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RN . 'ABSTRACT ' e
In the development of Drosophi/a me/anogaster. the imagina ~ -+ + ~ch give
rise to the adult exoskeleton must make developmental commitmenr® . ]

known as "determination’ It has been suggested that determination 1s = m/

combinatorially by the st;tes ot a series of genetic loci ¢ elector genes of which
each is switched on or off in a gven cell e in a manner dependent upon position In

stage in deveioprggnt Such systems are thought to

the embryo or disc at a

©

enomenon of progressive compartmentalization as detgcted by cional
analysis Somatic clones induced as early as the cellular blastoderm stage already define
hoMmologous anterior and posterior compartments in the thoracic discs The phenotypes
df bithorax and postbithorax mutants suggest that these loc! are somehow involved in
anternfr and p’_ostenor compartment specific patternsg of’determmatlon n the metathorax
Hence. according to the selector gene model. the heritability of the determined state in
this segment might require the heritable activation of these loc: at biastoderm stage
Compartmental commitments are apparen® lost when disc fragments duplicate or
regenerate. To test for heritability of the met‘at'horac:c determined states under these
circumstances pattern duphcations were induced in bithorax or
postbithorax-transformed third leg discs and in wild-type controls using a
temperature-sensutlve cell lethal system in bishgrax duplicated legs. transformation of
the entire duplicate was sometimes observed.LCe!l lineage analysis of .these duplicates
demmmm;ﬁério'r bithorax-transformed celis could contribute to both
mesothoracic and metathoracic posteriorduplicate compartments The results suggest
that (1) bithorax: i§ requ'irod in the estabiishment of the posterior metathoracic state in
the duplicate by activation of postbithorax-: (2) celis, regardiess of their compartmental
origin, make a co-ordinated determinative decision in the duplication blastema which is
influenced by the allelic state of bithorax locus, in interaction with the positional

infogmation system in the blastema: (3) The determinative distinction between masothorax

!
and metathorax is encoded 9y the bithorax locus itself rather than by a separate iocus as
‘would be the case according to a combinatorial binary switch model . - . - .

R
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I. INTRODUCTION = .

s L3 = =

The Drosophil/a adult integument 15 formed frr::rﬁ nests of cells known as the *

nrnagmal digcs and abdcmm?l histoblasts Each rmagmal disc gives rise at metamarphains
to a partn:ular part of the cuticular surface which contans cuticular elements such as
bristies, hsirs and sens.lla in an highly ordered spatial arrangement. These discs are first
histologually ewdent as mvagmat@ﬁs in the epithelium of the late embryo (Laugg 1867 or

early larva (Auafbach 1935) They each develop as a single layer of cells attacheg.to e

| body wall by a stalk and have no apparent function thraught::utv larval developmant
earn Rice. Garen and Gehring. 197 1) '

. The number of progenitor cells that form an imaginal disc is small Using
gynandromorph analysis. the numbet of progeniter cells gwving rise 1o an imaginal disc has
been estimated as the reciprocal of the smallest fraction of genetically labelled XO (male)
or XX (female) mosaic tissuie marking 2 structure (Patterson and Stone 1938 Stern.
1968 see Hall Gelbart and Kankel. 1976, and Jaﬁﬁihg,: 1978 for feview) The estimation
for various discs ranges from 2-40 Eells.(Nathiger 1972, Madhaven and Schneiderman,
1977 for review). Direct cell counts usn?g?hnst:ﬂagu;a! appraas:h on nawly hatched
iarvae (Mldtuvaﬁ and Schneiderman, 1977 yiekd approximately the same range of
numbers of progenitor cells for different discs.

As estimated from the frequency and size of x-ray induced somatic cross—over
clones. the first detectable jncrease in cell number for dif ferent Imaginal discs appesrs to
take place towards the end of the first nstar The disc ::ells then continue to duvndé
exponentially during the remainder of larval life. At pépaﬁat@n, aésch imaginal disc
evaginates and secretes first pupal and then adult cuticle

Since each kind of disc has its own characteristic shape. size and morphology and
© adult fate, each must have acquired a different set of deveiopmental instructions during
ﬂEvElépFﬂéﬁt- We can conceive of two important steps in the developmant of an imaginal
disc These are "determination’ and 'differentistion’ The term determination has been
defined as "a process which initiates a specific pathway of gevglapmgnt by smglmg it out
from among various pcss:b:htnes for which a c:allular system is competent” (Hadorn.

1965) In other words. 1t Is a devalapmental commitrment made by a celiular system to
follow a particular developmental ﬁatﬁway‘]t has been found however that the

: o,



e
comrmtments made by the disc cells may aither be heritable or non—heritable For
nstance, the decision to be a parncular disc 1s heritable but the decision to form a certain
part of a d:sc such as a particular bristie 1s non—heritable So that the term determination
may be reserved for the heritabie commitment, Bryant 1 1974) coined the term
"specification” to refer to the process that gives rise to the spatial patte.rn within an
imaginal disc. Let us first consider the origin and nature of heritable determinative
commitments

One way to assess the determinétivé status of an imagihal disc at a particular time
Is 10 look at the structures dif ferentiated by isolated fragments cultured unti!
metamorphosis 1N .an abnormal location in a host The ideal assay would be to take single
genetically marked donor cells (imaginal or embryonic) and transplant them to different
locations in a wild-type host where they would be allowed to proliferate until
metamorphosis If the outcome at a different location were always as expected for the
normal positbon,'one couid conclude that the donor cells were aiready heritably
determined at the time of transplantation. However, if a diffgrent result were obtained,
one coutd not then conclude that the cells were not committed at the ti.me of =
impiantation, as.a new- determined statué might have beon omposod as a result of the new
surroundings. One could only conclude that any earlier commitments were non-heritable

- under these conditions.

(N

Since |t is rather difficult to manipulate and culture single celis in this way, Iarger
fragments have generally been used in exper:ments descrubed to date to test for
determunation. Another way of assessing determination which overcomes thas technical
problem 15 to labe! single celis genetically at known stages of development using the
somatic recombination techmque (Stern, 1836. 1968; Becker, 1957) and to look for

‘clonal restrictions mn development’al potential at metamorphosis. The rationale is that if a
particular iabelied cell were.committed to for‘m a particula; strycture at the time of .
iabelling, all its progeny would be confined to that structure at metamorphoéis. if the cell
were not so defarmmed. one might be able to find some of its descendants marking -
other structures also. o ' o

Using techniques of these kinds. it has been fognd that the determination

processes of imaginal disc cells occur in a stepwise fashion Chan and Gehring (187 1)



dissociated anterior or postarior halves éf genetically marked embryos at the blastoderm
stage into single cells and then mixed them with cells from wild-type whole embryos.
. After reaggregation, the cell mixtures wgie cultured n fertiized adult fernale &ax;;ﬁuns
where the cells proliferate They then recoverad the implants and tréﬁsplzﬁtgd tham into
late third instar larvae where they metamorphosed with the hﬁStS it was observed that
fhe anterior and posterior celiular blastoderm cells were already committed to
differentiate aither anterior or posterior structures Therr results do not tell us h@wevsr
that the' maginal discs are sready separataly deterrﬁfud at this stage llimensee (1976)
transplantedsingle genetically marked cells from bilastoderm stage nto hosts of the same
age. He found that at mt-ﬂarphas:s ifhe kind of imagmal disc structures formed were
dependent upon the location of origin of the donor celis regarc;lless of the location in the
hosts where the cells were transpisnted The rekuits are therefore in agreement with the
idea that cellular biastoderm cells are aiready determined to form specific discs
With the somatic recombination technique, 1t is possible to produce a genencally

marked homezygous cione of cells i an otherwise heterozygous individual at any stage
of development Using tp{s technique. a number of people have shown that clones
induced as early as the cellular blastoderm stage are aiready confined to a single thoracic
segmeﬁ; However. these ciones can still extend from the dorsal disc mto the ventral chsc
in the same segment Also left-right overlaps gf clones within a segment cah be faund at
" this stage (Steiner, 1976, Wieschaus :ﬁé—éﬂﬁnng 1976) These results suggest that at_
cellular blastoderm stage, the c,alls are already determined to fcrm different segments
but not individual discs The dorsal-ventral segregation occurs only one or two cell
divisians iater. * |

» ugngimsh?ni;al extirpation techniques such as micro-beam irradiation
(Lohs~Schardin. Sander. Cremer. Cremer and Zorn* 1979, Sander, Lohs~Schardin,
Nusslein—Volhard and Cremer, 1980) or pricking (Bownes and Sang 1974, Mertens.
19877). it was shown that at celiular blastoderm stage the defects absarved N the aduit
could be correlated with the segmentai location of the injury induced on the ambrya but
ot with Ebrsr;*verm‘ﬂ bmm within 8 segment until after gastrulation Thgse results are
also consistent w:t’h the previous conclusion that celis are airesady restricted or

determined to form a certain part of the adult structures at celiular blastoderm stage



l’hey atso suggest that celis acquire );:r final states of determination progressively in a
G

stepwise manner. . 5 ‘

Although apparently heritabie via mitosis, these progress-v&sélcuons n
developmental capacity probably do not represent a loss or permanenl inactivation of
dufferent genetic siements in the determined cell. Nuclear transplantation experlments
have been used to show that some nuclei obtained from nuclear multlpllcatlon syncytial
blastoderm or even gastrulatron stages of embryonlc deveiopment. when lmplanted nto a
fertilized or unfertullzocl £2gg are able tosupport the entire development of thé egg and to
contrlbute to the developmem of any adult body part (iimensee. 1968, 1970. 1972,
1973, Okada, Kleinman and Schreiderman, 1974) These results not only demonstrate the
‘reversibility of the restrictions imposed on the nucle: c;urlng different stages of
development, they also demonstrate that the kind of determingtion acquired 1s dependent
on the position in the egg at which the nucie: were implanted.

The idea of prclgressive'ste'pwise determination is also encountered in the
_ phenomenon known as compartmental:zatlon Using the somatic recombunatlon technique,
it has. been shown that the number of structures a clone can form in a disc becomes
more and more restrlcted as development proceeds lBecxer 1957 Bryant 1970
Garcia—Bellido and Merriam, 197 1. Garcia- Belhdo Ripoll and Morata, 1973) However,
this restriction may be attributed to the smalier size of clones induced later in
' devetopment. Such _problems have beell overcome by using the " M/nute-technique”
Kaplan, 1953; Morata and Ripoll. 18975} M/nutes are a class of dominant mutants causing
. smail bristles, which are also recessive lethals (Lindsley and Grell, '19'6.8) One can use *
mitotic rocombinatlon to induce genetically labelled ‘Minute* homozygous cldnc's in é -
Minute heterozygous background at different stages of development As cells
hetorozygous for Minute have siower division rates, these marked Minute" clones tend
to label much larger areas on the adult cuticle than ciones produced at the same larval
stage in non—Mi/nute individuals It was observed in the wing disc that clonss induced as

early as celiular blastoderm stage. would ‘siready define an anterior—posterior boundary. )

They would run along the restriction line torlu\drods of calls without crossing it - - . - .

lGarCla—Bellldo Rlporl and Morata, 1873, 1976) Garcia—Bellido coined the term

‘compartment’ to define such a region of apparent developmental restriction on the adult
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exoskeleton At a iater trme. as the wing disc grew. a wiﬁg-;notum restriction was
estabkshed subdividing the existing anterior and posterior compartments to form four
compartments in which no clone could transéress either anterior —posteror or |
wing—notum restriction lines At about the same time as wing-notum cohpartments were
formed a dorsal- ventral restriction alsoq:peared giving a total of eight compartments
Other compartments in the wing were’a!so observed at later times in development
Compartmentalization processes seem to be a generalized phenomenon n Drosophila
maginal disc devoiopment Apart from the wing disc, conpcrtm,nts have also been
found in all three thoracic leg discs (Steiner. 1976). eye~antennal disc (Baker. 1978) and
labial disc (Struhi, 1877) it has been 'suggested that compartmentalization events may
represent progress‘ve heritable determinative restrictions allowing sub-division of larger
developmemal units into smalfer ones perhaps to rnedme control and regulatnon of gme
activity in pattern formation (Crick and Lawrence, 1975) »

A ¢ompartment 's derived from a group of founder cells which are not
necessarily clonally related because clones induced prior to the esmliMnt of
compartments never fill the entire compartment .without also labelling other ,
comparnfbnts. Therefore, each compartment is referred to as being ‘polyclbnal" - OFign
(Crick and Lawrence, 1875) One interesting aspect of compartment formation is that
each compartment i1s derived from one existing earher through a subdivision into two
new polyciones (Garcia-Bellido. Ripoll and Morata. 1973, 1976} For instance. the
anterior wing polyclone il\ubseQUently split into two clonally distinct groups of cells,
one dorsal and the other ventral Garcia-Bellido proposed that whenever a groub of cells

Is subdivided intq two distinct compartments. a regulatory gene known as the 'selector

gene’ is heritably activated in one compartment, but remains switched off in the ottver,

-4

and controis the developmental distinction between them (Garcia—Belhdo. 1975a)
Depending on the number 7f compartmentahzatoon events for the disc concerned. the

fmal result would be that each compartrﬂeht is under the control of a combination of

- selector genes active within it (see anuro 1A combmatorwl scbome of this kind wﬂuld

" De'a very etom way 16 build a genetic program controlhng development as Gﬁly n
selector genes would be required for 2expin distinct compsrtments. ’

;‘_
i



Anterior Anterior Anterior Anterior Fosterior Posterior Posterior Posterior
dorsal ventral dorsal veniral dorsal ventral dorsal ventral
thorax thorax wving wing thorax thorax ving wing

Figure 1. A hypothetical scheme involving the "selector
gene model" for compartmentalization of the wing
disc (After Garcia-Bellido, 1975). A, B and C are

. hypothetical selector genes. :



On the basis of the properties of late larval tethal mutations affecting imagmal
disc development and 'transdetermination’ patterns, Kauffman (1973 1975) has
for the determinative state of each imagmal disc Shearn o1 a/ (Shearn Rice Garen and
Getring, 197 1) had isolated 34 late larval lethals that affect disc development These

lethals can be organized into 13 classes on the basis of the subset of discs affected In 8

_ thase observations as an indication that the deterrinative distinctions between discs are
based on a combination of alternative states of a series of bistable genetic circuits
perhaps simitar to the system controlling mairtenance of the immune or tytic states in
bacteriophage /ambda Interestingly, when the boundary lines betweerﬂrthe subsets of
discs affected in the four complementary classes of mutants were transposed onto the
embryonic fate map (Garcia-Bellildo and Merriam 1969) the geometry of the #ines
formed a surprisingly simple pattern (see Figure 2) This provided some support for the
model as it suggested that activation of th;: different E‘.Qﬁt.ﬁ:l"lng genes rmight be based on
position in the embryoric system
A further indication that determinative decisions are made botween two

altarnative states came from analysis of the phemmn known as transdetermination
(Hadorn 1965) Imaginal discs can be propagated for many years by serial transplantation
and culture in the abdomens of a series of fertilized adult female hosts nme%'e they
. prohferate wit;’iQUT differentiation These implants can be recovered for assessment of
thair determined states by transplanting them into {ate third instar larvae where they
metamorphose with the hosts Hadorn and co-workers observed that the determined
state of a disc 15 very stable even after many generations of fragmentation and culturng
However, éccasvanany the determined state of some cells may be changed to a dif ferent
state after culturing. The new dgtermmed state s aléa normally very stable and heritable
but may also change to another dr:ferént state after subsequent culturing Such a change
for nstance fram{lagness' to 'wingness . is known as transdetermination and apparently
 occurs :mly if cell profiferation is permitted (Schubiger, 1973) Cell tineage mlysrs using

* the somatic rg:afnbunatnan technique has demonstrated that transdetermmnation is nét due

to a somatic mutational event as groups of celts which do not bgléng to a single clone



Figure 2. The four boundaries dividing sets of/discs
: affected by disc-defective lethal mutations
transposed onto the fate map of the egg showing
the relative geometric positions of various disc
primordia. W = wing, M = mesothorax, H = haltere,
L1 = first leq, L2 = second leg, L3 = third leg
(From Kauffman, 1973,. 1975). :



May transdetermine together (For a review of transdeterrrunation see Hadorn 1978
Transdetermination patterns exhibit three special properties. Firstiy.
transdetermination occurs one step at a time and often in specific sequences for a
particular disc. For instance. genital disc transdetermines first to leg which may then
transdeterrmine to wing which may traﬁsdétermuﬁg further to mesothorax Secondly. the
direction of transdetermination in all such sequences s orianted towards mesothorax
Thirdly. most steps are reversible Therefore. the number of steps required to eventually
" transdetermine to mesothorax ' is state characteristic For example it takes three and two
steps respectively for genital and prothoracic leg discs to reach mesothorax The
forward transdetermination step towards mesothorax 1s more prébable than the reverse
These results also suggested to Kauffman that the determined state of an wnaginal disc s
encoded combinatorially by the states of a m:ibgr of "bistable memory circuits in which
each circuit 1s set at either a less stable (0) or more sta:bl;; staﬁcma; state (1) Assuming a
mirimum of four circuits (capable of specifying 2¢=16 diffefeﬁsﬁétgrmmed states)
[Kauffman was able to assign cede.wards for the various dxs;s, v\;hs::h would account nat
only for Shearn's lethals. but also imaginal disc transdetermination sequences and
fraquencies.
Both the selector gene and the binary switch epigenetic code models therefore -

suggest that )/maginal disc determination occurs by a series of bifurcations of
. developmental pathways wnth the activation of a controliing gene to distinguish the two
states generated at each step Consistent with these ideas. thsfegé‘xisf a number of gene
loci known as the homeotics which. when mutant. cause the riplé&;ﬁiant of one body
structure by a different one which is normally found somewhere eise (Ouweneel, 1976
for review). Some such loci may be selector genes The traﬁsfarm;t:aﬁs caused by
hQﬁ;EQIIE mutants may be interdisc or intra—disc and may involve a whole disc. more than
one disc. or only a part of it, such as a :Gﬁi\pitmem For instance, some An;enfgapédig ‘
{Antp] mutants can transform the entire Lﬂtéﬂﬁé into a second leg. engra/l/ed (en)
transforms posterior wing into a mrrror image copy of the anterior wing while bithorax
[bx) and pestbzrhmax I pbx) cause regtacemem of anterior and pastaﬂar hﬂtare by
" anterior and posterior wing respectively (see Lindsley and Grell, 1963 fc:y: more details

of mutants) Interestingly the transformations caused by bx. pbx snd er correspond wall
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to the compartments as defined by clonal analyses.

Further evidence which suggests that these three homeotics may be important
controlling genetic factors for compartments also comes from clonal analyses
Homozygous bx and pbx clones induced at any time from the b!;astcderrﬁ stage until late
thrd larval instar differentiate autonomously g,;mly in the anterior and the posterior _
compartmentq of the haltere respectively IMorata and Garcia~Bellido 1976 In addition.

clonal mlys.s of the bx pbx double mutants mdncates that the number c::f préggmtcr cells

as wgll as the clonal parameters of development in the transformed haltere disc are

similar to those of the wild-type wing disc Hence bx° and pbx- must function from the
time these compartments ar; set aside, until the time they start tc differentiate to
preveant ther transformation into the corresponding mesothoracic smafﬁnts Thus
bx- and pLx- appear to be necessary for the heritable mamntenance or expression of
these deterrmined states These results satisfy some of the criteria used to define 2
selector gene. that is, compartment specificity and continuous activity in tha
compartmaent from the time it 1s formead until the time it cif ferentiates.

In the case of en. homozygous en clones induced after the mt&i@rgﬁaétgfnér
restriction has been set up in the wild-type wing. ﬁgtafwy-!ﬂ‘féraﬁﬁﬂs M@n&ﬁwéusly in
the posterior compartment only, they also fail to respect the anterior —posterior
restriction line if they originate in the posterior compartment These results suggest that
the only difference between anterior and posterior wing emts lies in en” being
switched on in the posterior compartment (Morata and Lawrence. 1975 Lawrence and
Morata, 1976) Therefore, the.en iocus might well be » selector gene for posterior wing

Cional analysis is not however a sufficient basis for us to cr:w definitive
conclusions about the normal function(s) of a wild- -type gene C)ﬂe l'ws to know the
nature of the mutation one is dealing with Gene dosage analysis (Muller, 1932) applied to
a number 'of homeotic mutants has revealed that transformations may be the result of
either a loss of a gene function, or of a gan of a function not normally expressed in the

particulsr camp:ﬁmeni :ffm:tud Hussgﬂ and Hay!s 1980, fc:r review) The h:ss af a

gane functicﬁ ﬂue ta a mutat:aﬁ rﬁay be p-rtnal (a hypomorph) or cem;slgtg {an mph)

Therefore. the completeness of transformation may depend on whether the mutant is a

hypormorph or an amorph In the case of gain of a gene function. the mutant 1s termed a
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neomorph The effects of a neomorph can be reverted by deieting the miutant gene iocus
{Denell. 1972) Since transformations caused by F;amgﬁtn:s may be due to various genetic
states of a gene. 1t is very important torknow the type of mutation we are dealing with
before a conclusion is drawn about the normal function of the gene

Now let us corsider non—heritable commitments of ceits involved in pattern
specification The kind of structure formed by a cell in a'disc 1s dependent on its location
within the disc as well as its previous developmental history The position specificity of
structures dif ferentiated by cells within discs allowed the construction ot fate maps by
observing the patterns dif ferentiated by particular mature disc fragments implanted nto
late thwrd instar larvae for irmmediate ﬁietaﬁﬁc:rphcsis'(&:hubnger. 1868 Ouweneel and van
der Meer. 1973 Bryant 1975, Gehring and Nothiger 1973, for review' At thus stage,
the Sﬁéélfliatiéﬁ 'S SO detalled that even a single bristie such as the edge bristie or the
‘hairy 1sland bristle’ in the leg can be localized to a single small region of the disc
However. the behavior of disc fragments can be altered if they are cultured in fertiized
_ aduit females for a period of time allowing celi-proliteration to occur, before inducing
metamorphosis in late third instar larval hosts Typically when a disc is bisected nto two
fragments and cultured in this way. one fragment regenerates the missing part of the
pattern which that fragment does not normailly farm_ and the other fragment dupiicates
the fate map elements it contains in mirror image symmetry The ability of disc fragments
to rcgangfm suggests that each imaginai drsc constitutes a single developmental “field"
within which regulation can occur to alter the fates of different constituent parts after
surgical intervention (Weiss 1939) |

In order for a group of genetically identical cells with the same determinative
state ta dcffarmtlate differently. forming highly ordered spatial patterns: it is théught that
they must be able to assess and measure thar positions with respect to each other and
r’aspc::;\d i a certan way at differentistion This idea led to the theory of "positional
mnformation” which has been formulated most rigorously by Wolpert (1969, 197 1) He
lfguéd th:t cellg mly h.lve thsnr pas:toaﬁs spe::fned by the acquisition of positional
lnf:irmman deﬂnmg aco- ardrnate system constituting a developmental field.
In the light of extensive experimental results. French. Bryant and Bryant proposed

an explicit positional information model kRown as the "Polar co-ordinate modeal’ 1o
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account for pattern regeneration and duplication i imaginal discs. cockroach legs and
aﬁéhibiaﬁ mbs (French, Bryant and Bryant, 1976, Bryant, French and Bryant. 1981) They
suggested that cells in the two dimensional imaginal disc eprthelium must be specified by
two positional valuas *-’—ia circumferential value and a radial value (see Figure 3, This
model has gained a lot of attention as it can explain a great vaniety of otherwise pux:hhg
rEsults from grafting and regeneration axpaﬂmants with imaginal discs and cockroach
and amphibian legs on the basis of just tewo formal rules (see reference for further

On the basis of experimental svidences, Wacss (1939 recognized that there may
b-e at least two kinds of fields primary fisids such as the preblastoderm insect ambryo,
and sgc:ﬁnds‘y frelds such as the various imaginal discs. which become indapendant of
- the embryonic field later n development The experimental avidence which suggests that
the Drosophiia preb.lastcaérm acts as a single primary field comes from ligation
experiments (Schubiger. 1976 Vogel. 1977 Newman and Schubiger, 1980) When
embryos are ligated before the blastoderm stage, }rvaé with several missing segments ’
result This is otherwise known as the "gap phenomenon’ The biastoderm dells that
normally form the missing segments instead form segments ordinarily located far from
the site of ligation This indicates that the pattern of segmentation of the whole embryo is
specified as a single unit, sugggstvr:g that the embryo as a whole is a single field. The size
of the gap decreases if the ilg.ﬂ;tzm Is done later and later uritil at celiutar blastc;derm
stage. the defects are limited to the site of ligation Normal segmentation is restored if
the barrier formed after hgation.is destroyed by poking a hole in 1t using a glass ﬁﬂdla .
(Schubiger, Moseley and Wood, 1977) These results have been interpreted as rnnnong 7
that establishment of a normal ssgmentation pattern requires the interaction of two
determinants, perhaps in a gradient, arising from the two ends of the embryo Interaction
between the parts is also a characteristic expected of a developmental field Two
mutants that may be involved in establishing or interpreting the anterior—posterior

positional information in the embryo are bicauda/ Bull, 1966, Nussiein-Volhard, 1972

end 1979 for review! and d'/cephat /c fLohs=Schardin shd Ssnder, 1976) These cause™

rmurror image transformation of anterior to posterior. and posterior to anterior patterns )

respeactively in larvae
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3. The polar co-ordinate system for speclficatxap»ﬁf
positional information. Position of each cell is
specified by a radial value (A-E) and a
continuous circumferential value (12 thrbugh 0) °
where positions 12 and 0 are the same (From
French, Bryant and Bryant, 1976).
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The primary mrygﬁ;c field may subsequently be subdivided into sﬁ'nljer
secondary fields Nusslein—Volhard and Wieschaus analyzed fifteen different embryonic
lethals which give abnormal segmentation patterns in larvae (Nusslein-Voihard and
Wieschaus. 1980) These lethals fall into three. general classes The first ¢lass of mutants
have the normal number of segments but each segment 1s partially deleted with the
remainder of the segment duplicated in mirror image symmetry The second class causes
»dj&ietigﬁs in alternating segments. The deletion patterns can be in odd or even segments
or in parts of pars of odd and even segments causing segment-fusion patterns The
third class of mutants causes gaps as large as eight adjacent segments in the larvae and
these phenotypes are very similar to the effect caused by ligating preblastoderm
embryos The phenotypes of these three classes of mutants were taken 1o mean that at
least three levels of spatial organization are fesp;éﬁsiﬁxle for the segmentation process

.These are the whole egg as a single developmental UM a repeating unit of two

segments. and finally the individual segmant. These devel antal units may represent a

ﬁierar’c’:hy of developmental fields but evidence in addition ta-\ﬁ%ﬁtaﬁt phenotygbs would
. N

restriction analysis of blastoderm cells {page 3) and from ngélasar ﬁﬂiﬁ:rabegr’ﬁ
extirpation experiments (page 3) both suggest that the imaginal discs are only formed at
the partitioning of the individual segmental umits From this time until the end of larval
development each cisc behaves as an independent developmental field The successive
subdivision of larger embryonic fields into smaller ones may peifhap!s be related to the
pFEiQT.ES-Si\IE stepwise acquisition of determined states and the caﬁbin,iiaﬂ:l Eﬁumﬁc
code models mentioned eartier (pages 3-9). '

There are two lines of evidence suggesting that the positional s?stgms in

and steuctures partially transforrmed by homeotic mutants demonstrated that a one to ohe
correlation c:an be made batween the transformed structures and location in the disc For
instance. In the Antennaped/a mutants. the proximal pant of antenna is always
transformed mt@"br@x‘mai second leg while the distal antenna (the arista), 15 always
transformed into distal leg (the tarsusi(Pastiethwait and Schneiderman, 1971, Struhi,

1981) Also bx and pbx clones induced in a wild-type background differentiate Snly
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proximal wing in the proximal haltere and distal.wing in the distal haltere (Morata and
Garcia-Belhdo. 1976) Therefore there rﬁay be a one toc one correspondence of
postional information in homologous regions of different discs °

A second line of evidence for hr:hmélggy in positional nformation n differant
¥

discs came from grafting experiments As discussed earlier when an imagnal disc 1s
bisected and :ultuféd, one fragment will duphcate and the other will regenerate The
behavior of the duplicating fragment can be mod:ified by a process known as intercalary
regenaration usmng a grafting techmque (Haynie and Brvant 1§76 A number of g;@s
have observed that appropriate fragments of ali discs tested can provide a stimulus
which causes a normally duplicating fragment to regenerate instead (Wilcox and Smith,
1977, Bryant et a/. 1978 These results are also consistent with the 1dea that dif ferent
discs make use of homologous pesitional information éystems This approach should
alidw one to define and map the homology between drsﬁsbfragﬁﬁénts with ré8pect to
their regulative interactions However. at this stage. it is not entirely clear if the patterns
of regional homology as deduced from homeotic transformations and from pattern
regulation experiments, are always consistent (Karisson, 1979

imaginal discs are subdivided into compartments The question arises as.
whether each compartment of a disc may o represent a separate tield The !
observation that a disc fragment which comes entirely from within a given compartment
Can regenerate across the compartment boundary argues against the view that
Compartments are sub-fields of a disc (Schubiger. 1971, Bryant, 1975) However,
experiments designed more specifically to test this point have not so far been raported
The observation that cells can regenerate or duplicate across the compartment boundary
suggested compartmentgl distinctions are non-heritable and therefore might not be
. important in determinative decisions However, the re—establishment of compartment
bmﬁjdrugs during pattern rageneration and duplication {Szabad, Simpson and Nathngar,r
1879. Girton and Russell, 1981 Abbott. Karpen and Schubiger 198 1) argues against this
¢ Cconglusion Compartmentalization seems 1o be a necessary event in the invitiation of a
‘ pathway of dewelopment. but the dectsions are evidently only har'Ttablg Mﬁérmat

conditiont and can be reassessed after surgical intervention
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:~ Current models suggest that selector genc: {possibly represented by some
horheotncs) play an /mportant role in determination. The probable function of salector
genes in the light of positional information theory, would be to maintain a heritable
memory of position in a field at some earlier stage in development, so that the cells could
appropriately interpret their positional values in one of a set of homologous fields at a
later stage. .

A tegt of this hypothesis would be to look at the heritability of thé determined
“state in cells ormed by selector genes Some mutants of the bithorax complex
proQide a good system for this approach for the following reasons. Firstly, the genatics
of bithorax complex has been elegantly analysed by Lewis (1963 1964 1967. 1968,
1878) The complex contains at least eight tightly linked loci which all map to the right
arm of chromosome 3 a£ 58.8 (see Figure 4) These ioci seem to be mvolved in the
compartmentahization and segmentation patterns of thoracic as well as the abdominal
segments. Two mutants, bithorax (bx) and postbithorax (pbx), are of particular interest in
the present context as they transform respectively the anterior and posterior metathorax
into mesothorax. Gene dosage analysis has shown that these mutants are hypomorphs(
Lewis, 1963, 1978) Two other dominant mutants, U/ trabithorax (Ubx) and
Contrabithorax (Cbx/ behave as an amorﬁﬁ and a neomorph respectively. Ubx mutants
transform the whole metathorax to mesothorax {Lewis, 1963) and Cbx can transform
Jisul parts of the wing into haitere (Lewis, 1963, 1978; Morata, 1975). Hence, these two
mutants may represent regulatory site(s) for bx and- pbx loci. Gene dosage studias with
these two ‘mutants are also consistent with these vmws

S Since the action of bx and pbx are anterior and posterior cc:mpmﬁt specific
ro@;actwely, one can ook at the herit'abih‘ty of the determined state of cells in the

compartments transformed by these mutants when they regenerate or duplicate across

the compartment boundary These mutants might affect either the activation of a selector

gene, maintenance of a determined state. interpretation of position at terminal

_differentiation, or a combination of all.of these. Some of these possibilities would
_distinguishable in pattern duplication. The experiments reported below were attempted

© with this idea in mind.’

3



—| 1ab.2
| 1ab-3

— 1ab-8

Figure 4. A genetic map of the bithorax complex.
Ultra-abdominal (Uab), Hyper-abdominal (Hab,
formerly Contrabithoraxoid, Cbxd), bithoraxoid -
(bxd), infra-abdominal genes (jab-2, iab-3,
iab-8) appear to control abdominal segment
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patterns. See text for description of other loct

shown. Map distances given where known (Redrawn
from Lewis, 1978).



Drosophila strains

The Drosophila H‘E/‘EHEQSSTEF strains used in these studies were synthesized
from mutants obtained from the California Institute of Technology. and Bowling Green’
Drosophi /a stock centers and from strains that were kept in Dr. MA Russell's laboratory

A st of the Drosaphi /a strains used rs given in Table 1.

Mutstions and chromosomaes
A detailed description of the majority of the mutations and special chromosomes
"Zan be found In Lindsley and Grell (1968) Dpf 3. 1/mwh" was kindly supphed by Dr John
Merriam (Merriam 1969} /(1/ts726 and DTS- 4 were isolated by Dr MA Russell (Russell,
1874) and Drs. J.J. Holden and D T. Suzuk: Molden and Suzuki, 1973), Fespgfstiﬁ'y A
pd in Tables 2 and 3.

P

brief description of the mutations and chromosomes used ar

Culture conditions
’ Alt Drosophila strains were raised Qﬁ a standard yaastfagarssuc:rasa culture

medium, In either half=pfnt glass bottles Ecﬁtaiﬁiﬁg about 50 mi, or glass vials with sbm

8 ml of medium. The medium contained 1.5 grams of agar, 10 grams of sucrose, 10 :
. grams of brcwors yeast, 1 mi of propionic acid, snd 10 micrograms of chioramphanicol .

per 100 m! éf distilied water (Nash and Bell. 1968) Propionic acid and chiorarmphenicol
were added when the mixture had cooled to a temperature of about 60 degrees before

pouring.

' The stocks. were kept at room temperature (20-22degrees C) and all the
expenrﬁénts were performed in incubators at 22+ 1degrees C and 29+ 1degrees C.

Mating and egg callietit:m . ‘
Matings were Eh:me either in the glass vuals or half- pint bgttles at 22:1degrees C

Afterhtwo days, or when mated farﬁales bagm to lay a rasscﬁabla number of aggs, the

fiies were transferred to fresh bottles and eggs were collected at intervals of 12, 24, or

120 hours depending on the nature of the experiments as described 1n the results



Table 1. Drosophila melanogastér strains

shx ) : o,
FM7'Y. Sb/TM2 x- CITIRM/Y: Sb/TM2 -
*Dp(3 Timwh-. y v ¥ 1(111s726/FM7; mwh/mwh

Dp(3 Timwh. y v f* TUINST26/FM7. mwh bxot/mwh By 0770 s

pbx/T(2:3lap™* -

sbd?” bx!?

w sn!1{1ns726/FM7. mwh/mwh

w sn'1(Ins726/FM7; mwh bx*/mwh bx*

v f 1(Ws726/B°Y x c(1DX/BTY ‘

v f 1I1ns726/Y; DTS-4/T™M3 x C(1RM/Y; DTS-4/TM3
v f 1{NMs726/FM7; bx**/TM2

v f u"m;?i&n‘snﬁ pbx/TM2

v f 1(Its726/FAM7. sbd’bix}/TM2

< < —-w <

- |
* Superscripts 34 and 36 are used throughout this thesis instead of 34e and
36a. respectively. o , :
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Eggs were then left in the sarne bottie for further development For short mterval egg
collection periods, ﬁ‘e Same parents were sometimes transferred 10 new medium several

timeas

Induction of pattern duplications

In order to generate pattern duphcations in the metathoracic legs of the adult fhes
of different genotypes, sggs Carrying /(1/15726 an comianation with other mutations as -
specified in the results section were collected in a 22+ degrees C incubator and the
Culture vessels with larvae of appropriate age were then transfered to 29@';9@35 C for '

48 hours and finally returned to 22degrees C to complete developmaent

Screening and preparation of pattern duplications
Upon eclosion adult fhes were screened under a dissecting microscope for
duplicated metathoracic legs Uneclosed pharate adults were washed off the sides of the
cufture bottles with warm water, collected using a straner and preserved in 70% ethanol
Pﬁr;te aduits ﬁere then dissected out of the pupal cases and screened for duplicated
‘metathoracic legs The flies can be kept in alcoho! for an }ﬁaef:mte period of time until
scoring
in order to remocve the :m;rnal soft tissues. the flies were cooked in TN NaOH at
about 80degrees C for about ten minutes or until ciear The legs were then dissected
free from the rest of the fly using a parr of fine rridectomy microdissecting scissors
mdrﬁ@mt-d between coversiips in Gurr's water mountng medium The coverslips were
" then pressed with weights and dried on a hcsjt plate st 45degrees C faf at least
twenty-four hours before scorng The tegs were then scored for morphological

® cuticular markers under 3 compound light microscope at a magnification of 400X

The morphological markers : _
The Qrcthgr;;né._ MESOthoracic. and MAtatharacic Jegs 8ach POsssss & number of

characteristic cuticular landmarks and morphological features that are useful In

d:stméucghing the three kinds of leg Table 4 shows the location of mesothoracic and

metathoracic markers used in this study The nomencilature is essentially that of -



1/
JUDN)

.3

' £1 bue 21
£ pue 27

EV pum g1

E7 pum g1

Hg,ﬂzﬁ.ﬁg

E1 pue 77

€1 pur 7

A |

E1

. £

BT puw 21

né,u:L,a;

Ha pur £

[

21

" £
L) Juswleg

wchwo DpDeJog]

sBe| (c1y DOVSOYINIOW PUR (2] ] T|DEJONIOSEN USBMIEG LUBJIR LD

EDS ©F |#win0DJd SO|I81IG AU} £ 40 T
WEWIO G UROLED W SUSE § 4O dno.l
V(WS IUSTDRED W) || SUSS § 4O dnoJB

B IO fURNED W) | SUeS g 4O dnoJl

PODOUD L JY W) | | SUSE | 4O dnoJl
WOROMDL J) B[ |4 EUSE § 40 dnosl
BOROYDI | .JY W | FSUBE § 4O ﬁiaya
WBPOYD| JI N} SLSE )

LIRL RNl T NF 7] }Lgiimysaéij
SuSDOMR PRCRUYS - §

2ERI0Id | Wx0D PBARLE - A

- CTRE SINT 2T
r

WSROI J Y i_i,niln @ 40 dnoaB

CBROYD | 43 WL | LBUSE ¥ jo dnoal
SLARy g jeuan)s e Ouys
BRI DO T | T DR )

BOLRYDITAORN (RanBd | UL

woy ydi Joseg

T¥ad

s

[ ¥ U_m_

=

L35
S

S35

Kis

S rs

N

e

P AEL L8 [eil= 2}

=27+ To]

LI

iEilnim Baq

Jusw) sedwos pur jusulles Be| Aq peyjispe;o
4O JU|jWiS 8uR Jey) suensew (wdiBojoyfiuion » Sige]



- W)
o

€27 pue

g1 puw

£
1

£

£
[
[
[
A
3

E7

[

£

K-l

L1

[l |

€1

B0 SEIEE) T OEIBABUNIY & -

. mod Ay aq e Burs
‘, . EMO.J S| AB) I BSISASURIL L) -0}

mOJ SEEISLaq e Burs y

1B HQ @ IBASUR LY JO MODJ Y
SO LS| G WIOYL JO sands T IE]
isen,gn,,nupﬁiiga
-,Egéga,éﬁu{ai
WO LUt B | ) sues (eso obaey P
l=§:!§;_,-,;F,mwa:ig;i::-ﬁéguigs WL LEUSS
SW Ry Iq AWl £ MmOy

o T SeIeNYD0.D LN [ MOy

" H ) U S IsL g AUyl § O) §

ﬁg PUR 2 e eq wo Sy nmi,;*iim

CH PUR Ly usemieq UoLBRS DR LY SEOUDY 43 Y
i?simﬁﬁsaagiu E;E,nfil [N

VIO RO D N | S |

_ ®uisiua efips

IUSSPsd J) EOS O} {®I8)P B138)4q Aut} |

EXS )
SLEN
B5cy

. H

BNE W) PulOWS

SME IR LSeY

LAR L]

TS 4



26

Ht'nm-Ali\Il (1958, Schubger (1971) and Russell, Girton and Mﬁrgm {1977). Cuticular
markers that h.:ve not previously been described are named and added to the list

| The landmarks are further classified as either anterior compartment (A) of
posterior compartment (P) markers. Stemer (1976) has shown clearly using clonal analysis
the location of the anterior —posterior compartment boundary line in the three thoracic
legs in the present studies the mesothoracic and metathoracic legs landmarks asre

- Classified as anterior of posterior sccording to Stemer's maps These assignments are
shown in Table 4 and Figure 5

Cell iinesge snalysis

Mitotic recor ' normaily occurs st very low frequency in the somatc cefls |

of Drosophila However. the frequency can be grestly enhanced by raciation In the cell
hneage analysrs of pattern mplif:;tjéns Dp(3:1imwh, y v I |(1)ts7261FM?.; mwh
bx**imwh bx** virgn females were crossed to w sn® /(1)ts726/Y,; mwh bx**/mwh bx**
males. | -

Larvae raised on standard medium in the half-pint botties at appropriate ages
were irradiated in @ "Gamma-cell 220" machine with a “Co Gamma-ray source to induce
mitotic recombination (Becker, 1957) At the time of irradiation, the é:rﬁrn:;r':y dose
rafe was 2.5 Kr per minute. The dosage given to the larvae was controlied by varying the

tume of exposure using the automatic timer of the macmﬁ: No attempt was made to
correct any radistion dose absorbed by the glass The radiation absorbed by the glass
should not be greater than 1% (Girton, 1979) | L\

immediately after rradiation, the cultures were transferred to a 29degrees C
mcxbitor for 48 hours and then returned to a 22degrees C incubator for completion of
deveiopment The heat puléa treatrnent wis used to induce pattern a;hcitnﬁns in the
moﬁthgm;u; legs Fermates of the gg;Pc:typg w s I(11ts726/Dp(3:11mwh, y v F*

1 1ts726:mwh bx**Imwh bx** were Coliected and prepared for microscopic examination
| ‘As shawn in Figure 6: mitotic recombination within dif ferent intervals lléng the

X-chromosome will give rise to single or twin spots (Stern 1936, 1968). A list of all the

kinds of clones oné would expect in the experiment is siso shown i Figure 6 In a simiter

- — S e L e mamm ma a,
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5. Photograph and map of the wild-type mesothoracic
(a-b) and metathoracic (c-dF legs. See Table 4
for explanation of symbols (Leg maps are from
Steiner, 1976). R1 = row 1.
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w1 Pogition of ¢ Cloné
- " the Mitotic  Phenotype
Recombination
Event. :
a " yf-mwh sn twin

@

b. y-mwh sn twin |,
c p-mwh twin

. 1% : d . mwh single

*
|
Iy
1]
+
o

£ éiﬁglé

f-sn twin

¢
>
o
-
1]
+
m

a +4d yf-sn twin .
b+c sn single
b+ d y-sn twin

c + 4 "y single

Mitotic recombination events and kinds of spots
expected. Most events would occur at the

- heterochromatic region to give a yf-mwh sn twin
spots (Becker,1974). Simultaneous events greater
than double are not listed as double events are
already extremely rare. Recombination in
chromosome 11.I does not change the cell genotype.
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' experiment Becker (1974) has shown that the majority of the mitotic recombination
events occur between forked and the centromere as most of the observed clones are
twin spots for yellow-forked and singed—~multiple wing hair cuticular markers. One must
be aware that all the clones are scorable only in regions of the fly where bristies and
trichomes exist and also that certain mutations do not affect both bristies and trichomes. .
For mstance. one cannot distinguish a multiple wing hair bristie or gysl‘[aw trichomea from
a wild-type one Therefore. it is not unfikely that a twin spot could be scored as a single

spot. which would lead to the underestimation of clonal frequency
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Hi. RESULTS
in this chapter are presanted the results of expeﬁmg;!ts in which pattarn
. ) # L]

duplications are used as a tool to study the Involvement of the b/thorax complex in

datermination The first step was to examine the cmaﬁfmgﬁt specificity of the

homeotic transformations caused by the b/thorax and the postbithorax mutants in the

ﬁstatheracic'leé The next step was to investigate the effects of these mutations on
pattarn duplcation Finally 3 cell inesge analysis of bHithorax. duplicstions was performed
to establish the origin of these duplications and to look at the behavior of anterior and

posterior cells which may be differently determined in the b/thorax metathoracic disc.

Morphology of bithorax’ snd postbithorax metathorscic logs

The effacts of bithorax and postbithorax have been dﬁmﬁstrai_ed to be
compartment specific in the haltere disc (Morata and Garcia-Beliido, 1976)°In the bx’ fly.
only the anterior haltere is reﬂaseé by a set of anterior wing structures while in the pbx
hamgzygatés only the posterior haltere structureé ara transformed into the posterior
wing Interestingly, the tﬁransfcrméq structures fauﬁ‘d come from either anterior or
posterior compartments in the 'wiﬁg aj's Feveaieé by clonal r’gstru:tiéh éﬁalysrs (Morata and
Garcia—Bellido, 1876) In addition, bx homozygous clones induced by somatic
recombination in the haltere define an anterior —posterior compartment restriction line

and differentiate only anterior wing stm:tdrés Similar clones had no effect in the

posterior haitere. On the other hand. homozygous pbx clones dcff'grgﬁﬁated posterior

wing structurgseaﬁ!y when induted in the posterior haltere and defined a similar
SﬁtEFIﬁFEpQSYEﬂQFAﬁ@ﬁ‘lﬁ;ﬁﬁ‘@ﬁt restriction line (Morata aﬁd Garcia-Bellido. 1976).
Therefore the evidence is strong that bx and pbx are indeed éamﬁ:rtment specific n the
dorsal metathorax ‘ : » »

It may be the case that the effects of bx and pbHx are also spgciﬁé to the anterior

and the posterior compartments in the ventrali metathoracic disc (Morata and Lawrence,

- 1877), but ih RO Case has EXLENEIVE BVIENCe in SUPPOr Of this CoNCiusion been

presented Therefore a detaled analysis of bx’ and pbx-transformed metathoracic legs
was carried out to establish the sets of markers that are affected and to confirm that the

transformations are.indeed limited to the anterior or the posterior compartments as in
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the haltere

I the effects of #x and pbox do indeed correspond respectively to the anterior or
the posterior compartments, one would expect in the maost extreme bx homozygotes the
replacement of all anterior metathoracic landmarks by anterior mesothoracic landmarks
and a substitution of posterior metathoracic markers by pos’t_erior mesothoracic ones m
the pbx mutant Table 5 shows thé in all 20 cases examined. only anterior mesothoracic
and posterior metathoracic landmarks were present in bx* homozygotes. The absence of
sternal bristle in one case was probably due to a developmental defect rather than » |
incompilete expressivity of bx* for this marker. as many additional legs were
subsequently exammned for this marker and it was present in afl cases In bbx
homozygotes. only anterior metathoracic and posterior mesothoracic markers were -
found in the 20 metathoracnc legs examined. Posterior tibial spur (PTsp) was the oniy
marker whuch lacks complete express-vuty as it 1s present only 19 times This same =
marker 1s present in only 80 percent of the mesothoracic Iegs in the Oregon‘R stram
however in no case. in the absence of PTsp was posterior transverse row (TRi, whnch 13

located at an analogous posmon to PTsp n the metathoracic Ieg, present Failure to

} bresent a set of anterior metathoracic markers in Table 5 1s due to the fact that no
discrete anterior markers are present on the metathoracic leg Therefore, vdentl»(icat»on
‘of the anterior metathoracic compartment is based on the absence of anterior
prothoracic aﬁd mesothoracic r’narkers. it1s noteworthy however. that the number and
the arrangement of chaetal elements in different segmehts of mesothoracic and ¢
metathoracic legs are not identical and that the anterior metathoracic pattern was found -
wheneveﬁhntenor mesothorac-c rnarkers were absent

in doubie mutants homozygous for both bx* and pbx. two perfect pairs of
‘mesothoracic legs were present as expected. Figure 7 shows both compartments of 0x’
and pbLx transformed metath®racic iegs In conciusion. the observations are consistent

with the idea that in the ventral metathorax, the effects of bx' and pbx are specific to

be dealing specifically with the metathoracic leg dis¢ throughout.

.
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Figure 7. The bithorax? and postbithorax transformed
metathoracic legs. AW = anterior wing, PW =
posterior wing, AH = anterior haltere, PH =
posterior haltere, See Table 4 for explanation of
marker symbols.









Effoét of b/thorax’ on pattern duplication _ ‘
As bithorax specifically transforms the anterior metathoracic leg mto anterior
mesothoracic ieg. it was interesting to find Du:t if the determmed state is nherited when
~ the bithorax disc duplicates. * -
Metathoracic leg duplications were generated by subjecting larvae of ages O to

120 hours (120 hour egg laying period) from ay v f /{ 1/ts726/FM7:sbd® bx*/TM2 stock
0 2 48 howr, 29degrees C hest puise as described it Materials ﬁﬁﬁaﬂsbﬁ@?@
The TM2 balancer chromosome aiso carries a dofmnant pseudoallsie, Ubx*® of the .
bithorax complex which behaves like a null sllele af the bithotax and postbithorax loci
Homozygous sbd? bx’ individuals couid be dtstlng.ushid from tha sbd? bx’/TM2 ones by
the stubbiloid phenotype Of the. former Flies hemizygous or homozygous for y v 1
/11)ts726 in cofmbination with homozygous sbd’ bx’ or sbd? bx'/TM2 were prepared for
scoring under the compound microscope. In this section, only results of bHx*
homozygotes will be dealt with and results on 5x*/TM2 will be presented iater For a
control, a.sample of heat pulsed unduplicated legs of the same gencotypes from the same
experiment was scored Markers were scored in original and duplicate parts of esch
duplicated leg The member with symmetry appropriste to its side of the fly was
designated as "original’ (orthodrome) and the other member with opposite symmetry was ‘
desmnatod as the “duplicate’ (antodromel\ The resuits of clonal snalysis experiments . -
chrton 1979} support this classification. Alsa the duphcate can usually be dnstuﬁgu:shed
from the origmal by its /snialler 'size or incompleteness in iINterpreting the results it is
important to note thaiTn pattern duplications a part of the pattern is often deficient due . ‘
to cell death caused by the heat puise Therefore classification of pmm duplications
into different categories with respect to the effact of Hx depends on the markers that
remain. ‘ |

. The incidence of each marker in the bx'/bx’ haat puised mé;ﬁlia:t-:i and -
duplicatg_d metathoracic legs is 's-hown in Table 6 Note that in the anterior cemmntr
of both the oniginel (0} and duphicate D) mesothoracic markers weré siways found This
was aiso the Case in the heat pulsed bx*/bx’ md\.ph;—n-'d control legs However, in the
posterior compartment of the duplicate, in addition to the pressnce of metgthoracic

markers, mesothoracic structures were siso found. In contrast. no unambiguously
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mesothoracic markers were found in the pgs*tﬁgr CW of the orignal or of the
heat treated controls The only exception with the wild—type control legs was that of the
‘hary 1sland bristie (BH-) which appaared invariably in the p@sterié mesothoracic leg A
similar bristle was also found in 2 out of 20 cases in the wild—type pastanar mtlﬂ‘i;:x
Therefore thus marker laek,s complete spgéiﬁcity and care should be taken wﬁen
nterpreting the results for this marker The metathoracic BH- is much smaller in size as
compared to the mesothoracic one and the one in the pbx transformed metathoracic leg -
Single distal bristle’ (DB) in the trochanter in the p-éstsr@r matathoracic compartment,
which has not ﬁkgv;csusiy been used as a marker. showed ncomplete penatrance It was
found in 10/20 cases in the wild-type controls but ﬁ!ver in the bx'/bx’ mlﬁiﬁﬁ
“controls. o , (

The bx'/bx’ patiern m could be classified Mo three types. In all three
kinds. the original member was the same as in the Hx*/bx’ metathoracic control legs, that
is the mtﬁlﬁf’cmt (A) Was transformed to the anterior mesothorscic pattern
{AMS) while the posterior Emt (P) remaned metathoracic (PMT). This kind of
pattern will be referred to as an AMS-PMT pattern and the same kind 6f nomencisture
will be used throughout On the other hand, three kiﬁds of pattern were observed in the
duplicates. The first kind, aiso ées»gi:ﬂtad AMS-PMT, is a duplicate of the original

- (AMS~=PMT) n rmurror wmage symmetry The second type. d:sogmad AMS+PMS has both
the anterior and the posterior compagtments of the duplicate completely transformed to
mesothorax. The last type, designated AMS-PIMS&MT), again hes the anterior
compartment totally transformed to anterior mesothorax but the posterior compartrment
contains a mixture of both mesothoracic and metathoracic markers. In such mixed |
posterior compartments. usuaily only one or two markers different from the rest were
present Note that no difference exists between the anterior compartments of ail ﬁ“,
kinds of duplicate, all of which have their anterior hﬁémrks entirely Wi\ifm to tﬁi
.ntmar rﬁnather:x Exlﬁp%gs cf thrn diffnrant klﬁés a‘f blthﬂrix pm-rn @hc:tmﬁs

are ullustrit(d in Fugl.rﬂ 8
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Figure

B e S L T r T U

8. Three types of bitﬁﬁﬁax dgpl cations. (a-b) are

bx3/bx?* duplications, nd g) are bx34/TM2
duplications. (d, f gnd h- 1) are bx34/bx34
duplications. From (a-j) the figures on the left
are classified as AMS-PMT duplicates dnd those on
the right are dlassified as AMS-PMS duplicates.
(1) is a higher\magnification of a portion of (k)
showing the post riar meseothoracic and

metathoracic/str res in an AMS-P(MSLMT)
duplica Pescription of markers are shown ih
Table
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' Pattern duplication in postbithorax mit:fhar:cie legs

The pbx (AMT-PMS) and bx (AMS-PMT) mutant transformations are analogous in
that they both affect only one compartment of the metathoracic leg disc Therefore it :
was interesﬁng to see if the pbx mutation had any gﬂie«;t on pattern duplication in a cell
i lethal system. It was also interesting to find out if the effect was analogous to that of bx.
Such an analysis would enable dne to determine if an analogy also exists in the underlying
function of Hx* and pbx” iIn metathoracic disc determination during normal pattern
formation as well as paﬁerh duplcation )

Partern"’duplicatiaﬁs were induced using the same procedure as for the Hx
experiments. In the current experiment, ay v 7 /1 1/ts726/FM7.pbx/TM2 stock was used
Since the pbx homozygotes and pbx/TM2 ﬂleé both showed full penetrance and very
similar expressivity in both the haltere and the metathoracic leg. it was difficult to teil the
two genotypes apart. For this reason, no attempt was made to distinguish thafn inthe
following analysis. Only flies homozygous or hemizygous for y v £ /(1)ts726 andgafrying
either pbx/pbx or pbxﬁ‘ M2 were used for these studies.

As shown in Table 7, in the heat-pulsed unduplicated pbx controls frah the same
experiment, only mesoﬂmr:::ic markers were found in the paétarigr compartment of the
‘ mbtathoracic‘leg The bristie pattern and morphology in the arterior compartment
remamed substantiaity unchanged Most anteriqr mesothoracic compartment specific
landharks like ST, Sp or ThB were not observed. but EB (11/25 cases) and AB (7/25
cases) sometmes qbpe:rgd These may perhaps be ascribad to a wgakly dominant bx
effect of Ubx'*" in TM2 in certain genetic backgrounds since these markers were never
observed in a sample of 20 pbx/DF( 3)bxd"* iﬁdiv’ld\;sls and the only mésothoracic
marker found was BH- in the posterior compartment (11/20) of *}TMQ metathoracic
legs. In a&d&tion, it is known that (bx homozygous clones are cell viable and transform
both compartments of metathorax to mesothorax completely Therefore it is :F}mamnt
' to refer to the appropriate controls when interpreting the results for these two ﬁﬂfkérs.
. Fifty duplicat’ed metathoracic legs were obtained Table 7 indicates that only one
kind of pattern was present The anterior compartment was always metathoracic Sﬁé the
posterior compartment mesothoracic (AMT~PMS) in both the onginal rand the duplicate

EB. which is an anteriorinesc:th@racnc marker was found in 12/50 duphcates as
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compared to 19/50 originals AB was present in 4/50 cases in the original member only.
Other anterior mesothoracic landmarks were not Qbsaf'veq in the éupiic:‘s;es; ﬁﬁfeforg
one can conéidde that indeed only one kind of duplicate is produced in pbx flies and that
this mutant has no effect in the anterior compartment of the duplicate in the cell lethal
system. ﬁ*ﬂtustratncm of an AMT-PMS ilpllzztg 1s shown in Figure 9.

Pattern mpiicition in the wild-type
intensive eafher alyses of pattern duphcations in the mesothoracic leg using the.
same cell lethal system had not revealed any transformation of the duplicates to
‘prothoracic or metathoracic leg by transdetermination or phenocopy (Russell, 1974;
_Russell. Girton and Morgan, 1977, Postiethwait, 1978; Girton, 1979) However, partis
transformation of the duplicate to Qving n Extre%'naly low f'r’ecﬁpéh&:y had been repaﬁad
‘(Postlemwiit, 41978), In addition, treatment with aggnis ike ether or heat shock at éariy
embryonic stages are known to cause 4x and pb:lphgﬁ@capies (Gloor, 1947, Capdevila
;nd Garcua-Belhdo 1974, 1978 Bownes and Seiler, 1977) For these reasons, a number
_of p:.:mern duplications were analyzed n the wild-type metathoracic leg
The-wild-ty‘pé metathoracic leg c;lupm;aticﬁs-rand unduplicated controls were
obtained by screening a humber of y v 7 // 1/ts726/Y males heat-treated as described in -
the earlier expenmeﬁts {(Russell. Glﬁcm and Morgan, 1577) 7
' Only one kind of matathariﬁ:n: dupht:atn:n pattern was found ("T able E) In bt;th
compartment»s,’the metathoracic state was unaffected after heat pulse treatrnent and the
process of duplication. The original member of each duplicated leg was alwayé'entir_aiy
metafhoracic and the duphéate was a mirrar image copy of the original with the
metathoracic pattern maintained In all t{wemy*—f'ém duphcations examined, as shown in
Table 8. no mesothoracic structures were found An example of the wivld;type

metathoracic leg pattern duplhication 1s shown in Figure 10

© The effects of other é:ithﬁfax sifetes on patrern dupiication
The bithorax. Complex cbnsists of at least eight tightly-inked loci all of which map
In the region of two doublets (BIE 1,2-34) located on the right arm of the third

chromosome Interestingly, all the ioci are mvolved in the development of aither
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Figure 9. A postbithorax metathoracic leg duplication,
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mesothorax. metathorax or abdominal segmefits. In view of the genetic compiexity of the
Complex. pattern duplications were analyzed in three additional genotypes to rule out the
possibility that the observed effects in.the bx' homozygotes might be allele specific

The procedure used for makhg the duplication was the same as that ‘Qescﬂbed
above for bx’/bx’ exc?pt thatay v f /[ T)ts726/FM7.bx**/TM2 stock was used. The bx™
homozygotes could be distinguished from 6x**/TM2 individuals by scoring the haltere
where the bx—tranéformtnon 1S much more siro;\gly expressed over TM2 (Fvgrurev1 1) In'
addrtion sbc” bx*/TM2 pattern duplications dbbtained from the previous expenmen; were
examined In each experment a sample of unduplcated metathoracic legs of each of the
above genotypes was .also scored to provide a control

The results. shown in Table 9. indicate that ali three genoty-ples bx*/ox3, bx** ITM2
and sbd’ bx’.TM2 gave quaiitatively similar results in each case only anterior |
mesothoracic and posterior metathoracic structures were found in the original member
However, in duph_cf;at_es. while only mesothoracic markers were found in the anterior
compartments. both mesothoracic and mefthoracic ,landrharks were observed in the
posterior ‘compartments The duphications of ail-thrée genotypes can aiso-be classified
into just thr.ee types with AMS-PMT patterns in thé original and AMS-PMS. AMS-PMT or
AMS-P(MS&MT) patterns in the duplicate Thus, as far as thé dupl-c.aigon pattern is
concerned. all four genotypes analyzed gave qualitatively similar effects. Examples of the
diffenent kinds of duplicated legs are shown in Figure 8.

| The penetrance was complete and the oxpfessivity,quite constant for the

homozygotes carrying the weaker b/thorax allele bx'' 'Sternal bristie (ST) was the only
mesothoracic marker that was only occasionally ekpressad, (5% in the HDx** homozygotes
The expressivity of bx** was much increased in the haltere when balanced over TM2, but

not much change was detectable in the metathoracic leg as compared with bx**

, homozygotes ST was fbund in 80% of bx*/TM2 legs and in addition, BH- was also

present in 25% of the Oegs Not much dnfference " exprlssnnty between bx*1bx? and

bx*/TM2 was found The penetrance for both genotypcs was 100% and expressuvny was

essentially compiete in both the dorsal and ventral discs m\e oniy _9xccptson ‘was that
BH- was found in 65% of the bx’/TM2 legs)



Figure 11. The expressivity of haltere to ving o
. transformation in (a) Dx34/TM2 and (b) bxde/pxss, o
¢ AW = anterior wing, PH = posterior haltere, TRC « e
triple row chastes. T
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Frequency of diffﬁint kinds of duplié:iian in the four H/thorax genotypes
Although the kinds of pattern duphications produced m the four bithorax
genotypes were similar due to different degrees of expressivily among thhglas, one

might expect the frequency of the three kinds of duphcates to differ h

The incidence of each kind of duplicate classified by genotype is presented m

! _ Table 10 The results show that the frequancies were very :mhr 0 bxbxM, hxTM2

and OHx'/TM2, but that in bHx’ bHx’. the distribution of duplcation types may be dn*fgrmt
Statlstu:al testing using a contingency chi- squared test confirms that ag-uf.z_;m
heterogeneity with respect to the incidence of each class of duphcate does exist among
the four genotypes (X:6)=17 86, 001>p>0.005) When the sarre test was done after
excluding 5x*/6x’ data. no significant heterogeneity among the three remaiﬁing genotypes
was found (X34)=7 10, 02>p>0.1) Therefore. results from thase tfree gen@tvaes weare
pooled and another contingency chi-squared test was dona The result of thisg tast (Tabie

1) shows that the frequency of the thrge kinds of pattern duplication is not independent
of genotype. that is there is a significant difference between Hx’/5x* and 'Vthe other thrae
genotypes (X’(2)=15.04 p<0005) o

Whaen the we:kEr allale bx'* was used, 63% af the duplicates in the homozygotes _

were of AMS- PMT type and the remaining 37% ﬁ:fferentnated at lsast one PMS marker.

- -However, the frequency of AMS—-PMT duplicates fall significantly to 22% with the

remainder differentiating at least one PMS marker when the.more éxfrm allaie. bx°,

‘was homozygous. Arnaﬁg di;:hc:ms of sl four gehotypas, rru:ed posterior

compartments (P(MS&MT)) occurred at a much lower frequaﬁ:y only 11 out of 94 cases

(12%) were Sbtangd

Kind of duplicate with respect to the developmental stage at initiation of the
duplication

In order. to find out whether sach kind of duplicate might be formed only st some -
particular stage of development. two kinds of analysis were done. The first involved a
comparison of left and right duplicate patterns from the same fly and the second a

systematic experiment to produce duplications at dif ferent stages of development
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The first analysis made use of data from flies analyzed in the previous sections. in
those experiments. the duplications were .gmatsd by heat treatment of larvae from 0
1o 120 hours old. If the kind of duplicate formed were strictly dependent on stage of
development at the time of the haat treatment. one would not expect to find two
different kinds of duplicates in a single individual wh:ch had both left and right legs
duphcated, Among all the flies of the four genotypes exammed, 10 had both legs
dupln;;tia The resuits are given in Tabie 12 in only three cases weare both left and rught
duplcates similar in type The results show that all three kinds of duplicates can be
formad at isast at séﬁ‘vé gdevelopmental stage atrwhlc':—h duplicates are mnitiated

Further evidence comes from the analysis of duplications mdu:;d in two specific
intervals during development Homozygous bx* larvae aged aithar 5416 hours or 7816
hours (12 hour egg laying period) were subjected to a 29degrees C. 48 hour heat
treatment 1o produce pattern ﬂq;ahe:tiaﬂs T’hafgsu!ts are shown in Table 13 Note that ail |
three kinds of duplicate were found in both treatments This confirms that the kind of
duphcation pattern produced i1s independent of the developmental stage at which it is
initisted. A eantmgénev:cﬁi;sﬁaé test shows that the frequency of each kind of

duplicate i1s nsignificantly different between the two heat treatment times (X(2)=254,

05>p>0.25)
93
Size of marker deficiency in relation to type of pattern duplication in bithorax flies

Use of the cell lethal system in generating the duplicatioh has the disadvantage
that we do not know the compartmental derivation of the cells that form the duplicate.
However. it has been shown in a number of studies that a pattern duplication is usuaily if
not always associated with 8 morphological deficiency (Russail, 1974; Arking, '1 978,
Simpson and Schneiderman, 1975; Russell, Girton and Morgan, 1977; 'Pesﬂgﬂﬁw:it.
1978). The deficiency generally extends a variable distance from the medial edge of- the
leg disc (see Figure 12) and thus may either intsrsg;:i only thq anterior campartment, or “
both compartments. It has been issgfﬁad that thes @bsawsd Imt of the deficiency
represents the free edge of disc epithelium craated by ceil desth and that celis from this
free edge form the duplicate part of the pattern (Russell, Girton and Morgan, 1977, Clark

and Russell, 1977, Postisthwait, 1978). Thus, from the size of the morphological .
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Figure 12. A leg-disc map with both mesothoracic and
metathoracic landmarks. A description of
landmarks is given in TaBle 4. New landmarks are
placed on the map according to the bristle row
and segment in.which they are(ocated (After
Schubiger, 1971; Steiner, 197 and Girton,
1979). A = anterior, P = posterior, M = medial, L
= lateral.
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aafncugn:y one can gan some idea about the likalihood that a duplicate originated from -
cells of aither the anterior the pcstener or both compartments of the original disc

Therefore. bithorax duphcations from tha previous experiments were scored for
the presence or absence of a series of leg markers (see Table 4) Deficiencies were then
classified as affecting either anterior. péstev*icr’ or both compartments. Since a large
nuﬁ'ber of unlf:rrmly distributed markers were scored (see Figure 12), it m rgasanizia to
assume that if only anterior structures are deficient, the duplicate would be ﬁ:rmaé from
only anterior cells Likewise, one might expect both anterior and posterior cells to
participate in formation of the duplicate if the region of marker deficiency extended into
both the anterior and the posterior compartments of the disc. _

V'In all four bithorax genotypes analyzed previously. only two kinds of marker
deficiency were found The first kind lacks only markers of the anterior c‘.eﬁﬁﬁmeﬁt
while the other kind also lacks posterior markers. However, AMS~PMS, AMS-PMT and '
AMS —P(MS&MT) duplicate patterns were found among both of these deficiency classes.
KE!aﬁ':ples piotted on a bithorax metathoracic leg-disc map are shown in Figure 13 The
results of this classification for duplications pooled over the four ggﬁetfyﬁsas are shown
in Table 14 (See Appéndm 1 for details of each genotype and justification for pooling)
Note that each of the three duplicate classes can be found either when !:hg anterior
compartment only is deficient or wﬁen both compartments sre deficient The kind of
duplicate is statistically ndependent of the kind of deficiency {contingency X(2)=1.88,
0.5>p>0.25). This suggests that the origin of the duplication blastema may not be
important in determining the kind of duplicate far;ﬂed. The observation that 48 percent
of the duplicates have both compartments deficient and yet orfly 12 percent of the
duplicates sce of the AMS-PIMS&MT) kind (see Table 10) is also consistent with the
hypothesis. that the kind of duplicste may be independent of compartmental origin There
is of course no wéy at this point to rule out the possibility that in the case where both
the antarior and thg pastaﬂar cmtments are deficient, only the anterior cells are
mvalvad in farrnmg the duplclta In :ddutlan when only the anterior markers are
observed to be defigient, this does not necessariy mply that the pastsriar celis do not
contribute to tha duplicate. Fcr eximple cell death may occur in the peripodial membrane

) which caﬁtﬂbutas no Iandrﬁarks to the adult leg



A Y

Figure 13. Two kinds of marker deficiency in the original
member of the bithorax metathoracic leg .
duplications plotted on leg-disc maps. (a)
bithorax metathoracic leg-disc map, (b) and (c)
are duplications with anterior and both
compartments deficient respectively, classified
as AMS-PMT duplicates, (d) and (e) are
duplications with anterior and both compartments
deficient respectively classified as AMS-PMS
duplicates. ’ v
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Marker deficiency in é@&fﬁilmnx and wild-type metathoracic leg duplications

When bithorax (AMS-PMT) métaﬂiéra;éc legs dupiicate, they sometimes give rise
to posterior mesothoracic structures in the duplicates However, no analogous effect °
was observed in the anterior compartment of the postbithorax (AMT-PMS) duplicates.
Failure to find any effect of pbx in the anterior compartment of the duphcate does not
necessarily imply that the mechanism by which pbx causes its transformation is not

‘analogous to Hx. It could be that the region of cell death never extends into the posterior

‘cmt of the pbx metathoracic leg disc As a result, the posterior pbx
tr;ﬁéfarmad cells might not have any opportunity to participate in formation of the
duplicate ’ ,

An analysis of the pbx pjﬁérﬂ duplications shows however t‘hat 19 have both
anterior as well as posterior markers deficiegt iﬁd 23 have only anterior markers
deficient The remaining 8 duﬁhcstigﬁs have no detectable marker deficiencies and the
duplicates are essentially complete for all markers It is Quite likely that ail these 8 cases
have only anterior compartment deficient as no distinct marker is present at the sternal
bristie (ST) region which was found to be most frequentiy deficient in the bithorax’
duplications as well as the mesothoracic leg duplications (Russall, Girton and Morgan,
1977). The two kinds of marker deficiency plotted on pbx metathoracic leg-disc maps

" are shown in Figure 14 Statistical analysis shows that the incidence of deficiency in
either only anterior or both compartments is not significantly different (X:(1)=0 16,
0.75>p>0.5) from-that found in the bx experiments (see Table 15) Therefore. failure ia
differentiate anterior mesothoracic markers is ﬁ;f.'ﬂst likely not ascribable to the exclusion
of posterior pbx-transformed cells from.formation of the duplicate. but due instaad to
some difference between the effects of bx and pbx in pattern duplication in a cell lethal
systam.

- As with bx and pbx duplic:ti'ans, wild*typ; onas siso exhibit marker deficiencias.
Among 13 duplications which were scored, the marker deficiencies could again be
" cTasIMad into those with only the anterior compartment deficient 14 cases) and those
with both compartments deficient (9 cases) Fugurg 15 shows the two kinds of marker
dafnc;:mncy plotted on wnlﬂstypa metathoracic I|g=dns¢: maps. Note that the marker

deficiency patterns exhibit a remarkable similarity to the bx and pbx ones. Overall, the
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E;guri J4. Two kinds of marker deficiency 'in the original
ovxe - member of the postbithorax metathoracic leg
Co duplications plotted on leg-disc maps. (a) a
postbithorax metathoracic leg-disc map, (b) and
(c) are duplications with anterior and both
compartments deficient respectively.



,§E

QE L

e

]

" s

FF‘

- La—LiiilE;1 SO} S Yy

¥ (R . o
- . R
L]
o b
) ,.n . -
. { oo 1
= i -
- . P
-
H
- : ¥
]
.
i
. »
.

. ®I%D PeLLOWOD Zwifxqd pur xgd/xqd-,

T RVED POU QU0 BN S X PuUR (xq/, Xq - T T - TR PR

§0 <d a;ﬁh,e,ﬁﬂesé,ﬁféséyg Asuebu 3uo

59 . | VL T g . mng
& £z e o

S " gr xq

i, L Jy Sy Ei . - gg 1ousn ) .

ADUR|D| 48O JENION §O BT}

,§—,ﬂiﬂ,— E,i.,‘\,sz_?lh—-u, EG,_ sﬁ._, Eih.g,—ﬂi,ﬁ_s, L-f.-.tﬁ,gihz!gﬂ,; ﬂ,,—,‘ﬁﬂi,h
., . .
[ i

!

ya ,.



Figure 15, Two kinds of marker deficiency in{the original
: member of the wild-type metathoracic leg
: duplications plotted on leg-disc maps. (a) is a
et o+t wild-type metathoracic leg-disc map, (b) .and (e)
‘are duplications with anterior and both
compartments deficient respectively.
R . - .
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analysis suggests that celis from anterior and posterior compartments both have the
opportunity to participate n formation of the duplicate " all genotypes. and that
dlwences between the effects of the mutants cannot be explained on this basis.

Cell lineage analysis
The etfect of bithorax n the posterior compartment of the duplicate could mean
that the duplicate was sometimes derived from the Hithorax ﬁmsfaﬁd anterior celis

These celis might have some finite chance of failewiﬁg either the.mesothoracic or the

metathoracic developmental pathway when entering the duphcation biastema The marker

doﬁcooncy snelysis sbove suggests that the anterior bithorax celis can form all three

’ .kmds of duplicate Howeversthis gvudence 18 only lﬁdifet:t as it depends on 3 prtlculr

modei for pattern duplicaton which is still controversial (Jurgans and Gateff, 1979)

p |n order to mvastigate the origin of the duplicates more rigorously, individual cells
were |abelied by somatic recombination so that the iﬁﬂuenée if any) of a cell's
compartmental status on the type of duplicate f@f‘FﬁEd: could be assessed Tha
experimental 'desngn \;rsfas 10 induce labelled clones in H/ithorax dns::—*s after the
anterior—posterior compartmental restriction had been established but bgfore the

_ initiation of pattern duplication and to follow their fates in the duplicates In these studies.

XM homoziygotes were used bacause they gave a much Pigher freqiuer\cy of survival
afrar combindd X-ray and heat puise treatments than other genotypes tested Moreover,
this genotype was kﬁé'\;ﬁ to give all Weg'ku.ﬁa’s of i:ﬁlic:ate regarélgss of the time of
heat treatment as required for this analysis (see Table 13 above) A detaled dascr;gt@n
of the experimental procedure can be found in materials and methods section (page 26
Larvae aged between 48 and 72 haur‘s (24 hour egg laying period) after egg ,depcsitiaﬁ
were irradiated @iﬁa 1500R of gamma-rays to induce mitotic rae@mbiﬁit‘_ian {this dose
was used to ensure a relatively high frequency of clones per duplication). and were then
labelled clones were induced before the FDGFI;HMF_“ of cells into the duplication
blastéma Previous studies suggest that such clones would be expected to cross the

anterior -posterior compartmental restriction line in the duphcate (Girton, 1979). Four

hundred and fifteen duplicated metathoracic legs were obtained fram #Mongst about



2500 pharate adults dissected. '

The kinds of clone detected in the dtphcatlons e shown in Table 16 The
majority (90%) of ciones recovered were twins ascribable 1o recombination proximal to
forked Since only ciones labelling both original and duplicate.(OD clones) will give us the
information we require, twin spots were treated in this analysis as singie clones to
maximize the probbthty thet both the orignal and the duphcate would be Iabolled The
frequency of duplicated legs labelied by clones was 153415 If the frequency fonows 2
Poisson distribution. 121 of the 153 should be due to spgle eventy

Distribution of clones in the duplicated legs

The clones were classified into those that marked only the original (O). the
duphcate’(D) or both members (OD) of the duplicated leg and all three classes were found
(Table 17). Note that among the duphications witl ciones. the majority of the clones (6 1%)
were found to label both members of the duplicated leg- Only a small percentage (4%)
were found to mark the duphcate only. and 35% labeliagivonly the qngnnal member Q0
clones usudlly formed a contiguous patch with the larger lsbelied area in the duplicate In
the original, the larger clones marked Several I‘eg segments and one or two longitudinal
bristie rows. However. in the duplicates. such clones usually marked larger numbers & :
bristie rows and had basically the same cione shape and bristie rows marked as in the
original An éxample of such an OD cione 18 shown in Figure 16 A contingency
thi-squared test (Table 17) indicates that the distribution of fhree types of duplicates
classified by clonal isbelling patterns is not significantly heterogeneous

(X*6)=4 15.0 75>p>0.5).

Incidence of clones classified by compartment and type of duplicate
In order to determine if the origin of the duplicate has any influonco'on the kind "

of ppttern ditferentiated, each lone was classified as labelling either the antiio{, the

posterior compartment. or both, in the original as well as the duplicate s of the.

" duplication The results of this chssnfocation are shown in Table 18

Of the sixteen possible labelling patterns, all but twb were found These were

P+A’) and (AP+P'). where the ‘prime” indicstes a duplicate compartment. The presence of



Table 16. Incidence of different types of Isbelied clones in the
duplications induced in femsies of the genotype Dpf3:7)mwh* y
v 1™ I[1)ts726/w sm [/ 1)ts726. Hx**/bx*

*

y ' & mwh sn’ twins ‘ 143

y & mwh s twins - 3

y & mwh twins o 6
9 single . 1 ‘
Total ; 183

Total No. of duplications scored 4157
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Figure 16. An OD clone in a b/thorex duplication. (---)
. boundary between the original (O) and the
duplicate (D) portions, (....) outline of the
clone, f = yellov-forked, s = singed-multiple
ving hair, y = yellow.
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Table 18 incidence of sach kind of cional Iisballing pattern in the
bithorax duplications!
Original Duplicate _ No. of each kind of duplicate
Pe A A P AMS-PMT AMS-PMS AMS- P(MS & MT)
. o ' 32 9 1
T+ - : , 21 5 1
R S . 1o 8 3
e A + 4 0 8]
+ 6 -2 1
+ + C 0 -0 0
. -, 3 1 2
+ . 2 RN 0
s | 3 - 1 0
+ + 2 0 0
+ 0 0 1
+ + 2 0 o
+* + * 1 0 QV
+ + + + 1 0 0 )
- + ) * Q . 0 . 0
Sum - 117 27 9
! The swnben "+7 in the column for a particulsr caﬁprm masns th!t this. .

ent was labelied. with one qr more clones. No ltl-rr;tt was _made to .

d’ist‘lhgu’ ish sihgle from  multiple



D clones with both the anterior and the posterior compartments labelied is consistent

" . .
with sarher results which show that compartmental commitments may be lost during

Nothiger, 1979; Girton, 1979) In only 4 cases out of 153 were both compartments
marked in the original These cases might be due to multiple independent mitotic
recombination evems occuring simultaneously. or to intercalary reggneratmn caused by
~cell death Assuming each instance to be due to two independent clones, one can
estimate the frequency of A and P clones (as Qeil as A’ and P' clones) from the number
of compartments without clones The expected number of multiple events estimated

from the product of these frequencies was seven (Table 19) and this is not sigmfn:antly

confined to one compartment in the original will be useful for our purpose of

determining the origin of the duplicate

Fate of anterior bithorax-transformed ceils
When bithorax mgtamerg;:u: discs duplicate,- both mesothoracic as well as
metathoracic structures are found in the duplicates Theréfore. the main am of the cell
'hneage analysis was to find out whether the anterior b/thorax-transformed metathoracic
-ceits could form all three kinds of posterior duplicates The presence of clonas iabelling
the anterior compartment of tha original and’ rh}pastsnar compartmant (AP) of the
duplicate in all three classes of duplicates would be good evidence for this hypothesis
This kind of clone could indeed be found in the three kinds of duplicate (see Table 18).
Figgxg 17 shows such clones in both AMS!P!\?S and Al‘:ﬂS*F‘MT duplicates. The positions
of five such clones in an AMS~-PMS duplicate and nine in an AMS-PMT duplicate plotted
on leg miés ares shown in Figure 18. Note that th- dnstrnb.&w:n and the shapes of tha
clones are not very dsffargﬁrn the two kinds of duplications.
| The possibility exists however that PMS duplicate compartments originate strictly

“from anterior transformed cells (AMS) and PMT duphcates from pﬁ:staﬂ@%
non-transformed cells (PMT). Some of the ciohes observed that appear to label both
- anterior compartment of the original and posterior compartment of the duplicate in
AMSEF‘MT duplicate would then in reality be multiple independent clones. The expected

3

L]
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Table 19. Incidence of clones in the four compsrtments among the 415
bithorax duplicstions from the data of Table 18
, Compartment
Original Dupiicsta
A P A’ P
No. with one or more clones 128 22 92 68
No. with no clones - 287 393 323 347
Observed frequency with one or 0.31 005 . 022 . 06

more clones



Figure 17. Two anterior clones labelling. posterior
duplicates. (a) is classified as an AMS-PMT
duplicate and (b) is a higher magnification of a
section of (a) showing the clone labelling AB, TR
and BR. (c) is classified as an AMS-PMS duplicate
and (d) and (e) are higher magnifications of a
section of (c) demonstrating the clone labelling
R3SB. f = yellow-forked, s = singed-multiple wing
hair, y = yellow. ,
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number of duplicated legs with the anterior compartment of ; original and the
- B =
posterior compartment of the duplicate marked by independent clones,. can be estimated,

from the data in Tables 18 and 19. As shown in Table 20, this calculation yields an  * .

-estimate of 21 for the expected number of muitipies A total of 55 cases in which

clonas marked the A compartment as well as the P Eéﬂ‘pm{ were observed Since
44 of these were found n AMS-PMT- duplicates, not s 44 can be sccounted for by the
21 expected multipie clones. The resulits therefore clearly suggest that when anterior

bithorax-transtormed cells enter the duplication blastema, they can form not only

- anterior mesothoracic structures, but also either mesothoracic or metathoracic posterior

.

structures " .
- . [}
Posterior markers differentiated by the éﬁtifibf’elﬁﬂii in the duplicate
Even though the anterior clones in the original can contribute to both anterior and
posterior compartments in all three types of duplicates - one cannot be absolutely sure
that the anterior bithorax~-transformed celis can actually dif ferentiate both posterior

misothoracic and metathoracic structures, as those clones may nEt have inciuded any

state. Therefore, the lanamarks dif ferentiated by #il the AP clones in the posterior
compartment of the dupiicate were individually écargd The results of this analysis are
shown in Tables 21 and 22 An example of the mesothoracic snd the matathoracic
structures dif ferentiated by two clones 1s shown in Figure 17 Among -thg 55 ﬁt&i@r
original ciones Wiuch :pprgntlic’extiﬁdéd iNto the posterior compartment of the
duplicate. 33 dif ferentiated at least one posterior metathoracic structure and B

dif ferentisted at least one mesothoracic structure (see Table 22 for kinds of stuctures

definitive posterior metathoracic clones still cannot all be explained by the 21 expected’

- multiples. Therefore, the evidenee 1 strong that the anterior Hithorax—tramsformed celis

have some finite chance of forming either the mesothoracic or the metathoracic
structures after entering the duplication blastema

4

oL e T



Table 20. incidence of AP’ clones classifed by duplicats type from the

data of Tables 18 and 19, and calculation of tha expeacted

incidence of muitiple clones rniﬁnng tha A and P

compartments.
Duplicate Type ' . incidence of AP’ Clons
.9
AMS - PMT ) 44
AMS - PMS 8
AMS - PMS & MT) 3
s
Calculation:

Tat:l na!af duphcations scored = 415
Y

Dﬁnf“Uul no. of duplications with A and P compartments marked = .

44 '« pWW3 = 55

grvq fraquency of A c::mpartmants with one or more clanes
128/47% 031

. Observed frequency of P mﬂnwts with one t:r ‘more clones =
68/41% = 016 .

v

"Hence expected nurmbaer af duplications with A and P caﬁﬁ\(-ums

031 016 x 415 = 2058

81
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Table 2. incidence of clomnes which differentiated st lsast one §(::t:riar
maesothorscic snd/or metsthoracic structure

N\

" Kind of Posterior Compartment in Duplicate
Cional .
Origin PMT PMS PMS & MT)
Anterior 31 6 2!

Pogterior . - -3 1 22

iIClones mclude both meso- and metsthoracic structures.

One clone differentiated both meso- and metathoracic structures. and the other
dif ferentiated oniy metathoracic su*uetur-s
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The fate of pﬁﬁ-ﬁaf matathorscic 5/thorax cells
Clonal analysis data in Table 18 suggests that posterior b/thorax non—-transformed

metathoracic cells also sometmes contributed to the duplication blastema in this study
using the cell lethal system it is ir\fgrestnng therefore to-examine the fate of these cells in
the paﬁgrﬁ duplications This analysis should provide us with further nformation abbout
the stability and the heritability of the determined state in bithorax cets forming a
duplication ?lastem o

Only 9 posterior orignal clones axtending into the duplicate were obtained Six of
these wera observed 1o cross the AP boundary while the other Fﬁf‘éi??;kaa only the P
compartment in the duplicate (see Figure 19). The nine clones were found n ail three
kinds of duplicates (Tabie 18! The expected number of duphications with multipie
Independent clores simultaneously marking the P compartment of the original and the P
compartment of the ;dg;ﬁhcits can ba astimated from data in Tables 18 and 19 As shcggh
in Table 23. this expected number was estimated 1o be three and 1s nearly suffu:i-nt to
account for the two PP clones observed in AMS-PMS anid the two in AMS - F(MS&MT)
duplicates. So fhase data do not rule out the heritability hypothesis Haw“i some af
the observed PP clones are probably true single clones as they are caﬂhgueus across O
and D. In addition. the assumption that each AP or AP’ clone is due to two independent
events will bias the estimation af expectad multiples upwards as the clones were induced
beforéthe ﬁtﬁ'}br!péstiflﬂf compartmental restriction i the duphcate 15 established
(Girton and Russell, 1981) Moreover. 1t 1s unlikeiy that all three of the expected multiples
would fall by chance into me AMS-PMS and AMS-PMS&MT) classes Thus. the results ’
do not prove, but i‘a cénsistaﬁf with. the possibility that the behavior of bithorax-
posterior non-transformed cells 1s similar to that of transformed anterior cells in -

forrming mesothoracic as well as metathoracic structures in pattern duplication.

Fm&ar merkers differentiated by posterior origina! clones in the M“v‘

To Eﬁ!ﬁflrrﬁ that the P clones apparently extending ma the P' compartment of the
duplicate could include both posterior masatharl;f and matathoracic structu*:s the
markers dif ferentiated by these (;lon-s were scored The resuits are mliid in ?ﬁh

21 Seven clones differentiated at least one posterior metathoracic structure and two
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Two posterior clones 1abelllng posterior
duplicates. (a) is classified as an AMS-PMT
duplicate and (b) is a higher magnification of a
section of the dupl;cate illustrating the clone
labelling BR. (c) is classified as an AMS-PMS
duplicate and (d) and (e) demonstrate landmarks
R3SB and BTR2 labelled by the clone, f =
yellow-forked, s = singed-multiple wing hair, R!
= row 1,
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Table 23. Inefdence of PP’ clopes classified by duplicate type from the
dsta of Tables 18 and 19, and calculstion of the expected
-incidence of muitipie cli marking both P and P’
~ compartments
. » )
Duplicate Type Incidence of PP’ Clone
AMS-PMS . . 2
AMS-PMS &y{m - 2
\ - ) : N
- : W

Cileulqtion:
Total,no. of dxplicationi scored = 415

Obser;od total no. of duplications with P snd P compartments marked =
5 + +2=29 .

Observed frequency of P compartments with one or more clones
22/415 = 00S ' ' : :

Observed frequency of P compartments with one or more ciones
68/415 = 016

Hence. expected number of duplications with P and P compartments labelled =
005 x 016 x 415 = 332 . '
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clones differentiated at least one posterior mesothoracic structure (also 'see Table 22 for.
I3 = - _ o . =
markers dif ferentiated) Examples are shown i Figure 19 Both these clones appear to be

Eﬂﬁtl}!uﬂus from the P into the P comaparip  suggesting that they are both really sin e
N g9 g \]

clones 1t s ratner surprising that posterior non-transformed ;ithéra: cells appear to b

‘ N (3]
able 10 form posterior mesothoracic as well as metathoracic structures after, éntering the

duplication blasterma. N

The arigiﬁ of fhixed postarior compartments. in the dl@liziﬁ

'duphf:ates may be derived from cells from a single compartment of the original member

of the duplicated leg since cells from either compartment seem to be able to ft:!FFﬁ botn
klﬁdS of structure Tables 21 and 22 show that two of the four clones originating from
the anterior (:c:l’ﬂpé?ffﬁéﬂt:and one gf the two clones originating from the posterior
&&Fﬁpart;ﬁerﬁ differentiated both mesothoracic and metathoracic structures In each case
the clonal label was found in a single continuous patch suggestng these cases may well
be true single clones An example is shown in Figure 20 These clones provide ﬁJ\’ThEF
support for tne idea that in bx duplications. the state of determination may not be’clonalty
inherited

One can estimate the probabiiity that anterior or posterior Tells are both méluaéd
in a duphcation blasterna from the proportions of OD clones marking either A or P but
notiboth compartments of the original member Among 91 such clones obtained (see
Table 18), 82 labelled the anterior compartment and 9 labelied the posterior compartment
of the original If we sssume independent recruitment of cells from these two sources.
knowing the average number of cells which make up the dupli¢ation blastema, one can
estimate using the binomial probability distribution the expected number of duplicates
formed fram both transformed anterior and non- transft:srmed posterior Hsthorax cells
Tha B!pecmd number of duphcates of mixed Dﬂgm 1S calculsted as (1-tprcbability all
anterior + probability all postenior))N where l‘rs the total number of duplu;atncims =
Obtained Assuming _th_'aft 7 - 22 cells form a ’ﬂpphgapéﬂ_pt;stqma in this cell lg_th,a,l.'sy;ste:@
(Girton. 1979, Girton and Russell 1980), this calculation suggests that from 52% t& 90%

of all the duplicates may be of mixed origin In the celi ineage analysis shown in Table 18

e 3



n Figure 20. An anterior clone which differentiated both

v mesothoracic and metathoracic landmarks, R3ITB (b)
and BTR2 and PTsp (¢) in the same duplicate. f =
yellow-forked, s = singed-multiple wing hair.



153 duphcations wege obtahed Qre shauoég.mgfare expedt between »

duplicates to be of mixed origin Given strict celi-heredity of deterrmined  ='-

these should display an AMS-PMS&MT) phenotype But the actual observe e
mixed duphcates was only nine This wmphes. f our assumptions are correc’ *hat &l the
cells in a single duphcation blastema tend to assume the same state c‘j::-ti determination

4 d
teither mesothorax or metathorax) fegardiess of their compartmental origin
! L

On the other hand. it may be that the ass.umpt@; of independent racruitment of
| model (187& celis are. razmltad from the cut edge of the disc In our duphcations. the
. cut edge would intersect both EQFﬁpaFtrﬁEﬁIS of the originals in about 50% of all cases.
(Table 14 This.s also iInconsistent with the strict cell-heredity of detgrfnmeé states
hypothesis in pattern duplication it may be that other parameters, such as the opposition
patterns ge)erated during wound ha.alrng process, may also pl:y an important role in
determining the origin of blastemg cells. Even so. the resuits of this analysis lend some
support to the surprising conclusion from the anal labelling expariment that in the

'

duplicates. a single clone from arther compartment of the original can differentiate either

mesothoracic or metathoracic postenor structures or occasionally both



) IV. DISCUSSION

Mechanism of duplication in the cell lathal system
—Pattern duplication can be generated using erther surgical tec:hm&ues (Schubiger.
1971 Bryant. 1971, Strub 1977a.b: Bryant, 1978 for review) or mutants such as the

temperature-sensitive cell lethal system empioyed here 1see Girton and Bryant 1980 for

- review) Two mechamsms have been suggesigd E;y which pattern duplicates can be

formed The first proposes that pattern ﬂuphcmﬁns deveiop by respecification of -

amstnﬁg cells tc: form two mt:arnplate patterns in mirror image symmetry after the
developing system 1s perturbed This is a g‘fﬁ@r’@ha"aﬁteﬁ type of process since no extra
cell divisions are required (Morgan, 190 1) It was proposed by Jurgens and Gateff 11979
on the basis of experiments usmg a temp@ir e- sensitive lethal. // 7/tsmad. wivch 1s an”

alisle of.suppressor of forked and therefore an allele of /77/tsA26 Clones induced before ~

~imtiation of pattern duplications by heat treatments were all confined to aither the original

or the duplicate part of tﬁe@aﬂérn Moreover. no clone was found to transgress the

_anterior -posterior t:grﬁpartrnem boundary in either original or duplicate part in addition,

they were unable to find evidence of cell death in the heat treated leg discs using the

toluidine blue stammg techmgue (Simpson and S:'anaderman 1975} The authors argue
that these results are :ampatubla only with a morphallactic duplication mechanism

The second kmd of mode! praposés that the initial stlmulus causing pattern :
duphc:mn is the extw‘pat-a n of a pgrt of thg disc st some stage in development Some of
the r‘emaumng cells are assurﬂed to form a blasterna which prohiferates ta form tha
duphcatg r,);rt of the pat‘tgr'ﬁ Since cell division 1§ involved. this 15 an apmﬁrphtc process
of pattern regulation This model is based on precise surgical axperimants such as those
of Schubiger (197 1) and the interpretations of Bryant (1971, Sc;hgb}ger {1971}, and
Pastlgthv\;aut and Schneiderman (1973) Schubiger (1973) showed that pattern duplicatren
in this systemn ‘depends on cell proliferation since 1t does not take place if tﬁe disc
fragments are cultured i sugar-fed ﬁglt hosts where proliferation does not occur

Smmﬂyausﬁaamsnmmgmmmafmﬁmphmg

disc fragments using tritiated thyrmidine and found that the most heavily labelled region of .

the disc. which presumably corresponds to the fégiﬁﬁ most active in cell division, lies in a
.
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small area near to the cut edge They concluded that pattern regulation is epimorphic and
the blastema contains a small number of cells This view has recently’ bee;w strengthened
by clon'al.analysts n gurgical disc fragments (Szabad. Simpson and Nottuger 1979 ’
Abbott; Karpen and Schubiger. 1881) Clones induced before initiation of duphication or
regenerat}on may mark bothrthe original or the new material Moreover. analysis of partal
dupl;c;t-es Or regenerates showed that markers are regenerated or duplicated in a '
specific sequence with those closer to the cut edge appearing first This mechanism of
pattern regulation was central to the development of the "Polar co-ordinate” model for
disc positional i;wfqrmatnon of French Bryant and Bryant (1976) wh'chrvs now the most
widely accepted view

Mutants at a great many loci (Ruésell 1874, Arking 1975 Simpson and
’ Schneiderman. 1975! selected as cell~autonomous lethals cause pattern duphcations

when heat treated dyring larval life The epimorphic mechanism outlined above has been

- “\‘“_—

proposed to account for pattern duphication caused by heat treatments in
temperature-sensitive cell lethal systems (Russell. Girton and Morgan, 1977). in the
11 1)15726 system, severavl l'p‘s of evidence suggest that pattern duplication_induced by
heat puise trestment of individual anmais carrying this mutation 15 due to Iocalized cell
death which mimics a sQrgncaJ cut and produces a disc fragmeﬁt wh_ach duplicates /n situ.
Firstly extensive anaiysb's of head. mesothoracic and prothoracic leg duphcations showed
that the pattern duplication is aimost always accompamed by a pattern deficiency (Russell,
1974, Russeﬂ Gvrton and Morgan. 1977. Postlethwait. 1978) In the mesothoracic leg
duphcatuons ‘the medial fate map elements were found most frequently def’ cient. and
least fraq;enuy u.phwed while the lateral portion was found to be most often
duplicated rather than deficient. These results are in good agreement with the resulits
obtained from the surgical technique for the prothoracic leg disc (Schubiger, 1971;
Strub. 1977ab) Secondly. histological studies of the heat pulsed discs showed that

localized cell death.occurr, owejer. the regions of cell desth could not always be

correlated with the Cuticylar er deficiency (Clark. 1876: Clark and Russell, 1977)
_Thifdly, qlqna[ analysis Q_f the duplicqtio_ns demonstrated that single cbnes inguced before_ R
the induction of pattern duplications often mark both the original and the duplicate '

members and that cione sizes are consistently larger in the duphcates IGirton. 1979

/
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Girton and Russell. 1980} Similar results have been obtained n the presant study (Table
18) These reswits would suggest that the duplicates are derived from the orignal via

=

éplmarph\c regulation

These fmdmgs apparently contradict those of :urgans and Gateff revieweg .
above This is surprising since //7/ts726 and /{1 1tsmad are fuﬁe;t-ac_ﬂl alleles of the same
locus At present no resolution to the paradox 1s possible but the weight of the éviégﬁ;g
from cj:%ferent systems seems to favor the epmorphic mode! at present in this thesis

the results shall be interpretad according to this view. ) o S s
If epimorphic regulation is indeed involved an issue of importance in the presant
study. is the origin of the cells that form the dupiication blasteml‘Twc’: alternatives have
been suggested These celis may either be ordinary disc cells recruited from the cut edge
of the disc epithehum (as proposed i the polar co-ordinate modell or they may come
from a special population of ‘reserve cells’ set aside in imaginal discs for the purpose of
pattern regulation in case of injury (Schubiger. 197 1) There 1s no direct evidence
demonstrating the existence of reserve cells and a number of exaerlﬁier‘iul results argue
in favor of the alternative cut =dge’ hypothesis First, the autoradiographic study of Daie
and Bownes (1980) menhcmed above demonstrates active cell division at the cut edge
Theref«:re if reserve cells exist, therr number must be large and their distribution aven in
the disc. or eise they would have to migrate to the cut edge so that regulation s made
possible regardiess of where the cut falls Migration of celis is not supported by the
clonal data as clones tend to form single contiguous patches Also, clones induced just
before blastema farmatnt%m are rarely confined 1o either the aﬂg@.ﬂ or the new material
as one mght expect if there were large numbers of reserve celis (Girtr:m and Russell,
1980. Abbott, Karpen and Schubnger 1881) If ordinary disc cells in fact form the
duplication blasterna in the //7/t5726 system. then it is important to know about their
compartmental arfSins. The present clonal analysis suggests that roughly 90% of clones
Iabemng duplicates originate from the anterior compartments and 10% from the posterior
" of the origmal disc (Table 18) _
in.order to give a proper nterpretstion of hm}!! M0 WPOrtat o know
that heat treatment does not interfere with the determination sfst-ﬁi mthi duplicates 1n<

large number of prothoracic and mesothoracic leg duplications analyzed. no
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transformations between legs. due to ejther phenocopy or /n situ transdetermination. \\
have so far been.reported Russell. Girton and Morgan. 1977, Postiethwait. 1978,
Stemner. Kolier-Wiesinger and Nothiger. 19?1) Moreover. the same apples fo tr
twenty-four /(1/ts726.6x" pbx~ metathoracic leg duplications anatyzed here Henc
/11)1s726 system is reliable in gererating duplication phenotypes without additionah,
- transformations, .
b
The rols of b/’thon;x snd postbithorax in determinstion during normasl development
One of the main purposes of the work presented here is to assess Vthe roie of
bithorax mutants in determination This i1s achieved by looking at the hemab(fy of the
determined state in Lx-transformed cells when they participate in forming duplications
The bithorax mutants transform the anterior metathoracic Leg nto anterior
mesothoracic leg. Gene dosage studies suggested that the 5Hx and pbx mutants represent
a loss of gene function (Lew:s. 1963) [JThe transformation could be the résult of
defective embryonic or imaginal positional information leading to failure in the activation
of a selector gene in the anterior metathorax According to this idea. bx° acts as an - -
activator gene for a seiector gene for the asiibl;;hmem of the anterior metathoracic
compartment A sécond poséibnhty 1S that Hx mutants cannot mamtain the metathd-acic
State activated by the embryonic fietd. and hence bHx- 15 1tself é selector gene for the
anterior metathoracic compartment. A third possibility is that 4x mutants cannot in{erpret
i é, express) their anterior metathoracic determined state at differentiation._Fourthi'. 1t
~may be that the phenotype results from éll or a combination of the above possibilities
Failure to interpret the determined state can be distinguished from the other two
possibilities when b\-transformed anterior cells duplicate across the compartment’
bo:m@ary |
When bithorax meu'lthorac-c leg discs duplicate, the anterior duplicate

compartments are always mesothoracic while the posterior compartments can contain
mesothoracid. metathoracic. or a mixture of mesothoracic and metathoracic struct’ures.
" The formaton in some cases of posterior mes‘othoracic elements suggests that tha ~
bx—transformed determined state is heritable when duplication across the compartment

occurs and therefore that Hx" 18 important in the determination of anterior matathoracic
{ ‘ .
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leg raﬂ‘ than it the unterpretanw«:% expression of the deterrmined state-m normal

development
, L , ,
The question then 1s whether bx is Involved in the establshment or maintenance
of the anterior metathoracic determmed state. Although it 1s at this point hard to

distinguish these two hypotheses, two lines of evidence s,uggeét that the iatter 15 the
L] 4

more probable. Firstly the anterior-posterior compartrients appear 10 be established

independently in the embryo ﬂgfére the formation of gclonally distintt metathoracic leg
‘disc If bx* were required only in the establishment of The compartment, one would
Exp'acté bx clones induced after this Evaﬁti—t'@ bahave ﬁcjn*amaﬁt}rﬁan;sly The wild-type
© gene would ﬁ@ longer be required Morata and Garcia-Beliido (1976) found that bx
i clones induced as late as the third instar !a:;ﬁl stage cifferentiated autonomously In
addition. in bHx’ pbx transformed halteres. the number of cells and clonal growth
parameters were found 1o be very similar from the eariiest stages to those in the normal
wing These results suggest that Hx* must éietigﬁ continuously in development to ¢
prevent transformation and therefore are consistent with the maintenance hypothesis
Secal;dly, phenocopies of bHx induced with ether at the cellular blastoderm stage are not
only clonally heritable. but also dependent on the number of copies of bx” In the
genotype (Capéemiza and Garcia-Bellido. 1978) These results were interpreted to mean
that ether interferes with the initial activation of the Hx* gene at the blastoderm stage
T'hié interpretation is also consistent with the 1dea that bx- 15 required in the maintenance .
‘af the metathoracic state. or in other words, ma;ﬁtgnaﬁ«:e of a memory of position in the
embryonic field.
The pbx mutant transforms posterior metathorax into posterior mesothorax
Hence it may be involved in the establishment, maintenance. or expression of the
determined stata In order t;s find out if the pbx mutant affects any of these functions.
pattern.duplications were induced in the metathoracic -Ieg' discs (same rationale as for bx)
All of the 50 duph:sii@ﬁs obtained could be classified as AMT-PMS duplicates (Table 7).
This shows that the pbx- gene 1s necessary iry this s‘rsmrﬁ for differsntiation of the
postanor metathoracic Eﬂﬂm Thu

selector genes for anterior and posterior

etathoracic compartments

| b~ wnd pox* could be considered anglogous” -
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The function of bithorax during pattern duplication

The activation of bx" and pbx” genes appears to be independent during normal
developrhent as each locus is compartment spec;fic in its effects Transformation of the
posterior compartment in bx duplicates implies that pbx” is not activated-in the:
compartments On ﬂ-ie'éiher hand, when bx*pbx discs duplicate, the posterior
compartment s always non-transformed and therajfarg pbx* must have been active It
follows that bx~is involved (directly or indirectly) during pattern duplication in the
activation of pox- tﬁggt:;ﬁsh the posterior metathorax state. Such an iﬁterg:ﬁ‘@;
betﬁvsen bx* and pbx- genes evidently does not occwr In normal development Hence the
involvernent of Lx° in the establishment of the postarior mefsmarxoé state s only
revealed m pattern duplication and can therefore be considered as a latent fL;ﬁEtlQﬁ of’
thus locus |

Consistent with the above interpretation. it was found that fhie frequency of \
transformation :depeﬁﬂad upon the alleic state at tha bx locus Lx** homozygotes gave
Si!"x; transformed posterior cémpartrﬁems while in bx’ homozygotes 78% of all dupiicate
posterior compartments were transformed (Table 10) This is as expected if there is
some bx” activity threshold level above whidh pbx- can be switched on as bx' is ;;lﬂsaf
to the amorphic condition than ax* (Lewts, 1963) | ; |
The duplicate phenotype in ralstion to compartmantal origin

Although the formation of AMS-PMS duplicates of metathoracic legs strongly
suggests that the posterior dupliéates are sometimes derived from the anterior
bx-transformed cells, there are gever'al possible alternatives with respect to the cellular
origin of the duplicates that may influence their phenotypes The first possibility assumes
strict heritability of the transformed (anterior) or non—-transformed {posterior) ststés ‘of
bx cells when they enter the duplication blastema This wdtid imply that AMS-PMS
duplicates are derived entirely from anterior bx-transformed calls, while AMS5-PMT and
AMS -PIMS&MT) may be derived from both anterior and posterior 5x cells A secong
hypothesns would be that tha kmnd of duplicate formed is iIndependent of the ‘ CoeT
developmental history of celis involved, but dependent upon the alielic state of the bx

gene alone To distinguish between these models. a cell linaage study was done using
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clonal analysis. Clones were induced after the establishment of the normal .

anterior —posterior “béu" dary 10 the metathoracic leg. but ﬁin_c:r to the heat-treatment used
to imtiate duph;_amﬁs rclanes showed ihit!béth anterior and posterior cells can
participate in forming the duplicates and that their compartmental commitments are lost
during pattern duplication (Table 18) A number of earher workers have obtained similar
r‘gsx;ﬂts n regenerating and duphcating wing discs (Szabad, Simpson and Nothiger. 1979),
fﬁés@fﬁ\“afailﬁ (Girton and Russell. 1380) and prothoracic legs (Abbot®Karpen and

Schubiger. 198 1) using aither surgical techniques or temperature-sensitive cell lethal .

- systems to induce the duplications Jurgens and Gateff 11979) however reported that

compartmental restrictions ware always maintained in both the original and duphcate

throughout the process of pattern duplication ¢

In the present results, 44 of clones which originated in the anterior, and

iy

aiso labelled the posterior compartment in the duphcate were found in duplicates -
classified as AMS-PMT This suggests anterior trgnsfchmed mesothoracic cells can form
metathoracic posterior structures after entering the duplication blastema The alternative

hypothesis which assumes strict celli-heredity of the determined state can only be upheld

“1f all 44 "clones’ represent unrecognizable multiple inductions. The 21 multiple clones ) )

expected (see Table 22 on the basis of independent events cannot account for all 44 of
the clones actually observed -

In four.of the nine posterior clones also marking the posterior duplicste, two
were in AMS-PMS duplicates. and two-in AMS—-PIMS&AMT) aﬁe;. The expectad three
multiples (see Table 23) could Eﬁm‘!‘t for these results without assuming a change of
state. but the results are equally well explained if pastericsra;gls can also form both kinds
c;f posterior compartment Taken tagsﬂ'\ér, the clonal analysis strongly supports the
second hypothess, that the kind of duplicate formed is independent of the previous
developmental history of the cells that form the duplicate but dependent upon the allele,
at.the bx locus that they carry. '

Also consistent with the above interpretation are the Observations that two
ongnal-anterior clones and c:xgié arugmgi‘zpcstgr@r clone differentiated both posterior
duplicate mesothoracic and metathoracic structures within a contiguous patch (Table 22)
The markers outside the clones were all metathoracic This suggests that the clonal origin

H
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of mixed posterior duplicate compartments can be either anterior or posterior original

- cells.

Stability of determined stites and determinative decisions in the b/thorax disc in
it has been proposed that the basis for heritable maintenance of determined
states may be écsatwe feedback ff}ﬁtf@l at a series of selector gene loct. For instance,
each peiector gene product might interact with fts own promotor 1o matan its own
transcription once switched on This idea 1s embodied in the mode! suggested for the
bithorax complex by Hayes et a/ (Hayes, Girton and Russell. 1979) In this case both bx* -,
and pbx® products are assurmead to be capabie of feedback at a common pféﬁ;?tér Thus o
idea was devisad 1o account for the effects of bx on'pbx- sctivation in pattern’
duplication reported in the present work. A prediction of this model is that the decision
between mesothorax and metathorax in the duplication blastema would depend on the
pre‘vuaus t:@mpartmental status of the cells involved -
The subsequent cell-linreage analysis reparted above suggests that posterior bx (E\ .

cells which are already determined to be PMT can nevertheless form PMS duplicates

not all be expected to fall by chance into the critical PMS and PIMS&MT) classes. If
posterior cells Edt:: indeed gometimes form PMS duplicates, this would indicate that pbx*
‘ can be switched from the on to the off state during pattern duplhcation. This is not what
would be expected if pbx* product feeds back to maintain its own transcription as
speciﬂed in the model of Hayes et a/.

instead. the decision between mescthoracic and metathoracic states seems to
depend more on the allelic state of the bx locus than on the previous develéprﬁgﬁtgi
history of thé cells involved This suggests the hypothesis that the posterior cells may
change their states because of an interaction with anterior, transformed AMS Cells.
transformed (18%) or entirely non-transformed (76%) posterior compartments, as.

compared to the small number with mixed structures (6%) The average number of cells
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mch.contribthg to the formation of the duplicat»on blasterna in this system has been
éstimated as beng between 7 and 22 (Girton. 1979, Girton and Russell, 1980, From the
clonal analysis reported here ﬁéble 21). it1s clear that after entering the duphcation ‘
blastema the determined state of these cefls is normaw clonally stable- Thus, among 47 |
Clones labelling individuai duplicate posterior compartments, 7 formed only mesothoracic.
markers, 37 formed only metathorac:c markers. and only 3 formed both kinds ‘f marker |
If the state of determination of eagh cell in a dupiication blastema consisting of 7 to 22
Celis were independent. we would therefore expects frequency of 1—Mprobd'»lny
mesothoracic cells) + probability (alt metathoracic cells)] mixed compartments Thus
frequency as estimated from the muitinomial distribution is greater thaff_BO% This is
significantly in excess of the 6% observed (Table 18). This r¢leSult strongly indicates that a
co-oo'dmt_e decision 1s made by the celis coﬁapnsmg ajgven cuphcation blastemna -
Whether a co-operative decision is mde. or whether the cells are subjected to a
common external influence cannot be decided from the present results. This may be
related to other situstions where co-ordinate determinative decisions are made among
cells related by physical proxmity rathér than clonal origin Thus. co-ordinate
determinat‘uve decisions in norm.al development also take place :h groups of cells related
by proximity rather than by descent (Nothiger, 1972 for review). Cicnal analysis has
demdnstrated that transdetermmation occurs in groups of ad ;écent cells which switch
simuitaneousty to the same determmed state (Gehring, 1967) Cell lineage analysis of an
Antennapedia mutant has shown that the éntennae to leg transformation is also made in
c.ells related by p&:kimity rather than by descent (Postiethwait and Schneiderman, 197 1),
The only difference in the case of the present bx duplicates. is that the co-ordmnate
decision must be made by cells which previously had d-fferent determined states. This is
made poss»ble perhaps by a de- determination step taken by cet}s when they enter me

, duplacatnon blastema.

Effects of b/thorax and postbithorax in the determination of haltere disc
- The haltere to wing transformation caused by bx 8nd. POX ere aiso snterior snd
posterior compartment specific respectively in the two mutants (Garcia-Bellido and

Santamaria, 1972 Morata and Garcia-Bellido. 1976). Adler (1978a) has published results
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éiﬁirlf to the present ones. using a sufgi:.i chrique on bx and pbx transformed
ﬁalteras He found that when celis from the transformed pbx posterior haitere
compartment (wing) regenerated across the compartment boundary, they?fgrantnatsd
only anterior wing structures. This result is analogous to those reported above for bx
metathoracic leg duplicates I-bwaver‘, the anterior bx hattere {wing) can only regenarate
xpastgri:sr haltere structures. which'is analogous to the observed behaviour of pbjr lag
duplicates reported here Adler nterpreted his rasults as ndicating that the mechanism of
-ranstormation in the two mutants is different Thatis, bx affects the expression of
determined state and pbx affects cell heredity of the determinad state.
The results presented in the present work and Adler s results therefore appear to

be in contradiction with respect to the roles of 6x and pbx loci In dorsal and ventral

techniques but it may be explained if there is a quantimwe difference in the amount of
bx activity level required. for establishment of posterior haltere and posterior third leg
compartments In pattern duplhcation and regeneration Gene dosage studies have
demonstrated that éxistiﬁg bLx alleles are all hypomorphs, as ther phenotypes are more
extrems whEn placed over a deficiency for the locus (Lems 1963)

A second hypothesis 15 that the dqfferem:e iS due to a dissimilar dmelapm&ntal
function in the two discs of bx° ang: pbx*, pgrh;:s because of interaction with other
homeotic loci active within them. éms:stent with this hypothesis, there exist a number of
mutants such as Mu/tiple-sex-comb (Msc). and £ xtra-sex-comb (Sex), mutants of the
Antennapedia carﬂ;lgx Kaufman. Lewis and Wakimoto, 1980), the recessive
extra-sex-comb fé;f/ and Po/ycomb (Pc) which transform second and third legs into first
leg with no homologous compartmental ﬂ‘ansfarrﬁatiém in the haltere or wing
(Hannah-Alava, 1958 for review and éBS[:r‘ip!iDﬂ,— see Lindsley and Grell, 1968, and
KC)uwerveeL 1976) Therefore. these loci might possibly interact with ox* and pbx- loci in
the determinative decisions which establish compartments during pattern duplication.

Adier (1978b) also studied regulative behavior in the bx and pbx mosaic discs. He,
first anslyzed the reguiative behavior of wild-typghaiters end wing fragments to define
regions of homology between the two discs and found that the fggul:tive behavior 15

very similar between them Next he analyzed the regulative behavior of bx and pbx
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transformed haltere discs and observed that the regulative behavior in these discs is also
simular to that of ﬁ'ié wild-type wing or haltere discs. In situations where a disc fragment
cdntams both wing and haltere tissues. interaction between them can still occur to give
pattern regeneration or duphcation depending on the size of the fragment HQV;!EVE; the
determinad state of the duplicated or-regener ated structures (mscﬂwa&ig' or
metathoracic! can be conserved or nonit:aﬁsged, depending on the Eampmtll
origin and determined state of the cells that form them He concluded that wing and
haltere drscs not only contam homologous positional nformation systems. but also that'
they share the same éésntu;ns! information in the Hx and Pgx mosaic discs and that they
communicate in pattern regulation. This conclusion is consistent with the observation that
in the bx third leg disc. anterior and posterior cells can both c:ciuirtfil:nﬂej to the formation
of thé duplicate However, it is not clear from Adier's results if cells de—deterrmme first
and co-ordinately make a determinative decision as suggested above for the

metathoracic leg disc

Implication of b/thorax duplicates in the light of models involving “combinatorial ]
epigenetic codgs” !

Several experimental results suggest that pattern duplication may involve a
reiteration of normal development Firstly. by cional analysis it has been demonstrated
that the number of cells mitiating a mesothoracic leg duplicate may be as few as 7-22
This }Qﬁilar to tﬁe number set aside to initiate the leg disc in the embryo !ﬁ%ﬁgﬂ%ﬂﬂ
deve"IOpr:isﬂ;t (Nottuger, 1972 Madhaven and Schneiderman, 1977, Girton and Russell,
1980 SE{:EﬁdIy, EIQIJ!;IVPSFSFE\E!QF'S such as cell-division rate, and clone shape are also
very similar to those found In m:;r'malllggs (Girton and Russell, 1980) Finally, the
compartment bé'uﬂd,ﬂ*; is re-established in duphcates in the same lac;fnan as in the
normal appendage ;

. Durmg normal development. a number of gene ioc) must be switched on or off
Through clonal analysis and developmental studies of homeotic mutants, it has been
suggested that e

developmental unit into two smaller ones. The activation of a selector gene to control and

~ maintain each determinative decision would be necessary at each step At the end, each

&

N gvent may represent a sub=division of a leger -
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compartment would be c:hiricl‘&l;ed by a combination of ietivmes’fér a number of
 selector genes (Garcia-Bellido, 1975 Kauffman's binary switch epigenetic code suggests
2 smmilar combinatorial scheme (Kauffman 1973, 1975) A schematic representation of
this kind of model 1s shown in Figure 21. If pattern duplication indeed involves a
reiteration of the normal develiopment events, then some of these dgvelsﬁméntal steps
must be reversible. | )

in the present context the phenotypes of bx and pbx are inconsistent with their
participation as seiector genes in a simple combinatorial scheme for compartment
development smce neither mutation causes a complete transformation to mesothorax
Instead. the effects of Hx and pbx are anterior or posterior compartment specific. In
addition. gepetic analysis has demonstrated that bx and pbx are two dif ferent loci (Lewis,
JS‘ES) Hénc:e, these results are all consistent with the idea that the distinction between
anterior and posterior metathorax is made by two separate loc! rather than a simple on or
oft state of one selector gene, and that these same loci also code for the distinction
beteeen mesothorax and metathorax Hayes ef 2/ have proposed an alternative model
that can account for the observed metathorax to mesothorax transformations nvolving
single compartments rather than the whole segment, caused by the two mutants t’H:yas,,'
Girton and Russell. 1979). According to this model, there is no selector gene
corresponding to A in Figure 21 |

Any model involving a combinatorial binary switch scheme for progressive disc

determnstion wmlﬂ predict that a mutation in a selector gene whicti acts at s iater stage

| should not affect a decision taken earlier in pattern duplication If the mesothorax versus
metathorax decision i1s encoded by a separate locus mch as Ubx (gene A of Figure 21)
rather than bHx locus itself (gene B of Figure 2 1). ohe would not then expect a mutation in
the bx l::éus to have any effect in the p'g;gnar compartment of the duplicate Since bx
has been shown here to influence determination in the posterior, it follows that the
distinction between mesothoracic and metathoracic states must be encoded by the bx
locus itself. This result is therefore inconsistent with the combinatorial scheme of
ﬂetsrrnmmve ﬂe:fsu:»ns as swggestgd by the rﬁcdgl in Figure 21 It may hcwavgr be

a:guea fhﬂ ggna Ain anure 21 is Ubx, and that be and bx sre pseudoalielas
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Anterior Posterior Anterior Posterior
sothorax mesothorax metathorax metathorax
: 01 10 1l
selector gene B
anterior = 0
v posterior = 1
»

1 selector gene A
mesothorax = 0
metathorax = 1

.Figure 21, A combinatorial scheme showing how the selector
gene and the binary switch epigenetic code models.
(Garcia-Bellido, 1975) and Kauffman, 1973, 1975),
may be applied as an explanation for '
determination in the mesothorax and metathorax.



~ Consistent with the above conclusion. Morata and Kerridge (198 1) have observed
that Ubx homozygous clones induced any time before 17 hours of development ;,;
transform anterior metathoracic to anterior mesothoracic leg and the posterior
compartment of both mesothoracic and metathoracic legs to posterior prothoracic leg, )
while clones mduced later than 17 hours cause transformation of both compartments of
metathorax only into the corresponding mesothoracic compartments Theseiresults are
aiso inconsistent with the simple combinatorial scheme which would predict whole
swt'&:ﬁsf’wmﬂiaﬁs. ‘

It may therefore be concluded that during normal embryonic development. the
decision betwean mesothorax and metathorax i1s not made by means of a combmatorial
rmechamsm The distinction between the two segments appears to be controlled bkfwa
different loci. bx° and pbx*. which are activated mdeper\ﬂemly in the metafharax The
observauons are consistent with the alternative mode! (Hayes. Girton and Russell, 1979
But as discussed above. a prediction of this model was not borne out in the clonai
analysis -

The rgau'rement for &r function in the establishment of the posterior duplicate
may perhaps be necessary since the embryonic positional fietd wm:h mstuﬂy,aetlvztes the -
two loct must have disappeared jn the imaginal disc Hence the re-establishment of i
determined states may depend on the selector gen‘é(sv which act as a memory of

determinative decisions taken in the embryo

=
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