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ABSTRACT
Drosophila P-element transposition is regulated by a maternally inherited state known as P cytotype.

An important aspect of P cytotype is transcriptional repression of the P-element promoter. P cytotype can
also repress non-P-element promoters within P-element ends, suggesting that P cytotype repression might
involve chromatin-based transcriptional silencing. To learn more about the role of chromatin in P cytotype
repression, we have been studying the P strain Lk-P(1A). This strain contains two full-length P elements
inserted in the heterochromatic telomere-associated sequences (TAS elements) at cytological location 1A.
Mutations in the Polycomb group gene (Pc-G gene), Enhancer of zeste (E(z)), whose protein product binds
at 1A, resulted in a loss of Lk-P(1A) cytotype control. E(z) mutations also affected the trans-silencing of
heterologous promoters between P-element termini by P-element transgenes inserted in the TAS repeats.
These data suggest that pairing interactions between P elements, resulting in exchange of chromatin
structures, may be a mechanism for controlling the expression and activity of P elements.

P ELEMENTS are a group of mobile DNA elements elements and internally deleted P elements. A typical P
found in Drosophila melanogaster. They transpose by strain contains 40–50 P elements and only approximately

a nonreplicative cut and paste mechanism that is con- one-third of these elements are full-length (O’Hare et al.
trolled by a regulatory state known as P cytotype (for 1992; O’Hare and Rubin 1983). Full-length P elements
reviews see Engels 1983, 1989; Rio 1991). The existence encode two polypeptides, an 87-kD transposase protein
of a state prohibitive for P-element transposition was and a truncated 66-kD repressor protein (Rio et al.
initially recognized when reciprocal crosses were per- 1986). Transposase production, and hence transposi-
formed between strains that contain P elements (P tion, occurs only in the germ line due to the restricted
strains) and those that lack P elements (M strains). If splicing of the P-element third intron (IVS3) to this
a P strain male is crossed to an M strain female, the P tissue (Laski et al. 1986). Retention of IVS3 in the germ
elements are mobilized in the germ line of the progeny, line and the soma results in the production of the 66-
resulting in a series of abnormalities called hybrid dys- kD repressor protein (Misra and Rio 1990). Additional
genesis. However, the progeny of a cross between an M proteins that repress transposition in vivo are encoded
strain male and a P strain female are normal, indicating by internally deleted elements, such as the KP element
that P strain females are able to repress P-element trans- (Black et al. 1987; Rasmusson et al. 1993). The maternal
position in the germ line of their offspring. These recip- component of P cytotype is thought to arise from a
rocal cross experiments led to the definition of a repres- deposition of P-element repressor proteins into unfertil-
sive state for P-element transposition, called P cytotype, ized oocytes, as observed for the P strains Harwich and
and a permissive state for transposition, called M cyto- p2 (Misra and Rio 1990; and S. E. Roche and D. C.

type. Genetic experiments also indicated that P cytotype
Rio, unpublished data). The zygotic component of P

has both a maternal effect and is maternally inherited. cytotype could be due to a requirement for continuous
Maternally derived cytoplasm is sufficient to confer the repressor production by chromosomal P elements in-
repressive state to offspring for one generation but ma- herited by subsequent generations.
ternal inheritance of chromosomal P elements is re- An important component of P cytotype is transcrip-
quired for the maintenance of P cytotype through multi- tional repression of the P-element promoter. Both the
ple generations (Engels 1983, 1989, 1996; Ronsseray 66-kD and KP repressor proteins bind to a site within the
et al. 1993). P-element termini that overlaps the P-element promoter

Molecular characterization of P strains revealed the TATA element and the transposase binding site (Kauf-

existence of two types of P elements: full-length 2.9-kb
man et al. 1989; and C. C. Lee and D. C. Rio, unpub-
lished data), suggesting that these proteins might affect
P-element transcription. Indeed, transcriptional repres-
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(Lemaitre and Coen 1991; Lemaitre et al. 1993). In (see also Ronsseray et al. 1996). To investigate the
influence of host factors known to associate with the 1Aaddition, the transposase protein inhibits the binding

of TFIID to the P-element promoter TATA element, location on Lk-P(1A) P cytotype, we tested the effects
of mutations in the Polycomb group (Pc-G) genes. Thewhich results in transcriptional repression of the P-ele-

ment promoter in vitro (Kaufman and Rio 1991). Other Pc-G genes are known to play a role in chromatin-based
transcriptional repression of homeotic genes, such asmechanisms of P cytotype regulation may involve anti-

sense P element RNA (Simmons et al. 1996), the forma- Ubx, in Drosophila (Paro 1993; Pirrotta 1997). Several
Pc-G protein products bind to cytological location 1A,tion of inactive transposase-repressor protein hetero-

multimers, or a competition between transposase and as demonstrated by immunostainings of larval polytene
chromosomes (Rastelli et al. 1993; Carrington andrepressor proteins for binding to their common site at

the P-element termini (Rio 1990). Jones 1996). We show that mutations in the Pc-G gene,
E(z), abolish repression of P-element transposition, andFinally, a role for chromatin structure in P cytotype

transcriptional repression was proposed because heter- transcriptional repression of an hsp83-IVS3-b-geo re-
porter transgene by the Lk-P(1A) strain. Mutations inologous promoters contained within P-element ends are

repressed by P cytotype (Roche et al. 1995). For exam- the gene that encodes Heterochromatin protein 1,
Su(var)205 ( James and Elgin 1986; Eissenberg et al.ple, germ-line-expressed hsp83 or vasa-IVS3-b-geo re-

porter transgenes are transcriptionally repressed in a P 1992), also abolish Lk-P(1A) P cytotype (Ronsseray et
al. 1996). We found that the loss of P cytotype in thecytotype-dependent manner. Neither the hsp83 nor vasa

promoter contains binding sites for P-element protein presence of mutations in E(z) was not due to effects
on expression of the 1A P elements. However, E(z) isproducts, suggesting that P cytotype transcriptional re-

pression may occur through a chromatin-based transcrip- involved in the silencing of b-geo reporter transgenes by
recombinant P-element transgenes inserted within thetional silencing mechanism. Repression of a P[white]

transgene by zeste1 is enhanced in a P-element back- TAS repeats at 1A or the TAS-related sequences at 100F
(trans-silencing). We propose that trans-silencing mayground (Coen 1990) and may be explained by an influ-

ence of P-element products on chromatin organization. involve pairing interactions between P elements at dif-
ferent cytological locations that allow for the spread ofAlterations of chromatin structure might also be respon-

sible for the suppression of the phenotype of cytotype- a repressive chromatin structure from the heterochro-
matic TAS repeats to the site of the euchromatic re-dependent vestigial (vg) alleles in the presence of P

cytotype (Williams et al. 1988). Therefore, P cytotype porter transgene. E(Z) protein may mediate interac-
tions between P elements or may be a component oftranscriptional repression may not occur solely by a

simple repressor-operator interaction. the repressive chromatin structure.
The ability of a strain containing P elements to exhibit

P cytotype is strongly determined by the genomic posi-
MATERIALS AND METHODStion of the repressor-producing elements (Robertson

and Engels 1989; Misra and Rio 1990; Misra et al. Drosophila strains: The Lk-P(1A) strain is described in Rons-

1993). A study in which 17 inbred P-element-containing seray et al. (1991). The different Pc-G mutants tested are
described in Table 1. The b-geo reporter transgene line B54.4fly lines were examined for P cytotype over 100 genera-
contains an X-linked insertion of a P[ry1;hsp83-IVS3-b-geo]tions of inbreeding, resulted in the identification of
transgene, as described in Roche et al. (1995). The transgeneonly three lines that could repress hybrid dysgenesis
maps to cytological location 5A. The reporter transgene line

(Biemont et al. 1990). All three lines contained at least D27.1 contains a third chromosome insertion of a P[ry1;vasa-
one complete P element that was located at cytological IVS3-b-geo] reporter transgene (Roche et al. 1995). The stan-

dard P strain Harwich is described in Ronsseray (1986). Allposition 1A, at the tip of the X chromosome. Other
balancer chromosomes used are described in Lindsley andstudies of the distribution of P elements in natural Dro-
Zimm (1992). The different Pc-G mutant alleles were crossedsophila populations (Ajioka and Eanes 1989), and in
into the Lk-P(1A) background as follows: alleles that map to

local transposition experiments using a minichromo- the third chromosome and that were balanced by TM3, Ser
some (Karpen and Spradling 1992), demonstrated that were crossed to the double balancer stock FM6;TM3, ryRK. Male

progeny of the genotype FM6;mutant/TM3, ryRK were crossed1A is a hotspot for P-element insertion. By outcrossing
to P(1A);TM3/CxD females, to generate P(1A)/FM6;mu-and recombination, a strain was created from one of the
tant/TM3 stocks. The E(z) alleles that are on chromosomesinbred P lines that contained only two P elements, both
marked with ebony [E(z)61, E(z)63, E(z)son2 and E(z)son3] were

of which were located at cytological position 1A (Rons- crossed to P(1A);1/TM3 females and progeny with ebony
seray et al. 1991). This strain, Lk-P(1A), completely re- bodies were selected. Pc-G alleles that map to the second

chromosome were crossed to Binsinscy;SM6b females. Binsin-presses transposition in the germ line and does not have
scy;mutant/SM6b male progeny were crossed to P(1A);1/CyOa strong ability to induce hybrid dysgenesis even though
females, to generate the P(1A)/Binsinscy;mutant/CyO stocks.both elements are complete.
The P(1A)/FM6;1/TM3 and P(1A)/Binsinscy;1/CyO control

Here, we report that the two P elements of the Lk- females were created by crossing doubly balanced males to
P(1A) P strain are inserted into subtelomeric hetero- P(1A);1/TM3 or P(1A);1/CyO females, respectively. Crosses

to the P strain Lk-P(1A) were performed at 188 while all otherchromatic repeated sequences, known as TAS repeats
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TABLE 1

List of Pc-G alleles tested

Mutation Comment Reference

E(z)61 Temperature sensitive ( Jones and Gelbart 1990)
Loss of function
[E(z)S2]

E(z)63 Null [E(z)S4] ( Jones and Gelbart 1990)
E(z)28 Temperature sensitive (Shearn et al. 1978)

Loss of function
[pcoox736]

E(z)32 Temperature sensitive (Shearn et al. 1978)
Loss of function
[pcopco25hs]

E(z)60 Gain of function (Wu et al. 1989)
[E(z)S1]

E(z)son2 Gain of function (Pelegri and Lehmann 1994)
E(z)son3 Gain of function (Pelegri and Lehmann 1994)
Pc 16 Loss of function (Struhl 1981; Kennison and Tamkun 1988)
esc 2 Null (Struhl 1981)
Su(z)21 Gain of function (Kalisch and Rasmuson 1974)
Su(z)25 Gain of function (Wu et al. 1989)
Su(z)21.b7 Null (Adler et al. 1989)
Su(z)2Deos Gain of function (Wu and Howe 1995)
Psc 1 Gain of function (Nusslein-Volhard 1984; Jurgens 1985)
Psc e22 Gain of function (Wu and Howe 1995)
Psc e25 Loss of function (Wu and Howe 1995)
Pcl D5 Null (Breen and Duncan 1986)

crosses were performed at 258 using standard fly culture me- which contain restriction sites at the 59 ends. However, the
primer restriction sites were not used in cloning the PCRdium.

The telomeric P-lacZ, P[hsneo] and P[wA] strains were ob- products. The sequences of the two primers are: Po1 59-CCG
CTGCAGAAGTGTATACTTCGGTAAGC-39; Po2 59-CCGCTCtained from the Drosophila stock center at Bloomington, Indi-

ana. Most of the telomeric strains are referred to by their GAGAAATGCGTCGTTTAGAGCAG-39. PCR products were an-
alyzed by agarose gel electrophoresis. The two amplificationstock center names, except for AS1 and AS1079. AS refers

to the source of these stocks, Allan Spradling (Carnegie products were gel isolated using NA45 paper (Maniatis et al.
1982) and treated with the Klenow fragment of DNA polymer-Institution of Washington, Baltimore, MD), and the numbers

correspond to their stock center numbers (P1 for AS1 and ase I and T4 polynucleotide kinase (Boehringer Mannheim,
Indianapolis). The DNA fragments were subcloned into pBSI-P1079 for AS1079). Descriptions of the telomeric strains can

be found in Flybase. They are the same as those used by IKS(1) (Stratagene, La Jolla, CA) that was cleaved with EcoRV
and treated with calf intestine alkaline phosphatase. ClonesRonsseray et al. (1998, accompanying article). The minichro-

mosome lines are described in Karpen and Spradling (1992). were screened by colony hybridization (Ausubel et al. 1987).
DNA sequences flanking the P elements were obtained byThe E(z)32 allele was crossed into strains WG1103 and WG1152

as follows: FM6;E(z)/TM3 males were mated to P-lacZ;1/TM3, chain termination sequencing with Sequenase 2.0 (United
States Biochemical, Cleveland). The pBSIIKS(1) reverseSer females. Serrated winged male offspring and serrated

winged female offspring with semi-bar eyes were selected and primer and primers complementary to the TAS repeats were
used. The flanking sequence obtained was aligned to the TASmated to each other, to generate the P-lacZ;E(z)/TM3, Ser

stocks. The Dp8-152;E(z)32/TM3, Ser stock was generated by repeat sequence (Karpen and Spradling 1992) by the Genet-
ics Computer Group program Gap.crossing y2;E(z)32/TM3 males to Dp8-152,y1;y2;1/TM3, Ser fe-

males and selecting offspring that had wild-type body color The distance between the Lk-P(1A) P elements was deter-
mined by DNA blot hybridization (Ausubel et al. 1987). Lk-and serrated wings. GR833/E(z)32 and GR833/TM3, Ser fe-

males were created by crossing E(z)32/TM3, Ser males to GR833 P(1A) genomic DNA was cleaved with XhoI and SpeI or XhoI
and XbaI and separated on a 0.8% agarose gel. The DNA wasfemales and selecting wild type (GR833/E(z)32) and serrated

winged progeny (E(z)32/TM3, Ser). transferred to Hybond N membrane (Amersham, Arlington
Heights, IL) and probed with a 32P-labeled 59 P-element probe,Inverse PCR to clone the telomeric P elements in Lk-P(1A):

Genomic DNA was isolated from 15 flies according to Misra isolated from the plasmid pISP-2/Km (Beall and Rio 1996),
or a full-length P-element probe, isolated from the plasmidand Rio (1990). The DNA was cleaved with NdeII and ligated

for 4 hr at 158 with T4 DNA ligase. The ligation mix was pUC18-XbaP (Misra and Rio 1990).
Histochemical lacZ assays: lacZ whole mount ovary stain-PCR amplified with an annealing temperature of 558 and the

following P-element primers: Pi1 59-TCCAGTCACAGCTTTG ings were performed on hand-dissected ovaries, as described
(O’Kane and Gehring 1987), isolated from the progeny ofCAGC-39; Pi2 59-GTGGGAGTACACAAACAGAG-39. The PCR

products were then reamplified at an annealing temperature the crosses outlined in Figure 2. The crosses were performed
at 188, 258 and 298 for temperature-sensitive E(z) alleles andof 518, with a second set of P-element primers, Po1 and Po2,
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at 258 for all other Pc-G alleles assayed. The staining assay was TABLE 2
repeated multiple times for each allele tested.

Corrected valuesQuantitative lacZ assays were performed according to Ash-

burner (1989). Reporter males were crossed to Lk-P(1A) fe-
E(z)1 E(z)61 E(z)28 E(z)32males, or to telomeric recombinant P-element-containing fe-

males, mutant or wild type for E(z). Crosses assaying Lk-P(1A)
Unspliced IVS3 165.36 395 25.2 25.2repression were performed at 258 and 298, while those with
Spliced IVS3 71.76 70 35.7 51.6the recombinant P elements were performed at 258 only. Ten
Total IVS3 RNA 237.12 465 60.9 76.8ovaries were dissected from 10 progeny females. One hundred
Percentage of 30.2 15.0 58.6 67.2microliters of assay buffer (50 mm potassium phosphate, 1 mm

spliced IVS3magnesium chloride pH 7.5) was added and the ovaries were
homogenized with a plastic pestle (Kontes, Vineland, NJ).

RNase protection experiments were performed on threeExtracts were spun for 10 min at 48 and 100 ml of supernatant
independent RNA preparations.was transferred to a fresh tube containing 900 ml of assay

buffer. The extracts were vortexed for 30 sec to mix. Fifty
microliters of ovary extract was added to 1.0 ml of 1 mm

of the telomere of the minichromosome, Dp1187, re-Chlorophenolred-b-D-galactopyranoside (CPRG; Boehringer
Mannheim, Indianapolis) in assay buffer. The reactions were vealed that it consists of a series of 1.8-kb repeated
incubated at 378 and the optical absorbance at wavelength sequences termed TAS repeats (Karpen and Spradling

574 nm was measured at 30 min, 1 hr, 1 hr 30 min and 2 hr. 1992). TAS repeats have been identified, cytologically,
Both control and experimental samples were processed at the

at the ends of both the natural X chromosome and thesame time. The protein concentration of the ovary extracts
autosomes. P-lacZ elements that are inserted within thewas determined by the Bradford assay (Ausubel et al. 1987).

The b-galactosidase activity of the ovary extracts was calculated TAS repeats are subject to variegated expression, a char-
as follows: OD readings between 0.1 and 0.6 were chosen for acteristic of genes inserted into heterochromatic se-
calculations and were divided by the amount of total protein quences (Karpen and Spradling 1992). Due to the
in the extracts and by the amount of time the reactions were

strong genomic position dependence of P cytotype, weincubated at 378. The b-galactosidase activity is expressed as
were interested in determining whether the Lk-P(1A)OD units/gram of protein/min at 378 and was determined

from the activities of at least three independent samples. P elements are inserted within the TAS repeats.
Gonadal sterility assays: P(1A)/FM6 ;E(z) or 1/TM3 virgin The genomic DNA flanking the Lk-P(1A) P elements

females were crossed to Harwich males at 298. Progeny females was isolated by inverse PCR, using nested P-element
were collected and fattened with yeast for 2–3 days at 258.

primers. Two inverse PCR products of 1.0 kb and 1.6 kbFemales were then squashed between two glass plates and
were subcloned and sequenced. Analysis of the resultingscored against a dark background. A female was scored as

fertile if she extruded at least one egg. At least 100 females sequence indicated that both P elements are inserted
were assayed for each cross. The percent fertility was calculated within the TAS repeats (Figure 1A). The exact insertion
as (fertile females/total females scored) 3 100. Each cross site of each element within the repeats differs and the
was repeated at least three times.

two P elements are arranged in an inverted orientationRNA isolation and RNase protection analysis: Ovaries were
(Figure 1B). These data agree with the previous map-dissected from females fattened at 298 for 3 days and total

ovary RNA was isolated as described (Ausubel et al. 1987; ping of the Lk-P(1A) P elements to the TAS repeats
Sambrook et al. 1989). RNase protection analyses were per- (Ronsseray et al. 1996). However, these data did not
formed as described in Adams et al. (1997), with modifications. address whether both Lk-P(1A) P elements are inserted
One hundred micrograms of total ovary RNA was incubated

in the same TAS repeat.with 50,000 cpm of single-stranded 32P-labeled IVS3 probe
To determine whether both P elements are insertedand 50,000–100,000 cpm of 32P-labeled tubulin probe. RNA

samples were digested with RNases A and T1 for 1 hr at 158 within the same TAS repeat, the distance between the
instead of 1 hr at room temperature. The IVS3 probe plasmid, two elements was determined. Lk-P(1A) genomic DNA
pGEM2-R/X, is described in Misra and Rio (1990) and the was cleaved with restriction enzymes that lack recogni-
a-tubulin probe plasmid, containing a 400 nt XbaI-HindIII

tion sequences within the TAS repeats, but contain sitesfragment of D. melanogaster genomic sequence, is described
within the P-element sequence (either XhoI and SpeIin Hedley and Maniatis (1991). Single-stranded RNA probes

were synthesized using 800 Ci/mmol [32P]UTP (NEN-DuPont, or XhoI and XbaI) (Figure 1B). The cleaved DNA was
Boston, MA) and T7 RNA polymerase, according to Yisraeli analyzed by DNA blot hybridization using either full-
and Melton (1989), and were gel purified (Maniatis et al. length or 59 P-element probes. The 59 P-element probe
1982). Protected fragments were quantitated using a Fuji BAS-

detected a single fragment of z6.5 kb while the full-1500 imager (Fuji Photo Film Co., Stamford, CT) and were
length probe detected two additional larger productscorrected for loading by comparison with the tubulin control.

The corrected values are shown in Table 2 and were used to (data not shown). The fact that the 59 P-element probe
calculate the total number of counts in each lane and the only detected a single fragment indicates that the two
percentage of IVS3 RNA that was spliced. Lk-P(1A) P elements are arranged in an inverted orien-

tation. Since XhoI cleaves 727 nt from the 59 end of the
P element, the data indicate that the actual distance

RESULTS
between the two Lk-P(1A) P elements is z5.0 kb (6.5
kb minus 1.45 kb of P-element DNA). If the TAS repeatsThe Lk-P(1A) P elements are inserted within sub-

telomeric heterochromatin: Molecular characterization on normal X chromosomes are similar in length to those
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Figure 1.—The Lk-P(1A) P elements are inserted into the subtelomeric TAS repeats. (A) DNA sequence flanking the Lk-P(1A)
P elements. The 8-bp target site duplications of TAS element DNA are indicated by the black boxes, while arrows indicate the
exact insertion sites of the P elements. Genomic DNA (5.0 kb) lies between the two P elements. (B) Schematic drawing showing
the location and orientation of the Lk-P(1A) P elements. The TAS repeats are depicted by the light gray boxes containing arrows.
The dark gray box depicts HeT element DNA. P elements are drawn as double-headed arrows with the numbers above each
arrow head referring to the orientation of the P elements. The position of the XhoI restriction sites used for determining the
distance between and the relative orientation of the two P elements is indicated, as is the distance between these sites.

on Dp1187, then the two P elements of Lk-P(1A) must an increase in the expression of the reporter transgene
should be observed. Only mutations in the Pc-G mem-be in separate TAS repeats.

Mutations in the Polycomb group gene, E(z), abolish ber, E(z), resulted in a loss of transcriptional repression
of the reporter transgene (Figure 2A). Mutations in Psc,Lk-P(1A) P cytotype: Because the Lk-P(1A) P elements

are inserted within sequences that can silence gene ex- Pc, esc, Su(z)2, Su(z)2D, and Pcl did not affect Lk-P(1A)
P cytotype by this assay (Figure 2B and data not shown).pression, we wanted to test the effects of the 1A hetero-

chromatin on the P cytotype of Lk-P(1A). We decided Seven different mutant alleles of E(z) were tested for
transcriptional derepression of the reporter transgeneto study the effects of mutations in the Pc-G genes,

whose products have been shown cytologically to bind (Table 1). When Lk-P(1A) females containing the
E(z)61, E(z)28, E(z)32, or E(z)60 alleles were crossed to strainat 1A (Rastelli et al. 1993; Carrington and Jones

1996). One role of the Pc-G genes is to maintain home- B54.4, the reporter transgene was transcriptionally dere-
pressed in the ovaries of the progeny (Figure 2A, rightotic genes in a silent state possibly through the forma-

tion of a transcriptionally inactive chromatin state panels; Table 3; and data not shown). As expected,
control females containing two wild-type copies of E(z)(Paro 1993; Pirrotta 1997).

Mutant alleles of several Pc-G genes were crossed into repressed the reporter transgene when the progeny
were assayed for lacZ expression (Figure 2A, left panels;Lk-P(1A) (Table 1 and materials and methods). Two

assays were used to test the effects of Pc-G gene muta- Table 3). It is unknown why a low level of staining was
observed in the control female ovaries when the TM3,tions on Lk-P(1A) P cytotype. In the first assay, transcrip-

tional repression of a germ-line-expressed P[ry1;hsp83- and not the Cy0, balancer chromosome was present
in the Lk-P(1A) background (Figure 2, A and B, leftIVS3-b-geo] reporter transgene was tested (Roche et al.

1995). This reporter transgene is transcriptionally re- panels).
Transcriptional derepression of the reporter trans-pressed when the reporter transgene-containing strain,

B54.4, is crossed to a P strain female, such as Lk-P(1A), gene by mutations in E(z) exhibited a maternal effect.
Specifically, transcriptional derepression was observedbut not when crossed to a P strain male. Transcriptional

repression is assayed by histochemical staining of dis- in the progeny that inherited either the TM3 balancer
chromosome or the mutant E(z) allele. Reporter trans-sected ovaries isolated from the progeny. It has pre-

viously been shown that a reduction in b-galactosidase gene derepression occurred even though the female
parent contained a wild-type copy of E(z) on the TM3activity directly reflects a reduction in mRNA levels

(Roche et al. 1995). Lk-P(1A) females heterozygous for balancer chromosome, suggesting that the observed
effect was either due to a decreased dosage of themutations in the Pc-G genes were crossed to males con-

taining the reporter transgene and the ovaries from the wild-type E(z) product or to a dominant effect of the
mutant E(z) allele. A null allele of E(z) had no effect onprogeny were assayed for lacZ expression (Figure 2). If

a mutation in a Pc-G gene affects the ability of Lk-P(1A) Lk-P(1A) P cytotype by this assay (Table 3, E(z)63), indi-
cating that the E(z) alleles that affected Lk-P(1A) P cyto-to repress transcription of the reporter transgene, then
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Figure 2.—Mutations in E(z) cause transcriptional derepression of an hsp83-IVS3-b-geo reporter transgene. Each panel shows
lacZ histochemical staining of ovaries isolated from the progeny of the indicated crosses (see materials and methods for
details). The genotype of the females from which the ovaries were isolated is indicated beside each panel. P(1A) refers to the
Lk-P(1A) P elements. (A) The left set of panels shows repressed ovaries derived from the progeny of males containing the hsp83-
IVS3-b-geo reporter transgene (B54.4) mated to control P(1A)/FM6;1/TM3 females. The right set of panels shows the ovaries
isolated from the progeny of reporter transgene males mated to P(1A)/FM6; E(z)32/TM3 females. The progeny were separated
according to whether they inherited the E(z) mutant allele (P(1A)/B54.4;E(z)/1 progeny) or the TM3 balancer chromosome
(P(1A)/B54.4; TM3/1 progeny). The reporter transgene is derepressed in the ovaries of both sets of progeny. The data shown
are from crosses performed at 298. Control and experimental ovaries were stained side by side. Similar staining patterns were
observed when Lk-P(1A) females containing E(z)S2, E(z)28 or E(z)60 alleles were tested. (B) Mutations in other Polycomb group
genes do not cause derepression of the reporter transgene. The left set of panels shows repressed ovaries isolated from the
progeny of a mating between reporter transgene males and P(1A)/Bins ;1/CyO control females. The right set of panels shows
ovaries isolated from the progeny of a cross between reporter transgene males and P(1A)/Bins; Pcl D5/CyO females. The reporter
transgene is still repressed in both classes of females. Similar staining patterns were observed when Lk-P(1A) females containing
mutations in the other Polycomb group genes were tested.

type were acting in a dominant manner to derepress three E(z) alleles may have both loss-of-function and
gain-of-function characteristics. The observation thatreporter transgene expression. Based on phenotypic

analyses of homeotic transformations and effects on the these alleles were acting in a dominant manner prompted
us to test whether two other dominant alleles of E(z),zeste-white interaction, E(z)60 was characterized as a gain-

of-function allele (Wu et al. 1989), while E(z)61, E(z)28 E(z)son2 and E(z)son3, affected repression of the reporter
transgene. Neither of these alleles affected repression ofand E(z)32 were characterized as loss-of-function alleles

(Shearn et al. 1978; Jones and Gelbart 1990; Phillips the reporter by Lk-P(1A) (Table 3 and data not shown).
Since E(z)61, E(z)28 and E(z)32 are temperature-sensitiveand Shearn 1990). Our data suggest that the latter
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TABLE 3

b-Galactosidase activity of ovaries derepressed by E(z) mutations

b-Galactosidase activityc

/ Parenta Progenyb 298 258

P(1A); 1/TM3 1/1 30.9 6 30.5 5.3 6 1.1
TM3/1 11.3 6 7.7 24.3 6 16.6

P(1A);E(z)32/TM3 E(z)32/1 663.3 6 239.7 363.3 6 121.2
TM3/1 793.3 6 362.3 265.6 6 42.2

P(1A);E(z)28/TM3 E(z)28/1 621.0 6 150.7 437.0 6 73.6
TM3/1 373.3 6 102.7 230.0 6 85.2

P(1A);E(z)61/TM3 E(z)61/1 45.0 6 46.0 9.0 6 1.0
TM3/1 13.3 6 8.8 30.7 6 21.6

P(1A);E(z)63/TM3 E(z)63/1 13.1 6 6.3
TM3/1 8.6 6 2.7

P(1A);E(z)son2/TM3 E(z)son2/1 4.2 6 1.0
TM3/1 0.7 6 1.0

P(1A)/FM6;1/TM3 1/1 9.1 6 5.1 2.7 6 0.5
TM3/1 29.3 6 25.2 24.3 6 8.9

P(1A)/FM6;E(z)32/TM3 E(z)32/1 670.0 6 108.0 386.0 6 94.7
TM3/1 606.6 6 54.4 375.0 6 110.5

P(1A)/FM6;R(z)28/TM3 E(z)28/1 663.3 6 144.3 546.3 6 139.3
TM3/1 486.6 1 81.8 305.0 6 180.6

P(1A)/FM6;E(z)61/TM3 E(z)61/1 616.7 6 46.4 182.1 6 50.8
TM3/1 403.3 6 116.7 261.3 6 61.9

P(1A)/FM6;E(z)63/TM3 E(z)63/1 8.7 6 6.3
TM3/1 12.6 6 11.1

P(1A)/FM6;E(z)son2/TM3 E(z)son2/1 6.43 6 2.0
TM3/1 4.0 6 1.0

a Genotype of female parent mated to the reporter line B54.4.
b Genotype of the progeny that were assayed for b-galactosidase activity. All progeny contained the Lk-P(1A)

P elements and the b-geo reporter.
c b-Galactosidase activity 6 SD is expressed as OD units/gram of total protein/minute. The data shown

represent the average values obtained from three independent experiments, with the standard deviation
indicated.

alleles, the assay was performed at several temperatures at high frequencies in the germ line of the offspring,
resulting in gonadal dysgenesis and sterility. However,to examine the temperature-dependence of derepres-

sion of the reporter transgene. Loss of transcriptional if the tester female has P cytotype, P-element transposi-
tion is repressed and the offspring are fertile.repression of the reporter transgene occurred at both

258 and 298 for all three alleles (Table 3) and at 188 for Lk-P(1A) P cytotype was abolished in the presence of
the E(z)61, E(z)28 and E(z)32 alleles, as observed by a highE(z)28 and E(z)32 (data not shown). The E(z)28 and E(z)32

alleles displayed the strongest effect on Lk-P(1A) P cyto- percentage of sterile offspring from crosses between P
strain males and Lk-P(1A) females carrying these E(z)type. These alleles displayed a 12- to 200-fold derepres-

sion of the reporter transgene when the female parent alleles (Figure 3). In addition, the E(z) alleles behaved
in a dominant and maternal manner, with no evidencecontained one chromosomal copy of the 1A P elements

(P(1A)/FM6;E(z)/TM3) and a 20- to 80-fold derepres- of a zygotic effect (data not shown). The null allele,
E(z)63, and the dominant alleles, E(z)son2 and E(z)son3, didsion in the presence of two chromosomal copies (P(1A);

E(z)/TM3) (Table 3). The weaker E(z)61 allele only dere- not affect repression of gonadal dysgenesis by Lk-P(1A),
while E(z)61 only affected this repression when one chro-pressed the reporter transgene when present in a back-

ground with one chromosomal copy of the 1A P ele- mosomal copy of the 1A P elements was present (Figure
3 and data not shown). These results parallel those fromments (10- to 68-fold derepression, Table 3).

In a second assay, mutations in E(z) were tested for the lacZ activity assay. Taken together, the data from
both assays demonstrate that mutations in E(z) affect thetheir effects on repression of P-element transposition

by Lk-P(1A). The transposition assay is called a gonadal P cytotype of a strain containing P-element insertions
within subtelomeric heterochromatin.dysgenesis assay, since a P strain male is crossed to a

tester female and the female progeny are examined for The E(z)-dependent loss of Lk-P(1A) P cytotype does
not correlate with increased P-element transcription: Wegonadal dysgenesis. If the tester female has M cytotype,

the P elements introduced by the male sperm transpose previously observed P cytotype-dependent transcrip-
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Figure 3.—Mutations in E(z) prevent repression of P-element transposition. Shown are the results of a gonadal dysgenesis
(GD) assay (see materials and methods for details). The genotypes of the females that were crossed to Harwich males for the
GD test are given on the horizontal axis. E(z) mutations are referred to by allele number. The vertical axis indicates the percent
fertility among the female progeny from the crosses. Data were pooled from sibs that inherited the E(z) mutation or the TM3
balancer chromosome, since there was no significant difference in fertility levels between the two classes (data not shown).
Complete repression of transposition results in 90–100% fertility. Absence of repression results in 0–5% fertility. The vertical
bars represent fertility data from three independent experiments with error bars indicating the standard deviation among
experiments.

tional repression of the hsp83 and vasa promoters, when 1991). In the P(1A)/FM6;1/TM3 control strain RNA,
a 236 nt RNA fragment was protected by fully-splicedcontained within a P element (Roche et al. 1995), sug-

gesting that P cytotype repression occurs through a P-element mRNA and a 316 nt fragment was protected
by incompletely spliced, IVS3-containing, P-elementchromatin-based transcriptional silencing. We pro-

posed that the 66-kD repressor protein might interact mRNA (Figure 4B, lane 1). Both products were detected
since IVS3 is incompletely spliced in the germlinewith chromatin-associated proteins to silence the non-

P-element promoters. The discovery that a gene in- (Roche et al. 1995). Both the spliced and unspliced
products were also detected in RNA samples isolatedvolved in transcriptional silencing of homeotic genes is

a key component of Lk-P(1A) P cytotype suggests that from Lk-P(1A) females containing the E(z)61 allele (Fig-
ure 4B, lane 2), while only the spliced product wasE(Z) protein might affect expression of the 1A P-ele-

ment products by maintaining low levels of transcrip- detected in Lk-P(1A) ovary RNA containing E(z)28 or
E(z)32 alleles (Figure 4B, lanes 3 and 4). Neither producttion, which is thought to promote repressor production

(O’Hare et al. 1992; Lemaitre et al. 1993; Roche et al. was detected in w1118 ovary RNA (Figure 4B, lane 5).
Protected RNA products of other sizes were detected1995). Loss of wild-type E(Z) protein could result in

increased transcription of the 1A P elements, reduced but these were not specific to the P-element-containing
RNAs, as they were also observed in w1118 RNA (Figure66-kD repressor production, and therefore, increased

expression of the reporter transgenes. 4B, lane 5).
To determine the effects of E(z) mutations on Lk-To analyze expression of the Lk-P(1A) P elements,

RNase protection experiments were performed using P(1A) P-element transcript levels, the total amount of
protected species in each E(z)2 lane was quantitated andtotal ovary RNA isolated from Lk-P(1A) females, mutant

or wild type for E(z), and an antisense RNA probe com- compared to that in the E(z)1 control lane (Figure 4B
and Table 2). A 2-fold (60.9) increase in P-elementplementary to sequences surrounding the alternatively

spliced P-element third intron, IVS3 (Figure 4A) (Misra transcript levels was observed in the presence of E(z)61

(Figure 4B, lane 2, and Table 2). Surprisingly, decreasedand Rio 1990). A probe for a-tubulin mRNA was in-
cluded in the reactions as a standard for the amount P-element transcript levels were detected in the pres-

ence of E(z)28 and E(z)32 alleles. A 3.9-fold (60.7) reduc-of target RNA in each sample (Hedley and Maniatis
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tion was observed for E(z)28 (Figure 4B, lane 3, and Table
2) and a 3.1-fold (60.8) decrease for E(z)32 (Figure 4B,
lane 4, and Table 2). When the E(z)61 allele was reintro-
duced into the Lk-P(1A) background, increased P-ele-
ment mRNA levels were still observed but P cytotype
was not disrupted (data not shown). It was previously
observed that the E(z)61 allele requires a couple of gener-
ations to disrupt Lk-P(1A) P cytotype (data not shown).
Taken together, these data suggest that there is no corre-
lation between increased P-element transcript levels and
disruption of P cytotype and that E(Z) protein is not
exerting direct transcriptional repression on the Lk-
P(1A) P elements.

In addition to the alterations in Lk-P(1A) P-element
transcript levels, splicing of IVS3 was also altered in the
E(z) mutant backgrounds. A 2-fold (60.4) decrease in
splicing of IVS3 was observed in the presence of the
E(z)61 allele and a 1.9- and 2.2-fold (60.6 and 60.7)
activation of IVS3 splicing in the presence of the E(z)28

and E(z)32 alleles, respectively (Figure 4B, lanes 2–4, and
Table 2). Even though there appears to be no unspliced
product present in lanes 3 and 4, this product was de-
tected by phosphorimager quantitation (Table 2).
These data are inconsistent with the model for autoregu-
lation of 66-kD repressor production (Lemaitre et al.
1993; O’Hare et al. 1992; Roche et al. 1995). According
to the model, low levels of P-element transcription in a
P cytotype background promote retention of IVS3 and
66-kD repressor production and high levels of transcrip-
tion in an M cytotype background permit splicing of
IVS3 and transposase production. In the presence of the
E(z)61 allele, steady state Lk-P(1A) P-element transcript
levels increased yet IVS3 splicing decreased. In addition,
steady state P-element transcript levels decreased and
IVS3 splicing increased in the presence of the E(z)28 and
E(z)32 alleles. While these data seem to disagree with the
autoregulation model, we do observe effects of steady
state P-element RNA levels on splicing of IVS3, as seen
previously (Roche et al. 1995). It is possible that muta-

Figure 4.—E(z) mutations affect P-element transcript levelstions in E(z) are somehow affecting aspects other than
and splicing of IVS3. (A) Schematic diagram showing thetranscription, such as RNA processing or stability of the
antisense IVS3 probe used for RNase protection (see materi-Lk-P(1A) P-element transcripts in the nucleus.
als and methods for details) and the probe fragments pro-

Recombinant P elements inserted in subtelomeric tected by spliced and unspliced P-element RNA, as indicated.
TAS repeats silence maternal promoters within a P-ele- The numbers above the diagram refer to the P-element nucleo-

tides contained within the antisense probe. (B) RNase protec-ment vector in an E(z)-dependent manner: The RNase
tion analysis of total ovary RNA from P(1A)/FM6;1/TM3protection analyses revealed that Lk-P(1A);E(z)61 females
(lane 1), P(1A)/FM6;E(z)/TM3 (lanes 2–4) and w1118 (lane 5)have increased levels of repressor-encoding mRNA and females. The size and identity of each protected fragment are

therefore, have the potential to produce more 66-kD indicated to the right of each panel. The sizes of DNA molecu-
repressor protein than normal. However, these females lar weight markers are indicated to the left of the upper panel

(in bp). The upper panel shows the probe fragments protectedstill lose P cytotype suggesting that repression of P ele-
by the P-element RNA. Note that the nonspecific protectedments by Lk-P(1A) may be independent of the 66-kD
species appear to be of a weaker intensity in the w1118 RNArepressor protein. Repression of P elements by Lk-P(1A) sample (lane 5) than in the P-element-containing samples

may involve pairing interactions between P elements. (lanes 1–4). This difference in intensity was not always appar-
E(Z) protein and the 1A heterochromatin might be ent. The lower panel shows the probe fragments protected by

a-tubulin RNA. Note that the upper panel is a 3-day exposureinvolved by directly affecting repression of other P ele-
while the lower panel is a 1-hr exposure of the same gel.ments, such as the reporter transgenes. Pairing interac-
Values from phosphorimager quantitation of the products aretions between P elements at distant loci might stimulate
reported in Table 2.
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Figure 5.—Telomeric P-lacZ elements can repress an hsp83 or vasa-reporter transgene. Shown are the results of a quantitative
b-galactosidase assay of ovaries isolated from the progeny of crosses between the females indicated and either P[hsp83-IVS3-b-
geo] (B54.4) or P[vasa-IVS3-b-geo] (D27.1) males. All lines were crossed to the B54.4 reporter transgene line, except for Dp0801
and Dp8-152, which were crossed to D27.1. The female parents contained autonomous [Lk-P(1A), positive control for repression],
P[lArB] (WG1103, WG1152, WG1155, WG1206 and DP1235), PZ (AS1079, Dp0801 and Dp8-152), P[hsneo] (AS1) or P[wA]
(GR833) elements inserted at telomeres. The vertical axis gives the results of the b-galactosidase assay expressed as OD units
per minute per gram of total protein assayed. The vertical bars represent average data from three independent samples with
error bars indicating the standard deviation between samples.

nucleation of heterochromatin structures at the euchro- elements at 1A repressed euchromatic reporter trans-
genes inserted on the second and third chromosomes,matic P element, resulting in transcriptional silencing.

If pairing interactions between P elements are indepen- in addition to the X chromosome, indicating that repres-
sion was independent of the genomic location of thedent of the 66-kD repressor protein, then recombinant

P elements inserted in the TAS repeats at 1A would be reporter transgene element (data not shown). Further-
more, the reporter transgene was repressed by P-lacZexpected to repress reporter transgene expression. To

test this hypothesis, we measured the b-galactosidase elements inserted at 1A on a normal X chromosome
(WG1103 and WG1152) or on the mini-X chromosome,activity present in ovaries isolated from the progeny of

a cross between females containing P-lacZ enhancer trap Dp1187 (Dp0801 and Dp8-152) (Karpen and Spradling

1992; Tower et al. 1993).elements inserted at 1A and males carrying an hsp83
or vasa-IVS3-b-geo reporter transgene (lines B54.4 and Lines WG1103 and WG1152 repressed the reporter

transgene as strongly as Lk-P(1A), even though they onlyD27.1, respectively). The P-lacZ enhancer trap lines
alone did not exhibit b-galactosidase activity in the ova- contain a single P-lacZ element at 1A. However, with

the minichromosome lines, strong repression of theries (data not shown). P-lacZ enhancer trap elements
contain 587 nt of 59- and 232 nt of 39-P-element sequence reporter transgene was observed only when two P-lacZ

enhancer trap elements were present. Line Dp0801 con-(Bellen et al. 1989; Wilson et al. 1989), and therefore,
cannot make the 66-kD repressor protein. However, tains a single P-lacZ insertion and only had a small effect

on expression of the reporter transgene (Figure 5, com-they could encode an N-terminal 144 amino acid P-ele-
ment peptide (see discussion). We discovered that pare Dp0801 to D27.1). Repression was not observed by

lacZ histochemical staining of ovaries (data not shown).P-lacZ enhancer trap elements inserted at 1A could si-
lence the reporter transgenes (Figure 5). The P-lacZ Line Dp8-152 contains an additional P-lacZ insertion,
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obtained from a local transposition experiment using correlation between the insertion of P elements within
the TAS repeats or TAS-related sequences and reporterDp0801 as the starting strain (Tower et al. 1993); it

strongly repressed activity of the D27.1 reporter trans- transgene silencing. However, the results with strain
WG1155 indicate that insertion within these heterochro-gene (Figure 5, compare Dp8-152 to D27.1). Of all the

repressing elements at 1A, Dp8-152 had the weakest matic repeats is not sufficient for repression of the re-
porter transgene.effects on the reporter transgene expression. Multiple

single and double P-lacZ mini-chromosome lines were Because the role of E(z) in Lk-P(1A) P cytotype does
not appear to be through controlling expression of thetested. The double insertion lines consistently exhibited

strong repression of the reporter transgene while the Lk-P(1A) P elements, we decided to test its role(s) in
the silencing effects of recombinant P elements insertedsingle insertion lines had little effect (data not shown).

Finally, as was observed in the Lk-P(1A) repression in the TAS repeats at 1A or the TAS-related sequences
at 100F. The E(z)32 allele was crossed into the P-lacZ orassays, the reporter transgene was silenced only by ma-

ternally inherited P-lacZ transgenes (data not shown). P[wA] backgrounds (see materials and methods for
details) and females containing both the recombinantThe above data support a model for P cytotype repres-

sion through pairing interactions between distantly lo- P element and E(z) mutant allele were crossed to males
containing the reporter transgene. Repression of thecated P elements. An important component of the

model is the involvement of a heterochromatic structure reporter transgene was assayed in the ovaries of the
resulting offspring (Figure 6). The presence of the E(z)32that flanks the repressing elements. We therefore deter-

mined the sequences flanking the P-lacZ elements at allele in strain WG1103 resulted in an 8- to 12-fold
increase in the b-galactosidase activity of the reporter1A. Plasmid rescue experiments mapped the minichro-

mosome P-lacZ insertions to the TAS repeats at 1A (Kar- transgene (Figure 6, compare WG1103;1/TM3 to WG-
1103;E(z)/TM3). Mutations in E(z) had a weaker effectpen and Spradling 1992; Tower et al. 1993). By DNA

blot hybridization and cycle sequencing of inverse PCR on the reporter transgene repression by WG1152 (2-
to 3.5-fold derepression) and Dp8-152 (3- to 4.5-foldproducts, we determined that the P-lacZ insertions of

strains WG1103 and WG1152 are also in TAS repeats derepression; Figure 6). It is unclear why the E(z) muta-
tions have such different effects on the three strains.(data not shown).

To determine whether the silencing effect of P-lacZ However, strain WG1152 exhibited stronger repression
of the reporter transgene than WG1103 (Figure 5),elements could occur only when the elements are in-

serted at the 1A telomere, we tested strains that contain so its repression may be more difficult to disrupt.
The minichromosome line, Dp8-152, did not exhibitP-element transgenes inserted at autosomal telomeres

(see materials and methods). Since TAS-related se- stronger repression capability than WG1103. The
Dp1187 minichromosome contains a 1-Mb block of cen-quences have been identified at the telomeres of the

autosomes (Karpen and Spradling 1992), we first iden- tromeric heterochromatin near to 1A (Karpen and
Spradling 1990), which may substitute for a potentialtified strains that contain insertions within these hetero-

chromatic repeats. Strains GR833 and WG1155 contain loss of telomeric heterochromatin in the Dp8-152;E(z)32

females. When E(z)32 was crossed into strain GR833, weP[wA] and P-lacZ insertions, respectively, within the TAS-
related sequences at 100F (data not shown). The white observed a threefold derepression of the reporter

transgene (Figure 6, compare GR833/TM3 to GR833/marker gene of strain GR833 exhibits variegated expres-
sion (Hazelrigg et al. 1984; Levis et al. 1993) as a E(z)). Again, strain GR833 strongly repressed the re-

porter transgene, which may explain the observed weakresult of the heterochromatic environment of the P[wA]
transgene. Surprisingly, when tested for repression of the derepression. The E(z)32 allele had no effect on the varie-

gated expression of the P[wA] transgene (data notreporter transgene, only GR833 could prevent reporter
transgene expression (Figure 5). GR833 repressed the shown). E(z)32 exhibited greater disruption of repression

by the Lk-P(1A) P elements (10- to 68-fold derepression,hsp83-IVS3-b-geo reporter transgene as strongly as P-lacZ
insertions that were located within the 1A TAS repeats. Table 3, repression by P(1A);E(z)32/TM3 females at 258)

than by the recombinant P elements at 1A or 100F (2-Strain WG1155 also contains an insertion in the TAS-
related sequences at 100F, yet had no effect on the to 12-fold derepression; Figure 6). Overall, these data

suggest that E(z) and the TAS repeats are not affectingexpression of the b-geo reporter transgene (Figure 5).
We also tested whether strains that contain P-lacZ or Lk-P(1A) P cytotype by controlling expression of the two

P elements at 1A. Instead, we propose that P elementsP[hsneo] elements inserted in non-TAS-related telomeric
sequences (strains AS1079, WG1206, DP1235, and AS1, in telomeric TAS repeats interact in trans with other

P-element sequences in the genome to cause gene si-data not shown) could prevent expression of the re-
porter transgene. We did not observe repression of the lencing.
reporter transgene by any of these strains (Figure 5).
P-lacZ insertions within euchromatin and euchromatic,

DISCUSSION
variegating P-lacZ transgene arrays (Dorer and Heni-

koff 1994) also exhibited no repression of the reporter We have shown that the Lk-P(1A) P elements are
inserted into subtelomeric heterochromatin and thattransgene (data not shown). These data reveal a strong
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Figure 6.—Repression by telomeric P-element transgenes is affected by mutations in E(z). Shown are the b-galactosidase
activities of ovaries dissected from the progeny of crosses between females containing telomeric P-lacZ or P[wA] insertions, that
were either wild type or mutant for E(z), and b-geo reporter transgene males. The P-lacZ lines were crossed to the reporter line,
B54.4, and the P[wA] line was crossed to a strain containing an insertion of the same reporter on the second chromosome. See
the legend to Figure 5 for a description of the graph. For all strains tested, except GR833, the progeny of the crosses were
separated according to whether they inherited the E(z) (or wild-type chromosome) or the TM3 balancer chromosome. Grey
vertical bars represent the activities of ovaries from females that inherited the wild-type or E(z) chromosome and not the balancer
chromosome. Black vertical bars represent the data from progeny that inherited the balancer chromosome. For line GR833,
only progeny that inherited the P[wA] element and not the E(z) or TM3 chromosomes were assayed. See materials and methods

for a description of these crosses.

the P cytotype of this strain is sensitive to mutations in Eanes 1989; Biemont et al. 1990; Karpen and Sprad-

ling 1992), is a region of the genome that stronglyE(z), a Pc-G gene involved in gene silencing. The mater-
nal effect of E(z) mutations on Lk-P(1A) P cytotype sug- promotes P cytotype (Biemont et al. 1990; Ronsseray

et al. 1991). Lk-P(1A) contains only two P elements, bothgests that a complex required for P cytotype repression
is established early in development and is stably main- at 1A, but it represses transposition as effectively as a

P strain containing 15 or more complete P elementstained throughout the life cycle of the fly. Our data
suggest that repression of transcription by the Lk-P(1A) (Ronsseray et al. 1991). Molecular characterization of

the 1A genomic region revealed that a series of noncod-P elements may involve pairing interactions between
P elements, since recombinant P-element transgenes ing, repetitive sequences (TAS repeats), are found ap-

proximately 40 kb from the telomere (Karpen andincapable of encoding the 66-kD repressor protein can
silence a b-geo reporter transgene on a homologous or Spradling 1992). In a screen for P-element insertions

into the mini-X chromosome, Dp1187, 39 of the 45 inser-nonhomologous chromosome. Furthermore, silencing
of the reporter transgene may be heterochromatin- tions recovered were actually in the TAS repeats, indicat-

ing that these repeats represent a P-element hotspot.based, since it requires insertion of the repressing P
elements within the TAS repeats. A heterochromatic structure for the TAS repeats was

suggested by their repetitive nature, the variegated ex-Genomic position effects, subtelomeric heterochro-
matin, and P cytotype: P cytotype is highly sensitive to pression of the P-lacZ enhancer trap elements inserted

within them, their lack of essential genes and their un-the genomic position of the P elements, since not all
strains containing P elements can repress transposition derrepresentation in polytene chromosomes (Karpen

and Spradling 1990; Karpen and Spradling 1992). In(Engels 1981; Sved 1987; Preston and Engels 1989;
Misra et al. 1993). The 1A telomere, which was identi- situ hybridizations to polytene chromosomes localized

the TAS repeats to centromeric heterochromatin andfied as a hotspot for P-element insertion (Ajioka and
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to the telomeres (Karpen and Spradling 1992). The P(1A). The establishment of an E(z)-dependent state
might contribute to the maternal inheritance of P cyto-genes required for the variegated expression of genes

at telomeres in Drosophila have not yet been identified. type. Once established, the E(z)-dependent state may no
longer require E(z), since introduction of the mutationsVariegation of a telomeric P[w; hsp26] transgene is not

suppressed by known modifiers of position effect varie- zygotically through the male germ line, had no effect
on repression by Lk-P(1A) (data not shown). Similarly,gation (PEV), such as increased Y chromosome dosage

and mutations in the Su(var) genes (Wallrath and silencing of a Gal4 DNA-binding domain-lacZ reporter
transgene is maintained after the Gal4-Polycomb fusionElgin 1995). However, mutations in the Pc-G gene,

Su(z)2, abolish variegation (Elgin 1996). Similarly, a protein is no longer expressed (Muller 1995). The
demonstration of a role for a Pc-G member in P cytotypehuman homolog of another Pc-G gene, E(z), can com-

plement telomeric silencing defects in yeast (Laible et repression helps explain, at least in the case of Lk-P(1A),
how repression of a natural or engineered P elemental. 1997). We have shown that E(z) is required for the

P cytotype repression of strains containing P-element is maintained throughout the entire life cycle of the fly.
The observation that mutations in E(z) affected Lk-insertions within subtelomeric heterochromatin. These

data raise the interesting possibility that the Pc-G genes P(1A) P cytotype in a dominant fashion, that was not
due to a haplo-insufficiency, was unexpected. The E(z)might play a role in telomeric silencing in Drosophila.

A role for the Polycomb group gene, E(z), in Lk- alleles were previously characterized as recessive, loss-
of-function mutations (Shearn et al. 1978; Jones andP(1A) P cytotype: The Pc-G genes are responsible for

maintaining the homeotic genes in a transcriptionally Gelbart 1990; Phillips and Shearn 1990), and there-
fore, should have behaved in the same way as the nullinactive state (Paro 1993; Pirrotta 1997). The Pc-G

gene products may exist as a large multimeric complex allele of E(z). Flies homozygous for the E(z) alleles that
affected P cytotype still produce E(Z) protein at thein cells (Franke et al. 1992) and bind to more than 100

loci on polytene chromosomes (Rastelli et al. 1993; restrictive temperature (Carrington and Jones 1996).
However, binding of the mutant E(Z) proteins to poly-Carrington and Jones 1996), at sites known as poly-

comb response elements (PREs) (Chan et al. 1994). It tene chromosomes is reduced or eliminated. Since the
Pc-G gene products may form multimeric complexes inis unclear how the Pc-G gene products transcriptionally

silence genes. The observation that genes inserted cells (Franke et al. 1992), it is possible that the E(z)
alleles affect P cytotype by producing proteins that poi-within PRE-containing transposons exhibit variegated

expression (Fauvarque and Dura 1993; Chan et al. son complexes involved in P cytotype repression but
not those responsible for homeotic gene repression or1994; Kassis 1994) and are less accessible to the E.

coli dam methyltransferase (A. Boivin and J. M. Dura, repression of white by z1.
Also unexpected was the lack of a clear temperature-personal communication), suggests that alterations of

chromatin structure may be involved. Furthermore, sensitive effect on P cytotype in the E(z)61, E(z)28 and
E(z)32 mutant backgrounds. However, the E(z)32 mutationmembers of the Pc-G contain structural motifs also

found in suppressors of PEV, such as the chromodomain is not strictly temperature-sensitive. Flies homozygous
for the E(z)32 allele exhibit reduced viability and ectopicand SET domain (a domain of homology between

Su(var)3-9, E(z), and trithorax; Paro and Hogness sex combs at nonrestrictive temperatures (Phillips and
Shearn 1990). Also, the E(z)61 allele partially suppresses1991; Jones and Gelbart 1993; Tschiersch et al. 1994)

and the Pc-G gene, E(z), exhibits haplo-suppressor/ the z1-w interaction at 258 ( Jones and Gelbart 1990).
It is possible that the mutant E(Z) proteins might betriplo-enhancer dosage effects on variegation of the het-

erochromatin-associated white gene, wm4h (Laible et al. resistant to temperature effects when part of a complex
involved in P cytotype repression but not when in a1997). Mutations in Enhancer of Polycomb (E(Pc)) also

suppress wm4h variegation (Sinclair et al. 1998). Most complex required for homeotic gene repression or re-
pression of white by z1.Pc-G genes, however, do not affect PEV (Grigliatti

1991; Sinclair et al. 1998). The E(z) alleles that affected P cytotype contain point
mutations that map to different domains of the proteinWe have shown here that the Pc-G gene, E(z), is in-

volved in P cytotype repression by the P strain Lk-P(1A). and therefore did not identify a single domain of the
E(Z) protein as being important for P cytotype repres-Mutant alleles of E(z) exhibit defects in oogenesis, mater-

nal-effect lethality, and zygotic lethality (Shearn et al. sion ( Jones and Gelbart 1993; Carrington and Jones

1996). However, the C-terminal SET domain does not1978; Jones and Gelbart 1990; Phillips and Shearn

1990). Consistent with these maternal effects, the E(z) seem to be required since an allele containing a muta-
tion in this domain did not affect LK-P(1A) P cytotypetranscript is most abundant in 0–2 hr embryos ( Jones

and Gelbart 1993). The loss of Lk-P(1A) P cytotype in (E(z)son3).
Finally, E(z)61 exhibited an unusual effect in our assaysthe presence of E(z) mutations also exhibited a maternal

effect, suggesting that an E(z)-dependent state is set up for P cytotype repression. It only affected Lk-P(1A) P
cytotype when in the background with one chromo-during oogenesis, or early in development of the em-

bryo, that is important for P cytotype repression by Lk- somal copy of the P elements at 1A, i.e., P(1A)/FM6. In
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the P(1A)/P(1A);E(z)61/TM3 background, interactions autonomous P elements in the presence of the telomeric
between the homologous X chromosomes might have P elements.
stabilized an E(Z)-containing complex formed in the The trans-silencing experiments with the recombi-
vicinity of the two P elements, making it resistant to nant P elements revealed that their insertion within
disruption by the mutant protein encoded by E(z)61. the heterochromatic TAS repeats was necessary but not
The lack of interchromosomal stabilizing effects in the sufficient for reporter transgene repression. In the dom-
P(1A)/FM6;E(z)61/TM3 background might have en- inant trans-inactivation of repeated transgenes in plants,
abled the E(z)61 product to disrupt complex formation. there is also a correlation between trans-inactivation
Such interchromosomal stabilizing effects are observed capabilities and insertion of the trans-inactivating
in Pc-G silencing. For instance, the PRE-induced varie- transgene in a transcriptionally inactive region of the
gation of a white reporter transgene is stronger in flies chromosome (Matzke and Matzke 1995). Elements
homozygous or trans-heterozygous for PRE-white trans- inserted at different locations within the TAS repeats
genes, when compared to hemizygous flies (Fauvarque exhibited variable repression capabilities and were not
and Dura 1993; Kassis 1994; Sigrist and Pirrotta equally affected by mutations in E(z). Position effects
1997), suggesting that the silencing activity of a PRE within the TAS repeats have previously been observed.
may depend on interactions with many PREs in the Different P-lacZ insertions within the TAS repeats of
genome. Dp1187 exhibit variable levels of variegation (Karpen

As mentioned, mutations in the gene that encodes and Spradling 1992). Also, when the P elements of Lk-
HP1 also affect the P cytotype of Lk-P(1A) (Ronsseray P(1A) are separated from each other, the two isolated
et al. 1996). However, the Su(var)205-induced loss of P elements do not behave identically in genetic assays for
cytotype is zygotic and not maternal and is a result of P cytotype repression (Ronsseray et al. 1996).
a reduced dosage of the wild-type gene product. The These experiments also revealed a new aspect of P
differences in the behaviors of Su(var)205 and E(z) al- cytotype repression. P-element repression may involve
leles in assays for P cytotype repression suggest that HP1 interactions between P elements inserted at different
and E(Z) may play separate, but related, roles in Lk- genomic positions to allow for the spread of inactive
P(1A) P cytotype. chromatin structures. Pairing interactions between P

Trans-silencing of P elements: Analysis of the Lk-P(1A) elements may be mediated solely by sequence homol-
P-element transcripts in the presence of mutations in ogy. The conversion of sequences from one P element
E(z) revealed a lack of correlation between levels of 66- to an element on a homologous or nonhomologous
kD repressor mRNA and P cytotype repression. This chromosome, or to the site of a P-element-induced
suggests that Lk-P(1A) P cytotype repression may not

break, suggests that homology searching mechanisms
require the 66-kD repressor protein but instead may

do exist in Drosophila (Gloor et al. 1991; Engels etinvolve interactions between P elements in different
al. 1994). Homology searching might permit sequence-genomic locations. We have shown that recombinant
dependent interactions between P elements in differentP-element transgenes inserted into subtelomeric hetero-
genomic locations. Indeed, the variegated expression ofchromatin are able to silence a b-geo reporter transgene
P-element transgene arrays might be a result of pairingdriven by a heterologous promoter. We refer to this
interactions between the repeated P-element transgenesrepression as trans-silencing. The repression mediated
(Dorer and Henikoff 1994).by the recombinant P elements strongly resembled that

Alternatively, maternally-inherited proteins, such asmediated by Lk-P(1A). Reporter transgene repression
the 66-kD repressor protein, might be involved in pair-exhibited a maternal effect, was only observed with ele-
ing interactions between P elements. The transposase-ments that are inserted in the subtelomeric TAS repeats,
mediated trans-cleavage of the P-element ends, whenand was dependent on E(z). Repression by both natural
contained on separate plasmids, indicates that interac-and recombinant P elements was independent of the
tions between P-element-encoded products bound togenomic location of the reporter transgene. Euchro-
different transposons can occur (Beall and Rio 1997).matic P-lacZ elements were also silenced by the recombi-
Although the P-lacZ or P[wA] elements cannot encodenant P elements in the TAS repeats (S. Ronsseray and
the 66-kD protein, they are capable of encoding an

L. Marin, personal communication). Therefore, repres-
N-terminal 144 amino acid P-element peptide. This pu-sion by the telomeric recombinant P elements may be
tative peptide would contain the DNA-binding and leu-used as an assay to study the components of Lk-P(1A) P
cine zipper dimerization domains of the KP and 66-kDcytotype. Ronsseray et al. (1998, accompanying article)
repressor proteins (Andrews and Gloor 1995; Lee et al.have shown that although the same recombinant P ele-
1996; C. C. Lee and D. C. Rio, personal communication)ments in the TAS repeats cannot repress P-element
and could mediate interactions between the differenttransposition, they can promote the repression of trans-
P elements by dimerization of bound monomers. How-position by paternally inherited autonomous P ele-
ever, the 144 amino acid P-element peptide would bements. This phenomenon is sensitive to mutations in

HP1 and may be a result of altered expression of the fused to b-galactosidase in the case of the P-lacZ ele-
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