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The highly repetitive satellite DNA family “ATOC180” is specific for the three
closely related species Drosophila obscura, D. ambigua, and D. tristis but does not
occur in their closest relatives D. subsilvestris and D. bifasciata. Approximately
10,000 copies/haploid genome of ~ 180-bp repetition units are tandemly arranged
in the centromeric heterochromatin of all chromosomes of all three species. Mo-
lecular analysis of 29 cloned repeats shows much intra- and interspecific sequence
homogeneity. Single nucleotide changes are the main source of variability and
distinguish the sequence-, subfamily- and species-specific ATOC180 repeats from
each other. Based on these nucleotide differences, phylogenetic dendrograms were
constructed and compared with published trees for other traits. The data indicate
that the sequences of the ATOC180 satellite DNA family probably arose in a phy-
logenetically “short period” during the anagenetic evolution of the common ancestor
of D. obscura, D. tristis, and D. ambigua, as a consequence of a process of genome
reorganization, followed by a “long period” of entirely gradual sequence evolution.
For the latter period, an evolutionary rate of 3 X 10 % substitutions/site/year was
calculated.

Introduction
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Highly repetitive satellite DNA (satDNA) is a characteristic component of the
genomes of almost all eukaryotic organisms. Only some fungi have been reported ﬁ)
lack this class of DNA (Timberlake 1978). Several common structural attributes cha@-
acterize this specific component of the genome, regardless of the actual nucleotlé’e
sequence of the basic repeat in question (Beridze 1986, pp. 109-113). Typlcally,
highly repetitive DNA is noncoding. It is restricted to the heterochromatic regions ﬁf
the chromosomes, near the centromeres and/or telomeres. Several thousand or CV@
several million copies of repetition units are tandemly arranged and form large h@
mogeneous arrays. Among different organisms, the length of the repetition unit ma
vary considerably. For example, only 2-bp repeats were found in crabs (Gray afid
Skinner 1974), and 5-bp repeats were found in Drosophila melanogaster (Lohe and
Roberts 1988), but 40-kb repeats were found in Muntiacus vaginalis (Benedum et al.
1986), to mention a few extreme cases. However, most repetition units of satDI\@
that have so far been described range in length between ~ 100 bp and 400 bp (Hm@
and Brutlag 1979; Horz and Altenburger 1981). N

Surely, satDNA is most curious with respect to its intraspecific sequence conser-
vation and its special mode of evolution. Some satDNA families are clearly species
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specific (Bachmann et al. 1989), and some are amplified to a high copy number in
one species but appear in only moderate copy numbers in closely related species
(Bachmann et al. 1990). Other satDNAs may be restricted to a specific phylad of
related species (Ganal et al. 1986; Cremisi et al. 1988), while others may be present
in all species of a whole genus ( Vignali et al. 1991).

Several models have been proposed to explain these phenomena. Smith (1976)
was the first to demonstrate by computer simulation that ‘““‘unequal crossing-over’ can
generate and maintain tandemly repeated homogeneous DNA clusters. However, his
model only works when the copy number of tandemly arranged sequences is balanced
by natural selection. More complex simulations (Charlesworth et al. 1986; Stephan
1986) showed that arrays of tandemly arranged satDNA accumulate most probabgl
in chromosome regions where the recombination rate is low. Unequal crossing-over
is frequently accepted as the mechanism that conserves the high intraspecific hom@-
geneity of an already existing tandemly arranged DNA. In addition to unequal crossmg—
over, two other mechanisms are considered for the origin of arrays of tandemly arranged
repetitive DNA. While slippage replication might be an important mechanism for t@e
amplification of simple-sequence DNA such as minisatellites in humans (Walsh 1983‘
Stephan 1989), the finding of extrachromosomal circular alphoid satDNA (Okumu&a
et al. 1987) suggests that rolling-circle amplification (Hourcade et al. 1973) mlgﬁt
also play an important role in the amplification processes of satDNA. “’

In this paper we will describe the specific properties of a satDNA family comm(Sn
to three species of the D. obscura group (D. obscura, D. ambigua, and D. tristis). Tﬁe
results will be discussed in the context of satDNA organization and evolution.

Material and Methods
Drosophila Strains

jollle/equu/woo”

The strains of D. tristis (1978) and D. obscura (1977) were derived from wﬂkl
flies collected in Tiibingen (Germany), and the D. ambigua (1973 ) strain was denv@
from flies collected in Vienna (Austria). All strains have been kept in the laboratog'
at constant 18°C in continuous light.

DNA Isolation and Cloning

L€910L/L

Genomic DNA of Drosophila was extracted as described by Preiss et al. ( 1988§.
Highly repetitive DNA was isolated from restriction satellite bands visible after 5%
polyacrylamide gel electrophoresis of EcoRI- or Pstl-digested genomic DNA of all tHé
three species mentioned above. The DNA fragments were eluted from the gel, purified,
and ligated into the plasmid pUC19 (King and Blakesley 1986 ) and were transforméd
to Escherichia coli JM 103 cells. Recombinant clones were selected as white coloni&
on ampicillin plates containing X-gal (5-bromo-4-chloro-3-indolyl-§- D-galacto&d@
and IPTG (isopropyl-B-D-thiogalactopyranoside). N

DNA Hybridization

Digested genomic DNA separated on agarose gels was blotted to Hybond N
membranes (Amersham) according to the method of Southern (1975). Bacterial col-
onies were transferred to nitrocellulose membranes (Davis et al. 1986, pp..227-229).
Labeling of probe DNA, hybridization, and detection of the hybridization signals were
performed using the DIG DNA labeling and detection nonradioactive kit (109 36 57;
Boehringer) as described in the manual. In some experiments >2P-labeled probes
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(Feinberg and Vogelstein 1983) were used for hybridizations (Davis et al. 1986,
pp. 84-87).

DNA Sequencing

Plasmid DNA was purified according to the manual of the Diagen Plasmid Kit
Hi-purity (41014; Diagen). The chain-termination method (Sanger et al. 1977) was
used to sequence both strands of the pUC19 clones. It was performed as described in
the instructions of the T7 sequencing kit (27-1682-01; Pharmacia).

Computer Analysis

DNA sequences were analyzed by DNASIS (version 5.0). Genetic distances wefe
calculated according to Kimura’s (1980) two-parameter method, with the DNADI§T
(version 1.0) program from J. C. Miller. The programs NJTREE (version 2.0) frcgn
N. Saitou and L. Jin, UPGMA (version 2.0) from L. Jin, TDRAW (version 1. 1&4)
from J. W. H. Ferguson, and PHYLIP from J. Felsenstein were used for constructlgg
and plotting the dendrograms.

Results

oe//:sdjy

Genomic DNA of Drosophila ambigua, D. obscura, and D. tristis, digested wﬁh
the restriction nuclease PstI or EcoRI and electrophoresed on 5% polyacrylamide géls
shows clearly visible bands of highly concentrated restriction satDNA fragments(én
the background smear of single-copy DNA fragments at ~ 180, ~360, and ~ 540 Bp.
The fragments of the Pstl (D. ambigua, D. obscura) or EcoRI bands (D. tristis)Sf
~ 180 bp were cluted from the gel and ligated into the pUC19 plasmid vector DI\@
To show that the recombinant plasmids contain a specific class of satDNA, they wéfe
probed with labeled DNA of the respective fraction extracted from D. obscura. Almgst
all recombinant clones obtained from D. ambigua and D. obscura DNA gave positive
signals, but few of those from D. tristis DNA did so. This can be explained by @e
presence of another 181-bp telomeric EcoRI restriction satDNA family in D. tris@’s
(Bachmann et al. 1990). Four positive PsiI clones from D. ambigua (pAPC180/1-
4), 5 EcoRI clones from D. tristis (pTEC181/1-5), and 18 PstI clones from D. obscu;fsa
(pOPC182/1-18) were selected for sequence analyses. N

The alignment of the nucleotide sequences of these 27 clones (fig. 1) proved that
they all belong to the same family of satDNA. The family was termed “ATOC18@.”
Furthermore, it became evident that another 328-bp EcoRI- Haelll clone ( pAEH32~‘8)
from genomic DNA of the same strain of D. ambigua, selected in an earlier clonmg
experiment on a different topic, also belongs to the same class of DNA. The sequen§§e
comparison revealed that the insert of this clone contains two almost complete tdh-
demly arranged copies of the ATOC180 family. The two repetition units of pAEH328
were termed “pAECI180/1” and “pAEC180/2,” respectively, and are included %n
figure 1.

The nucleotide sequences of the ATOCI180 clones are slightly AT rich (55%-
60% ). The sequences of only two clones ( pPOPC182 /4 and pOPC182/5) are identical;
all others differ from each other, to varying extents. The differences are mainly single
nucleotide substitutions. Some of the base substitutions are autapomorphic, and others
are common to two or more sequences. In several cases, the nucleotide substitutions
were present in all clones extracted from only one species (e.g., G at position 26 in
all clones from D. tristis).
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EcoRI-clones:

pTEC 181/1 CTGTTGAGTT ATGGTGAAAC AGGGAG*TTT
PTEC 181/2 =~---=-==== ~--;---——-e e----o *_ oo
PTEC 181/3 --A------- =mwcce——me —eeno- *___
PTEC 181/4 ------=-c- ——---eecoo ——o—-o- *___
pTEC 181/5 A--------- -- T *o__
pAEC 180/1 ----- T~AR- =--=--- P e T*__A
PAEC 180/2 ------- AR- --~A--T--- ----=T*--C
PstI-clones:

. Pstl 10 20 30
pAPC 180/1 ---CA----- -- § NP — pEo -
pAPC 180/4 ---CA----- -- Amemmmmmm mmmem PrA--
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poPC 182/4 ---CA----- ~GA--A--—= ===== TA---
pOPC 182/5 ---CA----- ~GA--A---- --=-- TA--~
poPC 182/3 ---CA----- -GA----=-=-=- - A---TA---
poOPC 182/1 ---CA----- -GA------ A ----- TA---
poOPC 182/15 ---CA----- “GA-~=mm== ——e-- TA---
pOPC 182/2 ~--CA----- -GA~-=~—=—= ———=—-A-A-
pOPC 182/14 ---CA----- -GA~-~-~- T- T----TA-~-
poPC 182/10 ---CA----- —GA---=-=== === PA~ -~
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EcoRI-clones:

EcoRI
pTEC 181/1 GC*GAATTC*
pTEC 181/2 --*------~ T
pTEC 181/3 --*------ *
PTEC 181/4 --*------ T
pTEC 181/5 --------- T
PAEC 180/1 --*----~-- *
pAEC 180/2 2  ----- T
PstI-clones:

110
pAPC 180/1 --TCA----T
PAPC 180/4 --*-C---TT
PAPC 180/2 --*-C----T
PAPC 180/3 --*-C----T
poOPC 182/4 --*AC----T
‘POPC 182/5 --*AC----T
pOPC 182/3 A-*AC----T
poOPC 182/1 --*AC----T

poOPC 182/15 --*AC-G--T
pOPC 182/2 --*AC----T
pOPC 182/14 --*AC----T
pOPC 182/10 --*AC----T
poOPC 182/12 --*AC----T

pOPC 182/16 --*AC----T
POPC 182/6 --*AC----T
pOBC 182/7 --*AC----T
pOPC 182/8 --*AC-G--T

pOPC 182/17 --*AC-G--T
POPC 182/18 --*AC----T
pPOPC 182/9 --*AC----T
POPC 182/11 --*AC----T
POPC 182/13 --*AC----T

**AGAAGGCA TTGACACATT CCGGAAATTC TAGAGATGGC TGGGAGGCGT GGCATGGCCT

GT*TCCGATA AGAAA
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CCmmmmmmmm mmmmmmmeee - A---CG--G -GC------- - A-ommomoe —meeee Pome —A%emem—ee —meee
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CC-mmmmmmm mmmmmeeeeo -A---TG-CG -TC------- e T LTI ————
cC----- Pom e - A---CG--G -TC------= = et Too- -A¥e-oaoo- ———
CCmmmmmmmm mmmmmmmmeo o A---TG-CG -TC------- T Pomm —A¥emmmmee —oeee
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F1G. 1.—Nucleotide sequences of pOPC182/1~18 from Drosophila obscura, pAPC180/1-4 and pAEC180/1-2 from D. ambigua, and pTEC181/1-5 from D. triéis,
aligned to pTECI181/1. The Pstl clones start at position 1, and the EcoRI clones start at position 114. Asterisks indicate gaps (i.e., indels) introduced to increase sequence

similarity.
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In addition, five single nucleotide insertions and/or deletions (indels) were found.
Three of these indels are autapomorphic (at position 46 in pOPC182/2, at position
103 in pAPC180/1, and at position 173 in pAPC180/2). Two gaps were observed in
all the clones belonging to a group of related sequences (at position 27 in pOPC182/
1-18 and at position 35 in pAPC180/1-4). One particular gap, a three-base deletion,
is common to pTEC181/1 and to pTEC181/3, which were isolated from D. tristis,
and to pAEC180/ 1, which was isolated from D. ambigua.

No sequence cloned via PstI has an EcoRlI site, and no sequence cloned via EcoRI
has a Ps/ site. This is not due to the cloning procedure, because the presence of an
EcoRlI site does not necessarily exclude a priori the absence of a Ps!I site, and vice
versa. Furthermore, the PsiI site is modified in all EcoRI clones (pTEC181/1-5 a@d
pAEC180/1-2) by the substitution of two nucleotides (CTGCAG becomes CTGTTG).
In addition, in all PstI clones derived from D. obscura (pOPC182/1-18), the Ec@}l
site is changed by the substitution of two nucleotides (GAATTC becomes ACATTE).
The modification of the EcoRI site in the PstI clones from D. ambigua by a 1Pp
substitution (GAATTC becomes GCATTC) seems to be an intermediate link betw%n
the correct EcoRlI site and the consensus sequence of D. obscura. The mutually exclus?ve
occurrence of the EcoRI and Ps?I restriction sites was consequently taken as argument
for dividing the ATOC180 family into the two subfamilies ATEco180, which comprfées
the EcoRI clones of D. ambigua and D. tristis, and AOPst180, which comprises the
Pst1 clones of D. ambigua and D. obscura. Furthermore, Southern-blot analyses (d@ta
not shown ) confirmed that the exclusive occurrence of the PstfI and EcoRI restriction
sites is not true only for the isolated clones used in these experiments (it couldgae
argued that the analyzed sequences are biased because of the cloning of restnctg)n
fragments of a given length). A “ladder-like” hybridization pattern, typical for tandemly
arranged satDNA, with signals at fragment lengths of 180, 360, 540 bp, etc., was oﬁly
obtained by hybridization of a labeled ATOC180 probe to PstI-digested genomic Dl\gA
of D. obscura and to EcoRI-digested genomic DNA of D. tristis. Hybridizing the safe
probe to reciprocally digested DNA ( EcoRlI for D. obscura DNA and Pstl for D. trigis
DNA) gave only signals with fragments of high molecular weight. A ladder-like By-
bridization pattern could be obtained with either Pstl- or EcoRI-digested genmﬁic
DNA of D. ambigua, because members of both ATOC180 subfamilies (ATEco I§O
and AOPst180) are present in the DNA of this species (see fig. 1). As will be shown
later, this subdivision reflects the evolutionary history of the ATOC180 satDNA famgy,
as illustrated in the dendrogram (fig. 2).

Trials of the hybridization of pAPC180/1 DNA to filterbound EcoRI-dlges%ed
genomic DNA of D. ambigua, D. tristis, and D. obscura; of several other D. obscura
group species (i.e., D. subobscura, D. guanche, D. madeirensis, D. bifasciata, D. sgb-
silvestris, D. pseudoobscura, and D. azteca); and of D. melanogaster proved that the
sequences of the ATOC180 family are specific for the species triad D. obscura,\D.
ambigua, and D. tristis. In situ hybridization of DNA probes from the same clone to
mitotic chromosomes of D. ambigua, D. tristis, and D. obscura identified the presence
of clusters of ATOC180 sequences around the centromeres of all chromosomes (M.
Raab, personal communication).

By means of dot-blot hybridizations of pTEC181/1 DNA to genomic DNA of
D. tristis, we estimated that 1.7% of the genome of this species consists of ATOC180
sequences. If it is assumed that the genome of D. tristis is approximately the same
size as D. melanogaster (150 X 10° bp/haploid genome), this number corresponds
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FiG. 2.—Unrooted neighbor-joining dendrogram of relationship of the nucleotide sequences .C U?)f
pOPC182/1-18, pTEC181/1-5, pAPC180/1-4, and pAEC180/1-2. Scale bar represents a genetic dlstaﬁz;e
D of 0.01 as the frequency of nucleotide substitutions in pairwise comparison of two nucleotide sequenggs
according to Kimura’s (1980) two-parameter method. N

N
to ~ 14,000 copies/haploid genome. Though no direct experiments were performed
to determine the proportion of ATOCI180 in the genomes of D. ambigua and D.
obscura, similar intensities of hybridization signals indicate that copy numbers are
equivalent to those of D. tristis.

Genetic distances of the cloned sequences (except for pPOPC182/5, which is iden-
tical to pOPC182/4) were calculated according to Kimura’s (1980) two-parameter
method. The data (which can be provided on request) were used to construct two
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dendrograms. A rooted tree (not shown) was constructed according to the UPGMA
method of Sneath and Sokal (1973, pp. 230-234), and a second unrooted network
(fig. 2) results from the neighbor-joining method of Saitou and Nei (1987). Although
the UPGMA and neighbor-joining methods are based on different evolutionary as-
sumptions, the resulting dendrograms are practically identical; in both cases, four
clusters of sequences become apparent (I—pTEC181/1-5, II—pAEC180/1-2, Ill—
pAPCI180/1-4, and IV—pOPC182/1-3 and 6-18), and each cluster only includes
ATOC180 sequences derived from one of the three species. All clones isolated from
D. tristis are located exclusively in cluster I, and the clones derived from D. obscura
all appear in cluster IV—only pOPC182 /4 ranges slightly apart, thus linking clusters
III and IV. The sequences of D. ambigua are found in the two separate clusters II aa;i
II1. Cluster III is placed, in both cases, in the proximity of the cluster of the D. obscuta
clones, whereas the position of cluster II differs slightly in the two dendrograms. Tge
62 most probable maximum-parsimony trees (Eck and Dayhoff 1966, p. 164; Kluge
and Farris 1969; not shown) calculated by the DNAPARS computer program (Fed—
senstein 1988) differ from the distance trees only by minor rearrangements within tﬁe
four groups of clones.

Discussion

peoe//:sdny

In recent publications concerning the phylogeny of the Drosophila obscura gro
the three species D. ambigua, D. tristis, and D. obscura have been shown to constitute
a monophyletic triad (Cabrera et al. 1983; Felger and Pinsker 1987; Cariou et §1.
1988), although the exact phylogenetic relationships within this triad are still unclear.
Allozyme data (Lakovaara and Kerdnen 1980) allow us to calculate the time of &i
vergence of these three species to be ~3-5 Mya, on the basis of Nei’s (1987, p. 235 )
substitution rate for electrophoretically detectable variants.

In our studies on repetitive DNAs, the satDNA family ATOC180 was 1dent1ﬁ§d
as a genome component exclusively common to D. ambigua, D. tristis, and D. obscu@,
located in the centromeric heterochromatin of all chromosomes. The genomic org3-
nization of the ATOC180 sequences shows homogeneous arrays of tandemly arranggd
repetition units of ~180 bp, and the same may also be assumed for the commén
ancestor of this species triad. 8

The comparison of nucleotide sequences of 29 cloned repetition units of t@e
ATOCI180 satDNA family (18 from D. obscura, 5 from D. tristis, and 6 from Z)
ambigua) shows great intra- and interspecific sequence similarity. If the assumptlgn
of convergent sequence evolution is excluded, it is possible to reconstruct the consensgs
sequence of the ATOC180 satDNA repeats of the common ancestor for 156 nucleotige
positions (~85% of the sequence). Twenty-six positions (~15%) remain uncertag”n
because of the fixation of different nucleotides or indels in the consensus sequenc@s
of the extant species (fig. 3). |\>

UPGMA, neighbor-joining, and maximum-parsimony dendrograms show four
clearly separated clusters of related sequences. The existence of sequence clusters in
the dendrograms can easily be explained by the occurrence of cluster (species )-specific
nucleotide substitutions shared by all sequences of a cluster (species), while the
branching within the clusters (species) is due to randomly occurring sequence vari-
ability. Speciation is the main reason for the evolution of species-specific sequence
characters.

The agreement among the trees obtained by UPGMA, neighbor joining, and
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10 20 30 © 40 50 60
CTG??GAGTT A??GTGAAAC AGGGA??TTT ACT??C???T TACGTTATAG TGGCTATATC

70 80 90 100 110 120
CT?TATGTCC TG?AATCCAA ATTGATTGCA AA?GATCC?G C??ATTCT?C AGAAGGCATT

130 140 150 160 170 180
GACACATTC? GGA??TT?TA ?AGATGGCTA GGAGGCGTGG ?ATG?CCTG? TCCGATAAGA

AR

F1G. 3.—Consensus sequence of the ATOC180 satellite DNA family in the common ancestor of Dro-
sophila ambigua, D. tristis, and D. obscura, deduced from sequence comparisons of pOPC182/ 1—(1)8
pTEC181/1-5, pAPC180/1-4, and pAEC180/ 1-2. Question marks indicate nucleotides that remain ogen
because of variability in the extant species.

1} papeo|

maximum parsimony leads us to believe that the ATOC180 satDNA family sequenées
evolved gradually at an almost constant rate. Otherwise, the neighbor-joining and ﬁe
maximum-parsimony networks should, for the ATOC180 sequences, give trees tl?at
are different from those given by the UPGMA method. If so, one can reconstruct ﬁle
evolution of the ATOC180 satDNA famlly The hlghest interspecific distance val@es

applai UCI,WCCI] pl L\./l()l auu pUl’\/lOL, auu UIC lUWCbl oclul UCI.WCUU p/'\l'\_/ lz-?U
and pOPC182 sequences. This indicates that the cladogenesis of D. tristis should h@ve
taken place before the speciation of D. ambigua and D. obscura. This 1nterpretat1<en
is supported by mitochondrial restriction data (Gonzalez et al. 1990) and by traﬁs-
positions and duplications of the histone gene cluster in the chromosome elementéof
these species (Felger and Pinsker 1987).

According to this argument, the EcoRI clones shared by D. tristis and D. ambiggala
are regarded as phylogenetically older than the PstI clones from D. ambigua andg‘)
obscura. After the separation of D. tristis, the AOPst180 subfamily probably evolued
by the partial homogenization of substitutions at the EcoRI site, in two steps (frcﬁn
GAATTC in clusters I and II and in their common ancestor to GCATTC in clus@r
IIT to ACATTC in cluster IV), while at the PstI site CTGTTG changed to CTGCAG,
along with the substitution of a G by an A at position 13. While AOPst180 sequences
became homogenized in D. obscura, both types of sequences (ATEco180 agld
AOPst180) are still present in D. ambigua.

A 3-bp deletion at positions 110-112, common to pTECI181/1, pTEC181 Z’3
and pAEC180/ 1, indicates that the ATEco180 subfamily repeats must have already
existed as two length variants (A and B) in the common ancestor: ATEco180 A w;ih
the deletion and ATEco180 B without it. However, this deletion became neither fixed
nor lost by homogenization in D. tristis and D. ambigua. Therefore, this 3-bp delet@n
characterizes only length variants, not subfamilies of repeats. Since the homogenization
of other sequence characters seems not to be restricted by the presence or absence of
this deletion, ATEco180 A and B sequences do not appear as a monophyletic group
in the dendrogram, although it can be assumed that this particular 3-bp deletion
results from a single mutation in the common ancestor of D. ambigua and D. tristis.

The observed sequence diversity between the species-specific consensus sequences
of pTEC181 and pOPC182 is ~10%-15%, and the assumed time for the separation
of D. tristis and D. obscura is 3-5 Mya. This corresponds roughly to a substitution
rate (a) of 3 X 107 substitutions/site/year. This value is very close both to the
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1-1.5 X 10~% substitutions/site/year, deduced from ADH sequences of several Ha-
waiian Drosophila species (Rowan and Hunt 1991), and to 1 X 1078 substitutions/
site/year, deduced from DNA-DNA hybridization data of coding DNA of several
species of the D. obscura group (Caccone and Powell 1990). As fossil records are not
available, the estimation of substitution rates in Drosophila might appear to be very
approximate. On the other hand, the example of Hawaiian drosophilids shows that
biogeographic data can be related to geologic data, with great accuracy. The only
estimate of a. > 25 X 10 ~® substitutions /site/year that is available for noncoding and
nonrepetitive DNA is also based on DNA-DNA hybridization data (Caccone and
Powell 1990). However, it should be emphasized that the estimate of 3 X 1078 sub-
stitutions/site/year considers only the diversity between the consensus sequencés.
The actual intraspecific sequence variability already ranges between 7% and 15%. This
variability is mainly due to randomly distributed nucleotide changes, which seem §o
allow an identification of individual repetition units but which are not at all chardt-
teristic of the average. 3
The evolution of already existing tandemly repeated satDNA is driven by tvg,o
main processes. Mutation leads to variability between repeated sequences by sm@e
nucleotide changes. This provides the basis for the evolution of the consensus sequenc@s
through random fixation by homogenization processes such as unequal crossing- ovgr
and/or gene conversion. Our data imply, however, that the base-pair diversity betwegl
repeats is rather low. This might be due either to selection or to the efficiency of tge
homogenization processes. As long as no selective mechanisms acting on satDN;&s
are known, we strongly favor the hypothesis of efficient homogenization processesg
Two apparent questions remain unresolved. If satDNA really tends to be as cos-
servative during evolution as has been argued above, and if it is possible to trace tﬁe
ATOCI180 satDNA family back to the common ancestor of D. obscura, D. ambzgug
and D. tristis, it should be possible to detect ATOC180 sequences in the closest relatives
of these species—e.g., D. bifasciata and D. subsilvestris—as well. This raises the qués-
tion, What initiates, regulates, and terminates the upheavels of genome evolutign
responsible for the exchange of an entire set of satDNA in an evolutionary short periad
of time? In this special case, how is it possible to explain the sudden appearance alfd
amplification of the ATOC180 satDNA family after the cladogenetic splitting of tﬁé
ancestors of D. subsilvestris and D. bifasciata? Of course, the same question may ge
raised the other way round: How did the ATOC180 satDNA family get substituted
by another satDNA family in D. subsilvestris and D. bifasciata, if we assume thatdit
was present in the common ancestor of all five species? If the formula ¢ ~ 24/c In(i,/2)
is applied (Stephan 1986), where c is the crossing-over rate per array per generatio,
I, is the initial copy number of the ATOC180 satDNA family (10,000), and ¢ is t@g
time in generations, it is possible to estimate that there was sufficient time, since tlge
cladogenesis of D. subsilvestris and D. bifasciata, for loss of the ATOC180 sequencis
in these species, under the forces of random genetic drift and unequal crossing-over
alone. Even if we assume that there are only two generations per year and a rate of
crossing-over as low as 2 X 107''/nucleotide/generation, the original ATOC180
satDNA arrays might be lost within ~5 Myr. Such calculations illustrate the possibility
that the ATOC180 satDNA family got lost in D. subsilvestris and D. bifasciata, but
they cannot explain why this should have happened and, furthermore, why this oc-
curred only in these species and not in one of the triad of D. ambigua, D. tristis, and
D. obscura. The existence of several species-specific or subgroup-specific satDNA fam-



Satellite DNA Evolution in Drosophila 657

ilies in other species of the D. obscura group—i.e., pGH290 of D. guanche (Bachmann
etal. 1989), pTET181 of D. tristis (Bachmann et al. 1990), KM 190 of D. microlabis
and D. kitumensis (Bachmann et al. 1992), a species-specific satDNA of D. bifasciata,
and another one of D. subobscura (M. Raab, personal communication )—seems to
support the assumption that satDNA evolution proceeds by introducing new satDNA
families by saltatory amplification replacing the ancient sequences, rather than by a
slow destruction of arrays of ancient satDNAs. Therefore, we assume that the ATOC180
satDNA family arose after the separation of D. subsilvestris and D. bifasciata in the
genome of a common ancestor of D. ambigua, D. tristis, and D. obscura.

The second question is, Why are there two types of ATOC180 (ATEco180 and
AOPst180 sequences) repeats in the genome of D. ambigua, if the supposed hom
enization processes are really as effective as proposed above? Although there is RO
experimental evidence, a localization on different chromosomes or different sectichs
of chromosomes prohibiting or reducing nonhomologous crossing-over might be%a
plausible explanation. Since the example of 18 independent clones from D. obscuga,
which correspond to five chromosomes, shows no comparable splitting into a similar
number of sequence clusters, this explanation seems insufficient. On the other hagi,
there is no evidence to take today’s coexistence of the two subfamilies ATEco180 §
AOPst180 in the genome of the extant D. ambigua as the final outcome of ATOCI%O
satDNA evolution. Since we do not believe in an exceptional mode of evolut10n30f
the ATOC180 satDNA family, we propose that the evolution of tandemly repeatgd
satDNA is governed by the alternation of gradual and saltatory modes of evolutiof.
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