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ABSTRACT

Position effect variegation (PEV) results from the juxtaposition of a euchromatic gene to heterochro-
matin. In its new position the gene is inactivated in some cells and not in others. This mosaic expression
is consistent with variability in the spread of heterochromatin from cell to cell. As many components of
heterochromatin are likely to be produced in limited amounts, the spread of heterochromatin into a
normally euchromatic region should be accompanied by a concomitant loss or redistribution of the
protein components from other heterochromatic regions. We have shown that this is the case by simulta-
neously monitoring variegation of a euchromatic and a heterochromatic gene associated with a single
chromosome rearrangement. Secondly, if several heterochromatic regions of the genome share limited
components of heterochromatin, then some variegating rearrangements should compete for these com-
ponents. We have examined this hypothesis by testing flies with combinations of two or more different
variegating rearrangements. Of the nine combinations of pairs of variegating rearrangements we studied,
seven showed nonreciprocal interactions. These results imply that many components of heterochromatin
are both shared and present in limited amounts and that they can transfer between chromosomal
sites. Consequently, even nonvariegation portions of the genome will be disrupted by re-allocation of
heterochromatic proteins associated with PEV. These results have implications for models of PEV.

HROMATIN structure has a profound and global
effect on the expression of a gene. One of the
most dramatic examples of the impact of chromatin
structure on gene expression is the phenomenon of
position-effect variegation (PEV). PEV is the random
inactivation of a functional gene that has been reposi-
tioned into or next to a broken segment of heterochro-
matin (reviewed by LEwis 1950, BAKER 1968 and SpOF-
FORD 1976). The resulting phenotype is a mosaic of
wild type and mutant cells. The mosaic phenotype does
not result from mutation in the gene itself (DUBININ
and SIDOROV 1935; PANSHIN 1935, 1938; GRUNEBERG
19387; KAUFMANN 1942; HINTON and GooDSMITH 1950;
JUDD 1955; TARTOF et al. 1984; LEVIS et al. 1985; REUTER
et al. 1985) but instead is dependent on the proximity
of the variegating gene to heterochromatin. A causal
role for chromatin structure in PEV has been inferred
from the correlation between genetic inactivation, in
the tissue in which the gene is normally expressed, and
the acquisition of a heterochromatic morphology in
the corresponding genomic segment in the polytene
chromosome. Moreover, the morphology of the poly-
tene chromosome becomes more ‘‘euchromatic’” or
““heterochromatic’ as the level of variegation is altered
by various factors which modify PEV. These factors in-
clude temperature (HARTMANN-GOLDSTEIN 1967; ZHI-
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MULEV ¢f al. 1986), additional Y-chromosome hetero-
chromatin (PROKOFYEVA-BELGOVSKAYA 1947; COWELL
and HARTMANN-GOLDSTEIN 1980), other variegating re-
arrangements (HARTMANN-GOLDSTEIN and WARGENT
1975), deficiencies for the histone genes (KHESIN and
LEIBOVITCH 1978; MOORE et al. 1983) and mutations
that modify PEV (REUTER et al. 1982b; HAYASHI et al.
1990).

The mosaicism associated with PEV results from vari-
able inhibition of the transcription of the variegating
gene (BaHN 1971; Nix 1973; ANANIEV and GVOZDEV
1974; HENIKOFF 1981; RUSHLOW e al. 1984; KORNHER
and KAUFFMAN 1986) and so presumably reflects the
impact of altered chromatin structure on gene expres-
sion. The exact mechanism whereby ‘‘heterochroma-
tinization” results in reduced gene expression remains
unknown. Several different models for the molecular
basis of PEV have been advanced (FRANKHAM 1988; KAR-
PEN 1994; Csink and HENIKOFF 1996) although alter-
ation in chromatin structure remains among the most
popular. Regardless of whether the alteration in chro-
matin structure is the cause or is simply associated with
gene inactivation in PEV, the cytologically visible alter-
ation in chromatin structure must at some level depend
on specific protein components of heterochromatin. It
seems plausible that these chromosomal proteins mi-
grate across the newly formed boundary into normally
euchromatic segments of the genome and impose a
highly compacted state onto the genes in the affected
region. This new structure presumably impedes access
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by, or function of, the normal transcriptional machin-
ery and thus, if not the sole cause of, at least assists in
the inactivation of genes located in this region.

The strong correlation between the appearance of
chromatin that morphologically resembles heterochro-
matin and gene inactivation has prompted the use of
PEV to monitor the state of both the protein compo-
nents of heterochromatin (SPOFFORD 1967; HENIKOFF
1979; ReUTER and WOLFF 1981; REUTER et al. 1982b;
SINCLAIR ¢f al. 1983; GARZINO e al. 1992; DORN et al.
1993; BIRCHLER ¢t al. 1994; CSINK et al. 1994) and the
DNA sequences to which they bind (TARTOF ¢t al. 1984;
POKHOLKOVA et al. 1993). This approach has permitted
the identification of genes encoding proteins associated
with heterochromatin (JAMES and ELGIN 1986; EISSEN-
BERG et al. 1990; REUTER et al. 1990). However, the num-
ber of chromatin-associated proteins is likely to be
large, estimated from 20 (LOCKE et al. 1988) to 160
(SzipboNya and REUTER 1988) and their binding sites
are largely uncharacterized.

In the absence of a well-defined molecular system,
two types of genetic approaches have been taken to
study this complex system. In the first type of approach,
the expression of a single variegating reporter gene is
monitored while decreasing the amounts of different
putative nonhistone chromosomal proteins, by using
mutations that suppress PEV. The second approach re-
lies on increasing the amount of DNA, which these
chromatin proteins must package, typically by adding
an extra Y chromosome, which is destined to be pack-
aged as heterochromatin. Both of these approaches ulti-
mately affect the stoichiometry of the components of
heterochromatin by altering either levels of the wild-
type heterochromatic proteins or the number of their
binding sites. Although the ability of one variegating
rearrangement to influence the variegation of another
when combined has been noted (LEwis 1950; BAKER
1968), this effect has not been well studied or exploited.
Competition between two variegating rearrangements
may allow the study of repatterning of the protein com-
ponents of heterochromatin while preserving both the
euploid genome content and wild-type levels of chroma-
tin proteins.

The rational for this approach stems from the mosaic
phenotype of PEV. For the sake of argument, let us
assume that PEV is caused by, or associated with, a redis-
tribution of chromatin proteins between different re-
gions of a chromosome, namely from the heterochro-
matic region to the variegating euchromatic region. If
these heterochromatic components are both limited in
quantity and shared between different variegating rear-
rangements, then the deposition of heterochromatin-
associated proteins at one site of the genome should
reduce the availability of these proteins at another site.
The dosage sensitivity of the histone gene region (KHE-
SIN and LEIBOVITCH 1978; MOORE et al. 1983) and many
suppressor and enhancer of PEV genes (LOCKE et al

1988; WUSTMANN et al. 1989) suggest that at least some
of the components for heterochromatin formation exist
in limited supply. If these limited heterochromatin
components are also shared between variegating rear-
rangements, combining different variegating rear-
rangements may promote competition for these com-
ponents. This study is based on the prediction that
variegating rearrangements themselves can yield infor-
mation about the flux of heterochromatic proteins and
their ultimate interaction to produce the different
forms of chromatin structure associated with PEV.

Our results indicate that the inactivation of one set
of euchromatic genes, by PEV, is accompanied by de-
creased expression of a heterochromatic gene. This re-
sult suggests a concomitant alteration in the integrity
of portions of both the heterochromatin and the eu-
chromatin within this one rearranged chromosome. We
extended the possibility for competition between chro-
mosomal regions by combining several different varie-
gating rearrangements. Some pairwise combinations of
variegating rearrangements showed nonreciprocal in-
teractions whereas other combinations acted indepen-
dently. These results suggest that at least some of the
protein components of heterochromatin are (i) fairly
labile, (ii) shared between different variegating rear-
rangements, and (iii) produced in limited amounts
within the cell. Thus heterochromatic regions compete
for this limited supply. As a result the presence of a
variegating rearrangement may atfect other variegating
rearrangements as well as other parts of the genome
that are not themselves variegating.

MATERIALS AND METHODS

Mutant strains and chromosomes: The mutations and re-
arranged variegating chromosomes used in this study are de-
scribed in LINDSLEY and ZIMM (1992). The X-linked white vari-
egating rearrangements, In(I Jw™, In{ ™", In( ™" and
T(1;4)w™, will be hereafter referred to as w™’, w™*, w**”, and
w", respectively. The autosomal rearrangements 7(2;3)Sb,
In(2R)bw"™?, and T(2;3)lt™"? will be hereafter referred to as
Sb", bw", and U™'’, respectively.

Crosses: All crosses were performed at 22° unless otherwise
stated. Flies were grown on standard cornmeal/sucrose media
supplemented with antibiotics and 0.04% tegosept as a mold
inhibitor. Crosses generally involved five groups of three to
five virgin females crossed to an equal number of males in 8-
dram shell vials. The crosses were subcultured twice at 4-5
day intervals before the parents were discarded. Each set of
crosses was scored independently. The data from replicate
crosses within a group were subsequently pooled, since there
were no differences between replicates.

Simultaneous variegation for heterochromatic and euchro-
matic variegators: A number of chromosomes variegating for
the heterochromatic gene light (If) were kindly provided by
Dr. B. WAKIMOTO. These chromosomes were tested in hetero-
zygous combinations with recessive mutations located near
the euchromatic breakpoint of the rearranged chromosome
as follows: I" females from the different light variegated strains
were crossed with males carrying recessive point mutations in
genes adjacent to the [’ breakpoint. The progeny were scored
for appearance of the recessive phenotype in heterozygous
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flies. An individual was scored as mutant for raised if it dis-
played a raised-wing phenotype after three successive trials
(that is, after being disturbed by knocking the fly to the bot-
tom of the vial). A fly was classified as mutant for brief if it
was one half or less of the size of its siblings, mutant for
crumpled if the wings were collapsed, and mutant for white
occelli if the occelli were unpigmented. In each case, the mu-
tant phenotype in the light variegator/mutant individual was
less extreme and more variable than in the homozygous mu-
tant stock. The mutant phenotypes were scored very conserva-
tively and biased against variegation. Furthermore, the inci-
dence of these mutant phenotypes was adjusted for false
positives by subtracting the percent of abnormal phenotypes
observed in the ¥’/ TM3 siblings. Female and male data
were combined as no differences were noted.

Interactions between different variegators: In order to
minimize genetic background effects, due to possible pre-
existing modifiers of PEV, strains were constructed in which
the first, second and third chromosome were all derived from
the same marked strain. Four strains were constructed, each
with a different variegating white allele on an inverted X chro-
mosome (either w" or w™ or w™" or w") and with the
second chromosome inversion brown variegated (bw") com-
bined with the Stubble variegated (S6%) translocation involving
the second and third chromosomes.

bw” and Sb” interactions: Double and single variegator-
bearing flies were generated in the first instance by crossing
bw"/ CyO females or males to $5"/ CyO flies of the appropriate
sex. No parental effects were noted. More extensive analysis
of bw" and $b" interactions were performed on double and
single variegator bearing flies derived from crossing W/ Y

b’/ SBY, WM/ Y bw"/ SBY, w /Y bw'/ SBY and w/ Y: bw'/ SBY

males to +/+; bw'/Sb" females. The double-variegator bear-
ing flies were assayed for variegation of both brown and Stubble.
Some of the F, males were crossed to wild-type (Canton S)
females to generate single-variegator bearing individuals that
were also assayed for either drown or Stubble variegation.
white and Stubble or brown interactions: Males carrying
three variegators, white, brown and Stubble (e.g., w"/Y; bw"/ SbY)
were crossed to females homozygous for the corresponding
white mottled (e.g., w"/w™ +/+) chromosome but otherwise

wild type. The progeny were assayed for white bw” and Sb"

variegation. Some of the male progeny from this cross were
backcrossed to w"/w"; +/+ females. Progeny were again as-
sayed for levels of white and bw" or white and S&* variegation.
Siblings bearing only the white variegator were used as internal
controls. Progeny carrying two variegators (w"/+; bw'/+ or
8t/ +) were crossed to Canton S females to generate offspring
either wild type or heterozygous for the recessive variegators,
which served as internal controls. Finally, males carrying ei-
ther the bw' or S8 chromosome as their only variegating
chromosome were again crossed to wild-type (Canton S) fe-
males to generate both wild-type flies and females with one
variegating chromosome, either bw'/+ or Sb"/+.

Localizing the suppressing ability of the w™ chromo-
some: Three approaches were taken to ensure that the inter-
actions observed between different combinations of variega-
tors were due to interactions between the variegating portions
of the chromosomes, rather than general effects of genetic
background. The ability of the ™ chromosome to suppress
Sb" variegation was used for these studies since it was the most
extreme interaction.

First, the 2™ chromosome was reisolated after extensive
outcrossing to a unrelated, nonvariegating white strain that
had never encountered a variegating chromosome. This
white” strain had no effect on Stubble variegation. For these
crosses, w™"/w™™ females were crossed to w /Y males. The
w™/w females from this cross were collected and crossed

to nonsibling w™ /Y males. After 17 successive generations of
outcrossing heterozygous w™" females were crossed with +/
Y: $bY/SM1 males to determine their effect on Stubble variega-
tion. Second, the suppressing ability of the w™ chromosome
was mapped by recombination as follows. y cv v ffemales were
crossed with @™/ ¥ males. The F, were allowed to mate inter
se. Individual F, males bearing recombinant X chromosomes
were isolated and crossed to C(1)DX, yf/ Y females to establish
a stock. Males from these stocks were then crossed to +/+;
Sb"/SM1 females and their progeny were assayed for their
effect on Stubble variegation. Third, the suppressing ability
of the @™ chromosome was further localized to the proximal
or distal variegating junction by recombinationally separating
the disrupted boundary regions. As the breakpoints of the
nonsuppressing ™ and the suppressing w™™ rearrangements
are close, a single crossover between them will exchange ho-
mologous regions of the chromosomes. This generates chro-
mosomes with either the w™ distal junction coupled to the
w™ proximal junction or the converse. Males bearing w™*"
marked with a combination of the y cv v f markers from the
previous recombination experiment were crossed to W™t/ wm
females. The F, were allowed to mate and males bearing re-
combinant distal w™* and proximal »w”* boundary chromo-
somes, or the converse, were selected. These males were then
crossed to +/+; SbY/SMI females to determine the effect of
the distal and proximal w™" regions on Stubble variegation.

Assays to quantify variegation: white and brown variega-
tion: The amount of pigment deposited in the eye was mea-
sured separately for 25 females and 25 males. Flies 3 to 7
days posteclosion were decapitated by vigorously banging the
frozen flies in an empty screw cap tube. The heads were
placed in wells of a microtiter plate and 30 ul of 0.25 M £-
mercaptoethanol in 1% aqueous NH,OH was added to each
well. The eye pigment was released by sonication for 3 sec
and a 5-ul aliquot was removed from each well and applied
to a piece of Whatman no. 3 filter paper. The amount of
pigment in the dried spot was determined fluorometrically
using a MPS-1 Ziess microscope. A minimum of five groups,
with five heads per group, were measured for each genotype
and sex. In each case, the amount of pigment in each of the
five spots was averaged and expressed relative to wild type.

Quaniification of Stubble variegation: Fourteen major bristles,
(posterior supra-alars, anterior post-alars, posterior dorsocen-
trals, and anterior and posterior scutellars and sternopleurals
on each side of the fly) were examined and assigned either
a mutant Stubble or a wild-type phenotype. This value was
expressed as a percentage of the fully mutant phenotype since
the Stubble variegating rearrangement variegates for the ex-
pression of the dominant §) mutation.

RESULTS

Simultaneous variegation of heterochromatic and eu-
chromatic genes: The phenotype of PEV, in itself, sug-
gests a reassignment of protein components from the
normally heterochromatic portion of the genome to
the transposed and now variegating euchromatic seg-
ment. However, in most previous studies on PEV, only
one region of the genome has been monitored for var-
iegation, usually only the ‘“‘gene rich” euchromatic
junction. Therefore, the redistribution of heterochro-
matin constituents can only be inferred. There are,
however, a few rearrangements that show variegation
of heterochromatic genes, by virtue of break points
close to these genes. To reveal redistribution of hetero-
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FIGURE 1.—Simultaneous variegation for euchromatic and
heterochromatic genes. (A) Schematic representation  of
1(2; 3)it'"” chromosome. The normally heterochromatic wild-
type gene for light (It) is translocated to distal 2L.. The open
line represents 3R euchromatin; the stipple line represents
cuchromatin of the second chromosome and the striped box
represents heterochromatin. (B) Expanded diagram of the
cuchromatic region of 2. abutting the translocated hetero-
chromatic segment. The genes tested for variegation are
shown above the line. (C) Percent of individuals showing
expression of the mutant phenotype of each tested euchro-
matic gene when the "7 translocation is heterozygous with
a recessive mutant allele of each euchromatic gene. Values
are average of male and female data at 22°,

chromatin components between different parts of the
chromosome, we have monitored the expression of
genes located within the heterochromatin, at one side
of the breakpoint, as well as genes located within the
juxtaposed segment of euchromatin.

A number of rearrangements that variegate for the
heterochromatic gene light were tested for variegation
of euchromatic genes adjacent to both the proximal
and distal breakpoints (rough, crumpled, brief, raised and
rasé, white occelli, bar-3, and taxi). One of these chromo-

somes (")

showed mutant phenotypes when hetero-
zygous with recessive alleles of four euchromatic genes:
raised, brief, crumpled and white occelli (Figure 1). As pre-
viously reported (HESSLER 1958; WAKIMOTO and HEARN
1990), the light-eye mutant phenotype in these individ-
uals was intensified by the addition of extra heterochro-
matin to the genome and suppressed by the removal
of heterochromatin from the genome. The amount of
pigment, measured by microflourimetry, in it/ ™"’ eu-
ploid females and males was 60 and 77% of wild-type
levels, respectively. This amount decreased to 42% in
XXY females and increased to 85% in XO males. The
distance of spread of inactivation into the euchromatic
region (assessed by the fraction of mutant individuals)
is increased by low temperature and by addition of a Y

chromosome, as expected (data not shown). The low
penetrance, variable hypomorphic phenotypes, temper-
ature sensitivity and sensitivity to relative amount of
heterochromatin in the genome of these mutant phe-
notypes is indicative of PEV and suggests that these
phenotypes arise as a result of cis-inactivation of the
wild-type copy of the cuchromatic gene juxtaposed to
the heterochromatic breakpoint.

Transfer of some chromatin proteins from hetero-
chromatin to the juxtaposed, normally euchromatic
segment provides a simple hypothesis for the coupling
of heterochromatic and euchromatic variegation in this
single rearrangement. This redistribution or “‘bleed-
ing”’ of components of heterochromatin to the nor-
mally euchromatic segment of DNA could cause the
variegation of the euchromatic genes, while the con-
comitant loss of heterochromatin from the normally
heterochromatic segment results in reduced expression
of the light gene. In the /™"
and a large block of its associated heterochromatin is
moved to the terminal euchromatic portion of chromo-
some 3 (WAKIMOTO and HEARN 1990), and as a result,
both regions experiencing variegation are contiguous.
Thus an explanation for the coincident variegation of
both the normally euchromatic and heterochromatic

chromosome, the If" gene

loci might be provided by postulating a physical reloca-
tion of the variegating chromosomal L.egment from one
nuclear compartment to another. This physical reloca-
tion to a different nuclear compartment may lead to
alternate packaging and repression of the /7 and eu-
chromatic genes, or alternatively, as postulated by Tal-
BERT et al. (1994), it may sequester the reporter genes
into a compartment lacking the one or more transcrip-
tion factors required for their expression. To extend
the possibilities for interactions between variegating re-
gions, we constructed strains with one, two, three, or
four different unlinked variegating rearrangements.

Interactions between different variegating systems:
competition for limited heterochromatic factors: Our
findings that protein redistribution can occur between
different sites within one chromosome, suggests that
competition might also occur between sites on different
chromosomes if they share one or more protein compo-
nents of heterochromatin and if these shared hetero-
chromatic components exist in limited quantities. To
test for competition between different variegating re-
gions, two (or more) different, unlinked variegation
rearrangements were combined within the same indi-
vidual. Theoretically, two different variegating rear-
rangements might affect each other in one of three
ways:

1. They might show a reciprocal effect: suppression of
the variegation of one rearrangement coupled with
enhancement at the other. This result suggests a
transfer of heterochromatic components from one
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variegating junction to another, presumably without
the involvement of other regions of the genome.

2. The expression of the variegating gene, or genes, in
one rearrangement might be suppressed or en-
hanced while variegation at the second remained
unaffected. This situation indicates redistribution of
chromatin proteins within the whole genome. A net
loss (suppression) or addition (enhancement) of
heterochromatic components at one variegating eu-
chromatic region is coupled with the ability of non-
variegating regions of the genome to donate or ab-
sorb these heterochromatic components. On the
other hand, the physical consignment of one varie-
gating rearrangement to an alternate compartment
within the nucleus may exclude the second variegat-
ing rearrangement from occupying the same com-
partment. Thus the rearrangement, occupying the
distinct compartment, would variegate as it usually
does, while the second rearrangement, by virtue of
its exclusion from this compartment, may occupy its
normal compartment and thus appear suppressed.

3. The two variegating segments may behave indepen-
dently. Variegation at one region might have no ef-
fect on the level of variegation of the other. In the
chromatin packaging model for PEV, failure to com-
pete might be due to the two variegating rearrange-
ments having no sequence or protein components
in common, an effectively unlimited supply of the
shared components, or to the inability of the protein
components to transfer between different chromo-
somes. In the nuclear compartment model for PEV,
failure to compete may indicate that both variegat-
ing rearrangements can occupy a single compart-
ment or that each may occupy two distinct compart-
ments, each of which is unable to support expression
of the variegating loci.

To determine if the protein components of hetero-
chromatin can be reapportioned between different vari-
egating rearrangements or if two rearrangements com-
pete for a single compartment, strains with one, two,
three or four different variegating rearrangements were
constructed. The degree of variegation occurring in
individuals with two, or more, variegating rearrange-
ments was compared to siblings bearing only one type
of each variegator to determine if the variegating rear-
rangements interacted.

Interactions between brown and Stubble variegating
chromosomes: Both $8" and bw" are dominant autoso-
mal variegators. Since they affect different tissues (bris-
tle morphology and eye pigmentation, respectively)
they can be monitored independently. In addition,
monitoring genes expressed in different tissues vs. two
genes expressed in the same tissue (see interactions
between whitemottled and brown variegators below)
should allow us to monitor the effect of transcription
on competition. Strains were constructed with both

TABLE 1

Interactions between brown and Stubble variegated

bw variegation® Sk variegation

bw” alone’  bw' and SH*¢  Sb¥ alone®  SBY and bw"¢
? 31 + 2 49 + 5 63 3 53+ 4
3 45 + 4 64 +5 57 + 4 59 + 5
Cross:

W SBY bw' ® +/+; SbY/ bw”
l
+/Y: Sb"/ b’ ® +/+; +/+ (bw'and Sb")
!
+/Y; S8/ + or bw'/+ and +/Y: Sb*/+ or bu'/+ (bw" or Sb” alone),

where ais all values are expressed as percent full gene expres-
sion; b is brown alone = +/+; buw'/+ or +/Y buw'/+; ¢ is
Stubble alone = +/+; S8/ + or +/Y: Sb¥/+; and d is brown
and Stubble = +/+; bw*/Sb" or +/Y: bw'/Sh".

brown and Stubble variegated rearrangements on the au-
tosomes and then out crossed to yield double- and sin-
glevariegating flies. Expression of bw" and Sb” in the
double-variegating flies was compared to siblings bear-
ing only one of these variegators (Table 1). The pres-
ence of the Sb¥ rearrangement consistently suppressed
the variegation of the drown gene. Interestingly, how-
ever, the presence of the brown variegator had little or
no effect on Stubble variegation.

Interactions between white mottled and Stubble varie-
gated chromosomes: We tested the interactions be-
tween four different white variegators (w™, w™, w™",
and w") and Stubble variegated. Once again, these two
variegating genes affect different tissues, allowing inde-
pendent determination of the extent of variegation of
each locus. Since the white variegators are viable as
homo-, hemi- and heterozygotes, it was also possible to
determine whether variegation was sensitive to dose of
the whitemottled rearrangement (e.g., if the interaction
is dominant or recessive). Finally, the use of four differ-
ent rearrangements that variegate for the same euchro-
matic gene (hence have similar euchromatic break-
points) but have different heterochromatic breakpoints
allowed us to determine whether the competition was
dependent on the euchromatic region or the hetero-
chromatic segment to which the white gene was juxta-
posed.

Table 2 shows the results of these crosses. The effect
of two of the white variegators on Sb” was dramatic. The
presence of the ™ chromosome strongly suppressed
the variegation of the Stubble gene in both females and
males (from approximately 60% expression in the ab-
sence of w™™ to 100% expression in its presence). Fur-
thermore, this effect was associated exclusively with the
w™ breakpoint (see below). A single ™ chromosome
was sufficient to suppress Sb" even in the presence of a
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TABLE 2

Interactions between Stubble and white variegators

white variegation”

Stubble variegation®

white white and Stubble Stubble and Stubble and white
alone’ Stubble’ alone” white (one copy)” (two copies)
wm4
? 14+ 4 24 + 4 59 66 + 5 79 £ 4
3 9+ 4 23 + 5 49 + 4 66 = b
mer
Q 100 = 5 88 +6 61 =3 91 + 2 97 + 2
3 52 + 7 79 + 5 54 + 4 98 + 2
wm")lb
? 9 =+ 1 91 = 1 63 +3 72 * 4 90 * 4
3 81 = 8 87+ 5 62 + 4 87 £ 4
wmj
? 80 = 10 72+ 5 46 + 4 62 + 3 49 + 3
3 86+ 5 88 =5 b8 + 5 45 + 3
Crosses:

w" /Y SBY/ b’ ® Wt/ wmT +/+

\

W)Yy S/ +® W/ u +/+

{

W /W +/+and W/ Y +/+0 and w /0™ SBY/ 4+ and Wt/ Y SBY/ 4@ +/+; +/+

i

w"/+; SBY/+%and +/Y SBY/+°® +/+; +/+

i

+/+; SBY/+" and +/¥; SBY/ +",

where a is all values are expressed as percent full gene expression * standard error of the mean; b is white variegated alone =
o"/w" +/+ or w"/Y; +/+; cis Stubble variegated alone; 4 is Stubble variegated with one copy of white variegated; and e is

Stubble variegated with two white variegated alleles.

wild-type chromosome (compare $b" alone with S6"and
one copy of w™"%). However, two copies of the w™"
produced a slightly greater suppression than one copy.
Thus, this interaction is both dominant and dosage sen-
sitive. The w™'* and w™ chromosomes had similar, but
less dramatic, suppressing effects on Sb" expression. In
contrast, the " chromosome had no clear effect on
the expression of the St~ allele in Sb" chromosome.
These results also show that the variegating euchro-
matic gene (white) is neither the cause, nor does it in-
fluence the magnitude, of the interaction since this
gene was the same in all four white variegating rear-
rangements.

The S chromosome does not have a dramatic, recip-
rocal effect on any of the white variegators. The Sb"
chromosome may have a slight suppressing effect on
w™ and @™ males, and a suppressing effect might
escape notice in both @™ and w™"’ since both appear
to be weak variegators, but with the exception of w™""
males, the effect, if any, is very weak. Clearly, the SbY
chromosome does not cause a reciprocal enhancement
of any of the whife variegators. In summary, the results

in Table 2 demonstrate that while the S5 chromosome
has no dramatic effect on the white variegators at least
some of these white variegators can strongly suppress
the variegation of $8". Thus, these are very clear cases
of nonreciprocal interactions.

Interactions between the white mottled and brown var-
iegated chromosomes: We next tested for interactions
between the whitevariegators and bw'. Both these genes
are expressed in the eye pigment cells. Therefore, it
was not possible to monitor their effects separately and
consequently interactions cannot be assigned unequivo-
cally to one variegating rearrangement or the other.
However, we can measure the interactions between the
two variegators. Since the bw" rearrangement alone re-
duces the amount of red eye pigment to ~30-35% of
wild-type levels and since the effects of the four differ-
ent white variegators, acting alone, on pigment deposi-
tion have been determined (white alone column of Ta-
ble 3), then the assumption that they act independently
predicts that the resultant level of pigmentation will
simply be the combination of these effects, i.e., 30% of
the pigment level of each white variegator alone. Devia-
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TABLE 3

Interactions between brown and white variegators

brown and white?

brown and white*

white brown
alone’ alone’ Exp. Obs. Exp. Obs.
wm4
e 18 33 33 ND 6 4+1
3 13 36 5 10+ 2
zvac‘
Q 99 33 33 876 33 80 = 8
3 52 36 27 48 = 5
wmﬁ]b
Q 99 33 33 68 = 4 33 56 + 6
3 52 36 27 54 + 4
w"
Q 83 33 33 61 27 5+ 1
3é 40 36 14 51
Crosses:

W /Y SBY/ b @ Wt /W +/+

M

W /Y b /@ Wt S+ +

{

w /w4 /+and w /Y +/+and ™ /w" T bw'/+fand W /Y bW/ 40 ® /4 +/+

N\

W /+; bwY/+%and +/Y bV /4 @ +/+; +/+

i

+/+; bw'/+"and +/Y; bw'/+",

where a is all values are expressed as percent full gene expression * standard error of the mean; b is white variegated alone =
w"/w" +/+ or w"/Y; +/+; cis brown variegated alone = +/+; bw¥/+ or +/Y: buw'/+; d is brown variegated with one copy
of white variegated; and ¢ is brown variegated with two white variegated alleles. Exp., expected pigment values if variegators act
independently; Obs., observed pigment values; ND, not done.

tions from this value indicate an interaction between
the two variegating rearrangements.

The combinations of ™" with sw" and w™" with bw
have eye pigment levels much greater than expected
(Table 3), indicating suppression of variegation of one
or both eye color genes. In contrast, "/ when combined
with 6w shows a distinct reduction in eye pigment lev-
els, indicating enhancement of the variegation of one
or both genes. Finally, the @™ and dw" combination
produced eye pigment levels in accord with the hypoth-
esis of independent action. However, in this last case,
we cannot exclude the possibility that one variegator
was suppressed and the other enhanced to produce no
net effect.

Linkage analysis showed that the ability to cause sup-
pression, in the case of w™" and w™"’, and enhance-
ment, in the case of w"”, segregated with the white varie-
gated chromosome (data not shown). Interestingly, the
suppression by the »™ and @™’ chromosomes were
again dominant. The persistence of the suppression
even in the presence of a wild-type X chromosome,
which masks expression of the white variegator, implies

m51b v

that the variegation of the bw" chromosome is sup-
pressed and this suppression is induced by the w” chro-
mosome rather than the converse.

Simultaneous interactions between three and four
variegating chromosomes: Having defined the interac-
tions between pairs of variegating rearrangements, it
seemed possible to maximize the potential for interac-
tions and to define a hierarchy of competition by simul-
taneously combining three and four variegating rear-
rangements. It is possible that results of these
experiments are less easily interpreted, since multiple
interactions may be occurring. Fortunately, these data
are all consistent with the results of competitions be-
tween individual pairs of variegators (Table 4). The w™*
chromosome, when combined with both S8" and bw",
continues to show no pronounced suppression of Sb".
The effect on eye pigmentation can be attributed to
the suppressing effect of S8" on bw". The w™"" rearrange-
ment, which strongly suppresses $6” in pairwise combi-
nations, continues to do so in the presence of buw'. The
suppressing effect of w™ on S#' is as strong in the
presence of bw" as it is in its absence (99 vs. 97%, respec-
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TABLE 4

Interactions between three and four variegators

Genotype No. of variegators

Eye pigment Stubble variegation

w™/w™; SBY/ bw¥ @
w™/ Y SbY/ bw' 3
W™/ +: b/ b @

z UNLM( / mer; SbV/ b ZUV 9
wnm'lr/ Y, Sb‘/ bw\" (5
w"™/+; SBY/ bu @

ZUNL")II;/ _luml"lb; Sbl"/ bw\' 9
WYy SBY b’
w4 SBY/ b @

w"/w, SbY/ bw' @
/Y, SbY/bw' 3
w"/+; SbY/ b’ Q

00 08 W WD LD e 00 WO (SR Y

8§+3 78 £ 3
8*x3 70 £ 4
69 + 3 69 + 4
83 + 2 99 = 1
56 + 3 95 * 2
8 + 5 76 * 4
66 * 2 85 £ 3
61 =3 84 £ 3
67 + 4 62 * 4
bH + 3 79 =3
52 + 3 83 = 4
66 = 4 59 * 2

All values are expressed as percent full gene expression + SEM.

tively) and is again dosage sensitive. The eye pigment
levels are also elevated in these flies, suggesting that
the suppression of bw" by w™ is unabated by the pres-
ence of Sb" (83% with w™", bw" and Sb" compared to
80% without Sb"). The effect on eye pigmentation could
be due to the suppressing ability of either the white
variegator or Sb" as both suppress bw". The interactions
between one (males) or two (females) copies of w™"
with bw"and $b" show a similar pattern. Again, the Stub-
ble variegating chromosome is suppressed regardless of
the presence of brown variegation (85 vs. 90% with and
without bw'’, respectively, for females, and 84 vs. 87%
with and without bw" in males). Suppression of eye pig-
mentation is also evident in these triple and quadruple
variegating flies (w"""/Y or w™"/w™"; Sb'/bw"), al-
though in this case the presence of Sb" appears to re-
duce the suppression of bw" and/or w™’" relative to the
suppression seen with pairwise combinations (66% with
SbY vs. 91% without Sb" in females, and 61% vs. 87%
with and without $3" in males). Finally, combinations
between w", bw" and S$b"show a slight suppressing effect
on St". This effect is unexpected, since neither bw" nor
w" suppress Sb" expression in pairwise combinations.
In addition, there is a rather dramatic suppression of
variegation of eye pigment genes in this triple-variega-
tor combination (55% in females and 52% in males)
relative to the bw' and @™ combination (6% in females
and 5% in males). This suppression of gene inactivation
(resulting from PEV) is comparable to the suppressing
effect of Sh* on bw', and thus it seems that the suppres-
sion of bw" by $b" might take precedence over, or be
epistatic to, the enhancement of bw' by w™.

In summary, 2 number of patterns of interactions
emerge. First, it appears that different variegation rear-
rangements do not necessarily act independently, and
in fact, most do not. One variegating rearrangement
may either suppress (such as the effect of 6" on bw" or
of @™ and w™"" on both Sb" and bw") or enhance (w™

on bw') the variegation of another. The interactions
appear not to be reciprocal. Second, the pattern of the
interactions between different combinations of variega-
tion chromosomes appears to be quite consistent. For
example, the v and @™’ chromosomes suppresses
both S#" and bw". This result suggests that transcription
is not required for competition to occur, while the white
and brown genes are both expressed in the eye pigment
cells, the Stubble gene is not and there is no evidence
that the w" or the bw" gene is expressed in the bristle
cells. That competition occurs in the absence of a re-
quirement for gene transcription may indicate that the
variegating chromosome domains are packaged or con-
signed similarly in all cells of the body, regardless of
their transcriptional fate. Third, the w™? rearrangement
seems to act independently of all the other variegators
suggesting that there are circumstances where competi-
tion need not occur. Assuming that PEV is associated
with altered chromatin packaging, the observation that
interactions occur indicates that the amount of at least
some chromatin proteins is limited and that when the
demand for these proteins in chromatin assembly is
altered, there is a redistribution of heterochromatic
protein components between variegating chromo-
somes. The nonreciprocal nature of the interactions
indicates that reapportionment of heterochromatic
proteins involves more than a simple loss of compo-
nents (suppression) at one variegating locus with equiv-
alent addition of these proteins at the other variegating
locus (enhancement). Thus the heterochromatic pro-
tein components that are no longer associated with the
suppressed heterochromatic/euchromatic interface
must be engaged elsewhere in the genome.
Localizing the suppressing ability of the w™ chromo-
some to the proximal variegating junction: The ability
of certain combinations of variegating chromosomes to
interact could be due to either a genuine exchange of
heterochromatic proteins from one variegating break-
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point to another, or the presence of genetic modifiers
of position-effect present on these chromosomes. The
latter possibility was a concern because many estab-
lished stocks containing variegating rearrangements
have acquired extraneous modifying mutations (SPOF-
FORD 1967; SINCLAIR et al. 1989, and V. LLOYD unpub-
lished results). These spontaneous allele configurations
are presumably selected as they reduce inactivation of
variegating euchromatic genes many of which are likely
to have an effect on viability or fertility. In the experi-
ments presented here, presence of modifying loci on
the autosomes can be excluded since these chromo-
somes were replaced while constructing the multiply
variegating stocks. Additionally, segregation studies of
the suppression of both $5" and bw" by the w™*" and
w™"" chromosomes showed that this suppression was
linked to the variegating X chromosome. It is formally
possible that Xlinked dominant modifier mutations on
the w™" and w"’"” chromosomes were responsible for
suppression of $#' and bw' rather than competition be-
tween the two variegating regions for limited materials.
In order to resolve this issue, we mapped, by recombina-
tion, the suppressing ability of the chromosome which
caused the most extreme suppression, that of the w™""
chromosome on Sb".

Two lines of evidence suggest that the ability of the
w™" chromosome to suppress Sb" is a property of the
variegating euchromatic/heterochromatic boundaries
rather than an unrelated suppressor mutation present
elsewhere on the chromosome. In the first study, a w™*"
chromosome was outcrossed to a nonvariegating strain
(which had no effect on $8"). After 17 generations of
outcrossing, the original autosomes should have been
replaced by segregation and much of the X chromo-
some by recombination. The extensively out-crossed
w"*" chromosome was indistinguishable from the origi-
nal w"*" chromosome in its ability to suppress Sb". Sb"
expression was 96 + 1% with the out-crossed @™ chro-
mosome vs. 91 = 2% with the original w"* chromo-
some. In a second study, recombinants between the
nonsuppressing, multiply marked chromosome y cv v f
and the suppressing w"*" chromosome were generated
(Figure 2A) and tested for their effect on S&". Figure
2B shows the effect of the two parental chromosomes
and the recombinant chromosomes on the expression
of Sb'. Without exception the recombinant chromo-
somes that retain the two variegating junctions of the
original suppressing w”"" chromosome also retain the
full suppressing ability of the parental @™ chromo-
some. Exchanging any or virtually all of the euchro-
matic portions of the two chromosomes (double recom-
bination events) had no effect on Sb". The average
expression of Stubblein the presence of the w™-bearing
recombinant chromosomes is 95 * 3% vs. 91 + 2% for
the parental w”* chromosome. Likewise the reciprocal
recombinants, those containing various portions of the
central euchromatic region of the parental »™ chro-

mosome but with normal euchromatic-heterochro-
matic junctions, did not show any suppression of Sb".
The average expression of Stubble induced by the non-
variegating recombinant chromosomes was 69 * 6% wvs.
67 = 2% for the parental y cv v fchromosome. Hence,
the ability of the w™" chromosome to suppress Sb" co-
maps with heterochromatic/euchromatic junctions and
suggest that one or both of these regions, and not a
second site suppressor mutation, was responsible for
the interaction between w"*" and Sb".

The preceding experiments localized the suppressing
effect to the abnormal eu-heterochromatic boundaries.
It was of interest to determine whether the suppression
mapped to the proximal boundary of the variegating
chromosome, which is responsible for the white variega-
tion, or to the distal boundary, or is partitioned between
them. This was determined by generating recombinant
chromosomes between the marked w"* chromosome
that suppresses Sb" and the w™* chromosome, which has
no, or only a slight, effect on S8" (Figure 2C). Recombi-
nant strains bearing the """ proximal junction and the
w™ distal junction and their reciprocal partners were
tested for their effect on Sb". In 65 independent recom-
binant w"*-w"* chromosomes bearing either the w™""
proximal and the w™ distal junctions, or the converse
(as well as various sections of marked euchromatin)
generated from 14 independently derived w™"" recom-
binant chromosomes, the suppressing effect segregated
exclusively with the @ proximal junction (data not
shown). The average expression of S5~ phenotype in Sb"
for all recombinants with the @™ proximal-w™’ distal
junction was 91 = 4%; whereas the average for all re-
combinants with the »"* proximal-w™"" distal chromo-
somes was 75 = 6%. The latter value was slightly higher
than expected (67 = 2%) for an unmodified S$h*, but
not statistically significant. It is possible that the w"’
proximal junction or that the """ distal boundary does
have a slight effect on Sb*. Nevertheless the values from
the two recombinant classes are clearly distinct. Thus
the w"" proximal junction is responsible for all, or
nearly all, of the suppression of Sb" and clearly the
source of the distal junction in not important in de-
termining the interaction.

DISCUSSION

Simultaneous variegation for euchromatic and het-
erochromatic genes: In this study we demonstrate
interactions between chromosomal rearrangements un-
dergoing PEV. We interpret these interaction pheno-
types as competition for limited chromatin proteins.
This competition results in a redistribution of chroma-
tin proteins that influences gene packaging and thus
gene expression. The redistribution of heterochromatic
components, which is suggested by the phenotype of
PEV, usually cannot be monitored genetically because
it requires variegating reporter loci flanking each
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breakpoint. However, the 1"’ rearrangement is broken
sufficiently close to the heterochromatic gene light that
variegation for this gene can be observed. By combining
this rearrangement with a homologue that carries reces-
sive alleles of genes located near the euchromatic
breakpoint, we have demonstrated that the expression
of both heterochromatic and euchromatic genes are
altered concomitantly. This disrupted expression is pre-
sumably due to the movement of heterochromatic com-
ponents from the normally heterochromatic chromo-
somal segment into formerly euchromatic regions.
Thus, the organization and location of the protein com-
ponents that make up heterochromatin seems to be
relatively labile.
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This type of coincident disruption is unlikely to be a
peculiarity of the " rearrangement. There are a num-
ber of rearrangements that have been reported to varie-
gate for both heterochromatic and euchromatic genes.
The rearrangements In(2LR)"" and Plum (=In(2R)bw"")
variegate for both the heterochromatic gene light and
the euchromatic gene Revolute, and brown, minus, and
abbreviated, respectively (DUBININ 1936; SchurTz 1941;
LINDSLEY and ZimMm 1992). In addition, 7(2;4)ast” (BELY-
AEVA el al. 1993), T(3;4)684 (DUBININ and SIDEROV
1935), and w"'" revertants (PANSHIN 1938) variegate
for cubitus interruptus and the euchromatic genes aster-
oid, hairy, and white, respectively, while In(1)sc* varie-
gates for the ribosomal RNA genes and scute (N1X 1973).
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Finally, a similar situation has been observed cytologi-
cally by PROKOFYEVA-BELGOVSKAYA (1947) who showed
that inactivation of the rearranged white gene in
In(1)w™ was coupled to decondensation and adoption
of a more euchromatic morphology of the terminally
stranded section of heterochromatin. Thus variegation
of heterochromatic genes is probably a reflection of
generalized changed in the structure of the heterochro-
matin or in the position of this heterochromatic region
within the nucleus.

Interactions between different variegating rearrange-
ments: Only limited information about the distribution
of heterochromatic proteins can be gleaned using sin-
gle-variegating rearrangements. Such experiments do
not distinguish between local alterations in chromatin
and a more global redistribution among chromosomes.
If the presence of one variegating chromosome can
influence the level of variegation of another, unlinked
variegating rearrangement, this would indicate both
competition for and transfer of heterochromatic pro-
tein components, based perhaps on a hierarchy of asso-
ciation kinetics and/or DNA replication and chromatin
assembly times.

We examined individuals containing two or more var-
iegating rearrangements and compared the expression
of the variegating reporter genes in these individuals
to their counterparts in single-variegating strains. Con-
ceptually, two variegating rearrangements might either
fail to interact, interact reciprocally, or exhibit nonre-
ciprocal interactions. Of the nine pairwise combina-
tions between different variegating rearrangements de-
scribed in this study, all but two or three exhibited
interactions. A plausible hypothesis to account for the
influence of one variegator upon another invokes com-
petition between the two rearrangements for compo-
nents of heterochromatin that are limited in amount.
In principal, the nature of the interaction should indi-
cate which portions of the genome are affected. Several
previous studies have described interactions between
different pairs of variegators. In three cases the variega-
tors behaved independently, analogously to w™*and bw"
in this study (BisHOP 1992; BELYAEVA et al. 1993). Two
instances of reciprocal interactions have also been re-
ported (ScHULTz 1941; WARGENT and HARTMANN-
GOLDSTEIN 1974). The nine combinations reported in
this work in addition to those previously reported de-
fine all of these possible modes of interactions and are
summarized in Table 5. The excess of cases in which
two rearrangements did compete with each other indi-
cates that the genome has considerable latitude in the
reorganization of the protein components of chroma-
tin, at least during some cell cycles. These results also
suggest considerable sharing of components between
the heterochromatin of different variegating rearrange-
ments and thus different genomic regions. A similar
conclusion has been inferred from the fact that most
dominant mutations that suppress or enhance PEV act

similarly on number of different variegating loci (REU-
TER et al. 1982b; SINCLAIR ef al. 1983, 1989; BisHOP
1992).

Previous studies have focused on suppression of varie-
gation associated with either the presence of an extra
Y chromosome or mutations that suppress PEV. These
conditions alter either the total amount of DNA to be
packaged as heterochromatin (extra ¥ chromosome) or
decrease the amount of functional chromatin proteins
(deletions or mutations in genes encoding protein com-
ponents of chromatin) and thus alter the stoichiometry
of chromatin components. In this study, suppression of
PEV at one variegating breakpoint is induced by the
presence of another variegating rearrangement. When
combining two or more variegating rearrangements
there is presumably no net change in either the total
amount of DNA in the cell, or the proteins that package
it. By default then, the suppressing interactions neces-
sarily result from either a redistribution of chromatin
protein components within the genome or by the con-
signment of one of the rearranged segments to an un-
propitious compartment of the nucleus, which concom-
itantly displaces the other rearrangement to its normal
compartment (or an alternate, but more suitable com-
partment for gene expression).

Similarities between suppression of PEV by the Y
chromosome and other variegating rearrangements:
The addition of an extra Y chromosome to the genome
will suppress the variegation of any of the rearrange-
ments used in this study. The ability of “‘extra’” hetero-
chromatic material to suppress nearly all variegating
rearrangements may be pertinent in formulating a
model for the mechanism of competition between vari-
egating rearrangements. ZUCKERKANDEL (1974) pro-
posed that the addition of an extra Y chromosome pro-
vided a large block of DNA to be packaged as
heterochromatin. By virtue of being sequestered on the
Y chromosome, any protein components that are pro-
duced in limited amounts would be unavailable to the
variegating chromosome. Therefore, the illicit spread
of heterochromatic components at the eu-heterochro-
matic junction is reduced in distance and/or frequency.
While the effect of an additional Y chromosome is
clearly manifest at the eu-heterochromatic boundary,
where the variegating gene is located, it should affect
other regions as well. Although it is tempting to postu-
late that the suppression of a variegating rearrangement
by the Y chromosome and by another variegating rear-
rangement occurs by essentially the same mechanism
some differences are obvious.

The suppression of PEV caused by the presence of
other variegating rearrangements in the genome is
both more specific and less extreme than that caused by
altering the Y chromosome ploidy. The ¥ chromosome
affects almost all variegating rearrangements whereas
several combinations of variegating rearrangements do
not appear to interact. Secondly, addition of an extra
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TABLE 5

Summary of interactions between different variegators

Phenotype of
combination”
Flow of heterochromatic

Variegator 1 Variegator 2 Var. 1 Var. 2 components Reference
In(1)w™ T(2; 3)Sb" 0 0 NO This paper
In(Dw™ In(2LR)bw" 0 0 NO This paper
In(1y™ T(2;3)Sb"v 0 0 NO Bistor (1992)
Dp(1:f)1337 T(2; 3)ast’ 0 0 NO BELYAEVA et al. (1993)
Dp(1;1)pn2b Dp(1;1)pn2b 0 0 NO BELYAEVA ¢f al. (1993)
In(1)w" 1(2;3)S6" 0 +/0 From elsewhere to Var. 2 This paper
In(1)w" In(2LR)bw” 0 + From elsewhere to Var. 2 This paper
T(2; 3)Sb" In(2LR)b1yV 0 - From Var. 2 to elsewhere This paper
In(1 ™™ T(2:3)Sh" 0 - From Var. 2 to elsewhere This paper
In( """ In(2LR)bw" 0 - From Var. 2 to elsewhere This paper
In(Luw""" T(23)86" 0 - From Var. 2 to elsewhere This paper
(1w In(2LR)bw' 0 - From Var. 2 to elsewhere This paper
In(1)m In(2LR)Rev*” + - From variegator 2 to WARGENT and HARTMAN-GOLDSTEIN

variegator 1

(1974)

“+, enhancement of variegation; — suppression of variegation, thus a net addition or loss to that junction; 0, no change in
the level of variegation, thus no loss or gain to that junction; Var., variegator; NO, none observable.

Y chromosome suppresses PEV more strongly than does
the addition of a second variegating rearrangement.
For example, the addition of one Y chromosome vs.
the presence of one w™" chromosome suppresses Sb”
to 99% us. 91%, respectively, and bw" to 103 + 3% us.
87 * 6%, respectively. These differences in the ability
of the Y chromosome and other variegating rearrange-
ments to suppress variegation may have implications
tor the molecular basis of variegation.

If the suppressive effect of an additional Y chromo-
some is due to binding and cloistering of protein com-
ponents of heterochromatin, then either one DNA se-
quence is held in common by the Y chromosome and
all variegating rearrangements or the ¥ chromosome is
a mosaic of heterochromatic ‘“‘nucleation’ sequences,
differing numbers of which may be held in common
with any given variegating rearrangement. Functional
mosaicism of the Y chromosome has been inferred
from variable suppression of PEV by different regions
of the Y chromosome (HINTON 1949; BROSSEAU 1964;
SpOFFORD 1976). Although DimITRI and P1saNo (1989)
have suggested that the Y chromosome is functionally
uniform, cytogenetic and molecular analysis suggest
that at the structural level the ¥ chromosome is nonuni-
form. Functional nonequivalence of centric hetero-
chromatin has also been inferred from different re-
sponses of variegating rearrangements in different
suppressor mutation backgrounds (BisHOP 1992). Sim-
ple sequence repeats, which are a major DNA sequence
component of heterochromatin, show a nonuniform
distribution in heterochromatin (BONACCORSI and
LoHE 1991; LOHE et al. 1993) and recent work by DORER
and HENIKOFF (1994) suggests that these multiple re-

peats might act as nucleation sites for heterochromatin
formation. These studies and the results of the interac-
tion between variegating rearrangements all support a
mosaic model of heterochromatin function and struc-
ture in which the suppression of one variegating rear-
rangement by another functions much as suppression
by the Y chromosome but with a more limited set of
DNA sequences to act as binding or nucleation sites for
heterochromatic proteins.

Involvement of nonvariegation regions of the ge-
nome: The nature of the interactions between different
variegating rearrangements provides insight about
which parts of the genome are involved in transfer of
heterochromatic components. For example, in the case
of reciprocal effects (i.e., the gene inactivation of one
variegator is suppressed while the other is enhanced)
heterochromatic components may be either transferred
directly from one variegating junction to the other or
compete from a common pool. In the cases of suppres-
sion or enhancement of one rearrangement in the ab-
sence of a response by the other, other parts of the
genome are necessarily involved as a repository for het-
erochromatic components. These sites from which het-
erochromatic protein components could be drawn
might be either undisturbed (nonrearranged) regions
of the genome or the smaller, fragmented segment of
heterochromatin which is repositioned into a euchro-
matic region of the genome. One might expect this
fragment of heterochromatin to be destabilized as a
consequence of being relocated into euchromatin.
However, this did not seem to be the case with the
whitevariegating chromosomes used in our experiments
(w™, w", w™", and w™""). For example, the exchange
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of the ““marooned” distal segment of w™** heterochro-
matin with the homologous segment from the nonsup-
pressing w™’ rearrangement did not affect the ability of
w™ to suppress Sb". Thus it appears that other parts
of the genome are necessarily involved in redistribution
or repatterning of chromatin at the altered euchro-
matic-heterochromatic interface. Similar conclusions
have been derived from the generalized lethal effects
of extra Yheterochromatin (COOPER 1956) and sodium
butyrate (REUTER et al. 1982a).

Implications of the competition results for models
of PEV: The observation that one variegating rear-
rangement can suppress another in an otherwise eu-
ploid cell has implications for the nuclear compartmen-
talization model of PEV. This model argues that
varijegation results from aberrant localization of genes
within the nucleus (TALBERT et al. 1994). According to
this hypothesis, a rearranged gene will variegate be-
cause the rearrangement brings it into a region of the
nucleus that is relatively devoid of transcription factors
necessary for the expression of the reporter gene. The
suppressing activity of extra heterochromatin has been
explained as a steric effect that occludes the hetero-
chromatic compartment so that the variegating chro-
mosome is relegated to a compartment more suitable
to its activity (EBERL et al. 1993). Since there is no
change in the total amount of DNA or (chromatin-
packaging protein) in the cell, the various patterns of
interaction between variegating rearrangements is
somewhat difficult to reconcile with this model. The
bending of one chromosome rearrangement might ste-
rically interfere with bending and repositioning of an-
other rearrangement. This might account for the non-
reciprocal interactions that we see between two
variegators. For example, if the gene inactivation seen
in PEV results from the consignment of one variegator
to an ill-suited compartment, then one might argue that
the repositioning of one variegator to this compartment
effectively precludes the second variegator from occu-
pying same compartment. As a consequence, perhaps
the second variegator would now occupy a compart-
ment more favorable to the expression of its variegation
reporter gene or genes (i.e., suppression of variega-
tion). The observations that two variegating rearrange-
ments act independently when combined in the same
cell might be accounted for by hypothesizing that the
two variegating rearrangements cohabit in a particular
compartment. But it is difficult to reconcile this argu-
ment with the nonreciprocal interactions in which one
posits that one variegator effectively displaces a second
variegator from occupying the same compartment. Al-
ternatively, one might argue that two variegating rear-
rangements, which act independently, occupy different
compartments, but these nuclear compartments should
be presentin rather limited numbers. It is more difficult
to explain how reciprocal interactions occur (enhance-
ment of one variegating rearrangement coupled with

suppression of another). Finally, since there should be
a rather limited number of these nuclear compart-
ments, one might suppose that the presence of three
or four variegating rearrangements in a single strain
might dramatically alter consignments to specific com-
partments, and this was not observed. While we favor
the model of PEV in which there is a competition for
a limited number of chromatin proteins, our data cer-
tainly do not exclude the model in which PEV occurs
as a consequence of repositioning the variegating seg-
ment of the genome into a nuclear compartment that
does not allow efficient transcription of the variegating
genes. Indeed, these two models need not be mutually
exclusive. One might argue that relocating the variegat-
ing segment of the genome to a new nuclear compart-
ment might alter both the timing of the replication
and the packaging of its DNA. In addition, the mosaic
phenotype of PEV might result from more than one
molecular mechanism.

A more trivial explanation for the results we obtained
might be that suppression of one variegating rearrange-
ment by another is due to variegation of a locus located
near the rearrangement breakpoint, which itself acts as
a suppressor or enhancer of PEV. Loci that modify PEV
have been found near the breakpoint of the Sb" rear-
rangement (SINCLAIR et al. 1983; REUTER et al. 1986).
However, these modifiers would necessarily have act
only on a small, and very specific, subset of other rear-
rangements. This would appear to require a rather spe-
cial contrivance, especially in light of the observation
that of more than 25 different Su(var) loci studied to
date, all act on a wide spectrum, if not all, variegating
rearrangements examined. Furthermore, the most po-
tent suppression effect observed in these competition
experiments, the w™ rearrangement, maps to the
proximal X chromosome, a region not known to encode
loci which modify PEV. Although the existence of varie-
gating loci, which themselves act as suppressors or en-
hancers of specific variegating rearrangements, is diffi-
cult to exclude, this is not the most parsimonious
explanation of the ability of one variegation rearrange-
ment to suppress another.

The four white variegating strains (w™, w™, w™, and
w™™) used in our studies share similar euchromatic
breakpoints, yet they differed in their ability to compete
with both Sb”and bw". This suggests that the heterochro-
matic, rather than the euchromatic portion of the ge-
nome is the important determinant of the degree of
competition. Interestingly, among these four white mot-
tled variegators, the ability to suppress variegation of
S8Y, in w™Sb" combinations, seems to correlate with the
distance over which heterochromatin spreads in these
w™ rearrangements (V. LLOYD, unpublished observa-
tions). The distance of spread is likely to be a property
of the type of heterochromatic sequence at, or near,
the variegating junction. The nature and properties of
these DNA sequences that determine the ‘“‘attrac-
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tiveness”’ for certain protein components of hetero-
chromatin or that determine its positioning within the
nucleus is likely to be complex. The difference in the
ability of different variegating rearrangements to com-
pete might suggest that heterochromatin differs only
in the number and/or types of binding sites for hetero-
chromatin proteins (or nuclear matrix, if position is
more important). However, recent results show that var-
iegation of the light and white genes in the I’ rear-
rangement is induced by different heterochromatic se-
quences (HOWE et al. 1995). This suggests that there is
considerable diversity in the sequence of DNA elements
that induce variegation. Qualitatively or quantitatively
different types of heterochromatin may exist within a
cell, determined perhaps by preferential utilization of
some components of heterochromatin by virtue of rep-
lication timing and/or kinetics of chromatin assembly.
In the face of such complexity, molecular analysis of
these sequences remains difficult. Identifying sets of
rearrangements that compete with each other, should
define chromosomal regions that function similarly.
This should be useful in assessing the functions of mo-
lecularly defined heterochromatic sequences.

In summary, we have shown that different variegating
rearrangements can interact when combined in one
cell. We interpret this interaction as a redistribution
of the protein components of heterochromatin, since
there is no change in the total amount of DNA or dos-
age of the loci that encode proteins that package chro-
matin. The fact that the redistribution is not restricted
to the one variegating chromosome, and that the com-
petition can be nonreciprocal suggests that other, non-
variegating, portions of the genome are affected by the
process of variegation. The results of this study also
suggest that heterochromatin is functionally mosaic. Fi-
nally, these results are most easily accommodated by a
model of PEV in which the variegation results from
redistribution of chromatin components, leading to al-
tered compaction of various DNA sequences.
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