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ABSTRACT 
The Enhancer of zeste [E( z ) ]  locus  of Drosophila  melanogaster is implicated in multiple examples of 

gene regulation during development. First identified as dominant gain-of-function modifiers of the 
zestel-white (z-w) interaction, mutant E ( z )  alleles  also produce homeotic transformations. Reduction of 
E(z)+ activity  leads to both suppression of the z-w interaction and ectopic expression of segment 
identity genes  of the Antennapedia and bithorax gene complexes. This latter effect defines E(z )  as a 
member of the Polycomb-group of genes. Analysis of E(z)", a temperature-sensitive E(z )  allele, reveals 
that both maternally and zygotically produced E(z)+  activity is required to correctly regulate the 
segment identity genes during embryonic and imaginal development. As  has been  shown for other 
Polycomb-group genes, E(z)+ is required not to initiate the  pattern of these genes, but rather to 
maintain their repressed state. We propose that  the E ( z )  loss-of-function  eye color and homeotic 
phenotypes may both be due  to gene derepression, and that  the E(z)+ product may be  a general 
repressing factor required for both examples of negative gene regulation. 

0 NE approach  toward  understanding the  proper 
control of differential  gene expression is to 

identify and characterize trans-acting regulatory fac- 
tors. Two general  methods are  often employed  for 
this purpose. Many trans-acting factors have been 
identified by isolating proteins that bind cis-regulatory 
regions in a  sequence specific manner. Alternatively, 
a  genetic  approach may be used to identify regulatory 
factors on  the basis of their  functional rather  than 
physical qualities. By isolating mutations that  disrupt 
or  modify phenotypes which are  the result of specific 
examples of gene  regulation,  one can identify genes 
whose wild-type products are components of the  reg- 
ulatory mechanisms involved. In addition to those 
factors which  specifically regulate  a small number of 
genes,  factors  affecting expression of multiple and 
very different  genetic  functions also merit  attention. 
Such  factors may  play more  general  roles in regulating 
gene  expression. We are focusing on factors  affecting 
two distinct and well defined  genetic systems  in Dro- 
sophila, both of which are very sensitive to modula- 
tion: the zeste-white interaction and  anterior-posterior 
segment  identity  gene  expression. 

The z' allele of the zeste (z )  locus represses expres- 
sion of the white (w) gene in the eye (GANS 1953; JACK 

and JUDD 1979; GELBART and  Wu  1982; ZACHAR, 
CHAPMAN and BINGHAM 1985). The X-linked white 
locus is required  for  pigmentation of the Drosophila 
eye. Because in  Drosophila, homologous chromosomes 
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are paired in somatic cells (METZ 19 16), females nor- 
mally have two copies of thew  gene in close apposition, 
while  males have a single unpaired w gene. Homozy- 
gous z1 w+ females have yellow eyes, whereas the eyes 
of hemizygous z1 w+ males are wild type. This differ- 
ence reflects the ability of z1 protein  to  repress  expres- 
sion  of the w+ gene  more  strongly when two or  more 
copies of the white gene's 5"flanking regulatory  re- 
gion are in close proximity (JACK and JUDD 1979; 
ZACHAR,  CHAPMAN and BINGHAM 1985; DAVISON et 
al.  1985; LEVIS, HAZELRIGG and RUBIN 198513; RIR- 
ROTTA, STELLAR and BOZZETTI 1985). 

Mutations in a number of loci, including several 
Minutes, have  been isolated which act in trans to 
modify the z1 eye color (KALISCH and RASMUSON 1974; 
PERSON 1976a,b;  WU et al. 1989). Several other 
modifiers of the z1 eye color display no Minute  phe- 
notypes. These include Suppressor of zeste 2 [Su(z)2], 
Enhancer of zeste [E(%)],  Suppressor of zeste 4 [Su(z)4] 
(KALISCH and RASMUSON 1974; PERSON 1976b; Wu 
et al.  1989)  and Sex comb on  midleg  (Scm) (Wu et al. 
1989). At least some of these are likely to  encode 
products  that are involved in the repression of white 
gene expression by the z1 protein. 

Both Drosophila larvae and  adults  are segmented 
along  the  anterior-posterior body axis. The develop- 
mental  fates of the cells within each segment are 
largely determined by the active states of the segment 
identity  genes of the Antennapedia (ANT-C) and bi- 
thorax  (BX-C) gene complexes [see AKAM  (1987)  for 
review]. The pattern in which the segment  identity 
genes are expressed is initiated by the segmentation 
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genes  early in embryogenesis (WHITE and LEHMAN 
1986; INGHAM and MARTINEZ-ARIAS 1986; INGHAM, 
ISH-HOROWICZ and HOWARD 1986; MARTINEZ-ARIAS 
and WHITE 1988; HARDING and LEVINE 1988). Once 
the  pattern is established,  it is maintained in at  least 
two ways. First,  the  spatial  domains  of  segment  iden- 
tity  genes  are  restricted by negative  regulatory  inter- 
actions with other  segment  identity  genes. For exam- 
ple, BX-C genes  repress  expression of Antennapedia in 
more  posterior  segments (HAFEN,  LEVINE and GEHR- 
ING 1984; HARDING et al. 1985). Second, a group of 
loci collectively known  as  Polycomb-group  genes, 
after  the  prototype Polycomb (PC) locus, are  required 
to  maintain  the  segment-specific  repression of the 
segment  identity  genes (STRUHL and AKAM 1985; 
WEDEEN,  HARDING and LEVINE 1986). Mutations in- 
activating  functions  of  any of the PC-group loci allow 
ectopic  expression  of  segment  identity  genes,  resulting 
in  a general  syndrome of homeotic  transformations 
(STRUHL 198 1, 1983). 

So far  three loci have been identified in which 
mutations  can  both  produce  homeotic  transforma- 
tions typical of PC-group mutations  and modify the z' 
eye color [Su(z)2, Scm and E(z ) :  Wu et al. (1989)l. In 
this paper, we describe a more  thorough  characteriza- 
tion  of  the role that one of  these, E(z ) ,  plays in 
modulating  the 2'-w interaction and in producing 
homeotic  phenotypes. We suggest  that in both cases, 
the  phenotypes  produced in the  absence of  sufficient 
E(z)+ activity are due  to  derepression of gene activity. 

MATERIALS AND METHODS 

Mutations  and  strains: Both Df(3L)lxd6 and D f ( 3 L ) l ~ d ' ~  
(Table l), which were  kindly provided by V. FINNERTY, fail 
to complement the recessive phenotypes elicited by E ( z )  
mutations. In the  text, they are referred to generically as 
Df(jL)E(z)-. Dp(3;j)SZaj  is a tandem duplication which 
contains two copies of E(z)+ and is referred to as E(z)+, 
Dp(3;3)E(z)+.   In(3LR)TM3,  Sb Ser and In (3LR)TM6B,  T b  are 
third chromosome balancers which will be referred to as 
T M 3  and T M 6 B ,  respectively. The 1(3)67Fa alleles were 
kindly provided by MARK PHILLIPS and ALLEN SHEARN and 
are described by SHEARN, HERSPERGER  and  HERSPERCER 
(1978) and  LINDSLEY and ZIMM (1986). The 1(3)67Fa', 
l(3)67Fa3 and l(3)67Fa7 alleles were previously named 
l (3)1902,   1(3)MK436 and 1(3)MR127,  respectively (SHEARN, 
HERSPERGER  and  HERSPERGER 1978). All other mutations 
and chromosomes are described by LINDSLEY and GRELL 
(1968) or LINDSLEY and ZIMM (1985,  1986,  1987). 

Culture conditions: Flies  were cultured as previously 
described (SMOLIK-UTLAUT and  GELBART 1987). Unless oth- 
erwise specified, crosses were maintained at 25 O .  

Mutagenesis  procedures: In experiments designed to 
revert the dominant gain-of-function eye color phenotypes 
of E(z)' or E(z)"' ,  males  were irradiated with approximately 
4000 rad from a '"'Cs y-ray source. Males bearing one of 
these alleles  were aged the equivalent of 3-5 days at 25" 
before being mutagenized. After mutagenesis, they were 
allowed to mate for 1 or 2 days for ethylmethane sulfonate 
(EMS) and 7-ray mutageneses, respectively, and were then 
discarded. Inseminated females  were brooded every 2-3 

days.  In FL' lethal screens designed to isolate mutations which 
fail to complement the recessive  lethality  of E(z)",  aged 
males  isogenic for an ebony" (e") third chromosome were 
exposed to 0.3% (v/v) EMS in 0.3 M sucrose for 24 hr 
(LEWIS and BACHAR 1968), and mated to females bearing a 
TM3, Sb Ser balancer chromosome. F, *e"/TM3,  Sb Ser 
males  were  individually mated to two sc z' w"; E(z )" /TM3,  
Sb Ser females. Each cross was scored for presence or absence 
of Sb' progeny. 

Tests for allelic recessive  lethality: Females which car- 
ried either E(r)' or E(z)" in trans with the TM3 balancer 
chromosome were  crossed to males carrying one of the 
1(3)67Fa alleles  balanced over TM3. In each lethal test in 
which no E(z)/1(3)67Fa progeny were recovered, at least 
350 TM3-bearing sibs  were scored. 

Determination of lethal phases and homeotic leg phe- 
notypes: The developmental stages at which individuals 
hemizygous for E ( z )  mutant alleles die were determined by 
crossing  males carrying an E ( z )  allele in trans to either  the 
TM3 or T M 6 B  balancer chromosome to Df(3L) lxd1 ' /TM3 
females at 25". The numbers of dead third instar larvae, 
pupae, or viable nonbalancer adults were then compared to 
the numbers of  viable adults carrying either  the E ( z )  mutant 
allele or D f ( 3 L ) l ~ d ' ~  in trans to a  third chromosome balan- 
cer. Homeotic leg transformations produced by mutant E ( z )  
alleles in trans with E(z)"' were determined by crossing  males 
carrying an E ( z )  mutant allele in trans with T M 3  or T M 6 B  
to sc z' w*'; E(z )S2 /TM3 females, rearing  the progeny at 25" 
or 29 O , and scoring the legs  of E(z)"/E(z)" pharate  or eclosed 
adult males. 

Cuticle  preparations: Embryonic  cuticles were mounted 
essentially  as  previously described (IRISH  and GELBART 
1987). Eclosed or pharate adults, which were  dissected out 
of their pupal  cases,  were stored and dissected in 70% 
ethanol, then mounted in  GMM, a 2:l Canada bal- 
sarn:methyl  salicylate mixture  (LAWRENCE, JOHNSON and 
MORATA 1986). 

Antibody staining: Immunohistochemical staining of im- 
aginal  discs and larval central nervous system (CNS) was 
performed according to the protocol of BROWER (1987) 
except that antibody localization was visualized by horse- 
radish peroxidase staining (MACDONALD and  STRUHL 1986) 
and photographed using  Nomarski-DIC  optics. For embryo 
staining, females  were  allowed to lay eggs for 0-14 hr  at 
25" or 29", as specified. The embryos were then washed 
with water, dechorionated in 50% hypochlorite bleach, 
rinsed  extensively  with water, and fixed for 20 min  in 4% 
formaldehyde in PEM [0.1 M Pipes (pH 6.9), 2 mM MgS04, 
1 mM EGTA): heptane (1:3). The fix-heptane mixture was 
removed, followed by heptane washes and devitellinization 
in methano1:heptane (1 : 1). Devitellinized embryos were 
then washed  several  times  with 100% methanol and stored 
in methanol at -20". The Scr (GLICKSMAN  and BROWER 
1988b) and Ubx (WHITE and WILCOX 1985) monoclonal 
antibodies were kindly provided by M. GLICKSMAN and D. 
BROWER, and by G. STRUHL, respectively.  Biotinylated goat 
anti-mouse immunoglobulin G was purchased from Vector 
Labs. 

RESULTS 

Isolation  and  initial  characterization of E(%) alleles 

In this report we will deal with four classes of E ( z )  
alleles: a gain-of-function enhancer  of z' [E(z) '] ,  gain- 
of-function  suppressors  of z' [e .g . ,  E ( Z ) ~ ' ] ,  revertants 
of  the  dominant eye color  phenotypes  produced by 
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TABLE 2 TABLE 1 

List of mutations 

Cytology in 67E region Origin 

Normal 
Normal 
T(2;3)21C1-2; 67E3-4 
Df(3L)67E3-4; 67F1-3 
In(3L)64B; 67E + 
Normal 
Normal 
Normal + In(3L)64E-F; 

Normal 
Normal 

Normal 
Normal 

Df(3L)67E1-2; 67E5-7 

75C-76B 

Df(3L)67E3-4; 67E6-7 

Df(3L)67E1-4; 68A1-2 
Df(3L)67D9-13; 68F 
Normal 
Df(3L)67E1-2; 67E3-5 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Df(3L)67E1-4; 67F1-3 
Df(3L)67E1-2; 68Cl-2 
Df(3L)67E; 68C10-15 
Dp(3;3)67D9-11; 68A1-2 

a 
b 
C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

C 

d 
d 
d 
e 
e 
e 
e 
e 
f 
f 
g 

a, EMS-induced dominant Enhancer of z J  w+/Y eye color (KAL- 
ISCH and RASMUSON 1974); b, EMS-induced dominant Suppressor 
of z’ w”/Y eye color (WU et al. 1989); c, y-ray-induced revertants 
of  the gain-of-function E(z)’ e  e color; d, 7-ray-induced revertants 
of the gain-of-function E(z)’ Y eye color; e, EMS-induced allelic 
recessive lethals; f, X-ray-induced recessive  alleles of Ixd (SCHOTT, 
BALDWIN  and  FINNERTY 1986); g, X-ray-induced derivative of 
Dp(3;3)S2 (CRAYMER 1984). 

the gain-of-function E(%)’ and alleles, and mu- 
tations isolated on  the basis of their allelic recessive 
lethality. Cytogenetic  properties of these alleles are 
summarized in Table 1. 

Dominant  gain-of-function  mutations: The E(z )  
gene can be mutationally altered to  either  enhance or 
suppress the z eye color  phenotype. These states are 
represented by the cytologically normal alleles E(z)’ 
and E ( Z ) ~ ’ ,  respectively. Normally, z’ w+/Y males are 
wild type in eye color,  but when heterozygous  for 
E(z)’, z‘ w+/Y males display brownish eyes (KALISCH 
and RASMUSON 1974).  This allele can thus  be  termed 
a  dominant  enhancer of zeste (from which the  name 
of  the locus derives). Females homozygous for z’ and 
w+ are yellow-eyed. In  the presence of the E(%)” allele, 
such females are orange-eyed (Wu et al.  1989).  This 
second type of allele, can  thus  be  termed  a 
dominant  suppressor of zeste. E(%)’ and map 
within the same chromosomal  region (Wu et al.  1989 
and see below), and  the trans-heterozygote of the two 
mutations are inviable, indicating that they share  a 

Effects of E @ )  alleles on the x’ w”/Y eye color 

E(Z)+ E(%)”Z 

E(zY 25 25” 29°C 

w +  

E(# 
E(z)” 
E(z)”’ 
E(z)’~’ 
~ ( 2 ) ” ’  

~ ( 2 ) ’ ~ ‘  

E(z)”* 

~ ( 2 ) ’ ~ ~  

E(Z)’RY 

E(z)lR6 

E(z)’” 

E(z)’”” 
E(z)”” 
E(z)”” 
E(Z)’~’’ 
E(z)’IRJ 
E(Z)’”~ 
E(z)”’ 
E(z)~’ 
~ ( 2 ) ‘ ~  

E(#* 
E ( z ) “ ~  
1(3)67Fu’ 
1  (3)6 7Fa’ 
1 (3)6 7Fa’ 

Orange 
Yellow 
Reddish 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Light orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Orange 
Reddish orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 
Dark orange 

Orange 
Red/yellow 
Wild type 
Reddish 
Reddish 
Reddish 
Wild type 
Reddish 
Reddish 
Reddish 
Red/yellow 
Reddish 
Reddish 
Reddish 
Reddish 
Reddish 
Reddish 
Reddish 
Reddish 
Wild type 
Reddish 
Reddish 
Reddish 
Reddish 
Reddish 
Reddish 

Orange 
Wild type 

t 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 
Wild type 

t 
Wild type 

t 
Wild type 
Wild type 
Wild type 
Wild  tyDe 

Df(3L)1xd6 Dark orange Reddish Wild type 

sc z’ w”; E(z)”’ aJ’/TM3, Sb Ser females were crossed to E(z)”/ 
TM3, Sb Ser males and  the progeny reared  at 25” or 29”. Eye colors 
of sc z J  w’’/U; E(z)”/E(z)+ and sc z J  w”/Y; E(z)”/E(z)“ males were 
determined by scoring Sb Ser and Sb+ Serf males, respectively. 7, 
die  prior to eye pigmentation. 

recessive lethal defect. Thus we conclude that E(%)’ 
and E(Z)~’  are lesions in the same genetic  unit. 

The eye color of z’ w”/Y males is a  particularly 
sensitive indicator of alterations in E(%) function. wW 
confers  a wild-type eye color in a z+ background. 
However, it is hypersensitive to z’ such that even a 
single unpaired copy of w’ in a z’ background (e.g., in 
z’ w”/Y males:  RASMUSON 1962)  produces orange eyes. 
In  the presence of E(z)’/+, z’ wk/Y males display yellow 
eyes [PERSSON (1976b)  and Table21. Likewise, the eye 
color of z’ wis/Y males is suppressed to a  reddish,  but 
not wild-type color, by heterozygosity for E(%)” (Table 

Reduction of E(%)+ activity suppresses the z’ eye 
color. Deletions of the E(%) gene  act  as weak dominant 
suppressors of zeste, as indicated by the observation 
that z‘ w”//y; DJ3L)E(z)-/E(z)+ males have an eye color 
that is a darker  shade of orange  than  that  produced 
by z’ w*/K E(z)+/E(z)+ males (Table 2). In  contrast to 
this weak loss-of-function dominance, the  dominant 
effects of E(z)’ and  are  both  due  to gain-of- 
function activities. is antimorphic, since z’ wIS/ 

2). 
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FIGURE 1 .-Reversion ofE(z)’ gain-of-function eye 
color  phenotype. TM3,  Sb Ser is lethal in trans with 

i‘ : sc z ’ w  “ I  Y ; E(z) ’ I  TM3, Sb Ser @e X sc z ’w i s  ; Sb / TM3, Ser 9 $? both Sb and TM3,  Ser.  Therefore, all progeny  carry 
the  mutagenized E(L)’ chromosome  and, with the  ex- 
ception  of E(z)’ revertant males,  have yellow eyes. 
Similar mutageneses  were  employed  to isolate rever- 
tants of the E(z)” antimorphic eye color phenotype. 
However, females bearing  different  third  chromo- 
somes  were  used. 

I Score for orange-eyed &? 

F1 : sc z ‘w “ I  Y ; *E(z) ‘ I  Sb or TM3, Ser dd 

EMS 
\ FIGURE 2.-F:, lethal  mutagenesis used to 

P :  s c z l w i s l y ; e r ‘ c ? d  X s c z ’ w i S ; s t C h V r e d T b l T M 3 , S b S e r p p  isolate E ( z )  alleles. Of  the 2000 crosses of  indi- 

J vidual males to two tester females, - 1800 were 
fertile.  From  those crosses in which no *e”/ 

F : 2000 [l sc z ’ w”l Y ; * e ‘  ’I TM3, Ser d x sc 2’ w i s ;  E(z) I TM3, Sb Ser ] were crossed E ( r y l  lTM3 and E ( r ) ~ ~ T M 3  
E(z)” progeny  were  recovered, *e”/TM3 males 

25OC 1 
F p  : Score for absence of *e I E(z) 

Y; E(Z)~’ /E(Z)+ ,  Dp(3;3)E(z)+ males have dark  orange- 
colored eyes, that  are lighter  than z’ w”/Y; E(Z)~’/E(Z)+ 
but  darker  than z’ w”/ly; E(z)+/E(z)+ males. E(%)’ may 
be  neomorphic in its enhancement of the z’ eye color 
as z’ w”/Y; E(z)’/E(r)+ Dp(3;3)E(z)+ males have eyes 
which are very similar in color to z1 w”/Y; E(z)’/+. 
However, since this effect of an  extra dose of E(z)+ on 
E(z)’ is somewhat variable, we will simply refer  to 
E(%)’ as a gain-of-function allele. 

Reversions of dominant E(%) alleles: The domi- 
nant eye color  phenotypes of both E(%)’ and can 
be  reverted by mutationally inactivating the locus, 
again  arguing  that  these  dominant  phenotypes are 
due  to gain-of-function. By y-irradiating males carry- 
ing the E(%)’ allele and scoring  their z’ w”/Y sons for 
loss of the gain-of-function yellow eye color pheno- 
type, we have isolated 14 E(%)’ revertants  among 
-86,000 flies scored  (Figure 1 and  Table 1). Compa- 
rable screens have produced 3 revertants of the E ( Z ) ~ ’  
eye color among -34,000 F1 flies scored (Table 1). 
With two exceptions, as will be  described below, these 
revertants all behave  as null alleles of E(%).  In  addition, 
3 second site mutations that  at least partially suppress 
the E(%)’ eye color phenotype, but which are easily 
separable  from the original E(%)’ allele by recombi- 
nation, were recovered  (data  not shown). When sep- 
arated  from E(%)’,  these  act as weak dominant sup- 
pressors of z’. 

Mutations  isolated  as allelic recessive  lethal al- 
leles: Additional mutant alleles of the E(%) locus were 
induced with EMS and identified by their  failure to 
complement the recessive lethality of E(z)S’ (Figure 
2). Out of -1 800 lines tested, 5 possessed  new E(z )  
alleles designated through  (Table 1). At 
29”,  each of these is lethal in trans with E(%)’ ,  
Df(3L)lxd6 and Df(3L)lxd15, and inter se (Table 3 and 
data not shown). through  are cytologically 
normal, while is a deficiency of polytene  bands 

females to  confirm  the  failure of the respective 
*e” chromosomes  to  complement  the recessive 
lethality of these E ( r )  alleles. 

67E1-4 to 67F1-3. through behave es- 
sentially as amorphic alleles. E+)” is a temperature- 
sensitive allele, which will be  described more fully 
below. E(z)’~ is a weakly antimorphic allele, as the eye 
color of z’ wz5/Y; E ( Z ) ~ ~ / E ( Z ) +  males is intermediate 
between the phenotypes of z‘ w”/Y; E(Z)~’ /E(Z)+  and 
z’ w”/K Df(3L)E(z)-/E(z)+ (Table 2). 

Chromosomal  localization of E(%): E(z)’ has been 
recombinationally mapped  to position 34.0 on the left 
arm of the  third chromosome (KALISCH and RASMU- 
SON 1974). Cytologically aberrant  revertants of the 
gain-of-function E(%)’ and E ( Z ) ~ ’  alleles have allowed 
us to refine the location of E(z ) ,  previously localized 
to polytene bands 67E1-2 through 68A2-3 (Wu et 
al. 1989). E(z)IR2, E(z)IR3,  E(z)’~’, and 
E ( Z ) ~ ’ ~ ’  are deficiencies which remove some or all  of 
the 67E-F region (Table 1). Two of these, E ( Z ) ~ ’ ~ ’  and 
E(z)’~’, are deficiencies which extend  from 67El-2 
to 67E3-5 and 67E3-4 to 67E6-7, respectively. 
@)IR’ is a  translocation  between  chromosomes 2 and 
3 ,  with its third chromosome  breakpoint in 67E3-4. 
Thus, all available data  are consistent with the local- 
ization of the E ( z )  gene in 67E3-4. 

E(%) is allelic to 1(3)67Fu: The 1(3)67Fa locus (LIN- 
DSLEY and ZIMM 1986), formerly  named 1(3)1902, was 
identified on the basis  of its early pupal lethal pheno- 
type (SHEARN 1977; SHEARN, HERSPERGER and 
HERSPERGER~ 978; SHEARN et al. 1978). Individuals 
which are homozygous for 1(3)67Fa null alleles die 
shortly after pupation with undersized imaginal discs. 
Because of similar lethal phases, homeotic  phenotypes 
(see below) and chromosomal locations, we tested 
E(z)’ and E(Z)~’  for  complementation of three cytolog- 
ically normal, EMS-induced recessive lethal alleles of 
1(3)67Fa  [1(3)67Fa’,  l(3)67Fa3 and 1(3)67Fa7] (LIN- 
DSLEY and ZIMM 1986). Both E(%)’ and E ( Z ) ~ ’  die in 
trans with each of these 1(3)67Fa alleles and  therefore 
appear  to  be allelic. In  addition,  these  three alleles of 
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TABLE 3 

Lethal  phases  and  homeotic  phenotypes  produced by E(%) alleles 

E(z)” 

25” 29“ 

MESOfMETA PRO 2nd MESOIMETA PRO 2nd 
Dff3L) lxd”  basitarsi tarsal sepment basitarsi  tarsal segment 

+ 
+++ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
- 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

- 

t +++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 
t 

t 
+++ 
+++ 
+++ 
+++ 
+++ 
+++ 

<L3, lethal prior to late third instar larvae; L, primarily late third instar lethality; LIP, mixture of late third instar and early pupal lethality; 
P, early pupal lethality; AV, adult viable. MESOIMETA basitarsi, ectopic sex comb teeth on basitarsi of male mesothoracic and metathoracic 
legs: +, a fraction of  males have one  or a few ectopic sex comb teeth (see Figure 4a); ++, all  males have at least several ectopic sex comb 
teeth (see Figure 4b); +++, virtually complete sex combs on mesothoracic and metathoracic legs  (see Figure 3e, f).  PRO 2nd tarsal segment, 
ectopic sex comb teeth  on  the second tarsal segment of male prothoracic legs: -, essentially  wild type; +, a small percentage of males  with 
one  or two ectopic sex comb teeth; ++, virtually 100% penetrance with one  to several ectopic sex comb  teeth  per  prothoracic leg. *, reduced 
number of sex comb  teeth  on basitarsi and partial loss of transverse rows on the tibia and basitarsi of the prothoracic legs. 7, early pupal 
lethality. 

1(3)67Fu display mutant eye color and  adult  homeotic 
phenotypes in trans to  the temperature-sensitive E(Z)~’ 
allele (Tables 2 and 3). Because of its chronological 
priority, we will refer  to  the locus by its original 
published name, E ( z )  (KALISCH and RASMUSON 1974). 

Modification of the zeste-white interaction by E(%) 
alleles 

Modification of eye pigmentation by  all tested E ( z )  
alleles occurs only in 2’-containing genotypes (with the 
exception of the P[(w,ry)AR]4-24 white transposon, 
which will be  described in the DISCUSSION). Although 
only w+, w’ and wa have  been  tested, it seems that this 
modification of eye color is independent of a specific 
white allele. For example, E(z)’ enhances and E(%)” 
suppresses the z’ wa phenotype,  but  they do not modify 
z+ W’ and have very little, if any, effect on za wa 
(KALISCH and RASMUSON 1974 and  our observations). 
za alleles are hypomorphic or amorphic zeste alleles 
(KAUFMAN, TASAKA and SUZUKI 1974; GOLDBERG, 
COLVIN and MELLIN 1989). 

Temperature-sensitive  suppression of the zeste’ 
eye  color: The mutation has proven to be an 
extremely valuable allele for examining the  pheno- 
typic effects of the loss of E(z)+ activity. As will be 
documented below, E(Z)~’ is a  temperature-sensitive 
allele that behaves as if it has reduced E(%)+ activity at 
restrictive temperatures (25 “-29”). Because of this 
residual E(z)+ activity, truns-heterozygotes of many 
other E(%) alleles with E(Z)~’ survive to  pharate pupal 
or adult stages. In  contrast,  those same alleles would 
engender  earlier  death when heterozygous with an 
E(%) null allele, precluding  the  observation of adult 
cuticular  phenotypes. Thus,  more severe  adult eye 
color and homeotic  abnormalities can be  examined in 
an E(Z)~’ background  than in any other genotypes 
viable to adulthood.  In  addition,  the  phenotypes  pro- 
duced by in trans to  other E(%) alleles has aided 
in our classification of these alleles with respect to 
their effects on specific functions. For example,  anti- 
morphic alleles produce  more  severe  mutant  pheno- 
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types in trans to  than do amorphic alleles or 
deficiencies which uncover the E(%) locus. 

is a  temperature-sensitive recessive suppressor 
of the z' eye color. z' w"//y; E ( Z ) ~ ~ / E ( Z ) ~ '  males reared 
at  25",  and z' wis/ly; E ( Z ) ~ ' / D ~ ( ~ L ) E ( ~ ) -  males reared 
at  29" die during  pupation, generally developing to 
pharate  adults with wild-type eye color (Table 2). 
Under similar conditions, z' w+ or z' wis females with 
these E ( z )  genotypes, in  which even greater repression 
of the white gene by z' presumably occurs, also show 
complete suppression of the  mutant eye color in phar- 
ate adults. At 25", hemizygosity for E(z)"' produces 
an  intermediate level  of suppression of the z' eye 
color; specifically, z' wiS//y; E(z)"/Df(3L)E(z)- males 
have reddish,  but  not wild-type, eyes (Table 2). At 
22", such males have eyes indistinguishable from 
those that  are hemizygous for E(%)+.  through 
E ( Z ) ~ ~  show interactions with E(Z)~ '  similar to  those 
engendered by known deletions of the locus (Table 
2),  and are therefore  considered to be  amorphic with 
respect to eye color modification. However, at  29", 

in trans to E(Z)~ '  produces early pupal lethality 
(Tables  2 and 3) prior  to  pigmentation of the eyes. As 
exemplified by the phenotype of z' wi5//y; E ( Z ) ~ ~ / E ( Z ) ~ '  
males reared  at  25",  the  antimorphic allele 
produces  pharate  adult lethality and suppression of 
the z' wis eye color to wild type. 

An intriguing aspect of  the E(%)' allele is revealed 
by its interaction with At 29 ", z' w"/Y males (as 
well as z' was females) which are E(Z)' /E(Z)~'  have wild- 
type eye color (Table 2). The strong suppression of z' 
in these trans-heterozygotes suggests that  the gain-of- 
function  enhancement of z' by E(%)' requires E(%)+ 
activity. When insufficient amounts of E(%)+ are pro- 
duced by the homolog, E(%)' behaves as a loss or 
reduction of function allele resulting in suppression 
of z'. At 25 " , males of this same genotype have eyes 
which are wild type in the  anterior  2/3  to  3/4  and 
yellow  in the remaining  posterior  (Table  2). We pre- 
sume  that at this lower temperature, E(Z)~'  produces 
more E(%)+ activity than it does at  29", leading to 
expression of the gain-of-function E(z)' eye color in 
the posterior  portion of the eye. While the ontogeny 
of such anterior-posterior mosaic eye colors are not 
understood, several examples of such patterns result- 
ing  from misregulation of the white gene have been 
identified (HAZELRIGG,  LEVIS and RUBIN 1984; LEVIS, 
HAZELRIGG and RUBIN 1985a;  and  our observations). 
It is possible that this reflects the posterior to  anterior 
direction of differentiation across the eye disc and 
effects on the  timing of white gene  expression. 

With the exception of E(z)lR4 and E(z)IRs, revertants 
of E(z)' and E ( Z ) ~ '  generally behave as null alleles in 
their z' wis eye color  interactions with E(Z)~ '  (Table 2). 
E(z) lR4 is weakly antimorphic in that  at  25" z' wis//y; 
E ( Z ) ' ~ ~ / E ( Z ) ~ '  trans-heterozygous males show a 

stronger suppression than do z' w"/E Df(3L)E(z)-/ 
males (Table 2). Thus, in the case  of E(r)lR4,  

E(z)' has been  mutated  from  a gain-of-function En- 
hancer of z' to a weakly antimorphic  state which 
suppresses the z' eye color. E(z)IR8 behaves as  a  partial 
revertant of E(z)' in that (1) z' w i 5 / c  E(z)IR8/E(z)+ 
males have eyes of a much lighter  shade of orange 
than do such males that are hemizygous for E(z)+, and 
(2) z' wis; E(Z)'~~/E(Z)~' flies produce  temperature- 
sensitive eye colors very similar to those of z' wis; E(z) ' /  
E(Z)~ '  trans-heterozygotes (Table 2). 

Effects of E(%) mutations on homeotic  gene 
expression 

Pupal/adult  homeotic  phenotypes  due  to  altered 
zygotic  expression  of E(%): The antimorphic 
allele causes a weak dominant  homeotic  phenotype. 
Approximately 35% of E(z)"/+ males exhibit  ectopic 
sex comb  teeth  on  their mesothoracic legs (Wu et al. 
1989). E ( Z ) ~ ' / E ( Z ) ~ '  animals reared  at  25"  die as phar- 
ate adults with severe homeotic transformations 
(Table 3 and Figure  3, d-f) similar to those described 
for animals homozygous for temperature-sensitive ai- 
leles of 1(3)67Fa (SHEARN,  HERSPERGER and HERSPER- 
GER 1978). The mesothoracic and metathoracic legs 
are  transformed toward the prothoracic  state as shown 
by the nearly complete sex combs on  both  mesothor- 
acic and metathoracic legs  of  males. In  addition,  their 
external  abdomens are poorly developed. The hemi- 
tergites and hemisternites  often fail to fuse, leaving 
large gaps in the cuticle (data  not shown). It is not 
clear if this latter  phenotype is homeotic. E(Z)~'  homo- 
zygotes and hemizygotes are viable at  25"; a small 
percentage of hemizygous males display at least 
one sex comb tooth  on  their mesothoracic legs (Table 
3 and Figure 4a) and a variable transformation of 
abdominal  segments  toward  a more posterior  state. 
The fourth abdominal  segment  (A4) is partially trans- 
formed  toward the fifth (A5), as evidenced by the 
ectopic black pigmentation on A4 in males (Figure 
5b). A6 is partially transformed  toward  A7. In females 
this is shown by the A7-like appearance of sternite 
hairs on A6 (Figure 5e). Males  show a  reduction in 
the size of A6  (Figure  5b). Since adult males do  not 
normally have an A7 tergite, this may also be  a  trans- 
formation of A6 to A7.  At 29", hemizygotes 
die as early to late  pupae  (Table 3). Those surviving 
to pharate stages display essentially the same pheno- 
types as do E ( Z ) ~ ' / E ( Z ) ~ '  individuals at  25". Approxi- 
mately 1/5  to  1/3 of the individuals homozygous for 

at  29" survive to adulthood with the  remainder 
dying as  pharate  adults, suggesting that E(z)" is some- 
what leaky even at  29". At 18' or  22", homo- 
zygotes and hemizygotes display wild-type morphol- 
ogy. In  contrast,  even at  18", E ( Z ) ~ ' / E ( Z ) ~ '  adult males 
display an elevated  frequency  of ectopic sex comb 
teeth on their mesothoracic legs compared  to E ( Z ) ~ ' /  
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FIGURE 3.-Anteriorly directed homeotic transformations of the 
mesothoracic and metathoracic legs towards the prothoracic  state 
by E(z) mutations. Legs of (a-c) Canton4 and (d-f) E(z)" /E(z)\' 
Inales reared at 2.5". The tibia and basitarsus are designated T and 
b, respectively. (a and d) Prothoracic; (b and  e) mesothoracic; (c 
and f )  metathoracic; (e  and f )  i n  addition to virtually complete sex 
combs on their  hlsitarsi, these mesothoracic and metathoracic legs 
have transverse rows on the tibia and basitarsus, characteristic of 
prothoracic legs. Anterior is oriented to  the left. 

E(%)+ (recall that E(z)" is antimorphic). Therefore, it 
seems that E(Z)~'  is not fully functional at 18" nor 
amorphic at 29 " . 

E(z)'/E(z)'' trans-heterozygotes at  29 O are  pharate 

3f zeste 191 

' \' a: 
FIGURE 4.-Aclditional  leg phenotypes produced by E(z )  muta- 

tions. All are the legs of nlales reared  at either (a, b, and  d) 25" or 
(c) 29". The tibia. h;lsit;lrsus  ;and second tarsal segment are desig- 
nated T ,  b and t2. respectively. (a) E(~) '~/ l ) f l3L) /xd" mesothorxic 
leg  with ;I single sex comb  tooth  on the hlsitarsus. (b) E(z)"/E(z)"" 
n1esothor;Icic  leg w i t h  -7 sex comb teeth on t h e  basitarsus i n  
addition to ;I few transverse rows on the tibia and basitarsus (arrow- 
heads). (c) Prothoracic leg of E(z)"' /E(z)' with ectopic sex comb 
teeth on the second t a r d  segment (arrow). (d) Prothoracic leg of 
E(z)\' /E(z)"' with  loss of transverse rows on the tibia and basitarsus 
(arrowhe;ds) and sex comb  teeth on the basitarsus (*), i n  addition 
to ectopic sex comb  teeth on the second tarsal segmenr (arrow). 

adult lethal. Unlike individuals which are hemizygous 
for  these  pharates display little or no  transfor- 
mation of the mesothoracic or metathoracic legs to- 
ward the  prothoracic  state.  However, E(z)'/E(~)"~male 
pharates do display an  ectopic sex comb,  comprising 
1-3 teeth,  on  the second tarsal segment of their 
prothoracic legs  in addition to a  normal sex comb  on 
their basitarsi (Table 3 and Figure 4c). This pheno- 
type is very similar to that  produced by mutant alleles 
of cramped (LINDSLEY and ZIMM 1985), also known as 
sparse arista (RAYLE and GREEN 1968). 

The antimorphic E(z)';' allele also produces unusual 
phenotypes in combination with E(z)". At 25", indi- 
viduals which are E(Z)~; ' /E(Z) '~  die  as  pharate  adults, 
show a very weak, if any,  anteriorly  directed  transfor- 
mation of their mesothoracic or metathoracic legs, 
and display sex comb  teeth  on  the second tarsal seg- 
ment of their  prothoracic legs (Table 3 and Figure 
4d). Unlike E(z) ' /E(z)~'  reared  at  29", E(%) S3/E(z)s2 
pharates  reared  at  25"  have  reduced  numbers of sex 
comb  teeth  on  the basitarsi and transverse rows on 
the tibia and basitarsi (Figure  4d).  This  phenotype is 
suggestive of a  partial  transformation of prothoracic 
legs towards the mesothoracic  state similar to  that 
produced by hemizygosity for  the Scr+ gene (STRUHL 
1982). 

Revertants of the  dominant  modifiers of the x-w 
interaction  generally  act  as loss-of-function muta- 
tions with  regard to homeotic  phenotypes: With two 
exceptions, mutant E(%) alleles, which were selected 
on  the basis of reverting  the gain-of-function eye color 
phenotypes of E(%)' behave  as loss-of-function alleles 
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I;I(;URE 5.-~\l~dotl~itul  homeotic phcttotypcs  protluccd hv 6 ( r )  
mutations. (x-c) \l;tle tergites and (tl-I) fenl;lle sternites. (;I and d) 
Canton-.?; (b ;und e )  E(z)”’ /E(z) l  RJ reared at  2 5 “ ;  (c  and f )  E(z)”’/ 
f,;(z)’”’ retrrd a t  2 5 ” .  61) Wild-type siw ; u d  pignlentation of  the 
third t o  sisth (AJ-Ati) nlale abdominal  tergites. (I)) Mild posteriorly 
tlirec!cd !r;ttlsforlrl;ltic,n of A4 and A6 is shown by patches o f  dark 
pigtnent;ltion in A4 (arrow) and slight  reduction in size o f  A6. (c) 
More  extensive dark piglnentation in A4 and  patches  of  pigmenta- 
tion in A:% (;~rrox.s). and virtual absence of A6 are  characteristic of 
strongrr posteriorly  directed ;Ibdominal tr;msforrnation. ( d )  Wild- 
type laterally directed  sternite hairs of  A4-A6 and  posteriorly 
oriented hairs of  A7. (e)  I’osteriorly oriented A6 sternite  hairs 
suggests ;I partial homeotic  transformation o f  A6 toward A7. ( f )  
More  anterior  sternites  show  posteriorly  oriented hairs. suggesting 
a stronger tl;ulsfortl~;nion  toward A7 

with respect to  the homeotic  phenotypes they produce 
in trans with E(z)’’ (Table 3). That is, at  29” these 
trans-heterozygotes  die  as  pharate  adults and display 
strong  transformations of mesothoracic and meta- 
thoracic legs toward the  prothoracic  state,  and  a  re- 
duced  penetrance (in most cases a virtual elimination) 
of the second tarsal segment sex comb  phenotype. 
One exception is E(z)’”~, which as  described  above 
behaves as  a weakly antimorphic  suppressor of the z’ 
wir eye color. E(z)IH4 is also antimorphic with respect 
to  the homeotic  phenotypes it produces in trans with 
E(z)\”. At 25”, approximately two-thirds of E(z)IR4/ 
E(z)“’ trans-heterozygotes  die as pharate  adults while 
one-third survive as viable adults. These trans-heter- 
ozygotes show more  severe leg and abdominal  hom- 
eotic  phenotypes  than do flies  which are hemizygous 
for E ( z ) ” ~  (Table 3 and Figures 4b  and  5, c and  f). At 
29”, E(Z)’~~/E(Z)\’’ individuals die  as early pupae 
(Table 3). The  other exception is E(Z)’~’, which acts 
as a loss-of-function allele in that  at  29” E(z)”++/E(r)\’’ 
males show an extreme mesothoracic and  metathora- 
cic extra sex comb  phenotype (Table 3). However, 

E(z)’~’/E(z)S’ males are not  reverted  for  the ectopic 
second tarsal sex comb  teeth of E(z)’/E(z)‘’. This 
ectopic sex comb is absent in males heterozygous  for 
E(z)“’and for  revertant alleles associated with deletion 
of the  gene  (Table 3). 

Revertants of the  antimorphic E(Z)~’  eye color phe- 
notype also revert its antimorphic  homeotic  pheno- 
types to the null state (Table 3). Both E(Z)~’~’/E(Z)~* 
and E(Z)~’”’/E(Z)~’ animals reared  at  25” survive to 
adulthood  and  produce homeotic  phenotypes essen- 
tially identical to those of E(z)\” hemizygotes. Indeed, 
E(Z)~’” is a cytologically visible deficiency (Table 1). 

Embryonic phenotypes in the absence of E(%)+ 
maternal  product: The requirement  for maternally 
produced E(z)+ was examined using the E(z)“’ allele. 
At  permissive temperatures, male and female E(z)” 
homozygotes, hemizygotes, and trans-heterozygotes 
with other  mutant E ( z )  alleles are viable and fertile. 
When such adult females are elevated to  29”, result- 
ing  embryos reared  at this restrictive temperature 
exhibit  embryonic lethality. This maternal-effect phe- 
notype is modulated by the zygotic E ( z )  genotype. 
This is apparent from a  comparison of the results of 
three crosses, in  which females hemizygous or homo- 
zygous for E(Z)~’ were crossed to males homozygous 
for E(z)“’ (cross I),  homozygous for E(z)+ (cross 2), or 
heterozygous  for E(z)+ Dp(3;3)E(z)+ and  an E(z)+ bal- 
ancer  chromosome (cross 3). As exemplified in Figure 
6, b and  c, all of the embryos  from crosses 1 and 2 
died  as  late  embryos with cuticle patterns  exhibiting 
homeotic  transformations  characteristic of Polycomb- 
group mutations (STRUHL 198 1). Lack of both  mater- 
nal and paternal E(z)+ (cross 1) produces  embryos in 
which T1 through  A8 all develop with the cuticular 
structures  characteristic of A8  (Figure  6b). In addi- 
tion,  an A8-like ventral setal belt appears  on  a  head 
segment and  another patch of abdominal-like denti- 
cles appears  on  the dorsal side of the head. A9 also 
appears  to  be partially transformed  toward  A8  as 
evidenced by the patch of denticle  teeth anterior to 
the anal pads. This  phenotype is essentially identical 
to that  produced by complete lack of  maternal and 
zygotic extra sex comb+ (esc) (STRUHL 1981). Embryos 
carrying  one copy of a  paternally  contributed E(z)+ 
exhibit  partial  rescue of the transformations at  the 
anterior  end  (inferred  from  the  phenotype of all the 
progeny of cross 2 and half of the progeny of cross 3) 
(Figure  6c). In these  embryos, the head still  fails to 
involute,  but some rudimentary  gnathal  structures 
develop and  the thoracic  segments are often slightly 
less abdominal-like. The phenotypes of embryos con- 
taining two paternally  derived copies of E(z)+ show 
even greater rescue. Half of the progeny of cross 3 
are expected to be of this genotype. Of this progeny 
class, - 10% hatch but  die  as first instar larvae. Some 
of these  larvae have a virtually wild-type cuticular 
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FIGURE (i."Embryonic  honleotic 
phenotypes. (a) Ventral view of ;I cn; 
ty" embryo with wild-type cuticular 
morphology. The first thoracic and 
eighth abdominal segments are des- 
ignated TI and 128. respectively. (b- 
d )  Embryos produced at 29" by 
homozygous E(r)" mothers mated to 
(b) homozygous E(Z)", (c) Canfon-S. 
or  (d) E(z)+, Dp(3;3)E(z)+/Thf3 males. 
(b) Abdonlinal-like denticle teeth on 
the dorsal side of the head and ante- 
rior to the anal pads are pointed out 
by an arrowhead and arrow, respec- 
tively. 

phenotype, while others show  mild posteriorly di- 
rected  transformations  (Figure 6d). 

E(%) adult  homeotic  phenotypes  are due to 
misregulation of segment  identity genes 

Homeotic  transformations  produced by other Pc- 
group mutations  have  been shown to result from the 
ectopic expression of segment  identity  genes  of the 
A N T 4  and BX-C (BEACHY,  HELFAND and HOCNESS 
1985;  STRUHL and  AKAM  1985; WEDEEN, HARDINC 
and LEVINE  1986;  GLICKSMAN and BROWER 1988a; 
BUSTURIA and MORATA 1988). The Sex combs reduced 
(Scr) gene is required  to specify the developmental 
fate of the cells  in the  prothoracic  leg discs (STRUHL 
1982). Normally, the Scr  protein is expressed in the 
prothoracic leg disc epithelial cells, but  not in the 
mesothoracic or metathoracic  leg discs (GLICKSMAN 
and BROWER  1988b; and Figure 7, a-c). Ectopic 
expression of the Scr  protein in mesothoracic and 
metathoracic leg discs correlates with the homeotic 
transformation of those legs toward the  prothoracic 
state (GLICKSMAN and BROWER  1988a).  In order to 
ascertain  whether the temperature-sensitive  homeotic 
adult leg transformations associated with the 
allele are  due  to misregulation of the Scr gene, ima- 
ginal discs and CNS  from E(Z)"~/D~(~L)E(~)- larvae 
reared  at  25"  and at  29" were stained with an  anti- 
body specific for  the Scr  product  (GLICKSMAN  and 
BROWER  1988b). At 25", essentially no expression of 
the Scr  protein is observed in the mesothoracic or 
metathoracic leg discs (data  not shown). In  contrast, 
at  29",  the Scr protein is expressed at high levels  in 
both mesothoracic and metathoracic leg discs (Figure 
7, e and  f).  Thus,  the transformation of mesothoracic 
and metathoracic legs toward  the  prothoracic  state at 

29" vs. 25" in E(%) mutants  correlates with the ectopic 
expression of the Scr  protein. In addition,  some,  but 
not  all, wing  discs from  these  larvae show ectopic 
expression of Scr in a  region  destined to  produce wing 
hinge  structures  (Figure  7h). (It is uncertain if E(%) 
mutant  genotypes cause any  homeotic  transformation 
in this portion of the wing.) No additional  ectopic 
expression of  Scr is observed in the major imaginal 
discs or CNS of these larvae. 

Normally, the Ubx  protein is expressed in the me- 
tathoracic discs ( i e . ,  the metathoracic leg and halter 
discs), and in the peripodial  membrane,  but  not epi- 
thelial cells, of the wing discs (BROWER 1987  and 
Figure 8a). Partial  transformations of the wings into 
halteres by other Pc-group  mutations is due to ectopic 
expression of the Ubx  protein in the epithelial cells of 
the wing discs (CABRERA, BOTAS and GARC~A-BELLIDO 
1985; GLICKSMAN and BROWER  1988a).  Adult viable 
E(%) mutants show no mutant wing phenotype. How- 
ever, since it is difficult to  examine  the unfolded wings 
of pharate  adults, it is possible that ectopic expression 
of Ubx in such pharates  might  not  produce  an observ- 
able  phenotype.  In order to ascertain if reduction of 
E(%)+ activity also produces  ectopic expression of Ubx, 
we stained the CNS and major imaginal discs of E(%)"/ 
Df(3L)E(r)- larvae reared  at  25"  and  29" with an 
antibody specific for  the Ubx protein  (WHITE and 
WILCOX 1985). At 25", these larvae display a wild- 
type pattern of Ubx expression. At 29", in addition 
to normal expression in the metathoracic leg and 
halter discs, the Ubx  protein is ectopically expressed 
in the wing disc epithelial cells (Figure  8b). This 
expression is limited to the  posterior  compartment of 
the wing pouch, which is essentially identical to the 
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FIGURE 7."Ecropic imaginal disc  exprcbsion of the Scr protein 
caused by reduction of E(z)+  activity. ( a  and d )  Prothoracic leg  discs; 
(h and e) mesothoracic leg  discs; (c and f )  metathoracic leg discs. 
(a-c and g) Wild tvpe pattern of Scr expression in  discs of a Canton- 
S larva. As described by GLICKSMAN and BROWER (1988b). the Scr 
protein is m o s t  ; h n c h n t  i n  a crescent shaped pattern in the  anterior 
compartment of the  prothoracic leg  disc (arrowhead)  and is unde- 
tect;hle i n  the (h) mesothoracic and (c) metathoracic leg  discs.  (d-f 
and 11) discs from E(Z)"/Dd3L)E(Z)- larvae reared  at 29". In addi- 
tion to normal expression in the (d) prothoracic leg disc, the Scr 
protein is  ;dso detcctecl i n  a similar crescent shaped pattern in the 
anterior comIxIrtnlents of the  (e) mesothoracic and (f)  metathoracic 
leg  discs  (;lrrowhe;tds). (g) Canton4 wing  disc showing no  detectable 
expression of the Scr protein. (h) Ectopic expression of Scr in the 
portion of the wing  disc  which will give rise to wing hinge structures 
(;lrrowhead) (BRYANT 1978). 

pattern observed in esc- larvae (GLICKSMAN and 
BROWER 1988a),  and  the  regions  from which the  alar 
lobe and postnotum will be  derived. As has been 
shown for esc mutant larvae (GLICKSMAN and BROWER 
1988a), E(z)"2/Df(3L)E(r)- larvae reared  at  29"  pro- 
duce ectopic expression of the Ubx protein in the 
CNS (Figure  8d).  In  addition to its normal pattern of 

c expression of the Ubs protein i n  E ( : )  mutant 
i n  is not detected in the epithelial cells of a 
:b)  Wing  disc of an E(z)"/DfljL)E(z)- larva 
< ectopic expression in the posterior compart- 
ch (arrow) and  the alar lobe (arrowhead) and 
(BRYANT 1978). (c)  Wild-type pattern of Ubx 
i of a Canton-S larva. (d) CNS from an E(z)"/ 
,wing. i n  addition to  the normal pattern of 
ntral ganglion, ectopic expression in more 
entral ganglion (arrow)  and  the brain (arrow- 

expression, Ubx is expressed  more  anteriorly in the 
ventral ganglion as well as in the brain lobes. We have 
not  observed  mutant  phenotypes associated with any 
of these  patterns of ectopic  Ubx expression. 

Embryonic  homeotic  phenotypes  are  due to mis- 
regulation of BX-C and ANT-C segment  identity 
genes: To determine if the embryonic  homeotic phe- 
notypes produced by E(r)  mutations are also the result 
of misregulation of ANT-C and BX-C genes, we probed 
embryos  produced at restrictive temperature by E(z)"' 
females with antibodies specific for  the Ubx or Scr 
products. As with the esc- maternal  effect, the  pattern 
of Ubx expression is normal until stage  11 (-6-7 hr 
postfertilization)  (STRUHL and  AKAM  1985) (Figure 
9e). At this time, in addition to its normal  pattern of 
accumulation,  Ubx  protein is detected ectopically in 
more  anterior segments of the  germ  band (Figure 9f). 
Initially this ectopic signal is strongest in the second 
parasegment,  then becomes uniformly intense 
throughout  the  germ band.  Upon  germ  band  short- 
ening, Ubx levels  in the epidermis  decrease while they 
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FIGURE 9.-Misregulation of Ubx embryonic expression caused by reduction of maternally provided E(z)+  activity. (a-d) Wild-type pattern 
of Ubx expression in cn; ry4' embryos. (e-f) Embryos produced  at 29" by homozygous E(r)" mothers mated to homozygous E(r)" males.  (a 
and e) Stage 10 embryos; (b  and f) stage 1 1 embryos. Note the  strong signal in ps2 (2). (c and g) Stage 13 embryos; (d and  h) late stage I3 
or early stage 14 embryos. Embryonic stages are as described by CAMPOS-ORTEGA and HARTENSTEIN ( I  985). 

FIGURE 10.-Misregulation of Scr embryonic expression. (a) cn; ty" embryo showing wild type pattern of Scr expression in the labial lobe 
(L) and anterior T I  (arrowhead), and no signal in the maxillary lobe (M). (b) Homozygous E(z)"' embryo  produced by a homozygous E(z)" 
mother at 29". In addition to normal expression in the labial lobe (L), Scr is ectopically expressed in the maxillary lobe (M).  (c) E(z)"'/+ 
embryo produced by a homozygous E(z)" mother  at 29". Scr protein is only detected in the labial lobe (L). The embryos in b and c 
correspond to  the embryo cuticles shown in Figure 6, b and c, respectively. 

remain high in the CNS (Figure 9g). Late in stage 13, 
or  early stage 14 (-1  0-1 1 hr postfertilization) the 
level of Ubx protein in the CNS decreases to  that 
characteristic of the normal  parasegment 13 (ps13) 
(Figure  9h). This  reduction  of  stable  Ubx expression 
is generally consistent with the transformation of 
more  anterior segments to  an A8-like cuticular phe- 
notype. 

mothers by one copy of paternally contributed E(%)+ 
is reflected in the  pattern of accumulation of the Scr 
product. Normally, Scr is found primarily in the labial 
segment and  anterior T 1  (or ps3) (RILEY, CARROLL 
and SCOTT 1987; MAHAFFEY and KAUFMAN 1987) 
(Figure  loa). At 29", homozygous embryos 
derived  from homozygous mothers  accumulate 
Scr normally in the labial lobe but  not in T1.  In 
addition,  it is found ectopically in the maxillary lobe 
(Figure lob). In  contrast, E(z)+/E(z)" embryos de- 
rived from homozygous l ? ( ~ ) " ~  mothers show only the 
labial site of expression, with no detectable  Scr  protein 
in either  the maxillary lobe o r   T1  segments  (Figure 
1Oc). These results  differ  somewhat  from the distri- 
bution of Scr protein in PC- embryos (RILEY, CARROLL 
and SCOTT 1987), in which, in addition to expression 
in the maxillary and labial lobes, Scr is also detected 
in more  posterior segments. 

The partial  rescue of embryos  derived  from 

DISCUSSION 

Loss or reduction of E(%)+ activity results in both 
suppression of the z1 eye color and ectopic expression 

of at least some of the segment  identity  genes  of the 
ANT-C and BX-C gene complexes. We have shown 
that  the  latter is due  to derepression of these  genes, 
similar to  that  produced by mutations in other Poly- 
comb-group loci. 

It is likely that  the suppression of the zestel-white 
interaction by E(%) mutant alleles is also due to gene 
derepression. E(%) mutant alleles only modify expres- 
sion of white under conditions in which white  is being 
repressed. Normally, the white gene is expressed in 
the developing eyes of late  larvae and  pupae (ZACHAR, 
CHAPMAN and BINGHAM 1985). The neomorphic z' 
allele partially represses this white expression. The  zeste 
protein is a weak transcription  factor (BIGGIN et al. 
1988) which binds  &regulatory  sequences  of the w 
gene (BENSON and PIRROTTA 1987; MANSUKHANI et 
al. 1988). It has been suggested that  the z+ protein 
facilitates transcription of the white gene,  but  that  the 
altered z1 protein  acts to repress white (PIRROTTA et 
al. 1987).  In  general, E(%) mutant alleles detectably 
only modify eye color in a %'-containing genotype.  For 
example, E(%)' and E(%)" have no effects on  the eye 
colors of z+ w+, z+ wa or za wa flies. The  one exception 
involves the effects of E(%) on expression of the 
P[(w,ry)AR]4-24 transposon,  as  observed by T. HAZEL- 
RIGG (personal  communication). P[(w,ry)AR]4-24 con- 
tains  a fully functional copy of  the white gene which 
has been  reintroduced  into  the  genome by P element 
transformation (LEVIS et al. 1985a). At the P[(w,ry)AR] 
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4-24 site (polytene bands 24D1-2), the white gene 
within the transposon is repressed in the dorsal por- 
tion of the eye by flanking  chromosomal sequences. 
As  with the zestel-white interaction, E(%)’ enhances  and 

suppresses this P[(w,ry)AR]4-24 phenotype. 
Thus, while E(%)+ activity seems to be  required  for 
repression of  white, it can also be  mutated to a gain- 
of-function state ( i e . ,  E(%)’)  which increases this 
repression. 

The basis for  the ectopic sex comb  teeth  on  the 
second tarsal segment in  E(z)’/E(z)S2 males reared  at 
29“ is less clear. This may represent  a  homeotic 
transformation of  cells within the second tarsal seg- 
ment  toward  a  more  proximal  state, in this case that 
of first tarsal segment cells. By analogy to the  other 
effects of E(%) mutations, this distal into proximal 
transformation may be due  to misregulation of genes 
involved in determining or elaborating positional in- 
formation  along the proximal-distal axis within the 
leg disc. Candidates for such genes  include the Distal- 
less (COHEN  andJURGENs 1989)  and rotund (KERRIDGE 
and THOMAS-CAVALLIN 1988; AGNEL et al.  1989) loci, 
which have been implicated in proximal-distal pattern 
formation. 

Absence of zygotic E(%)+ product results in early 
pupal lethality (SHEARN  1977). The mutant  larvae, 
which eventually die  as  pupae,  are  normal in external 
appearance.  However,  their imaginal discs are re- 
duced in  size (SHEARN 1977;  SHEARN, HERSPERGER 
and HERSPERGER 1978;  SHEARN et al.  1978). Meta- 
phase spreads of mutant larval neuroblasts, which 
normally are  undergoing  rapid cell division, reveal a 
very low mitotic index (GATTI and BAKER 1989). The 
few metaphase chromosomes  observed show chro- 
mosome breakage and irregularities in condensation. 
Our observations and those of SHEARN,  HERSPERCER 
and HERSPERCER (1978)  demonstrate  the  require- 
ment of maternal E(%)+ activity for embryonic devel- 
opment.  Thus, maternally contributed  E(%)+  product 
from E(z)+/E(z)- females is sufficient for  normal em- 
bryogenesis, but zygotically produced  E(%)+ is re- 
quired  for  continued cell proliferation during larval 
development. The prepupal lethality produced by 
some cytologically normal alleles in trans to 
Df(3L)E(z)- may be due to a poisoning effect  on  the 
maternal E(%)  product.  In  addition, some alleles dis- 
rupt adjacent lethal complementation  groups  (data 
not shown). 

E(%),  and possibly other Pc-group and/or Su(z) 
genes, may encode trans-acting factors which are func- 
tionally analogous to  the  products of the S I R l ,   2 ,  3 
and 4 loci and  the RAPl (also known as G R F l )  and 
ABFl proteins in yeast (RINE and HERSKOWITZ 1987; 
SHORE and NASMYTH 1987; BUCHMAN et al.  1988). 
These yeast gene  products are  required  for  the activity 
of specific silencer elements at  the silent mating type 

loci. Silencers act in cis to counteract  the  activation of 
promoters by enhancer  elements  (BRAND et al. 1985). 
Mutations either in the silencers themselves, or in the 
SIR1-4 loci in yeast, result in derepression of the 
genes which they regulate (KIMMERLY et al.  1988; 
RINE  and HERSKOWITZ 1987).  In  addition,  these yeast 
genes are required  for  other cellular functions.  For 
example, the SIR2 product is also required  to  prevent 
recombination  between  rDNA  repeats (GOTTLIEB and 
ESPOSITO 1989); and  the  products of the  SIR  genes 
and  the RAPl and ABFl proteins are required  for 
mitotic spindle  independent  segregation of yeast plas- 
mids (KIMMERLY and RINEO 1987; KIMMERLY et al. 
1988). The  RAPl protein is a  component of the 
nuclear  matrix  (HOFMANN et al. 1989).  HOFMANN et 
al.  (1989)  have  proposed that  RAPl acts to  anchor 
silencers to  the nuclear  matrix, which  may facilitate 
the  formation or stabilization of chromatin  domains 
in a  repressed  state. Blockage of cell proliferation and 
disruption of chromosome  organization by E(%) null 
mutations (GATTI and BAKER 1989) suggests that  the 
E(%)+  product, in addition to being  required  for  cer- 
tain examples of gene  repression, may also have more 
general  functions in the genome. As with all other 
phenotypes associated with E(%) mutations, we cannot 
as yet determine if the E(%)+ product acts directly to 
maintain chromosome  organization, or whether dis- 
ruption of chromosome  organization and blockage of 
cell proliferation is a  secondary  effect, possibly due  to 
misregulation of other genes. 

As previously described (BEACHY et al.  1985; CA- 
BRERA, BOTAS and GARC~A-BELLIDO 1985;  STRUHL 
and  AKAM  1985; WEDEEN,  HARDING and LEVINE 
1986; RILEY,  CARROLL and SCOTT 1987; GLICKSMAN 
and BROWER 1988a),  Polycomb-group  mutations al- 
low limited ectopic expression of ANT-C and BX-C 
genes. STRUHL and  AKAM (1 985) showed that  the esc+ 
product is not involved in determining  the initial 
embryonic pattern of Ubx  expression, but  rather is 
required to maintain the negative regulation of Ubx. 
Both the maternal-effect  embryonic  phenotypes  pro- 
duced by esc and E ( z )  mutations and  their effects on 
the expression of Ubx are extremely similar. Embryos 
which  lack maternally  contributed  E(%)+ show the 
wild-type pattern of Ubx expression in ps5-13 until 
about 6-7 hr into  development. Roughly coincident 
with the  appearance of the parasegmental  grooves 
(stage 1 1, CAMPOS-ORTEGA and HARTENSTEIN 1985), 
Ubx becomes expressed in the remaining anterior 
parasegments of the  germ  band. Initially this  expres- 
sion is greatest in ps2,  before  attaining  equal levels  of 
expression throughout  the CNS. This unequal  expres- 
sion may reflect the distribution and  strengths of 
trans-acting factors  capable of inducing Ubx expres- 
sion, which normally are prevented by the E(%)+ prod- 
uct from  activating Ubx in these cells. This progression 
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of ectopic Ubx expression is different  from  that  pro- 
duced by  esc mutations, in  which Ubx  protein  gradu- 
ally spreads  anteriorly  from its normal  domain 
[STRUHL and AKAM  (1985)  and our  observations]. 
This difference may reflect  different  molecular mech- 
anisms by which E(%)+ and est+ products  repress Ubx. 
Although Ubx is normally expressed in a similar pat- 
tern in both  the CNS and  the epidermis in germ  band 
shortened stages, embryos lacking maternally contrib- 
uted E(%)+ show greatly  reduced  epidermal expression 
while retaining  strong Ubx expression in the CNS. 
Eventually, Ubx is expressed throughout  the  germ 
band  at levels normally seen in ps13, which explains 
the cuticular  transformations  toward  A8. In  the case 
of esc, STRUHL and WHITE (1985) have shown that 
this final level of Ubx expression is due  to repression 
of Ubx by the Abd-B gene, which is also derepressed 
in PC mutant  embryos  (WEDEEN,  HARDINC and LEVINE 
1986). 

Why maternally provided E(%)+ activity is not  re- 
quired  for  regulation of Ubx until stage 11 is not  clear. 
The initial pattern of segment  identity  gene  expres- 
sion is determined by the segmentation  genes, which 
are precisely localized in the early embryo  (AKAM 
1987).  Later  embryonic expression may be controlled 
by more generally expressed  transcription  factors, 
which are distributed  throughout  the  germ  band. 
These later-acting  factors may not  be  expressed, or 
may  in some way not have access to  their  targets, until 
later in embryogenesis. The products of E(%),  and 
possibly other PC-group  genes, may negatively regu- 
late the segment  identity  genes by maintaining  them 
in a  repressed  configuration initially determined by 
the segmentation  genes, and  thus blocking their acti- 
vation by these  later factors. In this scenario, the 
products of  PC-group genes do  not initiate  repression, 
but only maintain  a  gene in the repressed  state  once 
it is turned off by a specific transcription  factor. It is 
also possible that  different Ubx enhancers  are involved 
in early us. later  embryonic expression and  that  the 
E(%) product  does  not  control  the early enhancers. It 
should again be  noted  that E(%)” does  not  behave 
zygotically as a completely amorphic allele even at 
29”.  Therefore, it is possible that females may 
produce residual E(%)+ activity at  29”  and  that com- 
plete lack of maternally contributed E(%)+ might result 
in a  more  severe  embryonic  phenotype. 

E(%) mutations cause neither Ubx nor Scr to become 
constitutively expressed.  In  both  embryos and larvae, 
their ectopic expression is limited. In  embryos, it is 
restricted to  the  germ  band.  In larvae, Scr and Ubx 
are also ectopically expressed only within very re- 
stricted domains. In each case these  domains are anal- 
ogous to those in  which the genes are normally ex- 
pressed.  For  example, Scr is normally expressed in the 
prothoracic leg disc. In  addition  to its normal pattern 

of expression,  reduced E(%)+ activity allows  Scr to be 
ectopically expressed in the  anterior  compartments of 
the mesothoracic and metathoracic leg discs, occasion- 
ally  in the hinge  region of the wing disc, but nowhere 
else. Ubx is ectopically expressed in the CNS and  the 
posterior  compartment of the wing disc. The pattern 
in the wing pouch is very similar to  that  produced by 
the gain-of-function Cbx’ allele (WHITE and  AKAM 
1985), in which the pbx cis-regulatory region of Ubx 
appears  to  be ectopically activated (LEWIS 1982). One 
possible explanation is that insufficient levels  of E(%)+ 
makes Scr and Ubx cis-regulatory elements available to 
trans-activating factors in  cells  in  which these cis- 
regulatory  elements are normally not accessible. If 
these  factors themselves are expressed in a  restricted 
pattern,  the absence of E(%)+ will result only in ectopic 
expression of Scr and Ubx within this pattern, which 
agrees with our observations. Negative regulation by 
other segment  identity  genes may also restrict the 
expression of Scr and Ubx. It is also possible that  the 
E(%) gene is expressed in a limited pattern  and only 
controls expression of the Scr and Ubx genes within 
this domain. We have  cloned the E(%) gene and  are 
pursuing its molecular characterization  (manuscript in 
preparation). 

This work  was supported by a National Institutes of Health grant 
to W.M.G.,  and  a Damon Runyon-Walter Winchell Cancer Fund 
Fellowship (DRG-772) to R.S.J. 

Note: After submission of this manuscript, PHILLIPS 
and SHEARN (1 990)  reported similar phenotypes  pro- 
duced by E(%) mutations,  although they refer  to  the 
locus as polycombeotic. 
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