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DNA sequences within heterochromatin are often selectively underrepresented during development of
polyploid chromosomes, and DNA molecules of altered structure are predicted to form as a consequence of the
underrepresentation process. We have identified heterochromatic DNAs of altered structure within sequences
that are underrepresented in polyploid cells of Drosophila melanogaster. Specifically, restriction fragments that
extend into centric heterochromatin of the minichromosome Dp(1;f)1187 are shortened in polyploid cells of
both the ovary and salivary gland but not in the predominantly diploid cells of the embryo or larval imaginal
discs and brains. Shortened DNA molecules were also identified within heterochromatic sequences of chro-
mosome III. These results suggest that the structure of heterochromatic DNA is altered as a general conse-
quence of polyploid chromosome formation and that the shortened molecules identified form as a consequence
of heterochromatic underrepresentation. Finally, alteration of heterochromatic DNA structure on Dp(1;/)1187
was not correlated with changes in the variegated expression of the yellow gene located on the minichromosome.

Heterochromatic chromosomal domains, such as those that
include the centromere and telomeres, are defined by a variety
of cytological and genetic criteria. They are persistently con-
densed throughout the cell cycle, replicate late in S phase, are
enriched in highly repetitive satellite sequences, and suppress
the expression of adjacent euchromatic genes in a process
known as position-effect variegation (PEV) (for general re-
views, see references 11, 21, 23, 24, 32, and 53 and references
therein). Recent progress has been made in our understanding
of heterochromatin on a number of fronts including the large-
scale sequence structure of heterochromatic domains (30, 33),
the role of heterochromatin domains in chromosome pairing
and segregation (10, 25, 38), the protein components of het-
erochromatin structure (2, 7, 14, 28, 51), and the mechanism of
PEV (8, 9, 21, 42).

Heterochromatic domains can also undergo dynamic change
during development. A classic example is the heterochromati-
zation of the inactivated X chromosome in female mammals
(35). DNA sequences within heterochromatin can also be ac-
tively eliminated during somatic development, as occurs in a
variety of organisms including species of protozoans, nema-
todes, crustaceans, insects, and fish (3, 15, 36, 39, 40, 48). In
fact, heterochromatic DNAs are disproportionately or exclu-
sively targeted in most, if not all, cases of chromosome dimi-
nution.

Heterochromatic sequences can also be selectively underrep-
resented during the development of polyploid chromosomes
(reviewed in reference 47). This phenomenon is particularly
dramatic during the development of polyploid chromosomes in
dipteran insects such as Drosophila melanogaster, where the
copy number of a given satellite sequence may be reduced
many hundred-fold relative to euchromatic DNA (13, 41).
While underrepresentation is widely assumed to result from
selective underreplication of heterochromatic sequences (29),
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no direct evidence substantiating this model has been reported
(16, 27). More recently, alternative models have been pro-
posed that include mechanisms of DNA elimination (16, 27,
45, 46) and copy-choice replication (21). Despite an extensive
literature describing the phenomenon of heterochromatic un-
derrepresentation, the molecular mechanism that underlies
this property of heterochromatin remains to be determined.

We have addressed the phenomenon of heterochromatic
underrepresentation by using the Dp(1;f)1187 minichromo-
some of Drosophila melanogaster (Dp1187). Dp1187 is a small
(1,300-kb) derivative of the In(1)sc® chromosome (27, 31). It
has all the principal structural features of higher eukaryotic
chromosomes, including distinct euchromatic and heterochro-
matic domains (see Fig. 1) (30), and demonstrates normal
meiotic and mitotic segregation functions (27, 38). A restric-
tion map encompassing both euchromatic and heterochro-
matic domains of the chromosome has been constructed, fa-
cilitating its molecular analysis (30). Dp/187 has been used
extensively to address questions of chromosome structure, es-
pecially as relates to heterochromatin (16, 17, 26, 27, 37, 38,
55). In particular, studies on heterochromatic underrepresen-
tation involving Dpl187 prompted a reappraisal of underrep-
lication as the mechanism of underrepresentation (16, 27, 46).

DNA molecules of altered structure are predicted to form
between regions of fully represented euchromatic and under-
represented heterochromatic DNA. Identification of such mol-
ecules and determination of their structure would provide sig-
nificant insight into the mechanism of underrepresentation.
Evidence for such molecules has been provided by earlier
analyses of Dp1187 in which structurally altered derivatives of
the Dp1187 chromosome were identified in polyploid cells (45,
46). In this report, we extend these earlier observations by
using the Dp1187 minichromosome to characterize underrep-
resentation in polyploid cells of Drosophila and identify het-
erochromatic molecules of altered structure within underrep-
resented sequences. The characteristics of these structurally
altered molecules are consistent with those expected to arise
from heterochromatic underrepresentation.
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MATERIALS AND METHODS

Drosophila strains. Information about Drosophila genes and nomenclature
may be found in reference 31. Flies were maintained at 22°C and 50% relative
humidity. Samples of ovary and imaginal-disc-plus-brain DNA used for the
quantitative analysis illustrated in Fig. 2 and the two-dimensional analysis illus-
trated in Fig. 3 were isolated from female progeny of the cross X,y X X, y/Y;
Dp(1;f)1187,y™. This cross ensured that a single Dp(1;f)1187 chromosome was
present in virtually all yellow™ offspring and that the Dp/X hybridization ratio in
y* females was 0.5. Embryos for the same analyses were collected from the X, y;
Dp(1;f)1187,y* female progeny of this cross that had mated randomly with both
X, y/Y and X, y/Y; Dp(1;f)1187, y* male sibs. The average Dp/X hybridization
ratio for a population of these embryos, assuming random mating, is predicted to
be 0.5.

Samples of embryo, ovary, and salivary gland DNA used for the analysis
illustrated in Fig. 4A were isolated from strain Df(1)sc%, y; Dp(1;/)1187, y*.
Individual animals in this strain had either one (36%), two (57%), or three (7%)
copies of the Dp(1;f)1187 chromosome (unpublished observation). Samples of
embryo, ovary, and salivary gland DNA used for the analysis illustrated in Fig. 4B
were isolated from strain CH(3)336, which is homozygous for a P-element
insertion into region h54-57 of chromosome III (56). Salivary glands used for
both analyses illustrated in Fig. 4 were isolated from female larvae. Ovary DNA
used for the analysis illustrated in Fig. 5B was isolated from adult females of
genotype X ™ X, y/O; Dp1187,y*, which were obtained from the cross X~ X, y/O
X XY, Df(1)259 I(1)J1 y/O; Dpl1187, y*, and from adult females of genotype
XX, ylY; Dp1187,y™, which were obtained from the cross X~ X, y/O X X, y/Y;
DplI87,y*.

Preparation and digestion of DNA in agarose inserts. Agarose-embedded
ovary and imaginal-disc-plus-brain DNA were prepared as described previously
(17). Briefly, ovaries from adult females and imaginal-disc-plus-brain complexes
from third-instar larval females were dissected in saline and held on ice. The
tissues were then gently homogenized, and the homogenate was mixed with
molten agarose and pipetted into insert molds. The inserts were treated with
proteinase K and rinsed extensively before digestion with restriction enzymes.
For agarose-embedded embryo DNA, embryos were collected on grape-agar
plates, dechorionated in 50% Clorox bleach, and homogenized and the DNA was
prepared as described for ovaries and imaginal-disc-plus-brain complexes. Aga-
rose-embedded salivary gland DNA was prepared as described previously (27).
Briefly, salivary glands were dissected in saline and homogenized and nuclei were
isolated by centrifugation through sucrose. The nuclei were then prepared in
agarose as described for ovaries and imaginal-disc-plus-brain complexes. Tissues
were dissected from a large number of animals at one time, pooled, and prepared
as described above. Individual samples contained DNA from 1 to 10 pairs of
ovaries, 1 to 8 pl of dechorionated embryos, 20 pairs of salivary glands, or 6 larval
imaginal-disc-plus-brain complexes. Agarose-embedded DNA was digested over-
night with appropriate restriction enzymes by using the manufacturer’s buffers in
which bovine serum albumin was added to 100 pwg/ml and RNase A was added to
10 pg/ml. The restriction enzymes used for individual experiments are described
in the appropriate figure legends.

Electrophoresis and DNA hybridization. Fractionation of DNA by conven-
tional or contour-clamped homogeneous electric field (CHEF) electrophoresis
(5) was performed as described previously (17). A variety of pulsing regimens
were used on the CHEF gels depending on the needs of a given experiment
(described in the figure legends). After electrophoresis, DNA was analyzed by
either Southern blot, in-gel, or two-dimensional agarose gel hybridization. South-
ern blotting was performed by standard methods (43; see also reference 17), and
subsequent hybridizations were done by the procedures of Church and Gilbert
(6). In-gel hybridizations were performed as described previously (17). Briefly,
after electrophoresis, the agarose gels were dried to completion in a 65°C gravity
convection oven. The dried gels were rehydrated, and the DNA was denatured
and neutralized before hybridizing directly to the gels by the procedures of
Church and Gilbert (6). Two-dimensional agarose gel hybridizations were per-
formed as described previously (17). The procedure is described briefly in Re-
sults.

Subclones of X chromosome genomic DNA used as hybridization probes have
all been described previously (17) and include a 1.75-kb HindIII-EcoRI fragment
from position —103 (HR1.75), a 3.5-kb EcoRI fragment from position —54
(R3.5), a 2.6-kb Asel-HindIII fragment or 3.7-kb Xbal-HindIII fragment from the
sc® breakpoint (AH2.6; XH3.7), and a 0.8-kb Bg/II-PstI fragment from position
—1.7 (BP0.8). The probe used for the euchromatic control hybridization illus-
trated in Fig. 4A was a 7-kb HindIII fragment from the rosy locus. The hybrid-
ization probe used to identify restriction fragments flanking the P-element in-
sertion in strain CH(3)336 (Fig. 4B) was a 3-kb Ps¢I fragment encompassing the
bacterial lacZ gene.

Probes were made from DNA fragments isolated in low-melting-temperature
agarose and labeled with 3?P by random priming (12) to specific activities of
approximately 10° cpm/pg. After hybridization, filters and gels were exposed to
Kodak XAR-5 film at —80°C with intensifying screens for qualitative analysis.
For quantitative analysis, the blots and gels were analyzed with a Molecular
Dynamics PhosphorImager and ImageQuant software.
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FIG. 1. Structure of Dp(1;f)1187. A map of the complete Dp1187 minichro-
mosome is shown with relevant restriction fragments indicated. The coordinate
system used (in kilobases) is indicated, where 0 kb is defined as the position of
the sc® rearrangement junction. Sequences to the right, or proximal, of the sc®
breakpoint extend into heterochromatic sequences near the centromere and are
denoted by positive values. Sequences to the left, or distal, of the sc® breakpoint
are denoted by negative values. Euchromatic sequences are shown as a line, and
heterochromatic sequences are shown as a gray bar. Three “islands” of complex
heterochromatic sequences are shown in black (30). The approximate location of
the centromere is indicated by the open oval (38). Above the complete map is an
expanded view of the first 125 kb of euchromatic sequences distal to the sc®
junction. Positions of the yellow gene and the deletion endpoint of Dp400 are
indicated. The restriction fragments analyzed in this report are shown as black
lines in their appropriate locations below the complete and the expanded maps.
Each fragment is denoted by its proximal-most endpoint, which is shown to the
right. The restriction sites that generate each fragment are shown on the map. A,
Asel; H, HindIll; Hp, Hpal; M, Miul; N, Notl; P, Pmel.

RESULTS

Heterochromatic restriction fragments isolated from
polyploid cells demonstrate persistent copy number reduc-
tions. The structure of heterochromatic DNA was studied by
using the 1.3 Mb Dp(1,f)1187 minichromosome of Drosophila.
The general structure of Dpl187 is illustrated in Fig. 1, with
restriction sites and restriction fragments pertinent to this
study shown. The derivation of Dp1187 from the In(1)sc® chro-
mosome and detailed restriction mapping of Dpl187 have
been described previously (30). Dp1187 contains 1 Mb of cen-
tromeric heterochromatic DNA, which consists of interspersed
blocks of satellite DNA and “islands” of more complex se-
quences (Fig. 1) (30). The Dp1187 chromosome is segregated
normally during meiosis and mitosis and has been used to
study numerous aspects of chromosome structure and function
(see Introduction).

In polyploid chromosomes subject to heterochromatic un-
derrepresentation, DNA molecules of altered structure are
predicted to form between regions of fully represented euchro-
matic and underrepresented heterochromatic sequences (29).
Previous experiments that directly tested this prediction, how-
ever, failed to identify DNA molecules of altered structure in
a region of the Dpl187 chromosome suggested to contain a
steep copy number gradient (16). Interpretation of this result,
however, is complicated by the fact that heterochromatic re-
striction fragments of Dpl187 can appear severely underrep-
resented in vitro despite being fully represented in vivo as a
consequence of the selective inability of Dp187 heterochro-
matic DNA to transfer efficiently during Southern blotting
(17). This unusual property of these heterochromatic DNAs
accounts for some, but not all, underrepresentation of Dp7187.

In light of these observations, we first sought to identify copy
number reductions of Dp1187 sequences caused by true in vivo
underrepresentation. Evidence for such a copy number reduc-
tion was observed previously while characterizing the Southern
blot transfer inhibition phenomenon (17). Specifically, a re-
striction fragment spanning the sc® junction of Dp1187 and
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FIG. 2. Quantitative Southern blot and in-gel hybridization analysis of Dp(1,f)1187 reveals persistent underrepresentation in a polyploid tissue. (A) In-gel (lanes
G) and Southern blot (lanes B) hybridizations are illustrated for six different digests of embryo DNA and two different digests of ovary DNA. The number above each
set of panels indicates the proximal endpoint of the DpI187 restriction fragment analyzed (Fig. 1). The Dp1187-specific (Dp) and X-specific (X) bands are indicated,
and their sizes (in kilobase pairs) are shown. Samples for —103 were digested with HindIlII, fractionated by conventional electrophoresis, and probed with HR1.75.
Samples for —54 were digested with HindIIl, fractionated by conventional electrophoresis, and probed with R3.5. Samples for +0.128 were digested with Asel,
fractionated by conventional electrophoresis, and probed with AH2.6. Samples for +75 were digested with HindlIl, fractionated by CHEF electrophoresis for 12 h with
a 10-s switch time, and probed with AH2.6. Samples for +304 were digested with Mlul, fractionated by CHEF electrophoresis for 13 h with a linearly ramped switch
time of 10 to 90 s, and probed with AH2.6. Samples for +1,000 were digested with NorI, fractionated by CHEF electrophoresis for 13 h with a linearly ramped switch
time of 10 to 150 s, and probed with AH2.6. The higher-molecular-weight bands in —103 are not a result of partial digestion by HindIII but are due to cross-hybridization
of the probe with heterogeneous high-molecular-weight molecules in this digest. The hybridization signal observed in the wells of in-gel hybridizations is an artifact of
the procedure and does not necessarily indicate a legitimate hybridization signal. Autoradiographs of Southern blot and in-gel analyses of —103, —54, +0.128 and +75
digests of ovary DNA have been reported previously (17). (B) Southern blot and in-gel hybridization analysis of DNA isolated from whole adult ovaries, 0- to 12-h
embryos, and larval imaginal-disc-plus-brain complexes were quantitated with storage-phosphorimaging plates. The mean and standard error calculated from three to
seven independent measurements for each digest assayed by Southern blot (open circles) or in-gel (filled circles) hybridizations is shown. Ratios are plotted on a log
scale versus the position of the proximal endpoint of the Dp1187 restriction fragment assayed. The expected Dp1187-to-X hybridization ratio was 0.5 in DNA from all
three tissues (see Materials and Methods) and is shown as a horizontal dashed line.

extending 1,000 kb into heterochromatic sequences was under-
represented in DNA isolated from polyploid ovarian nurse and
follicle cells of the ovary. Underrepresentation of this fragment
probably reflected true in vivo copy number loss and was not
an artifact of Southern blot transfer inhibition because the
fragment was also underrepresented on in-gel hybridizations,
which are done directly to dried-down gels without Southern
blot transfer.

To characterize Dp1187 underrepresentation in ovaries and
establish that the underrepresentation observed reflected true
in vivo copy number reductions, Dpl187 DNA isolated from
ovaries was analyzed by Southern blot and in-gel hybridization
and compared to Dpl187 DNA isolated from predominantly
diploid tissues (Fig. 2). In diploid tissues, heterochromatic
underrepresentation is not expected to occur. The predomi-
nantly diploid tissues analyzed included 0- to 12-h embryos and
third-instar larval imaginal-disc-plus-brain complexes. Relative
to ovaries, 0- to 12-h embryos are enriched for diploid cells. By

12 h of embryonic development, only yolk, salivary gland, gut,
and malpighian tubule cells have initiated polyploid develop-
ment, and except for yolk nuclei, these cells have completed
only a single polyploid S phase (44). Larval imaginal-disc-plus-
brain preparations contain predominantly diploid cells with
some polyploid cells contributed by the central nervous system
(50).

Six different restriction fragments of Dp1187 were analyzed.
Two fragments were located entirely within euchromatin at
positions —103 and —54, and four fragments spanned the sc®
euchromatic-heterochromatic junction extending into hetero-
chromatic sequences to kb +0.128, +75, +304 and +1000 (Fig.
1; restriction fragments are designated by the position of their
heterochromatic endpoints). The copy number of each frag-
ment was determined by measuring the hybridization level to
the Dp1187-specific restriction fragment relative to the hybrid-
ization level in the same sample to a wholly euchromatic re-
striction fragment from the normal X chromosome that was
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identified by the same probe (Fig. 2) (see Materials and Meth-
ods). The flies analyzed had the genotype X/X; DpI187 such
that a Dp/X hybridization ratio of 0.5 is predicted for Dpl1187
fragments that are fully represented. A sample of Southern
blot and in-gel hybridization results are illustrated in Fig. 2A,
and the complete quantitative analysis for all three tissues is
illustrated in Fig. 2B.

Overall, much of the behavior of Dp7187 in all three tissues
was similar (Fig. 2B). Euchromatic restriction fragments —103
and —54 and the +0.128 restriction fragment measured by
both Southern blot and in-gel analysis were at or close to the
expected copy number for fully represented euchromatic
DNAs. The +75 heterochromatic restriction fragment in all
three tissues, on the other hand, was subject to significant
Southern blot transfer inhibition. This was evidenced by the
severe underrepresentation of this fragment measured by
Southern blot hybridization (10- to 100-fold) but normal or
near-normal levels of representation measured by in-gel hy-
bridization (Fig. 2B).

Most relevant to this report was the behavior of restriction
fragments extending +304 and +1,000 kb into heterochro-
matic sequences. In ovary DNA, these fragments were still
significantly underrepresented when assayed by in-gel hybrid-
ization (2- and 14-fold, respectively [Fig. 2]), suggesting that
the heterochromatic sequences on these fragments are under-
represented in vivo. In embryo and disc-plus-brain DNA,
only the +1,000 fragment was underrepresented by in-gel hy-
bridization and only twofold below predicted levels (Fig. 2).
Surprisingly, the +75 and +304 fragments in embryo and disc-
plus-brain DNA appeared overrepresented on in-gel hybrid-
izations (Fig. 2). Subsequent analysis indicated that this over-
representation, however, does not reflect actual in vivo
increases in Dpl187 copy number (see the two-dimensional
analysis discussed below). The reason that elevated hybridiza-
tion ratios were observed for only these two fragments and no
other DNAs, including euchromatic restriction fragments or
lambda DNA controls, is not known (Fig. 2; data not shown).

Heterochromatic underrepresentation is associated with
DNA molecules of altered structure. Dpl187 molecules of al-
tered structure must be present in ovary DNA if the copy
number reductions suggested by the in-gel analysis reflect true
in vivo underrepresentation. Specifically, discontinuities in the
linear structure of DNA must occur within the heterochro-
matic sequences of the +304 and + 1,000 restriction fragments
to account for the fact that the euchromatic portions of these
molecules are fully represented while the full-length molecules
are underrepresented (Fig. 1 and 2B). Furthermore, any DNA
molecules of altered structure that are formed should be de-
tectable by hybridization since the restriction fragments used
as probe are located within fully represented euchromatic se-
quences. Despite these predictions, however, no hybridization
signals indicative of Dp1187-specific molecules of altered struc-
ture were detected in the analysis illustrated in Fig. 2.

We considered whether detection of altered Dpl187 mole-
cules of reduced size may have been obstructed by hybridiza-
tion signal to the X chromosome-derived euchromatic restric-
tion fragment present in each sample (Fig. 2A). We suspected
that such molecules might be present given the detection of
shortened derivatives of the Dpl187 chromosome in undi-
gested ovary DNA reported previously (45, 46). To address this
possibility, Dp1187 DNA was analyzed by a two-dimensional
agarose gel hybridization technique that physically separates
all Dp1187-derived and X-derived DNAs in a single sample,
allowing for their independent analysis without the complica-
tions of overlapping hybridization signals (Fig. 3) (17). Briefly,
the two-dimensional gel technique involves fractionating geno-
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mic DNA on a first-dimension, pulsed-field gel like those il-
lustrated in Fig. 2A. Then a lane of the first-dimension gel is
excised, and DNA in the gel slice is digested in situ with a
second enzyme, Bg/Il. Bg/Il cuts the Dpl187 chromosome
within euchromatic sequences at kb —3.2 and —1.7 and cuts
the X chromosome at kb —3.2 and +0.6. The gel slice is then
molded into a second agarose gel, and the double-digested
DNA is fractionated by electrophoresis perpendicular to the
direction used for the first-dimension gel. DNA separated in
the second-dimension gel is then detected by conventional
Southern blot hybridization. The positions of restriction frag-
ments in the first-dimension gel slice are revealed by the po-
sitions of the Bg/II fragments in the second-dimension gel. The
X-derived and Dpl187-derived Bglll fragments identified by
the probe are polymorphic in size, resulting in the physical
separation of the X-specific and Dp1187-specific molecules
into discrete lanes in the second-dimension gel. Finally, het-
erochromatic restriction fragments that transfer poorly during
regular Southern blotting are more readily detected on the
two-dimensional gels because the Dp1187 BgllI fragment iden-
tified by the probe derives from wholly euchromatic sequences
that transfer normally.

The two-dimensional gels revealed that the underrepresen-
tation of full-length Dp7187 molecules observed in ovary DNA
was caused, at least in part, by the formation of structurally
altered Dp1187 molecules with significantly increased electro-
phoretic mobility, as if shortened in size (Fig. 3). Shortened
Dp1187 molecules were detected in +304, +418, +522, and
+1,000 restriction digests of ovary DNA. Two distinct popu-
lations of shortened molecules were detected in uncut DNA
(Fig. 3), a result that corroborates previous analyses of Dp1187
chromosomes marked with P-element insertions in which two
populations of shortened derivatives were also found in uncut
ovary DNA (45, 46). Shortened Dp1187 molecules were not
detected in DNA isolated from embryos or imaginal-disc-plus-
brain preparations (Fig. 3), consistent with the in-gel hybrid-
ization results indicating that substantial underrepresentation
was associated only with polyploid ovary DNA (Fig. 2). In
addition, shortened molecules were associated only with het-
erochromatic restrictions fragments of Dpl187 and not with
euchromatic fragments from the X chromosome (Fig. 3).

In the single-dimension analysis of the +1,000 digest, the
X-derived DNA fragment prevented detection of shortened
Dp1187 molecules (Fig. 2A and 3). In the +304 digest, how-
ever, this was unlikely to be the case, given the difference in
size between the X and Dp1187 molecules (Fig. 2A and 3). The
shortened Dp1187 molecules in +304 digests could be detected
on single-dimension gels, however, if the hybridization signal
to the shortened molecules was increased by using pulsed-field
gel electrophoresis parameters that compressed resolution in
the 74-kb size range and by loading more DNA (data not
shown).

On average, the shortened Dpl187 molecules represented
approximately 50% of the total Dp1187-derived hybridization
signal measured in each of the +304, +418, +522, +1,000, and
uncut samples (Fig. 3). Quantitatively, then, formation of the
altered Dp1187 molecules can account for the twofold under-
representation observed for the +304 fragment measured by
in-gel hybridization (Fig. 2). A 50% abundance of altered frag-
ments, however, does not fully account for the 10-fold under-
representation of the +1,000 fragment (Fig. 2B and 3). Hy-
bridization to the full-length +1,000 fragment may have been
disproportionately reduced because the +1,000 fragment was
preferentially retained in the sample well during electrophore-
sis compared to the DNA molecules of altered structure that
were smaller in size. This explanation would be consistent with
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FIG. 3. Analysis of Dp(1;f)1187 by two-dimensional agarose gel hybridization reveals shortened heterochromatic DNAs. DNA isolated from adult ovaries, 0- to 12-h
embryos, and larval imaginal-disc-plus-brain complexes was digested with HindIII (+75), Mlul (+304), Hpal (+418), Pmel (+522), or NotI (+1,000) or left undigested
(uncut) and fractionated on a first-dimension gel by CHEF electrophoresis with a linearly ramped switch time of 50 to 130 s for +75, +1,000 and uncut samples and
10 to 150 s for +304, +418, and +522 samples. Individual lanes from the first-dimension gel were excised, and the DNA was restricted in situ with Bg/II. The gel slice
was then molded into a second agarose gel, and the double-digested DNA was fractionated in the second dimension by conventional electrophoresis. Bg/II sites are
polymorphic between the X and DpI187 chromosomes, resulting in a discrete lane of 3.8-kb X-specific molecules (lanes X) and a discrete lane of 1.8 kb Dp-specific
molecules (lanes Dp) in the second dimension. The direction of the first-dimension electrophoresis for each panel is from top to bottom, while the direction of the
second-dimension electrophoresis is from left to right. Finally, the second-dimension gel was subject to Southern blot hybridization with probe BP0.8. The sizes (in
kilobase pairs) of the full-length and shortened Dp1187 molecules relative to the first-dimension electrophoresis are indicated. n.d., no data available.

the increased hybridization signal observed to the wells of
+1,000 digests (Fig. 2A and 3 and data not shown). Finally, the
twofold underrepresentation of the +1,000 fragment observed
in embryo and disc-plus-brain DNA (Fig. 2B) can be ac-
counted for by a heterogeneous background of Dp1187-specific
hybridization observed in +1,000 digests of these samples (Fig.
3).

The two-dimensional analysis also revealed that the +75
restriction fragment of Dp1187 is fully represented in all three
tissues (Fig. 3). This observation corroborates the in-gel hy-
bridization results, which also suggested that the +75 fragment
is fully represented (Fig. 2B), and provides additional evidence
that the underrepresentation of the +75 fragment observed on
Southern blot hybridizations is an artifact of the inefficient
transfer of Dpl187 heterochromatic DNAs during Southern
blotting (Fig. 2) (17). In addition, detection of the +75 frag-
ment at the expected copy number on two-dimensional gels
suggests that the overrepresentation of the +75 and +304
fragments observed in embryo and disc-plus-brain DNA by
in-gel hybridization is unlikely to result from in vivo changes in
Dp1187 copy number (Fig. 2B).

Alteration of heterochromatic DNA structure occurs in two
different types of polyploid cells. We wanted to accurately
compare the altered heterochromatic DNAs of Dpl187 iso-
lated from different tissues. Such direct comparisons were
technically difficult when two-dimensional gels were used, but
altered heterochromatic DNAs could be visualized and directly

compared on single-dimension Southern blots by using flies
with a Df(1)sc®; Dp1187 genotype. In these flies, all euchro-
matic sequences distal of the sc® breakpoint are unique to the
Dp1187 chromosome, and hybridizations can be done to
Dpl1187-derived molecules without interference from the X
chromosome. Because Dpl187 heterochromatic DNAs trans-
fer poorly during standard Southern-blotting protocols (Fig. 2)
(17), longer autoradiographic exposures were required to vi-
sualize DpI187 molecules. By using Df(1)sc5; Dp1187 flies,
DNA was prepared from diploid-cell-enriched 0- to 12-h em-
bryos, polyploid ovaries, and polytene salivary glands. Restric-
tion fragments +75, +304, +418, and +1,000, along with un-
cut DNA, were analyzed by single-dimension Southern blot
hybridization (Fig. 4A).

As anticipated, altered heterochromatic DNAs of increased
electrophoretic mobility were observed on single-dimension
gels of Df(1)sc®; Dp1187 DNA (Fig. 4A). Shortened molecules
were observed in ovary DNA migrating at the same size as the
molecules detected on two-dimensional gels, suggesting that
the two techniques reveal the same population of altered
Dp1187 molecules (Fig. 3 and 4A). Most important, shortened
molecules were also observed in DNA isolated from polytene
salivary gland cells (Fig. 4A). For the +75, +304, and +418
digests, the altered heterochromatic DNAs from salivary
glands were similar in size and relative abundance to the mol-
ecules observed in ovary. This observation suggests that for-
mation of altered heterochromatic DNAs is a general conse-
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FIG. 4. The structure of heterochromatic DNA is altered in polyploid cells of both the ovary and salivary gland and within heterochromatic sequences of both the
Dp(1;)1187 minichromosome and chromosome III. (A) Dp1187 DNA from fly strain Df(1)sc®; Dp1187 was isolated from 0- to 12-h embryos (lanes E), adult ovaries
(lanes O), and larval salivary glands (lanes S) and digested with HindIII (+75), Mlul (+304), Hpal (+418), or NotI (+1,000) or left undigested (uncut). The DNA was
fractionated by CHEEF electrophoresis with a linearly ramped switch time of 10 to 150 s and analyzed by Southern blot hybridization with probe AH2.6 or XH3.7. The
control hybridization was to NotI-digested DNA with a probe to the euchromatic rosy locus. The sizes (in kilobase pairs) of full-length and shortened Dp1187 molecules
are indicated. A shortened heterochromatic molecule of 50 kb present only in embryo DNA is indicated by the asterisks. (B) DNA from fly strain CH(3)336, which
has a P element inserted within chromosome III heterochromatin, was isolated from 0- to 12-h embryos (lanes E), adult ovaries (lanes O), and larval salivary glands
(lanes S). The DNA was digested with Xbal (+5), or NotI (+645) and then fractionated and analyzed by Southern blot hybridization as described for panel A, except
that the probe was to bacterial lacZ sequences contained on the P element. The control hybridization was to NotI-digested DNA with probe AH2.6, which, in strain
CH(3)336, identifies only euchromatic sequences on the X chromosome. A shortened heterochromatic molecule of 22 kb present only in embryo DNA is indicated by

an asterisk.

quence of polyploid chromosome formation rather than the
product of a cell-type-specific process. Shortened Dp1187 mol-
ecules were also detected in 0- to 12-h embryo DNA but were
always present at reduced abundance relative to levels ob-
served in either polyploid tissue (Fig. 4A). These DNAs may
derive from the few cell types present in the embryo samples
that initiate polyploidy by 12 h of development (44). Finally,
shortened molecules were associated only with heterochro-
matic restriction fragments of Dpl187 and not with control
fragments from euchromatic regions of the genome (Fig. 4A).

Interestingly, the sizes of the shortened molecules observed
in salivary gland DNA for the +1,000 and uncut samples were
smaller, on average, than the comparable molecules in ovary
DNA (Fig. 4A). In uncut samples, salivary gland DNA lacked
the prominent band of 617-kb molecules and had more of the
301-kb and smaller molecules (Fig. 4A). In +1,000 samples,
salivary gland DNA lacked the prominent band of 256-kb mol-
ecules. This difference might be a consequence of the greater
severity of heterochromatic underrepresentation known to oc-

cur in salivary gland chromosomes compared to the chromo-
somes of ovarian nurse cells (18, 19). Alternatively, the short-
ened molecules may form in a qualitatively different way in the
polytene chromosomes of the salivary gland and in the more
diffuse polyploid chromosomes of the ovarian nurse and folli-
cle cells.

The shortened Dp1187 molecules appeared to transfer more
efficiently than did the full-length molecules during Southern
blotting of one-dimensional gels. This difference caused the
shortened molecules to appear more abundant relative to full-
length fragments on one-dimensional gels than on the two-
dimensional gels (Fig. 3 and 4A). Perhaps the structural
changes that create the shortened molecules remove sequences
responsible for transfer inhibition (17). Although transferring
poorly, full-length molecules were detectable in all ovary DNA
samples if sufficiently long autoradiographic exposures were
used (Fig. 4A and data not shown). In contrast, full-length
molecules were never detected in salivary gland samples by any
assay including one-dimensional, two-dimensional, and in-gel
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hybridizations (Fig. 4A and data not shown). The absence of
detectable full-length molecules in salivary gland DNA may
reflect the severe heterochromatic underrepresentation that
occurs in this tissue (13, 18, 19). Finally, the 28-kb shortened
molecules detected in the +75 digest illustrated in Fig. 4A
were not detected in the two-dimensional gel illustrated in Fig.
3 because the switching time used in the first-dimension
pulsed-field gel electrophoresis did not resolve the shortened
and full-length molecules.

Heterochromatic DNA of chromosome III is altered in
structure. To determine if heterochromatic DNA elsewhere in
the Drosophila genome is altered in polyploid chromosomes,
restriction fragments extending into heterochromatic se-
quences of chromosomes II and III were analyzed. Entry into
these regions of the genome was provided by P-element trans-
posons inserted into heterochromatin (56). Six different chro-
mosome II strains and five different chromosome III strains
that each carry a single heterochromatic P-element insertion
were analyzed. DNA was isolated from each strain, digested
with a variety of eight-cutter restriction enzymes, and analyzed
by single-dimension Southern blot hybridization. The P ele-
ments carry a bacterial lacZ gene that provides a unique-
sequence probe, limiting hybridization to restriction fragments
flanking each P-element insertion.

The structure of heterochromatic DNA flanking a P element
inserted into region h54-57 of chromosome III [strain CH(3)
336] was altered in polyploid tissues (Fig. 4B). Specifically, a
restriction fragment extending 645 kb into heterochromatic
sequences was shortened in ovary and salivary gland DNA. A
fragment extending only 5 kb into flanking sequences was un-
altered, consistent with an earlier analysis of these heterochro-
matic insertions (54), and control DNAs from euchromatic
regions of the genome and present in the same samples were
unaltered (Fig. 4B). Changes in the structure of the chromo-
some III heterochromatic DNA were similar in overall pattern
to changes observed for fragments of Dp1187 heterochromatic
DNA, particularly comparing the +645 fragment of CH(3)336
and the Dp1187 uncut sample (Fig. 4). Analysis of uncut DNA
from strain CH(3)336 gave little or no detectable hybridization
except to the sample wells (data not shown).

Detecting alterations in DNA structure within chromosome
IIT heterochromatin demonstrates that the formation of short-
ened heterochromatic molecules is not a peculiarity of the
Dp1187 minichromosome or of X chromosome-derived hetero-
chromatic sequences and that heterochromatic DNAs located
in multiple regions of the Drosophila genome are altered in
structure in polyploid cells. Detecting shortened heterochro-
matic DNAs in only 1 of 11 P-element strains may indicate that
structural changes occur in a limited number of heterochro-
matic locations. Alternatively, most of the P elements may be
inserted too far away from underrepresented regions of het-
erochromatin for structural rearrangements to be observed in
flanking restriction fragments.

Finally, an unexpected phenomenon associated with hetero-
chromatic DNA was revealed by the single-dimension South-
ern blot hybridization analysis. Shortened heterochromatic
molecules unique to embryo DNA were observed. These mol-
ecules were detected in the +1,000 and uncut embryo samples
of Dp1187 and the +645 embryo sample of CH(3)336 (Fig. 4).
In addition to their absence from ovary and salivary gland
DNA, these molecules were absent from disc-plus-brain DNA
(data not shown). These results suggest that heterochromatic
DNA may be subject to structural changes that occur in cell
types or during processes that are unique to embryonic devel-
opment.
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Alteration of heterochromatic DNA structure is not corre-
lated with PEV. It has been proposed that the spread of het-
erochromatic underrepresentation into euchromatic sequences
causes some instances of PEV (27). This proposal was based
on a correlation that was observed between the underrepre-
sentation of euchromatic sequences on the Dpl187 chromo-
some and variegated expression of the yellow gene located
within those sequences (27). yellow variegation has also been
correlated with changes in the structure of Dp1187 (45). Spe-
cifically, it was observed that terminal deletions of the Dp1187
chromosome that remove a large amount of distal telomeric
sequences cause both strong enhancement of yellow gene var-
iegation (45, 49, 55) and changes to the structure of the short-
ened Dp1187 molecules found in ovary DNA (45; also see
below). If the observed changes in Dpl187 structure are a
consequence of heterochromatic underrepresentation, as has
been proposed (45, 46; see above), this observation is consis-
tent with a model in which underrepresentation can cause
PEV.

In the experiments correlating yellow variegation with struc-
tural changes of Dp1187, uncut ovary DNA was analyzed (45).
We wanted to know if the structure of the shortened Dpl187
molecules detected in restriction enzyme-digested DNA, as
illustrated in this report (Fig. 3 and 4A), would also be influ-
enced by a PEV-enhancing terminal deletion. For example, if
alterations of DNA structure spread toward and into euchro-
matic sequences near the sc® breakpoint leading to yellow var-
iegation, one might expect to see a reduction in the size of
shortened Dpl187 molecules found in restriction enzyme-di-
gested DNA. This prediction was tested by analyzing flies car-
rying either the Dpl187 chromosome or Dp400, a Dpl187
derivative lacking sequences distal to position —71 (Fig. 1)
(55). This terminal deletion causes significantly increased yel-
low variegation with 70 to 80% yellow™ triple-row bristles com-
pared to 1 to 5% for Dp1187 (55). This terminal deletion has
also been shown to significantly alter the structure of shortened
molecules observed in uncut ovary DNA (45; also see below).

DNA molecules of altered structure were revealed by two-
dimensional electrophoresis, in uncut and restriction enzyme-
digested ovary DNA from flies carrying Dp1187 or Dp400. The
results are illustrated in Fig. SA. In Dp1187 samples, the full-
length and shortened molecules detected were the same as
those illustrated in Fig. 3 and 4A. In Dp400 samples, the sizes
of the full-length molecules were consistent with those pre-
dicted for deletion of sequences distal to position —71 kb (Fig.
1 and 5A). The changes in the sizes of the shortened molecules
detected in uncut and +1,000 samples of Dp400, however, are
less easily accounted for by the terminal deletion. For example,
in uncut DNA, the full-length Dp400 molecule was 250 kb
smaller than Dp1187, as expected, but the single population of
110-kb molecules observed in Dp400 DNA appeared to be 507
and 191 kb smaller than the two populations of shortened
molecules observed in Dp1187 DNA (Fig. SA). Likewise, in the
+1,000 digest, the full-length Dp400 molecule was 50 kb
smaller than the Dp1187 molecule, again as expected, while the
single population of 110-kb molecules in Dp400 DNA appears
to be 146 kb smaller than the shortened molecules in Dpl187
DNA. These disproportionate reductions in the sizes of the
shortened DNA molecules in uncut and +1,000 digests of
Dp400 correlate with the observed increase in yellow variega-
tion and are consistent with the earlier analysis of this chro-
mosome (45).

Changes to DNA structure that correlate with changes in
yellow variegation, however, were less evident in +304 and
+418 digests. In fact, no consistent differences between Dp1187
and Dp400 were observed in the sizes or amounts of the short-
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FIG. 5. The alteration of heterochromatic DNA structure is not correlated
with PEV. (A) DNA was isolated from adult ovaries of flies containing either the
Dp1187 (lanes 1187) or the Dp400 (lanes 400) chromosome and digested with
Miul (+304), Hpal (+418), or Notl (+1,000) or left undigested (uncut). The
shortened heterochromatic DNAs contained in these samples were visualized by
two-dimensional agarose gel hybridization as described for Fig. 3. Only the
Dp1187-derived and Dp400-derived molecules are shown, to make comparison
easier. Dp1187 and Dp400 samples for each digest were analyzed in parallel. A
10- to 150-s linearly ramped switch time was used for the first-dimension CHEF
electrophoresis. The sizes (in kilobase pairs) of full-length and shortened mol-
ecules are indicated. (B) DNA was isolated from adult ovaries of flies of geno-
types X~ X, y/O; Dp1187,y* (lanes X~ X/O) and X~ X, y/Y; Dp1187,y* (lanes
X" X/Y). The DNA was digested and the shortened heterochromatic DNAs
were visualized as described for panel A.

ened DNA molecules detected in these digests (Fig. SA). This
result suggests that alterations to the structure of heterochro-
matic DNA encompassed by the +304 and +418 restriction
fragments do not differ significantly between the Dp400 and
Dp1187 chromosomes despite a significant difference in yellow
variegation. The +304 and +418 restriction fragments encom-
pass sequences from kb —18, which is 2 kb proximal of the
euchromatic yellow gene, through 418 kb of heterochromatic
sequences (Fig. 1).

If alterations of Dp1187 structure cause yellow variegation,
modifiers of variegation acting in trans would be expected to
alter the sizes of the shortened Dp7187 molecules. To test this
hypothesis, Dp1187 molecules of altered structure were char-
acterized in flies in which yellow variegation was modified in
trans by the Y chromosome rather than in cis, as was the case
with the terminal deletion of Dp400. Female flies of genotypes
X" X,y/O; Dpl187,y" and X~ X, y/Y; Dp1187,y" in which the
frequency of yellow™ triple-row bristles was 42% and 3%, re-
spectively, were generated (17). DNA molecules of altered
structure were revealed in uncut and restriction enzyme-di-
gested ovary DNA by two-dimensional electrophoresis, and
the results are illustrated in Fig. 5B. No consistent differences
were observed between the two genotypes in the shortened
Dp1187 molecules detected in +304, +418, +1,000, or uncut
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DNA samples, despite a greater-than-10-fold difference in yel-
low variegation (Fig. 5B). This result, along with the results of
the +304 and +418 digests of Dp400 (Fig. 5A), demonstrates
that changes to yellow variegation do not always correlate with
changes in Dpl187 structure. Such a correlation might have
been expected if yellow variegation were caused by heterochro-
matic underrepresentation or the changes in DNA structure
that underrepresentation creates.

DISCUSSION

We have identified heterochromatic DNAs of altered struc-
ture in polyploid cells of Drosophila. Altered heterochromatic
DNA was found in the polyploid cells of both the ovary and sali-
vary gland and was formed within heterochromatic sequences
of both the Dp(1;f)1187 minichromosome and chromosome
II1. These results suggest that the structure of heterochromatic
DNA is altered as a general consequence of polyploid chro-
mosome formation and that the shortened molecules charac-
terized in this report are the discontinuous DNA molecules
predicted to form within underrepresented sequences.

Three different hypotheses have been proposed for the
mechanism of underrepresentation: (i) heterochromatic se-
quences are underreplicated because replication forks that ini-
tiate within euchromatic sequences stall as they attempt to
traverse heterochromatin (29); (ii) heterochromatic sequences
are actively removed by a process of DNA elimination (27, 46);
and (iii) replication of heterochromatic sequences is bypassed
in a process of copy-choice replication, in which DNA poly-
merase switches templates during replication of repetitive se-
quences (21). Each mechanism predicts the formation of DNA
molecules of altered structure within underrepresented hetero-
chromatin. Different structures are predicted to form for each
mechanism, specifically, (i) nested replication forks in the un-
derreplication model (29), (ii) truncated and rearranged DNA
molecules in the elimination model (46), (iii) molecules con-
taining a network of excluded DNA loops in the copy-choice
replication model (21). Determining if the shortened hetero-
chromatic DNAs characterized in this report have any of these
structures will show which of the proposed mechanisms causes
heterochromatic underrepresentation.

The properties of the altered heterochromatic DNAs re-
ported here are not consistent with the nested-fork structures
predicted by the underreplication model. Altered Dp1187 mol-
ecules appear to be shortened in size based on their increased
electrophoretic mobility (Fig. 3 to 5), yet DNA molecules con-
taining replication forks migrate larger than their linear coun-
terpart, not smaller (4). In addition, the shortened heterochro-
matic molecules do not appear to contain replication forks, at
least none that compose a large fraction of total molecule
length, since they do not migrate in a manner characteristic of
fork-containing molecules on appropriate two-dimensional
gels (unpublished observation). An earlier analysis of Dp1187
sequences that were underrepresented in salivary gland DNA
also failed to identify fork-containing molecules (16). Finally,
even if replication forks stall within a particular region of
Dp1187 but are subsequently broken in vivo or during DNA
isolation, the stalled-replication model is still difficult to rec-
oncile with the data reported here. Specifically, no common
site or region of DNA breakage is apparent when the hetero-
chromatic endpoints of the shortened Dp1187 DNAs for dif-
ferent digests are mapped relative to the sc® breakpoint (Fig.
6). Even after accounting for size heterogeneity, the hetero-
chromatic endpoints for different digests are significantly dif-
ferent (Fig. 6).

Both the elimination and copy-choice models of underrep-
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FIG. 6. Mapping the proximal endpoints of the shortened heterochromatic
molecules does not reveal a common site of DNA breakage. Full-length restric-
tion fragments are illustrated as gray bars above a map of the Dp(I;f)1187
chromosome, and their normal proximal endpoints are indicated in kilobase
pairs. The proximal endpoint of the most abundant shortened molecules ob-
served for each digest is indicated by a vertical arrow and a gap in the full-length
restriction fragment. The size of the gaps and the light gray areas for fragments
+522 and +1,000 indicate the degree of size heterogeneity of the shortened
molecules. The height of the vertical arrow indicates relative abundance. The
proximal endpoints of the shortened molecules were mapped by assuming a
linear DNA structure and simple DNA truncation within heterochromatic se-
quences (see Discussion). The structure and restriction sites of the Dpl187
chromosome are as described for Fig. 1.

resentation provide a testable rationale for the observed dif-
ferences in the heterochromatic endpoints of the shortened
molecules (Fig. 6). For example, if DNA rearrangements ac-
company a process of heterochromatic elimination, as has been
suggested (27, 46), new heterochromatic endpoints might arise
as a consequence of newly positioned restriction sites. Heter-
ogeneity in the sizes of shortened DNAs would result from
imprecision in the rearrangement processes. If, on the other
hand, copy-choice replication generates the shortened Dpl187
molecules, these molecules might have a nonlinear structure
that includes a network of DNA loops (21). Nonlinearity in
DNA structure would be expected to affect the electrophoretic
migration of the shortened molecules independently of their
linear size and complicate the interpretation of the linear map-
ping approach illustrated in Fig. 6. Consistent with this possi-
bility, the sizes of the shortened Dp1187 molecules demon-
strate sensitivity to parameters of electrophoresis. Specifically,
increasing the temperature of electrophoresis causes increased
heterogeneity in the sizes of the shortened molecules while
having no effect on full-length heterochromatic or euchromatic
control fragments (unpublished observation). This tempera-
ture sensitivity may indicate that the shortened heterochro-
matic molecules contain nonlinear structures. We are currently
testing predictions of both the elimination and copy-choice
models of underrepresentation to elucidate the structures of
the altered heterochromatic molecules.

Changes in the variegated expression of the yellow gene were
not consistently correlated with changes in Dpl187 structure
(Fig. 5), as might have been expected if yellow variegation were
caused by changes in DNA copy number or structure. Since
yellow variegation and Dpl187 structure were assayed in dif-
ferent tissues, however, the data do not exclude the possibility
that some instances of PEV are indeed caused by irreversible
changes in the structure of DNA (27, 45). Nonetheless, our
results are more concordant with a growing body of evidence
indicating that most cases of PEV are caused by a reversible
epigenetic mechanism (1, 8, 9, 20, 22, 34, 52).

The terminal deletion that forms Dp400 caused both an
increase in yellow variegation and unexpected changes in the
structure of shortened derivatives of Dp7187 (Fig. 5A, +1,000
and uncut samples) (45). If, as discussed above, yellow varie-
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gation is not a consequence of changes in DNA structure, the
terminal deletion must affect both PEV and DNA structure
independently. Large-scale looping interactions between dif-
ferent chromosome regions have been suggested to play a role
in the mechanism of PEV and have been directly demonstrated
in the case of the variegating brown® gene (8, 9, 21, 42).
Perhaps the terminal deletion alters such large-scale interac-
tions, allowing conformations of the chromosome that increase
yellow variegation. By the same mechanism, the terminal de-
letion might influence the structure of shortened derivatives of
Dp1187 if such large-scale interactions also play a role in het-
erochromatic underrepresentation.

Alteration of heterochromatic DNA structure in polyploid
chromosomes of Drosophila, as illustrated in this report, pro-
vides yet another example of the dynamic character of hetero-
chromatin. Determining the structure of the altered hetero-
chromatic molecules will help elucidate the mechanism of
heterochromatic underrepresentation and provide insights into
how the genetic components of heterochromatin create the
unique characteristics of this chromosomal domain.
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