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S ) Abstract:
| : '

ThIS thesis concetns the mterpretatlon of homeotnc mutants in Drosophi /a me/anogaster
' Vanous systems of gene mtera”ctnon have been prpposed as the basi‘s for determmed

' states in Drasoph//a development Three are dﬂp.‘ : 3 in a rigorous faehlon, and th? g

“expected’ effecte of mutants wnthm each.ﬁ‘ am e ‘tit?s. the effects of mutant I
“"combmatnens are exammed s argue o »‘ Wik ﬁqfhtal s'yst'emsf employ a
: maxture of the dlfferent pure systemg T’h, ral " \ tatlon and vanous mutants in the

| proxsmal Blthorax Complex are consndered m Isght of-the theory whlch has been

, developed and specnflc conclusuons are drawn concermng the control of gene act:vatlon

.and the mteractnons among those genes to gnve the fmal determmed state

\

. .



' We make a wonder at the monstrous. and mlghty shoulders of Elaphants able
to carny turrets upon them. We marvell at the strong and stiffe necks of buls,
.and to see how terribly they will takg up things and tosse thard Bt the
-aire with their hornes. We keepe a wondering at the ravening o¥
- the shag manes of Lions:-and yet in comparison of these Insects i ,
nothing wherein Nature and her whole power.is.more seene, neith r sheweth R
she her might more than in the least creatures of all. | would request tt{erfore
the\Readers; that in perusing this treatise, they will. not come, with'

~ prejudicate opinion, nor (because many of these silly flies and wormes t%
contemptible in.their eies) disdaine, loath, and. contemne the reports that | shall

' _make thereof; seeing there is nothing either in Natures workes that may

E seeme superfluous, or in her order unworthy our speculation.”

A

N

-= Pliny, Natural History, Book X

vi
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| o &t lntroductlon . SR o BRI
ThlS thesus is an lnqunry mto the genetlc control of determunatlon in Drosoph//a ln>
%essence it attempts to answer the questlon "How does one properly mterpret homeotlc f

: ;mutantsw. That there |s no consensus lS clear from the large number and varnety of

models whlch have been constructed around essentlally the same data base In general

"the models whnch have been proposed attempt to explam all homeotlc mutants wnth a.

smgle ratlonale 1 belleve that thls attempt is mlsgulded whlle each approach has’ features

. ‘thlCh recommend |t none |s suffucnen‘t alone for reasons to be developed ll‘l the text ln

a

‘ ,_thls theSIs l develop a common termlnology by whlch dlfferent ratlonales are compared

of

._"-and lntegrated Chapters ll and i are concerned wrth the propertnes of developmg

' "systems m general and those spec:flc to. Drosoph//a Chapters lV and V present a

A

__theoretlcal analysus of dlfferent mutant mteractlon systems and the propertles expected

- “of mutants ln each system Chapters Vl and Vll descnbe and analyse specuflc mutatlons in. " '

_‘Drosoph//a me/anogaster Chapter VIll lS concerned w:tfh the mterpretatlon of mutant

o

. vcomblnatlons Chapter lX wnth deletlons and Chapter X summar)zes the concluslons of

: the thesus e R -'_j



- further develop

. : structures to WhICh they would have glven rlse ln sn:u The fragments are«thus :

Il. Positional Information and Genetic Response

e N v . é
3 A Posntlonal Informatlon o ,
Developm f tal stems may be classafned as "mosaic” regulatnve dependmg A
upon th‘e behthO of lsolated f(agments of the system under condltlons conducuve 10 e

nt fh. mosalc systems fragments dlfferentlate prec:sely the set of

R self dlfferentlatlng in regulatlve systems fragments gtve rlse to more structures
' ("posmve regulatlon '} or fewer structures (”negat(ve regulatuon ) than would have been

, f‘found in S/tu (Sander 197 1) Regulatlve behavnor suggests that the fragment forms part o

; g _“of a Iarger system Wthh requures communlcatnon between the parts for the

‘estabhshment of a: normal pattern Reglons wnth thls property ha\ae been termed "flelds" °
'(see WBISS 1939) Patterns of regulatuon m fragments of fuelds or in fus:ons of snmllar
,’-"flelds have been extenslvely studled to determme the nature of the underlymg lnteractlve ‘
| u‘.system (see Kuhn 1971 for a detalled survey of 80 years of experlmental embryology)
r'.""ln general |t is. found that many results may be explamed if ‘a gradlent is mvoked m the B f,' . V
. :’process of pattern spec:fncatlon Thus flelds as deflned operatlonally by a vanety of
}experlmental crlterua may correspond to the llmlts of gradlent systems ' v"' ~‘, 3

The early twentleth century saw the emergence of the fleld of genetlcs and

5|nvest|gatlons lnto the roles of: genes ln development From the results of studles of

: t'_genetsc mosalcs Stern proposed that the termnnal morphology of a structure arose from

“‘an mterplay between snngularltles in an underlymg prepattern and the genetlc

; 'competence to react of the cells m the fneld (Stern 1968) It was not untnl the Iate smtnes

; howeyer that a unlfylng theoretlcal baS|s for the actlons of genes and gradlents was '. _‘ “
. » proposed when Wolpert made rlgorous the concept of posutlonal lnformatlon (Wolpert
Cses o e el
ik Wolpert proposed that graded mformatlon exlsts in. flelds but the mformatlon ‘
relates strlctly to posmon The fleld as revealed operatlonally lS now proposed to
""l;’comprrse those cells whose posntnons are def:ned wrth respect to the same set of

: :co ordlnates Durmg development each cell would (|) read lts posntuon thhnn a fleld and

”‘,-(u) mterpret |t by act:vatlng an appropnate sét of genes to glve a specnﬂc d|fferent|ated



.. "'state The unlque propertles of a glven fleld are thus thought to result from smgularltles :

“ in the cellular response rather than from snngularmes in the underlymg posltlonal A

‘-lnformatlon ' “ '. ' :‘ SRR e " Tl e RN SR B -
Wolpert pomts out that flelds are never more than One hundred cells in- dlameter Lo

(the upper llmlt perhaps belng due to the llmltatlons of dlffusmn) and thls may explaln =

L ,/why in orgamsms Iarger than thus flelds became subduvnded lnto secondary fields durlng

_ development (WBISS 1939) Wolpert also’ suggests that a smgle mechanlsm may be used

Cto specn’y posmon |n d;ff\erent organlsms or WLthln dlfferent secondary flelds |n a smgle
l
orgamsm if the characterlstncs that dlstlngulsh dlfferent flelds are bullt into’ the genetlc

| :responses to posntlonal lnformatlon There is ample evsdence that at the very least, thxs '

; latter pomt is c,orrect experlments with vertebrate llmb buds (Saunders et 7/ 1957) the i

lnsect lntegument lLocke 1966 Stumpf 1967 Lawrence 1966) and Drosoph//a

:fmutants (Postlethwalte and Schnelderman 1971 Struhl 1981) morphogenetlc mosalcs

' "(Stern 1968) and lmagmal dlSCS (Wllcox and Smlth 1977 Bryant ez;va/ 1978 Adler
o 1978a) have shown that cells whlch normally res;de |n dlfferent secondary flelds can
L respond to each pther 3 posmonal specxflcatlon coherently (Frﬁnch et a/ 1976) but

. autonomously accordmg to thelr dlffermg genotypes or: devel pmental hlstorles .

B Genetlc Response to Posmonal lnformatlon : ._f ESOR A T R G - Sl S .

At precnse moments in the developmental program contmuous flelds became o B

' ',"fsubdlvnded mto dlscrete developmental subunlts (Welss 1939 Garc:a Bellldo 1975a)

',_What can be sald about the nature of the genetlc events underlylng thls transmon7 A very_" b

; ~".few cases have been elucudated m WhICh developmental restrlctlons are accompanled by o
o »a loss of DNA (eg Ascarls, Bovarl 1899) Thls |s lh general not the case however smc' b
fransplantatlon expernments have shown that lsolated nuclel from varlous stages of
'[ _development of a vertebrate (Gurdon 1962) and an msect (lllmensee 1976) can suj port -
YA

o o .
i '-development of a fertlle adult when lnjected lnto enucleate eggs Genetlc models of

; "-',v"'development have thus focused on ways of turnung genes on ln specuflc locatlons
One type of model Wthh has been proposed makes use of allosterlc protems to . i
o "monltqr pOSlthl‘l ln a fleld and dtrect dlfferent pathways of development (e -9 Klger |

L 1973) ,Just as the haemoglobln molecule changes shape wuth dlfferlng oxygen tenslons .



the hypothetlcal allosterrc protem would assume varlous allosterlc conflguratnons in .
response to levels of a graded "morphogen " changmg morphs at partncular threshold
values Each conflguratlon would then dlrect a SPBleIC developmental pathway by
actlvatlon of a specrflc set of "downstream genes lor "battenes f genes Brltten and
Davcdson 1969) However in larger organlsms the secondary fleldBS develop K
autonomously and yet retaln a memory of thelr posvtlon wnthm the primary fneld The

- exnstence of thns cellular memory essentlally dlsquallfles models based upon allosterlc
protems alone for the persnstence of shape dlfferences in allosterlc protems would
requlre the persnstence of dlfferent levels of morphogen (l e the prlmary gradlent) Thus
lf allosterlc protems ‘a_re lnvolved xn the SUbleISIOh of flelds thelr roles must be Ilmlted

‘ to that of lntermedlarles translatlngthe mformatlon in transnent gradlents lnto a clonally

S
L

stable state such as those suggested below (see Lewns et a/ 1977 for dlscusswnl
: A second class of model has been proposed Wthh is charactenzed by o
developmental control genes ( swntch genes" Waddlngton 1966 "bmary swntches
auffr k_ '973 "selector genes" Garcna\Bellndo 1975a) These genes would be set m

8 an ON or OFF state dependlng upon posmon wnthnn a fleld ancﬁNould remam stably ON or '

OFF in the cell and :ts clonal descendents when once so set Between them they would

control access to the varlous developmental pathways (see bel sectlon 4) agaln by

: actlvatmg downstream genes Lewus Slack apd Wolpert (1977) have‘ 3 .cussed in detall
Z one system W|th the reqwslte n"II'(Oth stablhty‘ They envnslon a gene actlvated b L graded
| morphogen transcrlptlon of the gene would be promoted ina Ilnear fashlon by the \
morphogen and in a 5|gm0|dal fashlon by the gene product. The result is that above a. |
threshold value the gene wull be contmuously transcnbed evenuafter the dlsappearance

\ of the gradlent A second method of ensurmg stablllty in developmental systems has been
' suggested by Holllday and Pugh (1977) it us based on recent fmdmgs regardnng the ' :
extent dlstrlbutlon and stablllty of 5-—methyl cytosme m DNA and the fact that the set ‘
of transcrlptlonally actlve genes appears to be undermethylated w:th respect to the S

s whole genome (see Ehrllch and Wang 1981 for revnew) Sequence speclflc methylases ‘
(or demethylases as seems more lrkély\|1 vuew of recent evndencel are: env;sloned mmally 3A ‘

to determme the set of genes Wthh is transcrlptlonally actlve and mamtenance

'_ methylases actmg at DN A repllcatnon at heml methylated sltes would ensure mltotlc R

o e " : NEEE N ! ) y . BN



& .

| stablltty o SR , T .
| ' The control gene and the methylase models share two formal propertnes posmon -
,spemfnc gene actlvatlon and a’ prov:s:on ensuning clonal memory The two models may be “
7‘ '-,I'wdlstlngulshed the posm\Ie feedback loop characterustlc of the control gene model results

. in the memory component reS|dmg at the” same locus as the posmonal specn‘lcnty in ‘the

B methylase model two dlfferent genes contnbute these components Note that whatever

: ’-the nature of the. memory component |t cannot be an wrevers:ble alteratnon of the DNA
. ‘:for the nuclear transﬂ antatuon experlments mentnoned above show that under o

approprlatecondltlons a gene may be turned off after once belng actlvated S

!
e



Il Drosophila Development -

The spécuflc orgamsm dlscussed in thls theS|s i’ Dro, oph//a me/anogaster in thls
o chapter | descrlbe the course of early development in Droso hila wnth speclal reference '
: _to prospectuve adult ebndermal cells, as these tlssues supply most of the avallable data

: .concernlng the control of deVelopment in Drosoph//a o }

v

A Descnptnve Embryology

ing a syncytlum For the flrst elght lelSIOhS the cleavage energlds remaln in the o 3
“yolky interior. of the gy, after whlch most of the nuclei mlgrate to the perlplasm e
: ‘(Huettner 1923) where they dlwde another flve tlmes By 35 hours after OVIpOSltIOl’l cell

\

fmembranes have developed around the nucleu and a cellular blastoderm of approxlmately
8, OOO cells ha beeh formed (Zalokar 1975 Turner and Mahowald 1976) At 3. 5 hours :
\‘-' gastrulatlon beglns and by flve hours the flrst vnslble sngns of segmentatuon hav
'v:appeared (Turner and Mahowald 1977) The fully segmented flrst lnstar Iarva hatches c
, from the egg approxlmately 22 hours after.,ovuposltnon _ o ;
As Drosoph//a is a holometabolous msect the adult and farval cutlcular structures ’
are formed from separate cell lmeages The ad!t cell lmes remaln dlp|0ld whlle larval "
E .Icells become mcreasmgly polyplond durlng development The adult cutlcular structures of
the head thorax and genltalla are derlved from anvagmated groups of cells called |mag|nal
' dlscs which are flrst vnslble in the newly hatched larva (Auerbach 1936 Madhavan and
: v' Schnelderman 1977) By clonal analysls (see. below) it has been determmed that an
‘average of one cell dl\llSlOl’l occurs between three and ten hours after ovuposltlon in a |
,number of |magma| dnscs (Wleschaus and Gehrmg 1976) cell dw:snon then ceases and is ,'
. not resumed untnl sometlme Iater in the furst larval’ mstar (Bryant and Schnelderman 1969
':Bryant 1970 Postlethwalt and Schnelderman 1971) These conclusnons have been
_conflrmed by a dlrect cytologlcal analysls (Madhavan and Schnelderman 1977)
' The adult cutncular structures of the abdommal segments are demved from

¥

‘i?_ spemflc groups of cells |mbedded in the larval eplthehum called hlstoblast nests Each

‘.



segment contalns two dorsal hlstoblast nests which give rise to 1 terglte and a |

/

sungle ventral hlstoblast nest whnch forms th ite. At 17 hours after hatching, the

" anterior and posterior dorsat-histoblast nasts contaln approxlmately 12 - 17 and 4 - 8 b
c/ellsre’speﬂmt\j:ntral nest: contains approxlmately 11-14 these numbers .,
: remaln constant throughout larval llfe untll flve hours after puparlatlon when rapid .
mutoSes generaté the requlsdrte number of cells for the adult structures Although adults
of both sexes lack a flrst abdommal sternite and males lack a seventh abdominal terglte ‘

£

and sternlte the correspondlng histoblast nests are present in the larva (Madhavan and
~

| Schnelderman 1977). - L o . I
The progemtor cells of the adult structures have been Iocallzed on the blastoderm. |
‘surface by the us/e of genetic mosalcs ("gynandromorph mapping”, see Jannmg 1978)
and by the correlatlon of site specaflc damage at blastoderm with subsequent adult »
defects (see Lohs— Schardln et al., 1979) The results of the two technlques are
cons:stent ‘and reveal that the prlmordla of adult cutlcular structires are located in very v‘ L
spec:flc reglons of the blastoderm surface ‘ R |
The results ofa third- technlque clonal analysls (Stern 1936) extend our -

understandlng of the process by Wthh adult-specnflc blastoderm cells acqunre thelr ’
fates When cells are irradiated, ‘somatic recomblnatlon occurs at low frequency If the
cells |n questlon are hetsrozygous for'a mutatlon affectmg cellular phenotype such
;‘events may result m the segregatlon of a homozygous mutant cell at the next mntosns The
_clonal descendants of such a cell will also be homozygous and wull be recogmzable by |
‘ vthelr mutant phenotype ina wuld—type background If the cell marker mutatlon is - -
combmed approprlately with a. mutatlon affectlng cell lelSth rate very large clones of
fast growing mutant cells may be generated (Morata and Rlpoll 1975) When Drosoph//a |
e embryos at the cellular blastoderm stage were |rrad|ated the clonal descendents of
mdlvudual blastoderm cells were seen to be hmlted in the array of adult structures they
could form. No clone was observed to cross a bouhdary between segments In addmon ‘
clones dld not cross. between anterior and posterlor regions: of partlcular segments even
though they were seer to’ mark both dorsal and ventral structures wuthln the segment (e. g

wnng and second leg, haltere and third leg) (Stelner 1976; Wleschaus and Gehrlng 1976).

As nuclei appear to be totlpotent before cellularlzatlon occurs (lllmensee 1978) these '

m 'L



lines of clonal restriction reveal the first steps in Drcsop'hila determination. lrradiation‘
durnng subsequent development reveals that furth\er lmes of clonal restriction are formed
in a specific sequence first separatmg derivatives of mdrv»dual discs, and then dorsal .
from ventral proxrmal from dlstal etc. in specific discs. Regnons bounded by lines of
clonal restnctlon have been termed "compartments“ (Garcna Bellido, Ripoll, and Morata

1973, 1976)

i

B. Results of Experimental Ikervention - . S
“Ina series of‘.‘jexperimentsﬁon various Diptera, embryos 'we_re ligated ‘in av
| transverse fashion atvarious times before celiular 'blastoder'm and at varying
anterlo posterior Ievels (revnewed in Sander, 1975a) It was observed that the resultmg
partial embryos contamed an Jncomplete number of segments The ‘'size of the "gap”
decreased ‘with lncreasmg age of the- embryo untll the cellular blastoderm stage when the.
| mlssmg structures were:- l;mlted to those normally formed at the srte of the constrlctlon
In addltlon it was. found that when prewously separated port:ons of hgated embryos were
| made to fuse secondarnly after as many as ten hours separatlon the normal pattern of _
development could be restored The restoratlon of missing segments mdlcates that the
: mntnally mcomplete pattern was not due to the destructron of localized determmants but . |
rather-to the lnhlbltlon of commumcat:on between the separated embryonlc regions. The
‘partlal embryos thus show negative regulatuon and the embryo behaves as a field The -
‘gap phenomenon has also been observed in llgatlon experlments on Drosoph//a embryos
; _(Schublger and Wood 1977) as has the restoratron of normal development uponthe. |
re- establlshment of communlcatron (Schublger Mosely and Wood 1977)

Further evndence for non—mosaic determmatlon in- msects comes from
experlments wrth the leaf hopper Euscelis, in which polar cytoplasm may be readlly
|dent|f|ed by the presence of a symblont ball Upon transvarse llgatron of Eusce//s |
, lembryos antenor fragments produce only head segments and posterlor fragments ; > '
" produce terminal. abdommal segments However when posterlor cytoplasm is |
v'mechanlcally dlsplaced to a medlal posstlon prior to lngatlon the pattern Wlthlh l:gatlon

fragments is altered in ways dependent upon experlmental conditions. In extreme cases a .

complete embryo may be formed in the ahterior fragment and a dupllcate pattern of



POsterior terminal segments in mirror image symmeth'i\n the posterior. In'less extreme
cases the anterior'fragment may contain an incomplete set of posterior segments and
the posterior fragment may contam a single set of posternor terminal segments in
reversed polarity (Sander. 1960) Two features of the results are mconsnstent with-
mosanc determlnatlon (i) posteﬁflor cytoplasm may be associated with the, establlshm nt of\
more than one state of determmatuon (i.e. terminal in situ, subtermmal upan dlsplacement),
and i) segments are always observed to be evenly spaced within fragments although
'their absolute:siae may vary greatly Both features are. explained by a model in which
segmental pattern formation is controlled by the mteractlon of opposmg gradients

(Sander 1960)

n

-~ C. Mutant Effects_in Developrr:ent k o,
| A great many mutations affecting devel’opment have be'en‘ isolated in Drosophi/a '
me/anogaster They are of mterest because they may ldentlfy components of pos»tnonal
lnformatuon systems discussed m Chapter Il They may convemently be drwded into three
categor.es thase with maternal effects those: affect:ng either the number or polanty of
. segments and those affectmg the determlnatlon of segments or compartments '
. Two maternal effect mutants have been isolated Wthh result in mirror image
| symmetry in the larval pattern of segmentation. Expressnvuty of the b/cauda/ mutation
'varles greatly, but in extreme cases embryos from bicaudal mothers contaln mirfor
Symmetrlc arrangements of a varying :number of abdominal segments (Bull 19L66
Nusslem Volhard 18977 Analogous mirror symmetrlc arrangements of dorsal structures' '
may be seen in the dorsal mutatlon (Nussleln Volhard 1979l The phenotypes and
mf=1’ternal actlon of these mutants suggest that they affect the spatlal co— ordlnates of the
embryo and b/cauda/ and dorsal- Have been mterpreted as evndence for the actnon of |
‘ anterlo posterlor and dorso ventral gradlents of posmonal mformatlon in Drosoph//a
l development lNusslem-—Volhard 1979) ’
‘ ‘Mutants affectmg the number and polarlty of segments were recently lsolated by
» Nussleln Volhard and Wieschaus (1980) from a screen of mutatnons causing embryomc » '

' Iethallty They were found to cause three dlfferent types of pattern abnormallty One

_class of mutants defining three loci results_m the.absence of specnflc sets of contlguous



.

segments A second class of six Iocn contained. vaned phenotypes but each could be

_ascrlbed to a polarlty reversal wuthm a repeatmg unit the length of a snngle segment The

4

Y

third class, with six lom, conslsted of mutations causing deletlons in »duffere.nt -
? ' . ’ N . . . ~ . . \

homologous regions of alternating segments. The finding of this latter class v\iesﬁp *\,
' ~ I

B

unexpected; it is most easily explai_ned if pairs of segments are treated as single units ',
“which are homologously affected. This‘ suggests the\exi‘stenceof a transient stage in A
' development when the embryo is organnzed in repeating unlts of two segmen\t{s e A
lNussleln—Volhard and Welschaus 1980) Combinations of mutations in this latter class N
* with other muta’nons affectlng segmental |dentlt‘y (see beiow) have revealed that it is the '
posntmn of segments wuthln the segmental array rather than the ldentlty of segments
which determines the panrs of segments whlch behave as unlts

_ Varuous mutations affect determmatlon in Drosophila in that they cause the often

spectacular transformatlons of one body bart mto another lie. antennae into legs) A large '
" part of this thesl_s will dIS_CUSS partlcular homeotle mutants in detall; here | wish merely‘ to
 point eut'that,the.effects of many homeotic muta'nts are segmentor - '

‘:eompa’rtment—speei‘fié:. They thus identify loci which may’correspond te the

, developmental control—‘genes>Which respend to gr_adients. of pbsiti_onal in‘format'renl\
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: /
—-= results in segments bemg un:quely dlstlngunshed by the combunatlon of ON/OFF states

| v, Integration of lnformatlon from Different Flelds

To this point | have been concerned with the exustence and developmental control\ '

of genes Wthh specufy partlcular pathways. In thls chapter | consider the possible v’
A .
mteractlons among such control genes which may result in determined states. Various

models have been proposed to explain this aspect of Drosoph//a development These

- models may be convennently divided into two classes dependung upon the way the

determined state is coded.'. In the first class of model, commonly refeu:red to as
"combinatorial‘f,‘ the ON//OF‘Fé actlvityl states of a set of globally critical genes uniquely
encode each'determined state. The second class of model | shall call "ideographic”; it is
characterlzed hy the association of genes wnth part1¢ular levels of development Wthh
“results in some degreeéof degeneracy in an Lﬂdiedrl_\ung_comblnatorral “cpde Two W

types of |deograph|c models are possible, dlfferlng in the way control genes mteract to C

e

‘ glve determlned states Each model will be cons:der&i in |solatlon followed by a

dlscussron of mlxed systems Chapter \2 examlnes the different expected behavior of

oo

.. mutants ln the dlfferent systems

Al Combmatonal Systems

.  As revealed by clonal analy3|s the blastode mal determinative events appear to -
dlffer from the subsequent compartmentallzatlon vents |n discs in that the early events

subdwude the egg simultaneously into many discrete umts whnle the- later determmatlve

' events in dlSCS aré binary. The apparent dlfference may be an artlfact of the somatlc

crossover- technlque however for while the mmJl events are revealed by a smgle

X-lrradnatlon at the blastoderm stage they could/occur at any fime between blastoderm

and the onset of mitosis approxumately seven I'jmrs later Thus, what appear to be

slmultaneous events ‘coud be helrarchlcally ordered Kauffman (1973) has proposed that

the events leadlng to segmental establlshment lnd determination are also m fact blnary,

- blsectlng flelds by the actlvatlon of a "blnary SWItCh" (control gene) in one of two

sub reglons A serles of such events -- eaéh subd:vudlng all reglons formed to that pount

\



of all binary svvltches (see Figure 4-1). Evidence supporting the model comes from three
undependent sources an analysts of lethal mutations affectmg maglnal discs, the

\
frequencues and directions of transdetermlnatnon events, and some of the mutations in

»

segmentation mentioned above.

‘A number of late larval lethals causing abnormalities in discs was lsolated‘by
Shearn,et’al., ( 1971); When categorized by the specific discs affected, the mutants fell
into thirteen classes, eight of which,formed‘complementary pairs. Significantly, when the
locations of the disc primordia on the blastoderm surface were considered, the
complementary subsets could be separated by a geometrically simple pattern of lines.
This suggested to Kauffman that each subset mlght be dlstlngms ed from its complement

by the dlfferlng ON/OFF state of a "binary swntch" trlggered by- osmon in the embryonlc

field. “Transdetermination” lS the name given to the phenomenon in whnch disc blastemas

in culture spontaneously change thelr states of determmatlon (Hado'rn‘1965l It-is-known

' that each determlned state transdetermlnes at chaftacteristic frequencnes to other states

Each step is reversnble but because of orlented frequency: differences a global tendency

to transdetermlne towards mesonotum is observed Kauffman (1973) found that by

ons:stently assumlng dnfferent stablllty propertles in ON and OFF states of bmary

swntches he could ‘assign ﬁpeclftc four~digit blnary numbers t_o:each determined state

‘that would account for most of the preferred directions of transdetermination events.

T_hes_e four digit numbers could be chosen»such that they were also compatible with the

o complementarypairs among Shearn's lethals. Finally, a number of mutants isolated as

embryonlc lethals result in half the normal number of segments (Wleschaus and
Nusslein— Volhard 1980l Whlle other explanatlons are possuble the phenotypes of these

mutants are conslstent wath the existence of a transient develop ntal unlt COHSlstlng of
an ad jacent palr of segments, as predlcted by a comblnatorlal model

Garcua—Bellldp has applled this same ‘approach to the post blastoderm

' compartmentallzatlonl events in dlSCS in his "selector gene” model {Garcia— Belhdo 1975)

v Notlng that compartmentallzatlon events always bisect exnstlng compartments he

proposed that in such events a selector gene (control gene) is ptably activated in-one of
the two reglons The dlfferlng actMty states of the gene woulfcl maintain the dlstnnctlons

between the compartments throughout development and account for their different

P
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Figure 4- 1. A linear array of eight segments delineated and uniquely determined by the
ON/OFF states of three genes: in this and succeeding figures the following convention is
~used .1 = gene ON; O = gene OFF. The upper figure shows the activity states of three
control genes within the embryo. The lower figure shows the combined activity states of

the three genes in each segment (after Kaufffnan).



. determmatlon Homologous decrstons m equlvalent secdndary flelds are posuted to be .

! recorded%y the ON/OFF'states of the same selector gene eg the anteruor and postenor

v o

3 ]

_ lcompartments of all thoracncdlscs are. posuted to be dlstmguushed by the OF(F and ON

states respectnvely of the engra//Lsd gene In both the selector gene model and the bnnary
swntch model therefOre the termlnal determlned states are assoceated wrth a umque

' combmatnon of states at a set of control IOCl o b’ T

‘.‘L .

R B ldeographac Models e s s PR :

. R
T o

ln udeographlc models more than one set of control locus sta\tes may result |n the l
o _ same state of determlnatlon Codes of thls type are termed "degenerate” An example of
- such a model is LerS T1978) mterpretatlon of the actlon of the Blthorax Complex As
:f opposed to Kauffman Lewus feels that segmentatlon ar}d determmatnon are separate
v . processes and that after segmentatron the metathorax land all abdommal segments are

R deter.mmed by the states of control Iocn |n|t|ally actlvated by a prlmary Iongltudlnal

Ay

- gradlent the genes bemg actlvated when gradlent Ievel exceed successsvely hngher |

e

'l
\t.
l

i

\

- threshotd val es ThIS results |n an ordered serles of g ne. actuvnty states 5|m|lar to, that v A

L from these actwnty states in two dlfferent ways dependlng upon the nature of the
S lnteractlons between genes ln what l shall call a "cumu
tQ ralse the developmental level by a smgle step from hat of the next most anterlor 3 -

’ "-.-'-. segment to. that of the segment the gene specufles He

B ,-:'deplcted |n Flgure 4 2 As Lewns notes (loc cst) the d termmed states may be derlved

Y

atlve" ‘model each gene WOUId act

e a gene would be necessary but o

i -;not sufﬂc;ent to determlne the level of development lf lspecnfles, m addltlon that state of 0

- .vdegenerate (see Flgure 4 2a)

¥

L gene would overrlde the effects of all others wnth lower ac vatlon thresholds and would

]ralse the Ievel of developmenﬁfrom Lthe “developmental smk” (OOOO) dlrectly to that of

r'j.‘\"determmatlon would requnre the actlvnty of aIl the control genes wuth Iower thresholds
] As the ON/OFF state of a gene does not contrlbute to the determmed state ln cases

2 _"iwhere these specrflc precondxtuons are not met cumulatlve models are necessanly

. o .

I

In what W|ll be referred to as an qpnstatlc model (sej Flgure 4 2b) each control

-

) the ON/OFF states of genes WhICh are overrudden may vary wuthout affectung the -

o

g e T '. AR AR ﬁ

0

_;the segment Wthh lt determlnes As a consequence of thls klnd of "eplstatlc mteractuon
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anure 4-2a Tha asszgnments of the ramammg four actnv:ty stata combmatlons in the ; -
cumulative model. Each'gene: requ«res the ON stata of all genas wn:h lower thresholds to

R be actlve in datermmatlon
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Fugure 4~ 2b The assagnments of the ramammg four actlwty state combmatlons in thp _
epistatlc modél. Each gene requnres the OFF state: of all genes w:th hugher thresholds to :

be actlve in: determmatlom



' determlned state also resultmg in a degenerate code (see Flgure 4~ 2b) Ev:dence in.o

16

f;‘tsupport of Lewus 'nodel comes from an analysns of mutants in the Blthorax Complex and o

: ',w:ll be dlscussed in Chapter Vl ldeographlc models in general may dtffer in the pattern

: "'may be dlstlngwsh d from combmatorual models in that control genes are assocsated wuth .

control gene actlv

’ 'partlcular Ievels of development and the codes are therefdre degenerate

Lewns does r\ot speculate as to the nature of subsequent compartmentallzatlon

» control gene wnth e'ch new compartment (see Flgure 4= 3) Thus If gene ‘e- ON

of. -

tlon and may mclude both "epxstatlc" and "cumulatlve" elements They

: events in Drosoph/ a. However a model buvlt along stmular lmes would assocaate a umque i

=determ|ned segmen 3, at the anterlor posterlor compartmentallzatlon event two new !

actlv:ty of gene e would be requnred m an eplstattc system |t would not A subsequent

L dorso—ventral comBartmentallzatlon event would requlre the act|v1ty of four new genes

5 f" l be actlvated g specnfyung anterlor compartment of segment 3" an% o

' '}:.‘h specnfyung poster or compartment of segment 3" In a cumulat:ve system the contlnued.f‘ :

fm that segment etc Note that whlle |deograph|c systems requwe a greater total number

e Xﬂ

.speculatnons WhICh follow

"of control genes than comblnatorlal systems the mformatlon conveyed by the actlwty

\

' : :'C Mlxed Comblnatorlal ldeograph|c Systems

There |s no a pr/or/ reason to expect real developmental systems to be organlzed L

§

,along exclusuvely combnnatorral or ldeographlc llnes and as'has’ been noted there lS L

'v“y,ewdence in Drosoph//a for both types of system Thelr spheres of control appear to

;"suggest there may be good reasons why thlS |s so T “ L S ‘
' By a number of crlterla segments appear to be dlscrete developmental unlts _ |
: Transplantatton experlments wuth lnsect cutlcle have led to the concept of segment

o :,boundarles as the llml‘tS of an anterlor—posterlor gradlent WhICh is serlally repeated

. posntlon W|thm segment may be specrfled by a co ordlnate system Wthh is contlnuous

(s '-state of a partlcular gene lS more specnflc |e gene’ ’k ON' (Flgure 4 3) specuﬁes "the ;

- S dorsal posterlor compartment of segment E" ThlS property as lmportant in the i i

k ; _"correspond to evolutuonarlly prlmltlve and more advanced stages respectlvely and oo

e .;throughout the body (Locke 1959) Whlle recent work has shown that anterlor-posterlor -

e
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anure4—3 Tﬁe,'-’ge‘fn'etic" control of coﬁiﬁé?trﬁénfalizatioﬁ ln a purely i&e‘égré@ﬁic SYste"rY.!.'i el

T T

.- Genes which are ON are depicted within the compartments. At each compartmeritalization " - -
- . .event a unique gene is activated in each of the new compartments. In a cumulative system-

» continued activity of the genes in parentheses would be necessary, whereas inan-. = - -
" epistatic system.it wouldnot. " . T e s e e
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‘across segmental boundarles (anht and Lawrence 1981) the clonal restrlctlons R

observed durlng normal development reveal that: segments have drfferent ldentltles at a |

e
cellular level These results nmply that segments are dlfferently determ” ned in some sense -

In Kauffman S. combmatorlal model a snngle set of control genes is responsuble for both
the estabhshment of segmental boundarles and the dlfferlng determlned states of “
. » segments Arguments presented above suggest that some degree of comblnatorlal

control is expected but two cbservatlons suggest that segmentatlon and determmatlon

| 'are uncoupled in Drosoph//a' (ll the body of the hypothetlcal lnsect ancestor is th0ught to ..

"have been composed of a serles of morphologncally |dent|cal segments much llke a

Lo ,'mllllpedes and centlpedes today, and (n) in Drosoph//a mutants whlch dlsrupt

' f,segmentatlon deflne in general a dlfferent set of loc: from mutants affectnng _
L determlnatlon Segmentatlon and the determlnatlon of develcpmental level therefore | I.
appear to be dlfferent phenomena SRR |

: Segmentatlon may have arlsen as a response to selectlon pressure for mcreased
. body size. It ewdently resulted in relterated unlts whlch were dlsc, te but whose

g developmental levels were :dentlcal perhaps correspondlng to the present

o "developmental sunk Throughout evolut:on there appears to have been selectlon for thel o

S dlverSIflcatlon of segmental morphology ‘and functlon and segments have ln general

become mcdlfled one ora few at a tlme l suggest that the most llkely way for thls to ‘

B ":have occurred IS by the superlmposmon cf newly arlsen ldeographlc control genes on '

R _."the prlmltlve combmatorlal framework ldecgraphlc genes would have been selected for

o

LE the effucnency wnth Wthh they can lnteract with downstream genes In a ccmblnatorlal - |
B 'system each downstream gene Wthh |s segment— or compartment—spec:flc must have a,;- L ‘

5y lcontrol reglon Wthh can monltor the ON/OFF states of every gene mvolved in segment +

or compartment determmatlon An |deographlc system would permlt much smpler
'_control of state specvftc downstream genes sunce a- smgle control gene would now be
'i' ,"assomated w:th each determlned state Thus the process of segmental dlvergence may
’ .Q‘»have proceeded by the evolutlon of control genes actlvated by pos:tlonal |:1format|on in-
‘ i:'smgle developmental umts and the subsequent gradual acqwsutlon by these genes of |

'control over sets of dpwnstream genes Wthh dlfferentlally modlfy the basal

: :’-developmental pathway in thls vnew the genes of the prlmutlve comblnatorlal system may i

,g}
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- ’ currently be necessary for the estabhshment and mamtenance of segments or ,
. compartments and perhaps for the control of metabohc functlons common to all
N segments but to a large ;axtent thelr roles in determlnatlon may have been superceded by “

v other :deographlc genes



_f'A Defmmon of Terms SRR

: terms ,' - o i ' Lo

e

V..ln‘terpretation of‘C'ontrol‘Gene Mutants ,‘ o T

'

Before dlscussmg mutatlons |n c'{ontrol genes it W|ll be helpful to deflne a few

v

Amorph Hypomorph Neomorph " lnterpretatlon of a glven mutatlon must take

" mto account the nature of the genetic c\wange mvolved (Muller 1932) "Amorphlc” and

"’hypomorphuc mutatnons cause aloss or\ lessenmg of- w1ld type gene actlvnty A mutatron

: '|s consuderecl to be amorphuc if nt has the same, effect as.a deletlon of the locus causing

'a total loss of functlon Hypomorphlc mutatlons retam some resndual wnld type acttvrty '] ’

such that addntlon of further doses of the mutant allele tends to. restore the wrld type

_ phenotype "Neomorphlc“ mutat:ons are those m Wthh a functlon is acquured WhICh is not

: present m the W|ld type and are defmed operatlonally by the addmort of extra doses of s -
i

the wnld type allele lf this has ‘no allevratlng effect on the. mutant phenotype then the

B ‘.mutant |s a neomorph Neomorphs are therefore usually dommant Mutants in Wthh the

: normal functnon is expressed in a new embryologucal site w0uld be class1f|ed as .

'neomorphs L

' "Pattern umt” In the dISCUSSlOI'\S whlch follow the general term "pattern unit”. will -

R be used when segment or compartment" may be mxsleadlngly specuflc "Pattern unlt" "

'compartmental in: nature e T e

- will refer to a set of structuresjﬁmte_ dina dlScrete reglon controlled by a

"'specrflc gene or set of genes The pattern unlt may be supra segmental segmental or

l
Ty

' “Domam Range There are two |mportant characterlstlcs assocnated wnth each ‘

B homeotlc transformatlon (‘l) the pattern unlt(s) WhICh |s transformed and (2) the dlfferent

s pattern unlt WhICh appears in uts stead As we shall see these characterlstucs provude

-‘msrght mto dlstlnctly dnfferent aspects of the developmental program. | have suggested'

' -'(Russell and Hayes 1980) that a homeotlc transformatnon ns analogous to /the

BN

'- mathematncal transformatlon flxl 7Y where ‘one set of elements the dom%m is .

~.

‘ :transformed mto a second set 'the range Thus "the pattern unlt which i ls transformed" RN

v, wulI henceforth be referred to as the "domam of the mutant and "the dlfferent pattern -

-

B unut Wthh appears in lts stead" as the rahge“ of the mutant o \ fn

AR
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Autotypnc allotyplc A potentlally confusnng sltuatlon exnsts when one dlscusses
- a tlSSUB type which occurs |n two Iocatlons in the same fly due to a homeotlc '
tran¥formatuon eg wmg tnssue in both the dorsal mesothorax and the eye due to the
_homeotlc Mutatlon Ophtha/moptera fOpt- G} n such cases | shall follow Ouweneel in
g referrmg to the normally located tlssue as "autotypic” and the homeotlcally der:ved tlssue.
. 'as "allotyplc Thus in, Ophtha/moptera ”autotyplc” wmg structures are those found in the
' 1 second thorac:c segment and’ allotyplc Wang structures are_those Wthh extrude from |
| the eye - | ‘ s ‘ o
B. Mutatlons in Control Genes . | \ P | |
In various mutatlons of Drasoph//a it is observed that one pattern unlt |s replaced .
' by another In general allotyplc structures behave as if sumllar in every way to thelr
e autotyplc counterparts Mutatlons affectung partlcular structures also affect those
'structures when formed allotypucally (see Ouweneel 1976) and varlous parameters of |
v bdevelopment (Postlethwalt and Schneuderman 1971 Morata and Garma Bellndo 1976)
.» have been found to be |dentlcal in allo - and autotyplc structures The snmplest | 1, ) : '~
'7 mterpretatlon of these flndmgs is that the same developmental pathway has been ,
v actuvated m both structures THis mterpretatlon allows us to use the replacement patterns
to make varlous deductlons about the normal functlons of the control genes mvolved
Deletlons of control genes may have different propertles than pomt mutants and wnll be
; .dlscussed separately in Chapter lX n thls chapter 1 will consnder the replacement patterns
expected of amorphjc and: neomorphlc mutatnons in the. genetnc control systems o
,_,descrlbed in sectlon 4. The alms are two fold (l) to pount out dlstlngwshmg B
v characterlstlcs by Wthh the systems may be |dent|fled and i) to make expllclt the kmds
of mformatlon whnch may be extracted fromthe domaln and range of a mutant ina gaven
" system mutants may provude msrght into two levels of developmental organlzatlon the .
actlvatlon of control genes and the. control of deterr‘nmatlon by control gene mteractlon
,"The propertles of pure systems will be consndered flrst followed by those expected of

mixed systems." o . R T T s



Comblnatorlal Systems o ,
The comblnatornal systems proposed (Kauffman, 1973 Kauffman Shymko and
Trabert 1978; Garcia-Bellido, 1875) differ from |deograph|c systems, not only because
they are non— degenerate but also because the same set of control genes is used to
defme the llmlts of pattern units and also to code for determined states wuthm them |
Although, as we have seen, this cannot generally be true for segmentatlon itisa central o
feature of the selector gene model for compartmentahzatnon In this’ case, mutatlons in-
ontrol genes may affect the number of unlts as well as thenr determmed states. | _
" Let us. examlne the effects of amorphlc mutatlons in comblnatorlal systems A
consequence of non— degeneracy is that the gene is actlve ln determmatuon whenever |t is.
ON An amorphic mutatlon effectnvely results in the gene bemg OFF in all Iocatlons and
' ‘therefore provudes lnformatlon about- the control of activation of the gene The domain
~of the mutant == the set of pattern unlts Iost —reveals the regions where the gene is’ ON
in the wnld type; the range of the mutant corresponds to the pattern units where the
gene is OFF in the wnld type Flgure B5~1 shows the effects of amorphlc mutants on a
“linear array of elght combunatorlally defmed pattern units, A crutlcal assumptlon is that the
v actlvatlon of a glven gene is mdependent of that of- other gerLes There | are three aspects '
v? worthy of note. First, the members of a palr of domam range pattern units’ are |dent|c\l
for ‘the. actnvnty states of all control IOCI other than that whnch is mutant Second, there ar B
| T four d|fferent pattern units in both the domain and range in general, transformatlons in B\
combmatorlal systems are "many to many Third, the creatlon of a duphcate set of range
pattern unlts in the mutant w:ll result in the fu5|on of ad jacent pattern unlts only when
these palrs of unlts are contlguous ~ '
Amorphs result from total loss of functlon and may therefore be mterpreted _
. unamblguously Neomorphlc homeotlcs however are thought to result from actlvatlon of
| control genes in locatnons where they are usually snfent Thenr phenotypes must be |
lnterpreted with cautlon as one has no assurance that the mutation wall be actlvated
unlformly throughout the entlre system By reasonmg analogous to that used in the
dnscussnon of amorphs one may mterpret reglons which. are transformed as ones in .
o whlch the ,ge_ne is OFF in the wsld-—type, but without, _f_urth_er evndence- one -cannot equate

‘untransformed regions with ones in which the gene is normally ON, Untransformed
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AMORPHS ‘ 1 2 . 3‘ , 4_‘ 5 6-  7 8
Gene ’ ; B ! .« . L .
" munul. o ' ’ . ’ . . i
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anure 5-1. The expected effects of amorphnc mutations in comrol genes of a
combinatorial system. In each mutant case the wildtype array -of segments is written

- above and the mutant array below. The arrows indicate the transformations caused by the

various mutants. Segmental identities are written above for the wnldtype arrays and below
for mutant arrays. See text for further discussion. j : .
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{
regions may also represent regions in whnch the gene is OFF in both the wnld type and

- the mutant because the mutatlon does not result in a ublqultous actlvatlon of the control '
gene. In specufuc cases a resolution. of thus dllemma may be posslble based upon the
, mteractlons of a neomorph with another mutant, and this wull be duscussed in ChaptechL-—ff'-‘—-r

'Throughout this sectlon | will assume that the distinction between‘the OFF-and ON. states '

of a neomorphic gene can be made and I will dISCUSS the effects expected of ub:qu:tous :

¢

neomorphs

In a comblnatorlal system, the expected phenotype of a neomorph is the. opposlte
of that of an amorph for the same gene The gene is now ON in all regions,.so the domaln '

is the pattern units in which the gene is normally OFF, etc (Flgure 5 2) Note that as wrth

in the fusu)n

\.

amorphs, neomorphs cause:a "many to many” transformatuon an

of pattern units. .

ldeographicSystems | ' o - <

CumulatlveSystems ‘ | ‘//} ) _ B . s
In the cumulatlve model, developmental levels are ordered m the sense that the '

determlnatlon of any given level requ:res the ON state of the gene which corresponds to.

that Ievel as weII as the ON states of the genes for all Iower levels. Flgure 4~ 2a is an

' |lIustrat|on of such a model showing the _gene state- sets associated with each determlned

. state ln Flgure 5- 3 the effects of amorphlc and neomorphlc ‘mutatiens in each of the '

three genes of such a system are depicted. Because the code is degenerate not all code

changes result in changes in determmed state. Of mterest are the cases where

transformatnons between states are observed Amorphnc mutatuons wnll cause ON states '

of genes to become OFF, or 1 to become 0 in the notatlon of the flgure These mutatlcns

will cause the transformatlons shown by the leftward pomtmg arrows As can be seen in

the table the’ number of pattern umts in the range is always one, but the number of unlts -
in the domam may vary from many to one depending upon the gene anOIVBd the ' o
expectatlons are thus qmte dlstlnct from those of a combinatorial system One may

'_ conclude from amorphs that the gene is normally ON in the pattern unhits of.the domaln’

{but not necessarlly exclusuvely there) and OFF i in those of the range and that the range

pattern unlt is a lower level of development than the ‘domain pattern un:t
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R

The transformations expected of neomorphs are the opposite of those expected
of arnorphs and are shown by the rlghtward facing arrows in F:gure 5-3. As the table
. shows the transformatnons are all "one to one” with a unique pattern unlt in the domain
and various possnble unique pattern units in the range depending upon the,undgl;ang//
states of the other control genes involved. Note thawﬁbtcmus/neomorph
- one expects only a smgle patterm the range. The conclusions to be made are the
opposne of those with- amorphs the gene in question is normally\OFF in the pattern’ unlts
of the domam and ON in that of the range and the range pattern umt is a hagher level of
development than the domain pattern unit.’ ) '
| v ' Eplstatlc systems ‘ 4
In epistatic systems'each'control Iocus determines a particular level of deyelopment and
there is an ordered eplstas:s among control genes Figure 4-2b is an |Nustrat|on of sucha

model showmg the gene state—sets associated with each determlned state Figure 5-4 is—
. -

\ws to Figure 5-3, showmg the effects of amorphs and’ neomorpﬁthe

ket aahah i AR
d:fferent control genes. In amorphs the transformatnon is always "one to one'. The

domaln of an amorph reveals only a smg!e reglon of actton of the gene, and gives no
mformatuon as to |ts actlv thher pattern units where its effects may be
masked by other genes The range of an amorph however reveals the activity of a
ssecond, wild-type control gene whose effect is normally overr:dden in the domaln in the
‘wnld type Thus if enough transformatlons wuth the same range are found, one may
deduce the complete pattern of activation of the control gene for the range Addltlonally
through a senes of amorphs in the dufferent eplstatuc control IOCI ong may deduc the
‘order of epnstasus among them If a gwen transformatlon is not to the next Iower level in
the order ‘any mtervenmg control genes must be OFF in that domaln (ue in F:gure 5 -4, if
4 is transformed to 1 theh the control genes for 2 and 3 must: be OFF, if 4 is v

S

" transformed to 2, then the control gene for 3 must be OFF).
- J The expected phenotypes of ublqwtous neomorph:c mutat:ons\are quite s:mple
(see table in F|gure 5 4) aII pattern umts lower in the eplstatlc order will be transformed
to: the pattern umt of the gene in questlon structures hlgher in the order w:H be
unaffected Note that here as in cumuiative systems one expects only a single pattern unit

in the range of a ubiquitous neomorph. Figure 5-5 summanzes the‘pr,opertles expected
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Y CUMULATIVE
Gene Qrders d e !
o« AMOPRY.. . | |
~ NEOMORPH ! )
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Gene @ 000 m <->I iii I ,
mutant 1008 U ‘ \
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i Gene Domain ' —-—. Range 'Q‘ o
a - 4 - 3 ’
Amorph S e 4 a3 - 2
f 4 , 3 and 2 - ]
. . d - 3 - 4‘ ) !
. Neomorph Y 2 - 4 or 3
’ t 1 - .4 , 3or2

L d

Figure 5-3. The expected effects &f amorphic and neomorphic mutations in genes of a
cumuiative ‘ideographic system. The boxes enclose the wildtype and any degenerate
.codons for the segment as numbered at the top. The effacts of an amorphic mutation in
a given gene may be seen to be the leftward pointing arrows, i.e., an amorphiin gene d
will transform segment 4 (111) into segment 3 (011). The effects of neomorphs may be
seen to be the opposite, shown by the rightward pointing arrows, ie., a neomorphic
mutation in gene d will transform segment 3 (011) to segment 4 (11 1) but will leave
segments 1 and 2 untransformed due to the'degeneracy of the code. The effects are
summarized in the tabie at the bottom. . : b .
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thure 5-4. The effects of- amorphlc and neomorphlc mutatlons m genes of an- eplstétlc

La

|deograph|c system (as in FIQ. 5-’3) Sy DIETRROE P
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| of mutan't transformattons in the 'thre‘e models. Mutant‘s- in combinatoriatl‘systems‘may b\e‘
dlstlngunshed from those in. ndeograph:c systems by the fact that they would all contam

multrple pattern unlts in the: range and some m addltlon would cause the fUSIOl'l of

, ad jacent pattern umts . udeographlc systems the range would cons:st of a smgle pattern
unlt The two ldeographlc systems may be dlstmgwshed from each other only lf one
knows the nature of the mutatuon snnce amorphs and neomorphs have remprocal
prOpertues in the two systems SR SR e R

o .

: Mlxed Systems o ‘ ‘ v '

. '_ ~In real developmental systems the flnal determmed state is most1|kely encoded by
. a mxxture of combmatorlal and |deograph|c componentsv The effect of mlxed systems in

general |s to decrease the degree of resolutnon of the crlterna in F:gure 5 5 As
ldeographlc genes requnre the functlonlng of an underlynng system to estabhsh segments

",3any mutatlon wh|ch results in the fusnon of segments wnl stlll be fuIIy expressuve in mlxed
systems However mutattons whnch m a pure comblnatorlal system would result only in -
the transformatlon of segments (see Flgure 5 1) wsll have the number of unlts in thelr
domam reduced in. mlxed systems wghere |deographlc genes now control determmat'on
Thus,\the many to many transformatlon of a mutant |n a comblnatorlal system may be

'j reduced ini a mlxed system to "few to few whsch is stlll r"ecogmzable as a combmatorlal

pattern or ultlmately to "one to one”, at whlch pomt the gene IS functIOnaIly udeographlc L

| turn now to a dlscus5|on of partncular homeotzc mutants in Drosoph//a .



L Vl Descnptlon of Homeotlc Mutants e
Homeosls isa general term Wthh refers to. the replacement of one body .
‘-structure by a dupllcate of another Many treatments may result m such replacements

. wuthout genetncally alterung the cells mvolved e. g cell prollferatlon |n /n wvo culture
"_'(transdetermlnatlon) or expoSUre of embryos to heat shock, ether vapor ora varuety of
other agents (see Ouweneel 1976 for rewew) Here I wnll dlscuss only. those examples of

‘homeosis which result from mutatlons as’ they ldentlfy potentlal control |OCI

“

A Caveats ‘, T S |
‘ Mutatlons at many dlfferent locx ln Drosoph//a /7\7e/anogaster are known to cause L
» | homeosls Whlle thls behavror is expected of mutants in control Iocn lt lS clear that not all‘."
"fsuch mutants ldentlfy genes dlrectly mvolved in the control of development One class of ; :_;
“mutatlons causmg‘ what Ouweneel (1976) refers to as ”mtra dISC homeosns" ‘almost SR i
certalnly does not defme control locn Several mutants lsolated as temperature sensmve
cell lethals replace structures wuth mlrror |mage dupllcatlons‘of nelghborlng structures
].‘_followmg pulses of the restrlctlve temperature durlng development However the S

nlresultmg phenotypes mlmlc those seen when w:ld type dlSCS are allowed to regulate

| after surglcal operatlons (Bryant 197 1) lt has been suggested ondmonal cell Iethal o
‘v,.mutatlons cause looallzed cell death m dlscs resultmg in- dlsc frag» _ents’ Wthh |
'.'v;subsequently dupllcate (Russell 1974) Cell letha s’causmg intra— dlSC homeosus are thus : ,
,_not belleved to ldentlfy Iocn lntegrally mvolved in determlnatnon R : )
| Less easnly recogmzed are mutatlons WhICh result in transformatlons due to other‘ :
. umdentlfled secondary effects but thlS class must surely be a common one
_f’!.'U/trab/thorax //ke {Ub/} is. an example of thls type (Morton and Lefevre 198‘lL
Orlgmally |solated because in heterozygous condltlon lt causes a partlal transformatlon of:“. :

v,'haltere to wmg Ub/ was subsequently found to be a. mutatlon at a Iocus codmg for a: “ -
| ; subunlt of RNA polymerase (Greenleaf et a/ 1980) lts homeotlc effect may thus be the‘ -
',‘ result of a more generahzed effect on transcrlptlon Unfortunately Ubl is the onIy |

"homeotlc mutatlon whose wuld type functlon has been characternzed at the molecular

level and |n general the weedlng out of mutants Wthh cause homeosns due to secondary i

o



: effects is not a stralghtforward process L o ‘ o
By what cnterla then does one ndentlfy loci whose prlmary functlon is to control e
: .access to partlcular developmental pathways? There are four characternstlcs of such |
| control genes which may- a|d in thelr ldentlfocatlon from mutant phenotypes -
" ll) Genes which control access to spe01f|cjevelopmental pathways at blastoderm
-are thought to-be actsvated in: response to & pos:tnonal mformatlon gradlent mfluenced by '
’ gene actlwty m the oocyte (Sander 1975b) Mutatvons in. genes whlch respond to the
v -_l:jgradnent may be dlstlngulshed from those whlch establlsh or. modlfy the gradlent by the ‘
»i"fact that the latter class would show maternal effects (e g b/cauda/ dorsa/) whlle controli e
gene mutants would have only zygottc effeots ‘ - _ : "
A2y Transformatlons in secondary fleldS may slmllarly result from mutants n\ genes

H‘»Whlch establ:sh posmonal lnformatlon or’ |n control genes Wthh respond to- posmonal

e lnformatlon These two classes of mutant may be dlstmgwshed to some extent by the 3

. "crlternon of cellular autonomy Autonomous behavaor |n clones would be typlcal of ST

control genes wrth poslttve feedback memory systems Non autonomy would be "

e

expected of two classes of mutant (|) mutants in genes WhICh establlsh pos:tlonal
mformatlon would behave non-wautonomously lf as seems llkely, surroundlng wnld type

: cells: were sufﬂcnent to generate fleld" propertnes and (u) mutatlons in: control genes

whlch are only necessary for the mltlal actlvatlon ofa glven pathway (see Holllday and

R Pugh 1975) would be non autonomous |n clones because the memory functlon would

L remaln |ntact at a separate locus

(3) As measured by temperature-—sensntlwty clonal analysls or other methods the

tlmlng of gene actlon should correspond to the perlod when the control gene would be o

i .',expected to act on the baSIs of the developmental dec:s&on lt controls

(4) The effects of a mutant should be llmlted to a pattern unlt or unlts as defmed

: _‘by some other crlterlon The domaln of a hypomorph and the range of a partlal neomorph s

E may be less than asomplete pattern unlt but no mutant effeots should transgress unlt

,' boundarles Ub/ falls to meet cr:terla (l) and (4) and therefore would not: have been

consndered tc defrne a control Iocus even were its blochemlcal nature unknown

The remamder of thss thesrs wnll consrder a set of mutants Wthh meet these four

' crlterla and appear to deflne control locu mvolved in the determlnatlon of the meso— and



. . " . q )
’ metathoraces and ‘the first abdommal segment In the followmg sectlon I descrlbe the
wnld type phenotype of- these segments wnth partlcular reference to compartment
| .
spec:flc markers ] then consuder the characterlstlcs of mutants with- respect to these .

markers and to the cruter:a above

B The Wlld type Phenotypes -

The adult meso—- and metathoraces are: each derlved from two |mag|nal dISCS ‘as |
dorsal disc glvmg rise to the wmg and mesonotum (whnch l shall call the wrng dISC") ora
o haltere and metanotum { haltere dlsc ), and a ventral dlSC glvmg rise to the mesothoracuc

Ieg or metathoracwc leg .

Clonal analys:s reveals that at the cellular blastoderm stage both thelmeso-— and
metathoracnc prlmordla are dlwded |nto anterlor and posterlor compartments but the
dorsal ‘and ventral dlSCS of the same segment are not clonally dlstlnct (Stelner 1976
Wleschaus and Gehrmg 1976) For a complete descrlptlon of the wnng the reader is -
referred to Bryant (1975) Flgure 6 1 shows the wung wuth a number of fe'atures of
partlcular mterest Each wrng blade cell secretes a smgle tnchome The srze and spacmg /'/f
of trlchomes is fa:rly unuform throughout the wnng blade and is characterustlc of the
wmg The anterno—posterlor compartment boundary (A P boundary) defnne a stralght lnne
o runnlng anterlor to veln V. The dorso—ventral compartment boundary (D— boundary)

7 runs along the margln of the wung At the D-V. boundary ln/the an\terlor compartment a
“Jpattern of brlstles |s seen called the truple row Wthh consusts of a large medlan row of
brlstles and two rows of smaller brlstles, the dorsal row belng more wndely spaced than B
the ventral The D= V boundary separates medlal from ventral row elements Proxumal to
' , the trlple row elements is the costa wrth nts characterlstlc socketed brlstles At the D- V
boundary in the posterlor compartment a double row of socketless ha:rs may be found
called the "posterlor row Proxrmal to the posterlor row rs the alar lobe wrth its
characterlstlc Iong unsocketéd halrs - » : A k ' e
The mesonotum c0mpr|ses most of the dorsal surface of the thoracuc reglon The

= i %! antervor compartment contalns thlrteen recogmzable macrochaetae and around one :

hundred mncrochaetae per hemlthorax (Morata and Kerrldge 1980). The posterlor
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Figure 6-1. The wildtype wing. Note the sockstad bristies of the triple row (TR) and
costa (Co).in the anterior and the socketless hairs of the posterior row (PR) and aiula (AL).

Figure 6-2. The wildtype haiters, ~ 4



pm

et

35




36

' compartment is restrlcted to the post- notum a small strlp of cutlcle bearlng no brnstles
| The derwatlves of the wild-type haltere disc have been descrlbed by Ouweneel
ancl Vvan der, Meer (1973) (see. Fugure 6-2). The haltere sclerite is quite small and laterally
‘located and carrles the metathoracnc splracle a small brlstle group and a pair of paplllae
‘The haltere proper may be divided mto three regions, a proxnmal scabellum a medlal
pedlcellum -and a distal capltellum Thevscabellum and the pedlcellum have a recognlzable
A-P asymmetry and bear dlstlnct groups of sensnla campamformla on thelr dorsal and. ..

' ventral surfaces The capltellum is a symmetrlcal structure bearlng what Ouweneel and

van der Meer descrlbe as two or three. groups of sens»lla trichodea but Wthh inthe -

‘ ~materlal | have examined al\/vays faII into two distinct groups a compact clump generally

numbermg from 3 8 located proxumally on the dorsal surface and a curvmg line of

10— 18 extendlng distally and anteriorly on the ventral surface (Flgure 6~ 3) _

| . To locate these markers with respect to the A- P boundary in the haltere, the

- Minute* mu/t/p/e wmg ha/rs (M*mwh) clones generated by E. Stelner (1976) were

| scored As descrlbed in Stelner (1976) eggs and larvae of the of the genotype y,

Dpl1: 3}sc Ly M(3/ “/mwh v were |rrad|ated at tlmes rangnng from 3+0.5 hours until-

‘l32+12 hours after egglaymg M*mwh clones in the haltere- were scored by plottmg
’theur contours on a standard drawing of the haltere All clones were scored

) mdependently by E. Stemer and myself in splte of the paucuty of markers we found only k |

"small dlscrepancues between the outlines of a few clones wnth the ma)orlty of cases o

B .-_bemg in complete agreement The results are shown in Flgure 6—~4. A line could be drawn

which no clone crossed possnbly dellmltm a compartment boundary, itis. reasonable to
" ‘Aassume (Stelner loc cut) that thls corresponds to the anterior and posternor boundary
the ant_erlor compartment bemg defmed by the-.mclus;o,n of .a,nterlor_ structures in the .
pedicellum o | ' v_ ) | S v
“The proxumal clump- of sensllla was generally found in the posterior compartment
on. the dorsal surface but in.a few cases |t straddled the compartment border,
suggestmg some degree of mdetermlnacy in its locatnon Thls phenomenon has been .
descrlbed before in other systems (Morata and Lawrence 1979}, As the number of :
'i\sensnla also varles from fly to fly it seems llkely that a- regnon with the capacnty to form

'sensllla straddles the A P compartment border bemg for the most part in the posterlor



 Figure 6-3. The dorsal and ventral surfaces of the halters, showing the location of the
sensilla groups. - : - o o o

[

}

: Figur; 6-4. The outﬁr?es of M*mwh clones on the haltere. The dotted lines septite o
. anterior (A) and posterior (P)‘cpmpmen,t_sr' ' ‘ ' T S
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: compartment and that local mteractaons determme the number and precuse location of |
- individual sensilla in this region. ' , o _

The curving line of sensilla was found to extend distally along‘the anterior side of
the. ventral A~ P compartment border and. then to curve anteriorly.In a few cases one or
two of the most proximal sensnlla were found in the postenor compartment agam '
suggestung some degree of mdetermmacy '

These results are in general agreement with the data of Morata and Garcna—Belhdo

* "(1976) as deplcted dragramatucally in Capdevxla and Garcna -Bellido (1974). The sole
dlfference is that in the results presented above the majority’ of the proximo- drstal
stretch of the curvnng hne of sensma was found on the anterior sude of the A-P .
boundary whereas Garcia-Bellido and Capdevula show it to be mostly within the
posterior compartment - ‘ ' '

The size and spacing of haltere trlchomes differ markedly from those of tbe

"wmg belng smaller and more densely packed. They are also characterlstlcally ornented in
a proxnmo—dustal drrectuon except in a dlstlnctlve area of the most dlstal regson where the
" orientation |s confused. ThlS area may correspond to the most dostal pomt specnfned by
the positional mformatlon system of-the haltere disc.

r ‘The ventral dnscs glve rise to the flve segments of the legs and several proximal
thoracic sclerites. Flgures 6 5 and 6- 6 show the second and third Iegs respectnvely, and
the markers spec:flc to each. A summary is prowded in Table L

The adult flrst abdominal segment |s represented in the, )arva by the three

hlstoblast nests typlcal of other abdomlnal segments After puparlatlon however the

ventral hlstoblast nest does not develop and the adult structures are limited to the fergtte .

_‘ formed by the anter»or and poster:or dorsal hnstoblast nests (Madhavan and

_Schnerderman, 1977).

C The Mutant Phenotypes 47\\\ J',. - o I s

The engra//ed Iocus (en). Two dn‘ferent classes of mutatlon have been: nsolated at
the en locus, embryonlc tethals. Wthh result in abnormahtnes in segmentatron (Kornberg

1981 and the ongmal allele ent (Ecker 1929) Wthh is homozygous viable and causes

»

)



Figure 6-5. The markers characteristic of the wildtype second leg. (see Table 1 for a
summary of the markers) , ‘
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Flgure 6-6 The markars ctwactons’ac of the wnldtype thlrd leg. (m Table 1 for a | :
surmy of tha markers) - :
S @,_

3

A SN






44

T ST emeaen .mm.»m.gm,wmulowxumkw»wclgp T
X S - .u..‘... w,nyn,p ¢m;...m; u‘”Nw.mm@ sei1s) g 4o roa.mwpo»mmngwn L _..“ .:m.‘ahw
x.‘M. m‘m - . R ‘ .u‘. S _Hm.“xzamw_.w‘. _, W T ,w»... ‘mwr«wrum wr.h_m mnuv,M.qw S alew
o T e D AT Ll T s e weiver e Ty I
X ‘ L SRR m a...w.vaMCu:w0gn.._ ,..Mu . SRS ) €28 owm[nym;v,w‘ul.hn
Koot L gy LT L e ) suepedy peteused

X - ensaet’ " seiisiig so T Moy eiBuss

X R P S anme g L Lo satIstagilews ‘g moy

X . e aewcacuoLw. ) R : . .€908 mw._ue_xogn $911S448 "

S , oo Lt L een L elamjvapumisIiANEH o ug

- g RN o o - . L PR : il ed T R
- X T SR £ TR . Slels T SSB00ud 1exey S o doD -
B o . : . - R k ; S e "

at3sjJg teordy-,

e : v

mn_»n_mm;wnom G T 83

. Dol S UWwLn:uoxhﬂ

g

S X Tevidmgas B8y L oo se13314g dyoeuour B3 o gui
K. siyiegos Be  sel1sium (winaidouse3s . o g@g

amd v sWd s Nolrvool IRV

ALIONSID3dS INIWLNVANOD . o T T

smwwd.vmas&.vra.vroumm.o:u rwmnuuxuwt wowmmﬁuﬂuwuﬂUmmm,unuauumaaou ﬂaubﬁowuwuoa wna..d Wﬂnmam

“h sl . | N AR B R aTXY



-]

| ’pattern 'abnormalmes wrthm segments In en—lethals the defect appears to- be in the

‘ :mamtenance of segment borders rather than in the oruglnal defmmon of segments for
segments are observed to form ln|t|ally and subsequently to become fused The patterns
- of segmental dlsruptlon appear to be allele SpElelC and range from the’ fusnon of varled
)numbers of dlfferent segments to the fusron of specmc palrs of segments throughout
| the embryo in elther of two panrw:se reglsters (Kornberg 1981) ’ .

A The en1 mutatlon causes:a dlfferent spectrum of effects from those seen |n
_en lethals it causes a transformatlon of posterlor compartment structures to anterlor

_compartment structures in at lea‘ tetey 5 egments and also abollshes tt;e A P

vcompartment boundary in at(' f "‘the two but lt does not affect the mtegrlty of

:,t- d J‘r “
the segments themselves as do el

,Iethals lt has been suggested that the embryonlc :
segmental fusuons found in en—lethals also result from the loss of A P dlstmctlons wuthln : "

‘ segments (Kornberg 1981) but it is unclear as yet why dlfferent allele—specrﬂc patterns L .

cof fusuon would be generated lf th:s were‘the case The possnblllty thus ex:sts that - /
‘ engra//ed ls a complex |OCUS the phenotype of enl wnll therefore be consldered wrthout |

N v’reference to en— Iethals ST ”, g j-.l'.-

ln the flrst leg, en‘ causes an autonomous transformatlon of certaln posternor
: ) ,structures to the correspondlng anterlor structures symmetrnc about the A P boundary
' (Tokunaga 1961) (see anure 6 7) A snmllar phenotype occurs m the wmg (Garma Bellldo
N _ and Santamarla 1972) (see Flgure 6- 8) whdre it has m addmon been observed that the

‘ ,‘.transformatlon of posterlor to anterlor is accompamed by the loss of the A P border It

"gwas found that the transformatlon as well as the behavnor of clones in the wmg could be

e explalned by assummg that en is. normally ON in the posterlor compartment ‘and OFF nn the

anter:or and that the dsfference between the ON and OFF states was responslble for the
f'compartment border (Lawrence and Morata 1976)

The en* mutatnon thus exhlblts the two dlagndstlc characterlstlcs of control genes

“lin combmatorlal systems == multlple pattern unlts in the range and the fusnon of ad Jacent

Pattern umts (see Figure 5~ 5) However if Drosoph//a is a mlxed T
combmatorlal |deograph|c system one would not expect that s:mllar transformatlon
'would occur |n the posterlor compartments of all segments In the second and thll"d legs

' »-en1 causes the appearance of extra brlstles in the posternor compartment of the tar5| and



" Figure 6?'7_.'Wiid4type and e fi‘r's‘t‘légs'.,Nota the rﬁir,rgr symmetric arrt“igcm_chbt'v'of the
- sex—combsintheen'leg = . . CE i

Figure 6=8. The en wing. ’

(thé'mé-sockétid"bfi.sﬂeS‘on the alula and triple row bristies
alo‘ng‘.‘mc,pcneri'crm‘a_fgin (cf. Figxge:671). TR S
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_ S .
this has been mterpreted as ewdence of a posternor to anterlor transformatnon (Lawrence
let al., 1979) However in en* second and thlrd Iegs itis also common for the: posterlor .
termlnal claw to be absent altogeth/er or else dupllcated (S. Eberlein, personal
: communlcatlon) As the. two termmal claws are symmetrlc about the A P boundary, _
‘ deficient or. supernumerary claws would not be expected of a posterlor to anterior
homeotlc transformatlon they may be explalned as the result of regulatlve responses to
- cell death in dlfferent reglons of the posternor compartment as may the extra brlstles
mentloned above In the haltere disc it has been observed that the ent mutatlon causes : :
qhanges in the actlvatlon patternlf specific enzymes as re\\ealed by hlstochemlcal ‘

' stalnlng procedures (Sprey et al., 1981) It has been clalmed that en also causes a

B vdupllcatlon of anterior markers in. the haltere (Garcsa Belhdo Lawrence and Morata ’

- 1979) In my materlal | flnd the morphology of the haltere unchanged by en'. I exammed ar o

- number of halteres from four en* strams and three stralns elther homozygous for en1 or

+

o heterozygous for en1 and two defncnenmes of the en reglon lsolated by M. Russell whnch

© - giveanen phenotype in the wing when’ heterozygous with en1 (S. Eberleln personal

- 'communncatlon) The gross morphology of en halteres was in no way dlfferent from the

- wild- type strains as was also true of the locatlons aﬁd number of sensnlla on the

capltellum (Table 2. hnes 1=7) Thus, l‘t appears that in the metathorax and the second leg

' the engralled product stlll functuons smce patterns of enzyme actwuty are mfluenced by
the mutant but the absence of a homeotlc effect in the metathorax suggests that lts role
' in spemfynng partlcular developmental pathways may be segment speC|f|c

The Blthorax Complex The Blthorax Complex lS the name: glven to a genetlcally

vfsmall reglon on the third chromosome WhICh contalns a number of loci mvolved in.

' 'determmatlon (see Flgure 6 9) Extenslvely studued by EB Lewns (1951 1954 1955

. 1963, 1963 1967 1968, 1978) the complex ylelds at Ieast elght classes of mutants

:_whnch cause transformatlons between varlous th@'amc and abdommal segments The 0

\ proxlmal reglon from bx to pbx has been most extensnvely studied thus far and Wl“ be -
;dlscussed ln this theS|s The mutant. phenotypes in the dorsal discs® have been well |
descrlbed except with respect to the capitellar ‘sensilla- which | dISCUSS here for the flrst

time. The ventral transformatnons are Iess well krn and wull be descrlbed wuth

"j reference to the compartment specxflc members ll" ted in Table 1. Mutatlons causmg loss
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Figurs 6~9. The genetic map of the proximal Btthérax Complex (Lewis, 1963).
- . . . : ) ~v"'~"hv oo -

LU

~ Figure 6-10. Allotypic'v ing and notum produced in the ganotypa bx*/DF(3)PQ. D.f(3)P9 i v
a deficiency for the entire %ithorax Complex kindly supplied by EB. Lewis. Note the - .
- complete duplicate notum:and anterior wing including veins |, II, and Ill, which replace.the .

metanotum and haitere - © = - _ LT R
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- of function will be described first, followed by neomorphs.‘ - /
© bithorax lbxl' A number of 'mutants.at the bx locus have been isolated. ‘All behave
as hypomorphs and have been described as- causmg the transformatlon of the anterlor
compartment of the metathorax to that of the mesothorax (LeW|s 1955 Garcia~ Bellldo
1975a) in the dorsal metathorax, notum and anterlor wnng structures appear in place of
metanotum and anterlor haltere. The effects of dlfferent hypomorphlc alleles are most
strongly expressed in specmc reglons but the strongest allele, bx?, over a deflcé:cy for
the locus causes a \7|rtually ‘complete transformatnon (Morata and Kerridge, 1980) Figure
6~1 O shows one’ such example A complete notum and anterior’ wing blade are present
but norposterlor specuflc mesothoracnc structures are seen.” In mild bx. transformatlons
the: posterlor haltere is unaffected !V have found, however that in extreme ‘
transformatlons the posteruor haltere may exhibit elther of two phenotypes In general
~the haltere tissue is contlnuous wrth the ad;acent wung tlssue ln addition, the tnchomes
on the dorsal surface are notlceably more wrdely spaced than those on the ventral
surface seeming to be lntermedlates between wing and haltere trlchomes (see Morata,
1975, and below), and the dorsal clump of posternor sensﬂla is either absent altogether
or represented by a: smgle sens:llum (Flgure 6-1 1). On the ventral- surface the trlchomes
-appear typlcal of the haltere and a few sensrlla are generally found lFlgure 6-12). In rare
cases the posterlor haltere tissue.is not contmuous with the wnng tissue but. forms a.
separate vesucle In such cases the dorsal surface mvarnably carries a large clump of o
: sensulla (Flgure 6-13) Both phenotypes have been found with more than one allele {bx? |
- and bx7). Taken together they seem to indicate, an effect of mutants at the bx locus in the
posterior compartment Lewns (1955 1963) has noted a very sllght transformatlon of the v
posteruor reglon of the?taltere to wing in bx* +/+ pbx heterozygotes under extreme
conditions, whlch he attrlbutes to an effect of bx mutatuon on the actnvrty of the pbx
~locus (see below) of the same chromosome rather’ than to an intrinsic effect of the bx
locus. | shall assume that thns is the case lsee Molecular. ev:dence section 7, for
" discussion), but the alternatlve has not been demonstrated to be false.
. In the third leg’ even alleles Wthh are weak with respect to haltere phenotypes
cause complete transformatlon of anterlor metathoracic markers to those of the anterlor

. mesothorax (Table 3, lmes 1- 3) Thls dlfference may indicate elther dlfferlng amounts of s

’



Al

Figur_o 6-1 1. The dorul surface of haitere tmsuo ina bx’ homoz gotu Nots the lack of
gonlslzlga md the comparat:voly Iarge size and wide spacing of the tnchomas (cf Figure

4

N

. &
Figure 6—12 Tho vemral surface of the haltero t:ssuo in Figure 6-1 1 Note the thrae
sansnlla and more clouly spaced mehomes. .

. ne

I

~ Figure € 6-13 The dorsal surface of hattera tissue of genotype bx’/Df(S)PS Note the
unmtograted haitere 'assua and the numerous sansalla (cf: Figure 6—-12).
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. resrdual bx actsvuty in the two dlSCS or dlfferlng mini (requirements of‘bx‘ activity to
‘ prevent transformatlon in the two dlSCS The latter mterretatlon is consnstent wnth the
. transformatlons seen in the Chx mutatuon and wnth the results of regeneratlon studles
' (Tlong 1982 see below) ‘ |

postb/thorax (,Dbx) Two alleles are. known at the pbx locus The‘original allele was

‘Jlsolated in thg same chromosome as the Cbx mutatlon (see below) from Wthh it was
iater separated by recomblnatlon (Lewns 1954) in pb)(1 mutants the posterlor haltere
. reglon lncluding dorsal sensrlla are replaced by structJres of the posterlor wmg whlle
2 b'anteruor markers are unaffected (see Flgure 6 14 ancﬁ Table 2 llne 8). Slmllarly posterlor
kthlrd Ieg markers are completely replaced by posterlor second leg markers (Table 3 lines
l ‘_4 5) The pbx transformatuon of the posteruorvcompar[tment is thus analogous to that of "-//
- bx in the anternor compartment In’ addltnon pbx thlrd | gs have a thin but rlecogmzable _// -
strlp of tlssue devond of trlchOmes runnmg along the ntenor posterlor boundary -";,/:i S
,vibetween rows 3 4 in the femur (S. Tlong personal ommumcatnon) the bald strlp/ls
“seen in nelther second nor thlrd legsu and |ts sngnlfncance ln mbsalc Iegs is unclear/ _ '
\ Whlle both bx and pbx cause transformatlons of metathorax to. meso{horax thelr [
E dotnams and ranges appear to be mutually exclussve and to correspond tg the antemor'{
.1 rand posterlor compartments of the segments respectlve ln the wnn{ hmge the A- P
‘ ;boundary is. undefmed but there is'’ho overlap |n the sets of elements produced in the L ‘
.' range by the bx and pbx mutatuons (Adler 1978a) Wthh is con5|stent w:th thelr bemg
‘_:.compartment specnfac Wl'th respect to the other crrterla for potentlal control genes they
s show no maternal effects they behave autonomously (Garcra Belhdo and Lewis, 1976
j:;.\',Morata and Garcna Bellldo 1976) and the wnld type actmty lS requnred in normal |
b‘ v‘idevelopment from some tlme before the fll’S‘t larval lnstar to until the late thlrd mstar o
; ) (Morata and Garcxa-Bellrdo 1976) 'I°He bx 1ocus thus appears to’ be the control gene for 't
: t(:xe anterlor metathoracnc compartment and the pbx locus that for the posterlor ‘ '
‘met’athoracnc compartment They cause the/ "one to ong" transformatlons of pattern unlts 4

5"

o expected of hypOmorphs in. an eplstatlc leeographlc system The exlstence of separate

it

o contml oci for the anterlor and posterlor compartments of the metathorax is also
'consxstent |th the earller conclusaon that the en gene is not lnvolved in the deterIlnatlon o

“ of the metathoraClc compartments The anterlor and postenor compartments of

e



Flgura 6-14. Allotypuc wing structures producad in the typa bx/DﬂS)PS Note the
alar lobe (AL) and postenorg row’ (PR) Nota also the: sensl Ia in p

Fsgura 6~- 1 E A supernumer haltara formed in placa of a ﬂrst abdcmmal sagment ina -
. bxd homozygota Note the part:al trmsfomtlon of postenor mamhorax to postunor e
i mesothorax m the autotyplc haltera ,

o

'.v.‘ R

a 6- 16. Four- legq produced by the genotype bxd/Df(3)P9 Nota that the transversa;,_' |
3 {TR) in the fourth leg are more developed than those in the third, indicating a Iess o
yer“e pbx-hke t-msformatlon in the f, 1leg (see Table 3 Imas 6 and 7) ,







‘&g
metathorax appear eJch to be deterrnmed by the ON- state of a dlfferent unlque gene

rather than by the ON state of a common metathoracnc" gene’ and the d:ffermg ON/OFF

, states of the eng a//ed gene we ' o
b/thoraxo d /bxd) Mutatlons at the b/thoraxwd locus are elther hypomorphlc )

pomt mutants or

'resumably amorphlc breakpomts Thelr effects are best descnbed asa -
: transformatlon o) the first-abdominal segment to metathorax and an addltlonal ‘. .
- transformation of the postenor metathorax to posteruor mesothorax The abdomlnal
- 'transformatlon is Jmamly restrlcted to the absence of the flrst terglte and the appearance.
| of a fourth ieg or( palr of Iegs ventrally Only very rarely |s a supernumerary haltere -

A formed (Iessl“lnan(O O‘l% of cases Kerrldge and Sang 1981 see’ Flgure 6~ 15) The

| transformatlon of the autotyplc posterlor metathorax to posternor mesothorax is always.

) ,',weak (see Flgures 6—-15 and 6- 16 Table 3, llne 6) and the allotyplc legs are generally
even less transformed (Table 3, line 7) (Kerrldge and Sang 1981) The double
;heterozygote bxd +/+ pbx shows only the: pbx-llke transformatlon whlle bx +/+ bxo’ is |
| ’Wlld ~type (Table 3 Ilnes 8- 10) lt has been shown that the effects of bxd |n the ” |
‘ ‘abdomen are. autonomous and that the wx(d type product 1s reqwred untll puparlatlon
(Morata and Garma Belhdo 1976) The transformatlon of posterlor metathorax to
'xposterlor mesothorax has agam been; ascnbed to an effect on the nelghbormg ,abx locus -
,rather than to an intrihsic: effect of the bxd locus (Lewis, 1955) Acceptlng thls :

- con Jecture for the moment (see Molecular eVIdence sectlon 7), the bxd Iocus may b\e‘
sald to cause a one to one transformatlon of the first abdomlnal segment to e
metathorax and thus be the control gene for the flrst abdomlnal segment inan ep|statlc Lv{l, B
|deograph|c system L . R ’ '

U/trab/thorax (be) be mutatlons in heterozygous condltlon cause the o

A

i capltellum of the haltere to be sllghtly enlarged and to carry a few brlstles m ‘the anterlor

1 reglon Thls domlnant effect is due to a haplo msuffxc:ency of the locus as; deflmenc1es Ry
of the locus produce the same effect be mutatlons are homozygous lethal but are” |

» .‘.cell vnable in somatlc clones ln such cloneSJthey ‘transform the metathorax and leSt R
ﬂ ; abdommal segment to mesothorax (Morata and»éarC|a—Bell(do 1976 Morata and :

| Kerrldge 1981 but see Chapter IX). Wh|le this "many to: one" transformatnon suggests B

that the be locus may be a control gene in a cumulatlve ldeographlc system (see Flgure .
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5= 5), the lnterathlons of be mutants w1th the other Blthorax Complex mutations . . -

dlscussed thus

-/

trans-double heterozygotes between Ubx and bx, pbx or bxd show the extreme -
/

ar argue otherwuse As. LerS elegantly showed (Lewxs 1955) the .

| phenotype of the recessive allele as well as the be heterozygous effect whlle the

| ~CIS"d0Ub|e Leterozygotes show the be effect alone Thus Ubx mutatlons are equnvalent ; ’
- to. CIs—lnaotlvatlons of the bx pbx and bxd Ioc: but have no effect: on lOCl located on
t'he homologous chromosome Thns cis— specnflcnty would not be expected of a gene -
' _' codmg for a dnffusable product Wthh mteracts wnth downstream foci: lt has been | .‘ '
suggested that this behavnor is more compatlble with be belng an attrlbute of the
; "a,chromosomal reglon necessary for functlonlng of the bx pbx and bxd‘ genes rather

. "\_\b
:A-'than a control gene of the type we h\eve been dlscussxng (Garcna Belhdo 1975 Hayes et.

Two neorn(orphs exust WhICh ’mansform mesothoramc structures to metathorac:c
'ones They will be Jd’escrubed and thelr effects lnterpreted in terms of the actlvatlon of
" '_the bx* and putﬁ( Iocn | _ ' . ‘_ ‘
‘ ; o Cantrab/thorax (Cbx) Contrab/thorax is a dommant neomorph Wthh arose
‘ snmultaneously wuth the pbx1 mutatnon (Lewns 1854). In extreme cases |t may cause an
",'almost complete transformatlon of wmg to haltere and greatly reduce the amount of ’
notum In general the mOSt posterlor reglon of the wmg is always transformed and the o
probablhty of transformatnon of a guven wmg structure decreases in an anterlor dlrectnon e
(Morata 1975) It has been assumed that the transformatlon results from the actlvatlon of"
| the bx and pbx lOCl ln the mesothorax (Lewns 1963) The dorsal and ventral sensulla v
" groups are present whenever thelr sites are lncluded ln the reglon transformed (see S
: _Flgures 6~ 17 and 6 18) There are several mterestnng aspects to thls transformatlon
_Flrst by, comblmng Cbx with varlous other mutatlons in the Blthorax Complex Lewis ; -
| (1964) and Morata (1975) have shown that although Cbx causes an actlvatlon of bx and E S
o pbx, m the mesothorax it also causes a hypo functlon of bx and- pbx in both meso— and
metathoraces In Ha/tere m/m/c (Hm) (see below) and in varuous mutatlons in the
‘ | Antennapedla Complex (Denell et a/ 1981) an assocnatlon between abnormal actlvatuon 7
:and hypo functlon is also seen Second it-was found that clones mduced could mclude

Bl

" both’ wnng and haltere t|ssue until very late m development (Morata 1975) Th|s suggests a



thura 6- 17. The dorsal st.rface of a tr
> sansulla in its appropriate lmgﬂ v wmg mfonmd by Cbx Nota the clump of

A

‘. .anure 6— 18. The vantnl su-faca asin Fugura 6-17. Note the beginning of the line of-
vsansnlla m its appropmte location. : :

[Y : . . *
. : . I

‘ ) anure 6-19. Tnple row bnstles complmly swrounded by haltere mchomes in m -
¥ axtreme Cbx u'ansformatxon (cf thura 8-10. - _n \

‘ql
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\
elther that the actlvatlon of bx and pbx in the mesothoz< is a very late event, or that
,they are actl\/atéd in the mesothorax early.d there is a certaln probablllty of loss of
» actlwty during development perhaps due to the hypofunction of the alleles {Morata,
1975). The fact that the wmg and notum may be transformed completely into haltere and
: metanotum in extreme cases indicates that cell numbet is regulated as weII as cell
- phenotype, and strongly argues agalnst a late decision to ac'uvate' bx and pbx Third, the
characterlstlcs of the interface between wing- and haltere —determined ceIIs may vary m
E .mterestmg ways. Cells with trlchomes lntermedlate in phenotype between those of wing-
and of haltere may be found (as noted above in bx mutatlons) and in cases of extreme - ‘
transformatlons ‘wing brlstles of the anterlor margin may be completely surrounded by
Ahaltere trlchomes (Morata, 1975) {see Figure 6- 19) The .significance of this last ‘
phenotype will be apparent in sectlon 8 v o
‘ The mesothoracuc leg remains almost completely untransformed, Wthh is -
' _conslstent ‘with the mterpretatlon made earller that Ieg dlSCS requnre a hngher level of bx*
: actlvnty than dorsal d:scs to be’ metathoracnc (T able 3 line 11)
Ha/tere mimic (Hm). Ha/tere mimic is assomated with’ the complex translocatlon
T2 3)Hm Wthh contalns a break polnt at 88 E2- 3 the.region of the Blthorax Complex
(Lewns personal communication). It has no effect on the notum or proxnmal wing hlnge
but transforms the dlstal wmg mto haltere in an almost certalnly compartment spec;flc
- :' way. The anterlor compartment of the distal wing is completely transformed to haltere It |
contains the more distal part of the curving line typlcal of the anterlor compartment (see '
| .Table 2, Ime 9) The posterlor compartment is only partlally transformed havung
trnchomes of mtermeduate SIze and spacnng characterlstlcs and no ‘sensilla (see Figure
..6 20) ThIS suggests that Hm causes both bx and pbx to. be actlvated in the mesothorax, -
but also causes a hypo functlon of pbx Thzs interpretation was tested by constructlng
, .flles of the genotype bxJ pbx/T(2 3)Hm. The bx? and pbx mutatlons are completely
‘ recesste Wthh allows one to ascribe any transformatlon of haltere to wing to
hypo~functlon of the Iocu on the Hm chromOSOme As can be seen in Figure 6~ 21 in bx3
pbx/'—l'(2 3)Hm fhes the distal meso- and metathoracnc appendages have vurtually |
lndlstmgmshable phenotypes the anterlor compartment is entlrely haitere-like whsle the

posterlor compartment has muxed wmg haltere characterlstlcs supportmg the ongmal



ngura ‘6—20.‘4 Wing and haltere derivatives in T(2:3)4m/+. Noto the difference in size and
spacing characteristics of the trichomes in the anterior and posterior compartments.

v

-

- Figure 6-2 1. Wing 'and_’héltare disc derivatives in the genotype. Hx* .pbx/T(2:3)Hm.‘ Note -
the alar lobes and hybrid wi ~haitere characteristics of the posterior wing blade and
capitslium. Note aiso the simi " line of sensilla. ' j - ‘
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. ! R
lnterpretatlon That the consnstent dlfference between ariterior and posterlor may be
attrlbutable to dlfferentlal act:vnty of the bx and pbx loci becomes |mportant in section 8.

The second legs in Hm/+ flies are completely untransformed (Table. 3 line 12).
The third legs of #mj/+ are also completely untransformed but in Hm/bx’ pbx flies the
posterlor compartment is par}tlallybtransformed to mesothorax as in the haltere (Table 3,
line 13). ‘ o | |

- Flies of. the genotype Hm/bxd show a partial transformatlon of posterlor third «
leg to posterlor second leg as would be expected from the reductlon of pbx actlvuty by
the bxd allele. In addition, the. flrst abdomlnal segment is gone, and a fourth leg may A
appeafr indicating that #m also causes-a Iessemng or loss of bxd functE\ Thé fourth )
legs are always less transformed to mesothorax than the third legs, as inbxd fourth Iegs
Table-3, lines 14-18) - R

~ Summary s \‘ | /‘1/

By thelr domams the amorphlc and hypomorphlc mutatlons dlscussed above appear to
identify control loci-of a mixed comblnatorlal |deographlc system The engrailed gene _
may possnbly be a gene which’ orlglnally controlied determlnatlon in-a combmatonal way in

all segments and which still functions in the pro-— and mesothoraces, but whose role in

~ determination has been'superceded in the‘-r"hetathorax and first abdominal segment The

b/thorax and postb/thorax genes act as eplstatlc control genes for the anterlor and
posterlor compartments of the metathorax and the b/thoraxmd gene acts as an gpistatic
control gene for the first abdomlnal segment In the next chapter the lnformatlon -
provnded by the ranges of these mutatlons wilkbe discussed in detail, ieading to the

eluczdatlon of the transcrlptuonal control of each gene and, as a consequence, toa

_ proposal for the genetic flne structure of the proximal Bithorax Complex The avallable

/

_ molecular ev1dence will then be revuewed as well as some other: models for the

.

functlonmg of the Blthorax Complex in development , o R



Vil. A Model of Genatic Interaction

f
I
it

The transformatlons caused by amorphlc and hypomorphic mutations duscussed ‘

above are all anteriorly dlrected and eventually culminate in the anterior mesothorax (see

Figure 7-1). Gross defucnencues for the Bithorax Complex are lethal, but _surwve to the

~

CA The Control of Transcription“

'
. -late embryonic or early first instar stage. Such larvae also exhibit anteriad 5 /

transformations ‘and larvae deficient for the entire Bithorax Complex have the

metathorax and all abdominal segments transformed to the mesothorax {Lewis, 1978)

The mesothorax thus represents the "prlmltlve level” (Lewxs 1955 1878) or -

"developmental sink” (Garcia—Bellido, 1875) where all genes of the Bithorax Complex are -

| OFF. With this in mind, 'the ranges of the' en, bx, pbx, ’and bxd mutants may be each '

i mterpreted in terms of ON/OFF states at the other |OCI Jn the compartments of the

meso and metathorax and the first abdommal segment o

|

- The followmg account may. be best understood by reference to Flgure 7-2. In the

oy
mesothorax all the genes of the Blthorax Complex are OFF. The engra/ /ed transformatlon

of posterlor to anterlor_mesothorax has been interpreted as evidence ~that en is normaliy

ON in the 'posterior and OFF in the anterior mesothorax (LaWrence and Morata, 1‘976) in

the metathorax the actvvnty states of the en, bx, and pbx locn may be mferred from the

are-

: ; ranges of bx- and pbx: mutants. B/thorax mutants transform the anterlor mesothorax to

>

the developmental sink,” suggesting that all other loci are OFF m the anterior metathorax '

Postbithorax transforms the posttLrlor metathorax to posterior mesotr”ax suggesting .

‘that in the absence of pbx* product the en gene is ON' and all other Blthorax Complex

genes are OFF in the postenor metathorax Finally, bxd mutants transform the first

abdominal segmeqt to metathorax suggest:ng that the en, bx and pbx loci are all ON in

B thelr respective compdrtments in the first abdommal segment Two observatlons (Lewrs

1978) suggest that the activity pattern of the first abdominal segment is relterated inall

abdommal segments. Flrst in larvae deficient for the entlre Bithorax Complex except the -
reglon from bx to Ubx, all farval abdommal segments exhlblt characterlstlcs of the

67
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F:gure 7-1.The transformatnons caused by en and amorphlc and hypomorphnc mutants of
the proximal Bithorax Complex. ‘ .

)

T AB2
T AB_1'- Prim_éry '
Gradient
Thresholds
4+ MT o
+ MS
Segments -
} i Secondary
Posterior  Gradient
" Thresholid
: - Compartments
en 180 0 . 'Genes Transcribed
. bx | bx_ 1
i 1 pbx 1 pbx !
| R bxd

~ Gene Which Determines
The Region o

i

Figure 7—2. The genes which are thought to be ON in thé Varioqs péitern units.
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. anterior metathorax rather than the anterior mesothorax, indicating the activity of the bx
locus in these segments. Secor?d although bxd has t}? effect on adult abdominal

segments other than the first, in larvae a thoracic marker —-a palr of ventr’al pits ——

[}

appears on all abdommal segments. This indicates that bxd is normally active in these

5

segments to suppress&hls marker a sttuat:on which may be formally equ»valent to the
continued effec:ts of en on enzyme markers in the metathorax.

| ‘The tabulation of active control genes by compartment reveals spatial patterns in
the way these genes are themselves activated. it appears that two levels of positional

qformatnon are necessary to account for the patterns, a primary level determining
5

segmental position within the embryo and a secondary Ievel relating to afterio— posternor
posmon within segments which establishes anter:or and posterlor compartments The
control relationships of the. mdlvndual genes are duagrammed in Flgure 7~ -3. . ‘

" The actlvuty of the en gene may be seen to be governed strlctly by posutnon wnthln
the secondary fleld lt is OFF in the anterior compartment and ON i in the posterior
compartment of all segments we have consndered (Flgure 7- 3a) ln a similar- though S

dn‘ferent fash:on the actnwty of bxd as governed strlctly by posntnon witHin the prlmary
|
freld Iti is OFF in the metathorax and all segments anterior to- |t and ON in the first

—~

\.

abdommal segment and all segments posternor to |t (Figure 7 3b).

1

v By contrast the control of actlvatnon of the bx and pbx genes mvolves both

prlmary and secondary levels of posutlonal mformatlon Both genes are OFF in the
* { '
. mesothorax and more anterlor segments Each ns poterftually ONin the metathorax and all

X

v' :wsegrnents more posternor but bx is ON only ln the anterlor compartments of these

| segments and pbx ohly in the. posternor (Flgure 7-3c). As the ON states of bx and pbx

‘«'J summarnze Iocatlons Wlthln two separate fields, they are equnva!ent to the ndeographlc
control genes g" and "h" in F-ngure 4-3. That they act epistatically == |e that there is no
deveROpmentally stable metathorax gene equivalent to "e”.in Figure 4-3 —~ was deduced

<y

" above’ and is further shoWn by two experlments xnvolvmg regeneratlon in lmagunal discs.

v These expenments also indicate novel features of the control of the bx and pbx loc:
: Tnong (T long et al., 1977 Tlong 1982) used a temperature sensltlve ceII Iethal
system (Russell 1974 ‘see above) to cause cell death in the third leg discs of second

- instar’ larvae; this produces disc fragments.whlch duphcate in situ, yielding adult flies

=
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' Figure.7-3. Gens tontrol networks fadapted from Wolpert and Lewis, 1975, cirecgi/ e

R

‘represent genes and arrowed lines répresent control connections. The name of eath
-~ gene is written to the right of the circle while the conditions allowing transcription of the .
... gene are written within the circle.\'g' -"h" is. read as "eithar g or h is present, or both are - ' .
“present’. g -/ h"is read as,"both'g.and h are present. (a) To be transcribed initially, the.en -
gene requires that the secondary gradient level exceed the ‘posterior threshoid (2 Pl =
- 'POST); it subsequently promotes its own transcription: (2 . Pl ~ en) (b)The bxd geneis - ..
- transcribed at blastoderm in'response to primary gradient levels exceeding the threshold.

‘of the first abdominalisegment, and thereafter promotes.its owp transcription. (c) Primary .«

.. gradiéntlevels exceeding the metathoracic threshold level-(1. Pl .. MT) allow either bx
. .or.pbx td be transcribed depending on the level of m\e_’s'econdaryv,g‘ﬂadient; each product - -

- then feeds back to maintain its own transcription. See text for discussion. .0 o
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' ; mdlcate a requxrement fOJr the pbx al'lele m the actlvatnon of the bx locus durmg

_ ,regeneratlon In the companuonﬁ“exp,g
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W|th dupllcated Iegs (Russell Glrton and Morgan 1977) It'is known that cells from the ‘

prospectlve anterlor compartMent of tl]e original leg may produce both antenor and

§ e

posterlor compartment structures in 4 ‘e dupllcate upon mclusnon in the regeneratlon =

blastema (Glrton and' \Russell 198 ‘l) Fi es of’ the genotype bx pbx* have third legs in.

k Wthh the anterlor metathorax is com letely transformed to anterlor mesothorax whlle
the posterlor metathorax remain. untransformed (e g Table 3 llnes 1= 3) When dISCS of

“this genotype were caused to dupllcate lt was observed that in the dupllcate both

anterlor and posterlor compartments were often transformed to mesothorax lmplylng a

failure to actlvate the pbx locus when the dupllcate posterlor compartment was formed

' As the dupllcate posterlor compartment is never transformed'm bx* pbx flles ::%e rGSths

: 1mply that actlvatlon of the pbx Iocus durlng regeneratlon requxres the presenc “éf tl're

R

In a serles of analogous experlments Adler (1978b) tested the regeneratlve ‘

'_"capacmes of bx* pbx and bx pbx haltere dlscs durmg in v1vo culture ‘When posterlor
fragments of bx*pbx dlSCS were caused to regenerate it was found that anterlor tlssue |
derlved from the posterlor fragment was also transformed to mesothorax lmplyh&
' ‘f 'fallure to actlvate the. bx locus durlng regeneratlon As srmllar fragments from bx pbx

d|9cs never generate transformed anterlor tlssue under slmllar condltlons the results

23

\f}
rlment testlng the regeneratlve capacxty of anterlor

: fragments of. bx pbx dlSCS the results were the opposute of those of Tiong et a/ DEX:-N

B requrred for the actlvatlon of the other when a change ln compartment status occurs '7

< systems as noted prevrouély

posterlor structures were never transformed The dlfference may beh merely a reflectlon

. ofthe dlffermg requlrements for bx product m the thlrd leg and haltere developmental

v §
©: penments mdlcate that the memory of the metathoracrc commltment
\

;" d reS|des in the ON states of the bx and pbx locn durlng regeneratlon

SR .
“the prlmary gradlent IS no longer extar\t and the ON state of one locus is therefore

v

o These l'elatIOl'k}‘llpS are shown by the dashed Ilnes in Flgure 7= Sc ‘ e L LA .
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B The Fine Structure of the Complex——
A Fine Structure Model "
The proposed condltlons under w'huch the bx and pbx locr are actuvated contarn a
potentlal contradlctlon the two locn are said to be activated in a mutually excluswe
faSthI'\‘Wthh mlght |mply-some form of negatlve lnteractlon between the product of .
e “one gene and the control regron of the other, yet during regeneratron a posmve
mteractlon between these same compartments is found Were the bx and pbx loci to

map,. far apart a \/ery complex scheme of mteractlons would be requlred to resolve thls

dllemma However the two locr map very close to each other and we have suggested

(Hayes eta/ 1979l ' b

Flgure 6 9 shows the genetrc map of the proxrmal reglon of the . it _
Complex Cbx and be have been rnterpreted above as. ‘mutations affectrng the control cf
transcrlptlon of both the bx and pbx Iocr that the control mutants map between the

' structural locr suggests that transcrlptron of the two locr proceeds in opposrte dlrectlons »
from a common central control reglon (see flgure 7 j4) The wrld ~type actlvatlon of the
v

bx and pbx locr is envnsaged to be a two step process In segments anterlor to the

' metathorax the chromosomal reglon contalnlng the common con ol srte for bx and pbx

would remaln ”closed“ or maccessrble to transcrlptlon In the meta orax and aII
segments more posterror the control reglon would become' "open" but. only condmonally

o ‘S0, ln response toa prnmary posmonal 1nformatlon‘gradlent Upon\the eétabllshment of

secondary posrtlonal 1nformatlon gradlents wrthln segments transcrlptlon would be
mnt:ated at open promoters toward the bx Iocus when secondary graduent Ievels were

below a crutrcal threshold value and toward the pbx locus when IeVels exceeded that

value lf transcrlptlon ln one dlrectlon precludes transcrlptlon in the other the actrvataon f

. of bx and pbx Ioct would be mutually exclusnve events C~ontro| reglons srmllar to that
proposed are known in: a: number of systems (Ptashne et a/ 1976 Zleg et a/ 1977
lesh and Schlelf 1977) TR

'cal experlments on mature dISCS have mdrcated that even Iate m development

Cells ma stlllf‘read thelr global posutaon wrthln the drsc (Bryant 1975) Thls means that the _":-,

iR i
gene products o‘f“ the bx and pbx IOCI need only feedback to malntam the common A
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,Flgure 7-4. The proposed control regnons and: dlrectlons of transcrlptlon of the bx pbx
~and bxd loci. = - ‘
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1

" Figure,7-5. Thé molecular"e'viée_nce‘ (W. Bender, M. Akam, personal.communication)..

‘a



74

"'controlfre'gion in a stably "open” state and that the dlrectlon of contmued transcrlptlon
“ 'Wl|| be determmed by the persistent secondary gradlent Thus .during: development the
chromosome structure correspondlng to the "open state of the common promoter
reguon would constltute a memory ,of the metathorac-c deCISIOl‘l taken at blastoderm
The res'tllts of -both Tiong and Adler may be understood in terms 'of the model as
belng due to secondary‘ ‘closure” of 'the control reglon ‘In W|ld type metathoracuc discs
”;_prospectlve antenor compartment cells would have open promoter reglons due to l SRR
feedback from the bx product a change in compartmental specuf:cnty durmg |
regeneratlon would be accompanled by a change in dlrectnon of transcrsptlon toward the
-“pbx locus and the metathoramc commltment would be malntamed ln bx pbx dlSCS
‘however the control reglon in anterlor cells may havcome closed due to |
- lnsufﬁment feedback from the mutant product The pbx’ locus would thus: be -

ssnble¥when such cells enter a regeneratlon blastema and posterlor structures

‘ ‘wo d ’also be transformedft,omesothorax R ;’*f . o ,
: The bxd locus maps betwaen the proposed control reglon and the pbx loesfs As

- it IS clearly under separate developme@tal control from pbx (Flgure 7 3) it most
ol

‘ probably is transcrlbed fromgaﬁcontrol reglon to the rl of pbx (see Flgure 7 4) The | ,
lnterweavmg of. the bxd and pbx lom in this fashlé‘?t is offered as. an éagplanatlon of the :
“effects of bxd mutants on pbx actmty, as breakpomts at bxd would remove pb)?éfrom
: "|ts control regnon It is necessary to assume however that bxd pomt mutants lnterfere ln‘
| some way wrth elther the transcrlptlon or processmg of the pbx product An '
. ‘arrangement of thls kind could have evolved by a process of gene duplncatuon (Hayes et
£1979). S el A T L
The Molecular Evndence o i i _ -i o - -f‘ o Y ;":" o
The' Blthorax Complex hasyrecently been cloned (W Bender personal '
. ‘commumcatlon) The data are still érelnmmary but they afford mslght into’ certam
characterlstllcs of the Blthorax Complex and allow a dl ect test of some of the
E “predlctlons of the present model The data are summar'zed in Flgure 7 5. There are'
' 'several mterestlng aspects of the data thus far The fll‘ t lS the f:ndlng that spontaneous
pomt mutatlons" in the bx and bxd locx are caused by the msertlon of a partlcular 7 3
| kllobase sequence Wthh lia)s been named "gypsy It_ls u clear as yet whether gypsy ., “

Y
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sequences are transcrlbed it appears however that the mutational effects are not
“simply the result of the insertion of forelgn DNA per se’ because the suppressor of
Ha/ry wmg mutatlon suppresses the mutant phenotype of at least one: "gypsy msertnon
wuthout removmg the insertion ltSBlf (W Bender, personal communlcatlon) It is easy to :

4 envxslon ways lr\,whlch actlve insertions- nght affect chromosome structure ln _

nelghbonng regions; the attrlbutlon of posterlor metathoracuc transformatlons by bx and

bxd mutants to effects on the ,ob)é' locus (see. above) is thus greatly strengthened by
. i ﬁr‘ . . .
these fmdmgs : ’ -

u

: A second flndlng of mterest is that be mutatlons span a reglon of 70 kllobases

ends of the be reglon transcr !
1981) Thls suggests the exlste

must nonetheless be C/s—actmg in s # ashlon m v1ew of the arguments presented

&

gl
%‘l above As yet no transcrrpts of the mtervenmg reglon - lncludlng the bx locus - have
E

been found Whether th:s reglon is. spllced out of a 70 kllobase transcrlpt or is deleted -

from the DNA ls not yet known. Jhese prellmlnary data are mconeluswe and are .

'» surprlztng from almost any perspectlve it IS to b' d that further results wrll ald in

' thelr lnterpretatlon e

Data on the Iocatlon and dlrectlon of other transcmpts w;thm the complex are also :

: prellmmary itis known that the bxd reglon lS transcrlbed from right to. Ieft as predlcted

by the model Mo transcrlpt has been posmvely ldentlfled wuth the pbx reglon though one l'. ,

lth"t:hét?actenstlcs of a transcrlpt from left to rlght in thls region has been found (M
Akam personal communlcatlonl Indlrect evudence that the pbx reglon is transcrlbed from
Ieft to: rlght comes from the nature of the Chx mutant As noted above, Cbx arg(se R

slmultaneously wnth pbx and was later separated from it by recombmatlon The amorph

pbx IS afdeletlon of717 kllobases of DNA and the neomorph Cbx is; an msertlon of that

v_ same DNA in reve% ornentatlon fto the le’ft of the bel SIte (W Bender personal

ﬂ commumcatlon see anure 7 5) These fmdmgs are consustent with the /be gene bemg

"',
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normally transcribed from left to right ‘and with pbx DNA being transcribed from rightto

) left from the bel reglon in the Cbx mutant. It is not yet clear how other attrlbutes of

-1
>

the Chx phenotype correlate with the molecular data.

C. Other Models of the Blthorax Complex Y : .
As the loci of the- Blthorax Complex are clearly |mportant in determmaﬁon and
: have been studned for up to thlrty years, it is perhaps not surprlsmg that many models |
concerned with thelr actions in development have been proposed Here ! wush to dlSCUSS
three models, pountlng out SPElelC dlffgences with the model proposed above
_The present state of knowledge concerning the Bithorax Complex is due malnly fo
the studies of EB.- Lewns over the last thlrty years Lewis (1978) feels that the Ubx gene’ |
codesl for a product Wthh effects a change from the prnmmve mesothoracnc level of v
development to the level of the metathorax The bx ef’)d‘\pbx loci are’ thought to code for
;agr;oducts also |nvolved in effectlng this change The: aﬁdomlnal segments are each thought
to be sumllarly controlled by a snngle gene located in the dlstal part of the Blthorax | l
. Complex These genes are regulated by the lnteractlon of their control regions ‘with a

“:smgle anterlo posterlor gradlent of repressor wnthm the embryo The' dlfferent Blthorax _

Complex genes are»fmought to have méreasnng gradlent actlvatlon thre s wuth
‘ -'»proxmo dlstal posmon wnthm the complex such that an- addltlonal control gene is
_actlvated in each segment from the metathorax to the elghth abdomlnal segment
While the correlation of single control genes with partlcular segments and of the '
proxlmo dlstal arrangement of genes |n the complex wnth their segments rgts‘the fly
' appears to hold true in the abdomen both correlatlons break down in the metathorax o
; unless the bx and pbx. locu are |gnored and be is equated with metathoracnc
: develop “The metathorax lS thus a specual case and the model presented in this |

-thesis may be wewed asa specuflc reflnement to’ the more general model due to Lewus A .

‘ ma;or pomt of dlsagreement how‘ les in the nature of the Ubx gene Whlle the

7

. molecular evndence mdncates a 'roduct for the be gene in accordance wuth LeW|s ldeas
- feel that its C/s—speclflc effects are more consustent w1th it deflmng a structural .

characterrstlc of the chromosomal reglon Clearly more data are requwed



’ Sander J1975b) has proposed a general model for patterh speccflcatlon in msects ,b
' whlch mvolves twie evels of posmonal mformatlon He proposes that in the first step in |
pattern formatlon in msect embryos a primary Iongltudmal graduent determlnes the |
| 'segmental character. In the second step, new secondary graduents are establlshed w:thln
"the dom‘ams deflned by physnologlcal barrlers Wthh have appear‘ed between segments
these secondary gradnents specrfy the Iongltudlnal character within segments {Figure
7-6(a= 1) and 7- -6(a-2). Sander feels that some of the bithorax mutants may be
' expllcable In terms of these two levels of gradlent lnformatlon Specuflcally, he proposes
“that' they mterfere wnth the proper determmatlve |nterpretat|on of the prlmary gradient, )
yet leave the establlshment of the segmental boundarnes and secondary gradlents
:ﬁgé uncﬁanged t\The thresholds which control determmed states would thus no longer
. ~coincide with segmental boundar:es bx- cells in the presumptlve anterlor metathorax

K

would mcorrectly mterpret the prlmary gradlent values here as mesothorax ‘while.. ‘ ‘
correctly interpreting the secondary gradrent as anterlo: and thus would dxfferehtlate as ]

3 anterlor mesothorax (Figure 7-6, b-1) #d 7- 6lb 2) The Cbx mutant would be a mutant

'Wthh causes cells in the mesothorax to mterpret the pr:mary gradient mcorrectly as
metathorax while readmg the secondary gradlent correctly (Flgure 7- 6lc 1 and

L 7- -Blc-2). bxd ‘mutants would similarly cause cells in the first abdommal segment to .
mlsmterpret the prlmary gradient as metathorax (Flgure 7- 6(d 1) and 7 6(d -2).

: Sander s model is a plausnble explamnon of the Cbx phenotype but it does not,

' explam the compartment and segment speciticity of the bx and bxd mutants, norecanit
* explain the phenotype of the pbx mutant The model predncts that all transformatxons
,should be to contlguous segments or compartments as it is difficult to see how a
n. _genetlc defect could cause: cells to lnterpret noncontuguous graduent values as equ:valent

‘ - while reading the mtervemng values as dlstmct (see. anure 7- 7) Both these ob ;?ctnons

are ‘overcome by assumlng mstead that bx pbX, ‘and bxd are control genes dlrectung
_. gevelopment within specnflc pattern unlts
' GarC|a Bellido has proposed that bx, ,abx and bxd are selector genes for the«
' compartments of the metathorax and the flrst abdommal segment However he also
conS|ders en to be a selector gene controlllng posteruor development in all thoramc dlSCS

‘J'

- (1975). There is a contradlctlon mhsrent in these views: lf the ON/QFF state of en..

g - . .
Ce S . o o » . . v
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Figure 7-6. A model for the stepwise specification of body and segment pattern in
insect embryos (from Sander, 1975b, reproduced by permission). (a- 1) Local values of a

- primary axial gradient determine the segmental character of blastoderm cells (values 7-8 . .
.= segment H, 8-9 = segrhent.J, 8- 10 = segment K) and specify the positonof -
physiological barriers. Within these barriers secondary gradients are established (values
0-5) which give the positional information withit segments (a—2). (b)/-(d) Erroneous - -
reading of the local gradient value by the blastoderm cells (see brackets above right) :
would lead to a shifting in the pattern of determination of the blastod inthe cases ~ = -
when in spite of this the physiological barriers remain in their normal pesitions, partial = - -
segments (b-2), (c-2) or complete segments (d~2) would be transformed. If we iabel ,
segments H, J, and K as Mesothorax, Metathorax, and the 1st Abdominal Segment, we

- see the ;’:ﬂnsfofmations caused by three alleles of the Bithorax Compiex (see brackets.

- lower right). - ; S o ‘

<
: \\
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hyhphghy | iqyighghy | kykzkaks

Figure 7-7. Errépeous reading of primary gradient (brackets above right) required to
_~-axplain the pbx- mutant. Note that values 8 1/2-9 must be read as if they were 7-8,
~ while values 8-8 1/2 are read correctly. -, - : , _ o
. : v REETE ) . ‘.‘ . SN . LT .
L 4 , N\
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| determined anterior and posterior compartments ohe would predict the existence of a
snngle "metathorax” gene rather than two genes which are compartment specnflc ThIS
contradtctuon is never exphcutly dealt with, as the anteractlons of the en, bx, and phx

“genes in wild-type development are not dlscussed rather their mteractnon in mutant

: combmatnon are considered, and | feel that they are mssunterpreted In the next sectnon |
wnll discuss: the subject of mutant combmatnons with specnal reference to the mteractlon

of en with genes of the Buthorax Complex



VIIL. Mutant Interactlons _
The five ways in Wthh two different homeotlc mutant transformations may be
related are diagrammed in Figure 8- 1. Two conflguratuons whuch | have called "dlSJunCt"
~and “convergent are of no concern to this discussion as the mutant effects are entirely
independent and mutant.combinations provide no additional information. A third
confnguratnon the "reflexive” will also not be dlscussed because the resolution of any
part»cular case must depend to a great extent upon the unlque characteristics of the

_Mmutations involved, rather than the functtons of the wild- type loci. This sectnon therefore

\\ o

will dsscuss the expected transformatlon in mutant comblnatlons which mvolve ”hnear or

dlvergent conf:guratnons

A, A’morphic-Combinations o ol

Figure 8—2 shows three pattern units, A, B, and C and their correspondmg gene B
~state sets. The state sets have been specxflcally chosen for lllustratfve purposes but the _
: reader may verlfy that the conclus|ons are general Consider the effects of two -
muitations x and y s)jparately and in comblnatlon It canbe seen that in all the systems" \
defmed in sectlon 4 —- combmatorlal cumulatnve and epistatic —a mutation i m x will l
transform A to B, a mutation in- y will transform B to C; and the combmatlon xy erI \

result in‘a hnear transformatlon of Ato C. The comblnmg of mutant effects in this ) \

|
3

fashion has been called "addut«vtty'f (Garcia—Bellido, 1975). | wish to point out_ that in :l\ine’ar\: o
3 configurations additivity"is exdected of mutant effects not only in combinatorial systems,-‘ “fl ‘

but also when the wild- type genes mteract cumulatnvely or eplstat\‘%ally

When a domain may be transformed to d:fferent ranges by dlfferent mutants a

dnvergent confuguratton arlses Combnnatuons of such mutants have been called
. paradoxncal” (Kuger 1976) Figure 8~ 3 shows the. relatnonshlps of Figure 8-2 redrawn to
include the effects of mutations in y on structure /A The unknown pattern unit'is of
mterest in a combunatorlal system it wull ave a ﬁnnque |dent|ty I shall call D A is thus ‘
transformed into B by x and D by y The double mutant is thus a paradoxncal genotype o <
The paradox is resolved by a transformatro of A to C, a new pattern unit. ldeographlc« o ,;‘i

systems do not show similar behavqor becauée of the redundancy in the:r codes if anuret

8- -3 is cons:dered asa ‘cumulative system the state set of the Jnknown pattern umt |s a

81 L
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A--»B . AL_ A-=-B

c--$D c-~ | A¢---B

/

- i T )
DISJUNCT QONVERGEN_T ’ .- REFLEXIVE

v

A= B, i
. " ) .. i . L 2 "P,‘:&

O R S

LINEAR ~ DIVERGENT

'Fi‘gure 8-1. The five ways in which two different homeotic transformations may be
related. Only linear and divergent configurations will be considered. :

v . v
Gene Order X Y Z . v ’ o *
7 T o, : v ' .
. \“
L
- A . B C {

<" Figure 8+2. A linear transforination éauséd by two mutations, x and y. The results are
%"«equivalen - whether the'interaction system is combinatorial, cumulative, or epistatic.
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. Figure 8-3. The relationships of Figure 8-2 redrawn to include the effects of mutation v
“on unit A. The starred .unit will have a different identity in each of the three systems as -

~ shown below, allowing ‘a distinction between systems to be made. / RS j
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;;l,‘_'j‘redundant code for unnt C Agaih a paradoxlcal genotype\tstseen m the double,mutant l
.;;because patter)n umt A ns transform‘ed dlfferently by each component ln a cumulatuve ..“q/"’ »

- system however the double mutant comblnatlon has the same ét(ect as one of the

sungle mutants lf Flgure 8—% is. consndered as an epxstatlc system the state set of the g

: unknown pattern unlt is a redundant code for unit A. The mutant combmatlon therefore is

not paradoxncal The Y mutatlon dQes not transform unlt A but |t\tt§s the underlymg

, state set so that a mutatlon X Aow. results un—a transformatlon to C ather than to B

On the ba5|s of mutantycombmatlons of en wnth bx«snd w:th pbx |t has been

x

: ,.“_proposed thatj;n controls postenor develolpment in’ the metathorax (Garc:a-Bellldo and

»;.lGarcla- vellldo and Santamarla ‘972 p 91

_lt as only thls last statement wnth whu

ko Santamarla 1972) [.et us examme the nature of the argument in support of thns
L 'conclusnon in: hght of the above analysls It is not the double mutant phenotypes ls? ) 3\_' o

| .’f»Flgures 8‘_ 4 and 8- 5) but thelr mterpretltlon w1th whlch I dlsagree | quote from v

o, n% bx? flies. the posterlor part of the metathorax rematns unchanged Thls : :\
.‘indicates that the posterior part: of the’ anlage does riot derive from, or: copy, S

74 thelanterior: part The ‘appearance of an anterior wing’ in'the posterlor

“ metathorax indicates that the en transformation is anautonomous feature of ek
.. thie posterior region-of-these segments.In this case the effect of enis T AR
f’v."/_s‘,f‘superumposed to that of pbx.The/lack of function of pbx: in the metathorax S
|+ leads to.a developmental sutuatlofl which permits us to detect the function of . RE
" _.en*, for when this.fails; due 'to the en mutation, anterior wing structures :
_"’_develop in the posterior part of 'the metathorax. 7 hese. resu/ts /nd/cate that
»,.en* a/SO contro/s metathorac:c deve/opment "(ltallcs mlna) '

h I dlsagree The phenotype of en bx3 fhes lndlcates

el

“that the en mutat:on has no. effect o. the postenor metathorax The results are thus

*‘consnstent wnth the pattern expecte of an eplstatlc system (Frg&re 8~ 3) ln en mutants ‘

i the posterlor haltere is unchanged ut the underlymg state set |s modlfled sUch that

“\l_l._

',’,;:,fwhen pbx‘ |s removed |n the double mutant the transformatlon is to anterlor wung rather N

'~determ|nat|on

" ‘--B Comblnatlons Involvmg Neomo phs ’-\‘ e

o than to poster:or wmg Thus the res _lts mdtcate that en does not control metaghoracnc v

/'/

The mteracttons of neomorp' s w;th other mutatlons WI|| vary dependmg upon the

it

o nature of the abnormal actlvatlon m e ch neomorph Because of thls the phenotypes of

“w i

o mutant combmatlons mvolvmg neomogphs are lnstructlve rather than dlagnostlc That is, "i,;f'

one cannot preduct the specn"lc pheno

types whlch WI|| be assoc1ated wuth partlcular klnds



?',;'Fig\.m 8-4 A hdmra 61‘ ‘genotypo on‘, b, Nom the .p| it awtcllwn md sockatod bl’lsﬂ”’ ! .
o jula vs). in the mesothorax. Note _lllo th. mnffcc'tod po:t-nor roqnon of th.

';’? ’ :‘Fl e 8-5 A hdtare of goﬂotypo an' pbx Note tho tnplo row bnstfei (TR) along the SR
X pg:enor mtgm whulo the mm;m: is Lmrmformod e e T

“T .






; »of control systems and aSS|gn t ] wrld type genes to one system or another on the o
. basrs of' phenotypuc mteractuons as can be done wnth amorpbs One can only observe the

‘:':phenotyptc results of mutan comblhataons and in some cases (alluded to m sectron 5)

’draw conclusnons about the actr’vatlon characterlstlcs of the neomorph The general f‘ s
' ,questlon whrch may be asked concerns the nature of the neomorph domaln ts the g ‘

‘ fneomorph actvvated ina specnflc pattern unvt because of the posrtlon of that umt in the
‘fueld or becau\;e of the determuned state in that pattern un|t7 The q}nestnon may be asked

in two ways whtch correspond to the. Imear and dnvergent conflgt{\tlons dcscussed .

. above. in both cases the answers may be erther defmmve or amblguohse\ "' |

3

Consnder a neomorph wh|ch causes a transﬁormatuon of pattern unit- B t‘e\umtﬁ

‘ Two results are possrble when thls neomorph is- combmed wrth a second mutatuon
- causmg an A to B transformatton (Fugure 8 6) If only the autotyplc B |\s transformed one

may conclude that actuvatron ot the neomorph ns posltlon specntxc rathe\r than determ:ned
state specufrc If both auto— and allotypnc B’s are transformed (| e ;f a hnear\ | "
v"’:v:transformatlon of A to B th is observed) the results are mconcluslve }or there ex:st
T;ftwo possibilities (r) the neomorph may be actlvated by the determmedostate B or (n) the
'_[_.,neomorph may be actrvated m a posrtton specufrc manner but rts effect overndden by

the contro| gene m pattern umt A

/

The questlon whether the actNatnon of a neomorph is posutlop specn"lc or ST
"’=f',determlned state specrfnc may be asked another way by estabhshmg a paradoxrcal

genotype Suppose the same neomorph transformlng B to C were to be combmed wrth a

~

:fmutatlon transformmg B to D (Flgure 8- 7) Two resu|ts are agaln possrble lf the domann |s

_‘stﬂl transformed to [o# the neomorph'may be sald to be posmon specnf:c If the pattern

/
e

_;{'unut |s no !onger transformed to C erther (r) abnori’nal actrvatron of the neomorph |s

e

determlned state specnflc or (u) itis po -,-‘ specufrc but |s now epnstatncally overndden e

‘vh

‘by the control gene for D

. ' ot “ -v/-;_

}"conclusmns made from the earher comblnatlon wrth bx and pbx The en 3 tatuon causes :
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‘a transformatnon of the posterlor tq the anterlor compartment in the wing, whnle Hm
dnfferentlally aotnvates the bx and pbx Iocn in the anterior and postervor compartments
- (Figure 6-20). The mutant comblqatuon Hm en thus estabhshes a potentnal linear
conflguratnon wnth regard to bx actwatlon and a chvergent conflguranon wuth regard to.

pbx actlvatlon (Frgure 8-~ 8) The resultant Hm en phenotype (F;gure 8-9) shows that

' although the proxnmal wmg exhlblts anterlor characternstlcs m the postenor reglon (note

the socketed bristles in the alar lobe), on!y the autotypic anterlor compartment is

T

transformed to” ‘anterior metathorax and the prospectlve a|lotyp|c anterior: compartment

*

is still transformed to the hybrud wing— haltere tlssue characterustlc of pbx actwation The

-

results therefore demonstrate that m Hm; the actnvatlon of. bx and pbx are position |

specmc and are not mfluenced by the state of the engra//ed gene The same conclusnons

' may be drawn. from the Cbx en combmatton Flgure 8 10 shows the wmg of a Cbx en

fly The transformatlon ‘of wmg to haltere still occurs preferentnally in the tl'“

: reglon (cf anure 6-17) in splte of the posteruor to antenor transformat'on c uehtr By

(note the nsolated tnple row bristle at the posternor margm typlcal of thos\found at the .

, anter:or margm m extreme Cox phenotypes asin anure 6-19).-

| LA
. .
*
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IX Deletlons
N
The effects of deletlons may dlffer from those of pomt mutants in two respects.
First, deletions remove a physical structure which may be |mportant in mednatung
regulative propertles at the chromosomal level, and second, they may remove more than
’ Tr PR :
. one coritrol gene, and thus may have effects similar to combinations of point mutants as -

| discussed in Chapter X. These two aspects will be discussed separately.

AL Loss of Physical Structures in Deletlons '
Transnent exposure to ether vapour durnng the first six hours after owposmon
»may give rise to adult flies with phenocoples of~var|ous mutat:ons in the Blthorax
.Complex (Gloor 1947; Capdevﬂa and Garcra Bellido, 1974, 1978; Bo.wnes and Seiler,
1977) The cellular blastoderm is the most sensitive stage and b/thorax phenocoples are .
- by.far. the most common (Bownes and Seiler, 1977 Capdevna and Garcia— Bellido, 1974)' :
Phenocopred tissue occurs in patches which have been shown to be clonal in origin
: .(Capdevnla and Garcna Belhdo 1974) The lack of Iate effects of ether and the clonal ..

nature of the phenocopres suggest ‘that ether vapour mterferes in some way with the

-actuvatlon of the metathoramc pathway rather than wnth its malntenance Capdevula and

" Garma Belhdo (1978) examlned the effects of varlous heterozygous mutants in the

, Bithorax Complex upon phenocopy mductlon and found that whlle point mutants had no “
I'effect delettons and break;:z»olntsr at the be locus doubled the frequency of lnductuon
They proposed that actlvatlon oﬁ tlte B:thorax Complex is controlled by an mteractlon
‘between mductor {sic) molecules and repressor molecules whrch bind at the Ubx locus B
‘Ether vapour is assumed to perturb the mductor graduent such that enough repressor
remams in the metathorax to mactwate the Blthorax Complex there resultlng in a
phenocopy Point mutants would not affect the frequency. of phenocopy mduct:on
because the repressor bmdlng site would remaln intact, but deletions would effectlvely |
| double the repressor bmdmg site. ratlo and thereby lower the degree of mductor
.perturbatnon necessary to induce a phenocopy Therr proposal is plausnble and a snm|lar

"\

« ‘_ vprocess may. account for the recent results of Morata and Kerrndge

Morata and Kerrldge (198 1) made somatic clones of be» mutatnons and

’ 'deflcrencres at varnous tnmes with mterestlng results. ln the second abdommal segment

[RY
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and all segments more\ caudad Ubx clones differentiated as wildtype (see below). In the'’
first abdominal segment Ubx clones were not abserved, presumeasbly because thoracic
cells have cepsed leldmg by the time the clones were segregated In the anterlor
metathorax, the clones d:fferentlated as anteruor mesothorax as expected Not expected
was the finding that clones in the posterlo/r meso- and metathorax dif ferentiated
structures of the posterlor prothorax if lnduced before seven hours, and of the ‘
‘ ‘posterior mesothorax if lnduced thereafter They mterpreted their results as indicating
'the existence of-a gene wuthm the proxlmal Bithorax Complex which js necessary only
temporarily in early devel.opment to dlstlngmsh between prothoracuc and mesothoramc
' developmental pathways An alternatlve explanatlon which | favour wéuld mvoke a
phenomenon similar to that used to explam the effects of deletiohs on phenocopy
mductlon above. A large amount of evndence suggests t@t the prothorax mesothorax
developmental dlstlnctlon is medlatedxby loci of the Antennapedia Complex- (Lewns et al.,
19803 'b; Wakimoto and Kaufman, 1981) If the activity states of the Antennapedla .
Complex and the. Blthorax Complex are controlled by the same posntuonal cues, as seems
llkely, an early homozygous deflmency,of.the Bithorax Cemplex might influence the

- decnsmn taken at the Antennapedla Complex by substantlally altermg the effectlve amount )
' »'of a common repressor Ubx clones would have no effect once the developmental ‘
decrsmn at the Antennapedla Complex were made, however The exact’ sngmflcance of

the prothorac:c transformatlon is not as yet clear v L . B

i N

B. Loss of Informatmn Content in Deletnons

ln comblnatorlal systems the effects of deletlons whlch remove more than one
control gene may be easuly calculated as the sum of the effects of smgle mutants in the
genes deleted (see Chapter X). o } A |

In ldeographlc systems the effecte\ of such deletions may dlffer dependmg upon
the posmon of the deleted genes within the ordered senes of all control genes lf the
,deleted genes comprlse the hlgh end of the ordered series the effects wnll be the same
in eplstatlc and cumulatnve systems only those pattern units whose control genes are.
'deleted will be affected Deletlons whlch remove genes from the mnddle or lower end of

“the ordered system,_,however,.wullhave dlfferlng eff_ectsl in eplstatuc and cumulatlve
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systems: in epistatic systems, as before, only those units whose control genes are
deleted will be affected, while in cumulative systems, those units and all others controlled
by genes higher in the ordering will be affected. | -
Wuth respect to the Bithorax Complex, the Ubx clones generated by Morata and
‘ Kerridge are of mtereet in this regard. Such clones dlfferentlated normally in abdomlnal
segments 2 through 8, implying either that the proximal genes of the Bithorax Complex
are the hnghest in ordering, or that the Complex as a whole is an epistatic system as
regards the proximal loci, so that the removal of the lower components has no effect on
vsegments controlled by: genes hngher in order. A number of consideratins strongly
suggest that the Iatter interpretation is correct. l
As Lewis notes_ l197-8), the proximo-distal order of the Bithorax Comple:( loci
along the chromosome corresponds more or less ‘wjith the anterio—posterior position in .
the fly of t_he segments the loci control. In the p_roximal region |t was deddced that the
control genss for the metathorax areepistatic to those of the mesothorax (and, hence,
higher in order), 'in part through the existence of neomorphic mutations lex‘ Hm) which
" transform an anterlor segment mesothorax - to one more posterlor - metathorax A
‘ number of neomorph:c mutants have been found in the distal region of the Complex
 (Hab, Uab, Mcp, see Lewns 1978) which show similar caudad transformations, suggestmg
| that the orlentatton of the ordered SSI’IGS :s consnstent throughout the Complex the d:stal )
: lom thus appear to be higher than the proxnmal loc: in the order, and the Complex '
therefore appears to be an epustatlc system | v o
- In addition, Lewis (1978) has analysed the larval phenotypes of lethal
' heterozygotes for varlous partial deflmencnes of the Complex and a complete deflmency\

He found that when the proxnmal portion of the Complex was deleted the appropruate ' \

Y
0

ﬁgments were transformed to mesothorax but the dlstal segments remalned unchanged
‘aresult equnvalent to that of Morata and Kerridge. In addmon however when distal -
» portlons were deleted the segments controlled by the remalnlng proxlmal Ioc: appeared
‘ unchanged The finding that deletions of both proxnmal and distal loci affect only their

respective segments is compatnble with an eplstatlc rather than a cumulative basns fo

Bl_thorax Complex gene mteractlon. ) .
N



X. Conolusions
Because all previous models for the control of Drosophila development have
each utilized a single gystem of genatic interaction and have often boan less than fully
~ defined or developet, they have led to conclusions which conflict wcth each other and
with different aspects of the data In this thesls | have defmed rigorously various possible
& systems of gene interaction for the first tlme, and have investigated the expected
properties of mutants in each. Further, { have argued on evolutionary and genatic grounds
that ln Drosophila development is controlled by a8 mixed system which incorporates
elements of each hypothetic pure type. With this background, it has been possible to \ |

\

recognize the particular systems in which various wild-type genes operate on the basis

_ of their mutant pnenotypes. (\n»anal;fsls of the transformations observed jn such mutants
nae ted to further understancling in two major areas. As regards the control of‘ gene
activation, it has been found that the integratioh of inforr_nation from two positional’flelds
is requlred for the activation of the bx and pb;( loci, and this in turn has led to a
speculation as fo the organization of the bx-region at the molecular level necessary to

" mediate the actlvatuon As regards the control of determlnatlon the concept of mlxed

' systems has led to a coherent view of the effects of the en mutation ', and a thorough
investigation of the propertnes of mteractlon systems has revealed characteristics by
Wthh mutant comblnatlons may properly be interpreted. According to this argument,

: erroneous conclusions have been imbedded in the llterature on the basis of combinations
of en wuth bx and pbx. Although these methods have here been applied for illustrative
purposes only to an analysns of engra//ed and the Bithorax Complex in this thesis, they
should be generally app’llcable The conclusnons drawn are also not mtended to be -
definitive. -that wnll surely come only when the lmportant' loci have been characterlzed
fully at the molecular level. Nonetheless, the molecular data —— the position ard nature of -
mutants, the number and dlrectlon of tranécrlpts etc. —— will be of value only insofar as |

‘they explain how the genet:c and developmental characteristics of the Complex are

‘ .medlated.,lt‘ls thls latter aspect that | have attempted to clarify.
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