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Sir
The morphology of Drosophila melanogaster poly-

tene chromosomes is well described (Bridges, 1935;
1938), yet the underlying causes of gross chromo-
some structures are largely unknown. In particular,
Bridges (1935) was able to identify a number of
unusual morphologies strewn along the polytene
chromosomes, and he gave them visually descriptive
names such as, “Chinese lantern”, “chains” and
“ballet skirt”. One general hypothesis is that primary
DNA sequence data is a large determinant of these
“higher” chromosome morphologies.

Benos et al. (2000) used the sequence data from
the D. melanogaster genome project (Adams et al.,
2000) to investigate at the DNA level one unusual
morphological structure in region 2B on the X
chromosome, which has been alternately termed a
“puff” (Bridges, 1935; 1938) or a “bulb” (Offerman,
1936). Specifically, the “bulb” is an unusual band-
ing pattern in chromosome region 2B3–8 of the
X chromosome, thought to be caused by ectopic
pairing among chromosome bands in the region,
resulting in the appearance of some polytene chro-
mosome bands lying parallel to the chromosome
rather than perpendicular to it (Offerman, 1936;
Bridges, 1938; Benos et al., 2000). Both Offerman
(1936) and Bridges (1938) hypothesized that the
morphology in region 2B was due to an unknown
sequence repeat organized in reverse order, hence, a
“reverse repeat”. The techniques for determining the
nature of the repeat were, of course, unavailable at
that time.

Benos et al. (2000) used bioinformatical methods to
analyze the primary DNA sequence of the 2B3–8
chromosome region, and reported a pair of 1.2-kb
DNA sequence repeats, each made up of 3.5 repeats
of a ,350 bp satellite element related to the 1.688
family of satellite elements (Waring and Pollack,
1987; DiBartolomeis et al., 1992). These are referred to
as satellite-related (SR) arrays (DiBartolomeis et al.,
1992), and the SR arrays were found to be in reverse
repeat orientation, as predicted by Offerman (1936)
and Bridges (1938). Benos et al. (2000) thus suggest
that these inverse repeats are the cause of the 2B3–8
“bulb” structure.

Are the SR array sequences identified by Benos et al.
(2000) necessary for the reverse repeat banding
pattern? Although their bioinformatic data is consis-
tent with the original hypothesis, no experimental
data was provided. However, we found in the
literature experimental cytogenetic data that sup-
ports the involvement of the SR arrays. Semeshin et al.
(2001) recently showed (their Figs. 5a and b) that on an
X chromosome carrying inversion In(1 )br 103 (Fig. 1),
placing the puff region and the proximal (2B8) repeat,
but not the distal (2B3) repeat, near cytological region
3C2-3, there is no ectopic pairing. This result suggests
that a single repeat is not sufficient for the ectopic
pairing in this region. This may mean that DNA
homology between these two regions, 2B3 and 2B8, is
indeed causing ectopic pairing in the 2B region, as
predicted by Benos et al. (2000).

Potentially complicating the above interpretation,
that the SR arrays in 2B cause ectopic pairing, it has
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long been known that D. melanogaster polytene X
chromosomes display a “transcriptional puff” in the
2B3–5 region, caused by a high level of transcription
(e.g. Bridges, 1935, p.62 and his Fig. 5; Bridges, 1938;
Belyaeva et al., 1987). Therefore, there is a potential
confoundment of two unusual chromosomal struc-
tures in the same region, since the 2B3–5 puff itself
could contribute to ectopic pairing.

Does the region necessary for 2B transcriptional
puff formation overlap the SR arrays hypothesized
by Benos et al. (2000) to cause ectopic pairing? To
answer this, we combined chromosome-level dele-
tion-mapping data (Belyaeva et al., 1987) with
the DNA sequence data of Benos et al. (2000),
and demonstrate that the region necessary for

transcriptional puff formation does not overlap
either SR array (Fig. 1). Belyaeva et al. (1987) utilized
numerous chromosome rearrangements (see
Lindsley and Grell, 1968; Belyaeva et al., 1982; 1987;
FlyBase, 1999) to genetically map the region
necessary for puff formation to approximately
87 kb, which lies between the breakpoints of
deletions Df(1 )br 25 and Df(1 )St472. This region
does not contain the SR arrays identified by Benos
et al. (2000).

Furthermore, these data conversely show that the
SR array sequences are not necessary for transcrip-
tional puff formation. Deletion Df(1 )St472 uncovers
(deletes) the proximal repeat of Benos et al. (2000), yet
puff formation is not disrupted in a Df(1 )St472

FIGURE 1 Genetic map of D. melanogaster X chromosome cytological region 2B3–2B8. (a) Genetic map of the 2B3–2B8 region. Open boxes
are the inverted repeats of Benos et al. (2000). The arrows indicate the directions of the repeats. Black boxes represent “landmark” known
genes in this region [also shown in Fig. 1 of Benos et al. (2000)]. These genes are br (broad (2B4–6), a transcription factor which encodes a
family of zinc-finger proteins), dor (deep orange (2B6–7), which encodes a transporter protein), b6 (b6 (2B7), which encodes a receptor-like
protein), and a6 (a6 (2B7–8), which encodes an oderant/ligand binding protein). (b) Restriction map of the 2B3–2B8 region. Bam HI, Eco RI,
HindIII, and Sal I were used, as in the Belyaeva et al. (1987) study. To align the genomic map of Benos et al. (2000) with the chromosome
aberration map of Belyaeva et al. (1987), we artificially cut the sequence of Celera Genomics scaffold AE003421 with Bam HI, Eco RI, HindIII,
and Sal I using Lasergene’s MapDraw program. AE003421 spans the 2B1–2B10 region of the D. melanogaster X chromosome. For simplicity,
results are shown for only two of the four enzymes, Hind III (circles) and Sal I (squares). Grey-filled shapes denote cut sites that were
common to both sequences (i.e. AE003421, and the sequence used in the Belyaeva et al. (1987) study), and white-colored shapes denote non-
common cut sites. The “*” indicates 8 closely placed HindIII cut sites. Vertical dashed lines indicate the limits of the Belyaeva et al. (1987)
genetic map. 146 kb is an approximation. The proximal limit to the Belyaeva et al. (1987) map is a Sal I cut site within the a6locus; the distal
limit is a Bam HI cut site approximately 7 kb distal to the most distal Sal I site shown. Restriction enzyme cut sites are pictured in the correct
order relative to each other and to the genes and chromosome aberrations, but their exact positions are not precise at the scale used here.
(c) Cytological map showing chromosome aberrations in the 2B3–2B8 region, enabling deletion mapping of chromosome regions
necessary for puff formation. Black lines indicate aberrations that, when present, prevent formation of the 2B puff. A white line indicates no
effect of the aberration on 2B3–5 puff formation. All results are from Belyaeva et al. (1987) and Semeshin et al. (2001). Black lines extending
from the tips of the thick black or white lines indicate regions of breakpoint uncertainty (Lindsley and Grell, 1968; Belyaeva et al., 1982;
1987; FlyBase 1999). Some deficiencies in the 2B3–2B8 region extend past the 2B3–2B8 region pictured both here and in Belyaeva et al.
(1987) (see Lindsley and Grell, 1968; Belyaeva et al., 1982; 1987; FlyBase, 1999). These extensions are indicated by a dashed line and the best
estimate from the literature of the cytological location of the other breakpoint. Two of the deletions have synonyms (Lindsley and Grell,
1968; Belyaeva et al., 1982; 1987; FlyBase, 1999): Df ð1Þbr R1ð¼ Df ð1Þbr 2 rv 1Þ; Df ð1Þbr 25ð¼ Df ð1Þpn7bÞ: Vertical dotted lines are a
conservative estimate of the region necessary for puff formation. 87 kb is an approximation.
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mutant fly. Similarly, deletions Df(1 )br R1 and
Df(1 )br 25 each uncover the distal repeat, and
similarly puff formation in Df(1 )br R1 and Df(1 )br 25

flies is not disrupted.
We conclude that the available experimental

genetic evidence supports the hypothesis that the
reverse repeat SR array sequences in chromosome
region 2B cause ectopic pairing. Additionally, the
causes of the 2B transcriptional puff and ectopic
pairing appear to be distinct in D. melanogaster. Since
ectopic pairing in 2B is conserved in the sibling
species D. simulans (Offerman, 1936), we predict that
the same is true in that species.

Cytogenetic analysis of chromosomes carrying
tiny deletions encompassing each of the inverted
repeats, to our knowledge not currently available
(Flybase, 1999; I. F. Zhimulev, personal communi-
cation), would more definitively test whether the
DNA repeats identified by Benos et al. (2000)
functionally cause ectopic pairing in 2B. Finally,
other cytological regions, which have similar-
appearing ectopic pairing, such as regions 3C and
12D-E (Bridges, 1938) would be predicted to contain
reverse tandem duplications.
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