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Mw ebnormellties lncluded: 1Ytran§?ormat’l&1 of' posT;erIor wlng Blade '

Y

ABSTRACT

The ggrall gene, of Droegphlla melanogaster ls oeliaved to be lnvolved in -

»

v(

o . P

. a partlnl trensformetlon of the posterlor cmpartment of wing and first leg to mlrror ’

IR

~control of dolerminetlon and dlfferentletion of posterior cowpartments. an‘/en‘ “causes

lmage anterior. whloh pronpted the hypothesls thet ggrall is a selector gene" L 3

:_rnquired for t.he posterlor pathuey decislon. The inconplete tx;ansformation was thought

4 .

. due to resldual en+ actlvlty in en‘ I heve tested this hypothesle by analyslng the

‘ @ effocts of‘ a deletlon of the locus (en28), and another deletion 1n t:he reglon (en30)

which survlvea ovef lethal _Qgg__lgg alleles. Both deletlons are homozygous lethal and

. . v

cell lethel. /en‘. en30/en‘, and enZB/enBU all survlve to adult stage, but no

3 ¢ N

genot:ype ceusee a stronger poaterior to unterlor treneformatlon then en'/en'

v -

- : euggestlng thet thla effect 1; allele specxflc and thai en' ds- not a slmple hypomorph._ﬂ

e,

o effect dependent on the bx+ (but not p_tl)y) pseudoallele of the Blthorax-complex. L

haltere. an

L

‘ L ""-‘_2) abnormel brlrtl* pattern, tersel fuslon end degenerate posterlor clams of all legs.

- - .‘_increesed exproselon of the new ebnormelitles, end both types of ebntfrmellty can

= : _ ,coexlst lh the ume structure. Abnormeuties r/ embllng ccil death defects occur 1n

: f"gen.ttelh. end ln the heeds of l'alngle etrein of enj/g . Alteretlons in t.he helteref

: expect .d of .\selectt:t 90"' p end alternetive hypothesea For thq fmctlon of

z.ns.r..a.i_l_ are coneidered. o

i ere elso observed ln some beckg :_v_mds; thus _e_mrell mey be requlred ln all lmeglnal

..

R dlecs, Although edult ebnormelities ere posterior cormartment speclflc, rnany are not

L R i
Ry RIS ey s L
g ) ™ *

L Selectlon for strong expresslon of post.erior to anterlor traneformation mey result 1n ,f'

o \
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'?;1n a single layer (Foe and Alberts, 1983) Using an electron microscope tf;c:ount

e, o+ . INTRODCTIN'  -©
. e o . ;- . y - ‘:‘ -
LA ."r. N - : . . L “‘.

lee other higher organisms, Drosophila melancgaster develops from a single - -

L

t l.'«

fertiliZed egg to a multi—cellular, highly differentiated adult. A trucial question

(4

in developmental biology is how genes direct’ cells 1nto the correct developmental
- .
k §

pathways resulting 1n the formation of the adult structures.__; . f..: !

L

During the first three hours of development of the rosthil egg at. 25° , “nine

.

_ nearly synchronous cycles of. nuclear div1sion occur without 1ntervening formation of ~

' cells membranes or cytoplasmic division (Sonnenblick, 1950° Zalokar and Erk, 1976)

* . .

. Nuclei at the 256-nucleUS stage are still totipotent; if removed frcﬂhe egg. and )
\'a'transplanted into another cleaving egg, they ‘can part1c1pate‘in the formation of any

".; of the adult structures including the germ line (Zilokar, 1971; Okada et al., 1974)

)

By the end of the first nine cycles of nuolear div151on, most of the nuclei havek

'v,migrated to the periplasm of the egg where they undergo four further lelSlOﬂS o

”<rff(Zalokar and Erk, 1978; Foe and Alberts, 1983) This period 15 known as the syifitial

‘\-,

' blastoderm, generally occurring between two and three hours aftEr egy. laying. During

i ;the first half of the interphase following the thirteenth nuclear leiSlon, cell

jwf-fmembranes are formed simultaneously.between all the nuclei lining the egg periphery

LY

i

jnuclei, Turngr and Nahowald (1976 estimated that 6500 nuclei were 1ncorporated 1nto J I




1971). When transplanted, blastoderm cells give rise to imaginal structures.according

§
W \

. ‘ . !
. to position of origin rather than their(neu position (reviewed in Illmensee, 1978;
Simcox and Sang, 1983). Thus some characteristic of the cortical cytoplasm is

-

responsible fof*directing the behavior of cells. !

Further evidence of the rok&kgf the cytoplasm in de?ermining developmental fates
of éells is presented when posterior cytoplasm (without nuclei) is transplanted to ’
the anterior pole of a\cleaving egg. This resJits in production of normal germ cells
at the anterior'ﬁole (Illmensee and Mahowald, 1974). The existence of maternal effect

o

mutations which alter embryonig.pattern/suggests that the cytoplasmic characteristics

7 A )
I'4

are provided by the matermal genome (Nusslein—Volhard, 1979; Rice and Garen, 1975).
For example, mothers mutant for bicaudal (Nusslein—dolﬁ;rd,‘1979) or dicephalic
(ngs-Schardin, 1982) produce embryos miéh abnormal pattern arranéehent in the
énterior-posterior axis. The maternal effect mutant dorsal c;uses pattern alteration
in the dorsal-ventral axis (Nusslein-Volbard.et al., 19!&). It %s postulated'that
the;e'mutant maternal genomes arenincapable of hroducing or distributing morphogens
which establish the inﬁtidl ﬁpatiallorganisation of the egq. Possibly gradients of
such morphogens provide cells with infogmation regarding their position in the
deve%pping system (Nusslein—Volhardl 1979; Wolpert, 1968, 1971; Wolpert anq Lewis,
1975; for review ;ae'Russe%l and Hayes, 1980). In addition-to the correct cytoplasmic
chafacteg}stics, proper development reguires communication begween regions of th;
‘develdping eqg. Ligation of thevggg éo prevent diffusion beﬁweéh anterior and
posterior régions results in embryos which lack the central §egments (Séhubiger et
al., 1977).

Incorporation of the blastodgrm nuclei into cells mafks the beginning of a
change infth%;ﬁ;tuge of deveiopment; While pre-cellular blastoderm ngclgi‘are toti-

potent, cells show a restriction in developmental potential. This kind of restriction

~



) .
is referred to as "determination". Hadorn (1965, p 148) defined, determination as

"...a process which initiates a specific pathway of development by singling it out
from among various possibilities for which a cellular system is competent". An
impartant aspect of determination is that the determined state is heritable.

The cell transplantation experiments of Simcox and‘Sang (1883) suggest that
blastoderm cells are determined to within a segment. Further evidence for blastoderm
cell determination ié‘presented in the reaction of the egg to locdl damage. Destruc-
tion of cells of the cellular blastoderm (Bownes and Sang, 1974a,b; Lo¥s-Bchardin et
al., 1979a,b) results‘in’larva; or adult abnormalities corresponding Fo the position
of damage. Such damage aéy eliminate all adult derivatives of a segment. THus the
surrounding cells cannot Fegenerate all the structures which would have been produced
by the damaged cells. This technique has been used to construct 5 fate mapﬁ of the
blastoderm cells, indicating which blas£oderm regions will produce.speéific
enbryonic, larval and adult structures (Lohs—Schardin et al., 1979a,b; U;dérwood et
al,, 1980).

A problem arises in studying determination in that the detérminativ% event

itself sometimes takes place long bef]

Although a cell at the blastodert ¢ may be determined to form only anterior

imaginal structures, these struc® i1l not actually d; observed until meta-
morphosis has occurred ﬁany hours later. Drosophila development presents many
examples of clear determinative svents occurfing long before termiqal differ:ntia—
tion. Throughout larvai development, the cells which will eventually form the(adSit
structures are sequestered in imaginal discs and abdominal histoblasts (Rperbach,
1936; Bodenstein, 1950). These cells do not différentiati’until métamOrphosis (for‘
réviews see Nothiger, 1972; Russell, 1982),

‘The imaginal discs of a third instar larva are clearly determined to form



specific structures. The discs can be recognized by morphology ‘apd position in the

3

larva (Bodenstein, 1950) If an entire disc is transplanted t’ afi)ther larva and
allowed to metamorphose, it will form the ‘same inventory of structures that it would
have formed in situ (for review see Gehrmg and Nothiger, 1973) Adult tissues

normally produced by other discs are not generally found. This mdicates that the
dategmi.ne(_i state of the third instar disc cells canpot be ct;anged by altering the
) disc's enviromment. If the disc is fragmentgd or damaged, parts of the disc will form
specific strui:t.ures. Using these techr;iques it has been possible ‘to\ construct
detailed fate’ maps of the different disc regions (Hadorn and Buck, 1962; Schubiger,
1968; fog 'review see Gehring and I\iOthiger,jg]}).
There/ is some evidence that determination of imaginal structures is not ‘entirely
mosaic even at the third larval instar, since removal of some cells can still be
’compensateid for by regulation of other cells, provided extrag cell divisions are
| allowed, If a disc fragment is allowed to grow in cultur‘;a befére metamorphosing, it
can regenerate elements which would not normally be formed by that frégment
(Sch-ubiger‘, 18713 Bryant,1975; Strub, 'i977). The inventory of structures formed still
does not normally éxtend beyond the single disc, although when excessive growth is
allowed, groups of cells may be redetermined to fiorm another structure. This has been
termedv"t_ransdetermination"’ (Hadorn, 1965, 1978).
T%g methods of studying determination encounter problems in that disc damage
" and tra@lantation may disrupt development, creating sit;uations that do not parailel
the normal state. They are also limited to discs of the second or third larval
instar. By this time the discs are clearly separate entities in the lérva ‘(Auerbach,
1836); the even?;!é that led {:o the determination of the disc cells must have occurred

’ 4
much earlier.,

Several bchniq'ue; have been .developed for studying early determinative events.



These techniques involve the marking of single cells early in development such that
their fates can be followed through termin_al differentiation. The technique Gich is
most significant to the present study 15 ;lonal analysis. This analysis is based on
the ‘6bsetvation that feconbir;ation between twe homologues at the four strand sta\ge of
mitosis can result i_daughter cells homozygous for the genetic markers dis_tal ;t:d the »
recombination event (Figure 1). Since;all the progeny of such cells wiil ‘also be
homozygous for the markers, the result is an identifiable clome of marked tissue on
the adult cuticle, If different recessive markers are‘present'on both homologues, ®
twin spots can be identified on tt.we, adult.

. Somatic recombination was first thoroughly investigated by Sterp (1936), who
found that some _Mg_é_a_ mutations (a class of mutations named for producing sm;ll '
bristles) could increase the level of recombination over thé}very low spontaneous
frequency occurring in wild type flies. Latgr it was discovered that 1rradiatioﬁ of
larvae at various stages of development could induce somatic recﬁnbination (Becker,
1857). This provided a technigue for determining the time at which the recombination
event occurred, and made it possible to infer the developmentgl potehtial of a single
cell at a givenwstage. By smefi.mposing the outlines of clones found in several
flies, ;t could be seeﬁ that even uhen induced very lgte in developmeni:, and .

comprising only a few c_ells, clones overlapped, This indicated that there was not an {

absolutely fixed cell lineage in a structure. Inclusion of two patterh elements ina

single clone could show ﬁhat 'thevfomding cell of the clone .had not been determined
to produce only one of thé elemgnts. Hquever, the. failure of a,singie clone to
e'nconpas‘s any two pattern el.eniient? could not be taken to indicatg‘ that the progenitq
. Eell was s0 determined. The iimitihg factor could b"e‘ small cIoné siz;i . | |
The p:oblem of size limitation was partly overcome by an additional technique,

the production of Minute’ (M') clones in a Minute background (Figure 10; Morata and

[4

.



Figure 1, Somatic recmbinatlon for clonallanalysis.
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Ripoll, 1975) Minute cells divide less frequently than wild: type. and the m cells

of the clone uill overgrow the surrounding cells. This technique makes&t possible to .

» {\( -

_estlmate more closely the full developmental ‘potential of a slngle cell at a given
'suge. Using this method, Wieschaus ard Behring (19?6) shoued that clores induced at

blastoderm would t transgress the bomdarles betmeen segnents 1n the 1ongitudlnal _

o . axis of the ‘aninial, ough. very lerge clones mlght cross between the dorsal and

ventral darivatives of a slngle segnent. Thus the blastoderm cells uhich u)uld form a .

'
specific adult segment had been detarmined for that seqnent before the onset of the

’ cell divisions which vould produce the" imaglnal discs.

In addition. to respectlng the bomdarles between segments, post-!;lastoderm : :
clnnes also defined a divldlng llne‘ulthin some of the thoracic saqnents (Garcia-
Bellido, Rlpoll and Morata. 1973. 1976; wleschaus and Gehring, 1976; Steiner. 1976)

" Thls llne separated the anterior from the posterior portlons of 8 disc's derlwetlves;
tha same dlviding llne was clearly dsflned by many clones. Garcia-Bellido. Ripoll and
Morata (197.‘5) temed these stbdlvlsions "conpartmnts". In the wing, a large -clone

could un along the anterior—posterior cunpartment bou'\dary f'or hmdreds of cells

‘uithwt croesing the boundary into the other compartment (Barcla-Bellido, Ripoll and

Morata, 1973, 1978) Brwer et al. (1981) also vlsuallzed this boundary in the thirci" :

1nstar wing disc, by 1nducing clones of cells ulth differentlal stalni\\g ptopertles. _

, The antetior-posterlor bomd‘ry in the adult legs, aluwwg'\ clearly defined by most

\

clones, was not always as strictly respocted as ln the wi.ng (Stelnar, 1976) An

' antetior-posterior bomdaty uns also formed at blastoderm ln the proboscls (Struhl. -

J

a V;" ‘1977, 1981) It is nutworthy that mn vory lutga clones wera never fomd to f:lll

l

','-.comlotely althot the anterlor or. posterlor coupartmnt. Thls indlcates that a group

/ PO

' 'j of cells rather than onc call is lnvolvad in the declslon to beccme a coupertnnnt. R

"Crick and Laurenca (19?5) hwo temed such grotps of prognn.ltor cells poly clonos" e



.
. N . - : \ L. : . - .
" By inducing clonee at later etagee in development it \Yas shoun that compartment
( : .
subdivisione occur. dividing the uing disc derivatives into dorsel/ventrel and -

: ‘wing/notun ‘conpartnents (§igure 2A,8; Garcia-Bellido. Ripoll and Moreta. 1973, 1976).
Clonee induced later than 72 hours efter 699 laying (AEL) in inute animals also o
| indicate bomdaries in the. eye—antenna disc derivatives (Mora ' and Laurence, 1978,
B 979) and poesibly the genitalia (lﬂieschaUe and Nothiger, 1982; Epper and Kornberg,
. personalcammication) IR ST ’1,\. | .
: It has been epeculeted that these compartments are in some wfay significant in ' |
: the control of ivelopment. For exernple, each compartment might be . characterized by a
'. Lnique pattern of gene activity. Gercia—Ballido (1975) developed this idea when ha
" __'introduced the selector gene" model. According to this model, a selector gene is to
»v ‘; be thought of as'a regulatory ldcus uhich controle batteries of other structural or e
" cytodifferentiation" genee. He proposed that eaoh of a series of cunpartmentaliza- , |
- A, »"»tion events might occur by the permanent activation of a selector gene in one coma
| lpertment, ieeving the gene inaotive in the other comartment. The application of this "
' model to the wing disc (ee envisioned by Lawrenca and morata, 1976) is illustrated in B
i "»Figure 20. _The formation of the anterior end posterior compartments results from J

- !

: turning gene X on only in thoee cells destined to form the pdeterior corrpartment

. ,,;.4

i(‘r'igure ZD); gene Y ie turned on only in the cells destinad to form ventral compart- o

AL ment and so o

g(euffman (1977) proposed a biochamicel beeis for ,conpartment formetion. If e e

bioohemicel eyetem were mdergoing reaction and diffusion in the grouing diec,

)A‘

' v R

o 'eeriee of concentration patterne uould result. Keuffmen poetuleted that a thteehold ) i .

fconoentretion of a specific ohemicel would turn on a bistable suitch. Thie mocbl uas
originelly applied to the eegnentation of the eubryo (Kauffmen, 1973, 1975), end ueed»_.,
: _'to explain the obeerved order of t:anedeterminetion in cultured diece (Hedorn, 1%5, AR

et



Eigure r Cmpartmnt fomtion\in the wing disc. ; _> )

A. Location of compartment bomdaries on the adult’ derivativas of the
- -dorsal mesothoracic disc. Dashed line shous anterior-posterior compartment
bmndary, formad at blastoderm. Dottad and 'dashed line shows wing notum .
nbomdary; tripla dotted and dashed 1ine shbus boundary betuween. dorsal and
- ventral surfaces of wing b\ade. Bath restrictions form ‘around’ 96-120 h REL
in Minute backgromd (After Garcla-—Bcllido et al.. 1976; Bryant 1975, )

. B. Schmtic diaghm of hou testrictions 1in the wing disc divide it into
o  anteriar and posterior (solid line), dorsal and ventral (dashed line), and

~ wing and notum (solid and dashed)\cmpartments. (After Garcia-Bellido et -
ey 197%. ) | . | >

C. Dhgram of the mature wing disc. Comartment boundaries are as deter- )
" mined by clonag. analysis of the disc using the cell marker succinate
‘ M (Lawrence, 1981b). Dashed line shous anterior-posterior
~ compartment (Brower et &l. 1981). Dottad line shows dorsal-ventral
_cwpartment bomdaty (Brouer et al. 1982) uing and notum: preCursors are C
as determinod by- fata mapping (Brynnt. 1975). : 3

v
A g

\
=

: -»;;D. Control of cunpnrtmont 1dm£1ty by 2 sarias of selector genes. Each of ‘
- _"threc .genes can be on (1) or off (0), allowing for eight miqua Cm\bina.
- tions, &(Mtet Leurence and Morats, 1976.) . : >
. -gene X3 0 = anterior (A) 1 = posterior (P) S
" gene Y3, 0 = darsal (D) 1 = ventrsl v N
gane 13 D = notun (N) 1= uing (w) S -

»~
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1978). When applying the model to discs, Kauffman (1977) found that- chernical patterns
in a grouing circle could actually produce threslwlds uhich correspond to the com—

" partment boundsries observed in the wing disc (Garcia-Bellido Ripoll and Moi'ata.
._1978) Kauffman 5 bistable circui.ts correspond to the selectar genes of Garcia-
Bellid‘o'svmod_el. .t

. . ’ According to the model of Garcia-Bellido, a selector gene woo],d serve several

re f‘unctions: : |

1) If the state of the gene were heritable, i.t would act; as a memory ‘of the early
! decision, possibly by some kind of feedback mechariism. During subsequent cell )

'turned on, and thus would be marked as posterior,

2) The salqctor gene would direct the' cells doun the proper developmental pathuay, by

. tactivating a specific subset of genes. In the case » of the anterior-poaterior campart-

ment decision. cells mhioh had selector Qene X turned off would dev

vtiataﬁ as ‘antf.erior structures; wit Oy the anterior pathway would be repressed

e-posterior pathway followéd If & serie's of compartmentalization events
. seguentially affected a group of cells (as in tf‘xe wing disc), each single compartment

uould be detormimd by the combination of selactor genes tux:ned on in the cells.

Proper differentiation at metamorphosis uould depend m the Spec,if‘ic combination of

*ﬂ ’?::"o- e

[ B PO ‘ ’ . .

'_ ‘ selectot gonas activnted.
Asa subset of this fmction, the selactor gene mighg be tasponsible for

L 5 . ‘v

allwing cells to recognizo and pteferentially assbciate with qt.her cells of the

»'sama coupartment Thera is evidence from several systems that oifferent cell types, ,
» .‘uhsn mixed and cultured, uill sort out: from eaoh other into groups of like cells (see
Steinborg, 1%4) Such call behavior does not require any special mechanism of

R directed cell rrd.gration; greater avnage affinity between like cells than betwen



°

unlike is sufficient to explain the observations (Steirberg, v1966-). This could be‘
attributed to a si.nple difference in cell surface characteristics directed by a
selector gene. There is some evidence that ros_o_ghila cells from different discs or
from different cotrpartments of the same disc will sort out from each other after
dissociation and mixing gGarcia-Bellido. 1%8) However, the &parent sorting
havior could also be attributed to inconplete dissociation, or to division of a few
cells of the ‘same type producing a cluster of 1ike cells (Poodry, Bryant and
Semeidermen, 1971) If the cell sorting is real, it could explain the ﬁormation of
lls From the ’

straig'lt compartment bomdaries; a straigwt bomdary would occ

two different comartnents were mini e area of interface between. them (Crick

)

W‘ S Lo
— : fhg selector gene model assumes that uwhen eelector genes remain. of f (as in

N

anterior dorsal notum in Figure 20) a grouﬁd state of development ¢"developmental
sink"s Barcrat-aeliido, 1975) 'is attained. Turning‘ a selector gene on causes repree— »

sion of the sink pathuay (Garcia-aellido. 1977) and a new’ developmentai pathuay is

g followed. Thus, mutation of a selector gene would cause an entire conpartment or \

group of curpartments to follow the wrong develq:mental pathuay. R

Garcia-Beilido (1 975) proposed that the most 1ikely candidates for selector

f genes vere those lOCi uhioh. uhen mutant, caused homeotic transformations. Bateson

(189&) used the term hanoeotic to describe mtations whioh transformed one structure
ina meristic series to amthor element of the series. Garcia—Bellido (1975) applied
the term both to mutations which transformed one segment to another, end those uhich
transfomed a cmpartmnt to another covrpertment (of the same ar o different S

segnant) In perticular, he suggested that the gene r“asponsible for division of. the

L wing into anterior and posterior cmpartments was - gg (en, 2—62 0; Eker, 1929)

hlhen ggg is on. co],ls are. sqaposed to fbrm posterior wing; uhen en is off,

o
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: . . ) s .
»they form an,tarior. Mutation of mailed would result in the formation of two

anterior conpartments in the wing and no posterior. This hypothesis
-favoured by Lauwrence a(nd Morata (1978), who hav addition, suggested that | ) ‘
" engrailed migwt play a simi e in many ar all segnents (Norata and Laurence,
l aurence, Strphl and Morata, 1979; Laurence and Struhl 1982.),/
Several aspects of the transformttion caused by the original engrailed allele
(en y @ stable, spontaneous mutation) leant plausibility to this explanation. The
wings of en1 hanozygotes show some anterior structures in the posterior compartment .
L} ! w
| (Garcia-Bellido and Santamaria, 1972; Figure 3) vein pattern in the posterior com—
partment is disrupted, although the anterior pattern is unaffected. Uein IV tends to
resemble a mirror-imge dq:licate of anterior vein III, mcluding the formation of
sensilla cenpaniformia (non—bristled sensory orgar‘s) Along the posterior wmg
margin, the normal posterior double oW bristles are mixed with heavy medial. triple
- TOu, bristles uhich are cheracteristic of the anterior margin in wild type flies. The'
‘ "distal ming blade is broacbned. Proximal posterior structures are less affected; for
exauple. the alule ecquires socketed bristles resembling those of the anterior costa, :
l‘but its shape is naltered. The wing hings 1§ Unaffected. @ |
‘ The question arose uhether the anterior-posterior cm'partment bomdary was 1
' still present in‘the wings of maued flies. Sirce the bomdary hed o.riginally been
» | defined by clonal analysis (Garcia-Bellido. Ripoll and l'\orata, 1973, 19?8; Steinér, |
1976), this approad'i was used to examine the effect of ﬂail on bomdery form—'
tion. Tsuo types of experiments were performed (Morata and Lewrence (1975; Lwrenoe

' ,and Morata. _1976); first. merked clonep (mltiple gmmir, javelim mh 1_) inmced

' “in en /en wings uere exemined Althw su:h clones clearly define the coupartment

R4

' bou1dory in mﬁtype uings if :Lnduced after blastoderm. the clones in. m

B iuings often crossed betueen anterior and posterior carpartumte, even uhen ind.r,ed

n



Fi J.gure 3.

" As Wild type wing. Note heavy anterior tnple rouw bristles (ATR) and flne _
' ;postenor double row bristles (DR) lmmg margins. Costa has heavy socketed . -
 bristles,. while alula has hairs. Sen5111a campamformia ’(SC) are .found on

anterior.

- PTR ‘ ' ' transformed

uu.ld type and en /en wings. B

-anterior vein IIT.(vII1), but not.on postenor vein IV (vI\l) Dashed lme '

. indxcates anterior-posterior bomdary. According to Demerec (1950) veins -
"vcorrespond ta the- following morphological des:.gnatmnsz vI radius 1, .
‘VIIsradius 2 and 3y vIII=radius 4 and 5 vIV=med1a 1. vV=m ia 3 and a

i (eggegrass, 1935)

B. en /en wing. Posteriot double row bristles have been replaced by }rlplej

Tow: (PTR) an socketed bristles appear on alula,- Wing’ blade broadens

gistally and posteriot vein’ pattern is' disrupted. Vein v resembles mu:ror- '
.image duplicate of vein III, including appearence of sensilla Campanrformia K

S AvIII'). (After Barcie-Bellido and Santamgria, 1972; Léurence and Norata,
1976.) ol e A LEnL T i



e the posterior conpa‘rtment of the wing 1nto anterior.
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A2
much later in development (60112'hours AEL or ea:iz hours AEL in ms32155/+ flies).
This suggested that the anterlor-posterlor compartment boundary'mas noé present in

the wings of engralled flies, The second approach was to make markee/en /en clones L

in an.en /+‘background. These clones deflned theuanterlor—pOStérlor compartment

«

- boundary when they approached it from the anterior, indicating that removal of the

ggf allele did not alter the behavior of anterior cells. However, posterior en /EE;
’ . . o ! L :
.

.-cloneS'crossed into anterior territory_rather than defining the boundary, suggesting
that the difference*between anterior and posterior,cells had -been removed.‘
If the hypothes;s that ngralled is the selector gene for the posterlor compart—

ment is correct, then, the state of grall is respon51ble for all the dlfferences

' >*

between'the cells of the anterior‘and posterior‘cqmpartments;_gg must ‘lead to the

production of a cell surface characteristicgin posterior cells which is not present
in nérmal anterior cells. This characterigtfc must mediate cell sorting and give tise

to a Straight compartment boundary. g; ,mUSt;also provide information'required for

normal'differentiation of ppsterior Structures;'in its absence, posterior cells would

| dlfferentlate as>1f they were located in the anterlor compartment., S lv . N

-

A problem wlth the interpretatlon of e ngrailed as a selector gene was that BEEE ¥

homozygous en1 flles showed only partxal transformatlon of the posterlor wlng to

A.,anterlor, as. opposed to the complete transformatlon which ‘would be expected 1f a :

3selector gene had been elrminated. It was argued that this 1ncomplete expressxon .

] mlght be explalned by postul ing that en1 was a hypomorphlc or leaky allele, 1,e"f-f

retarning some en actlvity (Gar01a-8ellldo and Santamarla, 1972- Garcia-Bellldo,
Ripoll and Norata, 1976; Lawrence and Morata, 1976; see MUller, ?933n for description

"of hypomorphic mutations) If thxs hypothesxs 1s correct, a mutation whlch completelyt B

:elimlnates egggail function would be expected to- cause a complete transformation of Lo

(‘) . . . L
A S B .._ . .



h .

A partial transformation of posterior to anterior is also seen in the first leg
of males, which acquire a sex comb in the poéterior compartment of the'basitarsus in
mirror image symmetry to the nq;mal ore in the anterior (Brasted, 1941; Tokunaga,
1361). In both uiﬁgs and legs, the apparent plane of duplication coincides witﬁ thg
normal apterior—posterior boundary (Garcia-Bellido, Ripoll and Morata, 1973, 1976;
Steiner, 1976).

The observation that engrailed appeared to have a similar effect }n both wings
and first legs prompted speculation that engrailed might act as the selector gene for
the posterior compartment‘of gvery seg;ent in uhich the anterior;posterior sub-
division is found (Lawrence and Morata, 1976). This hypothesis is based on the
6b§ervation.that homologies seem to exist between corresponding positions within the
4 structures of different segments, as shown by the changes caused by homoeotic muta-
tions. For example, githorax transforms orly the anterior portion of the haltere into
only the anterior comﬁartment of the wing (see Lewis, 1978 for review). If anterior
and posterior compartments in one segment were homologous to the compartments of
another, it would not be unreasagable to predict that the same selector gene would be
responsible for the anterior-posterior decision in every %egmgnt. The limited rénge
of segments affected in g{f homozygotes cou}d be explained by again assuming~tha£ gg?
is a hypomorphic allele. Thus a null allele of engrailed might bg expected to cause
not only' complete tranﬁormations of md}? leg, but also transformations of many
othFr segments. Analysis of the effects of 5{? and new engrailed ait:}es has
uncovered effects in al}t thoracic segments ~(La\ureu.'wce,- Struhl and Morata, 1979;
Lawrerjce and Strunl, 1582), the head (Morata and Lawrence, 1978, 1978), tpe genitalia
(Curry, 1941; Epper an‘vd"Sanchez. personal conmunicaf..ion) and the abdomen (Kornberg,
1981b)..

s 1, 1 .
Abnormalities reported for en /gg flies included alteration of the bristle

)
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pattern of all three legs (Lawrence, Struhl and Morata, 1979). Penetrance and expres-
sivity of this abnormality vary and may be affgcted 6y Qenetic background. lLawrence
et al. (1979) have defined the anterior-posterior compartment boundaries in the
}arsi, and find that the effects of-gg1 are confiqed to ;he posterior compartment.
The major pattern alteration caused by engrailed is to increase the number of
bristles in the posterior compartment. Since they find that the normal number of
bristles in the posterior compartment is higher than in the anterior (92 in the
posgerior vs 86 in the anterior for the second leg), a further increase in the numbé;
of posterior‘bristles does not immediately suggest a posterior to anterior trans-
formation. However, this is how it has been interpreted (Lauwrence, Struhl and Morata,
1979). These authors do not report the effects of engr;iled on the antefior—pbsterior
compartment boundary in the tarsi.

1

Curry (1941) reported malformation and rotation of the male genitalia in
1, 1 o e . .
en /en . The expression of this trait was also highly variable and dependent on
background modifiers. Although homoZYQQEf\jij;ile stocks could be made in some
genetic backgrounds, other backgrounds gave rise to abnormality and sterility of all
1, 1 . X
en /en males. In some extreme cases, the entire penile apparatus was absent.

More recently, a number of other engrailed alleles have been examined. In a
screen for embryonic lethal mutations, Nusslein-Volhard and Wieschaus (1980)
recovered six ENS—induced mutations which show weak engrailed—like wing abnormali-

1 . s
ties when heterozygous with en . All homozygous and trans-heterozygous combinations
of these six alleles cause a deletion of the posterior region of even mumbered
segments in the embryo, as well as an alteration of the anterior margin and adjacent
cuticle of every segment.

Kornberg (1981a) induced 58 lethal mutations classified as engrailed alleles on

the basis of their failure to complement en1 with respect to wing phenotype. Some of
- ?

‘4
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these embryonic lethals proved to be chromosomal aberrations with breakpoints close
to 4BA1-2. uhen these were heteruzygous.with 531, they causkd wing phenotypes inter-
mediatg between that of 221 hoﬁozygotes, and that of 521 aver the cxtologically
normal lethal alleles.

All of Kornberg's engrailed lethals fall into the same complementation group,
and with two exceptions, all tested trans-heterozygous combinations émong these
lethals caused an abersant pattern of éhbryoqic segmentation. The exceptional
alleles, EQFAS and EQFAQ, survived to adult stage over one or more of the cther
lethal alleles, and caused weak wing abnormalities. In the lethal embryos, denticle
belts were disoriented and abngrmal%}qa&:fed. Abnormalities described as fuéion of
ad jacent pairs of denticle beltg»(i.e..of-adjacent segments) frequently occurred.

N &
Kornberg tested one lethal rearrangement, ggcz, ove; a synthetic deficiency of the
engrailed region (generated by the segmental anguploidy téchﬁzque of Lindsley et al,,
1972). This genotype could caﬁse fusion of up to four adjacent belts of denticles.
The precise pattern of segmental abnormality varied both within and between
\
genotypes.

Kornberg (1981a) §u§gests that the embryo&ic abnormality results from the
absence of engrailed iﬁ préviously unrecogﬁized posterior compartpents in the embryo,
and that e ngrall functions in the posterior compartment of every segment. The - \
" extreme enbryonlc abnormalxtles were surprising however, in view of the relatively
weak effect of the engrailed lethals in adult wings when trans-heterozygous with g{f.
This prompted examination of the lethal alleles in other adult segments, which was
hursued in two ways: by examining viable trans-heterozygous combinations, and by
clonal anélysis.
| 2 (also called gg?) has been reported to affect Qtructures derived from the

a

eye-antennal disc (Morata and Lawrence; 1978, . 1979). Although‘gng is homozygous



lethal, 521/§9F2 flies survivé to adult stage and show relatively stroné wing abnor-

malities. Head abnormalities occur with low penetrénce; thet most frequent is a dupli-
cation of the second and third antennal segments. and ﬁhe aristé; often in conjqnction
with absence of 6ther structures.

Marata and Laurence (1973) observed a ccnpartmgnt.bﬁundary ;n’the derivatives of
the antennal disc by clonal analysis. Although this boundary is apparently iaid down
much later than the anterior-posterior compartment boundaries in the thoracic discs
(72-84 hours AEL [ﬁigggg time] as opposed to blastoderh for tH; fhoracic discs), they

believe that it does represent the division into anterior and posterior compartments.

This hypothesis is based on examination of the heads of spineless-aristapedia (§§a)

mutants, which have arista and distal antenna tténsf;rmed ihto distal secoﬁd leg
(Balkaschina, 1929). It.was hopa@ that §§é would reveal any hﬁmology‘between compart-
ments in’the leg ;;d those in tﬁe antenna. Somatic clones in the‘heads of §uch mutan?
fliés coﬁld extend from the proximal antennal into the distal leg tissue. If induced
after 84 hours AEL however, the clone§ did not cross the anterior-posterior com-
partment bouhdary in either aﬁéénnal or leg tissue. Clones in the,anterior leg only
extghded into the region of the antenna which Morata and Laurence designate anterior;
the same‘applied to posterior clones. Thus they believe that the late compartment~
boundary in the head actuslly corresponds to the anterior-posterior boundaries in the
thorax.

In their examination of EEJ/EEFZ head abncfmalities, Morata énd Lawrence (1978,
1979) found th;t duplicated structures are generally confxned to the anterior com-
partment, and that posterior structures may be absent. They contend that this
'rebtesents transformation of posterior compartment derlvgtlves into duplicated
anterior compartments, similar to what is seen in gQ}/gg? wings.

Effects of several engrailed alleles have also been';eported for male and female

el

LA
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v

genitalia (Epper, 19803 Epper and Sanchez, personal communication; Epper and
. v N
LA3

Kormberg, personal communication). All v_iable‘ combinations of g_n1, QCZ' and en
were examinea, with the interesting result that the genotypes producing the most
extreme genital abnormalities are t;hose with the weakest posterior to anterinor trans-
fo'rmations in the wing and first leg. Abnormalities,ate limited to absence or
reduction of normal stfuctures; mirror imagg duplications are not found. These
investigators have: suggested that each of the three terminal segment prin)brdia‘

{ - . -
(female genitalia, male genitalia, and analia; see Nothiger et al., 1977) comprises
an anterior énd a posterior compartment, and that engrailed affects ohly the
posterior in each setjnent. Such 6&rpartmental divisions areinot consisﬁent with the
findings ot; Wieschaus and Nothiger (1982), who suggest that the female genitalia and

‘par‘t o% the male génitalia comprise an anterior compartment, while the penile
apparatus and the analia ;re posterior. The clonal analysis of interﬁexdal flies
which wo;ld be required to diétinguish these hypot:héses has not yet been provided.

In a clonal analysis- study, Kornbérg (1981a) found that threé cytologically
normal lethal alleles, QLM, ;ep_LA", and quMO’ b‘ehayed in wing clanes much like -
_e_g1. Therg was no evidgnce for reduction in size or number of such homozygous élones
in the wing, suggesting that these alleles are'not cell lethﬁl.k Kornberg (1981b) also
repdrted the effects of ﬂLAl& clones in the first' and second ab:;iominal tergites. He
;déntified a dividing line which be believes to be ‘the anterior-posterior compartment .
boundary in'the first abdominal segment. Clones which were Q+ respected this |
bomdary' 'flfom both anterior and mstei‘ior; gﬂLM clones (in ggLM/li» bacl‘gground)
res_peétéd the boundary when they appfqached it from 'th_e anteribi:; but clanes
originating in the posterior cbmpartman‘tl' cr_:ésse‘d into the ‘éﬁterior. In additioﬁ,
a_n!LM cloneﬁ in :the posterior of the first; abdc;miﬁal segment crossed the segment _
boundary into the second abdoﬁdﬁal segnent; Korrjbeté suggesf.ed that eggrailed+ was

|
|



regulred not only to maintain the cmoartrnent boundary within a segment, 'out to

maintain the boundaries between segrents. According to this model, the differences

conferred by engrailed on poeterior cells would prevent them from mixing with‘the

anterior cells of the next segment. This model was used ta explain both the embryonic

pattern abnormalities and the behavior of clones in the adult abdomen.” l .
Laurence and Struhl (1982) extended the clonal analysis to other. segrents, using

the lethal alleles enIK and enm of Nusslein—\lolhard and w;eschaus (1980). The

anterior conpartments are never affected by clones of these mutations, although

nom,OZygoubs' clones f_rom the ‘postetior compartment (induced at 48 hours-;\;lfin Minute

backgromo) sonetimes transgress the cm\partment boundary in the wings, proboscis and

- legs. Wing c_lones were again similar to clpnes of g_q1 . Poster“ior proboscis clones

wvere r_ecovered‘ln reduced frequency, suggesting some cell lethallty;“t'hose that were

recoveted sometimes caused abnormal brietle pattern, Posterior leg clo;\esmere

.markedly ﬁabnormal. often Caueing gross enlargements of ﬁhe leg“’a‘nd ‘lncreases in

. bristle mnoer. However, when clones occurred. in the male fi’rsl: le_g,t, they did not .

. produce an ectopic sex comb as is found 1n.the 921'/921 adolt. éoth posterior and

anterior antennal clones were nox:mal in aopearance, size, and number. These clones

| crossed freely between anterior and posterior, but this result is expected, since the

boundary forms later in the antenna. There was a shortfall of humeral clones, but

‘those found appeared normal; it is not knom if a cmpartment bomdary exists in thel

'hmerus. Clones irf the male genitalia and. analia were small, and often associated

mith missing or'abnormal struetures; genital clones were fomd at’ a lower 'fraquency

" than expected. In the female analia, en-lethal clones did not dif‘fer from the en

controlse Due to difficulty in scoring ‘the markers involved, no concluslons could be

- drawn about . tha en-lethal clones in the female genitalia. _.

Although several e r_\grail alleles have now been characterized, there have been SR .
&
: '

-



‘e
no reports of the effects in adult tissues of deleting the locus. Uhile it is-

‘possible to obtain amorphic alleles of a locus without deleting_ the gene entirely,

* deletion of the locus is the best way to be certain there is no residual gene

activity. Cherac'terization .of _alleles which have reduced ar altered gene actiuity may .

be misleading as to the function of the wild type gene The embryonic lethal pheno-
type may be the result of an amorphic condition at the e r_\grail locuss houever, it
' :is dif‘ficult to see how this interpretation is consistent with the relatively weak
effect of the lethal alleles in the wing. The observatrm\that different emrailed '
'alleles may produt:e very different degrees of expression among segments. with no one

allele being most extreme in all segments, makes it imposeible to determine which

a’llele,v-if any, is an amorph. \ . B - .

“Analysis of 51_1 .led to the hypothesis‘ that g_qgrailed ;wasi.a selector gene for‘ .
. posterior wing, and that its absence’ caused a transformation of the posterior com-

| partment into mirror image anterior. This 'hypot‘hesis has also been ex‘trap_olated- to
" other segnents. Analysis of ~several other alleles ha”s,t produced some observations
which support the hypothesis. but also others which cleerly do not. Thus it may be -
- possible to interpret the effecte of _r_vg;ail in more than one way. by examining

i different eubsets of abnormalities produced by different alleles.: "

In order to observe the' effects of absence of _e_gg led K it is crucial that a

deletion of the lows be characterized. A study of the interactions of other alleles o

[

‘ with the deletion would also help clarify the charecter of those alleles. For this .

reeson, a deletion of the e_«mail locus was constructed and exemined.

L e
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MATERIALS AND METHODS

Mutations and chromosomes
The gggrail ed mutations and other ‘mutant chromosomes used in these studies are

described in Table 1. Isolation of the engrailed deficiencies and construction of
v .
recombinant chromosomes and stocks are described in the Results. Unless otheruise

indicated, references for all mutations can be found in tindsley and Grell (1968).

Culture conditions
Flies were grown on standard'killed'yeast medium, in half pint bottles contain-
ing about 50 ml of medium or vials contdining about 8 ml of medium. The medium

contained 1.5 grams'of agar, 10 grams of‘sucrose. 10 grams of brewers yeast, 1 ml of

¥

]

propionic-acid, and 10 micrograms of'6hloramphenicol per 100'ml of disti}led uater
 (Nash and.Bell,l%‘B)._ ; | f
L Stoeks'uete maintained at room temperature, about 220 C. All.crosses uere
performed at:22O C; unless statedjotherwise.‘For temperature,sensitivity'studiee,;
'females were allowed to lay eggs%at 25o for 24 nours. Eggs were then'transterred to
controlled temperature incubators at the desired: temperature. .

Matings ‘were performed in glass vials. Parents were transferred to fresh vials
or bottleS’after females began laying‘a reasonable number of eggs. For some experi-
ments, the/parents,wereqtransferred'tofreshnfood several times at l:to 4 day inter-

o vals'in'order to'obtain-the‘maximalynumbers of progeny.

f’Preparation and examination of flias o . o ':v'

Flies were prepared for examination by heating in ﬁ 5N NaOH until eye pignent‘
disappeared. uashfng for saueral minutes in distilled water, then storing in a mix- - »
"ftura of 3 parts 951 athanol; 1 part glycerol. Flies were then dissected in water and'

‘mounted betwaen coverslips in Gurr s watar mounting madium. Ming vein abnormalities,



posterior triple row bristleé,'posterior sex comb teeth, sensilla trichodea (in
transforﬁgd wing tissue and in metqthoracic halteres) merevscored in mounted flies
unde; a compound microscope. Wing shape was determined wsing a grid eyepiece for the
-comp;und microSCOpe‘to measure /yidth ahd'lengthf Whqle flies were placed in alcohol
after heating in N#BH and examined under a dissecting m;croscope fér posterior claw
abnorpalities. Wing to haltere transformation was scored under a dlssecting'micro-ﬁ}
scope. Antennal abnormalities for Tabie 25 were- scored iﬁ mounted flies. HeadAabnor—
malities following irradiation were scbred in whole flies under a dissectiné

microscope,

' Salivéry gland chromosome cytology ®,
Larvae were grown in uncrowded conditions at 22° C and large third instar
females chosen for c}ﬁology. Females were distinguished from males by examining the

P

paired gonads which lieblaterally iﬁ the posterior third of the body cavity. Uv;ries .

‘ are much smaller and.more spherical than testés (Demerec, 1950). Saliyary glands'weré_,
reméved in 45% acetic acid, transferred tp aceto—qrcein stain fpr 1 to 2 minutes,-

then Sduashed in.a;etic a@id betgeen a slidg and cove;slip. Preparafions‘were

| examined underA?bcompound‘microscope Qsing phasé cohtrast lenses, and éytologiaal

locations of égggaileo aberrations determined according to the maps of Bridges and

Bridges (1939).

Head 'a&hmmties'.foua‘uing irradiation . L b
Flies for this éfudy»were gfoun'étléZ?‘C on corn meal mediUm.‘Thls medium 'liéf‘
cdnéists'qf-0.45$ aéar,,S.O}dgxtrpée. 2;5i‘sucrose, 8.3% corn megltlt.sx dried
yeasi,.p;ﬁﬁﬂxbhosphéric acid andAO;hx_prOpionic gtid'(Legis,'1960); Females-wereil>
alloved to lay eggs iri half pint sﬁlig bottles for 24 hours. Larvae vete irrsdiated

'fot 2.5 Minu;as (20 cm, SOAQV)‘iFot_the'seriéé of time_pcinéé béfora_puparium forma~



7

tion, newly formed pupae were collected at 12 hour intervals and transferred to fresh

vials,

'

Construction of mutant combinations uith Bitharax-Complex alleles

A stock was established carrying gggg/§ﬂ§sggg?95;gggjlml{ For the data shouwn in
Table 14, fema}es.bf this stock were.crossed to en28/+3pbx/+ malés. Fér Table 15,
females hére'crossed to gﬂg§/+;m!g_j! ggggggéred/+ males. In each case, all ggggfgggg
progeny were collected so that fliés homozygous.fgr 95? or g§5 could ée compared to
their non-homozygous sibs. Non-recombinant, en28 and en30 chromosomes were used for

this study.
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Table 1. Mutations and chrompsomes used.

A. engrailed mutations

Reference

1
en

en28 (Df 4783 to 4789-14,In 4789-14 to
. 4BA1-2, Df 4BA1-2 to 488-C1)
en30 (Df 4BA3-4 to 4BCE-8)

Of (2)enA (Df 47D3 to 48B2-5)
Df(2)enB (Df 47E3-6 to 4BA4)
engrailed lethalss IM99, 1034
(from Nusslein-Volhard and Wieschaus)

B. Special gg? chromosomes

Eker(1929)

Russell and Eberlein(1979);
this study '

Russell and Eberlein(1979);

this study
. Gubb(in preparatlon)
D._ Gubb(in preparation)
Nusslein-Volhard and
Wieschaus(1980)

-

1
Source anuo reference 3

cn en1 (cn=cinnabar)
pun en  (pun=pawn)

1t stuw en1

In(2L)Cy, cn Cy en1 (Cy=Curly)

C. Chromosomes for construction of
engrailed recombinants and mapping

from P. Laurence (see Garcia- .
Bellido and Dapena(1973) for pun)

from D. Gubb

cn vg (vgavestigial)
\Pr pun cn sp (pr=purple pun=paun)
al dp b pr cn vg c a px bw mr sp

(al=aristaless dp=dumpy b=black c=curved -

asarc px=plexus bw=brown mr=morula)_-

Sp Bl L Bc Pu Pin (Sp=Sternopleural

Bl=Bristle L-Lobe Bc=Black cells Pu=Punch)

0. Chromosomes for Bithorax-Complex
interaction studies

see Grell(1969) for Bc

.

muh ju sbd bx3 red(muh=multiple uingfhair

~ ju=javelin sbd=stubbloid bxsbithorax)
pbx {postbithorax)

sbd2 bxs pbx

o5
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Table 1. (contirued)

E. Chromosomes for isolation of engrailed deficiencies

b Tft, (TFe=Tuft)
cn en

F. Balancers e

Second chromosome
' 2. % 2 2
M5 (In(2LR)SMS, a1’ cy 1t" en” sp°)

vl

€40 (In(2LR)0, dp'** cy pr en’)

Third chromos_ane

é

™1 (In(24R)TM, Me i sbdz; Me=Moire, ri=radius ‘ircqnpletus) '

M red (as above,‘ also carrying red) S

1. Unless otherwise indicated, references for all mutations and chromosomes
sl be found in Lindsley and Grell (1968). Sources of d\rmnsomes are
) 'ng Green and Cal Tech Sieck Centers. :
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X RESULTS -
Isalation of engrailed deficiencies |

Mutations of @grailed were induced tg_ith.X-irradration beoause X-rays are known
to cause etirmnsm?e:breake and oeietions'L Figure ‘4 shous the nating scheme employed
to isolate new mutant 'alleleS. Potential rnutations were identified by the wing pheno-
type produced over en . Because mrailed homozygotes are usually stenle, an F
screen was carried out. Dut of 21 $B pair mata.ngs, two were found in which * _‘[Lt.f
flies showed the engrailed wing abnormalities. F, Cy sibs vere ma\ted to gstablish

stocks of these‘ two presumptive new engrailed mutations. Among the Cy F3 rogeny

from the f1rst mutant stock both e_rgralled and wild type flles were fomd. Sub-

- sequent progeny testing of smgle F Cy flres produced one of tuws results:

1.(Flgure 5R) hben F3 Cy f11e_s ere ‘pair mated, a balancedvstock cotld be made
which gave only _l‘:y_ progeny. luhen crossed to en“I /SMS, flies from these lines
pred only: progeny with eJ.ther _y or e_rgrailed uung phenotype. This mutant
chromosome u(as designated en28. The en28 chromosome was examlned cytologlcally

“and “shown to be a compléx rearrangement (Df 4783 to‘ &789-1&, In 4789-1& to 48A1-2,
Dt‘ 4BA1 -2. to &BBLC1 Figure B; B. Baker, persona'l comnonieation and my;

results) It does not survwe over lethal alleles of .e ngralle s therefore it

deletes the locus whlch I shall refer to as the ' ngralle d vital locus .

2. (Figure s8) A balanced stock could be made from F Cy flies, but vhen -+ -

crossed to en /SNS, both e ngralled and wlld type wings were found among the non-

_y_ progeny. Further crosses shoued the wild type flJ.es to be en28/en ’ since a.

" - single fly could ,segregate both a’lleles.‘ When SLneh flies were cros_sed to flies =

“carrying marked first and third chromeanee, a factor on the third chromosome was -

“

. found to be responsioie ‘?or the suppression of the engrailed .abnor}nalities; This

factor was mapped to 3L, distal to halry (3—26 S); cytologlcally it is an mser-—
\

s tion of two bands into 62C1. The 1nsertion suppresses all ngralled ‘effects, -

.28 ;



: \
Mass mating ~ irradiated males */* x b TFt/Cy0 females
Pair mating */b Tft male x cn en1/SN5 females
~ : ‘L ; -
1 2 3 .4

*/en en1 #/5M5. b Tft/en en1 b Tft/Sms _'

Figure 4. Isolation of new engrailed mutations.

Males were irradiated with'a Colbalt 60 source(4000r) and
crossed as outlined. Progeny of the pair matings were
examined for the presence.of engrailed-like wings{class 1
" progeny). If "such wings weré observed, class 2 sibs were
mated to make a stock. b = black TIft = Tuft, a dominant
mutation affecting thoracic bristles, used to differentiate
. between classes 1 and 3. Cy0, SMS5 = second chromosome
‘balahcers carrying the dominant Curly wing mutation and
.the recessive cinnabar (EE) eye. Presence of cinnabar eyes
was used to gontrol for false positives caused by non-.
virgin cnen’ females; neuly induced engrailed mutations
should be on a cn chromosome. )

-

29



Figure S. Identification of the insertion portion of the en28 transposition.

A. Class 1 ) ,
Phenotype observed Genmotype inferred
Cy x Cy F3 sibs 0f (2)en28/SM5 x Df(2)en28/SM5
{ 4
only Cy Of (2)en28/SM5
1 1
Cy x cn en /SM5 outcross Df (2)en28/SM5 x cn en /SM5
| Lo
Cy Df (2)en28/SM5
1
cn Cy cn en /SMS
1
en Df(2)en28/cn en
B. Class 2 _
* Phenotype observed ,+.- Cenotype inferred a
Cy x Cy F3 sibs Of (2)en28/3M5; Dp(3)en28/+ x_ Df(2)en28/5MS;(+/+)
only Cy : Df(2)en28/5MS; Dp(3)en28/+ (or +/+)
- ]
_n
Cy x cn en1/SNS outcross 0f(2)en28/SM5; Dp(3)en28/+ x cn en /SMS
Cy Df(2)en28/5M5; Dp(3)en28/+ (or +/+)
1 A
cnCy - cn en /SMS; Dp(3)en2B/+ (or +/+)
‘ , 1
en Df(2)en28/cn en ; +/+
+ + + - . 1
Cy cn en Df(2)en28/cn en 3 Dp(3)en28/+

1 2
Cy+ e’ en' F4 x cn en /SMS D (2)en28/cn en1; Dp(ﬁ)en?é?& X en en1/SM5

o o4
- Cy 0f(2)en28/SM5; Dp(3)en28/+ (or +/+)
cn Cy cn en1/SM5;‘Dp(3)enZB/+
. . 1 1
ch en cnen /cnen ; +/+
+ 1
cn en 0f{2)en28/cn en ; +/+
+ 1 1 ’
cn en cn en /cn en ; Op(3)en28/+

+ - + + -
Cy en en Df (2)en28/cn en § Dp(3)en28/+



eosg0s e
caceww
Y T r 1
g

(H mum CHERTHE

478 47C 47D 47E47F 48A488480480

- DFA7B3 1o 478914,

en® e e e—— In47B9-14 to 48A1-2,
. | . Df48AI-2 to 488~C)

e® ¢ ————4  DFABA3~4 fo 48C6-8
oA — — DF4708 o 48B 25
onB . G DF47E3-6 to 48A4

¢

.

i

Figure 6. Salivary gland cytology. Diagram represénts the bgnding pattern of the
right arm ‘'of the second chromosome. Solid lines represent deleted regions,
dashed lines represent inverted regions. The 1ocat10ns of en28 and enSU are
shown, as well as the locations of the deficiencies enA and enB (D. Gubb
personal communlcatlon) This result is consistent with the results of
Kornberg (1981a) who places engrailed in 4BA.
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'including the lethality of engrailed lethal point mutations. ItAdoes not suppress
the lethality causes by homozygosis of either end8 or en30 (see below), but this
may be dee to other loci deficient in these deletions. The insertion is homozy-
gous viable in eﬁgrailed ar Lild type background. Since both the en28 second
chromosome and the insertioe were recovered from a single f2 fly, it is probable
that the engrailed locus was deleted from 2R and inserted into 3L.

o ¢ : ~
The second pair mating produced only Cy winged flies in the FZ’ showing that the
mutagenized chromosome carries at least one recessive iethal. Cytological examinatioh
showed this chromosome to carry a deletion of 4BA3-4 to 48C6-8. This deletion was

-

designated en30 (Figure 6).

Recombination mapping of en28 and gggg was undertaken to ensure that the wing
abnormalities produced by these chromosomes over 521 mapped to the same position as
EE; (2-62.0). Figure 7 shows the mating scheme used to map en28 and en30 against
cinnabar (cn, 2-57.5) and vestigial (vg, 2-67.0). Results of these crossee are shown
in Table 2. For both new mutant chromosomes, the wing abnormaiity maps between cn and
vq and shrinks the map distance separating these markers, as expected of 5 deletion.

After stocks of ggg§/§ﬂ§ and en30/SMS were established, flies from these stocks
were mated to each other‘to dete;mine wheteer a fly of the genotype gggg/ggég would
survive. Since SMS is homozygous lethal, tﬁe expected ratio of brogeny from such a
cross is 1 en30/9M5: 1 en28/SMS: 1 en28/en30, assuming engrailed does not affect
viability., Phenotypically, this means there are two [y flies expected for every non-
Cy (en28/en30) fl;: Non-Cy progeny'with_engrailed—like wings eerevrecoqered at
frequencies of“ub to 20% of that expected. This high survival of;égzgfgggg flies was
surprising since they apparently lack the large chromosomal region 4BR3-4 to 488-C1
(see Figure 6). However, several other observatione suggested an explanation for this

surprising result. i

! a '
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cn' ent vg+/SN5 x cnen vg/SMms

+ +
/pn en* vg

1
1 2 females x cn en vg/SM5 males

: +
cn en vg

Non-SM5 progeny (Cy+):
+ + 1
Parentalt cn en vg =cn en vg/cn en vg

?

+ + + + 1
cn en vg =cn en* vg /cn en vg

Single recombinantss

‘ 1
Region 1 cn en vg+ = ¢cn en* vg+/cn en vg

+ 1
Region 2 cn en vg cn' en* vg/cn en vg

Double recombinantss
1
cn en vg = cn en* vg/cn en vg

+ o+ 4+ +  + 4 1
cn en vg =cn en vg /cnen vg

cn 8.0 en30 4,2 vg

cn 4.0 en28 5.4 Vg

Figure 7. Mapping of the new engrailed mutations.
‘ A) Crosses to obtain maps.

B) Map distances for en , en28, and en30. Expected »
distances are cn-ens 4.5, en-vgs 5.0 (Lindsley and Grell,1968).
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Table 2., Recombination mapping of énZB and en30,

[

1
en

en30

Progeny class1 enZB
parental:
cn + vg 777 3% 77
+en + 933 }19 857
singles
cn en + 64 13 57
+ +g ’}'7 14 77
ch + + 62 29 36
+ en vg 54 9 3
doubles
cn en vg 4 2 2
+ o+ o+ 3 2 6
total 1884 184 1783

1. See figure 7 for outline of recombingtion CTOSSes.

v -

™
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A series of crosses was undertaken to recover the en28 and é;g aberrations
after recmbirj_atidh to a non-irradiated, marked sécond chromosome (Figure 8). This
was to ensure that any other mutations induced simultareously uith‘ the engrailed
aberrations would be removed from the chromosome, and to provide a variety of géneti.c

backgrbinds in uhich the effects of en28 and en30 could be compared. Figure 8 shows

an example of a proximal recombination event and the resultant éhrdmsanea ‘When such |

a recombination event occurred between cn and en28, the resultant chromosome was
~still viable over en30: However, the equivalent event between cn and end0 produced a

chromosome which no longer”survived over en28. This observation suggested that a

4 . . .
region on the en30 chromosome proximal to en30 on 2R or on 2L was required for

survival of. en28/en30. I considered the possibility that some of the material deleted
from region 48 in en30 had been transposed elseuhere on the second chromosome.
Cytological examination of the en30 chromosome did not reveal any obvious

insertion of material, suggesting that the transposition uas either too small to be

detected, or ‘had inserted into the centl}ic heterochromatin, Two series of experiments

were undertaken to locate the chromosomal region required for survival of the en3d ¥
chromosome over ot.her engrailed region aberrations.

, The first involved comariﬁg the survival of the originai en3Q chromosome with
‘proximal"recombinants. Several gg_?:_(J__ch;:amsanes were exaﬁined after recombination

between cn and en30 (see Figure 8). Table 3‘shows a typical example of survival of

the original en30 chromosome and one retA:onbiF\ant.‘Also shoun is the frequency with

which en28/en30 progeny can be obtained when employing either a recombinant en28 or *

en30 chromosome; in both cases, recombination involved the same marked second dhm_mo—

some, The original and several recombinants of the en30 chromosome were also crossed

to a larger deficiency of the engrailed‘region, 0f (2)en8 (D. Gubb, personal communi-

cations see Figure 6 for cy’foiqu). Table 3 shows that this deficiency behaves much'
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en*/SM5 x pr cn en’ vg/SMS

G AP +

x - .. pr_cn en*vg
s

—Irr

+
- pr cn en vg

females x pr  cn en’ vg/SMS males

pair .
mating -pr cn (en*) vg :
; ‘ : male x cn en vg/Cy0 female -
pr cn en vg o ;

L

progeny 1 2 3 : 4
phenctypes - --- _— f— J—
’ . + . . +
cnen vg enly prenCy. cn (en) vg

genotypess 1) cn en' vg/en en‘I vg ‘2)en'en+ vg/Cy0
3) pr cn (en®) vg+/Cy0>

4) pr cn (en*) vg'/pr’ cn en’ vg

h,v

Figure 8. Isolation of engrailed chromosomes after recombinatxon '
between cinnabar and e Qgrailed.

en* represents one of en1, enZB, or en30. If- thegrecombinant .
chromosome carries en*, class 4 progeny eny will have e engrailed wings.
The chromasome can be recovered in class 3 sibs. Cy0 is a balancer

-carrying cinnabar (gg) and purple (pr). )
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Table 3, Ef fect of recombination of en30 chromosome on en28/en30 viability.

Cross

# Sms progeny # en/en progeny freguency

non-recombinant en28/5MS
x non-recombinant, en30/SMS

P pun cn en28/SMS
x non-recombinant en30/SM5

BE pun cn en30/sMS

X non-recombinant en28/SM5

enB/Cy0

x non-recombinant en30/SMS

enB/Cy0
x recombinant en30/SMS

1106

921

557

250

1400

116

77

37

'0.10

0.08

0.13

‘1. Crosses were done reciprocally and data pooled.
-2, Frequency is number of en/en progeny out of total progeny.
Expected frequency from these crosses is 0.33. ‘ ,
3. Data are pooled for results of crosses involving enB and two recombinant en30

chromosomes. Both en30 chromosomes were derlved from recombination events

- between cn and en30. but two different chromosomal backgrounds were involved, »
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like en28 regarding survival over the ariginal and recombinant en30 chromosomes.

The se.cnnd appmaqh in\;olved recombination of either en28 or en30 chromosomes
with a second chromosome carrying sj.x dominant markers (F;.gure 9) Recovery of rec-
gggB_/_e_n_éQ and rec-en30/en28 was comp;red after recombination had occurred in each of
the six regions shown in Figure 9. engrailed maps between éristle (Bl) and Lobe (L),
Bl being located on the other side of the centromere, If a transpesition to the -
centromere had occurred, many of the ;9cqnbination event»s between Bl and en30 (region
2b) would separate the en30 deletion frbn the insertion. Sunh recombinant chromdéomes
would not be expected to sufvive over _e_r_i?ﬁ. Events in the same region j.nvolving the
en28 chromosome should produce Bl en28 lrecqrbinants which do survive over en30.

v

Recovery of singlé r’e’combinétilon' gvents in any other region of t.he chromosome _would
not depend on ulhetner the g_ng_e_ or the g_n}Q_ chromosome wa.s recombinant, since oth;:r

events uou,lq not separate th.ev -en30 delet;.ion from the nutative insertipn. ‘Thus the
' fr‘equency of Bl g@/_eggg progeny among the total 'kr‘ec—ﬂl‘»_q/gg_.z_a. progeny should be

lower than the frequency of g g_ngg/ﬂ among the-tot;al rec-g[1_2§_/g_n_3_0_ progeny. fhe

results in Table 4 show that this exnéctation is met. Among the recombinant en2g

chrm\osanes, 6.5% were recombinent in the 81-en28 region; among the recombinant en30

G

chrmosomes recnvered, only 2. 8$ were recombinant between Bl and en30. Thus recovery

of recombinants in this region was reduced b)B\ 575 A contingency Xz ‘test (Table 4) B

shous this difference to be significant at t,he .025 probability level, mereas

_recovery of i‘eéanbinants in any othe;_ reéion did nnt differ significantly between the

g_@_& and gn_SQ d\rdrnsaf\es. o | ‘ ¢
These Vr’e.su]i‘ts confirm’t‘hat a region betueen Bl and en on the en30 chromosome is |

: necéssary 'for_ t’he:survi\;al of »;e_tlS_g/gn_ZQ fliés, and az;.e cotrpatible with the hypathesis

that some f;f the materiél deletnd from 'régiqp 48 has been inserted in proximal Zﬁ or.

2 in the en30 chromosome, . The recombinant en30 chrorwéomes still survive over



Sp Bl en+ L Bc Pu Pin
W ’ o

(1) (2a) ()  (3) (4) (5) (6)

0

Sp+ Bl+ en® L+ Be+ Pu+ Pin+

Figure 9, Multiply marked second chromosome u.sed for recombination
. of en28 and en30.
l

Table 4. Recovery of en28/en30 progeny carrying recombinant en28 or
en30 chromosunes.

Region of ‘Recombinant en28 .Re(‘:unbinant en30 Homogsneity p valu.:e2
recombimt,ion chromosomes ~ chromosomes
. X
. Sp - Bl (1) 5 » 12., 0.002 > 0.95
Bl - en (2) 13 13 5.076 < 0.025
en - L (3) 8 Co1g 0.002 > 0.95-
L - Be (4) 18 ) 0 1,343 > 0.05
Be - Pu‘(5) 3 ' - 67 1062 > 0.0
Pu - bin ) .2 56 . 0.204 > 0.0
4 . non-recombinant N 1i3. 3 | 272 ’

total o NE?

1. See. Figure 9 for recombination regions. '

2. p value gives the probability that the recovery of recombimants in a giver;:@
region is not significently different depending on which chromosome is..
undergoing recombination. .

»
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engrailed lethals and gg?, and such flies are phenotypically irdistinguishable from
those carrying the non—recombineé en30 chramosome. This suggests that the transposed
material includes another vital locus which is also deleted in gggg and enB, but not
the engrailed locus itself. The 10&us to which the engra%led lethality is éscribed
must still be present at the original site on the en30 chromosome.
Kornberg (1981a) places the engrailed locus in aeA;.the atove results are
R
consiétent with this location. Since embryos carrying enZ8 over the engrailed)lethals
7 . ’
do na; survive, the vital locus must\bg deleted or broken in tﬁe enz28 chromosome.
en30 doés not affect‘the vital ;ggys, suggesting that the most probable locafion of

engrailed lethality is betueen 4BAT-2 and 48A3-4 (Figure 6). , L

Since en2B8 has a breakpoint in 48A, the question arises as to whether it com-

‘pletely inactivates or merely reduces the activity of the engrailed locus. Tuo larger

deficigncies of the engrailed region, enA and enB (kindly provided by D. Gubb) were

& _
used in phenotypic comparison to settle this question. The relstive positions of all .

2

four aberrations are shown in Figure 6. enA and enB clearly remove the region of the

5 )

engrailed vital locus and the region containiﬁg the 48A breakpoints of both en28 and

en30. Thus ggﬁ and enB should shaw the effects of completely deleting this region.
All abnormalities considered in this study appeared to a similar degree in genotypes
containing en28 or those containing gﬂﬂ or enB (with one possible exception to be

' [t

discussed_below). No new abnormalities appeared with the larger deficiencies. This '

suggests that the engrailed locus is completely idjctivated in en28.

s

.



Phenotypic effects of the new engrailed alleles:

be '.,"j,f gg1 was _actually‘ a hypomorph, it was necessary determine whether
v,duced a more severe pﬂ‘enotype than en . The f irst part of this

‘_’:‘red the abnormalities. observed in 21' hcmOzygotes. The pleiotropic
"’\separatedvinto single phenotypic dﬁaracteristics’ ‘to facili;ate quantifi-
§ fhese characteristics will be referred to as Croup 1 .abnomalities. Gemf.ypes
red were gn_1 /E".1' ﬂgg/g1, gr'«l{]_/gg_1 and. en28/en30. Within each genotype, at

i ';'our strains were enployed, the genetic backgrounds of which had been ran-
pized in the following manner:

Recombination on the second .d'lromvsm\e to replac'e the region .proximal to cn
- d distal to vg was as out;ined in Figpre 8. Four different second chromosomes.
,'re_us;ad to produce recombinants s0 that backéromd .wogld be varied. In the

" process of obtaining these recombinrants, first, third and fourth chromosomes

randomized as outlined in Figure 10. Crosses performed to obtain an en/en

-~

e involved balanced engrailed chromosomes ‘from tuwo diffAerenAt outcrosses.

thin each strain, all phenotypic characteristics were examined.

3

Analysis of variance waS~pérformed for each characteristic to determine which part of

any difference could be ascribed to differences in engrajled gémtype. and which part. -

to other background factors (appendices 1-4).

Figure 11 shqus' the wings from wild type, @1/21; "e¢‘|2'8,/_e_n__‘l and en30/gn_1. Three

el‘ement:sf of the transformation should be noted. First, the postericr vein pattern is

i

v, .
aberrant in all egg_gailed genotypes. This abnormalit; was qwntif"ie'd using an

arbitrary scale of 1 (uild type) to 5 (rnost abnormal) as. shown’ in Figure 12. The
second element to be considered is the alteratmn in blade shape, ‘causing the wing to
become’ wider and more symnetrical at the distal end. Thxs was quantified by rneasuring

the ratm of umg width (midway between the antenor crossvein and the distal margin,

41
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\

1-A/1-A; en*®/SMS; 3-A/3-A; 4-A/4-A x 1-B/Y; pr pun cn sp/SMS; 3-8/3-8; 4-B/4-8

1-AR% pr pun cn en+ sp 3-A  4-A
- - : ; -—— x 1-C/Y; Gla/CyD; 3-C; 4-C
1-8 - pr+ pun+ cn+ en* sp+  3-B. 4-B :

pair mating ~ 1-A,B/C,Y ; pr cn+ en* sp+/Cy0 ; 3-A,B/C ; 4-A,B/C

x 1-D; cn en1/SNS s 3-D ; 4-D
collect and‘\.Rmate , /1-A,B,C/D; cn+ en*/SMs; 3-A,B8,C/D; 4-A,B,C/D

el - .
- ] [ S

§ ‘ ’ v
l
Flgure 10. Generatmg /recombinant en28 and- en30 chromosomes and tandomizing
genetic background.
Lo /
4 .
en* refers to either en28 ‘gi: en30. Progeny collected to make stock
will have a recombined left arm of the second chromosome and first,
third and fourth chromosomes from four different backgrounds. This-
scheme shows the recovery.of a 'second chromosome recombinant -
between ‘purple(gl and cinnabar(m). This chromosome can be recog-
nized over Cy0, which carries both pr and cn. 1,3,4: first, third,
and fourth chromosomes. #,B,C,0: indicate different possible
chromosemes from d1fferent backgrounds. Although a given strain
- is deplcted as carrying oMx%m type of chromosome (e.g. 3-A/3-A)
it is.probable that the two hm\ologues in each’ strain do differ. In
addition, recombination betueen homologles may oceur,’ providing -

more varied backgrounds. . Lo



Figure 11,

Wings of wild type and engrailed flies, bright field optics,
magnification x20.

A. Wild type wing, dashed line shoms normal boundary between anterlor
compartment (ant.) and posterlor compartment (post Y. V1-V5: veins 1
through 5. : .

B. en'/en e _ :
C. en30/en’ & ‘ ) ‘ .

Da enZB/en

Note that normal.apterlor trlple rou bifstles (ATR) are present in all

kgenotypes. Normal ppsterior duuble row.hairs® (DR)*are replaced by posterlor
- triple row bristles (PTR) in engrailed geno%xpes. The proximal posterior

alula (al.) may acquire heavier socketed bristles (as in B,0) -
characterist;c.of the anterior cpsta (co), but the shape of .the alula is-

not altered. More proximal structures remain unaff§fted by engrailed. -
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Figure 12. Scale, for quantification of wing vein abnormadities. Examples for each
class of abnormality, from 1 (wild type) to 5 (extremf engralled) are
shown, For details of classification, see text.

SC: sensilla campaniformia v1-vS5: veins 1 through S
PX: posterior cross vein
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perpendicular to vein 3) to length (from hinge to margin, aloag vein 3). The third
characteristic is the mumber of posterior medial triple row bristles.-These bristles
are usually found only on the anterior margin of the wing; in engrailed flies they
also appear along the posterior margin.

In addition to the wing abnormalities, 221/321 also produces a change in the
first leg of the male (Brasted, 1941; Tokunaga, 1961). Sex comb teeth, normally found
only in the anterior compartment, are duplicated in the posterior compartment in
mirror image symmetry (Figure 13A). Number of posterior teeth may vary from a simgle
tooth to a complete comb of ten or more teeth, and in some cases several rows or |
clumps of teeth appear in the posterior. for this study, the number of posterior sex
comb teeth was considered.

This analysis is summarized in Tables 5 and 6. When andlysis of variance was
performed on all four genotypes for each characteristic, tHe significant differences
were attributable to genotype at the engrailed locus rather than differences among
strains, sexes, or individual flies (appendices 1-6¢). It should be noted however,
that the difference among genotypes for a given characteristic might be attributed to

v
a large difference between one gerotype and all the other three, rather than
significant differences between every pairwise4combination of gerotypes. For this
reason, I have attempted to order the genotypes with regard to expression of each
characteristic (Table 7), and have indicated as equal those pairs of genotypes whose
means do not differ significantly. |

It is possible to place the four abnormalities into two classes based on degree
of expression in the different genotypes (Table 7, Group 1). For posterior triple row
bristles (PTR) and posterior sex comb teeth (PSCT), 221 homozygptes clearly show the
strongest transformation. Penetrance of PTR is significantly stronger iﬁ any genctype

~ e

. 1 . i < o:
carrying the en allele than in en28/en30, suggesting an allele specific effect. All

1
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Table 6. Penetrance of posterior to anterior

Genotype . % of wings with one '

or more PTR bristle

transformation abnormalities.

3
% of legs with
one or mare PSCT

en'fen 100 % (70) 100 % (90)
en28/en’ 84 % (156) 68 % (40)
en28/en30 23 % (188) 3% (7))
en30/en’ 42 % (148) 2% (52) es,
1. Number of wings or legs examined shown in parentheses.

2. PTR = posterior triple row.
3. PSCT = posterior sex comb teeth.

‘a
.
re
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results for the PTR and PSCT atnormélities are consistent with the genotypic and

allelic ranking shown in Group 1A of Table 7. These two abnormalities are similar in
) , .

that they both place anterior structures in the posterior compartment, and thus most

clearly suggest a posterior .to anterior transformation.

. Posterior wing vein pattérn and wing Ehape alterations are not as clearly
indicative of a posterior ta ant;rior transformation, and their éxp;ession does not
appear to be e_n_1 alle]re specific: (Table 7, Group 185. Althﬁugh the mean expressivity
of these abnormalities is slightly higher in gg1/gg1 than any other genmotype, this
difference.is only si‘.gnificat-wt for gﬂf/grj .analﬁg/e_nj (Table 5). It i; noteworthy

) ) . . - . 1
that both abnormalities are significantly stronger in en28/en30 than en30/en ,

' : C o 1 .
suggesting that these abnormalities are‘not specific to the en allele. The allelic
ranking for these abnormalities is not clearly indicated, and their relationship to

the other abnormalities will be discussed /sbelow.

Nﬁn ﬁga;led ab'nmnlitie‘s. \
-All pattern abnormalities qiscussed above were originally described for gpj
homozygotes. I have observed several new abnormalities in adults carrying t;he chromo-
somal’ abérrationi, which shall be designated Group 2 abnormalities.,
Abnormalﬁies,uhich were oi:served in all three pairs of legs included the
absence or degeneration of posterior clau;s'anc the fusion of tarsal segments. Three
« . .
aspects of the leg phenotype were considered, First, fused tarsal segments were ~
examined. When this abnormality was ueék, some cases ;l;ete found whele the posterior \
part of the bomdary between tarsal segments did not appear to havé formed; while the
anterior boundary wasvnormal. The co‘m)erse case, with normal posterior and abnormal
anterior, was never observéd. In cases where fusioh wés more extretﬁe, both cot;part-

ménts were distorted (Figure 13). It was not pbssible to ‘discern uhether this distor- |

tion was due to“a primary effect of et_'gs' ailed in the anterior compartment, or was
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‘causeg secondarily by the .extreme posterior fusior.

Outgrouwths from.the basitarsi and tarsi were frequently observed (Figure 13C),
and in some cases duplication of claws (Figure 13E,F) and distal leg segments was
ob#erved. Similar outgrouwths, including duplicated distal leg segments, were
K occasionallyAnoted in some strains homozygqous for 521 (F:igure 138). All outgrowths
uhichlwere carefully examined appeared to originate in the posterior compartment. A
similar result was noted by Fausto-Sterling and Smith-Schiess (1982) when flies
homozygous' for both _eﬂ1 and fused alleles were examined.

The third aspeﬁt of leg abnormality was the absence aor degeneration of postel;ior v
claws (Figure‘BD). Most of the claws were classified as anterior or posterior by
.scoring their or_ientation on the whble fly; however, 20 legs were scored first on the
whole fly then mounted for more QEt‘ailed a;walysis. Rows of bristlesvuere followed in
the mounted leg to dé.figrmine which com(.iartn.lent. contained the abnormal claw, according
to the leg compartment maps of Sfeinér (1976). In all cases, rigorous scoring con-
firmed my initial impression that the bc;sterior claw was affected.

I also noted a homoeotic tranformation uhich‘ occurred frequently in gp‘gg/gﬂ_lq
and rarely in g_n_Z_B_/_e_n1 heterozygotes (Table 8). In these flies, some portion of the
posterior wing blades were transformed to haltere tissue,.as shown in Figure 14. The
area "of transformation extended frbm the anterior-postérior boundary of the wing into
the posterior compartment. The transformed areé varied from a thin strip (Figure 14C)

to a complete transformation of the posterior wing biade to haltere capite;lﬁxn

b

(Figure 14B). As m@th thq previously described wing abnormalities, only distal

structures were aff‘ected.‘ As shown i‘n Figure 14D, the transformed tiss.leicontain'ed
haltere-like trir:hanes and sensilla trichodea. The at;twoma;ity never extende‘d”into
‘the anterior cmpartment,laltheugh the small size of the halt’ére tissue scx:\etimes

_distorted the shape of the anterior wing.



Table 8. Quantification of new abnormalities.

Genotype Frequency of wing to Frequency of posterior claw
haltere transformation abnormal or missing
A Fd
eni/enl 0 (5000) 0.004 (228)
¥™w

en28/en 0.004 (1364) 0.37 (748)
en2B8/en30 0.264 (4690) 0.86 (498)
en30/enl. 0 (5000) 0 (210)

0 (saco) G (210)

en28/+

. Number of wings examined shown in parentheses.
2 Number of *legs examined shown in parentheses.
Frequency shown represents pooled data for all thiee legs.
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Figure 14. Abnormalities of en28/en30 wings, bright field optics.

A. magnification x20. Wing without transformation to haltere. Posterior
compartment (post.) shows partial transformation to anterior (ant.).

B. x25. Entire posterior wing blade is transformed to haltere (halt.)
tissue; anterior remains unaltered. Proximal posterior wing structures
such as alula (al.) are still present. ' '

C. x40. Strip of haltere tissue in wing blade is located just posterior to
the position of the normal anterior-posterior boundary. Remainder of the
postériof wing blade shows partial transformation to anterior. Note-heavier
bristles on alula, characteristic of normal anterior costa (co).

D. x100. Close up of wing shown in C, indicating senmsilla trichodea
(ST-underlined) which are characteristic of normal haltere tissue. Trichome
size and density suggest haltere tissue rather than wing.
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I considered the possibilities that this tissue was either part of the engrailed
&
phenotype or was caused by a different locus. Several points mitigate against the

second interpretation. First, as described above, extensive recombination of the

»
¥

backgrounds of en28 and e_n_}_q was undertaken. Recombinant en28 chromosomes, uhich only
carried the region of the original enZ8 chromasame between ¢cn and vg, still produced
haltere tissue when heterozygous with E\_:SQ or ;e_rf. This suggests that a distant‘site
'
on the second‘chromosane is not involvéd. In the rgcmciﬁation study descfiﬁed 9b/ove
(Figure 9), involving recombination ‘betueen en8 ar en30 Bnd a multiply marked second
chromosomg, mrz; than 5000 progeny were examinéd, each carrying one or both engrailed
aberrations. Seven hundred and six flies showed engrajled ablﬁormalities; of these,
357 also had one of both wings transformed to haltere. No flies were found which had
the wing to haltere transformation, yet appeargd to be othefuisé @*.
The wing to haltere transformatior; is seen not only in en28/en30 flies, but also

i:n e_n§/21, and en30/enA or en30/enB flies. These genotypic combinatibns have no
single common allele, and' come from completely independent genetic backgrounds, again
suggesting the;t a locus other than engrailed is not required for the transformation.

" Table 8 shouws the fremer;;y.of abnarmal claws and wing to haltere transformation
in different genotypes. frequency of claw abnormality varied among legs, with the _
third le‘gs being abnormal somewhat more- frequently than the seconq or first, Frequen-
cies ‘sham represent pooled data for all three legs. The genotypes can be ranked in a
consistent order according to the frequency with which they show these new abnormali-
ties (Table 7, Group 2). However, it is interesting to note that the ranking differs
from that calcplated for the PTR and PSCT abnormalities (Table 7, Group 1A). The new
abﬁdrmali’cies (Group 2) are expressed most strongly in genotypes carrying a deletion }'

t

of the engrailed locus. The Group 1A abnormalities are never expressed more strongly

° >

than in gn_1 homozygotes. -
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Since posterior wing vein and wing shape abnormalities did not follow the same
order of expression as PTR and PSCT, I compared their expression to the abnormalities
in Group 2. gggg/gggg showed significantly stronger expression than ggéQ/gg‘, which
is compatible with the order found for Groﬁpiz. However, gfg/gg1 still produced the
highest mean expression fﬁr Group 1B, which is incompatible with the Group 2

» ,
ordering. An explanation for this observation in the posterior vein abnormality could
rest with the method of classifying degree of expression. Presence of sensilla
campaniformia on the transformed fourth vein u;s considered the highest degree of
expression (see Figure 12). This placement of anterior sensory organs in the
Eosterior cempartment is similar to the production of PTR 'and PSCT. Including it as
gart of the vein abnormality may have skewed the results towards high ranking of
expression in 521/221. It can be concluded that while PTR and PSCT abnormalities are
gg1 specific and Group 2 abnarmalities are most extreme when engrailed is‘deleted,
alter;tions in posterior wing shape and vein pattern may result from more than one
type of lésion at the enérailed locus.

It should be nbted that the wing to halgerg transformation is tﬁe one

abhormality which is not affected in exactly the same manner when a genotype

carries either en28, or enf or enB. The transformation is seen at low ﬁreq’\n-
piiin ] ——— — S

)
¥ad
.

. 1 : ; 1 1 .
cy in en28/en , but has not been observed in enA/en or enB/en . Houever the

1
transformation is very rare even in en28/en , and may be further reduced by
. = v

' 1 1.
- altering génetic background., The total number of enA/en and,gg@/gg flies

examined thus far is only about 300, so it is'possible that the transformation

will yet be observed.
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Selection for increased expression of engrailed

Considerable variation among strains of a single genotype was observed in the
expressivity and peﬁetrance of all abnorﬁalities discussed above, indicating that
background modifiers iﬁfluence the exp:ession of engrailed. I wishéd to determine
whether background modifiers might reveal elements of the engrailed transformation
not previously observed. This question might be approached by outcrossing an
engrailed stock to maximize the number of potential modifiers, then selecting and
maéihg those flies which showed strong expression of the desired characteristics.
This apploach alpg of fered the advantage of clarifying the relaticnship betWEen.
different sets of abnormalities. If flies were selecied on the basis of strong wing
abnormality} I could ask whethef leg abnormalities also increased; if selecteq_for .
Group 1 abnormalities, I could determine the effect on Group 2 abnormalitieg,

Most flies of any eggfailed genotype are sterile, making direct selection
impossible. However, ane homozygous ggﬁ fertile stock was available, In(2L)Cy, Cy cn
gg1/l£ stw 521. The In(ZL)Cy, Cy cn EQ? chromosome (héreafter~referred to as Cy gg1)
can be recavered over any qther chromosome carrying gi?, and produces fertile adults.
It cannot be recovgred in homozygous state, due tb the recessive lethality of fhe Cy
mutaéion. Tﬁis Cy gg1 chromosome was thus chasen to be recovered over other ggg
chromosomes so that 321 homozygétes céuld be selected and mated.

Figure 15 shows the series of crosses designed to randomize the geﬁetic back;
grounds of EE?/EE;' then select fof strong‘expression of eggrailed transformations.
',.Selection was made solely on thg basis of wing bladeiappeérence}lthose flies inftﬁe .
Fé genération whichvhad the most dramatic alterations in wing shape and posteriqr

‘vein pattern (i.e. Group 18)'were isolated and crossed among themselves, This pro-

.

cedure was repeated with their progeny (Fs).'The progeny of this generation (Fa) were

then examined without selection to determine if an overall increase in expression of

*



7 -
P1 w3Gla/Cyo x w;lt stw en /Cy en1
‘ 1 1
F1 w3Gla/Cy en x cn en /SMS
1 1
i F2 (w);en en /Cy en select and mate
1 1 \
F3 (w);cn en /Cy en select and mate
. 1 1 .
F 4 (w);en en /Cy en exmanine

Figure 15, Selection for strong éxpression of Group 1 abnormalities.
1 v 1T 5
Cy en chromosome indicates In{2L)Cy, Cy cn en . Selection
was on basis of wing blade shape and posterior vein ab-
normalities. F4 flies were examined for other Group 1 and
Group 2 transformations. See text for details. ?



Group 1 abnormalities had occurred.

Although the selection itself had been only on basis of wing shape and vein
pattern, the progeny of the selected flies also showed an increase in Group 1A
abnormalities. frequency of posterior triple row bristles in the wings and posterior
sex comb teeth in tﬁe legs bad increased when compared with the original 1t stw

1 1 .
en /Cy en strain (Table 9). However, the normal bristles and teeth of the anterior
compartment also increased in freguency, making it difficult to determine uhether
modifiers were specific for engrailed chaxacteris;ics or for a ceneral increaﬁe in

bristle number.

3

Clase examination of the proximal posterior wing blade revealed a new element of
transformafion; many of the wings showed partial fusion of the alula to the wing
blade (Figure 16). The only effect which has previously been reported for the alula

1 1 . . . . .
of en /gg flies is the appearence of large socketed bristles resembling those which
A

.. usually occur on the anterior proximal costa (Lawrence and Morata, 1976). These
socketed bristles also appeared on the alulae showing fusion (Figufe 16).

Penetrance of the alula fusion was incomplete in Fa flies which had been grown

0 .
at 22" C {(Figure 16A). Among a random sample of 3U FA flies, 19 showed some degree of
fusion of the alula of both wings. Six flies had one normal alula and five had both
alulae unaffected, giving a penetrance of 73% for the alula abngrmality. There is
some tendency for any one fly to have neither or both wings affected; random distri-

bution of the effect would predict 16 flies with both alulae, 12 with one, and two

with néitheg alulae altered (Appendix 5, X2 = 7.08, p<0.001).

'r .:(’
Genetic background was not the only factor which could affect the expression of

Group 1 abnormalities; it could also be increased by lowering the growth temperature

(see below, under "Temperature sensitivity of engrailed effects"). In Fa flies which
0

had been grown at 18 , penetrance of the alula fusion approached 100%. The number of

socketed bristles on the alula increased as well (Figure 168,C). At this temperature,



Table 9. Increase in Group 1A atmormalities foldbwing selection.

Anterior Posterior Anterior Posterior

‘ 1,2 1,3
Genotype # Triple row bristles ' # Sex comb teeth !

\ )
Original strain

It stw en /Cy en  76.626.7  31.2:8.2 10.0:088  7.911.8
(22) (22) (24) (24)

Progeny of .

selec%eo str?in 79.217.6 41,928.0 11.12§.9 10.C021.5

cn en /Cy en (60) (60) (18 (1a)

1. Mean t standard deviation.
2. Number of yings examined shown in parentheses.
3. Number of legs examined shown in paren*heses.

59



Figure 16. Alula abnormalities.

1 1 o :
A. en /Cy en f female grown at 22 C. Note incomplete separation of
alula (AL) from posterior (post) wing blade. Bristles (br) characteristic
of the anterior costa (CQ) have appeared on the alula. magnification x60

1 T o]
B. en /Cy en female grown at 18 . fusion of alula to wing blade is more
. complete, and more large socketed bristles have appeared on the alula.
x100 -

1 1 o) .
C. en /Cy en male grown at 18 . number of socketed bristles on the alula
has increased to hearly equal that on the costa. x100
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other group 1 characteristics showed very high expressivity. frequently more sex comb
teeth appeared in the posterior compartment of the Yale fore leg than in the
anterior; one fly was found with 17 sex comb teeth in the posterior and only 11 in
the anterior of the same leg. Many wings showed 60 or more posterior triple row

bristles. €

It is noteworthy that the increase in Group 1 abnormalities observed did not
necessarily increase Fhe resemblence of the transformed posterior compartment to
normal anteriar. Extreme increase in séx comb tooth number resulted in the appearence
of more than one posterior comb row (Figure 17R) or of clumps of posterior teeth
(Figure 178). Extra medial triple row bristles on the posterior wing and socketed
bristles on the alula were sometimes scattered in additional rows, rather than lining
the wing margin in a single row as in the anterior.

Following the selection procedure, Fa flies were also examined for expression of
Group 2 abnormalities. Although no flies showed transformation of fhe wing to
halte;e, several showed Group 2 leg abnormalities, including tarsgl fusion (Figure
17C) and degenerate posterior claws (Figure 17D). A random group of 32 FA flies
(grﬁwn at-220) were mounted for close examination of the legs. Of 192 lég;, 11 (5.7%)
showed absence or deggneration of the posterior claw. In_addition, 4 legs {2.1%)
showed tarsal fusion. These abnormalities had not been observed in the legs of the
parental strain. This suggests that selection for increas?d express}on of Group 18

characteristics can result in simultaneous acquistion not only of other Group 1, but

also of Group 2 abnormalities.

Relationship between Group 1 and Group 2 abnormalities
The data shown in Tables S, 6, and 8 suggést a tendency'for a genotype to
express either Group 1A or Group 2 abnormalities strongly, but not both. Thus the

possiblity existed tha£ these groups of abnormalities might represent two mutually

i

6/



Figure 17. Leg abnormalities in selected strairs.

gg'/Ex en! males show high numbers of posterior sex comb teeth (PSCT)
arranged in more than one row (A.) or'in clumps (B.) rather than in a
single organized comb as in the anterior. These flies also show fused
tarsal segments (C.) and degeneration of posterior claws (D.). All
were grown at 22 ., ant: anterior post:posterior

magnifications: x150, x100, x100, x200






exclusive pathways of development. However, the above gbservation that both Group 1A

7

and Group 2 characteristics may be acquired when selecting for Croup 1B would suggest
a correlation among the groups. I wished to determine:

1. whether Group 1A and Group 2 abnormalities could co-exist in the same structure

8

kwing or leg)
2. whether, within a given genotype, there was any correlation betgeen the expression
of the two groups of abnarmalities. 3
Male first legs were examined for presence of PSCT (Group 1A) and absence of degen-

e;ation of posterior claw (Group 2). Wings were examined for presence of PTR bristles

(Grébp 1A) and transformation of posterior wing tissue to haltere {Group 2).

: Table 10 shows the results of examining the two types of leg abnormalities in
gggg/g[g and 222/291 males. A number of the legs examined showed both tybes of
abnormalities (Figure 18A). The mean number of posterior sex comb teeth and the
penetrance (i.e,dnumber of legs with at least one posterior tooth) were- compared
between the legs in which both claws ‘were normal and those with an abnormal posterior
claw. For both genotypes, these numﬁers were very similar, indicating that the
tendency for one type of transformation to occur is in@ependent of the presence of
the other transformation. A group of 67 ggggjgggg legé were examined for this study
as well, butvnone of them contained posterior sex comb teeth, making it impossible to

draw a conclusion.

Examination of wings ‘showed thét both posterior ériple row bristles and haltere

A L ‘ _ .
tissue.could occur in the same wing (Figure 188). Indeed, transformatioﬁ of the
entire posterior Qing blade tovhaitere could occur simultaneously with acquisition of
long socketed bristles on the a;ula’(see Figure 148). Gathering data regarding the

correlation between ‘the two types of trinsformation proved difficult since, of the

. genotypes which show wing to haltere transformation, en30/en28 Qery seldom produces

7
o



Table 10. Correlation of Group 1 and Group 2 abnormalities in legs.

teeth/total legs.

3. Mean t standard deviation.

1
# legs # PSCT Mean # #legs with 1 Penetrance
PSCT/leq or more PSCT
1
en2B/en /,——
All legs 48 - 127 2.612.0 43 90%
Legs with 2
normal claws 38 99 2.611.8 34 89%
7 Legs with :

" abnormal 10 28 2.822.7 g 90%

posterior claw
1
enB/en
All legs 64 214 4.911.8 44 100%
Lo o

Legs with 2
normal claws 39 192 4.923.4 39 100%
Legs with
abnormal . 5 22 4.411.5 S - 100%
posterior claw . .
1. PSCT: posteriof sex comb teeth.
2. Pentetrance = number of legs with one or more posterior sex comb



Figure 18. Coexistance of Group 1 and Group ZVaDnormalities.
1, 1 - . . .
R. en /gg male first leg showing both a posterior sex comb (PSC) in
mirror image symmetry to the normal anterior sex comb (ASC), and a
degenerate posterior (post) claw. magnification x 110.

1

- B. en28/en wing showing both transformation of tissue to haltere (HALT)
and prqduction of triple row bristles along the posterior margin (PTR).
x50
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. 1 i :
posterior sex comb teeth and en28/gg rarely produces the transformation.
Two types of comparisons were made. Table 11 shows the results of scoring two
¥

different strains of en28/en30 for both posterior triple row and wing to haltere

transformation. As with the legs in Table 10, mean-number of posterior triple row

\

bristles and penetrance were c?mpared between the wings with and without haltere
tissue. Both expressivity and penetrance were slightly lower in those flies con-
taining haltere tissue; This may be due te tbe fact that transformation to haltere
reduces the size of the posterior margin, thereby leaving less area for triple row
bristles to be produced. Alternately, it could indic;te a real tendeécy for any giveﬁ
. | ,
wing to show only one of the two possible transformation types. With regard to tpe
second alternative, it is noteworthy that the first st;ain in Table N showed low
expression and penetrance oflthe-posterior triple row, but had a high frequerncy of/‘\\
transformation to haltere.(Zsﬁ of the uings); The reverse was tfue of - the second
strain, which had only 7% of the wings transformed to haltere, but higher PTR
expression.

The second method of comparing expression of PTR and wing to haltere tran-

1
sformation was to examine en28/en flies uhich showed wing to haltere transformation

L

in one wing only. Ten such flies were examined (Table 12). Once again, the mean
o ¥ ™

number of PTR bristles and the penetrance were highef in\fhe untransformed wings. In
addition, eight of the ten flies exhibited Fhe higher numbgr of bristles in the
untraﬁsformed wing. |

§§§§ - Although a given structure cguld show both posterior to anterior and Group 2

typé transformations simultanmeously, the question remained as to whether a single

e
L] o

cell could express both types of ébnormality. To approach this question, I éxamined_

-

wings which showed transformation to_héltere to determine whether the transformed

tissue represented anterior or posterior haltere. : Y g
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1
‘Table 11. Correlation between Group 1 and 2 abnormalities in en28/en30 wings.

-

’ .
-2 3
¥ wings #PTR Mean # # wings with 1 Penetrance
PTR/wing or more PTR

Sample 1

Total wings 158 15 0.10t0.42 9 6%

Untransformed _ )

wings 118 12 0.10:0.44 7 6%

Uings

transformed 40 3 0.0810.35 2 5%

to haltere

Sample 2

Total wings 160 132 0.8322.03 ‘38 24%

Untransformed . ’

wings 149 127 . 0.8522.07 36 28%

wings

transformed 11 5 0.45%1.21 2 18%

to haltere

1. Group 1 abnormalities are represented by the number of posterior triple

row bristles(PTR); Group 2 by transformation of wing tissue to haltere.
2. Mean ¢ standard deviation,
3. Penetrance = percentage of wings with at least one PTR bristle.
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Table 12. Comparison of Group 1 and Group 2 expression in wings within

1 1
one en28/en fly.

Normal wing Transformed wing
# PTR bristles 24 23
: 3 1
B 3.
1 15 e ’ '
12 1
18 1"
18 1
20 15
7 % o
3 2
. 2
Mean # bristles 11.2 ¢ 8,3 8.2 ¢+ 7,9
3 K
Penetrance 100% 0%

# flies in which
this wing has 8 2
higher # PTR

. Each pair of numbers représents the two wings of a single.flv. ¢
Group 1 is represented byMiresence of posterior triple row(PTR) bristles;
Group 2 by transformation of wing tlssue to haltere. . 4
. 2. Mean t standard deviation. ) °
3. Penetrance = percentage of flié§§?hoping at least one PTR bristle.

.
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Simple examination of. the tissue proved onlyepartially énlightening because the
only léndmarks distinguishing anterior from posteriocr haltere in the capitellum are
the sensilla trichodea (Hayes, 1982). Figure 19 is a diayram which shows the position
- of the sepsilla trichodea (ST) on the normal haltere, as well as the anterior-
posterior boundary as determined by clonal analysis (?dapted from Hayes, 1982); There
are two separated aroups of ST on the capitellum, a proximal clumo on the Jorsal
surface, whiﬁh gen;rally comprises from 3 to 8 sensilla, and an arc of 10 or more ST
extending distally on the ventral surface. Both these .qroups show a deyree of
indeterminacy pf location with respect to the A-P compal tment boundary. The dorsal
clum is usually in the posteiior, althqugh it sometimes straddles the‘bounddry. The
ventral group yenerally begins just anterior to the boundary, then curves anteriorly
as it extends distally. Occasionally one op two of the more proximal ventral sensilla
afe found in the posterior compartment (Hayes, 1982).

If the haltere tissue found in engrailed wing blades is posterior haltere,
proximal dorsal ST would be expected to be produced more frequently than the more
distal §T on the ventral surface. If the haltere tissue corresponds to anterior
halte;e, then the reverse would be'expected. Table 13 shows the résults of examining
wing to haltere transformed tissue in en28/én30, eh28/_e__rl1 and en30/enB flies. The

\ .
< .
haltere tissue in the engrailed wings contained at -least as many ST as both compart-

ments of thé\ahnmal haltere, distributed in much the same manner between dorsal and

»

ventral groups. This result did not clearly indicate compartmental identitf.

- In the secand approach to the question of compartmental identity of the haltere-

like tissue, I employed interactions of the abnormality with alleles of the Bithorax-
Complex. This complex is involved in compartment specific transformation between wing
) ' 1
\

and haltere (for review see Lewis, 1978). Homozygous bithorax (bx) flies have

anterior haltere transformed to anterior wing; postbithorax (pbx) homozygotes have



POST ANT

e

Figure 19. Diagram of normal metathoracic haltere (adapted from Hayes, 1982). Solid
and dashed lines represent compartment boundary as determined by clonal
analysis (Hayes, 1982). ANT: anterior compartment POST: posterior
compartment. Typical distribution of sensilla trichodea (ST) in dorsal and

A .
ventral groups is shown.



Table 13. Number and distribution of sensilla trichodea in wing tissue
transformed to haltere.

1 2

Genotype Darsal Group 3 ventral Group

Range Mean Range Mean

r 4
en2B/en30 0-8°  6.0t2.8(26) 10-26 17.624,9(26)
1

en28/en 0-18  7.1%5.7(15) 0-17 9.224.5(13) -
en30/enB 0-13  3.7¢3.0(18) 537 17.5:7.4(13)

1. Number of wings examined is shown in parentheses.

2. Although both darsal and ventral wing surfates were examined in
each wing, total number of dorsal and ventral groups recorded may
differ due to transformation of only one surface in some wings.

3. Mean t standard deviation. )
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posterior haltere transformed to posteriocr wing. This has been interpreted as meaning

+ + R .
that bx is required to make anterior baltere anc pbx to make vosterlor raltere. If

T
the transformed tigsue in en2B8/en30 wings is actually postericr halitere, it should
+

require the pbx gene. Table 14 shows that this is not the case; en2B/en30;pbx/pbx
flies show no reduction in the frequency of transformation of pesterior wing to
haltere when compared to their en28/en30;pbx/+ sibs. However, Tatle 15 shows that the

+ [3 : .
bx gene is required for this transformation to occur. This suggests that the tissue

produced in the posterior compartment of the wing is anterior haltere, Thus the g\
posterior to anterior transformation is also occurring in the mesothoracic cells
which are transformed to haltere,

As noted above, the average number of ST in the transformed ;ing tissue was
often greater than the average total in both compartments of the normal haltere. A
possible explanation for the large number of ST is that haltere tissue undergoes
greater than normal growth when surrounded by wing tissue. A similar observation was
made when examining the ST pattern in wings transformed to h;ltere by the PolxcomDA
mutation (Duncan aad Lewis, 1982). This transformetion differs from that caused bv
enérailed in that the haltere tissue originates at the posterior margin and extends
anteriorly; in extreme cases, tissue from both thg anterior and posterior com-
partments may be affected. However, like the.engrailed transformation, Polycomb
‘produces high numbers of ST, even in weakly transformed wingg. Duncan and téwis note
that partially transformed wings often contain more than 30 5T, although they do not
indicate the dorsal or ventfal location of the sensilla. : -

4

Since transformation of wing tissue to haltere could result in excessive numbers

of ST, I wished to determine if simple juxtaposition of wing'and haltere tissue could
cause this phenomenon. Alternatively, an additional effect on the haltere-like tissue

, . 3
may be required. To test this, I examined the metathoracic halteres of 953/25 flies.

‘



Table 14. Incidence of wing to haltere transformation in en pbx flies.

' 1
en28/en30;pbx/pbx  en28/en30 control

# flies with both
wings transformed

# flies with one
wing transformed

f flies with eeither
wing transformed

1 6
5 45
BT , 114

‘ ) 2 :
Homogeneity X = (.14

p > G0.90

1. Control consists of all en2B8/en30 sibs uhicnpare not homozygous

for 225.

.

Table 15. Incidence of wing to haltere transformation in en bx flies.

3.3 1
en28/en30;bx ™ /bx en28/en30 control

# flies with both
wings transformed

# flies with one
wing transformed

[

# flies with neither
wing transformed

~

0 59
0 158
21 248

Homogeneity X2 = 17,79

1. Contrdi consists of
for bx .

p < 0.005

all en28/en30 sibs which are not ﬁqmozygous_

oEr

e



In tnese flies, the anterior compartment of. the haltere is transformed to wing,

producing a metathoracic structure similar to the en28/eh30 wing with posterior

<

transformed to haltere. oo .
. L]

+ \ L, g
When the en allele was present, very few ST were present 1n'e}ther the dorsal
: . " 3,3 . ; .
or ventral groups in the posterior haltere (Table 16, bx /95 sibs control). This
result shows that mere presence of the faster grouing wing tissue adjacent to the

posterior haltere is not sufficient to cause the large mumber of ST seen in engrailed

.

transformed Qings. However, when any combinantion of mutant engrailed alleles was
. ps 3,3 . .
present in addition to bx /bx", an increase in the number of dorsal and ventral

sensilla in the posterior haltere was noted (Table 16). Although this increase is not

)

statistically significant ut@fp the variability of 5T number 'is taken into account,

the fact that tﬁgre’is always an increase suggests that gngrailed may have an ef fect

Y
P

in the pbstérior haltere when 95*'15 not -present.

\

Garcia-Bellide and coworkers (Garcia-Bellido, 19775 Garcia-Bellido, Laurence and

LI

\

1 . .
Morata, (1979) report an effect of en on the haltere which they describe as a
posterior to anterior transformation. Howevgr,'they do not describe the criteria they
use to distinguish antefibr from posterio éor-shqw photographs of the alteration. I
. . ) g\ﬂ' v O . ‘,,

further examined the metathdracic halt of"ll’éﬂﬂj grailed types ‘in order-

urther e metathcracic halteres a r engrailed geno yoe. in order
to determine whether engrailedalso altered ST pattern in the presence of 95+.
Table 17 shows that the numbers of ST-did not differ significantly between wild
type flies and any of the engrailed genotygés tested. In addition, no trend Fouards
increase in.sensilla number was observed in the enqrailed flies. This redult is in
agreement with that reported by Hayes" (1982),_but does not agree with the ren@?ﬁ of
Garcia-Bellido et al.

background modifiers;

engrailed does affect

77
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. . 1
Table 17. Distribution of sensilla trichodea in the metathoracic haltere.

’ 2
, Genotype § halteres Dorsal group2 Ventral group
' examined :
wild type 35 3.8 ¢ 2,2 12.0 ¢ 2.1
1 1 .
en /en 23 4.2 £ 1,5 13.2 + 3.0
en28/en’ ‘ 30 ¢ 4.7 1.5 12.9 1 2.6
en28/en30 36 3.6 ¢ 1.7 12.5 £ 2.3
1
en30/en 24 4.6 £ 1,5 -11,7 ¢ 2.0
.‘ o »”n

1. Normal distribution of sensilla trichodea is shown in Figure 18.
2, Mean number of sensilla in group t standard deviation.



' 3
It is possible that the haltere pattern alteration observed in en;bx genotypes
is an entirely non-specific effect caused, for example, by the longer development
time required by engrailed flies. This interpretation is consistent with the cbserva-

A [}
tion that the increase in ST number is greatest in the genotypes with the slowest

1 .
development (en28/en30 and en2B/en ). Alternmatively, the effect could be attributed
to gjgrailed. Expressivity in the four genctypes is.consistent with placement in

1 1 1 1
Group 2 (i.e. en28/en30 > en28/en > en /en > en30/en ; see Table 7).

X A final observation on the effects of engrailed in the haltere is that, even in
combipation uith. allgles of the fBithorax-COﬂI:zlex, only the.posterior haltere is
affected. This was ascertained by fbmbining‘ engrailed genotyées with pbx/ bx,. -and
- examining t;w'e sensilla p‘attefn in the untransforrﬂed anterior haltere. As shown in
Table 18, neither the presence of gn}_%/ﬁ nor of g_n_z_a/@1 brodﬂeed a significant
difference in the ST pattern of E!y_/gt_lj flies when comparey to the @* sibs. In
additidn, no consistent trend .can be observed. This is not suerrisinQ, since effects

of engrailed have not previously been observed in anterior compartments of adults.

\

80



Table 18. Effect of engrailed on the sensilla trichodea pattern in the
anterior metathorax of Egi/EEl flies.

4

Genotype Number Oorsal Group ] ventral Group
examined Range Mean Range Mean
en+;pbx/pbx sibs 23 0-4 1.021.1 1n-21 16.413.1
en28/en303pbx/pbx 31 0-5 1.1£1.5 8-20 13.2¢3.3
1
en28/en ;pbx/pbx 7 0-2 0.420.8 12-20 15.912.8
o

?

1. Mean * standard deviation.
e,
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Effects of engrailed in other segnents

The analysis reported thus far has centered on the effects of engrailed in the
thoracic segments. Several engrailed alleles haﬁve t;eqn reported to affect head,
abdomen and‘genital seg@ents as well (Morata and Lauwrerce, 1978; Kornberg, 1981b;
Laurence and ‘Struhl, 1982; Ec;per. 1880).

Genital abnormalities‘ of males carrying endB or en30 vere analysed by F. Epper
(personal'corrmmicat‘ion)‘. He found the most extreme‘abnormalities in gn_z_g/g_n_j_g males,
where most of the genital structures were absent, leaving only the génital arch and a
lateral plate, This abnormality was very consistent, and showed complete penetrance.
_F:_I'_\_Z_B_/@1 males were less strongly affected; in many cases; a reduced penile appéra.tus
‘V\u.:a.s formed i? addition to the structures fourd in _eﬁgg/ﬁ. Males of 8_13_0/921
genotype were even closer to normal in appearence, often forming claspers as well as

. ’ . r] .
a penile apparatus. Since Epper found little or no abnormality in the genitalia of

1,1 .
en /en males (Epper, 1980), this abnormality falls into Group 2 with respect to

) . . X 1
expressivity and penetrance in different genotypes (i.e. en28/en30 > en28/en >

1 1
en30/en > _e:r;/g\_ ).

Engrailed has also been reported to act in the antenna (Morata and Lawrence,

cys . 1 .
1978, 1979). Antennal abnormalities have never be@ reported in en homozygotes, but

otz

Morata and Lawrence observed duplication of the second and third antennal segments

e : . . 1, €2 ..
and arista occurring with low penetrance in en /ED. flies. They reported a

consistent‘plane' of symmetry about which the antennal structures duplicated, and

contended that this plane represented the anterior posterior compartment boundary

) S
(Figure 20R). According to their hypothesis, the duplication of anterior structures

-~

was a replacement of the posterior compartment by anterior, corresponding to the

posterior to anterior transformation in the wing.
I examined the head structures.in several strains of each of the genotypes:
1, 1 1 1 s : o
en /en’, en28/en , en28/en30 and en30/en . Antennal alterations with some similari-




Figure 20. Antennal structures and compartments.

A. Anternal disc derivatives showing anterior-posterior compartment
boundary, from Morata and Laurence (1978). AI, AII, AIII: first, second
and third antennal segments. ar: arista. palp: maxillary palp. vibs:
vibrissae. Large bristles are showd; solid circles represent small
bristles. Dashed line shows anterior-posterior compartment boundary. Blank
region is anterior compértment, hatched region is posterior compartment.
Double hatched region of posterior compartment shows region referred to as
"lank tissue™ in Table 19. Note that the revised compartment map of
Struhl (1981) indicates that the maxillary palp comprises both anterior
and posterier tissue. ‘

8. Diagram of three antennal segments and arista, dorsal.view.
Abbreviations as above. Dashed line shows anterior-posterior compartment
botndary in Al and AII; portion of AIII shown, and arista, are eptirely
anterior. Dotted lines show planes of duplication observed in en /en28
heads. These duplications rarely produce a second arista.
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ties to those reported by Morata ‘and Lawrence occurred at low frequency in a single

4

1 - .
en /en28 strain. Other engrailed genotypes and other strains carrying the same

!

Y

engrailed alleles never showed' these abnormalities.
. 1‘ . N . B
The abnormalities observed in en /en28 flies differed in several respects from

those reported by Morata and jaurence. First, there was no consistent plane of

v .
duplication in the antenna (Figure 20B), which could correspond to the anteriocr-
o : ‘

posterior boundary as defined by Morata and Lawrence. Although they report duplica-

: . . . . N 1
tion of the (anterior) arista in most cases, this was observed in only two en /en28

heads, out of more, than 300 abnormal heads examined. In two additiondl caées, struc-

tures were formed in the position expected for\F duplicated arista. However, the

€

duplicdte structures were very abnormal and possibly represented transde?ﬁrmihgtion

of a portioh of the arista to leg (Figure 21A). However, bracted bristles were not

discernible on the abnormal tissue, so it could not be definitely identified as leg.
B . ' by -

If the heéad abnormalities were caused by transformation of the posterior
. ‘ . , .
compartment tg;anterior, several characteristics would be expected. First, only

! \ " o
posterior stryctures should be. reduced, absent, or abnormag.'Second, only anterior

structures should be' duplicated of enlarged. Third, there £hould be a‘correspondence
- . " |

. | i e I o ‘
between thé amount of posterior material missing and tHe amount of.duplicated

“-anterior. LY <

Lo
(

tion. In this case, one might’pOStuiate an increased propensity towards d ath of

cells in the posterior comparﬁmént; death of @

" posterior to anterior‘transfdrmatidn. However, this mechanism could also produce .

)

apnormalities not predicted by transformation. Cell deafh'without/éébsequent dupiica+_

“tion would produce .only abnormél or missihg stfuctures, ConQersély, small areas of

1

*

4;,:,

k!



.

Figure 21. Head abnarmalities {n en2B/g[J.

A. Maxillary palp (PALP) is fused to the third antennal segment on left
side while right palp is in normal position. In addition to the normal
arista, there is an ogtgrowth‘'from the antenna which resembles a
duplicated atista distally (DUP AR), but which is very abnormal near the
base. magnification x220

B. Maxillary palp is duplicated (ouP PALP) with very little teduction in
the other structures. x130 .

C. Base of the third antennal segment (ANT3) and palp are fused,
eliminating the intervening tissue ahd causing the vibrissae (VI) to form
a clump. No structures appear markedly enlarged or duplicated. x110

@
~






¢

cells death might be fallowed by largk amounts of duplication and cause an increase

. A . >
_in the total number of structures present. Thus there need not be a close correspon-

dence between arsas of missing and duplicéted tissugs. In addition, posterior cell

£
death may be followed by duplication of adjacent ppsterior cells, and result in
' : 1

duplicated posterior structures. It As noteuworthy that head abnormalities caused by a

temperature sensitive cell death mutation (Russell, 1974) resemble those observed in

engrailed headys ' ' -

1
Table 19 shows the range of abnormalities observed in en'/en28 heads. Structures

n

considered have been divided into thiee groups, anterior only, mixed anterior and
. .
. i
posterior, and posterior only. It should be noted here that the compartment maps of
. e A

Morata and Lawrence‘(w?B) place the maxillary palp entirely in the posterior com-

partment, However, the revised map reported by Struhl (1981) shows the palp to

- o

consist of both anterfor and posterior tissue. I found the palp to be duplicated in
many of the abnatmal flies (e.g. Figure 21B}). lere the palp entirely posterior, this

abservation would be inconsistent with the posterior to anterior transformation

hypothesis. If the palp /contairis\both anterior and péqterior tissue, duplication of
the palp does not, in l/tself , Tule out the t’ransfdl‘mation hypothesis. For the

present analysis. the palp is considered t.o comprise both anterior and posteriar

tissue,
|
While posterlor structures were often absent in abnormel heads, neither miSSing

’

nor duplicated .structures vere entirely postarior specific. u.holly anterior strutures

o (arista and vibrissae) were seldom or never duplicated. Vibrissae were often abnormal

in‘%t ‘the usual lines of bristles were crowded together into a reduced space. This
generally occurred in conjunction with reduced area of postetior-"blank tissue" (see

‘Finge ZQA), and may have been a secondary effect. Most d\plicgti-ons were of struc- |

<

tures containing both anterior and posterior tissue (dntenna and palp), .

€
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suggesting a possible role for the compartient boundary in duplication. However,
;noithor antennas not palps showed oonsiotent. mirror image dupliootion uhich” def,j_nqd‘ ¥, B
the ‘:A“t‘"“t bomdory. In some cases the .entire t.hird antennal segment or palp was - i,

dwliqatod; trm duplication of posterior tissua could oceur,

A strict correlation botueen loss and dwlicai:ion of tissue was not obsarvoa\il:j -

some heads dq:lications uere obsctved without any apparent. reduction in other struc-

\]

j‘.turos (Figuro 218)¢ Alternataly. absonco or teduotion of he posterior blaqk tissuo

separating the antamo and pelp was a frequent abmrmality. Simple elimination of

,J:b‘
2

this' tissue spmotimos accyrred in the absence of any extensive duplication {Figure

N - S A

'zu:) | | L | s

e
-~ e

Conaidorad togcther. tho abovo rosults suggest t‘hlt postotiorrcall death. some-%v
. tim-s followed by dq:licat.ion. is s more 1iksly moohgnisn/to produco gmg i haad .
'abnormalities thon is rodotcrmlnation of postorior cms to make anterior structuros. - _
.
One furthor tast of this hypothesis considared the’ assunption that poste:‘ior calls in
“the heads of en /en28 flios were musually prone to coll dnth. If =0, factors uhioh "
‘ incruso ftequoncy of coll duth should sh& a disptopottionately strong affect on - -
| thoso colls. and causc incrusod frequoncy of abnormality. Since x-in‘odiation éausoa
: ooll duth. en /on28 1arvu were itadiatod (950r) at difi'orcnt timos throughout ;
davnlopmlnt (lell 20). Tho froquoncy of head abnomolitias was conpatod to- that in
/Lrﬂrradiotod conttols aml in !yon sibs irrldiutod at th. sm .9.. Ttblo 20 shm E
~that irrodiation cousod a marked incrnso in tfr hoad abnomlitios in en /on28 flios ‘ ) L
without offecting sibs. ALl hud abrmmlitias uere cmlitativoly similar to thoso ? |
"obscrvod in unitradiotod on /on28 flios. Thus call deoth probably has a. role in |

md._.;j,ng thoso obno:mulitiu. | - :""f
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s Tq:-ntun m}.tivity ofm_,g'ffocta - T

' Brutsd (19a1) uportod thot tha affect of en /.n as measured by the" number of

'

posterior sax ccmb taoth produced wy cold sensiti\ld. She found a steady 1nt:req,ga in’

the mean n\.mbet of postdtidt sex comb teeth produced as. gtowth tenperature was .

B :educod, fm 0. ‘i3 It 20, 5 ' to 6,26 a‘t 14 This 1ncruse uas not correlatud with an

u .

intreua 1n the ovetall size of 77 fly a8 tmﬁeraturc was decreased' Lawrance and -

’ .-, Morata (1976) roported a similar ‘cold sanslti,vlty in t‘,hg uing tunsformation of en1

hamzygotu. Thuy obsorved more extrm transformation at 25 ‘than at 29 as quanti-

s

' alwayo significnnt, Yhe

fisd by counting the nunber of posteriot triple row brlstles ptesant at each ten?era-

tuta. The clefted scutallun hauevat. did not: follow the same ;Sattern of cold -

’
oA

' sonsmuty. Brastod (19«1) found thlt m exprcssion uss most pxtrema at 25° and

»

d-oruscd at mora axtrema tanperaturas. - o ,‘

 These obsarvations pronpted saveral question:. {shed to ‘determlne whether thd' ’
mainder of ‘the abnormalities oburved inen’ /cn1 fli,ea were cold scnsitive, and 1f '

theu nbnormaliths also shoued tmrature sansivity 1n othcr ganotypos. or particu- ST

lar intonst was tha afiy"cct of tenpotatute on the anze/gn.}o fllas; 1f teupsrature

- - <

°mslt1vity were an allolc spscific effact 1t would: not be observod hern. In addi- :

tion I wished to det.ormine uhot.har Group 2 abno/malitlas wera affactad by tonpata-

.,=,' .;

& Tgbhh 21 22, and" 23 shou tho cffdct af twotuturo on: Gmp ‘l and GtOLp 2

ubnormlntiu. In ordar to avoid dif!oromn duc to bsckground modifioré, the samo

sttaina mrt exami.md at hig1 and low ‘bmrature. Although diffarancas uu not
T

) peutranco and exprusivity nf ovcry -bnormality axamlned

: : B vjff'_‘%a' ’
vare comiatontly higm at 2P “than .t 29 . 2 ,’.

Fliu fum at lour tuupoutuns und t.o grov. h:ger than thou nisod ut

hiqwr tlvpcz;atuxn u mnwrod by mun body mid’tt (Ng.1,¢*1940) In addition, the



Table 21, Effects of ¢

SR n.l’n z standatd deviation, :
2. Number of wings or legs examined is shown in parenthasas. :

L}

S e ()

Temperature’ o' /en1 Bln:n1 en28/en30 en30/en1
posterior 3222 € 41,548, 9,6817.1 0.7£2.,0 0.320,7
triple row - - () (M) (104) . (40)
bristles | $20°C - 23.4#11.7  2.946.8  0.1#0.6  0.1:0.7
) I C sy - (10) ~ (84) - (48)
‘posterior 2°¢C B.gd, 0 2.4¢25 p 03047 0.1:0,2 .
sex comb o (18). . (18). (38) (20)
teeth S 28°C . 5.584.4, - 1,483.2 0 (38) 0 (20)

: y L (1) (28) : S
‘posterior 7 S o  h.820.4 - 4.420.5 4,0+0,5 - 2,30.6
wing veins . . (28) ~(3¢) - (s0) (40)
(scale 1 to 5) 8¢ 3,541, 3.580.7 3,007  1.5:0.6

(@) -

°

"',
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J
Table 23. Effect qf taﬂpératurn on the frequency of Group 2 abnormalities.

Abnormalityj' Tenperatuse. _;031/_0_11_1-, : gn_ZI;/g1 en28/en30  en30/en’ «

L j = e
Uing to haltere' . 22° C  0(2000)  0.013(720) 0.37(434) - 0(2000)
transformstion . o ST

.~ 28°C ° 0(500) 0.002(s80) 0.26(254) O (500)
Posterior  22°C 0 (248)  0.366(745)‘ 0.859(488) , 0 (240) X2 !
claw abnormal ' ' B ‘ L

20°C  0(162) 0.3(198) 0.675(708) 0 (132) I

F 3

~ Y - .
1o Number of wings of legs examined is shown in parentheses.

A



7 ’
» - X " .
‘ . !% . . N | R .
& . - ! .
L o _ S ' - \
‘mean length of -the wing itself increasies at lower temerature (Stanley, 1935). Thus
"' -

I had to consider the possibility that the inc;:eased numbers of postérior sex comb

teeth and posterior triple Tow bristles were: due to general size increase rather

Ld -

than a spocific gm effact. ulere this the cge, the relatiwe frequency of the

- normal anta'rior brist'Les wuld th much the sahe at the hlgh and lqu 'tenp_eratures as

the relati;‘aa frequency of the pos ior e_rg_r_ailed' structures. Table -24 shous the

.

the cold scnsitiVity .ts a real gggg effect rather than an .artafact.

rssults of qu both anterior and posterior triple rowe bristles and sex comb

. teeth in uings and legs of two engrailed gsnctypbs. Rlttough the frequency of the-

- anterjor e‘lemﬁts is fdecrasssd at 29 » the decrease is nouhere near as- extreme as
!
that observed fcr ‘the gg; transformd posteniar elemants. This indicates that-

[N

\ :
One exccption to the cold sansitivity ruls was observed. Head abnormalities in

sn /g_l-@ f;ies showed. increasecf expression at higher tanperatures. Not -only was

frequency of the amormality increassd (Table 25), but tha type of abnormality

/
/

jed as tsupsrature was incressed (Table 19) At low tenperature. dt.plications of

palps and antema were observed. seldcm associated with missing structures. As .

- tewatatu:e incresspd, more dramatic abnormalities appeared. with large areas of

am absent, and freq.mt fusion dof the palp: to the basa of the antenna. This may

suggnst largsr arus of ccll déath occurring at higher teuperatures. It does raise
‘-the q.nstinn of hcw the antml abnormlities are related to the other _e_ﬁ

effects. e
.w, :

VR

Two ganeral conclusions ‘can be drawn from the: tanperat&e smsitibity tests:
}

COIB sansitivity is not an allele specifiés effact. but is characteristic of several

. mutaticns of the m locus, and cold sensitivity is a characteristic of’ the

: b,:

Group 2 abncrmalitias as uall as Brwp 1.
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Table 25. Effects of tempex:atura on the freﬁuency of en28/en

- head abnormalitles. R .
Temperature .,  # Heads examified # Rbnormal % Abmormal
. P . . ) ° - ) o [
+
P X . ]
S22 2 B8 o 9. 1,7-%
o } v - - - . ! . .
3 Cc . a8 oon 4.5 % g
29 ¢C : 102 : 7 . ,B6.8% ﬁ
. - : o - . ) A
1. A}l heads of enZB/en flies were mm.nted between coyersllps and ‘
examined for abnormalities. Each head: consists of two sets of A
structures, i.e. half heads. Abnormalities may affegt one or ‘both -
halves; frequency shown is on a per head; not aper half head )

‘basis.- ' R ’ . .



DISCUSSION

Dosage relationships of engrailed alleléi

A commonly applied method of learning about the wild type function of a gene is
’ !

to examine the effects of mutations in that gene. For this to ge effective, however,
the nature of thé mutations must be Jgsarstood. If a mutation vhich alters the gene
product is interpreted as thugh it elimipates the Eﬁﬂe product, the conclu;ions
reached regarding the normal function of the gene will bg erroneous.

w’

) 1
The first guestion to be approached in this regard is whether gg is a hypo-

X
morph. This hypothesis has been advanced tcyé;blain why 221/221 causeSZDnly an
incomplete posterior to anterior transformation of the wing, and assumes that absence
of engrailed activity would produce a cohpletéi}ransformation. This.assumption is
critical for the %ypothesis that engraiied is a selector gene which suppresses the
énterior pathway of development, ana promotes posterior. The hypothesis that 521 is a
- ) ’1
hypomorphy has been tested by performing dosage studies with en and the deficiencies
en28 and en3Q. )

It is unlikely that both en28 and en30 entirely delete the engrailed locus
because they produce disﬁinctly different phenotypes. Since en30/en-lethal flies
A;urvive, it can be conplu?ed that en30 does not remove the entire locus. However,

- = ' .

'en2B. removes most of 48R, where engrailed has been localized, and produces the same
pheaotypg in aYl genotypic combination as do the larger deficiencies epA and enB.
This éugéests that enZB is entirely dbficient for the engrailed locus. An additional
point favoring this cbnclqsion is fﬁat en28 wés isolated wiFh the‘insertion on 3;
which supprésses all.ehgrailéd effects; this probably occurred by transposition of
the‘eﬁtire engraileifgene. P;eliminarfrrgsults of the molecular analysis of engrailed
also indicate éhaﬁ}thelloqps has been completely deleted in en28 (T. Kaornberg, .

personal communication).

99



~ 100

Given that gggg conplete}y delete§ engrailed, any abnormali?y which is weakly
expressed in gg1/§£? because of residual gg+ activity should be more strongly
» expres;ed in 2929/291. This ranking of genotypes was obtained for abnormalities of
the poste?ior compartment of legs, such as missing claws, and for the wing to haltere
transformation (Table 7, Group 2). However, the effects of engrailed which can be

o
unambiguously desc;}bed as posterior to anterior transformations are expressed most
strongly in the presence of~two copies of the gg1 allele and more weakly wﬁen the
engrailed locus is deleted“(Table 7, Group 1A). This suggests that the posterior to
anterior transformations are not due simply to a lack of gﬂ+ activity. Poss%bly they
arise from an altered orrnew activity conferreﬂ by the 221 allele. This hypothesis is
somewhat tenuous, since a mutation which causes alterations by producing a new or

‘ A
altered gene activity might be expected to be dominant over its wild type allele.
However, gn_1 might dterfere with a normal process in a dosage dependent manmer
gg1lgg+ would have sufficient gg’ activity to appear normal uhereas gg1/gg1 would
not, and the posterior to anterior effects produced by the 519 allele would be weaker
in g{f/deficiency genotypes with only one dose of gg1 present. At least one case has
beén recorded where a mutan£ acts in a manner similar to'this,‘as a recessive anti-
morph (Thierry-Mieg, 1982).

Although the dosage studies indicate tﬁat gg1 is not a siéple hypomarph, thére
is a drauback to this type of analysis. There may be regulative interactions between
the two alleles of a gene, and regulation may‘be different when two gene copi:s are
present than uhen one copy is deleted. For example,‘transcription of engrailed mé?'
require a threshold levei of inducer. Local concentration of inducer may be higher
when only one engrailed gene is present, the other deleted, resulting in over-

' -]

production of the allele which is present. If such a situation exists, it could

1, .
result in en /en28 producing more gene product and showing a m&%e normal phenotype
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1

than gg1/gg1. Until the nature of the regulation of engrailed is knoug, such a
possibility‘cannot be eliminated. f” | °“<’i5%

A final alternative is that 221 causes over-production of the ﬁor;al engrailed
gene product. This hypothesis éan be ruled out by the observatiah that the insertion
portion'of the EQZE transposition (i.e. the duplication of the engrai;ed+ locus)
subpresses alllthe abnormalities conferred by ggj. In addition, th;s insertion is

homozygous viable and pherotypically normal in wild type background, indicating that

four copies of the engrailed+ gene will not ajter phenotype. )
Y ¢ _ -

. )
1 - : . .
Like en , the en30 deficiency does not have a readily defined effect on the
. . b 3 ' - 3 i
engrailed &ocus The o sefvatxon that en30/end8 and en30/en-lethal flies survive
shows that en30 does not inmactivate, the engrailed vital locus. However, since both

these genotypes show adult abnormalities, there is some effect on the engrailed gene,

possibly a position effect.

Number of gene functions

All the above considerations are built on the assumption that the engrailed
phenotypevis the result of a mutat;on involving only one gene function. It.is~
possible that engrailed is a complex locus witﬁ at least two different (although
perhaps related) funciions.‘The genetic evidence wHich would support such a hypothe-
sis is that twsrgypes of allele qependent abnormalitigs are observed.'Lethal alleles
form one complementatioﬁ group which Qroduce extreme embryohic abriormalities. Both
ggf and en30 complement the lethals with respect to‘fhe embryonic phenotype, but |
produce adult abnormalities. However, the adult phenotype of the lethal alleles over
5{? or en3Q is very mild compared to thése alleles over en28 or to gg1 homozygotes.
These obseﬂvatigpsimay indicate the existence of one gene functi;n required for ,
proper embryoniE dévelopment, and a second gene funétiéﬁ réquired only in:;he adult.

% . .
Two gene functions could be ascribed to two separate genes or to a single structural
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locus, the product of which is differentially processed and thus functions differ-
ently early and late in development,
’ 1
If separate embryonic and adult functions are involved, en affects onlthe <

adult functiom, gg-lethals only the embryonic function, en28 deletes both, and en30
. ]

«

has some effect on the adult function, but does not inactivate the embryonic one.
However, the two functions§ire not completely independent, since gg1 /m—le'thal adults
show sbme abnormality. In addition, clénes of lethal alleles are abnormal in many
se(;nents, even when induced late in development.' Thus thé early gene funcéion' contin-
ues to be require;:l after embryogenesis. This could indicate a dependence on the
presence of the normal embryonic gene (in cis) for propér requlation of the adult
gene. For example, if alternate processing of a single transcript is involved,“ en-
lethal mutatiohs might abolish the early functian and altér processing so that the
late gene produ;:t is not complétely normal, *

The observed genetic relationship might also result from nutation of genes for
two steps in the same biochemical pathway rec'pirea for normal adult differentiation.
If each step is sensitive to the level of narmal gene product, mutations in the genes
for thé two steps could fail to complement completely, giving mild adult
abnormalities. The norn@l appearence of (for example) an gn_1 /grl_i-letha'-l embryo could

o : \
indicate that either 1) lower levels of the pathuay end product are required in the

embryo or 2) only the en-lethal gene product is required in a different pathway in
the embryo.
Biochemical evidence in support of the two gene hypothesis is Kornberg's report

of two RNA's transcribed from the engrailed region-(%ermnal communication). It is

not yet clear how these transcripts are related, and vhether there are ‘wat{al or

temparal differences in their expression. | ,

Evidence against the existence of two separable gene functions derives from the

\results of mutagenesis screens, Even when screens are, esigned to identify alleles

’ 3
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causing adult abnarmalities over en , the induced alleles tend to be embryonic
lethals. If an adult gene exists separately from the embryonic gene, one might expect

to recovét more alleles affecting only adults. A saturation screen over en28 to

. search for such viable engrailed.alleles might clarify the matter.

\ &
The possibility that more than one gene function exists necessitates a careful
{

analysis of the engrailed abnormalities to determine which altered function caused
them. The following discussion will attempt to deal with both the possibility that
engrailed abnormalities result from alteration of a single gene functicn, and that .

mare thanone function is involved. 4 S
v ¢ ‘

Effects of eliminating engrailed
The abriormalities. which represent the absence of engrailed'may prove to be:the-

Q

most informative as to the function of the wild type geme or genes. If the engrailed

locus is complex, the genotypes must be grouped according to which function is *+ . \
w LY

affected. Homozygosis of en28 causes embryonic lethality (m A Russell, personal com-

v

municatiaon), ptesumably by eliminating the embryonic fS%ction. However, en28/+-1s
normal, indicating that one dose of the embryonic gene is:sufficient_for normal
development. Thus the adult gene function may be studied‘in trans-heterorygotes of
en2B and alleles which do not affect the embryonic function. Both en28/en30 and ‘

k]

enza/en fall into this category. Adult abnormalities which are most extreme in these

genotypes are the wing to haltere transformation and posterior leg abnormalities

"(Table 7, Group 2). It is noteworthy that genital abnormalities, independently

described by F. Epper (personal communication), also fall into this catégoryr

The common feature of these pattern abnormalities and those originally identl-
1
‘fied in en homozygotes (Table 7y Group 1) is that the posterior compartments are
affected in” both cases. Although different subsets of abnormalities are expressed

more strongly in different genotypee, the\\bnormalities are related. This is indi-
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cated by the observation that salectlon of flies with increased expression of some
aonomallties can result ln simultaneous increase in expression of all others. In -
' addition, a single cell may express more than one ty’pe of -ebnormallty, since ulng

tissue uhich has been transfarmed to haltere shous signs of having undergane |

posterior to anterio/rtr-ecﬁformetlon as well.

R.ng. of engrailed sbnormelities = ' b

Several inconsisterr:ies are encountered when trying to explain all greil
abnormalitles by the same meohanism. Korr’bere (1981a,b) has suggested that gggrail
is required in the posterior co’_mpartment of each segment thrgughout development’ to
maintain the bomderies betueen corrper'“tnents and segments. However. embryon:ic Dattél‘n»'
disruptions ere not oonf'ined to‘ posterlor, conpertnents (Nusslein-\lolhard end
Wieschaus, ‘l\QBO; M.A,Russell, personal communication), and there'does not aopet;r to
be a‘simple relationshlp between the embryonic and edult abnormalities. This aoe_in

makes the hypothesis of. seperable‘ embryonic and edult gene funotions a‘ttractive. "
1

-

It is still not entirely clear uhetner Qgreil effects all adult segments. In

*

the head and heltere. any effect is clearly dependant on genetic beckgromd The head ‘:

effects are musuel in that they have only been found ina single strain of one’

genotype. and they do: not follow the same cold sensltlvity pattern of c{ther r_‘grell | E

ef fects. Possibly their expression requlres mutetion at another locus, which is |

abnorrnal ln the: single en1 mramsane shouinq‘nead effects, and deleted in: en28

Temperature sensitivity could then be attributed to the second locus. | , | 7. o
The transf‘ormation of wing tlssue to haltere suggests that e ggrall ls ln some

way lnvolved in regulat'loh of the Blthorex-tcmplex: lmproper gg led fmction | - .

'results in the activation of the conplex in the posterlor mesothorax. This trans— T 75 -

formetion 1s oloerly dlfferent from thet ceueod by other wing to helteto trutetions

" however. Contteblthorex (Leuls. 1963, 1964) and Polzc (Duncen and Lewis, 1982)
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produce halte:e ,.tissue at the r;osterior'wing margi‘n.‘ Ihe tid\sue extends anteriorly
.for'varying distances, andvcan cross into the .anterior conpa tment.'.m mimic
transforms the oing blade to heltere, beginning in the.‘anteri rcmpartme‘r__\t and
extending into the posterior.. However ,- _e_mrailed \uing to'hal-te tissue invar‘iably
ad‘efinas the 'anterior@stérior boundary, ahd only extends poste iorly. ggx affects'

: proximel structures ‘(ving, hinge and post-notum) whereas emrailed\effects are limited

“to the wing blade. In addition, ﬁll other wing to haltere mutations are dominant

i whereas engrailed is c’:‘npletely receseive. Thus the & ggraile wing<to haltere

s

transformation dOes not readily resemble other e mrailed abnormalities or other wing

to haltere transformations. .

5

Role of the ﬂ gane
The nature of the abnormalities produced by deletion of ﬂrail does ‘not

'smport the hypothesis that e_ngrail is a salector gene. There are at least two

broad classes of alternative interpretations of Egrailed activity. The first type of

| explanation assum_s that‘gggrail' is ; involved in, some_. type of regulatory r,ole in
adult posterior; coir\pattments, and is requ‘ired for thepr_oper development of ‘th'ese

. comartments. Disruption of _e_rgreil activity thus disrupts the d%velopment of

| jposterior cmpartments only, but the result of this disruption need not be trans-

~formation to anterior coupartment. Such an explanation is essentially a less strin-

’ gent modification of the selector gene hypothasis. It does not, houever, clarify ths L

0 - n

meohanism of gggg action. nor does it accomt for the. embryonic abnormalities. -

<

Such a hypothesis involves assuming that the embryonic phenotype results from a

o

o » .'closely linked but fmctionally mrelated locus. Howaver, abnormality at the

embryonic locus must be able to exert an effect on the activation of t:he adult gene,

' since olones of en-lathals do cause adult abnorrualitiea. If related gene: funotions |

: , lare involved, refinaments in rnglation must allow expression of the adult gane only :

- 105
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. in posterior compartments, A -' L \ «

An alternative is th\?t eggreiled is a trivial gene in a developmental sense, but

¢

is required far some basic cellular function. This hypothesis has also been suggested
by Korrberg (1981a); it implies that engrailed does not have any regulatory role, For

‘ exanble, it may direct production of a component of the cell membrane. Changing the

%

'character of the component or eliminating it could alter the perfeability of cells.

'ceusing molecules to diffuse abnormally. This could result in abnormal pattern dif-
A Y
ferentiation or prodmtion of pattern elements in tr)e wrong place if positional

information gradients were altered; or even cell death, if essential nutrients were

Y ™
not allowed to 'diffuse into cells.

The problem uith such a generel hypothesis is that it does nat explain the

e

apparent specificity of adult abnormalities to the posterior conpartment. For this,

A

it may be &r:ecessery to assume a differentiai distribution of the component - between
anterior and posterior cmpartment. Thus, r_\g;‘ailed becomes one o‘f the "cyto-~
: differentiation" genes in the scheme originelly proposed by Garcia-Bellido {1975),
dependent on enothet gene to difi-ect its ptope: distribution. Ho\:ever , such a
hypothesis does hevb the advantage that it can explain both the adult and embryonic
abnormalities without postulating multiple gene ac‘tivities. Changes in the perme~
ability of- embryonic cells could easily resuit i,n disruptions of gradients required
ta produee propet segnentetion. In eddition, different ef fects would resul.t from
eliminating the locus (es in en28), from reducing gane activity (as may be §ccurring
in some lethals), a from altering it (es in en ) )

Either a reguletory role, or a general cell function of _e_ngreil could be the
_basis for cell death uhen the locus was mutant. In sdme cases. cell death‘might be

<

'followd by duplication of the remeining cells, Eviderce of cell death has been

’ preeented for the head; it is 8 factor in the genitel abnormalitias as uell. es shown
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by trypan blue £taining of the genital diso (Epper and Sanchez, personal communica-
tion). Leg amormalities observed in deficiency ’genotypes are samewhat reminiscent of
those produced by.cell death using temperature sensitive cell lethal mutations
(Arking, 19:75; Simpson and Schneiderman, 19753 Russell et al.‘, 19773 Girton and
Russell, 1950). The finding of Laurence and Struhl (1982) that en-lethals are cell
lethal in many tissues would also support thev hypothesis that ‘::ell death plays a role
in producing gmraile abnormalities.

1t is known that compartment commitments are lost then regained during the
" process of regener-ation following cell degth (Schubiger, 19715 Haynie and Bryant,
19763 Tiongl et al., 1977 Szabad et al., 1979), which might provide an explanation
for the behavior of engrailed clones. In addition, cell death in the posterior com-
partment of the uing disc, followed by ;egeneration, often results in the production
of triple' rou bristles op the posterior margin (Szaoad et al. ,- 1979), thus such 7
apparent posterior to anterior transfbrmations could be explained. This hypothesis
alone is nat entirely satisfactory, since there is no evidence of extensive cell
death in en1 wing discs, Small en‘l/en1 clones (in en‘I /+ backgrt.nd) near the posterior

»

wing margin, uhere they could not have resuﬁed from regeneration by anterior cells,
still autonomously differentiate transformed elements such as PTR bristles (Lawrence .
and Morata, 1976). This indicates that cell death and regeneration is not a preremi-
site for the appesren:e of anterior pattern. elements in the posterior compartment.
Cell death cannat be invoked to explain the transformation of uing tissue to haltere.
The most satisf_,actory hypothesis for eggrailv a‘gtion may be that engrailed mutants

" affect a basic cellular function in‘a way that Sorr'\etimes “results in cell death.

c

—

The effects of ggg‘ railed[are more complex than origi‘nally believed. Rl,ttm "
g_rgrail clearl:y does not show all the oharacteristics of a selector gsne, an '

f_elternative role for it cannot easily be: assigned Elucidation of the true rola of

gg%l_sg will recpire further uork. including moleoular analysis.

L4
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Appendix 1. Analysis of variance for expressivity of posterior
triple row bristle abnormality.

Source of 55 of Coms F p value
variation , ' :

.
o

30,690.89 3069089 = 255.06 <0.001"

Among genotypes.  109,830,14

120.33

< .

AmBng strains ~ 2,045,56 17 120,33 -120.,33 = 3.15 <0.OD12
within genotypes 38,14 )
Among Flies 9,678.91 259 - 38.14 38,14 = 1,620 <0.001°
within strains . 20.93
Between wings 5,861.00 280 20.93

within flies

1. p valué for 3/17 df = 0,001-uben F = 8,73
24 p value for 17/es df = 0,001 when F = 2,4
3. p value for =/wdf = 0,001 uhen F = 1,00

Note that although there are significant differences amoflg flies within
strains and among strains within gefdtypes,’ the .ha jor source of variation
is the difference among genotypesi '~

\-
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Afpendix 2. Analysis of variance for wing shape.

ms

-9

F . p value

Source'of SS df
variation
Among ger\dtypes 1162, 44 3 3"‘7'8&8 378.48 = 12,90 <0'.(JC)11
! ’ 30.03 ‘ o
Among strains 330,36 11 30.03  30.03 = 2.85 <0.005
within genotypes 10,54 >0.001
Between wings - 1664,88 156, 10,54
within flies

<

1. p velve for 3/11 df = 0,001 when F = 11.56°

Note that while there isa ';1gnificgnt amount of variation among strains
within a genotype, there is greater variation among genotypes. ’
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Aﬁpendix,S. Analysis of variance for posterior wing vein abnormality.

-

within flies

43.00

Source of - ' df ms . F p value
variation - : '
’ “ '
Among genotypes 21112 3 70,37 70,37 = 206,35 <0.001
B . . \ »
" Among strains B.44 13 8,50 » 0.50 = 1.466 >0.10

within genotypes ' ‘0,36

" Anong flies 39,52 109 -, 0,36 0,35 =1.052. 0,10
within strains T | 0.34
‘Between wings 126 . 0.34.

Note that there is no significant difference amoﬁg flies.in a strain or

A

~.among straind in a genotype. All significant differences derive from
differences among genotypes.

!
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Rppendix 4. Analysis of variance for expressivity of pos‘teripr sex

within flies

comb teeth., ¥
Source of 55 df ms F p value
variation " )
Among genotypes  3690.86 3 1230.28  1230.28 = 158.34 <0.001
_ 7.7
 Among strains 217,57 8 7.1 277 = 2.6 <0.01° \
" within genotypes - 2.98 ’
! . ,
Among flies 283.02 95 2.98 2,98 =1.62  <0.01
within strains 1.84 )
Betueen legs 233,50 - 127 1.84 \ '
s o /\ '

1. p value = 0.001 when F = 7.19 for 3/28 df.

2. p value = 0.01 uhen F 2 1.9 for 28/95 df.

3. p value = 0,01 uben F ¥ 1,3 for 95/128 df,

- . .

Note that while there is a sig!'\if‘icant amount of variation among flies
- within strains and among strains within genotypes, the major variation
derives from the differences among, genotypes, - ‘



: ' : 121

.

Appendix S, X2 tegf for expected distribution of alula fusion among
wings of en1/en1 flies. : A
- }

Total number of flies=30 Total number of wings=60 .
Number of wings showing fused alula=44 Fusion frequency=0.73

Expected number Observed number XZ

of flies of flies
Both wings T -
affected 16.13 19 - - 0.5107
Pne wing :
affected B b P ’ B 2.7917

. Neither wing - T :
affected 2.15 5 3.7779
) X2 = 7.0803 -

p < 0.001 at two degrees freedom.



