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ABSTRACT

The Drosophila homeotic gene Sex combs reduced ( Scr) is necessary for the establishment and mainte-
nance of the morphological identity of the labial and prothoracic segments. In the early embryo, its
expression pattern is established through the activity of several gap and segmentation gene products,
as well as other transcription factors. Once established, the Polycomb group (Pc-G) and trithorax group
(trx-G) gene products maintain the spatial pattern of Scr expression for the remainder of development.
We report the identification of DNA fragments in the Scr regulatory region that may be important for
its regulation by Polycomb and trithorax group gene products. When DNA fragments containing these
regulatory sequences are subcloned into Pelement vectors containing a white minigene, transformants
containing these constructs exhibit mosaic patterns of pigmentation in the adult eye, indicating that
white minigene expression is repressed in a clonally heritable manner. The size of pigmented and
nonpigmented clones in the adult eye suggests that the event determining whether a cell in the eye
anlagen will express white occurs at least as early as the first larval instar. The amount of white minigene
repression is reduced in some Polycomb group mutants, whereas repression is enhanced in flies mutant
for a subset of trithorax group loci. The repressor activity of one fragment, normally located in Ser Intron
2, is increased when it is able to homologously pair, a property consistent with genetic data suggesting
that S¢r exhibits transvection. Another Scr regulatory fragment, normally located 40 kb upstream of the
Scr promoter, silences ectopic expression of an Ser-lacZ fusion gene in the embryo and does so in a
Polycomb-dependent manner. We propose that the regulatory sequences located within these DNA frag-
ments may normally mediate the regulation of Ser by proteins encoded by members of the Polycomb and

trithorax group loci.

LD-TYPE function and expression of the Sex

combs reduced ( Scr) locus is necessary for the spec-
ification of the segmental identity of the labial and pro-
thoracic segments. Scr protein is first detected in por-
tions of parasegment 2 at ~3:45 hr after egg deposition
(AED) (LEMOTTE et al. 1989; MAHAFFEY et al. 1989).
As development proceeds, Scr protein accumulates in
the ventral and lateral ectoderm of the labial and pro-
thoracic segments, with additional expression in the
visceral mesoderm of the anterior and posterior midgut
and the subesophageal ganglion of the ventral nerve
cord (MAHAFFEY and KAUFMAN 1987; RILEY ef al. 1987;
CARROLL ¢t al. 1988; LEMOTTE ¢t al. 1989; TREMML and
BIENZ 1989; REUTER and ScOTT 1990) . During imaginal
development, high levels of Scr protein are detected in
the labial discs and prothoracic leg discs, with addi-
tional expression in other imaginal tissues (MAHAFFEY
and KAUFMAN 1987; GLICKSMAN and BROWER 1988; PAT-
TATUCCI and KAUFMAN 1991).
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The establishment of individual homeotic gene ex-
pression patterns during embryogenesis is primarily
controlled by the gap and segmentation class genes
(reviewed in INGHAM and MARTINEZ ARIAS 1992). In
the absence of individual gap and segmentation loci,
patterns of homeotic gene expression are altered such
that expression in normal domains is reduced or, alter-
natively, transcription occurs outside of normal expres-
sion domains. Because the gap and segmentation gene
products are expressed transiently during embryogene-
sis, they are unable to maintain the established patterns
of homeotic gene expression necessary for proper seg-
mental identity of the larva and adult. Genetic analysis
has demonstrated that two broad groups of transacting
factors encoded by the Polycomb group (Pc-G) and tri-
thoraxgroup (trx-G) genes are necessary for the mainte-
nance of transcriptionally repressed and active states
of homeotic gene expression (reviewed in PARO 1990;
KENNISON 1993) . The pattern of homeotic gene expres-
sion in individuals containing mutations in Pc-G or trx-
G genes is initially normal, but later in development
the pattern degenerates (INGHAM 1985; STRUHL and
AkaM 1985). This degeneration appears to temporally
coincide with a decrease in the levels of gap and seg-
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mentation gene products (GAUL e¢f al. 1987; TAUTZ
1988) . Polycomb group mutations cause varying degrees
of ectopic homeotic gene expression later in em-
bryogenesis and during larval development, whereas tri-
thorax group mutations cause a reduction of homeotic
gene expression in their normal spatiotemporal do-
mains.

A current model for the mechanism by which active
and inactive states of homeotic gene expression are
developmentally maintained is that the Pc-G and trx-
G genes recognize ‘‘closed” and “open’” chromatin
conformations corresponding to transcriptional repres-
sion and activation, respectively (LOCKE et al. 1988;
PArRO 1990; KENNISON 1993) . These chromatin confor-
mations reflect the active and inactive transcriptional
states of each homeotic gene, in an individual cell, at
the time of gap and segmentation gene activity. Differ-
ences in the chromatin structure of transcriptionally
silent closed domains or transcriptionally active open
domains are somehow recognized by subsets of Pc-G
and trx-G gene products. This event “‘imprints” the
transcriptional state of each homeotic gene in every cell
of the embryo in a clonally heritable manner. Recent
molecular data suggest that Pc-G gene products form
multimeric chromatin complexes by interacting with
DNA in the Antennapedia complex (ANT-C) and &-
thorax complex (BX-C) (ZINK and PARO 1989; ZINK et
al. 1991; FRANKE et al. 1992; RASTELLI ¢t al. 1993).

The goal of this analysis was to gain a better under-
standing of how Scr is regulated by frans-acting factors
during Drosophila development. By identifying cisregu-
latory sequences necessary for normal Ser expression,
the mechanism by which transacting factors, such as
the Pc-G and trx-G gene products, interact with the Ser
locus to control its global regulation can be further
elucidated.

Previous analyses have suggested that the develop-
mental regulation of Screxpression is complex, because
Ser mutations map to an 80-kb interval that includes
over 40 kb of upstream regulatory DNA (reviewed in
KAUFMAN et al. 1990) . An additional level of Serregula-
tory complexity is its sensitivity to the degree of homo-
logue pairing at the Ser locus. The chromosomes of
Drosophila and other Dipterans are homologously
paired in somatic tissues (METZ 1916). Disruption of
chromosome pairing is usually of little consequence to
the fly, but pairing-sensitive phenomena such as trans-
vection (reviewed in Wu 1993) demonstrate the sig-
nificance of homologue pairing in certain genetic con-
texts. The penetrance and expressivity of Scr gain-of-
function alleles are enhanced when homologue pairing
at the Ser locus is disrupted by chromosomal re-
arrangements (PATTATUCCI and KAUFMAN 1991) . Addi-
tionally, the level of ectopic Screxpression during imagi-
nal development in Pc?/ + larvae is enhanced when
chromosome pairing at Ser is disrupted (PATTATUCCI

1991). Under normal conditions it appears that pair-
ing-sensitive negative regulation of Scris redundant, but
its role in Ser regulation is revealed in situations that
compromise the ability of Pc-G loci such as Polycomb to
repress ectopic Scr expression.

To gain a better understanding of the molecular
mechanisms controlling Ser expression, an attempt has
been made to identify cisregulatory sequences neces-
sary for proper Ser regulation during embryonic and
larval development. The genetically defined Scrregula-
tory region was subdivided into several overlapping
DNA fragments ranging from 2 to 10 kb in length.
These fragments were then subcloned into P-element
vectors containing either an hsp70-lacZ or an Scr-lacZ
fusion reporter gene, as well as a white minigene (PIR-
ROTTA 1988) for transformant screening. A subset of
DNA fragments from the Scr regulatory region were
found to contain sequences that induce mosaic repres-
sion of white mingene expression in the adult eye, a
tissue in which the white minigene is normally expressed
in a uniform pattern. In some cases repression is en-
hanced when transformants are made homozygous,
suggesting that these regulatory sequences are pairing-
sensitive negative regulatory elements. The size and
shape of pigmented and nonpigmented sectors in these
adult eyes indicate that the time at which an individual
cell makes a developmental decision regarding the tran-
scriptional state of the white minigene is at least as early
as first larval instar and is epigenetically inherited for
the remainder of development. Genetic interactions
suggest that white minigene repression observed in
transformants is due to the interaction of a subset of Pc-
G and trx-G gene products with Sersequences present in
the transformant construct. These results may help us
understand the molecular mechanisms responsible for
phenomena such as transvection, pairing-sensitive neg-
ative regulation and how patterns of homeotic gene
expression are maintained by Polycomb and trithorax
group gene products.

MATERIALS AND METHODS

Plasmid construction: The Pelement vectors used in this
analysis include P{w™™, hsp70:lacZ=HZR} (HZR Reporter
gene), P{w™, Scr:lacZ =SSRN} (Small ScrReporter gene with
Nuclear localization sequence ), P{w™™, Scr:lacZ =BSRN} (Big
Scr Reporter gene with Nuclear localization sequence), as
well as SSR and BSR, which are identical to SSRN and BSRN,
respectively, but lack a nuclear localization sequence. Their
construction is described in GINDHART et al. (1995) . Genomic
DNA fragments from the Scr regulatory region were sub-
cloned into the unique Nod site 5’ of the lacZ fusion genes
in HZR, SSRN and BSRN.

P-element mediated transformation: Germline transforma-
tion of P{w™} constructs was performed essentially as de-
scribed in ROBERTSON et al. (1988) . A solution of 0.5-1.0 mg
ml ! of each construct was injected into 0- to 45-min AED
embryos resulting from the cross wP{ry",A2,3} females X
w; TM3/ TM6B males. Embryos that survived microinjection
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were allowed to develop at 24°, and the resulting G, adults
were crossed to w’. Transformants were isolated on the basis
of the rescue of the white phenotype. Multiple transformant
lines were isolated for each construct. The linkage of individ-
ual transformant lines was determined by the segregation of
P{w" } from dominant markers present on SM5 and TM3. A
subset of transformants was localized to salivary gland poly-
tene chromosomes using standard techniques.

Immunohistochemistry: Embryo and imaginal disc staining
were performed essentially as described in MAHAFFEY and
KaurMAN (1987) and PattaTUCCI and KAUFMAN (1991), re-
spectively. Polyclonal rabbit antisera recognizing Scr protein
were provided by MARIE MAzzULLA and used at a 1:150 dilu-
tion, whereas a monoclonal mouse antibody recognizing £-
galactosidase was purchased from Boehringer-Mannheim, re-
hydrated in 500 ul H,O and used at a 1:2000 dilution. Goat-
anti-mouse IgG and goat-anti-rabbit IgG secondary antibodies
coupled to horseradish peroxidase (Bio-Rad) were used at a
1:200 (mouse) or 1:150 dilution (rabbit) . Diaminobenzidene
was the chromogenic substrate used in all reactions and was
used in the presence of 0.003% hydrogen peroxide.

Mutant strains: A complete list of Polycomb group and tri-
thorax group mutants tested, along with references, is con-
tained in Table 1.

Examination of eye pigmentation: Transformants con-
taining Scr regulatory fragments linked to a white minigene
were tested for interactions with PeG and %G loci by crossing
6-8 w'P{w*} virgin females to 10-12 males from balanced
stocks containing Pc-G and trx-G mutant loci in half-pint milk
bottles containing standard Drosophila medium supple-
mented with dry yeast. Flies were allowed to mate at 24° for
1 week and then the parents were discarded. The level and
pattern of eye Pigmentation in the progeny classes w'P{w™}
mutant and w'P{w"* }Balancer were compared. A minimum
of 50 flies of each progeny class were collected at random in
the 3 days after the commencement of eclosion. In some
cases, mutant females were crossed to P{w™ } males, instances
of which are noted in the text. Representative flies of the
same sex and same age *24 hr from the same culture were
aged 3-5 days and then photographed at X63 magnification.
In most cases, at least two insertion lines of each construct
were tested for genetic interactions.

Pigment assays were performed according to EPHRUSSI and
HEROLD (1944 ) and HAZELRIGG ¢t al. (1984 ), with some mod-
ifications. Male progeny of all four genotypic classes of the
cross w?, P{lw*™, Scr:lacZ=SSRN+8.2Xb}16D; + / +; ScmP? st
in i/ TM3 X +/Y; In(2R)Pcd™/ SM5 and +/ + were aged
10 days and then frozen at —80°. Heads from 240 of each
genotypic class were subdivided into 12 1.5-ml polypropylene
tubes, with each tube containing 20 heads. The heads were
homogenized with a Teflon pestle in 100 ul of AFA buffer
(30% ethanol, 0.1% concentrated HCl). After homogeniza-
tion, 900 ul of AEA buffer was added to each sample and the
tubes were vortexed for 30 min. After vortexing, each sample
was spun 10 min in a tabletop centrifuge at top speed. Twenty
microliters of 0.5% hydrogen peroxide was added to the su-
pernatant to oxidize extracted pigments. Each sample was
then vortexed briefly (5 sec) and spun again. The mean
ODgg, of each genotype was estimated by computing the aver-
age optical density of the 12 samples tested. The absolute
average for each genotype was computed by subtracting the
optical density of a w’ control from the computed averages.
The 95% confidence interval for each estimated mean is the
standard error multiplied by a factor of two.

Reporter gene expression: To determine the expression
pattern of the SerlacZ reporter gene in the transformant
line P{w*™, Ser:lacZ=BSRN+10.0Xb}1I in a P’/ P’ mutant

background, P{w*™, Scr:lacZ=BSRN+10.0Xb}II flies were
crossed to w; Pc’/TM3 and then the resulting P{w*"™,
SerlacZ=BSRN +10.0Xb}II; P’/ + flies were backcrossed to
w; Pc’/ TM3. Embryos 0~24 hr of age from this cross were
collected and stained with anti-G-galactosidase. Similarly, the
expression pattern of P{w*™, Ser:lacZ=BSRN+10.0Xb}1I in a
ph°” mutant background was determined by crossing ph°”/
Binsinscy females to P{w*™, Scr:lacZ=BSRN+10.0Xb}II
males, collecting 0- to 24-hr embryos and then staining the
embryos with anti-f-galactosidase.

Recombination of Pelement insert onto In(1) and
In(l)y4 chromosomes: The SSRN+8.2Xb insert P{w*™,
Scr:lacZ =SSRN+8.2Xb}16A, an insert at 16A on the X chro-
mosome, was recombined onto In(1)m**, wm (In(1)10EI-
2;,13B) and In(l1)y*, y cv v f (In(1)1A8BI;18A3-4).
In(1)m®, w m males were crossed to w' P{w™,
Ser:lacZ =SSRN+8.2Xb}16A females. Heterozygous female
progeny were backcrossed to In(1)m’®, w m males, and m
P{w"*} recombinants were selected. In the second experi-
ment, In(l)y", y cv v f males were crossed to w! Plw™™,
Ser:lacZ =SSRN+8.2Xb}16A females, and heterozygous fe-
male progeny were crossed to y w ftester males. One y wv f
P{w" )} chromosome was recovered out of 7500 chromosomes
screened; upon further analysis it was shown that this chromo-
some had simultaneously recombined both w’ and the P
element insert onto the In(1)y* chromosome.

m38c

RESULTS

Scr genomic DNA sequences repress white minigene
expression: The white minigene is used in Pelement
transformation vectors as a marker for germline trans-
formants in a white background (PIRROTTA 1988) . Ordi-
narily, mutations that remove function of the endoge-
nous white gene are recessive, so the level of eye
pigmentation in w'/w females is similar to wild type.
However, positive regulatory elements important for
high levels of white expression in the adult eye are ab-
sent from the white minigene (LEvIS et al 1985b).
Therefore, the amount of eye pigmentation seen in
white minigene transformants is proportional to the
number of transgenic copies in the genome (PIRROTTA
1988). The level of eye pigmentation in P{w™} trans-
formants is also affected by sequences flanking the site
of chromosome insertion (LEVIS ef al. 1985a; Ha-
ZELRIGG and PETERSEN 1992), so that the eye color of
transformants can vary from pale yellow to deep red.
The function of the white gene product in pigment de-
position is cell autonomous, making single cell differ-
ences in white gene expression readily detectable. The
combination of gene dosage dependence, cell auton-
omy and an easily observable adult phenotype makes
the white minigene an excellent reporter gene for
assaying the function of both positive and negative regu-
latory sequences that act during larval and pupal devel-
opment in the eye.

The white minigene present in the Pelement con-
structs SSRN, BSRN and HZR ( GINDHART eéf al. 1995)
is uniformly expressed throughout the eye, and the
quantity of eye pigmentation seen in transformants is
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TABLE 1
Pc-G and trx-G alleles used in this study

Alleles tested Phenotype References
Polycomb group genes

Additional sex combs (Asx) AsxP! Hypomorph 1

Enhancer of Polycomb (E(Pc)) E(Pc) Amorph 2-4

Enhancer of zeste (E(2)) E(z)* Antimorph 57
E@)% Amorph

extra sex combs (esc) esc Amorph 8-10
esc”! Amorph

pleiohomeotic (ph) pho' Amorph 3,11-13

Polycomb ( Pc) P Amorph 14, 15
PJ Antimorph

Polycomblike (Pcl) Pl Amorph 3,13, 16
Pc™ Amorph

polyhomeotic (ph) o Amorph 17, 18

Posterior sex combs (Psc) P8 Hypomorph 19, 20

Sex combs extra (Sce) Sce”! Unknown 1

Sex combs on midleg (Scm) Sem®! Amorph 1

super sex combs (sxc) sxc' Amorph 21

trithorax group genes

ash-1 ash-17%7% Amorph 22, 23
ash-1*' Hypomorph

ash-2 ash-2'8% Hypomorph 22, 23

brahma (brm) brm? Amorph 24
brm’ Hypomorph
brm® Hypomorph

Brista (Ba) Df(2R)™ Amorph 95, 26

devenir (dev) dev’ Hypomorph 24
de” Hypomorph

kismet (kis) kis® Hypomorph 24

kohtalo (kio) ko' Hypomorph 24

1(3)87Ca (3)87Ca’? Hypomorph 24

moira (mor) mor’ Hypomorph 24
mor® Hypomorph

osa (o0sa) osa’ Hypomorph 24
osa® Hypomorph

sallimus (sam) sam’ Hypomorph 24

skuld (skd) skd! Hypomorph 24
skd? Hypomorph

Su(Pc)37D Df(2L)JK12 Amorph 24

trithorax (trx) i Amorph 27-29
tr’ Hypomorph 24, 30
orx’ Hypomorph

urdur (urd) urd” Hypomorph 24

verthandi (vtd) vid’ Hypomorph 24

The Pc-G and trx-G mutant alleles used in this analysis, their phenotype relative to wild type and references
are shown. The references listed are as follows: (1) BREEN and DUNCAN (1986); (2) RUSSELL and EBERLEIN
(1979); (3) SATO et al. (1983); (4) SATO et al. (1984); (5) WU et al. (1989); (6) PHILLIPS and SHEARN (1990);
(7) JONEs and GELBART (1990); (8) STRUHL (1981); (9) STRUHL and BROWER (1982); (10) STRUHL (1983);
(11) HOCHMAN et al. (1964); (12) GEHRING (1970); (13) DuNcanN (1982); (14) Lewis (1978); (15) DUNCAN
and LEwis (1982); (16) KENNISON and RUSSELL (1987); (17) DURA ¢t al. (1985); (18) DURA et al. (1987); (19)
JURGENS (1985); (20) ADLER et al. (1989); (21) INGHAM (1984); (22) SHEARN et al. (1987); (23) SHEARN (1989);
(24) KENNISON and TAMKUN (1988); (25) SUNKEL and WHITTLE (1987); (26) COHEN et al. (1989); (27) INGHAM
and WHITTLE (1980); (28) INGHAM (1980); (29) INGHAM (1981); (30) INGHAM (1985).

DNA fragments from throughout the genetically de-
fined Ser regulatory region were subcloned into SSRN,
BSRN and HZR to identify and characterize sequences
responsible for the developmental regulation of Scr ex-

dependent upon its number of copies in the genome.
Thus, heterozygous transformants have more lightly
pigmented eyes than homozygotes (compare the SSRN
heterozygote (A) and homozygote (B) in Figure 2).
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TABLE 2

Eye phenotype of transformants containing Scr genomic
DNA fragments

No. of variegating
transformant lines/total

no. of lines
DNA fragment SSRN HZR
SSR* 1/8
BSR*® 0/5
6.8 kb Xbal 0/6 0/3
6.7 kb BamHI 0/9 0/5
8.2 kb Xbal 7/10 1/8
5.4 kb BamHI 3/5 0/5
3.0 kb EcoRI 0/8° NT*
2.4 kb HindIll 0/4 NT*
3.0 kb Xbal 0/3 NT¢
5.5 kb HindIIl 4/8 0/4
6.5 kb Kpnl/ Sall 3/7 0/5
3.5 kb Kpnl/ Sall 0/8 0/5
5.6 kb HindIIl 0/2 0/1
3.7 kb HindIIl 0/4 0/3
7.0 kb EcoRI 1/7 0/3
7.6 kb HindIII 1/5 0/5
10.0 kb Xbal 3/3 3/56

Column 1 identifies each fragment tested by subcloning
into SSRN and then generating transformants containing
each construct [see GINDHART et al. (1995) for fragment posi-
tion in the Ser regulatory region]. Column 2 shows the num-
ber of independent transformant lines exhibiting variegation
of white minigene expression in the adult eye as heterozygote
or homozygote divided by the total number of independent
lines tested. Column 3 displays data in the same format as
column 2 but the fragments are subcloned into HZR. When-
ever possible, homozygotes were used, with the exception of
homozygous lethal inserts and inserts on TM3 or TM6B.

“Includes SSR and SSRN.

*Includes BSR and BSRN.

‘Tested in BSR.

“Subcloned into HZ50PL, a ny* vector, instead of HZR,
thus preventing the examination of eye phenotype.

pression. This analysis identified several Ser cisregula-
tory elements distributed throughout the Scr locus
( GINDHART et al. 1995) . A serendipitous byproduct of
this analysis was the discovery that some DNA fragments
from the Ser regulatory region, when subcloned into
SSRN or HZR, cause the whiteminigene presentin these
vectors to be expressed in a mosaic pattern of pig-
mented and nonpigmented eye tissue in adults (Table
2). For example, when an 8.2-kb Xbal fragment nor-
mally located in Ser intron 2 (Figure 1) is placed 7.5
kb upstream of the white promoter in SSRN, the white
minigene is expressed in a mosaic pattern (Figure 2D ).
This suggests that the 8.2-kb Xbal fragment may contain
sequences that repress white minigene expression. The
size and shape of pigmented and nonpigmented eye
sectors are similar in size and shape to mitotic clones
induced by X-irradiation during the first larval instar

(BARER 1967; BECKER 1976). Although repression of
the white minigene by 8.2 Xbal is enhanced when trans-
formants are made homozygous (3 of 10 insertion lines;
compare the heterozygote in Figure 2C with the homo-
zygote in D), repression does not require homozygos-
ity, as some insertion lines (4 of 10) exhibit mosaicism
as heterozygotes (Figure 3D). The pattern of mosa-
icism seen is somewhat variable from fly to fly, as well
as between eyes of the same fly. Pigmented sectors in
homozygotes are darker than pigmented sectors in het-
erozygotes (compare Figure 2, C and D). In addition,
the extent of mosaic white minigene repression in trans-
formants appears to be independent of the orientation
of the 8.2 Xbal fragment, suggesting that this effect is
not due to the novel juxtaposition of vector and insert
sequences (data not shown). A 5.4-kb BamHI fragment
that partially overlaps the 8.2 Xbal fragment also exhib-
its pairing-sensitive (2 of 5 inserts) repression of white,
but, like the 8.2 Xbal fragment, pairing is not required,
as one of five insertion lines shows variegation as a
heterozygote. These results suggest that sequences in
the 8.2 Xbal fragment repress whife minigene expression
early in development in a clonally heritable fashion but
do not affect the dosage dependence of the white mini-
gene in pigmented (nonrepressed) sectors. The eyes
of transformants containing the 8.2 Xbal fragment sub-
cloned into HZR have a patterned eye color (4 of 8
inserts) , whereas transformants containing HZR alone
do not. In HZR+8.2Xb transformants, the posterior
10-20% of the eye is darkly pigmented, whereas the
anterior part of the eye is lighter in color (data not
shown). This patterning does not appear to be en-
hanced when transformants are made homozygous.
The 5.4 BamHI fragment does not share eye patterning
with the 8.2 Xbal fragment. Although one HZR+8.2Xb
transformant line exhibits variegation, it is not en-
hanced when made homozygous and may be caused by
the influence of nearby sequences, as this is the only
insertion line of eight analyzed that variegates. Differ-
ences in the pattern of white minigene repression seen
when the 8.2 Xbal fragment is subcloned into SSRN
compared with HZR may reflect the fact that this frag-
ment is 7.5 kb closer to the white promoter in HZR
than in SSRN. Alternatively, the regulatory activity of
sequences in the 8.2 Xbal fragment may require other
sequences in SSRN, such as the Scr promoter region,
that are absent from HZR.

Similar regulatory interactions were also observed
when a 10.0-kb Xbal fragment from the fiz-Antp interval
was subcloned just 5’ of the while promoter in HZR
(Figures 1; 2, E and F, and also see Figure 3A). Trans-
formants containing this construct exhibit eye pigment
variegation in three of five insertion lines tested, dem-
onstrating that sequences in the 10.0 Xbal fragment
can repress expression of the white minigene in HZR.
Repression of white minigene expression by the 10.0
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TABLE 3

Genetic interactions of Pc-G and trx-G loci with sequences
in 8.2 and 10.0 Xbal

Regulatory element”

8.2 Xbal

Mutant genotype 10.0 Xbal

Polycomb group
Additional sex combs (Asx)
Enhancer of Polycomb (E(Pc))
Enhancer of zeste (E(z))
extra sex combs (esc)
pleiohomeotic (pho)
Polycomb (Pc)
Polycomblike (Pcl)
polyhomeotic (ph)
Posterior sex combs (Psc)
Sex combs extra (Sce)

Sex combs on midleg (Scm)

super sex combs (sxc)
trithorax group

ash-1

ash-2

brahma (brm)

Brista (Ba)

devenir (dev)

kismet (kis)

kohtalo (kto)

{(3)87Ca

motra (mor)

osa (osa)

sallimus (sam)

skuld (skd)

su(Pc)37D

trithorax (trx)

urdur (urd)

verthandi (vid)

B

octoot+ttotooco
++++tocotoo

lcoocco |l ol
colocoocococoocol ol ol o+5

co |l ++ o |

+, mutations at this locus increase the amount of eye pig-
mentation (suppression of white minigene repression); —, less
eye pigmentation relative to wild type (enhancement of white
minigene repression); 0, no effect; NT, not tested.

“the Pelement constructs tested were SSRN+8.2Xb and
HZR+10.0Xb.

* (allele-specific) denotes that some alleles genetically inter-
act with this fragment whereas others do not.

‘ (maternal effect) denotes that esc only suppresses white
minigene repression when inherited from the mother. The
maternal effect of esc on the 10.0 Xbal fragment has not been
tested.

* (insert-specific) denotes that Pc mutations interact with
one 8.2 Xbal insert line but not another.

However, not all Pc-G mutants modify the mosaic re-
pression of white transcription by the 10.0 or the 8.2
Xbal fragment (Table 3). These results suggest that
sequences in the 10.0 and 8.2 Xbal fragments interact
directly or indirectly with a subset of Pc-G loci to
clonally repress white minigene expression and that
these sequences may normally mediate the interac-
tion of Pc-G trans-acting factors with the Ser locus.
Initial experiments with the 5.5 HindIIl fragment

have shown that its mosaic repression of white tran-
scription in homozygotes is unaffected by Pc or E(z)
mutations (data not shown). Based on these results,
the 5.5 Hindlll fragment will not be the subject of
further discussion.

To test the effect of altering the dosage of trx-G loci
on mosaicism of white minigene expression in 10.0 and
8.2 Xbal constructs, transformants were crossed to flies
heterozygous for individual trx-G loci and then the pat-
terns of white mosaicism in trx-G™ and trx-G mutant
progeny were compared. Figure 3 and Table 3 show
that a subset of trx-G mutations enhance the repression
of white minigene expression in HZR+10.0Xb and
SSRN+8.2Xb transformants. Lowering the dosage of
some trx-G loci causes fewer ommatidia in the eye to
be pigmented, suggesting that the formation or mainte-
nance of pigmented sectors in these transformants is
dependent upon trx-G gene function. For example, the
trx-G mutation dev causes the eyes of HZR+10.0Xb
transformants to be less pigmented (Figure 3C) than
wild type (Figure 3A). Similarly, a reduction in the
dosage of the trx-G gene brm enhances 8.2 Xbal-medi-
ated repression of white (Figure 3G) relative to wild
type (Figure 3D) . Table 3 shows that the trx-G loci ash-
1, brm, dev and #rx interact genetically with the 10.0
Xbal fragment, whereas the repressor activity of the 8.2
Xbal fragment is enhanced by mutations in the trx-G
loci ash-1, brm, mor, osa and trx. The modification of
white mosaicism in a subset of trx-G mutants parallels
changes in Scr expression observed in these mutants
(TAMKUN et al. 1992; BREEN and HARTE 1993) . Interest-
ingly, mutations in the tux-G loci Su(Pc)37D and skuld
(skd) suppress rather than enhance repression of the
white minigene by the 8.2 Xbal fragment (Table 3).
This effect is not allele specific, because both skd’, an
EMS-induced mutation, and skd?, a gamma-ray-induced
skd allele (KENNISON and TAMKUN 1988), exhibit simi-
lar effects on 8.2 Xbal-mediated repression of white ex-
pression. Allelism tests could not be performed with
Su(Pc) 37D, because only one allele exists (KENNISON
and TAMKUN 1988) . The genetic interaction of a subset
of trx-G loci with the 10.0 and 8.2 Xbal fragments sug-
gests that the gene products encoded by these loci inter-
act directly or indirectly with sequences in these frag-
ments to maintain transcriptionally active states of white
minigene expression and perhaps act through these
sequences to maintain Scr expression in its normal do-
main.

Pc-G mutations modify white transcriptional repres-
sion by the 8.2 Xbal fragment in an additive manner,
but Pc-G and trx-G mutations mutually suppress one
another: One of the criteria used to classify a gene as
a member of the Polycomb group or trithorax group is
that a mutation in one locus enhances the phenotype
of other loci in the same group, whereas mutations in
one group suppress the phenotype of mutations in the
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TABLE 4

Quantitation of eye pigment in SSRN+8.2Xb transformants
in wild-type and Pc-G mutant backgrounds

Mutant/wild-type

Genotype ODyy pigment ratio
w'/+ 1.22 + 0.05
w'/Y 0.023 = 0.001
Plw'™+/+;+/+ 0.087 + 0.009 1
Plwt ™ P/ +;+/ + 0.118 = 0.009 1.76
Plw'™;+/+; SemP!/ + 0.115 = 0.006 1.70
P{w*"}; Pcl™/+;Scem®’/+  0.180 = 0.010 2.85

Each data point in the ODyg, column represents the average
amount of red eye pigment in 12 samples of 20 fly heads.
The mutant/wild-type pigment ratio was computed by sub-
tracting the OD,g of the w'/Y control from the ODug of
transformants in Pc-G* and mutant backgrounds and then
dividing this number by the OD,g of Pc-G* transformants.

other group (reviewed in PARO 1990; KENNISON 1993) .
To determine whether similar genetic interactions
could be observed in the eyes of transformants con-
taining SSRN+8.2Xb, transformants containing single
or pairwise combinations of Pc-G and trx-G mutations
were generated, and the level of 8.2 Xbal-mediated white
repression in wild type, single mutants and double mu-
tants were compared. Whereas Pcl/ + (Figure 3E) or
Scm/ + (Figure 3F) mutants have more fully pigmented
eyes than Pc-G* controls, the eyes of Pel/+; Sem/ +
double heterozygotes (Figure 3H) are almost fully pig-
mented. The combination of ph and Sem mutations ex-
hibited similar effects, that is, the double mutations
suppressed the regulatory activity of 8.2 Xbal more than
either single mutation (data not shown). The extrac-
tion of red eye pigments from SSRN+8.2Xb trans-
formants shows that Pcl and Scm mutations individually
cause a statistically significant increase in pigment levels
relative to Pc-G+ controls and that Pel, Scm double het-
erozygotes have significantly more red eye pigments
than either individual heterozygote (Table 4). To de-
termine whether the effects of Pc-G mutations on 8.2
Xbal-mediated white minigene repression could be sup-
pressed by trx-G mutations, the level of white minigene
repression in Pcl/ + and &rm/ + heterozygotes was com-
pared with the level observed in Pel/ +;brm/ + double
heterozygotes. The brm mutation enhances white mini-
gene repression by 8.2 Xbal sequences (Figure 3G),
whereas Pcl suppresses it (Figure 3E). Pcl/+;brm/ +
double heterozygotes (Figure 3I) have intermediate
levels of eye pigmentation that are similar to P{w"}
controls (Figure 3D); therefore, the enhancement of
white minigene repression in &rm mutants appears to be
offset by the suppression observed in Pc/mutants. These
results demonstrate that dosage-dependent genetic in-
teractions observed among Pc-G and trx-G loci, which
cause predictable changes in Ser expression, modulate

the expression of a white minigene linked to an 8.2 Xbal
fragment from the Ser regulatory region in a similar
manner.

Pc-G and trx-G mutations interact with pairing-sensi-
tive SSRN +8.2Xb transformant lines: Experiments de-
scribed thus far demonstrating the interaction of Pc-G
and trx-G loci with Ser regulatory sequences in the 8.2
Xbal fragment have used transformant lines that exhibit
mosaic patterns of white minigene repression when the
Pelement insert is heterozygous. However, a subset of
SSRN+8.2Xb transformant lines displays mosaic white
minigene repression only when the insert is homozy-
gous. Do these lines interact with Pc-G and trx-G muta-
tions in the same way as lines that have non-pairing-
sensitive inserts? To answer this question, the eye
pigmentation phenotype of two pairing-sensitive
SSRN +8.2Xb transformant lines were compared as het-
erozygotes and homozygotes in both wild-type and Pc-G
or trx-G mutant backgrounds. When a pairing-sensitive
SSRN+8.2Xb insertion line was crossed to flies mutant
for the Pc-G gene Pcl, both Pel™ and Pel heterozygous
transformants had fully pigmented eyes (Figure 4, A
and C); however, in homozygous transformants Pcl/ +
suppresses white minigene repression by the 8.2 Xbal
fragment (compare Figure 4, B and D). Similar results
were obtained using mutant alleles of Pcand Scm (not
shown), suggesting that pairing-sensitive SSRN+8.2Xb
insert lines interact with Pc-G mutations in the same
way as non-pairing-sensitive lines, but suppression by
Pc-G mutations is observable only when the pairing-
sensitive insert is homozygous. An analogous result was
obtained when a pairing-sensitive SSRN+8.2Xb inser-
tion line was made doubly heterozygous for the trx-G
mutations rm and trx, which greatly enhanced 8.2 Xbal-
mediated repression of white, as expected. However,
this effect is only observed when the insert is homozy-
gous (compare Figure 4, E and F, with G and H).
Similar genetic interactions were also observed in brm
and trx single mutants, as well as in ash-I, mor and osa
mutants (data not shown). Collectively, these results
suggest that the pairing-sensitive repression of white by
the 8.2 Xbal fragment is Pc-G dependent and that the
relative dosage of Pc-G and trx-G gene products influ-
ence the amount of repression observed.

Pairing-sensitive SSRN+8.2Xb transformant lines
obey the rules of transvection: Transvection is mani-
fested as partial or complete interallelic complementa-
tion observed only when the alleles are able to pair
(recently reviewed in WU 1993) . Transvection phenom-
ena are probably caused by the ability of enhancer se-
quences on one homologue to interact with promoter
sequences located on the other homologue (GEYER et
al. 1990) . Previous genetic results suggest that, in cer-
tain contexts, homologue pairing influences both posi-
tive and negative regulation at the Scrlocus ( HAZELRIGG
and KaurMaN 1983; PaTtraTucct and KaurmaN 1991).






