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1. Introduction

ne of the major goals of modern biology is to
Ounderstand how the complex body pattern of 2
plant or animal develops from a simple apparently
undifferentiated egg. All multicellular organisms
begin their life as a single cell which divides. These
division products sooner or later acquire some special
properties becanse of which different cells become
differently specialized, both structurally and function-
ally. It is remarkable that the pattern of specialization
that sets in at very specific time points in the history of
development of an organism is also spatially specific,
i.e., each cell in a developing embryo not only foilows
a time scale but also “knows” it location relative to
specific reference points (like the posterior and
anterior poles and dorsal or ventral sides). In 2 simple
analogy, the process of development and differentia-
tion can be compared 1o the construction of a building
from simple-locking raw materials: the construction
progresses in a very organized fashion according to the
“blue-print” prepared by an architect. In the case of
living organisms, this “blue-print” is expecied to be
inherited in every gemeration so that the specics-
specific form and functions are faithiully produced
every time a zygote begins its life. Obviously, this
“blue-print” is transmified through generations in the
form of biclogical informaation stored in genes,

Classical descriptive and experimental studies on
embryonic development in a variety of higher or-
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ganisms bad laid down the foundations of our under-
standing of the process of development and differentia-
tion but these studies in general failed to explain the
underlying causes and mechanism of embryonic
events. gince the process of development and dif-
ferentiation had to have a geneiic basis, it was the
genetic approach which permitied unraveling of
mysiery of the remarkably orchestered, reproducible
and species-specific pattern of development. It was
because of genetic studies with Drosophila that 2
remarkably dramatic progress has been made in
recent years in the field of developmental biology.
Mutants affecting differentiation of specific structures
of Drosophila were known for long. However, since
these mutanis in most cases affected adult structures,
their study did not provide deeper insight into
exbryonic processes. Specific search for mutants that
affect early embryonic developwient of Drosophila
proved extremely rewarding (Nusslein-Volhard and
Wieschaus, 1980; Nusslein-Volhard ef al, 1984; Jur-
gens ef af, 1984; Wieschaus et al, 1984; Schupbach
and Wieschaus, 1986) since they allowed a direct ap-
proach 1o the genetic determinanis of embryonic
development. The genetic approach, combined with
the power of molecular biclogical and recombinant
DNA technique has made the subject of developmental
biology all the more exciting. As a result of these
studies, we now know a lot about the genetics of
development, molecular nature of substances and the
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mechanisis involved in determining body pattern.
This article presents an overview of the genes and their

functions that transform a fertilized egg of the fruit fly .

into an organised larva,

The body of an adult fly, (like most other insects) is
metameric, meaning that it is made up of a linear array
of serially repeated segments. A newly haiched larva
hardly appears tc have the same structure as an aduli
does. However, a closer look at its ventral cuticle

reveals that it has the same number and linear arrange-
ment of segments (Fig. 1). Each larval segment is
easily distinguished (by iis pattern of chitinous teeth)
and differentiates into specific adult structures depend-
ing upon their position.

A

Fig 1. Diagrammatic representation of body organization in
larva and adult of Drasophila. Both are made up of a linearly

- arranged series of repeated units or segments. The three
thoracic (T1 —T3) and cight abdominal (A - Ag) segments in
larva and adult are indicated.

2. Early Drosophila Development

A fertilized female lays an egg that is 0.5 mm long and
6.2 mm wide. Externally, the egg has distinct anterior
snd posierior poles, dorsal and ventral surfaces.
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Within 1.5 hours of syngamy ﬂi@ nucleus undergoes
nine very rapid and synchronous divisions following
which they migrate towards the egg surface. The syn-
citial embryo at this stage is composed of a single layer
of cortically located muclei of uniform appearance.
The only morphologically distinct nuclei at this stage
are the “pole cells” located at the posterior pole. These
pole cells are precursors of the future germ cells, The
cortical nuclei undergo another four rounds of
divisions after which (at about three hours of develop-
ment) the egg membrane furrows in between adjacent
nuclei to delimit individual cells. This transforms the
syncitial blastoderm into a cellular blastoderm.

In spite of the overt uniformity of the blastoderm
cells, they differ in their developmental fates. This
was demonsirated by transplantation and cell ablation
experiments in which nuclei or cells from one part of
the embryo were transplanted to another, or specific
nuclei were selectively killed and the resulting pat-
terns examined (Lobs — Schardin et ol 1979; Har-
tenstein ef gl 1985). Nuclei transplanted before the
cellular blastoderm stage assume the fate of cells sur-
rounding their site of ransplantation. On the contrary,
blastoderm cells retain their original fate irrespective
of their transplantation site. This made it clear that thé
fate of a cell was a function of its position on the
blastoderm. However, the fate of the progeny of a cell
is refined sequentially as new cells are formed, The
entire basic body plan is thus established at the cellular
blastoderm stage which is subsequently elaborated. -

Soou after the blastoderm is formed the process of
gastrulation follows. At this stage the identical blas-
toderm cells begin to show signs of differentiation.
Cells along the veniral mid-line invaginate into a
ventral furrow. Soon the cephalic and dorsal mid gut
invaginations also occur. These furrows form internal-
ized cell pools that eveniually give rise to the en-
doderm and mesoderm. By 6 hours the outer
ectoderm, termed the germ band, is fully extended and
the first morphological signs of segmentation become
visible. The three gnathal, three thoracic and about
nine abdominal segments become demarcated by
grooves. The grooves however demarcate ﬁaraseg—
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ments and not segments (see section 5). When the
germ band is fully extended, the last paraseg  entis on
the dorsal surface just behind the bead. Between 7and
9 hours, the germ band rewacts so that the posterior
most parasegment is finally brought to the posterior
pole of the embryo. Several other differentiation
events occur till the larva hatches ocut at 24 houss.
Ultimately each larval segment gives rise to its cor-
responding adult segment.

3. The segmented body structure is generated in
two steps

The generation and diversification of embryonic seg-
ments occurs sequentially in two steps during early
development. Initially, the global featurcs of the egg
along the anterior-posterior and dorso-ventral axes are
decided. This is followed by subdivision of the
embryo into the correct number, order and polarity of
segmenis.

To understand how body pattern develops, we can

begin by asking some questions suck as: How are the

A

Fig, 2. Cuticular preparations

of wild type (A) and some pair-rule mutant (B-E) emrys to demonstrate normal and mutated
segmentation patterns. Three thoracic (T to T3) and eight abdominal (Al to A8) denticle bands are seen as bright rows in a fuily

prims. , body axes determined? How is this body axis
converted 1o 2 segmented situation and how the seg-
ments acquire their appropriate identity?

Answers to these guestions have been oblained by
studying mutations that affect embryonic body pattern.
Such mutations are usually lethal at the embryonic
stage. The effect of the mutations can be casily studied
by locking at cuticle of the dead embryos (see Fig. 2)
or by observing embryogenesis. Careful cbservation
and analysis of the mutants can lead to an assessment
of the function of the wild type allele. An exhaustive
screening of the Drosophila genome for all kinds of
mutants for body patterning has been conducted by
several workers (Nusslein-Volhard and Wieschaus,
1980; Nusslein-Volbard e al, 1984; Jurgens ef al,
1984; Wieschaus ef al, 1984; Schupbach and Wies-
chaus, 1986}

In general, mutants affecting embryonic develop-
ment can be classified into one of the three categories.
The first kind (maternal effect co-ordinate genes) has
a global effect on the embryo and influences almost

developed wild type embryo {A). In the pair-rule mutant embryos, alternate bands of denticles are not formed: in the case of runt (B)
and fushi tarazu (C) the odd-numbered abdominal belts and T2 are deleted while in the case of hairy (D) and even-skipped (E) the
even numbered abdominal belts and thoracic belts T1 and T2 are lost (Figure reproduced with permission from Ingham and Gergen,

1988).
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every region. The products of such genes are ex-
pressed maternally during oogenesis. Very ofien their
products are made in the ngse cells (that surround the
growing ococyte within an pvarian follicle) and are
exported to the oocyte. They are usually distributed
over large areas of the egg cytoplasm in gradients and
thereby specify anterior-posterior and dorso-ventral
body axes of the embryo during early development
(see Section 4).

The second category of genes (segmentation genes)
affects either the number or polarity of the body segmenis
(see Fig. 3) without altering the overt polarity of the egg.
These genes are expressed after ferfilization. Both by
genetic and molecular methods it has been shown that
the maternal gene products contrel the activity of these
segmentation genes (see Section 5.

The third category of genes { ¢ gewnes) ser
ves fo impart identity fo the seg: and have no
effect on the body axes, segment number or polarity.
Mutations in these genes convert one body segmeni
into another (see Section 6). These are controlled by
the maternal and segmentation genes. The activities ol
these three groups of genes follow 2 cascade: each step
controlling the next which claborates the pattern laid
by tke previous set of genes.

A major contribution to the understanding of genes
affecting early embryonic development was the use of
techniques 1o localize the transcriptional and/or trans-
Iational products of these genes to specific cells insity.
during embryonic development. Specific transcripls
can be localized in cells by in sifu hybridization of 4
Iabelied cloned probe to RNA in cytological or his-

CLASS OF GENES

GAP GENRES

hunchback
Eruppel
Enirps

PAIR RULE QMR

runt

hairy

fez
even-skipped
paired

odd paired

SEGHENT POLARITY
GEHES

engraiied
wingless
Bovseberry

EFFECTS OF MOTATION ON SEGMENTATION TIME OF ACTION
___________ > ‘
Adjacent scgsents : o« 11
alssing 4 divisionsg
Some part of 13-12
patiern deleted divisions
in every other
segaent >
Segpents replaced 13
by mirror images divisit_ms
mesmmeemeees

Fig. 3. Diagrammatic representation of effects of muiation in the three classes of segmentation genes on embryonic phenotypes.
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tological preparations so that only those cells. which
contain those specific transcripts show the label (sze
Fig. 4). Translational products of specific genes can
also be localized in cells by immunocytochemical
staining techuigues in which antibodies to the specific
proteins (produced by ihe gene in question) are used.
Thus a combination of genetic (identification of the
mutant genes), recombinant DNA (cloning of the iden-
tified gene) and molecular cell biclogical (in situ
localization of transcripts and/or translational producis
in cells/tissues) techniques has become a very popular
and rewarding approach in such studies.

4. Maternal Genes and the Global Organisation
of the Embryo

By the time the egg is laid, the activities of certain
maternal genes establish gradients of their products
along the antero-posterior and dorso-ventral body axes
of future embryo. These maternally acting genes have
been divided into three groups (Table 1) depending
upon their effects. The genes bicoid and nanos lay
down the earliest protein gradient patierns in the
anterior and posterior halves, respectively, while a
gradient of the dorsal gene product decides the dorso-
ventral pattern (see Figs. 5 and 6). The remaining

[ hairy
L = R B R W e 9 riing
= = - L o e L | even skipped

fushi rarazu

Fig. 4. Expression of different pair-rule genes in spatially distinet sub-set of cells along antero-posterior axis of cellularizing
blastoderm embryo of D. melanogastér as detected by in situ hybridization of radioactively labelled gene probes (A, runt, B, hairy C,
fuski tarazu and D, even skipped) to cellular RNA in histological (longitudinal) sections of stage 14 (cellularizing blastoderm)
embryos: the dense clusters of silver grains, arranged in 7 or 8 stripes, reveal the cells which contain specific pair rule gene transcripts
(only the dorsal and veniral margins of otherwise continuous siripes can be seen in these sections of embryos). The relationship of the
four transcriptional domains in late stage 14 embryos is shown in E. It may be noied that adjacent subsets of cells (anterior to
posterior) express different combinations of pair rule genes; this resuls from the earlier expression of different gap genes in different
regions; the different combinations of pair rule gene expression in turn would activate different seis of segment polarity genes at a
later stage (Figure reproduced with permission from Ingham and Gergen, 1588).
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genes in the group serve to spatially @i‘ganize and hard, 1986). Its mRNA is made in nurse cells, ex

activate these gradients.

¥

Fig. 5. Diagrammatic representation of the anterior and
posterior morphogenic gradients in Drosophila egg. By 2.5
hours, the bed protein gets distributed in a gradient from the
anterior tip to about 50% egg length. Likewise, the nanos
protein is also presumed to forin a gradient on the posterior
end.
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Fig. 6. Dorsal-ventral fate map of the blastoderm of
Dresophila as seen from side {3) or in a cross section at 50%
egg length (b). By the 10th cleavage division, the dorsal
protein gets intra-nuclearly distributed in a ventro-dorsal
gradient: seen from side in ¢ and in a cross section in d.

4.1 The Anterior centre is Organised by a Gradient
of the Bicoid Protein

The bicoid (bed) gene was ideutified by lethal muta-
tions which lead to loss of embryonic head and
thotacic structures (Frohnboffor and Nusslein-Vol-
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ported and localized in the anterior pole of the develop
ing oocyte. Afier egg deposition, around the time of
7th nuclear division it is translated and the bicoid
protein diffuses posteriorly to form a concentration
gradient over half the egg length (Driever and Nusslein
Volhard, 1988; see Figs. 5 and 7). The swallow and
exuperantia genes serve to trap the bed mRNA, main
tain its localization and gradient distxibution. The bed
protein has morphogenic properties. Transplantation
of the bed containing cytoplasim to an ectopic sile
induces head and thorax structure there. This inducing
ability is proportional to concentration of the bed
protein (Frohnhoffor and Nusslein-Volhard, 1986). §

_is in fact a concentration dependent transcriptional

regulator of segmentation genes (Driever ef al 1989,
Strubl et al 1989) The deduced amino acid sequence
of bed contains a homeobox (Berleth et al 1988; sec
section 6 for homeobox). Migrating blastoderm nuclet
come in contact with different levels of bed protein i
the cytoplasm and react by turning on the transcription
of the two gap segmentation genes hunchback (hb) and
Kruppél (Kr) around the 10-11th mitotic division. /i
is expressed in two domains spanning the anterior 50%
and posterior 25% of the egg, while Kr is expressed in
a sinigle band in the centre of the egg. Thus a simple
graded pattern of bed protein distribution is trans
formed into a broadly subdivided embryo by ib and
Kr. (Fig. 7).

4.2 The Posterior Centre is Organised by the
Product of Nanos

Proper organization of the posteriotr cenire of the
embryo requires activity of at least eleven genes (Tabl
1). Mutation in any one of them leads to absence ¢
abdominal segments. The nanos (nos) gene appears
to play the key role of a morphogen and exerts a long
range effect over the posterior half. The other genes
are involved in expott, localization and stabilization o}
nanos gene product.

The nos transcript is made in nurse cells and ex
ported to the posterior pole of the oocyte with the help
of Bic D (Sutet er al, 1989) The vasa product helps to
stabilize and activate the nos signal (Struhl et al 1989).
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Table 1. Genes that control body segement pattern during early
embryogenesis in Drosophiia

CLASS SUB-CLASS GENES

{

Expression Pattern

Gene Calegory

Materfial

111

Pair nile 142

Segment
Polarty

Fig. 7. Sequential activation of genes involved 1 organiza-
tion of the 14 parasegments in Drosophila embryo: starting
with the maternally determined antero-posterior gradients of
motphogens, activities of different gap genes demarcaie 4
zones which are refined by pair rule gewes 1o identily seven
stripes of differently determined nuelel along the untero-
posterior axis of embryo; consequential activation of dif-
ferent subsets of sepment polanty genes along the

. antero-posterior axis leads o generstion ol the 19 paraseg-
ments from these 7 stripes.

Afier egg laying, nos is ransporied from the posterior
pole of embryo to a more anterior region probably with
the help. of pumilio and thus establishes a posterior
concentration gradient. The precise interaction among
the posterior group genes is-still to be elucidated.
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Time of action
tedr-divisian)

Maternal Agiterior bicoid, exuperantia, swallow

Posterior nanos, iudor,‘staufen, vasa,
oskar, pumilio, valais, spire,
caundal, Bic-C, Bie-D
dorsal, Toll, easter, snake,
pipe, nudel, gastrulation,
defective, tube, spaizle,
pelle, wind beutel

Dorso-ventral

Zygotic
Segmentation

Gap hunchback, kruppel, knirps

Pair rule hairy, runt, even skipped,
odd skipped, odd paired,
sloppy paired, paired, fushi

tatazi

wingless, engrailed,
gousebetry, patched, fused,
tedgehog, armadillo,
cubitus-interruptus

Polarity

antero-bithorax, bithorax,
bithoraxoid, post-bithorax,
Ultra-bithorax, infra-ab-
dominal2 (iab2), {ab3, iabd,
iab$, iab6, iab7, iab8

Antp, Sexcombs reduced,
Deformed, proboscipedia

Bithorax
complex

Homestic

Antennapaedia
complex

The nos product later activaies transcription of the
zygotic gap sepment gene knirps in two domains (on
either side of Kruppel), by inactivating its repressor
(Hulskarap et al 1989, lrish et al 1989, Strubi et al
1989). Thus the maternally deposited gradients of bed
and nos lead 1o a subdivision of the embryo into 4
broad subdivisions (Fig. 7).

4.3 Dorso-Veniral Polarity of the Embryo is laid by
¢ Gradient of the Dorsal Gene Product

A fundamental difference between the patierns along
the antero-posterior and dorso-ventral axes is that the
latter does not have repeated units. The cells along the
dorso-ventral axis represent 2 non repeated series of
unigue cell types belonging to the ventral mid line,
ventro lateral, dorso lateral and dorsal mid line,

Functions of eleven maternal genes are required
between the time of fertilization and formation of cel-
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lular blastoderm for proper dorso-ventral polarity.
Null mutations (mutant alleles which do not make any
product) in any of these leads to conversion of ventral
into dorsal structures. However, injection of wild
types cytoplasm into mutant embryos rescues normal
veniral structures (Anderson and Nusslein Volhard,
1984). The products of these genes are therefore re-
quired in normal veniral structure differentiation. On
the basis of cytoplasmic rescue experiments it was
proposed (Anderson ef el 1985) that interaction among
10 of these genes was responsible for formation of a
ventral to dorsal gradient of the dorsal gene product
(Fig. 6). Cytoplasmic transplantation experiments
suggest that the ‘Toll* product decides the ventral point
of the axis. Presently available information indicates
that the dorsal gene represents the last step in the
interaction among all the dorsal group genes, and its
protein has morphogenic properties (Steward, 1989,
Roth et al, 1989).

The dorsal mRNA is synthesized in nurse cells,
exported to the cocyte and is uniformly distributed in
the newly fertilized egg (Steward et ar, 1988;

(Steward, 1987). By the 9th milotic division of the

blastoderm nuclei the mRMNA is translated and the
protein continues to be uniformly distributed in the
cytoplasm. Afier the 9th division the protein is rans-
located into nuclei at the veniral side but it continues to
remain in the cyioplasm at the dorsal side, thus form-
ing a ventral to dorsal nuclear gradient (Fig. 6,
Steward, 1989). The dorsal protein is structurally
similar 1o the eukaryotic transcription factor NF-KB
(Leonardo & Baltimore, 1989) and serves to activate
‘transcription of several zygotic genes in a position
specific manner along the dorso ventral axis.

5. Segmentation Genes Respond to Maternal
Gradients and Subdivide the Embryo into
14 Parasegments in three Steps

We have seen how gradients of maternally produced
gene products are esiablished across the embryonic
axes around the time of nuclear migration. This con-
tinuous graded information is converted by region
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specific expression of zygotic segmentation genes firsi
into four, then 7 and finally 14 para segments.

As discussed in section 2, the adult fly and mature
larva are made up of a linear series of segments. Wy
shall concern ourselves with the three thoracic (T1,72
and T3) and eight abdominal segments (Al to A8).
The earliest signs of the segmentation process are
visible in a2 6 hour embryo. The shallow groove.
separating each of these early “segments” aciually rep.
resent the mid points of each larval segment and arg
called parasegments. FEach parasegment consists of
the posterior half of a segment and the anterior half of
the next segment. For example, the larval segment 11
is formed from parts of parasegment 3 and 4; T2 from
parasegment 4 and 5 and so on. There are 14 such
parasegments along the length of the embryo.

The generation of parasegments involves about 20
genes. (Table 1) These were identified by mutation:
which can be classified into three groups (see Fig. 1)
on the basis of the size of the segment unit that ihm§
affect:

1. Gap gemes - Mujants in these genes affed!
several adjacent segments. Major genes in this group
are hunchback, Kruppel and knirps.

2. Pair rule genes - Mutants in these genes dele
every alternate parasegment. There are two kinds ol
pair rule mutants affecting either odd or even num
bered perasegments. The major pair rule genes an
hairy, runt, fushitarazu, odd paired, even skipped and
paired.

3. Polarity genes - Mutants in these genes delete
parts of the posterior compartment of every segmeul
and replace it with a a mirror image duplicate of the
anterior compartment. Some of the polarity genes ar
wingless, engra:led and gooseberry.

The gap genes are the first to be transcribed (around
10-11th mitotic division) in response to bed and noy
gradients. This leads to primary subdivision of ihe
embryo into 4 broad domains. The proieins encoded
by them have zinc-finger DNA binding' regions
{Rosenberg et al 1986; Tautz et i 1987) and regulak
expression of their own and of the pair rule genes
which are activated as the next step in segmentation.
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The primary pair rule genes hairy and rumt are
expressed initially in a uwniform manner around the
12th nuclear division. After the 13th division but
before cellularization, rumt and hairy expression ap-
pears in two complementary series of seven siripes
along the embryonic length (Ingham er al, 1985; see
Fig. 4). This serves as a trigger for the refinement of
spatial expression of the next group of pair rule genes
Jushi tarazi and even skipped. The fiz and eve
transcripts are made during early blastoderm and
gastrula in 7 alternate stripes of 4 cell width, (Hafen er
al 1984) The fiz stripes correspond to even numbered
parasegments 4, 6, 8, 10 etc. Mutations in fiz and eve
genes result in loss of even and odd parasegments
respectively.

Different pair rule genes are expressed sequentially
over a period of thirty minutes in overlapping stripes
(see Fig. 4). As a consequence of this, each strip of 4
cells expresses different combinations of pair rule
genes. These siripes serve as a new reference point for
elaboration within eack parasegment by polarity
genes. In particular, the fiz and eve genes encode
homeocdomain containing proteins thatact as transcrip-
tional activators of segment polarity genes engrailed
and wingless.

The engrailed transcript accumulates in single cell
siripes at the posterior edge of every parasegment (see fig
1, p 178 showing expression of engrailed promoter in
regions corresponding to the posterior compariment of
wing), while wingless accumulaies at the anterior edge
{(Ingham et al, 1988) to determine the correct anterior and
posterior limits of every parasegment,

The segmentation genes thus define the number and
polarity of each parasegment in the embryo. The stage
is now set for imposing unique identities o each
parasegment. This is achicved by the activity of
homeotic genes.

6. Homeotic Genes Specity the Identity of
Parasegments

Homeotic genes are classically defined by their mmutant
phenotypes which transform one segment into another.
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The mutant bithorax for example transforms part of the
haltere (haltere is the second pair of wings which is
normally not developed in dipteran files) into the wing.
The homeotic genes fall into two major and complex
groups—ihe Antennapaedia complex (Ant-C) and
Bithorax complex (Bx-C), eack containing several
complementation groups (functionally distinct genes).
These genes are activated in response 1o gap, pair rule
and some maternal regulatory genes. The Bx-C genes:
define identity of body segments beginning from
posterior T2 to A8 and genes of the Ami-C define
segmenis anterior t¢ T2 (see Fig. 8).

Each of the genes of the Bx-C defines one paraseg-
ment. The left to right order of genes on the genetic
map of Bx-C corresponds to the order of the segmenits
(T2 1o AB) that they affect. Thus, moving from left to
the right of the Bx-C, each recessive mutant usually
affects segments T2 down the fly to' A8. A working
maodel for the mechanism of Bx-C function supposes
that every segment sequentially requires an additional
Bx-C gene function over its previous ome. The AZ
segment therefore requires of expression all the Bx-C
genes in conitrast to T2 (anterior) which requires none
of them (Lewis. 1978; Fig. 9). In other words, anterior
cells in T2 acquire their identity because none of the
Bx-C genes express in those while the cells in A8
know that they are AB cells due to expression of all the
Bx-C genes in them.

The cluster of genes of the Ant-C complex also
show colinearity hetween gene order and their position
of expression in the body (see Fig. (8). Among
mulants in this complex locus are alleles which change

anlenna into legs or second and third leg into first leg
(Scots, 1987).

The transcription patierns of the Bx-C and Ant-C
genes correspond {o the positions of segments affected
by their noll mutants. It appears from this that cells
learn their identities from the activities of homeotic
genes within them (Akam, 1983; Levine et al, 1984).
The homeotic genes can therefore be regarded as
regulators of development within an. Detween seg-
ments.
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One unifying theme among homeotic (and some

segmentation) genes is that they contain a 180 bp

sequence of DNA called the homeobox which encodes
a highly conserved 60 amino acid sequence, the
homeodomain (Levine et al, 1983). This is a DNA
binding domain and functions to regulate the transcrip-

ab pb DK Sr

differentiation.

tion of the other genes that lead to segment specifi

Conclusions

The general principle that emerges from the above i
that there are three groups of genes that control bods

abd-A abd-B
St 1

Ubx

Antp

=
Ant-C

Fig, 8, Correlation of the functional domains in the adult fly with genetic map of the homeotic genes of the Antennapedia {Ant-C})
and Bithorax (Bx-C) complexes. The order of individual genes on the genetic map of each complex locus is strictly colinear with the
metameric domains they specify during development. The Ane-C complex includes labial (lab), proboscipedia (pb), Deformed (Dfd),
Sex-combs reduced (Scr) and Antenmapedia {Antp) genes while the Bx-C complex includes three protein-coding regions, viz.,
Ultrabithorax (Ubx), Abdominal-A (Abd-A) snd Abdominal-B {Abd-B). The Ubx, Abd-A and Abd-B are further subdivided into
several mutational sites on the basis of effects of each mutation (see Fig. 9). While the Ans-C region spans about 103 kilobases (kb)
DNA, the Bx-C region is more than 300kb long. (Figure redrawn after Dessain and McGinnis, 1991).
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segmentiation during early development. It is also
clear that specification of a given body segment cannot
be correlated with a single segmentation gene. Actual-

Iy each of the segmentation genes is expressed in cells -

which have very different fates. Thus a question that
arises is : how do these genes really determine specific
fates of cells according to their locations in the
embryo? The answer perhaps lies in the fact that the
combination of segmentation genes that is sequentially
expressed in a given cell type is unique to that cell
type. Since all of the segmentation genes appear 10
code for transcription factors (proteins that bind to
specific gene promoters to regulate their expression),
specific combination of these transcription faciors that

thus becomes available in a cell activates and/or
represses a specific set of genes in a cascade. This

_ cascade regulates other target genes to make specific

structural proteins which drive the cell along & specific
developmental pathway.

Analogous studies on widely unrelated organisms
such as mice, frogs, nematode worm (Cenorhabditis
elegans) and yeast are revealing that these organisms
also follow similar rules of development. Many of the
segmentation and homeotic genes of Drosophila have
been shown to have their counterparts (homologous
genes) in diverse organisms and to have similar uses in
development. Future prospects for solving mysteries
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Fig, 9. Model for position specific activation of successive loci in the Br-C region: the Br-C region defines different thoracic and
abdominal segments by recruiting activity of successive loci in the region to distinguish each segment from the anterior segment. A
+ in the diagram indicates requirement of activity of the given locus in a segment.
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of body organisation in a wide range of organisms
along the lines of the lessons learnt from fruit fly
development are therefore excellent. An under-
standing of the genetic regulation during early
embryonic development has also made it clear that
such cascades of gene regulation (one set of genes
regulating the next set which in turn regulates another
set and so on) are not unique to early development but
operate all the time in every cell. . This interaction of
genes within and between cells is the key to in-
dividuality of every ccll in a body. Interestingly, it is
this individuality of every cell that generates more
such cascades and results in a wholesome coordinated
body organization so characteristic of living systems.
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If an engincer were asked, starting from scratch, o manufacture a frog, it seems unlikely that he would first-
design such a swimming precursor as a tadpole and transform it later to a land animal. If he were asked to

build a buman baby, there is little chance that he would go through an embryonic stage with the gill slits and

the complicated pattern of circulation that persists up to the adult stage of fishes.

In contrast to the engineer, evolution does not produce innovations from scraich. It works on what already
exists, either transforming a system to give it a new function or combining several systems to produce a more
complex one. The way evolution proceeds has no analogy with any aspect of human behaviour. If one wanted
to use 2 comparison, however, one would have to say that this process resembles, not engineering, but
tinkering, bricolage, as it is called in French. While the engineer’s work relies on his having the raw materials
and the tools that exactly fit his project, the tinkerer manages with odds and ends. Ofien without even
knowing what he is going to produce, he uses whatever he finds around him, old carboard, pieces of siring,
fragments of wood or meial, 1o make some kind of workable object. 'What the tinkerer ultimately produces is
often related 1o no special project. It merely results from a series of contingent events, from all the
opportunities he has had to enrich his stocks with leftovers. When evolution turns 2 leg into a wing or a part
of jaw into a piece of ear, il behaves somewhat like a tinkerer who makes a fan out of an old ‘car wheel or a
book case out of an old table. In a way, evolution proceeds like a tinkerer who, during millions of years, has
slowly modified his products, retouching, cuiting, lengthening, using all opportunities to transform and create.

(Source: Molecular tinkering in evolution by Francois Jacob)
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