
cells, but with large parts of their mesoderm consisting of cells homo-
zygous for engrailed lethal alleles. Such adults are normal (Figure 5.6
and Box 5.2), suggesting that the engrailed gene has no role in the
mesoderm; even its transient expression in the early embryo is
dispensable.

What determines the segment-specific pattern of muscles?

In the larva the muscle pattern is specific for different sets of segments,
and in the adult the segments are even more diversified. The other
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Box 5.2 Genetic mosaics — nuclear transplantation

This is another method of making genetic mosaics and it can be very useful;
the main advantage is flexibility as a greater variety of genotypes can be
miixed than with other methods. Donor nuclei are taken up from a late stage
5 embryo into a needle and then transferred in small lots of about 10 nuclei
into much younget, cleaving hosts. Up to 30% of the embryos that result
are mosaic and many can go on, in appropriate genotypes, to make aduits. If
the host is Mimitez/Mivliterite ~ [p. 79) and the donor Minites/Mibitelize *, the
donor nuelei will tend to fill any compartments they enter. This technique
was used to find the parasegmental allocation of some particulatr thoracic
muscles jp. 94) as well as to investigate the genetic determination of muscle
pattern (see Figure 5.7).

If the donor carries a mutant allele of a gene then one can find out in
which tissues the wildtype allele of that gene is requited. An example:
males and females heterozygous for a cell marker {pwn=~) that is linked to a
lethal mutant in the engraifhd] gene {en") are crossed, eggs collected and
used as donots. Nuclei from these eggs are transplanted into host embryos
carrying a market mutation (sdh'®). Cells that derive from the transplanted
nuclei are sdth™ and will stain blue and can be identified in the white
unstained background of the sdli™ host cells. Only one-quatter of the donor
eggs will be pwnreerpypgwen en’ and these are identified because they give
tise to mesaie offspring containing sofme cuticle marked with pwar.. The
engratiRdi” cells wete found te be defective in the ectoderm but nefmal in
the endoederm and resoderm. The engraipei™ allele used expresses very
little antigen and is therefore probably close to a null allele; the experiment
therefore suggests that the engrailhed gefie is not needed in eithet the
mesoderm oF the endederm (Figure 5.8).

For more informatiam see Lawrence and Johnston (1984) (details p. 104).

derivatives of the somatic mesoderm, such as the heart, the fat body
and the gonads, also develop segment-specific patterns. It is natural to
assume that, as in the ectoderrn, the parasegmental pattern of expression
of the BX-C is directly responsible for these variations. However, the
key experiment of removing a bithorax gene from the muscle cells and
from only those cells has not been done, so even though mutants in
the BX-C do affect muscle patterns, it is not clear how. For example,
muscles have to attach to specific places on the cuticle; it is not
surprising therefore that alterations in the cuticle pattern have been
shown to affect muscle patterns. Muscles are innetvated and, as we
shall see below, the nerves may play an important role in determining
muscle development. So the question of whether the Ubx, abd-A and
AlbdiB genes are involved directly in specifying mesodermm cells is an
open one, although the pattern of their expression would certainly lead
one to believe that they do.

There is one muscle that seems ideal to investigate this general
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question and that is a special ‘strap’ muscle found only in the abdominal
segment A5 of adult males. In viable BX-C mutations (Mcp) that
transform A4 into an extra A5 as well as certain Abd-B mutant alleles
that transform A6 and A7 into adventitious A5s, both the cuticle and
the muscles are transformed together — an extra strap muscle forming
in the ectopic A5 segments (Figure 5.7). Mosaic flies can be made
which are mixtures of mutant (Mcp) and wildtype tissues and all the
cells marked; the points of interest are the genotype and phenotype of
the cuticle, muscles and nerves in the mid abdomen. Results show that
the pattern of the cuticle does not always correspond with the muscles
— for example a strap (A5) muscle could attach to normal wildtype
cuticle in A4. Even more surprising, the genotype of the muscle (whether
male or female, Mcp or Mcp™) does not always correlate with how it
develops: in some cases female muscle cells even make ‘male’ muscles
(Figure 5.7A). This suggests that non-muscle cells determine the muscle
pattern. Amongst the mosaics, there were two particularly eloquent
examples: in these cases, mutant Mcp neurones appeared to ‘induce’
the mesoderm of segment A4 to form a strap muscle. This happened
even though the muscle cells themselves were entirely wildtype (Mcp™*)
as were the cuticle and epidermis to which the muscles attached (see
arrow in Figure 5.7B). The experiment implicates the neurones which
innervate the muscles; it suggests that they are responsible, at least in
part, for the development of specific patterns of muscles in each
segment.

The determination of muscle pattern is complicated. Muscles develop
in an unusual way: it seems that in Drosophila at least, a muscle fibre
may begin life as a single large pioneer or founder cell which becomes
identified in the mesodermal epithelium of the embryo. Possibly the
mechanisms that single these pioneer mesoderm cells out from the
remainder share features with those that single out neuroblasts from
the epidermis (Chapter 7). Nerves cannot be directly involved in the
specification or selection of these pioneer cells for, in the Drosophila
embryo, they develop after the ground plan of the muscles is already
visible as a pattern of small syncytial fibres. Once the pioneer cells are
chosen they are joined by smaller ‘secondary’ mesodermal cells which
fuse with them to form syncytial muscle fibres. The muscle fibres, or
at least one end of them, migrate across the epithelial surface to take
up their positions, where they then attach to the cuticle. The route
they migrate along and the points they attach to are written in the
epidermis — this has been shown by clever grafting experiments (in a
beetle, Tenebrio) where the muscle pattern can be altered by trans-
planting small pieces of epidermis, the ‘roads’ on which the muscles
walk. This information, together with the experiments implicating the
neurones just described, tells us that the muscle pattern is the outcome of
several different kinds of interactions between mesoderm and ectoderm.
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Figure 5.7 What
determines the pattern of
muscles? Flies that are a
mixture of Mcp (red) and
wildtype (black) cells are
made by nuclear
transplantation. Arrow
marks a male muscle
which, although made by
wildtype cells, forms a™
musecle in A4 that is
always found in Map flies
(but never in wildtype
flies).

—_—
—_—
—— ]
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There are also indications that the muscle pattern is dependent on
genes which work locally within specific muscles. We have seen that
the Ubx gene is expressed in certain parasegments of the mesoderm
and it would seem likely, if unproved, that the gene is partly responsible
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for the pattern of those parasegments. In the epidermis, other homeobox
genes (such as engrailed, gooseberry) are expressed in only parts of the
parasegment, and in the somatic mesoderm there are now examples of
genes expressed in only subsets of the muscles (S59, p. 95). It is not
yet known what the roles of these genes are, as mutants have not been
made, but it is a good guess that they are responsible for specifying the
state of the cells in just those muscles.

The bithorax complex in the visceral mesoderm

We have discussed why the visceral mesoderm, which generates the
smooth muscle sheath around the gut, should be regarded as a separate
germ layer. A main argument is that the expression pattern of the
genes of BX-C is different from that in the somatic mesoderm. Ubx is
expressed in parasegment 7 only, abd-A from parasegment 8 to 12 and
Abd-B, 11 to 14 (Figure 5.8).

There are some hints that the Ubx and Antp genes may have a local
role in the visceral mesoderm, although genetic mosaics have not been
made to test the idea rigorously. This role is concerned with the
morphogenesis of the gut as a whole, including the innermost tube of
endodermal cells. In Ubx~ embryos, the gut does not develop properly;
in particular it lacks the second constriction that forms near para-
segment 7 (Figure 5.8). In these Ubx~ embryos, the decapentaplegic
gene product (see p. 66) is nearly absent in the visceral mesoderm and
also local expression of the homeobox-containing gene Iabial is missing
in the underlying endoderm cells. Most tellingly, in abd-A~ embryos,
Ubx expression extends back all the way from parasegment 7 to 12;
concomitantly with this, decapentaplegic and labial expression also
extend back to parasegment 12. It follows that there is a hierarchy in
the action of these genes; it is clear that Ubx is upstream of decapenta-
plegic, which itself is required for labial expression or, to put it another
way, the local expression of Ubx in the visceral mesoderm patterns the
expression of labial in the gut, and it is the local expression of labial
that is more directly responsible for the constriction. As expected, in
labial~ embryos the constriction does not form. Because the deca-
pentaplegic gene encodes a secreted factor, there is reason to suggest
that this is the messenger carrying some inductive signal from the
visceral mesoderm to the gut (Figure 5.9). This might appear a baroque
way of patterning the gut. But it makes sense, for the endoderm is not
segmented and therefore, if the gut is to have its parts differentiated,
why not make use of the ready-made map written in the visceral
mesoderm as zones of BX-C proteins?

These studies of the BX-C in the four main germ layers yield a
consistent picture: in the ectoderm, complex patterning specifies
epidermis and neuroblasts. A simple pattern in the somatic mesoderm
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Figure 5.8 Patterns of
expression of selector
genes in the embryo differ
in the somatic and visceral
mesoderm — numbers
refer to pavassgments.
Note, in the visceral
mesoderm, Sex ccomibs
redueset] (Sc¥) 1s not
expressed in a
parasegimental register.
Belew, a sketeh of
embryoenie gut shows the
pattern of gerie expression
in the viseeral mesoderm
as it relates to the
structure of the gut (the
€aeea and three
censtrietions).

is elaborated by the use of specific interactions between the inducing
epidermis and responding mesoderm. The simplest pattern of BX-C
gene expression is found in the visceral mesoderm and some aspects of
this are transferred to the endoderm to sponsor diversification of parts
of the gut. The whole picture rings of evolution, it illustrates that
differemt germ layers can evolve independently as controlling elements
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Figure 5.9 Model of
induction between two
germ layers; the viseceral
mesoderm and the
endoderm. Exefiiments
suggest that Ubx
expression in parasegment
7 of the visceral mesoderm
lies upstrear of the
tlecapentaplegic (an]
gene, whose product is
secreted and signals te the
endederi, a signal leading
to local activation of the
Iabial gene.

are added to a common set of regulatory genes. The endoderm is
imagined to be inherited, rather little changed, from ancestors that
were entirely unsegmented. Just to emphasise the point that genes
accumulate different controlling elements in evolution, the control of
Ubx expression in the visceral mesoderm is special —tHeaatiivaion off
Ubx there is atitotegulatorry, meaning that expression depends in some
way on the Ubx protein itself.

The Antennapedia complex

The Antenmapedia complex, ANT-C, is a genetic system that shares
many features with the BX-C. Ik aandsiins Iomeobox granes diat déatatrnmime
the identity of the parasegments in front of parasegment 5, where the
Ubx gene has its most anterior realm of action. The best known genes
are Deformntll (a role in the ectoderm of parasegments O and 1), Sex
comits redueed (Scr) (2 and 3) and Amiesmeppditia (4 and 5). The genes
are clustered together, but also intetspersed with other genes, such as
fiz and zerfnoiililr, whieh are different in nature although they also
contain homeoboxes. Sinee, in the beetle Tribolitim, the- ANT-C and
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the BX-C are together at one chromosomal location, it seems certain
that the two gene complexes are related and probably derive from the
serial duplication of an original gene. In the absence of genes of the
ANT-C, parts of the body in the embryo, or of specific organs in the
adult, are transformed in a homeotic way. For example, in Scr~ embryos,
parasegment 3 is transformed towards parasegment 4 and clones of
Scr™ cells in the adult T1 leg give patterns appropriate to T2. Antenna-
pedia is expressed in parasegment 4 and coexpressed with Ubx in
parasegment 5 (T3a): if Ubx is removed from T3a it is transformed into
T2a. If Antennapedia is removed from cells in the adult mesothorax
(T2a), antennal structures are made. If both Ubx and Antennapedia are
removed from cells in T3a, they make antenna. The order in which the
genes act is important; the Ubx gene is needed early in development to
confine function of the Scr gene to its proper domain. It is as if all
these different selector genes, through acting on each other as well as-
on target genes, combine to specify the patterns made. The genes of the
ANT-C, like those of the BX-C, are expressed throughout development
and in both complexes the pattern of expression differs in the germ
layers (see Figure 5.8).

Spatial regulation of selector genes

How do the various genes of the BX-C and the ANT-C come on in the
appropriate regions? This question has two parts: first, how is it that
Ubx, for example, is activated in the middle of the embryo backwards
and, second, how is it that the boundaries of Ubx expression at its
limits coincide exactly with parasegment boundaries (parasegment 5 in
the epidermis, parasegment 6 in the somatic mesoderm and parasegment
7 in the visceral mesoderm)? The answers to these two questions are
unknown, we can only speculate.

Experiments on hierarchy show that the positional information
generated by the bicoid gradient and the gap genes such as hunchback
and Kriippel are upstream of Ubx — if they are altered, Ubx expression
is moved. The gap genes might regulate the genes of the BX-C and
ANT-C directly. Alternatively, they might first render them ‘open-for-
business’ in limited regions of the embryo; they could change the
structure of the gene in some way or bind a factor to the upstream
region of the gene. The image is of a structural change in the chromatin
which would willy-nilly affect any enhancers and control elements
transposed into the region, so that they too would become open-for-
business. Open-for-business would mean that the DNA could accept
trans -acting factors, such as other homeobox genes, or more local
cellular controls. »

As regards the precise limits to Ubx expression at the cellular level,
it is likely that the Ubx gene responds to the parasegment borders as
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laid down by the anterior margins of ftz and eve (p. 97). This might be
the only way to get the set of cells that express a selector gene to be
exactly the same set that belong to a particular parasegment by lineage.
Given the noise in the system, as evidenced by the variable wiggle in
the nascent parasegment border, and given the importance that every
cell in a parasegment should start development as part of the same
compartment with the same selector genes active, such cell-by-cell
correspondence is vital.

We can look at this matter in the visceral mesoderm. For example,
Antennapedia is expressed in parasegments 5 and 6, Ubx in para-
segment 7 and abd-A in 8—12. This pattern is maintained by mutual
suppression; if the abd-A gene is removed, Ubx expression spreads
back into its territory. In eve~ embryos, where no parasegment borders
are formed, Antennapedia, Ubx and abd-A are not expressed. In ftz~
embryos, where, as we have seen (p. 99) the anterior borders of odd-
numbered parasegments are not affected, Antennapedia expression is
normal. However, the normal limit of abd-A expression is the anterior
border of parasegment 8 and this border is missing in ftz~ embryos.
This creates a problem for abd-A, which now stops at the extant border
of parasegment 9. This leaves the cells that would normally make
parasegment 8 unoccupied by abd-A, and (as in abd-A~) the expression
of Ubx extends further back. The result, observed in ftz~ embryos, is a
Ubx band of expression filling the parasegment 7 and 8 territories and
the backwards displacement of the abd-A domain. Parasegment borders
may be necessary to delimit expression of the homeotic genes, both in
the visceral mesoderm and in the other germ layers.

Other selector genes?

Although engrailed, the BX-C and the ANT-C are exemplary selector
genes, there may well be others. Remember, the original picture of
a selector gene’s role was to specify pattern in a compartment or set
of compartments. Mutations in such genes should cause changes in
patterns which may be completely or partially homeotic; the definition
does not demand that the proteins contain a homeobox, although one
would expect them to influence the transcription of other genes by
binding to regulatory regions of the DNA. One possible example is the
fork head gene, which is expressed in the terminal regions of the
embryo in those parts that will make the foregut, hindgut and midgut.
In fork head~, the invaginating gut is missing and the cells at both
ends make head structures instead. The expression pattern is very
precisely confined to just those cells that invaginate, which suggests
that the expression of this gene (like other selector genes such as
engrailed and Ubx) may determine the cell state, the capacity to
invaginate and make gut. As with those genes fork head is expressed at
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Box 5.3 Mutagenesis

Mutagenesis has become, increasimgly, a key part of the geneticists’ strategy.
In the very early days workers relied mainly on mutations that turned up
spontaneously, later they began to make them. Nowadays it is usual for
mutagenesis experiments to have a precise aim — such as causing lesions in
a particular gene, affecting genes in a particular biochemical or develop-
mental pathway, or collecting mutations in a defined region of a chromosome.
The mutations themselves are usually produced by feeding the male flies
with a chemical mutagen or treating them with some kind of damaging
irradiation such as X-rays. A typical hit rate for a gene is one in
200010000 mutagenised sperm.

It is most convenient to devise an F1 screen, meaning that new mutations
can be collected in viable fertile flies which are themselves the immediate
offspring (F1) of the muftizgenised males. This can be a problem as many
mutations are lethal and two such mutations i trans mean no fly to collect
and breed from. There are many ways around this problem: for example, in
order to collect new mutations at the engrailiell locus engrailbe]’ was used, a
viable allele that, when in trangs to a lethal mutation of even a deficiency for
the engrailbe! gene, gave feriile flies with a recognisable wing phenotype. 1t
was therefore a simple task to cross mutagenised males to engrailbed’ flies
and screen the progeny for the wing phenotype. If ne sueh convenient
futation exists one ean sometimes be rhade by starting with a lethal
mutaltiion, generating a weak allele that gives viable flies with seme. easily
detectable phenotype and then, in a second step, collect aew lethal mutations
im trans te the weak allele,

Another standard approach is to take a dominant gain-of-fiumction allele
and mutiagenise flies carrying it, screening for revertants to wildtype. Such
revertants usually knock out the gene (giving deletions or null alleles) or,
sometimes, prove to be dominant suppressors of the phenotype. Both types
of mutations can be useful.

If an F1 method cannot be devised then the chromosomes that may carry
the mutations must be collected first and each amplified and tested in a
single breeding tube. There, a new lethal would result in a missing class of
flies in a single tube and the mutant chromosome can be collected from
surviving siblings. This method was used to collect the lethal mutations in
the bithotax complex [p. 211).

It is beginning to look as if some genes are being missed — these are
ones where there is redundancy, where two genes have a similar overlapping
function and where one can be dispensed with. Mutations in one of the
genes will not show up as the other can make do. An example is the two
gooseliezryy genes which were only found by means of a deficiency that takes
out both. This presents scientists with a problem which is difficult to solve
by muittgenesis to recessive loss-of-flunction mutations. Dominant gain-of-
function mukations can still be found, howevet.

Mutagenesis is being increasingly used to dissect and extend genetic
pathways. It often happens that a mutation m=~ is recessive, m=/m™ giving
a wildtype fly. However a single dose of another recessive mutation n~. if it
affects a process linked functionally to the role of m™, may reduce the
efficiency of the m™ allele. The result may be that the double heterozygote
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it ~; nt/nT may show some phemoiype. An explanatiom: if the m*
function is to make a substrate for the m* gene product to work on, there
may be less substrate in n'frin~ embiyos. In this case the mi™ gene itself,
now in reduced amount, may be unable to process enough of the substrate
and there will be significant shortfall of product. Thus if an F1 screen is
done in mi'fmm ~ flies the n gene could be identified (of vice versa). Using
this strategy genes that are functionally linked can be collected.

One more example: consider a gene a that is expressed in particular parts
of the body. Now make transformed flies in which this gene is artificially
placed under the control of a promoter from gene b and is therefore expressed
in some extra cells, resulting in a dominant phenotype. Mutagenise the
transformed flies and select flies that show changes in this dominant pheno-
type. Apart from damage to the transformed construct itself, selected flies
will carry mutations of two kinds. First, there will be mutations in genes
which affect the control of promotet b, these genes are upstream of b.
Second, thetfe will be mutations in genes that are undet the control of gene
a, these genes are downstream of a. To do this effectively one needs a
dominant phenotype in whieh subtle alterations can be easily detected —
one is leeking for dominant effects of mutations in the target genies and
these may be slight.

For more information, see Ashburmer {1989} (details p. 22).

least until the end of embryonic development, fork head! encodes a
protein which is probably metal binding. It is localised in the nucleus
and is predicted to be yet another kind of transcription factor. Since the
formation of gut may well be very old in evolution, and may well have
preceded the development of segments, it may not be so surprising that
the gene should be so different from those of the BX-C, for example.

Male and female flies are differemt in many ways; in size, shape, in
patterns and in the specific proteins expressed. All these differences are
under the control of one genetic system which initially reads the ratio
of X chromosomes to autosomes and ultimately translates this into the
two versions of embryos, larvae and flies. The final gene in this pathway
is called doufblhsex, which makes differemt products in the male and
the female. Just as Ubx selects the pathway of development in a region
of the body, so these gene products appear to select a pathway of
development in the whole. Therefore, douthlksexx is a type of selector
gene. It is not yet known whether all cells in the male and female
differ or whether there are parts {like the endodermal midgut?} which
are asexual.

No doubt there are other selector genes to be discovered, and one
way of doing this is to collect homeobox genes. An example: ety
spiracles is a gene isolated in two ways first as a mutant with defects
in the developing head and second on a Southern blot as a piece of
DNA containing a homeobox. Analysis has shown that empiyy spiracles is
expressed anterior to the Deformed! stripe in the blastedhrmy; it is not
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yet clear whether it fits the definition of a selector gene. Another
candidate is Distal-less which encodes a homeodomain protein and is
expressed in those cells which will form appendages. In Distal-less™
embryos the vestigial appendages, such as the Keilin’s organs and
mouthpart sensilla, do not form, showing that the expression of the
gene is an essential component for appendages and suggesting, again,
that the protein is responsible for giving the cells a specific identity or
fate. However it is not known whether it labels a compartmental set of
cells.

The outcome of transiently expressed genes that are primarily
concerned with generating positional information (bicoid, Kriippel,
even-skipped) is the correctly located activation of selector genes
(engrailed, Ubx). Selector genes remain expressed for long periods,
they determine cell states and select developmental pathways; they are
all transcription factors. We now know something about how selector
genes become activated in the right place, but very little about how
they produce the patterns they are responsible for.

Further reading
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‘The molecular mechanism
for large scale patterning
.. is unknown ...
answers will be found by
scientists prepared to think
and work
unconventionally.’ [9]

6 Positional information and polarity

HE GROUPS OF CELLS co-allocated to the same

developmental pathway have to work together to produce
a piece of the body of the correct shape, size and pattern.
Individual cells are oriented in the plane of the epithelium and
they must act according to their position in the group; both
these features depend in part on gradients of positional infor-
mation. Competition between cells is an important part of
controlling growth.

Pattern formation, gradients and polarity

Once the cells have been allocated to parasegments, and once they
have been given a genetic address, in the sense that selector genes such
as those of the BX-C tell them which part of the body pattern they will
be making, new questions arise: how does each cell know which part
of the pattern it is to make? How is the polarity of each cell determined?
How is growth controlled so that scale and proportion are achieved?
These questions can be best approached by studying the later stages of
development, such as occurs in the imaginal discs of flies, or in the
postembryonic growth of other insects. ‘

The analysis of cell lineage shows that there is great flexibility built
into the process of growth. For example, cells in the developing wing
divide stochastically, even sister cells may divide different numbers of
times. The excessive size of Minute™/Minute™* clones in a Minute™/
Minute™ background illustrates this flexibility, for one cell which
would normally generate some 5% of the anterior wing compartment
now makes nearly 100% and the other cells give way — yet the wing
ends up exactly the right size and shape. The growth of embryos is very
robust; if more than half of all cells are killed at random by X-rays,
some individuals can still survive; this must mean that no cells, or
very few, are indispensable. These results suggest that cells read and
respond to their position flexibly; the mechanism is not one of acting
out a rigid programme. So how is it done?

I believe the answer lies in experiments on other insects, such as
moths and bugs (Hemiptera), and because I think the answer will be
universal, it will apply to flies too.
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Figure 6.1 Part of the leg
to show polarity. Note that
the small and fine eell-
hairs or dentieles (d), as
well as the bristles (b)
point distally. The bristles
form mediolaterally
orented rews. There are
alse braets ().

Cell polarity

In what follows, cell pelarity plays 4 large part. glls are polarised in
the plane of the epitheliufn and this fact recefves liftie aftention trom
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details of sculpturing of the surface are oriented. The leg of Drosophila
provides a good example (Figure 6.1). The epidermal cells secrete oriented
denticles which project like arrows from the surface, as do the bristles
which originate as cellular outgrowths containing bundles of micro-
tubules. Each bract, which comes from an epidermal cell just proximal
to the base of a bristle, also points distally. Finally there is the sequence of
pattern elements, the segments of the limb (coxa, trochanter, femur,
tibia, tarsi) which imply a polarity in the pattern. An example from
vertebrates is the beat of cilia, which is strongly polarised with an
oriented active sweep: cilia are found in many places from amphibian
embryos to the trachea of humans. I suspect all epithelial cells in an
embryo have information of both their position in an organ and their
orientation within it; this ‘positional information’ is used to determine
their differentiation and the orientation of any polarised structure.

Gradient experiments

In the larvae of the blood-sucking bug Rhodnius it is easy to transfer
squares of cuticle with epidermis attached from one place to another or
from one individual to another. On the surface of the adult cuticle is a
simple pattern of ripples which act as a record of the cells’ polarity at
the time the cuticle is secreted. If a piece of larval epidermis is simply
taken out and replaced or transferred from one segment to an equivalent
place in another, the adult cuticle is undisturbed. This is even so when
the epidermis is transferred along the mediolateral axis (Figure 6.2). But
if the epidermis is moved up or down the anteroposterior axis there is
discordance between the graft and host and the result is changing cell
polarities and altered ripple patterns. If the piece is rotated through
180° and then replaced, the adult cuticle shows a curious pattern of
two whorls (Figure 6.2). Similar experiments were done on a moth
larva, and the result looked at in the adult scales; the scales took up a
rotated orientation in the middle of the grafted piece of integument but
at the edges they were disposed in intermediate orientations as if, like
compass needles or iron filings, they were responding to fields emanating
from both host and graft. A related phenomenon is found in the plant-
feeding bug Oncopeltus. Some individuals have a gap in the segment
boundary and associated with it there is a rather precise pattern of hairs
with altered orientations (Figure 6:-3). All these results can be modelled
in terms of a segmental gradient that is tesponsible for the polarity of
the cells and provides them with positional information telling them
their location within the anteroposterior axis of the segment.

The model is as follows: a dynamic gradient of some scalar variable,
which could be, but might not be, a concentration gradient of some
substance or ‘morphogen’, is established between the boundaries of thie
segment. The vector (that is, an arrow that points down the steepest
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Figure 6.2 Three experiments on the segmental gradient in Rhodhiiiss. Grafting is done
on the larva {column 1) and the operation studied in the adult. The gradient in the small

posterior compartment (P) has not been studied and is represented, provisionally, by the
steeply rising dashed line.
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Figure 6.3 Hair patterns in Omnecapgatitiss. The normal bug
in column I (with the gradient interpretation below) has
an intact segment boundary. The abnormal one in column
11 has a gap in the segment boundary and an altered hair
pattern. The photograph shows the abnormal pattern of
hairs.
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slope at each point) determines the polarity of the cell at that point and
the scalar (e.g. the concentration of the molecule) gives the position in
the anteroposterior axis. We have already discussed examples of mor-
phogen gradients (bicoid, p. 30; the overlapping hunchback gradient,
p. 58) but this must be somewhat different since it operates not in a
syncytium, but in a sheet of cells. If a piece of the gradient is rotated,
cells at different levels of the scalar are juxtaposed (e.g. 4 and 1) and
there is a blending of the levels (to give 3 and 2) by a process equivalent
to diffusion of the molecule between the apposed cells. In the case of
the 180° rotation of squares of integument in Rhodnius, the ripples act
like contours in a map of mountains and the two whorls represent a
peak and a valley (Figure 6.2). Similarly, in the case of the moth, the
scales indicate the vectors, pointing down the local slopes. Again, in
Oncopeltus, the gap in the segment boundary allows the juxtaposition
of the posteriormost and anteriormost cells of the segment result-
ing in blending of the levels and new orientations of the bristles
(Figure 6.3).

Each contour follows a line of cells at a similar level of positional
information. In the wax moth Galleria, there is a ridge which runs
across the segment at a particular level, and rotation of a larval square
including this ridge gives an isolated ellipse and a deflected entire ridge
in the adult. The gradient model predicts the result (Figure 6.4). This
experiment gives strong testimony for some kind of gradient, for what
other model could predict such a strange result?

Another example: the bug Dysdercus looks like a football jersey,
each segment has cells that are alternatively red (anterior half of
segment) and white (posterior half of segment). There are mutants
which lack the enzymes to make the red pigment, and, in these, the
anterior half of the segment is distinct but grey in colour (Figure 6.5). If
a piece of epidermis from the white region of a wildtype Dysdercus is
grafted into the grey region of a mutant host, there is a blending
interaction between the cells at different levels in the gradient. The
result is that along the edge of the graft the wildtype cells are brought
up to the level appropriate for making red pigment, and red pigment is
synthesised (Figure 6.5A). This only happens when the grafted cells are
in contact with more anterior cells, not when they contact host cells in
the posterior white zone. In Figure 6.5B the graft is moved from
wildtype to mutant to a corresponding position. The operation kills the
cells around the edge of the graft and wound healing occurs as grafted
cells enter the territory where they should be red, and those graft cells,
but no other, become strongly red. Clearly, therefore, the outcome of
interaction between mutant host and wildtype graft is dependent on
position.

When the host and graft cells that are apposed are from the same
position in the anteroposterior axis little happens, apart from wound
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Figure 6.4 180° rotation
experiment on Gallknizz. The
model is that cells along one
particular contour in the

)
N

gradient landscape differentiate

as a ridge (shown in red).

healing. When they are from different positions, interaction leads to
the formation of cells of the type normally found intervening between
the host and graft cells. This interaction is often associated with extra
cell divisions and for this reason the process has also been called
intercalation. It should be remembetied however that intercalation is
the outcome of an interaction and is not the same thing as the interaction
itself. The specification of the positional values of the intervening cells
has to be explained, and one of the best ways to model that specification
(the cell types that are formed, the way they are ordered in space and
their polarity) is to resort to the gradient model. Even the gradient
model is far from a mechanism, but does direct the mind towards
certain mechanistic explanations.

The simple gradient model is too abstract however, the real situation
is complex; not only are there extra cell divisions, cells may migrate —
for example, after 90° rotation of squares of epidermis the grafts have
been observed to rotate, probably due to cell migration at the edges
with the middle being catried passively around. Also, grafts that are
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Figure 6.5 Two grafting
experiments in Dpyehricus.
When grafted cells interact
with anterior,/but not
posterior, host cells they
become more anterior in
character and make red
pigment. The donors are
male and the hests female;
only male tissue makes
glands in the adult
(marked by dots in the
grafts).

g —

transposed in the anteroposterior axis round up while control grafts do
not, suggesting that there are differences of cell affiinity along the axis
of the segment. These factors will influence the patterns formed after
transplantations. Nevertheless, whatever the details, the experiments
illustrated in Figures 6.2-%.5 show that a gradient of positional infor-
mation in the segmental axis is the key determinant of differentiation
and polarity.

A detailed picture of the gradient landscape can be gleaned from
looking carefully at polarity and its relation to differentiation. In one
experiment on the wax moth Galleria, a piece of epidermis was trans-
planted from the segment margin into the main part of the segment of
a caterpillar (Figure 6.6). There are seven diffiarant types of cuticle that
repeat from segment to segment and the nuclei of male and female
Galleria are distinct, allowing marking of host and graft cells. In the
larva, a small square that would have made region 5 was transplanted
into region 3. In the adult, all the cells of the donor made cuticle of
type 5 as expected, but, as a result of interaction between the cells of
graft and host, many host cells near the graft edge were transformed
and made scales of type 4 {shaded nuclei). Figire 6.6 also illustrates the
effects on the polarity of these cells as indicated by the orientation of
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Figure 6.6 Experiment on Galleria. The graft is done in the larva, before the scales
develop. The grafied nuclei {red) can be distinguished from those of the host —tHeegysdft
induees cells of the host to produce scales of type 4 (shaded). The orientation of the
scales is shown by the arrows, which point tewards the graft — ggadikentinnéeppeeiatoon
shown below right.

scalkss; they pointed down the gradient, like vectors pointing into the
‘pit’ in the gradient landscape. These results illustrate the close relation-
ship between diffieremntiation and cell polarity. Notice that in this case
all the changes occurred in host cells; the blending was not evenhanded.
One explanation for this might be that the grafted segment border cells
are dominant and fixed in their positional values, imposing a gradient
on the more amenable cells in between.
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Quantitative analyses of cell polarity can give hints about the nature
of the gradient. For example, if squares of Rhodhiiiss are rotated and the
results compared with computer simulations of concentration gradiients
that are allowed to diffuse with time, the fit is only reasonably good.
Also, there is independent evidence that the pattetn does not change
through the passage of time alone. If adult Rhodiiiss are made to moult
again after several months, by injecting them with hormones, they
make a new cuticle with an unchamged pattern — suggesting the
polarities of the cells may be at some equilibriura. If the cells divide
between the twe adult meults the patterns do change, suggesting that
the equilibrium ecan ehange at eell divisions. Cemputer meodels of
equilibritita gradients alse give a better fit to observed patterns.

Figure 6.7 shows a computer model which is applied to 90° and 180°
rotations, to be compared with photographs of Rhodhiiiss adult cuticle
after the operations. For the model, a simple concentration gradient is
assumed and the cells are given a particulat strength in their ability to
maintain theit prior concentration. This parametet has two extremes;
at one they succeed in maintaining theit original concentration com-
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Figure 6.7 Modelling diffusion gradiients. Predicted and actual outcomes from rotation
experiments in Rifoeltnius.
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pletely after the operations and this would give a precipitous landscape,
reminiscent of Manhattan. At the other extreme, diffusion will lead to
the complete decay of the perturbation produced by the operation.
Intermediate values give intermediate patterns at equilibrium. The
chosen value {and it is the only important parameter the modellet can
vary at will, the others being set by the diffusion equations) gives the
patterns shown for 90° and 180° rotations. Of course this does not
prove that the gradient is a diffusing motphogen, but it shows, at least,
that the model is adequate to give the patterns observed. There are also
other minimal conclusions that can be drawn: polarity is not sufficient
to explain all the results; there is some quantitatiiwe’ difference between
cells at different points in the anteropostetiot axis of the segment —
they 'know’ where they are. Positional information is not immutably
fixed in a cell, it can be changed by cells nearby, the cell taking up a
numnetical average of the cells in its neighbourhood; it behaves as a
continuous variable. Models which resort to a series of discantinuous
and unrelated labels would have to be made fantastically ornate to
mirmic the experimental results.

This gradient model provides a partial explanation for the detailed
patternimg of groups of cells and for their polarity. In the anteroposterior
axis there is considerable precision — witness the narrow ridge in
Galleria (perhaps this is why most patterning in the abdomen of
insects is stripy, with the stripes oriented in the mediolateral axis, as
in a wasp). One can see this too in the cuticle of the Drasophila
abdomen, where the predominant dorsal pattern is a series of zones
arranged along the anteroposteriot axis. However, insects are more
complex than that; there has to be specification in the mediolateral
axis, as well. Along the dorsal midline of many insects, there is a very
narrow line of cuticle that is specifically weakened, so that it will split
at moultimg. Also, the well named bug, Graphosoms;, illustrates that
stripes can be made parallel to the antetopostetiior axis (Figure 6.8). So

Figure 6.8 Grapthesoynaa itallécmm, a bug with a
checkenthorrd of anteroposterior and mediolateral
stripes.
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far, there are no models to explain this mediolateral patterniimg; perhaps,
as in the egg, specification in the two main axes of the body will prove
to be independent and distinct.

Gradiient, segments and parascgments

There is a relationship between compartments and gradient fields.
Studies of regeneration on Oncopelitiss, the milkweed bug, show that as
cells grow to replace pieces of the segment or to intercalate intermediate
gradient values, their cell lineage is constrained. For example, if the
segment border is being restored following ablation, then it always
forms at the interface where cells of the two segments meet as they
migrate towards each other. Figure 6.9 shows how the experiment is
done. In the first step a piece of epidermis is transplanted to create a
marked patch. In the second, the graft boundary and the segment
boundary are both cauterised, so that cells on either side will migrate
in to heal the wound. At the anterior edge of the graft an uneven
boundary forms, but at the posterior edge a segment boundary is
reconstructed. This consists of a straight-edged interface between the
cells of different segmental origin, with not a single cell straying across
the boundary. Of course, regeneration is different from normal develop-
ment, but these experiments reveal a relationship between lineage and
gradient boundaries that probably exists in the embryo too. In my
view, the lineage boundaries established by fiz, eve and engrailed in
the Drosopiiila: embryo are likely to register gradients of pesitional
information, but the form of the gradient landscapes and their relation
to segments and parasegments is unknown. There are a number of
possibilities, but the one I prefer is a sawtooth gradient landseape with
alternatimg direction of slopes in the anteriot and posterior compart-
ments; changes of slope occurring at the boundaries {see Figure 6.3).
This is compatible with the experiments on bugs because, in those
where the posterior compartment has been studied, it is very small and
would have gone unnoticed in most of the grafting experiments. Figure

Figure 6.9 In Cowogditus,
cell originating in different
parts of adjacent segments
meet and form a straight
interface. Cells from
nearby parts of the same
segment meet at a wiggly
interface.
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Figure 6.10 The segment
of Oncapetivas. A narrow
strip of posterior nuclei
stain for the engrailki [en)
antigeif; the postetiot limit
of that strip defines the
segment boundary (sb).

6.10 shows the posterior compartment of Oncopelitiss, as revealed by
engrailed expression.

There will probably be gene products required to read polarity and
to express it. A candidate is an integral membrane protein encoded by
the frizzlkd]! gene. In frizzlked# flies the orientation of bristles and
denticles is awry —when small patches of frizzlkt?~ clones are made
in the wing, the denticles form wrongly oriented whotls; distal to the
clones the wildtype cells become disoriented. It seems that the fitizzled
gene is required for the passage of some polarising signal from proximal
to distal along the wing —and elsewhere.

I have gone into positional information in detail because, although
currently out of fashion, it is important and will probably apply to
Drosophils and elsewhere. Some or many of the segment polarity
genes {p. 101) will probably be involved in establishing and maintaining
systems of positional information — aasttdir imuttant pitanstyipes, witth
their bewildering changes in polarity and pattern, suggest. The molecular
study of these genes will probably be the means to bring gradient
theories, at present irritatimgly abstract, to a more moleculat and
concrete state.

Competition and compartments

Analysis of clones in Drosopthilaz has given an important insight into
growth that deserves to be better known. It began with the use of
Minutes* clones, when it was noticed that, not only did the clone grow
faster than the Minutea7Viltisierre ~ cells, but that the clone could almost
fill the compartment —itnyikyitng tthe el ifdinaian off the Miniie~ cedlis
by competition between stronger and weaker cells. This finding was
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Figure 6.11 Local effects in
competitive growth. A
large Mibditaite Midinute"
clone has grown in the
wing (pink). The behaviour
of smaller, later induced
clones can then be studied.

followed up: it was found that cells within the same compartment do
compete with each other. Two Minuiess are used — Minuteé* and
Minute??, that are on different chromosomes — both produce similar
developmental delay and flies reach matutity about 2 days later than
wildtype sibling flies in the same bottles. If Minutef¥+ clones are
produced in a background of wildtype cells they are eliminated by
competition and are not seen in the adult. If the same Minutelf/+
clones are produced in sister flies that are mutant for Minute5? they
develop well — for they are now growing up amongst cells that are
disadvantaged to a similar extent as they.

The mechanism of cell competition is unknown but it is clear it is
a local phenomenon and this is shown by some ingenious exjperiiments.
The parent flies are constructed so as to generate embryos which will
have two types of clone that are differemtly marked and induced at
different times; one will be Mimates* and grow large in the Midinute?/
Miruiee background (pink, Figure 6.11), the other will be simply a
marked clone that does not change the Minuiee properties of its back-
ground. These latter clones are studied: if they are subclones within
the Minutes* clone, but near its edge (1, Figure 6.11) they tend to be
particulatly large, implying rapid growth at the edge of the clone.
Subclones fully inside (2) are smaller but still larger than those Midinisie*/
Minittee~ clones outside the Minute* clone (3,4). Clones just outside
the invading edge of the Minutas* clone are small and broken up into
pieces, as if they are being destroyed (5), while any clones across the
compartment border from the Mimuted* clone are normal (6).

The picture is of some overall control of the numbber of cells that is
achieved both by influencing the amount of cell division and by cell
death. The number of cell divisions is not counted, thus clones developed
from sister cells in the wing usually have different numbers of cells in
them, and if cells are eliminated by random cell death {e.g. X-rays)
extra divisions compensate for the loss. The cells that do divide and/or
the cells that die are chosen by some competitive process, such that
the weaker ones in the group are eliminated while the stronger ones
divide.

—_—
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This complex process achieves considerable precision. For example,
left and right wings, which grow independently from the blastoderm
stage, are very similar in size and shape. Also, in all insects, the net
increase in dimensions of parts of the body is very precisely regulated.
If the increase in length of a leg segment of a cockroach is plotted on a
log scale against the number of larval stages, an extraordinarily straight
line is the outcome. Each part grows at its own characteristic rate;
when different parts grow at the same rate proportional growth is the
result, when they grow at different rates disproportionate or allometric
growth follows (see Figures 6.13—6.15). Studies of growth of this type
give the impression of some mathematically precise control which
operates independently in different body parts.

There are two aspects of growth control I want to consider further:
the relationship with gradients and the genetics of shape, size and
proportion.

Growth and gradients

Again we have to turn away from Drosophila to other insects, this
time to a cockroach. In a long series of experiments it was shown that,
if pieces are cut out from the middle of the tibia, over a moult or two
the missing pattern is regenerated to the correct length. This is appar-
ently done with reference to a segmental gradient which is present in
the limb and is similar to the gradients described above in the abdomen.
Cutting pieces out from the tibia puts cells from different levels in
apposition, growth is stimulated and excessive cell division continues
locally until length is restored (Figure 6.12A). These extra cell divisions
occur near to the junction between the host and the graft and generate
a section of tissue (red) to replace the gap — this is known as intercalary
regeneration. Individual segments that are extra long can be made,
experimentally, by confronting distal and proximal parts of the tibia as
shown in Figure 6.12B, and the resulting intercalary regenerate has, as
would be expected, an opposite polarity. The implication of these
experiments is that somehow information as to tibial length is conveyed
by the gradient; the second experiment suggesting that the length is
not measured as such but that some correlate of length is perceived
and acted on locally. There is, in theory, a simple way to do this: if the
limits of the gradient, the boundary conditions, are fixed and the slope
is a monotonic decline between those limits, then the slope provides a
measure of the length of the whole and, in principle, this can be
perceived locally. Thus when slopes are steepened by experiment, cell
division rates should locally increase, as observed. Note that this
machine depends on cell interaction leading the process: placing level
7 next to level 5 results in some blending, a sudden decline from 7
through 6 to 5 that precipitates the extra cell division.
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Figure 6.12 Experiments on
cockroach legs. Intercalary
regenerates are shown in red
with both the results and the
gradiient interpretation given.

The reverse situation may also occur: grafting experiments or mu-
tations may set up unusuwally flat gradients. Then the number of cell
divisions might well be reduced or eliminated and the amount of cell
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death increased; the result of both being a shift towards a shorter
structure and a steeper gradient. This type of size regulation may be
the cause of cell death in mutants with missing gap genes or segment
polarity genes. For example, in ftz~ embryos, extra large parasegments
are formed because alternate boundaries are missing. The result is a
zone of excessive cell death in each giant parasegment and, eventually,
a small embryo.

Taken together, all the experiments on insect segmental gradients
suggest cells can respond to the scalar level of the gradient (position),
the vector in the gradient (polarity) and the first derivative or steepness
of the gradient (growth).

Shape and genetics

The determination of shape and proportion has been little explored.
There must be genetic control of shape, although it is not known if
there are ‘shape genes’ or whether shape is the indirect outcome of
many processes. When species evolve, the critical changes are not
alterations of occasional amino acids in major proteins such as structural
proteins or enzymes, but changes in form. For example, when humans
and chimpanzee are compared, their proteins are found to be more than
99% identical in amino acid sequence. Since many of even these
changes have no functional consequence it is hard to credit that they
could be responsible for the morphological differences between the two
species. Some groups of species are very conservative and change little
anatomically over long geological periods, others evolve at high rates.
Yet when rates of change of protein sequences are compared in slow
and fast evolving groups they are found to be about the same. Therefore
evolution must work on other factors that determine shape and pro-
portion, but what are they? There is no doubt that shape and pattern
respond very rapidly to selection — dogs are an impressive example.
Sometimes, shape changes are so consistent that they give the impression
that they have an inertia, are propelled along a path. The impression
may be misleading of course, but look at Figure 6.13.

The way the shape and pattern of insects evolves can tell.us some-
thing about how shapes are moulded during development. For example,
if one pair of legs can enlarge while the other pairs remain unchanged,
the different segments must be under independent genetic control —
for evolution must work .-by manipulating genes or the controlling
regions of genes. If a pair of legs can fatten but not lengthen we learn
that the different leg axes can be controlled independently, too. Look at
Figure 6.14, the legs of two related species of Ephydrid flies are shown,
one is predatory, one is not. On the left, note that the prehensile legs of
T1 of Octhera mantis are specialised while the T2 and T3 legs strongly
resemble the legs of the peaceable Parydra aquila.
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Figure 6.13 Heads of
related species of
Drosuopitiida. These can be
arranged in a series
stretching from the

mundane to the fantastical.

Figure 6.14 The legs of two related flics. On the left a
predatory species and, on the right, the equivalent legs of

a peaceful relative.

One does not need to marvel at the diversity of shapes of insects for
long to conclude that genetic mechanisms have placed few comstraints
on evolutionary radiation. One constraint is apparent, however —iirseats
are remarkably bilaterally symmettic, there appear to be no ’‘left’ or
'right’ genes. An example of bilateral asymmetury is the genitalia of the
male; as they develop they rotate —always counterclockwise 180°. It
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Figure 6.15 Two species of Dusuphila
that, in spite of their strangely shaped

heads, will interbreed.

is not known what gives direction to the rotation. Another is that if
many differemt Drosophiliz species are compared it is found that while
they vary considerably in size (a five-fold difference in wing area has
been recorded), the proportion and shape of the parts is much more
conserved. This might suggest that genetic mechanisms to scale up or
down are more available than those that deform, but shape changes-can
also be rapid: there are two species of Drosophilk;, D. hetenenetvea and
D. silvestriss, that live on Hawaii. They are very closely related; for
example if amino acid sequence similarity of 12 enzymes is estimated
by electrophoiesis, they appear to be among the most related pairs of
species on the island. In spite of this, they look very different, the head
of the male hetenonstirrn looking like that of a hamme-head shark
(Figure 6.15). Although they rarely intetbieed in the wild, they will do
so in the lab, giving fertile offspring. From a quantitative analysis of
the progeny it appears that rather a small Aumiber of genes are responsible
for the difference in head shape, probably about 10. 1t would be ex-
tremely interesting to know what these genes are: are they alleles of
genes that are already known from more drastie mutant phenotypes, of
do they belong to a yet undescribed class of shape genes?

Another intriguing aspect of evolutionaty changes is that while
some organs remain untouched, others alter with great freedom. Taxo-
nomists use genitalia to classify insects such as beetles because they
seem to be made of a malleable material that changes shape with
alacrity —Hyy coanieast, thee sbtapas off tHee gyitts off aaffanil iy off Heeaikas aare
highly conserved. Of course, it is not clear whether stagnation is due to
lack of ability or lack of need; probably it is a bit of both, since
increased sophistication of organs, such as the central nervous system,
will probably go hand in hand with increased flexibility in evelution.
Rapid evolutionaty changes of shape and proportion take us back to the

154 CHAPTHER 5



Figure 6.16 Thompson's crabs
arranged on a common
coordinate grid.

observations of Thompson, who was fond of comparing the forms of
related animals and showing how an organ of one species could be
transformed into that of another by simple proportionate changes
in the different axes (Figure 6.16). Again, it is not possible to be
sure whether these comparisons of crabs and skulls, etc. are facile or
fundamental. Thompson thought the latter: 'There is something ....
indispensable ... which is common to them all. In these transform-
ations ... every point and every line ... keeps its relative order and
position throughout all distortions ...” [my emphasic]. Thus he
thought 'variation has proceeded on definite and orderly lines, that a
comprehensive "law of growth” has pervaded the whole structure/ [10]
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Perhaps a few shape genes that work at the level of gradient interpretation
are responsible for these ‘laws of growth’ and it is these that would be
the immediate targets of any evolutionary pressure for morphological
change. It is obvious that we barely know enough about the determinants
of shape during development of one species to speculate about changes
of shape between species. It is just that thinking about the latter may
help direct experiments on the former.
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7 Spacing patterns

MBRYONIC CELLS of the central and peripheral

nervous system as well as precursors of the sensory organs
of the adult are selected from the epithelium on the basis of
their position. First, a group of cells is identified, in part by the
localised expression of one or more transcripts of the achaete-
scute complex. Second, competitive interactions between the
group select one cell of their number, a process directly involving
the Notch gene.

Spacing patterns and neurogenesis

Up to now we have considered the ground plan of the embryo and how
it is laid down in scale and proportion, but have not thought much
about how detailed patterns are formed. Above all things, insects are
intricate; consider a Mymarid wasp — a minute insect, less than 1 mm
long, that completes its entire life cycle in the egg of another insect —
which is able to fly, to find a mate, to locate and identify the eggs of its
host and has all the necessary equipment and control systems packed
into its tiny body. One ultimate aim of the embryologist is to understand
how precision organisms like this can be built. The way things are
made may be much less complex than the final outcome; underlying
the bewildering variety of pattern and form in biology (consider butterfly
wings!) there are relatively simple mechanisms that are used again and
again. In butterflies there is even a reason for believing this, for changes in
only one gene can produce several patterns which, to our eyes, look
completely different (Plate 7.1).

One of the mechanisms that is used repeatedly is the selection of a
subset of cells from a larger homogeneous group, so that two cell types
are produced from one, and in a particular pattern. The simplest of
these is exemplified by bristles in the insect epidermis. In the most
common form the bristles derive from a minority of cells that are
overdispersed, that is arranged in a pattern that maximises the distance
between them. This is called a spacing pattern and turns up again and
again in nature. There is both an experimental (other insects) and a
genetic (Drosophila) approach to understanding how this pattern is
made. In Oncopeltus, during the metamorphosis from larva to adult,
an even sheet of epidermal cells with very few bristles becomes a dense
mat of bristles that are evenly spaced. This process has two separate
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Figure 7.1 In Riwmdmius
new bristles (in red) are
added in the spaces
between extant ones.

aspects; first, the selection of an overdispersed set of epidermal cells
which become transformed into bristle mother cells; and second, .the
division of the mother cells to give the bristle components. We return
to the second aspect on p. 172.

Spacing patterns — a model

Consider the first problem: what is observed in various insects is that
the bristle mother cells always appear approximately in the centre of
the spaces between the extant bristles and this occurs comtinuously
until the final density is reached. So whatever mechanism is responsible
is a positional one; cells are not chosen at random, but because they
are far enough from existing bristles. Wigglesworth carefully drew the
bristles on part of one segment of a Rhodhiiiss larva at the fourth stage
and compared the same area following moulting of the same individual
to the fifith stage (Figure 7.1). It was clear that new bristles had been
added and that these had appeared in the largest spaces between the
preexisting bristles. Even within one moult cycle, bristles are added in
a non-random order: studies on Oneopelltss, where the bristle density
increases about 10-fold during metamorphosis to the adult, show that
the space is occupied in order, the new bristles appearing first in
approximately the centre of the largest spaces. Four stages in the
proecess are shown in Figure 7.2.
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Figure 7.2 In OQooppdtus,
bristles are added in a non-
random order, the centre of
the largest available spaces
always being preferred.

Experiments in which cell density is varied show that the distance
is not measured absolutely, but in numbers of cells. The simplest kind
of model was proposed by Wigglesworth; he suggested that there might
be a substance produced by the bristles that diffuses and inhibits other
epidermal cells from becoming bristles. Once the concentration of this
substance falls below some threshold, then an epidermal cell will
transform into a bristle mother cell, start to develop as a bristle, begin
to produce the substance, and inhibit other nearby cells from becoming
bristles. In normal growth, the epidermal cells increase in nurber and
the concentration landscape changes so that, furthest from existing
bristles, the concentration of inhibitor will be lowest and, there, the
threshold will be reached first.

There is a fundamental diffiiculty with this model, which is that
both common sense and computer simulations suggest that frequently
several cells would fall below the threshold simultaneously; this would
give clusters of adjacent bristles, and these are not observed. Same
element of dynamic competition is needed to make sure that only one
of these presumptive bristles wins through, and this has been introduced
into the model as follows: consider an inhibitory substance that diffuses
in the epithelial sheet and stops cells from becoming bristles; bristles
are net producers and epidermal cells net absorbers of the substance. It
is assumed that an uninhibited cell has an intrinsic propensity to
become a bristle, but the more bristle-like it becomes, the more inhibitor

llater still, density 5 units final density, 10 units

160 CHAPTER 7



Figure 7.3 Annthenrag, a
one-dimensiomal pattern.
As cells divide, new H cells
arise, far from preexisting
H cells. The gradiient of
inhibitot Y emanating
from H cells is indicated by
the red colout. H cells are
imagined to be maximally
differentiated (have
maximum 'X'); the
production of Y correlating
with the amount of X.

it produces and, if it is to go on, it must have nearby epidermal cells to
absorb the inhibitor. I should emphasise the words 'if it is to go on’,
which implies that epidermal cells do not become bristle mother cells
in an instant; rathet, there is a progressive advance towards full com-
mitment. During this advance, if circumstances change, the trend can
be reversed and the cell returns to being an epidermal cell.

This model was invented to explain a one-dimensional spacing
pattern in a blue-green alga, where the gradual acquisition to commit-
ment was nicely documented. The model is illustrated diagrammatically
in Figure 7.3. The alga consists of a filament with dispersed special
H cells. The H cells do not divide but the other cells do and the
filament lengthens; as it does so occasional cells convert and form new
H cells. In the model there is an inhibitor Y and this diffuses along the
filament; it is produced mainly by the H cells and forms gradients
declining away from each. As the filaments lengthen, a Aumber of cells
are released from inhibition and begin to develop towards the H state,
Some turn grey in coleur, making it ebvieus that several cells are
invelved; enly ene of these ean win thiough and the others will regress
as they are inhibited by the winnef. Observation and experiments
suppert the model; even in nermal develepment, eells are ebserved to
begin differentiating frem their neighbeurs and thea reverse. Alse, if
eensiderably differentiated and apparently eemmitied eells are exper-
imentally separated from the algal filament, with enly ene er twe eells
te provide ‘'suppert’ (0 terms of the medel, to absorb iRRiBI@R) they
then revert te the srdinaty eell state. Cells whieh are tee far differantiated
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to revert in this test can still change back if they are completely
isolated, with no support.

These experiments on the blue-green alga allow two important
generalisations about development which should be borne in mind
when reading the literature: first, the acquisition of a new cell state, to
become ‘determined’, is probably a gradual process. Second, attempts
to find out when cells are determined are likely to yield variable
answers, for a cell that is intransigently committed by one experimental
test may be pliable by another — an inconvenient fact of life that has
led to numerous disputes amongst embryologists. The model for the
blue-green alga can also be applied to the distribution in two dimensions
of insect bristles or even mammalian hair follicles. It achieves what
is generally referred to as lateral inhibition, the process where one
developing element prohibits the development of similar elements
nearby.

The model needs to be made more concrete, but one can see that it
could work in principle. A key element is the diffusing signal; this
need not be a small molecule that can penetrate cell membranes, it
could be a secreted protein that would bind to a receptor on the
responding cells. More has been learnt about lateral inhibition from
more defined patterns of bristles in the Drosophila adult and, also, the
defined pattern of neuroblasts in the embryo.

Landmark bristles

Some Drosophila bristles do conform with a simple spacing pattern,
such as the smaller ones on the thorax, legs and abdomen, but others
are found in such constant positions in different flies they are like
landmarks and have been given names. For example, there are two
bristles on each side of the thorax that are called the anterior and
posterior dorsocentrals and every wildtype fly has them. Bristles like
these must be produced by a more sophisticated system and the type of
model currently favoured is a two-step one. The idea is that in the first
step, a group of cells, a proneural cluster, is allocated in more or less
the right place and then, in the second step, the cells of the cluster
compete with each other to select one of their number in a similar
procedure to that in a small region of the spacing pattern (e.g. amongst
the ‘grey’ cells in Figure 7.3). We consider these steps in turn: first,
how is the proneural cluster positioned and the cells allocated to it?
Later, we ask how one cell from the cluster is selected.

The achaete-scute complex is instrumental in the positioning of
proneural clusters. This gene complex (AS-C) has extraordinary mutant
phenotypes. Complete lack of the AS-C eliminates most, but not all, of
the central nervous system in the embryo and in clones eliminates
most, but not all, adult bristles. Partial mutant alleles remove particular
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sets of bristles in a confusing mixture of overlapping sets; there is no
simple hierarchy. I mean that if a weak mutant removes only bristle A,
a stronger one may remove B, C and D, but leave A intact.

Molecular analysis of the AS-C shows that it has a long and complex
regulatory region and encodes as many as four closely related proteins
with overlapping functions. The close relationship of these proteins is
discovered when the amino acid sequence is compared; in a particular
region there are common parts which are the signature of a ‘helix—
loop—helix’ element. This is a structural element in the protein that is
thought to allow it to recognise and bind to specific sequences in the
DNA. Invitro, helix—loop—helix proteins have the special property
that they only bind to DNA when they are associated in pairs, often as
heterodimers made up of two different members of the family. There
are other such proteins in the genome, and one of these is the product
of the daughterless gene; since daughterless™ embryos have no periph-
eral nervous system, it is thought that the daughterless protein might
form heterodimers with any of the AS-C proteins. The daughterless
protein is ubiquitous, so effective heterodimers will be dependent on,
and located solely by, the patterned expression of the AS-C genes.
Accordingly, the AS-C gene products are expressed in precise and
partially overlapping patterns, both in the embryo, where neurogenesis
occurs, and in the imaginal discs when bristles are forming. The distri-
bution of the RNA suggests that the genes are expressed in the cells of
proneural clusters. This has been demonstrated in the wing imaginal
disc where the pattern of RNA fits expectations. First, some few bristle
sites express RNA, but later more and more are seen until, finally, the
numerous proneural clusters for the overdispersed bristles appear. The
process extends over about 2 days.

The cells constructing these bristles can be highlighted by employing
a ‘blue jump’ stock in which B-galactosidase is activated only in bristle
mother cells (see Box 3.3, p. 62). The scute RNA in the same disc can
be shown up by in situ hybridisation. What is found is that, in some of
the places where bristles will develop, there is a cluster of cells expressing
the scute RNA. A few hours later, one of these cells enlarges and
begins to express f3-galactosidase. Plate 7.2 shows two discs that are
from mature larvae; (a) is a few hours younger than (b). The chocolate
colour marks scute RNA and the blue colour the $-galactosidase. If you
compare the two pictures you can see how areas expressing scute RNA
forecast the appearance of one or more bristle mother cells. Some
bristle mother cells have been formed even earlier and can be seen
already in the younger disc.

Studies with the reporter gene lacZ have shown that scute expression
in the cells of the proneural cluster and in the bristle precursor itself
are controlled by separable regulatory elements. Once the specific cell
has been chosen, it continues to express scute; consequently the con-
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centration of gene product in it may reach a higher level than in the
remaining cells of the cluster.

It will be no easy matter to discover how the different transcripts of
the AS-C are regulated and positioned correctly; nor why there are
several of them. It will also be necessary to understand the role of the
other homologous genes. Certainly, the four transcripts of the AS-C do
have different roles, as mutants are known that eliminate them selec-
tively. For example, scute™ and achaete™ are classes of mutations
which each eliminate one transcript. Amongst other tasks, these tran-
scripts are needed for the formation of bristles on the adult thorax:
achaete™ mutations remove three of the landmark bristles and all the
overdispersed smaller ones, whereas scute™ mutations eliminate nine
of the landmark bristles and leave the smaller bristles untouched.
Weaker scute mutations eliminate only some of the bristles but those
that remain are positioned as normal — suggesting that whatever
places the scute transcripts does it bristle by bristle: indeed in those
weaker scute mutations some of the patches of the transcript called T4
are omitted, and these correspond with the missing bristles.

It is important to note that the selection of bristles occurs serially
and in a background of dividing cells. Pieces of evidence from different
systems suggest that the larger sparser bristles are determined first and
as cell divisions of the intervening cells continue they make room for a
second round of more numerous proneural clusters. Accordingly, patches
of cells expressing AS-C do so at different times in the imaginal disc
and, in the embryo, the pattern of scute transcripts is continuously
changing.

It would be simplest if scute expression were sufficient to position
bristle development; however this is not so. If scute transcripts are
expressed universally in transformed flies carrying a scute gene under
the control of a heat shock promoter, bristles do not form everywhere.
Even more persuasively, ubiquitous scute expression in flies that lack
both the achaete and scute genes leads to the formation of some
normally placed bristles. Thus scute expression is necessary for bristle
formation, but other factors are also involved in timing and positioning.

As might be expected, there are several other genes whose products
are needed for the sophisticated process of regulating AS-C transcription.
One example is Hairy wing; this mutation causes scute transcripts to
be expressed in the wrong places, turning a bald area into a bristly one.
The bristles are not chaotically spaced; they are still overdispersed,
suggesting that the competitive process is working normally.

Competition — the evidence

We now turn again to the question, how is it that only one of the
candidate cells in each cluster is chosen? How is it that, in an even
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field of bristles, the bristles are spaced apart from one another? The
evidence for a competitive selection of bristle cells and neurones has
come from several sources, both experimental and genetic. The most
telling experiment was carried out on the development of a particular
neuroblast in the locust embryo. If all the cluster of nearby cells as
well as the presumptive neuroblast are killed with a laser beam, the
neuroblast does not form, showing that it cannot be replaced indis-
criminately. However, if only the neuroblast cell is killed just as it
begins to grow, another neighbouring cell almost always takes its place
and produces the neuroblast. This shows that the potential is present
in several cells and that, normally, only one of those wins through to
make the neuroblast, inhibiting the others from doing the same.

More evidence for competition between candidate cells comes from
classic genetic experiments by Stern — he used gynandromorphs of
Drosophila, genetic mosaics in which the male tissue was achaete™
and the female tissue achaete™. The male cells were marked with the
yellow mutation, the female cells carried yellow™. He studied particular
landmark bristles that are always present in achaete™ flies. Whenever
the female tissue included the site of a bristle, the bristle always
formed, even if there was only a little isolated patch of achaete™ cells,
or if the bristle site was-on the extreme edge of the female tissue. Four
examples are shown in Figure 7.4, where the pink cuticle and red
bristles are female, yellow™ and achaete*. The male, yellow™, achaete™
tissue is shown in grey and empty bristle sites as open circles. The
result shown in Figure 7.4A tells us that the achaete™ mutant removes
the bristle, not by changing the overall organisation of the disc, but by
specifically removing the propensity to form some bristles but not
others.

Stern also found that when the bristle site was male and achaete™,
the bristle was missing; whatever the mosaic pattern, no male cell ever
made the landmark bristle (Figure 7.4). However, when there were
female achaete™ cells near to the site they occasionally made a single,
slightly mislocated bristle (which was, of course, yellow™ in genotype
and brown in colour) (Figure 7.4B). Stern’s interpretation was that the
loss of the landmark bristle eliminated the lateral inhibition that it
would normally produce, allowing any nearby cell that was genetically
competent to produce a substitute bristle. Historically, this was the
first evidence that there are several cells (now called a proneural
cluster) that are each capable of producing a single landmark bristle.

To extrapolate from Stern’s experiments and find out more about
lateral inhibition we must introduce some new genes. Note that many
of the genes have a role both in the selection of the bristles (being part
of the peripheral nervous system) and the neuroblasts (the central
nervous system). The reason must be that these two processes have
much in common, both have to select a certain number of cells from
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three thoraces in which on the mosaic side there is a single displaced bristle, in the achast¢e™ territory,
that has formed instead of the normal bristles

Figure 7.4 Stern’s gynandromorphs. The bristles studied are the anterior and posterior
dorsocentirals; these are always present in their correct sites in the wildtype and missing
in achastee~ flies. Parts 1 and 2 feature the posterior dorsocentrals, which are present in
the four half-thoraces showm. The four half-thoraces in 3 and 4 have missing anterior
dorsocentrals. Parts 5—7 show three complete thoraces, in each one side only is affected;
there only a single bristle forms. Female, actastez™ tissue is shown in red, male aabhaste~
tissue in grey.

an-epithelial sheet on the basis of position, and both have to pattern
identifiable neeve cells or bristle cells (compare also the selection of
ommatidial clusters in the spacing pattern of the eye, p. 186). There are
several genes which are needed for the generation of two cell types,-so
that in the complete absence of their products, all or most of the
competent cells form nerve cells in the embryo or bristles in the adult.
Examples are the Notwth, Delta and shaggy genes. Mutants of these
three genes are embryonic lethals and, in the absence of maternally
derived gene product, give their strongest phenotype. In Nowth— and
Deltai;, that part of the ectoderm that would normally contribute to
the central nervous system makes a mass of neuroblasts and no epidiermal
cells, while the dorsal ectoderm (which does not make neutoblasts) is
little affected.

In the case of shaggythethe embryos try to develop with all the cells
forming neuroblasts, shaggy~ cells are viable in patches in the adult
and make supernumerary bristles. The pattern is specific; extra bristles
are added only where bristles are normally found, for example a land-
mark bristle may be replaced by a group of similar bristles. Elsewhere
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in the thorax, where there are overdispersed smaller bristles, dense
masses of extra bristles are found, but, in areas where the cuticle is free
of bristles, normal cuticle is made. In flies carrying weak scute mutant
alleles that eliminate particular bristles, shaggy ™ clones do not produce
clusters of bristles in place of those particular ones. The simplest
explanation for the mutant phenotype is that, in shaggy ~ clones, lateral
inhibition fails and many of the cells of the proneural clusters proceed
to make bristles.

A similar interpretation applies to Notch™ mutants. The ventral
ectoderm of the embryo generates both neuroblasts and epidermis,
while the dorsal epidermis makes only epidermis and peripheral nervous
system. In Notch™ embryos all the ventral ectoderm makes neuroblasts
while the dorsal ectoderm is little affected. In the developing imaginal
disc, Notch™ clones behave in a comparable way: wherever there are
usually closely packed bristles (like the anterior part of the thorax) all
the Notch™ cells develop abnormally. In weak alleles, such as Notch®,
extra bristles do form but in Notch~ the bristles do not differentiate at
all and the cells make extra bristle precursors in abnormal places;
these fail to mature properly. It seems likely that in Notch™, as in
shaggy~, lateral inhibition fails, but that, in addition, normal Notch
product is also needed for the later development of the bristles them-
selves. In the imaginal discs Notch ™ clones are completely autonomous,
meaning that in the area of the notum where overdispersed bristles are
normally found all the Notch™ cells fail to form epidermal cells; sur-
rounding Notch™ cells are not affected and no Notch™ cells are rescued
by their neighbours. Embryos that are mosaic for Notch* and Notch~
cells have been made and, again, the phenotype of Notch™ is cell
autonomous. Thus in the ventral ectoderm, where neuroblasts are
selected from amongst the cells, all Notch™ cells form neuroblasts,
while in the dorsal ectoderm, where neuroblasts do not form, Notch™
cells form normal epidermis.

Cells defective in the Delta gene also fail in lateral inhibition and
form masses of adventitious bristles in areas of the fly that normally
bear bristles. However, the Delta™ cells at the extreme edges of the
clones are rescued by the wildtype cells nearby and are able to make
normal epidermis. As with the other two mutations, shaggy~ and
Notch~, Delta™ clones are normal in areas where there are no bristles
in the wildtype fly.

These results are in accord with the two-step model of neurogenesis:
remember, the first step is the allocation of proneural clusters by the
local expression in groups of cells of scute and other related genes.
Notch, Delta and shaggy have no role here. The second step is lateral
inhibition in which one cell of the proneural cluster is selected and
here Notch, Delta and shaggy are required. It would follow from this
hypothesis that lack of the Notch gene could cause no additional
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mischief if the scute functions were also missing. And this is so; if
both scute* and Notch* are removed together the cells form a bristle-
free, but otherwise normal epidermis. _

And yet, on its own, Notch™ transforms all epidermal cells into
defective bristles; this also makes sense under the two-step model as
Figure 7.5 explains. We compare wildtype and Notch™; the model
could apply both to bristles in the thorax and to neuroblasts in the
embryo. The circles represent cells, some of which are dividing, the red
ones expressing a scute RNA. When a cell becomes a bristle or a
neuroblast it is shown in black. The figure suggests how, in the anterior
notum where there are dense bristles, the mutant effects of Notch™
might so deplete the reservoir of epidermal cells that gradually all the
cells become incorporated into proneural clusters and all therefore
develop into defunct bristles. By contrast, in the scutellum, there are
only a few landmark bristles; the cells in the proneural clusters of
these are damaged in Notch™ and Delta™ mutations, but the other
cells are unaffected and divide and develop normally.

These and other experiments suggest that the three genes shaggy,
Notch and Delta do not determine the pattern of scute expression and
their mutations do not alter it. So, the overall distribution of bristly
regions depends in part on the pattern of expression of the AS-C, while
the selection of individual bristle cells depends on the three genes, and
others. It is not easy to know how many cells are in a proneural cluster
at the relevant time, but since the number of landmark bristles produced
by mutations in Delta (to replace one wildtype bristle) is not more
than seven, it is possible that the cluster of cells consists of a small
group of cells — small enough so all its members could be in direct
contact with each other. However, direct counts of the number of cells
expressing scute RNA in a single proneural cluster in the imaginal disc
gives a count of 20—30 cells — which is more than there are likely to
be in any kind of direct contact.

How are the molecular components deployed? One smart approach
uses genetic mosaics in which the cells of different genotype are
differentially marked. The purpose is to study the selection of bristle
cells from the proneural cluster and to see if the amount of Notch
product influences the choice. If a bristle arises on the border between
areas of cells of two genotypes it can be argued that it must have been
selected from a proneural cluster of cells that was itself mosaic. In a
control experiment there are clonal patches of cells that differ only in a
marker mutation and in these, at the border of the clones, the bristles
have an equal probability of originating from the clone or from the
surround. In the experiment proper, one mosaic type is a mixture of
Notch*/Notch™ (1 dose of Notch™) and Notch™/Notch™ (2 doses)
cells, another a mixture of Notch*/Notch* (2 doses) and Notch*/
Notch*/Notch* (3 doses). It is important to note cells of all these
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Figure 7.5 A model for neurogenesis in Netotfi* and Notth~ epidermis.

169 SPACING PATTERNS



Figure 7.6 The effect of
doses of Nottth on bristle
determination.

three genotypes are wildtype in the sense that they make virtually
normal flies with completely normal bristle patterns on the thorax.
Look at Figure 7.6: in I the small patches have 1 dose of Notetii* and
make bristles (shown uncolouned)). These patches form in a background
of cells with 2 doses of Notatfit, which are shown in red. All the
bristles on the border of the patches, and some even a little outside,
come from the cells with 1 dose of Notaiii*. In II the red cells and
bristles carry 2 doses of Notaifi* but now they are surrounded by cells
with 3 doses (grey cuticle, black bristles). Now all the bristles at the
border derive from the cells with 2 doses. The experiments are compel-
ling; they show the behaviour of wildtype cells with 2 doses of Notath *
depends on the other cells in the clustet, proving that the fate of an
individual cell is the result of a comparison, within the group of which
it is a part. In other words the outcome is decided by competition
between candidate cells, as suggested by the experiments desctibed
above (p. 165).

Lateral inhibition — the role of the lin-12 and Noiuth genes

The Noteth and Delta proteins show homolegy with the lin-12 product,
a gene in the nematode worm Caenorhaliditiss elegans. In the nematode,
there are two neighbouring cells which always acquire two different
fates. The two cells can be identified in the embryo and it is found
that, in normal wildtype worms, it cannot be predicted which of the
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two cells will take up which fate; the allocation is stochastic. If either
of the cells is killed, the other always develops one particular way and
adopts what is therefore called the primary fate. In the absence of the
lin-12 product, both cells adopt the primary fate. There are dominant
gain-of-function mutations of lin-12 in which both cells adopt the
secondary fate. Most tellingly, in genetic mosaics, the pair of cells may
be of different genotype, one being lin-12~ and the other lin-12*. In
these mosaics the lin-12~ cell always adopts the primary fate and the
lin-12% cell always takes the secondary. The model for the role of
Iin-12 relates to and refines other lateral inhibition models. It requires
that the Iin-12 product is needed for reception of an inhibitory signal or
is the receptor itself. Normally, the stochastic allocation of the two
cells to primary and secondary fates will depend on some initial imbal-
ance and one cell will begin to edge towards the primary fate. As it
does so it produces more and more inhibitor which pushes the other
cell more and more towards the secondary fate. The results from
lin-12%*/1in-12~ mosaics demand this image of a gradual commitment:
‘the bias in cell fate choice ... suggests that relative lin-12 activity is
assessed prior to cell fate decisions.” [11] Perhaps the production of
inhibitor is linked, is consequent on, the absence of activation of the
lin-12 receptor. Thus, if a cell receives no inhibitor it will produce
more inhibition and as a cell is inhibited it will produce less. The
outcome will be the production of two disparate cell states, one com-
pletely inhibited and the other maximally inhibiting. Formally, the
model is similar to that proposed for the blue-green alga (p. 161), but it
places more emphasis on the receptor of the inhibitory signal, suggesting
that it is a causal factor in the switch determining the cell state. The
model predicts that if there were initially more Iin-12 receptor in one
cell than in another, then the cell with least would pick up the least
inhibitor and would edge towards the primary fate — it would then
make more inhibitor, giving it a competitive advantage that would be
decisive. This is exactly what was found in the mosaic experiment
with the Drosophila Notch gene, a gene related to lin-12.

Notch, Delta and lin-12 all encode transmembrane proteins with
extracellular domains containing cysteine-rich repeats similar to those
found in epidermal growth factor, a secreted protein and low density
lipoprotein (LDL) receptor which is an integral membrane protein. It is
possible that both Notch and lin-12 gene products are themselves
receptors or involved in reception of inhibitory signals, and this is in
accord with the cell autonomy shown by mutant cells in genetic
mosaics. The non-autonomy of Delta, that is the rescue of Delta™ cells
at the periphery of a Delta™ clone by the Delta™ cells near to them,
suggests that Delta protein may be part of the inhibitory signal.

The small number of cells in the proneural clusters and in the
nematode cell systems suggests that direct contact may be needed for
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lateral inhibition. This is consistent with observations on Notch and
Delta which hint they might be involved in cell contacts: if tissue
culture cells express both Notch and Delta proteins, the two related
molecules associate and copatch on the cell surface. Moreover, if Notch-
expressing and separate Delta-expressing cells are mixed the two types
of cells form coaggregates, although pure Notch-expressing cells will
not aggregate. Possibly the Notch and Delta proteins combine to form
a structural bond between cells, a bond that is necessary for, or involved
in, an interchange of signals.

We have ‘spent some pages on this topic, because, although the
findings are not yet as clear as they might be, it is the elemental
example of pattern formation — the spatially ordered generation of a
new cell type.

What kind of bristle or neuroblast?

There are many kinds of sensory bristle; large, small, chemosensory or
mechanosensory, and they are all placed appropriately. Most are clones,
with each bristle descending from a single precursor cell, but some are
not — for example the Keilin’s organ, which straddles the parasegment
border in the embryo and contains anterior as well as posterior cells,
probably derives from two or more precursor cells. It is likely that
several factors determine which type of sensillum will form. One is the
timing of the selection process. In Drgsophila, bristles that form early
tend to be large landmark bristles; the smaller overdispersed bristles
fitting in between them later on, so developmental context is important.
Of primary importance will be which transcription factor genes are
deployed — during neurogenesis a bewildering variety of transcription
factors such as ftz, eve and Kriippel come on again in subsets of the
neuroblasts and help determine cell type.

In bristle formation all cells of a proneural cluster have the potential
to form the same type of sensilla; this is shown in shaggy~ clones
when all the cells of a proneural cluster form bristles and they are all of
the same structure and type as the bristle they have replaced. They all
elicit the same behavioural response when stimulated, presumably
because their ingrowing axons are similar and seek out the same sets
of interneurones in the central nervous system.

There are genes that are required for the proper specification of
sensilla-type; an example is the cut gene. There are two main sorts of
sensilla in the peripheral nervous system of the embryo and larva.
There are few of them and they are landmark organs — being invariant
in position. External sensilla have various types of cuticular eélements
connected to a sensory dendrite. The others are called chordotonal
organs; they are internal and span between two regions of the cuticle
to monitor stretching. Both types of sensilla are made of four cells
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Figure 7.7 The effect of cut and the ubiquitous expression of cut protein on two classes
of organs in the peripheral nervous system of larvae.

(Figare 7.7). The cut protein is expressed in different amounts in the
external sensilla nuclei (pink and red in Figure 7.7) but is absent from
the chordotonal organs. In cut= embryos the external sensilla are trans-
formed towards chordotonal organs which are themselves unaffected.
When the cut gene is placed under heat shock control and universally
expressed, the external sensilla are unaffected while the chordotonal
organs are transformed towards external sensilla. These observations
suggest that the cut product, a homeodomain protein, determines the
identity of cells — thus, on a small scale, it shares some properties
with selector genes such as the Ubx gene.

The lineage of bristle cells and neuroblasts

Once the bristle cell or neuroblast has been selected it undergoes a
series of stereotyped cell divisions. Consider the bristle cell first. In
Drosophilt: the bristle cell divisions have not been completely described,
but they are better known in other flies and in other types of insects.

In the development of Oncopelitiss bristles, the bristle mother cell
also separates from the epidermal cells by rounding up and dividing in
an unusual plane (epidermal cells always divide in the plane of the
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Figure 7.8 Stossberg's
original drawings of scale
development in a moth,
Ephestitu. The drawings
show the two diivisions
which generate the two
cells that make the scale
and its socket. One
daughter cell of the first
division degenerates.

cuticle, these cells divide slightly obliquely). The daughter cell nearest
the cuticle divides again to give two cells, one forms the socket and the
other the shaft of the bristle. The daughter cell furthest from the
cuticle also divides, in a plane vertical to that of the cuticle, and forms
a nerve cell and a sheath cell; this division is unusual, it is asymmetrie,
generating a larger and a smaller daughter.

Some bristles have several nerve cells and these are generated by
extra divisions of the nerve precursors; some bristles are uninnervated,
in these the divisions are gone through but the presumptive neeve and
sheath cells die. More than 50 years ago Stossberg observed the special
divisions of the scale mother cells in a moth and made delicate drawings
of them. The first division of an erstwhile epidermal cell is vertieal and
asymmettic, giving an internal smaller daughter that degenerates. The
outer cell divides again slightly obliquely to give an external cell that
makes the socket, and an internal cell that makes the scale (Figure 7.8).
The impression gained from these stereotyped patterns of divisions in
different systems is of a mechanism intimately linked to the divisions
themselves — some kind of programme that is read out through the
divisions and which does not depend on interaction between the cells
that are generated.

This type of 'cell lineage” model has always proved very attractive
to the scientist; it is rigid, digital, it works like a computer — unlike
most of animal development in which it is hard to detect the hidden
order in what appears to be chaos, but cannot be. One class of theories
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involves the unequal segregation at mitosis of chromosomal or at least
nuclear material — so that the nascent nuclei would be different from
the beginning. Another class of theory emphasises the cytoplasm —
perhaps the two cells have different cytoplasmic components, again
due to unequal segregation during cytoplasmic cleavage. Many exper-
iments in embryology argue in general against the former view, for
example the capacity of differentiated nuclei from the gut of frog
tadpoles to go through development again, if they are transplanted into
oocytes, emphasises that nuclei do not change much, or irrevocably, as
development proceeds. There is one particularly relevant example from
insects; when embryonic neuroblasts divide they generate two very
different daughters. The smaller cell becomes a ganglion mother cell
and divides once more to produce two neurones, while the larger cell
resembles its mother and again divides asymmetrically to produce a
larger cell like itself and a ganglion mother cell. The larger cell buds off
a chain of smaller ganglion cells in reiterated divisions. If these cells
from a grasshopper are cultured in vitro they continue to produce
ganglion cells, and this process carries on unaffected if, at anaphase of
mitosis, the mitotic spindle is rotated, swapping the nuclear material
between the two nascent cells. The differences between the two cells
in how they behave and in their developmental potential are not
therefore in the nuclear material but, presumably, in the cytoplasm.
There is one organism that develops almost entirely like some giant
bristle, and that is the nematode C. elegans. There is a complex stereo-
typed lineage tree that generates the 959 cells of the main body, all the
way from the zygote. This too is attractive, apparently as an example
of a different mode of development that is more tractable. But, as we
have seen, it is increasingly becoming clear that even this regimentation
of lineage is the ultimate outcome of interactions between cells and
other rather ‘messy’ mechanisms that typify most developmental pro-
cesses. In some innervated moth scales, if the nerve cells are killed
soon after they are formed, the scale and socket cells do not develop
properly. In the nematode, the elimination of cells is sometimes followed
by change of fate in the remainder; both these examples speaking for
cell interaction as a cause of the cells becoming different in the first
place. As in most areas of developmental biology, the truth will no
doubt include elements of both conflicting theories; although there
must be many cell interactions, it may well be-that the polarity of
single cells is made use of to divide the cytoplasm up unequally, and
that the resultant size difference can be instrumental in directing the
two daughter cells down divergent paths without much or any ‘conver-
sation’ between them. '
To make progress on this topic in Drosophila, we need a thorough
genetic and molecular analysis of the process of bristle development
along the lines being pursued in the eye (Chapter 8) and this has only
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just begun. There are a number of mutations that interfere with the
allocation of cells within the lineage tree of small sensory organs such
as bristles. Delta™ mutations {in mitotic recombination clones) cause
misallocation of bristle cells, so in those clones there are frequently
double-socketed or double-shafted bristles. Likewise, if the Notch gene
product is removed or reduced during the time when the bristle mother
cell is dividing (this is done by giving a heat pulse to pupae carrying a
Notch* allele) the allocation of the daughter cells is affected and only
neurones are produced. Given the current model of the Notch protein
as being involved in reception of an intercellular signal (p. 170), this
observation suggests that intercellular signals act in the allocation of
the daughter cells of the bristle mother cell. _

As in other systems, transcription factors might be expected to fix
cell identity after the initial cell allocation. Indeed, a gene called
numb, whose sequence and the nuclear localisation of the protein
suggest a transcription factor, is required for cell allocation in the
larval peripheral nervous system. In the absence of the numb gene,
there is a switch of cell identity in two of the four cells of the sensilla,
the neurone and sheath cell being transformed into additional socket
and shaft cells. 4

There are two further points about bristle patterns that are edu-
cational: first, in the leg of Drosophila, the bristles are each associated
with a little bract that is proximal to the socket and points distally
(see Figure 6.1, p. 137). Analysis of clones marked with such a mutation as
yellow™ shows that the bract is not a descendant of the bristle precursor
cell and therefore must be the result of recruitment of a normal
epidermal cell by the bristle — intimations of the development of
pattern in the eye (Chapter 8).

The second point concerns cell movement in the formation of
bristle patterns. In Oncopeltus, the three cells of the hair primordium
move about and line up like policemen after they have formed, their
orientation predicting that of the bristle outgrowth and illustrating
their sensitivity to the segmental gradient (p. 140). In moths, the scale
cells, originally relatively scattered, line up in serried ranks. In the
Drosophila wing margin there are three rows of tightly packed and
precisely arranged bristles; it is probable that they shuffle into position
after the cells have been allocated. The evidence for this is that small
clones of marked cells become fragmented at the wing margin and
often mark bristles that are not contiguous. It has even been suggested
that as the bristle cells shuffle, they might mix up the descendants of
single mother cells — so that the socket cell arising from one mother
cell might partner the shaft cell coming from another, and thus single
bristle organs would not always be clones. If this were correct — and
whether it is is unclear — the triple row on the wing margin would
form by a kind of self assembly and would share some features with
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the eye (Chapter 8). More evidence for relative movement between
bristles and epidermal cells is found in the Drosophila abdomen; clones
usually contain both epidermal cells and bristles and these quite often
become separated, the bristle belonging to the clone becoming sur-
rounded by other cells or, conversely, the clone may surround bristles
that originated outside it (see Figure 5.3, p. 112). The explanation
might be that, during metamorphosis, as the adult epidermal cells
migrate amongst the moribund larval cells, they could leave the newly
formed bristle cells behind.
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8 The eye

HE COMPOUND EYE consists of a crystal-like array of

ordered sets of cells and is, therefore, an excellent model
system to study small-scale patterns. Each ommatidium is built
up progressively as a single unit, and, at each step, specific
genes and interactions work to allocate cells from the epithelium.
Eventually nearly all the cells fit into the lattice and the
remainder die.

Throughout this book it has been clear that, for most of the processes
studied genetically, only some of the genes have been identified.
Attempting to study a process with only a subset of the genes involved
carries a risk: like trying to understand how a car engine works from a
few pieces — say, a piston, the main gasket and the bolts that attach it
to the chassis. In the embryo, a systematic attempt has been made to
find the genes involved in early patterning but, because of maternal
rescue (Box 1.3, p. 8), this cannot be completely successful. In the
development of the eye an attempt is being made to identify all the
genes and this has the advantage that the eye is dispensable, meaning
that completely eyeless (and eyeless™) flies are viable. It follows that
mutations in genes whose only role is in the construction of the eye
will be viable, too. There will be genes needed for the eye as well as for
other parts and their role in the eye can be more difficult to assess as
mutations in them will often be lethal. However, clones of cells that
lack these essential genes can still be studied in the eye.

The eye has many advantages in addition to the genetic ones; it is
above all a beautiful structure in which the full capacities of develop-
mental processes are displayed. The eye is made of some 750 repeating
units, each being a little eye or ommatidium. Each has a lens made by
four cells that focuses the light down a channel and eight photoreceptor
cells (R1—R8) arranged in a precise pattern within the channel: Figure
8.1 shows a section through the eye as seen down a light microscope.
Many ommatidia can be seen; the equator is arrowed — it is a mirror
plane of symmetry which can be picked out by comparing the arrange-
ment of the photoreceptor cells R1—-R7 that appear as a pattern of dots
in each ommatidium. Surrounding the lenses are two primary pigment
cells; secondary and tertiary pigment cells enclose and insulate the
light channel of each ommatidium. At the base of the retina there is a
network of pigmented subretinal cells. The eye is also equipped with
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Figure 8.1 Section through the normal eye of
Drosupitiida to show the arramgement of the
ommatidia and the photoreceptor cells. Note

the equator (arrow).

mechanasensoty bristles, and these are placed between the ommatidia —
each bristle is made by four cells. The structure of an ommatidium is
summarised in Figure 8.2 which shows a longitudinal section and a
series of cross-sections. Note that the R8 cell undetlies the R7 cell, so
it is only wvisible in deeper sections. All the ommatidia are packed
together so precisely that the whole has been called 'a neurocrystalline
lattice” [12]; generally there are no missing cells, nor are there extra
cells that do not fit in.

This orderliness extends to the way the compound eye is wired, for,
under the convex surface of the eye, there are two layers of the brain
containing an array of neutones. The central photoreceptor cells, R7
and R8, send axons directly through the lamina to the underlying
medulla, while the other photoreceptor cells connect to pairs of cells in
the lamina with a precision reminiscent of a Swiss telephone exchange.
The effect of the wiring is to ensure that the set of six photoreceptor
cells, which come from six different adjacent ommatidia and which
look at one point in space, are all connected to the same pair of laminal
neurones. This unites an initially fragmented image. A careful study of
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Figure 8.2 The structure of
an ommatidium. One
longitudinal section and
five cross-sections are
shown.

the accuracy of this process, which was done in the blowfly, Calliphora,
showed that very few mistakes are made. Of 650 neurones traced none
went to the wrong cells in the lamina. Many of these neurones came
from the equator (Figure 8.1) where the situation is complicated by the
mitror-imhage reversal; here as many as eight different photoreceptor
cells, from eight different omratidia, may look at one point in the
visual field. One group is shown in red in Figure 8.3. Several such sets
were traced and it was found that in every case the eight cells were
connected together unerringly to a single cell in the lamina.

It is not known how the correct connections are achieved, only that
the development of laminal order is dependent on the emmatidial
array itself. If clones of mutant cells are made in the eye that disrupt
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Figure 8.3 The projection

from the ommatidial array.

Near the equator (shaded)
there are up to eight cells
fone set is shown in red)
which see one point in
space, and send axons to
the same cell in the
underlying lamina of the
brain.

that array, then the normal wildtype lamina underneath develops with
a disrupted pattern. The disrupted region in the lamina correlates in
area and position with the overlying clone. Even more persuasively,
the experiment can be done in reverse: there is a dominant mutation,
Glued, which makes a mess of both the eye and the lamina. The
mutant ommatidia are higgledy piggledy, with variable numbers of
photoreceptor cells, while the lamiizi is packed with disorganised nerve
fibres instead of the normal array of special cells that receive input
from the ommatidia. By mitotic recombination, the deleterious Glued
allele can be removed from clones in the eye to give a patch of wildtype
ommnatiidia that are arranged in a normal pattern. These normal omma-
tidia send their axons into the lamina and, there, the mutant Glued
cells receive them. Surprisingly, the lamina becomes organised in that
region and a normal array of cells is made. Some degree of order is then
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Figure 8.4 Three separate
white * clones, in three
different whites~ eyes. Each
clone consists of two cells;
they illustrate that
different kinds of cells can
be sisters.

propagated even further into the medulla of the brain. The mechanism
for these interactions is unknown: one would guess that the sequence
of axon ingrowth is important —the R8 axon grows in first, and the
others follow in a spatial and temporal order. The 750 reiterated units
(@pproximately 16000 cells), the specific cell types and the precision
make the eye a good system to analyse at the cellular and molecular
levels and with the genetic approach.

Because it is so accurately made, it used to be blithely assumed that
the mechanism for generation of the cells must be a lineage tree —
each ommatidium being a clone descending from a single emmatidial
mother cell. This idea was accepted for decades, but not tested; when
it was tested it was found to be wrong. Two methods of test have been
used; one is to look along the border of a gynandromorph (p. 11) in
which the female cells are wildtype with red pigment while male cells
are whitee= and colourless. What is found is that the male and female
cells are mingled along the border and individual ommatiilia are of
mixed genotype — thwedforettie commatiidiia ceanmat Hee of boress. Hiboveanear
there is still the possibility that the different cell types might be
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Figure 8.5 In eyes mutant
for Elfiigse, single isolated
ommatidia can be found.

generated by cell lineage, for example there might be a class of stem
cells that give rise to only secondary pigment cells, and then these
related cells would migrate between differemt ommatidia to take up
their positions, and this could produce ommatidia of jumbled genotypes.
This possibility was eliminated by making very small marked clones at
the end of eye development. The most useful clones consist of only
two sister cells, because if there are any lineage restrictions these
clones should reveal them. For example, if the photoreceptor cells
diverge in lineage from pigment cells, then it would not be possible for
a pigment cell to have a photoreceptor cell as a sister. The results show
that any pair of cell types can be sister cells. Look at the illustrations
in Figure 8.4 and Plate 8.1 which show small whites™ clones. Each
consists of two cells; probably the labelled cells are sister cells; ‘prob-
ably’ because there is always the chance that other cells belonging to
the clone could have died or formed another cell, such as a cone cell,
that is not scored. Plate 8.1 shows a clone that labels only one pigment
cell and one R1 eell.

Having eliminated the role of cell lineage, we must embrace the
truth that other methods can produce a 'neurocrystal’ and to ask what
they are. There is evidence that each ommatidium is made as a unit,
because even a single one can form in isolation; in Ellipse eyes (Figure 8.5)
there are fields of improperly differamtiated cells intetspersed with an
occasional complete ommatidium. This is a very helpful observation
because it directs the analysis away from the idea that the eye could
grow just like a crystal with 'cosy corners’, niches into which undetee-
mined cells would fit. In that model, all cells would be equivalent in
the sense that they would all become lodged into the growing face of
the crystal and none would lead the process. Instead we have to think
of ommatidia starting life as separate units and fitting together later.

The eye does not develop all at one; the posterior ommatidia are
formed first and the anterior last: as they mature in succession a

wildtype Ellipse’” section
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furrow, like the front of a wave, sweeps slowly across the eye imaginal
disc. This helps analysis because one eye dise will contain maturing
ommatidia in all states, earliest stages in the furrow and later ones
behind it. Figure 8.6 shows an eye-antennal dise with the developing
ommatidia shown up by an antilbody. The furrow is meoving from right
to left, that is from posterior to anteriok. The proeess of emmatidial
development can be broken down ifite a succession of steps.

First, groups of cells appear, separated from one another as in a
spacing pattern (Chapter 7). Initially each is a small group of five or six
cells that partially encloses one or two cells. These central cells have
no known fate in the mature ommatidium and are therefore called
mystery cells. Within the group the first to differentiate is the cell that
will become RB (red). The process of selection of these groups shares
features with other spacing patterns, for example reduction in the

Figure 8.6 Ommatidia differentiate posteriot to the furrow (shaded line in dise in A). In
B, the appearance of the apical surfaces of the cells is indicated. The futrow meoves
steadily anteriorwards so that the most mature stages are at the posteriot (6n the right).
Mystery cells in black, R7 in red.
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amount of Notch protein causes the specification of many extra photo-
receptor cells which develop at the expense of the pigment and cone
cells (see p. 182). However, in clones of cells lacking the achaete-scute
complex (p. 162) the ommatidia are normal, although the eye bristles
do not form.

Second, two cells neighbouring the R8 cell begin to differentiate;
these will become the R2 and the R5 cells and, outside these, the
presumptive R3 and R4 cells can be detected. Soon this little group of
cells rearranges itself into a circle, casting out the mystery cells as it
does so. The result is a central R8 cell with R2, R3, R4 and R5 placed
around; the apical contacts between these cells are relatively stereotyped
so that the cells can be identified in electron microscope sections.

Third, two cells adjacent to the cluster, and sitting in precise
positions relative to the determined cells, become allocated to R1 and
R6 and, finally, a third joins them as R7. The four cone cells are also
identifiable in the clusters; the pigment cells fit in and around them at
a later stage. Initially the clusters all have the same orientation, pointing
posteriorly (just like the polarised group of cells that form Oncopeltus
bristles (p. 176)) but later they rotate in one direction in the dorsal half
of the eye and the other in the ventral half, generating the two forms of
ommatidia which meet at a mirror plane at the equator of the eye
(Figure 8.1). These stages can all be seen in a single disc; a drawing of
the process is given in Figure 8.6B.

The little bristles form quite late and do not follow the same
anteroposterior sequence as the rest of the eye; instead the process
starts at the centre and spreads outwards. They fit into the lattice
between the ommatidia and consist of four cells that are presumably
the descendants of a single bristle mother cell (as in other bristles,
p. 172). As these processes are occurring, the undetermined cells continue
to divide, and occasionally, mainly at the end of the process, excess
cells die. The total proportion of cells dying has been estimated at a
little over 10%.

The genetic approach to this problem has been effective and is still
accelerating. The strategy is to identify genes required for ommatidial
formation from mutations, to use clones of cells that lack the gene to
find out where the gene is required, and then to clone the gene, deduce
the nature of its product and determine when and in which cells it is
expressed. Cloning the gene can be followed by expressing the gene in
inappropriate cells or at unusual times and studying effects on the
pattern. I will take the sevenless gene as an example.

The sevenless gene was found in a systemic screen for mutations
with defective vision; the ommatidia lack R7 and the cell which would
have made R7 instead makes a cone cell.. The ommatidia develop with
the usual four cone cells and it is not known what happens to the cell
which, in the wildtype, would have made that cone cell. Perhaps it just
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Figure 8.7 A sewmless~
wiitee~ clone in a widdiits*
(red) background.
,Ommatidia lacking the R7
cell have a different
arramgement of cells IRL-
R6 (bottom, right, and in
clone).

remains in the pool of unallocated cells. The requirement for the
sevenlhass gene is autonomous: this is shown by making clones of cells
that are wiite>— sevemlbsss™ in a wildtype background and analysing
ommatiidia that are mixtutes of mutant and wildtype cells. It is found
that when an ommatidium contains an R7 cell, that cell is always
whites+ severlhsss+ and this is tiue even when all the other cells in the
ommatidium are mutant. No sevemlkss™ R7 cell is ever formed, even if
all the other cells in the emmatidium are wildtype. An example of a
mosaic eye is shewn in Figure 8.7. An atfow indieates an emmatidium
that shows the nermal wildtype pattern of R eells — even though,
apart from the severlrss* R7 cell, it is entitely of mutant saxenless~
genetype. Cleatly the sevemlRsss gefie is required in the R7 eell and in
the R7 eell alene.

The sevenlksss gene has been cloned and been found to encode a
transmembtane receptor-like protein with an intracellular tyrosine
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kinase. As would be expected, the gene is expressed in the R7 cell; it is
also found in other cells nearby but not in R8, R2 and R5. This is seen
in the electron microscope if the sevemlksss antigen is stained (Figure
8.8). The picture shows the apices of the cells and it is clear that the
protein appears in those cell membrane regions of R7, R3 and R4
exactly where they contact R8. This suggests they are forming patches
as and because they bind to some ligand on the R8 cell. Inside the three
cells that express the sevemlisss antigen, multivesicular bodies can be
seen that are densely stained (arrow). This expression of sevemlisss in
the R3 and R4 cells might suggest some function in those cells, but as
far as is known, the R3 and R4 cells are normal in sevemlhsss—~ eyes.
Ubiquitous expression of sevemksss under heat shock control has no
effect (except to rescue sevemlbsss— eyes) suggesting that it is the location
of the ligand that is important in the wildtype, and that extra receptor
in unusual places has no consequence, presumably because it is not
activated. If very large amounts of sevemlksss protein are produced in
the eye (and this can be done by having as many as eight copies of the
wildtype gene, or by driving gene expression with an especially active
promotett) then the level of tyrosine kinase function can reach a point
where it triggers downstream effects in the cells. In this artificial
situation, some of the photoreceptor cells and the cone cells are trans-
formed and now make extra photoreceptor cells of the R7 type.

One might therefore expect another ‘sevenless’ gene whose role is
in the R8 cell to produce the ligand for the sevemlisss product. One
candidate gene has been found and has been called beritleafisauenless
[boss). boss= eyes are normal except that they lack the R7 cell. Genetic
mosaics show that, in order to obtain a normal R7 cell, boss™ is

Figure 8.8 The localisation of seveniésss antigen in the
cell apices of a developing ommatidium. Numbers show
different R cells. Arrow indicates a multivesiculbir body.
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required in only the R8 cell of that ommatidium. The requirement for
boss™ is therefore non-autonomous (because boss affects the R7 cell
but is not needed in the R7 cell itself). Look at Figure 8.9 which shows
a section through part of a pigmented whites* eye and includes part of a
clone of whitez boss = cells. Omenatidia show the sevenless-like pheno-
type in the white territory and the normal phenotype in the witite®
region. Near the border, mosaic ommatidia are found. One emmatidium
illustrates the non-autonomy of the boss functiom; not only is the
pattern of the R1-R7 cells normal, but also the R7 cell itselff is gen-
etically wihite>— and therefore must be boss=. In this ommatidiufa, the
R8 cell is boss™. The boss gene encodes a receptor-like membrane
protein with a large extracellular domain and such a protein could, in
principle, interact with the sevemlbsss receptot, and there is good evidence
that it does: boss protein is expressed in the R8 cell at the right time:;
also boss and sevemlksss proteins will cause cell aggregation when
expressed in tissue culture cells {p. 172).

Figure 8.9 A boss~ witifee~ clone in the eye. The phenotype of the boss= ommatidia is
like that of sevemléssbut but the boss gene is required in R8 and not in R7. In one mosaic
ommatidium all the cells are present, even though the R4, R6 and R7 cells are wihite=
boss= {open arrowheads) while the R1, R2, R3 and R5 are wititeé* and boss™ (closed
arrowheads).
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By extrapolation from the embryo, one would also expect selector
genes to be active in the eye, not only those that determined the
development of the whole compartment in the embryo (such as the
Deformed gene which is expressed in the eye imaginal disc) but also
other genes encoding transcription factors. Again, there is one good and
instructive example and that is the rough gene. rough™ flies are viable
and their eyes are a disorganised mixture of cells: genetic mosaics
show that the rough gene is required only in the R2 and R5 cells and is
needed for the proper development of R3 and R4; it seems likely that
the other effects on developing ommatidia stem indirectly from this,
for the chain of normal events will be broken if R3 and R4 fail to
differentiate. The rough gene encodes a transcription factor with a
homeodomain and therefore it is no surprise that it is found in the
nucleus. Any role of rough in cell interactions between R2/R5 and R3/
R4 can only be indirect, since these interactions would presumably be
mediated by secreted factors or membrane bound ligands; the genes
involved in these steps are not yet identified. The most satisfying
interpretation of the rough~ phenotype is that, in the absence of the
rough product, the R2/R5 cells are no longer quite themselves and
although they look normal they do not do all the things they should,
such as influence the presumptive R3 and R4 cells, perhaps by producing
a special ligand. Like many genes we have come across, the rough
product is expressed in a complex and changing pattern that is not easy
to understand. Indeed it may never be necessary to understand it; what
is important is that rough has a role in R2 and R5 and, apparently,
nowhere else — the transcription that is seen elsewhere may be incon-
sequential. Nevertheless, if the rough gene is expressed strongly in
extra cells by putting it under heat shock control it has severe effects
on the eye. If rough is put under the direction of the promoter region of
the sevenless gene (so that it will be expressed in the R7 cell, where it
is normally absent) the R7 cell is changed and now resembles a cell in
the R1—R6 class.

As developing R2 and R5 cells are distinguished by the expression
of the rough gene, so are R3, R4, R1 and R6 characterised by expression
of, and requirement for, the seven-up gene. Clones of seven-up~ cells
in the eye are normal in R8, R2, R5 and R7 but have small rhabdomeres in
R3, R4, R1 and R6 cells. The seven-up gene encodes a zinc finger gene
of the steroid receptor type and presumably acts as a transcription
factor required for the proper differentiation of these four R cells. As
would be expected from the order of cell allocation in the ommatidium,
rough acts upstream of seven-up; in rough~ eyes the seven-up gene
becomes expressed in R2 and R5, causing them to be transformed to, or
towards, the R3/R4/R1/R6 type.

From all this work a picture of eye formation is beginning to
emerge and it presents most of the problems facing the developmental
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biologist in microcosm; it will take much more to miake that picture
complete but there are already valuable lessons about building patterns.
First, there are the large-scale effects which place and polarise the eye
as a whole — these are the early acting genes such as those of the
Antennapedia complex that specify development of the whole para-
segment. There are the segmental gradients which presumably provide
overall polarity to the responding cells, and these determine how the
group of cells is oriented as well as in which part of the imaginal disc
ommatidia will form. Then there are the spacing mechanisms that
choose, from a sheet of more homogeneous cells, the clusters that will
form the ommatidia. Genes used in other spacing patterns have a role
here. Then there are small scale effects; the allocation of nearby cells
to form the R2 and R5 and the chain of events leading to allocation of
the remaining cell types including R7. The sevenless gene is best
understood; it encodes a receptor protein suggesting that a ligand from
a neighbour cell, a short-range signal, coming from RS, is the trigger
that leads that cell to differentiate into R7. One imagines a whole
series of these neighbour interactions in which numbers of ligands and
receptors (some unique to the eye and some not) are used. There are
the other cells, the cone cells, the primary and secondary pigment cells
that must fit in here somewhere — do they depend on cell-specific
signals too? Then there is the little bristle, presumably a clone.
Remember, too, the role of small-scale cell movements and changes of
shape. The cells move about a little and pack together as intricately as
in a Rubik cube as they construct the eye — there is a great deal of cell
biology and mystery there.

Further reading
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Conclusions

‘Gradually the scene grew clearer, and we could pick out indi-
vidual objects. First, right opposite to us — we had been conscious
of them all the while but refused to believe in them — were
three great gilt couches, their sides carved in the form of mon-
strous animals ... with heads of startling realism.’ [13]

Embryologists and geneticists never used to see eye to eye. As I have
indicated in this book the two disciplines have now become united in a
new subject formed by the fusion of developmental genetics with
molecular biology. So what have been the main changes in perspective?
Some things have become more complicated. Setting up the antero-
posterior gradient and interpreting it has, already, many more steps
than previously envisaged. The special system to establish the head
and tail was a complete surprise. The ways in which single genes are
used and reused makes a nonsense of much traditional developmental
genetics which thought of a gene working at one stage of development
and having a critical period of function and a unique focus of action.
Moreover, we may have underestimated the amount of genetic
information needed to design and organise rather than to build. Many
of the genes in this book have been selected because their mutant
phenotype hinted at a role in the design of the fly. Most of these have
turned out to encode proteins whose sequence suggests they function
by binding DNA. There are others whose sequence is not yet interpret-
able but because they are basic proteins, and because they are localised
in nuclei, may also be engaged in the regulation of other genes. Regulat-
ory genes like these appear to be particularly important in laying down
the body plan of the young embryo, or in organising pattern formation
in later stages. There are still others whose role appears to be in the
transmission of signals between cells — signals involved in allocating
cells to specific developmental fates. These signals are often received
at the membrane and conveyed into the nucleus, again sometimes by
special genetic systems. There are so many such genes that one begins
to wonder what proportion of all are engaged in design and control.
There is another general point that relates to this argument. Take
the eye as an example: about 30% of all lethal mutations, when
examined as clones in the eye, damage eye development. If about 90%
of all genes can mutate to give a lethal, as is generally ‘thought, this
means that nearly one-third of all genes make some contribution to
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eye development. Of course, some of these are probably housekeeping
genes, such as the universal proteins, actin and tubulin. However there
is still room for genes that are important in eye design but are not
specific to the eye. An example is Notch. Yet at the moment most of
the research on eye development is concerned with a small handful of
genes, so much so that if a receptor is identified there is a tendency to
look for the ligand in the same handful. This may prove to be wishful
thinking; it may be necessary to clone and study hundreds rather than
tens of genes before the full story of eye development is understood.

The very long regulatory regions of genes, the conservation of many
bits of these (when different species are compared) and the multiplicity
of binding sites shown up by footprint experiments, all suggest that the
majority of genetic information is engaged in regulation. Perhaps no
surprise if you think of the enormous logistical problems there must
be; compare the making of a fly with the building of a moon rocket —
those who actually construct the components are in a small minority.
This view of genes and what some do is considerably removed from the
one gene:one enzyme idea, which had such simplicity and persuasive
force.

Some other elements of recent progress make the overall task seem
less daunting. The most valuable researches have always opened more
doors than they have closed. Molecular genetics is no exception, but
one difference nowadays is how often the doors, when opened, reveal a
room full of scientists beavering away on projects apparently unrelated
to Drosophila. There are many examples, here is one:

In 1983, Wilcox and Brower set out to identify antigens whose
distribution in development would not depend.on cell type but correlate
with domains of organisation. In the wing disc of Drosophila they
found two such antigens, one expressed dorsally and one ventrally on
the wing blade. Eventually, the antigens were purified and the genes
identified and sequenced — they turned out to be integrins, a family of
proteins linked to the cell surface-(such as the fibronectin receptor of
vertebrates) which are needed to attach cells to each other and to their
substrates. In vertebrate systems, much more molecular work had been
done on integrins, but no genes were identified or mutations known —
a serious handicap. The results on Drosophila and vertebrates can now
be brought together to improve our understanding of cell biology in
both systems. And this is needed, for the cloning and sequencing of
genes in Drosophila too often leads to a dead end, an end brought about
because the sequence and the distribution of the gene product in
embryos does not always clarify the mutant phenotype or the wildtype
functions of the gene — often because of a lack of knowledge of cell
biology.

Indeed, it is striking how many genes cloned in Drosophila have
their homologues in animals as far away as vertebrates. This also
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works the other way round; for example, many of the oncogenes of
vertebrates are homologous to genes in flies and sometimes the sequence |
identity is impressive. Moreover, some vertebrate genes, when trans-
formed into flies, can do the jobs done by the homologous genes in the
fly. These facts make a strong molecular argument for universality, not
only for components but also for at least some mechanisms of design.
If much is universal, everything becomes more relevant to everything
else, and thus problems become more soluble. '

These are stirring days in developmental genetics; the inkling of
how the mother and the zygote combine to make the ground plan of
‘the small gilded fly’ [14] is just one piece of evidence that the new
thinking and the new methods work. There are glimpses of clarity —
enough to see the immensity and beauty of the problem and enough to
know that there is still a long and challenging journey ahead.
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History short stories



The segmentation genes

The very first Drosapifiiic mutation was found in March 1910 by Thomas Hunt
Morgan and was called spedk. Two months later the famous wilites! allele
turned up spontaneously in one of his bottles. There was no way of making
mutations then; X-rays wete first used in the 1930s and the much more
effective chemical mutagens not until the .1K880s. For dhis reason DRvsepitiila
geneticists worked mainly with viable and fertile alleles and for several decades
their main preoccupation was the study of inheritance rather than development,

In Chapter 11 explain how and why the newly laid Drosepitilda egg contains
most 'ingredients’ for making a larva, but, largely, lacks the 'recipes’, products
of genes needed to organise that development. This presents the scientist with
a golden opportunity to identify and study those genes which are requited for
design. When a gene specifically required for spatial organisation is missing of
defective, embiyogenesis can still continue and the cuticle mmay be properly
formed — arilkyitks pateatini s vy, THiks 211 ows actiann rmutadions o e sedéestall.
The principle was first used by Antonio Garcia-Bellido and eelleagues, who
searched chromosomes for homeotie genes (see p. 211) in this way.

ErEte

Figure Al.1 Thomas Morgan. Photegraph courtesy of the

Bettmann Archive.
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Figure A1.2 Jamni
Niisslleim-Waillkeard and Eric
Wieschaus, 1990.

However the approach really took off when Christiane Niisslein-Volhard
and Eric Wieschaus began their search for segmentation genes in 1978. Some
readers will know the impact of their work on the field, but the others should
realise that it has been incompatable. They systematically searched the genome
for mutations that alteted the pattern of embeyonic development. Since many
of the mutations were lethal and autosornal they had to do an F2 screen
(see Box 5.3, p. 131) — which means that a mutagenised chromosome (fhearing
a mutation, m~) had to be cartled and amplified in the second gemeragion.
Heterozygous mr//an* males and females from the F1 generation were crossed
and their offspring screened for dying embryos which produced cuticle with
inttiguing defects. Many thousand flies with mutagenised chromosomes were
screened and, amongst that population, a typieal gene was hit several tiraes —
shewing that the majority of genes that eould be found in this way wete
identified. It was a mammoth effert invelving a great deal of erganisation. Not
ofily did each lethal phenotype have to be spotied down the raicieseope, it was
impertant to conecentrate attention o interesting phenotypes (a lot of intuitien
heie), to map the new leei and te elassify the genes in a eeneeptually useful
way. 1a 1980, Niisslein-Velhard and Wieschaus published the eutline of theif
fesults. Amongst other thimgs, they defined the gap, pair rule and segment
pelarity elasses of genes.

Later, in collaboration with Trudi Schiipbach and colleagues, Niisslein-
Volhard and Wieschaus extended their search and systematically looked for
matermal-effect lethals that did interesting thimgs to the cuticle of larvae.
Remenmibet, maternal-effect lethals are mutants whose phenotype is determined
largely ot entitely by the genotype of the mother — they cannot be rescued by
wildtype sperm (Chapter 1). Their figures, based on large numbers of mutagenised
chromosomes and the several alleles they produced at each locus, give an
estimate of only about 40 for the total numiber of genes ih this class. This fact
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argues strongly that embryos are elaborated from relatively simple beginnings;
a few maternal-effect genes, a large number of zygotic genes. The alternative
traditional view, that the egg is a highly complex structure packed with many
determinants, would have needed many more maternal-effect genes than the
40 found. Amongst the mutations were a class of phenotypes called coordinate
mutations, because they affected either the anteroposterior axis or the
dorsoventral. Examples are bicoid (p. 28) and Toll (p. 44).

Every 2 years the main international meeting on Drosophila developmental
genetics is held, happily, in Kolymbari, Crete. In 1980 Niisslein-Volhard and
Wieschaus announced their findings there and in the last five of these meetings
the proportion of talks dealing with the molecular cloning and other aspects of
‘their’ genes has increased steadily. In 1990 it had_reached about 50%.
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The morphogenetic gradient

One of the most long-lived and illuminating stories in the whole of develop-
mental biology is that of the morphogenetic gradient. A simple and powerful
idea, it arose directly out of Thomas Hunt Morgan’s experiments on regeneration
in an annelid worm. At the end of the last century, Morgan decapitated a lot of
worms; he found that the speed with which they made new heads depended on
where the cut was made — ‘neck’ cells made a new head quickly, body cells
more slowly. He concluded that there were factors that varied quantitatively
along the main axis of the body.

‘I think ... we are dealing here with something that is connected with the
organization of the worm itself. Perhaps for want of a better expression, we
might speak of the cells of the worm as containing a sort of stuff that is more
or less abundant in different parts of the body. The head stuff would gradually
diminish as we pass posteriorly, and the tail stuff increase in the same direction.
We should also think of this stuff in the cells as becoming active during
regeneration. Where there is much of the head stuff, the cells can start sooner
to regenerate anteriorly: where there is less it must increase first to a certain
amount or strength before the part can begin to regenerate. I do not pretend
that this explains anything at all, but the statement covers the results as they
stand.’ [15]

Note that he thought this behaviour revealed ‘the organisation of the worm
itself’ and this idea was developed in the next 70 years with the help of many
experimental animals such as protozoa, hydra, planaria, sea urchins and frog
embryos. The essential model of a gradient is that some factor, possibly (but
not necessarily) a chemical substance or ‘morphogen’, varies in a monotonic
way along the length of the body. The local level or scalar of this gradient
(concentration in the case of a substance) determines the local response. So the
scalar of the gradient may tell the cells where they are in the body and
therefore determine the pattern of development, or it may determine the
capacity to regenerate. '

The number of embryologists working on pattern formation has always
been small and they have tended to be eccentric people. Thus odd ideas about
gradients were frequent. Charles Child wrote an extremely fat book on gradients
to advertise his idea that gradients were essentially metabolic — meaning that
they involved ordinary metabolism rather-than special molecules and specific
mechanisms. One of the experiments presented was with some poor flatworms.
These animals were placed in solutions of potassium cyanide and it was noted
that they died from the head backwards — evidence that the metabolic rate
was higher at the front of the body and literally decayed away towards the tail.
Another idea, which still has its supporters, is due to Meryl Rose who studied
the hydroids that have amazing properties of regeneration — even tiny pieces
of body can remake heads and tails and then go on to make a colony again. The
problem addressed by Rose is that, if the cells in every piece of the body can
make heads and tails what stops them from doing so when they are in situ? He
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suggested that the body might be made up of several discrete parts (such as
head, neck and trunk) and that each part produces a substance that inhibits
other parts from differentiating in the same way. Thus the head produces a
diffusible head inhibitor and, so long as the head is present, other parts cannot
become head. Remove the head and all parts will be released from inhibition,
and all will try and transform towards head. The model needs the ‘idea of
hierarchy, an intrinsic order of potential in the body axis. So neck, being next
to head in the body, is also the next in the hierarchy to head; when inhibitor is
removed it will reach the status of head first. The model is not very pleasing
because there is no help in estimating whether a hydroid divides itself up into
two parts or 2000, with two or 2000 inhibitors.

Some of the best analytical experiments on gradiients were done on insects,
particularly by Klaus Sander as a graduate student in the late 1950s, and these
are described in Chapter 6. Growing up in the German school of Developmental
Mechanics” Sander found his gradient models ill-received. His supervisor,
Gerhard Krause, was a staunch supporter of Friedrich SeideFs theories of insect
development, which did not feature gradients. When Krause heard about Sander’s
gradiient theories he said ‘1 thought you were supposed to prove that Seidel’s
ideas apply to the leaf-hopper, too’. It is a good thing that most graduate
students do not make discoveries under contract. Sander also remerbers a
fellow student drawing a cartoon of a little dog biting into a large slanting
leg — representing Sander himsellff and his gradient model. As Sander explains:
'it was not only little dogs that disliked gradiients’.

Earlier, one of the most influential big dogs had been Hans Spemann;
Sander has pointed out to me that Spemann, in his famous 1936 book Exper-
imesriee!]e Beitndiypzuu einear Theanie der Entwidkliigg (Springek, Berlin), explained
his anathema to gradients: ‘Now to me It appears that a gradient can only exert
an effect if something is really “flowing”; for instance a stream of water or an
electrical current. Even the steepest hillside cannot, as such, drive a water
mill.’ 1 new quote Sander: 'Spemann’s argument was elegantly refuted by

Figure A1.3 Klaus Sander when a
student at Tubingen University, 1958.
Photograph courtesy of K. Sander.
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Leopold von Ubisch, the first person who, as far as I know, explicitly discussed
the relation between gradients and genes. Referring to Spemann’s metaphor of
a mountain he argued that each altitude has its own flora, presumably because
the slope of the mountain cuts across a gradient of temperature. The climatic
gradient on the mountain selects, at each level, a few plants from the many.
Going further, he pointed out that in the embryo at each level, the cytoplasmic
gradient could activate a subset of the entire genome; there would be no need
for anything to flow.” von Ubisch’s suggestion that gradients can pattern gene
expression provides the theme of the work discussed in Chapters 2 and 3.

It was also in insects that the relationship between cell polarity and gradients
was first appreciated. As I discuss in Chapter 6 the idea is that the vector of the
gradient (the direction of slope at any point) determines the local cell polarity
which is expressed, for example, in the orientation of bristles. The experiments
which led to this were done by Hans Piepho, Michael Locke, Hildegard
Stumpf and myself. Locke and I were both students of the insect physiologist,
V.B. Wigglesworth, and we followed up on his experiments described in_two
outstandingly original papers on pattern formation in the bloodsucking bug
Rhodnius (1940). Stumpf came from the school of Piepho whose interest in cell
polarity began while he was sunbathing on the beach and idly began to wonder
why the hairs on his upper and lower arm pointed in opposing directions.
Biologists should take holidays. Stumpf and I came to the same conclusions
about concentration gradients, vectors and cuticle polarity independently,
although her grasp of the problem was more complete than mine. In 1967, as
she began some of her most probing experiments, she was killed in a car
accident.

With the rise and tremendous success of molecular biology in the period
from the 1950s to the 1970s and the appearance of this new and rather intransi-
gent species of modern scientist, the relatively fuzzy gradient models and
model-builders fell into disrepute. Lewis Wolpert, who had worked on gradients
in Hydra, recalls proposing a general role for gradients in pattern formation at a
meeting in Woods Hole in 1968. Afterwards he found himself ostracised by the
‘very hostile’ response to the subject of his talk. The problem with gradients
was we did not know what the gradient substance or ‘morphogen’ was and this
made the models too abstract for current taste. It was not the only problem,
though — botanists had already identified morphogens in plants, such as
auxins that pattern the development of new shoots, but this did not make
gradients palatable. The idea was just too imprecise and too simple, to be
accepted. ‘Gradient’ was a dirty word in the 1960s and 1970s.

The successful identification of the first definitive morphogen (the bicoid
gene product) did not happen until 20 years after Wolpert’s talk and these
experiments are described in Chapter 2. As I write, gradients are respectable
again, people are now happy to resort to them on the least provocation.
However, we still do not know how gradients work in true multicellular
systems, although there are some promising leads.
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‘Fools change in Engl
and new fools aris
For, tho’ th’ immorta
species never dies,

and,
¢;

1

Yet ev'ry year new maggots

_make new flies ..

. [16]

engrailed: the life history of a gene

The history of the engrailed gene is instructive, for it illustrates the predominant
role played by fashion in science, not just yesterday but today, too. What is
considered crucial and exciting by one generation is soon deemed to be irrelevant
and boring by the next. And scientific generations seem to be shortening.
The first allele of engrailed was spontaneous and it turned up in Reidar
Eker’s laboratory in Norway in 1926. We now know that spontaneous alleles
are often caused by mobile elements and, indeed, engrailed’ has proven to be a
7 kilobase insert in the 3’ regulatory DNA. What was important at the time
was inheritance; mutants were valued according to their usefulness in crosses
designed to follow chromosomes or parts of chromosomes through the gener-
ations. Thus Eker concluded ‘The engrailed flies are of good viability and
fertility. They can be separated easily and accurately from wildtype flies.
engrailed should accordingly be a useful mutation for general work.” [17]
engrailed is a heraldic term and the mutation was named after the cleft or
notch in the scutellum. Probably because one clear phenotypic difference is
sufficient for inheritance studies, -other aspects of the phenotype, such as the
duplicated sex comb in the T1 leg, were illustrated but not commented on. At
that time, many Drosophila geneticists behaved like collectors; new mutations
tended to be written down, written up and then cherished for the future.
During the period 1930—1950 Drosophila genetics began to move a little
towards development. Still the emphasis was often on the mutant (rather than
the wildtype) in spite of George Beadle and Boris Ephrussi’s beautiful experiments
on Drosophila which suggested that a gene represented a discrete molecular
function: the beginnings of the one gene, one enzyme idea. The standard
approach of developmental genetics at that time was to make a detailed
description of the mutant phenotype under different conditions and this was
sometimes done without sparing a thought for the wildtype function of the
gene. Adair Brasted (1941) chose the gene because ‘the variability associated
with the phenotypic effects of engrailed could be investigated experimentally,
since each is sensitive to environmental changes.’ [18] This thought is followed
by 26 taxing pages on the effect of body weight, temperature, crowding and
intersexuality on the number of sex comb teeth — he was the first to report
that engrailed® affects the T1 leg and gives an extra row of teeth. ‘
Twenty years later, influenced by the ideas of her colleague and mentor
Curt Stern, Chiyoko Tokunaga looked at the cell autonomy of engrailed’. In
engrailed’ mutant flies, there are extra ‘secondary’ sex comb teeth and these
form in what we now know to be the posterior compartments of the T1 legs.
She made clones of cells that were homozygous for engrailed’ in a wildtype
background. She found that if a small engrailed’ clone appeared in the place
where the secondary sex comb developed then that clone developed a few
teeth, in other words the engrailed mutant pattern developed cell-autonomously.
Tokunaga also remarked ‘cell lineage studies in mosaics suggest an early
developmental separation in the leg discs of the regions determining primary
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and secondary sex combs/ [19] This is tantalising because she might have
discovered developmental compartments; she noticed the lineage segregation
but did not follow it to its logical conclusion. Another scientist, Peter Bryant,
also nearly discovered the division of the wing into an anterior and a posterior
compartment. He had a fair number of clones in the wing, none of which
transgressed what we now know to be the compartment boundary (some
examples are shown in Figure 4.2). Even so, it would have been very difficult to
spot the compartment boundary with the methods he used; the Minite technique
(p. 83), which gave much larger clones, had fiet been ifivented and the smaller
clones he had reveal the compartment boundary ofily to an observer with the
advantage of hindsight. Alse he was 'only ready to find boundaries that eo¥re-
sponded with merpholegieal subdivisions. The dorsal/venitial ene was elear of
course’. These near misses by Tokunaga and Bryant are instruetive beeause
they eafi be related to the gereral seepticisi that greeted the pape¥, published
in 1973 by Antonie Gareia-Bellide, Pedre Ripell and Ginies Merata, that used
the Mimiige teehnigue and first deseribed the anteropesterior compartments in
the wing. Very few believed they were right. It seems that in a field like
developmental bioloegy, where we knew little and, perhaps, beeause we under-
stand less, expectation and prejudice play far tes big a part in judgement.

In 1967 Garcia-Bellido went as a postdoc to Ed Lewis’ laboratory and there
he started two practices, one technical and the other intellectwal. To appreciate
the technical innovation we need a little background: sclentists are very con-
servative, they tend to stick to the techniques and equipment they know.
Because large numbers of living flies have to be sorted, the geneticist’s standard
aid was the dissecting rather than the compound microseope. One consequence of
this preference was the image of eye development, it remained incotrect for 50
years because, from the 1920s until the early 1970s, those who fmade mosaic
eyes never cut a section through one and looked at it under the compound
faieroscope. Had they dene so they might have found the ormatidia were not
clefies, as had been assumed. Se, you will understand that when Gareia-Bellide
took to deseribing genetie mutations with the eompeund ficreseope, it was an
original and impertant meove; important beeause the deseription of mutants

Figure A1.4 Antonio Garcia-Bellido with two of his sons,

1974.
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and mosaics was brought down to the cellular scale. One of his discoveries was
that the mutants forked®¢? and multiple wing hairs are excellent cell markers
in the wing and could be used in experiments on cell lineage. Intellectually, he
and Lewis were influential in shifting the perceived aim of developmental
genetics from describing mutants to determining the wildtype function of
genes.

To return to the engrailed gene; Lewis, in a conversation with Garcia-
Bellido, pointed out that engrailed’ affects the wing and seems to transform
posterior parts towards anterior pattern. In 1972, Garcia-Bellido and Pedro
Santamaria reported a mitotic recombination study of engrailed’; they
concluded: ‘The mutant engrailed causes the overall transformation of posterior
structures and pattern organisation into those typical of anterior regions. In
this sense engrailed represents a homeotic mutant.’ [20]

In 1974, Morata joined me in Cambridge and we conducted yet another
analysis on engrailed’ using two improvements: one was the Minute technique
which produced exceptionally large clones and the other was a new marker
mutation called pawn which labelled every single cell on the wing
surface. We also knew that wings were divided into anterior and posterior
compartments and therefore wished to test whether the engrailed! mutation
affected only posterior cells, which might imply that engrailed* was a selector
gene (see Chapter 5) active in the posterior cells to distinguish them from
anterior ones. Opinions in the laboratory canteen were split and a bet was set
up. Some thought that engrailed might only pattern a preexisting matrix, that
it might simply ‘colour-in’ the posterior compartments, without having a role
in the establishment or maintenance of the compartments themselves. Others
thought that it might also be important in defining the compartment boundaries.
As it turned out, the results showed that engrailed is a selector gene necessary
for all the posterior cells, not only in determining the pattemn they construct,
but also in making them distinct from the anterior cells — a distinction that is
crucial for the maintenance of the boundary between anterior and posterior
compartments. As a result of these findings the engrailed gene became the
cornerstone of the compartment hypothesis (see Chapter 4), at least for the
believers.

There were alternative viewpoints: some thought that the anterior and
posterior cells of the compartments did not arise as neighbouring groups, but
instead came from more remote cells that migrated together in some genetically
uninteresting way — the ‘construction hypothesis’. Others imagined that the
engrailed mutant phenotype was due, not to the failure of a process that
identified posterior cells, but to cell death and regeneration — events associated
with duplication of patterns in imaginal discs.

The engrailed’ allele had been around for 50 years, but no other alleles
were known. In 1975 Thomas Kornberg joined Morata and me and he began to
make more alleles; over the years he found many and most of them were
lethal. However, the lethal alleles behaved, in mitotic recombination clones, in
a manner concordant with engrailed’; they affected posterior but not anterior
cells. When Christiane Niisslein-Volhard and Eric Wieschaus did their screen
(p. 202) they found more engrailed lethal alleles and, on the basis of the rather
messy embryonic phenotype, classified engrailed as a pair rule gene (p. 69).

It is salutary to think that the slowness of the progress over the first 50
years was not due to the lack of technical knowledge. An ingenious scientist
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could have done all the experiments in 1929 — mitotic recombination exper-
iments had already been invented then although they were not understood
until Curt Stern’s paper of 1936. However the next step, cloning the gene, did
depend on technical advances. Kornberg’s group had been ‘walking’ from a
start point recognised on the polytene chromosomes by in situ hybridisation
with a tRNA probe. Independently, Anders Fjose and Walter Gehring had
fished out engrailed as a homeobox-containing gene and, in spite of all the
preceding 60 years, the two papers describing the cloning, sequence and pattern
of expression of the gene came out simultaneously. As expected from the
mitotic recombination studies, engrailed was expressed in a subset of the
segment in the embryo and in the posterior half of the disc. The subset of cells
in the segment did turn out to be posterior, but this became clear only after the
segment/parasegment confusion had been resolved (p. 91). The genetic mosaic
experiments had led to the expectation that, ‘in the embryo, there would be
anterior and posterior cells and that the latter would express and depend on the
engrailed gene for their identity. This was supported by antibodies -against the
engrailed protein which reveal a pattern of stripes that first appear in the
young embryo and persist indefinitely.

In the last few years we have.made rather little progress in answering the
many outstanding questions about .engrailed. For example, Kornberg has dis-
covered that engrailed has a sister gene (invected) which is adjacent to engrailed
and has considerable sequence homology with engrailed, including a homeobox.
Its pattern of expression is also similar, but mutations specifically in invected
are unknown. Would clones of cells that lack both invected and engrailed be
completely transformed to the anterior state? Or is invected responsible for a
different set of posterior compartments (in the head?)? Are there other completely
different genes which, together with engrailed, specify the posterior state?
Does the anterior state depend on selector genes of its own? Is segmentation in
other animals dependent on engrailed-like genes establishing subsets of posterior
cells? .

There are major questions about all the selector genes, including engrailed.
How do they produce the changes in pattern for which they are responsible?
What is their role in cell affinities? How are they regulated and how do the
different proteins interact with the DNA, with other genes, and with each
other? In another 50 years, will our present interest in engrailed look like an
aberration; will engrailed be forgotten or will there be another aspect of it that
seems all-important to a new generation of scientists?
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Figure A1.5 Pam and Ed
Lewis, c. 1980. Photograph
courtesy of EB. Lewis.

The history of the bithorax complex

In 1915 Calvin Bridges, one of the first fly workers to join Thomas Hunt
Morgan in the fabled fly room, found bittinsexk!, a mutation that transformed
part of the haltere towards wing (see Figure 5.1). This mutation was called
‘homoeotic’ — Wililkiam HBatssaits wiord fiar amdfmemeatoon thet subistituted tie
pattern,@f one region; ‘not that there has merely been a change, but that
something has been changed into the likeness of something else.” [21] He was
thinking particularly of systems of reiterated elements, such as segments in
the arthropod, petals and sepals in a flower or teeth in a vertebrate. Homeotic
mutations are encowtaging, because they raise the clarifying prospect of a class
of controlling genes responsible for large chunks of the body patteen. They also
impressed because the mutations produce massive anatomical transforimations;
it was even thought such mutations could allow the sudden generation of new
anifal groups during evolution — an idea that, looks inereasingly implausible
(individuals preduced by such mutations are very unfitt). Nevestheless bbithorax!
was filed away and little progress made until Ed Lewis started work on the
leeus in 1948. At a time when mest geneticists were busily studying the
details of inheritanee, recombination and ehremeoseme meehanies with rigerous
guantitative metheds, Lewis, a real pioneer, began a lifetime’s tussle with
deeper problems that wefe net ready for sueh a diseiplined, and therefere
sireumsernibed, appreaeh. These preblems were both genetie and develepmental
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and the genetic conundrums he faced made:it difficult to decipher the wildtype
structure of the gene.

In the Drosophila chromosomes, there are a large number of ‘doublets’, that
is pairs of neighbouring chromosome bands that look very similar. Bridges had
suggested that each arose by the duplication of a gene, this being one of the
main ways genes could increase and diversify. Lewis’ PhD thesis had demon-
strated the correctness of this with respect to the Star gene and, after a spell of
war duty spent weather forecasting in Okinawa, Lewis returned to the problem,
selecting two more sets of mutations for study. One was the bithorax locus
(see Figure 5.4). The bithorax mutations were unusual, in that there were
many dominant alleles that carried complete or partial homeotic transformations
and, above all, the complementation pattern was puzzling. Some mutations
suggested the whole system of bithorax genes was integrated, while others
pointed to separate and separable elements of function. Lewis realised that
both were true, that there are different genetic elements but they are interlocked
and function as a complex. Some molecular biologists did not agree: ‘It was
hard persuading people we were dealing with gene complexes. They told me I
was simply dealing with missense and nonsense mutants within a protein and
that all we were doing was mapping sites within a single protein coding unit!’

Nowadays Lewis might have lost his grant, but those were more permissive
times; he was undeterred and faced up to the daunting task of understanding
the bithorax system of genes. He spent years building up a large collection of
mutations. For analysis, he relied largely on viable alleles which meant, as we
know now, that he was working with weak partial mutations that affected
control regions. At the time, not knowing this, he followed the line of thinking
that each different class of mutation caused the loss of a discrete wildtype
function, even a wildtype substance. As the range of mutant phenotypes was
extended, so his models inevitably became more complex and, naturally, tended
to follow the fashion of the time. For example, in the early 1960s, the work on
the operon led Lewis to speculate that Ubx ™ might be an operator-mill mutation
with the bithorax™ and postbithorax* functions (see p..108) as part of the
operon. Thus, Contrabithorax, a gain-of-function mutation resembling Haltere
mimic (see Figure 5.1), was thought to be an operator-constitutive mutation.

In the 1950s and 1960s Lewis realised that the wildtype role of the bithorax
genes was in specifying ‘developmental pathways’ — the routes followed in
building the characteristic pattern of the different parts of the body — and that
these genes worked locally to regulate this. This was a crucial leap in under-
standing. He made some genetic mosaics with Ultrabithorax (p. 108) and
showed that the wildtype gene was required in the T3 segment that makes the
haltere. He made clones of cells that carried a bithorax mutation and a genetic
marker; these suggested that the wildtype genes are required autonomously,
meaning that only mutant cells are transformed and none are .rescued by
nearby wildtype cells. The marker used identified only bristles and not epidermal
cells so he could not be absolutely sure of this. Much later, in 1976, Gines
Morata and Antonio Garcia-Bellido used a better marker and proved that this
local requirement actually means that the bithorax complex of genes work
within specific groups of cells and that the differentiation of each cell depends
on which gene is expressed in it. In other words, the requirement for the genes
is ‘cell autonomous’.

Lewis noted that the bithorax mutations mapped in an order that corre-
sponded with the order of the parts in the body, the leftmost mutations
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Figure A1.6 Gines Morata, 1980. Photograph
courtesy of G. Morata.

affecting the most anterior body parts {p. 116). This correspondence between
the order of the genes and the order of the body parts has now attained almost
mystical status. It is true of the vertebrate homologues of the bithorax complex
and very few papers fail to remind the readers of it. The conseevation of gene
order in so many groups cannot be without significance. Surely? And yet, in
Droseptilda, genetie experiments show that at least two of the genes, Ubx and
AlHBE, ean each work well when displaced and alonie. If they can work indepen-
dently, it is net clear why they have remained together — especially on the
choppy seas of evelution. Indeed, Lewis believes that the geries afe subtly
interdependent and that the eorrespendence between the erder of body parts
and sites of mutatiens affecting them is no aceident: ‘ene cannot sweep under
the rug the striking colinearity that extends te the vast cis regulatery regiens.
Neot eiily de the latter eonstitute some 95% of the bithorax eemplex against
seme 5% of the transeribed DN/A, but they tell the hemesbex-eontaining
genes what te de’.

It was not for many years that Lewis looked at the effect of lethal mutations
on the cuticle phenotype of the moribund larvae. This was an imaginative and
important move. Now he saw that the bithorax complex (or BX-C as he then
called the gene system) had a much wider role than previously thought. Using
a scanning electron microscope he saw the effect of deleting the entire BX-C.
He found that many body segments are transformed and, looking at deletions,
proposed that there are a large number of discrete genetic elements each being
responsible for a segment, and even sub-elements responsible for particulae
parts of the pattern (denticle belts, Keilin’s organs, ete.). The results were in
logieal aceord with his experifments on the Ubx gene. In Ubx~ larvae, he knew
that T3 and Al were transforimed to T2, new he found that, in the absenee of
the entire BX-C, all the segments of the abdemen beeame theracie. There had
to be more genes. By pure genetie experiments he showed that the leftmest
genes have the lengest range, are activated mest anterierly and affest the
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pattern all the way posteriorly; mid genes are activated in the middle but still
affect parts back to the posterior end. This means that each part of the body is
specified by a different set of active bithorax genes and, therefore, that there is
a combinatorial code that defines developmental pathways.

The.idea that homeotic selector genes (Chapter 5) act together in combination
to specify pattern has prospered in recent years. Most notably it has been taken
up by Gary Struhl, who showed how helpful the idea is in understanding local
mutant phenotypes. He also showed, by experiment, that unusual combinations
which do not exist anywhere in normal flies lead to ‘nonsense code words’ and
messy, abnormal patterns. Struhl argued that the BX-C genes do not act by
specifying individual elements in the pattern one-by-one, instead they work on
groups- of cells as a whole to influence their pathway of development.

However, there were two types of experiment that even Lewis did not do.
He did not do the detailed study of wildtype cell lineage that would have told
him that the ‘developmental pathways’ affected by BX-C mutations were in
particular sets of clones, in compartments (Chapter 4). Nor did he try a conven-
tional mutagenesis on the BX-C, collecting lethal alleles. This key experiment
was taken up by Ernesto Sanchez-Herrero and Morata and the results changed
and simplified the picture of the BX-C. They took flies carrying chromosomes
in which the entire BX-C and some adjacent genes are deleted and crossed
them to flies carrying chromosomes subjected to random mutagenesis.
Occasionally, the combination of the two chromosomes was lethal, implying a
new mutation in the region of the deletion. Many of these new mutations were
collected and mapped and their lethal phenotype in embryos and their viable
phenotype in clones of cells in the adult were studied. It became clear that
there are only three independent genes in the BX-C and that many of the
numerous genetic elements inferred by Lewis were due to lesions in the
regulatory regions of these few genes. Morata’s paper was too simplifying to
convince immediately, but it was made more palatable by the discovery at the
same time that there are just three homeoboxes in the BX-C, that is one for
each of the three genes Ubx, abd-A and Abd-B (Chapter 5).

. Morata’s view is now widely adopted, as is the acceptance that the three
BX-C genes are generally expressed and required in sets of parasegments rather
than segments. The first sign of this came when Morata and Steven Kerridge
made clones of adult leg cells that were homozygous for Ubx ™. These clones,
when made early in development, affected T2p, T3a, T3p and Ala, transforming
them to T1p, T2a, Tlp and T2a respectively. The effect of Ubx~ clones on T2p
came as a shock as it had been accepted that Ubx* was responsible for the T3
segment and had norole in the T2 segment. I was visiting the Morata laboratory at
the time and I remember looking down the microscope and greeting the result
with incredulity and hilarity. I took the view that the BX-C, which was already
impossibly complex, was in danger of becoming unintelligible and advised
Morata to quit the field before he was overwhelmed. Even Lewis was puzzled
and, on December 12, 1980, he wrote to Morata ‘I am at a loss to explain your
very interesting results’. -

The next step forward came when Struhl looked at flies in which the BX-C
had been split into two pieces, each piece.being on a different chromosome.
The flies developed normally, showing that the BX-C did not need to be intact
to work. He studied embryos that had only the leftmost part of the complex
and noticed that the embryos formed a chain of compartments T3p + Ala,
T3p + Ala and so on, and suggested that the ‘BX-C genes may normally act on
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segmental units extending from the middle of one segment to the middle of
the next.’ [22] A similar conclusion was drawn by Rob Denell and colleagues.
Using several criteria, Alfonso Martinez-Arias and I then proposed that these
segmental units were not only the modules of BX-C function but were actually
the archetypal segmental unit, that they were formed earlier, and had a more
fundamental role in building the fly, than segments. We called them para-
segments. Once it had been fully appreciated that all three BX-C genes reacted
to a parasegmental register, most of the confusion receded. This generalisation
has been amply confirmed by experiments with antibodies against the proteins
encoded by Ubx, abd-A and Abd-B — although there are minor complications
(see Chapter 5).

Cloning the BX-C was a major achievement, particularly as it was the first
Drosophila gene cloned ‘from the chromosome’ — without any prior knowledge
of the product. In order to clone this forbiddingly large stretch of DNA, David
Hogness’ group had to develop the method of ‘walking’ along the chromosome.
The cloning illuminated the genetics, for the regions that coded protein were
identified, introns mapped and the large cis regulatory regions recognised. It
then became possible to classify the mutations in- molecular terms — do they
damage coding or-regulatory regions, are they deletions or transpositions? The
result is that the bewildering variety of BX-C mutations now make more sense.
Cloning is also an essential prerequisite to making probes and antibodies for
the gene products and plotting their distribution in time and space.



The discovery of the homeobox

I am reliably informed that genetics and developmental biology are more fun
than experiments with molecular biology. While it is true that the information
gained from molecular biology can be very hard it is also the result of very hard
work. In spite of the technical advantages of Drosophila, cloning, identifying
and sequencing a gene can easily take up all of a PhD student’s 3 or 4 years.
The advantage of molecular biology is that the information can sometimes be
indisputable and sound — an example would be the sequence of a protein
(provided it had been done correctly!). However, rock solid data show up how
shallow our understanding of the subject is — consider how rarely a sequence
can be simply translated into an appreciation of exactly what the protein does.
Usually sequences, northerns and in situ hybridisations have to be interpreted
against the background of soft information on protein function, cell biology
and anatomy, as well as the numerous theories of pattern formation and
morphogenesis.

An exception is the homeobox, a sequence of 60 amino acids that picks out
a protein as being a DNA binding protein and the gene as controlling other
genes. In all cases so far analysed it appears that homeobox genes are responsible
for determining cell identity, in other words they are concerned with design,
with the developmental pathways followed by cells. The homeobox signa-
ture, which is identified by nucleic acid hybridisation on filters, and must
be confirmed by sequencing the candidate genes, has turned up in most
multicellular organisms.

The homeobox was discovered in two laboratories independently. At about
the same time (late 1982) each had cloned regions of the Antennapedia gene
(p. 128). Matthew Scott, who was at that time in Bloomington, Indiana, in the
laboratories of Thomas Kaufman and Barry Polisky, found that Antennapedia
cDNA clones hybridised to ftz, which Amy Wiener had identified and located
on their Antennapedia walk. Possibly influenced by Ed Lewis’ ideas, Scott had
requested cDNA clones from the Ubx gene from Welcome Bender and these
also hybridised with the cDNA clones that linked ftz and Antennapedia. Cross
hybridisations in themselves may not be very meaningful; it was known that
there are many species of DNA sequence that are repeated hundreds of times
in the genome. Therefore, Scott’s next step was to pare down the hybridising
piece, to sequence the DNA and then see if it represented a conserved stretch
of amino acids. Scott was working late at night: ‘My first sequences’ were not
very good, I scribbled the sequence I could read onto pieces of paper, translating
them in all frames. I colour coded the different types of amino acids to make it
easier. The most exciting moment of my time in science came when I found a
fragment of ftz sequence that matched a fragment of Antennapedia séquence’.
He compared all three sequences, ‘fixed all the frameshifts and worked out the
entire 60 amino acid region. Each sequence corrected the other and it was
obvious that most of the changes were in the third positions of codons.” This’
not only showed that the genes had a common conserved and therefore functional
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domain in their protein products, but proved that there were protein prodiucts.
At that time the uniqueness of homeotic genes had led many to suspect that
they might act as RNA, not protein. It seems absurd now, but homeotic genes
had only just been cloned and there was a great deal of genetic evidence that
these genes were very special.

In Basel, Switzerdand, in the laboratory of Walter Gehring, Rick Garber and
Atsushi Kuroiwa had isolated cDNAs from Anteanapgiidja; Bill McGinnis and
Michael Levine used these to see if there were portions conserved between
Drosopitilda medhnoggsterer and D. hydéi. There were. Although they feared that
the hybridisation meant little, they cut up the cDNA into smaller probes and
although much of the hybridisation was to a highly repeated sequence (the so-
called M or opa repeat), they found a small piece of 3' DNIA that only hybridised to
a few other fragments in the genome. In the spring of 1983 McGinnis and
Levine then joined up with Ernst Hafen and, in Levine’s woids, ‘Billy (MeGinnis),
Ernie (Hafen) and 1 feverishly screened genomic DNA libraries. We formed a
human chain, with Billy mixing phage stocks and bacteria, Ernie adding the
overlay and me pouring the coneoction onto agarose plates. 1 frequently missed
and henee the legend of our cloning the AllsHEB gene from phage plagues grown
directly o the beneh was born (and is true)’. Clones isolated in this way were
labelled and hybridised to pelytene chromosomes i siti: and to frozen sections
of embryos. Some hybridised to riear the BX-C and ANT-C and the embryo
sections developed in the summer of 1983 told Hafen and Levine that they had
isolated two mmore genes from the BX-C and Deftumedd from the ANT-C. As
MeQGinnis remembess, 'By then we were sure that the segquenee was net
fandemly distributed in the genome, and it aequired the homeobox tag.’

Meanwhile in the USA, Allen Langhon and Scott noticed that the sequence
shared features with DNIA binding proteins from bacteriophage, bacteria and
yeast, and pointed out that it could fold into a structure that could embrace the
DNA and might recognise the sequences of bases. A clever insight, which is
only now being proved correct.

Figure A1.7 Matthew Scott, 1981. Left to right: Emst Hafen, Mike Levine and Bill
McGinnis, 1982. Photographs courtesy of M. Scott and E. Hafen.
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Back in Switzerland, McGinnis and Levine were looking further afield:
‘Mike suggested we might as well test some worms, so my wife Nadine walked
to the local fisherman’s bait shop and got a variety of insects and segmented
worms. I had the DNA isolated even before we identified what species they
were (Nadine kept a few of them around feeding them on résti, pommes frites
and Lifesavers candy). I put in some vertebrate DNAs (calf thymus, Xenopus,
human) hoping for some cross hybridisation, but really thinking of them as
negative controls. When I pulled the first blot out, there were obviously some
strongly hybridising fragments in the human, frog and calf lanes. I was so
excited my hands were shaking, but most were sceptical about the result and I
was a bit disappointed.” However, McGinnis repeated the experiment success-
fully several times and people shelved their prejudices that invertebrates and
vertebrates had to be completely different.

The discovery of the homeobox was greeted with- great excitement.
Universalists liked it, because the conservation across the animal kingdom
suggested a commonality of mechanism. Geneticists liked it because, all along,
the master homeotic genes had been thought to control other genes and here
was concrete evidence that they might bind to DNA. For a time it seemed
that homeoboxes were present only in animals that were segmented, and
this, coupled with the homeotic (segment switching) characteristics of the
Antennapedia and bithorax complexes, spawned the idea that homeoboxes
were concerned with segmental identity. Since then, homeoboxes have been
found more widely and often turn up in genes concerned with determining the
state of cells, and some of these, such as the rough gene, are active in non-
segmental systems such as the eye.

The homeobox has been particularly valuable as a guiding light into the
vertebrate genome, and helped pick out a class of developmentally important
genes there. In vertebrates there have turned out to be several clusters of
homeobox-containing genes and some of these are strikingly homologous to
their insect counterparts such as the bithorax complex. Not only are the
sequences of the different elements in the vertebrate and insect gene clusters
comparable, but the order of those elements on the chromosome is conserved.
Moreover, the position of the anterior margin of expression in the body axis
(Ubx, parasegment 5; abd-A, parasegment 7; Abd-B, parasegment 10) and the
order on the chromosome correlate and this is also found in the vertebrates. In
chicks the hindbrain is divided up into lineage units — called thombomeres —
that share some features with insect parasegments. The borders of expression
of these homeobox genes in the vertebrates that show homology with the
Antennapedia and bithorax complexes are also conserved in order, so that the
most 3’ genes in both insects and vertebrates are expressed in the most anterior
segments, the most 5’ in the most posterior segments. This remarkable conser-
vation suggests that there may have been an ancestor common to flies and
humans and that the body plan of that ancestor survives in the hindbrain of
humans (the more anterior and posterior bits probably having been added on
later) and the parasegments of insects.
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Figure A1.8 Allan
Spradlting and Gerry Rubin
(nearest to camera ), 1990,
Photograph courtesy of

G. Rubin.

Transforming flies

For some people, genetic engineering is a threatening idea: there is an image of
evil men in white coats manipulating genes and producing a race of compliant
warriors. The facts do not allow realisation of such an image, not even in the
foreseeable future. Howewet, a limited form of genetic engineering is possible
in Drogopitilda and has already been exteaordinarily useful; it depends above all
on one patticular discovery made by Gerry Rubin and Allan Spradling. First I
describe the method: the aim of Rubin's and Spradling’s expetiments was o
obtain flies in which a chosen piece of DNA is inserted inte the chrommosomal
DNA. To do this you need a transposon oF vector to carry the DNIA. The ore
selected is known as a P element. The P element is derived from flies in the
wild and has the capacity to hop abeut ifi the genomme and there it eneodes the
necessary enzyme, a 'transposase’. Funectional transposase is only produeed in
the germ cells, and so if it is to hep ifito a ehremoseme it will de so only there.
The veetor is modified; it carries a willdtype marker gene s6 it ean be followed
and has restriction enzyme sites so that the chesen DNA ean be inserted. It
dees not carry its ewn transpesase, which is previded en separate 'helper’ DNA
named ‘wings elipped’ — a niee way of indicating it eannet jump itsellf abeut.

DNA of both the transposon and the helper is mixed and injected into the
posterior end of young eggs before the germ cells form. The helper DNA is

212111 RAI) —— T HELEESIISTORY



G1 generation

transcribed and translated to make transposase which returns to the nucleus
and helps the vector to integrate into the host chromosome. Occasionally (up
to about one-thiird of all eggs), one or more pole cells incorporate the transposon in
the DNA and so the flies that emerge from the injection (the GO generation)
carry the transformed chromosome in some of their eggs or sperm. In the case
of the witite2™ vector, wilitee~ hosts are used and the GO flies always have
white-collowied eyes. The next generation (G1) will contain a few red-eyed flies
and these carry the gene of interest (Figure AL.9).

Now to the history: the prospect of transforming flies was an enticing one
and scientists sought to find a way to do it as if they were searching for the
golden fleece. There were various attempts that first looked promising but
then did not fulfil expectations. One was by Allen Fox and Sel Yoon, who
attempted to lnduce transformation by injecting whole wildtype DNA into
mutant hosts. They used the vermilidon gene and were excited to find flies that
responded and had vermiliooh* eyes. The results did not look nearly as good
when they did the control experiment of injecting DNA from mutant donors
and got just as many revertant flies! Eventually it was found that the DNA, a
feasenably petent mutagen, was indueing mutations at a suppressor loeus —
and that these suppressed the vermilieon~ mutation.

There were two important parts of the discovery of the definitive method;
first, the realisation that in flies there are tramsposing elements that can jump
about; and second, the development of a practical technique to subvert them as
agents to carry DNA into the chramosome.

Bill Engels and Mel Green, influenced by the famous work of Barbara
McClintock on transposable elements in maize, had independently proposed

Figure A1.9 Summary of the transformation protocol using a plasmid carrying wiiiie".
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that transposable elements could be responsible in Drosophila for a phenomenon
called ‘hybrid dysgenesis’ — it had been observed that a large number of
mutations turned up when particular strains of wildtype flies were crossed.
Engels and Green suggested this could be due to special bits of DNA that are
released from the chromosomes of one strain, and subsequently reinsert else-
where in the DNA, occasionally causing mutations.

In June 1980, at the main Cold Spring Harbor Symposium, New York,
Rubin was waiting in line at the cafeteria with Engels and Margaret Kidwell
and he suggested to them that if mutants produced by hybrid dysgenesis were
cloned, one might actually find the elusive transposable element. Rubin and
Kidwell collaborated with Paul Bingham and were able to purify bits of P
elements from flies carrying suitable white mutations. Rubin realised, again
stimulated by McClintock’s results, that the P element proper should contain
a gene for the transposase but the bits they had found were too small for that.
So he looked for the complete P element by collecting appropriate pieces of
DNA from the P strain; he found that a larger element of 2.9 kilobases was
present in several copies.

Allan Spradling and Rubin used to talk a lot about science — good ideas
often come out of rambling conversations between the right people. Rubin
remembers: ‘Given the known ability of bacterial transposons to carry antibiotic
resistance genes around, as well as the trendiness of retroviral vectors for
mammalian cells, it was fairly obvious, even at that time, to consider the use
of P elements as vectors for gene transfer.’” Why not simply inject purified P
elements into embryos and hope they would hop about — but how would they
detect the hopping at a reasonable rate? Fortunately, Engels had found an
unusual mutation of the singed gene that was itself incredibly sensitive to
hybrid dysgenesis. As many as 50% of the flies coming from a dysgenic cross
showed a change at the singed locus; the mutation, singed”, therefore made a
responsive assay. Spradling injected their P element into singed" flies and had
to go through 6000 progeny before he found the first altered one — but he and
Rubin showed both by analysis of the DNA and by in situ hybridisation to the
chromosomes that the P element had inserted. They kept very quiet about
their exciting results: ‘We wanted to have evidence that would convince
even the most sceptical critic: there had been false claims of Drosophila
transformation in the past and we wanted to be sure.’

They also wanted the P element to carry another gene, and they chose the
rosy gene. It had been cloned and it looked small; they were fortunate that the
8 kilobase piece of DNA contained everything necessary for function. They
made a P element that contained that 8 kilobase piece. They then injected
this into rosy~ embryos and found rosy* flies in the Gl generation (see
Figure B2.1). ‘When we saw that each of these transformants carried a rosy
gene at a new site in the genome all doubts vanished and we announced our
results in a departmental seminar in February 1982.

As is abundantly illustrated in this book, transformed flies are very useful;
one can see if the gene inserted has enough DNA to rescue mutant stocks, and
thereby work out the size of the gene or indeed prove that the DNA you have
really is the right piece (p. 16). One can make several extra doses of the gene
to see if excess product affects the phenotype. One can mutate or delete parts
of the sequence of the gene in both controlling or coding regions to find which
bits matter. One can make hybrid genes where the promoter of one directs the
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expression of another (e.g. heat shock promoters, p. 56). The P element
technique is one of the key methods in molecular genetics. Already most
Drosophila workers make use of it and it will continue to be invaluable in the
future. Not many methods are so fruitful and-adaptable while being easy to

apply.
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