
Inserted Sequences in Bovine Satellite DNA's 

Abstract. The nucleotide sequence of the 1413-base-pair repeat unit of bovine 
1.711a satellite D N A  (density in cesium chloride, 1.711 grams per cubic centimeter) 
has been determined. The repeat unit contains two segments consisting of variants of 
a basic 23-base-pair sequence that is closely related to sequences of bovine 1.706 
satellite DNA.  A third segment of the repeat unit contains an unrelated 611-base-pair 
sequence that is not internally repetitive. This segment is junked by inverted repeats 
of 8 base pairs and, on one side, by a direct repeat of the terminal sequence. A 
related segment is present in bovine 1.711b satellite D N A  and is inserted into 
sequences derived from the 1.715 satellite. These nucleotide sequences suggest the 
timing of some of the stages in the evolution of these complex, closely related 
satellite DNA's and indicate the mechanisms inherent in their divergence from a 
common ancestor. 

In the genome of all higher eukaryotes 
analyzed, repetitive sequences consti- 
tute a major fraction of the DNA ( I ) .  In 
addition, evidence is accumulating that 
transposable DNA elements may simi- 
larly be widespread (2) .  Whether repeti- 
tive and transposable sequences serve 
any present function is controversial (3 ) ,  
but they probably played a role in the 
arrangement and rearrangement of the 
DNA during the evolution of eukaryotic 
genomes. 

Of the various classes of repetitive 
sequences present in eukaryotes, the 
highly repetitive components (satellite 
DNA's) have been studied in greatest 
detail ( I ) .  They have been found to con- 
sist of thousands to millions of copies of 
a tandemly repeated sequence that differ 
mainly in single base changes. Mutations 
tend to be nonrandomly distributed and 
to be clustered in adjacent copies of the 
repeated sequence. The repeat units are 
often composed of shorter repeat units, 
an indication of a stepwise amplification 
process during the evolution of these 
DNA's. In this report, I describe a new 
type of satellite DNA structure that sug- 
gests additional mechanisms for the gen- 
eration of highly repetitive sequences. 

The bovine genome contains eight sat- 
ellite DNA's, two of which have a densi- 
ty of 1.71 1 g/cm3 in CsCl and have been 
termed 1.711aand 1.711b (4) .  The 1.711a ~, 

satellite represents 1.7 percent of the 
DNA (4). It has a repeat unit of 1413 base 
pairs (bp), which have been sequenced. 
Two segments of the repeat unit exhibit 
high homology to the 1.706 satellite 
DNA previously analyzed (5). A third 
segment (termed INS) is completely un- 
related to the 1.706 satellite, and it is 
likely that this segment is the result of an 
insertion into a 1.706-like satellite DNA 
(Fig. la). 

The 1.71 1b satellite DNA represents 
7.1 percent of the bovine genome (4 ) .  
Part of the repeat unit of this satellite 
DNA can be described as an insertion of 
at least 1200 bp into a 1400-bp repeat unit 
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derived from the 1.715 satellite (the well- 
known satellite I of calf thymus DNA). 
As assessed by restriction mapping (Fig. 
lc), hybridization experiments, and se- 
quence analysis, part of the inserted se- 
quence (INS) is homologous to the insert 
in the 1.71 l a  satellite, and the rest (INS') 
is of unknown origin. 

For a more detailed comparison of the 
related sequences present in the different 
satellite DNA's, I have determined the 
nucleotide sequence of the repeat unit of 
the 1.71 l a  satellite DNA. The nucleotide 
sequence of the 1.711b satellite is still 
unknown. The 1.71 l a  repeat unit can be 
divided into three segments (Fig. la). 
The 550-bp segment (termed Sau) con- 
sists of 24.3 tandem repeats of 21 to 23 
bp that are variants of a prototype se- 
quence identical to the prototype se- 

quence of the Sau segments (5) in the 
1.706 satellite (Fig. 2a). These repeats 
contain both invariant and highly vari- 
able sections. From the regular alter- 
ation of single nucleotides, short se- 
quences, and deletions (underlined in 
Fig. 2a), two different larger periodici- 
ties, locally superimposed on the 23-bp 
periodicity, are discernible. Such a 
structure is best explained by unequal 
crossing-over. 

Smith (6)  has proposed that unequal 
crossing-over is the basic mechanism by 
which repeated sequences are generated 
and maintained. According to computer 
simulations, a crucial structure that may 
distinguish unequal crossing-over from 
other possible mechanisms of generating 
repetitive DNA sequences is a tandem 
array of repeat units exhibiting heteroge- 
neous lengths of superimposed larger 
repeats in different regions of the tandem 
array. Such a structure has not previous- 
ly been found in any satellite DNA, but 
this may be because long enough stretch- 
es of adjacent tandem repeats have not 
been sequenced in these DNA's. The 
organization of the 24 tandem repeats in 
the Sau segment of bovine 1.711a satel- 
lite DNA closely matches the predicted 
structure and indicates that unequal 
crossing-over has indeed been an impor- 
tant mechanism in the evolution of this 
satellite DNA. 

In the 61 1-bp region following the Sau 
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Fig. 1. Insertion model for the generation of the 1.711a and 1.711b satellite DNA's. (a) 
Comparison of the long-range repeat units of the 1.706 (5) and 1.711a satellite DNA's. The 
possible site of integration is indicated. (b) Terminal and flanking sequences of the INS 
segment. The terminal direct and inverted repeats are indicated by arrows. The flanking 
sequences (543 to 550 and 1151 to 1161) are compared to a sequence from the Sau segment (295 
to 320) (see Fig. 2a). A deletion of 8 bp in the 23-bp repeat unit is indicated by dots. (c) 
Comparison of the long-range repeat units of the 1.715 and 1.711b satellites. Sizes are given in 
base pairs. The location of some restriction sites in the 1400-bp repeat unit of the 1.715 satellite 
(5,13) and in a 2600-bp fragment derived from the repeat unit of the 1.71 1b satellite is indicated. 
A region of nonhomology is underlined. The sequence denoted INS is homologous to the 
inserted sequence in the 1.711a satellite, and INS' is a sequence of unknown origin. The 
possible region of insertion of the INS'INS sequence is indicated. 
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segment, no regular arrangement of a 
repeated sequence can be detected (Fig. 
2b). There are regions open for reading 
of more than 150 bp in all reading frames, 
and ATG (A, adenine; T, thymine; G, 
guanine) codons are found in the begin- 
ning of two of them. The segment carries 
sequences complementary to the con- 
sensus sequence at the 3' end of 18s 
ribosomal RNA's (7). Other remarkable 
sequences are a perfect Hogness box, 
TATAAATA, and a stretch of seven C's 
(C, cytosine) followed by seven A's. The 
presence of these sequences invites the 

a 
GATCAC G T m C  TCTGCAGGCACT 

GATGACGTGN TGCGCATGCACT 

[ GATGACGTG&TGA!J2GGGCACT 

GATCACATGGCTCATCATGCACT 

GATCACGTGTTT ATCAGGCAP T 

GATCA GTGACTXCAGGCGCT 

GATCATGGGA_CTaCACGCACT 

GATCACGTGGCTCT CATGCACT 

GATGACGTGGCTGTTCGGGCACT 

GATCACGTGTTT ATCAGGCAGT 

GATCA G T G A C T K C T G G C G C T  

GATCAGGGG&CTmCACGCGCT 

GATCAGGTG-GCTGATCAGGAA.CT 

GAACACCTGA_CCGCGCATGCAGT 

GATCACGTGGCTGGTCGTTCACT 

GATCACGTGTTT ATCATACGGT 

GATCACGTGACTGAG AGGCGCT 

GATCACGTGACTmCCGTCAGT 

GATCACGTGGCTGAGCAGGCACT 

GATATCGTGACTGAGCA TGCACT 

GATCATGT 

GATCACGTGACTGATCATGCACT 

( 1 . 7  0 6 ) 

speculation that the segment could be 
transcribed. 

Several arguments support the notion 
that the INS region may have been in- 
serted into sequences of the 1.706 or a 
1.706-like satellite, as indicated in Fig. 
la. A first argument is based on the 
structure of the terminal sequences. 
There is an inverted repeat of 8 bp near 
the ends of the segment, including seven 
G . C pairs (Figs. l b  and 2b). On one 
side, the 8-bp sequence is also directly 
repeated (with a deletion of 1 bp). This 
structure is reminiscent of the sequences 

GCCGGGAGCC GGGGAGGCAT TCCACTCTGG 
I>' 
GGCTC GGCAT ACGCAAATGC GGGATCGAGC 

TTCTCGAGCA TC'I'f2CCCCCC AAAAAAqCCG 

TTTGTGCTCT CACCTGTGAT TTCACTGGGG 

CGCTCTCTCT GTCAAAGATG TAACTTACAG 

TGTCATTCTT CCCTTTAACT TCCAGCTGAG 

CCCACCACGC TTACTAATTA TGCCTGGGCT 

GTGTCTAGGG TGAGGCACCT TTCGCTATTC 

CGTAAGTGGT GCAAACTTCT TGTCTTGAAG 

AACCAAGCTA CTCAGTCTCT TTTCTCCACC 

CCTCATACTA TTATTCTTGA CATCTCTGAT 

AGGCCATCTC TCCTTCGAA T ACCCTGGATC 

found at the ends of insertion sequences 
and other transposable elements in both 
prokaryotes and eukaryotes (2, 8). 

A more direct argument is based on 
the flanking sequences. The 8 bp preced- 
ing the direct repeat and the 11 bp fol- 
lowing the inverted repeat are very simi- 
lar to sequences from the Sau segment 
(for example, nucleotides 295 to 320) 
(Fig. lb). This makes it likely that the 
segment has been integrated into a 23-bp 
repeat unit; 8 bp of this sequence are 
missing and have been replaced by the 
INS segment. The deleted sequence has 

ACAAAGGTCA ITGAGGAAGGAJ 

CTCAGGAGTC CACCCGGATA 

GAGTCCGCCT ACTGTATTGC 

GCTGTCCCCC ACCACCATCT 

CTCCAATTCA TAAAGTTCCT 

TCTCCATCTG GAGCGCGGAA 

GCTAAGACCC ACTCGAGAAG 

GA GAGGGCGC CTGCGGCCTA 

TTTGATTGGT /CTTCCGC~TA 

GAATTTTCCT ACTGAGCTCT 

TA GCA~EEKFE~GTC GC CT 

AGTTGGGGCT GGTCCCCGGC 

AGGTGGCGAC C 

GAACAGGGACCTCAGGAGGCAI! T 

ACTCAAAGAGCTGAGCAGACACG 

AACCACGCAA TCAGCAGGCAAT 

AAGCATGGP,GCTCAGCAGTGACG 

AATCATGCTGCTCAACTGGCAAT 

AATCAAGCACGTGACCAGGCAGG 

AATCACGCAGCTCAGCTGGCAAT 

TGTCAA GCAGATGAGCCGACAGG 

AATCACGCAGCTCAGC_TG_GCAAT 

TGTCATGCAGATGAGCCGGCAGG 

A A T C A C A C m C A G C A G G C C C T  

AATCAC GCAGCTCAGCAGGCAAT 

AATCAAGCAGGTCAGCAGGCAAT 

( 1 . 7  0 6 ) 

Fig. 2. Nucleotide sequence of the 
repeat unit of bovine 1.71 l a  satellite 
DNA. Bovine 1.711a satellite DNA 
was purified by repeated isopycnic 
centrifugation (4) analogous to that 
described for bovine 1.706 satellite 
DNA (5). There are about 35,000 
copies of the 1.71 l a  repeat unit in the 
genome. The nucleotide sequence de- 
termined from uncloned restriction 
fragments (14) corresponds to the 
most abundant nucleotide at each po- 
sition of the repeat unit. Most of the 
sequence (95 percent) was deter- 
mined from at least two different 
overlapping restriction fragments, 55 
percent being determined from both 
strands. (a) The Sau segment. The 
sequence is arranged for maximum 
homology between the short repeats. 
Single nucleotides and short se- 
quences indicating a superimposed 
higher-order periodicity are under- 
lined. A prototype sequence of the 
repeat unit, given below the line at 
the bottom, is compared to the proto- 
type sequence of the Sau segments in 
bovine 1.706 satellite DNA (5). (b) 
The INS seement. Terminal direct 

and inverted repeats are indicated by arrows. Some sequences are in boxes: 591 to 600, opposite strand; 991 to 997, comilementary to the 3' end 
of 18s ribosomal RNA (7); 664 to 677, C7A7; 1086 to 1093, a Hogness box. (c) The Pvu segment. The sequence is arranged for maximum homology 
between 23-bp repeat units. Alu I and Pvu I1 sites are underlined. The prototype sequence of the Pvu segment is indicated below the line at the 
bottom, and the prototype sequence of segment D of 1.706 DNA is given for comparison. 
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the same length as the inverted repeat 
and corresponds to the highly variable 
section of the Sau repeat units. 

A third argument is based on the ob- 
servation that sequences similar to the 
INS segment occur elsewhere in the bo- 
vine genome. This was shown by hybrid- 
ization of a cloned fragment comprising 
the INS segment to total calf thymus 
DNA and various fractions obtained by 
isopycnic centrifugation. A major region 
of homology was found in a 1600-bp Eco 
RI fragment from the 1.711b satellite 
DNA. Additional bands seen in the auto- 
radiograms were partly a result of larger 
fragments from the 1.71 1b satellite that 
were resistant to Eco RI cleavage be- 
cause of sequence divergence, and partly 
a result of minor repetitive components 
that have not been identified. 

The third segment in the 1.71 l a  repeat 
unit is remarkably similar to Pvu seg- 
ments B and D, respectively, of the 1.706 
satellite DNA (5). The 23-bp prototype 
sequence of this segment differs only by 
2 bp from the prototype sequence of Pvu 
segment D (Fig. lc) and is closely related 
to the prototype sequence of the 1.720 
satellite (9). When the sequences of pairs 
of individual Pvu segments are com- 
pared, the following numbers of base 
changes are found: between 1.71 l a  and 
1.706-B, 52; between 1.71 l a  and 1.706- 
D, 35; and between 1.706-B and 1.706-D, 
20. This suggests that the evolutionary 
pathways leading to the 1.706 and 1.71 l a  
satellite DNA's separated before seg- 
ment B was generated. Therefore, the 
611-bp INS segment should have been 
incorporated into an ancestor of the 
1.706 satellite that probably had only one 
Pvu and one Sau segment. Such an inter- 
mediate structure has been postulated 
(5). 

The same sequence of events can be 
reconstructed from the deletions present 
in the Pvu segment. There is a deletion of 
1 bp in all three segments, an additional 
deletion of 1 bp in segments B and D, 
and a further deletion of 4 bp only in 
segment B. This indicates again that the 
lines of descent leading to the 1.706 and 
1.711a satellite DNA's separated before 
segment B in the 1.706 satellite was 
generated by duplication. 

From the DNA sequences of cloned 
preproinsulin and globin genes, Perler et 
a/. (10) have estimated a minimum value 
of 7 x substitutions per nucleotide 
site per year for the mutation rate at 
silent positions and within introns. If this 
figure holds also for satellite DNA's, 
then the duplication of the Pvu segment 
in the 1.706 satellite should have oc- 
curred about 5 million years ago, and the 
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separation of the 1.706 and 1.71 l a  satel- 
lites, 10 million years ago. With addition- 
al sequence data of Pvu-like segments in 
satellite DNA's from species related to 
the cow it would be possible to decide 
whether the rate of mutation in satellite 
DNA is the same as in introns and silent 
positions of coding regions. 

The structures of the 1.711 satellite 
DNA's suggest a novel mechanism for 
the generation of satellite DNA's: the 
insertion of DNA into repetitive se- 
quences already present in the genome 
and the subsequent amplification of a 
new repeat unit containing the inserted 
sequence and a part of the repetitive 
sequences. This way of generating satel- 
lite DNA's may have been widespread. 
Related structures have been found for 
the highly repetitive sequences in the 
telomeric heterochromation of rye (11). 
The complex satellite DNA's of the hu- 
man genome (12) may be similarly com- 
posed. The size variation of the repeat- 
ing unit found in a satellite DNA from 
Drosophila has been explained by a re- 
lated mechanism (1). 

Now five of the eight major satellite 
DNA's, which together form almost one- 
fifth of the bovine genome, are known. 
The nucleotide sequences of the various 
related satellites have suggested mecha- 
nisms for their evolution from common 
ancestors. Moreover, sequence analyses 
have shown that complex satellite 
DNA's may contain sequences believed 
to be essential for the transcription of 
eukaryotic genes [see also (31. This en- 

courages experiments to investigate 
whether heterochromatin is really ge- 
netically as inert as it is presently consid- 
ered to be. 
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Size of the Chloroplast Genome in Codium fragile 

Abstract. Chloroplasts isolated from the siphonous green alga Codium fragile 
yield circular DNA molecules averaging 27.3 micrometers in length and 56 x lo6 
daltons in molecular size. This chloroplast genome is 25 to 30 percent smaller than 
any reported. The small size of the Codium chloroplast genome may represent a 
primitive evolutionary condition in green plants. 

In 1962 it was demonstrated that chlo- 
roplasts contain DNA (1). Over the past 
decade chloroplast DNA (ctDNA), ex- 
tracted from a wide variety of plant 
groups, has exhibited marked uniformity 
in its physical and chemical properties, 
existing as covalently closed circular 
molecules of 37 to 62 pm in length and 
molecular size of 80 x lo6 to 134 x lo6 
daltons (2). A single exception has been 
reported in Acetabularia, where the esti- 
mated genome size is 1500 x lo6 dal- 
tons, as judged from kinetic complexity 
measurements (3). 

We now report that the ctDNA from 
the green alga Codium fragile can be 

isolated as covalently closed circular 
molecules with an average contour 
length of 27.3 pm (measured by electron 
microscopy) (4) and a molecular size of 
56 x lo6 daltons, as determined by gel 
electrophoresis of restriction endonucle- 
ase fragments. This size is smaller than 
any yet described for ctDNA. 

Until recently it was thought that 
ctDNA was entirely prokaryotic in char- 
acter (5,6). With the discovery of introns 
(intervening sequences) in Chlamydomo- 
nus ctDNA (7), a characteristic of eu- 
karyotic DNA, the picture has become 
more complicated. Two hypotheses have 
been advanced to account for the evolu- 
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