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Abstract. This paper describes a species specific satel-
lite DNA family (pSsP216) of Drosophila subsilvestris,
a palearctic species of the D. obscura group. The
pSsP216 family consists of tandemly arranged 216 bp
repetitive units that are predominantly localized on B
chromosomes. These chromosomes appear in variable
numbers in the karyotype of this species. Some pSsP216
repeats can also be detected in the centromeric hetero-
chromatin of the acrocentric A chromosomes. Two
strains, one with and the other without B chromosomes,
were investigated for sequence variability and for the lo-
cation of this satellite DNA on the chromosomes.
Among 16 clones of the 216 bp basic repeat unit an
overall similarity of about 93% and no strain specific
differences were found, indicating that the B chromo-
somes may have derived from the A chromosomes
{(probably the dots) by spontaneous amplification of the
pSsP216 satellite DNA family.

Introduction

The term “B chromosome” was introduced by Randolph
(1928) in order to distinguish these small and morpho-
logically specific chromosomes from the typically big-
ger “A chromosomes” in the chromosome complement
of maize. B chromosomes are usually not necessary for
cellular functions (Shaw and Hewitt 1990). During mito-
sis and meiosis these chromosomes are distributed to
daughter cells by random segregation, and their number
can, therefore, vary from individual to individual of the
same species (Shaw and Hewitt 1990).

The presence of B chromosomes in chromosome sets
is a rather widespread phenomenon, especially in plants
(Puertas et al. 1987; Staub 1987). There are several ex-
amples known in insects (Shaw et al. 1985), but so far
only one single case for the genus Drosophila, i.e. Dro-
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sophila nasuta albomicans (Ramachandra and Rang-
anath 1987; Hatsumi 1987).

The origin of B chromosomes is still mainly specula-
tive, e.g. they may be derivatives of X chromosomes, or
telocentric fragments arising through the mispairing of
centromeres (Jones and Rees 1982). There is also very
little known about possible effects of B chromosomes.
Positive effects seem to be scarce; many deleterious ef-
fects on the fitness/survival of plants and insects have
been observed (Jones and Rees 1969; Hewitt 1979; Be-
ukeboom and Werren 1993).

By means of specific staining techniques it is possible
to demonstrate that B chromosome are basically hetero-
chromatic and that they might consequently consist to a
large degree of highly repetitive satellite DNA.

Here we describe the identification of supernumerary
B chromosomes in D. subsilvestris, a palearctic species
of the D. obscura group. Its haploid karyotype has been
described as consisting of only two metacentric, one
submetacentric, two acrocentric and one dot chromo-
somes (Lakovaara and Saura 1982). In the present study
we will show that supernumerary B chromosomes can be
found in strains directly derived from nature. Since this
is a unique situation in the D. obscura species group a
molecular analysis was performed in addition.

Materials and methods

Drosophila strains. Two different strains of D. subsilvestris were
used. Both strains were established as mass cultures from wild
flies caught in wooded areas near Tibingen, Germany. Strain A
was kept in the laboratory from 1978 and died out in 1992; strain B
was established in autumn 1992. The strains have been kept in the
laboratory in continuous light and at a constant temperature of 18°
C.

DNA isolation and cloning. Genomic DNA of Drosophila was ex-
tracted as described by Preiss et al. (1988). highly repetitive DNA
was isolated from satellite DNA bands visible after 5% polyacryl-
amide gel electrophoresis of Pvull digested genomic DNA. The
DNA fragments were eluted from the gel, purified and ligated into
the plasmid pUC19 (King and Blakesley 1986), and transformed
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Fig. 1A, B. Mitotic chromosome sets of Drosophila subsilvestris
from strain A (A) and at a higher magnification from strain B. (B)
The preparations were made shortly after establishing the strains

into Escherichia coli JM103 cells. Recombinant clones were se-
lected as white colonies on ampicillin plates containing X-gal (5-
bromo-4-chloro-3-indolyl-f-p-galactoside) and IPTG (isopropyl-
JB-D-thiogalactopyranoside).

DNA sequencing. The nucleotide sequences were determined by
the dideoxy chain termination method (Sanger et al. 1977) using
the USB sequenase kit (No. 70770) for 33S radioactive sequencing
and the Autoread kit (Pharmacia No. 27-1690-04) for automatic
sequencing on an A.L.F. (Pharmacia). DNA for the sequencing re-
actions was prepared according to Lee and Rasheed (1990).

Filter hybridization. Fragments of digested DNA were separated by
agarose gel electrophoresis and transferred to Hybond N mem-
branes (Amersham) by the method of Southern (1975). Labeling of
probe DNA with Digoxigenin and signal detection were carried out
according to the instructions accompanying the “DIG DNA label-
ing and detection kit-nonradioactive” (Boehringer No. 109 36 57)
and according to Kreike et al. (1990).

Preparation of mitotic chromosomes.Neural ganglia of third instar
larvae were dissected in Drosophila Ringer (5.55 g NaCl, 0.22 g
KCl, 0.44 g CaCl,, 1000 ml distilled water) and then treated for 20
min in a hypotonic solution of 1% sodium citrate. After 10 min fix-
ation in a cold 3:1 ethanol:acetic acid mixture the ganglia were re-
suspended in a drop of 45% acetic acid and spread onto a clean
slide prewarmed to 42° C. After drying, the chromosomes were de-
hydrated in ethanol (70%, 90%, 100%) and then air dried.

In situ hybridization of chromosome preparations. Fifteen microli-
ters of a 50% formamide, 5% dextran sulfate, 4xSSC and DIG-la-
beled DNA (1 ng/ll) mixture were placed on a slide, covered with
a coverlip and sealed with rubber cement. (1xSSC is 0.15 M NaCl,
0.015 M sodium citrate). The probe and the chromosomal DNA
were denatured simultaneously at 80° C for 10 min. In situ hybrid-
ization was performed overnight in a humid box at 37° C. Unspe-
cifically bound DNA was removed by washing the slides in 2xSSC
for 5 min at room temperature, twice for 10 min at hybridization

in 1978 (A) and 1992 (B). Arrows indicate the supernumerary B
chromosomes. Magn. 1000 x

, \?! :‘J'. Ly
w0 N at i s Vi

Fig. 2. Part of a set of polytenic chromosomes of D. subsilvestris
from larval salivary gland tissue. The degree of polytenization of
the dot chromosome (indicated by an arrow) is the same as that of
the other chromosomes. Magn. 500 x

temperature and once more for 5 min at room temperature in
2xSSC. Subsequently, the slides were washed briefly in 100 mM
Tris-HCI, 150 mM NaCl, 0.3% Tween 20, pH 7.5 and preincubated
in 100 mM Tris-HCI, 150 mM NaCl, 0.3% Tween 20, pH 7.5 con-
taining 0.5% blocking reagent (Boehringer) at 37° C for 30 min.
The anti-DIG-peroxidase conjugate (in 100 mM Tris-HCI, 150
mM NaCl, pH 7.5 containing 0.5% blocking reagent) was placed
on the slide with the chromosomes and incubated for 45 min at 37°
C followed by three washes in 100 mM Tris-HCI, 150 mM NaCl,
pH 7.5. The detection was done in 50 mM Tris-HCI, 0.05% diami-
nobenzidine, 0.01% H,0, pH 7.5 for 10 min in the dark. The slides
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pSsP216/1 CAC*GGGCAG GAACTTTGGC AAAGACGGCC ARCAACAGCG CGTCAAACCA GGAGTCACCT
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PSSP216/10 ———¥mmmmme —mmme o Grmmmm— e —— T Fig. 3. Nucleotide sequences of
pPSSP216/11 ——m*—mmmme e A-- -G -_— - - pSsP216/1-14 from D. subsilves-
PSSP216/12 ———*————mm e —Gm e e e - tris aligned with pSsP216/1. As-
PSSP216/13 —=—*——mmme —mme e o O terisks indicate gaps introduced to
PSSP216/14 ———*m=Comm =—mmmmeme - G- VPRV AT-—~  increase sequence similarity
181 191 201 211
pSsP216/1 GCAACACCAC GATCCCAGGC AAARGATTTTG GCAAAGE
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pSsP216/3 —~—-———- A= m— e mm— e Cmmmm
PSSP216/4 —mm—mmmmmm e e P A — ' ) o
PSSP216/5 =memmmmmmm mmmmmm—mm— —mme T The configurations of the mitotic chromosome sets of D.
pPSSP216/6 m—m—————m- -T c ---G-—-  subsilvestris (strains A and B) are shown in Fig. 1. They
pSsP216/7 —- T-- -~ - c--~- ---  consist of two pairs of acrocentric chromosomes, two
PSSP216/8 ————mmmmmm mmmmmmmmem e Commm mmmmmm- pairs of metacentric chromosomes (one of them is the X
pzsgiigjio TTTTTTTTTT T m- 'g """" chromosome) and one pair of submetacentric, Y-shaped
gszpzls 711 e e oo mmmm chromosomes. In addition a variable number (one to
PSSP216/12 ——w—mmmmm= —m= N Cmmmm mmeeeme five) of dot-like chromosomes was observed in most of
PSSP216/13 —————mmmmm mme——mmee e Cmmm —mmmme o the chromosome sets studied. With respect to these dot-
PSSP216/14 ——m—m———me —— e L it like chromosomes we found differences between strains

were air dried and analyzed microscopically with reflection con-
trast (Landegent et al. 1985).

Preparation of salivary gland chromosomes. The usual squashing
method for polytene chromosomes of Drosophila was used (Ash-
burner 1989). The chromosomes were stained in a 60% acetic or-
cein solution.

A and B. Up to five dot-like chromosomes appeared in
chromosome preparations prepared shortly after strain A
had been established from wild flies; only one or none at
all were found after several years of laboratory mainte-
nance. In the newly established strain B, however, a vari-
able number of dot-like chromosomes was again present
in mitotic metaphases. In preparations of polytene chro-
mosomes (Fig. 2) from salivary glands, however, only
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one small banded dot chromosome could be seen irre-
spective of the number of dot-like chromosomes appear-
ing in the metaphases. From this observation it was con-
cluded that the supernumerary dot-like chromosomes of
D. subsilvestris must be B chromosomes. B chromo-
somes are absent in almost all chromosome sets of Dro-
sophila. So far, they have only been observed in D. nas-
uta albomicans (Ramachandra and Ranganath 1987
Hatsumi 1987). Since only one polytene dot chromo-
some with a normal degree of polytenization occurred in
each salivary gland nucleus it was further assumed that
the supernumerary B chromosomes are heterochromatic
and contain repetitive sequences that are underreplicated
and hence not visible in polytenic nuclei (Zacharias
1993).

To obtain more information, a search for repetitive se-
quences in the genome of D. subsilvestris was per-
formed. Genomic DNA of the two strains (A, B) of D.
subsilvestris was digested with a number of different re-
striction endonucleases and subsequently electrophore-
sed on a 5% polyacrylamide gel; only Pvull and Haelll
digested DNA, respectively, gave the ladder-like pattern
that is typical of tandemly arranged satellite DNA. The
DNA of the smallest Pvull restriction satellite fragment
(about 200 bp) was subsequently eluted from the gel and
ligated into the plasmid vector pUC19. After transforma-
tion seven positive clones were identified from each
strain and sequenced: pSsP216/1-7 from population A
and pSsP216/8-14 from population B. All sequences
had a length of 216 bp, apart from clones pSsP216/2 and
pSsP216/14, which were 217 and 215 bp in length, re-
spectively. The sequences showed an average homology
of 96.35% (93.52%-99.54%) and were thus considered
as members of the pSsP216 satellite DNA family (Fig.
3). The pSsP216 repeats are slightly GC rich (55%) and
exhibit a remarkably asymmetric base composition, es-
pecially with respect to A and T nucleotides (A, 31.5%;
C, 30.5%; G, 25.5%; T, 12.5%). As expected from the
electrophoresis data all Pvull repeats have an internal
Haelll restriction site (Fig. 3, position 147-150). The
analyzed pSsP2]16 sequences from the two different lines
of D subsilvestris exhibited no strain specific variation.
An EMBL data bank search revealed no significant simi-
larity of pSsP216 sequences to any other known nucleo-
tide sequence.

In order to test whether the sequences of the
psSp2167 family are also present in the genomes of oth-
er species of the D. obscura group, genomic DNA of D.
madeirensis, D. obscura, D. ambigua, D. tristis, D. sub-
obscura, D. pseudoobscura, D. bifasciata and D. subsil-
vestris (strains A and B) was digested with the restric-
tion endonuclease Pvull, electrophoresed on a 1% agaro-
se gel and blotted. The hybridization with labeled
pSsP216/3 DNA revealed that the ladder-like pattern of
typical satellite DNA occurred only with DNA from D.
subsilvestris. A significant hybridization signal could be
observed with DNA fragments of high molecular weight
from D. ambigua. Interestingly, the hybridization signal
with DNA from strain A was much weaker (i.e. almost
invisible) compared with that with DNA from strain B,
although almost the same amount of genomic DNA was

Fig. 4. In situ hybridization of clone pSsP216/3 to mitotic chro-
mosomes of D. subsilvestris (strain B) larvae. Hybridization sig-
nals are visible on the centromeres of the acrocentric chromo-
somes (/), on the dot chromosomes (2) and on the B chromo-
somes (3). Magn. 1000 x

used. This was completely unexpected as almost no dif-
ference in the intensity of the ~200 bp Pvull restriction
satellite band on 5% polyacrylamide gels was observed
between strain A and B. The solution to this discrepancy
was that genomic DNA of strain A was used that came
from two different preparations: the DNA of strain A
used for the identification of the psSp216 satellite DNA
by polyacrylamide gel electrophoresis was prepared in
1986 when strain A had been kept for 8 years in the lab-
oratory and the DNA of stock A used for the Southern
blot analysis was prepared in 1992 after 14 years of cul-
tivation of strain A. Therefore, most of the pSsP216 se-
quences were probably eliminted from the genome of
strain A during this period of cultivation. This was also
the case for the B chromosomes.

A rough quantification of the contribution of pSsP216
sequences to the genome of D. subsilvestris was per-
formed by means of dot-blot hybridizations using cloned
pSsp216/3 DNA and genomic DNA from strain B. The
resulting estimate of 0.5%—1% as an average proportion
of pSsP216 sequences in the genome (data not shown) is
of course only valid for the specific strain B in summer
1993, when the genomic DNA was prepared.

For chromosomal localization of the pSsP216 se-
quences in situ hybridizations to mitotic chromosomes
prepared from larvae of strain B were carried out, using
clone pSsP216/3 as a probe. Weak hybridization signals
were visible with reflection contrast microscopy on the
centromeres of the acrocentric chromosomes and strong
ones on the dot chromosomes. In addition, extremely
strong signals appeared that were so intense that it was
difficult to associate them with any underlying chromo-



somal structure. Therefore, chromosomes of the same
slides were stained with Giemsa and inspected in the
normal light microscope. A comparison showed that all
structures that produced intense hybridization signals
were dot-like B chromosomes (Fig. 4).

Discussion

In this study a species-specifically amplified satellite
DNA family pSsP216 could be detected. It represents a
major component of additional B chromosomes of the
chromosome complement of D. subsilvestris. Copies of
the same family were also found in the centromeric het-
erochromatin of the two acrocentric chromosomes and
on the dot chromosomes. The pSsP216 satellite DNA
family shows all the characteristics of a typical satellite
DNA: a repetitive unit of discrete length (216 bp), high
intraspecific sequence homogeneiy (96.35%) and a clear
tandemly repeated arrangement in the genome.

B chromosomes and dot chromosomes cannot be dis-
tinguished in the microscope without specific staining
techniques. One pair of dot chromosomes appears in all
karyotypes of the species of the D. obscura group. C-
banding techniques showed that these dots are rather
heterochromatic in all the species of the D. obscura
group (Raab 1988). The dot chromosomes of D. subsil-
vestris stained with the fluorescent dyes 4,6-diamidino-
2-phenylindole (DAPI)/Chromomycin A, (CMA) exhibit
GC-rich DNA in the centromeric and AT-rich DNA in
the distal regions, a pattern that was not observed in dot
chromosomes of other D. obscura group species (Raab
1988) at all. Clusters of the slightly GC-rich pSsP216
sequences (55%) are probably limited to the centromeric
region of the dot chromosomes. However, if additional B
chromosomes are present, extremely intense hybridiza-
tion signals occur. We therefore believe that the B chro-
mosomes contain either very big clusters of amplified
pSsP216 sequences or that they are entirely composed of
them.

Based on these results we suggest that the B chromo-
somes may have originally arisen from the dots. Howev-
er, dot chromosomes behave like the other normal A
chromosomes during meiosis while the B chromosomes
seem to segregate randomly, leading to different B chro-
mosome numbers in different individuals (varying at
least from zero to four, according to our observations).
The mechanism responsible for the origin of B chromo-
somes in D. subsilvestris might be inferred from the ex-
periments of Haaf et al. (1992). After transformation of
in vitro cultured African green monkey cells with human
alpha satellite sequences they found that clusters of hu-
man alpha satellite sequences of approximately 15 kb
were amplified in some instances up to 200 kb. Further-
more, so-called double minutes appeared and persisted
after transformation over several cell generations. The
double minutes exhibited “normal” replication and seg-
regation behavior. In situ data showed that these double
minutes consisted of human alpha satellite DNA. Al-
though speculative, it appears possible to explain the ori-
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gin of B chromosomes of D. subsilvestris in a similar
way by extrachromosomal amplification of pSsP216 se-
quences. If so, we have to conclude that the nucleotide
sequence of pSsP216 repeats and their tandemly repeat-
ed organization carry information necessary for estab-
lishing a chromosome-like structure in combination with
specific proteins — at least a structure that fulfills the re-
quirements of a centromere/kinetochore. The presence
of pSsP216 sequences in the centromeric regions of the
two acrocentric chromosomes and the normal dot chro-
mosomes may be taken as support for the assumption
that clusters of pSsP216 sequences might possess some
centromere-like properties. The problem with this hy-
pothesis is that a structure that only contains amplified
pSsP216 repeats lacks telomeres and should, therefore,
degenerate. If we assume continuous elongation of the
pSsP216 arrays by an amplification mechanism on the
one hand and continuous reduction in length due to the
lack of telomeres on the other an equlibrium situation
could be imagined. Therefore, it may be possible to
achieve an almost constant size of B chromosomes.

In comparison with other satellite DNAs described so
far for D. obscura group species, the pSsp216 repeats re-
veal no peculiarities that would classify them as an ex-
traordinary satellite DNA. Certainly, the GC content of
roughly 55% is slightly though not remarkably higher
than that of other satellite DNA families of the centro-
meric heterochromatin, i.e. 27% in the KM 190 family of
D. kitumensis and D. microlabis (Bachmann et al. 1992)
30% in the pGH290 tamily of D. guanche (Bachmann et
al. 1989), and 40%—45% in the ATOCI80 family of D.
ambigua, D. tristis and D. obscura (Bachmann and
Spertich 1993). On the other hand, the observed average
variability of 3.65% between repeats is smaller than in
any of the other satellite DNAs of the other species of
the group, i.e. 5%—6.7% in the KM190 family, 11.3% in
the pGH290 family, and 7%—-15% in the ATOC180 fami-
ly. Computer simulations show that such a low value of
variability between repeats may be the result of a rather
high recombination rate (Stephan and Cho 1994). Fur-
thermore, the model of Stephan and Cho (1994) predicts
that increasing rates of unequal exchanges lead to lower
copy numbers per cluster. Indeed, the copy number of
pSsP216 repeats seems to be low compared with those
of the KM190, ATOCI80 and especially the pGH290 re-
peats if we exclude the B chromosomes. However, the
data are difficult to compare for two reasons: (i) in addi-
tion to general methodological problems in the estima-
tion of copy numbers per genome, the obtained values
for the pSsP216 repeats are only of limited value owing
to the variable number of B chromosomes and (ii) the
KM190, ATOCI80 and pGH290 satellite DNAs were de-
tected in the centromeric heterochromatin of all chromo-
somes (except the Y) of the respective species. There-
fore, it may be possible that the copy numbers per ge-
nome are higher but that the actoal sizes of the tandemly
arranged arrays are smaller. Copies of the pSsP216 satel-
lite DNA family derived from B chromosomes should in
any case be homogeneous if the origin of B chromo-
somes is spontaneous extrachromosomal amplification
of a chromosomal template.
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